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Abstract

Myocardin is a transcriptional co-activator required for cardiovascular development, but also promotes cardiomyocyte
survival through an unclear molecular mechanism. Mitochondrial permeability transition is implicated in necrosis, while
pore closure is required for mitochondrial maturation during cardiac development. We show that loss of myocardin function
leads to subendocardial necrosis at E9.5, concurrent with elevated expression of the death gene Nix. Mechanistically, we
demonstrate that myocardin knockdown reduces microRNA-133a levels to allow Nix accumulation, leading to
mitochondrial permeability transition, reduced mitochondrial respiration, and necrosis. Myocardin knockdown elicits
calcium release from the endo/sarcoplasmic reticulum with mitochondrial calcium accumulation, while restoration of
microRNA-133a function, or knockdown of Nix rescues calcium perturbations. We observed reduced myocardin and
elevated Nix expression within the infarct border-zone following coronary ligation. These findings identify a myocardin-
regulated pathway that maintains calcium homeostasis and mitochondrial function during development, and is attenuated
during ischemic heart disease. Given the diverse role of Nix and microRNA-133a, these findings may have broader

implications to metabolic disease and cancer.
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Introduction

The formation of the mammalian heart during embryogen-
esis is orchestrated by a core set of cardiomyocyte-enriched
transcription factors that govern the cellular phenotype by
regulating the expression of genes involved in lineage
specification, differentiation, patterning, and cell survival
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[1]. This highly conserved genetic network is reinforced by
transcriptional co-activators that modulate cardiac gene
expression and dictate target-gene specific activation [2].
Myocardin is a cardiomyocyte- and smooth muscle cell-
restricted transcriptional co-activator that physically inter-
acts with several core cardiac transcription factors, includ-
ing SRF, MEF2C, GATA4, and TbxS5, to regulate gene
expression during both cardiovascular development and
post-natal cardiovascular remodeling [3-6]. Cell program-
ming experiments have demonstrated that a transcription
factor ‘cocktail’ comprised of GATA4, MEF2C, and Tbx5
(ie. GMT) can directly convert fibroblasts to functional
cardiomyocyte-like cells [7]. Interestingly, the addition of
myocardin to the GMT and Hand2 cocktail enhances the
conversion of human fibroblasts by up to 40% [8]. These
observations suggest that myocardin plays a potent co-
activator role during cardiomyocyte differentiation. Original
gene targeting studies in mice harboring homozygous null
alleles for myocardin identified a critical role for this tran-
scriptional co-activator during vascular smooth muscle
differentiation and yolk sac vascularization [9]. More
recently, myocardin floxed mice were crossed with CMV-
Cre and Nkx2.5-Cre transgenic mice, and offspring display
exacerbated cardiomyocyte cell death and defects in pro-
liferation, resulting in hypoplastic ventricles, heart failure,
and embryonic lethality [10]. Furthermore, the block in
cardiomyocyte proliferation was due to a defect in bone
morphogenetic protein-10 (BMP10) expression and signal-
ing; however, the direct cause of cell death in the devel-
oping ventricles was less clear. Moreover, the direct
transcriptional targets of myocardin that regulate this sur-
vival phenotype remain unknown. However, electron
microscopy identified cardiac nuclear condensation and
apoptotic body formation, with the addition of mitochon-
drial swelling [10]. Conditional cardiac deletion of myo-
cardin in adult mice using a tamoxifen-inducible system led
to rapid deterioration in cardiac function, sarcomeric dis-
organization, and lethal heart failure [11]. Given the rapid
deterioration of cardiac function in these animal models,
combined with the degree of cell death in the myocardium,
we hypothesized that multiple modes of cell death, in
addition to apoptosis, were involved in the deterioration of
cardiac function when myocardin is genetically inhibited.
Cardiomyocytes rely on mitochondria as a primary
source of ATP, and mature cardiomyocytes may contain as
much as 35% cellular volume of mitochondria [12]. These
observations make cardiomyocytes ideally suited to study
mitochondrial-related disease mechanisms. Mitochondrial
permeability transition is a term describing the phenomenon
where the inner mitochondrial membrane permeabilizes and
allows passage of solutes surpassing a kilodalton in size.
This results in rapid dissipation of the mitochondrial
membrane  potential, respiratory uncoupling, and
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mitochondrial swelling [13]. If prolonged, mitochondrial
permeability transition will lead to mitochondrial rupture
and cell death resembling a necrotic phenotype. Although
originally associated with apoptosis, mitochondrial perme-
ability transition leading to cell death has been recently
termed mitochondrial permeability transition-driven regu-
lated necrosis to replace the previous controversial term
‘programmed necrosis’ [14]. The components of the mito-
chondrial permeability transition pore (MPTP) have been
historically elusive; however, recent studies implicate a
conformational change in the mitochondrial ATP Synthase
as the fundamental pore structure [15], where Bax and Bak
serve as outer member modulators of permeability transition
[16]. Although these components are ubiquitously expres-
sed in virtually all tissues, recent studies have defined a
developmental role for the MPTP in the heart, where pore
closure is required for proper cardiac myocyte differentia-
tion, accumulation of mitochondrial content, and mature
mitochondrial cristae formation [17].

Accumulating evidence suggests that mitochondrial
permeability transition and necrosis are intimately linked
with ischemic and mitochondrial-related diseases [14, 18,
19]. An important component of regulated necrosis involves
permeability transition triggered by elevations in matrix
calcium concentration and reactive oxygen species [14].
Evidence supporting the important nature of regulated
necrosis in models of heart disease comes from several
studies, by independent laboratories, demonstrating that
mice genetically deficient in the mitochondrial matrix pro-
tein cyclophilin D, or its pharmacological inhibition by
cyclosporine A, are protected against permeability transition
and necrosis triggered by cardiac ischemia [20, 21]. Fur-
thermore, mice deficient in the mitochondrial calcium uni-
porter are protected from ischemia-reperfusion injury
[22, 23].

Nix (ie. Bnip3L) is an atypical BH3-only member of the
Bcl-2 family that has been demonstrated to regulate apop-
tosis, necrosis, autophagy, and mitophagy in numerous cell
types and several cancers [24]. Nix function has been stu-
died in the heart during pathological remodeling events that
lead to heart failure [25, 26]. Since its discovery, it has been
noted that Nix, and the homologue Bnip3, could induce cell
context-dependent apoptotic or necrotic cell death [27, 28].
Newer findings suggest that Nix can be targeted to either the
mitochondria or the endoplasmic/sarcoplasmic reticulum
(SR), where mitochondrial-targeted Nix activates apoptotic
cell death, and SR-targeted Nix induces necrosis [29, 30].
The mechanism responsible for this alternative cellular
targeting remains unknown, as does the exact mode of
killing in these different subcellular locations. However,
in vivo studies suggest that Nix preferentially localizes to
the SR during pressure overload-induced cardiac remodel-
ing [30].
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We recently identified microRNA-133a (miR-133a) as
an important regulator of mitochondrial function and insulin
sensitivity through the repression of Nix expression [31].
Previous reports observed that miR-133a is downregulated
in human heart failure and in animal models [32, 33]. These
findings prompted us to examine the regulation of miR-
133a and Nix expression by myocardin in both the devel-
oping heart and in animal models of necrotic cardiac injury,
where mitochondrial permeability transition has been
demonstrated to play a critical biological role.

In this report, we present evidence of subendocardial
necrosis in myocardin knockout embryos, concurrent with
elevated Nix expression. Through detailed gain-of-function
and loss-of-function approaches, we define a genetic path-
way regulated by myocardin that drives mitochondrial
function, maintains calcium homeostasis, and reduces car-
diomyocyte sensitivity to permeability transition-driven
necrosis. Moreover, we provide evidence that this genetic
pathway is attenuated within the infarct border-zone fol-
lowing coronary ligation, but not during doxorubicin-
induced cardiac necrosis. These findings highlight the spe-
cificity of this genetic pathway and suggest that necrosis
within the infarct border-zone is uniquely regulated com-
pared to toxicity-induced necrosis in the heart.

Results

Silencing of myocardin increases Nix expression
through a miR-133a-dependent mechanism

Consistent with a role for myocardin in the regulation of
necrosis, in addition to apoptosis, examination of E9.5
myocardin-null embryos revealed elevated Nix expression
in the heart (Fig. 1a). E9.5 is 1-day prior to the reported
cardiovascular failure and embryonic lethality of myocardin
knock-out mice [10]. Previous studies have implicated Nix
in cardiac necrosis [29, 30]; therefore, we stained
myocardin-null embryos for an early and specific marker of
necrosis, called HMGB1 [34-36]. HMGBI1 is a chromatin-
binding protein that is exported into the cytoplasm during
necrosis, and is eventually released into the interstitium
where it contributes to the inflammatory response [35]. We
observed cytoplasmic HMGB1 in the subendocardial region
of hearts from myocardin-null embryos, compared to a
nuclear localization in control embryos, suggesting removal
of myocardin function during cardiac development leads to
myocyte necrosis (Fig. 1b).

Recently, we identified miR-133a as an important reg-
ulator of Nix expression in cardiac, skeletal, and smooth
muscle cells [31]. Thus, we tested the hypothesis that
myocardin regulates Nix expression through a miR-133a
dependent mechanism. We knocked-down myocardin
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expression in both primary neonatal rat ventricular cardio-
myocytes and in the H9¢c2 myocyte cell line, using lentiviral
and plasmid-based shRNA vectors, respectively. Knock-
down of myocardin in these cellular models resulted in
simultaneous decreased expression of miR-133a and
increased expression of Nix (Fig. lc—f). Since myocardin
does not bind to DNA directly, and regulates gene expres-
sion primarily through interaction with SRF, we knocked-
down SRF and observed a comparable decrease in miR-
133a expression, and no additional decrease in miR-133a
expression when both SRF and myocardin were knocked-
down (Fig. 1f). Furthermore, reconstitution of miR-133a
expression attenuated Nix expression following myocardin
knock-down (Fig. 1g), suggesting that miR-133a is suffi-
cient to repress Nix expression independent of myocardin
function. In addition, we performed a PCR-based gene
expression array in H9c2 cells following myocardin
knockdown using a commercially available cell death
pathway finder array (Fig. 1h and Supplemental Table 1).
Interestingly, few if any survival genes were reduced by
50% or more, and only three death genes were increased by
2-fold using this array. Although not exhaustive, this
observation led us to speculate that the genetic pathway
connecting myocardin function to Nix expression was
biologically relevant in cardiac myocytes.

Myocardin regulates mitochondrial function and
permeability transition

In order to understand how inactivation of myocardin leads
to cardiomyocyte necrosis, we used RNA interference in
primary cardiomyoctes and H9c2 cells and assessed mito-
chondrial- and cell viability-parameters by fluorescent
microscopy. In primary cardiomyocytes, knockdown of
myocardin led to loss of mitochondrial membrane potential
and mitochondrial permeability transition, determined by
the calcein-cobalt chloride staining method (Fig. 2a—c).
Similar findings were observed in the H9c2 cell line
(Fig. 2d, e). Furthermore, knockdown of myocardin
increased the percentage of necrotic cells, determined by
ethidium homodimer staining in both primary cardiomyo-
cytes and H9c2 cells (Fig. 2f-h). As a positive control, we
treated primary cardiomyocytes with isoproterenol (100 uM
for 18h), as excessive P-adrenergic stimulation has been
previously implicated as an important trigger for perme-
ability transition and cardiac necrosis [37]. Shown in Sup-
plemental Fig. 1A-C, isoproterenol affected mitochondrial
membrane potential, permeability transition, and ethidium
homodimer staining in a comparable manner to myocardin
knockdown. We also evaluated respiration in cardiomyo-
cytes using a metabolic flux analyzer (Seahorse, XF24).
While myocardin knockdown had no effect on basal
respiration in neonatal rat ventricular myocytes. When
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Fig. 1 Silencing of myocardin increases Nix expression through a
miR-133a-dependent mechanism. a, b E9.5 wild-type (WT) and
myocardin knock-out (KO) mouse embryos were fixed, mounted and
stained for confocal immunofluorescence. Dapi (blue) identifies nuclei.
Inserts identify myocardium. ¢, d Primary ventricular neonatal cardi-
omyocytes were transduced with an shRNA targeting myocardin (sh-
Myocd) lentivirus or scrambled control. Cells were fixed and stained,
as indicated, and visualized by fluorescent microscopy. e H9c2 cells
were transfected with sh-Myocd or scrambled control. Protein extracts
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were immunoblotted as indicated. f H9c2 cells were transfected with
sh-Myocd, sh-SRF, as indicated, and RNA extracts were analyzed by
real-time PCR for microRNA-133a (miR-133a). g H9c2 cells were
transfected sh-Myocd or a scrambled vector, and miR-133a. Protein
extracts immunoblotted for Nix expression. h H9c2 cardiac myocytes
were transfected as in e. Isolated RNA was analyzed by PCR-based
array. Data are expressed as mean + SE. *p <0.05 compared to control,
determined by one-way ANOVA
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<« Fig. 2 Myocardin regulates mitochondrial function and permeability

transition. a Primary ventricular neonatal cardiomyocytes (PVNM)
were infected with sh-Myocd or a scrambled control. Cells were
stained with TMRM or with calcein-AM and cobalt chloride (CoCl,,
5 uM) to determine mitochondria permeability transition. b Quantifi-
cation of TMRM; fluorescence signal normalized to cell area (relative
fluorescence) quantified in 10 random fields. ¢ H9c2 cells transfected
with sh-Myocd or scrambled vector; stained with TMRM and quan-
tified. d PVNM treated as in a; stained with calcein-AM and CoCl,,
and quantified. e H9¢c2 cells treated as in c¢; stained with calcein-AM
and CoCl,, and quantified. f PVNM treated as in a, stained with
calcein-AM and ethidium homodimer-1 (Eth HD-1) to identify living
(green) and necrotic (red) cells, respectively. g Quantification of
fluorescent images in f by calculating the percentage of necrotic cells
(Eth HD-1 Positive) in 10 random fields and over 200 cells per con-
dition. h H9c2 cells treated as in ¢, Eth HD-1 Positive cells quantified.
(i) PVNM treated as in a; to assess oxygen consumption rate (OCR).
PVNMs were injected with oligomycin (1 uM) [A], FCCP (1uM) [B],
and antimycin A (1 uM) and rotenone (1uM) [C]. OCR was corrected
by total cell number following analysis (n =9). j Calculated respira-
tion rates from i. k H9c2 cells were transfected as in ¢, along with
ATeam 1.03. Cells were analyzed by excitation of CFP and taking the
emission ratio of YFP to CFP (FRET Ratio) in 15 random fields and
35 cells per condition. 1 PVNM treated as in a, following treatment
with Dantrolene (DAN, 10uM; 18 h); DMSO used as a control vehicle.
Cells stained with calcein-AM and CoCl, and quantified. (M) PVNM
treated as in a, following treatment with cyclosporine A (CsA, 1uM),
2-aminoethoxydiphenyl borate (2APB, 2uM), or Ruthenium360
(Ru360, 10uM; 18 h). DMSO used as a control vehicle. Cells stained
with calcein-AM and CoCl, and quantified. Data are expressed as
mean + SE. *p <0.05 compared to control, **p <0.05 compared to
treatment, determined by one-way ANOVA

myocardin knockdown cells were challenged with the
mitochondrial uncoupler FCCP, reduced respiration was
observed (Fig. 2i, j). In addition, knockdown of myocardin
reduced cellular ATP levels, determined by the ATeam1.03
ATP biosensor (Fig. 2k). Finally, we observed that mito-
chondrial permeability transition, induced by myocardin
knockdown, was inhibited by the cyclophilin-D inhibitor
(cyclosporine A; 1 uM), the inositol triphosphate receptor
(IP3R) inhibitor (2APB; 10uM), and the mitochondrial
calcium uniporter inhibitor (Ru360; 10puM; Fig. 2m);
however, the ryanodine receptor (RyR) antagonist Dan-
trolene (Dan; 10 uM) had no effect on permeability transi-
tion induced by myocardin knockdown (Fig. 21). These
findings suggest the involvement of an IP3R-dependent SR-
to-mitochondria calcium transfer in the regulation of per-
meability transition when myocardin expression is reduced.

In order to perform the reciprocal gain of function
experiments, we used H9c2 cells transfected with myo-
cardin and evaluated the sensitivity of these cells to agents
known to induce mitochondrial permeability transition and
necrosis. Ionomycin is a calcium ionophore, previously
demonstrated to induce MPTP-dependent necrosis (Sup-
plemental Fig. 1E-F) [16]. Following myocardin transfec-
tion, or empty vector control, we treated cells with
ionomycin (2uM). Myocardin expression substantially
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reduced the number of ethidium homodimer-positive cells
and reduced mitochondrial permeability transition
(Fig. 3a—d). As a control, we treated cells with cyclosporine
A (1pM), and we observed a near complete reversal of
permeability transition following ionomycin treatment
(Fig. 3e). We also treated myocardin expressing H9c2 cells
with staurosporine (2uM), previously shown to induce
mitochondrial outer membrane permeability (MOMP) and
caspase-dependent apoptosis (Supplemental Fig. 1G-H)
[16]. As determined by MTT assay, myocardin expression
had no effect on cell viability when HO9c2 cells were
exposed to staurosporine (Fig. 3f).

Myocardin regulates myocyte calcium homeostasis

To more fully investigate the role of cellular calcium in
myocardin-regulated permeability transition, we used
organelle-targeted and genetically encoded calcium bio-
sensors, called GECOs (Genetically Encoded Ca®" indica-
tors for Optical imaging) [38]. We used the mitochondrial
matrix-targeted red GECO, known as Carmine (mito-car-
mine), and ER-targeted LAR-GECO (ER-LAR-GECO) [39,
40]. We rationalized that sustained activation of protein
kinase-A (PKA) would trigger an intracellular calcium
release from the SR that would be buffered by the mito-
chondrial. As a proof-of-concept experiment, we transfected
these GECO constructs into H9c2 cells and treated cells
with a combination of the adenylate cyclase activator for-
skolin (FSK; 10uM) and the pan-phosphodiesterase inhi-
bitor IBMX (500 uM), termed FSK-I. Shown in Fig. 4a—c,
FSK-I treatment reduced SR calcium and increased mito-
chondrial calcium, while the IP3R inhibitor 2APB blocked
the effects of FSK-I. Interestingly, the RyR blocker dan-
trolene had no effect on FSK-I induced calcium release
(Supplemental Fig. 2A). Furthermore, transfection of cells
with myocardin prevented both the SR calcium release and
the mitochondrial calcium accumulation triggered by FSK-I
treatment (Fig. 4d, e). Consistent with our hypothesis that
an SR-dependent calcium release leads to mitochondrial
permeability transition, we observed that FSK-I treatment
reduced mitochondrial membrane potential, reduced
calcein-cobalt chloride staining, increased mitochondrial
superoxide production, and the percentage of ethidium
homodimer positive cells (Fig. 4f—i). Moreover, expression
of myocardin rescued permeability transition and necrosis
induced by FSK-I treatment (Fig. 4f—i). In addition, FSK-I
induced mitochondrial membrane depolarization and per-
meability transition were blocked by 2APB treatment, while
isoproterenol increased mitochondrial calcium in primary
cardiomyocytes (Supplemental Fig. 2B-D). Myocardin
expression also reduced the expression of Nix, without
affecting other mitochondrial regulators, such as the mito-
chondrial biogenesis inducer PGC-la or mitofusin-2
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was used as a control vehicle. Cells were stained with calcein-AM and
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Fig. 4 Myocardin regulates mitochondrial calcium homeostasis. a
HO9c2 cells were transfected with a SR-targeted (above) or mitochon-
drial (mito)-targeted (below) calcium biosensor. Cells were pre-treated
with 2APB (2 uM, 2 h) followed by co-treatment with Forskolin (FSK,
10 uM) and 3-isobutyl-1-methylxanthine (IBMX, 500uM; FSK-I, 18
h), or DMSO as a control vehicle. b Quantification of SR-calcium and
¢ mito-calcium from a. Fluorescence signal normalized to cell area
(relative fluorescence) was quantified in 10 random fields. d H9c2
cardiac myocytes were transfected with Myocd or an empty vector,
and a SR-targeted calcium biosensor or (e) a mito-targeted calcium
biosensor; treated with FSK-I, and quantified. f H9c2 cardiac myocytes
transfected with Myocd or an empty vector and treated with FSK-I;
stained with TMRM, or (g) calcein-AM and CoCl,, or (h) Mito-Sox to
evaluate mitochondrial super oxide, or (i) calcein-AM and Eth HD-1;
10 random fields were quantified for each end-point. j H9c2 cells were
transfected with Myocd or empty vector. Protein extracts analyzed as
indicated. k H9c2 cells were transfected with sh-Myocd or scrambled
control, with the mito-calcium biosensor and stained with Hoechst to
visualize nuclei. 1 Quantification of k. Data are expressed as mean +
SE. *p <0.05 compared to control, **p < 0.05 compared to treatment,
determined by one-way ANOVA

(Fig. 4j). Finally, myocardin knockdown increased mito-
chondrial calcium accumulation, determined by the mito-
carmine biosensor (Fig. 4k, 1). Collectively, these findings
suggest that myocardin can alter the sensitivity of the SR-
dependent calcium release, which serves as a proximal
event to mitochondrial calcium uptake and MPTP opening.

The myocardin-dependent microRNA, miR-133a,
regulates mitochondrial function and permeability
transition

To evaluate the role of miR-133a in mitochondrial perme-
ability transition and necrosis, we transfected H9c2 cells
with miR-133a and assessed cell sensitivity to FSK-I
treatment. Shown in Fig. 5a, b, cells expressing miR-133a
displayed improved mitochondrial membrane potential
when exposed to FSK-I, and did not undergo permeability
transition to the same extent as control cells. Furthermore,
expression of miR-133a reduced the number of necrotic
cells following FSK-I treatment (Fig. 5c). Next, we
expressed the SR- and mitochondrial-targeted calcium
biosensors to assess if miR-133a expression could impact
calcium homeostasis. Cells expressing miR-133a were
desensitized to FSK-I induced SR calcium release, com-
pared to control cells (Fig. 5d). Furthermore, miR-133a
expression prevented mitochondrial calcium accumulation
triggered by FSK-I treatment (Fig. 5e). We also evaluated
respiration in H9c2 cells treated with FSK-I. Shown in
Fig. 5f, g, 18-h treatment with FSK-I significantly reduced
basal and maximal respiration in these cells; however, miR-
133a attenuated the effects of FSK-I on mitochondrial
respiration. Next, we performed a rescue experiment, where
we determined whether miR-133a expression could over-
come mitochondrial calcium accumulation when myocardin
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was knocked-down. Shown in Fig. 5h, myocardin knock-
down increased mitochondrial calcium levels; however,
when cells were co-transfected with miR-133a, mitochon-
drial calcium levels were restored to control levels. Finally,
we reconstituted Nix function by expressing a Nix con-
struct, which lacks the miR-133a 3’-UTR binding site, and
demonstrate that FSK-I induced elevations in mitochondrial
calcium were maintained, even in the presence of ectopic
miR-133a expression (Fig. 5i).

Myocardin regulates mitochondrial permeability
transition and calcium homeostasis through Nix

To further describe the role of Nix as a down-stream
effector of myocardin-regulated calcium homeostasis, we
performed a double-knockdown experiment and evaluated
mitochondrial calcium accumulation. Shown in Fig. 6a, b,
knockdown of myocardin increased mitochondrial calcium
and induced permeability transition; however, simultaneous
knockdown of Nix returned mitochondrial calcium to con-
trol levels and prevented permeability transition. Further-
more, expression of Nix in H9c2 cells induced
mitochondrial permeability transition, which was inhibited
by CsA treatment (Fig. 6¢). In addition, expression of Nix
reduced SR calcium and increased mitochondrial calcium
levels (Fig. 6d, e), and knockdown of Nix prevented FSK-I
induced permeability transition and necrosis (Fig. 6f and
Supplement Fig. 2E). Next, we performed cell fractionation
studies following myocardin knock-down. Although Nix
expression is greater in the mitochondria fraction than in the
ER/SR fraction, the primary induction of Nix following
myocardin knock-down occurred in the ER/SR fraction.
The mitochondrial fraction remained relatively unchanged
(Fig. 6g). Taken together, our data suggests that suppression
of Nix expression at the ER/SR is an important component
of myocardin-regulated calcium homeostasis and survival
phenotype.

In order to further understand how Nix regulates mito-
chondrial permeability transition, we engineered SR- and
mitochondrial-targeted Nix constructs (Supplemental
Fig. 2G) and evaluated mitochondrial calcium accumula-
tion. Expression of wild-type Nix increased mitochondrial
calcium levels (Fig. 6h). Interestingly, mitochondrial-
targeted Nix had no effect on mitochondrial calcium
levels, while SR-targeted Nix increased mitochondrial cal-
cium (Fig. 6h). These data implicate an SR-dependent cal-
cium release as an important aspect of Nix-induced
permeability transition. Previous studies have implicated
Bcl-2 as a regulator of IP3-dependent calcium release, and
Nix has been demonstrated to functionally interact with Bcl-
2 [27, 41, 42]. Thus, we utilized organelle-targeted Bcl-2
constructs to further interrogate mitochondrial calcium
accumulation [43]. Shown in Fig. 6i, j, expression of
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Fig. 5 Myocardin-dependent micro-RNA, miR-133a, regulates mito-
chondrial function and permeability transition. a—¢ H9¢c2 cells were
transfected with miR-133a or an empty vector, and treated with FSK-I
(18 h), or DMSO as a control vehicle; stained with TMRM (a) or (b)
with calcein-AM and CoCl,, or (¢) with calcein-AM and Eth HD-1. d
HO9c2 cells were transfected with a SR-targeted calcium biosensor,
treated with FSK-I, and quantified. e H9c2 were transfected with miR-
133a or an empty vector, a mito-targeted calcium biosensor, treated
with FSK-I, and quantified. f H9c2 cells were transfected with a miR-
133a mimic, and treated with FSK-I or vehicle control. Cells were

wild-type Bcl-2 attenuated Nix-induced calcium accumu-
lation and permeability transition. Consistent with our
organelle-targeted Nix constructs, only SR (ie. ER)-targeted
Bcl-2 could prevent Nix-induced mitochondrial calcium
accumulation and  permeability transition, while
mitochondrial-targeted Bcl-2 had no effect on these end-
points (Fig. 6i, j).

Myocardin expression is reduced in the border-zone
following myocardial infarction

To evaluate whether this pathway connecting myocardin
and Nix through miR-133a operates in vivo, we utilized two
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A (1 uM) and rotenone (1 uM) (c). OCR was corrected by total cell
number following analysis (n = 4). g Calculated respiration rates from
f. h H9c2 cells were transfected with sh-Myocd or scrambled control,
miR-133a, a mito-targeted calcium biosensor, and quantified. i H9c2
cells were transfected with miR-133a or an empty vector control, Nix
and a mito-targeted calcium biosensor. Cells were treated with FSK-I
(18h), or DMSO as a control vehicle and quantified. Data are
expressed as mean + SE. *p <0.05 compared to control, **p <0.05
compared to treatment, determined by one-way ANOVA

animal models of cardiac necrosis. First, we used a rat
coronary ligation model, and dissected the infarct border-
zone from the scar tissue, 4-weeks post-ligation [44]. The
border-zone is the area at risk within the left anterior des-
cending territory, that does not infarct within the first
24-hours following coronary ligation. By 4-weeks post-
ligation, this tissue is located immediately adjacent to the
infarct scar tissue. Left ventricle tissue from sham-operated
animals was used as control. We observed a 40% reduction
in myocardin mRNA within the infarct border-zone, and a
concurrent 45% reduction in miR-133a expression (Fig. 7a,
b). Consistent with our hypothesis, Nix expression was also
increased within the border zone (Fig. 7c, d). However,
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Fig. 6 Myocardin regulates mitochondrial permeability transition and
calcium homeostasis through Nix. a H9c2 cells were transfected with
sh-Myocd, sh-Nix, as indicated, a mito-targeted calcium biosensor and
quantified (b). H9c2 cells were transfected with sh-Myocd, sh-Nix; as
in (A) and stained with calcein-AM and CoCl, and quantified. ¢ H9c2
cells were transfected with Nix or empty vector control, treated with
cyclosporine A (CsA, 1 uM, 18 h); stained with calcein-AM and CoCl,
and quantified. d, e H9c2 cells were transfected with Nix or empty
vector control and (d) the SR-targeted calcium biosensor or (e) the
mito-targeted calcium biosensor, and quantified. f H9c2 cells were
transfected with sh-Nix or a scrambled control, treated with FSK-I

these gene expression changes were returned to control
levels by 8-weeks post-infarction (not shown). Second, we
used a doxorubicin (Dox)-induced cardio-toxicity model
[45]. C57BL6 mice received weekly intraperitoneal injec-
tions of Dox (8 mg/kg body weight) for 4 weeks. In contrast
to the infarction model, we observed a modest increase in
miR-133a expression and no change in myocardin expres-
sion in Dox-treated animals (Fig. 7e, f). Furthermore, we
observed a trend towards decreased Nix expression, but this
was not statistically significant in Dox-treated hearts
(Fig. 7g, h). These findings suggest that cardiac necrosis
in the infarct border-zone and Dox models have unique
features and the myocardin-Nix pathway is specifically
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(18 h), or DMSO as a control vehicle; stained with calcein-AM and
CoCl, and quantified. g H9c2 cells were transfected with sh-Myocd or
scrambled control. Mitochondrial and ER fractions were immuno-
blotted as indicated. h H9c2 cells were tansfected with Nix,
mitochondrial-targeted Nix (Nix-Mito), or SR-targeted Nix (Nix-SR),
and the mito-targeted calcium biosensor, and quantified. i H9¢2 cells
were transfected with Nix, wild-type Bcl2, mitochondrial-targeted Bcl-
2 (Bcl2-M), or SR-targeted Bcl-2 (Bcl2-SR), or empty vector control,
stained with calcein-AM and CoCl, j or transfected with mito-targeted
calcium biosensor, and quantified

and temporally regulated within the infarct border-

zone.

Discussion

Mitochondrial permeability transition in cardiomyocytes
has been implicated in both developmental processes and in
regulated necrosis occurring during cardiac pathologies;
however, the transcriptional regulation of these events
remains poorly defined. Here, we describe a myocardin-
regulated pathway that opposes mitochondrial permeability
transition through a calcium-dependent mechanism. We
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Fig. 7 In vivo analysis of the myocardin-miR133a-Nix pathway. a—d
Sprague Dawley rats were subjected to left coronary artery ligation, or
sham operation as a control. Following 4-weeks of recovery, the viable
infarct border-zone was harvested from the left ventricle. Extracts were
analyzed by real-time PCR for Myocardin (a), or miR-133a (b)
expression (n =4). Protein extracts were immunoblotted for Nix (c)
expression and subjected to densitometry (d, n=3). (E-H) C57BL6

also demonstrate that this pathway is operational during
embryonic cardiac development and within the infarct
border-zone during the recovery from coronary ligation. To
our knowledge, this is the first evidence of a direct
myocardin-target gene regulating cardiomyocyte survival.
Detailed evaluation of myocardin expression during
mouse embryogenesis previously documented that myo-
cardin transcripts are detectable as early as E9.5 in the
embryonic heart, and are robustly expressed throughout the
embryonic ventricles by E14.5 [46]. This is temporally
correlated with developmental closure of the MPTP [17].
Collectively, these findings are consistent with our data
demonstrating myocardin is a regulator of mitochondrial
permeability transition. In addition, conditional myocardin
knockout mouse models have demonstrated that there are
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mice received weekly intraperitoneal injections of doxorubicin (Dox;
8 mg/kg), or vehicle control, for 4 weeks. Extracts were analyzed by
real-time PCR for Myocardin (e), or miR-133a (f) expression (n = 4).
Protein extracts were immunoblotted for Nix (g) expression (n =4)
and subjected to densitometry (h). Data are expressed as mean + SE.
*p <0.05 compared to control, determined by Student's 7-test

developmental and post-natal ‘windows’ where genetic
inactivation of myocardin produces lethal cardiac defects
[10]. For example, genetic removal of myocardin using the
Nkx2.5-Cre line results in lethality at E13.5 due to cardiac
chamber maturation defects [10]. Furthermore, using Mer-
CreMer line for the tamoxifen-inducible removal of myo-
cardin in the mature adult mouse heart, which is highly
dependent on mitochondrial oxidative metabolism for ATP
production, results in rapid deterioration to heart failure
[11]. Conversely, 1 knockouts generated with the aMHC-
Cre line, which removes myocardin function after chamber
maturation and MPTP closure occurs, results in a delay in
mortality by up to 10 months, suggesting that loss of
myocardin function at this developmental stage can be
partially compensated for, at least transiently [11].

Official journal of the Cell Death Differentiation Association



Myocardin regulates mitochondrial calcium homeostasis and prevents permeability transition

Previous studies have implicated myocardin as a reg-
ulator of pathological hypertrophy elicited by aortic banding
[47]. Myocardin expression is increased following aortic
banding and produces hypertrophy when delivered to cul-
tured cardiomyocytes [47]. Our findings that myocardin
expression is reduced following coronary artery ligation
may at first seem contradictory to this study. However, the
infarct border-zone following coronary ligation is a unique
pathological environment, where myocytes are exposed to
metabolic stress induced by hypoxia/ischemia, adrenergic
stimulation, and mechanical stretch, which is undoubtedly
different than the afterload-induced and/or neurohumoral-
induced stress imposed by aortic banding.

Our findings are consistent with several important
developmental and post-natal cardiac remodeling studies
involving miR-133a and Nix, and help consolidate these
findings into a genetic pathway that operates during cardiac
ontogeny and during ischemic heart disease, where myo-
cardin serves as a proximal regulator of this pathway. In this
regard, miR-133a-1 and miR-133a-2 double knockout mice
display evidence of abnormal mitochondrial cristae forma-
tion in the heart and aberrant smooth muscle gene expres-
sion [48]. Furthermore, miR-133a repression has been
implicated in both rodent and human cardiac hypertrophy
[32] and diabetes-related cardiac remodeling [31], while
transgenic mice expressing miR-133a under control of the
oaMHC promoter display reduced levels of fibrosis during
pathological cardiac remodelling [33]. Previously, we
demonstrated that miR-133a was a direct transcriptional
target of MEF2C and SRF in cardiac, skeletal, and smooth
muscle cells [31]. However, we also observed that the gene
expression pattern of miR-133a was different in the heart
than in skeletal muscle [31]. Based on the observations in
the present study, we contend that the presence of myo-
cardin creates an addition layer of regulation over miR-133a
expression that is present in the heart, but not in myotubes
or mature skeletal muscle. Nix expression is induced fol-
lowing pressure overload and in genetic models of heart
failure, such as the transgenic Goq mouse, while Nix
knockout mice are protected from heart failure in these
models [49, 50]. However, highly purified mitochon-
dria isolated from Nix knockout animals are identical to
wild-type mitochondria in terms of permeability transition
triggered by exogenous calcium [30]. In addition, Nix
preferentially accumulates in the SR following aortic
banding resulting in enhanced caffeine-induced calcium
release [30]. These findings are consistent with our data,
and we provide addition insight into the function of Nix at
the SR/ER, and demonstrate that Nix depletes the SR cal-
cium content, which is buffered by mitochondria calcium
uptake at the expense of MPTP opening.

Recent progress has been made regarding the mitochon-
drial components and regulators of the permeability transition
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pore, and several studies have defined the importance of
MPTP-dependent necrosis in the pathophysiology of ischemic
cardiac and cerebrovascular diseases [14]. However, little is
known regarding the transcriptional regulation of permeability
transition, especially the tissue-specific regulation during
developmental or during pathological conditions. The data
presented here describe a genetic pathway that regulates
MPTP function during cardiac development and within a
discrete temporal period in the infarct border-zone following
coronary ligation. Our data also suggests that the transcrip-
tional regulation over permeability transition occurs through
calcium homeostasis, where Nix expression dictates the sen-
sitivity of the ER/SR to IP3R-activating stimuli. Furthermore,
previous literature suggests that an ER-to-mitochondrial cal-
cium transfer, occurring at the mitochondrial-associated
membrane of the ER, is an important regulatory component
of mitochondrial function and cell death [51, 52]. Additional
work is needed to determine if this pathway, or a similar
pathway, is conserved in multiple tissues, and to determine
how MPTP and necrosis is regulated in other pathologies.
Given the diverse roles of miR-133a and Nix in regulating
mitochondrial function, proliferation, and autophagy, dysre-
gulation of this genetic pathway may have broad implications
involving cardiometabolic disease, insulin resistance, and
cancer biology.

Materials and Methods

Myocardin-null embryos and Confocal
Immunofluorescence

Myocardin-null mice were generated using the homozygous
myocardin conditional mutant mice (Myocd™), which were
intercrossed with CMV-Cre (BALB/c-Tg(CMV-cre)1Cgn/
J) transgenic mice, as described previously [10]. Embryos at
day 9.5 (E9.5) were dissected, fixed, and mounted as
described previously [10]. Sections were prepared for
immunofluorescence using antibodies for Nix (Bnip3L,
CST #12396), or HMGB1 (CST #3935), as per manu-
facturer’s protocols, and nuclei were stained with Dapi.
Confocal microscopy was performed on a Zeiss Laser
Scanning LSM 700.

Plasmids and microRNA mimic

The myocardin-935 plasmid was provided by E. Olson, and
described previously [53, 54]. The shRNA targeting myo-
cardin was based on the targeting sequence previously
described by Yoshida et al (5'-GTTCCGATCAGTCTTA-
CAG-3’) [55]. Sense and antisense oligonucleotides con-
taining the target sequence were purchased from Sigma,
annealed, and ligated into pSilencer 3.0 H1 (Ambion;
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Addgene #100768) and pLKO.1-puro (Addgene #100769).
The Nix (Bnip3L pcDNA3.1) and shNix plasmids were a gift
from Wafik El-Deiry (Addgene #17467, 17469) [56]. Myc-
tagged Nix was generated using Bnip3L pcDNA3.1 as a
PCR template and ligating the subsequent amplicon into a
pcDNA3 backbone containing an N-terminal Myc tag
(EcoRI-Xhol; Addgene #100795). Flag-Bcl-2, Flag-Cb5, an
Flag-MaoB plasmids were gifted from Clark Distelhorst
(Addgene #18003, 18004, and 18005) [43]. ER-targeted and
mitochondrial-targeted Nix constructs were generating by
using Myc-Nix, the ER-targeting domain of cytochrome BS5
(from Bcl-2-Cb5), or the outer mitochondrial membrane-
targeting domain of monoamine oxidase B (from Bcl-2-
MaoB) in an overlapping PCR reaction, respectively. Primers
were designed to replace the transmembrane domain of Nix
(aa 186 to the stop codon) with the ER-targeting domain or
the outer mitochondrial membrane-targeting domain (EcoRI-
Xhol; Addgene #100756, #100757). pcDNA3.2/V5 mmu-
mir-133a-1 was a gift from David Bartel (Addgene plasmid
# 26326) [57]. ATeam1.03-nD/nA/pcDNA3 was a gift from
Takeharu Nagai (Addgene plasmid #51958) [58]. CMV-
mito-CAR-GECO1 and CMV-ER-LAR-GECOI1 were a gift
from Robert Campbell (Addgene plasmid #46022, 61244)
[39, 40]. Lentiviral mito-CAR-GECO1 was generated by
inserting EcoRI and Xhol restriction sites into a PCR
amplicon and ligated into pLenti-puro (Addgene #100765).
The miR-133a LNA mimic and control oligonucleotide were
purchased from Exiqon, described previously [31].

Cell culture, transductions, and transfections

All cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Hyclone), containing penicillin, strepto-
mycin, and 10% fetal bovine serum (Hyclone) at 37 degrees
Celsius and 5% CO,. The H9¢2 cell line was transfected
using Qiagen’s Polyfect reagent or JetPrime reagent, as per
the manufacturer’s instructions. Rat neonatal ventricular
myocytes were isolated with the Pierce Primary Cardiomyo-
cyte Isolation Kit (#88281), as per manufacturer’s protocol.
Knockdown of myocardin in primary cardiomyocytes was
performed with rat myocardin shRNA lentiviral particles
(Santa Cruz; sc-72228-V), or a lentivirus generated in
pLKO.1-puro (above), where control shRNA lentiviral
particles-A (sc-108080) were used to control for transduction.

Fluorescent staining

TMRM, Calcein-AM, ethidium homodimer-1, MitoView
Green, and Hoechst 33342 were purchased from Biotium.
MitoSox was purchased from Life Technologies. MPTP
imaging was performed by quenching the cytosolic Calcein-
AM signal with 5 uM cobalt chloride during the incubation
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period. All imaging, including ER and mitochondrial cal-
cium imaging, was done on an Olympus IX70 inverted
microscope with QImaging Retiga SRV Fast 1394 camera
using NIS Elements AR 3.0 software. Quantification, scale
bars, and processing including background subtraction, was
done on ImageJ software. ER-LAR-GECO and mito-
carmine imaging was performed 48-hours following trans-
fection in H9c2 cells and 18-hours after FSK-I stimulation
(additional details are included in figure legends). Calcium
imaging in ventricular myocytes was done 48-hours after
viral transduction. ATeam 1.03 was imaged with a CFP and
FRET (CFP-YFP) cube-set on an Olympus IX70 inverted
microscope with QImaging. Images were analyzed and
quantified using ImagelJ software.

Immunoblotting

Protein extractions were achieved using a RIPA lysis buffer
containing proteases inhibitors and phosphatase inhibitors
(Santa Cruz). From tissue, protein was extracted in RIPA
buffer by homogenization. Protein concentrations were
determined using a Bio-Rad Protein assay kit. Fractionation
studies utilized the Qiagen QProteome mitochondrial iso-
lation kit. Extracts were resolved using SDS-PAGE and
transferred to a PVDF membrane. Immunoblotting was
carried out using appropriate primary antibody in 5%
powdered milk or BSA in TBST. Appropriate horseradish
peroxidase-conjugated secondary antibody (Jackson;
1:4000) was used in combination with chemiluminescence
to visualize bands. The following antibodies were used:
Myocardin (Santa Cruz sc-33766), Nix (CST #12396),
PGC-1 (Santa Cruz sc-13067), and Actin (Santa Crux sc-
1616).

Mitochondrial respiration

Mitochondrial respiration was determined on a Seahorse
XF-24 Extracellular Flux Analyzer, as described previously
[31]. Calculated respiration rates were determined as per
manufacturer’s instructions (Mito Stress Kit; Seahorse).

Quantitative PCR

Total RNA was extracted from pulverized frozen tissue or
from cultured cells by TRIzol method. For microRNA
analysis all primers were purchased from IDT. cDNA was
generated using QScript MicroRNA cDNA Synthesis kit
(IDT) and q-RT-PCR performed using PerfeCTa SYBR
green super mix on a ABI 7500 Real-Time PCR Instrument.
microRNA was normalized to RNU6 expression (Quanta).
For mRNA analysis, following column purification using
Qiagen RNeasy kit and DNase treatment, cDNA was
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generated with QScript cDNA super mix (Quanta BioS-
ciences) and analyzed as described above, and normalized
to B-actin expression. The primers used were: Myocardin
FWD 5-GTGTGGAGTCCTCAGGTCAAAC-3’; REV
5-TGATGTGTTGCGGGCTCTT-3’; Beta Actin FWD
5'-CTGTGTGGATTGGTGGCTCTA-3’; REV: 5-AAA
ACGCAGCTCAGTAACAGTCC-3'. The SA Biosciences
Cell Death Pathway Finder Array was purchased from
Qiagen and used manufacturer’s protocol.

Coronary Ligation and doxorubicin-induced
cardiotoxicity

All procedures in this study were approved by the Animal
Welfare Committee of the University of Manitoba, which
adheres to the principles for biomedical research involving
animals developed by the Council for International Orga-
nizations of Medical Sciences. In the in vivo rodent model
of myocardial infarction, the left coronary artery of Sprague
Dawley rats was ligated approximately 2 mm from its ori-
gin, while sham operated rats serve as control [44, 59].
Following recovery for 4 or 8 weeks, animals are anesthe-
tized, the heart excised, and the left anterior descending
territory dissected for scar tissue and viable border-zone
myocardium. For Dox-induced cardiotoxicity, C57BL6
mice received weekly intraperitoneal injections of Dox
(8 mg/kg body weight) for 4 weeks [45]. Mice were
anesthetized and the heart excised for protein and RNA
analysis.
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