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Abstract

Background: Pathological hypertrophy of cardiomyocytes is regulated by microRNA-132
(miR-132). But the mechanisms involved in its increased expression caused by hypertrophic
stimuli are largely unknown. Here we show in an isoproterenol (1SO) hypertrophic model in
rats that miR-132 expression is regulated by reactive oxygen species (ROS) dependent and
independent mechanisms and that the ISO induced increase in miR-132 expression is
associated with overexpression and under expression of transcription factors pCREB and
REST, respectively. We also show that diazoxide (Dzx), a mitochondrial Kate channel

opener has anti-hypertrophic effects through regulation of miR-132 expression.

Methods: Hypertrophy was induced by injection of isoproterenol (ISO) in rats (5
mg/kg/day). Dzx (100 pM) actions were assessed in adult rat cardiomyocytes, paced
externally at 1 Hz. The rate of ROS production was measured by a fluorescent probe. Mir-
132 expression was estimated by the gqRT-PCR technique as 24T, p-CREB, p-CaMKII and
REST protein expression levels were analyzed by Western blot in total fractions of isolated

cardiomyocytes.

Results: The heart/body weight ratio significantly increased in ISO treated rats, an effect that
was prevented in part by Dzx and by the CAMKII inhibitor KN-93. ISO increased the rate of
ROS production an effect that was antagonized by Dzx and KN-93. H20; (50-100 puM)
increased the expression of miR-132 which was blocked by Dzx but not by KN-93. H20- also
increased the expression of pCREB suggesting that up-regulation of miR-132 expression by
ROS is mediated by this transcription factor. Consistent with this view, ISO increased the
expression of pCREB which was prevented by Dzx and KN-93. Finally, ISO reduced the
expression of the silencing transcription factor (REST) that targets miR-132, an effect
prevented by Dzx but not by KN-93.

Conclusion: ISO-related hypertrophy involves up-regulation of miR-132 expression in ROS
production dependent and independent manners in which p-CREB and REST play relevant

roles.



1. Introduction

Cardiac hypertrophy is an adaptive response to a variety of extrinsic and intrinsic stimuli such
as pressure overload or volume stress and to mutations of sarcomeric proteins or loss of
contractile mass prior to infarction. Various forms of heart disease including ischemia,
hypertension, myocardial infarction, aortic valve stenosis and heart failure are accompanied
by hypertrophic growth. Cardiac hypertrophy is characterized by an increase in cell size,
enhanced protein synthesis and heightened organization of the sarcomere. There are two
types of hypertrophic phenotypes: i) concentric hypertrophy and ii) eccentric hypertrophy.
Concentric hypertrophy which is caused by pressure overload is characterized by parallel
addition of sarcomeres and lateral growth of individual cardiomyocytes. Eccentric
hypertrophy is caused by volume overload and characterized by addition of sarcomeres in
series and longitudinal cell growth (Frey 2004). Though initially this compensatory
mechanism is beneficial, when prolonged it can lead to contractile dysfunction, heart failure
and death (Shimizu and Minamino 2016).

Ventricular remodelling characterized by mild hypertrophy is observed in intermittent
transverse aortic constriction (iTAC), chronic pressure overload by chronic TAC and
independent forms of exercise such as voluntary wheel running and forced swimming
activities. This intermediary phenotype shows the absence of fetal gene induction, a marked
decrease in capillary density and preserved global left ventricular (LV) functions. Whereas,
impaired contractility and relaxation parameters both at baseline and in response to -agonist
exposure in isolated ventricular myocytes from (iTAC) mice similar to those observed in

chronic TAC myocytes are present.
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Figure 1.1. Physiological hypertrophy is an adaptive response to growth signals. Pathological
hypertrophy develops in response to stress signals. It is not known whether stress signals are unique or
whether overstimulation (“too much of a good thing”) evokes a pathological response. Similarly, it is
not known whether physiological versus pathological hypertrophy derives from activation of unique,
“beneficial” signaling cascades or whether extreme activation of these same pathways evokes a

pathological response (Frey 2004).

It is reported that the nature of the inciting signal must be pathogenic to induce ventricular
remodelling. The duration of the pathogenic stimulus may only dictate the magnitude of
ventricular hypertrophy and chronicity is not sufficient to cause hypertrophic heart disease
(Tardiff 2006). In pathological cardiac hypertrophy diastolic dysfunction progressively
leading to systolic dysfunction is caused by mechanical stiffness due to excessive and
disproportionate accumulation of cardiac fibroblasts and extracellular matrix proteins
(Brower et al. 2006). Up-regulation of fetal genes such as atrial natriuretic peptide (ANP), B-
type natriuretic peptide (BNP), skeletal a-actin and B-myosin heavy chain (MHC) are

commonly associated with pathological cardiac hypertrophy (McMullen and Jennings 2007).

Several molecular changes are also involved in the induction of hypertrophy. Factors such as
ion channels, basal calcium and calcium regulatory proteins, reactive oxygen species and

micro RNAs are reported to be altered in cardiac hypertrophy.



Key elements and their regulation in beta-adrenergic stimulation- induced cardiac

hypertrophy will be discussed in detail in section 1.1.
1.1 Factors involved in cardiac hypertrophy
1.1.1 Role of mitochondrial Katp channel activity in cardiac hypertrophy

An increase in workload is observed in cardiac hypertrophy depending on the stimulus such
as repetitive or chronic pressure overload or volume overload. Since, energy demand and
workload are closely linked there is always an impact on energy generation by mitochondria
in loading conditions associated with cardiac hypertrophy.

Myocardial infarction, ischemia and heart failure are leading causes of morbidity and
mortality in man. Several studies have been conducted to improve the functional recovery
and reduce the extent of infarction after ischemic episodes. Preconditioning the heart by brief
periods of ischemia or by administering a potassium channel opener is found to protect the
heart from ischemia-reperfusion injury. Preconditioning requires opening of mitochondrial
Katp channel which is cardio-protective through two distinct mechanisms. In low energy
states, there is a high mitochondrial reactive oxygen species (ROS) production triggered by
mitoKatp channel opening which will lead to the stimulation of several protein kinases such
as PKC and MAPK involved in gene transcription and cell growth. In high energy states,
matrix contraction due to high electron transport rates is prevented by mitoKate channel
opening. Mitochondrial Katp channel regulates mitochondrial volume by preventing the
disruption of the structure-function of the intermembrane space. It also facilitates efficient
energy transfers between mitochondria and myofibrillar ATPases (Garlid et al. 2003).



K+ mitoK
channel

HEART MITOCHONDRION

MITOCHONDRIAL
MITOCHONDRIAL MEMBRANE

MEMBRANE

CARDIOPROTECTION

Figure 1.2. Schematic description of some of the different mechanisms, which links the activation of
mitoKare channels to the control of mitochondrial calcium movements and modulation of the
mitochondrial permeability transition pore (MPTP). The activation of mitoKare channels causes
inward flow of potassium ions, weak membrane depolarization, and reduced driving force for calcium
accumulation in the matrix, limiting the formation of MPTP and its opening. This mechanism can, at
least in part, reduce the release of mitochondrial proapoptotic factors during reperfusion and thus
preserve mitochondrial membrane integrity (Testai et al. 2015).

Although, the role of mitochondrial ATP sensitive K* channels have been studied in
ischemia/reperfusion conditions and reported to prevent oxidative cardiac damage, studies on
the effect of these channels in cardiac hypertrophy are limited. In hypertrophy models
induced by angiotensin-11, alpha-adrenergic agonists, endothelin-1, cyclic stretch and tumor-
necrosis factor alpha are all been shown to involve ROS production (Hirotani 2002; Pimentel
et al. 2001). Treatment with antioxidants (Date et al. 2002; Dhalla et al. 1996) and
overexpression of mitochondrial targeted catalase prevents protein oxidation, pressure-
overload induced cardiac hypertrophy and diastolic dysfunction (Dai et al. 2009).
Cardiomyocytes treated with H>O. show a hypertrophic phenotype (Kwon 2003) and
inhibition of superoxide dismutase (SOD) which increases superoxide anion radicals inside
cells activates cardiac cells growth (Siwik et al. 1999). There are ample evidences that the

source of ROS that leads to oxidative imbalance and cardiac damage is energy metabolism in
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mitochondria (Madamanchi and Runge 2013). Oxidant species generation and mitochondrial
damage are determinants for the transition from hypertrophy to heart failure (Osterholt et al.
2013). The mitochondrial electron transport chain is reported to be impaired in pressure-
overload induced cardiac hypertrophy (Griffiths et al. 2010). Knock-out mice of
mitochondrial-specific SOD is shown to present high levels of mitochondrial ROS production
and reduced survival due to dilated cardiomyopathy (Koyama et al. 2013). Pressure overload-
induced hypertrophy is developed due to mitochondrial superoxide anion radical generation
in a cardiac specific NADPH oxidase 4 (NOX-4) deletion models of mice (Kuroda et al.
2010). Diazoxide, a mitochondrial Katp channel opener is shown to prevent cardiac
hypertrophy induced by isoproterenol. It restores the levels of protein thiols, glutathione and
superoxide dismutase activity that is all reduced in isoproterenol treated mice (Lemos Caldas
et al. 2015).

Myocardial protective effects of mitochondrial Karte channel opening in ischemia
preconditioning is reported (Ghosh 2000). Mitochondrial Kate channel opening leads to
reduced intracellular Ca?* accumulation which will further lead to reduced calcium-
dependent activation of hypertrophic factors. Diazoxide (100 uM) is reported to produce anti-
hypertrophic effects in phenylephrine-induced hypertrophy in cultured neonatal
cardiomyocytes (Xia et al. 2004a). Mitochondrial Kate channel antagonists, 5-HD (100 pM)

and glibenclamide (50 uM) reverse the inhibitory effect of diazoxide on cell area.

Another mitochondrial Katp channel opener, (2S,3S,4R)-N"-cyano-N-(6-amino-3,4-dihydro-
2-dimethoxymethyl-3-hydroxy-2-methyl-2H-1-benzopyran-4yl)-N’-benzylguanidine, known
as KR-31378 directly blocks hypertrophy in H9c2 cells treated with hypertrophic agonists
and improves cardiac dysfunction in rats with chronic heart failure (Hwang et al. 2006). It has
been shown to reduce myocardial infarction induced by ischemia/reperfusion in rats and dogs
(Lee et al. 2001; Yoo et al. 2001). Also, KR-31378 is shown to have anti-ischemic effects in
focal ischemic brain-damage in rats (Hong et al. 2002; Kim et al. 2004). Fig. 1.3 shows that
10 uM KR-31378 reverses the cell area induced by angiotensin Il (100 nM) to the untreated
control level. Mitochondrial Katp channel blockers 5-HD and glibenclamide (Jabtrek et al.
1998) either partially or completely reverse the inhibitory effects of KR-31378 on cell area
induced by angiotensin 1.

In addition, mitochondrial ATP sensitive K* channels are thought to provide adaptations of

cardiac myocytes to ischemia, hypoxia, oxidative stress and hypertrophy (Flagg et al. 2010).



An effect similar to pressure overloading induced by acute aortic constriction is observed in a
genetic knockout model of Katp channels (Yamada et al. 2006). Mitochondrial Katp channel
opening is modulated by p70S6 kinase activity in infarction and mitochondrial Kate channel
agonists attenuate ventricular remodelling and cardiac hypertrophy by reducing myocyte
sizes, cardiac fibrosis and p70S6 kinase protein and mMRNA levels (Lee et al. 2008). Hence,
considering all these cardioprotective effects of mitochondrial Katp channel, we assessed the
anti-hypertrophic effect of a mitoKatp channel opener, diazoxide in an isoproterenol-induced
cardiac hypertrophy model.

Further details on pharmacological interventions in mitochondria during heart disease are

described in appendix A.
1.1.2 Reactive oxygen species in cardiac hypertrophy

Reactive oxygen species (ROS) are implicated in cardiovascular diseases. Oxidative stress is
involved in several conditions including atherosclerosis, ischemia-reperfusion injury, diabetic
vascular disease, cardiomyopathy, myocardial infarction, arrhythmia, hypertrophy and heart
failure (Brown and Griendling 2015). Angiotensin-Il activates H.O»-sensitive signalling
pathways in vascular smooth cells indicating its role in vascular hypertrophy. Increase in
intracellular H2O> leads to phosphorylation of p38MAPK (Ushio-Fukai et al. 1998) which
plays a major role in cell growth mediating cardiac hypertrophy (Zechner et al. 1997). SOD-
mimetics inhibits ai-adrenergic receptor stimulated hypertrophy in both neonatal and adult rat
ventricular myocytes indicating the role of ROS in hypertrophy (Amin et al. 2001). In heart
failure, there is a decrease in antioxidant reserve and an increase in oxidative stress. This
mismatch between oxygen radical production and available antioxidants suggests a potential
role of antioxidants such as vitamin E therapy in modulating the pathogenesis of heart failure
(Dhalla et al. 1996). In addition, ROS stimulates growth and apoptosis in neonatal rat
ventricular myocytes by activating ERK1/2 and JNKs and inducing cardiomyocyte apoptosis

at high levels of mechanical stretch (Pimentel et al. 2001).

Cellular sources of ROS are mitochondria, endoplasmic reticulum, NADPH oxidases,
endothelial and neuronal uncoupled NO synthases, monoamine oxidases, cytochrome P450
oxidase and xanthine/xanthine oxidase. Initiation of stress-induced cardiac hypertrophy and
its disease progression towards heart failure depends not only on ROS but also on ROS
source. Targeting specific ROS sources or specific downstream molecular pathway is

essential for a successful therapeutic approach (Sag et al. 2014).
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Figure.1.3. Key redox-sensitive signaling pathways involved in cardiomyocyte hypertrophy. Redox-
regulated signaling pathways involved in adaptive hypertrophy are shown on the left,
while pathways involved in maladaptive hypertrophy are illustrated on the right. Schematically shown
are sarcolemmal receptors, cytosolic signaling cascades and their main nuclear transcription factor
targets. Red lines indicate inhibition whereas green lines indicate activation of downstream targets
(Sag et al. 2014).

The major sources of ROS in cardiomyocytes are NOX and the complexes I, 11 and 11l of the
mitochondrial respiratory chain. Prolonged exposure of cells to ROS and Ca?* destroys cells’
equilibrium leading to arrhythmias and cardiac hypertrophy (Terentyev et al. 2008; Zhao et
al. 2011; Maulik and Kumar 2012). Increase in mitochondrial ROS leads to mPTP opening
and cytochrome C release, irreversible cell damage and ultimately cell death (Wang et al.
2008). ROS-induced-ROS release mechanism is a process involved in the development of
cardiac hypertrophy and the transition to heart failure. In this process ROS generated by
mitochondria amplifies NOX-produced ROS which is reported in different models of heart
failure with (renin-angiotensin Il-aldosterone system) RAAS activation (De Giusti et al.
2013).
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Figure.1.4. ROS-induced ROS-release mechanism triggered by RAAS. Scheme representing the
sequential steps involved in the production of mitochondrial ROS after the initial Ang Il stimulation.
Ang Il acting on AT1 receptors induces the release of intracellular ET-1, which, in turn, acts in an
autocrine manner on ETA receptors. This autocrine action leads to activation of the mineralocorticoid
receptor (MR), which induces transactivation of EGFR, possibly via the release of membrane heparin-
bound EGF (HB-EGF). The stimulation of EGFR leads to activation of the NADPH oxidase (NOX),
which produces superoxide anion (O2-) and quickly dismutate by superoxide dismutase (SOD) to
hydrogen peroxide (H202). This permanent and stable oxidant molecule produces the opening of
mitochondrial Kare channels (mitoKarp) with the subsequent enhanced production of mitochondrial
O-- by the electron transport chain (mainly by complex Il). These mitochondrial ROS are released to
the cytosol (ROS-induced ROS-release mechanism), where they stimulate redox sensitive MAP
kinases ERK 1/2 and p90RSK, which, in turn, activate NHE-1 and NBC, pH regulation transporters
that induce the increase in intracellular Na*. Finally, cytosolic Na* increase favors the operation of the
reverse mode of NCX, promoting the influx of Ca?* into the cell. The enhancement of intracellular
Ca®" in the cardiomyocyte could lead to a positive ionotropic effect in the short term and/or the

development of cardiac hypertrophy in a time-prolonged scenario (De Giusti et al. 2013).

In vascular smooth muscle cells angiotensin Il activates c-Src via H2O> generated from
protein kinase C-dependent activation of NADPH oxidase. For Rac and NADPH oxidase

activation, epidermal growth factor receptor transactivation by c-Src is necessary (Seshiah et



al. 2002). Also, it is reported that c-Src is upstream of NADPH oxidase in rat aortic vascular

smooth muscle cells under angiotensin 11 stimulated H>O> production (Touyz et al. 2003).

Several signalling molecules are redox modified in cardiac hypertrophy as shown in Fig 1.6
(appendix B) that include protein kinases such as calcium-calmodulin kinase Il, protein
kinase A and protein kinase G, sarcoplasmic reticulum Ca ATPase (SERCAZ2a), GTPases
(e.g. RAS), antioxidant proteins such as thioredoxin (TRX) and histone deacetylases
(HDAC). Regulation of HDACs may be influenced by ROS. In response to a-adrenergic
stimulation, HDAC4 which inhibits the expression of MEF-2 dependent genes undergoes
oxidation at Cys 274/276 resulting in its nuclear export and dis-inhibition of gene
transcription (Sag et al. 2014; Ago et al. 2008). Protein kinase B (Akt) pathway that drives
adaptive hypertrophy is redox regulated linking HIF (hypoxia inducible factor) via the
activation of mTOR (Pouysségur and Mechta-Grigoriou 2006). cGMP/PKG pathway shows
anti-hypertrophic effects which is redox regulated in transverse aortic constricted mice model
(Zhang et al. 2012). Constitutive activation of CaMKIl on methionine residues (Met-
281/282) is associated with the development of cell death and ventricular rupture after
myocardial infarction (Erickson et al. 2008; He et al. 2011). CaMKII oxidation may play a
major role in cardiac hypertrophy development as CaMKII-dependent misregulation of RyR2
phosphorylation is implicated in altered calcium cycling in a mouse model of hypertrophy
(Toischer et al. 2010). Since ROS plays a key role in the development of hypertrophy by
activating several kinases leading to cell growth and apoptosis, we assessed the involvement
of ROS and ROS-dependent signalling in isoproterenol-induced hypertrophy model.

Involvement of oxidative stress and ROS-induced signalling kinases in cardiac hypertrophy
developed by several hypertrophic agonists are described in detail in appendix B.

1.1.3 Calcium and its regulatory proteins

Calcium and calcium dependent signalling is vital for proper cardiac function and
abnormalities in its homeostasis leads to myocardial pathologies such as hypertrophy,
ventricular arrhythmias and heart failure (Marks et al.,2013; George 2013).

Calcineurin, a calcium-calmodulin-activated serine/threonine phosphatase plays an important
role in transducing calcium dependent signals. It is reported to be a modulator of cardiac
hypertrophy using different approaches such as calcineurin inhibitors, calcineurin inhibiting
proteins and transgenic mice overexpressing active calcineurin (Schaeffer et al. 2009).



Myocardial hypertrophy in vivo is induced by calcineurin activation or its target transcription
factor NFAT3. Increased calcineurin activation and GATA-4 activity, and its expression in
the hypertrophic myocardium lead to translocation of dephosphorylated NFAT3 to the
nucleus of hypertrophied myocardium. Calcineurin-NFAT signalling is more evident in
decompensated hypertrophy compared to the compensated hypertrophy (Diedrichs et al.
2007). Calcineurin-NFAT signaling is co-dependent on MEK1-ERK1/2 kinases in such a
way that hypertrophic response induced by activated MEKL1 is blunted by inhibiting
calcineurin or NFAT activation in cultured neonatal cardiomyocytes. In addition, inhibiting
MEK1/ERK1/2 signaling reduces hypertrophic growth response driven by activated

calcineurin (Sanna et al. 2005).

CaMKs regulate several transcription factors such as AP-1, CREB (CAMP response element
binding protein), MEF2 and SRF. Activation of MEF2 by CaMK is not a direct
phosphorylation effect but via class 1l HDAC interaction (Gordon et al. 2009). Cytoplasmic
CaMKIlId¢c not only phosphorylates RyR2 and PLB but also activates MEF2 and other
transcription factors. CaMKIIéc phosphorylates calcineurin and reduces its activity resulting
in decreased nuclear translocation of NFAT (MacDonnell et al. 2009). Ca?* -calmodulin
dependent protein kinases-1 and IV (CaMKI and CaMKIV) are involved in development of
hypertrophy in vitro and CaMKIV overexpressing mice develop cardiac hypertrophy with
increased left ventricular end-diastolic diameter and decreased fractional shortening (Passier
et al. 2000). Both -calcineurin-NFAT and CaMK-MEF2 pathways are involved in
development of hypertrophic heart in vivo. It is also demonstrated that MEF2 is a
downstream target of CaMK signalling and that calcineurin is less efficient in activating
MEF2-dependent transcription (Passier et al. 2000). MEF2c is involved in Ca?* triggered
endoplasmic reticulum stress (ERS) induced cardiac hypertrophy. Thapsigargin (Tg), a
specific irreversible inhibitor of the SERCA2a pump functions as ERS inductor and induces a
significant increase in intracellular Ca?*, calcineurin activation, MEF2c in the cardiomyocyte.
Cyclosporin A (calcineurin inhibitor) inhibits Tg induced cardiac hypertrophy by suppressing
MEF2c nuclear translocation. This indicates that calcineurin-MEF2c pathway is involved in

ERS induced cardiac hypertrophy in
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Figure.1.5. Scheme of transcription factors and transcriptional repressors regulated by CaMKII in
cardiomyocytes. CaMKII phosphorylates HDAC4 at Ser-467 and Ser-632, allowing binding of the
chaperone protein 14-3-3, leading to nucleo-cytoplasmic shuttling of a phospho-HDAC4/14-3-3
complex out of the nucleus and resulting in repression of transcription factors such as MEF2 that
regulates genes responsible for adverse cardiac remodelling. Other transcription factors such as NF-
kB or HSP-1 may play maladaptive or adaptive roles and these factors can be directly or indirectly
regulated by CaMKII. Another transcription factor regulated after $-adrenergic stimulation is CREB
that can be phosphorylated by CaMKII at two serine residues, Ser-133 and Ser-142, resulting in
opposing effects in regard to activation of CREB. However, the functional effects of CREB/CaMKI|I
interaction during cardiac remodelling remain unclear. Another recently recognized mechanism is
translocation of the transcriptional repressor DREAM from the cytosol to the nucleus.
Calcineurin/NFAT interaction may also be inhibited by direct phosphorylation by CaMKI|I at Ser-411,
leading to decreased NFAT translocation to the nucleus and subsequent reduced transcriptional
activity. AP-1 activation protein-1, ATF-1 activating transcription factor-1, CaMKIlI
Calcium/Calmodulin-dependent kinase 1I, CREB cAMP-response element binding protein, DREAM
downstream regulatory element agonist modulator, HDAC4 histone deacetylase 4, HSF-1 heat shock
factor 1, MEF2 myocyte elongation factor, NFAT nuclear factor of activated T-cells, NF-xB nuclear

factor kB, and SRF serum response factor (Kreusser and Backs 2014).

cardiomyocytes (Zhang et al. 2010). The exchange protein directly activated by cAMP
(EPAC) activation increases pro-hypertrophic transcription factor MEF2 in a CaMKII
dependent manner in primary cardiac myocytes. EPAC is a CAMP sensor and activates
hypertrophic signalling pathways including CaMKII. H-Ras, PLC and HDAC4 nuclear
export (Métrich et al. 2010).

Cardiac hypertrophy development requires the histone acetyltransferase (HAT) activity of
CREB binding protein (CBP) and p300 in phenylephrine (PE)-treated cardiac cells. p42/p44

11



MAPK phosphorylates C terminal region of CBP and enhances HAT activity encoded by the
molecule (Gusterson et al. 2003). CREB is phosphorylated at Ser-133 by angiotensin 11
which is mediated by a p38 MAPK, MEK-ERK and PKA-dependent pathways. Angiotensin
Il activates ERK through transactivation of EGFR which is important for angiotensin Il
induced CREB phosphorylation. Inhibition of CaMKII by KN-93 inhibits angiotensin 1l
induced CREB phosphorylation indicating that an increase in intracellular calcium and
activation of calcium/CaM pathway is crucial for angiotensin Il induced cardiac hypertrophy.
Angiotensin Il induced CREB phosphorylation is inhibited by H89, a PKA inhibitor. Also,
AG1478 (EGFR inhibitor) inhibits angiotensin 11 induced CREB phosphorylation which may

be ascribed to suppression of MAPK pathways (Funakoshi et al. 2002).

More details on calcium and calcium regulatory proteins crucial for excitation-contraction

coupling and their role in hypertrophic signalling are described in appendix C.

Name Abbrev. Type Effect Phosphorylation Kinase References

site assay
cAMP-response element CREB Transcription factor Unknown Ser133, Ser-142 Yes Sun et al., 1994
binding protein
Activating transcription ATF1 Transcription factor Unknown Ser63 Yes Shimomura
factor 1 tal., 1996
Myocyte elongation factor 2 MEF2 Transcription factor Hypertrophy/remodeling Unknown / SSie

2000
Serum response factor SRF Transcription factor Unknown Ser103, Thr-160 Yes Fluck et al., 2000
Nuclear factor kB NF«B Transcription factor Hypertrophy/remodeling Indirect via IkB kinase / K vas |
Histone deacetylase 4 HDAC4  Transcriptional repressor  Hypertrophy/remodeling Ser467 Ser-632 Yes
Histone deacetylase 5 HDACS  Transcriptional repressor  Hypertrophy/remodeling Unknown / jeta
ta

GATA4 / Transcription factor Antiapoptotic Unknown /
Activation protein 1 AP-1 Transcription factor Calcium homeostasis Unknown /
Heat shock factor 1 HSF1 Transcription factor Antiapoptotic Ser230 Yes
Downstream regulatory DREAM  Transcriptional repressor  Calcium homeostasis Unknown /
element agonist modulator 2
Histone H3 H3 Histone Hypertrophy/remodeling Ser10 Yes Awad et al., 2013

CaMKIl interacts with various transcription factors, transcriptional repressors, and histone 3 and thereby influences cardiac gene expression. This interaction can
be a direct phosphorylation of Ser/Thr residues by CaMKIl, indirect via other proteins {other kinases or cardiac repressors) or by unknown mechanisms. Known
phosphorylation site and proof of direct phosphorylation are indicated. CaMKII Calcium/Calmodulin-dependent kinase |I.

Table 1. CaMKII-dependent regulators of cardiac transcription (Kreusser and Backs 2014).

Although, several studies documenting the role of CaMKII and its calcium-dependent
signalling have been published, the relationship between mitoKarte channel and CaMKII is
not established. There are reports that mitochondrial-targeted inhibition of CaMKII could

prevent myocardial death and heart failure (Joiner et al. 2012). We assessed the effect of
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diazoxide on CaMKII in a cardiac hypertrophy model treated with isoproterenol. In addition,
the expression of downstream transcription factor, CREB was also studied in both

isoproterenol and diazoxide conditions.
1.1.4 Micro RNAs in cardiac hypertrophy

MicroRNAs (miRs) are small non-coding RNAs that repress gene expression post
transcriptionally by binding to discrete miR regulatory elements (MRES) typically located in
the 3’-untranslated region (UTR) of target mRNAs (Kiriakidou et al. 2004; Cipolla 2014).
miRs can repress expression of target genes by promoting mRNA degradation, inhibiting
translation, or both (He and Hannon 2004; Farh et al. 2005; Jackson and Standart 2007).

NUCLEUS CYTOPLASM

miRNA Gene

)
A\
l RNA POL II e*‘,oﬁ

DROSHA/DGCRS
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DICER
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(Mature miRNA)

(Pri-miRNA) (Pre-miRNA) m RISC COMPLEX

I 1;

TRANSLATIONAL REPRESSION TARGET mRNA DEGRADATION

Figure.1.6. Biogenesis and function of microRNAs (miRNA). Most of miRNA genes are transcribed
via RNA polymerase Il, leading to the generation of pri-miRNAs that are long transcripts with
multiple hairpin loop structures. Pre-miRNAs are processed by the Microprocessor protein complex
containing Drosha, resulting in the generation of smaller precursor molecules called pre-miRNAs.
pre-miRNAs are then exported from the nucleus via exportin-5. In the cytoplasm, the pre-miRNAs are
further processed via Dicer to generate short, double-stranded miRNAs, which are then converted to
mature, single-stranded miRNAs via RISC, a protein complex containing argonaute (AGO). Finally,
mature miRNAs direct RISC to target gene mRNA, resulting in mRNA degradation (miRNA finds
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perfect complementary sequences in mRNA) or translational repression (imperfect complementary
sequences in MRNA) (da Costa Martins et al. 2008).

Dicer, an endonuclease processes pre-microRNAs after being exported to the cytoplasm into
22-nucleotide double-stranded microRNAs. The mature strand of microRNA binds to
Argonaute protein in RNA induced silencing complex (RISC) which utilizes this strand to
target the 3° untranslated region (UTR) of the target gene by Watson-crick base pairing as
shown in Fig.1.9. Cardiac-specific Dicer deletion leads to structural and functional
abnormalities in animal models implicating the significance of microRNAs in the
cardiovascular system (da Costa Martins et al. 2008).
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Figure.1l.7. Role of miRNAs in cardiac development, disease and regeneration.t

Increasing, | Decreasing, Inhibiting (Joladarashi et al. 2014).

Several hypertrophic stimuli up-regulate miR-132 expression to drive the hypertrophic
growth of cardiomyocytes (Ucar et al. 2012). Consistent with this study sustained beta-
adrenergic activation led to the increase in miR-132 expression in an animal model (Carrillo
et al. 2015). miR-132 is a target of the transcription factor CREB and it is a rapidly
responding microRNA with long-lasting effects (Vo et al. 2005) as shown in Fig.1.12. miR-
132 up-regulation in isoproterenol (ISO) treated rats is developed within hours after
administration and reaches a plateau at 12 h. Such a fast response of miR-132 is consistent
with its role in the development of hypertrophy (Carrillo et al. 2011).
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Both miR-132 and miR-212 regulate cardiac hypertrophy and cardiomyocyte autophagy and
pharmacological inhibition of miR-132 by antagomir injection significantly reduces cardiac
hypertrophy and heart failure in mice. FoxO3, an anti-hypertrophic and pro-autophagic factor
is negatively regulated by both miR-132 and miR-212 in cardiomyocytes (Sengupta,
Molkentin, and Yutzey 2009; Yan et al. 2015). miR-132/212 overexpression downregulates
FoxO3 leading to hypertrophy by hyperactivation of calcineurin/NFAT signalling in
cardiomyocytes. In addition, knockdown of miR-132 by antagomir-132 or the genetic loss-

of-function of miR-132/212 suppresses pressure-overload induced cardiac hypertrophy by

downregulating calcineurin/NFAT signalling (Ucar et al. 2012).
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Figure.1.8. A. Morphology of explanted hearts from transgenic and WT mice at 10
weeks after birth. B. Heart-to-body-weight ratios (Ucar et al. 2012).

CRE
A -864 658 298 0 miR212 i miR132 +365

/ \ / \ /
TGACG 4 " > 3 \\ / \\ as1e CPG
\/ \ \\ island
3.50€-07
3.00€-07 4 1
2.50€E-07 4 -

2.00E-07 4 :

1.50E-07 4 4
1.00E-07 4 1
5.00E-08 ‘ | 1

GG CREB IgG CREB IgG  CREB

of chromatin

Figure.1.9. The neuronal miRNA miR132 is regulated by CREB. (A) A diagram indicating the
relative positions of genomic signature tags (GSTs, red), CRE motifs (blue), and predicted premiRNA
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sequences for the miR212 and miR132 cluster. B) Neocortical neurons are subjected to chromatin

immunoprecipitation by using a CREB Ab or IgG control. Real-time PCR is conducted by using

primers that interrogate the regions indicated in A (Vo et al. 2005).

Aberrant expression of miRNAs in VSMCs treated with H20:2

Down-regulated miRNAs Up-regulated miRNAs
miR-290 miR-107 ro-miR-351 rno-miR-20a
miR-193 miR-103 rno-miR-30d rno-let-7e
miR-181c miR-328 rno-let-7b rno-miR-26b
miR-29b miR-34a rno-miR-30b rno-miR-10b
miR-30e miR-181b rno-let-7f rno-miR-15b
miR-145 miR-19b rno-miR-18 rno-miR-92
miR-181a miR-324-5p rno-let-7i rno-miR-352
miR-199a miR-101b rno-miR-342 rno-miR-21

miR-22 miR-214 rno-let-7d rno-miR-20b
miR-130a miR-23b rno-miR-361 rno-miR-10a
miR-30a-5p miR-23a rno-miR-424 rno-miR-98
miR-99b miR-143 rno-miR-132 rno-miR-7
miR-101a miR-151 rno-miR-30c rno-miR-195
miR-301 miR-31 rno-miR-25 rno-miR-365
miR-99a

Table 2. The effect of H,0, on miR-21 expression in cultured rat VSMCs. Micro array analysis of
micro RNAs that are up-regulated and dysregulated by H,O, in vascular smooth muscle cells
(VSMCs). Cultured rat VSMCs were treated with vehicle or H,O, (10-200 uM) for 6 h (Lin et al.
2009).

ROS such as H20> controls cellular functions such as proliferation, cell migration, cell
differentiation, apoptosis and cell death (Irani 2000). Cultured rat vascular smooth muscle
cells (VSMC) treated with H>O> (10-200 uM) for 6 h revealed that several microRNAs are
either up-regulated or down-regulated and are responsible for H,O2-mediated cellular effects.
miR-21 is up-regulated in these cells and inhibited H2O.-mediated VSMC apoptosis and
death. miR-21 is involved in H2O2-mediated gene regulation and injury response through its

target gene PDCD4, a pro-apoptotic protein and AP-1 pathway. Hence, ROS-dependent
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dysregulated microRNAs may have implications in cardiovascular diseases including

atherosclerosis, hypertension and diabetic vascular complications (Lin et al. 2009).

In non-neuronal cells, miR-132/212 locus is transcriptionally repressed by the repressor
element-1 silencing factor/neuron-restrictive silencer factor (REST/NRSF). One REST and
several CREB binding sites are conserved among mammals in the vicinity of miR-132/212
locus, suggesting an evolutionary conserved involvement of CREB and REST in the control
of miR-132/212 expression as shown in Fig.1.13 (Wanet et al. 2012). REST mediates
silencing of its target genes through the recruitment of histone deacetylases by corepressors
associated with its repressor domains. Repressor element 1 (RE1) sites are present in the
promoter regions of certain microRNAs including miR-124a, miR-9 and miR-132 in mouse
and humans and are functionally validated targets of REST in mammalian cell lines (Conaco
et al. 2006; J. Wu and Xie 2006). REST is a key transcriptional regulator in heart
development and vascular smooth muscle growth (Kuwahara et al. 2003; Cheong et al. 2005).
Dominant negative form of REST expression disrupts REST function in the heart resulting in
cardiomyopathy, arrhythmias and sudden death. REST represses fetal cardiac gene program
in the adult heart and these effects are thought to be the result of re-expression of fetal cardiac
genes under dominant negative REST expression (Kuwahara et al. 2003).
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Figure.1.10. Inducers and targets of the miR-212/132 locus in the neuronal compartment. In
neurons, the transcriptional repressor REST is targeted to proteolysis, enabling the transcription of its
target genes. Various stimuli (such as the exposition to neurotrophins or photic cues, or an extended
access to cocaine) lead to the transcription of the miR-212/132 locus through CREB activation,
although an unidentified ERK1/2-dependent, MSK1/2- and CREB-independent mechanism may also
contribute to miR-212/132 expression in BDNF-stimulated neurons (dashed arrow). Histone 3 post-
translational modifications are also involved in pri-miR-212/132 expression following light exposure.
By repressing the expression of several mMRNA targets (AChE is a probable but not yet demonstrated
target of miR-132 in neurons), miR-212/132 are involved in neurite outgrowth and dendrite
morphology as well as in the resetting of the circadian clock and would participate to synaptic
functions by up-regulating the expression of the glutamate receptors NR2A, NR2B and GIuR1. miR-
132 expression deregulation is also associated with the development of tauopathies through the
targeting of PTBP2. Besides, miR-212 may be involved in regulating the vulnerability to cocaine
addiction by targeting Spredl mRNA (Wanet et al. 2012).
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Figure.1.11. Genomic features of the miR-212/132 locus in the mouse genome. The diagram
indicates the genomic localization of miR-212 and miR-132 pre-miRNA sequences, the two isoform
transcripts by which they are encoded in mice (thick lines indicate exons; thin lines indicate introns),
as well as the mammal conservation (the sites predicted to be conserved are assigned positive scores,
while sites predicted to be fast-evolving are assigned negative ones). These annotations are from the
UCSC Genome Center and Ucar et al. (2010). Besides, the position of CREB and REST binding sites
that involved in miR-212/132 transcription (Vo et al. 2005; Remenyi et al. 2010; Conaco et al. 2006)
are indicated. Interestingly, all of the indicated binding sites for transcription factors are conserved

among the mouse, rat and human genomes (Wanet et al. 2012).

Genes encoding the brain and atrial natriuretic peptides (Nppb and Nppa encoding BNP and
ANP, respectively), potassium/sodium hyperpolarisation-activated cyclic nucleotide-gated
channels 2 and 4 (Hcn2 and Hcn4), o-skeletal actin (Actal) and voltage-gated calcium
channel subunit alpha Cav3.2 (Cacnalh) are repressed by REST in myocytes (Kuratomi et al.
2007; Ogawa et al. 2002). In addition, both ANP and BNP expression increase in cardiac
hypertrophy in adult ventricular myocytes leading to increased levels of circulating peptides
(Mukoyama et al. 1991; Saito et al. 1989). In transgenic mice removal of REST function
within the heart results in increased ANP and BNP expression and cardiac hypertrophy and
repression of these genes by REST is essential for normal heart function (Kuwahara et al.
2003). REST represses Nppb transcription in H9c2 cells using its repression domains which
is achieved by a combination of targeted histone deacetylation and histone methylation
(Bingham et al. 2007).

Three classes of HDAC are expressed by vertebrates: class | HDACs, class 1l HDACs and
Sir2 family proteins. Calcium/calmodulin kinase (CaMK) phosphorylates two conserved
phosphorylation sites induced by hypertrophic stimulus that causes class 11 HDACs to be
exported from the nucleus resulting in derepression of their gene targets (McKinsey et al,
2001; McKinsey et al. 2000). It has been shown that class Il HDACs act as signal-responsive
repressors of cardiac hypertrophy (Lu et al. 2000; McKinsey et al, 2000; McKinsey et al.
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2001; Zhang et al. 2002). Class Il HDACs, HDAC 4 and HDACS5 form a complex with
NRSF in ventricular myocytes and the interaction mediates the CaMK-dependent signalling
that promotes ANP and BNP gene transcription in cardiac hypertrophy. Endothelin-1 treated
neonatal rat ventricular myocytes and the hearts from mouse model of pressure-overload
induced cardiac hypertrophy show a disrupted NRSF- class Il HDAC complex. CaMK is also
involved in regulating various transcription factors such as CREB, serum response factor
(SRF), activator protein-1 (AP-1) and MEF2 which are involved in the regulation of ANP
gene expression. It is reported that CaMK may regulate ANP and BNP gene transcription in
both NRSF-dependent and independent manners (Zhang et al., 2004, Cornelius et al., 1997,
von Harsdorf et al. 1997 and Sprenkle, Murray, and Glembotski 1995). In addition, in the
hearts of TAC operated mice NRSF protein and mRNA levels are down-regulated (Kuwahara
et al. 2001). NRSF and HDACS interaction in sham operated mice is significantly decreased
in TAC mice as determined by coimmunoprecipitation assays with lysates from ventricles of
mice subjected to TAC and sham operation. Hence, NRSF is reported as a target of CaMK-
class Il HDAC signalling pathways in the reactivation of fetal cardiac gene program
(Nakagawa et al. 2006).

Several pro-hypertrophic micro-RNAs that are dysregulated in transverse aortic constriction

and hypertrophic agonists-induced hypertrophic models are illustrated in appendix D.

The role of miR-132 and the transcription factors, CREB and REST on cardiac hypertrophy
and regulation of fetal cardiac genes have been reported. However, the detailed mechanism of
regulation of miR-132 by CREB and REST in cardiac hypertrophy is not established. We
characterized the mechanisms involved in the regulation of miR-132 in an isoproterenol
cardiac hypertrophy model. We also studied the effect of diazoxide on miR-132 expression to

assess its anti-hypertrophic effect.
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2. Justification

Heart responds to a myriad of physiological and pathophysiologic stimuli to maintain
sufficient cardiac output. Sustained or progressive demands on the heart results in
pathological cardiac hypertrophy due to a disruption in the myocardial reserve that reversibly
alters cardiac output in response to a sudden increase in demand. This initial adaptive
response will eventually lead to cardiac failure if the inciting pathogenic stimulus is not
relieved. Also, there are substantial evidences that cardiac hypertrophy is associated with an
increased risk of cardiovascular morbidity and mortality. Hence, understanding the
pathogenesis of hypertrophic heart disease is essential to develop therapeutic strategies to
abate the transition from adaptive to maladaptive process. In addition, several
pharmacological agents have proven effective against cardiac hypertrophy but the underlying
mechanism is unclear. A clear understanding of the basic molecular pathways that lead to
development of cardiac hypertrophy is therefore essential.

3. Hypothesis

The micro RNA, miR-132 is involved in the anti-hypertrophic actions of diazoxide and its
expression is regulated by ROS-dependent and independent pathways in adult rat

cardiomyocytes.
4. Aim

To test whether diazoxide mediates anti-hypertrophic effects through the regulation of miR-

132 expression.

5. Specific aims

a. To study the effect of diazoxide in isoproterenol induced cardiac hypertrophy in
rats

b. To assess the role of pCREB and pCaMKII in the anti-hypertrophic actions of
diazoxide

c. To study the possible action of ROS on miR-132 expression

d. To evaluate the role of REST in isoproterenol induced hypertrophy

e. To assess whether regulation of miR-132 expression involves CREB and REST
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6. Materials and Methods:

6.1 The composition of solutions used is given in the tables described below:

Tyrode solution

Reagents Concentration
NaCl 137 mM

KCI 5.4 mM
MgCl> 1 mM
HEPES 10 mM
Glucose 10 mM

pH set to 7.47 with 1N NaOH at 25 °C; Osmolality: 305 mOsm

10X PBS
Reagents Concentration/Litre
KCI 29
NaCl 80¢
KH2POy4 24
NazHPO, 1159

pH set to 7.4 with IN NaOH

10X protein running buffer

Reagent Concentration/Litre
Tris Base 30.2¢g

Glycine 144 g

SDS 10g

pH set to 8.3 with concentrated HCI

RIPA buffer for tissues

Reagents Concentration
Tris HCl pH 7.5 20 mM

NaCl 350 mM
[-Mercaptoethanol 0.05%
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Tween-20 0.1%
PMSF 100 pM
NazVO4 100 puM
NaF 10 mM
Protease cocktail 1X
Aprotinin 1.53 nM
Leupeptin 2.1 nM

Lysis buffer for isolated cardiomyocytes

Reagents Concentration
Tris Hcl pH 7.5 50 mM

NaCl 300 mM
Glycerol 10%
Triton-X 10%

Protease cocktail 1X

SOD 2 buffer
Reagents Concentration
HEPES pH-7.2 20 mM
EGTA 1 mM
Mannitol 210 mM
Sucrose 70 mM
PMSF ImM

4X sample loading buffer

Reagents Concentration
Tris HCI (pH 6.8) 0.2M

SDS 0.8 g/10ml
Glycerol 40%
B-Mercaptoethanol 14.7 M 0.4 ml/10 ml
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EDTA 0.5M

0.05 M

Bromophenol blue

8 mg/10 ml

Protein transfer buffer

Reagents Concentration/100 ml
Tris base 0.532 ¢

Glycine 0.293 ¢

SDS 10% 0.375 ml

Methanol 20%

Blocking solution
4.5% non-fat milk powder in 1X PBS solution

Coomassie blue staining solution

Reagents Concentration/200 ml
Glacial acetic acid 10%

Methanol:H20 1:1

Coomassie brilliant blue R-250 0.5 g/200 ml

Ponceau red staining solution

Reagents Concentration
Acetic acid 1%
Ponceau red 0.5 g/100 ml

Destaining solution

Reagents Concentration
Methanol 30%
Acetic acid 10%
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6.2 Pharmacological agents

Reagents Concentration
Isoproterenol (1SO) 0.5 uM; 5 mg/kg
Diazoxide (Dzx) 100 pM; 20 mg/kg
5-HD 100 pM

KN-93 1 uM; 0.501 pg/kg
Mito-tempo 25 uM

H202 100 uM

6.3 Adult male Wistar rats

Experiments with male Wistar rats (300-350 g) conformed to protocols approved by the
Division of Laboratory Animal Units, Cinvestav-IPN, in compliance with federal law, federal
statute and Consejo Nacional de Ciencia y Tecnologia (CONACYT) regulations.

Rats were injected subcutaneously with isoproterenol (1SO), 5 mg/kg every 24 h for 2 d
unless otherwise indicated. Diazoxide (Dzx) was administered intraperitoneally, 10 or 20
mg/kg every 24 h for 3 d. Rats were anaesthetized with 50 mg-kg™ of pentobarbital sodium
injected intraperitoneally. A 500 U-kg?! heparin sodium solution (Sigma) was also

administered intraperitoneally.
6.4 Adult rat cardiomyocytes isolation

Adult rat ventricular myocytes were isolated by enzymatic digestion using Langendorff
apparatus as described previously (Sanchez et al. 2001). Briefly, hearts were perfused for 5
min at 37°c with Tyrode solution while oxygenating the solution continuously. Hearts were
re-circulated for ~60 min with Tyrode solution containing collagenase (Worthington,
Lakewood, NJ, USA, type Il) and protease type XIV (Sigma, 0.5 mg/100 ml). Digested
ventricle was cut into fragments and shaken in bath for 2-3 times at 45 rpm for 5 min in the
same solution. Cells were filtered through a cell stainer (100 pm nylon BD Falcon) and
centrifuged at 72 x g for 2 min. The pellet was dissolved in Tyrode solution containing
bovine serum albumin and 0.1 mM Ca?* and gradually changing to solutions containing 0.5

mM and finally 1 mM Ca?* for several washes.
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Myocytes were stimulated externally using platinum electrodes at a frequency of 1 Hz, with
65 V and 4 ms duration square pulses for 5-10 min without the addition of drugs and then
ISO (0.5 puM) or I1SO and KN-93 (1 puM; 5 min before 1SO) were added. Stimulation
continued for 20 min. Dzx (100 pM) was added to cardiomyocytes 1 h prior to stimulation,
then Dzx was washed out and cells were stimulated for 5-10 min after which ISO was added
and stimulated during 20 min. 5-HD was added 30 min prior to Dzx if indicated in
experimental condition. Drugs were removed by washing three times with Tyrode solution
containing BSA (1 mg/ml) and 1 mM Ca2*. Thereafter cells were centrifuged at 72 x g for 2
min and total protein extracts were obtained for Western blot analysis following the

procedure described below.

To test the effect of ROS on miR-132 expression cardiomyocytes were treated with H20>
(100 uM) for ~5 min, washed three times with Tyrode solution and then following a 6h
waiting period, Qiazol reagent was added to enable RNA isolation with a miRNeasy Mini kit
(Qiagen). cDNA was synthesized using Tagman micro RNA reverse transcription kit
(4366596).

6.5 Primary culture of neonatal rat cardiomyocytes

Ventricular cardiomyocytes from 1-2-day-old neonatal rats were isolated by enzymatic
digestion as described elsewhere (Xia et al. 2004). Cardiomyocytes were cultured for 48 h in
Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10% fetal bovine serum
(GIBCO), NaHCO3 1.5 g/l, penicillin (50 IU), and streptomycin (50 pg/ml) under
atmospheric conditions of 95% air and 5% CO. at 37 °C in a humidified incubator. Cells
were serum starved by changing to a medium containing 0.4% fetal bovine serum, and then
treated for 48 h with 1SO (1 uM) to induce hypertrophy. When experimentally indicated,
Dzx (100 uM) was administered 30 min prior to ISO stimulation and the specific mitoKatp
channels blocker, 5-hydroxydecanoic acid (5-HD, 500 uM) (Jabtrek et al. 1998) was added
30 min prior to Dzx. Cells were cultured for 48 h, washed thrice with 1x phosphate buffered
saline (PBS), fixed in 4% formaldehyde in PBS, and then stained with haematoxylin. We
imaged the stained cells at various magnifications using Motic Images plus 2.0 software

(Motic China Group Co.,LTD) and measured cell areas using Adobe Photoshop.
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6.6 Western blotting

Dissociated myocytes were prepared for immunoblotting as described elsewhere with
minor modifications (Gonzalez et al. 2010). Protein content was measured with a Bradford
Protein Assay kit (Bradford 1976). We subjected total fraction samples (45-60 pg) to 11%
sodium dodecyl sulfatepolyacrylamide gel electrophoresis (140 V, 120 min), transferred the
resultant proteins bands onto nitrocellulose membranes, blocked the membranes with 4.5%
non-fat dried milk in PBS, and probed the membranes with anti-CREB monoclonal antibody
(1:750, Abcam, Cambridge, MA, USA), anti-CREB S133 monoclonal antibody (1:1000,
Abcam, Cambridge, MA, USA), and anti-GAPDH monoclonal antibody (1:10000, Sigma
Aldrich, St. Louis, MO, USA) in PBS for 12-14 h at room temperature. After rinsing the blots
with PBS-tween20, they were incubated with anti-rabbit (1:90,000) or anti-mouse (1:90,000)
horseradish peroxidase-conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA) in
PBS. Antibody labeling was detected with Immobilon Western reagent (Millipore Co,

Billerica, MA) according to the manufacturer’s instructions.
6.7 Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR)

The relative expression levels of rno-miR-132 were quantified using TagMan miR assays
(4427975, 1D 000457, Applied Biosystems, Foster City, CA, USA) and an iCycler iQ (Bio-
Rad, Hercules, CA) using the TagMan Gene Expression Master Mix (4369016). miR
expression was assessed relative to the small nucleolar RNA U87 (442795, ID 001712), as
recommended by the manufacturer. Changes in expression levels were calculated using the
2"22CT method (Livak and Schmittgen 2001).

6.8 Fluorescence measurements
6.8.1. ROS measurements

Levels of ROS were measured as described previously (Garcia, Hernandez, and Sénchez
2009) using the cell-permeant fluorescent probe 5-(and-6)-chloromethyl-2',7’
dichlorodihydrofluorescein  diacetate  acetyl ester (CM-H2DCFDA, Molecular
Probes/Invitrogen, USA). Fluorescence (505 nm excitation, 545 nm emission) was measured
in arbitrary units (a.u.) for 30 ms in user defined segments of cardiomyocytes. Images were
acquired at 15 s intervals. Myocytes were stimulated externally at a frequency of 1 Hz
throughout the experiment except at the end of experiments when H>0. (0.2 mM) was

applied to estimate maximal ROS production rate. The effect of ISO on ROS production was
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estimated by measuring fluorescence signals firstly for 10 min under control conditions and
secondly for 15-20 min 0.5 uM ISO stimulation (ISO group); Dzx group myocytes were
treated as in ISO group except that myocytes were incubated with Dzx (100 uM) for 1 h
under quiescent conditions prior to being externally paced at 1 Hz. ROS measurements under
each experimental condition were fitted to a straight line, the slope of which was taken as a
ROS production rate estimate. The ratio between the slope obtained for each experimental
condition and that obtained under control conditions was used as the relative ROS production
rate for that condition (Bovo, Lipsius, and Zima 2012).

6.9 Assays
6.9.1 BCA protein assay

Neonatal rat ventricular myocytes were collected in 1% SDS solution after 48 h of treatment.
10 pl of each sample was used in triplicates to measure the absorbance using the protocol
indicated in the Pierce™ BCA protein assay kit (Thermo Scientific, Pierce Biotechnology,
IL, USA). To determine the protein concentration of each sample a BSA standard curve was
plotted as indicated in the protocol. The total protein in pg measured was normalized to the
number of cells plated in each condition and the differences in relative total protein content

were plotted.
6.9.2 Superoxide dismutase 2 enzyme assay

Ventricular tissue was homogenized in 5-10 ml of cold SOD buffer (20 mM HEPES 7.2, 1
mM EGTA, 210 mM mannitol, and 70 mM sucrose) per gram of tissue. The homogenate
was centrifuged at 1,500 xg for 5 min at 4 °C to produce supernatant containing total SOD
lysate, the supernatant was centrifuged at 10,000 xg for 15 min at 4 °C to separate cytosolic
and mitochondrial enzyme into supernatant and pellet portions, respectively. The pellet was
homogenized in cold SOD buffer in preparation for mitochondrial SOD activity
assessment. SOD1 and SOD3 were inhibited with 1-3 mM KCN to isolate SOD?2 activity.
SOD2 assays were performed with a SOD assay kit (Cayman Chemical Company, Ann
Arbor, MI, USA) according to the instructions of the manufacturer; SOD2 activity was

measured as the amount of enzyme necessary to exhibit 50% dismutation of O»-.
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6.10 Confocal Immunofluorescence

Adult rat cardiomyocytes were attached to cover slips using 5% Laminin for confocal
microscopy imaging. Cells were stimulated and treated in Tyrode solution containing 1mM
Ca?" and 5% fetal bovine serum and immediately washed and fixed with 4% cold
paraformaldehyde for 20 min. Afterwhich cells were washed with 1X PBS thrice and
incubated with cold permeabilizing (1% triton X-100) and blocking solution (1% BSA) for
30 min. The coverslips were incubated overnight at 4 °C with primary antibody (anti-CREB
S133, monoclonal antibody 1:100, Abcam, Cambridge, MA, USA prepared in the same
permeabilizing and blocking solution. Serial 10 min washes were performed with cold
permeabilizing and blocking solution after bringing the coverslips to room temperature. Cells
were incubated with secondary antibody (Alexa555, 1:200, Life Technologies) for 1 h
followed by serial 10 min washes. Nuclear staining was performed using cold Hoechst dye
(1:1000) for 20 min prepared in 1X PBS. After washing with 1X PBS, cover slips were
mounted on glass slides with Vectashield® and labelled cells were observed through a Zeiss
LSM700 imager. Z2 confocal laser microscope at RT. Images were acquired with a 100x
objective (ECPlanarNeofluar 40x/1.30 oil dichroic M27) and high-resolution camera
Axiocam Hrm. Acquisition and analysis of images were performed using Leica Application
Suite X software (Leica Microsystems CMS GmbH).

6.11 Statistical analysis

Data are expressed as means + SE. Statistical analyses were performed in GraphPad Prism
4.0 (GraphPad Software) and Sigma Stat 2.0. For two-group comparisons, Student’s t test
was performed. For multiple comparisons, data with a normal distribution were analyzed by
one-way analyses of variance (ANOVAS) followed by Turkey’s honest significant difference
test. A p < .05 was considered statistically significant.
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7. Results
7.1 Hypertrophy Index
7.1.1. Dzx reduced cell area induced by I1SO in neonatal rat cardiomyocytes

Cell area measurement of cultured neonatal rat cardiomyocytes revealed that 1SO induced an
increase in cell area after 48 hours of treatment. Dzx treatment one hour before ISO treatment
reduced the increase in cell area produced by ISO. In order to verify whether the effect of
Dzx on cell area is mediated by mitochondrial Kare channel opening, 5-HD a specific blocker
of mitochondrial Kate channel was used 30 minutes before the addition of Dzx (Fig.
3.1.1.A). In Fig 3.1.1.B., it is shown that 5-HD reverses the effect of Dzx and hence there was
an increase in cell area in the presence of 5-HD+Dzx+Iso. 5-HD did not show any effect by

itself on cell area.
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Figure7.1.1. Effect of Dzx on cell area induced by ISO. A. Haematoxylin —stained images of
cultured neonatal rat ventricular myocytes treated for 48 h under control (0.01% DMSO),
ISO, Dzx+1S0, 5-HD and 5-HD+Dzx+ISO conditions. B. Bar graphs showing the cell area

(um?) under different treatment conditions. C. Bar graphs showing the effect of 5-HD on the
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cell area in control and Dzx+ISO treated conditions. Values represent mean + SE, number
indicated below each experimental condition represents the number of cells measured, *p <
0.05, **p < 0.01.

7.1.2 Total protein content increased by ISO in neonatal rat cardiomyocytes and this

effect was reversed by Dzx

In addition to phenotypic changes such as cell area and ventricle-to-body weight ratio total
protein content has been reported to be altered by hypertrophy (Simpson 1985; Wang et al,
2002). Likewise, we found that cells treated with ISO for 48 hours showed a significant
increase in total protein content compared to control cells. In contrast, treatment with Dzx for
one hour prior to 1SO reduced the total protein content induced by ISO significantly as shown
in Fig 3.1.3.
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Figure 7.1.2. Total protein content induced by 1SO was reduced by Dzx. Bar graphs show the
relative total protein content under different treatment conditions measured by BCA
assay.Values represent mean = SE, number indicated below each experimental condition

represents the number of groups, *p < 0.05, **p < 0.01.
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7.1.3. Dzx reduced the ventricle-to-body weight ratio and miR-132 expression induced

by 1SO

To induce hypertrophy pB-agonists were applied and ventricle-to-body weight ratios and cell
areas were measured after 48 hours treatment. Ventricle-to-body weight ratio was measured
from control rats (0.9% NacCl), rats injected with 1SO or Dzx+ISO. A significant increase in
the ratio was found in ISO-treated rats while this ratio was decreased in Dzx+1SO-treated rats
with different Dzx concentrations. This ratio is indicative of the hypertrophy index. As seen

in Fig 3.1.2, Iso induced hypertrophy was reduced significantly by Dzx.
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Figure7.1.3. Effect of Dzx on ventricle-to-body weight ratio and miR-132 expression. Bar
graphs show the ventricle-to-body weight ratio (mg/g) obtained under different treatment
conditions. Rats were treated with 20 mg/kg Dzx; 5 mg/kg 1SO. Values represent mean * SE,
number indicated below each experimental condition represents the number of groups, **p <
0.01.
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7.2 Dzx reversed miR-132 expression induced by ISO in adult rat cardiomyocytes

miR-132 regulates cardiac hypertrophy (Ucar et al. 2012). Therefore, we tested the
hypothesis that the effects of ISO and Dzx on cardiac hypertrophy that we characterized are
mediated by changes in the expression of miR-132. In support of this idea our group
previously reported that 1ISO up-regulates the expression of miR-132 (Carrillo et al. 2015).
And my experiments revealed that Dzx decreased the expression of miR-132 induced by ISO
as shown in Fig 3.2. This indicates that anti-hypertrophic effects of Dzx involve miR-132
regulation. Acute treatment with ISO led to up-regulation of miR-132 indicating the
involvement of fast transcriptional changes (see below) and early responsive proteins in the

process.
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Figure7.2. A. Dzx reversed the expression of miR-132 induced by ISO. Bar graphs show
relative expression of miR-132 in adult rat cardiomyocytes treated with 1SO or Dzx+ISO
compared to control cells. B. The relationship between miR-132 and ventricle-to-body weight
ratios. Open circles, control; black and grey circles, ISO and ISO + Dzx treated rats,
respectively.Values represent mean + SE, number indicated below each experimental

condition represents the number of groups, *p < 0.05, **p < 0.01.
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3.3: ROS regulated miR-132 expression

H>0> regulates the expression of various micro RNAs, including miR-132 in vascular smooth
muscle cells (Lin et al. 2009) in time frame of 6-8 h. Therefore, we studied the effect of H.O>
on miR-132 in cardiomyocytes to assess whether ROS also regulates miR-132 expression in
this preparation. Indeed, we found that H2O2 (100uM) increased the expression of miR-132 6
h after its application, as shown in Fig 3.3. H202 was applied only for 3-5 min and then cells
were washed and left at room temperature for 6 h. We conclude that acute generation of ROS

in cells treated with ISO is sufficient to up-regulate miR-132 expression.
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Figure7.3. ROS increases the expression of miR-132. A. Bar graphs show the relative
expression of miR-132 in control and H20. (100uM) treated cells. Values represent mean +
SE, number indicated below each experimental condition represents the number of groups, *p
< 0.05.

7.4. Rate of ROS production induced by I1SO decreased with Dzx treatment

We next checked the effects of ISO and Dzx on ROS productions. We found that the relative
rate of ROS production increased in cells treated with ISO for 25-30 min. In contrast, in cells
pretreated with Dzx for 1 h the relative rate of ROS production did not increase by ISO, being
like that of control cells. We reached the conclusion that Dzx pre-treatment prevents the

increase in relative ROS production rate induced by 1SO.
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Figure 7.4. Relative rate of ROS production is increased by ISO and antagonized by Dzx.
ROS production over time from representative experiments. In B-C, ISO and H,O, were
applied at the time indicated (arrows). In C, Dzx was applied lhour before ROS

measurements. Blue dotted lines are best fit to data points prior to ISO. Red solid lines are the
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corresponding fits to data in the presence of ISO. D. The graphs show the relative rate of
ROS production in control cells, cells treated with ISO, and cells treated with Dzx+ISO. For
comparison, the effects of H20 on relative fluorescence are shown. Values represent mean +
SE, number indicated below each experimental condition represents the number of groups,
*p<.05, **p<.01.

7.5. SOD2 activity was reduced by I1SO and restored by Dzx

Superoxide dismutase 2 catalyzes dismutation of superoxide anion radical into either
hydrogen peroxide or molecular oxygen (Zelko et al. 2002). A reduction in superoxide
dismutase 2 activity indicates oxidative stress (Koyama et al. 2013), therefore, we tested the
effects of 1SO on SOD2 activity and found that it significantly reduced its activity. As
expected, Dzx prevented the reduction in SOD2 by ISO. Dzx by itself had inhibitory effects
on SOD 2 activity probably related to its ambivalent effect on ROS production. During
preconditioning, Dzx inhibits complex Il and promotes transient generation of signalling
ROS at complex I11. While, during ischemia and reperfusion Dzx attenuates the production of
ROS at complex I. Hence, depending on the metabolic state and the membrane potential of

mitochondria Dzx modulated ROS production (Drose et al. 2009).
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Figure 7.5. SOD2 activity is reduced by ISO. Bar graphs show the activity of SOD 2 in rats
treated with ISO and Dzx+ISO for 12 h compared to control rats (injected s.c with 0.9%
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NaCl). Values represent mean = SE, number indicated below each experimental condition

represents the number of groups, *p < 0.05, **p < 0.01.
7.6. ROS promoted phosphorylation of CREB, an effect antagonized by Dzx

Phosphorylation of CREB up-regulates transcription of genes involved in hypertrophy
(Funakoshi et al. 2002; Somvanshi et al. 2013) and it also increases transcription of miR-132
in neurons (Vo et al. 2005). However, the mechanism involved is unknown. We tested the
hypothesis that ROS are involved in this process. In fact, we observed that H.O; induced the
phosphorylation of CREB and that Dzx pre-treatment to cells prevented this effect. Hence,
we propose that ISO leads to phosphorylation of CREB via ROS. CREB phosphorylation by
ROS is ESK-MEK dependent (Ozgen et al. 2009) and this pathway may be involved in ISO

treated adult rat cardiomyocytes.
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Figure 7.6. Phosphorylation of CREB is induced by ROS. A. Western blots of pCREB and
corresponding GAPDH bands from control, 1SO, Dzx+ISO and Dzx treated cells. B. Western
blots of pCREB and GAPDH protein bands from H.O; treated cells compared to control
condition. C. Western blots of total CREB and corresponding GAPDH bands for the
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indicated experimental conditions. D. Bar graphs show relative expression of pCREB in
control, 1SO treated cells, ISO treated cells pre-treated with Dzx and Dzx treated cells. E. Bar
graphs show relative expression of pCREB in H20- treated cells compared to control cells. F.
Bar graphs show the expression of total CREB under control, ISO, Dzx+ISO and Dzx
conditions. Values represent mean + SE, number indicated below each experimental

condition represents the number of groups, **p < 0.01.
7.7. Phosphorylation of CaMKII induced by ISO was prevented by Dzx

We confirmed that 1ISO phosphorylates CaMKII in a rat cardiac hypertrophy model as
reported by (Liu et al. 2013). The effect of Dzx on the effect of ISO on CaMKII
phosphorylation was investigated next. We found that 1 h pre-treatment with Dzx prevented

this early event.
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Figure 7.7. CaMKII phosphorylation is induced by 1SO and blocked by Dzx. Western blots
of A. pCAMKII and B. GAPDH protein bands under control, ISO and Dzx+ISO conditions.

C. Bar graphs show the relative expression of pCAMKII under the same experimental
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conditions. Values represent mean + SE, number indicated below each experimental

condition represents the number of groups, *p < 0.05, **p < 0.01.
7.8 The CaMKII inhibitor, KN-93 reduced hypertrophy induced by 1SO

KN-93 is reported to prevent arrhythmic activity induced by beta adrenergic agonists in
rabbit pulmonary veins (Lo et al. 2007). We tested the action of this inhibitor on our
hypertrophy model and found that it showed anti-hypertrophic effects. Although KN-93
could not completely reverse the ventricle-to-body weight ratio, there was a significant
reduction as seen in Fig 3.8.A. The anti-hypertrophic effect of KN-93 was also observed in
neonatal rat ventricular cardiomyocytes. Fig. 3.8.B shows the images of cells under different
treatment conditions. The cell area significantly increased in 1SO-treated cells and it was
significantly reduced by KN-93 as shown in Fig.3.8.C.
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Figure 7.8. Effect of KN-93 on hypertrophy. A. Bar graphs show the ventricle-to body

weight ratio of rats treated with 1ISO, KN-93+ISO and KN-93 compared to control rats
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(injected s.c with 0.9% NaCl). B. Images of cultured neonatal rat ventricular myocytes under
control, 1ISO and KN-93+ISO conditions. C. Bar graphs show the cell area measured under
the indicated experimental conditions. Values represent mean + SE, number indicated below

each experimental condition represents the number of groups, *p < 0.05, **p < 0.01.
7.9. KN-93 blocked the increase in the rate of ROS production by ISO

It is reported that increase in intracellular calcium activates CaMKII and stimulates ROS
production (Nishio et al. 2012). We observed a similar effect in 1SO stimulated cells.
CaMKII phosphorylation by I1SO increased the rate of ROS production. KN-93 completely
blocked this increase as seen in Fig 3.9. KN-93 and Dzx (Fig.3.4) showed similar effects on

ROS production rate.
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Figure.7.9. Effect of KN-93 on relative ROS production rate. A. ROS production over time
from representative experiments. In B-C, ISO and H20, were applied at the time indicated
(arrows). In C, KN-93 was applied 5 min before 1SO. Blue dotted lines are best fit to data
points prior to ISO. Red solid lines are the corresponding fits to data in the presence of 1SO.
D. Bar graphs showing the relative ROS production rate under indicated experimental
conditions. Values represent mean + SE, number indicated below each experimental

condition represents the number of groups, *p < 0.05, **p < 0.01.
7.10 KN-93 reduced the relative expression of pCREB

It is reported that ISO induced beta-adrenoreceptor-mediated cardiac hypertrophy involves
cardiac oxidative stress. 1SO induced ROS activate cardiac MAPK cascades including
phosphorylation of CREB in 30 min of treatment (Zhang et al. 2005; Somvanshi at al. 2013).
We observed an increase in CREB phosphorylation by ISO and it is reported that several
upstream kinases phosphorylate CREB (Funakoshi et al. 2002). Hence, we tested the effect of
KN-93 on pCREB levels to verify if CaMKII acts as an upstream kinase to phosphorylate
CREB.
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Figure.7.10. Effect of KN-93 on relative pCREB expression. A. Western blot showing the
pCREB and GAPDH bands from control, ISO and KN-93+ISO treated cardiomyocytes. B.
Bar graphs show the relative expression of pCREB under the indicated experimental
conditions. Values represent mean + SE, number indicated below each experimental

condition represents the number of groups, **p < 0.01 Vs control.
7.11 KN-93 does not inhibit miR-132 expression

miR-132 up-regulation is crucial for development of hypertrophy as we observed in 1SO-
treated cells and since KN-93 prevented the increase in ROS production rate by inhibiting
CaMKII phosphorylation, a decrease in pCREB expression by KN-93 followed by reduction
in MiR-132 expression is expected. However, while we observed a significant up-regulation
in miR-132 expression in 1SO-treated cells, no reduction in miR-132 expression was
observed in KN-93+ISO treated cells.
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Figure.7.11. Effect of KN-93 on miR-132 expression. Bar graphs show the relative
expression of miR-132 under indicated experimental condition. Values represent mean + SE,
number indicated below each experimental condition represents the number of groups, *p <
0.05, **p < 0.01 Vs control.

7.12 REST down-regulation by ISO was restored by Dzx but not by KN-93

We performed experiments to test the hypothesis that a transcription factor other than CREB,
independent of ROS regulates miR-132 expression. Based on previous work we considered
REST a likely candidate (Vo et al. 2005; Conaco et al. 2006; Wanet et al. 2012). We studied
the expression of REST in control, 1SO, Dzx+ISO and KN-93+ISO treated cells.
Interestingly, we found that REST was down-regulated by 1ISO within 30 min of treatment.
Pre-treatment with Dzx for 1 h restored the levels of REST in ISO-treated cells and KN-93
did not. This may explain our results since REST downregulation is expected to lead to an
increase in miR-132 expression. It is reported that ectopic REST expression in adult rat
ventricular myocytes prevents increased Nppb and Nppa mRNA levels (natriuretic peptide
precursor A and natriuretic peptide precursor B) in response to endothelin-1 (Bingham et al.
2007; Kuwahara et al. 2001).
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Figure 7.12. Effect of ISO on REST expression. A. Western blot showing the REST and
GAPDH bands from control, ISO and ISO+Dzx treated cardiomyocytes. B. Bar graphs show
the relative expression of REST under the indicated experimental conditions. Values
represent mean = SE, number indicated below each experimental condition represents the

number of groups, **p < 0.01.
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Figure 7.13. Effect of KN-93 on REST expression. A. Western blot showing the REST and
GAPDH bands from control, ISO and 1ISO+KN-93 treated cardiomyocytes. B. Bar graphs
show the relative expression of REST under the indicated experimental conditions. Values
represent mean + SE, number indicated below each experimental condition represents the

number of groups, *p < 0.05.
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7.14 Mito-tempo (mitochondrial ROS scavenger) on miR-132 expression

Addition of the ROS scavenger mito-tempo in the presence of ISO did not reverse the
expression of miR-132 to normal levels. This suggests the involvement of ROS-independent

pathways in the regulation of miR-132.
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Figure 7.14. Effect of mito-tempo on miR-132 expression. Bar graphs showing the relative
expression of miR-132 under indicated experimental condition. Values represent mean + SE,
number indicated below each experimental condition represents the number of groups, *p <
0.01.
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8. Discussion
8.1. ROS, miR-132 and hypertrophy

Arterial plasma noradrenaline predicts left ventricular mass in human patients who developed
hypertrophy and high adrenergic activity is associated with cardiac hypertrophy (Strand et al.
2006). Several transcription factors are involved in development of hypertrophy and previous
work has shown that catecholamines up-regulate calcineurin/NFAT and CaMKII/MEF-2
signaling to induce pathological cardiac hypertrophy (Sag et al. 2014). In addition to these
signaling pathways, miR-132 has been shown to play a leading role. The expression of this
microRNA is up-regulated by prolonged administration of ISO (Carrillo et al. 2011; Ucar et
al. 2012) and overexpression of miR-132 leads to increased activation of calcineurin/NFAT
signaling. Furthermore, antagomir injection of miR-132 rescues cardiac hypertrophy. miR-
132 directly targets and down-regulates the anti-hypertrophic FoxO3 transcription factor
(Ucar et al. 2012).

Hypertrophy is also associated with ROS production. The local elevation of ROS by a variety
of sources has been shown to regulate hypertrophy-related signaling pathways (Sag et al,
2014) and we found in the present experiments that application of H20. brought about a
significant increase in the expression of the pro-hypertrophic miR-132. H2O; is one of the
main ROS involved in redox signaling in cells (Burgoyne et al. 2012). To the best of our
knowledge this is first demonstration that H202 up-regulates the expression of miR-132 in
cardiac myocytes. We also found elevation in the rate of ROS production by 1SO in myocytes
that were externally paced. The increase in ROS production by activation of B-adrenergic
receptors in the electrically stimulated heart cell was previously observed by Andersson et al.
(2011) and it is not seen in the quiescent myocyte (Bovo et al, 2012). This is probably related
to the role of L-type Ca?* channels. Phosphorylation of several protein kinases in cardiac
myocytes by HO requires activation of L-type Ca?" channels that normally open during
action potentials (Sartoretto et al. 2012). Interactions between ROS and Ca?* are reciprocal.
Thus, the increase in the amplitude of L-type Ca®*currents, Ca?" transients and contraction
produced by ISO are abrogated by the ROS scavenger N-acetylcysteine (NAC) (Andersson et
al. 2011). NAC is a general antioxidant that reacts with hydroxyl radicals and with the non-

radical hydrogen peroxide (Aruoma et al. 1989).

Given the role of ROS in the expression of miR-132 and hypertrophy it would be expected

that drugs that decrease ROS production would have anti-hypertrophic effects. We found in
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fact that diazoxide, a mitochondrial Katp channel opener blocked the increase in the rate of
ROS production produced by ISO and it also blocked the increase in the expression of miR-
132 produced by ISO but only partially prevented hypertrophy induced by this -adrenergic
agonist. Based on these observations we suggest that an increase in miR-132 expression is
not strictly necessary for development of hypertrophy. A decrease in ROS production by
diazoxide has been previously reported during ischemic and reperfusion conditions in

Langerdorff-perfused rat hearts (Pasdois et al. 2008).
8.2. miR-132 and pCREB

Our experiments demonstrated an increase in the expression of the phosphorylated form of
CREB by 1SO with no changes in the levels of CREB. This suggests that ISO promotes
phosphorylation of pre-existing CREB. It has been previously demonstrated that application
of ISO to isolated cardiac myocytes increases the expression of pCREB within minutes
(Goldspink and Russell 1994) and that phosphorylation of CREB increases its transcriptional
activity (Mayr and Montminy 2001). Our experiments further demonstrated that H.O>
increases phosphorylation of CREB in the adult cardiomyocyte. Enhanced phosphorylation of
CREB by H-0: has been previously observed in neonatal myocytes (Ozgen et al. 2009). We
also showed that diazoxide decreases ROS production and blocks up-regulation of pPCREB by
ISO. Taken together, our results are consistent with the view that phosphorylation of CREB
by ROS results in enhanced transcription of miR-132 by pCREB. This conclusion is
supported by the fact that the genomic features of the miR-132 locus of the mouse genome
include four CREB binding sites which are highly conserved among the rat, mouse and

human genomes (Wanet et al. 2012).
8.3. CaMKII

The multifunctional Ca?*/calmodulin-dependent protein kinase 11 (CaMKII) has been
implicated in cardiac hypertrophy and it is activated by B-adrenergic stimulation. Its nuclear
form has been shown to regulate gene expression in neonatal cardiac myocytes (Ramirez et
al. 1997).

In different cell types Ca?* can bind to CaM which then translocates into the nucleus
activating CaMK resulting in phosphorylation of the transcription factor CREB (CAMP
response element binding protein) which promotes transcription of c-fos. CREB residue Ser-
133 was the major site of phosphorylation by the CaM kinases in vitro and of
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phosphorylation after membrane depolarization in vivo. Interestingly, phosphorylation of
Ser-142 seems to negatively regulate CREB-dependent transcription. CaM might also be
associated with the nuclear envelope. In the heart, overexpression of CaM in transgenic mice
causes severe cardiac hypertrophy, and results in higher CaMKIIl phosphorylation (and
activity), and the expression of the hypertrophic marker atrial natriuretic factor (ANF).
Interestingly, the CaM antagonist W-7 and the CaMKII antagonist KN-62 could prevent
hypertrophy in cultured myocytes, further implicating Ca-CaM as a mediator of hypertrophic
response. Ramirez et al. showed that specific activation of cardiac nuclear CaMKII-dB, but
not the cytosolic form CaMKII-dC, in cultured neonatal myocytes was important in
hypertrophic gene expression. Transgenic mice overexpressing nuclear CaMKII-dB also

demonstrated cardiac hypertrophy and dilation.

Calmodulin-dependent kinase 11 (CaMKII) is a serine/threonine kinase that is regulated by
the Ca®*/calmodulin complex, ROS, and exchange proteins directly activated by cAMP
(EPAC). Catecholamines bind to adrenergic receptors, which are classified as G-protein-
coupled receptors, and signaling via these receptors activates CaMKII. Activation of the
renin-angiotensin-aldosterone system increases the angiotensin Il level, and directly induces
cardiac hypertrophy via activation of CaMKII signaling. Studies performed in humans and
rodents have shown that cardiac CaMKII activity is increased in heart failure. A number of
transcriptional factors (e.g. NFAT, GATA4, MEF2, SRF, NF-kB and PGCla) are involved in
driving this hypertrophic program, and these factors in turn are under the control of a
multitude of interacting signaling pathways. In the intact heart, chronic B-adrenergic
stimulation of neonatal rat cardiomyocytes produces hypertrophy and brings about changes in
gene expression patterns that mimic the fetal gene program observed in failing hearts. This
fetal gene response is dependent of Ca?*/calmodulin-protein kinase (CaMK) pathway
(Sucharov et al. 2006). CaMKII is involved in the dynamic modulation of cellular Ca?*
regulation and has been implicated in the development of cardiac hypertrophy and heart
failure (Zhang and Brown 2004).
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8.4. Mitochondrial Katp channel

Kate channels were first discovered in the plasma membrane of cardiac myocytes (Noma
1983) and they play a relevant role as a link between excitability and metabolism in many
cells (Foster and Coetzee 2016). Kate channels have also been described in the inner
membrane of mitochondria (Inoue et al. 1991). Roles of mitoKate channels include control of
mitochondrial volume and the efficient energy transfer from mitochondria to cytosol (Liu et
al. 2016; Foster and Coetzee 2016). In addition to their physiological roles, opening of
mitoKatp channels has been associated with protective effects during ischemic and
pharmacological preconditioning (Gonzalez et al. 2010). Moreover, opening of mitoKatp
channels has beneficial effects against hypertrophic cardiomyopathy, one of the leading
causes of mortality and morbidity, but the underlying protective mechanism is unclear (Liu et
al. 2016).

Unlike the indeterminacy of its structure, the basic function of mitoKarp is relatively clear in
the heart, though it is not completely understood. Under stress induced by multiple stimuli,
efficient energy transfer from mitochondria to cytosol is guaranteed by mitoKarp activation.
Extrinsic stressful signals, including reactive oxygen species, transduced across the cytosol to
the mitochondria, may induce the activation of mitoKatp, whose opening would decrease
opening of the mitochondrial permeability transition (MPT) pore, which would result in
myocyte death. In another study, the induction of hypertrophy in cultured ventricular
myocytes by alphal adrenoceptor agonist phenylephrine (PE) was evidenced by increased
cell size, elevated expression of myosin light chain-2 and atrial natriuretic peptide.
Diazoxide, as one of the canonical mitoKare openers, almost completely prevented the
hypertrophic inductive effects of PE. Of note, diazoxide, a Katp opener, showed
cardioprotective effects. After introduction of oxidative stress, the activity of mitoKarp was
upregulated according to a study by Brown et al. (2005) and Quindry et al. (2010, 2012).
They concluded that Katpe acted as a molecular sensor for oxidative stress, whose activation
helps to reduce free-radical generation in the mitochondrial respiratory chain. However, the
study did assess to observe the activity of mitoKate during sustained and severe oxidative
stress, which may have induced significant mitochondrial dysfunction, and the activity and

expression of mitoKatp may have been jeopardized under these conditions.
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8.5. CaMKII and ROS

It is well known that CaMKI| is activated by the elevation in intracellular calcium but more
recently it's activity has been shown to be modulated by ROS-dependent oxidation. It is
involved in rapid-pacing induced cell death. KN-93, a pharmacological inhibitor of CaMKI|,
prevents the reduction in cell viability and the increase in apoptotic proteins such as caspase-
3 activity and Bax-Bcl2 ratio induced by rapid pacing (Sepulveda et al. 2013). In addition
CaMKI| activates several isoforms of NADPH oxidase (Sanchez et al. 2005; Yamamoto et al.
2006). KN-93 also prevents rapid pacing-induced ROS production indicating that the ROS
produced during rapid pacing is CaMKII-dependent (Sepulveda et al. 2013). An increase in
intracellular calcium activated CaMKIIl which further led to up-regulation of NADPH
oxidase (Nishio et al. 2012). Increased ROS production by CaMKII activation is cytosolic
calcium-dependent (Odagiri et al. 2009). Also, CaMKII is activated by ROS-induced
oxidation by mitochondrial membrane depolarization in a Ca?* independent manner
(Erickson et al. 2008). Hence, a positive feedback regulation of CaMKII activity is possible
by ROS, increased in a Ca?* dependent fashion. A recent report showed that CaMKII
activation increased the activity of NHE (Na*/H" exchanger) which may generate a vicious
circle leading to ROS increase by mutual enhancement between CaMKII and NHE (Vila-
Petroff et al. 2010).

It has been proposed that CaM (calmodulin) induced changes in mitochondrial Ca?*
homeostasis may lead to mitochondrial ROS production by affecting the oxidant buffering
potential. Also, phosphorylation of CaMKII targets such as & subunit of ATP-synthase and
monoamine oxidase which are located in the outer membrane of mitochondria might have
influenced the rate of respiration and further the production of ROS (Andreyev et al, 2005).
Ca?" dependent dehydrogenases that transfer more electrons to the respiratory chain and
stimulate oxidative phosphorylation may be activated by CaM induced changes in
mitochondrial Ca®* (Odagiri et al. 2009). In another study, transient potential receptor
melastatin-2 (TRPM-2), a Ca®" permeable cation channel and CaMKII cascade were
activated by oxidative stress to further induce intracellular ROS production. This TRPM2-
Ca?*-CaMKII-ROS signal loop led to mitochondria fragmentation and loss of mitochondrial
membrane potential (Wang et al, 2017). We also studied the effect of KN-93 on ROS
production in stimulated cardiomyocytes and observed a complete reduction in ROS as
compared to ISO-treated cells indicating that the phosphorylation of CaMKI| is essential for

ROS production. Further studies on how CaMKII induces ROS and if the process is Ca?*
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dependent or independent have to be performed to unveil the regulation of ROS by CaMKII.
Also, our experiments revealed that opening mitochondrial potassium ATP channel with
diazoxide prevented phosphorylation of CaMKII induced by ISO. These observations provide
clues on altered Ca** homeostasis and mitochondrial respiration rate possibly due to
mitochondrial membrane depolarization. Calcium and electron transport changes in
mitochondria by B-adrenergic stimulation might contribute to changes in ROS production. In
addition KN-93 restored the levels of CREB induced by ISO implicating that CREB
phosphorylation at Ser -133 residues is mediated by CaMKII.

8.6. REST and miR-132

REST is a transcriptional repressor that actively represses neuronal gene expression in non-
neuronal cells (Qureshi and Mehler 2009). Upon neuronal differentiation REST is targeted to
proteolysis by conjugating it to ubiquitin by the E3 ubiquitin ligase SCFFTR enabling REST
target genes to express (Westbrook et al. 2008). REST is involved in the expression of miR-
132 which is demonstrated as an increased miR-132 expression in mouse embryonic
fibroblasts expressing a dominant negative form of REST (Conaco et al. 2006). Entire miR-
212/132 locus is under the control of REST as both miR-212 and miR-132 are derived from
the same primary transcript (Wanet et al. 2012). In our studies we observed that REST is
down-regulated in ISO treated cells within 30 min. As REST negatively regulates miR-132,
we might relate this effect to the enhancement in miR-132 expression by ISO. Consistent
with the observation that levels of REST were restored by Dzx in the presence of ISO we
found a significant reduction in miR-132 expression by Dzx, in addition to its effects on p-
CREB. Therefore, Dzx regulates the expression of miR-132 through two different pathways:
pCREB and REST, unlike KN-93 neither restored the levels of REST in the presence of ISO

nor brought the levels of miR-132 back to normal values in ISO- treated cells.

Stability of REST is regulated by the SCFPTRCP an E3 ubiquitin ligase which leads to
ubiquitination and subsequent proteasomal degradation in both non-neuronal and neuronal
cells (Guardavaccaro et al. 2008; Westbrook et al. 2008). REST is phosphorylated and
targeted for B-Trcp dependent, ubiquitin-based proteasomal degradation by its association
with an upstream serine/threonine kinase, Casein kinase 1 (Kaneko et al. 2014). Hence,
studies using inhibitors for the proteasome such as lactacystin or MG132 or casein kinase 1
inhibitor, D4476 need to be performed to verify their actions on miR-132 expression and
hypertrophy. Although a detailed understanding on the mechanism of REST involvement in
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B-adrenergic stimulated cardiac hypertrophy has to be elucidated, we observed the

involvement of REST in a ROS-independent pathway in the regulation of miR-132 in

hypertrophy.

9.

10.

Conclusion

e The expression of miR-132 is regulated by ROS-dependent and ROS-independent
pathways.

e CaMKIlI plays an early role in the ROS-dependent phosphorylation of CREB.

e Both CREB and REST regulate miR-132 expression in I1SO-induced cardiac
hypertrophy.

e Diazoxide reduced miR-132 expression by targeting both CREB and REST
expression.

e Diazoxide reduced cardiac hypertrophy induced by ISO.

Perspectives

Diazoxide provides anti-hypertrophic effects by down-regulating the expression of miR-
132 in both ROS dependent and independent manners. A pharmacological agent that can
target both CREB and REST transcription factors could prove effective in reducing miR-
132 expression and hypertrophy. Since, miR-132 targets FoxO3, an anti-hypertrophic and
pro-autophagic transcription factor, the actions of diazoxide on FoxO3 expression could
be the successive aim for study. Delineating the mechanism by which diazoxide regulates
miR-132 expression will provide insights on therapeutic strategies targeting factors

involved in transcription for growth and differentiation and apoptosis.

Restoring REST levels using proteasome inhibitors to prevent its degradation and
evaluating its effect on hypertrophic process could be an interesting outcome. The role of
REST in the expression of miR-132 and development of hypertrophy is less explored.
Thus, studies using inhibitors for CREB and REST on the factors involved in ROS-
dependent and independent pathways will provide better understanding on the molecular
mechanism of isoproterenol-induced cardiac hypertrophy.
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11. Appendices
Appendix A

Mitochondrial Kate channels in cardiac hypertrophy

NADPH Oxidase
btk

ROS mediated signaling Calcium signaling
MAPK (ERK1/2, p38), (calcineurin-NFAT, SERCA2)
NF-kB, etc.

Cardiac hypertrophy, fibrosis, apoptosis Cardiac failure

Figure Al. Proposed signaling mechanism of angiotensin/Gaq and mitochondrial ROS
amplification in aging and cardiovascular diseases. AT1-R, angiotensin receptor-1; Nnt,
nicotinamide nucleotide transhydrogenase. Modified from Dai et al, (2012).

Pharmacological interventions in the mitochondria during heart disease

Pharmacological Mitochondria Physiological/clinical References
agent target and effect implications
Metformin Activation of Preservation of cardiac | (Benes et al.
AMPK signalling | function, infarct size | 2011; Yin et al.
reduction 2011; Gundewar
Activation of Improved left ventricular | et al. 2009)

AMPK signalling, | function
increased PGC-1a

Angiotensin receptor- | Currently unknown | Improved cardiac function | (Suematsu et al.

neprilysin inhibitor and reduced fibrosis in 2016; Solomon
(e.g., rats, reduced et al. 2016)
Sacubitril/Valsartan) cardiovascular death and

heart failure
hospitalization in humans
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Nonselective

(e.g.,Cardevilol)

beta
blocker/alpha-1 blocker

Increased PGC-la
mediated by PKA-
CREB

Elevated heart rate in
patients with  reduced
ejection fraction

(DeVore et al.
2016)

Phosphodiesterases
type 5 inhibitor

Upregulation of
PGC-1la, increase
in mtDNA content

Delayed heart failure
progression and reversed
cardiac remodelling

(Schwartz et al.
2012)

Tetrahydrobiopterin
(BH4)

Prevention of
eNOS uncoupling

Reduced left ventricular
hypertrophy, cardiac

(Moens et al.
2011, 2008)

dysfunction, and fibrosis
due to pressure overload
(mouse model)

Activation of | Decreased left atrial (Chong et al.
Reseveratrol P.ISK/A.‘KT/ENOS flbr_os_ls, re_gu]ated 2015; Biala et
signalling pathway | variation in ion channels
al. 2010)

Activation of
SIRT1 and
mitochondrial
biogenesis marker

Ameliorated Ang-I1
induced cardiac
remodelling

Table Al. A summary of selected common and recent mitochondrial targeting
pharmacologic drugs used in patients with heart failure. AMPK, adenosine monophosphate-
activated kinase; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a;
PKA, protein kinase A; CREB, cAMP response element binding protein; eNOS, endothelial
nitric oxide synthase; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; SIRT1, silent
mating type information regulation 2 homolog 1; Ang II, angiotensin Il (Marquez et al.

2006).
Appendix B
Reactive oxygen species in cardiac hypertrophy

Activation of many signal transduction protein Kinases, transcription factors, stimulation of
DNA synthesis and expression of growth-related genes and regulation of myocardial
excitation-contraction coupling involves redox signalling processes (Finkel 1999; Li and
Shah 2004; Gao and Keene 1996). Myocardial infarction and rapid-pacing induced heart
failure involve ROS derived from mitochondria (Ide et al. 2001). Activation of mitogen-
activated protein kinases and transcription factor nuclear factor-kB is mediated by ROS
produced by hypertrophic agonists. Norepinephrine, endothelin-1, angiotensin II, tumor
necrosis factor a or pulsatile mechanical stretch induce cardiac hypertrophy in cultured

cardiomyocytes and involve ROS production as evidenced by inhibition with antioxidants
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(Cave et al. 2005). In angiotensin Il induced left ventricular hypertrophy model, there is an
increase in atrial natriuretic factor expression, a marker of hypertrophy which is inhibited in a
Nox-2 knockout mice. This indicated that hypertrophy induced by angiotensin Il is dependent
on Nox-2 (Bendall et al. 2002). Pressure overload left ventricular hypertrophy development is
due to ROS production following uncoupling of nitric oxide synthase indicating that Nox-2 is

central to development of hypertrophy (Takimoto et al. 2005).

Alpha-adrenergic receptor hypertrophic signalling in adult rat ventricular myocytes is
dependent on a small GTPase RAS in a redox-sensitive manner. Thiols on RAS are post
translationally modified by thioredoxin-1 (Kuster et al. 2005). MEK1/2, ERK1/2 and
P90ASK are phosphorylated within 5 min after acute activation of RAS in cardiomyocytes.
NADPH oxidase activation is mediated by RAS to generate intracellular ROS. Superoxide
production is inhibited by dominant negative Ras or Rac 1 in fibroblasts transformed with
constitutively active isoform of p21Ras and H-Ras"*? (Irani et al. 1997).

CaMKIl
PKC?
H
NHE-1 /\
Na' -
3 Na’ ‘-)

NCX

\Ciijaz‘

Figure B1. Potential sites of positive feedback mechanisms involved in
mitochondrial ROS production during activation of RAAS. H20; released by mitochondria
during the ROS-induced ROS-release mechanism can activate NOX (possibly via CaMKII or
PKC activation), cycling the mitochondrial ROS production (positive feedback 1).
Mitochondrial ROS contributes maintain the opening of mitoKarp channels (positive
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feedback 2), perhaps through activation of PKC. Finally, intracellular Ca?* augmentation
after NHE-1 and NCX reverse mode stimulation induces mitochondrial Ca2* load and further
generation of ROS (positive feedback 3) (De Giusti et al. 2013). Mitochondrial ROS
contribute to maintain the opening of mitoKater channels (positive feedback 2), perhaps
through the activation of PKC (feedback 3).

Appendix C

Calcium and its regulatory proteins

Myocyte's contractile function is tightly regulated by the myocyte’s components of
excitation-contraction (E-C) coupling. In myocytes calcium release and uptake are regulated
during the contraction process and excessive calcium can lead to pathological conditions.
During excitation-contraction coupling the interaction between L-type calcium channel and
the sarcoplasmic reticulum calcium release channel, ryanodine receptor 2 (RyR2) leads to a
large amount of calcium through a process called calcium induced calcium release (CICR),
activating the myofilaments and leading to contraction (Bers DM, 2008). Several calcium
handling pumps, kinases, transporters and channels regulate calcium entry, extrusion and
storage and modifications in calcium handling leading to calcium dysregulation contributes to
pathological hypertrophy and heart failure. Severe contractile dysfunction features have been
reported in an animal model of pressure-overload cardiac hypertrophy in transition to failure,
in which SERCA2a protein levels and activity are decreased. Both systolic and diastolic
functions are restored by overexpression of SERCAZ2a by gene transfer in vivo (Miyamoto et
al. 2000; del Monte et al. 2001).

In human and animal models of hypertrophy and heart failure the less abundant IP3R
increased many fold particularly in the dyadic junction implicating that these channels may
be associated with pathological signalling (Higazi et al. 2009; Kockskédmper et al. 2008).
Activation of IPsR is linked to al adrenergic receptor (alAR)-induced Ca®* spark rate and
global Ca?" oscillations and catecholamine-induced cardiomyocyte hypertrophic growth in
neonatal rat ventricular myocytes (Luo et al. 2007). Hypertrophic agonist stimulated cardiac
hypertrophy remodelling in vivo is enhanced by genetic manipulations of IP3R signalling
(Nakayama et al. 2010). Also, calcium dependent transcription factors are activated by
increased IPs-induced calcium release in the perinuclear region leading to expression of
hypertrophic genes (X. Wu 2006; Harzheim et al. 2009).
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Figure C1. Ca?'-dependent signaling in excitation-transcription coupling via Ca-CaM.
CaMKIIS can acutely regulate ion channels (that carry Ina and lcs) and Ca?* handling proteins
(RyR2, IP3R, PLN), contributing to trigger arrhythmias such as early and delayed
afterdepolarization (EADs and DADs). G protein-coupled receptor (GPCR) agonists
endothelin-1 (ET-1) and phenylephrine (PE) activate Gag/py and phospholipase C (PLC) to
produce diacylglycerol (DAG), which can activate protein kinases C and D. PKC, CaMKI|,
and PKD can phosphorylate (P) HDAC, and calcineurin (CaN) can dephosphorylate nuclear
factor of activated T cells (NFAT), altering nuclear MEF2- and GATA-dependent
transcription (Bers 2011).

61



Gene/splicing  Type Strategy Cardiac phenotype Location References

variant

CaMKIIsB Gain of function  aMHC-driven transgene Cardiac hypertrophy Nucleus Zhang et al., 2002b

CaMKIIsC Gain of function  aMHC-driven transgene Dilated cardiomyopathy Cytosol Zhang et al,, 2003

CaMKII§ Loss of function  Global knockout exons 9-11  Protection from fibrosis, dysfunction, Nucleus/Cytosol  Ling et al., 2009
and late hypertrophy

CaMKII§ Loss of function  Global knockout exons 1-2 Protection from early hypertrophy and ~ Nucleus/Cytosol ~ Backs et al., 2009
fibrosis

CaMKlly Loss of function  Global knockout exons 1-2  Not investigated Nucleus/Cytosol  Backs et al., 2010

Cardiomyocyte-specific transgenic overexpression of CaMKIIs (splice variants B and C) are driven by the « MHC promoter. Global knockout models for CaMKIIs were
generated by two labs. The second cardiac CaMKiIl isoform, CaMKlly, has so far not been investigated with regard to cardiac stress situations.

Table C1. Genetic mouse models for CaMKIIS and y (Kreusser and Backs 2014).

Myocyte enhancer factor 2 (MEF2) proteins are responsive to calcium-controlled signalling
pathways such as CaMK and calcineurin (McKinsey et al, 2002). They are an important
target for several hypertrophic signalling pathways. Their basal activity is essential for
cardiomyocytes homeostasis maintenance via regulation of genes responsible for it (Azzouzi
et al. 2010). Pro-hypertrophic calcium dependent pathways such as calcineurin and CaMKI|,
PKD, PKC, MAPK-1, and p38- MAPK have been reported to upregulate the activity of
MEF2. These pathways have shown to decrease the expression of NADH dehydrogenase
subunit 6 (ND6) which is a part of complex 1 of oxidative phosphorylation system serving as
the main source of energy in cardiac muscle. Reduction in ND6 expression leads to an
increase in reactive oxygen species production resulting in cell death followed by pressure
overload (Azzouzi et al. 2010).

Appendix D

Micro RNAs in cardiac hypertrophy

Thoracic aortic banding or constitutively activated calcineurin signalling induced cardiac
hypertrophy revealed that several microRNAs are both up and down-regulated. miR-1, one of
the most abundant cardiac microRNA negatively regulated the progression of cardiac
hypertrophy in a transverse aortic constriction (TAC) rodent model. miR-1 targets several
hypertrophic genes such as cyclin-dependent kinase 9 (cdk9), Ras GTPase-activating protein
(RasGAP), Ras homolog enriched in brain (Rheb) and fibronectin (Sayed et al. 2007). Also,
miR-133 regulated cardiac hypertrophy by targeting multiple anti-hypertrophic genes

including Rhoa, signal transduction kinase cell divison control protein 42 (Cdc42), guanosine
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triphosphate-guanosine diphosphate (GDP-GTP) exchange protein and the nuclear factor,
negative elongation factor complex member A (Nelfa/Whsc 2) (Wang et al. 2016).

The first characterized microRNA involved in inducing cardiac hypertrophy is miR-195. This
microRNA was up-regulated both in human and mouse hypertrophied hearts. miR-195
overexpression in cultured neonatal rat cardiomyocytes is sufficient to induce cardiac
hypertrophy (van Rooij et al. 2006). miR-195 is a pro-hypertrophic factor that leads to dilated
cardiomyopathy and heart dysfunction in vivo (Harris et al. 2006). miR-208a, miR-208b and
miR-499 are a family of microRNAs called myomiRs that are encoded by introns of the
separate myosin heavy chain genes and are located within the Myh6, Myh7 and Myh7b genes
respectively (van Rooij et al. 2009). miR-208a overexpression is sufficient to induce cardiac
hypertrophy by upregulating Myh7, resulting in cardiac systolic dysfunction (Callis et al.
2009).

MiRNAS Targets MiRNA-mMRNA Models References
Pro- interaction

hypertrophic

miR-155 Tp53inpl p53 NMCFs and AMI | (He et al. 2016)
mouse
miR-199a Gsk-3p P13k-Akt NRCMsand TG | (Lietal. 2017)
mouse
miR-199b Dyrkla calcineurin/NFAT NRCMs and (da Costa
TAC mouse Martins et al.
2010)
miR-19a/b Atroginl calcineurin/NFAT NRCMs and (Song et al.
TAC mouse 2014)
Murfl PKC NRCMs and
TAC mouse
miR-208a Thrapl Thyroid hormone NRCMs, TAC (Callis et al.
and TG mouse 2009)
Myostatinl | Cell NRCMs, TAC
growth/differentiatio | and TG mouse
n
miR-21 Pten PI3k-AKT Human (Dey et al. 2012)
glomerular

mesanglial cells
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miR-21-3p Hdac8 AKT/Gsk3p TAC mouse (Yanetal. 2015)
miR-132/212 Foxo3 PI3K-Akt H9c2 cells and (Ucar et al.
family TAC mouse 2012)
miR-22 Sirt1 AMPK NRCMs, miR-22 | (Huang et al.
KO mice 2013)
Hdac4 AMPK NRCMs, miR-22
KO mice
NRCMs (Xu et al. 2012)
Pten PI3K-AKT
miR-221 p27 PI3K-AKT NRCM, TAC (Wang et al.
mouse
2012)
miR-23a Foxo3a PI3K-AKT NMCMs, TAC (Wang et al.
and TG mouse 2012)
Lpal PI3K-AKT (Yang et al.
NRCMs 2013)
miR-27b Ppary PPAR NRCMs, TAC (Wang et al.
and TG mouse 2012)
miR-30a Beclin 1 Autophagy NRCMs, TAAC | (Panetal. 2013)
rat
miR-328 Serca2a cGMP-PKG NRVCs, TAC (Lietal. 2014)
and TG mouse
miR-350 Mapk11/14 | MAPK H9c2 cells and (Ge et al. 2013)
TAC rats
Mapk8/9 MAPK

H9c2 cells and
TAC rats

Table D1. Summary of reported miRNAs and their targets in cardiac hypertrophy (Wang et

al. 2016).
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Appendix E
E. Results
E 1. pCREB expression is higher in the nucleus of 1SO-treated cells

A. B.

Control ISO

Dzx+1SO

Figure E1. pCREB expression is higher in the nucleus of ISO-treated cells. Confocal
images of adult rat ventricular myocytes that were treated under indicated experimental
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conditions. Images above show Hoechst stained nuclei (blue; upper left), pPCREB expression
(Red; upper right) and merge image in A. Control cells, B. ISO-treated cells and C.
Dzx+ISO-treated cells.
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