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Abstract

Transcription factors play a fundamental role in cardiovascular adaptation to stress. Nuclear receptor subfamily 4 group
A member 2 (NR4A2; NURR1) is an immediate-early gene and transcription factor with a versatile role throughout many
organs. In the adult mammalian heart, and particularly in cardiac myocytes, NR4A2 is strongly up-regulated in response
to beta-adrenergic stimulation. The physiologic implications of this increase remain unknown. In this study, we aimed to
interrogate the consequences of cardiac NR4A2 up-regulation under normal conditions and in response to pressure overload.
In mice, tamoxifen-dependent, cardiomyocyte-restricted overexpression of NR4A2 led to cardiomyocyte hypertrophy, left
ventricular dilation, heart failure, and death within 40 days. Chronic NR4A2 induction also precipitated cardiac decompensa-
tion during transverse aortic constriction (TAC)-induced pressure overload. Mechanistically, NR4A?2 caused adult cardiac
myocytes to return to a fetal-like phenotype, with a switch to glycolytic metabolism and disassembly of sarcomeric struc-
tures. NR4A?2 also re-activated cell cycle progression and stimulated DNA replication and karyokinesis but failed to induce
cytokinesis, thereby promoting multinucleation of cardiac myocytes. Activation of cell cycle checkpoints led to induction of
an apoptotic response which ultimately resulted in excessive loss of cardiac myocytes and impaired left ventricular contractile
function. In summary, myocyte-specific overexpression of NR4A2 in the postnatal mammalian heart results in increased cell
cycle re-entry and DNA replication but does not result in cardiac myocyte division. Our findings expose a novel function for
the nuclear receptor as a critical regulator in the self-renewal of the cardiac myocyte and heart regeneration.
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dUTP nick end labeling

WGA Wheat germ agglutinin

Introduction

In spite of multiple advances in the treatment of heart fail-
ure, prognosis remains poor with a 5-year mortality rate of
75% [47]. In the United States, where the adult heart failure
population exceeds 6 million, deaths linked to heart failure
have steadily increased over the past decade [48, 52]. This
situation has stalled the decline in deaths from cardiovas-
cular diseases and the increase in life expectancy [35, 48].
Dilated cardiomyopathy (DCM), one of the most common
causes of heart failure, is defined by the presence of left ven-
tricular (LV) or biventricular dilatation and systolic dysfunc-
tion in the absence of abnormal loading conditions or severe
coronary artery disease. While a wide array of genetic and
non-genetic factors have been implicated in the pathogenesis
of DCM, most cases are still classified as idiopathic [12, 41].

The nuclear receptors of the NR4A subfamily NUR77
(NR4A1), NURRI1 (NR4A2), and NOR1 (NR4A3) are
encoded by immediate-early response genes and are involved
in the regulation of a plethora of cellular processes. These
receptors can function in a ligand-independent manner and
their activity is regulated primarily through their expres-
sion levels, posttranslational modification events, and direct
protein—protein interactions [26]. While acting principally
via direct transcriptional activation or repression of target
genes in the nucleus as monomers, homodimers or heter-
odimers with each other or the retinoid X receptor, NR4As
also translocate to other cell compartments where they regu-
late protein stability and various biological processes such
as autophagy, apoptosis and endoplasmic reticulum stress
[39, 45]. In the mammalian heart, all three NR4A subfam-
ily members are strongly up-regulated in response to beta-
adrenergic stimulation, with cardiac myocytes representing a
significant source of their expression [3, 33, 36]. The critical
role of these nuclear receptors in defining cardiac adapta-
tion or maladaptation to stress emerged only recently with
the demonstration that NR4A1 protects the heart from iso-
proterenol-induced hypertrophy and contractile dysfunction
[34, 57]. The fact that NR4A1 exacerbates, while NR4A3
protects from LV systolic dysfunction in ischemia also high-
lights the non-redundant functionality of these receptors in
the heart [19, 61]. Interestingly, although cardiac NR4A2
was initially reported to be both the most rapidly and the
most strongly activated of the NR4A members following
beta-adrenergic stimulation [36], the physiologic conse-
quences of this increase have remained largely unexplored.
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Using isolated adult rat ventricular myocytes (ARVMs),
we previously found that NR4A2 may act as potentially
negative feedback regulator of beta-adrenergic medi-
ated cell hypertrophy [3]. In the present study, we set out
to confirm this finding in vivo. Contrary to our expecta-
tions, young adult male and female mice with time- and
cardiac myocyte-specific overexpression of NR4A2 rapidly
succumbed to death. Transverse aortic constriction (TAC)
accelerated cardiac decompensation in hearts overexpressing
NR4A2. Cardiac transcriptome and targeted cell signaling
pathways analyses complemented by microscopic observa-
tions revealed that NR4A?2 reversed adult cardiac myocyte
metabolic and structural features to an immature phenotype.
In addition, NR4A2 overexpression stimulated cell cycle
re-entry resulting in increased DNA synthesis and cellular
multinucleation. The cellular alterations were accompanied
by apoptotic loss of cardiac myocytes and severe impairment
of contractile function, which ultimately caused DCM and
death from heart failure. Our findings point to NR4A?2 as a
master regulator of cardiac myocyte homeostasis. Its chronic
activation in the adult heart has a detrimental impact on
pump function and overall survival.

Methods

An expanded methods section is available in the online Sup-
plementary Information.

Experimental animals

All animal procedures were performed in compliance with
the Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and
Use Committees. The Nr4a2-reporter conditional knockin
(EGE-GJ-095 ROSA26-KI) mouse model was generated
by Biocytogen (Wakefield, MA, USA) using the CRISPR/
Cas9 based Extreme Genome Editing (EGE) technology.
In brief, a bicistronic construct encoding the full-length
murine NR4A?2 and enhanced green fluorescent protein
(GFP) reporter downstream of a CAG promoter and a floxed
stop sequence was introduced at the Rosa26 locus (Fig. 1a).
Presence of the Rosa26 mutated allele (Mur) was confirmed
by PCR (Initial denaturation at 95 °C for 5 min, 30 cycles
of denaturation-annealing-extension at 95 °C—62 °C-72 °C
for 30 s each, and final extension at 72 °C for 10 min) using
forward primer ROSA-GT-F (5'-AGTCGCTCTGAGTTG
TTATCAG-3') and reverse primer ROSA26-Test(L)-R3
(5'-GTCAATGGAAAGTCCCTATTGGCGT-3") and sub-
sequent visualization of a 278-base-pair (bp) amplicon on
agarose gel. Presence of a non-mutated Rosa26 allele (+)
was simultaneously tested for using the same forward primer
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paired with reverse primer ROSA-GT-R (5'-TGAGCATGT
CTTTAATCTACCTCGATG-3’) and subsequent visualiza-
tion of a 469 bp amplicon (Fig. 1b).

Cardiac myocyte targeted MerCreMer transgenic mice
expressing tamoxifen-inducible Cre recombinase driven
by the a-myosin heavy chain promoter were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). The
aMHC-MerCreMer mice were crossed with EGE-GJ-095
ROSA26-KI animals (Mut/Mut and Mut/+) to generate mice
with inducible cardiac-specific overexpression of NR4A2
(Nr4a2-icTg) and Cre expressing control animals (Fig. Ic).
All animals were housed and bred on a 12-h light/12-h dark
cycle at a temperature of 22 +2 °C and 40-60% humidity.

The expression of NR4A2 was induced in 8- to 9-week-
old mice through a single intraperitoneal injection of tamox-
ifen (40 mg/kg body weight; MilliporeSigma, Burlington,
MA, USA). Mice were randomized to the tamoxifen or
vehicle (corn oil; MilliporeSigma) treatment using an Excel-
generated spreadsheet. Tamoxifen-injected Cre control mice
were also included to detect potential adverse cardiac effects
induced by the Cre recombinase. Unless otherwise indicated,
all cardiac functional and molecular analyses were carried
out 3—4 weeks after NR4A2 transgene induction.

Transthoracic echocardiography and Doppler
imaging

Echocardiographic exams were performed under isoflurane
anesthesia using a Vevo 3100 Imaging System (FUJIFILM
VisualSonics, Toronto, Ont) according to the guidelines
established by Lindsey et al. [30]. The amount of isoflu-
rane dispensed (1-2% isoflurane in 100% O,) was individu-
ally adjusted to maintain similar heart rate between mice.
Body temperature was kept within the physiologic range
(36-37.5 °C) throughout the procedure using a dedicated
heating pad. Pulsed wave and color flow Doppler imaging
of the ascending and descending aorta were used after TAC
surgery to determine blood pressure gradients across the
constriction site. Successful TAC surgery was defined by a
peak pressure gradient >30 mmHg. B-Mode and M-Mode
images obtained in the parasternal short axis (PSAX) view
were used to determine LV anterior wall thickness at end-
systole and end-diastole (LVAWSs/d), LV internal diameter
at end-systole and end-diastole (LVIDs/d), LV posterior wall
thickness at end-systole and end-diastole (LVPWs/d), LV
ejection fraction (LVEF), LV fractional shortening (LVFS),
heart rate (bpm) and cardiac output (mL/min).

RNA sequencing and analysis

Samples were pooled into single library using TruSeq
Stranded mRNA Library Prep and sequenced with the

NextSeq 500/550 Mid Output Kit v2.5 (150 cycles) on
the Illumina NextSeq 500 platform (Illumina, San Diego,
CA, USA). Sequenced reads were assessed for quality
using the Illumina Basespace Cloud Computing Plat-
form and FASTQ sequence files were used to align reads
to the mouse reference genome [Mus musculus/UCSC
mm9] using RNA-Seq Alignment Application with STAR
aligner. Fragments per kilobase of transcript per million
mapped reads (FPKM) values of reference genes and
transcripts were generated using Cufflinks 2. Differential
expression was determined by univariate analysis and a
full list of differentially regulated genes (DRG; P <0.01)
is provided in Dataset S1. The generation of adult rat ven-
tricular myocytes (ARVMs) overexpressing NR4A2 and
RNA-Seq on those cells has previously been reported
[3]. Molecular pathways differentially expressed between
groups (P <0.05) were identified and visualized using
Reactome v76 (www.reactome.org).

Antibody array

Left ventricular total protein and phosphorylation changes
in 16 cell signaling pathways, including notably phos-
phoinositide 3-kinase (PI3K)/AKT signaling, apoptosis,
autophagy, cell cycle, ErbB, focal adhesion, mitogen-acti-
vated protein kinase (MAPK), p53, and vascular endothelial
growth factor (VEGF) signaling pathway were interrogated
using the Cell Signaling Phospho Antibody Array from Full
Moon Biosystems (Sunnyvale, CA; Array No. PCS300).
Frozen tissue samples were shipped to Full Moon Biosys-
tems for protein extraction and labeling, conjugation of bio-
tin labeled proteins to the antibody array, detection using
Cy3-streptavidin, array scanning and data acquisition. Raw
signals and signals normalized to f-tubulin are provided in
Dataset S2. Signals normalized to that of B-tubulin were
uploaded into the BRB-ArrayTools v4.6.1 Excel plugin
(National Institutes of Health, Bethesda, MD, USA) for class
comparison analysis using the two-sample ¢ test. P <0.05
was considered statistically significant.

Statistical analysis

All data are expressed as means + SEMs and statistically
analyzed with the use of GraphPad Prism software version
9 (GraphPad Software, San Diego, CA, USA). Comparisons
between two groups were performed using a two-tailed Stu-
dent ¢ test. Comparisons between more than two groups were
performed by one-way ANOVA followed by Tukey test.
Serial comparisons of echocardiography data between more
than two groups were carried out using two-way ANOVA
followed by the Bonferroni test. P <0.05 was considered
significant.
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«Fig. 1 Validation of the tamoxifen-dependent, cardiac-restricted
NR4A2 overexpression mouse model. a Schematic depicting the
insertion of a bicistronic construct encoding the full-length murine
NR4A2 cDNA sequence (EGE-GJ-095) and enhanced green fluo-
rescent protein (GFP) reporter downstream of a CAG promoter
and a floxed stop sequence at the Rosa26 locus. b Presence of the
Rosa26 mutated allele (Mur) is confirmed by PCR using forward
primer ROSA-GT-F (5'-AGTCGCTCTGAGTTGTTATCAG-3') and
reverse primer ROSA26-Test(L)-R3 (5-GTCAATGGAAAGTCC
CTATTGGCGT-3') and subsequent visualization of a 278-base-pair
(bp) amplicon on agarose gel. The non-mutated Rosa26 allele (+) is
detected using the same forward primer paired with reverse primer
ROSA-GT-R (5'-TGAGCATGTCTTTAATCTACCTCGATG-3")
and subsequent visualization of a 469 bp amplicon. ¢ Schematic of
breeding plan used to generate experimental animals used for the
present study. d Representative images confirming expression of the
transgene in all cardiac myocytes from Nr4a2-icTg mice after tamox-
ifen (tam) treatment. The nonuniform staining pattern of whole heart
tissue sections is due to tissue autofluorescence. e Confirmation of the
cardiac specificity of the transgene expression by Western blot quan-
tification of GFP expression in Nr4a2-icTg mouse tissues following
tam treatment. f Real-time PCR quantification of mRNAs encoding
all 3 NR4A members in the left ventricle of mice at 21 days after tam
treatment. Data are mean+SEM of n=6 animals per group and are
expressed in fold change from expression levels detected in the LV
of Cre recombinase expressing control mice. Data were analyzed by
two-tailed Student ¢ test. ¥*P <0.05 vs. Cre control + tam

Results

Validation of the tamoxifen-dependent,
cardiac-restricted NR4A2 overexpression mouse
model

Because all antibodies currently available to detect NR4A2
lack specificity, co-expression of a GFP reporter was used
to track activation of the transgene in mouse tissues. As
expected, GFP was exclusively expressed in the heart follow-
ing treatment of Nr4a2-icTg mice with tamoxifen (Fig. 1d,
e). Strong GFP signals were detected in all cardiac myo-
cytes throughout the right and left ventricles (Fig. 1d). Three
weeks after tamoxifen induction, NR4A2 mRNA expression
levels increased 486-fold on average (Fig. 1f), which is about
5.5- to 7.5-fold higher than the activation of endogenous
NR4A2 reported with isoproterenol treatment in cultured
ARVMs and in mouse heart in vivo [3, 36]. Induction of
NR4A2 did not affect cardiac NR4A1 expression but led to
a 60% decrease in NR4A3 mRNA levels (Fig. 1f). Thus, the
data confirmed successful time- and cardiac-specific induc-
tion of NR4A?2 at near-physiological levels.

Sustained NR4A2 activation leads to cardiac
contractile dysfunction and death

To gain insight into the impact of sustained NR4A2 acti-
vation for the adult heart, LV wall motion was evaluated
serially by echocardiography before and after induction of
the transgene. Mean heart rate values were similar between

groups at each time point investigated (Fig. 2a). At 21 days
after initiation of tamoxifen treatment, male and female
Nr4a2-icTg mice displayed signs of contractile dysfunc-
tion, as evidenced by a decrease in LV walls thickening and
greater LV internal diameter at end-systole, a 35% decrease
in ejection fraction, and a~40% decrease in fractional short-
ening (Fig. 2b-h).

LV contractile function worsened quickly thereafter with
extremely poor LV wall motion detected at 28 days post
tamoxifen injection (Fig. 3a). At this point, LV ejection frac-
tion and fractional shortening fell down to 20% and 10%,
respectively, while mean cardiac output decreased by 33%
(Fig. 3b—e). Death started to occur at 28 days after Nr4a2
induction, with female mice dying on average 5 days ear-
lier than their male counterparts. All Nr4a2-icTg mice were
dead within 40 days (Fig. 3f).

Sustained NR4A2 activation triggers dilated
cardiomyopathy

Gross and histopathological examinations of the heart
were performed between the third and fourth week fol-
lowing NR4A2 induction. At 21 days, hearts from male
and female mice appeared significantly enlarged (Fig. 4a).
This enlargement was accompanied by increased heart
weight after normalization either to body weight or to
tibia length, all in absence of a significant change in body
weight (Fig. 4b, Fig. S1a and Fig. S1b). Consistent with
the rapid onset of heart failure, histopathology revealed
a biventricular enlargement associated with thinning of
the LV walls (Fig. 4c). In accordance with the survival
analysis, the relative increase in cardiac weight was more
pronounced among females and correlated with an increase
in the wet-to-dry lung weight ratio, thus suggesting faster
progression toward congestive heart failure in females than
in males (Fig. 4b, d). At 28 days, increased heart weight in
male and female mice was associated with a decrease in LV
wall thickness and a concomitant increase in LV internal
diameter and volume at end diastole (Fig. S2a—d). Wheat
germ agglutinin (WGA) staining revealed an increase in
both the length (+ 12%) and cross-sectional area (+ 18%)
of cardiac myocytes associated with disruption of normal
myocardial architecture (Fig. 4e). Picrosirius red (PSR)
staining demonstrated this was accompanied by the appear-
ance of interstitial fibrosis that was progressively comple-
mented by replacement fibrosis between 21 and 28 days
after induction of NR4A2 (Fig. 4f). Increased heart weight
caused by an overall increase in fibrosis and myocyte
hypertrophy with progressive wall thinning is indicative
of the development of dilated cardiomyopathy.

To further investigate the pathophysiological relevance of
these findings, cardiac NR4A2 mRNA levels were quanti-
fied in patients diagnosed with end-stage idiopathic dilated
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Fig.2 Cardiac myocyte-specific
induction of NR4A?2 in the adult
heart leads to impaired left ven-
tricular systolic function. Eight-
to 9-week-old male and female
Nr4a2-icTg mice underwent
transthoracic echocardiography
analysis of left ventricular (LV)
function prior to (Day 0) and

21 days after transgene induc-
tion by tamoxifen (tam) injec-
tion. Left ventricular function
of Cre recombinase expressing
control mice and vehicle-treated
Nr4a2-icTg mice was also
recorded in parallel. Sex-
specific changes in heart rate
(a), LV anterior wall thick-

ness at end-systole (LVAWs;
b), LV anterior wall thickness
at end-diastole (LVAW(d; ¢),

LV posterior wall thickness

at end-systole (LVPWs; d),

LV posterior wall thickness at
end-diastole (LVPW(d; e), LV
internal diameter at end-systole
(LVIDs; f), LV ejection fraction
(LVEF; g), and LV fractional
shortening (LVFS; h) are rep-
resented. Data are expressed as
mean + SEM of n=10-12 mice
per group. Data were analyzed
by two-way repeated measures
ANOVA with Bonferroni test.
*P <0.05 vs. Cre control +tam
and 'P<0.05 vs. Nr4a2-

icTg + vehicle within same
treatment day. *P <0.05 vs. day
0 within same group
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Fig.3 Cardiac myocyte-specific induction of NR4A2 in the adult
heart leads to heart failure and death. a Representative M-mode
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injection. LVAW, left ventricular anterior wall; LVEDD, left ventricu-
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at 28 days following treatment. Data are expressed as mean+ SEM.
Data were analyzed by one-way ANOVA with Tukey test. *P <0.05
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«Fig. 4 Cardiac myocyte-specific induction of NR4A2 in the adult
heart causes structural remodeling consistent with development of
dilated cardiomyopathy. a Representative images of hearts from
tamoxifen (tam)- and vehicle-treated Nr4a2-icTg mice at 21 days fol-
lowing treatment. b Comparison of heart weight normalized to tibia
length between Nr4a2-icTg mice injected with tam (n=26 males/18
females) or vehicle (n=29 males/19 females) and Cre recombinase
expressing control mice (n=34 males/21 females) at 21 days follow-
ing treatment. ¢ Representative cross-sectional images of wheat germ
agglutinin (WGA)-stained hearts at 21 days following tam or vehicle
treatment. d Comparison of wet-to-dry lung weight ratios between
Nr4a2-icTg mice injected with tam (n =26 males/18 females) or vehi-
cle (n=29 males/19 females) and Cre recombinase expressing con-
trol mice (n=34 males/21 females) at 21 days following treatment. e
Representative photomicrographs from hearts of male mice showing
WGA- and DAPI-stained cardiac myocytes in cross-sectional and lon-
gitudinal orientations. Mean myocyte cross-sectional area and length
were determined by averaging values from>100 cells per animal
(n=3 animals per group). f Representative cross-sectional images
and photomicrographs of Picrosirius red-stained hearts of male mice
at 21 and 28 days after tamoxifen or vehicle treatment. Collagen
quantification was performed on whole transverse cardiac sections
from n=4 animals per group. Data are expressed as mean+SEM.
Data were analyzed by one-way ANOVA with Tukey test. *P <0.05
vs. Cre control +tam at 21 days, 'P <0.05 vs. Nr4a2-icTg + vehicle at
21 days, and *P <0.05 vs. Nr4a2-icTg +tam at 21 days

cardiomyopathy, both at time of implantation and explanta-
tion of a left ventricular assist device (LVAD). Mechanical
unloading was accompanied by a trend to decreased NR4A2
expression in the left ventricle (Fig. S3).

Sustained NR4A2 induction accelerates cardiac
decompensation in pressure overload

Next, we evaluated whether sustained NR4A2 activation
aggravates myocardial remodeling induced by pressure over-
load. To do so, male Nr4a2-icTg mice were subjected to TAC
surgery 6 days prior to tamoxifen injection and myocardial
structure and function were assessed 12 days after induction
of the transgene (Fig. 5a). At the time of treatment, the mean
pressure gradient was similarly elevated between Nr4a2-icTg
mice that were randomly selected to receive tamoxifen or vehi-
cle injection (Fig. 5b). At the end of the protocol, mean heart
rate for all TAC-operated mice remained comparable to that
of sham-operated Nr4a2-icTg animals (Fig. 5c). However, the
TAC-mediated compensatory increase in LV anterior and pos-
terior walls thickness, as present in vehicle-treated mice, was
abrogated for mice with cardiac-specific NR4A?2 overexpression
(Fig. 5d—e). This was accompanied by a greater increase in LV
internal diameter at end of diastole and end of systole, and by a
further decrease in LV ejection fraction and fractional shortening
(Fig. 5f—i). Although the increase in heart weight to tibia length
ratio was not different between vehicle- and tamoxifen-treated,
TAC-operated animals, the exacerbation of contractile dys-
function associated with chronic NR4A2 induction correlated
with an increase in the wet-to-dry lung weight ratio (Fig. 5j, k).

Therefore, sustained NR4A2 activity inhibited compensatory
hypertrophy and accelerated cardiac maladaptation to pressure
overload.

Sustained NR4A2 activation reinstates an immature
metabolic phenotype and leads to sarcomere
disorganization in cardiomyocytes

To gain more insight into the molecular changes associated
with the rapid maladaptation of the NR4A2 overexpressing
hearts, we analyzed the global transcriptomic signature of
the LV at 21 days after transgene induction, i.e. at a time
when both structural and functional alterations became
apparent (Figs. 2, 4). Out of the 13,356 genes that passed
filtering criteria for analysis, 6313 genes (47%) were found
to be differentially expressed with a p value of <0.01 (Data-
set S1). Main biological processes altered by NR4A?2 induc-
tion included metabolism, muscle contraction, autophagy,
the transport of small molecules (all down-regulated), and
vesicle-mediated transport (up-regulated; Fig. 6a and Fig.
S4a). Specifically, downregulation of oxidative phosphoryla-
tion, beta-oxidation of fatty acids, branched-chain amino
acid catabolism and mitochondrial biogenesis were respon-
sible for decreased metabolism (Fig. 6b). Decreased oxida-
tive metabolism was compensated by a dramatic increase
in anaerobic metabolism characterized by the concerted
up-regulation of all but one glycolytic enzyme (Fig. S5 and
Dataset S1). Although the expression of glucose transport-
ers GLUTI1 and GLUT4 was unchanged, translocation of
GLUT4 to the plasma membrane was among the up-regu-
lated vesicle-mediated transport processes (Fig. S4a, S4b).
In accordance with the PSR staining, molecular pathways
linked to collagen biosynthesis and extracellular matrix
organization were also up-regulated (Fig. S4a). Real-time
PCR quantification also confirmed activation of the cardiac
fetal gene program (increased transcript amounts for Nppa
and Nppb and decreased expression for Atp2a2 and Myh6).
Besides the loss of alpha-myosin heavy chain (Myh6), gene
expression for several other contractile proteins abundantly
expressed in the adult heart including cardiac troponin T
(Tnnt2), cardiac troponin I (7nni3) and tropomyosin-1
(Tpml), was decreased (Fig. S4b).

To confirm our gene expression data, we assessed the
ultrastructure of the cardiac myocytes by TEM. In com-
parison with hearts from Cre controls which displayed the
well-organized microarchitecture typical of adult cardiac
myocytes (with densely packed mitochondria between
parallel-aligned myofibrils and regular t-tubules located
at the level of the Z-lines), a large number of NR4A2-
overexpressing myocytes exhibited chaotic arrangements
of myofibrils and mitochondria with loss of well-defined
sarcomeres and no recognizable t-tubular structures akin to
idiopathic hypertrophic cardiomyopathy (Fig. 6¢). As further
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Fig.5 Chronic induction of NR4A2 in the adult heart accelerates
cardiac decompensation during pressure overload. a Schematic of
the experimental design. Eight- to 9-week-old male Nr4a2-icTg mice
were subjected to transverse aortic constriction (TAC) or sham sur-
gery at day 0. Successful induction of pressure overload was verified
by Doppler analysis 6 days after surgery, at which point mice were
randomly injected with tamoxifen (tam) or vehicle before undergo-
ing transthoracic echocardiography and anthropometric analyses at
day 18 post surgery. b Transaortic pressure gradients in TAC-oper-
ated Nr4a2-icTg mice compared to sham-operated Nr4a2-icTg mice.
Echocardiographic determination of heart rate (c), left ventricular

evidence of disorganized sarcomeric structures, myosin fib-
ers were simultaneously visible in both longitudinal and
transverse orientation in the same myocyte (Fig. 6d). Lastly,
the densely arrayed lamellar cristae of control mitochondria
were replaced by scarce cristae typical of immature mito-
chondria in hearts of Nr4a2-icTg mice (Fig. 6¢). Altogether,
these findings suggest increased cellular plasticity and return
to an immature phenotype for adult cardiac myocytes follow-
ing chronic activation of NR4A2.
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ening (LVFS; i) at end of the experiment. Comparison of heart weight
normalized to tibia length (j) and wet-to-dry lung weight ratio (k) at
end of the experiment. Data are expressed as mean+SEM of n=6
animals per group. Data were analyzed by one-way ANOVA with
Tukey test. *P <0.05 vs. sham-operated + vehicle, "P <0.05 vs. sham-
operated + tam, and *P <0.05 vs. TAC-operated + vehicle

Cardiac myocyte-specific induction of NR4A2
activates growth, proliferation and apoptosis
signaling pathways

To further investigate possible intracellular signals respon-
sible for the metabolic and structural remodeling of adult
cardiac myocytes, we performed the unbiased quantifica-
tion of 304 proteins and phosphoproteins from 16 major
cell signaling pathways. Compared to Cre control animals,
the expression and/or phosphorylation levels of 34 proteins
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was differentially affected with a p value of <0.05 in the LV
of Nr4a2-icTg mice following tamoxifen treatment (Fig. 7a
and Dataset S2). More specifically, increased phosphoryla-
tion of retinoblastoma protein (Rb) at serine residues 608
and 807 and increased expression of the cyclin-dependent
kinase 1 (CDK1/CDC2) were overall indicative of increased
progression through the G1 and G2/M checkpoints of the
cell cycle, respectively. In addition, the activity of kinases
known to be major positive regulators of cell growth and
proliferation, including mitogen-activated protein kinase
kinase 1 (MEK1), mechanistic target of rapamycin kinase
(mTOR), phosphoinositide 3-kinase (PI3K), and the AKT
kinase, was also increased (Fig. 7a). Increased activity of
the AKT, extracellular signal-regulated kinase (ERK) and
mTOR kinases and phosphorylation of their downstream tar-
gets were further confirmed by immunoblotting. In contrast,
the antiproliferative AMP-activated protein kinase (AMPK)
was inhibited (Fig. 7b).

While confirming the downregulation of genes linked to
muscle contraction, Reactome analysis of our previously
published transcriptomic data from ARVMs overexpress-
ing NR4A2 also revealed global up-regulation of RNA
metabolism [3]. Biosynthesis of ribosomal RNA (rRNA)
and protein translation, both tightly coupled to cell growth
and proliferation, represented the most activated molecular
processes in those cells (Fig. S6).

In parallel to the uptick in growth and proliferation path-
ways, a decrease in BCL2-associated X, apoptosis regulator
(BAX) expression, concomitant with an increased phospho-
rylation and regulation of BAX, BCL2-associated agonist
of cell death (BAD) and BCL2 apoptosis regulator (BCL2),
were also indicative of the activation of apoptosis and sur-
vival signals (Fig. 7a). Consistent with this last finding, the
TUNEL assay revealed an ~ sixfold increase in apoptotic
cardiomyocyte death in heart tissue from Nr4a2-icTg mice
(Fig. 7¢). In summary, cardiac myocyte-specific activation
of NR4A2 was not only associated with stimulation of the
cell cycle, increased cell growth and proliferation, but also
increased apoptosis in the adult mouse heart.

Sustained NR4A2 induction leads to multinucleation
of adult cardiac myocytes

Consistent with the protein data, targeted analysis of the car-
diac transcriptome from Nr4a2-icTg mice revealed the dif-
ferential regulation of several markers of adult cardiac myo-
cytes proliferation following tamoxifen injection. Changes
confirmed by real-time PCR quantification included the up-
regulation of growth and proliferation signaling agents Agrn,
Nrgl, and Hifla (Fig. 8a). Cell cycle regulators encoded
by E2f8 and Ccna2 were also increased, while Ccnd2 was
down-regulated. Expression of the genes encoding markers
for proliferation (Ki67) and for midbody formation (Aurora

kinase B; AURKB) were also increased (Fig. 8a). Fluores-
cence immunochemistry confirmed increased association of
KI67 and AURKB with cardiac myocytes nuclei in Nr4a2-
icTg mouse hearts, as well as increased nuclear incorpora-
tion of the phase S marker BrdU when compared to control
animals (Fig. 8b).

Besides confirming the presence of vacuolar degeneration
caused by a loss of myofibers in cardiac myocytes, H&E
staining also revealed the presence of enlarged nuclei and
multinucleation of cardiac myocytes in hearts of tamoxifen-
treated Nr4a2-icTg mice (Fig. 8c). An increased number of
cardiomyocyte nuclei stained for phosphorylated histone H3
was also detected in hearts of Nr4a2-icTg mice, thus further
supporting an increased occurrence of acytokinetic mitosis
in response to NR4A2 overexpression (Fig. 8b). Increased
frequency of multinucleation events was confirmed by
direct quantitation of DAPI* nuclei in adult myocytes iso-
lated at time of death from heart failure (Fig. 8d). Thus,
chronic NR4A?2 activation leads to increased DNA synthesis
which is, in turn, accompanied by multinucleation of adult
cardiomyocytes.

Discussion

This study underscores the fundamental role of certain
transcription factors in cardiovascular stress-response. We
have shown that sustained expression of the nuclear receptor
NR4A?2 in the adult mouse heart leads to acute DCM and
rapid death of the animals. The impairment of LV contractile
function coincided with the reversal of cardiomyocytes to a
fetal-like glycolytic metabolism and with the disorganiza-
tion of sarcomeres. Chronic NR4A?2 activation also induced
widespread transcriptional alterations and caused terminally
differentiated cardiomyocytes to re-enter the cell cycle even
in the absence of cardiac stress. This resulted in enhanced
karyokinesis but failed to induce cytokinesis, thereby pro-
moting multinucleation of cardiac myocytes. Failure to
progress through the cell cycle was accompanied by an
increased number of cardiac myocytes undergoing apopto-
sis, which ultimately contributed to the etiology of DCM.
There are several broad implications for these findings. First,
they include a refined understanding of how environmental
cues are integrated in the cardiac stress response. Second,
they also include the potential for spatiotemporal modulation
of NR4A2 activity as a way to stimulate heart regeneration.

While the roles of the NR4A nuclear receptors in the
regulation of cardiac physiology are presently unknown,
their functions in other organs and tissues, and particularly
the liver, brain, skeletal muscle and the immune system
have been fairly well established [17, 32]. As previously
shown in those tissues, our findings demonstrate that cardiac
NR4A2 simultaneously coordinates the regulation of a large
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«Fig.6 Chronic NR4A2 induction leads to metabolic and structural
remodeling of adult cardiac myocytes in vivo. a Voronoi view of
RNA sequencing data revealing the main biological processes dif-
ferentially regulated in the left ventricle (LV) of male Nr4a2-icTg at
21 days after tamoxifen injection when compared to the LV of Cre
recombinase expressing control mice. b Top Reactome pathways
linked to oxidative phosphorylation and mitochondrial biogenesis
that are significantly altered in the LV of Nr4a2-icTg at 21 days after
tamoxifen injection when compared to the LV of Cre recombinase
expressing control mice. Results generated from RNA sequencing
analysis of n=6 male mice per group. c—e Transmission electron
microscopy visualization of subcellular structures in adult cardiac
myocytes at 21 days after tamoxifen injection. ¢ Cardiac myocytes
in hearts of Cre recombinase expressing control mice show a tightly
organized sarcomeric structure with clearly visible Z-lines, while car-
diac myocytes in hearts of Nr4a2-icTg mice exhibit a more chaotic
arrangement of myofibrils. d At higher magnification, myosin fibers
are visible (arrows). However both longitudinal (upper arrow) and
transverse (lower arrow) fibres are present within the same cardiac
myocyte in hearts of Nr4a2-icTg mice which is indicative of disor-
ganized sarcomeric structures. e At higher magnification the densely
arrayed lamellar cristae of electron-dense control mitochondria are
visible. However, mitochondria from Nr4a2-icTg mice display scarce
lamellar cristae typical of immature organelles. N, cardiac myocyte
nucleus

number of diverse molecular pathways linked to metabo-
lism, proliferation and apoptosis, all of which are known
to play critical roles in the dedifferentiation, cell cycle re-
entry, and ultimately determination of adult cardiac myocyte
fate plasticity [14, 17]. Although metabolic and structural
remodeling of adult cardiomyocytes is a typical feature of
the mammalian heart under pathological conditions, evi-
dence of increased cell cycle activity supports the notion
that the observed cellular plasticity is linked to a genuine
dedifferentiation process [64]. Our observations may have
important implications for the development of cardiac regen-
erative strategies, because endogenous repair may occur pri-
marily through dedifferentiation and proliferation of existing
cardiac myocytes. Indeed, although some of the regulatory
genes and signals needed to re-activate cardiac cell cycle
progression have been identified, many laboratories are still
actively probing for the fundamental molecular pathways
that govern or suppress myocyte turnover [49]. Considering
the known role of NR4A2 as an immediate-early response
gene and the sheer extent of the cellular remodeling initiated
by its activation, we postulate that NR4A2 acts as a master
regulator of stress-induced cardiac myocyte self-renewal.
One of the most dramatic effects of NR4A2 overexpres-
sion consisted in the complete reshaping of cardiac metabo-
lism, which reversed back from the highly oxidative capacity
of the adult heart to a primarily glycolytic biosynthetic phe-
notype which is a feature of the fetal and failing heart. This
finding is consistent with the established role of NR4A2 in
the stimulation of glucose metabolism in skeletal muscle
[2]. This switch in metabolic activity is critical for myo-
cytes to re-enter the cell cycle, as recent studies performed

in the adult zebrafish and postnatal mouse hearts demon-
strated that inhibition of fatty acid oxidation and stimulation
of glycolysis both promote proliferation of cardiomyocytes
after injury [7, 13]. Loss of oxidative capacity coincided
with the decrease in mitochondrial biogenesis and alteration
of mitochondrial structure, which also reverted to a fetal-
like appearance. This observation is also consistent with the
known roles of mitochondrial biogenesis and expansion of
cristae formation in reducing the proliferative capacity and
driving the maturation of cardiac myocytes [27, 42, 43, 60].
Whether this metabolic remodeling is mediated by genomic
regulation, non-genomic effects, or a combination of both
remains to be determined. Indeed, direct stabilization of
hypoxia-inducible factor-1oc by NR4A2 may have contrib-
uted to the present phenotype [22].

In addition to muscle contraction being identified as
another significantly down-regulated biological process,
microscopic evidence confirmed the disorganization and loss
of myofibrils in cardiac myocytes throughout the heart of
tamoxifen-treated Nr4a2-icTg mice. Remodeling of the con-
tractile apparatus is required for successful cell replication to
occur, as stiffness of the myofibrils would otherwise impede
nuclear division and cell cleavage. The majority of Z-bands
have to undergo degradation during prometaphase, leading
to the isolation and scattering of sarcomeres over subsequent
phases of mitosis prior to their proper restoration in daughter
cells [1, 50]. Disassembly and subsequent reorganization of
the contractile machinery is under the control of signaling
molecules diffusing through the extracellular matrix such as
agrin (Agrn) and neuregulin 1 (Nrgl), both of which were
up-regulated following NR4A2 activation [5, 46]. The dis-
assembly and detachment of sarcomeric structures can be
clearly observed during regeneration of the Zebrafish heart
following ventricular resection [21]. However, while dedif-
ferentiation and proliferation of adult myocytes may have
little impact on cardiac function when concentrated at the
site of injury, such mechanism may result in loss of contrac-
tile function when occurring at the whole-heart scale [49].
Thus, widespread dedifferentiation of myocytes resulting in
decreased cardiac bioenergetics and a loss of functional rigor
likely contributed to the impairment of systolic function and
development of heart failure in Nr4a2-icTg mice.

In spite of the presence of metabolic and structural signa-
tures typical of proliferating cells, enhanced cell cycle activ-
ity, and DNA replication in the heart, none of these markers
represent a direct surrogate for new myocytes formation, and
even increased detection of AURKB is not always indica-
tive of successful cytokinesis [11, 18]. Unlike during the
embryonic and neonatal stages, energetic reliance on glyco-
lysis and activation of proliferation pathways including the
ERK1/2, PI3K/AKT and mTOR pathways in the postnatally
stressed heart are usually associated with hypertrophic rather
than hyperplasic growth [9, 25, 31]. This results in increased
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«Fig.7 Cardiac myocyte-specific induction of NR4A2 activates
growth, proliferation and apoptosis signaling pathways in the adult
heart. a Heat map representation of the 34 proteins and phosphopro-
teins from 16 major cell signaling pathways that are differentially
expressed in the left ventricle (LV) of Nr4a2-icTg mice when com-
pared to LV of Cre recombinase expressing control mice at 21 days
after tamoxifen (tam) treatment. Data from n=35 male mice per group
were normalized to individual p-tubulin signals and analyzed by a
two-tailed Student ¢ test. b Comparison of expression levels for pro-
teins and phosphoproteins of the AKT, ERK1/2, AMPK, and mTOR
related pathways in the LV of Nr4a2-icTg mice injected with tam or
vehicle and Cre recombinase expressing control mice injected with
tam at 21 days after treatment. Data are expressed as mean+SEM
of n=28 animals per group. Data were analyzed by one-way ANOVA
with Tukey test. ¥P<0.05 vs. Cre control+tam and "P<0.05 vs.
Nrd4a2-icTg+ vehicle. ¢ Representative photomicrographs of sarcom-
eric a-actinin, DAPI- and TUNEL-stained LV tissue. Total number
of TUNEL" cardiomyocyte nuclei (white arrows) was determined by
averaging values from> 1000 cardiomyocyte nuclei per animal (n=5
animals per group). Data are expressed as mean + SEM and were ana-
lyzed by one-way ANOVA with Tukey test. *P <0.05 vs. Cre con-
trol+tam and TP <0.05 vs. Nr4a2-icTg + vehicle. n.d. not detectable

polyploidization and multinucleation of myocytes in the
injured myocardial tissue, two nuclear events which are
paradoxically known to contribute to the loss of proliferative
capacity of those cells [16, 28, 53]. Although polyploidiza-
tion and multinucleation may promote cardiac adaptation to
stress by making cardiomyocytes more resistant to injury
[20, 28], this was clearly not the case for Nr4a2-icTg mice
as increased NR4A?2 activation accelerated cardiac decom-
pensation during chronic pressure overload.

Several factors may have contributed to incomplete cell
cycle progression in the present mouse Tg model. First,
hypoxia-inducible factor (HIF)-1 o has a divergent role in
cardiac proliferation and development, and its activation
can promote cell cycle arrest through Myc antagonism [15,
24]. Second, transcript levels for the cell cycle activator
Cyclin D2 (Ccnd?2), a protein critical for persisting cardiac
myocytes cell cycle activity, were decreased [63]. Lastly,
expression of the atypical E2 factor 8 (E2f8), a cell cycle
regulator essential for polyploidization in mammalian cells,
was increased [38]. Cell cycle regulation and programmed
cell death share many signal transduction mechanisms [51],
and we also found evidence of increased activation of both
pro-survival and pro-apoptotic cellular pathways resulting in
increased myocytes apoptosis in hearts of Nr4a2-icTg mice.
Cardiac myocyte regeneration and death are so intimately
linked that both processes are believed to occur simultane-
ously [37]. Although the exact series of molecular events
that increased apoptosis remains to be determined, the dif-
fuse loss of cardiac myocytes likely played a critical role in
the development of DCM and heart failure [37, 54, 56]. It
is also unclear whether the concomitant downregulation of
NR4A3 plays a role in the disease mechanism since activa-
tion of this particular NR4A member has been linked to

the protection of cardiomyocytes from cellular stress and
death [6].

It is noteworthy that female mice appeared to be more
susceptible to the chronic effects of cardiac NR4A?2 as they
displayed more severe symptoms of heart failure at 21 days
after transgene induction, and died 12.5% faster than male
mice. There is some evidence that the regulation of the
Nurrl gene is controlled by gender-specific hormones, such
as estrogen and testosterone, and that these regulatory mech-
anisms may account for phenotypical differences between
male and female [40, 44]. Whether a sex difference exist in
the regulation of cardiovascular physiology by endogenous
NR4A2 remains to be determined.

Few studies have reported myocyte cell cycle re-entry
as a direct contributor to heart failure in vivo. Similar to
our results, murine cardiac myocytes lacking GSK-3 were
also reported to undergo karyokinesis but had impaired
mitotic capacity and failed to progress to cytokinesis, which
resulted in mitotic catastrophe, widespread apoptosis, and
rapid development of DCM [62]. In humans, DCM caused
by excessive DNA replication in cardiac myocytes, a phe-
nomenon that has been termed mitogenic cardiomyopathy,
has been rarely reported since such defects cause death in
the early infancy [8, 59]. The expression of Myc, another
early response gene activated as the adult heart remodels,
also leads to cell cycle re-entry and increased DNA repli-
cation when induced in post-mitotic murine cardiac myo-
cytes. Interestingly, Myc re-activation has been associated
either with adaptive hypertrophy, with atrophy, or with
hypertrophic cardiomyopathy and heart failure in different
reports [10, 29, 55]. This last finding highlights the impor-
tance of other factors such as timing and level of induc-
tion of cell cycle regulators in determination of the cardiac
myocyte fate. The chronic high NR4A2 expression in the
heart of Nr4a2-icTg mice is a critical parameter which most
likely had a significant impact on the outcome of this study.
Indeed, we previously reported that a both shorter and more
physiological induction of NR4A2 inhibited ERK1/2 hyper-
trophic signaling in ARVMs, which is in contrast with the
increased ERK1/2 activity observed in the present model
[3]. Mechanical unloading of the failing human heart, a pro-
cess associated with normalization of cardiomyocyte func-
tion and size, also tended to decrease NR4A2 expression
[4, 58]. Based on these observations, we postulate that a
more transient and moderated activation aimed at recapitu-
lating the stimulation of NR4A2 by the adrenergic system
as reported by Myers and colleagues, possibly by using one
of the known small-molecule activators of NR4A2, may
increase survival of myocytes and promote adaptation of
the stressed heart [23, 36].

In summary, we report that myocyte-specific overexpres-
sion of NR4A2 in the postnatal mammalian heart results
in increased cell cycle re-entry and DNA replication but
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«Fig.8 Chronic NR4A2 induction leads to cell cycle re-entry, poly-
ploidization and multinucleation of adult cardiac myocytes. a Quan-
tification by RNA sequencing and real-time PCR of mRNAs encod-
ing cell cycle regulators (E2f8, Ccnd2, Ccna2), markers of cell
cycle progression (Mki67, Aurkb, Pcna) and molecular enablers of
proliferation (Lmnb2, Agrn, Nrgl, Hifla, Erbb2, Yapl) in the left
ventricle (LV) of Nr4a2-icTg mice at 21 days after tamoxifen (tam)
treatment. Data are mean+SEM of n=6 animals per group and are
expressed in fold change from expression levels detected in the LV
of Cre recombinase expressing control mice. Data were analyzed by
two-tailed Student 7 test. ¥*P<0.05 vs. Cre control+tam. b Repre-
sentative photomicrographs of the immunohistochemical detection of
Ki67 (KI67), Aurora kinase B (AURKB), BrdU and phosphorylated
Histone H3 (phH3) in DAPI, sarcomeric a-actinin/cardiac troponin
T (cTnT) stained LV tissue of Nr4a2-icTg mice at 21 days after tam
treatment. Total numbers of cardiac myocytes nuclei* (white arrows)
were determined by averaging values from> 1000 nuclei per animal
(n=>5 mice per group). Data are expressed as mean+SEM and were
analyzed by one-way ANOVA with Tukey test. *P<0.05 vs. Cre
control +tam and P <0.05 vs. Nr4a2-icTg+ vehicle. ¢ Representa-
tive photomicrographs of hematoxylin and eosin-stained LV tissue at
21 days after tam treatment. Vacuolar degeneration caused by loss of
myofibrils is visible in cardiac myocytes from Nr4a2-icTg mice. Yel-
low arrow points to an enlarged cardiac myocyte nucleus. Asterisks
point to the nuclei of a tri-nucleated cardiac myocyte. d Representa-
tive bright-field photomicrographs of DAPI-stained cardiac myocytes
isolated post-mortem from formalin-fixed hearts. Percentage of multi-
nucleated cells was determined by averaging values from > 150 to 213
cardiac myocytes per animal (n =5 animals per group)

does not result in cardiac myocyte division. Chronic NR4A2
activation leads to activation of cell cycle checkpoints and
induction of an apoptotic response resulting in loss of car-
diac myocytes, impairment of cardiac function and heart
failure. While additional studies will be essential to deter-
mine the impact of physiological “bouts” of NR4A?2 induc-
tion for cardiac adaptation to injury, our findings highlight
a novel function for the nuclear receptor as a critical regu-
lator in the self-renewal of the cardiac myocyte and heart
regeneration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00395-022-00942-7.

Acknowledgements The authors would like to thank Melek Demirhan
for her technical assistance with the experiments. We thank Tom Bar-
gar and Nicholas Conoan of the Electron Microscopy Core Facility
(EMCEF) at the University of Nebraska Medical Center and Joshua Jef-
ferson from the Histology Core Laboratory at the University of Missis-
sippi Medical Center (UMMC) for their technical assistance. We also
thank Dr. O. Howard Frazier and Sylvia A. Carranza of the Texas Heart
Institute for procuring left ventricular tissue samples from heart failure
patients. We are indebted to Dr. Michael Garrett and the Molecular and
Genomics Core Facility at UMMC for performing RNA sequencing
and initial RNA-seq analyses.

Author contributions Conceptualization: SA, RH; methodology: SA,
RH; formal analysis and investigation: SA, RH; writing—original draft
preparation: SA, RH; writing—review and editing: SA, HT, RH; fund-
ing acquisition: RH, HT; supervision: RH.

Funding This work was supported by Grants ROIHL136438,
RO1HLO061483, P20GM 104357 and PO1IHL051971 from the National
Institutes of Health. The Molecular and Genomics Core Facility is
supported, in part, by funds from the NIGMS, including Mississippi
INBRE (P20GM103476), Center for Psychiatric Neuroscience (CPN)-
COBRE (P30GM103328), and Obesity, Cardiorenal and Metabolic
Diseases-COBRE (P20GM104357). The EMCEF is supported by state
funds from the Nebraska Research Initiative (NRI) and the University
of Nebraska Foundation, and institutionally by the Office of the Vice
Chancellor for Research. The content of the manuscript is solely the
responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ali H, Braga L, Giacca M (2020) Cardiac regeneration and remod-
elling of the cardiomyocyte cytoarchitecture. FEBS J 287:417-
438. https://doi.org/10.1111/febs.15146

2. Amoasii L, Sanchez-Ortiz E, Fujikawa T, Elmquist JK, Bassel-
Duby R, Olson EN (2019) NURRI1 activation in skeletal muscle
controls systemic energy homeostasis. Proc Natl Acad Sci USA
116:11299-11308. https://doi.org/10.1073/pnas.1902490116

3. Ashraf S, Hegazy YK, Harmancey R (2019) Nuclear receptor sub-
family 4 group A member 2 inhibits activation of ERK signaling
and cell growth in response to beta-adrenergic stimulation in adult
rat cardiomyocytes. Am J Physiol Cell Physiol 317:C513-C524.
https://doi.org/10.1152/ajpcell.00526.2018

4. Barbone A, Holmes JW, Heerdt PM, The AH, Naka Y, Joshi N,
Daines M, Marks AR, Oz MC, Burkhoft D (2001) Comparison of
right and left ventricular responses to left ventricular assist device
support in patients with severe heart failure: a primary role of
mechanical unloading underlying reverse remodeling. Circulation
104:670-675. https://doi.org/10.1161/hc3101.093903

5. Bassat E, Mutlak YE, Genzelinakh A, Shadrin I'Y, Baruch Uman-
sky K, Yifa O, Kain D, Rajchman D, Leach J, Riabov Bassat D,
Udi Y, Sarig R, Sagi I, Martin JF, Bursac N, Cohen S, Tzahor
E (2017) The extracellular matrix protein agrin promotes heart
regeneration in mice. Nature 547:179-184. https://doi.org/10.
1038/nature22978

6. Berg PC, Hansson AML, Rosand O, Marwarha G, Hoydal MA
(2021) Overexpression of neuron-derived orphan receptor 1
(NOR-1) rescues cardiomyocytes from cell death and improves
viability after doxorubicin induced stress. Biomedicines. https://
doi.org/10.3390/biomedicines9091233

7. Cardoso AC, Lam NT, Savla JJ, Nakada Y, Pereira AHM,
Elnwasany A, Menendez-Montes I, Ensley EL, Petric UB, Sharma

@ Springer


https://doi.org/10.1007/s00395-022-00942-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/febs.15146
https://doi.org/10.1073/pnas.1902490116
https://doi.org/10.1152/ajpcell.00526.2018
https://doi.org/10.1161/hc3101.093903
https://doi.org/10.1038/nature22978
https://doi.org/10.1038/nature22978
https://doi.org/10.3390/biomedicines9091233
https://doi.org/10.3390/biomedicines9091233

33 Page 180f20

Basic Research in Cardiology (2022) 117:33

10.

12.

13.

14.

15.

17.

18.

19.

20.

G, Sherry AD, Malloy CR, Khemtong C, Kinter MT, Tan WLW,
Anene-Nzelu CG, Foo RS, Nguyen NUN, Li S, Ahmed MS,
Elhelaly WM, Abdisalaam S, Asaithamby A, Xing C, Kanchwala
M, Vale G, Eckert KM, Mitsche MA, McDonald JG, Hill JA,
Huang L, Shaul PW, Szweda LI, Sadek HA (2020) Mitochondrial
substrate utilization regulates cardiomyocyte cell cycle progres-
sion. Nat Metab 2:167-178

Chang KT, Taylor GP, Meschino WS, Kantor PF, Cutz E (2010)
Mitogenic cardiomyopathy: a lethal neonatal familial dilated car-
diomyopathy characterized by myocyte hyperplasia and prolifera-
tion. Hum Pathol 41:1002-1008. https://doi.org/10.1016/j.humpa
th.2009.12.008

Davogustto GE, Salazar RL, Vasquez HG, Karlstaedt A, Dillon
WP, Guthrie PH, Martin JR, Vitrac H, De La Guardia G, Vela D,
Ribas-Latre A, Baumgartner C, Eckel-Mahan K, Taegtmeyer H
(2021) Metabolic remodeling precedes mTORC1-mediated car-
diac hypertrophy. J Mol Cell Cardiol 158:115-127. https://doi.
org/10.1016/j.yjmcc.2021.05.016

Depre C, Shipley GL, Chen W, Han Q, Doenst T, Moore ML,
Stepkowski S, Davies PJ, Taegtmeyer H (1998) Unloaded heart
in vivo replicates fetal gene expression of cardiac hypertrophy.
Nat Med 4:1269-1275. https://doi.org/10.1038/3253

. Engel FB, Schebesta M, Keating MT (2006) Anillin localization

defect in cardiomyocyte binucleation. ] Mol Cell Cardiol 41:601—
612. https://doi.org/10.1016/j.yjmcc.2006.06.012

Felker GM, Thompson RE, Hare JM, Hruban RH, Clemetson DE,
Howard DL, Baughman KL, Kasper EK (2000) Underlying causes
and long-term survival in patients with initially unexplained car-
diomyopathy. N Engl ] Med 342:1077-1084. https://doi.org/10.
1056/NEJM200004133421502

Fukuda R, Marin-Juez R, EI-Sammak H, Beisaw A, Ramadass
R, Kuenne C, Guenther S, Konzer A, Bhagwat AM, Graumann
J, Stainier DY (2020) Stimulation of glycolysis promotes car-
diomyocyte proliferation after injury in adult zebrafish. EMBO
Rep 21:¢49752. https://doi.org/10.15252/embr.201949752
Gong R, Jiang Z, Zagidullin N, Liu T, Cai B (2021) Regula-
tion of cardiomyocyte fate plasticity: a key strategy for cardiac
regeneration. Signal Transduct Target Ther 6:31. https://doi.org/
10.1038/s41392-020-00413-2

Hashmi S, Ahmad HR (2019) Molecular switch model for car-
diomyocyte proliferation. Cell Regen 8:12-20. https://doi.org/
10.1016/j.cr.2018.11.002

. Herget GW, Neuburger M, Plagwitz R, Adler CP (1997) DNA

content, ploidy level and number of nuclei in the human heart
after myocardial infarction. Cardiovasc Res 36:45-51. https://
doi.org/10.1016/s0008-6363(97)00140-5

Herring JA, Elison WS, Tessem JS (2019) Function of Nr4a
orphan nuclear receptors in proliferation, apoptosis and fuel
utilization across tissues. Cells. https://doi.org/10.3390/cells
8111373

Hesse M, Doengi M, Becker A, Kimura K, Voeltz N, Stein V,
Fleischmann BK (2018) Midbody positioning and distance
between daughter nuclei enable unequivocal identification of
cardiomyocyte cell division in mice. Circ Res 123:1039-1052.
https://doi.org/10.1161/CIRCRESAHA.118.312792

Jiang Y, Feng YP, Tang LX, Yan YL, Bai JW (2019) The pro-
tective role of NR4A3 in acute myocardial infarction by sup-
pressing inflammatory responses via JAK2-STAT3/NF-kappaB
pathway. Biochem Biophys Res Commun 517:697-702. https://
doi.org/10.1016/j.bbrc.2019.07.116

Jiang YH, Wang HL, Peng J, Zhu Y, Zhang HG, Tang FQ, Jian
Z, Xiao YB (2020) Multinucleated polyploid cardiomyocytes
undergo an enhanced adaptability to hypoxia via mitophagy. J
Mol Cell Cardiol 138:115-135. https://doi.org/10.1016/j.yjmcc.
2019.11.155

@ Springer

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Jopling C, Sleep E, Raya M, Marti M, Raya A, Izpisua Belmonte
JC (2010) Zebrafish heart regeneration occurs by cardiomyocyte
dedifferentiation and proliferation. Nature 464:606—609. https://
doi.org/10.1038/nature08899

Kim BY, Kim H, Cho EJ, Youn HD (2008) Nur77 upregulates
HIF-alpha by inhibiting pVHL-mediated degradation. Exp Mol
Med 40:71-83. https://doi.org/10.3858/emm.2008.40.1.71
Kim CH, Han BS, Moon J, Kim DJ, Shin J, Rajan S, Nguyen
QT, Sohn M, Kim WG, Han M, Jeong I, Kim KS, Lee EH, Tu Y,
Naffin-Olivos JL, Park CH, Ringe D, Yoon HS, Petsko GA, Kim
KS (2015) Nuclear receptor Nurrl agonists enhance its dual
functions and improve behavioral deficits in an animal model of
Parkinson’s disease. Proc Natl Acad Sci USA 112:8756-8761.
https://doi.org/10.1073/pnas.1509742112

Koshiji M, Kageyama Y, Pete EA, Horikawa I, Barrett JC,
Huang LE (2004) HIF-1alpha induces cell cycle arrest by func-
tionally counteracting Myc. EMBO J 23:1949-1956. https://doi.
org/10.1038/sj.emboj.7600196

Kundu BK, Zhong M, Sen S, Davogustto G, Keller SR, Taegt-
meyer H (2015) Remodeling of glucose metabolism precedes
pressure overload-induced left ventricular hypertrophy: review
of a hypothesis. Cardiology 130:211-220. https://doi.org/10.
1159/000369782

Kurakula K, Koenis DS, van Tiel CM, de Vries CJ (2014) NR4A
nuclear receptors are orphans but not lonesome. Biochim Bio-
phys Acta 1843:2543-2555. https://doi.org/10.1016/j.bbamcr.
2014.06.010

Lai L, Leone TC, Zechner C, Schaeffer PJ, Kelly SM, Flanagan
DP, Medeiros DM, Kovacs A, Kelly DP (2008) Transcriptional
coactivators PGC-1alpha and PGC-lbeta control overlapping
programs required for perinatal maturation of the heart. Genes
Dev 22:1948-1961. https://doi.org/10.1101/gad. 1661708
Landim-Vieira M, Schipper JM, Pinto JR, Chase PB (2020)
Cardiomyocyte nuclearity and ploidy: when is double trouble?
J Muscle Res Cell Motil 41:329-340. https://doi.org/10.1007/
$10974-019-09545-7

Lee HG, Chen Q, Wolfram JA, Richardson SL, Liner A, Sied-
lak SL, Zhu X, Ziats NP, Fujioka H, Felsher DW, Castellani RJ,
Valencik ML, McDonald JA, Hoit BD, Lesnefsky EJ, Smith MA
(2009) Cell cycle re-entry and mitochondrial defects in myc-
mediated hypertrophic cardiomyopathy and heart failure. PLoS
ONE 4:e7172. https://doi.org/10.1371/journal.pone.0007172
Lindsey ML, Kassiri Z, Virag JAI, de Castro Bras LE, Scherrer-
Crosbie M (2018) Guidelines for measuring cardiac physiology in
mice. Am J Physiol Heart Circ Physiol 314:H733-H752. https://
doi.org/10.1152/ajpheart.00339.2017

Maillet M, van Berlo JH, Molkentin JD (2013) Molecular basis of
physiological heart growth: fundamental concepts and new players.
Nat Rev Mol Cell Biol 14:38-48. https://doi.org/10.1038/nrm3495
Medzikovic L, de Vries CJM, de Waard V (2019) NR4A nuclear
receptors in cardiac remodeling and neurohormonal regulation.
Trends Cardiovasc Med 29:429-437. https://doi.org/10.1016/j.
tem.2018.11.015

Medzikovic L, Schumacher CA, Verkerk AO, van Deel ED,
Wolswinkel R, van der Made I, Bleeker N, Cakici D, van den
Hoogenhof MM, Meggouh F, Creemers EE, Remme CA,
Baartscheer A, de Winter RJ, de Vries CJ, Arkenbout EK, de
Waard V (2015) Orphan nuclear receptor Nur77 affects cardio-
myocyte calcium homeostasis and adverse cardiac remodelling.
Sci Rep 5:15404. https://doi.org/10.1038/srep 15404

Medzikovic L, van Roomen C, Baartscheer A, van Loenen PB,
de Vos J, Bakker E, Koenis DS, Damanafshan A, Creemers EE,
Arkenbout EK, de Vries CIM, de Waard V (2018) Nur77 protects
against adverse cardiac remodelling by limiting neuropeptide Y
signalling in the sympathoadrenal-cardiac axis. Cardiovasc Res
114:1617-1628. https://doi.org/10.1093/cvr/cvy125


https://doi.org/10.1016/j.humpath.2009.12.008
https://doi.org/10.1016/j.humpath.2009.12.008
https://doi.org/10.1016/j.yjmcc.2021.05.016
https://doi.org/10.1016/j.yjmcc.2021.05.016
https://doi.org/10.1038/3253
https://doi.org/10.1016/j.yjmcc.2006.06.012
https://doi.org/10.1056/NEJM200004133421502
https://doi.org/10.1056/NEJM200004133421502
https://doi.org/10.15252/embr.201949752
https://doi.org/10.1038/s41392-020-00413-2
https://doi.org/10.1038/s41392-020-00413-2
https://doi.org/10.1016/j.cr.2018.11.002
https://doi.org/10.1016/j.cr.2018.11.002
https://doi.org/10.1016/s0008-6363(97)00140-5
https://doi.org/10.1016/s0008-6363(97)00140-5
https://doi.org/10.3390/cells8111373
https://doi.org/10.3390/cells8111373
https://doi.org/10.1161/CIRCRESAHA.118.312792
https://doi.org/10.1016/j.bbrc.2019.07.116
https://doi.org/10.1016/j.bbrc.2019.07.116
https://doi.org/10.1016/j.yjmcc.2019.11.155
https://doi.org/10.1016/j.yjmcc.2019.11.155
https://doi.org/10.1038/nature08899
https://doi.org/10.1038/nature08899
https://doi.org/10.3858/emm.2008.40.1.71
https://doi.org/10.1073/pnas.1509742112
https://doi.org/10.1038/sj.emboj.7600196
https://doi.org/10.1038/sj.emboj.7600196
https://doi.org/10.1159/000369782
https://doi.org/10.1159/000369782
https://doi.org/10.1016/j.bbamcr.2014.06.010
https://doi.org/10.1016/j.bbamcr.2014.06.010
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1007/s10974-019-09545-7
https://doi.org/10.1007/s10974-019-09545-7
https://doi.org/10.1371/journal.pone.0007172
https://doi.org/10.1152/ajpheart.00339.2017
https://doi.org/10.1152/ajpheart.00339.2017
https://doi.org/10.1038/nrm3495
https://doi.org/10.1016/j.tcm.2018.11.015
https://doi.org/10.1016/j.tcm.2018.11.015
https://doi.org/10.1038/srep15404
https://doi.org/10.1093/cvr/cvy125

Basic Research in Cardiology (2022) 117:33

Page190f20 33

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Mehta NK, Abrams LR, Myrskyla M (2020) US life expectancy
stalls due to cardiovascular disease, not drug deaths. Proc Natl
Acad Sci USA 117:6998-7000. https://doi.org/10.1073/pnas.
1920391117

Myers SA, Eriksson N, Burow R, Wang SC, Muscat GE (2009)
Beta-adrenergic signaling regulates NR4A nuclear receptor and
metabolic gene expression in multiple tissues. Mol Cell Endo-
crinol 309:101-108. https://doi.org/10.1016/j.mce.2009.05.006
Nadal-Ginard B, Kajstura J, Anversa P, Leri A (2003) A matter of
life and death: cardiac myocyte apoptosis and regeneration. J Clin
Invest 111:1457-1459. https://doi.org/10.1172/ICI118611

Pandit SK, Westendorp B, Nantasanti S, van Liere E, Tooten PC,
Cornelissen PW, Toussaint MJ, Lamers WH, de Bruin A (2012)
E2F8 is essential for polyploidization in mammalian cells. Nat
Cell Biol 14:1181-1191. https://doi.org/10.1038/ncb2585
Pawlak A, Strzadala L, Kalas W (2015) Non-genomic effects of
the NR4A1/Nur77/TR3/NGFIB orphan nuclear receptor. Steroids
95:1-6. https://doi.org/10.1016/j.steroids.2014.12.020
Perez-Sieira S, Lopez M, Nogueiras R, Tovar S (2014) Regulation of
NR4A by nutritional status, gender, postnatal development and hormo-
nal deficiency. Sci Rep 4:4264. https://doi.org/10.1038/srep04264
Pinto YM, Elliott PM, Arbustini E, Adler Y, Anastasakis A, Bohm
M, Duboc D, Gimeno J, de Groote P, Imazio M, Heymans S, Klin-
gel K, Komajda M, Limongelli G, Linhart A, Mogensen J, Moon
J, Pieper PG, Seferovic PM, Schueler S, Zamorano JL, Caforio
AL, Charron P (2016) Proposal for a revised definition of dilated
cardiomyopathy, hypokinetic non-dilated cardiomyopathy, and its
implications for clinical practice: a position statement of the ESC
working group on myocardial and pericardial diseases. Eur Heart
J37:1850-1858. https://doi.org/10.1093/eurheartj/ehv727
Porter GA Jr, Hom J, Hoffman D, Quintanilla R, de Mesy BK,
Sheu SS (2011) Bioenergetics, mitochondria, and cardiac myocyte
differentiation. Prog Pediatr Cardiol 31:75-81. https://doi.org/10.
1016/j.ppedcard.2011.02.002

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 Al, Giacca M, Rabinovitch PS,
Aroumougame A, Shah AM, Szweda LI, Sadek HA (2014) The
oxygen-rich postnatal environment induces cardiomyocyte cell-
cycle arrest through DNA damage response. Cell 157:565-579.
https://doi.org/10.1016/j.cell.2014.03.032

Rojas P, Joodmardi E, Hong Y, Perlmann T, Ogren SO (2007)
Adult mice with reduced Nurrl expression: an animal model for
schizophrenia. Mol Psychiatry 12:756-766. https://doi.org/10.
1038/sj.mp.4001993

Safe S, Jin UH, Morpurgo B, Abudayyeh A, Singh M, Tjalkens
RB (2016) Nuclear receptor 4A (NR4A) family - orphans no
more. J Steroid Biochem Mol Biol 157:48-60. https://doi.org/10.
1016/j.jsbmb.2015.04.016

Sawyer DB, Zuppinger C, Miller TA, Eppenberger HM, Suter TM
(2002) Modulation of anthracycline-induced myofibrillar disarray in
rat ventricular myocytes by neuregulin-1beta and anti-erbB2: poten-
tial mechanism for trastuzumab-induced cardiotoxicity. Circulation
105:1551-1554. https://doi.org/10.1161/01.¢ir.0000013839.41224.1¢c
Shah KS, Xu H, Matsouaka RA, Bhatt DL, Heidenreich PA, Her-
nandez AF, Devore AD, Yancy CW, Fonarow GC (2017) Heart
failure with preserved, borderline, and reduced ejection fraction:
5-year outcomes. J Am Coll Cardiol 70:2476-2486. https://doi.
org/10.1016/j.jacc.2017.08.074

Shah NS, Molsberry R, Rana JS, Sidney S, Capewell S, O’Flaherty
M, Carnethon M, Lloyd-Jones DM, Khan SS (2020) Heterogeneous
trends in burden of heart disease mortality by subtypes in the United
States, 1999-2018: observational analysis of vital statistics. BMJ
370:m2688. https://doi.org/10.1136/bmj.m2688

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Vagnozzi RJ, Molkentin JD, Houser SR (2018) New myocyte
formation in the adult heart: endogenous sources and therapeu-
tic implications. Circ Res 123:159-176. https://doi.org/10.1161/
CIRCRESAHA.118.311208

van Amerongen MJ, Engel FB (2008) Features of cardiomyocyte pro-
liferation and its potential for cardiac regeneration. J Cell Mol Med
12:2233-2244. https://doi.org/10.1111/j.1582-4934.2008.00439.x
Vermeulen K, Berneman ZN, Van Bockstaele DR (2003) Cell
cycle and apoptosis. Cell Prolif 36:165—175. https://doi.org/10.
1046/j.1365-2184.2003.00267.x

Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt MS,
Callaway CW, Carson AP, Chamberlain AM, Cheng S, Delling
FN, Elkind MSV, Evenson KR, Ferguson JF, Gupta DK, Khan SS,
Kissela BM, Knutson KL, Lee CD, Lewis TT, Liu J, Loop MS,
Lutsey PL, Ma J, Mackey J, Martin SS, Matchar DB, Mussolino
ME, Navaneethan SD, Perak AM, Roth GA, Samad Z, Satou GM,
Schroeder EB, Shah SH, Shay CM, Stokes A, VanWagner LB,
Wang NY, Tsao CW, American Heart Association Council on E,
Prevention Statistics C, Stroke Statistics S (2021) Heart disease
and stroke statistics-2021 update: a report from the American
Heart Association. Circulation 143:e254—e743. https://doi.org/
10.1161/CIR.0000000000000950

Vliegen HW, van der Laarse A, Cornelisse CJ, Eulderink F (1991)
Myocardial changes in pressure overload-induced left ventricular
hypertrophy. A study on tissue composition, polyploidization and
multinucleation. Eur Heart J 12:488—494. https://doi.org/10.1093/
oxfordjournals.eurheartj.a059928

Wencker D, Chandra M, Nguyen K, Miao W, Garantziotis S, Fac-
tor SM, Shirani J, Armstrong RC, Kitsis RN (2003) A mechanistic
role for cardiac myocyte apoptosis in heart failure. J Clin Invest
111:1497-1504. https://doi.org/10.1172/JCI17664

Xiao G, Mao S, Baumgarten G, Serrano J, Jordan MC, Roos
KP, Fishbein MC, MacLellan WR (2001) Inducible activation
of c-Myc in adult myocardium in vivo provokes cardiac myo-
cyte hypertrophy and reactivation of DNA synthesis. Circ Res
89:1122-1129. https://doi.org/10.1161/hh2401.100742
Yamamoto S, Yang G, Zablocki D, Liu J, Hong C, Kim SJ, Soler
S, Odashima M, Thaisz J, Yehia G, Molina CA, Yatani A, Vatner
DE, Vatner SF, Sadoshima J (2003) Activation of Mstl causes
dilated cardiomyopathy by stimulating apoptosis without compen-
satory ventricular myocyte hypertrophy. J Clin Invest 111:1463—
1474. https://doi.org/10.1172/JCI117459

Yan G, Zhu N, Huang S, Yi B, Shang X, Chen M, Wang N, Zhang
GX, Talarico JA, Tilley DG, Gao E, Sun J (2015) Orphan nuclear
receptor Nur77 inhibits cardiac hypertrophic response to beta-
adrenergic stimulation. Mol Cell Biol 35:3312-3323. https://doi.
org/10.1128/MCB.00229-15

Zafeiridis A, Jeevanandam V, Houser SR, Margulies KB (1998) Regres-
sion of cellular hypertrophy after left ventricular assist device support.
Circulation 98:656—662. https://doi.org/10.1161/01.¢ir.98.7.656
Zerbini C, Weinberg DS, Perez-Atayde AR (1992) DNA ploidy
analysis of myocardial hyperplasia. Hum Pathol 23:1427-1430.
https://doi.org/10.1016/0046-8177(92)90064-a

Zhao Q, Sun Q, Zhou L, Liu K, Jiao K (2019) Complex regulation
of mitochondrial function during cardiac development. ] Am Heart
Assoc 8:¢012731. https://doi.org/10.1161/JAHA.119.012731

Zhou H, Wang J, Zhu P, Zhu H, Toan S, Hu S, Ren J, Chen Y
(2018) NR4A1 aggravates the cardiac microvascular ischemia
reperfusion injury through suppressing FUNDCI1-mediated
mitophagy and promoting Mff-required mitochondrial fission by
CK2alpha. Basic Res Cardiol 113:23. https://doi.org/10.1007/
$00395-018-0682-1

Zhou J, Ahmad F, Parikh S, Hoffman NE, Rajan S, Verma VK,
Song J, Yuan A, Shanmughapriya S, Guo Y, Gao E, Koch W,
Woodgett JR, Madesh M, Kishore R, Lal H, Force T (2016) Loss
of adult cardiac myocyte GSK-3 leads to mitotic catastrophe

@ Springer


https://doi.org/10.1073/pnas.1920391117
https://doi.org/10.1073/pnas.1920391117
https://doi.org/10.1016/j.mce.2009.05.006
https://doi.org/10.1172/JCI18611
https://doi.org/10.1038/ncb2585
https://doi.org/10.1016/j.steroids.2014.12.020
https://doi.org/10.1038/srep04264
https://doi.org/10.1093/eurheartj/ehv727
https://doi.org/10.1016/j.ppedcard.2011.02.002
https://doi.org/10.1016/j.ppedcard.2011.02.002
https://doi.org/10.1016/j.cell.2014.03.032
https://doi.org/10.1038/sj.mp.4001993
https://doi.org/10.1038/sj.mp.4001993
https://doi.org/10.1016/j.jsbmb.2015.04.016
https://doi.org/10.1016/j.jsbmb.2015.04.016
https://doi.org/10.1161/01.cir.0000013839.41224.1c
https://doi.org/10.1016/j.jacc.2017.08.074
https://doi.org/10.1016/j.jacc.2017.08.074
https://doi.org/10.1136/bmj.m2688
https://doi.org/10.1161/CIRCRESAHA.118.311208
https://doi.org/10.1161/CIRCRESAHA.118.311208
https://doi.org/10.1111/j.1582-4934.2008.00439.x
https://doi.org/10.1046/j.1365-2184.2003.00267.x
https://doi.org/10.1046/j.1365-2184.2003.00267.x
https://doi.org/10.1161/CIR.0000000000000950
https://doi.org/10.1161/CIR.0000000000000950
https://doi.org/10.1093/oxfordjournals.eurheartj.a059928
https://doi.org/10.1093/oxfordjournals.eurheartj.a059928
https://doi.org/10.1172/JCI17664
https://doi.org/10.1161/hh2401.100742
https://doi.org/10.1172/JCI17459
https://doi.org/10.1128/MCB.00229-15
https://doi.org/10.1128/MCB.00229-15
https://doi.org/10.1161/01.cir.98.7.656
https://doi.org/10.1016/0046-8177(92)90064-a
https://doi.org/10.1161/JAHA.119.012731
https://doi.org/10.1007/s00395-018-0682-1
https://doi.org/10.1007/s00395-018-0682-1

33 Page200f20 Basic Research in Cardiology (2022) 117:33

resulting in fatal dilated cardiomyopathy. Circ Res 118:1208- 64. Zhu'Y, Do VD, Richards AM, Foo R (2021) What we know about
1222. https://doi.org/10.1161/CIRCRESAHA.116.308544 cardiomyocyte dedifferentiation. J Mol Cell Cardiol 152:80-91.
63. Zhu W, Zhao M, Mattapally S, Chen S, Zhang J (2018) CCND2 https://doi.org/10.1016/j.yjmcc.2020.11.016

overexpression enhances the regenerative potency of human
induced pluripotent stem cell-derived cardiomyocytes: remuscu-
larization of injured ventricle. Circ Res 122:88-96. https://doi.
org/10.1161/CIRCRESAHA.117.311504

@ Springer


https://doi.org/10.1161/CIRCRESAHA.116.308544
https://doi.org/10.1161/CIRCRESAHA.117.311504
https://doi.org/10.1161/CIRCRESAHA.117.311504
https://doi.org/10.1016/j.yjmcc.2020.11.016

	Prolonged cardiac NR4A2 activation causes dilated cardiomyopathy in mice
	Abstract
	Introduction
	Methods
	Experimental animals
	Transthoracic echocardiography and Doppler imaging
	RNA sequencing and analysis
	Antibody array
	Statistical analysis

	Results
	Validation of the tamoxifen-dependent, cardiac-restricted NR4A2 overexpression mouse model
	Sustained NR4A2 activation leads to cardiac contractile dysfunction and death
	Sustained NR4A2 activation triggers dilated cardiomyopathy
	Sustained NR4A2 induction accelerates cardiac decompensation in pressure overload
	Sustained NR4A2 activation reinstates an immature metabolic phenotype and leads to sarcomere disorganization in cardiomyocytes
	Cardiac myocyte-specific induction of NR4A2 activates growth, proliferation and apoptosis signaling pathways
	Sustained NR4A2 induction leads to multinucleation of adult cardiac myocytes

	Discussion
	Acknowledgements 
	References




