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Introduction

In mammals, the heart is the first functional organ that 
develops during embryogenesis, indicating its extraordinary 
importance already in early stages of life (1). Though, cardiac 
development is not at all an easy task to accomplish. The 
functionality of this process depends on highly sensitive and 
tightly regulated homeostatic networks of numerous proteins 
and other molecules (e.g., non-coding RNAs) that interact 
with all cardiac cell lineages to finally evolve into the three-
dimensional beating heart. One important component of 
these networks is microRNAs (miRs), which are small non-
coding RNAs with a length of ~22 bp that are able to regulate 
gene expression. Their regulatory function is based on either 

targeting mRNAs for cleavage or translational repression, 
leading to a down-regulation of the corresponding miR 
targets (2). Similar to protein-coding genes, miRs have a 
genomic origin, usually transcribed by RNA polymerase 
II as a primary transcript (so-called pri-miR) (3).  
After transcription and the first processing of Drosha (RNase 
II enzyme) in the nucleus, the precursor miR (pre-miR;  
~70 bp) is exported to the cytoplasm by exportin 5,  
a RanGTP-dependent double-strand binding protein (4).  
The pre-miR is then further processed by DICER, an 
adenosine triphosphate-dependent RNase III, into a 
shorter double-stranded miR/miR* RNA complex (5). 
One strand of this RNA duplex further assembles with the 
RNase Argonaut to the RNA-induced-silencing complex 
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(RISC) and is processed into a mature, single-stranded and 
regulatory miR. The remaining strand (the so-called miR*, 
passenger or sense strand) is released and degraded (6,7) 
(Figure 1A). Through this incorporation and the specific 
“seed regions” of miRs (2nd to 7th nucleotide at the 5’ end 
of the miR) the miR/RISC complex (miRISC) is able to 
bind to complementary mRNA (especially to regions in the 
3’untranslated region) of target genes, thereby facilitating 
its regulatory function. In cases of perfect base pairing 
the target mRNA becomes degraded, whereas imperfect 
binding leads to translational repression (8,9). In the 
last decade, extensive research has revealed important 
functions of these small molecules that are essential for the 
development of various organs (10,11), including the human 
heart (12,13). Many cell-specific biological processes such as 
proliferation, differentiation and apoptosis are regulated by 
miRs (14). Therefore, it is not surprising that miRs are also 
involved in the development of cardiac disease and cardiac 
remodeling, respectively (15-17). Dysregulation of miRs can 

lead to structural and functional cardiac abnormalities (15).  
During early development, a loss or gain of miRNA 
expression may result in CHD, the most common human 
birth defect (18). Furthermore, impairments in the function 
or regulation of miRs in the adult or infant heart can lead to 
a spectrum of fatal acquired disorders, such as arrhythmias, 
cardiomyopathies, heart failure and sudden death (15,19).

miRNAs in congenital heart disease (CHD)

CHDs refer to a broad range of cardiac developmental 
abnormalities. CHDs are the leading cause of infant death 
affecting approximately 4 to 14 live births per 1,000. The 
underlying malformations are manifold, ranging from small 
ventricular septal defects (VSDs) to highly complex or 
severe malformations, such as tetralogy of Fallot (TOF) and 
hypoplastic left heart syndrome (HLHS) (18). 

Initially, the requirement of miRs in normal cardiac 
development was revealed by a tissue-specific deletion 

Figure 1 Strategies for miR modulation within the miR pathway. (A) miR biogenesis. After transcription, the primary miR (pri-miR) is 
processed by Drosha into a 70 bp long precursor miR (pre-miR) and then transported into the cytoplasm by exportin 5. Cleavage by DICER 
leads to a double stranded miR/miR* from which one strand will be incorporated into the RISC complex (miRISC). Complementary 
binding to the corresponding mRNA will further lead to mRNA degradation whereas imperfect binding will lead to translational repression; 
(B) miR inhibition strategies. Down-regulation of miRs can be achieved by anti-miRs (e.g., AMOs), single stranded RNAs, which can bind 
to the mature miRNA or through miR-sponges, which contain several miR binding sites leading to a competitive inhibition of miRs; (C) 
miR mimics. Up-regulation or restoration of a miR can be achieved through virus-based or nanoparticle delivery of double stranded miRs.

A B
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of DICER in mice, an RNase that is essential for miR 
processing and biosynthesis. In vascular lineages, lethal 
phenotypes at embryonic day 16 (E16) to E17 have been 
observed associated with extensive internal hemorrhage due 
to thin-walled blood vessels (20). Additionally, cardiac-specific 
disruption of DICER led to embryonic lethality within the 
first four days after birth due to dilated cardiomyopathy (21).  
Both studies indicated the great importance of miRs 
during embryogenesis and cardiac development. Although 
DICER deletion revealed a crucial role for those small 
RNAs in cardiac development in vivo, no specific miR 
deletion has yet led to a fully penetrant lethal phenotype 
in mice, thus demonstrating the complex actions of miRs 
and compensatory mechanisms of their regulation (22).  
Nonetheless, several molecular tools such as antisense 
oligonucleotide-mediated knockdowns (anti-miRs),  
genetic ablation of single miRs or miR-clusters as well as 
miR mimics for overexpression are available to researchers 
to study miR function both in vivo and in vitro (Figure 1B,C).  
Additionally, the evaluation of tissue or blood samples from 
children with CHDs is attractive to determine correlating 
miRs and their targets which could play a role in the 
development of CHDs when dysregulated. 

In this review, we describe the roles of selected miRs 
that are dysregulated in CHDs, especially focusing on those 
in HLHS, TOF, VSDs and Holt-Oram syndrome (HOS)  
(Table 1, Figure 2). 

We then seek to bridge this knowledge with the possible 
regulatory properties of these miRs by stimulating fibrosis, 
angiogenesis, and hypertrophy in these patients (Figure 3A) 
and indicate potential miR-candidates which may be used in 
novel therapeutic strategies and regenerative approaches to 
ameliorate cardiac impairments (Figure 3B).

HOS

HOS is inherited in a penetrant dominant autosomal 
way. It is classified as a heart-hand syndrome, in which 
affected patients display both cardiac malformations 
and abnormalities of the upper limbs. Remarkably, 
approximately 70% of patients who are diagnosed with 
HOS exhibit a mutation in the TBX5 gene (55). To date, 
numerous HOS-related mutations of the TBX5 gene have 
been reported in humans (56). Recently, a new mutation 
in the DNA binding domain of TBX5 (p.Pro85Thr) that 
leads to a conformational change in protein structure has 
been described by our group (57). Interestingly, upon 
mutation or a dose reduction of the TBX5 gene, transgenic 

mice (58) and zebrafish (24) display a HOS-like phenotype, 
suggesting conserved function of the transcription factor 
TBX5 throughout vertebrate evolution. Based on mutual 
interactions between transcription factors and miRs (59), 
an in silico approach was used to identify miRs within 
introns of genes that are regulated by TBX5 with the help 
of integrated comparisons of several gene databases with 
miR databases. This approach identified four candidate 
miRs: mir-218-1, miR-678, miR-719 and miR-335 (23). 
Of these, miR-218-1 was highly promising due to its high 
cross-species conservation, its location within a TBX5-
regulated gene, and the documented role of its host gene 
(SLIT2) in heart development. Indeed, the expression of 
Slit2 and miR-218-1 was clearly modulated by Tbx5 during 
the differentiation of mouse embryonic carcinoma cells 
(P19CL6) into beating cardiomyocytes (23). A functional 
role for miR-218-1 during heart morphogenesis is strongly 
supported by the fact that miR-218-1 overexpression dose-
dependently induced cardiac defects in zebrafish embryos, 
possibly by affecting the migratory properties of cardiac 
precursors (23).

In another approach, several miRs were found to be 
dysregulated in tbx5-depleted zebrafish embryos. MiR-19a,  
a member of the miR-17-92 cluster, was of special interest 
since its injection into tbx5-depleted zebrafish embryos 
partially rescued the heart and fin phenotype (24). 
Additionally, the injection of miR-19a also rescued the 
overall gene expression profile of tbx5 morphants. Nearly 
half of the genes that were affected by tbx5 depletion 
appeared to be controlled by miR-19a, including camk2n1a, 
an inhibitor of CaMKII (calcium/calmodulin-dependent 
protein kinase II), and mef2ca with nine putative miR-19a  
binding sites (24,60). In both cases, luciferase assays 
confirmed a direct regulatory role for miR-19a (24). A 
genome-wide comparison of the miR profile in tbx5-depleted 
zebrafish embryos and wild-type embryos revealed various 
miRs that were significantly dysregulated within the first 
two days after fertilization (25). The most interesting 
candidates appeared to be miR-34 and miR-30a, which 
regulate the expression of genes that are involved in 
cardiac morphogenesis, cell proliferation, and contraction. 
One of the affected target genes that was identified, robo1 
(roundabout guidance receptor 1), is involved in tube 
formation of the developing zebrafish heart (26). Robo1 is 
also a confirmed target gene of the aforementioned miR-218  
in several organs, including the heart (26,61,62), and a 
putative target of miR-30a. Thus, two different miRs that 
are dysregulated upon tbx5-depletion in zebrafish both 
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Figure 2 miRs potentially involved in the development of CHD. Arrows indicate an up-regulation or down-regulation of corresponding 
miRs. CHD, congenital heart disease; HOS, Holt-Oram syndrome; HLHS, hypoplastic left heart syndrome; VSD, ventricular septal defect; 
TOF, tetralogy of Fallot.

negatively affect the expression of robo1, a gene that is 
essential for proper heart development. Currently, the role 
of miRs in HOS is restricted to data that have been obtained 
in animal models. Future studies with human tissue must 
show whether the above-mentioned mechanisms can also be 
attributed to these miRs in humans.

TOF

TOF is characterized by a tetrad of abnormalities that occur in 
the infant heart, including (I) mainly large and non-restrictive  
VSDs, (II) pulmonary stenosis (i.e., a narrowing of the 
right outflow tract), (III) hypertrophy of the right ventricle 
and (IV) displacement of the aorta to the right side over 
the VSD (an overriding aorta). TOF is a classic cyanotic 
CHD that is caused by a subpulmonary obstruction, with 
shunting mainly from the right to the left ventricle via the 
VSD, leading to an ejection of deoxygenated blood into 
the aorta (63). The exact cause and pathophysiology of 
TOF are mainly unknown, but miRs may contribute to the 
development of TOF. O’Brien and colleagues investigated 
the expression patterns of non-coding RNAs (ncRNAs), 
particularly miRs and small nucleolar RNAs (snoRNAs), 
in the right ventricular (RV) myocardium in 16 infants 
with non-syndromic TOF (without deletion of 22q11.2; 
mean age, 276 days) and eight infants with normal cardiac 

development (mean age, 142 days) (64). Sixty-one miRs and 
135 snoRNAs appeared to be significantly dysregulated in 
children with TOF when matched with cardiac tissue from 
normally developing infants. In addition, the same group 
evaluated gene expression patterns that are necessary for 
cardiac development. The analysis revealed a significant 
negative correlation between 33 miRs, the expression 
of which changed in the evaluated TOF samples when 
compared to controls, and 44 genes that are involved in 
the cardiac network (64). Additionally, 51% of these genes 
that are critical for cardiac development were found to be 
expressed as splice variants, mediated also by snoRNAs. This 
suggests that an impaired expression of ncRNAs (both miRs 
and snoRNAs) may contribute to the development of TOF 
by influencing expression, differential transcript splicing, 
and translation of genes and/or proteins that are important 
for normal heart development (64). Finally, Bittel et al. (27)  
analyzed the role of miR-421, which was shown to be 
significantly up-regulated in RV tissues in TOF infants (64).  
Therefore, primary cells derived from the RV of infants 
with TOF were transfected with siRNA to achieve a 
miR-421 knockdown, whereas primary cardiomyocytes 
from healthy infants were transfected with a miR-421 
overexpression plasmid. The results showed that miR-421  
overexpression in normal cardiomyocytes led to a down-
regulation of SOX4 (SRF-Box 4), whereas miR-421 
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knockdown in primary cells that were derived from TOF 
patients led to an up-regulation of SOX4. This supports 
the hypothesis of an inverse correlation of miR-421 and 
SOX4, which is known as a central regulator of Notch and 
Wnt signaling and also has been implicated to play a role in 

the development of cardiac outflow tract (28,65). However, 
miR-421 has multiple sets of downstream targets, and the 
potential direct correlation between this regulated miR and 
the altered expression of SOX4 and its resulting impact on 
the Notch and Wnt pathway remains to be evaluated (27). 

A

B

Figure 3 miRs involved in pathophysiological processes in CHD and their therapeutic regulation. (A) miRs potentially involved in cardiac 
hypertrophy, fibrosis and angiogenesis in patients with CHD; (B) miR-based therapeutic regulation by antisense or overexpression strategies. 
miR-mimic delivery of miR-1 and miR-133, as well as inhibition of miR-195 and miR-208 could lead to a reduction of fibrosis in affected 
patients. Anti-hypertrophic treatment could include blocking of miR-208 and miR-195 and/or restoration of the expression of miR-1 and 
miR-378. Enhancement of angiogenesis could be achieved by overexpression of miR-378 and the miR-17-92 cluster, which were supposed 
to be down-regulated in several CHD pathologies. CHD, congenital heart disease; TOF, tetralogy of Fallot; HOS, Holt-Oram syndrome; 
HLHS, hypoplastic left heart syndrome; VSD, ventricular septal defect.
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MiR-940 appeared to be the most highly expressed miR in 
the normal human RV outflow tract but it is dramatically 
down-regulated in TOF patients (29). A functional analysis 
of miR-940 in isolated human Sca-1+ cardiac cells revealed 
that a reduction of miR-940 enhanced Sca-1+ cardiac 
resident cell proliferation but repressed their migration by 
targeting JARID2 (Jumonji and AT-rich interaction domain 
containing 2), a gene that may also affect the development 
of the cardiac outflow tract (66). However, mentionable 
in this context remains that a human ortholog of Sca-1  
protein has not been yet identified, although it seems 
possible to isolate Sca-1+-like cells from the human heart 
using an anti-mouse Sca-1 antibody (29,67). Also alterations 
of the expression of CX43 (connexin 43) are known to be 
involved in the development of conotruncal anomalies (30).  
CX43 mRNA and protein were up-regulated in the 
myocardium of 30 TOF patients compared with controls (31).  
Of 10 miRNAs that were potentially associated with CX43, 
only miR-1 and miR-206 were significantly down-regulated 
in TOF patients. Both have previously been shown to 
impair CX43 expression (32), suggesting that both miR-1  
and miR-206 may contribute to the development of TOF (31).  
Another microarray study that evaluated five right 
ventricular outflow tract (RVOT) biopsies from TOF 
patients and three corresponding control tissues identified 
41 candidate miRs. Of these, 18 were differentially 
expressed in RVOT of non-syndromic TOF patients. 
These miRs targeted a network of genes that are involved in 
cardiac development and CHDs. Subsequently, in vitro data 
confirmed that an up-regulation of miR-424/424* enhanced 
proliferation and inhibited migration of embryonic mouse 
cardiomyocytes by suppressing HAS1 and NF1. In fact, 
both genes were down-regulated in RVOT samples 
from TOF patients (33). In contrast, miR-222 promoted 
cardiomyocyte proliferation and inhibited myogenic 
differentiation of P19 cells (33). Thus, both miR-424/424* 
and miR-222 may contribute to the TOF pathotype by 
affecting cardiomyocyte development.

HLHS

The HLHS is a rare CHD that has severe consequences 
in left heart structures. It is characterized by stenotic or 
atretic aortic and/or mitral valves, a highly hypoplastic aorta 
ascendens and a left ventricle that is highly hypoplastic or 
even completely missing (68). The severity of the disease 
requires surgical intervention within the first couple 
of days after birth. This palliative, so-called Norwood 

procedure includes three successive surgical interventions 
to generate circulation that is restricted to two chambers 
of the heart (63,68). In a recent study by Sucharov et al. 
the miR profile of the RV in HLHS patients was compared 
with the RV of non-failing (NF) hearts using an array that 
detected 754 miRs (34). A total of 93 miRs were found to 
be differentially regulated in HLHS hearts, which clustered 
separately compared to NF hearts. In a mouse model, some 
of these miRs have been implicated in the fetal program 
during heart failure (miR-208) (35) and in RV hypertrophy 
and RV failure (miR-30, miR-378) (36). Additionally, 
three miR species (miR-99a, miR-100, miR-145a)  
were down-regulated prior to or directly after the stage 1  
operation of the Norwood procedure while the values 
returned to control levels after the stage 3 operation (34). 
This demonstrates the strong influence of altered blood 
flow conditions on the expression patterns of miRs in the 
heart. MiR-137 and miR-145 which were down-regulated 
in the RV of HLHS patients (34), both directly regulate the 
expression of FOG-2, a transcription factor that modulates 
the expression of GATA4, GATA5, and GATA6 (39),  
essential players in cardiac development. In contrast, miR-
204 is up-regulated in the hypertrophic RV of HLHS 
patients, similar to patients who suffer from hypertrophic 
cardiomyopathy (40). However, despite these convincing 
data, it should be noted that the changes in expression of 
especially miR-99a, miR-100 and miR-145a after surgical 
interventions reflect the consequences of the disease due to 
altered blood flow conditions rather than shedding light on 
the initial molecular mechanisms that lead to HLHS which 
must happen much earlier during development. However, 
some miRs, including miR-208 and miR-378, were shown 
to be consistently dysregulated independent of the surgical 
stage compared with NF hearts. This in turn could indicate a 
decontrolled activation or repression of downstream targets 
or pathways even after the surgical intervention, potentially 
leading to the development of cardiac fibrosis and/or 
hypertrophy (see Section “Regenerative approaches in patients 
with CHD”).

VSDs

VSDs are defined by discontinuation in the septal wall that 
divides the left and right ventricles of the heart. VSDs are 
by far the most common form of CHDs (18). However, 
small VSDs can be asymptomatic and close spontaneously 
within the first year after birth. In contrast, large defects 
in the cardiac septum can lead to severe heart failure in 
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infants due to volume overload that results in pulmonary 
hypertension (69). Several miRs have been implicated to 
participate in the development of VSDs, mainly derived 
from specific miR knockdown or overexpression studies in 
animal models. MiR-1 was the first miR that was shown 
to regulate fundamental steps of heart development (41). 
This muscle-specific small RNA is highly abundant in 
the mammalian heart and accounts for almost 40% of all 
miRs in the myocardium (70). Mice with increased miR-1  
expression in the developing heart showed a decreased set 
of proliferating ventricular cardiomyocytes, proposed to 
be mediated by the translational inhibition of Hand2, a 
bHLH transcription factor that is required for ventricular 
cardiomyocyte expansion (41,42). Consistent with this, 
injection of miR-1 into Xenopus embryos also blocked 
cardiac development (71). In contrast, depletion of miR-1-2  
in mice resulted in 50% embryonic lethality, largely due 
to VSDs (43). Additionally, miR-1-1 was shown to be 
significantly dysregulated in cardiac tissue samples from 
patients with VSDs (44). It was demonstrated that this 
down-regulation of miR-1-1 in such patients directly 
correlated with an increased level of its predicted target 
genes GJA1 (Gap junction alpha-1) and SOX9 (SRY-Box 9).  
Likewise, this microarray analysis of VSD samples also 
identified an up-regulation of miR-181c, which regulates 
the expression of BMPR2 (Bone morphogenetic protein 
receptor 2), a protein which is involved in valvulogenesis 
and septal formation (44,47). Transcribed from the same 
locus in a bicistronic manner miR-133a-1/miR-1-2 and 
miR-133a-2/miR-1-1 are expressed throughout the 
ventricular myocardium and interventricular septum from 
E8.5 until adulthood. In 2008, Liu et al. (45) illustrated the 
role of miR-133 in genetically engineered mice that were 
deficient for either miR-133a-1 or miR-133a-2, or both, as 
well as mice overexpressing miR-133a. Surprisingly, mice 
with deletion of either miR-133a-1 or miR-133a-2 were 
phenotypically normal, demonstrating that miR-133a-1 
and miR-133a-2 may play overlapping, and potentially 
compensatory roles during cardiac development. In 
contrast, miR-133a double-mutant mice exhibited lethal 
VSDs in approximately 50% of genetically modified 
embryos or neonates. The residual mice that survived until 
adulthood appeared to manifest dilated cardiomyopathy, 
severe fibrosis and heart failure (45). Neonatal lethality due 
to VSDs and lung hypoplasia is also observed in mice with 
targeted deletion of the miR-17-92 cluster (48). This cluster 
and its paralogue clusters, miR-106a-363 and 106b-25,  
belong to a family of highly conserved miR clusters that 

consist of six members: miR-17, miR-18a, miR-19a, miR-20a,  
miR-19b-1, and miR-92a-1. Knockout mice that lacked the 
paralogue clusters miR-106a-363 and 106b-25 did not display 
an obvious phenotype, whereas mice with a loss of both 
miR-17-92 and miR-106b-25 developed exacerbated cardiac 
failings, including ventricular wall thinning and VSDs (48).  
Furthermore, the miR-17-92 cluster was shown to regulate 
myocardial differentiation of cardiac progenitors by 
affecting signaling cascades of the second heart field which 
is required for appropriate outflow tract formation (49).  
It has been shown that BMP (Bone morphogenetic protein) 
signaling enhances the transcription of several members 
of the miR-17-92 cluster through conserved Smad-
binding sites. In turn elevated miR-17-92 levels inhibit the 
expression of important cardiac progenitor genes, namely 
Isl1 (ISL LIM homeobox 1) and Tbx1 (T-box 1), thereby 
facilitating myocardial differentiation. 

Another miR that may be involved in the formation of 
VSDs is miR-195, a member of the miR-15 family. Early 
cardiac muscle-specific overexpression of miR-195 under 
the control of the β-myosin heavy chain promoter during 
embryogenesis was associated with ventricular hypoplasia 
and VSDs in hearts of these transgenic mice on postnatal 
day 1 (P1) to P3. Transgenic mice were generated by 
subcloning a mouse genomic fragment flanking miR-195 
into a cardiac-specific expression plasmid containing 7kb 
of upstream regulatory sequences from β-myosin heavy 
chain promoter (72). Additionally, miR-195 overexpressing 
hearts showed a marked decrease in cells that underwent 
mitosis and an increase in cardiomyocyte multinucleosation, 
indicating that miR-195 could play a role in cell cycle arrest 
and the mitotic regulation of cardiomyocytes (50). Li and 
colleagues detected dysregulated expression of 36 circulating 
miRs in plasma from three VSD patients compared with 
controls (51). The expression of eight of these miRs 
was then further validated by qRT-PCR in plasma from  
20 unrelated VSD patients. Seven of these miRs, including 
hsa-let-7e, miR-155, miR-222, miR-379, miR-409, miR-433  
and miR-487, were shown to be down-regulated except one 
(miR-498), which was up-regulated when compared with 
controls. Gene Ontology (GO) analysis revealed that target 
genes of these miRs include NOTCH1, HAND1, ZFPM2 
(also known as transcription factor GATA4/FOG-2)  
and GATA3, genes known to be involved in cardiac right 
ventricle development and right ventricle morphogenesis 
(52-54). Dysregulation of these genes by miRs may 
therefore contribute to an altered cardiac morphogenesis 
that result in the development of VSDs (51). An overview of 
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selected target genes and/or their miRs that are potentially 
involved in CHDs is provided in Table 1 and Figure 2.

miRNA modulation for therapeutic intervention

Given the increasing number of studies that focused on the 
role of specific miRs in the development or progression of 
CHDs, it appears that their therapeutic regulation could 
be a promising approach to improve clinical outcomes 
in patients after surgical interventions. Currently, two 
major miR-modulation strategies are employed: (I) 
inhibition of miR activity by chemically modified anti-miR 
oligonucleotides (AMOs) or miR-sponges (Figure 1B) or (II) 
restoration of the function of a miR using viral vector-based 
overexpression or delivery of synthetic double-stranded 
miRs (Figure 1C). This section focuses on the currently 
available portfolio of miR therapeutic technologies.

Anti-miRs and miR-sponges

The most common transient miR-inhibitors are AMOs 
(Figure 1B). Mostly designed as single-stranded RNAs that 
generally exhibit a sequence that is fully complementary 
to the mature miR sequence, several chemically modified 
AMOs are available to improve their stability, binding 
affinity, and resistance to endonucleases. However, some 
AMOs, including those with modifications like methylation 
of nucleoside ribose 2’-hydroxyl groups (“OMe’s”), 
inclusion of phosphorothiolate linkages (PS-modified OMe 
oligos), addition of N,N-dietyl-4-(4-nitronaphtalen-1-
ylazo)-phenylamine (“ZEN”-modified OMe oligos), and 
3-end substitution to cholesterol (“AntagomiRs”)“, have 
both advantages and disadvantages when used for miR 
inhibition (recently reviewed by Beavers et al.) (73). 

Nevertheless, the most effective classes of AMOs are 
locked nucleotide acids (“LNAs”), phosphorodiamidate 
morpholino oligonucleotides (“PMOs”) and peptide nucleic 
acids (“PNAs”). Their modifications ensure high binding 
affinity to the targeted miRs and equip them with improved 
nuclease resistance (73). Next to the transient inhibition 
of miRs by AMOs, another class of stable miR inhibitors 
is raising interest: miR-sponges. They are intracellularly 
expressed from transgenes (e.g., viral vectors) to generate 
high levels of competitive miR inhibitor transcripts  
(Figure 1B) (74). Modifications such as “bulged” sequences 
can make these sponges more effective in targeting a 
specific miR by having imperfect complementarity to the 
miR sequence. Additionally, this imparts them with higher 

stability against RISC-mediated degradation (74,75). 
Compared with individual anti-miRs which exclusively 
inhibit one miR by sharing the particular complementary 
seed region, miR sponges are able to inhibit an entire miR-
family. Several sponge-related miR targeting systems have 
been successfully developed and tested, including tough 
decoys (“TuDs”) (76), and “miRNA erasers” (77). 

miR mimics

Restoring the activity and function of a miR that is potentially 
down-regulated or even absent in pathophysiological 
settings has become increasingly important. The delivery 
of synthetic RNA duplexes, which mimics the affected 
miR is therefore one therapeutic option (Figure 1C). When 
applied, one strand (guide strand, or antisense) of the duplex 
is ideally recognized from miRISC as the miR of interest 
(by representing the same sequence), whereas the other 
complementary strand (passenger strand, or sense) will be 
degraded. Hence, the possibilities to chemically modify these 
RNA duplexes, especially the guide strand, are restricted due 
to the miRISC recognition process (78). Nevertheless, some 
modifications have been developed for the passenger strand 
to ensure optimal cellular uptake (e.g., by linking cholesterol 
or 5’-O-methylation to enhance guide strand selectivity) (79).  
Further modifications,  including 2’-f luoro (2’-F) 
modifications, have been shown to impact exonuclease 
resistance and miR-mimic stability, respectively (80). Two 
major approaches have been tested to deliver miR-mimics: 
(I) miR-mimic viral based overexpression (Figure 1C) and (II) 
injection (intravenously or directly into the affected tissue) 
of miR-mimics that are linked to liposomal nanoparticles, 
atelocollagen or polyethyleneimine (81-83) (Figure 1C). 
Systemically viral based overexpression of a miR-mimic 
can be performed by using adeno-associated viruses (AAVs) 
(84,85) (Figure 1C). Due to the natural tropism of AAVs to 
cell types, receptors or organs, a cardiac-specific expression 
of the miR-mimicking constructs could also be realized (86).  
In addition to serotype that are used to enhance cell 
type specificity, the choice of a strong or tissue-specific 
promoter within the viral vector system could furthermore 
increase the efficiency of miR-mimic expression (e.g., 
CMV or TnnT promoter) (87,88). Several AAV approaches 
expressing miR-mimics have already undergone clinical 
trials. Their feasibility and safety profiles are promising and 
miR-mimics overexpression may be a promising approach 
to ameliorate poor clinical outcomes and complications in 
CHD patients and enhance their life expectancy (89).
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Regenerative approaches in patients with CHD

Through advancements in surgical techniques and clinical 
care, the number of patients with grown-up congenital 
heart disease (GUCH) is increasing rapidly. As recently 
reviewed by Webb et al. (90), the number of adults with 
CHD (ACHD) is estimated to reach 2.3 million compared 
to 1.9 million cases in children out of a total population 
of 800 million across Europe. In fact, in most Western 
countries, the number of GUCH cases already outpaces the 
number of children born with CHDs and the gap continues 
to widen (90). This presents new challenges for pediatric 
cardiologists and heart surgeons, because these patients 
require complex and life-long intensive care to prevent late 
morbidity and mortality (91). However, a high number of 
GUCH patients develop cardiac hypertrophy (CH) (92) 
and fibrosis (93) in response to altered blood perfusion, 
abnormal pulmonary pressure or other malformations 
associated with severe CHDs. Additionally, underdeveloped 
or abnormal vascularization can trigger severe long-term 
cardiac complications, including heart failure (94,95). Thus, 
an adjuvant, miR-based therapeutic option to treat patients 
facing those problems could be a promising approach to 
support existing palliative care practices. In this review, we 
provide an overview of potential miR candidates that may 
be used for miR-based therapies in CHD patients, including 
GUCH patients. Although, the selected miRs were shown 
to be dysregulated in children with CHDs, the expression 
pattern in ACHD patients has yet to be investigated.

Regulation of fibrosis

Myocardial fibrosis, which can be observed not only after 
myocardial infarction (MI) (96), but also in patients with 
CHD (97), could contribute, at least partially, to the observed 
poor clinical outcomes by altering the functional status of the 
heart or regulating arrhythmias (93). New promising cardiac 
imaging technologies, recently reviewed by Rathod et al., have 
allowed the identification of different types of myocardial 
fibrosis, including reactive interstitial fibrosis and replacement 
fibrosis (97). In particular, reactive interstitial fibrosis, which 
is characterized by a progressive chronic course of diffuse 
collagen deposition, may be found in patients with CHD. It 
occurs mainly after hypertension, aortic stenosis (AS), chronic 
heart insufficiency or shunts—cardiac pathologies that are also 
found in CHD patients (97). Therefore, the development 
of anti-fibrotic drugs may have tremendous therapeutic 
potential and ameliorate the clinical outcome of many CHD 

patients. Several miRs are known to play an important role 
in the development and/or progression of fibrosis. Given the 
growing numbers of miRs that have been shown to influence 
cardiac fibrosis, we focus on a few miRs that are also found 
to be dysregulated in CHDs. The first pro-fibrotic miR 
found to play a key role in fibrogenesis after tissue injury 
was the cardiac-specific miR-208. This miR is encoded by 
intron 27 of the α-MHC (alpha Myosin heavy chain) gene 
in humans and mice. It is highly conserved in all mammals 
and specifically expressed in the heart (98,99). Van Rooij 
et al. (99) investigated cardiac responses of wild-type and 
miR-208-/- mice after induction of cardiac stress by thoracic 
aortic banding (TAB). They could show that wild-type mice 
displayed stress-dependent ventricular cardiac fibrosis after 
TAB, whereas mice with deletion of miR-208 were almost 
devoid of fibrosis (99). In addition, therapeutic inhibition 
of miR-208 by antisense oligonucleotide (anti-miR)  
delivery during hypertension-induced heart failure in Dahl 
hypertensive rats was shown to prevent cardiac remodeling, 
including cardiac fibrosis (100). Interestingly, miR-208 
is known to be up-regulated in patients with HLHS, as 
mentioned above (34). Therefore, this miR could be an 
interesting target for anti-fibrotic drugs, and possibly also 
in patients with CHD (Figure 3B). 

Another miR cluster with pro-fibrotic potential in 
the heart is the miR-15 family. Demonstrated to have 
an influence on the development of VSDs in hearts of 
transgenic mice while overexpressed (50), this miR-family, 
including miR-195, were also shown to be consistently up-
regulated in different settings of heart disease [reviewed 
by Small et al. (101)]. Anti-miR studies have provided new 
insights into the regulatory function of this miR family in 
cardiac fibrosis (101). Hullinger et al. (102) demonstrated 
that miR-15 family members are up-regulated in infarcted 
regions of the porcine and murine heart in response to 
ischemia-reperfusion injury. Therapeutic blocking of miR-15  
family members using LNA-modified anti-miRs after MI 
led to a reduction of infarct size, cardiac remodeling and 
enhanced cardiac function which corresponded with a 
decrease in cardiac fibrosis (102). Since many CHD patients 
present specific hemodynamic abnormalities, including 
left or RV volume overload and pulmonary hypertension 
as a conceivable consequence for instance of large VSDs, a 
resulting activation of fibroblasts may occur which in turn 
could facilitate cardiac fibrosis (103). 

A second strategy to regulate fibrosis could be realized 
by an overexpression of anti-fibrotic miRs. Such miRs, 
including miR-1 and miR-133, are normally shown to be 
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down-regulated in pathophysiological settings in the heart. 
Increasing their expression, through miR-mimics, may 
therefore positively influence the development of fibrosis 
(Figure 3B).

As mentioned above, adult miR-133a double knockout 
mice displayed severe fibrosis and heart failure (45). This 
fibrotic response could be explained by the interaction of 
miR-133 with its potential target gene CTGF (connective 
tissue growth factor). In a disease setting in which miR-133 
is down-regulated, this may lead to enhanced expression 
of its target gene in cardiomyocytes, which in turn could 
stimulate extracellular matrix synthesis in fibroblasts and 
therefore support the development of fibrosis (46). Another 
study demonstrated that miR-1 replacement therapy can 
attenuate cardiac remodeling, including fibrosis (104). 
Therefore, Sprague-Dawley rats with pressure overload 
induced CH received either miR-1 overexpressing AAV9 or 
AAV9-GFP control virus via single bolus tail vein injection 
two weeks after surgical intervention. Animals with AAV9-
miR-1 delivery showed a marked reduction of myocardial 
fibrosis after 7 weeks of treatment when compared to 
control animals (104). Interestingly, miR-1 is known to be 
significantly down-regulated in cardiac pathological settings, 
including TOF and VSDs (31,44) (Table 1, Figure 3B).  
Therefore, it is tempting to speculate that therapeutic 
modulation of fibro-miRs, such as miR-208, miR-1, miR-133  
or the miR-15 family may open new options for the 
treatment of fibrosis in CHD in the near future.

Regulation of angiogenesis

Angiogenesis is a complex process that depends on a well-
balanced equilibrium of both pro- and anti-angiogenic 
modulators that influence proliferation or quiescence 
of endothelial cells (ECs) within the myocardium. 
An imbalance of these factors can lead to impaired 
angiogenesis, also found in patients with CHD (94,95). 
Therapeutic treatment options in a pro- or anti-angiogenic 
manner could therefore help to avoid abnormal blood vessel 
proliferation or enhance normal angiogenic growth within 
the myocardium of affected patients. Several in vitro and 
in vivo studies have indicated a fundamental role of miRs 
in angiogenic processes nearly a decade ago (105-108).  
For instance, in vitro EC-specific silencing of DICER, 
which leads to a general reduction of miRs, demonstrated 
that EC function is strongly influenced by an absence of 
these tiny regulators (106,107). Mice with a global Dicer 
knockout revealed angiogenic impairment, e.g., defective 

blood vessels, resulting in late embryonic lethality (105,108). 
However, EC-specific Dicer hypomorphic mice survived 
but showed a reduced postnatal angiogenic response to a 
variety of stimuli like VEGF (vascular endothelial growth 
factor) or ischemia, indicating that EC-specific miRs are 
rather required for postnatal angiogenic processes than 
for developmental angiogenesis (109). In addition, this  
EC-specific deletion of Dicer led to an up-regulation (mRNA 
and/or protein) of various regulators of angiogenesis 
including TEK/Tie2 (tyrosine kinase with immunoglobulin 
like and epidermal growth factor homology domains-2), 
KDR/VEGFR2 (VEGF receptor-2), Tie-1 (tyrosine 
kinase with immunoglobulin like and epidermal growth 
factor homology domains-1), eNOS (endothelial nitric 
oxide synthase) and Tsp-1 (thrombospondin-1) and a 
down-regulation of IL-8 (interleukin-8) (106,107,109). 
Interestingly, Tsp-1 is a predicted target of the miR-17-92  
cluster (Table 1), which is down-regulated in HOS and 
VSDs possibly indicating an up-regulation of Tsp-1 in these 
patients, though this still has to be validated. It was shown 
that an inhibition of the miR-17-92 cluster reduces tube 
formation and EC sprouting in matrigel in vitro (109). In 
contrast, an induced over-expression of members of the 
miR-17-92 family, especially miR-18a, led to a reversal of 
impaired EC proliferation and morphogenesis and was able 
to rescue the initiated overexpression of Tsp-1 caused by 
Dicer deletion. Another potent stimulator of angiogenesis, 
EC apoptosis and cell arrest is hypoxia. Quite commonly 
found in various CHDs (110,111), hypoxia may also have an 
influence on the angiogenic processes in affected children. 
Indeed, hypoxia has been shown to regulate the expression of 
different miRs, which have been identified in several cancer 
cell lines or ECs (112-114). Regulation of the expression 
of several miRs was found to be mediated by VEGF, 
including the modulation of miR-155 and members of the 
miR-17-92 family such as miR-18a and miR-20a (109).  
Recently, Yin and colleagues published the correlation 
of several gene expression patterns of angiogenic genes 
in CHD, including cases which concomitantly showed 
hypoxia (95). It was shown, that under hypoxic conditions, 
HIF-1α (hypoxia-inducible factor-1α) is accumulating 
rapidly combined with HIF-1β, thus activating downstream 
genes like VEGF and ET-1 (endothelin-1) which induced 
proliferation, sprouting and migration of ECs. Especially 
in patients with cyanotic CHD, consistently elevated 
HIF-1α levels may induce the development of systemic to 
pulmonary collateral arteries (95,115,116). However, miR-
155 was shown to be down-regulated in patients with VSDs, 
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indicating that VEGF levels were not increased in the cohort 
and thus did not activate their downstream miRs. This could 
be explained by the fact that the VSD cohort included in 
the study appeared to have relatively small shunt diameters 
(5–8 mm) (51,117), which in turn do not necessarily induce 
hypoxia. Therefore, miR-155 likely has a predominant impact 
on cardiac right ventricle development and right ventricle 
morphogenesis in patients with small VSDs rather than being 
involved in angiogenesis. Nevertheless, larger VSDs without 
surgical correction do have a greater chance of developing 
cyanotic pathologies and hypoxia due to increased pulmonary 
pressure, the right to left shunt, and the resulting occurrence 
of unoxygenated blood in the left ventricle. This may have 
an influence on the activation of VEGF and its downstream 
targets. Additionally, VSDs were observed in mouse heart 
with targeted deletion of the miR-17-92 cluster (48).  
However, whether there might be a direct link between 
these miRs, VEGF, and angiogenic processes in patients with 
CHD remains unknown and little is known about the precise 
function of these miRs that regulate angiogenesis in other 
CHDs like TOF and HLHS.

In conclusion, it is tempting to speculate that these 
miRs might be potential candidates for stimulation of 
angiogenesis in patients with CHDs. However, therapeutic 
approaches that especially target the miR-17-92 cluster 
(Figure 3B) should be considered carefully. The miR-17-92  
cluster harbors several oncomirs that are associated with 
tumor progression and it is considered as a bona fide 
oncogene in lymphomagenesis (118,119). Therefore, such 
a strategy must be considered judiciously prior to potential 
application. Further research is needed to discern the 
distinct roles of this miR-cluster in angiogenesis (120). 

HLHS is one of the most challenging CHDs, resulting 
in problems including RV failure and insufficient growth of 
pulmonary vasculature (121). MiRs such as miR-378 [down-
regulated in HLHS (34)] (Table 1, Figure 2) have been 
implicated to regulate the pathophysiological development 
of the RV (36). Accumulating evidence indicates a role 
for miR-378 in the regulation of angiogenesis which may 
in turn influence the impairment of vasculature in these 
patients (37). When overexpressed in cancer cell lines,  
miR-378 was able to enhance cell survival and reduce 
cell death. In contrast, an inhibition of miR-378 showed 
a significant reduction of cell survival in these cells (37). 
Interestingly, miR-378 was shown to target the tumor 
suppressors SUFU (Suppressor of fused) and FUS-1 (Fused 
in sarcoma). Especially SUFU is known as a negative 
regulator of the Shh (Sonic hedgehog) signaling pathway, 

which implicates that this pathway is not only important 
for normal embryonic development but also for postnatal 
regulatory actions of angiogenesis (37). Furthermore, it 
is known that Shh regulates the expression of angiogenic 
cytokines such as VEGF, Ang-1 and Ang-2 (angiopoietin-1 
and -2) which may contribute to the induction of robust 
angiogenesis, observed after Shh signaling activation, 
characterized by distinct large-diameter vessels (122). 

In conclusion, miR-378 is able to regulate angiogenesis 
by indirect up-regulation of angiogenic factors and promotes 
cell survival by regulating the tumor suppressors SuFu and 
Fus-1. Apart from miR-378, many other miRs have been 
shown to participate in the process of angiogenesis (123). 
New therapeutic strategies that would improve blood 
perfusion in patients with CHDs may enhance long term 
clinical outcomes and reduce complications due to reduced 
perfusion of the most important organ of the body.

Regulation of hypertrophy 

Although CH can emerge in a normal physiological 
context (e.g., as a reaction to elevated workload, exercise, 
or pregnancy), it often correlates with cardiac diseases such 
as hypertension, AS, MI or valvular dysfunction. Known 
as a compensatory mechanism of action in early stages of 
development (due to the above-mentioned stimuli), CH 
in a chronic and manifested manner with eccentric growth 
of cardiomyocytes can lead to heart failure. Especially 
in CHD pathologies like TOF, RV hypertrophy reduces 
clinical outcomes by triggering RV failure. But also other 
infants with CHDs who underwent surgical interventions 
have a higher risk of mortality in adolescence, often due 
to RV failure caused by chronic hypertrophy (92,121,124). 
Many miRs are known to play important roles in the 
development or progression of CH (125,126) and could 
therefore be promising therapeutic targets. The strategy of 
therapeutic intervention depends on the specific regulatory 
properties of these miRs (i.e., do they exhibit pro- or anti-
hypertrophic potential). MiR-208, also involved in the 
regulation of fibrosis, displays pro-hypertrophic properties. 
In vivo overexpression of miR-208 stimulated fibrosis (99) 
and enhanced CH. Additionally, this miR is implicated to 
regulate heart failure in mice (36).

Overexpression of miR-208 resulted in a remarkable 
down-regulation of its target genes Mstn (myostatin) and 
Thrap-1 (thyroid hormone associated protein 1), which both 
function as repressors of hypertrophy and muscle growth 
(35,99). In addition, it was shown that a potent therapeutic 
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inhibition of miR-208a by antisense oligonucleotides in the 
heart of Dahl hypertensive rats prevents pathological myosin 
switching and cardiac remodeling, including CH (100).  
Thus, regulating miR-208 with an antisense strategy 
might improve the clinical outcome in CHD patients (e.g., 
HLHS) at risk of developing heart failure due to progressive 
CH (Figure 3B). Another miR with pro-hypertrophic 
potential is miR-195. Cardiac-specific overexpression of this 
miR under the control of the α-MHC promoter provided 
insights in its regulatory action during CH in vivo. When 
overexpressed in mice, initial induction of cardiac growth 
was observed. This was accompanied by a disorganization 
of cardiomyocytes and subsequently a dilated phenotype of 
the whole heart at 6 weeks of age. MiR-195 overexpressing 
transgenic mice displayed a remarkable increase of 
cardiomyocyte cell size when compared to wild-type mice. 
This study provides evidence that a cardiac-specific delivery 
of miR-195 is able to sufficiently stimulate cardiac growth 
and drive CH, respectively (127). Interestingly, miR-195 
overexpression during embryogenesis was associated with 
ventricular hypoplasia and VSDs in hearts of transgenic 
mice (50). Although proofed to regulate the development 
of VSDs and hypoplasia during early stages of life and 
embryogenesis, this miR could also play a role in the 
development of CH e.g., in patients with prolonged non-
treated larger septal defects, respectively. Since larger 
VSDs or AVSDs (atrioventricular septal defects) can lead 
to elevated pulmonary pressure, a commonly known cause 
of CH (128), this miR might be differentially expressed 
or could be reactivated later in life, thus regulating CH. 
However, the distinct role of miR-195, especially in patients 
with VSD and pulmonary hypertension still has to be 
evaluated as well as the possibility of regulating this miR 
therapeutically by anti-sense strategies. 

Several other studies identified anti-hypertrophic miRs 
such as miR-1 and miR-378. MiR-1 was shown to be 
significantly down-regulated after pressure-overload-induced 
CH in rat and mouse models (129,130). Interestingly, 
this down-regulation of miR-1 was observed as one of the 
earliest events in the heart after aortic constriction-induced 
hypertrophy—even before the increase of cardiomyocyte 
cell mass emerges (131). Similarly, miR-378 appeared to be 
down-regulated during CH and heart failure (38) (Table 1). 
Overexpression studies in primary cardiomyocyte cultures 
suggest that miR-378 targets two major growth-promoting 
signaling pathways: PI3K-AKT and RAF1-MEK1-ERK1/2. 
Both act downstream of Ras signaling which was blocked by 
down-regulation of Grb2, a direct target gene of miR-378, 

that is accompanied by a repression of fetal gene expression. 
Taken together, these data suggest that miR-378 deficiency 
favors the development of CH (38). Particularly noteworthy 
is that both miR-1 and miR-378 appear to be down-
regulated in CHD patients, including those diagnosed with 
TOF (31,36) (Table 1). Patients with this phenotype struggle 
with poor clinical outcomes, partially due to the presence 
of CH (92). Especially in HLHS patients, the single RV is 
exposed to chronic pressure overload, facilitating CH and 
leading to an emerging number of RV failure in HLHS 
patients (132). Therefore, therapeutic intervention which 
delivers miR-1 or miR-378 or mimicking molecules thereof 
may be a promising therapeutic option for the treatment of 
CH in the future (Figure 3B).

Conclusions and perspectives 

Several studies have underlined the role of miRNAs in 
pathological conditions in infants, including CHDs such as 
TOF, HLHS, VSDs and HOS. Many of these miRs appear 
to be dysregulated in CHD patients; however, most of the 
studies elucidated changes in miR expression as a result of 
the disease. Whether this dysregulation of miRs causally 
contributes to the development of CHD remains unclear. 
A number of studies in this review have demonstrated the 
promising feasibility of therapeutic modulation of miR 
expression during cardiac malformations by either inhibition 
by anti-miRs or overexpression by miR-mimics in animal 
models and were able to prevent or reverse cardiac fibrosis, 
inhibit CH and initiate angiogenesis. Thus, therapeutic 
intervention of miR and/or their target gene expression 
could be a promising approach in future to enhance clinical 
outcomes in CHD patients after surgical intervention.
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