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Introduction

MicroRNAs (miRNAs) are a large class of small single 
stranded noncoding RNAs with 21-23 nucleotides in length 
that silence the expression of specific messenger RNAs 
(mRNAs). In nucleus, RNA polymerase II (Pol II) transcribes 
miRNA genes and forms primary miRNA (pri-miRNA). 
The pri-miRNA yields hairpin-shaped precursor miRNA 
(pre-miRNA) that will be exported into the cytoplasm. 
The pre-miRNA further becomes miRNA-miRNA duplex 
and act as mature miRNA incorporating into the RNA-
induced silencing complex (RISC) (Figure 1). At the post-
transcriptional level, miRNAs negatively regulate gene 
expression by promoting mRNAs degradation or inhibiting 
their translation. To date, there are almost 2,000 miRNAs 
identified in human cells, which are known to regulate 
the expression of one-third of human genes through 
complicated mechanisms (1). It has been proved that cell 

development, proliferation, differentiation, apoptosis and 
metabolism could be regulated through modulation of 
miRNA level, which enables the use of miRNA as a novel 
therapeutic target (2-5).

The adult human heart possesses a limited capacity of 
regeneration and will undergo massive cell necrosis after 
myocardial infarction (MI) or ischemia-reperfusion (I/R) (6). 
Traditional therapeutic strategies, including pharmaceutical 
therapy, percutaneous coronary intervention and surgery, 
have been applied in clinical practice for years, but still 
cannot rescue the damaged myocardium. With the advances 
in cardiac development and biology, molecular and cellular 
therapeutics have opened a new era in cardiac repair on a 
microscale level (7). However, the results of long-termed 
follow-up studies with experimental models or clinical 
trials have revealed several unmet challenges for their 
further application. The development and manufacturing 
of advanced molecular and cellular therapeutics represent a 
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significant gap in bringing new therapeutics to the clinic. In 
the past few years, miRNAs have been shown to be critical 
regulators in myocardial development and diseases (8,9). 
Here, we review the current studies that address the use of 
miRNAs modulation to improve the success of cellular and 
molecular therapeutics for cardiac repair and the current 
translational clinical efforts that have started to explore 
miRNAs as the potential therapeutic target.

miRNA modulation in endogenous repair

Endogenous cardiac regeneration

During the early stage of life, mammalian heart has a 

capacity of regeneration. Following the surgery of apical 
resection, the heart of neonatal mouse is able to regain its 
function and anatomic structure. However, this capacity of 
regeneration is lost by the first week after birth (10). Like 
neonatal rodents, newborn humans might have the intrinsic 
capacity to repair myocardial damage and completely 
recover cardiac function. Indeed, Haubner et al. reported 
a clinical case of cardiac recovery in a newborn with severe 
MI that showed the importance of further understanding 
this cardiac regeneration mechanisms (11). During cardiac 
development, miRNAs modulates a large network of 
cardiac genes and several miRNA families have been found 
to play important roles in neonatal cardiac regeneration. 
For instance, miRNA-34 is a critical modulator of 
cardiac biological pathways, including cardiomyocyte 
death, senescence and proliferation (12). In the neonatal 
mouse heart, the expression level of miRNA-34a was 
found to remain low during the first week after birth 
and overexpression of miRNA-34a was shown to reduce 
cardiomyocyte proliferation in a MI model (12). Further 
analysis identified Bcl2, Cyclin D1 and silent information 
regulator 1 (Sirt1), which regulate cell proliferation and cell 
death, as targets of miRNA-34a. Such research provided 
the evidence indicating that the loss of cardiac endogenous 
regeneration was related to overexpression of miRNA-34a.  
On the other hand, inhibition of miRNA-34a showed 
therapeutic effect in adult heart after ischemic injury, 
which suggested the need to further evaluate its potential 
clinical implication (13). Another miRNA family identified 
as regulator of heart regeneration is the miRNA-15 
family. Inhibition of the miRNA-15 family improved 
mitochondrial function and reduce hypoxia-induced cell 
death during ischemia injury through the regulation of the 
antiapoptotic protein B-cell lymphoma 2 (Bcl-2) and the 
mitochondrial protective protein ADP-ribosylation factor-
like protein 2 (Arl2) (14-16). Additionally, in neonatal heart, 
the miRNA-15 family also participates in the loss of the 
regeneration by inhibiting cardiomyocyte proliferation (17). 
This capacity of regeneration during the neonatal stage 
is limited to the mouse models and whether this miRNA-
based therapy could be translated into clinical application in 
humans needs further research.

Endogenous cardiac repair 

After MI or I/R,  the heart  goes through various 
pathophysiological processes, including cell death, tissue 
perfusion, angiogenesis and fibrosis (18). Inhibition or 

Figure 1 Synthesis, structure and function of microRNAs. In 
nucleus, RNA polymerase II (Pol II) transcribes miRNA genes 
and forms primary miRNA (pri-miRNA). The pri-miRNA yields 
hairpin-shaped precursor miRNA (pre-miRNA) that will be 
exported into the cytoplasm. The pre-miRNA further becomes 
miRNA-miRNA duplex and act as mature miRNA incorporating 
into the RNA-induced silencing complex (RISC). At the post-
transcriptional level, miRNAs negatively regulate gene expression 
by promoting mRNAs degradation or inhibiting their translation. 
Cellular development, proliferation, differentiation, apoptosis and 
metabolism can be regulated through modulation of miRNA level, 
which enables the use of miRNA as a novel therapeutic target. 
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activation of several miRNAs families has been proven to 
regulate endogenous myocardium repair to improve cardiac 
function after ischemia (Table 1). Neovascularization is 
important for cardiac tissue perfusion and angiogenesis after 
myocardial injury. Inhibition of miRNA-92a was found to 
prevent apoptosis of endothelial cell and promote functional 
recovery of ischemic myocardium by influencing endothelial 
proliferation and migration through the regulation of 
proangiogenic proteins, such as integrin subunit alpha-5 
(25,26). The inhibition of miRNA-34, which targets the 
vascular deacetylase Sirt1, also exhibited cardioprotective effect 
(28,29). MiRNA-24 targets potential regulators of angiogenesis 
and its inhibition by modified antisense oligonucleotides 
was shown to improve ischemic heart recovery (21). The 
replacement of cardiac tissue following impairment after 
ischemia injury is accomplished through fibrosis and excessive 
proliferation of fibroblasts also influences the cardiac function 
after myocardium infarction. Accordingly, those miRNAs that 
regulate fibrosis could have therapeutic potential. MiRNA-29, 
miRNA-21 and miRNA-101 regulate multiple proteins, 
including collagens and fibrillins, during fibrosis and could 
represent future therapeutic targets to activate the fibrotic 
response after MI (19,20,22,27). Not surprisingly, based on 
their biological in endogenous cardiac repair, miRNAs as 
therapeutic entities are being explored in cardiac repair after 
ischemic heart injury.

miRNA modulation for stem cell therapy 

Stem cells suffer impairment in function and survival after 
implantation in harsh ischemic microenvironment. Their 
homing, differentiation and long-term integration with host 

myocardium were poor in most studies (30-32). In addition, 
safety and efficiency are major concerns while using 
embryonic stem cells (ESCs) or induced pluripotent stem 
cells (iPSCs) (33). Therefore, several attempts involving 
the use of miRNAs have been made to improve stem cell 
therapy by interfering with cell function, homing, survival, 
or differentiation (Figure 2).

Extracardiac-derived stem cells

Several adult stem cells, such as bone marrow mononuclear 
stem cells (BMMNSCs), mesenchymal stem cells (MSCs) 
and progenitor cells have been extensively applied in cardiac 
repair for years. Meanwhile, miRNAs modulation affects the 
fate and therapeutic capacity of the transplanted adult stem 
cells. For instance, miRNA-126 was initially found to be 
essential for angiogenic signaling in endothelial cells (34-37). 
Actually, in patients with diabetes mellitus and heart failure, 
the patient-derived autologous MSCs or proangiogenic 
bone-marrow-derived cells exhibit the intrinsic down-
regulation of miRNA-126 levels, which may impair their 
proangiogenic abilities after transplantation (38). On the 
other hand, the overexpression of miRNA-126 restored the 
proangiogenic activity of the patient-derived autologous 
isolated cells in vitro (39,40). Moreover, miRNA-126 can 
activate the pro-survival phosphatidylinositol 3’-kinase 
(PI3K)/Akt signaling pathway via the repression of the 
pathway inhibitors (36). Indeed, it has been reported that 
overexpression of miRNA-126 enhanced the survival of the 
transplanted MSCs, thus increasing their therapeutic capacity 
to the greatest extent (41). In addition, overexpression of 
miRNA-126 also improves in vivo paracrine release from 

Table 1 miRNA modulation in cardiac regeneration

miRNAs Targets Potential cardiac effect References

miRNA-15 family BCL2, ARL2, VEGF Cardiomyocyte death and inhibition of angiogenesis (14-16)

miRNA-21 PDCD4 Anti-apoptosis, prevention of cardiomyocyte death (19,20) 

miRNA-24 GATA2, PAK4 Inhibition of angiogenesis, apoptosis (21)

miRNA-29 FBN1, COL1A1, COL1A2, COL3A1 Cardiac fibrosis (22)

miRNA-34 family SIRT1 Cardiomyocyte death, senescence (23,24)

miRNA-92a Integrin subunit alpha5 Neoangiogenesis (25,26)

miRNA-101 TGFβ1 signaling pathway Cardiac fibrosis (27)

ARL2, ADP-ribosylation factor-like protein 2; PDCD4, programmed cell death protein 4; PAK4, p21-activated kinase; FBN1, fibrillin 1; COL1A1, 
collagen type I, alpha 1; COL1A2, collagen type I, alpha 2; COL3A1, collagen type III, alpha 1. 
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transplanted MSCs. For example, Huang et al. demonstrated 
that overexpression of miRNA-126 in MSCs enhanced the 
expression of the Notch ligand Delta-like 4, which plays a key 
role in tubulogenesis and subsequent neoangiogenesis (37).  
Remarkably, miRNA-126 not only acts as an intrinsic 
regulator of cell physiology, but can also be released in 
exosomes to promote neoangiogenesis. Actually, a recent study 
demonstrated that exosomes derived from CD34-positive  
cells contained miRNA-126 and possessed proangiogenic 
activity for ischemia (42). 

In contrast, several miRNAs inhibit the function of 
stem cells through diverse mechanisms. The inhibition of 
these miRNAs could benefit the transplanted stem cells. 
MiRNA-34, which is highly induced by aging and in bone 
marrow-derived cells from patients with heart failure, 
exerts a detrimental effect on the stem cells. MiRNA-34 
influences apoptosis signaling by, for example, targeting 
the antiapoptotic protein Bcl-2 and it also blocked cellular 
proliferation by repressing cell cycle regulators, such as 
cyclin D2 and cyclin-dependent kinases (43). The inhibition 
of miRNA-34 has been reported to improve the survival of 
stem cells in vitro. After cell transplantation, the miRNA-34-
modulated stem cells promoted the improvement of functional 
recovery after acute MI. Conversely, overexpression of 
miRNA-34a impaired the survival and proangiogenic activity 
of stem cells (44-46). In addition, miR-15a and miR-16 also 
inhibit the function of progenitor cells, and their inhibition 

improved the proangiogenic effect (47). 
Cellular senescence is believed to compromise the 

functions of stem cells. Actually, several miRNAs have been 
reported to be involved in the senescence of proangiogenic 
stem cells, whereas the inhibition of these miRNAs improved 
angiogenesis. For instance, miRNA-34a have been found 
to targetSirt1, leading to cell cycle arrest or apoptosis (23).  
Overexpression of miRNA-34a resulted in a significant 
increase of senescence of endothelial progenitor cells 
(EPCs), concomitant with Sirt1 expression reduction (24).  
Likewise, miRNA-10a* and miRNA-21 can regulate EPC 
senescence by suppressing Hmga2 gene expression and 
miRNAs modulation may represent a potential therapeutic 
intervention for improving EPCs-mediated angiogenesis in 
ischemia (48).

Cardiac-derived stem cells

Although the heart was traditionally regarded as a 
terminally differentiated organ that consist exclusively of 
terminally differentiated cells, it is now known that cardiac 
stem cells (CSCs) and cardiac progenitor cells (CPCs) 
exist in the adult heart of most species (49,50). These 
endogenous CSCs and CPCs, which have been considered 
as the “next generation” of stem cells, can be derived from 
the heart tissue itself and hold great promise for cardiac 
repair (51). Although little is known regarding the control 

Figure 2 MiRNA modulation for stem cell therapy. Several attempts involving the use of miRNAs to improve stem cell therapy by 
interfering with cell function, proliferation, senescence, survival or differentiation.
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of the CSCs/CPCs functions by miRNAs, several reports 
have demonstrated that survival of CSCs/CPCs could be 
enhanced through miRNA modulation (52). Indeed, Liu 
et al. reported that miRNA-155 provides the opportunity 
to block necrosis, a process traditionally thought to be 
non-regulated, and might be a potential novel approach to 
improve cell engraftment during cell therapy (53). They 
demonstrated the improved survival of the transplanted 
CPCs by using miRNA-155 overexpression. MiRNA-155 
was also found to be involved in CPC differentiation. 
Specifically, by downregulation of β-arrestin-2, miRNA-155 
inhibits CPC differentiation (54). On the other hand, 
TGF-β signaling promotes cardiosphere-derived cells 
differentiation by downregulating miRNA-590 (55). In 
addition, miRNA modulation can also bring benefit by 
enhancing paracrine action (53). In fact, it has been reported 
that miRNA-133a overexpression in CPCs not only enhanced 
cell survival, but also improved cardiac function in a rat MI 
model by reducing fibrosis and hypertrophy and increasing 
vascularization and cardiomyocyte proliferation (56). The 
beneficial effects of miRNA-133a overexpression in 
CPCs seem to correlate with the upregulated expression 
of several relevant paracrine factors and the plausible 
cooperative secretion of miRNA-133a via exosomal 
transport (56). Furthermore, miRNAs may also be applied 
in combination to elicit synergistic effects. For example, Hu 
et al. demonstrated that the combination of three miRNAs, 
namely miR-21, miR-24 and miR-221, could target the 
apoptotic protein Bim, thereby improving engraftment and 
survival of transplanted CPCs (57). Collectively, miRNA 
modulation provides protective actions for CSCs/CPCs and 
enhances their therapeutic use in cardiac repair. 

Pluripotent stem cells 

The main goal of cardiac repair is to generate new 
competent myocardial tissue that is electrically and 
mechanically integrated into the surrounding native 
heart tissue, many studies have searched for the ultimate 
cell source capable of fulfilling this immense task. As 
pluripotent stem cells, ESCs and iPSCs have the capacity 
to differentiate into any specialized cell type, including 
cardiomyocytes. Accordingly, ESCs-derived and iPSCs-
derived cardiomyocytes offer great potential for cardiac 
regenerative therapy. However, their complete cardiac 
differentiation is still a major challenge. Nevertheless, 
some studies have demonstrated that overexpressing 
cardiac-enriched miRNAs in ESCs, such as miRNA-1 

and miRNA-499, enhances cardiac differentiation in 
vitro (58). In addition, overexpression of miRNA-1 in 
ESCs was found to enhance cardiac differentiation after 
transplantation. Moreover, overexpression of miRNA-1 
in ESCs could inhibit cardiomyocytes apoptosis in vivo, 
which could be a beneficial paracrine effect from miRNA-1 
overexpression (59). In a study of human ESC-derived 
cardiomyocytes, miRNA-1 was found to participate in 
the electrophysiological maturation, while overexpression 
of miRNA-499 increased ventricular ESC-derived 
cardiomyocytes (60). Meanwhile, by negatively regulating 
the cardiac transcription factor Hand1, miRNA-363 also 
proved to be involved in ESC-derived cardiac subtype 
specification (61). Nevertheless, only a small fraction 
of hESCs or hiPSCs can differentiate into functional 
cardiomyocytes before transplantation. In a clinical scenario, 
however, billions of cardiomyocytes will be lost after MI. 

miRNAs modulation in direct cardiac 
reprogramming

Converting iPSC-derived cardiomyocytes into clinical 
practice has several problems, including risk of teratoma 
formation and immature phenotype of the induced 
cardiomyocytes (62,63). In recent years, direct cardiac 
reprogramming has become an approach to control cell 
fate decision and the cardiac-enriched miRNAs have 
been used to directly reprogram cardiac fibroblasts into 
cardiomyocytes (Figure 3). In particular, Ieda et al. first 
reprogrammed mouse cardiac fibroblasts into induced 
cardiomyocyte-like cells (iCMs) in vitro using a combination 
of three cardiac transcription factors, namely Gata4, Mef2c 
and Tbx5 (64). Based on the important roles of miRNAs 
in cardiac embryonic development and cell fate decision, 
the combination of the miRNAs, miR-1, miR-133, miR-
208, and miR-499 also proved to be effective at directly 
reprograming neonatal cardiac fibroblasts into functional 
iCMs in vitro (65,66). In fact, this direct reprogramming 
strategy may be more efficient than ESCs and iPSCs-based 
therapeutics. Nonetheless, there is a study suggesting that 
fibroblasts directly reprogrammed by a combination of 
miRNAs is more efficient in maturation in vivo and native 
cardiac environment proves to be critical for the maturation 
of cells reprogrammed by a combination of miRNAs (67). 
Therefore, the use of 3D ex vivo environment, including 
mechanical force, cell shape and extracellular matrix 
components, should be included to further study the 
mechanistic basis of direct cardiac reprogramming. Toward 
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this goal, it is also necessary to determine the optimal 
combination of factors to enhance the efficiency of direct 
reprogramming. Another strategy involving the use of 
miRNAs in direct cardiac reprogramming is the approach 
combining transcription factors. For instance, by adding the 
combination of miRNA-1 and miRNA-133, the efficiency 
of four human cardiac transcription factors-based direct 
reprogramming was significantly enhanced, as well as the 
expression of cardiac troponin-T (68). Further analysis 
showed that miRNA-1 and miRNA-133 might participate 
in the development of sarcomeres and inhibit the activation 
of myocardin during smooth muscle differentiation (68).

Methods of miRNA modulation

Modulation of miRNA in target stem cells can be 
accomplished by the delivery of miRNA mimics or 
inhibitors, which depends on effectiveness of the delivery 
systems, including direct injection, virus and non-virus 
vectors (69). Although traditional viral delivery systems offer 
relatively high efficiencies and may allow stable miRNAs 
modulation, their clinical applications are currently 
limited due to potential problems, such as oncogenic 
transformation, pathogenic risk, and induction of immune 
responses (70,71). Accordingly, non-viral vectors, which 
provide biocompatibility, targeting efficacy and enhanced 
transfection efficiency, are a more suitable alternative 
to viruses for achieving successful miRNA modulation 

without side effects. Native or synthetic nanomaterials have 
demonstrated their potential for miRNAs delivery in stem 
cells (70). Usually, these non-viral materials are cationic, 
which can condense or encapsulate the negatively charged 
miRNAs via electrostatic interactions. Although the non-
viral delivery vectors have considerable advantages over 
viral-based vector due to the control of their molecular 
composition, simplified manufacturing, modification 
and analysis, tolerance for cargo sizes, and relatively low 
immunogenicity, their relatively low efficiency still needs to 
be optimized in future studies. 

Challenges of miRNA therapeutic 

Accumulated evidence has demonstrated that miRNAs 
modulation could increase the capacity of cell therapeutics 
and enhance the cardiac repair process after ischemic 
heart disease. Although such results are encouraging, the 
strategy still faces several challenges. First, lessons from 
the previous experience indicate that the miRNAs delivery 
systems for cardiac repair strategy should be optimized (70).  
Viral delivery systems including lentiviral, retroviral and 
adenoviral systems are the most common choices for 
miRNAs delivery (72,73). Despite the high efficiency and 
stable miRNAs modulation of virus-based delivery systems, 
their limited DNA capacities, variation in the expression 
level of several genes in one cassette and the biological risks 
are still big barriers in bringing them to clinical practice (74).  

Figure 3 miRNAs modulation in direct cardiac reprogramming. The overexpression of cardiac-enriched miRNA-1, miRNA-133, 
miRNA-208, and miRNA-499 in combination with inhibitor of the Janus kinase pathway could directly reprogram fibroblasts into cardiac-
phenotyped cells in vitro. By adding the combination of miRNA-1 and miRNA-133, the efficiency of four human cardiac transcription 
factors-based direct reprogramming was significantly enhanced.
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Therefore, the highly efficient and biocompatible non-viral  
miRNAs delivery vector is currently in great demand. 
Second, better understanding of the full biological effect 
of miRNAs should be achieved before being used in cardiac 
cell therapy. Many miRNAs which might be considered 
as therapeutic targets are also involved in other disease 
processes, such as oncogenesis. The miRNAs modulation 
may face challenges with respect to unwanted side effects in 
transplanted stem cells-based cardiac repair. For instance, 
stem cells inhibited by miRNA-34 show enhanced therapeutic 
capacity in cardiac repair. However, miRNA-34 inhibition 
is also related to the occurrence of some tumors (75).  
Safety should be approached with caution while using 
miRNA-34-inhibited stem cells. In addition, more miRNAs 
could be evaluated for their modulation of stem cells, 
and the effect towards their target miRNAs should be 
comprehensively assessed by integrated experimental and 
bioinformatics approaches. 

The clinical trial in which the hepatitis C virus (HCV) 
replication was successfully suppressed with a miRNA 
therapeutic represents a great progress in exploring miRNAs 
as the next therapeutic target (76). Based on biology of 
miRNAs, therapeutically manipulating their expression 
and function has been explored in experimental models of 
cardiovascular disorders. The antisense oligonucleotides 
designed to target specific miRNAs are termed anti-miRs (72).  
Anti-miRs are useful tools to modulate miRNAs expression 
and function in cardiac repair strategies. Anti-miRs could 
be modified with phosphorothioate moieties or cholesterol 
so as to enhance their therapeutic stability (72). With 
the appropriate vector, those miRNA inhibitors could 
be designed to target all cardiovascular cell types and 
inhibition of certain cell type specific miRNAs may improve 
the efficiency of cardiac regeneration.

Conclusions

The therapeutic application of miRNAs in cardiac repair 
strategies, including stem cell transplantation, gene therapy, 
and reprogramming, has been shown to have cardioprotective 
effects in experimental models of ischemic heart disease and 
in some clinical trials. MiRNAs can regulate a wide range 
of functional biological processes in cardiac differentiation, 
development and reprogramming. Several miRNAs might 
be attractive candidates for modulating certain therapeutic 
targets in ischemic myocardium. Their overexpression or 
inhibition increases the therapeutic capacities, thus offering 
novel therapeutic opportunities for cardiac repair. 
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