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DEVELOPMENTAL BIOLOGY

Heart neurons use clock genes to control

myocyte proliferation

Emmanouil Tampakakis'*, Harshi Gangrade', Stephanie Glavaris?, Myo Htet', Sean Murphy
Brian Leei Lin', Ting Liu®, Amir Saberi', Matthew Miyamoto'>"*, William Kowalski’,
Yoh-Suke Mukouyama®, Gabsang Lee*®, Liliana Minichiello’, Chulan Kwon

Neurons can regulate the development, pathogenesis, and regeneration of target organs. However, the role of
neurons during heart development and regeneration remains unclear. We genetically inhibited sympathetic
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innervation in vivo, which resulted in heart enlargement with an increase in cardiomyocyte number. Transcrip-
tomic and protein analysis showed down-regulation of the two clock gene homologs Period1/Period2 (Per1/Per2)
accompanied by up-regulation of cell cycle genes. Per1/Per2 deletion increased heart size and cardiomyocyte
proliferation, recapitulating sympathetic neuron-deficient hearts. Conversely, increasing sympathetic activity by
norepinephrine treatment induced Per1/Per2 and suppressed cardiomyocyte proliferation. We further found that
the two clock genes negatively regulate myocyte mitosis entry through the Wee1 kinase pathway. Our findings
demonstrate a previously unknown link between cardiac neurons and clock genes in regulation of cardio-
myocyte proliferation and heart size and provide mechanistic insights for developing neuromodulation strategies

for cardiac regen5eration.

INTRODUCTION

The autonomic nervous system includes a sympathetic and a para-
sympathetic branch with opposing effects on heart rate, conduction
velocity, contraction force, and relaxation (I1-4). Increased activa-
tion of the sympathetic nervous system in adults is associated with
a higher incidence of arrhythmogenesis, worsening heart failure,
hypertension, and sudden cardiac death (1-3). In addition, incom-
plete sympathetic innervation of premature infants as documented
by increased heart rate variability is associated with sudden infant
death syndrome, increased incidence of coronary heart disease,
hypertension, and changes in cardiac geometry and function (5-7).
Nevertheless, the mechanistic contribution of sympathetic neurons
(SNs) on cardiac maturation and its association with disease devel-
opment in adult life remain largely understudied.

Postnatal cardiomyocyte maturation and withdrawal from cell
cycle within the first week after birth account for the heart’s limited
ability to regenerate after injury (8-10). Therefore, there is pressing
interest to identify ways with which to regenerate the heart (8, 11).
To this end, scientists have attempted to increase cardiomyocyte
proliferation by manipulating cell cycle regulators (11-15). In support
of this approach, more recent studies revealed that a higher number
of preexisting cardiomyocytes or induction of cell cycle genes
improves heart function after injury (15, 16).

Previous research attempted to address the effect of sympathetic
innervation on postnatal cardiomyocyte proliferation with conflicting
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results. Earlier studies suggested increased cell proliferation in sym-
pathectomized animals, while later in vitro analyses supported the
opposite effect (17, 18). Notably, all previous studies either were done
in vitro or used animal models of chemical sympathectomy, known
to have nonspecific side effects on various neuronal cell populations
(19). More recently, both chemical sympathectomy and vagal nerve
resection, though physiologically opposite, were reported to regulate
postnatal mouse heart regeneration after injury (20, 21). Nevertheless,
the precise effect of SNs on cardiomyocyte proliferation remains
unknown. Our current study sought to examine the role of SNs on
postnatal cardiac development. We demonstrate that sympathetic
innervation decreases cardiomyocyte proliferation. Furthermore, we
provide evidence that SNs induce clock genes that suppress the pro-
liferation of postnatal cardiomyocytes by primarily regulating their
entry into mitosis.

RESULTS

Sympathetic innervation inhibits postnatal

cardiomyocyte proliferation

The mouse heart is innervated by SNs from midgestation [embry-
onic day 13.5 (E13.5)], and this continues throughout the postnatal
stages (2 to 3 weeks) (1-3, 22). During this period, developmental
adjustments in cardiomyocyte function, morphology, and metabo-
lism coincide with maturational changes of heart’s SN after birth
(23, 24). The primary regulator of cardiac sympathetic innervation
is nerve growth factor (NGF), produced by smooth muscle cells of
the epicardial coronary veins at E13.5. Then, the coronary arteries
deeper within the developing myocardium (E15.5 to E17.5) mediate
an epicardial to endocardial innervation gradient (22). Defective
cardiac innervation does not result in vascular abnormalities (22).
Global knockout of NGF causes lethality after birth (25), making it
difficult to investigate the role of SNs in postnatal heart development.
To avoid the early lethality, we conditionally deleted NGF in smooth
muscle cells (Sm22a-Cre; NGF fl/-) and monitored SN innervation
(fig. S1A). We first confirmed that Sm22a-Cre is expressed before
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cardiac innervation at E13.5 (fig. S1B) and then examined the
degree of sympathetic innervation by performing whole-mount
immunostaining of E18.5 and postnatal day 1 (P1) mice for tyrosine
hydroxylase (TH), a marker of SNs. As compared to control hearts,
the mutant hearts exhibited a profound suppression of SN inner-
vation (Fig. 1, A and B), whereas immunostaining for acetylcholine
transporter (AChT), a marker of parasympathetic neurons, showed
uninterrupted parasympathetic innervation (fig. S1C). Similarly,
immunofluorescence staining of cardiac sections of P7 mice showed
the inhibition of SNs and the disturbance of the epicardial to endo-
cardial innervation pattern in both atria and ventricles (Fig. 1C).
We also confirmed that the total TH protein expression in hearts
with disrupted SNs was profoundly suppressed (Fig. 1D). To verify
the physiologic effect of suppressed sympathetic innervation, we
performed conscious electrocardiographic recordings of early adult
mice and confirmed that they had lower average heart rates and
increased heart rate variability, indicating reduced sympathetic
activity (Fig. 1, Eand F, and fig. S1, D and E).

Within the first postnatal week, cardiomyocytes cease to pro-
liferate and become hypertrophic and more binucleated (8, 10, 23, 24).
To examine whether sympathetic innervation affects the hyperplastic
to hypertrophic transition of postnatal cardiomyocytes, we first
analyzed the heart growth. Curiously, SN-deficient hearts (at P14)
become larger in size (Fig. 1G). Next, we quantified the size and
number of the resulting cardiomyocytes. Cardiomyocytes became
smaller in size (Fig. 1H), whereas their total number was signifi-
cantly increased in hearts lacking SNs (Fig. 1I). This suggests that
SN suppress cardiomyocyte hypertrophy and increase the number
of cardiomyocytes in postnatal hearts. We subsequently analyzed the
number of nuclei per cardiomyocyte and found that mutant hearts
have a significantly higher percentage of mononuclear cardiomyo-
cytes (Fig. 1J). This is consistent with previous reports where a
higher number of cardiomyocytes are associated with more mono-
nuclear cells (8, 16). To test whether the higher number of myocytes
is a result of increased proliferation, we performed immunofluores-
cence staining of dissociated postnatal cardiomyocytes and analyzed
cells by flow cytometry. Curiously, SN-deficient hearts displayed a
higher percentage of myocytes positive for Ki67, a marker of prolif-
eration expressed throughout the cell cycle (Ki67"; fig. S1, F and G).
Further analysis showed increased percentages of cardiomyocytes
positive for phosphohistone H3 (pH3) and 5-ethynyl-2'-deoxyuridine
(EdU) (Fig. 1, Kand L, and fig. S1, H and I). We also performed cell
cycle analysis of isolated single cardiomyocytes from P7 SN inhibi-
tion (SNi) hearts and verified that a higher percentage of cells are in
the S and mitosis phase, while a lower proportion are in Go-G; phase
(fig. S1J). Together, these data indicate that in the absence of SNs,
more cardiomyocytes undergo DNA replication and enter mitosis,
resulting in an increase in cell number and percentage of mono-
nuclear myocytes.

Disruption of SNs up-regulates cell cycle genes and
down-regulates clock genes in postnatal hearts

To gain mechanistic insights on the downstream pathways of cardiac
SN signals, we performed RNA sequencing of postnatal hearts with
suppressed SNs and littermate controls. Gene ontology (GO) and
gene set enrichment analyses (GSEAs) showed the up-regulation of
cell cycle, mitosis, and DNA replication genes in hearts with suppressed
SN (Fig. 2A and fig. S2A), supporting the observed phenotype. Genes
regulating the circadian cycle were significantly down-regulated
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(Fig. 2A and fig. S2A). Furthermore, calcium handling, muscle con-
traction, and cardiomyopathy-related genes were decreased in hearts
with suppressed sympathetic innervation, implying their potential role
in functional maturation of cardiomyocytes (Fig. 2A and fig. S2A).

On the basis of our phenotypic and transcriptomic analysis, we
decided to focus on how SN regulate cardiomyocyte proliferation.
To determine which phase of the cell cycle was affected, we exam-
ined the expression of the main cell cycle regulators. Notably, while
expression of G; phase genes was unchanged, genes regulating the S
phase and mitosis were significantly increased in hearts with inhibited
SN (Fig. 2B). Accordingly, several cytokinesis-related genes were also
up-regulated (fig. S2B), but no significant difference was observed
in the expression of cell cycle inhibitors (fig. S2C). These data indi-
cate that SNs control cardiomyocyte proliferation by suppressing S
phase and mitosis activators.

NGF does not affect cardiomyocyte proliferation

NGF is an antiapoptotic growth factor; therefore, its deletion is un-
likely to cause increased cell proliferation (4, 20). To exclude any
confounding effect resulting from decreased NGF expression in the
heart, we deleted NGF in Mespl™ cells—giving rise to all cardiac
lineages—using the Mespl-Cre driver. The deletion reduced
SN innervation mildly (fig. S3A), which is likely due to the fact
that a proportion of cardiac smooth muscle cells derive from
neural crest cells (Wnt-1%) (26, 27) and not exclusively from Mesp1*
cells. In addition, the heart size remained unchanged, and cell
cycle and clock genes were not significantly affected by the dele-
tion (fig. S3, B to D). Similarly, ex vivo treatment of neonatal mouse
cardiomyocytes (NMCMs) with NGF did not affect cell cycle gene
expression (fig. S3E). This suggests that the observed increased
cardiomyocyte proliferation was not caused by reduced NGF
expression.

Period1/Period2 deletion increases

cardiomyocyte proliferation

Several clock genes are known to couple with cell cycle genes in
proliferating cells (28-30), and disruption of some clock genes has
been linked to increased tumorigenesis (31, 32) (33). On the basis of
their down-regulation in SN-deficient hearts (Fig. 2A), we hypothe-
sized that clock genes can affect cardiomyocyte proliferation. To test
this, we first examined the expression of the main circadian cycle
regulators in hearts harvested at random times during the day (29, 34).
Curiously, both Period homologs Perl and Per2 were significantly
down-regulated in mutant hearts (at P7 and P14), while Bmall ex-
pression trended toward lower expression (Fig. 2C and fig. S4). This
is consistent with GO/GSEA analysis and suggests that some of the
clock genes may have a role in cardiomyocyte development. We sub-
sequently verified the decreased Periodl (Perl) and Period2 (Per2)
protein expression by Western blotting (Fig. 2D). Several calcium
handling genes were also found down-regulated (Fig. 2E), suggest-
ing that SNs affect functional development of cardiomyocytes as
well. Down-regulation of Perl and Per2 is linked to cell prolifera-
tion in several cell types, including tumors, fibroblasts, and osteo-
blasts (33, 35-37). However, their roles have not been studied in the
context of cardiomyocyte proliferation. To examine the specific effect
of SN on circadian gene expression patterns, we isolated P14 hearts
from SNi and control mice at P14 at specific 4-hour intervals and
analyzed the expression of the main circadian regulators. Per] and
Per2 as well as Clock gene oscillations were suppressed, while the
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Fig. 1. Disruption of cardiac sympathetic innervation increases postnatal cardiomyocyte proliferation. (A) Whole-mount immunostaining of E18.5 mouse hearts
for TH showing inhibition of sympathetic innervation (SNi) in mutant (Sm22a-Cre; NGF fl/—) hearts versus controls (NGF fl/+). Scale bar, 250 um. (B) Whole-mount immuno-
fluorescence staining of P1 mouse atria and left ventricle (LV) showing persistently reduced epicardial sympathetic innervation. Scale bar, 100 um. (C) Immunostaining of
P7 mouse hearts showing suppression of the epicardial to endocardial sympathetic innervation in the mutant heart atrium and left ventricle. Scale bars, 100 um. (D) TH protein
expression is profoundly reduced in hearts with suppressed sympathetic innervation. (E) Conscious mouse electrocardiographic recordings showing decreased average
heart rates in mice with disrupted cardiac sympathetic innervation. (F) Mutant mice developed increased heart rate SD, consistent with increased heart rate variability.
(G) Inhibited sympathetic innervation increased heart size, whereas body weight remained unchanged in mutant mice. (H) Cardiomyocytes with inhibited sympathetic
innervation were smaller. Scale bars, 10 um. (I) The total number of dissociated cardiomyocytes per high-power field (hpf) was increased in hearts with inhibited SNs. (J) Cardio-
myocytes isolated from hearts with suppressed sympathetic innervation were more mononucleated and less binucleated. (K and L) Higher percentage of isolated P7
cardiomyocytes in hearts with suppressed sympathetic innervation were pH3* and EdU* as analyzed by flow cytometry. Student’s t test was used for two-group analysis.
Data are presented as means + SEM. SNi, sympathetic neuron inhibition; TnT, troponin T. Photo credit: E. Tampakakis (The Johns Hopkins School of Medicine).

other regulators do not appear to be consistently affected by thelack  innervation and found that it was not affected (fig. S6A). Curiously,
of SN innervation (fig. S5). To test whether Perl/Per2 affect heart the size of Perl/Per2 DKO mouse hearts was increased at P14, and
development, we generated Perl/Per2 double knockout (DKO) mice.  cardiomyocyte cell size was decreased (Fig. 3, A and B). Subsequent
We first examined the effect of period proteins on cardiac sympathetic  analysis showed that the total number of cardiomyocytes was increased
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Fig. 2. Inhibition of cardiac SNs results in up-regulation of cell cycle genes and down-regulation of Per1 and Per2 genes. (A) GO analysis of RNA-sequencing data
of P7 ventricles with disrupted sympathetic innervation compared to controls. Cell cycle, mitosis, and nuclear division genes were up-regulated (red), while circadian
rhythm genes (green), calcium handling, cell size, muscle contraction, muscle action potential, heart rate, and axonogenesis genes were down-regulated. (All hearts were
isolated at the same time, ~2 p.m.) (B) Quantitative PCR analysis of cell cycle regulators showing increased expression of genes regulating S phase and mitosis (M).
(C) Gene expression analysis of circadian genes, showing decreased expression of Per1 and Per2 circadian cycle regulators. (D) Per1 and Per2 proteins were significantly
reduced in hearts with suppressed sympathetic innervation. (E) Calcium handling genes were decreased in hearts with disrupted sympathetic innervation. Student’s t test
was used for two-group analysis. Data are presented as means + SEM. Only P values <0.1 are reported.

in Per1/Per2 DKO mouse hearts (Fig. 3C), and there was a moderate
but significant increase in the percentage of mononuclear cardio-
myocytes (Fig. 3D). Moreover, Perl/Per2 DKO resulted in in-
creased percentages of cardiomyocytes positive for Ki67, EAU, and
pH3, suggesting that more cells are undergoing DNA replication
and entering mitosis (Fig. 3, E and F, and fig. S5B). Cell cycle anal-
ysis also showed that a higher percentage of Perl/Per DKO cardio-
myocytes were in the S and mitosis phase, while a smaller percentage

Tampakakis et al., Sci. Adv. 7, eabh4181 (2021) 1 December 2021

of cells remained in Go-G; phase (fig. S6C). This was further sup-
ported by increased expression of primarily mitosis-related genes
in Per1/Per2 DKO hearts (Fig. 3G). Similar to the hearts with in-
hibited SN, calcium handling genes were decreased (fig. S6D). In
addition, cell cycle inhibitors remained unchanged, and cytokinesis-
related genes were up-regulated (fig. S6, E and F). Together, these
data suggest that Period genes negatively regulate postnatal cardio-
myocyte proliferation.
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Fig. 3. Per1/Per2 DKO hearts have more proliferative neonatal cardiomyocytes. (A) Per1/Per2 DKO mice developed increased heart size, whereas total body weight
remained unchanged at P14. (B) The size of individual Per1/Per2 DKO cardiomyocytes was decreased. (C) The total number of cardiomyocytes in Per1/Per2 DKO hearts
was increased. (D) Per1/Per2 DKO myocytes were more mononucleated at P14. Scale bars, 20 um. (E) Immunofluorescence staining of P7 cardiac sections for pH3 showed
more Per1/Per2 DKO cardiomyocytes entering mitosis. Scale bars, 25 um. (F) Immunofluorescence staining of P7 cardiac sections for EdU showed more Per1/Per2 DKO
cardiomyocytes in the S phase. Scale bars, 25 um. (G) Gene expression analysis of the major cell cycle regulators showed increased expression of genes regulating mitosis.
Student’s t test was used for two-group analysis. Data are presented as means + SEM. Only P values <0.1 are reported.

Norepinephrine induces clock genes to suppress mitosis

entry in cardiomyocytes

Adrenergic stimulation is known to induce clock gene expression in
myocytes and liver cells (38, 39), and Per1/Per2 promoters contain cy-
clic adenosine 3’,5'-monophosphate (cAMP) response elements

Tampakakis et al., Sci. Adv. 7, eabh4181 (2021) 1 December 2021

(CREs) (34, 40). Commonly, adrenergic activation of G protein—coupled
receptors activates adenylyl cyclase to increase cAMP, which stimu-
lates protein kinase A and then cAMP-responsive element-binding
protein (41). Because norepinephrine is the main postganglionic
adrenergic neurotransmitter released by SNs, we hypothesized that
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norepinephrine activation of G protein-coupled receptors and
increased cAMP levels induce Perl and Per2. To test this, we first
measured the norepinephrine concentration and verified that
norepinephrine levels were profoundly suppressed in hearts with
disrupted SN, possibly accounting for the reduced Perl and Per2
expression (Fig. 4A). We next cultured ex vivo NMCMs and first
reset their cyclic expression by exposing them to 50% serum (fig. S7)
(42). Then, we treated the cells with norepinephrine and examined
the expression of clock genes after 48 hours. We found that the treat-
ment induced Perl and Per2 as well as Cryptochromel (Cryl) and
Cry2 genes (Fig. 4B). We further examined whether norepinephrine
could decrease cell cycle genes in NMCMs. Consistent with our in vivo
data, norepinephrine suppressed mitosis genes (Fig. 4C). However,
in the absence of Per1/Per2, there was no significant effect on cell
cycle genes apart from Aurkb (Fig. 4C). This suggests that Perl and
Per2 are necessary for the norepinephrine-mediated suppression
of mitosis.

Wee1 kinase is suppressed in SN-deficient and

Per1/Per2-deleted hearts, leading to increased mitosis entry
To examine what factors might be regulating cardiomyocyte prolif-
eration and mitosis entry downstream of Per1/Per2, we analyzed the
expression of genes that are known to function as potential coupling
factors between circadian and cell cycle factors (Fig. 5A) (28, 29, 35).
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Fig. 4. Norepinephrine induces clock genes and suppresses cell cycle genes
in NMCMs. (A) Norepinephrine concentration in heart with disrupted sympathetic
innervation (SNi) is profoundly suppressed. (B) Norepinephrine induces the
expression of circadian genes in wild-type NMCM:s after 48 hours of treatment.
(C) Norepinephrine decreased the expression of mitosis-regulating genes in wild-
type NMCMs. Norepinephrine failed to suppress mitosis-regulating genes apart
from Aurkb in cardiomyocytes isolated from Per1/Per2 DKO neonatal mouse
hearts. Student’s t test was used for two-group analysis. ANOVA test was used for
multiple group comparisons. Data are presented as means + SEM. Only P values
<0.1 are reported.
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Of all the genes tested, Weel—a protein kinase that inactivates Cdk1
by phosphorylation at Tyr'>—was consistently down-regulated in
hearts lacking Perl/Per2 and SNs (Fig. 5B). Contrarily, Cdc25—a
phosphatase with the opposite effect of Weel—was found increased
in SNi hearts (Fig. 5B). We then verified that Weel protein was de-
creased in hearts lacking SNs or Per1/Per2 (Fig. 5, C and D). This
suggests that the clock genes may use Weel to regulate mitosis en-
try in cardiomyocytes. To test this, we checked the levels of Cdk1/
cyclin B1, a protein complex for mitosis entry whose activity is regu-
lated by Weel via phosphorylation (Fig. 5A) (15, 43). Both mutant
hearts showed decreased levels of inactive phospho-Cdk1 (Tyr'®)
and increased levels of active Cdkl and cyclin B1 (Fig. 5, C and D).
This suggests that decreased Weel expression is associated with
higher levels of unphosphorylated and active Cdk1/cyclin B1 com-
plex, resulting in a higher percentage of cardiomyocytes proliferat-
ing and entering mitosis. As Weel can also phosphorylate Cdk2 at
the tyrosine-15 residue to inhibit cell cycle progression, we analyzed
the regulation of Cdk2. Consistent with the gene expression, Cdk2
protein levels were increased; however, the levels of inactive phospho-
Cdk2 (Tyr") remained decreased (fig. S8A). This suggests that simi-
larly to Cdkl, reduced Weel expression can increase the transition
to G,-M phase through higher levels of unphosphorylated and
active Cdk2. Last, we confirmed that norepinephrine induces Weel
expression in NMCMs, but this effect was not observed in the
absence of Per1/Per2 (Fig. 5E). This highlights that Weel regulates
mitosis entry downstream of norepinephrine induction of Per1 and
Per2. Period proteins were also shown to act as cell cycle suppressors
through the regulation of DNA damage response and activation of p53
and ataxia telangiectasia mutated (ATM) (29, 44). Nonetheless, we
did not detect any difference in p53 and cell cycle inhibitors in both
mutant hearts (Fig. 5B). In addition, there was no difference in levels of
phospho-ATM (Ser'*®!, active form) in either mouse models (fig. S8B).

Postnatal cardiomyocytes rapidly switch from anaerobic gly-
colysis to oxidative metabolism through increase in fatty acid oxi-
dation and mitochondrial Krebs cycle. This results in the production
of reactive oxygen species and reduced cardiomyocyte proliferation
primarily through DNA damage response-mediated apoptosis (45).
To examine whether suppressed cardiac sympathetic innervation or
deletion of Perl/Per2 affects oxygen consumption rate (OCR), we
performed Seahorse analysis in isolated postnatal (P14 to P18)
cardiomyocytes. Basal OCR and adenosine 5’'-triphosphate (ATP)
synthesis in SNi cardiomyocytes were reduced, while there was no
significant difference in glycolysis [extracellular acidification rate
(ECAR) to OCR ratio] (fig. S9, A to E). In contrast, Perl/Per2 car-
diomyocytes did not show significant changes in oxidative metabo-
lism (fig. S9, F to]). This suggests that in SNi hearts, reduced oxidative
metabolism may also influence increased cardiomyocyte proliferation.

Period2 binds to Wee1 promoter

An earlier liver study showed that Perl and Per2 bind to the Weel
locus (46). To examine whether Per is physically associated with the
Weel promoter in postnatal hearts, we performed chromatin
immunoprecipitation (ChIP) with Per2 antibody followed by quan-
titative polymerase chain reaction (QPCR) analysis. We found en-
richment of two regions within the Weel promoter (proximal and
distal) bound by Per2, suggesting that Per2 may directly regulate
Weel expression (Fig. 6A) (46). To test this, we constructed luciferase
reporter plasmids containing the intact Weel promoter with/without
the proximal or distal Per2 binding site and subsequently analyzed
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Fig. 5. In hearts with disrupted sympathetic cardiac innervation and in Per1/Per2 DKO hearts, suppression of Wee1 kinase activates the Cdk1/cyclin B1 mitosis
entry complex. (A) Schematic representation of the different proteins linking the cell cycle with the circadian cycle. Wee1 is a kinase that phosphorylates and inactivates
Cdk1, not allowing the Cdk1/cyclin B1 complex to induce entry into mitosis. Cdc25 is a phosphatase with the opposite effect. (B) Gene expression analysis of factors
known to link Per1/Per2 and cell cycle showed that Wee1 is consistently decreased in both hearts with inhibited sympathetic innervation and Per1/Per2 DKO. Cdc25 is
significantly increased in SNi hearts. (C and D) Western blot analysis confirmed decreased expression of Wee1 protein kinase and increased expression of Cdk1 and cyclin
B1 proteins in hearts with disrupted sympathetic innervation and Per1/Per2 DKO. Phosphorylated Tyr'® Cdk1 was decreased in both mouse models suggestive of in-
creased Cdk1 activation. (E) Norepinephrine treatment of wild-type NMCMs induced Weel gene expression; however, this effect was not observed in Per1/Per2 DKO
cardiomyocytes. Student’s t test was used for two-group analysis. ANOVA test was used for multiple group comparisons. Data are presented as means + SEM. Only P values <0.1
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the luciferase activity in cardiomyocytes derived from human
pluripotent stem cells (PSCs). We found that both Per2 binding re-
gions can increase luciferase activity, with the distal region having a
more pronounced effect (Fig. 6B). This is consistent with the
ChIP-qPCR data and suggests that these Per2 sites are important
for Weel expression. We also similarly found that Per2 can bind a
previously described Cdk1 intronic region, suggesting that it may
regulate Cdkl expression as well (fig. S10).

DISCUSSION

Earlier studies using in vitro cell cocultures or rodent models of
chemical sympathectomy reported that SNs can increase cardio-
myocyte cell size and contractility, organize the sarcomeric structure,
and regulate electrophysiological properties (47-49). However, the
lack of a genetically modified animal model makes it difficult to assess
the role of SNs in a more comprehensive and conclusive manner (17, 18).
While not cardiac specific, our genetic animal model demonstrates
robust inhibition of cardiac SN innervation, enabling us to address
the contrasting views of SN function and to elucidate downstream
mechanisms underlying cardiomyocyte proliferation.

The effect of sympathetic innervation on postnatal cardiomyocyte
proliferation has been rather unsettled (17, 18). Previous research
has mostly focused on B-adrenergic signaling, with data supporting
both increased cardiomyocyte endowment and decreased prolifer-
ation (16, 50). In our study, cardiomyocytes with disrupted SNs were
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smaller in size, which is in agreement with the hypertrophic effect
of B-adrenergic signaling (51). Our work is also in line with a recent
report by Liu et al. (16), where B-adrenergic receptor inhibition in-
creased the total number and percentage of mononuclear cardiomyo-
cytes. In that study, however, B-adrenergic signaling affected cytokinesis
without increasing cardiomyocyte proliferation. We believe that this
discrepancy is likely due to the different animal models and the
pleiotropic effects of SNs on cardiomyocytes (52), which can also be
mediated through o-adrenergic receptors.

Cyclin-dependent kinases and cyclins are synchronized, and their
expression after P5 in mouse hearts is precipitously decreased, lead-
ing to cell cycle withdrawal (53). Increased levels of Cdk1/cyclin B1
or decreased Cdkl phosphorylation at Tyr'” at P7 induces cardio-
myocyte proliferation and entry to mitosis (15, 53). Therefore, the
balance between Weel and Cdc25 to regulate Cdkl phosphorylation
is critical for cardiomyocyte mitosis (15, 43, 54). Our data support
the idea that decreased expression of both Per1 and Per2 clock genes
increases cardiomyocyte proliferation and mitosis entry through
suppression of Weel.

The hypothalamic suprachiasmatic nucleus synchronizes all
peripheral circadian clocks in different organs (29, 34). Nevertheless,
each organ maintains its own independent circadian cycle by a cell-
autonomous transcriptional feedback loop, where Perl or Per2 forms
heterodimers with Cryl or Cry2 and migrates to the nucleus to regu-
late the expression of several genes including Bmall and Clock. In
the heart, the number of oscillating genes increases over time, and
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Perl and Per2 are up-regulated postnatally (P3 to P5), with their
expression progress concurrently with cardiac innervation (42, 55).
We demonstrated that SNs can directly regulate Per1/Per2 oscilla-
tions in the heart predominantly through adrenergic signaling.
Up-regulation of Perl/Per2 genes in postnatal hearts is likely critical
for the fine-tuning and synchronization of the circadian cycle (56, 57).
It is worth noting that our findings do not necessarily support the
involvement of circadian rhythm in cardiomyocyte proliferation
and rather suggest the presence of a circadian rhythm-independent
role of Per1/Per2.

Early research supports the idea that Perl can directly inhibit
Cdk1 and cyclin B1 expression, and Clock/Bmall can induce Weel
(30, 35). Nevertheless, it appears that Weel regulation is more com-
plex, as its promoter is subjected to chromatin remodeling and hyper-
acetylation (58). More recent studies report that Perl and Per2 can
directly induce Weel (59-61) and increase Bmall expression (62).
Likewise, mathematical modeling of clock genes and cell cycle
interaction predicts that in Per2 mutant cells, dysregulation of the
circadian cycle will result in lower levels of Bmall and Weel and
increased cell entry into mitosis (33, 63). Therefore, lower Weel
expression could be due to either relatively decreased Bmall levels
or lack of direct induction by the Period proteins as documented by
our ChIP analysis.

We acknowledge that our analysis has specific limitations. First,
we were not able to study cardiac-specific Per1/Per2 deletion due to
the unavailability of Per1/2 conditional KO animals. Nevertheless,
given the immaturity of circadian cycle at neonatal stages, it is less
likely that Per1/Per2 can alter the behavior of neonatal mice or that
other organs indirectly affect cardiac physiology. Furthermore, while
we investigated the effect of Perl/Per2 DKO based on our bio-
informatics analysis and their redundant roles, we realize that Perl
and Per2 may not exclusively have overlapping roles. Although the
role of the circadian rhythm on cardiomyocyte proliferation is an
interesting topic, it would require further investigation. Last, while
the present study aims to determine the effect of SN innervation on
cardiomyocyte proliferation during postnatal heart development, we
do not know whether SNs have similar roles in adult hearts. The
suppression of Per1/Per2 does not solely account for the increased
postnatal myocyte proliferation in SNi hearts. Reduced oxidative
metabolism, as demonstrated by our oxygen consumption analysis,
may also contribute to increased neonatal cardiomyocyte prolifer-
ation in SNi hearts. Furthermore, potential increased activation of
the neuregulin or the Hippo pathway could account for additional
effects (8). Follow-up studies would be necessary to address these
limitations.

While the present study focused on the role and mechanisms of
SNs regulating myocyte proliferation, growing evidence suggests
that SNs also promote structural and functional maturation of
cardiomyocytes (49, 64). Recent transcriptomic studies suggested
that significant levels of cardiomyocyte maturation occur after birth,
accompanied with down-regulation of cell cycle regulators (65).
Given that the immaturity of PSC-derived cardiomyocytes remains
a major obstacle for modeling late-onset heart disease (66), eluci-
dating the instructive role of SNs may help us develop new strate-
gies to generate mature cardiomyocytes from PSCs. It is likely that
various pathways apart from Perl/Per2 mediate the pleiotropic
effects of SN's in cardiomyocytes as previously reported (64).

In summary, our study shows that SNs decrease postnatal cardio-
myocyte proliferation. The lack of cardiac SNs suppresses Perl/Per2

Tampakakis et al., Sci. Adv. 7, eabh4181 (2021) 1 December 2021

circadian proteins, which results in the up-regulation of Cdk1/
cyclin B1 and the inhibition of Weel kinase that activates Cdk1 and
ultimately increases cardiomyocyte proliferation and entry into
mitosis (Fig. 6C). We believe that our study provides previously un-
known insights into the role of cardiac sympathetic innervation in
regulating clock and cell cycle genes in postnatal hearts.

MATERIALS AND METHODS

Animals

Sm22a-Cre (017491) and C57BL/6 mice were obtained from The
Jackson Laboratory. NGF*'~ mice were donated by C. Deppmann
(67), NGF fl/fl mice were donated by L. Minichiello (68), and Per1/
Per2 DKO mice were donated by J. Pendergast. Mesp1-Cre mice were
generated by Saga et al. (69). All animals were housed at the Johns
Hopkins Medical Institutions. The animals were randomly allocated
to experimental groups, and both male and female mice were equally
used in all experimental assays. All mouse hearts and cardiomyo-
cytes were harvested at random times during the day unless speci-
fied otherwise.

Cardiomyocyte culture

Cardiomyocytes were isolated from PO or P1 mouse hearts using a
neonatal cardiomyocyte isolation kit (Miltenyi Biotec) based on the
manufacturer’s instructions. Before plating, cardiomyocytes were
filtered through a 70-um mesh, and single cells were cultured in
24-well plates coated with gelatin. The cells were first maintained in
5% fetal bovine serum (FBS) in Dulbecco’s modified Eagle’s medium
(DMEM) with penicillin/streptomycin antibiotics for 24 hours and
subsequently treated for at least 2 hours with 50% horse serum in
DMEM and then for 2 days with 5% FBS in DMEM. Cardiomyocytes
were treated with norepinephrine (1 uM) (Sigma-Aldrich) or NGF
(10 ng/ml) (PeproTech) as indicated.

Luciferase assay

Human embryonic stem cells (hESC line H9, WiCell Research
Institute) were used. hESCs were maintained and differentiated as
done previously (70). Briefly, hESCs were maintained in essential
8 medium (Thermo Fisher Scientific), and they were sequentially
treated with 6 uM CHIR99021 (Tocris, glycogen synthase kinase 3b
inhibitor) for 48 hours followed by 2.5 uM IWR-1 (Tocris, Wnt sig-
naling antagonist) in RPMI-B27 without insulin (Thermo Fisher
Scientific). Spontaneous beating was noted at day 7 of differentiation.
Cardiomyocytes were further selected using sodium lactate (100 mM)
for 3 days. Then, cells were replated in gelatin-coated plates, and
24 hours later, they were transfected with the respective vectors
using the Lipofectamine Stem reagent (Thermo Fisher Scientific).
More specifically, we used a dual luciferase reporter assay system
(Promega) and transfected cardiomyocytes with the modified luciferase
vector (pGL4.10, Promega) and the Renilla luciferase vector (pGL4.70,
Promega), which was used as internal control. Cardiomyocytes were
lysed 2 days later following the manufacturer’s instructions, and
luciferase levels were measured using a GloMax luminescence plate
reader (Promega).

Whole-mount immunostaining

Hearts from E18.5 mouse embryos were dissected, fixed in 4% para-
formaldehyde, subsequently dehydrated by methanol series, and
incubated overnight in 20% dimethyl sulfoxide/80% methanol solution
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containing 3% H,0,. Hearts were then rehydrated, blocked over-
night with 4% bovine serum albumin (BSA) in 1% phosphate-buffered
saline-Tween 20 (PBS-T), and incubated for 48 to 72 hours with
anti-TH antibody (Novus, NB300-109, 1:200), followed by incubation
with horseradish peroxidase (HRP)-conjugated antibody (1:500,
Abcam). The signal was detected using diaminobenzidine (Sigma-
Aldrich). Hearts were refixed and dehydrated by methanol and cleared
by benzyl benzoate/benzyl alcohol (2:1). Imaging was performed
using a Zeiss stereoscopic microscope. For whole-mount immuno-
fluorescence staining, pups were euthanized and fixed in 4% para-
formaldehyde for 24 hours. Hearts were dissected and cut in half,
blocked with 10% goat serum in PBS-T, and incubated overnight
with anti-TH or anti-AChT antibodies. Then, hearts were stained
with Alexa Fluor secondary antibody (594) (Life Technologies; 1:500),
mounted, and imaged using an EVOS fl (AMG) microscope.

Immunohistochemistry

Hearts were fixed in 4% paraformaldehyde, then placed in 30%
sucrose followed by optimal cutting temperature compound (OCT), and
sectioned. For immunofluorescence staining, they were blocked for
1 hour with 1% BSA and incubated overnight with the following primary
antibodies: o-actinin (Abcam, ab68167), troponin-T (Thermo Fisher
Scientific, MS-295-P1), pH3 (Millipore, 05-806), Ki67 (Abcam,
ab15580), and TH (Novus, NB300-109). Alexa Fluor secondary anti-
bodies (488, 594, and 647) (Abcam, Life Technologies) were used
for secondary detection, and 4’,6-diamidino-2-phenylindole (DAPI)
was added for nuclei staining. To assess cardiomyocyte size, heart sec-
tions were stained with wheat germ agglutinin-Alexa Fluor 647
(W32466). Cells were imaged using a Leica SP8 confocal microscope.
All imaging analysis was performed by two blinded investigators using
Image]J (version 1.52q).

Mouse electrocardiography

Electrocardiogram (ECG) recordings were performed using adult
mice as previously described (71). Briefly, 6-week-old mice were
anesthetized with 4% isoflurane, intubated, and placed on ventilator
support. The animal’s upper back was opened with a small midline
incision, and ECG leads were implanted subcutaneously and sutured
over the trapezius muscle on both sides. Body temperature was
maintained at 37°C. Immediately following implantation, the wound
was sutured. ECG was subsequently recorded continuously using
the PowerLab data acquisition device and LabChart 8 software (AD
instruments). Mice were kept at a stable temperature with regular
12-hour light/dark cycle. ECGs were recorded in conscious animals
for approximately 7 days for each mouse. To exclude the effect of
increased vagal nerve activation as a result of pain and anesthesia, ECG
recordings after day 4 were exclusively analyzed. Heart rate variability
analysis was performed using LabChart 8 following published guide-
lines (72). More specifically, the heart rates were averaged over 12 hours
(daytime and nighttime separately), and six independent average
values per animal (3 days of total recording) were analyzed.

Heart dissociation and flow cytometry

Harvested hearts were placed in a Langendorff system and perfused
with a type 2 collagenase (Worthington) and protease (Sigma-Aldrich)
digestion buffer. Whole hearts were then triturated until no residual
undigested tissue and filtered through a mesh. Single cardiomyocytes
were subsequently fixed with 4% paraformaldehyde for 1 hour and then
washed with PBS. For flow cytometry, cells were permeabilized
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with saponin (Sigma-Aldrich) and stained with troponin T (Thermo
Fisher Scientific, MS-295-P1) and either pH3 (Millipore, 05-806) or
Ki67 (Abcam, ab15580), followed by incubation with Alexa Fluor
secondary antibodies (488, 647) (Abcam). For EdU analysis, the
Click-iT EdU Kit (Life Technologies) was used followed by immuno-
staining with primary and secondary antibodies. Cell cycle analysis
was performed using cardiomyocytes isolated from P7 mice after
staining with Hoechst 33342 (Invitrogen) and cardiac troponin
T. Flow cytometry was performed using BD Accuri C6. Data were
analyzed using Flow]o software (version 10.5). To examine cardio-
myocyte number and nucleation, cells were similarly stained for
troponin T and DAPI and imaged using EVOS fl (AMG). All sam-
ples were analyzed by two blinded investigators.

RNA sequencing

Hearts were dissected, washed in PBS, and homogenized in TRIzol
(Thermo Fisher Scientific), and RNA was isolated following the
manufacturer’s instructions. All hearts for each time point were iso-
lated at the same time (2 p.m. for P7 and 10 a.m. for P14). Comple-
mentary DNA (cDNA) libraries for bulk-RNA sequencing were
prepared using the TruSeq Kit (Illumina) and sequenced using HiSeq
2500. Raw sequencing reads were trimmed using Trimmomatic (0.36)
with a minimum quality threshold of 35 and minimum length of 36
(73). Processed reads were mapped to the mm10 reference genome
using HISAT?2 (2.0.4). Counts were then assembled using Subread
featureCounts (1.5.2) in a custom bash script. Differential gene
expression analysis was done using the DESeq2 package in R. GO
analysis was performed using PANTHER. Canonical pathway anal-
ysis was done using Ingenuity Pathway Analysis (QIAGEN Inc.).

Quantitative PCR

RNA was isolated from mouse hearts and cultured cardiomyocytes
using TRIzol, and cDNA was generated using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). qPCRs were per-
formed using the SYBR Select qPCR Mix (Thermo Fisher Scientific)
with indicated primers. Gene expression levels were normalized to
Gapdh or Rpl32.

Western blotting

Protein sample preparation from mouse ventricles was performed
with tissue homogenization in Cell Lysis buffer (Cell Signaling
Technology) with added phenylmethylsulfonyl fluoride (Sigma-
Aldrich) and PhosStop (Roche). Protein concentration was deter-
mined by bicinchoninic acid assay (Pierce). Electrophoresis was
performed using 4 to 20% tris-glycine TGX gels (Bio-Rad), and pro-
teins were transferred onto nitrocellulose membranes. The follow-
ing primary antibodies were used for immunoblotting: TH (Novus,
NB300-109, 1:1000), Per1 (BioLegend, 936002, 1:1000), Per2 (Abcam,
Ab180655, 1:1000), Weel (Abcam, Ab137377, 1:1000), phospho-Cdk1
(Y15) (Cell Signaling, 9111T, 1:1000), Cdk1 (Novus, NBP2-67438,
1:1000), cyclin B1 (Santa Cruz Biotechnology, SC-245, 1:1000),
phospho-ATM (S1982) (Santa Cruz Biotechnology, SC-47739, 1:1000),
Cdk2 (Cell Signaling Technology, 25468, 1:500), and phospho-Cdk2
(Y15) (Novus, NBP2-67686, 1:1000). IRDye secondary fluorescent-
conjugated antibodies were used (Li-Cor, 1:20,000). Total protein
staining was performed for sample normalization (926-11016, Li-Cor).
Antibody binding was visualized with an infrared imaging system
(Odyssey, Li-Cor), and band quantification was performed with
Image Studio 5.2.5 (Li-Cor).
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Oxygen consumption measurement

Respiration rates were measured with Seahorse XFe96 Analyzer.
Cardiomyocytes isolated from P14 to P21 mice were plated at
~2 x 10* cells per well of the 96-well XF96 Cell Culture Microplate
(Agilent Technologies) and cultured for ~1 hour in Seahorse assay
medium [pyruvate (0.55 mg/ml) in base medium, pH 7.4]. After
determination of basal OCRs, cells were treated with oligomycin A
(1 pM), carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP) (2 uM), and rotenone (1 uM) with antimycin A (1 uM). Cardio-
myocyte numbers were counted and used to normalize the OCR.

ChIP analysis

DNA isolation for ChIP-qPCR analysis was performed using the
protocol by van den Boogaard et al. (74). Briefly, several hearts
(four to five hearts per sample) were isolated from P7 WT C57BL/6
mice and fixed in 1% paraformaldehyde followed by quenching
with glycine. The heart tissue was subsequently homogenized and
lysed using 1% SDS lysis buffer and protease inhibitor cocktail
(Roche). DNA was fragmented using 20 cycles of 30 s “on” and then
30 s “off” of 50% power sonication, and DNA shearing efficiency
was confirmed by DNA electrophoresis. Samples were subsequently
incubated with protein G magnetic beads for 1 hour. Samples (2.5%)
were kept as input (reference sample). Per2 ChIP-grade antibody
(Novus, NB100-125) was added, and samples were incubated at 4°C
overnight. Protein G magnetic beads were incubated for 1 hour and
then pulled down. Chromatin was eluted from the beads and then
uncrosslinked by incubating overnight at 65°C. DNA was purified
using phenol-chloroform following ribonuclease A (RNase A) and
proteinase K treatment (Thermo Fisher Scientific). DNA concen-
trations were calculated using the DNA Qubit 4 Fluorometer (Thermo
Fisher Scientific). QPCR was performed using SYBR Select qPCR
Mix (Thermo Fisher Scientific) with specific primers. Fold enrichment of
DNA fragments compared to the input samples was calculated.

Heart norepinephrine measurement

P14 mouse hearts were harvested and placed in 0.01 N HCI with
EDTA (1 mM) and sodium metabisulfite (4 mM) (pH > 7.0) to pre-
vent norepinephrine degradation, and hearts were homogenized
and stored at —80°C. Norepinephrine concentration was calculated
using the Norepinephrine Elisa Kit (Abnova, KA3836) following
the manufacturer’s instructions.

Statistical analyses

All studies in cultured cells were performed using at least four sets
of independent experiments. For in vivo studies, at least five ani-
mals in each group were analyzed. Student’s ¢ test was used for two-
group analysis. Analysis of variance (ANOVA) with appropriate
corrections for post hoc analysis was used for multiple group com-
parisons. P value of <0.05 was considered significant. Data were
presented as means + SEM. Graphs and statistical analysis were
performed using GraphPad Prism V8. For RNA-sequencing analy-
sis, Benjamini-Hochberg correction was used to adjust for multiple
testing, with threshold of adjusted P value of <0.05 (i.e., false dis-
covery rate < 10%) considered significant. For GO analysis, only
pathways with P value of <10~> were reported.

Study approval
All protocols involving animals were approved by the animal and
care use committee of the Johns Hopkins School of Medicine.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh4181

View/request a protocol for this paper from Bio-protocol.
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