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MicroRNAs (miRNAs) are a recently discovered class

of endogenous, small, noncoding RNAs that regulate

gene expression. Although miRNAs are highly ex-

pressed in the heart, their roles in heart diseases are

currently unclear. Using microarray analysis de-

signed to detect the majority of mammalian miRNAs

identified thus far, we demonstrated that miRNAs are

aberrantly expressed in hypertrophic mouse hearts.

The time course of the aberrant miRNA expression

was further identified in mouse hearts at 7, 14, and 21

days after aortic banding. Nineteen of the most signif-

icantly dysregulated miRNAs were further confirmed

by Northern blot and/or real-time polymerase chain

reaction, in which miR-21 was striking because of its

more than fourfold increase when compared with the

sham surgical group. Similar aberrant expression of

the most up-regulated miRNA, miR-21, was also found

in cultured neonatal hypertrophic cardiomyocytes

stimulated by angiotensin II or phenylephrine. Mod-

ulating miR-21 expression via antisense-mediated de-

pletion (knockdown) had a significant negative effect

on cardiomyocyte hypertrophy. The results suggest

that miRNAs are involved in cardiac hypertrophy for-

mation. miRNAs might be a new therapeutic target for

cardiovascular diseases involving cardiac hypertro-

phy such as hypertension, ischemic heart disease,

valvular diseases, and endocrine disorders. (Am J

Pathol 2007, 170:1831–1840; DOI: 10.2353/ajpath.2007.061170)

MicroRNAs (miRNAs) are a recently discovered class of

endogenous, small, noncoding RNAs that regulate gene

expression.1–3 Mature miRNAs are the result of sequen-

tial processing of primary transcripts (pri-miRNAs) medi-

ated by two RNase III enzymes, Drosha and Dicer.4

Mature 18- to 24-nucleotides-long miRNAs negatively

regulate protein expression of specific mRNA by either

translational inhibition or mRNA degradation.5 Currently,

more than 400 miRNAs have been cloned and se-

quenced in humans, and the estimated number of miRNA

genes is as high as 1000 in the human genome.6,7 As a

group, miRNAs are estimated to regulate 30% of the

genes of the human genome.8

Analogous to the first RNA revolution in the 1980s with

Zaug and Cech9 discovering the enzymatic activity of

RNA, this recent discovery of RNAi and miRNA may

represent the second RNA revolution.10 Large scale

cDNA sequencing and genome tiling array studies have

shown that �50% of genomic DNA in humans is tran-

scribed, of which 2% is translated into proteins and the

remaining 98% is noncoding RNAs (ncRNAs). The term

ncRNA is commonly used for RNA that does not encode

a protein, but this does not mean that such RNAs do not

contain information or have function.11 Indeed, Zaug and

Cech9 first reported the enzymatic activity of RNA in the

1980s. More excitingly, with the finding of RNAi technol-

ogy,12 two regulatory small ncRNAs were discovered,

small interfering RNAs (siRNAs) and miRNAs.1,13,14
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siRNAs and miRNAs have a similar mechanism for gene

expression regulation; however, they are different from

each other.13,14 The chief difference lies in their ori-

gins.14,15 siRNAs are produced from long double-

stranded (bimolecular) RNAs or long hairpins, often of

exogenous origin, and usually target sequences at the

same locus or elsewhere in the genome for destruction

(gene silencing),16,17 the phenomenon termed RNAi.12 In

contrast, miRNAs are endogenous. They are encoded

within the genome and come from endogenous short

hairpin precursors and usually target sequences at other

loci. Therefore, miRNAs are more important because they

are endogenous regulators for gene expression.

We are just beginning to understand how this novel

class of gene regulators is involved in biological func-

tions. Although only a small number of the hundreds of

identified miRNAs have been characterized, a growing

body of exciting evidence suggests that miRNAs are

important regulators for cell growth, differentiation, and

apoptosis.14,18,19 Therefore, miRNAs may be important

for normal development and physiology. Consequently,

dysregulation of miRNA function may lead to human dis-

eases.20 In this respect, the most exciting research area

is the role of miRNAs in cancer, given that cell dediffer-

entiation, growth, and apoptosis are important cellular

events in the development of cancer. Indeed, both basic

and clinical studies have demonstrated that miRNAs are

aberrantly expressed in diverse cancers.21–24 miRNAs

are currently thought to function as both tumor suppres-

sors and oncogenes.25

Cardiovascular disease has long been the leading

cause of death in developed countries, and it is rapidly

becoming the number one killer in developing coun-

tries.26 Cardiac hypertrophy, the common pathological

response to a number of cardiovascular diseases such

as hypertension, ischemic heart disease, valvular dis-

eases, and endocrine disorders, is a major determinant

of mortality and morbidity in cardiovascular diseases.

Although miRNAs are highly expressed in the heart, the

roles of these miRNAs in cardiovascular diseases includ-

ing cardiac hypertrophy are still unclear.20,27 Because

cardiac cell growth (hypertrophy) is the key cellular event

in the formation of cardiac hypertrophy, we therefore

hypothesized that expression of miRNAs in hypertrophic

heart may be different from that in normal heart and these

aberrantly expressed miRNAs may play important roles in

cardiac hypertrophy.

Materials and Methods

Cardiac Hypertrophy Animal Model

To determine the expression changes of miRNAs in hy-

pertrophic hearts, we applied a well-established mouse

cardiac hypertrophy model by aortic banding as de-

scribed.28–30 In brief, 12-week-old C576BJ mice were

anesthetized with ketamine (80 mg/kg i.p.) and xylazine

(5 mg/kg i.p.). Under sterile conditions, aortic binding

constriction was performed under a dissecting micro-

scope by ligating the abdominal aorta between the dia-

phragm and renal arteries with a blunted 27-gauge nee-

dle and a 6-0 silk suture. After that, the needle was

quickly removed. Age-matched mice with a sham surgi-

cal operation will be used as a control group. All proto-

cols were approved by the Institutional Animal Care and

Use Committee at the University of Tennessee and were

consistent with the Guide for the Care and Use of Labo-

ratory Animals (National Institutes of Health publication

85-23, revised 1985).

Evaluation of Cardiac Hypertrophy in Vivo

Cardiac hypertrophy was evaluated by histopathological

analysis of heart size, the ratio of heart weight to body

weight (HW:BW), and cardiomyocyte size in heart cross-

section.28–30 After sacrifice with an overdose of pento-

barbital, the hearts were carefully isolated. The HW was

measured, and the HW:BW ratio was then calculated.

The hearts were then put into 4% paraformaldehyde,

dehydrated, embedded in paraffin, and sectioned. Heart

sections cut at the level of the papillary muscle were

selected and used to measure the cardiomyocyte size by

fluorescein isothiocyanate-labeled wheat germ aggluti-

nin.31 Briefly, the sections were deparaffinized, rehy-

drated, and incubated for 1 hour at room temperature

with fluorescein isothiocyanate-labeled wheat germ ag-

glutinin (1:500 dilution; Vector Laboratories, Inc., Burlin-

game, CA) to visualize myocyte membranes. The images

were taken with a fluorescence microscope, and morpho-

metric analysis was performed with software (Scion Im-

age CMS-800; Scion Corp., Frederick, MD). Mean value

of cell size was calculated by using the measurements

from 100 cells in an individual mouse.

Cardiac Myocyte Culture and Cell Models for

Cardiac Myocyte Hypertrophy

Primary cultures of neonatal rat cardiac ventricular myo-

cytes were performed as described.31,32 In brief, hearts

from 1- to 2-day-old Sprague-Dawley rats were removed

after hypothermia anesthesia immersion in ice water and

placed in ice-cold 1� phosphate-buffered saline solu-

tion. After repeated rinsing, the atria were cut off, and the

ventricles were minced with scissors. The minced tissue

and ventricular cells were dispersed by digestion with

collagenase type IV (0.45 mg/ml; Sigma, St. Louis, MO),

0.1% trypsin (Life Technologies, Inc., Grand Island, NY),

and 15 �g/ml DNase I (Sigma). Cardiomyocytes (0.33 �

106 cells/ml) were cultured in the cardiac myocyte culture

medium containing Dulbecco’s modified Eagle’s medi-

um/F-12 supplemented with 5% horse serum, 4 �g/ml

transferrin, 0.7 ng/ml sodium selenite (Life Technologies,

Inc.), 2 g/L bovine serum albumin (fraction V), 3 mmol/L

pyruvic acid, 15 mmol/L HEPES, 100 �mol/L ascorbic

acid, 100 �g/ml ampicillin, 5 �g/ml linoleic acid, 1%

penicillin and 1% streptomycin, and 100 �mol/L 5-bromo-

2�-deoxyuridine (Sigma), and seeded into six-well plates.

Two cell models for cardiac myocyte hypertrophy were

applied as described.32,33 The first model is cardiac

myocyte hypertrophy stimulated with angiotensin II (Ang
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II) (1 �m),31 and the second model is hypertrophy stim-

ulated with phenylephrine (PE) (10 �m)32 in the serum-

free medium. The stimulation lasted 48 hours.

Evaluation of Cardiac Myocyte Hypertrophy

in Vitro

The extent of cardiac myocyte hypertrophy was evalu-

ated by two parameters: [3H]leucine incorporation assay

for protein synthesis and cell surface area measurement.

Protein synthesis was determined by [3H]leucine incor-

poration assay.31,32 After 42 hours of treatment with Ang

II, PE, or vehicle, [3H]leucine (1.0 �Ci/ml) was added into

the culture medium, and the cells were further incubated

for another 6 hours. After that, cells were washed three

times with ice-cold 1� phosphate-buffered saline and

incubated with 10% trichloroacetic acid for 1 hour at 4°C

to precipitate the proteins. The precipitates were washed

twice with 95% ethanol, and then dissolved and scraped

in 1 mol/L NaOH. The resulting solution, containing the

trichloroacetic acid-insoluble fraction, was neutralized

with 1 mol/L HCl, and the radioactivity was counted in a

liquid scintillation counter. For cell surface area measure-

ment, cell images were taken with a digital camera (Ni-

kon, Melville, NY) fixed to a microscope (Nikon).31,32

Then, the cardiomyocyte surface area was analyzed with

an image processing and analysis system (Scion Image

CMS-800). One hundred cells from randomly selected

fields in one well were examined, and the average cell

surface area was used.

Gene Microarray Analysis for miRNA Expression

miRNAs were isolated from mouse hearts using the

mirVana miRNA isolation kit (Ambion, Inc., Austin, TX).

miRNA expression profiling was determined by miRNA

microarray analysis using the mouse miRNA array probes

(Chip ID miMouse7.1 version; LC Science, Houston, TX)

that include 233 mature mouse miRNAs.

Quantitative Reverse Transcriptase-Polymerase

Chain Reaction (qRT-PCR)

miRNA levels were determined by qRT-PCR. Briefly,

RNAs from both mouse hearts and neonatal rat cardiac

ventricular myocytes were isolated with the mirVana

miRNA isolation kit (Ambion, Inc.). qRT-PCR was per-

formed on cDNA generated from 200 ng of total RNA by

using the protocol of the mirVana qRT-PCR miRNA de-

tection kit (Ambion, Inc). Amplification and detection of

specific products were performed with the ABI Prism

7700 sequence detection system with the cycle profile

according to the mirVana qRT-PCR miRNA detection kit.

As an internal control, U6 primers were used for RNA

template normalization. Fluorescent signals were normal-

ized to an internal reference, and the threshold cycle (Ct)

was set within the exponential phase of the PCR. The

relative gene expression was calculated by comparing

cycle times for each target PCR. The target PCR Ct

values were normalized by subtracting the U6 Ct value,

which was given as the �Ct value. The relative expres-

sion level between treatments was then calculated using

the following equation: relative gene expression �

2� (�Ct sample � �Ct control).33

Northern Blot Analysis of miRNA

Ten �g of total RNA from snap-frozen tissues and cardiac

myocytes were loaded onto a precast 15% denaturing

polyacrylamide gel (Bio-Rad, Hercules, CA). The RNA

was then electrophoretically transferred to Bright-Star

blotting membranes (Ambion, Inc.). The probe se-

quences of these miRNAs were shown in Table 1. Probes

were end-labeled with [�-32P]ATP by T4 polynucleotide

kinase. Prehybridization and hybridization were per-

formed in Ultrahyb Oligo solution (Ambion, Inc.) contain-

ing 106 cpm/ml probes overnight at 37°C. The most strin-

gent wash was with 2� standard saline citrate and 1%

sodium dodecyl sulfate at 37°C. For reuse, blots were

stripped by boiling and reprobed. U6 was used as a

loading control to normalize expression levels.

Antisense Oligonucleotide for miR-21

Antisense oligonucleotide-mediated miRNA depletion

was used to knock down miR-21. The antisense oligonu-

cleotide for miR-21, 2�OMe-miR-21, or miRNA inhibitor,

was modified at each nucleotide by an O-methyl moiety

at the 2�-ribose position: 5�mUmCmAmAmCmAmUmC-

mAmGmUmCmUmGmAmUmAmAmGmCmUmA-3� (In-

tegrated DNA Technologies, Coralville, IA).34 We also

used a control modified antisense oligonucleotide for

enhanced green fluorescence protein (EGFP) mRNA

(2�OMe-EGFP): 5�-mAmAmGmGmCmAmAmGmCmUm-

GmAmCmCmCmUmGmAmAmGmU-3� (Integrated DNA

Technologies).34 Both oligos were labeled with a fluores-

cent dye. Oligo transfection was performed according to

an established protocol.35 In brief, cells were transfected

using transfection reagent (Qiagen, Valencia, CA) for 6

hours. Transfection complexes were prepared according

to the manufacturer’s instructions, and 2�OMe-miR-21 or

control oligo 2�OMe-EGFP was added directly to the

Table 1. Probe Sequences for Northern Blot Analysis

miRNA Probe sequence

miR-21 5�- TCAACATCAGTCTGATAAGCTA-3�

miR-27a 5�-GCGGAACTTAGCCACTGTGAA-3�

miR-27b 5�-GCAGAACTTAGCCACTGTGAA-3�

miR-29a 5�-AACCGATTTCAGATGGTGCTA-3�

miR-29c 5�-ACCGATTTCAAATGGTGCTA-3�

miR-30e 5�-ACATTTGTAGGAACTGACCT-3�

miR-150 5�-CACTGGTACAAGGGTTGGGAGA-3�

Mir-185 5�-GAACTGCCTTTCTCTCCA-3�

miR-214 5�- CTGCCTGTCTGTGCCTGCTGT-3�

miR-341 5�-ACTGACCGACCGACCGATCGA-3�

miR-424 5�-TTCAAAACATGAATTGCTGCTG-3�

miR-451 5�-AACTCAGTAATGGTAACGGTTT-3�

miR-486 5�-AGGACATGACTCGACGGGGCTC-3�

U6 5�-GCAGGGGCCATGCTAATCTTCTCTGTATCG-3�

MicroRNA in Cardiac Hypertrophy 1833
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complexes to a final oligonucleotide concentration of 1, 3,

10, 30, and 100 nmol/L. The transfection medium was

replaced 6 hours after transfection by the regular culture

medium.

Statistics

All data are presented as mean � SE. For relative gene

expression, the mean value of vehicle control group is

defined as 100% or 1. Two-tailed unpaired Student’s

t-tests and analysis of variance were used for statistical

evaluation of the data. SigmaStat Statistical Analysis Pro-

gram (San Jose, CA) was used for data analysis. A P

value �0.05 was considered significant.

Results

miRNAs Are Highly Expressed in Mouse Heart

Tissue-specific expression is one important characteris-

tic of miRNA expression.19 To study the biological func-

tions of miRNA in cardiac hypertrophy, we first deter-

mined the miRNA expression profile in mouse hearts

through miRNA microarray analysis. We isolated the total

RNA from six normal mouse (C576BJ) hearts, and the

miRNA microarray analysis was performed by using

mouse miRNA array probes (Chip ID miMouse 7.1 version;

LC Science) that include 233 mature mouse miRNAs

(Sanger v. 7.0; Hinxton, UK). Overall, 157 miRNAs of 233

arrayed miRNAs were found in normal mouse hearts, and

64 of these were highly expressed (Table 2).

Aberrant Expression of miRNAs in Mouse

Hypertrophic Hearts

The successful aortic banding was first confirmed before

animal sacrifice by pressure gradient across the banding

site by using two Millar catheters. The banding group had

a pressure gradient at 28 � 5 mm Hg, whereas no

pressure gradient was found in sham controls. The ani-

mals were sacrificed at 7, 14, and 21 days after surgery.

Every time point had at least six mice in each group. As

expected, aortic banding led to a rapid and progressive

increase in heart size, whereas no effect on heart size

from the sham surgical operation was found during the

following 3 weeks. HW and HW:BW in the banded group

were increased accordingly (Figure 1A). At the end of 3

weeks, the heart mass had increased by �60%. The time

course of cardiac hypertrophy-induced aortic banding

was consistent with previous reports.28–30,36 To evaluate

further cardiac hypertrophy in vivo at the cellular level, we

measured cardiomyocyte size in heart cross sections by

fluorescein isothiocyanate-labeled wheat germ agglutinin

staining of cell membranes. As shown in Figure 1B, the

Table 2. miRNAs Highly Expressed in Normal Mouse Heart

miR-1 miR-126-3p let-7a miR-30c miR-26a let-7f
miR-133b let-7d miR-23b miR-30b miR-23a let-7b
miR-125b let-7g miR-29a miR-24 miR-451 miR-30a-5p
let-7e miR-30d miR-98 miR-16 let-7i miR-145
miR-125a miR-99a miR-27a miR-126-5p miR-195 miR-22
miR-143 miR-29c miR-191 miR-185 miR-30e miR-486
let-7c miR-21 miR-152 miR-27b mir-214 miR-146
miR-133a miR-15a miR-341 miR-100 miR-29b miR-103
miR-26b miR-424 miR-148a miR-150 miR-149 miR-181a

Figure 1. Aortic banding induces cardiac hypertrophy in mice. A: Quantitative analysis of the ratio of HW (mg) to BW (g) (HW/BW) after aortic banding. B:
Quantitative analysis of cardiac myocyte size in heart cross sections. *P � 0.05 compared with sham control.

1834 Cheng et al
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left ventricular heart cells were significantly larger in the

banded group than those in the sham control group. All of

the sham groups had no hypertrophy changes both at

organ and cellular levels.

To determine the potential involvement of miRNAs in

cardiac hypertrophy, we used microarray analysis to de-

termine miRNA levels in mouse after aortic banding and

compared them with levels in age-matched sham control

group. Every time point had six mice in each group. We

were excited to find that, compared with the sham group,

aberrant miRNA expression was a remarkable character-

istic in hypertrophic hearts. Seven days after aortic band-

ing, 102 of the 157 heart miRNAs were differentially ex-

pressed (P � 0.01); 50 miRNAs were up-regulated, and

52 miRNAs were down-regulated. At 14 days after aortic

banding, 69 of the 157 heart miRNAs were differentially

expressed (35 up-regulated and 34 down-regulated),

whereas at 21 days after aortic banding, 73 of the 157

heart miRNAs were differentially expressed (43 up-regu-

lated and 30 down-regulated). Figure 2A shows the time

course changes of miRNAs that are highly expressed in

heart and more than 30% dysregulated (down- or up-

regulated) after aortic banding. All of the differentially

expressed miRNAs at these three time points are listed in

the Supplementary Table 1 at http://ajp.amjpathol.org.

Confirmation of the Aberrant miRNA Expression

in Hypertrophic Hearts by Northern Blot

Analysis and/or qRT-PCR

These miRNA genes with expression significantly dys-

regulated from microarray results were selected for con-

firmation by Northern blot and/or qRT-PCR. In agreement

with the results from microarray analysis, we found that

miR-21, -27a, -27b, -146, -214, -341, and -424 were

highly up-regulated, whereas miR-29a, -29b, -29c, -30e,

-126-5p, -133a, -133b, -149, -150, -185, -451, and -486

were significantly down-regulated after aortic banding

(Figure 2, B and C). Remarkably, miR-21 increased more

Figure 2. Aberrant expression of miRNAs in mouse hypertrophic hearts. A: Time course changes of miRNAs that are highly expressed in mouse hearts and more
than 30% dysregulated (down- or up-regulated) after aortic banding determined by microarray analysis. B: Confirmation of the aberrantly expressed miRNAs after
aortic banding by qRT-PCR. C: Confirmation of the aberrantly expressed miRNAs after aortic banding by Northern blot. Note: miRNA levels in sham control hearts
are defined as 100. *P � 0.05 compared with those in sham controls.

MicroRNA in Cardiac Hypertrophy 1835
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than fourfold compared with the control. Therefore,

miR-21 was the selected experimental miRNA using our

in vitro cell hypertrophy models. miRNA probes were

purchased from Proligo-Sigma (Houston, TX), and their

sequences are listed in Table 1. It should be noted that

some probes such as miR27a and miR-21b only differ by

one base in sequence, so it is likely that Northern analysis

might not distinguish between the different isoforms. In

that case, Northern blot may be the result of the all of the

isoforms of the miRNA. qRT-PCR primers were pur-

chased from Ambion, Inc.

Aberrant miR-21 Expression in Cultured Cardiac

Myocytes with Hypertrophy

To determine the potential biological role of these aber-

rant miRNAs in cardiac hypertrophy, we determined the

expression levels of the most up-regulated miR-21 in

cultured rat neonatal cardiac myocytes with and without

cell hypertrophy. Both Ang II and PE stimulation resulted

in the formation of cardiac myocyte hypertrophy. Com-

pared with the in vivo study, a similar mRNA expression

pattern was found in PE- and Ang II-stimulated hypertro-

phic cells (data not shown). Interestingly, miR-21 was the

most up-regulated miRNA that was increased more than

threefold compared with the control after stimulation with

hypertrophic agents (Figures 3 and 4).

Antisense Oligonucleotide for miR-21 Is

Sufficient to Knock Down miR-21 Expression in

Cultured Cardiomyocytes

To determine the effect of the up-regulated miR-21 on cell

hypertrophy, we applied antisense oligonucleotide-medi-

ated miRNA depletion using 2�OMe-miR-21 to knock down

the overexpressed miR-21. We used two controls for this

study. The first control was a vehicle control (phosphate-

buffered saline, PBS), and the second control was the mod-

ified antisense oligonucleotide for EGFP mRNA (2�OMe-

EGFP). EGFP gene is a mutant form of green fluorescence

protein (GFP) gene. Neither EGFP nor GFP genes are ex-

pressed in rat. Thus, 2�OMe-EGFP targeting EGFP mRNA

serves as a negative oligonucleotide control.34 As shown in

Figure 3A, fluorescent-marked 2�OMe-miR-21 and 2�OMe-

EGFP were successfully transfected into the cultured car-

diac myocytes. Consistent with the transfection, 2�OMe-

miR-21 decreased the miR-21 expression levels (Figure 3A)

in a dose-dependent manner, with a significant decrease

observed at a concentration of 3 nmol/L and the maximum

effect at 100 nmol/L. In contrast, the control oligo, 2�OMe-

EGFP, had no effect on miR-21 level, even at the highest

concentration (100 nmol/L).

Down-Regulation of the Overexpressed miR-21

Has a Significant Negative Effect on

Cardiomyocyte Hypertrophy

According to the dose response of miR-21 inhibitor, we

selected 30 nmol/L as our experimental dose to deter-

mine the effect of miR-21 inhibition on cardiomyocyte

hypertrophy. As shown in Figure 4A, miR-21 inhibitor,

2�OMe-miR-21 decreased miR-21 levels and inhibited

myocyte hypertrophy stimulated by either Ang II or PE as

shown by the decreased cell size (Figure 4B) and

[3H]leucine incorporation (Figure 4C). In contrast, control

oligos (2�OMe-EGFP) had no effect on miR-21 expression

and cell hypertrophy. Representative cell images from

different treatment groups are displayed in Figure 4D.

Discussion

Tissue-specific expression is one important characteris-

tic of miRNA expression. In respect to the cardiovascular

system, miRNA expression profile in the heart has been

described.19 However, at that time, only a small number

of miRNAs were found. In the current study, miRNA ex-

pression signature in hearts was further determined using

microarray analysis, designed to detect the majority of

mammalian miRNAs identified thus far. Indeed, miRNA

expression profile in heart is different from that in vessel

(our unpublished data). For example, the most abundant

miRNAs in heart are miR-1, let-7, miR-133, miR-126-3p,

miR-30c, and miR-26a. However, in artery the most abun-

dant miRNAs are miR-145, let-7, miR-125b, miR-125a,

miR-23, and miR-143. MiR-1 that is highly expressed in

heart is not an abundant miRNA in artery (data not

shown). The different expression profiles in different tis-

sues indicate that the physiological functions of miRNAs

in different tissues could be different. Identifying these

tissue-specific miRNAs and their physiological functions

could be important for future studies.

As a novel class of gene regulators, miRNAs play

important roles not only in normal development and phys-

iological conditions but also in disease status. In this

respect, both basic and clinical studies have demon-

strated that miRNAs are aberrantly expressed in diverse

cancers.21–24 miRNAs are currently thought to function as

both tumor suppressors and oncogenes.25

Aberrant cardiac cell growth (hypertrophy) is the key

cellular event in the formation of cardiac hypertrophy. It is

well established that multiple gene are aberrantly ex-

pressed in hypertrophic cardiac cells and these aber-

rantly expressed genes are responsible for the formation

of cardiac cell hypertrophy.35 Because miRNAs are en-

dogenous regulators for gene expression, it is reason-

able to hypothesize that they may be involved in cardiac

hypertrophy. We therefore applied a well-established

mouse cardiac hypertrophy model by aortic banding to

determine the miRNA expression signature in hypertro-

phic heart. We are excited to find that multiple aberrant

miRNA expression was a remarkable characteristic in

hypertrophic heart. The dysregulation and the time

course changes of these multiple aberrantly expressed

miRNAs match the complex process of cardiac hypertro-

phy formation in which multiple genes have been dys-

regulated.37 Determining the effects of these dysregu-

lated miRNAs on cardiac hypertrophy is the prerequisite

for this novel research field in cardiovascular diseases.

1836 Cheng et al
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To determine the potential role of these aberrantly

expressed miRNAs in cardiac hypertrophy, we selected

an up-regulated miRNA, miR-21, as our first experimental

target. Because of the lack of an effective in vivo inhibitor

for miR-21 and the lack of availability of miR-21 knockout

mice, we thus applied a cardiac myocyte hypertrophy

model using the cells from neonatal rat heart. To avoid a

drug-specific effect, we have used two different drug-

stimulated cardiac cell hypertrophy models. We found

that both Ang II and PE are able to induce cardiac myo-

cyte hypertrophy as well as the up-regulation of miR-21

expression. Interestingly, inhibition of miR-21 expression

is able to decrease cardiac myocyte hypertrophy stimu-

lated by both Ang II and PE. Therefore, at the cellular

level, we have confirmed that miR-21 is involved in car-

diac hypertrophy.

Figure 3. The effect of miR-21 inhibitor 2�OMe-miR-21 on miR-21
expression in cultured cardiac myocytes with hypertrophy. A: Trans-
fection of miR-21 inhibitor 2�OMe-miR-21 (30 nmol/L) and control
oligonucleotide (2�OMe-EGFP) (30 nmol/L) labeled with a fluorescent
dye (red color) into the cultured cardiac myocytes. B: The effects of
miR-21 inhibitor 2�OMe-miR-21 on the expression levels of miR-21 in
cultured cardiac myocytes with hypertrophy. Note: Two controls were
used in the experiment. The first control was a vehicle control (PBS),
and the second control was 2�OMe-EGFP. *P � 0.05 compared with
vehicle control.
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There are two limitations in the current study. The

detailed gene targets (mRNAs) responsible for miR-21-

mediated effects on cardiac hypertrophy were not uncov-

ered by this study. The mRNA targets of miRNAs are very

complex as miRNAs are able to bind to their mRNA

targets with either perfect or imperfect complementarity.

Thus, one miRNA may have multiple mRNA targets. Al-

though we have found that some hypertrophic genes

such as ANF, �-MHC, and BNF are decreased by MiR-21

inhibition. However, the decrease is in a nonselective

manner (data not shown). Thus, these hypertrophic

genes may not be the direct targets for miR-21. Although

the detailed mRNA targets responsible for miR-21-medi-

ated effects on cardiac cells are currently unclear, based

on the cellular effect of miR-21, we predict that it may

target some genes that have anti-growth effects. Al-

though these molecular mechanisms are important for

the future studies, identification of the aberrant expres-

sion and the cellular effects of these miRNAs as reported

in the current study should be the prerequisite for the

long-term studies focused on the detailed molecular

mechanisms. Another limitation is that we have only dem-

Figure 4. The effect of miR-21 inhibitor 2�OMe-miR-21 on cardiac myocyte hypertrophy. A: Inhibition of miR-21 expression by miR-21 inhibitor 2�OMe-miR-21
(30 nmol/L). The mean MiR-21 level in vehicle-treated cells is defined as 1. B: The effect of miR-21 inhibitor 2�OMe-miR-21 on cardiac myocyte size in Ang II-
or PE-treated cells. The mean myocyte size in vehicle-treated cells is defined as 1. C: The effect of miR-21 inhibitor 2�OMe-miR-21 on cardiac myocyte protein
synthesis in Ang II- or PE-treated cells. The mean value of [3H]leucine incorporation in vehicle-treated cells are defined as 1. D: Representative cell pictures from
different treatment groups. *P � 0.05 compared with vehicle control; #P � 0.05 compared with Ang II-treated group; P � 0.05 compared with PE-treated group.
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onstrated that cellular effect in cultured cells in vitro.

These cellular effects should be further confirmed in vivo

with the development of potent specific miRNA inhibitors

and miRNA knockout mice. In addition, the roles of other

aberrantly expressed miRNAs need to be defined in fu-

ture studies.

During the writing and submitting of our manuscript,

another independent research study of miRNA expres-

sion profile in mouse heart hypertrophy has been pub-

lished.38 Interestingly, they also demonstrated the aber-

rant expression of miRNAs during heart hypertrophy, in

which multiple miRNAs were dysregulated. The results

from two independent studies warranted that miRNAs are

indeed involved in heart hypertrophy. The differences

between our study and the Olson group’s38 study are as

follows. First, we have determined the time course

changes of miRNA expression during heart hypertrophy,

whereas the Olson group has only determined the ex-

pression signature at 21 days after aortic banding. Sec-

ond, we have used microarray, Northern blot, and qRT-

PCR to determine the levels of miRNAs, whereas the

Olson group has only used microarray and Northern blot.

Third, we are focused on the most up-regulated miRNA,

miR-21. However, the Olson group is focused on a less

up-regulated miRNA, miR-195. We selected miR-21 as

our experimental target for the following reasons: 1) it is

highly expressed in heart, 2) it is the most up-regulated

miRNA during the heart hypertrophy, and 3) it is also

overexpressed in cancers.25,39 Thus, miR-21 might be a

common regulator for cell growth. Fourth, the Olson

group38 has used gain-of-function experiments as their

major strategy to determine the potential roles of miRNAs

in heart hypertrophy. In contrast, our major strategy is

loss-of-function experiments via knocking down the up-

regulated miRNAs. In addition, the Olson group38 has

used overexpression experiment of miR-195 in vivo,

whereas we failed to perform these in vivo studies for

miR-21. The reasons for the last difference are as follows:

1) loss-of-function experiments are a good strategy to

determine the role of a gene with up-regulation under

pathological conditions; 2) there is lack of an established

method to efficiently knock down heart miR-21 expres-

sion in vivo; and 3) we have failed to up-regulate miR-21

in vitro and in vivo using either miR-21 precursors (Am-

bion, Inc.) or virus vector-expressing miR-21 precursors.

The same result is also shown in the Olson group’s38

reports in that they also failed to overexpress miR-21

using their virus vectors. We hypothesize that the pro-

cessing of miR-21 precursors into mature miR-21 in nor-

mal heart cells may be special, although the posttran-

scriptional regulation for miR-21 is currently unclear.40

Establishing a method to overexpress miR-21 will be

needed for the future study.

In summary, miRNAs are aberrantly expressed in hy-

pertrophic hearts. The miRNA expression signature and

antisense-mediated depletion reveal the involvement

of miRNAs in cardiac hypertrophy formation. miRNAs

may be a new therapeutic target for cardiovascular

diseases with cardiac hypertrophy such as hyperten-

sion, ischemic heart disease, valvular diseases, and

endocrine disorders.
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