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The heart is recognized as an organ that is terminally differentiated by adulthood. However, during the process of human
development, the heart is the first organ with function in the embryo and grows rapidly during the postnatal period. MicroRNAs
(miRNAs, miRs), as regulators of gene expression, play important roles during the development of multiple systems. However, the
role of miRNAs in postnatal heart growth is still unclear. In this study, by using qRT-PCR, we compared the expression of seven
cardiac- or muscle-specific miRNAs that may be related to heart development in heart tissue from mice at postnatal days 0, 3, 8,
and 14. Four miRNAs—miR-1a-3p, miR-133b-3p, miR-208b-3p, and miR-206-3p—were significantly decreased while miR-208a-3p
was upregulated during the postnatal heart growth period. Based on these results, GeneSpring GX was used to predict potential
downstream targets by performing a 3-way comparison of predictions from the miRWalk, PITA, and microRNAorg databases.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were used to identify potential functional
annotations and signaling pathways related to postnatal heart growth. This study describes expression changes of cardiac- and
muscle-specific miRNAs during postnatal heart growth and may provide new therapeutic targets for cardiovascular diseases.

1. Introduction

Although the heart is recognized as a nearly terminally differ-
entiated organ, its weight increases rapidly by approximately
20-fold from birth to adulthood (i.e., the period of postnatal
heart growth). The development of the heart is a precise and
complex process that is subjected to the regulation of many
molecules.

MicroRNAs (miRNAs, miRs) are endogenous, highly
conserved, short noncoding RNAs that can posttranscrip-
tionally regulate gene expression by binding to complemen-
tary sequences on target mRNAs [1–5]. miRNAs play impor-
tant roles in many biological processes, including develop-
ment, differentiation, proliferation, apoptosis, metabolism,
and tissue remodeling [6], and the expression patterns of
miRNAs are restricted spatially and temporally in different
tissues and during various developmental stages. The high
conservation of all types of miRNAs is closely related to their

important functions, especially regarding the evolution of
their target genes.

Overwhelming studies have demonstrated that miRNAs
exert functions during development and that regulating the
expression of their target genes is essential for the devel-
opment of multiple systems, including the gastrointestinal
system and neural system [7–12]. However, the role of
miRNAs in postnatal heart growth is seldom discussed. The
integration and interaction of the effects of miRNAs on
the heart provide a regulatory guarantee of cardiac gene
expression [13].These miRNAsmay also have a potential role
in regulating postnatal heart growth.

In the present study, we explored the temporal pattern
of cardiac- and muscle-specific miRNAs during postnatal
heart growth as well as the potential target genes of these
miRNAs as regulators of postnatal heart growth.The data will
provide novel insights for the development of postnatal heart
growth.
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Figure 1: Validation of time-varying miRNAs using qRT-PCR. miRNAs levels in mice heart at days 0, 3, 8, and 14 are shown. ∗ indicates
significant differences (𝑝 < 0.05) between two groups.
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Figure 2: A 3-way comparison of predictions from microRNAorg,
miRWalk, and PITA. The red, green, and blue sets stand for target
genes predicted by databases microRNAorg, miRWalk, and PITA,
respectively.

2. Materials and Methods

2.1. Mice. Male and female wild-type C57BL/6 mice were
purchased from the Shanghai Laboratory Animal Center
(SLAC, Shanghai, China) and housed in specific pathogen-
free (SPF) conditions on a 12 h light/12 h dark cycle in a
temperature-controlled room (21–23∘C). All animal experi-
ments were conducted under the guidelines of the humane
use and care of laboratory animals for biomedical research
published by the National Institutes of Health (no. 85-23,
revised 1996). This study was approved by the Local Ethic
Committee of Animal Experiments at Tongji University.

2.2. Quantitative Reverse Transcriptase-Polymerase Chain
Reaction (qRT-PCR). To collect heart tissues for qRT-PCR
analysis, mice were sacrificed by cervical dislocation at
postnatal days 0, 3, 8, and 14. The tissues were iso-
lated, rapidly removed, frozen fresh in liquid nitrogen,
and stored at −80∘C until use. Total RNA was extracted
using TRIzol reagent (Invitrogen). For miRNA analysis,
cDNA was generated, and the amplification and detec-
tion of specific products were performed on an ABI
7900 qPCR System. U6 was used as an internal con-
trol to normalize miRNA expression. Primers sequences
of miRNAs (forward, 5󸀠-3󸀠) were designed as follows:
miR-1a-3p, ACGATGGAATGTAAAGAAGT; miR-133a-
3p, ACGATTTGGTCCCCTTCAAC; miR-133b-3p, ACG-
ATTTGGTCCCCTTCAAC; miR-208a-3p, ACGAATAAG-
ACGAGCAAAAA; miR-208b-3p, ACGAATAAGACG-
AACAAAAG; miR-206-3p, ACGATGGAATGTAAGGAA-
GT; miR-499-5p, ACGATTAAGACTTGCAGTG; common

reverse, GTGCAGGGTCCGAGGT, primers sequences of
U6 (forward and reverse, 5󸀠-3󸀠), GCTTCGGCAGCACAT-
ATACTAAAAT, and CGCTTCACGAATTTGCGTGTC-
AT. Expression values were presented as fold change 2−Δ(ΔCT)

where ΔCT = (CT gene of interest −CT internal control).

2.3. Bioinformatic Analysis. GeneSpring GX software was
used to predict the target genes of the miRNAs, and these
predictions were compared with 3 databases (microRNAorg,
PITA, and miRWalk) and integrated into a Venn diagram
to demonstrate interactions among the databases. The Gene
Ontology (GO) database was used to describe 3 attributes of
the identified gene products: molecular function, subcellular
location, and related biological processes. Molecule and gene
networks were analyzed by the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway database.

2.4. Statistical Analysis. One-way ANOVA was conducted
with a Bonferroni’s post hoc test. Data analyses were per-
formed using SPSS 20.0 software, and all statistical tests
were two-sided. 𝑝 < 0.05 was considered to be statistically
significant.

3. Results

3.1. Distinct Temporal miRNA Expression Profiles in Hearts
during Postnatal Cardiac Development in Mice. The period
of cardiac muscle postnatal growth until 14 days after birth
is defined as the maturation and differentiation stage. To test
whether the observed cardiac or muscle miRNA expression
profiles changes are temporal, we compared the miRNA
expression profiles of mice hearts at postnatal days 0, 3, 8,
and 14 by using qRT-PCR and foundmiR-1a-3p,miR-133b-3p,
miR-208b-3p, and miR-206-3p were significantly decreased
while miR-208a-3p was upregulated (Figure 1).

3.2. Target Gene, GO, and Pathway Analysis. We used the
microRNAorg, PITA, and miRWalk databases to predict the
target genes of differentially expressed miRNAs in heart
tissues at different time points during postnatal development
by usingGeneSpring software. Next, we examined the overlap
of the resulting gene lists among these 3 databases and
constructed a Venn diagram. There were 226 overlapping
genes that were most likely to be targets of miRNAs during
heart postnatal growth listed in the analysis results (Figure 2).

The function of up- and downregulated genes was classi-
fied by Gene Ontology (http://geneontology.org/) based on
3 attributes: molecular function, biological processes, and
subcellular location. In this study, differentially expressed
mRNAs were enriched in numerous biological processes
including the regulation of blood vessel size, cell cycle, and
migration; transcription; DNA replication; ephrin receptor
signaling; heart valve development; and positive regulation
ofmyoblast proliferation (Figure 3(a)). Similarly, the nucleus,
nucleoplasm, and cytoplasmwere the identified cellular com-
ponents affected (Figure 3(b)), whereas the affected molec-
ular functions include the following: poly(A) RNA binding,
cytoskeletal adaptor activity, and protein kinase binding
(Figure 3(c)).

http://geneontology.org/
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Figure 3: GO analysis for differentially expressed mRNAs. (a–c) GO analysis according to biological process, cellular component, and
molecular function, respectively, ranked by enrichment score (−log10 (𝑝 value)).
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Figure 4: Pathway analysis based on the KEGG database. Ranked by enrichment score (−log10 (𝑝 value)).

Moreover, KEGG pathway analysis identified the fol-
lowing significantly (𝑝 < 0.05) affected pathways: cAMP
signaling, vascular smooth muscle contraction, regulation of
actin cytoskeleton, neurotrophin signaling, and cGMP-PKG
signaling (Figure 4).

4. Discussion

The heart is the first functional organ during embryonic
development and plays an important role in the growth
and maintenance of higher organisms. In contrast to most
organs, the heart is more sensitive to small changes in the
gene expression during development. Even subtle biological
perturbations in cardiac structure may result in catastrophic
consequences [14]. Elucidating the effects of those subtle
perturbations is key to fully understanding the molecular
mechanisms of heart development.

MiRNAs, which are involved in a variety of mechanisms
that regulate gene expression, play vital roles in heart forma-
tion and cardiovascular disease [15–18]. Increasing evidence
has indicated the diagnostic value and clinical implications
of several miRNAs in heart diseases, such as miR-433, miR-
21, miR-378, and miR-940 [19–21]. An increasing number
of miRNAs with different functions in heart development
have also been identified, including miR-1, miR-208, miR-
133,miR-206,miR-126,miR-143,miR-145, andmiR-499; from
this group, we analyzed the 7 miRNAs most relevant to
postnatal heart growth. Here, we found that the time after
birth is responsible for the changes of the observed miRNA
expression profiles. These results indicated that the miRNA
expression levels present significant differences as a restricted
temporal expression pattern during different developmental
stages.

Previous studies showed that miR-1 and miR-133 are
highly correlated with heart development, and miR-1 was

the first miRNA to be implicated in heart development [22].
Several studies showed that these two gene clusters were
related to processes involved in cardiac muscle develop-
ment, including mediated embryonic development, embry-
onic stem cell differentiation, proliferation and apoptosis,
sarcomere disarray, cardiac fibrosis, cardiac rhythm control,
and remodeling. [23–26]. However, more subtle regulation of
these gene clusters results in antagonistic effects in contrast
to their more established roles [27, 28]. The functions of the
identified up- and downregulated geneswere classified byGO
analysis. The results showed a series of potential regulatory
functions in cell development, cytoskeleton formation, and
angiogenesis, which suggest that these miRNAs may be
involved in postnatal heart development. When excluding
the two miRNAs with the strongest influence on gene
expression in the heart, there are many other miRNAs that
have been functionally analyzed in the cardiovascular system
and commonly promote more balanced development of the
heart. Finally, only fully understanding and appreciating the
microRNA regulatory networks in cardiovascular develop-
ment can provide a new perspective on heart disorders as well
as new therapeutic targets for congenital heart disease.

In conclusion, the present study explores the temporal
pattern of several cardiac- and muscle-specific miRNAs in
postnatal heart development. By improving our understand-
ing of cardiac growth, these results provide new insights in
the diagnosis and treatment of heart diseases.

Competing Interests

The authors declare that there is no conflict of interests.

Authors’ Contributions

Pujiao Yu, HongbaoWang, and Yuan Xie contributed equally
to this work.



6 BioMed Research International

Acknowledgments

This study was supported by the grants from Natural Science
Foundation of Shanghai (14ZR1438300 to Hongbao Wang;
14ZR1437900 to Lin Che) and National Natural Science
Foundation of China (81472158 to Lin Che, 81541007 to
Hongbao Wang).

References

[1] J. Li, J. Xu, Y. Cheng, F. Wang, Y. Song, and J. Xiao, “Circulating
microRNAs as mirrors of acute coronary syndromes: MiRacle
or quagMire?” Journal of Cellular and Molecular Medicine, vol.
17, no. 11, pp. 1363–1370, 2013.

[2] J. Xiao, D. Liang, H. Zhang et al., “MicroRNA-204 is required
for differentiation of human-derived cardiomyocyte progenitor
cells,” Journal of Molecular and Cellular Cardiology, vol. 53, no.
6, pp. 751–759, 2012.

[3] J. Xu, J. Zhao, G. Evan, C. Xiao, Y. Cheng, and J. Xiao,
“Circulating microRNAs: novel biomarkers for cardiovascular
diseases,” Journal of Molecular Medicine, vol. 90, no. 8, pp. 865–
875, 2012.

[4] D. P. Bartel, “MicroRNAs: genomics, biogenesis, mechanism,
and function,” Cell, vol. 116, no. 2, pp. 281–297, 2004.

[5] A. Kozomara and S. Griffiths-Jones, “MiRBase: annotating high
confidence microRNAs using deep sequencing data,” Nucleic
Acids Research, vol. 42, no. 1, pp. D68–D73, 2014.

[6] S. Matkovich, “MicroRNAs in the stressed heart: sorting the
signal from the noise,” Cells, vol. 3, no. 3, pp. 778–801, 2014.

[7] T. Thum, D. Catalucci, and J. Bauersachs, “MicroRNAs: novel
regulators in cardiac development and disease,” Cardiovascular
Research, vol. 79, no. 4, pp. 562–570, 2008.

[8] S. C. Morgan, H.-Y. Lee, F. Relaix, L. L. Sandell, J. M. Levorse,
and M. R. Loeken, “Cardiac outflow tract septation failure in
Pax3-deficient embryos is due to p53-dependent regulation of
migrating cardiac neural crest,” Mechanisms of Development,
vol. 125, no. 9-10, pp. 757–767, 2008.

[9] P. A. M. Roest, D. G. M. Molin, C. G. Schalkwijk et al.,
“Specific local cardiovascular changes of N𝜀-(carboxymethyl)
lysine, vascular endothelial growth factor, and Smad2 in the
developing embryos coincide with maternal diabetes-induced
congenital heart defects,”Diabetes, vol. 58, no. 5, pp. 1222–1228,
2009.

[10] F. Wang, S. A. Fisher, J. Zhong, Y. Wu, and P. Yang, “Superoxide
dismutase 1 in vivo ameliorates maternal diabetes mellitus-
induced apoptosis and heart defects through restoration of
impaired Wnt signaling,” Circulation: Cardiovascular Genetics,
vol. 8, no. 5, pp. 665–676, 2015.

[11] F. Wang, E. A. Reece, and P. Yang, “Oxidative stress is responsi-
ble for maternal diabetes-impaired transforming growth factor
beta signaling in the developingmouse heart,”American Journal
of Obstetrics and Gynecology, vol. 212, no. 5, pp. 650.e1–650.e11,
2015.

[12] F. Wang, Y. Wu, M. J. Quon, X. Li, and P. Yang, “ASK1
mediates the teratogenicity of diabetes in the developing heart
by inducing ER stress and inhibiting critical factors essential
for cardiac development,” American Journal of Physiology—
Endocrinology and Metabolism, vol. 309, no. 5, pp. E487–E499,
2015.

[13] N. Liu and E. N. Olson, “MicroRNA regulatory networks in
cardiovascular development,” Developmental Cell, vol. 18, no. 4,
pp. 510–525, 2010.

[14] E. N. Olson, “Gene regulatory networks in the evolution and
development of the heart,” Science, vol. 313, no. 5795, pp. 1922–
1927, 2006.

[15] S. Ikeda, S. W. Kong, J. Lu et al., “Altered microRNA expression
in human heart disease,” Physiological Genomics, vol. 31, no. 3,
pp. 367–373, 2007.

[16] K.Ono,Y.Kuwabara, and J.Han, “MicroRNAs and cardiovascu-
lar diseases,” FEBS Journal, vol. 278, no. 10, pp. 1619–1633, 2011.

[17] M. Basson, “MicroRNAs loom large in the heart,” Nature
Medicine, vol. 13, no. 5, p. 541, 2007.

[18] S. P. R. Romaine, M. Tomaszewski, G. Condorelli, and N. J.
Samani, “MicroRNAs in cardiovascular disease: an introduc-
tion for clinicians,” Heart, vol. 101, no. 12, pp. 921–928, 2015.

[19] T. Xu, Q. Zhou, L. Che et al., “Circulating miR-21, miR-378, and
miR-940 increase in response to an acute exhaustive exercise
in chronic heart failure patients,” Oncotarget, vol. 7, no. 11, pp.
12414–12425, 2016.

[20] L. Tao, Y. Bei, P. Chen et al., “Crucial role of miR-433 in
regulating cardiac fibrosis,”Theranostics, vol. 6, no. 12, pp. 2068–
2083, 2016.

[21] H. Wang, Y. Bei, S. Shen et al., “miR-21-3p controls sepsis-
associated cardiac dysfunction via regulating SORBS2,” Journal
of Molecular and Cellular Cardiology, vol. 94, pp. 43–53, 2016.

[22] Y. Zhao, E. Samal, and D. Srivastava, “Serum response factor
regulates a muscle-specific microRNA that targets Hand2 dur-
ing cardiogenesis,”Nature, vol. 436, no. 7048, pp. 214–220, 2005.

[23] K. N. Ivey, A. Muth, J. Arnold et al., “MicroRNA regulation of
cell lineages in mouse and human embryonic stem cells,” Cell
Stem Cell, vol. 2, no. 3, pp. 219–229, 2008.

[24] Y. Zhao, J. F. Ransom, A. Li et al., “Dysregulation of cardiogen-
esis, cardiac conduction, and cell cycle in mice lacking miRNA-
1-2,” Cell, vol. 129, no. 2, pp. 303–317, 2007.

[25] N. Liu, S. Bezprozvannaya, A. H. Williams et al., “MicroRNA-
133a regulates cardiomyocyte proliferation and suppresses
smooth muscle gene expression in the heart,” Genes & Devel-
opment, vol. 22, no. 23, pp. 3242–3254, 2008.

[26] N. Xu, T. Papagiannakopoulos, G. Pan, J. A.Thomson, and K. S.
Kosik, “MicroRNA-145 regulates OCT4, SOX2, and KLF4 and
represses pluripotency in human embryonic stem cells,” Cell,
vol. 137, no. 4, pp. 647–658, 2009.

[27] C. Xu, Y. Lu, Z. Pan et al., “The muscle-specific microRNAs
miR-1 and miR-133 produce opposing effects on apoptosis by
targeting HSP60, HSP70 and caspase-9 in cardiomyocytes,”
Journal of Cell Science, vol. 120, no. 17, pp. 3045–3052, 2007.

[28] J.-F. Chen, E. M. Mandel, J. M. Thomson et al., “The role of
microRNA-1 andmicroRNA-133 in skeletalmuscle proliferation
and differentiation,”Nature Genetics, vol. 38, no. 2, pp. 228–233,
2006.


