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Abstract 

Metabolic specific myogenic precursors in the splanchnic, somatic mesoderm, and 

the neural crest give rise to specialized cell types such as cardiac, skeletal, and smooth 

muscle cells. This initiation of muscle cell lineage is coordinated by a reinforcing 

networking of transcription factors that regulate gene expression during cell proliferation 

and differentiation. Myocardin is a transcriptional coactivator that binds to transcription 

factors to regulate gene expression specific to both cardiac and smooth muscle cells. It is 

previously shown that Myocardin interacts with transcription factors of the MADS-Box 

family proteins such as myocyte enhancer factor-2 (MEF2) and serum response factor 

(SRF), that are known regulators of cellular differentiation and metabolism. Conversely, 

the role of Myocardin as well as its regulation of MADS-Box transcription factors and 

mitochondrial function during development and disease is not well understood. Therefore, 

we chose to investigate a Myocardin-regulated genetic pathway that regulates 

mitochondrial function in cardiac muscle that becomes dysregulated during disease.  

My thesis summarizes our evaluation of the hypothesis in two studies. In the first 

study we characterize a mechanistic pathway involving MEF2 and SRF, that regulates 

mitochondrial function in all three muscle lineages. This initial study demonstrates a 

genetic pathway in which Nix is a direct target of miR-133a, its role in regulating insulin 

sensitivity and metabolic dysfunction in myocytes. These novel findings lead to my second 

study that examines the role of Myocardin in regulating miR-133a and Nix in cardiac cells. 

I provide evidence that miR−133a is a direct transcriptional target of Myocardin that 

regulates mitochondrial permeability transition to preserve cell survival during cardiac 

development and following myocardial ischemic injury.  
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Together, these findings inform researchers about the vital role of a Myocardin-

regulated pathway that maintains mitochondrial function to oppose cell death during 

development as novel pharmacotherapy targets. Ongoing investigation is required to 

further understand miR-133a function as a potential cardiometabolic biomarker or as a 

therapeutic intervention for the prevention and/or treatment of congenital heart defects, 

cardiometabolic disease and heart failure.  
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CHAPTER I: Literature Review 

1.1 Mammalian Cardiac Development 

By some estimations, 221 infants born in Manitoba over the past year are affected by 

congenital heart defects, including underdeveloped cardiac chambers and atrial/ventricular septal 

defects impairing infant circulation. These cardiac anomalies can range from acute or non-life 

threatening that can sometimes go undiagnosed, to the most severe requiring surgical intervention 

contributing to the national Canadian infant mortality rate (1). With medical advancements in the 

last two decades greatly improving rates of infant survival, these children are able to transition 

from adolescence to adulthood. However, these young adults are at a greater risk of developing a 

variety of disabilities requiring multiple hospitalizations and make up to two thirds of the 

population living with congenital heart disease in US and Canada (1,2). 

Advancements in our understanding of the pathology and treatment of congenital heart 

defects have been made in both basic and clinical research improves patient health and quality of 

life (3,4). However, the cause of congenital heart defects still remains unknown and medical 

therapies fail to prevent the progression of congestive heart disease to heart failure. Therefore, to 

improve cardiomyocyte function and treat congestive heart disease, researchers must investigate 

the dysregulation of molecular signals that occurs during cardiac development (5-8).  

1.1.1  Cardiac development 

 

The heart undergoes early embryonic cellular differentiation that is conserved among 

mammals; however my timeline outlines the beginnings of mouse cardiac development (5,9). 

Myogenic precursors in the splanchnic and pharyngeal mesoderm, and neural crest are responsible 

for the initiation of multiple cell lineages. This includes specialization of cardiac progenitor cells 
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or myocardial cells as early as embryonic day 6.5 (E6.5) that differentiate to form a 4-chambered 

heart (Figure 1) (5,7). Myocardial cells migrate and differentiate at embryonic regions referred to 

as the first and second heart fields (5,7).  At E7.5, the first heart field forms the cardiac crescent 

that is positioned laterally to the second heart field; with contribution from the secondary heart 

field, the cardiac crescent fuses to form a linear heart tube by E8.0. The heart tube consists of 

cardiomyocytes and endothelial cells that begin to initiate a primitive heart beat (comparable to 

the third week of human gestation). In contrast, myocardial cells from the second heart field 

migrate to form the right ventricle and cardiac outflow tract. Similarly, neural crest-derived cells 

also contribute to form the outflow tract. Rightward looping of the heart tube at E8.5 brings the 

inflow and outflow components towards the anterior pole of the heart. This is followed by uneven 

cardiac growth and remodelling to form the primitive chambers at E10.5. Cardiomyocytes 

continue to proliferate and begin to have a strong electrical conduction velocity by E12.5. At E15, 

both myocardial and neural crest-derived cells contribute to cardiac septation, differentiate into 

vascular smooth muscle cells to form the aortic arch arteries, contributing to heart maturation 

(comparable to the seventh week of human gestation) (5-7).  

 

 

 

 

 
 

Figure 1: Stages of mammalian embryonic cardiac development to a 4-chambered heart.  
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1.1.2 Cardiac Transcription Factors 

 

Development of the heart is a process coordinated by a precise network of transcription 

factors that orchestrate cardiac induction, specialization and heart maturation (7,10). Inductive 

cardiogenic signals including bone morphogenetic protein (BMP), Notch, Wnt and sonic hedgehog 

(SHH) activate downstream cardiac transcription factors (Figure 2) (7,10). Other induction signals 

such as Wnt, BMP, and fibroblast growth factor (FGF) trigger downstream activators including 

paired box 3-7 (Pax3/5) for inducing neural crest-derived cells during cardiogenesis (11). In the 

first heart field, cardiogenic signals activate GATA4, Nk2 homeobox-5 (Nkx2.5) and T-Box 5 

(TBX5) that regulate downstream genes involved in cardiac muscle growth and differentiation. 

Mutations in this transcription factor triad have been reported to cause various human congenital 

heart defects such as ventricular septal defects (6,12). With a dual function, GATA4 also activates 

regulates transcription factors involved in the secondary heart field, including heart and neural 

crest derivate-2 (HAND2) and myocyte enhancer factor-2 isoform C (MEF2C). Together these 

transcriptional signals regulate cardiac muscle genes that promote the cardiac outflow tract 

formation and cardiac chamber maturation (5-7). 

 

 

 

 

 

 

 

 
Figure 2: Cardiogenic transcription factors underlying mammalian heart development 
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1.1.3 Cardiac Reprogramming 

 

As the heart is maturing into a 4-chambered organ, it consists of cardiomyocytes that have 

a limited regenerative capacity. To compensate for this limited cellular life span, an emerging 

technology called direct cardiac reprogramming is being used to generate new and functional 

cardiomyocytes. A transcriptional cocktail of GATA4, MEF2C and TBX5 (referred to as GMT) 

was first shown to reprogram mouse fibroblasts into cardiomyocyte-like (CML) cells but results 

in a low expression of contractile proteins (13). To overcome this limitation, GMT in the presence 

of Myocardin was found to greatly enhance cardiac reprogramming, and induce a broader range 

of cardiac genes including contractile proteins in comparison to the original GMT cocktail (Figure 

3) (14).  The addition of Myocardin with GMT induces a more efficient reprogramming of human 

adult fibroblasts into CML cells (15), and directs the cardiac differentiation program in both human 

dermal fibroblasts (16) and adult cardiac stem cells (17).  

 

 

Figure 3: Molecular cocktail (GMT + Myocardin) reprogramming of human fibroblasts into 

cardiomyocyte-like cells  

 

Such evidence highlights Myocardin as a molecular player in mediating cardiac 

reprogramming of fibroblasts but its ability to regulate fibroblast function is not well understood. 
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Recent studies report Myocardin overexpression mediates myofibroblast differentiation and 

regulates collagen expression in liver fibroblasts, yet these observations have not been documented 

in cardiac fibroblasts. (18,19). In contrast to Myocardin’s limited role in fibroblasts, the 

Myocardin-related transcription factors (MRTFs), members of the Myocardin family discussed in 

a latter section, have a well reported role in regulating fibroblast function (20,21). Due to its limited 

function and lack of expression in fibroblasts, Myocardin has been most extensively studied in 

cardiac and smooth muscle cells.  

1.2 Myocardin Biology 

1.2.1 Discovery 

The pioneering work on Myocardin’s role during development was orchestrated by two 

independent research laboratories. In 2001, Eric Olson’s post-doctoral fellow at the time, Dha-Zhi 

Wang, performed a bioinformatics screen using a BLAST search on expressed sequence tag 

databases on mouse cardiac muscle cDNA (17). Wang’s computational approach led to the 

discovery of a new cardiac protein named Myocardin, for its specific expression in adult mouse 

myocardium and embryonic mouse cardiac tissue, as visualized by northern blots and in situ 

hybridization. The seminal findings demonstrate Myocardin expression as early as E7.75 in the 

cardiac crescent and linear heart tube, that progressed to the atrial and ventricular chambers by 

E11.5. Myocardin is also expressed in vascular smooth muscle tissue including the aortic arch 

arteries and pulmonary outflow tract from E13.5 to E15.5. In contrast, there were no detectable 

levels of Myocardin in skeletal muscle (17), further validating its specific expression in cardiac 

and smooth muscle.  
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1.2.2 Characterization of a Co-Activator 

To extend the findings of Myocardin expression in the embryonic heart, domain mapping 

studies reveal Myocardin belongs to family of nuclear proteins consisting of a SAP-domain 

(named for nuclear scaffold attachment factors A/B), a 35-amino acid motif that recognizes 

chromosomal regions to regulate gene expression (17). Mutational analysis of the transactivating 

domain (TAD) combined with luciferase assays and GAL4-fusion constructs reveal Myocardin’s 

ability to act as a potent transcriptional co-activator: a C-terminus Myocardin mutant containing 

the TAD (541-807 region; MyocdΔCT) has a 60-fold promoter activation in comparison to 

Myocardin wild-type, as assessed by luciferase fold activation normalized to Β-galactosidase (17). 

Since then, transcriptional studies have led to Myocardin being described as “one of nature’s titanic 

transcriptional coactivators” (22,23).  Alternatively, generating mutations within the TAD region 

reversed this effect. Wang et al were able to map the TAD and illustrate Myocardin’s 

transcriptional coactivation of CArG-Box dependent promoters with 1) Gal4, and 2) CArG 

luciferase studies (CArG-Box will be defined in a latter section) (17).  

 As Myocardin does not bind DNA, protein-DNA analysis using electrophoretic mobility 

shift assays (EMSA) combined with protein interaction assays using co-immunoprecipitations (co-

IPs) confirm Myocardin’s role as a transcriptional co-activator. Using radioactive labeled 

oligonucleotides during an EMSA, authors show serum response factor (SRF) binding to CArG-

box, but Myocardin expression alone had no effect. With co-expression of Myocardin and SRF, 

an antibody shift was visualized: a larger complex was formed that migrated slower or ran higher, 

resulting in an upward shift, detecting a ternary complex of Myocardin/SRF/CArG-Box (17). In 

contrast, using a Myocardin mutant reversed the antibody shift. These findings reveal Myocardin 

co-activation is mediated in the presence of SRF to form a ternary complex with DNA. Protein 
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interaction analysis further confirm Myocardin’s interaction with SRF: the N-terminus of 

Myocardin binds to the MADS-box region of SRF (17).  

Studies first identified Myocardin’s role in co-activating SRF, a muscle-enriched, but 

ubiquitous transcription factor involved in early gene expression during cardiogenesis (24,25). 

SRF belongs to the MADS-Box family [named for its four founding eukaryotic members: MCM1 

(yeast), Agamous (plant), Defa (plant) and SRF (human)] and homodimerizes to a specific DNA 

sequence called the CArG-Box [CC(A/T)6GG] (17).  SRF directly binds DNA to regulate genes 

in multiple cell types including skeletal, smooth and cardiac muscle. This is driven by the 

recruitment of various transcriptional cofactors forming a ternary complex with SRF and the 

CArG-Box (17). As a co-activator, Myocardin binds SRF and serves as a central hub for the 

regulation of cardiac muscle (atrial natriuretic factor, ANF) and vascular smooth muscle (smooth 

muscle protein-22, SM22) gene expression (Figure 4) (17). It is important to note that SRF does 

not form a CArG-Box dependent complex with other cardiogenic transcription factors such as 

Nkx2.5 or GATA4 (17). 

 

 

 

 

 

 

 

 

Figure 4: Myocardin, a transcriptional co-activator, forms a ternary molecular complex with SRF and 

CArG-Box to regulates gene expression in cardiac and smooth muscle.  



   

 

 

 

8 

 

1.2.3  Alternatively Spliced Isoforms  

 

To elucidate the dual role of Myocardin in regulating cardiac and smooth muscle-specific 

gene expression, Creemers et al. identified two alternatively spliced isoforms: Myocd-856 and 

Myocd-935 coactivate SRF to regulate CArG-Box dependent target genes (Figure 5)  (26). The 

inclusion of exon 2a of the Myocardin gene generates a downstream stop codon and an alternative 

ATG start codon in exon 4, resulting in a shorter 856-amino acid variant (Myocd-856 or Myocd-

B) that is smooth muscle specific (26).   In contrast, the exclusion of exon 2a generates a longer 

935-amino acid isoform (Myocd-935 or Myocd-A) that coactivates both SRF and MEF2 to 

regulate cardiac gene expression (Figure 5) (26).  

 

 

 

 

 

 

 

 

 

Figure 5: Myocardin isoforms co-activate SRF and MEF2 in cardiac or smooth muscle. 

 

The authors also identified another variant, MEF2-activating SAP transcriptional regulator 

(MASTR) that specifically coactivates MEF2 but not SRF, in multiple tissue types and will be 

discussed in a latter section (26).  To date, a total of four conserved Myocardin isoforms in mouse, 
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rat and human have been identified (27): MYOCDv1 (983-aa) and MYOCDv2 (935-aa) (26) are 

cardiac specific variants while MYOCDv3 (904-aa) and MYOCDv4 (856-aa) (26) are smooth 

muscle specific. However, this recent nomenclature has yet to be adopted by the rest of the 

scientific community. 

 

1.2.4 Functional role of Myocardin during development 

Prior to identifying spliced isoforms, the role of Myocardin during development was 

evaluated with expression of a dominant negative mutant (deletion of the carboxyl terminus 

containing the TAD; MyocdΔDN) in 8-cell blastomeres (17). Using a co-injection of GFP-mRNA 

as a control, authors were able to detect a reduced expression of cardiac actin, troponin-I and 

Nkx2.5 in Xenopus embryos. The MyocdΔDN mutant inhibited myocardial gene expression but 

had no effect on embryogenesis (17), highlighting Myocardin’s novel role to convey specific 

myogenic activity. These observations were continued independently,  confirming Myocardin as 

a regulator of smooth muscle differentiation and validating lack of Myocardin expression in 

skeletal muscle (28). 

In contrast to seminal findings of Myocardin as a novel co-activator expressed in cardiac 

tissue, Michael Parmacek’s laboratory published a parallel story detecting in vivo levels of human 

Myocardin expression in smooth muscle containing tissues such as the heart, aorta, bladder and 

small intestine (29). Analysis of mouse embryos reveal a regulated pattern of Myocardin 

expression in both vascular and visceral smooth muscle tissue, ranging from the heart at E9.5 to 

the esophagus and intestinal tracts by E14.5. Du et al. provided the first evidence of  human 

Myocardin gene on chromosome 17 and to report Myocardin could not transactivate genes in SRF 

knock out embryonic stem cells. Similarly, loss of Myocardin function with small interfering RNA 
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(siRNA) reduced smooth muscle specific promoters in smooth muscle cells. Alternatively, forced 

expression of Myocardin activated the same promoters in undifferentiated mouse embryonic stem 

cells (29). 

Fundamental studies by two independent research laboratories serve as the platform for 

understanding the developmental role of Myocardin with subsequent in vivo studies. Genetic 

deletion of exons 8 and 9 of the Myocardin gene containing the domains required for SRF binding, 

led to the generation of Myocardin mutant mice (30). Mouse embryos homozygous for this loss of 

function mutation of Myocardin (Myocardin-/- null) exhibited delayed development, abnormal pale 

yellow yolk sacs with severe vascular defects and died by E10.5 (30).  Although the embryos 

expessing the global genetic deletion of Myocardin had underdeveloped aortas but completed 

normal cardiac looping, it is suggested other cardiac transcription factors may be dominant during 

early cardiogenesis that requires further investigation. Thus these findings reveal Myocardin as a 

requirement for embryogenesis (30).  

Similarly, gain and loss of function approaches reveal Myocardin as a necessity for cardiac 

gene expression and myocardial differentiation during Xenopus development (31). With the 

established role of Myocardin in animal cells, Vantuyn et al. reported that the forced expression 

of Myocardin strongly activates cardiac and smooth muscle genes in primary human stem cells 

and human fibroblasts (32). Conversely, Myocardin did not activate skeletal muscle specific genes 

(32), confirming previous findings in animal models (23,28). Recent findings show that Myocardin 

interacts with MyoD, an essential skeletal muscle transcription factor (33). Using lineage-tracing 

studies, the authors show Myocardin prevents MyoD from binding to DNA, thus acting as a 

transcriptional repressor to block the skeletal muscle program while promoting smooth muscle 

differentiation (33).  
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1.3   Myocardin Family 

 

As an established coactivator mediating cardiac and smooth muscle differentiation, 

Myocardin is the founding member of the Myocardin family that consists of Myocardin-related 

transcription factors A and B (MRTF A/B) and MEF2-activating SAP transcriptional regulator 

(MASTR) (Figure 6).  

1.3.1 Myocardin Related Transcription Factors (MRTFs)  

A year after the discovery of Myocardin expression in cardiac and smooth muscle, MRTFs 

were first reported as coactivators of SRF-dependent gene transcription, but in a broad range of 

embryonic and adult tissues (20). MRTF-B is the longer protein at 1080 amino acids compared to 

MRTF-A at 929 amino acids, but both MRTFs interact with SRF to form a ternary complex with 

the CArG-Box. In contrast to Myocardin, MRTFs have a functional role in modulating cell growth, 

myogenesis, and mediate changes in actin dynamics (34). MRTFs contain three RPEL domains (a 

functional domain described in section 1.5.1) that interact with actin, resulting in cytosolic 

sequestration of  MRTFs (35): upon actin polymerization via growth factor stimulation, MRTFs 

shuttle between cytoplasm and nucleus to regulate gene expression (34,36). In contrast, Myocardin 

is constitutively nuclear and contains RPEL domains that do not bind to actin as efficiently 

suggesting the diverse functions of MRTFs (23,34,35).  
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Figure 6: Myocardin family of transcription factors 

 

Formerly described as Megakaryoblastic leukemia-1 (MKL1; also known as MAL), 

MRTF-A physically interacts with Myocardin via the leucine zipper domain, is co-expressed with 

Myocardin in the adult heart and smooth muscle (37) and regulates cardiac remodeling and fibrosis 

(21). As MRTF-A is broadly expressed in cardiac muscle tissue, viable mice with the genetic loss 

of MRTF-A do not exhibit cardiac defects (38), in contrast to Myocd-/- mice that resulted in 

embryonic lethality (30). Unlike the viable MRTF-A-/- mice, MRTF-B-/- mice exhibited defective 

cardiac outflow tracts, resulting in embryonic death or survival until post-natal day 1, succumbing 

to death from irregular differentiation in cardiac neural crest and smooth muscle cells (39). 

Furthermore, both MRTFs were shown to regulate cell migration and coronary vessel maturation 

(40).  

With reports investigating the role of MRTFs during cardiac development, Mokalled and 

colleagues were the first to show that both MRTFs are required for cardiac structure and function 
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(41). The majority of cardiac-specific double knockout (CDKO) of MRTF-A and MRTF-B 

(MRTFcdKO) mice resulted in post-natal death at 2 weeks. The mice that survived to 3 weeks, 

exhibited left ventricular dilation, fibrosis, an estimated 50% reduction in fractional shortening 

and irregular sarcomere structure, signs of cardiomyopathy and progression to heart failure (41). 

Using RNA Seq data, multiple cytoskeletal genes were dysregulated in the MRTFcdKO mice, 

suggesting that although not essential, MRTFs play a vital role during cardiac structural 

development (41). Despite their molecular homology, it is clear that the Myocardin and MRTFs 

have unique functions and expression patterns in various myogenic tissues. In contrast to 

Myocardin, recent evidence illustrates that both MRTF-A and MRTF-B are required for skeletal 

muscle development (42), but are not involved with MEF2 co-activation. 

1.3.2 MASTR 

 

Alternative to MRTFs, MASTR is a 421-amino acid variant that co-activates MEF2 and is 

detected in a broad range of tissues including skeletal muscle, brain, lung and aorta (43). Meadows 

et al. were the first to provide evidence of MASTR activating the MyoD enhancer to drive skeletal 

muscle gene expression in a Xenopus embryo model (44). These findings were validated by 

generation of MASTR-/- null mice that exhibited an impaired ability to repair skeletal muscle after 

injury (45). This effect was further enhanced in combination with MRTF-A deletion, resembling 

a similar phenotype to MyoD-/- null mice (45).  These findings are compelling but further work is 

required to understand the myogenic function of MASTR; whether it acts as a molecular switch to 

inhibit smooth muscle differentiation and activate skeletal muscle differentiation, and how it 

synergistically works with MRTF-A. As the various members of the Myocardin family regulate 

gene expression in multiple cell types (46,47), the regulation of cardiac and smooth muscle gene 

expression has been most extensively characterized in Myocardin. 
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1.4 Myocardin: An Essential Cofactor for Cardiac Development 

 

Similar to Nkx2.5, Myocardin is one of the earliest conserved cardiac markers required for 

cardiogenesis (48). Similar to the murine (30) and frog embryo models (31), Myocardin is 

sufficient to activate smooth and cardiac muscle gene expression in chick embryos: loss of function 

studies illustrate the transcriptionally inactive Myocardin dominant negative mutant inhibits chick 

cardiogenesis (48).  Global loss of Myocardin in embryonic mice results in fetal death by E10.5 

due to a lack of vascular muscle differentiation (30). This early lethal phenotype provides a clue 

as to the essential role of Myocardin in cardiac development and embryogenesis, but also poses a 

challenge for researchers investigating Myocardin’s role during post-natal development. 

1.4.1 Cre-Lox Recombinase Animal Models 

 

In an effort to address the limitations of global knockout models and to investigate the 

function of Myocardin post-natally, Parmacek’s laboratory generated a conditional knock out 

mouse model and inactivated the Myocardin gene in a tissue specific manner. This occurs by Cre-

Lox recombinase excision of the Myocardin gene. Using conditional gene-targeting constructs, 

exon 8 is flanked by lox P sites (Floxed), containing the basic and poly-glutamine rich domains of 

Myocardin (MyocdF/F) (23,49). Next, the MyocdF/F mice are interbred with CMV-driven Cre-

transgenic (Tg) mice to generate Myocardin mutant mouse embryos (MyocdF/F/CMV-Cre) that 

exhibit an exon 8 deletion of the Myocardin gene (49). The MyocdF/F/CMV-Cre mice display a 

similar phenotype to the Myocardin-/- null mice (30) and survive until E10.5 (49). Wnt is a 

transcription factor involved in neural crest cell induction during embryogenesis (as mentioned in 

an earlier section), MyocdF/F mice were also interbred with Wnt1-Cre-Tg mice to generate a 

conditional deletion of Myocardin in neural crest-derived cells (MyocdF/F/Wnt1-Cre) (30).  
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Based on these Tg mouse models, Myocardin is selectively deleted in cardiac neural crest 

cells that differentiate into smooth muscle cells to form the cardiac outflow tract (49). Pax3 is 

another transcription factor expressed in neural crest cells during early development. The authors 

interbred MyocdF/F with Pax3-Cre mice to confirm the specific deletion of Myocardin in the 

MyocdF/F/Wnt1-Cre mice is specific to neural crest-derived smooth muscle cells (49). Mice 

exhibiting a smooth muscle-specific deletion of Myocardin (MyocdF/F/Wnt1-Cre) die before post-

natal day 3 (49), in contrast to Myocardin-/- null mice that die at E10.5 (30). The MyocdF/F/Wnt-

Cre mice exhibit structural defects such as an open or patent ductus arteriosus (PDA), a common 

congenital heart defect. A PDA is required during fetal development to shunt blood away from 

embryonic lungs for proper fetal circulation that normally closes at birth (50).  

To further understand the role of Myocardin in the heart, Parmacek recently generated 

Myocd-/- null transgenic mice by specifically deleting exon 8 of the Myocardin gene (51), to 

validate previous observations that deleted exons 8 and 9 (30). Myocardin-/- null embryos exhibited 

hypoplastic hearts and underdeveloped cardiac chambers at E9.5. The Myocardin-/- null mice 

embryos completed cardiac looping but echocardiographs revealed hearts with a reduced systolic 

function and ejection fraction (51). These embryos exhibit fluid around the hypoplastic hearts, 

another cardiac defect, that quickly progresses into heart failure, resulting in embryonic lethality 

observed at E10.5, validating previous findings (30). Uniquely, the cardiomyocytes isolated from 

Myocardin-/- null mice illustrated a loss in cardiomyocyte proliferation with a combined increase 

in cardiac apoptosis (51). This report provided new evidence linking the functional loss of 

Myocardin with an increase in cardiac programmed cell death. 

Confirming the effects from the global loss of Myocardin function, Parmacek’s group 

generated a conditional deletion of Myocardin in cardiac muscle tissue in a Cre-recombinase 
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excision manner:  MyocdF/F mice are interbred with Nkx2.5-Cre-Tg mice. The transcription factor 

Nkx2.5 is expressed as early as E7.5 in the cardiac crescent and mediates an early Myocardin 

deletion specific to cardiomyocytes, resulting in MyocdF/F/Nkx2.5-Cre mutant mice. The 

MyocdF/F/Nkx2.5-Cre mutant embryos exhibit no aortic tract defects (such as PDA) and survived 

till E13.5-E14.5 in comparison to MyocdF/F/Wnt1-Cre conditional mutant mice that died by P3 

(51). This observation suggests Myocardin expression in cardiac muscle is a necessity that is 

activated during the earlier stages of cardiogenesis in comparison to Myocardin expression in 

smooth muscle. The MyocdF/F/Nkx2.5-Cre mutant mice exhibit similar defects as the Myocardin-/- 

null embryos including hypoplastic hearts and signs of heart failure. Interestingly, these 

conditional mutant embryos also exhibit a decrease in cardiac myocyte proliferation and uniquely 

developed a ventricular septal defect (VSD) by E13.5 (51).  VSD is a common congenital heart 

defect that results in abnormal mixing of oxygenated and deoxygenated blood due to improper 

chamber formation. With the development of cardiac defects and an unexpected decrease in 

cardiac myocyte proliferation mediated by disruption of BMP10 signalling, the MyocdF/F/Nkx2.5-

Cre mutant hearts also exhibit a marked increase in cell death (51).  

Adult mice with a cardiac specific deletion of Myocardin post-natally via cardiomyocyte 

specific α-myosin heavy chain (αMyHC) promoter (MyocdF/F/αMyHC-Cre mutant mice) develop 

lethal dilated cardiomyopathy (DCM), a form of cardiac disease, by 10 months of age (52).  

Similarly, Myocardin deletion in the heart of adult mice using a tamoxifen-inducible αMyHC-Cre 

(αMHC-MerCreMer) leads to lethality within 6 days from heart failure associated with elevated 

levels of programmed cell death (52). Collectively these studies evaluating the complete loss of 

Myocardin function and the conditional loss of Myocardin (in either smooth or cardiac muscle) 

demonstrate Myocardin preserves cardiomyocyte survival.  The embryonic loss of Myocardin 
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leads to congenital heart defects that can rapidly progress into heart failure in both the developing 

and post-natal heart. Such profound effects could be mediated by binding of various transcriptional 

regulators to the Myocardin domain.  

1.5 Myocardin Domains 

1.5.1  Functional Domains 

The functional domains of murine Myocardin consist of: 1) the RPEL domain located at 

the amino terminus that mediates actin binding and nuclear localization (26); 2) a basic domain; 

3) poly-glutamine rich region; 4) the SAP domain that mediates chromatin remodeling (17); 5) 

serine-rich domain; 6) coiled-coil motif that resembles a leucine-zipper that mediates Myocardin 

homodimerization (53); 7) and the TAD located at the carboxyl terminus that mediates 

transcriptional activity (Figure 7) (23,54). 

1.5.2  Transcription Factor Binding Domains 

Following domain organization, multiple studies have reported transcription factor binding 

domains of Myocardin that regulate cardiac gene transcription (Figure 7).  At the amino terminus 

of Myocardin, coactivation of MEF2 is mediated by a stretch of amino acid residues located at the 

end of RPEL1 domain (26). This motif of Myocardin interacts with the MADS-Box domain of 

MEF2. After Myocardin domain mapping, co-IPs reveal a direct interaction of Myocardin and 

MEF2 that was validated with GST-pull down assays (30). The smooth muscle specific variant 

Myocd-856 did not interact or confer MEF2 activity while the cardiac variant Myocd-935 

specifically co-activates MEF2 and SRF (30). Interestingly, deletion of the MEF2 binding region 

of Myocardin inhibits MEF2 coactivation and conversely, had no effect on SRF coactivation (30) 

 Mutational analysis of the amino terminus of Myocardin illustrates the basic and 

poly-glutamine rich domains interact with SRF (17). Co-IP assays reveal that the MADs-box 
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domain of SRF is required to interact with Myocardin to confer myogenic activity. Although 

highly conserved, the SAP domain of Myocardin does not interact with SRF to regulate cardiac 

gene transcription mediated by the TAD (17). Thus, the amino terminus of Myocardin binds to the 

MADS-Box of SRF while the carboxyl terminus mediates transcriptional activity of CArG-Box 

dependent genes. 

 

Figure 7: Cardiac Myocardin (Myocd-935) domain schematic: functional domains and transcription factor 

(TF) binding domains of murine Myocardin.   

Cardiac Myocardin (Myocd-935) domain schematic: functional domains and transcription factor (TF) 

binding domains of murine Myocardin.  The functional domains of Myocardin include: RPEL domain; 

basic domain (B); poly-glutamine rich region (Q); SAP domain (SAP); serine-rich region (S); leucine-

zipper like motif (LZ) that mediates Myocardin homodimerization; and the transactivation domain (TAD) 

that mediates transcriptional activity. The binding regions required to interact with TFs such as: myocyte 

enhancer factor-2 (MEF2); T-box transcription factor-5 (TBX5); serum response factor (SRF); and member 

of the GATA family of zinc finger TF (GATA4). 

 

With respect to cardiogenic transcription factors, not only does GATA4 regulate SRF-

target genes, GATA4 also interacts with Myocardin to regulate cardiac gene expression (55). The 

regions of Myocardin that bind with GATA4 include the SAP and the leucine zipper-like (coiled-

coil) domains. Once bound, GATA4 mediates a dual effect on Myocardin activity: the DNA 

binding domain of GATA4 interacts with Myocardin to stimulate cardiac gene expression. 

However, this stimulatory function does not require the TAD of GATA4. In contrast, the binding 
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of the TAD of GATA4 to Myocardin has an inhibitory effect and represses cardiac gene expression 

(55). This reveals GATA4 as a modulator of Myocardin activity that maintains a precise balance 

of cardiac gene transcription during different stages of development (22,55).  

Another cardiogenic transcription factor that directly interacts with Myocardin to activate 

cardiac specific genes is TBX5. Dha-Zhi Wang’s laboratory recently reported the interaction is 

mediated by the TBX5 binding region of Myocardin (containing the basic and coiled-coil domain) 

to activate cardiac genes and not activate smooth muscle specific genes (56). Interestingly, a TBX5 

mutation, TBX5G80R, could neither bind to Myocardin nor activate cardiac gene transcription 

(56).  This mutation is of key interest as it results in the Holt-Oram Syndrome that is associated 

with congenital heart defects in humans (56,57). Collectively, the domain mapping studies of 

MEF2, SRF, GATA4 and TBX5 binding regions highlight that Myocardin determines cell fate by 

transcriptional interactions to direct cardiac or smooth muscle signals during cardiovascular 

development.  

1.6 Regulators of Myocardin Activity & Expression 

1.6.1 Transcriptional Regulators 

 

As Nkx2.5 is required for mouse cardiogenesis, it was the first reported factor required to 

transactivate the cardiac-specific Myocardin promoter (54). Initial observations reveal a reduced 

level of cardiac-specific Myocardin mRNA expression in Nkx2.5-/- null mouse hearts as assessed 

by in situ hybridization and northern blot analysis. After determining the primary sequence of the 

mouse Myocardin cardiac isoform, mutational analysis of the Myocardin promoter reveal a 

specific motif in the Nkx2.5 responsive element, NKE. This motif is required for Myocardin 

promoter activation driven by Nkx2.5 during cardiogenesis (54). As Myocardin was reported to 

activate the Nkx2.5 promoter (17), these findings suggest that Nkx2.5 and Myocardin co-regulate 
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their expression during early murine cardiac development that might require additional cofactors 

that remain to be reported.  

To assess the regulatory elements that drive Myocardin transcription in embryonic and 

post-natal mouse development, Olson’s lab reported a Myocardin enhancer region (43). A 

combination of factors including MEF2, Tead, and forkhead box class O (FOXO) proteins are 

required for Myocardin enhancer activation (43). Interestingly, Myocardin interacts with MEF2 to 

regulate its own enhancer in a SRF-independent manner for both cardiac muscle and smooth 

muscle expression in vivo (43). Both Tead and FOXO proteins are upstream regulators for 

Myocardin expression in cardiomyocytes while Tead2 is specific to neural crest-derived smooth 

muscle cells (43). Identifying the Myocardin enhancer provides insight into the various signals 

that mediate expression of Myocardin and how muscle lineages are established but further 

investigation is required. Such signalling pathways that control developmental genetic programs 

and cell differentiation are mediated by epigenetic changes. 

1.6.2 Epigenetic Regulators  

Genetic medicine has led to advancements to better understand epigenetics during 

development and its correlation to various human diseases including heart failure, as recently 

reviewed (58). Epigenetics is the study of inheritable changes to gene expression that are affected 

by external factors (such as various exposures during development, environment and diet), 

independent of DNA sequence. These inheritable or acquired modifications result in chromatin 

remodelling to control gene expression (59), that have recently shown to regulate Myocardin 

expression.  
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1.6.2A DNA Methylation 

Modification of DNA by methylation occurs at a dinucleotide site where a cytosine follows 

a guanine, commonly referred to a CpG island, which becomes methylated to form a 5-

methylcytosine, an attractive site that dominantly mediates chromatin remodelling (60,61).  This 

condenses DNA and prevents transcription factors from accessing promoter regions resulting in 

gene inactivation. Recent studies have identified differential methylated regions that controls gene 

expression that does not always result in gene silencing. Hypomethylation of the 5’ promoter 

region results in activation of gene expression while in contrast, hypermethylation of the gene 

body near the 3’ untranslated region results in an inactivation of gene expression. Animal models 

have identified two enzymes DNA-methyltransferase (DNMT) and DNA-demethylase that 

modulate the methylated status of DNA (60). 

Recently, Zhuang et al. reported the first link of DNA methylation to Myocardin in 

vascular smooth muscle cells to drive cell differentiation (62). Although DNA methylation patterns 

on the promoter region of Myocardin is not well understood, rat smooth muscle cells treated with 

a DNMT inhibitor, 5’-aza-2’deoxycytidine (5’-aza) result in global DNA hydroxymethylation. 

Treatment with 5’-aza restores Myocardin expression [and markers of smooth muscle genes 

including smooth muscle actin (SMA) and smooth muscle myosin heavy chain (SM-MHC)], 

driving smooth muscle dedifferentiation into a contractile phenotype and prevent vascular 

remodelling (62). These are the first findings that demonstrate the effect of DNA methylation on 

Myocardin expression, suggesting inhibition of DNMTs can serve as a potential therapy for the 

prevention of arterial remodelling and vascular disease (61). These findings have yet to be 

validated by independent researchers and inhibition of DNA methylation on Myocardin expression 

in cardiac muscle has yet to be shown.  



   

 

 

 

22 

1.6.2B Histone Modification: Acetylation 

In contrast to DNA methylation regulating gene expression, another epigenetic mechanism 

is mediated by histone modifications. Post-translational modifications to amino acid residues on 

histone proteins, resulting in the rearrangement of DNA and transcriptional state. Histone core 

proteins (H2A, H2B, H3, H4) exist as an octamer that wrap DNA into a nucleosome, the building 

block of chromatin (61). Histone modifications are mediated by the catalytic activity of histone 

acetyltransferases (HAT) that promote unwinding of histone coiled DNA, resulting in a “relaxed” 

state. HATs transfer acetyl groups to the lysine resides on histones, thus unwrapping DNA (63). 

This facilitates binding of transcriptional factors to DNA thus promoting gene transcription. 

Extensively studied HATs include p300 and CREB-binding protein (CBP) that promote gene 

expression (64). In contrast to HATs turning genes on by acetylating histone lysines, removal of 

acetyl residues is mediated by histone deacetylases (HDAC). Antagonistic to HATs, HDACs 

promote coiling or condensation of DNA to repress gene transcription or turn genes off.  

Based on sequence and domain homology, HDACs are characterized into three classes. 

Class IIa HDACs include HDAC4 and HDAC5, were first shown to interact with MEF2, a 

transcription factor, resulting in a reduction of myogenic gene transcription in skeletal muscle (65). 

Interestingly, studies implicate a salt-inducible kinase-1 (SIK1) that phosphorylates HDAC4-5, 

resulting in nuclear export (66,67). In contrast, direct phosphorylation of SIK1 by PKA inactivates 

SIK1 function, resulting in the nuclear localization of HDAC and repression of skeletal gene 

expression (66). Collectively, these findings illustrate the nuclear repressive function of class II 

HDACs and their regulation on MEF2 to control gene expression in myogenic cells.  

With reports on the repressive function of HDACs in skeletal and smooth muscle cells, 

investigators demonstrate a repressive HDAC5/MEF2 complex that regulates mitochondrial 
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function in the heart (68) and a HDAC5/Myocardin repressive complex that inhibits fetal gene 

activation during pathological remodelling of the heart (64). Class IIa HDAC kinases that act as 

depressors to phosphorylate and promote the nuclear export of HDAC5 include 

calcium/calmodulin dependent kinase CaMK-I-II-IV and protein kinase D-1 (PKD1), have been 

characterized in the heart (69-71); however, the role of SIK1 in mediating the nuclear export of 

HDAC5 to remove the molecular brake on Myocardin in the heart has yet to be shown.  

Furthermore, changes in chromatin acetylation enhance or repress gene expression 

regulated by Myocardin (64).  Addition of acetyl groups on lysine residues on the amino terminus 

of Myocardin is mediated by p300, a HAT that is required to activate smooth and cardiac muscle 

genes (72). Uniquely, p300 binds to the transactivation domain of Myocardin and enhances the 

ternary complex of Myocardin-SRF binding to the CArG-Box, promoting myogenic activity 

(64,69). In contrast, removal of the acetyl groups is mediated by the interaction of histone 

deacetylase-5 (HDAC5) with Myocardin. The poly-glutamine domain of Myocardin interacts with 

HDAC5 that inhibits smooth muscle gene expression.   As the HDAC5 inhibitory effect on 

Myocardin was suggested to be a dominant influence, it is proposed that HDAC5 represses 

Myocardin activity by default (64).  Activation by p300 removes this molecular brake and 

subsequently mediates transcriptional activation of smooth muscle genes (64). Collectively, these 

findings illustrate the epigenetic regulation of Myocardin transcriptional activity as determined by 

the opposing influences of HATs and HDACs.  

An additional repressor of the Myocardin-SRF complex that reduces smooth muscle gene 

expression is mediated by the Kruppel-like transcription factor-4 (KLF4) (73). Not only does 

KLF4 prevent CArG-Box binding of the Myocardin-SRF complex on the smooth muscle alpha-

actin promoter, KLF4 also modulates Myocardin expression in response to vascular injury and 
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induced cardiac hypertrophy (73,74).   This repressive function of KLF4 also involves chromatin 

regulation that recruits HDAC2, a class I HDAC. Thus, similar to repression of HDAC5, the 

HDAC2-KLF4 complex compacts the CArG-Box region and reduces the transcriptional ability of 

Myocardin to regulate smooth muscle genes (75). This repressive complex involving HDAC2 

mediated regulation of cardiac muscle gene expression still remains unknown. 

Olson’s lab continued to dissect the repressive effects of Myocardin by evaluating a 

transcription factor of the FOXO family that inhibits Myocardin activity (43). The basic and SAP 

domain of Myocardin interact with FOXO4 that inhibits smooth muscle differentiation (43). 

However, phosphorylation of FOXO4 results in a nuclear translocation to the cytosol, thus 

removing the nuclear repression on Myocardin. Although the report indicates an interaction 

between FOXO4 and SRF, it is proposed that FOXO4 forms a ternary complex with Myocardin-

SRF (73). This complex might recruit additional repressive factors such as HDACs to inhibit 

smooth muscle gene expression. It would be interesting to determine if these reported antagonistic 

modulators have similar effects on cardiac muscle gene expression. Recent evidence from the 

Schwartz lab show a HAT known as CSRP2BP, co-activates a transcription factor, CRP2, and 

directly interacts with Myocardin-SRF to activate smooth muscle gene transcription (76). 

However, the authors failed to assess HDAC repression of this complex.  

More evidence is required to understand the role of HATs/HDACs on Myocardin 

transcriptional activation. Sun et al. recently demonstrate an interaction between a chromatin-

remodelling complex and Myocardin: the embryonic deletion of Baf60c, an ATP-dependent 

chromatin-remodelling complex subunit, resulted in hypoplastic hearts (similar to a Myocardin 

null embryos), cardiac dysfunction, and dysregulated target genes of Myocardin (77). A yeast 

hybrid two-hybrid screen and GST-pull down assays reveal an interaction between Myocardin and 
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Baf60c, but a genetic interaction between Baf60c and the cardiac or smooth muscle isoform of 

Myocardin in the presence of MEF2 or SRF has yet to be shown (77). As evidence surrounding 

chromatin modulation requires independent validation, reports of histone methylation of 

Myocardin activity has been of recent interest. 

1.6.2C Histone Modification: Methylation 

Another epigenetic modification includes methylation of histone amino acid residues that 

regulate gene transcription. These changes are catalyzed by histone lysine (K) methyl transferases 

(HMTs) that methylate histone lysines that are antagonized by histone lysine demethylase (KDMs) 

(61). The abundance and localization of methylated histones alter chromatin structure to activate 

or repress gene transcription. Different degrees of methylation include mono- (me1), di- (me2) and 

tri- (me3) that methylate commonly documented residues including K4,-9,-37 on histone H3 and 

K20 on histone H4 (78). One well-investigated site includes H3K4me3, trimethylated lysine 4 on 

histone H3. Changes to histone methylation status have been well documented during cardiac cell 

differentiation and development, yet in contrast, methylation changes to H3K4me3 and H3K9me3 

have been reported during the progression to heart failure, as reviewed by Zhang and Liu (79). 

The removal of methyl groups on histone 3 such as H3K4me3 is mediated by KDMs that 

contain a conserved domain known as the jumonji-domain-containing demethylases (JMJ-KDM). 

Such KDMs include JMJD1A, JMJD2A (KDM4A), JMJD3 (KDM6B) and UTX (KDM6A). 

Histone H3K27 demethylases, UTX and JMJD3, were shown to regulate cell differentiation (80) 

and regulate specific enhancer sites for activating cardiac gene transcription during development 

(81). Another histone H3K9 demethylase, JMJD1A, interacts with Myocardin and MRTFs (as 

evident by GST-pull down analysis) in regulating smooth muscle gene expression (82). Although 

JMJD1A interacts with multiple Myocardin family members, promoter activation of 
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differentiating smooth muscle genes (including SM22 and alpha-actin) is strongly driven by the 

interaction between JMJD1A and MRTF-A (82).  

Other members of the jumonji family of KDMs include the JMJD2 (KDM4A) protein, the 

first KDM discovered to regulate gene expression (83), that catalyzes demethylation of H3K9me3 

and H3K36me3.  Recent reports indicate JMJD2A demethylates H3K9 to activate fetal cardiac 

genes and promotes pathological cardiac hypertrophy (84). Elevated levels of JMJD2A were 

clinically observed in patients with hypertrophic cardiomyopathy while selective deletion of 

JMJ2DA in adult mouse hearts attenuated transverse aortic constriction-induced hypertrophy (84). 

In response to hypertrophic stimuli JMJD2A binds to a fetal gene promoter to upregulate gene 

expression that is enhanced by the interaction of Myocardin/SRF: JMJD2A recruits the 

Myocardin/SRF complex to regulate SRF-target genes (84). Based on these findings, it would be 

beneficial to evaluate whether JMJD2A affects the binding affinity of the Myocardin/SRF complex 

on additional cardiac or smooth muscle promoters during cardiovascular disease. 

1.6.3 Post-Translational Modification of Myocardin in Smooth Muscle 

Initial discovery of Myocardin expression and its potent role as a co-activator in mediating 

myocardial gene expression in vivo has led to subsequent research that evaluates the role of another 

co-activator, ELK-1, on smooth muscle biology (85). ELK-1 is a transcriptional coactivator that 

belongs to the E-twenty-six (ETS) transcription family that acts as an antagonistic cofactor to SRF: 

ELK-1 displaces Myocardin from SRF as it competes for the same SRF binding site, the MADS-

Box. Thus, binding of ELK-1 to Myocardin inhibits transcription of smooth muscle genes (85). 

Similar to the competitive nature of cofactor ELK-1 to repress Myocardin activity, GATA6 

competes with Myocardin for the same binding site on SRF (86). GATA6 displaces Myocardin 

from SRF, which selectively inhibits telokin expression, an abundant intestinal smooth muscle 
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protein. Alternatively, GATA6 increases the expression of vascular smooth muscle proteins such 

as myosin heavy chain (MHC) but does not affect SRF-Myocardin interaction (86). Although 

GATA6 can modulate smooth muscle specific genes, it highlights the complexity of regulatory 

machinery involved in the Myocardin-SRF complex. 

Contributing towards the complexity of Myocardin regulation, Notch signalling was 

recently demonstrated to block smooth muscle differentiation and is associated with Alagille 

Syndrome, a genetic disorder caused by a mutation in the Jagged-1 (JAG1) ligand  (87,88). JAG1 

activates Notch1 signalling that represses Myocardin activity and blocks the smooth muscle 

differentiation program (84). This repressive signalling mechanism is mediated by a primary target 

of Notch known as homocysteine-responsive endoplasmic reticulum-resident-1 (HERP1), which 

physically binds to SRF and blocks the Myocardin-SRF complex (89). 

As previous reports assess the Myocardin-SRF complex, Qiu and colleagues published the 

first report illustrating Myocardin coactivation in a CArG-Box independent manner (90). 

Stimulation with transforming growth factor-beta1 (TGFβ1) mediates direct interaction between 

Smad3 and Myocardin. Smad3 is an intracellular protein of the Smad family that communicates 

signals to the nucleus to regulate gene expression. Smad3 interaction with Myocardin activates 

smooth muscle genes including SM22, SM-MHC and SM-alpha actin. This interaction involves 

both TADs of Myocardin and Smad3, and in contrast to the CArG-Box, Smad3 binds to the Smad-

binding element (SBE) on target genes (90). Thus, Myocardin can coactivate smooth muscle genes 

in a CArG-Box-dependent or SBE-dependent manner. Conversely in a recent report, Smad3 also 

inhibits expression of Myocardin during early phases of the smooth muscle differentiation program 

(91). Collectively, these findings highlight Smad3 as a dual regulator of Myocardin activity for 

directing smooth muscle gene transcription. 
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During smooth muscle development, the differentiation program favours a contractile 

muscle phenotype. Conversely in response to vascular injury, growth factors regulate smooth 

muscle cell plasticity, switching to a proliferative state of smooth muscle cells that inhibit smooth 

muscle gene transcription (73). As multiple reports have established Myocardin as a transcriptional 

cofactor, Li et al. identified steroid receptor coactivator-3 (SRC3) as a Myocardin coactivator (92). 

This novel cofactor is required for vascular smooth muscle transcription and differentiation into 

the contractile phenotype (92). The interaction between SRC3 and Myocardin involves the TAD 

of Myocardin that enhances its myogenic activity on SRC3 via CArG-Box dependent promoters 

(92). This effect is reversed by a loss of SRC3 function in cultured smooth muscle cells.  

These findings provide clues to the receptor-mediated modulation of Myocardin that direct 

the proliferative or contractile phenotypes of smooth muscle. A recent report illustrated a direct 

interaction between Myocardin and signal transducer and activator of transcription-3 (STAT3) 

(93). This implicates the Janus kinase inhibitor (JAK)-STAT3 signalling pathway, which 

communicates extracellular signals to the nucleus and modulates the phenotype switching of 

vascular smooth muscle cells (VSMCs) (93). The nuclear p65 subunit of NF-κB is previously 

shown to interact with Myocardin to inhibit the SRF-ternary complex (94), Singh and Zhang 

demonstrate a dual role of tumor necrosis factor-alpha (TNFα, an inflammatory cytokine) in 

regulating Myocardin mRNA expression mediated by NF-κB (95). Reports show TNFα treatment 

decreases endogenous Myocardin expression and reduces VSCMs contractility in proliferative 

VSMCs, but in contrast stabilizes Myocardin mRNA in differentiated or contractile VSCMs (95). 

Another regulator of smooth muscle phenotype switch includes the fibroblast growth factor-12 

(FGF-12) that induces the contractile phenotype (96). Treatment with FGF12 inhibits cell 

proliferation as mediated by p38 kinase activation while increasing Myocardin and SRF expression 
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(96). These findings illustrate various mechanisms that module the VSCM phenotypic switch by 

modulating Myocardin expression. 

To better understand the mechanisms that stabilize Myocardin activity during smooth 

muscle differentiation, a yeast two-hybrid screen identified ubiquitin ligase E3 component n-

recognin-5 (UBR5) as a potential protein that could regulate Myocardin activity (97). Independent 

of its protein degradation E3 ligase activity, UBR5 was revealed to localize to the nucleus and 

interact with the amino terminus of Myocardin. UBR5 was also reported to prevent degradation 

and stabilize Myocardin to enhance smooth muscle expression and differentiation (97). However, 

the authors failed to report if UBR5 binds to Myocardin as a ternary complex with SRF to drive 

smooth muscle gene expression. 

Interestingly, the extracellular regulated kinases-1/2 (ERK1/2) directly phosphorylates the 

smooth muscle variant, Myocd-835 at four sites: Ser812-859-866 and Thr893 (98). Phosphorylation of 

these sites within the TAD of Myocardin inhibits transcriptional activity of smooth muscle genes 

(98). This post-translation modification by ERK1/2 also reduces the interaction of Myocardin with 

cAMP-binding protein (CBP), an enhancer of Myocardin activity (98). As Myocardin undergoes 

phosphorylation, dephosphorylation of Myocardin via phosphatases in smooth muscle cells 

remains to be illustrated.  

Furthermore, Yin and colleagues reported Myocardin degradation is required to 

transcriptionally activate Myocardin and regulate vascular smooth muscle genes (99). With the 

use of proteosome inhibitory drugs such as lactacystin, Myocardin protein levels increased as 

visualized by a higher molecular weight protein band. Consequently, the authors failed to report 

the size of this higher molecular protein. As lactacystin treatment increased Myocardin protein 

expression, it conversely reduced the transcriptional activity of Myocardin, which led to the 
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reduction of smooth muscle contractile markers. Interestingly, this repressive effect of proteosomal 

inhibition on Myocardin transcriptional activity was independent of other reported Myocardin 

repressors such as ELK-1, KLF4 and HDACs (99).  

Recent findings describe Myocardin ubiquitylation as another post-translational 

modification required to transactivate Myocardin (100). This process is mediated by Atrogin-1, an 

E3 ligase that promotes the proteosomal degradation of Myocardin required for transcriptional 

activation (100). Co-IPs and GST-pull down assays confirmed a direct interaction between 

Atrogin-1 and Myocardin while immunostaining experiments illustrated Atrogin-1 and Myocardin 

nuclear localization (100). These findings highlight the continuous complexity surrounding 

ubiquitylation/degradation required for Myocardin transactivation. Future studies need to assess 

key missing points from these reports including 1) Myocardin domains that ubiquitin molecules 

bind to; 2) the size of Myocardin protein prior to degradation; 3) the specific domains of Myocardin 

that are degraded and 4) whether the cardiac Myocardin variant also undergoes similar post-

translational changes of inactivation.   

1.6.4 Post-Translational Modification of Myocardin in Cardiac Muscle 

 

As Myocardin is phosphorylated in smooth muscle cells (98), glycogen synthase kinase-

3β (GSK3β) phosphorylates Myocardin in cardiac myocytes (101). With the use of in vitro kinase 

assays, GSK3β phosphorylates Myocardin at four serine residues and reduces the cardiac 

hypertrophy gene program (101), thus altering the transcriptional activity of Myocardin. 

Additionally, this effect is reversed by phosphorylation of GS3Kβ by lithium chloride treatment 

that inhibits GS3Kβ activity and induces cardiac hypertrophy (101). Collectively these findings 

reveal GS3Kβ as a negative modulator of Myocardin activity that has yet to be reported with 

endogenous Myocardin.   
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Conversely, the bone morphogenetic protein-2 (BMP2) signaling pathway that is involved 

in cardiac cell differentiation enhances Myocardin activity and drives the transcriptional cardiac 

program (102). This process is driven by the synergistic interaction between Smad1 and 

Myocardin as assessed by biochemical assays.  In contrast to the Smad3 regulation of smooth 

muscle genes, interaction of Smad1 and Myocardin is SBE-independent and does not interfere 

with the Myocardin-SRF ternary complex in cardiomyocytes (102). The CArG-Box is required to 

mediate this interaction between Myocardin and Smad1, which is completely inhibited by deletion 

of the basic domain of Myocardin. Interestingly, mutations in the SAP and poly-glutamine domain 

reduce the Smad1-Myocardin binding ability (102). The experimental evidence is compelling and 

provides a platform for validation with in vivo studies. 

As BMP2 and Smad1 enhance Myocardin activity, sumoylation also enhances the 

cardiogenic activity of Myocardin in non-cardiac cells (103). Sumoylation is a post-translational 

modification mediated by small ubiquitin-like modifiers (SUMO). This process is mediated by 

SUMO-1 that modifies Myocardin at lysine residue 445 and enhances Myocardin transactivation 

(103). Co-IPs revealed that PIAS1, an E3 ligase, was also revealed to interact with Myocardin that 

stimulated Myocardin sumoylation. Due to this modification, sumoylated Myocardin also runs at 

higher position on a protein gel ~98kDa, compared to its non-sumoylated form. Both translational 

modifications of Myocardin by SUMO-1 and PIAS1 were illustrated to occur in an SRF-dependent 

manner via SRE sites (103). These findings highlight the sumoylation pathway that enhances 

Myocardin transcriptional activity that may contribute to cardiogenesis and direct cardiac muscle 

cell fate, but whether these changes are observed during cardiovascular disease are unknown.  
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1.7 Myocardin in Heart Disease 

The presence of congenital heart defects in childhood can develop into congestive heart 

disease, contributing to dilated cardiomyopathy (DCM), hypertension, and ischemic heart disease 

that can deteriorate to heart failure (104). A study led by Mikhailov’s lab was the first to report 

elevated levels of Myocardin expression in human biopsies with DCM (105). Myocardin mRNA 

expression was increased in left ventricular samples from humans with end stage heart failure in 

comparison to normal donor hearts (105). A similar increase in Myocardin expression in both left 

and right ventricle (LV/RV) myocardium was illustrated in a Doxorubicin (DOX)-induced model 

of CM in neonatal pigs (105). Interestingly, the forced expression of the cardiac isoform of 

Myocardin in neonatal pig hearts activated the fetal gene program and impaired cardiac function. 

Two days post Myocardin gene delivery, the piglet hearts exhibited impaired LV systolic function, 

abnormal echocardiograms and left and right ventricular remodelling in vivo, implicating 

Myocardin expression in human cardiovascular disease. 

Myocardin is also implicated in stress-induced hypertrophy: mouse hearts with transverse 

aortic banding (TAB)-induced cardiac hypertrophy and human heart patients with idiopathic 

dilated cardiomyopathy (IDM) had an increasing expression of Myocardin (106). Hypertrophic 

stimulation in cultured neonatal cardiomyocytes increased Myocardin activation, which activated 

hypertrophic genes in a CArG-Box dependent manner. The forced expression of Myocardin 

activated hypertrophic and fetal genes including ANF, BNP, β-MHC (106). SRF expression was 

elevated as to enhance Myocardin target gene expression but no changes in GATA4 or MEF2 

transcription factors were detectable, yet expression of HDAC5, a repressor of Myocardin activity, 

was able to inhibit Myocardin-induced hypertrophy (106). In regard to chromatin changes, the role 

of HATs in the Myocardin-induced hypertrophic program is currently unknown. 
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Cardiac hypertrophy also implicates a transcriptional member from the KLF family. In rat 

cardiomyocytes, KLF15 is a potent competitive inhibitor of Myocardin that becomes dysregulated 

during cardiac disease (106). KLF15 interacts with the basic domain of Myocardin and displaces 

Myocardin from SRF by competing for the same binding site. However, specific to left ventricular 

pathological hypertrophy, the loss of KLF15 expression results in non-repression of Myocardin 

activity, thus activating fetal genes and contributing to heart failure (106). Furthermore, the nuclear 

factor of activated T-cells c3 (NFATc3) transcriptional activates Myocardin during myocardial 

hypertrophy (107). Thus, multiple independent findings add to the complexity surrounding the 

regulation of Myocardin activity during cardiac hypertrophy. 

Interestingly, a rare genetic mutation (1 out of 1137 control individuals) in the Myocardin 

gene has been described in a patient with congenital heart disease (108). This rare variant (K259R) 

in Myocardin is also hypomorphic, as it causes a partial loss in Myocardin function and reduces 

the ability of Myocardin to interact with SRF. However, this Myocardin mutation is specific to 

cardiac muscle tissue (108). The K259R mutation also acts as an auto-inhibitor to Myocardin and 

prevents stimulus-induced cardiac hypertrophy (108). Generating an animal model with a K259R 

Myocardin mutation will further clarify if it contributes to the embryonic or post-natal 

development of congenital heart disease. 

Torrado et al.  recently reported the in vivo delivery of a gene silencer targeted to 

Myocardin in a Dox-induced model of diastolic heart failure (Dox-DHF) in neonatal piglets (109). 

After illustrating high levels of Myocardin expression in hearts exhibiting DHF, short hairpin (sh) 

sequences targeting Myocardin mRNA degradation were generate: two days post sh-Myocardin 

gene delivery (via intra-myocardial injections) results in a decrease in Myocardin levels with a 

partial rescue towards normalization of the impaired diastolic function, contributing to a higher 
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neonatal survival rate (109). This study provides evidence that Myocardin serves as a potential 

therapeutic target for the treatment of heart failure. 

1.8 Micro-RNA (miR) Regulation  

As cardiomyocytes have a limited regenerative capacity, Myocardin plays a vital role in 

cardiac reprogramming to induce-cardiomyocyte-like (iCML) cells as an alternative to repairing a 

damaged heart (as described earlier). Christofou et al. have shown that a combination of micro-

RNA/miRs such as miR-1 and miR-133a, with a cardiogenic transcriptional cocktail consisting of 

GMT + Myocardin (110) + Nkx2.5, reprogrammed human dermal fibroblasts into iCLM cells 

(111). Such evidence implicates miRs as important components during cardiac reprogramming 

and serve as potential therapies for cardiovascular disease (112,113). With the accumulating 

evidence on miRs in the heart (114), reports have illustrated miRNA regulation of the 3’ un-

translated region of Myocardin (115,116).  

 Dual expression of miR-145 and miR-143 regulate Myocardin/SRF in a CArG-Box 

dependent manner to activate smooth muscle differentiation (115). Concurrent with this positive 

effect, miR-145/143 also inhibits multiple repressive factors of Myocardin including ELK-1 and 

KLF4 that reduce proliferation of smooth muscle cells (115). These findings are the first evidence 

of miRNAs regulating coactivators and corepressors to dictate Myocardin-mediated smooth 

muscle cell fate. With respect to smooth muscle differentiation, Myocardin is also regulated by 

miR-1 that inhibits smooth cell proliferation (116,117). Interestingly, Myocardin positively 

regulates a cluster of miR-1/miR-133a to determine cardiac muscle or smooth muscle cell lineage 

(118). Thus, these independent reports illustrate Myocardin as a downstream target for miR 

regulation during heart development. Notably, miR-9 is able to repress Myocardin expression in 

cultured cardiomyocytes while miR-9 mimicking molecules inhibit cardiac hypertrophy in adult 
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mouse hearts (107). In a recent study, NF-κB (p65) elevated levels of miR-1 expression and 

inhibited Myocardin-mediated cardiomyocyte hypertrophy (119). Conversely, the use of 

antagomiRs, miR inhibitors, targeted muscle specific miR-133a that triggers cardiac hypertrophy, 

mediated by miR-133 modulation of the β-adrenergic signalling pathway (120). Whether miR-133 

regulates Myocardin expression during hypertrophy or whether miR-133a is a downstream target 

of Myocardin to protect cardiomyocytes from cell death is currently unknown.  

1.9 Regulated Cell Death 

 Traditionally, the process of cell death has been described as programmed or apoptotic 

versus accidental or non-programmed necrotic death (121). Apoptosis is a programmed 

mechanism of cell death without an inflammatory response that can be inhibited by use of 

pharmacological or genetic intervention (122,123). In contrast, necrosis is regarded as a 

morphologically distinct form of accidental or unregulated cell death that causes swelling and 

inflammation. During the last two decades, genetic studies combined with use of pharmacological 

agents has revealed that multiple forms of cell death are not by accident but occur via regulated 

signalling pathways, known as regulated cell death (RCD) (124,125).  
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Table 1: Mechanisms of regulated cell death 

 

 As novel cell death pathways are characterized, the Nomenclature Committee of Cell Death 

2018 recommends defining multiple pathways of RCD as exhibiting either apoptotic or necrotic 

morphology (non-apoptotic), and in contrast, recommends programmed cell death as a mode of 

RCD that occurs during physiological conditions (126,127). RCD can be defined by key 

characteristics including morphological features and biochemical features, as highlighted in Table 

1. During apoptosis, external or internal signals via mitochondrial outer membrane 

permeabilization (MOMP), result in the formation of an apoptosome (128). This caspase-

dependent process triggers formation of apoptotic bodies of contained cellular material that can be 

delayed by caspase inhibitors such as zVAD-fmk (129).   

 In contrast, mitochondrial permeability transition (MPT)-driven regulated necrosis involves 

permeabilization of the inner mitochondrial membrane (IMM) (130,131); process of MPT-pore 

opening is dependent upon a mitochondrial matrix protein, cyclophilin D, which can be 

pharmaceutically inhibited by cyclosporine A (CsA) or NIM-811 (129,132). MPT-pore opening 

Regulated  

Cell Death 

Mechanism Pharmacological 

Inhibition 

Apoptosis Caspase-dependent 

Mitochondrial outer membrane permeabilization 

(MOMP) - Apoptosome 

caspase inhibitor  

(zVAD-fmk) 

MPT-driven necrosis MPT-pore opening 

Inner mitochondrial membrane (IMM) 

permeabilization 

Cyclosporine A (CsA) 

NIM811 

Necroptosis  RIP1/RIP3K 

Inflammation - Necroptosome 

necrostatin-1 

(Nec) 

Pyroptosis Inflammatory caspase-dependent 

Pyroptosome/inflammasome 

caspase-1 inhibitor  

Ferroptosis Iron-dependent 

Lipid peroxidation and reactive oxygen species 

ferrostatin-1  

Autophagy-Dependent  Autophagolysosomes 3-methyladenine (3MA) 
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triggers organelle swelling, resulting in cellular rupture and necrotic death.   As the cell ruptures it 

induces an inflammatory response, a morphological feature absent during apoptosis; associated 

with elevated levels of high mobility group box-1 (HMGB1), a nuclear protein that gets released 

in the cytoplasm of necrotic cells (133); recently implicated as a mediator of cellular damage in 

ischemia/reperfusion injury in the heart (134). 

 Similar to MPT-regulated necrosis, necroptosis (previously known as programmed or 

regulated necrosis) results in cellular swelling and plasma membrane, triggering an inflammatory 

response (135). This form of RCD is mechanistically dependent upon dimerization of receptor 

interacting protein kinases (RIPK) that form a necroptosome that can be inhibited by the presence 

of necrostatin-1 (136). Similar to necroptosis and MPT-driven necrosis, the pryoptosome also 

results in membrane rupture and inflammation (137). Ferroptosis is another form of non-apoptotic 

RCD that is iron-dependent and occurs through the loss of a lipid repair enzyme. This results in 

lipid peroxidation that can be inhibited by ferrostatin-1 (138).  

 Another non-apoptotic form of cell death is autophagy-dependent cell death or ‘self-eating’ 

(127). This consists of autophagic vacuoles known as autophagosomes, that degrade unwanted 

cellular contents in autophagolysosomes that can be inhibited by 3-methyladenine (139). It was 

recently reported by Ghavami and colleagues that simvastatin-induced apoptotic cell death 

(discussed in a latter section) in human atrial fibroblasts that was co-regulated by various modes 

of pro-survival mechanisms including autophagy and ER stress (139). Interestingly, the balance of 

pro-death and pro-survival proteins that initiate apoptosis were also implicated in simvastatin-

induced cell death. Autophagy is a highly debated process, considered by some as a pro-survival 

response activated as a default mechanism to return to homeostasis, but can also trigger a mode of 

RCD termed autophagy-dependent cell death.  
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 Determining which type of RCD is activated as a default mechanism or as a back-up plan 

currently requires further clarification and has been recently discussed elsewhere (127). Current 

literature suggests that impaired mitochondrial function is implicated in multiple pathways of cell 

death, yet execution of various pathways remains unknown. It is this curiosity that fuels the 

continued exploration of understanding how various mechanisms of RCD (such as apoptosis and 

regulated necrosis) are altered by mitochondrial dysfunction. 

1.9.1 Apoptosis 

 Apoptotic cell death is coordinated by a network of caspases. Initiator caspases (caspase-

8/9) activate downstream executioner caspases (caspase-3/6/7) that regulate two arms of apoptosis 

classified by the origin of death signal. Death signals with an extracellular input are extrinsic or 

receptor-mediated; signals that originate from within the cell initiate intrinsic or mitochondrial-

mediated apoptosis. However, regardless of the source of the signal, caspases play a critical role 

in mediating the cellular events that ensue. The extrinsic pathway receives signals from the 

extracellular environment including death signals or ligands such as tumor necrosis factor-alpha 

(TNFa), which bind and activate death receptors located at the plasma membrane. Upon receptor 

activation, the cytoplasmic domain of the death receptors recruit adaptor proteins such as Fas-

associated death domain (FADD) or TNF-receptor associated death domain (TRADD). This form 

a protein death inducing signalling complex (DISC) that recruits caspase-8 to activate executioner 

caspases and trigger apoptosis (122,141).  

In contrast to death receptors receiving external signals, intrinsic apoptosis is mediated by 

internal signals via mitochondria (142). Key regulators of mitochondrial function include members 

of the Bcl-2 family. In the balance between life and death, anti-apoptotic factors are opposed by 

pro-apoptotic factors; the Bcl-2 family falls on both sides of this balance (143,144). During basal 
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conditions, anti-apoptotic proteins, Bcl-2 or Bcl-XL, inhibit pro-apoptotic members such as Bcl-2 

associated X protein (BAX) and Bcl-2 antagonist or killer (BAK) (145-147). Upon cellular stress 

such as hypoxia, ER stress or DNA damage the balance is weighted towards cell death. The Bcl-2 

homology-3 (BH3)-only pro-apoptotic proteins, can either directly activate BAX and BAK or 

counter the effects of Bcl-2, endogenous inhibitors of both BAX and BAK function, to bring about 

cell death (147,148). Conformational changes to activated BAX/BAK at the mitochondria creates 

a pore triggering MOMP, an essential response observed during intrinsic apoptosis (149-152). In 

response to intrinsic death signals, cells devoid of both BAX and BAK were unable to trigger 

MOMP nor induce apoptotic cell death (147). Permeabilization of the outer membrane results in 

leakage of apoptogenic factors from the mitochondrial intermembrane space including the release 

of cytochrome c.  

In the cytosol, cytochrome c forms a protein complex consisting of activated caspase-9 and 

the apoptotic protease activating factor-1 (APAF1), known as the apoptosome, which activates 

downstream executioner caspases to mediate apoptosis (128,143,153). Although caspase-8 has a 

pivotal role during extrinsic apoptosis, it has also been reported to activate BID, another pro-

apoptotic Bcl-2 protein, providing evidence of crosstalk between the extrinsic and intrinsic 

pathways via MOMP activation (147,154-156). Apoptosis is also mediated in a caspase-

independent manner that increases expression of a nuclear enzyme, poly(ADP-ribose) 

polymerase-1 (PARP-1), and promotes the expression of PAR that mediates translocation of 

apoptosis inducing factor (AIF) to the nucleus, recently coined as parthanatos (127,157,158). 

Whether apoptotic cell death is mediated in a caspase-dependent or independent manner, both 

pathways results in nuclear condensation, DNA fragmentation, formation of apoptotic bodies, and 
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membrane blebbing that maintains plasma membrane integrity; triggering key cellular events that 

are absent during necrosis. 

1.9.2 Necroptosis 

 

 Often associated with diseases of the immune response, programmed necrosis has become a 

controversial topic. Scientists now understand that necroptosis is a specific pathway of regulated 

cell death that is caspase-independent and mediated by two key members of the receptor interacting 

protein kinase family, RIPK1 and RIPK3 (125,135,159). Activation of RIPK1 can be triggered by 

multiple death receptors including tumor necrosis factor-alpha receptor-1 (TNFR1), a receptor that 

also mediates extrinsic apoptosis (as previously mentioned), that forms a receptor complex. 

Deubiquitinase enzymes such as A20 or CYLD, remove the polyubiquitin chains from RIPK1, 

thus promoting the dissociation from the receptor complex. In the absence of caspase activity, 

RIPK1 autophosphorylates and interacts with RIPK3, forming a necrosome (159,160). It has been 

suggested that necroptosis occurs when apoptosis or caspase activity is inhibited (by caspase 

inhibitor zVAD-fmk). Further phosphorylation of RIPK3 triggers phosphorylation of mixed 

lineage kinase like protein (MLKL). Phosphorylated MLKL translocates to the plasma membrane, 

resulting in membrane rupture in a calcium-dependent manner and tissue inflammation (161). It 

was recently shown that RIP3K activates STAT3, thus translocating STAT3 to the mitochondria, 

resulting in mitochondrial ROS generation (162). Such observations implicate impaired 

mitochondria as important mediators of TNF-induced necroptosis, but further experimental 

evidence is required. 

 The use of pharmacological inhibition by necrostatin-1 (NEC1), specifically inhibits RIPK1 

activation while necrosulfonamide (NSA) specifically inhibits RIP3K, thus inhibiting necroptosis. 

However, NEC1 also has been reported to inhibit the ripoptosome, a multi-protein complex that 
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consists of RIPK and caspases, that activate apoptosis. Thus, NEC1 inhibits necroptosis through 

the necrosome, and certain forms of apoptosis dependent on the ripoptosome. Because NEC1 also 

targets the immune response, NEC1 analogues have been used to selectively inhibit RIPK1 

activity. To further understand the mechanistic pathways underlying necroptosis, combination 

targeting of RIPK3 and MLKL must be taken into consideration to avoid overlap with apoptosis. 

Many studies suggest that the mitochondria are dispensable for necroptosis, as recently reviewed 

by Marshal and Baines (163).  

1.9.3 Mitochondrial Permeability Transition-Regulated Necrosis 

 Mitochondria have dual roles in the cell life cycle: generating energy for cellular homeostasis 

and mediating cell death. Traditionally associated with apoptosis, recent evidence demonstrates 

that mitochondria permeability transition (MPT) results in a necrotic morphology (164,165). Based 

on genetic studies, this process has recently been coined as MPT-regulated necrosis, in efforts to 

replace the highly debated ‘programmed necrosis’ process. Permeabilization of the inner 

mitochondrial membrane, by formation of the mitochondrial permeability transition pore (MPTP) 

is a hallmark feature that occurs during MPT-regulated necrosis, in contrast to MOMP during 

apoptosis (164). During physiological conditions, the MPTP is thought to be open transiently to 

regulate mitochondrial calcium loading and metabolism (130,165). However, excessive 

mitochondrial calcium levels or elevated reactive oxygen species (ROS) results in prolonged or 

severe MPTP opening, creating a  non-selective channel that allows exchange of molecules (up to 

1.5 kDA) to move between the mitochondrial matrix and cytosol (166).   

 As the mitochondrial inner membrane-matrix proton gradient dissipates, the membrane 

potential across the inner membrane diminishes. This is followed by uncoupling of mitochondrial 

respiration and decreased ATP synthesis, key events that are absent during apoptosis. The 
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reduction in ATP combined with the disruption of calcium influx and osmotic pressure trigger 

mitochondrial swelling and outer membrane rupture. This results in cytochrome c release and 

caspase activation; a mechanistic overlap suggests necrosis is often associated with late apoptosis. 

One way to consolidate these pathways is the understanding that apoptosis is a caspase-dependent 

form of RCD that requires ATP to activate caspases. However, ATP synthase is dysregulated 

during MPTP, resulting in little or no ATP supply. With dysfunctional mitochondrial, cells 

ultimately rupture causing inflammation and MPTP-driven necrosis (165).  

 Since its functional characterization by Hunter and Haworth, the structure of MPT-pore 

continues to remain elusive, as it involves proteins from both inner and outer mitochondrial 

membranes and the mitochondrial matrix. Historically, MPT-pore was suggested to consist of 

three core proteins: cyclophilin D (CYPD), a mitochondrial matrix protein; a voltage-dependent 

adenine channel (VDAC) and adenine nucleotide transferase (ANT), an inner mitochondrial 

membrane transporter protein. However studies over the past decade propose an evolving model 

of MPTP, implicating ATP synthase within a multi-protein complex at the inner and outer 

mitochondrial membrane (167). With the use of genetic mice with CYPD deletion or use of 

pharmacological inhibition by cyclosporine A (CsA), NIM811 or Sanglifehrin A, the matrix 

protein CYPD remains as the undisputed regulator of MPTP (129,132,168,169). Although VDAC 

and ANT are not essential for MPT-pore opening (170,171), ANT is required for ATP synthesis 

yet also binds to CYPD (165,172).   

 Many proteins involved with the MPTP also interact with MOMP molecular machinery: 

mitochondria isolated from BAX/BAK double knock out mice (DKO) were resistant to MPT-pore 

opening but sensitive to apoptotic inducing factor (AIF). Although MPT-pore opening at the inner 

membrane also results in MOMP via BAX/BAK, opening of the MPT-pore does not result in 
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apoptotic cell death (173). Thus, the current model of MPTP consists of ATP synthase and CYPD 

that generate ATP to maintain mitochondrial function, until calcium or elevated ROS trigger a 

conformational change in ATP synthase, reducing ATP production (174). This results in 

mitochondrial swelling while BAX/BAK perforate the outer mitochondria membrane, triggering 

MPTP opening (131,167,175,176). Independent genetic studies demonstrate CYPD and 

BAX/BAK as essential components of MPT-pore, yet researchers require further evidence to 

validate ATP synthase as a key regulator of MPT-pore.  

1.10 BH3-only proteins in the heart 

 Modulation of MPT-pore maintains cellular homeostasis and mitochondrial function that 

becomes dysregulated by effects of pro-death proteins: Bcl-2 homology3 (BH3) only proteins have 

been most demonstrated to activate different modes of cardiac cell death (165, 166). In cardiac 

cells Bcl-2 19kDa interacting protein-3, Bnip3, is highly responsive to hypoxic signals following 

ischemic injury to trigger cell death while Bnip3-like (Bnip3L) or Nix, is highly responsive to 

hypertrophic signals including adrenergic activation (177). It has been reported that both Bnip3 

and Nix can regulate mitochondrial function and activate different arms of regulated cell death 

based on the subcellular localization.  

 Gary Isom’s lab was the first to show that Bnip3 could trigger different cell death pathways 

when localized to the endoplasmic reticulum (ER) or mitochondria: Bnip3 targeted to the ER 

elicited an increase in calcium uptake by the mitochondria, triggering caspase-independent 

necrosis (178). Conversely, apoptosis involving MOMP was induced when Bnip3 was targeted to 

the mitochondria. Similarly, Gerald Dorn and colleagues showed mitochondrial targeted-Nix, 

could also activate caspase-dependent apoptosis; in contrast, ER targeted-Nix altered ER calcium 

levels, triggering MPT-regulated necrosis  (164). Studies demonstrate that localization of pro-
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apoptotic Bcl-2 family members promote crosstalk between ER and mitochondrial calcium flux 

during regulated cell death with potential therapeutic intervention for promoting cell survival.  

 This close relationship between the two organelles have led to advancements in 

understanding the functional role of the ER during cell death. The ER performs diverse roles within 

mammalian cells including protein synthesis and calcium handling (179,180). Disruption of ER 

function or ER stress triggers the unfolded protein response (URR) that activates machinery to 

maintain homeostasis but is also associated with various forms of cell death (181,182). ER stress 

and autophagy trigger necrosis in cells lacking BAX/BAK (183,184), employing a necrotic cell 

death mechanism when cells cannot die by apoptosis, further adding complexity towards the 

relationship between the ER and mitochondria. An overlap suggested to include MOMP, caspase 

activation, and ER stress has made it difficult for researchers to differentiate between apoptosis 

and MPT-regulated necrosis.   Based on the current literature reviewed here, it is quite clear that 

some but not all forms of regulated cell death mechanistically overlap and implicate disruption of 

mitochondrial and ER function by BH3-only proteins. 
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1.11  Summary 

 The literature presented in this review serves to illustrate the established role of Myocardin 

as a transcriptional coactivator restricted to the cardiovascular system. Myocardin activity and 

expression is modulated by molecular regulators including microRNAs, that drive muscle 

differentiation in cardiac or smooth muscle tissue. Loss of Myocardin function in mouse embryos 

results in multiple congenital heart defects, associated with elevated levels of cell death; rapidly 

transitioning into heart failure that results in embryonic lethality.  There is evidence that Myocardin 

has cardioprotective effects, but little is known about the role of Myocardin in preserving 

mitochondrial function and whether it opposes regulated cell death pathways mediated by BH3-

only proteins in the heart.   
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CHAPTER II: Thesis rationale and specific aims  

Members of the MADS-box family, MEF2 and SRF, are core transcription factors that 

regulate myogenic differentiation pathways; genetic studies reveal that loss of MEF2 results in 

mitochondrial deficiency while lack of SRF results in structural defects of the heart (185,186). 

Unpublished work from my supervisor’s previous lab during his PhD suggest MEF2 and SRF are 

implicated to alter mitochondrial function; such observations contribute to reported findings of 

MEF2 regulation of a miR-1/miR-133a  cluster and miR-133a regulation of mitochondria in the 

heart (187-189). However, the collaborative role of MEF2 and SRF regulation of miR-133a and 

its implication on regulating mitochondrial function during myogenic differentiation is unknown.  

 Myogenic properties of MEF2 and SRF are conveyed through Myocardin co-activation, 

regulating specific gene expression in cardiac and smooth muscle tissue (26,190).  The functional 

loss of Myocardin results in congenital heart defects and embryonic lethality, while the specific 

cardiac deletion of Myocardin is associated with elevated levels of cell death and heart failure in 

vivo (30,49,52), However, the role of Myocardin to preserve mitochondrial function and oppose 

cardiac cell death during development and disease is unknown.  Therefore, the purpose of my 

thesis is to investigate a Myocardin-regulated genetic pathway that regulates mitochondrial 

function in cardiac muscle. This would greatly contribute to the field of cardiovascular cell biology 

and identify the molecular machinery underlying mitochondrial function and cardiac cell survival 

during development; in hopes to develop novel pharmacotherapy strategies for preventing cardiac 

defects and reversing the progression to heart failure. This purpose is addressed experimentally by 

hypotheses presented in Manuscript I and Manuscript II: 

1) Phosphorylation site on MADS-box motif of MEF2 regulates miR133a 
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2) miR133a regulates mitochondrial function through death gene Nix in three muscle cell 

lineages 

3) Expression of Nix and cardiac necrosis is elevated in Myocardin null mouse embryos  

4) Myocardin regulates a genetic pathway and mitochondrial function in cardiac muscle 

5) Myocardin regulates mitochondrial permeability transition pore and calcium 

homeostasis through Nix repression. 

 

In the first series of experiments, we investigated a genetic pathway that regulates muscle 

differentiation and mitochondrial function. I evaluated the role of MEF2 and SRF in cooperatively 

activating miR-133a that regulates muscle differentiation in skeletal, cardiac and smooth muscle: 

miR-133a preserves mitochondrial function and represses a cell death protein, Nix. This pathway 

becomes dysregulated in a rodent model of offspring exposed to gestational diabetes exhibiting 

elevated levels of Nix expression. Thus, I provide a mechanistic pathway that involves MEF2 and 

SRF regulation of mitochondrial function through miR-133a inhibition of Nix in all three muscle 

lineages, with implications in metabolic diseases.  

With a reported genetic pathway of MEF2 and SRF activating miR-133a to oppose Nix 

and mitochondrial dysfunction, I next focused on the upstream molecular regulators. Myocardin 

serves as a potential molecular candidate for it co-activate MEF2 and SRF to regulate cardiac 

genes. Due to the lack of evidence evaluating the role of Myocardin to oppose cardiac necrosis, I 

investigated Nix expression in mouse embryos exhibiting the global loss of Myocardin function. I 

show loss of Myocardin increases Nix expression in a miR-133a dependent mechanism and 

confirm a Myocardin-regulated genetic pathway that preserves mitochondrial function in cardiac 

muscle. With a function in promoting cardiac cell survival, I demonstrate Myocardin preserves the 
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mitochondrial permeability transition pore and calcium homeostasis through Nix inhibition to 

prevent cell death  via miR-133a activation in cardiac myocytes. I further demonstrate that the 

Myocardin genetic pathway is dysregulated in the infarcted border zone following ischemic heart 

injury but not during cytotoxicity-induced cardiac necrosis highlighting the specificity of this 

pathway to metabolic disease, with further implication in offspring exposed to gestational diabetes.  
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CHAPTER III: Manuscript I 

3.1 Rationale 

 

Core transcription factors coordinating muscle lineage include MEF2 and SRF regulate 

genes involved in muscle differentiation: these transcription factors belong to a family of proteins 

that contains a MADS-Box sequence that mediates factor dimerization, bind to DNA, and are co-

activated by Myocardin (68,191,192).  Interestingly, MEF2 is previously reported to regulate miR-

133a in the heart but the role of SRF on miR regulation has yet to be evaluated. Despite the 

myogenic defects exhibited in SRF-/- null animals, or the mitochondrial deficiency and defective 

cell differentiation in MEF2-/- null animals, little is known about the cooperative role of MEF2 and 

SRF during myogenic differentiation or the impact of Myocardin during development. Therefore, 

my first manuscript presents evidence of a genetic pathway that promotes myogenic differentiation 

and mitochondrial function during fetal metabolic programming. This manuscript addresses the 

two experimental objectives outlined in the Thesis Rationale, which are: 1) Phosphorylation site 

of MADS-box motif on MEF2 activates miR-133a; 2) miR-133a preserves mitochondrial function 

through death gene Nix in three muscle cell lineages. These objectives are evaluated primarily in 

immortalized myogenic cells including skeletal myotubes (C2C12), cardiac myocytes (H9C2) and 

airway smooth muscle cells (ASMC). 
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A conserved MADS-box phosphorylation motif regulates differentiation and 

mitochondrial function in skeletal, cardiac, and smooth muscle cells. 
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F; Figure 2). 
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3.2 Abstract 

 Exposure to metabolic disease during fetal development alters cellular differentiation and 

perturbs metabolic homeostasis, but the underlying molecular regulators of this phenomenon in 

muscle cells are not completely understood. To address this, we undertook a computational 

approach to identify cooperating partners of the myocyte enhancer factor-2 (MEF2) family of 

transcription factors, known regulators of muscle differentiation and metabolic function. We 

demonstrate that MEF2 and the serum response factor (SRF) collaboratively regulate the 

expression of numerous muscle-specific genes, including microRNA-133a. Using tandem mass 

spectrometry techniques we identify a conserved phosphorylation motif within the MEF2 and SRF 

MADS-box that regulates microRNA-133a expression and mitochondrial function in response to 

a lipotoxic signal. Furthermore, reconstitution of MEF2 function by expression of a neutralizing 

mutation in this identified phosphorylation motif restores microRNA-133a expression and 

mitochondrial membrane potential during lipotoxicity. Mechanistically, we demonstrate that 

microRNA-133a regulates mitochondrial function through translational inhibition of a mitophagy 

and cell death modulating protein, called Nix. Finally, we show that rodents exposed to gestational 

diabetes during fetal development display muscle diacylglycerol accumulation, concurrent with 

insulin-resistance, reduced microRNA-133a and elevated Nix expression, as young adult rats. 

Given the diverse roles of microRNA-133a and Nix in regulating mitochondrial function, and 

proliferation in certain cancers, dysregulation of this genetic pathway may have broad implications 
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involving insulin resistance, cardiovascular disease, and cancer biology.     

 

Key Words: MEF2, SRF, microRNA-133a, muscle differentiation, mitochondrial function.   

Abbreviations: MEF2, myocyte enhancer factor-2; SRF, serum response factor; miR-133a, 

microRNA-133a; MADS domain/box, Mcm1 Agamous Deficiens SRF; PKCδ, Protein Kinase-

Cδ; HFS, high fat and sucrose diet; Nix/Bnip3L, BCL2/adenovirus E1B 19 kDa protein-

interacting protein 3-like; PTP, mitochondrial permeability transition pore; DGKδ, 

diacylglycerol kinase-δ. 

 

3.3 Introduction 

 

 Extensive cell and molecular analysis has identified numerous extracellular cues that 

regulate skeletal, cardiac, and smooth muscle myogenesis (193-195). However, the impact of 

nutrient availability and metabolic excess on myogenesis has been less studied. One of most 

important periods of myogenesis is during gestation and fetal exposure to metabolic diseases 

dramatically alters the development and post-natal metabolism of muscle. For example, the 

offspring of overweight pregnant rats have reduced muscle fibers and nuclei (196). In addition, 

fetal exposure to diabetes during pregnancy increases the risk for early-onset insulin resistance in 

the offspring (197); however, the key molecular regulators responsible for fetal metabolic 

programming have not been characterized in muscle tissues. 

 During mammalian development, myogenic precursors derived mostly from mesenchymal 

populations, commit to one of three main muscle lineages: skeletal, cardiac, and smooth muscle 

(194,198-200). Amongst the core muscle transcriptional regulators is the myocyte enhancer factor 

2 (MEF2) family of transcription factors, where gene-targeting studies in both Drosophila and 
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mammals have reported essential roles for the MEF2 family in the development and post-natal 

remodeling of all muscle lineages (201).  

 The MEF2 family is composed of four transcription factors, MEF2A to -D, which have both 

overlapping and non-redundant functions. The amino terminus of MEF2 proteins contains a highly 

conserved 58-amino acid MADS-box that mediates dimerization and binding to a cognate cis 

element, (T/C)TA(A/T)4TA(G/A) (191). The transcriptional activity of MEF2 proteins, along with 

their ability to bind DNA is highly regulated by post-translational modification, including 

phosphorylation (202-204). In mammalian cells, the only other MADS-box containing 

transcription factor is the serum response factor (SRF), which binds to a similar cognate cis 

element, CC(A/T)6GG (191), and has also been implicated in smooth muscle and striated muscle 

differentiation (131,186,192). Given their similar structure and overlapping function, surprisingly 

little is known regarding the cooperation between MEF2 and SRF proteins during muscle 

differentiation, and whether these MADS-box factors serve to coordinate aspects of mitochondrial 

function.  

 MEF2 proteins regulate metabolism and muscle fibre-type by direct transcriptional 

activation of numerous enzymes and transporters important for muscle metabolism, as well as the 

mitochondrial biogenesis inducer PGC-1ɑ (68). Furthermore, MEF2 has been demonstrated to 

regulate the expression of several microRNA clusters, including microRNA-133a (miR-133a), that 

operate during muscle differentiation and regulate mitochondrial function (187,188). In skeletal 

muscle, mice harboring deletions in the miR-133a alleles display a severe myopathy, accompanied 

by impaired mitochondrial respiration (188). Furthermore, miR-133a has been shown to regulate 

smooth muscle phenotype by altering proliferation (205).  

 Diacylglycerol levels are chronically elevated in muscle tissues of obese and diabetic rodent 
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models, and contribute to the lipotoxic and insulin resistant state (206,207). Therefore, one 

possible intracellular signaling pathway linking muscle metabolism with myogenesis is the 

diacylglycerol-protein kinase C (PKC)δ pathway. This pathway has been implicated in aberrant 

vascular smooth muscle growth, and can be viewed as an integrator of both metabolic and 

mitogenic cues (67). Interestingly, in human neonatal fibroblasts, PKCδ can inhibit SRF function 

by direct phosphorylation of threonine-160, which impairs SRF DNA binding leading to cell 

senescence (208). Furthermore, PKCδ signaling is reinforced by the proteolytic cleavage of a small 

constituently active PKCδ catalytic fragment from full-length PKCδ (208). However, whether this 

pathway regulates MEF2 or SRF in muscle tissues is untested.  

 In this report, we present the findings of an unbiased bioinformatics screen, utilizing position 

weight matrices. This computational approach predicted the co-occurrence of cis elements and a 

functional interaction between MEF2 and SRF. Experimentally, we demonstrate MEF2C and SRF 

cooperatively activate the expression of miR-133a. Furthermore, we identify a conserved MADS-

box phosphorylation motif, targeted by PKCδ, that serves to regulate endogenous miR-133a 

expression and mitochondrial function in all three muscle lineages. Finally, our data reveals that 

this signaling module is regulated by lipotoxicity to control mitochondrial function through the 

regulation of Nix, a known mitophagy and programmed cell death mediator (209).  

 

3.4 Materials/Methods 

 

Bioinformatics screen to predict functional transcription factor interactions. Muscle gene 

expression data was compiled from the profile published by Zhang et al (210). Genomic sequence 

representing the proximal promoter region (-1000 to +200 bp) of 46 muscle genes was extracted 

from the Database of Transcriptional Factor Start Sites (DBTSS) and used for this analysis. 
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Position weight matrices of all known mouse transcription factors were collected from the 

TRANSFAC and Wasserman-Fickett databases. We determined the conserved index (Ci) by 

calculating the degree of conservation of individual nucleotides in the matrix as a numerical value. 

In this model, Ci varies between 0 and 100, where 100 represents a position with total conservation 

of one nucleotide, and 0 represents equal distribution of all four possible nucleotides. Using this 

approach, we defined a core binding region as a region with four consecutive nucleotide positions 

with the highest Ci values, and used this core binding region to reduce the number of matches in 

the position weight matrices. We calculated the optimized matrix threshold and screened the 

promoter regions of the target sequences with the position weight matrices and optimized matrix 

threshold to detect interacting partners of MEF2 proteins based on the co-occurrence of cis-

regulatory elements.       

    

Plasmids. The MEF2 plasmids were described previously (211-213). The plasmid expressing the 

PKCδ catalytic fragment was kindly provided by K. Wheaton. The miR-133a expression plasmid 

was purchased from Addgene (Principal Investigator David Bartel, plasmid 26326) (214). The 

shRNA targeting SRF was based on the targeting sequence previously described by Medjkane et 

al (5’-CTGCAGCCCATGATCACCA-3’) (215). Sense and antisense oligonucleotides containing 

the target sequence were purchased from Sigma, annealed, and ligated into pSilencer 3.0 H1 

(Ambion). The Nix (Bnip3L), shNix, and Bcl-2 plasmids were purchased from Addgene (Principal 

Investigator Wafik El-Deiry, plasmid 17467, 17469, and Principal Investigator Clark Distelhorst, 

plasmid 18003) (216,217). 

 

Cell culture and transfections. All cell lines were maintained in Dulbecco’s modified Eagle’s 
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medium (DMEM; Hyclone), containing penicillin, streptomycin, and 10% fetal bovine serum 

(Hyclone) at 37 degrees celsius and 5% CO2. Generation of the hTERT senescent-resistant human 

airway smooth muscle cells (hASMC) was described previously (218), as were the DGKδ-null 

fibroblasts (162). C2C12 and hASMCs were transfected using JetPrime Polyplus reagent, and the 

H9c2 cell line was transfected using Qiagen’s Polyfect reagent, as per the manufacturer’s 

instructions. C2C12 were differentiated by re-feeding cells in 2% fetal bovine serum (Hyclone) 

for to 2-5 days, as indicated in the figure legends, while H9c2 cells were differentiated in 1% fetal 

bovine serum (Hyclone) for 24-48 hours. Palmitate conjugation and treatments were performed as 

described by Chavez et al. (219).     

 

In vitro kinase assay. Synthetic peptides (Fisher Scientific) were resuspended in molecular 

biology grade water at a concentration of 1 mg/ml. Peptide sequences used were MEF2 wild-type 

amino acids 14-27: ERNRQVTFTKRKFG, MEF2 Threonine-20 mutation: 

ERNRQVAFTKRKFG, SRF amino acids 154-167: KLRRYTTFSKRKTG. These peptides were 

used as the substrate in a PKCδ kinase assay kit (SignalChem) according to the manufacturer’s 

instructions, with the exception that [32P]-ATP was replaced with fresh molecular biology grade 

ATP. The manufacturer’s CREBtide synthetic peptide substrate (KRREILSRRPSYR) was used as 

a positive control in each assay. Following incubation at 30 degrees Celsius for 15 minutes, 

reactions were frozen at -80 degrees Celsius prior to mass spectrometry analysis. 

 

Phospho-peptide mapping. Prior to mass spectrometry analysis, kinase assays were prepared using 

C18 ZipTips (Millipore), according to the manufacturer’s protocol, to desalt and concentrate 

peptides. Samples in 50% acetonitrile, 0.1% formic acid were introduced into a linear ion-trap 
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mass spectrometer (LTQ XL: ThermoFisher, San Jose CA) via static nanoflow, using a glass 

capillary emitter (PicoTip: New Objective, Woburn, MA). All spectra were acquired using the 

ZoomScan setting. For MS2, collision-induced dissociation (CID) or electron-transfer-dissociation 

(ETD) were used. For the former, collision energy was set to 25%; for the latter a reaction time of 

100 ms with fluoranthane was set. Spectra were sequenced de novo manually. 

 

Immunoprecipitation and immunoblotting. Protein extractions were achieved using a RIPA lysis 

buffer containing proteases inhibitors and phosphatase inhibitors (Santa Cruz). Protein 

concentrations were determined using a Bio-Rad Protein assay 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. Immunoprecipitations utilized the Immunocruz kit (Santa 

Cruz), described previously (213), and complexes were probed by immunoblot using the 

RXRXXpS/T or RXXpS/T phospho-antibodies from Cell Signaling Technology.  

 

Fluorescent staining. MitoTracker Red CMXRos was purchased from Cell Signaling Technology 

and applied to cells for 30 minutes. Following incubation, cells were re-fed standard DMEM. 

TMRM, Calcein-AM, MitoView Green, and Hoechst 33342 were purchased from Biotium. PTP 

imaging was performed by quenching the cytosolic Calcein-AM signal with 5 µM cobalt chloride 

during the incubation period. All 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 was done on ImageJ software.  
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Mitochondrial respiration and glucose uptake. Mitochondrial respiration was determined on a 

Seahorse XF-24 Extracellular Flux Analyzer, as described previously (220). Calculated respiration 

rates were determined as per manufacturer’s instructions (Mito Stress Kit; Seahorse). Insulin-

stimulated glucose uptake was evaluated in differentiated H9c2 cells incubated the presence or 

absence of 10 nM insulin in phosphate-buffered saline (PBS) for 15 minutes, followed by 15 

minutes with the inclusion the fluorescent D-glucose analog 2NBDG (200 µM; Molecular Probes). 

Cells were imaged by standard techniques and quantified using ImageJ. 

     

Diet-induced gestational diabetes model.  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 Organizations 

of Medical Sciences. Female Sprague-Dawley rats were obtained at 4 weeks of age (University of 

Manitoba Colony) and randomly allocated to a low-fat diet (10% fat, Research Diets D12450B) 

or a high-fat and sucrose diet (45% fat, Research Diets D12451) for 6 weeks to induce pre-

gestational glucose intolerance (197,221). The female rats continued on their respective diets 

throughout pregnancy and weaning. The high-fat/sucrose-fed female rats developed 

hyperglycemia characteristic of gestational diabetes (GDM) while pregnant. Pups were weaned at 

3 weeks of age and randomly assigned to either low-fat or high-fat and sucrose diets for 12 weeks, 

creating four experimental groups: the offspring of lean mothers fed low-fat or high-fat/sucrose 

diets and the offspring of GDM mothers fed low-fat or high-fat/sucrose diets. For tissue analysis, 

rats were euthanized by overdose of sodium pentobarbital, and the heart and soleus muscles were 

dissected, rinsed in PBS, and immediately clamp frozen in liquid nitrogen.    
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Quantitative PCR.  Total RNA was extracted from cultured cells and pulverized frozen tissue by 

TRIzol method. For microRNA analysis all primers were purchased from Quanta BioSciences. 

cDNA was generated using QScript MicroRNA cDNA Synthesis kit (Quanta BioSciences) and q-

RT-PCR performed using PerfeCTa SYBR green super mix on a ABI 7500 Real-Time PCR 

Instrument, and normalized to RNU6 expression. For mRNA analysis, following column 

purification using Qiagen RNeasy kit and DNase treatment, cDNA was generated with QScript 

cDNA super mix (Quanta BioSciences) and analyzed as described above, and normalized to β-

actin expression. Primers used were PGC-1ɑ total: Forward 5’-CAGCTTTCTGGGTGGATTGA-

3’ and Reverse 5’-GCTCATTGTTGTACTGGTTGGA-3’, Mitofusin-2: Forward 5’-

CTCTCAAGCACTTTGTCACTGC-3’ and Reverse 5’-TGTATTCCTGTGGGTGTCTTCA-3’, 

β-actin: Forward 5’-TTGCTGACAGGATGCAGAAG-3’ and Reverse 5’-

TAGAGCCACCAATCCACACA-3’.      

 

Mass spectrometry metabolomics analysis. Analysis of total soleus lipids was performed using a 

lipid soluble extraction, and analysis was performed as described previously (197). Briefly, lipid 

extracts were reconstituted with 100 µL of 80% acetonitrile prepared in deionized water. 

Metabolomics analysis was performed on a 1290 Infinity Agilent high-performance liquid 

chromatography (HPLC) system coupled to a 6538 UHD Agilent Accurate Q-TOF LC/MS 

equipped with a dual electrospray ionization source. A 3 x 50 mm, 2.7µ Agilent Poroshell column 

was used to separate metabolites while the column temperature was maintained was at 60°C. The 

mass detection was operated using dual electrospray with reference ions of m/z 121.050873 and 

922.009798 for positive mode; and m/z 119.03632 and 980.016375 for negative mode. The 
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workflow utilized for data processing comprised several algorithms used by Agilent Mass Hunter 

Qualitative (MHQ, B.05) and by Mass Profiler Professional (MPP, 12.6). 

 

3.5 Results 

Computational Screen to Predict Transcription Factor Cooperation During Muscle 

Differentiation. To identify factors that collaborate with MEF2 proteins during muscle 

differentiation, we performed a bioinformatics screen that combined position weight matrices, 

conservation index, and optimized matrix threshold approaches. Since combinations of 

transcription factors regulate gene expression through their respective cis elements, this 

computational approach is founded on the hypothesis that one could predict functionally 

interacting factors based on the co-occurrence of their cis elements, within evolutionary conserved 

genomic regions. This analysis revealed that MEF2 is predicted to have target-genes in common 

with seven other transcription factors (Supplemental Table 1). Among these was a predicted 

functional interaction between MEF2 and SRF. Since both MEF2 and SRF contain MADS-box 

domains, we investigated the hypothesis that MEF2 and SRF functionally cooperate during muscle 

differentiation and that this cooperation is regulated by a common intracellular signaling pathway.    

 

MEF2 and SRF cooperatively activate select muscle-specific promoters. In order to 

experimentally validate the results of our bioinformatics screen, we initially studied the activation 

of the muscle creatine kinase (MCK) promoter as an index of muscle gene expression (222). We 

also evaluated representative cardiac (atrial natriuretic factor, ANF) and  
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I - Figure 1: PKCδ inhibits the cooperation between MEF2 and SRF by direct phosphorylation.  

A. C2C12 myoblasts were transfected with MEF2A, MEF2C, or SRF, as indicated. Following recovery, 

cells were differentiated in low serum media for 5 days and harvested for RNA. Quantitative PCR assays 

were performed using the ΔΔCT method, where RNU6 was used as an internal control. B. C2C12 cells 

were transfected with short-hairpin RNAs targeting MEF2C (shMEF2C) or SRF (shSRF), as indicated. 

Following 5 days for differentiation, cells were harvested and assayed as described above. C. Schematic 

demonstrating the conservation surrounding the MEF2 threonine-20 and SRF threonine-160 

phosphorylation motif. D-F. Single ion monitoring (SIM) scans of the wild-type peptide (D and E) spanning 

the MADS-box motif of MEF2A. The unphosphorylated peptide (left) has a 442 m/z, while the putative 

phosphorylation (right in B) showing an increased m/z of 20 that corresponds to PO3 (M = 80.00 Da). Panel 

F shows a SIM scan of a mutated peptide where threonine-20 is replaced with alanine. On the right, 

phosphorylation of this mutate peptide is negligible at the predicted m/z that corresponds to the addition of 

a PO3 (M = 80.00 Da). Both peptides are quadruply charged (z = 4+). Data are represented as mean ± SEM. 

* p<0.05 compared to control.  
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smooth muscle (telokin) promoters. As predicted by our bioinformatics screen, MEF2A and SRF 

co-operatively activated these promoters in Cos7 cells (Supplemental Figure 1). Next, we 

systematically engineered mutations in these promoters in order to understand how preventing 

MEF2 or SRF binding impacts promoter activity. For these experiments, the promoters were 

transfected into C2C12 cells, H9c2 cells, or a senescent-resistant human airway smooth muscle 

cell line (hASMC), to represent skeletal, cardiac, smooth muscle myoblasts. Mutation of either the 

MEF2 or SRF cis element reduced the activity of the MCK, ANF, and telokin promoters 

(Supplemental Figure 1). Interestingly, mutation of the MEF2 cis element rendered the ANF and 

telokin reporter-genes less responsive to mutation of the SRF site. Furthermore, mutation of all 

three cis elements simultaneously in the MCK promoter did not reduce promoter activity further 

than mutation of either MEF2 site alone. Collectively, these observations demonstrate a degree of 

functional dependency between MEF2 and SRF in the activation of these promoters in three 

different muscle cell lines.      

 

MEF2C and SRF regulate the endogenous expression of miR-133a. Next, we focused our studies 

on the endogenous expression of a single MEF2 and SRF target gene that is expressed in all muscle 

lineages. For this we chose miR-133a, given that it has been recently identified as a regulator of 

muscle growth and metabolic function (187,188,205). We began with a gain of function approach, 

where C2C12 myoblasts were transfected with MEF2A, MEF2C, and SRF, alone and in 

combination. The combination of MEF2C and SRF induced endogenous miR-133a expression in 

differentiating C2C12 myotubes (Figure 1A), and we confirmed that ectopic expression of MEF2C 

and SRF was maintained at this time-point (Supplemental Figure 2). Importantly, either factor 

alone had no effect, and MEF2A did not activate miR-133a expression. Interestingly,  
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miR-133a has been shown to target both SRF and MEF2C, which suggests an element of feedback 

controlling the expression of this microRNA (223,224). Next, C2C12s myoblasts were transfected 

with plasmids encoding short-hairpin-RNAs (shRNAs) targeting MEF2C and SRF. Knock-down 

of MEF2C or SRF individually, reduced the endogenous expression of miR-133a in differentiating 

myotubes (Figure 1B). Interestingly, simultaneous knock-down of both MEF2C and SRF did not 

additively reduce miR-133a expression (Figure 1B). Furthermore, knockdown of MEF2C and SRF 

was confirmed by qPCR at this time-point (Supplemental Figure 2). These findings suggest a 

degree of functional dependency between MEF2C and SRF in the regulation of miR-133a 

expression that is consistent with our promoter analysis in Supplemental Figure 1. 

 

Peptide-mapping of PKCδ phosphorylation of MEF2 and SRF by mass spectrometry. Previously 

it was demonstrated that PKCδ phosphorylates SRF at threonine-160 to inhibit DNA binding24. 

Since threonine-160 lies within the MADS-box of SRF, we aligned the amino acid sequence of 

the MEF2 and SRF MADS-domains and found a high degree of conservation surrounding this 

phosphorylation site (Figure 1C), suggesting that this is a conserved MADS-box phosphorylation 

motif. To determine if PKCδ directly phosphorylates this conserved MADS-box motif in MEF2 

proteins, we performed in vitro kinase assays using engineered peptides representing amino acids 

14-27 of MEF2. Following exposure to a kinase reaction with purified PKCδ, peptides were 

analyzed by mass spectrometry. Shown in Figure 1D, a single ion monitoring (SIM) scan of the 

the control peptide displayed a predominant peak at m/z of 442.74 (z=4+); however, following 

kinase incubation the peptide showed an increased m/z of 20, corresponding to the addition of a 

phosphate (PO3) to the peptide (Mass = 80.00 Da; Figure 1E). Although an 80 Da mass shift is 

consistent with phosphorylation, it is not unequivocal, nor does it permit localization of the 
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phosphorylated amino acid. For location, we engineered an additional peptide where the residue 

representing threonine-20 was mutated to a neutral alanine. Mutation of threonine-20 substantially 

reduced the 80 Da mass-shifted (Figure 1F). These findings support the notion that threonine-20 

is phosphorylated by PKCδ. 

 Next, we analyzed the MS2 spectra produced by collision-induced dissociation (CID) of the 

precursor ion with m/z = 462.98 (z=4+; shown in Figure 2A). CID typically fragments 

phosphopeptides (pS or pT) by breaking the labile O-phosphodiester bond. This results in the 

neutral loss of H3PO4, and a prominent neutral loss product-ion dominates the resulting MS2 

spectrum. CID of the wild-type phosphopeptide yielded a product-ion with m/z = 438.42 (delta = 

24.56), consistent with phosphorylation (98.0/4 = 24.5; Figure 4A). Furthermore, the precursor 

ion, (m/z = 462.98, z=4+) was selected for electron transfer dissociation (ETD). This technique 

breaks peptide bonds, but retains side-chain modifications, such as phosphorylation. MS2 spectra 

following ETD definitively identified threonine-20 of MEF2 as the phosphorylation residue 

(Figure 2B). Similar findings were observed for peptides spanning threonine-160 of SRF (Figure 

2C, -D, -E).    

  

Site-directed mutagenesis of the PKCδ phospho-acceptor site on MEF2 and functional analysis. 

In order to ascertain the cellular significance of PKCδ-dependent phosphorylation of threonine-20 

of MEF2 and threonine-160 of SRF, we generated neutral alanine (MEF2A-T20A and SRF-

T160A) and phospho-mimetic aspartic acid (MEF2A-T20D and SRF-T160D) mutations at these 

residues. Shown in Figure 3A, the MEF2A-T20A mutation displayed a modest increase in activity 

compared to wild-type MEF2A on a concatemerized MEF2-driven promoter (MEF2-luc), while 

the phospho-mimetic MEF2-T20D mutant provided no activation of  
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I - Figure 2: Identification of Threonine-20 as a putative PKCδ phosphorylation residue.  

A. Inset: SIM scan of native peptide (442.72, z=4+) and putative phospho-peptide (462.48, z=4+), 

as shown in Figure 1. The mass shift of +19.76 m/z is consistent with of a quadruply charged 

peptide ion. Both threonine-20 and threonine-22 are possible sites of phosphorylation. Main 

Figure: CID MS2 spectrum of the native peptide showing a prominent neutral loss ion at 438.42 

m/z with z=4+. This represents a -24.56 Da shift consistent with a neutral loss of phosphate from 

threonine-20 or threonine-22 of the native peptide. B. Fragmentation of the phospho-peptide 

(462.48, z=4+) by electron transfer dissociation (ETD) produced a near-complete c and z ion series 

with some y ions also present. Analysis of this fragmentation spectra confirmed that threonine-20 

is the preferred phosphorylation residue. Inset: Schematic illustrating the z and c ions detected by 

ETD. C. Single ion monitoring (SIM) scan of a peptide spanning the MADS-box motif of SRF 

(amino acids 154-167). The unphosphorylated peptide (left) has a 581.58 m/z (z=3+), while the 

putative phosphorylation (right in A, m/z of 608.22) showing an increased m/z of 26.64 that 

corresponds to PO3 (M = 80.00 Da). D. CID MS2 spectrum of the phospho-peptide in (C) with m/z 

of 608.22, showing a prominent neutral loss ion at 575.5 m/z with z=3+. E. ETD MS2 spectrum of 

SRF confirming phosphorylation of threonine-160.  
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this reporter-construct. The expression of these mutants was confirmed by western blot to ensure 

that the introduced mutations did not alter MEF2 stability (Figure 3A). Similar findings were 

observed using a MCK-GFP reporter gene in differentiating C2C12 cells (Supplemental Figure 

3C). Furthermore, we generated alanine and aspartic acid mutations of threonine-20 in a MEF2-

VP16 fusion construct, where the MADS-box and adjacent MEF2 domain (amino acids 1-91 of 

MEF2A) is fused to the viral VP16 transcriptional activation domain (67,162). These expression 

plasmids demonstrated similar activation pattern in a luciferase assay as the MEF2A mutations 

(Supplemental Figure 3). Finally, we determined that the phosho-mimetic mutations in MEF2A 

and SRF could disrupt the functional cooperation between these factors on the telokin promoter 

(Supplemental Figure 3D).  

 Next we evaluated whether the endogenous expression of miR-133a by MEF2C and SRF 

was regulated by PKCδ. When the catalytic fragment of PKCδ was co-expressed with MEF2C and 

SRF, the induction of miR-133a was inhibited in differentiating C2C12s (Figure 3B). To determine 

the effect of an endogenous activator of PKCδ on miR-133a expression, we exposed cells to the 

saturated fatty acid palmitate (206). This treatment increased the active catalytic fragment of PKCδ 

(Figure 3C). Concurrently, we observed reduced expression of miR-133a (Figure 3D). 

Furthermore, when C2C12 cells were transfected with T20A-VP16, palmitate treatment was 

unable to inhibit miR-133a expression (Figure 3E). To further define the role of diacylglycerols 

and PKCδ activation in the phosphorylation of the MADS-box motif, we utilized mouse embryonic 

fibroblasts genetically deficient in diacylglycerol kinase-δ (DGKδ) (162). These cells display 

defective lipogenesis and reduced levels of diacylglycerols29. Compared to wild-type cells, DGKδ-

null fibroblasts have reduced PKCδ activity, determined by expression of the active catalytic  
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I - Figure 3: Mutational analysis of Threonine-20.  
A. HEK293 cells were transfected with MEF2A (MEF2 wt), or a plasmid containing MEF2A where 

threonine-20 is mutated to a neutral alanine (T20A) or phospho-mimetic aspartic acid (T20D), as indicated, 

and subjected to western blot (above). 10T1/2 cells were transfected, as above, along with MEF2-driven 

luciferase reporter gene (MEF2-luc). Extracts were subject to luciferase assay, where β-galactosidase assay 

was used to correct for transfection efficiency (below). All assays were done in triplicate. B. C2C12 

myoblasts were transfected with MEF2C, SRF, or PKCδ, as indicated. Following recovery, cells were 

differentiated in low serum media for 5 days, harvested for RNA, subjected to qPCR assay. C and D. 

Following 5 days of differentiation, C2C12 myotubes were treated with 200 µM palmitate conjugated to 

2% albumin in low glucose media overnight. Control cells were treated with 2% albumin alone. Myotubes 

were harvested for RNA or protein,and assayed by immunoblot (C) or qPCR (D). E. C2C12 myoblasts were 

transfected with MEF2-VP16 fusion where threonine-20 is mutated to a neutral alanine [MEF2(T20A)-

VP16], or control plasmid. Cell were differentiated for 5-days and treated with 200 µM palmitate, as 

indicated. Myotubes were harvested for RNA and assayed by qPCR. F. Wild-type (WT) or diacylglycerol 

kinase-δ knock-out (DGKδ KO) embryonic fibroblasts treated with palmitate, as described above. Extracts 

were immunoprecipitated (IP) with SRF antibody and probed using an antibody that recognizes phospho-

serines/threonines with arginines at the -3 position (RXXpS/T), or immunoblotted (IB), as indicated. PKCδ 

= catalytic fragment of PKCδ. Data are represented as mean ± SEM. *p<0.05 compared to control. 

**p<0.05 compared to palmitate treatment.  
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fragment, in both vehicle and palmitate treated conditions (Figure 3F). Furthermore, we observed 

that phosphorylation of threonine-160 of SRF is reduced in the DGKδ-null fibroblasts, and 

phosphorylation of this site is not enhanced by exposure to palmitate, as it is in wild-type 

fibroblasts (Figure 3F). These findings strongly implicate de novo diacylglycerol production and 

subsequent PKCδ activation in the phosphorylation of this MADS-box motif.        

       

Palmitate-induced mitochondrial depolarization involves PKCδ and inhibition of miR-133a 

expression. Given the recently described role of miR-133a in regulating muscle mitochondrial 

respiration (188), we hypothesized that palmitate-induced mitochondrial dysfunction involves 

PKCδ-dependent miR-133a inhibition. To test this hypothesis, we differentiated C2C12 cells and 

hASMCs, followed by overnight treatment with palmitate, and stained cells with fluorescent 

mitochondrial dyes. Palmitate treatment reduced TMRM staining in both cell lines (Figure 4A). 

Interestingly, palmitate treatment had little effect on MitoView Green staining in C2C12 

myotubes, indicating a loss of mitochondrial membrane potential without a substantial loss of 

mitochondrial content (Figure 4A, -B, -C). However, treatment of C2C12 cells and hASMCs with 

the PKCδ inhibitor rottlerin, abrogated the palmitate-induced loss of mitochondrial membrane 

potential (Figure 4A, -B, -C). Correspondingly, palmitate treatment reduced miR-133a expression, 

which was reversed by PKCδ inhibition by rottlerin (Figure 4D). Finally, we evaluated MEF2C 

phosphorylation at threonine-20 by immunoprecipitating endogenous MEF2C and western 

blotting the eluted proteins with a phospho-specific antibody that recognizes phospho-serines or 

phospho-threonines with arginine residues at the -3 and -5 positions (RXRXXpS/T) (225). Shown 

in Figure 4F, palmitate exposure increased MEF2C phosphorylation, which was reversed by 

rottlerin treatment.     
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I - Figure 4: Palmitate-induced 

PKCδ activation regulates 

mitochondrial membrane 

potential through miR−133a.  

A. C2C12 myotubes were differentiated for 5-days (above), or hASMCs were differentiated for 2-days 

(below), and treated with 200 µM palmitate conjugated to 2% albumin in low glucose media with or without 

rottlerin (5 µM) overnight. Control cells were treated with 2% albumin alone. Cells were stained with 

TMRM, Hoechst, and MitoView Green, as indicated, and imaged by standard fluorescence techniques (20x 

for C2C12s; 40x for hASMCs). B-D. Fluorescent intensities from myotubes in (A) were quantified using 

ImageJ software. E. hASMCs were treated as described in (A), harvested for RNA and subjected to qPCR 

analysis for miR-133a. F. Differentiated C2C12 myotubes were treated as in (A). Protein extracts were 

immunoprecipitated (IP) with an MEF2C antibody, and probed using an antibody that recognizes phospho-

serines/threonines with arginines at the -5 and -3 positions (RXRXXpS/T), and immunoblotted (IB), as 

indicated. G. C2C12 cells were transfected with a miR-133a inhibitor oligonucleotide, or a control 

oligonucleotide. Cells were differentiated for 5 days and imaged at 20x with TMRM, Hoechst, or 

MitoTracker Red CMXRos, as indicated. H. Quantification of myotube fluorescence in (G). I. H9c2 

myoblasts were transfected with MEF2-T20A-VP16 (T20A-VP16) or miR-133a. Following 2 days of 

differentiation, cells were treated with 200 µM palmitate conjugated to 2% albumin or 2% albumin alone 

as a control. CMV-GFP was included to visualize transfected cells. Data are represented as mean ± SEM. 

*p<0.05 compared to control. 
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 To assess the role of miR-133a in palmitate-induced mitochondrial depolarization 

mechanistically, we transfected C2C12 myoblasts with an inhibitory oligonucleotide targeting 

miR-133a. Control cells were transfected with a scrambled oligonucleotide. Following 

differentiation, cells were stained with either TMRM or MitoTracker Red CMXRos. Shown in 

Figure 4E, myotubes transfected with the miR-133a inhibitor displayed a reduced TMRM 

fluorescence, but an equivocal MitoTracker fluorescence, compared to control myotubes (Figure 

4G, -H). Next, we transfected myoblasts with a plasmid encoding miR-133a in order to reconstitute 

this microRNA’s function in palmitate-treated cells. Shown in Figure 4I, cells expressing miR-

133a were resistant to palmitate-induced disruption of mitochondrial membrane potential. We also 

transfected cells with T20A-VP16. Reconstitution of MEF2 function by this construct also enabled 

cells to be resistant to palmitate-induced mitochondrial depolarization (Figure 4I).         

 

miR-133a regulates mitochondrial function through the mitophagy and death gene Nix.  In 

order to identify a mechanism by which miR-133a regulates mitochondrial function, we performed 

an in silico screen in an attempt to identify novel mRNA targets of miR-133a. This screen 

identified a conserved miR-133a target sequence in the 3’-untranslated region of the human and 

rodent Nix mRNA (Figure 5A). Thus, we expressed miR-133a in cultured myoblasts, and observed 

reduced protein expression of Nix, where a short-hairpin RNA targeting Nix (shNix) was used as 

a positive control (Figure 5B). In addition, when miR-133a was expressed in myoblasts, we did 

not detect a change in Nix mRNA, suggesting that miR-133a inhibits Nix expression by 

translational block rather than mRNA degradation. To perform the reciprocal experimentation, we 

utilized a miR-133a inhibiting oligonucleotide, and observed increased  
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I - Figure 5: miR-

133a regulates 

mitochondrial 

membrane 

potential through 

Nix.  

A. Sequence 

alignment of mouse 

miR-133a and the 

3’ UTR of Nix. B. 

H9c2 myoblasts 

were transfected 

with miR-133a or a 

short-hairpin RNA 

targeting Nix (sh-

Nix). Following 

protein extraction, 

samples were 

immunobloted as 

indicated. C. H9c2 

cells were 

transfected with a 

miR-133a inhibitor 

(50 μM), or a 

scrambled control 

oligonucleotide. 

Extracts were 

immunoblotted, as 

indicated. D. 

C2C12 cells were 

transfected with the 

catalytic isoform of 

PKCδ. Extracts 

were 

immunoblotted, as 

indicated. E. 5-day differentiated C2C12 cells were treated with 200 μM palmitate conjugated to 2% 

albumin, or 5 μM rottlerin overnight, as indicated. Protein extracts were immunoblotted, as indicated. F. 

C2C12 myoblasts were transfected with Nix, or an empty vector control. CMV-GFP was included to 

identify transfected cells. Cells were stained with TMRM and Hoechst and imaged by standard fluorescence 

microscopy. Arrows indicate GFP positive cells. G. H9c2 cells were transfected with Nix and Bcl-2, as 

indicated. CMV- dsRed was used to identify transfected cells. Cells were stained with calcein-AM with 

cobalt chloride (5 μM) to assess PTP opening. H. H9c2 cells were transfected with shNix, or a scrambled 

control shRNA. Following recovery, cells were treated with 200 μM palmitate conjugated to 2% albumin 

overnight, and stained with TMRM and Hoechst to evaluate mitochondrial membrane potential (above) or 

with calcein-AM with cobalt chloride (5 μM) to assess PTP opening (below). I. Quantification of myotube 

fluorescence in (H). Data are represented as mean ± SEM. *p<0.05 compared to control.  

  



   

 

 

 

72 

expression of Nix protein (Figure 5C). Previous studies have shown that Nix can form a SDS-

resistant dimer with a predicted molecular weight of 80 kDa31. Ectopic expression of the catalytic 

fragment of PKCδ increased the protein expression of both monomeric and dimeric Nix (Figure 

5D). Consistent with these findings, overnight palmitate treatment increased the protein expression 

of both monomeric and dimeric Nix, which was reversed by the PKCδ inhibitor rottlerin (Figure 

5E). To investigate the role of Nix in mitochondrial function, we transfected C2C12 cells with 

Nix, and stained cells with TMRM. We observed reduced mitochondrial membrane potential in 

C2C12 myoblasts that expressed Nix compared to control (Figure 5F). In addition, we observed 

that expression of Nix opened the mitochondrial permeability transition pore (PTP) when 

transfected into the cardiac H9c2 myoblasts, as evident by the loss of green mitochondrial puncta, 

where this effect was reversed by co-expression of the pro-survival gene Bcl-2 (Figure 5G). 

Finally, to establish the role of Nix in palmitate-induced mitochondrial dysfunction, we transfected 

H9c2 myoblasts with shNix and evaluated mitochondrial PTP opening and membrane potential 

following palmitate exposure. Shown in Figure 5H, exposure to palmitate opened the 

mitochondrial PTP and reduced mitochondrial membrane potential; however, the shNix restored 

both mitochondrial puncta, and reversed the effect of palmitate on mitochondrial membrane 

potential (Figure 5I).  

 To determine the role of miR-133a on mitochondrial physiology, we evaluated oxygen 

consumption rate in cultured H9c2 cells. Shown in Figure 6A, overnight exposure to palmitate 

reduced oxygen consumption, as well as the calculated basal and maximum respiration rates when 

cells were stressed with oligomycin (A), FCCP (B), and antimycin A and rotenone (C)(Figure 

6C)32. However, when cells were transfected with a miR-133a mimicking oligonucleotide, the 

palmitate-induced drop in oxygen consumption was prevented (Figure 6B), where control cells 
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were transfected with a scrambled oligonucleotide. Furthermore, the calculated basal and 

maximum respiration rates were increased when miR-133a-mimic treated cells were exposed to 

palmitate (Figure 6D), suggesting that improved mitochondrial function enabled cells to 

metabolize the available palmitate. Finally, we determined if restoration in mitochondrial function 

translated into improved insulin-stimulated glucose uptake. Shown in Figure 6E, -F, overnight 

exposure to palmitate prevented insulin-stimulated glucose uptake in differentiated H9c2 cells, 

determined by the fluorescence glucose analog 2NBDG, which was restored when cells were 

treated with a miR-133a-mimic. Interestingly, basal glucose uptake was also increased in cells 

treated with the miR-133a-mimic and exposed to palmitate.         

 

Evaluation of miR-133a and Nix expression in vivo.              

 In order to determine the in vivo relevance of this genetic pathway in muscle tissues, we 

utilized a rodent model of gestational diabetes, as fetal exposure to diabetes during pregnancy 

increases the risk for early-onset insulin resistance in the offspring and may program metabolism 

(196,197). Rats exposed to diabetes during gestation become insulin resistant by 15 weeks of age, 

a phenotype that is exacerbated by the postnatal consumption of a high-fat and sucrose diet (HFS) 

(197). To further define the metabolic alterations induced by exposure to gestational diabetes in 

muscle tissue, we performed metabolomics analysis by mass spectrometry using extracts enriched 

for lipid-soluble metabolites. This screen identified 44 species of diacylglycerols varying in the 

composition of their fatty acid chains (Supplemental Table 2). In the offspring of normoglycemic 

lean dams, numerous diacylglycerol species were increased by the HFS diet (Fig. 7A). However, 

exposure to maternal diabetes increased diacylglycerols in the soleus muscle of both low fat (LF) 

and HFS-fed offspring, suggesting the presence of a programming  
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I - 

Figure 6: Evaluation of mitochondrial respiration and glucose uptake.  
A. Differentiated H9c2 cells were treated overnight with with 200 µM palmitate conjugated to 2% 

albumin in low glucose media. Control cells were treated with 2% albumin alone. Oxygen 

consumption rate (OCR) was evaluated on a Seahorse XF-24. To evaluate mitochondrial function, 

cells were injected with oligomycin (1uM) [A], FCCP (1uM) [B], and antimycin A (1uM) and 

rotenone (1uM) [C] B. H9c2 cells were transfected with a miR-133a mimic (50 µM), or a 

scrambled control oligonucleotide. Following recovery, OCR evaluated as in (A). C-D. Calculated 

respiration rates from (A) and (B), respectively. E-F. H9c2 cells were transfected as in (B) and 

treated as in (A). Insulin stimulated uptake (10nM) was determined by 2NBDG fluorescence and 

quantified in (F). Data analyzed by 2-way ANOVA and represented as mean ± SEM. #p<0.05 

between groups, *p<0.05 compared to control.   
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effect on soleus muscle (Figure 7A). Thus, we hypothesized that the accumulation of 

diacylglycerol species would provide an activating stimulus for PKCδ. In support of this, we 

observed that miR-133a expression was reduced by 40% in the soleus and heart of animals exposed 

to both gestational diabetes and a HFS diet (Figure 7B, -C). In addition, we evaluated the 

expression of mitochondrial marker genes in the soleus muscle of our rodent model. PGC-1ɑ 

expression was reduced by both the postnatal consumption of the HFS diet and fetal exposure to 

gestational diabetes, and the consumption of HFS diets by the offspring of diabetic dams caused 

an additive suppression of PGC-1ɑ expression (Figure 7D). Moreover, mitofusin-2 expression was 

also reduced in the gestational diabetes offspring fed HFS diets (Figure 7E). In addition, we 

observed an increased expression of Nix in the soleus of rats exposed to the HFS diet or gestational 

diabetes (Figure 7F), concurrent with increased expression of the catalytic fragment of PKCδ. 

These findings suggest that developmental programming of diacylglycerol metabolism and miR-

133a expression influences mitochondrial markers, and Nix expression, in the offspring.    

 

3.6 Discussion 

 PKC signaling has been implicated in lipotoxicity and diabetic complications in multiple cell 

types (207), although the precise molecular mechanisms have not yet been defined in muscle 

tissues. Previously, our research group demonstrated that novel PKC isoforms could activate the 

C-terminus of MEF2 proteins utilizing Gal4-DNA binding domain fusion proteins (226). In 

addition, novel PKC isoforms activate a PKD-dependent signaling cascade resulting in liberation 

of MEF2 from HDAC5 repression during cardiac growth (69). However, during the course of our 

investigations, we observed that expression of PKCδ could inhibit MEF2 activity in some cellular 

contexts. Utilizing three independent muscle cell lines, an in vivo model, and mouse embryonic 
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fibroblasts genetically deficient in DGKδ, we characterized a novel pathway initiated by PKCδ 

signaling during lipotoxicity that converges on MEF2 and SRF transcription factors to regulate 

muscle gene expression and mitochondrial membrane potential. Detailed mass spectrometry 

analysis revealed that PKCδ phosphorylates MEF2 proteins at threonine-20 and SRF at threonine-

160, a conserved MADS-box residue. Downstream, collaborative regulation of miR-133a 

expression by MEF2C and SRF is attenuated by PKCδ phosphorylation of these transcription 

factors. Importantly, expression of either miR-133a or an active MEF2 fusion protein, which 

cannot be phosphorylated by PKCδ, reverses palmitate induced mitochondrial dysfunction.  

 Recently, phosphorylation of Drosophila MEF2 at threonine-20 was shown to direct MEF2 

activity between immune activation or metabolic function (225). In flies, MEF2 is normally 

phosphorylated at threonine-20 to promote anabolic gene expression. However, during infection 

MEF2 is dephosphorylated and targeted to genes involved with immune function at the expense 

of anabolic nutrient storage. At first these results may seem contrary to the findings of the present 

study. However, regulation of MEF2 and SRF by phosphorylation at the conserved MADS-box 

motif, and its downstream effects on miR-133a and Nix, may have evolved to limit mitochondrial 

metabolism and divert nutrients to anabolic storage or cell growth during differentiation. Thus, the 

novel genetic pathway identified in the present study, may represent an anabolic survival pathway, 

maintained through evolution in part due to the conservation of the MADS-domain.  

 One of the most intriguing findings of the present study is the identification of Nix as a miR-

133a target. Previous studies have implicated both Nix and miR-133a in the regulation of 

mitochondrial function and programmed cell death in multiple cell types (188,189,227,228), and 

our data strongly suggest that miR-133a is dependent on Nix for mitochondrial membrane potential 

regulation in muscle tissues. Furthermore, both Nix and miR-133a are involved in pathological  
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I - Figure 7: miR-133a expression in vivo.   

A. Metabolomics analysis of 44 species of diacylglycerols from soleus muscle excised from low 

fat diet (LF), or high fat and sucrose diet (HFS), and a normal pregnancy (Lean Dam), or 

gestational diabetes (GDM Dam) during development, as indicated. Blue = low abundance, yellow 

= medium low abundance, orange = medium high abundance, red = high abundance. B-E. Rat 

soleus muscle or heart tissue was excised and total RNA was extracted, from rodents treated as 

described in (A). qPCR analysis was performed using the ∆∆CT method, where RNU6 was used 

as an internal control for miR-133a, and β-actin was used as a control for PCG-1ɑ and mitofusin-

2. F. Protein extracts from rat soleus muscle was subjected to immunoblot analysis, as indicated. 

PKCδ catalytic fragment (PKCδ c.f.). Data are represented as mean ± SEM. *p<0.05 compared to 

control.   
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cardiac remodeling (229-231). Thus, our findings may represent an important mechanism involved 

in diabetes-induced heart disease and play an important role in the progression to heart failure 

following cardiac injury. 

 In summary, these studies document a novel signaling cascade triggered by lipotoxicity, 

and converging on MEF2 and SRF transcription factors to regulate the expression of miR-133a 

during muscle development and post-natal remodeling. Repression of miR-133a expression 

ultimately regulates mitochondrial function, through the Bcl-2 family member Nix, which may 

have implications to pathological states such as insulin resistance and cardiovascular disease. 
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3.8 Supplemental Figures for Manuscript I 

 

 

I - Supp Figure 1: MEF2A and SRF cooperatively activate select muscle- specific promoters.  
A-D. Cos7 cells were transfected with MEF2A and SRF, as indicated, along with luciferase-driven 

promoters for muscle creatine kinase (MCK-luc), atrial natriuretic peptide (ANP-luc), telokin (telokin-luc), 

or c-jun. Extracts were subject to luciferase assay, where β-galactosidase assay was used to correct for 

transfection efficiency. E-G. C2C12 (E), H9c2 (F) and hASMC (G) myoblasts were transfected with the 

wild-type (WT) promoters, or constructs where the SRF binding site is mutated (ΔCArG) or the MEF2 sites 

are mutated (ΔMEF2). Cells were allowed to differentiate for 2-days in low serum media prior to harvesting 

for luciferase and β-galactosidase assay. All assays were done in triplicate.  
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I - Supp Figure 2:  Over-expression and knockdown control experiments. 

 A-B. C2C12 cells were transfected with MEF2C and SRF (Shown in Figure 1A). RNA extracts were 

analysed for MEF2C and SRF expression by qPCR to ensure over- expression was maintained following 

differentiation. C-D. C2C12 cells were transfected with shMEF2C and shSRF (Shown in Figure 1B). qPCR 

was performed to ensure knockdown was maintained throughout differentiation.  
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I - Supp Figure 3: Mutational analysis of Threonine-20.  

A. 10T1/2 cells were transfected with MEF2A, SRF, or PKCδ, as indicated. Extracts were subject to 

luciferase assay, where β-galactosidase assay was used to correct for transfection efficiency. B. 293 cells 

were transfected with MEF2A-VP16 fusion protein, or a construct where threonine-20 is mutated to a 

neutral alanine (T20A-VP16) or phospho-mimetic aspartic acid (T20D-VP16), as indicated, along with 

MCK promoter (MCK-luc). Extracts were subject to luciferase assay as in (A). B. 293 cells were transfected 

with MASTR, MEF2A, and MEF2A-T20A (T20A), as indicated. Extracts were assayed as described above. 

C. C2C12 myoblasts were with MEF2A, MEF2A- T20A and MEF2A-T20D, as indicated, along with a 

MCK-GFP reporter-gene and CMV- dsRed to identify transfected cells. Following recover cells were 

differentiated in low- serum media for 96-hours and imaged by standard fluorescent techniques. D. 293 

cells were transfected with MEF2A, SRF, or plasmids containing phospho-mimetic aspartic acid mutations 

in MEF2A and SRF (T20D and T160D), as indicated, along with the telokin promoter (Telokin-luc). 

Extracts were assayed as described above.  
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CHAPTER IV: Manuscript II 

4.1 Rationale 

 

After establishing the cooperative role of MEF2 and SRF in regulating miR-133a to 

preserve mitochondria function during muscle differentiation, the second manuscript published in 

the journal of Cell Death and Differentiation, focuses on understanding the upstream regulation of 

the miR-133a, and the mechanisms mediating mitochondrial calcium homeostasis to preserve 

cardiac function.  The transcriptional co-activator, Myocardin, interacts with MEF2 and SRF to 

drive cardiac gene expression and cardiomyocyte differentiation (18,21). Despite the genetic loss 

of Myocardin in mouse embryos exhibiting congenital heart defects and embryonic lethality, or 

the specific cardiac deletion of Myocardin implicating cardiac cell death in vivo (30,49,52), the 

role of Myocardin to preserve mitochondrial function and oppose cardiac necrosis during 

development and disease is unknown.  Thus, this second manuscript addresses the last three 

experimental objectives outlined in the Thesis Rationale, which are: 1) Expression of Nix and 

subendocardial necrosis is elevated in the heart of Myocardin null mouse embryos; 2) Myocardin 

regulates a genetic pathway regulating mitochondrial function in cardiac muscle; and 3) 

Myocardin regulates mitochondrial permeability transition pore and calcium homeostasis through 

Nix. 
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Myocardin regulates mitochondrial calcium homeostasis and prevents permeability 

transition. 
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4.2 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. 

 

Keywords: Myocardin, Nix, microRNA-133a, mitochondria, necrosis 
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4.3 Introduction 

The formation of the mammalian heart during embryogenesis 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 (5). This highly conserved genetic network is reinforced by transcriptional co-activators 

that modulate cardiac gene expression and dictate target-gene specific activation (232). Myocardin 

is a cardiomyocyte- and smooth muscle cell-restricted transcriptional co-activator that physically 

interacts with several core cardiac transcription factors, including SRF, MEF2C, GATA4, and 

Tbx5, to regulate gene expression during both cardiovascular development and post-natal 

cardiovascular remodeling (23,26,55,56). Cell programming 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 (233). Interestingly, the addition of 

Myocardin to the GMT and Hand2 cocktail enhances the conversion of human fibroblasts by up 

to 40% (110). 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 transcriptional co-activator during vascular 

smooth muscle differentiation and yolk sac vascularization9. 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 proliferation, resulting in hypoplastic 

ventricles, heart failure, and embryonic lethality (51). Furthermore, the block in cardiomyocyte 

proliferation was due to a defect in Bone Morphogenetic Protein-10 (BMP10) expression and 

signaling; however, the direct cause of cell death in the developing ventricles was less clear. 

Moreover, the direct transcriptional targets of Myocardin that regulate this survival phenotype 
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remain unknown. However, electron microscopy identified cardiac nuclear condensation and 

apoptotic body formation, with the addition of mitochondrial swelling (51). Conditional cardiac 

deletion of Myocardin in adult mice using a tamoxifen-inducible system led to rapid deterioration 

in cardiac function, sarcomeric disorganization, and lethal heart failure (52). 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 (234). 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 mitochondrial swelling (165). If prolonged, mitochondrial 

permeability transition will lead to mitochondrial rupture and cell death resembling a necrotic 

phenotype. Although originally associated with apoptosis, mitochondrial permeability transition 

leading to cell death has been recently termed mitochondrial permeability transition-driven 

regulated necrosis to replace the previous controversial term ‘programmed necrosis’ (235). The 

components of the mitochondrial 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 (175), where Bax and Bak serve as outer member 

modulators of permeability transition (236). Although these components are ubiquitously 

expressed in virtually all tissues, recent studies have defined a developmental role for the MPTP 
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in the heart, where pore closure is required for proper cardiac myocyte differentiation, 

accumulation of mitochondrial content, and mature mitochondrial cristae formation (130).  

Accumulating evidence suggests that mitochondrial permeability transition and necrosis 

are intimately linked with ischemic and mitochondrial-related diseases (121,235,237). An 

important component of regulated necrosis involves permeability transition triggered by elevations 

in matrix calcium concentration and reactive oxygen species (235). 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 protein cyclophilin D, or its pharmacological inhibition by cyclosporine A, are protected 

against permeability transition and necrosis triggered by cardiac ischemia (168,238). Furthermore, 

mice deficient in the mitochondrial calcium uniporter are protected from ischemia-reperfusion 

injury (239,240).  

Nix (ie. Bnip3L) is an atypical BH3-only member of the Bcl-2 family that has been 

demonstrated to regulate apoptosis, necrosis, autophagy, and mitophagy in numerous cell types 

and several cancers (209). Nix function has been studied in the heart during pathological 

remodeling events that lead to heart failure (241,242). Since its discovery, it has been noted that 

Nix, and the homologue Bnip3, could induce cell context-dependent apoptotic or necrotic cell 

death (243,244). 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 (227,245). 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 remodeling (245). 



   

 

 

 

88 

We recently identified microRNA-133a (miR-133a) as an important regulator of 

mitochondrial function and insulin sensitivity through the repression of Nix expression (246). 

Previous reports observed that miR-133a is downregulated in human heart failure and in animal 

models (229,231). These findings prompted us to examine the regulation of miR-133a and Nix 

expression by Myocardin in both the developing 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 pathway regulated by Myocardin that drives 

mitochondrial function, maintains calcium homeostasis, and reduces cardiomyocyte sensitivity to 

permeability transition-driven necrosis. Moreover, we provide evidence that this genetic pathway 

is attenuated within the infarct border-zone following coronary ligation, but not during 

doxorubicin-induced cardiac necrosis. These findings highlight the specificity of this genetic 

pathway and suggest that necrosis within the infarct border-zone is uniquely regulated compared 

to toxicity-induced necrosis in the heart. 

 

 

4.4 Materials/Methods  

Myocardin-null embryos and Confocal Immunofluorescence: 

Myocardin-null mice were generated using the homozygous Myocardin conditional mutant mice 

(MyocdF/F), which were intercrossed with CMV-Cre (BALB/c-Tg(CMV-cre)1Cgn/J) transgenic 

mice, as described previously (51). Embryos at day 9.5 (E9.5) were dissected, fixed, and mounted 

as described previously (51). Sections were prepared for immunofluorescence using antibodies for 
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Nix (Bnip3L, CST #12396), or HMGB1 (CST #3935), as per manufacturer’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 (67,213). The 

shRNA targeting Myocardin was based on the targeting sequence previously described by Yoshida 

et al (5’-GTTCCGATCAGTCTTACAG-3’) (247). Sense and antisense oligonucleotides 

containing the target sequence were purchased from Sigma, annealed, and ligated into pSilencer 

3.0 H1 (Ambion) (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) (216). 

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-

XhoI)(Addgene #100795). Flag-Bcl-2, -Cb5, an -MaoB plasmids were gifted from Clark 

Distelhorst (Addgene #18003, 18004, 18005) (190). ER-targeted and mitochondrial-targeted Nix 

constructs were generating by using Myc-Nix, the ER-targeting domain of cytochrome B5 (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-XhoI)(Addgene #100756, 

#100757). pcDNA3.2/V5 mmu-mir-133a-1 was a gift from David Bartel (Addgene plasmid # 

26326) (214). ATeam1.03-nD/nA/pcDNA3 was a gift from Takeharu Nagai (Addgene plasmid # 

51958) (248). CMV-mito-CAR-GECO1 and CMV-ER-LAR-GECO1 were a gift from Robert 

Campbell (Addgene plasmid # 46022, 61244)  (249,250). Lentiviral mito-CAR-GECO1 was 



   

 

 

 

90 

generated by inserting EcoRI and XhoI 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 (246).  

 

Cell culture, transductions, and transfections: 

All cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone), 

containing penicillin, streptomycin, and 10% fetal bovine serum (Hyclone) at 37 degrees Celsius 

and 5% CO2. The H9c2 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 Cardiomyocyte 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 µM cobalt chloride during the 

incubation period. All imaging, including ER and mitochondrial calcium 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 transfection in H9c2 cells and 18-hours after FSK-I stimulation 
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(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 ImageJ 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 isolation 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). Fractionation experiments used Qiagen’s Q-Proteome kit. 

 

Mitochondrial respiration: 

Mitochondrial respiration was determined on a Seahorse XF-24 Extracellular Flux Analyzer, as 

described previously (246). Calculated respiration rates were determined as per manufacturer’s 

instructions (Mito Stress Kit; Seahorse). 

 

Quantitative PCR: 
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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 generated with QScript cDNA super mix (Quanta BioSciences) 

and analyzed as described above, and normalized to β-actin expression. The primers used were: 

Myocardin FWD 5’-GTGTGGAGTCCTCAGGTCAAAC-3’; REV 5’-

TGATGTGTTGCGGGCTCTT-3’; Beta Actin FWD 5’-CTGTGTGGATTGGTGGCTCTA-3’; 

REV: 5’-AAAACGCAGCTCAGTAACAGTCC-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 Organizations 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 origin, while sham operated rats serve as control (251,252). Following recovery for 

4 or 8 weeks, animals are anesthetized, 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 (220). Mice were anesthetized and the heart excised for protein and RNA analysis. 
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4.5 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 

(Figure 1A). E9.5 is 1-day prior to the reported cardiovascular failure and embryonic lethality of 

Myocardin knock-out mice (51). Previous studies have implicated Nix in cardiac necrosis 

(227,245); therefore, we stained Myocardin-null embryos for an early and specific marker of 

necrosis, called HMGB1(125,133,253). HMGB1 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 (133). 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 (Figure 1B).  

 Recently, we identified miR-133a as an important regulator of Nix expression in cardiac, 

skeletal, and smooth muscle cells (246). Thus, we tested the hypothesis that Myocardin regulates 

Nix expression through a miR-133a dependent mechanism. We knocked-down Myocardin 

expression in both primary neonatal rat ventricular cardiomyocytes and in the H9c2 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 (Figure 1C-F). Since Myocardin does not bind to DNA directly, and regulates 

gene expression 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 (Figure 1F). Furthermore, reconstitution of 
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miR-133a expression attenuated Nix expression following Myocardin knock-down (Figure 1G), 

suggesting that miR-133a is sufficient to repress Nix expression independent of Myocardin 

function. In addition, we performed a PCR-based gene expression array in H9c2 cells following 

Myocardin knock-down using a commercially available cell death pathway finder array (Figure 

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 mitochondrial- 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 (Figure 2A-C). Similar 

findings were observed in the H9c2 cell line (Figure 2D, -E). Furthermore, knockdown of 

Myocardin increased the percentage of necrotic cells, determined by ethidium homodimer staining 

in both primary cardiomyocytes and H9c2 cells (Figure 2F-H). As a positive control, we treated 

primary cardiomyocytes with isoproterenol (100M for 18 hours), as excessive -adrenergic 

stimulation has been previously implicated as an important trigger for permeability transition and 

cardiac necrosis37. Shown in Supplemental Figure 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 cardiomyocytes using a 

metabolic flux analyzer (Seahorse, XF24). While Myocardin knock-down had no effect on basal 
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respiration in neonatal rat ventricular myocytes. When Myocardin knockdown cells were 

challenged with the mitochondrial uncoupler FCCP, reduced respiration was observed (Figure 2I 

and -J). In addition, knockdown of Myocardin reduced cellular ATP levels, determined by the 

ATeam1.03 ATP biosensor (Figure 2K). Finally, we observed that mitochondrial permeability 

transition, induced by Myocardin knockdown, was inhibited by the cyclophilin-D inhibitor 

(cyclosporine A ; 1M), the inositol triphosphate receptor (IP3R) inhibitor (2APB; 10M), and 

the mitochondrial calcium uniporter inhibitor (Ru360; 10M)(Figure 2M); however, the ryanodine 

receptor (RyR) antagonist Dantrolene (Dan; 10M) had no effect on permeability transition 

induced by Myocardin knockdown (Figure 2L). These findings suggest the involvement of an 

IP3R-dependent SR-to-mitochondria calcium transfer in the regulation of permeability transition 

when Myocardin expression is reduced. 

 In order to perform the reciprocal gain of function experiments, we used H9c2 cells 

transfected with Myocardin 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 (Supplemental Figure 1E-F) (236). Following 

Myocardin transfection, or empty vector control, we treated cells with ionomycin (2M). 

Myocardin expression substantially reduced the number of ethidium homodimer-positive cells and 

reduced mitochondrial permeability transition (Figure 3A-D). As a control, we treated cells with 

cyclosporine A (1M), and we observed a near complete reversal of permeability transition 

following ionomycin treatment (Figure 3E). We also treated Myocardin expressing H9c2 cells 

with staurosporine (2M), previously shown to induce mitochondrial outer membrane 

permeability (MOMP) and caspase-dependent apoptosis (Supplemental Figure 1G-H) (236). 
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II - Figure 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. (C-

D) Primary ventricular neonatal cardiomyocytes were infected with an shRNA targeting Myocardin (sh-

Myocd) lentivirus or scrambled control. Cells fixed and stained, as indicated, and visualized by fluorescent 

microscopy. (E) H9c2 cells were transfected with sh-Myocd or scrambled control. Protein extracts 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 1-way 

ANOVA.   
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II - Figure 2: Myocardin 

regulates mitochondrial 

function and permeability.  

(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 

(CoCl2, 5µM) to determine 

mitochondria permeability 

transition. (B) Quantification 

of TMRM; fluorescence 

signal normalized to cell area 

(relative fluorescence) 

quantified in 10 random 

fields and 30 cells/condition. 

(C) H9c2 cells transfected 

with sh-Myocd or scrambled 

vector; stained with TMRM 

and quantified.  (D) PVNM 

treated as in (A); stained with 

calcein-AM and CoCl2, and 

quantified (in 10 random 

fields and 30 cells/condition). 

(E) H9c2 cells treated as in 

(C); stained with calcein-AM 

and CoCl2, 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 condition. (H) H9c2 cells 

treated as in (C), Eth HD-1 Positive cells quantified. (I) PVNM treated as in (A); to assess oxygen 

consumption rate (OCR). PVNMs were injected with oligomycin (1uM) [A], FCCP (1uM) [B], and 

antimycin A (1uM) and rotenone (1uM) [C]. OCR was corrected by total cell number following analysis 

(n=9). (J) Calculated respiration rates from (I). (K) H9c2 cells were transfected as in (C), 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. (L) PVNM treated as in (A), following treatment with 

Dantrolene (DAN, 10uM; 18 hours); DMSO used as a control vehicle. Cells stained with calcein-AM and 

CoCl2 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 hours). DMSO used as 

a control vehicle. Cells stained with calcein-AM and CoCl2 and quantified. Data are expressed as mean +/- 

SE. * p<0.05 compared to control, ** p<0.05 compared to treatment, determined by 1-way ANOVA. 
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As determined by MTT assay, Myocardin expression had no effect on cell viability when H9c2 

cells were exposed to staurosporine (Figure 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 biosensors, called GECOs 

(Genetically Encoded Ca2+ indicators for Optical imaging)38. We used the mitochondrial matrix-

targeted red GECO, known as Carmine (mito-carmine), and ER-targeted LAR-GECO (ER-LAR-

GECO) (249,250). 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 mitochondrial. 

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 forskolin (FSK; 10M) and the 

pan-phosphodiesterase inhibitor IBMX (500M), termed FSK-I. Shown in Figure 4A-C, FSK-I 

treatment reduced SR calcium and increased mitochondrial calcium, while the IP3R inhibitor 

2APB blocked the effects of FSK-I. Interestingly, the RyR blocker dantrolene had no effect on 

FSK-I induced calcium release (Supplemental Figure 2A). Furthermore, transfection of cells with 

Myocardin prevented both the SR calcium release and the mitochondrial calcium accumulation 

triggered by FSK-I treatment (Figure 4D and -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 (Figure 4F-I). 
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II - Figure 3: Myocardin opposes necrosis and mitochondrial dysfunction.  

(A) H9c2 cells were transfected with Myocardin (Myocd) or an empty vector control, and treated with 

ionomycin (Iono, 2µM, 18 hours); DMSO used as a control vehicle. Cells stained with calcein-AM and Eth 

HD-1 to identify living (green) and necrotic (red) cells, respectively; (B) stained with calcein-AM and 

CoCl2. CMV-dsRed identifies positive cells. C) Quantification of (A) by calculating the percentage of 

necrotic cells (Eth HD-1 Positive) and over 200 cells per condition and D) by calculating the percentage of 

transfected cells with mitochondrial puncta, in 10 random fields. (E) H9c2 cardiac myocytes were pre-

treated with CsA (1uM, 2 hours) followed by ionomycin treatment (Iono, 2 µM, 18 hours). Cells stained 

with calcein-AM and CoCl2; quantified. (F) H9c2 cardiac myocytes transfected with Myocd or an empty 

vector control, treated with staurosporine (STS, 2uM, 18 hours); cell viability assessed by MTT analysis 

(n=4). Data are expressed as mean +/- SE. * p<0.05 compared to control, ** p<0.05 compared to treatment, 

determined by 1-way ANOVA. 
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Moreover, expression of Myocardin rescued permeability transition and necrosis induced by FSK-

I treatment (Figure 4F-I). In addition, FSK-I induced mitochondrial membrane depolarization and 

permeability transition were blocked by 2APB treatment, while isoproterenol increased 

mitochondrial calcium in primary cardiomyocytes (Supplemental Figure 2B-D). Myocardin 

expression also reduced the expression of Nix, without affecting other mitochondrial regulators, 

such as the mitochondrial biogenesis inducer PGC-1 or mitofusin-2 (Figure 4J). Finally, 

Myocardin knockdown increased mitochondrial calcium accumulation, determined by the mito-

carmine biosensor (Figure 4K and -L). 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 permeability transition and necrosis, we 

transfected H9c2 cells with miR-133a and assessed cell sensitivity to FSK-I treatment. Shown in 

Figure 5A and -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 (Figure 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, compared to control 

cells (Figure 5D). Furthermore, miR-133a expression prevented mitochondrial calcium 

accumulation triggered by FSK-I treatment (Figure 5E). 
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II - Figure 4: Myocardin regulates Mitochondrial Calcium homeostasis. 

(A) H9c2 cells were transfected with a SR-targeted (above) or mitochondrial (mito)-targeted (below) 

calcium biosensor. Cells were pre-treated with 2APB (2uM, 2 hours) followed by co-treatment with 

Forskolin (FSK, 10uM) and 3-isobutyl-1-methylxanthine (IBMX, 500uM; FSK-I, 18 hours), or DMSO as 

a control vehicle. (B) Quantification of SR-calcium and (C) 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 CoCl2, 

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. (L) Quantification of (K). Data 

are expressed as mean +/- SE. * p<0.05 compared to control, ** p<0.05 compared to treatment, by 1-way 

ANOVA.  
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We also evaluated respiration in H9c2 cells treated with FSK-I. Shown in Figure 5F and -G, 18-

hour 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 if miR-133a expression could overcome 

mitochondrial calcium accumulation when Myocardin was knocked-down. Shown in Figure 5H, 

Myocardin knockdown increased mitochondrial calcium levels; however, when cells were co-

transfected with miR-133a, mitochondrial calcium levels were restored to control levels. Finally, 

we reconstituted Nix function by expressing a Nix construct, 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 (Figure 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 Figure 6A and -B, knockdown of Myocardin increased 

mitochondrial calcium and induced permeability transition; however, simultaneous knockdown of 

Nix returned mitochondrial calcium to control levels and prevented permeability transition. 

Furthermore, expression of Nix in H9c2 cells induced mitochondrial permeability transition, which 

was inhibited by CsA treatment (Figure 6C). In addition, expression of Nix reduced SR calcium 

and increased mitochondrial calcium levels (Figure 6D and –E), and  
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II - Figure 5: Myocardin-dependent micro-RNA, miR-133a, regulates mitochondrial function and 

permeability transition.  

(A-C) H9c2 cells were transfected with miR-133a or an empty vector, and treated with FSK-I (18 hours), 

or DMSO as a control vehicle; stained with TMRM (A) or (B) with calcein-AM and CoCl2, or (C) with 

calcein-AM and Eth HD-1. (D) H9c2 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 injected with oligomycin (1uM) [A], FCCP 

(1uM) [B], and antimycin A (1uM) and rotenone (1uM) [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 (18 hours), 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 

1-way ANOVA. 
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knockdown of Nix prevented FSK-I induced permeability transition and necrosis (Figure 6F and 

Supplement Figure 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 (Figure 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 mitochondrial permeability transition, we 

engineered SR- and mitochondrial-targeted Nix constructs (Supplemental Figure 2G) and 

evaluated mitochondrial calcium accumulation. Expression of wild-type Nix increased 

mitochondrial calcium levels (Figure 6H). Interestingly, mitochondrial-targeted Nix had no effect 

on mitochondrial calcium levels, while SR-targeted Nix increased mitochondrial (Figure 6H). 

These data implicate an SR-dependent calcium 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 (243,254,255). 

Thus, we utilized organelle-targeted Bcl-2 constructs to further interrogate mitochondrial calcium 

accumulation (190). Shown in Figure 6I and -J, expression of wild-type Bcl-2 attenuated Nix-

induced calcium accumulation 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 (Figure 6I and -J).     
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II - Figure 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 CoCl2 and quantified. (C) H9c2 cells were transfected with Nix or empty vector control, treated 

with cyclosporine A (CsA, 1uM, 18 hours); stained with calcein-AM and CoCl2 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 (18 hours), or DMSO as a control vehicle; stained with calcein-AM 

and CoCl2 and quantified. (G) H9c2 cells were transfected with sh-Myocd or scrambled control. 

Mitochondrial and ER fractions were immunoblotted 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) H9c2 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 

CoCl2 (J) or transfected with mito-targeted calcium biosensor, and quantified. 
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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 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 

(251). The border-zone is the area at risk within the left anterior descending 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 (Figure 7A and -B). 

Consistent with our hypothesis, Nix expression was also increased within the border zone (Figure 

7C and -D). However, 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 

model45. C57BL6 mice received weekly intraperitoneal injections 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 expression in Dox-treated animals (Figure 7E and –F). 

Furthermore, we observed a trend towards decreased Nix expression, but this was not statistically 

significant in Dox-treated hearts (Figure 7G and -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 and temporally regulated within the infarct border-zone. 
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II - Figure 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 

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 students T-test. 
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4.6 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 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 Myocardin transcripts are detectable as early as E9.5 in the embryonic heart, and 

are robustly expressed throughout the embryonic ventricles by E14.5 (29). This is temporally 

correlated with developmental closure of the MPTP17. 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 

developmental and post-natal ‘windows’ where genetic inactivation of Myocardin produces lethal 

cardiac defects (51). For example, genetic removal of Myocardin using the Nkx2.5-Cre line results 

in lethality at E13.5 due to cardiac chamber maturation defects10. Furthermore, using MerCreMer 

line for the tamoxifen-inducible removal of Myocardin in the mature adult mouse heart, which is 

highly dependent on mitochondrial oxidative metabolism for ATP production, results in rapid 

deterioration to heart failure (52). Conversely, conditional knockouts generated with the MHC-

Cre line, which removes Myocardin function after chamber maturation and MPTP closure occurs, 
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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 (52).  

 Previous studies have implicated Myocardin as a regulator of pathological hypertrophy 

elicited by aortic banding (106). Myocardin expression is increased following aortic banding and 

produces hypertrophy when delivered to cultured cardiomyocytes (106). 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- 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 

Myocardin 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 formation in the 

heart and aberrant smooth muscle gene expression48. Furthermore, miR-133a repression has been 

implicated in both rodent and human cardiac hypertrophy (231) and diabetes-related cardiac 

remodeling31, while transgenic mice expressing miR-133a under control of the MHC promoter 

display reduced levels of fibrosis during pathological cardiac remodelling33. Previously, we 

demonstrated that miR-133a was a direct transcriptional target of MEF2C and SRF in cardiac, 

skeletal, and smooth muscle cells (246). However, we also observed that the gene expression 

pattern of miR-133a was different in the heart than in skeletal muscle (246). Based on the 

observations in the present study, we content that the presence of Myocardin creates an addition 
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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 following pressure overload and in genetic 

models of heart failure, such as the transgenic Gq mouse, while Nix knockout mice are protected 

from heart failure in these models (230,256). However, highly purified mitochondrial isolated from 

Nix knockout animals are identical to wild-type in terms of permeability transition determined 

triggered by exogenous calcium (245). In addition, Nix preferentially accumulates in the SR 

following aortic banding resulting in enhanced caffeine-induced calcium release (245). 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 calcium content, which is buffered by 

mitochondria calcium uptake at the expense of MPTP opening.  

 Recent progress has been made regarding the mitochondrial components and regulators of 

the permeability transition pore, and several studies have defined the importance of MPTP-

dependent necrosis in the pathophysiology of ischemic cardiac and cerebrovascular diseases (235). 

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 transcriptional regulation over permeability transition 

occurs through calcium homeostasis, where Nix expression dictates the sensitivity of the ER/SR 

to IP3R-activating stimuli. Furthermore, previous literature suggests that an ER-to-mitochondrial 

calcium transfer, occurring at the mitochondrial associated membrane of the ER, is an important 

regulatory component of mitochondrial function and cell death (257,258). Additional work is 

needed to determine if this pathway, or a similar pathway, is conserved in multiple tissues, and to 
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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, 

dysregulation of this genetic pathway may have broad implications involving cardiometabolic 

disease, insulin resistance, and cancer biology.  
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4.8 Supplemental Figures for Manuscript II 

 

II - Supp Figure 1: Cell death pathways in cardiac cells. 

(A-C) Primary ventricular neonatal cardiomyocytes (PVNC) were treated with isoproterenol (Iso; 

100uM, 18 hours). Cells stained with TMRM to determine mitochondrial membrane potential or 

with calcein-AM and CoCl2 to determine mitochondrial permeability transition (A) and relative 

fluorescence quantified (in 10 random fields and 30 cells/condition) (B). (C) Cells stained with 

calcein-AM and Eth HD-1 to identify living (green) and necrotic (red) cells, respectively and 

quantified by calculating the percentage of necrotic cells (Eth HD- 1 Positive) and over 200 cells 

per condition; DMSO used as a control vehicle. (D) PVNCs treated with cyclosporine A (CsA, 

1uM), 2-aminoethoxydiphenyl borate (2APB, 2uM), or Ruthenium-360 (Ru-360, 10uM) for 18 

hours; DMSO used as a control vehicle. Cells were stained with calcein-AM and CoCl2 and 

quantified. (E-F) H9c2 cells pre- treated with cyclosporine A (CsA, 1uM, 2 hours) (E) or a caspase 

inhibitor (zVAD, 50uM, 2 hours) (F) followed by ionomycin treatment (Iono, 2 μM, 18 hours). 

Cells stained with calcein-AM and Eth HD-1 and quantified; DMSO used as a control vehicle. (G-

H) H9c2 cells pre-treated with cyclosporine A (CsA, 1uM, 2 hours) (G) or a caspase inhibitor 

(zVAD, 50uM, 2 hours) (H) followed by staurosporine treatment (STS, 2uM, 18 hours); DMSO 

used as a control vehicle. Cell viability assessed by MTT analysis (n=4). Data are expressed as 

mean +/- SE. * p<0.05 compared to control, ** p<0.05 compared to treatment, determined by 1-

way ANOVA.  
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II - Supp Figure 2: Regulation of calcium homeostasis.  

(A) H9c2 cells were transfected with a SR-targeted calcium biosensor, pre-treated with Dantrolene (DAN, 

10uM; 2 hours) following treatment with Forskolin (FSK, 10uM) and 3- isobutyl-1-methylxanthine (IBMX, 

500uM; FSK-I, 18 hours), or DMSO as a control vehicle. (B-C) H9c2 cells were treated with Forskolin 

(FSK, 10uM) and 3-isobutyl-1- methylxanthine (IBMX, 500uM; FSK-I, 18 hours), or DMSO as a control 

vehicle, along with 2-aminoethoxydiphenyl borate (2APB, 2uM). Cells were stained with calcein-AM and 

cobalt chloride (CoCl2, 5μM) to determine mitochondria permeability transition (B) or TMRM to 

determine mitochondrial membrane potential (C). (D) Primary ventricular neonatal cardiomyocytes were 

transduced with a mito-carmine lentivirus (pLenti-Mito- Car-GECO) and treated with isoproterenol (Iso; 

100uM, 18 hours) or DMSO as a control vehicle; nuclei were stained with Hoechst. (E) H9c2 cells were 

transfected with sh-Nix or a scrambled control, following treatment with FSK-I (18 hours), or DMSO as a 

control vehicle; stained with calcein-AM and Eth HD-1 and quantified. (F) H9c2 cells were transfected 

with Nix or an empty control vector, and SR-targeted calcium biosensor; following treatment with 

Dantrolene (DAN; 10uM, 18 hours), and quantified. (G) 3T3 cells were transfected with wild-type Nix, 

Nix-MaoB (Nix-mito), or Nix-CytoB5 (Nix-SR). Whole cell, mitochondrial, and ER cellular fractions were 

subjected to western blot, as indicated, to confirm the subcellular distribution of these engineered 

constructs. Data are expressed as mean +/- SE. * p<0.05 compared to control, ** p<0.05 compared to 

treatment, determined by 1-way ANOVA.  
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CHAPTER V: Dissertation Discussion  

Initially identified as a transcriptional co-activator restricted to the cardiovascular system, 

animal models demonstrate Myocardin as an essential regulator of cardiac development: 

expression is detected as early as E7.75 in the primordial heart and throughout the pulmonary 

outflow tract, while loss of Myocardin results in congenital heart defects associated with increased 

cell death, heart failure, and lethality in mouse embryos (30,49,51). However, the molecular 

mechanisms by which Myocardin protects the heart is not understood. Tissue and animal models 

enabled me to evaluate a Myocardin-genetic pathway that preserves cardiomyocyte survival by 

regulating mitochondria through miR-133a inhibition of Nix (Figure 1).  

First, we established a pathway in which MEF2 and SRF, reported to be co-activated by 

Myocardin, regulate miR−133a to preserve mitochondrial function through Nix inhibition during 

muscle differentiation. We provide evidence of miR-133a inhibition of Nix in human airway 

smooth muscle cells; however detection of miR-133a and Nix expression in mice exhibiting a 

smooth-muscle-specific deletion of Myocardin (MyocdF/F/Wnt1-Cre) would confirm if the 

Myocardin-genetic pathway is conserved in smooth muscle tissue (49).  Reported upstream 

regulators of Myocardin function in smooth muscle including HDAC5, FOXO4, ELK1 and c-Jun,  

(43,64,67,75,85), are possible molecular candidates that may regulate this Myocardin-genetic 

pathway to mediate muscle differentiation during cardiac development.  An additional potential 

regulator of this Myocardin-genetic pathway includes a RhoA/ROCK signalling mechanism that 

implicates c-Jun and CPI-17 as regulators of Myocardin expression and calcium sensitivity in 

vascular smooth muscle cells (213); c-Jun or CPI-17 regulation of Myocardin expression in cardiac 

muscle is currently unknown. 
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Summary: Figure 1: Dissertation graphical abstract.  

Proposed mechanism of a Myocardin-genetic pathway that activates miR-133a to oppose Nix mediated 

MPT-pore-regulated cardiac necrosis. Myocardin co-activates MEF2 and SRF to regulate miR-133a 

inhibition of Nix to preserve cardiomyocyte survival. 

 

In view of this genetic pathway conserved in three muscle lineages, we next provided 

evidence that Myocardin as an upstream co-activator that regulates miR-133a and opposes Nix in 

the heart using isolated primary neonatal cardiomyocytes and cultured H9C2 cardiac myocytes. 

Primary neonatal and adult cardiomyocytes contract but are sensitive cells that are difficult to 

isolate with a limited regenerative capacity. As an alternative strategy to reduce the number of 

research animals used to study molecular pathways in the heart, embryonic H9C2 rat cardiac 

myocytes are a well-established cell culture model that express cardiac genes and exhibit many 

biochemical similarities to primary cardiomyocytes were used in the studies described (259-261). 
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Certain limitations to the H9C2 cell line include its replicating nature compared to cardiomyocytes 

with a limited life span, its skeletal properties, and their inability to contract.  Thus, our preliminary 

findings of the Myocardin genetic pathway were discovered in H9C2s and validated in primary 

neonatal cardiomyocytes. This pathway was further validated in vivo during embryonic mouse 

development that was demonstrated to become dysregulated in a model of ischemic heart disease. 

The demonstrated Myocardin genetic pathway remains to be investigated in the adult and human 

heart that may employ a strategy using human pluripotent embryonic stem cells-derived 

cardiomyocytes for further validation (262,263).  

 Our findings support previous reports of miR−133a regulating muscle differentiation 

(118,205,231,264,265); however, lineage tracing experiments detecting miR-133a expression in 

Myocd-/- null embryos will further validate this pathway during development. Shen and colleagues 

have recently reported miR-322/503 expression during early phases of cardiac looping as 

regulators of cardiac cell fate (266); whether miR-133a expression is detected in a similar pattern 

to Myocardin expression at E7.75 in the cardiac crescent, heart tube, cardiac loop, cardiac 

chambers and throughout the pulmonary tract at E15.5 is currently unknown. 

Additional work is required to evaluate if this Myocardin-genetic pathway regulating 

miR−133a is conserved among other tissue types; however, this pathway could implicate other 

members of the Myocardin family that are not restricted to the cardiovascular system. Other 

members of the Myocardin family that are broadly expressed in embryonic and adult tissue that 

regulate MEF2 and SRF include MRTF-A, MRTF-B, and MASTR (20,26,46). Evidence from 

MRTF-B-/- mice exhibiting cardiac defects and embryonic death highly suggest MRTF-B may be 

implicated as an additional or alternative upstream regulator, that can be evaluated with a global 

or cardiac specific Myocd-/-/MRTF-B-/- double knockout mouse model (39,41); in contrast, loss of 
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MRTF-A is not lethal, but may implicate miR-133a inhibition of Nix during cardiac fibrosis post 

myocardial infarction (21). Similar to MRTFs, MASTR is also broadly expressed in multiple 

tissues; both MRTFs and MASTR may serve as upstream regulators of miR-133a inhibition of Nix 

to oppose cell death in skeletal muscle has yet to be shown.  

In contrast to previous reports on Myocardin regulating cardiac apoptosis (49), our findings 

provide the first evidence of Myocardin regulating the cardiac MPT-pore. Myocardin activation 

of miR-133a to oppose MPT−pore driven necrosis and not caspase-dependent apoptosis may 

appear contrary to the previous reports by our collaborators on Myocardin regulating apoptosis in 

the heart (51,52). However our data validates Myocardin as pro-survival regulator of cardiac cell 

fate: Myocardin may protect against both caspase-independent apoptosis and MPT−pore driven 

necrosis. This suggests an overlap between the two mechanisms of RCD, which may be better 

defined by detecting Nix and HMGB1 expression in the cardiac specific Myocardin knock out 

mouse model generated by our collaborators (51), combined with specific cell death assays to 

distinguish between caspase-independent apoptosis and other forms of regulated necrosis. I 

anticipate cardiac necrosis as the dominant form of cell death with loss of Myocardin function. 

This will validate the Myocardin-genetic pathway and provide new insight into the details of Nix 

mediated MTP-pore driven necrosis during development and the transition to heart failure.  

Nix has been documented to regulate multiple forms of regulated cell death in various cell 

types (209); an overlap of multiple cell death pathways further adds complexity to understanding 

the mechanisms of Myocardin preserving cardiac function. Despite the elusive structure of MPT-

pore implicated in ischemic heart disease (186), the findings of Myocardin maintaining 

mitochondrial calcium homeostasis support previous reports of Nix regulating 1) mitochondrial 
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calcium to trigger MPT-pore opening (164), and 2) ER and mitochondrial calcium crosstalk to 

mediate cell death (245,258).  

The mitochondrial associated membrane (MAM) as the communication point between the 

mitochondria and ER includes tethering proteins such as dynamic related protein-1 (DRP-1), 

mitofusin-1/2 (MFN-1/2), to trigger MPT-pore by calcium transfer that may be influenced by the 

unfolded protein response (UPR) triggered by ER stress (267,268). Evidence of ER stress induced 

from the loss of Myocardin in smooth muscle cells combined with the reported upregulation of 

Nix in response to ER stress further implicates the UPR within the demonstrated Myocardin 

genetic pathway (269,270). However, ER stress in cardiac cells lacking Myocardin function and 

whether Nix interacts with UPR machinery in the heart is currently unknown.  

Reports on Nix dysregulating calcium homeostasis have not addressed the mechanisms by 

which Nix or pro-death Bcl-2 proteins are directed to the ER; evidence suggests potential 

mediators of subcellular localization include pro-survival MCL-1, a member of the Bcl-2 family 

previously shown to regulate mitochondrial function and cell survival (271), that could involve a 

complex with 14-3-3 chaperone proteins that mediate protein-protein interactions to regulate 

cardiomyocyte function, cell death, and inhibition of a pro-death Bcl-2 member, BAX (272-274).  

Molecular players that promote Nix subcellular localization are unknown, but findings suggest 

miR-133a may mediate a 14-3-3/Nix interaction and ER localization that has yet to be evaluated. 

With Nix and other members of the Bcl-2 family (Bnip3) involved in mitophagy (209), Bcl-2 

like-13 (Bcl2l-13; also known as Bcl-2-rambo) has recently been reported to mediate 

mitochondrial fragmentation, mitophagy, and apoptosis in human embryonic kidney cells 

(275,276). Whether Bcl-2-rambo is regulated by miR-133a in a similar manner to Nix regulation 
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in the heart is currently unknown, but our findings contribute to mitophagy research and highlight 

the various molecular regulators of mitochondrial function and cardiac cell survival. 

Our findings provide mechanistic details underlying cell survival during cardiac 

development that are dysregulated during ischemic heart disease, with implications in insulin 

resistance, cardiac defects, pathological remodelling, hypertrophy, cardiac fibrosis, and diabetes 

induced heart disease (21,106,205,229,277). Reports on infant exposure to diabetes in utero are at 

a high risk of developing youth onset T2D, obesity, and cardiovascular disease (278-280), 

implicate miR−133a as a potential cardiometabolic biomarker assessed during fetal development 

and post-natally. With miRs currently being evaluated as biomarkers and targeted therapy for heart 

failure (281), evaluation of miR-mimicking molecules as a potential therapy to reverse cardiac 

dysfunction and metabolic reprogramming in offspring exposed to GDM and in models of 

ischemic heart disease is required to validate this Myocardin-genetic model in pre-clinical studies. 

Regulation of MPT-pore, miR-133a and Nix has also been implicated in cancer, thus evaluating 

miR−133a and mitochondrial function can advance our understanding of the dysregulation of cell 

death mechanisms underlying cancerous tumor cells (209,282,283).  

Collectively the findings presented in this thesis advances the scientific knowledge to the 

field of cardiovascular cell biology regarding the role of Myocardin and the regulation of 

mitochondrial function during development and disease. Results of my dissertation provides 

evidence of a Myocardin-genetic pathway that activates miR-133a inhibition of Nix to oppose 

cardiac necrosis (Figure 1), with clinical implications in congenital heart defects, cardiometabolic 

disease, diabetes and cancer biology. 
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 CHAPTER VI: Future Directions 

Many experimental strategies were put aside during my PhD project to complete my 

dissertation. The findings presented here have transitioned into the basis for my future directions, 

presented under the following future experimental hypotheses. 

1) Myocardin protects against cardiomyocyte necrosis 

2) miR-mimics repress Nix in rodent infarction model 

3) Offspring interbred with cardiac-specific Myocardin-/- mice with cardiac-specific 

Cyclophilin D-/-/Nix-/- knockout mice will be protected from heart failure  

4) Myocardin regulation by PKA is a SIK1 dependent mechanism 

The experimental approach for each stated hypothesis is outlined: the complementary 

pre−clinical approach proposed in this section will help dissect this novel genetic pathway that 

regulates necrosis in cardiac myocytes. These innovative experiments will lay the molecular 

foundation to advance the understanding of regulated cell death in the heart, with the ultimate goal 

to develop a therapeutic strategy to preserve cardiac function. 

6.1 Myocardin protects against cardiomyocyte necrosis 

 

Elevated levels of apoptosis in the cardiac specific Myocardin knock out mouse model has 

been previously reported by our collaborators (49,51) As necrotic cell death was not assessed in 

this model, we recently reported Myocardin’s role in protecting cardiomyocytes from PTP-

dependent necrosis (ref). To further understand Myocardin’s cell survival phenotype, we would 

extend our findings by analyzing the ratio of apoptosis and necrosis in loss of Myocardin 

experiments. Using flow cytometry, staining primary cardiomyocytes with Annexin-V 

(conjugated to APC) and propidium iodide (PI) would determine the percentage of apoptotic cells 
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(Annexin-V+) and the percentage of necrotic cells (Annexin-V+/PI+). Based on our data, I predict 

loss of Myocardin function by shRNA knockdown (sh-Myocardin) will result in an increase in 

necrotic cells in comparison to scrambled control cells, that will be rescued by CsA treatment, a 

potent inhibitor of PTP-dependent necrosis. In contrast, cardiomyocytes expressing sh-Myocardin 

will not be protected by zVAD-fmk treatment, an inhibitor of caspase-dependent apoptosis. 

To validate our cell culture findings in vivo, we would evaluate cardiac necrosis in an 

inducible Myocardin knock out model. Using tamoxifen-induced Cre-mediated deletion of 

Myocardin in adult mouse hearts and MyocdF/F as control (treated with vehicle injection), we 

would monitor cardiac necrotic serum markers such as lactate dehydrogenease (LDH) and cardiac 

troponin-I. Based on our findings on elevated levels of HMGB1 in Myocardin null embryos, we 

would also collect cardiac tissues for histological examination and measure HMGB1 expression 

by immunofluorescence. I predict tamoxifen-induced Myocardin knockdown will increase levels 

of cardiac necrotic serum markers and HMGB1 expression. Based on previous evidence of 

increased apoptosis with cardiac specific Myocardin deletion, apoptosis will also be monitored by 

TUNEL assays. I anticipate cardiac necrosis as the dominant form of cell death with loss of 

Myocardin function. 

6.2. miR-mimics repress Nix in rodent infarction model  

 

Locked nucleic acid delivery (LNA, Exiqon) of microRNA mimicking molecules is a new 

promising therapeutic strategy offering many advantages including low toxicity, high serum 

stability, and effective delivery/uptake in the heart (284,285). Therefore, to evaluate the genetic 

relationship between Myocardin, miR-133a and Nix in vivo, we would deliver miR133a-

mimicking molecules to two adult rodent models of infarction or tamoxifen-induced Myocardin 

knock out.  I will compare miR133a mimic LNA animals to control mimic-LNA animals at 4 
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weeks post-infarction. LNAs will be delivered by subcutaneous injections at 10mg/ml (dissolved 

in saline) for three consecutive days prior to infarction, while maintenance doses will be delivered 

weekly until end of the post-infarction timeline. In a similar manner, LNAs will be delivered for 

three consecutive days prior to tamoxifen treatment, while a “booster” injection will be delivered 

on the third day of tamoxifen treatment. In both rodent models receiving miR mimic LNAs, we 

would evaluate changes in Nix and HMBG1 expression, assess necrosis serum markers (LDH, 

cardiac troponin), measure mitochondrial respiration and monitor signs of cardiac dysfunction. 

We have reported that expression of miR-133a inhibits Nix to promote cardiac cell 

survival. Based on such evidence, I predict miR-133a mimic LNAs will reduce cardiac Nix protein, 

reduce necrotic serum marks and improve cardiac function and cardiac performance in comparison 

to control mimic LNA treated animals. I also predict miR-133a mimic LNAs will improve survival 

rate following tamoxifen induced Myocardin knockdown. These future studies will help us 

understand this genetic relationship in vivo and its implication for miR-133a as a therapeutic 

strategy for ischemic heart disease and heart failure. 

6.3. Genetic mouse models: cardiac-specific Myocardin transgenic mice with cardiac-

specific Cyclophilin D /Nix knockout mice will be protected from heart failure  

 

The evidence presented in this thesis outlines a genetic pathway linking Myocardin to 

activation of miR-133a that inhibits Nix expression, providing a molecular framework for my 

future studies in transgenic mice models. To validate the in vivo observations in the rodent 

infarction model, we would perform coronary ligation procedures in control and miR-133a 

transgenic mice and Nix knockout mice (231,256). I anticipate a decrease in cardiac necrosis when 

miR-133a expression is maintained or with the loss of Nix function. To clearly define Myocardin’s 
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pro-survival phenotype and the impact on mitochondrial function, an inducible cardiac-specific 

Myocardin transgenic mouse model will have to generated.  

Investigation into the role of Myocardin regulating the mitochondrial permeability 

transition pore will be further clarified by cross-breeding the tamoxifen inducible cardiac-specific 

Myocardin transgenic mouse model with Cyclophilin-D knockout mice, provided by Jackson labs. 

Based on the evidence provided in my thesis, I predict that the genetic deletion of Cyclophilin-D, 

the undisputed regulator of the MPT-pore, will have a cardioprotective effect and rescue heart 

failure when Myocardin deletion is induced by tamoxifen treatment. I also anticipate that this 

inducible Myocardin knockout mouse model will be protected when interbred with cardiac specific 

Nix-null mice (230).  

6.4. Myocardin regulation by PKA is a SIK1 dependent mechanism 

 

Recent studies implicate SIK1 as a HDAC repressor, mediating the nuclear export of 

HDAC4/5 in skeletal muscle that is inhibited by PKA phosphorylation (66,68). However, if SIK1 

plays a similar function in cardiac muscle or prevent cardiac necrosis remains unknown; whether 

SIK1 mediates the nuclear export of HDAC5 to remove the molecular brake on Myocardin to 

promote cardiac gene expression has yet to be investigated. Based on my preliminary unpublished 

observations, I predict HDAC5 will suppress Myocardin activation of miR-133a expression, that 

will be reversed in the presence of SIK1. This will be confirmed with reciprocal loss-of-function 

studies: I predict the loss of SIK1 activity will decrease miR-133a expression, concurrent with 

elevated levels of cardiac necrosis. Based on our findings, I anticipate isoproterenol treatment and 

activation of β-adrenergic signalling, will increase phosphorylation of SIK1 that will be reversed 

by the PKA inhibitor H89 (10 μM). To determine if this pathway operates in vivo following 

myocardial infarction in a model of ischemic heart disease, we would evaluate SIK1 and HDAC5 
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phosphorylation throughout the animal model as previously described in this section. I predict that 

the decreased HDAC5 phosphorylation will correspond to decreased miR-133a expression, as 

dephosphorylated HDAC5 remains in the nucleus to repress target gene expression. Furthermore, 

to determine the role of SIK1 activity in preserving cardiac function following infarction, cardiac-

specific SIK1 knockout mice will be generated and undergo coronary ligation experiments and be 

compared to control mice. 

The pre-clinical studies proposed as my future directions will advance the understanding 

of a novel genetic pathway that regulates mitochondrial function in cardiac cells. The innovative 

studies using new technology and genetic animal models will extend the findings presented in this 

thesis, validate the Myocardin−genetic pathway and lay the molecular foundation for investigating 

regulated forms of cell death in the heart. My long-term goal is the development of a therapeutic 

strategy to preserve cardiac function during development and disease. 
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CHAPTER VII: Additional Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Additional Figure  1: Apoptotic and necrotic cell death assays  

H9C2 cardiac myoctes were pre-treated with a caspase inhibitor (zVad, 50uM, 2 hours) following treatment 

with A) staurosporine (STS, 2uM, 18 hours) or B) ionomycin (Iono, 2uM, 18 hours); stained with cell 

viability fluorescent dyes (calcein-AM and Eth HD-1). H9C2 cardiac myoctes were pre-treated with 

cyclophilin D inhibitor (CsA, 1uM, 2 hours) following ionomycin treatment; cells were stained with C) cell 

viability fluorescent dyes, D) calcein-AM and cobalt chloride to measure PT-pore opening, or D) TMRM 

to measure mitochondrial membrane potential; DMSO was used as a control vehicle. 
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Additional Figure  2: Myocardin protects against induced mitochondrial PT-pore (PTP) opening and 

cardiac cell death  

H9C2 cardiac myocytes were transfected with Myocardin or control expression vector, pcDNA3. Post 

transfection cells were treated with ionomycin (2uM, 18 hours) and stained with A) calcein-AM and cobalt 

chloride to measure MPT-pore opening, and B) cell viability fluorescent dyes; D) co-treated with 

FSK/IBMX and stained with calcein-AM and cobalt chloride to measure MPT-pore opening; DMSO was 

used as a control vehicle. Expression vector ds-RED was utilized for transfection efficiency for MTP-pore 

imaging. 
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Additional Figure  3: Myocardin shRNA knockdown and miR-133a inhibitor studies. 

A) Primary ventricular neonatal cardiomyocytes were infected with sh-Myocd or a scrambled lentivirus 

and stained with: calcein-AM and cobalt chloride to measure mitochondrial PTP opening, and TMRM to 

measure mitochondrial membrane potential. B) H9C2 cardiac myocytes were transfected with GFP-tagged 

miR-133a inhibitor locked nucleic acid (LNA; 50nM and 100nM) molecules and stained with nuclear dye 

Hoechst to determine optimal LNA dosage. C) H9C2 cardiac cells were transfected with miR-133a inhibitor 

(50nM), and treated with FSK/IBMX (18 hours), and stained with TMRM to measure mitochondrial 

membrane potential and nuclear stain Hoechst; D) TMRM fluorescent intensity percent change in relation 

to control treated cells quantified, DMSO was used as vehicle control. Data are expressed as mean +/- SE. 

* p<0.05 compared to control, determined by 1-way ANOVA. 
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Additional Figure  4: Myocardin and miR-133a prevent forskolin (FSK)/IBMX induced ER-calcium 

release. 

H9C2 cardiac myocytes were transfected with SR-targeted calcium biosensor, and with A) Myocardin or 

B) miR-133a; or an empty vector control and treated with FSK/IBMX (18 hours). Cells were stained with 

nuclear stain Hoechst and imaged. 
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Additional Figure  5: Retinoic acid treatment hyperpolarizes mitochondria 

A) H9C2 cardiac myocytes were treated with retinoic acid (10nM in 1% low serum/DMEM media) and 

stained with TMRM to measure mitochondrial membrane potential, Mito Vu to identify mitochondria, and 

nuclear stain Hoechst; (B) fluorescent intensity was quantified to determine relative fold difference between 

treatments, DMSO was used as vehicle control. Data are expressed as mean +/- SE. * p<0.05 compared to 

control, determined by 1-way ANOVA 
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Additional Figure  6: Myocardin is regulated by HDAC5 and SIK1. 

A)  Human embryonic kidney (HEK) 293 cells were transfected with Myocardin, Flag-HDAC5 and HA-

SIK1. Protein extracts were immunoprecipitated with an antibody targeting Myocardin. Immuno-

complexes were subjected to SDS-PAGE and immunoblotted, as indicated. B) Cells were transfected with 

SIK1 or an empty vector control, as indicated. Total RNA was isolated by trizol method, and microRNAs 

were converted to cDNA with a reverse transcriptase kit from Quanta. miR-133a mRNA was detected by 

real-time PCR and graphed according to the ΔΔCT method; technical assistance was provided by Donald 

Chapman. C) H9C2 cardiac cells transfected with HDAC5-GFP, SIK1, and PKA, and SIK1 SA mutant; 

cells were visualized by standard epifluorescence techniques.  
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CHAPTER VIII: Extended Materials and Methods 

8.1 Cell culture  

 

Cell lines utilized in the aforementioned studies include rat cardiac cells H9c2, mouse skeletal 

muscle cells C2C12, human airway smooth muscle cells (hASMC), and diacylglycerol kinase-

delta (DGKδ)-null mouse fibroblasts. The following are cell culture guidelines and 

recommendations by American Type Tissue Collection (ATCC) that were adhered to for all cell 

lines. 

Reagents: 

▪ Growth media: DMEM supplemented with Penicillin-Streptomycin (Gibco) and 

10% fetal bovine serum (FBS; Hyclone); sterilized by passing through a 0.2um 

filter 

▪ Freezing media: growth media with 10% DMSO 

▪ Phosphate buffered saline (PBS; with Ca2+/Mg2+) 

▪ TrypLE Express dissociation solution (Gibco) 

1. Passaging Cells 

• Aspirate off existing media from established stock cultures and rinse the cell monolayer with 

5 ml PBS; aspirate. 

• Add 1 ml of TrypLE to 100mm culture dish of cells and incubate at 37C for 1-4 min. Tap 

plate to dissociate cells from plate. Collect cells with 5ml DMEM by pipetting the cells up 

and down 5-10 times, ensuring complete removal from plate and dissociation of clumps. 

• Collect cell suspension volume in 15ml conical tube and pellet by centrifugation at 1100 x 

g for 4 min. 
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• Aspirate off media and agitate/tap bottom of tube to dislodge cellular pellet. Add 10 ml of 

media to resuspend cells and triturate cells up and down for a homogenous solution. 

• Count cells using a haemocytometer (optional) and seed a dilution of cells according to 

desired tissue culture dish (100 mm, 6-well plate, 24-well plate), allowing for cell growth or 

for experimental procedure.  

• If continuing cells for future passage, record cell line, passage #, date and initials on tissue 

culture 100 mm culture dish. 

2. Freezing Cells 

• Collect cells, centrifuge and tap to dislodge pellet as described above. After dislodging pellet, 

resuspend cells in freezing medium at a concentration of 1x106 - 8x106 cells/ml.  

• Deliver 1 ml of cell suspension into labelled freezing vial (with cell type, passage, date, and 

initials)  

• Wrap vials in a Kimwipe and place vials in a -80C freezer box or place in liquid nitrogen 

(long term storage)  

3. Thawing Frozen Cells 

• Remove frozen vial from -80C freezer or liquid-nitrogen storage and thaw in 37C water bath 

for 1-2 minutes in a microtube floater 

• Using 1 ml warm growth media, collect cells using a Pasteur pipette and transfer to a 15 ml 

conical tube containing 5 ml of media: centrifuge 1100 x g for 4 minutes. 

• Aspirate off media carefully and agitate tube with gentle tapping. Resuspend cells in 2 ml of 

growth medium. 

8.2 Transfection of Mammalian Cells  
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For transient transfection, H9c2, C2C12 and hASMC cells were seeded at a 60-70% cell 

confluence and transfected with DNA using JetPRIME Polyplus reagent (1:2 ratio). Below are 

manufacturer’s guidelines for transfecting cells seeded on 35 mm plates; reagents were scaled 

proportional to surface area for transfection of 100 mm plates. 

Reagents: 

▪ DMEM supplemented with Penicillin-Streptomycin (Gibco) and 10% fetal bovine 

serum (FBS; Hyclone); sterilized by passing through a 0.2um filter 

▪  JetPRIME buffer 

▪ JetPRIME reagent 

1. JetPRIME Transfection 

• Seed cells 24 hours prior to transfection so that they are 50-70% confluent at time of 

transfection. 

• Add 0.2 ml of JetPRIME buffer to pre-labeled sterile microtube. 

• Add 2ug DNA to JetPRIME buffer; vortex tube for 10 seconds and spin down 

• Add 4 µl JetPRIME reagent to mixture; vortex for 10 seconds and spin down. Incubate 

mixture at room temperature for 10 minutes.  

• During incubation, rinse cells with PBS and re-feed with complete growth media.  

• Add transfection reagent and DNA mixture drop-wise to cells. 

• Following 4 hours post transfection, wash cells with PBS and replace with fresh growth 

media. 
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H9c2 cells were also seeded at a 60-70% cell confluence and transfected with DNA using Qiagen’s 

PolyFect reagent. Below are manufacturer’s guidelines for transfecting cells seeded on 35 mm 

plates; reagents were scaled proportional to surface area for transfection of 100 mm plates. 

Reagents: 

▪ Serum free DMEM  

▪ DMEM supplemented with Penicillin-Streptomycin (Gibco) and 10% fetal bovine 

serum (FBS; Hyclone); sterilized by passing through a 0.2um filter 

▪  PolyFect reagent 

2. PolyFect Transfection 

• Seed cells 24 hours prior to transfection so that they are 60-70% confluent at time of 

transfection (4x105 cells/well on a 6-well plate) 

• Add 100 ul serum free media to pre-labeled 5 ml polystyrene tubes. 

• Add 1.5ug DNA to each tube. 

• Add 12ul of PolyFect reagent; pipette to mix. Incubate mixture at room temperature for 10 

minutes. 

• During incubation, rinse cells with PBS and re-feed with complete growth media.  

• Add transfection reagent and DNA mixture drop-wise to cells. 

• Following 24 hours post transfection, wash cells with PBS and replace with fresh growth 

media. 

8.3 Isolation of primary neonatal ventricular cardiomyocytes  

 

Primary neonatal ventricular cardiomyocytes (PNVM) were isolated from rat pups using the Pierce 

Primary Cardiomyocyte Isolation Kit (#88281, Thermo Scientific). All tissue and reagents 

remained on ice unless stated otherwise, as per manufacturer’s protocol.  
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Reagents: 

▪ Growth media: Primary Cell Isolation DMEM media with 10% FBS and Penicillin-

Streptomycin (Gibco) 

▪ Hank’s balanced salt solution (HBSS; without Ca2+/Mg2+) 

▪ Cardiomyocyte isolation enzyme 1 (with papain) 

▪ Cardiomyocyte isolation enzyme 2 (with thermolysin) 

▪ Cardiomyocyte growth supplement (1000x) 

a) Harvesting neonatal hearts 

• Anesthetize two-day old Sprague-Dawley neonatal rat pups were with isoflurane and 

sacrifice by cervical dislocation. 

• Collect hearts in ice-cold HBSS: remove atria and aortic tissue. Place each heart in in 

microtube containing 0.5 ml cold HBSS. 

b) Enzymatic digestion 

• Using fine scissors, mince heart tissue into 1 – 3 mm3 pieces directly in microtube. Wash 

twice with 0.5 ml HBSS to remove any additional blood. 

• Tissue is enzymatically digested using 0.2 ml cardiomyocyte isolation enzyme I and 10 ul 

of enzyme II in 37C water bath for 30 minutes. 

• Wash tissue twice with 0.5 ml cold HBSS to inactivate the enzymatic solution. 

• Remove HBSS and add 0.5 ml warm growth media to digested tissue 

• Break up tissue and triturate 20-30 times with a 1000ul pipette to achieve single cell 

suspension 

• Add 1.0 ml growth media to each tube for a final volume of 1.5 ml per tube, mix gently to 

avoid damaging cells. 
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c) Cell viability determination 

• Combine individual cell suspensions in microtubes into a 15 ml conical tube to determine 

cell yield: mix 25ul µl of cell suspension with 25 µl trypan blue in a fresh 1.5 ml tube. 

• Transfer 10 µl of trypan-stained cells into haemocytometer and count the total number of 

cells and the number of trypan-stained cells to determine cellular viability. 

• Seed cells for a density 5.0 x 105 cells/well in a 16 mm well of 24-well plate (Primaria treated 

tissue plate, Corning) and incubate at 37C at 5% CO2. 

• Replace growth medium after 24 hours and supplement with Cardiomyocyte growth 

supplement (1:1000 dilution in media). 

8.4 Viral transduction of primary cardiomyocytes 

 

The volume of lentivirus for transduction of 1 well (of 24-well plate) was determined empirically. 

Reagents: 

▪ Packaged lentiviral particles (suspended in cell growth medium) 

▪ Control lentiviral particles (Santa Cruz) 

▪ Polybrene (Santa Cruz) 

▪ Growth media: DMEM media with 10% FBS and Penicillin-Streptomycin (Gibco) 

1. Lentivirus transduction 

• Add polybrene at 1:1000 dilution to tube with 1 ml growth medium 

• Add 10 µl viral particles; mix virus-polybrene solution by pipetting up and down  

• Aspirate medium from cells and rinse with PBS. 

• Add virus-polybrene media solution drop-wise to cells and incubate for 16 -18 hour. 

• Remove medium, rinse with PBS and re-feed cells with growth media. 

 



   

 

 

 

137 

8.5 Protein extraction 

 

Keep protein samples cold at all times (unless otherwise directed). Whole cell extracts were 

prepared as follows: 

Reagents: 

▪ Cold PBS 

▪ Cold PBS+ (1 mM sodium vanadate, 1 mM PMSF, Protease inhibitor cocktail 

(Sigma, P-8340) 

▪ RIPA+ Lysis buffer (1 mM Sodium vanadate, 1 mM PMSF, Protease inhibitor 

cocktail (Sigma, P-8340) 

▪ 2X SDS sample buffer (Biorad). 

▪ β-mercaptoethanol (Sigma) 

1. Protein extracts from adherent cells 

• Aspirate media from cultured cells, wash twice with PBS. Place culture places on ice. 

• Add 1.0 ml PBS+ and gently scrape cells with cell scrapper. Collect into pre-chilled and pre-

labeled microtubse. Centrifuge cells at 1500 x g for 3 min. 

• Remove supernatant and approximate the cell pellet volume; dilute with five times that 

volume in RIPA+ lysis buffer.  

• Vortex cells briefly every 10 min for 30 – 60 minutes. 

• Centrifuge cell lysate at high speed at 4C (>10 000xg). Transfer supernatant to newly labeled 

microtubes. These are stock protein extracts that will be used for long term storage in -80C 

freezer. 

• Determine protein concentration using Bradford assay. Dilute protein samples with 2x SDS 

sample buffer and 5% β-mercaptoethanol  
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• Boil samples for 5 minutes. Chill on ice for additional five minutes and then spin down. 

Store at – 20C for short-term storage or until ready to run on a protein gel. 

 

For isolating protein extracts from animals, use tissue crushing and homogenization procedure. 

Must use liquid nitrogen and dry ice for this protocol. Always wear freezer gloves and you can 

perform this procedure at the lab bench. 

Reagents: 

▪ Liquid nitrogen (in 2 doers; may fill up midway through procedure) 

▪ Dry ice (for short-term tissue storage; comparable to storing at -80C) 

▪ Two pairs of freezer gloves 

▪ Tissue pulverizer (pre-chilled) + hammer 

▪ Polytron tissue homogenizer 

▪ Scoopula and long tongs (pre-chilled: throw into 1 liquid tank doer) 

▪ Pre-labelled 5 ml polypropylene stubs 

▪ RIPA Lysis buffer 

2. Protein extracts from animal tissue (hearts) 

• Prep RIPA Lysis Buffer with 20ul PI components/mL. 

o 12 hearts = 8 mL 

o   4 hearts = 4-5 mL  

o want extra as back up 

o approx 600 ul/heart 

• Label 5ml PP tubes:  

o time point (ie 4 week) — animal # — condition (Sham vs Infarct/Viable) 
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o Add 250uL RIPA/tube (keep on ice) 

• Collect N2 from cold room. Obtain animal tissue samples from -80C and keep in N2 doer 

to ensure it is frozen. Throw in scoopula and large tongs. Also throw in folded weigh 

paper if you will use it. 

• Thoroughly clean the Pulverizer using 70% EtOH using Kim Wipes 

o carefully with freezer gloves, lower/raise pulverizer using the handles into N2 

doer 

o pre-chill for 5 minutes 

o using the handle arms with freezer gloves, place frozen pulverizer onto paper 

towel (working surface) 

• With gloves and using the forceps, pick up a frozen tissue vial from N2 doer onto the 

centre of pulverizer 

o push down the centre piece on top 

o using the arms, carefully lower the pulverizer onto the floor (with glove beneath 

it) 

o hammer down on pulverizer 3-6x — twist the top back and forth to grind tissue as 

finely as possible into a powder — hammer down again 3-6x.  

o want to grind tissue as much as possible to facilitate the homogenization process 

o using arms, carefully place the pulverizer back onto bench. 

o Repeat if necessary 

• Use the pre-chilled scoopula, carefully collect the fine tissue powder into the appropriate 

pre-labelled 5mL tube (with RIPA). Scrape as much tissue as possible including surface 

edges.  
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o Can also collect the fine powder onto a folded weigh paper for easier transfer into 

PP tube (it has a small diameter). 

• Add another cold 250uL RIPA to tube (on top of tissue so it’s sandwiched) - keep on ice. 

Can use pipette tip to scrape sides of the tube 

• Clean Up: 

o Wipe down Scoopula - place in N2 doer 

o Clean the pulverizer: scrape off excess tissue with 70% EtOH - get in between 

edges etc.  

• Using the arms with freezer gloves, carefully raise the pulverizer into N2 doer and pre-chill 

for 5 minutes 

• Obtain a new tissue samples from N2 doer 

8.6 Homogenize animal tissue in RIPA lysis buffer 

 

• Wash thoroughly at medium (speed 4) to high (speed 6-7) for 20-sec. (Have a waste beaker 

nearby) 

o 5mL tube of “dirty” H2O 

o 5mL tube of 70% EtOH 

o 5mL tube of “clean” H2O( ensure it is clear). 

o Repeat this cleaning proess if any tissue fragments are found.  

o Wipe the probe with a paper towel 

• Homogenize tissue: 

o at speed 4 for 20s 

o keep tubes on ice 

o clean probes inbetween samples as described above 
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• Vortex homogenize/lysed tissue samples every 10 min (total 30 min) to ensure a thorough 

lysis (on ice at all times). 

o Label fresh microtubes (1 set for tissue extracts that will contain the pellet; 2nd set 

for protein extracts). 

• Collect tissue extracts in tube set 1: 

o spin at 13,000 rpm - 5 min in fridge (Halayko lab) - pellet cellular debris  

• Collect protein extracts (supernatant; do not disturb pellet) in labelled tube set 2. 

o Store in -80C and run protein assay.  

o May want to dilute samples with 100-300ul RIPA (base it on the pellet) to have an 

average protein [ ] within the range of 3-6 ug/ul. May or may not need to dilute 

samples. 

Additional Notes: 

• Do not let tissue thaw, especially if isolating for RNA analysis. May want to homogenize 

in cold room if using for RNA purposes 

• Carefully pick up and lower pulverizer with arms - use caution when using a glass-coated 

N2 doer. 

• Always clean equipment in between samples with H2O and EtOH 

• When wiping pulverizer, scrape off excess tissue and then wipe off. Then spray towel with 

70% EtOH to wipe off. If you use too much EtOH, it’ll get gummy, but just scrape off. 

 

Mitochondrial and cytoplasmic extracts were made using the Q-proteome mitochondrial and 

cytoplasmic extraction kit (Qiagen). Thaw reagents at least two hours prior to extraction procedure 
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but keep on ice; add protease inhibitors to lysis buffer and disruption buffer, as described by 

manufacturer’s procedure. 

Reagents: 

▪ PBS+ (described in whole cell lysate section) 

▪ Lysis Buffer 

▪ Disruption Buffer 

▪ Mitochondrial Purification buffer 

▪ Mitochondrial Storage buffer 

• Protease inhibitor solution (100x) 

• Pre-label microtubes: whole cell, cytosolic, nuclear, mitochondrial, ER 

3. Mitochondrial fractionation protein extracts (Q-proteome high purity-mitochondrial isolation 

kit, Qiagen) 

• Aspirate off media. Wash cells and collect in 1ml PBS+ by gentle scrapping. Pellet cells by 

centrifugation at 1000 x g for 10 min at 4C. 

• Optional: if whole cell protein lysates are needed, remove supernatant, resuspend pellet in 

PBS+ and aliquot a portion into a separate pre-labeled tube (whole cell protein extract). Re-

centrifuge remaining cells at 1000 x g for 10 min at 4C. 

• Remove supernatant and resuspend pellet in 1.0 ml of lysis buffer by pipetting up and 

down. Incubate for 10 min at 4C on end-over-end shaker. Centrifuge at 1000x g for 10 min 

at 4C. 

• Pipette supernatant into new tube (cytosolic extract); place on ice. Resuspend pellet in 1.5 

ml disruption buffer. 



   

 

 

 

143 

• Using a blunt-ended needle and syringe, disrupt remaining cell contents by passing lysate 

through the needle 10 – 20 times using vigorous force. Centrifuge lysate 1000x g for 10 

min at 4C. 

• Transfer supernatant into new tube. Pellet contains nuclei, cell debris, and unbroken cells 

(nuclear extract); store pellet at 4C. 

• Centrifuge supernatant at 6000 x g for 10 min at 4C. Transfer supernatant into new tube 

(ER or microsomal extract) and store at 4C. Pellet contains mitochondria. 

• Resuspend pellet in 750 ul of Mitochondrial Purification buffer by carefully triturating 

with a 1 ml pipette tip, creating a mitochondrial suspension. 

• In a new 2 ml microcentrifuge tube, pipette fresh 750 ul Mitochondrial Purification buffer. 

In same 2 ml tube, slowly pipette 500 ul Disruption buffer into the bottom of the tube, so it 

is under the Mitochondrial Purification buffer. 

•  Carefully pipette the mitochondrial suspension and deliver on top of the Mitochondrial 

Purification buffer. Due to solution viscosity, the Disruption and Mitochondria Purification 

buffer do not readily mix, thus creating three layers, in which the mitochondrial suspension 

layer is on top. 

• Centrifuge at 14,000 x g for 15 min at 4C. 

• Carefully remove 1.2 ml of supernatant without disturbing mitochondrial pellet/band at 

bottom. Save supernatant of mitochondrial crude extract for further analysis. 

• Carefully remove the mitochondrial pellet (~0.5 ml) by pipetting from the bottom of the 

tube, and transfer to fresh 2 ml microcentrifuge tube. 
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• Dilute this clear mitochondrial pellet in 1.5 ml Mitochondrial Storage buffer. Centrifuge at 

8000 x g for 10 min at 4C. Repeat until you can visualize a pellet at bottom of the tube. 

(centrifuge around 2-3 times). 

• Based on pellet size, resuspend pellet in same weight:volume ratio of Mitochondrial 

storage buffer. If pellet is around 100 ul in size, add 100 ul buffer. Store all extracts for 

immediate (4C) or long term analysis (-80C freezer). 

• Determine protein concentration by Bradford assay and analyze samples on protein gel. 

 

Nuclear and cytoplasmic protein extracts were made using the NE-PER Kit (Pierce). Add 

protease inhibitors as described in protein extract section to solutions CER I, CER II, and NER. 

Keep all reagents on ice unless stated otherwise as per manufacturer’s procedure. 

Reagents: 

▪ PBS 

▪ CER I ,CER II and NER 

▪ Lysis Buffer 

▪ Disruption Buffer 

4. Nuclear and cytoplasmic fractionation protein Extracts (NE-PER Kit) 

• Aspirate media and wash with PBS. Gently scrape cells into pre-labeled microtube; pellet 

by centrifugation at 1500 x g for 5 min at 4C.  

• Remove supernatant and add 200 ul ice-cold CER I to cell pellet. Vortex microtube to 

break apart pellet for 15 sec and then incubate for 10 min on ice. 

• Add 11 μl cold CER II; vortex microtube for 5 sec on the highest setting and then incubate 

for 1 min on ice. Vortex tube for 5 seconds and then centrifuge at 13000 x g for 5 min at 
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4C.  

• Immediately transfer the supernatant (cytoplasmic extract) fraction to a clean pre-chilled 

tube. Place this tube on ice until use or storage.  

• Resuspend the insoluble pellet fraction in 100 μl of ice-cold NER. Vortex on the highest 

setting for 15 seconds every 10 min for 40 min. Centrifuge the tube at 13000 x g for 10 

min at 4C. 

• Transfer supernatant (nuclear extract) fraction to a clean pre-chilled tube. Place this tube 

on ice until use or storage.  

• Determine protein concentration by Bradford assay and analyze samples on protein gel. 

8.7 Co-Immunoprecipitation  

 

• Prepare cell lysates as described in protein extracts section. 

• Dilute protein extract 1:10 in lysis buffer. 

• To 1 ml of cell lysate (250-1000μg total protein) add 1-5 μg of primary antibody and nutate 

at 4C for 1 hour. 

• Add 30-50 μl of Protein G-Agarose beads (Santa Cruz) to immunoprecipitation (IP) 

reaction; nutate 4-16 hours at 4C. 

• Pellet IP reaction by centrifugation at 1000 x g for 30 seconds. Wash pellet with 1 ml of 

lysis buffer. 

• Repeat steps 5 and 6 two more times. 

• Resuspend pellet in 40 μl of 2x SDS sample buffer; boil for 5 min. 

• Transfer supernatant to new tube. Analyze sample by SDS-PAGE and Western 

immunoblot analysis.  
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8.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

 

Whole cell or fractionation protein extracts were analyzed by SDS-PAGE. The polyacrylamide 

gels were prepared as followed: 

Reagents (for one gel): 

▪ 10% Resolving gel (15ml) 

o ddH2O 5.9 ml 

o 1.5M Tris (pH 8.8) 3.8 ml 

o 30% acrylamide mix 5 ml 

o 10% SDS 0.15 ml 

o 10% APS 0.15 ml 

o TEMED .006 ml 

▪ Stacking gel (4ml) 

o ddH2O 2.7 ml 

o 1.5 M Tris pH (6.8) 0.5 ml 

o 30% acrylamide mix 0.67 ml 

o 10% SDS 0.04 ml 

o 10% APS 0.04 ml 

o TEMED 0.004 ml 

▪ 5x Running buffer (1 L): 

o 15.1 g Tris 

o 12.0 g Glycine 

o 5.0 g SDS 

o 1 L ddH2O 
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1. PAGE 

• Prepare 1.5 mm resolving gel and stacking gel with appropriate comb inserted in BioRad 

mini-gel apparatus. 

• Fill BioRad mini-gel apparatus with 1x Running buffer. 

• Load protein samples on gel and run gel at 80 volts. 

8.9 Western immunoblot  

 

For detecting total protein, protein extracts run on SDS-PAGE were subjected to Western 

immunoblot analysis. Prepare polyvinylidene difluoride (PVDF) membrane, blocking buffer, 

washing solutions, enhanced chemiluminescence (ECL), and antibody diluent as per 

manufacturer’s instruction. 

Reagents: 

▪ 5x TBST (2 L) 

o 73.1 g NaCl 

o 31.0 g Tris 

o 10.0 ml Tween-20 

o Adjust pH to 8.0 before adding Tween-20 

▪ 10x CAPS (1 L) 

o 17.71 g CAPS 

o 2.40 NaOH  

▪ Transfer buffer (1 L) 

o Methanol 100 ml 

o 10x CAPS 100 ml 

o ddH2O 800 ml 



   

 

 

 

148 

▪ Blocking buffer (5% (w/v) skim milk powder in TBST) 

▪ Primary antibody solution (5% bovine serum albumin in TBST, Sigma) 

▪ Secondary antibody solution (1-5% (w/v) skim milk powder in TBST or 5% 

bovine serum albumin in TBST, Sigma) 

▪ Ponceau-S solution (Sigma) 

▪ ECL (Pierce) 

1. Immunoblot 

▪ Following SDS-PAGE, transfer protein to PVDF membrane by wet transfer: 20 volts for 

16-20 hours at room temperature. 

▪ Add 20 ml Ponceau-S stain to visualize protein bands on membrane. Wash with 1x TBST 

(3 X 5 min) to remove stain. 

▪ Apply blocking buffer to membrane; incubate for 1-2 hours at room temperature. 

▪ Incubate membrane with primary antibody diluted 1:100-1:10 000 in solution overnight at 

4C. 

▪ Wash membrane with 1x TBST (4 X 15 min). 

▪ Incubate membrane with secondary antibody 1:1000-1:100 000 in solution for 1 hour at 

room temperature. 

▪ Wash membrane with 1x TBST (4 X 15 min). 

▪ Develop membrane (immunoblot) with ECL, expose blot to film, and develop. 

8.10 Immunofluorescence 

 

Reagents: 

• PBS  

• Fixing buffer (4% Paraformaldehyde in PBS) 
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• Blocking buffer (5% serum in 3% Triton-X in PBS) 

• Serum (matching species that secondary antibody was raised in) 

• Antibody buffer (1% BSA in 3% Triton-X in PBS) 

• Fluorophore-conjugated secondary antibody (light sensitive) 

• Hoechst 33342 fluorescent dye (Biotium) 

• Fluorosave 

1. Fixing cells 

• Following experimental procedure of cells seeded in a 24-well plate, wash cells twice with 

PBS  

• Add 0.5 ml warm fixing buffer per well for 15 minutes at room temperature. 

• Aspirate and wash cells 3 times with PBS (5 min each wash). 

2. Immunostaining 

• Add 0.5 ml blocking buffer (contains 5% serum) per well and incubate for 1 hour at room 

temperature. 

• Incubate cells with primary antibody diluted (1:50 – 1:1000) in antibody buffer for 16-20 

hours at 4C.  

• Wash cells 3 times with PBS (5 min each wash). 

• Incubate cells with fluorophores-conjugated secondary antibody diluted (1:50 – 1:1000) in 

antiody buffer; directed against IgG from species the primary antibody was raised in. 

Incubate in dark for 1-2 hours at room temperature. Wash cells 3 times with PBS (5 min 

each wash). 

3. Counterstain (Hoechst) 

• Dilute Hoechst (1:2000) in PBS and incubate for 20 minutes at room temperature. 
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• Wash cells 3 times with PBS (5 min each wash). 

• Aspirate carefully. Leave cells in PBS and image. If necessary, add 1-2 drops of fluorosave 

and sterile glass coverslip; use suction to remove bubbles. Let it dry for 2-3 hours at room 

temperature and store at 4C in dark until ready to image. 

8.11 Cell viability assay 

 

Colorimetric assay used to determine cell viability or cytotoxicity by measuring reduction of 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent. 

Reagents: 

▪ Growth media: DMEM with 10% FBS and Penicillin-Streptomycin  

▪ MTT reagent (Biotium) 

▪ DMSO (non-sterile, Sigma) 

1. MTT Assay 

• Aspirate media from cells seeded on a 96-well plate. Replace with 100 ul fresh growth media 

per well. 

• Add in 10 ul DMSO and mix gently with pipette tip. Incubate 96-well plate in the dark for 2 

hours at 37C. 

• Aspirate media. Add 50 ul DMSO per well. Incubate 96-well plate in the dark for 10 minutes 

at 37C. 

• Measure optical density at 540 nm wavelength with a spectrophotometer and record 

absorbance values. 

8.12 Live Cell Fluorescent Imaging 
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Cells were stained with fluorescent dyes as per manufacturer’s guidelines and recommendations. 

Images were captured using an Olympus IX70 inverted microscope equipped with Q-Imaging 

Retiga SRV Fast 1394 camera and NIS Elements AR 3.0 software. Image J software was used for 

processing images including fluorescent quantification, scale bars and background subtraction. 

The following are steps are general procedures adhered to for all cell lines. 

Reagents 

▪ Growth media: DMEM with 10% FBS and Penicillin-Streptomycin  

▪ Calcein-AM (Biotium) 

▪ Ethidium homodimer-1 (Biotium)  

▪ Hoechst 33342 (Biotium) 

▪ MitoTracker Red CMXRos (Cell Signaling Technology) 

▪ Tetramethylrhodamine-methylester (TMRM; Biotium) 

▪ MitoSox Red (Life Technologies) 

▪ Cobalt chloride (CoCl2) 

Staining Cells: 

• Dilute fluorescent dye in appropriate amount of growth media and apply to cells. Incubate 

in the dark at 37C for 30 minutes (unless stated otherwise); replace with fresh growth media 

and image live cells. 

1. Cell viability (Calcein-AM + ethidium homodimer-1) 

• Apply 2 uM calcein-AM (1:500 dilution of 1 mM stock) with 2 uM ethidium-homodimer-

1 (1:1000 dilution of 1 mM stock). Calcein-AM stains viable cells green while ethidium 

homodimer-1 stains membrane ruptured cells red, or cells exhibiting necrosis. Ethidium 
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homodimer-1 positive cells in comparison to calcein-AM determine percentage of 

necrosis. 

2. Counterstains  

• Nuclear stain: apply 8 uM Hoechst (1:2000 dilution of 16 mM stock) 

• Mitochondrial stain: apply 50 nM of MitoTracker Red CMXRos (1:2000 dilution of 100 uM 

stock)  

3.  Mitochondrial membrane potential 

• Apply 100 nM TMRM (1:1000 dilution of 100 uM stock) with 8 uM Hoechst. The change 

in integrated fluorescent intensity of TMRM is an index of mitochondrial membrane 

potential. 

4. Mitochondrial permeability transition pore assay 

• Apply 2 uM calcein-AM (1:500 dilution of 1 mM stock) with 5 mM CoCl2 (1:500 dilution 

of 500 mM stock) with 8 uM Hoechst. Calcein-AM will stain viable cells green and in the 

presence of CoCl2, this signal is quenched, resulting in green fluorescent punctate cells. The 

change in integrated fluorescent intensity or loss of puncta is an index of permeability 

transition pore opening. 

5. Mitochondrial oxidative stress (MitoSox) 

• Apply 5 uM MitoSox Red (1:1000 dilution of 5 mM stock) in warm growth media and 

incubate cells in the dark at 37C for 10 minutes. Wash cells 3 times with warm PBS. Apply 

Hoechst counterstain, as indicated above. The change in integrated fluorescent intensity of 

MitoSox is an index of mitochondrial oxidative stress. 
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8.13 Mitochondrial Respiration 

 

An XF Cell Mitochondria (Mito) Stress Assay on was used to determine mitochondrial respiration 

on a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Biosciences) in differentiated H9c2 

cells or isolated primary ventricular neonatal cardiomyocytes (PVNM). Cells are seeded in a 

specialized XF24 microplate that analyzes oxygen consumption rate (OCR). 

Reagents: 

▪ XF24 Flux Pack Mini  (Seahorse Bioscience #100867-100) 

o Cartridge lid 

o Sensor cartridge 

o Hydrobooster 

o Utility Plate 

o XF Calibrant solution 

o Cell Culture Microplates 

▪ 1% Fibronectin (in 0.02% sterile gelatin; Sigma #F1141) 

▪ XF Assay Media (modified DMEM with no glucose; Seahorse Bioscience #102365-

100) 

▪ Glucose (Sigma #G7021) 

▪ Sodium Pyruvate (100 mM liquid, Life Technologies #11360-070) 

▪ Mito Stress inhibitors (1 mM stock; Sigma) 

o FCCP (#C2920) 

o Oligomycin (#O4876) 

o Antimycin A (A8674) 

o Rotenone (R8875) 
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XF24 Mito Stress Assay and Analyzer Procedure 

1. Seeding cells on XF24 Microplates 

• Deliver 100 ul cell suspension twice: the two-step delivery method allows for uniform cell 

density; cell suspension delivery in one step is not recommended. 

• H9c2: seed cells at a density of 100,000 cells/well. Leave one well in each row as a 

background control with no cells. Perform experiment. 

• PVNM: Day before isolating primary cardiomyocytes, coat each well (including background 

wells) with 100 ul of 1% Fibronectin; incubate overnight at 37C. Day of PVNM isolation, 

aspirate Fibronectin solution and seed 100,000 cells/well. Perform experiment. 

2. Hydrate Cartridge 

• Prior to respiration assay, add 1 mL of XF24 Calibrant solution to each well in the Sensor 

cartridge; incubate overnight in a non-CO2 incubator at 37C.  

3. Mito Stress Assay: XF Media 

• Prepare fresh media day of analysis 

• Measure 100 mL of XF Media and add 1 mL of sodium pyruvate (1 mM final concentration) 

and 0.45 g glucose (25 mM final concentration). 

• Set pH to 7.4; sterilize and keep at 37C 

4. XF Media change 

• Aspirate media off of cells (H9c2 or PVNM) and replace with 550 ul of XF Media per well 

(including empty background wells). 

• Incubate cells in a non-CO2 incubator at 37C for 1 hour. 

5. Mito Stress Inhibitors 

• Prepare while cells are in non-CO2 incubator 

• Label 3 x 15 ml falcon tubes A, B, C, and dilute inhibitors (1:100 dilution of 1mM stock) in 

XF Media; keep warm at 37C: 
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o A = Oligomycin: 40 ul of stock + 3960 ul XF Media 

o B = FCCP:  40 ul of stock + 3960 ul XF Media 

o C = R/A  40 ul of Rotenone stock + 40 ul Antimycin A stock    

  + 3920 ul XF Media. 

• Carefully pipette (as indicated) diluted inhibitor solution into appropriate drug ports in sensor 

cartridge: 

o First injection Port A = 55 ul Oligomycin 

▪ After establishing basal respiration, Oligomycin A inhibits ATP synthase, 

thus reducing ATP synthesis that is linked to a reduction in oxygen 

consumption rate. 

o Second injection Port B = 61 ul FCCP 

▪ FCCP uncouples respiration from ATP synthesis, thus causing an increase 

in OCR, reflecting maximal respiration. 

o Third injection Port C = 68 ul R/A 

▪ Combination of Rotenone (complex I inhibitor) and Antimycin A (complex 

III inhibitor) block the electron transport chain, thus decreasing OCR at 

cytochrome c oxidase. The remaining OCR is due to non-mitochondrial 

respiration. 

o Port D = empty  

• When inhibitors are injected into wells during Mito Stress assay, the final concentration of 

each inhibitor is 1 uM. 

• If sensor cartridge cools down, allow it to warm up in non-CO2 incubator at 37C prior to 

calibrating the XF24 Flux Analyzer machine.  
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6. Calibration 

• Load XF Mito Stress template onto XF24 software: set established assay with optimal mix, 

wait and measure cycles. Select experimental conditions and set background control wells. 

• Once warm, load both sensor cartridge and utility plate on the right side of the tray, in the 

correct orientation without a lid, into the XF24 Flux Analyzer. 

• Follow software prompts and start calibration (~25 minutes) 

7. Run Mito Stress protocol 

• After calibration, remove utility plate and replace with pre-incubated cell plate from non-

CO2 incubator. 

• Run XF Mito Stress protocol (~120 minutes). 

• Save experimental results and analyze respiration. 
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