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Abstract  
 

Background: The skeletal muscle is a highly plastic tissue that is able to adapt to changes from different 

stressors such as exercise. Repeated bouts of physical activity cause changes in the skeletal muscles’ 

metabolic and structural properties. Angiogenesis is the formation of new capillaries from existing vessels; 

this adaptation allows for better blood flow to the working skeletal muscles. Multiple molecular changes 

work together during exercise to allow for skeletal muscle adaptations, which requires change in gene 

expression. Epigenetic modifications are reversible changes to the chromatin structure, allowing for certain 

genes to be activated and others to be silenced. MDM2 is an E3 ubiquitin ligase known for its proangiogenic 

functions and can play a role in epigenetic modifications. MDM2 increases in response to endurance 

training and is crucial for skeletal muscle angiogenesis. EZH2 also shares epigenetic functions as a histone 

methyltransferase within the transcriptional repressor complex PRC2 that methylates H3K27. Interaction 

between MDM2 and EZH2 further supports silencing of certain angiogenic genes through the tri-

methylation of Histone 3 (H3K27me3). 

Rationale: There is a lack of research on how histone modifications, specifically gene silencing ones, 

regulate skeletal muscle adaptations through angiogenesis in response to training. My thesis aims to 

research how histone silencing marks regulate skeletal muscle angiogenesis in the context of exercise.  

Results: H3K27me3 protein global abundance at a previously unreported molecular weight, increases with 

endurance training and decreases with an acute bout of exercise in 14 days trained C57BL6 female mice. 

MDM2 decreases 3 hours after an acute bout of exercise in 14 days trained C57BL6 female mice. 

Angiogenic gene Kdr known to be regulated by MDM2 and EZH2, decreases in mRNA expression after 9 

weeks of endurance training. With EZH2 inhibition, Kdr mRNA increases in mSMECs. 

Immunoprecipitation reveals that unreported molecular weight of H3K27me3 at the 25 kDA band could 

potentially be a ubiquitinated form of H3. Chromatin immunoprecipitation suggests there is a tendency for 

increased H3K27me3 silencing marks on the KDR gene in 9 weeks trained gastrocnemius muscle.   

Conclusion: Exercise protocols affect the histone modifications and histone modifiers in the skeletal 

muscle.  
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Chapter 1: Introduction 
 

1.1. Context of my research: the health benefits of exercise 
 

Exercise is a well-known beneficial intervention for the prevention of many diseases such as 

cardiovascular diseases, hypertension, type 2 diabetes, or obesity (Adams et al., 2017) whereas low levels 

of physical activity increase the prevalence of these chronic diseases (as reviewed by Lavie et al., 2015). 

The beneficial impact of exercise is partly driven through the maintenance of functional blood vessels so 

they can supply healthy skeletal muscles.  

Research by Cornelissen et al in 2010 showed that when sedentary men and women at the age of 

55 years participated in endurance training, they could significantly decrease their systolic blood pressure 

and resting heart rate (Cornelissen et al., 2010). A study done by Vaitkevicius on arterial stiffness, age, and 

VO2 max reported that senior trained individuals exhibited lower aortic pulse wave velocity (an indicator 

of aortic stiffness) than the sedentary senior individuals of the same age (Vaitkevicius, 1993). Endothelial 

cells cover the inner most layer of a tissue called the endothelium, which is central to the vascular function. 

The vascular endothelial function is usually measured through dilation of forearm blood flow by an external 

stimulus that induces the synthesis of nitric oxide (NO) (Seals, 2014). Acetylcholine is one stimulus that is 

used for this measurement and with regards to exercise, trained older subjects were seen to have the same 

forearm blood flow responses when stimulated with acetylcholine as younger subjects, suggesting that 

exercise helps maintain vascular endothelial function with aging (as reviewed by Seals, 2014).  

With respect to skeletal muscle, there are several adaptations that occur in response to exercise. 

Research has shown that exercise increases mitochondrial content, fat oxidation, and capillary density (see 

Figure 1.1). In a group of rats, gastrocnemius and soleus muscles of endurance trained rats exhibited 

increases in cytochrome oxidase and succinate oxidase content (mitochondrial enzymes) compared to 

sedentary rats, suggesting that mitochondrial content has increased due to training (Holloszy, 1967). In 

human participants, with exercise performed at the same relative intensity, endurance trained individuals 
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had higher fat oxidation than sedentary individuals, due to increased rate of fatty acid entry in the 

mitochondria (Sidossis et al., 1998). The microvasculature of skeletal muscle is crucial in supporting 

nutrient supply, waste removal, and gas exchange (Hendrickse & Degens, 2019). The capillaries form most 

of the skeletal muscle microvasculature, as described further in paragraph 1.2., “skeletal muscle 

microvasculature”. An increase in capillary density (number of capillaries per cross- sectional area of 

muscle; see Figure 1.3B) is reported after exercise training. This improvement in muscle capillarization 

ensures that the blood supply meets the metabolic demands from exercising myofibers. Four days of electro-

stimulation (8 hours per day) of rat muscles led to significant increases in the number of capillaries that 

supply blood to a muscle fiber (as measured as capillary to fiber ratio; see Figure 1.3B) (Hansen-smith et 

al., 1996). With an eight-week endurance training protocol, quadricep muscles of males showed an increase 

in capillary to fiber ratio and capillary density (Andersen & Henriksson, 1977).  

 

 

Figure 1.1: Beneficial impact of exercise training on the whole-body metabolism, skeletal muscle, and the 

vascular system. Exercise training supports an increase in the mitochondrial content in the skeletal muscle, as well 

as a greater oxidative metabolism (fat oxidation) in the muscle tissue, and in the whole body. Exercise training 

promotes vascular adaptations in the microvasculature (e.g., greater capillary density in the skeletal muscle), in the 

arteries (e.g., lower arterial stiffness), and enhance the endothelial functions to support a better regulation of blood 

pressure. Together, these changes enhance the cardiovascular and metabolic functions, supporting better health. Image 

created on Biorender.  
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Research has proven on multiple occasions how crucial exercise is for maintaining the health of 

the human body and preventing diseases. The focus of my thesis will be solely on the exercise adaptations 

in the skeletal muscle, and more particularly in the context of capillarization and angiogenesis. 

1.1.1. Exercise and the skeletal muscle 

 

 The skeletal muscle is a highly plastic tissue that makes up about 40% of our body’s weight 

(Frontera & Ochala, 2015; Mukund & Subramaniam, 2020). The functions of the skeletal muscles are vast. 

From a biomechanical perspective, skeletal muscles enable postural support as well as force and movement 

generation (Frontera & Ochala, 2015). In terms of metabolic properties, the skeletal muscle functions 

include regulating body temperature, contributing to basal energy metabolism, and the intake of oxygen 

and fuel during exercise (Frontera & Ochala, 2015). With movement, for example an acute bout of exercise, 

skeletal muscles need energy (ATP) to contract (Frontera & Ochala, 2015), with the smallest unit of 

contraction in the muscle being the motor unit (Saltin et al., 1977).  

 The mechanism behind how skeletal muscle contraction occurs was highlighted by Huxley’s 

sliding filament theory. Skeletal muscle fibers contain contractile protein known as myosin and actin 

filaments, which are arranged in a repeating pattern known as sarcomeres (Brooks, 2003). Briefly, during 

a contraction, the cross-bridge cycle (see Figure 1.2) is activated in which ATP binds to myosin. Actin and 

myosin then detach, hydrolysis of ATP occurs; which results in free energy, ADP, and a phosphate group 

(Pi).  ADP and Pi remain attached to myosin as myosin head attaches to a new actin filament. Once ADP 

and Pi are released from myosin, myosin and the new actin filament resume the tight attachment (Brooks, 

2003; Frontera & Ochala, 2015). This results in a shortened sarcomere and ultimately the contraction of the 

muscle.  
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Figure 1.2: Diagram representing the crossbridge cycle in skeletal muscle. Left image depicts the whole sarcomere 

structure in the myofibers. Right image shows close up view of myosin head interacting with the actin filament. 

Crossbridge activation is due to ATP energy in skeletal muscle (see chemical reaction above). Image created on 

Biorender.  

 

1.1.2. Types of muscle fibers 
 

The skeletal muscle is composed of different fibers that vary in properties. Muscle fiber types have 

been classified by different properties such as the colour of muscle fiber, shortening speed during a single 

twitch, and metabolic or enzymatic pathways that muscle fibers predominantly have (Frontera & Ochala, 

2015). The main fiber types in skeletal muscles are type 1, type 2A, and type 2X (Scott et al., 2001).  

Myoglobin is a protein expressed in muscles that is rich in iron and deals with oxygen storage and diffusion; 

type 1 fibers are red in colour due to their high myoglobin and capillary content, while type 2 fibers are 

white in colour (Scott et al., 2001; Schiaffino & Reggiani, 2011). Type 2 fibers are also observed to have 

more glycolytic enzymes while type 1 fibers contained more oxidative (Scott et al., 2001; Schiaffino & 

Reggiani, 2011). Myosin ATP hydrolysis rate was observed to be 2-3 times greater in fast twitch fibers 

compared to slow twitch muscle fibers (as reviewed by Scott et al., 2001). Therefore, the classification of 

muscle fibers is as followed: type 1 fibers are red, slow, and oxidative, type 2A are white, fast-twitch, 

oxidative-glycolytic, and type 2X are white, fast-twitch, glycolytic (Schiaffino & Reggiani, 2011). The 

metabolic properties of different human fibers have been studied extensively; it was observed that the 

triglyceride and succinate dehydrogenase (SDH) activity was higher in type 1 than type 2 fibers while 

ATPase activity levels and the glycolytic enzyme phosphofructokinase (PFK) was higher in type 2 fibers 
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(Essen et al., 1975). In response to physical activity in humans, all fiber types have been seen to increase 

in the size of the fiber (Saltin et al., 1977). Physical inactivity led to decreased SDH activity and only the 

type 1 fibers of sedentary individuals exhibited the highest oxidative capacity (Saltin et al., 1977). With 

training, SDH activity was seen to be as high in type 2 as in type 1 (Saltin et al., 1977). This suggests that 

with training, type 2 fibers can increase their oxidative capacities. 

 In a study observing fiber composition in 6 men and women measured in muscle biopsies of the 

triceps, vastus lateralis, and soleus muscles, suggested that fiber type differences in capillary supply in 

humans are less distinct than in other mammals (Sjogaard, 1982). The number of capillaries per fiber were 

higher in the soleus which had the highest slow twitch fiber composition as well, compared to the vastus 

lateralis and the triceps muscles in humans; yet, the capillary density was similar between those muscles 

(capillary density was measured capillaries per mm2 of muscle tissue) (Sjogaard, 1982). In muscle biopsies 

of soleus and the lateral head of the gastrocnemius in men, both muscles were seen to have a mix of fiber 

types, however the soleus had higher slow twitch fibers compared to the gastrocnemius (Andersen & 

Kroese, 1978). With respect to capillary supply, even though the capillary density was observed to be higher 

in the gastrocnemius compared to the soleus, the capillaries were seen to be arranged differently in those 

muscles, with the gastrocnemius capillaries arranged parallel to the muscle fiber and the soleus capillaries 

in a more branching arrangement (Andersen & Kroese, 1978). Therefore, a true comparison in capillary 

supply between the gastrocnemius and soleus muscle of men were not stated in the previous study.  

 The capillary supply in the skeletal muscle is crucial as it matches the metabolic needs of the muscle 

tissues, being low in demand during rest, and high during exercise (Wagenmakers et al., 2016) and has been 

observed to adapt in the context of exercise and training.  

 

1.2. Skeletal muscle microvasculature 
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The capillary network in the skeletal muscle is dense and delivers oxygen and nutrients to its tissue 

and removes waste and heat from it (Hendrickse & Degens, 2019). The skeletal muscle microvasculature 

consists of arterioles, venules, and capillaries. The arteriolar network (paired with its venous network) 

branches from the artery that enters the muscle (Murrant et al., 2021).  

Briefly, the structure of the skeletal muscle can be described as striated and are made up of muscle 

fibers (myofibers) arranged by connective tissue with each myofiber containing many myofibrils (Mukund 

& Subramaniam, 2020; Frontera & Ochala, 2015). Skeletal muscle fibers are multinucleated due to the 

fusion of many myoblasts (Okazaki & Holtzer, 1966), which allows for the protein in that section of muscle 

fiber to be controlled by that specific nucleus (Frontera & Ochala, 2015). The muscle stem cells, i.e., 

satellite cells, lie along the myofibers to support muscle regeneration and post-natal growth (Latroche et 

al., 2015). The relative size of the muscle fiber varies depending on the type of muscle. The range of length 

for a human myofiber is observed to be between 4-40 cm and the diameter of the capillaries is reported to 

be 6-10 µm (as reviewed by Wagenmakers et al., 2016). The microvasculature surrounds these myofibers, 

with the capillaries elongated along the myofibers being in close contact with muscle cells’ nuclei, including 

myofibers and satellite cells, to create a microenvironment that would support muscle function and health.  

1.2.1. The anatomy of a microvascular unit 

 

The arterioles in the skeletal muscle further branch into daughter arterioles ending at the terminal 

arteriole. The microvascular unit (MVU) is the smallest unit that regulates blood flow and refers to the 

network of capillaries that are perfused through a terminal arteriole (see Figure 1.3) in the skeletal muscle 

(Segal, 2005; Murrant et al., 2021). The MVU runs along the myofibers with the length around 500-1700 

µm depending on the skeletal muscle type (Murrant et al., 2021). Each MVU consists of 5-10 capillaries 

that are perfusing between 3-4 myofibers, with one MVU perfusing a small area on multiple myofibers, 

and each myofiber being perfused by multiple different capillary units from different terminal arterioles 

(Latroche et al., 2015; Murrant et al., 2021).  
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A 

  

B 

 

Figure 1.3: Transversal and cross-section views of the skeletal muscle microvascular unit. A) Schematic 

representation of at transversal view of a microvascular unit in the skeletal muscle. B) Cross-sectional view of a 

skeletal muscle showing capillaries surrounding the myofibers. Assessment of the capillarization can be done by 

measuring the capillary density (CD; number of capillaries per cross- sectional area of muscle, here CD is equal to 

13) and by measuring the capillary to fiber ratio (C:F ratio; number of capillaries in a field of view divided by the 

number of myofibers in the same field of view, here C:F ratio is equal to 13/4). Image created on Biorender. 

 

1.2.2. Skeletal muscle capillaries: structure and function 

 

The structure of a capillary (see Figure 1.4) consists of a single layer of endothelial cell lining 

(Hudlicka, 2011). The surface of capillaries is partially covered with pericytes, which provide structural 

support and help in endothelial cell proliferation and remodeling of the capillaries into arterioles (Hudlicka, 

2011).  
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Figure 1.4: Schematic representation of a capillary cross section in the skeletal muscle. ECs are covered by 

pericytes and have tight gap junctions in between each other. Image created on Biorender. 

 

In the region where the terminal arteriole transitions into a capillary section, the endothelial cells 

that form the capillary are connected to smooth muscle cells in the gap junctions between arteriolar and 

capillary endothelial cells (Hudlicka, 2011). The capillary structure helps in oxygen and blood flow delivery 

to the skeletal muscle fibers. As explained above, a skeletal muscle fiber receives blood supply from 

multiple capillary units due to the length of the muscle fiber being longer than the capillary unit. The 

perfusion of these capillaries occurs from the terminal arteriole since capillaries do not change their 

diameter; when vasodilation occurs, the terminal arteriole is giving rise in perfusion to the capillaries, 

increasing the blood flow (Parise et al., 2020). Since the gap junctions in the capillary are connected to the 

smooth muscle cells (as outlined above), signals can be transduced from the capillary to the adjacent 

terminal arteriole, a term known as a conducted response. A conducted response is essentially capillary 

communication, where a vasodilatory signal can spread in the smooth muscle cells due to endothelial cell 

hyperpolarization (Parise et al., 2020). This can occur for example during muscle contraction where the 

contraction of the myofiber stimulates the surrounding capillaries through hyperpolarization of the 

endothelial cells, sending the vasodilatory signals to the terminal arteriole via smooth muscle cells for 

allowing dilation and increase in blood flow (Parise et al., 2020). Conducted responses in capillaries can 

occur from muscle contraction, nitric oxide (NO), acetylcholine, adenosine, and potassium (Ballard, 2014; 

Parise et al., 2020). This allows for capillaries to aid in controlling blood flow to meet metabolic demands 

during exercise.   
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By providing nutrient and oxygen, the flow of blood in the muscle supports energy or ATP 

production within the skeletal muscles. A process mainly achieved through the utilization of glucose or free 

fatty acids. The uptake of free fatty acids (FFA) supports ATP production through the process of beta 

oxidation (Mazibuko-Mbeje et al., 2018). Fatty acid transporters such as cluster of differentiation 36 

(CD36), fatty acid transport protein 1 (FATP1), and fatty acid binding protein (FABP) are all present on 

skeletal muscles (Mazibuko-Mbeje et al., 2018). Glucose uptake in the skeletal muscles occurs through 

GLUT 4 which trans-locates from the cytoplasm to the plasma membrane of the myocytes in response to 

insulin (Mazibuko-Mbeje et al., 2018). The uptake of the substrate glucose and FFAs are utilized to produce 

Acetyl – CoA which would then in turn aid in the production of ATP for energy (Mazibuko-Mbeje et al., 

2018). This helps in energy production for contractile activity due to exercise. Exercise is not the only 

mechanism that can increase capillary blood flow in the skeletal muscle; insulin has been observed to as 

well (Wagenmakers et al., 2016). GLUT 1 transporters are located on the ECs, meaning that the skeletal 

muscle capillaries also will have GLUT 1 present (Wagenmakers et al., 2016). The increasing concentration 

of insulin in the interstitial fluid around the muscle fibers increases the glucose uptake in the muscle through 

the insulin signaling pathway which leads to the increase in the production of NO which then vasodilates 

the arterioles and increases the capillary blood flow (Wagenmakers et al., 2016).  

1.2.3. Exercise and skeletal muscle capillarization 

 

As highlighted earlier, during exercise the energy demand increases in the skeletal muscle. For 

example, with aerobic exercise the energy expenditure of skeletal muscles increases by 160-fold versus at 

rest, which trained athletes are seen to maintain for more than 2 hours post exercise (as reviewed by 

Wagenmakers et al., 2016). This is due to their increased mitochondrial and microvascular networks that 

match their energy demands compared to sedentary individuals (as reviewed by Wagenmakers et al., 2016). 

With this increase in energy demand, transportation of energy substrates such as oxygen, glucose, and fatty 

acids are sent to the muscles through the blood, making the capillary supply crucial to ensure that the 

demands are met (Wagenmakers et al., 2016). In fact, during contractile activity, the capillary distance from 
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the myofiber was observed to be at approximately 60 µm compared to around 200 µm when at rest (as 

reviewed in Segal, 2005). A reduced distance between the capillaries and the myofibers supports faster 

oxygen diffusion facilitating oxygen uptake by the myofibers. 

With regards to exercise training, multiple studies showed that training helps in building a better 

skeletal muscle microvasculature. The increase observed in aerobic capacity in the lower limbs of post 

endurance trained 12 healthy older subjects were linked to the increase in capillary to fiber interface 

(measure of maximal O2 flow in the fiber) and increased microvascular filtration capacity (Charles et al., 

2006). With nine weeks of resistance training in older men, the fiber shape and the diffusion distance did 

not change after training; however, there was an increase in number of capillary contacts around the fiber 

and an increase in capillary to fiber perimeter exchange index (CFPE) which is the quotient of the capillary 

to fiber ratio (number of capillaries for a fiber) and the perimeter of the said fiber (Hepple et al., 1996). In 

terms of both resistance and aerobic training, 20 healthy older men were put in either nine weeks of lower 

body resistance training followed by nine weeks of aerobic training or in eighteen weeks of aerobic training; 

in both training methods, the number of capillaries per fiber perimeter length increased but capillary density 

(number of capillaries per cross- sectional area of muscle) only increased after aerobic training (Hepple et 

al., 1997). Both types of exercise training are seen to be beneficial for the microvasculature.  

When capillarization and capillary supply of muscle fibers were compared between young and old 

subjects, the physically active older individuals showed no significant decrease in muscle fiber oxidative 

capacity (Barnouin et al., 2017). Older subjects did show type 2 fiber atrophy and capillary rarefaction; 

however, the fiber size and capillary supply relationship was maintained (Barnouin et al., 2017). When 

looking at how chronic diseases affect the microvasculature, a study done on muscle biopsies of chronic 

heart failure patients showed reduced capillary density and reduced peak oxygen consumption in 

comparison to the control subjects (Duscha et al., 1999). These studies suggest that exercise indeed 

improves the microvasculature and can maintain it throughout the aging process. In cases of chronic 
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diseases, the microvasculature is negatively affected which translates to impaired oxygen utilization for the 

vascular system. 

 When bouts of exercise are repeated over weeks in the context of training, the successive exposures 

to recurrent changes in muscle activity supports an increase in capillarity aiming to achieve a better fit 

between the blood supply and the metabolic demand through a process known as angiogenesis, which is 

the formation of new capillaries from pre-existing blood vessels (Adair & Montani, 2010). The section 

below will describe in more details the structural changes observed in the skeletal muscle MVU and the 

process of angiogenesis.  

 

1.3. Angiogenesis: the process of capillary formation 
 

Angiogenesis is a process that is tightly regulated by pro and anti-angiogenic factors, and takes 

place throughout different stages of life starting from embryonic growth (Adair & Montani, 2010; Egginton, 

2011; Felmeden, 2003). It is rarely seen in adult tissues except in response to exercise, wound healing, in 

females' endometrium during the menstrual cycle, and during pathophysiological processes (Adair & 

Montani, 2010; Felmeden, 2003).  

Angiogenesis can be divided into sprouting and splitting (intussusception) angiogenesis (Adair & 

Montani, 2010). Sprouting angiogenesis can add blood vessels to areas of tissue that are less vascularized 

by the degradation of capillary basement membrane, endothelial cell proliferation and migration, formation 

of tubes, vessel fusion, and the stabilization of pericytes (Adair & Montani, 2010). This process is activated 

in response to high concentration of pro-angiogenic signals (Adair & Montani, 2010; Gorski & Bock, 2019). 

Firstly, quiescent ECs become tip cells and send out thin long projections called filopodia (Adair & 

Montani, 2010; Gorski & Bock, 2019). The cells adjacent to the tip cells become stalk cells that proliferate 

to elongate the sprout from behind the tip cell and form the lumen (Adair & Montani, 2010; Gorski & Bock, 

2019). Splitting angiogenesis occurs when a single vessel splits into two by the vessel wall extending into 
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the lumen (Adair & Montani, 2010). A hole is created in the contact area of the two opposing capillary 

walls shaping a vessel like structure (Gorski & Bock, 2019). Although this process is relatively faster 

compared to sprouting, as it does not require immediate EC proliferation or migration; it only creates new 

capillaries in areas of tissues that already exist (Adair & Montani, 2010; Gorski & Bock, 2019). Splitting 

angiogenesis is seen to take place prominently in the vascular growth of embryos, hence the faster process 

of capillary growth (Adair & Montani, 2010).  

Sprouting angiogenesis (see Figure 1.5) is the most common form of angiogenesis that has been 

studied (Egginton, 2008). The mechanisms behind sprouting angiogenesis occur in response to high levels 

of pro-angiogenic molecules. The vascular endothelial growth factor- A (VEGF-A) is one of the most 

studied pro-angiogenic molecules in the context of skeletal muscle angiogenesis. ECs express levels of the 

tyrosine kinase receptor 1 (Flt-1 or VEGFR1) and 2 (Flk-1 or VEGFR2, coded by the KDR gene) (Adair 

& Montani, 2010; Milkiewicz et al., 2003). The binding of VEGF-A onto the VEGFR2 in these ECs allow 

them to migrate and become tip cells, which are cells leading the migration front of the newly formed sprout 

(Adair & Montani, 2010). Additionally, VEGF-A induces the expression of delta-like 4 (DLL4) which is a 

notch ligand, in tip endothelial cells. Binding of DLL4 to its receptor on adjacent ECs in turn activates 

Notch signalling, forcing these cells to become stalk endothelial cells (Kume, 2009). This down regulates 

the expression of VEGF-A receptors and reduces the sensitivity to VEGF-A stimulation, which allows for 

the prevention of excessive migration and proliferation (Kume, 2009; Siekmann & Lawson, 2007).   
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Figure 1.5: Diagram of sprouting angiogenesis in the endothelial cells. VEGF-A binds to receptor VEGFR2/KDR 

and increases DLL4 expression in the tip endothelial cells. DLL4 binds to NOTCH-1 ligands and increases the 

expression of NOTCH-1 in the stalk endothelial cells which then down regulates VEGFR2/KDR in the stalk cells to 

avoid excessive tip cells production and proliferation. Image created on Biorender.  

 

1.3.1.  Exercise induced skeletal muscle angiogenesis 

 

The physiological environment is important in triggering angiogenesis and capillary growth. 

Skeletal muscle capillary growth is stimulated by mechanical influences, including shear stress induced by 

blood flow and stretch when myofibers contract (Hoier et al., 2012) as well as metabolic factors, i.e., 

changes in PO2 and release of metabolites (e.g., lactate) mainly produced by the myofibers or resulting from 

the increase myofiber activity during contraction. The changes in muscle metabolism and oxygen utilization 

in the working muscle provides stimulus for capillary growth (Hoier et al., 2012).  Capillary growth can 

also take place when a stimulus such as hypoxia is detected in the tissues which promotes the secretion of 

pro-angiogenic molecule vascular endothelial growth factor (VEGF-A) (Adair & Montani, 2010).  While 

NO does provide a stimulus for capillary growth, it is not required; however, VEGF-A is needed for both 

splitting and sprouting angiogenesis to occur (Egginton, 2011). Adenosine, which is formed through 

skeletal muscle contractions, can also stimulate production of VEGF-A which would promote angiogenesis 

(Ballard, 2014; Hoier et al., 2010). When either 125 or 1250 µm of adenosine was administered in human 

skeletal muscles, the interstitial VEGF concentrations increased by 2.5 and 4-fold (Hoier et al., 2010).  

Stretch is also a mechanical stimulus for angiogenesis. In rats, EDL muscles were overloaded by stretch 

after the removal of the TA muscle (Egginton et al., 1998). After two weeks, the sarcomere length increased 



14 
 

from 2.4 to 2.9 µm and the capillary to fiber ratio increased by 33% (Egginton et al., 1998). After eight 

weeks there was a 60% increase in capillary to fiber ratio (Egginton et al., 1998). With respect to ischemia 

as a stimulus for angiogenesis, chronic ischemia (after 5 weeks) in the rats’ EDL muscle by a single ligation 

showed a 20% increase in capillary to fiber ratio (Milkiewicz et al., 2003). With double ligation and 

intermittent electrical stimulation, ischaemic muscles showed a 22% increase in capillary to fiber ratio 

(Milkiewicz et al., 2003). After 2 weeks of ischemia by single ligation, EDL muscles showed 60% increase 

in VEGF-A protein levels and after 5 weeks VEGF-A protein levels increased by 80% (Milkiewicz et al., 

2003). The VEGF-A receptor Flk-1 (VEGFR2) protein levels were doubled from basal level in muscles 

after two days of electrical stimulus and increased by 50% after 4 days (Milkiewicz et al., 2003). Exercise 

is also a known stimulus for angiogenesis and in the event of a bout of exercise and/or training (depending 

on type and intensity) (Clifford & Hellsten, 2004), capillary growth and density was seen to increase; with 

more prominent capillary growth and higher VEGF-A levels seen in glycolytic fast twitch muscles than 

slow twitch oxidative muscles (Birot et al., 2003; Egginton, 2008; Hudlicka et al., 1992).  

Exercise is seen as a potent stimulus for angiogenesis because it can initiate the many stimuli 

(mechanical and metabolic in nature) highlighted above to promote angiogenesis (Egginton, 2008; Haas & 

Nwadozi, 2015). With repetitive bouts of exercise, these stimuli can induce angiogenesis within days 

(Egginton, 2008; Haas & Nwadozi, 2015). With just one bout of exercise, many changes in the ECs’ 

physiological environment occur to induce the first step towards capillary growth which when is 

continuously repeated, capillary growth is seen.  Angio-adaptation in the skeletal muscle is described as 

dynamic processes that consist of capillary formation, capillary stabilization, or capillary regression in 

response to acute/chronic physiological or pathological conditions (Lemieux & Birot, 2021). The concept 

put forth is that under physiological conditions, there is a balance of pro- and anti- angiogenic genes that 

help to regulate angiogenesis (Olfert & Birot, 2011).  

As outlined in Haas and Nwadozi review, with repeated bouts of exercise at the same intensity at 

the same level for seven days to two weeks time frame, there is a shift towards a more pro- angiogenic 
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phenotype and increase in capillary formation and density (Haas & Nwadozi, 2015). Immediately after a 

single (1 hour) bout of exercise, VEGF-A mRNA levels were increased around 4-fold and stayed elevated 

up to 4 hours post exercise in rats (Breen et al., 1996). In hypoxic conditions, the control rats showed 

increased levels of VEGF-A mRNA which increased more in rats performing a bout of exercise in hypoxia 

(Breen et al., 1996). When looking at daily repetition of an hour of submaximal running exercise in rats for 

a duration of 5 days, the mRNA levels of VEGF-A increased the greatest after the first day, with days two-

five still having more VEGF-A levels than the control but less than the first day (Gavin & Wagner, 2001). 

In adult rat EDL muscles that were stimulated for 8 hours a day at 10 Hz, the capillary to fiber ratio increased 

by 15% after four days and after seven days it increased by approximately 50% (Hansen-smith et al., 1996). 

In both rabbit and rat muscles that were stimulated again for 8 hours a day for seven to fourteen days at 10 

Hz, had an increase in capillary diameter and in the rat muscles, increase in capillary to fiber ratio after 

fourteen days (Myrhage & Hudlicka, 1978). The total capillary surface area per 100g of stimulated muscle 

in rat muscles increased by 29% after seven days and 46% after fourteen days (Myrhage & Hudlicka, 1978). 

When hindlimb unloading in rats was done for nine days, the oxidative muscle soleus was seen to have 

more capillary regression than the glycolytic muscle plantaris, and a shift towards anti-angiogenic pathway 

was seen in the soleus (Roudier et al., 2010).  

After four to eight weeks of repetition of the same bout of exercise during training at the same 

intensity, capillary stabilization and a plateau in the growth of capillaries is observed (Haas & Nwadozi, 

2015). In 14 male subjects, four weeks of 1 hour cycling training 3 times per week with a gradual increase 

from 60% to 68% of the individuals’ VO2 max showed a 23% increase in capillary to fiber ratio and 12% 

increase in capillary density (Hoier et al., 2012). Muscle interstitial VEGF-A protein increased during an 

acute bout of exercise (performed at same intensity for an hour) before and after four weeks of training 

(Hoier et al., 2012). There was also a transient increase in both pro and anti angiogenic factors in response 

to acute exercise before training (Hoier et al., 2012). With eight weeks of 1 hour run of hypoxia training in 

rats followed by an acute bout of exercise two days later, showed increased muscle capillarity but decreased 
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in VEGF-A, Flt-1, and Flk-1 (KDR) mRNA expressions compared to room air trained rats with same 

training protocol (Olfert et al., 2001). With respect to endurance training, the vastus lateralis muscle 

biopsies from 10 participants showed a 27% increase in capillary to fiber ratio and 16% increase in capillary 

density post-eight weeks of ergometer training compared to pre- exercise (Baum et al., 2015). This shows 

that angio-adaptation in the context of exercise and training results in capillary growth and stabilization, 

with lack of exercise resulting in capillary regression in oxidative muscles all caused by the balance between 

pro and anti- angiogenic molecules.  

1.3.2. Two key pro- and anti- angiogenic molecules: VEGF-A and TSP-1 

  

Angio- adaptation in the muscle is regulated by pro and anti angiogenic molecules, with the most 

studied molecule in the skeletal muscle being VEGF-A and thrombospondin-1 (TSP-1) (Roudier et al., 

2010). As outlined previously, VEGF-A is a pro-angiogenic molecule from the VEGF family which are 

known for their role in angiogenic processes that occur throughout life. The VEGF A, B, C, D, E, and PlGF 

(placental growth factor) are all cysteine knot glycoproteins that are part of the VEGF family, with VEGF-

A being predominantly studied (Neives et al., 2009; Ferrara, 1999). The human VEGF-A gene has different 

isoforms (121, 165, 189, and 206), with 165 being the major isoform (Ferrara, 1999). VEGF-A has been 

proven crucial for angiogenesis. When skeletal muscle VEGF-A was deleted in mice, capillarity was 

reduced as well as having impaired exercise capacity (Olfert et al., 2009). With one bout of exercise, protein 

and mRNA levels of VEGF-A were seen to increase in skeletal muscle (Birot et al., 2003).  Basal levels of 

VEGF-A protein expressions increase with seven days of training in skeletal muscles, and decrease after 

twenty-eight days of training (Olenich et al., 2013).  

The thrombospondin family consists of 5 proteins that are divided into subgroup A (TSP-1 and 2) 

and B (TSP-3, 4, and 5) due to their different structures and TSP-1 and 2 being the most studied (Zhang et 

al., 2020). The difference between TSP-1 and 2 are their amino acid sequences, causing differences in 

binding ligands (Zhang et al., 2020). With respect to TSP-1, it is produced in many different cells such as 

smooth muscle cells and endothelial cells and is an anti-angiogenic protein that can inhibit cell migration 
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and promote apoptosis in ECs (as reviewed by Olfert & Birot 2011). The three main receptors of TSP-1 are 

CD36, b1-integrin and CD47 (Olfert & Birot, 2011). TSP-1 can inhibit angiogenesis through complexes 

formed by its receptors CD36 and b1- integrin on the VEGF-A receptor VEGFR2 (KDR) in the endothelial 

cell membrane, causing inhibition of the VEGFR2 activation via phosphorylation (as reviewed by Olfert & 

Birot 2011).  Another way TSP-1 can inhibit angiogenesis is by interacting with VEGF-A and degrading it 

(Olfert & Birot, 2011). 

TSP-1 null mice showed greater capillarization and exercise capacity in the skeletal muscle (Malek 

& Olfert, 2009). With a single bout of exercise, TSP-1 mRNA levels were seen to increase in rat skeletal 

muscle; with three - five days of acute exercise, there was a loss of response of TSP-1 mRNA, and with 

eight weeks of training TSP-1 mRNA levels were restored (Olfert et al., 2006).  Therefore, TSP-1 is truly 

important inhibitor of angiogenesis to maintain the balance in angio-adaptation.  The expression of these 

angiogenic genes is under the control of transcriptional factors. 

 

1.4. Transcriptional regulation of skeletal muscle angiogenesis 
 

The process of angiogenesis is complex and is tightly regulated by multiple molecules. 

Transcription factors and coactivators involved in skeletal muscle angiogenesis include hypoxia inducible 

factor (HIFs), forkhead box O (FOXO), peroxisome proliferator-activated receptor-γ Coactivator-1α 

(PPGC-1α), and murine double minute 2 (MDM2).  

 

1.4.1. FOXO1 and skeletal muscle angiogenesis 

 

FOXOs are a family of transcription factors consisting of FOXO1, 3, 4, and 6; that can bind to 

different targets and play a role in regulating different pathways such as cell differentiation, apoptosis, 

organ development, and angiogenesis (as reviewed by Accili & Arden, 2004; Farhan et al., 2020). FOXO1 

deleted mice embryos had smaller embryo size compared to the control and showed lack of blood vessels 
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(Hosaka et al., 2004). There were also vascular defects noticed in the heart of FOXO1deleted embryos, 

such as insufficient branching and lack of proper structure to coronary arteries (Hosaka et al., 2004). With 

regards to FOXO3 deletion, female mice showed lack of ovarian development and fertility issues while 

FOXO4 deletion did not show any atypical points (Hosaka et al., 2004).  

Within ECs, FOXO1 and FOXO3 were observed to be most abundant; and ECs with 

overexpression of FOXO1 and FOXO3 showed significant impaired tube forming ability (Potente et al., 

2005). FOXO1 was observed to play a role in promoting quiescence of ECs, FOXO1 activation in ECs 

increased the levels of S-2 hydroxyglutarate (S-2HG) which is a metabolic signalling molecule (Andrade 

et al., 2021).  The increase of S-2 HG suppressed ECs proliferation and the ECs stopped in the G0/G1 phase 

of the cell cycle (resting phase of the cell) (Andrade et al., 2021).  

With a single bout of exercise in mice, measured two hours post exercise bout, FOXO1 and FOXO3 

levels of mRNA and protein increased (Slopack et al., 2014). After ten to fourteen days of repeated exercise, 

FOXO1/3 mRNA and protein levels decreased and TSP-1 (anti-angiogenic molecule) protein levels 

followed the same pattern as FOXO (Slopack et al., 2014). TSP-1 protein increased by 1.7-fold after an 

acute bout of exercise, and decreased after ten days of repeated exercise (Slopack et al., 2014). With EC 

deletion of FOXO, no increase in TSP-1 mRNA was seen after an acute bout of exercise, while a 20% 

increase in capillary to fiber ratio was observed after seven days of training (Slopack et al., 2014). In 

ischemic muscles, FOXO1 protein levels were increased at four- and seven-days (Milkiewicz et al., 2011). 

With nutrient stress and no flow conditions in cultured ECs, FOXO1 protein levels also increased 

(Milkiewicz et al., 2011). This suggests that in ischemia the lack of shear stress and reduced nutrient flow 

increases the FOXO1 protein levels (Milkiewicz et al., 2011). Peripheral arterial disease (PAD) is the 

reduction of blood flow and oxygen due to narrowing of peripheral arteries in the lower limbs, and is similar 

to an ischemic model. When comparing FOXO1 in PAD patients, FOXO1 protein levels was increased in 

PAD patients compared to healthy subjects; this was mirrored in ischemic mice where FOXO1 was 

increased as well (Roudier et al., 2013). TSP-1 was also increased in both PAD patients and ischemic mice 



19 
 

(Roudier et al., 2013). The deletion of FOXO in ECs of ischemic mice showed that the deletion of FOXO 

improved blood flow and induced angiogenesis (Roudier et al., 2013). In over- expression of FOXO1 in 

primary skeletal muscle microvascular ECs, TSP-1 mRNA increased and with chromatin immuno-

precipitation of those cells showed that FOXO1 is a regulator of TSP-1 (Roudier et al., 2013). Hence, there 

is a lot of evidence to support that FOXO and FOXO1 play an important role in maintaining the balance of 

skeletal muscle angiogenesis through transcriptional regulation.  

1.4.2. HIF-1α and skeletal muscle angiogenesis 

 

Hypoxia inducible factor regulates cellular responses to hypoxia (Kumar & Choi, 2015). HIFs are 

heterodimers that are made up of one beta subunit (HIF -1β) and one of the three alpha subunits (HIF- 1 α, 

HIF- 2 α, HIF-3 α) and HIF-1 is the most studied within the HIFs family (Kumar & Choi, 2015). The HIF-

1 α subunit is O2 regulated; when low O2 is sensed, HIF-1 α is stabilized and translocated to form a dimer 

with HIF -1β which is expressed constantly (Kumar & Choi, 2015; Lindholm & Rundqvist, 2016; Semenza, 

2013). Strong basal level of HIF-1 α signal was observed in the skeletal muscle of mice that were in 

normoxia, which was increased in mice in hypoxia (Stroka et al., 2001). This suggests that HIF-1 α has a 

strong expression in normal air conditions and increases more in hypoxic conditions. The increases of HIF-

1 α leads to the transcriptional regulation of certain genes like VEGF-A, GLUT 1, and GLUT 4 (Kumar & 

Choi, 2015). In terms of other factors, like shear stress and stretch, HIF-1 α (along with HIF- 2 α) was seen 

to be activated in response to stretch, not shear stress. In overloaded (to activate stretch) rat EDL muscles, 

HIF-1 α and HIF- 2 α both increased after four and seven days (Milkiewicz et al., 2007). In vitro, with 

skeletal muscle microvascular ECs exposed to 10% stretch, HIF-1 α and HIF- 2 α mRNA levels were 

increased (Milkiewicz et al., 2007). However, when these cells were exposed to 24 hours of elevated shear 

stress, HIF-1 α and HIF- 2 α mRNA decreased significantly (Milkiewicz et al., 2007).  

Many studies have shown that in response to exercise, HIF-1 α is activated and aids in changes in 

gene expression (as reviewed by Lindholm & Rundqvist, 2016). After a single bout of knee extension 

exercise with reduced blood flow in healthy males, HIF-1 α protein levels increased and stayed up until six 
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hours post exercise, while HIF-1 α mRNA levels did not change (Ameln et al., 2005). VEGF-A mRNA 

increased 3 times more in the reduced blood flow subjects than the control subjects after an acute bout of 

exercise and peaked after two hours and stayed up until six hours as well (Ameln et al., 2005). In untrained 

HIF-1 α null mice, there was an increase in capillary to fiber ratio compared to untrained wild type mice 

(Mason et al., 2007). With endurance training, the wild type mice gained capillaries while the trained HIF-

1 α null mice did not and already had an adaptation in capillary network that could not further be improved 

(Mason et al., 2007).  In addition, HIF-1 α null mice had an upregulated GLUT4 expression at rest (Mason 

et al., 2007). This suggests that without HIF-1 α, there could be another mechanism involved that takes 

over and induces angiogenesis. In the skeletal muscle of elite endurance athletes, HIF-1 α expression is 

reduced with high levels of HIF-1 α inhibitors present (Lindholm et al., 2014). Therefore, HIF-1 α is seen 

to contribute to the transcriptional regulation of skeletal muscle angiogenesis through hypoxia conditions.   

1.4.3. PGC-1α and skeletal muscle angiogenesis 

 

PGC-1α is a transcriptional coactivator that interacts with transcription factors involved in different 

processes that include mitochondrial biogenesis, thermogenesis, fatty acid and glucose metabolism, and 

switching of fiber types in skeletal muscles (Liang & Ward, 2006; Mathai et al., 2008). As a transcriptional 

coactivator, the role of PGC-1α is to interact with transcription factors without binding to the DNA (Liang 

& Ward, 2006). PGC-1α coactivates the transcription factors known as the PPARs (PPAR- α, PPAR-δ, and 

PPAR-γ) (Liang & Ward, 2006). PGC-1α is expressed highly in the mitochondrial rich tissues and where 

oxidative metabolism is prominent such as the heart, skeletal muscle, and brown adipose tissue (Liang & 

Ward, 2006). In human vastus lateralis muscle, PGC-1α protein expression increased during prolonged 

exhaustive exercise, and remained upregulated for 24 hours after (Mathai et al., 2008). PGC-1α is also seen 

interacting with ERR α which increased VEGF-A expression in response to hypoxia independent of HIF 

pathway (Arany et al., 2008). The VEGF-A protein levels in the skeletal muscles of PGC-1α knockout mice 

was approximately 60-80% reduced compared to the wild type mice, with capillary to fiber ratio also being 

20% lower than wild type mice (Leick et al., 2009). With five weeks of exercise training, skeletal muscle 
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VEGF-A protein levels only increased by 50% in wild type mice, while PGC-1α knockout mice showed no 

increases in VEGF-A protein levels with training (Leick et al., 2009). Therefore PGC-1 α is also an 

important coactivator in regulating angiogenesis alongside transcription factors FOXO and HIFs. 

1.4.4. MDM2 and skeletal muscle angiogenesis 
 

Murine double minute 2 (MDM2) is a E3 ubiquitin ligase first identified as an oncoprotein. As a 

P53 antagonist, MDM2 interacts with P53 tumor suppressor in a negative feedback loop (Moll & Petrenko, 

2003). MDM2 has been seen ubiquitinating P53 to allow for its degradation to limit P53’s suppressive 

functions (Moll & Petrenko, 2003). Independent of P53, MDM2 can mono and poly- ubiquitinate other 

transcription factors. Through these interactions, MDM2 can control gene expression in response to 

multiple stimuli in cancer and normal cells (Arena et al., 2018). In different cancer cells, co expression of 

MDM2 and FOXO resulted in reduction of FOXO4 expression (Brenkman et al., 2008). When MDM2 

lacking its C- terminal RING finger domain (which characterizes it as an E3 ligase) was transfected in these 

cancer cells, it was unable to ubiquitinate FOXO4 (Brenkman et al., 2008). With co-expression and co-

immuno-precipitation, FOXO4 and MDM2 was seen to directly bind to each other (Brenkman et al., 2008). 

In MCF 7 breast cancer cells, MDM2 was seen to be associated with FOXO3 through immuno-precipitation 

(Yang et al., 2008). As 293T cancer cells were transfected with different doses of MDM2, FOXO3 was 

reduced as the doses increased, and when the cells were treated with the proteasome inhibitor MG-132 

(inhibits MDM2), FOXO3 levels were restored (Yang et al., 2008).  

In MDM2 positive and P53 deleted MEF cells, VEGF-A protein expression and VEGF-A mRNA 

(under hypoxia) was higher than the double MDM2 and P53 knockout (Zhou et al., 2011). With regards to 

the tumour suppressor P53, the P53 knockout mice with induced hindlimb ischemia exhibited an increase 

in HIF-1 α and VEGF-A, along with increase in capillary density compared to the wild type (Pfaff et al., 

2018). In cancer cells MDM2 expression was induced through hypoxia, increasing MDM2 expression but 

decreasing phosphorylation of MDM2 on serine 166 (Zhou et al., 2011). In high glucose conditions, MDM2 
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was observed to increase in ECs, and interact with DROSHA protein (plays a role in angiogenesis related 

microRNA maturation) and decreases DROSHA and VEGF-A protein expression, causing an anti-

angiogenic shift (Lam et al., 2021). In skeletal muscle samples from humans, rats, and mice, after one bout 

of exercise, MDM2 did not increase however phosphorylated MDM2 on serine 166 (p-MDM2) and VEGF-

A did (Aiken et al., 2016). Muscles and primary ECs that were stimulated with VEGF-A showed increases 

in p-MDM2 protein levels (Aiken et al., 2016). The overexpression of p-MDM2 in ECs showed 55% 

increase in MDM2 binding to FOXO1 and decreased FOXO1 dependent gene expression of TSP-1, shifting 

towards a more pro-angiogenic pathway (Aiken et al., 2016). In a nutrient stress or lack of shear stress 

environment, such as ischemia, p-MDM2 was reduced and affected the MDM2 and FOXO1 interaction. In 

microvascular ECs under nutrient stress, p-MDM2 was reduced by approximately 50%, and with day four 

of ligation in muscle in mice, p-MDM2 was reduced by 65% (Milkiewicz et al., 2011). With serum 

stimulation of these cells, p-MDM2 increased and FOXO1 decreased (Milkiewicz et al., 2011). When MG-

132 (proteasome inhibitor) was treated on this serum stimulated cells, FOXO1 protein levels increased 

(Milkiewicz et al., 2011). Immuno-precipitation of MDM2 on ligated muscles showed reduced levels of 

FOXO1 pulled down compared to control (Milkiewicz et al., 2011). In cancer cells, MDM2 was seen to 

directly interact with HIF-1 α (Chen et al., 2003). Therefore, MDM2 can be seen to interact with 

transcription factors (like FOXO and HIF-1 α) that are known to play a role in angiogenesis (see Figure 

1.6).   
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Figure 1.6: Schematic representation of the direct and indirect interactions of MDM2 in the context of 

angiogenesis. MDM2 can indirectly regulate VEGF-A expression through the direct interactions of transcription 

factors (HIF-1 α, FOXO), through the tumour suppressor P53, and through micro-RNA (miRNA) processing enzymes 

(DROSHA). MDM2 interacts with FOXO to decrease FOXO expression, which decreases an anti-angiogenic 

pathway. MDM2 interacting with HIF-1 α, increases its expression and shifts for a pro-angiogenic pathway.  

Depending on the cell type and condition, MDM2 interaction with P53 and DROSHA (through miRNAs) can either 

shift to a pro- or anti-angiogenic pathway. Image created on Biorender. 

 

In the context of exercise, MDM2 increased with training and was observed to be crucial for muscle 

capillarization. In the vastus lateralis muscle of young and senior male subjects that performed six weeks 

of exercise training, platelet endothelial cell adhesion molecule-1 (PECAM- 1/ CD31) (marker for ECs 

capillarization) went up by 129% in the young subjects and 72% in senior subjects, alongside MDM2 which 

increased by 38% in young subjects and 81% in senior subjects (Roudier et al., 2013). Mice deficient for 

MDM2 reported 20% capillary regression compared to their wild type mice at basal level, independent of 

P53 (Roudier et al., 2012). With one bout of exercise, VEGF-A protein expression was increased by 64% 

in wild type mice compared to MDM2 deficient mice (Roudier et al., 2012). After eight weeks of exercise, 

the plantaris of wild type mice had an increased expression of MDM2 by 49% and capillarization by 24%, 

this was not seen in MDM2 deficient mice (Roudier et al., 2012).  

The structure of MDM2 is the reason why MDM2 can play such complex roles in different 

pathways. The N terminal region of MDM2 binds to p53 and the C-terminal region contains the RING 
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(really interesting new gene) domain which promotes the E3 ligase activity (Fåhraeus & Olivares-Illana, 

2014). Indeed, MDM2 has the potential to interact with many proteins, including proteins important for 

epigenetic processes such as histones (Fåhraeus & Olivares-Illana, 2014; Minsky & Oren, 2004). This 

allows MDM2 to also be an important epigenetic regulator, which will be explained further in the upcoming 

sections. Most recent, MDM2’s capacity to interact with histones suggested a putative role of this E3 

ubiquitin ligase as a modulator of gene expression through epigenetic processes (Fåhraeus & Olivares-

Illana, 2014).  

 

1.5. Epigenetics and exercise 
 

Beyond the regulation of angiogenic genes through changes in the activity of transcription factors, 

there are additional mechanisms involved such as epigenetic regulations. To date most of the studies related 

to exercise and epigenetic processes were investigating transient gene activations and DNA methylation. 

As described above, exercise is one of the stimuli that can lead to skeletal muscle adaptations. These 

adaptations occur first as transient changes in gene expressions (McGee & Walder, 2017). Some gene 

expressions are upregulated/downregulated during exercise or post exercise which leads to changes in the 

muscle phenotype (McGee & Walder, 2017). These transient changes in gene expression could be due to 

epigenetic modifications. Epigenetics is a mechanism that regulates the expression of genes. Epigenetic 

processes refer to the changes in gene expression without changing the DNA nucleotide sequence 

(Widmann et al., 2019). Instead, they regulate gene expression through modifications of the chromatin 

structure. While miRNAs are considered as part of the epigenetic processes that can impact gene expression, 

epigenetic modifications that directly modulate the chromatin structure include histone modifications or 

DNA methylation (McGee & Hargreaves, 2019). DNA methylation occurs in the promoter regions on 

cytosines followed by guanosines (CpG) of genes, which leads to the condensing of the chromatin structure 

causing gene silencing to occur (Caiafa & Zampieri, 2005; Kanzleiter et al., 2015). Histone modifications 
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include post-translational modifications such as methylation, acetylation, and ubiquitination, on the lysine 

of histone tails, mostly seen on H3 and H4 (Rothbart & Strahl, 2014). Different modifications on different 

areas of the histone tail can result in either gene silencing or gene activation (Rothbart & Strahl, 2014). 

Epigenetics in the context of skeletal muscles is still being explored (McGee & Hargreaves, 2019). 

Most studies have investigated the relationship between DNA methylation, histone modifications, and gene 

expression aiming to better understand how skeletal muscle adapts to exercise or exercise training. Studies 

are still aiming to determine whether epigenetic processes are crucial for skeletal muscle adaptation to 

exercise and training.  

 

1.5.1. DNA methylation and exercise 

 

DNA methylation causes gene silencing, specifically through the addition of a methyl group to the 

fifth carbon cytosine by enzymes called DNA methyltransferases (DNMTs) (McGee & Walder, 2017). As 

explained above, DNA methylation occurs usually on CpG islands which are areas enriched with promoters 

and first exons of genes, but has been seen occurring on non CpG areas as well (McGee & Walder, 2017). 

CpG islands are more frequently found in transcription start sites (TSS) and could be marked by histone 

modifications (Deaton & Bird, 2011). The histone mark H3K4me3, was seen to interact on CpG islands 

promoters which allows for activation. Conversely, the polycomb group proteins can silence the promoters 

on the CpG islands, through the polycomb repressive complex 2 (PRC2) complex mediated histone tri-

methylated mark H3K27me3 (as reviewed by Deaton & Bird, 2011). These histone marks on the CpG 

island promoters can aid in the chromatin state to be either transcriptionally repressed or active (as reviewed 

by Deaton & Bird, 2011). Therefore, histone marks on the chromatin can affect gene expression by 

interacting on the TSS of CpG islands causing either the activation or the repression of genes.  

Amongst DNMTs, DNMT1 is known for the maintenance of methylation patterns during DNA 

replication and mitosis (McGee & Walder, 2017). DNMT3 a/b are known for creating new methylation 
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patterns (McGee & Walder, 2017). DNA methylation is seen to interact with chromatin marks as well. The 

relation between DNA methylation patterns and the PRC2 complex H3K27me3 mark is mixed, they either 

work as antagonists or in synergy (as reviewed by Jeltsch et al., 2018). In cancer cells, genes with CpG 

islands enriched with H3K27me3 marks showed that they were lacking of DNA methylation, while 

H3K27me3 was depleted on DNA hypermethylated CpG islands (Brinkman et al., 2012). However, 

H3K27me3 marks were reduced in hypomethylated CpG islands in DNMT knockout mouse embryonic 

stem cells, suggesting that DNMTs and the PRC2 complex interacts (Brinkman et al., 2012). Therefore, 

genes that are fully silenced by DNA methylation result in less H3K27me3 marks, and on genes with DNA 

hypomethylation, H3K27me3 marks could be a way to transcriptionally repress genes as a compensatory 

repression (Brinkman et al., 2012).  

Changes or dysfunctions in DNMTs leads to unusual DNA methylations and can link to 

physiological or pathophysiological changes (McGee & Walder, 2017). When studying DNA methylation 

patterns of PGC-1α (regulator of mitochondrial biogenesis) in type 2 diabetic males, PGC-1α in the vastus 

lateralis was hyper-methylated in non- CpG areas compared to healthy males and PGC-1α mRNA had a 

decrease of 38% (Barres et al., 2009). DNMT3b was increased in type 2 diabetic males compared to healthy 

males (Barres et al., 2009). This shows that through changes in DNMTs, DNA methylation can play a role 

in pathophysiological situations, in this case type 2 diabetes. DNA methylation patterns were also studied 

in the context of aging. In aged human skeletal muscle, there were more hyper-methylated genes than young 

skeletal muscles (Turner et al., 2020).  In DNMT3a muscle specific deletion in mice, DNA methylation 

was seen to decrease after an acute bout of exercise, but with no changes in exercise or metabolic capacity 

(Small et al., 2021). 

DNA methylation patterns can change due to environmental or physiological factors such as diet 

and exercise. With regards to exercise, studies have shown that DNA methylation is reduced on certain 

genes that help in skeletal muscle adaptations. With an acute bout of exercise, in the vastus lateralis muscle 

in males and females, DNA hypo-methylation was seen in metabolic genes such as PGC-1α (Barres et al., 
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2012). The decrease in methylation led to the increase in those metabolic genes’ mRNA (Barres et al., 

2012). With ex vivo contraction of the soleus of mice, metabolic genes like PGC-1α increased three hours 

after contraction; forty-five minutes after contraction, the methylation on the promoters of PGC-1α were 

decreased (Barres et al., 2012). Skeletal muscle nuclei were seen to have epigenetic memory from prior 

training which increased its muscle adaptability through DNA methylation (Wen et al., 2021). Adult mice 

were put through eight weeks of progressive weighted wheel running training followed by detraining for 

twelve weeks (Wen et al., 2021). In the plantaris myonuclei and interstitial cells’ nuclei, trained mice had 

acquired patterns of DNA hypomethylation and was retained in genes involved with muscle remodelling 

(Wen et al., 2021). Comparing newly trained mice to the four weeks retrained mice, prior trained plantaris 

muscles showed more hypertrophy than newly trained muscles, suggesting that there is a faster remodelling 

occurring in detrained muscles when resuming training (Wen et al., 2021). A study observing the 

differences in methylation between change of direction and straight-line high intensity running exercise 

protocols in active males, showed that change of direction exercise had a higher hypomethylation pattern 

across the genome, especially after thirty minutes of exercise (Maasar et al., 2021). VEGF-A was also 

hypomethylated within its promoter region after exercise for both running protocols (Maasar et al., 2021). 

With regards to endurance training, quadricep muscle samples from mice were used to analyse 

transcriptional changes in response to four weeks of treadmill running (Kanzleiter et al., 2015). Negative 

correlation was observed between DNA methylation patterns and genes involved in metabolic pathways 

such as insulin signalling, oxidative phosphorylation, and pathways involved with growth and 

differentiation in endurance trained mice, indicating skeletal muscle adaptations to training (Kanzleiter et 

al., 2015). About 3020 genes were differentially expressed post training compared to pre training, with 

DNA methylation occurring on only 361 of those genes (Kanzleiter et al., 2015). This indicates that DNA 

methylation is not the only epigenetic process in charge of regulating genes in response to training. Different 

muscles also were noted to display different histone modifications at basal level and in response to a bout 

of exercise. For example, H3 acetylation was seen to be more abundant in the rat plantaris than in the rat 
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soleus in the promoter region of the PGC-1α gene (Kawano et al., 2015; Masuzawa et al., 2018). Altogether 

this leads us to consider that histone modifications should also be further investigated in depth in regards 

to gene regulation in exercise training. 

 

1.5.2. Types of histone modifications  

 

The nucleosome (see Figure 1.7) is constructed of DNA which is wrapped around two sets of histone 

proteins 2A, 2B, 3, and 4 (to make an octamer) (Even-Faitelson et al., 2016). Bunches of nucleosomes 

together form the chromatin structure, which is packaged into the nucleus (Even-Faitelson et al., 2016). 

When the chromatin is tightly wounded, causing strong electrostatic connection between negatively charged 

DNA backbone with the positive charged histones, the promoters of genes are inaccessible and is in a 

transcriptionally repressed state (Even-Faitelson et al., 2016). When the chromatin is loose, the promoters 

of genes are accessible to RNA polymerase II to allow for gene activation (Even-Faitelson et al., 2016). 

Post translational modifications (as listed above) on the chromatin can help activate or repress transcription 

of certain genes. Acetylation of histones occurs through an acetyl group being added to the histone tail, 

neutralizing the positive histone charge which decreases the electrostatic interaction between the DNA and 

histone, opening or loosening the chromatin (Peixoto et al., 2020). Histone acetylation is achieved by the 

balance of enzymes: histone acetyltransferases (HATs), which add acetyl groups, and histone deacetylases 

(HDACs), which remove acetyl groups (McGee & Walder, 2017). Histone methylation involves the 

addition of methyl groups (could be mono-, di-, tri-methylation) to different lysines or arginines of histones 

(Peixoto et al., 2020). Depending on the lysine/arginine, the methyl group and the number of methyl groups 

added could cause activation or repression of genes (Peixoto et al., 2020). Histone methylation occurs due 

to enzymes known as histone methyltransferases (HMTs) and the removal of methyl groups are done by 

enzymes known as histone demethylases (HDMs) (McGee & Walder, 2017). HMTs methylate lysines on 

the N terminal end of proteins contain a SET domain that has the enzymatic activity to catalyze methylation 

of lysine residues. Through lysine methylation, HMTs support chromatin condensation and gene silencing 
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(Bannister and Kouzarides, 2011; Cao et al 2022). The SET domains are named after the three genes it 

expresses, suppressor of variegation 3-9 (Su(var)3-9), polycomb group chromatin regulator enhancer of 

zeste (E(z)), and trithorax group chromatin regulator trithorax (Trx).  (Cao et al., 2022; Dillon et al., 2005). 

Details on the PRC2 complex with focus on EZH2 will be discussed further for this thesis.  

                                                  

Figure 1.7: Diagram representing a nucleosome. Histone proteins come in two sets of H2A, H2B, H3, and H4 to 

make an octamer. The DNA wraps around these histone proteins to make a nucleosome, and multiple sets of 

nucleosomes together make the chromatin structure. Image created on Biorender.  

 

Another post translational modification that occurs on histones are ubiquitination. Ubiquitination 

consists of proteins being covalently ligated to a ubiquitin molecule and targeted for degradation (Hershko 

& Ciechanover, 1998). This process is mediated by three enzymes E1, E2, and E3 ligases (Hershko & 

Ciechanover, 1998). E3 ligases like MDM2, have ubiquitin’s C terminal linked to an amino group of the 

protein’s lysine residue, and transfers ubiquitin on the substrate (Hershko & Ciechanover, 1998; Synder & 

Silva, 2021). E3 ligases bind specific proteins to ubiquitin (Hershko & Ciechanover, 1998).  Ubiquitination 

can play a role in transcription, chromatin structure maintenance, DNA repair, and cancer (Cao & Yan, 

2012). Ubiquitination can occur through either the addition of one ubiquitin molecule or many (poly-

ubiquitin), with the most ubiquitinated histones being H2A and H2B (Cao & Yan, 2012). Histone 3 

ubiquitination was seen to occur through the role of neural precursor cell expressed developmentally down 

regulated (NEDD4) in cancer cells in the presence of glucose (Zhang et al., 2017). Interestingly, NEDD4 

overexpression increased H3 ubiquitination, that shifted the apparent molecular weight of H3 from the 17 

kDA to 25 kDA, and the global abundance of two epigenetic modifications on H3, acetylation on lysine 
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residues 9 and 14 (H3K9 Ac and H3K14 Ac) (Zhang et al., 2017). Enzymes that remove ubiquitin molecules 

are known as deubiquitinating enzymes (DUBs). Environmental factors control the activity of these DUBs 

and control their capacity to catalyze the removal of ubiquitin molecules (Synder & Silva, 2021). DUBs are 

known to not only remove ubiquitin molecules, but to also recycle the ubiquitin molecule once its cleaved 

(Synder & Silva, 2021).   

Histone modification Function 

H2AK4ac, H2AK5ac, H2AK7ac Gene activation 

H2AK119ub Gene repression 

H2BK5ac, H2BK11ac, H2BK12ac, H2BK15ac,  Gene activation 

H3K4me1, H3K9me1, H3K27me1, H3K4me3 Gene activation 

H3K9ac, H3K14ac, H3K27ac  Gene activation 

H3K9me2, H3K9me3, H3K27me2, H3K27me3 Gene repression 

Figure 1.8: Chart summarizing the basic histone code. Histone modifications are listed on the left and their 

observed function on the right, information retrieved from cell signalling histone modification table. 

 

1.5.3. Current knowledge regarding exercise, skeletal muscle, and histone modifications 

 

Although the effects of histone modifications from exercise is still a new area of research, studies have 

been able to show the complex interplay that occurs between histone modifications and resistance or 

endurance exercise in the skeletal muscle of rats, mice, and humans.  

Since the chromatin structure is dynamic, there are variant histones that aid in controlling chromatin 

states (Huang & Zhu, 2014). H3.3 is a variant for H3 (different by four to five amino acids) and has the 

highest turnover (exchange of histones to new ones) at the promoter region (Huang & Zhu, 2014). H3.3 is 

associated with active histone modifications and is antagonistic to H3K27me3 which is a gene repressive 

histone mark (Huang & Zhu, 2014). With an acute bout of resistance exercise, the H3.3 variant (relative to 

total H3) was seen to decreased by 39% (Lim et al., 2020). When studying the effects of the duration and 
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amount of endurance exercise in the rat plantaris, H3.3 variant was seen to be downregulated with higher 

intensity running exercises which was followed by an increase in mitochondrial metabolism (Ohsawa et al., 

2018). With the notion of epi-memory, eight weeks of endurance training followed by unloading on rats 

showed that in the plantaris, H3.3 variant was increased in rats with previous training compared to the 

control (Nakamura et al., 2017). The plantaris muscle also did not have atrophy after unloading and genes 

related to atrophy were reported to be less responsive to unloading in rats with previous training as well 

(Nakamura et al., 2017). Four weeks of endurance training increased the histone turnover in skeletal 

muscles. The H2B turnover was higher in the nucleosomes of genes that were upregulated by training in 

the myofibers. The overall abundance of H3.3 was increased with training, with less abundance in the 

nucleosomes of genes that were both down and up regulated by training (Ohsawa & Kawano, 2021). When 

measuring the gene silencing histone mark H3K27me3 after four weeks of endurance training, H3K27me3 

increased in the myofibers (Ohsawa & Kawano, 2021).  

When studying the difference between fast twitch and slow twitch muscles in histone modifications 

associated with gene activation, Kawano group observed that rat plantaris muscles showed higher 

H3K4me3 and H3 acetylation in all fast twitch genes than the soleus (Kawano et al., 2015). With the effects 

of overload in the rat plantaris muscles, expression of slow twitch genes were 1.7-2.3 folds higher, while 

fast twitch genes in the plantaris with overload did not change (Kawano et al., 2015). H3 acetylation was 

also seen to increase in slow twitch genes when the rat soleus muscles were overloaded (Kawano et al., 

2015).   

In human vastus lateralis muscles, genes important for muscle development, metabolism, and 

transcription factors were upregulated by 291% after an acute bout of resistance exercise. Yet, after ten 

weeks of resistance training, these genes were upregulated by 9.6% when compared to pre-training (Lim et 

al., 2020). The authors analyzed the distribution of acetylated H3 and H3K27me3 on the TSS of 16 genes 

that were upregulated by the acute resistance exercise. The acute bout of resistance exercise increased H3 

acetylation by 235% and, H3K27me3 by 849% on those 16 genes, suggesting that histone modifications in 
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charge of activation and silencing are both being upregulated to possibly maintain a balance (Lim et al., 

2020).  After ten weeks of resistance training, the distribution of H3K27me3 did not change; however, an 

enrichment in H3 acetylation was observed on the TSS of those upregulated genes. Unfortunately, the 

authors did not report whether acute resistance exercise or resistance training changes the distribution of 

H3 modification on downregulated genes. 

With six weeks of endurance training on the ergocycle for 60 minutes for five days a week at 70% max 

aerobic capacity, vastus lateralis muscles from eight previously sedentary males showed the upregulation 

of 641 genes and downregulation of 176 genes in the post- trained muscle compared to pre-trained muscle 

(Williams et al., 2021). The post-trained muscles had an enrichment in histone modifications H3K4me1 

and H3K27ac in the enhancer region of genes that were upregulated by the training program (Williams et 

al., 2021). With an acute bout of endurance exercise in the tibialis anterior muscle of mice, the transcription 

of 422 genes was promoted by exercise. These genes harboured an increase in both H3K27me3 and 

H3K4me3 marks on their TSS (Shimizu & Kawano, 2022).  

With regards to enzymes that methylate or acetylate lysine residues on histones, HDACs are the most 

commonly studied with exercise. With 60 minutes of cycling, the human vastus lateralis muscle showed 

that HDAC 4 and 5 were exported from the nucleus, which removes their ability to cause transcriptional 

repression by their inability to remove acetyl groups (McGee et al., 2009). Since the study of epigenetics is 

still an emerging concept in the context of exercise, there are many gaps of knowledge. There are many 

studies that look into histone acetylation with exercise; however, histone methylation and gene silencing in 

terms of exercise and angiogenesis in the skeletal muscle is still yet to be discovered.  

 

1.6. The role of EZH2 in the skeletal muscle and angiogenesis 
 

 The polycomb group proteins (PcG) are known as key regulators of cells in early development. 

These proteins are observed to play a critical role in cellular processes, cell cycle control, and cancer (Morey 
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& Helin, 2010). These proteins are also required for proper expression of homeotic (HOX) genes during 

the developmental stages (Morey & Helin, 2010). The PRC1 and PRC2 complexes are the two main 

complexes of PcG that have a catalytic function that leads to transcriptional repression (Morey & Helin, 

2010). The PRC2 complex is made up of suppressor of zeste 12 (SUZ12), embryonic ectoderm development 

(EED), and enhancer of zeste homolog 2 (EZH2) (Morey & Helin, 2010). EZH2 is the catalytic subunit of 

the PRC2 complex, and as an HMT, it places di- or tri-methylation marks on histone 3 lysine 27 

(H3K27me2/3) which is a repressive histone mark (Morey & Helin, 2010). HDAC1 and 2 were also seen 

to be part of the PRC2 complex; however, they are not needed for the HMT activity (Morey & Helin, 2010). 

Histone 2A on lysine 119 mono-ubiquitination (H2AK119ub) is catalyzed through the PRC1 complex, 

which is also a repressive histone mark (Morey & Helin, 2010).  

EZH2 is observed to be critical for early development as deletion from mice embryos was shown 

to be lethal (O’Carroll et al., 2001). Mice embryos that had EZH2 deletion terminated development after 

implantation or could not complete their gastrulation stage (O’Carroll et al., 2001). In wild type mice 

embryos, EZH2 is noticed to be up regulated upon fertilization (O’Carroll et al., 2001). With regards to 

cancer and tumour angiogenesis, EZH2 is studied extensively. The dysregulation of EZH2 was observed to 

accelerate cell proliferation and prolong cell survival which led to the increase of cancer development (as 

reviewed by Duan et al., 2020).  

With regards to skeletal muscle, angiogenesis, and exercise, EZH2 is still yet to be researched. 

Recent studies showed the relationship between skeletal muscle differentiation and EZH2. The expression 

of EZH2 was measured in mouse embryos from days 9.5-15.5 and showed that EZH2 was highly expressed 

in most areas of the embryos at day 9.5, while by day 11.5 EZH2 expression had significantly decreased 

(Caretti et al., 2004). In cultured mouse muscle satellite cells, EZH2 mRNA was highly expressed in 

proliferating satellite cells and decreased as differentiation continued (Caretti et al., 2004). In C2C12 

myoblasts transfected with either EZH2 or EZH2 Set domain deficient (removes HMT activity), cells with 

EZH2 transfection resulted in impaired differentiation while cells with EZH2 Set domain deficient 
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transfection did not (Caretti et al., 2004). This suggests that the HMT activity of EZH2 is the reason for the 

inhibition in muscle differentiation. In human primary myoblasts, EZH2 was seen to be expressed in 

proliferating myoblasts and was downregulated after differentiation as well (Stojic et al., 2011). EZH2 was 

also noted to be required for adult satellite cell maintenance. Mice that had a deletion of EZH2 in their 

satellite cells had less of muscle postnatal pax7 cells (important for satellite cell specification and survival), 

reduced muscle mass, and had problems with proper muscle regeneration (Juan et al., 2011). The 

relationship between EZH2 and the epigenetic modification miRNA was studied and showed that mIR-214 

(found repressed by PcG proteins in undifferentiated skeletal muscle cells) reduced the EZH2 protein levels 

and increased muscle differentiation and gene expression in C2C12 cells (Juan et al., 2009). These studies 

highlight the critical role of EZH2 as an HMT in both cancer and early development of skeletal muscle 

cells. In terms of exercise and skeletal muscle angiogenesis, EZH2’s epigenetic functions need to be 

investigated to further understand the full potential role EZH2 could play in gene expression and exercise 

in skeletal muscle.  

 

1.7. The control of epigenetic processes by MDM2 
 

The oncoprotein MDM2 is an E3 ubiquitin ligase, and can be seen to have epigenetic functions as 

it can ubiquitinate histones, interact with transcriptional repressors, and interact with transcription factors 

which will lead to changes in gene expressions. Majority of the epigenetic research on MDM2 is in the 

context of cancer. MDM2 can be controlled by post-translational modifications through controlling its 

conformation (Fåhraeus & Olivares-Illana, 2014). Ternary complexes can function to change the substrate 

specific of MDM2 (Fåhraeus & Olivares-Illana, 2014). For example, Notch 1 is seen to form a ternary 

complex with MDM2 which then promotes the ubiquitination and signalling of the Notch 1 pathway (as 

reviewed by Fåhraeus & Olivares-Illana, 2014). MDM2 can bind to the chromatin and to other epigenetic 

related proteins. In a study done on cancer cells, MDM2 was seen to bind to the chromatin with and without 
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P53 (Riscal et al., 2016). MDM2 can mono-ubiquitinate histone 2A and 2B in cancer cells as well; MDM2 

can cause transcriptional repression due to its RING domain, therefore, the mono-ubiquitination of H2A 

and H2B by MDM2 can cause gene silencing (Minsky & Oren, 2004). In cancer cells, MDM2 was 

associated with androgen receptor and HDAC1 to mediate the ubiquitination of these proteins (Gaughan, 

2005). Cancer cells under oxidative stress showed that the protein kinase human MPS1 phosphorylated 

MDM2 which then promoted the ubiquitination of H2B and led to chromatin loosening and gene activation 

(Yu et al., 2016). In vascular smooth muscle cells, MDM2 was shown to ubiquitinate HDAC1 which led to 

HDAC1 degradation and facilitated vascular calcification (Kwon et al., 2016). The deubiquitinase enzyme 

USP49 (known to deubiquitinate H2A) was observed to suppress MDM2 activity in cancer cells (Shi et al., 

2022). The overexpression of USP49 suppressed MDM2 by directly binding to the promoter of the MDM2 

gene and increased the P53 tumour suppressor’s target genes (Shi et al., 2022). In mouse embryonic 

fibroblasts (MEFs) and cancer cells, Tip60 which is a HAT and a cofactor of transcription, was shown to 

interact with MDM2 through co-immunoprecipitation and the overexpression of Tip60 lead to an increase 

in MDM2 protein levels (Dohmesen et al., 2008). The E3 ligase NEDD4 can interact physically with 

MDM2 on the RING domain to stabilize it (Xu et al., 2015). In MEFs, MDM2 ubiquitination increased as 

NEDD4 overexpression increased (dependent on time and concentration) (Xu et al., 2015). The co-

immunoprecipitation of endogenous proteins showed that MDM2 directly interacts with the histone 

methyltransferase protein EZH2 from the transcriptional repressors PRC2 complex (Wienken et al., 2016). 

The knockout of MDM2 and EZH2 in MEFs suggested that MDM2 and EZH2 can co regulated certain 

genes. In MEFs, MDM2 knockout had the same effect on gene expression that knocking out EZH2 had 

(Wienken et al., 2016; Wienken et al., 2017). Results from a targeted chromatin immunoprecipitation 

(ChIP) revealed reduced H3K27me3 and H2AK119ub levels on the homeotic transcription factors (HOX) 

genes in the MDM2 MEFs knockout (Wienken et al., 2017). In their supplemental data, the authors show 

that some angiogenesis related genes were affected by MDM2/ EZH2. MEFs with MDM2 knockout showed 

changes in KDR (VEGFR2, upregulation) and Notch 1 (downregulation) gene expression (Wienken et al., 

2016), both known to play a role in skeletal muscle angiogenesis (see paragraph 1.3 above). MDM2 as an 
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E3 ligase has many functions that range from angiogenesis to epigenetics and is seen playing a role in both 

physiological and pathophysiological conditions.  

Since MDM2 is a complex protein with different roles, this thesis aims to investigate the impact of 

endurance exercise and training on histone modifications putative regulated by the MDM2 and EZH2 

pathway and to delineate whether it can impact skeletal muscle angiogenesis.  
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Chapter 2: Gaps of knowledge, scientific question, and research 

objectives 
 

2.1. Gaps of Knowledge 
 

One single bout of exercise can increase both pro- and anti- angiogenic signals in the skeletal 

muscle. Repeated bouts of exercise at the same intensity over two weeks (short-term training), will enable 

a pro-angiogenic shift to allow for exercise- induced skeletal muscle angiogenesis to occur (Haas & 

Nwadozi, 2015). After about four to eight weeks of the same intensity training, capillary growth stabilizes 

due to capillarization matching the blood supply to the metabolic needs of the contracting myofibers (Haas 

& Nwadozi, 2015). This silences the pro-angiogenic signals and stops capillary growth and corresponds to 

the prolonged training angiogenic plateau. The role of epigenetic mechanisms in the context of exercise-

induced skeletal muscle angio-adaptation is unknown. As discussed above, histone mark H3K27me3 can 

silence gene expression. To our current knowledge, there is no clear understanding of how H3K27me3 is 

affected during the time course of exercise training in the skeletal muscle and if this could support the 

prolonged training angiogenic plateau.  

MDM2 has many functions that depend on its interaction with certain proteins (Fåhraeus & 

Olivares-Illana, 2014). Our laboratory has shown that MDM2 was a key protein in exercise- induced 

skeletal muscle angiogenesis (Roudier et al., 2012) and can regulate the expression of transcription factors 

and angio-adaptive molecules such as VEGF-A and TSP-1. Our lab has also observed that MDM2 increases 

with six weeks of endurance training (Roudier et al.,2013). Recent studies have suggested that MDM2 has 

epigenetic functions, including the regulation of H3K27me3 through direct interaction with EZH2 (subunit 

of PRC2 complex) (Potente et al., 2005; Wienken et al., 2016). MDM2 deletion in MEFs exhibited an 

upregulation of KDR, which was mirrored in EZH2 deleted MEFs (Wienken et al., 2016); which could 

impact the angiogenesis process. Yet, the contribution of Mdm2 and EZH2 to H3K27me3 silencing marks, 

and particularly on KDR, has never been investigated in the context of skeletal muscle angiogenesis. 
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2.2. Scientific question and research hypothesis 
 

Could Mdm2 and EZH2 regulate physiological muscle angiogenesis in skeletal muscle via the 

establishment of the silencing epigenetic mark H3K27me3? 

 My hypothesis is that endurance exercise or training modifies the abundance of post-translational 

modifications of histone H3, including H3K27me3, regulated by the MDM2 and EZH2 pathway to promote 

these marks on angiogenic genes including KDR (Figure 2.1). This scientific question and hypothesis will 

be addressed through the following research objectives. 

 

 

Figure 2.1: Diagram of MDM2 and EZH2 pathway acting on the promoter region of the KDR gene. 

MDM2 and EZH2 epigenetic marking causing H3K27me3 silencing marks to act on the promoter of KDR 

to regulate the angiogenic gene in the context of exercise. 

 

 

2.3. Research objectives 

 

Objective 1: To characterize whether short-term training (fourteen-day) alters the response of 

histone modifications and histone modifiers to an acute bout of exercise.  

To test the impact of short-term training on the response to acute exercise, C57BL6 female mice were 

endurance trained for 14 days or remain sedentary before being subjected to an acute bout of exercise. 

Muscle collection was performed before, immediately after acute exercise, or 3 hours post recovery from 

acute exercise, creating 6 groups of mice, as indicated below:  

Sedentary control Sedentary acute  Sedentary 3-hour recovery  

Trained control Trained acute  Trained 3-hour recovery  
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The gastrocnemius muscle was used to analyse the levels of histone modifications and histone modifiers. 

 

Objective 2: To characterize the effect of long- term endurance (nine weeks) training on the histone 

modifications potentially regulated by histone modifiers MDM2 and EZH2.  

To test the impact of long- term training C57BL6 female mice were endurance trained for 1 hour 5 days a 

week for 9 weeks or remain sedentary. Muscle collection was performed 72 hours after last bout of exercise. 

Protein and mRNA expressions will be measured predominantly in the gastrocnemius muscle, and in the 

plantaris and the soleus muscle. 

For objectives 1 and 2, the global abundance of the silencing mark H3K27me3 in response to acute 

exercise, short-term and long-term endurance training will be measured by western blots, to assess whether 

an increase of MDM2 positively correlates with changes in H3K27me3. The presence of H3K27me3 in a 

DNA loci influences the establishment of other epigenetic marks, such as H2AK119Ub and H3K4me3 

(Wienken et al., 2016; Kanki et al., 2022). The impact of exercise training on these epigenetic marks will 

also be investigated. Histone modifiers EZH2 and NEDD4 interact with MDM2, their protein expressions 

will also be measured.  

 

Objective 3: To determine the impact of endurance training on the expressions of angiogenic genes 

regulated by MDM2 and EZH2. 

MDM2 could directly interact with EZH2 and both were observed to regulate the angiogenic gene KDR in 

MEFs (Wienken et al., 2016), Kdr mRNA levels in the gastrocnemius and plantaris of long-term endurance 

trained (nine weeks) C57BL6 female mice will be measured to determine potential correlation between 

MDM2, H3K27me3, and Kdr mRNA expression levels. EZH2 inhibitor GSK343 will be used to inhibit 
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EZH2 in mouse skeletal muscle microvascular endothelial cells in vitro (mSMECs) to determine whether 

EZH2 activity impacts KDR mRNA expression.  

 

Objective 4: To specifically assess histone modifications involved in the regulation of the angiogenic 

gene KDR.  

H3 is tri-methylated on lysine 27 (H3K27) through the action of EZH2 which induces gene silencing. 

Analysis of the amount of histone silencing mark H3K27me3, on the gene KDR, will be done in sedentary 

and long-term endurance (9 weeks) trained gastrocnemius muscle of C57BL6 female mice.  
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Chapter 3: Methods 
 

Ethical approval: 

Long term training and care of C57BL6 female mice were done by Dr. Abdul Sater’s lab. Surgery 

and muscle collection for long term trained mice were done by our lab and Dr. Abdul Sater’s lab. Acute 

exercise training and care of C57BL6 female mice were done by our lab and Dr. Olivier Birot’s lab. Surgery 

and muscle collection for acute exercise trained mice were done by our lab and Dr. Birot’s lab. COX-IV 

protein expression in the 9 weeks trained gastrocnemius muscle was measured by previous lab student 

Akash Mudur (Figure 4.5A). MDM2 and EZH2 protein expressions in the 9 weeks trained gastrocnemius 

was measured by previous graduate student Manpreet Gulri (Figure 4.5B). Dr. Emilie Roudier and Dr. 

Abdul Sater received ethical approval from York University Committee Animal Care. 

 

3.1. Long term training  
 

Fourteen 7 weeks old female C57Bl6 mice were divided in a trained vs. sedentary group both at 

n=7. Standard chow was used to feed all mice and sedentary mice were allowed to roam their cages. Mice 

were acclimatized to treadmill exercise for five days at 20m/min prior to the nine-week training program. 

For the nine-week training program, mice ran for one hour per day, for five days per week. As the training 

program continued, the speed gradually increased up to 30 m/min: week one – 20 meters/min, week two - 

22m/min, week three - 24.2m/min, week four - 26.6m/min, weeks five-nine - 30m/min, representing speeds 

of 1.2 kmph to 1.8 kmph. The mice ran at approximately 70-75% of their VO2 max, which is categorized 

as moderate to vigorous intensity. After 9 weeks, sedentary and trained mice were anaesthetized 

(isoflurane/oxygen inhalation) 72 hours after the last bout of exercise. Several lower limb muscles 

(including the soleus, gastrocnemius, and plantaris) were removed, weighted, and snap-frozen in liquid 

nitrogen.  
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3.2. Acute exercise training  
 

Forty 8 weeks old female C57Bl6 mice were divided into two groups: sedentary and trained. Each 

group was further subdivided into three exercise conditions, 1 hour acute (n=6), 1-hour acute exercise with 

3-hour recovery (n=7), and no 1-hour acute exercise/ control (n=7). All mice were fed standard chow and 

were allowed to roam their cages. All mice were acclimatized one week (starting at 2 cm/s and went up to 

10 m/min for 10 minutes/day) before the acute exercise protocol. For the training group, fourteen days of 

daily 1-hour acute exercise of treadmill running was performed, slowly increasing the speed from 10m/min 

to 24m/min then maintaining the speed at 5% incline. There was a 24-hour washout period from the last 

training period before the performing the acute bout of exercise. Food and water were removed one hour 

prior to the acute bout of exercise. All mice, except sedentary control/trained control, performed 1-hour 

acute exercise at max speed of 24 m/min at 5% incline. The mice were anaesthetized (isoflurane/oxygen 

inhalation) for immediate muscle collection after the 1-hour acute exercise. Several lower limb muscles 

(including the soleus, gastrocnemius, and plantaris) were removed, weighted, and snap-frozen in liquid 

nitrogen. 

 

3.3. Cell culture and treatment 
 

Primary mouse skeletal muscle microvascular endothelial cells (mSMECs) from C57Bl6 mice were 

purchased from Cedarlane Labs (C57-6220). Mouse SMECs were cultured at 37 °C and 5% CO2 in 

complete mouse endothelial cell medium (Cell Biologics; cat# M1168), n=6 for protein and n=4 for RNA 

analyses. Cells from passage 7 were used and then plated on 60 mm dishes or 6 well plate coated with 1.5% 

gelatin at a density of 200,000 cells when at passage 9. Cells were then treated with EZH2 inhibitor GSK343 

(Cell signalling; cat# 66244S) for 48 hours at a concentration of 1µM.  Control cells were treated with 

DMSO (Sigma- Aldrich; cat# D2650). RNA and protein were collected after 48 hours from control and 

GSK343 treated mSMECs. RNA was collected in 700 µL of QIAzol lysis reagent (cat # 79306, Qiagen, 



43 
 

Toronto, Canada) and protein was collected in 150 µL of complete Radio Immuno-Precipitation Assay lysis 

(RIPA buffer) (50 mM Tris Base, 100mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 5mM EDTA, 

pH 8.0) with protease inhibitor 1mM PMSF, phosphatase inhibitors 1 mM NaF and Na3VO4, a protease 

inhibitor cocktail (Complete mini, Roche Diagnostics; cat #049006845001) and a phosphatase inhibitor 

cocktail (Complete mini, Roche Diagnostics; cat #11836153001). Protein and RNA isolation done as 

outlined below.  

C2C12 differentiated myotubes protein extracts were received from Dr. Birot’s Lab. C2C12 

differentiated myotubes were cultured and extracted according to Lemieux et al., 2022.  

 

3.4. Protein extraction  
 

For skeletal muscle protein extracts; protein extracts were collected from plantaris and 

gastrocnemius muscles of 9 weeks of trained C57BL6 female mice. 30-50 mg muscle tissues were collected 

and submersed in complete RIPA buffer. Muscles were lysed twice using the tissue homogenizer Retsch 

MM400 (Mixer Mill, Retsch GmbH, Haan, Germany) at for 30 pulses/second for 30 seconds. Muscle 

homogenates were sheared in the Bioruptor for 8 cycles for 15 seconds ON and 45 seconds REST. The 

generated homogenate was centrifuge at 4°C for twenty minutes at 12,000 g, and the supernatants were 

collected to serve as homogenates. Skeletal muscle protein extracts were quantified using BCA methods as 

outlined below.  

For mSMECs protein extracts, cells were washed with cold 1X PBS three times and then collected 

in 150 µL complete RIPA buffer. Cells were then sheared using the Bioruptor for 5 cycles with 30 seconds 

ON and 30 seconds REST. After shearing cells were centrifuged for fifteen minutes at speed 12,000g at 

4°C.  
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3.5. Protein concentration determination 
 

 Protein concentrations were determined using the bicinchoninic acid assay (BCA). Muscle and cell 

protein extracts were loaded in triplicates and measured at 562 nm absorbance on Gen5 plate reader Biotek. 

Standard curve plotted by bovine serum albumin (A7906 Sigma-Aldrich). Cell protein samples were diluted 

1:5 with ddH2O and muscle protein samples were diluted 1:20 with ddH2O. BCA reagents bicinchoninic 

acid (Sigma-Aldrich; cat# 32 B9643) and copper (II) sulfate solution (Sigma-Aldrich; cat# C2284) were 

used and samples with BCA reagents were incubated at 37 °C for thirty minutes.  

 

3.6. RNA isolation 
 

Muscle RNA isolation and purification was performed using RNeasy fibrous tissue mini kit 

(Qiagen, cat# 74704). 15 mg of gastrocnemius and plantaris muscles were lysed in RLT buffer from kit and 

homogenized in tissue homogenizer Retsch MM400. Cell mSMECs RNA isolation and purification was 

performed using the miRNeasy micro kit (Qiagen, cat #217004). RNA was quantified using Gen5 plate 

reader Biotek at 1:20 dilution 260/280 nm absorbance.  

 

3.7. Western blotting  
 

 20 µg of protein samples were denatured and loaded on SDS- PAGE, blotted on 0.2 µm or 0.45 µm 

nitrocellulose membrane. Membranes were blocked with 5% fat-free milk. Antibodies used were; 

H3K27me3: predominantly Diagenode (C15410195, Burlington, Canada), Diagenode (C15410069, 

Burlington, Canada), and Cell signalling (C36B11, Whitby, Canada), PECAM (CD31): Invitrogen CD31 

polyclonal antibody (PA5- 16301, Burlington, Canada), a/b Tubulin: Cell signalling (21485, Whitby, 

Canada), MDM2: rabbit (D1V2Z) Cell signalling (86934, Whitby, Canada) and 2A10 non- commercial 

mouse (kindly provided by Dr Mary Ellen Perry NIH), EZH2: (DC29) Cell signalling (5246, Whitby, 
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Canada), H3: mouse Cell signalling (3638, Whitby, Canada) and Ubiquitin: mouse (P4D1) Cell signalling 

(3936, Whitby, Canada), COXIV: Cell signalling (4844S, Whitby, Canada), NEDD4: Cell signalling 

(2740S, Whitby, Canada), H3K4me3: Cell signalling (9727S, Whitby, Canada), p-EZH2:  Cell signalling 

(7888S, Whitby, Canada), H3K9/14ac: Diagenode (15410200, Burlington, Canada), H2AK119ub: Cell 

signalling (8240T, Whitby, Canada), H2A: Cell signalling (2578, Whitby, Canada).  

 

3.8. Immuno-precipitation 
 

 30-50 mg of control gastrocnemius muscles’ proteins were extracted and sheared as outlined above. 

Day one consisted of washing 20 µL protein magnetic A beads (cat# 73778, Cell signalling, Whitby, 

Canada) in 500 µL of RIPA without inhibitors, then preclearing 200 µL of lysate (600 µg of muscle protein 

and complete RIPA) with washed magnetic A beads for twenty minutes at room temperature. Lysate was 

then incubated overnight on rotation at 4 °C with 5 µg of either H3K27me3 (cat# C15410195, Diagenode, 

Burlington, Canada) or rabbit IgG (cat# C15410206, Diagenode, Burlington, Canada) antibodies. Day two 

consisted of washing 20 µL protein magnetic A beads with 500 µL of RIPA without inhibitors and then 

transferring the lysate with antibodies into pre-washed magnetic beads. Incubate the samples for twenty 

minutes on rotation at room temperature. The magnetic beads fixed with the immunocomplex was then 

separated using a magnetic rack. The immunocomplex was washed five times in 500 µL RIPA without 

inhibitors and kept on ice in between washes. 30 µL of 1/5 DNB: RIPA was used to resuspend the 

immunocomplex and then followed western blotting procedure with 20 µg of control muscle as input. Anti- 

ubiquitin mouse and anti- H3 mouse antibodies were used for immuno-blotting.   
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3.9. RT-qPCR 
 

 Reverse transcription was done using 500 ng of RNAs extracted from muscles or cells using the 

high-capacity RNA to cDNA kit (cat# 4387406, Thermofisher Scientific, Burlington, Canada).  Real- time 

qPCR was run using Taqman probes (listed below) and Taqman fast advanced master mix (cat# 4444557, 

Thermofisher Scientific, Burlington, Canada) in triplicates. PCR was run for 40 cycles of denaturation at 

95°C for 3 seconds, and annealing and extension at 60°C for 30 seconds. KDR, NOTCH, and HPRT were 

measured in RNA extracts from muscles and cells.  

 

List of TaqMan probes used to measure RNA transcripts. 

Assay ID Target Sequences 

Mm01545399 HPRT GGACTGATTATGGACAGGACTGAAA 

Mm01222421 KDR CATCCTAGAGCGCATGGCACCCATG 

Mm00627185_m1 NOTCH-1 GCCGCAAGAGGCTTGAGATGCTCCC 

 

3.10. Chromatin immuno- precipitation followed by qPCR 
 

30-60 mg of nine weeks trained gastrocnemius muscles were homogenized in cooled PBS with 

protease inhibitor cocktail (cat # 04900684500, Complete mini, Roche Diagnostics) and a phosphatase 

inhibitor cocktail (cat # 11836153001, Complete mini, Roche Diagnostics), 5 mM of butyrate, and 10 mM 

of GSK-J4 (inhibitor of H3K27me3 eraser, cat#14071, Active Motif, Burlington, Canada). After 

centrifugation at 12,000 g, the pellets were fixed with 1% paraformaldehyde for fifteen minutes at room 

temperature to allow for cross link; to stop the cross link, 10X glycine was added and incubated for five 

minutes. The pellet was resuspended in ChIP lysis buffer from Thermofisher ChIP kit (cat# 26157, 

Thermofisher, Burlington, Canada) and was sheared in the Bioruptor for 10 cycles for 15 seconds ON and 

45 seconds REST, to have DNA fragments between 450-900 base pairs (bp) as verified by DNA gel (see 

supplemental data; Figure 6.6), and PCR purification was later done on PCR products to measure the 
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fragment sizes (supplemental data; Figure 6.6). After centrifugation at 12,000 g for twenty minutes, 

chromatin was collected and diluted 1:5 (not input samples) in ChIP buffer solution from Thermofisher 

ChIP kit and was incubated with either anti-H3K27me3 antibody (cat# C15410195, Diagenode, Burlington, 

Canada) or anti-H3 pan antibody (cat# C15200011, Diagenode, Burlington, Canada) at 6 µg concentration 

overnight at 4°C on rotation. Samples had 20 µL of protein A/G ChIP grade magnetic beads from 

Thermofisher ChIP kit and incubated for two hours at 4°C on rotation. Samples were then washed three 

times with a low salt wash and one time with a high salt wash from ChIP kit.  The samples with beads were 

resuspended in 150 µL of elution buffer from Thermofisher ChIP kit and was incubated at 65°C for forty 

minutes. After collecting the supernatant, RNAse A (ChIP kit) was added and incubated at room 

temperature for fifteen minutes, and then proteinase K (ChIP kit) was added and incubated at 65°C for two 

hours. DNA fragments were then purified using spin columns provided in the Thermofisher ChIP kit. 

Nuclease free water was used to eluate the DNA fragments; 50 µl of nuclease free water was added to the 

columns, eluates were collected after two minutes of centrifugation at 10,000 g.  

2.5 µL of undiluted ChIP products or 2.5 µl of the 20% INPUT were used to quantify the presence 

of DNA fragments corresponding to the TSS region of the KDR promoter using semi-quantitative PCR 

(qPCR). Briefly, ChIP products or INPUT were mixed with Thermofisher master mix and custom designed 

probes for KDR gene. Two Custom Taqman probes were originally designed and purchased from 

Thermofisher. These probes were designed to ensure amplification of the TSS regions of the KDR gene 

where CpG islands were previously reported to be enriched in H3K27me3; according to Wienken et al., the 

TSS region was located on Chr5 starting at 76374433 and ending at 76373341. The efficiency of the qPCR 

was tested by ChIP products, generated using the anti-H3 antibody as a positive control. CT values obtained 

using the KDR ChIP 1 probe showed more relying data than KDR ChIP 2. Therefore, qPCR was run on all 

samples using KDR ChIP probe 1, for 40 cycles of denaturation at 95°C for 3 seconds, and annealing and 

extension at 60°C for 30 seconds.  

Taqman probe used to measure KDR: 
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KDR-ChIP1 Sequence Tm Size of amplicon 

(bp) 

Forward Primer CATGACAAAACCCACCCAGAT 58  

68 Reverse Primer TGGACCTAAGGATAGGCATTCTGT 59 

Probe CCATGTGGATAAATC 69 

KDR-ChIP2 Sequence Tm  

Forward Primer GGCCATGGACGTGGCTTA 59  

70 Reverse Primer GGAGATTGAGCTCAGGACATCAG 59 

Probe AAGTAAAGTGCTTCCTGCTGA 69 

 

 

3.11. PCR purification and DNA gel 
 

 qPCR reactions were first run using PCR probes and diluted INPUT products to ensure that the 

probes generated the correct size of amplicons (as listed above). The purification of the products of PCR 

were performed using Pure link PCR purification kit (cat# K310001, Thermofisher, Burlington, Canada). 

PCR purified products were loaded onto a 2% agarose gel using ethidium bromide and 1X TE buffer (100 

mM Tris base, 10mM EDTA, pH 8), confirming the correct size of amplicon. DNA gel used 100 bps DNA 

ladder (cat# N3231S, New England Biolabs, Whitby, Ontario) and DNA loading gel (cat# B7025S, New 

England Biolabs, Whitby, Ontario).  

 

3.12. Determination of % of INPUT 
 

The enrichment in H3K27me3 marks was estimated using the percentage of input (% INPUT) as 

described by Solomon et al., 2021. The % INPUT can be calculated once quantification cycles (Cq), also 

called cycle threshold (CT), of the INPUT (CqIN) and the ChIP product (CqCHIP) are estimated; however, 

but it needs to take into consideration the dilution factor (DF). ChIP protocol was performed at constant 

volume. Taking in consideration the initial volume of lysate used for the IP and for the input and the dilution 



49 
 

performed to have an INPUT at 20%, the INPUT was 20 times more diluted than the ChIP product. The 

dilution factor was then 20. Therefore, the % INPUT was calculated using the following formula:  

% INPUT = 2 (CqIN  - Log2 (DF) - CqCHIP), where DF = 20. CqIN and CqCHIP are determined by qPCR (see above). 

% of INPUT was calculated for anti-H3K27me3 ChIP product and for anti-H3 as a positive control to 

ensure the ChIP procedure worked.  

 

3.13. Statistical analyses 
 

All statistical analyses were performed on Graph pad Prism, using student t-test, Welch t- tests, 

two-way ANOVA, and significance of P≤0.05. All data are presented with mean +/- S.E.M. Tukey testing 

was used to test multiple comparisons in the ANOVA analyses. F test was used to compare variances.  
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Chapter 4: Results  
 

4.1 H3K27me3 is detected at 17 kDA and 25 kDA in the skeletal muscle tissue 
 

EZH2 mediated silencing mark H3K27me3 was of interest because MDM2 was seen to physically 

interact with the PRC2 complex subunit EZH2 (Wienken et al., 2016). H3K27me3 and EZH2 were usually 

measured in cancer cells (Duan et al., 2020). First, we used both whole skeletal muscle gastrocnemius pool 

from control C57BL6 female mice and C2C12 pool to test if we could detect H3K27me3 in muscle tissues 

and cells. Using 20 µg protein concentration from whole skeletal muscle and C2C12 pool, H3K27me3 was 

detected at 17 kDA (Figure 4.1). A surprising result was that there was an unexpected band at 25 kDA for 

both muscles and cells (Figure 4.1). This led us to test two more antibodies of H3K27me3 to ensure there 

was no non-specific binding occurring. H3K27me3 was detected by all three antibodies at both 17 kDA 

and 25 kDA in both muscle and C2C12 cells (Figure 4.1). This suggests that there could be certain post 

translational modifications occurring with tri-methylation on H3 lysine 27. 

 

Figure 4.1: Protein levels of H3K27me3 show bands at 17 and 25 kDA in both skeletal muscle (gastrocnemius) 

from C57BL6 female mice and differentiated mouse C2C12 myotubes (C2C12 diff). Three different antibodies 

were used to detect H3K27me3 to confirm the specificity of the 25 kDA. Each antibody showed both a 17 kDA and 

a 25 kDA band for both cells and muscle. Antibodies used: antibody 1-Diagenode (C15410195, Burlington, Canada), 

antibody 2- Diagenode (C15410069, Burlington, Canada), and antibody 3- Cell signalling (C36B11, Whitby, Canada) 

 

The next step was to investigate what the 25 kDA band could be. Indeed, NEDD4 is an E3 ubiquitin 

ligase, known to ubiquitinate and to stabilize MDM2 (Xu et al., 2015). Recently, NEDD4 was reported to 
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ubiquitinate H3 which caused the band to appear at the 25 kDA mark (Zhang et al., 2017). MDM2 is an E3 

ubiquitin ligase, which means it can mono- or poly- ubiquitinate proteins, including histones H2A and H2B 

(Minsky & Oren, 2004). Additionally, MDM2 was observed to interact with the PRC2 complex, meaning 

it could potentially influence the EZH2 mediated histone mark H3K27me3 (Wienken et al., 2016). This led 

us to believe that the 25 kDA band could be a ubiquitinated form of H3. We immuno-precipitated 600 µg 

of whole skeletal muscle (control gastrocnemius) extract with anti-H3K27me3 antibody and then immuno-

blotted for ubiquitin or H3. According to our immuno-precipitation (IP), we were able to detect H3 at 17 

kDA, and a band at a higher molecular weight (25kDA) (Figure 4.2). Our negative control showed some 

non-specificity for the band detected at 17 kDA with our protocol (Figure 4.2). At 25 kDA, the control IgG 

did not lead to any band detection (Figure 4.2). This supports the notion that the band detected at 25 kDA 

is H3. While specific, the higher band is less abundant than the 17 kDA band (Figure 4.2). The densitometry 

of 17 kDA of H3 to its control IgG is about 2.0. When pulling down H3K27me3 and blotting for ubiquitin, 

a band was detected at the 25 kDA (Figure 4.2). Our negative control showed non-specificity detection for 

the 25 kDA band, however the densitometry of the 25 kDA band clearly indicated more ubiquitin being 

detected with pulling down H3K27me3 than the control rabbit IgG, with H3K27me3 to control IgG equal 

to 1.43 (Figure 4.2).  This suggests that the observed 25 kDA could be a ubiquitinated form of H3 as it 

appeared more strongly in the IP compared to its control IgG.  
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Figure 4.2: Immunoblotting for H3 and Ubiquitin after immunoprecipitation of H3K27me3 shows detection of 

both Ubiquitin and H3 at a molecular weight of 25 kDA. Immuno-precipitation (IP) of H3K27me3 in 600 μg of 

control gastrocnemius muscle from C57BL6 female mice shows protein expressions of ubiquitin and H3 present at 

the 25 kDA band. Input was loaded at 20 μg concentration. Table shows IP to IgG ratio calculations based on 

densitometry signals from immunoblots.  

 

 

4.2 Impact of fourteen days of endurance training on the acute response of histone 

modifications and histone modifiers to a bout of exercise in the gastrocnemius 

muscle 
 

Next, we investigated the effect of exercise on MDM2 and the silencing mark H3K27me3. Since 

most literature studies exercise and activation marks, we decided to research more in depth the global 

abundance of the silencing mark H3K27me3 in the muscle epigenome to see if there is an overall 

enrichment of this silencing mark with exercise/training, independently of the location in the genome. The 

fourteen-day endurance training with an acute bout of exercise protocol aimed to test whether fourteen days 

of training could impact the acute response of certain histone modifications and histone modifiers to a bout 

of exercise. 

First, we measured the proteins (referred to as histone modifiers) reported to regulate the 

establishment of these histone marks or the ubiquitination of H3: MDM2, EZH2, and its phosphorylated 

form on Threonine-311 (p-EZH2), and NEDD4 (Wienken et al 2016; Zhang et al., 2017; Minsky and Oren 
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2004). Next, we measured the global abundance of two histone modifications associated with gene silencing 

H3K27me3, H2AK199Ub, and one histone modification associated with gene activation, H3K4me3.  

Using gastrocnemius protein extract, we investigated whether the protein levels of the E3 ubiquitin 

ligases capable of ubiquitinating histones, i.e., MDM2 and NEDD4, could change differently in response 

to an acute bout of exercise in sedentary and trained mice. We observed that MDM2 decreased by 39% in 

the 3-hour recovery after an acute bout of exercise only in the trained group, not in the sedentary group 

(Figure 4.3A & 4.3B). There were no significant changes detected in protein levels of NEDD4 with this 

acute exercise protocol in both sedentary and trained mice (Figure 4.3A & 4.3B). Since EZH2 catalyzes the 

establishment of H3K27me3, and the phosphorylation of EZH2 is associated with a lack of ability to 

catalyze H3K27me3 marks (Wan et al., 2018), we measured the protein levels of these histone modifiers. 

We observed no changes in the protein levels of EZH2 or p-EZH2 with fourteen-day training with an acute 

bout of exercise (Figure 4.3A & 4.3B.) 

With regards to our histone modifications, we saw that H3K27me3 does not change at the 17 kDA 

band, however at the unexpected molecular weight of 25 kDA band we saw an overall decrease with acute 

bout of exercise (Figure 4.4A). Indeed, the two-way ANOVA analysis demonstrated an overall effect of 

the acute bout of exercise, independently of the training status (P0.01). In the trained group, the level of 

the 25 kDA band significantly lowered by 54% after the 3 hours recovery period than before the bout of 

exercise. In the sedentary group, the acute bout of exercise had no significant impact of the levels of the 25 

kDA bands detected. Acute exercise with or without recovery had no effect on the global abundance of 

H2AK119Ub and no effect on the global abundance of H3K4me3 in both sedentary and trained groups 

(Figure 4.4B & 4.4C). 
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Figure 4.3: E3 ubiquitin ligase MDM2 decreases with 3 hours of recovery after an acute bout of exercise in 14 

days trained mice. Effects of acute exercise protocol in sedentary and 14 days trained C57BL6 female mice 

gastrocnemius in protein expressions of MDM2, NEDD4, EZH2, and p-EZH2. (A) representative immunoblots for 

histone modifiers MDM2, EZH2, NEDD4, and p-EZH2. (B) two-way ANOVA for quantitative analyses for protein 

expressions and F-tests used to compare variances. Data shows mean +/- S.E.M., n=6. * Indicates significative 

differences P<0.05. Western blots are labelled as it follows: SC, sedentary control; SA, sedentary immediately post 
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acute bout of exercise; SR sedentary 3 hours post exercise (recovery); TC, 14 days training control; TA 14 training 

immediately post acute bout of exercise; TR, 14 days training 3 hours post acute bout of exercise (recovery). 

 

 

 

Figure 4.4: The overall effect of an acute bout of exercise with EZH2 mediated silencing mark H3K27me3 is 

the decrease at the unexpected molecular weight of 25 kDA. Effects of acute exercise protocol in sedentary and 14 

days trained C57BL6 female mice gastrocnemius in protein expressions of H3K27me3 17 and 25 kDA, H3K4me3, 

and H2AK119ub. (A) representative immunoblots for histone modifications H3K27me3 and two-way ANOVA for 

quantitative analyses for protein expressions of H3K27me3 and F-tests used to compare variances. (B) representative 

immunoblots for histone modifications H2AK119ub and two-way ANOVA for quantitative analyses for protein 

expressions of H2AK119ub and F-tests used to compare variances. (C) representative immunoblots for histone 

modifications H3K4me3 and two-way ANOVA for quantitative analyses for protein expressions of H3K4me3 and F-
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tests used to compare variances. Data shows mean +/- S.E.M., n=6. * Indicates significative differences P<0.05. 

Western blots are labelled as indicated in Figure 4.3. 

 

 

4.3 Impact of long-term endurance exercise on the resting level of histone modifications 

and associated histone modifiers in the gastrocnemius muscle 
 

Since MDM2 was reported to increase with endurance training, as seen in the vastus lateralis 

muscle of humans after 6 weeks (Roudier et al., 2013), we questioned whether the resting levels of 

H3K27me3 would also be affected by 9 weeks of endurance training in the gastrocnemius of C57BL6 

female mice.  

We first verified that 9 weeks of endurance training promoted the expected skeletal muscle 

adaptations by measuring markers of oxidative metabolism (COX-IV) and of capillarization 

(PECAM/CD31) in the gastrocnemius muscle. The protein levels of PECAM (CD31) tended to increase 

(p=0.055) and COX-IV protein levels, as measured by a previous lab member (COX-IV, unpublished data), 

increased (Figure 4.5A). With regards to MDM2 and EZH2 in the gastrocnemius muscle, both protein levels 

increased in 9 weeks endurance trained mice were measured by a previous graduate student from the lab 

(Gulri, 2020) (Figure 4.5B). We next blotted for NEDD4, since NEDD4 overexpression increased H3 

ubiquitination at the 25 kDA (Zhang et al., 2017). NEDD4 was seen to increase by 34% in response to 9 

weeks of training (Figure 4.5B).  

With 9 weeks of endurance training, the resting levels of gastrocnemius muscle showed that at the 

17 kDA H3K27me3 protein expression did not change, while the protein expression at the 25 kDA band 

increased by 183% with training (Figure 4.6A). While we did not see any changes with the histone 

modification H3K4me3 (known for activation) (Figure 4.6B), we saw a surprising 36% decrease in the 

global protein level of the H3K9/14ac mark, which is associated with gene activation mark and regulated 

by NEDD4 (Zhang et al., 2017) (Figure 4.6C).  
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Figure 4.5: Increases in skeletal muscle adaptations with increases in resting level protein expressions of 

MDM2, EZH2, and NEDD4 in long term trained gastrocnemius. Effects of 9 weeks of endurance training in 

C57BL6 female mice gastrocnemius in resting levels (72 hours after last bout of exercise) protein expressions of 

PECAM (CD31), COXIV, MDM2, EZH2, and NEDD4. (A) representative immunoblots and quantitative analyses 

for protein expressions of COXIV (measured by previous lab member) and PECAM (CD31). Welch t-tests were used 

to assess differences. (B) representative immunoblots and quantitative analyses for protein expressions of MDM2 and 

EZH2 (measured by previous lab member), and NEDD4. Welch and student t-tests were used to assess differences. 

(A and B) Welch t-test were used when F-tests indicated that variances were different. Data shows mean +/- S.E.M., 

n=4-6 for gastrocnemius. * Indicates significative differences P<0.05. 
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Figure 4.6: Resting levels of protein expression of EZH2 mediated silencing mark H3K27me3 does not change 

at 17 kDA but increases at unexpected molecular weight of 25 kDA, while histone modification H3K9/14ac 

decreases in long term trained gastrocnemius. Effects of 9 weeks of endurance training in C57BL6 female mice 

gastrocnemius in resting levels (72 hours after last bout of exercise) protein expressions of H3K27me3 17 and 25 

kDA, H3K4me3, and H3K9/14ac. (A) representative immunoblots and quantitative analyses for protein expressions 

of H3K27me3 17 kDA and 25 kDA. (B) representative immunoblots and quantitative analyses for protein expressions 

of H3K4me3. (C) representative immunoblots and quantitative analyses for protein expressions of H3K9/14ac. F-tests 

used to compare variances. Student t-tests was used to assess differences. Data shows mean +/- S.E.M., n=4-6 for 

gastrocnemius. * Indicates significative differences P<0.05. 

 

4.4 Impact of long-term endurance exercise on the resting level of histone modifications 

in the oxidative soleus and glycolytic plantaris skeletal muscles 
 

We questioned if different muscle groups would have different expressions of the resting levels of 

H3K27me3 in regards to 9 weeks of training, so we further looked into the plantaris (glycolytic muscle) 

and the soleus (oxidative muscle). Verification of vascular and metabolic adaptations in the plantaris was 

done through measuring COXIV and PECAM (CD31). We observed that PECAM (CD31) and COXIV 

protein levels increased with training by 231% and 20% respectively (Figure 4.7A), verifying that 

adaptations to exercise occurred. No changes were observed in the protein levels of MDM2, EZH2, and p-

EZH2 in the plantaris (Figure 4.7B). 

With regards to the histone silencing mark H3K27me3, we observed an 87% increase in the 25 

kDA band detected with the anti-H3K27me3 antibody with 9 weeks of endurance training in the plantaris 

(Figure 4.8A); however, no changes to the histone activation mark H3K9/14 ac (Figure 4.8B). To further 

investigate the histone silencing mark H3K27me3, we measured the protein levels in the 9 weeks trained 

soleus muscle as well. In the soleus of C57BL6 female mice, there were no changes in protein expression 

detected at the 17 or the 25 kDA band of H3K27me3 (Figure 4.8C).  
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Figure 4.7: Increases in skeletal muscle adaptations with no increases in resting levels of protein expression of 

MDM2, EZH2, and p-EZH2 in the long term trained plantaris. Effects of 9 weeks of endurance training in 

C57BL6 female mice plantaris resting levels (72 hours after the last bout of exercise) protein expressions of COXIV, 

PECAM (CD31), MDM2, EZH2, and p-EZH2. (A) representative immunoblots and quantitative analyses for PECAM 

(CD31) and COXIV in the plantaris. Student t-tests was used to assess differences. (B) representative immunoblots 

and quantitative analyses for MDM2, EZH2, and p-EZH2 in the plantaris muscle. F-tests used to compare variances. 

Welch or student t-tests were used to assess differences. Data shows mean +/- S.E.M., n=5 or 6 for plantaris. * 

Indicates significative differences P<0.05. 
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Figure 4.8: Resting levels protein expressions of histone modification H3K27me3 increases in 9 weeks trained 

plantaris with no changes in 9 weeks trained soleus. Effects of 9 weeks of endurance training in C57BL6 female 

mice plantaris resting levels (72 hours after the last bout of exercise) protein expressions of H3K27me3 17 kDA and 

25 kDA, H3K9/14ac and in soleus resting levels (72 hours after the last bout of exercise) protein expressions of 

H3K27me3 17 kDA and 25 kDA. (A) representative immunoblots and quantitative analyses for H3K27me3 17 and 

25 kDA in the plantaris. Variances were not different, student t-tests were used to assess differences. (B) representative 

immunoblots and quantitative analyses for H3K9/14ac in the plantaris. Variances were different between groups, 

Welch t-test was used to assess differences. (C) representative immunoblots and quantitative analyses for H3K27me3 

17 and 25 kDA in the soleus. Variances were similar between groups, student t-test was used to assess differences. 

(A, B, C) F-tests used to compare variances. Data shows mean +/- S.E.M., n=5 or 6 for plantaris and soleus. * Indicates 

significative differences P<0.05. 

 

 

4.5 Impact of long-term endurance exercise on one putative target genes of EZH2 and 

MDM2 
 

We wanted to understand specifically the gene expressions that could be affected by 9 weeks of 

training in regard to gene silencing. Since we observed H3K27me3 at the 25 kDA to increase with 9 weeks 

of training in the gastrocnemius and the plantaris muscles, we wanted to know if we could see any changes 

in KDR gene expression. In a study by Wienken et al., MDM2 -/- MEFs had an increase in Kdr expression 

which was mirrored in EZH2-/- MEFs as well. Since MDM2 is known to increase with training, we wanted 

to know if skeletal muscles might show a relationship between MDM2, H3K27me3, and KDR. After 9 

weeks of training, at resting levels of Kdr mRNA decreased by 44% in the gastrocnemius muscle of 

C57BL6 female mice (Figure 4.9A). We then looked at the plantaris to see if the Kdr mRNA expression 



63 
 

would also be affected, even though MDM2 and EZH2 both did not change with training. Kdr mRNA 

expression did not change with training in the plantaris (Figure 4.9A). 

 

4.6 Impact of EZH2 inhibition in skeletal muscle endothelial cells. 
 

Since KDR is highly expressed in ECs, we wanted to further investigate the expression of KDR in 

ECs in the skeletal muscle. For this, we specifically used mSMECs and inhibited EZH2 from the PRC2 

complex, which would affect the histone silencing mark H3K27me3 (Shimizu & Kawano, 2022) using 

GSK343. With GSK343 treatment in mSMECs for 48 hours at a 1 µM concentration, H3K27me3 protein 

expression decreased by 30% and Kdr mRNA expression had increased by 22% (Figure 4.9B).  

We next wanted to investigate if KDR and H3K27me3 had enhanced interactions at the KDR TSS 

with training which led to the decrease of the mRNA expression we saw in the gastrocnemius. Through 

ChIP, we pulled down the chromatin from sedentary and trained gastrocnemius of 9 weeks trained C57BL6 

female mice using anti-H3K27me3 antibody and anti- H3 pan antibody for the control gastrocnemius 

muscle to serve as a positive control. Our qPCR results showed that on the Kdr gene, although there is no 

significance, there is a tendency for an increase in tri-methylation on histone 3 lysine 27 (Figure 4.10).  
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Figure 4.9: Resting levels of mRNA expression of angiogenic gene Kdr decreases with 9 weeks training in the 

gastrocnemius, but not in the plantaris. With EZH2 inhibitor GSK343, H3K27me3 protein expression 

decreased and Kdr mRNA levels increased in mSMECs. (A) Effects of 9 weeks of endurance training in C57BL6 

female mice gastrocnemius and plantaris in resting levels (72 hours after the last bout of exercise) mRNA expression 

of angiogenic gene Kdr. Welch t-tests used for quantitative analyses for mRNA expressions and F-tests used to 

compare variances. Data show mean +/- S.E.M.  n=7 for gastrocnemius and n=5 for plantaris. *Indicates significative 

differences P<0.05. (B) Effects of 48 hours of EZH2 inhibitor GSK343 (1 µM) treatment on mSMECs in protein 

expression of H3K27me3 at 17 kDA (left) and in mRNA expression of Kdr (right). Student t-tests used for quantitative 

analyses for both protein and mRNA expressions and F-tests used to compare variances. Data show mean +/- S.E.M., 

n=6 for mSMECs protein and n=4 for mSMECs mRNA. *Indicates significative differences P<0.05. 

                       

Figure 4.10: H3K27me3 has a tendency to be enhanced on the Kdr gene promoter with 9 weeks of endurance 

training in the gastrocnemius. Distribution of H3K27me3 silencing mark on the promoter of the gene Kdr was 

analysed in resting levels (72 hours after the last bout of exercise) of 9 weeks of endurance training C57BL6 female 

mice gastrocnemius. Chromatin immuno-precipitation (ChIP) done using H3K27me3 antibody, all samples were 

relative to their 20% inputs. Student t-tests used for quantitative analyses and F- tests used to compare variances for 

ChIP. Data shows mean +/- S.E.M., n=4 for gastrocnemius. 
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Chapter 5: Discussion 
 

The focus of this thesis was to investigate the silencing mark H3K27me3 in the context of different 

exercise protocols. As highlighted above, epigenetics in the context of exercise has yet to analyze in depth 

the role of histone silencing marks. Angiogenesis and capillary formation are studied extensively as well; 

however, the mechanisms behind capillary stabilization after 4 weeks of continuous exercise at the same 

intensity and duration has not been clearly understood (Haas & Nwadozi, 2015). MDM2, a protein that has 

pro-angiogenic functions and plays a role in epigenetic functions, has been seen to physically interact with 

the PRC2 complex subunit EZH2 (Wienken et al., 2016). The PRC2 complex is a known HMT which is 

famously known for establishing the H3K27me3 silencing mark. The most surprising and novel finding in 

this thesis is that H3K27me3 was observed at two separate bands, one at 17 kDA and the other at 25 kDA 

in both skeletal muscle and C2C12 cells. H3K27me3 is a known histone mark at the 17 kDA, which is what 

we observed in our mSMECs protein expressions. Since we did not observe a 25 kDA band in our mSMECs, 

we wonder if the 25 kDA band of H3K27me3 is specific to skeletal muscle cells. Our IP in control 

gastrocnemius of C57BL6 female mice, showed that the 25 kDA band could be a ubiquitinated form of H3. 

Although, the IgG control for our IP showed some non-specificity, the intensity of our IP was much stronger 

than the IgG. The likely reason for our IgG control showing non-specificity could be due to our protocol 

not being efficient in pulling down endogenous IgG from skeletal muscle extract. Future steps would be to 

optimize our IP protocol to ensure that it can work well with skeletal muscle extracts, not just cells.  

Another interesting finding in this thesis is the protein changes of the 25 kDA band (not the 17 

kDA) of H3K27me3 with exercise and training. With the acute exercise protocol in C57BL6 female mice 

in the gastrocnemius, the H3K27me3 protein levels had an overall decrease with a 1-hour acute bout of 

exercise compared to the control trained and sedentary mice. This trend of decrease was mirrored in MDM2; 

MDM2 protein levels were observed to decrease with 3-hour recovery after an acute bout of exercise. It is 

interesting to note that MDM2, as a pro-angiogenic molecule, is decreasing after recovery from an acute 

bout of exercise in the 14 day trained mice, when in theory, we would expect to see an increase since the 
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14 days is the peak window of capillary formation/angiogenesis (Haas & Nwadozi, 2015). Even though 

MDM2 protein levels did not increase with 1 bout of exercise in human, rats, or mice, MDM2 activity 

increased through the increase of phosphorylation of MDM2 on serine 166 (Aiken et al., 2016). The 

increase in phosphorylated MDM2 can indeed support a pro-angiogenic pathway in ECs as it led to the 

increase in MDM2 activity on FOXO1 (Aiken et al., 2016). The protein levels of MDM2 increases with 

prolonged exercise training in rat plantaris muscles with an increase in capillarization as well (Aiken et al., 

2016; Roudier et al., 2012). The next step could be to measure the protein levels of phosphorylated MDM2 

on serine 166 in the acute exercise protocol to help understand the decrease of MDM2 protein expression 

we see; since phosphorylation of MDM2 on serine 166 has been observed to decrease the chromatin binding 

of MDM2 (Riscal et al.,2016), there could be a potential decrease in phosphorylated MDM2 on serine 166 

which could increase MDM2’s binding to the chromatin. The decrease in H3K27me3 silencing mark fits 

in the idea that there are less silencing occurring after 14 days of performing daily endurance exercise. This 

question whether this decrease in H3K27me3 is required for or capillary formation to support skeletal 

muscle angio-adaptation.  

With VEGF-A stimulated primary ECs, H3K4me3 and H3K27me3 were seen to be bivalent histone 

marks facilitating transcriptional regulation of certain transcription factors (Kanki et al., 2022). The PRC1 

mediated histone mark H2AK119ub had reduced due to the H3K4me3 marks fifteen minutes after VEGF-

A stimulation in ECs (Kanki et al., 2022). Along with this, H3K27me3 marks were present at all time 

frames of VEGF-A stimulation on those transcription factors (Kanki et al., 2022). The PRC2 complex can 

interact with PRC1 complex which is in charge of ubiquitinating H2AK119, which supports the 

establishment of H3K27me3 marks at PcG target genes (Uckelmann & Davidovich, 2021). H3K9/14 ac 

marks were seen to increase in response to NEDD4 and H3 ubiquitination (discussed later in depth). Thus, 

we decided to measure H3K4me3, H2AK199ub, and H3K9/14 ac. Even though H2AK199ub and the 

activation marks H3K4me3 and H3K9/14 ac that we measured did not change with the acute exercise 

protocol, it could suggest that with the 14-day acute exercise protocol, these activation marks or other 
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activation marks could be more pronounced in an earlier or later stage of angio-adaptation.  For instance, 

acetylation of H3 was seen to increase after 4 weeks of treadmill running for 60 minutes/day in rats (Ohsawa 

et al., 2018) and H3K36 acetylation increased after 60 minutes of cycling in humans (McGee et al., 2009). 

 With 9 weeks of training in C57BL6 female mice, we saw the increase in the protein expressions 

of H3K27me3 at the 25 kDA in both the gastrocnemius and the plantaris, with a stronger increase noted in 

the plantaris. MDM2 protein is most expressed in muscles that have higher oxidation and greater 

capillarization, such as the heart and soleus, compared to muscles like EDL and plantaris (Roudier et al., 

2012). This could help explain the non significance seen in MDM2 protein levels after 9 weeks of endurance 

training in the plantaris, even though there is a strong increase in H3K27me3 at the 25 kDA band with 

training, which could be linked to capillarization (discussed further below).  

MDM2 was observed to increase with 6 weeks of endurance training in humans, which was 

followed by an increase in PECAM (CD31) that shows that capillarization was achieved (Roudier et al., 

2013). The lab has also observed MDM2, along with EZH2, to increase with 9 weeks of endurance training 

in the gastrocnemius of C57BL6 female mice (unpublished data from previous master student). Going 

further with these observations, two proteins of interest were NEDD4 and H3K9/14 ac. NEDD4 physically 

interacts with MDM2 at its RING domain (where ubiquitination occurs) and NEDD4 knockout in MEFs 

showed a decreased ability to ubiquitinate MDM2 (Xu et al., 2015). With glucose, H3 was ubiquitinated 

through NEDD4, showing up at the 25 kDA band (Zhang et al., 2017). This also led to the induction of 

acetylation marks on H3 on K9 and K14, which were also dependent on NEDD4 (Zhang et al., 2017). In 

the gastrocnemius we observed NEDD4 increasing while H3K9/14 ac decreasing. This observation was an 

interesting one because it solidifies the idea that with the increase of H3K27me3 silencing mark at the 25 

kDA band with 9 weeks of training, the activation mark H3K9/14 ac decreased, meaning that silencing 

marks are more pronounced rather than activation marks with long term training.  

The mRNA levels of VEGFR2/KDR were measured in both gastrocnemius and plantaris muscle 

from 9 weeks trained C57BL6 female mice. Our interest in KDR peaked after the study by Wienken et al, 
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showing that in MDM2-/- MEFs, Kdr mRNA expression increased, which was also seen with EZH2 -/- 

MEFs (Wienken et al, 2016). KDR is known to be highly expressed in ECs; however, mRNA levels of 

KDR have been studied extensively in different muscle models. Here we found that Kdr decreased with 

training in the gastrocnemius while in the plantaris it was non significant. One reason why we could be 

observing this is because the plantaris being a glycolytic muscle, is known to achieve adaptations to exercise 

more easily than mixed or oxidative muscles (Birot et al., 2003; Egginton, 2008; Hudlicka et al., 1992). 

This was also backed up by our findings of PECAM (CD31) and COXIV protein expressions being 

increased significantly in the plantaris, while in the gastrocnemius even though it was non significant, it 

had a tendency to increase (P=0.055). This could be due to the cut of the gastrocnemius muscle during 

protein extraction, since the gastrocnemius is a mixed fiber type muscle, with both glycolytic and oxidative 

fibers, the cutting of the muscle could have been insufficient in acquiring a muscle section that would reflect 

the proper capillarization achieved from training. This could suggest that the angio-adaptation in the 

plantaris has not yet reached capillary stabilization as much as the gastrocnemius did after 9 weeks of 

training, even though both muscles had increases in H3K27me3 marks with training. 

Interestingly, other studies observed different mRNA levels of KDR. With just 1 bout of treadmill 

exercise in rats’ mRNA levels of Kdr did not increase, while after 1 hour of cycling in humans, KDR mRNA 

increased by 5 folds 4 hours postexercise (Birot et al., 2003; Gavin et al., 2004). Similar results were seen 

with resistance exercise, where KDR mRNA levels were increased 4 hours postexercise (Gavin et al., 2007). 

The KDR protein levels were doubled from basal level in muscles after two days of electrical stimulus and 

increased by 50% after 4 days in rat EDL (Milkiewicz et al., 2003). In both normoxia and chronic hypoxia 

conditions, rat gastrocnemius were observed to have decreased mRNA levels of Kdr after an acute bout of 

exercise in both sedentary and 8 weeks trained rats (Olfert et al., 2001). The potential reason for this could 

be due to the difference in the time of muscle extraction from the last bout of exercise. Our 9 weeks trained 

muscles had a 72-hour washout period, considered resting levels, before muscle extraction, this can affect 

the level of expressions of mRNA. There could be a difference in mRNA expressions of genes when 
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measuring immediate postexercise compared to resting levels after the last bout of exercise. Many genes 

can be down regulated after returning to resting levels after exercises, which could also explain the decrease 

in Kdr mRNA levels in the gastrocnemius. 

According to the research done by Shimizu and Kawano in mice tibialis anterior muscle, acute 

exercise decreased the overall abundance of H3K27me3 two hours postexercise (Shimizu & Kawano, 

2022), which was also similarly reflected in our acute exercise data. With mice administered EZH2 inhibitor 

GSK343 thirty minutes prior to their acute bout of exercise, GSK343 treated sedentary mice showed a 

decrease in H3K27me3 levels, and GSK343 treatment increased the abundance of H3K27me3 on genes 

like PGC-1α post two hours of exercise (Shimizu & Kawano, 2022). This was a surprising finding, since 

GSK343 is an inhibitor of EZH2, it would assumingly also inhibit the tri-methylation of H3K27. To 

understand the role of KDR and H3K27me3 in ECs specifically, we decided to look at mSMECs and treated 

them for 48 hours with the EZH2 inhibitor GSK343. We noticed that the protein levels of H3K27me3 

decreased with the inhibition of EZH2 which was expected; however, the increase in Kdr was exciting as 

it suggests that KDR could indeed be affected by the silencing of the PRC2 complex. 

The chromatin immuno-precipitation assay is an assay that studies the protein DNA interaction to 

give information on the chromatin state and gene transcription (extracted from Cell signalling chromatin 

immuno-precipitation protocol, Solomon et al., 2021). Here we investigated the interactions between 

histone modification H3K27me3 and the Kdr TSS region to understand if there are more silencing marks 

placed on Kdr in the 9 weeks trained gastrocnemius muscle. Since we saw that in the 9 weeks trained 

gastrocnemius muscles, Kdr mRNA decreased, we wanted to measure the H3K27me3 marks on the Kdr 

gene itself through the ChIP-qPCR. We normalized our CT values through the most used methods in ChIP-

qPCR, which is the fold enrichment method which represents the signal over background noise (Solomon 

et al., 2021). The fold enrichment method uses the ratio of the amount of target sequence in the IP lysate to 

the amount in input lysate (Solomon et al., 2021). Even though we did not see significance, we saw that 

there was a tendency for higher H3K27me3 marks on Kdr in the 9 weeks trained than in the sedentary. One 
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reason for not seeing significance could be due to insufficient chromatin extraction from the skeletal muscle 

resulting in a lower yield of chromatin. This could offset some samples in the quality and quantity of the 

chromatin. Future steps would be to optimize the ChIP protocol to ensure better chromatin extraction from 

muscles and to use more muscle samples.  

The future studies that would help in gaining more insight in relation to this thesis would be to do 

an RT-qPCR to measure the mRNA levels of Kdr in the acute exercise protocol as well as the protein levels 

of phosphorylation of MDM2 on serine166. This could help us understand the effect of the acute exercise 

protocol with regards to the decrease of MDM2 and H3K27me3 noted and the Kdr gene. It would also give 

us another time point in assessing mRNA since the acute exercise protocol muscles were collected 

immediately or 3 hours after the last bout of acute exercise. With regards to cell culture, the next step would 

be to repeat the mSMECs 48-hour GSK343 treatment to ensure that the preliminary data was reproducible. 

Another experiment would be to inhibit MDM2 in mSMECs to investigate if KDR and H3K27me3 have 

similar results as with EZH2 inhibition. Another interesting experiment would be to over express MDM2 

and EZH2 in mSMECs to see effects on H3K27me3, KDR, and NEDD4. Finally, to further investigate the 

function of H3 ubiquitination in muscles and angiogenic gene expression would be of interest.  

In summary, H3K27me3 was newly founded at the 25 kDA band in both skeletal muscle and 

C2C12 cells, with the 17 kDA band of H3K27me3 only observed in the mSMECs, suggesting that the 25 

kDA band is a muscle cell specific band that is affected by different exercise protocols. The pro-angiogenic 

protein MDM2 seems to follow the trends of the 25 kDA band of H3K27me3 with different exercise 

protocols in the gastrocnemius. Further investigation led us to believe that the 25 kDA band of H3K27me3 

could be an ubiquitinated form of this histone. Both gastrocnemius and plantaris muscles were observed to 

have an increase in H3K27me3 at the 25 kDA band with 9 weeks of training, however the plantaris did not 

show any significant changes in MDM2 and EZH2 protein levels and in Kdr mRNA expressions. The 9 

weeks trained gastrocnemius muscle showed significant decrease in the Kdr mRNA expression, while 
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mSMECs treated with an EZH2 inhibitor showed an increase in Kdr mRNA levels. ChIP data reveals that 

there could be a potential for more H3K27me3 marks to be present on the trained KDR gene.  

The data fits well with our hypothesis that MDM2 works together with the PRC2 complex EZH2 

subunit to regulate the histone silencing mark H3K27me3 to regulate certain angiogenic genes. The increase 

of NEDD4 with training could suggest an interaction with MDM2. Since NEDD4 is seen to stabilize MDM2 

through ubiquitination, this could suggest that NEDD4 is stabilizing MDM2 with 9 weeks of training, which 

could be strengthening the interaction of MDM2 and EZH2, in turn increasing the H3K27me3 mark on 

target genes. This pathway could increase silencing on different genes, in this case KDR, which is why its 

mRNA levels decrease with 9 weeks of training (Figure 5.1A). With regards to the mSMECs, since it is a 

type of ECs, MDM2 and EZH2 could interact together to regulate H3K27me3 at the 17 kDA to affect the 

mRNA expression of KDR (Figure 5.1B). Additionally, our data questions whether the increase in NEDD4 

induced by endurance exercise supports the skeletal muscle adaptation through H3 modifications. Indeed, 

NEDD4 was reported to promote H3 ubiquitination allowing for reactivation of genes via H3 ubiquitination 

(Zhang et al., 2017) and to regulate the activity of PRC2 in muscle cells under oxidative stress (Liu et al., 

2019). This led us to believe that our newly identified 25 kDA band of H3K27me3 in the skeletal muscle 

could be a ubiquitination of H3 through the histone modifier NEDD4.  

Our research investigated the global abundance of different histone modifications and histone 

modifiers in the whole skeletal muscle with different exercise protocols, and the local abundance of 

H3K27me3 in skeletal muscle microvascular endothelial cells with EZH2 inhibition. Our thesis discovered 

the increase in H3K27me3 silencing marks after 9 weeks training and a decrease after acute exercise that 

was more pronounced after short-term training. This can suggest the role of H3K27me3 silencing marks in 

regulating skeletal muscle adaptation and potentially angio-adaptation, as we observed increased tendency 

of H3K27me3 marks on TSS of Kdr in 9 weeks trained gastrocnemius muscle. MDM2 and EZH2 are both 

proteins studied extensively in the context of cancer and tumour angiogenesis, their roles in skeletal muscle 

angiogenesis are yet to be explored in depth. Studying the interactions between MDM2, EZH2, and the 
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related histone silencing mark H3K27me3, can bring new insight in the mechanisms regulating angio-

adaptation. This can help find new ways to maximize and to potentially facilitate capillary formation before 

stabilization 

 

A                                                                                           B 

                           

Figure 5.1: Schematic diagrams of potential pathway interactions of MDM2 and EZH2 with regards to the 

histone silencing mark H3K27me3 in the skeletal muscle (A) and in the ECs (B) in regulating angiogenic gene KDR. 

Created on Biorender.  
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Chapter 6: Supplemental Data 
 

A second set of mice were trained exactly as indicated in the methods for long-term training. The skeletal 

muscle adaptations were not observed as expected. We suspect that the quality of the muscles deteriorated 

due to the break down of the -80°C freezer, causing thawing and re-freezing cycle. For this reason, this 

second set of 9 weeks trained C57BL6 female mice muscle samples were not included into our analyses.  
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Figure 6.1: No changes in resting levels of protein expression of COXIV in 9 weeks trained quadriceps, tibialis 

anterior, and gastrocnemius muscles of second set C57BL6 female mice. Effects of 9 weeks of endurance training 

in second set C57BL6 female mice muscles. Resting levels of protein expression of COXIV were measured. (A) 

representative immunoblots and t-tests for quantitative analyses for quadriceps (B) representative immunoblots and t-

tests for quantitative analyses for tibialis anterior (C) representative immunoblots and t-tests for quantitative analyses 

for gastrocnemius. Data shows mean +/- S.E.M., n=5, * Indicates significative differences P<0.05. 
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Figure 6.2: No changes in resting levels of protein expression of H3K27me3 in 9 weeks trained quadriceps, 

tibialis anterior, and gastrocnemius muscles of second set C57BL6 female mice. Effects of 9 weeks of endurance 

training in second set C57BL6 female mice muscles. Resting levels of protein expression of H3K27me3 at 17 kDA 

and 25 kDA were measured. (A) representative immunoblots and t-tests for quantitative analyses for quadriceps (B) 

representative immunoblots and t-tests for quantitative analyses for tibialis anterior (C) representative immunoblots 

and t-tests for quantitative analyses for gastrocnemius. Data shows mean +/- S.E.M., n=5, * Indicates significative 

differences P<0.05. 

 

 

 

Figure 6.3: Resting levels of mRNA expression of Notch-1 increases after 9 weeks of training in the 

gastrocnemius, but not in the plantaris of first set C57BL6 female mice. Effects of 9 weeks of endurance training 

in first set C57BL6 female mice muscles. Resting levels (72 hours after last bout of exercise) of mRNA expression of 

Notch-1 were measured in the gastrocnemius and plantaris. (A) t-tests for quantitative analyses for gastrocnemius and 

(B) t-tests for quantitative analyses for plantaris. Data shows mean +/- S.E.M., n=6 for plantaris and n=7 for 

gastrocnemius, * Indicates significative differences P<0.05. 
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Figure 6.4: Average CT (cycle threshold) values of ChIP products and INPUTs. CT values (cycle threshold) of 

ChIP and INPUT products measuring H3K27me3 marks and H3 (positive control) on TSS of Kdr gene in the 

gastrocnemius of sedentary and 9 weeks of endurance trained first set C57BL6 female mice. CT values determined 

by qPCR.   

 

 

Figure 6.5: DNA quantifications (ng/µl) of ChIP products and 20% INPUTs from chromatin extracts from 

skeletal muscles. Average DNA concentration values (ng/µl) of ChIP products and 20% input. ChIP products were 

diluted 1:2 for DNA quantification. First set C57BL6 female mice sedentary and 9 weeks trained gastrocnemius 

muscles used. Low and variable concentration could be due to insufficient chromatin extraction. 

 

 



77 
 

 

 

 

Figure 6.6: DNA gels for chromatin extracts from skeletal muscle and qPCR products for ChIP assessing ChIP 

fragment sizes. 2% agarose gel loaded (A) chromatin extracts from gastrocnemius of first set C57BL6 female mice 

in order of: 10% total chromatin extract, 5% total chromatin extract, and 2% total chromatin extracts, extracts range 

around 400-600 bps. (B) purified PCR products from ChIP-qPCR assessing fragment sizes using KDR1 and KDR 2 

probes (ran in triplicates), fragment size under 100 bps. 
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