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“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.”

- Marie Curie

“Even miracles take a little time.”

- Fairy Godmother

“You have brains in your head. You have feet in your shoes.
You can steer yourself any direction you choose.
You're on your own. And you know what you know.
And you are the one who'll decide where to go...”

- Dr Seuss
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Abstract

The primary cause of cardiovascular disease is atherosclerosis, which is an inflammatory
disease resulting in plaque formation within blood vessels. Myeloperoxidase (MPO), an
enzyme released by activated leukocytes in atherosclerosis catalyses the formation of
hypochlorous acid (HOCI) which reacts readily with nucleic acids forming chlorinated
nucleosides. There is increasing evidence that the formation of these chlorinated
adducts has adverse effects, and elevated levels of these species are present in different

inflammatory contexts, including atherosclerotic lesions.

The focus of Chapters 3 and 4 in this Thesis was to examine the effects of chlorinated
nucleosides on endothelial cells (HCAEC) and smooth muscle cells (HCASMC) isolated
from the human coronary artery. Studies in HCAEC and HCASMC showed that each of
the chlorinated nucleosides studied incorporated into the RNA and DNA of these cells.
However, only 8-chloroadenosine (8CIA) was shown to influence the metabolic activity
and cell viability in HCAEC. 8CIA was converted to 8-CIATP, which was associated with
alterations in the ability of HCAEC to perform glycolysis. Exposure of HCAEC to 8CIA also
induced endoplasmic reticulum (ER) stress, resulting in apoptotic cell death and

activation of the Nrf2 antioxidant stress response.

In Chapter 4, studies in HCASMC demonstrated that 8CIA and 5-chloro-2’-deoxycytidine
(5CIdC) decreased both the metabolic activity and proliferation of HCASMC. The effects
of 8CIA on HCASMC were similar to those observed in HCAEC though less profound as
the viability of HCASMC was unaffected, though some ER stress was apparent. In

contrast, exposure of HCASMC to 5CIdC resulted in alterations to pro-inflammatory

xii



signalling, a large increase in the expression of MMP2 and MMP9 and phenotypic

changes.

A potential source of chlorinated nucleosides under inflammatory conditions was
explored in Chapter 5. The differentiation of PLB-985 cells into neutrophils was
optimised, together with various treatment conditions to induce the productions
neutrophil extracellular traps (NETs). The concentrations of modified nucleosides in
both NET DNA and nuclear DNA of these cells was quantified using LC-MS/MS and it was
shown that phorbol myristate acetate (PMA) and HOCI treatment gave 8-oxo-7,8-
dihydro-deoxyguanosine (8oxodG) and 5CIdC, respectively, in both NET and nuclear

DNA.

Overall, the studies outlined in this Thesis provide insight into a potential new source of
modified nucleosides in disease. These data show that chlorinated nucleosides are not
only biomarkers of disease but can alter cellular function in both HCAEC and HCASMC.
Therefore, these chlorinated adducts could play a role in the development and

progression of atherosclerosis.
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Chapter 1 — Introduction

1.1. Overview

Atherosclerosis is the primary cause of cardiovascular disease (CVD) with CVD
accounting for 30% of deaths in Australia [2]. Atherosclerosis is an inflammatory disease
driven by the deposition of lipids within large blood vessels causing plaque formation
[3]. This pathology involves many cell types throughout its development and
progression. During the inflammatory process, cytokines and chemokines are released

by endothelial cells causing the recruitment of cells to the site of inflammation [4].

During the inflammatory response, cells such as neutrophils and macrophages release
myeloperoxidase (MPO), which has been demonstrated to have potent pro-
inflammatory and pro-oxidative properties [5]. MPO catalyses the reaction between
hydrogen peroxide and halides or pseudo halides causing the formation of multiple
oxidants including hypochlorous acid (HOCI) [5]. HOCI readily reacts with most
biomolecules causing the oxidation, modification and formation of chlorinated products
such as chlorinated nucleosides [6]. There is evidence for HOCI-induced damage in

multiple chronic inflammatory conditions including diabetes, cancer and CVD [7-10].

Chlorinated nucleosides are produced from the reaction between HOCl and DNA or RNA
[6, 11-15]. These modified products are shown to be present in inflammatory fluids and
diseased tissues [16-18], however whether chlorinated nucleosides are a marker of
inflammation or have an ability to alter cellular metabolism and disease pathways is yet

to be fully elucidated. Therefore, the influence of chlorinated nucleosides on the cellular



metabolism and survival of multiple vascular cell types was determined in this study.
Whether these products were also produced from the process of neutrophil

extracellular trap formation was also studied.

1.2. Cardiovascular disease and atherosclerosis

1.2.1. Significance of cardiovascular disease

CVD is a general term encompassing diseases relating to the heart and the blood vessels
[19]. This includes conditions such as cardiomyopathy, stroke, heart failure, congenital
heart disease and atherosclerosis, where many of these conditions can result in fatality.
CVD remains one of the biggest killers in the world, despite advancements in therapeutic
treatments. In Australia alone, CVD accounts for the death of one person every 12
minutes, affecting 1.2 million people in 2015 [2]. Overall, CVD is responsible for 30% of
the deaths within Australia, and with an ageing population, these values are predicted

to increase significantly [2].

Of these deaths and statistics recorded for Australians, atherosclerosis is the primary
cause of CVD. Atherosclerosis is a chronic inflammatory disease characterised by the
deposition of lipids within blood vessels causing plague formation and consequential
narrowing of the blood vessel [20]. In atherosclerosis, the fibrous cap is important in
maintaining stability of the plaque. However, this can thin, leading to rupture of the
atherosclerotic plaque, causing secondary cardiovascular events such as stroke and
myocardial infarction [21]. There are multiple risk factors for the development of

atherosclerosis including physical inactivity, smoking, obesity, diabetes, high blood



pressure, cholesterol and increasing age [2]. Atherosclerotic plaque development and
progression are largely due to inflammation within the blood vessel and can be

attributed to many biological pathways and their interaction with different vascular cell

types [3].

1.2.2. Mechanisms responsible for the development and progression of
atherosclerosis
Atherosclerosis is a progressive disease, which is driven by the inflammatory response
within blood vessels [3]. Initially, the development and formation of an atherosclerotic
plaque is in response to physical injury or chemical irritants causing the endothelial cells,
lining the vessel wall, to dysfunction [4]. There are two responses that endothelial cells
will exhibit due to physical stressors. When the endothelium is exposed to regular
physical stress, for example, in laminar flow, endothelial cells will increase production
of nitric oxide (NO) [22]. Under normal conditions, the production of NO causes
vasodilation and decreases platelet aggregation within the vessel [23, 24]. Secondly,
under physical stress, endothelial cells will increase expression of superoxide dismutase
(SOD) to counteract increasing reactive oxygen species (ROS) [24]. However, these
defence mechanisms can be impaired by physical factors such as bifurcations in blood
vessels, increasing shear stress within the vessel [25, 26]. These mechanisms can also be
influenced by chemical factors including high concentrations of circulating lipids, high
blood glucose (for example, in Type 2 diabetes) and smoking [4]. In each of these cases,
these factors influence homeostasis, causing increased permeability in the endothelium
and the increased expression of pro-inflammatory cytokines and adhesion molecules

[20, 27, 28].



The increase in permeability of the blood vessel allows for circulating lipoproteins such
as low-density lipoprotein (LDL) into the tunica intima [29]. In the development of
atherosclerosis, LDL can be oxidised to form oxidised LDL (oxLDL) by MPO in two
instances. The first is via the direct oxidation of LDL in circulation by MPO at the surface
of activated endothelial cells [30, 31]. However, due to the increased permeability of the
blood vessel, LDL can migrate into the intima, where it binds to proteoglycans and begins
to accumulate within the vessel wall. In this pro-inflammatory environment, there is an
increase in oxidative stress, causing the formation of oxLDL [29]. This is significant as
oxLDL can induce leukocyte recruitment in conjunction with adhesion molecules
expressed by dysfunctional endothelial cells. Following this, resident macrophages
uptake and retain oxLDL, causing the formation of foam cells [32]. Macrophages do not
recognise oxLDL through their cell-surface LDL receptors, instead are recognised by
scavenger receptors, which bind and internalise oxLDL in a non-regulated manner [33].
As these lipid-laden foam cells have impaired migration, this causes the formation of a

fatty streak and an intermediate atherosclerotic lesion [33].

Smooth muscle cells also play a vital role in the formation of an atherosclerotic lesion
from a fatty streak. During this process, smooth muscle cells migrate from the tunica
media into the intima where there they become more proliferative and secrete
cytokines reducing the production of extracellular matrix [34]. In addition, the smooth
muscle cells play a vital role in the production and stabilisation of the fibrous cap [35].
The fibrous cap lies between the lumen and the core of the plaque, which contains
macrophages, foam cells and extracellular matrix [34]. Smooth muscle cells provide

structural integrity to the plaque and as they die within the fibrous cap, or through



alterations in the expression of extracellular matrix proteins, they can cause the thinning

of the fibrous cap [34, 36].

Macrophages within the vessel wall undergo apoptosis and contribute to the formation
of the necrotic core [37]. As macrophages undergo apoptosis, secondary necrosis
occurs, as well as impaired clearance of dead cells [38]. Macrophages are the
predominant phagocyte within an atherosclerotic lesion and as apoptosis occurs, there
is a decrease in the population of functional macrophages [38]. The inability of these
macrophages to clear the dead cells within the necrotic core causes an increase in the
size of the necrotic core [37]. From this, complex atherosclerotic lesions form causing an
occlusion within the artery, see Figure 1.1 [39]. As the fibrous cap thins and the necrotic
core continues to grow, this makes the atherosclerotic plague prone to rupture causing

secondary pathologies such as stroke and myocardial infarction [21].
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Figure 1.1: Overview of the key steps involved in the development and progression of a

plaque in atherosclerosis, reproduced from [39].

1. Increased circulating LDL cause the endothelium to dysfunction, causing endothelial cells to release
proinflammatory cytokines and adhesion molecules. 2. Monocytes are attracted to the endothelium and
roll along the endothelium. 3. Monocytes then transmigrate into the tunica intima. 4. Monocytes mature
into macrophages where they ingest modified low-density lipoprotein (LDL). 5. Lipid-laden macrophages
form the foam cell. 6. Smooth muscle cells migrate to form the fibrous cap. 7. The atherosclerotic plaque
is formed.

1.3. Cellular dysfunction involved in atherosclerosis

1.3.1. Endothelial dysfunction

Endothelial cells line blood vessels and are key in the regulation of homeostasis within
the vasculature. The dysfunction of these cells lining the blood vessel is a driving force
in the development and progression of atherosclerosis [4]. Endothelial cells regulate the
transport and permeability of the blood vessel to plasma. The dysfunction of these cells
causes the overexpression of adhesion molecules, such as intercellular adhesion

molecule (ICAM) and vascular cell adhesion molecule (VCAM), causing the adhesion of



leukocytes and platelets to the vessel wall [40]. This results in the aggregation of these

cells, resulting in the formation of a thrombus [4].

During the early stages of inflammation, the adhesion and aggregation of leukocytes to
the vessel walls initiates the increased expression of various adhesion molecules, pro-
inflammatory cytokines and chemokines [41]. During endothelial dysfunction in
atherosclerosis, there is an overexpression of adhesion molecules such as ICAM and
VCAM promoting the adhesion of monocytes to the endothelium [42]. The expression
of adhesion molecules is promoted by the increased expression of pro-inflammatory
cytokines including interleukin-1B (IL-1B) and tumour necrosis factor-a (TNFa) [42]. The
overexpression of these factors plays a large role in the development and progression
of atherosclerosis. At sites of inflammation, it has also been demonstrated that there is

a significant increase in thrombotic factors and oxidative stress [40].

Previous studies have demonstrated that endothelial dysfunction is crucial in the early
stages of atherogenesis [4]. These studies also suggest that those with risk factors for
CVD, but without evidence of atherosclerosis still show signs of endothelial dysfunction
evident through the inability of the endothelium to react to vasodilators including
acetylcholine [4, 27, 43]. Endothelial nitric oxide synthase (eNOS) is a regulator of many
functions in endothelial cells including vasodilation and the production of NO [22].
Endothelial dysfunction has been demonstrated to cause a significant impairment in the
bioactivity of NO and an increase in the production of oxygen free radicals [44]. As NO
is an inhibitor of the aggregation of platelets and adhesion to the endothelium, the

decreased production of NO can cause detrimental outcomes [23, 24]. Other studies



show that endothelial dysfunction can be used as a predictor of CVD in patients with

other risk factors for CVD [43].

1.3.2. Smooth muscle cell dysfunction

Though many studies implicate endothelial dysfunction in the development and
progression of atherosclerotic disease, more recent studies suggest that smooth muscle
cells also play a vital role in the initiation of disease development [35, 45]. In the wall of
a blood vessel, smooth muscle cells are responsible for the formation of extracellular
matrix [35]. When exposed to pro-atherogenic stimuli, smooth muscle cells can alter the
type of extracellular matrix proteins that are expressed [46, 47]. These differences in the
extracellular matrix produced, alter the lipid content within the vessel wall and increase

the proliferation of cells that are adherent to the matrix [35].

In contrast to the role of smooth muscle cells in early atherogenesis, smooth muscle
cells in advanced atherosclerosis play a vital role in stabilisation of the plaque and
formation of the fibrous cap [21]. The stability of the atherosclerotic plaque is largely
dependent on the thickness of the fibrous cap. As the fibrous cap thins, often due to the
death of smooth muscle cells, the breakdown of collagen or disintegration of the
extracellular matrix, causes the plaque to become prone to rupture [21]. Clinically, this
can result in stroke or myocardial infarction. In most cases, this does not happen as the
smooth muscle cells are able to repair the rupture in the lesion with advanced lesions
often showing evidence of multiple sites of rupture and repair [21]. As this event can
occur multiple times in an advanced lesion, this increases the size of the lesion and can

cause occlusion of the blood vessel [48].



The repair of damaged blood vessels depends on a delicate balance of the proliferation,
migration and the ability of the smooth muscle cells to synthesise extracellular matrix.
Similarly, the stability of the plague and plagque progression is dependent on the balance
between proliferation / migration and cell senescence / death of the smooth muscle
cells [34]. These properties are dependent on the smooth muscle phenotype and their
ability to switch between contractile and synthetic phenotypes [49]. It has been
demonstrated in rodent models that smooth muscle cells switch phenotypically in
response to multiple stimuli including cytokines [50-52], extracellular matrix [53, 54],
lipids [55] and ROS [56]. Smooth muscle cells in a synthetic phenotype have increased
migratory and proliferative abilities and produce significantly larger amounts of collagen
[57]. Synthetic smooth muscle cells can also uptake LDL more readily than contractile
smooth muscle cells, forming foam cells, which implicates this phenotype with a higher

prevalence in a diseased state [58].

1.3.3. Macrophages and foam cell formation

As an atherosclerotic lesion develops, circulating monocytes are recruited into the
lesion site, where they differentiate into macrophages [33]. Within the lesion,
macrophages ingest lipoproteins causing the formation of foam cells. The accumulation
of these foam cells contributes to the increase of lipids within the lesion and increasing
plaque growth [33]. Under these conditions, macrophages are unable to migrate leading
to chronic inflammation and the progression of the plaque [59]. Macrophages are also
responsible for increasing inflammation localised to this area by secreting ROS, pro-
inflammatory cytokines and chemokines [60]. As these macrophages die within the

lesion, they form the basis for the necrotic core in atherosclerosis [60].



Macrophages are highly plastic and exist broadly in two main phenotypes, pro-
inflammatory (M1) and anti-inflammatory (M2) phenotypes [61]. Macrophages
differentiate into the M1 phenotype from stimuli such as those regulated by toll-like
receptors (TLR), interferon-y (IFN-y), lipopolysaccharide (LPS) and TNF-a [62]. M1
macrophages contribute to the inflammatory response by increasing production of ROS
and NO as well as the increased expression of pro-inflammatory cytokines such as IL-1f,
interleukin-6 (IL-6), interleukin-12 (IL-12) and TNF-a [62]. Due to the pro-inflammatory
nature of the phenotype, macrophages in the M1 phenotype are found in larger
populations within more progressive atherosclerotic lesions [62]. In contrast, M2
macrophages have anti-inflammatory properties and are differentiated into this
phenotype following exposure to interleukin-4 (IL-4) or interleukin-13 (IL-13) [62]. These
macrophages release interleukin-10 (IL-10) and the receptor agonist to interleukin-1 (IL-
1), which are anti-inflammatory factors [62]. Due to their anti-inflammatory properties,
M2 macrophages are found in higher populations in atherosclerotic lesions that are

regressive [62].

The exposure of macrophages to both native and modified LDL is reported to result in
the differentiation of macrophages into the M1 phenotype [63, 64] though this is
controversial. Macrophage scavenger receptors have been shown to bind and
internalised modified LDL through mechanisms that are not restricted by the content of
cholesterol. It has been proposed that scavenger receptors are likely to play a vital role
in the accumulation of cholesterol in macrophages causing the formation of foam cells
[65]. Similarly, it has been demonstrated more recently that scavenger receptors

activate signalling cascades responsible for the activation, inflammation and lipid
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metabolism in macrophages [33]. In animal models of atherosclerosis including the
apolipoprotein E knockout (ApoE”") mice, it has been demonstrated that deletion of
scavenger receptor-Al (SR-Al), scavenger receptor-All (SR-All) and CD-36 cause

alterations in plaque progression [66].

SR-Al and SR-All are expressed on the cell surface of macrophages and those that have
formed foam cells [67]. Studies suggest that SR-Al and SR-All are responsible for
approximately 80% of the uptake of acetylated LDL [66, 68]. However, the affinity of
these scavenger receptors to oxLDL is much lower, though SR-Al and SR-All are able to
recognise the apolipoprotein B moiety of oxLDL [69, 70]. In ApoE”- murine models where
SR-Al and SR-All were deleted, it was demonstrated that there was a 58% decrease in
the atherosclerotic lesion area when compared to ApoE”" littermates [66], consistent
with the presence of these scavenger receptors increasing the extent of plaque
progression. CD36 is reported to bind to oxLDL rather than acetylated LDL. This
scavenger receptor has been attributed to clearing approximately 60-70% of cholesteryl
esters accumulated in macrophages that have been exposed to oxLDL modified by
exposure to copper ions [68, 71, 72]. Studies with ApoE”" mice that lack CD36 were
shown to have significant decreases in the size of the atherosclerotic lesion [72]. This
suggests that the uptake of oxLDL mediated by CD36 is a key driver of lesion formation

in atherosclerosis [72].

1.3.4. Neutrophils and neutrophil extracellular trap formation
Neutrophils are the most abundant white blood cell accounting for 60 - 70% of

leukocytes circulating in the human body [73]. They are the cell type most commonly

11



seen at sites of inflammation with their primary functions being phagocytic, engulfing
invading pathogens such as bacteria and other microorganisms [19, 74]. However,
neutrophils have also been shown to play vital roles in early and late stage
atherosclerosis. In early stage lesions, neutrophils are localised to the subendothelial
space and intima [75]. In contrast, studies in ApoE”- mice show that in late stage plaques,
neutrophils are found in the shoulder region and adventitia of the aorta [76].
Furthermore, there is evidence suggesting the correlation between lesion size and
circulating neutrophil counts. It was determined that the depletion of neutrophils

resulted in a marked reduction in atherosclerotic plaque size [75].

When protecting against invading pathogens and as a response to injury, neutrophils
produce extracellular traps (NETs) forming a web-like structure of DNA that contains
histones and antimicrobial proteins [77]. These structures are being increasingly
implicated in lesion formation in atherosclerosis [74, 78-81]. There are two mechanisms
by which NETosis occurs, suicidal and vital. Suicidal NETosis is the main mechanism by
which NETSs are released and occurs more slowly than in vital NETosis [74]. It is caused
by the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase by
invading pathogens, and pro-inflammatory molecules, such as interleukin-8 (IL-8) and
phorbol myristate acetate (PMA) causing the release of the DNA structures through a
ROS-dependent manner [82, 83]. The process begins with nuclear delobulation where
the nuclear envelope becomes disassembled. Following this, the cell loses polarisation
and the chromatin decondenses. Finally, the plasma membrane ruptures, allowing for
the NET to be released [74]. In vital NETosis, neutrophils release nuclear DNA rapidly

into the extracellular space without perforation of the cellular membrane in a ROS-
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independent manner [84, 85]. This can occur independently of cell death and begins
with the degranulation causing the release of granular proteins followed by the

externalisation of nuclear chromatin. These processes are summarised in Figure 1.2.
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Figure 1.2: Suicidal and vital neutrophil extracellular trap formation, reproduced from
[74].

NETs are present in both human and murine atherosclerotic lesions [81, 86-90]. In a
murine model of atherosclerosis, it has been demonstrated that the formation of NETs
may be due to cholesterol crystals [81]. The presence of NETs in the atherosclerotic
lesion, is believed to drive the activation of macrophages causing an increase in the
expression of pro-inflammatory cytokines [81]. Consequently, this recruits more

leukocytes to the site of inflammation, thereby propagating the disease cycle.

Histone citrullination is a key process in NETosis, which results in chromatin
decondensation owing to alterations in charge [91, 92]. Peptidylarginine deiminase 4
(PADA4) catalyses the citrullination of histones and is important in multiple processes

including NETosis, haematopoiesis and apoptosis [93, 94]. PAD4-mediated citrullination
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of histone causes the DNA-histone bond to be weakened, allowing for the release of
DNA outside the nucleus [92, 95]. As such, studies have shown that chemical inhibition
of PAD4 with Cl-amidine inhibits NET production in mouse and human neutrophils [90,
96, 97]. In a murine model of atherosclerosis, it was demonstrated that deletion of PAD4
prevented NET production and decreased lesion formation [90]. More recently, a study
demonstrated that myeloid specific deletion of PAD4 significantly reduced NET
production and decreased inflammatory response in the aorta showing a decrease in

atherosclerotic burden [87]. This data supports a causal role of NETs in lesion formation.

It has also been well described that NETs have pro-thrombotic effects, with intact NETs
shown to encapsulate platelets causing their activation and aggregation [98, 99]. NETs
provide structure for the attachment of pro-coagulant molecules such as fibrinogen,
fibronectin and von Willebrand factor [98], which provides stability to the fibrin network
within a thrombus [100]. This is due to the increase in fibrin fibre size, providing more
rigidity and stability, in turn, causing the thrombus dissolution time to be significantly

longer [101].

In addition to the presence of citrullinated histones, NETs are characterised by the
presence of key granule proteins, particularly neutrophil elastase and MPO, which is
reported to retain its catalytic activity [102]. Although NETs contain MPO and are
present in pro-inflammatory environments, what remains to be determined is whether
damage occurs to these DNA and protein structures prior to or after the NETs have been

released, and whether this has any biological role.

14



1.4. Myeloperoxidase and atherosclerosis

1.4.1. Chlorinated oxidant production

The infiltration of immune cells into the vessel wall and chronic inflammation results in
the production of HOCI from the extracellular release of MPO [103, 104]. Activated
leukocytes release MPO through a process of degranulation [5]. Membrane-bound
NADPH oxidase on the neutrophil (or immune cell) converts oxygen to superoxide via a
respiratory burst [105]. Superoxide in this environment dismutates to hydrogen
peroxide (H20z), which is converted to HOCI in the presence of chloride ions by MPO
(summarised in Figure 1.3) [5]. HOCI is an extremely reactive oxidant, which reacts
readily with almost all biomolecules including amines, with which it can form N-
chloramines. This is significant as N-chloramines exhibit oxidising capacities similar to

HOCI [106, 107].

Degranulation

“ Myeloperoxidase

02'- —_— H202 + Cl- —_—r HOCI

—— H,0,+Br — HOBr

Activated leukocyte » H,0, + SCN —— HOSCN

Figure 1.3: Schematic of the formation of HOCI from myeloperoxidase.
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The formation of HOCI accounts for approximately 50% of hydrogen peroxide utilised by
MPO under normal physiological concentrations of halide and pseudo halide ions [108,
109]. MPO also utilises bromide and thiocyanate ions to form hypobromous acid (HOBr)
and hypothiocyanous acid (HOSCN), respectively [109]. However, the concentration of
these hypohalous acids is dependent on the local halide and pseudo halide
concentrations. Given significant evidence for the production of HOCI in chronic

inflammatory pathologies [8, 9, 105], this oxidant is the focus of the current study.

1.4.2. MPO in atherosclerosis

Though the formation of HOCI through the actions of MPO and NADPH oxidase are part
of a normal immune response, MPO has been shown within the literature to play a role
in the development and progression of disease [110-115]. MPO has been implicated in
not only atherosclerosis but also in other chronic inflammatory diseases including
rheumatoid arthritis [114, 116], asthma [117], Alzheimer’s disease [118, 119], cancer
[120, 121], diabetes [122], multiple sclerosis [123] and kidney disease [124]. The
detection of elevated biomarkers of HOCI-formation provides evidence or support for a

role of this oxidant in disease progression.

MPO is widely recognised to be an independent risk factor for the development of
coronary artery disease [125, 126]. Thus, in patients suffering from coronary artery
disease, concentrations of MPO are significantly increased compared to those without
disease [127]. MPO is elevated within the atherosclerotic lesion and is present in higher
concentrations around the shoulder region of a plaque [113]. In addition, concentrations

of macrophages expressing MPO are significantly increased in advanced plaques when
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compared to early stage lesions [128]. In a more recent study, MPO has been shown to
be relevant in plaque stability with increased MPO activity evident in unstable plaques
[129]. In a murine model of atherosclerosis, where MPO was genetically deleted, it was
found that the fibrous cap was thickened compared to those without gene deletion of
MPO [129]. This suggests that MPO plays a role in the formation of an unstable
atherosclerotic plague. MPO has also been shown to be a good predictor of risk of
myocardial infarction in patients suffering from unstable angina [130]. Similarly, studies
have also shown that elevated levels of MPO are correlated to an increased risk in

developing atherosclerosis [131-133].

In atherosclerosis, the accumulation of LDL within the vessel wall is a key driver of lesion
formation [29]. Previous studies have shown that MPO plays a role in the oxidation of
LDL via radical and non-radical pathways [134]. LDL is made up of a lipid core, which is
encased in a phospholipid bilayer containing apolipoprotein B-100 (ApoB-100) [135].
HOCI has been demonstrated to oxidise both the protein and lipid components of LDL
[136]. HOCI reacts with phospholipids, such as phosphatidyl serine, causing the
formation of unstable chloramines [137]. The decomposition of these unstable
chloramines results in the formation of radical intermediates, which cause lipid

oxidation [137].

Thus, the protein moiety of LDL is believed to be the primary target of HOCI. In addition,
to the phospholipid head groups, protein chloramines can also be formed on the lysine
side chains, which have also been proposed to promote the secondary oxidation of the

LDL lipids [138]. Another prominent target on ApoB-100 are the methionine residues
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[139]. The exposure of ApoB-100 to HOCI induces the oxidation of methionine residues
to form methionine sulfoxide [139]. Furthermore, tyrosine residues on ApoB-100 are a
major target for lipid peroxidation by HOCI, which forms the HOCI-specific damage
biomarker, 3-chlorotyrosine (3-CITyr) [7, 113, 140]. This implicates MPO in
atherogenesis as there are increased concentrations of 3-CITyr in the circulating LDL of

CVD patients as well as within an atherosclerotic plaque [141].

In addition to the formation of modified LDL, MPO has also been reported to decrease
the atheroprotective effect of high-density lipoprotein (HDL). Studies have
demonstrated that low concentrations of HDL within the plasma have been strongly
correlated to a higher risk of CVD [142]. The major mechanism by which HDL is thought
to exhibit atheroprotective effects is through reverse cholesterol transport, which
removes cholesterol from the arterial wall [143]. MPO impairs the ability of HDL to
support cholesterol efflux from lipid-laden macrophages [144, 145]. Furthermore,
oxidised HDL competes with native HDL as a ligand for scavenger receptors, impairing
the transport of cholesterol from tissues to the liver for removal [146]. In addition to
these findings, in vitro studies with reconstituted HDL showed that exposure to MPO
caused the protective effects of HDL to be diminished and the increased expression of
the pro-inflammatory cytokine, VCAM, in endothelial cells [147]. Overall, given that HDL
has been demonstrated to have anti-inflammatory, anti-thrombotic and anti-oxidative

effects, these effects exhibited on HDL by MPO may promote atherogenesis.
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1.4.3. HOCIl-induced modifications of proteins

MPO-derived oxidants are potent and have the ability to modify most biomolecules
including DNA, RNA, lipids and protein [106, 148-151]. In vivo, proteins are thought to
be the main target for HOCI owing to the abundance of proteins within a biological
system. When isolated proteins are exposed to HOCI, it has been demonstrated that
damage occurs mostly to the amino acid side chains [152]. The most readily oxidised
amino acids by HOCI are cysteine and methionine residues, followed by histidine,
cystine, tryptophan, lysine and tyrosine in terms of the second order rate constants
[153]. In general, HOCl-induced protein oxidation is irreversible, leading to the inhibition
of enzymes, crosslinking, protein unfolding and can make the protein more or also less

vulnerable to protein degradation [154].

HOCI reacts more readily with amino acid side chains than with the protein amide
backbone [155]. HOCI has been shown to react with sulfur-containing amino acid side
chains. Sulfenyl chlorides are formed upon the reaction of HOCI with cysteine and can
further react to produce multiple products [156, 157]. Sulfenyl chloride intermediates
are highly reactive with thiols, causing the formation of disulfides. The hydrolysis of
sulfenyl chloride intermediates forms sulfenic acid and other oxy acids [156].
Furthermore, sulfenyl chlorides are also reported to decompose to form a thiyl radical
[154]. It has also been postulated that the reaction of cystine with HOCI forms sulfenyl
chlorides. In contrast, sulfenyl chlorides derived from cystine are hydrolysed to form
thiosulfinates as well as sulfinic and sulfonic acids [158]. When methionine is present on
the N-terminal residue, HOCI reacts to form dehydromethionine, which has been

suggested as a biomarker for MPO-induced damage [159, 160]. A study on children with
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cystic fibrosis showed elevated levels of dehydromethionine and methionine sulfoxide

in samples taken from the bronchoalveolar fluid [161].

N-chloramines form from the reaction of HOCI with histidine and lysine residues. This is
significant as the oxidising capacity of HOCl is retained when N-chloramines are formed
[162]. Furthermore, when N-chloramines are formed on protein lysine residues, the
chlorine can be transferred within the protein or to other substrates, which results in
the regeneration of the parent amine [163]. Similarly, N-chloramines formed on
histidine residues can transfer the chlorine to other residues within the protein to
increase stability [164]. N-chloramines have also been shown to transfer chlorine to the

exocyclic amines of nucleic acid bases to form chlorinated nucleosides [6].

HOCI has also been described to react with aromatic tyrosine residues. HOCI or reactive
chloramines react with tyrosine to form 3-CITyr and 3,5-dichlorotyrosine [165, 166]. 3-
CITyr is produced by HOCI-specific damage to protein and has therefore been used as a
biomarker in inflammatory fluids and diseases tissue [167-171]. HOCl-induced
modifications on protein have been shown to alter immunity, as well cause the
activation of neutrophils [172], implicating HOCI-induced damage in disease. Overall,
the reaction of HOCI with proteins, specifically amino acid residues alters the function

of proteins and can cause tissue damage during chronic inflammation.

1.4.4. Reactions of hypochlorous acid with lipids
In general, when HOCI reacts with lipids, HOCI reacts with the double bonds present in
unsaturated fatty acids, phospholipids and cholesterol [173]. This leads to the formation

of chlorohydrins, oxysterols or peroxides [173]. Studies have indicated that HOCI can

20



cause lipid peroxidation in lipoproteins and in liposomes [173]. Chlorohydrins have been
shown in vitro to alter cell permeability and viability by disruption of the lipid bilayer
[174, 175]. Oxysterols have been shown to be present in disease with elevated levels
present in patients with atherosclerosis [176]. Furthermore, the incubation of
macrophages with oxysterols has been shown to increase the expression of pro-

inflammatory cytokines suggesting that oxysterols can alter cell signalling [177].

Another target of HOCl is phospholipids, which exist in high concentrations in biological
membranes [178]. Phospholipids are important targets for oxidation and chlorinated by
HOCI, in particular those with polar head groups (for example, amino acid residues in
phosphatidylserine) or unsaturated fatty alcyl residues [179]. In the cardiovascular
system, the most abundant phospholipids present in plasma membranes are
plasmalogens and are prevalent in neutrophils, smooth muscle cells and cardiomyocytes
[180-184]. Plasmalogens result from the reaction between a fatty aldehyde and glycerol
and are characterised by an ethanolamine or choline headgroup [185]. In the presence
of HOCI, the primary amine headgroups of ethanolamine are oxidised to form
chloramines, dichloramines, chlorimines and nitriles. Though these products were
demonstrated to be produced in vitro, only the lysophosphatidylcholine chlorohydrin

has been identified in human atherosclerotic plaques [186].

Plasmalogens contain a vinyl-ether bond, which makes these phospholipids more
susceptible to oxidative damage by HOCI compared to those with an alcyl residue [187].
The cleavage of the vinyl ether bond results in the formation of a-chloro fatty aldehydes

[180]. In human neutrophils activated with phorbol ester, the a-chloro fatty aldehyde,
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2-chlorohexadecanal was shown to accumulate [188]. Furthermore, it was shown in this
study that HOCI targets plasmalogens present in endothelial cells, thereby impacting
neighbouring cells [189]. Similarly, HOCI also targets LDL-associated plasmalogens,
which leads to the production of 2-chlorohexadecanal. This is supported by the 1400-
fold increase in 2-chlorohexadecanal present in human atherosclerotic lesions when
compared to healthy human aortic tissue [190]. Therefore, these HOCI-modified
products have been shown to accumulate in human atherosclerotic tissue and the vessel

wall.

1.4.5. HOCl-induced modifications of nucleic acids

The modification of DNA and RNA is prevalent at sites of inflammation and also in
diseased states such as cancer [191, 192]. Mutations in DNA occur following reaction
with HOCl and N-chloramines through crosslinking, DNA strand breaks and also through
the disruption of hydrogen bonding [192, 193]. Also, the decomposition of N-chlorinated
nucleobases has been demonstrated to result in formation of radicals causing cleavage

of DNA strands [194, 195].

The reaction of HOCI with nucleotides, nucleosides and nucleobases vyields both
unstable and stable chlorinated products: N-chloramines and carbon-chlorine products,
respectively [194-198]. In the formation of N-chloramines, a hydrogen attached to the
endo- or exocyclic nitrogen is replaced by a chlorine atom. The stability of N-chloramines
is dependent on the position of the nitrogen on the compound. N-chloramines formed
on an exocyclic amine such as those formed on cytidine are more stable than those

formed on endocyclic amines such as uridine [199]. These products are unstable due to
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the nature of the nitrogen-chlorine bond and are often reaction intermediates which
ultimately react to form compounds such as 5-hydroxycytosine, 5-hydroxyuracil,
thymine glycol or hypoxanthine [200, 201]. Given that these products can also be
produced via the reaction of nucleosides with other oxidants [197], they are unsuitable

as a biomarker of HOCl-induced damage.

N-chloramines also react with the aromatic rings of nucleosides giving rise to a more
stable carbon-chlorine bond. These reactions with nucleosides forms chlorinated
nucleosides such as  8-chloro-(2’-deoxy)adenosine  (8-Cl(d)A), 8-chloro-(2’-
deoxy)guanosine (8-Cl(d)G), 5-chloro-(2’-deoxy)cytosine (5-Cl(d)C) and 5-chlorouridine
(5-ClU) [13, 196, 197, 200-203], see Figure 1.4. When parent ribose nucleosides were
exposed to HOCI or N-chloramines, 5CIC was formed to the greatest extent when
compared to 8CIG and 8CIA, with only low levels of 8CIA being produced [6]. Similarly,
the reaction of HOCI or N-chloramines with parent deoxyribose nucleosides formed
5CIdC to the greatest extent, followed by 8CldG, with small concentrations of 8CIdA
formed [6]. In addition, reactions of HOC| with cells also forms these chlorinated

nucleoside products [6, 13].
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Figure 1.4: Structures of chlorinated nucleosides.

1.5. Biomarkers of inflammation in disease

1.5.1. DNA damage products as biomarkers

Biomarkers are products that can be quantified in a disease state and provide an

indication as to health, severity of disease or response to treatment. As such, their

discovery is important in the identification of disease mechanisms and targets, as well

as in the development or studies of therapeutic intervention [204]. DNA damage

products are being explored as biomarkers within the literature as there has been

evidence of their presence in inflammation and pathologies such as cancer and

atherosclerosis [205-210]. There are a variety of DNA damage products that are formed

in vivo with some providing insight into the origin and oxidant causing their formation

[204].
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The most well studied nucleic acid damage products are 8-oxo-7,8-dihydroguanosine
(80x0G) and 8-oxo-7,8-dihydro-deoxyguanosine (8oxodG) [211-216]. 8oxoG and
80oxodG levels have been shown to be elevated in inflammatory diseases such as cancer
[215], CVD [217, 218] and diabetes [211, 212]. Previous studies in the urine of diabetic
patients have shown the presence of 8oxoG, which may provide a non-invasive
biomarker [219]. Furthermore, in patients newly diagnosed with diabetes, 8oxoG has
been demonstrated to be excreted in the urine with higher levels predicting long term
mortality [220]. Similarly, elevated levels of the DNA oxidation marker, 8oxodG, has
been correlated to diabetes [211]. However, in contrast to 8oxoG, 8oxodG levels have
not been shown to correlate with mortality in diabetic patients [221]. Though 8oxoG
and 8oxodG have been shown to be a potential non-invasive biomarker in diabetes, a
limitation to the use of these products is that they can be artefactually formed by

conditions such as heat [222, 223].

Chlorinated DNA damage products have been demonstrated to be elevated in animal
models of oxidative stress. In particular, chlorinated nucleosides have been shown to be
aviable candidates as biomarkers in diseased states. In rodents exposed to LPS, elevated
levels of 8CldG were detected in the liver, 2 to 12 h after exposure [18]. In these animals,
it was also demonstrated that there were elevated levels of 8CldG excreted in the urine
24 h after exposure to LPS [18]. Another chlorinated nucleoside, 5CIUra has been shown
to be detected in inflammatory tissue after bacterial infection [17]. In addition, studies
on human atherosclerotic lesions were conducted and it was shown that concentrations
of 5CIUra were 10 times those found in healthy aortic tissue [16]. Given these findings,

this implicates HOCl induced damage on DNA in inflammation and atherosclerosis.
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Though there is evidence for DNA damage in these diseased states, there are limitations
to the use of these products as biomarkers for disease. The main limitation is the
abundance of DNA damage products compared to those of lipids, proteins or other
metabolites [204]. This requires more sensitive methods of detection for modified
nucleic acids when compared to other modified biomolecules. Another limitation with
the use of modified nucleic acids as biomarkers is the invasive nature of the procedures
required to sample the DNA [204]. Similarly, the tests and multitude of pathologies that
could be analysed using samples isolated by invasive methods would be limited due to
the amount of sample that could be taken from the site. The exception to this would be

a biomarker detectable within venous blood.

1.5.2. Detection of DNA damage products

Over time, the methods of detecting modified nucleic acids in vivo have evolved. Initial
studies in the separation of chlorinated nucleosides (in particular 5CIC, 5CIU and 5ClUra)
formed from the reaction of DNA with HOCI, utilised paper chromatography [196]. Other
studies have been conducted using thin layer chromatography and ultraviolet-visible
spectrometry to identify 5CIC and 5ClUra after exposing the respective parent

nucleoside to HOCI [197, 203].

More recently, studies in this area have used more definitive methods of detection and
guantification of DNA damage products. These include the use of gas chromatography
—mass spectrometry (GC-MS), liquid chromatography — mass spectrometry (LC-MS) and
nuclear magnetic resonance (NMR) spectroscopy. A study of chlorinated nucleosides

performed using LC-MS determined the limit of detection (LOD) to be 0.1 pmol for each
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chlorinated nucleoside (8CIA, 8CIG, 5CIC, 8CIdA, 8CldG and 5CIdC) by monitoring m/z of
the molecular ion and the fragment ion formed from cleavage of the nucleoside at the

sugar moiety (m/z summarised in Table 1.1) [14].

Table 1.1: Mass fragmentation of chlorinated nucleosides detected using LC-MS.

Compound Molecular ion (m/2) Fragment ion (m/z)
8CIA 302 107
8CIG 318 186
5CIC 278 146
8CIdA 286 170
8CldG 302 186
5CldC 262 146

Furthermore, Noyon et al. validated an LC-MS/MS method in the detection of
chlorinated nucleosides in biological matrices [224]. In this study, it was determined that
the limit of quantification (LOQ) of 5CIdC, 5CIC, 8oxoG and 8oxodG was 5 fmol.
Experiments also showed that the LOQ of 8CIG was 0.2 fmol [224]. The results from this
study showed evidence for the detection of 8CIG being 75-fold more sensitive than a
previously published method [13]. Furthermore, the detection of 8oxodG was found to
be 4-fold more sensitive than methods published by Henriksen et al [225]. However, a
limitation of this study was that other chlorinated nucleosides such as 8CIA and 8CIdA

were not detected by this method [224].
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For many studies, LC-MS is the preferred method of analysis due to the ease of sample
preparation compared to GC-MS where a derivatisation step is required in order to
increase sample volatility. Another limitation in the use of GC-MS is the artefactual
formation of DNA damage during sample preparation for example the oxidation of 2’-
deoxyguanosine to form 8oxodG. Multiple studies have used HPLC as a method of
separating chlorinated nucleosides followed by analysis and quantification using LC-MS

[17, 226].

Other studies have published methods of GC-MS sample preparation where
derivatisation temperatures have been lowered to reduce formation of artefactually
produced modified nucleosides. Previous studies have used thermal or acid hydrolysis
techniques in order to form the nucleosides from DNA, where more recently, studies
have turned to using enzymatic methods such as the use of DNA glycosylase repair
enzymes [227-229]. On the other hand, a study was published comparing the use of GC-
MS and LC-MS in detecting chlorinated nucleosides, which found that using either
method, there were negligible amounts of chlorinated DNA artefacts formed from
sample preparation. However, it was determined that GC-MS had a faster sample turn

around and was twice as sensitive as the LC-MS method tested [230].

Though the artefactual formation of chlorinated DNA artefacts may not be a huge
concern when studying DNA damage products, the artefactual oxidation of samples
during preparation for analysis needs to be explored. The product of oxidative DNA
damage, 8oxodG is often used as a measure of oxidative stress within a system. The

formation of oxidised DNA damage products including 8oxodG can be induced by heat
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through increasing ROS, therefore incorrect sample storage or preparation can result in

an overestimation of their true concentrations in samples [222].

Another method used in the study of DNA damage is the use of the Comet assay, which
is a single cell gel electrophoresis assay [231]. This technique is dependent on the
unwinding of the chromatin in the DNA of cells that have been embedded into agarose.
During electrophoresis, the DNA is drawn towards the anode resulting in comet-like
images when the DNA is stained by a fluorescent DNA probe such as Sytox Green [231].
The size of the comet-tail is proportional to the amount of strand breaks and the
frequency of strand breaks is taken from the intensity of DNA fluorescence in the comet
tail [231]. This method has been utilised with various repair enzymes in order to study
specific DNA damage products. For example, the use of formamidopyrimidine DNA
glycosylase (FPG) allows for the detection of the oxidised purines, 8oxoG and 8oxodG,
as well as ring-opened purines [232]. The misincorporation of uracil into DNA can also
be determined by the Comet assay using uracil DNA glycosylase (UDG), which is the
repair enzyme responsible for removal of uracil from DNA [233]. Furthermore, Comet
assay can detect crosslinks between DNA as the formation of the comet-tail is inhibited
in this case. DNA crosslinks can therefore be determined by the inhibition of normal DNA

comet-tail formation after treatment with H,0, [231].

A different approach used by several studies includes the use of antibodies in order to
detect these DNA damage products. A study conducted by Asahi et al. used a primary
monoclonal antibody against 8CIG in order to determine the presence of 8CIG after

rodents were exposed to LPS [18]. It was demonstrated that this method had limitations
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owing to the inability of the concentrations of 8CIG to be quantified due to a lack of
specificity as the antibody was 10 times more reactive to 8-bromoguanosine [18].
Similarly, antibodies against 8oxodG are often used in order to detect 8oxodG within

tissue samples.

More recently, enzyme linked immunosorbent assays (ELISA) have been developed in
order to quantify 8oxodG in saliva, urine, serum, plasma, tissue, cell lysates and
supernatants. Though ELISA is a quantitative method of determining 8oxodG, the results
of this method are not comparable to those obtained by LC-MS methods [234]. This is
due to the ELISA antibody recognising both free 8oxodG and 8oxodG incorporated into

the DNA where LC-MS methods often only measure the free nucleoside.

1.6. DNA damage in disease

1.6.1. Cancer

It has been well studied within the literature that damage to DNA during inflammation
can be detrimental, leading to the development of cancer [191, 206]. Cancer is not only
a disease caused by increased proliferative activity, but in many cases can be due to
agents that promote damage to DNA [191]. Cells that continue to proliferate despite
having become mutagenic or having sustained DNA damage continue to thrive in the
inflammatory environment of cancer [191]. These environments contain an abundance

of growth factors and inflammatory cells, which lead to tumour metastasis [191].
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In a cancerous environment, there is a significant increase in ROS, which can cause
modifications to DNA [235]. These DNA damage products, for example 8oxodG are
formed due to ROS-mediated inflammation during tumorigenesis [236]. 8oxodG is
mutagenic due to its tendency to pair with adenine during DNA replication [237]. The
primary enzyme which removes 8oxodG from DNA is OGG1, which cleaves the glycosylic
bond [238]. Though the damage in cancer produced by oxidative DNA damage was
believed to be due to the mispair of 8oxodG with adenine, recent studies have
demonstrated that free 8oxodG also has mutagenic properties [239]. Although there is
evidence linking DNA damage to cancer, the evidence for the link to diabetes and CVD

is also becoming clearer within the literature.

1.6.2. Diabetes

DNA damage has been linked to diabetes with studies showing that some DNA damage
products may correlate with clinical markers [10]. It has been well described in the
literature that there is an increased incidence of DNA damage in the blood cells of those
with Type 2 diabetes when compared to those without [201, 240-243]. More recently,
it has been shown that patients suffering from Type 2 diabetes are more susceptible to
mutagens and have impaired DNA repair mechanisms [244]. The sustained increase in
glucose levels alter the ability of cells to express insulin-dependent mRNA required to

activate DNA repair pathways, which may explain the observations described [244].

The most well studied DNA damage product in diabetes is 8oxodG [240]. 8oxodG has
been demonstrated to be relevant in this context due to an increase in ROS in a diabetic

environment. ROS such as the hydroxyl radical, superoxide anion, peroxynitrite and
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peroxyl radicals can produce not only oxidative DNA damage but other modifications
including DNA strand breaks [201]. Many studies have shown that there is a significant
increase in the excretion of 8oxodG in diabetic urine compared to age matched controls
[245-247]. In addition to this, it has been demonstrated that diabetic patients with
complications have significantly increased levels of 8oxodG excreted in their urine when
compared to diabetic patients without complications [248]. Though these observations
have been made, there has been no link described between 8oxodG levels and mortality

rates in diabetic patients [221, 249].

Studies have also been able to provide a link between the urinary excretion of the RNA
oxidation product, 8oxoG and diabetes [212, 214, 221, 249, 250]. These studies suggest
that 8oxoG is a viable biomarker for diabetes. The urinary excretion of 8oxoG is a good
predictor of mortality in patients with newly diagnosed diabetes independent of other
risk factors such as sex, age, smoking, blood pressure and pre-existing CVD [249].
Moreover, in urine collected 6 years after diagnosis with diabetes, it was determined
that increased levels of 8oxoG at this follow up corresponded to an increase risk in
mortality [221]. Similarly, a decreased urinary excretion of 8oxoG in diabetic patients
had a decreased risk in mortality showing that 8oxoG was not only a predictor of
mortality but also a risk factor [221]. These data provide evidence for the efficacy of the

use of modified nucleosides as a biomarker in disease.

1.6.3. CVD and atherosclerosis
In CVD, it has been proposed that an increase in oxidative stress, increased DNA damage

and limited DNA repair contributes to atherogenesis [251]. The oxidative damage
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observed in atherosclerosis is largely due to the production of ROS (such as the
production of the superoxide and hydroxyl radical) in the inflammatory environment
leading to the progression of disease [252]. In atherosclerosis, it has been demonstrated
that there is a significant increase in DNA single and double strand breaks and elevated
concentrations of 8oxodG due to increased ROS in this disease state [208, 253]. Some
studies have shown a correlation between the concentrations of 8oxodG detected with
the severity of disease [208, 253]. It has also been shown within the literature that in
atherosclerotic lesions, there is an increase in staining for 8oxodG when using
immunohistochemistry methods and a significant increase in DNA repair pathways, for

both base excision repair and other non-specific pathways [207].

Not only is there evidence for the presence of oxidative DNA damage in the context of
atherosclerosis, studies have also demonstrated that there is also chlorination of DNA
within a lesion [16]. As previously mentioned in this chapter, a study performed by
Takeshita et al., showed that concentrations of 5ClUra were found to be 10-fold higher
within an atherosclerotic lesion when compared to healthy aortic tissue [16]. Whether
this chlorinated nucleoside is a by-product of the disease process or whether it

propagates disease progression remains to be determined.

1.7. Biological reactivity of chlorinated nucleosides

1.7.1. Cellular consequences
The biological reactivity or cellular consequences of chlorinated nucleosides are yet to

be fully elucidated, however there are some studies demonstrating their incorporation
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into nucleotides, DNA and RNA [1, 6]. The incorporation of these modified nucleosides
has been demonstrated to cause mutagenesis, which has been implicated in diseased
states such as atherosclerosis and cancer [16, 254]. In these pathologies, inflammation

is an important component causing the development and progression of disease.

A study published in 2015 showed that 5CIC showed mutagenic properties in vitro and
in vivo [255]. This chlorinated nucleoside is mutagenic as it remains unidentified by DNA
polymerases, which only recognise this modification 25% of the time. There were two
mechanisms proposed by which this process occurs, that 5CIC was converted to a more
toxic product or 5CIC was intrinsically mutagenic [255, 256]. Studies on the mutagenesis
of 5CIC demonstrated that 5CIC base-paired with guanine 95% of the time and adenine
for the other 5%. These findings are significant as 5CIC is the most readily formed
chlorinated nucleoside [256]. Another study showed that only 5CIC incorporated into
the RNA of epithelial prostatic cells and EA.hy926 endothelial cells causing alterations in

RNA synthesis and translation [256].

5ClUra incorporates into the DNA of a human leukemia cell line [257]. In these cells,
5ClUra could not be distinguished from thymine during DNA replication when the
template strand contained 5CIUra or thymine [257]. Similarly, when 5ClUra and
adenosine formed based pairs in DNA, the base pair was not targeted for removal by
glycosylases due to their thermodynamic stability and hydrogen bonding similarities to

a base pair of thymine and adenine [258].

In @ murine macrophage cell line, J774.A1, ribose chlorinated nucleosides, 8CIA, 8CIG

and 5CIC were shown to incorporate into RNA [259]. In contrast, only 5CIdCincorporated
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into the DNA of J774.A1 cells but not 8CIdA and 8CIdG [259]. These cells were shown to
be able to clear levels of 5CIC from cellular RNA as well as 8CIA and 8CIG to a lesser
extent. However, when J774.A1 cells were exposed to 8CIG and 5CIC, there was a
significant increase in the expression and secretion of pro-inflammatory cytokines and
chemokines, including IL-1B [259]. However, though there were alterations to the
expression of pro-inflammatory genes, there were no observed differences to

proliferation or viability of the cells under the conditions used.

In contrast to this, the prolonged exposure of J774.A1 cells to 8CIA caused alterations in
metabolism and induced apoptotic cell death [260]. When these cells were exposed to
8CIA, there was a significant increase in the incorporation into the nucleotide pool to
form 8-CIATP. The formation of this product did not alter basal mitochondrial respiration
or glycolysis, however, it was demonstrated to significantly increase maximal respiration
and spare respiratory capacity [260]. In addition, these cells were shown to have altered

antioxidant responses and DNA damage repair.

These data demonstrate that chlorinated nucleosides can have mutagenic effects as well
as incorporate into RNA and DNA of cells causing other effects influencing homeostasis.
With this knowledge, chlorinated nucleosides have been used therapeutically

particularly in the context of cancer [261, 262].

1.7.2. Chlorinated nucleosides as therapeutic agents
Though some chlorinated nucleosides have been shown to cause mutagenic effects,
there is also evidence demonstrating the therapeutic benefits of these compounds. In

vitro studies with 5CIdC have shown that this chlorinated nucleoside works as a

35



radiosensitiser [263]. In HEp-2, RIF-1 and S-180 mammalian cell lines, co-treatment with
5CIdC and tetrahydrouridine, caused the cells to be more sensitive to X-ray [263]. In
addition, when these cells were pre-incubated with inhibitors of pyrimidine synthesis,

this sensitivity was increased [263].

Studies performed with human cancers in nude mice have demonstrated similar effects
tothose in cell lines [264]. It was shown that in vivo, deoxycytidine kinase converts 5CldC
to 5-CIdCMP, which is further converted to 5-CIdUMP by dCMP deaminase [265].
Following this, 5-CIdUMP has been shown to be anabolised and selectively incorporated
into DNA of cancerous tumours as 5CIdU [265]. This works as a radiosensitiser as X-rays
directed to tumour DNA with incorporated 5CIdU, causing the Cl atom to be released.
From this, a uracyl radical is formed causing strand breaks to occur within the tumour
DNA [264]. The cell is then no longer able to adequately replicate, causing death of the

cancerous cells [264].

Another chlorinated nucleoside that has been demonstrated to have therapeutic
benefits is 8CIA. In vitro studies using leukemic cell lines have shown that exposure to
8CIA causes the formation of 8-Cl-cAMP resulting in apoptotic cell death [266]. The cell
death observed was proposed to occur through two major mechanisms, either through
the depletion of ATP or by inhibiting anti-apoptotic proteins [266]. Following these
mechanisms, 8CIA is phosphorylated by multiple enzymes, for example, adenosine
kinase to form the chlorinated analogue of ATP, 8-CIATP [266]. Similarly, the formation
of 8-CIADP has been demonstrated to compete with ADP, also causing the depletion of

intracellular ATP [267].
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In addition to these effects observed in chronic lymphocytic leukemia cells, 8CIA has
been demonstrated to induce apoptosis in myeloma [266, 268, 269], breast cancer [270,
271] and mantle cell lymphoma [272] cell lines. The ability of 8CIA to induce these
outcomes on cancerous cell types has resulted in a Phase | clinical trial of intravenous
infusions of 8CIA in the treatment of chronic lymphocytic leukemia [261]. More recently,
Phase I/Il clinical trials of intravenous infusions of 8CIA in the treatment of refractory
and relapsed acute myeloid leukemia are also in completion [262]. Though these
chlorinated nucleosides have been and continue to be studied in the treatment of
disease, whether 8CIA, 5CIdC and other chlorinated nucleosides are involved in the

progression of other pathologies, remains to be defined.

1.8. Summary

Although MPO has been shown to play a vital role in the immune response, the
generation of MPO-derived oxidants such as HOCI has been strongly linked to the
development and progression of atherosclerosis [110, 113, 115]. Studies show that HOCI
is a strong oxidant, capable of reacting with DNA and RNA to form chlorinated
nucleosides [13, 196]. Though chlorinated nucleosides have been implicated in diseases
such as atherosclerosis and diabetes, whether these compounds are biomarkers or
whether they propagate disease progression remains to be fully elucidated. Studies
have shown the toxicity of 8CIA and mutagenic properties of 5CIC, however, the
implications of exposure many of the other chlorinated nucleosides in the context of

atherosclerosis remains unknown.
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Another well known contributor to the progression of atherosclerosis is the production
of NETs. The structures of NETs have been well defined to be strands of DNA as well as
histones and antimicrobial factors, which are expelled in response to injury or other
stressors. One of the antimicrobial factors present on NET DNA include MPO. However,
whether MPO attached to these NETs produce HOCI, which could react to NET DNA to

form chlorinated nucleosides remains unknown.

1.9. Hypotheses and aims

Therefore, the objective of this project was to determine the effect of exposure to
chlorinated nucleosides in human coronary artery endothelial cells (HCAEC) and
human coronary artery smooth muscle cells (HCASMC). Also, this study aimed to
examine whether any chlorinated nucleosides were formed on the DNA of NETs in a

human neutrophil cell line (PLB-985).

1.9.1. Hypotheses

This project explored two specific hypotheses, which were that: the formation of
chlorinated nucleosides under chronic inflammatory conditions will influence the
function of wvascular cells, promoting the development and progression of
atherosclerosis. The second hypothesis was that neutrophil extracellular traps may be a

source of chlorinated nucleosides in inflammatory environments.
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1.9.2. Project aims
1. To determine the extent of uptake and turnover of chlorinated nucleosides
with different vascular cell models (HCAEC and HCASMC).
2. To assess whether chlorinated nucleosides influence cellular function and
pro-inflammatory signalling pathways in vascular cells.
3. To establish whether neutrophil extracellular traps are a potential

physiological source of chlorinated nucleic acids.
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Chapter 2 — Materials and Methods

2.1. Materials

Solutions and chlorinated nucleoside stocks were prepared using nanopure water,
which was filtered through a Milli-Q system unless otherwise stated (Millipore Waters,
Australia). Materials and chemicals were sourced from various companies that are

stated in Appendix 1.

2.2. Chlorinated nucleosides and all-trans retinoic acid (ATRA)

Stock solutions of chlorinated nucleosides, 8CIA, 8CIG, 5CIC and their deoxyribose forms,
8CIdA, 8CldG and 5CIdC were made to a concentration of 500 uM in Milli-Q water.
Parent nucleosides adenosine (Ad), cytidine (Cyt), 2’-deoxyguanosine (dG) and 2’-
deoxycytidine (dC) were made to a concentration of 5 mM in Milli-Q water. A stock
solution of all-trans retinoic acid (ATRA) was made to 10 mM in dimethyl sulfoxide
(DMSOQ). Chlorinated nucleosides and ATRA stock solutions were stored in aliquots at —

80°C prior to dilutions in appropriate cell culture media for cell treatments.

2.3. Cell culture

2.3.1. Human coronary artery endothelial cell culture
Human coronary artery endothelial cells (HCAEC) (Cell Applications) were cultured in
MesoEndo cell culture medium (Cell Applications) under sterile conditions at 37°C with

5% CO;. For each experiment, a minimum of 3 separate donors (details outlined in Table
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2.1) were cultured and passaged for experiments by enzymatic digestion using trypsin-
EDTA (0.025% trypsin and 0.01% EDTA in PBS) to form a cell suspension. Cell density was
normalised to 5 x 10* cells/mL (unless otherwise specified) and cells at or between
passages 3 — 6 were plated in MesoEndo cell culture medium and were allowed to
adhere to the plate overnight prior to treatment. 8CIA, 8CIG, 5CIC, 8CIdA, 8CIdG and
5CIdC (4, 8 and 16 uM) were prepared in MesoEndo cell culture medium sterile filtered,

and incubated with the cells for 2, 6, 24, 48 and 72 h.

Table 2.1: Human coronary artery endothelial cell donor information.

Donor Number Gender Age Ethnicity
2366 Male 60 Caucasian
2315 Male 19 Hispanic
2863 Male 16 Caucasian

2.3.2. Human coronary artery smooth muscle cell culture

Human coronary artery smooth muscle cells (HCASMC) (Cell Applications) were cultured
in smooth muscle cell growth medium (Lonza) under sterile conditions at 37°C with 5%
CO;. For each experiment, a minimum of 3 separate donors (details outlined in Table
2.2) were cultured and passaged for experiments by enzymatic digestion using trypsin-
EDTA (0.025% trypsin and 0.01% EDTA in PBS) to form a cell suspension. Cell density was
normalised to 1 x 10° cells/mL (unless otherwise specified) and passages 3 — 6 were
plated in smooth muscle cell growth medium and allowed to adhere to the plate

overnight prior to treatment. 8CIA, 8CIG, 5CIC, 8CIdA, 8CIdG and 5CIdC (4, 8 and 16 uM)
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were prepared in smooth muscle cell growth medium sterile filtered and incubated with

the cells for 2, 6, 24, 48 and 72 h.

Table 2.2: Human coronary artery smooth muscle cell donor information.

Donor Number Gender Age Ethnicity
1522 Male 54 Black
1559 Male 22 Black
2989 Male 27 Caucasian

2.3.3. PLB-985 cell culture and differentiation

PLB-985 cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin and 0.1 mg/mL streptomycin under sterile conditions in T175
cm? tissue culture flasks. Cells were cultured in a humidified environment with 5% CO>
at 37°C. PLB-985 were allowed to proliferate in suspension culture with passaging every
second day by removing 20 mL of cell suspension and replacing the volume removed
with 20 mL of RPMI-1640 supplemented with 10% FBS, 100 U/mL penicillin and 0.1
mg/mL streptomycin. Cells between passages 3 and 20 were normalised to a density of
3 x 10° cells/mL and were differentiated into a neutrophil-like state by incubation in
T175 cm? flasks in RPMI-1640 with 1% FBS, 1.3% DMSO and 2 uM ATRA for 72 h prior to

each experiment.

2.3.3.1. Determination of PLB-985 morphology with May-Griinwald-Giemsa staining
The successful differentiation of PLB-985 (myelomonoblasts) into a neutrophil-like

granulocyte was determined using morphological analysis with May-Griinwald-Giemsa
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staining. Non-differentiated PLB-985 cells and PLB-985 cells differentiated in 1 uM and
2 UM ATRA were normalised to a density of 2 x 10° cells/sample in 200 pL 50% RPMI-
1640 (with 10% FBS, 100 U/mL penicillin and 0.1 mg/mL streptomycin) and 50% PBS.
Cells were cytocentrifuged using a Cytospin 3 (Thermo Fisher Scientific) at 20 x g for 10
min onto microscope slides. Slides were then allowed to dry in a fume cabinet for 1 h,
before fixing in methanol for 5 min, and staining with 55% May-Grinwald in 45%
Phosphate buffer (pH 6.5) for 10 min. A second stain, 10% Giemsa in 90% Phosphate
buffer was then applied for 15 min prior to submersion of the slides in Phosphate buffer
for 5 min. Slides were then briefly washed in Milli-Q H,0 for 1 min to remove residual
stain prior to allowing it to dry. Once slides had been allowed to dry for at least 1 h,
coverslips were mounted onto each slide using PERTEX. The slides were then allowed to

dry in the fume cabinet overnight prior to imaging using an Olympus Bx43 microscope.

2.4. Neutrophil extracellular trap release

2.4.1. Qualitative detection of NETs by microscopy with Sytox Green staining

In order to determine the production of NETs, extracellular release of DNA was
determined by using the DNA specific stain, Sytox Green, with microscopic imaging. PLB-
985 cells differentiated in 2 uM ATRA for 72 h were counted and normalised to a density
of 5 x 10° cells/mL, then plated into 4-well chamber slides (4 x 10° cells/well), which
were pre-coated with poly-/-lysine. Cells were allowed to adhere to the slides for 1 h in
a humidified environment with 5% CO; at 37°C. In experiments with PMA, each well was

gently washed with HBSS supplemented with 0.5% FBS to remove residual RPMI-1640.
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Each well was then treated with 25, 50 and 100 nM PMA in HBSS supplemented with
0.5% FBS and incubated at 37°C for 4 h. in experiments with HOCI, each well was washed
gently with RPMI-1640 supplemented with 0.5% FBS. Wells were then treated with 0.5,
0.75 and 1 mM HOCI diluted in RPMI-640 with 0.5% FBS and incubated at 37°C for 4 h.
After incubation, an equal volume of 8% (v/v) formaldehyde in PBS was added to each
well to fix the cells with incubation for 15 min. After removal of media and
formaldehyde, a second fixative of 4% (v/v) formaldehyde in PBS was added and the
slides were further incubated for 15 min. Slides were then gently washed twice with
HBSS prior to the addition of 2 uM Sytox Green for 10 min to stain extracellular DNA.
The stain was aspirated from each well and the chambers were removed. Slides were
left to dry for 10 min before adding a coverslip with ProLong Gold antifade mountant.
After allowing the slides to dry overnight in the dark, each chamber was imaged using

the FITC filter on an Olympus Bx43 fluorescence microscope.

2.4.2. Quantification of NETs by fluorescence

2.4.2.1. Quantification of NETs by Sytox Green staining

The quantification of NET production was performed by staining extracellular DNA with
Sytox Green, followed by measurement of fluorescence using a plate reader. PLB-985
were differentiated as above and plated into a 24-well plate (5 x 10° cells/well) or black
96-well plate (2 x10° cells/well) prior to treatment with PMA (10, 20, 25, 50 and 100
nM). In the black 96-well plates, 2 uM Sytox Green was added and the plate was
analysed at excitation and emission wavelengths of 504 and 523 nm, respectively, using

a plate reader, every hour for 4 h. Cells plated in the 24-well plates were treated with
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PMA (10, 20, 25, 50 or 100 nM) for 4 h. Following treatment, 40 U/mL of
deoxyribonuclease (DNase) was added to each well and incubated for 15 min before
inactivation with 5 mM EDTA. The supernatant was then centrifuged (200 x g for 5 min)
to remove cells, followed by staining of remaining NETs with 2 uM Sytox Green. The
stained supernatant (200 pL) was then transferred into a black walled 96-well plate and
analysed using a SpectraMax M3 plate reader at excitation and emission wavelengths of

504 and 523 nm, respectively.

2.4.2.2. Quantification of NETs by PicoGreen staining

The quantification of NET production was also performed by staining extracellular DNA
with PicoGreen, followed by measurement of fluorescence using a plate reader. After
differentiation and stimulation of PLB-985 (5 x 10° cells/well) with HOCI (0.25, 0.5, 0.75
or 1 mM) or PMA (10, 25, 50 or 100 nM) for 4 h, 0.5 mU/mL of micrococcal nuclease
(MNase) was added and samples were incubated at 37 °C with 5% CO; for 15 min. MNase
was then inactivated by addition of 5 mM EDTA prior to centrifugation to remove the
cell pellet. An equal volume of 1:200 dilution of PicoGreen reagent in 10 mM Tris base
buffered with 1 mM EDTA was then added to the supernatant. This was then transferred
into a black 96-well plate and incubated for a further 10 min. Following incubation,
fluorescence was recorded at excitation and emission at 488 and 520 nm, respectively

using a SpectraMax M3 plate reader.

45



2.5. Quantification of unmodified and modified nucleosides using liquid
chromatography triple quadrupole mass spectrometry (LC-MS/MS)

2.5.1. Nucleic acid isolation

2.5.1.1. Isolation of DNA, RNA and protein from HCAEC and HCASMC

The incorporation of chlorinated nucleosides into the DNA or RNA of HCAEC or HCASMC
was determined by LC-MS/MS. HCAEC or HCASMC (1 x 108 cells) were plated in a T175
cm? flask with chlorinated nucleosides (8 pM) and incubated for 2, 6, 24, 48 and 72 h at
37°C. Following treatment, DNA and RNA was isolated from the cells using the Isolate Il
RNA/DNA/Protein Extraction Kit (Bioline) following the manufacturer’s protocol. Cells in
each sample were lifted into suspension using 5 mL of trypsin-EDTA (0.025% trypsin and
0.01% EDTA in PBS) and centrifuged at 220 x g for 5 min to pellet the cells. PBS (5 mL)
was then added into each sample to resuspend and wash the cells. Samples were then
centrifuged at 220 x g for 5 min and the supernatant was removed prior to the addition
of 300 pL of Lysis Buffer TX. Samples were then stored at — 20°C until separation or

immediately transferred to a DNA isolation column.

Once lysed samples were transferred to the DNA column, the columns were centrifuged
at 14 000 x g for 1 min and the flow through (A) was transferred to a microcentrifuge
tube for isolation of RNA. Wash buffer W1 (500 uL) was then added to the column and
centrifuged at 14 000 x g for 1 min. This was then repeated with wash buffer W2 with
the flow through discarded. The column was centrifuged for 2 min at 14 000 x g in order
to dry the column. DNA elution buffer (100 pL) was then added to each sample and

centrifuged for 2 min at 200 x g, followed by 14 000 x g for 1 min to elute DNA.
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In order to isolate RNA, 100% ethanol was added (200 pL) to the flow through sample
(A) and vortexed to mix. The resulting solution was transferred to the RNA and protein
isolation column and centrifuged at 3500 x g for 1 min. The flow through from this
solution (B) was then transferred into a microcentrifuge tube for isolation of protein. To
the column, 400 uL of wash buffer W1 was added, followed by centrifugation at 14 000
x g for 1 min with the flow through discarded. The wash step was then repeated twice
more prior to drying the column by centrifugation at 14 000 x g for 2 min. RNA was
eluted by addition of RNA elution buffer (50 uL) followed by centrifugation at 200 x g

for 2 min then 14 000 x g for 1 min.

To isolate protein from each sample, 500 pL of nuclease-free water and 40 uL of protein
binding buffer was added to the flow through from the RNA column (B). Samples were
then transferred into the RNA and protein column and centrifuged at 5 200 x g for 2 min
with flow through discarded. Wash buffer 3 (500 uL) was added to each sample and
centrifuged at 5 200 x g for 2 min. To elute the protein, 100 uL of protein elution buffer
was added to each sample and centrifuged at 5 200 x g for 2 min. Protein neutralisation
buffer (9.3 uL) was then added to each sample. DNA, RNA and protein samples were all

stored at -80°C until further analysis.

2.5.1.2. Isolation of DNA from extracellular traps released by PLB-985

The presence of chlorinated nucleosides on NETs released by PLB-985 was determined
by LC-MS/MS. Differentiated PLB-985 cells were normalised to a density of 1 x 10’
cells/sample before treatment to induce NETs in T75 cm? cell culture flasks. After

incubation with PMA (50 nM) or HOCI (0.75 mM) for 4 h, traps were digested with DNase
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(40 U/mL) for 10 min. 5 mM EDTA was then added in order to inactivate the DNase.
Samples were centrifuged for 5 min at 200 x g in order to pellet the cells. The
supernatants were then transferred into 50 mL centrifuge tubes where DNA was
precipitated by adding a one tenth volume of 3 M sodium acetate (pH 5.2) followed by
2 volumes of absolute ethanol, and incubation at — 20 °C overnight. The samples were
then centrifuged at 4 °C for 30 min at 14 000 x g to pellet DNA. The supernatant was
removed, and the DNA pellet was lysed using the lysate buffer in the DNA isolation kit
(QIAGEN). The initial cell pellet was washed once with PBS and centrifuged at 200 x g for
5 min. The pelleted cells were then lysed using the lysis buffer from the DNA extraction
kit. Once the lysis buffer had been added to precipitated DNA and cell pellet, the

extraction kit was used to isolate DNA.

2.5.2. Hydrolysis and dephosphorylation of DNA and RNA

DNA or RNA concentration was measured using a Nanodrop spectrophotometer and
each sample was adjusted to 500 ng of DNA or RNA. Samples were hydrolysed using 2 U
Nuclease P1 with addition of an equal volume of 300 mM sodium acetate and zinc sulfate
solution, pH 5.3 and incubated for 2 h at 37°C. Samples were then dephosphorylated
using 10 U alkaline phosphatase with the addition of an equal volume of a 500 mM Tris-
HCl and 1 mM EDTA solution at pH 8.0 for 1 h at 37°C. A liquid-liquid extraction was
performed using 5 volumes of chloroform. After addition of chloroform, the sample was
vortexed and centrifuged to separate into two layers. The top aqueous layer was
collected, transferred to a new tube and centrifuged at 16 000 x g for 10 min through a
10 kDa centrifugal filter followed by then centrifuged at 16 000 x g for 10 min through a

0.22 um filter. The filtrate was subjected to solid phase extraction using a C18 vacuum
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cartridge. Solid phase extraction was performed by conditioning the cartridge with 80%
methanol, equilibration with 0.1% TFA in H20, addition of sample, followed by washing
with 0.1% TFA in H,0 and elution using 80% methanol. Samples were then evaporated

for 4 h (to dryness) using a Speedivac at 40 °C prior to resuspension in 50 L of H,0.

2.5.3. Detection of chlorinated and parent nucleosides by LC-MS/MS

A Discovery C18 column (5 um pore size, 25 cm x 2.1 mm) (Sigma Aldrich) was used to
achieve chromatographic separation of chlorinated and parent nucleosides (Appendix
2). 20 pL of each sample was injected and eluted according to the mobile phase
composition in Table 2.3 using 5 mM ammonium formate in H,O (Buffer A) and 5 mM
ammonium formate in 50% (v/v) acetonitrile (Buffer B) adapted from [6]. Detection of
each compound was completed by UV absorbance at 260 nm using an Agilent
Technologies 1290 detector. Confirmation was achieved by ESI-positive triple-
guadrupole mass spectrometry using selected reaction monitoring (SRM) with mass
fragmentation summarised in Table 2.4 as previously described [6, 13]. Mass
fragmentation was achieved with nitrogen as the collision gas, held at a temperature of
290°C, with a flow rate of 11 L/min. The capillary voltage applied was 4000 V in order to
ionise each sample with a sheath gas flow of 12 L/min at a temperature of 400 °C.
Collision energies for both the qualifier and quantifier ions were determined by direct

injection into the MS with monitoring using Mass Hunter Optimizer Software (Agilent).
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Table 2.3: Mobile phase composition to separate chlorinated and parent compounds.

Time Buffer B (%)
0-10 0
10-50 0-20
50-60 20-50
60— 65 50-100
65-70 100
70-75 100-0

Table 2.4: Mass fragmentation of unmodified and chlorinated nucleosides.

Compound | Prention | Qualfer || (Lo Quantier | LT
Energy Energy

8CIA 302.2 153.0 53 169.9 17
8CIG 318.1 169.0 45 186.0 13
5CIC 278.1 128.9 41 145.9 17
Adenosine 268.1 118.9 49 136.1 17
Guanosine 284.1 135.0 33 151.9 17
Cytidine 244.1 95.0 47 112.0 17
8CIdA 286.1 116.9 13 169.9 9
8CldG 302.1 132.9 35 186.0 13
5CldC 262.1 93.0 35 145.9 9
2’-deoxyadenosine 252.2 119.0 41 135.9 9
2’-deoxyguanosine 268.1 110.1 45 151.9 37
2’-deoxycytidine 228.1 58.8 37 1119 9
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2.5.4. Detection of 8CldG in NETs

Detection of 8CldG was performed using an Acquity C18 UPLC column (1.8 um pore size,
10 cm x 2.1 mm) (Waters) maintained at a temperature of 11°C. A 25 L injection of
each sample was eluted under the gradient outlined in Table 2.5, where mobile phase A
is 0.5% (v/v) of acetic acid in H,O and mobile phase B is 100% acetonitrile. 8CldG was
measured using negative ESI triple-quadrupole mass spectrometry by monitoring mass
fragmentation of 300.1 = 184.00 and of the heavy isotope 302.1 - 186.00. In order to
determine the presence of 8CIdG, confirmation was determined by a ratio of peak area

of the light isotope : heavy isotope of approximately 3 : 1.

Table 2.5: Gradient elution of 8CldG.

Time (min) Flow (uL/min) Mobile phase B (%)
0-15 200 0
15-2.0 200 0-6.0
2.0-9.0 200 15.8
9.0-9.1 200 15.8 - 100
9.1-11.0 200 100
11.0-111 250 100-0
11.1-18.9 300 0
18.9-19.0 200 0
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2.6. Quantification of unmodified and chlorinated nucleotides using high
performance liquid chromatography (HPLC)

2.6.1. Lysis of HCAEC and HCASMC

The incorporation of 8CIA into the nucleotide pool of HCAEC or HCASMC to form 8-CIATP
was determined by HPLC. HCASMC or HCAEC (2 x 10° cells) were plated into 6-well cell
culture plates overnight to allow attachment, after which, the cells were treated with
8CIA and Ad (16 uM) for 24 and 48 h. Treatment media was then removed and cells were
washed twice with PBS prior to enzyme dissociation using trypsin-EDTA (0.025% trypsin
and 0.01% EDTA in PBS) to lift cells into suspension. Cells from triplicate wells were then
pooled and washed with PBS twice with centrifugation prior to removal of PBS and cell

lysis using 500 pL of H,O.

2.6.2. Extraction of the nucleotide pool

A 10 pL aliguot of each sample was removed for protein quantification by a BCA assay
to normalise each sample to protein concentration. 500 pL of 0.8 M perchloric acid was
added to the remaining sample followed by centrifugation at 400 x g for 5 min. The
supernatant was kept and transferred to a separate tube. This process was then
repeated with 500 pL of 0.4 M perchloric acid added to the pellet. Supernatants were
then combined and neutralised to pH 7 using 10 M potassium hydroxide. Samples were
centrifuged at 400 x g for 5 min in order to remove any precipitate. The supernatant
was then transferred into 0.22 um spin filter columns and centrifuged at 16 000 x g for

10 min prior to storage at — 20 °C until analysis using HPLC.
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2.6.3. Detection of chlorinated nucleotides

Nucleotides were detected using a Shimadzu HPLC system coupled with a Shimadzu
SPD-M20A PDA detector set at a wavelength 254 nm. Separation was achieved using a
ZORBAX SAX HPLC column (5 um pore size, 4.6 x 250 mm) column maintained at 30 °C.
A 50 pL injection of each sample was made and eluted at a flow rate of 1.5 mL/min. A
gradient elution was performed using an exponential curve with an initial mobile phase
composition of 60% 0.005 M NH4H;PO4 (pH 2.8) and 40% 0.75 M NH4H;PO4 (pH 3.6) to
a final mobile phase composition of 100% 0.75 M NH4H;PO4 (pH 3.6) over 50 min. The
final mobile phase composition was then maintained for 5 min prior to the composition
being returned to initial mobile phase composition with a 5 min hold at 60% 0.005 M
NH4H2PO4 (pH 2.8) and 40% 0.75 M NH4H2PO4 (pH 3.6) before injection of the next

sample.

2.6.4. Standard curves and quantification of parent and chlorinated nucleotides

Standard curves were prepared for each nucleotide, ATP, CTP, GTP, UTP and 8-CIATP,
ranging from 0 — 20 uM with each compound diluted in H,0. Each standard solution was
filtered through a 0.22 um centrifugal filter as per the cell sample procedure described
above, followed by analysis by HPLC. A mixed standard was made by combining equal
volumes of each nucleotide and injections of 10, 20, 30, 40 and 50 uL were separated by
HPLC. Concentrations of each nucleotide in the cell samples was determined by
extrapolating from the standard curve followed by normalisation to protein

concentration, with values reported in nmol/mg protein.

53



2.7. Cellular assays

2.7.1. Metabolic activity by PrestoBlue Cell Viability Reagent

The metabolic activity of treated HCAEC and HCASMC was assessed using the PrestoBlue
Cell Viability Reagent (ThermoFisher Scientific) which measures metabolic activity,
following the manufacturer’s protocol. HCASMC or HCAEC (1 x 10* cells) were plated
into a 96-well plate and allowed to adhere overnight in a humidified environment
maintained at 37 °C with 5% CO.. Cells were then treated with chlorinated nucleosides,
8CIA, 8CIG, 5CIC, 8CldA, 8CldG and 5CIdC (4, 8 and 16 uM) diluted in MesoEndo cell
culture media (HCAEC) or smooth muscle cell growth media (HCASMC) for 24, 48 and 72
h. 2 h prior to the end of the incubation period, 22 uL of PrestoBlue reagent was added
to each well and reincubated at 37°C. Fluorescence was then determined by plate reader
with excitation and emission at wavelengths 560 and 590 nm, respectively. The results

were normalised to the non-treated control in each case.

2.7.2. Proliferation assay

The proliferation of HCASMC was determined after treatment by staining with trypan
blue to exclude dead cells and cell counting using a haemocytometer. HCASMC (10°
cells) were plated into 12-well plates and allowed to incubate overnight at 37°C with 5
% CO,. Cells were then treated with 8CIA, 5CIC, 8CIdG and 5CIdC (16 uM) for 24, 48, 72
and 96 h. After each incubation time, cells were de-adhered from the plate using trypsin-
EDTA (0.025% trypsin and 0.01% EDTA in PBS) prior to cell counting using a
haemocytometer with trypan blue staining to exclude non-viable cells. Total cell number

was then calculated for each sample in triplicate.

54



2.7.3. ATP assay

The ATP concentration in cells was determined in experiments with 8CIA and Ad with
the ATPlite Luminescence assay system (Perkin Elmer). HCAEC or HCASMC (10* cells)
were seeded into black 96-well plates overnight before treatment with 8CIA or Ad (8
uM) for 24 and 48 h. Concentrations were then determined as outlined in the
manufacturer’s manual. Briefly, a standard curve was made ranging from 0—20 uM ATP
in cell culture medium. Mammalian cell lysis solution (50 pL) was then added into each
well including standard curve samples. The plate was placed onto an orbital shaker for
5 min, after which, 50 pL of substrate (Luciferase/Luciferin) was added to each well. The
plate was placed on an orbital shaker for a further 5 min, followed by dark adaption for
10 min. A measure of luminescence at 570 nm was then taken using the SpectraMax L

microplate luminometer.

2.7.4. BCA assay

Protein concentration was determined in cell lysates using the BCA assay. A standard
curve was made using bovine serum albumin (BSA) at concentrations from 0 — 2 mg/mL
diluted in H,0. Standards and samples (10 pL) were pipetted into a 96-well plate in
triplicate prior to the addition of 190 pL of BCA reagent (1 : 50 dilution of 5% CuSO4(w/v)
in BCA Reagent A (2.5 mM sodium bicinchoninate, 189 mM sodium carbonate, 8.25 mM
sodium tartrate, 100 mM sodium hydroxide and 113 mM sodium bicarbonate, pH
11.25)). The plate was then incubated at 60°C for 30 min followed by measurement of

absorbance at 562 nm using a SpectraMax M2e plate reader.
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2.7.5. GAPDH activity assay

The activity of GAPDH was determined by monitoring the formation of NADH measured
by the increase in absorbance at 340 nm. After treatment with 8CIA and Ad (8 uM),
HCAEC (10° cells) were washed twice with PBS prior to lysis using Milli-Q H,0. Lysates
were then added to 20 mM NAD* dissolved in a buffer of 45 mM sodium pyrophosphate
/ 60 mM sodium phosphate (pH 7.4). Glyceraldehyde 3-phosphate (180 uM) was then
added to each sample immediately prior to analysis. The formation of NADH was
monitored using SpectraMax M2e Microplate Reader (Molecular Devices) at an
absorbance of 340 nm, over time at 37°C. The activity of GAPDH was normalised to

protein as determined using the BCA assay.

2.7.6. Glucose uptake assay

Glucose uptake was assessed using the Glucose Uptake Cell-Based Assay Kit (Cayman
Chemical). HCAEC (1 x10* cells) were treated with 8CIA (8 uM) and Ad (8 pM) for 48 h,
after which the treatment media was aspirated and replaced with glucose-free HBSS,
with or without apigenin (50 uM) for 1 h. 2- 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-
yl)-amino]-D-glucose (2-NBDG; 250 uM), a fluorescent analogue of glucose, was then
incubated with each sample before the supernatant was replaced with the Cell-based
assay buffer. The fluorescence present within the cells was imaged using a FITC filter on
an Olympus Bx43 microscope. The change in fluorescence was then detected at an

excitation and emission of 485 and 535 nm, respectively, using a SpectraMax M2e plate

Reader.
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2.7.7. Seahorse assay

The Seahorse XF Analyser was used in order to determine any alterations to ATP
production by oxidative phosphorylation or glycolysis. Mitochondrial respiration was
assessed in HCAEC that were exposed to 8CIA or Ad by determining the oxygen
consumption rate (OCR). OCR was measured using a Seahorse XF24 Extracellular flux
analyser and the Cell Mito Stress Test Kit (Agilent). HCAEC were plated in a Seahorse
XF24 cell culture microplate (3.2 x 10 cells) and allowed to adhere to the plate for 1 h.
After 1 h, the supernatant was gently aspirated before the addition of 8CIA or Ad (8 uM)
for 48 h. HCAEC were then washed with Seahorse XF DMEM supplemented with 20 mM
glucose, 40 uM L-glutamine and 80 uM sodium pyruvate. The plate was incubated at
37°C while OCR was measured before and after injection of multiple inhibitors;
oligomycin (1.7 uM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 0.7
KUM) and rotenone / antimycin A (0.5 uM). The plate was allowed to equilibrate in the
XF analyser for 12 min. After equilibration, the plate was mixed for 3 min and OCR rate
was measured. This was repeated before and after each injection of each inhibitor. Once
completed, each sample was washed twice with PBS, then lysed using 25 pL of RIPA
buffer (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM NazEDTA, 1 mM EGTA, 1% NP-40,
1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1
mM NasVOs, 1 pg/ml leupeptin) in order to perform the DC protein assay (Section 2.7.8)
for protein normalisation. From the OCR obtained, multiple measures of mitochondrial

respiration were calculated (see Figure 2.1).
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Figure 2.1: Measures of mitochondrial respiration using a Seahorse Analyser (modified
from [273]).

The Mito-stress test uses the Seahorse XF24 Analyser in order to determine measurements of
mitochondrial respiration. Initially, the basal respiration was determined by measuring oxygen
consumption rate (OCR). Oligomycin (1.7 uM) was then added into each sample and the OCR was recorded
in order to determine the proton leak. From this, ATP production was calculated as the difference in OCR
between basal respiration and proton leak. An injection of FCCP (0. 7 uM) was then made and the recorded
OCR was representative of maximal respiration. The spare respiratory capacity was then determined from
the difference in OCR between maximal and basal respiration. Both rotenone (0.5 uM) and antimycin A
(0.5 uM) was injected in order to stop mitochondrial respiration, where the corresponding OCR showed
non-mitochondrial respiration.

The glycolytic ability of HCAEC (3.2 x 10* cells) that were exposed to 8CIA or Ad (8 uM)
for 48 h was determined by measuring extracellular acidification rate (ECAR). Following
treatment, HCAEC were washed using Seahorse XF DMEM supplemented with 40 uM L-
glutamine and incubated at 37°C. ECAR was then measured prior and following an
injection of 10 mM glucose. Results were normalised to protein concentration using the

DC protein assay (Section 2.7.8).
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2.7.8. DC protein assay

The concentration of protein in samples from the Seahorse assay was determined using
the DC protein assay kit (Bio-Rad). After analysis of OCR and ECAR using the Seahorse
XF24 Extracellular flux analyser, the supernatant was removed, and each sample was
gently washed twice with HBSS. To each sample, 25 puL of RIPA buffer was added to each
well and the cells were gently scraped into solution. The resulting solutions were stored
at — 20°C until analysis. Standards were prepared using BSA to concentrations of O ug to
50 ug diluted in RIPA buffer to a total volume of 25 pL. Solution S (100 pL) was added to
Solution A (5 mL) and 125 pL of the mixture was added to each standard or sample.
Solution B (1 mL) was then added to each standard or sample and pipetted to mix prior
to incubation at room temperature for 15 min. Samples and standard were then
transferred to a 96-well plate and absorbance was read at 750 nm on a SpectraMax M2e

plate reader.

2.7.9. Lactate assay

The extent of glycolysis was confirmed using the glycolysis cell-based assay kit (Cayman
Chemical) to determine the concentrations of lactate released into the extracellular
environment, following the manufacturer’s protocol. HCAEC (10* cells) were plated into
96-well culture plates, followed by treatment with 8CIA or Ad (8 uM) for 48 h. After
treatment, the plate was then centrifuged at 220 x g for 5 min. 10 pL of supernatant was
then transferred into a new 96-well plate containing 90 uL of assay buffer. Reaction
solution (100 pL) was then added into each well in order to start the reaction. This
process was repeated with standard solutions of L-lactate ranging from 0 - 10 mM with

10 pL added to standard wells instead of supernatant in order to produce a standard
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curve. Following addition of reaction solution to each well, the plate was incubated at
room temperature for 30 min on an orbital shaker. The absorbance was then
determined at 490 nm using a SpectraMax M2e plate reader. Concentrations of each

sample was then determined by extrapolation from the standard curve.

2.7.10. MMP activity assay

The activity of MMP2 and MMP9 was determined by gelatin zymography, modified from
a method published by Frankowski, et al. [274]. Gels for zymography were prepared by
casting 8% separating gels (0.08% acrylamide, 0.1% SDS, 0.1% APS and 0.01% TEMED in
0.375 M Tris, pH 8.8) containing 0.15% gelatin with a 6% stacking gel (0.06% acrylamide,
0.1% sodium dodecyl sulfate (SDS), 0.1% ammonium persulfate (APS) and 0.01%
tetramethylethylenediamine (TEMED) in 0.125 M Tris, pH 6.8). Cell media (25 pL) was
added to each well with 5 pL of loading buffer (0.313 M Tris-HCI, pH 6.8, 10% SDS, 50%
glycerol and 0.05% bromophenol blue) and the chamber was filled with SDS-PAGE
running buffer (3% Tris-base, 1.4% glycine and 1% SDS (w/v) in H,0). The gels were then

run at 110 V for 60 min or until the dye front reached the base of the gel.

After gel electrophoresis, the gels were activated and stained using Coomassie brilliant
blue. The gel was removed from the gel plates and washed with gel washing buffer (2.5%
Triton X-100 in water) for 15 min on an orbital shaker. The gel was then washed twice
more with gel washing buffer for 15 min each time. The gel was then incubated in
development buffer (50 mM Tris, pH 7.4, 10 mM CaCl;, 0.02% NaNs in water) for 42 h at

37°C.
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Once the gel had been developed, it was then stained using Coomassie blue solution
(12.5% (w/v) Coomassie brilliant blue R-250 solution in 1% acetic acid and 45% ethanol)
for 1 h at room temperature on an orbital shaker. The staining solution was removed
and replaced with a solution of 25% ethanol and 10% acetic acid in water for 15 to 30
min, until there were visible white bands on the gel. After this, the solution was
discarded and replaced with a solution of 5% ethanol and 7.5% acetic acid in H,O to
further destain for 3 h or until clear white bands were observed against the blue gel
background. After destaining, the gels were placed in deionised water and washed on
an orbital shaker for 30 min. The gels were then imaged on a document scanner and

density of the white band was determined using ImageJ software.

2.8. Flow cytometry

2.8.1. Fluo-4AM - Calcium accumulation in the cytosol

Fluo-4AM is a fluorescent stain that binds to cytosolic calcium causing an increase in
fluorescence at 488 nm. The accumulation of calcium within the cytosol was measured
using Fluo-4AM (Invitrogen) and flow cytometry. Cultured HCAEC or HCASMC (2 x 10°
cells) were treated with 8CIA, Ad, 5CIdC or dC (8 uM) in 6-well plates for 24 h and washed
twice with calcium free HBSS. Cells were then stained with 5 uM Fluo-4AM in calcium-
free HBSS for 45 min in the dark at 37°C prior to gentle scraping to lift the cells into
suspension. Samples were then stored on ice until analysis using a FACSverse flow
cytometer (BD Biosciences). Samples were gated side scatter versus forward scatter

where cell debris and doublet cells were excluded to give Population 1. A histogram of
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Population 1 was plotted as Count versus FITC-fluorescence where a right shift in the
histogram corresponds to increased calcium accumulation. Percentage Fluo-4AM
binding for each treatment was compared to the control using the geometric mean of

the FITC fluorescence area.

2.8.2. Annexin V/propidium iodide — Cell death by apoptosis and necrosis

Annexin V and propidium iodide are used in conjunction with flow cytometry in order to
determine the extent of cell death by apoptosis and necrosis, respectively. Following
apoptosis, phosphatidylserine is externalised on the cell membrane, which binds to
Annexin V, whereas propidium iodide chelates DNA and is taken up by necrotic cells.
HCAEC or HCASMC (2 x 10° cells) were treated with 8CIA, Ad, 5CIdC or dC (8 uM) prior
to washing twice with PBS. Cells were then lifted into suspension using trypsin-EDTA
(0.025% trypsin and 0.01% EDTA in PBS) before washing twice with PBS. Samples were
then resuspended in Annexin V binding buffer (10 mM HEPES, 140 mM Nacl, 2.5 mM
CaCly, pH 7.4) with 5 pL of Annexin V and propidium iodide stains. Each sample was then
vortexed and incubated in the dark at 37°C for 15 min before being placed on ice until
analysis using a FACSverse flow cytometer (BD Biosciences). Samples were gated as side
scatter versus forward scatter where Population 1 was drawn to exclude dead cells and
doublet cells (Figure 2.2A). A plot of propidium iodide versus Annexin V was quadrant
gated to show live population (black), propidium iodide positive cells (red) and Annexin

V positive cells (green) (Figure 2.2B).
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Figure 2.2: Representative population and quadrant gating for necrosis and apoptosis.
A) Gating of the population of cells for Annexin V and propidium iodide staining with flow cytometry to
give Population 1, excluding doublet and dead cells. B) Representative quadrant gating of propidium iodide
versus Annexin V fluorescence of control cells in Population 1 to show live (black), necrotic (red) and
apoptotic (green) cells. The percentage of cell population in each quadrant was determined using BD
FACSVerse Software.

2.8.3. KI-67 — Cell proliferation

2.8.3.1. Cell treatment and ethanol fixation

The population of proliferating cells was determined by analysing the expression of Ki-
67, a protein expressed in all active phases of the cell cycle but absent in resting cells
[275]. HCASMC (2 x 10° cells) were treated with 8CIA, 5CIdC, Ad and dC prior to washing
twice with PBS. Cells were then lifted into suspension using trypsin-EDTA (0.025%
trypsin and 0.01% EDTA in PBS) and washed twice with PBS. Ice-cold ethanol (70 %) was
added dropwise into the cell pellet whilst vortexing, to give a total volume of 5 mL. Each

sample was then incubated at — 20°C overnight prior to staining with KI-67.

2.8.3.2. Sample staining with KI-67
After incubation at — 20°C overnight, each sample was centrifuged in order to form a cell

pellet. The ethanol fixative was then aspirated, and cells were washed with 10 mL of PBS
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supplemented with 1% FBS. Cells were again pelleted by centrifugation prior to a second
wash, aspirating the supernatant and addition 500 pL of PBS with 1% FBS. KI-67 stain (5
uL; 0.06 pg) was then added to each sample and incubated at room temperature for 30
min in the dark prior to analysis using a FACSverse flow cytometer (BD Biosciences).
Samples were gated side scatter versus forward scatter where cell debris and doublet
cells were excluded to give Population 1. A histogram of Population 1 was plotted as
Count versus APC-fluorescence where a right shift in the histogram corresponds to
increased KI-67 binding. Percentage KI-67 binding for each treatment was compared to

the control using the geometric mean of the APC fluorescence area.

2.8.4. JC-1 - Mitochondrial membrane depolarisation

The JC-1 stain is taken up into the mitochondria of cells where it forms aggregates,
producing red fluorescence. Alterations to the mitochondrial membrane potential
reflecting increased mitochondrial membrane permeability result in leakage of JC-1 into
the cytosol where green fluorescence is exhibited [276]. Therefore, the extent of
mitochondrial dysfunction can be determined by calculating the red : green fluorescence
ratio. HCASMC (2 x 10° cells) were treated with 8CIA, 5CIdC, Ad or dC (8 uM) prior to
washing twice with PBS. Cells were lifted into suspension using trypsin (0.025% trypsin
and 0.01% EDTA in PBS) followed by centrifugation at 220 x g for 5 min. The cell pellet
was washed with PBS followed by centrifugation at 220 x g for 5 min. The supernatant
was removed and PBS (500 uL) was then added into each well with 5 pL of JC-1 stain
followed by incubation in the dark for 30 min. In the positive control samples, 1 uL of 50
mM CCCP was added to decouple the mitochondria in addition to the stain. Samples

were then analysed using a FACSverse flow cytometer with cells plotted on a side scatter
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vs forward scatter plot. Population 1 was then drawn to exclude dead and doublet cells
(Figure 2.3A). Results were reported as a ratio of red : green fluorescence in population

1 (Figure 2.3B) for triplicate samples.
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Figure 2.3: Representative population gating for JC-1 staining to determine
mitochondrial membrane depolarisation.

A) Gating of the population of cells for JC-1 staining with flow cytometry to give Population 1. B)
Representative plot of JC-1 red fluorescence vs JC-1 green fluorescence of population 1. The ratio of red :
green fluorescence was determined using FACSVerse software.

2.9. Gene expression by quantitative real time polymerase chain reaction

2.9.1. Cell lysis and extraction of RNA

Cellular RNA was extracted using the ReliaPrep RNA Cell Miniprep System (Promega) as
stated in the manufacturer’s manual. Cells were washed twice with PBS prior to cell lysis
using the BL + TG buffer supplied and vortexed for 30 s. An aliquot of isopropanol was
added and again, the plate was vortexed. These samples were then subjected to RNA

extraction or stored at — 80°C to be extracted later.

For RNA extraction, the cell lysates were transferred to the extraction columns and

centrifuged at 14 000 x g for 30 s. Samples were washed using the RNA wash solution
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with centrifugation at 14 000 x g for 30 s. The DNase | incubation mix was then added
to each column and allowed to incubate at room temperature for 1 h. After incubation
with DNase I, column wash solution was added to each sample and the columns were
centrifuged at 14 000 x g for 30 s. Columns were then washed a further two times using
the RNA wash solution, where the first wash was centrifuged at 14 000 x g for 30 s, and
the second wash centrifuged at 16 000 x g for 2 min. RNase-free water was added to
each sample and left at room temperature for 5 min prior to centrifugation to elute RNA

at 14 000 x g for 1 min.

2.9.2. RNA quantification

RNA concentration was then quantified using a Nanodrop Spectrophotometer (Thermo
Scientific). A blank measurement was determined using the spectrophotometer by
determining the absorbance of nuclease-free H,O. Following this, 2 puL of each RNA
sample was loaded onto the lower pedestal, with measurement of absorbance made at
wavelengths ranging from 220 to 350 nm. This was repeated for each RNA sample with
the lower pedestal cleaned with a lint-free tissue in between each use. RNA
concentration was then determined using the Beer-Lambert equation based on the
absorbance of the sample at 260 nm. The purity of the RNA sample was determined by
using the ratio of absorbances measured at 260 and 280 nm (260/280 ratio). RNA
samples were taken as pure with a 260/280 ratio between 1.8 and 2.0. Samples with

ratios outside of these values were not used to synthesise cDNA.
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2.9.3. cDNA synthesis

After RNA concentration was determined, concentrations were normalised to 500 ng
per reaction. Reverse transcription to produce cDNA was performed using the iScript
cDNA synthesis kit. To each sample, 2.5 uL of iScript reverse transcriptase and 10 L of
5 x iScript reaction mix was added. The total volume of each reaction was then corrected
to 50 plL using nuclease-free H;0. Samples were thermocycled at 25°C for 5 min, held at

42°C for 30 min, 85°C for 5 min, finishing with an infinite hold at 4°C.

2.9.4. Quantitative real time polymerase chain reaction (qPCR)

After thermocycling, cDNA was diluted by a factor of 3 and qPCR was performed using
iQ SYBR Green Supermix (BioRad) with primer sequences outlined in (Table 2.6).
Samples were plated into a 384-well plate with each well containing 5 uL of iQ SYBR
Green Supermix, 0.4 uL of forward primer (20 uM), 0.4 pL of reverse primer (20 uM), 1.2
pL of nuclease-free water and 3 plL of diluted cDNA sample. The PCR plate was heated
to 95°C for 3 min, annealed at 60°C for 30 s, extended at 72°C for a further 30 s, over 40
cycles prior to denaturation for 2 min at 95°C. A dissociation curve was plotted every
0.5°C between 65 and 95°C at the end of each cycle. Samples were then compared to a
standard curve from 1 : 10 dilutions of cDNA for each primer pair before normalisation

to two housekeeping genes, RPL13 and 18S ribosomal RNA.
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Table 2.6: gPCR forward and reverse primer sequences.

Gene Forward sequence Reverse sequence
18S GAGGATGAGGTGGAACGTGT TCTTCAGTCGCTCCAGGTCT
ATF4 TGGTCAGTCCCTCCAACAAC TCCATTTTCTCCAACATCCAA
Calponin CTGACTCCCGAGTACCCAGA TGCCATGCAGGGAGAGGG
CHOP GGAGCTGGAAGCCTGGTATG | GCAGGGTCAAGAGTGGTGAAG
CXx43 TCTTCATGCTGGTGGTGTCC ACCACTGGTCGCATGGTAAG
Decorin TGCTTTCTGTTGCAGGTTGG GTGGGGGTCTTGCTTTTTGG
Desmin CAACAGCGACATAGCCCATC AAAGCGTAGGCCTCAGGTCA
GADD34 TCCTCTGGCAATCCCCCATA TGGTTTTCAGCCCCAGTGTT
GCLC TCCAGGTGACATTCCAAGCC GAAATCACTCCCCAGCGACA
GPx4 AGACCCGAAAATCCAGCGTG CAAGCCCCTACGCAGAAAGA
GS CCCTAGCCGGTTTGTGCTAA CCAAAGATGCCCAGCTCTGA
HO-1 TTCAAGCAGCTCTACCGCTC GGGGCAGAATCTTGCACTTT
ICAM GGCTGGAGCTGTTTGAGAAC ACTGTGGGGTTCAACCTCTG
MMP2 GCTACGATGGAGGCGCTAAT TCAGGTATTGCACTGCCAACT
MMP9 TTCAGGGAGACGCCCATTTC TGGGTGTAGAGTCTCTCGCT
NQO1 TCCACAATAGCTGACGGCTG TGTCAAGCCAGTCACCAAGG
OlfmI3 GGACACACCATGTCCCAGAG GTTATAGCGGAGGCTGGCAT
OPN AGGCATCACCTGTGCCATAC GGCCACAGCATCTGGGTATT
RPL13 AGATGGCGGAGGTGCAG GTTGATGCCTTCACAGCGTA
S100A4 TCTTGGTTTGATCCTGACTGCT ACTTGTCACCCTCTTTGCCC
SOD1 AAAGATGGTGTGGCCGATGT CAAGCCAAACGACTTCCAGC
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SOD2 TCTGTTGGTGTCCAAGGCTC ACAGTAGAGCATCTCTCCCAA
sXBP1 GCTGAGTCCGCAGCAGGT GTCCAGAATGCCCAACAGG
Trx GTGAAGTCAAATGCACGCCA GCAGATGGCAACTGGTTATGT
TXNIP TCGGCTTTGAGCTTCCTCAG AGCAGACACAGGTGCCATTA
VCAM CAGACAGGAAGTCCCTGGAA TTCTTGCAGCTTTGTGGATG

2.10. Protein expression

2.10.1. Lysis of whole cell samples

Protein expression was determined by Western blot in HCAEC (2 x 10° cells) after
treatment in 6-well plates with 8CIA or Ad (16 uM). For whole cell experiments, treated
cells were lysed using 100 L of cell lytic reagent (Sigma Aldrich) with 1% (v/v) protease
inhibitor cocktail (Sigma Aldrich). The concentration of protein was determined in each
sample by performing a BCA assay, and samples were normalised to contain 5 ug

protein.

2.10.2. Nuclear and cytoplasmic extraction

For nuclear translocation studies, cytoplasmic and nuclear fractions were isolated using
the NE-PER Nuclear and Cytoplasmic extraction kit (ThermoFisher Scientific) as per
manufacturer’s instructions. HCAEC (5 x 10° cells) were treated with 8CIA or Ad (8 uM)
in T25 cm? cell culture flasks. Cells were washed twice with PBS then lifted into
suspension using trypsin-EDTA (0.025% trypsin and 0.01% EDTA in PBS). Each sample

was centrifuged at 220 x g to pellet cells prior to lysis with 200 pL of ice-cold cytoplasmic
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extraction reagent (CER) | reagent. Each sample was then vortexed for 15 s to resuspend
the pellet and incubated on ice for 10 min. 11 plL of ice-cold CER Il reagent was added to
each sample before vortexing for 5 s and placing on ice for 1 min. The sample was
vortexed again for 5 s, then centrifuged at 16 000 x g for 5 min at 4°C. The supernatant
(cytoplasmic fraction) was transferred into a clean microcentrifuge tube and placed on
ice while the pellet was resuspended in 100 pL of nuclear extraction reagent (NER)
reagent. The tube containing NER reagent was then vortexed for 15 s and placed on ice
for 10 min with this process repeated for a total of 40 min. Following this, each tube was
centrifuged at 16 000 x g for 10 min at 4°C and the supernatant (nuclear fraction) was
transferred to a clean microcentrifuge tube, and placed on ice. The concentration of
protein was determined using a BCA assay and normalised to contain 10 ug protein for

the cytosolic fraction and 5 pg for nuclear fractions.

2.10.3. Reducing protein samples and gel electrophoresis

Protein samples were reduced using the Nu-PAGE system. Each sample was normalised
to the appropriate concentration of protein (as stated Sections 2.10.1 and 2.10.2) in a
total volume of 16.25 pL in H,0. NuPAGE LDS sample buffer (6.25 uL) and NuPAGE
reducing agent (2.5 pL) was then added into each sample and mixed by pipetting.
Samples were heated at 70°C for 10 min for the reducing reaction to occur and

centrifuged at 10 000 x g for 5 min.

The supernatant of reduced samples was loaded onto 10-well 4-12% Bis-tris gels (Life
Technologies) with one well containing Precision Plus Protein Kaleidoscope molecular

mass marker (Bio-Rad) followed by electrophoresis at 200 V for 35 min. Gels were then
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transferred onto polyvinylidene fluoride (PVDF) membranes using the iBlot 2 transfer
machine (ThermoFisher Scientific) with cycling at 20 V for 7 min. The PVDF membrane
was blocked in 5% (w/v) BSA in Tris-buffered saline (20 mM Tris-HCl, pH 7.4, 153 mM

NaCl) with 0.1% (v/v) Tween-20 (TBST) overnight.

2.10.4. Protein probing, imaging and quantification

The blocking buffer was removed and replaced with a solution containing the primary
antibody. For the determination of the protein expression of TXNIP, a 1 : 1000 dilution
of rabbit anti-TXNIP primary antibody in 5% (w/v) BSA in TBST was added to the PVDF
membrane containing whole cell lysates. The Western blot was then incubated
overnight at 4°C on a plate rocker. Following incubation with the primary antibody, the
membrane was washed 3 times for 5 min each time with TBST. A 1 : 2000 dilution of
anti-rabbit 1gG in 5% (w/v) BSA in TBST was added to the membrane and incubated at
room temperature on a plate rocker for 2 h. The membrane was washed 3 times for 5
min with TBST prior to imaging and quantification. The membrane was then incubated
with Western lighting — plus ECL (Perkin Elmer), followed by imaging using the ChemiDoc

imaging system (Bio-Rad).

When determining the nuclear translocation of ATF4, the blocking buffer was removed
after overnight incubation. A 1 : 1000 dilution of rabbit anti-ATF4 primary antibody in
5% (w/v) BSA in TBST was added to the PVDF membrane for 2 h at room temperature
on a plate rocker. The membrane was washed 3 times for 5 min with TBST. A 1 : 2000
dilution of anti-rabbit 1gG in 5% (w/v) BSA in TBST was added to the membrane and

incubated at room temperature on a plate rocker for 1 h. The membrane was washed
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for 5 min with TBST prior to the addition of Western lighting — plus ECL (Perkin Elmer) to
achieve chemiluminescence. Imaging of the membrane was performed using a

ChemiDoc imaging system (Bio-Rad).

After imaging, each membrane was stripped of the antibodies by incubation with
Restore Western blot stripping buffer (Thermo Scientific) for 15 min on a plate rocker.
The membranes were then washed with TBST for 5 min on a plate rocker prior to
blocking the membrane overnight at 4°C on a plate rocker with 5% (w/v) BSA in TBST.
The protein loading was determined by addition of a 1 : 1000 dilution of mouse anti-f-
actin primary antibody in 5% (w/v) BSA in TBST to the PVDF membrane and incubated
at room temperature on a plate rocker for 1 h. The membrane was washed 3 times for
5 min with TBST, then a 1 : 2000 dilution of anti-mouse IgG in 5% (w/v) BSA in TBST (20
mM Tris-HCl, pH 7.4, 153 mM NaCl) with 0.1% (v/v) Tween-20) was added to the
membrane and incubated at room temperature on a plate rocker for 1 h. After
incubation, the blot was washed for 5 min with TBST and imaged with Western lighting

— plus ECL (Perkin Elmer) and the ChemiDoc imaging system (Bio-Rad).

For studies determining the nuclear translocation studies, staining with Ponceau S was
used as the loading control. Ponceau S staining solution (0.1% (w/v) in 5% acetic acid)
was added to the membrane and incubated at room temperature on a plate rocker for
10 min. The membrane was then washed with H,O on a plate rocker until red bands
were visible against a white membrane prior to imaging using the ChemiDoc imaging
system. The densitometry of protein bands was determined for each protein using

Imagel software and normalised to the B-actin or ponceau S loading control.
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2.11. Statistical analysis

GraphPad Prism 7.0 (GraphPad Software) was used in order to plot all graphs in this
thesis. Statistical analysis was also performed using this software to determine
significance to p < 0.05 using one-way or two-way analysis of variance (ANOVA) with
Dunnett’s post-hoc multiple comparisons test between treated and non-treated control
samples. Experimental results were plotted at mean + standard error of the mean (SEM)

of at least 3 biological replicates.
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Chapter 3 — Effect of chlorinated nucleosides on endothelial cell

function

3.1. Introduction

As described in Chapter 1, during chronic inflammation, activated leukocytes infiltrate
the wall of a blood vessel propagating the development of atherosclerotic lesions and
further disease progression [3]. At sites of inflammation, MPO is released, causing the
formation of multiple oxidants including HOCI, which reacts readily with many
biomolecules including DNA, RNA and protein, causing their oxidation and modification
[104]. This oxidant causes damage to surrounding cells and tissue and is linked to the
development of many disease states including atherosclerosis [126, 277]. MPO has also
been shown as a risk factor for cardiovascular disease and a prognostic marker for the

outcome of patients after myocardial infarction [127, 278].

The reaction of HOCI with DNA and RNA results in the formation of stable chlorinated
products, including chlorinated nucleosides such as 8CIA, 8CIG, 5CIC, 8CldA, 8CldG and
5CIdC [6, 18, 224, 279]. Chlorinated nucleosides have been shown to be present as
biomarkers of chronic inflammation in multiple pathologies, with elevated levels seen in
plasma, inflammatory fluids and urine [17, 18, 256]. Their presence has also been
demonstrated in diseased tissues from multiple pathologies including atherosclerosis
[16]. Though these modified nucleosides have been shown to be present in multiple
pathologies, whether their presence can further propagate disease remains to be

elucidated.
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It has been previously established within the literature that the incorporation of
chlorinated nucleosides into the DNA has mutagenic effects, implicating these
compounds in the disease progression of cancer [9]. However, these properties have
been used to a therapeutic advantage, as chlorinated nucleosides have also been used
to kill cancer cell lines. 5CIdC has previously been used in studies as a sensitising agent
prior to radiotherapy, while 8CIA has been shown to be toxic to many cancer cell lines
including breast cancer [270, 271], mantle cell lymphoma [272], myeloma [266, 268,

269] and chronic lymphocytic leukemia [280].

Furthermore, 8CIA has been used in clinical trials as a chemotherapeutic agent in the
treatment of chronic lymphocytic leukemia and acute myeloid leukemia [261, 262]. In
each of these instances, the mechanism by which 8CIA causes the death of these
malignant cells is either through the depletion of ATP stores within the cell or through
the inhibition anti-apoptotic proteins [269, 270, 280]. In these studies, it was
demonstrated that 8CIA was phosphorylated by enzymes including adenosine kinase to
the chlorinated analogue of adenosine triphosphate, 8-CIATP. Previous studies utilising
8CIA and 8CIl-cAMP, used concentrations of 10 uM [266, 271, 272, 281], which has been
previously shown to be achievable levels within plasma in animal studies and clinical

trials, respectively [282, 283].

More recently, a study has demonstrated that 8CIA has effects on non-malignant
J774.A1 macrophage-like cells [259, 260]. Exposure of J774.A1 cells to 8CIA resulted in
the incorporation of this chlorinated nucleoside into the cellular RNA [259] and into the

nucleotide pool to form 8-CIATP [260]. Interestingly, although ATP synthase has been
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shown to be inhibited in malignant cells, it was demonstrated that there was no
significant difference in the ability to synthesise ATP in the mitochondria [260]. In
J774.A1 cells, it was determined that there was activation of Nuclear factor erythroid-2-
related factor 2 (Nrf2) and the increased mRNA expression of thioredoxin interacting
protein (TXNIP), showing an increase in antioxidant responses. Though the depletion of
ATP is not observed in J774.A1 cells exposed to 8CIA, an apoptotic mechanism of cell

death was demonstrated as in malignant cell types [260].

The endoplasmic reticulum (ER) of cells plays a vital role in the synthesis, modification
and folding for various proteins. There are many alterations within homeostasis, which
can induce a state of ER stress including significant alterations in Ca%* stores, oxidative
stress, hypoxia and the activation of inflammatory pathways [284]. When ER stress is
sustained, the unfolded protein response (UPR) becomes activated. The UPR is a major
pathway deciding cell fate within these conditions, signalling for either cell survival or
cell death by apoptosis [284]. This pathway has been shown to be activated under the
inflammatory environment within an atherosclerotic lesion, with previous studies
demonstrating that UPR pathway activation can cause endothelial damage and plaque
instability in the progression of atherosclerotic disease [285, 286]. Previous studies have
also shown that activation of the UPR, causes alterations within cellular homeostasis
through alterations in antioxidant responses and other signalling pathways relating to

stress within cells [287].

This current Chapter examined the incorporation of chlorinated nucleosides, 8CI(d)A,

8Cl(d)G and 5Cl(d)C into the DNA and RNA of HCAEC and their effect on the metabolic
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activity and cell survival. Previous studies have demonstrated that 8CIA caused
significant decreases in the metabolic activity of HCAEC following exposure for 24 h and
48 h. 8CIA was also shown to incorporate into the nucleotide pool of HCAEC to form 8-
CIATP [288]. Thus, further experiments were performed in this Chapter under
comparable conditions to examine whether as a consequence, any stress related
pathways are activated, which could be relevant in the context of atherosclerotic

disease.

3.2. Hypothesis and aims

Previous studies demonstrated that 8CIA induced metabolic changes in HCAEC as well
as incorporated into the nucleotide pool [288]. It was hypothesised that chlorinated
nucleosides would incorporate into the DNA or RNA of HCAEC, promoting the
development or progression of atherosclerosis. Therefore, the experiments in this
chapter aimed to determine the extent of incorporation and clearance of chlorinated
nucleosides from the DNA and RNA. Studies also aimed to determine the consequence
of the exposure of HCAEC to chlorinated nucleosides in terms of cell function and

viability.

3.3. Methods

HCAEC (Cell Applications) were cultured in MesoEndo cell culture medium (Cell
Applications) under sterile conditions at 37°C with 5% CO, and were obtained from a

minimum of 3 separate donors. Treatments of 8CIA, 8CIG, 5CIC, 8CIdA, 8CldG and 5CldC
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(4, 8 and 16 uM) were made in MesoEndo cell culture medium and incubated with the

cells for 2, 6, 24, 48 and 72 h, as described in Section 2.3.1.

The incorporation and clearance of chlorinated nucleosides from cellular DNA and RNA
was quantified by LC-MS/MS. Firstly, DNA and RNA were isolated from chlorinated
nucleoside treated HCAEC using the Bioline Isolate || DNA/RNA/Protein extraction kit
(Section 2.5.1). Samples were then prepared for analysis as described in Section 2.5.2
and quantified by LC-MS/MS, as described in Section 2.5.3. The metabolic activity of
HCAEC after treatment with chlorinated nucleosides was determined using PrestoBlue

Cell Viability reagent, explained in Section 2.7.1.

The concentration of ATP in HCAEC treated with 8CIA was determined using the ATPlite
luminescence assay system, shown in Section 2.7.3. Samples for the determination of
the incorporation of 8CIA into the nucleotide pool to form 8-CIATP were prepared as
outlined in Sections 2.6.1. and 2.6.2. Concentrations of nucleotides were quantified by
chromatographic separation using HPLC (Section 2.6.3) and extrapolation from standard
curves (Section 2.6.4). Final nucleotide concentrations were then normalised to protein

concentration determined by BCA assay (Section 2.7.4).

Mitochondrial respiration in HCAEC exposed to 8CIA was determined by measuring OCR
using the MitoStress Test Kit and Seahorse XF Analyser, as described in detail in Section
2.7.7. OCR was measured during sequential injections of oligomycin (1.7 uM), FCCP (0.7
uM) and rotenone / antimycin A (0.5 uM). Similarly, the effects of 8CIA on glycolysis was
determined by Seahorse XF analyser by measuring ECAR before and after injection of 10

mM glucose (Section 2.7.7). The differences in OCR and ECAR were normalised to
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protein concentration determined by performing the DC Protein Assay, shown in Section

2.7.8.

GAPDH activity in HCAEC treated with 8CIA was measured by monitoring the formation
of NADH at an absorbance of 340 nm, as described in Section 2.7.5. GAPDH activity was
normalised to the concentration of protein in each sample determined by BCA assay
(Section 2.7.4) The uptake of glucose in HCAEC exposed to 8CIA was analysed using the
Glucose Uptake Cell-Based Assay Kit (Section 2.7.6). After treatment, cells were exposed
to 2-NBDG, with or without the positive control, apigenin. Fluorescence was then
imaged using an Olympus Bx43 microscope at excitation and emission of 485 and 535
nm, respectively. The change in fluorescence was detected using a SpectraMax M2e

Microplate Reader at an excitation and emission of 485 and 535 nm.

The expression of mMRNA was determined for multiple genes by gqPCR as described in
Section 2.9. After treatment, cells were lysed and RNA was extracted using the ReliaPrep
RNA Cell Miniprep System (Section 2.9.1). For each sample, the concentration of RNA
was quantified (Section 2.9.2) and normalised to 500 ng sample for cDNA synthesis using
the iScript cDNA synthesis kit. gPCR was then performed using iQ SYBR Green Supermix
(Section 2.9.3) using forward and reverse primer sequences outlined in Table 2.6. The
mMRNA expression of each gene of interest was then normalised to 2 housekeeping

genes, 18S ribosomal RNA and RPL13.

The protein expression of TXNIP and nuclear translocation of ATF4 in HCAEC that were
exposed to 8CIA was determined using Western blot (Section 2.10). Cell samples were

lysed as described in Sections 2.10.1 and 2.10.2. A BCA assay (Section 2.7.4) was
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performed to normalise protein concentration prior to reducing samples using the Nu-
PAGE system. Samples were then loaded onto 4-12% Bis Tris gels and separated by mass
using gel electrophoresis (Section 2.10.3). Protein expression was then determined by
protein probing with primary and secondary antibodies, followed by quantification using

Imagel software (Section 2.10.4).

Flow cytometry was used in order to examine calcium accumulation within the cytosol
and the mechanism of cell death. After treatment with 8CIA, cell samples were prepared
for calcium accumulation studies by staining with Fluo-4AM (Section 2.8.1) followed by
analysis using a FACSverse flow cytometer. Cell death by apoptosis or necrosis was also
determined using flow cytometry in HCAEC that were exposed to 8CIA by staining with

Annexin V and propidium iodide, respectively (Section 2.8.2).

3.4. Results

3.4.1. Chlorinated nucleosides incorporate into the cellular DNA and RNA

The effects of chlorinated nucleosides on the metabolic activity and ATP stores of HCAEC
have previously been determined [288]. It was shown that exposure to 8CIA caused a
significant decrease in metabolic activity in HCAEC after a 24 and 48 h exposure period.
8CIA was also demonstrated to incorporate into the nucleotide pool of HCAEC to form
8-CIATP. Therefore, the current study examined whether chlorinated nucleosides
incorporated into the DNA or RNA of HCAEC over a 72 h period. When HCAEC were
exposed to 8CIA, 8CIG and 5CIC (16 uM), each chlorinated nucleoside was incorporated

into the RNA (Figure 3.1A-C). The extent of incorporation was time and nucleoside
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dependent with incorporation of 8CIA increasing over 24 h. The incorporation of 8CIA
into the RNA was greater than that of both 8CIG and 5CIC (16 uM), where maximal levels
were reached after 6 h of treatment (Figure 3.1A-C). Evidence for incorporation into
DNA was also obtained in HCAEC exposed to the deoxyribose chlorinated nucleosides,
8CIdA, 8CldG and 5CIdC (16 pM) (Figure 3.1D-F). The maximal incorporation of
chlorinated deoxyribose nucleosides was reached at 48 h, with the highest extent of
incorporation of 8CldG compared to 8CIdA and 5CIdC. In each of these experiments,
there were no chlorinated nucleosides detected in controls, which had no treatment,
nor were there alterations in parent nucleosides with treatment. There was also no
evidence for the incorporation of chlorinated deoxyribose nucleosides into RNA or

ribose nucleosides into DNA.

Further experiments were performed to examine the stability of chlorinated nucleosides
within the RNA and DNA and the ability of the HCAEC to clear chlorinated nucleosides
from the DNA or RNA once the exogenous source had been removed. HCAEC were
incubated in the presence of each chlorinated nucleoside for 24 h, after which, the cells
were washed and re-incubated in complete media in the absence of chlorinated
nucleoside for a further 48 h. In most cases, there was no significant change in the
concentrations of chlorinated nucleoside incorporated in the DNA or RNA after washing
and re-incubation for 48 h when compared to incubation with treatment for 24 — 72 h.
The exception to this was evident when cells were treated with 8CIA, where a decrease
in 8CIA within the RNA was observed after re-incubation when compared to 24 h

treatment. When HCAEC are exposed to 8CldG, a decrease was shown when compared
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to 48 and 72 h treatment. A non-significant decrease in incorporation was also observed

when cells were exposed to 5CIC and 5CIdC.
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Figure 3.1: Chlorinated nucleosides incorporate into the DNA and RNA of HCAEC.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIA (A), 8CIG (B), 5CIC (C), 8CIdA (D), 8CldG (E) or 5CIdC (F)
for a period of 2 — 72 h (grey) or incubated with the chlorinated nucleoside for 24 h prior to washing and
re-incubation without treatment in complete media for 48 h (white). After treatment, DNA and RNA was
extracted, then hydrolysed and dephosphorylated prior to analysis by LC/MS. The concentration of
chlorinated nucleoside is shown as a 1:1000 ratio with parent nucleoside where results show the mean *
SEM of experiments performed with at least 3 separate donors. * ** and **** show a significant
difference (p < 0.05, 0.01 and 0.0001, respectively) in incorporation of chlorinated nucleoside when
compared to non-treated control. a, b and c show a significant decrease (p < 0.05) in chlorinated nucleoside
compared to 24, 48 and 72 h, respectively. Statistics were calculated using a one-way ANOVA with Sidak’s
multiple comparison test.
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3.4.2. 8CIA does not alter ATP production by oxidative phosphorylation in HCAEC

Given that treatment with 8CIA caused a decrease in metabolic activity and alterations
to ATP stores after 48 h as shown in previous studies, alterations in mitochondrial
respiration were assessed. The Mito Stress test was used with the Seahorse analyser in
order to measure the oxygen consumption rate (OCR). By measuring the OCR, prior,
during and after a series of injections of inhibitors of the electron transport chain, any
alterations in the cells ability to undergo mitochondrial respiration would become
apparent. A series of injections were made of oligomycin, FCCP and rotenone/antimycin
A which inhibit ATP production, uncouple the mitochondria and inhibit Complexes I/IIl,
respectively were added and parameters of mitochondrial function were calculated

(outlined in Figure 2.1).

Studies assessed HCAEC after treatment with 8CIA at varying concentrations (4, 8 and
16 uM) and Ad (16 uM) for 48 h as significant decreases in metabolic activity were
observed at this time point, together with a decrease in ATP. The OCR of HCAEC exposed
to 8CIA (4, 8 and 16 uM) and Ad (16 uM) for 48 h was determined prior to and after
injections of oligomycin, FCCP and a mixture of rotenone/antimycin A. The changes in
OCR were plotted as a graph of OCR vs Time to a show a real-time respiratory profile of

8CIA and Ad treated HCAEC (Figure 3.2).

Baseline respiration was determined prior to injection of oligomycin (1.7 uM) and the
OCR was recorded in order to determine the proton leak. From this, ATP production was
calculated as the difference in OCR between basal respiration and proton leak. An

injection of FCCP (0. 7 uM) was then made and the recorded OCR was representative of
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maximal respiration. The spare respiratory capacity was then determined from the
difference in OCR between maximal and basal respiration. Both rotenone (0.5 uM) and
antimycin A (0.5 uM) was injected in order to stop mitochondrial respiration, where the

corresponding OCR showed non-mitochondrial respiration (Figure 3.2).
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Figure 3.2: The effect of 8CIA on the mitochondrial respiration of HCAEC.

HCAEC (3.2 x 10* cells) were treated with varying concentrations of 8CIA (4, 8 and 16 uM) and Ad (16 uM)
for 48 h prior to assessing mitochondrial respiration by measuring oxygen consumption rate (OCR). OCR
was measured prior and during injections of oligomycin (1.7 uM), FCCP (0.7 uM) and rotenone/antimycin
A (0.5 uM). These data show the mean + SEM of 3 experiments using different cell donors with 4 biological
replicates.
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As described above, measurements of mitochondrial function were calculated from the
OCR of HCAEC treated with 8CIA and Ad for 48 h. It was demonstrated that there were
no alterations in basal respiration (prior to injections) in these cells between each
treatment and when compared to non-treated control cells (Figure 3.3A). After addition
of oligomycin, it was demonstrated that there were no significant changes to the ATP
coupler response in 8CIA-treated HCAEC when compared to non-treated control cells
(Figure 3.3D). Similarly, the addition of FCCP to each sample showed no significant
changes to the electron transport chain accelerator response (Figure 3.3C). When the
final injection of rotenone/antimycin was added to shut down the mitochondria, it was
demonstrated that there were no significant differences in the non-mitochondrial
respiration of HCAEC exposed to 8CIA when compared to non-treated control (Figure
3.3B). Furthermore, when ATP production, coupling efficiency and spare respiratory
capacity were calculated from the OCR reported after injections of ETC inhibitors, there
were no significant differences observed between 8CIA treated cells and non-treated
control cells (Figure 3.3D-F). However, the variation between cell donors in each of the
experiments is large and therefore may contribute to the lack of significant changes in

measures of mitochondrial respiration (see Figure 3.2 and Figure 3.3).
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Figure 3.3: Mitochondrial respiration remains unaltered after treatment with 8CIA.

The mitochondrial respiration of HCAEC (3.2 x 10* cells) were treated with varying concentrations of 8CIA
(4, 8 and 16 uM) and Ad (16 uM) for 48 h followed by measurement with a Seahorse XF Analyser and the
Mitostress Test. From measuring the OCR, the basal respiration (A), non-mitochondrial respiration (B),
maximal respiration (C), ATP coupler response (D), ATP production (E), coupling efficiency (F) and spare
respiratory capacity (G) were calculated. The graphs represent mean *+ SEM of at least 3 biological
replicates using 3 individual cell donors. No significant differences were observed between treatment and
control when analysed using a one-way ANOVA with Dunnett’s multiple comparison post-hoc test.
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3.4.3. Exposure to 8CIA causes decreases ATP synthesis by glycolysis

In cells, glycolysis is the other key cellular pathway responsible for the production of
ATP. Therefore, the effect of 8CIA on glycolysis in HCAEC treated was assessed using
Seahorse analyser. Alterations in extracellular acidification rate (ECAR) was determined
with and without injection of glucose (10 mM). Basal glycolysis (ECAR in the absence of
glucose) in 8CIA treated HCAEC remained unchanged compared to control (Figure 3.4A).
However, once an injection of glucose was made, there was a significant decrease in the
ECAR of cells that had been exposed to 8CIA when compared to non-treated and Ad
controls (Figure 3.4A, B). This suggests that with 8CIA treatment, HCAEC have a

decreased ability to undergo glycolysis.

Following this, the release of L-lactate into the extracellular environment of HCAEC was
determined after exposure to 8CIA and Ad using the glycolysis cell-based assay kit. L-
lactate is an end product of glycolysis and therefore a decrease of L-lactate release into
the cell media would further support a decrease in glycolysis. Results show that the
concentration of L-lactate excreted into the extracellular environment was markedly
decreased when HCAEC were exposed to 8CIA when compared to non-treated control
and Ad treated cells, which supports the data showing a blunted ability to perform
glycolysis (Figure 3.4C). There were no significant changes in glycolysis as reflected by L-
lactate concentrations in the media in Ad treated cells, supporting a causal role for the

chlorination of the nucleoside in the effects observed.

87



A) 304
Glucose
= -e- Control
E -m- 8CIA (4 pM)
I
g- 4. 8CIA (8 uM)
oy -v- 8CIA (16 pM)
§ -+ Adenosine (16 uM)
0 L} T T
0 20 40 60
Time (min)
B) C)
25+
‘E‘ ] —_—
g 20 % 6
E'H_ T, il
—_ 8 7 N
g 104 il g e Q
-l
8 5' ﬁ -l_ é 2- = pliy *kkk §
< | |
0- ! 0- T &
Control 4 ]_lM 8uM 16 pM 16 UM Control 4,M 8 pM 16 pM 1Mﬂ
T sa Ad 8CIA Ad

Figure 3.4: Treatment of HCAEC with 8CIA induces changes in glycolysis and GAPDH

activity.

The glycolytic rate of HCAEC (3.2 x 10* cells) treated with 8CIA (4, 8 and 16 uM) and Ad (16 uM) was
measured using a Seahorse XF Analyser before and after addition of glucose (10 nM)(A and B). The
excretion of L-Lactate into the extracellular environment (C) was determined using the glycolysis cell-based
assay kit. Results represent mean * SEM of 3 biological replicates performed with 3 independent cell
donors. *, ** *** qnd **** represent a statistically significant decrease (p < 0.05, 0.01, 0.001 and 0.0001,

respectively) compared to control experiments using a one-way ANOVA with Dunnett’s multiple
comparisons test.

3.4.4. 8CIA treatment does not alter glucose uptake in HCAEC but decreases GAPDH
activity

Glycolysis is the process by which glucose is broken down into pyruvate and lactate
following the uptake of glucose into cells [289]. Therefore, given the effect on the
glycolytic ability demonstrated on HCAEC after exposure to 8CIA, whether this was due

to alterations in glucose uptake was examined. The uptake of glucose with and without
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treatment of 8CIA in HCAEC was determined using the fluorescent analogue of glucose,

2-NBDG.

When 2-NBDG is taken up into cells, it exhibits fluorescence at an excitation and
emission of 475 and 550 nm, respectively. HCAEC that were non-treated, exposed to
8CIA (8 uM), Ad (8 uM) or apigenin were stained with 2-NBDG prior to imaging by
microscopy with a FITC filter in order to confirm uptake of 2-NBDG into the cells (Figure
3.5A-D). Further experiments quantified the fluorescence of 2-NBDG in HCAEC exposed
to 8CIA, Ad and apigenin using a plate reader. Results showed that when HCAEC were
treated with 8CIA for 24 or 48 h, there was no alteration in the uptake of glucose when
compared to non-treated and Ad control (Figure 3.5E, F). However, when cells were
incubated in the presence of the positive control, apigenin (an inhibitor of Glut-1), it was
demonstrated that there was a significant decrease in uptake for 2-NBDG (Figure 3.5E,

F).

As it was found that alterations in glycolytic activity were not due to alterations in the
ability of HCAEC to uptake glucose, the activity of GAPDH, a glycolytic enzyme, was
assessed. After HCAEC were exposed to 8CIA (8 uM) or Ad (8 uM), samples were lysed
in H20 followed by addition of NAD* and glyceraldehyde 3-phosphate after which the
formation of NADH was monitored over time at an absorbance of 340 nm. When HCAEC
were exposed to 8CIA, it was found that there was a marked decrease in GAPDH activity
when compared to non-treated control (Figure 3.6). However, when the cells were
treated with non-chlorinated Ad, there was also a decrease in GAPDH activity, though

smaller than treatment than 8CIA (Figure 3.6).
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Figure 3.5: The effect on glucose uptake when HCAEC are exposed to 8CIA.

The glucose uptake of HCAEC (5 x 10* cells) that were untreated (A), treated with 8CIA (8 uM) (B), Ad (8
uM) (C) and apigenin (50 uM) (D) was imaged by FITC and brightfield microscopy after staining with 2-
NBDG (250 uM). The fluorescence of 2-NBDG was also measured using a plate reader at an excitation and
emission of 485 and 535 nm, respectively, after 24 (E) and 48 h (F) of treatment. White arrows on A-D
show positive staining with 2-NBDG * demonstrated a significant decrease (p < 0.05) in fluorescence when
compared to control determined by one-way ANOVA with Dunnett’s posthoc multiple comparison test.
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Figure 3.6: The effect 8CIA on GADPH activity in HCAEC.

The activity of GAPDH in HCAEC (10° cells) exposed to 8CIA or Ad (8 uM) was determined by monitoring
the formation of NADH at an absorbance of 340 nm over time at 37 °C using a plate reader. Results
represent mean + SEM for 3 experiments performed with 3 independent cell donors in triplicate. ** and
**%* represent a statistically significant decrease (p < 0.01 and 0.0001, respectively) compared to control
experiments using a one-way ANOVA with Dunnett’s multiple comparisons test.

3.4.5. Treatment with 8CIA causes ER stress

Due to the effects of 8CIA on the cellular metabolism of HCAEC, further studies were
performed to examine changes in the expression of genes related to stress signalling
pathways. The mitochondria and ER communicate closely during homeostasis through
the mitochondrial-associated ER membrane, which helps to regulate ATP production,
calcium regulation and apoptosis [290]. As 8CIA caused alterations to ATP production by

glycolysis, the effect of 8CIA on ER stress in HCAEC was studied.

HCAEC were exposed to 8CIA or Ad (8 uM) for 6 h prior to the extraction of nuclear and
cytoplasmic protein fractions. It was demonstrated by Western blot that treatment with
8CIA induced an increase in the nuclear translocation of ATF4 from the cytosol into the
nucleus (Figure 3.7A, B). This is consistent with activation of the UPR via the PERK

signalling pathway, supported by experiments performed using tunicamycin, a known
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activator of the UPR, which also increased nuclear translocation of ATF4 (Figure 3.7A).
Similarly, there were also significant increases in other genes downstream of ATF4
associated with the UPR, including CCAAT-enhancer-binding protein homologous
protein (CHOP) and growth arrest DNA damage inducible 34 (GADD34) (Figure 3.7D, E).
HCAEC that were exposed to 8CIA also had increased mRNA expression of spliced x-box
binding protein 1 (sXBP1) (Figure 3.7F), which is a marker of ER stress related to the ATF6
and IRE1 signalling pathways of the UPR. These increases in mRNA expression were not
observed when HCAEC were treated with Ad, consistent with a role for the chlorination

of Ad in these data.
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Figure 3.7: Treatment with 8CIA causes ER stress and activates the unfolded protein
response.
Activation of the UPR was assessed in HCAEC (10° cells) treated with 8CIA or Ad (Ad, 8 uM) for 6 h prior to
analysis of ATF4 translocation from the cytosol into the nucleus as determined by Western blot (A and B).
Other markers of ER stress were examined using qPCR after 24 h exposure to determine the mRNA
expression of ATF4 (C), GADD34 (D), CHOP (E) and sXBP1 (F) when compared to two housekeeping genes,
18S and RPL13. Results show the mean + SEM of 3 independent cell donors, completed in triplicate. ** and
**%* show a significant increase (p < 0.01 and 0.0001, respectively) in mRNA expression when compared
to control using a one-way ANOVA with Dunnett’s multiple comparison test.



3.4.6. Exposure to 8CIA alters antioxidant responses in HCAEC

ER stress has been associated with the activation of cellular antioxidant responses
including the Nrf2-Keap1 pathway [291]. Studies then focussed on the mRNA expression
of antioxidant genes associated with Nrf2 after HCAEC were exposed to 8CIA. It was
found that when HCAEC were treated with 8CIA (8 uM) for 24 h, that there was a
significant increase in mMRNA expression compared to control and Ad of NADPH
dehydrogenase quinone 1 (NQO1), glutamate-cysteine ligase catalytic subunit (GCLC)
and heme-oxygenase 1 (HO-1) (Figure 3.8A-C), which is consistent with the activation of
Nrf2. Another major protein associated with the regulation of oxidative stress and
inflammation is thioredoxin-interacting protein (TXNIP) [292, 293]. Exposure of HCAEC
to 8CIA, but not Ad only resulted in a significant increase in mRNA and protein

expression of TXNIP (Figure 3.8D-F).
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Figure 3.8: HCAEC exposed to 8CIA have altered expression of Nrf2-related and other
antioxidant responses.

The mRNA expression in HCAEC (10°cells) treated with 8CIA or Ad (8 uM) for 24 h was analysed to
determine alterations in antioxidant responses, NQO1 (A), GCLC (B), HO-1 (C) and TXNIP (D) when
compared to 2 housekeeping genes, 18S and RPL13. The protein expression of TXNIP after 24 h treatment
was determined by Western blot and normalised to the protein expression of 8-actin (E and F). * and ** (p
< 0.05 and 0.01, respectively) show a significant increase in mRNA or protein expression when compared
to control using a one-way ANOVA with Dunnett’s multiple comparison test.
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Given the marked increase in TXNIP, the mRNA expression of other antioxidant response
genes was also determined by gPCR. Superoxide dismutases (SOD) are the main
antioxidant defence mechanism against superoxide, and therefore the mRNA
expression of SOD1 and SOD2 was determined after HCAEC were exposed to 8CIA (8
uM) for 24 h. SOD1, the isoform found in the cytoplasm, was found to be significantly
decreased when compared to control cells (Figure 3.9A). However, these differences
were similar to those observed with Ad-treated control cells. When HCAEC were
exposed to 8CIA (8 uM), the mRNA expression of SOD2 (the isoform present in the
mitochondria) remained unchanged compared to non-treated control cells.
Interestingly, the incubation of HCAEC with Ad (8 uM) caused a significant decrease in

SOD2 gene expression when compared to non-treated control (Figure 3.9B).

Studies were then performed in order to determine the mRNA expression of
glutathione-dependent antioxidant responses. The genes related to the glutathione
antioxidant response, glutathione peroxidase 4 (GPx4) and glutathione synthetase (GS)
remained unchanged in HCAEC exposed to 8CIA (8 uM) for 24 h (Figure 3.9C, D).
However, in contrast, mRNA expression of GS was shown to be significantly decreased
in Ad-treated HCAEC when compared to non-treated control (Figure 3.9D).
Furthermore, the mRNA expression of thioredoxin (Trx), which plays a key role in the
antioxidant response and redox signalling was determined in HCAEC exposed to 8CIA (8
uM). It was found that there were no significant changes in the expression of Trx

between 8CIA-treated or Ad-treated cells with non-treated control (Figure 3.9E).
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Figure 3.9: Treatment with 8CIA does not alter some antioxidant responses in HCAEC.
The mRNA expression of other antioxidant responses, SOD1 (A), SOD2 (B), GPx4 (C), GS (D) and Trx (E) was
determined by qPCR after HCAEC were treated with 8CIA or Ad (8 uM) for 24 h. Expression was compared
to 2 housekeeping genes 18S and RPL13 with experiments performed in triplicate with 3 cell donors. The
data represents mean + SEM, where * and ** show a significant difference (p < 0.05 and 0.01, respectively)
in mRNA expression compared to control using a one-way ANOVA with Dunnett’s multiple comparison
test.
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3.4.7. 8CIA causes increased calcium accumulation and induces apoptotic cell death

Sustained ER stress can induce changes to the storage of calcium intracellularly and
promote apoptotic cell death [294, 295]. The accumulation of calcium in the cytosol,
which could result from release from the ER during increased oxidative stress, was
measured using Fluo-4AM staining with flow cytometry. HCAEC treated with 8CIA (8 uM)
for 24 h had significantly increased accumulation of calcium within the cytosol when
compared to control and Ad treated cells (Figure 3.10A). To assess whether the changes
in calcium accumulation were associated with ER stress and UPR activation, experiments
were performed with an inhibitor of the PERK pathway, as PERK is upstream of ATF4,
which was shown to be upregulated in HCAEC exposed to 8CIA. In HCAEC pre-treated
with an inhibitor of PERK (GSK2606414) prior to exposure to 8CIA (8 uM), the increase
in calcium accumulation within the cytosol is not observed (Figure 3.10B). This suggests
that the accumulation of calcium in the cytosol was due to activation of the PERK

pathway of the UPR.

Further studies were performed in order to determine whether the accumulation of
calcium in the cytosol was related to PERK activation and the marked increase in gene
expression of CHOP, a molecule responsible for apoptotic cell death signalling, which
could be responsible for the observed decrease in cell viability. Staining with Annexin V
and propidium iodide with flow cytometry was then performed in order to determine
the mechanism of cell death by apoptosis or necrosis, respectively, when HCAEC were
treated with 8CIA (8 uM). After treatment with 8CIA (8 uM) for 48 and 72 h, HCAEC had
a significantly increased population of Annexin V positive cells showing a larger

apoptotic population (Figure 3.11). Data also showed that there was a slight increase in

98



propidium iodide positive cells (though not significant) showing a minor increase in the
population of necrotic cells (Figure 3.11C, D). These data suggest that when HCAEC are

exposed to 8CIA, the main mechanism by which cell death occurs is through apoptosis.
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Figure 3.10: Exposure of HCAEC to 8CIA causes calcium to accumulate in the cytosol.
The changes in the cytosolic calcium in HCAEC (A) was determined in HCAEC after 3, 6 and 24 h incubation
with 8CIA and Ad (8 uM) using Fluo-4AM staining. Calcium accumulation was also assessed with pre-
treatment using an inhibitor of PERK (GSK2606414) followed by treatment with 8CIA for 24 h (B).
Experiments were completed with 3 biological replicates of 3 independent cell donors where results are
mean * SEM. *, *** and **** show a significant difference (p < 0.05, 0.001 and 0.0001) in viability when
compared to control using a two-way ANOVA with Dunnett’s multiple comparison test.
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Figure 3.11: 8CIA exposure induces apoptotic cell death in HCAEC.

The viability of HCAEC (1 x 10° cells) after treatment with 8CIA or Ad (8 uM) for 48 (C) or 72 h (D) was
determined using Annexin V and propidium iodide staining. Experiments were completed with 3 biological
replicates of 3 independent cell donors where results are mean + SEM. ** shows a significant difference
(p <0.01) in viability when compared to control using a two-way ANOVA with Dunnett’s multiple
comparison test.
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3.5. Discussion

There are many studies within the literature identifying the presence of chlorinated
nucleosides in multiple inflammatory pathologies [16-18, 256]. During inflammation,
there is an increase in the generation of the MPO-derived oxidant, HOCI. HOCI reacts
with most biomolecules, such as DNA and RNA, forming stable chlorinated compounds
[104]. What remains to be elucidated is the role of chlorinated nucleosides in disease
progression. Previously, it has been shown that chlorinated nucleosides incorporated
into DNA have mutagenic consequences and their presence can initiate the growth of
tumour cells in inflammatory cancers [9]. The experiments performed in this Chapter
determined the effect of chlorinated nucleosides on the cellular function of HCAEC,
given the role that MPO plays in endothelial cell damage and the presence of chlorinated

products in atherosclerotic lesions [16, 126].

This study demonstrated that ribose chlorinated nucleosides, 8CIA, 8CIG and 5CIC
incorporated into the RNA of HCAEC. It was found that there was no incorporation of
deoxyribose nucleosides incorporating into RNA and ribose nucleosides into DNA, which
correlates to previous studies that showed that ribonucleotide reductase lacks affinity
towards chlorinated nucleosides [256, 269]. This was supported by studies performed
in J774.A1 macrophages, where 8CIA, 8CIG and 5CIC were shown to incorporate into
cellular RNA and not into DNA [259]. In contrast, it has previously been shown that 8CIA
can incorporate into the DNA of human gliomal cells, however it is postulated that this
is specific to cell type [296]. Deoxyribose chlorinated nucleosides 8CldA, 8CldG and
5CIdC were shown to incorporate into the cellular DNA of HCAEC. However, in studies

with J774.A1 cell lines, it was demonstrated that only 5CIdC incorporated into the
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cellular DNA but there was no evidence for the incorporation of 8CIdA or 8CldG in these

cells [259].

The incorporation of each chlorinated nucleoside increased over time, reaching maximal
levels within 24 — 48 h of exposure. Previous studies demonstrated that treatment of
EA.hy926 cells, which are an endothelial cell line, with the chlorinated nucleosides
8Cl(d)G and 5CI(d)C, resulted in the accumulation of these modified nucleosides into the
nucleotide pool, with only 5CIC incorporating into the RNA [256]. This could be due to
the difference in cell types and of reactivities between cell lines and the primary cells
utilised in this study. Studies using primary epithelial prostate cells for example, found
the incorporation of chlorinated nucleosides to be 40 — 227 times greater than in the
EA.hy926 cell line, supporting the increased accumulation in primary cell types [256].
Therefore, the levels of incorporation of 8CIA shown in this study are supported by

studies performed in other cell types.

The ability of HCAEC to clear or repair chlorinated nucleosides from their DNA and RNA
was determined by 48 h re-incubation without chlorinated nucleoside in the cell culture
media after an initial 24 h exposure period. In this study it was shown that there was a
significant decrease of 8CIA evident in the RNA of HCAEC exposed to 8CIA under these
conditions. This decrease was not observed when HCAEC were treated with 8CIG or 5CIC
under these conditions. Previous studies showed that 8CIA destabilises the RNA as the
nucleoside takes a syn-conformation as opposed to the favoured anti-conformation
[269]. Similarly, previous studies demonstrated that the incorporation of 5CIC into the

RNA of EA.hy926 cells also cause destabilisation of the RNA [256]. However, in the
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current study, it was found that after 48 h re-incubation following 24 h exposure that
there was a non-significant decrease in the presence of 5CIC within the RNA. This could
be due to the inconsistencies found between each individual HCAEC donor used in this
study. In contrast, clearance studies in J774.A1 cells showed evidence for the significant
removal of 5CIC from the RNA but not 8CIA or 8CIG [259]. This could be due to the
difference in cell types or also due to the increased re-incubation time (72 h) used in
that study allowing for the chlorinated nucleoside to be excised or converted to another

compound by deamination [259].

Similarly, decreases in accumulation of deoxyribose chlorinated nucleosides were also
observed after re-incubation, especially when exposed to 8CldG and 5CIdC. This could
be due to the larger amounts of these modified nucleosides that incorporated over the
24 h exposure period when compared to 8CIdA. Moreover, this may be due to
differences in the ability of the chlorinated nucleosides to penetrate into the cell and
subsequently the ability of RNA reductase/DNA polymerases to incorporate them into
the DNA. Previous studies have demonstrated that 8CldG incorporates to a greater
extent compared to other chlorinated nucleosides in endothelial and prostate cells
[256], which supports the trends demonstrated in this current study. Another study
showed that in J774.A1, that 5CIdC incorporates more readily into DNA than 8CldG
[259], however these differences could again be attributed to the use of primary
endothelial cells. In the literature, whether cells are able to clear and/or repair
chlorinated nucleosides from the DNA is unclear. In this study, the decrease of 5CldC
from the HCAEC after re-incubation in absence of 5CIdC could be due to the deamination

of 5CIdC to 5CIU rather than clearance of the chlorinated nucleoside [200]. Whether
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5CIdC is deaminated to form 5CIU, rather than cleared from the DNA could be

determined in a future study using GC-MS, as previously described by Jiang et al.[15].

Though each of the chlorinated nucleosides examined in this study were able to
incorporate into the DNA or RNA of HCAEC, only 8CIA caused alterations in the metabolic
activity of these cells. The decrease in metabolic activity observed in HCAEC occurred
over similar timepoints to those seen with the incorporation of 8CIA into the RNA and
also the incorporation into the nucleotide pool to form 8-CIATP. These incorporations
occurred together with a significant decrease in glycolysis but not mitochondrial
respiration, with HCAEC ultimately undergoing apoptosis. Previous studies have
demonstrated the toxicity of 8CIA and its potency in inducing apoptotic cell death in
multiple cancer cell lines, leading to its use as an agent in the treatment of chronic
lymphocytic leukemia [261, 262, 280]. In the case of cancer cell lines, the mechanism
causing apoptosis when treated with 8CIA has been attributed to the formation of 8-
CIATP and subsequent depletion of ATP stores [267, 271, 280]. In contrast, a study using
murine macrophages demonstrated that 8CIA did not cause depletion of ATP stores
unlike in malignant cells [260]. Other studies have shown cell death to be a result of

cellular signalling, causing autophagy or anti-apoptotic protein transcription [271, 280].

In cancer cell lines, the autophagy reported was due to the activation of AMPK which
was induced through the depletion of ATP when cells were exposed to 8CIA [271]. In this
previous study, activation of AMPK caused the signalling of mTOR to be reduced,
resulting in the phosphorylation of Unc5-like kinase 1 [271]. When 8CI-cAMP was used,

experiments demonstrated a marked increase in AMPK activity with a significant
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decrease in ATP. Whether these similarities exist with the experimental conditions used
in this study with HCAEC, remains to be determined. However, in the current study, it
seems that the decrease in ATP concentration is evident after longer exposure (48 h)
when compared to those observed in cancer cell lines. In the present study with HCAEC,
the depletion of ATP is not observed at earlier time points and this may be due to the
cells abilities to use glycolysis to compensate, which was shown by decrease in ECAR,
extracellular lactate and activity of GAPDH. This may be why there are no alterations
observed in HCAECs ability to perform mitochondrial respiration. A previous study has
shown that exposure of cells to 8CIA, causes decreased glycolytic ability [271]. However,
it was shown that the alterations in glycolysis were due to changes in glucose uptake in
this case, and were accompanied by a decrease in mitochondrial respiration, which were

not observed in this study.

Treatment of HCAEC with 8CIA caused significant alterations to antioxidant cellular
signalling responses, increased ER stress and activation of the UPR. In some cases, (such
as SOD2 and GS), a decrease in gene expression is also seen on exposure of the cells to
Ad. The reason for this is not certain, but likely reflects the known biological reactivity
of Ad [297]. The mechanism by which ER stress is activated is unclear, however it may
be due to the alterations in bioenergetics that were observed given the role of the ER in
cell metabolism. In general, the activation of the UPR works to restore homeostasis to
promote cell survival. However, in cases where homeostasis cannot be restored and ER
stress is sustained, cellular signalling within UPR induces apoptosis by a CHOP-
dependent pathway [287]. This study demonstrated activation of both the PERK and

IRE1 parts of the UPR, causing the translocation of ATF4 into the nucleus, increased
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mMRNA expression of GADD34 and CHOP, ultimately inducing apoptosis in these cells. As
8CIA induces activation of the UPR, this may have significance in lesion development as
activation of UPR has previously been shown to cause damage to the endothelium and

instability of an atherosclerotic plaque [285, 286].

In HCAEC treated with 8CIA, the data also supports activation of the transcription factor,
Nrf2, with a significant increase in the mRNA expression of many associated antioxidant
response genes including HO-1, GCLC and NQO1. As Nrf2 has been demonstrated to
exhibit pro-atherogenic effects such as inflammation, redox regulation, foam cell
formation and macrophage polarisation [298], the ability of 8CIA to activate this
pathway in HCAEC could be significant in the progression of atherosclerosis. In the
current study, the activation of Nrf2 may be related to the induction of ER stress, as
PERK can phosphorylate Nrf2, promoting Nrf2 to dissociate from Keap1 [287]. In this
study, it was also demonstrated that treatment of HCAEC with 8CIA induced increased
expression of TXNIP, which is important in maintaining glucose metabolism. TXNIP has
previously been shown to increase ER resident protein disulphide isomerase activity,
promoting protein folding, with studies showing an increase in TXNIP expression when
ER stress was induced [299-301]. The overexpression of TXNIP has also been shown to
induce redox stress and promote apoptotic cell death [300], which may contribute to

the apoptosis evident in the current study.

The results from this study show that HCAEC, when exposed to 8CIA have altered cellular
metabolism resulting in ER stress, increased expression of antioxidant responses and

apoptotic cell death. In both early and late stage atherosclerosis, ER stress has been
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shown to play an integral role, leading to endothelial dysfunction [285, 286]. The
concentrations that chlorinated nucleosides are present within inflammatory tissues
and whether they are sufficient to induce these outcomes in a diseased state remains
unknown. Though, previous studies have demonstrated that the levels of chlorinated
nucleosides used within this study are similar to concentrations obtained when cells are

exposed to physiologically relevant concentrations of HOCI [6, 13].

The concentrations of 8CIA used in the current study are comparable to those found in
plasma levels from previous studies and in clinical trials using 8Cl-cAMP, which has been
demonstrated to work via the same mechanism [266, 282, 283]. This may have
significance in patients receiving chemotherapeutic doses of 8CIA intravenously, where
the concentrations used in this study are relevant as it may cause collateral damage to
the endothelium. Overall, these data suggest that 8CIA could contribute to disease
progression during chronic inflammation and potentially provide a biomarker for the

diagnosis of disease.

3.6. Summary

In this chapter, HCAEC were treated with various chlorinated nucleosides likely to be
produced during inflammation in vivo. It was demonstrated that ribose chlorinated
nucleosides incorporated into RNA and deoxyribose chlorinated nucleosides
incorporated into DNA. Though each nucleoside was demonstrated to incorporate into
the cellular RNA or DNA, only exposure to 8CIA caused a significant decrease in

metabolic activity in HCAEC. The extent of incorporation of other chlorinated
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nucleosides may induce alterations to cell function, which might not have adverse
effects to metabolic activity. These effects may still promote inflammation as seen in

other cells types, however these effects still need to be elucidated in HCAEC.

In this study, 8CIA was demonstrated to activate the UPR via PERK in addition to
activation of Nrf2. Ultimately, the sustained ER stress and alterations in antioxidant
responses resulted in a significant increase in calcium accumulation, which could be
inhibited by inhibition of PERK and HCAEC were shown to die by apoptosis. These
findings may have implications in the development and progression of atherosclerosis.
This is indicated by the endothelial dysfunction when HCAEC were exposed to 8CIA,
which is a hallmark in atherosclerosis. This data shows that the presence of chlorinated
nucleosides in inflammatory conditions can further exacerbate cellular dysfunction
which may contribute to pathogenesis. Moreover, these findings may highlight

pathways by which chlorinated nucleosides could contribute to disease progression.

The next Chapter extends these studies to examine the effects of chlorinated
nucleosides on vascular smooth muscle cell function, using human coronary artery

smooth muscle cells (HCASMC) as a model.
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Chapter 4 - Effect of chlorinated nucleosides on human coronary

artery smooth muscle cells

4.1. Introduction

In the previous chapter, it was determined that chlorinated nucleosides, in particular
8CIA have detrimental effects in relation to the survival of HCAEC. It raised the question
as to whether similar effects would be observed when other cells vital to the formation
of atherosclerotic lesions, such as vascular smooth muscle cells, are exposed to 8CIA and

other chlorinated nucleosides.

Many studies show the clear role of endothelial cell dysfunction in atherosclerosis [4,
302, 303]. However, more recently, there have been studies emerging to show the role
of smooth muscle cells in the initiation and progression of atherosclerosis [34]. Smooth
muscle cells have both damaging and protective effects in atherosclerosis. The cross talk
between immune cells and vascular smooth muscle cells can promote plaque growth,
size, composition and stability [304]. Within the vessel wall, smooth muscle cells are
responsible for the production of extracellular matrix [47]. When these cells are exposed
to pro-atherogenic stimuli, the expression of extracellular matrix proteins changes,
altering the lipid content with the vessel wall and the proliferation of vascular smooth
muscle cells [35]. Furthermore, smooth muscle cells can also release cytokines, which
effect endothelial function, causing endothelial cells to overexpress adhesion molecules
and pro-inflammatory cytokines [34, 305, 306]. This causes downstream effects by

increasing chemotaxis of monocytes into the developing plaque [306].
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Smooth muscle cells play a vital role in atherogenesis, causing plaque stabilisation in the
later stages of plaque formation. Plaque stability is often correlated to the thickness of
the fibrous cap, so as the fibrous cap thins, the plaque becomes more prone to rupture.
This occurs due to the death of the smooth muscle cells, breakdown of collagen or the
disintegration of the matrix by proteases such as matrix metalloproteinases (MMPs)
[21]. This is clinically relevant as the rupture of an atherosclerotic plague can result in
myocardial infarction or stroke. However, in many cases, the smooth muscle cells repair
the rupture in the plaque causing the lesion to increase in size. As the lesion increases

in size, this can cause an occlusion within the blood vessel [34].

Plague stability, progression and the repair of damaged blood vessels is dependent on
the balance between the migration, proliferation and extracellular matrix synthesis [34].
The ability of vascular smooth muscle cells to migrate and proliferate is due to their
phenotype. Smooth muscle cells can switch between two phenotypes: contractile and
synthetic [307]. Synthetic smooth muscle cells are more migratory and proliferative,
producing larger amounts of collagen [307] and have increased mRNA expression of
markers such as desmin and calponin [308]. Cells in this phenotype are also able to take
up more LDL than contractile smooth muscle cells, which can contribute to the
formation of foam cells, which are prevalent in atherosclerotic lesions [57]. In contrast,
smooth muscle cells exhibiting a contractile phenotype are significantly decreased after
vascular injury, where smooth muscle cells are shown to switch to a synthetic phenotype
to help with repair [309]. Smooth muscle cells in the contractile phenotype express

different markers to synthetic smooth muscle cells including osteopontin (OPN),
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connexin-43 (CX43), Olfactomedin Like 3 (OlfmlI3), S100 Calcium Binding Protein A4

(5100A4) and decorin [307].

In the literature, it has been shown using rodent models of atherosclerosis that smooth
muscle cells can switch phenotypes in response to different stimuli. These include
cytokines [50-52], extracellular matrix [53, 54], lipids [55] and ROS [56]. In normal
arterial tissue, smooth muscle cells exhibit a range of markers including smooth muscle
cell a-actin, smooth muscle cell myosin heavy chain and smoothelin [310]. However,
both smooth muscle cells in vitro and in atherosclerosis have been demonstrated to
have increased proliferation, migration and are characterised by an increased
expression of extracellular matrix proteins and cytokines [310]. When extracellular
matrix is synthesised by smooth muscle cells, these cells become embedded in the
matrix and become separated from each other. This causes the extracellular matrix to
suppress phenotype switching, resulting in the smooth muscle cells staying in a
contractile state [34]. In contrast, when matrix metalloproteinases break down the
extracellular matrix, phenotypic switching of the smooth muscle cells to a synthetic

phenotype is encouraged, causing increased proliferation and migration [311].

Given the importance of smooth muscle cell death, proliferation and changes in
phenotype in the context of atherogenesis, the effects of chlorinated nucleosides on

these factors were explored in this chapter.

111



4.2. Hypothesis and aims

Given the effects of the incorporation of chlorinated nucleosides to cell function and
viability of HCAEC. It was hypothesised that chlorinated nucleosides would also
incorporate into the DNA and RNA of HCASMC. Furthermore, it was hypothesised that
the incorporation of chlorinated nucleosides would influence cell signalling and viability.
Therefore, this chapter aimed to elucidate the effects of chlorinated nucleoside on
HCASMC by assessing their incorporation into DNA, RNA and the nucleotide pool. The
effect of chlorinated nucleosides on metabolic activity, proliferation and cell viability
was also determined. Furthermore, this chapter aimed to determine whether there are
alterations in the gene expression of inflammatory, antioxidant and phenotypic markers

in HCASMC exposed to chlorinated nucleosides.

4.3. Methods

The incorporation of chlorinated nucleosides into the DNA and RNA of HCASMC was
determined using LC-MS/MS (Section 2.5). After treatment of HCASMC with various
chlorinated nucleosides, the DNA or RNA was isolated using the Isolate I
DNA/RNA/Protein kit (Section 2.5.1) followed by enzymatic hydrolysis and
dephosphorylation (Section 2.5.2) in order to prepare nucleoside samples for analysis

using LC-MS/MS (Section 2.5.3).

The metabolic activity of HCASMC after exposure to chlorinated nucleosides was
determined by staining with PrestoBlue cell viability reagent followed by measurement

of fluorescence using a plate reader at excitation and emission wavelengths at 560 and
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590 nm, respectively (Section 2.7.1). The proliferation of treated HCASMC was then
determined by trypan blue staining in order to count live cells (and exclude dead cells)

at varying time points (Section 2.7.2).

Flow cytometry was performed with different stains or antibodies in order to measure
different aspects of cellular function. In order to determine proliferation, the expression
of KI-67 was measured (Section 2.8.3). Cell death by apoptosis or necrosis was
determined using Annexin/Pl staining (Section 2.8.2), with calcium accumulation
determined using Fluo-4AM (Section 2.8.1) and mitochondrial function assessed with

JC-1 staining.

Alterations in ATP concentrations after HCASMC were exposed to chlorinated
nucleosides was determined using the ATPlite luminescence assay system (Section
2.7.3). The incorporation of 8CIA into the nucleotide pool to form 8-CIATP was assessed

in HCASMC exposed to 8CIA as described in (Section 2.6).

The mRNA expression of HCASMC after exposure to 8CIA and 5CldC was determined
using qPCR (Section 2.9). RNA was isolated after treatment using the ReliaPrep RNA Cell
Miniprep System (Section 2.9.1) with RNA concentration quantified (Section 2.9.2) and
normalised for cDNA synthesis (Section 2.9.3). qPCR was then performed using iQ SYBR
Green Supermix with forward and reverse primer sequences outlined in Table 2.6. The

activity of MMP2 and MMP9 was determined using gelatin zymography (Section 2.7.9).
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4.4. Results

4.4.1. Chlorinated nucleosides incorporate into HCASMC DNA and RNA

Studies were performed in order to determine the extent of incorporation of chlorinated
nucleosides into the DNA and RNA of HCASMC after exposure for up to 72 h. Cells were
exposed to each chlorinated nucleoside for various incubation times before isolation of
DNA and RNA and quantification by LC-MS/MS. HCASMC that were exposed to the
chlorinated ribose nucleosides 8CIA, 8CIG and 5CIC (16 uM) had differing levels of
chlorinated nucleoside incorporated into the RNA (Figure 4.1A-C). This incorporation
was time dependent with 8CIA reaching maximum incorporation after 24 h, whereas
8CIG and 5CIC had maximal incorporation after 6 h (Figure 4.1A-C). Similarly, the
deoxyribose chlorinated nucleosides, 8CldA, 8CldG and 5CIdC, incorporated into the
DNA of HCASMC. Maximal incorporation was achieved after 6 h of exposure to 8CIdA
and 8CldG, with maximal incorporation after 2 h with 5CIdC (Figure 4.1D-F). No evidence
for the presence of chlorinated nucleosides was obtained in experiments performed
with non-treated control cells in either DNA or RNA. Similarly, ribose chlorinated
nucleosides were not found to incorporate into the DNA and deoxyribose chlorinated
nucleosides were found not to incorporate into cellular RNA of HCASMC.

Another experiment was performed to determine the ability of the cells to clear
chlorinated nucleosides from their DNA or RNA. HCASMC were exposed to chlorinated
nucleosides for 24 h prior to removal of the treatment media and re-incubation of the
cells in complete media, which lacked chlorinated nucleosides for a further 48 h. In
HCASMC treated with the ribose chlorinated nucleosides, 8CIA, 8CIG or 5CIC, there was

no statistically significant decrease in chlorinated nucleoside present in RNA under these
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treatment conditions when compared to the chlorinated nucleoside concentration
observed at each time point, where the chlorinated nucleoside was present for the
duration of the experiment. The incorporation of 8CIA, 8CIG or 5CIC into the RNA of
HCASMC after exposure for 24 h followed by re-incubation without chlorinated
nucleoside for a further 48 h, was slightly decreased when compared to exposure for a
total of 24 h. This suggests that there may be some removal or repair of the chlorinated
ribose nucleosides from the RNA, but only to a relatively minor extent. When HCASMC
were exposed to deoxyribose chlorinated nucleosides under similar conditions, it was
found that there was a significant decrease in 8CIdA after 48 h incubation in the absence
of this nucleotide when compared to that seen on exposure for 6 and 24 h (Figure 4.1D).
A significant decrease in 8CldG was also observed after re-incubation when compared
to 2 and 6 h exposure (Figure 4.1E). Similarly, when treated with 5CIdC under these
conditions, the HCASMC had significantly decreased concentrations of the chlorinated
nucleoside in DNA when compared to 2 and 48 h exposure (Figure 4.1F). These data
suggest that the clearance of chlorinated nucleosides from DNA may occur more readily
than that seen with RNA, but there is a large degree of variation in the initial
incorporation of the nucleosides, particularly with the RNA experiments, between

individual HCASMC donors. This results in a large error bar on the data in this case.
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Figure 4.1: Accumulation and clearance of chlorinated nucleosides into the DNA and
RNA of HCASMC.

HCASMC (1 x 10° cells) were treated with 16 uM 8CIA (A), 8CIG (B), 5CIC (C), 8CIdA (D), 8CIldG (E) or 5CldC
(F) for a period of 2 — 72 h (grey) or incubated with the chlorinated nucleoside for 24 h prior to washing
and re-incubation without treatment in complete media for 48 h (white). After treatment, DNA and RNA
was extracted, then hydrolysed and dephosphorylated prior to analysis by LC-MS/MS. The concentration
of chlorinated nucleoside is shown as a 1:1000 ratio with parent nucleoside where results show the mean
+ SEM of experiments performed with at least 3 separate donors. *, ** *** gnd **** show a significant
difference (p < 0.05, 0.01, 0.001 and 0.0001, respectively) in incorporation of chlorinated nucleoside when
compared to non-treated control. a, b, ¢ and d show a significant decrease (p < 0.05) in chlorinated
nucleoside compared to 2, 6, 24 and 48 h, respectively. Statistics were calculated using a one-way ANOVA
with Sidak’s multiple comparison test.
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4.4.2. Metabolic activity of HCASMC decreases with exposure to 8CIA, 8CIG, 8CldG
and 5CldC

Given that each chlorinated nucleoside incorporated into the DNA or RNA of HCASMC,
with some being cleared from the cells, studies were extended to determine whether
there were functional changes to these cells. Initial experiments examined the metabolic
activity of cells exposed to chlorinated nucleosides (4, 8 and 16 uM) using the PrestoBlue
assay, after 24, 48 and 72 h of exposure (Figure 4.2). It was demonstrated that there
were significant decreases in metabolic activity when HCASMC were exposed to 8CIA
(16 uM), 8CIdG (16 uM) and 5CIdC (8 uM) for 72 h (Figure 4.2C). When HCASMC were
exposed to 8CIA for 72 h, there is a dose dependent decrease in metabolic activity,
though there is only a statistically significant decrease evident when the cells are
exposed to 16 uM 8CIA (Figure 4.2C). This is similar to the effects of 8CIdG on these cells,
though decreases are found to occur to a lesser extent (Figure 4.2C). When HCASMC are
exposed to 16 uM 5CIdC, there was evidence suggesting a slight non-significant increase
in metabolic activity (Figure 4.2A,B). However, after 72 h exposure to 5CIdC, the
metabolic activity of HCASMC was found to be unchanged compared to control when
exposed to 4 uM and 16 uM 5CIdC. Experiments were also performed with parent
nucleosides and it was demonstrated that there were no significant alterations in the

metabolic activity when compared to non-treated control.
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Figure 4.2: Alterations in metabolic activity on HCASMC exposed to chlorinated
nucleosides.

HCASMC (10° cells) were treated with multiple concentrations (4, 8 and 16 uM) for 24 (A), 48 h (B) or 72 h
(C) of each chlorinated nucleoside prior to assessment of metabolic activity using Prestoblue reagent. The
conversion of resazurin to resarufin was measured at Aex = 560 nm and Aem = 590 nm using a plate reader.
The results show the mean + SEM of three separate experiments with independent cell donors completed
in triplicate. * and ** show a significant difference (p < 0.05 and 0.01, respectively) in metabolic activity
when compared to control using a one-way ANOVA with Dunnett’s multiple comparison test.

118



4.4.3. Exposure to 8CIA and 5CIdC decreases proliferation of HCASMC

Changes in the metabolic activity can be reflective of altered viability or proliferation in
these cells. Therefore, given the decreases in metabolic activity observed, experiments
were then performed in order to determine the ability of HCASMC to proliferate
following exposure to chlorinated nucleosides. HCASMC were exposed to the
chlorinated nucleosides that were demonstrated to have an effect on metabolic activity
(8CIA, 8CldG and 5CIdC) with proliferation of these cells determined over time using
trypan blue staining with the cells counted using a haemocytometer. Similar
experiments were performed where HCASMC were exposed to parent nucleosides in
order to determine whether the effects seen were related to chlorination of the
nucleoside.

Treatments were performed for this experiment at a concentration of 8 uM in order to
remain consistent between each chlorinated nucleoside and allow comparison with
previous experiments performed with HCAEC. It was demonstrated that there was no
alteration in cell number when HCASMC were exposed to 5CIC or 8CIdG over a 96 h
period (Figure 4.3A-B). However, when cells were exposed to 8CIA (8 uM) for 24 — 96 h,
cell numbers were significantly decreased compared to non-treated and Ad treated
controls (Figure 4.3C). Treatment with 5CIdC also caused significant differences in cell

number when compared to control and dC treated cells after 96 h (Figure 4.3D).
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Figure 4.3: Proliferation of HCASMC when exposed to chlorinated nucleosides.

HCASMC (10° cells) were treated with 5CIC (A), 8CldG (B), 8CIA (C) or 5CIdC (D) for 24 — 96 h in order to
determine cell proliferation. The total cell number was determined by cell counting with trypan blue
staining. The results demonstrate mean + SEM of 3 separate experiments completed with independent cell
donors in triplicate. *, ** and **** show a significant decrease (p < 0.05, 0.01 and 0.0001, respectively) in
cell number compared to untreated control cells using a two-way ANOVA with Tukey’s multiple
comparison post-hoc test.

Due to the decrease in cell number observed when HCASMC were treated with 5CIdC
and 8CIA over a period of 96 h, the expression of KI-67 (a protein marker present in
proliferating cells) was determined using flow cytometry (Figure 4.4). After treatment
with 8CIA or 5CIdC, HCASMC were fixed using ethanol followed by staining with an
antibody against KI-67 prior to analysis by flow cytometry. After 24 h of treatment with
8CIA and 5CIdC, there were no significant changes in KI-67 expression, though there was
a significant increase when cells were treated with Ad and dC (Figure 4.4A), which is
representative of increased cell proliferation. The increased expression when cells were

exposed to Ad and dC were no longer observed after 48 h of treatment, though
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treatment with 8CIA for this period of time significantly decreased the expression of K-
67 compared to control cells (Figure 4.4B). This is consistent with the results observed
with trypan blue staining and cell counts using a haemocytometer. After 72 h, there
were no significant differences in KI-67 expression between each of the treatments and
non-treated control cells (Figure 4.4C). Interestingly, the expression of KI-67 was not
shown to decrease when cells were exposed to 5CIdC though there was a decrease in
total cell number with trypan blue staining and cell counts. This may be due to the
incubation time as significant differences were only observed with trypan blue staining

and cell counts after incubation for 96 h.
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Figure 4.4: Expression of KI-67 in HCASMC exposed to chlorinated and parent

nucleoside.

HCASMC (2 x 10° cells) were treated with 8 uM 5CIC, 8CldG, 8CIA or 5CIdC for 24 (A), 48 (B) and 72 h (C)
prior to determination of KI67 expression by flow cytometry. The results demonstrate mean + SEM of 3
separate experiments completed with independent cell donors in triplicate. *, ** and **** show a
significant decrease (p < 0.05, 0.01 and 0.0001, respectively) in cell number compared to untreated control
cells using a way ANOVA with Dunnett’s multiple comparison post-hoc test.
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4.4.4. 8CIA and 5CIdC do not cause apoptosis or necrosis in HCASMC

Due to the disturbances observed in metabolic activity and proliferation in HCASMC
exposed to 8CIA and 5CIdC, whether these effects were a result of cell death or cell
senescence was examined. The effect of chlorinated nucleosides on apoptosis and
necrosis in HCASMC was determined with Annexin V and propidium iodide staining,
respectively. Treatment with 8CIA caused a non-significant decrease in the live
population of cells when compared to control cells, which was not evident with Ad
treated cells (Figure 4.5A). There were also no significant differences in cell death by

apoptosis or necrosis when HCASMC were exposed to 5CIdC for 72 h (Figure 4.5B).
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Figure 4.5: Effects of 8CIA and 5CIdC on cell death by apoptosis and necrosis.

HCASMC (2 x 10° cells) were exposed to 8 uM 8CIA (A), Ad (A), 5CIdC (B) or dC (B) for 72 h prior to staining
with Annexin Pl and propidium iodide then analysed using flow cytometry to determine mechanism of cell
death. Data represents mean + SEM of experiments from 3 separate cell donors performed in triplicate. *,
*** and **** (p < 0.05, 0.001 and 0.0001, respectively) represent a significant decrease when compared

to non-treated control as determined by two-way ANOVA with Dunnett’s multiple comparison post-hoc
test.

4.4.5. 8CIA and 5CIdC do not cause calcium accumulation in HCASMC

Due to the decrease in live population in HCASMC exposed to 8CIA, further studies
examined whether there were alterations in calcium signalling in these cells. The
accumulation of calcium within the cytosol was assessed using Fluo-4AM staining with

flow cytometric analysis. It was demonstrated that there was no significant change in
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calcium staining when HCASMC were treated with 8CIA, Ad, 5CIdC or dC (8 uM) for 24

or 48 h (Figure 4.6).
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Figure 4.6: Effects of 8CIA and 5CIdC on calcium accumulation in the cytosol of
HCASMC.

HCASMC (2 x 10° cells) were exposed to 8 uM 8CIA, Ad, 5CIdC or dC for 24 (A) or 48 h (B) prior to staining
with Fluo-4AM and analysis using flow cytometry. Data represents mean + SEM of experiments from 3
separate cell donors performed in triplicate. *, *** and **** (p < 0.05, 0.001 and 0.0001, respectively)
represent a significant decrease when compared to non-treated control as determined by one-way ANOVA
with Dunnett’s multiple comparison post-hoc test.

4.4.6. 8CIA decreases mitochondrial function in HCASMC

There were no apparent differences in intracellular calcium or cell death by apoptosis or
necrosis in the experiments with 8CIA and 5CldC and HCASMC, though there were
effects on metabolic activity and proliferation. Therefore, experiments were performed
to determine whether these chlorinated nucleosides altered mitochondrial function.
The effects of chlorinated nucleosides on mitochondrial membrane depolarisation was
determined by JC-1 staining coupled with flow cytometry, where a decreased red : green
ratio was indicative of mitochondrial dysfunction. It was found that treatment with 8CIA
induced mitochondrial dysfunction in HCASMC, evident through the significant decrease

in red : green ratio when compared to non-treated and Ad controls (Figure 4.7C). These
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effects were not evident when HCASMC were treated with 5CIdC or dC (Figure 4.7D). In
each of these experiments, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a
mitochondrial uncoupler was used as a positive control for increased mitochondrial

membrane permeability.
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Figure 4.7: Effects of 8CIA and 5CIdC on mitochondrial membrane depolarisation.
HCASMC (2 x 10° cells) were exposed to 8 uM 8CIA (A), Ad (A), 5CIdC (B) or dC (B) for 72 h prior to staining
with JC-1 with or without CCCP prior to analysis using flow cytometry to determine mitochondrial
membrane depolarisation. Data represents mean + SEM of experiments from 3 separate cell donors
performed in triplicate. *, *** and **** (p < 0.05, 0.001 and 0.0001, respectively) represent a significant
decrease when compared to non-treated control as determined by one-way ANOVA with Dunnett’s
multiple comparison post-hoc test.

4.4.7. 8CIA causes the decrease in cellular ATP through its incorporation to form 8-
CIATP

Previous studies have demonstrated that chlorinated nucleosides, in particular 8CIA, can
incorporate into the nucleotide pool and deplete stores of ATP [266, 280]. Therefore,
due to the alterations observed in mitochondrial function and metabolic activity when
cells were treated with 8CIA, the effect of this nucleotide, and also 5CIdC, which

decreased cellular proliferation, on the concentration of intracellular ATP was examined.
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Cells were treated with chlorinated nucleoside prior to assessment of ATP concentration
using the ATPlite luminescence assay system. When HCASMC were exposed to 8CIA for
24 and 48 h, the concentrations of ATP present within the cell were significantly
decreased when compared to non-treated and Ad treated cells (Figure 4.8A, B). These
differences were not observed when HCASMC were treated with 5CIdC or dC (Figure
4.8C, D). However, as these concentrations were not normalised to protein
concentration, loss in ATP concentrations when HCASMC were exposed to 8CIA may be

due to cell death or cell lysis.

Within the literature [260, 266, 280] and in Chapter 3, it has been demonstrated that
depletion of ATP when cells are exposed to 8CIA is associated with the formation of the
chlorinated analogue of ATP, 8-CIATP. Therefore, the concentrations of 8-CIATP after
treatment of HCASMC for 48 h with 8CIA (8 uM) were determined by HPLC. In this case,
a BCA protein assay was performed in order to normalise the data to cell protein levels.
It was demonstrated that when HCASMC were exposed to 8CIA for 48 h, that there was
8-CIATP formed, which was not the case in non-treated or Ad controls (Figure 4.8E, F).
The HPLC experiments showed that there were no changes in the ATP levels between
control and 8CIA or Ad treatment, which suggests that the decrease in ATP levels
observed with the ATPlite luminescence assay system could reflect a degree of cell death

or lysis.
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Figure 4.8: Treatment with 8CIA causes the formation of ATP analogue, 8CI-ATP.
HCASMC (1 x 10* cells) were treated with 8 uM 8CIA, Ad, 5CIdC or dC for 24 (A,C) and 48 h (B,D) prior to
determination of ATP concentration using ATPlite luminescence assay. HCAEC (6 x 10° cells) were treated
with 8CIA and Ad (8 uM) for 48 h prior to quantification of ATP (E) and 8CI-ATP (F) within the nucleotide
pool using HPLC. Results show the mean + SEM of experiments from 3 separate donors in triplicate. *, **
and **** show a significant decrease (p < 0.05, 0.01 and 0.0001, respectively) compared to untreated
control cells using one-way ANOVA with Dunnett’s multiple comparison post-hoc test.
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4.4.8. Exposure to 8CIA causes activation of the UPR and antioxidant responses in
HCASMC

It was shown that in HCAEC, exposure to 8CIA caused cell death, which was attributed
to activation of the unfolded protein response. Given the similarities in the behaviour of
HCASMC and HCAEC on exposure to 8CIA, including altered metabolic activity and the
accumulation of 8-CIATP, whether exposure to 8CIA caused activation of the unfolded
protein response in HCASMC, was examined in this study. When HCASMC were exposed
to 8CIA (8 uM) for 24 h, there were no significant changes in gene expression of ATF4 or
CHOP (Figure 4.9A, D), which are part of the PERK signalling pathway in the unfolded
protein response. However, there was a significant increase in the mRNA expression of
GADD34 and sXBP1 (Figure 4.9B, C), which signifies reversal of PERK activation and the
activation of the IRE1 signalling pathway, respectively. These results are consistent with
the activation of the unfolded protein response, though the effects of 8CIA on HCASMC

are not as profound as those observed in HCAEC.
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Figure 4.9: Alterations on mRNA expression of genes related to the unfolded protein
response.

Gene expression related to the unfolded protein response was determined in HCASMC (1 x 10° cells)
treated with 8CIA or Ad (8 uM) for 24 h prior to analysis by gPCR. mRNA expression of ATF4 (A), GADD34
(B), sXBP1 (C) and CHOP (D) were normalised to two housekeeping genes, 185 and RPL13. Results represent
the mean + SEM of three independent experiments performed in triplicate. * demonstrates a significant
increase (p < 0.05) compared to non-treated control using a one-way ANOVA with Dunnett’s multiple
comparison test.

Furthermore, in the previous chapter, it was demonstrated that 8CIA induced
antioxidant responses in HCAEC after exposure to 8CIA. ER stress (demonstrated
through the activation of the UPR) has been correlated with the activation of cellular
antioxidant responses including the Nrf2-Keap1 pathway [291]. Therefore, the mRNA
expression of antioxidant genes was determined in HCASMC after exposure to 8CIA.
There was evidence showing the activation of Nrf2 in HCASMC treated with 8CIA,

through the significant increase in mRNA expression of GCLC (Figure 4.10A) and HO-1
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(Figure 4.10B). However, in contrast to HCAEC, there were no significant changes in the
MRNA expression of NQO1 (Figure 4.10C). Another marker of cellular stress, TXNIP, was
also shown to have significantly increased mRNA expression in HCASMC after treatment

with 8CIA (Figure 4.10D).
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Figure 4.10: The mRNA expression of genes relating to antioxidant response.

Gene expression related to the antioxidant response was determined in HCASMC (1 x 10° cells) treated
with 8CIA or Ad (8 uM) for 24 h prior to analysis by gPCR. mRNA expression of GCLC (A), HO-1 (B), NQO1
(C) and TXNIP (D) were normalised to two housekeeping genes, 185 and RPL13. Results represent the mean
+ SEM of three independent experiments performed in triplicate. ** and *** demonstrate a significant
increase (p < 0.01 and 0.001, respectively) compared to non-treated control using a one-way ANOVA with
Dunnett’s multiple comparison test.
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4.4.9. 5CIdC caused increased expression of MMP2 and MMP9 in HCASMC

Due to the alterations in cell proliferation and metabolic activity when HCASMC were
exposed to 8CIA and 5CIdC, studies were extended to examine the inflammatory
response in HCASMC. Previous studies have demonstrated that treatment of
macrophages with chlorinated nucleosides increased expression of pro-inflammatory
cytokines and chemokines [259]. In addition, MMPs have been shown to be modulators
of inflammation, with MMP2 shown to activate pro-IL-1B [312]. Therefore, the gene
expression of MMP2 and MMP9 were determined after treatment of the HCASMC with
each chlorinated nucleoside for 72 h. It was found that under these conditions,
treatment with 8CIA (8 uM) did not significantly change the mRNA expression of MMP2
or MMP9 after 24 of 48 h treatment (Figure 4.11A-D). Similarly, the mRNA expression of
MMP2 remained unchanged compared to non-treated control when HCASMC were
exposed to 8 uM 8CIA for 72 h (Figure 4.11E). However, the expression of MMP9 in
HCASMC after treatment for 72 h with 8CIA was significantly decreased when compared
to non-treated control (Figure 4.11F). These differences were not observed when
HCASMC were treated with Ad showing the causal role of the chlorination of the parent

compound in the effects on mRNA expression shown.
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Figure 4.11: mRNA expression of MMP2 and MIMP9 in HCASMC exposed to 8CIA and
Ad.

HCASMC (10° cells) were exposed to 8 uM 8CIA and Ad for 24 (A,B), 48 (C,D) and 72 h (E,F) prior to the
determination of mRNA expression of MMP2 (A,C,E) and MMP9 (B,D,F) by PCR. Results were normalised
to the expression of 2 housekeeping genes, 18S and RPL13. Data represent the mean + SEM of experiments
performed with 3 independent donors, completed in triplicate. * shows a significant difference (p < 0.05)
compared to non-treated control using one-way ANOVA with Dunnett’s multiple comparison post-hoc test.
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In contrast to the effects on MMP expression observed in HCASMC exposed to 8 UM
8CIA, exposure to 8 uM 5CIdC was shown to significantly increase the mRNA expression
of MMP9 but not MMP2 after exposure to this chlorinated nucleoside for 24 h (Figure
4.12A, B). Furthermore, after exposure to 5CldC for 48 h, marked increases in both
MMP2 and MMP9 mRNA expression are observed when compared to non-treated
control (Figure 4.12C, D). By 72 h of incubation with 5CIdC, MMP2 mRNA expression
levels were no longer significantly different when compared to non-treated control
(Figure 4.12E). However, the mRNA expression of MMP9 after HCASMC were treated
with 8 UM 5CIdC for 72 h remains significantly elevated when compared to non-treated
control (Figure 4.12F). These effects were not evident in the parent nucleoside controls

consistent with the chlorination of dC driving the effects observed.
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Figure 4.12: mRNA expression of MMP2 and MIMP9 in HCASMC exposed to 5CIdC and

dC.

HCASMC (10° cells) were exposed to 8 uM 5CIdC and dC for 24 (A,B), 48 (C,D) and 72 h (E,F) prior to the
determination of mRNA expression of MMP2 (A,C,E) and MMP9 (B,D,F) by PCR. Results were normalised
to the expression of 2 housekeeping genes, 18S and RPL13. Data represent the mean + SEM of experiments
performed with 3 independent donors, completed in triplicate. *, **, *** show a significant difference (p
< 0.05, 0.01, 0.001, respectively) compared to non-treated control using one-way ANOVA with Dunnett’s
multiple comparison post-hoc test.
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Given the increased mRNA expression of MMP9 in HCASMC exposed to 5CIdC, the
proteinase activity of MMP9 was measured. The activity of MMP9 and also MMP2 was
determined by gelatin zymography, with quantification of the band density analysed
using Imagel (Figure 4.13A). These experiments showed that there were no significant
changes in MMP2 activity (Figure 4.13B), though there was a small, but significant,
increase in MMP9 activity (Figure 4.13C). This data shows that although there is an
increased mMRNA expression of MMP9, there seems to be no appreciable secretion of

this matrix metalloproteinase into the cell media.
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Figure 4.13: Proteinase activity of MMP2 and MMP9 in HCASMC exposed to 8CIA and
5cldC.

The activity of MMP2 and MMP9 were determined in HCASMC treatment media by zymography (A) with
density normalised to control (B,C). Data represent the mean + SEM of experiments performed with 3
independent donors, completed in triplicate. *** shows a significant difference (p < 0.001) compared to
non-treated control using a t-test.
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4.4.10. HCASMC exposed to 5CIdC have increased expression of adhesion molecules

Due to the profound effects that exposure to 5CIdC had on the mRNA expression of
MMP2 and MMP9 in HCASMC, the mRNA expression of pro-inflammatory cytokines was
determined. Recent studies have demonstrated that vascular smooth muscle cells
express the adhesion molecules ICAM and VCAM causing the accumulation of
leukocytes and activation of monocytes in atherosclerosis [313]. Therefore, the mRNA
expression of ICAM and VCAM in HCASMC after exposure to 8 uM 5CldC was determined
by gPCR. After HCASMC were exposed to 5CIdC for 24 h, there was significant increase
in the mRNA expression of ICAM when compared to non-treated control (Figure 4.14A).
These changes were not observed in the mRNA expression of VCAM after 24 h exposure
to 5CIdC (Figure 4.14B). After 48 h of incubation with 5CIdC, mRNA expression of VCAM
had returned to levels similar to those in non-treated control cells (Figure 4.14C). In
contrast, the mRNA expression of VCAM after HCASMC were exposed to 5CIdC for 48 h
was significantly increased when compared to non-treated control (Figure 4.14D). These
changes in the mRNA expression of ICAM and VCAM were not evident when HCASMC
were treated with the parent nucleoside dC showing the causal role for the chlorine on

5CIdC in the alterations of mRNA expression.
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Figure 4.14: Expression of adhesion molecules after HCASMC were exposed to 5CldC
and dC.

HCASMC (10° cells) were exposed to 8 uM 5CIdC and dC for 24 (A,B) and 48 (C,D) prior to the determination
of mRNA expression of ICAM (A,C) and VCAM (B,D) by PCR. Results were normalised to the expression of 2
housekeeping genes, 185 and RPL13. Data represent the mean *+ SEM of experiments performed with 3
independent donors, completed in triplicate. * ** show a significant difference (p < 0.05, 0.01,
respectively) compared to non-treated control using one-way ANOVA with Dunnett’s multiple comparison
post-hoc test.
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4.4.11. Exposure of HCASMC to 5CIdC induces phenotypic changes

As MMPs have been demonstrated to modulate migration and proliferation of smooth
muscle cells by degrading the extracellular matrix [314], the effect of 5CIdC on
phenotypic markers were determined. The mRNA expression of genes associated with
the synthetic smooth muscle cell phenotype was determined by qPCR. It was found that
the mRNA expression of OPN was significantly decreased on exposure to 5CIdC (Figure
4.15A). However, these differences were also observed with dC treatment, which
demonstrates a lack of specificity with regards to chlorination of the parent nucleoside.
In contrast, when the mRNA expression of other markers of synthetic phenotype were
measured, there were no significant differences observed when compared to non-
treated control cells. Thus, the mRNA expression of S100A4 (Figure 4.15B), CX43 (Figure
4.15C), Decorin (Figure 4.15D) and OlfmI3 (Figure 4.15E) remained unchanged compared

to non-treated control cells when HCASMC were exposed to 5CIdC.
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Figure 4.15: mRNA expression of synthetic smooth muscle cell phenotypic markers.
HCASMC (10° cells) were exposed to 8 uM 5CIdC or dC for 48 h prior to the determination of mRNA
expression of OPN (A), S100A4 (B), Cx43 (C), Decorin (D) and Olfmli3 (E) compared to two housekeeping
genes, 18S and RPL13, by qPCR. *, ** and **** show a significant difference (p < 0.05, 0.01 and 0.0001,
respectively) compared to non-treated control using one-way ANOVA with Dunnett’s multiple comparison
post-hoc test.
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Further studies were performed in order to determine the effect of 5CIdC on the mRNA
expression of markers of the contractile phenotype. By gPCR, it was found that there
were significant decreases in the mRNA expression of desmin (Figure 4.16A) and
calponin (Figure 4.16B) when HCASMC were exposed to 5CIdC. Treatment with the
parent nucleoside dC did not induce changes in the mRNA expression of desmin when
compared to non-treated control. However, mRNA expression of calponin was
decreased when treated with dC compared to non-treated control, though to a lesser
extent than HCASMC exposed to 5CIdC. These data suggest that there may be a

decrease in the contractile phenotypic markers measured in smooth muscle cells.
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Figure 4.16: mRNA expression of contractile smooth muscle cell phenotypic markers.

HCASMC (10° cells) were exposed to 8 uM 5CIdC or dC for 48 h prior to the determination of mRNA
expression of desmin (A) and calponin (B) by gPCR. Results were normalised to two housekeeping genes,
18S and RPL13. * ** and **** show a significant difference (p < 0.05, 0.01 and 0.0001, respectively)
compared to non-treated control using one-way ANOVA with Dunnett’s multiple comparison post-hoc test.
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4.5. Discussion

In this Chapter, HCASMC were exposed to chlorinated nucleosides at concentrations
that are similar to concentrations of chlorinated nucleosides formed when cells are
exposed to HOCI at physiologically relevant concentrations [6], and those reported in
patients supplemented with 8CIA or 8Cl-cAMP [283]. Initial studies were performed to
determine the incorporation of each chlorinated nucleoside into the DNA and RNA of
HCASMC by LC-MS/MS. The current study showed that chlorinated nucleosides
incorporate into the DNA and RNA of HCASMC with exposure over a period of 2 - 72 h.
Results demonstrate that 8CIA, 8CIG and 5CIC incorporate into the RNA of HCASMC and
not into the DNA. Similarly, the deoxyribose chlorinated nucleosides 8CldA, 8CldG and
5CldCincorporate into the DNA of HCASMC and not into the RNA. These findings support

those that were observed in HCAEC under the same conditions as described in Chapter

Each chlorinated nucleoside reached maximal incorporation within 6 — 24 h of exposure,
with the exception of 5CIdC, which reached a maximum after incubation for 2 h. When
HCASMC were exposed to 8CIA, maximal incorporation was found to occur after 24 h
treatment, after which concentrations in the RNA decrease in a time dependent manner.
This data is supported by the observation of the incorporation of 8CIA into the RNA of
HCAEC (described in Chapter 3) and also in J774.A1 macrophages where 8CIA was
demonstrated to incorporate into the RNA after 4 h [259]. The incorporation of this
nucleoside into the RNA of HCAEC is 100-fold larger than the concentrations found in
J774.A1 cells, which may reflect the differences observed in primary cell cultures and

immortalised cells lines. The incorporation of 8CIA into the RNA of cells has significance
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at previous studies have demonstrated the consequences of exposure to this

chlorinated nucleoside [260, 266, 282, 315, 316].

Furthermore, 8CIG and 5CIC were demonstrated to incorporate into the RNA as well as
8CIdA and 8CldG into the DNA of HCASMC. Maximal incorporation of these nucleosides
occurred after exposure for 6 h, after which concentrations of chlorinated nucleoside
decreased in the RNA or DNA over time. These results are supported by observations in
HCAEC as described in Chapter 3. In addition, studies in J774.A1 macrophages
demonstrated the incorporation of 5CIC into RNA, though the incorporation of 8CIG was
not measured in these cells [259]. However, in contrast to the current study, the study
performed in J774.A1 macrophages, demonstrated that 8CIdA and 8CldG were not
shown to be incorporated into DNA [259]. Furthermore, research performed using
EA.hy926 cell line showed that 8Cl(d)G and 5Cl(d)C accumulated into the nucleotide pool
and only 5CIC was found to incorporate into the RNA [224]. However, it has also been
shown that the incorporation of chlorinated nucleosides was 40 — 227 times higherin a
primary epithelial prostate cell line than compared to the EA.hy926 cell line which may
reflect the reactivity of primary cells when compared to immortalised cell lines. In
addition, the differences observed between the study conducted by Noyon et al. and
the current study may be due to differences in the concentrations of chlorinated

nucleosides used [224].

In this study, it was found that 8CIdG was incorporated into the DNA of HCASMC much
faster than other chlorinated nucleosides and also to the greatest extent. The

mechanism by which the incorporation occurs and how quickly this process takes place
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is unknown but would be interesting for future studies. The extent of incorporation of
different chlorinated nucleosides may be due to the different affinities to their individual
kinase. This is because the uptake and incorporation of these chlorinated nucleosides
occurs firstly by transfer across the plasma membrane using a facilitated diffusion
mechanism, followed by the phosphorylation of nucleosides by specific nucleoside
kinases [317]. In addition, it has been demonstrated in non-modified nucleosides that
the uptake is dependent on the concentrations of nucleoside extracellularly along with
those present in the nucleotide pool [318], though this has not been studied in
chlorinated nucleosides. What is known about the incorporation of chlorinated
nucleosides, is that this is dependent on the structure on the nucleoside [256] as well as
the cell type, as mentioned previously, which may account for the results observed in

HCASMC.

Whether the HCASMC were able to clear the chlorinated nucleosides from the DNA or
RNA was then determined by incubation with the chlorinated nucleoside for 24 h, prior
to the removal of the exogenous source and re-incubation in complete cell culture
medium for a further 48 h. It was found that when the cells were exposed to ribose
chlorinated nucleosides that there were no statistically significant changes observed
between incorporation and clearance studies. However, despite the incorporation of
these chlorinated nucleosides into the RNA and the inability of the cells to remove them,
only 8CIA and 5CIC were demonstrated to have significantly decreased metabolic

activity.
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When HCASMC were exposed to re-incubation conditions with deoxyribose chlorinated
nucleosides, it was determined that only cells exposed to 8CIdA had significantly
decreased concentrations of 8CIdA within the DNA. The concentration of 5CldC
incorporated into the DNA of HCASMC remained unchanged in clearance studies
compared to incubation for 24 h alone. The inability of 5CIdC to be cleared from the DNA
is demonstrated in HCASMC, which may explain the decrease in metabolic activity after
exposure to 5CIdC. This suggests that 5CIdC is not cleared from the DNA of HCASMC by
deamination as suggested in previous studies [200, 259]. In contrast, in studies with
J774.A1 macrophages, it was demonstrated that concentrations of 5CIdC in cellular DNA
increased after re-incubation without exogenous source of 5CIdC suggesting that 5CIdC

was incorporated into both the nucleotide pool as well as DNA in these cells [259].

In HCASMC, metabolic activity was used as a method to quickly determine which
chlorinated nucleosides may have an influence on cellular function. It was determined
was a significant decrease in metabolic activity with treatment with 8CIA, 5CIC, 8CldG
and 5CldC. However, in studies performed in J774.A1 macrophages it was demonstrated
that exposure to various chlorinated nucleosides at comparable concentrations induced
increased expression of pro-inflammatory cytokines and chemokines, which occurred in
the absence of significant changes in metabolic activity [259, 260]. This shows that
though there were no changes to metabolic activity in HCASMC exposed to 8CIG and
8CIdA, these chlorinated nucleosides may alter cellular function despite lack of changes

to metabolic activity.
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The studies performed in this chapter on HCASMC showed that 8CIA incorporated into
the nucleotide pool to form 8-CIATP. As described in Chapter 3, exposure of HCAEC to
8CIA causes apoptotic cell death by activation of the unfolded protein response and the
incorporation of 8CIA into the nucleotide pool to form 8-CIATP. Similar observations
have been previously described with the toxicity of 8CIA being attributed to the
depletion of ATP through the formation of 8-CIATP in macrophages [260], leukemic
[280], myeloma [266, 268, 269], breast cancer [270] and mantle cell lymphoma [272]
cell lines. In contrast, in HCASMC, 8CIA induces activation of the unfolded protein
response, however these cells are able to recover and 8CIA doesn’t induce apoptosis.
Furthermore, the incorporation of 8CIA into the nucleotide pool of HCASMC to form 8-
CIATP does not deplete ATP as shown in different cancer cell lines. This suggests that

HCASMC are less sensitive to the exposure of 8CIA than HCAEC and cancer cell lines.

In vascular smooth muscle cells under normal conditions, there is low proliferation and
low turnover [58]. However, during early atherogenesis and after vascular injury, there
is increased proliferation [34]. This study has shown that treatment with 8CIA and 5CldC
significantly decreased the cell number when compared to non-treated control cells
when assessed over a period of 0 — 96 h. These differences were not observed with 5CIC
and 8CldG treatment, though exposure to these agents also caused a decrease in
metabolic activity. When HCASMC were treated with 8CIdG, there was a trend towards
a decrease in cell number over time. However, this was not found to be significant and
this may be due to the concentration used in proliferation studies being lower than that

used in the studies of metabolic activity.
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The decrease in cell number was supported by a significant decrease in KI-67, a protein
present in all active phases of the cell cycle but absent in cells that are non-proliferative
[275], in HCASMC exposed to 8CIA. These differences were not evident in Ad treated
cells, consistent with a causal role in the chlorination of Ad in these effects observed.
However, in contrast, neither 5CIdC nor the parent nucleoside dC altered the expression
of KI-67, though there were decreases in cell number shown for 5CIdC by cell counting
methods. These findings are significant as it has been postulated that in advanced
lesions, increased proliferation is beneficial in terms of improving plaque stability, which
is not the case for cells exposed to 8CIA and 5CIdC at least under the conditions

examined here [34].

Interestingly, exposure of HCASMC to 8CIA induced mitochondrial dysfunction as
demonstrated by JC-1 staining, however these cells did not die via apoptosis. The
mitochondrial membrane potential is generated by the ETC and used by ATP synthase
in order to fuse free phosphate to ADP to form ATP. This is consistent with observations
in HCAEC where production of ATP by glycolysis was significantly impaired and other
cells types where there are significant alterations observed with depletion of ATP [271,
272, 280]. Furthermore, during apoptosis, the mitochondrial membrane potential
decreases due to the opening of mitochondrial permeable pores and causes the loss of
the electrochemical gradient [319], though this is not the case in HCASMC as there were

no significant increases in apoptosis despite activation of UPR with exposure to 8CIA.

In this study, it was demonstrated that 8CIA caused ER stress resulting in the activation

of the UPR in HCASMC. Results showed that there were no significant changes to the
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mMRNA expression of ATF4 and CHOP. However, there were significant increases in the
expression of GADD34 and sXBP1. GADD34 actions to dephosphorylate elF2a thereby
inhibiting translation of ATF4 activation [320]. Therefore, given that ATF4 mRNA
expression was no longer significantly increased compared to control cells, it
demonstrated the successful reversal of UPR activation. This contrasts what is seen in
HCAEC, where exposure of these cells to 8CIA causes UPR activation and apoptotic cell
death (see Chapter 3). Furthermore, Nrf2 was demonstrated to be activated in HCASMC
and HCAEC after exposure to 8CIA, which is supported by studies demonstrating the
correlation between endoplasmic reticulum stress and the activation of Nrf2-Keapl

pathway [287].

Studies also demonstrated that 5CIdC induced mRNA expression of MMPs in HCASMC,
which have been shown to be modulators of inflammation, in particular IL-1 [321]. This
is supported by studies in J774.A1 macrophages where exposure to 5CIC significantly
increased expression of IL-1B. Though the mRNA expression of MMP9 was elevated, the
secretion of MMP9 into the cell media reflected by activity measurements was not
significantly different compared to non-treated or dC treated control. In these studies,
gelatin zymography was used to assess the activity of MMP2 and MMP9, however, this
method may not have been sensitive enough to detect minute changes in the activity of
these gelatinases. Therefore, future studies could use fluorescence probe methods in

order to assess MMP activity [322, 323].

MMP9 has been shown to be elevated in atherosclerosis and lead to decreased plaque

stability [324]. This suggests that exposure of smooth muscle cells to 5CldC may lead to
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decreased plaque stability in atherosclerosis. Similarly, increased expression of MMP2
and MMP9 were demonstrated to increase the synthetic phenotype causing the
migration of smooth muscle cells from the media to the intima [325]. However, in
contrast, knockout of MMP9 shows an increase in plaque development, showing that
increased MMP9 may prevent plaque development [326]. The increased expression of
MMPs was not observed when HCASMC were treated with 8CIA. These findings suggest

that 8CIA and 5CIdC may have different mechanisms of action.

Previous studies have demonstrated that vascular smooth muscle cells express the
adhesion molecules, ICAM and VCAM causing the accumulation of leukocytes and
activation of monocytes in atherosclerosis [313]. In HCASMC, the mRNA expression of
ICAM and VCAM were upregulated with 5CIdC treatment. Previous studies have
demonstrated that IL-1B induces ICAM expression [327], which may provide a link
between the increased mRNA expression of MMP2 and 9 and the increase in ICAM
expression in the current study as MMPs are modulators of IL-1B [321]. Therefore,
future studies should determine the mRNA expression of IL-1f in order to confirm the

link between the expression of MMP2/MMP9 and ICAM expression.

Though the mechanism by which ICAM and VCAM expression is activated is not fully
elucidated, this could occur by activation of NF-KB. Furthermore, VCAM and ICAM can
also be activated by the JAK/STAT pathway [328, 329], which may explain the time
difference in the increased expression of these adhesion molecules. Despite the exact

pathway causing the significant increase in the mRNA expression of adhesion molecules
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in HCASMC exposed to 5CIdC not having been elucidated, the overexpression of these

can propagate disease progression.

MMP2 and MMP9 are gelatinases that are responsible for the degradation of
extracellular matrix in smooth muscle cells [330]. There is also evidence that MMP
expression can promote smooth muscle cell migration [331]. In the current study, there
was significant increase in MMP2 and MMP9 expression in HCASMC when exposed to
5CIdC for 48 h, therefore the effect of 5CIdC on phenotype was determined. Smooth
muscle cells exhibit two broad phenotypes, contractile and synthetic [56, 307, 332-334].
Synthetic phenotype smooth muscle cells have differing morphology compared to
contractile cells as well as increased proliferative and migratory properties [308]. In this
study, markers of the synthetic phenotype, OPN, S100A4, OIlfmI3, CX43 and decorin
were measured by gPCR. There were no significant alterations in these markers with the
exception of OPN, where mRNA expression was significantly decreased after treatment
with 5CIdC. However, this significant decrease in OPN expression was also observed in
HCASMC treated with the parent nucleoside dC, which demonstrates that the effects
observed are not specific to the chlorinated nucleoside. Further studies examined the
mRNA expression of two contractile phenotype markers, desmin and calponin. When
HCAEC were exposed to 5CIdC, there was a significant decrease observed in these
contractile markers. A decrease in these markers demonstrates a shift into a more

synthetic phenotype, which is more prevalent in early atherogenesis [334-337].
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Taken together, the results of this chapter demonstrate that chlorinated nucleosides, in
particular 8CIA and 5CIdC may influence the development and progression of

atherosclerosis.

4.6. Summary

The data presented in this chapter shows that chlorinated nucleosides have an impact
on the homeostasis of HCASMC, in particular, 8CIA and 5CIdC. The treatment of HCASMC
with 8CIA induced similar effects to those observed in HCAEC, causing a decrease in
metabolic activity and ATP concentrations due to the formation of 8-CIATP. Unlike what
is observed in HCAEC, treatment with 8CIA does not cause detrimental effects to cell

survival though the UPR is activated.

In contrast to studies performed in HCAEC, HCASMC function is altered by exposure to
5CIdC. Exposure to 5CIdC caused the decrease in metabolic activity and increases in the
MRNA expression of MMP9. In 5CIdC treated HCASMC, markers of synthetic phenotype
remain unchanged, whereas markers of contractile phenotype were significantly
decreased when compared to non-treated control. Given these observations, exposure
of HCASMC to chlorinated nucleosides may affect the plaque stability and progression

in atherosclerosis.
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Chapter 5 — DNA damage in neutrophil extracellular trap

formation

5.1. Introduction

Neutrophils are part of the innate immune system and subsequently part of the first line
of defence to invading pathogen. They are the most abundant leukocyte, accounting for
approximately 50% of the leukocytes in healthy people and 80% of the leukocytes in
those who are fighting an infection [338]. Neutrophils are produced in the bone marrow
in large amounts daily, in the magnitude of 10! cells, from hematopoietic stem cells
[339]. From there, they mature and enter the blood stream, where the cells will circulate
until recruitment into tissue, through a process called the leukocyte adhesion cascade
[340, 341]. The key function of neutrophils in immunity is to phagocytose and degrade
foreign organisms such as bacteria, by activating proteases and producing reactive

oxygen species, particularly HOCI via the activity of MPO [342].

In 2004, a landmark publication described the release of web-like structures released by
neutrophils, which were able to capture bacteria [77]. These structures were termed
NETs, released in a novel method of cell death, termed NETosis [343]. When neutrophils
undergo NETosis, the traps released from the cell are composed of chromatin, with
cytoplasmic and granular proteins, such as histones, neutrophil elastase and MPO
decorating the DNA strands [77]. PMA is the most well studied inducer of NETosis, which
has led to the elucidation of some of the key molecular mechanisms responsible for this
phenomenon. PMA is a direct binder of protein kinase C, causing the release of internal

stores of calcium with activation of the Raf-MEK-ERK pathway [344]. Subsequently, the
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NADPH complex assembles at the membrane of the phagosome, causing the generation
of ROS [343], which is necessary for the formation of NETs [77]. The release of ROS then
activated granular proteases, inducing the formation of NETs [345]. Though PMA-
induced NETosis is the most well described mechanism, there are multiple other
inducers which have been identified including HOCI [102, 346], bacteria [77, 96, 343,
347, 348], fungi [349-356], viruses [356, 357], hydrogen peroxide [343, 358, 359],
activated platelets [360-362], cigarette smoke [363] and calcium ionophores [358, 364-

366].

NETs have since been detected in multiple pathologies including diabetes [367],
systemic lupus erythematosus [368, 369], cystic fibrosis [370], cancer [371, 372] and
cardiovascular disease [373, 374]. In cardiovascular disease, NETs have been implicated
in thrombosis [375], myocardial infarction and also in atherosclerosis [78, 80, 376, 377].
Extracellular traps have been found to induce endothelial dysfunction by directly
activating and damaging endothelial cells [378]. Once a plague has developed,
neutrophils have been found to adhere to atherosclerotic plaques through the release
of NETs. Within the atherosclerotic plague, NET components such as Cathepsin G attract

more monocytes into the plaque [379].

Though primary neutrophils can be isolated from whole venous blood through various
methods such as density centrifugation, the cells have a short lifespan, and there are
variations between cell donors in relation to the sensitivity of the cells to undergo
NETosis. Moreover, a high density of cells is required for experiments to characterise

specific NET products, particularly oxidation products, which may be present in relatively

152



low abundance. The PLB-985 cell line is derived from the peripheral blood of an acute
non-lymphocytic leukemia patient, and can be differentiated into cells with neutrophil-
like properties [380]. Differentiation can be completed using stimuli such as DMSO,
ATRA and dibutyryl cyclic adenosine monophosphate, which causes granulocytic
maturation [380]. After granulocytic maturation into a neutrophil-like cell, PLB-985 can
be stimulated with PMA in order to form extracellular traps [381] analogous to primary

human neutrophils.

DNA oxidation and other modifications including chlorination, have been observed in
inflammatory fluids and tissues, and are implicated in the development of disease. The
oxidation of 2’-deoxyguanosine produces 8oxodG, which has been found to be a
biomarker of oxidative stress [382], and is observed in pro-inflammatory conditions
[211, 213, 215, 216]. Urinary excretion of 8oxodG is a good predictor of risk for the
development of various cancers [215, 383, 384] and mortality in diabetes [248], with
increased excretion correlating to poor outcome. 8oxodG has also been detected in the
circulation and tissues of patients in many disease states such as Alzheimer’s, diabetes

[216, 385, 386], cardiovascular diseases [218, 387] and also in aging [388].

Another important physiological and pathological DNA modification is the formation of
chlorinated nucleosides. Under inflammatory conditions, MPO catalyses the formation
of HOCI, which reacts with DNA and RNA to form a range of chlorinated nucleosides
[148]. The presence of chlorinated nucleosides has been described in pathologies
including diabetes and atherosclerosis [16, 18]. Previous studies have used differing

methods when quantifying chlorinated nucleosides including LC-MS, GC-MS or
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immunochemical detection [17, 18, 226]. Overall, the most used method for
guantification is LC-MS due to the ability to separate chlorinated and parent nucleosides
through chromatographic separation and detection by monitoring the cleavage of the

sugar moiety by MS.

In previous chapters of this thesis, chlorinated nucleosides were shown to cause various
effects in vascular cells. Furthermore, there is evidence showing elevated levels of
chlorinated nucleosides in atherosclerosis [16]. However, the source of these products
is yet to be elucidated. Similarly, there are many studies demonstrating the pro-
atherogenic properties of NET production, and catalytically active MPO is present on
NET DNA [102]. This, together with the fact that NETs are released during chronic
inflammatory conditions in the presence of HOCl and other oxidants, suggests that NET
DNA could be subject to oxidative modification. Therefore, this chapter examines
whether NETs produced by a model neutrophil cell line contain DNA with modified

nucleosides.

5.2. Hypothesis and aims

It has been previously determined that HOCI is capable of inducing NETs in human
neutrophils. Given than HOCI also reacts with DNA to form chlorinated nucleosides, it
was hypothesised that HOCl-induced NETSs in a human neutrophil cell line would contain
chlorinated nucleosides. Therefore, the studies in this chapter aimed to optimise the

differentiation of PLB-985 cells into a neutrophil-like cell, as well as optimise the
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conditions required to induce NET formation using PMA and HOCI. The study also aimed

to quantify the formation of chlorinated and oxidised nucleosides using LC-MS/MS.

5.3. Methods

PLB-985 cells were cultured and differentiated into neutrophils using RPMI-1640
supplemented with ATRA (1 uM or 2 uM), 1% FBS and 1.3% DMSO for 72 h (Section
2.3.2). The differentiation of PLB-985 was confirmed using May-Griinwald-Giemsa

staining as described in Section 2.3.2.1.

A qualitative analysis of the stimulation of differentiated PLB-985 cells to produce NETs
was optimised for treatment with PMA or HOCI (Section 2.4.1). The production of these
NETs was quantified using Sytox Green staining (Section 2.4.2.1) or PicoGreen staining

(2.4.2.2) plate reader methods.

After the optimisation of NET production in PLB-985, experiments were performed to
quantify any DNA modifications present on NETs. After stimulation with PMA (50 nM)
or HOCI (0.75 mM) for 4 h, the NETs were digested and released from the flask using
DNase I. The DNA was then isolated from treatment media by precipitation with sodium
acetate and ethanol and extracted using a DNA isolation kit (Section 2.5.1.1). The NET
samples were prepared for LC-MS/MS as described in Section 2.5.2. The
chromatographic separation and MS detection of parent and modified nucleosides of
NETs was performed by LC-MS/MS as described in Section 2.5.3. A modified method was

also developed for specific detection of 8CldG with increased sensitivity (Section 2.5.4).
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5.4. Results

5.4.1. Differentiation of PLB-985 cells into neutrophils

Initial experiments were performed to optimise the differentiation of PLB-985 into a
neutrophil-like cell. PLB-985 were differentiated using ATRA (1 uM or 2 uM) for 72 h in
order to promote haematopoiesis and the formation of concaved nuclei [380, 389]. Cells
that were incubated in complete media for 72 h in the absence of ATRA had round nuclei
when visualised by May-Griinwald-Giemsa staining (Figure 5.1A). After differentiation
with 1 uM (Figure 5.1B) and 2 uM ATRA (Figure 5.1C) for 72 h, the cell nuclei were more
concave with a lobular morphology when visualised by May-Griinwald-Giemsa staining.
This is consistent with PLB-985 having undergone haematopoesis and adopting a more

neutrophil-like morphology.
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Figure 5.1: May-Griinwald-Giemsa staining of differentiated PLB-985.

PLB-985 were allowed to proliferate for 72 h (A) or differentiated in 1 uM (B) or 2 uM ATRA (C) for 72 h
followed by staining with May-Griinwald-Giemsa. Images were taken using an Olympus Bx43 microscope
with a 60 x magnification.
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5.4.2. Optimisation of PMA-induced and HOCI-induced NET production in
differentiated PLB-985

After the PLB-985 cells were differentiated, further optimisation experiments were
performed for the treatment conditions required to induce NET release. Multiple
concentrations of either PMA or HOCI were tested in order to determine if the release
of NETs could be induced by these stimuli in accordance with experiments performed in
primary human neutrophils [77]. NET release was visualised by Sytox Green, which binds
to extracellular DNA [390]. It was found that cells differentiated with 1 uM ATRA for 72
h were not able to produce NETSs, although the morphology of the cells was neutrophil-
like (Figure 5.2). However, PLB-985 cells differentiated with 2 uM ATRA exposed to 25,
50 and 100 nM PMA (in HBSS supplemented with 0.5% FBS) for 4 h did release NETs
(Figure 5.2A-C). It was found that 50 nM PMA produced NETSs to the greatest extent as
determined by microscopy (Figure 5.2A). Similarly, 2 uM ATRA differentiated cells were
stimulated with 0.50, 0.75 and 1 mM HOCI (in RPMI-1640 containing 0.5% FBS) (Figure

5.2D-F) for 4 h, with 0.75 mM HOCI inducing the production of NETs (Figure 5.2E).
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Figure 5.2: Sytox Green staining of PMA and HOCI-induced extracellular trap release.
Differentiated PLB-985 cells were stimulated with 25 nM PMA (A), 50 nM PMA (B), 100 nM PMA (C), 0.50
mM HOCI (D), 0.75 mM HOCI (E) or 1 mM HOCI (F). Samples were stained with 2 uM Sytox Green prior to
imaging with an Olympus Bx43 FITC microscope with a 20 x objective. White arrows show NETs in (B) and
(E).
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5.4.3. Quantification of NETs produced by PLB-985 using Sytox Green reagent

In order to quantify the release of NETs by differentiated PLB-985 after treatment with
PMA (10, 20, 25, 50 or 100 nM) for 4 h, experiments were performed where Sytox Green
was added immediately following PMA treatment. The fluorescence of Sytox Green was
measured using a plate reader, once an hour for 4 h at excitation and emission
wavelengths of 504 nm and 523 nm, respectively. Exposure of differentiated cells to
PMA did not induce an increase in Sytox Green fluorescence over time (Figure 5.3A).
Similarly, there were no differences between non-treated differentiated control cells. It
was also demonstrated that PLB-985 that have not been differentiated with or without
stimulation with PMA have less Sytox Green fluorescence than differentiated cells; this

may be indicative of DNA from cells that died during the differentiation process.

A second method of quantification was performed where differentiated PLB-985 cells
were stimulated with PMA (10, 20, 25, 50 or 100 nM) for 4 h, after which DNase was
then added to detach the NETs from cells. The cells were pelleted by centrifugation, then
the supernatant was removed and stained using Sytox Green. It was demonstrated that
there were no significant differences in Sytox Green fluorescence between each type of
treatment (Figure 5.3B). Moreover, there was no difference between non-treated
differentiated control and PMA-treated cells, suggesting that there was no increase in
extracellular DNA in PMA treated cells. Similar to the first Sytox Green plate reader
method, there was decreased Sytox Green fluorescence measured in non-differentiated

control cells and non-differentiated cells exposed to 25 nm PMA.

160



A)

45107+ . .
-o- Differentiated control
g 3..1074 -= 10 nM
< -+ 20nM
§ 24107 - 25nM
o ) -~ 50nM
=
i 1<107 - 100 nM
-8 Control (not differentiated)
0 T T T 1 -4 25 nM (not differentiated)
0 1 2 3 4
Hours
B) 15,
S
2 1.0
©
K=
[+]
=)
o 0.5
|1
0.0
o S (sg\ (‘\‘\ o“\ -@b e&
ST P e ¢® é\&
)
’5&6 -‘z\é ‘t‘ée
& & &
\e’o (\0\ 0\
.{{\e’ W8
9 &L 8
K& P

Figure 5.3: Quantification of NET production by Sytox Green plate reader assay.
Differentiated PLB-985 were incubated with increasing concentrations of PMA (10, 20, 25, 50 or 100 nM)
and 2 uM Sytox Green before analysis using a plate reader, every hour for 4 h (A). (B) PLB-985 were
incubated with PMA for 4 h before removal of NETs using DNase and EDTA. NETs were then stained using
Sytox Green and fluorescence was measured by plate reader at an excitation and emission of 504 and 523
nm, respectively.

Overall, quantification of NETs stained with Sytox Green using the two plate reader
methods described above did not reflect what was shown by microscopy. By
microscopy, there was evidence demonstrating the production of NETs when
differentiated PLB-985 cells were treated with 50 nM PMA in HBSS with 0.5% FBS or 0.75
mM HOCI in RPMI-1640 with 0.5% FBS. This suggests that the plate reader method is not

reliable for quantifying NETS under these conditions.
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5.4.4. Quantification of NETs produced by PLB-985 using PicoGreen reagent

Another method of quantifying NETs produced by PLB-985 with PicoGreen reagent was
also employed. In this case, differentiated PLB-985 cells were incubated with PMA and
HOCI for 4 h prior to detaching NETs from the cells using MNase and EDTA. Cells were
then pelleted by centrifugation and the supernatant was stained with PicoGreen
reagent. A significant increase in PicoGreen fluorescence was detected in differentiated
PLB-985 treated with PMA (10, 25, 50 or 100 nM) (Figure 5.4A). Cells treated with PMA
at each concentration tested had approximately 1.4-fold increase in PicoGreen
fluorescence compared to the non-treated differentiated control. This showed that
there was no dose-dependent effect on the fluorescence of PicoGreen. However, in cells
stimulated with HOCI (0.25, 0.5, 0.75 or 1 mM) in RPMI-1640 with 0.5% FBS, it was found
that there was no increase in fluorescence after 4 h when compared to non-treated

control (Figure 5.4B).
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Figure 5.4: Quantification of NET production in PLB-985 by PicoGreen plate reader assay.
Differentiated PLB-985 cells were incubated with PMA (10, 25, 50 or 100 nM) (A) and HOCI (0.25, 0.5, 0.75
or 1 mM) (B) for 4 h. NETs were then digested using MNase and EDTA prior to PicoGreen staining.
Fluorescence of PicoGreen was measured using a plate reader at an excitation and emission wavelength
of 504 and 523 nm, respectively. Results represent mean *+ SEM of three experiments performed in
triplicate. **, *** show statistical significance p < 0.01 and 0.001 compared to control using a one-way
ANOVA with Dunnett’s multiple comparison test.
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Though there were significant increases in PicoGreen fluorescence in differentiated PLB-
985 cells treated with PMA, these concentrations were not shown to induce NET
formation when examined by microscopy (see Figure 5.2). This shows that staining with
PicoGreen reagent may not be specific to staining extracellular DNA resulting only from
NET release. Therefore, using a plate reader coupled with Sytox Green staining or
PicoGreen staining cannot be used to quantify NET production under these conditions.
Therefore, experiments were performed using LC-MS/MS to quantify DNA nucleosides,

following isolation, and enzymatic hydrolysis and dephosphorylation of the NET DNA.

5.4.5. Detection and quantification of parent and modified deoxyribose nucleosides
in NETs and cellular DNA

From the microscopy data, it is apparent that both PMA and HOCI induced NETs in PLB-
985 cells differentiated with ATRA. After PLB-985 were differentiated in RPMI-1640
containing 1% FBS, 2 uM ATRA and 1.3% DMSOQ for 72 h, treatment with 50 nM PMA (in
HBSS with 0.5% FBS) or 0.75 mM HOCI (in RPMI-1640 with 0.5% FBS) induced NET
formation (see Figure 5.2). Experiments were performed with both control cells after
differentiation and cells following stimulation with 50 nM PMA with quantification of

DNA in the supernatant (NETs) and cells (nuclear).

Concentrations of parents nucleosides dA (Figure 5.5A), dG (Figure 5.5B) and dC (Figure
5.5C) were determined by LC-MS/MS. It was found that there was no DNA released into
the cell media in differentiated control cells. As such, there were no nucleosides
detected in the supernatant of differentiated controls (Figure 5.5). Quantification of dA

and dG by LC-MS/MS demonstrated that there was a significant increase in dA and dG
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present in the nuclear DNA of control cells when compared both NET and nuclear
samples in PMA treated cells (Figure 5.5A, B). Concentrations of dC were shown to be
significantly lower in nuclear DNA of cells treated with 50 nM PMA. In contrast to dA and
dG, there were no differences between the concentration of dC between the NET
samples in PMA stimulated cells when compared to non-treated control nuclear DNA

samples (Figure 5.5C).

The analysis was extended to determine whether there were any oxidation products
present on the DNA. 8oxodG was found to be present in PMA-induced NET lysate,
control cell lysate and PMA treated nuclear lysate to varying extents. The total amount
of 8oxodG was quantified to be 158.98, 66.78 and 58.67 pg in PMA-trap (from
supernatant), control cell lysate and PMA-cell lysate, respectively, with a significant
increase in the concentrations found with the NET DNA (from supernatant) rather than
the DNA contained within the cell (lysate samples). Other chlorinated deoxyribose
nucleoside modifications such as 8CldA, 8CldG and 5CIdC were not found to be present

in nuclear or NET DNA in control or 50 nM PMA-induced cells.
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Figure 5.5: Quantification of deoxyribose nucleosides from PMA-induced NETs and

nuclear DNA.

DNA was extracted from the supernatant (NETs) or cells (nuclear) of differentiated PLB-985 cells with
(white bars) or without treatment (black bars) with 50 nM PMA. Parent nucleosides, dA (A), dG (B), dC (C)
and modified nucleoside, 8oxodG (D) concentrations were quantified by LC-MS/MS. Results demonstrate
mean + SEM of 3 separate experiments performed at different passage numbers. *, **, *** gnd **** show
a significant difference (p < 0.05, 0.01, 0.001 and 0.0001, respectively). Statistics were calculated using a

one-way ANOVA with Tukey’s multiple comparison test.
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Similarly, experiments were also performed with differentiated PLB-985 control cells
and those stimulated with 0.75 mM HOCI in RPMI-1640 with 0.5% FBS. Parent and
modified nucleoside concentrations present in NET and nuclear DNA were quantified by
LC-MS/MS. There was no DNA found to be released into the cell media in differentiated
control cells shown by the absence of parent nucleosides in differentiated control

supernatant samples (Figure 5.6).

Parent nucleosides (dA, dG and dC) were also quantified in control cell lysates, HOCI-
induced NET samples and HOCI treated cell samples by LC-MS/MS. Concentrations of dA
and dG were slightly decreased in HOCI cell samples compared to non-treated control
cells, which may be due to the presence of these nucleosides in NET samples (Figure
5.6A, B). In these cases, the concentration of dA and dG were significantly decreased in
HOCI-induced NET samples compared to non-treated control cell samples. dC was also
found to be present in control cell lysates, HOCl-induced NET samples and HOCI treated
cell samples, though there were no significant differences between these samples

(Figure 5.6C).

There was also evidence shown for the presence of 8oxodG in HOCl-induced NET DNA
(supernatant), control cell lysate and HOClI-treated nuclear lysate to varying extents. In
HOCI NET DNA from the supernatant, control cell lysate and HOCl-cell lysate, the amount
of 8oxodG was 318.06, 111.83 and 140.47 pg (Figure 5.6.D), respectively. There was a
significant increase in 8oxodG present in HOCl-induced NET samples when compared to
HOCI-treated cell samples and control cell samples. The chlorinated nucleoside, 5CIdC,

was also present in the cells and traps after stimulation with 0.75 mM HOCI for 4 h. The
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total amount of 5CIdC present in HOCl-trap samples was 36.76 pg and 83.24 pg in HOCI-
cell samples (Figure 5.6.E). In comparison, there was no evidence for the presence of
chlorinated nucleosides in differentiated control cell samples. 8CIdA and 8CIdG could

not be detected in any control or 0.75 mM HOCI stimulated samples.
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Figure 5.6: Quantification of deoxyribose nucleosides from HOCI-induced NETs and
nuclear DNA.

DNA was extracted from the supernatant (NETs) or cells (nuclear) of differentiated PLB-985 cells with
(white bars) or without treatment (black bars) with 0.75 mM HOCI. Parent nucleosides, dA (A), dG (B), dC
(C) and modified nucleosides, 8oxodG (D) and 5CIdC (E) concentrations were quantified by LC-MS/MS.
Results demonstrate mean + SEM of 3 separate experiments performed at different passage numbers. *,
** **¥ gnd **** show a significant difference (p < 0.05, 0.01, 0.001 and 0.0001, respectively). Statistics
were calculated using a one-way ANOVA with Tukey’s multiple comparison test.
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5.5. Discussion

PLB-985 are a diploid cell line derived from the peripheral blood of an acute non-
lymphocytic leukemia patient. These cells are able to be differentiated to form
granulocytic or monocytic cells, dependent on the inducing agent [380]. In their normal
state, PLB-985 cells are myelomonoblasts, which can be characterised by morphological,
surface antigen and cytochemical staining analysis [380]. The growth of these cells in the
presence of dibutyryl cyclic adenosine monophosphate, ATRA or DMSO promotes
granulocytic maturation to neutrophils [380]. This was previously determined by
histochemical staining, morphology and also by incorporation of 35S-methionine into
neutrophil elastase and cathepsin G [380]. Once differentiated into neutrophils, studies
have shown that treatment with PMA induced NET formation in these cells much like in

human neutrophils isolated from whole blood [391].

Morphologically, PLB-985 cells have round nuclei and upon successful differentiation to
a neutrophil, the nucleus becomes concaved [389]. The differentiation into neutrophils
is generally confirmed using May-Griinwald-Giemsa staining, the presence of secretory
vesicles and specific neutrophilic granules and cell surface receptor expression [389,
392]. In this study, it was demonstrated using May-Griinwald-Giemsa staining that PLB-
985 incubated in RPMI-1640 with ATRA (1 or 2 uM), 1% FBS and 1.3% DMSO for 72 h
induced differentiation into neutrophils. However, cells differentiated using 1 uM ATRA
were unable to produce NETs upon stimulation with PMA despite appearing to have the

morphology of a neutrophil.
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Many studies have demonstrated differing methods of differentiation into neutrophils.
Previously, PLB-985 have been differentiated into neutrophils using 0.5%
dimethylformamide (DMF) with 1% Nutridoma-SP and 1% FBS in RPMI-1640 over a 6
day incubation period [393]. Another study used 0.5% DMF, 2 uM ATRA and 5% FBS in
RPMI-1640 medium and reported that after a 6-day differentiation period PLB-985 were
consistent with a neutrophil-like cell as analysed by May-Griinwald-Giemsa staining, cell
surface CD11b expression and production of hydrogen peroxide [391]. In these studies,
it was found that greater than 95% of the cells were found to be viable after the 6-day
differentiation period. However, when the differentiation period was extended to 6 days
as described in previous studies [391, 393], with a medium change on day 3, the cell
viability was found to be <10% when stained with trypan blue. This is consistent with
previously published data demonstrating a high cell death rate when differentiating with

ATRA for a 6-day period [394].

In differentiated PLB-985 cells, it was demonstrated that PMA at a 50 nM concentration
triggered NETosis after 4 h. In human primary neutrophils isolated from peripheral
blood, many studies have reported the concentrations of PMA required to induce NET
formation. In the initial study describing NETs by Brinkmann et al., it was determined
that there were multiple stimuli that were able to induce NETosis, including PMA,
interleukin-8 (IL-8) and lipopolysaccharide (LPS) [77]. This study determined that within
30 min of stimulation with 25 nM PMA, that NETs had begun to form. This has been
demonstrated by other studies performed in primary neutrophils where NETs are shown
to be induced using PMA after 3 h [74, 77, 96]. However, in this study, it was found that

a higher concentration of PMA (50 nM) in HBSS supplemented with 0.5% FBS was
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sufficient to induce extracellular trap formation and this was not observed at an earlier
time point. Thus, the optimal differentiation parameters as well as concentration of

PMA for the induction of NETosis were determined in this study.

Moreover, in differentiated PLB-985 cells, 0.75 mM HOCI in RPMI-1640 supplemented
with 0.5% FBS was shown to induce NET formation. Though HOCl-induced NETSs in PLB-
985 cells has not previously been described, studies in primary neutrophils have shown
that 0.75 mM HOCI can induce NET formation [346, 395]. In PLB-985 cells, HOCI is
demonstrated to induce NET formation after 4 h of exposure, where release was
demonstrated to occur between 30 min and 70 min after direct exposure of primary
human neutrophils to 0.75 mM HOCI [346]. This may be due to the difference in
reactivities between primary neutrophils isolated from whole blood and the
differentiated, immortalised cell line PLB-985 used in this study, or changes in the
composition of the media used, which could also alter the reactivity. Interestingly, in
studies of HOCl-induced NETosis, HOCI is added to cell culture in the presence of media
containing FBS [346]. Due to this, it is likely that HOCI reacts with serum, producing N-
chloramines or other HOCI-derived oxidation products [396], which may induce NET

production rather than HOCI itself.

NETs released after stimulation with 50 nM PMA or 0.75 mM HOCI for 4 h were
visualised in this study using Sytox Green to stain extracellular DNA and microscopy
using a FITC light filter. This method was used for qualitative assessment to provide
evidence for NET formation during the optimisation process. Further studies were

performed in an attempt to quantify NET production in PLB-985 stimulated with PMA or
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HOCI. Previous studies have reported the use of Sytox Green staining of extracellular
DNA coupled with a fluorescence plate reader in order to quantify the amount of
extracellular traps produced after addition of stimuli [397, 398]. This study aimed to
determine the amount of extracellular trap formed by PLB-985 after stimulation using
similar methods. However, it was found that when the supernatant was stained with
Sytox Green, that there was no increase in the fluorescence over time when Sytox Green
was added along with the stimuli, with fluorescence measured hourly for 4 h. Similarly,
when the extracellular DNA was digested using DNase and EDTA after 4 h of treatment
to detach NETs from the cell prior to staining with Sytox Green, there was no significant
change in the fluorescence between treated samples and non-treated control. The
inability to detect changes in fluorescence with this method may be due to low
sensitivity of the plate reader, or non-specific background fluorescence in the control
cells. Therefore, it was determined that this was not a viable method in quantifying the

NET production using the methods specified in this study.

This led to the use of another DNA stain, PicoGreen, which has been used in other
studies in order to quantify NETs [399-401]. In this study, differentiated cells were
stimulated with PMA or HOCI prior to digestion of the NETs using MNase to detach
extruded DNA from the cells. It was shown that with PMA stimulation for 4 h, there was
an increase in fluorescence compared to non-treated control. This was however evident
at each concentration of PMA tested, which suggested a lack of specificity as microscopy
demonstrated that only 50 nM PMA induced NET formation. This implies that
fluorescence assay using PicoGreen stain is not a suitable method for the quantification

NETs produced using the methods from this thesis. A limitation to the use of PicoGreen
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is due to the assay detecting DNA that is released by non-NET pathways which may
account for the results observed. The increase in fluorescence was not shown with HOCI

treatment of differentiated PLB-985.

Further studies were performed using LC-MS/MS as a means to quantify DNA release
and examine whether the extracellular DNA was modified by chlorination or oxidation.
This method is valuable as it can separate all compounds of interest (dA, dG, dC, 8CIdA,
8CldG, 5CIdC and 8oxodG) using one method. However, the length of time required to
complete one run is a limitation of this method. This method relies on the detection of
MRM fragmentation in ESI+ mode where the m/z ratio decreases by approximately 116,
signalling the loss of the deoxyribose sugar moiety. In the PMA-induced extracellular
trap samples, the parent compounds and 8oxodG were detected. When the extracellular
traps were induced by HOCI, it was found that parent compounds, 8oxodG and 5CIdC
were detected. Given the implications on the presence of elevated 8oxodG as shown in
the literature in the context of cardiovascular disease and the effects of 5CIdC on
HCASMC (as demonstrated in Chapter 4), this may have implications in the progression

of atherosclerosis.

In this study, the chlorinated nucleoside, 5CIdC, was found on nuclear DNA and
extracellular DNA in cells exposed to HOCI. This may reflect direct chlorination of the
cellular DNA by added HOCI, rather than by activation or oxidant production by the PLB-
985 cells as no evidence for chlorination was obtained in PMA-stimulated cells. Given
that 5CIdC is present in the nuclear DNA of PLB-985 cells that have released NETs as well

as on the NET DNA, this suggests that the DNA may have been chlorinated in the nucleus
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prior to extrusion of DNA by NETosis. The chlorination of dC to form 5CIdC but not with
other parent nucleosides is consistent with previous studies demonstrating a higher

reactivity of HOCl with dC [6, 13, 200].

Though PLB-985 cells exposed to HOCI were demonstrated to have 5CIdC present in
cellular and extruded DNA, it is uncertain as to whether these products are formed by
the reaction with HOCI or N-chloramines that can be formed through the reaction of
HOCI and amino acids present in the treatment media. This is supported by previous
studies, which have demonstrated that 5CIdC can also be formed through the reaction
of N-chloramines and DNA [6]. Previous studies have shown that 5CIdC can be
deaminated by cellular enzymes forming 5CldU [265]. The deamination of 5CIdC
produces significant effects as 5CIdU has been established as a thymidine mutagen
analogue, mispairing with guanosine and induces sister chromatid exchange [402-404].
Furthermore, these findings are significant as 5CIdC has been demonstrated to
incorporate into the DNA of different cell types [259, 265] and also to influence cellular

function in HCASMC as described in Chapter 4.

Another modified product produced on PMA-induced NETs and nuclear DNA in PLB-985
was 8oxodG. There was evidence of 8oxodG in nuclear and NET DNA in both PMA-
stimulated and HOCI-stimulated cells. In PLB-985 stimulated with PMA, the parent dG
from the DNA in the nuclear and NET fractions together are similar to the amount of
nuclear DNA from the non-treated control. However, with 8oxodG, the levels of oxidised
nucleoside are elevated in the NET fraction showing that this oxidative modification

occurs during NET release. These findings are not unexpected, as the exposure of cells
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to PMA is known to activate NOX2 generating ROS [405], which is able to modify the dG
moiety of DNA. However, it may also be possible that there is artefactual oxidation of

dG during sample processing which has been previously described [222, 223, 227].

These findings are significant as 8oxodG is a marker of increased oxidative stress
produced by the increase in ROS during inflammation [236]. Furthermore, studies have
demonstrated that free 8oxodG has mutagenic properties as it is bypassed by DNA
polymerases and due to its tendency to pair with adenine during DNA replication [237,
239]. 8oxodG has been shown to be present in multiple pathologies including cancer,
diabetes and atherosclerosis, with some studies showing a correlation between
concentrations of 8oxodG and the severity of disease [208, 236, 240, 253]. Given the
presence of NETs in these pathologies [74, 78], the findings in this study may provide a

source of DNA oxidation.

5.6. Summary

The differentiation of PLB-985 cells into neutrophils was optimised and it was
demonstrated that differentiation caused granulopoiesis to occur, demonstrated by the
change in nuclear morphology. After differentiation, PLB-985 can be induced using 50
nM PMA and 0.75 mM HOCI in order to produce extracellular traps. The process of
extracellular trap production causes modification to the deoxyribose nucleosides in the
extruded DNA and also within the cell. PMA-induced NETosis causes the production of

8oxodG, where HOCl-induced NETosis causes both 8oxodG and 5CIdC to be present.
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This may have important implications in atherosclerosis as NETs have been found in
atherosclerotic lesions. Similarly, the formation of 8oxodG and chlorinated nucleosides
have also shown to have detrimental outcomes within disease states. Overall, this data
may provide new insight into the cellular source or origin of chlorinated and oxidised

nucleosides in disease.
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Chapter 6 — General Discussion

6.1. Overview

The role of the MPO-derived oxidant, HOCI, in various inflammatory diseases has been
well described [107, 406-408]. Studies have demonstrated that HOCI readily reacts with
most biomolecules including proteins, lipids and nucleic acids [12, 134, 180, 396]. At
sites of inflammation, HOCI and chloramines react with DNA and RNA, which can result
in the formation of chlorinated nucleosides. The presence of chlorinated nucleosides
has been shown in various inflammatory diseases including infection, diabetes and
atherosclerosis [16, 18]. These modified products have been detected in urine and
inflammatory fluids from patients with these inflammatory diseases, suggesting that

they may have relevance in disease.

Importantly, these products have been demonstrated to incorporate into the cellular
RNA and DNA of various cell types [259]. In some cases, the downstream effects of
chlorinated nucleosides, particularly 8CIA, which is used therapeutically, have been well
described in the context of cancer [262, 266, 271, 272, 296, 315]. However, in general,
the effects of these products have not been well studied in the context of
atherosclerosis. Studies have shown that chlorinated nucleosides can induce the
increased expression of pro-inflammatory cytokines and chemokines in murine
macrophage cell models, which may promote lesion formation in atherosclerosis [259,
260]. In EA.hy926 endothelial cells, it was demonstrated that exposure to HOCl induced
the chlorination 2-deoxycytidine, forming 5CIdC. Furthermore, 5CIC and 5CIdC are

present in the plasma [224] and leukocytes [13] of healthy donors, respectively.
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However, whether chlorinated nucleosides influence viability and cellular signalling in
other vascular cells remained to be elucidated. Therefore, it was hypothesised that the
exposure of different vascular cell types to chlorinated nucleosides would influence the
function of wvascular cells, promoting the development and progression of
atherosclerosis. In line with the hypothesis, Chapters 3 and 4 in this Thesis aimed to

examine the effect of chlorinated nucleosides on these vascular cells.

Though oxidised and chlorinated nucleosides are present in different inflammatory
diseases, the source of these products is not certain or well defined. NET formation is
linked with the development of atherosclerosis, with the presence of these structures
shown to propagate atherogenesis [78, 81, 86]. The mechanisms by which NETs are
released have been more well studied [96, 102, 352]. However, whether damage by
oxidation or chlorination of the extruded DNA is relevant to disease remains to be
elucidated. This is important as it could be a potential pathway by which NETs exert
biological effects. Therefore, it was hypothesised that neutrophil extracellular traps may
be a source of modified nucleosides in inflammatory environments. The experiments in
Chapter 5 of this thesis aimed to characterise the modified and chlorinated nucleosides

present in the nuclear and NET DNA of the model neutrophil cell line, PLB-985.

6.2. Sources and detection of modified DNA and RNA

DNA damage products have been studied as biomarkers of disease as they are present
in inflammatory diseases such as cancer and atherosclerosis [205-210, 253]. There are a

variety of DNA damage products that are formed in vivo with some providing insight into
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the origin and nature of the oxidant resulting in their formation [204]. Prolonged
oxidative stress prevalent in inflammatory states is known to result in the chlorination
and oxidation of nucleic acids and results in the formation of modified nucleosides [6,
14, 15, 207, 409]. Given the stability of chlorinated nucleosides produced by HOCI-
mediated modification of nucleic acids [6] and the detection of these in inflammatory

diseases [13], they may be a suitable biomarker of disease.

In Chapter 5, results demonstrated that HOCI-induced NETosis in PLB-985 resulted in the
formation of 5CIdC but not 8CIdA or 8CIdG in both NET and nuclear DNA. These findings
support the hypothesis that the exposure of PLB-985 cells would produce chlorinated
nucleosides, though not all deoxyribose nucleosides were formed. The results are
consistent with previous studies showing that 5CIdC is produced to the greatest extent
in DNA and cells exposed to HOCI [14]. Whether 5CIdC is formed via NET-bound MPO or
the HOCI used to stimulate the cells is not certain, but given the lack of chlorination with
PMA stimulation, it may reflect the reaction with HOCI. Primary human neutrophils are
more sensitive to stimulias NETs are shown to be produced after 30 min incubation with
HOCI [346], rather than the 4 h required with PLB-985 cells, which is a limitation. Future
studies with primary neutrophils would therefore be useful, though there is the
possibility for more donor variation and limitations due to the high number of cells

required for analysis by LC-MS/MS.

As NETs are present in atherosclerotic lesions, where there is also an overproduction of
HOCI [410], this source of extracellular DNA could lead to chlorinated nucleoside

formation in a disease setting. Though only 5CIdC was shown to be generated in PLB-
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985 cells, it has been demonstrated that other chlorinated nucleosides can be produced
during inflammation [6, 12-14, 16-18, 224, 256]. Other studies have also shown that
chlorinated DNA damage products are elevated in animal models of oxidative stress. In
a rodent model of inflammation, exposure to LPS induced elevated levels of 8CldG in the
liver, 2 to 12 h after exposure [18]. In these animals, it was also demonstrated that there
were elevated levels of 8CIdG excreted in the urine 24 h after exposure to LPS [18]. In
addition, another study performed in a murine model of inflammation, demonstrated
that exposure to LPS resulted in the increased immunohistochemical staining of 5CIdC
[411]. Studies on human atherosclerotic lesions were conducted and it was shown that
concentrations of 5ClUra were 10 times those found in healthy aortic tissue [16]. Given
these findings, this implicates HOCI induced damage on DNA in inflammation and
atherosclerosis. However, future studies should include the detection of other

chlorinated nucleosides in atherosclerotic tissue samples.

A key limitation to the use of nucleic acid damage products as biomarkers relates to the
abundance of these products compared to those produced in lipids, proteins and other
metabolites [204]. Therefore, the detection of these products requires sensitive
methods such as those coupled to MS. Furthermore, chlorinated and modified
nucleosides have been shown to be further oxidised by ROS, reactive nitrogen species
or reactive chlorine species when detected by GC-MS [201, 412, 413]. HOCI and
peroxynitrite are produced at sites of inflammation and are both able to oxidised
8oxodG in order to form secondary oxidation products such as oxazolone and oxaluric
acid [413]. Furthermore, when 8CIdA was exposed to peroxynitrite, levels of 8CIdA were

shown to decrease in a concentration-dependent manner [201]. These effects were also
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observed upon exposure of 5ClUra to peroxynitrite, though to a lesser extent [201].
Given the presence of these reactive species in chronic inflammation, this could make
accurate quantification of chlorinated and modified nucleosides in disease states

difficult.

In Chapter 5, both PMA-induced and HOCI-induced NETs were shown to have
significantly increased concentrations of 8oxodG in NET and nuclear DNA. These findings
also support the hypothesis that modified nucleosides would be present in PLB-985
stimulated with PMA or HOCI. Oxidised nucleic acid products, 8oxoG and 8oxodG, are
also elevated in different inflammatory diseases [211, 213-216, 238, 239, 414, 415]. As
such, NETs in these diseases may provide a potential source of 8oxodG. 8oxodG is
elevated in serum and excreted in the urine of patients with diabetes [216, 248]. In
addition to this, it has been demonstrated that diabetic patients with complications
have significantly increased levels of 8oxodG excreted in their urine when compared to
diabetic patients without complications [248]. Though these observations have been
made, there has been no link described between 8oxodG levels and mortality rates in

diabetic patients [221, 249].

In cancer and atherosclerosis, the formation of 8oxodG is related to an increase in ROS
during disease development [208, 236, 253]. Some studies have shown a correlation
between the concentrations of 8oxodG detected with the severity of CVD [208, 253]. It
has also been shown within the literature that in atherosclerotic lesions, there is an
increase in staining for 8oxodG when using immunohistochemistry methods and a

significant increase in DNA repair pathways [207]. However, not only is 8oxodG a
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biomarker used in disease, it has been shown to mispair in DNA with adenine [239].
Furthermore, free 8oxodG has mutagenic properties [239], and so it would be important

to perform studies to understand these mutagenic properties in disease.

Chapters 3, 4 and 5 in this Thesis used LC-MS/MS in order to detect and quantify
chlorinated and modified nucleosides. The method used in this Thesis was based on a
previously published method, where the LOD was found to be 0.1 pmol for each
chlorinated nucleoside (8CIA, 8CIG, 5CIC, 8CIdA, 8CldG and 5CIdC) by monitoring m/z of
the molecular ion and the fragment ion formed from cleavage of the nucleoside at the
sugar moiety [14]. In contrast, the LC-MS/MS method used in this Thesis found the LOD
for each of the compounds to be in the high fmol range. A study performed in human
leukocytes was more sensitive to chlorinated nucleosides where the LOQ was between
2 and 25 fmol for each of the chlorinated nucleosides [13]. However, a limitation of using
this more sensitive method was that 8oxodG was not quantifiable [13], which was a

modified nucleoside that was measured in Chapter 5.

In Chapter 5, it was demonstrated that both PMA and HOCI-induced NETs contained
8oxodG, which was also present in the nuclear DNA of PLB-985 cells. It would be
interesting to study the effects of 8oxodG on different cells types to better understand
the influence of this modified nucleoside on cellular homeostasis, given the presence of
this nucleoside in disease. In studies quantifying 8oxodG, the method most often
employed is LC-MS, due to the potential for heat-induced artefactual formation of
8oxodG by other methods such as GC-MS [222, 223, 227]. Some studies have quantified

8oxodG by enzymatic methods using FPG with visualisation of DNA cleavage by the

181



Comet assay [223]. However, the detection of these compounds is less sensitive than
LC-MS/MS methods and can lack specificity, which is also the case with antibody

detection [223].

The studies performed in this Thesis on HCAEC and HCASMC demonstrated the
incorporation of 5CIC and 5CIdC into the RNA and DNA, respectively, supporting the
hypothesis. Studies in HCAEC and HCASMC showed that after the exogenous source of
chlorinated nucleoside was removed and cells were reincubated in complete media,
cells were unable to fully clear these compounds from their DNA and RNA. Previous
studies have demonstrated that 5CIC and 5CIdC can be deaminated forming 5ClUra
[416]. GC-MS is the method described in order to detect 5ClIUra in atherosclerotic
lesions, owing to its high limit of detection compared to methods such as LC-MS and the
poor ionizability of 5ClIUra in the absence of derivitisation [16]. Therefore, future studies
should be extended to measure 5ClUra levels in HCAEC and HCASMC exposed to 5CIC or
5CIdC using GC-MS in order to determine whether the chlorinated product is being fully

removed or deaminated to another chlorinated product.

Given that there are many methods used in order to quantify chlorinated and oxidised
nucleosides, future studies should aim to quantify these products in diseased tissues as
well as NETs or even macrophage extracellular traps in primary cells isolated from
humans. In particular, measurements should focus on quantifying other chlorinated
nucleosides such as 8CIA, 8CIG, 5CIC, 8CIdA, 8CIdG and 5CIdC in atherosclerotic lesions.

This would provide an important link between concentrations of chlorinated nucleoside
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in atherosclerosis and the biological effects observed in vascular cells as demonstrated

in this Thesis.

6.3. Biological impacts of chlorinated nucleosides on cell signalling and
viability

Both studies in vivo and in vitro have reported the presence of chlorinated nucleosides
during inflammation [6, 12-14, 16-18, 224, 256]. However, what remains less clear is
whether these chlorinated adducts are biomarkers of disease or whether they can alter
cell signalling, perturbing cell function. The ribose chlorinated nucleoside 8CIA, 8CIG and
5CIC and deoxyribose chlorinated nucleosides 8CIdA, 8CldG and 5CIdC are products of

the reaction of HOCI with RNA and DNA [6, 12].

The experiments performed in Chapter 3 and Chapter 4 determined the effects of the
exposure of HCAEC and HCASMC to chlorinated nucleosides, respectively. Using LC-
MS/MS, this study determined that 8CIA, 8CIG and 5CIC incorporated into RNA of HCAEC
and HCASMC, reaching maximal concentrations after 24 — 48 h of incubation. Similarly,
8CldA, 8CldG and 5CIdC were shown to incorporate into the DNA of HCAEC and HCASMC.
These findings support the hypothesis for both Chapters 3 and 4 where chlorinated
nucleosides were thought to accumulate in the DNA and RNA of HCAEC and HCASMC.
In murine macrophages, 8CIA, 8CIG and 5CIC were demonstrated to incorporate into
RNA and only 5CIdC but not 8CIdA and 8CldG were shown to incorporate into DNA [259].
In the studies performed in HCAEC and HCASMC, there was no evidence for the

incorporation of ribose chlorinated nucleosides into cellular DNA or the incorporation

183



of deoxyribose nucleosides incorporating into RNA. As these compounds are postulated
to form during inflammation, the incorporation of or exposure to chlorinated
nucleosides in vascular cells may alter atherosclerotic lesion progression due

downstream biological effects.

Though each of the chlorinated nucleosides examined was shown to incorporate into
RNA or DNA of HCAEC, it was demonstrated that only exposure to 8CIA altered the
metabolic activity, cell signalling and viability of HCAEC at the incubation times tested.
The effects demonstrated are supported by studies performed in Chapter 4 with
HCASMC, as well as published studies in cancer cell lines [269-271, 280]. Though 8CIA
incorporates into the RNA of vascular cells influencing cellular function, this chlorinated
adduct has not previously been measured in an atherosclerotic lesion. As such, the
presence of 8CIA would be important to quantify in order to determine whether 8CIA
produced during the inflammation process in atherosclerosis could induce these effects
in vascular cells. In a previous study, which determined the plasma pharmacology of
8CIA in mice, it was determined that administration of 8CIA resulted in the presence of
1.3 uM 8ClA in plasma [282]. Though this concentration may not cause functional effects
in HCAEC or HCASMC, the concentrations used in Chapters 3 and 4 are comparable to
what is seen in cells exposed pathologically relevant concentrations of HOCI [6]. The
study of 8CIA in vascular cells is also relevant as 8CIA is currently in clinical trials in the
treatment of chronic lymphocytic leukemia and acute myeloid leukemia [261, 262]. 8CIA
is delivered by intravenous infusion in the treatment of cancer [261, 262] and therefore

could influence the viability of vascular cells.
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As well as the incorporation of 8CIA into the RNA of HCAEC, 8CIA was also shown to
incorporate into the nucleotide pool to form 8-CIATP in both HCAEC and HCASMC.
Furthermore, in HCAEC, these disturbances to cellular ATP occurred together with a
decreased glycolytic ability of these cells. However, this contrasts to studies in cancer
cells where depletion of ATP results in a significant increase in glycolytic ability [417].
Previous studies performed in cancer cell lines have shown that apoptosis upon
exposure to 8CIA was caused by the depletion of ATP due to the formation of 8-CIATP
[261, 262, 266, 269-272, 280, 282]. Further differences were observed in studies with
murine macrophage cells where exposure to 8CIA caused increased measures of
oxidative phosphorylation [260]. This may reflect the difference in bioenergetics

between different cell types.

In studies performed in Chapters 3 and 4, 8CIA induced increased expression of
antioxidant response genes and genes relating to the UPR. The UPR is a key stress
response activated in cells under conditions of prolonged ER stress and has been linked
to multiple pathologies including CVD [320]. In the ER, the protein folding capacity can
be influenced by various factors including ischemia, oxidative stress and irregularities in
calcium homeostasis [418]. The UPR is an adaptive pathway, which is induced during ER
stress in order to promote protective cell survival mechanisms or to promote apoptosis
[419]. Two ER sensors are involved in these adaptive mechanisms, IRE1 and PERK [420].
These two sensor proteins were activated in both HCAEC and HCASMC evident through
the significantly increased expression of ATF4, GADD34, sXBP1 and CHOP. Studies have

shown the link between IRE1 activation and the activation of NF-kB, which is responsible
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for the expression of multiple pro-inflammatory genes [421], so it may be important to

see whether 8CIA can promote inflammatory pathways governing atherosclerosis.

The effects on the UPR demonstrated in HCASMC were less profound than those
observed in HCAEC. However, these differences may be due to the concentration of 8CIA
(8 uM) used in the study with HCASMC. HCAEC were more sensitive to 8CIA showing
significant decreases in metabolic activity at an 8 uM dose, where the metabolic activity
of HCASMC was significantly decreased at a 16 uM dose. This may explain the
differences observed in the viability between these cell types as there is no significant
increase in the mRNA expression of CHOP, a main messenger for apoptosis, when
HCASMC were exposed to 8CIA. Though previous studies with 8CIA has shown exposure
to this chlorinated adduct to induce apoptosis in cancer cell lines, this is the first study
demonstrating the UPR signalling to be responsible for 8CIA-induced apoptosis. In
contrast to studies performed in this Thesis, in human hepatoma cell lines, it was
demonstrated that 8CIA induced apoptosis through increased expression of tumour
necrosis factor related apoptosis inducing ligand (TRAIL)-receptor 2 [316, 422]. These
differences in cell signalling show that there may be multiple pathways responsible for

the induction of apoptotic cell death upon exposure to 8CIA.

The Nrf2 pathway is responsible for signalling of antioxidant responses including those
in the thioredoxin system [423]. Nrf2 is redox sensitive transcription factor, which when
activated, causes the expression of multiple genes, including HO-1, NQO1 and GCLC
[424, 425]. In HCAEC and HCASMC, exposure to 8CIA was shown to significantly increase

MRNA expression of these genes, consistent with activation of Nrf2. In murine models
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of atherosclerosis, the overexpression of HO-1 has shown atheroprotective effects.
Overexpression of HO-1 has been shown in these models to attenuate atherogenesis
and to protect against the formation of vulnerable plaques [426, 427]. Similarly, in
murine models of atherosclerosis, specific deletion of HO-1 in bone marrow-derived
cells resulted in increased macrophage accumulation and total deletion of HO-1 has
been shown to accelerate lesion formation [428, 429]. Furthermore, HO-1 has anti-
inflammatory effects and can suppress apoptosis in endothelial cells, which shows a link
between activation of UPR-induced apoptosis and activation of Nrf2 [430, 431]. In an
atherosclerotic environment, HO-1 and NQO1 can suppress smooth muscle cell
proliferation and migration [424, 432, 433]. Given the increased expression of HO-1 and
NQO1 in HCASMC exposed to 8CIA, future studies should determine whether this may
be atheroprotective by suppressing the proliferation and migration of smooth muscle

cells.

In Chapter 4, it was demonstrated that exposure to 5CIdC induced metabolic changes
and decreased proliferation in HCASMC. This was not evident when HCAEC were
exposed to 5CIdC in Chapter 3, though the incorporation and clearance in both cell types
were similar. This suggests that the effects of 5CIdC may be unrelated to DNA
incorporation. The changes observed between the two cell types could also be due to
differences in the reactivity of various cell types. In addition, in Chapter 3, studies used
alterations in metabolic activity as a screen for compounds that induced an effect on
HCAEC. As such, 5CIdC may induce the effects in HCAEC that are evident in HCASMC,

though this was not studied, as no change in metabolic activity was apparent. Therefore,
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future studies should determine whether there are changes in cell signalling or

proliferation of HCAEC exposed to 5CIdC.

In HCASMC, the alterations in homeostasis observed upon incubation with 5CIdC are
significant, as studies have shown that when DNA or cells are exposed to HOCI, dC is the
preferential target with 5CIdC being formed [6, 13, 224, 434]. This is reflected in studies
performed in Chapter 5 where there was evidence of 5CIdC formation in NET (36.76 pg)
and nuclear DNA (83.24 pg) of neutrophils exposed to HOCI. As NETs have been shown
to be prevalent in atherosclerosis, the production of 5CIdC in NET and nuclear DNA may
provide a source of this chlorinated nucleoside in this disease. In addition,
concentrations of 5CIdC in the plasma of healthy individuals was determined to range
from 0.06 to 0.4 lesions in 10°® parent nucleosides [13]. These findings suggest that these
chlorinated nucleosides are also present in the circulation even without evidence for

inflammatory disease.

Previously, MMPs have been shown to be modulators of inflammation, with MMP2
shown to activate pro-IL-1B [312]. In Chapter 4, exposure of HCASMC to 5CIdC was
shown to increase the mRNA expression of MMP9 but not MMP2. In studies using a
murine model of atherosclerosis, MMP9 leads to a decrease in plaque stability [435].
However, in contrast, knockout of MMP9 causes an increase in atherosclerotic plaque
development, which suggests that MMP9 may prevent plague progression [326].
Considering this, increased MMP9 expression in HCASMC exposed to 5CIdC may lead to

plaque instability or may prevent plaque progression. Therefore, it would be important
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to perform studies to determine other signalling pathways involved in MMP9 expression

to determine whether this compound is atheroprotective or atherogenic in HCASMC.

The expression of MMP9 has been shown to induce phenotypic changes in smooth
muscle cells to the more proliferative and migratory synthetic phenotype [325, 435]. In
these studies, there was an increased migration of smooth muscle cells from the tunica
media to tunica intima. However, in Chapter 4, there were no significant increases in the
MRNA expression of synthetic phenotype markers, though were significant decreases in
the expression of contractile markers. The increase in proliferative ability was also not
observed through the determination of total cell counts over time when HCASMC were
exposed to 5CIdC or the expression of KI-67. Future studies should look at the cell cycle
using KI-67 as these cells may be senescent and in Go phase where they are non-
proliferative. Though there was a large increase in the expression of MMP9 when
HCASMC were treated with 5CIdC, this was only translated to a slight significant increase
in MMP9 activity as measured by gelatin zymography, which may explain the phenotypic

marker gene expression.

Overall, studies in this Thesis have demonstrated that chlorinated nucleosides formed
during inflammation can influence cellular signalling in vascular cells that could be
relevant in the context of atherosclerosis. These studies have provided a potential
source for modified nucleosides as well as provide insight into the pathways which may

be activated by 8CIA and 5CIdC, more specifically.
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6.4. Future directions

The findings outlined in this Thesis have provided insight into the role and effects of
chlorinated nucleosides in cell types relevant to CVD. However, there are still gaps in
knowledge of the extent and concentrations to which each of these chlorinated
nucleosides are present in vivo in inflammatory diseases. Furthermore, given that
methods of quantifying chlorinated nucleosides have been demonstrated both in the
literature [1, 6, 224] and the results chapters in this Thesis, they could be modified to
quantify the presence of chlorinated nucleosides in various tissue samples from these

diseases.

In addition to this, in the results from this Thesis, there were genes related to the UPR
and antioxidant responses that were demonstrated to be altered in both HCAEC and
HCASMC after exposure to chlorinated nucleosides. Further experiments should be
performed in order to determine whether the alterations in mRNA expression of these
genes has been translated to protein expression. This would provide a clearer picture of
the signalling pathways activated by exposure to chlorinated nucleosides. Studies in
HCASMC were performed in order to determine the effect of 5CIdC on phenotype in
Chapter 4. However, it would also be important to explore the effect of 8CIA on these
markers given the distinct alterations observed in the activation of UPR and antioxidant

responses and the implication of phenotype switching in atherosclerosis.

The experiments quantifying modified nucleosides present in NETs, which were
performed in this Thesis could be expanded. The results from this study showed the

increase in 8oxodG present in nuclear and NET DNA in PMA and HOCI-induced NETs in
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PLB-985 cells. Similarly, 5CIdC was quantified in both nuclear and NET DNA in HOCI-
induced NETs in PLB-985. Further experiments should be conducted with the addition
of H,0; in order to stimulate further production of HOCI by NET-bound MPO in order to
determine whether this would produce other chlorinated nucleosides. Studies
comparing the DNA and protein modifications from NET production should also be
studied and whether modified products are present on NETs stimulated in primary
human neutrophils isolated from whole blood. In addition, the comparison of samples
from healthy individuals and those from patients with inflammatory disease would be

beneficial.

Given the presence of 8oxodG in NETs and also in nuclear DNA in PLB-985 cells, it would
be important to explore the effect of this modified nucleoside on various cells types.
8oxodG has been shown to prevalent in various inflammatory diseases, though the
direct implications of this modified nucleoside are yet to be determined in vascular cells.
Overall, studies to determine the source of oxidised and chlorinated nucleosides in
inflammation in vivo alongside the data shown in this thesis demonstrating their effects
in vascular cells would provide a better understanding of the role of chlorinated

nucleosides in disease.

6.5. Final conclusions

The experiments performed in this Thesis aimed to understand the biological
consequences resulting from exposure to chlorinated nucleosides, as well as a potential

source for these modified nucleosides in disease. Previous studies showed that these
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DNA and RNA damage products can be produced during chronic inflammation, with
some studies measuring these products in chronic inflammatory diseases, such as
atherosclerosis. However, the functional effects of chlorinated nucleosides on different
vascular cell types, as well as the source of these compounds in disease was not well

understood.

The studies outlined in this Thesis in HCAEC and HCASMC demonstrated that chlorinated
nucleosides had a marked impact on cellular function, signalling and viability in both of
these cell types. In addition, studies performed on PLB-985 cells showed the presence
of oxidised and chlorinated nucleosides in nuclear and NET DNA of neutrophils. The
results shown in this Thesis provide insight into the role of chlorinated nucleosides in
the context of disease. However, these data also highlight a need for future studies in

order to understand the effects observed in vascular cells.

The alterations in cellular homeostasis may not be due directly to the incorporation of
chlorinated nucleosides into the DNA or RNA as there was substantial incorporation of
these modified products in the absence of changes in viability. In addition, although the
concentrations of chlorinated nucleosides used in this Thesis are produced on reaction
of cells to physiologically relevant concentrations of HOCI, it is not certain whether this
is representative or realistic compared to what is seen in vivo. Therefore, further work

needs to be performed in order to quantify chlorinated nucleosides in vivo.

Previous studies have suggested that chlorinated nucleosides may be good biomarkers
for MPO-mediated inflammation. However, information related to the functional

consequences of exposure to these products was limited. Overall, the data presented in
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this Thesis provides interesting insight into potential new pathways propagating lesion

formation, which could be novel therapeutic targets.
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Appendix 1 — Table of Materials

Table 1: Table of materials.

Reagent Supplier Location
0.22 um centrifugal filter Merck Kenilworth, NJ, USA
10 kDa centrifugal filter Merck Kenilworth, NJ, USA

2- 2-deoxy-2-[(7-nitro-
2,1,3-benzoxadiazol-4-yl)-
amino]-D-glucose

Cayman Chemical

Ann Arbor, MO, USA

(2-NBDG)
2’-deoxycytidine Sigma Aldrich St Louis, MO, USA
3 M sodium acetate (pH Sigma Aldrich St Louis, MO, USA

5.2)

4-12% Bis-tris gel

Life Technologies

Carlsbad, CA, USA

5CIC Biolog Bremen, Germany
5CIdC Biolog Bremen, Germany
8CIA Biolog Bremen, Germany
8-CIATP Biolog Bremen, Germany
8CIdA Biolog Bremen, Germany
8CldG Biolog Bremen, Germany
8CIG Biolog Bremen, Germany
8oxodG Biolog Bremen, Germany
80x0G Biolog Bremen, Germany
Acetic acid Astral Diagnostics West Deptford, NJ, USA
Acetonitrile Honeywell Charlotte, NC, USA
Acquity C18 UPLC column Waters Milford, MA, USA
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Acrylamide Amresco Solon, OH, USA
Adenosine (Ad) Sigma Aldrich St Louis, MO, USA
Alkaline phosphatase Sigma Aldrich St Louis, MO, USA
All-trans retinoic acid . . .
(ATRA) Sigma Aldrich St Louis, MO, USA
Ammonium formate Sigma Aldrich St Louis, MO, USA

Ammonium persulphate

Astral Diagnostics

West Deptford, NJ, USA

(APS)
Ammonium ph(?sphate Sigma Aldrich St Louis, MO, USA
monobasic
Annexin V BD Pharmingen San Jose, CA, USA

Anti-ATF4 antibody

Santa Cruz Biotechnology

Dallas, TX, USA

Anti-mouse IgG

Cell Signalling Technology

Danvers, MA, USA

Anti-rabbit I1gG

Cell Signalling Technology

Danvers, MA, USA

Anti-TXNIP antibody

Invitrogen

Carlsbad, CA, USA

Anti-B-actin antibody

Santa Cruz Biotechnology

Dallas, TX, USA

Apigenin

Cayman Chemical

Ann Arbor, MO, USA

ATP

Sigma Aldrich

St Louis, MO, USA

ATPlite Luminescence
Assay System

Perkin Elmer

Waltham, MA, USA

BCA Protein Reagent A

ThermoFisher Scientific

Rockford, IL, USA

Bovine serum albumin
(BSA)

Sigma Aldrich

St Louis, MO, USA

Calcium chloride

Sigma Aldrich

St Louis, MO, USA

Carbonyl cyanide m-
chlorophenyl hydrazone

Life Technologies

Carlsbad, CA, USA

(ccep)
Cell Lytic Reagent Sigma Aldrich St Louis, MO, USA
Cell MitoStress Test Kit Agilent Santa Clara, CA, USA
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Chloroform

Sigma Aldrich

St Louis, MO, USA

Coomassie brilliant blue

ThermoFisher Scientific

Rockford, IL, USA

Copper sulphate

pentahydrate Sigma Aldrich St Louis, MO, USA
CTP Sigma Aldrich St Louis, MO, USA
Cytidine Sigma Aldrich St Louis, MO, USA
DC Protein Assay Bio-Rad Hercules, CA, USA
Deoxycytidine Sigma Aldrich St Louis, MO, USA
Deoxyguanosine Sigma Aldrich St Louis, MO, USA
Deoxyribonuclease .

Roche Basel, Switzerland

(DNase)

Dimethyl sulfoxid
'me (DT\AZUO)OXI © Sigma Aldrich St Louis, MO, USA
Discovery C18 column Sigma Aldrich St Louis, MO, USA
DNA isolation kit Qiagen Hilden, Germany
EDTA Sigma Aldrich St Louis, MO, USA
Ethanol Sigma Aldrich St Louis, MO, USA
Fetal bovine serum (FBS) Gibco Grand Island, NY, USA

Fluo-4AM Invitrogen Carlsbad, CA, USA
Formaldehyde Sigma Aldrich St Louis, MO, USA
Gelatin Sigma Aldrich St Louis, MO, USA
Giemsa Sigma Aldrich St Louis, MO, USA
Glucose Sigma Aldrich St Louis, MO, USA

Glucose uptake cell-
based assay kit

Cayman Chemical

Ann Arbor, MO, USA

Glyceraldehyde 3-
phosphate

Sigma Aldrich

St Louis, MO, USA

Glycine

Sigma Aldrich

St Louis, MO, USA
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Glycolysis cell-based

Cayman Chemical

Ann Arbor, MO, USA

assay kit
GTP Sigma Aldrich St Louis, MO, USA
HBSS Gibco Grand Island, NY, USA
HEPES Sigma Aldrich St Louis, MO, USA

Human coronary artery
endothelial cells (HCAEC)

Cell Applications

San Diego, CA, USA

Human coronary artery
smooth muscle cells
(HCASMC)

Cell Applications

San Diego, CA, USA

Hypochlorous acid (HOCI)

VWR

Radnor, PA, USA

iBlot 2 PVDF stack

ThermoFisher Scientific

Rockford, IL, USA

membrane
iQ SYBR Green Supermix Bio-Rad Hercules, CA, USA
iScript cDNA Synthesis Kit Bio-Rad Hercules, CA, USA
Isolate Il .
DNA/RNA/Protein Kit Bioline London, UK
Isopropanol Sigma Aldrich St Louis, MO, USA
JC-1 Life Technologies Carlsbad, CA, USA

KI-67 monoclonal
antibody

Life Technologies

Carlsbad, CA, USA

L-glutamine

Life Technologies

Carlsbad, CA, USA

May — Grinwald stain

Sigma Aldrich

St Louis, MO, USA

MES running buffer

ThermoFisher Scientific

Rockford, IL, USA

MesoEndo Cell Culture

Cell Applications

San Diego, CA, USA

Medium
Methanol Sigma Aldrich St Louis, MO, USA
Micrococcal nuclease .
Roche Basel, Switzerland
(Mnase)
NAD*, free acid Roche Basel, Switzerland

NE-PER nuclear and
cytosolic extraction kit

ThermoFisher Scientific

Rockford, IL, USA
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Nuclease P

Sigma Aldrich

St Louis, MO, USA

Nuclease-free H,0

Bio-Rad

Hercules, CA, USA

NuPAGE LDS sample

ThermoFisher Scientific

Rockford, IL, USA

buffer (4X)
NUPAGE reduction agent ThermoFisher Scientific Rockford, IL, USA
(10X)
PBS Gibco Grand Island, NY, USA
Penicillin-streptomycin Gibco Grand Island, NY, USA
Perchloric acid UNIVAR Downers Grove, IL< USA

PERTEX

Leica Microsystems

Wetzlar, Germany

Phorbol myristate
acetate (PMA)

Sigma Aldrich

St Louis, MO, USA

Phosphate buffer (pH 6.5)

Sigma Aldrich

St Louis, MO, USA

PicoGreen ThermoFisher Scientific Rockford, IL, USA
PLB-985 DSMZ Braunschweig, Germany
Poly-/-lysine Sigma Aldrich St Louis, MO, USA
Ponceau S Sigma Aldrich St Louis, MO, USA
Potassium hydroxide Sigma Aldrich St Louis, MO, USA
Precision Plus Protein Bio-Rad Hercules, CA, USA

Kaleidoscope

PrestoBlue Cell Viability
reagent

ThermoFisher Scientific

Rockford, IL, USA

ProLong Gold antifade
mountant

Invitrogen

Carlsbad, CA, USA

Propidium iodide

BD Pharmingen

San Jose, CA ,USA

Protease inhibitor
cocktail

Sigma Aldrich

St Louis, MO, USA

Quant-iT PicoGreen
dsDNA Reagent

ThermoFisher Scientific

Rockford, IL, USA

ReliaPrep RNA Cell
Miniprep System

Promega

Madison, WI, USA
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Restore PLUS Western
blot stripping buffer

ThermoFisher Scientific

Rockford, IL, USA

RIPA buffer Sigma Aldrich St Louis, MO, USA
RPMI-1640 Sigma Aldrich St Louis, MO, USA
Seahorse XF DMEM Agilent Santa Clara, CA, USA
Sep-Pak C18 3 cc Vacuum Waters Milford, MA, USA
Cartridge
Smooth Muscle Cell )
Growth Medium Lonza Basel, Switzerland
Sodium azide Sigma Aldrich St Louis, MO, USA
Sodium chloride Sigma Aldrich St Louis, MO, USA
Sodium dodecyl sulfate Sigma Aldrich St Louis, MO, USA
(SDS)
Sodium phosphate Sigma Aldrich St Louis, MO, USA
Sodium pyrophosphate Sigma Aldrich St Louis, MO, USA
Sodium pyruvate Sigma Aldrich St Louis, MO, USA

Sytox Green

ThermoFisher Scientific

Rockford, IL, USA

Tetramethylethylenedia
mine (TEMED)

Sigma Aldrich

St Louis, MO, USA

Trifluoroacetic acid (TFA)

Sigma Aldrich

St Louis, MO, USA

Tris-base Astral Scientific Sydney, NSW, Australia

Tris-HCI Astral Scientific Sydney, NSW, Australia
Triton X-100 Sigma Aldrich St Louis, MO, USA
Trypan blue Gibco Grand Island, NY, USA

Trypsin-EDTA

ThermoFisher Scientific

Rockford, IL, USA

Tween-20

Sigma Aldrich

St Louis, MO, USA

uTpP

Sigma Aldrich

St Louis, MO, USA

Western Lighting plus ECL

Perkin Elmer

Waltham, MA, USA
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Zinc sulfate

Sigma Aldrich

St Louis, MO, USA

ZORBAX SAX HPLC
column

Agilent

Santa Clara, CA, USA
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Appendix 2 — Example chromatograms from LC-MS/MS
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Figure 1: Total ion chromatogram of unmodified and modified nucleosides detected
using MS/MS.

Chromatographic separation of a mixed ribose standard containing cytidine, uridine, 5CIC, guanosine,
80x0G, adenosine, 8CIG, 8CIA and 5CIU was achieved using LC-MS/MS (A). (B) shows chromatographic

separation of deoxyribose nucleoside standard by MRM using LC-MS/MS. Detection achieved by MRM of
m/z specified in Table 2.4.
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Figure 2: SRM traces of HCAEC exposed to 8CIA detected using MS/MS.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIA. After treatment, RNA was extracted, then hydrolysed
and dephosphorylated prior to analysis by LC-MS/MS. A mass fragmentation of 268.1 = 136.1 was
monitored using SRM for positive identification of adenosine (A) and 302.2 =2 169.9. for 8CIA (B).
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Figure 3: SRM traces of HCAEC exposed to 8CIG detected using MS/MS.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIG. After treatment, RNA was extracted, then hydrolysed
and dephosphorylated prior to analysis by LC-MS/MS. A mass fragmentation of 284.1 = 151.9 was
monitored using SRM for positive identification of guanosine (A) and 318.1 = 186.0 for 8CIG (B).

241



=

e
n

8368

'S
L

3.5

w
i

254

Counts (1 02)

15 68.023

o
Prg—
e

2

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 H4 56 H3 60 62 64 66 68 0 72 74
Retention time (min)

23575
1.51

=) | 69.654
o 0.6
0.5

64.171
v — i ol T

2

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74
Retention time (min)

Figure 4: SRM traces of HCAEC exposed to 5CIC detected using MS/MS.

HCAEC (1 x 10° cells) were treated with 16 uM 5CIC. After treatment, RNA was extracted, then hydrolysed
and dephosphorylated prior to analysis by LC-MS/MS. A mass fragmentation of 244.1 = 112.0 was
monitored using SRM for positive identification of cytidine (A) and 278.1 = 145.9 for 5CIC (B).
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Figure 5: SRM traces of HCAEC exposed to 8CIdA detected using MS/MS.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIdA. After treatment, DNA was extracted, then hydrolysed
and dephosphorylated prior to analysis by LC-MS/MS. A mass fragmentation of 252.2 2 135.9 was
monitored using SRM for positive identification of dA (A) and 286.1 2 169.9 for 8CIdA (B).
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Figure 6: SRM traces of HCAEC exposed to 8CldG detected using MS/MS.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIdG. After treatment, DNA was extracted, then hydrolysed
and dephosphorylated prior to analysis by LC-MS/MS. A mass fragmentation of 268.1 = 151.9 was
monitored using SRM for positive identification of dG (A) and 302.1 = 186.0 for 8CldG (B).
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Figure 7: SRM traces of HCAEC exposed to 5CIdC detected using MS/MS.

HCAEC (1 x 10° cells) were treated with 16 uM 5CIdC. After treatment, DNA was extracted, then hydrolysed
and dephosphorylated prior to analysis by LC-MS/MS. A mass fragmentation of 228.1 - 111.9 was
monitored using SRM for positive identification of dC (A) and 262.1 1 145.9 for 5CIdC (B,).
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Figure 8: SRM traces of negative control for 8CIA.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of 8CIA was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 302.2 2 169.9 was monitored for positive identification of 8CIA by MS/MS.
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Figure 9: SRM traces of negative control for 8CIG.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of 8CIG was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 318.1 2 186.0 was monitored for positive identification of 8CIG by MS/MS.
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Figure 10: SRM traces of negative control for 5CIC.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of 5CIC was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 278.1 = 145.9 was monitored for positive identification of 5CIC by MS/MS.
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Figure 11: SRM traces of negative control for adenosine.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of adenosine was
hydrolysed and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS

(B). A mass fragmentation of 268.1 = 136.1 was monitored for positive identification of adenosine by
MS/MS.
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Figure 12: SRM traces of negative control for guanosine.
(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of guanosine was
hydrolysed and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS

(B). A mass fragmentation of 284.1 2 151.9 was monitored for positive identification of guanosine by
MS/MS.
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Figure 13: SRM traces of negative control for cytidine.
(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of guanosine was
hydrolysed and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS

(B). A mass fragmentation of 244.1 = 112.0 was monitored for positive identification of cytidine by
MS/MS.
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Figure 14: SRM traces of negative control for 8CIdA.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of 8CIdA was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 286.1 =2 169.9 was monitored for positive identification of 8CIdA by MS/MS.
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Figure 15: SRM traces of negative control for 8CldG.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of 8CldG was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 302.1 = 186.0 was monitored for positive identification of 8CldG by MS/MS.
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Figure 16: SRM traces of negative control for 5CIdC.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of 5CldC was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 262.1 = 145.9 was monitored for positive identification of 5CldC by MS/MS.
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Figure 17: SRM traces of negative control for dA.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of dA was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 252.2 2 135.9 was monitored for positive identification of dA by MS/MS.
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Figure 18: SRM traces of negative control for dG.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of dG was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 268.1 2 151.9 was monitored for positive identification of dG by MS/MS.
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Figure 19: SRM traces of negative control for dC.

(A) represents the SRM trace for an injection of 10 nM standard. A 10 nM standard of dC was hydrolysed
and dephosphorylated using the same method as cell samples prior to analysis by LC-MS/MS (B). A mass
fragmentation of 228.1 = 111.9 was monitored for positive identification of CG by MS/MS.
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Figure 20: SRM traces of positive control for 8CIA.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIA. After treatment, RNA was extracted and sample was
spiked with 50 fmol of 8CIA. The sample was then hydrolysed and dephosphorylated prior to analysis by
LC-MS/MS. A mass fragmentation of 268.1 2 136.1 was monitored using SRM for positive identification
of adenosine (A) and 302.2 2 169.9 for 8CIA (B).
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Figure 21: SRM traces of positive control for 8CIG.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIG. After treatment, RNA was extracted and sample was
spiked with 50 fmol of 8CIG. The sample was then hydrolysed and dephosphorylated prior to analysis by
LC-MS/MS. A mass fragmentation of 284.1 2 151.9 was monitored using SRM for positive identification
of guanosine (A) and 318.1 2 186.0 for 8CIG (B).

259



8814

7.188

~ o 48336 " ﬂ
2 1 6 8 1012 12 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74
Retention time (min)

34’ 23924
2754

1.75

Counts (1

0.25

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 5B 60 62 64 66 68 70 72 V4
Retention time (min)

Figure 22: SRM traces of positive control for 5CIC.

HCAEC (1 x 10° cells) were treated with 16 uM 5CIC. After treatment, RNA was extracted and sample was
spiked with 50 fmol of 5CIC. The sample was then hydrolysed and dephosphorylated prior to analysis by
LC-MS/MS. A mass fragmentation of 244.1 = 112.0 was monitored using SRM for positive identification
of cytidine (A) and 278.1 = 145.9 for 5CIC (B).
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Figure 23: SRM traces of positive control for 8CIdA.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIdA. After treatment, DNA was extracted and sample was
spiked with 50 fmol of 8CIdA. The sample was then hydrolysed and dephosphorylated prior to analysis by

LC-MS/MS. A mass fragmentation of 252.2 =2 135.9 was monitored using SRM for positive identification
of dA (A) and 286.1 2 169.9 for 8CIdA (B).
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Figure 24: SRM traces of positive control for 8CldG.

HCAEC (1 x 10° cells) were treated with 16 uM 8CIdG. After treatment, DNA was extracted and sample was
spiked with 50 fmol of 8CldG. The sample was then hydrolysed and dephosphorylated prior to analysis by

LC-MS/MS. A mass fragmentation of 268.1 2 151.9 was monitored using SRM for positive identification
of dG (A) and 302.1 > 186.0 for 8CIdG (B).
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Figure 25: SRM traces of positive control for 5CldC.
HCAEC (1 x 10° cells) were treated with 16 uM 5CIdC. After treatment, DNA was extracted and sample was
spiked with 50 fmol of 8CIA. The sample was then hydrolysed and dephosphorylated prior to analysis by

LC-MS/MS. A mass fragmentation of 228.1 = 111.9 was monitored using SRM for positive identification
of dC (A) and 262.1 - 145.9 for 5CIdC (B).
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