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Abstract

Regulation of gene expression during cardiac development and remodeling is very complicated,
involving epigenetic, transcriptional, post-transcriptional and translational regulation. Our
understanding of the molecular mechanisms underlying cardiac remodeling is still far from
complete. MicroRNAs are a class of small non-coding RNASs that have been shown to play critical
roles in gene regulation in cardiovascular biology and disease. microRNA-22 (miR-22) is an
evolutionally conserved miRNA that is highly expressed in the heart. Recent studies uncovered
miR-22 as an important regulator for cardiac remodeling. MiR-22 modulates the expression and
function of genes involved in hypertrophic response, sarcomere reorganization and metabolic
program shift during cardiac remodeling. In this review, we will focus on the recent findings of
miR-22 in cardiac remodeling and the therapeutic potential of this miRNA in the treatment of
related defects resulting from adverse cardiac remodeling.

Introduction

Cardiac remodeling, which refers to the alteration in the structure (dimensions, mass, shape)
and physiological function of the heart as well as changes of cardiac cells, is one of the
major responses of the heart to biomechanical stresses and pathological stimuli. Cardiac
hypertrophy, which is characterized by an increase in the thickness of ventricular wall,
owing to the enlargement of myocyte size, is one of the major responses to stresses and/or
myocardial injury. Sustained cardiac hypertrophy often leads to cardiac dilation and heart
failure [1].

MicroRNA (miRNA), which were first discovered in C. elegans two decades ago, are a class
of small noncoding RNAs containing ~22 nucleotides and widely present in plants [2] and
animals [3-5]. miRNAs are transcribed by RNA polymerase Il as primary transcripts (pri-
miRNAS) [6], which contain a signature stem-loop hairpin structure, and then are
subsequently processed by RNaselll enzymes Drosha and Dicer to generate ~22nt long
miRNA duplexes (mature miRNAs) with 2nt overhangs on the 3’ end [7]. Dicer also
contributes to the loading of mature miRNAs into the RNA-induced silencing complex
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(RISC), where miRNAs guide the RISC to target genes by binding to imperfect
complementary sites within the 3’ untranslated regions (3’UTRs) [8]. Presently, 1872
precursors and 2578 mature miRNAS have been documented in human; many of them are
conserved across species. Studies have shown that miRNAs play important roles in animal
development, function and diseases, including that of the cardiovascular system [9-12].

Extensive studies have demonstrated that many miRNAs are dys-regulated during cardiac
hypertrophy [9, 13]. Furthermore, gain- and loss-of function studies of miRNAs have linked
their function to cardiac hypertrophy and other cardiac pathologies, such as cardiac dilation,
ischemic damage, in vivo and in vitro [10] [14]. In this review, we will focus on miR-22,
one of the cardiac-enriched miRNAs. We will summarize the recent findings on the
regulation of miR-22 in cardiac remodeling and discuss the future directions of studying this
miRNA in cardiac disease.

information of miR-22 and its tissue distribution

Unlike numerous other miRNAs, many of which belong to miRNA families with multiple
miRNA members, miR-22 belongs to a single member miRNA family. MiR-22 is encoded
by an exon of a long non-coding RNA gene, MIR-22HG (the miR-22 host gene), in the
mammalian genome. The long non-coding host gene resides in the intergenic region
between two protein-coding genes, TLCD2 (TLC domain containing 2) and WDR81 (WD
repeat domain 81). TLCD2 is a gene with unknown function and mutations in WDR81 are
reported to be associated with autosomal recessive cerebellar ataxia, mental retardation, and
dysequilibrium syndrome-2 [15]. MiR-22 is an evolutionally conserved miRNA with an
identical seed sequence from fruit fly to human. Although miR-22 is ubiquitously expressed
in mammals, the enriched expression of this miRNA in striated muscle tissues (cardiac and
skeletal muscles) is conserved between fruit fly and mammals [16]. Recent deep sequencing
analysis shown that miR-22 is the most abundant miRNA in the heart [17]. More
specifically, we demonstrated that cardiomyocytes contribute most of the miR-22 expression
in the heart by comparing miR-22 expression in isolated cardiomyocytes vs. non-
cardiomyocytes of adult mouse hearts [18]. Consistently, the expression of miR-22 is
reduced by over 90% in mutant hearts harboring cardiomyocyte-specific miR-22 deletion
using alpha-MHC-Cre. In addition, we found that the expression of cardiac miR-22 is much
higher in matured cardiomyocytes when compared with that of embryonic and neonatal
hearts, suggesting its potential function in adult hearts [18].

Expression pattern of miR-22 in response to cardiac insult

The expression of many miRNAs is altered when the heart is under cardiac insult/stress [19].
When the heart is stressed (by transverse aortic constriction, or TAC) and undergoes
remodeling, the expression of miR-22 is slightly elevated during the initial stage of
hypertrophy and then gradually goes back to normal levels when the cardiac stress is
prolonged [18, 20]. In another cardiac hypertrophy model, isoproterenol is able to
significantly elevate the expression of cardiac miR-22 [21], suggesting the expression of
miR-22 may be regulated by beta-adrenergic receptor activated signaling pathways during
cardiac hypertrophy. In isolated neonatal rat cardiomyocytes, the expression of miR-22 is
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modestly increased when cells are stimulated by different hypertrophic stimuli, such as
phenylephrine, Angiotensin Il and serum [18] [22]. In addition, the circulating miR-22 was
found elevated in the serum of heart failure patients and it was suggested that the elevated
circulating miR-22 is caused by the increased expression of miR-22 in patients' hearts [23].
All these observations indicate that miR-22 could play important roles in cardiac response to
stresses.

MiR-22 regulates cardiac remodeling

Although miR-22 is abundantly expressed in the heart, and there is no evidence of a second
copy of miR-22 within the genome, it is quite a surprise that this miRNA is dispensable for
animal development or cardiac morphogenesis. Global or cardiac-specific deletion of
miR-22 did not cause premature death in mouse or abnormality in the heart. miR-22 null
mice are fertile and viable [18]. However, miR-22 is required for normal cardiac remodeling
in response to stresses (Figure 1). MiR-22 deficient mice are unable to properly develop
cardiac hypertrophy in response to isoproterenol administration [18]. Instead of developing
compensative cardiac hypertrophy at the early stage of remodeling, miR-22 mutant hearts
quickly progress to adverse cardiac remodeling and develop cardiac dilation accompanied
with increased death of cardiomyocytes and deposition of fibrotic tissue, characteristics of
dilated cardiomyopathy and heart failure. Consistent with our observations, another study
also found that miR-22 null mice quickly develop dilated cardiomyopathy, displaying
dysregulation of hypertrophic genes in response to a pressure overload [20].

In gain-of-function studies, forced expression of miR-22 in neonatal cardiomyocytes is
sufficient to induce hypertrophy, which is evidenced by the increased cell surface area and
elevated expression of hypertrophic marker genes, ANP and BNP [18] [24]. Consistently,
ectopic overexpression of miR-22 by transgene in cardiomyocytes in vivo induced cardiac
hypertrophy accompanied with an increased cross-sectional cell area of cardiomyocytes
[25]. Interestingly, miR-22-induced cardiac hypertrophy is associated with a shift of
transcriptome of metabolism, implying that the development of cardiac hypertrophy and the
change of cardiac metabolism could be coupled. This observation is intriguing given that
many of the miR-22 targets are involved in cell metabolism (Figure 2; Table 1).

Genes targeted by miR-22

MiRNAs are reported to regulate the expression of protein-coding genes post-
transcriptionally. To execute their biological function, the guiding strands of mature
miRNAs are loaded into the RISC complex and guide the complex to the 3’ UTRs of their
target mMRNAs via the imperfect binding between miRNAs and the 3’ UTRs [8].
Computational algorithms have been designed to predict miRNA target genes [26, 27] and
successfully predicted hundreds of miR-22 targets, many of them verified experimentally
(Table 1). In our recent study, we identified two histone deacetylases, Sirtl and HDAC4
[18], as targets of miR-22, which imply that miR-22 plays a role in epigenetic regulation of
gene expression during cardiac hypertrophy (Figure 2). Indeed, miR-22 was found as an
epigenetic modifier to control hematopoietic stem cell self-renewal and metastasis of breast
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cancer cells in hematopoietic malignancies and breast cancer, at least in part, by targeting
TET (Ten Eleven Translocation) family proteins [28, 29].

Gurha and colleagues have reported that miR-22 targets purine-rich element binding protein
B (PURB) in cardiomyocytes. Since PURB is a repressor of transactivation of SRF,
knockout of miR-22 was believed to repress the expression of SRF-depended hypertrophic
genes by de-repressing PURB [20]. PTEN, a tumor suppressor, has also been reported as a
target of miR-22 in the regulation of cardiac hypertrophy, which is consistent with a
previous report demonstrating inactivation of pTEN in cardiomyocytes caused cardiac
hypertrophy [22]. In addition, we and others have verified the regulation of PPAR( and
pGC1{ by miR-22 [18] [25]. Together with Sirt1, these three master transcriptional
factors/co-factors are well known to control fatty acid metabolism [30, 31]. Indeed, fatty
acid metabolism signaling was down-regulated in hearts of miR-22 transgenic mice [25].
Since the heart is a major energy-consuming organ and the metabolic program often shifts
during cardiac hypertrophy and diabetic cardiomyopathy, it is tempting to speculate that
miR-22 plays a key role in the regulation of molecular pathways involving in the shift of
metabolic program during the development of cardiomyopathies (Figure 2). miR-22 has also
been reported to target CBP/p300. Overexpression of miR-22 in ischemia-reperfused hearts
was shown to decrease the protein levels of CBP/p300 and acetylated p53, therefore
protecting cardiomyocytes from apoptosis [32]. In addition to its critical roles in cardiac
remodeling, miR-22 is also a key player in tumorigenesis, in part due to its function in
negatively regulating cell proliferation. miR-22 targets many genes related to cell
proliferation, including MYCBP [33], a positive regulator of oncogene c-Myc; ERBB3 [34],
a member of epidermal growth factor receptor (EGFR) family and controls proliferation;
MAX [35], a basic helix-loop-helix leucine zipper (bHLHZ) transcription factor and
associated with Myc; and oncogene EVI-1 [36] (Table 1). It will be interesting to determine
whether the expression and function of these miR-22 targets are also altered in hearts of
miR-22 null mice.

Clinical aspects and therapeutic potential of miR-22 in cardiac hypertrophy

There is growing evidence that mutations in miRNA genes or key components of the
miRNA machinery, Drosha, DGCRS, Dicer, are associated with human disorders [19, 37].
More recently, Harper and his colleagues tested ten SNPs near the miR-22 coding locus and
found one of them was closely linked to the variability of left ventricle mass in a large
cohort of human patients [38]. However, it remains to be determined whether this SNP
regulates the expression and function of miR-22. Most importantly, future studies should be
conducted to screen and identify miR-22 mutations in human patients with hypertrophic
cardiomyopathy, dilated cardiomyopathy and heart failure in order to establish causative
roles of miR-22 in cardiac diseases.

miRNAS possess great potential for the treatment of human cardiovascular diseases [39, 40].
MiR-22 has been demonstrated to regulate cardiac hypertrophy by several independent
studies. Although loss-of-function of miR-22 cause premature cardiac dilation in stressed
mouse hearts [18, 20], transient repression of miR-22 using antagomir was able to repress
cardiac hypertrophy in isoproterenol-treated hearts without sign of dilation and without any
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adverse effects on cardiac function [41]. In addition, systemic administration of miR-22
antagomirs is able to reduce the blood pressure in spontaneously hypertensive rat model
[42]. These results highlight that miR-22 could be a great potential target in therapeutic
treatment of cardiac hypertrophy. Tu and colleagues further reported that atorvastatin
attenuated angiotensin Il-induced hypertrophic growth of cardiomyocyte by repressing the
up-regulation of miR-22 in vitro. Pharmacological intervention with atorvastatin inhibited
the cardiac hypertrophy induced by systematic administration of miR-22 mimic in vivo.
However, particular attention should be paid to carefully address the issue of specificity of
delivery of miR-22 inhibitors, since knocking down of miR-22 in other tissues/organs might
increase the risk of promoting cell proliferation and tumorigenesis. Therefore, the future of
miR-22 in clinical treatment of cardiovascular diseases is bright, but technical hurdles need
to be overcome. We are confident that investigation and understanding how miR-22
regulates cardiac physiological function will contribute to the development of novel
therapeutics to treat heart diseases.
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Figure 1.

Schematic depiction of miR-22 function in the regulation of cardiac remodeling. A
transverse view of heart, indicated by the green dashed line in the heart model, is used to
show the functional role of miR-22 in cardiac remodeling, including cardiac hypertrophy,
dilated cardiomyopathy and fibrosis. The red areas in the ventricle wall of the dilated heart
designate fibrosis lesions.

Trends Cardiovasc Med. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Huang and Wang Page 9

Sarcomere reassembling
during cardiac hypertrophy
miR-22 @D e —==
T @ - MyoCD
N Contractile fiber

HDAC4 \ components
HDAC4

Hypertrophic genes

Nucleus

\ PPARa

Cytoplasm

Figure 2.
Schematic depiction of miR-22 function in cardiomyocytes. Several miR-22 targets (PurB,

Sirtl, etc) and regulatory biological processes (Contraction and metabolism) are highlighted.
Ac: acetyl groups; H: histone; HDAC4: histone deacetylase 4; MyoCD: myocardin; PGC-1(:
peroxisome proliferator-activated receptor gamma, coactivator 1 alpha; PPAR(: peroxisome
proliferator activated receptor alpha; PurB: purine rich element binding protein B; Sirt1:
sirtuin 1; SRF: serum response factor.
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Table 1

Partial list of reported miR-22 target genes.

Target genes
Sirtl
HDAC4
PPARa
PGC1l-a
PurB
BMP7
ER-alpha
pTEN
MAX
EVI-1
CDKG6
Spl

P21
HIF-1a
HDAC6
ErbB3
OGN

Irf8
Rcorl
Rgs2
YWHAZ
TET2

Tissue or cell content
Heart, Cancer cell

Heart, Cancer cell, Neuron
Heart, Chondrocyte

Heart

Heart

Chondrocyte, Kidney
Cancer cell
Cardiomyocyte, Cancer cell line
Cancer cell

Cancer cell

Cancer cell

Cancer cell

Cancer cell

Cancer cell

Human adipose tissue-derived mesenchymal stem cells
Cancer cell

Cardiac fibroblast
Dendritic cell

Neuron

Neuron

Dendritic cell

Cancer cell, hematopoietic stem cell
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