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ABSTRACT

MicroRNA-133a inhibits norepinephrine-induced cardiac hypertrophy
via suppression of PKC signaling

Jae Youn Moon

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Namsik Chung)

Cardiac hypertrophy is associated with the development of heart failure and has
been known as a predictor for cardiovascular morbidity and mortality. A recent
study unveiled potential regulatory roles for microRNA-133a (miR-133a) in
cardiac hypertrophy. However, it has not been studied to elucidate the
connection between miR-133a and norepinephrine-induced cardiomyocyte
hypertrophy. Here, we investigated the expression and functional role of
miR-133a in a norepinephrine-induced hypertrophic cardiomyocyte and
determined the target of miR-133a in hypertrophic signaling. Neonatal rat
cardiomyocytes were isolated, and cardiac hypertrophy was induced by
treatment with 10 uM norepinephrine. In this study, we determined that
miR-133a plays a pivotal role in the regulation of norepinephrine-induced
cardiac hypertrophy. miR-133a expression is inversely related to cardiac
hypertrophy, and the treatment with miR-133a mimics before norepinephrine
management prevents norepinephrine-induced cardiac hypertrophy. Second, we
found that the direct target of miR-133a is Protein Kinase C 6 (PKC$), which
was confirmed by both Luciferase assay and Western blot analysis. We found
no relationship between miR-133a and G protein. Finally, after transfection
with miR-133a, MEK and ERK, which are in the downstream pathway, and
proto-oncogenes such as c-fos, c-myc and c-jun were down-regulated in
hypertrophic cardiomyocytes, suggesting that PKCo is a novel target of
miR-133a in cardiomyocytes, and that administration of or treatment with
miR-133a mimics could be used in the future as a therapeutic application in the
clinical setting.

Key words: microRNA-133a, Cardiac hypertrophy, Protein Kinase C 3,
norepinephrine
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I. INTRODUCTION

Heart failure is the predominant global cardiovascular disorder. Cardiac
hypertrophy is one of the major factors contributing to heart failure and leading
to morbidity and mortality.* Pathological cardiac growth is known to occur due
to neurohormonal factors such as epinephrine, norepinephrine, angiotensin Il,
and aldosterone.*®

It is well known that al-adrenergic agonists may induce cardiac hypertrophy
via al-adrenoceptors (ARs), members of the G-protein coupled receptor (GPCR)
superfamily, regardless of regulation by small GTPases (Ras, RhoA, and Rac).’
Cardiac hypertrophy results from signaling pathways that are initiated by the
activation of al-ARs, including phospholipase C (PLC), D, and A2, protein
kinase C (PKC), Ca®* channels, and mitogen-activated protein (MAP) kinases.?
The activation of PKC and MAP kinases has been reported to be associated
with stimulated cardiac growth.>'? PKC, which is a family of serine/threonine
kinases, may play an important role in cardiovascular diseases including
ischemic heart disease, cardiac hypertrophy, heart failure, hypertension and

atherosclerosis. The activation of PKCd has been reported to cause

2



nonpathological cardiac hypertrophy via MAPK signaling during
cardiomyocyte hypertrophy.™® Cardiomyocyte hypertrophy is associated with
up-regulated changes in proto-oncogenes such as c-fos, c-jun, and c-myc.'* *°

MicroRNAs (miRNAs) are short non-coding RNAs (21-25 nucleotides) that
regulate gene expression at the post transcriptional level either by degrading the
target mMRNA or by direct translational inhibition."® miRNAs negatively regulate
gene expression via translation repression, MRNA degradation, or
deadenylation binding to partially complementary sequences in the
3’untranslated region (3° UTR)." Recent studies have suggested that miRNAs
are expressed in the failing myocardium and play an important role in
progression of heart failure by targeting genes in the cardiac remodeling process
including  hypertrophy,  excitation-contraction  coupling, increased
cardiomyocyte loss, and myocardial fibrosis.**** Among the several miRNAs
involved, microRNA-133a (miR-133a) is known as a regulator of
cardiomyocyte hypertrophy and failure. Several studies have revealed that
several growth-related genes, including RhoA and Cdc42, act as miR-133a
target genes, suggesting a potential regulator of mMIRNAs in cardiac
hypertrophy.?® Although anti- and pro-hypertrophic miRNAs have been studied
in cardiac hypertrophy, the roles of miRNA-133a in a norepinephrine-induced
cardiac hypertrophy model are not clearly understood.

Here, we examined the expression and functional role of miR-133a in a
norepinephrine-induced cardiomyocyte hypertrophy model and investigated the
target of miR-133a in hypertrophic signaling.



Il. MATERIALS AND METHODS
1. Isolation of neonatal rat cardiomyocytes

Neonatal rat cardiomyocytes were isolated and purified by enzymatic methods.
Briefly, hearts of one- to two-day-old Sprague—Dawley rat pups were dissected,
and the ventricles were treated with Dulbecco's phosphate-buffered saline
solution (pH 7.4, Gibco BRL, Grand Island, NY) free from Ca*" and Mg*'.
Using micro-dissecting scissors, the hearts were minced until the pieces were
approximately 1 mm?® and were then treated with 10 ml of collagenase 11 (0.8
mg/ml, 262 U/mg, Gibco BRL) for 5 min at 37°C. The supernatant was
removed, and the tissue was treated with fresh collagenase Il solution for an
additional 5 min. The cells in the supernatant were transferred to a tube
containing cell culture medium (a-MEM containing 10% fetal bovine serum,
Gibco BRL). The tubes were centrifuged at 2000xg for 3 min at room
temperature, and the cell pellet was resuspended in 5 ml cell culture medium.
The above procedures were repeated seven to nine times. Cell suspensions were
collected and incubated in 100-mm tissue culture dishes for 2 h to reduce
fibroblast contamination. Non-adherent cells were collected and seeded to
achieve a final concentration of 5x10° cells/ml. After incubation for 4-6 h, cells
were rinsed twice with cell culture medium, and 100 uM BrdU was added. Cells
were then cultured in a CO, incubator at 37°C. For stimulation with
norepinephrine (10°M), the confluent cells were rendered quiescent by
culturing them for 12 h in 0.1% (v/v) FBS.

2. Immunocytochemistry

Cells were grown on four-well plastic dishes, washed twice with PBS, and fixed

with 4% paraformaldehyde in 0.5 ml of PBS for 30 minutes at room
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temperature. The cells were washed again with PBS and then permeabilized for
30 minutes in PBS containing 0.2% Triton. The cells were blocked in PBS
containing 10% goat serum and incubated for 1 hour with primary antibodies.
The cells were washed with PBS three more times for 10 minutes and incubated
with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG as the
secondary antibody for 1 hour. All images were produced using an excitation
filter under reflected light fluorescence microscopy and transferred to a
computer equipped with MetaMorph software ver. 4.6 (Universal Imaging
Corp., Marlow, U.K)).

3. Immunoblot analysis

Cells were washed once in PBS and lysed in lysis buffer (Cell Signaling
Technology, Beverly, MA, USA) containing 20 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM Na,-EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM B-glycerophosphate, 1 mM NazVO,4, 1 mg/ml leupeptin,
and 1 mM phenylmethylsulfonyl fluoride. Protein concentrations were
determined using the Bradford Protein Assay Kit (Bio-Rad, Hercules, CA,
USA). Proteins were separated in a 12% sodium dodecyl
sulfate-polyacrylamide gel and transferred to a polyvinylidenedifluoride
membrane (Millipore, Billerica, MA, USA). After blocking the membrane with
Tris-buffered saline-Tween 20 (TBS-T, 0.1% Tween 20) and 5% nonfat dried
milk for 1 hour at room temperature, the membrane was washed twice with
TBS-T and incubated with primary antibody for 1 hour at room temperature or
overnight at 4°C. The membrane was washed three times with TBS-T for 10
minutes and incubated for 1 hour at room temperature with horseradish
peroxidase-conjugated secondary antibody. After extensive washing, bands
were detected using an enhanced chemiluminescence reagent (ECL) (Santa

Cruz Biotechnology, Santa Cruz, CA, USA). Band intensities were quantified
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using the Photo-Image System from Molecular Dynamics (Sunnyvale, CA,
USA).

4. Reverse transcription-polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted using TRIzol (Sigma, 500 uL./60 mm-diameter plate).
Chloroform (100 pL) was added to the extract, and each sample was vortexed
for about 10 sec. Next, centrifugation at 12,000xg, at 4°C for 15 min caused
three layers to separate, and the transparent upper layer was collected in a new
tube. Each sample received 250 uL 2-propranolol and was vortexed for about
30 sec, followed by centrifugation at 12,000xg, at 4°C for 10 min. The
supernatant was discarded, and the pellet was washed in 75% (v/v) ethanol
admixed with 0.1% diethylpyrocarbonate (DEPC; Sigma) solution. The sample
was then centrifuged at about 7,500xg, at 4°C for 5 min. The supernatant was
discarded, and the pellet was dried at room temperature for about 7 min. Finally,
each pellet was dissolved in 30 pL nuclease-free water (NFW). The quality and
quantity of RNA were estimated by calculation of OD260/0D280 ratio using a
DU 640 spectrophotometer (Eppendorf, Hamburg, Germany).

Complementary DNA was generated with the Promega Reverse Transcription
System according to the manufacturer’s instructions. Briefly, 1 pg of total RNA
was reverse-transcribed in a 20 pl reaction volume containing 5 mM MgCl,, 10
mM Tris-HCI (pH 9.0 at 25°C), 50 mM KCI, 0.1% Triton X-100, 1 mM dNTP
mix, 20 U of RNase inhibitor, 0.5 pug oligo-(dT) 15 primer, and 10 U of reverse
transcriptase for 15 minutes at 42°C. The reaction was terminated by heating at
99°C for 5 minutes. The PCR mix contained 10 mM of each primer, together
with 200 mM Tri-HCI (pH 8.8), 100 mM KCI, 1.5 mM MgSO,, 1% Triton
X-100, 0.1 mM dNTPs mix, and 1.25 U of Taq polymerase in a total volume of
25 pl. PCR conditions consisted of denaturing at 94°C for 3 minutes, followed
by 35 cycles of denaturation at 94°C for 30 seconds, annealing at 49°C for 30
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seconds, and extension at 72°C for 2 minutes before a final extension at 72°C
for 10 minutes. RT-PCR products were separated by electrophoresis on a 1.2%
agarose gel (BioRad), and a Gel-Doc (BioRad) was used to visualize the bands
after staining with ethidium bromide.

5. MicroRNA Transfection

Mature miR-133a mimics and anti-miR-133a were purchased (Genolution
Pharmaceuticals, Inc., Korea) and used at final concentrations of 100 nM
(miR-133a) and 20 nM (anti-miR-133a). Transfections with miRNA-133a
mimics were performed using siLentFect™ Lipid reagent (Life Science
Research, CA, USA). After transfection with miR-133a for 4hr in CO,
incubator maintaining 37°C, the medium was changed, and the cells were

treated with norepinephrine.

6. Quantification of Total protein and DNA from cardiomyocytes

Total protein content/DNA ratio was measured in cardiomyocytes after lysis of
the cells in 1 N NaOH at 37°C for 30 min. Protein content was examined using
BCA protein reagent (Pierce Biotechnology, Inc. Rockford, USA) with a bovine
albumin standard following the manufacturer’s directions. For the quantitative
measurement of DNA, cells were lysed by adding SDS and proteinase K, and
extraction of DNA was performed using phenol. The absorbance of purified

DNA was measured at 260 nm.

7. Luciferase assay

The predicted target gene of miR-133a was retrieved using a publicly available

database (TargetScan, www.targetscan.org). Portions of the PKCd 3’ UTR were
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cloned into the pmiR-GLO vector, and the recombinant pmiR-GLO vectors
were transfected into HeL a cells. HeLa cells were plated at 2.5x10* cells/well in
24-well. After 48 h, the pmirGLO vector containing the PKCd binding site for
miR-133a was co-transfected with the negative control using Lipofectamine
2000 (Invitrogen, CA, USA). Renilla luciferase was used to normalize cell
number and transfection efficiency. Luciferase activity was measured by the
Dual Luciferase assay (Promega) using a luminometer (Promega) according to

the manufacturer's instructions. Each assay was repeated 3 times.

8. Real-time polymerase chain reaction (PCR)

Total RNA was isolated using Trizol® reagent (Sigma), according to the
manufacturer’s conditions. In brief, 100 ng purified total RNA was used for
reverse transcriptase (Tagman® MicroRNA Reverse Transcriptase Kit, Applied
Biosystems) in combination with Tagman® MicroRNA Assays for
quantification of specific miRNAs and U6 control transcripts. Amplification
and detection of specific products were performed in a TagMan small RNA
Assay kit (AB Applied Biosystems) at 95°C for 10 min, followed by 40 cycles
of 95°C for 15 seconds and 60°C for 60 seconds. The threshold cycle (Ct) of
each target gene was automatically defined, located in the linear amplification
phase of the PCR, and normalized to the control RNU19 (ACt value). The
relative difference in expression levels of each miRNA was calculated (DDCt)
and is reported as fold induction (2-DDCt). The sequences of miRNA primers
were:

miR-1: 5>-UGGAAUGUAAAGAAGUGUGUAU-3’,

miR-26a: 5°- UUCAAGUAAUCCAGGAUAGGCU-3’,

miR-133a: 5’- UUUGGUCCCCUUCAACCAGCUG -3°,

miR-143: 5’-UGAGAUGAAGCACUGUAGCUCA-3’,

miR-145: 5>-GUCCAGUUUUCCCAGGAAUCCCU-3’,
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miR-181: 5’- AACAUUCAACGCUGUCGGUGAGU-3’
miR-210: 5’-CUGUGCGUGUGACAGCGGCUGA-3".

9. Statistical analysis

Data are expressed as means + SEM. The significance of differences between
groups was assessed by Student’s t-test. More than two groups were compared
using one-way ANOVA with a Bonferroni correction. P-values<0.05 were

considered significant.



I1l. RESULTS

1. Norepinephrine induces cardiac hypertrophy

Cardiomyocyte hypertrophy was stimulated in response to norepinephrine,
which is an agonist of the aj-adrenoceptor. The cell surface area of the
cardiomyocytes increased by 130% after treatment with 10 pM norepinephrine
for 72 hr, and the cellular protein content increased by 40% compared to the
control. Myosin light chain 2v (MLC 2v) expression level as a hypertrophic
marker increased to 200% in norepinephrine-treated cardiomyocytes at 24 hr in

a time-dependent manner (Fig. 1).
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Fig. 1. The induction of cardiac hypertrophy by norepinephrine. (A, B) After 24 hr of treatment
with norepinephrine (10 uM), cardiomyocyte cell size was observed by immunofluorescence, and
total cellular protein content was estimated. (C) MLC 2v mRNA expression was observed by
RT-PCR (*p<0.01, **p<0.05). (Cont, Control; NE, Norepinephrine; MHC, Myosin Heavy Chain;
MLC 2v, Myosin light chain 2v; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase)
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2. The change of microRNAs level in norepinephrine-induced cardiac
hypertrophy

miRNAsS, non-coding RNA molecules, are known to regulate diverse processes
including cardiac hypertrophy. To examine changes in expression of miRNAsS,
real-time PCR was conducted, and the results showed that miRNA-1,
miRNA-26, and miRNA-133a were decreased, whereas mMiRNA-143,
mMiRNA-145, miRNA-181, and miRNA-210 were increased in cardiomyocyte
hypertrophy induced by norepinephrine. We found that miR-133a level was
decreased in response to cardiomyocyte hypertrophy (Fig. 2).% Previously, it
was reported that miR-133a expression decreases in human and mouse models
of cardiomyocyte hypertrophy.?’ Real-time PCR in our study demonstrated a
time-dependent reduction in miR-133a expression after treating with 10 uM
norepinephrine for 24 hr (Fig. 2B).

[] Control
Il 10 uM Norepinephrine

*

1.75 *

Expression of miRNAs

Expression of miR-

133a (2-24¢T)

1 26 133 143 145 181 210 " can S5 W 20 50
(1M, NE, 24hr)

Fig. 2. Screening of cardiomyocyte miRNA levels in response to treatment with norepinephrine.
(A) After treatment of cardiomyocytes with norepinephrine for 24 hr, the levels of miRNAs were
measured by real-time PCR. Note that the levels of miR-1, miR-26, and miR-133a were
significantly lower in the treated cells compared to the control. (B) Cardiac hypertrophy
stimulated by norepinephrine induced a decrease in endogenous miR-133 expression (**p<0.05).
(Cont, Control; miRNA, microRNA; NE, Norepinephrine)
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3. miR-133a inhibits norepinephrine-induced cardiomyocyte hypertrophy

To investigate whether miR-133a inhibited cardiomyocyte hypertrophy, we
transfected a miR-133a mimic into cardiomyocytes for 4 hr. The transfection
efficacy of miR-133a was monitored until 48 hr by real-time PCR and remained
higher than the control (Fig. 3A). miR-133a also regulated the cell size of
cardiomyocytes induced by norepinephrine (Fig. 3B). In cardiomyocytes treated
with norepinephrine and transfected with miR-133a, the cell size was decreased
more so than in the control. To confirm the potential involvement of miR-133a
in cardiac hypertrophy, we performed RT-PCR analysis. Decreased levels of
myosin  light chain 2 (MLC 2v) mRNA were observed in
cardiomyocyte-transfected miR-133a mimic cells after treatment with
norepinephrine (Fig. 3C). Cardiomyocyte-treated norepinephrine showed
decreased level of miR-133a expression likewise cardiomyocyte-transfected
miR-133a and -treated with norepinephrine decreased the miR-133a expression
suggesting that miR-133a was regulated by norepinephrine (Fig. 3D)
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Fig. 3. The inhibitory effect of miR-133a in norepinephrine-stimulated cardiomyocytes. (A) The
transfection efficiency was detected by real-time PCR in samples of lysed cardiomyocytes
transfected with miR-133a at each harvest time (6, 24, and 48 hr). This experiment was repeated
three times, and the level of miR-133a remained 100-fold higher than the control until 48 hr. (B)
Cell size was induced in cardiomyocytes treated with norepinephrine for 72 hr (10 pM). The
overexpression of miR-133a decreased the cell size compared with the control. (C)
Semiquantitative RT-PCR showed a significant change in the level of myosin light chain 2v
(MLC 2v). Cardiomyocytes treated with 10 uM norepinephrine were cultured for 24 hr after
transfection with the miR-133a mimic. (D) In cultured primary cardiomyocytes treated with
norepinephrine, the miR-133a level decreased more than in the control, and transfection with
miR-133a reduced the miRNA-133a level. (*p<0.01, **p<0.05). (Cont, Control; N.C, Negative
Control; miRNA, microRNA; NE, Norepinephrine, GAPDH, Glyceraldehyde 3-phosphate
dehydrogenase)
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4. miR-133a targets PKCO mRNA

PKC3d is predicted as a target of miR-133a according to TargetScan
(http://www.targetscan.org/). The conserved bases of the miR-133a target
sequence were present in the 3’-untranslated region (3’UTR) of the PKCo
MRNA. We compared miR-133 nucleotide sequences with the sequences in the
3’UTR of PKCS mRNA in rats and found that the 3’UTR of PKC6 mRNA
contains sequences that were imprecisely complementary to miR-133. There are
6 nucleotides matching nucleotides 2 to 10 from the 5’ end of miR-133. The
matched base pairs and seed sequences (in bold) from different species (human,
rat, and mouse) are shown in Fig. 4A. Western blotting was performed to
confirm that PKCS is a target of miR-133a (Fig. 4A). In miR-133a
mimic-transfected cardiomyocytes, protein expression of PKC3d was
significantly reduced compared with the control (Fig. 4B). Cotransfection of
miR-133a with the luciferase reporter gene linked to the wild-type 3°UTR of
PKC5 resulted in a significant decrease in luciferase activity. In contrast, no
change in luciferase activity was observed when miR-133a was cotransfected

with a construct in negative control seed sequences (Fig. 4C).

14



Rat PKC & mRNA sequence
351 357

— W [ site | —

|«——3 UTR—|

Site PKC 3 3-AAAACCAGAAAAAUUUUUUUCCA
Rno(rat) UUUUGGUCCCCUUCAACCAGCUG
Hsa(human) UUUUGGUCCCCUUCAACCAGCUG
Mmu(mouse) UUUUGGUCCCCUUCAACCAGCUG

Cont N.C miR-133a

60
50
40
30
20
10

o

Relative luciferase activity

-+ - - NC
- - + + miR-133a

PRKCD ContV

Fig. 4. PKC3 is a predicted target of miR-133a. (A) The sequence of the predicted target of
hsa-miR-133a in rat PRKCD mRNA transcripts. (B) Western blot of cardiomyocytes after
transfection with the miR-133a mimic. PKC5 is the predicted target, and protein levels of PKC3
decreased significantly. (C) Luciferase reporter assay from HelLa cells performed by
cotransfection with the miR-133a mimic and a luciferase reporter gene linked to the PKC3.
(*p<0.01, **p<0.05). (Cont, Control; N.C, Negative Control; miRNA, microRNA).

5. miR-133a is not a regulator of G protein

A previous study showed that Gy is involved in ERKs activation by
norepinephrine in cardiomyocytes. 10 pM norepinephrine for 24 hr the groups

of miR-133a transfected with miR-133a mimic for 4 hr before treatment of
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norepinephrine. The effect of miR-133a related to G proteins in cardiomyocytes
was determined by RT-PCR (Fig. 5A). Cardiomyocytes treated with
norepinephrine increased Gyand G, expressions as compared to the control but
did not increase G; or G;. In miR-133a-transfected cardiomyocytes, the levels of
Gn, Gq Gi as well as G, were unchanged. The function of G, as a
receptor-coupled G protein depends on intracellular and extracellular
environments (Fig. 5B). Therefore, G, expression was measured in both the
membrane and cytosol. Treatment with norepinephrine increased the membrane
expression of G, by 200% and the cytosol expression by 20%. Transfection
with miR-133a (100 uM) did not show any change in either the membrane or
the cytosolic environment.
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= ]
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a Q
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- + + NE
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Fig. 5. No change in miR-133a with regard to G protein levels in norepinephrine-stimulated
cardiomyocytes. (A) G protein expression was determined by RT-PCR after transfection with
miR-133a or treatment with norepinephrine. (B) To determine translocation of Gy, proteins by
treatment with norepinephrine or transfection with miR-133a, the expression of Gy, was analyzed
by Western blotting. (*p<0.01, **p<0.05). (Cont, Control; miRNA, microRNA; NE,
Norepinephrine, GAPDH, Glyceraldehyde 3-phosphate dehydrogenase)
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6. miR-133a downregulates PKC signaling and proto-oncogene expression in
cardiomyocytes

Norepinephrine increased the level of phosphorylated ERKS, which are
hypertrophic cardiomyocyte markers, but miRNAs generally regulate target
protein expression via degradation of target mRNA and translation control.
PKCS is a target of miR-133a (Fig. 4), and miR-133a regulates the cascade of
MEK and ERK proteins downstream of PKC. With norepinephrine, prazosin
(PRA), al-AR blocker, and propranolol (PRO), B1-AR blocker-treated
cardiomyocytes did not experience expression level changes of PKC, p-MEK or
p-ERK. However, cardiomyocytes transfected with miR-133a showed
decreased expressions of PKC, p-MEK and p-ERK regardless of treatment with
prazocin or propranolol (Figs. 6A-C). To determine whether miR-133a affected
the immediate early genes, proto-oncogenes such as c-jun, c-fos, and c-myc,
MRNA levels were examined by RT-PCR in norepinephrine-stimulated
cardiomyocytes. In response to treatment of norepinephrine stimulation, c-jun,
c-fos, and c-myc increased, unlike the levels of the three proto-oncogenes when
treated with prazosin or propranolol. However, transfection with miR-133a
regulates the mRNA levels of these protooncogenes in cardiomyocytes treated

with norepinephrine, prazosin, or propranolol (Figs. 6D-F).
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Fig. 6. Down-regulation of PKC signaling and proto-oncogene expression by miR-133a. (A-C)
The expression levels of PKC 5, MEK, and ERKs were decreased by transfection with the
miR-133a mimic (100 nM, 4 hr) regardless whether the cells were treated with prazosin (100 nM)
or propranolol (2 uM) for 30 min. (D-F) Significant increases in c-jun, c-fos, and c-myc were
observed after norepinephrine (10 uM, 24 hr) stimulation; however, transfection with miR-133a
regulated the mRNA expression of these proto-oncogenes. (*p<0.01, **p<0.05). (PKC 3, Protein
Kinase C; MEK, Mitogen-activated ERK Kinase; ERK, Extracellular signal-Regulated Kinases,
miRNA, microRNA; NE, Norepinephrine; PRA, Prazosin; PRO, Propranolol; GAPDH,
Glyceraldehyde 3-phosphate dehydrogenase)
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7. Inhibitory effect of anti-miR-133a in norepinephrine-stimulated

cardiomyocytes

To further confirm whether miR-133a acts as regulator in
norepinephrine-induced cardiomyocytes, anti-miR-133a was transfected into
cardiomyocytes after treatment with norepinephrine, prazosin, or propranolol.
The expressions of MEK and ERK decreased in miR-133a-transfected
cardiomyocytes, whereas the expressions of these two molecules were
unchanged in anti-miR-133a-transfected cardiomyocytes (Fig. 7).
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Fig. 7. The effect of anti-miR-133a in norepinephrine-stimulated cardiomyocytes. The expression
levels of MEK and ERKs were down-regulated by miR-133a (100 nM, 4 hr); however,
anti-miR-133a (20 nM, 4 hr) showed no changed compared to cardiomyocytes stimulated by
norepinephrine. (*p<0.01, **p<0.05). (MEK, Mitogen-activated ERK Kinase; ERK, Extracellular
signal-Regulated Kinases, miRNA, microRNA; NE, Norepinephrine)
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IV. DISCUSSION

Cardiac hypertrophy is related to a risk of cardiac arrhythmia, diastolic
dysfunction, congestive heart failure, and death. It is well-known that
norepinephrine, depending on its concentration, is able to cause hypertrophy
and apoptosis in several tissues such as the heart through interactions with
GPCR and PLC.?"® Norepinephrine is released from the sympathetic nervous
system and plays a pivotal role in cardiac performance with the stimulation of
al-adrenoceptor. ol-adrenoceptors interact with various signaling moieties
including PLC, PLD, PKC, calcium channels, and MAPK by activating G
proteins.”* % PKC is one of the largest protein families in the human genome
and has a critical role in diverse signaling pathways, differentiation,
proliferation, cardiac hypertrophy, and death. Numerous studies have shown
that PKC6 modulates the expression of collagen genes, and increased PKCS has
been associated with the development of pathologic tissue fibrosis.” While it is
known that PKCd is activated in myocardial ischemia, little known about its
role in cardiac hypertrophy. In this study, we found that the 3’UTR of PKCd
MRNA contains sequences that are imprecisely complementary to miR-133.
The conserved bases of the miR-133a target sequence are present in the 3’UTR
of PKCS. There are 6 nucleotides matching the nucleotides 2 to 10 from the 5’
end of miR-133. Therefore, we suspected an important relationship between

miR-133a and PKC5 in the signaling pathway of hypertrophy.

The expression of miRNAs in human disease is regarded as an important
issue, especially in the cardiovascular system. miR-133a, which is enriched in
cardiac and skeletal muscle, is involved in cell specification, differentiation, and
development.?” According to a previous study, miR-133a is downregulated
during cardiac hypertrophy, and it has been suggested that miR-133a may play a

key role in the development of hypertrophy®. It was also reported that the
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over-expression of miR-133a diminished agonist-induced cardiac hypertrophy
by repressing levels of the Rho kinase family, including RhoA, Cdc42 and
NelfA.? % In vitro over-expression of miR-133a suppressed cardiac
hypertrophy, whereas inhibition of miR-133a by “decoy” sequences stimulated
cardiac hypertrophy.”® These studies showed that miR-133a is necessary for
controlling cardiac hypertrophy. There are some validated targets of miR-133a.
Recently, both calcineurin/nuclear factor of activated T cells pathway and
miR-133a were shown to play critical roles in cardiac hypertrophy. The
reciprocal repression between miR-133a and calcineurin regulation of cardiac
hypertrophy was documented in a previous report.”® Interestingly, the target of
miR-133a was not clearly documented in that model of norepinephrine-induced

hypertrophy.

The data from these previous studies together with those from our study
suggest a key role for miR-133a in the regulation of norepinephrine-induced
cardiac hypertrophy. First, miR-133a expression was inversely related to
cardiac hypertrophy in the model of norepinephrine-induced cardiac
hypertrophy.  Second, the direct target of miR-133a in the
norepinephrine-induced cardiac hypertrophy model is PKC3. We performed
luciferase reporter assays in HeLa cells to test whether miR-133a targets PKCo.
Compared with the negative control using chimeric constructs, the
cotransfection of miR-133a with the luciferase reporter gene linked to the
wild-type 3’UTR of PKCS resulted in a significant decrease in luciferase
activity. To our knowledge, this result is the first report demonstrating an
inhibitory role of miR-133a via suppression of PKC signaling in
norepinephrine-stimulated cardiac hypertrophy. Third, we found no relationship
among microRNA-133a, G proteins and membrane translocation of Gh protein.
G proteins are known to be important in the activation of PKC$ and ERK, thus

we performed RT-PCR to determine whether G protein expression was affected
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by miR-133a in our norepinephrine-induced cardiac hypertrophy model but
found no correlations between G proteins and miR-133a treatment. Finally,
after treatment with miR-133a, proto-oncogenes such as c-fos, c-myc and c-jun,
which are downstream of the hypertrophic signaling, were down-regulated in

hypertrophic cardiomyocytes.

In this study, miR-133a was shown to regulate the protein expression of
PKC3d belonging to a cascade of hypertrophic signaling pathways that is
regulated by norepinephrine. Moreover, proto-oncogene expression, ERKs, and
MEK were also shown to be regulated by miR-133a. Our results suggest that
PKCS is a novel target of miR-133a in hypertrophic cardiomyocytes. Recently,
a selective PKCS inhibitor was studied as an anti-cancer drug or an
anti-inflammatory drug because it had been associated with the development of
pathologic tissue fibrosis.*® However, to our knowledge, there are no studies
regarding selective PKC5d inhibitors and cardiomyocyte hypertrophy including
heart failure or hypertrophic cardiomyopathy.
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V. CONCLUSION

This study demonstrates that miR-133a inhibited cardiomyocyte hypertrophy,
and that treatment with miR-133a mimics before norepinephrine management
prevents norepinephrine-induced cardiac hypertrophy. We also found that
PKC5 is a novel target of miR-133a in our model of norepinephrine-induced
cardiomyocyte hypertrophy. After treatment with miR-133a, MEK and ERK,
which are in the downstream pathway, the proto-oncogenes c-fos, c-myc and
c-jun were down-regulated in hypertrophic cardiomyocytes. The suppression of
PKCS expression by miRNAs and the overexpression of dominant-negative
PKCS are potential therapeutic modalities. Therefore, our findings support the
possibility that the administration of or treatment with miR-133a mimics could

be used in future clinical therapeutic applications.

23



REFERENCES

1. Berenji K, Drazner MH, Rothermel BA, Hill JA. Does load-induced
ventricular hypertrophy progress to systolic heart failure? Am J Physiol
Heart Circ Physiol 2005 Jul;289(1):H8-H16.

2. Tardiff JC. Cardiac hypertrophy: stressing out the heart. J Clin Invest 2006
Jun;116(6):1467-70.

3. DeBosch B, Treskov I, Lupu TS, Weinheimer C, Kovacs A, Courtois M, et
al. Aktl is required for physiological cardiac growth. Circulation 2006 May
2;113(17):2097-104.

4, Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM, et al.
Protein tyrosine kinase PYK2 involved in Ca(2+)-induced regulation of ion
channel and MAP kinase functions. Nature 1995 Aug 31;376(6543):737-45.

5. Yu H, Li X, Marchetto GS, Dy R, Hunter D, Calvo B, et al. Activation of a
novel calcium-dependent protein-tyrosine kinase. Correlation with c-Jun
N-terminal kinase but not mitogen-activated protein kinase activation. J Biol
Chem 1996 Nov 22;271(47):29993-8.

6. Murasawa S, Matsubara H, Mori Y, Masaki H, Tsutsumi Y, Shibasaki Y, et
al. Angiotensin Il initiates tyrosine kinase Pyk2-dependent signalings
leading to activation of Racl-mediated c-Jun NH2-terminal kinase. J Biol
Chem 2000 Sep 1;275(35):26856-63.

7. Xiang Y, Kobilka BK. Myocyte adrenoceptor signaling pathways. Science
2003 Jun 6;300(5625):1530-2.

8. Adams JW, Sakata Y, Davis MG, Sah VP, Wang Y, Liggett SB, et al.
Enhanced Galphag signaling: a common pathway mediates cardiac
hypertrophy and apoptotic heart failure. Proc Natl Acad Sci U S A 1998 Aug
18;95(17):10140-5.

9. Gillespie-Brown J, Fuller SJ, Bogoyevitch MA, Cowley S, Sugden PH. The

mitogen-activated protein kinase kinase MEK1 stimulates a pattern of gene

24



expression typical of the hypertrophic phenotype in rat ventricular
cardiomyocytes. J Biol Chem 1995 Nov 24;270(47):28092-6.

10.Bogoyevitch MA, Glennon PE, Andersson MB, Clerk A, Lazou A, Marshall
CJ, et al. Endothelin-1 and fibroblast growth factors stimulate the
mitogen-activated protein kinase signaling cascade in cardiac myocytes. The
potential role of the cascade in the integration of two signaling pathways
leading to myocyte hypertrophy. J Biol Chem 1994 Jan 14;269(2):1110-9.

11.Clerk A, Bogoyevitch MA, Anderson MB, Sugden PH. Differential
activation of protein kinase C isoforms by endothelin-1 and phenylephrine
and subsequent stimulation of p42 and p44 mitogen-activated protein kinases
in ventricular myocytes cultured from neonatal rat hearts. J Biol Chem 1994
Dec 30;269(52):32848-57.

12.Allo SN, McDermott PJ, Carl LL, Morgan HE. Phorbol ester stimulation of
protein kinase C activity and ribosomal DNA transcription. Role in
hypertrophic growth of cultured cardiomyocytes. J Biol Chem 1991 Nov
15;266(32):22003-9.

13.Chen L, Hahn H, Wu G, Chen CH, Liron T, Schechtman D, et al. Opposing
cardioprotective actions and parallel hypertrophic effects of delta PKC and
epsilon PKC. Proc Natl Acad Sci U S A 2001 Sep 25;98(20):11114-9.

14.Dorn GW, 2nd, Robbins J, Sugden PH. Phenotyping hypertrophy: eschew
obfuscation. Circ Res 2003 Jun 13;92(11):1171-5.

15.Hoshijima M, Chien KR. Mixed signals in heart failure: cancer rules. J Clin
Invest 2002 Apr;109(7):849-55.

16.Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 1993
Dec 3;75(5):843-54.

17.Tatsuguchi M, Seok HY, Callis TE, Thomson JM, Chen JF, Newman M, et
al. Expression of microRNAs is dynamically regulated during
cardiomyocyte hypertrophy. J Mol Cell Cardiol 2007 Jun;42(6):1137-41.

25



18.Cheng Y, Ji R, Yue J, Yang J, Liu X, Chen H, et al. MicroRNAs are
aberrantly expressed in hypertrophic heart: do they play a role in cardiac
hypertrophy? Am J Pathol 2007 Jun;170(6):1831-40.

19.Schipper ME, van Kuik J, de Jonge N, Dullens HF, de Weger RA. Changes
in regulatory microRNA expression in myocardium of heart failure patients
on left ventricular assist device support. J Heart Lung Transplant 2008
Dec;27(12):1282-5.

20.Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, et al.
MicroRNA-133 controls cardiac  hypertrophy. Nat Med 2007
May;13(5):613-8.

21.Communal C, Singh K, Pimentel DR, Colucci WS. Norepinephrine
stimulates apoptosis in adult rat ventricular myocytes by activation of the
beta-adrenergic pathway. Circulation 1998 Sep 29;98(13):1329-34.

22.Gupta MK, Neelakantan TV, Sanghamitra M, Tyagi RK, Dinda A, Maulik S,
et al. An assessment of the role of reactive oxygen species and redox
signaling in norepinephrine-induced apoptosis and hypertrophy of H9c2
cardiac myoblasts. Antioxid Redox Signal 2006 May-Jun;8(5-6):1081-93.

23.Palomeque J, Delbridge L, Petroff MV. Angiotensin II: a regulator of
cardiomyocyte function and survival. Front Biosci 2009;14:5118-33.

24.Graham RM, Perez DM, Hwa J, Piascik MT. alpha 1-adrenergic receptor
subtypes. Molecular structure, function, and signaling. Circ Res 1996
May;78(5):737-49.

25.Piascik MT, Perez DM. Alphal-adrenergic receptors: new insights and
directions. J Pharmacol Exp Ther 2001 Aug;298(2):403-10.

26.Jimenez SA, Gaidarova S, Saitta B, Sandorfi N, Herrich DJ, Rosenbloom JC,
et al. Role of protein kinase C-delta in the regulation of collagen gene
expression in  scleroderma  fibroblasts. J Clin  Invest 2001
Nov;108(9):1395-403.

27.Abdellatif M. The role of microRNA-133 in cardiac hypertrophy uncovered.

26



Circ Res Jan 8;106(1):16-8.

28.Matkovich SJ, Wang W, Tu Y, Eschenbacher WH, Dorn LE, Condorelli G,
et al. MicroRNA-133a protects against myocardial fibrosis and modulates
electrical repolarization without affecting hypertrophy in
pressure-overloaded adult hearts. Circ Res Jan 8;106(1):166-75.

29.Dong DL, Chen C, Huo R, Wang N, Li Z, Tu YJ, et al. Reciprocal
repression between microRNA-133 and calcineurin regulates cardiac
hypertrophy: a novel mechanism for progressive cardiac hypertrophy.
Hypertension Apr;55(4):946-52.

30.Maioli E, Torricelli C, Valacchi G. Rottlerin and cancer: novel evidence and
mechanisms. ScientificWorldJournal;2012:350826.

27



ABSTRACT(IN KOREAN)

r oo
o
=
rlr
jubad
-z
2,
I
o
K
>,
gt
i
i
o
o
fr
r o
o)
>
>
ol
o
2
B\

0,

|
ro
by
il
(o]
o,
S,
2
30,
=
Dg d
=
Ll

ot do

i3
ol
ol
rir
§8 ©
rlo
N
2
ofy
o

+ microRNA-133a (miR-133a) ¢ &
ATl e wolFulZ el ofsia I
mR-133a¢] ¥ 7]EAd JTS Flstar A
AA N miR-133a¢] A& ®HS dolH A &

2 Bygsta o7]el 10uM FE9 =y

folr oxl L

oo Ok o>

2 2

=
)
4
1o, > & ¥o

AEgs APy, B A= miR-133a7f

ojafiA WAEE= AIH|Y BN Fad TS L
S

A

shdrh. AA, miR-133a¢] E AL AlH

fu}
i)
=3
o

jus)
802 %o 2 Q rloaf ok oy )

o

AAlo]l o™, miR-133a mimics £ Wg Foletd mof 3y
ot AlFHiglE dWE 4 AAgT =A, miR-133a¢] A
ANzAG AANY AFH FAHES Protein Kinase C § (PKC3)E
el o, o]i= |uciferase assay ¢} western blot ¥ o2 el E ),
A, miR-133a ¢ G @A M= ZHdo] ¢lolth WA, miR-133a <]
Fol= a9 A 2o 9 MEK ¢ ERK, proto-oncogene © & %]
A+ cfos, c-myc, cjune] WHHS TAAACY. 9] AIAELS PKC7H
miR-133a¢] A2 2§ E AL FAsl e, miR-133a] Fol7t
AR (ARid)e] TS AT ¢ e mEe] XsA= JdE
73 E AlAlg

MNA) &= = microRNA-133a,2] 5] tH, Protein Kinase C §, ol 3 4] 3£

IR 30 [d W

)

e

28



