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Abstract

Ischemic heart disease is one of the leading causes of mortality. Myocardial infarction causes loss 

of cardiomyocytes in the injury area accompanied by formation of a fibrotic scar. This initiates a 

cascade of events including further loss of myocyte, increased fibrosis, and pathological cardiac 

hypertrophy, eventually leading to the heart failure. Cardiomyocytes in mammals have limited 

regenerative potential due to post mitotic nature of cardiomyocytes. Recently, multiple studies 

have provided substantial insights in to the molecular pathways governing this block in adult 

cardiomyocyte proliferation, and successfully employed that understanding to achieve cardiac 

regeneration. These strategies include directly reprograming the cardiomyocytes or manipulating 

the cardiac interstitium to repair the injured heart. In this review, we discuss the recent advances 

made in the field in the past two years.

Introduction

Heart failure (HF) is a leading cause of mortality worldwide. Although HF can be treated 

with drugs to control symptoms [1] or with ventricular assist device implantation, the only 

definitive treatment is heart transplantation, which is limited by the scarcity of donor hearts 

[2]. Therefore, new approaches to treat HF are necessary.

The human heart is one of the least regenerative organs, with an adult cardiomyocyte (CM) 

renewal rate of less than 1% [3]. After the massive loss of CMs caused by an injury such as 

myocardial infarction (MI), the heart is not capable of self-repair. In contrast to the adult 

human heart, the hearts of adult zebrafish, lower vertebrates, neonatal mice, and neonatal 

swine can regenerate after injury [4–6], showing regenerative responses such as the cell-
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cycle re-entry of existing myocytes and the repopulation of the scar area [7]. To develop new 

therapeutic options for patients with HF, we must understand the genetic mechanisms of 

heart regeneration so that they can be manipulated to aid in human heart repair. In this 

review, we discuss recent studies that have advanced our understanding of heart regeneration 

and repair (Figures 1 and 2).

Cardiomyocyte proliferation and heart regeneration

The Hippo pathway is an evolutionarily conserved kinase cascade that regulates organ size 

and has been shown to have important functions in cardiac development, homeostasis, 

pathology, and regeneration [8,9]. In mice, the conditional CM-specific deletion of Salv1—a 

core Hippo signaling component—after MI induces the cell cycle re-entry of existing CMs, 

leading to the reversal of heart failure. Furthermore, the delivery of short hairpin RNA 

(shRNA)-specific for Salv1 via adeno-associated virus 9 (AAV9) either immediately or a 

few weeks after cardiac injury preserves or improves heart function, respectively; promotes 

cell cycle re-entry in CMs; and decreases infarct size [10••], indicating that the delivery of 

AAV9-Salv-shRNA may be a potential strategy for treating patients with HF. AAV9 

selectively infects cardiac muscles in mice and humans and has been shown to be clinically 

safe. In addition, the overexpression of an active form of Hippo signaling downstream 

effector Yap (i.e. Yap-5SA) in CMs has provided insight into the mechanisms of Yap-

induced cell cycle re-entry in postmitotic adult CMs. Yap-5SA reverses the chromatin 

accessibility profile in adult CMs to a fetal-like state [11]. During cardiac differentiation, 

chromatin rearrangement leads to the inaccessibility of loci responsible for the expression of 

pluripotency factors and the increased accessibility of lineage-specific genes [12], 

suggesting that chromatin accessibility can be targeted to stimulate cardiac regeneration 

[11].

The Hippo-Yap pathway is known to be modulated by mechanotransduction, cytoskeletal 

tension, and matrix rigidity [8]. Extracellular matrix (ECM) cues have been shown to 

negatively regulate Yap activity in CMs via the dystrophin and glycoprotein complex 

(DGC), which is a multi-subunit complex that connects the ECM to the actin cytoskeleton. 

Recently, Morikawa et al. [13••] showed that phosphorylated Yap interacts with dystroglycan 

1 (DAG1), a core component of the DGC, resulting in the sequestration of Yap at the plasma 

membrane and the inhibition of CM proliferation. A study by Bassat et al. [14••] showed that 

the extracellular protein Agrin interacts with the DGC, causing its disassembly and, in turn, 

the disruption of Yap–DGC complex formation, thereby promoting the nuclear localization 

of Yap and CM proliferation. Treating mice with Agrin was shown to reduce scar size and 

promote cardiac functional recovery after MI [14••]. FAT atypical cadherin 4 (Fat4) and 

angiomotin-like protein 1 (Amotl1) can also form a complex with Yap, which leads to the 

sequestration of Yap at the CM cell junction, independent of Hippo signaling. The genetic 

deletion of Fat4 promotes increased cardiomyocyte proliferation and ventricular area in a 

Yap-dependent manner [15]. Nuclear translocation of Yap activates genes involved in the 

cell cycle, the injury response, mitochondrial quality control, the stress response, and 

antioxidation [10••,11,14••,16,17]. Genetic studies by Tao et al. [16] revealed that paired-like 

homeodomain-2 (Pitx2) cooperates with Yap to protect the heart from injury and to enhance 

regeneration by activating the antioxidant gene response. In addition, Pitx2 plays an 
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important role in maintaining cellular composition during heart regeneration and in 

regulating the transcription of mitochondrial genes [18]. In Pitx2-deficient mouse hearts, fat 

accumulation was observed in the myocardium [18,11].

Recently, vitamin D was identified as a CM mitogen in a large-scale compound screening 

performed in zebrafish by using a cmlc2 promoter–controlled fluorescent ubiquitin-based 

cell cycle indicator (FUCCI) [19••]. In zebrafish, the inhibition of vitamin D signaling by 

globally deleting the vitamin D receptor (VDR) gene or by expressing a dominant-negative 

form of VDR caused stunted growth. Expressing a constitutively active form of VDR in 

zebrafish CMs led to cardiomegaly, suggesting that vitamin D signaling controls organ size 

[19••]. Furthermore, in zebrafish treated with alfacalcidol, a vitamin D analog, CM 

proliferation was increased through the ErbB2 signaling axis [19••].

Cell cycle, ploidy, and heart regeneration

In neonatal mice, CMs have a short regenerative window that is lost after the first week of 

birth [8]. However, the signaling pathways that govern this switch remain poorly understood. 

One striking difference between nonregenerative and regenerative species is ploidy. Species 

with higher regenerative capabilities have more mononucleated and diploid cells [20••]. CMs 

from neonatal mice are mostly diploid, but those from adults are mostly polyploid [21]. 

Mouse strains with a higher percentage of diploid CMs have shown a better regenerative 

response [21]. The genetic deletion of TNNI3-interacting kinase (TNNI3K), one of the 

factors regulating ploidy in mice, increases the number of mononucleated diploid and 

proliferative cardiomyocytes [21]. In zebrafish, the genetic deletion of Ect2 or the 

overexpression of the dominant-negative form of Ect2 (dnEct2) results in increased ploidy 

[22]. Furthermore, the overexpression of dnEct2 in CMs leads to an increased number of 

polyploid cells [22]. After injury, zebrafish hearts overexpressing dnEct2 showed reduced 

cardiomyocyte proliferation and increased scar formation [22].

In an oxygen-rich environment, the postnatal switch from glycolytic to oxidative 

phosphorylation leads to the increased production of mitochondrial reactive oxygen species 

(ROS). In turn, the DNA damage response is activated, which leads to cell cycle arrest in 

CMs [23]. In mice exposed to long-term systemic hypoxic conditions, ROS production was 

shown to be decreased. Furthermore, chronic hypoxia promoted a regenerative response in 

mouse hearts after MI [24]. Interestingly, the cell cycle exit of CMs and the loss of 

regenerative capabilities have been strongly correlated with the transition from ectotherms to 

endotherms [20••]. Immediately after birth, thyroid hormone, which is a major regulator of 

thermogenesis, increases by more than 50-fold [20••]. The inhibition of thyroid hormone 

with NH3, a thyroid hormone-specific inhibitor, and propylthiouracil (PTU) increased the 

proliferation of CMs [20••]. In addition, expressing the dominant-negative form of the 

thyroid hormone receptor-a (DN-Thra) in CMs increased the number of diploid cells and 

total CMs [20••]. This change was accompanied by the increased expression of cell cycle 

and G2M checkpoint genes and the decreased expression of genes related to oxidative 

phosphorylation, the tricarboxylic acid (TCA) cycle, mitochondria, and muscle contraction 

[20••]. In addition, mice expressing DN-Thra showed improved function after ischemia-

reperfusion injury [20••]. In an in vivo viralmediated screen, a combination of four cell cycle 

Deshmukh et al. Page 3

Curr Opin Cell Biol. Author manuscript; available in PMC 2020 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regulators were identified (i.e. CDK1/CCNB/CDK4/CCND, or 4F) that activate 

cardiomyocyte proliferation [25••]. Replacing CDK1 and CCNB with Wee1 inhibitor (i.e. 

MK1775) and transforming growth factor β (TGF-β) inhibitor (i.e.SB431542) or 2F2i 

enhanced cardiomyocyte proliferation [25••]. Furthermore, the viral delivery of 4F and 2F2i 

induced cardiomyocyte proliferation, reduced scar size, and improved functional recovery 

after a cardiac injury [25••].

MicroRNAs and heart regeneration

MicroRNAs (miRs) are small noncoding RNAs that act as posttranscriptional regulators of 

gene expression. miRs have been shown to play critical roles in cardiac development, 

disease, and regeneration [4]. Specifically, miR-199a, miR-590, miR-17–92, miR-302–367, 

miR-214, and miR-222 were reported to promote CM proliferation and heart regeneration, 

whereas miR-15 family miRs were shown to repress CM proliferation and cardiac repair [4]. 

In addition, miR-128 expression was shown to gradually increase as heart development 

progresses from a more proliferative state to a more differentiated state. The deletion of 

miR-128 promotes CM proliferation and cardiac regeneration, most likely because miR-128 

represses the cell cycle regulators cyclin E and cyclin-dependent kinase (CDK) through the 

chromatin modifier SUZ12 downregulating levels of p27 (a CDK inhibitor) [26]. As mouse 

heart development progresses from the embryonic to adult stage [27], miR-294 expression 

decreases; however, the controlled, transient expression of miR-294 leads to a regenerative 

response in the heart after MI. miR-294 represses Wee1 and, in turn, activates CDK1 [27], 

which is a potent activator of cell-cycle re-entry in CMs [25••]. When the synthetic miR 

mimics miR-199a-3p and miR-590–3p were transiently delivered by using a lipid-based 

vehicle (i.e. RNAiMAX), significantly increased CM proliferation was observed, as well as 

decreased cardiac scar formation and increased cardiac function in the short term [28]. In 

addition, a miR-302-hydrogel complex was shown to promote CM proliferation and 

functional recovery after MI by directly repressing the Hippo signaling components Mst1, 

Lats2, and Mob1, sequentially leading to the activation of the Yap-mediated transcription 

program [29••]. In this study by Wang et al. [29••] miR-302 was modified with cholesterol on 

the 5′ end of the passenger strand to reduce electrostatic repulsion and enhance the 

encapsulation of miR-302 into shear thinning hydrogels before being passively internalized 

by cells in vitro and in vivo [4]. Liu et al. recently reported that hydrogel mediated extended 

delivery of extracellular vesicles (EV)secreted from the induced pluripotent stem cell 

derived cardiomyocytes (iPS-CM) in rats promotes cardiac recovery after an MI. These 

EV’s where enriched in cardiac-specific miR, miR-1, and miR-133 [31••]. The miR-17–92 

cluster was also previously shown to promote CM proliferation. Recently, its individual 

members miR-19a/19b were found to be increased in HF patients [30], indicating their 

potential as therapeutic targets for HF treatment. A combination of studies in mice involving 

the intracardiac injection of miR-19a/19b mimics, adeno-associated virus delivery, and the 

systemic delivery of miR-19a/19b showed that miR-19a/19b enhance CM proliferation, 

reduce cardiac damage caused by MI, and improve cardiac function and repair after MI. 

miR-19a/19b were also shown to repress genes involved in the immune response [30].
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Immune system and heart regeneration

The immune system plays a dual role in cardiac injury and regeneration that involves both 

the innate and adaptive immune systems [32]. The inflammatory response is necessary and 

beneficial for the initial injury response, but a prolonged inflammatory response leads to 

deleterious effects [32].

The adaptive immune response is composed of T and B cells, which mediate the immune 

response after MI [32]. The effector T cells that are activated at the proximal lymph nodes 

can be classified as CD8+ and CD4+ cells. CD4+ cells can be further classified as TH1, TH2, 

TH17, and Treg cells, depending on the cytokines they release [32]. In zebrafish, Treg-like 

cells were shown to be recruited to the injury site and to promote heart regeneration. 

Furthermore, the conditional ablation of Treg-like cells led to an impaired regenerative 

response mediated by the potent mitogen Nrg1 that was secreted by Treg cells at the injury 

site [33]. In mammals, neonatal CD4+ T cells have the innate ability to become Treg cells in 

response to T cell receptor activation for up to two weeks after birth. Recently, Treg cells 

were reported to promote CM proliferation and to contribute to increased maternal heart size 

during pregnancy in mice [34••]. The depletion of Treg cells led to increased deleterious 

outcomes after MI, whereas injecting Treg cells at the site of injury elicited CM proliferation, 

reduced scar size, and improved heart function after MI in mice [34••]. Treg cells secreted 

Cst7, Tnfsf11, Il33, Fgl2, Matn2, and Igf2 to promote CM proliferation. The expression of 

these factors in mice via AAV recapitulated CM proliferation and functional recovery [34••]. 

The Hippo pathway has also been implicated in regulating Treg cells. Mice with epicardial 

Yapand Taz deficiency showed a decreased number of Treg cells in response to MI and 

exhibited increased inflammation, a larger scar area, and decreased cardiac function [35].

Macrophages play an important role in cardiac repair [32]. They are the most abundant 

immune cell population in the heart and compose 5%–10% of the non-CM population. 

Tissue-resident macrophages have been shown to localize in the distal atrioventricular node 

in mice and humans and aid in the shortening of the action potential in CMs [36]. A 

comparative analysis between regenerative and nonregenerative zebrafish and medaka 

revealed the delayed and reduced recruitment of macrophages to the infarct area in Medaka, 

which eventually led to impaired neutrophil clearance, scar resolution, CM proliferation, and 

neovascularization [37]. Delaying macrophage recruitment in zebrafish by using clodronate 

also led to impaired heart regeneration [37]. The heterogeneity of macrophages is one of the 

greatest challenges to gaining a deeper understanding of the role of macrophages in heart 

regeneration. In a recent study, single-cell transcriptomics studies were combined with cell 

fate mapping to dissect the cellular heterogeneity of cardiac macrophages during 

homeostasis and after injury, such as MI or cardiomyopathy [38••]. Although resident 

macrophages composed only 2%–5% of the total macrophage population in the infarct 

region, their depletion led to impaired cardiac wound healing and increased mortality after 

MI, revealing an important role for resident macrophages in cardiac repair [38••].

The complement cascade is part of the innate immune system and has traditionally been 

viewed as responsible for the inflammatory response. Recently, the complement system was 

implicated in tissue regeneration [39]. Complement receptor C5aR1 was shown to be 
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upregulated in the regenerating hearts of zebrafish, axolotl, and mice [40]. In all three 

species, the inhibition of C5aR1 led to decreased CM proliferation and increased scar size 

[40].

Vasculogenesis and heart regeneration

In the infarcted region of the heart, angiogenesis is part of the healing response and 

improves patient prognosis [41]. In zebrafish, cardiac regeneration is accompanied by the 

rapid revascularization of the infarcted region. Furthermore, ablation of this angiogenic 

response leads to reduced cardiomyocyte proliferation and nonresolution of the scar [42]. In 

Hippo-deficient CMs, which efficiently regenerate after MI, genes involved in 

vasculogenesis are upregulated [10••]. In a recent study, whole-organ imaging was used to 

identify the increased formation of a collateral artery network in the watershed area of 

regenerative neonatal (P2) mouse hearts, which was absent in nonregenerative mouse hearts 

[43••]. These collateral arteries are formed by the migration of arterial endothelial cells 

(ECs) along the pre-existing capillaries, a process termed ‘artery reassembly’ [43••]. 

CXCL12 is a chemo- tactic ligand inducible by hypoxic conditions and is crucial for 

coronary EC migration during mouse development [43••]. CXCL12 was detected in the 

watershed region in the hypoxic but not the normoxic neonatal mouse heart [43••]. 

Furthermore, after MI, CXCL12 was detected in the watershed region proximal to the scar 

but not in the distal region of neonatal mouse hearts [43••]. The deletion of Cxcl12 or its 

receptor Cxcr4 impairs EC migration and collateral artery formation in the neonatal mice 

heart after MI [43••]. In addition, the exogenous application of CXCL12 at P7 in mice 

stimulated the formation of collateral arteries, which was diminished postnatally [43••]. 

Cxcl12 has been shown to be expressed primarily in the epicardium, which supports the 

expansion of vascular networks toward the scar zone after an MI [44,45], suggesting that the 

epicardium may play an important role in collateral artery formation.

Lymphangiogenesis has also been shown to play a critical role in cardiac repair [46]. After 

MI, mouse hearts showed the significant induction of lymphangiogenesis, which was 

stimulated by recombinant human vascular endothelial growth factor C (VEGF-C) treatment 

[46]. Furthermore, mouse hearts with stimulated lymphangiogenesis showed significantly 

improved cardiac function [46].The induction of lymphangiogenesis after MI led to a 

reduction in immune cells seven days later, suggesting that newly formed lymph vessels aid 

in the resolution of inflammation after MI [47••]. The genetic deletion of lymphatic vessel 

endothelial hyaluronan receptor 1 (LYVE-1), which aids in the clearing of leukocytes from 

the injured region, led to diminished immune cell clearance and a worsened prognosis [47••]. 

The cardiac interstitium, which is composed of fibroblasts, endothelial cells, stromal cells, 

and other cell types, is involved in homeostasis, the injury response, and the regenerative 

response, but the exact composition of the interstitium and the interplay between these cell 

types are poorly understood [48]. By using single-cell sequencing of non-CMs from 

homeostatic and injured hearts, distinct populations of myofibroblasts, tissue-resident 

macrophages, infiltrating macrophages, endothelial cells, and other cell types [49] were 

identified in injured hearts, suggesting the importance of interstitial cells in the injury and 

regenerative responses of the heart after MI.
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Conclusions and future directions

Recent studies have shed light on heart regeneration and have proposed promising new 

therapeutic approaches for effectively treating HF. Cardiac regeneration and repair can be 

achieved in animal models by stimulating endogenous CM renewal through the 

manipulation of molecular signals such as AAV virus—mediated Hippo inhibition, the 

manipulation of extracellular matrix by using a cardiac patch, the autologous exosome 

delivery of regenerative miRs, and immune modulation. However, careful consideration 

must be given to the limitations of these preclinical studies. Given the complex nature of the 

heart, a deeper understanding is needed of the intricate signaling and developmental 

pathways involved, as well as the different cardiac cell types and their interactions. This 

knowledge will be vital for developing specific and safe cardiac therapies.
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Figure 1. 
Cardiac regeneration and injury model. Neonatal mice heart possesses remarkable 

regenerative capabilities. After an MI neonatal heart shows resolution of the scar and 

repopulation of the area with new cardiomyocytes. Adult mice heart loses the regenerative 

capabilities. After an injury adult heart shows formation of fibrotic scar.
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Figure 2. 
Summary of recent advancement toward heart regeneration. A schematic representation of 

factors promoting (blue box) and inhibiting (pink box) cardiac regeneration. After an injury, 

scar area consists of unhealthy or dead cardiomyocytes, infiltrated with immune cells and 

repopulation of the scar are with fibroblast. Cardiomyocyte proliferation can be achieved 

through inhibition of Hippo pathway, expressing cell cycle regulators in cardiomyocytes, 

inhibition of thyroid hormone, manipulating extracellular matrix. Cardiac regeneration can 

also be achieved by activating heart resident macrophages, activation of Treg cell, increase in 

collateral artery and increased lymphogenesis.
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