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Abstract

In the older population, the loss of small blood vessels (capillaries), known as rarefaction, precedes
muscle atrophy. Aging alters the capacity of endothelial cells, the main constituents of capillaries,
to form new blood vessels through angiogenesis. Epigenetics has emerged as a new research area
to uncover how an ageing phenotype is acquired. Through this project we investigate how the
epigenetic writer Enhancer of Zeste Homologue 2 (EZH2) regulates the pro-angiogenic pathway
downstream of vascular endothelial growth factor-A (VEGF-A) and its receptor 2 (VEGFR-2) in
skeletal muscle microvascular endothelial cells (SMECs) using an in-vitro model of aging. Our
results suggest that EZH?2 activity might restrain angiogenesis by impairing the expression of genes
downstream of the VEGF-A pathway, such as Nr4a3 and Egr3. Our findings indicate that EZH2
potentially supports vascular aging. Yet, caution is required as in-vitro models, such as passaging,

fails to reproduce all aspects of aging, more particularly senescence in primary cells.
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Literature review

1. Ageing & disease

World life expectancy has more than doubled in the last two centuries from 25 years of age to 65
years for men, and 70 for women (Oeppen & Vaupel, 2002). Life expectancy in Canada alone has
risen from 75 years in 1980 to almost 82 in 2022 (Government of Canada, 2021). With the
advancement of technology, life expectancy is predicted to continue increasing. Though
individuals on average tend to live longer, most are living with life-long disease/comorbidities.
When measuring quality of life, Disability-Adjusted Life Years (DALYs) are generally the
measurement of choice. One DALY represents the loss of the equivalent of one year of full health
(World Health Organization, 2024). Data collected by the World Health Organization show that
Canada overall had an estimated 11,362 DALY's across all ages and all causes. However, when
stratified by those below and above the age of 50 we observe that 3431 are experienced by those
under 50 and 7930 are experienced by those over 50 (World Health Organization, 2024). That is
an increase of 57%. In another study conducted by the Public Health Agency of Canada, data was
extracted from the Canadian Community Health Survey 2011/12 on 105 416 Canadians adults.
They found that 12.9% of Canadians are living with 2 or more chronic diseases. Of this total, 3.1%
are in the 20-34 aged cohort while 31.3% are aged 65 and over (Roberts et al., 2015). The authors
concluded that age along with low household income and education were major determinants
correlated with multimorbidity prevalence. In Canada, a higher disease rate is experienced by

those in higher age brackets with its prevalence consistently increasing as individuals age.

Ageing is seen as major determinant of health and a risk factor for disease (Niccoli & Partridge,

2012). While the process of ageing is highly complex and yet to be fully understood, much of the



effects of ageing are due to biological changes that take place over time. Biological ageing is the
culmination of changes over time resulting from the natural accumulation of molecular and cellular
damage (World Health Organization, 2024). This damage presents itself most typically as
functional decline and increases in degenerative diseases; by reducing the ability of our bodily

systems to maintain optimal function and therefore health (Gladyshev et al., 2021).

The most common chronic diseases experienced by the elderly in Canada according to the Public
Health Agency of Canada include; cancer, cardiovascular diseases, diabetes, hypertension, mental
illness and suicide, musculoskeletal disorders, neurological diseases, oral diseases, respiratory
diseases, falls and multimorbidity (P. H. A. of Canada, 2021). While manifestation of disease is
often unpredictable and varies from individual to individual, many of the diseases listed above can

be controlled and prevented through adequate physical activity.

Due to the relationship observed between age and disease, interests have shifted from prolonging
life to instead emphasising the need to reduce morbidity and promote healthy ageing, with physical

activity being a key behavioural factor.

1.1 Exercise & disease

Exercise is an important factor to maintaining optimal health and fitness. Regular exercise is
known to aid in maintaining better heart, muscle and immune health along with several other areas.
As previously mentioned, physical activity or exercise training is known to not only reduce the
risk of disease but help to maintain better health for individuals living with several chronic diseases
including cardiovascular, metabolic, immune diseases and cancers. A study conducted on 130,000
subjects in 17 countries looked at the effect of physical activity on mortality and cardiovascular

disease (CVD). They found that both recreational and non-recreational physical activity was



associated with lower mortality and CVD risk regardless of the income status of the country. They

also concluded that higher rates of physical activity showed greater reductions in mortality and

CVD risk (Lear et al., 2017).

Hypertension and periodontal disease are two of the most common conditions suffered among
older Canadians affecting 65.7% and 52% respectively (S. Canada, 2020) Both hypertension and
periodontal disease have been shown to be either associated with physical inactivity or improved
upon by increased physical activity. In a Randomized Controlled Trial (RCT) conducted by
Cornelissen and colleagues, on healthy sedentary men and woman over the age of 55, diagnosed
with high blood pressure; they found that 10 weeks of either high-intensity or low intensity training
lowered Systolic Blood Pressure, with an average decrease ranging from 3 to 8§ mmHg
(Cornelissen et al., 2010). These findings are further supported by several other studies

(Georgiades et al., 2000; Krustrup et al., 2013; Tsai et al., 2002).

In a study conducted using a nationally representative data set from the National Health and
Nutrition Examination Survey (NHANES) 2011-2012 based in the United States, they examined
the association between physical activity and sedentary behaviour with periodontal disease. The
authors concluded that individuals with higher total physical activity, higher leisure time physical
activity, and lower amount of total sedentary behaviour had lower periodontal disease prevalence

(Almohamad et al., 2022).

Even several cancer studies have demonstrated that exercise training whether in early or late stages
show significant improvement in quality of life, independence, endurance, cognitive functioning,
muscle strength and fatigue (Cormie et al., 2013; Henke et al., 2014; Hwang et al., 2012; Oldervoll

etal., 2011).



Along with its many benefits for managing and preventing disease, exercise is highly valuable for
its role in maintaining functional capacity in older age. Exercise is also crucial to the maintenance
of muscle mass and strength. This is of great concern as low muscle mass is associated with higher

mortality in both healthy individuals and those living with comorbidities (Koeppel et al., 2021).

2. Skeletal Muscle

Skeletal muscle is the muscle within the body under voluntary control. It constitutes approximately
40% of the human body and is of vital importance to daily living (Frontera & Ochala, 2015).
Skeletal muscle not only allows us to have the strength to move and participate in daily activities,
but it contributes largely to energy metabolism and storage, through the storage of amino acids and
glycogen. Skeletal muscle also plays a vital role in thermal regulation and oxygen consumption

during movement (Frontera & Ochala, 2015).

Greater muscle mass is often associated with better health compared to those with a lower muscle
mass. Studies show that increased muscle mass improves glucose utilization aiding in the
maintenance of glucose control (Taha et al., 2022). Studies have also shown that decreased muscle
mass is associated with hypertension. A study conducted by Park and colleagues in 2013, on 6832
adults who participated in the 2009 Korea National Health and Nutrition Examination Survey
looked at the association between sarcopenia (the age-related loss of muscle mass), obesity and
hypertension. The authors concluded that sarcopenic obesity is associated with hypertension, while
low muscle mass is also correlated with hypertension, independent of abdominal obesity (Park et

al., 2013).

Sarcopenia is a common condition observed in the elderly. Sarcopenia leads to increased frailty in

the older population which is not only correlated with a higher risk of falls and hospitalisation but



increased risk of chronic diseases (Angulo et al., 2016). Physical activity has been shown to be
beneficial for those living with sarcopenia. In a meta-analysis and systematic review conducted by
Sanchez-Sanchez et al. in 2024, including over 230,000 older individuals, the authors concluded
that higher levels of total physical activity were inversely associated with sarcopenia and there was
a protective association identified for moderate-to-vigorous physical activity (Sdnchez-Sanchez et
al., 2024). These studies further indicate that adequate muscle mass and physical activity is critical

for overall health and can be more beneficial in disease states.

Maintaining muscle mass and strength is of great concern to the elderly as it correlates with
prolonged autonomy and independence. Skeletal muscle is highly adaptive; therefore, it must
undergo cyclic stress to maintain its capacity to do and sustain work. If activity levels decrease,
skeletal muscle will begin to lose mass and force-capacity (White et al., 1984). Maintaining healthy

muscle, however, is in large part due to the level of capillarization.

2.1 Skeletal muscle microvasculature

The microvasculature is a dense vascular network made up of arterioles, venules and capillaries.
Capillaries run along the length of a muscle fibre, where they innervate it. Capillaries supply the
muscle with the necessary nutrients it needs, such as oxygen, glucose, and fatty acids, while
removing waste products such as carbon dioxide, potassium, lactic acid, reactive oxygen species

(ROS) and more (Murrant et al., 2017).

In a study conducted by Prior and colleagues, they compared levels of muscle capillarization in
sarcopenic vs non-sarcopenic individuals. They found that participants in the sarcopenic group had
significantly lower VOomax compared with nonsarcopenic participants (p < 0.05). Vastus lateralis

biopsy analyses also showed that sarcopenic participants had 18% fewer capillary contacts per



fiber and 20% lower capillary-to-fiber ratio (p < .01) (Prior et al. 2016). The authors believe their
findings suggest that capillary rarefaction, which is the loss of capillaries, precedes loss of muscle

mass, as seen in sarcopenia (Prior et al., 2016).

In older individuals with chronic diseases, rarefaction of the skeletal muscle capillaries is a
determinant of exercise intolerance. Kitzman et al. in 2014 clearly established that in older
individuals with heart failure a positive correlation exists between skeletal muscle capillarization,
and physical performance measured by peak VO, (Kitzman et al., 2014). This was further
confirmed by the meta-analysis performed by Schmid et al. in 2024 where the analysis of 27 cross-
sectional studies demonstrated a clear positive association between capillary-to-fibre ratio and
peak VO, (Schmid et al., 2024). While studies have not directly linked level of muscle
capillarization to muscle performance alone, it is generally known that trained individuals show
levels of muscle capillarization ~2-3 fold greater than in untrained individuals (Hellsten &
Gliemann, 2024). These studies further support that the skeletal muscle microvasculature is vital
not only to health of skeletal muscle but overall health of the individual.

3. The Vascular System

The vascular system is present in every inch of the body and of vital importance to bodily function.
It not only serves to aid in the transport of oxygen and nutrients but also immune cells and
waste. The vascular system is made up of arteries and arterioles, which in general carry oxygen
rich blood away from the heart, veins and venules which carry oxygen deficient blood toward the
heart, and capillaries. Capillaries are the smallest blood vessels present in the body and are the
point of gas, nutrients, and waste exchange. Capillaries are composed of a single layer of
endothelial cells (EC), structurally strengthened by a basement membrane and pericytes. The thin

walls of capillaries allow for optimal diffusion conditions for oxygen and other compounds. The



capillary endothelium also includes small gaps between the endothelial cells, allowing for

diffusion of larger, non-permeable compounds (Hellsten & Gliemann, 2024).

While the vascular network is present in all areas of the body and its many systems, over 50% of
the total vascular surface of the body is found within the skeletal muscle capillaries (Wagenmakers
etal., 2016). The vascular system is vital to the health and performance of all other bodily systems

which is why maintaining its health and function, and further study in this area is highly valuable.

The capillary network is highly plastic, constantly adapting to meet the energy demands of the
muscle. Capillarization can be maintained, regress (rarefaction) or expand (angiogenesis), with

each of these processes starting at the level of the endothelial cell.

3.1 The Endothelial cell

Endothelial cells (ECs) are the most common and widespread cells in the body. ECs are classified
as simple squamous epithelial cells; with their luminal surface exposed to contents within the blood
and their basal surface anchored by a glycoprotein basement membrane (Kriiger-Genge et al.,
2019). ECs are the first point of contact to substances found in the bloodstream and regulate

passage of these substances into the tissue (Eelen et al., 2020).

ECs which together form the endothelium, play a role in the regulation of many functions, such
as protection (hematoencephalic, intestinal, renal, and hepatic barriers), reception, transport
(oxygen, nutrients, growth factors), secretion, absorption, and synthesis functions (Kerr et al.,

2011).

There are three main structural types of capillaries which are classified by permeability;
fenestrated, continuous and sinusoidal. Fenestrated capillaries, have several small pores and are

found in organs where quick exchange of materials is necessary, such as the kidneys and intestines.



Continuous capillaries, have a continuous un-interrupted lining, and are found where exchange of
materials is tightly controlled such as the brain, heart, lungs and skeletal muscle. Sinusoidal
capillaries have large pores creating a discontinuous endothelium and are found where there is
exchange of large molecules such as the liver and bone marrow (Gifre-Renom et al., 2022). In the
same way, ECs across the endothelium show an incredible level of heterogeneity as they are highly
specified to their local organ environment. Their heterogeneity is closely associated with plasticity,
the ability of ECs to adapt to environmental cues through the mobilization of genetic, molecular,
and structural alterations (Larionov et al., 2024). This ability is best demonstrated through their
role in angiogenesis, which will be further expanded on in the following section. As previously
mentioned, ECs are important to many regulatory functions and as such, maintaining their health
and proper function, and the study of these processes is highly valuable, especially in the context
of skeletal muscle and its role in overall health.

3.2 Angiogenesis

Angiogenesis, the process by which the vascular network expands, is the growth of new blood

vessels, more specifically new capillaries from preexisting ones.

Angiogenesis occurs through two processes: sprouting and splitting angiogenesis. In splitting
angiogenesis, or intussusceptive angiogenesis, the vessel wall extends into the lumen essentially
splitting a single vessel into two parallel vascular tubes. This form of angiogenesis is considered
faster, more efficient and takes place mainly during embryonic development (Burri & Tarek, 1990).
This form of angiogenesis does not expand the vascular tree per se but instead creates more

connections within the existing vascular network (Adair & Montani, 2010).

Sprouting angiogenesis is the branching off of the vascular network to an oxygen deficient area.

The hypoxic tissue releases growth factors, the most well-known being vascular endothelial



growth factor (VEGF). The VEGF family has three main proteins, VEGF-A, VEGF-B and VEGF-
C. VEGF-A is the most potent and studied angiogenic factor and is known to be necessary for both
forms of angiogenesis (Gianni-Barrera et al., 2018). VEGF-A has several isoforms, the most
common being VEGF-A¢s5. There are multiple receptors to VEGF-A, but most of VEGF-A
dependent physiological functions are mediated through its capacity to activate VEGFR-2 (Pérez-

Gutiérrez & Ferrara, 2023).

For sprouting angiogenesis several fundamental steps must take place; enzymatic degradation of
the capillary basement membrane, EC proliferation, migration, tube formation, vessel fusion, vessel

pruning, and pericyte stabilization (Adair & Montani, 2010).

Despite not being stem cells, ECs must retain phenotypic plasticity to perform angiogenesis and
there are three main EC phenotypes involved; tip, stalk and phalanx. Tip cells are polarized cells
with long filipodia which are sensitive to hypoxia induced growth factors and essentially lead the
growth of the vessel to the hypoxic tissue. Stalk cells trail tip cells, proliferate, elongate the sprouts,
and form lumens (De Smet et al., 2009), they literally elongate the vessel behind the tip cell as it
navigates toward the hypoxic stimulus (Adair & Montani, 2010). These phenotypes are highly
interchangeable, with the stalk cells becoming tip cells and vice versa, several times through the
angiogenic process (De Smet et al., 2009; Jakobsson et al., 2010) Typically, the cell exposed to the
highest levels of growth factors such as VEGF-A become the tip cell (Adair & Montani, 2010).
The main pathway which controls these changes is VEGFR-2/Notch signalling. Each of these
receptors negatively controls the expression of the other. Phalanx cells are quiescent ECs, which
line the vessel once new tubes have been formed, they perform the necessary EC functions,

optimizing blood flow and perfusion (De Smet, 2009).
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As previously mentioned, one of the strongest drivers of angiogenesis is hypoxia (Adair et al.,
1990). Exercise not only greatly increases hypoxic stress in the skeletal muscle but mechanically
through shear stress, the frictional force of flowing blood, and passive stretch of the muscle.
Muscle contraction and metabolism are both known to have great influence in creating a pro-
angiogenic environment as well (Hellsten & Gliemann, 2024). All these factors, which are

combined in exercise training, create the perfect environment for angiogenesis to take place.

3.3 Exercise induced skeletal muscle angiogenesis

Per Anderson first observed increases in the level of capillarization after training in 1975. He took
biopsies from the lateral portion of the quadriceps femoris muscle of 9 young healthy males, 5
untrained and 4 trained. He took 4 subjects from the untrained group and trained them at 80% of
their VO, max for 4 x 20 minutes sessions a week, for 7 weeks. This resulted in a 13% increase in
VO, max. Capillary density increased with training from 289 + 15 cap./mm? to 356 + 23 cap./mm?
(p <0.05) and capillary to fibre ratio increased from 1.39 £+ 0.18 and 1.95 = 0.06 (p <0.05)

(Andersen, 1975).

This phenomenon, of increased capillarization after training has been proven time and again
(Andersen & Henriksson, 1977; Gavin et al., 2007; Jensen et al., 2004). In a meta-analysis
conducted by Liu et al. in 2022, they looked at measures of capillary density (CD) and capillary-
to-fibre (C:F) ratio, before and after training. They included 57 trials from 38 studies. C:F was
measured in 391 subjects from 47 trials, whereas CD was measured in 428 subjects from 50
trials. The authors concluded that in sedentary subjects, continuous moderate-intensity training
and interval training with high intensity led to increases in capillarization, whereas low-intensity

training has less effect (Y. Liu et al., 2022). Exercise induces angiogenesis within the skeletal
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muscle due to the creation of a pro-angiogenic environment due in large part to the release of

several pro-angiogenic factors from the muscle fibre.

3.3.1 Contractile activity and the production of angiogenic factors by the muscle fibre

Exercise creates a pro-angiogenic environment in skeletal muscle at multiple levels. The
contractile activity of the myofiber not only increases oxygen demand creating a hypoxic
environment but the mechanical stress of the working muscle induces the release of potent pro-
angiogenic factors, most prominently VEGF-A, as well as adenosine (Hgier et al., 2010) and Nitric

Oxide (NO) (Stamler & Meissner, 2001).

NO, though not critical to the angiogenic process, inhibition of its production has been observed

to attenuate the VEGF-A mRNA response to exercise in skeletal muscle (Gavin et al., 2000).

Adenosine infusion has been observed to enhance VEGF-4 mRNA at baseline, even further when
combined with exercise, and when adenosine receptor A, was blocked, the VEGF-A response was
almost completely abolished (Hgier et al., 2010). The authors state that the VEGF-A4 response was
also strongly associated with Mitogen Activated Protein Kinase (MAPK) illustrating its sensitivity

to metabolic factors.

VEGF-A is the most potent and well-studied angiogenic factor and is known to be necessary for
angiogenesis. Myocyte VEGF-A deletion studies have proven VEGF-A to be vital to angiogenesis
and endurance performance. In a study by Olfert and colleagues in 2010, to determine whether
VEGF-A expression is required for skeletal muscle capillary adaptation to exercise training,
gastrocnemius muscle capillarity was measured in myocyte-specific VEGF-A gene-deleted
(mVEGF ") and wild-type (WT) littermate mice following 6 weeks of treadmill running (1 h/day,

5 days/wk). Post-training capillary density was significantly increased by 59% (P < 0.05) in the
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gastrocnemius in WT mice but did not change in mVEGF ™~ mice. Maximal running speed and
time to exhaustion during submaximal running increased by 20% and 13% (P <0.05), respectively,

in WT mice after training but were unchanged in mVEGF ™~ mice (Olfert et al., 2010).

3.3.1.1 Transcriptional regulation of skeletal muscle angiogenesis

Transcription factors (TF) known to be upregulated due to muscle contraction are Hypoxia
Inducible Factor (HIF-1a)) and Peroxisome Proliferator-Activated Receptor Gamma Coactivator
PGC-10/B(Ross et al., 2023) either independently or co-actively with Estrogen-Related Receptor-

o (ERRa) (Arany et al., 2008).

Studies have shown that in response to exercise, HIF-1 a is activated and aids in changes in gene
expression. After a single bout of knee extension exercise with reduced blood flow manipulation
in young healthy males, HIF-1 o protein levels increased and remained elevated six hours post
exercise, while HIF-1 o mRNA levels did not change (Ameln et al., 2005). VEGF-A mRNA
increased 3 times more in the restricted blood flow subjects than the control subjects after an acute
bout of exercise. VEGF-4 mRNA remained elevated for 6 hours post-exercise, mimicking the

pattern observed in HIF-1 a the protein level (Ameln et al., 2005).

In study conducted by Chinsomboom and colleagues in 2009, looking at comparisons in levels of
capillarization in the quadriceps muscle PGC-1a knockout (KO) mice, compared to their wild type
(WT) controls in response to 14 days of ad libitum wheel running. After exercise, capillary density
increased >2-fold in WT control animals, in their PGC-1a KO counterparts however, there was

almost no increase in capillary density (Chinsomboon et al., 2009).

In a study by Arany et al. in 2008, they examined the role of ERR-a in regulating endogenous

VEGF-A. Primary skeletal muscle cells were infected with adenovirus expressing ERR-a. They
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observed three-fold induction of VEGF-A mRNA compared to controls. To verify whether ERR-a
is required for the PGC-1a-mediated induction of VEGF-A, primary mouse embryonic fibroblasts
were prepared from ERR-0~ and wild-type animals, and the expression of VEGF-A was evaluated
after infection with adenovirus expressing PGC1-a. In wild-type mouse embryonic fibroblasts,
PGC-1a induced VEGF-A expression sevenfold, compared to controls. In sharp contrast, the
induction of VEGF-Aby PGC-lo. was completely abrogated in ERR-o- mouse embryonic
fibroblasts (Arany et al., 2008). This illustrated that PGC-1a and ERR-a can independently or co-
actively induce transcription of VEGF-A. All these studies have one commonality, the primary
measure is VEGF-A. Due to its vital role in the angiogenic process its regulation is of great

importance.

3.3.2 Impact of muscle fibre generated angiogenic factors on skeletal muscle endothelial cells

ECs express receptors of VEGF-A such as the receptor 1 (VEGFR-1) and the receptor 2 (VEGFR-
2) (Melincovici et al., n.d.). While VEGF-A has a higher affinity to VEGFR-1 than VEGFR-2,
VEGFR-2 is the active receptor for the angiogenic process (Shibuya, 2011). VEGF-A and VEGFR-
2 are central to exercise-driven angiogenesis in the skeletal muscle, supporting both splitting and

sprouting angiogenesis.

The VEGF-A/VEGFR-2 interaction causes several signalling cascades leadings to EC survival,
proliferation and migration. Briefly, downstream of VEGFR-2; the phosphoinositide-3-kinase
(PI3K) and protein kinase B (Akt) pathway promote EC survival (Haas & Nwadozi, 2015). Akt
can also enhance EC basal production of NO resulting in increased vascular permeability and
migration of ECs. The phospholipase-C Gamma-1, Protein kinase-C and Mitogen Activated
Protein Kinase (PLCy-PKC-MAPK) pathway is highly activated and used as a crucial signal for

endothelial proliferation and migration (Shibuya, 2011).
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As previously mentioned, ECs known as tip cells express filopodia and lead the migration of ECs
to the pro-angiogenic stimulus. As the tip cell migrates toward an angiogenic stimulus, other ECs
known as stalk cells proliferate, forming and elongating the new vessel. Tip cells express the
highest levels of VEGFR-2 for enhanced sensitivity to VEGF in the extracellular matrix (ECM),

to accurately lead vessel formation (Adair & Montani, 2010).

High activity of VEGFR-2 in tip cells activates Delta Like-4 (DI114-), a Notch ligand, which
promotes notch signalling. Activation of the notch pathway reduces VEGFR-2 expression in
adjacent cells, lowering sensitivity to VEGF-A, promoting them to phenotypically behave as stalk
cells favouring proliferation over migration (Kume, 2009). These studies reveal the crucial role of
VEGFR-2 signaling to EC survival, proliferation and migration, processes necessary for

angiogenesis.
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Figure 1. Effect of pro-angiogenic factors on ECs.

ECs which assemble into new vascular tubes.

Contractile activity of muscle fibres, promote the release of pro-angiogenic factors such as

VEGF, which induce several signalling cascades resulting in the proliferation and migration of

3.3.2.1 VEGFR-2: Vascular Endothelial Growth Factor Receptor 2

VEGFR-2, also known as Kinase domain receptor-2 (Kdr) in humans and Flk-1 in mice, is a

tyrosine kinase receptor and the primary receptor for the angiogenic process. Not only is it
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necessary for survival of ECs (Paz et al., 2012), VEGFR-2 interacts with its ligand VEGF, creating
a signalling cascade to promote the expression of filopodia on the tip cell, to lead EC migration; a

process necessary for angiogenesis.

Several studies confirm the necessity of VEGFR-2 to the angiogenic process. In a study by Shalaby
and colleagues in 1995, they developed Flk-1 deficient mice using homologous recombination in
embryonic stem (ES) cells. This mutation resulted in death in utero between 8.5 and 9.5 days post-
conception, as a result of an early defect in the development of haematopoietic and endothelial
cells. The authors state that organized blood vessels could not be observed in the embryo or yolk
sac at any stage, and haematopoietic progenitors were severely reduced. The authors concluded
that Flk-1/VEGFR-2 1s absolutely necessary for embryogenesis/angiogenesis (Shalaby et
al.,1995). Inhibition of VEGFR-2 has been observed to result in a significantly delayed
angiogenesis phenotype (Lu et al., 2023) and a short-term blockage of the VEGF/VEGFR-2
interaction has been shown to result in capillary regression (Kamba et al., 2006). In a study by
Kamba and colleagues in 2006, they used a small-molecule VEGFR tyrosine kinase inhibitor, to
competitively inhibit the VEGF-VEGFR-2 interaction. Mice were injected twice daily for 7, 14,
or 21 days. They observed that when VEGF was prevented from binding with VEGFR-2 for 14

days it resulted in a 21% regression in pancreatic islet capillaries (Kamba et al., 2006).

3.3.2.2 Downstream effectors of VEGFR-2: Early Growth Response 3 (Egr3) & Nuclear
Receptor Subfamily 4 Group A Member 3 (Nr4a3)

Early growth response 3 (Egr3) is a zinc-finger transcription factor. Growing research on this
transcription factor has demonstrated it to be highly responsive to VEGF-A stimulation and
contributes greatly to VEGF-A-mediated angiogenesis (Abe & Sato, 2001). VEGF-mediated

induction of Egr3 regulates EC growth and migration, neo-angiogenesis, hemostatic balance and
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leukocyte adhesion (Suehiro et al., 2010). Egr3 knockdown attenuates VEGF-A-mediated growth,
migration and tube formation of human primary ECs (Suehiro et al., 2010). In a study by Suehiro
and colleagues in 2010, an Egr3 knockdown was conducted using transient transfection of
HUVECs with 2 independent siRNAs against Egr3 resulting in significant inhibition of VEGF-A-
responsive Egr3 mRNA expression (90% and 72% reduction, respectively). The HUVECs were
treated with 50 ng/mL VEGF-A and cells were then enumerated over time. VEGF-A treatment of
cells transfected with control SIRNA resulted in a 2.4-fold increase in cell number after 48 hours,

this effect was inhibited 36% to 75% by Egr3 knockdown (Suehiro et al., 2010).

Nr4a3 also known as neuron-derived orphan receptor 1 is the last of a family of 3 nuclear receptor
TFs. The Nr4A family of nuclear receptors are constitutively active orphan receptors, whose
transcriptional activity is independent of the binding of a ligand; with transcriptional activity
depending more so on their gene expression levels and post-translational regulation (Martinez-
Gonzélez et al., 2021). VEGF-A robustly activates the expression and functional activity of all
three NR4A members suggesting their potential influence in VEGF-A-mediated angiogenesis. In
a study of NR4A1" knockout mice, angiogenesis, and micro-vessel permeability was almost

completely inhibited (Zeng et al., 2006).

Decreases in methylation on Nr4a3 mRNA specifically, induced proliferation of vascular smooth
muscle cells (VSMCs) suggesting Nr4a3 plays arole in vascular remodelling. Huo and colleagues
observed that knockdown of fat mass and obesity-associated (FTO) in VSMCs was found to
decrease the methylation level of Nr4a3 mRNA which was associated with AnglI induced VSMC

proliferation (Huo et al., 2022).
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Nr4a3 has also been shown to be necessary for tube formation in human brain micro-endothelial
cells (HBMECs) (Goyal & Goyal, 2019). In a study by Goyal & Goyal in 2019, they used
CRISPR/Cas9 technology to create knockdowns of several genes in HBMECs, one of which was
Nr4a3; after which they conducted tube formation and cell migration assays. They observed a
significant reduction in capillary tube formation following knockdown of Nr4a3 (p< 0.05) (Goyal

& Goyal, 2019).

4. The ageing vasculature

Several changes take place in the vasculature as an individual ages. These changes are often
attributed to endothelial dysfunction, which is a major contributor to several diseases such as
atherosclerosis; CVD, peripheral artery disease (PAD); hypertension and diabetes (Hadi et al,
2005). These conditions are exacerbated by endothelial dysfunctions such as arterial stiffening,
breakdown in EC tissue barrier functioning, and limited EC nitric oxide production (Ting et al,

2021; Ungvari et al, 2018).

4.1 The ageing vasculature: senescence

Cellular senescence is characterized by permanent cell cycle arrest and distinct changes in cell
morphology, metabolism, chromatin reorganization, gene profiles and activation of a senescence
associated secretory phenotype (SASP) (Ting et al, 2021).Senescence has been highlighted as a
hallmark of ageing (Avelar et al., 2020; Valieva et al., 2022) and linked to the progression of age-

related diseases such as CVD and renal dysfunction (Ting et al, 2021).

In a study conducted by Minamino et al. in 2002, they compared staining for B-galactosidase (-
gal), acommon marker indicative of increased lysosomal activity often observed in senescent cells,

in coronary arteries and internal mammary arteries of 4 autopsied individuals diagnosed with
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ischemic heart disease. Strong B-gal staining was observed in atherosclerotic lesions of the
coronary arteries but not in the internal mammary arteries, they followed this with
immunohistochemical staining using anti-factor VIII antibody, which verified that these positive
cells were in fact vascular ECs (Minamino et al., 2002). This study highlights the role of

senescence in endothelial dysfunction.

Replicative senescence, which is senescence observed by the continuous expansion of cells in-
vitro, was first observed by Leonard Hayflick (Hayflick, 1965). Replicative senescence in culture
through serial passaging has long been observed as a valid model of ageing, in several cell types
including endothelial cells, to evaluate potential changes in cellular and molecular processes
(Cristofalo & Pignolo, 1993; Jothi & Kulka, 2024; Li et al., 2019; Yi et al., 2020). However, little

work has been done on primary skeletal muscle endothelial cells.

4.2 Ageing & the angiogenic response

Angiogenesis is generally accepted to be blunted in the older population (Reed & Edelberg, 2004).
Older individuals are at a disadvantage compared to the young as they have a higher incidence of
muscle-fibre atrophy, fibre loss and capillary rarefaction (Barnouin et al., 2017). For older
individuals, even with training it is more difficult to induce muscular and vascular adaptations. A
comparative study of young and aged women found that VEGF-A levels were lower at rest in older
individuals, and the exercise-induced increase in VEGF-A was 50% lower than their young
counterparts (Croley et al., 2005). It has been observed that, VEGF-A expression is not only
decreased with age, but VEGF function is impaired (Sadoun & Reed, 2003), this is supported by
studies illustrating that older individuals typically suffer from slower wound healing, indicating

poor vascular adaptability (Gosain & DiPietro, 2004).
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In humans, studies have consistently shown that baseline measures of capillarization and
intermuscular VEGF-A are decreased in aged populations, however measures in response to
training are conflicting. Studies tend to support reduced angiogenic capacity in older women
compared to young (Gliemann et al., 2021; Olsen et al., 2020), rather than the older population in
general, with studies on men showing no differences in vascular adaptations in response to training

between young and old men (Gavin et al., 2007)

Age-based studies with observations of reduced angiogenic capacity have been consistently
observed, however, in mouse models (Reed et al., 1998; Rivard et al., 1999; Yamaura &

Matsuzawa, 1980).

A preclinical study in C57Bl6 mice confirmed that older mice (24-26 weeks old versus 12-14
weeks old) present a decrease in baseline VEGF-A expression before any decrease in capillary-to-
fiber ratio was observed. Also, in response to skeletal muscle injury older mice were unable to
increase VEGF-A expression impairing muscle regeneration (Endo et al., 2023). Transgenic mice
generated to maintain young-like whole body levels of VEGF-A (by forcing VEGF-A expression
in hepatocytes) presented massive reduction of age-related sarcopenia and better skeletal muscle
structure (reduced central localization of myonuclei, often seen in ageing due to impaired
regenerative processes) and more importantly, reverse age-related capillary rarefaction in multiple
organs and tissues, including the skeletal muscle through a mechanism that requires the activity of
VEGFR-2. This highlights the importance of VEGF-A/VEGFR-2 signaling and its role in aging.
Yet, decreases in the availability of tissue VEGF-A might not be the only mechanism that impairs
angiogenesis with aging. The intrinsic properties and capacity of endothelial cells to respond to

VEGF-A might also explain age-related alterations in angiogenesis.
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Indeed, microvascular endothelial cells isolated from F344xBN rats aged 24 months expressed
impairment in their intrinsic tube forming ability in response to VEGF -A treatment, compared with

that of cells isolated from young F344xBN rats aged 3 months (Ungvari et al., 2013).

A study conducted by D1 and colleagues in 2013 indicates that reductions in vascular regeneration
with age can also be attributed to reduced ability of endothelial progenitors to activate VEGFR-2

(Di et al., 2013).

Despite the inconsistent observations of reduced capacity for exercise induced angiogenesis
observed in humans, the evidence of reduced capillarization and VEGF-A expression is
undeniable. Studies have suggested that these characteristics may be attributable to endothelial
dysfunction (Jia et al., 2019; Rivard et al., 1999) which has also been observed in mice and
therefore additional research on murine models is needed. Further elucidating these issues is vital
to aid those in the older population in maintaining capillarization and thereby skeletal muscle and

overall health.

5. Epigenetics

Chromatin is comprised of genomic DNA wrapped around a core of four histone proteins that
include histone 2A, 2B, 3 and 4 (McGee et al., 2009; Strahl & Allis, 2000). The spatial relationship
between DNA and the histone core determines the transcriptional status of surrounding genes.
Epigenetics is the study of the overarching process of several mechanisms that modify gene
expression while maintaining the integrity of the genome itself. This is possible through the
following epigenetic mechanisms; DNA methylation, histone modifications and micro RNAs
(miRNAs) (Peixoto et al., 2020). DNA methylation is straightforward as the name states, the

addition of a methyl group directly on the gene body, typically occurring at CpG islands. Histone
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modifications are modifications that are post-translational in nature (PTMs) such as methylation,
acetylation, phosphorylation and ubiquitination found on histone tails. MicroRNAs (miRNAs) are
small non-coding RNAs with the capability of modulating gene expression at the post-
transcriptional level either by inhibiting messenger RNA (mRNA) translation or by promoting
mRNA degradation (Correia de Sousa et al., 2019). Histone modifications and their role in skeletal
muscle capillarization as it is an adaptation that is strictly regulated, and histone modifications are
known to have to ability to change rapidly in response to environmental stimulus, such as in the

context of exercise.

5.1 Histone Modifications

Histone modifications are post-translational modifications (PTM) added to the N-terminus of
histone tails that subsequently alter chromatin structure through their influence on nuceolsomal
interactions (Bannister & Kouzarides, 2011). These modifications are input or removed by histone
modifying enzymes known as histone writers and erasers which can be classified as histone
methyltransferases (HMTs), histone demethylases (DMTs), histone deacetylases (HDAC), histone
acetyltransferases (HATs) and more. Again, several PTMs can take place such as methylation,

acetylation, phosphorylation and ubiquitination.

Histone modifications can aid in the creation and maintenance of three fundamental chromatin
states; euchromatin, constitutive heterochromatin and facultative heterochromatin. When
activation marks (i.e. H3K4me?, H3K27ac) are placed on the histone, it will yield to a euchromatin
formation, wherein histones are organized loosely, allowing for easier access to DNA for
transcription, and thereby result in the upregulation of genes. When silencing marks (ie
H3K27me?, H3K9me?) are placed on the histone, it will yield a constitutive heterochromatin

formation, wherein histones are more tightly packed, making DNA less accessible, and thereby
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resulting in downregulation of genes. Constitutive heterochromatin is typically propagated on
regions across species and maintained over the lifespan of an individual (Morrison & Thakur,
2021). There is also an in-between state known as facultative chromatin. Facultative
heterochromatin allows chromatin to more easily shift to a euchromatin state. Facultative
heterochromatin typically exists in regions of developmental genes which are strictly controlled,
sometimes transiently, based on developmental or environmental cues (Morrison & Thakur, 2021).
A hallmark of facultative heterochromatin could be ‘bivalent chromatin’ that is marked with both
silencing and activation marks, which will be discussed more thoroughly in a later section.
Chromatin structure is constantly changing resulting in adjustments in gene expression based on
environmental influence, factors such as diet, physical activity, exposure to various toxins and

much more (Alegria-Torres et al., 2011).
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Figure 2. Chromatin states and influence of histone modifications

DNA is wrapped around histone proteins. Tails of histones can acquire post-translational
modifications that can impact the tri-dimensional shape of DNA. Euchromatin are
transcriptionally permissive. Constitutive heterochromatin is condensed and static and therefore
in a transcriptionally repressed state. This type of heterochromatin is characterized by a greater
abundance of silencing histone modifications. Facultative heterochromatin has the capacity to
switch between a transcriptionally primed and transcriptionally repressed state. This

heterochromatin often contains both activation and silencing marks.

5.2 Epigenetics & external factors

Several environmental and behavioural factors have been found to influence epigenetic
mechanisms resulting in changes in gene expression. There have been studies observing epigenetic
changes due to behavioural factors such as diet, exercise, air pollution and even nightshift work,
among many others (Alegria-Torres et al., 2011). In a study by Tarantini et al., in 2009,
demonstrated that iNOS (inducible Nitric Oxide Synthase) promoter methylation decreased in
blood samples of foundry workers with well-characterized exposure to PM10 in samples taken at
the end of a four-day work week compared day one (Tarantini et al., 2009). A study of night shift
workers showed alterations in blood DNA methylation of inflammatory genes such as Interferon
Gamma (IFN-y) and Tumour Necrosis Factor- alpha (TNFa) (Bollati et al., 2010) In an exercise
study, human muscle biopsies show increases in global acetylation of lysine 36 of histone H3
following 60 minutes of cycling exercise (McGee et al., 2009). Together these studies demonstrate

the immense influence environmental and behavioural factors have on epigenetic mechanisms.
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5.2.1 Epigenetics & exercise: skeletal muscle

In the skeletal muscle, the increase in contractile activity alters the expression of transcription TFs
and co-activators, many of which have been found to be strongly associated with or regulated by

epigenetic mechanisms (Kawano, 2021).

Asstudy by Barres et al. in 2012, revealed that whole genome methylation was decreased in skeletal
muscle biopsies (vastus lateralis) obtained from healthy sedentary men and women after a single
VO, peak test, which ceased at volitional fatigue. Exercise also induced dose-dependent
expression of PGC-la, pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4), and
peroxisome proliferator-activated receptor-delta (PPAR-6), together with a marked
hypomethylation (10% decrease) on each respective promoter (Barres et al., 2012). In another
study by Maasar and colleagues in 2021, looking at the effect of different sprint protocols (Change
of direction (COD) or straight-line (ST)) on methylome and transcriptome signatures in the vastus
lateralis of young male athletes, found that VEGF-A and its downstream nuclear transcription
factor, NR4A1 had enriched hypomethylation within their promoter
regions. VEGFA and NR4A 1 were also significantly upregulated. They also confirmed increased
gene expression of VEGF-A, and considerably larger increases in the expression of canonical
metabolic genes PPARGCIA (that encodes PGCI-a) and NR4A43 in COD vs. ST exercise (Maasar
et al., 2021). Changes due to exercise have also been observed in histone modifications. A study
by McGee and colleagues in 2009, found that 60 minutes of cycling exercise brought increases in
H3K36 acetylation, which is association with transcriptional elongation, in the vastus lateralis
compared to baseline. They also found that HDAC 4 and 5, associated with transcriptional
repression due to their ability to remove acetylation marks, were exported from the nucleus during

exercise (McGee et al., 2009). Further, Lim and colleagues in 2020, reported that acute resistance
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exercise significantly upregulated the distribution of acetylated H3, mono-methylation of lysine 4
on histone H3(H3K4me'), and the tri-methylation on lysine 27 of histone H3 (H3K27me?) to the
pre-exercise levels. After 10 weeks of resistance exercise training, the expression of these genes
was maintained at a higher level than the pretraining level. The distribution of acetylated H3 at
these loci was found to be upregulated after resistance exercise training. These results indicated
that histone modifications in the skeletal muscles robustly responded to acute exercise, with
exercise training maintaining transcriptionally active status of the muscle (Lim et al., 2020).
Together these studies support the great ability of exercise to influence histone modifications with

continuous training maintaining the alterations to then maintain skeletal muscle adaptations.

5.2.2 Epigenetics & exercise induced skeletal muscle angiogenesis

Few studies in general have shown epigenetic modulation of angiogenic factors. A study by Fu et
al. in 2014, demonstrated for the first time that acupuncture can effectively up-regulate VEGF-A
expression through H3K9 acetylation modification directly at the VEGF-A promoter and hence
activate VEGF-A induced angiogenesis in a model of myocardial ischemia (Fu et al., 2014).
Ubiquitously transcribed tetratricopeptide repeat on chromosome X (UTX, coding by the gene
KDM6A) a H3K27 demethylase and KMT2D a di-methylase and their impact on H3K27 and
H3K4 have been implicated for their necessary roles in cardiogenesis (Ang et al., 2016; Lee et al.,
2012). However, as previously stated, exercise has a profound effect on the epigenome (the totality
of epigenetic marks present in the genome) and it is one of the few contexts in adulthood in which
angiogenesis occurs. After a single bout of exercise, almost 2000 genes are upregulated in response
to the contractile activity in the skeletal muscle (Kanzleiter et al., 2015). Below, we will shift
focus to epigenetic mediators that have been shown to be specifically involved in exercise-induced

skeletal muscle angiogenesis.
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5.2.2.1 Epigenetic mediator Mdm2: Murine Double Minute-2

Murine double minute-2 (Mdm2) is an E3 ubiquitin ligase most well-known for its role as a
negative regulator of tumour suppressor p53. In the context of skeletal muscle, Mdm2 has been
shown to stabilize VEGF mRNA and protein expression, with overexpression of Mdm?2 resulting
in enhanced expression of VEGF mRNA and protein (Zhou et al., 2011). Research from our lab
has shown that Mdm?2 is an important regulator of skeletal muscle angiogenesis. Reduction of
Mdm? resulted in lower levels of basal muscle capillarization, lower levels of exercise-induced
VEGF-A expression and impaired capillarization (Roudier et al., 2012, 2013). Interestingly, Mdm2
might exercise epigenetic function by interactions with histones directly and enzymes catalysing
histone modification (Arena et al., 2018; Minsky & Oren, 2004; Wienken et al., 2017). Mdm2 has
been implicated in influencing VEGFR-2 expression; when Mdm2 was deleted in Mouse
Embyronic Fibroblasts (MEFs) an upregulation in VEGFR-2 protein was observed (Hawkins et
al., 2010). Limited evidence suggests that Mdm2 may play a role in regulating VEGFR-2, yet, it

clearly shows that Mdm? is a necessary and important regulator of skeletal muscle angiogenesis.

5.2.2.2 Histone writer EZH2: Enhancer of Zeste Homologue 2.

Enhancer of Zeste Homologue 2 (EZH2) is a long-studied histone methyltransferase that acts as
the catalytic subunit of the Polycomb Repressor 2 (PRC2) complex. The Polycomb Repressor
Group family is known for their role in chromatin compaction which is vital for the regulation of
genes in early development. PRC2 is involved in various biological processes, including
differentiation, cell identity and proliferation, and stem-cell plasticity (Margueron & Reinberg,
2011). EZH2 implements the histone mark H3K27me? which denotes a tri-methylation on lysine
27 of histone H3, a well-known mark of gene repression. While chromatin rich with H3K27me?

marked promoters were considered functionally repressive, it was later shown that the promoters
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remained accessible to TFs (Hawkins et al., 2010) and is therefore now considered as facultative

heterochromatin (Brookes et al., 2012).

Mdm?2 has been observed to interact with the PRC2 complex and in turn possibly regulate EZH2
activity (Wienken et al., 2016). Bivalent marking, the presence of H3k27me? and an activation
histone mark (i.e. H3k4me?) on the same gene can prime genes for easier inactivation or activation
in a context dependent manner, such as during hypoxia (Prickaerts et al., 2016) EGR3 has also
been observed to be strictly controlled by bivalent marking (J. Chen et al., 2020), suggesting a
possible regulatory role of EZH2. Further evidence that EZH2 may regulate EGR3 is; inhibition
of EZH2 resulted in the upregulation of EGR3 in neurons in a mouse model (H. Liu et al., 2019).
EZH2 has also been observed to directly influence EC function. EZH2’s expression and
methyltransferase activity were observed to positively regulate endothelial cell proliferation,
migration and tube formation (Y.-T. Chen et al., 2016; Maleszewska et al., 2016). This strongly

suggests that EZH2 may play a role in regulating skeletal muscle angiogenesis.
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Figure 3. Epigenetic regulation of downstream effectors of VEGFR-2

VEGF-A interacts with VEGFR-2 activating the transcription factor nuclear factor of activated

T cells (NFAT) and Mdm2. Activation of NFAT results in the induction of downstream effectors

of VEGFR-2 Egr3 and Nr4a3, promoting endothelial cell migration and proliferation. Mdm?2

phosphorylation on serine 166 enhances endothelial cell migration. Mdm?2 also associates with

EZH2 within the PRC2 complex enhancing its activity, potentially increasing H3K27me?

marking on PRC2 regulated genes resulting in downregulation of these genes.
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5.3 Bivalence
‘Bivalence’ denotes a chromatin state in which both canonically repressive and active marks
typically H3K27me® and H3K4me?, respectively mark the histone simultaneously. It was first
described in the work by Azuara et al. in 2006, in their study on mapping the epigenetic profile of
embryonic stem cells among other stem cell types, and their post-differentiation progeny (Azuara
et al., 2006). Their work was quickly followed by Bernstein and colleagues looking at epigenetic
regulation of highly conserved noncoding elements (HCNEs) (Bernstein et al., 2006). Bivalence
was initially thought to only be important in early development and stem cells, as it is generally
observed to exist in regions of developmental genes. Researchers postulated that it was for strict
control of these genes that they might quickly become active or repressive in response strong
developmental or committal cues. However, a study from Zhao et al in 2021, took a mathematical
approach to uncover the necessary conditions for the emergence of bivalent chromatin. In their
discussion they state that “by analyzing the transitions among chromatin states in response to
external stimulus or noise, we demonstrated that bivalent chromatin could serve as a poised state,
which has the potential to switch to multiple states and facilitates a stepwise transition between
repressive chromatin state and activating chromatin state, to mediate phenotypical plasticity”
(Zhao et al., 2021). While this does not directly implicate bivalence as an important regulatory
characteristic in ECs, due to the capacity and necessary phenotypic changes ECs must undergo for
the angiogenic process, it is possible that bivalence may be involved in the EC response to

environmental stressors and the angiogenic process overall.
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5.3.1 Bivalence & VEGF responsiveness

In recent years, two fundamental studies have revealed the role of bivalence in VEGF
responsiveness. In a study by Chen and colleagues in 2020, they conducted chromatin
immunoprecipitation followed by high-throughput sequencing (ChIP-seq) to profile the genomic
occupancy of multiple histone modifications; including H3K4me? (a mark of both active
promoters and enhancers), H3K4me? (a mark of active promoters), H3K27ac (a mark of active
enhancers and promoters), and H3K27me* (a mark of repressed enhancers and promoters), on
human umbilical vein endothelial cells (HUVECs) that were stimulated with VEGF-A for 0 to 12
hours. They also used their previously reported RNA sequencing (RNA-seq) expression profiles
identifying 29,722 differentially expressed genes (DEG) (J. Chen et al., 2017). Of these genes they
found that 3379 were marked bivalently with both H3K4me® and H3K27me?. This possibly
suggested that bivalence contributed to the responsiveness of VEGF-A. To verify this, they cross
referenced the co-occurrence of H3K27me? and H3K4me?* on the promoters of DEGs; genes
previously found to respond significantly to VEGF-A stimulation and observed that 81.79% of
their promoters were bivalently marked (J. Chen et al., 2020). These observations suggest that
bivalent marking may contribute largely to the regulation of VEGF responsiveness and as a result
angiogenesis. The authors also state that some bivalently marked DEGs had key functions in

vascular identity and homeostasis, one of which was Egr3 (J. Chen et al., 2020).

Later in 2022, Kanki and colleagues demonstrated the role of bivalence in the regulation of
important angiogenic genes. They developed a comprehensive epigenomic mapping of dynamic
transcriptional events in HUVECs, focusing on major histone-code profiles in response to VEGF-
A stimulation. They divided all responding genes into classes based on how quickly they responded

to VEGF. Immediate-early response genes, which they termed Class-I genes, were upregulated
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within the first 15 minutes of VEGF stimulation; these genes were observed to increase only
transiently. The expression of these genes quickly returned to basal levels and was unable to be
upregulated again upon sequential VEGF-A stimulation for up to 1 hour. These Class-I genes were
revealed to all be important regulatory TFs, one of which was Egr3. To verify the existence of a
bivalent state on the Egr3 gene loci, they performed sequential ChIP assays using first an antibody
targeting H3K4me? and then a re-ChIP using an antibody against H3K27me?>. The locus in the first
intron of Egr3 revealed positive marking of both H3K4me* and H3K27me? at 15 and 60 min after
VEGF stimulation, compared to a control region. This reveals the tight regulation that bivalence
allows for on angiogenic relevant genes. The authors conclude that the gene loci of indispensable
immediate-early angiogenic TFs exclusively acquired bivalent histone marks after VEGF stimulus

(Kanki et al., 2022).

5.4 Epigenetics of ageing & role of EZH?2

The epigenetics of ageing has emerged as a novel area of interest as gene expression, which it
regulates, is necessary for cell identity and more importantly, function. Because of their crucial
role in determining cellular function, age-associated changes in transcriptional factors and
chromatin states may represent a critical foundation in the creation of the ageing phenotype (Booth
& Brunet, 2016). Age-associated dysfunctions in several epigenetic mechanisms such as DNA
methylation, histone modifications, transcription factor activity and many more have been
observed (Boot & Brunet, 2016). EZH2 has been directly identified in shaping the ageing
epigenome (Mozhui & Pandey, 2017), therefore EZH2 and its activity during ageing has garnered
further interest. Conflicting evidence of EZH2’s age-associated changes in activity, lead to an
understanding that these changes may be specie, cell and even gene specific. This, however, makes

uncovering its role in ageing an increasingly complex process.
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Lu et al. reported that EZH2 may have an inverse relationship with Sirtuin 1 (SIRT1) a
Nicotinamide Adenine Dinucleotide (NAD+) dependent deacetylase that has been observed to
increase lifespan and glucose tolerance in rodents. They observed with SIRT1 knockdown, EZH2
protein levels were increased with greater nuclear localization (L. Lu et al., 2011). Also, mice with
higher JumonjiC (JmjC)-domain-containing protein 1.2 (JMJD-1.2) expression, a demethylase
known to remove H3K27me?, live longer, suggesting decreased H3K27me? levels and possibly
EZH?2 activity, may be associated with longevity (Merkwirth et al., 2016). Similar findings have
been observed in mouse liver cells (Yang et al., 2023) and myoblasts (L. Liu et al., 2013), and

skeletal muscle of killifish (Cencioni et al., 2019).

In 2014, Sun and colleagues conducted a comprehensive genomic analysis of DNA methylation
and histone modifications of hematopoietic stem cells from both young and old mice. H3K27me?
deposition in young versus old murine hematopoietic stem cells (HSC) revealed that while
H3K27me? levels increased at most loci, there were also loci with decreased H3K27me? levels
with age. Indicating that age-associated changes in EZH2 regulation may be gene specific (Sun et

al., 2014).

In a study on human progeria, a congenital disease caused by a genetic mutation that results in
rapid biological ageing, Shumaker and colleagues examined the inactive X chromosome of female
patient fibroblasts and compared to controls. They found that H3K27me* marking was almost
completely lost (Shumaker et al., 2006). Again, EZH2’s change in activity in ageing seems to be
specie, cell and gene specific and therefore, more research on its age-associated changes of gene

regulation is needed.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hematopoietic-stem-cell
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Table 1. Current knowledge of age-associated changes in EZH2 activity. Arrows indicate

general reported change

Change in EZH2
Reference Specie Tissue/Cell type activity/ H3K27me’
marking
L.Luetal., 2011 Human HeLa cells nuclear localization
of EZH2
Yang et al., 2023 Mice Hepatocytes H3K27me® marking
L. Liuetal., 2013 Mice Myoblasts JH3K27me? marking
Cencioni et al., 2019 Killifish Whole skeletal 7 H3K27me’ marking
muscle
Sun et al., 2014 Mice HSC MH3K27me* marking
at some loci but
at others
Shumaker et al., Human Progeria Fibroblasts \¢H3K27me* marking
2006
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Rationale for the study

As highlighted in the literature review, the skeletal muscle microvasculature is at the center of
muscle health and whole-body function. Maintaining the function and angiogenic capacity of the
muscle microvasculature helps to slow age-related loss of physical functions, supporting better
fitness and health. While epigenetics processes, such as the establishment of histone modifications,
have emerged as key to angiogenesis, controlling how endothelial cells sense pro-angiogenic
factors (e.g. VEGF-A). Evidence cumulates indicating that aging alters these epigenetic processes,
including those regulated by the epigenetic writer EZH2. To date, most in-vitro studies aiming to
investigate the impact of aging are done using endothelial cell models, such as HUVEC:s, that are
not microvascular. Limited in-vitro studies have utilized microvascular endothelial cells isolated

from skeletal muscle.

Here, we utilize a model of skeletal muscle microvascular endothelial cells (SMECs) to investigate
the impact of aging on EZH2-related epigenetic process that controls the transcriptional response

to VEGF-A.
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Gap of Knowledge

Evidence suggests that EZH2 may play a role in ageing, however, minimal observations have
been made on the influence of EZH2 on angiogenic capacity in the context of ageing. We hope to
further elucidate EZH2’s role in age progression to clarify the extent of its influence on VEGF

responsiveness and angiogenic factors.

Scientific Questions

e Does enhanced EZH?2 activity, such as in the context of ageing, decrease the ability of skeletal
muscle microvascular endothelial cells to respond to VEGF-A?

e Isserial passaging a valid model of ageing in the context of primary endothelial cells?

Hypothesis

We hypothesize that when modeling ageing using serial passaging of skeletal muscle
microvascular endothelial cells (SMECs), SMECs will lose their capacity to respond to VEGF-A
stimulation. We hypothesize if loss of responsiveness is observed, it will be due part due to an

increase in EZH2 activity, measured through its canonical histone mark H3K27me?.

Objectives

e Assessing whether serial passaging of mouse primary skeletal muscle microvascular
endothelial cells (mSMECs) impairs the responsiveness to VEGF-A of bivalently marked

genes down-stream of VEGFR-2 (i.e. Egr3 and NR4a3)
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Delineating whether serial passaging represents a valid model of aging in primary skeletal
muscle endothelial cells by measuring markers of senescence in mSMEC:s isolated from young
adult and old mice (Aged mSMECs)

Evaluating the impact of EZH2 inhibition on the capacity of mSMEC:s to increase the

expression of bivalently marked genes responsive to VEGF-A.
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Methods

Cell Culture

Mouse C57BL/6 primary skeletal muscle microvascular endothelial cells (mSMECs) isolated from
adult (Cat. C57-6220) or old mice (Aged mSMECs) (Cat. A57-6220) (Cell Biologics Inc.,
Cedarlane, Burlington, ON, Canada) were plated on gelatin-coated dishes (1.5% Gelatin Type A
(BioShop, Cat. Gel771.500, BioShop Canada Inc, Burlington, ON, Canada)) and cultured at 37°
C and 5% CO; in complete endothelial cell medium (Cell Biologics Inc., Cat. M1168, Cedarlane,
Burlington, ON, Canada) (excluding L-glutamine) and supplemented with 5 mLs of Glutamax
(Cat. 35050061, Gibco, Thermofisher, Whitby, ON, Canada). Cells were used between passages

P7 and P9 at a density of ~9500-12,000 cells/cm?.

GSK343 & VEGF-A Treatment

mSMECs were treated with GSK343, an inhibitor of EZH2, at a concentration of 1uM (Cell
Signalling Technology, Cat. 6244) or DMSO (Dimethyl Sulfoxide), Thermofisher, Cat. D12345)
for either 2 or 48 hours. mSMECs were then treated with or without Recombinant Murine VEGF 65
(PeproTech, Cat. 450-32), depending on respective group, for 30 minutes at 100 ng/ml. Before
treating with VEGF, cells are starved overnight (~16hrs) in OptiMem (Thermofisher, Cat. 31985-

070).

Protein Extraction

Proteins were extracted from mSMECs that were plated at a cell density of 9500 cells/cm? in a
60mm? dish ~48hrs prior to reaching sub-confluency. Proteins were then extracted using
Radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris Base, 100mM NaCl, 1% Triton

X-100, 1% sodium deoxycholate, SmM EDTA, pH 8.0) with protease inhibitor ImM PMSEF,
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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). Briefly, cell cultures were washed 3 times with PBS
before performing extraction using 100ul of RIPA buffer. After 20 minutes lysis incubation at 4°C,
(gently vortexing @ T=0 and T=10mins) and sonicating (5 cycles ON, 5 cycles OFF),
homogenates were centrifugated at 16,000 g and 4°C for 15 minutes. Supernatants were collected

and used for downstream analysis of protein by western blotting.

RNA extraction

mSMECs were plated in 6-well plates at a density of 9500 or 12,000 cells/ cm?. After ~48hrs RNAs
were extracted with Qiazol lysis reagent (Cat.15596026). Briefly, cell cultures were washed 3
times with PBS before scraping and extracting RNAs with 700ul of Qiazol lysis reagent. Lysate

was stored in -80° C until purification.

Determining Protein Concentration

Protein concentration is determined using a Bicinchoninic Acid Assay (BCA). Cell protein extracts
are loaded in a standard 96-well plate in triplicates and measured at 562 nm absorbance on a Gen5
plate reader (Biotek). Cell protein lysate is diluted 1:10 in ddH,O. Standard curve is plotted using
Bovine serum albumin (Sigma-Aldrich A7906). BCA reagent used were, Bicinchoninic Acid (Cat.
B9643) and Copper II Sulfate (Cat. C2284) and together with diluted samples were incubated for

30 minutes at 37°C.

Western Blotting
20 pg of protein lysate proteins were diluted in a 1/5 vol./vol. ratio in 2.69 mM sucrose, 0.28 M

sodium dodecyl sulfate (SDS), 2.84 M b-mercaptoethanol, 14 uM bromophenol blue, 0.5 M Tris-
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base pH 6.8, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), and then blotted on either a 0.2 um or 0.45 pm nitrocellulose membrane (Cytiva, 0.2 um
Cat . 45004001, 0.45 pum Cat. 45004003, Marlborough, USA). Inter-gels comparison was done
by using inter-gels lane average comparison. Quality of the transfer was controlled by Ponceau S
Red staining. After blocking with 5% fat-free milk in 0.1% tween tris-buffered saline buffer,
membranes were probed with the following primary antibodies; KDR: Cell signalling (9698S,
Whitby, Canada), H3K27me’: Cell signalling (9733S, Whitby, Canada), H3: Cell Signalling

(4499S, Whitby, Canada), o/BTubulin: Cell Signalling (2148S, Whitby, Canada).

RNA Isolation and Quantification

mSMEC RNA isolation and purification was performed using miRNeasy micro kit (Qiagen, Cat.
217084).RNA was purified according to manufacturer’s instructions using chloroform-phenol
based purification. After purification, RNA 1is eluted in 20ul of Rnase free water. RNA was
quantified using Gen5 plate reader (Biotek) at 1:10 dilution and a 260/280 nm absorbance. RNA

was deemed acceptably pure with a 260/280 absorbance ratio reading of ~1.7-2.1.

Reverse Transcription-qPCR

400ng of RNA was reverse-transcribed using the High-Capacity RNA-to-cDNA kit (Applied
Biosystems, Cat. 4387406, ThermoFisher Scientific, Burlington, ON, Canada). Semi-quantitative
real-time PCR was performed for each sample in triplicate using TagMan® Gene Expression assay
probes (listed below) and TagMan® Fast Advanced Master Mix (Applied Biosystems, Cat.
4444557, ThermoFisher Scientific, Burlington, ON, Canada) for 40 cycles of denaturation at 95°C
for 3 seconds, followed by annealing and extension at 60°C for 30 seconds. EGR3 and VEGFR-2,
pl6 and p21 were measured and the AACt method was used to express the relative changes. mRNA

changes were normalized to HPRT or S-actin gene. Data and expressed as 2722,
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Table 2. List of Tagman probes

Assay ID Target Sequences

MmO01545399 | Hprt GGACTGATTATGGACAGGACTGAAA

MmO01222421 | Kdr CATCCTAGAGCGCATGGCACCCATG

MmO00516979 | Egr3 CAATCAGATGGCTACAGAGAATGTG

MmO00450071 | Nr4a3 ATGGTTAAGGAAGTTGTGCGTACAG

MmO00494449 | pl6 AGCACGCCCAGGGCCCTGGAACTTC

MmO00432448 | p21 GACCAGCCTGACAGATTTCTATCAC

Mm02619580 | p-actin | CGGAGCCTCGGGCTGCCCAAGGTCT

Chromatin Immunoprecipitation-qPCR

Approximately 2 to 4 million mSMECs were washed with PBS, trypsinized and counted. Cells
were then centrifugated at 0.5 RCF for 5 minutes and the pellet was resuspended in PBS. Cells
were then re-centrifugated at 0.5 RCF for 5 minutes, supernatant was removed, and cells were
resuspended in a 1% formaldehyde solution (Sigma-Aldrich, Cat. No. F8775). Cells were fixed
for 7 minutes under rotation at room temperature and quenched for 5 minutes with 125 mM glycine
(BioShop, Cat. No. GLNOO1). Pellet was washed 3 times by resuspension in cold PBS and
centrifugated at 12, 000 g for 4 minutes before being resuspended in ChIP Lysis Buffer (50mM
Tris, 10mM EDTA, 1% SDS, pH 8.0), vortexed for 15 seconds and incubated under rotation for
20 minutes at 4°C. Following lysis, chromatin was sheared to achieve a peak fragment size of ~300
bp (Bioruptor Plus, Diagenode). An aliquot of chromatin was taken for DNA Input and to confirm
DNA fragment size. DNA fragment sizes from chromatin extract were assessed by automated
electrophoresis on a 4200 TapeStation System (Agilent Technologies) using D1000 ScreenTape
(Agilent Technologies, Cat. No. 5067-5582). For immunoprecipitation, roughly 1.5 pg sheared

chromatin was diluted 1:10 in ChIP Buffer (50mM Tris, 167mM NacCl, 1.1% Triton X-100, pH
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8.0) and 3 pg of antibody for histone target of interest was added overnight at 4°C on rotation:
H3K27me? (Diagenode, Cat. No. C15410195). The following day, 20 uL of DiaMag protein A-
coated ChIP-seq grade beads (Diagenode, Cat. No. C03010020-150) were added to samples and
incubated at 4°C on rotation for 4-hours. Samples were then washed four times for 4-minutes with
Low Salt wash buffer (50mM Tris, ImM EDTA, 150mM NaCl, 0.1% SDS, 1% Triton X-100, pH
8.0) followed by two washes for 5-minutes with high salt wash buffer (50mM Tris, ImM EDTA,
500mM NaCl, 0.1% SDS, 1% Triton X-100, pH 8.0). After washing, sample beads were
resuspended in 150 pL of ChIP Elution buffer (10mM Tris, SmM EDTA, 300mM NaCl, 0.5%
SDS, pH 8.0) and incubated at 65°C and 800 rpm for 45-minutes. The eluted supernatant was then
collected and treated with 20 ng RNAse A (ThermoFisher Scientific, Cat. No. EN0531) for 30-
minutes at 37°C, followed by treatment with Proteinase K (ThermoFisher Scientific, Cat. No.
EO0491) at a final concentration of 0.6 mg/ml for 2-hours at 65°C and 800 rpm. ChIP DNA was
purified using PureLink PCR Purification Kit according to manufacturer’s instructions
(ThermoFisher Scientific, Cat. K310001). ChIP DNA was eluted in 50 pl of nuclease free water

(Ambion, Cat. No. 9932) and stored at -20°C until analysis.
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qPCR probes used to measure abundance of H3K27me3 on promoter regions of Kdr and Egr3

Table 3. List of Tagman probes used for detection H3K27me® mark enrichment on TSS

regions of Kdr and Egr3, post ChIP.

TSRs Sequences TSS location
i gﬁv;fd CATGACAAAACCCACCCAGAT NC 000071.7 — Chr 5
KDR Reverse TGGACCTAAGGATAGGCATTCTGT | 76,093,487-76,139,118 bp,
Primer _ strand
Probe CCATGTGGATAAATC
Forward GCAAACTCGCCGAGAAGCT
primer NC_000080.7
EGR3 llfe_verse TGTCAGGCAATTGATTTAGCAAA Chr 14
rimer
70314346-70315001
Probe CGGTGACCATGAGCA ¢
' N\
Mus musculus strain C57BL/6J

Egr3 (Chr. 14: 70,315,766 - 70,320,062)

Exon 1 Exon 4
s (-{—-- d

Selected
region with
TSS

Kdr (Chr. 5: 76,093,487 - 76,139,880)

¢ r——H— HHHHHHHA—— 5
Selected
region with
TSS
= Weinken et al. 2016 made using E.Bg
\_ J

Figure 4. Schematic representation of the TSRs assessed by ChIP on the promoters of Egr3
and Kdr genes
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TSS regions (TSRs) on KDR and EGR3 were identified based on a previous publication that
reported enrichment of H3K27me3 on KDR promoter (Wienken et al., 2016), obtained from the
UCSC Table Browser) and using the Eukaryotic promoter database (EPD) for EGR3. Tagman
probes of these TSS regions on the promoters were designed using Primer 3 following the

recommendation from ThermoFisher.

Determination of % of INPUT

The enrichment in H3K27me® marks was estimated using the percentage of input (% INPUT). The
% INPUT can be calculated once the cycle threshold (Ct) of the INPUT (CqIN) and the ChIP
product (CqCHIP) are estimated; however, 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 (150ul) and for the input (25 pl) and the dilution performed to have an
INPUT at 5%, the INPUT was 20 times more diluted than the ChIP product. The dilution factor
was then 120. Therefore, the % INPUT was calculated using the following formula: % INPUT =
2 (CqIN — Log2 (DF) — CqCHIP), where DF = 120. CqIN and CqCHIP are determined by qPCR

(see above). % of INPUT was calculated for anti-H3K27me?® ChIP product.

B-Galactosidase Cell Staining

Cell staining was performed using Senescence -Galactosidase Cell Staining Kit (Cell Signaling
Technology, cat .9860). Cells were stained for ~24 hrs at 37° C in a dry incubator and overlaid
with 70% glycerol for long term storage. For staining images, four individual fields of view per
well were counted under 100X magnification, and results were presented as the average of all
fields of view. Image J was used to perform automatic analysis of particles stained. Briefly, RBG

images were transformed into a black and white binary image. An image was used to set the
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threshold for particles analysis. Once the experiment has determined a threshold that allows
efficient detection of particles. Then the threshold was applied for analysing all images. Using the
analyse particle tools, the software automatically retrieves the number of particles found in the
staining images, the intensity of the staining and the areas covered by the stained particles. These

values were then normalized to the number of cells counting per field of images

Statistical Analyses

All statistical analyses were performed on Graph pad Prism, using; welch t- tests, two-way
ANOVA, one-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.

Presentation of Data

Experiments corresponding to f-galactosidase staining, comparisons made to mSMECs isolated
from old mice and the ChIP- H3K27me?, were only repeated once and can be found in the main
results section (n=3-6 per group). Experiments for quantification of VEGFR-2 and H3K27me?

proteins, and mRNA of Egr3 and Nr4a3 have been replicated at least 3 times (n=3-6 per group)

and can be found in the main results section. Figures within the results show a single representative

experiment based on summary data (all experiments pooled together). All repeats of experiments

can be found in the supplemental data.
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Results

VEGFR-2 expression significantly decreases with the passaging of mSMECs

We first observed with the passaging of mSMECs that VEGFR-2 expression significantly
decreases at both the protein and mRNA levels. A preliminary experiment was performed to test
whether passaging will change the basal level of VEGFR-2 (Figure 5). VEGFR-2 was detected
under the form of 3 mains bands at 150 kDa, 230 kDa and 250 kDa, corresponding roughly the
theorical molecular weights previously reported for the mouse protein (150 kDa, 200kDa and 220
kDa) (Lemieux et al. 2022; Takahashi & Shibuya, 1997). The most significant differences were
observed between P7 and P9 for the higher molecular form of VEGFR-2. When comparing P9 to
P7 passage, a decrease by 86% was observed (p<0.01). Therefore, we decided to pursue our
analysis measuring differences between P7 and P9, aiming to increase the robustness of this first

observation.
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Figure 5. VEGFR-2 protein expression decreases with the passage of mSMECs. (A)
Representative immunoblot for VEGFR-2 expression over passages 6 to 9 of mSMECs. a/f3-
Tubulin was used as the loading control. (B) One-way ANOVA for quantitative analysis. *,
indicates significant differences P<0.05; **, indicates significant differences P<0.01. Data

represented as means = SEM (n=5 or 6 per group).

Figure 6 shows a representative experiment of 3 independent experiments performed. Western
blot was first used to assess the impact of passaging of VEGFR-2 protein levels (Figure 6A & B).
At the protein level, when comparing P9 to P7, we observed an 82% decrease when analysing the
sum of all bands and 87%, 84% and 55% when analysing the bands detected at 250kDa, 230kDa
and 150kDa, respectively. We then measured VEGFR-2 at the mRNA level (Figure 6C), a

significant decrease by 52% was observed (p=<0.0001).
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Figure 6. Passaging results in a significant decrease in VEGFR-2 protein expression and
slight increases in epigenetic mark H3K27me®. mSMECs were cultivated until reaching
passage 7 or 9. Protein (A, B, D and E) as well as mRNA (B). (A) Representative immunoblot
forVEGFR-2 detected in mSMEC:s protein extracts. a/B-Tubulin was used as the loading control.
Ponceau S. staining qualitative analysis confirm equal protein loading and efficient transfer. (B)
shows quantification of relative intensity of VEGFR-2 relative to a/B-Tubulin, considering all
bands detected (150 to 250 kDa) or separately at 250 kDa, 230 kDa and 150kDa (C) Level of
VEGFR-2 mRNA. Data represented as means = SEM (n=5/6 per group). **, indicates significant
differences P<0.01; ***indicates significant differences P<0.001; **** indicates significant
differences P<0.0001. (D) Representative immunoblot for H3K27me* global protein expression
for passage 7 and passage 9 mSMECs. o/p-Tubulin was used as the loading control. Ponceau S.
staining is used qualitatively to visually confirm equal protein loading. Welch’s t-test for
quantitative analysis was used to detect statistically significant differences. Data represented as

means = SEM (n=5/6 per group).

H3K27me? global protein expression increases minimally with the passaging of mSMECs

Next, we wanted to analyse whether passaging primary endothelial cells will change the overall
abundance of the H3 silencing mark H3K27me?*. Overall minimal changes were observed when
assessing H3K27me?, as indicated by the ratio of H3K27me* to H3 and H3K27me* to a/B-Tubulin
(Figure 6D). We observed a 22% and 23% increase when H3K27me 3 was corrected to H3 and a/f3-

Tubulin, respectively (Figure 6E).
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Senescence markers pl6 and p21 are expressed at significantly lower levels in P9 mSMECs
compared to P7 mSMECs

Next, we hypothesized that senescence was contributing to the loss of VEGFR-2 in P9 mSMECs
compared to P7. We measured the mRNA levels of senescence markers p16 and p21 known as key
regulators of the cell cycle promoting cell cycle arrest (Sacco et al., 2021). Contrary to our personal
expectations, we observed a significant decrease in p16 (Figure 7A) and p21 (Figure 7B) in P9
mSMECs compared to P7. We observed a 45.5% (p<0.0001) and 44.7% (p<0.0001) decrease in
pl6 and p21 respectively. We went a step further to verify our findings using staining for f3-
galactosidase (Figure 7C & D). f(-galactosidase cleaves f-galactose, which is known to
accumulate in senescent cells, more particularly in lysosomes. Senescence-associated- f-
galactosidase activity (SA-BGal) is one of the most common indicators of senescence (Valieva et
al., 2022). We found no significant differences in SA-BGal staining intensity between P7 and P9
mSMECs. However, the staining results further support our mRNA findings of p16 and p21, with

slightly lower levels at P9 than P7 (Figure 7D).
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Figure 7. Passaging mSMECs (P7 to P9) does not increase markers of senescence, reduces
cell cycle arrest capacity. Welch’s t-test analysis of (A) p16 (B) p21. **** indicates
significant differences P<0.0001. (C) Representative microscope images of -Galactosidase
staining of Passage 7 and 9 mSMECs. (D) Quantification of ratio of staining intensity to cell
count. Welch’s t-test for quantitative analysis was used to detect statistically significant

differences. Data represented as means + SEM (n=4 per group).
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Comparing P7 and P8 mSMECs from older mice to P7 and P9 mSMECs from adult mice:

Expression of VEGFR-2, H3K27mé’, p16, p21

Next, we wanted to compare how mSMECs isolated from old mice (Aged mSMECs)
(representative of true physiological aging, 62 to 78 weeks-old) will respond to passaging
compared to mSMEC:s isolated from normal adult mice. We know that passaging in cell culture
has long been used as a model of ageing with some evidence of epigenetic changes observed in
vitro closely mimicking in vivo findings in mouse models (Minteer et al., 2021). We observed
however, Aged mSMEC:s at passage 7 and 8 express significantly increased levels of VEGFR-2 at
both the protein (Figure 8A & B) and mRNA (Figure 8C) levels than P7 and P9 mSMECs isolated
from adult mice. When comparing analysis of P7 mSMECs from adult versus older mice we
observe an 78% increase in the sum of all bands and a 79%, 78% and 93% increase in the 250kDa,

230kDa and 150 kDa bands of VEGFR-2 respectively.
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Figure 8. Changes in protein expression of VEGFR-2 and H3K27mée® global protein
expression observed with passaging not observed in aged mSMECs

A) Representative immunoblot for VEGFR-2 expression in P7 and P9 mSMECs and P7 and P8
aged mSMECs. o/f Tubulin was used as the loading control. Ponceau S. staining is used
qualitatively to visually confirm equal protein loading. One-way ANOVA used to quantitative
analysis. B) VEGFR-2 bands 1-3 (150-250 kDa), C) VEGFR-2 mRNA. Data represented as
means = SEM (n =5/6 per group). *, indicates significant differences P<0.05; ***indicates
significant differences P<0.001; **** indicates significant differences P<0.0001. D)
Representative immunoblot for H3K27me? global protein expression of passage 7 and 9
mSMECs and 7 and 8 Aged mSMECs. o/p-Tubulin was used as the loading control. Ponceau S.
staining is used qualitatively to visually confirm equal protein loading. E) One-way ANOVA for
quantitative analysis of H3K27me? global protein expression. Data represented as means + SEM

(n=5/6 per group).

We observed greater expression of senescence markers in P7 and P8 mSMECs from older mice
compared to P7 and P9 mSMECs from adult mice (Figure 9). Comparing P7 mSMECs from adult
and older mice we observe a 33% and 54% increase in pl16 and p21 respectively. Comparing P7
mSMECs from adult and P8 mSMECs from older mice we observe a 48% and 49% increase in
pl6 and p21 respectively. We found no significant differences in the global abundance of

H3K27me? corrected to H3 or a/B-Tubulin (Figure 8D & E).
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Figure 9. Greater expression of senescence markers pl6 & p21 mRNA observed in aged
mSMECs compared to mSMECs

One-way ANOVA analysis for (A) p16 and (B) p21 mRNA in P7 and P9 mSMECs and P7 and
P8 Aged mSMEC:s. Data represented as means = SEM (n=3/4 per group). *, indicates significant
differences P<0.05; **, indicates significant differences P<0.01; ***indicates significant

differences P<0.001.
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Differences in VEGF-A responsiveness in P7 and P9 mSMECs: Effect of short-term EZH?2
inhibition

After concluding that both ageing and senescence are not contributing greatly to the loss of
VEGFR-2 in P9 mSMECs, we decided to focus more directly on the role of epigenetic pathways,
specifically EZH2. We treated both P7 and P9 mSMECs with EZH2 inhibitor GSK343 for 2 hours
followed by VEGF-A stimulation for 30 minutes (Figure 10A). We observed responsiveness to
VEGF-A indicated by the fold change of Egr3 at the mRNA level (Figure 10B-D). We found that
P7 mSMECs showed a greater response to VEGF-A than P9 mSMECs. P7 mSMECs had an 85%
greater fold-change (P<0.0001) in Egr3 than P9 mSMECs (Figure 10D). However, when VEGF-
A stimulation was combined with short-term EZH2 inhibition P9 mSMECs showed an 48%
increase (Figure 10C) while P7 mSMECs showed a 57% decrease (P<0.0001) (Figure 10B) in
their Egr3 response compared to their respective VEGF-A only groups. Our interest was piqued
by the difference that short-term EZH2 inhibition (2 hours) made. We know from previous studies
that Egr3 is known to be bivalently marked and EZH?2 is known to regulate this marking (Kanki
et al. 2022; Chen et al. 2020). The study conducted by Chen and colleagues in 2020 showed that
EZH2 may be necessary for regulating VEGF-A responsiveness for its role in identifying bivalent
regions and causing RNAII pausing. With all this background knowledge in mind, in combination
with our findings we decided to probe for Nr4a3, another gene known to be bivalently marked. We
observed that again, P7 mSMECs have a greater response to VEGF-A than P9 mSMECs
(P<0.0001). However, with GSK343 alone we observe a 70% (P<0.0001) and 33%(P<0.05)
increase in the Nr4a3 response in both P7 and P9 mSMECs compared to their respective controls
(Figure 10E & F). Also, when VEGF-A stimulation was combined with short-term EZH2

inhibition we observe a 32% (P<0.001) and 49% (P<0.001) increase in the Nr4a3 response to
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VEGF-A stimulation P7 and P9 mSMECs compared to their respective VEGF-A only groups
(Figure 10E-G). Therefore, not only do we observe an increased Nr4a3 response with VEGF-A
stimulation alone but with short-term EZH2 inhibition alone as well, and an even greater

combination effect.
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Figure 10. VEGF-A responsiveness of first-responder bivalent genes Egr3 & Nrda3: Effect
of short-term EZH? inhibition. nSMECs at Passage 7 or 9 were starved for ~16hrs then treated
with GSK343 (1uM, pre-treatment) for ~2 hrs followed by VEGF-A stimulation (100 ng/ml for
30 minutes). A) Visual representation of experimental plan. B) Representative qPCR analysis
shows fold change of Egr3 mRNA induced by VEGF-A stimulation with or without GSK343
inhibition in P7 mSMECs. C) Representative qPCR analysis shows fold change of Egr3 mRNA
induced by VEGF-A stimulation with or without GSK343 pre-treatment in P9 mSMECs. D)
Comparison of the impact of GSK343 pre-treatment on £gr3 mRNA in P7 and P9 mSMEC:s all
treated with VEGF-A. Data were combined from B and C. E) Representative qPCR analysis
shows fold change of Nr4a3 mRNA in response to VEGF-A treatment with or without GSK343
pre-treatment in P7 mSMECs. F) Representative qPCR analysis shows fold change of Nr4a3
mRNA in response to VEGF-A with or without GSG343 pre-treatment in P9 mSMECs. G)
Comparison of the impact of GSK343 pre-treatment on Nr4a3 mRNA in P7 and P9 mSMECs
all treated with VEGF-A. Data were combined from E and F. mSMECs were starved overnight
(~16hrs) in optiMem. Cells were treated with GSK343 (1uM) or DMSO (1uM) for 2 hours
followed by recombinant VEGF-A (100 ng/mL) for 30 minutes. B-G, Hprt was used as a loading
control. 2-way ANOVA used for quantitative analyses. Data presented as means = SEM (n=4/5
per group). *, indicates significant differences P<0.05; ***indicates significant differences
P<0.001; ****_ indicates significant differences P<0.0001. Graphs show one representative

experiment out of the 3 performed.
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Effect of long-term (48 hours) EZH?2 inhibition on VEGF-A responsiveness of mSMECs at P9

Lastly, our interests were piqued due to the enhancement in Egr3 responsiveness observed in P9
mSMECs with short-term GSK343 treatment. Therefore, we were curious as to how long-term
EZH?2 inhibition might affect the EGR3 response. We treated P9 mSMECs with EZH2 inhibitor
GSK343 for 48 hours and followed up with VEGF-A stimulation for 30 minutes (Figure 11). We
found that with 48 hours of EZH2 inhibition we do not observe an increase in the Egr3 response

as with the 2-hour treatment but rather a 43% (P<0.01) decrease in the Egr3 response.
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Figure 11. VEGF-A responsiveness of first-responder bivalent gene Egr3: Effect of long-
term EZH?2 inhibition

Effect of pre-treatment with GSK343 (1uM) for 48 hours followed by VEGF-A (100ng/ml)
stimulation for 30 minutes. A) mSMECSs at Passage 9 were treated with GSK343 (1uM) for ~33
hours, then starved for ~16 hours and treated with GSK343 (1uM) for ~2 hrs for a total treatment
duration of 48 hours. GSK343 treatment was followed by VEGF-A stimulation for 30 minutes.
B) Representative qPCR analysis shows fold change of Egr3 mRNA in response to pre-
stimulation treatment for 48 hours with GSK343 (1uM) followed by VEGF-A (100ng/ml) for
30 minutes of P9 mSMECs. P9 mSMECs were treated with GSK343 (1uM) or DMSO (1uM)
for 48hrs followed by stimulation with recombinant VEGF-A (100ng/ml). P9 mSMECs were
starved overnight (~16hrs) in optiMem (inclusive in the 48hrs). Cells were then treated with
GSK343 (1uM) or DMSO (1uM) for 2 hours (inclusive of the 48hrs) followed by recombinant
VEGF-A (100 ng/mL) for 30 minutes. Hprt was used as a loading control. 2-way ANOVA used
for quantitative analyses. Data presented as means + SEM (n=2 to 4 per group). **, indicates

significant differences P<0.01.




GSK343 treatment: Effect on global abundance of H3K27mé’

Because we observed the differences on the effect of GSK343 treatment on Egr3 responsiveness

to VEGF-A we decided verify for differences in the global abundance of H3K27me* after each

GSK343 treatment duration. The H3K27me® protein data were conducted on 2 separate

experiments and therefore to maintain the integrity of the data the 2 treatments cannot be compared

directly but rather to the control of their respective experiments. We observed that after 48 hours

of GSK343 treatment we observed a 90% decrease in the global abundance of H3K27me®

compared to control (P<0.05) (Figure 12A & B). After 2 hours of GSK343 treatment we observed

a 22% increase (Figure 12D & E) compared to control, which was not found to be statistically

significant.
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Figure 12: Impact of short-term (2 hours) and long-term (48 hours) EZH?2 inhibition by
GSK343 on global level of H3K27me’. A) Representative immunoblot for mSMECs treated
with GSK343 (1uM) or DMSO (1uM) for 48 hours. B) Welch’s t-test for quantitative analysis.
Data represented at means + SEM (n= 4 per group). *, indicates significant differences P<0.05.
C) Schematic representation of the impact of long-term GSK343 treatment on the global
abundance of H3K27me’ marks (depletion of H3K27me?, loss of marking on facultative
chromatin) D) Representative immunoblot for mSMECs were treated with GSK343 (1uM) for
2 hours. E) Welch’s t-test for quantitative analysis. Data represented at means + SEM (n= 4 per
group). F) Schematic representation of the impact of 2 hours of GSK343 treatment on the global
abundance of H3K27me® marks (no change in H3K27me® marks abundance not capable of

gaining new marks).

Chromatin Immunoprecipitation: ¢PCR analysis of H3K27me3 bound to promoters of Egr3
and Kdr

We conducted chromatin immunoprecipitation for H3K27me? on P7 and P9 mSMECs at the basal
level, followed by qPCR of Egr3 and Kdr (Figure 13 B & C). We observe that while there are
slight elevations in fold-change relative to % input at P9, 36% for Egr3 and 48% for Kdr, indicating
that H3K27me? was present more abundantly on the promoters of our genes of interest at P9,

neither show any significant differences (Figure 13).
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Figure 13. Slightly elevated levels of H3K27me® on promoters of both Egr3 and Kdr

A) Automated DNA gel electrophoresis (TapeStation 4200, Agilent Technologies) for chromatin
extracts from P7 and P9 mSMECs with peak fragment sizes in base pairs (bp) with average bp
listed by passage. These chromatin extracts were used to perform ChIP using an anti-H3K27me?
antibody. Enrichment in H3K27me® marks on the promoter regions of Egr3 B) and Kdr C)
expressed as a fold of change to 5% INPUT. Welch’s t-test assessed significant differences (n=5

per passage).
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Discussion

The microvasculature of the skeletal muscle represents the vast majority of the vascular surface in
mammalians (Wagenmakers et al., 2016). Alteration of the skeletal muscle microvasculature is a
key factor in the loss of functionality in ageing individuals (Landers-Ramos & Prior, 2018). Yet,
microvascular endothelial cells isolated from skeletal muscle are not the most used model to study
loss of endothelial functions and angiogenic capacity. Indeed, HUVECs are most well-studied
endothelial cells. There is a need for validating in-vitro models of skeletal muscle microvascular
endothelial cells to study ageing. Our present work shows that passaging microvascular endothelial
cells presents a significant limitation when aiming to study epigenetic processes known to be
altered with ageing, such as mimicking senescence (Jothi & Kulka, 2024). Yet, passaging cells can
replicate the reduction in VEGF-A signaling previously reported both in-vivo and in-vitro studies

(Di et al., 2013; Ungvari et al., 2013).

Senescence, a common hallmark of ageing, was measured through mRNA levels of p/6 and p21
and complimented by B-galactosidase staining. We observed that with passaging from P7 to P9
senescent markers p/6 and p21 were significantly decreased. We also compared measures of p/6
and p2/ in mSMEC:s isolated from old mice (Aged mSMECs) to P7 and P9 mSMECs. Aged
mSMECs expressed significantly higher levels of both p/6 and p2/ compared to P7 and P9
mSMECs, supporting senescence as a key characteristic of vascular ageing which is further

supported by several studies (Avelar et al., 2020; Valieva et al., 2022; Minamino et al., 2002).

While it appears more appropriate to utilize cells isolated from old mice for studying age-related
senescence, these cells have a low proliferation rate and cannot be expanded and maintained in
culture long enough to yield sufficient sample size. Additionally, in attempting to grow both cell

types in parallel for valid comparison, difficulties arose due to the difference in growth rates of the
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cells isolated from young mice and old mice. One the other hand, passaging cells was very efficient
in reducing the VEGF-A/VEGFR2 pathway sensitivity, as shown by the decrease in the Egr3
response. Yet, this could also be an indication of de-differentiation, as VEGFR-2 is often used as
a surface marker of primary endothelial cells (Kabrun et al., 1990). To be able to confirm this,
more investigation will be required, by measuring others surface such as the Platelet endothelial
cell adhesion molecule (PECAM) or the Von Willebrand Factor (VWF) (Goncharov et al., 2020).
Despite not observing senescence, when passaging cells, we were able to have two distinct cell
populations, one with low and one with high VEGFR-2 expression, representing a valuable model

to clearly study VEGFR-2 and its downstream effectors in primary ECs.

In this work we report a significant decrease in VEGFR-2 at the mRNA level and at three different
molecular weights at the protein level from passage 7 to 9. Directly after translation, VEGFR-2
protein has a molecular weight of 150 Kda (Lemieux et al., 2022; Takahashi & Shibuya, 1997)
VEGFR-2 is highly glycosylated on its extracellular domain, shifting the molecular weight from
150 to 230 kDa as glycosylations are gained during maturation (Chandler et al., 2019).
Glycosylation stabilizes VEGFR-2 at the surface of the endothelial cells and enhances VEGF-A
binding (Chuang et al., 2015; Nacev et al., 2011; Takahashi & Shibuya, 1997). All forms of
VEGFR-2 proteins decreased similarly with passaging. Passaging also decreased mRNA level of
VEGFR-2. While the cause of VEGFR-2 protein expression decreases remains unclear, our results
clearly show that passaging mSMECs negatively influences the expression of a mature form of
VEGFR-2. This led us to question whether this reduces the capacity of VEGF-A to induce gene
expression. We chose to look at Egr3 and Nr4a3, two genes known to be quick and strong
responders to VEGF-A (Kanki et al., 2022). The fact that P9 mSMECs had a lower capacity to

increase mRNA levels of both genes than P7 mSMECs supports our thinking.
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We performed short-term (2 hours) and long-term (48 hours) inhibition of EZH2, a key component
of the PRC2 complex, using GSK343 to determine if EZH2 is required to maintain VEGF-A
responsiveness. In late passages, greater levels of bivalently marked genes Egr3 and Nr4a3, were
observed after VEGF-A stimulation when cells were pre-treated with GSK343 for 2 hours. Long
term treatment resulted not in an enhanced Egr3 response as observed with 2 hours inhibition but
an attenuated response. This further supports that H3K27me?* marking is necessary for VEGF-A
responsiveness of bivalent genes as previously reported (Chen et al., 2020). As seen in Figure 12,
2 hours inhibition results in minimal to no changes in H3K27me? but both the Egr3 and Nr4a3
response was enhanced with this treatment. We postulate that 2 hours inhibition may be sufficient
to impair the capacity of EZH2 activity during VEGF-A stimulation while 48 hours inhibition

results in a loss of bivalent sites due to the complete loss of H3K27me?.

We then performed long-term EZH?2 inhibition for 48 hours, which as previously stated completely
depleted the epigenome of H3K27me?, one of the two histone marks found on bivalently labelled
gene promoters. Further evidence that this is unique to bivalent genes is that VEGFR-2, which has
never been reported to be bivalent was completely unaffected by both short-term and long-term
EZH2 inhibition. Our findings further support the importance of EZH2 in controlling VEGF-A

responsiveness of bivalent genes (J. Chen et al., 2020; Kanki et al., 2022).

It was interesting to observe that baseline increases in Nr4a3 in P9 mSMECs with GSK343
treatment for 2 hours could support a pro-angiogenic phenotype. Due to its function as a nuclear
receptor capable of shifting endothelial cell gene expression to support proliferation and migration
(Goyal & Goyal, 2019). Surprisingly, the increase in the Nr4a3 response with GSK343 treatment
was observed even without VEGF-A stimulation increasing the basal level. This begs the question

whether this is a normalization of the EC response or an alteration. As previously mentioned, 2
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hours treatment with GSK343 enhanced the Egr3 response but only when combined with VEGF-
A stimulation. This transcription factor is also known to regulate angiogenesis positively also
migration, proliferation and tube formation (Suehiro et al., 2010). Due to enhancement seen in the
response of both Nr4a3 and Egr3 with GSK343 treatment at P9, when 250 kDa VEGFR-2 surface
receptor is almost completely lost, indicates these genes may be regulated independently of
VEGFR-2. Further investigations are required to uncover the path in which VEGF-A is regulating

these bivalent genes without the presence of VEGFR-2.

Lastly, due to consistent enhancement of the VEGF-A response of bivalent genes Egr3 and Nr4a3
when cells are pre-treated with 2 hours of EZH2 inhibitor GSK343 combined with the preliminary
evidence of increases in the global abundance of H3K27me? we decided to conduct Chromatin
Immunoprecipitation of H3K27me* on the promoters of Egr3 and Kdr. We hypothesized that
H3K27me? levels were increased in P9 compared to P7 mSMECs and that H3K27me* marking
would be more prevalent on Egr3 than Kdr due to its status as a bivalent gene. We observed that
that H3K27me® expression was slightly elevated in P9 mSMECs compared to P7 on both the
promoters of both Egr3 and Kdr, though these findings were not significant. Perhaps, at P9 the
cells are still in the preliminary stages of de-differentiation and therefore it is too early for

differences in bivalent marking to be present.

Through this project we demonstrate that epigenetic modulation can be used as an approach to
preserve the angiogenic capacity of ECs in-vitro, by enhancing responsiveness to VEGF-A, which
may prove valuable in research settings. Our results bring to question whether VEGF-A responsive

angiogenic relevant bivalent genes may be regulated independently of VEGFR-2.
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Limitations

We have not measured VEGFR-2 phosphorylation levels which is crucial to truly test the activity
of VEGFR-2 receptors and determine the level of interaction with VEGF-A (Shibuya, 2011). We
also cannot truly confirm the level of bivalency between passages or between Egr3 and Kdr as
bivalent and non-bivalent genes, respectively, with just the H3K27me* ChIP. We would need to
conduct a ChIP (H3K27me?) followed by a consecutive re-ChIP (H3K4me?) to verify whether

there is a true state of bivalency.
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Conclusion

Muscle mass is vital to overall health, but it is often reduced in the older population. It has been
suggested that loss of small blood vessels (i.e. capillaries) might precede reductions in muscle
mass. Aging alters the capacity to form new capillaries from existing vasculature through
angiogenesis, as endothelial cells respond less efficiently to proangiogenic stimuli. Epigenetics
emerges as a new research area to uncover how an ageing phenotype is acquired. The tri-
methylation of Histone 3 on lysine 27 (H3K27me?®) is an epigenetic mark established by EZH2.
This epigenetic mark was recently reported to control the endothelial response to VEGF-A. By
studying how EZH2 regulates the pro-angiogenic pathway formed by VEGF-A and VEGFR-2, we
aimed to bring new knowledge to elucidating the epigenetic mechanisms that influence the

response of SMECs to a pro-angiogenic stimulus, in the context of aging.

Passaging young cells led to losses of VEGFR-2 protein and mRNA, minimal gain in H3K27me?
and decreases in the upregulation of EQr3 mRNA after VEGF-A stimulation. 2 hours of GSK343
pre-treatment had no impact on VEGFR-2 mRNA, increased Nr4a3 mRNA and restored the
capacity of VEGF-A to increase Egr3 mRNA at passage 9. In aged cells, p16 and p21 mRNA were

higher than in young cells, independently of passaging.

Passaging mSMECs fails to mimic senescence, decreases SMEC sensitivity to VEGF-A and
reduces VEGFR-2, suggesting de-differentiation is taking place. With passaging, EZH2 activity
might reduce angiogenic capacity by decreasing basal level of Nr4a3 and impairing Egr3

sensitivity to VEGF-A, independently of any impact on VEGFR-2.
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Supplemental Data-Figure 1: Initial western blot observing the effect of passaging on VEGFR-

2 protein in mSMEC:s (corresponds to Figure 1)

Comprehensive immunoblot for VEGFR-2 expression of passages 6 to 9 mSMECs. o/B-Tubulin

was used as the loading control. Ponceau S. staining is used qualitatively to visually confirm equal

protein loading. Calibrator pool used for correction of individual gels. One-way ANOVA for

quantitative analysis. VEGFR-2 bands 1-3 (150-250kDa). Data represented as means = SEM

(n=4/5 per group). *, indicates significant differences P<0.05.
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Supplemental Data-Figure 2: Additional western blots performed to compare VEGFR-2 protein
levels across passages in mSMECs (P7 vs P9, experiment 2 and 3). Comprehensive immunoblots
for VEGFR-2 expression of passages 7 to/and 9 mSMECs. o/B-Tubulin was used as the loading
control. Ponceau S. staining is used qualitatively to visually confirm equal protein loading. Welch’s
t-test for quantitative analysis. VEGFR-2 bands 1-3 (150-250kDa). Data represented as means =+
SEM (n=4/5 per group). **, indicates significant differences P<0.01; ***indicates significant

differences P<0.001.
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Supplemental Data-Figure 3: Initial western blot to observe effect of passaging on global
abundance of H3K27me?. A) Comprehensive immunoblot for H3K27me® expression of
passages 6 to 9 mSMECs. o/B-Tubulin was used as the loading control. B) One-way ANOVA

for quantitative analysis. Data represented as means = SEM (n=2-4 per group). *, indicates

significant differences P<0.05;
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Supplemental Data-Figure 4: Second western blot conducted to compare global abundance of
H3K27me? in P7 and P9 mSMECs. A) Comprehensive immunoblots for H3K27me? expression

of passages 7 to 9 mSMECs. o/B-Tubulin was used as the loading control. B) Welch’s t-test for

quantitative analysis. Data represented as means + SEM (n=3/4 per group).
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Supplemental Data-Figure 5: Third western blot conducted to compare global abundance of
H3K27me3 in P7 and P9 mSMECs. A) Comprehensive immunoblots for H3K27me? expression
of passages 7 and 9 mSMECs. a/B-Tubulin was used as the loading control. B) Welch’s t-test
for quantitative analysis of H3K27me3 relative to H3. C) Welch’s t-test for quantitative analysis

of H3K27me3 relative to o/ Tubulin. Data represented as means = SEM (n=6 per group).
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Supplemental Data-Figure 7: p16 and p2] mRNA in P7 vs P9 mSMECs, Experiment 1, 2, &3

All gPCR analyses performed to quantify p/6 and p2/ mRNA in SMECs at P7 and P9 showing

results of all 3 experiments. Welch’s t-test analysis of comparisons of P7 and P9 mSMECs A)

pl6 Experiment 1 B) 2 C) 3 and D) p2/Experiment 1, E) 2, F) 3. *, indicates significant

differences P<0.05; **, indicates significant differences P<0.01; ***indicates significant

differences P<0.001; **** indicates significant differences P<0.0001. n=4/5 per passage.
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Supplemental Data-Figure 8: All gPCR analyses of the impact of short-term (2 hours) EZH2
inhibition by GSK343 on Egr3 mRNA in response to VEGF-A stimulation. Experiment 1, 2 &
3. All gPCR analyses of the 3 experiments performed to assess the impact of short-term (2 hours)
EZH?2 inhibition by GSK3430n Egr3 mRNA in response to VEGF-A stimulation. Data shows
results of individual experiments and summary/pooling of experiments. mSMECs at Passage 7
or 9 were starved for ~16hrs then treated with GSK343 (1uM, pre-treatment) for ~2 hrs followed
by VEGF-A stimulation (100 ng/ml for 30 minutes). A) qPCR analysis shows fold change of
Egr3 mRNA in P7 mSMECs Experiment 1, B) 2, and C) 3 D) summary. E) qPCR analysis
shows fold change of Egr3 mRNA in P9 mSMECs Experiment 1, F) 2, and G) 3 H) summary.
I) gPCR analysis shows fold change of Egr3 mRNA comparing P7 and P9 mSMECs, VEGF-A
alone and +GSK+VEGEF treated groups only Experiment 1, J) 2, and K) 3 L) summary. Two-
way ANOVAs used for quantitative analyses. *, indicates significant differences P<0.05; **,
indicates significant differences P<0.01; ***indicates significant differences P<0.001; ****

indicates significant differences P<0.0001. n=4-6 per group.
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Supplemental Data-Figure 9: All gPCR analyses of the impact of short-term (2 hours) EZH2
inhibition by GSK3430n Nr4a3 mRNA in response to VEGF-A stimulation. Experiment 1, 2 &
3. All gPCR analyses of the 3 experiments performed to assess the impact of short-term (2 hours)
EZH?2 inhibition by GSK3430n Nr4a3 mRNA in response to VEGF-A stimulation. Data shows
results of individual experiments and summary/pooling of experiments. mSMECs at Passage 7
or 9 were starved for ~16hrs then treated with GSK343 (1uM, pre-treatment) for ~2 hrs followed
by VEGF-A stimulation (100 ng/ml for 30 minutes). A) qPCR analysis shows fold change of
Nr4a3 mRNA in P7 mSMECs Experiment 1, B) 2, and C) 3 D) summary. E) qPCR analysis
shows fold change of Nr4a3 mRNA in P9 mSMECs Experiment 1, F) 2, and G) 3 H) summary.
I) gPCR analysis shows fold change of Nr4a3 mRNA comparing P7 and P9 mSMECs, VEGF-
A alone and +GSK+VEGEF treated groups only Experiment 1, J) 2, and K) 3 L) summary. Two-
way ANOVA used for quantitative analyses. *, indicates significant differences P<0.05; **,
indicates significant differences P<0.01; ***indicates significant differences P<0.001; ****

indicates significant differences P<0.0001. n=4-6 per group.
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Supplemental Data-Figure 10: All qPCR analyses of the 3 experiments performed to assess the
impact of long-term (48 hours) EZH2 inhibition by GSK343on Egr3 mRNA in response to
VEGF-A stimulation. Data shows results of individual experiments and summary/pooling of
experiments. mSMECs at Passage 7 or 9 were starved for ~16hrs then treated with GSK343
(1uM, pre-treatment) for ~2 hrs followed by VEGF-A stimulation (100 ng/ml for 30 minutes). A)
qPCR analysis shows fold change of £gr3 mRNA in P7 mSMECs Experiment 1, B) 2, and C)
3 D) summary. Two-way ANOVA used for quantitative analyses. **, indicates significant

differences P<0.01; ****_indicates significant differences P<0.0001. n= 2-5 per group.
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Supplemental Data-Figure 11: qPCR analyses of all experiments performed to assess the
impact of short-term (2 hours) and long-term (48 hours) EZH2 inhibition by GSK3430n
VEGFR-2 mRNA in response to VEGF-A stimulation. Data shows results of individual experiments.
mSMECs at Passage 7 or 9 were starved for ~16hrs then treated with GSK343 (1uM, pre-
treatment) for ~2 hrs or 48hrs followed by VEGF-A stimulation (100 ng/ml for 30 minutes).

qPCR analysis shows fold change of VEGFR-2 mRNA in A) P7 and B) P9 following VEGF
stimulation with 2 hours of pre-treatment with GSK343. qPCR analysis shows fold change of
VEGFR-2 mRNA in P7 and P9 mSMECs following VEGF stimulation with 48hours of pre-
treatment with GSK343 C) Experiment 1 D) 2, E) 3. Two-way ANOVA used for quantitative
analyses. *, indicates significant differences P<0.05; **, indicates significant differences

P<0.01. n= 4/5 per group.
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