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nositol 1,4,5'-triphosphate receptor Il (IP3RIl) calcium

channel expression is increased in both hypertrophic

failing human myocardium and experimentally in-
duced models of the disease. The ectopic calcium released
from these receptors induces pro-hypertrophic gene ex-
pression and may promote arrhythmias. Here, we show
that IP3RII expression was constitutively restrained by the
muscle-specific miRNA, miR-133a. During the hypertro-
phic response to pressure overload or neurohormonal
stimuli, miR-133a down-regulation permitted IP3RIl levels to
increase, instigating pro-hypertrophic calcium signaling

Introduction

Left ventricular hypertrophy is a maladaptive response to
cardiac insults such as hypertension, damage, or aging (Dorn,
2007), and predisposes to heart failure and sudden death (Haider
et al., 1998). Initially, the heart is enlarged through hypertrophy
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and concomitant pathological remodeling. Using a com-
bination of in vivo and in vitro approaches, we demon-
strated that IPs-induced calcium release (IICR) initiated
the hypertrophy-associated decrease in miR-133a. In this
manner, hypertrophic stimuli that engage IICR set a feed-
forward mechanism in motion whereby IICR decreased
miR-133a expression, further augmenting IP3RIl levels and
therefore pro-hypertrophic calcium release. Consequently,
IICR can be considered as both an initiating event and
a driving force for pathological remodeling.

of individual cardiomyocytes and extensive fibrosis within the
ventricular wall. As the condition evolves, myocyte death is
common and promotes the progression to heart failure. Studies
in both animals and humans have indicated that remediation of
the hypertrophic phenotype at the early stages of the disease
improves outcome without compromising cardiac function
(Hill et al., 2000; Kjeldsen et al., 2002). Hence, gaining a greater
understanding of the mechanisms responsible for left ventricular
hypertrophy may suggest novel therapeutic strategies.
Structural and molecular remodeling instigates pathologi-
cal growth of the heart. Many of these maladaptive changes
develop as a result of altered cardiomyocyte transcriptional
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profiles, induced through the coordinated action of a network
of transcription factors activated by neurohormonal stimuli and/
or stretch (Wu et al., 2006; Higazi et al., 2009). This produces
genome-wide changes in gene expression and permits expres-
sion of the proteins responsible for pathological myocardial
growth. Signaling pathways regulated by changes in intracellu-
lar calcium are central to the transduction of pro-hypertrophic
stimuli, governing the activation of transcriptional regulatory
mechanisms including calcineurin-nuclear factor of activated
T cells (Cn-NFAT; Higazi et al., 2009; Nakayama et al., 2010;
Rinne and Blatter, 2010) and CaM-dependent kinase II-histone
deacetylase 4-myocyte enhancer factor 2 (CaMKII-HDAC4-
MEF2; Wu et al., 2006). During hypertrophy and heart failure,
activity of these regulators is enhanced as a consequence of the
increased amplitude and altered localization of their upstream
stimulatory calcium signals. For example, adult ventricular my-
ocytes express low levels of the inositol 1,4,5'-triphosphate II
(IP3RII) calcium channel within the membranes of the sarco-
plasmic and perinuclear calcium stores at baseline (Lipp et al.,
2000; Guatimosim et al., 2008; Luo et al., 2008; Higazi et al.,
2009). However, in failing human myocardium and cardiomyo-
cytes from genetic and experimentally induced animal models
of hypertrophy, IP;RII levels are increased (Harzheim et al.,
2009, 2010; Nakayama et al., 2010). Under these conditions,
IP;-induced calcium release (IICR) from IP;RII has deleterious
effects on cellular function. Ectopic release of calcium from the
sarcoplasmic reticulum has pro-arrthythmic properties (Harzheim
et al., 2009), while IICR in the perinuclear region engages the
activity of calcium-dependent transcriptional regulators, leading
to the induction of pro-hypertrophic patterns of gene expression
(Wu et al., 2006; Higazi et al., 2009; Guo et al., 2012). Intrigu-
ingly, we have previously reported that increased protein ex-
pression of IP;RII during hypertrophy is not accompanied by an
increase at the mRNA level (Harzheim et al., 2009), suggesting
that receptor expression is up-regulated post-transcriptionally.
Notably, post-transcriptional regulatory mechanisms are
known to fulfill a critical role in both cardiac development and
disease (Small and Olson, 2011) and commonly involve the
activity of micro-RNAs (miRNAs). miRNAs are small noncoding
RNAs that influence gene expression by binding to sequences
that include the 3’ untranslated region (3'UTR) of newly syn-
thesized mRNA transcripts. As a result, protein expression from
these transcripts is inhibited by mRNA degradation or transla-
tional repression (Bartel, 2004). The power of miRNA-mediated
regulation of gene expression is illustrated by the observation
that a single miRNA can target hundreds of mRNAs (Lim et al.,
2005; Matkovich et al., 2011), providing a mechanism whereby
a network of genes can be subject to coordinated and simultane-
ous regulation. Consequently, a change in the pattern of miRNAs
expressed by a cardiomyocyte could generate genome-wide
remodeling of gene expression and hence induce hypertrophy.
Consistent with this hypothesis, miRNA expression is altered in a
diagnostic manner in left ventricular samples taken from humans
suffering from a variety of cardiac pathologies (Ikeda et al.,
2007) and in mouse models of hypertrophic remodeling (van
Roojj et al., 2006). More specifically, miRNAs including miR-1
(Sayed et al., 2007; Li et al., 2010b), miR-133a (Care et al., 2007),
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and miR-208a (van Rooij et al., 2007) show altered expression
in hypertrophy and have been directly implicated in induction
of the hypertrophic response. These disease-associated profiles
of miRNA expression are likely to be generated in response to
hypertrophic stimuli by modification of miRNA transcription or
processing mechanisms, elicited by the activity of intracellular
signaling pathways. Defining precisely how miRNA expression
and pro-hypertrophic pathways are interrelated is likely to pro-
vide important insight into the complexity of cardiomyocyte
gene regulatory networks.

Here, we investigate the mechanisms that produce up-
regulation of IP;RII during hypertrophic cardiomyocyte remod-
eling, showing that decreased expression of miR-133a allows
IP;RII expression to increase, thereby promoting hypertrophy.
Furthermore, by identifying that calcium released from IP;RII
suppresses miR-133a levels, we delineate a pro-hypertrophic
positive feedback loop initiated and perpetuated by IICR.

Results

IPsRIl protein expression increases in the
cardiomyocyte during pressure overload-
induced hypertrophy

To examine the mechanisms responsible for increased IP;-
dependent signaling during pathological cardiac remodeling,
we used an in vivo hypertrophy model. Aortic banding (AB) in-
duces a pressure-overload hypertrophic response and eventual
heart failure in adult rats, exemplified by an increase in the ratio
of left ventricular weight to body weight (Fig. 1 a) and enhanced
mRNA expression of the hypertrophic marker gene atrial natri-
uretic factor (ANF; Fig. 1 b). Echocardiography confirmed the
presence of pathological left ventricular remodeling and contrac-
tile dysfunction (Fig. 1, ¢ and d). Our previous observations have
demonstrated an increase in IP;RII protein expression that is re-
stricted to the cardiomyocytes of the hypertrophic heart (Harzheim
et al., 2009, 2010). This response is not recapitulated in the non-
cardiomyocyte population, which expresses negligible amounts
of IP;RII protein under both control (Perez et al., 1997; Harzheim
et al., 2010) and hypertrophic conditions (Harzheim et al., 2009,
2010). Consistent with these data, immunoblotting demonstrated
that IP;RII protein expression was increased in the AB samples
(Fig. 1, e and f). Up-regulation of IP;RII within the cardiomyo-
cyte specifically was shown in immunofluorescence images of
ventricular myocytes isolated from sham and AB rats (Fig. 1 g).
Quantitation of the intensity and distribution of immunostained
proteins by 2D Fourier analysis showed that expression of IP;RII
was increased in the AB samples, whereas RyR2 expression and
distribution were unaltered (Fig. S1, a and b). Furthermore, the
ratio of pixels positive for IP;RII to RyR2 was increased in the
hypertrophic myocytes (Fig. 1 h). Together, these data confirm
that the increase in IP;RII protein during hypertrophy is myocyte
specific. Intriguingly, abundance of IP;RII mRNA was unaltered
(Fig. 1 1) and nascent IP;RII RNA expression, a measure of
transcriptional activity at the IP;RII gene (I/zpr2) locus, was
decreased after AB (Fig. 1 j). Consequently, we considered
a post-transcriptional regulatory mechanism to explain pro-
hypertrophic IP;RII up-regulation in the cardiomyocyte.
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Figure 1. IPsRIl is up-regulated post-tran-
scriptionally during hypertrophy in cardiac
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IPsRIl expression is regulated by miR-133a

miRNAs are powerful mediators of post-transcriptional control of
gene expression networks and have proven roles in cardiac devel-
opment and disease (Small and Olson, 2011). To determine whether
IP;RII expression is regulated in this manner, we visually inspected
the 3'UTR of the lzpr2 gene for putative seed sequences for hyper-
trophy-related miRNAs. This analysis revealed a seed sequence for
the anti-hypertrophic miRNA rno-miR-133a (Care et al., 2007),
which was conserved between rat, mouse, and human (Fig. 2 a). In
view of this finding and previously published data that have dem-
onstrated repression of miR-133a in hypertrophy (Care et al.,
2007), we measured miR-133a expression after AB. miR-133a lev-
els were decreased in the AB samples (Fig. 2 b), thereby providing
a potential mechanism for the increase in IP;RII expression. The
hypertrophy-associated decrease in miR-133a expression was
specific to the cardiomyocyte population, as after AB, miR-133a
expression in noncardiomyocytes was unchanged (Fig. S1 c).

This result is in concordance with the observation that IP;RII pro-
tein expression is unaltered in noncardiomyocytes under hypertro-
phic conditions (Harzheim et al., 2010), suggesting that miR-133a
and IP;RII expression levels may be inversely correlated. The ge-
nomic sequence encoding miR-133a is clustered bi-cistronically
with the sequence for another muscle-specific miRNA, miR-1.
Quantification of miR-1 levels in the AB samples demonstrated
that expression of this miRNA is also decreased in hypertrophy
(Fig. 2 ). However, as the Itpr2 3"UTR does not contain a seed se-
quence for miR-1, we chose to focus on regulation of IP;RII ex-
pression by miR-133a in our subsequent experiments.

Hence, to verify that IP;RII mRNA is a bona fide target
for miR-133a, we analyzed the activity of a luciferase reporter
that tests for miRNA regulation of potential target sequences. In
this reporter, the 3'UTR of the lpr2 was inserted downstream
of constitutively expressed luciferase (Fig. 2 d). As a control,
the putative miR-133a seed sequence within the Irpr2 3'UTR

Reciprocal regulation of IPzRIl and miR-133a ¢« Drawnel et al.
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Figure 2. miR-133a regulates IP;RIl expression. (a) Conservation of the miR-133a seed sequence between the human, mouse, and rat Itor2 3'UTR. (b) miR-133a
expression in sham and AB samples measured by qPCR. (c) miR-1 expression in sham and AB samples. (d) Schematic representation of the luciferase
reporter construct used fo measure miR-133a repressive activity at the Itor2 3’UTR. (e) Luciferase activity in HEK293 cells transfected with miR-133a and
either the ltpr2 3'UTR reporter or mut-lipr2 3'UTR reporter. (f) Immunoblot for IP3RII in left ventricular samples from wild-type (WT) or miR-133a-1, miR-133a-2
double knockout mice (dKO). (g) Quantification of immunoblots for IPRI/II/IIl from WT/dKO samples as in f; n = 6. (h) IPsRI/II/IIl mRNA expression in
samples as in f. Bar graphs represent the mean = SEM from at least three independent experiments. *, P < 0.05; **, P < 0.01.

was mutated to prevent miR-133a association. Co-transfection
of the luciferase reporters and a miR-133a expression plas-
mid into HEK293 cells revealed that luciferase activity was
decreased by the wild-type Itpr2 3'UTR but not the mutant
Itpr2 3'UTR (Fig. 2 e). Therefore, the Itpr2 3'UTR contains a
functional miR-133a binding site. To substantiate these results,
we analyzed IP;RII protein and mRNA expression in ven-
tricular samples from miR133a-1, miR133a-2 double-knockout
mice (Fig. 2, f~h; Liu et al., 2008). In the absence of miR-133a,
IP;RII protein levels were increased (Fig. 2, f and g) while
IP;RIT mRNA expression was diminished (Fig. 2 h). Together,
these data confirm that miR-133a regulates IP;RII post-
transcriptionally. Although the 3'UTRs of Itpriand Itpr3 do
not contain seed sequences for miR-133a, the abundance of
their protein products was also examined. Expression of IP;RI
and IP;RIII were unaltered in the hearts of knockout animals
(Fig. 2 g), confirming that these receptor isoforms are not a
target for miR-133a and that up-regulation of IP; receptors is
not a general consequence of the miR-133a knockout pheno-
type. Together, these results imply that lack of miR-133a-
mediated repression during hypertrophy augments IP;RII
protein expression.

JCB « VOLUME 199 « NUMBER 5 « 2012

miR-133a overexpression decreases IPsRII
protein levels

To dissect the mechanisms underlying miR-133a regulation of
the IP;RII, we conducted experiments using primary cultures of
neonatal rat ventricular myocytes (NRVMs). First, we increased
miR-133a expression using an adenoviral approach. miR-133a
overexpression was confirmed by quantitative real-time PCR
(qPCR; Fig. 3 a) and viral infection was monitored by the pres-
ence of coexpressed GFP (Fig. 3 b). In concordance with our
hypothesis, miR-133a—overexpressing myocytes exhibited de-
creased IP;RII expression when compared with control myo-
cytes (Fig. 3, ¢ and d). These data indicate that increasing
miR-133a down-regulates IP;RIL

Inhibition of miR-133a elicits IICR-

dependent hypertrophic remodeling

To further establish the effect of miR-133a upon IP;RII expres-
sion, we inhibited miR-133a binding to its targets by antagomir
transfection. In the presence of the antagomir, basal levels of the
IP;RII were increased and the repressive effect of miR-133a
overexpression was prevented (Fig. 3 e). This result indicates
that under nonstimulated conditions in NRVMs, miR-133a
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restrains IP;RII expression. Because IICR from IP;RII is an
important inducer of hypertrophic remodeling (Higazi et al.,
2009; Nakayama et al., 2010), we next hypothesized that the
increased IP;RII expression resulting from antagomir transfec-
tion contributes to the pro-hypertrophic effect of miR-133a
inhibition. To test this hypothesis, we investigated whether sup-
pression of IICR in NRVMs prevents the hypertrophic remodel-
ing induced by miR-133a antagomir (Fig. 3 f). Confirming the
dependence of the hypertrophic response on IICR and as we
have previously described, adenoviral overexpression of GFP-
tagged type 1 IP; 5'-phosphatase (GFP-5P) suppressed the induc-
tion of ANF mRNA expression elicited by the pro-hypertrophic
agonist endothelin-1 (ET-1; Fig. 3 g; Higazi et al., 2009; Drawnel
et al., 2012). We next examined the effect of GFP-5P inhibition
of [ICR upon miR-133a antagomir-induced hypertrophic remod-
eling. Consistent with the anti-hypertrophic role of miR-133a,

ANF mRNA expression and cell surface area were increased in
NRVMs transfected with the miR-133a antagomir (Fig. 3, h and i).
Notably, in the presence of GFP-5P, antagomir transfection did
not elicit an increase ANF mRNA expression (Fig. 3 h) or cell
surface area (Fig. 3 1), indicating that IICR is required for the
pro-hypertrophic effect of antagomir transfection. More signifi-
cantly, these results suggest that when miR-133a activity is de-
creased, as is observed during hypertrophy in vivo (Fig. 1),
IP;RII expression increases and can initiate IICR-dependent
cellular remodeling.

Basal IPzRIl expression is restricted

by miR-133a

As miRNAs can target multiple different mRNAs (Bartel and
Chen, 2004), a direct link between miR-133a, IP;RIl, and hy-
pertrophy was lacking. To establish such a link, we transfected

Reciprocal regulation of IPzRIl and miR-133a ¢« Drawnel et al.
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a target protector (TP) oligonucleotide designed to specifically
protect the Itpr2 3'UTR from miR-133a without affecting other
miR-133a targets (Choi et al., 2007). TP transfection resulted in
increased IP;RII abundance compared with control TP (Fig. 4 a),
whereas expression of another miR-133a target, serum response
factor (SRF; Liu et al., 2008), was unaltered. The Itpr2 miR-
133a site-specific TP-induced increase in IP;RII expression was
also observed in experiments in which oligonucleotides target-
ing regions of the Itpr2 3'UTR proximal to but not overlapping
with the miR-133a seed sequence were used instead of the manu-
facturer’s control for transfection. This indicates that the effect
of the TP was due to inhibition of miR-133a binding to the ltpr2
3'UTR rather than disruption of the Itpr2 3'UTR structure
(Fig. S2). Moreover, in cells transfected with these control TPs,
SRF expression was unaltered (Fig. S2). Thus, by preventing
miR-133a binding, the IP;RII TP specifically induces IP;RII
up-regulation, in the absence of changes in the expression of
other targets of miR-133a. Using this approach allows the spe-
cific role of miR-133a-mediated regulation of IP;RII expres-
sion in the cardiomyocyte to be interrogated. Therefore, we
examined whether preventing miR-133a-mediated IP;RII re-
pression by TP transfection is sufficient to induce hypertrophic
remodeling. Indeed, baseline expression of the hypertrophic
marker ANF and cell surface area were increased in NRVMs
transfected with the IP;RII TP (Fig. 4, b and ¢), confirming that
the cardiomyocyte hypertrophic response is restricted by the
inhibitory effect of miR-133a on the IP;RII. Therefore, when
miR-133a—mediated IP;RII repression is removed, a hypertro-
phic phenotype develops.

miR-133a-mediated regulation of IPzRII
controls IICR and hypertrophic

gene expression

We extended our studies regarding the role of miR-133a—mediated
suppression of IP;RII to the adult rat ventricular myocyte (ARVM),
giving particular consideration to calcium homeostasis and
hypertrophic remodeling. At baseline, ARVMs express a low
level of IP;RII. Under conditions of ryanodine-receptor inhibi-
tion, these receptors produce calcium puffs when stimulated
with cell-permeant IPs-ester (Tovey et al., 2001; Berridge et al.,
2003; Harzheim et al., 2009). We aimed to repress IP;RII
expression and consequently IICR by increasing miR-133a
activity using adenovirus. miR-133a overexpression and the as-
sociated down-regulation of IP;RII were confirmed by qPCR
(Fig. S3 a) and immunoblotting (Fig. S3 b), respectively. We
then assessed the effect of increased miR-133a on IP;RII func-
tion in control and miR-133a—overexpressing ARVMs. Fluo-4—
loaded cells were acutely treated with tetracaine to block the
ryanodine receptor, while the IP;RII was stimulated with IP;-
ester. When miR-133a was overexpressed, IP;-ester elicited sig-
nificantly fewer calcium release events (Fig. 4 d), an effect that
correlates with reduced IP;RII expression.

As IP;-dependent calcium signals promote hypertrophic
gene expression (Wu et al., 2006; Higazi et al., 2009; Nakayama
et al., 2010), we next examined whether miR-133a overexpres-
sion is sufficient to modulate the hypertrophic phenotype both
in vitro and in vivo. First, we used the spontaneously hypertensive
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rat (SHR) model of cardiac hypertrophy. These animals have
a disease progression that closely mirrors that observed in
human patients (Dillmann, 2008), as they develop hypertension,
cardiac hypertrophy, and heart failure with increasing age. As
observed in hearts from AB rats, isolated hypertrophic adult
SHR myocytes exhibited an increase in IP;RII protein expres-
sion, unaltered IP;RII RNA levels (Fig. 4 e), and decreased
expression of miR-133a (Fig. 4 f) when compared with the
Wistar Kyoto (WKY) control. Befitting their hypertrophic status,
ANF expression was increased in SHR myocytes (Fig. 4 g).
Upon miR-133a overexpression, ANF expression returned
to the control level (Fig. 4 g), indicating regression of the hyper-
trophic phenotype.

To establish a link between miR-133a-mediated regu-
lation of IP;RII and hypertrophic remodeling in vivo, we ana-
lyzed mice infused via an osmotic mini-pump for 1 mo with
saline or a miR-133a—specific antagomir oligo (Care et al.,
2007). It has been previously reported that inhibition of the
activity of miR-133a by antagomir infusion elicits a hypertro-
phic response (Care et al., 2007). This was exemplified by
increased diastolic left ventricular posterior wall dimension
(LVPWA) in the antagomir-treated mice (Fig. 4 h). Therefore, in
the absence of miR-133a, hypertrophy is induced. Consistent
with its role in hypertrophic remodeling, IP;RII protein expres-
sion was enhanced under antagomir-treated conditions (Fig. 4,
i and j). Comparison of IP;RII protein levels in control mice and
mice infused with a scrambled miR-133a antagomir revealed
that IP;RII expression was unaffected by the scrambled oligo-
nucleotide (Fig. S4, a and b). Hence, up-regulation of IP;RII is
a specific effect of the miR-133a antagomir. Taken with the data
arising from miR-133a inhibition/overexpression in neonatal
and adult cardiomyocytes in vitro (Fig. 4, b, c, and g), these re-
sults demonstrate that miR-133a inhibits IP;RII expression in
ventricular myocytes, restraining pro-hypertrophic IICR and
preventing hypertrophic remodeling of the heart.

Transcription of miR-133a is regulated by
an lICR-dependent mechanism

Thus far, we have demonstrated that the expression patterns of
IP;RII and miR-133a are inversely correlated in the cardiomyo-
cyte and that miR-133a restrains pro-hypertrophic IICR. How-
ever, the mechanism whereby miR-133a levels are diminished
during hypertrophy is unclear. Previously, we and others have
shown that calcium release via IP;RII regulates pro-hypertrophic
transcription (Higazi et al., 2009; Nakayama et al., 2010). We
investigated whether the hypertrophy-associated decrease in
miR-133a expression is produced by transcriptional inhibition
and whether the mechanism of miR-133a repression relies on
IICR. First, we measured expression of miR-133a in NRVMs
treated with ET-1 to determine whether the response to ET-1
can be used to study mechanisms of miR-133a suppression. ET-1
stimulation decreased expression of mature miR-133a (Fig. 5 a)
and increased levels of IP;RII protein. Overexpression of miR-
133a prevented the ET-1-induced increase in IP;RII (Fig. 5 b),
which would be anticipated given that miR-133a suppresses
IP;RII. As calcium released from IP;RII induces hypertrophic
gene expression, induction of the hypertrophic marker gene
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Figure 4. Antagonism of miR-133a-mediated regulation of IPsRIl induces the hypertrophic response. (a) Immunoblot for IPsRIl and SRF in NRVMs trans-
fected with control or IP3RIl-specific target protector (TP) oligos. a-Actinin is shown as a loading control. (b) ANF protein expression in NRVMs transfected
as in a. (c) Cell surface area measurements of NRVMs transfected as in panel a. More than 500 cells were measured per condition. (d) Quantification of
the fold change in the number of calcium release events elicited by IPs-ester in ARVMs infected with control or miR-133a adenovirus. For each condition,
at least eight ARVMs were analyzed from three separate experiments. () IPsRIl protein, mRNA, and nascent RNA expression in WKY and SHR myocytes
measured by immunoblotting or gPCR. (f) miR-133a expression analyzed by qPCR in WKY/SHR myocytes. (g) Quantification of the hypertrophic phenotype
by measurement of ANF mRNA expression in GFP/miR-133a-GFP overexpressing WKY and SHR ventricular myocytes. (h) Measurement of LVPWd by
echocardiography in mice at baseline and after infusion with saline or miR-133a antagomir for 1 mo. (i) Immunoblot for IP3RIl in left ventricular samples
from mice treated with saline/antagomir for 1 mo. (j) Quantification of immunoblo