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Within the realm of zoological study, the question of how an organism reaches a specific size
has been largely unexplored. Recently, studies performed to understand the regulation of
organ size have revealed that both cellular signals and external cues contribute toward
the determination of total cell mass within each organ. The establishment of final organ
size requires the precise coordination of cell growth, proliferation, and survival throughout
development and postnatal life. In the mammalian heart, the regulation of size is biphasic.
During development, cardiomyocyte proliferation predominantly determines cardiac
growth, whereas in the adult heart, total cell mass is governed by signals that regulate
cardiac hypertrophy. Here, we review the current state of knowledge regarding the extrinsic
factors and intrinsic mechanisms that control heart size during development. We also discuss
the metabolic switch that occurs in the heart after birth and precedes homeostatic control of

postnatal heart size.

hat controls organ size? How is organ
Wgrowth regulated to achieve exact dimen-
sions? These long-standing, fundamental ques-
tions have received a considerable amount of
attention from developmental biologists over
the years, but thanks to recent efforts, we are
now beginning to understand how external
and genetic determinants coordinate organ
size. Among mammalian species, basic molecu-
lar components such as nucleic and amino acids
are mostly similar in size. However, impressive-
ly, the total organism mass of mammals ranges
from grams to tons (Fig. 1), and organ sizes can
vary greatly within this animal class. Given that

these significant disparities exist, the systemic
and autonomous regulation of mammalian or-
gan size and their relationship to overall organ-
ism size remain important areas of study. Recent
data have indicated that scaling of organ size is
coordinated by genetic and environmental de-
terminants. Transplantation and tissue regener-
ation studies performed during the past century
have revealed that organ-body ratios normalize
in an organism-specific manner, indicating that
intrinsic organ dimension-sensing mechanisms
exist. Notable examples include the near-com-
plete regeneration of the mammalian liver after
surgical amputation (Michalopoulos and De-
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Figure 1. Total organism mass and heart mass of selective mammalian species. (A) Heart and total body weights
(kg) and heart weight/total body weight ratios of indicated mammalian species. (B) Graphical representation of
A. Secondary y axis plots heart weight/total body weight ratio percentages. (Panels created from data in Dobson

2003.)

Frances 1997) and the regulated growth of limb
buds to an organism-specific size when trans-
planted onto differing host salamander species
(Harrison 1924). Moreover, organ growth is
subject to a range of ecological constraints such
as nutrient availability, survival needs, environ-
mental conditions, and evolutionary adaptation.
In addition, a wealth of studies has revealed
that organ size is intrinsically governed by sig-
naling pathways in response to mechanical and
spatial cues. In this review, we summarize what
is known regarding the regulation of heart
size in mammals, from embryonic develop-
ment throughout postnatal life. We discuss
how growth factors, transcription factors, and
signaling pathways promote hyperplastic growth
of the heart, and we detail the signaling cross talk

that occurs between pathways during cardiogen-
esis to specify heart size and patterning from pre-
cursor to the determination of final organ size. In
addition, we describe how the regenerative neo-
natal heart undergoes a metabolic switch to pro-
mote differentiation and the cell-cycle exit of
cardiac myocytes. Finally, we discuss the hyper-
trophic and homeostatic pathways that govern
postnatal heart growth and renewal, respectively.

REGULATION OF HEART SIZE DURING
CARDIOGENESIS

Heart size and function are complementary
in that the heart is large enough to generate
physiologic output but not too large to cause
circulatory obstruction. Mammals have evolved
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tightly regulated mechanisms to ensure that the
heart attains proper dimensions. In the adult
mammalian heart, cell-cycle activity and regen-
erative potential are greatly diminished (Porrello
et al. 2011, 2013). Therefore, investigators have
focused on defining the cellular mechanism(s)
that control cardiomyocyte cell division. Several
recent reports have revealed that growth factors,
intrinsic signaling pathways, and cell-cycle reg-
ulators coordinate cardiomyocyte proliferation
during cardiogenesis. The expansion of the two
cardiac progenitor fields during early cardio-
genesis transpires under the tight control of ex-
trinsic growth regulatory signals, which include
the fibroblast growth factor, bone morphogenet-
ic protein, and both canonical and noncanonical
Wnt signaling pathways (for a review, see Gal-
dos et al. 2017). For example, data from mice
revealed that the genetic deletion of the Wnt
effector B-catenin in the second heart field gives
rise to hearts bearing stunted right ventricles (Ai
etal. 2007), underscoring the importance of this
pathway during early stages of cardiac growth.
In recent years, investigators have discov-
ered that heart size is intrinsically controlled
during development and that the antigrowth
Hippo kinase pathway is at the center of this
regulation. At the turn of the 21st century, ge-
netic screens for tumor suppressors in the fly
species Drosophila melanogaster revealed that
mutation of the hippo, salvador, and warts genes
in larval tissues produces flies with dramatically
overgrown organs, including the eyes, wings,
and legs (for a review, see Pan 2007). In subse-
quent years, these genes have been established as
the major genetic components of the evolution-
arily conserved Hippo signaling pathway that
restricts tissue growth and organ size (Harvey
and Tapon 2007; Pan 2007; Halder and Johnson
2011). The core vertebrate Hippo components
are known as MST1/2 (Hippo), SAV1 (Salva-
dor), and LATS1/2 (LATS) (Harvey and Tapon
2007; Halder and Johnson 2011). The Hippo
signal is relayed by an intracellular kinase cas-
cade, whereby MST/Hippo is aided by the scaf-
folding protein SAV1 to phosphorylate LATS
(Meng et al. 2016). In turn, LATS phosphory-
lates the transcriptional coactivator protein
Yes-associated protein 1 (YAP). Phosphorylated

Heart Size Control

YAP is sequestered in the cytoplasm, there-
by inhibiting its binding to TEA domain
(TEAD)/transcription enhancer factor Tef tran-
scription factors in the nucleus to activate the
expression of progrowth and prosurvival genes
(Meng et al. 2016).

Since the Hippo signaling pathway was dis-
covered to be an intrinsic cell-growth control
pathway, substantial progress has been made to-
ward defining the roles of this pathway in the
context of cardiac development, regeneration,
cardiomyocyte homeostasis, and cardiovascular
disease (Wang et al. 2018). Genetic studies in
mice revealed that the cardiac-specific deletion
of Savl during embryonic development gives
rise to severe cardiomegaly at birth as a result
of elevated cardiomyocyte proliferation (Fig. 2;
Heallen et al. 2011). In the ventricular myocar-
dium of these mice, cardiomyocyte prolifera-
tion is up-regulated by fourfold, whereas prolif-
eration of noncardiomyocytes is unaffected. In
a similar fashion, the embryonic knockout of
Mst1/2 or Latsl/2 kinase genes produces car-
diac overgrowth phenotypes, albeit lethal ones
(Heallen et al. 2011). Remarkably, tissue pat-
terning is preserved in Hippo mutant hearts,
indicating that Hippo restrains organ size and
does not regulate morphogenesis during cardiac
development (Fig. 2; Heallen et al. 2011). Fur-
thermore, cardiomyocyte cell size is unaffected
by Hippo deletion in embryonic hearts, reveal-
ing that Hippo restricts hyperplasia and not hy-
pertrophy of cardiomyocytes during prenatal
cardiac growth. Inactivation of Yap in embryon-
ic mouse hearts results in lethality and the sig-
nificant thinning of the myocardial layers be-
cause of reduced cardiomyocyte proliferation
(Xinetal.2011; von Gise etal. 2012). In contrast,
when Yap is activated in embryonic mouse
hearts, the proliferation rate in the ventricular
myocardium is increased and heart size is sig-
nificantly enhanced (Xin et al. 2011; von Gise
et al. 2012). These data are consistent with the
finding that Hippo loss-of-function hearts dis-
play cardiomyocyte hyperproliferation. Disrup-
tion of the Yap-binding partner and transcrip-
tion factor TEADI in embryonic mouse hearts
results in myocardial thinning and prenatal
lethality (Chen et al. 1994). Moreover, the
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Figure 2. Cardiomegaly of Hippo-deficient mouse hearts. (A-D) Neonate hearts from postnatal day 2 littermate
wild-type (A,C), and Savl knockout (B,D) (Salv CKO) mice. (C,D) Hearts from A and B were sectioned and
stained with hematoxylin and eosin (H&E). The arrow shows a ventricular septum defect. (ra) right atrium, (la)
left atrium, (rv) right ventricle, (Iv) left ventricle. H&E-stained (E) embryonic wild-type and (F) Salv CKO hearts.
(Inset) Images on the right show respective high-magnification views. sc (subcompact) and tr (trabecular)
myocardium. (From Heallen et al. 2011; adapted, with permission, from The American Association for the

Advancement of Science © 2011.)

YAP-Teadl interaction is required for the Yap-
dependent activation of cell-cycle genes and
promotion of cardiomyocyte proliferation (von
Gise et al. 2012). In another study, activation of
Yap target gene transcriptional reporters was
enhanced by Tead2 (Heallen et al. 2011). These
data collectively suggest that Tead proteins are
the principle Yap-associated transcription fac-
tors that promote cardiac proliferation and or-
gan growth.

Hippo and Other Signaling Pathways

Hippo-YAP signaling cross talks with other sig-
naling pathways during embryogenesis to regu-
late heart size (Fig. 3). Notably, Wnt/B-catenin
signaling is critical for Hippo/Yap-regulated
overgrowth of the heart. Transcriptome analyses
revealed that the expression of canonical Wnt
pathway targets are up-regulated in both Savl
knockout and Yap gain-of-function embryonic
hearts (Heallen et al. 2011; Xin et al. 2011).
These studies also revealed that during embryo-
genesis, nuclear B-catenin levels (a Wnt signal

readout) are increased in SavI knockout hearts,
whereas B-catenin protein levels are stabilized in
Yap gain-of-function hearts (Heallen et al. 2011;
Xin et al. 2011). Cell culture studies revealed that
the Hippo effector TAZ suppresses WNT sig-
naling by binding to the Wnt protein dishev-
elled, which promotes degradation of B-catenin
(Varelas et al. 2010). These observations sug-
gest that Hippo antagonizes canonical Wnt sig-
naling during cardiogenesis on multiple levels.
In support of this, Wnt/B-catenin loss-of func-
tion rescues the phenotypes of cardiomegaly,
myocardial expansion, and increased cardio-
myocyte proliferation produced by Hippo defi-
ciency (Heallen et al. 2011). Biochemical exam-
ination of the Hippo—Wnt interaction revealed
that Yap-Tead and B-catenin-Tcf/Lef co-occupy
DNA promoter elements of cardiac growth
genes (Heallen et al. 2011), suggesting that these
proteins cooperatively activate the transcription
of common targets. This raises the intriguing
possibility that inhibiting Hippo or activating
Yap enhances the Yap-B-catenin interaction to
stimulate cardiomyocyte proliferation and car-
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Figure 3. Signaling pathways that developmentally regulate cardiac growth. Hippo, canonical Wnt, and insulin-
like growth factor (IGF) pathways coordinate heart size during development via the repression of cardiomyocyte
proliferation. Core Hippo pathway components (red) trigger the phosphorylation of YAP (yes-associated pro-
tein), and Yap is retained in the cytosol. In the absence of Hippo signaling, YAP can enter the nucleus and form a
complex with TEA domain (TEAD) transcription factors and B-catenin/T-cell factor/lymphoid enhancer factor
(Tcf/Let) on DNA promoters to activate expression of cardiac growth genes, which is dependent on active Wnt
signaling (green). YAP/B-catenin signaling drives expression of IGF signaling pathway genes. Consequently,
increased IGF signaling triggers phosphoinositide 3-kinase (PI3K)-mediated phosphorylation of RACo. serine/
threonine-protein kinase (AKT) and inhibition of the key B-catenin destruction complex (red) member glycogen
synthase kinase 3B (GSK3p). In this context, B-catenin levels are stabilized to stimulate YAP/p-catenin-mediated
cardiomyocyte proliferation, myocardial expansion, and cardiomegaly. Additionally, Hippo potentially represses
canonical Wnt signaling via the phosphorylation of transcriptional coactivator with PDZ-binding motif (TAZ;
dashed line). In turn, TAZ inhibits dishevelled (Dvl; dashed line), a destruction complex inhibitor. However, it
has not been directly demonstrated that TAZ regulates cardiac growth. (APC) adenomatous polyposis coli
protein, (IGFBP) IGF-binding protein, (IGFR) IGF receptor, (LATS) large tumor suppressor homolog, (MST)
mammalian STE20-like protein kinase, (P) phosphate, (SAV1) Salvador homologue 1.

diac growth. Indeed, integrated genomic analy-
ses of embryonic and postnatal hearts indicate

mechanistic insights into how growth pathways
coordinate heart size.

that expression of Yap targets that promote cell-
cycle progression and proliferation is up-regu-
lated in hyperplastic Hippo-deficient tissues
(Heallen et al. 2011; Lange et al. 2015; Morikawa
et al. 2015). Among these are the cytokinesis
genes Birc5, Aurora B kinase, and Ect2 and the
cell-cycle genes Cdk6 and Ccne2, to name a few.
The list of Hippo targets that regulate heart
growth is growing and ongoing next-generation
sequencing studies should undoubtedly yield

Concurrent studies have shown that the in-
sulin-like growth factor (IGF) signaling path-
way relays multitiered downstream regulation
of Hippo/Wnt-dependent cardiac growth (Fig.
3). In embryonic mouse hearts overexpressing
constitutively active Yap (i.e., Yap-S112A), core
IGF pathway genes are activated (Xin et al.
2011). IGF pathway activity is also stimulated
in these hearts as a result of up-regulated levels
of phosphoinositide 3-kinase (PI3K) and in-
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creased phosphorylation of Akt and B-catenin
destruction complex protein glycogen synthase
kinase-3 (Gsk3B) (Xin et al. 2011). Increased
inhibitory phosphorylation of Gsk3 promotes
B-catenin stability, thereby enhancing Yap-reg-
ulated cardiomyocyte proliferation. In addition,
YAP activity and PB-catenin levels are signifi-
cantly reduced when IGF signaling is inhibited
in cardiomyocytes (Xin et al. 2011). These find-
ings support a model in which B-catenin activa-
tion is dependent on Yap transcriptional activa-
tion of the IGF pathway (Fig. 3), revealing an
additional regulatory node of Hippo-Wnt-reg-
ulated cardiomyocyte proliferation.

Given what is known about intrinsic heart
growth mechanisms, a largely unexplored area
in mammalian heart size regulation is whether
non-cell-autonomous signals prevent the con-
tinued growth of the heart within a scaled body
cavity. To this end, identification of upstream
Hippo regulators in the context of cardiac
growth represents an intriguing area of study.
Regulation of the core Hippo pathway cascade
by membrane proteins has been well document-
ed. These proteins include the tumor suppressor
Neurofibromin 2 (NF2, Merlin), cell polarity
angiomotin complex members at tight junc-
tions, and intercalated disc proteins (for a re-
view, see Zhou et al. 2015). Whether these pro-
teins function non-cell-autonomously to restrain
cardiac growth remains unanswered.

As mentioned previously, mammalian heart
growth spans two major phases: cell replication-
driven hyperplastic growth during early devel-
opment and postnatal hypertrophic growth in
which postmitotic cells increase in size (Li
et al. 1996). Whether Hippo-Yap signaling reg-
ulates postnatal cardiac growth remains unclear.
However, the data currently available indicate
that Hippo has important roles in cardiac repair,
survival, and homeostasis throughout life
(Heallen et al. 2019), suggesting that the manip-
ulation of Hippo-Yap signaling can be therapeu-
tically harnessed to promote the cell-cycle re-
entry of postnatal cardiomyocytes. Altogether,
these studies indicate that in concert with other
growth signaling pathways, Hippo signaling de-
velopmentally regulates heart size by suppress-
ing prenatal cardiomyocyte proliferation.

PHYSIOLOGIC CHANGES IN THE HEART
AFTER BIRTH

Key Transitions during Fetal to Adult
Heart Growth

Shortly after birth, several transitions are trig-
gered in the neonatal heart that initiate complex
remodeling from a fetal state into an adult heart.
As eluded to above, the early postnatal heart
undergoes a growth mode switch in which car-
diomyocytes become terminally differentiated,
cease proliferating, and undergo hypertrophic
growth in which both cell diameter and mass
increase. In rat hearts, this hyperplasia-to-hy-
pertrophy switch occurs rapidly between post-
natal day (P)3 and 4, and cardiomyocytes largely
cease dividing by P4 (Li et al. 1996). In develop-
ing mouse hearts, cardiomyocytes proliferate
and maintain a relatively constant cellular vol-
ume as heart weight increases until they reach
P4 (Leu et al. 2001). At this stage, mouse heart
growth switches to a state of physiologic cardi-
omyocyte hypertrophy, with dramatically in-
creased cardiomyocyte volume from P5 until
P14 that is concomitant with significantly in-
creased heart weight (Leu et al. 2001). After
P14, the growth curve of cardiomyocyte volume
levels off, and cardiomyocytes undergo hyper-
trophic growth to reach their adult volume when
mice are ~3 months of age (Leu et al. 2001). This
postnatal cardiac hypertrophic growth is regu-
lated by multiple signals such as the PI3K/AKT/
insulin pathway and thyroid hormone tri-iodo-
1-thyronine (T3). A more detailed discussion of
this hypertrophic growth is provided below. Ex-
citing recent data reveal that extracellular matrix
(ECM) composition changes occur shortly after
birth and strongly influence Yap localization
and cardiomyocyte proliferation. A 2017 study
showed that in neonatal cardiomyocytes, the
proteoglycan Agrin promotes disassembly of
the dystrophin glycoprotein complex (DGC)
and Yap from the plasma membrane to induce
cardiomyocyte proliferation (Bassat et al. 2017).
However, Agrin levels decline sharply after the
first week of life, coincident with the loss of car-
diac regenerative potential (Porrello et al. 2011).
A separate study showed that Yap is bound by
the DGC protein dystroglycan 1 to inhibit car-
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diomyocyte proliferation (Morikawa et al. 2017).
These findings are consistent with the data that
cardiac ECM stiffens after birth (Bhana et al.
20105 Jacot et al. 2010) and that ECM stiffening
promotes cardiomyocyte maturation and cell-
cycle exit (Yahalom-Ronen et al. 2015), thereby
unveiling an additional mechanism to restrain
cardiomyocyte proliferation throughout life.

To meet the metabolic demands that arise
from increased heart size and the burgeoning
workload that follows the transition from fetal
to postnatal circulation, the early postnatal heart
undergoes an essential metabolic switch from a
predominantly anaerobic and glycolysis-depen-
dent fetal-like state to an adult state that uses
oxidative metabolism. After this switch, the ear-
ly postnatal heart primarily utilizes substrates to
catabolize fatty acids, in contrast to the fetal
heart that largely relies on carbohydrates as a
secondary source of energy (Girard et al. 1992;
Lopaschuket al. 1992). Data from lambs revealed
that glucose and lactate are the primary sub-
strates for fetal myocardial oxygen consumption,
whereas neonatal hearts primarily use long-
chain fatty acids and lactate (Bartelds et al.
2000). Coinciding with the metabolic switch
during early postnatal heart development, mito-
chondrial density doubles in cardiomyocytes,
and mitochondrial shape remodels from the
small, round, and tubular mitochondria in fetal

Oxidative
metabolism |
A

Anaerobic
metabolism
Fetal heart
Glucose, lactate Fatty acids
PPAR/ERR/PGC-1, etc. ),

Hyperplasia Hypertrophy
,m Whnt, Hippo, IGF  PI3/AKT/insulin
pathways pathway, T3, etc.

Heart Size Control

hearts into large, ovoid, and rectangular mito-
chondria in adult hearts (Sheldon et al. 1976).
This important metabolic switch involves nu-
merous molecular signals such as the PPARy
coactivator-1 (PGC-1)/estrogen-related receptor
(ERR) circuit, and failure of this switch to occur
produces cardiac defects and shortens the life
span of mice to 2 weeks (Fig. 4; Lehman et al.
2000; Michalik et al. 2002; Alaynick et al. 2007;
Lai et al. 2008; Kolwicz et al. 2013).

Metabolic Changes during Heart Growth

Changes in cardiac metabolism have important
effects on cardiomyocyte proliferation, differen-
tiation, and postnatal maturation (Lopaschuk
and Jaswal 2010). The metabolic switch from
anaerobic to oxidative metabolism in cardio-
myocytes after birth is one of the most signifi-
cant transitions during heart growth. The fetal
heart adapts to an environment with low oxygen
and low levels of circulating fatty acids and is
therefore primarily dependent on glycolysis as
the energy source to produce ATP, whereas mi-
tochondrial oxidative metabolism is still poorly
developed (Chung et al. 2007, 2010). In addi-
tion, the fetal heart produces ATP via lactate
oxidation because lactate is relatively abundant.
To meet the high metabolic demands for con-
tinuous beating, mature cardiomyocytes need to

Adult heart

©

Figure 4. Summary of key transitions during fetal to adult heart growth. Fetal heart growth features hyperplasia
and anaerobic metabolism that primarily uses the substrates glucose and lactate, whereas adult heart growth is
marked by terminal differentiation, cell-cycle exit, hypertrophic growth, and oxidative metabolism that mainly
uses fatty acid substrates. Growth mechanisms and regulatory signals are highlighted in green for the fetal heart
and in purple for the adult heart. (PPAR) peroxisome proliferator-activated receptor, (ERR) estrogen-related
receptor, (PGC-1) PPARYy coactivator-1, (IGF) insulin-like growth factor.
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consume an exorbitant amount of ATP to con-
tinuously fuel cells and therefore switch to pre-
dominately relying on oxidative metabolism
(Lopaschuk and Jaswal 2010). Glycolysis ac-
counts for more than half of cardiac ATP pro-
duction immediately after birth. However, by
P7, this amount decreases quickly to <10% of
overall ATP production, when fatty acids be-
come the primary fuel source (Lopaschuk and
Jaswal 2010). Throughout adulthood, oxidative
metabolism remains the principle metabolic
state, primarily utilizing fatty acids as an energy
source. However, in certain pathologic condi-
tions such as cardiac hypertrophy and heart fail-
ure, fetal carbohydrate utilization is reactivated.

Although the switch to oxidative phosphor-
ylation is critical to supply the large amount of
ATP necessary to fuel cardiomyocyte contractile
function and postnatal hypertrophic growth, it
also has consequences for cellular proliferation.
It has been demonstrated that postnatal cardio-
myocytes have a greater amount of reactive ox-
ygen species (ROS), which are in part generated
through oxidative phosphorylation. ROS can
cause oxidative DNA damage, which has been
shown to trigger cell-cycle arrest. However, re-
ducing ROS via genetic overexpression of a mi-
tochondrial-targeted catalase enzyme, adminis-
tration of the antioxidant N-acetylcysteine, or
exposing mice to chronic hypoxia has been
shown to increase cardiomyocyte cell-cycle ac-
tivity in the contexts of normal postnatal devel-
opment and ischemic injury (Puente et al. 2014;
Nakada et al. 2017). These experiments demon-
strate a clear trade-off between a glycolytic
cellular environment more permissive to cell
division with an oxidative phosphorylation de-
pendent environment that allows for greater
ATP production required for cellular contrac-
tion and growth.

Regulation of the Metabolic Switch during
Heart Growth

The metabolic switch from anaerobic to oxida-
tive metabolism is a key component of cardio-
myocyte maturation during heart growth and is
a hallmark of the transition from the fetal stage
to the adult stage. The nuclear receptor super-

family plays a pivotal role in the transcriptional
regulation of metabolic function. Several nucle-
ar receptors and their coactivators have been
identified in the perinatal heart (Sucov et al.
1994; Mangelsdorf et al. 1995; Barak et al. 1999;
Huss et al. 2002; Huss and Kelly 2004; Bookout
et al. 2006; Chung et al. 2007, 2010; Lopaschuk
and Jaswal 2010; Ellen Kreipke et al. 2016).
Transcriptional changes in nuclear receptor
pathways that control cardiac metabolism such
as the hypoxia-inducible factor la (HIF-1a)
pathway, the PGC-1/peroxisome proliferator-
activated receptor (PPAR)a pathway, and the
PGC-1/PPARd pathway can alter the level of
enzymes regulating both glycolysis and mito-
chondrial oxidative metabolism. For example,
the ERRy gene Esrrg is highly expressed in the
mouse heart from embryonic day 8.5 through
development and in the postnatal heart. ERRy
regulates a network of nuclear-encoded mito-
chondrial genes that control oxidative metabo-
lism and the postnatal metabolic transition
(Alaynick et al. 2007). Disruption of ERRy
blocks the transition to oxidative metabolism
and results in lactatemia, electrocardiographic
abnormalities, and postnatal death within the
first week after birth (Alaynick et al. 2007). In
the adult mouse heart, ERRy functions together
with ERRo to regulate genes involved in energy
substrate uptake, ATP production and trans-
port, intracellular fuel sensing, and calcium han-
dling (Dufour et al. 2007). Recently, additional
factors have been identified that regulate the
metabolic maturation of cardiomyocytes such
as microRNAs, which are small noncoding
RNAs (Ellen Kreipke et al. 2016). In vitro studies
of human embryonic stem-cell-derived cardio-
myocytes (hESC-CMs) have revealed that the
let-7 family microRNAs are sufficient and re-
quired for hESC-CM maturation. Let-7 family
microRNAs accelerate cardiomyocyte matura-
tion most likely by increasing fatty acid metab-
olism and repressing genes of the PI3K/AKT/
insulin pathway (Kuppusamy et al. 2015). Al-
though numerous factors have been identified
as regulators of the cardiac metabolic switch
(Sucov et al. 1994; Mangelsdorf et al. 1995;
Barak et al. 1999; Huss et al. 2002; Huss and
Kelly 2004; Bookout et al. 2006; Chung et al.
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2007, 2010; Lopaschuk and Jaswal 2010; Ellen
Kreipke et al. 2016), the molecular mechanisms
that direct this process remain to be elucidated.

POSTNATAL REGULATION OF HEART SIZE

As mentioned above, the formation of the
heart’s structure is heavily reliant on cell prolif-
eration during development. In contrast, post-
natal growth of the mammalian heart relies
almost exclusively on cellular hypertrophy. In
particular, the cardiomyocytes—the contractile
cells that compose most of the heart by mass—
are largely responsible for the cellular hypertro-
phy required for normal heart growth after
birth. The cellular mechanisms that govern the
cell-cycle exit and the subsequent hypertrophy
of cardiomyocytes are of great interest because
they have the potential to be exploited for devel-
oping therapeutic methods of stimulating car-
diac regeneration. Below, we summarize what
is currently known about cell-cycle exit and
the postnatal hypertrophic growth of cardio-
myocytes in the mammalian heart.

Cardiomyocyte Cell-Cycle Exit

It has been well established that mammalian
cardiomyocytes lose their proliferative potential
shortly after birth. Although the rate of decline
of cardiomyocyte division after birth has previ-
ously been debated, it is now generally accepted
that cardiomyocyte division occurs only rarely
after postnatal day 11 in the mouse heart (Alkass
et al. 2015). This topic has been similarly debat-
ed for the human heart, but a recent study pro-
vided strong evidence from the '*C dating of
carbon integrated into cardiomyocyte DNA af-
ter atmospheric nuclear-bomb testing showing
that the final cardiomyocyte number in the hu-
man heart is reached within the first month after
birth (Bergmann et al. 2015). Once this total
number of cardiomyocytes has been reached,
the turnover of existing cardiomyocytes is
limited. At birth, ~5% of cardiomyocytes are
estimated to turnover each year, and this turn-
over rate decreases throughout adolescence, re-
sulting in a <1% rate by adulthood (Mollova
et al. 2013).

Heart Size Control

The reduction cardiomyocyte proliferation
that occurs after birth is followed by short bursts
of alternative cell-cycle variations known as
polyploidization and binucleation. The typical
cell cycle consists of cellular growth, DNA syn-
thesis, mitosis, and cytokinesis, resulting in two
daughter cells with a single nucleus and a nor-
mal amount of chromosomal material (1 x 2n).
The polyploidization cell-cycle variation occurs
when the cell progresses normally through the
cell cycle until exiting before the G,/M phase
transition, resulting in a cell with double the
normal amount of chromosomal material in a
single nucleus (1 x 4n). In the binucleation cell-
cycle variation, the cell enters M phase but exits
before cytokinesis occurs, resulting in a cell with
two nuclei that each have a normal amount of
chromosomal material (2 x 2n). Both of these
variants occur in mouse and human cardiomyo-
cytes after birth, but at relatively different rates.
In mice, binucleation has been established as the
predominant cell-cycle variant in cardiomyo-
cytes, peaking around postnatal day 7, after
which a small round of polyploidization peaks
at postnatal day 14 (Alkass et al. 2015). In
humans, polyploidization is the predominant
variant, occurring mostly between the ages of
10-20 years (Bergmann et al. 2015). Practical
application of this suggests that the adult mouse
heart is primarily composed of binucleated
cardiomyocytes (2 x 2n), whereas the adult hu-
man heart is primarily composed of polyploid
cardiomyocytes with a single nucleus (1 x 4n).
However, the molecular underpinnings respon-
sible for the relative differences in cardiomyo-
cyte cell-cycle differences between species re-
main unknown

The functional consequence(s) of cardio-
myocyte polyploidy are yet to be investigated.
No clear explanation for the presence of poly-
ploidy in cardiomyocytes has been established;
however, one could surmise that a major advan-
tage of polyploidy is that increased gene copy
numbers allows for the greater transcript pro-
duction required for hypertrophic growth.
Other benefits of polyploidy include increased
resistance to somatic mutations and a greater
ability to adapt to stress and injury without
undergoing mitosis (Ovrebe and Edgar 2018).
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Polyploidy also presents drawbacks, including
an apparent reduction in proliferative poten-
tial. In the mouse, there is growing evidence
that diploid cardiomyocytes are more likely
to undergo proliferation following cardiac in-
jury. Furthermore, mouse strains with a great-
er number of mononucleated cardiomyocytes
have exhibited improved cardiac function fol-
lowing myocardial infarction (Patterson et al.
2017). These findings are encouraging and
indicate that mononuclear diploid cardio-
myocytes may have increased responsiveness
to regenerative therapies, but much greater in-
vestigation into these emerging functional dif-
ferences is necessary, as much of this evidence
is only correlative.

Although injury is sufficient to stimulate
proliferation in many other mammalian cell
types, this is not the case for differentiated car-
diomyocytes. Cardiomyocyte cell-cycle reentry
has been shown to occur after cardiac injury
such as myocardial infarction, but this cell-cycle
activity results largely in polyploidization and
not in proliferation (Herget et al. 1997; Meckert
et al. 2005). Thus, the mammalian heart is inca-
pable of meaningful endogenous repair after in-
jury through cardiomyocyte proliferation.

Postnatal Hypertrophic Cardiac Growth

The human postnatal heart grows an estimated
15 times larger in volume during adolescence—
an amazing increase in size. Stereological mea-
surements from human hearts of varying ages
have shown that the increase in cardiac size
during the first 25 years of life can be explained
by the increase in cardiomyocyte size that occurs
through cellular hypertrophy (Bergmann et al.
2015). Studies of the molecular regulation of
postnatal hypertrophic growth are ongoing; how-
ever, multiple signaling molecules have been
shown to be crucial for this process, including
IGF1, thyroid hormone, and insulin.

IGF1 has long been known to be a critical
stimulus for postnatal cardiac hypertrophy (Ba-
ker et al. 1993; Lupu et al. 2001). The majority of
IGF1 is produced systemically by the liver, with
the heart itself also producing small amounts of
IGF1 that can act in an autocrine manner. IGF1

can directly bind to both the IGF1 receptor
(IGFR1) and insulin receptor (IR) on the extra-
cellular membrane of cardiomyocytes. These are
both transmembrane receptor tyrosine kinases
that, when stimulated through IGF1, activate the
PI3K/AKT pathway. Ultimately, this signaling
event results in AKT phosphorylation, which
leads to the stimulation of mTOR and inhibition
of GSK-3, resulting in a net product of increased
protein synthesis in cardiomyocytes (Dorn
2007). Insulin is another ligand capable of stim-
ulating postnatal hypertrophy in cardiomyo-
cytes. By directly binding IR, it also leads to
PI3K/AKT signaling and stimulates protein syn-
thesis.

The thyroid hormone T3 is another impor-
tant molecule for stimulating postnatal hyper-
trophy in cardiomyocytes. Unlike the signaling
cascades activated by IGF1 and insulin, T3 af-
fects transcription directly. After birth, a short
spike occurs in circulating thyroid hormones. At
an increased systemic concentration, T3 can di-
rectly enter the nucleus of the cardiomyocytes,
where it directly binds one of two thyroid hor-
mone receptors, TRo. or TRB. Upon binding T3,
either thyroid hormone receptor can form a
dimer with the retinoic acid receptor (RAR)
and function as a transcription factor complex
to up-regulate critical sarcomere components
such as o myosin heavy chain (¢MHC) and car-
diac troponin I ¢Tnl (Kenessey and Ojamaa
2006). In addition to in vitro studies of these
pathways in isolated rat ventricular cardiomyo-
cytes, in vivo evidence has been generated with
various transgenic mouse models, substantiat-
ing their specific roles in postnatal hypertrophy
(Table 1).

Of note, several other forms of hypertrophy
can occur in the adult heart. These include phys-
iologic hypertrophy induced by pregnancy and
exercise training, as well as pathologic hypertro-
phy that is characteristic of cardiomyopathies
(Maillet et al. 2013). Although the signaling
mechanisms that regulate these other forms of
hypertrophy overlap somewhat with those that
regulate postnatal hypertrophy, such as the IGF1
and PI3K/AKT signaling pathway, many mech-
anisms function independently. For example,
mechanosensors such as the transient receptor
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Table 1. In vivo evidence generated with various transgenic mouse models, substantiating their specific roles in
postnatal hypertrophy

Gene Genetic mouse model Cardiac growth/size phenotype References
Igf1 Germline knockout (Igfl~'™) Reduced heart size at birth and throughout =~ Powell-Braxton et al.
adulthood 1993; Wang et al.
1999
Cardiomyocyte-specific Cardiac hypertrophy with intact Reiss et al. 1996
overexpression («MHC-Igfl Tg)  systolic function; speculation of cardiac
hypertrophy due to increased
cardiomyocyte number
Cardiomyocyte-specific Cardiac hypertrophy due to cardiomyocyte  Delaughter et al. 1999
overexpression (o-actin-Igf1 Tg) ~ hypertrophy with enhanced systolic
function at 10 weeks but depressed
function by 1 year
Igflr Cardiomyocyte-specific knockout  No change in heart size Kim et al. 2008
(oMHC-cre)
Cardiomyocyte-specific Cardiac hypertrophy due to cardiomyocyte ~ McMullen et al. 2004
overexpression (aMHC-IgfIr hypertrophy through 16 months of age
Tg)
Insr Cardiomyocyte-specific knockout Reduced heart size with reduced Belke et al. 2002
(oMHC-cre) cardiac output
Pik3ca Cardiomyocyte-specific Cardiac hypertrophy with intact Shioi et al. 2000
overexpression of constitutively systolic function at 1 year
active Pik3ca
(oMHC-caPik3ca Tg)
Cardiomyocyte-specific Reduced heart size with intact systolic Shioi et al. 2000
overexpression of dominant- function at 1 year
negative Pik3ca
(oMHC-dnPik3ca Tg)
Conditional cardiomyocyte- Deletion induced at 8 weeks resulted in Lu et al. 2009
specific knockout (¢MHC-iCre) reduced heart size
Pten Cardiomyocyte-specific knockout ~ Cardiac hypertrophy due to cardiomyocyte ~ Crackower et al. 2002
(MCK-cre) hypertrophy with reduced cardiac
contractility
Pdk1 Cardiomyocyte-specific knockout Reduced heart size due to reduced Mora et al. 2003
(MCK-cre) cardiomyocyte size with reduced systolic
function
Aktl Cardiomyocyte-specific Cardiac hypertrophy due to cardiomyocyte =~ Condorelli et al.
overexpression of constitutively hypertrophy 2002; Matsui et al.
active Aktl (aMHC-caAkt1 Tg) 2002; Shioi et al.
2002
Inducible cardiomyocyte-specific ~ 2-Week induction resulted in cardiac Shiojima et al. 2005
overexpression of membrane- hypertrophy due to cardiomyocyte
targeted AktI hypertrophy; 6 weeks resulted in
(oMHC-myrAkt1 Tg) heart failure
Gsk3b Cardiomyocyte-specific Reduced heart size due to reduced Michael et al. 2004
overexpression cardiomyocyte size
(oMHC-Gsk3b Tg)
Foxo3 Adenovirus overexpression Reduced cardiomyocyte size Skurk et al. 2005

in cardiomyocytes
(Ad-Foxo03)
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Table 1. Continued

Gene Genetic mouse model Cardiac growth/size phenotype References
Map2kl  Cardiomyocyte-specific Cardiac hypertrophy due to cardiomyocyte ~ Bueno et al. 2000
overexpression of active Map2kl ~ hypertrophy
(aMHC-aPik3ca Tg)
Tscl Cardiomyocyte-specific knockout ~ Cardiac hypertrophy due to cardiomyocyte ~ Malhowski et al. 2011
(SM22-cre) hypertrophy
Cebpb Germline heterozygote null Cardiomyocyte hypertrophy Bostrom et al. 2010
(Cebpb™™)
Vegfb Germline knockout (Vegfb™") Reduced heart size Bellomo et al. 2000
Cardiomyocyte-specific Concentric cardiac hypertrophy with intact ~ Karpanen et al. 2008
overexpression cardiac function due to cardiomyocyte
(oMHC-Vegfb Tg) hypertrophy
Stk11 Cardiomyocyte-specific knockout Reduced heart size, no measurement of Sakamoto et al. 2006
(MCK-cre) cardiomyocyte size
Cardiomyocyte-specific knockout ~ Atrial enlargement due to atrial Tkeda et al. 2009
(oMHC-cre) cardiomyocyte hypertrophy at 4 weeks,
cardiac hypertrophy due to both atrial and
ventricular cardiomyocyte hypertrophy
at 12 weeks
Mapk8/  Germline heterozygous Mapk8 Cardiac hypertrophy due to cardiomyocyte  Liang et al. 2003
Mapk9  knockout and homozygous hypertrophy at 7 months (but not at 3

Mapk9 knockout (Mapk8*'™;
Mapk9™")

Cardiomyocyte-specific
overexpression of dominant-
negative Mapk8 and Mapk9
(oMHC-dnMapk8; o MHC-
dnMapk9 Tg)

months)

months)

Cardiac hypertrophy due to cardiomyocyte
hypertrophy at 7 months (but not at 3

Liang et al. 2003

(MHC) myosin heavy chain.

potential (TRP) channels have a well-docu-
mented role in physiologic hypertrophy induced
through exercise training, but their role in post-
natal hypertrophy needs clarification (Seth et al.
2009). Furthermore, calcineurin-NFAT signal-
ing has been shown to be critical in multiple
models of pathologic hypertrophy but less crit-
ical for physiologic hypertrophy, which may be
leveraged for therapeutic benefit (Wilkins et al.
2004).

CONCLUDING REMARKS

As the mechanisms that underlie cardiac growth
come into focus, future studies should carefully
address several key unanswered questions. For
example, what are the precise roles for the Hippo
signaling pathway in the context of hypertrophy,

homeostasis, and cardiac protection? How can
cardiomyocytes be reprogrammed to dediffer-
entiate and reenter the cell cycle for regenerative
therapies? Specifically, concerted effort should
be placed on leveraging the known signaling
pathways that regulate cardiac growth to create
therapies that benefit patients with heart failure.
For many of these patients, especially those with
ischemic heart disease, simple hypertrophy of
cardiomyocytes will most likely be insufficient
because the number of functional cardiomyo-
cytes has been reduced. Therefore, cardiomyo-
cyte cell-cycle reentry and proliferation must be
stimulated to replenish the myocardium and
achieve functional recovery. As discussed here,
endogenous pathways that regulate cardiomyo-
cyte hyperplasia, such as the Hippo pathway,
have shown exciting potential for stimulating
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cardiomyogenesis (Leach et al. 2017). After car-
diomyogenesis, a means to drive cardiomyocyte
maturation and hypertrophy is needed to prop-
erly incorporate new cardiomyocytes into func-
tional myocardium. Continued research that fo-
cuses on the determinants of cardiac growth has
the potential to lead to novel therapies for heart
failure that directly address the loss of functional
myocardium.
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