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Abstract 
 

Myocyte Enhancer Factor 2 (MEF2) is a transcription factor complex encoded by genes mef2a-d. 

MEF2 proteins belong to the MADS-box DNA binding protein superfamily involved in many 

developmental pathways including myogenesis and the survival of cardiomyocytes. MEF2 

proteins interact with myogenic regulatory factors and modulate the expression of muscle-specific 

genes. Thus, unbiased characterization of the MEF2A interactome would expand our 

understanding of MEF2 functions. A GFP-nanotrap purification followed by LC-MS/MS 

proteomic analysis was employed to identify MEF2A interacting proteins. Following gene 

ontology analysis, we focused on an interaction between MEF2A and its novel interacting protein, 

FOXP1, in striated muscle. FOXP1 was found in the MEF2A-immunocomplex in muscle cells, 

and ectopic expression of FOXP1 delays myogenic differentiation. FOXP1 inhibited MEF2A 

activation on myogenic reporter genes driven by the regulatory regions of creatine kinase muscle 

and myogenin genes. Additionally, siRNA-mediated deletion of FOXP1 in myoblasts and 

cardiomyocytes enhances MEF2A transactivation properties. Lastly, various biochemical 

experiments indicate that FOXP1 antagonizes p38 MAPK activation of MEF2A through 

Threonine-312 phosphorylation. Collectively, we documented a novel repressive interaction of 

FOXP1 and MEF2A in proliferating striated muscle cells.  
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Chapter 1: Review of Literature 
 

1. General overview of striated muscle 
 

The muscles in our body are responsible for many functions vital to our survival, including 

movement, blood circulation, and digestion. These muscles are classified into 2 types, striated and 

non-striated, based on their branching, number of nuclei, banding pattern, and fatigue. This 

classification is further divided into the 3 types of muscles, smooth, skeletal, and cardiac (Lindskog 

et al., 2015; Webb, 2003). 

Smooth muscle is responsible for involuntary movement and is found in the walls of 

various organs and structures, including blood vessels and the digestive tract. Smooth muscles are 

elongated cells with a single nucleus. The contractile proteins actin and myosin, which are 

responsible for muscle contraction, are organized in a disordered pattern and are arranged in layers 

or sheets (Webb, 2003).  

In contrast, straited muscle is characterized by a highly organized pattern of actin and 

myosin that gives it a striated or banded appearance. In striated muscle, the actin and myosin 

filaments are arranged in a highly organized pattern by alternating the placement of light and dark 

bands. These muscles include both skeletal and cardiac muscles, which are responsible for a variety 

of functions such as oxygenation and balance (Lindskog et al., 2015; Shadrin et al., 2016). The 

primary function of the striated muscles is to generate force for movement, aid in respiration 

through the skeletal muscles, and pump oxygenated and deoxygenated blood to the respiratory 

system (Shadrin et al., 2016). The composition of the striated muscle group has many physiological 

similarities. Both are surrounded by an extracellular matrix and have interwoven blood vessels but 

differ in the number of fibroblasts and the presence of intercalated discs in cardiac cells (Gillies & 

Lieber, 2011; Shadrin et al., 2016).  
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Skeletal muscle is extremely versatile in its function in the human body. Skeletal muscle is 

composed of long striated fibres that are multinucleated, often with nuclei located at the periphery 

of the cell. Skeletal muscle is responsible for voluntary movement and can regulate temperature 

by generating heat as a by-product of contraction (Shadrin et al., 2016). Skeletal muscle has a 

unique ability to regenerate in response to tears or trauma. Resident muscle stem cells, called 

satellite cells, can be activated to proliferate, and then fuse to repair the area (Dumont et al., 2015; 

Shadrin et al., 2016).  

Cardiac muscle is composed of specialized contractile cells called cardiomyocytes, which, 

unlike skeletal muscle, often have a central nucleus. These cells have contractile capabilities and 

are connected through cell junctions called intercalated discs to facilitate synchronistic contraction. 

These junctions are necessary to withstand the constant contractions required to pump blood 

around the body at a sustained rate (Severs, 2000; Shadrin et al., 2016). Unlike the regenerative 

capacity of skeletal muscle satellite cells, cardiac cells do not possess cardiomyogenic stem cell 

capability and have a much-reduced ability to regenerate damaged areas. Therefore, damage can 

lead to scarring and impaired heart function over time (Severs, 2000; Tam et al., 1995).  

 
Figure 1: Schematic representation of the two different types of striated muscle. The left is a 

schematic of skeletal myofibers with satellite cells, muscle stem cells, along the periphery in 

purple. The right is a schematic of cardiac muscle cells, cardiomyocytes, held together by 

intercalated discs. 
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Striated muscles are a necessity of life and require stringent gene expression and signaling to 

develop properly. Understanding this development and how problems can arise is fundamental to 

our overall understanding of human physiology and cellular and molecular biology.  

1.1 Physiology and formation of striated muscles 
 

The formation of an embryo into a fetus is an extremely complex process involving numerous 

signaling pathways and the timely activation of a large number of genes. The development of an 

embryo, embryogenesis, is divided into several steps, beginning with fertilization, followed by 

cleavage, where the zygote divided and grows, and gastrulation, where the 3 primary germ layers 

are formed (Amadei et al., 2022; Steventon et al., 2021). The developmental process is influenced 

by two key components, cytoplasmic determinants such as mRNAs, enzymes, morphogens, and 

the genome of the zygote. To create a complex organism, cells are given fates early on in 

embryogenesis to give rise to different organs, tissues, and cell locations along the different axes 

(Amadei et al., 2022; Gerri et al., 2020). Cells go through three steps to achieve a fate. The first 

step is specification, in which a cell is instructed what fate it will have and differentiates 

autonomously or conditionally based on cell-intrinsic or cell-extrinsic factors (Gritz & Hirschi, 

2016). The second step is determination, where a fate cannot be reversed and genetic restructuring, 

such as changes in euchromatin, is expressed (Chen et al., 2010). Finally, there is differentiation, 

where the specialized cells are produced with selectively expressed genes. While determination 

does not result in a change in appearance, differentiation involves a change in appearance and 

function. In human embryos, differentiation can occur at the 16-cell stage; this cluster of cells 

called a morula, becomes a blastocyst (Gerri et al., 2020; Watson & Barcroft, 2001). A blastocyst 

consists of two distinct specialized cells, the trophoblast, and the inner cell mass, which is further 

divided into the hypoblast and epiblast, both of which are pluripotent. This pluripotent property 
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means that multiple cell lineages can develop from a single progenitor. Unlike the epiblast, the 

hypoblast does not contribute to the embryo but to the yolk sac. The epiblast undergoes an 

extremely important event called gastrulation, during which the three primary germ layers, the 

ectoderm, mesoderm, and endoderm, are formed (Watson & Barcroft, 2001). Each germ layer 

gives rise to different structures, with the mesoderm and its types responsible for striated muscle 

formation. The lateral plate mesoderm will form the cardiac muscles, while the paraxial mesoderm 

will form the skeletal muscles (Amadei et al., 2022; Gerri et al., 2020; Watson et al., 2004).  

 

 
Figure 2: Schematic illustration of the formation of the 3 primary germ layers, endoderm, 

mesoderm, and ectoderm. The endoderm will give rise to the lungs, gut, and liver. The ectoderm 

is responsible for the formation of the epidermis and the nervous system. The mesoderm is further 

subdivided, and each type of mesoderm contributes to distinctive tissues. 

 

The paraxial mesoderm lies along the notochord and neural tube and gives rise to the 

somites (Maroto et al., 2012). The somites are clusters of progenitor stem cells that give rise to a 

variety of structures including the vertebrae and skeletal muscles during somitogenesis (Pourquie, 

2003; Yamanaka et al., 2023). During this process, many different signaling gradients of 
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Wingless/Integrated (Wnt), Fibroblastic Growth Factors (FGF), Notch, and Hox transcription 

factors are activated. These Hox transcription factors specify the somites along the anterior-

posterior axis by creating concentration gradients. The first somites specified form the sclerotome, 

which will give rise to the bones and tendons. The second specified somite’s give rise to the 

dermomyotome, which will then give rise to the skeletal muscles by forming the precursors of the 

myotome (Aulehla et al., 2003; Pourquie, 2003; Yamanaka et al., 2023).  

Over time, these two regions become very distinct and begin to differentiate. The cells that 

make up the dermomyotome express very specific genes and factors, including Paired box gene 3 

(Pax3) and Paired box gene 7 (Pax7). Pax3 is a critical factor present in the lateral mesoderm and 

muscle satellite cells (Buckingham & Relaix, 2015). In cases where Pax3 is inhibited or lost, heart 

development can be impaired, resulting in lethality (Conway et al., 1997; Horst et al., 2006). 

Specific factors expressed in the dermomyotome to form the myotome include a group of 

transcription factors called Myogenic Regulatory Factors (MRFs). This MRF family of 

transcription factors consists of Myogenic Differentiation (MyoD), Myogenin (MyoG), Myogenic 

Regulatory Factor 4 (MRF4), and Myogenic Factor 5 (Myf5). Of these factors, MyoD, MRF4, 

and Myf5 are the myogenic determinants that ensure that progenitor stem cells undergo 

myogenesis. MyoG, MyoD, and MRF4 are responsible for myogenic activation (Hernandez-

Hernandez et al., 2017; Olson et al., 1996). The protein structure of these factors is very similar, 

with each having 3 conserved domains. The transcriptional activation domain, a central beta-helix-

loop-helix (bHLH) motif, and another transcriptional activation domain at the C-terminus. The 

factors bind to a conserved sequence, CANNTG, called an E-box, a conserved upstream sequence 

that regulates the transcription of muscle specific genes, using the basic domain. Other sequences, 

such as CAGGTG for MyoD, are required for transcriptional activation. These factors are capable 
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of both homo- and hetero-dimerization with E-proteins (Hernandez-Hernandez et al., 2017; 

Zammit, 2017). The MRFs Myf5, MyoD, and MRF4 are all required for proper skeletal muscle 

formation and knockout models of each show lethality or improper muscle formation. 

Additionally, the expression of MyoD and Myf5 commits cells in the myotome to form a muscle 

lineage comprised of myoblast cells (Hernandez-Hernandez et al., 2017; Zammit, 2017). 

 During the myogenic activation, MyoG can induce differentiation to promote myogenesis, 

resulting in the fusion of mature multinucleated myotubes. MRF binding to E-box sequences can 

be upregulated by the presence of cofactors such as Myocyte Enhancer Factor 2 (MEF2) proteins. 

While many muscle-specific genes have an E-box sequence, they also have a conserved MEF2 

site, [(C/T)TA(A/T)4(TA(G/A)], for a tandem binding and gene activation (Gossett et al., 1989; 

Zammit, 2017). 

 

 
Figure 3: Schematic illustration of the paraxial mesoderm. The cells in the paraxial mesoderm 

are specified for the sclerotome, which gives rise to the ribs, vertebrae, endothelial cells, and 

tendons. The dermomyotome gives rise to the skeletal muscles. Cells from the myotome will 

delaminate and migrate to form proliferating myoblasts when Myf5 and MyoD are upregulated. 

These myoblasts can undergo differentiation and maturation when MRF4 and MyoG activate the 

transcription of muscle-specific genes through an E-box consensus sequence. NT is the neural tube 

and NC is the notochord. 
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In contrast to skeletal muscle formation, the splanchnic lateral plate mesoderm will form 

the cardiovascular system. Cardiogenesis is the process of developing the heart, the first functional 

organ in the developing embryo (Brade et al., 2013). In the heart, there are many specialized cells 

that form a network for proper functioning. Fibroblasts, endothelial cells, Purkinje fibers, and 

myocardial cells, are distributed throughout the various chambers and layers of the heart (Brade et 

al., 2013; Kubalak et al., 1994). Unlike the dermomyotome and sclerotome, the lateral plate 

mesoderm migrates through the primitive streak at the anterior portion of the epiblast, to the sides 

of the neural tube. The lateral plate mesoderm is adjacent to the somites (Brade et al., 2013; Yoon 

et al., 2018).  

 

 
Figure 4: Schematic illustration of the position of the lateral plate mesoderm in relation to 

the other 2 mesodermal layers. The somatic and splanchnic mesoderm arises from the dorsal 

and ventral regions of the lateral plate mesoderm, respectively. The splanchnic mesoderm will 

give rise to the cardiogenic mesoderm in the anterior of the embryo. 

 

Similar to the commitment of the somites during somitogenesis, cells in the lateral plate 

mesoderm are committed to forming a cardiogenic mesoderm composed of endocardial endothelial 

cells, atrial myocytes, and ventral myocytes (Yoon et al., 2018). In a region called the First heart 

field (FHF), the cardiac mesoderm will configure into two tubes that will later form an early heart 

tube and the left ventricle. A secondary heart field (SHF) is formed adjacent to the FHF, where the 

right ventricle may arise (Black, 2007). Similar to the MRFs expressed during skeletal myogenesis, 
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cardiogenesis depends on the expression of cardiac markers. Transcription factors such as Gata4 

and Tbx5 drive cardiogenesis in these early progenitors (Watt et al., 2004). Like the impairment 

of proper skeletal muscle formation in MRF knockout models, inhibition of Gata4 impairs cardiac 

tube formation. Many other factors are also present and required for heart development, such as 

MEF2 proteins (Black, 2007; Zlabinger et al., 2019). 

Although the two different striated muscles undergo similar formation processes after 

fertilization and have similar functional units of striated muscle patterning, these two muscles are 

very different. Skeletal muscles are formed when muscle cells fuse to form multinucleated fibres 

that are linear (Dumont et al., 2015; Shadrin et al., 2016). In comparison, a syncytium of 

intercalated discs is required for adhesion. In addition, skeletal muscles are innervated by motor 

neurons to direct electrical signals for movement, whereas cardiomyocytes are subject to 

conduction cascades formed by pacemaker cells. However, while voluntary induction differs 

between these two muscles, both respond to action potentials in a similar manner, requiring ATP 

to drive actin and myosin filament movement (Severs, 2000; Webb, 2003).  

1.2 Skeletal muscle regeneration and differentiation 

A unique feature of adult skeletal muscle is its ability to regenerate after muscle trauma 

and damage. In response to an injury, satellite cells located between the sarcolemma and the basal 

lamina can become activated (Massenet et al., 2021). Circumstances that trigger this activation 

include disruption of the sarcolemma by injury, the production of certain signals from damaged 

muscle cells such as nitric oxide, and fibroblast growth factors released into the extracellular 

matrix (ECM). Satellite cells express higher levels of Pax7 than the surrounding muscle fibres to 

maintain an undifferentiated state (von Maltzahn et al., 2013). These satellite cells are generated 

during embryogenesis from myotome cells that do not undergo differentiation. Depending on the 
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factor they produce and the abundance of Myf5, these cells can self-renew to replenish the satellite 

cell population (Hernandez-Hernandez et al., 2017; Schultz & Jaryszak, 1985; Zammit, 2017). 

When cells do not produce Myf5, they can become quiescent and are referred to as reserve cells 

that contribute to the stem cell pool. If the cells are expressing Myf5 they undergo myogenesis to 

repair the injured areas. This homeostasis of satellite cell renewal is critical for maintaining muscle 

mass and adapting to the levels of injury and formation that muscles undergo (Hernandez-

Hernandez et al., 2017; Zammit, 2017). 

In response to injury, these satellite cells, which do not self-renew, drive myogenesis by 

upregulating MRFs in the cells. The first factor to be expressed in these activated satellite cells is 

Myf5, followed by MyoD during proliferation (Hernandez-Hernandez et al., 2017; Le Grand & 

Rudnicki, 2007). The expression of MyoD is a critical step in determining whether a cell will 

continue to express Myf5, MyoD, and MyoG to promote myogenesis and differentiation, or lose 

MyoD expression to become quiescent (Le Grand & Rudnicki, 2007). Satellite cells knocked out 

of Myf5 do not undergo the myogenic initiation steps and have reduced expression of MRFs 

present during differentiation. After activation, many steps take place both in the cells that become 

myoblasts and in the surrounding ECM where angiogenic factors are activated to revascularize the 

regenerating tissue. After myoblasts are formed by proliferation, these cells begin to fuse to form 

mature myofibers. Satellite cells make up approximately 2-7% of the total nuclear content of 

skeletal muscle, therefore the self-renewal step is critical to maintaining the creation of new muscle 

mass (Le Grand & Rudnicki, 2007; von Maltzahn et al., 2013).  

To maintain quiescence in these satellite cells, genes correlated with cell cycle proteins are 

repressed for permanent cell cycle exit. A key factor, p53, is required for this cell cycle pause and 

to balance tumour suppressor factors that, if upregulated, can lead to permanent cell cycle arrest 
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(Yang et al., 2015). If permanent cell cycle arrest occurs, there will be no activation of satellite 

cells and therefore no regeneration. Other factors in satellite cells, such as Forkhead box 

transcription factors, maintain Notch pathways. Notch factors are involved in many cell processes, 

including proliferation. In addition, these satellite cells have more tightly wound chromatin, 

resulting in lower protein expression (Wen et al., 2012). Models have shown that these satellite 

cells have mRNAs for Myf5 and other MRFs but do not undergo translation until needed.  

 
 

Figure 5: The processes of skeletal muscle regeneration and myogenesis. The activation of 

muscle satellite cells to undergo myogenesis resulting in mature myofibers is a multi-step 

process that requires the activation of several factors. The oscillation of these factors from active 

to inactive drives the differentiation program. Factors that are upregulated are in green while 

factors downregulated are in red. 

 

1.3 Cardiac hypertrophy and striated muscle dysfunction  
 

While skeletal muscle is capable of regeneration, this replenishment is not infinite. Factors 

such as an abundance of fibrotic scar in repaired areas, massive muscle loss, advancing age, and 

sarcopenia will all affect the regenerative capacity and long-term maintenance of new muscle 

tissue (Neyroud et al., 2021; Shadrin et al., 2016). Certain conditions, such as sarcopenia, the age-

related phenomenon of muscle wasting leading to muscle weakness, and cachexia, the muscle 

wasting associated with disease, contribute to the loss of muscle mass. Both events have been 

linked to satellite cell depletion and dysfunction (Cornwell & McDermott, 2023). Older mouse 
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satellite cell samples exhibit impaired fibroblast growth factor 1 (FGFR1) signaling which leads 

to lower levels of activated p38 mitogen-activated protein kinase (MAPK) signal transduction 

activity mice (Lassar, 2009; Segales et al., 2016; Shadrin et al., 2016) . These signaling pathways 

are required for proper myogenesis with both satellite cell proliferation and differentiation. 

p38/MAPK activation is present in healthy young satellite cells and models with restored levels 

have shown the potential to rescue satellite cells by restoring the regenerative levels of older cells 

in aged mice (Lassar, 2009; Segales et al., 2016; Shadrin et al., 2016). 

In parallel with diseases that affect skeletal muscle regeneration, cardiac muscle cannot 

regenerate, but it can be impaired by numerous diseases and factors. A leading heart disease called 

ischemic heart disease affects adult mortality rates worldwide. In this scenario, atherosclerotic 

plaques in the coronary arteries increase and cause myocardial infarctions, and heart attacks, when 

the oxygen supply is interrupted (Severs, 2000; Shadrin et al., 2016; Tam et al., 1995).  

Cardiac hypertrophy is a common heart-related disease and manifests as an enlargement of the 

heart and thickening of the muscle. While this phenomenon can be typical of normal growth 

induced by exercise, it can also be abnormal when the cardiomyocytes increase in length. This 

pathological cardiac hypertrophy occurs when the cardiomyocytes lose their elasticity and the 

thickening of the ventricular walls becomes significant, leading to heart failure. This pathological 

cardiac hypertrophy can manifest as a result of many different scenarios, such as hypertension and 

myocardial infarction, ultimately leading to cardiomyocyte death (Cornwell & McDermott, 2023; 

Shadrin et al., 2016). At the cellular level, these cardiomyocytes undergo sarcomere reorganization 

with upregulation of certain transcription factors such as c-jun and c-fos. Proteins such as MEF2 

can help prevent cardiomyocyte death and promote cardiomyocyte maintenance. However, the 

expression of MEF2 proteins is low after myocardial infarction. There are many signaling 
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pathways involved in cardiac hypertrophy including G-protein coupled receptors, MAPK, and 

calcium ion-dependent pathways (Cornwell & McDermott, 2023; Molkentin & Dorn, 2001; Rose 

et al., 2010).  

While there are a variety of diseases that affect each striated muscle individually, there are 

many diseases that can affect both simultaneously. Muscle dystrophies caused by mutations in the 

dystrophin-associated glycoprotein complex and other surrounding proteins, such as laminin, 

result in damage to all muscles in the body. Duchenne muscular dystrophy (DMD) is a 

neuromuscular disease caused by dystrophin deficiency and affects one in 5000 boys (Wong et al., 

2020). Dystrophin protein is localized in the sarcolemma of both skeletal and cardiac muscle and 

maintains contraction and relaxation by linking the intercellular skeleton to the extracellular 

matrix. By the age of 10 years, 81% of DMD patients have hypertonic cardiomyopathy (HCM), 

dilated cardiomyopathy (DCM), or other cardiac manifestations (Wong et al., 2020). 

 

2. MEF2 transcription factors 
 

The well-structured developmental processes of muscle formation require stringent 

transcription factor interactions and tight control of gene expression to ensure that satellite cells 

maintain their stemness and that myoblasts can proliferate and fuse (Le Grand & Rudnicki, 2007). 

In both skeletal and cardiac muscle, the Myocyte Enhancer Factor 2 (MEF2) family of 

transcription factors regulates proper development and function. MEF2 proteins are a MADS 

(MCM1, Agamous, Deficiens, SRF) box containing family of transcription factors that contain a 

conserved DNA binding domain to recognize and bind to A/T-rich sequences. These A/T-rich 

sequences are often found near the E-box sequence of muscle-related genes (Pon & Marra, 2016). 

The MADS-box is a conserved motif found in different kingdoms and is located within the DNA-

binding domains of transcription factors. Minichromosome maintenance 1 (MCM1) is derived 
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from yeast, Arabidopsis Agamous and Antirrhinum Deficiens are both found in plant species, and 

the serum response factor (SRF) is found in mammals (Cornwell & McDermott, 2023; Pon & 

Marra, 2016).  

There are four mammalian Mef2 genes that encode the four different isoforms MEF2A-D, 

which have the ability to homodimerize with themselves or form heterodimers with MEF2A-D 

and MEF2B-C. The MEF2 proteins are composed of three distinct regions, the 58 amino acid 

MADS box for DNA binding at the N-terminus, followed by the 29 amino acid MEF2 domain for 

dimerization, and the transcriptional activation domain (TAD) at the C-terminus. The N-terminus 

is highly conserved between isoforms while the C-terminus is highly variable, giving rise to 

individual isoform function as well as specificity in function when each isoform undergoes post-

translational modifications (Cornwell & McDermott, 2023; Pon & Marra, 2016; Potthoff & Olson, 

2007).  

 

 
 

Figure 6: Diagram of the amino acid domains of each MEF2 isoform. MEF2 proteins share a 

highly conserved N-terminus with a MADS-box and MEF2 domain followed by a transcriptional 

activation domain that is often the site of post-translational modifications to give isoform and 

transcript specification. 

 

The MEF2 dimers will form and bind to a specific MEF2 sequence to act as a 

transcriptional switch, activating or repressing gene expression depending on the presence of 
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cofactors and post-translational modifications (Gossett et al., 1989). While MEF2 was originally 

described as a muscle-specific transcription factor, many studies have shown that all isoforms are 

expressed in many tissues, including the brain. In addition, MEF2 proteins have been implicated 

in other cellular functions, including apoptosis (Hashemi et al., 2015). The tissue and cell-specific 

properties make MEF2 proteins an important focus of study. A better understanding of MEF2 and 

the unique functions of each isoform will provide insight into both our knowledge of protein 

function specificity and how transcription factors influence a variety of developmental pathways.  

2.1 MEF2 Isoforms 
 

In vivo, mouse models have shown that all Mef2 genes are expressed during embryogenesis 

in both skeletal and cardiac muscle but decrease in activity postnatally. Many mouse models have 

been used to determine the expression patterns of each isoform during early myogenesis and 

cardiogenesis. Mouse knock-out models of Mef2a-d have also revealed the phenotypic effects of 

depleting each isoform (Majidi et al., 2019; Pon & Marra, 2016). In both cardiac and skeletal 

muscle, Mef2c is the first isoform to be expressed. Mef2c is expressed before primitive cardiac 

tube formation at day E7.5 post-coitum and around day E8.5 in the myotome following Myf5 

expression in mice. In cardiac muscle, Mef2c expression stops at E11.5 but is maintained in skeletal 

muscle (Pon & Marra, 2016; Potthoff & Olson, 2007). Mef2a and Mef2d are expressed shortly 

after Mef2c, and unlike Mef2c are maintained in both skeletal and cardiac development. It is 

important to note that although Mef2b mimics the expression patterns of Mef2c, it does not appear 

to have a critical unique input into the developing muscle, unlike the other isoforms. Mouse models 

with knockouts of Mef2b have not shown lethality. Research has suggested that functional 

redundancy between the isoforms, as well as heterodimerization, may allow Mef2c to compensate 

for the loss of the Mef2b isoform (Pon & Marra, 2016). 
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MEF2A-deficient mice survive through the gestation period but die as neonates due to large 

heart defects. In contrast, MEF2C-deficient mice will die before birth due to insufficient cardiac 

looping in the left ventricle and decreased sarcomere organization in skeletal muscle. In addition, 

MEF2C-deficient mice have impaired brain development as it is required for neuronal 

differentiation. Both MEF2D and MEF2B null mice models were viable, once again due to the 

compensation of the other isoforms during embryogenesis (Pon & Marra, 2016; Potthoff & Olson, 

2007; Xia et al., 2020). However, while these embryonic MEF2D models are not lethal, adult null 

MEF2D mice develop cardiac hypertrophy and fibrosis. Adult MEF2A null mice have impaired 

skeletal muscle regeneration capacity and myoblast differentiation, suggesting that MEF2A is a 

key factor involved in skeletal myogenesis. In addition, cardiomyocytes lacking MEF2A have 

myofibrillar defects due to MEF2A regulation of myocardial gene expression (Potthoff & Olson, 

2007).  

Individual MEF2 isoform activity has been studied in models by Estrella et al. to 

investigate and compare the target genes of each MEF2 protein. This study used microarray 

analysis in a C2C12 myoblast culture to determine the number of dysregulated genes in MEF2 

single isoform depletion models. While the study found 21 common gene targets among all four 

isoforms associated with the neural Nitric Oxide (NOS) signaling and Focal Adhesion Kinase 

(FAK) signaling pathways, it also showed that MEF2A had the largest number of unique target 

genes with 4,020 dysregulated genes (Estrella et al., 2015).  
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Table 1: Table summarizing the characteristics of each MEF2 isoform. A table summarizing 

and comparing different characteristics of each MEF2 isoform, including the time of activation. 

 

Isoform Time of 

Activation 

Tissue 

expression 

Function Cardiac 

Muscle 

Skeletal 

Muscle 

MEF2A E8 in cardiac 

muscle and 

E9.5 in 

skeletal 

muscle. 

Cardiac, 

skeletal, and 

smooth 

muscle. 

Brain, lung, 

skin, soft 

tissue. 

Regulate 

cardiac-related 

genes, 

myofibroblast 

differentiation, 

skeletal muscle 

regeneration.  

Expressed in 

the linear 

heart tube. 

Required for 

proper 

myoblast 

differentiation. 

 

Satellite cell 

activation 

and 

regeneration. 

 

MEF2B E7.5 in cardiac 

muscle to 

E11.5 and E9 

in skeletal 

muscle.  

Cardiac and 

skeletal 

muscle, bone 

marrow, 

lymph node. 

 

Development of 

cardiac, smooth, 

and skeletal 

muscle. 

 

Expressed in 

early 

development. 

Expressed in 

early 

development. 

MEF2C E7.5 in cardiac 

muscle and 

E8.5 in 

skeletal 

muscle. 

Expression 

halts in cardiac 

muscle E11.5. 

Cardiac and 

skeletal 

muscle, 

nucleoplasm, 

and brain 

tissue. 

 

Development of 

cardiac and 

skeletal muscle, 

immune cell 

production 

 

Expressed in 

sinus venosus 

contributing to 

the cardiac 

atria and 

cardiac 

looping. 

Essential for 

murine cardiac 

development. 

 

Needed for 

normal fiber 

composition. 

 

MEF2D E8 in cardiac 

muscle and 

E9.5 in 

skeletal 

muscle. 

Cardiac and 

skeletal 

muscle, 

endocrine 

system, and 

kidneys. 

Neuronal 

development 

and terminal 

differentiation 

of neonatal 

cardiomyocytes. 

Expressed in 

the linear 

heart tube. 

 

Satellite cell 

activation 

and 

regeneration. 

 

 

2.2 Function of MEF2 in striated muscle 
 

As previously mentioned, MEF2 proteins associate with MRFs by recruiting them to the 

promoter regions of muscle-related genes. While there are four different MEF2 isoforms in 

mammals, there is only one MEF2 protein in Drosophila that drives skeletal muscle formation 
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(Potthoff & Olson, 2007). Because of this increased complexity in mammals, it is imperative to 

understand the functions of the different isoforms in striated muscle. MEF2 expression begins as 

early as myotome formation during the commitment stages by upregulating MRF4 activity and 

myogenin during differentiation. In addition, the role of MEF2A in the early stages of myoblast 

differentiation will influence the overall formation of a mature multinucleated myofiber  (Gossett 

et al., 1989; Potthoff & Olson, 2007; Zammit, 2017). 

To investigate the role of MEF2 in skeletal differentiation, Estrella et al. used a C2C12 

myoblast cell culture to induce differentiation under different isoform null conditions. Their 

experiments showed that MEF2A null cells have impaired differentiation compared to the other 3 

isoforms (Estrella et al., 2015). The null model of MEF2B-, -C, and -D did not affect the fusion of 

myoblasts into myotubes compared to MEF2A. This makes MEF2A an important transcriptional 

regulator of myogenesis important to study. While conditional depletion of MEF2A and MEF2D 

in mice results in phenotypically normal skeletal muscle, in vitro models have shown that MEF2A 

is required for proper differentiation and regeneration (Estrella et al., 2015; Pon & Marra, 2016; 

Potthoff & Olson, 2007). 

MEF2 proteins can control the proper development of the heart, including the 

differentiation of cells into cardiomyocytes. For example, MEF2 proteins are known regulators of 

the sarcoplasmic reticulum Ca2+ -ATPase (SERCA) and cardiac tropin genes that are required to 

regulate the intracellular calcium homeostasis of cardiomyocytes (Seth et al., 2004). MEF2 

proteins are of great interest to study in the heart due to their sustained expression and function. In 

contrast to skeletal muscle, MEF2A null models show a negative phenotypic change in the 

ventricular chamber. MEF2A is required for both atrial and ventricular gene expression, and while 
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cardiomyocytes cannot regenerate, MEF2A is crucial during cardiogenesis through interactions 

with MRFs (Black, 2007; Cornwell & McDermott, 2023; Zlabinger et al., 2019). 

 

2.3 MEF2 A-D heterodimerization 
 

Through the unique conserved MEF2 domain, each MEF2 isoform can homodimerize with 

itself or form a heterodimer between MEF2A-D and MEF2B-C. While the functional redundancy 

between each isoform makes it difficult to characterize each isoform, recent studies have 

characterized distinct functions through biochemical experiments such as immunoprecipitation 

and the presence of specific heterodimer pairs in specific tissues. For example, the MEF2A 

homodimer is more common in the adult heart (Potthoff & Olson, 2007). In addition, while both 

MEF2A and MEF2D have persistent expression in skeletal muscle, individual knockouts have 

shown isoform-dependent, related results (Estrella et al., 2015; Potthoff & Olson, 2007).  

Mora et al. studied the MEF2A-D heterodimer during striated muscle-specific expression 

of the insulin-responsive muscle/adipose-specific glucose transporter (GLUT4) (Mora et al., 

2001). Their studies showed that MEF2 dimers affect GLUT4 expression, and through 

immunoprecipitation experiments, MEF2A homodimers were not present, but as a MEF2A-D 

heterodimer. Studies such as these suggest that while MEF2A may have an individual function, 

such as the promotion of myoblast differentiation, its transcriptional switch capabilities may be 

enhanced through heterodimerization. The overall composition of dimer pairs can influence gene 

expression through the cofactor relationships of the individual isoforms (Mora et al., 2001). 

 

2.4 MEF2 protein interactions with co-factors and signaling pathways 
 

To function as a transcriptional switch in a variety of tissues, MEF2 proteins are activated 

and repressed by cofactors and signaling pathways. Protein-protein interactions with MEF2 are 
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determined by the tissue type, developmental time, and intracellular signaling. During skeletal 

myogenesis, MEF2 protein interactions with MRFs such as MyoD and myogenin are required to 

promote proper myoblast differentiation (Gossett et al., 1989; Le Grand & Rudnicki, 2007). In 

addition, during cardiogenesis, MEF2 will interact with transcription factors such as Gata4 and 

Tbx (Watt et al., 2004). Protein-protein interactions with MEF2 can be facilitated by cofactor 

binding to the MADS-MEF2 N-terminus of MEF2, such as histone deacetylases (HDACs), or 

modifications in the TAD, such as phosphorylation by MAPK p38 pathways (Jayathilaka et al., 

2012; Zhao et al., 2005).  

Many direct protein interactions with MEF2 have been characterized to understand its role 

as a transcription factor. HDACs are a family of transcriptional effectors that reduce the binding 

of transcription factors to chromatin and are divided into 2 classes. Class 1 (1, 2, 3, and 8) and 2 

(4, 5, 6, 7, 9, and 10) HDACs differ in their cellular localization, with class 1 HDACs being 

primarily nuclear (Jayathilaka et al., 2012). Class 2 HDACs can be further characterized as class 

2a (4, 5, 7, 9) and class 2b (6 and 10). Class 2a HDACs are highly expressed in muscle and neuronal 

cells. In order to affect gene expression, class 2a HDACs do not have DNA binding capabilities, 

but will bind to MEF2 to repress gene transcription (Jayathilaka et al., 2012; Zhao et al., 2005). 

This interaction is made possible by the binding of an amphipathic helix structure at the N-terminus 

of the class 2a HDAC to a hydrophobic groove located in the MADS/MEF2 domain of MEF2 

(Nebbioso et al., 2009). Subsequent binding between these 2 proteins will prevent the activation 

of MEF2 activity on the promoter regions of its target genes. The release of the repressor by 

dephosphorylation of the HDAC protein allows MEF2 to switch from a repressive state to an active 

state. The repression of MEF2 by class 2a HDACs is essential to maintain a balance of gene 

expression and prevent the transcription of muscle-specific genes when skeletal muscle cells are 
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not required to regenerate (Jayathilaka et al., 2012). To balance out the repressive nature of the 

class 2a HDACs with MEF2, histone acetyltransferases such as p300 can take the place of HDACs 

when they are phosphorylated to promote gene expression (He et al., 2011). Understanding this 

balance of MEF2 activity may increase our overall knowledge of satellite cell activation and the 

promotion of muscle-specific gene activity. 

 

 
Figure 7: Schematic of the transcriptional switch function of MEF2 proteins. MEF2 proteins 

can activate the transcription of muscle-specific genes when bound to the DNA or inhibit 

transcription depending on cofactor interactions. 

 

While direct protein-protein interactions control MEF2 functionality, signaling pathways, 

kinases, and post-translational medications will influence MEF2 function. Class 2a HDAC binding 

is facilitated by the concentration of cytoplasmic Ca2+ ions, which in turn activate 

calcium/calmodulin-dependent kinase (CaMK). When CaMK phosphorylates the HDAC protein, 

it is released from MEF2 and binds to a 14-3-3 protein  (Jayathilaka et al., 2012; Lu, McKinsey, 

Nicol, et al., 2000). 

Many kinases are known to interact directly with MEF2 at specific resides. Kinases such 

as p38 mitogen-activated protein kinases (MAPK), ERK5, PKA, PKC, and GSK3 have all been 

shown to phosphorylate different MEF2 isoforms at specific amino acid residues in all 3 domains. 
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The p38/MAPK-MEF2 relationship has been well studied in skeletal muscle as it is required for 

proper myogenesis to occur (Cox et al., 2003). Phosphorylation of MEF2 by p38/MAPK activates 

the protein to bind to target genes for gene expression but has also been shown to be over-activated 

in cardiac hypertrophy. The TAD of MEF2A contains a p38 docking site required for proper MAPK 

phosphorylation. p38 has been shown to phosphorylate three different amino acid residues on 

MEF2A in the TAD, Threonine-312, Threonine-319, and Serine-452. In addition, in MEF2C 

residues Threonine-293, Threonine-300, and Serine-387 are phosphorylated by p38/MAPK. 

MEF2D influence via phosphorylation activity of p38/MAPK has been recorded but not 

concluded. ERK5 phosphorylated MEF2C and MEF2A at the conserved residue Serine-387 (Cox 

et al., 2003; Zhao et al., 1999). 

Finally, in addition to these kinase influences, MEF2 is involved in numerous signaling 

pathways such as Ca2+ signaling, Wnt, Notch, PI3K/AKT, and TGFβ (Chen et al., 2017; Wiedmann 

et al., 2005). The PI3K/AKT pathway is involved in metabolism, cell growth, and angiogenesis. 

In skeletal muscle, this pathway has been shown to induce muscle hypertrophy, an abnormal 

increase in skeletal muscle mass. AKT, a serine-threonine protein kinase, induces skeletal muscle 

growth by activating certain muscle-specific genes. AKT phosphorylates FOXO transcriptional 

repressors, which in turn affect factors associated with muscle atrophy. The PI3k/AKT pathway 

can also stimulate MEF2 activity to increase the expression of certain MEF2 target genes, 

including Krüppel-like Factor 2 (KLF2), an anti-inflammatory transcription factor (Wiedmann et 

al., 2005).   

3. Overview of Protein-Protein interactions 
 

Proteins are small molecules often referred to as the basic building blocks of life. They are 

composed of amino acids encoded by genes that form peptide structures. While many people may 
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associate proteins primarily with muscle, they are involved in a multitude of enzymatic and DNA-

related processes. Proteins can interact with a variety of signaling molecules such as ligands in 

phosphorylation cascades, bind to DNA to promote or repress gene expression, and bind to other 

proteins through protein-protein interactions (PPIs) (Gillies & Lieber, 2011). These physiological 

roles make proteins a good target for drug therapies. Disruptions in PPIs are found in many 

diseases, such as DMD, and can have catastrophic effects on the development of a healthy embryo 

and adult (Wong et al., 2020). In the body, protein-protein interactions are complex structures that 

govern many cellular, metabolic, and physiological processes. Some examples of protein-protein 

interactions in the cell include the maintenance of the cytoskeleton, protein synthesis, cell cycle 

control, and transcription. Tight control of these interactions is necessary to prevent the progression 

of cancer and potential degenerative diseases. Current drug therapies have shifted focus to 

targeting the interactions between proteins to disrupt complexes that may form in certain diseases. 

In addition, emerging cancer therapy research has targeted proteins such as Tumour protein P53 

(p53), a protein involved in cell cycle control that, when mutated, is a hallmark of cancer cells 

(Yang et al., 2015). Therefore, understanding how p53 interacts with its surrounding environment, 

including other proteins, can help us understand how to stop the mechanisms that lead to cancer. 

Due to the multitude of post-translational modifications and the complexity of PPIs, understanding 

how individual proteins can play multiple roles is critical to our understanding of development and 

disease. 

 

3.1 Protein interactome screen with mass spectrometry 
 

Many new technologies have aided in the investigation of protein networks. While many 

assays can be used to test binary interactions, understanding a broader network can provide more 

data on potential novel pathways and interactions. In addition, whole protein screening of more 
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than binary interactions can be performed at different stages of the cell cycle or even 

differentiation, providing valuable information about cellular development.   

Mass spectrometry is a common high-throughput used to study protein interactions 

(Moustafa et al., 2023). To perform MS experiments, samples of interest are digested and purified, 

fragmented, and captured by mass spectrometers. The products of these samples are identified 

using computational methods that measure the peaks of each peptide. Since the inception of MS, 

many variations and improvements have been made to increase the rigour and accuracy of the 

system (Domon & Aebersold, 2006; Mehmood et al., 2015). 

Protein MS takes advantage of MS technology and applies it to the study of protein 

mapping, structure, and quantification. Three different approaches can be used to perform 

proteomic studies with MS. A top-down approach uses whole proteins in a sample with a matrix-

associated laser desorption ionization (MADI) MS and is lower throughput (Domon & Aebersold, 

2006). The second is middle-down proteomics using large peptide fragments around 20kDa and 

finally bottom-up proteomics digests peptide fragments even further and is a high throughput 

method for peptide identification via peptide sequence. Protein MS is a powerful tool for 

constructing protein interactome networks (Domon & Aebersold, 2006; Mehmood et al., 2015). 

An interactome is a map of all the interactions of a given protein. This list of proteins can be 

categorized by function, cellular location, and enriched for gene ontology analysis. While this 

approach to studying protein interactions cannot demonstrate how the interactions are occurring 

or their underlying mechanisms, it gives a strong foundation for studying novel protein interactions 

(Richards et al., 2021).  

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) is a powerful 

analytical tool for protein identification to generate protein networks. This technique involves a 
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liquid chromatography (LC) separation step and a mass spectrometry detection step as outlined in 

Figure 8 (Pitt, 2009).  The sample is first separated by an LC column based on molecular weight 

and chemical composition, such as polarity. After ionization of the sample to select the mass-to-

charge ratio, the fragments are analyzed in a mass spectrometer. Depending on the experimental 

design, proteins can be digested into large peptide fragments, short fragments, or left as whole 

proteins prior to sample addition to the column. In tandem with MS, the initial separation that LC 

has given a level of strength to increase the capability of the technique (Pitt, 2009).   

 

 

 
Figure 8. Schematic overview of the LC-MS/MS technique. The LC-MS/MS technique adds 

an additional separation stage using liquid chromatography prior to the ionization and read-out 

stages.  

 

 

3.2 GFP-nanobody protein screening 
 

Another way to generate these complex protein interactome maps is to use green 

fluorescent protein (GFP) tags and nanobodies to purify GFP-conjugated proteins and their binding 

partners. Found in jellyfish, GFP has been used in many biochemical applications such as 

fluorescence imaging and affinity purification (Svendsen et al., 2017). GFP is also extremely 

versatile, and new technology has allowed the molecule to be conjugated to nanobodies. 

Nanobodies are like antibodies in their ability to recognize and bind to specific epitopes. However, 

they are dissimilar in size due to nanobodies being composed of a single antigen-binding variable 

domain without a light chain domain (de Beer & Giepmans, 2020). Nanobodies were discovered 

in camelid animals and are approximately 12-15kDA in size compared to larger 150kDa IgG 
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antibodies. Companies such as Chromotek have developed GFP-binding nanobodies that can be 

conjugated to bait proteins to create fusion proteins. These fusion proteins can be incubated with 

prey protein samples for affinity purification. Nanobodies are an emerging alternative to antibodies 

for various experiments including affinity purification due to their stability at high temperatures, 

varying pH, and lower cost (de Beer & Giepmans, 2020). Together, this construct of GFP-bound 

nanobodies has emerged in recent studies to isolate GFP-tagged proteins and the tagged proteins’ 

binding partners (Zhang et al., 2020).  

 

 
 

Figure 9: Schematic of a nanobody in comparison to a conventional IgG antibody. The 

nanobody structure maintains the heavy chain seen in a conventional IgG antibody but lacks the 

light chain. 
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Statement of purpose 
 

 

Proper development of both skeletal and cardiac muscle is necessary for survival, therefore 

understanding the mechanisms and interactions that drive these processes is both crucial to both 

our understanding of human development and how to combat striated muscle diseases. Myocyte 

Enhancer Factor 2, MEF2, is a transcriptional switch that plays a pivotal role in both the 

maintenance and the function of a variety of tissues, including striated muscle. Previous literature 

has well characterized many protein-protein interactions with MEF2A during myogenesis and 

cardiomyocyte survival and cardiogenesis. In addition, MEF2A null mice have neonatal lethality 

and impaired myoblast differentiation. However, there are still many areas surrounding the role of 

MEF2 in satellite stem cells, muscle progenitors, and the control of MEF2 during the 

differentiation of myoblasts to myotubes. Recent literature has linked MEF2 to novel protein 

interactions that are present in cachexia, muscle wasting due to underlying disease, and cardiac 

hypertrophy, the abnormal enlargement of the heart. The purpose of this study was to investigate 

and characterize novel protein-protein interactions with MEF2 during the different stages of 

skeletal myogenesis, myoblast proliferation and differentiation, and cardiomyocytes. The 

objective of the study was to use a proteomic approach using liquid chromatography-mass 

spectrometry (LC-MS/MS) and nanobodies for affinity purification. Through the implementation 

of a variety of biochemical approaches, the results indicate a novel repressive protein-protein 

interaction between MEF2A and Forkhead box protein 1 (FOXP1) through the antagonization of 

the mitogen-activated kinase (MAPK) p38 phosphorylation of MEF2A via FOXP1. Thus, 

characterization and investigation of this novel interaction will increase our understanding of the 

regulation of MEF2A during both developmental processes such as myogenesis and disease 

phenotypes such as cardiac hypertrophy. 
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Abstract 
 

Myocyte Enhancer Factor 2 (MEF2) is a transcription factor complex encoded by genes mef2a-d. 

MEF2 proteins belong to the MADS-box DNA binding protein superfamily involved in many 

developmental pathways including myogenesis and the survival of cardiomyocytes. MEF2 

proteins interact with myogenic regulatory factors and modulate the expression of muscle-specific 

genes. Thus, unbiased characterization of the MEF2A interactome would expand our 

understanding of MEF2 functions. A GFP-nanotrap purification followed by LC-MS/MS 

proteomic analysis was employed to identify MEF2A interacting proteins. Following gene 

ontology analysis, we focused on an interaction between MEF2A and its novel interacting protein, 

FOXP1, in striated muscle. FOXP1 was found in the MEF2A-immunocomplex in muscle cells, 

and ectopic expression of FOXP1 delays myogenic differentiation. FOXP1 inhibited MEF2A 

activation on myogenic reporter genes driven by the regulatory regions of creatine kinase muscle 

and myogenin genes. Additionally, siRNA-mediated deletion of FOXP1 in myoblasts and 

cardiomyocytes enhances MEF2A transactivation properties. Lastly, various biochemical 

experiments indicate that FOXP1 antagonizes p38 MAPK activation of MEF2A through 

Threonine-312 phosphorylation. Collectively, we documented a novel repressive interaction of 

FOXP1 and MEF2A in proliferating striated muscle cells.  
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Introduction 
 

Striated muscle fulfills a vital function for all metazoans, facilitating movement, blood 

circulation, and digestion (Frontera & Ochala, 2015). The complex development of striated muscle 

requires strict control and balance of transcriptional regulators and gene expression. During 

embryogenesis, both myogenesis, the development of skeletal muscle, and cardiogenesis, the 

progression of cardiomyocytes into a functional heart muscle, is controlled by basic helix-loop-

helix myogenic regulatory factors (MRFs) and a multitude of cofactors (Hernandez-Hernandez et 

al., 2017) (Taylor & Hughes, 2017). Diseases such as muscular dystrophies, sarcopenias, and 

cardiac hypertrophy arise when the natural progression of muscle maintenance and formation is 

disrupted (Medrano & Naya, 2017; Wong et al., 2020). One protein that is critical for striated 

muscle formation during embryogenesis and the regeneration of skeletal muscle post-natally is 

Myocyte Enhancer Factor 2 (MEF2). MEF2 protein complexes, encoded by the mef2a-d genes, 

are MADS-box (MCM1, Agamous, Deficiens and SRF) domain-containing transcription factors 

with the ability to homo- and heterodimerize through a unique conserved MEF2 domain. MEF2 

complexes bind to a conserved DNA sequence [(T/C)TA(A/T)4TA(G/A)] and cooperate with 

MRFs for the expression of a plethora of muscle-specific genes (Cornwell & McDermott, 2023; 

Wu et al., 2011). Each MEF2 isoform consists of 3 functional domains, a conserved N-terminal 

MADS-box of 57 amino acids followed by a 29 amino acid MEF2 domain as well as a highly 

variable transcriptional activation domain at the C-terminus that confers individual function to 

both the isoform and the post-translationally modified MEF2 protein (Potthoff & Olson, 2007). 

MEF2 protein activity is expressed as early as day 7.5 post coitum with persistent expression of 

MEF2A and MEF2D in adult cardiac and skeletal muscle. MEF2 function is influenced by both 

direct protein binding as well as by cofactors such as class IIa histone deacetylases (HDACs), 
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MAPK/p38 phosphorylation cascades, and Ca2+ signaling pathways. In addition, MEF2 proteins 

can modulate several developmental signaling pathways including Wingless/Integrated (Wnt), 

Notch, and the PI3K/AKT inflammatory pathway (Frey & Olson, 2003; Wiedmann et al., 2005).  

The role of MEF2 during myogenesis has been well characterized as a factor required for 

the differentiation program of proliferative myoblasts into mature multinucleated myofibers (Liu 

et al., 2014). The activation of MEF2 activity is particularly robust following the activation of 

quiescent muscle stem cells called satellite cells upon stimulation of muscle growth or replacement 

of damaged muscle. In quiescent satellite cells, MEF2s and certain MRFs are expressed but 

muscle-specific genes are not expressed, suggesting that MEF2 activity is repressed (Dumont et 

al., 2015; Taylor & Hughes, 2017). In addition to facilitating skeletal myogenesis, MEF2 activity 

functions as a pro-survival factor in cardiomyocytes (Hashemi et al., 2015). However, MEF2 has 

also been implicated in cardiac hypertrophy, a condition in which abnormal thickening of the heart 

muscle mediates the progression of heart failure. Mouse models have shown that alterations in the 

expression of MEF2A in the heart can be lethal and disrupt myoblast differentiation (Akazawa & 

Komuro, 2003; Cornwell & McDermott, 2023; Kolodziejczyk et al., 1999). MEF2A has also been 

implicated in cancer cachexia, a continuous decline in skeletal muscle mass and is the cause of up 

to 30% of cancer-related deaths due to either heart or respiratory failure. Recent literature has 

suggested that there is a dysregulation in MEF2 protein activity through the upregulation of 

transcriptional repressors and other unknown cofactors (Neyroud et al., 2021).  

To fully understand the regulation of MEF2A in skeletal muscle we undertook a systematic 

unbiased proteomic screen approach to document a MEF2A interactome in striated muscle. This 

was carried out using a GFP-nanotrap affinity purification followed by LC-MS/MS analysis. This 

approach provided an interactome map of both known and potentially novel protein-protein 
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interactions with MEF2A. This interactome map will provide further opportunities to dissect the 

roles of MEF2A in striated muscle regulation. Categorization of the interactome list and GO 

analysis revealed a number of novel candidate proteins to investigate including proteins involved 

in muscle hypertrophy and muscle adaptation. We focused on the identification of Forkhead box 

protein 1 (FOXP1), a transcriptional repressor recently implicated in sarcopenia and cardiac 

hypertrophy, as a candidate for further study (Neyroud et al., 2021; Wang et al., 2004).  Further 

experimentation supports a model in which MEF2A repression mediated by FOXP1 is vital to 

maintain myoblasts in an undifferentiated state in the proliferative or quiescent states. These 

observations contribute to our ongoing understanding of muscle development and the precise 

balance between transcription factor regulation and muscle differentiation.  
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Results 
 

MEF2A interactome analysis in skeletal muscle. 
 

While the role of MEF2 proteins as transcriptional switches and their numerous cofactors 

have been well documented in various tissues (Moustafa et al., 2023; Mughal et al., 2015), a 

comprehensive proteomic analysis to establish a network of binding partners in skeletal muscle 

remains outstanding. Here, we aimed to construct an interactome network using a GFP-nanobody 

trap affinity purification in tandem with LC-MS/MS to identify proteins interacting with MEF2A 

in skeletal muscle. To construct this network, EYFP-tagged MEF2A proteins were conjugated to 

GFP-nanobody magnetic beads for affinity purification without overexpressing MEF2A proteins. 

Fig. 10A displays the workflow depicting our approach to generate an interactome network. 

Expression of EYFP and EYFP-MEF2A was confirmed by Western blotting analysis (Fig. 10B). 

The criteria for including proteins as potential interactors were dependent on the spectral 

count, the total number of spectra identified for a protein, and the presence of the protein in both 

replicates. Proteins found in both replicates and not in the GFP conditional control were considered 

unique proteins. In addition, proteins found in both EYFP-MEF2A replicates with more than 3-

fold enrichment over the GFP control were also included. It resulted in a list of 36 proteins (28 

unique proteins, (8 > than 3-fold) enriched proteins) (Fig. 10C).  

To further characterize this protein interactome network, Gene Ontology (GO) analysis was 

performed to identify enriched biological processes and molecular functions. Among the processes 

and functions shown in Fig. 10D, we document several GO terms that have been associated with 

known MEF2A function, including cardiac muscle hypertrophy and histone deacetylase binding. 

Interestingly, several categories not previously associated with MEF2A were also identified, such 

as disordered domain-specific binding. Due to a combination of our interest in myogenesis and the 
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importance of the muscle-related categories, we decided to focus on interactions within these GO 

terms (Fig. 10E). Of particular interest from this interactome network was the putative association 

with Forkhead box protein 1 (FOXP1), which has previously been documented to play a critical 

role in cardiomyocyte maintenance and sarcopenia.  
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Figure 10. The MEF2A interactome in skeletal muscle. A. Schematic overview of the GFP-

nanobody trap affinity purification experiment using a skeletal muscle lysate followed by LC-

MS/MS. B. EYFP conjugation to a MEF2A construct confirmed by Western blot analysis. C. Table 

showing the uniquely enriched peptides in blue and the >3-fold enriched peptides identified by 

mass spectrometry analysis. Proteins in blue are unique proteins not found in the GFP control 

samples while the proteins in orange with an * were found in both the MEF2A and GFP control 

with a ≥ 3 fold enrichment D. Gene Ontology (GO) analysis of the identified interactome peptides 

for both the biological processes and molecular functions, known MEF2A pathways are indicated 

with an *. E. Schematic representation of the GO terms of interest along with P-values. 

 

FOXP1 interacts with MEF2A in myogenic cells and decreases in expression during 

muscle differentiation.  
 

First, we wanted to verify the interaction between MEF2A with FOXP1. FOXP1 is a well-

characterized transcriptional repressor (Lozano et al., 2021; Rocca et al., 2017). Gene Ontology 

analysis categorized FOXP1 together with many of the established MEF2A-related categories, 

including cardiac and striated muscle hypertrophy. By immunofluorescence analysis, we detected 

both MEF2A and FOXP1 in the nuclei of proliferating myoblasts (Fig. 11A). A protein-protein 

interaction of ectopically expressed FLAG-MEF2A and HA-FOXP1 was confirmed by FLAG 

immunoprecipitation followed by Western blotting analysis of the precipitated protein complex 

(Fig. 11B). Furthermore, endogenous FOXP1 was found in the immunocomplex precipitated with 

MEF2A antibody (Fig. 11C) suggesting the formation of a FOXP1/MEF2A protein complex in 

myoblasts.  

We further sought to determine whether there is a functional relationship between MEF2A 

and FOXP1. To this end, we investigated the potential functional impact of ectopic FOXP1 

expression on the transactivation properties of MEF2A. 4XMEF2 luciferase reporter gene assay 

was used to quantify the transcriptional effect of the presence or absence of ectopically expressed 

FOXP1. Fig. 11D indicates that the ectopic expression of MEF2A activated the reporter gene and 

that the addition of ectopic expression of FOXP1 significantly reporter gene activity by MEF2A 

expression. Since MEF2A activation is essential for myogenesis with MRFs (Taylor & Hughes, 
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2017; Wu et al., 2011) and FOXP1 inhibits MEF2A activity, we hypothesized that FOXP1 might 

play an important role in restricting MEF2A activity in proliferating myoblasts. 

Following the initial characterization experiments of the MEF2A/FOXP1 interaction, the 

pattern of FOXP1 expression during myogenic differentiation was examined. Western blotting 

analysis documents that FOXP1 protein expression is substantial in myoblasts in the proliferative 

phase but decreases upon initiation of the differentiation and progression of myoblasts into mature 

multi-nucleated fused myotubes (Fig. 12A). Upregulation of Myogenin and MCK proteins and 

their accumulation indicated the progression of myotube formation. Immunofluorescence analysis 

of differentiated C2C12 cultures at different stages of differentiation depicts that FOXP1 

expression was sequestered in the nucleus relative to the cytoplasm (Fig. 12B). Since it is well 

documented that MEF2A protein expression is present at both the proliferative myoblast and 

myotube stages of myogenesis, our observations support the idea that FOXP1 is required for the 

maintenance of the undifferentiated state by suppressing MEF2A activity in proliferating 

myoblasts.  

We further extended this idea to a heterogenous myotube culture conditions to determine 

differences in the pattern of FOXP1 expression between differentiated myotubes and cells that do 

not form multinucleated myotubes but are quiescent reserved cells (RCs). We reasoned that if 

FOXP1 is required for the maintenance of the undifferentiated state, FOXP1 might be differentially 

expressed in myotubes and RCs. To test this idea, we fractionated a heterogenous C2C12 

population under DM conditions into myotubes and quiescent reserved cells. In Fig. 12C Western 

blot analysis of each fraction indicates that FOXP1 protein is undetectable in the myotube fraction 

but clearly detected in the RC fraction suggesting that FOXP1 expression is preserved in 

undifferentiated cells whether they are proliferating or quiescent. A differentiated primary mouse 
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satellite cell primary culture exhibited similar expression patterns of FOXP1 in undifferentiated 

cells by immunofluorescence analysis (Fig. 12D). Cumulatively, these data highlight FOXP1 

protein expression in undifferentiated cells in both the proliferative and quiescent myoblasts states 

and its subsequent decline in the differentiation stages of myogenesis.   

 

Figure 11. FOXP1 interacts and colocalizes with MEF2A in myoblasts. A. 

Immunofluorescence analysis of a fixed myoblast culture shows endogenous MEF2A expression 

in red and FOXP1 protein expression in green localized to the in the nuclei of myoblasts. B. 

Hek293T cells with ectopically expressed HA-FOXP1 and FLAG-MEF2A were subjected to a 

FLAG immunoprecipitation. Lysates with non-transfected FLAG-MEF2A and HA-FOXP1 were 

used as controls. C. A C2C12 lysate was subjected to a MEF2A immunoprecipitation with an IgG 

control. Co-immunoprecipitated FOXP1 was visualized by Western blotting analysis. D. Hek293T 

cells were transfected with a 4XMEF2-luc construct in tandem with FLAG-MEF2A and HA-

FOXP1. A schematic of the 4XMEF2-luc construct is shown below. Renilla luciferase was used to 

normalize transfection efficiency and pcDNA was used as a control for endogenous protein 

activity. Each dot represents one biological replicate.  
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Figure 12. FOXP1 protein decreases during myoblast differentiation. A. C2C12 myoblast 

lysates were collected from cultures incubated in GM and DM for Western blot analysis. Myogenic 

differentiation markers Myogenin and MCK were used as controls for differentiation, while 𝛽-

actin was used as a loading control. B. Immunofluorescence analysis of a fixed differentiated 

C2C12 culture showing the endogenous levels of Myogenin in green and FOXP1 in red in the 

Hoeschst33342 (blue) stained nuclei of myotubes. C. A C2C12 cell culture grown in DM was 

fractionated into a myotube, reserve cell, and total protein lysate for 48h before Western blotting 

analysis. D. Immunofluorescence analysis of a fixed primary mouse satellite cell culture to 

visualize the endogenous expression of myosin heavy chain in green and FOXP1 in red. The 

intensity blot of FOXP1, MyHC and Hoechst33342 is shown with the yellow line.  
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FOXP1 gain and loss of function during myoblast differentiation. 
 

Based on our observations of FOXP1 expression in myoblasts and knowledge of the 

importance of MEF2A in myogenic differentiation, we determined if FOXP1 could regulate the 

differentiation process. To investigate this, both a gain of function by ectopic expression of FOXP1 

and a loss of function by siRNA targeting FOXP1 were employed.  

Initially, we tested Myogenin induction as a MEF2 target gene and marker for the initiation 

of myotube formation, with ectopic expression of FOXP1. As is well documented in the literature, 

Western blotting analysis (Fig. 13A) confirmed the upregulation of Myogenin protein level at 48h 

in DM (Tripathi et al., 2019). However, when HA-FOXP1 was ectopically expressed, Myogenin 

protein levels failed to be induced. Ectopic expression of HA-FOXP1 reduced the number of 

Myogenin-positive cells in the population in comparison to a control condition (Fig. 13B). Further 

immunofluorescence analysis showed that there was a decrease in the number of Myogenin 

positive cells under conditions of high FOXP1 protein expression. 

Taken together, an increase in FOXP1 protein expression results in a delay in the normal 

progression of myoblast differentiation. To further our understanding of the potential importance 

of FOXP1 during myogenesis, we employed a loss-of-function approach with siRNA targeting 

FOXP1. For a loss-of-function analysis, 3 independent siRNAs targeting different regions of 

FOXP1 mRNA were employed along with a scrambled control. The siRNAs and control were 

transfected and confirmed efficient reduction of FOXP1 expression (Supp. 1). Western blotting 

analysis was done during both growth and during the course of differentiation. Compared to 

scrambled conditions, siRNA-treated cultures exhibited precocious expression of Myogenin (Fig. 

13C). Due to FOXP1 depletion, both Myogenin and Muscle Creatine Kinase protein expression 

were expressed one day earlier than controls upon induction of differentiation. This was further 
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observed by immunofluorescence analysis quantifying the number of Myogenin-expressing 

nuclei, which was significantly higher in the FOXP1 depleted condition by the siRNA compared 

to the scrambled control (Fig. 13D). Finally, to investigate how the loss of FOXP1 function may 

affect MEF2A activity, 4XMEF2 reporter gene activity assay with 3 independent siRNAs targeting 

FOXP1 was performed. The reporter gene analysis in Fig. 13E shows that the depletion of FOXP1 

resulted in an increase in reporter gene activity. Taken collectively, these data support a model in 

which FOXP1 suppresses MEF2A function to prevent premature muscle differentiation in 

proliferating or quiescent myoblasts. 
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Figure 13. Gain and loss of function of FOXP1 during myoblast differentiation. A. Western 

blot analysis of a 48h DM C2C12 lysate with ectopic expression of HA-FOXP1 and pcDNA 

control. B. Immunofluorescence of fixed transfected 48h DM C2C12 plates, GFP positive cells 

were counted over 3 biological replicates. The graph shows the percentage of Myogenin expressing 

GFP transfected cells. C. C2C12 lysates were collected during GM and DM conditions with post-

transfection of a scrambled control or siRNA targeting FOXP1 and visualized by Western blotting 

analysis. D. Immunofluorescence visualization followed by the quantification of Myogenin 

expressing nuclei with an associated bar graph for 3 biological replicates. E. C2C12 cells were 

transiently transfected with a 4XMEF2-luc, a Renilla luciferase transfection control, and either a 
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scrambled or siRNA targeting FOXP1. 3 biological replicates were analyzed and the statistical 

significance was calculated using GraphPad Prism 8.0 using an independent t-test.  

 

FOXP1 antagonizes MEF2A transcriptional activation activity. 
 

While the data on synthetic reporter genes indicate that FOXP1 antagonizes MEF2A 

transactivation, we next employed the use of well-characterized natural myogenic gene reporters 

that are known to be regulated by MEF2. A creatine muscle kinase (ckm) and a myogenin promoter 

driving a luciferase reporter gene were used for this analysis. Fig. 14A-B shows that ectopic 

expression of FLAG-MEF2A activates both the ckm and myogenin reporter; however, when cells 

were co-transfected with HA-FOXP1, there was a decrease in reporter gene activation by MEF2A. 

Collectively, this reporter gene analysis demonstrates the repressive nature of FOXP1 on MEF2A-

driven transcriptional activity which results in the reduction of not only synthetic MEF2 reporter 

gene activation but also natural myogenic promoter activity.  

MEF2A activity is regulated by a variety of co-factors. Among them, class II HDACs and 

P300 have been reported to regulate MEF2A activity associated with MEF2’s MADS/MEF2 

domain. To determine which MEF2A domain is required to facilitate this FOXP1 interaction, 

several GAL4-DNA binding domain (DBD) fusion constructs were used on a 5XUpstream 

Activator Sequence (UAS) luciferase reporter gene system. A map of the different constructs with 

the GAL4-DBD at the N-terminus is shown in Fig. 14C. Fig. 14D reporter gene analysis with 

ectopic expression of all GAL4-DBD-MEF2A fusion proteins activated the reporter. However, the 

addition of HA-FOXP1 reduced GAL4-DBD-MEF2A driven reporter gene activity. Of specific 

note was the conserved FOXP1 repression of the GAL4-DBD-MEF2A fusion proteins containing 

only a few amino acids within the transactivation domain. In addition, if the TAD of MEF2A was 

replaced with the VP16 transactivation domain (MEF2A 1-91a.a.(MADS/MEF2)-VP-16), this 

MEF2A 1-91-VP16 was not repressed in the presence of HA-FOXP1 (Fig. 14E). This revealed 
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that the MEF2A’s MADS/MEF2 domain is not sufficient but the transactivation domain, in 

particular amino acids 273-373, are necessary for FOXP1-mediated repression.  
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Figure 14. FOXP1 antagonizes MEF2A transactivation. A. FLAG-MEF2A in combination with 

and without HA-FOXP1 was ectopically expressed in C2C12 with a myogenin-luc reporter gene, 

Western blot analysis confirming the transfection of the constructs is shown below. B. FLAG-

MEF2A in combination with and without HA-FOXP1 was ectopically expressed in C2C12 using 

a ckm-luc reporter gene, Western blot analysis confirming the transfection of the constructs is 

shown below. C. Schematic of the 3 GAL4-DBD-MEF2A fusion proteins, the numbers indicate 

the amino acid residues within the MEF2A peptide. D. Hek293T transfected with the GAL4-DBD 
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-MEF2A fusion constructs in combination with HA-FOXP1 and a 5XUAS-luc reporter for GAL4-

DBD binding. E. Hek293T culture was transfected with a MADS/MEF2 domain fused to a VP16 

transactivation domain in combination with HA-FOXP1 and a 5XUAS-luc reporter. Renilla 

luciferase was used as a transfection control in all experiments and pcDNA was used to control for 

endogenous protein activity. The error bars represent s.e.m. compared to the relevant control 

conditions *P<0.01, **P<0.001, ****P<0.0001. For each reporter experiment 3 biological 

replicates were conducted.  

 

FOXP1 repression of MEF2A is associated with de-phosphorylation of the MEF2A 

transcriptional activation domain. 

 
Since the experimental data with GAL4-DBD-MEF2A fusions pointed to an interaction of 

FOXP1 with the C-terminal TAD of MEF2A, we sought to determine how FOXP1 might repress 

MEF2A transcriptional activity through its TAD. Previously, we have documented that the TAD 

of MEF2A is highly regulated by p38MAPK phosphorylation (Cox et al., 2003). In addition, this 

region of the TAD overlaps with a p38MAPK docking site (Barsyte-Lovejoy et al., 2002). We, 

therefore, hypothesized that FOXP1 repression might be facilitated by disruptions in TAD 

phosphorylation by p38 MAPK. In Fig. 15A, reporter gene analysis with a p38MAPK inhibitor 

SB203580 but not its inactive analog SB202474 was employed.  As expected, a decrease in 

MEF2A transcriptional activity on the 4XMEF2 reporter gene was observed with p38MAPK 

inhibition. Conversely, FOXP1 repressive activity on MEF2A was not evident under conditions 

when p38 MAPK was inhibited. To further test this idea, the level of MEF2A phosphorylation at 

Thr-312 (one of the core p38MAPK target sites on MEF2A) (Cox et al., 2003) was assessed by 

Western blotting analysis. As previously documented, activation of the p38 MAPK by a 

constitutively active upstream kinase, MKK6(EE), was confirmed by phosphor-Thr-312 analysis 

of MEF2A (Fig. 15B). As predicted, the level of phosphorylation of MEF2A at Thr-312 was 

markedly decreased with ectopic HA-FOXP1 expression even in the presence of robust 

MKK6/p38MAPK activation. Immunofluorescence analysis confirmed that the level of Thr-312 

phosphorylation was decreased in C2C12 cells expressing ectopic HA-FOXP1 protein (Fig. 15C). 
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One of the possibilities by which FOXP1 prevents phosphorylation of MEF2A at Thr-312 

by p38MAPK was FOXP1 directing phosphatase activity toward MEF2A (Cox et al., 2003; Rashid 

et al., 2014). To investigate this possibility, we used a pan-phosphatase inhibitor, Okadaic acids. 

Fig. 15D Western blot analysis confirmed that ectopic expression of HA-FOXP1 reduced the 

phosphorylation of Thr-312 of MEF2A, but in the presence of the phosphatase inhibitor, 

ectopically expressed HA-FOXP1 did not reduce Thr-312 phosphorylation levels. Furthermore, in 

the presence of a phosphatase inhibitor, FOXP1 failed to repress MEF2A transcriptional activity 

measured by MEF2 luciferase reporter gene activity (Fig. 15E). Since we have previously 

documented repression of MEF2A function by protein phosphatase 1 alpha (PP1𝛼) (Perry et al., 

2009), we tested if PP1𝛼 is in a MEF2A/FOXP1 protein complex. Western blotting analysis of a 

FLAG-immunoprecipitation revealed the FLAG-FOXP1 indeed co-immunoprecipitated with HA-

PP1𝛼 (Fig. 15F). This analysis suggests that FOXP1 maintains MEF2A repression by preventing 

MEF2A from phosphorylation mediated activation by p38MAPK and that this repression is 

mediated by the formation of a repressive immunocomplex including a phosphatase, for example, 

PP1𝛼 in undifferentiating cells. 
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Figure 15. MEF2A phosphorylation by p38 MAPK is disrupted by FOXP1. A. A C2C12 

culture was transiently transfected with 4XMEF2-luc for 16h and then treated with a p38 inhibitor 

(SB203580) and its negative control (SB202474) for 6h. B. Western blot analysis of a Hek293T 

lysates with ectopically expressed FLAG-MEF2A in combination with p38/MKK6 and HA-

FOXP1 blotting for phosphorylated MEF2A Thr-312 and HA and 𝛽-actin as a loading control. C. 

Immunofluorescence analysis of fixed C2C12 cells transfected with FLAG-MEF2A and pcDNA 

or HA-FOXP1 probed for phosphorylated MEF2A Thr-312. D. Western blot analysis of C2C12 

lysates with FLAG-MEF2A, p38/MKK6 and with and without HA-FOXP1 for 16h followed by 

incubation with Okadaic acid for 6h. E. A C2C12 culture was transiently transfected with 
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4XMEF2-luc reporter gene for 16h followed by Okadaic acid for 6h. The control cells were treated 

with the solvent (DMSO), Renilla luciferase was used as a transfection control and pcDNA was 

used to control for endogenous protein activity. F. Hek293T cells were transfected with HA-PP1𝛼 

in combination with FLAG-FOXP1 for a FLAG immunoprecipitation using FLAG beads followed 

by Western blot analysis.  

 

FOXP1 depletion enhances MEF2A activity and hypertrophy in primary 

cardiomyocytes. 
 

Since MEF2A is implicated in cardiac hypertrophy as well as myoblast differentiation 

(Cornwell & McDermott, 2023), we turned our attention to cardiomyocytes to further document 

the potential role of FOXP1 as a MEF2A repressor. As observed in the skeletal muscle, in isolated 

rat primary cardiomyocyte lysates, FOXP1 immunoprecipitated with MEF2A (Fig. 16A). In 

addition, siRNA-mediated silencing of FOXP1 expression enhanced MEF2 reporter gene activity 

in cardiomyocytes (Fig. 16B). Therefore, we postulate that FOXP1 may also form a repressive 

complex with MEF2A protein in cardiomyocytes. 

Finally, it has been previously documented that there is an upregulation of MEF2A activity 

in cardiac hypertrophic conditions (Moustafa et al., 2023). Therefore, we hypothesized that the 

depletion of FOXP1 might enhance the hypertrophic cardiomyocyte phenotype due to de-

repression of MEF2A activity. First, we confirmed that treatment with one of the well-

characterized cardiac hypertrophy-inducing reagents, phenylephrine (PE), caused a significant 

increase in cell size by the assessment of the size change of rat PCM cells by immunofluorescence 

analysis with Wheat Germ Agglutinin (WGA) staining (Fig 16C). Furthermore, we document that 

silencing FOXP1 expression by siRNA resulted in a significant increase in cell area compared to 

the scrambled control in response to PE suggesting that FOXP1 depletion exacerbated the PE-

induced hypertrophy by de-repressing MEF2 activity. While this idea needs to be further addressed 

in vivo, the possible role of FOXP1 as a regulator of cardiac hypertrophy warrants further 

investigation.  
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Figure 16. FOXP1 depletion in rat primary cardiomyocytes. A. Primary cardiomyocyte lysates 

were subjected to MEF2A immunoprecipitation with an IgG control. B. Primary cardiomyocytes 

were transfected with a 4XMEF2-luc reporter gene with a scrambled control and siRNA targeting 

FOXP1, Western blot analysis is shown below. C. Immunofluorescence and cell area quantification 

of primary cardiomyocytes treated with phenylephrine or siRNA targeting FOXP1 in serum-free 

media for 48h. A scrambled negative control and DMSO solvent were used as controls for 3 

biological replicates. Cell area was measured using WGA488 staining and ImageJ analysis. The 

error bars represent the s.e.m. compared to the relevant control conditions, *P<0.01, **P<0.002, 

***P<0.0001. 
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Discussion 
 

In this MEF2A interactome study, we have identified a novel MEF2A binding protein, 

FOXP1, that negatively regulates MEF2A transcriptional activity during myogenesis and striated 

muscle maintenance. Previous research has begun to characterize the role of MEF2A in activating 

transcription for muscle-specific genes and cardiomyocyte survival (Moustafa et al., 2023). In 

addition, while MEF2 isoforms share a conserved MADS-box domain and MEF2 domain, the 

transactivation domain confers a wide range of specificity and function through post-translational 

modifications. The transactivation domain of MEF2A facilitates interactions with MAPK, CaMK, 

and protein phosphatases  (Moustafa et al., 2023; Perry et al., 2009). The function of MEF2 

proteins is primarily determined by the interacting various protein cofactors with which it interacts. 

Studies have shown that HDACs are important repressors of MEF2 proteins through interactions 

within the MADS/MEF2 domain (Jayathilaka et al., 2012; Zhao et al., 2005). Recent literature has 

also suggested a potential role for MEF2 in skeletal muscle wasting that is not yet fully understood 

and may depend on previously unrecognized protein interactions. We aimed to address these 

potential avenues using an unbiased high-throughput proteomic approach to identify novel protein-

protein interactions using MEF2A as a bait protein in a skeletal muscle context. The interactome 

generated using this approach revealed several novel candidate MEF2A protein interactions 

without modification of protein-expression profile by the MEF2A overexpression. GO analysis of 

this interactome data set suggested the involvement in processes such as cardiac hypertrophy, 

disordered domain-specific binding, and nervous system development. Here, we present these 

interactome data along with an in-depth analysis of the interaction of MEF2A with FOXP1, a 

transcriptional co-repressor. The data suggest that this interaction may have important implications 

for our understanding of MEF2A regulation in striated muscle. 



 52 

An important indicator of the progression from myocyte proliferation to myotube 

differentiation during myogenesis is the induction of myogenic regulatory factors by MEF2A 

(Hernandez-Hernandez et al., 2017). Activation of MEF2A, which results in the upregulation of 

factors such as Myogenin, promotes the differentiation program that leads to the formation of 

multinucleated myotubes. Strategic activation of MEF2A is required for proper myogenesis to 

occur at the correct stages of skeletal muscle development. Thus, dysregulation of MEF2A 

activation during the proliferative stages may affect the later stages of myogenesis. We propose 

that FOXP1, an enriched protein identified in the MEF2A interactome screen, is a novel regulator 

of MEF2A function during proliferation in myoblasts as well as potentially modulating 

cardiomyocyte gene expression. Briefly, we propose that in the presence of FOXP1, MEF2A 

activation is suppressed, thereby maintaining cells in an undifferentiated state. In addition, we 

present evidence that this antagonistic protein interaction targets the transactivation domain of 

MEF2A by inhibiting the phosphorylation of MEF2A by the p38MAPK pathway. 

 

 
Figure 17: Proposed model of the MEF2A:FOXP1 interaction. Models of FOXP1 expression 

during the myogenesis and the differentiation of proliferative myoblast to multinucleated 

myotubes and a model of MEF2A regulation by FOXP1. The schematic on top shows that FOXP1 

expression and repressive activity decreases during differentiation where MEF2A activity 

increases. The bottom schematic shows the MEF2A transcriptional regulation by FOXP1.  
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Although the function of MEF2 proteins through repressive HDAC interactions occurring 

in the MADS/MEF2 domain has been very well documented (Jayathilaka et al., 2012; Lu, 

McKinsey, Zhang, et al., 2000), our research has revealed an additional novel repression 

mechanism of MEF2A in which FOXP1 targets the C-terminal transactivation domain of MEF2A. 

This repression is likely mediated by antagonizing the ability of p38MAPK, a well-characterized 

activator of MEF2A, to phosphorylate and activate MEF2A. Further studies mapping this 

interaction will further our understanding of this protein interaction and the respective domains 

required in each protein. 

The characterization of impaired MEF2A function by FOXP1 repression during cardiac 

hypertrophy may reveal novel pathways of MEF2A regulation. In view of this, we speculated that 

the interaction with FOXP1 might influence cardiomyocyte gene expression, which led us to 

further investigate this interaction in cardiac muscle. We document that the interaction between 

MEF2A and FOXP1 is conserved in cardiomyocytes and may modulate the pro-hypertrophic role 

of MEF2 in response to phenylephrine treatment of primary cardiomyocytes. In addition to 

primary cardiomyocyte cultures, the implementation of satellite cell cultures gives great insight 

into the function and maintenance of MEF2A transcriptional regulation. 

Activation of MEF2A through the p38 MAPK signaling pathway is a key regulatory 

pathway that confers robust activation of MEF2 transactivation properties. Previous literature has 

suggested that MEF2A phosphorylation at conserved C-terminal residues enhances the 

transcriptional activation of ckm and myogenin genes. Given our current observations, we propose 

that this activation pathway is antagonized by FOXP1 complexing with MEF2A to inhibit 

phosphorylation. In addition, in light of these data, we propose that recruitment of PP1𝛼 into a 

large immunocomplex with FOXP1:MEF2A may contribute to the de-phosphorylation and 
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maintaining MEF2A in a repressive state. Further studies can investigate if FOXP1 repression of 

MEF2A is facilitated through binding to AT-rich sequences on muscle-specific genes. 

Collectively, the results presented in this study suggest that FOXP1 may play a critical role 

in muscle gene regulation by targeting the MEF2A transcription factor. In addition, the MEF2A 

protein interactome network provides a valuable resource for future studies to investigate novel 

protein interactions with MEF2A. These observations contribute to a better understanding of the 

molecular mechanisms underlying muscle development and maintenance and may have 

implications for the development of therapies for diseases such as cardiac hypertrophy and 

sarcopenias. 
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Future directions, implications, and limitations 
 

In this study, we have further characterized the role that MEF2A plays during myogenesis 

by identifying a novel protein-protein interaction with FOXP1 using an LC-MS/MS proteomic 

approach. Through our interactome network, we have identified new potential pathways in which 

MEF2A is involved, such as domain-disordered specific binding, as well as expanding the known 

categories in which MEF2A plays a critical role. Through proteomic and biochemical analysis, we 

were able to provide evidence that a FOXP1:MEF2A interaction plays a role in the function of 

MEF2A in striated muscle and that the presence and absence of FOXP1 can in turn affect the 

progression of myogenesis. However, while these findings are significant in broadening our 

understanding of myogenesis, cardiomyocyte maintenance, and myocyte differentiation, future 

work is necessary to focus on further characterizing this interaction in vivo. As well, additional 

novel candidate proteins that interact with MEF2A should be investigated to expand the already 

vast array of signaling pathways and functions that converge on MEF2A in regulating 

transcription. While the data presented in this study were obtained in cell culture only, similar 

methods and experimental approaches can be used to validate MEF2A protein interactions can be 

used in other model systems. 

In addition to in vivo muscle investigation, shifting to other tissue models such as the brain 

where Gene Ontology identified MEF2A and FOXP1 as factors in neuronal maintenance is also 

of considerable interest. FOXP1 transcriptional repression is maintained in brain tissue and 

disruptions in FOXP1 expression can lead to deleterious phenotypes (Ferland et al., 2003). 

Additionally, MEF2A transcriptional activity is important for proper brain development and 

neuronal cell maintenance. Disruptions in MEF2A have been associated with the upregulation of 

autophagy-related genes, which have been implicated in the progression of Alzheimer’s disease 
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(Li et al., 2021). Therefore, further investigation of our identified MEF2A and FOXP1 interaction 

in neuronal cells may determine the significance and conservation of this protein-protein 

interaction. Due to our investigation of this protein interaction focusing on striated muscle tissue, 

the formation of a larger immunocomplex with other cofactors are signaling pathways that could 

affect this interaction in other tissue types.  

Lastly, our unbiased proteomic LC-MS/MS approach to creating an interactome network 

for MEF2A revealed a large number of novel binding candidates that could be of importance to 

investigate further. While the focus for this project was characterizing only one interaction 

discovered from the MEF2A interactome list, FOXP1, other factors should be further investigated. 

One protein to investigate in a myogenic context is KDM4A (lysine-specific demethylase 4A) 

which is a known player in myogenesis through demethylating different myogenic regulatory 

factors such as MyoD (Zhu et al., 2021). Recent literature has reported that KDM4A demethylates 

the chromatin of muscle-specific genes and that KDM4A knockout models appear to have 

impaired myogenesis as well as satellite cell differentiation (Zhu et al., 2021). Therefore, this 

protein would be a good putative candidate to investigate in order to model how satellite cell 

activation and differentiation are affected by a possible KDM4A:MEF2A interaction.  
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Materials and Methods 
Cell culture 

C2C12 myoblasts and Hek293T cells were obtained from American Type Culture Collection 

(ATCC, CRL-1772, and CRL-3216, respectively). Cells were cultured in growth medium (GM) 

consisting of high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco), and L-

Glutamine (HyClone), supplemented with 1% penicillin-streptomycin (Invitrogen, ThermoFisher) 

and 10% fetal bovine serum (FBS). Cells were maintained in a humidified incubator at 5% CO2 

and 37 ˚C. Myotube formation was induced by replacing GM with a differentiation medium 

(Wiedmann et al.), consisting of DMEM supplemented with 2% FBS and 1% penicillin-

streptomycin.  

 

Primary cardiomyocyte preparation 

Hearts were isolated from 1-3 days old Sprague Dawley rats using the Neonatal Cardiomyocyte 

Isolation System (Worthington Biochemical Corp). Whole hearts were isolated from sacrificed 

pups and digested with trypsin (Promega) and collagenase (Worthington Biochemical Corp) and 

re-suspended in DMEM/F12 (Gibco) supplemented with 1% penicillin-streptomycin, 50mg/L 

gentamycin (Invitrogen, ThermoFisher), and 10% FBS. Cells were pre-plated for removal of non-

cardiomyocytes at 37 ˚C for 1 hour and counted using a Hemocytometer. Cardiomyocytes were 

seeded on gelatin-coated plates overnight in F12/DMEM growth medium. Cells were replenished 

with fresh media the following day for subsequent experimentation. 

 

Transfections 

For ectopic protein expression in Hek293T and C2C12 myoblasts, cells were transfected using 

polyethyleneimine (PEI) at a ratio of 1:3 for DNA to PEI (mass/mass) respectively. 
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Cardiomyocytes were transfected using Lipofectamine 2000 (Invitrogen) using instructions 

provided by the manufacturer. Cell medium was replenished 16h post-transfection and harvested 

8 hours later. For small interfering RNA (siRNA) experiments, cells were transfected with 

Lipofectamine RNAiMAX (Invitrogen) following the manufacturer’s instructions at 200𝜇M of 

siRNA. All transfections were prepared in Opti-MEM (Gibco) medium in separate tubes, then 

mixed and incubated at room temperature for 15min before being added to the media.  

 

Plasmids  

FLAG-FOXP1 was a gift from Stefan Koch (Addgene plasmid # 153145 ; 

http://n2t.net/addgene:153145 ; RRID:Addgene_153145). psDNA3.1 Foxp1A was a gift from 

Anjana Rao (Addgene plasmid # 16362 ; https://n2t.net/addgene:16362 ; RRID:Addgene_16362). 

EYFP ORF was amplified with the primers including HinDIII and EcoRI site and inserted into 

pcDNA3 (Invitrogen) for pcDNA3-EYFP. MEF2A was constructed by insertion of mouse MEF2A 

ORF amplified by PCR primers with EcoRI and XhoI sites from mouse cDNA generated from 

C2C12 total RNA using SuperscriptIII (Invitrogen) with oligo-dT primer into pcDNA3-EYFP. 

GAL4-MEF2A, VP16, and HA-PP1 𝛼 have been described previously (Perry et al., 2009). 

4XMEF2-Luc and 3X-FLAG-MEF2Aconstrcuts have been described previously (Moustafa et al., 

2023). Ckm-luc, MyoG-luc, and Renilla plasmid (pRL-Renilla, Promega) have all been described 

previously (Tripathi et al., 2022).  

 

Gene silencing 

Depletion of FOXP1 using small interfering RNA (siRNA) was done using siRNA (Sigma-

Aldrich). For C2C12, cells were transfected with siFOXP1 #1 (SASI_Mm01_00141050), 

http://n2t.net/addgene:153145
https://n2t.net/addgene:16362
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siFOXP1 #2 (SASI_Mm01_00141051), and siFOXP1 #3 (SASI_Mm-1_00141052), and universal 

scrambled siRNA (SIC001) were used at 75nM concentrations. For cardiomyocytes, siFOXP1 #1 

(SASI_Rn01_00044538), siFOXP1 #2 (SASI_Rn01_00044539), and siFOXP1 #3 

(SASI_Rn01_00044540), and universal scrambled siRNA (SIC001) were used at 200nM 

concentrations. 

 

Antibodies 

Antibodies for GFP (rat, monoclonal, #3H9) was from ChromoTek, FOXP1 (rabbit, polyclonal, 

#2005S) and HA (rabbit, polyclonal, #C29F4) was purchased from Cell Signaling. β-Acting 

(mouse, monoclonal, #sc-47778), Myf-5 (C-20) (rabbit, polyclonal, #sc-302), and MCK (mouse, 

monoclonal, #sc-365046) was purchased from Santa Cruz Biotechnology. FLAG (mouse, 

monoclonal, #F3165) and Phospho-MEF2A (Thr312) (mouse, polyclonal, #PA5-36666) was 

purchased from Sigma-Aldrich. MyoG (mouse, monoclonal, #F5D) and MyHC (mouse, 

monoclonal, MF20) were purchased from Developmental Studies Hybridoma Bank (DSHB). 

Rabbit MEF2A polyclonal antibodies were produced in-house with the assistance of the Animal 

Care Facility at York University (Toronto, ON, Canada).  

 

Pharmacological treatments 

To induce hypertrophy in the cardiomyocytes, phenylephrine (Sigma-Aldrich, 200𝜇M) and vehicle 

control were added to the media and cardiomyocytes were cultured for 48 before harvesting for 

subsequent experimentation. C2C12 myoblasts were treated with a p38/MAPK inhibitor 

(SB203580; 1𝜇M and 10𝜇M) or its inactive analogue (SB202474; 1𝜇M and 10𝜇M) for 24h then 

harvested.  
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Protein extraction and Western blot 

Cells were harvested using NP-40 lysis buffer containing 0.5% (V/V) NP-40, 50nM Tris-HCl, 

150nM NaCl, 10mM sodium pyrophosphate, 2mM EDTA, 0.1M NaF, protease inhibitor cocktail 

(Sigma-Aldrich), 1mM phenyl methyl sulfonyl fluoride (Sigma-Aldrich), and 1mM sodium 

orthovanadate (Bioshop). For C2C12 differentiated cultures, plates were fractionated adding 1% 

trypsin for 2min at room temperature before collecting detached myotubes, and the remaining 

myotubes were further removed by repeating incubation with 1% trypsin. After brief washing with 

PBS, the remaining reserve cells were harvested using a cell scrapper. Extracted proteins were 

denatured in an SDS loading buffer at 100 ˚C for 10min and loaded on an 8 or 10% SDS-

polyacrylamide gel for size separation by electroporation at 100V for 1 hour. The proteins in the 

gel were transferred onto an Immobilon-FL polyvinylidene difluoride membrane (Millipore) with 

cold transfer buffer (gly+Tris). Blots were blocked with 5% skim milk in Tris-buffered saline 

(TBS)-T (10mM Tris-HCl, 150mM NACl with 10% 0.1% Tween 20) for 1 hour. Membranes were 

incubated overnight at 4 ˚C with primary antibody in 1% skim milk in TBS-T. Primary antibodies 

included MEF2A (1:500), FOXP1 (1:1000), FLAG (1:1000), HA (1:1000), and beta-actin 

(1:1000). The following day the blots were washed with TBST and incubated at room temperature 

with secondary antibody conjugated to horseradish peroxide (HRP). Protein was detected by the 

HRP substrate (Bio-Rad) and visualized and recorded using an iBright CL1500 Imaging system 

(ThermoFisher). 
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GFP-Nanobody trap sample preparation for LC-MS/MS 

EYFP/EYFP-MEF2A proteins were produced in HEK293T cells transfected with corresponding 

expression vectors. EYFP/EYFP-MEF2A proteins were immobilized onto the GFP binding 

peptide (GBP) nanobody conjugated magnetic beads (ChromoTech #gtma) and other cellular 

proteins were removed by twice times washes with NP40 lysis buffer and then 1X RIPA buffer.  

The resultant protein GBP-beads complex was further incubated with the proteins extracted from 

C2C12 cells at 4 ˚C with agitation in NP40 lysis buffer. After 2X washing with NP40 lysis buffer 

and 1X washing with PBS, the remaining proteins were subjected to on-bead trypsin digestion and 

analyzed by mass-spec analysis (SPARC, University of Toronto). 

 

Immunoprecipitation 

Non-transfected cardiomyocytes and C2C12 myoblasts were harvested using the procedure 

described above. Immunoprecipitation was performed using Dynabeads Protein G (Invitrogen, 

#10003D) washed with PBS and then incubated with Rabbit IgG 1:1000 (Cell Signaling; #2729) 

or MEF2A antibody 1:500 in 1mL PBS overnight. The following day the beads were washed with 

PBS to remove unbound antibodies and then incubated with 1.2mg of protein lysate overnight. 

Beads were washed once more with PBS and eluted with SDS loading buffer at 100 ˚C for 10min. 

For FLAG immunoprecipitations, anti-FLAG M2 magnetic beads (Sigma, #M8823) were washed 

with PBS prior to incubation with 1mg of lysate overnight. Beads were washed with PBS and the 

protein complex on the beads was eluted using a 3X FLAG peptide solution for 1 hour. Eluted 

proteins were analyzed by Western blotting. 

 

 



 62 

Immunofluorescence 

C2C12 myoblasts and cardiomyocytes were seeded onto glass-bottom plates (MatTek Corp) and 

washed with cold PBS prior to fixation using 4% paraformaldehyde solution at room temperature 

for 10min. Cells were permeabilized using 90% ice-cold methanol for 10min then washed with 

PBS and incubated with blocking buffer (5% FBS in PBS) at room temperature for an hour. Plates 

were then incubated overnight at 4 ˚C with the primary antibody in blocking buffer. Plates were 

washed with PBS and incubated at room temperature with an Alexa fluorophore-conjugated 

secondary antibody (Life Technologies) in a blocking buffer. To mark nuclei, Hoechst33342 

(Sigma-Aldrich) was added to 1𝜇M in PBS. To mark cell membrane, WGA488 (Biotium #29022-

1) was added to 1𝜇M in PBS. Cells were visualized using a Zeiss Observer Z1 confocal fluorescent 

microscope with a Yokogawa CSU-XI spinning disk and processed using ZEN 2.5 (blue) software 

(Zeiss). 

 

Reporter gene assays 

C2C12 and cardiomyocytes were washed with PBS and harvested in Luciferase lysis buffer 

(Promega) supplemented with a protease inhibitor cocktail (Sigma-Aldrich). Luciferase enzymatic 

activity was measured using a luminometer (Berthold) using a Firefly luciferase substrate 

(Promega) and Renilla luciferase substrate (Promega). Luciferase values were normalized to 

transfection efficiency corresponding to Renilla luciferase activity. The average of the triplicates 

was used for the calculation of fold activation relative to the control. The error bar represents the 

standard deviation of the three biological replicates in the experiment. 
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Supplementary Data 
 

 
 

Supplementary Figure 1. A. Western blot analysis of C2C12 lysates following siRNA targeting 

FOXP1 testing. B. Western blot analysis of primary cardiomyocytes treated with phenylephrine 

showing decreased expression of FOXP1 compared to vehicle.  
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