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Abstract

In contrast to lower vertebrates, the mammalian heart has limited capacity to regenerate after 

injury in part due to ineffective reactivation of cardiomyocyte proliferation. We show that the 
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microRNA cluster miR302–367 is important for cardiomyocyte proliferation during development 

and is sufficient to induce cardiomyocyte proliferation in the adult and promote cardiac 

regeneration. In mice, loss of miR302–367 led to decreased cardiomyocyte proliferation during 

development. In contrast, increased miR302–367 expression led to a profound increase in 

cardiomyocyte proliferation, in part through repression of the Hippo signal transduction pathway. 

Postnatal reexpression of miR302–367 reactivated the cell cycle in cardiomyocytes, resulting in 

reduced scar formation after experimental myocardial infarction. However, long-term expression 

of miR302–367 induced cardiomyocyte dedifferentiation and dysfunction, suggesting that 

persistent reactivation of the cell cycle in postnatal cardiomyocytes is not desirable. This limitation 

can be overcome by transient systemic application of miR302–367 mimics, leading to increased 

cardiomyocyte proliferation and mass, decreased fibrosis, and improved function after injury. Our 

data demonstrate the ability of microRNA-based therapeutic approaches to promote mammalian 

cardiac repair and regeneration through the transient activation of cardiomyocyte proliferation.

INTRODUCTION

Although cardiomyocytes derived from pluripotent stem cells have been proposed as a 

therapeutic approach to replace myocardium lost after injury or disease, efficient 

engraftment and survival of the exogenous cells remain a major challenge. An alternative 

approach is to regenerate cardiomyocytes in situ through activation of cardiomyocyte 

proliferation. Until recently, the adult mammalian heart has been considered a terminally 

differentiated organ with limited capacity to regenerate after injury (1). However, recent 

evidence has shown that the neonatal heart can regenerate through increased cardiomyocyte 

proliferation (2, 3). This ability to regenerate in response to injury ends by 7 days after birth 

in mice, corresponding to the exit of cardiomyocytes from the cell cycle. Although there is 

some evidence for a very low level of postnatal cardiomyocyte proliferation, which can be 

increased after injury (4), it is insufficient to replenish lost cardiomyocytes after injury and 

reestablish proper heart function.

One important hurdle for cardiomyocytes to overcome in reentering the cell cycle is the 

rigidity of the sarcomere structure, which must be disassembled for cytokinesis to occur. 

Such disassembly may require signals for cardiomyocyte dedifferentiation, which is 

accompanied by multiple cellular changes including reactivation of gene expression 

programs restricted to the embryonic state. Thus, approaches that reactivate or increase 

postnatal cardiomyocyte proliferation could have a positive effect on cardiac repair and 

regeneration, but their persistence would need to be carefully tuned to avoid cardiomyocyte 

dysfunction associated with a highly proliferative, dedifferentiated state.

MicroRNAs (miRNAs) can have potent effects on gene expression and can alter cell 

phenotype by coordinately targeting multiple components in important cellular pathways 

(5). Several miRNA clusters or families are expressed in early mouse development and play 

important roles in maintaining tissue-specific progenitor identity. One such cluster, miR302–

367, is expressed during early embryogenesis in embryonic stem (ES) cells and in the 

developing lung endoderm, where it promotes a dedifferentiated phenotype characterized by 

high levels of cell proliferation and reduced levels of differentiation markers (6–8).
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Here, we demonstrate that miR302–367 is expressed in early mouse cardiac development 

and is important for cardiomyocyte proliferation during embryonic development. Increased 

miR302–367 expression led to high-level and persistent cardiomyocyte proliferation and 

ultimately cardiomegaly. miR302–367 functions, in part, by targeting several components of 

the Hippo signal transduction pathway. Persistent reexpression of miR302–367 in the 

postnatal heart reactivated the cardiomyocyte cell cycle and increased cardiomyocyte 

number and regeneration but led to prolonged induction of an immature dedifferentiated 

state and heart failure. In contrast, transient treatment of mice with miR302–367 mimics 

promoted mouse cardiac regeneration without the adverse effects on physiological function. 

Thus, our studies suggest that an miRNA mimic approach could be harnessed 

therapeutically to promote cardiomyocyte proliferation and cardiac regeneration without the 

deleterious effects of persistent dedifferentiation and physiological dysfunction.

RESULTS

miR302–367 cluster is important for cardiomyocyte proliferation during development

Expression of miR302–367 during early lung development in mice (7) suggests that this 

miRNA cluster may be expressed in other tissues during development. To determine whether 

the miR302–367 cluster was expressed during cardiac development, we performed 

quantitative real-time PCR (qRT-PCR) on RNA isolated from mouse embryonic hearts at 

multiple developmental stages. All five members of the miR302–367 cluster were expressed 

at embryonic day (E) 9.5, but their expression decreased significantly after E11.5 (Fig. 1A). 

In situ hybridization indicated that the miR302–367 cluster is expressed in the myocardium 

of the embryonic mouse heart as early as E8.5 (fig. S1A). At postnatal and adult stages, the 

expression of these miRNAs was not detectable by qRT-PCR (Fig. 1A).

To investigate the role of the miR302–367 cluster in heart development, we generated a 

miR302–367flox/flox mouse line and used the Nkx2.5cre line to delete the entire cluster 

during cardiogenesis (9) (fig. S1, B and C). Decreased expression of members of the 

miR302–367 cluster was observed in Nkx2.5cre:miR302–367flox/flox hearts by qRT-PCR 

(fig. S1D). The miR302–367 cluster is located in intron 8 of the Larp7 gene (6). However, 

the expression of Larp7 was unaffected by genetic deletion of the miR302–367 locus (fig. 

S1E). Nkx2.5cre:miR302–367flox/flox hearts exhibited thinner ventricular walls and 

decreased proliferation compared with control littermates (Fig. 1, B and C).

Decreased expression of the cell cycle proliferation gene Ccnd1 (cyclin D1) was consistent 

with decreased cell proliferation in Nkx2.5cre:miR302–367flox/flox mutant hearts (Fig. 1D). 

Moreover, Nkx2.5cre:miR302–367flox/flox mutant hearts showed decreased expression of 

Gata4, Nkx2.5, Myh6, and Myh7, indicating defects in cardiomyocyte differentiation at 

E14.5 (Fig. 1D). However, we did not observe a significant change in programmed cell death 

or loss in viability in Nkx2.5cre:miR302–367flox/flox mutants (fig. S1F), suggesting 

compensation by other miRNAs or pathways later in development.
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Overexpression of miR302–367 promotes cardiomyocyte proliferation in embryonic and 
postnatal hearts

We generated a conditional mouse line to perform miR302–367 gain-of-function 

experiments in vivo (R26R-miR302–367Tg/+) (fig. S2, A andB) (10). Activating this allele 

using the Nkx2.5cre line resulted in high-level expression of all members of the miR302–367 

cluster (fig. S2C) and a marked increase in cardiomyocyte proliferation at E18.5 (Fig. 2A). 

Nkx2.5cre:R26R-miR302–367Tg/+ mutants died by P28. At P20, Nkx2.5cre:R26R-miR302–

367Tg/+ mutants exhibited profound cardiac enlargement, or cardiomegaly, accompanied by 

extensive cardiomyocyte proliferation (Fig. 2B). This is in contrast to control littermates, 

which did not exhibit noticeable cardiomyocyte proliferation at P20, consistent with 

previous observations (11–13).

We isolated cardiomyocytes from P17 hearts and found a significant increase in the 

percentage of mononucleated and binucleated cardiomyocytes and a decrease in the 

percentage of multinucleated cardiomyocytes (fig. S2D), suggesting that miR302–367 

overexpression affects both cell cycle activity and nucleation of cardiomyocytes when 

expressed from the beginning of cardiac development. Although heart weight–to–tibia 

length ratios were significantly higher for Nkx2.5cre:R26R-miR302–367Tg/+ mutants at P20 

(fig. S2E), cardiomyocytes in these mutants were smaller and exhibited disorganized 

sarcomeric structure compared to control cardiomyocytes, suggesting increased 

cardiomyocyte number and a less mature phenotype (Fig. 3A and fig. S2F). 

Nkx2.5cre:R26R-miR302–367Tg/+ mutant hearts had poor cardiac function with reduced 

ejectionfractionand fractional shortening (fig. S2G). Cardiomyocyte apoptosis was increased 

in Nkx2.5cre:R26R-miR302–367Tg/+ hearts at P20 compared with littermate control 

Nkx2.5cre hearts, but this may have been due to the overall defects in cardiomyocyte 

maturation, which led to compromised cardiac function and failure (fig. S2H).

To better understand the effects that overexpression of miR302–367 has on the 

cardiomyocyte transcriptome, we performed microarray analysis on ventricles from 

Nkx2.5cre:R26R-miR302–367Tg/+ P14 mutant and control hearts. Gene ontology analysis 

revealed that the most differentially modulated genes in Nkx2.5cre:R26R-miR302–367Tg/+ 

hearts belonged to pathways involved in the control of cell proliferation and negative 

regulation of cell differentiation (Fig. 3B). qRT-PCR confirmed increased expression of a 

variety of cell proliferation–associated genes, including Brca2, RacGap1, Nusap1, Myh10, 

and Cks2, compared with Nkx2.5cre hearts (Fig. 3C), in addition to increased expression of 

Bcl2, which is a repressor of apoptosis, and several markers associated with negative 

regulation of cardiomyocyte differentiation, including Myh7, c-Kit, and Nppa (Fig. 3, D and 

E) (14, 15). Expression of Myh6 was unaffected by miR302–367 over-expression (Fig. 3E). 

Overexpression of miR302–367 in developing cardiomyocytes therefore led to a highly 

proliferative, immature dedifferentiated phenotype in cardiomyocytes.

In contrast, miR302–367 overexpression resulted in down-regulation of programmed cell 

death (Fig. 3D). We also observed that miR302–367 overexpression resulted in down-

regulation of fatty acid metabolism genes including PparA, PparD, and Acox1, suggesting 

cardiomyocyte dysfunction (Fig. 3F). Together, these data demonstrate increased 

proliferation and inhibition of maturation of cardiomyocytes in Nkx2.5cre:R26R-miR302–
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367Tg/+ mutants, indicating that persistent overexpression of miR302–367 leads to a 

dedifferentiated cardiomyocyte phenotype and compromised cardiac function.

miR302–367 inhibits the Hippo pathway to promote cardiomyocyte proliferation

To further identify miR302–367 target genes, we performed high-throughput sequencing of 

RNA isolated by cross-linking immunoprecipitation (HITS-CLIP) with argonaute-2/

miRNA:mRNA complexes. Mouse ES cells were used given the high level of miR302–367 

expression in these cells (16). Using a stringent cutoff of 100 reads per million (RPM), we 

detected 51 miRNAs including members of miR302–367 (table S1). We compared the 

identified mRNA targets from HITS-CLIP with all possible predictions of miRNA/mRNA 

targeting relationships obtained from miRanda (17). The overlap set contained 48 genes, 

many of which were associated with the regulation of cell cycle and apoptosis (fig. S3A and 

table S2).

In our HITS-CLIP data, miR-302 targeted sequences in the 3′ untranslated region (3′UTR) 

of Mst1 (Stk4), a core component of Hippo signaling kinase cascade (table S3). Moreover, 

miRanda predicted that Lats2 and Mob1b, essential kinases in the Hippo pathway, were 

potential targets of miR302. The Hippo signal transduction pathway regulates organ size and 

cell proliferation, and loss of Mst1/2 and Lats kinases in the developing mouse heart causes 

increased proliferation in cardiomyocytes (18). Thus, we hypothesized that miR302–367 

regulates cardiomyocyte proliferation through the inhibition of Hippo signaling.

To verify changes in expression of Hippo components mediated by loss and gain of 

miR302–367 function, we performed qRT-PCR and Western blots on Nkx2.5cre:miR302–

367flox/flox and Nkx2.5cre:R26R-miR302–367Tg/+ hearts. These data revealed that 

overexpression of miR302–367 led to decreased expression of Mst1, Lats2, and Mob1b, 

whereas loss of miR302–367 expression led to increased expression of these genes (Fig. 4A 

and fig. S3, B and C). Expression of miR302–367 also led to decreased activity of luciferase 

reporters for the 3′UTRs of Mst1, Lats2, and Mob1b, and mutation of the miR302–367 

binding sites abrogated this repression (Fig. 4B and fig. S3D). These findings suggest that 

miR302–367 inhibits Hippo pathway activity through repression of the kinases Mst1, Lats2, 

and Mob1b.

Yes activated protein (Yap) is the downstream transcriptional effector of Hippo signaling 

(19). Phosphorylated Yap (phospho-Yap) normally resides in the cytoplasm and is 

transcriptionally inactive. Upon loss of Hippo signaling, Yap is translocated to the nucleus 

where it binds to members of the TEAD transcription factor family and activates gene 

expression, including pathways that promote proliferation and survival (19). Overexpression 

of a transcriptionally active form of Yap (YapS127A) in the mouse heart promotes 

cardiomyocyte proliferation and cardiac re generation (20–22). To determine whether 

overexpression of miR302–367 affected Yap phosphorylation and activity, we examined the 

expression of Yap and phospho-Yap in Nkx2.5cre:R26R-miR302–367Tg/+ hearts. 

Cardiomyocytes of control hearts at E18.5 exhibited diffuse cytoplasmic location of 

phospho-Yap (Fig. 4C). Nkx2.5cre:R26R-miR302–367Tg/+ hearts showed reduced phospho-

Yap expression. By contrast, immunostaining for total Yap revealed an increase in nuclear 

Yap in Nkx2.5cre:R26R-miR302–367Tg/+ hearts (Fig. 4C). Loss of miR302–367 expression 
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also led to enhanced Yap phosphorylation, but decreased nuclear Yap expression, in the 

developing myocardium of Nkx2.5cre:miR302–367flox/flox hearts at E10.5 (fig. S3E).

To investigate whether miR302–367 regulation of Hippo signaling was responsible, at least 

in part, for the increased proliferation observed in cardiomyocytes of Nkx2.5cre:R26R-

miR302–367Tg/+ hearts, Yap expression was inhibited using short hairpin RNAs (shRNAs) 

in the presence of miR302–367 expression in isolated neonatal mouse cardiomyocytes. 

Lentiviral overexpression of miR302–367 resulted in increased neonatal cardiomyocyte 

proliferation (Fig. 4D). shRNA-mediated inhibition of Yap resulted in decreased 

proliferation caused by miR302–367 overexpression (Fig. 4D and fig. S3F).

We also examined the effects of individual miR-302 family members on cardiomyocyte 

proliferation. Treatment of mouse neonatal cardiomyocytes with a miR302b mimic led to an 

increased number of Ki67+/cardiac Troponin T (cTnT)+ cardiomyocytes, whereas miR302c 

mimics did not induce a similar significant increase in proliferation (fig. 3G). The use of 

both miR302b and miR302c mimics led to an additive increase in cardiomyocyte 

proliferation, greater than that with either mimic alone (fig. S3G). Together, these data 

demonstrate that miR302–367 targets multiple components of the Hippo signal transduction 

pathway to promote cardiomyocyte proliferation, as illustrated in the schematic in Fig. 4E.

miR302–367 promotes adult cardiac regeneration after myocardial infarction through 
increased cardiomyocyte proliferation

We next examined whether conditional overexpression of miR302–367 in the adult heart 

could reactivate cardiomyocyte proliferation. We generated Myh6mercremer:R26R-miR302–

367Tg/+ animals to specifically overexpress miR302–367 in cardiomyocytes in the adult 

heart. qRT-PCR confirmed high-level expression of all members of the miR302–367 cluster 

after tamoxifen administration (fig. S4A and table S4). Eight days after the start of 

tamoxifen treatment, the cardiomyocytes in Myh6mercremer: R26R-miR302–367Tg/+ hearts 

reentered the cell cycle (Fig. 5, A and B). The number of cardiomyocytes undergoing 

mitosis (PH3+) and cytokinesis (Aurora B kinase+) was also increased in 

Myh6mercremer:R26R-miR302–367Tg/+ hearts (Fig. 5, C and D), paralleled by a reduction in 

apoptosis (fig. S4B).

The heart weight–to–tibia length ratio increased in Myh6mercremer:R26R-miR302–367Tg/+ 

animals 2 weeks after initiation of miR302–367 overexpression (fig. S4C). The total number 

of cardiomyocytes as well as the percentage of mononucleated cardiomyocytes increased 

after 2 weeks (Fig. 5, E and F). The size of cardiomyocytes in Myh6mercremer:R26R-

miR302–367Tg/+ heart was also smaller compared to control cardiomyocytes (Fig. 5G). The 

expression of genes associated with cell proliferation, including Cks2 and Ccnd1, increased 

in Myh6mercremer:R26R-miR302–367Tg/+ hearts (fig. S4D). In contrast, the expression of 

genes associated with Hippo signaling components and programmed cell death decreased in 

Myh6mercremer:R26R-miR302–367Tg/+ mutants (fig. S4D). miR302–367 overexpression in 

the adult heart therefore resulted in cardiomyocyte cell cycle reactivation.

To determine whether ectopic expression of miR302–367 can promote cardiac regeneration 

in adult mice, we performed LAD ligation—inducing a myocardial infarction (MI)—on 
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Myh6mercremer:R26R-miR302–367Tg/+ and control Myh6mercremer mice (Fig. 6A). Three 

weeks after injury, Myh6mercremer hearts exhibited extensive fibrotic scarring and loss of 

myocardial tissue, whereas Myh6mercremer:R26R-miR302–367Tg/+ hearts had significantly 

reduced fibrotic scarring with an increase in myocardial tissue (Fig. 6, B and C). 

Immunostaining showed reduced expression of phospho-Yap, but enhanced expression of 

nuclear Yap, in Myh6mercremer:R26R-miR302–367Tg/+ hearts compared to Myh6mercremer 

hearts (fig. S5A). Moreover, the number of PH3+ cardiomyocytes was significantly higher in 

Myh6mercremer:R26R-miR302–367Tg/+ hearts than in Myh6mercremer controls 3 weeks after 

injury (Fig. 6D). These data indicate that expression of miR302–367 in the adult heart can 

promote cardiomyocyte proliferation, which contributes to reduced post-injury fibrotic 

scarring.

Despite these intriguing findings, we found that Myh6mercremer:R26R-miR302–367Tg/+ 

hearts exhibited ventricular dilation and a reduction in fractional shortening and ejection 

fraction 3 weeks after injury (Fig. 6E). We hypothesized that sustained cardiomyocyte 

proliferation in the adult heart caused by prolonged miR302–367 overexpression 

compromised cardiac function, possibly by inducing a persistent dedifferentiated and highly 

proliferative phenotype. We examined the expression of genes associated with 

cardiomyocyte proliferation and differentiation at days 10 and 21 after miR302–367 

overexpression. There was a persistent up-regulation of Cks2, a marker for cell proliferation, 

at both time points in Myh6mercremer:R26R-miR302–367Tg/+ hearts (fig. S5B). In contrast, 

we observed the persistent down-regulation in the ratio of Myh6 (α-myosin heavy chain) to 

Myh7 (β-myosin heavy chain), a marker for fetal gene activation in the rodent hearts that is 

associated with cardiac dysfunction and failure (23), in Myh6mercremer:R26R-miR302–

367Tg/+ hearts (fig. S5B).

To determine whether the myocardial lineage had undergone de-differentiation and 

sarcomeric disassembly by miR302–367 overexpression, we lineage-traced the 

Myh6mercremer:R26R-miR302–367Tg/+ line and observed disorganized sarcomeres and 

reduced sarcomeric gene expression in the Myh6 myocardial lineage positive cells (fig. 

S5C). Together, these findings demonstrate that persistent expression of miR302–367 in the 

adult heart reactivates the cardiomyocyte cell cycle and increases cardiomyocyte 

regeneration. However, such a persistent stimulus leads to induction of a dedifferentiated 

phenotype and organ-wide dysfunction leading to heart failure.

Transient miR302-mimic therapy promotes cardiac regeneration and improves function 
after injury

To examine whether transient miR302–367 expression could overcome the adverse effects of 

persistent expression on the heart, we treated adult mice with miRNA mimics for miR302–

367. We first evaluated whether tail-vein injection of miR302b/c/367 mimics led to 

accumulation of these miRNAs in the heart. miR302b/c/367 mimic levels peaked between 4 

and 8 hours after injection and returned to baseline 24 hours after injection (fig. S6A). We 

observed a similar transient expression of miR302b/c/367 in other organs, including the lung 

(fig. S7A). For subsequent experiments, we used only miR302b/c mimics because these 
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miRNAs target Hippo signaling components both in our studies (fig. S3G and table S3) and 

in a previous study (24).

We administered miR302b/c mimics or a negative control mimic daily for 7 days by tail-vein 

injections. The expression of miR302-targeted genes related to the Hippo pathway, including 

Mst1, Lats2, and Mob1b, were decreased in the hearts of miR302b/c mimic–treated mice 

(fig. S6B). Expression of genes associated with cardiomyocyte differentiation and 

proliferation were examined at an early time point (day 8) and late time point (day 21) after 

mimic treatment. The expression of the proliferation-associated gene Ccnd1 increased at day 

8, but returned to basal levels at day 21 (fig. S6C). The expression of Nppa and the ratio of 

Myh6 to Myh7 expression were also altered at day 8, but returned to normal levels at day 21 

(fig. S6C).

Next, we treated adult mice with miR302b/c mimics or a negative control miRNA mimic, 

using daily tail-vein injections starting 1 day after MI and continuing daily for 7 days. The 

expression of the Hippo signaling components Mst1 and Mob1b was significantly decreased 

in miR302b/c mimic–treated hearts after MI compared to the controls (fig. S6D). Forty-eight 

hours after the final treatment, we observed increased cardiomyocyte proliferation and 

decreased apoptosis in the hearts of miR302b/c mimic–treated mice (fig. S6E). On the final 

treatment day (day 8 after MI), there was a significant increase in the expression of genes 

associated with cell proliferation (Ccnd1), antiapoptosis (Bcl2), and fetal gene program 

(Nppa, Myh7) in miR302b/c mimic–treated hearts; however, expression returned to basal 

levels 4 weeks after surgery (fig. S6F). This ratio of Myh6 to Myh7 expression, which was 

decreased at 8 days, was increased at 4 weeks (fig. S6F), suggesting transient de-

differentiation of cardiomyocytes in miR302b/c mimic–treated hearts.

Analysis of miR302b/c mimic–treated hearts 50 days after injury showed that they also had 

significantly less fibrotic scarring than the control mimic–treated hearts (Fig. 7, A to C). 

Functional assessment of miR302b/c mimic–treated animals showed that they exhibited 

significantly increased fractional shortening and ejection fraction after injury compared with 

the control mimic–treated animals but did not reach the ejection fraction and fractional 

shortening of sham animals (Fig. 7D). miR302b/c mimic–treated mice displayed reduced 

cardiac remodeling, as gauged by end-diastolic volume and end-systolic volume 

measurements (Fig. 7E). Moreover, miR302b/c mimics increased the density of new blood 

vessels in the peri-infarct zone but did not affect vascular cell proliferation (fig. S6, G to I). 

We did not observe abnormalities in other organs, including the lung, liver, and intestine, in 

miR302b/c mimic–treated mice at 50 days after MI (6 weeks after final treatment), 

suggesting no adverse effects (fig. S7B). Together, these data indicate that transient 

expression of miR302 mimics resulted in improved cardiac repair and regeneration after MI.

DISCUSSION

Although various cell therapies have been proposed for cardiac regeneration or treatment of 

heart failure, several clinical trials have indicated limited efficacy in such strategies 

[reviewed in (25)]. An alternative approach is to promote endogenous cardiomyocyte 

proliferation to regenerate and repair the heart, both after injury and in chronic disease 
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states. Although previous studies have detected a very low level of postnatal cardiomyocyte 

proliferation in the mouse and human heart (4), it is insufficient to promote cardiac repair 

and regeneration after injury in mammals. Pathways that can be harnessed to promote 

cardiomyocyte proliferation would be ideal targets for new therapeutic approaches for 

cardiac regeneration in humans. miRNAs have emerged as important regulators of and 

possible therapeutic targets in cardiovascular disease [reviewed in (26)].

Here, we demonstrate that the miR302–367 cluster promotes embryonic and postnatal 

cardiomyocyte proliferation, in part through targeting multiple kinases in the Hippo signal 

transduction pathway. Transient treatment of mice with small-molecule miR302 mimics led 

to improved cardiac regeneration, increased cardiomyocyte proliferation and survival, and 

improved vessel formation in the peri-infarct region—all accompanied by decreased fibrosis. 

The reduced fibrotic scarring was likely due to the observed enhancement of myocardial 

regeneration. In support of this argument, experiments in zebrafish have shown that cardiac 

injury induces a high level of cardiomyocyte proliferation with a concomitant decrease in 

fibrotic scarring (27). Additional studies have indicated that cardiomyocytes can inhibit 

cardiac fibrosis in a paracrine manner (28, 29). These studies provide a framework to 

explore miRNA mimic–based treatments to promote heart repair and regeneration in 

humans.

The Hippo pathway regulates proper organ size by regulating cell proliferation as well as 

programmed cell death. Recent studies have shown that inhibition of Yap phosphorylation 

through loss of key components in the pathway, such as Salvador/WW45, or expression of a 

phosphorylation-resistant form of Yap can lead to a profound increase in adult mouse 

cardiomyocyte proliferation (18). Cardiac-specific loss of Yap leads to increased myocyte 

apoptosis and fibrosis (30). In our study, miR302–367 targeted multiple components of the 

Hippo signaling kinase cascade to promote cardiomyocyte proliferation. Our data show that 

overexpression of miR302–367 promoted cell proliferation while decreasing programmed 

cell death, consistent with inhibition of Hippo signaling. Moreover, our data show that loss 

of miR302–367 led to increased phospho-Yap, but decreased nuclear Yap, in 

Nkx2.5cre:miR302–367flox/flox mouse hearts. However, our experiments did not lead to a 

complete loss of Yap or its function, which likely accounted for the milder phenotype in 

these mice in comparison to a total loss of Yap (12).

miR302–367 is expressed at high levels in both the developing mouse heart and lung as well 

as in ES cells, where it plays an important role in promoting pluripotency (6, 8). Other 

miRNAs have also been shown to promote murine cardiomyocyte proliferation, including 

miR590 and the miR17–92 family (24, 31). miR17–92 is expressed in the developing mouse 

heart and lung, and can promote a highly proliferative and un-differentiated state in lung 

epithelium, similar to miR302–367 (7, 31, 32). As such, certain miRNAs can maintain an 

undifferentiated state by promoting high levels of cell proliferation while inhibiting 

differentiation. We show that miRNA mimic strategies can promote cardiac regeneration in 

vivo in a transient manner that avoids the deleterious effects of persistent cardiomyocyte 

dedifferentiation.
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Previous studies describing overexpression of miR17–92 or YapS127A in mice did not 

report decreased cardiac function (12, 31). Several reasons could explain the difference 

between our data and these reports, including a more potent level of overexpression in our 

studies and additional functions for miR302–367 that were not shared by these other 

approaches. Regardless of the mechanism, maintaining a persistent high level of 

cardiomyocyte proliferation could lead to dedifferentiation, directly or indirectly, which 

could cause compromised contractility and heart failure. Our data also provide a cautionary 

note that such therapies, if translated, will need to be transient in nature to avoid prolonged 

cardiac dysfunction from the induction of a dedifferentiated state in proliferating 

cardiomyocytes.

Our study advances a new approach that delivers a transient proliferative stimulus to the 

injured heart using a simple methodology based on miRNA mimics. This approach has 

distinct advantages over cellular therapy because it does not require engraftment of 

exogenous cells, which has been a significant hurdle in the field of cardiac regeneration. 

Moreover, the miRNA mimic approach overcomes the potential for persistent cardiomyocyte 

dedifferentiation owing to its transient nature, which should lead to preserved cardiomyocyte 

function after ischemic injury. Although we did not observe any effects in other tissues, such 

a systemic approach of a proliferative stimulus could affect cellular homeostasis in other 

organs. Local application of miRNA mimics using bioengineered delivery approaches may 

improve upon systemic administration in the future. Improvement in miRNA mimic 

chemistry should also allow for precise treatment regimens as well as low potential for off-

target affects.

Translation to human cardiac regeneration will require testing of such miRNA mimics first 

in larger animals whose cardiovascular physiology is more similar than rodents to that of 

humans, such as pigs. These studies provide an example of a small-molecule miRNA 

approach to promote cardiac regeneration in situ in mammals. The experience gained from 

the miRNA antagonists that are already under clinical consideration should greatly 

accelerate the transition of a mimic approach into human studies.

MATERIALS AND METHODS

Study design

These studies were designed to determine what role the miR302–367 miRNA cluster plays 

in cardiomyocyte development and regeneration. Mouse genetic models were used to assess 

both the loss and gain of function of miR302–367 in cardiomyocyte proliferation and 

differentiation in the developing and adult hearts. Moreover, a method for activating 

miR302–367 in the adult heart using miRNA mimic–based treatments was used to show that 

transient increases of these miRNAs can lead to productive cardiomyocyte proliferation, 

which improves cardiac regeneration after ischemic injury. Assays used to assess 

cardiomyocyte proliferation included both nuclear division markers (Ki67, PH3), markers of 

cytokinesis (Aurora B kinase), and direct measurement of cardiomyocyte numbers before 

and after treatment. Quantification of cardiomyocyte proliferation was performed by at least 

two blinded individuals. The number of mice per miRNA mimic treatment group was at 

least six males to give 80% power to detect an effect size of1.8 SDs using a two-group t test 
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with a 0.05 two-sided significance level. Experiments were reproduced in three to five 

independent experiments as indicated in the figure legends. This study was not randomized.

Mouse alleles

The miR302–367flox/flox allele was generated by flanking all five of the miRNAs in this 

cluster with loxP sites using standard homologous recombination in ES cells (33). The 

R26R-miR302–367Tg/+ allele was generated using previously described vectors to insert a 

DNA sequence containing all five members of the miR302–367 cluster into the CAGR26R 

locus using standard homologous recombination in ES cells (10, 34). Genotyping primers 

for these two new alleles are listed in table S5. Generation and genotyping of the Nkx2.5cre 

and Myh6mercremer lines has been described previously (9, 35, 36). Mice were kept on a 

mixed C57BL/6:129SVJ background. The experimental MI procedure is described in 

Supplementary Materials and Methods. All animal procedures were performed in 

accordance with the Institutional Animal Care and Use Committee at the University of 

Pennsylvania.

Neonatal cardiomyocyte isolation and culture

Neonatal mouse cardiomyocytes were prepared by the Cardiac Myocyte Core Laboratory at 

the University of Pennsylvania. Briefly, mouse cardiomyocytes were isolated by enzymatic 

disassociation of 1-day-old neonate hearts (P1). Cells were plated differentially for 2 hours 

to remove fibroblasts. Cardiomyocytes were plated on laminin-coated glass coverslips (10 

μg/cm2)in12-well plates at 2.5×105cells per well. On the following day, culture medium was 

replaced with fresh medium, and the cells were transduced with miR-302–367 lentivirus 

(37) and Yap shRNA lentivirus (pLKO.1-Yap shRNA) (Thermo Scientific Open Biosystems, 

RMM4534), using polybrene (5 mg/ml; American Bioanalytical). After 48 hours, 

cardiomyocytes were fixed and processed for immunostaining with the indicated antibodies.

Lentivirus expression in cardiomyocytes

Human embryonic kidney (HEK) 293T cells (American Type Culture Collection) were 

cultured on 100-mm plates at 70% confluence. Lentiviral vectors were packaged in 293T 

cells using X-tremeGENE9 (Roche) to deliver 5 mg of the lentiviral plasmid, 2.5 μg of 

psPAX2, and 2.5 μg of pMD2.G (Addgene plasmid 12259). Viral supernatant was collected 

at 48 hours after transfection, concentrated, and applied to cardiomyocytes.

Adult cardiomyocyte isolation and FACS analysis

Adult hearts (8 to 10 weeks old) were dissected. Ventricular myocytes were isolated using a 

modified method of a previously described protocol (38). Briefly, excised hearts were 

mounted on a Langendorf apparatus and perfused with Ca2+-free Tyrode’s solution for 6 min 

at3.0 to 3.5 ml/min at a temperature of 37°C, followed by 12 to 15 min of perfusion with 

Ca2+-free Tyrode’s solution containing collagenase B(0.35 mg/ml), collagenase D (0.25 

mg/ml; Roche Chemical Co.), and protease type XIV (0.05 mg/ml; Sigma Chemical Co.). 

The ventricles were teased into small pieces with forceps, and sections of ventricular tissue 

were gently triturated with a Pasteur pipette to dissociate individual myocytes. 

Noncardiomyocytes were depleted by centrifugation. Cardiomyocyte suspension was rinsed 
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with phosphate-buffered saline (PBS) and then fixed in intracellular fixation buffer 

(eBioscience). For FACS analyses of cardiomyocyte purity, cells were first permeabilized in 

1× permeabilization buffer (eBioscience) and then incubated with cardiac troponin T (1:100; 

Thermo Scientific, MS-295-P1) for 2 hours at room temperature, followed by incubation 

with secondary antibody (Alexa Fluor 647, Life Technologies) for 1 hour at room 

temperature. Samples were analyzed on a BD FACSCanto II (BD Biosciences).

Systemic delivery of miRNA mimics using a neutrallipid emulsion

Synthetic miR302b/c mimics and miRNA mimic control (Dharmacon) were formulated with 

Neutral Lipid Emulsion (NLE, MaxSuppressor in vivo RNALancerII, BIOO Scientific) 

according to the manufacturer’s instructions. Adult mice (10 weeks) were given a single 

dose of 10-μg NLE-formulated miRNA mimics by intravenous tail-vein injection. A single 

dose per day was chosen on the basis of studies showing that the half-life of the mimics in 

cardiac tissue was between 8 and 24 hours (fig. S6A). Hearts were perfused with PBS to 

remove circulating blood and snap-frozen in liquid nitrogen at the indicated time points after 

miRNA mimic treatment. For qRT-PCR of mimic concentration in tissue, RNA was isolated 

from the heart tissues following the mirVana miRNA Isolation Kit procedure (Ambion). To 

determine the effect of miRNA mimics on cardiovascular outcome after MI, miR-302b/c 

mimics or miRNA mimic control (10 μg per mouse systemically) was administered daily for 

7 days after MI.

Western blot analysis

Proteins were isolated and solubilized after TRIzol extraction of RNA and DNA from 

cultured cells as previous described (39). Briefly, neo natal mouse cardiomyocytes were 

homogenized in TRIzol reagent, followed by the addition of chloroform. The RNA in the 

upper, aqueous phase was separated with the DNA and proteins in the lower, organic phase. 

The DNA was precipitated by the addition of ethanol. The protein in the phenol-ethanol 

supernatant was precipitated with acetone. The protein pellet was then washed with 0.3 M 

guanidine hydrochloride/95% ethanol and dissolved in 1% SDS at 50°C. Protein 

concentrations were determined using the BCA Protein Assay Reagent kit (Bio-Rad 

Laboratories). Proteins extracts were analyzed on polyacrylamide gels (10% NuPAGE bistris 

gel, Invitrogen) and transferred onto nitrocellulose membranes (Bio-Rad Laboratories). 

Rabbit anti-Yap (1:500; Cell Signaling Technology) and mouse anti–glyceraldehyde-3-

phosphate dehydrogenase (1:1000; Sigma) were used as the primary antibodies. The blots 

were detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).

High-throughput sequencing of RNA isolated by cross-linking immunoprecipitation

HITS-CLIP was performed as published using the monoclonal argonaute antibody 2A8 (16). 

Three million mouse ES cells were plated and, 48 hours later, cross-linked once with 400 

mJ/cm2 and an additional 200 mJ/cm2 on ice. The Illumina library was sequenced on an 

Illumina GA-IIx at University of Pennsylvania Functional Genomics Core. Reads were 

aligned to the mouse genome (mm9), RefSeqs, and pre-miRNA (mirBase 13.0) using 

ELAND and allowing up to two mismatches. Significant CLIP tag cluster peaks located in 

the 3′UTR of mRNAs were identified, and potential miRNA regulators were identified as 

previously described (40).
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Statistics

Data are reported as means ± SEM of at least three independent assays unless otherwise 

noted. Unpaired Student’s t test was used to for single comparisons, and one-way ANOVA 

for multiple comparisons. Statistical significance is displayed as *P < 0.05 or **P < 0.01 

unless indicated otherwise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. miR302–367 is expressed in the early heart and is important for cardiomyocyte 
proliferation.
(A) Relative expression of miR302–367 cluster members during heart development as 

determined by qRT-PCR. (B) Hematoxylin and eosin (H&E)–stained and immunostained 

sections of control E14.5 hearts showing thinning of ventricular wall, hypoplastic ventricular 

septum, and reduced cardiomyocyte proliferation in Nkx2.5cre:miR302–367flox/flox mutants 

compared with miR302–367flox/flox mice. RV, right ventricle; LV, left ventricle; VS, 

ventricular septum; RA, right atrium. (C) Quantification of Ki67 (proliferation) from images 

in (B). (D) Gene expression changes associated with cardiomyocyte proliferation and 

differentiation in Nkx2.5cre:miR302–367flox/flox null mutants versus controls at E14.5. (C 

and D) Data are means ± SEM (n = 3). P values determined by Student’s t test.
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Fig. 2. Overexpression of miR302–367 cluster in the developing heart results in increased 
cardiomyocyte proliferation and cardiomegaly.
(A) At E18.5, Nkx2.5cre:R26R-miR302–367Tg/+ mutants have an enlarged heart with 

thickened ventricular myocardium and ventricular septal defects compared to Nkx2.5cre 

controls. (B) Cardiomegaly and increased cardiomyocyte proliferation in Nkx2.5cre:R26R-

miR302–367Tg/+ mutant hearts at P20. (A and B) Immunostainings for PH3 and a-actinin 

and wheat germ agglutinin (WGA) show the number of mitotic cardiomyocytes. Scale bars, 

100 mm. High-magnification reveals PH3+ cardiomyocytes. LA, left atrium. Data are means 

± SEM (n = 3). P values determined by Student’s t test.
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Fig. 3. miR302–367 overexpression leads to increased cell proliferation as well as altered 
differentiation and metabolism in cardiomyocytes.
(A) Wheat germ agglutinin and a-actinin staining of hearts at P20. Cell surface area was 

quantified at E18.5 and P20. Quantitative analyses represent counting of five fields from 

three independent samples per group. (B) Heatmap and pathways profile of microarray 

analysis of Nkx2.5cre and Nkx2.5cre:R26R-miR302–367Tg/+ mutant hearts at P14. (C and D) 

Gene expression changes related to cell proliferation (C) and programmed cell death (D) at 

P14. (E and F) Gene expression changes related to differentiation (E) and fatty acid 

metabolism (F) at P14 and P23. Data are means ± SEM (n = 3 per group). *P < 0.05 versus 

Nkx2.5cre control animals (Student’s t test).
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Fig. 4. miR302–367 promotes cardiomyocyte proliferation through regulation of Hippo pathway 
kinases.
(A) Expression of Mob1b, Lats2, and Mst1 in Nkx2.5cre:R26R-miR302–367Tg/+ mutant 

hearts at E18.5 and Nkx2.5cre:R26R-miR302–367flox/flox null mutant hearts at E12.5 by 

qRT-PCR. (B) Luciferase reporter assays showing that miR302–367 can repress Mst1, 

Lats2, and Mob1b expression through their respective 3′UTRs. This repression can be 

reversed by mutations of the miR302–367 binding sites. (C) Confocal fluorescence 

microscopy of phospho-Yap and nuclear staining of Yap, with or without DAPI, in 

ventricular cardiomyocytes of Nkx2.5cre:R26R-miR302–367Tg/+ mouse hearts at E18.5. 

Cytoplasmic and nuclear ratio for total Yap protein was quantified using Fiji software. (A to 
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C) *P < 0.05, **P < 0.01 versus Nkx2.5cre control hearts (Student’s t test). (D) 

Overexpression of miR302–367 in primary mouse neonatal cardiomyocytes. Cardiomyocyte 

proliferation was quantified using Ki67 immunostaining. **P < 0.01 versus Yap shRNA 

control. Scale bars, 100 μm. (E) Proposed model of miR302–367 promoting cardiomyocyte 

proliferation through regulation of Hippo pathway kinases. (A to D) Data are means ± SEM 

(n = 3 for A, C, and D; n = 5 for B).
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Fig. 5. miR302–367 can promote cardiomyocyte proliferation in the adult heart.
(A) Schematic of tamoxifen-inducible miR302–367 overexpression in the hearts of adult 

Myh6mercremer mice. (B to D) Confocal images with z-stacking and quantification showing 

the number of cells reentering the cell cycle [5-bromo-2′-deoxyuridine (BrdU)+] (B), 

undergoing mitosis (PH3+)(C), or undergoing cytokinesis [Aurora B (AuB)+] (D) 7 days 

after induction of miR302–367 expression in the adult heart. (E) Number of cardiomyocytes 

in Myh6mercremer and Myh6mercremer:R26R-miR302–367Tg/+animals. Inset: Fluorescence-

activated cell sorting (FACS) plot shows that 98.6% of the isolated cells counted in the adult 

hearts are cTnT+ cardiomyocytes. (F) Number of nuclei in control and 

Myh6mercremer:R26R-miR302–367Tg/+ cardiomyocytes. Scale bars, 100 mm. mono, 

mononucleated; bi, binucleated; multi, multinucleated About 1 × 103 cardiomyocytes were 

counted per sample. (G) Cell sizes of the isolated cardiomyocytes. Data are means ± SEM (n 
= 3). P values determined with Student’s t test. n.s., no significant change.
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Fig. 6. Prolonged miR302–367 overexpression in the adult heart reduces fibrotic scar size but 
compromises cardiac function after MI.
(A) Study design of miR302–367 overexpression by tamoxifen intraperitoneal injection after 

MI by ligation of the left anterior descending (LAD) coronary artery. (B) Masson’s 

trichrome–stained heart sections from the site of ligation toward the apex of control and 

Myh6mercremer:R26R-miR302–367Tg/+ mice at 21 days after MI. Serial sections were cut at 

500-μm intervals from the site of the ligature toward the apex. One representative 

Myh6mercremer and two Myh6mercremer:R26R-miR302–367Tg/+ hearts are shown (n = 6 per 

group). (C) Quantification of the fibrotic regions in heart sections in (B). (D) 

Immunostaining and quantification ofPH3+/α-actinin+cellsinMyh6mercremerand 

Myh6mercremer:R26R-miR302–367Tg/+ hearts at 21 days after MI. (E) Cardiac function in 

mice subjected to LAD ligation, evaluated by echocardiography (n = 7 per group). EF, 

ejection fraction; FS, fractional shortening; EDV, end-diastolic volume; ESV, end-systolic 

volume. Data are means ± SEM (n = 6 to 7). (C and D) P values determined with Student’s t 
test. (E) *P < 0.05 versus sham, by one-way analysis of variance (ANOVA).
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Fig. 7. Transient miR302 mimic therapy promotes cardiac regeneration and improves function of 
injured hearts.
(A) Schematic of 7-day miR302 mimic treatment after MI (n = 3 sham; n = 8 control; n = 18 

miR302). (B) Masson’s trichrome staining of heart sections 50 days after MI and 42 days 

after final treatment with control or miR302 mimic. Serial sections were cut at 500-μm 

intervals from the site of the ligature toward the apex. Two representative control and three 

miR302 mimic–treated hearts are shown. (C) Quantification of the fibrotic areas in heart 

sections. Data are means ± SEM. (D and E) Cardiac function of mice subjected to LAD 

ligation was evaluated by echocardiography. Data are means ± SEM. P values determined by 

one-way ANOVA.
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