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             MAMMALIAN HEART REGENERATION: 

MYTH OR MIRNA?

T e heart provides the physiologic capacity 
to live a long and productive life. And yet, 
despite its critical life-providing function, the 
heart’s reparative capacity af er injury is re-
markably limited. Indeed, the notion that the 
heart is a terminally dif erentiated organ with 
a nonrenewable supply of heart muscle cells 
is f rmly embedded into the dogma of mod-
ern medicine.   e evidence supporting the 
idea of a nonrenewable heart is compelling 
and will not be reviewed here, other than to 
say that cardiomyocyte renewal in the adult 
heart is a very rare event (1). However, in 
recent years several insights have suggested 
to many investigators that it is time to take a 
fresh look at the mammalian heart to search 
for developmental cues that may trigger car-
diomyocyte renewal af er injury. In the cur-
rent issue of Science Translational Medicine, 
Tian et al. discover micro RNAs (miRNAs) 
that enhance cardiomyocyte renewal af er 
injury and that may have therapeutic ef  cacy 
when overexpressed (2).
As is of en the case, clues from experi-

ments in genetically tractable model organ-
isms, such as zebraf sh and fruit f ies, have 
played an essential role in moving this dif-
f cult biological challenge forward.   e con-
cept that there is some regenerative capac-
ity in the heart was sustained by work on 
nonmammalian vertebrates. For example, 
adult zebraf sh have a robust cardiac regen-
erative capacity. Resection of the adult ze-
braf sh cardiac apex induces a regenerative 
response that results in complete repair in 
1 month (3). In addition, work in zebra-
f sh has contributed insights into conserved 
mechanisms of heart regeneration in mam-

mals. For example, new zebraf sh cardio-
myocytes have been shown to derive from 
preexisting cardiomyocytes that go through 
a process of dedif erentiation to repair the 
injured heart (3).
Data from mice, including in Tian et al., 

indicate that preexisting cardiomyocytes that 
dedif erentiate are an important source of 
new heart muscle (4). Porrello et al. demon-
strated that mammalian hearts have regen-
erative capacity in the immediate postnatal 
period. Mice can regenerate their heart for 6 
days af er birth, but by postnatal day 7 (P7), 
the heart loses its regenerative capacity (4). 
  is regenerative-to-nonregenerative tran-
sition point provides a valuable spatiotem-
poral window in which to investigate mam-
malian heart regeneration. Cardiomyocyte 
proliferation is crucial for regeneration, and 
the mechanisms that switch of  cardiomyo-
cyte proliferation in the postnatal transition 
are only beginning to be unraveled.

HIPPO IN HEART DEVELOPMENT

Af er birth, as the expression of genes re-
sponsible for cell-cycle reentry, mitosis, and 
cytokinesis falls precipitously, the majority 
of neonatal cardiomyocytes exit the cell cy-
cle. Hypertrophic growth remains to enlarge 
the heart and maintain proper physiological 
functions. One genetic pathway that extends 
the heart’s regenerative window beyond the 
P7 limit when deleted is the Hippo signaling 
pathway (5).
Investigation of the Hippo pathway in 

Drosophila has provided important clues for 
understanding proliferation in mammalian 
cardiomyocytes. In Drosophila, Hippo path-
way activation acts as a “stop proliferating” 
signal to the cell. In the developing mouse 
heart, many key Hippo pathway compo-
nents are functionally conserved through-
out evolution (6). In mammals, Mst1, Mst2 
(Hippo in Drosophila), and their regulatory 
protein WW45 (Salv in Drosophila) form 
an activated complex, which then phospho-
rylates the large tumor suppressor homolog 

kinases (Lats) 1 and 2 (Warts in Drosophila) 
(6).   e most downstream Hippo pathway 
components are the transcriptional co-
activators Yap (Yki in Drosophila) and Taz, 
which promote transcription of pro-prolif-
erative genes. Lats kinases phosphorylate 
mouse Yap at Ser127 and Taz at Ser89, inhib-
iting their nuclear function by promoting 
their nuclear exclusion (6).
In a low-Hippo context, such as quickly 

growing embryonic cells, Yap and Taz local-
ize to the nucleus, where they serve as co-
activators of TEA-domain family members 
(TEAD) of DNA-binding transcription fac-
tors. Together, the Yap/Taz–TEAD complex 
promotes gene programs that favor prolif-
eration and cell survival. Deletion of Hippo 
pathway components leads to organomegaly 
as the result of increased mitosis and, in 
some contexts, decreased apoptosis (6–9). 
Cardiac-specif c deletion of the Hippo path-
way kinases or expression of constitutively 
active Yap results in dramatic cardiomegaly 
owing to elevated cardiomyocyte prolifera-
tion during development. Conversely, Yap 
deletion causes myocardial hypoplasia and 
heart failure.
  e exceedingly rare proliferation ob-

served in mature mammalian cardiomyo-
cytes results in only a limited reparative 
response within the heart af er an ischemic 
insult, such as a myocardial infarction. Ow-
ing to its role in development, recent work 
has focused on investigating the Hippo 
pathway in the context of heart regenera-
tion af er injury.   e developmental studies 
in mice—indicating that the Hippo pathway 
is a critical negative regulatory pathway that 
prevents cardiomyocyte proliferation—sug-
gested that removing Hippo inhibition in 
the adult heart may have a benef cial ef ect 
on its reparative capacity. Indeed, removing 
Hippo pathway components or overexpress-
ing a constitutive active form of Yap resulted 
in substantially improved adult heart func-
tion with increased cardiomyocyte prolif-
eration and reduced scar formation af er 
myocardial infarction in adult mice (9).

MIRNAS IN HEART REGENERATION: 

DEVELOPMENT REDUX

  e heart can be induced to repair itself, 
from endogenous cardiomyoctes, by inhib-
iting the Hippo pathway, a key component 
of mammalian development. One means of 
modulating cell signaling and phenotype 
is miRNA—small, noncoding RNAs that 
inhibit gene expression posttranscription-
ally through Watson-Crick base pairing to 
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sequences, called “seed sites,”
within the 3′ untranslated region 
(3′UTR) of target genes. Several 
studies have investigated miR-
NAs in myocardial regeneration, 
but without making a direct con-
nection to an established genetic 
pathway that regulates cardiac 
regeneration.
In this vein, Tian et al. exam-

ined the miRNA 302-367 cluster 
(miR-302-367) because of its role 
in maintenance of tissue-specif c 
progenitors in early develop-
ment. Using both loss- and gain-
of-function studies in the mouse 
heart, the authors showed that 
miR-302-367 promoted embry-
onic cardiomyocyte proliferation. 
miR-302-367 gain of function led 
to cardiomegaly in fetal and juve-
nile hearts with a more undif er-
entiated cardiomyocyte pheno-
type, similar to developing hearts 
with disrupted Hippo signaling 
(5). Indeed, in their screening 
studies Tian et al. linked miR-
302-367 to key Hippo pathway 
components, including Mst1 and Lats2 that 
have been directly connected to cardiomyo-
cyte growth control and Mob1b encoding a 
Lats interacting protein (2).   us, Tian et al. 
make a f rm connection between the miR-
302-367 cluster, the Hippo pathway, and 
myocardial regeneration.
It is important to add a cautionary note 

that miRNAs have multiple targets and, de-
pending on context, may have dif erent func-
tional ef ects. miRNAs have the potential to 
control multiple processes during cardiac 
repair, including cell death, metabolism, and 
proliferation (10), and miRNA-promoted 
myocardial recovery does not simply rely on 
cell proliferation. A case in point of a miRNA 
that has distinct, context-dependent function 
is the miR-199a-214 cluster that facilitates a 
maladaptive metabolic shif  from fatty acid 
utilization observed in the healthy heart to-
ward increased glucose metabolism associ-
ated with heart failure in a pressure overload 
context (10). In contrast to what was found 
in the myocardial infarction model in which 
miR-199a overexpression had a benef cial 
ef ect, in the pressure overload model an-
tagomirs inhibiting miR-199a and miR-214 
improved cardiac function and reduced f -
brosis and hypertrophy (10).
Knowing the ef ects of miR-302-367 on 

regeneration is important in developing a 

viable therapeutic for clinical translation. 
Infarcted mouse hearts treated systemically 
with a miR-302-367 mimic demonstrated 
decreased cardiac f brosis and improved 
heart function as compared with those of 
control mimics. However, the authors found 
that persistent reexpression of miR-302-367 
in the postnatal heart led to a prolonged 
dedif erentiated state and, ultimately, heart 
failure.   e timing of miRNA mimic therapy 
must therefore be considered carefully when 
moving into human trials. In order to make 
miR-302-367 mimic therapy safe, there will 
have to be more studies into mimic pharma-
cokinetics. Moreover, once the stability of 
the mimic has been determined, protocols 
will have to be established in order to care-
fully monitor heart function in patients un-
dergoing treatment.

MIR-BASED THERAPY: 

PROMISE AND PITFALLS

Although considerable recent progress has 
been made in the f eld of cardiac regenera-
tion, current therapeutic strategies remain 
under investigation (10). Inhibiting miR-
34a or miR-15 activity or overexpressing 
miR-590 may improve cardiac function 
af er adult myocardial infarction (10). Yet 
another example is the miR-17-92 cluster 
that shares some seed sites with the miR-

302-367 cluster implicated by Tian et al. 
Increased miR-17-92 expression induced 
cardiomyocyte proliferation in mice that 
led to improved cardiac function with a re-
duced scar size af er myocardial infarction 
(10). Although it is clear that miRNA-based 
therapeutics hold translational potential in 
regulating myocardial proliferation and re-
generation, def nitive results from clinical 
trials are still pending.
  e current study by Tian et al. has yield-

ed many insights that may help to overcome 
this barrier in translation. Hypothesizing that 
the disassembly of rigid sarcomere structure 
within cardiomyocytes is critical for cytoki-
nesis to occur, the authors discovered and 
manipulated a miRNA complex that en-
hances cardiomyocyte dedif erentiation with 
sarcomere breakdown.   us, the strategy to 
promote cardiomyocytes to acquire a de-
velopmentally more primitive phenotype 
was successful and may be useful in future 
ef orts. In the future, miRNA targeting of 
master heart development regulatory genes 
may permit more tailored approaches to 
treat specif c heart disease. Tian et al. further 
emphasize that delivery of miRNA-based 
therapeutic constructs is an attractive option 
even when done systemically (Fig. 1).   e 
miRNA-based therapy is technically feasible,
given that miRNA levels can be simply ma-

Fig. 1. miRNAs in cardiac development and regeneration. Spatiotemporal regulation of cardiomyocyte 
proliferation is crucial for building a functional heart of proper proportions. Embryonic cardiomyocytes rapidly 
proliferate to build a functional myocardium and are regulated by Hippo as well as Wnt, bone morphogenetic 
protein (BMP), and insulin-like growth factor (IGF) signaling during development. The maturing heart then un-
dergoes a transition from hyperplastic to hypertrophic growth, and the majority of neonatal cardiomyocytes 
exit the cell cycle shortly after birth. Increased cardiac Hippo signaling is crucial for inhibiting cardiomyocyte 
proliferation in the normal heart. After myocardial infarction, transient activation of miR-302-367 or other 
miRNAs, such as miR-17-92 (10), improves functional recovery of damaged mouse myocardium by promoting 
adult cardiomyocyte proliferation, as shown by Tian et al. (2). However, constitutively active miR-302-367 leads 
to defi cient Hippo activity—via Mst1, Lats2, and Mob1b—and cardiomegaly in mice. 
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nipulated by “antagomirs” or locked nucleic 
acid (LNA) miRNA antagonists to inhibit 
miRNA function—or, conversely, miRNA 
mimics or AAV-encoded miRNAs to overex-
press miRNAs in a pathologic context. 
Although more work needs to be done, 

regeneration-promoting miRNAs, such as 
miR-302-367, likely have evolutionarily 
conserved functions from mouse to human, 
making it possible to experimentally de-
f ne miRNA function in depth and in many 
pathologic contexts using mouse models. 
Moreover, studying the heart-regenerative 
miRNAs in dif erent in vivo contexts may 
enable investigators to identify new drug-
gable gene targets.
Hurdles remain in the road to achieving 

long-term benef t from miRNA treatment. 
Understanding all relevant side ef ects of po-
tential miRNA treatment is crucial.   e same 
concern applies to the target genes that are 
manipulated by miRNAs. It will be essential 
to understand how to safely manipulate pro-
regenerative signaling pathways in order to 
enhance regenerative potential while mini-
mizing toxic side ef ects. Tian et al. raised 
this concern by showing that persistent ex-
pression of miR-302-367 in genetically engi-
neered mice failed to restore the heart func-

tion and instead caused damage. Moreover, 
although Hippo pathway disruption will 
lead to myocardial regeneration, the precise 
mechanisms that regulate Hippo are yet to 
be def ned. Specif cally, at what level should 
Hippo be inhibited to optimize heart func-
tional recovery?   erapies directed toward 
promoting cardiomyocyte proliferation may 
need to be transient in nature so as to avoid 
prolonged cardiac dysfunction (2).
  e exciting f ndings from Tian et al. 

tighten the connection between develop-
mental biology and regenerative medicine. 
  eir data support the notion that knowl-
edge of the developing heart provides a use-
ful roadmap that can be used to navigate 
strategies to enhance human cardiac tissue 
regeneration. In the future, it will be impor-
tant to test other developmental signaling 
pathways for regenerative potential in order 
to have a complete genetic toolbox to repair 
the heart and other human organs.
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