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Integrated analysis of miRNA–mRNA interaction in pediatric
dilated cardiomyopathy
Frehiwet T. Hailu1, Anis Karimpour-Fard2, Lee S. Toni1, Michael R. Bristow1, Shelley D. Miyamoto3, Brian L. Stauffer1,4 and
Carmen C. Sucharov 1

BACKGROUND: MicroRNAs (miRNAs) are short single-stranded nucleotides that can regulate gene expression. Although we
previously evaluated the expression of miRNAs in pediatric dilated cardiomyopathy (DCM) by miRNA array, pathway prediction
based on changes in mRNA expression has not been previously analyzed in this population. The current study aimed to determine
the regulation of miRNA expression by miRNA-sequencing (miRNA-seq) and, through miRNA-sequencing (mRNA-seq), analyze their
putative target genes and altered pathways in pediatric DCM hearts.
METHODS: miRNA expression was determined by miRNA-seq [n= 10 non-failing (NF), n= 20 DCM]. Expression of a subset of
miRNAs was evaluated in adult DCM patients (n= 11 NF, n= 13 DCM). miRNA–mRNA prediction analysis was performed using
mRNA-seq data (n= 7 NF, n= 7 DCM) from matched samples.
RESULTS: Expression of 393 miRNAs was significantly different (p < 0.05) in pediatric DCM patients compared to NF controls.
TargetScan-based miRNA–mRNA analysis revealed 808 significantly inversely expressed genes. Functional analysis suggests
upregulated pathways related to the regulation of stem cell differentiation and cardiac muscle contraction, and downregulated
pathways related to the regulation of protein phosphorylation, signal transduction, and cell communication.
CONCLUSIONS: Our results demonstrated a unique age-dependent regulation of miRNAs and their putative target genes, which
may contribute to distinctive phenotypic characteristics of DCM in children.
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IMPACT:

● This is the first study to compare miRNA expression in the heart of pediatric DCM patients to age-matched healthy controls by
RNA sequencing.

● Expression of a subset of miRNAs is uniquely dysregulated in children.
● Using mRNA-seq and miRNA-seq from matched samples, target prediction was performed.
● This study underscores the importance of pediatric-focused studies.

INTRODUCTION
Dilated cardiomyopathy (DCM) is the most common type of
cardiomyopathy and is characterized by ventricular chamber
enlargement and contractile dysfunction.1,2 DCM often progresses
to heart failure (HF) in children as well as in adults.3 End-stage HF
due to DCM is the most common indication for cardiac
transplantation in children over the age of 1 year.4,5 Although
DCM affects both adults and children, the etiologies are varied,
with ischemic heart disease being the most frequent cause of HF
in adults, whereas in children the most common cause of DCM is
idiopathic.6 The outcomes of children with DCM remain poor, with
50% of pediatric patients dying or needing cardiac transplantation
within 5 years of diagnosis.6 Current therapies have resulted in a
significant improvement in morbidity and mortality in adults with
DCM.7 Therapeutic practices in children with DCM are based on

adult patient guidelines.8 However, medical therapies such as β-
blockers that are proven effective in adult DCM patients showed
no significant improvement in clinical outcomes in children,9 and
transplant-free survival has only minimally improved in children
with DCM.10

Our studies have demonstrated unique myocellular character-
istics of the pediatric DCM heart,4,11–13 including age-specific
differences in microRNA (miRNA, miR) expression.14 miRNAs are
regulatory molecules consisting of ~22 noncoding nucleotides that
regulate gene expression by targeting messenger RNAs (mRNAs)
resulting in mRNA degradation or translational suppression of
targeted transcripts.15 Recent evidence suggests that miRNAs can
modulate the expression of multiple target genes and networks
related to physiological16 and pathological processes in the
heart,17 making them an important contributor to cardiovascular
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diseases.9 In the current study, we investigated the expression
profile of miRNAs in the left ventricular (LV) tissue of pediatric DCM
patients and age-matched non-failing (NF) controls by RNA
sequencing (RNA-seq). Using our previously published mRNA-seq
data,13 we performed stringent statistical analyses and machine
learning tools to identify potential targets of differentially
expressed miRNAs. Using Ingenuity Pathway Analysis (IPA), we
identified signaling pathways related to these putative target
genes, including signal transducer and activator of transcription 3
(STAT3) signaling, cardiac hypertrophy signaling, extracellular
signal-regulated kinase or mitogen-activated protein kinase (ERK/
MAPK) signaling, extracellular signal-regulated kinase 5 (ERK5)
signaling, C–C chemokine receptor type 3 (CCR3) signaling, C–X–C
chemokine receptor type 4 (CXCR4) signaling, and Hippo signaling.

MATERIALS AND METHODS
Human tissue samples
All subjects gave informed consent and donated their hearts to
the institutional review board-approved Investigations of Pediatric
or Adult heart tissue bank at the University of Colorado, Denver.
NF LV tissue was from organ donors with normal heart structure
and function, whose hearts could not be placed for technical
reasons (size or blood type mismatch). DCM LV tissue was from
patients transplanted due to DCM of LV morphology who were
transplanted secondary to HF. Inclusion criteria for pediatric
DCM heart disease patients were age <18 years, presence of
nonischemic DCM without any definitive contributing comorbid-
ity, and ejection fraction <50%. Characteristics of pediatric
patients (n= 13 NF and n= 36 DCM, <18 years of age) and adult
patients (n= 13 NF and n= 11 DCM, ≥40 years of age) are listed in
Supplemental Tables S1 and S2, respectively. At the time of
cardiac transplantation or donation, the LV was rapidly dissected
in the operating room, flash-frozen, and stored at −80 °C until
further use.

miRNA isolation
miRNA was extracted as per the manufacturer’s protocol. Human
LV samples were homogenized in QIAzol, and miRNA was
extracted from pediatric LV tissue using mirVana Kit (Ambion)
(n= 13 NF and 28 DCM samples) or miRNeasy Plus Mini Kit
(Qiagen) (n= 8 DCM samples). mirVana was used for extracting
miRNA from adult LV tissue (n= 13 NF and n= 11 DCM). RNA
quality and quantity were measured using a NanoDrop spectro-
photometer (ND-2000, Thermo Scientific) and the Agilent
Bioanalyzer Nano RNA chip. Only samples with RNA integrity
number > 8 were used for RNA-seq.

miRNA-seq
Read quality was confirmed using FastQC (http://www.
bioinformatics). All known mature miRNAs and hairpins were
downloaded from miRBase (http://www.mirbase.org/). Currently,
there are 2588 mature miRNAs (human) in the most recent
miRBase release 21. All adapter sequences were trimmed from raw
sequencing files and the reads were mapped to the mature
miRNAs using Bowtie.18 Count estimates were calculated using
SAM tools (http://samtools.sourceforge.) and normalized using
edgeR19 (n= 20 DCM and 10 NF pediatric hearts).

miRNA RT-qPCR
Expression of selected miRNAs was evaluated by quantitative
reverse transcription-PCR (RT-qPCR) in pediatric (n= 12 NF, n= 30
DCM) and adult DCM patients (n= 13 NF and n= 11 DCM) (see
Supplementary Tables S1 and S2). miRNA expression was
measured by RT-qPCR using SYBR Green (miScript SYBR Green
PCR Kit Qiagen Inc.) and the miScript Universal Primer along with
miRNA-specific primers. Complementary DNA (cDNA) was synthe-
sized using the Qiagen miScript II cDNA synthesis (Qiagen)

according to the manufacturer’s instructions and as previously
described.20 The PCR reactions were carried out in a final volume
of 10 μl consisting of 1.25 ng cDNA in a Quant Studio 7 Flex.
miRNA expression was normalized to 18s. miRNA primers are
listed in Table S3.

Data analysis
The top 100 miRNAs by count values from DCM samples were
selected for further analysis. T test was used to compare the log 2
normalized miRNA counts between DCM and NF patients. Pairwise
Spearman’s correlation analysis between the significant 45
miRNAs and 6,273 mRNAs was calculated. miRNA targets were
downloaded from TargetScan (http://www.targetscan.org/) release
7.2, March 2018. Only targets that were significantly differentially
regulated by mRNA-seq13 were selected for further analysis.
For each of the 45 significant miRNAs, predicted targets were

filtered out as more reliable due to a significant negative
correlation (p < 0.05). The miRNA-seq data used for correlation
analysis was from seven NF and seven pediatric DCM patients that
matched the mRNA-seq data. One proportion test was performed
for each of the miRNAs, and only miRNAs whose predicted targets
were significant by one proportion test (significantly inversely
correlated targets subtracted from total significantly correlated
targets over the total significantly correlated mRNA targets) were
selected for further analysis (https://www.medcalc.org/calc/
test_one_proportion.php). Significant miRNAs and targets were
further evaluated by performing functional analysis. All analyses
were performed in R.
Gene ontology (GO) categorization was performed using

PANTHER to identify the biological process associated with DCM
and NF control LV tissue. Genes that were predicted targets of
significantly dysregulated miRNAs and filtered by Spearman’s
correlation analysis were used. Upregulated and downregulated
genes were uploaded to PANTHER separately and analyzed with
Fisher’s exact test using the 6273 genes we previously identified in
the heart of pediatric DCM patients and NF controls with FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) >
1 as our reference list.13

IPA was performed to investigate molecular pathways and
toxicity functions associated with DCM by comparing RNA-seq-
generated transcriptomes of pediatric DCM and NF control LV
tissue. Genes that were predicted targets of the significantly
dysregulated miRNAs and filtered by Spearman’s correlation
analysis was uploaded to IPA. Similarly, the 45 significantly
differentially regulated miRNAs in pediatric DCM patients were
analyzed using IPA to compare miRNA-seq data to miRNA-
seq–mRNA-seq predicted targets.

Statistical analysis
Statistical analyses were performed using GraphPad Prism soft-
ware. Welch’s t test was used when comparing NF and DCM
groups. One-way analysis of variance and multiple group
comparisons were performed when analyzing the effect of sex.
Consistent with American Physiological Society recommendations
on studies that include higher-level mammals and the goal of
identifying putative mechanisms that could lead to further studies,
statistical significance was set a priori at p < 0.1 when evaluating
sex differences, and all data are presented as mean ± SEM in the
figures.21

RESULTS
Patient characteristics
Characteristics of pediatric and adult patients are listed in
Supplementary Tables S1 and S2, respectively. The median age
for pediatric NF donors was 8.6 years with an interquartile range
(IQR) of 9.4 years and a median age of 4.3 years with an IQR of 12
years for pediatric DCM patients. Fifty-four percent of the pediatric
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NF donors and 53% of pediatric DCM patients were females. The
median age for adult NF donors was 52 years with an IQR of 11
years and 48 years with IQR of 23 years for DCM patients. Thirty-
nine percent of the adult NF donors and 9% of adult DCM patients
were females. Angiotensin-converting enzyme inhibitor, beta
blockers, and diuretic treatments were more commonly used in
DCM patients compared to NF donors. There were no differences
in the use of inotropes between NF controls and DCM patients in
the pediatric or adult cohort.

Identification of differentially expressed miRNAs
We compared the expression profile of miRNAs in the LV tissue of
pediatric DCM patients vs non-failing pediatric controls using
miRNA-seq. Two thousand five hundred and eighty-eight miRNAs
were identified. After normalization by edgeR, 393 miRNAs showed
significant differential expression (p < 0.05) (Supplementary Table S4

and www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99321). Of
the 393 differentially expressed miRNAs, 227 miRNAs were
upregulated and 166 miRNAs were downregulated (Fig. 1a). Based
on the counts of the DCM samples, the top 100 miRNAs were
selected. Of these, 45 miRNAs showed significant differential
expression (p < 0.05) in the heart of pediatric DCM patients
compared to NF pediatric controls (Fig. 1b). Based on average
counts, miRNAs were ranked high to low both in DCM and NF and
the top 25 most highly expressed miRNAs are listed in (Fig. 1c, d)
for NF and DCM, respectively.

Validation of sequencing data by RT-qPCR
To confirm the results obtained by miRNA-seq, a subset of miRNAs
significantly changed in pediatric DCM regardless of their
count levels (see Supplementary Table S4) was randomly selected
(miR-301a-3p, miR-301b-3p, miR-495-3p, miR-17-5p, miR-208a-5p,
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miR-193a-5p, miR-107, miR-133a-5p, miR-30c-5p, miR-1-3p, and
miR-1261), and their expression was verified by RT-qPCR from 42
pediatric LV DCM tissue (n= 12 NF and 30 DCM—see Supple-
mentary Table S1). Consistent with miRNA-seq, results, RT-qPCR
confirmed upregulation of four miRNAs (miR-301a-3p, miR-301b-
3p, miR-495-3p, and miR-107) and downregulation of two miRNAs
(miR-17-5p and miR-208a-5p) in pediatric DCM patients. Although
expression of miR-193a-5p, miR-133a-5p, miR-30c-5p, miR-1-3p,
and miR-1261 was unchanged by RT-qPCR, the directionality of
expression was consistent with results from miRNA-seq (Fig. 2).
Sequence variation in miRNAs can happen. These so-called
isomiRs may be detected by RNA-seq but not by RT-PCR due to
primer sequence mismatch. To determine if the primers used for
RT-qPCR detect all isomiRs, we evaluated the contribution of
isomiRs to miRNAs that did not significantly change by RT-PCR.

The percentage of isomiRs predicted to be undetected by RT-PCR
based on primer sequence for miR-1-3p, miR-30c-5p, and miR-
133a-5p is likely too low to explain the differences between RT-
PCR and RNA-seq. However, the percentage of isomiRs likely
undetected by RT-PCR for miR-193a-5p and miR-1261 was >50%,
which may explain the differences in RNA-seq and RT-PCR results
(Table 1).
In addition, we evaluated the effect of sex on miRNA expression.

Interestingly, miR-495-3p and miR-17-5p showed differentially
significant expression only in female pediatric DCM patients
compared to NF. Whereas the expression of miR-107 and miR-
181c-5p significantly changed only in male pediatric DCM (Fig. 3a).
The effect of sex differences on miRNA expression in the LV tissue
of pediatric DCM was confirmed by RT-qPCR. Consistent with
miRNA-seq results, RT-qPCR revealed upregulation of miR-495-3p

miRNA-seq
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and downregulation of miR-17-5p only in female pediatric
DCM patients compared to NF, and the expression of miR-107
and miR-181c-5p were significantly upregulated only in male
pediatric DCM (Fig. 3b).
To evaluate differences in miRNA expression profile between

adults and children with DCM, RT-qPCR was also performed in the
LV tissue sample from adult DCM patients only for the miRNAs
differentially expressed in pediatric DCM. miR-301a-3p, miR-301b-
3p, miR-495-3p, and miR-107 showed similar expression profiles in
pediatric and adult DCM hearts. Interestingly, although miR-208a-
5p was significantly different in pediatric DCM compared to NF
control and adult DCM compared to NF control, the directionality
of expression was the opposite. Moreover, the expression profile
of miR-17-5p was unchanged in adult DCM patients compared to
NF control (Fig. 4).

miRNA-seq-based target analysis
To evaluate the putative miRNA targets, we used our previously
published mRNA-seq dataset.13 Six thousand two hundred and
seventy-three mRNAs, FPKM > 1 were filtered as putative targets
of the 45 significantly different miRNAs. Following Spearman’s
correlation analysis and one proportion test, 36 significant miRNAs
and 808 (163 upregulated and 645 downregulated) inversely
significantly dysregulated target mRNAs were used for functional
analysis (Supplementary Tables S5 and S6).

Functional enrichment analysis
PANTHER was used to further categorize the 808 (645 down-
regulated and 163 upregulated) putative target genes of
differentially expressed miRNAs (36 miRNAs). Several biological
processes based on upregulated and downregulated putative
target genes of altered miRNAs were significantly enriched (p <
0.05) (Tables S7 and S8, respectively). Specifically, modulation of
chemical synaptic transmission, positive regulation of stem cell
differentiation, regulation of cytoplasmic translation, and cardiac
muscle contraction are among the top 15 significantly enriched
biological processes associated with the upregulated putative
target genes (Fig. 5a, b). Cellular process, regulation of protein
phosphorylation, signal transduction, and cell communication are
also among the top 15 significantly enriched biological processes
associated with the downregulated putative target genes (Fig. 5c,
d). Genes in the top ten significantly enriched biological processes
are listed in Supplementary Table S9.
Pathway analysis using IPA identified several significantly

enriched canonical pathways (p < 0.05) associated with putative
target genes of dysregulated miRNAs. Most importantly, signaling
pathways such as STAT3 pathway, ultraviolet B-induced MAPK
signaling pathway, ErbB signaling, cardiac hypertrophy signaling
(Enhanced), ERK5 signaling, PI3K/AKT signaling, integrin signaling,
hepatocyte growth factor signaling, focal adhesion kinase signal-
ing, and ErbB2–ErbB3 signaling were highly significantly enriched
(p < 0.001) in the heart of pediatric DCM patients compared to NF
control (Table 2). Moreover, IPA analysis also revealed multiple
significantly dysregulated (p < 0.05) cardiac-specific pathways
related to cardiac function, including cardiac enlargement, cardiac

inflammation, cardiac dilation, cardiac dysfunction, arteriopathy,
HF, congestive cardiac failure, cardiac stenosis, hypoplasia, and
infarction (Table 3).
In order to evaluate if pathway analysis based solely on miRNA-

seq, data would produce results similar to predicted targets from
the mRNA-seq data, IPA of the 45 significantly differentially
regulated miRNAs was performed. Unlike the results using
putative target genes based on mRNA-seq data, IPA does not
evaluate canonical pathways based solely on miRNA expression.
Moreover, most of the top significantly dysregulated pathways
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Fig. 3 miRNA expression affected by sex differences in pediatric
DCM patients. a miRNA-seq analysis of miRNA expression in DCM
hearts (n= 10 female, n= 10 male) compared to NF controls (n= 5
female, n= 5 male). b RT-qPCR analysis of miRNA expression in DCM
hearts (n= 17 female, n= 13 male) compared to NF controls (n= 6
female, n= 6 male). Only miRNAs regulated based on sex are
presented.

Table 1. List of miRNAs and percentage of isomiRs not predicted to
be detected by RT-qPCR primers.

miRNAs % of isomiRs not detected by RT-qPCR

miR-30c-5p 4.8

miR-133a-5p 14.7

miR-193a-5p 57.6

miR-1261 100

miR-1-3p 0.96
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related to cardiotoxicity function, including cardiac enlargement,
cardiac dilation, cardiac proliferation, arteriopathy, and HF were
common between the two analyses. However, top cardiotoxicity
functions including cardiac inflammation, cardiac hypoplasia,
congestive cardiac failure, cardiac stenosis and cardiac arrhythmia
were enriched only when putative target genes were used.
Furthermore, cardiac fibrosis, and cardiac regeneration were
enriched as top cardiotoxicity functions in IPA analysis based
solely on miRNA-seq data (Table 4).

DISCUSSION
Despite the fact that etiologies and biological factors involved in
pediatric DCM are different from that of adults, treatment of
pediatric patients has highly relied on adult guidelines.6 Our
previous studies have clearly shown unique myocellular char-
acteristics of pediatric DCM patients that are different from
adults,4,11,12 including an age-specific miRNA expression profile.14

Moreover, we have recently identified a unique cardiac gene
expression profile in pediatric DCM patients.13 Since miRNAs can
target the expression of mRNAs from >60% of protein-coding
genes,22,23 we evaluated miRNA expression by miRNA-seq, and
the relationship between miRNAs and mRNAs in pediatric DCM
hearts. miRNAs play an important role in the cardiovascular
system by regulating cardiomyocyte growth and contractility
together with the development and maintenance of cardiac
rhythm.24 Moreover, several studies have implicated altered
miRNA expression in cardiac hypertrophy and dysfunction as well
as HF.25,26 In this study, we identified, by miRNA-seq, 393 miRNAs
significantly dysregulated in pediatric DCM hearts when com-
pared to NF controls. Furthermore, by using mRNA-seq data, we
investigated biological pathways potentially regulated by these
miRNAs.

In our previous study, we investigated miRNA expression by
miRNA array.14 In this study, using miRNA-seq, we limited our
functional analysis to the top 100 expressed miRNAs (by count).
Previous studies using high-throughput sequencing of RNA
isolated by crosslinking immunoprecipitation showed that only
the most expressed miRNAs are likely to interact with the RNA-
induced silencing complex, suggesting that only a subset of
miRNAs has a biological role.27 Therefore, although the array
studies provide important information with respect to dysregu-
lated miRNAs, miRNA-seq studies can more reliably be used to
identify putative mRNA targets.
Upregulation of miR-301a-3p, miR-301b-3p, miR-107, and miR-

495-3p and downregulation of miR-17-5p and miR-208a-5p were
confirmed by RT-qPCR. In addition, although not significant, the
directionality of changes was the same when comparing miRNA-
seq and RT-qPCR of tested miRNAs. We and others have previously
observed differences in the significance of miRNA expression by
RT-qPCR when compared to arrays.14,20,28–30 We investigated if
isomiR expression could explain the lack of significance in the RT-
PCR data. The contribution of isomiRs to miR-1-3p, miR-30c-5p,
and miR-133a-5p is not likely to alter RT-PCR results. However,
miR-193a-5p and miR-1261 had high levels of isomiR expression.
In fact, all miR-1261 sequences were different than predicted by
miRbase. It is unclear if this is an organ-specific or an age-
dependent response. As the field advances, it will be important to
define isomiR expression by age and organ, and the effect these
isomiRs may have on gene expression. Although RT-PCR results
were not significant for a subset of miRs, the directionality of
expression is similar, suggesting that significance may be lost due
to added samples. Therefore, miRNA-seq results were used for
pathway analysis. Moreover, in support of our previous study,14

age-specific dysregulation of miR-208a-5p and miR-17-5p was
observed when comparing changes in pediatric DCM patients vs

Pediatric DCM

miR-495-3p

p = 0.004

p = 0.025
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p = 0.01 p = 0.025 p = 0.026
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Fig. 4 miRNA expression analysis in adult DCM patients. miRNA expression analysis was performed by RT-qPCR (n= 13 NF and n= 11 DCM
LV tissue). Expression was normalized to 18s. NF non-failing, DCM dilated cardiomyopathy.
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NF controls and adult DCM patients vs NF controls. Expression of
miR-208a-5p in adult DCM patients was increased, but down-
regulated in pediatric DCM patients compared to NF controls.
Moreover, miR-17-5p was downregulated in pediatric DCM
patients, whereas no change was observed in adults, which
suggests a unique miRNA regulation in pediatric DCM patients.
Several studies have shown a strong association of miR-301

with multiple human cancers including prostate cancer, pancreatic
cancer, and breast cancer.31–33 However, studies on the role of
miR-301 in the heart are limited. High expression of miR-301a was
reported in mouse hearts from late embryonic to neonatal stages
when compared to adult animals, suggesting the potential
involvement of miR-301a in cardiac development, differentiation,
and proliferation.34 A recent study on a mouse model of DCM
showed a link between downregulation of miR-301a and elevated
fetal gene expression as well as contractile dysfunction without
hypertrophy. Furthermore, the authors also showed neither
overexpression nor inhibition of miR-301a is related to cellular
hypertrophy in neonatal rat cardiomyocytes.35 Interestingly, we
previously showed that hypertrophy is not observed in pediatric
DCM hearts.13 In addition, increased expression of miR-301b has
been reported in non-valvular atrial fibrillation patients compared

to healthy controls,36 whereas inhibition of miR-301b expression
in neonatal rats has been implicated in reduced ATP production
and contractile dysfunction.37

In addition, we found increased expression of miR-107 in adult
DCM hearts. Consistent with our findings, increased expression of
miR-107 was observed in the arterial and coronary sinus blood
samples of adult ischemic heart disease and nonischemic DCM
patients.38 Moreover, miR-107 was overexpressed in endothelial
progenitor cells (EPCs) and inhibits their differentiation under
hypoxic conditions via targeting hypoxia-inducible factor-1β.
Similarly, upregulation of miR-495 has been implicated in various
cardiac injury models.39 Moreover, upregulation of miR-495
suppressed high glucose-induced extracellular matrix accumula-
tion of cardiac fibroblasts via targeting NOD1.40

Previous studies have reported an association of overexpression
of miR-208a-3p with increased cardiomyocyte hypertrophy and
fibrosis.41,42 However, the role of miR-208a-5p has not been
evaluated in the heart. Future studies will be important to
investigate the role of miR-208a-5p in the heart. Previous studies
have reported a strong association of miR-17-5p with myocardial
infarction.43,44 Increased expression of miR-17-5p was observed
in the plasma of acute myocardial infarction (AMI) patients,
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Fig. 5 Gene ontology analysis of the top biological processes predicted to be affected by changes in miRNA and mRNA expression.
a Gene ontology (GO) analysis results for the top 15 significantly enriched biological processes related to 163 upregulated putative target
genes in pediatric DCM patients vs NF controls identified using PANTHER [−log 10 (p value) > 1.3 or p < 0.05]. b GO annotations for the top
15 significantly enriched biological processes related to 163 upregulated putative target genes in pediatric DCM patients vs NF controls
showing the number of genes involved in each biological processes represented by a pie chart. c GO analysis results for the top
15 significantly enriched biological process related to 645 downregulated putative target genes in pediatric DCM patients vs NF controls
identified using PANTHER [−log 10 (p value) > 1.3 or p < 0.05]. d GO annotations for the top 15 significantly enriched biological processes
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biological processes represented by a pie chart.

Integrated analysis of miRNA–mRNA interaction in pediatric. . .
FT Hailu et al.

104

Pediatric Research (2022) 92:98 – 108



suggesting that miR-17-5p can be used as a novel AMI
biomarker.43 Furthermore, downregulation of miR-17-5p increased
cardiac function and reduced apoptosis in an in vivo AMI rat
model.44 It is interesting that the expression of miR-17-5p is
decreased in the pediatric DCM heart. This could be a
compensatory mechanism to cardiac dysfunction or it could be
related to yet undefined roles of this miRNA in end-stage HF.
Sexual dimorphism can affect gene expression profile in HF

patients.45,46 However, although miRNAs have been recognized as
important players in cardiac function and disease,47 studies on the
relationship between miRNA expression and sex are limited. A
recent study evaluated the effect of sex on the expression of some
miRNAs in normal as well as ischemic cardiomyopathic human
hearts.48 Similarly, in the current study, the expression of several
miRNAs including miR-17-5p, miR-107, miR-495-3p, and miR-181c-
5p in pediatric DCM was sex-based. Evaluating the role of these
miRNAs in a sex-specific manner will be important to understand

sex-specific differences in mRNA expression. Unfortunately, we
were not powered to investigate these differences since mRNA-seq
had only been performed in seven NF and seven DCM samples.
Although not specifically in DCM patients, the role of miR-181c-

5p in the heart has been evaluated previously.49,50 A recent study
showed hypoxia/re-oxygenation-stimulated expression of miR-
181c-5p in H9C2 cardiomyocytes and in an in vivo rat cardiac
ischemia/reperfusion injury model.49 Furthermore, the increased
expression of miR-181c-5p aggravates nuclear factor-κB-mediated
inflammation in vivo as well as in vitro.50

Functional analysis of the predicted target genes of altered
miRNAs in pediatric DCM patients indicated their involvement in
various biological processes and cardiac abnormalities. In addition,
pathway analysis of putative target genes revealed several
pathways predicted to be inhibited including STAT3 signaling,
ERK/MAPK signaling, ERK5 signaling, CCR3 signaling, and
CXCR4 signaling, and only Hippo signaling was predicted to be
activated (Table 2). Most of these dysregulated canonical path-
ways have important roles in various cardiac functions and
abnormalities. For instance, STAT3 has been implicated in cardiac
protection mechanisms both during acute and chronic stress.51,52

However, reduced activity of STAT3 has been linked to
cardiac inflammation and remodeling, as well as end-stage HF.53

Table 2. IPA-enriched top canonical pathways.

Canonical pathways −Log(p value)

STAT3 pathway 6.66

Synaptogenesis signaling pathway 6.6

ErbB signaling 6.3

Cardiac hypertrophy signaling (Enhanced) 6.29

ERK5 signaling 5.86

PI3K/AKT signaling 5.8

Acute myeloid leukemia signaling 5.74

HGF signaling 5.47

FAK signaling 5.44

ErbB2–ErbB3 signaling 5.41

Neuregulin signaling 5.39

UVB-induced MAPK signaling 5.36

Prolactin signaling 5.35

ErbB4 signaling 5.29

Germ cell–sertoli cell junction signaling 5.29

Epithelial adherens junction signaling 5.28

Integrin signaling 5.24

Endometrial cancer signaling 4.84

1D-myo-inositol hexakisphosphate biosynthesis V (from
Ins(1,3,4)P3)

4.83

Glioma signaling 4.78

Reelin signaling in neurons 4.75

Thrombopoietin signaling 4.66

Cell cycle: G2/M DNA damage checkpoint regulation 4.63

FLT3 signaling in hematopoietic progenitor cells 4.59

Melanoma signaling 4.57

UVC-induced MAPK signaling 4.5

Molecular mechanisms of cancer 4.39

Senescence pathway 4.27

Growth hormone signaling 4.24

Glioblastoma multiforme signaling 4.23

CNTF signaling 4.15

NRF2-mediated oxidative stress response 4.15

14-3-3-mediated signaling 4.15

Oncostatin M signaling 4.11

Pancreatic adenocarcinoma signaling 4.11

p70S6K signaling 4.09

ERK/MAPK signaling 4.05

Table 3. IPA-enriched top tox function related to putative target
genes of miRNAs significantly altered in pediatric DCM.

Categories −Log(p value)

Cardiac necrosis/cell death 5.28

Cardiac enlargement 4.60

Cardiac proliferation 4.22

Cardiac dilation 4.14

Cardiac arrythmia 3.43

Congenital heart anomaly 2.75

Cardiac dysfunction 2.74

Cardiac arteriopathy 2.27

Cardiac stenosis 2.19

Heart failure 1.83

Congestive cardiac failure 1.76

Cardiac damage 1.75

Cardiac hypoplasia 1.61

Cardiac inflammation 1.61

Cardiac infarction 1.34

Table 4. IPA-enriched top tox function related to the 45 miRNAs
significantly altered in pediatric DCM.

Categories −Log(p value)

Cardiac enlargement 13.3

Cardiac dilation 11.1

Cardiac fibrosis 7.3

Cardiac necrosis/cell death 3.5

Cardiac proliferation 3.4

Cardiac arteriopathy 2.2

Cardiac infarction 2.0

Heart failure 1.8

Cardiac damage 1.8

Cardiac regeneration 1.8

Congenital heart anomaly 1.4
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Moreover, complete loss of STAT3 in mitochondria shows
significant inhibition of complex I and II activities together with
decreased membrane potential, reduced ATP production, and
increased ROS generation.54,55 Interestingly, consistent with our
finding of inhibited STAT3 signaling, we have previously reported
mitochondrial dysfunction in pediatric DCM patients,56 suggesting
that STAT3 may be implicated in the progression of pediatric DCM.
In addition, several studies have implicated MAPK pathways,

including ERK5, in cardiac development, function, and pathol-
ogy.57 MAPK pathways can be activated in response to
hypertrophic stimuli or stressors such as oxidative stress,
hyperosmosis, and radiation.58 Moreover, a recent study reported
the association of dysregulated miRNA expression with ERK5-
dependent initiation of an inflammatory response in cardiac tissue
leading to cardiac hypertrophy.59

A recent report showed increased expression of chemokines
and their receptors, such as CXCR4, in patients with HF.60 CXCR4
negatively modulates the contractile function of cardiac myocytes
in response to the stimulation of the β-adrenergic receptor.61 A
subsequent study also showed that complete loss of CXCR4 in a
mouse model results in contractile dysfunction as a result of over-
activated adrenergic pathways.62 In addition, CCR3 signaling plays
a significant role in eosinophil-mediated heart damage (eosino-
philic myocarditis) via the eotaxin–CCR3 pathway.63

Lastly, Hippo signaling regulates cardiomyocyte proliferation
during heart development to maintain a normal heart size in
mammals.65 Several studies have reported involvement of Hippo
signaling in different cardiac abnormalities, including, hypertro-
phy, HF, arrhythmogenic cardiomyopathy, and DCM.66 It has also
been reported that the Hippo signaling pathway promotes
cardiac regeneration during cardiac injury through its effector
Yap.67

Our functional analysis results revealed that miRNAs signifi-
cantly altered in the heart of pediatric DCM patients target genes
that are associated with pathways known to be involved in
mitochondrial function, hypertrophy, inflammatory response, and
stem cell differentiation. More specifically, upregulated putative
target genes are involved in biological processes such as positive
regulation of stem cell differentiation. Interestingly, ours and
others previous evaluation of mRNA-seq data from pediatric DCM
patients suggested a gene expression profile pattern consistent
with incomplete cell differentiation, absence of cardiac hyper-
trophy,13 absence of an inflammatory response,64 and mitochon-
drial dysfunction.56 Similarly, a study by Wehman et al. showed an
increased number of cardiac stem cells in end-stage pediatric HF
patients.68 Pathway prediction suggests that modulating the
miRNAs that are significantly dysregulated in the heart of pediatric
DCM patients may provide a potential therapeutic benefit for this
population.
Finally, we compared IPA analysis of miRNA–mRNA target

prediction (39 miRNAs) to miRNA-seq data only (45 miRNAs
significantly differentially regulated in the heart of pediatric DCM
patients, regardless of changes in mRNA expression). Interestingly,
when using all 45, but not the 39 miRNAs, IPA predicted
enrichment of fibrosis. We previously showed minimal interstitial
fibrosis in pediatric DCM hearts.12 This suggests that results from
miRNA-seq and mRNA-seq interaction data are more reliable
predictors of pathophysiological changes than results from
miRNA-seq only.

CONCLUSION
In this study, our findings revealed alteration of several miRNAs in
pediatric DCM patients compared to NF control. We also showed
age- and sex-specific regulation of miRNAs in pediatric DCM
patients. The putative target genes of dysregulated miRNAs were
involved in pathways related to cardiac toxicity. Therefore, further
investigations of the implication of dysregulated miRNAs in the

hearts of children with DCM may help lead to the identification of
potential age-specific miRNA-based therapy.

LIMITATIONS
There are important limitations to the study. The observed
changes in pediatric DCM hearts are tissue bank-based studies
and these studies are cross-sectional. Moreover, we have not
evaluated if the changes observed are physiological or patholo-
gical. Although we have shown that several miRNAs are
differentially expressed in pediatric DCM and analyzed their
putative target genes predicted by TargetScan, we acknowledge
that these target genes need to be confirmed. miRNA-seq as well
as RT-qPCR was performed using heart tissue, which contains not
only cardiomyocytes but also endothelial cells and fibroblasts.
Therefore, the observed changes in miRNA expression may not be
specific to cardiomyocytes. Furthermore, since we were limited by
the number of patients who had mRNA-seq performed, we were
not able to evaluate the putative miRNA targets based on sex.
Further evaluation of the role of these miRNAs in a sex-specific
manner will be important to understand sex-specific differences in
mRNA expression. Lastly, we recognize that these studies do not
define phenotypic characteristics of the pediatric heart. We are
currently investigating aspects of contractile dysfunction and
cellular composition of these hearts, but these studies are beyond
the scope of this work.
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