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The microRNAs and microRNA clusters have been implicated in normal cardiac development and also disease, including cardiac
hypertrophy, cardiomyopathy, heart failure, and arrhythmias. Since a microRNA cluster has from two to dozens of microRNAs, the
expression of a microRNA cluster could have a substantial impact on its target genes. In the present study, the configuration and
distribution of microRNA clusters in the mouse genome were examined at various inter-microRNA distances. Three important
microRNA clusters that are significantly impacted during adult cardiac aging, the miR-17-92, miR-106a-363, and miR-106b-25,
were also examined in terms of their genomic location, RNA transcript character, sequence homology, and their relationship with
the corresponding microRNA families. Multiple microRNAs derived from the three clusters potentially target various protein
components of the cdc42-SRF signaling pathway, which regulates cytoskeleton dynamics associated with cardiac structure and
function. The data indicate that aging impacted the expression of both guide and passenger strands of the microRNA clusters;
nutrient stress also affected the expression of the three microRNA clusters. The miR-17-92, miR-106a-363, and miR-106b-25 clusters
are likely to impact the Cdc42-SRF signaling pathway and thereby affect cardiac morphology and function during pathological

conditions and the aging process.

1. Introduction

The regulation of cardiomyocyte proliferation, hypertro-
phy, and function during normal development, maturation,
and adult aging is a continuous and progressive process
that results in changes in the structure and function of
the myocardium and blood vessels, which in turn lead
to an increased incidence of cardiovascular diseases with
advancing age [1]. It has been documented that the altered
expressions of a number of cardiac genes are involved in
response to stress and in a number of pathological conditions,
as well as in the aging process. These genes include the
muscle-specific genes (ANE, -MHC, skeletal a-actin, «-
MHC, cardiac a-actin, and SERCA?2) [2-5] and transcription
factors and cofactors (SRF, myocardin, p49) [6-10], as well
as genes regulating metabolism and the extracellular matrix

(ECM) [11-13]. Recent studies indicate that noncoding RNAs,
especially microRNAs (miRNAs), play an important role in
the regulation of messenger RNA (mRNA) expression [14-
18].

MicroRNAs (miRNAs) are relatively short (20 to 23 nu-
cleotides), endogenous, and single-stranded RNA molecules
that regulate gene expression usually by hybridizing to
messenger RNAs (mRNAs) with the consequence of mRNA
degradation or translational inhibition of targeted tran-
scripts. Genes that encode for miRNA are transcribed by
either RNA polymerase II or RNA polymerase III into
primary miRNA (pri-miRNA) transcripts, which are then
cleaved by the nuclear microprocessor complex formed by
the RNase III enzyme Drosha (RNASEN) and the DGCR8
(DiGeorge critical region 8) protein. The RNase IIT Dicer
cleaves off the loop of the pre-miRNA to generate a roughly
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22-nucleotide miRNA duplex [19]. Genes that encode for
miRNAs are distributed across chromosomes either individ-
ually or in clusters, in which two or more miRNA genes are
located within a short distance on the same segment of a
chromosome [20, 21]. In the mouse genome, each miRNA
cluster contains from two to as many as 71 miRNA genes
[22]. The miRNAs within the same cluster are likely to be in
the same RNA transcript. In addition, the miRNAs within
a single gene cluster may share the same “seed” sequence
or may have high sequence homology [21]. Therefore, the
increase or decrease in the expression of a miRNA clus-
ter could potentially have a substantial regulatory effect
on the posttranscriptional regulation of protein-encoding
genes.

In our previous study, we reported altered expression
of miRNAs with aging in the adult mouse heart, in which
approximately half of the age-related miRNAs were in
miRNA clusters, suggesting that these miRNA clusters likely
play important roles in the process of cardiac aging [22]. In
the present study, we utilized the newly released miRBase
database version 21 to examine the miRNA clusters in the
mouse genome and observed that 30% of the mouse miRNAs
in the current database were clustered miRNAs. We also
studied the miRNA clusters that were previously reported to
be significantly altered in the old versus young adult mouse
heart, especially three related miRNA clusters: the miR-17-
92 cluster and its two paralogs, the miR-106a-363 cluster
and miR-106b-25 cluster. The expressions of miRNA strands
from both the 5" arm and 3’ arm were considered, and the
potential DNA methylation regions were identified. Since the
metabolic response to stress may change during the aging
process, the effect of nutrient change on miRNA expression
was evaluated.

2. Materials and Methods

2.1. Bioinformatics Analysis. 'The miRBase (http://www.mir-
base.org/) database was used to obtain the 1193 mouse
miRNAs from the miRBase database version 21 (June 2014)
[23]. The miRBase search tools were used to locate the
miRNAs on each chromosome and to search the miRNA
clusters with various inter-miRNA distances (1 Kb, 2 Kb, 3 Kb,
5Kb, and 10Kb). TargetScan (http://www.targetscan.org/)
and http://www.microrna.org/ databases were used to search
target mRNAs [24, 25]. The miRNA gene promoter sequence
was analyzed using EMBOSS CpGPlot software [26].

2.2. Animal Tissues. Healthy C57BL/6 mice were obtained
from colonies maintained by the National Institute of Aging
(NIA) of the National Institutes of Health, under contractual
agreement with Harlan Sprague-Dawley, Inc. (Harlan, IN).
After euthanasia, the hearts were removed from mice and
subjected to standard RNA isolation and histological proce-
dures. Some heart tissue samples (4 months and 24 months)
were obtained from the Aged Rodent Tissue Bank at NIA.
For each time point, there were three independent biological
replicates. The studies were conducted with the approval of
the Institutional Animal Care and Use Committee (IACUC)
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at Central Arkansas Veterans Healthcare System (IACUC# 4-
02-03) and in accordance with the NIH Guiding Principles
for Research Involving Animals and Human Beings.

2.3. Total RNA Isolation. All RNA samples were first isolated
from the mouse cardiac ventricles using UltraSpec RNA Iso-
lation Reagent as previously described. To minimize mouse
DNA contamination and enrich the small RNA fraction,
the total RNA samples were purified using miRNeasy Mini
Kit (Qiagen) and RNase-free DNase I according to the
manufacture’s instruction manual [10, 27].

2.4. miRNA Arrays. The ventricular tissue samples used for
the miRNA array analysis were obtained from healthy young
adult (4-month-old) and healthy old (24-month-old) C57BL6
mice. The RNA sample isolation and miRNA array were
performed in triplicate for young adult and old animals. A
total of six RNA samples of ventricular tissue representing
three young adult and three old mice were shipped on
dry ice to Exiqon, Inc., which provided the service for
RNA quality verification, miRNA array hybridization, and
comprehensive statistical analysis. The microarray data have
been deposited in the NCBI Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/) under
accession number GSE32935. Briefly, each pair of young adult
and old mouse samples were labeled with Hy3 and Hy5
fluorescent dyes, respectively, and hybridized to a miRCURY
LNA Mouse miRNA Array (version 11.0), which held 648
mature miRNA probes, as well as perfectly matched and
mismatched probes for quality control. After signal ampli-
fication, the background was subtracted and normalized
using LOWESS (locally weighted scatter plot smoothing)
regression algorithm. This within-slide normalization was
performed to minimize potential differences between the
colors in an intensity-dependent manner.

The array output was received in Excel spreadsheets
containing the normalized miRNA expression profiles in
each heart sample; the expression comparison between old
versus young adult heart samples and “expression matrix”
containing normalized Hy3/Hy5 ratios (log2 transformed)
from all hybridizations was also included. The list was sorted
based on the most variant expressed miRNAs comparing the
two sample types. 65 miRNAs passed the filtering criteria
with an average “log median ratio” > 0.58, which represents
at least > 1.5-fold change in miRNA expression, and the
differential miRNA expression in all three pairs (young adult
versus old) being in the same direction.

2.5. Nutrient Stress Assay. The DMEM media containing
10% newborn bovine serum (Invitrogen) with three differ-
ent glucose concentrations were used in the present study,
the normal glucose (100 mg/dL) medium, the low glucose
(30 mg/dL) medium, and the high glucose (400 mg/dL)
medium. The muscle cell line C2CI12 cells (ATCC CRL-
1772) were cultured in six-well plates to 80% confluence in
normal glucose medium, after which the cells either remained
in normal glucose medium (control) or were subjected to
high (400 mg/dL) or low (30 mg/dL) glucose for six hours,
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respectively. The cells were then harvested and the total RNA
was isolated using miRNeasy Mini Kit (Qiagen) and RNase-
free DNase I according to the manufacture’s instruction
manual. Individual experiments were carried out in triplicate,
and the results were reported as averages (mean + SD) from
representative experiments [28].

2.6. Real-Time RT-PCR Quantitation of Pri-miRNAs and
Mature miRNAs. To quantitate the expression of the miRNA
primary transcripts and the miRNA mature forms, real-
time RT-PCR was performed. To select a proper internal
loading control for RT-PCR, we examined the expression of
5S ribosomal RNA (5S RNA) and U6 snRNA in young adult
versus old hearts. We found that the expression of 55 RNA
remained unchanged in young adult versus old hearts, while
U6 snRNA expression changed significantly in young adult
versus old hearts. Therefore, 5S RNA was used as an internal
loading control.

2.6.1. Detection of Pri-miRNAs. The primers for the detec-
tion of pri-miRNAs were designed using PRISM Primer
Express 3.0 software (Applied Biosystems) and synthesized
at Integrated DNA Technologies Inc. The first-strand cDNA
synthesis was carried out using random hexamer primer,
and the PCR was performed using the following primers:
pri-mir-17 forward 5'-GCTTTGGCTTTTTCCTTTTTG-3,
pri-mir-17 reverse 5-CCTCACTGCAGTAGATGCACA-
3/; pri-mir-20a forward 5'-CGTGGTGTGTGTGATGTG-
AC-3, pri-mir-20a reverse 5-GCTCGTAATGCAGTA-
GATGGC-3'; pri-mir-25 forward 5'-CAGTGTTGAGAG-
GCGGAGAC-3', pri-mir-25 reverse 5'-TCAGACCGAGAC-
AAGTGCAA-3'; pri-mir-27a forward 5 -TTTGATGCC-
AGTCACAAATCA-3, pri-mir-27a reverse 5'-AGCCAC-
TGTGAACACGACTTT-3'; pri-mir-92a-1 forward 5’ -GGG-
ATTTGTCGCAATGCTGT-3', pri-mir-92a-1 reverse 5'-
GGTCACAATCCCCACCAAAC-3'; pri-mir-93 forward 5'-
CACCTCACCTAATGACCCTCA-3', pri-mir-93 reverse
5'-CAAGTCCTAGCCCTCATGGAT-3'; pri-mir-106a for-
ward 5'-TAAATGCCCCTTCTCGCACA-3', pri-mir-106a
reverse 5 -GGCGAAACACTGAAAGAGCC-3'; pri-mir-
106b forward 5'-CTTCCCTCCTACCAGCCCT-3', pri-mir-
106b reverse 5'-GAGCAGCAAGTACCCACAGT-3'; pri-
mir-363 forward 5'-TCTGCATCGTAATGGACACCT-3',
pri-mir-363 reverse 5'-TAATGCCACCAATCCCCACC-3'.

2.6.2. Detection of Mature miRNAs. To detect the mature
miRNA strand of either miR or miR", the first-strand cDNA
synthesis was carried out using a universal reverse primer and
the Universal RT miRNA PCR System (Exiqon). The RT-PCR
reagents, the primers for mature miRNAs, and the 55 RNA
reference primers that were used as endogenous controls were
purchased from Exiqon.

The PCR amplification was performed in a 7900HT Fast
Sequence Detector System (Applied Biosystems) with the
following program: Cycle 1, 95°C for 10 minutes; Cycle 2, 40
cycles of 95°C for 15 seconds, 60°C for 60 seconds; Cycle 3,
95°C for 15 seconds, 60°C for 15 seconds, 95°C for 15 seconds.
CT values were automatically obtained. Relative expression

values were obtained by normalizing CT values of the miRNA
genes in comparison with CT values of the endogenous
control (55 RNA) using the CT method [29, 30].

2.7 Statistical Analysis. Data are given as mean values + SD,
with #n denoting the number of experiments unless otherwise
indicated. The differentially expressed miRNAs with at least a
1.5-fold change were identified using a ¢-test with a cut-oft P
value of P < 0.05.

3. Results

3.1. An Overview of miRNA and miRNA Clusters in Mouse
Genome. The number of miRNAs that have been deposited
in the miRNA database has progressively increased over
the past several years. The recently released (June 2014)
miRBase database version 21 hosts 1193 mouse miRNA
sequences. To examine the potential genomic distribution of
the miRNAs in the mouse genome, we utilized the web tool
in miRBase (http://www.mirbase.org/) database to search
the miRNAs by genomic location and the miRNA clusters
based on base pair distance between neighboring miRNAs.
As shown in Table 1, 1193 miRNAs were distributed across
the mouse chromosomes, with chromosome 2 hosting the
highest number of miRNAs. When using 10 Kb as a default
distance for clustering neighboring miRNAs, 94 miRNA
clusters (containing 372 miRNAs) were found, which account
for 31% of the total miRNAs (Table 1). To get an in-depth view
of the relationship between miRNA cluster distribution and
the distance of neighboring miRNAs, we also used distances
of 5Kb, 3Kb, 2Kb, and 1Kb to explore the miRNA clusters.
As shown in Table 1 and Figure 1, more than 300 miRNAs
(approximately 1/4 of mouse miRNAs) were distributed in
clusters within a 2Kb distance. Compared to the previous
miRBase version 20, the current version 21 had a 39% increase
of miRNAs in the mouse genome (Table 2).

3.2. The Genomic Loci of miR-17-92 and Its Paralogs and Their
Gene Families. In our previous study, we observed that 11
miRNA clusters were significantly impacted in the cardiac
aging process; among them were three clusters that belong to
miR-17-92 cluster and its paralogs. They are miR-17-92, miR-
106a-363, and miR-106b-25 clusters [22]. These data indicate
that miR-17-92 and its paralogs may play an important role
in the regulation of physiological and structural changes in
the adult heart during aging. Due to the similarity of gene
sequences of these miRNA clusters, it is speculated that the
paralogs, clusters miR-106b-25 and miR-106a-363, are likely
to have been derived from the gene duplication of the miR-
17-92 cluster [31].

In the mouse genome, the miR-17-92 cluster is located on
chromosome 14, the miR-106a-363 cluster is on chromosome
X, and miR-106b-25 cluster is on chromosome 5 (Figure 2).
The gene loci of all 3 clusters span less than 1Kb, indicating
that the miRNAs in each cluster are likely to be transcribed
within one transcript.

The entire mouse miR-17-92 cluster is transcribed within
a RNA transcript of 2339 bp in length, termed “Mirl7 host



4 BioMed Research International

TABLE 1: The number of mouse miRNAs and miRNA clusters distributed on each chromosome. A total of 1193 miRNAs were observed in
the mouse miRBase database release version 21. Six miRNAs were not assigned to any of the chromosomes. Various inter-miRNA distances
(1Kb, 2 Kb, 3 Kb, 5Kb, and 10 Kb) were used in an effort to define the potential miRNA clusters. Approximately 25% of the miRNA clusters
are located within a 2 Kb distance.

Cluster number

Chromosome Total miRs <10Kb <5Kb <3Kb <2Kb <1Kb
1 61 12 8 6 6 6
2 147 90 88 88 86 83
3 46 9 9 9 9 9
4 56 8 8 8 7 7
5 54 5 5 5 3 3
6 43 1 1 10 10 10
7 85 19 16 15 1 1
8 57 12 8 8 8 8
9 50 8 6 6 6

10 52 6 4 4 2 2
1 86 18 16 16 16 14
12 94 60 56 55 55 47
13 33 10 10 10 10 8
14 42 10 10 10 10 10
15 48 6 6 4 4 4
16 34 8 8 6 6 6
17 40 15 9 7 5 5
18 32 7 7 5 4 2
19 36 2 2 2 2 2
X 91 56 56 47 42 34
Other” 6

Cluster number 94 87 84 81 93
Total miRs 1193 372 343 321 302 275
Cluster % 31% 29% 27% 25% 23%

*Six miRNAs have not been localized into any of the above chromosome.

Distribution of miRNAs and clusters on each chromosome
160 7+

miRNA number

12345678 910111213141516171819 X

Mouse chromosome

B miRNAs H <3Kb
H <10Kb B <2Kb
m <5Kb B <1Kb

F1GURE 1: The distribution of mouse microRNAs (miRNAs) and miRNA clusters in each chromosome (chr), based on miRBase version 21.
The distribution of miRNA clusters was compared at various inter-miRNA distances (1 Kb, 2 Kb, 3 Kb, 5 Kb, and 10 Kb). Three chromosomes,
chr 2, chr 12, and chr X, host most (2/3) of the miRNA clusters, indicating that miRNA clusters are not randomly distributed but rather are
enriched at certain genomic locations.
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FIGURE 2: Genomic loci of miR-17-92, miR-106a, and miR-106b-25 clusters. The miR-17-92 cluster spans approximately 825 bp on chromosome
14. The miR-106a-363 cluster spans approximately 736 bp on chromosome X. The miR-106b-25 cluster spans 333 bp on chromosome 5.

TaBLE 2: The increased identification of miRNAs and miRNA
clusters in the mouse genome, according to miRBase database
version 20 versus version 21.

miRBase Release 20 Release 21 Increase
Total miRs 855 1193 39%
Total clusters 71 94 32%
Seq. in clusters 318 372 17%

gene 1”7 (GenBank accession number NR_029382), which is
the only documented transcript variant/isoform. In contrast,
the human miR-17-92 cluster has two reported host gene
variants/isoforms: (1) the “miR-17 host gene 1 which is
5018 bp in length (NR_027350) and contains all 6 miRNAs
of the miR-17-92 cluster, and (2) the “miR-17-92 cluster host
gene variant 2, which is 927 bp in length (NR_027349) and
apparently does not have perfect sequence alignment with
any of the miRNAs in the cluster.

The three miR-17-92-related clusters hosted 15 miRNA
genes (Figure 2) and produced 15 mature miRNAs (guide
strand) and 15 passenger strands (Table 3). These miRNAs
were categorized into four miRNA families in the miRBase
database, based on their sequence similarity of the “seed”
sequence. As shown in Table 4, eight miRNAs were observed
to belong to the miR-17 family; three miRNAs were identified
to belong to the miR-19 family and three miRNAs to the miR-
25 family; the miR-363-5p was found to belong to the miR-
363 family, but its sequence was similar in part to that of miR-
25 family members (Table 3).

3.3. The Expression of miR-17-92 and Its Paralogs in the Old
Heart. The miR-17-92 cluster and its paralogs are usually
first transcribed as primary transcripts (pri-miRNA) which
contain the miRNA genes. The pri-miRNAs are cleaved by
the microprocessor complex into pre-miRNA, which is a
short stem loop ~70 nucleotides in length. The pre-miRNA
is then cleaved by the RNase III enzyme Dicer and becomes

mature miRNAs as a guide strand (miR) and a passenger
strand (miR"™) [32]. During typical miRNA biogenesis, the
miR strand is preferentially selected for entry into a RISC
complex, whereas the miR" strand has been thought to be
degraded [33-35]. However, growing evidence now indicates
that the miRNA passenger strand may also have impor-
tant biological functions [36]. Therefore, the expression of
both the guide and passenger strands was examined in the
hearts of old versus young adult mice. Exiqon miRNA chip
covered all the 15 guide strands from the three miRNA
gene clusters (Figure 3(a)) and covered more than half of
the passenger strands (Figure 3(b)). Most of the 15 guide
strands were upregulated in the aging heart, where 11 guide
strands were expressed in the same direction, but four guide
strands (miR-18a-5p, miR-18b-5p, miR-20b-5p, and miR-363-
5p) were increased in some old mice while decreased in other
old mice (Figure 3(a)). The expression of the eight passenger
strands was more complex, where only one, miR-106a-3p,
was increased in all three old versus young adult mice, while
seven passenger strands were increased in some old mice and
decreased in other old mice (Figure 3(b)).

3.4. miRNA Expression in Response to Stress. The metabolic
response to stress tends to change during adult aging. To
examine whether nutrient stress could have an effect on
miRNA expression, miRNA expression was measured in
cultured cells in response to high and low glucose versus
normal glucose (control) treatment. The expression of two
or three microRNAs was measured in each of the miR-17-92-
related clusters. As shown in Figure 4, after six hours of high
glucose (400 mg/dL) and low glucose (30 mg/dL) treatment,
the miR-17, miR-20a, and miR-92a-1 from miR-17-92 cluster
were decreased in response to high glucose but increased in
response to low glucose. The miR-106a and miR-363 from
miR-106a-363 cluster were increased in response to both high
and low glucose stresses. The miR-106b, miR-93, and miR-25
from miR-106b-25 cluster were decreased in response to high
glucose while increased in response to low glucose treatment.
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TABLE 3: The “seed” sequence similarity and miRNA families of miR-17-92 and paralogs. The “seed” sequences of the 15 miRNAs (underlined)
are derived from miR-17-92, miR-106a-363, and miR-106b-25 clusters. The mature miRNAs are grouped into four miRNA families, based on
their “seed” sequence similarity (miRBase version 21).

ID

5 arm strand

ID

3 arm strand

miR-17 family
mmu-miR-17-5p
mmu-miR-20a-5p
mmu-miR-93-5p
mmu-miR-106b-5p
mmu-miR-20b-5p
mmu-miR-106a-5p
mmu-miR-18a-5p
mmu-miR-18b-5p

miR-19 family

mmu-miR-19a-5p

mmu-miR-19b-1-5p
mmu-miR-19b-2-5p

miR-25 family
mmu-miR-25-5p

mmu-miR-92a-1-5p
mmu-miR-92a-2-5p

mir-363 family
mmu-miR-363-5p

CAAAGUGCUUACAGUGCAGGUAG
UAAAGUGCUUAUAGUGCAGGUAG
CAAGUGCUGUUCGUGCAGGUAG
UAAGUGCUGACAGUGCAGAU
CAAGUGCUCAUAGUGCAGGUAG
CAAGUGCUAACAGUGCAGGUAG
UAAGGUGCAUCUAGUGCAGAUAG
UAGGUGCAUCUAGUGCUGUUAG

UAGUUUUGCAUAGUUGCACUAC
AUUUUGCAGGUUUGCAUCCAGC

AUUUUGCAGAUUUGCAGUUCAGC

AGGCGGAGACUUGGGCAAUUGC

AGUUGGUGGGAUUUGUCGCAAUGCU
AGGUGGUGGGGAUUGGUGGCAUUAC

CAGGUGGAACACGAUGCAAUUU

mmu-miR-17-3p
mmu-miR-20a-3p

mmu-miR-93-3p
mmu-miR-106b-3p
mmu-miR-20b-3p
mmu-miR-106a-3p
mmu-miR-18a-3p
mmu-miR-18b-3p

mmu-miR-19a-3p
mmu-miR-19b-3p
mmu-miR-19b-3p

mmu-miR-25-3p
mmu-miR-92a-3p

mmu-miR-92a-3p

mmu-miR-363-3p

ACUGCACUGCAGUGAGGGCACUUGUAG
ACUGCAUUACGAGCACUUAAAG
ACUGCUGAGCUAGCACUUCCCG
CCGCACGUGGGUACUUGCUGC
ACUGCAGUGUGAGCACUUCUAG
ACUGCAGUGCCAGCACUUCUUAC
ACUGCCCUAAGUGCUCCUUCUG
UACUGCCCUAAAUGCCCCUUCU

UGUGCAAAUCUAUGCAAAACUGA
UGUGCAAAUCCAUGCAAAACUGA
UGUGCAAAUCCAUGCAAAACUGA

CAUUGCACUUGUCUCGGUCUGA
UAUUGCACUUGUCCCGGCCUG

UAUUGCACUUGUCCCGGCCUG

AAUUGCACGGUAUCCAUCUGUA

TABLE 4: The miRNA families and locations of the miR-17-92 cluster and paralogs. The miRNA families of the miR-17-92 cluster and its
paralogs. The miRNAs in the miR-17-92 cluster and its paralogs are grouped into four families based on the data in the miRBase database.
The mouse miR-17 family has eight members, which are from three clusters. The mouse miR-19 family has three members, which are from
two clusters. Three members of the miR-17-92 cluster and its paralogs belong to the miR-25 family. The miR-363 family currently has only

one mouse miRNA member.

miR ID Cluster Chromosome Accession
mir-17 family
mmu-mir-17 miR-17-92 cluster chrl4 MI0000687
mmu-mir-18a miR-17-92 cluster chrl4 MI0000567
mmu-mir-18b miR-106a-363 cluster chrX MI0005483
mmu-mir-20a miR-17-92 cluster chri4 MI0000568
mmu-mir-20b miR-106a-363 cluster chrX MI0003536
mmu-mir-93 miR-106b-25 cluster chr5 MI0000581
mmu-mir-106a miR-106a-363 cluster chrX MI0000406
mmu-mir-106b miR-106b-25 cluster chr5 MI0000407
miR-19 family
mmu-mir-19a miR-17-92 cluster chri4 MI0000688
mmu-mir-19b-1 miR-17-92 cluster chri4 MI0000718
mmu-mir-19b-2 miR-106a-363 cluster chrX MI0000546
miR-25 family
mmu-mir-25 miR-106b-25 cluster chr5 MI0000689
mmu-mir-92a-1 miR-17-92 cluster chrl4 MI0000719
mmu-mir-92a-2 miR-106a-363 cluster chrX MI0000580
mir-363 family
mmu-mir-363 miR-106a-363 cluster chrX MI0000765
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The expression of miRNA guide strand in aging heart
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FIGURE 3: Expression of miR-17-92, miR-106a-363, and miR-106b-25 clusters in old versus young adult mouse hearts. (a) The expression of
miRNA guide strands with aging in the heart. Most of the 15 guide strands were upregulated with aging in the heart, where 11 guide strands
were expressed in the same direction, but four guide strands (miR-18a-5p, miR-18b-5p, miR-20b-5p, and miR-363-5p) were increased in some
old mice while decreased in other old mice. (b) The expression of miRNA passenger strands with aging in the heart. The expression of the eight
passenger strands was complex, where only one, miR-106a-3p, was increased in all three old versus young adult mice, while seven passenger
strands were increased in some old mice and decreased in other old mice.

The miR-27, which does not belong to any of the miR-17-92-
related clusters, was increased in response to both high and
low glucose stresses.

3.5. Analysis of the miRNA Gene Promoter and miRNA Target
Genes. It has been reported that miRNA gene promoters are
frequent targets of DNA methylation under various physi-
ological and pathological conditions [37-39]. Since altered
DNA methylation has been reported in cardiac disease and
during the adult aging process, the GC-rich region in the
promoter of miR-17-92 cluster was further examined. As
shown in Figure 5, the miR-17-92 promoter has a high GC-
rich region, suggesting that the miR-17-92 cluster could quite
possibly also be regulated by DNA methylation.

The Cdc42-SRF signaling pathway is important for the
development and maintenance of the cardiovascular system.
Potential signaling proteins that are likely targeted by the
miR-17-92 cluster and its paralogs were analyzed using
TargetScan and http://www.microrna.org/ web tools. The
schematic diagram shown in Figure 6 is a simplified presen-
tation of the Cdc42-SRF pathway that has been reported to
be targeted by miRNAs based on the present study and other
published reports in the literature.

4. Discussion

In the present study, the miRNA clusters in the mouse
genome were examined based on their chromosomal location

and various inter-miRNA distances. Three important miRNA
clusters that were identified to be significantly impacted
during the cardiac aging process, the miR-17-92 cluster
and its paralogs, miR-106a-363 and miR-106b-25, were also
examined in terms of their genomic location, RNA transcript
character, sequence homology, and their relationship with the
corresponding miRNA families. The expression of both the
guide and passenger strands of the miRNAs was evaluated
in the old compared to that of young adult mouse hearts.
Since response to various stresses is implicated in the process
of aging and in the development of disease in the heart, the
effect of glucose stresses on the expression of miRNA clusters
was also evaluated. In addition, a high GC-rich region in the
promoter region of miR-17-92 cluster was identified, which
indicates that DNA methylation could also be a potential
mechanism of regulation of miRNA cluster expression during
aging in the heart. The data indicate that miR17-92 cluster
and its paralogs, miR-106a-363 and miR-106b-25, potentially
target the cd242-SRF signaling pathway, thereby regulat-
ing the cardiac response to pathophysiological conditions,
including hypertension, cardiac hypertrophy, heart failure,
and arrhythmias.

The number of miRNAs collected in miRNA databases
has been growing steadily over the past several years, with
both increased number of miRNA entries and increased cov-
erage of species. For instance, miRBase released its miRNA
database version 1.0 in December 2002, which had only 218
entries. However, the version 20 had 24,521 entries, while the
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FIGURE 4: The miRNA expression in response to glucose stress.
The C2CI2 cells (ATCC CRL-1772) were cultured in normal glucose
(100 mg/dL) medium to 80% confluence and then treated with either
high glucose (400 mg/dL) or low glucose (30 mg/dL) for six hours,
respectively. The miR-17-92 cluster is represented by three microR-
NAs; the miR-106a-363 cluster is represented by two microRNAs;
the miR-106b-25 cluster is represented by three microRNAs. The
mircroRNAs in each of the clusters either increased or decreased in
the same direction in response to the stresses. Please note that miR-
27a does not belong to any of the miR-17-92-related clusters but has
been included here for comparison only.

most recently released (June 2014) version 21 has increased
to up to 28,645 entries. Similar to many other species, the
miRNAs listed in the mouse genome have also increased over
time. There were 855 mouse miRNAs reported in version 20,
but this number has significantly increased to 1193 miRNAs in
version 21. Similarly, the number of miRNA clusters has also
increased over time (Table 2).

The inter-miRNA distance used for grouping miRNA
clusters has varied among different reports, with ranges from
1Kb to 50Kb [21, 22, 40]. However, most miRNA clusters
are located within 1-3 Kb inter-miRNA distance [21, 41]. In
the present study, we observed that more than 20-25% of
the miRNAs were within 1-2Kb distance from each other,
and more than 30% of the miRNAs were within a 10 Kb
distance from each other. Since the length of the RNA
transcript typically varies from 1Kb to over 10 Kb, many of
these miRNA clusters may have one core promoter region and
the same transcriptional start site and are perhaps expressed
within a single RNA transcript [42]. We also observed that
the miRNAs and miRNA clusters are not evenly distributed
across the chromosomes. For instance, three chromosomes,
chromosome 2, chromosome 12, and chromosome X, hosted
over 2/3 of the miRNA clusters, suggesting that the distribu-
tion of miRNA clusters is not random but rather is enriched
at certain genomic locations.
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rich region in the promoter region.

The miRNAs have been implicated in the processes of
cardiac hypertrophy and heart failure [43-48]. Left ventric-
ular hypertrophy and heart failure are known to increase
significantly in prevalence with advancing age. The older
heart is characterized by a progressive loss of myocytes with
subsequent hypertrophy of the remaining cells and increased
fibrosis with collagen deposition, as well as calcification
involving the conduction and valvular apparatus [1, 49, 50].
The old heart is more vulnerable to environmental changes,
including dynamic stress, hypoxia, ischemia-reperfusion,
hyperglycemia, and/or hypoglycemia.

Multiple signaling pathways are likely involved in the
lifelong process of cardiac aging, one of which is the Rho-
SREF signaling pathway [51-53]. Serum response factor (SRF)
has been shown to be a major transcription factor in the
regulation of the genes involved in the maintenance of cardiac
structure and function [54-57]. Cardiac-specific overexpres-
sion of SRF at a mild level caused an accelerated cardiac aging
phenotype in mice [9]. A number of other mouse models
also highlight the importance of SRF and its related signaling
pathway in the regulation of cardiac structure and function
during embryogenesis, maturation, and aging [8, 9, 56-59].

SRF is a downstream effector of the Rho family GTPases
[60-62]. The Rho GTPases (Cdc42, Racl, and RhoA) signal-
ing pathways regulate cytoskeletal genes that are important
in the development and maintenance of cardiovascular struc-
ture and function as well as the processes of pathological
conditions [63, 64]. The miRNAs in the three miR-17-92-
related clusters apparently target multiple components of
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FIGURE 6: Cdc42-SRF signaling pathway regulates cytoskeletal
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main proteins, which are potential targets of the miRNAs from the
miR-17-92 cluster and its paralogs, the miR-106a-363 and miR-106b-
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literature and from the bioinformatics search with TargetScan and
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the Rho GTPase-related signaling pathways, including the
Cdc42-SRF signaling pathway (Figure 6) [65].

Cdc42 is an upstream regulator in the pathway, which
has been implicated in regulating myofibrillar architecture,
cell polarity, and morphology, as well as sarcomere assembly
in the cardiac myocyte [64, 66-68]. Cdc42 is a target of
miR-92a and miR-92b and miR-25 and miR-363. The p21
protein (Cdc42/Rac) activated kinases (PAKs) are targets of
Cdc42/Rac and play a critical role in proper morphogenesis,
including normal electrical conductance of the heart, car-
diac contractility, and development and maintaining of the
integrity of the vasculature [65]. PAK2 is a target of miR-
93 and miR-106a; PAKG6 is a target of miR-19a and miR-
19b [69]. LIM-kinases (LIMKs) are serine/threonine-protein

kinases that play an essential role in the regulation of actin
filament dynamics by phosphorylating cofilins. Cofilins are
actin binding/depolymerizing factors which can polymerize
and depolymerize F-actin and G-actin [70, 71]. LIM-kinase 1
(LIMK]1) is a target of miR-20a and other miRNAs including
miR-106a, miR-106b, miR-17, miR-20a, miR-20b, and miR-
93 [72]. Cofilin 2 is a target of miR-25, miR-363, miR-
92a, and miR-92b. The p49/STRAP (SRFBP1) gene is a
target of miR-106a, miR-106b, miR-17, miR-20a, miR-20b,
and miR-93. The SRF gene is a target of miR-18a and miR-
18b. Therefore, altered expression of the miR-17-92, miR-
106a-363, and miR-106b-25 clusters is likely to sufficiently
and significantly impact the Cdc42-SRF signaling pathway
and thereby affect cardiac structure and function during
pathological conditions and the aging process.

The heart comprises cardiomyocytes, fibroblasts, endo-
thelial cells, and vascular smooth muscle cells. The cardiomy-
ocytes account for 30-35% of cell population, while noncar-
diomyocytes account for 65-70% of the cell population of the
heart in human and rat [73-75]. Due to the species difference,
however, the young adult murine myocardium is composed
of 56% myocytes, 27% fibroblasts, 7% endothelial cells, and
10% vascular smooth muscle cells [76]. The cardiac fibroblasts
tend to increase to cause cardiac fibrosis and induce collagen
deposition in the aging heart as well as in the hypertrophied
heart. Cardiac fibroblasts can also secrete miRNA-enriched
exosomes which contain a relatively high abundance of many
miRNA passenger strands, including miR-21*. The miR-21"
has been shown to induce cardiomyocyte hypertrophy [36].
Therefore, the microRNAs may serve as paracrine signaling
mediators of cellular responses, including cardiomyocyte
hypertrophy. The analysis of microRNAs from each of the cell
populations of the heart in response to cardiac stress would
be of interest, as would the consideration of promoter regions
of the microRNA cluster in terms of GC-rich regions. These
questions warrant future investigation.

5. Conclusions

It is becoming increasingly clear that the miRNAs and
miRNA clusters are important in regulating an animal’s
response to environmental stimuli, including nutrient stress,
the maintenance of normal function, and the development
of pathological conditions, as well as the process of aging.
Inasmuch as Cdc42-SRF signaling pathway, including serum
response factor (SRF) and its cofactors, has been observed
to mediate the cellular responses to a variety of external
and internal stimuli, those miRNAs that modulate and/or
are modulated by components of the Rho GTPase-related
signaling pathways are likely to be attractive targets for future
therapeutic considerations.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This study was supported in part by NIH Grants ROl
AG-018388, R01 AG-026091, and P30 AG-028718 from the



10

Department of Health and Human Services, The Geriatric
Research, Education, and Clinical Center (GRECC), and the
Central Arkansas Veterans Healthcare System. No additional
external funding was received for this study. The authors
thank S. Foster for his helpful input.

References

[1] J. Y. Wei, “Age and the cardiovascular system,” The New England
Journal of Medicine, vol. 327, no. 24, pp. 1735-1739, 1992.

[2] S. Argentin, A. Ardati, S. Tremblay et al., “Developmental stage-
specific regulation of atrial natriuretic factor gene transcription
in cardiac cells;,” Molecular and Cellular Biology, vol. 14, no. 1, pp.
777-790,1994.

[3] R. Chien, “Signaling mechanisms for the activation of an
embryonic gene program during the hypertrophy of cardiac
ventricular muscle;” Basic Research in Cardiology, vol. 87, sup-
plement 2, pp. 49-58, 1992.

[4] W.S. Colucci, “Molecular and cellular mechanisms of myocar-
dial failure,” The American Journal of Cardiology, vol. 80, no. 11,
pp. 15L-25L, 1997.

[5] J.-B. Durand, “Genetic basis of cardiomyopathy,” Current Opin-
ion in Cardiology, vol. 14, no. 3, pp. 225-229, 1999.

[6] T. J. Nelson, R. Balza Jr., Q. Xiao, and R. P. Misra, “SRF-
dependent gene expression in isolated cardiomyocytes: regu-
lation of genes involved in cardiac hypertrophy,” Journal of
Molecular and Cellular Cardiology, vol. 39, no. 3, pp. 479-489,
2005.

[7] D.-Z. Wang, P. S. Chang, Z. Wang et al., “Activation of cardiac
gene expression by myocardin, a transcriptional cofactor for
serum response factor,” Cell, vol. 105, no. 7, pp. 851-862, 2001.

[8] X. Zhang, G. Azhar, J. Chai et al, “Cardiomyopathy in
transgenic mice with cardiac-specific overexpression of serum
response factor;” American Journal of Physiology—Heart and
Circulatory Physiology, vol. 280, no. 4, pp. H1782-H1792, 2001.

[9] X. Zhang, G. Azhar, M. C. Furr, Y. Zhong, and J. Y. Wei,

“Model of functional cardiac aging: young adult mice with mild

overexpression of serum response factor,” American Journal of

Physiology—Regulatory Integrative and Comparative Physiology,

vol. 285, no. 3, pp. R552-R560, 2003.

X. Zhang, G. Azhar, Y. Zhong, and J. Y. Wei, “Identification

of a novel serum response factor cofactor in cardiac gene

regulation,” The Journal of Biological Chemistry, vol. 279, no. 53,

pp. 55626-55632, 2004.

H. B. Kwak, “Aging, exercise, and extracellular matrix in the

heart,” Journal of Exercise Rehabilitation, vol. 9, no. 3, pp. 338—

347, 2013.

J.-S. Silvestre, D. M. Smadja, and B. I. Lévy, “Postischemic

revascularization: from cellular and molecular mechanisms to

clinical applications,” Physiological Reviews, vol. 93, no. 4, pp.

1743-1802, 2013.

M. A. Horn, H. K. Graham, M. A. Richards et al., “Age-related

divergent remodeling of the cardiac extracellular matrix in heart

failure: Collagen accumulation in the young and loss in the
aged,” Journal of Molecular and Cellular Cardiology, vol. 53, no.

1, pp. 82-90, 2012.

S. Daubman, “MicroRNAs in angiogenesis and vascular smooth

muscle cell function,” Circulation Research, vol. 106, no. 3, pp.

423-425, 2010.

[15] M. Abonnenc, A. A. Nabeebaccus, U. Mayr et al., “Extracellular

matrix secretion by cardiac fibroblasts: role of MicroRNA-29b

(10]

(11]

(12]

(14]

(16]

(17]

(18]

(19

(20]

(21]

[22]

[26]

[27]

(31]

(32]

(33]

BioMed Research International

and MicroRNA-30c,” Circulation Research, vol. 113, no. 10, pp.
1138-1147, 2013.

J. Wang and J. E. Martin, “Macro advances in microRNAs and
myocardial regeneration,” Current Opinion in Cardiology, vol.
29, no. 3, pp. 207-213, 2014.

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

X.-B. Liao, Z.-Y. Zhang, K. Yuan et al., “MiR-133a modulates
osteogenic differentiation of vascular smooth muscle cells,”
Endocrinology, vol. 154, no. 9, pp. 3344-3352, 2013.

J. Winter, S. Jung, S. Keller, R. I. Gregory, and S. Diederichs,
“Many roads to maturity: microRNA biogenesis pathways and
their regulation,” Nature Cell Biology, vol. 11, no. 3, pp. 228-234,
2009.

B. Kaczkowski, E. Torarinsson, K. Reiche, J. H. Havgaard, P. E
Stadler, and J. Gorodkin, “Structural profiles of human miRNA
families from pairwise clustering,” Bioinformatics, vol. 25, no. 3,
pp. 291-294, 2009.

Y. Altuvia, P. Landgraf, G. Lithwick et al., “Clustering and
conservation patterns of human microRNAs,” Nucleic Acids
Research, vol. 33, no. 8, pp. 2697-2706, 2005.

X. Zhang, G. Azhar, and J. Y. Wei, “The expression of microRNA
and microRNA clusters in the aging heart,” PLoS ONE, vol. 7, no.
4, Article ID 34688, 2012.

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.

R. C. Friedman, K. K.-H. Farh, C. B. Burge, and D. P. Bartel,
“Most mammalian mRNAs are conserved targets of microR-
NAs,” Genome Research, vol. 19, no. 1, pp. 92-105, 2009.

D. Betel, A. Koppal, P. Agius, C. Sander, and C. Leslie, “Com-
prehensive modeling of microRNA targets predicts functional
non-conserved and non-canonical sites,” Genome Biology, vol.
11, article R90, 2010.

P. Rice, L. Longden, and A. Bleasby, “EMBOSS: the European
molecular biology open software suite,” Trends in Genetics, vol.
16, no. 6, pp. 276-277, 2000.

X. Zhang, G. Azhar, S. A. Helms, and J. Y. Wei, “Regulation
of cardiac microRNAs by serum response factor,” Journal of
Biomedical Science, vol. 18, no. 1, article 15, 2011.

S.C.Rogers, X. Zhang, G. Azhar, S. Luo, and J. Y. Wei, “Exposure
to high or low glucose levels accelerates the appearance of mark-
ers of endothelial cell senescence and induces dysregulation of
nitric oxide synthase,” The Journals of Gerontology. Series A,
Biological Sciences and Medical Sciences, vol. 68, no. 12, pp. 1469-
1481, 2013.

T. D. Schmittgen and K. J. Livak, “Analyzing real-time PCR data
by the comparative C method,” Nature Protocols, vol. 3, no. 6,
pp. 11011108, 2008.

K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the
27T method,” Methods, vol. 25, no. 4, pp. 402-408, 2001.

J. T. Mendell, “miRiad roles for the miR-17-92 cluster in
development and disease,” Cell, vol. 133, no. 2, pp. 217-222, 2008.
B. R. Cullen, “Transcription and processing of human micro-
RNA precursors;,” Molecular Cell, vol. 16, no. 6, pp. 861-865,
2004.

N. Shomron and C. Levy, “MicroRNA-biogenesis and pre-
mRNA splicing crosstalk,” Journal of Biomedicine and Biotech-
nology, vol. 2009, Article ID 594678, 6 pages, 2009.



BioMed Research International

[34] J. Winter and S. Diederichs, “Argonaute proteins regulate
microRNA stability: increased microRNA abundance by Arg-
onaute proteins is due to microRNA stabilization,” RNA Biology,
vol. 8, no. 6, pp. 1149-1157, 2011.

[35] B. Wang, S. Li, H. H. Qi, D. Chowdhury, Y. Shi, and C.
D. Novina, “Distinct passenger strand and mRNA cleavage
activities of human Argonaute proteins,” Nature Structural and
Molecular Biology, vol. 16, no. 12, pp. 1259-1266, 2009.

[36] C.Bang, S.Batkai, S. Dangwal et al., “Cardiac fibroblast-derived
microRNA passenger strand-enriched exosomes mediate car-
diomyocyte hypertrophy,” The Journal of Clinical Investigation,
vol. 124, no. 5, pp. 2136-2146, 2014.

[37] J. Dickstein, V. Senyuk, K. Premanand et al., “Methylation and
silencing of miRNA-124 by EVII and self-renewal exhaustion of
hematopoietic stem cells in murine myelodysplastic syndrome,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 107, no. 21, pp. 9783-9788, 2010.

[38] M. Skarn, T. Baray, E. W. Stratford, and O. Myklebost, “Epige-

netic regulation and functional characterization of microRNA-

142 in mesenchymal cells;” PLoS ONE, vol. 8, no. 11, Article ID

€79231, 2013.

D. Dakhlallah, K. Batte, Y. Wang et al., “Epigenetic regulation

of mir-17~92 contributes to the pathogenesis of pulmonary

fibrosis,” American Journal of Respiratory and Critical Care

Medicine, vol. 187, no. 4, pp. 397-405, 2013.

[40] W.-C. Chan, M.-R. Ho, S.-C. Li et al., “MetaMirClust: discovery
of miRNA cluster patterns using a data-mining approach,’
Genomics, vol. 100, no. 3, pp. 141-148, 2012.

[41] A. Mathelier and A. Carbone, “Large scale chromosomal map-
ping of human microRNA structural clusters,” Nucleic Acids
Research, vol. 41, no. 8, pp. 4392-4408, 2013.

[42] K. Woods, J. M. Thomson, and S. M. Hammond, “Direct regu-
lation of an oncogenic micro-RNA cluster by E2F transcription
factors,” The Journal of Biological Chemistry, vol. 282, no. 4, pp.
2130-2134, 2007.

[43] R. Kumarswamy and T. Thum, “Non-coding RNAs in cardiac
remodeling and heart failure,” Circulation Research, vol. 113, no.
6, pp. 676-689, 2013.

[44] G. C. van Almen, W. Verhesen, R. E. W. van Leeuwen et al.,
“MicroRNA-18 and microRNA-19 regulate CTGF and TSP-1
expression in age-related heart failure,” Aging Cell, vol. 10, no.
5, pp. 769-779, 2011.

[45] S. Heymans, M. E Corsten, W. Verhesen et al., “Macrophage
MicroRNA-155 promotes cardiac hypertrophy and failure,
Circulation, vol. 128, no. 13, pp. 1420-1432, 2013.

[46] E. M. Small, R.J. A. Frost, and E. N. Olson, “MicroRNAs add a
new dimension to cardiovascular disease,” Circulation, vol. 121,
no. 8, pp. 1022-1032, 2010.

[47] T. Thum, C. Gross, J. Fiedler et al., “MicroRNA-21 contributes
to myocardial disease by stimulating MAP kinase signalling in
fibroblasts,” Nature, vol. 456, no. 7224, pp. 980-984, 2008.

[48] L. S. Danielson, D. S. Park, N. Rotllan et al., “Cardiovascular
dysregulation of miR-17-92 causes a lethal hypertrophic car-
diomyopathy and arrhythmogenesis,” The FASEB Journal, vol.
27, no. 4, pp. 1460-1467, 2013.

[49] D. E. Forman, A. Cittadini, G. Azhar, P. S. Douglas, and J.
Y. Wei, “Cardiac morphology and function in senescent rats:
gender-related differences;” Journal of the American College of
Cardiology, vol. 30, no. 7, pp. 1872-1877,1997.

[50] K. G.Pugh and]. Y. Wei, “Clinical implications of physiological
changes in the aging heart,” Drugs and Aging, vol. 18, no. 4, pp.
263-276, 2001.

(39

1

[51] T. Takahashi, H. Schunkert, S. Isoyama et al., “Age-related

differences in the expression of proto-oncogene and contractile
protein genes in response to pressure overload in the rat
myocardium,” The Journal of Clinical Investigation, vol. 89, no.
3, pp. 939-946, 1992.

H. Tsou, G. Azhar, X. G. Lu, S. Kovacs, M. Peacocke, and J. Y.
Wei, “Age-associated changes in basal c-fos transcription factor
binding activity in rat hearts,” Experimental Cell Research, vol.
229, no. 2, pp. 432-437,1996.

X.-G. Lu, G. Azhar, L. Liu, H. Tsou, and J. Y. Wei, “SRF binding
to SRE in the rat heart: influence of age” The Journals of
Gerontology Series A: Biological Sciences and Medical Sciences,
vol. 53, no. 1, pp. B3-B10, 1998.

J. M. Miano, N. Ramanan, M. A. Georger et al., “Restricted
inactivation of serum response factor to the cardiovascular
system,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 101, no. 49, pp. 17132-17137, 2004.
K. Kuwahara, T. Barrientos, G. C. T. Pipes, S. Li, and E. N.
Olson, “Muscle-specific signaling mechanism that links actin
dynamics to serum response factor,” Molecular and Cellular
Biology, vol. 25, no. 8, pp. 3173-3181, 2005.

A. Parlakian, D. Tuil, G. Hamard et al., “Targeted inactivation
of serum response factor in the developing heart results in
myocardial defects and embryonic lethality, Molecular and
Cellular Biology, vol. 24, no. 12, pp. 5281-5289, 2004.

G. Azhar, X. Zhang, S. Wang, Y. Zhong, C. M. Quick, and
J. Y. Wei, “Maintaining serum response factor activity in the
older heart equal to that of the young adult is associated with
better cardiac response to isoproterenol stress,” Basic Research
in Cardiology, vol. 102, no. 3, pp. 233-244, 2007.

S. Arsenian, B. Weinhold, M. Oelgeschldger, U. Riither, and A.
Nordheim, “Serum response factor is essential for mesoderm
formation during mouse embryogenesis,” The EMBO Journal,
vol. 17, no. 21, pp. 6289-6299, 1998.

X. Zhang, J. Chai, G. Azhar et al, “Early postnatal cardiac
changes and premature death in transgenic mice overexpressing
a mutant form of serum response factor, The Journal of
Biological Chemistry, vol. 276, no. 43, pp. 40033-40040, 2001.
C. S. Hill, J. Wynne, and R. Treisman, “The Rho family GTPases
RhoA, Racl, and CDC42Hs regulate transcriptional activation
by SRE Cell, vol. 81, no. 7, pp. 1159-1170, 1995.

R. Treisman, A. S. Alberts, and E. Sahai, “Regulation of SRF
activity by Rho family GTPases,” Cold Spring Harbor Symposia
on Quantitative Biology, vol. 63, pp. 643-651, 1998.

C. Esnault, A. Stewart, F Gualdrini et al., “Rho-actin sig-
naling to the MRTF coactivators dominates the immediate
transcriptional response to serum in fibroblasts,” Genes and
Development, vol. 28, no. 9, pp. 943-958, 2014.

D. Swope, J. Kramer, T. R. King, Y. S. Cheng, and S. G. Kramer,
“Cdc42 is required in a genetically distinct subset of cardiac cells
during Drosophila dorsal vessel closure,” Developmental Biology,
vol. 392, no. 2, pp- 221-232, 2014.

A. Clerk and P. H. Sugden, “Small guanine nucleotide-binding
proteins and myocardial hypertrophy,” Circulation Research,
vol. 86, no. 10, pp. 1019-1023, 2000.

M. L. Kelly, A. Astsaturov; and J. Chernoff, “Role of p21-activated
kinases in cardiovascular development and function,” Cellular
and Molecular Life Sciences, vol. 70, no. 22, pp. 4223-4228, 2013.
T. Nagai, M. Tanaka-Ishikawa, R. Aikawa et al., “Cdc42 plays a
critical role in assembly of sarcomere units in series of cardiac
myocytes,” Biochemical and Biophysical Research Communica-
tions, vol. 305, no. 4, pp- 806-810, 2003.



12

(67]

(71]

(72]

(73]

(74]

(75]

(76]

J. Cooley, S. Whitaker, S. Sweeney, S. Fraser, and B. Davidson,
“Cytoskeletal polarity mediates localized induction of the heart
progenitor lineage,” Nature Cell Biology, vol. 13, no. 8, pp. 952—
957, 2011.

L. Qian, J. D. Wythe, J. Liu et al,, “Tinman/Nkx2-5 acts via
miR-1 and upstream of Cdc42 to regulate heart function across
species,” Journal of Cell Biology, vol. 193, no. 7, pp. 1181-1196, 2011.
A. Henrici, R. Montalbano, D. Neureiter et al., “The pan-
deacetylase inhibitor panobinostat suppresses the expression
of oncogenic miRNAs in hepatocellular carcinoma cell lines;”
Molecular Carcinogenesis, 2013.

S. Arber, E A. Barbayannis, H. Hanser et al., “Regulation of actin
dynamics through phosphorylation of cofilin by LIM-kinase,”
Nature, vol. 393, no. 6687, pp. 805-809, 1998.

O. Bernard, “Lim kinases, regulators of actin dynamics,” Inter-
national Journal of Biochemistry and Cell Biology, vol. 39, no. 6,
pp. 1071-1076, 2007.

J. Zhou, R. Liu, C. Luo et al., “MiR-20a inhibits cutaneous squa-
mous cell carcinoma metastasis and proliferation by directly
targeting LIMK1,” Cancer Biology & Therapy, vol. 15, no. 10, pp.
1340-1349, 2014.

D. Tirziu, E. J. Giordano, and M. Simons, “Cell communications
in the heart,” Circulation, vol. 122, no. 9, pp. 928-937, 2010.

M. Xin, E. N. Olson, and R. Bassel-Duby, “Mending broken
hearts: cardiac development as a basis for adult heart regenera-
tion and repair;” Nature Reviews Molecular Cell Biology, vol. 14,
no. 8, pp. 529541, 2013.

A. C. Nag, “Study of non-muscle cells of the adult mammalian
heart: a fine structural analysis and distribution,” Cytobios, vol.
28, no. 109, pp. 41-61, 1980.

I. Banerjee, J. W. Fuseler, R. L. Price, T. K. Borg, and T. A.
Baudino, “Determination of cell types and numbers during
cardiac development in the neonatal and adult rat and mouse,”
American Journal of Physiology: Heart and Circulatory Physiol-
ogy, vol. 293, no. 3, pp. H1883-H1891, 2007.

BioMed Research International



