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SUMMARY
Angiogenesis is the formation of new blood vessels from pre-existing ones. Although
angiogenesis provides organs and tissues with oxygen and nutrients, excessive angiogenesis
could potentially contribute to a variety of diseases including Alzheimer’s, AIDS, cancer,
ocular diseases, arthritis, and psoriasis.
The vascular endothelial growth factor-A (VEGF-A) in endothelial cells plays a crucial role in
angiogenesis. VEGF-mediated angiogenesis requires nitric oxide (NO˙), a key signalling
molecule produced by the nitric oxide synthase (NOS) family of enzymes. However,
overproduction of this molecule can lead to various disorders.
Dimethylarginine dimethylaminohydrolase-1 (DDAH1) is a key enzyme in the NO˙ regulation,
metabolising asymmetric dimethylarginine (ADMA) and monomethyl arginine (L-NMMA).
These methylarginines are endogenous inhibitors of NOS. The resulting decrease in NO˙
production leads to angiogenesis downregulation. Inhibition of DDAH1 reduces excessive
angiogenesis via increasing ADMA and L-NMMA accumulation, representing a promising
strategy in the treatment of NO˙ overproduction.
In this work, the anti-angiogenic effect of novel small molecule DDAH1 inhibitors was
tested. The toxic effect of three of the most potent DDAH1 inhibitor molecules (ZST316,
ZST152, and ZST086) were investigated using cell viability assays (Sulforhodamine B and
crystal violet) and real-time analysis of cell proliferation (IncuCyte and xCELLigence). The
results indicated no toxic effects in neuronal or endothelial cell models (PC-12, SH-SY5Y, and
VeraVec cells).
Pharmacological DDAH1 inhibition significantly reduced endothelial cell tube formation invitro. Furthermore, we investigated the potential positive correlation between DDAH1 and
VEGF-A (as an essential mediator of angiogenesis), by testing the effect of VEGF-A up(hypoxia) and down-regulation (siRNA) on DDAH1 expression. While hypoxia-mediated
VEGF-A overexpression suppressed DDAH1 protein expression, siRNA-mediated knockdown
of VEGF-A, led to DDAH1 protein rise. Mass spectrometry (MS) analysis, was planned to
investigate the affected angiogenic signalling pathways by the inhibitors. However, due to
limited endothelial cell availability, an alternative set of experiments was conducted in nonxii
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endothelial cells that contain proteins involved in angiogenesis, HEK-293T cells, aiming to
investigate the potential off-target effects of the putative drug candidates in nonendothelial cells. ZST316 showed some off-target effects based on protein abundance
measurements. However, the level of changes was only 1-2% of all analysed proteins.
Importantly, while ZST316 treatment caused no change in DDAH1 expression, whereas
DDAH2 protein was upregulated by two-folds, which might represent a compensatory effect
of the isoforms on ADMA metabolism. Pathway analysis (InnateDB) was performed to
identify the main biochemical pathways enriched by the differentially expressed proteins.
Limited changes were observed in the signalling pathway profile of HEK-293T cells, which
might be due to a DDAH2-mediated compensatory effect following DDAH1 inhibition.
Overall, the minimal effect of ZST316 treatment on the biological pathways of HEK-293T
cells, including apoptosis and angiogenesis, rules out the presence of tangible off-target
effects at least in this cell line.
The mass spectrometry analysis requires further investigations on the effect of DDAH1
inhibitors on endothelial and non-endothelial cells, followed by in vivo studies to confirm
the presence of tangible anti-angiogenic effects without overt systemic toxicity.
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SYNOPSIS OF CHAPTERS
In Chapter one, I looked into the literature and reviewed what is known about angiogenesis and
the mechanisms involved in the regulation of this process. Then, I described the pathological
conditions associated with angiogenesis and the current clinical approaches, their advantages, and
their limitations. Finally, I explained how DDAH1 inhibition could play a role as a potential strategy
to inhibit excessive angiogenesis, introducing our novel and potent small molecule DDAH1
inhibitor compounds.
In Chapter two, I discussed the methods used in detail. These include information on the cell
models and the culture techniques used for each experiment, cell proliferation and cell death
assays using colorimetric (Crystal Violet and Sulforhodamine B) or real-time cell analysis systems
(x-CELLigence and IncuCyte), protein extraction and analysis by immunoblotting, creating hypoxic
conditions for cell culture, ELISA, Matrigel® Tube formation assay, RNA extraction and quantitative
PCR, transfection with siRNA, and finally, Mass Spectrometry analysis followed by pathway
analysis.
The initial step for any drug discovery process is characterisation. In Chapter three, I investigated
and described the potential toxic or protective effect of the novel DDAH1 inhibitors on endothelial
and non-endothelial cells using different methodologies. Moreover, I investigated their biological
influence on angiogenesis in vitro, using Matrigel® tube formation assay, and further tested
whether they affect eNOS protein expression.
In Chapter four, I tested the effect of VEGF-A modulation on DDAH1 expression by developing two
models of VEGF-A modulation. To develop the first model, I attempted to increase VEGF-A
expression by establishing an in-vitro model of hypoxia in cell culture. I used an opposite strategy
to create the second model, by knocking down VEGF-A gene using siRNA technique. Next, I
examined the cross-talk between DDAH1 and VEGF-A using the siRNA-induced silencing of DDAH1
gene and measuring VEGF-A expression changes.
In Chapter five, I investigated the intracellular biochemical pathways underneath the antiangiogenic effects of DDAH1 inhibitors. As the VeraVec endothelial cells that I used before were
unavailable, I used an established cell line for drug development studies, HEK-293T, as non-
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endothelial cells expressing DDAH1. For this purpose Mass Spectrometry analysis was used
following KEGG pathway analysis using InnateDB.
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CHAPTER 1. LITERATURE REVIEW
1.1 Overview of angiogenesis
1.1.1 Introduction
The circulatory system (cardiovascular system) transports oxygen, nutrients, and immune defense
agents throughout the organism, clearing waste products and maintaining cellular homeostasis
(Jarvis, 2018).
The formation of the human circulatory system occurs relatively early during embryonic
development through a complex process called vasculogenesis (Risau, 1997). From here, vessels
can split (a process known as intussusception) and then sprout (a process known as angiogenesis).
The ability to grow new blood vessels is preserved in adulthood although, particularly when
uncontrolled, this can also be associated with pathological processes such as tumour development
and diabetic retinopathy. However, the mechanisms underlying angiogenesis are not fully
understood.
1.1.2 Blood vessel structure
Blood vessels are classified into five main types: arteries (elastic and muscular), small arteries and
arterioles (resistance vessels), capillaries, venules, and veins, varying in their structure depending
on their function (Patton and Thibodeau, 2018) (Fig. 1.1). For instance, elastic arteries have a
considerable amount of elastic fibres that assist with stretching during systole and recoil during
diastole. By contrast, muscular arteries are rich in smooth muscle cells which, through their
contraction-relaxation function, control the blood flow to organs according to their metabolic
need.
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Figure 1.1. Human circulatory system. Schematic overview of blood flow in the circulatory system via five types of
blood vessels.

Capillaries are sites of exchange with a thin wall made of a single layer of endothelial cells
surrounded by a basement membrane (a unique extracellular matrix embedded with pericytes
required for vessel remodelling) (Stratman and Davis, 2012) (Fig. 1.2, b). Circular
smooth muscle cells that surround these microvessels, called precapillary sphincters, regulate
capillary blood flow (Fig. 1.2, a). There are three types of capillaries: continuous, fenestrated, or
sinusoid (discontinuous) (Fig. 1.2, b). Continuous capillaries, the most common type, are
constituted by a continuous layer of endothelial cells connected by tight junctions
(transmembrane proteins connecting adjacent endothelial cells and working as a selective barrier
to fluid) (Anderson and Van Itallie, 2009). Fenestrated capillaries are found in tissues where
extensive molecular exchange with the blood is required, such as the small intestine (the main site
of nutrient absorption), endocrine glands and the kidney (which filter the blood). These capillaries
have pores (fenestrations) in their endothelial cell layer as well as tight junctions, enabling the
passage of large molecules. Discontinuous capillaries, the least common type, have incomplete
basement membranes and extensive intracellular gaps that allow the transfer of plasma proteins
or even blood cells to pass through.
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(a)

capilary

(b)

Figure 1.2. Capillary Structure. (a) precapillary sphincters surrounding microvessels, regulating capillary blood flow.
(b) The three types of capillaries: continuous, fenestrated, and discontinuous.
Adapted from VanPutte et al., 2021 (VanPutte et al., 2021) and Allen et al., 2004 (Allen, 2004), , reproduced with
permission.

Following the capillary exchange, deoxygenated blood from tissues moves into venules and
progressively larger veins towards the heart. The porous and thin-wall structure of venules not
only allows fluid exchange but also transfer of white blood cells into the interstitium. The
compliant nature of vein walls ensures the maintenance of relatively low intraluminal pressures
despite large blood volumes (Fig. 1.3).
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Figure 1.3. Structure of the major blood vessels walls in the human body: Arteries, capillaries, and veins.
(A) Elastic and muscular arteries are comprised of three main layers, carrying oxygen-rich blood away from the heart,
(B) Capillaries are tiny vessels with only one cell thick (endothelium), bringing oxygen and nutrients to the cells. (C)
Veins are comprised of three main layers, carrying wastes and oxygen-poor blood back to the heart with the help of
valves and their elastic walls.

1.1.2.1 Endothelium at the molecular level
A single layer of endothelial cells, known as the endothelium, lines the inner surface of blood
vessels. The endothelium not only represents a physical barrier between the blood and the
tissues, but also play a vital role in controlling vascular tone, inflammation, coagulation, and
angiogenesis (Félétou, 2011, Jag et al., 1980) (Fig. 1.4).
Vascular tone: The endothelium produces several vasodilators and vasoconstrictors. Nitric oxide
(NO˙), endothelium-derived hyperpolarizing factor (EDHF), and prostacyclin are endothelialderived vasodilators. Endothelin-1 and thromboxane-A2 are endothelial-derived vasoconstrictors
(Galley and Webster, 2004).
Inflammatory response: In response to an acute infection, the endothelium plays an integral role
in transporting leukocytes from the blood into the underlying tissue. A family of cell adhesion
molecules (CAM family such as ICAM-1 (Intercellular Adhesion Molecule-1) and VCAM-1 (vascular
cell adhesion molecule-1)) favours the binding of leukocytes to endothelial cells and the
subsequent migration of leukocytes into the local site of inflammation (Cibor et al., 2016, Galley
and Webster, 2004). Activated endothelial cells also produce a variety of other cytokines and
chemokines such as colony-stimulating factors (CSFs), interleukins (ILs), tumour necrosis factor
4
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(TNF) receptors (p55 and p75), growth factors, and interferons which promote the recruitment of
leukocytes (Cibor et al., 2016).
Coagulation: Endothelial cells inhibit coagulation with the aid of anti-coagulant factors bound to
their surface (Watson, 2009). Thrombin, synthesised in the liver and secreted into the plasma in its
inactive form (prothrombin), has a key role in the coagulation process. At the site of vascular
injury, blood factors escape from damaged endothelial cells and bind to the components of the
surrounding tissue (collagen and von Willebrand factor), becoming activated. Activated platelets
aggregate and become adhesive to the endothelium. More importantly, prothrombin is
transformed into thrombin which converts soluble fibrinogen into insoluble fibrin, which, in
combination with platelets forms a blood clot (Marti et al., 2012). Platelet activation is prevented
by endothelium-derived NO˙, through the increase in cyclic guanosine monophosphate (cGMP)
levels within platelets. This causes a decrease in intracellular Ca2+ and the consequent inhibition of
coagulation pathways (Radomski and Salas, 1995).
Tight junctions: Adjacent endothelial cells are connected by protein complexes called tight
junctions. These dynamic protein structures act as a selective barrier by regulating the passage of
water, ions, and various macro-molecules, maintaining cell polarity (Anderson and Van Itallie,
2009). Tight junctions play an important role, particularly at the blood-brain-barrier interface, by
restricting the passive passage of ions, blood products and pathogens into the brain (Wolburg et
al., 2009, Choi and Kim, 2008).
Angiogenesis: The Vascular Endothelial Growth Factor-A (VEGF-A) is the most potent initiation
factor of vasculogenesis and angiogenesis. VEGF-A is expressed at low levels in many cell types
including tumour cells (Boocock et al., 1995, Itakura et al., 2000), macrophages (Sunderkötter et
al., 1994), and platelets (Verheul et al., 1997). Endothelial cells express a family of receptors to
VEGFs on their surface called VEGFRs. These receptors are high-affinity tyrosine kinases with
VEGFR-2 being the predominant receptor in angiogenic signalling (Carmeliet and Jain, 2011).
In situations where vessel formation is required (e.g., embryonic tissues, placenta, corpus luteum,
injury, inflammation sites, or tumours) cells are exposed to hypoxia, and VEGF is expressed at high
levels (Carmeliet, 2005). Each VEGF binds to a VEGFR located on the surface of endothelial cells
and activates it by dimerisation and phosphorylation.
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Depending on the severity of hypoxia and the concentrations of VEGF-A, one of two modes of
angiogenesis, sprouting or splitting (intussusceptive), becomes dominant. Accordingly, VEGFR-1 or
-2 is initially activated to splitting or sprouting angiogenesis, respectively (Zhan et al., 2018). Under
severe hypoxic conditions, VEGF-A binds with VEGFR-2 and initiates tyrosine kinase
phosphorylation, activating downstream signalling enzymes such as protein kinase B (PKB) (also
known as Akt), extracellular signal-regulated kinase (ERK), and endothelial nitric oxide synthase
(eNOS). This further activates several intracellular signalling pathways including the Ras/Raf/
MAPK/ERK and the PI3K/Akt, finally promoting sprouting angiogenesis (Shibuya, 2011). This
process also involves an increased secretion of matrix metalloproteinases (MMPs) responsible for
extracellular matrix protein degradation. The latter increases microvascular permeability,
endothelial cell proliferation and migration towards the direction of VEGF signals (Esser et al.,
1998, Lohela et al., 2009). The extension and migration of endothelial cell from the pre-existing
capillary form a multi-cellular sprout. This sprout grows until it meets the neighbouring capillary
and ultimately forms a new endothelial cell (sprouting angiogenesis). On the other hand, with
moderate hypoxia, VEGFA-VEGFR-1 binding occurs, leading to extension of the endothelial cells
into the capillary lumen until the initial capillary splits into two (splitting angiogenesis) (Carmeliet
and Jain, 2011).

Figure 1.4. The role of the endothelium in mediating a range of processes in the body.
Adapted from Jourde-Chiche et al. (Jourde-Chiche et al., 2019), reproduced with permission.
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1.1.2.2 Endothelium-derived NO Production and Function
Endothelial cells can be directly triggered by substances released as a result of local metabolic
needs or stress. In response to these factors, endothelial cells release a variety of vasoactive
mediators. Among these, NO˙ maintains basal vascular tone and is a key determinant of vascular
homeostasis. Reduced NO˙ bioavailability is related to the progression of vascular diseases where
several factors can be involved. These include descreased substrate bioavailability, decreased
eNOS expression or activity, decreased cofactor availability, or oxidative stress and generation of
ROS (Levine et al., 2012, Paolocci et al., 2001).
NO˙ is a highly reactive radical gas with a half-life of a few seconds (Furchgott, 1984, Furchgott,
1999). This free radical has pivotal roles in the vascular system as a signalling molecule, including
blood flow regulation and immune defense (Tousoulis et al., 2012). NO˙ was discovered by
Furchgott and Zawadzki in 1980. They first reported the endothelium-dependent relaxation of
rabbit aorta from a free unstable gas, the so-called endothelium-derived relaxing factor (EDRF)
(Furchgott and Zawadzki, 1980). This soluble gas is continuously synthesised in endothelial cells by
a group of calcium-calmodulin-dependent enzymes, nitric oxide synthases (NOSs) (Knowles and
Moncada, 1994).
Three different isoforms of NOS have been identified in mammals: neuronal (nNOS, NOS I),
inducible (iNOS, NOS II), and endothelial (eNOS, NOS III), based on the tissues they were originally
isolated from (Förstermann et al., 1998). They are a family of oxidoreductase enzymes that
produce NO˙ through the conversion of the amino acid L-arginine (L-Arg) to L-citrulline (L-Cit). This
reaction occurs in two steps. During the first step, L-Arg gets reduced using co-enzyme
nicotinamide-adenine-dinucleotide phosphate (NADPH) and an oxygen molecule to generate NGhydroxy-L-Arginine, the intermediate step of the reaction. Afterwards, the second reduced NADP
binds to NOS to reduce oxygen and form L-Cit and water (Kone et al., 2003, Knowles and
Moncada, 1994). Importantly, the NO˙ generated in this reaction is a free radical, an extremely
reactive chemical species (Fig. 1.5, A).
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Figure 1.5. NO synthase - an overview.
(A) Summary of NO˙ production by NOS enzyme and co-factors. (B) NO production two-step reaction.

The reduction-oxidation reactions of NOS can independently occur in the two domains of the
enzyme, reductase and oxygenase (Fig. 1.6). However, NO˙-synthesis is dependent upon the
formation of a NOS dimer, where the reductase domain of one NOS monomer couples with the
oxygenase domain of another NOS partner (Kone et al., 2003, Andrew and Mayer, 1999). This
reaction requires the cofactors reduced NADPH, flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), heme (Fe2+), tetrahydrobiopterin (BH4), and zinc (Fig. 1.6) (Kone et al.,
2003, Förstermann and Sessa, 2012). Heme and zinc ions from each monomer play a central role
in the formation of the homodimer (coupled NOS) whereas BH4 stabilises the structure (Li et al.,
1999). Uncoupling of NOS (caused by BH4 and/or arginine deficiency) results in impaired NO˙
production.
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Figure 1.6. Structure of NOS domains.
At the top, the monomer structure of NOS enzyme is shown that consists of two domains: reductase domain (orange)
and oxygenase domain (green). The middle image illustrates the reduction-oxygenation reaction and the required
2+
cofactors, reduced NADPH, flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme (Fe ),
2+
tetrahydrobiopterin (BH4), and zinc ion (Zn ). The bottom image demonstrates a functional NOS dimer; Two NOS
monomers have dimerized.

Under physiological conditions, NO˙ is mainly produced by eNOS in the vessel wall (Nathan and
Xie, 1994), although this isoform has also been detected in cardiac myocytes, platelets, certain
brain neurons, placenta, and kidney tubular epithelial cells (Förstermann and Sessa, 2012).
NO˙ is a potent and multi-functional signalling molecule, and a key determinant of endothelial
function, metabolic and vascular health (Levine et al., 2012). In addition, it can affect the nervous
and immune systems. Protective effects of NO˙ occur at pico- to nano-molar concentrations. This
low, but tightly regulated concentration of NO˙ has a critical role in regulating cardiovascular
homeostasis. However, at higher concentrations, NO˙ and its derivatives become cytotoxic.
Endothelial-derived NO˙ has several physiological functions and has been identified as the most
important endothelium-derived relaxing factor. This endogenous vasodilator continuously
modulates vessel diameter and maintains homeostasis. When eNOS is stimulated by increased
shear stress in blood vessels, NO˙ diffuses to the nearby smooth muscle cells, stimulating soluble
guanylyl cyclase to produce cGMP. This leads to dephosphorylation of myosin, hyperpolarisation
and vasorelaxation (Fig. 1.7) (Knowles and Moncada, 1994).
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Endothelium-derived NO˙ also contributes to coagulation. As a platelet adhesion and aggregation
inhibitor, NO˙ keeps the vascular smooth muscle surface non-adhesive and non-thrombogenic for
circulating blood cells.
In addition, NO˙ controls vascular integrity and the maintenance of physiological blood flow and
pressure.
Importantly, endothelium-derived NO˙ is also a mediator of angiogenesis. Angiogenic factors such
as VEGF upregulate NOS expression and NO˙ release in endothelial cells (Servos et al., 1999). By
contrast, reduced NO˙ synthesis attenuates angiogenesis. The main roles of NO are shown in
Figure 1.7.

Figure 1.7. Different physiological functions of NO˙ derived from eNOS in the body.
Adapted from Favero et al., 2014 (Favero et al., 2014), reproduced with permission.

1.1.3 Blood vessel generation
Two main processes are involved in the formation of a blood vessel network, vasculogenesis and
angiogenesis. Vasculogenesis occurs during embryonic development where blood vessels are
created de novo from mesodermal cells. By contrast, angiogenesis is the formation of new
capillaries from pre-existing ones (Risau, 1997).
The process of vasculogenesis initiates from the development of mesoderm-derived precursor for
endothelial cells (hemangioblasts) into new blood vessels (Risau and Lemmon, 1988, Flamme et
al., 1997). In the developing embryo, since oxygen consumption is greater than the delivered
oxygen, the tissue becomes hypoxic. This stimulates hemangioblasts to secrete signalling
molecules such as VEGF-A which promote their migration to form clusters called blood islands.
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Within the blood island, the peripheral cells form angioblasts which then mature into endothelial
cells. On the other hand, the central cells form hemocytoblasts (also known as hematopoietic stem
cells), differentiating into blood cells (Fig. 1.8 and 1.9) (Risau, 1991).

Figure 1.8. Schematic of vasculogenesis.
(A) Endodermal cells (orange) induce mesodermal cells (aqua), initiating vasculogenesis, (B) Hemangioblasts migration
and association, (C) Central formation of hematopoietic cells (purple) surrounded by angioblasts (blue), (D)
Angioblasts differentiate into endothelial cells (blue) and hematopoietic cells (red). Adapted from Patel-Hett et al.,
2011 (Patel-Hett and D’Amore, 2011), reproduced with permission.

Once this primary capillary plexus is formed, it serves as a template for angiogenesis. This
physiological angiogenesis not only plays a pivotal role during embryonic development and tissue
remodeling (Carmeliet and Jain, 2011), but also in adults during wound healing, the reproductive
cycle, bone repair, exercise, and in the adipose tissue (Lemoine et al., 2013, Carmeliet, 2005,
Carmeliet and Jain, 2011, Risau, 1997). In these circumstances, angiogenesis is tightly regulated by
the balance between pro- and anti-angiogenic molecules. However, any loss in this balance leads
to pathological angiogenesis, contributing to various diseases including diabetic retinopathy,
rheumatoid arthritis, atherosclerosis, endometriosis, psoriasis, Alzheimer’s disease, and several
tumour types (Carmeliet, 2003, Carmeliet and Jain, 2011).
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The process of angiogenesis takes place through two events known as sprouting and splitting
(intussusceptive) angiogenesis as described in detail below.

Figure 1.9. Schematic of blood vessel generation in the body.
Vasculogenesis (during embryonic life), and angiogenesis (during adulthood). Adapted from Prior et al., 2004 (Prior et
al., 2004) and Kolte et al., 2016 (Kolte et al., 2016), reproduced with permission.
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1.1.3.1 Sprouting Angiogenesis
Sprouting angiogenesis is the process of budding new capillaries from “parental” capillaries,
producing sprouts. This process occurs through several steps. Initially, a stimulus such as hypoxia
or inflammation induces endothelial cells to release angiogenic factors including VEGFs, fibroblast
growth factors (FGFs), platelet-derived growth factor (PDGF), angiotensin-2 (Ang-2), or
chemokines. VEGF-A is the most potent factor involved in sprout generation. During the first step
of sprouting called “tip-cell selection”, a single endothelial cell closest to the source of VEGF-A is
most likely to become the tip cell, guiding the sprout towards the VEGF-A stimulus (Fig. 1.10, a).
Tip cells have high amounts of VEGF-A receptors (VEGFRs) on their surface with an enhanced
affinity for VEGF-A (Fig. 1.10, b). This allows tip cells to detect differences in VEGF-A
concentrations. There are three VEGFRs (VEGFR-1, 2, and 3), among which VEGFR-2 has a high
expression level in endothelial cells, with greater tyrosine-kinase activity; hence, it is the major
receptor in angiogenic signalling (Shibuya, 2013). In response to the high secretion of VEGF-A,
VEGFR-2 on a tip cell is activated and starts the migration towards the direction of VEGF-A (Fig.
1.10, b). The migration process involves producing fine long structures called filopodia (Isogai et
al., 2003, Bentley et al., 2009). These filopodia secrete various proteolytic enzymes including
MMPs, plasminogen activators, gelatinase, and collagenases, resulting in the degradation of the
basement membrane and the extracellular matrix and the detachment of pericytes. Subsequently,
the filopodia, covered in VEGFR-2, migrate towards the direction of VEGF-A, and proliferate to
produce new endothelial cells called stalk cells (Fig. 1.10, c) (Gerhardt et al., 2003). Moreover, in
response to VEGFR-2 activation, tip cells express high levels of delta-like ligand 4 (DLL4),
preventing neighbouring endothelial cells from becoming tip cells. This process is known as Notch
receptor activation on neighbouring endothelial cells. DLL4-expressing tip cells bind to Notch
receptors on adjacent stalk cells. The consequent downregulation of VEGFR-2 expression
desensitises these cells VEGF-A, preventing their migration. Thereby, Notch signalling suppresses
the formation of the tip cell phenotype, inhibiting excessive branching and sprouting angiogenesis
(Lobov et al., 2007, Hellström et al., 2007, Suchting et al., 2007) (Fig. 1.10, d).
The second step is the “sprout extension” where the stalk continues to proliferate and becomes
elongated to form a tube as it navigates closer to the angiogenic centre until VEGFR-2 binds to
VEGF-A (Fig. 1.10, e, and f). In the final step called “lumen formation”, the two sprouts fuse (Fig.
1.10, f), and the luminal space of the sprout connects with the parent vessel. During this step, the
recruitment of pericytes and fibroblasts stabilise the endothelial cells by forming the basement
13
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membrane; a step known as pericyte stabilisation (Carmeliet, 2000) (Fig. 1.10, g). Blood can now
circulate through the newly generated capillary to oxygenate the hypoxic tissue. Once this process
is complete, the tissue will stop producing VEGF-A and the homeostatic regulation of angiogenesis
will be maintained (Tung et al., 2012, Wacker and Gerhardt, 2011, Eilken and Adams, 2010).

Figure 1.10. Sprouting Angiogenesis. Migration of endothelial cells towards the angiogenic centre (VEGF-A).

14

CHAPTER 1
(a) Endothelial cells of a capillary, (b) Generation of filopodia, (c) Beginning of Endothelial cells’ migration towards
VEGF-A due to the VEGFR-2 receptors, (d) degradation of the vascular basement membrane and activation of dormant
Endothelial cells,(e) Sprouting and proliferation of Endothelial cells, (f) Protruding and elongation of endothelial cells
towards VEGF source, (g) Beginning of lumen formation within the lar tubes, and coverage of vascular tubes with
mature vascular basement membrane in association with vascular sprouts, thereby creating a vacuole with supporting
pericytes.

1.1.3.2 Splitting Angiogenesis
Splitting or intussusceptive angiogenesis is the process where the capillary wall extends into the
lumen and splits a single vessel into two. This less studied process involves a restructuring of
existing vascular cells. Rather than new vessel formation, splitting angiogenesis is also responsible
for vascular remodeling, which involves branching or pruning of excessive or large microvessels
(Fig. 1. 11) (De Spiegelaere et al., 2012).
In response to several factors, including oxygen concentration, VEGF concentration, and blood
flow, tissue pillars confronting high blood flow, can undergo serial divisions, rapidly splitting the
vessels and expanding the microvascular network (Mentzer and Konerding, 2014). In the narrow
sense, only these columns that are involved in capillary doubling are considered as an angiogenic
mechanism. These pillars are hallmarks of splitting angiogenesis that have been identified in the
developing chick chorioallantoic membrane (ex vivo models of angiogenesis) (Hlushchuk et al.,
2011), chemically-induced murine colitis (Konerding et al., 2010), several tumours (Ribatti and
Djonov, 2012), and in skeletal muscle (Hudlicka and Brown, 2009, Egginton et al., 2001).
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Figure 1.11. Schematic representation of pillar extension resulting in angle remodelling, vessel duplication, or
pruning.
(A) The development of the pillar toward the vessel angle results in remodelling of the vessel branching. (B) Extension
of the pillar down the axis of the vessel results in vessel duplication. (C) Asymmetric growth of the pillar results in
pruning of energetically inefficient vessel. Adapted from Mentzer et al., 2014 (Mentzer and Konerding, 2014),
reproduced with permission.

Similar to spouting angiogenesis, splitting angiogenesis is regulated by inflammatory cytokines and
growth factors. VEGF-A and its interaction with VEGFR-2 are the main factors in splitting
angiogenesis (De Spiegelaere et al., 2012, Carmeliet, 2005, Carmeliet and Jain, 2011, Wilting et al.,
1996, Hellstrom et al., 1999, Crivellato et al., 2004), even though a recent study also suggests a
role for VEGFR-1 (Zhan et al., 2018). In contrast to sprouting angiogenesis, shear stress can
stimulate splitting angiogenesis (Gianni-Barrera et al., 2011). The consequent eNOS-NO activation
leads to vasodilation (D'Amico et al., 2020). This in turn increases the blood flow (shear stress)
which is sensed by endothelial cells, promoting splitting angiogenesis (De Spiegelaere et al., 2012,
Djonov et al., 2002, Mentzer and Konerding, 2014, D'Amico et al., 2020). Even though numerous
growth factors and receptors are involved in splitting angiogenesis, the exact molecular
mechanisms remain elusive, in contrast to the well-established sprouting angiogenesis.
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The steps involved in splitting angiogenesis are as follows. First, the two opposing capillary walls
come into contact to form an inter-endothelial column (Fig. 1.12, a-c). Once the intercellular
pillars junctions rearrange and the vessel walls become permeable (Fig. 1.12, d), the pericytes
push themselves in between the column, where they produce collagen to form part of the new
extracellular matrix (Fig. 1.12, d). Finally, the junctions fuse to the neighbouring ones until the
primary capillary is split into two newly formed capillaries, each completely coated by basement
membrane and pericytes (Fig. 1.12, e) (De Spiegelaere et al., 2012, Makanya et al., 2009, GianniBarrera et al., 2014).

Figure 1.12. Schematic illustration of a small capillary undergoing splitting angiogenesis.
Sprouting angiogenesis initiates by activation of a small capillary surrounded by pericytes (a). The opposite walls of
two capillaries start to migrate to each other (b) and an inter-endothelial column is formed (c). The intercellular
junctions of the opposing endothelial cells are rearranged (d). Subsequently, further growth of the junctions leads to
the spitting of the primary blood vessel into two newly formed vessels (e). Adapted from De Spiegelaere et al., 2012
(De Spiegelaere et al., 2012).

Notch signalling is also thought to be activated in splitting angiogenesis (Gianni-Barrera et al.,
2011). Since during splitting angiogenesis, vessels growth is limited to circumferential
enlargement, the phenotype is expected to be limited to stalk cells only (no tip cells and thus no
sprouting). Therefore, it is hypothesised that alternative Notch activation could determine which
angiogenesis mode is activated (Gianni-Barrera et al., 2011). Further research is required for a
thorough understanding of the Notch signalling role in this context.
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Taken together, various studies have demonstrated the complementary role of sprouting and
splitting angiogenesis processes, which may draw the common pattern of angiogenic response to
a hypoxic or an ischemic situation. In this pattern, in vivo sprouting angiogenesis is initiated within
a VEGF-A gradient field (Uccelli et al., 2019), when endothelial cells detect hypoxia in the
surrounding tissue that demands new blood vessel formation to meet their metabolic demand.
This process is followed by splitting angiogenesis in order to develop the newly generated
capillaries (Makanya et al., 2007, Djonov et al., 2001, Schlatter et al., 1997, Gianni-Barrera et al.,
2011). However, there are situations where only splitting angiogenesis takes place. This has been
observed in skeletal muscle contraction during exercise (Gianni-Barrera et al., 2013, Hudlicka and
Brown, 2009, Egginton et al., 1998, Ogawa, 1977). Notably, increased blood flow forces can trigger
splitting angiogenesis while sprouting starts in vessels with interstitial flow and the absence of
shear stress, and is triggered by overexpression of VEGF-A (Campinho et al., 2020, Mentzer and
Konerding, 2014, Zhan et al., 2018, Gerhardt et al., 2003, Gianni-Barrera et al., 2011, Ruhrberg et
al., 2002). Nevertheless, uncertainty remains with respect to distinct initiating events underlying
the sprouting or splitting angiogenesis. Furthermore, the majority of studies on angiogenesis have
been performed on sprouting angiogenesis. Therefore, in this study, the term angiogenesis is
referred

to

sprouting

angiogenesis as

the

fundamental

and general mechanism

of

vessel formation.
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1.2 Regulation of angiogenesis
1.2.1 Introduction
Several factors can turn angiogenesis on (angiogenic stimulators) or off (angiogenic inhibitors)
(Jain, 2003, Carmeliet and Jain, 2011). These angiogenic regulators, originally called “angiogenic
factors” by Dr. Judah Folkman 50 years ago, include growth factors, cytokines and chemokines,
angiogenic enzymes, and endothelial-specific receptors.
Under basal conditions, the balance of production of angiogenic stimulators and inhibitors remains
in equilibrium. In this situation, the angiogenic switch is off (Fig. 1.13, A). However, in response to
an increase in local metabolic demand, the angiogenic switch is on as the activity of angiogenic
stimulators outweighs angiogenic inhibitors (Fig. 1.13, B) (Liekens et al., 2001). This can occur
during both physiological and pathological conditions. During physiological angiogenesis, the
increased activity of angiogenic stimulators is tightly controlled, leading to the division and
extension of a quiescent monolayer of endothelial cells, only to an extent that the growing tissue
requires (Papetti and Herman, 2002). Notably, this regulated process has two hallmarks. Firstly, it
is brief and short-lived, and secondly, the newly generated capillaries will either regress (such as in
wound healing), or progress to become established microvessels (such as in embryonic
development).
However, during pathological angiogenesis, in response to chronic metabolic demand, there is a
sustained increase in angiogenic stimulator activity which leads to uncontrolled, excessive, and
rapid endothelial cell proliferation that may persist for months or years (Maloy and Hughes, 2013).
These fast-growing microvessels have thinner walls, disturbed basement membrane, with sparse
or no pericytes (Maloy and Hughes, 2013, Carmeliet, 2005). This occurs, for instance, in solid
tumours, proliferative retinopathies (such as age-related macular degeneration, or diabetic
retinopathy), rheumatoid arthritis, obesity, and atherosclerosis (Gariano and Gardner, 2005,
Pepper, 1997).
Alternatively, overproduction of angiogenic inhibitors and reduced angiogenic signalling, or
reduced VEGF levels, can lead to insufficient angiogenesis and capillary regression (Fig. 1.13, C)
(Bisht et al., 2010). This condition is characteristic of conditions such as coronary heart disease,
postpartum cardiomyopathy, peripheral vascular disease, delayed ulcers or wound healing,
pulmonary

fibrosis,

hypertension,

osteoporosis,

respiratory

distress,

pre-eclampsia,

endometriosis, ovarian hyperstimulation syndrome, stroke, age-related diseases such as
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nephropathy or bone loss, and neurodegenerative diseases (Bisht et al., 2010, Greenberg and Jin,
2005, Carmeliet, 2003, Carmeliet, 2005). Pathologies characterised by suppressed angiogenesis
are not the focus of this thesis and therefore are not discussed further.

Figure 1.13. Schematic illustration of the angiogenic balance. Angiogenic stimulators and inhibitors in the control of
the angiogenic switch.
(A) Under normal condition, angiogenic switch is off and pro- and anti-angiogenic factors are in balance. Angiogenesis
occurs when the total activity of pro-angiogenic factors exceeds that of the anti-angiogenic factors. Therefore, the
balance is switched to favour angiogenesis. Adapted from D'Andrea et al. (D'Andrea et al., 2010). The lower portion
describes two types of angiogenesis i.e., physiological (B), and pathological (C), and a hypothetical model proposed for
targeting tumour angiogenesis and escaping physiological angiogenesis through decoding the angiogenic switch (D).
Adapted from Sund et al., 2005 (Sund et al., 2005), reproduced with permission.
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1.2.2 Endogenous inhibitors of angiogenesis
Many endogenous inhibitors of angiogenesis are products of enzymatic digestion of extracellular
matrix, known as endogenous matrix-derived angiogenic inhibitors. The latter include endostatin
and tumostatin (fragments of collagen), thrombospondins, fibulin, and fibronectin (see Table 1.1).
Another class of inhibitors includes growth factors and cytokines such as interferons (typically
released during virus infection), interleukins, pigment epithelium-derived factor (PEDF),
angiostatin, and platelet factor-4 (fragments of coagulation factors). There are other unclassified
factors including Tissue inhibitors of metalloproteinases (TIMPs) (controlling the activity of
enzymes responsible for the degradation of the extracellular matrix), methoxyestradiol, peroxins,
troponin, and vasostatin.
More recently, a new class of molecules has been identified in the category of microRNAs
(miRNAs) (Kumar et al., 2012, Suárez and Sessa, 2009). These short non-coding RNAs (about 22
nucleotides) can degrade mRNA transcripts, thus, preventing their translation, with consequent
inhibition of gene expression (Cannell et al., 2008). Anti-angiogenic miRNAs, such as miR-126 and
miR-221/222, are highly expressed in endothelial cells and downregulate multiple pro-angiogenic
factors, decreasing endothelial cell migration, proliferation, and formation of new capillaries
(Leone et al., 2019). However, miRNAs can also act as pro-angiogenic factors (Leone et al., 2019,
Wang et al., 2018).
Moreover, some analogues of L-arginine, ADMA (asymmetric dimethylarginine), L-NAME (NGnitro-L-arginine methyl ester), and L-NMMA (NG-monomethyl-L-arginine), are endogenous NOS
inhibitors (Vallance and Leiper, 2004) that have been shown to inhibit angiogenesis in vitro, either
by directly decreasing NO˙ biosynthesis or by affecting other pro- or anti-angiogenic factors
(Wojciak-Stothard et al., 2007, Vanella et al., 2011, Wang et al., 2016).
1.2.3 Endogenous stimulators of angiogenesis
Endogenous stimulators of angiogenesis include a diverse range of proteins, growth factors (such
as VEGF and PDGF, TNF, angiogenin, angiopoietin, MMPs, and NOSs (see Tale1.1) (Folkman, 1995,
Pugh and Ratcliffe, 2003). Furthermore, angiogenic stimulants can increase the expression of
several miRNAs; miR-21, miR-155, MiR-566, miR-210 are well-known angiogenic promoter
miRNAs, activating pro-angiogenic signalling pathways, thus expressing pro-angiogenic proteins
that ultimately increase proliferation, invasion, migration, and tube formation (Leone et al., 2019,
Wang et al., 2018).
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Table 1.1. Selected list of endogenous pro- and anti-angiogenic factors.

1.2.3.1 Hypoxia-induced angiogenesis
The ultimate purpose of angiogenesis is to deliver oxygen to oxygen-demanding tissues. In other
words, oxygenation determines microvascular growth or regression. This is due to the limited
intracellular storage of oxygen compared to other metabolic substances such as glucose, amino
acids, or fatty acids. Oxygen requirement is even more compelling for tumour cells. When primary
tumours start to grow larger than 1mm3 in diameter, they develop hypoxic areas; hence, there is
an urgent need for oxygen supply. As a result, their survival, growth, and ultimately metastasis are
dependent upon angiogenesis (Carmeliet, 2000). Therefore, it is not surprising that oxygen is the
master regulator of physiological and pathological angiogenesis (Adair and Montani, 2010).
In adults, physiological or pathological angiogenesis is mediated by multiple genetic and
environmental factors, but mainly initiated by tissue hypoxia. This is a condition where oxygen
levels in organs, tissues, or cells drop to 0.5 - 3%, relative to the physiological concentration of O2
(Carreau et al., 2011). This could be the result of reduced oxygen supply (due to insufficient blood
vessels or red blood cells carrying O2), or an imbalance between oxygen supply and consumption
(due to a sudden cell growth rate such as in solid tumours (Muz et al., 2015)).
Hypoxia stimulates angiogenesis via VEGF upregulation, primarily through hypoxia-inducible
factor-1 (HIF-1). HIF-1 protein is a key regulator of oxygen homeostasis within cells. As
a transcription factor, it regulates the expression of several genes involved in maintaining
homeostasis according to changes to oxygen concentrations (Ziello et al., 2007). HIF-1, as a
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hallmark of hypoxia, is a heterodimer made of two different protein subunits: HIF-1α and HIF-1β,
where the complete dimer complex within the nucleus is required for its stabilisation and activity
(Wang and Semenza, 1995).
Under normal oxygen conditions (normoxia), oxygen-dependent hydroxylation of HIF-1α allows
binding of a tumour suppressor protein called Von Hippel−Lindau protein (pVHL), leading to HIF-1α
ubiquitination and degradation. Therefore, instead of the complete heterodimer formation, only
HIF-1β is present in the nucleus, resulting in HIF-1 instability and degradation (Fig. 1.14, a). In
addition to the pVHL negative regulation, HIF-1 is also post-translationally modulated by the Cterminal transactivation domain (C-TAD). C-TAD hydroxylates HIF-1 under normoxia which blocks
the interaction between the two domains of HIF-1, causing gene inactivation (Dann et al., 2002)
(Fig. 1.14, b). In contrast, when cells become hypoxic, HIF-1α escapes the above degradation and
binds to HIF-1β to form the active HIF-1 complex. In the nucleus, the HIF-1 complex hits the
transcription factor, acting as a gene expression enhancer or repressor (Fig. 1.14, c).
In the endothelium, HIF-1α is the master transcriptional regulator of various genes involved in
different steps of angiogenesis and oxygen transport (Semenza, 2000). Most importantly, HIF-1α
expression directly upregulates the expression of the most potent angiogenic promoter, VEGF-A,
and its receptor, VEGFR-2. This activates the HIF-1α/VEGF pathway which is essential for
endothelial cell survival, growth, migration, and tube formation (Krock et al., 2011). Other
important examples of pro-angiogenic genes regulated by HIF-1α include NOS (regulating vascular
tone), FGF, and genes involved in matrix metabolism such as MMPs (Pugh and Ratcliffe, 2003).
Accordingly, hypoxia and HIF-1α activation induce the production of these angiogenic factors
which ultimately increase angiogenesis.
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Figure 1.14. HIF-1α activity under hypoxia versus normoxia.
Left: Under normoxia, HIF-1α is inactivated via (a) Proteasomal degradation or (b) specific C-TAD inhibition. Right:
Under hypoxia, HIF-1α is dimerised and activated, thereby activating hypoxia-induced genes (c). Adapted from Vito et
al., 2020 (Vito et al., 2020), reproduced with permission.

NO is also involved in angiogenesis. However, previous research has shown contradictory results
as to whether hypoxia upregulates (Strijdom et al., 2006, Justice et al., 2000, Chen and Meyrick,
2004), or downregulates NO production (Takemoto et al., 2002, McQuillan et al., 1994). In some
studies, hypoxia activated eNOS and increased NO production in endothelial cells in a timedependent manner via heat shock protein 90 (Hsp90) and PI3K/Akt pathways (Chen and Meyrick,
2004). However, other studies reported eNOS inhibition in hypoxic endothelial cells via
transcriptional and post-transcriptional mechanisms (McQuillan et al., 1994), and Rho protein
kinase (Takemoto et al., 2002).
Another important mechanism regulated by VEGF under hypoxia is adenosine. Under hypoxia, the
major source of adenosine is by dephosphorylation of adenosine monophosphate (AMP).
Adenosine activates a family of adenosine receptors (A1, A2A, A2B, and A3), enhancing eNOS
activation, NO formation, and finally VEGF upregulation, leading to adenosine-induced
angiogenesis (Escudero et al., 2014, Adair, 2004). Nevertheless, the pro-angiogenic role of
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adenosine can also occur independently of VEGF-A. However, the exact mechanisms involved are
not established yet (Adair, 2004).
Furthermore, AMP-dependent kinase (AMPK) is a stress-activated protein kinase that is activated
by an increase in AMP/ATP ratio. Activated AMPK by hypoxia or other cellular stresses (e.g.
oxidative stress) upregulates VEGF and stimulates angiogenesis. This process has been observed in
ischemic conditions (Ouchi et al., 2005, Fraisl et al., 2009). Nevertheless, both pro- and antiangiogenic effects have been observed for AMPK (Li et al., 2019). On the one hand, AMPK
activation regulates stress responses to facilitate autophagy, leading to stabilisation of HIF-1α,
thereby VEGF overexpression and angiogenesis upregulation. On the other hand, AMPK can inhibit
angiogenesis induced through signalling pathways such as PI3K/Akt/mTOR (Li et al., 2019).
In addition to regulating well-known pro-angiogenic molecules, hypoxia and HIF stimulate several
miRNAs, which themselves are chief mediators of several genes. Hypoxia-driven HIF-1α targets
miRNAs with pro-angiogenic effects, e.g. miR-210, promoting endothelial cell migration and
proliferation (Krock et al., 2011). On the other hand, some other miRNAs have shown antiangiogenic effects in vitro by downregulating VEGF, including miR-125a, miR-15b, miR-16, miR20a, and miR-20b. Hypoxia has been shown to suppress these miRNAs, thereby enhancing
angiogenesis (Hua et al., 2006).
Several studies have demonstrated hypoxia-induced angiogenesis via generation of reactive
oxygen species (ROS) in both physiological and pathological conditions (Hielscher and Gerecht,
2015, Devasagayam et al., 2004, Dworakowski et al., 2006).
ROS are key signalling molecules in the progression of inflammation. These molecules are natural
by-products of oxygen metabolism (such as superoxide anion (O2−), hydroxyl (OH−), and other
oxidants) in vivo (Hayyan et al., 2016). Furthermore, due to the unpaired electrons in these free
radicals, they are highly reactive and act as a double-edged sword in vascular biology. If these prooxidants are produced in high amounts, they are cytotoxic and mutagenic, causing oxidative stress
which can damage DNA, RNA, or proteins (Reuter et al., 2010). In contrast, low levels of ROS
regulate the activity of various intracellular signalling molecules and transcription factors,
including pro-angiogenic, initiating endothelial cell migration and proliferation (Fig. 1.16)
(Griendling, 2004, Zhao et al., 2009, Li and Shah, 2004). All vascular cell types, including the
endothelium, can produce ROS. Increasing evidence suggests that the mechanism of oxidative
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stress-induced angiogenesis (also known as ROS-mediated angiogenesis) is highly regulated by
HIF/VEGF/VEGFR expression and signalling (Xia et al., 2007).
A range of mechanisms may lead to hypoxia-induced ROS generation and angiogenesis, including
HIF-1α stabilisation (Hypoxia/ROS/HIF-1α pathway) (Hielscher and Gerecht, 2015). Apart from the
primary oxygen-binding mechanism of HIF-1α activation, hypoxia can increase ROS via electron
transfer in mitochondria (Fig. 1.15, left) (Guzy and Schumacker, 2006, Hamanaka and Chandel,
2009). Mitochondrial-derived ROS can activate pro-angiogenic factors (including VEGF) or other
VEGF-independent intracellular pathways leading to tumour growth and angiogenesis (Fig. 1.15)
(Hielscher and Gerecht, 2015). As an example, mitochondrial ROS has been shown to stimulate the
expression of a transcription factor, NF-κB (redox-sensitive nuclear factor -kappaB), involved in cell
proliferation, angiogenesis, and tumour metastasis (Lluis et al., 2007). However, it is not yet clear
whether this mechanism is VEGF-dependent or –independent (Hielscher and Gerecht, 2015).
Moreover, miRNAs (miR-210) have also shown to be regulated by the hypoxia/ROS/HIF-1α
pathway (Favaro et al., 2010, Tong and Rouault, 2000).
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Figure 1.15. Oxidative stress (ROS generation) and angiogenesis.
ROS, generated through two main sources, mitochondria and NADPH oxidase, triggers angiogenesis via two main
mechanisms: VEGF-dependent pathway via HIF- VEGF/VEGFR-2 signalling, or VEGF-independent pathway involving
lipid oxidation products, Toll Like Receptor (TLR) and NF-κB pathway, and Ataxia-telangiectasia mutated (ATM).
Adapted from Sanhueza et al., 2015 (Sanhueza et al., 2015), and Xian et al., 2019 (Xian et al., 2019), reproduced with
permission.

1.2.3.2 Hypoxia-independent angiogenesis
Despite the critical role of hypoxia in angiogenesis as the principal regulatory factor for HIF-1α
activation, several hypoxia-independent processes also impact on HIF-1α protein levels, stability
and function, and consequently VEGF signalling.
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1.2.3.2.1

HIF/VEGF-dependent pathways

Under normoxic conditions, multiple growth factors, cytokines, and chemokines can upregulate
angiogenesis via overexpression of the HIF-1α/VEGF/VEGFR-2 pathway (Masoud and Li, 2015, Xian
et al., 2019).
VEGF is essential for physiological and pathological angiogenesis and is influenced by ROS (UshioFukai and Alexander, 2004). ROS-driven VEGF/VEGFR-2 activation is one of the main mechanisms
involved in many vascular-related pathologies, such as vascular injuries (Kim and Byzova, 2014).
Apart from the mitochondrial generation of ROS during hypoxia, many studies have shown that
under normoxia, NADPH oxidases (NOX) and eNOS uncoupling are the major sources of vascular
ROS, generating superoxide oxide (O2−) instead of peroxide or NO, respectively (Ushio-Fukai and
Alexander, 2004). Moreover, NOX-derived ROS upregulates the expression of VEGF and FGF,
adhesion molecules, cytokines, and MMPs via activation of the MAPK and/or NF-κB pathway,
leading to the degradation of the basement membrane, and consequently promoting endothelial
cell migration and angiogenesis (Zhao et al., 2009). On the other hand, VEGF itself can also act
upstream to ROS and further stimulate angiogenesis via activation of NADPH oxidase in
endothelial cells (Fig. 1.15) (Ushio-Fukai and Alexander, 2004). Therefore, ROS interaction with
VEGF, whether upstream or downstream, regulates angiogenesis.
Endothelial-derived-NO, as a type of ROS, is a major contributor to angiogenesis, specifically
endothelial-derived NO. VEGF enhances the synthesis of endothelial-derived NO via activating the
Ca2+-calmodulin/Akt pathway, the protein kinase C (PKC) pathway, and the PI3K-Akt pathway,
leading to endothelial cell proliferation, migration, and angiogenesis (Fig. 1.16) (Dulak et al., 2000,
Xian et al., 2019, Murohara et al., 1999, Ziche et al., 1997b). Reciprocally, NO also modulates
VEGF, even though contradictory reports exist in the literature regarding the positive or negative
regulation of VEGF by NO; while several studies found upregulation of VEGF by NO through
different pathways, including HIF-1α activation, (60, 62, 91, 92) (Dulak et al., 2000), other reports
showed downregulation of VEGF and HIF-1α by NO, under the influence of a potent NO donor
(sodium nitroprusside (SNP)) (Tsurumi et al., 1997, Ghiso et al., 1999). These conflicting data are
believed to be associated with different NO concentrations (Kimura and Esumi, 2003). Low levels
of NO, mainly generated by eNOS, stimulate VEGF expression via the HIF-1 pathway. However,
high amounts of NO, produced by iNOS in macrophages and tumour cells, inhibit VEGF (Kimura
and Esumi, 2003). Nevertheless, the negative feedback of iNOS-derived NO on VEGF expression is
likely overcome by the significant hypoxia-mediated HIF-1 activity in tumours (Kimura and Esumi,
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2003). Interestingly, some studies have also demonstrated a direct pro-angiogenic effect of NO, in
absence of VEGF or other growth factors (Babaei and Stewart, 2002).
Furthermore, ROS accumulation facilitates the oxidation of low-density lipoproteins (OxLDL) in the
vascular wall. OxLDL strongly stimulates HIF-1α and VEGF, and consequently angiogenesis (Fig.
1.16) (Xian et al., 2019). OxLDL is known to be an early event in atherosclerosis (Leiva et al., 2015).
ROS-activated VEGF/VEGFR-2 via HIF-1α upregulation (and regardless of oxygen levels), allows
activation of multiple intracellular signalling pathways via phosphorylation and activation of
downstream kinases (Sang et al., 2003, Minet et al., 2000). These signalling pathways include
phospholipase

C

gamma

(PLCγ)

and

PI3K/Akt/mTOR,

which

further

stimulates

the

Ras/Raf/MEK/ERK (also known as MAPK) pathway. These signalling pathways are involved in cell
survival, apoptosis, proliferation, migration, inflammation, and angiogenesis (Agani and Jiang,
2013, Xian et al., 2019) (Fig. 1.16).
Other metabolic regulators also play a critical role in regulating angiogenesis in a VEGF-dependent
manner, regardless of oxygen levels (Fraisl et al., 2009). Examples include PGC-1α, a regulator of
mitochondrial biogenesis in cells, that induces HIF-1α and VEGF-A expression via interaction with
estrogen-related receptor-α (ERR-α), thereby stimulating angiogenesis (Fraisl et al., 2009). In
addition, adipokines, such as leptin and adiponectin, also affect angiogenesis. While leptin
stimulates angiogenesis via inducing VEGF and FGF2, adiponectin can act both as an angiogenic
stimulator or inhibitor, by increasing eNOS activity involving VEGF-A, or inducing endothelial cell
apoptosis respectively (Fraisl et al., 2009, Ouchi et al., 2004). Peroxisome proliferator-activated
receptors (PPARs) also modulate angiogenesis. Of the three isoforms of PPARs, the PPARα isoform
inhibits angiogenesis by direct or indirect downregulation of VEGF or VEGFR-2, but also by
increasing thrombospondin-1 (TSP-1) and other angiogenic inhibitors. Similarly, PPARγ (a regulator
of adipose development and insulin sensitivity) inhibits angiogenesis but the mechanism is not
clear (Fraisl et al., 2009). On the contrary, the PPARβ isoform, a lipid oxidation regulator,
stimulates capillary maturation and proliferation via increasing VEGF (Fraisl et al., 2009).
Another example of HIF-regulation of angiogenesis, independent of oxygen levels, is via heat shock
protein 90 (Hsp90). Hsp90 is a chaperon protein that stabilises proteins against heat shock and
helps in protein folding, maturation, and degradation (Hoter et al., 2018). The mechanism of
action in angiogenesis involves the binding to HIF-1α and consequent dimerisation with HIF-1β,
leading to HIF-1 stability (Isaacs et al., 2002).
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Interleukins (ILs) cause NF-κB activation. As such, IL-6, a proinflammatory cytokine, increases
VEGF, promoting angiogenesis in gastric carcinoma (Huang et al., 2004).
Forkhead box O transcription factors (Foxo), a family of proteins that play an important role in cellcycle arrest, DNA repair, and apoptosis, have shown a conflicting role in angiogenesis. Foxo1 and
Foxo3 are activated during fasting, increasing the expression of genes involved in lipid-oxidation
(Fraisl et al., 2009). While Foxo1 downregulation disrupts angiogenesis during development,
Foxo3 suppression in adults has been shown to increase endothelial cell migration and tube
formation in vitro and in vivo (Potente et al., 2005). Overall, however, Foxo members have been
shown to inhibit angiogenesis in vivo (Fraisl et al., 2009).
Mechanical forces such as shear stress can also stimulate angiogenesis. Mechanosensitive cation
channels, such as calcium-potassium (KCa) channels, are sensitive to shear fluctuations. Shear
stress activates these channels and triggers eNOS, and thus NO production, which has critical
functions in angiogenesis (Sewduth and Santoro, 2016).
1.2.3.2.2

HIF/VEGF-independent pathways

While VEGF is typical activated during both physiological and pathological angiogenesis, the latter
appears to be closely associated with inflammatory processes and subsequent ROS generation and
oxidative stress (Kim et al., 2013).
Recent studies have identified ROS as a chief mediator of several HIF/VEGF-independent pathways
to stimulate angiogenesis, particularly the carboxyethylpyrrole (CEP) and the ataxia-telangiectasia
mutated (ATM) pathways (Kim et al., 2013, Kim and Byzova, 2014, Xian et al., 2019).
Another angiogenesis mechanism that is ROS-mediated and VEGF-independent is the oxidation of
lipids such as polyunsaturated fatty acids (PUFAs), present within membrane phospholipids
(Gueraud et al., 2010, Negre-Salvayre et al., 2010). An important PUFA phospholipid is
docosahexaenoic acid (DHA), a highly abundant fatty acid in many human tissues, especially the
retina and the brain. PUFA is oxidised by ROS at the sites of injury or inflammation with the
consequent generation of CEP (the main family member of carboxyalkyl pyrrole (CAP) proteins)
(Kim et al., 2013). CEPs are important biomarkers for oxidative stress-induced angiogenesis in
wound-healing and also in several pathologies such as age-related macular degeneration (AMD) or
tumours (Kim and Byzova, 2014). CEPs activate Toll-like receptors (TLRs), a family of protein
receptors expressed in the innate immune system (on leukocytes membrane) but also in non30
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immune cells (such as fibroblasts, epithelial and endothelial cells) (Fig. 1.15 and 1.16) (Kim and
Byzova, 2014). Studies have shown a significant association between the TLR pathway and
oxidative driven-driven angiogenesis, where NF-κB plays a critical role. Well-known pro-angiogenic
ligands of TLRs on endothelial cells, including CEP, lipopolysaccharide (LPS), and macrophageactivating lipopeptide-2 (MALP2), stimulate angiogenesis through different VEGF-independent
pathways as shown in Fig. 1.16. (Kim et al., 2013, Xian et al., 2019).
ROS also stimulate the production of the protein kinase ATM to regulate angiogenesis (Xian et al.,
2019). This serine-threonine kinase is involved in DNA damage repair and cell cycle regulation.
Unlike the CEP-TLR pathway, the role of the ATM pathway is limited to pathological angiogenesis
and only affects endothelial cells via the p38 pathway (Fig. 1.15 and 1.16) (Xian et al., 2019).
Another oxidative stress-driven factor, PDGF (known to be essential for wound healing), is
activated by H2O2 and upregulates angiogenesis in a VEGF-independent manner. The mechanism
of action of PDFG is via the PI3K/Akt and MAPK pathways, also used by VEGF-dependent factors
(Fig. 1.15) (Xian et al., 2019).

Figure 1.16. Schematic diagram of angiogenesis signalling pathways regulated by oxidative stress.
In response to oxidative stress, two main signalling pathways are described: VEGF-dependent, and VEGF-independent
signalling pathway. (Left) In the VEGF-dependent pathway, oxidative stress causes Poly I:C, ROS, NO, OxLDL, OxPLs,
and LPS to stimulate HIF-1α/VEGF/VEGFR-2 pathway and induce angiogenesis. (Right) In the VEGF-independent
pathway, oxidative stress induces other mediators including CEP, LPS, MALP-2, ROS, and PDGF. Once coupled to their
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receptors, or activate their downstream mediator targets, they promote angiogenesis, Adapted from Xian et al., 2019
(Xian et al., 2019), reproduced with permission.

Studies have shown a positive feedback loop between angiogenesis and oxidative stress. Newly
generated blood vessels enhance the recruitment of inflammatory cells that generate proangiogenic factors. This leads to further angiogenesis stimulation, which again triggers
inflammation and oxidative stress until it becomes a chronic process (Kim et al., 2013).
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1.3 Inhibiting pathological angiogenesis
1.3.1 Introduction
Angiogenesis has become an attractive goal for drug therapy given its significant contribution to
the development of pathologies such as proliferative diabetic retinopathy, AMD (Paulus and Sodhi,
2016), obesity (Lemoine et al., 2013), psoriasis (Xian et al., 2019), atherosclerosis (Kimura et al.,
2007, Jain et al., 2007) and several solid tumours (Rajabi and Mousa, 2017, Keefe et al., 2011,
Jászai and Schmidt, 2019).
The idea of inhibiting angiogenesis as a therapeutic target was initially suggested by Dr. Judah
Folkman in cancer (Folkman, 1971). His laboratory then introduced the first anti-angiogenic agent,
interferon-α (IFN-α) in 1980 (Folkman, 2007), based on the assumption that angiogenesis
inhibition can exert anti-cancer effects by preventing the access of cancer cells to oxygen and
nutrients. In addition, blocking angiogenesis could effectively prevent tumour cell metastasis (Shih
and Lindley, 2006).
1.3.2 Current clinical anti-angiogenic inhibitors, and their pros and cons
Anti-angiogenesis agents are categorised into seven major groups:
1.

Monoclonal antibodies (mAbs) (more importantly anti-VEGFs)

2.

Micro RNAs (miRNAs) / small interfering RNAs (siRNAs)

3.

Aptamers

4.

Gene therapy

5.

Small molecules

6.

Angiostatin / Endostatin

7.

Chimeric antigen receptor T cells (CAR-T) therapy

The clinical application of these therapies is described in Table 1.2 and the following sections.
Table 1.2. Antiangiogenic therapies and clinical applications.
Reproduced from Fallah et al., 2019 (Fallah et al., 2019). Copyright © 2019, Elsevier Masson SAS. All rights reserved.
Anti-angiogenic therapies

Clinical names and applications

Monoclonal antibodies (mAbs)

Bevacizumab (Avastin®) an anti-VEGF-A165 mAb (Ferrara and
Adamis, 2016) for solid tumours (Shih and Lindley, 2006), diabetic
retinopathy (Avery et al., 2006), Cetuximab for tumours (Zhang et
al., 2007), Ranibizumab (an anti-VEGF antigen binding fragment)
for AMD (Ferrara et al., 2006) and diabetic retinopathy (in
combination with a small molecule) (Fallah et al., 2019),
Aﬂibercept for AMD (Balaratnasingam et al., 2015)
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Micro RNAs (miRNAs) /

miR126 (Zhou et al., 2016), miR143and miR145 for cancer and

Small interfering RNAs (siRNAs)

neovascular eye diseases (Rupaimoole and Slack, 2017, Kim and
D'Amore, 2012)
VEGF siRNA–PEG/PEI PEC micelles (Kim et al., 2006)

Aptamers

Pegaptanib sodium (an anti-VEGF aptamer) for retinal vascular
disorders (Ng et al., 2006)

Gene therapy

VEGF scFv Adenovirus, VEGFR2 AAVand VEGF AAV (GuijarroMunoz et al., 2013), AAVrh.10 bevacizumab

Small molecules

Sorafenib, Sunitinib, Everolimus and Temsirolimus (mTOR
inhibitors) (Ferrara and Adamis, 2016), Regorafenib (Grothey et
al., 2013)

Angiostatin and endostatin

Recombinant Human Endostatin Adenovirus (RetinoStat) for
macular degeneration (Campochiaro et al., 2017), Lentiviral
Vector Gene Transfer of Endostatin/Angiostatin for head and
neck cancer (Ye et al., 2014)

Chimeric antigen receptor T cell (CAR-T)

CAR-modiﬁed T lymphocytes with human VEGFR-1 speciﬁcity (V-1
CAR) for tumours (Wang et al., 2013)

1.3.2.1 Monoclonal antibodies (mAbs)
mAbs have been developed to target VEGFs, VEGFRs, and signalling molecules of VEGFs. Clinical
studies have shown that the intraocular injection of anti-VEGF mAbs reverts angiogenesis and
significantly improves the vision of patients with AMD, diabetic retinopathy, and retinopathy of
prematurity (Paulus and Sodhi, 2016, Al-Latayfeh et al., 2012, Jager et al., 2008, Avery et al., 2006).
Bevacizumab (also known by its brand name, Avastin®), the first anti-VEGF mAb used as an antiangiogenic agent, targets the VEGF-A isoform 165, the major ligand of VEGFR-2 (Ferrara et al.,
2004). This drug has been used in colorectal cancer (Zinser-Sierra et al., 2011) and, in combination
with chemotherapy, in breast cancer (Ferrara and Adamis, 2016, Ferrara et al., 2004). Other
commonly used anti-angiogenic mAbs include cetuximab, a direct inhibitor of the EGFR-dependent
pathway (EGFR/Ras/Raf/MAPK/ERK) which results in VEGF inhibition (Folkman, 2007, Weiner et
al., 2010, Pozzi et al., 2016), ramucirumab, a recombinant human IgG1 mAb against VEGFR-2,
ranibizumab (Lucentis), which binds to VEGF-A and inhibits its binding to VEGFRs (Tolentino,
2011), and aﬂibercept (Eylea) and zivaﬂibercept (Zaltrap), synthetic soluble proteins that act as
VEGFRs traps, preventing VEGF function (Balaratnasingam et al., 2015). They have been used in
eye diseases (such as AMD and diabetic macular degeneration) (Balaratnasingam et al., 2015), and
colorectal cancer (Stanel et al., 2017). However, similar to any mAb, they also have the potential
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to cause inappropriate immune responses that could result in treatment withdrawal (Fu and
Xiang, 2020).
1.3.2.2 MicroRNAs (miRNAs) / small interfering RNAs (siRNAs)
MicroRNAs are important angiogenic regulators in vitro. miR-126 has been shown to have dual
functions in pathological angiogenesis; while increased miR-126 stimulates angiogenesis, its
silencing exerted anti-angiogenic effects in a mouse model of AMD (Zhou et al., 2016). In addition,
its anti-VEGF effect on epithelial cells also confirmed the cell type- and disease-speciﬁc function of
miR-126 in angiogenesis (Zhou et al., 2016, Laham-Karam et al., 2015). The miR-143/145 cluster
has also been shown to bind to several mRNAs that encode angiogenic proteins such as VEGF,
EGFR, and ERK in colon and pancreatic tumours, inducing mRNA translational repression or
degradation (Rupaimoole and Slack, 2017). Other RNA interference-based therapies involving
siRNAs to silence mRNA of pro-angiogenic factors have shown great potential for combating
excessive angiogenesis in prostate cancer (Laham-Karam et al., 2015, Kim et al., 2006).
1.3.2.3 Aptamers
Aptamers are single-stranded DNA (ssDNA) or RNA (ssRNA) oligonucleotides (20-80 nt) that,
similar to mAb, can bind with high affinity to a speciﬁc ligand (Fu and Xiang, 2020). However,
aptamers have significant advantages over mAb. Most importantly, they are non-immunogenic,
even at high doses (Fu and Xiang, 2020). This has been confirmed in cancer (Ireson and Kelland,
2006) and AMD (Group, 2002). Other advantages of aptamers include their high carrying capacity
(allowing for a broader range of target delivery into cells (Keefe et al., 2010)), high penetration
rate due to their small size (about 20 kDa), short production time with fewer costs, less batch-tobatch variations, and long shelf-life (Fu and Xiang, 2020). By contrast, their short half-life is
disadvantageous in the clinical setting (Fu and Xiang, 2020).
1.3.2.4 Gene therapy
Angiogenic gene therapy involves the design of a vector (DNA or RNA) encoding for angiogenic
stimulators (such as VEGF and FGF). An example is recombinant adeno-associated virus (rAAV)
vectors, used in vitro as anti-VEGF therapy, encoding soluble VEGFR-1. In these studies, the growth
rate and activity of FMS-like receptor tyrosine kinase-3 (FLT3) (involved in tumour progression
and angiogenesis) in human umbilical vein endothelial cells (HUVECs) were signiﬁcantly inhibited
(Mahendra et al., 2005). Advantages of gene therapy compared to protein-based treatments
include less immunogenicity and more efficient tumour cell penetration (Zhang et al., 2007, Sanz
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et al., 2004). However, a significant challenge is keeping the transgene in the target cell long
enough to deliver its therapeutic effect (Fallah et al., 2019).
1.3.2.5 Small molecule inhibitors
Small molecule angiogenic inhibitors can target a variety of processes involved in angiogenesis.
These include the FDA-approved drugs sorafenib (Nexavar®), sunitinib, pazopanib, and axitinib.
These multi-kinase inhibitors have shown high target affinity and reduced off-target effects versus
mAbs. In addition, regorafenib, which interferes with diﬀerent kinases involved in angiogenesis
(e.g. VEGFRs, Tie-2), is the first and only treatment that has demonstrated a significant
improvement in oxidative stress in hepatocellular carcinoma patients (Bruix et al., 2017). Small
anti-angiogenic molecules are being used in metastatic breast cancer, pancreatic neuroendocrine
cancer, gastrointestinal stromal cancer, renal cell cancer, hepatocellular and colorectal cancers
(Fallah et al., 2019, Zirlik and Duyster, 2018). Moreover, angiogenesis and VEGF signalling, as one
of the important features in skin diseases such as psoriasis, has also been targeted by anti-VEGF
agents (in particular sorafenib, bevacizumab, and sunitinib) in these patients (Xian et al., 2019).
1.3.2.6 Angiostatin / endostatin
Angiostatin and endostatin are endogenous angiogenic inhibitors. Previous studies have shown
that gene transfer of endostatin/angiostatin suppresses angiogenesis (by inhibiting VEGF/VEGFR
binding) in ex vivo corneal angiogenesis (Murthy et al., 2003), in vivo macular degeneration
(Campochiaro et al., 2017), solid tumours such as ovarian cancer (Yokoyama et al., 2000), and
leukemia (Scappaticci et al., 2001).
1.3.2.7 Chimeric antigen receptor T cells (CAR-T) therapy
CAR-T cell therapy is a novel and FDA-approved immunotherapeutic method of cancer treatment.
The anti-angiogenic engineered T cells are designed to recognise and kill tumour cells through the
high affinity of their receptors for angiogenic factors (e.g. VEGFR-2) (Holzer et al., 2013).
1.3.3 Limitations and disadvantages of current anti-angiogenic therapies
Despite the therapeutic benefits of anti-angiogenic therapies, a significant hurdle is represented
by their off-target effects. Targeting the VEGF signalling pathway in normal tissues will cause
endothelial dysfunction and interfere with other homeostatic mechanisms, with consequent
toxicity (Chen and Cleck, 2009, Rapisarda and Merilli, 2012). This includes hypertension (Chen and
Cleck, 2009, Belcik et al., 2012), thrombosis, abnormal fetal development, reproduction, kidney
function, and wound healing (Rajabi and Mousa, 2017, Cook and Figg, 2010).
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Furthermore, currently available antiangiogenic therapies have the potential to trigger drug
resistance, resulting from further hypoxia and oxidative stress due to accumulation of CEPs,
followed by subsequent vessel formation in a VEGF-independent manner (Kim et al., 2013).
Other important challenges with current anti-angiogenic therapies include their inability to
distinguish between physiological and pathological angiogenesis (Fallah et al., 2019) and the high
cost of specific treatments, i.e., gene and cell therapy (Ferrara and Adamis, 2016). For these
reasons, there is an intense focus on better understanding the molecular mechanisms regulating
angiogenesis in order to develop more safe and effective treatments. Therefore, the focus of this
project was to identify new druggable targets that overcome the limitations of existing antiangiogenic therapies.
1.3.3.1 NOS inhibition, as a potential strategy to inhibit excessive angiogenesis
NOS enzymes produce NO by using L-arginine (L-Arg) and NADPH as substrates. Studies have
shown that NOS inhibition using the NOS antagonist N w-nitro-L-arginine methyl ester (L-NAME)
suppresses angiogenesis in vitro and in vivo (Babaei et al., 1998, Ziche et al., 1994). However, the
contribution of NOS isoforms in this process is different. In particular, eNOS and iNOS have shown
to be induced by VEGF in endothelial cells in vitro (Fukumura et al., 2001, Hood et al., 1998, Kroll
and Waltenberger, 1998, Papapetropoulos et al., 1997).
1.3.3.1.1

Contribution of NOS enzymes in NO production

Collagen gel implantation studies in eNOS knock-out mice demonstrated significantly lower
angiogenesis compared to wild-type mice (Fukumura et al., 2001). While eNOS has been reported
to be the major NOS isoform mediating angiogenesis, the additive and/or complementary role of
iNOS cannot be ignored. According to prior studies, selective inhibition or gene deletion of iNOS
slowed but not suppressed angiogenesis. In contrast, eNOS gene deletion significantly attenuated
VEGF-induced angiogenesis (Fukumura et al., 2001). iNOS is regulated by various inflammatory
cytokines, lipopolysaccharides and other stimuli, generating high amounts of NO which is cytotoxic
(Duda et al., 2004, Rao et al., 2010). However, the activity of this enzyme is calcium-independent
(Murphy, 1999). At normal intracellular Ca2+ levels, iNOS-derived NO is dependent on enzyme,
substrate, or co-factor presence. However, even at lower expression levels, iNOS can still have a
considerable impact on angiogenesis. During normal conditions, Ca2+-dependent eNOS and nNOS
enzymes in their inactive state produce minimum amounts of NO (Murphy, 1999). However,
during hypoxia VEGF activates eNOS in endothelial cells via elevating Ca2+ levels (Arnould et al.,
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1992, Murphy, 1999), or in a Ca2+-independent fashion via recruitment of Hsp90, and NOS
phosphorylation by PI3K/Akt pathway (Duda et al., 2004). Similarly, nNOS can also become
activated during neurotoxicity, producing excessive amounts of NO (Murphy, 1999).
1.3.3.1.2

NO signalling: Protective/cytotoxic activity of NO

NO is involved in a variety of physiological and pathological processes in vivo. This signalling
molecule exerts its effect via three mechanisms. The first involves the activation of guanylate
cyclase by binding to its heme group, producing soluble cGMP from GTP, which further activates
protein kinase G (cGK) (Münzel et al., 2003). The second involves the S-nitrosylation of a wide
range of proteins with the formation of S-nitrosothiol (SNO) groups (Lima et al., 2010). Finally, NO
reacts with the superoxide anion (O2.−) to generate peroxynitrite, a strong oxidant that activates
several cell pathways including PI3K/Akt and MAPKs (Liaudet et al., 2009).
NO has a range of protective effects on the endothelium, the arterial wall, and the nervous and
immune systems which occur at pico- to nanomolar concentrations (Valko et al., 2007). However,
higher concentrations of NO and its derivatives (such as peroxynitrite), whether from iNOS
upregulation or exposure of eNOS to chronically elevated calcium, can cause oxidative stress,
apoptosis, and mitochondrial dysfunction (Levine et al., 2012, Zenebe et al., 2007). Excessive NO
production is known to be involved in pathological conditions associated with angiogenesis
including neurodegenerative disorders, rheumatoid arthritis, septic shock, and several tumours
(Pacher et al., 2007). Therefore, NOS inhibition appears to be a promising target to inhibit
angiogenesis in these conditions. Since eNOS, among the NOS isoforms, has a critical role in
regulating angiogenesis, understanding its regulatory mechanisms may provide additional and
novel therapeutic approaches to treat angiogenic-dependent pathologies.
1.3.3.1.3

Regulation of eNOS

NOS enzymes regulate NO synthesis at the level of expression, via transcriptional and posttranscriptional modifications (PTMs), or depending on their availability and activity (Förstermann
and Sessa, 2012). Various mechanisms modulate eNOS availability and activity by either affecting
eNOS mRNA stability or eNOS protein interaction with binding partners (Heiss and M Dirsch,
2014). PTMs are among the most common protein modifications that regulate eNOS function in
response to physiological and pathological stimuli and include acylation, acetylation,
glutathionylation, glycosylation, methylation, nitrosylation and phosphorylation (Heiss and M
Dirsch, 2014). Among these, phosphorylation is the most studied PTM known to influence eNOS
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activity. However, other PTMs such as methylation of arginine residues have emerged as
important modulators of eNOS function (Leiper and Nandi, 2011). Protein arginine methylation is
known to be an important PTM involved in DNA transcriptional regulation, cellular signalling, and
protein function (Bedford and Richard, 2005, Tang et al., 2000, Zakrzewicz and Eickelberg, 2009).
Upon cellular proteolysis, methylated proteins release free monomethylarginine (MMA),
symmetric dimethylarginine (SDMA), or asymmetric dimethylarginine (ADMA) (Fig. 1.20).
Methylarginines regulate NOS protein functions and thereby angiogenesis, as discussed below.
1.3.3.1.3.1 Regulation of eNOS by phosphorylation (calcium-dependent or independent)
In the plasma membrane of endothelial cells, the majority of eNOS is located within the caveolae,
and in association with caveolin-1 (Cav-1) protein, in an inactive state (Fig.1.17, a). eNOS is
particularly sensitive to intracellular calcium concentrations ([Ca2+]i). Several stimuli, such as
growth factors (e.g. VEGF), acetylcholine and bradykinin, can increase [Ca 2+]i in endothelial cells
which, in turn, binds to calmodulin (CaM) (calcium-modulated protein) and causes the dissociation
of eNOS from Cav-1 (Fig.1.17, b). Subsequently, Hsp90 protein, induced by VEGF and shear stress,
binds to eNOS and further facilitates its detachment from the caveolin clamp (Hoter et al., 2018,
Amour et al., 2009) (Fig.1.17, c). Caveolin-free eNOS undergoes phosphorylation at serine residue1177 via the PI3K/Akt or AMPK pathways (Fig. 1.17, red arrows) and deacetylation by sirtuin-1
(SIRT-1) (Fig. 1.17, purple arrows) (Triggle et al., 2012). The phosphorylated or deacetylated eNOS
is active, catalysing L-Arg to L-Cit (Fig. 1.17, green arrows) (McCabe et al., 2000, Fulton et al.,
1999, Duda et al., 2004). eNOS can also be activated in a calcium-independent manner through
the activation of PI3K/Akt and protein kinase A (PKA) and consequent phosphorylation of eNOS at
Ser-1177 (Fleming and Busse, 2003). However, calcium-independent eNOS activation results in
relatively low NO synthesis (Fleming et al., 2001). Of note, phosphorylation of other eNOS sites
(including Ser-116 and Thr-495) inhibits eNOS activity (Triggle et al., 2012).
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Figure 1.17. Regulation of eNOS.
In the plasma membrane, eNOS is mainly associated with Cav-1, inhibiting calmodulin binding and activation of eNOS
2+
(a). An increase in free [Ca ]i, as well as receptor-mediated agonist stimulation, results in eNOS dissociation from
caveolae and binding of the calcium–calmodulin (CaM) complex (b). Recruitment of Hsp90 to the complex further
2+
results in a stronger binding of Ca /CaM and release of caveolin inhibitory clamp (c). Based on the physiological
stimuli, eNOS travels between cytosol and Golgi. Cav-1-free eNOS can get activated via phosphorylation (by proteins
kinases: PKA, PKB (or Akt), PKC, or AMPK) (red arrows) or deacetylation (by SIRT-1) (purple arrows). Finally, active
eNOS catalyses the conversion of oxygen molecule to NO via converting L-arginine (substrate) to L-citrulline (d) (green
line). Adapted from Triggle et al., 2012 (Triggle et al., 2012), reproduced with permission.

1.3.3.1.3.2 Regulation of eNOS by methylated arginines
Arginine methylation (ArgMe) is a common PTM, regulating NOS function. Incorporated L-Arg in
proteins is methylated by protein arginine methyl transferases (PRMTs) types I and II. While both
subtypes can monomethylate arginine to create L-NMMA, transfer of the additional methyl group
is specific, where only PRMT I catalyses ADMA, and PRMT II creates SDMA (Fig. 1.18) (Yang and
Bedford, 2013, Cooke, 2004). PRMT type I is the predominant PRMT in mammalian cells, modifying
around 90% of methylated arginines (Tang et al., 2000). The transfer of two methyl groups to the
arginine side chain by PRMTs is considered to be stable (Vallance and Leiper, 2004).
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Figure 1.18. Arginine methylation.
Types I, II and III protein arginine methyltransferases (PRMTs) generate monomethylarginine (L-NMMA) by transfer of
one methyl group to the guanidine amino group of arginine. The subsequent transfer of a second methyl group to the
same nitrogen by type I PRMTs, results in generation of an asymmetric dimethylarginine (ADMA). Type II PRMTs
transfer the additional methyl group to the opposite terminal nitrogen, producing symmetric dimethylarginine
(SDMA). Adapted from Yang et al., 2013 (Yang and Bedford, 2013), reproduced with permission.

Upon proteolysis of proteins, methylated arginines are released in the cytosol (Vallance and
Leiper, 2004). As methylated arginines are almost identical to L-Arg, they can compete for the
active site of all NOS enzymes (Vallance and Leiper, 2004). Interestingly, the inhibition only occurs
with asymmetrically methylated arginines (e.g. L-NMMA and ADMA), whereas SDMA does not
directly inhibit NOS (Vallance and Leiper, 2004). However, SDMA can compete with arginine for its
membrane transporter CAT (cationic amino acid transporter), thereby affecting arginine
availability within the cell.
Although both L-NMMA and ADMA have almost equal potency for NOS inhibition, the latter is the
predominant methylarginine with plasma levels of 10-fold greater than those of L-NMMA.
Therefore, the overall impact of ADMA on NO regulation is greater than that of L-NMMA (Leone et
al., 1992). Accumulation of ADMA in cytosol and plasma provides a marker of risk for many
cardiovascular disorders with demonstrated impairment in NOS and NO synthesis, including
hypertension, diabetes, insulin resistance, hypercholesterolemia and hypertriglyceridemia (Cooke,
2004, Zhang et al., 2011).
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1.3.3.1.3.3 Regulation of eNOS by DDAH (central role of DDAH in ADMA clearance)
In vivo, ADMA and L-NMMA are eliminated through renal excretion (Teerlink, 2005). However,
approximately 70% of elimination (Achan et al., 2003)) occurs by catabolism of ADMA and LNMMA to L-citrulline and mono- or diamines

through the enzyme dimethylarginine

dimethylaminohydrolase (DDAH) (Fig 1.19) (Vallance and Leiper, 2004, Sibal et al., 2010).
Therefore, DDAH influences NO synthesis via regulating ADMA levels.
Increasing DDAH expression or activity could be used to treat diseases with increased ADMA and
reduced NO signalling, such as insulin resistance, kidney disease and coronary artery disease
(Zoccali, 2006, Schnabel et al., 2005). However, inhibition of DDAH can also represent a novel
therapeutic strategy in disorders with excessive NO production, including septic shock, certain
cancers, and arthritis (Thiemermann, 1994, Thomsen and Miles, 1998, Dulak and Józkowicz, 2003).

(a)

(c)

(d)
(b)

(e)

(f)

Figure 1.19. Methylarginine metabolism.
The methylation of amino acid L-Arg is performed by enzyme PRMT (a). Proteolysis of arginine-methylated
proteins results in free MMA, ADMA or SDMA, depending upon the number and position of the incorporated methyl
groups (b). Free L-Arg can either get metabolised by arginase enzymes to generate L-ornithine and urea (c), or by NOS
enzymes to NO and L-citrulline (d). Cells can also release methylarginines to the extracellular space through CAT
transporters (e) to exert specific biological effects, or to get eliminated via hepatic metabolism or renal excretion.
DDAH enzymes can use MMA and ADMA, but not SDMA, as substrates to generate L-citrulline and mono- or diamines
(f). In particular, both DDAH substrates, MMA and ADMA, act as potent endogenous inhibitors of NOS enzymes
Adapted from Zakrzewicz and Erickelberg, 2009 (Zakrzewicz and Eickelberg, 2009), reproduced with permission.
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The DDAH family includes the isoforms DDAH1 and DDAH2 (Vallance and Leiper, 2004). These
isoforms have highly conserved amino acid sequences in humans (62%) and across species
(human, mouse, rat, and bovine gene) (DDAH1: 92%, DDAH2: 95%) (Tran et al., 2003, Leiper et al.,
1999, Hulin et al., 2020). DDAH1 is mainly expressed in tissues with nNOS expression, including the
brain (Greco et al., 2015) and sensory neurons (D'Mello et al., 2015), while DDAH2 is highly
expressed in eNOS-expressing tissues (e.g. blood vessels and endothelium) with key role in
embryonic development (Palm et al., 2007), the retina and choroid (Lange et al., 2016), pancreas
(Hasegawa et al., 2013), and infected tissues (Amrouni et al., 2011). Interestingly, DDAH2 has been
identified to regulate both eNOS and iNOS in endothelial cell cytosol and smooth muscle cells,
respectively (Ueda et al., 2003, Cillero‐Pastor et al., 2012). Regardless of their location, both
isoforms are reported to be bound with a Zn 2+ ion, and are localised in the cytosol (Knipp et al.,
2001). Nevertheless, due to their hydrophobic secondary structure, they are found in lipid
membranes (e.g. mitochondrial membrane) (Cillero‐Pastor et al., 2012).
There is increasing evidence that ADMA and L-NMMA are not substrates for DDAH2, and the
impact of DDAH2 on the concentrations of these methylarginines may be through an indirect
mechanism (Lambden et al., 2015, Lange et al., 2016). Based on current evidence, DDAH1 has
more contribution in overall metabolism and clearance of ADMA and L-NMMA, and consequently
NO homeostasis and angiogenesis (Leiper et al., 1999, Wilcken et al., 2007, Hu et al., 2011a, Zhang
et al., 2011). Therefore, understanding the mechanism of angiogenic regulation by DDAH1 is of
high importance.
1.3.3.1.4

Regulation mechanisms of DDAH1-mediated angiogenesis

Several studies have demonstrated the involvement of DDAH1 in both physiological and
pathophysiological angiogenesis (Hulin et al., 2020). The possible mechanisms involved are
described in Figure 1.20 and include the Akt pathway (phosphorylation of endothelial Akt (pAktSer473)), indicated by prior immunoblot and tube formation studies (Zhang et al., 2011). DDAH1
activates Ras signalling, which is known to phosphorylate and activate Akt via the PI3K pathway,
and consequently phosphorylates eNOS (p-eNOSSer1177). This mechanism can be either ADMAdependent (Fig. 1.20, a) or independent (Fig. 1.20, b), and via NO-cGMP pathway (Zhang et al.,
2011).
The well-studied regulatory role of DDAH on angiogenesis is via mediating the ADMA pathway and
its consequent impact on eNOS regulation and NO availability. The DDAH/ADMA/NOS pathway
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plays a major role in angiogenesis both in vitro and in vivo (Jacobi et al., 2005, Achan et al., 2005).
Heterozygous deletion of DDAH1, siRNA silencing, or pharmacological inhibition led to increased
levels of ADMA in plasma, tissue, or culture medium, and reduced NO production, without
affecting eNOS protein expression. This resulted in tube formation inhibition and endothelial
dysfunction (Leiper et al., 2007, MacAllister et al., 1996, Zhang et al., 2011). Interestingly, DDAH1
reduction or heterozygous knockout with consequent ADMA accumulation inhibited VEGF-induced
endothelial cell migration and tube formation in vitro and in vivo, while it did not affect
endothelial cells under basal conditions (with no VEGF induction) (Fiedler et al., 2009).
The role of DDAH1 on angiogenesis has also been confirmed by DDAH1 overexpression studies,
where reduced tissue ADMA raised NO synthesis and enhanced angiogenic responses in vitro
(Kostourou et al., 2002, Smith et al., 2003), stimulated sprouting from aortic rings (WojciakStothard et al., 2007, Konishi et al., 2007), and also induced angiogenesis in tumours and other
ischemic vascular diseases (Kostourou et al., 2002, Jacobi et al., 2005).
Another mechanism by which the DDAH/ADMA/NO pathway regulates angiogenesis is via the Rho
GTPase. The Rho family of GTPase (part of the Ras superfamily) are key regulators of actin
polymerisation and cytoskeletal rearrangement, controlling actin-based endothelial cell motility
and angiogenesis (Fiedler and Wojciak-Stothard, 2009, Wojciak-Stothard et al., 2007).
Heterozygous knockout of DDAH, or treating endothelial cells with ADMA, dephosphorylates and
thus activates RhoA (Fiedler and Wojciak-Stothard, 2009). This enhances stress fibres (contractile
actin bundles found in non-muscle cells), inhibiting endothelial cell motility, migration, and
proliferation in vitro (Fig 1.20, c) (Wojciak-Stothard et al., 2007). This mechanism can be reversed
by protein kinase G (PKG) via phosphorylating RhoA at serine residue 188, thereby downregulating
its activity, leading to angiogenesis upregulation (Fiedler, 2008).
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Figure 1.20. Regulatory pathways of DDAH1-mediated angiogenesis.
(a) DDAH1 overexpression, increased tube formation via accumulation of ADMA and inhibition of eNOS (b) DDAH1
overexpression increased angiogenesis through phosphorylation of Akt (Ser473) and eNOS (Ser1177), an independent
pathway from ADMA and NO-cGMP. (c) DDAH1 inhibition or ADMA increase, results in elimination of NO, leading to
RhoA de-phosphorylation and therefore activation of stress fibres and ultimately inhibition of angiogenesis. Adapted
from Zhang et al., 2011 (Zhang et al., 2011) and Fiedler et al., 2008 (Fiedler, 2008), reproduced with permission.

The effect of DDAH on angiogenesis is believed to be VEGF-dependent (Fiedler et al., 2009).
Previous studies have shown that DDAH1 overexpression eliminated the inhibitory effect of ADMA
and restored normal angiogenesis via NO production, but only in the presence of VEGF (Fiedler et
al., 2009). Therefore DDAH/ADMA-mediated angiogenesis is dependent on VEGF/VEGFR-2
activation (Cooke, 2003, Murohara and Asahara, 2002, Olsson et al., 2006). On the other hand,
other studies have demonstrated that VEGF is mediated by DDAH; DDAH upregulation enhanced
VEGF expression in glioma cells (Kostourou et al., 2002), and human and mice endothelial cells
(Smith

et

al.,

2003),

stimulating

angiogenesis.

These

findings

suggest

a

potential therapeutic benefit for DDAH1 inhibition, suppressing VEGF pathway in disorders
associated with excessive angiogenesis.
1.3.3.1.5

Endogenous regulation of DDAH1

DDAH activity is endogenously modulated via several mechanisms including PTM. An important
PTM mechanism regulating enzymatic activity is S-nitrosylation of a cysteine residue, known to be
associated with increased iNOS (Palm et al., 2007). High NO, generated from iNOS, can bind to
DDAH cysteine, inhibiting this enzyme (Palm et al., 2007). S-nitrosylated DDAH causes ADMA and
L-NMMA accumulation, resulting in NOS inhibition (Leiper et al., 2002). Moreover, many factors
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associated with oxidative stress, such as shear stress, TNF-α, or OxLDL, can inhibit DDAH
expression and activity (Osanai et al., 2003), leading to ADMA elevation. Accumulation of ADMA in
endothelial cells may inhibit NOS and NO production, leading to endothelial dysfunction (Dayal
and Lentz, 2005). By contrast, there are other oxidative stress-related agents that cause DDAH
elevation, including estrogen (Holden et al., 2003) and interleukin-1β (IL-1β) (Ueda et al., 2003).
1.3.3.2 DDAH inhibition, as a potential strategy to inhibit excessive angiogenesis
DDAH1 overexpression and subsequent NO overproduction have been associated with multiple
pathologies including tumour growth and angiogenesis (Fiedler and Wojciak-Stothard, 2009). This
suggests a potential therapeutic role for DDAH inhibition in this pathway against pathologies
linked with excessive angiogenesis.
Early therapeutic strategies directly targeting NOS or scavenging NO by using L-NMMA have been
unsuccessful during clinical studies (Kinasewitz et al., 2008, López et al., 2004). This was due to the
severe adverse effects from excessive vasoconstriction, myocardial depression, immune
suppression, and mortality (Wang et al., 2014). Alternatively, pharmacological inhibition of DDAH,
by limiting overproduction of NO in an indirect fashion without disrupting the homeostatic
functions of this key messenger molecule, may deliver a promising strategy to overcome these
disorders. Several DDAH inhibitor compounds have been synthesised and used in vitro by research
groups (Linsky and Fast, 2011). Many of these inhibitors have presented relatively good selectivity
and inhibitory potential, either against bacterial DDAH (PaDDAH), such as SR445 and
pentafluorophenyl (PFP) sulphonates (Kotthaus et al., 2008, Vallance et al., 2005), or human
DDAH, most importantly L-VINO and L-257 (Kotthaus et al., 2008, Leiper and Nandi, 2011).
However, a selective human DDAH inhibitor has yet to make it to clinical trials.
Our research group has designed and synthesised 12 novel recombinant human arginine analogue
DDAH1 small molecule inhibitors, originated from the initial L-257 scaffold, due to its relatively
high potency and lack of inhibitory potential towards NOSs and arginases (Tommasi et al., 2015).
Among these novel compounds, ZST316 (compound 10a), and ZST152 (compound 14b), exhibited
a greater inhibitory potential than the reference DDAH1 inhibitor, L-257, with a Ki of 1 and 7 μM
respectively, and ZST086 (compound 14a) had the third level of potency and comparable to L-257.
Thus, they were selected for future in vitro experiments to detect their anti-angiogenic potential.
DDAH1 inhibition by ZST316 and ZST152 was demonstrated both in isolation (Tommasi et al.,
2015), and in a cellular model of triple-negative breast cancer (MDA-MB-231 cells) (Hulin et al.,
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2019). Upon incubation of MDA-MB-231 cells with different concentrations of ZST316 and ZST152,
a marked decrease in the intracellular levels of the DDAH1 product, L-citrulline, and a
simultaneous increase in the enzyme substrate ADMA were demonstrated (Hulin et al., 2019). In
vitro tube formation assay using these compounds resulted in significant inhibition of cell
migration and vasculogenic mimicry in these cells in a dose dependent manner (Hulin et al., 2019).
Notably, no effect was observed on cell proliferation. This demonstrates the biological effect of
our DDAH1 inhibitors on inhibiting vascularisation in vitro (Fig. 1.21, B).

Figure 1.21. Schematic illustration of ADMA/DDAH/NOS biochemical pathway and the role of DDAH1 inhibitor,
ZST316, in angiogenesis inhibition.
DDAH enzyme metabolises and degrades the majority of ADMA and L-NMMA to form dimethylamine (DMA) and Lcitrulline (L-Cit). (A) DDAH overexpression leads to degradation of ADMA and L-NMMA, and thus, insufficient
concentrations of these methylarginines. NOS enzyme is activated, producing increased amounts of nitric oxide (NO˙),
thereby promoting angiogenesis. (B) DDAH inhibitor, ZST316, binds to the active site of DDAH enzyme, inhibiting it
activity, leading to accumulation of ADMA and L-NMMA substrates. These arginine analogues compete with L-arginine
(L-Arg) for the active site of NOS enzyme. Upon occupation of NOS binding sites by ADMA or L-NMMA, the enzyme
becomes dysfunctional, leading to a reduction in NO˙ synthesis and thus, inhibition of angiogenesis.
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2.1 Cell culture
A number of cell lines and a primary cell with different characteristics were used for this study.
The HEK-293T cell line (CRL-3216) (ATCC, Manassas, Virginia, USA), human embryonic kidney 293
cells, also known more informally as HEK cells, is derived from human embryonic kidney cells
grown in tissue culture taken from an aborted female fetus. HEK-293 cells were purchased from
American Type Culture Collection (ATCC, Manassas, Virginia, USA) and transfected by a
temperature-sensitive allele of the SV40 large T antigen (Dr. Ben Lewis, Flinders University, SA,
Australia). They were maintained in Dulbecco’s Modified Eagle’s Medium, DMEM, (Gibco, Life
Technologies (Thermofisher Scientific), Grand Island, NY, USA) supplemented 10% (v/v) Fetal
Bovine Serum (FBS) (Bovogen Biologicals, VIC, Australia) with 1% (v/v) MEM non-essential amino
acids (Gibco, Life Technologies, Grand Island, NY, USA) and buffered with sodium bicarbonate (3.7
g/L of media).
The PC-12 Adh (CRL-1721.1) (ATCC, Manassas, Virginia, USA), an adherent version of the PC-12 cell
line, is derived from a pheochromocytoma of the rat adrenal medulla, with an embryonic origin
from the neural crest that has a mixture of neuroblastic cells and eosinophilic cells. F-12K Medium
(Corning Life Sciences, NY, USA) formulation adjusted as per ATCC recommendation was used as
the base medium for this cell line. To make the complete growth medium, 2.5% FBS and 15%
horse serum (Gibco, Life Technologies, Grand Island, NY, USA) were added to the base medium.
The SH-SY5Y (CRL-2266) (ATCC, Manassas, Virginia, USA) is a human-derived cell line, originally
subcloned from cell line SK-N-SH, isolated from a bone marrow biopsy of a four-year-old female
with neuroblastoma. The medium for this cell line consisted of a mixture of 1:1 DMEM: F-12
medium, ATCC formulated, completed with 10% FBS.
The human umbilical vein endothelial cells (HUVECs) (Dr. Claudine Bonder, Adelaide University,
Australia), derived from the endothelium of veins from the umbilical cord, is used to study the
endothelial cell function and the pathology (e.g. angiogenesis). Complete HUVEC media contained
1% HEPES buffer (Invitrogen (TermoFisher): #15630-080) at final concentration of 10mM, 1%
Glutamax 100X-solution (ThermoFisher: #35050061), 1% Antibiotic-Antimycotic 100X-solution
(Invitrogen (TermoFisher): #15240-062), 0.2% Normocin (InvivoGen catalog # antnr-1) and 20%
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FBS in Medium 199 with Earle's Balanced Salt Solution (EBSS), with L-Glutamine (HyClone
#SH30253.01, ), 50 μg/ml of endothelial cell growth supplement (ECGS) (Biomedical Technologies:
#BT-203) and heparin (Sigma: #H3149-100KU) added fresh to culture at the time of experiment.
The VeraVec™ HUVEC (hVera101) (Angiocrine Bioscience, generous donation of Dr. Claudine
Bonder, Uni SA, Australia), were originally isolated from the umbilical cord vein – HUVECs. Utilizing
a single protein from Adenovirus (serotype 5), E4ORF1, these adherent cells are adapted to culture
for multiple passages, but not immortalised. In this study, the first and “classic” human VeraVec
endothelial cells, hvera101, were used. The resistant characteristics of these cells allow for longterm culture in typical serum-containing media, without negative effects of serum over prolonged
passaging; they remain stable and viable in the absence of complex media additives. Complete
medium complex suitable for these cells was the same as HUVEC cells.
The ARPE-19 human retinal pigment epithelial cell line (CRL-2302) (ATCC, Manassas, Virginia,
USA) were cultured in DMEM/F12 1:1 supplemented with 10% FBS, and 1% L-alanyl-L-glutamine
(GlutaMAX; Invitrogen, Carlsbad, CA) (GPS), and used through ≥ 30 passages. Media were changed
twice a week.
All cell lines were generally plated and maintained in T75 or T175 tissue culture flasks (Nunc,
Roskilde, Denmark) uncoated or pre-coated with one µg/mL human Fibronectin (Roche Life
Sciences, Basel, Switzerland, catalogue number 10 838 039 001) in case of HUVEC and VeraVec
cells. All cells were cultured in humidified 37°C cell culture incubator with 5% CO2 and re-fed with
fresh media every two days.
Upon confluency (when cells reach 90-95% confluence), cells were sub-cultured (passaged). The
medium was aspirated and discarded, and the cells were rinsed with 1x phosphate-buffered saline
(PBS) to remove traces of FBS which naturally contains trypsin inhibitor. PBS was aspirated and a
minimal amount of 0.5% trypsin-EDTA (10x) (0.05%) (Gibco, Life Technologies, Grand Island, NY)
was added to adherent cells. Flasks were incubated at 37°C for approximately one minute. After a
few firm gentle taps on flask sides and checking under a microscope (OLYMPUS, NSW, Australia)
for cell detachment, cell suspensions were collected and diluted into pre-warmed complete media
which inactivates trypsin enzymatic activity. HEK-293T, PC-12, and SH-SY5Y cell mixtures were
transferred directly to fresh new flasks at a split ratio of 1:4 to 1:8 for cell lines and incubated at
37°C incubator. For HUVEC and VeraVec subculturing, cell suspensions were transferred into
sterile tubes for centrifugation at 1500 rpm for five minutes at room temperature. The
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supernatant was aspirated, and the pellet resuspended in 3x volume fresh HUVEC media to make
a 1:3 cell suspension seeded on Three Fibronectin-coated 75 cm flasks. Heparin and endothelial
growth supplement (Table 2.5) were added to the medium (ten μL per one mL HUVEC media)
prior to incubation at 37°C incubator.
Cells were allowed to passage at least twice after thawing to recover from freeze-thawing stresses
and re-establish their normal cell cycle. After at least two passages, they were ready to be utilised
for experiments.
The remaining cells were optionally stored by adding approximately 1X106 cells in 90% FBS and
10% Dimethyl sulfoxide, DMSO (Sigma-Aldrich, St Louis, MO, USA) in Nunc™ Cryogenic tubes
(Thermofisher Scientific, Waltham, MA, USA). The cells were frozen gradually by placing them in 80°C freezer for a short term prior to transferring and storing long-term in liquid nitrogen.
High-passaged cell lines (above passage 20) were discarded. VeraVec cells were only freezethawed once and used at passages 7-12 for experiments and any left-over cells were discarded.

2.2 Mycoplasma screening
Cells were tested to be mycoplasma-free once purchased. To prepare samples for mycoplasma
testing, cells grown in media without antibiotics for at least one week in T-75 flask were
trypsinised, neutralised to deactivate trypsin, and 300 μl aliquots of suspended cells were
transferred to a sterile 1.5 ml Eppendorf tube topped with one mL PBS to dilute the growth
medium. The tube was centrifuged at 12,000 rpm for three minutes at room temperature and
the supernatant medium was aspirated out as much as possible. Using sterile pipette tips at all
times, 90 μL 0.05 M NaOH was added to the pellet and pipetted up and down to resuspend evenly.
To lyse the cells and extract the DNA, the suspension was heated at 98°C for ten minutes and let
to cool followed by the addition of ten µL one M Tris, pH 7.4 (Astral Scientific, Taren Point, NSW,
Australia). To amplify the extracted DNA with mycoplasma, genus-specific primer sets and
mycoplasma-specific positive control primer set as internal controls were used. The Master Mix
composition for PCR is listed in Table 2.1.
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Table 2.1. Master Mix composition for mycoplasma contamination testing of cell lines.
Reagent

Volume to Add Per Reaction

NEB 10X Thermopol Buffer

2.5 μL (Containing final MgCl2 concentration of 2 mM)

4X 10 mM dNTP

0.5 μL

Primer mix (5 mM each primer)

2 μL

NEB Taq Polymerase (5 units/ μL)

0.15 μL

H2O

17.85 μL

Total

23 μL

2% agarose gel was made by dissolving 1.5 g Agarose (AppliChem, Darmstadt, Germany) in 75 mL
1x Tris-acetate EDTA electrophoresis (TAE) buffer (Table 2.8) and 7.5 µL Gel Red (Biotium,
California, USA) added to detect the bands. The samples were diluted in dye containing glycerol
and loaded on to the gel along with the 1000 bp (1kb) standard DNA ladders (Promega, Madison,
WI, USA) used as size markers. Electrophoresis was performed at 80-120 volts for approximately
one hour in a Bio-Rad Mini-Sub Gel GT electrophoresis system. The get was imaged on ChemiDoc™
Imaging Systems (BioRad, California, USA).

2.3 Cell proliferation and cell death assays
2.3.1 Crystal violet assay
Crystal violet is a simple assay to obtain quantitative information about the relative density of the
adherent cells to the culture plate via DNA staining. The 10x Crystal violet solution was prepared
by dissolving two g/L Crystal violet (Sigma-Aldrich, Missouri, USA) in 10% buffered-formalin (Orion
Labs, California, USA). The Crystal violet was further diluted in buffered formalin. To perform the
assay, culture media on cells seeded and grown in 96-well plates (Nunc, Roskilde, Denmark) was
carefully aspirated out of the wells and the plate was washed twice with 200 µL 1× PBS. 1x Crystal
violet solution was added to each well (50 µL per well), and the plate was incubated at room
temperature for ten minutes. Afterwards, the plate was immersed in a large beaker three times to
remove the unbound crystal violet stain and then drained upside down on a paper towel overnight
or until completely dry. The stained DNA in each well was solubilised by adding 50 µL of 33% v/v
acetic acid to each well and the plate was agitated on an orbital shaker for ten minutes at room
temperature until a uniform colour was achieved. To quantify the total DNA content of the cells
the absorbance at 570 nm was measured using a VERSAmax Absorbance Microplate Reader
(Molecular Devices, San Jose, CA, USA).
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2.3.2 Sulforhodamine B (SRB) assay
Another colorimetric in vitro assay for cytotoxicity screening is based on staining cellular proteins
with Sulforhodamine B (SRB, Acid Red 52; Sigma-Aldrich, St Louis, MO, USA), and measuring the
total biomass. The seeded cells on a 96 well plate were removed out of the incubator into laminar
flow hood and 50 μL cold SRB fixative solution (50% w/v Trichloroacetic Aced (TCA)) was layered
on top of the 200 μL media in each well (4:1 ratio of fixative solution to media). The plate was then
incubated for one hour at 4°C and then rinsed with water several times to remove TCA solution,
serum proteins. The plates were air dried overnight or until completely dry. The next day, 0.4%
SRB solution was added to each well at a volume enough to cover the wells surface area (50 μL per
well), and allowed to stain with the dye for 30 minutes at room temperature. The unincorporated
dye is then gently removed by aspiration and wells were quickly rinsed with wash solution (1%
acetic acid). The washing step is repeated until the excess dye is removed. After the plates were
completely air-dried, the incorporated dye is liberated from the cells and solubilised in 200 μL SRB
solubilisation solution (ten mM Tris base solution). The plate is gently agitated on orbital shaker
for five minutes at room temperature to enhance the mixing of the dye. The VERSAmax
Absorbance Microplate Reader (Molecular Devices, San Jose, CA, USA) was used to measure
absorbance at a wavelength of 490 nm. Background absorbance at 690 nm was subtracted from
the measurement at 490 nm. An increase or decrease in the number of cells (total biomass) results
in a change in the amount of incorporated dye to the cultured cells, which indicates the degree of
cytotoxicity.
2.3.3 Real-time cell growth analysis
Cell proliferation was measured using the IncuCyte™ Live-cell Analysis System (Essen BioScience,
Michigan, USA). The system acquires, analyses, and quantifies images from living cells overtime via
performing live content imaging. Seeding cell densities for different experiments were dependent
upon the cell type and incubation period. The proliferation of the cells was tracked by IncuCyte
every two hours and the data were presented as the percentage of the cell confluency over time.
Proliferation validation experiments were performed using the xCELLigence RCTA platform (ACEA
Biosciences, California, USA). VeraVec endothelial cells were seeded in fibronectin-coated E-plates
(ACEA Biosciences, California, USA), and cell proliferation was assayed as measures of cell index
inferred by changes in electrical conductivity of cell media. Prior to readings, the cell indices were
adjusted to zero by adding 50 µL of media with 10% FBS.
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2.4 Agarose gel electrophoresis
To analyse the purity of DNA fragments and plasmids from culture preparations or PCR
amplification, agarose gel electrophoresis was used. Agarose gel (2%) was made by adding 1.5 g
Agarose (AppliChem, Darmstadt, Germany) to 75 mL 1x TAE buffer (Table 2.8) and 7.5 µL Gel Red
(Biotium, California, USA). Two µL of DNA sample was added to 23 µL of the prepared Master
Mix (Table 2.1) and the PCR program was set as described in section 2.2. Five µL PCR products
were diluted in dye containing glycerol and loaded on to the gel along with the 1kb DNA ladders
(Promega, Madison, WI, USA) used as size markers. Electrophoresis was performed at 80-120 volts
for approximately one hour in a Bio-Rad Mini-Sub Gel GT electrophoresis system. The get was
imaged on ChemiDoc™ Imaging Systems (BioRad, California, USA).

2.5 Protein extraction, quantification, separation, and detection
2.5.1 Lysate preparation and protein extraction
One cOmplete™ mini protease inhibitor cocktail tablet and one PhosSTOP™ phosphatase inhibitor
cocktail tablet (Roche Applied Science, Mannheim, Germany) was dissolved freshly, in ten mL
according lysis Radioimmunoprecipitation assay (RIPA) buffer (Table 2.8).
After media removal, cells were rinsed twice with pre-chilled 1x PBS pH7.4 (or TBS for
Phosphorylation study) and flasks were put on ice while cells were scraped and collected in eight
mL pre-chilled TBS and transferred to a ten mL tube. The cell suspension was centrifuged at 1500
rpm for five minutes at 4 °C. The supernatant was aspirated, and the previous washing step was
repeated two additional times. After the last wash, seven mL of the supernatant was removed,
and the cell pellet was resuspended gently and transferred to pre-chilled two mL Maxymum
Recovery tubes (Axygen). A final spin at 2000 rpm, for five minutes at 4°C was performed. The wet
pellet was weighed and dissolved in ice-cold lysis buffer (aiming to achieve final protein
concertation of one mg/mL).
The homogenisation of extracts of broken cells was performed with an ultrasonic processor (VibraCell™ Ultrasonic Liquid Processor, Sonics & Materials, Inc, Connecticut, USA) for ten minutes
adjusted pulse: one second on / 59 seconds off for up to ten minutes, or until the pellet is
dissolved completely. Samples were then passed through separate 27-gauge (G) BD
PrecisionGlide™ needles (Becton Dickinson Medical Pte Limited, Singapore) to ensure the
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complete lysis of the cells. The lysed cells were then centrifuged at 14,000 g for five minutes at 4°C
and protein concentration was measured.
2.5.2 Protein quantitation
Total protein concentrations in the extracted samples were determined using either a colorimetric
Bradford assay, or a fluorescence-based EZQ™ Protein Quantitation assay (Thermo Scientific
Revco, Waltham, MA, USA).
2.5.2.1 Bradford assay
This is a colorimetric protein assay based on an absorbance shift of the Bradford reagent, which is
an acidified solution of Coomassie brilliant blue G-250 and thus, it is primarily protonated and red.
Four serial dilutions between 0-1 mg/mL were performed from the protein standard, bovine
serum albumin (BSA) (New England Biolabs, Beverly, MA, USA) with dH2O.
Two µL of each sample lysate was diluted in 18 µL dH2O (1:10 dilution of lysate) and ten µL of each
diluted sample or standard were added to cuvettes in duplicate. One ml of 1x Bradford dye (Sigma,
St Louis, MO, USA) was added to each cuvette containing sample or standards, vortexed well and
incubated at room temperature for maximum 30 minutes. Absorbance at 595 nm was obtained
using a Varian CARY 300 BIO UV-Visible Spectrophotometer (New Life Scientific, Cridersville, OH,
USA). Protein concentration was estimated by comparison to a BSA standard curve of known
concentrations (0, 0.1, 0.2, 0.4, 0.6, and 1.0 mg/mL).
2.5.2.2 EZQ assay
Six serial dilutions of 0.02-2 mg/mL from the two mg/mL Ovalbumin stock (BioRad, California, USA)
were prepared and used as the standard protein to generate the standard curve for protein
quantification.
One µL of standards and protein samples were spotted on EZQ assay paper in triplicates and
allowed to completely dry on the paper on low heat using Easy Breeze™ Gel Dryer (Hoefer Inc,
Massachusetts, USA). To fix proteins on paper, 40 mL 100% methanol was poured into the tray
and incubated on a rotator (50 rpm) for five minutes. Subsequently, the assay paper was dried on
low heat by the dryer and 35 mL of EZQ Protein Quantitation Reagent was added and rotated
during 30 minutes incubation at room temperate to stain the proteins with proprietary fluorescent
dye. The paper was then rinsed three times for two min in 40 mL EZQ destain containing 10%
methanol and 7% acetic acid in dH2O. For fluorescence-detection from the protein spots,
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ChemiDoc™ Touch Imaging Systems (BioRad, California, USA) was used and the data were
analysed using ImageLab™ Software (BioRad, California, USA). A standard curve was created by
plotting the corrected fluorescence values of the standards versus the corresponding protein mass
and the protein concentration of the samples was extrapolated based on the standard protein
curve.
2.5.3 Immunoblotting
2.5.3.1 SDS-PAGE (polyacrylamide gel electrophoresis) gels
For SDS-PAGE protein separation, either the ten well 4-20% Stain-Free™ Mini-PROTEAN precast
gels (BioRad, California, USA), or freshly prepared 10% SDS-PAGE gels (see table 2.2) were used.
To prepare the 10% SDS-PAGE gels, first, 10% separating gel mix was poured into 1.5 mm thick gel
assembly and was left to set for 30 minutes. Second, the stacking gel solution was made, and three
mL was added on top of the separation gel mix within the cascades. Combs were inserted and
incubated at room temperature for 30 minutes before removing the comb and loading the protein
samples.
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Table 2.2. Composition of SDS-polyacrylamide gel.
10% SDS-polyacrylamide Separating gel (for 2 x 1.75 cm gels)
Buffer

Volume

Distilled water

9.62 mL

1.5 M Tris-HCl, pH 8.8

5 mL

10% (w/v) SDS

200 μL

40% Acrylamide-Bis Solution (BioRad, California, USA)

5 mL

10% (w/v) APS (Sigma-Aldrich, St Louis, MO, USA)

100 μL

TEMED (Tetramethylethylenediamine) (BioRad, California, USA)

80 μL

4% SDS-polyacrylamide Separating gel (for 2 x 1.75 cm gels)
Buffer

Volume

Distilled water

6.34 mL

0.5 M Tris-HCl, pH 6.8

2.5 mL

10% (w/v) SDS

100 μL

40% Acrylamide-Bis Solution (BioRad, California, USA)

1 mL

10% (w/v) APS (Sigma-Aldrich, St Louis, MO, USA)

50 μL

TEMED (BioRad, California, USA)

24 μL

2.5.3.2 Protein separation by gel electrophoresis
The appropriate volume of cell lysate was mixed with five μL of 4x SDS sample buffer (loading
dye) (Table 2.8) in the total volume of 20 µL in order to achieve the desired μg of protein. Samples
were denatured (the unfolding of secondary/tertiary structures in proteins) by boiling at 95°C on a
heat block for five minutes.
The vertical electrophoresis cell was set up with the SDS-PAGE gel and filled with 1x SDS running
buffer (Table 2.8). Samples, as well as a reference molecular weight marker Precision Plus
Protein™ Dual Color Standards (BioRad), were loaded onto the gel wells and separated on SDSPAGE electrophoresed at 170 volts using Mini-Protean II Cell equipment (Bio-Rad, California,
USA) for approximately one hour until the loading dye reached the base of the gel.
The gel was carefully removed from the apparatus and if the stain-free precast gel was used, the
gel was imaged using ChemiDoc™ Touch Imaging System (BioRad, California, USA) and stain-free
gel protocol in order to confirm that the proteins had been successfully separated on the gel.
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2.5.3.3 Electrophoretic transfer
After completion of electrophoresis, the proteins on the gel were transferred onto either
Nitrocellulose membranes (BioRad, California, USA) (used for low molecular weight proteins, e.g.
DDAH and VEGF), or 0.45 μM low-fluorescent Polyvinylidene difluoride (LF-PVDF) membranes
(BioRad, California, USA) (used for high-molecular-weight proteins, e.g. NOSs).
Nitrocellulose membranes were soaked in transfer buffer for ten minutes. The LF-PVDF
membranes were pre-incubated in methanol for one minute in order for the membrane pores to
open up. They were then rinsed in distilled water and incubated for at least ten minutes in transfer
buffer. The gels were also incubated in the transfer buffer for at least ten minutes. The gel and a
membrane were sandwiched between the two filter papers and two sponges pre-soaked for 20
minutes in cold transfer buffer and transferred by wet transfer system. Low molecular weight
proteins were transferred at 90 volts for two hours at 4°C using a Mini Trans-Blot Cell apparatus
(BioRad, California, USA). High molecular weight proteins were transferred at 300 volts at a
constant current of 240 mA for 1.5 hours.
To confirm the complete transfer of proteins from the gel, the 10% gels were incubated overnight
in Coomassie blue (Table 2.5), and the precast stain-free gels were imaged using the ChemiDoc™
Touch Imaging System (BioRad, California, USA). The membranes used for the stain-free mini
protein gels were imaged to determine the total protein transferred to the membrane.
2.5.3.4 Immunoblotting for detection of target proteins
Following the transfer, membranes were blocked to prevent the non-specific binding of the
antibodies to the membrane. Nitrocellulose membranes were blocked overnight in 3% (w/v) skim
milk powder in PBS-T (Table 2.8) at 4°C under agitation and a further one hour at room
temperature the next morning. LF-PVDF membranes were blocked for one hour at room
temperature in 5% soy milk in TBS-T, shaking on an orbit shaker.
After blocking, membranes were incubated with agitation with the desired primary antibody for
either two hours at room temperature or overnight at 4°C, depending on the antibodies
used (Table 2.7). Primary antibody dilutions were made based on the manufacturer’s datasheet.
Membranes were washed four times, each time for ten minutes in 1X TBS-T, prior to incubation
with appropriate horseradish peroxidase (HRP)- conjugated secondary antibody (Table 2.7) at the
recommended dilution based on antibody datasheet. Membranes were incubated under
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agitation for one hour at room temperature. After four more washes with 1X TBS-T, the
membranes were imaged.
2.5.3.5 Chemiluminescence imaging
Proteins were detected using the Pierce™ Enhanced chemiluminescence (ECL) substrate.
Membranes were placed protein-side down on freshly mixed ECL substrate (one part ECL
substrate, one part enhancer) and incubated for five minutes in the dark. Protein bands were
visualised using ChemiDoc™ Touch Imaging Systems (BioRad, California, USA).
The protein band intensities were normalised to total protein using Image Lab™ Software (BioRad,
California, USA) for precast gels. For 10% SDS-PAGE gels, the relative blots were imaged using the
Image Lab™ Software (BioRad, California, USA) before reblotting with the reference protein (βactin) used as endogenous controls.
For accurate quantitation of proteins loaded on each lane, total protein densitometry was
performed on the chemiluminescent image of the blots by comparing the intensity of frames
created around each protein lane, to the global background intensity using ChemDoc™ software
(BioRad, California, USA).

2.6 Hypoxia induction
Gas mixtures containing 1% oxygen (O2), with 5% CO2 in nitrogen (N2) were purchased from BOC
Gas (Australia) and used to correspond to hypoxic oxygen levels, for immortalized human retinal
pigment epithelial (RPE) cells (ARPE-19). Confluent cells were cultured in T75 flasks (Nunc,
Roskilde, Denmark) for western blot experiments, or 6-well plates (Nunc, Roskilde, Denmark) for
PCR assays, under conditions of normoxia (O2 = 21%), or hypoxia (O2 = 1% gas mixtures) achieved
in a commercially available air-tight Modulator Incubator Chamber (Billups-Rothenberg, Del Mar,
CA) flushed with hypoxic gas at flow rate ten L/min for 3x ten minutes (at times zero, five hours
after the start, and three hours before the finish) with > 60 flushes, according to manufacturer’s
protocol, to ensure adequate exposure. The chamber was sealed and returned to the 37 °C
incubator for 1, 4, 8, 18, or 24 hours according to the experiment. Hypoxic ARPE-19 was removed
from the chamber in the fume hood. Resealed gas confirmed a good seal for hypoxic exposure.
The medium was removed and the adherent cells were washed 1x with warm PBS (methods
adapted from Stempel et al. (Stempel et al., 2012)).
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For western blot experiments, 200 μL of lysis buffer (with PMSF and protease inhibitors) was
added to T75 flasks. Cells were scraped in the flask and the liquid was used to wash all the cellular
lysate to the corner of the flask. The lysate was removed from the flask to a 1.7 mL tube and
stored on ice. The whole process took four minutes (two minutes until the addition of lysis buffer).
Normoxic cells were removed from the incubator and medium was removed and cells were
washed with PBS. Cells were scraped and lysed similar to the previous procedure and used as a
control.
For RNA analysis experiments with PCR, cells were cultured in plates. Upon removal of the media,
the wells were quickly washed with warm PBS, and TRIzol® Reagent (Life Technologies, California,
USA) was immediately added to each well. RNA was extracted from cells according to methods
section 2.7.
2.6.1 Human VEGF-A ELISA
To measure VEGF-A protein levels in the normoxic vs. hypoxic media of ARPE-19 cells, Human
VEGF-A ELISA Kit (Product #: 0028, Elisakit, Caribbean Park, VIC, Australia), was used. This ELISA kit
recognises natural and recombinant human VEGF-A, with no significant cross-reaction with human
VEGF-A. The kit contained an eight-well strip-well plate pre-coated with human VEGF-A capture
antibody.
The wash buffer and standard reagents were prepared by diluting the 20X wash buffer, or the
lyophilised standard, respectively, according to the manufacturer’s protocol for cell culture
samples. The anti-human VEGF-A biotin-labelled detection antibody solution and streptavidin-HRP
conjugate solution were prepared from the stocks immediately prior to use. To perform the
standard curve, standard solutions were prepared by seven serial dilutions starting at 2000 pg/mL
and diluted 1:2 down to 31.25 pg/mL, using a multichannel pipette.
The standards (in duplicate), samples (media from normoxia- or hypoxia-treated ARPE-19 cells),
and zero standard controls (media) (in triplicate) were added to the plate. The plate was then
sealed with the adhesive cover provided and incubated for two hours at room temperature.
Afterwards, each well of the plate was aspirated and washed 4x with 250 µL wash buffer, using a
multichannel pipette. To remove residual wash buffer, the plate was inverted and tapped on
paper towels between each wash. 100 µL of biotin labelled detection antibody was added to each
well, and the plate was sealed with the adhesive cover provided and incubated for 1.5 hours at
room temperature. After this period, the aspiration/wash step was repeated. Next, 100 µL of the
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freshly diluted streptavidin-HRP conjugate was added to each well and the plate was sealed and
incubated for 45 minutes at room temperature. Each well was aspirated and washed thoroughly
5x with 250 µL wash buffer as explained before to reduce unwanted background. 100µL of TMB
(3,3',5,5'-Tetramethylbenzidine) substrate was added to each well and incubated in dark for
approximately 15 minutes at room temperature. The development process (blue colour
generation) was checked every 5 minutes to prevent overdevelopment of the plate. After this
period, the reaction was stopped by adding 50 µL of stop solution to each well (the wells were
turned from blue to yellow in colour). The optical density (OD) of the plate was determined using a
microplate reader set at 450 nm, and for wavelength correction (background) it was set at 570 nm,
using a VERSAmax absorbance microplate reader (Molecular Devices, San Jose, CA, USA).
The standard curve was created by plotting the mean OD of each standard on the y-axis versus the
standard concentration on the x-axis. A best-fit curve was plotted through the standard points and
overlayed a linear trend-line. When fitting a trend-line, if the r-squared value of regression (R2)
was not 0.99 or higher, the linear portion of the graph was found by removing the higher standard
points from the analysis. The resultant equation displayed on the graph was used to calculate the
unknown sample concentrations by solving for x. The concentration read from the standard curve
was multiplied by the dilution factor for the diluted samples.

2.7 In vitro Matrigel® tube formation assay
The angiogenic potential of endothelial cells was determined using an established Matrigel® based tube formation assay (DeCicco-Skinner et al., 2014, Shao and Guo, 2004).
Growth factor-reduced Matrigel® (Corning Life Sciences, NY, USA) was aliquoted into the wells of a
15 well μ-plate Angiogenesis culture plate (Ibidi, Verona, WI, USA) and incubated at 37 C for 30°C
minutes to set.
Matrigel (Corning) aliquots were thawed overnight on ice and on the day of the experiment, ten
μL/well was carefully pipetted into each well of an ibidi μ–plate. The Matrigel layer was allowed to
be set by incubating the plate at 37°C for minimum 30 minutes.
Preincubated endothelial cells for 18 hours with the compounds were resuspended in the medium
without growth factors and heparin and cell numbers were determined using Trypan Blue and a
hemocytometer. A cell suspension at a density of 7x103 cells from each category was transferred
to separate new tubes and media was replaced by complete media with the relevant
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concentration of the compounds, calculated to the final volume of 50 μL/well. Cell suspensions
were then reseeded in Matrigel-coated wells in quintuplicate and incubated for another five hours
to form the vascular phenotype. Capillary-like structure formation was assessed after five hours:
Wells were imaged with inverted phase-contrast microscopy (EVOS® FL Auto Cell Imaging System)
(Thermo Scientific Revco, Waltham, MA, USA). Tubes, loops, and branches formed on Matrigel
were counted per well, using Image J (National Institute of Health, USA), and compared to their
vehicle control. Elongated multi-cellular tubule-like structures were defined as tubes, and circular
holes separated by tube-like structures were defined as loops. Data were expressed as a mean
number of capillary-like structures.
The initial assay on HUVEC cells was done by Dr. Kate Parham at Adelaide University, SA.

2.8 mRNA expression analysis
2.8.1 RNA extraction
Cells were grown in a 12-well plate (Nunc, Roskilde, Denmark) and total RNA was extracted using
TRIzol® Reagent (Life Technologies, California, USA) according to the manufacturer’s instructions.
Cell media was removed and 500 µL TRIzol was added to each well in the culture dish. Cells were
lysed by pipetting up and down several times and then transferred to a 1.5 ml microfuge tube kept
on ice. Homogenised samples were incubated for three minutes at room temperature to permit
complete dissociation of the nucleoprotein complex. 100 µL chloroform (Chem-supply, Gillman,
SA, Australia) was added and TRIzol/chloroform mix was vortexed vigorously for 15 seconds,
incubated at room temperature for three minutes, and then centrifuged at 12,000 × g for 15 min
at 4°C. This process separates the sample into three distinct phases: 1. Organic red lower phase
containing phenol red-chloroform mix, 2. White organic interphase containing protein and DNA, 3.
The clear upper aqueous phase contains RNA. The third layer was carefully removed, avoiding any
withdrawal of the interphase or organic phase, and was transferred into a new microfuge tube on
ice. To precipitate the RNA, 250 µL of 100% isopropanol (Chem-supply, Gillman, SA, Australia) was
added to tubes and inverted to mix, then incubated ten minutes at room temperature, followed
by centrifugation at 12,000 × g for ten minutes at 4°C. This supernatant was discarded, leaving the
RNA pellet at the bottom of the tube. The pellet was washed by adding 1 ml of chilled 70% ethanol
(Chem-supply, Gillman, SA, Australia) and flicked to dissolve the RNA pellet. The sample was
vortexed and centrifuged at 10,000 × g for five minutes at 4°C. The ethanol wash was then
aspirated, and the remaining RNA pellet was air-dried on ice for approximately 30 minutes. The
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RNA pellet was then resuspended in 20 µL of Nuclease-free water (Promega Corporation,
Madison, Wisconsin, USA), flicked, and heated to 62°C for ten minutes, then stored at -20°C until
they were ready for quantitation.
2.8.2 RNA quantification
RNA quality and concentration were measured using a measured by spectrophotometry using a
GeneQuant II RNA/DNA calculator (Pharmacia Biotech (GE Healthcare), Buckinghamshire,
England).
Two µL of each RNA sample was first diluted in 98 µL of sterile mass spec grade water (1:50
dilution of RNA). The machine was calibrated and blanked with 100 µL of the same water. Optical
absorbance was measured at 260 nm. Absorbance readings were given as one unit = 40 ng/µl
single strand RNA. Therefore, the concentration of RNA was calculated at:
Absorbance (OD260) x 40 x 50 (dilution factor)
The quality of the RNA samples (RNA to protein ratios) was determined by having an OD260/280
value between 1.6 to 2.0, respectively. Samples that were not within that range were discarded.
RNA samples were stored at -20°C.
2.8.3 RNA purification
The RNA samples were treated with DNase to ensure that there was no genomic DNA in the
samples. One µg of RNA was diluted with nuclease-free water to the total volume of 12 μL and
treated with DNase I enzyme (InvivoGen, San Diego, CA, USA). To every μg of RNA, three μL of
Master Mix (one μL DNase I, 1.5 μL of 10x DNase buffer, and 0.5 μL RNase inhibitor (InvivoGen,
San Diego, CA, USA)) was added and made up to the total volume of 15 μL with nuclease-fee water
and incubated at room temperature for 15 minutes. Subsequently, 1.5 μL of EDTA (final
concentration of 2.5 mM) was added in order to inactivate the DNase by incubation at 65°C for ten
minutes. Samples were then stored on ice for a minimum of five minutes.
2.8.4 cDNA synthesis
First strand complementary DNA (cDNA) was synthesised using Random Hexamer Primers. The
eight μL was added to eight μL of Master Mix (one µL (50 ng/μl) of Random Hexamer primers
(Invitrogen, Life Technologies, California, USA), one µL of ten mM deoxynucleotide triphosphate
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(dNTP) Mix (Bioline, NSW, Australia) and six µL nuclease-free water). The mixture was incubated at
65°C for five minutes followed by two minutes incubation on ice.
Four µL of Master Mix containing two µL 10x m-muLV Reverse Transcription (RT) buffer (Lucigen,
Astral Scientific, NSW, Australia), one µL m-muLV Reverse Transcriptase enzyme (Lucigen, Astral
Scientific, NSW, Australia) and one µL RNase inhibitor (InvivoGen, San Diego, CA, USA) added to
make a 20 µL total volume. Reverse transcription occurred during one hour incubation at 42°C to
generate cDNA strands, followed by heating at 90°C for ten minutes for the reaction to stop. The
resulting cDNA was then diluted 1:5 using Nuclease-free water (20 μg cDNA solution in 80 μL
water). Synthesised cDNA was stored at -20°C.
2.8.5 Quantitative PCR (q-PCR)
Two µL of diluted cDNA was added to 16 µL of Master Mix containing two µL of five µM genespecific forward primer, two µL of five µM gene-specific reverse primer (Table 2.3) (at a final
concentration of 625 nM each), eight µL of 2x GoTaq® qPCR Master Mix (Promega Corporation,
Madison, Wisconsin, USA) and four µL nuclease-free water.
Reverse-transcription quantitative Polymerase Chain Reaction (RT-qPCR) was carried out using a
Corbett Rotor-Gene 3000 (Corbett Research, Mortlake, NSW, Australia) according to the
manufacturer’s instructions. The cycle conditions were a 95°C hold for 15 minutes, followed by 40
cycles of 90°C for 15 seconds, 62°C for 15 seconds, and 72°C for 20 seconds. All reactions were
performed in duplicate and negative control (water) was included in each PCR run. At the end of
the experiments, the Cycle Threshold (CT) values were exported as an excel data file. The
expression levels of targeted genes were presented relative to that of the housekeeping genes
using the ΔΔCT method (Livak and Schmittgen, 2001). β-actin was used as the internal control to
normalise gene expression in real time PCR.
2.8.6 Primer design
To quantify the RNA expression levels for extracted RNAs, forward and reverse primers were
designed, aiming for the PCR product size of less than 150 base pairs (bp) for efficient
amplification in real-time PCR. The annealing temperature (Tm) was set to a minimum of 57°C and
a maximum of 63°C with a maximum difference of 3°C in the Tm of the forward and reverse
primer pairs. The 3′ end of the primer contained a C or G residue and to ensure a stable primertemplate binding, the GC content was set around 40-60%. To increase primer sensitivity to a
specific splice variant, they were designed to span the splice sites at an exon-intron junction on
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target mRNA (Ye et al., 2012). Thereupon one half hybridises to the 3′ end of one exon and the
other half to the 5′ end of the adjacent exon. Forward and reverse primer sequences used in
this thesis are listed in Table 2.10. Primers were synthesised by Sigma-Aldrich (Sigma-Aldrich, St
Louis, MO, USA).

2.9 Transient transfection
All transfections were performed using Lipofectamine™ 2000 Transfection Reagent (Invitrogen,
Life Technologies, California, USA) according to the manufacturer’s protocol. For HEK-293T
transfections, cells were seeded in complete DMEM media supplemented with 10% FBS into sixwell plates at approximately 5x105 cells per well the day before transfection and grown overnight.
nNOS, iNOS, and eNOS/pIRES plasmids, were utilised for these experiments. For each transfection,
500 μL of serum-free medium, two μg of each plasmid, and four μL of lipofectamine were used.
Lipofectamine was first incubated with 250 μL serum-free medium for five minutes at room
temperature, and plasmids were diluted in a separate tube containing 250 μL serum-free media.
Both tubes were combined, mixed gently, and incubated for 20 minutes at room temperature
before adding to cells. The plate was gently mixed by rocking and then placed back into the
incubator. Six hours post transfection, cell media was replaced with fresh complete media to
minimize cellular toxicity effects of lipofectamine according to the manufacturer’s instruction.
Cells were harvested 48 hours post transfection and then lysed and stored at -20°C.

2.10 Cell transfection with small interfering RNAs (siRNAs)
Cells were transfected with siRNAs using the Lipofectamine™ 2000 Transfection Reagent
(Invitrogen, Life Technologies, California, USA). Cells were seeded at the density of 1.2 × 10 5 cells
per well of a six-well plate and transfected the following day. Thirty micromolar stocks of targeted
siRNA (DDAH1 or VEGF-A siRNA) and non-targeting siRNA (negative control) were diluted to a final
concentration of two nM. For each siRNA well, 250 μL of serum-free medium, two μL siRNA, and
eight μL of lipofectamine were prepared in duplicate according to the manufacturer’s instructions.
The complexes were incubated for 20 minutes at room temperature before adding to the cells. Six
hours post-transfection, cell medium was replaced with fresh complete medium to minimize
cellular toxicity effects of lipofectamine according to the manufacturer’s instruction. Cells were
harvested 72 hours after and transfection efficiency was determined using Real-Time PCR (mRNA
expression) and ELISA or Western Blotting (protein expression). ELISA readouts were normalised
to the corresponding cell counts obtained from the crystal violet assay.
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Control siRNA and DDAH1-targeting siRNA (Santa Cruz Biotechnology), and control siRNA and
VEGF-A-targeting siRNA (Sigma-Aldrich, St Louis, MO, USA) were transfected at 30 nM.

2.11 Mass Spectrometry
2.11.1 Cell culture
HEK-293T cells were seeded into 12x T175 flasks at 8 x104 cells/cm2 and incubated overnight to
allow attachment. The next day, they were treated in three sets of quadruplicates with zero
(vehicle: water), five or 100 μM ZST316. After 24 hours treatment, cells were ≥ 95% confluence.
The supernatant media was aspirated out and cells in each flask were rinsed twice with 20 mL
warmed TBS. Flasks were then placed on ice and mechanical detachment of cells was performed
by gently scraping the cells in ten mL ice cold TBS by rubber scraper. Detached cells were
transferred into 50 mL Eppendorf Low Protein Binding Conical Tubes. The washing and scraping
steps were repeated two more times for each flask to the total of 30 mL cell suspension per flask
in each tube. Tubes were kept on ice (each quadruplicate set at a time) until they were centrifuged
at 1500 rpm for six minutes at 4°C. Supernatant TBS from each tube was aspirated out and wet cell
pellets in each tube were weighed before the appropriate volume of ice cold 20 mM Tris base lysis
buffer (containing fresh protease and phosphatase inhibitor cocktail tablets) was added to each.
The amount of lysis buffer added to each wet pellet was estimated assuming that 5% of the wet
weight of the pellet is the extractable protein content (mg), aiming to get two mg/ml final
concentration. Quickly after adding the lysis buffer to the cell pellets and gently pipetting up and
down, tubes were snap frozen in liquid nitrogen (two minutes per tube) and stored at -80°C.
2.11.2 Sample preparation
2.11.2.1 Protein extraction
Sample lysates were homogenised using a seven mL Dounce tissue grinder (Wheaton, Mainz,
Germany). Then, the homogenates were transferred into ten mL ultracentrifuge tubes suitable for
a Beckman 50Ti rotor (Beckman Coulter Life Sciences). Samples were then ultracentrifuged using a
Beckman XPN-80 ultracentrifuge (Beckman Coulter Life Sciences) at 50,000 rpm (112,000 g) for 30
minutes at 4°C. The extracted proteins from lysates were quantified by EZQ protein assay (BioRad,
California, USA) to estimate protein concentration in each sample.
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2.11.2.2 Reduction and alkylation
Two mg of each cell protein extract was transferred to Maxymum Recovery tubes (Axygen).
Dithiothreitol (DTT) was added to a final concentration of ten mM and samples were incubated at
56°C for one hour. Subsequently, chloroacetamide was added to a final concentration of 20 mM
and a final volume of 2550 microliters. Samples were incubated at room temperature for one hour
while being protected from light.
2.11.2.3 In-solution trypsin digestion of proteins
Samples were subjected to trypsin digestion in the presence of one mM Calcium Chloride and
100mM Ammonium Bicarbonate. Trypsin enzyme (Pierce Biotechnology, MA, USA) was added to a
final protease: protein ratio of 1:50 (w/w) in a 40 ml final volume. Samples were incubated at 37°C
overnight.
2.11.2.4 Quenching of trypsin activity
The trypsin digestion process was stopped via acidification (pH <4), by adding trifluoroacetic
acid (TFA) to a final concentration of 0.1%.
2.11.2.5 Freeze-drying samples
The digested samples (40 mL /digest) were placed at -80°C for 20 minutes and then transferred to
liquid nitrogen before being freeze-dried in a Christ freeze drier (Alpha 2-4 LDplus, Osterode am
Harz, Germany).
2.11.2.6 1D SDS PAGE using BioRad precast gels
Digests originally had 40 mL volume before freeze-drying, and a Tris molarity of 20 mM. Freezedried digests were resuspended in a volume of dH2O to achieve a final 50 mM Tris concentration.
One-dimensional gel electrophoresis (1D SDS PAGE) was performed to confirm that the digest
process was successful using an 18 well 4-20% MIDI-PROTEIN®TGX™Precast Protein Gel (BioRad,
California, USA).
Prior to preparing the samples for 1D gel electrophoresis, samples were diluted 1:5 to avoid
pipetting errors. An undigested HEK-293T cell lysate was used as control for the digest and only
this control sample was reduced by DTT and heated at 95°C. 10 μg of the already reduced,
alkylated and digested samples were loaded onto the gel in a 20 μL final volume. Electrophoresis
was carried out at 300 volts for 23 minutes, using Trans-Blot® Turbo™ Transfer System (Bio-Rad,
Hercules, CA, USA). Once complete, the gel was imaged using the Bio-Rad Gel-Doc EZ Imager, with
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five minutes Activation/Optimal Auto Exposure (10.3 seconds). Complete digestion of the proteins
into peptides was achieved in all samples (Fig. 2.1).

Figure 2.1. Western blot image showing the success of the digestion process.

2.11.2.6.1 Spectral library
Prior to performing DIA analysis, a spectral library is required. The more comprehensive the library
is, the greater the number of proteins that can be quantified. Consequently, two spectral library
generation methods were performed and then combined. The first method utilised high pH
reversed-phase fractionation to generate eight fractions which were then analysed by DDA
analysis using a Thermo Fusion Lumos mass spectrometer (ThermoFisher Scientific). Fractionation
decreases the complexity of proteins in each sample thereby increasing the ability of the
instrument to detect low abundance proteins and therefore increasing the size of the library.
2.11.2.7 High pH reversed-phase fractionation of proteolytic digests
A number of methods can be used to perform the fractionation such as cation exchange
chromatography. However, most of these methods suffer from significant run to run variation.
Consequently, high pH reversed phase fractionation is widely performed due to its run-to-run
reproducibility. The fractionation is performed at the peptide level and results in hundreds of
thousands of peptides in the sample to be spread over eight fractions which increases the
opportunity of the mass spectrometer to identify each peptide. Reversed phase chemistry utilising
C18 beads is employed with an alkaline pH used instead of the usual acidic pH. This is because the
high-performance liquid chromatography (HPLC) column that is placed at the inlet of the mass
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spectrometer separates the peptides uses C18 beads at an acidic pH. However, the peptide
fractionation needs to be orthogonal to the separation prior to mass spectrometry to maximise
the separation of peptides entering the instrument. Therefore, high pH is employed as peptides
separate differently on C18 columns at alkaline pH compared to acidic pH because the peptides
are more negatively charged. The alkaline pH C18 fractionation is followed by low pH C18
separation prior to entry into the mass spectrometer and provides two levels of separation which
allows the mass spectrometer to identify more peptides.
For this step, Pierce™ High pH Reversed-Phase Peptide Fractionation Kit (Thermofisher Scientific)
was used. Initially, five μg of each sample (100uL) was pooled into a maxymum recovery tube
(total Protein: 60 μg, total volume: 1200 μL). The pooled sample was dried down in a Christ RVC 225 CD plus vacuum concentrator (Christ, Osterode am Harz, Germany) for 4.5 hours.
Fractionation solutions were prepared in 2.0 mL tubes, according to Tables below (Table 2.3).
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Table 2.3. High-ph step-elusion solution composition.
Fraction #

Acetonitrile %

Acetonitrile
(µL)

Triethylamine
(0.1%) (µL)

Total (µL)

Volume per
Sample (µL)

1

5

17

317

333

300

2

7.5

25

308

333

300

3

10

33

300

333

300

4

12.5

42

292

333

300

5

15

50

283

333

300

6

17.5

58

275

333

300

7

20

67

267

333

300

8

50

167

167

333

300

2.11.2.7.1 Conditioning of the spin columns
The protective white tip from the bottom of the column containing C18 beads was removed and
discarded. The column was placed into a 2.0 mL Maxymum Recovery tubes (Axygen).
Centrifugation at 5000 g for two minutes was performed to remove the storage solution and pack
the resin material. Then flow-through was discarded. The column was washed twice with 300 µL of
100% acetonitrile (ACN) via centrifugation at 5000 g for two minutes. ACN was discarded and wash
steps were repeated using 0.1% TFA solution.
The spin column was then placed into a new 2.0 mL Maxymum recovery sample tube and 300 µL
of the sample solution was loaded onto the column. The top cap was replaced, and centrifugation
was performed at 3000 x g for two minutes. Eluate was retained as “flow-through” fraction.
The column was placed into a new 2.0 mL sample tube and washed using 300 µL of ultra-pure
water. Centrifuged was performed at 3000 x g for two minutes. The wash flow-through was
discarded. The column was then placed into a new 2.0 mL maxymum recovery tube and 300µL of
the first fractionation solution (5% ACN in 0.1% TFA) was loaded and centrifuged at 3000 × g for
two minutes to collect the first fraction. This step was repeated for the remaining fractionation
solutions resulting in a total of eight fractions. The liquid content of each fraction was evaporated
to dryness using a Christ vacuum concentrator. Each dried fraction was re-suspended in six μl of
0.1% formic acid, sonicated for one minute and transferred to mass spectrometry vials before LCMS analysis.
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2.11.2.7.2 Thermo Fusion Lumos mass DDA spectrometry library data acquisition
Each of the eight fractions were analysed on a Thermo Fusion Lumos mass spectrometer fitted
with a FAIMS Pro ion mobility interface (ThermoFisher Scientific) and coupled to a Thermo Dionex
nano uHPLC (Dionex, Sunnyvale, California, USA). The FAIMS Pro ion mobility interface provides an
additional element of separation by employing a stream of nitrogen gas which impedes the flow of
peptides into the instrument. This impedance is overcome by negative compensation voltages to
increase the attraction of the positively charged ions. The result is that uncharged ions (neutrals)
are mostly eliminated as they are unable to navigate around the compensation voltage electrode,
and that additional separation of peptides occurs through the differential CCS (collisional cross
section) of each peptide. For example, two peptides may have the same m/z, but if one of the two
ions is doubly charged and the other is triply charged, the actual mass of the triply charged ion will
be 50% larger and will possess a larger CCS and will travel more slowly through the nitrogen gas
“headwind” and therefore will enter the instrument later than the doubly charge ion.
The instrument was operated in positive ion mode utilising 60,000 MS1 resolution, 30,000 MS2
resolution, charge states of +2 to +6 were selected with an automatic gain control (AGC) target of
40,000 and an intensity threshold of 50,000. Twenty MS2 scans were performed following each
MS1 scan. Maximum injection time was set to auto. Internal mass calibration using EASY-IC™
(ThermoFisher) was enabled. The FAIMS Pro was operated with compensation voltages of -50
volts and -70 volts. Expected peak width was 30 seconds and dynamic exclusion was set to 15
seconds after a single hit with high and low mass tolerances of ten ppm. For the complete list of
settings, see Appendix 15. Approximately one µg of each sample was loaded onto a Thermo
Acclaim PepMap 100 trap column (75 µm x two cm, three µm C18 beads with 100Å pore size) and
then eluted onto an inhouse pulled-tip nano HPLC column created from 75 µm inner diameter
fused silica capillary packed with 1.9 µm ReproSil-Pur C18 beads (Dr. Maisch, Ammerbuch,
Germany) to a length of 25cm. The column was heated to 60C using a Sonation PRSO-V2 column
heater (Sonation lab solutions, Biberach, Germany). The spray tip was pulled using a Sutter p-2000
laser tip puller (Sutter Instrument Company, California, USA). The flow rate for loading samples
onto the trap was three µL per minute and the flow rate for the gradient pump was 300 nL per
minute. The column and trap were equilibrated in Solvent A (0.1% formic acid in water) and eluted
with solvent B (0.1% formic acid in 80% ACN) using a 2-30% linear gradient over 107 minutes
(Table 2.4). Total run time was 140 minutes.

70

CHAPTER 2
Table 2.4. HPLC chromatography gradient.
Time

Solvent B

0 min

2%

8 min

2%

115 min

30%

120 min

60%

125 min

100%

129 min

100%

130 min

2%

140 n

2%

2.11.2.7.3 Thermo Exploris 480 mass spectrometry GPF library generation
To enhance the DDA spectral library, HEK-293T tryptic digests were also analysed on a Thermo
Exploris 480 coupled to a Thermo Dionex Ultimate 3000 nano uHPLC which was fitted with the
same specification C18 trap, custom lab manufactured spray tip column heated to 60C and 300 nL
flow rate as described for the Fusion Lumos.

Gas phase fractionation was employed in

conjunction with DIA for this analysis. MS1 Gas phase fractionation (GPF) separates peptides in the
gas phase i.e., once peptides have entered the instrument in the gas phase. It is implemented by
analysing multiple injections of the same sample with only 100 m/z mass range analysed in each
injection. For example, the first injection analyses the 398-504 m/z mass range, and the second
injection analyses the 498-604 m/z mass range. In total, seven injections covering the 398-1104
m/z are performed. A lower limit of 398 m/z is used because peptides below that m/z are too
small (less than six amino acids) to generate useful data, and tryptic digests produce very few
peptides of greater than 1100 m/z. The MS1 m/z windows had an overlap of two m/z to ensure no
peptides are missed. Subsequently, each 104 m/z MS1 window was subjected to MS2 DIA utilising
four m/z windows. It might sound counterintuitive to use GPF with narrow range DIA to generate a
DIA library. However, the software package Spectronaut can do this because of the low complexity
of the MS2 data due to the fractionation and the narrow four m/z windows.
The HPLC chromatography was the same as described for the Fusion Lumos. For each injection,
MS1 resolution was 60,000, normalised AGC target = 300% and max injection time 100 ms. MS2
four m/z windows were employed at resolution of 30,000, normalised AGC = 100% with 28 %
collision energy with first mass at 110 m/z and data was centroided. For a complete list of
instrument settings, see Appendix 16.
71

CHAPTER 2
Consequently, both DDA and GPF narrow window DIA methods were used and combined to
maximise the library coverage.
The eight DDA data files and the eight DIA data files were used to generate an HEK-293T spectral
library using Spectronaut software v 15.0.2.210615.50606 (Biognosys, Schlieren, Switzerland).
Spectronaut uses the Pulsar search engine and a human Uniprot database 10-2019 (186,679
entries) and identified 70,439 peptides and 6,203 protein groups in the library.
The Exploris 480 was also used to generate the label free quantification data using DIA on the 12
test samples (4 x control, 4 x 5 μM and 4 x 100 μM) using the same HPLC system setup. However,
the instrument settings were as follows.
The Exploris 480 was operated in DIA mode. MS1 resolution was 60,000, MS2 resolution was
15,000 and ten m/z MS2 DIA windows were set from 375-980 m/z with one m/z overlap. Internal
calibration was set to “off”, normalised AGC target was set to 100% for MS1 and 200% for MS2.
Complete instrument settings are listed in Appendix 17.
2.11.2.7.4 Spectronaut label free quantification
The control, five M and 100 m data files were analysed by Spectronaut software using the in
house generated HEK-293T spectral library and default analysis settings which identifies proteins
that are differentially expressed by a log2Fold-change ≥ 0.6 and Q-value ≤ 0.05 which equates to
greater than 50% or less than 50%.

2.12 Pathway Analyses
For pathway analysis, the InnateDB software (version 5.4) was used (publicly available
at http://www.innatedb.com). Uniprot IDs from the list of differentially expressed proteins in each
set (vehicle or ZST316-treated samples) were uploaded and used for pathway analysis. The steps
of analysis are as follows:
On the first page of InnateDB software, “Pathway Analysis” was selected by clicking on the
“Analysis” button (Fig. 2.2, A). “Web Form” (Fig. 2.2, B) was selected, and Uniprot IDs from the list
of differentially expressed proteins for each treatment group (Appendices 6 to 10) were
uploaded (Fig. 2.2, C). To specify the columns, “Column1” was selected and defined as “CrossReference ID”, and then “Unirprot” was specified as the cross-reference database by clicking on
the OK button (Fig. 2.2, D), and the specified list is generated (Fig. 2.2, E). By clicking the “Next”
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button, the list of associated pathways with the uploaded protein IDs appeared which was
downloaded (MS Excel) and saved to an excel sheet (Fig. 2.2, F). Next, to perform the overrepresentation analysis, the red “Pathway ORA” button at the top of the page was clicked. This
step was performed by a “hypergeometric” test algorithm and corrected for multiple comparisons
using the “Benjamini Hochberg” method as recommended by the software (Fig. 2.2, F and G). The
generated table was downloaded and saved to an excel sheet (Fig. 2.2, H). Of note, the statistical
analysis on ORA has also been conducted by Bonferroni as the correction method which generates
the same results. Pathways with false discovery rate (FDR)-adjusted p-value (Q-value) <0.05 were
considered significantly enriched.
A

B
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C

D

E
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F
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H

Figure 2.2. The screenshots illustrate steps to perform InnateDB pathway analysis, followed by over-representation
analysis (ORA).

2.13 Statistical methods
For statistical analyses of multiple comparisons, one-way Analysis of Variance (ANOVA) was
performed in SPSS, followed by Bonferroni post hoc tests. Statistical analyses of tube formation
assay were performed using GraphPad Prism 6 software (GraphPad Inc., La Jolla, CA, USA), with a
two-tailed independent t-test. Two-group comparisons were performed by using parametric
unpaired Student’s t-test. P-value ≤ 0.05 was considered statistically significant. Results are
presented as mean ± standard error (SEM).

2.14 Materials, reagents, and equipment
L257, a reference DDAH1 inhibitor (Rossiter et al., 2005), and the novel DDAH1 inhibitor
compounds, ZST316, ZST152, and ZST086, synthesised in The Department of Clinical
Pharmacology, Flinders University (Tommasi, 2015), were used in the experiments.
L-257, the NOS inhibitors, SDMA (symmetric dimethylarginine, NG, NG′-Dimethyl-L-arginine), and LNMMA (NG-Monomethyl-L-arginine), and DDAH1 inhibitors were dissolved in sterile mass spec
grade water to make the desired concentrations. Stock solutions were aliquoted and stored frozen
at -20°C.
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Table 2.5. List of chemicals and reagents.
Chemicals or Reagents

Supplier

27-gauge (G) BD PrecisionGlide™ needle

Becton Dickinson Medical Pte Limited, Singapore

2-β-mercaptoethanol

Sigma-Aldrich, St Louise, MO, USA

40% Acrylamide-Bis solution

BioRad Laboratories, CA, USA

4–20% Mini or MIDI-PROTEAN® TGX™ Precast

Bio-Rad, Hercules, CA, USA

Protein Gel
Acetic acid

Ajax Finechem, Seven Hills, NSW, Australia

Acetonitrile (ACN)

Thermofisher Scientific, Waltham, MA, USA

Agarose

AppliChem, Darmstadt, Germany

Ammonium Bicarbonate

Sigma-Aldrich, St Louise, MO, USA

Ammonium per sulphate (APS)

Sigma-Aldrich, St Louise, MO, USA

Antibiotic-Antimycotic 100X-solution

Thermofisher Scientific, Waltham, MA, USA

Bovine serum albumin (BSA) solution

New England Biolabs, Beverly, MA, USA

Bradford reagent

Sigma-Aldrich, St Louis, MO, USA

Bromophenol blue

Sigma-Aldrich, St Louise, MO, USA

Buffered-formalin

Orion Labs, California, USA

Calcium Chloride

BDH chemicals (analaR), Australia

Chloroacetamide

Sigma-Aldrich, St Louise, MO, USA

cOmplete™ protease inhibitor cocktail

Roche Diagnostics, Mannheim, Germany

Coomassie Blue R250

BioRad Laboratories, CA, USA

Crystal violet

Sigma-Aldrich, St Louise, MO, USA

DDAH1 inhibitors ZST086, ZST152, ZST316

Department of Clinical Pharmacology, Flinders
University, SA, Australia

Dimethylsulphoxide (DMSO)

Merck KGaA, Darmstadt, Germany

Dithiothreitol (DTT)

Fisher Bioreagents, (ThermoFisher), Pittsburgh,
Pennsylvania, USA

DNA ladder (1kb)

Promega, Madison, WI, USA

DNase I enzyme

InvivoGen, San Diego, CA 92121 USA

dNTP Mix (cat# BIO-39029)

Bioline, NSW, Australia

Dulbecco’s modified eagle medium (DMEM)

Gibco, Life Technologies, Grand Island, NY, USA

ELISA Kit (Human VEGF-A, product #: 0028)

Elisakit, Caribbean Park, VIC, Australia

Endothelial cell growth supplement (ECGS)

Sigma-Aldrich, St Louis, MO, USA

Enhanced chemiluminescence (ECL) substrate,

Pierce™ Enhanced chemiluminescence (ECL)

32106
F-12K Medium

Corning Life Sciences, NY, USA

Fetal bovine serum (FBS)

Bovogen Biologicals, VIC, Australia

GlutaMAX™ Supplement

Thermofisher Scientific, Waltham, MA, USA
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Chemicals or Reagents

Supplier

Glycerol

BDH Laboratory supplied, Poole, UK

Glycine

Sigma-Aldrich, St Louise, MO, USA

GoTaq® qPCR Master Mix (cat# A6002)

Promega Corporation, Madison, Wisconsin, USA

Heparin

Sigma-Aldrich, St Louis, MO, USA

HEPES buffer 1M

Thermofisher Scientific, Waltham, MA, USA

Horse Serum, heat inactivated, New Zealand origin

Gibco, Life Technologies, Grand Island, NY, USA

Human Fibronectin

Roche Life Sciences, Basel, Switzerland

HyClone Medium 199 (with Earle's Balanced Salt

Cytiva, Marlborough, Massachusetts, USA

Solution (EBSS), with L-Glutamine)
Hydrochloric acid (HCl)

Merck, Kilsyth, VIC, Australia

In Vitro Toxicology Assay Kit, Sulforhodamine B

Sigma-Aldrich, St Louis, MO, USA.

based, Cat # TOC6
Isopropanol

Ajax-Finechem, Seven Hills, NSW, Australia

L-257 (reference DDAH inhibitor)

Donated by Dr. James Leiper, University of Glasgow,
Scotland

L-alanyl-L-glutamine (Glutamax)

Invitrogen, Carlsbad, CA

Lipofectamine™ 2000

Invitrogen, Grand Island, NY, USA

Matrigel®

Corning Life Sciences, NY, USA

MEM non-essential amino acids

Gibco, Life Technologies, Grand Island, NY, USA

Methanol

RCI Labscan, Bangkok, Thailand

MPP+ Iodide

Sigma-Aldrich, St Louis, MO, USA

N, N, N’, N’-tetramethylenediamine (TEMED)

Promega, USA

NG,NG′-Dimethyl-L-arginine di(p-

Sigma-Aldrich, St Louise, MO, USA

hydroxyazobenzene-p′-sulfonate) salt (SDMA)
NG,NG-Dimethylarginine dihydrochlorid (ADMA)

Sigma-Aldrich, St Louise, MO, USA

NG-Methyl-L-arginine acetate salt (L-NMMA)

Sigma-Aldrich, St Louise, MO, USA

Normocin

InvivoGen, San Diego, CA 92121 USA

Nuclease-free water

Promega Corporation, Madison, Wisconsin, USA

Nunc™ Biobanking and Cell Culture Cryogenic Tubes

Thermofisher Scientific, Waltham, MA, USA

Nunc™ Cell Culture Treated EasYFlasks T75, or T175,

Nunc, Roskilde, Denmark

Nunc™ Cell-Culture Treated Multidishes (6- , 12-, or

Nunc, Roskilde, Denmark

96-well plates)
NxGen® M-MuLV Reverse Transcriptase (cat#

Lucigen, Astral Scientific Pty. Ltd., NSW, Australia

30222-1)
NxGen® RNAse Inhibitor (cat# 30281-1)

Lucigen, Astral Scientific Pty. Ltd., NSW, Australia

Ovalbumin stock

BioRad, California, USA

PhosStop™ Easy Pack phosphatase inhibitor cocktail

Roche Diagnostics, Mannheim, Germany
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Chemicals or Reagents

Supplier

Pierce™ High pH Reversed-Phase Peptide

Thermofisher Scientific, Waltham, MA, USA

Fractionation Kit
Pierce™ Trypsin enzyme Protease, MS grade

Pierce Biotechnology, MA, USA

Protein ladder (Dual Color protein Western

BioRad Laboratories, California, USA

Standards (Cat# 161-0377)
RNase inhibitor

InvivoGen, San Diego, CA 92121 USA

Skim milk powder

Fonterra Brands, NZ

Sodium bicarbonate (NaHCO3)

Chem Supply, Gillman, SA, Australia

Sodium chloride

Chem Supply, Gillman, SA, Australia

Sodium dodecyl sulphate (SDS)

BDH Laboratory supplied, Poole, UK

ß-Mercaptoethanol

Sigma-Aldrich, St Louis, MO, USA

Trifluoroacetic acid (TFA)

Sigma-Aldrich, St Louis, MO, USA

Trizma-base

Astral Scientific, Taren Point, NSW, Australia

TRIzol® Reagent

Life Technologies, California, USA

Trypan Blue

Sigma-Aldrich, St Louis, MO, USA

Trypsin-EDTA 0.5% (10x)

Gibco, Life Technologies, Grand Island, NY

Tween-20

Sigma-Aldrich, St Louis, MO, USA
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Table 2.6. List of equipment and software.
Equipment or Software

Supplier

Air-tight Modulator Incubator Chamber

Billups-Rothenberg, Del Mar, CA

Axygen 1.5 mL Maxymum Recovery microcentrifuge

Corning. Axygen Scientific Inc, union city, CA, USA

tube
Beckman 50Ti rotor

Beckman Coulter Life Sciences

Beckman XPN-80 ultracentrifuge

Beckman Coulter Life Sciences

Beckman XPN-80 ultracentrifuge

Beckman Coulter Life Sciences

Bio-Rad Gel-Doc EZ Imager

Bio-Rad, Hercules, CA, USA

Bio-Rad Mini-Sub GT electrophoresis system

Bio-Rad, Hercules, CA, USA

ChemiDoc™ Touch Imaging System

Bio-Rad, Hercules, CA, USA

Christ Freeze Dryer - Alpha 2-4 LDplus

John Morris Scientific Pty Ltd, Osterode am Harz,
Germany

Christ RVC 2-25 CD plus vacuum concentrator

Christ, Osterode am Harz, Germany

Corbett Rotor-Gene 3000

Corbett Research, Mortlake, NSW, Australia

Dry block heater

Ratek laboratory equipment, Boronia, VIC, Australia

Easy Breeze™ Gel Dryer

Hoefer Inc, Massachusetts, USA

EASY-IC™

Thermo Scientific Revco, Waltham, MA, USA

E-plates

ACEA Biosciences, California, USA

EVOS® FL Auto Cell Imaging System

Thermo Scientific Revco, Waltham, MA, USA

EZQ™ Protein Quantitation assay

Thermo Scientific Revco, Waltham, MA, USA

FAIMS Pro ion mobility interface

ThermoFisher Scientific, Thebarton, SA, Australia

Gel tank blotting system

Bio-Rad, Hercules, CA, USA

GeneQuant II RNA/DNA calculator

Pharmacia Biotech (GE Healthcare), Buckinghamshire,
England

GraphPad Prism 6 software

GraphPad Inc., La Jolla, CA, USA

Hy-Lite Ultra Plane Haemocytometer

Hausser Scientific, USA

ImageJ software

National Institute of Health, USA

Imagelab™ software

Bio-Rad, Hercules, CA, USA

IncuCyte™ Live Cell Image Analysis System

Essen Bioscience, Michigan, USA

InnateDB software (version 5.4)

http://www.innatedb.com

Inverted microscope (CK2)

OLYMPUS, NSW, Australia

LF-PVDF membrane
Medium Orbital Shaker – Analogue – EOM5

Ratek, Boronia, VIC, Australia

Nitrocellulose membrane

Bio-Rad, Hercules, CA, USA

Nunc™ EasYFlask™ Cell Culture Flasks (T75 and T175)

Thermofisher Scientific, Waltham, MA, USA

Personal Vortex Mixer – VM1 (IC-VM1)

Ratek laboratory equipment, Boronia, VIC, Australia

Plastic 2mL Micro centrifuge Tube Low Binding

Corning. Axygen Scientific Inc, union city, CA, USA
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Equipment or Software

Supplier

DNase/RNase Free
Power-Pac Basic

Bio-Rad, Hercules, CA, USA

Pulled-tip nano HPLC column

Made inhouse, Proteomics, facility, Flinders
University, SA, Australia

Refrigerated Centrifuge MIKRO 200R (Hettich)

LabGear, South Melbourne, VIC, Australia

ReproSil-Pur C18 beads (1.9 µm)

Dr. Maisch, Ammerbuch, Germany

RotorGene 3000 instrument

Corbett Research, Mortlake, NSW, Australia

Sonation PRSO-V2 column heater

Sonation lab solutions, Biberach, Germany

Spectronaut software v 15.0.2.210615.50606

Biognosys, Schlieren, Switzerland

Spectrophotometer GeneQuant II

Pharmacia Biotech (GE Healthcare), Buckinghamshire,
England.

Sutter p-2000 laser tip puller

Sutter Instrument Company, California, USA

Tempette Junior TE-85 water bath

Techne, Staffordshire, UK

Thermo Dionex Ultimate 3000 nano uHPLC

Dionex, Sunnyvale, California, USA

Thermo Exploris 480

ThermoFisher Scientific, Thebarton, SA, Australia

Thermo Fusion Lumos mass spectrometer

ThermoFisher Scientific, Thebarton, SA, Australia

Trans-Blot®Turbo™Transfer System

Bio-Rad, Hercules, CA, USA

Ultra-low temperature freezer (-80°C)

Thermo Scientific Revco, Waltham, MA, USA

Varian CARY 300 BIO UV-Visible Spectrophotometer

New Life Scientific, Cridersville, OH, USA

VCX 130 (Vibra-Cell™ Ultrasonic Liquid Processor

Sonics & Materials, Connecticut, USA

VERSAmax Absorbance Microplate Reader.

Molecular Devices, San Jose, CA, USA

Weigh scales

Shimadzu, Kyoto, Japan

WHEATON® Dounce Tissue Grinder, 7 mL

Wheaton, Mainz, Germany

xCELLigence RCTA platform

ACEA Biosciences, California, USA

μSlide angiogenesis slides

Ibidi, Verona, WI, USA
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Table 2.7. List of antibodies.
Antibody

Dilution

Catalogue number and supplier

DDAH1 (Goat anti-DDAH1 IgG)

1:1000

Ab 2231 (Goat pAb), Abcam, Cambridge, UK

DDAH2 (Goat anti-DDAH2 IgG)

1:1000

Ab1383 (Goat pAb), Abcam, Cambridge, UK

NOS 1 (nNOS)

1:1000

Ab76067 (Rabbit mAb), Abcam, Cambridge, UK

NOS 2 (iNOS)

1:200

H-174 sc-8310 (Rabbit pAb), Santa Cruz, CA,
USA

NOS 3 (eNOS)

1:1000

1) 49G3 (Rabbit mAb), Cell Signalling

1:1000

2) 610296 (Purified Mouse Ab), BD
Biosciences, USA

VEGF-A (Mouse anti human VEGF)

1:1000

V2110-12 (mAb), US Biological, MA, USA

β-actin (Rabbit anti-actin)

1:1000

BA3R (Mouse mAb), Sigma, St Louise, MO,
USA

Phospho-eNOS (Ser1177)

1:1000

9571 (Rabbit), Cell Signalling Technology, MA,
USA

Donkey anti-Rabbit HRP

1:3000

JI-711-035-152, Jackson ImmunoResearch
Laboratories, Inc, Pennsylvania, USA

Donkey anti-Mouse HRP

1:3000

JI-711-035-150, Jackson ImmunoResearch
Laboratories, Inc, Pennsylvania, USA

Primary Antibodies

Secondary Antibodies
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The composition of general buffers used throughout this thesis is listed in Table 2.8. Sterilisation
was achieved either by autoclaving (121°C) or ultra-filtration (0.2-0.45 μM).
Table 2.8. Buffers and solutions.
Buffer

Formula

Coomassie blue staining solution

0.1% (w/v Coomassie brilliant blue G-250) in 50% (v/v) methanol: H2O,
with 10% (v/v) acetic acid solution.

PBST (1x)

1× PBS, 0.1% Tween-20
Add 1 mL 10× Tween-20 to each L of 1x PBS

Phosphatase inhibitor solution

One PhosSTOP Phosphatase inhibitor cocktail tablet, 10 mL water

Phosphate Buffer Saline (PBS) (1x)

137mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, and 2mM KH2PO4

(pH7.4)
RIPA Buffer

10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1mM EDTA, 0.5% Triton X-100,
1% deoxcycholate, 0.1% SDS, 1 mM DDT.
For 50 mM: 0.5 mL 1 M Tris/HCl, 6.25 mL 1.2 M NaCl, 1 mL 50 mM
EGTA, 0.5 mL Triton X-100, 5 mL 10% deoxycolate, 0.5 mL 10% SDS, 50
µL 1M DTT, water to 50 mL.

SDS Running Buffer (10x)

125 mM Tris Base, 1 M Glycine, 0.5% SDS.
For 500 mL: 7.57 g Tris/HCl, 37.5 g Glycine, 25 mL of 10% SDS, water to
500 mL.

SDS Sample Buffer (4x loading dye)

For 10 mL: 2.5 mL 1 M Tris pH 6.8, 4 mL Glycerol, 0.8 g SDS (sodium
dodecyl sulphate), 0.8 mL 2--mercaptoethanol, 40 mg Bromophenol
blue, 100 µL 10% APS, 12 µL TEMED (N,N,N’,N’Tetramethylethylenediamine), Milli-Q® water to 10 mL.

Sulforhodamine B (SRB) Solution

0.4% SRB in 1% acetic acid

TAE buffer (1x)

40 mM Tris (pH 8), 20 mM acetic acid, 1 mM EDTA

TBS (10x)

0.2 M Tris Base, 1.37 M NaCl.
For 500 mL: 12.1 g Tris Base, 40 g NaCl, water to 500 mL. pH adjusted
to 7.6, using concentrated HCl.

TBST (1x)

1× TBS, 0.05% Tween-20
Add 0.5 mL 10× Tween-20 to each L of 1x TBS

Trichloroacetic acid (TCA) 50% (w/v)

15 g solid TCA, 22 mL dH2O

Solution
Western Transfer Buffer

For 1 L: 200 mL of 5x BioRad Transfer buffer, 600 mL 100% ethanol,
water to 1 L
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Table 2.9. List of cells lines.
Cell line

Supplier

Catalogue number

PC-12

ATCC®, Manassas, VA, USA

CRL-1721.1

SH-SY5Y

ATCC®, Manassas, VA, USA

CRL-2266

ARPE-19

ATCC®, Manassas, VA, USA. (Donated by

CRL-2302

Professor Justine Smith, Flinders
University, SA, Australia)
Primary HUVEC

Established in the laboratory of Dr.

N/A

Claudine Bonder, University of Adelaide,
SA, Australia
VeraVec™ HUVEC

Angiocrine Bioscience, NY, USA

hVera101

(Donated by Dr. Claudine Bonder,
University of Adelaide, SA, Australia).
HEK-293

ATCC®, Manassas, VA, USA

CRL-3216
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Table 2.10. Primers and oligonucleotides sequences for RT-PCR.
Primers

Sequence (Forward (F) and Reverse (R))

Supplier

/ Catalogue number
CAT-2 (SLC7A2 solute carrier

F: 5’-GAGAGCTGTGGGCCTTCAT-3’

Universal Probe Library, probe:

family 7 (cationic amino acid

R: 5’-CAGGCTCTTGCAACACTTGA-3’

Sigma-Aldrich, St Louise, MO, USA

DDAH1 (Transcript variant 1)

F: 5’-CTTCCGGACTGCGTCTTC-3’

Universal Probe Library, probe:

NM_012137.3

R: 5’-TGCTTCTTTCATCATGTCAACC-3’

Sigma-Aldrich, St Louise, MO, USA

DDAH1 (Transcript variant 2)

F: 5’-CTCAAGTCCTGCCCAAAGAC-3’

Universal Probe Library, probe:

NM_001134445.1

R: 5’-CCTTTTCCATACAGATGAAACCA-3’

Sigma-Aldrich, St Louise, MO, USA

DDAH2

F: 5’-GACACGGCCCTAATCACG-3’

Sigma-Aldrich, St Louise, MO, USA

transporter, y+ system),
member 2 NM_001008539.3)

R: 5’-AAGAGAACGTCAGTGCCATC-3’
eNOS (Transcript variant 1:

F: 5’-CATCAACCAGTACTACAGCTCCA-3’

Universal Probe Library, probe:

longest isoform)

R: 5’-CCTAAGCTGGTAGGTGCCTGT-3’

Sigma-Aldrich, St Louise, MO, USA

iNOS

F: 5’-AGGATCCAGTGGTCCAACC-3’

Universal Probe Library, probe:

(NM_000625.4)

R: 5’-ATGGCCGACCTGATGTTG-3’

Sigma-Aldrich, St Louise, MO, USA

nNOS (Predominant

F: 5’-AAGGCAGAGATGAAAGATATGGG-3’

Sigma-Aldrich, St Louise, MO, USA

transcript (Isoform 1)

R: 5’-CCATAGGTCATTGAAGACTCGG-3’

NM_000603.4)

NM_000620.4)
VEGF-A

F: 5’-GTGCATTGGAGCCTTGCCTTG-3’

(NM_001025366.2)

R: 5’-ACTCGATCTCATCAGGGTACTC-3’

β-actin

F: 5’-CTGGCGGCACCACCATGTACCCT-3’

Sigma-Aldrich, St Louise, MO, USA

Sigma-Aldrich, St Louise, MO, USA

R: 5’-GGAGGGGCCGACTCGTCATACT-3’
18S

F: 5’-CGATGCTCTTAGCTGAGTGT-3’

Sigma-Aldrich, St Louise, MO, USA

R: 5’-GGTCCAAGAATTTCACCTCT-3’
DDAH1 siRNA

sc-105276

Santa Cruz Biotechnology

Control siRNA-A for DDAH1

sc-37007

Santa Cruz Biotechnology

VEGF-A siRNA

SASI_Hs01 00201117

Sigma-Aldrich, St Louise, MO, USA

Control siRNA for VEGF-A

SIC001

Sigma-Aldrich, St Louise, MO, USA

Mycoplasma Genus PCR

Genus 1:

Sigma-Aldrich, St Louise, MO, USA

primers

GGGAGCAAACAGGATTAGATACCCT
Genus 2:
TGCACCATCTGTCACTCTGTTAACCTG
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CHAPTER 3. CHARACTERISATION OF NOVEL DDAH1 INHIBITORS
3.1 Introduction and aims
Several small molecule anti-angiogenic agents have been developed and widely used against
pathologies and implications associated with excessive angiogenesis including cancer, arthritis,
and psoriasis. Nevertheless, rather than targeting angiogenic pathways, these agents may also
interact with un-intended biological targets, inducing multiple signalling pathways, most
importantly those associated with cytotoxicity, leading to adverse effects. Therefore, early
identification of any potential cellular toxicity is one of the most important steps in developing a
new drug, including the novel DDAH1 inhibitors.
Furthermore, majority of the current anti-angiogenic drugs have focused on the VEGF pathway as
the most dominant target for blocking angiogenesis. However, several adverse side-effects have
been reported after systemic and local administration of anti-VEGF therapies, including
haemorrhage and thrombosis, hypertension, impaired wound healing, and cardiac impairment
(Nuzzi and Tridico, 2015, Kamba and McDonald, 2007).
NOS inhibition has previously shown to suppress angiogenesis in vitro and in vivo (Babaei et al.,
1998, Ziche et al., 1994).Therefore, diect or indirect inhibition of NOS by novel DDAH1 inhibitors
can be a potential strategy to inhibiti excessive angiogenesis without having the severe sideeffects of blocking VEGF.
To date, the adverse cellular effects of a wide range of doses of our novel DDAH1 inhibitors in
different cell lines including endothelial and non-endothelial cells have not been tested. We
therefore investigated such effects in terms of potential synergism with common neurotoxic
insults in neuronal cell models (PC-12 and SH-SY5Y cell lines), assessing cell viability by end point
colorimetric assays (Sulforhodamine B (SRB) and crystal violet assay) and proliferation by real-time
quantitative analysis (IncuCyte and xCELLigence). We then assessed the effects of DDAH1
inhibition on the ability of endothelial cells to form capillary-like structures by means of Matrigel
tube formation assay to determine their capacity to modulate angiogenesis in-vitro.
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3.2 Results
3.2.1 Assessing the effects of DDAH1 inhibitors
3.2.1.1 Neuronal cells
A dose response experiment was performed using ZST152, one of our most potent DDAH1
inhibitors (based on their inhibitory constant, Ki), in cultured neuronal cell lines. Four-day
treatment of undifferentiated PC-12 cells with 500 μM of the neurotoxin 1-methyl-4phenylpyridinium (MPP+) (used as positive control) resulted in 66% cell death. By contrast, MPP +
concentrations between 1 μM and 100 μM did not affect cell viability when compared to nontreated control cells (Fig. 3.1, A) (For the choice of MPP+ doses, refer to discussion section, page
106). The SRB assay showed that treatment of PC-12 cells with ZST152 concentrations up to 100
μM had no tangible effect on cell viability over a period of four days compared to the vehicle
control cells. However, ZST152 500 μM caused cell death as reflected by a 72% reduction in
absorbance (Fig. 3.1, B). By contrast, another DDAH1 inhibitor used as a reference, L-257, did not
cause PC-12 cell death at concentrations up to 500 μM (Refer to discussion section 3.3.1.1, page
107), when compared to vehicle control cells (P ≤0.05) (Fig. 3.1, C).
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Figure 3.1. Viability screening of PC-12 cells treated with ZST152, L-257, and MPP toxin.
SRB absorbance measurements in undifferentiated PC-12 cells treated for four days with concentrations of 0, 1, 100,
or 500 μM of neurotoxin MPP+ (A), ZST152 (B), and L-257 (C). The level of absorbance was measured at 530 nm,
indicating the cell mass. One way ANOVA was used to compare treated cells with control (0 μM compound), followed
by Bonferroni post-hoc test. Results are expressed as mean ± SEM of 4 technical replicates (**P ≤0.01).

To further investigate cell viability, we tested three of our most potent DDAH1 inhibitors, ZST316,
ZST152 and ZST086, in decreasing potency order, in undifferentiated SH-SY5Y cells (human
neuroblastoma epithelial cell line).
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None of the compounds had any significant effect on SH-SY5Y cells using concentrations between
5 and 125 μM for 48 hours. Quantitative results of crystal violet staining of treated SHSY5Y cells
are shown in Figure 3.2.

Figure 3.2. Viability of undifferentiated SH-SY5Y cells 48 hours post-treatment with DDAH1 inhibitors.
Quantitative results of crystal violet staining of undifferentiated SH-SY5Y cells showing the effect of different
concentrations of ZST316, ZST152, ZST086, and L-257 on cell proliferation.

Cells were incubated (48 h/37 °C) with different concentrations of inhibitor (0, 5, 10, 100, and 125
μM). Absorbance data are compared to untreated control and results are expressed as mean ±
SEM of 4 technical replicates. One way ANOVA was used to compare the treated groups with
control (0 μM compound), followed by Bonferroni post hoc test.
The compounds were then tested in neuronal cells exposed to MPP + to investigate whether they
would augment MPP+-mediated toxicity.
Initially, we investigated the toxic dose of MPP+. The effect of MPP+ on undifferentiated SH-SY5Y
cell proliferation was confirmed over a period of 24 and 48 hours after treatment, and the values
of the absorbance obtained from the IncuCyte system were normalized (0–100% range). The
cytotoxic dose of MPP+ over the 24 hours incubation period was ≥ 2 mM, with a reduction of
35.2% in cell proliferation. However, a quarter of this dose (500 μM MPP +) was sufficient to reduce
cell proliferation by 47.7% when cells were incubated for 48 hours. Doses higher than 500 μM
MPP+ led to higher toxicity (Fig. 3.3).
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+

Figure 3.3. Proliferation curve of undifferentiated SH-SY5Y cells treated with MPP doses.
+

Percent confluency measurements for undifferentiated SH-SY5Y cells treated with MPP with doses between 125 and
+
5000 μM compared to control medium using the IncuCyte Live Cell Analysis System. MPP treatment was performed
for 24 hours (Dark grey line), and 48 hours (light grey line) (n=1).

A crystal violet assay was then used to evaluate the toxic dose of MPP + on undifferentiated SHSY5Y cells. Significant neurotoxicity was observed with MPP+ (≥ 2mM) after both 24 hours (Fig. 3.4,
A), and 48 hours (Fig. 3.4, B) incubation.
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Toxicity of SH-SY5Y cells treated with MPP 48 h
(Crystal Violet Assay)

+

Figure 3.4. Dose-response viability curves of crystal violet assay for MPP -treated undifferentiated SH-SY5Y cells.
+

Crystal violet absorbance measurements in undifferentiated SH-SY5Y cells treated with MPP (125-5000 μM) after (A)
24 hours, or (B) 48 hours incubation, compared with cells in control media. Results are expressed as mean ± SEM of 3
biological replicates for 24 h, or 4 technical replicates for 48 h experiments. One way ANOVA was used to compare the
treated groups with control (0 μM compound), followed by Bonferroni post hoc test (*P ≤ 0.05, **P ≤ 0.01).

We then studied the combined effect of DDAH1 inhibitors and 2 mM MPP + using crystal violet
assay. 24-hour incubation of undifferentiated SHSY5Y cells with MPP + confirmed cytotoxicity at 2
mM compared to control cells (Fig. 3.5). When cells were preincubated with ZST316, ZST152,
ZST086, and L-257 (5, 25 and 100 μM) a paradoxical protective effect against MPP+-induced
toxicity was observed for all concentrations (Fig. 3.5). As these experiments were conducted
twice, each with four technical replicates, statistical analysis was not performed (Refer to
discussion section 3.3.1.1, page 107 for more information on concentration selection).
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+

Figure 3.5. Viability of SH-SY5Y treated with DDAH1 inhibitors against MPP -induced toxicity.
Crystal violet assay was performed to measure the viability of undifferentiated SH-SY5Y cells 24 h post-treatment with
+
ZST316, ZST152, and ZST086, and L-257 vs MPP (n=2, each with 4 technical replicates).
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The attenuation of MPP+-induced toxicity by our DDAH1 inhibitors was re-evaluated and
confirmed using the real-time imaging and analysis platform, IncuCyte Live Cell Analysis system
(Fig. 3.6).
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+

Figure 3.6. Proliferation of SH-SY5Y cells treated with DDAH1 inhibitors and MPP .
Undifferentiated SH-SY5Y cells preincubated for 24 hours with DDAH1 inhibitors were incubated for a further 24 h
+
with MPP (2 mM). The IncuCyte live-cell imaging system was used to measure the proliferation of SH-SY5Y cells (n=1).
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3.2.1.2 Endothelial cells
3.2.1.2.1

The effect of DDAH1 inhibitor ZST316 on VeraVec cells (SRB assay)

VeraVec™ cells, engineered human endothelial primary cells isolated from umbilical cord veinHUVEC, adapted to culture multiple passages, were treated with 5 and 100 μM ZST316 in media
containing EGF and heparin, but with various FBS concentrations: recommended amount for
VeraVec culture (20% FBS) or under serum starvation (1% FBS). After 20 hours incubation, the SRB
assay was performed, and the optical density was measured. No significant difference was found
in treated VeraVec groups compared with the vehicle control. This result was consistent in either
media condition, 1% or 20% FBS (Fig. 3.7).
A

B

Figure 3.7. Viability of VeraVec cells treated with ZST316 in different conditions of media after 20 hours.
The SRB assay measured the toxicity of 5 and 100 uM ZST316 on VeraVec cells incubated for 20 h with (A) serumsupplemented (20% FBS) medium or (B) serum starvation (1% FBS). One way ANOVA was used to compare groups
with control (0 μM ZST316), followed by Bonferroni post hoc test. Results are expressed as mean ± SEM of 3 technical
replicates.
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3.2.1.2.2

The effect of DDAH1 inhibitor ZST316 on VeraVec cells viability (Crystal violet assay)

A crystal violet assay was performed to further investigate whether our DDAH1 inhibitors are toxic
to VeraVec cells, and to confirm that the potential effects are not influenced by the inclusion of
serum (For rationalisation, refer to discussion section 3.3.1.2, page 109).
VeraVec cells were incubated with 5 and 100 μM ZST316 overnight (20 hours), at different culture
conditions: 1 and 20% fetal bovine serum (FBS), with or without endothelial growth factor (EGF)
supplements and heparin. No significant change in VeraVec cell viability or proliferation was
observed with different concentrations of serum, growth factors or supplements (Fig. 3.8.).
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Figure 3.8. Viability of VeraVec cells treated with ZST316 in different media conditions after 20 hours measured by
crystal violet assay.
The effect of different conditions of media, (A) Complete media with 20% FBS, endothelial growth factor (EGF) and
heparin, (B) 20% FBS without EGF and heparin, and (C) under serum and growth factor starvation (1% FBS, no EGF or
heparin), was examined in cells treated with 5 and 100 μM ZST316 for 20 hours using crystal violet staining by
absorbance measured at 570 nm. Cell viability is compared to vehicle control. One way ANOVA was used to compare
groups with control (0 μM ZST316), followed by Bonferroni post hoc test. Results are expressed as mean ± SEM of 4
technical replicates.
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3.2.1.2.3

Real-time viability and proliferation validation of DDAH1 inhibitors on VeraVec cells
(xCELLigence)

In further experiments, real-time cell analysis with xCELLigence was used to assess the
proliferation of cells treated with 100 μM ZST316, 1 mM L-NMMA (as positive control for DDAH1
inhibition), and 10 μM SDMA (as negative control for DDAH1 inhibition), compared to control cells.
72-hour incubation with ZST316 did not affect the proliferation rate of VeraVec cells compared to
untreated or vehicle control cells, similar to the negative control SDMA. Interestingly, selective
inhibition of NOS by L-NMMA significantly increased cell growth, indicated by a 19% increase in
cell index (Fig. 3.9). These experiments were performed with three technical replicates.
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24 h after seeding

72 h incubation time

Cell index
72 h post treatment
B

Figure 3.9. Real-time proliferation of VeraVec cells incubated with ZST316 compared to controls.
Cells were seeded onto fibronectin-coated E-plates and treated with compounds or vehicle (A) Dynamic real-time
xCELLigence screen of proliferation of treated VeraVec cells over 72 hours post treatment. VeraVec cells were treated
24 hours after seeding with control medium (NT), vehicle control, 100 μM ZST316, 1 mM L-NMMA (positive control for
DDAH1 inhibition), and 10μM SDMA (negative control for DDAH1 inhibition) and cell growth were monitored real time
for 72 hours. (B) Data show the mean ± SD of three culture replicates (n=3). One way ANOVA was used to compare
treated cells with no treatment and vehicle control, followed by Bonferroni post hoc test (NS P > 0.05, **P ≤ 0.01).
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3.2.2 The effect of DDAH1 inhibitors on angiogenesis
Following the toxicity screening, the potential anti-angiogenic effect of our DDAH1 inhibitors were
examined in HUVEC and VeraVec cells using a Matrigel-based tube formation assay.
Control HUVEC cells (untreated and vehicle control) formed an extensive network of tube-like
structures, branches and loops within 5 hr of seeding on Matrigel (Fig. 3.10, A). However, when
pre-treated with 5 μM DDAH1 inhibitors, ZST316 and L-257, a significant reduction was observed
in the number of tubes (Fig. 3.10, B), loops (Fig. 3.10, C), and branches (Fig. 3.10, D) compared to
their vehicle control. Impairment in the formation of capillary-like structures was not observed for
treated HUVECs with 100 μM of either ZST316 or L-257 (Fig. 3.10, B, C and D).

A
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Figure 3.10. Inhibition of capilary-like structures in HUVEC cells treated with DDAH1 inhibitors using Matrigel.
HUVEC cells were pre-treated for 18 h with DDAH1 inhibitors, ZST316, and L-257 (as an indicator), or vehicle or no
treated controls and seeded on Matrigel and treated for a further 5 h and imaged. Effect of DDAH1 inhibition on
HUVEC cells were compared to their relative vehicle control. (A) Representative phase contrast images are shown.
Total number of tubes (B), loops (C) or branches (D) formed were counted by Image J software. Data expressed
relative to their vehicle control. Data shown are mean of three technical replicates. *P ≤ 0.05 and **P ≤ 0.01, vs.
vehicle, according to Student's t-test. Data are presented as mean ± SEM.
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In further experiments, human VeraVec endothelial cells were preincubated for 18 hours with two
concentrations of ZST316, 5 and 100 μM, and Matrigel tube formation assay was performed over 5
hours. The formed tubes and loops were imaged and counted by Image J software. Both doses of
ZST316 significantly reduced the formation of tubes and loops in VeraVec cells, in contrast with
HUVEC cells (Fig, 3.11, B). Even though there was a greater effect on loop formation with 100 μM,
both doses significantly reduced the number of loops (Fig, 3.11, C).

A

No treatment

Vehicle

ZST316 (5 μM)

ZST316 (100 μM)

B

C

Figure 3.11. Inhibition of capillary-like structures in VeraVec cells treated with DDAH1 inhibitors using Matrigel.
VeraVecs were pre-treated for 18 h with 5 and 100 μM of ZST 316, vehicle or no treatment controls, followed by
Matrigel tube formation assay. The number of (B) tubes, and (C) loops formed per well were quantified by ImageJ 5
hours after seeding on Matrigel. (A) Representative phase contrast images of treated VeraVec cells. Data were
obtained from five independent biological experiments (n=5). One-way ANOVA was used to compare the groups,
followed by Bonferroni post hoc test. Data values are expressed as mean ± SEM and the statistical significance is
indicated with asterisks (*P ≤ 0.05 and **P ≤ 0.01).
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3.2.3 Effect of DDAH1 inhibitors on eNOS protein expression
To determine whether the tube formation reduction observed was related to the
DDAH/ADMA/NOS pathway, the expression levels of DDAH1, DDAH2, eNOS, nNOS and iNOS
proteins were investigated in VeraVecs.
3.2.3.1 Basal protein expression with DDAH1 inhibitors
Qualitative western blot analysis resulted in a faint band for DDAH1 with a few non-specific
bindings (Fig. 3.12, A), and confirmed the endogenous expression of eNOS proteins in VeraVec
cells (Fig. 3.12, B).
By contrast there was no protein expression for nNOS, iNOS, or VEGF. The DDAH2 protein band
was markedly faint, with several non-specific bindings for VeraVec lysate, and could not be
considered as a positive result. Western blot image for these experiments can be found in
Appendix 1.
A

B

.
Figure 3.12. Western Blot showing basal protein expression in VeraVe endothelial cells.
Endogenous expression of proteins (A) DDAH1 (n=1), and (B) eNOS (n=2) were tested in VeraVec cells by immunoblot
analysis. (A) DDAH1 blot: lane 1: Stably transfected DDAH1-HEK-293T cell lysate used as positive control, Lane 2: Intact
HEK293T cell lysate used as negative control, and Lane 3: VeraVec lysate, blotted with DDAH1 antibody (Abcam). (B)
eNOS blot: lane 1: VeraVec lysate, Lane 2: Transiently transfected eNOS-HEK293T cell lysate used as positive control 1,
Lane 3: Stably transfected eNOS-HEK293T cell lysate used as positive control 2, and Lane 4: Intact HEK-293T cell lysate
used as negative control, blotted with eNOS antibody (BD Biosciences antibody).

103

CHAPTER 3
3.2.3.2 The effect of DDAH1 inhibitors on eNOS protein expression
To investigate whether the DDAH1 inhibitor ZST316 exerts any effect on eNOS protein expression,
western blot analysis was performed on VeraVec cell lysates, using three different batches of cells.
Quantification of eNOS protein bands on the blot, normalised to total protein, revealed that 18hour incubation with 5 μM of ZST316 induced a non-significant downregulation in eNOS protein by
37 ± 10 % versus vehicle control. 100 μM of the compound also did not have a significant effect on
eNOS protein expression (Fig. 3.13), similar to the positive (L-NMMA), and the negative (SDMA)
controls.
For complete western images refer to Appendix 2.

Figure 3.13. Quantitative Western Blot showing eNOS protein expression in treated VeraVec cells with DDAH1
inhibitors.
VeraVec cells were treated with concentrations of 5 and 100 µM ZST316 (n=6), 1 mM L-NMMA (as positive control for
NOS activity inhibition) and 10 µM SDMA (as negative control for NOS activity inhibition) (n=3), for 18 h. Total protein
was used for loading control. The expression of eNOS protein was quantified as a %change of vehicle to total protein
by immunoblotting. One-way ANOVA was used to compare the groups, followed by Bonferroni post hoc test. Mean ±
SEM of six independent experiments is shown.
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3.3 Discussion
3.3.1 Assessing the potential toxic or protective effect of DDAH1 Inhibitors
The biological characteristics of our novel DDAH1 inhibitors were examined to investigate their
therapeutic potential as angiogenesis inhibitors. One of the most critical factors in early stages of
drug discovery and development programs is safety (Horvath, 1980), assessed in a series of in vitro
cytotoxicity tests. These screening tests should be performed by suitable methods on a variety of
cell line models, to cover any potential toxicity. To avoid false conclusions, limitations and
reliabilities of the assays should be considered (Bácskay et al., 2018). Also, well-characterised cell
lines were chosen in order to examine any potential effects from these compounds, as the lack of
toxicity in endothelial cells does not necessarily rule out a potential toxic effect in non-endothelial
cells. This will ensure reliable information about the dosage and cell-drug incubation time that
may influence future experiments and potential applications of the compounds.
3.3.1.1 Toxicity effect of DDAH1 inhibitors on neuronal cells compared to neurotoxin MPP+
To investigate the potential cytotoxicity of our novel DDAH1 inhibitors, a SRB cytotoxicity assay
was initially used in two different neuronal cell lines, PC-12 and SH-SY5Y. This assay relies on the
ability of the SRB dye to bind and stain the cellular proteins (amino-acids) under acidic pH (Vichai
and Kirtikara, 2006), thereby determining cell density based on the measurement of total protein
mass.
For the initial experiment, the toxicity effect of one of our DDAH1 inhibitors was assessed in
undifferentiated PC-12 cell lines. This tumour-derived cell line, initially isolated from a
pheochromocytoma of the rat adrenal medulla (Greene and Tischler, 1976), is used as a
dopaminergic cell model of Parkinson’s disease (Soldner et al., 1999, Bao et al., 2019). PC-12 cells
have been reported to be susceptible towards the toxic effects of MPP+ due to their binding sites
for the toxin (Marongiu et al., 1988). Therefore, this cell line was used to determine whether our
compounds exert additional negative effects to those exerted by MPP +.
A

classic

neurotoxin,

MPP+

is

the

active

metabolite

of

1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) (Singer et al., 1988, Aimé et al., 2018). MPP+ is a substrate for
dopamine transporter (DAT) expressed in PC-12 and SH-SY5Y cells. MPP+ accumulates into
mitochondria, inhibiting ATP production, which induces the formation of reactive free radicals,
and cell death (Kopin, 1987, Jeong et al., 2015).
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MPP+ neurotoxin was used as a positive control for cell death in our experiments. PC-12 cells were
exposed to 500 μM MPP+ as this concentration has previously been shown to cause 50% cell death
over 24 (Lee et al., 2005), or 72 hours (Marongiu et al., 1988). Four-day incubation with 500 μM of
MPP+ resulted in nearly 70% cell death in undifferentiated PC-12 cells based on the reduction in
total protein mass (an indication of cell death) using the SRB toxicity assay. However, lower
concentrations did not have any tangible toxic effect (Fig. 3.1, A). These results are in line with
previous studies showing that the concentration of MPP+ necessary to reduce the number of
undifferentiated PC-12 cells by 50% (IC50) was 500 μM and 100 μM was considered sub-lethal (Lee
et al., 2005, Marongiu et al., 1988). Although these studies were conducted over different time
periods (24 hours (Lee et al., 2005) and 72 hours (Marongiu et al., 1988)), it has recently been
reported that MPP+-induced toxicity increased in a dose and time-dependent manner (Bao et al.,
2019). This difference can be explained by the difference in the passage number of the utilised
cells. According to a recent study on PC-12 susceptibility to various stress conditions, higherpassage PC-12 cells were more resistant than cells with lower passage numbers (Kinarivala et al.,
2017). The PC-12 cells used in our studies, at passage < 20, fall into the category of higher passage
number and perhaps more resistant according to these studies.
L-257 was used as a reference, not only because it is the mostly studied and widely used selective
DDAH1 inhibitor (Leiper et al., 2007, Nandi et al., 2012, Kotthaus et al., 2012, Rossiter et al., 2005),
but also because it has been used as the template for the synthesis of our novel DDAH1 inhibitors
(Tommasi et al., 2015).
ZST152 concentrations of up to 100 μM did not have any cytotoxic effect (Fig. 3.1, B), similar to L257 control (Fig. 3.1, C), even though significant cytotoxicity was observed with four-day
treatment with 500 μM of ZST152 (Fig. 3.1, B). However, this dose is supra-physiological
considering the 95% DDAH1 inhibition at 1 mM, IC50 = 18 µM, and Ki = 7 µM (Tommasi et al.,
2015). Furthermore, toxicity of compounds was tested on PC-12 cells utilising SRB assay over a
four day period. Even though this assay is a fast, sensitive and reproducible method to measure
drug-induced cytotoxicity, obtaining a linear relationship between seeding density and optical
density is challenging for higher cell densities (Papadimitriou et al., 2019). As PC-12 cells grew to
almost confluent over the four days incubation time, we used crystal violet assay over a shorter
period of time, 48 hours.
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In the next series of experiments, our three most potent DDAH inhibitors, ZST316, ZST152 and
ZST086 were tested on human neuroblastoma SH-SY5Y cells, another tumour-derived cell model
of neuronal disease, originally derived from a metastatic bone tumour biopsy. Undifferentiated
SH-SY5Y cells were used to assess cytotoxicity of compounds at different concentrations (1- 125
μM) and viability was assessed over 48 hours. These concentration ranges were chosen to cover
concentrations that are equal to, or greater than the Ki (constant of inhibition) of the compounds,
and also to account for potentially low cellular uptake. Application of supraphysiological
concentration of compounds for in vitro studies has been recommended in previous studies (Kittel
and Maas, 2014). None of these concentrations showed any cytotoxic effects on undifferentiated
SH-SY5Y cells over 48 hours compared to the control (Fig. 3.2). L-257 concentrations between 50
and 100 μM have been previously used in cell culture experiments and have been effective to
inhibit DDAH1 and increased ADMA by 60% in human dermal microvascular endothelial cells,
while cells remained viable (Ghebremariam et al., 2014). Based on our results, showing the lack of
cytotoxicity of DDAH inhibitors, up to 100 μM of these compounds (a supraphysiological
concentration) was planned to be used in future experiments.
Previous evidence has shown that pharmacological and genetic reduction of DDAH1 activity elicits
protective effects against lipopolysaccharide-induced endotoxic shock (Nandi et al., 2012). Further
experiments were conducted to investigate while DDAH inhibitors showed no cytotoxicity per se,
whether they would be toxic in combination with a toxin.
Initially, the toxic dose of MPP+ (as the positive control for cytotoxicity) on undifferentiated SHSY5Y neuroblastoma cells was determined by live-cell imaging IncuCyte and crystal violet assay.
IncuCyte proliferation assay showed that application of 2 mM of the toxin reduced cell
proliferation by about 35% in 24 hours. Doubling the incubation time led to significant cell death
only with 500 μM of the toxin (Fig. 3.3). However, the crystal violet assay revealed a significant
lack in cell viability in the presence of ≥ 2 mM toxin after 24 or 48 hours incubation (Fig. 3.4).
Previous studies on undifferentiated SH-SY5Y cells have demonstrated that 500 μM of MPP+ is
enough to reduce viability (IC50) by 50% in 24 hours (Arshad et al., 2014, Khwanraj et al., 2015).
Incubation periods > 24 hours revealed a significant cell death in the presence of ≥ 250 μM MPP +
toxin (Khwanraj et al., 2015). Notably, these researchers used the MTT assay for their detection
method. However, according to recent studies comparing the reliability of crystal violet and MTT
assays, while the crystal violet assay is metabolism-independent, the MTT assay is affected by
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oxidative stress (Śliwka et al., 2016). This is the mechanism of action involved in MPP + -mediated
neurotoxic effect (Anantharam et al., 2007). Therefore, testing the MPP+ effect on cells using the
MTT assay is unreliable as it can provide false-positive results (Śliwka et al., 2016). Based on this
information and considering the mechanism of action of MPP +, using the MTT assay was not
recommended. Besides, our previous IncuCyte experiment supports the toxic dose of 2 mM MPP+
in our SH-SY5Y cells over 24 hours.
The 2 mM MPP+ dose was used as positive control for cytotoxicity. Then, the potential effect of
DDAH inhibitors when combined with MPP+ was examined in human SH-SY5Y cells. The DDAH1
inhibitors, ZST316, ZST152, ZST086, and L-257, were tested to investigate whether they could
augment MPP+-mediated cytotoxicity. However, unexpectedly, DDAH inhibition prevented or
minimized MPP+-mediated toxicity as the combined treatment resulted in more viable cells than
MPP+ alone, suggesting a possible neuroprotective effect of the inhibitors (Fig. 3.5). The IncuCyte
experiment was performed once (Fig. 3.6) due to the limited access to the instrument and high
costs. Nevertheless, the key finding based on the overall trend of treated cell proliferation rate
confirmed the previous results.
It has been previously demonstrated that MPP+ initiates oxidative stress, which induces apoptotic
cell death in a neuronal cell model of Parkinson’s disease (Anantharam et al., 2007). The primary
source of ROS and oxidative damage is plasma membrane NADPH oxidase (Anantharam et al.,
2007). Furthermore, NADPH oxidase causes NOS uncoupling and thus, reduces NO synthesis
(Czesnikiewicz-Guzik et al., 2008). Interestingly, a NOS inhibitor, L-NAME, has been shown to have
a similar effect to NADPH oxidase inhibition, i.e., suppress ROS production (Czesnikiewicz-Guzik et
al., 2008). Therefore, on possible mechanism accounting for the reduced MPP+-induced toxicity by
DDAH inhibitors involves NOS inhibition and/or targeting NADPH oxidase. Pending confirmatory
studies, pharmacological DDAH1 inhibition might significantly influence oxidative stress, with
potential therapeutic applications in Parkinson’s disease as well as other chronic diseases
associated with oxidative stress such as cancer, atherosclerosis, and rheumatoid arthritis.
3.3.1.2 The effect of DDAH1 inhibitors on endothelial cells
After confirming the lack of cytotoxicity of DDAH inhibitors on neuronal cells, we investigated their
potential anti-angiogenic activity in human VeraVec endothelial cells (hVera101, Angiocrine
Bioscience) using our most potent DDAH inhibitor, ZST316.
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Initially, we confirmed that the proliferation and viability of VeraVec cells were independent of the
media content (i.e., amount of FBS, EGF, and heparin in the media). Since the culture medium for
human endothelial cells was supplemented with high amounts of serum, growth factors, and
heparin to stimulate cell growth, testing needs to be done to firstly rule out the potential influence
of these factors on our endpoints. Secondly, since the tube formation assays are performed with
serum-free medium (Francescone III et al., 2011), it was important to confirm whether VeraVec
cells remain viable to serum- and growth factor- reduced media, in the presence or absence of
DDAH inhibitors. According to the manufacturer, the engineered hVera101 are adapted to various
media formulations, including serum-free conditions, and are not susceptible to reduced growth
factor or serum content in media).
Incubation with 5 and 100 μM of ZST316 exerted no cytotoxic effect to VeraVec cells in different
culture conditions using SRB and crystal violet methods (Fig. 3.7 and 3.8). However, these
methods are based on binding of the dye to cellular proteins (SRB) both protein and DNA (crystal
violet) of both live and dead cells, as long as the cells are adherent to the plate (Aslantürk, 2018).
Also, actively proliferating cells may detach from plates and wash off. Therefore, they do not
provide information on what caused the reduction in the biomass, i.e., whether it was cell death
or reduced proliferation, and are unable to measure the proliferation rate (Feoktistova et al.,
2011). Therefore, assays that allow real-time measurement of cell proliferation with maximum
incubation time provide valuable and complementary information on the cytotoxic effect of
compounds. Therefore, a subsequent set of experiments was designed to investigate the antiproliferative effect of ZST316 over three days using the xCELLigence Real-Time quantitative Cell
Analysis (RTCA) instrument.
VeraVecs were treated with supraphysiological concentration of ZST316, 100 μM, calculated based
on 100x Ki, to account for any potential difficulty in cell uptake. In addition to ZST316, we also
assessed the eﬀect of L-NMMA (as positive control) and SDMA (as negative control) on tube
formation. For these molecules, we chose concentrations that are also considered
supraphysiological (1 mM for L-NMMA and 10 μM for SDMA; physiological plasma concentrations
of these arginine analogues are 0.05 and 0.5 μM, respectively (Da Boit et al., 2018, Hulin et al.,
2019, van Dyk et al., 2015).
The viability and growth rate of VeraVec cells treated with ZST316 was similar to non-treated or
vehicle control cells as shown in Figure 3.9. These results are in agreement with prior studies
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investigating the effect of NO˙ reduction (which is the consequence of DDAH inhibition) on cell
proliferation. In these studies, the proliferation of endothelial cells with NO˙ inhibition was similar
to control cells (Cartwright et al., 2000). Similarly, as expected, SDMA had no impact on the
proliferation rate of VeraVecs as this methylated form of arginine is not a substrate for DDAH nor
does it inhibit NOS.
In contrast, L-NMMA, used as a positive control for DDAH1 inhibition, induced a significantly
higher proliferation rate than non-treated and vehicle control after 72 hours (Fig. 3.5). Prior
studies have demonstrated an increase in the number of viable endothelial cells treated with
ADMA or DDAH siRNA compared to control cells (Trittmann et al., 2019). Furthermore, based on a
large number of studies, L-NMMA is a NOS inhibitor (Olken et al., 1991, Zhang et al., 1997, Caplin
and Leiper, 2012). Previous studies have reported that NOS inhibitors increased proliferation
(Lopez-Farre et al., 1997). The negative correlation between NO production and cell proliferation
rate has also been reported in other studies. For example, the high amounts of endogenous
NO produced by iNOS inhibited proliferation of endothelial cells (Cartwright et al., 2000). Similarly,
exogenous NO derived from NO donors has also been shown to inhibit endothelial cell
proliferation (Yang et al., 1994, Sarkar et al., 1995, RayChaudhury et al., 1996).
The different results with DDAH inhibitors vs. L-NMMA could be related to the amount of NO
reduction as NO can exert opposite effects depending on its concentration. While low amounts of
NO favour cell proliferation, high levels could lead to senescence, cell cycle arrest, reduced
proliferation, or even apoptosis (Napoli et al., 2013).
Although there have been contradictory results in the literature regarding the relation between
NO inhibition and cell proliferation, it is possible that DDAH inhibitors, in addition to inhibiting
NOS, have off-target effects, even though they have not yet been identified. Moreover, we cannot
rule out the possibility that particular pathways through which DDAH inhibitors generate their
ultimate impact on cells, may not be involved in growth rate.
3.3.2 The effect of DDAH1 inhibitors on angiogenesis
Several studies have reported that NOS inhibitors block in vitro VEGF-induced angiogenesis
(Papapetropoulos et al., 1997, Ziche et al., 1997a). As L-NMMA, a DDAH1 substrate, has previously
been shown to inhibit eNOS activity (Rossiter et al., 2005), we speculated that DDAH1 is an
essential mediator of angiogenesis. However, the functional significance of DDAH1 inhibition
which leads to the accumulation of L-NMMA in endothelial cells has not been previously
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documented. We hypothesised that DDAH inhibition would attenuate the formation of capillarylike structures in endothelial cells in a dose-dependent manner.
The potential anti-angiogenic effect of our most potent DDAH1 inhibitor, ZST316 was investigated
in HUVECs (Human umbilical vein endothelial cells) and engineered VeraVec cells. These cells
were designed and kept in a state of activity with the ability to simulate in vivo inductive
angiogenesis (Gori et al., 2017). According to a recent study in our lab using UPLC-MS, DDAH1
inhibitors did not demonstrate high cell uptake in an epithelial human breast cancer cell line,
MDA-MB-231 cells (Hulin et al., 2019). Based on that information, DDAH1 inhibitor concentrations
were selected from different ranges, starting from 5 times Ki, and up to 100 times Ki –
concentrations previously shown in our lab to be sufficient to inhibit tube formation in MDA-MB231 cell line (Hulin et al., 2017).
The effect of ZST316 was compared to L-257 (reference DDAH inhibitor), non-treated, or vehicle
control by the in vitro Matrigel® tube formation assay. This quantitative method uses a growth
factor-reduced Matrigel to assess the angiogenic activity of vascular endothelial cells in vitro (Shao
et al., 2009, Ribeiro et al., 1995).
Preliminary experiments with ZST316, similar to L-257, showed a significant reduction in the
formation of capillary-like structures with 5 μM. Interestingly, increasing concentrations to 100
μM did not have an increasing anti-angiogenic effect in vitro. 100 μM DDAH1 inhibitor did not
significantly affect angiogenesis in HUVEC cells as demonstrated by the number of tubes, loops,
and branches compared to their vehicle control (Fig. 3.10). However, these initial experiments
with HUVECs were performed once. Repeating the in vitro Matrigel tube formation experiments
with VeraVec cells showed that ZST316 5 and 100 μM, significantly suppressed both tube and loop
formation compared to vehicle control (Fig 3.11). Notably, the inhibitory effect of 100 μM of
ZST316 on loop (but not tube) formation was greater than 5 μM (Fig 3.11, C), suggesting the
presence of a dose-dependent effect.
Previous experiments with ZST316 and ZST152 by other lab members showed similar results in
cancer cell models, with suppression of vasculogenic mimicry, i.e., the formation of vessel-like
structures, on Matrigel at concentrations > 1 µM (Hulin et al., 2019). Furthermore, studies on
microvascular endothelial cells also revealed that siRNA-mediated knockdown of DDAH1, or
treatment with ADMA, led to reduction of NO synthesis and consequent reduced tube formation
vs. controls (Trittmann et al., 2019). Another recent study suggests that DDAH deficient HUVEC
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cells expressed less VEGF, and showed less cell proliferation and angiogenesis (Zhang et al., 2013).
This proposed mechanism underlying the anti-angiogenic effect of DDAH inhibition is different
from ealier research showing no significant impact on NOS after DDAH inhibition (Rossiter et al.,
2005). Future experiments should examine whether the effect of DDAH inhibition is mediated by
NOS and/or VEGF.
3.3.3 The potential effect of DDAH1 inhibitors on eNOS protein expression: Was there a
protein expression change involved in the DDAH1-dependent angiogenesis?
Our DDAH1 inhibitors have shown to inhibit angiogenesis in vitro, which suggests that the
accumulation of DDAH substrates (ADMA and L-NMMA), and the subsequent eNOS inhibition,
could have led to angiogenesis attenuation. This is in line with prior studies that have shown that
DDAH1 silencing in cultured vascular endothelial cells result in reduced NO synthesis by NOS, due
to ADMA accumulation (Hu et al., 2011a). Similarly, inhibition of DDAH1 by ZST316 increased the
concentrations of the substrates ADMA and L-NMMA, which directly inhibit NOS activity (Hulin et
al., 2020). Although presumably, there would be no significant change in eNOS protein expression.
To test this hypothesis, we initially assessed and confirmed the presence of DDAH1 and eNOS in
VeraVec endothelial cells (Fig. 3.12). To investigate the effect of DDAH1 inhibitors on eNOS protein
expression levels, quantitative immunoblot assays were performed on lysates from treated cells
with our most potent DDAH1 inhibitor, ZST316, at 5 and 100 μM. ZST316 did not significantly
change eNOS protein expression, similar to L-NMMA (positive control for NOS activity inhibition),
and SDMA (negative control) (Fig. 3.13).
Similarly, DDAH1 knockout mice have previously been shown to have significant elevations in
plasma and tissue ADMA and L-NMMA, without alterations in the expression of eNOS (Hu et al.,
2011a). Furthermore, DDAH1 gene silencing using siRNA silencing, while reducing NO production
in microvascular endothelial cells or HUVEC cells, did not influence eNOS protein levels (Trittmann
et al., 2019, Zhang et al., 2011).
Additional experiments assessing the expression of other proteins potentially involved in the
ADMA/DDAH/NOS pathway showed a non-specific antibody binding on the DDAH2 blot. This
makes it difficult to robustly determine whether DDAH2 protein is expressed in VeraVec cells
(Appendix 1, A). No protein expression was detected for VEGF-A, nNOS, or iNOS (Appendix 1, B, C,
D). Multiple non-specific bands and/or high background on DDAH2, VEGF, and iNOS blots may be
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due to poor-quality antibodies (Appendix 1, A, B, and D). For more information on antibodies,
refer to Chapter 2, Table 2.7.

3.4 Conclusion
Our DDAH1 inhibitors did not exert significant toxic effects in neuronal or endothelial cells and,
unexpectedly, showed some protection against MPP+-induced toxicity in neuronal cells.
Inhibition of angiogenesis is currently perceived as a promising strategy in treating disorders with
excessive angiogenesis, such as cancer. In Matrigel tube formation assays, treatment with our
DDAH1 inhibitor ZST316 (5 and 100 μM) exerted significant anti-angiogenic effects in VeraVec cells
compared to vehicle control. This effect is likely mediated by the DDAH/ADMA/NOS pathway,
particularly inhibition of eNOS activity, but not changes in eNOS protein expression. Moreover,
many of angiogenenic-related responses in endothelial cells are mediated through ROS (UshioFukai and Nakamura, 2008). Therefore, this effect could also be due to ROS-induced quenching of
NO˙, at least in part and the mechanism is thought to be NOS-independent pathways (Paolocci et
al., 2001). Other studies have suggested that NADPH (ROS)-dependent inhibition of angiogenesis
could occur through VEGF signalling inhibition (Ushio-Fukai and Nakamura, 2008). According to
another research, ROS generation couldl be a potential consequence of ADMA accumulation
following DDAH1 inhibition (Wells and Holian, 2007).
Therefore, DDAH1 might represent a potential therapeutic target for disorders characterized by
excessive angiogenesis. However, it is important to note that the observed results in immortalised
cultured endothelial cells may not necessarily reflect those in vivo due to the altered expression
patterns of key markers in cell models (Galley et al., 2000).
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CHAPTER 4. DEVELOPING MODELS OF VEGF-A MODULATION AND
THEIR EFFECT ON DDAH1 EXPRESSION
4.1 Introduction
Vascular endothelial growth factor-A (VEGF-A) is a member of a family of growth factors and the
key driver of the biochemical pathways involved in the process of angiogenesis (Loureiro and
D’Amore, 2005). Hypoxia is the primary pathophysiological stimulus for increased VEGF-A
expression via the accumulation of transcription factor, hypoxia-inducible factor-1α (HIF-1α)(Berra
et al., 2006, Weidemann and Johnson, 2008, Liu et al., 1995, Liao and Johnson, 2007). HIF-1α
stimulates the production of VEGF, which binds to, and activates VEGF receptors (VEGFRs) on
neighbouring endothelial cells (ECs). This promotes vascular endothelial cell permeability and
protease production, leading to cell migration, proliferation, and subsequent formation of new
blood vessels (Bautch, 2012, Liao and Johnson, 2007, Berra et al., 2006).
In Chapter 3, it was observed that pharmacological DDAH1 inhibition significantly reduced tube
formation in vitro. Since VEGF is an essential mediator of angiogenesis, the presence of a positive
correlation between DDAH1 and VEGF-A was hypothesised. To test this hypothesis, in this chapter,
it was attempted to modulate VEGF-A using hypoxia and small interfering RNA (siRNA) gene
silencing to investigate the effect of VEGF-A up- (hypoxia) and down-regulation (siRNA) on DDAH1
expression. For this purpose, a cell culture model of hypoxia-induced VEGF-A upregulation was
first developed to investigate whether this elevates DDAH1 expression. Then, a model of VEGF-A
knockdown by siRNA was created to see whether this reduces DDAH1 expression.
Finally, it was investigated whether the DDAH1-mediated inhibition of angiogenesis (previously
observed in chapter 3) is VEGF-dependent. As the selectivity profile of our DDAH1 inhibitors has
yet to be fully explored, a model of DDAH1 knockdown by siRNA was created to investigate the
effect of specific inhibition of DDAH1 on VEGF-A expression. It was hypothesised that siRNAmediated knockdown of DDAH1 reduces VEGF-A expression. The outcome could describe the
possible mechanism of action of our DDAH1 inhibitors and whether their potential therapeutic
anti-angiogenic property is through VEGF-A inhibition.
Several cell models can be used to investigate the interplay between VEGF-A and DDAH1. VEGF is
expressed in nearly every adult tissue. The retina is one of the most metabolically active tissues in
the body and VEGF is the major regulator of retinal angiogenesis (Campochiaro et al., 2016, Penn
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et al., 2008, Schlingemann and van Hinsbergh, 1997). Hypoxia stimulates VEGF-A expression in all
organs, including the retina (Witmer et al., 2003, Aiello et al., 1995). Retinal hypoxia and HIFmediated upregulation of VEGF are the leading causes of vision impairment in several ocular
disorders characterised by excessive formation of new abnormal vessels inside the retina, e.g.,
diabetic retinopathy, age-related macular degeneration, and retinopathy of prematurity
(Dombrow and Adelman, 2011, Kaur et al., 2008). Retinal pigment epithelial (RPE) cells are the
most functionally and metabolically active cells within the retina. These cells are an important
source of various angiogenic factors, including VEGF (Xiao et al., 2006). Consequently, they have
the potential to contribute to retinal angiogenesis (Ikeda et al., 2006, Forooghian et al., 2007,
Aiello et al., 1995, Miller et al., 1997). Moreover, these cells have been shown to contain DDAH1
protein (Gu et al., 2012, Lange et al., 2016).
Therefore, in this study, cultured, immortalized human RPE (ARPE-19) cells were used to modulate
VEGF-A, and investigate its potential effects on DDAH1. ARPE-19 cells are commercially available,
easy to culture, and have retained most of their native characteristics (Dunn et al., 1996).

4.2 Results
4.2.1 Basal expression of DDAH1
4.2.1.1 Basal mRNA expression of DDAH1
The basal mRNA levels of the two transcript variants of human DDAH1 was tested (Refer to the
discussion section 4.3.1, page 123). Other genes involved in the DDAH/NOS pathway were also
assessed: DDAH2, VEGF-A, NOSs, and cationic transporter 2 (CAT-2) (Refer to the discussion
section 4.3.1, page 125). Complementary DNA (cDNA) amplified by PCR was visualised by agarose
gel electrophoresis. The expression of selected genes in ARPE-19 cells were screen-checked and
compared to those in HEK-293T cells (used as an indicator cell), positive controls (plasmid with the
desired DNA), and the negative control (RNA-free water).
DNA fragments at the correct size (expected sizes are shown on Fig. 4.1, next to their names) were
detected for ARPE-19 cDNA (marked as “R” in Fig. 4.1), on gel electrophoresis for two transcript
variants of DDAH1: variant 1 (n=1), and variant 2 (n=2), and VEGF-A (n=2), compared to the
positive control, where available (marked as “+” ), or the indicator cDNA from HEK-293T (marked
as “H” in Fig. 4.1). 18S was used as the housekeeping gene (Fig. 4.1, B, purple).
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DDAH2, NOSs, and CAT-2 transporter genes were also checked. Whilst DDAH2 (n=2) was
expressed when compared with their positive control (Appendix 3, A, grey) no DNA band was
visualised for nNOS (n=1), iNOS (n=1), eNOS (n=1), or CAT-2 (n=1) genes (Appendix 3).

A

B

Figure 4.1. Agarose gel (2%) electrophoresis of PCR amplified cDNA template from ARPE-19 cells.
Gel electrophoresis image of DNA fragments, showing expression of DDAH1, variant 1, DDAH1, variant 2, DDAH2,
VEGF-A, and 18S housekeeping gene. 1000bp ladder was applied as a reference. “R” represents the corresponding
cDNA from human RPE cells (ARPE-19), “H” represents cDNA from HEK-293T cells, used as an indicator cell, “+” serves
as the positive control where available, which is HEK-293T cells transfected with the gene of interest, and “–“
represents negative control, which is the nuclease-free water with the primer. DNA samples for DDAH1 (variant 1)
(n=1), DDAH1 (variant 2) (n=2), DDAH2 (n=2), and VEGF-A (n=2), were loaded on the gel, and the presence or absence
of the selected genes was visualised and confirmed. All the above genes were present in ARPE-19 cells. Downward
arrows indicate the direction of migration of the samples. The expected gene sizes (in base pair(bp)) are also indicated
below their names.

4.2.1.2 Basal protein expression of DDAH1
Qualitative western blot analysis showed the presence of DDAH1 protein in ARPE-19 lysates but
not in HEK293T lysates (negative control) (Fig. 4.2).
In addition, protein expression of DDAH2, eNOS, iNOS, and nNOS was examined. No band was
detected in eNOS, nNOS, or iNOS blots at the expected molecular weights (Appendix 4, A, B, C).
However, a protein band for DDAH2 was detected at 30 kDa, although slightly lower than the band
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generated for our positive control (Flag-tagged DDAH2-HEK293T cells). Interestingly, the negative
control intact HEK293T cells also generated a band of the same molecular weight for DDAH2, 30
kDa (See Appendix 4, D).

Figure 4.2. Qualitative western blot analysis showing basal protein expression in ARPE-19 cells.
Endogenous expression of DDAH1 (n=3) was detected and compared with the positive control (transient transfected
DDAH1-HEK293T cells with the gene of interest) and negative controls (intact HEK-293T lysates) (n=1).

4.2.2 Model 1: DDAH1 Expression changes during hypoxia-mediated VEGF-A upregulation
To develop a model of VEGF-A upregulation and determine the potential effect on DDAH1
expression, ARPE-19 cells were cultured and exposed to hypoxia for increasing periods (1, 4, 8, 16,
24-hour). The effect of hypoxia on VEGF-A and DDAH1 message and protein expression was tested
by real-time q-RT-PCR (Real-Time Quantitative Reverse Transcription PCR) and immunoblotting,
respectively, and compared to normoxic cells.
4.2.2.1 DDAH1 and VEGF-A message expression changes during hypoxia
After exposing cells to 18 and 24 hours of hypoxia, mRNA expression levels of VEGF-A significantly
increased (Fig 4.3, A). Interestingly, this increase was more significant after 18 hours of hypoxia
compared to all other time points (Fig 4.3, A). Similarly, DDAH1 mRNA also showed a significant
elevation after 18 and 24 hours of hypoxia (Fig 4.3, B).
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Figure 4.3. Quantitative real-time PCR analysis of VEGF-A and DDAH1 mRNA levels in hypoxic vs. normoxic ARPE-19
cells.
Quantitative real-time PCR data showing (A) VEGF-A gene and (B) DDAH1 gene expression normalised to β-actin in
ARPE-19 cells exposed to hypoxia for increasing time periods: 1h (n=2), 4h (n=2), 8h (n=2), 18h (n=4), and 24h (n=2),
compared to normoxia. Parametric unpaired Student’s t-test was used to compare the hypoxic and normoxic groups
at each time-point. *P < 0.05, ** P < 0.01, Error bar = SEM.

To confirm whether 18-hour hypoxia had the maximum effect on VEGF-A mRNA upregulation and
to investigate its effect on DDAH1 upregulation, a further experiment was performed; these
experiments were focused on 18 hours of hypoxia versus normoxia and DDAH1 (variant 1 and
variant 2), DDAH2 and VEGF-A genes were tested. Following RNA extraction and quality check, PCR
amplification revealed that both VEGF-A and DDAH1 long mRNA levels were significantly higher
than that of the normoxic cells (Fig. 4.4). By contrast, DDAH1 variant 2 and DDAH2 mRNA did not
show any significant change compared to normoxic cells.

Figure 4.4. Quantitative real-time PCR analysis of mRNA levels in 18 h hypoxic vs normoxic ARPE-19 cells.
mRNA expression of genes of interest normalised to β-actin in ARPE-19 cells under 18 hour hypoxic or normoxic
condition. DDAH1 long (n=3), DDAH1 short (n=3), DDAH2 (n=3) and VEGF-A (n=2) were measured by q-PCR.
Parametric unpaired Student’s t-test was used to compare two groups. **P < 0.01. Error bar = SEM.
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4.2.2.2 DDAH1 and VEGF-A protein expression changes during hypoxia
In the next set of experiments, changes in protein expression of VEGF-A and DDAH1 were
examined during hypoxia. To measure VEGF-A protein expression, secreted VEGF into the media
was measured by enzyme-linked immunoassay (ELISA). Again, 18-hour, but not 24-hour, hypoxia,
significantly increased VEGF protein expression in ARPE-19 compared to normoxic cells.
A

B

Figure 4.5. The effect of 18 and 24 h hypoxia on VEGF-A in ARPE-19 cells.
ARPE-19 cells were incubated for (A) 18 hours and (B) 24 hours under hypoxia or normoxia, and average VEGF-A
protein expression was measured by ELISA on media and compared (n=3). Parametric unpaired Student’s t-test was
used to compare two groups. *P < 0.05, NS= not significant, Error bar = SEM.

Subsequently, the DDAH1 protein levels under hypoxia compared to normoxic conditions were
measured, using western blot analysis. Contrary to expectations, 18-hour hypoxia caused a
significant decrease 56.1 ± 7.25 % in DDAH1 protein.

Figure 4.6. DDAH1 protein levels in hypoxic vs. normoxic ARPE-19 cell lysate.
Western blot analysis of DDAH1 protein expression normalised to β-actin in ARPE-19 cells after 18-hour hypoxia vs.
normoxia (n=5). ** P ≤ 0.01, Error bar = SEM. One-way ANOVA followed by Bonferroni post hoc test was used to
compare hypoxic cells to normoxic.
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4.2.3 Model 2: DDAH1 expression changes during siRNA-mediated VEGF-A knockdown
At 72 hours after the transfection of ARPE-19 cells, VEGF-A siRNA significantly reduced the VEGF
levels: VEGF-A message showed a reduction when q-RT-PCR data was normalised to β-actin
housekeeping gene (n=2) (Fig. 4.7, A). ELISA assay on the VEGF-A protein released into the culture
media also confirmed VEGF-A knockdown by transfection efficiency of 86% (Fig. 4.7, B).
VEGF-A knockdown had no significant effect on DDAH1 message compared to control cells (Fig.
4.7, C), while DDAH1 protein was affected. Densitometry analysis on western blot results showed
an increase in DDAH1 protein expression in cells transfected with VEGF-A siRNA, compared to
controls; siRNA-mediated knockdown of VEGF-A, increased DDAH1 protein expression by 3.9-fold
(Fig. 4.7, D and E).
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Figure 4.7. Quantitative real-time PCR analysis of VEGF-A and DDAH1 mRNA levels in hypoxic vs. normoxic ARPE-19
cells, and the effect of VEGF-A knockdown A on DDAH1 message and protein.
Transfection efficiency (VEGF-A gene knockdown (siRNA)) was determined by measuring (A) VEGF-A message (n=1,
with 5 technical replicates) and (B) VEGF-A protein in the media (ELISA) (n=2). Effect of VEGF knockdown on (C)
DDAH1 gene expression was measured by q-PCR (n=3 technical replicates) and (D) DDAH1 protein (western Blot)
(n=1). The expression of each mRNA and protein was normalised to β-actin. (E) Representative image showing protein
intensity before and after VEGF knockdown. *P <0.05, ***P < 0.001 and NS = not significant. Error bar = SEM.
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4.2.4 Examining the crosstalk between DDAH1 and VEGF-A: VEGF-A expression changes during
siRNA-mediated DDAH1 knockdown
A pilot experiment was conducted to determine whether DDAH1 inhibition affects VEGF-A
expression (as one of the main factors affected by angiogenesis).
Transfection of ARPE-19 cells with DDAH1 siRNA, successfully knocked down the DDAH1 gene, by
82% at 72 hours (Fig. 4.8, A). Next, the effect of DDAH1 inhibition on VEGF-A message and protein
were tested.
Silencing DDAH1 gene had no effect on the expression levels of VEGF-A gene (Fig. 4.8, B). Similarly,
ELISA experiments displayed no significant change in VEGF protein content in media from DDAH1knockdown ARPE-19 cells, compared to negative control (non-targeting) siRNA cells (Fig. 4.8, C).
A

B

C

Figure 4.8. Quantitative real-time PCR analysis of VEGF-A and DDAH1 mRNA levels in hypoxic vs normoxic ARPE-19
cells and the effect of DDAH1 knockdown on VEGF-A gene and protein expression.
(A) Transfection of DDAH1 siRNA into ARPE-19 cells effectively knocked down DDAH1 message; DDAH1 gene was
significantly knocked down by siRNA (n=3). (B) VEGF-A mRNA expression (qPCR) (n=3) and (C) VEGF-A protein
Expression (ELISA) (n=5) of RPE cells were measured. ***P < 0.001 and NS = not significant. Error bar = SEM.
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4.3 Discussion
In this chapter, two in vitro experimental models of VEGF-A modulation (hypoxia-mediated VEGFA upregulation and siRNA-mediated VEGF-A knockdown) were developed to examine whether
there is a positive correlation between VEGF-A and DDAH1 expression levels.
4.3.1 Basal Expression of DDAH
Basal DDAH1 mRNA expression was initially assessed in ARPE-19 cells. According to the National
Centre of Biotechnology Information database, two transcript variations of DDAH1 gene have
been identified: Variant 1 (NM_012137.3), which encodes the longest isoform, and variant 2
(NM_001134445.1), which encodes a truncated isoform at the N-terminus compared to variant 1
(NCBI, 2021) (available at https://www.ncbi.nlm.nih.gov/gene/23576). It is known that variant 1 is
the essential active isoform in ADMA metabolism (Leiper et al., 2007, Murray-Rust et al., 2001)
and variant 2 is catalytically inactive. Nevertheless, data collected within our laboratory suggests
that variant 2 might be involved in ADMA metabolism through synergistic activation of variant 1
(unpublished data). Therefore, the expression levels of the two variants in ARPE-19 cells were
determined, and for this purpose, two transcript variants-specific primer sets that specifically
amplify the two variants were used.
Gene expression patterns were compared with those in non-transfected HEK-293T, initially used
as a negative control. Stably transfected HEK-293T cells with the gene of interest were used as the
positive control, where available. Sterile nuclease-free water with the primer was used as the
negative control to check for contamination. The housekeeping gene 18S ribosomal RNA was
used to normalise sample-to-sample variation of PCR assays (Fig. 4.1).
cDNA fragments separated by size on agarose gel electrophoresis were apparent at the expected
size for DDAH1 variants 1 and 2 in ARPE-19 samples, similar to their positive controls (Fig. 4.1, A).
Similarly, basal protein expression in ARPE-19 cells indicated the presence of DDAH1 protein (Fig.
4.2). Protein expression of DDAH1 has been previously found in mice retinal tissues by
immunohistochemistry and ARPE-19 cell lysate tested by immunoblotting (Lange et al., 2016).
Therefore, our results are in line with the available evidence.
Both PCR replicas of ARPE-19 showed that VEGF-A mRNA was expressed in these cells (Fig. 4.1, B,
green). However, unfortunately, no positive control for VEGF-A gene was available in these
experiments and thus, the expression levels were only compared with those in HEK-293T cells at
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the second PCR run (Fig. 4.1, B, green). Due to not having access to a reliable anti-human VEGF-A
antibody or ELISA kit, the basal expression of VEGF-A in ARPE-19 was not tested. Previous
evidence suggests that VEGF expression in unstimulated cells remains at basal levels (Wang et al.,
2019).
In addition to DDAH1 and VEGF-A, other genes involved in the DDAH/NOS pathway associated
with VEGF-mediated angiogenesis were tested: DDAH2 and the three NOS isoforms (nNOS, iNOS,
and eNOS), along with the cellular transporter CAT-2. The amplified PCR product for DDAH2 in
ARPE19 cells was observed at the expected size range, generating a band with the same size as the
positive control, around 143 bp (Appendix 3, A, grey). This indicates the presence of DDAH2
mRNA in ARPE-19 cells, and unexpectedly, in HEK-293T cells (our negative control cells) as well
(Appendix 3, A, grey). Similarly, a single protein band was detected at the predicted molecular
weight for DDAH2 (30 kDa) in ARPE-19 lysate (Appendix 4, D). Again, for HEK-293T cell lysate, used
as our negative control, an unexpected protein band occurred at the same size as DDAH2
(Appendix 4, D, lanes 1 and 3). Based on previous studies in our lab, showing the absence of
DDAH2 protein expression in HEK-293T cells (Tommasi, 2015), these cells were used as our
negative control. However, our results disproved prior studies. Furthermore, Western Blot images
from a recent study also confirmed the endogenous expression of DDAH2 protein in HEK-293T
cells (Huang et al., 2021).
Notably, the recombinant DDAH2 protein lysate used as the positive control (DDAH2-HEK293T
stably transfected cell lysate) had an additional protein tag. This octapeptide or FLAG epitope is
used for recombinant protein identification (Sequence motif DYKDDDDK (D=aspartic acid,
Y=tyrosine, and K=lysine), with 1012 Da (Hopp et al., 1988). Therefore, it is expected that the
generated band is slightly higher (larger molecular weight) than that of the intact DDAH2 protein,
similar to the band generated on the DDAH2 blot (Appendix 4, D, lane 2). Hence it does not
indicate the correct size for DDAH2 protein. Further investigations using untagged DDAH2HEK293T controls are required to clarify these results. However, since DDAH2 was not the main
focus of our studies, it was not investigated further. Prior research has found DDAH2 protein
expression in both RPE tissue and cell line (ARPE-19) (Lange et al., 2016).
None of the three NOS genes were expressed in ARPE-19 cells, while they were expressed in HEK293T samples, similar to the positive controls (Appendix 3, red, orange, and pink). Similarly,
protein eNOS was not expressed (Appendix 4, A), perhaps due to antibody-related issues (Cell
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Signalling, 49G3), as it did not generate an intense band for the positive control either (lane 3).
nNOS and iNOS proteins were not expressed in ARPE-19 cells either, even though multiple nonspecific bindings were apparent in all lanes, including the positive controls (Appendix 4, B and C).
Therefore, the western blotting assay results were not reliable. This may be related to the quality
of the antibodies (nNOS antibody (Abcam, Ab76067), and iNOS antibody (Santa Cruz, H-174 sc8310)), or the positive controls (recombinant proteins produced in HEK-293T). The stably
transfected cells were made before these experiments and could have been degraded over time,
as a common problem reported in the literature (Robert et al., 2009).
Previous studies showed that basal message and protein levels of eNOS in ARPE-19 cells were at
minimal levels (approximately 5 times less than hypoxia-induced cells) (Wang et al., 2019), which
perhaps explains the absence of a band for eNOS protein in our ARPE-19 lysate. Other studies also
showed that unstimulated ARPE-19 cells expressed no iNOS mRNA or protein either (Fang et al.,
2012, Sripathi et al., 2012). Studies by Wang et al. suggested that NOS proteins followed a similar
pattern as VEGF and were not expressed in unstimulated ARPE-19 cells (Wang et al., 2019). To the
best of our knowledge, no evidence of nNOS expression exists in the literature for ARPE-19.
The last gene examined in ARPE-19 cells was the CAT-2 transporter (SLC7A2). CAT-2 is a member
of solute carriers (SLC)-7 family of transporters, and one of the transporters of methylarginines
across cell membranes (Kittel and Maas, 2014, Closs et al., 2004). This CAT family member is highly
expressed in cells with a high demand for L-Arg (Verrey et al., 2004). The lack of this transporter
significantly impairs L-Arg transport and NO production, and therefore it is required for sustained
NOS activity (Nicholson et al., 2001). The experimental data showed no evidence of the CAT-2
transporter gene in ARPE-19 cells, while this transporter was expressed in HEK-293T. However, no
positive control for this gene was available to confirm the results (Appendix 3, B, yellow).
RPE transporters can be critical in ocular drug distribution. A recent study on expression and
localisation of transporter proteins in human fetal RPE cells demonstrated the presence of SLC7
transporters (including SLC7A1 (CAT-1)) using QTAP and SWATH-Mass Spectrometry analysis
(Hellinen et al., 2019) but not CAT-2. It has been reported that CAT-2 expression was induced in
iNOS-stimulated cells (Bozkus et al., 2015). Moreover, previous studies showed that while both
CAT-1 and CAT-2 proteins transport L-Arg through the cell membrane, the transport of L-Arg by
CAT-1 is slower compared to CAT-2, and therefore cells with a high demand for L-Arg express more
CAT-2 (Verrey et al., 2004). The specific functions of CAT-3 and CAT-4 are not well characterised.
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Based on the previous information, the absence of CAT-2 in our unstimulated ARPE-19 was
expected. However, it cannot necessarily create any issue for cellular L-Arg transport, as firstly,
CAT2 can get activated in stimulated ARPE-19, and secondly, CAT-1 transporter could also be
expressed in these cells.
4.3.2 Model 1: DDAH1 expression changes during hypoxia-mediated VEGF-A upregulation
To determine the role of DDAH1 in angiogenic pathways and to assess whether a positive
correlation exists between the expression of DDAH1 and VEGF-A (the major pro-angiogenic
factor), a cell culture model of VEGF-A upregulation was developed using hypoxia. According to
prior research, hypoxia may increase DDAH1 expression, which is associated with increased
angiogenic factors, including VEGF (Buijs et al., 2017).
Previous investigations in cultured ARPE-19 cells under various hypoxia time-points suggested a
self-regulated feedback loop for HIF-1α regulation; mRNA levels of HIF-1α fluctuated during the
first 24 hours, similar to VEGF mRNA, while HIF-1α protein increased after this time before
returning to baseline at 36 hours hypoxia (Forooghian et al., 2007). Therefore, experiments at
different hypoxia time points were performed to determine when hypoxia has the highest impact
on VEGF-A gene in ARPE-19 cells. The expression of each mRNA was normalised to β-actin.
The results showed no significant increase in VEGF-A gene expression before 18 hours of hypoxia.
However, both 18 and 24 hours hypoxia elevated VEGF-A mRNA. The highest VEGF-A message was
observed when cells were exposed to hypoxia for 18 hours. Incubation of cells for a further six
hours under hypoxia (24 hours) slightly suppressed the increase in VEGF-A mRNA, even though the
latter remained significantly higher compared to the normoxic group (Fig. 4.3, A). When the 18hour hypoxia experiments were repeated, results confirmed the significant upregulation of VEGFA, with the highest expression at 18 hour-hypoxia. Importantly, this upregulation coordinated with
DDAH1 (variant 1) mRNA upregulation, with highest expression level after 18 hours of hypoxia
(Fig. 4.3, B, and Fig. 4.4).
Quantitative RT-PCR is a powerful and highly sensitive technique used to measure gene
expression. However the accuracy of this method is dependent upon the normalisation of
different mRNA samples to stably expressed genes, known as housekeeping genes (Silver et al.,
2006). During hypoxia, the expression of some housekeeping genes, such as GAPDH has been
shown to change (Kozera and Rapacz, 2013, Zhong and Simons, 1999). Therefore, the expression
of a number of potential housekeeping genes was assessed under hypoxic conditions. In the
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current studies, 18S, β-actin, and PPIA were measured as potential housekeeping gene candidates,
previously validated to be suitable and stable reference genes for hypoxia experiments (Thellin et
al., 1999, Tan et al., 2012, Liu et al., 2016). In contrast to past research, hypoxia induced an
increase in PPIA gene expression. However, both 18S and β-actin showed relatively stable
expressions in hypoxia preconditioned ARPE-19 cells. Nevertheless, throughout the whole study,
the sample replicates with 18S was not always sufficient for statistical analysis. Furthermore, βactin showed a closer cycle threshold (Ct) value to our target genes (DDAH1 and VEGF-A).
According to the literature, suitable reference genes are recommended to have a similar cycle
threshold (Ct) value to the gene of interest (Kozera and Rapacz, 2013). Therefore, β-actin was
selected to normalise the mRNA expression of the genes. However, protein expression
measurements are more physiologically relevant compared to gene expression measurements.
VEGF-A protein levels significantly increased only at 18-hour hypoxia (Fig. 4.5, A). 24-hour hypoxia
had no significant effect on VEGF-A protein expression compared to normoxia (Fig. 4.5, B).
Contrary to expectation, after 18 hours of hypoxia and a significant rise in VEGF message and
protein, DDAH1 protein decreased significantly (Fig. 4.6).
The strong VEGF-A elevation observed for RPE cells under hypoxia was in accordance to previous
reports in various cells including RPE cells (Shweiki et al., 1992, Wang et al., 2019, Punglia et al.,
1997, Geisen et al., 2006, Lin et al., 2013, Wu et al., 2007, Bento et al., 2010, Watkins et al., 2013).
A recent study reported an 8-fold increase in VEGF-A gene after 24-hour hypoxia induction by
cobalt chloride (CoCl2) (Wu et al., 2016). In our study, using hypoxic gas mixtures, the effect of
hypoxia on VEGF-A message was greater over 18 hours compared to 24 hours, with an increase of
up to 4.5-times normoxia (Fig. 4.5, A).
Similar to total VEGF mRNA levels, 12 or 24-hour hypoxia increase secreted protein in all retinal
cells types, including RPE cells (Watkins et al., 2013). A recent study has established an in vitro
hypoxia model using CoCl2 to induce ARPE-19 cells, indicating an upregulation of HIF-1α, VEGF,
VEGFR-2, and eNOS protein expression over 24 hours, analysed by both ELISA and western blotting
assays (Wang et al., 2019). Our experiment produced different results; while no significant change
was observed for VEGF-A protein over 24 hours of hypoxia (Fig. 4.5, B), 18-hour hypoxia elevated
VEGF-A protein amount (Fig. 4.5, A). An older study suggested a self-regulatory feedback loop for
HIF-1α, which also affected VEGF production by ARPE-19 (Forooghian et al., 2007). This might
explain the maximum hypoxia-mediated VEGF upregulation at 18-hour versus 24-hour hypoxia.
127

CHAPTER 4
Therefore, since at 18-hours hypoxia, both VEGF-A gene (Fig. 4.3, A, and 4.4) and protein (Fig. 4.5,
A) were upregulated, western blot experiments to test the DDAH1 protein expression changes was
performed over 18-hour hypoxia.
Western blot results revealed that although DDAH1 was directly correlated to VEGF-A at the
mRNA level (both were upregulated under hypoxia) (Fig. 4.4), at the protein level, the expression
of DDAH1 was reduced by 56.1 ± 7.2 % after 18-hour hypoxia versus normoxic ARPE-19 cells (Fig.
4.6). Therefore, our hypothesis was disproven; our cell culture model of hypoxia-induced VEGF-A
overexpression could not upregulate DDAH1 expression. It is worth mentioning that in low
expressing protein samples, such as DDAH1, the signal-to-noise ratio is low. Therefore, caution is
required when presenting percent changes as they might erroneously inflate the real protein
expression in the sample (Bass et al., 2017).
In a previous ex-vivo study, hypoxia exposure significantly lowered DDAH1 protein expression and
activity in tissues by 37% when compared to the normoxic group (Millatt et al., 2003), which was
in agreement with our findings. Another study showed a significant reduction in both DDAH1
mRNA and protein during chronic hypoxia (Hannemann et al., 2020a); a correlation that was not
found in our study (Fig 4.4 vs. 4.6).
Interestingly, a recent study in human hepatocellular carcinoma (HCC) reported that DDAH1 is the
key regulator in angiogenesis. The authors suggested that hypoxia initially upregulated DDAH1,
which was then accompanied by an increase in VEGF protein, leading to angiogenesis stimulation
in a time-dependent fashion (Buijs et al., 2017). Nevertheless, other researchers believe that the
effect of hypoxia on gene and consequently protein expression profile is cell-type specific
(D’Alessandro et al., 2019). In their studies, while hypoxia induction increased VEGF-A in all types
of cells tested, other genes expressed differently in different cells (D’Alessandro et al., 2019). To
the best of our knowledge, there is no evidence in the literature for DDAH1 expression changes in
hypoxia-induced ARPE-19 cells. This is because while RPE cells are known to secret VEGF in
response to hypoxia, they may not be the highest expressing cells for DDAH1 in the retina, based
on a previous study on DDAH1 expression in different layers of the retina (Lange et al., 2016).
DDAH1 was found to be expressed in the ganglion cell layer, the inner nuclear layer, and the
photoreceptor layer of the retina (Lange et al., 2016). Interestingly, these researchers claimed that
the role of DDAH2 in ADMA accumulation and retinal angiogenesis is much higher than that of
DDAH1 (Lange et al., 2016). Another study has indicated increased ADMA levels (a potential
128

CHAPTER 4
indication of low or inhibited DDAH1 levels) in monkeys’ choroid-retinal endothelial cells (RF/6A)
pre-treated with hypoxia and also in the retinal tissue of rat models of diabetic retinopathy (Du et
al., 2018). Therefore, combining different layers of the retina through co-culture techniques (for
modelling retinal angiogenesis), could create a better platform to investigate the crosstalk on the
expression pattern of VEGF-A and DDAH1 under hypoxia.
Furthermore, hypoxia can affect many other genes and proteins in the signalling pathway; hence,
the correlation does not necessarily imply causation. Therefore, to better understand the crosstalk
between DDAH1 and VEGF-A and the potential regulation of VEGF-A on DDAH1, a second model of
VEGF-A modulation was developed, in which specific gene silencing experiments were conducted.
4.3.3 Model 2: DDAH1 expression changes during siRNA-mediated VEGF-A knockdown
During this set of experiments, the hypothesis of DDAH1 downregulation after siRNA-mediated
VEGF-A knockdown was tested.
The high transfection efficiency of siRNA is crucial for gene silencing in transfected cells. Efficient
downregulation of VEGF-A by siRNA was determined in ARPE-19 cells in earlier studies (>75% for
protein) (Zuo et al., 2010, Chen et al., 2013). In this study, the suppressive effect of siRNA silencing
of VEGF-A gene after 72 hours was observed, and statistical significance was calculated at the
mRNA level (Fig. 4.7, A). To measure the effect of protein inhibition ELISA assay was used. The
amount of VEGF released into the medium showed a significant reduction (> 85 %) in transfected
cells versus controls (Fig. 4.7, B). Based on the VEGF-A protein level and the high transfection
efficacy, VEGF-A gene silencing was efficient. Following experiments revealed that siRNA-mediated
VEGF-A gene knockdown had no effect on DDAH1 message (Fig. 4.7, C). Despite that, an increase
in DDAH1 protein expression was detected in VEGF-A-deficient cells (Fig. 4.7, D). Indeed, it has to
be considered that western blot experiments were conducted by an N of 1; thus, the statistical
analysis of data was not feasible. To our best knowledge, no studies have been conducted on
DDAH1 changes by modulation of VEGF (overexpression or knockdown).
4.3.4 Examining the crosstalk between DDAH1 and VEGF-A
To assess the effect of DDAH1 in biological aspects of angiogenesis and to see how DDAHdeficiency affects VEGF-A expression (as a major factor affected by angiogenesis), siRNA silencing
of DDAH1 gene was conducted.

129

CHAPTER 4
Previous studies have shown that DDAH1 silencing by siRNA in HUVEC, over 24, 48, or 72 hours,
decreased DDAH1 mRNA and protein levels (Zhang et al., 2011). Comparably, transfection
of DDAH1 siRNA successfully knocked down DDAH1 gene in ARPE-19 cells after 72 hours (Fig. 4.8,
A). However, gene silencing of DDAH1 did not affect expression levels of VEGF-A gene (Fig. 4.8, B),
or protein (Fig. 4.8, C) as demonstrated by RT-PCR and ELISA assays, respectively.
A previous study demonstrated that DDAH1 knockdown by siRNA, attenuated VEGF protein
expression in primary HUVEC cells, measured by immunoblot assay (Zhang et al., 2013). These
researchers found that DDAH1 gene silencing affects multiple signalling pathways, including VEGF,
NO/cGMP/PKG, and Ras/PI3K/Akt pathways, impairing proliferation and angiogenesis of vascular
endothelial cells (Zhang et al., 2013). Another study has also shown that DDAH overexpressing
murine endothelial cells secreted less ADMA, enhanced tube formation on Matrigel, and over 2folds higher VEGF mRNA expression compared to non-transfected cells (Smith et al., 2003). The
positive correlation between DDAH1 and VEGF is also evident from previous studies in rat C6
glioma cells; DDAH1 overexpression led to upregulation of VEGF mRNA in cell lysates (by Northern
blot analysis), and VEGF protein in the media (by ELISA) (Kostourou et al., 2002). However, this
positive correlation between DDAH1 and VEGF was not confirmed in another study, in which the
overexpression of DDAH1 in HUVEC and bovine endothelial cells did not increase VEGF levels in
the medium (Hasegawa et al., 2006).
Recently, the effect of siRNA-mediated DDAH1 knockdown on VEGF-mediated angiogenesis and
also on ADMA levels in cell supernatant was assessed in monkeys’ choroid-retina endothelial cells
(RF/6A) (Du et al., 2018). DDAH1 deficiency significantly increased both ADMA secretion in cell
media and the in vitro tube formation (Du et al., 2018). These researchers stated that the
DDAH1/ADMA pathway might be the key regulator of angiogenesis in the retina through other
pro-angiogenic factors than VEGF. They supported their claim by referring to the approximate 50%
unsuccessful cases of diabetic retinopathy during anti-VEGF therapies (Ojha et al., 2017). In
addition, they suggested an important regulatory role for EphrinB2 protein (a membraneassociated ligand that binds to Ephrin receptors, the most prominent family of tyrosine kinases) in
the regulation of retinal angiogenesis (Du et al., 2018).
Hence, the last two findings may be taken together with ours to suggest that DDAH1 levels do not
regulate VEGF-A production.
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4.4 Conclusion
The developed models of VEGF-A modulation (hypoxia-mediated VEGF-A overexpression and
siRNA-mediated VEGF-A knockdown) revealed contradictory findings regarding the effect of VEGF
on DDAH1 regulation. 18-hour hypoxia resulted in maximum VEGF-A gene and protein expression
levels in ARPE-19 cells. Under the same hypoxic conditions, while DDAH1 gene was upregulated,
the protein was significantly downregulated. Since protein expression (rather than message) is the
ultimate determinant of the potential influence of a factor on cellular pathways, based on DDAH1
protein reduction, it can be concluded that hypoxia-mediated VEGF-A overexpression suppresses
DDAH1 expression. However, according to previous studies, hypoxia can affect several signalling
pathways, including VEGF-A, which could have caused DDAH1 alteration. Therefore, the changes
observed in DDAH1 expression under hypoxia cannot be limited to the effects of VEGF-A
overexpression. Selective gene silencing targeting VEGF-A, and studying the changes in DDAH1,
could further clarify the regulatory role of VEGF-A on DDAH1. The model of siRNA-mediated VEGFA knockdown resulted in upregulation of DDAH1 protein. Therefore, our results from both models
of VEGF-A modulation showed a negative correlation between VEGF-A and DDAH1 protein
expression.
The final aim of this chapter was to investigate the cellular pathway through which DDAH1
inhibitor inhibited angiogenesis. Moreover, this study aimed to investigate whether VEGF-A had a
role in this process. Since VEGF (VEGF-A) is the key mediator of angiogenesis, any change in its
expression could be translated to a change in angiogenesis pattern, and vice versa. If this claim is
valid, the previously observed angiogenesis inhibition by DDAH1 inhibitors will reflect reduced
VEGF-A expression. The hypothesis of positive regulation of VEGF-A by DDAH1 was tested via
selective silencing of DDAH1 gene and measuring VEGF-A expression changes. Knockdown of
DDAH1 gene did not affect VEGF-A expression. This suggests that there might be a VEGFindependent pathway involved in the process of angiogenesis downregulation by DDAH1
inhibitors.
Further proteomics analysis by Mass Spectrometry on treated versus non-treated cells with
DDAH1 inhibitors would clarify the affected pathways.
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CHAPTER 5. INVESTIGATING THE IMPACT OF THE DDAH1 INHIBITOR
ZST316 ON INTRACELLULAR BIOCHEMICAL PATHWAYS USING MASS
SPECTROMETRY ANALYSIS
5.1 Introduction
DDAH1 is a key enzyme involved in the metabolism of the endogenous NOS inhibitors, ADMA and
L-NMMA. Increased DDAH1 expression and subsequent increased NO production have been linked
to excessive angiogenesis which plays a key role in several disease states, such as cancer, retinal
disorders, psoriasis, atherosclerosis, rheumatoid arthritis, and Alzheimer’s disease (Carmeliet,
2003, Carmeliet and Jain, 2011). Therefore, compounds with antiangiogenic properties could be an
attractive option to inhibit excessive angiogenesis and its associated pathologies.
There are a number of steps to bring putative drug candidates, such as the novel DDAH1
inhibitors, through human studies and, eventually, to the market. The initial phase involves
laboratory analysis, using computer and human cells models, testing the efficacy, toxicity and
physiochemical properties. If drugs pass this initial step, they are then tested on animal models
before being investigated in humans. Human testing consists of several phases: phase 1, in a
relatively small number of healthy volunteers to evaluate the safety of the dose range; phase 2, in
patients to further investigate efficacy and dose; phase 3, in a larger number of patients to
demonstrate efficacy and rule out significant toxicity. After the results of these phases are
reviewed and approved by the regulatory authorities, phase 4 (post-marketing surveillance) is
conducted by the manufacturer, monitoring the long-term effects in the population (Therapeutic
Goods Administration, 2020, The University of Queensland, 2017).
A novel class of small molecule DDAH1 inhibitors was initially designed and synthesised within the
Department of Clinical Pharmacology at Flinders University, and their derived kinetic parameters
(IC50 and Ki) for the inhibition of DDAH1 enzyme overexpression in HEK-293T cell lysate were
reported and compared to the reference and selective DDAH1 inhibitor, L-257 (Tommasi et al.,
2015, Leiper et al., 2007). One such compound, ZST316, is the most potent human DDAH1
inhibitor reported to date.
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L-257

ZST316
Figure 5.1. Chemical structure of the DDAH1 inhibitor, ZST316, relative to L-257 (the reference selective DDAH1
inhibitor).

Further experiments demonstrated the ability of ZST316 to inhibit endogenous DDAH1 activity in
an in vitro model of triple negative breast cancer, MDA-MB-231 cells (Hulin et al., 2019). Following
a 48-hour incubation with 100 μM ZST316 in culture medium, MDA-MB-231 cell lysate displayed a
40% increase in the DDAH1 substrate ADMA, and a 38% decrease in the DDAH1 product Lcitrulline (Hulin et al., 2019). Moreover, ZST316 caused a dose-dependent impairment in the
formation of capillary-like tube structures in an in vitro model of vasculogenic mimicry. This effect
was not associated with cellular toxicity or alterations in proliferation (Hulin et al., 2019). Similarly,
cell culture experiments showed the absence of clear effects on cell viability and proliferation of
these compounds in endothelial (Chapter 3, Fig. 3.9) and non-endothelial cells (Chapter 3, Fig. 3.1
and 3.5). Moreover, the results of the experiments on endothelial cells treated with ZST316 at 5
and 100 μM were in line with previous findings, confirming the inhibition of tube formation in
treated cells, although the inhibitory effect of the 5 μM compound was greater than 100 μM
(Chapter 3, Fig. 3.10 and 3.11). However, the presence of off-target effects with DDAH1 inhibitors
has not been investigated at the biochemical level.
ZST316 is an arginine-based analogue that could also potentially inhibit NOS enzymes. It should be
noted that the low levels of NO released from the constitutive forms of NOS enzyme (eNOS and
nNOS), are beneficial and play an important role in normal physiology and homeostasis, as
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opposed to the high amounts of iNOS-derived NO (Kubes, 2000). Therefore, direct inhibition of
eNOS or nNOS could affect physiological function or cause unwarranted toxicity.
Designing drugs with a restricted number of targets is a key challenge in drug discovery. Small
molecule compounds, including the DDAH1 inhibitors synthesised locally, have the potential to
interact with other small molecules such as proteins and metabolites. These interactions are either
undesired, leading to adverse side effects, or sometimes advantageous (e.g. anti-inflammatory
effects of statin therapy, mediated by changes in the gut microbiome (Kim et al., 2019)). A better
understanding of the mechanisms of drug action, common biological pathways and drug targets
should allow for more efficient utilisation of compounds with desirable selectivity profiles.
5.1.1

Aims and hypotheses

The original aim was studying the effects of our most potent DDAH1 inhibitor, ZST316, in
endothelial VeraVec cells to assess which angiogenesis pathways are altered by the inhibitors and
to investigate the cellular changes in components of the DDAH/ADMA/NOS pathway. These
findings could identify the biological processes, molecular mechanisms, and signalling pathways
behind the anti-angiogenic activity of ZST316 that was previously observed in endothelial cells
(Chapter 3). Unfortunately, the VeraVec cell line is no longer available since their production and
commercialization

has

been

discontinued

by

the

relevant

biotechnology

company

(Angiocrine Bioscience, Inc.).
An alternative aim was therefore pursued, i.e., to elucidate the differential protein expression in
ZST316-treated cells. This would provide novel information regarding the observed anti-angiogenic
effect of ZST316 and also highlight any potential off-target effects. For this purpose, HEK293T cells
were chosen as the cell model to assess the changes in protein abundance following treatment
with 5 and 100 μM ZST316 versus untreated (vehicle) control.
A mass spectrometry approach was used and a relative quantification on a significant number
(thousands) of proteins from ZST316-treated samples and vehicle control were performed to
measure those that were differentially expressed, upregulated, and/or downregulated, in each
group.
It was hypothesised that ZST316 inhibits the enzymatic activity of DDAH1 without directly altering
the protein expression of DDAH1 and other proteins within the ADMA/DDAH1/NOS axis after 24
hours.
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To further interrogate differentially expressed protein datasets, and their potential effect on the
cells, pathway analysis was performed to examine if any biological pathway was significantly
altered in HEK-293T cells treated with 5 and 100 μM ZST316. This would elucidate whether the
treatment with the DDAH1 inhibitor might induce homeostatic alterations that are not
morphologically evident with standard methods investigating proliferation and viability, used in
previous experiments.
Therefore, these experiments sought to identify the potential mechanism behind the observed
anti-angiogenic effect of ZST316, as well as the presence of additional effects on other biochemical
pathways.
5.1.2 HEK-293: The cell line used for these drug discovery experiments
The ideal target for an anti-angiogenic compound should have high expression in endothelial cells
at sites of angiogenesis, while having low expression in non-endothelial cell types. Therefore,
VeraVec cells (with proven high DDAH1 expression) were a robust model to test the antiangiogenic effects of the compound at molecular level. However, as these cells are no longer
available, non-endothelial cells were used. In this context, HEK-293 cells are a suitable nonendothelial cell type that expresses DDAH1 at low levels (Mishima et al., 2004, Palm et al., 2007,
Tran et al., 2000). The negative Western blot data generated from these cells (Chapter 3, Fig. 3.12,
and Chapter 4, Fig. 4.7, indicated as –ive Ctrl) also suggests that the protein expression in HEK-293
cells is markedly low. Immunostaining of kidney tissue has shown that DDAH1 is located in the
kidney (Palm et al., 2007) although no information is available for specific cell types.
The HEK-293 cell line and its variants originated from embryonal kidney and are frequently used in
cell culture-based studies due to their rapid growth rate, high protein yield, and ease of
transfection (Yuan et al., 2018, Stepanenko and Dmitrenko, 2015). Their fast-growing property is
due to an adenovirus gene introduced by a researcher in the same lab where HEK cells had been
originally isolated from and this result was from his 293rd experiment (Graham et al., 1977).
Owing to this adenoviral DNA, they express viral promoters that encode for E1A/E1B proteins that
initiate replication of the host cell and result in high levels of protein production (Lin et al., 2014,
Stepanenko and Dmitrenko, 2015). Specifically, the HEK-293T variant, carrying a temperaturesensitive allele of the SV40 large T antigen, allows for amplification of the transfected plasmid, and
thereby, a considerable increase and prolonged expression of the gene of interest. Therefore, they
are a common vector for transfection (Abaandou et al., 2021, Yuan et al., 2018). The HEK-293T
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cells are also an attractive option for drug development studies due to their human origin
(Abaandou et al., 2021), ease of growth, rapid doubling time (36 hours), and ability to exhibit fully
human-like posttranslational modifications in their proteins (Hu et al., 2018, Dumont et al., 2016).
5.1.3 Mass Spectrometry
Mass Spectrometry (MS) is an increasingly utilised technique to study a broad range of analytes
including lipids (Frick and Schmidt, 2019), sugars (Kailemia et al., 2014), metabolites (Gowda and
Djukovic, 2014) and proteins (Alfaro et al., 2017). This technique is being increasingly used to
assess the differential protein expression in pathological states (Kim et al., 2021, Zhang et al.,
2018, Aslam et al., 2017, Lim and Elenitoba-Johnson, 2004) or in response to drugs (Wingfield and
Wilson, 2016, van Breemen, 2003). The current generation of instruments, in skilled hands, can
identify and quantify thousands of proteins from a single injection of less than one μg of peptides.
For protein analysis, proteins must be cleaved into peptides for mass spectrometry analysis as
electrospray MS is generally limited to sequencing peptides of less than 40 amino acids (Coon et
al., 2005). This is because the mass spectrometer must fragment each peptide and measure the
mass of the fragment ions in order to determine the amino acid sequence. Peptides of more than
forty amino acids do not fragment as efficiently as smaller peptides making it difficult to
determine the amino acid sequence. Consequently, samples are cleaved with a protease, most
commonly trypsin (Burkhart et al., 2012, Gundry et al., 2010), to generate peptides that can be
sequenced by the instrument. Software packages such as Mascot, Proteome Discoverer, and
PEAKS, analyse the MS data and match the mass of the fragment ions with the expected mass of
the fragment ions determined from a specific database to produce peptide sequences. The
peptides from each protein are then combined to determine the sequence coverage of each
protein (Orsburn, 2021). Mass spectrometry is considered the gold standard for identifying
proteins as it sequences peptides to make the identification. Previous techniques such as Western
Blotting require the use of antibodies which can cross-react with other proteins and give false
positives.
Mass spectrometry of proteins uses positive ion mode whereby the peptides are positively
charged as a consequence of 0.1% formic acid present in all buffers, which protonates the primary
amino at the amino terminus of peptides and also the primary amine present on lysine or arginine
residues which lie at the C-terminus of tryptic peptides (Steckel and Schlosser, 2019). The
negatively charged instrument draws the positively charged peptides in the gas phase into the
instrument and utilizes the positive charge of the peptide ion to manipulate it through ion guides
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and quadrupoles into the collision cell and then into the mass analyser. Mass spectrometry
instruments consequently utilize mass to charge (m/z, where m =mass and z =charge) ratios to
control ions in the instrument and not mass alone as it requires the positive charge on the peptide
for control of the ion. A doubly charged peptide (positive charge on both amino and C termini) will
have half the apparent mass as a single charged ion e.g. a doubly charged ion of mass to charge
ratio (m/z) of 553 will have an actual mass of approximately 1016 Daltons.
Mass spectrometers can be operated in data dependent mode (DDA) which is used principally for
the identification of proteins. DDA uses an initial scan (MS1) to measure the mass of all positively
charged ions entering the mass spectrometer at that time. It then performs a second series of MS
called MS2 whereby it isolates multiply charged ions (peptides of charge state +2 to +6) iteratively
in a collision cell. For example, if the MS1 scan identified 4 multiply charged ions, it would first
accumulate the most intense multiply charged ion into the collision cell by setting voltages on the
quadrupole which lies upstream of the collision cell so that it acts as a mass filter so that it only
allows ions of this m/z through to the collision cell. Once inside the collision cell, these peptides
are accelerated using RF frequency and DC (direct current) voltages so that the peptides collide
with an inert collision gas (e.g. nitrogen, helium, argon). This collision fragments the peptides
between the C=0 and N-H atoms of the peptide bond that links each amino acid in the peptide
generating a series of b and y fragment ions. B ions fragment from the N terminus and y ions
fragment from the C terminus (Pappireddi et al., 2019). The fragment ions are transferred to the
mass analyzer and the m/z of the fragment ions determined. The instrument then isolates the
second most abundant ion (peptide) in the collision cell and fragments the ion. Once all peptides
that are detectable in the MS1 scan (depending on instrument settings) have been fragmented,
another MS1 scan is performed, and the process repeated. This is a simplification of the process as
there are many instrument settings that control this process such as the number of peptides per
cycle, exclusion lists, cycle time and injection time. These parameters and others allow a skilled
operator to program the instrument to optimise the process for each type of sample. The
MS1/MS2 process is also called tandem mass spectrometry and it is called data dependent
because the MS2 scans are dependent on the ions identified in the MS1 scans (Pappireddi et al.,
2019, Steckel and Schlosser, 2019). This process, for an Orbitrap type of instrument, is outlined in
Figure 5.3.
Relatively recently, data independent acquisition (DIA) methods have been developed which have
been instrumental in increasing the number of proteins that can be quantified in a single analysis.
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DIA uses a single MS1 scan to determine the precursor mass and charge state of all peptides
entering the instrument. An MS2 scan is then performed, but instead of isolating a single peptide
at a time, it uses sequential windows of typically 20 m/z Dalton width across a mass range usually
from m/z 350 to approximately 1,000 to 1,200 to place a mixture of peptides into the collision cell
and fragment them. Therefore, each MS1 scan is followed by around 30-40 MS2 scans. This
MS1/MS2 cycle is continuously repeated for the entire run. The principle is that this technique
aims to fragment all peptides that are entering the instrument rather than selecting individual
peptides for fragmentation which is likely to only fragment the most intense peptides. This process
increases both the number of peptides fragmented and the number of times that each peptide is
fragmented. Ideally, each peptide is fragmented at least 10 times as it is eluted from the C18
column into the instrument increasing the likelihood of achieving an accurate peak elution shape.
The software then compares all the MS1/ MS2 data with a library generated by DDA analysis to
correlate the b/y ions with the precursor peptides to determine the sequence and identity of the
peptides. It is called data independent because the MS2 scans are independent of the MS1 scans
because fixed MS2 windows have been used. The software integrates the chromatographic peak
that the fragment ions generate over time as they elute from the column into the instrument
which produces a relative quantity for each peptide present. This process is similar to integrating
peaks generated by conventional protein purification chromatography. However, DIA generates
relative abundance data only as no standards are used.

Figure 5.2. Schematic overview of the data-dependent acquisition mass spectrometry (DDA-MS) and dataindependent acquisition mass spectrometry (DIA-MS).
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(A) DDA analysis isolates a single peptide precursor following MS1 into the collision cell for MS2 whereas (B) DIA
allows multiple peptides in a defined m/z range into the collision cell. The MS2 spectra are therefore more complex in
DIA than for DDA. Adapted from (Krasny and Huang, 2021).

5.1.4 Pathway analysis
Pathway analysis helps to identify the relationship between the differentially expressed proteins in
each treatment group and the biological signalling pathways that regulate cellular functions. This
approach allows the identification of the biological pathways that are the most important and
enriched and those that are likely insignificant. This study aimed to identify the size and the
directions of the effects that differentially expressed proteins in each treatment group can have on
cells. To continue the study on the effect of DDAH1 inhibitors on cell viability and proliferation as
well as angiogenesis in previous chapters, this chapter specifically focused on angiogenic and
apoptotic pathways analysis.
5.1.4.1 An introduction to apoptosis pathways
Cells can die via three main types of processes: type I or programmed cell death, also known as
apoptosis (the main pathway), type II or the degradation process of autophagy to remove
damaged proteins, and type III or unprogrammed and accidental necrosis (Elmore, 2007, Green
and Llambi, 2015).
Apoptosis is a tightly controlled mechanism of cell death that occurs via two main pathways:
intrinsic (mitochondrial), or extrinsic (via expressing tumour necrosis factor (TNF) receptors and
ligand-binding), in addition to a third endoplasmic reticulum (ER)- stress pathway (regulated by
molecular chaperons, e.g. the heat sock proteins (Hsp) family) (Shen et al., 2002). Intrinsic
pathways are mitochondrial events that occur in the context of intracellular injury, which causes
changes in the inner mitochondrial membrane, and release of pro-apoptotic proteins (cytochrome
c) from the mitochondria intermembrane space into the cytosol (Elmore, 2007). These proteins
activate apoptotic protease activating factor 1, caspase-9 and caspase-3, which ultimately lead to
apoptotic cell death (Elmore, 2007). The extrinsic pathway initiates with stimulation of death
receptors and ligands-binding, which activates caspases (cysteine-dependent proteases),
specifically caspase-8 (Sauerwald et al., 2011), leading to intracellular protein degradation and
irreversible cell death (Sauerwald et al., 2011, Elmore, 2007). The third pathway is activated by the
accumulation of misfolded proteins in the ER via alteration in Ca2+ homeostasis, causing ER-stress,
which in the long-term leads to apoptotic caspase activation and cell death (Elmore, 2007).
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5.1.4.2 The importance of testing angiogenesis and apoptosis pathways for ZST316 drug
discovery experiments
An anti-angiogenic agent is considered valid when the drug characterisation data guarantee overrepresentation or enrichment of several angiogenic-related pathways in endothelial cells at sites
of angiogenesis, and under-representation or inhibition of apoptotic-related pathways, in all cell
types. Hundreds of anti-angiogenic compounds, targeting different angiogenic factors, have been
investigated for their potential to combat excessive vessel growth in pathologies such as cancer,
ocular neovascularisation, and rheumatoid arthritis. Nevertheless, the overall benefits of antiangiogenic therapy are often limited by toxicity. Therefore, highly sensitive analytical techniques
might assist in the discovery of new anti-angiogenic therapies by identifying the exact mechanisms
of action involved, including the interaction with apoptosis-related pathways. By performing a
pathway analysis on the significantly upregulated and downregulated list of proteins as input, the
angiogenic- or apoptotic-associated pathways in which the differentially expressed proteins are
over-represented or under-represented can be identified.
HEK-293T cells contain proteins involved in angiogenesis, e.g., VEGF and DDAH isoforms.
Therefore, their study can provide useful initial information on the regulation of these pathways
by DDAH1 inhibitors, and for designing future experiments on other cell types, particularly
endothelial cells.
5.1.4.3 Rationale for using InnateDB
Protein expression profiles and interactions can be assessed using different pathway analysis
platforms such as InnateDB, Ingenuity Pathway Analysis (IPA), STRING, etc., each with their
strengths and weaknesses. In this study, InnateDB was used for the signalling pathway analysis of
the mass spectrometry data.
InnateDB (publicly available at http://www.innatedb.com) is a database specifically designed for
analysis of mammalian innate immunity networks, signalling pathways, genes, and proteins (Lynn
et al., 2008, Lynn et al., 2010). Although this database was initially designed to investigate
pathways involved in human and mouse innate immune response, it has aggregated detailed
information that is sourced from several databases including the Kyoto Encyclopaedia of Genes
and Genomes (KEGG), Reactome, NetPath, the Integrating Network Objects with Hierarchies
(INOH), BioCarta, and the Pathway Interaction Database (PID). Furthermore, several external
datasets have been imported into InnateDB from a wide range interaction and pathway databases
including the Molecular Interaction database (MINT) (Chatr-Aryamontri et al., 2007), IntAct
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database (Kerrien et al., 2007), the Database of Interacting Proteins (DIP) (Salwinski et al., 2004),
the General Repository for Interaction Datasets (BioGRID) (Breitkreutz et al., 2007), and the
Biomolecular Interaction Network Database (BIND) (Alfarano et al., 2005). Therefore, InnateDB is
one of the most comprehensive databases that incorporates over 300,000 molecular interactions
and >3,000 pathways relevant to human and mouse cellular systems (Breuer et al., 2013). Hence,
it can be easily adapted to other biological and cellular processes, e.g., in this project, analysing
the effects of pharmacological DDAH1 inhibition on cell signalling and pathway regulation,
focusing on angiogenesis and apoptosis pathways. In this study, ZST316 was investigated for its
enrichment in KEGG pathways using InnateDB software.

5.2 Methods
5.2.1 Experimental Workflow
Cultured HEK-293T cells were treated with vehicle, 5 μM or 100 μM ZST316, each with four
biological replicates (4 flasks), for 24 hours (The rationale of choosing the selected concentrations
and incubation time is described in the discussion section 5.4.1, page 162). Cells were harvested
and, in order to provide high quality pellets suitable for MS, the cell pellets were snap-frozen in
liquid nitrogen and kept in -80°C until they were lysed, trypsin digested and prepared for MS
procedure. Samples were then injected into the HPLC and analysed by MS. Figure 5.3 illustrates
the workflow of the experiment. For detailed information on cell culture process, sample
preparation, and MS procedure refer to the Materials and Methods (Chapter 2, section 2.10).
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A. Sample Preparation
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B. Nano HPLC

C. Mass Spectrometer

Figure 5.3. Schematic outline of the MS workflow established for ZST316-treated or non-treated HEK-293T cells.
(A) Sample preparation, (B) Diagram illustrating the injection HPLC component of the mass spectrometry analysis
(Thermo Dionex Ultimate 3000 nano uHPLC), (C) Diagram illustrating the manipulation of ions inside the Thermo
Exploris Fusion Lumos mass spectrometry (DDA analysis). Red dashed line represents ions going through MS1, and
green dashed line represent the ions during the second round of MS (MS2).
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5.2.2 Pathway Analysis Methods
Functional relationships between the proteins identified in HEK-293T cells treated with vehicle
(water), 5 and 100 μM ZST316 and angiogenesis and apoptosis pathways were bioinformatically
determined using InnateDB ORA tool (the rationale for choosing the two compound
concentrations has been explained earlier in this chapter, section 5.2.1).
The lists of differentially expressed proteins, with a log2Fold-change ≥ 0.6 (equivalent to a 50%
increase or decrease in abundance) and a Q-value <0.05 as a cut-off criterion, was used to perform
InnateDB pathway analysis (see Appendices 5-7). The protein IDs (Uniprot IDs) from each list (5
μM ZST316 vs control, 100 μM ZST316 vs control, and the overlap of differentially expressed
proteins between the two doses) were uploaded.

5.3 Results
5.3.1 DIA analysis
A small proportion (5μg) from each of the 12 samples were pooled and a spectral library
constructed using high pH reversed phase fractionation and DDA analysis as well as gas phase
fractionation and DIA analysis to make the HEK-293T cell library. This library contained 6,203
protein groups. Proteins are determined by the presence of peptide sequences that are derived
from the intact protein. A protein group is a master protein which contains peptides that are not
present in any other protein group. For example, there are multiple isoforms of haemoglobin that
contain peptides common to all isoforms but also unique peptides. Therefore, if multiple peptides
were identified from the common region and one peptide from haemoglobin gamma, then all of
the isoforms of haemoglobin could be listed in proteins identified, but only haemoglobin gamma
would be listed in the protein groups as this single protein could potentially generate all of the
peptides detected. However, it is possible that other isoforms of haemoglobin are present but only
generate peptides that were common to all isoforms. Therefore, the list of protein groups is more
stringent than the list of proteins and consists of the minimum set of proteins which could justify
the presence of the peptides sequence (the list of all identified protein groups in the library is
available on request). Throughout the thesis, the term proteins, instead of protein groups, will be
used for simplicity.
The differentially expressed proteins in all groups (listed in Appendices 5-7) were selected using a
cut-off of log2Fold-change ≥ 0.6 and Q-value ≤ 0.05.
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5.3.1.1 Identification of differentially expressed proteins at the baseline level
Instruments with extremely high sensitivity can be subject to significant run to run variation when
analysing samples near the limit of its sensitivity. For example, this issue can be seen when
performing mRNA differential quantification using PCR due to its extreme sensitivity. This
background variation is sometimes called noise. To determine the background level of noise for
identifying differentially expressed proteins using the DIA method for quantification, control HEK293T samples from two biological replicates were selected and prepared for MS. Each replicate
was injected into the mass spectrometer four times (four technical replicates) using DIA (Fig. 5.4,
A, “Experiment 1”). As the samples were replicates of control samples, there should theoretically
be no differences between the samples. However, biological replicates might contain subtle
differences in seeding density or degree of confluence while technical replicates might suffer from
instrument variations in measuring identical samples. These eight samples were the background
change candidates, and the four technical replicates from biological replicate one were compared
with the four technical replicates from biological replicate two (Fig. 5.4, B, “Experiment 2”).

Figure 5.4. Overview of the MS experimental design.
HEK-293T cells were cultured and treated with vehicle (water), ZST316 at 5 and 100 μM in quadruplicate. (A) During
“experiment 1”, two replicates of the vehicle control samples were selected and ran by MS to test the differentially
expressed proteins as baseline of changes. (B) During “experiment 2”, all the four replicates from each sample set
were ran by MS to quantify differentially expressed proteins in them.
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When comparing background candidates (vehicle control) from biological replicate 1 to 2, 150
proteins were differentially expressed (out of the approximately 5,500 proteins quantified in each
run (Table 5.2A)), with 72 (48%) significantly upregulated and 78 (52%) significantly
downregulated (Fig. 5.5, left bar). The total number of proteins quantified in each MS analysis,
5,500 (Table 5.1, A), was approximately 88% of the 6,203 protein groups identified in the library.
“Experiment 1” was conducted under the same conditions as for vehicle, 5 and 100 μM ZST316treated cells.
5.3.1.2 Identification of differentially expressed proteins with ZST316 treatment
Next, vehicle (water) control and the treated (5 and 100 μM ZST316) samples were analysed by
MS (Fig. 5.4, B, “Experiment 2”). Protein abundance for the 5 and 100 μM ZST316-treated groups
were compared to vehicle controls.
In “experiment 2”, the number of proteins significantly upregulated in 5 and 100 μM ZST316
treatments were 77 and 97 (Fig. 5.5, red bar), compared to vehicle only, while the number of
significantly downregulated proteins were 117 and 118 (Fig. 5.5, green bar), respectively.

Figure 5.5. Stacked-bar graph showing the abundance of upregulated (red portion of bar) and downregulated (green
portion of bar) proteins in HEK-293T cells treated with vehicle, 5, and 100 μM ZST316.
The stacked-bar graph provides the number of differentially expressed proteins at baseline in “experiment 1” (first bar
on the left) which indicates the background noise, and “in experiments 2” in 5 and 100μM ZST316-treated cells
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compared to vehicle-treated cells (second and third bars respectively).

Notably, these figures represent only 1.3-2.2% of the 5,500 proteins quantified in each MS
analysis. The proportion of changes compared to the library is calculated in Table 5.1. In Chisquare analysis (https://www.socscistatistics.com/tests/chisquare2/default2.aspx) there was a
significant difference between the downregulated proteins in both ZST316-treated groups vs
vehicle control, but not between the upregulated proteins in treated vs vehicle (Table 5.1, C).
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Table 5.1. Quantified proteins by Spectronaut in each sample set and the proportion of changes compared to the
library.
(A) Number of proteins quantified in each sample. Sprectonaut reports the number of proteins identified and
quantified in each sample. Note that the library contained 6,203 proteins. (B) Proportion of differentially expressed
proteins compared to the number of proteins quantified in each sample. (C) The contingency table provides
information on the observed cell totals: (the expected cell totals) in the brackets and [the chi-square statistic for each
cell] in square brackets. The chi-square statistic, p-value and statement of significance appear beneath the table. (Blue
means you're dealing with dependent variables; red, independent).
A. Treatment group

Vehicle Ctrl

ZST316 5 μM

ZST316 100 μM

Rep. 1

5451

5558

5471

Rep. 2

5542

5530

5482

Rep. 3

5474

5476

5387

Rep. 4

5503

5489

5451

Average

5493

5513

5448

B. Treatment group

Vehicle Ctrl

ZST316 5 μM

ZST316 100 μM

Upregulated

72/5493 = 1.3%

77/5513 = 1.4%

97/5448 = 1.8%

Downregulated

78/5493 = 1.4%

117/5513 = 2.1%

118/5448 = 2.2%

C. Chi-square

Vehicle Ctrl

ZST316 5 μM

ZST316 100 μM

Raw Totals

Upregulated

72 (82.23) [1.25]

77 (82.42) [0.36]

97 (81.45) [2.97]

246

Total

5421 (5410.88)

5436 (5430.58)

5351 (5366.55)

16208

[0.02]

[0.01]

[0.05]

5493

5513

5448

Statistic

Column Totals

16454 (Grand Total)

The chi-square statistic is 4.6425. The p-value is .098153. The result is not signifcant at p < .05.
Downregulated

78 (104.49) [6.72]

117 (104.87) [1.40]

118 (103.64) [1.99]

313

Total

5415 (5388.51)

5396 (5408.13)

5330 (5344.36)

16141

[0.13]

[0.03]

[0.04]

4593

5513

5448

Column Totals

16454 (Grand Total)

The chi-square statistic is 10.3059. The p-value is .005782.

Figure 5.6 shows the volcano plots from the differentially expressed proteins in “experiment 1”
between the two vehicle control replicates (Fig. 5.6.A), and “in experiment 2” for 5 μM ZST316 vs
vehicle control (Fig. 5.6, B), and 100 μM ZST316 vs vehicle control (Fig. 5.6, C). The differentially
expressed proteins were selected using the following criteria: Q- value ≤ 0.05 (above the
horizontal dash lines), │Log2Foldchange│ ≥ 0.6 (outside the two vertical dash lines) (See
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Appendices 5, 6, and 7). The red dots and grey dots indicate the proteins that are or are not
differentially expressed at the significance level, respectively. The red dots on the right of the
volcano plots are significantly upregulated while those on the left are significantly downregulated.
The total number of dots represents the number of proteins quantified, approximately 5,500.
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A

Replicate B / Replicate A

Corresponds to Q-value = 0.05

Log2 Fold Change

5μM ZST316 / Control

B

Corresponds to Q-value = 0.05

Log2 Fold Change
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C

100μM ZST316 / Control

Corresponds to Q-value = 0.05

Log2 Fold Change

Figure 5.6. Volcano plots for proteomic profiling of HEK-293T cells treated with vehicle, 5 and 100 μM ZST316.
Red dots represent differentially expressed proteins (candidates) and grey dots represent proteins with no significant
change (non-candidates): Volcano plot (A) plots differentially expressed proteins in the baseline experiment
comparing replicates from untreated HEK293T cells. Volcano plots (B) and (C) display differentially expressed proteins
in 5 μM and 100 μM ZST316 treated cells compared to vehicle control treated cells respectively. The volcano plots
were generated Spectronaut. Y axis represents –log10 (q value) and x axis represents log2 fold change. Differentially
expressed proteins identified with the cut-offs of Q ≤ 0.05 and 0.6 ≤ Log2 fold-change ≤ -0.6.

Looking at the differentially expressed proteins, a small number were concomitantly upregulated
in both the 5 μM and 100 μM ZST316-treated cells. The Venn diagram below illustrates the 23
overlapping upregulated (Fig. 5.7, A) and 16 overlapping downregulated (Fig. 5.7, B) proteins in
the 5 and 100 μM ZST316-treated cells (dashed lines in Figure 5.7, and described in Table 5.2). A
complete description of these proteins can be found in Appendices 8 and 9. Of note, DDAH2 is
among the proteins that were upregulated with both doses of ZST316 (bold text in Table5.2, A
and B).
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A. Upregulated Proteins

B. Downregulated Proteins

Figure 5.7. Venn diagrams represent comparisons made from two pairwise contrasts of HEK-293T cells treated with
5 and 100 μM ZST316 versus control cells.
The Venn diagrams show the number of unique proteins and the number of commonly shared proteins found in
pairwise contrasts of vehicle control or ZST316-treated HEK-293T cells, out of the total number of 6,203 proteins
quantified in the library (Percentage values indicate how small the values are). The Venn diagram in Panel (A)
compares all upregulated proteins of 5 μM vs control (orange) with 100 μM vs control (red). Panel (B) compares all
downregulated proteins of 5 μM vs control (dark green) with 100 μM vs control (light green). Dashed-lines mark the
number of concomitant up- or down-regulated proteins in 5 and 100 μM treatments.
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Table 5.2. List of overlapping (A) 23 upregulated and (B) 16 downregulated protein descriptions (and their related
genes if available) between 5 and 100 μM ZST316-treated HEK-293T cells.
A. 23 Overlapping Upregulated Proteins
Gene ID
MYO9B
hCG_21651
JMJD4
HSP90AB4P
N/A
N/A LIMD5
DDAH2
RASAL2
HACL1
ZNF654
HSD17B12
HSPA8
FKBPL
PRKRIP1
TUBE1
SLC7A6
PALM
MRP63
PPP3CC
SPIRE1
GOT2
RAB23
PTPMT1

Protein Descriptions
MYO9B variant protein; (Unconventional myosin-Ixb))
HCG21651, isoform CRA_a, (Protein FAM92A)
2-oxoglutarate and iron-dependent oxygenase JMJD4
Putative heat shock protein HSP 90-beta 4
cDNA FLJ16452 fis, clone BRAWH3002467, highly similar to RAB GDP DISSOCIATION INHIBITOR
BETA
cDNA FLJ54018, highly similar to PDZ and LIM domain protein 5
N(G),N(G)-dimethylarginine dimethylaminohydrolase 2;DDAH2
cDNA FLJ77041, highly similar to Homo sapiens RAS protein activator like 2 (RASAL2),
transcript variant 1, mRNA, (Ras GTPase-activating protein nGAP)
cDNA FLJ55041, highly similar to 2-hydroxyphytanoyl-CoA lyase
Zinc finger protein 654
Very-long-chain 3-oxoacyl-CoA reductase
Heat shock cognate 71 kDa protein (Fragment)
FK506 binding protein like, isoform CRA_a
PRKR interacting protein 1 (IL11 inducible), isoform CRA_a
Tubulin epsilon chain
Solute carrier family 7 (Cationic amino acid transporter, y+ system), member 6, isoform
SLC7A6
Paralemmin, isoform CRA_a
Mitochondrial ribosomal protein 63, isoform CRA_a
Serine/threonine-protein phosphatase 2B catalytic subunit gamma isoform
Protein spire homolog 1
Aspartate aminotransferase; mitochondrial
RAB23, member RAS oncogene family, isoform CRA_a;Ras-related protein Rab-23
cDNA FLJ57723, moderately similar to Protein-tyrosine phosphatase mitochondrial 1,
mitochondrial

B. 16 Overlapping Downregulated Proteins
Gene ID
RPF2
SNW1
CTNNBIP1
KNOP1
SETMAR
PYGO2
PAN3
REXO4
NDUFAF8
TIMM10
CDC42EP1
BUD13
N/A
GTPBP6
THYN1
N/A

Protein Descriptions
Ribosome production factor 2 homolog
SNW domain-containing protein 1; SNW1 protein
Catenin, beta interacting protein 1, isoform CRA_a
Lysine-rich nucleolar protein 1
Histone-lysine N-methyltransferase SETMAR
Pygopus homolog 2 (Drosophila), isoform CRA_a
PAN2-PAN3 deadenylation complex subunit PAN3
RNA exonuclease 4
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 8
Mitochondrial import inner membrane translocase subunit Tim10
CDC42 effector protein (Rho GTPase binding) 1, isoform CRA_a
cDNA FLJ76180; BUD13 homolog
cDNA FLJ55706; Tetratricopeptide repeat protein 30A
Putative GTP-binding protein 6
Thymocyte nuclear protein 1, isoform CRA_a
p231
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5.3.1.3 Identification of proteins involved in ADMA/DDAH/NOS pathway
DDAH1 protein was detected in HEK-293T cells. The list of the peptide sequence coverage
identified for DDAH1 and DDAH2 by MS is provided in Table 5.3, A, and B, respectively. An
overview of the coverage with highlighted identified peptide sequences is shown next to the
tables. Interestingly, while preliminary experiments performed by routine MS analysis showed no
evidence of DDAH1 or DDAH2 in HEK-293 cells, fractionation (to make the library) and DIA analysis
detected both isoforms. The raw spectra of the peptides are found in the Appendix 14.
Table 5.3. The list of peptide sequence coverage for (A) DDAH1 and (B) DDAH2 proteins by MS.
The found sequences are highlighted to demonstrate the coverage of the whole isoform sequence.

A. DDAH1
Peptide Sequence
ALPESLGQHALR
QHQLYVGVLGSK
LKDHMLIPVSMSELEK
AGLGHPAAFGR
DYAVSTVPVADGLHLK
KDHMLIPVSMSELEK
GAEILADTFKDYAVSTVPVADGLHLK
VDGLLTCCSVLINK
SFCSMAGPNLIAIGSSESAQK
DENATLDGGDVLFTGR

B. DDAH2
Peptide Sequence
EFFVGLSK
ALQDLGLR
AGAGLSSLCLVLSTRPHS
GGGDLPNSQEALQK
LSDVTLVPVSCSELEK
GVPESLASGEGAGAGLPALDLAK

10

20

30

40

50

MAGLGHPAAF GRATHAVVRA LPESLGQHAL RSAKGEEVDV ARAERQHQLY
60

70

80

90

100

VGVLGSKLGL QVVELPADES LPDCVFVEDV AVVCEETALI TRPGAPSRRK
110

120

130

140

150

EVDMMKEALE KLQLNIVEMK DENATLDGGD VLFTGREFFV GLSKRTNQRG
160

170

180

190

200

AEILADTFKD YAVSTVPVAD GLHLKSFCSM AGPNLIAIGS SESAQKALKI
210

220

230

240

250

MQQMSDHRYD KLTVPDDIAA NCIYLNIPNK GHVLLHRTPE EYPESAKVYE
260

270

280

KLKDHMLIPV SMSELEKVDG LLTCCSVLIN KKVDS

10

20

30

40

50

MGTPGEGLGR CSHALIRGVP ESLASGEGAG AGLPALDLAK AQREHGVLGG
60

70

80

90

100

KLRQRLGLQL LELPPEESLP LGPLLGDTAV IQGDTALITR PWSPARRPEV
110

120

130

140

150

DGVRKALQDL GLRIVEIGDE NATLDGTDVL FTGREFFVGL SKWTNHRGAE
160

170

180

190

200

IVADTFRDFA VSTVPVSGPS HLRGLCGMGG PRTVVAGSSD AAQKAVRAMA
210

220

230

240

250

VLTDHPYASL TLPDDAAADC LFLRPGLPGV PPFLLHRGGG DLPNSQEALQ
260

270

280

KLSDVTLVPV SCSELEKAGA GLSSLCLVLS TRPHS

Interestingly, 5 and 100 μM ZST316 upregulated DDAH2 protein levels by 97% and 106%,

respectively (See Appendix 6 and 7 for differentially expressed proteins in 5 μM and 100 μM
treatments). This phenomenon was also observed in a preliminary experiment (data not shown).
No trace of VEGF protein or the three NOS enzymes (nNOS, eNOS or iNOS) were detected in the
MS library derived from HEK-293T cells.
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5.3.2 Pathway Analysis
The protein differential expression lists for each set contained at least one protein that was
present in the pathways listed in Appendices 10 to 12, and in some cases the number of
differentially expressed proteins that were present in a pathway reached a statistically significant
level of enrichment. These proteins and the list of enriched pathways are listed on Tables 5.4 to
5.6. The terms gene and protein are interchangeable for the purpose of pathway analysis tables.
5.3.2.1 Identification of the differentially expressed proteins present in a signalling pathway
and the enriched pathways in response to ZST316 treatment in HEK-293T compared to
control cells
To examine which biological pathways were altered in HEK-293T cells treated with 5 and 100 μM
ZST316 versus vehicle control group, the biochemical pathways were extracted from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and pathway analysis was performed for the
differentially expressed proteins with Q-value ≤ 0.05 in each set, using InnateDB pathway analysis
(Lynn et al., 2008).
Both upregulated and downregulated proteins in each set of differentially expressed proteins
recognised by mass spectrometry for vehicle, 5 and 100 μM ZST316-treated HEK cells (Appendices
5-7) were subjected to KEGG pathway enrichment analysis. The associated pathways with the
genes (linked with the Uniprot IDs) are shown in Appendix 10, 11, and 12 for vehicle, 5, and 100
μM ZST316, respectively.
KEGG pathway analysis of the vehicle control revealed that upregulated and downregulated
proteins were present in 12 and 20 pathways, respectively (Appendix 10). No KEGG pathway was
found to be enriched when subjected to ORA for the upregulated proteins. By contrast, three
pathways were enriched with downregulated proteins (shown on Table 5.4).
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Table 5.4. Enriched KEGG pathways over-represented with vehicle control HEK-293T cells, and the associated genes
related to differentially expressed downregulated proteins.
(ORA showed no enriched KEGG pathway that was over-represented with control cells by the upregulated proteins).
Pathway Name
(Enriched by downregulated proteins)

Pathway
Id

Genes in
InnateDB
for this
entity
137

%
Associated
genes

Pathway pvalue
(corrected)

(Downregulated)
Gene Symbols

474

Pathway
uploaded
gene
count
6

Ribosome

4.38

1.35E-05

Spliceosome

8120

3

133

2.26

0.0041

Fc gamma Rmediated
phagocytosis

4359

2

93

2.15

0.0215

MRPS5;
MRPS6; RPL8;
RPS27; RPS3A;
RPS7;
EFTUD2;
PRPF3;
SNRPD2;
MARCKS;
MARCKSL1;

KEGG pathway analysis of upregulated and downregulated proteins by 5 μM ZST316 resulted in 32
and 43 pathways, respectively (Appendix 11), where three pathways in each group were shown to
be enriched when subjected for further ORA analyses. These pathways included Wnt signalling
pathway, proteins processing in endoplasmic reticulum and calcium signalling pathways for
upregulated proteins (Table 5.5, A), and RNA transport, RNA degradation and Insulin signalling
pathways for downregulated proteins (Table 5.5, B).
Table 5.5. Enriched KEGG pathways over-represented with 5 μM ZST316 treatments of HEK-293T cells and the
associated genes related to differentially expressed (A. upregulated, B. downregulated) proteins.
A. Pathway Name
(Enriched by
upregulated
proteins)
Wnt signalling
pathway
Protein processing
in endoplasmic
reticulum
Calcium signalling
pathway

Pathway
Id

Genes in
InnateDB
for this
entity
140

%
Associated
genes

Pathway pvalue
(corrected)

(Upregulated)
Gene Symbols

445

Pathway
uploaded
gene
count
2

1.43

0.0129

10363

2

171

1.17

0.0143

GPC4;
PPP3CC;
CANX; RPN1;

594

2

183

1.09

0.0145

B. Pathway Name
(Enriched by downregulated proteins)

Pathway
Id

Pathway pvalue
(corrected)

(Downregulated) Gene
Symbols

10361

Genes in
InnateDB
for this
entity
170

%
Associated
genes

RNA transport

Pathway
uploaded
gene
count
3

1.76

0.0080

RNA degradation

5710

2

74

2.70

0.0153

EIF4E2; POP4;
RPP14;
ENO3; PAN3;

Insulin signalling
pathway

531

2

143

1.40

0.0368

EIF4E2; NRAS;

PPP3CC;
VDAC3;
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For 100 uM ZST316 treated cells, KEGG pathway analysis showed 59 pathways associated with
upregulated proteins (Appendix 12). The enriched pathway analysis identified 9 over-represented
pathways: B cell receptor signalling pathway with the highest (4%) term significance (P= 0.001)
with 3 genes from 74 total genes listed in the pathway, followed by Long-term potentiation, VEGF
and MAPK signalling pathways, T cell receptor signalling pathway, natural killer signalling pathway,
Wnt signalling, purine metabolism and calcium signalling pathway (p-values sorted in ascending
order, Table 5.6, A). Pathway analysis revealed that at least one protein from the list of
downregulated proteins was present in 17 pathways (Appendix 12), in which three were found to
be over-represented: Spliceosome, Ribosome and Pyrimidine metabolism pathways (Table 5.6, B).
The p-values were corrected using the Benjamini and Hochberg correction for the false discovery
rate (as recommended by the software) (Benjamini and Hochberg, 1995), although similar results
were obtained using the more stringent Bonferroni correction.
Table 5.6. Enriched KEGG pathways over-represented with 100 μM ZST316 treatments of HEK-293T cells and the
associated genes related to differentially expressed (A. upregulated, B. downregulated) proteins.
A. Pathway Name
(Enriched by
upregulated
proteins)
B cell receptor
signalling pathway

Pathway
Id

Genes in
InnateDB
for this
entity
74

%
Associated
genes

Pathway pvalue
(corrected)

(Upregulate)
Gene Symbols

532

Pathway
uploaded
gene
count
3

4.05

0.001

Long-term
potentiation
VEGF signalling
pathway
MAPK signalling
pathway

507

2

67

2.99

0.003

432

2

62

3.23

0.004

487

3

257

1.17

0.004

T cell receptor
signalling pathway
Natural killer cell
mediated
cytotoxicity
Wnt signalling
pathway
Purine metabolism

563

2

107

1.87

0.007

578

2

130

1.54

0.010

BCL10;
PPP3CC;
PRKCB;
PPP3CC;
PRKCB;
PPP3CC;
PRKCB;
LAMTOR3;
PPP3CC;
PRKCB;
BCL10;
PPP3CC;
PPP3CC;
PRKCB;

445

2

140

1.43

0.011

503

2

174

1.15

0.014

Calcium signalling
pathway

594

2

183

1.09

0.015

B. Pathway Name
(Enriched by
downregulated
proteins)
Spliceosome

Pathway
Id

Pathway
uploaded
gene
count
3

Genes in
InnateDB
for this
entity
133

8120

PPP3CC;
PRKCB;
PDE6D; PNP;
PPP3CC;
PRKCB;

%
Associated
genes

Pathway pvalue
(corrected)

(Downregulated) Gene
Symbols

2.26

0.031

EFTUD2;
RBM22; SNW1;
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Ribosome

474

2

137

1.46

0.035

RPS20; RPS29;

Pyrimidine
metabolism

409

2

104

1.92

0.036

POLR3K; UPP1;

5.3.2.2 Identification of the differentially expressed proteins that overlapped between 5 and
100 μM ZST316 that were present in a signalling pathway and the associated enriched
pathways
Overlapped upregulated (16) and downregulated (23) proteins (see Table 5.2) were extracted
from differentially expressed proteins of HEK-293T cells treated with 5 and 100 μM subjected to
InnateDB pathway analysis tool. Fifteen pathways were found to be regulated by the overlapping
upregulated proteins. However, only one target gene (PPP3CC) was present in 14 of these
pathways (Table 5.7). Three of the 16 overlapping downregulated proteins were present in four
pathways (Table 5.7, B), none of which were found to be enriched.
Table 5.7. Identification of significantly (A) upregulated, or (B) downregulated proteins overlapped between 5 and
100 μM ZS316 that were present in biological pathways. (The enriched pathways are marked with an asterisk sign).

A.

B.

InnateDB
ID

(Upregulated)
Gene Symbol

Pathway Name (Over-representation*)

485

PPP3CC

Apoptosis

563

PPP3CC

T cell receptor signalling pathway

487

PPP3CC

MAPK signalling pathway

8113

PPP3CC

Oocyte meiosis

10367

PPP3CC

Osteoclast differentiation

507

PPP3CC

Long-term potentiation

532

PPP3CC

B cell receptor signalling pathway

4377

SPIRE1

Dorso-ventral axis formation

578

PPP3CC

Natural killer cell mediated cytotoxicity

494

PPP3CC

Axon guidance

2798

PPP3CC

Amyotrophic lateral sclerosis (ALS)

432

PPP3CC

VEGF signalling pathway

594

PPP3CC

Calcium signalling pathway

445

PPP3CC

Wnt signalling pathway

521

PPP3CC

Alzheimer's disease

InnateDB
ID

(Downregulated)
Gene Symbol

Pathway Name (Over-representation*)

558

SETMAR

Lysine degradation

5710

PAN3

RNA degradation

8120

SNW1

Spliceosome

491

SNW1

Notch signalling pathway

158

CHAPTER 5
5.3.2.3 Regulation of angiogenesis and apoptosis pathways in response to ZST316 treatment of
HEK-293T cells
The biochemical pathways related to angiogenesis and apoptosis were extracted from the KEGG
database (https://www.genome.jp/kegg/pathway.html). Then, the lists of over-represented
pathways by each treatment group was compared to the KEGG lists to see if any of them existed
within the KEGG angiogenesis or apoptosis pathways.
5.3.2.3.1

Regulation of angiogenesis pathway in response to ZST316 treatment of HEK-293T cells

KEGG database introduced 30 signalling pathways classified as angiogenesis-related pathways
(Table 5.8).
Table 5.8. 30 KEGG signalling pathways classified as angiogenesis-related pathways. (hsa stands for homo sapiens).

Entry

Pathway Name

hsa05205
hsa05323
hsa04060
hsa04370
hsa04371
hsa05202
hsa05203
hsa04926
hsa05163
hsa05167
hsa05206
hsa05208
hsa05211
hsa01521
hsa04012
hsa04066
hsa04115
hsa04151
hsa04350
hsa04919
hsa04933
hsa05165
hsa05200
hsa05207
hsa05212
hsa05219
hsa05222
hsa05224
hsa05231
hsa05418

Proteoglycans in cancer
Rheumatoid arthritis
Cytokine-cytokine receptor interaction
VEGF signalling pathway
Apelin signalling pathway
Transcriptional misregulation in cancer
Viral carcinogenes
Relaxin signalling pathway
Human cytomegalovirus infection
Kaposi sarcoma-associated herpesvirus infection
MicroRNAs in cancer
Chemical carcinogenesis - reactive oxygen species
Renal cell carcinoma
EGFR tyrosine kinase inhibitor resistance
ErbB signalling pathway
HIF-1 signalling pathway
p53 signalling pathway
PI3K-Akt signalling pathway
TGF-beta signalling pathway
Thyroid hormone signalling pathway
AGE-RAGE signalling pathway in diabetic complications
Human papillomavirus infection
Pathways in cancer
Chemical carcinogenesis - receptor activation
Pancreatic cancer
Bladder cancer
Small cell lung cancer
Breast cancer
Choline metabolism in cancer
Fluid shear stress and atherosclerosis

KEGG-based angiogenic-related pathways were compared with the lists of over-represented
pathways by the differentially expressed proteins (Tables 5.4- 5.6). The VEGF signalling pathway
was found to be among the enriched pathways with the upregulated proteins by 100 μM ZST316
(Table 5.6, A). Among the whole 62 proteins involved in the VEGF pathway, the enriched pathway
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revealed that two VEGF pathway proteins, including CALN and PKC (related to genes PPP3CC and
PRKCB respectively) were significantly amplified in HEK-293T cells (Table 5.6, A). The description of
these genes, their related proteins, and their upregulation levels with 100 μM ZST316 are as
follows:


Protein ID P48454 belongs to serine/threonine-protein phosphatase 2B catalytic subunit gamma isoform
(also known as Calmodulin-dependent calcineurin A subunit gamma isoform (CALN-A3), related to gene
PPP3CC, was upregulated by 55% with 100 μM ZST316 treatment.



Protein ID P05771 belongs to protein kinase C (KPC) beta type, related to PRKCB gene, was upregulated by
57% with 100 μM ZST316 treatment.

The involvement of CALN and PKC proteins in VEGF pathway is demonstrated on the KEGG VEGF
signalling pathway diagram in Figure 5.8. (https://www.genome.jp/pathway/hsa04370)

Figure 5.8. VEGF signalling pathway map adapted from KEGG (ID: has04379) with significantly enriched
differentially expressed proteins.
In the figure, pink circles indicate the two differentially upregulated proteins by 100 μM ZST316: CALN and PKC, and
their involvement in VEGF pathway.

5.3.2.3.2
KEGG

Regulation of apoptosis pathway in response to ZST316 treatment of HEK-293T cells
database

introduced

an

apoptosis

signalling

pathway

(https://www.genome.jp/pathway/hsa04210), showed as a diagram in Figure 5.9. However, this
160

CHAPTER 5
pathway was not identified as being enriched or over-represented by the differentially expressed
protein in any of the control or treated samples. The KEGG pathway map for apoptosis (Entry:
has04210) is available at https://www.genome.jp/pathway/hsa04210).
In addition, there are eight other pathways integrated with the apoptosis pathway also introduced
as apoptosis-related pathways, listed in Table 5.9.
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Table 5.9. Signalling pathways related to KEGG apoptosis pathway. (hsa stands for homo sapiens).

Entry

Pathway Name

hsa04010
hsa04020
hsa04064
hsa04115
hsa04141
hsa04151
hsa04650
hsa04668

MAPK signalling pathway
Calcium signalling pathway
NF-kappa B signalling pathway
p53 signalling pathway
Protein processing in endoplasmic reticulum
PI3K-Akt signalling pathway
Natural killer cell mediated cytotoxicity
TNF signalling pathway

Upregulated proteins by 5 μM ZST316 over-represented two of these pathways: Protein
processing in endoplasmic reticulum and Calcium signalling pathway. Upregulated proteins by 100
μM ZST316 also over-represented three of these pathways: MAPK signalling, calcium signalling
and natural killer cell mediated cytotoxicity. However, none of the pathways were among the list
of over-represented pathways by the vehicle control samples.

5.4 Discussion
5.4.1 Cell culture and sample preparation
In these experiments, HEK-293T cells were treated with vehicle (water), 5 and 100 μM ZST316. The
5 μM concentration was selected based on a 5-fold higher than the Ki value of the inhibitor
(Fowler and Zhang, 2008) (ZST316 Ki value =1 μM), whereas the 100 μM was chosen as
supraphysiological (i.e. pharmacological), to account for potential issues with intracellular
transportation and drug uptake, based on existing recommendations (Kittel and Maas, 2014).
These concentrations have previously been shown to inhibit angiogenesis in endothelial cells in
vitro (Fig. 3.10 and 3.11), without concomitantly affecting cell viability or proliferation, Fig. 3.2,
and 3.5, Chapter 3). However, the use of a highly sensitive mass spectrometry technique allows
the identification of more subtle modifications in proteins that do not necessarily translate into
changes in proliferation, viability, or death. Therefore, in this chapter, MS analysis was used to
detect subtle changes of biochemical pathways following treatment with the DDAH1 inhibitor,
ZST316.
HEK-293T cells were treated over a 24-hour incubation period with ZST316. Previous in-vitro
experiments investigating angiogenesis (Chapter 3), and toxicity (assessed by looking at cell
viability and/or proliferation, Chapter 2), used a similar timeframe, which was considered
adequate to investigate protein changes in terms of transcription and translation. The
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investigation of additional time points (6, 12, 24, 48 hours), to better capture early or late drugrelated effects, could not be performed within existing resources.
5.4.2 DIA analysis
The first step in MS-based proteomics analysis is to generate a library of peptides that provides
peptide reference data for mass spectrometry. This was obtained from pooling all vehicle- and
ZST316-treated samples to get a snapshot of existing cell proteins, by employing the highpH reversed-phase (HpH-RP) fractionation in combination with gas-phase fractionation (GPF) to
generate a DIA library. By combining the data from the two methods (DIA and DDA), a relatively
comprehensive Spectronaut reference library was generated. The Spectronaut quant identified a
total of 6,203 proteins in HEK-293T cells (pooled vehicle- and ZST316-treated samples), which set
the theoretical maximum of proteins that could be quantified in each sample (Table 5.1).
The abundance of proteins was then measured as a surrogate to investigate possible on- and offtarget effects of DDAH1 inhibition, with particular emphasis on the mechanisms involved in tube
formation, observed in chapter 3.
5.4.2.1 Identification of differentially expressed proteins at the baseline level
To design a robust quantitative proteomics study, it is important to have an insight into the
potential variability from at least three different sources: 1) biological variations when comparing
identically treated flasks, due to differences in cell confluence in each flask. 2) Instrument
variations involving column performance and downstream processes. 3) Temporal variations of
the biological replicates of control flasks at the time of harvest, snap freezing, or homogenizing.
These variations will provide valuable information regarding the background noise level vs. the
inhibitor-related effects.
Therefore, a small-scale experiment (“experiment 1”, Fig. 5.4) was performed with two biological
replicates of the vehicle-treated (control) cells to measure differentially expressed proteins
between the two samples, indicating the baseline level of change in protein expression. If similar
changes were also detected in cells treated with ZST316, they could not be accounted as a genuine
effect of the inhibitor. By contrast, if the changes were markedly greater in the presence of the
inhibitor, then they would likely reflect an effect of the drug.
The Spectranaut used a cut-off of Log2fold-change ≥ 0.6 and Q- value ≤ 0.05 for the list of
differentially expressed proteins in each sample set (Appendices 5-7). Spectranaut tests the
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differential expression of thousands of proteins simultaneously (multiple hypothesis testing) which
invalidates the use of a p value. In statistical multiple hypothesis testing, a Q-value is a p value
with an adjustment for estimating the False Discovery Rate (FDR), a statistical approach to correct
for multiple comparisons that represents the proportion of false positives (or false “significant”
results) expected from a test.
When samples from two biological replicates of vehicle-treated cells were compared (Appendix
5), 150 proteins (out of a total of 6,203) were differentially expressed, with nearly equal proteins
and percentages, 72 proteins (48%) and 78 proteins (52%), significantly upregulated and
downregulated, respectively (Fig. 5.5, first bar). The volcano plot visualising the relative number of
significantly upregulated (red dots on the right) and downregulated (red dots on the left) proteins
in experiment 1 (Fig. 5.6, A) and experiments 2 (Fig. 5.6, B and C), compared to the total number
of proteins quantified in HEK-293T cells for that sample group (grey dots) (Table 5.1, A), indicated
that the number of changes in protein expression was relatively low (1.3-2.2 %).
5.4.2.2 Identification of differentially expressed proteins with ZST316 treatment
Vehicle control and treated samples with 5 and 100 μM ZST316 were analysed by MS to identify
the differentially expressed proteins in the treated groups compared to the vehicle control group
(“experiment 2”, Figure 5.4).
A total of 194 and 215 proteins were differentially expressed in 5 and 100 μM treated samples,
129% and 143%, respectively, compared to the 150 (100%) differentially expressed in the vehicle
control samples (Fig. 5.5). This suggests that 70-77% of the changes observed with ZST316 (at 100
and 5 μM respectively) could be attributed to background noise. At the same time, a smaller
percentage of these changes (30% for 100 μM and 23% for 5 μM) were likely a genuine effect of
the inhibitor.
A total of 77 (51%) and 97 (65%) proteins were significantly upregulated with 5 and 100 μM
ZST316, respectively, compared to 72 (48%) in control cells (Fig. 5.5, red bars). However, a similar
number of proteins were significantly downregulated, 117 (78%) and 118 (79%), with 5 and 100
μM ZST316, respectively. This suggests an equivalent effect from both concentrations in
downregulating proteins. Compared to the vehicle control group, the number of downregulated
proteins with either dose of ZST316 was 1.5-fold higher than that of the vehicle control (117-118
over 78) (Fig. 5.5, green bars).
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Comparing the number of downregulated proteins with that of the upregulated ones with 5 and
100 μM ZST316 (green bars vs. red bars in Fig. 5.5), it is apparent that the former outnumbered
the latter, with either dose; while 55-60% of the total differentially expressed proteins in ZST316treated samples showed a significant downregulation, only around 40-45% of them were
upregulated. This proportion was greater with 5 μM ZST316. The volcano plots (Fig. 5.6, B and C)
also depicted the relation of the differentially expressed protein numbers between ZST316-treated
samples (red dots) to the total number of quantified proteins (grey dots).
It should be noted that the proportion of changes compared to the whole library clearly conveys
that relatively minimal changes were observed with 5 or 100 μM ZST316, similar to the control
samples, around 1-2% of the total identified proteins in the library for each group (Table 5.1, B).
However, statistical analysis using the Chi squared (χ²) test revealed that while there was no
statistical difference between the upregulated protein numbers in treated samples vs vehicle
control, downregulated proteins by ZST316-treated samples significantly outnumbered those in
the vehicle control group (P-value < .05, Table 5.1, C). This suggests that ZST316 at high (100 μM)
or low (5 μM) dose, has the ability to significantly downregulate protein abundance compared to
the vehicle. In spite of that, identifying statistical significance may not necessarily reflect the
presence of significant biological changes. Pathway analysis on differentially expressed proteins
(specifically on downregulated proteins) may further clarify if the changes observed are expected
to cause any biological or pathological response.
Furthermore, repeating these experiments with pre-defined biological replicates that give
sufficient statistical power would determine the validity and reproducibility of these results and
detect any effects if they truly occurred.
Among the differentially expressed proteins, a relatively small number were concomitantly
upregulated (Fig. 5.7, A) or downregulated (Fig. 5.7, B) (23 and 16 proteins respectively) in 5 and
100 μM ZST316-treated groups (Table 5.2, and Venn diagrams, Fig. 5.7). This means that
approximately 24% of the total upregulated proteins by 100 μM, and 30% by 5 μM, were also
upregulated by their counterpart (Fig. 5.7, A). When assessing the downregulated protein list, the
Venn diagram showed an even smaller overlap (approximately 13.5%) between the two treated
groups (Fig. 5.7, B). The relatively small number of overlapping proteins between the two
concentrations of ZST316 indicates that the majority of the differentially expressed proteins were
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unique and dose specific. This suggests that different concentrations of the compound affect
different proteins (Table 5.1).
Small-molecule drugs commonly interact with more than a single protein target. The extent of this
interaction may depend on the drug concentration, whereby drug targets at low doses could be
different to those at higher doses. Dose-specific metabolomics studies have recently reported that
drugs at different doses have a unique binding affinity to different proteins (Yao et al., 2019).
Therefore, it is not unexpected to see varying protein expressions in 5 and 100 μM of ZST316
treated samples. Although again, it is worth mentioning that these changes are too small to be
accounted as a genuine effect from the compound. Future dose-response experiments should
include varying concentrations of ZST316 and different time periods to cover the potential
changes over time to identify the dose at which the maximum drug-target (ZST316-DDAH1)
binding affinity is achieved with minimal off-target sites.
5.4.2.3 Identification of differentially expressed proteins with ZST316 treatment related to
ADMA/DDAH/NOS pathway
The MS results indicated the presence of both DDAH isoforms 1 and 2 in HEK-293T cells in the
library data (generated from both ZST316- and vehicle-treated cells).
Interestingly, while preliminary evidence using routine MS analysis only identified around 1,900
proteins and no DDAH1 or DDAH2 peptide capture, fractionation and DIA analysis detected these
isoforms in HEK-293T cells, along with all the fragment ions (the list of identified proteins in the
library is available on request). This suggests low expression of both DDAH1 and DDAH2 in these
cells, with a likely higher expression of DDAH1 protein, according to the number of unique
peptides identified for each of the DDAH isoforms (Shown on Table 5.3, A vs. B). Nevertheless, the
six unique peptides found for DDAH2 (Table 5.3, B) also provide robust evidence for the detection
of DDAH2 isoform in this cell line.
In previous Western Blot experiments where HEK-293T cells were used as a negative control,
DDAH1 protein was undetected (Chapter 3, Fig. 3.12, A, and Chapter 4, Fig. 4.7, E, indicated as –
ive Ctrl). While the DDAH2 protein band was not observed in these cells in one experiment
(Appendix 1, A, well #2, indicted as –ive Ctrl), another displayed a faint band at around the
molecular weight of DDAH2 (Appendix 4, D, indicted as –ive Ctrl). Of note, DDAH2 message has
also been detected in these cells (Appendix 3, A, annotated as H). This presumably suggests a
relatively small expression of DDAH2 isoform in the cells. However, mass spectrometry is a
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considerably more advanced technique due to the high sensitivity in protein quantification
compared to Western Blotting.
The expression of DDAH1 and DDAH2 isoforms has been shown to be tissue specific. The kidney
cortex has been shown to have the highest expression of DDAH enzymes (Palm et al., 2007).
Western blot analysis of kidney lysates also demonstrated protein expression of both isoforms
(Wetzel et al., 2020). DDAH1 protein expression has also been detected in the kidney embryo
(Mishima et al., 2004, Palm et al., 2007, Tran et al., 2000). Moreover, a recent study has also
shown protein (by immunoblotting) expression of DDAH2 at baseline level in HEK-293 cells (Li et
al., 2021). Nevertheless, these cells have been used as negative controls for protein expression in
previous studies (Tommasi et al., 2015, Tommasi, 2015).
To the best of my knowledge, the activity of DDAH enzymes has not been determined in HEK-293
cells. These cells have previously been used within our research group as the negative control for
DDAH1-transfected cells in activity assays. The result from these experiments revealed minor
(baseline level) activity from non-transfected cells (Qualitative analysis depends on the sensitivity
of the assay) (The unpublished data for these experiments performed by Dr. Sara Tommasi are
available on request). Therefore, both the expression and the activity of DDAH1 are markedly low
in HEK-293T cells.
Prior studies have shown that both DDAH1 and DDAH2 regulate NO production by hydrolysing
ADMA and L-NMMA, the major endogenous inhibitors of NOS enzymes (Pope et al., 2009, Kittel
and Maas, 2014). However, there are inconsistencies in the literature regarding the relative
importance of DDAH2 in ADMA metabolism (Leone et al., 1992, Wang et al., 2007). Some studies
provide strong evidence that the mechanisms of action of the two isoforms are different (Hu et al.,
2011a). For example, DDAH1 knockout mice displayed no DDAH activity in several tissues. DDAH1
was the only enzyme responsible for ADMA and L-NMMA degradation and DDAH2 showed no role
in vivo. Notably DDAH2 expression was unaffected (Hu et al., 2011a). This suggests that there are
no feedback mechanisms in vivo and/or DDAH2 was not driving DDAH1 activity. In another study,
DDAH1 and DDAH2 siRNA-mediated gene silencing significantly increased ADMA concentrations in
cultured endothelial cells (Du et al., 2018). Notably, the role of DDAH1 was greater than DDAH2 in
ADMA accumulation (Du et al., 2018). Nevertheless, the specific role of the DDAH2 isoform in
ADMA regulation and NO production is yet to be fully understood, due to the lack of a specific
activity assay to measure DDAH2 function.
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Following exposure to 5 and 100 μM ZST316, DDAH1 protein expression remained unchanged
compared to vehicle control (as evidenced by missing from the table of differentially expressed
proteins, Appendices 6 or 7). This was expected because ZST316 competitively inhibits DDAH1
activity by occupying its active site (The kinetic characterisation of DDAH1 inhibition by ZST316
was previously reported) (Tommasi et al., 2015)). Therefore, they are not expected to change the
expression level of DDAH1 protein. Moreover, these MS investigations focused on protein
abundance changes.
Interestingly, both 5 and 100 μM of ZST316 upregulated DDAH2 protein expression by two-fold,
with no statistical difference between the two doses (Appendices 6 and 7). Considering that the
time point was 24 hours, it is speculated that this was a sustained steady state increase.
DDAH2 is known to co-express with eNOS in kidney vascular cells (Welch et al., 2000), and with
nNOS in the macula densa (Wilcox et al., 1992, Welch et al., 2000, Onozato et al., 2008). However,
NOS enzymes (eNOS, nNOS or iNOS) were not detected in the current study using mass
spectrometry (whether due to their absence, or their low expression levels undetectable by MS).
This aligns with previous work (Tran et al., 2003).
5.4.2.3.1

Possible mechanisms for DDAH2 overexpressed following DDAH1 inhibition

A significant increase in DDAH2 protein was recently reported in DDAH1 knockout mice
(Hannemann et al., 2020b). It is plausible that DDAH2 has a supportive role for DDAH1, and in
situations where DDAH1 is inhibited, cells might overexpress DDAH2 to compensate for DDAH1
deficiency. However, the compensatory role of DDAH2 for the loss of DDAH1 had been disproven
by earlier research. Hu and colleagues (Hu et al., 2011b) observed that DDAH1 knockout mice
inhibited DDAH1 activity, while DDAH2 expression remained unaffected (cited by (Cooke and
Ghebremariam, 2011)). Nevertheless, our results were in line with the recent findings by
Hannemann et al. (Hannemann et al., 2020b), supporting the upregulation of DDAH2 protein as a
consequence of DDAH1 protein inhibition.
VEGF protein, a hallmark of angiogenesis, might also be related to the ADMA/DDAH/NOS
pathway. The expression changes of VEGF-A message and protein in response to DDAH1
knockdown were previously investigated in the retinal pigment epithelial cell model (Chapter 4,
Fig. 4.8). Hence, it was worthwhile looking at its differential expression changes in our samples.
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VEGF-A protein was not present. This protein was either not expressed in HEK-293T cells, or the
expression level was too low for detections by the mass spectrometer. The issue with MS
detection for low molecular weight proteins, such as VEGF (19~22 kDa (monomer)), is the lack of
ionisable tryptic peptides. Since the trypsin enzyme digests proteins at lysine and/or arginine,
when it cuts small proteins, the size of the peptides could be too short to be detectable by MS.
Low levels of VEGF-A gene expression have been reported in HEK-293 cells (Chapter 4, Fig. 4.1, B),
and in previous studies (Lin et al., 2010). However, MS data suggest that this is not reflected at the
protein level. Nevertheless, a positive correlation between mRNA and protein expression is not
always present. In contrast to our findings, studies have shown VEGF-A protein expression in HEK293 cells lysate (by immunoblotting) and cell supernatants (by ELISA) (Lin et al., 2010, Sun et al.,
2021).
5.4.3 Pathway analysis
In order to analyse the data by InnateDB, the protein IDs from each set were first uploaded to see
whether any of the proteins are present in a biological pathway. The protein differential
expression lists contained at least one protein that was present in a pathway (Appendices 10-12).
For KEGG enrichment analysis, identified pathways containing ≥1 differentially expressed proteins,
were subjected to an Over Representation Analysis (ORA). This analysis was used to identify the
main biochemical metabolic pathways in which the number of differentially expressed proteins
reached a statistically significant level of enrichment.
However, following this analysis and to confirm the results, using a second tool Enrichr (available
at http://amp.pharm.mssm.edu/Enrichr) was also considered. This software uses gene symbols for
data analysis. Therefore, in a further round, the Entrez genes were uploaded to investigate
whether the software recognises the same pathways in each set. For this purpose, the Database
for Annotation, Visualization and Integration Discovery (DAVID) Functional Annotation tool
(https://david.ncifcrf.gov/, version 6.8) (Huang et al., 2009) was used to convert the differentially
expressed gene symbols related to the Uniprot IDs, to Entrez genes. Notably, not all the Uniprot
IDs were linked to a gene symbol within the Uniprot database and therefore those proteins that
were missing out a gene symbol were inevitably excluded from the analysis (see Appendix 13,
Table A). Moreover, among the available gene symbols, some were not found in DAVID database
and consequently, again, a few Entrez genes were missing from the list (see Appendix 13, Table
B). When the Entrez genes extracted from DAVID database (see Appendix 13, Table C) were
uploaded to InnateDB for second-round pathway analysis, the associated pathways and those
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indicated as over-represented ones were slightly different between the two tests. Therefore, the
initial approach (using Uniprot IDs) was preferred for pathway analysis. The results for Uniprot IDs
conversion to Entrez genes using DAVID database tool can be found in Appendix 13.
The KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway database (Kanehisa et al., 2012)
integrates genomic, molecular, and functional level information in biological systems including
cells and includes the highest number of drug targets (Mora and Donaldson, 2012). This database
(InnateDB software) was utilised for the pathway analysis in this study, where Q-values < 0.05
were considered significant.
5.4.3.1 Identification of the differentially expressed proteins present in a signalling pathway
and the enriched pathways in response to ZST316 treatment in HEK-293T compared to
control cells
InnateDB pathway analysis of the significantly upregulated proteins in the vehicle-treated
biological replicates (experiment 1) revealed their presence in 12 biological pathways (Appendix
10, A). Among these, none were enriched when the over-representation analysis (ORA) was
performed. Significantly downregulated proteins by this group were present in 20 pathways
(Appendix 10, B), where three of them were enriched. These pathways included ribosome,
spliceosome and Fc gamma R-mediated phagocytosis, in which the gene association was only 24.4% (Table 5.4).
In a past study where KEGG pathway of ribosome was found to be enriched, 18 associated
proteins were differentially expressed (Yu et al., 2015). Similarly, Fc gamma R-mediated pathway
has previously shown to be enriched by 17 proteins differentially expressed (Choudhary and Singh,
2018), compared to the only 2 found downregulated with the enriched pathway. This suggests
that the gene involvement in the identified enriched pathways in this study is not high enough to
expect a change in the overall regulation of such pathways.
The same analytical method was repeated for the ZST316-treated samples. Pathway analysis on
differentially expressed proteins by 5 μM ZST316 treated HEK-293T cells identified a list of 32 and
43 pathways for both up- and down-regulated proteins sets (Appendix 11, A and B, respectively).
However, only three in each set were identified to be over-represented; Wnt signalling, protein
processing in ER, and calcium signalling pathways were enriched by upregulated proteins, while
RNS transport, RNA degradation and insulin signalling pathways were enriched by downregulated
proteins with 5 μM ZST316-treated HEK-293T cells (Table 5.5). However, the gene involvement in
these pathways was as low as ~1-2.7%. Notably, no similarity was found between the present and
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enriched pathways with differentially expressed proteins in 5 μM ZST316-treated groups and
those identified for the vehicle control group.
KEGG Pathway analysis on differentially expressed proteins by 100 μM ZST316-treated HEK cells
identified 59 pathways for upregulated proteins, and 17 for downregulated proteins (Appendix 12,
A and B, respectively). Accordingly, nine pathways were identified to be enriched (listed in Table
5.6, A). Among these, the B cell receptor signalling pathway had the highest term significance
(~4% = three upregulated proteins out of the total 74 genes associated with this entry according to
InnateDB) (Table 5.6, A). Recent studies have shown high protein target involvement (16) in an
enriched B cell receptor signalling pathway (Choudhary and Singh, 2018).
Other interesting identified pathways over-represented by the upregulated proteins with 100 μM
ZST316 were the VEGF pathway (with just over 3% (2/62) gene associations), calcium signalling
(1% (2/183) gene association), T cell receptor (1.8% (2/107) gene association), natural killer cell
mediated cytotoxicity (only 1.5% (2/130) gene association), and MAPK signalling (with 1.2%
(3/257) gene association).
MAPK proteins are Ser/Thr kinases that relay extracellular signals into a wide range of cellular
processes, including gene expression, cell cycle, metabolism, motility, cell survival, apoptosis and
differentiation (Dhillon et al., 2007). Recent pathway analysis studies have shown that the MAPK
pathway was over-represented with 49 genes (Chen et al., 2021b), and in another study, with 8
(23.5% gene involvement) (Chen et al., 2021a). A past study also indicated that the majority of the
proteins involved in calcium signalling were differentially expressed after drug treatment (You et
al., 2013). Enriched VEGF pathway in our study displayed a 3% gene association, compared to a
study that found 14.7% (5) genes in the pathway (Chen et al., 2021a). Natural killer cell mediated
cytotoxicity has been shown to be enriched with 13 differentially expressed genes (Choudhary and
Singh, 2018), and T cell receptor signalling with 28 (Choudhary and Singh, 2018), and 6 (17.6%
gene involvement) (Chen et al., 2021a), and in a cancer-related pathway study, by only 5
differentially expressed genes (Bhat et al., 2015).
The list of significantly downregulated proteins by 100 μM ZST316 also over-represented three
pathways: spliceosome, ribosome and pyrimidine metabolism, where protein-coding gene
association were only approximately 1.5-2.3% (Table 5.6, B). Two pathways (ribosome and
spliceosome) were also detected in the list of over-represented pathways by downregulated
proteins by control samples (see Table 5.4). Although the affected related genes were slightly
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different in the two groups. This suggests that the change observed in these pathways by 100 μM
ZST316 may be non-significant due to the similarity with the control group.
5.4.3.2 Identification of the differentially expressed proteins overlapped between 5 and 100 μM
ZST316 that were present in a signalling pathway and the associated enriched
pathways
Next, the significantly upregulated and downregulated proteins in both 5 and 100 μM ZST316 treated samples (Appendices 8 and 9) were subjected to pathway analysis. Table 5.7 shows the
identified 15 and 4 KEGG pathways for the 23 concomitantly upregulated and 16 concomitantly
downregulated proteins, respectively. Notably, the results identified the involvement of one target
gene in the majority of these pathways, PPP3CC. This gene is related to the protein
serine/threonine-protein phosphatase 2B catalytic subunit gamma isoform, also known as
calmodulin-dependent calcineurin A subunit gamma isoform (CALN-A3). This reveals that the
function of this potential target is related to many biological pathways. The protein numbers in
this list did not reach a statistically significant level of enrichment, thus none of these pathways
were enriched.
As previously discussed, the list of overlapping significantly expressed proteins represented a small
proportion of the total proteins differentially expressed in each group (24-30% for upregulated,
and 13.5% for downregulated proteins) (Fig. 5.7, Table 5.2). Nevertheless, this could have
shortlisted the key proteins involved in DDAH1 inhibition process, hypothetically leading to
significant effects from ZST316 treatment. Yet, the pathway analysis invalidated this hypothesis;
none of the overlapping differentially expressed protein had a marked effect on biological
pathways. Therefore, activation or inhibition of these proteins by the two doses of the compound
tested is unlikely to play a significant role in the overall maintenance of cellular homeostasis.
5.4.3.3 Identification of proteins involved in angiogenesis or apoptosis pathways
In the previous chapters, tube formation assay on HUVEC and VeraVec endothelial cells revealed
anti-angiogenic effects of 5 and 100 μM of ZST316 (Chapter 3, Fig. 3.10 and 3.11). Also, DDAH1
inhibitors showed no significant change in cell viability (determined by colorimetric assays) and/or
proliferation (determined by live-cell imaging), processes that are related to apoptosis (Chapter 3,
Fig. 3.1, 3.5, and 3.9). However, those experiments could only demonstrate the subsequent
morphological changes in cells, rather than a thorough investigation into the changes in
biochemical pathways by the compounds that could potentially lead to cell death in the long term
or could translate into apoptosis signalling in another cell. Using MS approach combined with
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pathway enrichment analysis, this study aimed to examine if any of the differentially expressed
proteins found in the treated sample sets could contribute to any significant alteration in
angiogenic- or apoptotic-related pathways in non-endothelial cells like HEK-293T cells.
5.4.3.3.1

Regulation of angiogenesis pathway in response to ZST316 treatment of HEK-293T cells

Within the list of 30 angiogenesis-related pathways in the KEGG database, only one (VEGF
signalling pathway) was found in our lists of enriched pathways; VEGF pathway was overrepresented by the significant upregulated proteins with 100 μM ZST316 (indicated in Table 5.6,
A). However, among the 62 proteins involved in the VEGF pathway, only two (demonstrated by
gene symbols PPP3CC and PRKCB, related to target proteins CALN and PKC) were significantly
upregulated. This denotes a gene-association of just over 3% (Table 5.6, A). Notably, the VEGF
protein itself was not detected in HEK-293T cells. Pathway analysis studies focusing on
angiogenesis using similar approaches (Gene Ontology and KEGG pathway enrichment analysis)
found amplification of many of the angiogenesis-related pathways, including the VEGF pathway
with multiple targets enriched (5-14). Importantly the enriched pathways also covered the main
members of the studied processes, e.g. VEGF protein was highly enriched in the VEGF pathway (Ji
et al., 2021, Guo et al., 2020, Chen et al., 2021a).
Furthermore, other indirect angiogenic pathways are further derived from each of the 30
angiogenesis pathways listed in Table 5.8. The indirect pathways can be found by clicking on the
entry number for each pathway on table 5.8. As an example, pathways in cancer (Entry: hsa05200)
include a list of 21 other pathways that are therefore indirectly connected to angiogenesis,
including Wnt signalling, calcium signalling, HIF-1 signalling, PI3K-Akt, VEGF, MAPK, mTOR, P53,
and apoptosis. Comparing our lists of enriched pathways to the indirectly related pathways to
angiogenesis, the MAPK pathway was enriched by upregulated proteins with 100 μM ZST316.
Upregulated proteins with both 5 and 100 μM ZST316 enriched Wnt signalling and calcium
signalling pathways. However, still, the number of proteins involved in the pathways is minimal.
Moreover, none of the target proteins was among the known angiogenic-factors of the pathways.
Therefore, one cannot be convinced that the effect of ZST316 on the overall angiogenesis process
is significant.
This was expected from ZST316 treatment of non-endothelial HEK-293T cells, which are not the
most suitable cell line to express angiogenic factors and changes in angiogenesis pathways. By
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using endothelial cells in future experiments, perhaps more of the angiogenic proteins and
pathways would be over-represented following treatment with DDAH1 inhibitors.
5.4.3.3.2

Regulation of apoptosis pathway in response to ZST316 treatment of HEK-293T cells

KEGG-based pathway analysis did not identify apoptosis pathways among the enriched ones in
either of the vehicle or ZST316-treated groups (Fig. 5.9). However, there were eight other
pathways introduced within KEGG database that are related to the apoptosis pathway, listed on
Table 5.9. While none of these pathways were found among the enriched ones in the control
group, ZST316-treated group enriched a number of the apoptosis-related pathways. Upregulated
proteins by 5 μM compound enriched two pathways: protein processing in endoplasmic reticulum
(by association of 2 targets out of the total 171 involved genes) and calcium signalling (by 2 targets
out of the total 183 genes). Therefore, the target association in both pathways were as small as
just over 1% (Table 5.5, A). Similarly, upregulated proteins by 100 μM compound enriched three of
these pathways: MAPK signalling (3 genes out of the total 257 involved genes), calcium signalling
(2 genes out of the total 183) and natural killer cell mediated cytotoxicity (2 genes out of the total
130). The percentages of gene association in these pathways were between 1.1-1.5%. Previous
studies have shown MAPK pathway amplification with 49 targets (Chen et al., 2021b), natural killer
cell mediated cytotoxicity pathway with 13 (Choudhary and Singh, 2018). Another study also
indicated upregulation of 45 proteins involved in KEGG apoptotic signalling pathway, albeit based
on GSEA database (Going et al., 2018).
In addition, the KEGG dataset also contains a list of 101 signalling pathways classified as apoptosisrelated pathways, including TNF signalling, viral carcinogenesis, Alzheimer’s disease, Foxo, and
P53. Therefore, further analysis of our data might identify indirect relationships with such
pathways. However, since the genes association in the identified pathways is very small, it is not
expected to markedly change the overall regulation of the pathway. Therefore, this investigation
was limited to the direct KEGG apoptosis pathway.
In conclusion, KEGG apoptosis pathway analysis revealed that this pathway was not enriched by
the differentially expressed proteins. Further investigations to look at the indirect apoptoticrelated pathways showed a few of our enriched pathway among this list. However, the number of
target proteins enriched in these pathways is too small to suggest significant effect in the overall
pathway regulation and consequently cell apoptosis.
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5.5 Conclusion
5.5.1 Overall interpretation of data and future perspective
In this chapter, the fundamental molecular mechanisms underlying the effect of ZST316 treatment
were investigated at the protein level, including proteins that were studied in previous
experiments, particularly DDAH1, DDAH2, NOSs and VEGF. The vast majority (98-99%) of the
investigated proteins did not show any tangible changes and only a very small fraction of them
were significantly upregulated or downregulated.
While no expression of NOSs or VEGF was detected by MS, DDAH1 and DDAH2 proteins were
expressed in HEK-293T cells although at low levels. As expected, by inhibiting DDAH1 with ZST316,
the protein expression remained unchanged. Interestingly, the DDAH2 isoform was significantly
upregulated with low- and high-dose ZST316. The DDAH1 substrates and biochemical pathways
are well established. By contrast, the substrate(s) and the biological role of DDAH2 are currently
unknown, although there might be some crossover between the isoforms substrates. However, as
observed from our data, and also recently reported by a German group (Hannemann et al.,
2020b), DDAH1 inhibition caused DDAH2 upregulation. Therefore, the possibility that DDAH2
elevation compensates for the inhibition of DDAH1 cannot be excluded. A plausible explanation
would be to consider a substrate crossover between DDAH1 and DDAH2, whereby both enzymes
metabolise ADMA. Therefore, DDAH2 upregulation might compensate for the loss of DDAH1
function in our experiment, and explain the small change observed at the signalling pathway level,
and consequently on cellular function.
A series of experiments are required to confirm this hypothesis. For example, the effect of the
DDAH1 inhibitor could be investigated after knocking out DDAH2, using cell models that also
include endothelial cells, where angiogenesis pathways are more important. It was previously
observed that DDAH1 inhibition in endothelial cells inhibited tube formation (Chapter 3, Fig. 3.10
and 3.11). Therefore, the compensatory role of DDAH2 for DDAH1 inhibition in these cells (if any)
could be minimal or partial.
Moreover, the 24 hour treatment period selected for cell treatment, not only gives sufficient time
for changes in protein expression (in this case upregulation of DDAH2) and function
(compensation for DDAH1 inhibition), but also allows for the system to return back to equilibrium.
Further studies are warranted to investigate the presence of possible changes within this 24-hour
period.
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The information regarding the differentially expressed proteins in vehicle- and ZST316- groups was
used for pathway analysis using the InnateDB software. KEGG analysis of the differentially
expressed proteins identified pathways that were over-represented. Other studies investigated
new chemical entities using a similar approach (Mass spectrometry analysis followed by KEGGbased pathway analysis). These studies have also reported some potential changes in the
regulation of the biological pathways according to the target proteins that were significantly
expressed in those pathways. This is an attractive option to investigate the presence of subtle
biochemical, rather than morphological, changes. The results of these experiments provide solid
preliminary data for the conduct of further studies.
KEGG enrichment analysis of the differentially expressed proteins revealed association of only a
small proportion of these targets out of the total proteins involved in the pathway. This suggests
that there is a minimal effect of ZST316 on the biological pathways of HEK-293T cells. Identifying
statistical significance should not always be counted as significant biological effects. Therefore, it is
likely that ZST316 has no significant effect on HEK-293T cells.
Studies that have used similar approaches (regardless of the cells, samples, or the drug), have
identified around 5 to over 20 target proteins significantly expressed in the enriched pathways. In
our study, ORA revealed that the number of up and downregulated proteins in the enriched
pathways ranged between 2 to 6, with the majority of the pathways being enriched with only 2 or
3 target proteins.
Overall, one message arising from these data is that the two doses of ZST316 do not significantly
influence key cellular homeostatic mechanisms and regulatory pathways, including those involved
in angiogenesis and apoptosis. Although the underlying mechanisms of action for ZST316 from this
set of experiments on HEK-293T cells remain unclear, nevertheless, it is reassuring that no major
perturbations in key biochemical pathways were observed in non-endothelial cell lines. Such
minimal effects on proteins suggest that ZST316 is likely to target DDAH1 without significant offtarget effects. These results are in line with those for the characterisation of marketed drugs such
as aspirin (Maurer et al., 2014), amlodipine (Norvasc) (Perchenet et al., 2000), and Pfizer and
Moderna COVID-19 vaccines (Corbett et al., 2020).
In this study, HEK-293T cells have been used as a template. Applying this methodology, these
experiments can be continued on a cell line that is more reflective of changes occurring in
angiogenesis that comprise proteins related to the ADMA/DDAH/NOS pathway to investigate the
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effect of ZST316 (and other DDAH1 inhibitors) on the protein profile in these cells. The protein
data set collected from these cells can be further used for a comprehensive pathway analysis by
using a more sophisticated software (such as QIAGEN Ingenuity Pathway Analysis (IPA)), with
specific focus on angiogenic-related pathways. These experiments can be followed by Gene
Ontology analysis, to identify those biological processes, cellular components and molecular
functions that are impacted in these cells. These studies will pave the way for discovering the best
potential of DDAH1 inhibitor drugs in regulating angiogenesis pathways in the body and possible
changes on endothelial cells.
Furthermore, testing the drugs over separate time-points is of extreme importance for future
experiments on ZST316 or any other DDAH1 inhibitors. Future dose-response experiments should
include varying concentrations of ZST316, performed at different time points to capture potential
changes over time and identify the dose at which the maximum drug-target (ZST316-DDAH1)
binding affinity is achieved, with minimal non-specific binding sites. Through serial experiments, it
is possible to identify early or late drug-associated changes in the expression patterns of DDAH2,
and any potential off-targets of the compound. Repeating these experiments using endothelial
cells, where the proteins of interest are highly expressed, might better reflect the conditions in
which the compound delivers its maximum efficacy. These experiments will allow the
identification of the most appropriate, safe and effective dose, with minimal off-target effects.
5.5.2 Limitations of this work
The first limitation of the current study was the use of HEK-293T cells. Although the cell line has
been extensively used as a human cell model in in vitro experiments, there is also evidence in the
literature of genotypic and phenotypic variations that are different to primary human cells (Lin et
al., 2014, Stepanenko and Dmitrenko, 2015). Therefore, these results should be confirmed in other
non-endothelial cells that also express DDAH proteins as a more suitable model to investigate
potential off-target effects of the compound on human body.
Another limitation was that following the MS approach, the abundance of the differentially
expressed proteins were measured, and not their activity; the changes in proteins expression were
used as a surrogate for activity. However, the observed changes in protein abundance do not
necessarily mean a change in the activity; doubling of an enzyme may or may not double its
enzymatic activity, depending on how it is regulated.
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In terms of a threshold for differentially expressed proteins, the Spectronaut software sets a
default threshold as a 50% increase or a 50% decrease (using log base 2 values of 0.6 = 1.5 fold for
cut-offs, which equates to increase or decrease of 50%). However, a 10% change in some proteins
may elicit a significant change in activity while doubling another, may not be significant. But one
cannot set different thresholds for every protein. Therefore, in general, a maximum 50% increase
or decrease is widely used as a threshold.
Regarding the pathway analysis of the data, a limitation was that these experiments did not
include a positive (e.g. a cell line where the system could detect the presence of a genuine change)
or a negative control (e.g. the same cells treated with the vehicle).
It is worth emphasising that these preliminary experiments did not involve a comprehensive
pathway analysis, as this was not the aim of the chapter. Rather, the aim was to perform an
exploratory analysis of whether patterns of protein upregulation and downregulations can be
identified according to the different doses of the compound, and to further interpret the changes
in differentially expressed proteins in relation to specific pathways. To this end, the potential to
use this combined technique of mass spectrometry and pathway analysis for drug discovery was
successfully demonstrated.
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CHAPTER 6. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS
6.1 General conclusions
Angiogenesis is the formation of new blood vessels from pre-existing vasculature. In recent years,
there has been growing evidence for the contribution of excessive angiogenesis to the
pathophysiology of a variety of diseases including Alzheimer’s, AIDS, obesity, ocular diseases,
cancer, arthritis, and psoriasis.
The DDAH/ADMA/NOS pathway plays a key role in angiogenesis (Cooke, 2003, Fiedler et al., 2009).
In particular, increased NOS activity and excessive NO production promote angiogenesis.
Overexpression of DDAH1, the enzyme responsible for the clearance of the endogenous NOS
inhibitors ADMA and L-NMMA, could also enhance angiogenesis by reducing the concentrations of
these substrates (Jacobi et al., 2005).
Therefore, the inhibition of DDAH1 using small molecules might reduce excessive angiogenesis, via
increasing ADMA and L-NMMA accumulation, representing a promising strategy in conditions such
as angiogenesis, characterized by NO overproduction.
Our lab has designed 12 novel small molecule inhibitors against human DDAH1 (Tommasi et al.,
2015). Among these, ZST316 and ZST152 exhibited a greater inhibitory effect compared to the
reference DDAH1 inhibitor, L-257, whereas the potency of ZST086 was similar to L-257. These
inhibitors were selected to investigate their anti-angiogenic potential in vitro.
Cell viability and proliferation assays have a pivotal role in drug discovery studies. Such assays
were used to assess the safety profile of DDAH1 inhibitors in endothelial and non-endothelial cell
lines.
Cell viability by endpoint colorimetric assays and proliferation by real-time quantitative analysis of
neuronal cell models showed that treatment of PC-12 cells with a range of ZST152 concentrations
of up to 100 μM had no tangible cell toxicity effect over four days compared to the vehicle control.
Similarly, crystal violet assays revealed that treating SH-SY5Y cells with ZST316, ZST152, and
ZST086 between 5 and 125 μM had no significant effect for 48 hours.
DDAH1 inhibitors were then tested in neuronal cells exposed to the neurotoxin MPP+ to see
whether they would augment MPP+-mediated toxicity. Unexpectedly, in these experiments,
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ZST316, ZST152, ZST086, and L-257 prevented the toxic effects of MPP+. The protective effect of
DDAH1 inhibitors against MPP+-induced toxicity could be mediated by the inhibition of NOS and/or
NADPH oxidase.
In the next group of experiments, we investigated the potential toxicity and anti-angiogenic effect
of our most potent DDAH inhibitor, ZST316, in HUVEC and Human VeraVec endothelial cells.
Treated cells remained viable and proliferated to levels comparable to those of non-treated cells.
In contrast, the growth rate of VeraVec cells treated with the selective NOS inhibitor, L-NMMA
(used as our positive control) was significantly augmented compared to the control cells. The
different results obtained with ZST316 and L-NMMA could be related to the extent of reduced NO
synthesis by these compounds. While low amounts of NO favour cell proliferation, high amounts
could lead to senescence, cell cycle arrest, reduced proliferation, or even apoptosis (Napoli et al.,
2013). It is also possible that DDAH1 inhibitors, in addition to NOS inhibition, have off-target
effects that maintain cell viability.
The administration of 5 μM ZST316 significantly reduced the formation of capillary-like structures
in HUVEC cells. However, 100 μM ZST316 failed to affect angiogenesis. Similar results were
observed using the reference inhibitor L-257. By contrast, the administration of 5 and 100 μM
ZST316 significantly suppressed both tube and loop formation in VeraVec cells, with the higher
dose exerting a greater effect.
The reduction in endothelial cell tube formation following inhibition of NO production via siRNAmediated DDAH1 knockout, or ADMA treatment, has previously been reported (Trittmann et al.,
2019). Furthermore, decreased cell proliferation and angiogenesis in DDAH deficient HUVEC cells
has been associated with reduced VEGF expression (Zhang et al., 2013).
In this context, the potential effect of DDAH1 inhibition on eNOS protein expression was also
examined to test whether the consequent ADMA and L-NMMA accumulation could have any
subsequent impact on the amount of eNOS protein, ultimately affecting angiogenesis. However,
treatment with 5 or 100 μM ZST316 had no significant effect on eNOS protein expression, similar
to the positive (L-NMMA) and negative (SDMA) controls for NOS activity inhibition. These results
were in line with several previous studies on DDAH1 knockout mice, gene silencing, or
pharmacological inhibition of DDAH1 where significant elevations in plasma and tissue ADMA and
L-NMMA concentrations and/or reduced NO production in endothelial cells did not influence
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eNOS protein expression (Hu et al., 2011a, Leiper et al., 2007, MacAllister et al., 1996, Trittmann et
al., 2019, Zhang et al., 2011).
As vascular endothelial growth factor-A (VEGF-A) is the master regulatory protein in angiogenicrelated pathways (Loureiro and D’Amore, 2005) we then investigated the relationship between
DDAH1 and VEGF-A using hypoxia to upregulate VEGF-A and siRNA gene silencing to knockdown
VEGF-A in human retinal pigment epithelial (RPE) (ARPE-19) cells. This cell line is a major source of
VEGF (Xiao et al., 2006) and also expresses DDAH1 protein (Gu et al., 2012, Lange et al., 2016). To
develop a model of VEGF-A upregulation, RPE cells were exposed to hypoxia to investigate
whether this increases DDAH1 expression. ARPE-19 cells showed a significant upregulation of
VEGF-A mRNA at 18 and 24 hours of hypoxia induction compared to the normoxic group. This
upregulation was accompanied by DDAH1 message upregulation. Importantly, both VEGF-A and
DDAH1 mRNA expression levels were the highest after 18 hours of hypoxia. However, contrary to
expectation, despite increasing protein expression of VEGF-A at 18 hours of hypoxia, DDAH1
protein significantly decreased.
The strong VEGF-A elevation observed in hypoxia-induced RPE cells was in line with several
previous reports (Shweiki et al., 1992, Wang et al., 2019, Punglia et al., 1997, Geisen et al., 2006,
Lin et al., 2013, Wu et al., 2007, Bento et al., 2010, Watkins et al., 2013). Hypoxia-induced
reductions in DDAH1 mRNA, protein, and/or activity have also been observed in previous studies
(Millatt et al., 2003, Hannemann et al., 2020a). However, such correlation between DDAH1 mRNA
and protein changes was not observed in our study. The effect of hypoxia on gene and protein
expression is cell-type specific and while VEGF-A upregulation under hypoxia is observed in most
cell types, the regulation pattern of other genes can vary in different cells (D’Alessandro et al.,
2019). In particular, ARPE-19 cells may not be the highest expressing cells for DDAH1 in the retina,
based on a previous immunohistochemistry study on different retinal layers (Lange et al., 2016).
Moreover, increased ADMA concentrations have been reported in hypoxia-induced choroid-retinal
endothelial cells and diabetic retinal tissue, suggesting a relatively low expression and/or activity
of DDAH1 (Du et al., 2018). Therefore, retinal co-culture models that reflect retinal angiogenesis
may represent a more robust system to investigate the crosstalk between VEGF-A and DDAH1
under hypoxia.
As hypoxia can influence numerous target genes and proteins, and therefore various signalling
pathways, we conducted further experiments with a specific gene silencing technique, siRNA, to
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better understand the crosstalk between VEGF-A and DDAH1. To develop a model of VEGF-A
knockdown, genes silencing by siRNA was conducted in RPE cells to investigate whether this
reduces DDAH1 expression. siRNA-mediated VEGF-A knockdown resulted in upregulation of
DDAH1 protein, while it did not affect DDAH1 message, in contrast to our hypothesis of a positive
correlation between DDAH1 and VEGF-A. To investigate whether the DDAH1-mediated
angiogenesis inhibition observed in chapter 3 is VEGF-dependent, specific inhibition of DDAH1 by
siRNA was performed in RPE cells. However, DDAH1 knockdown did not affect VEGF-A message or
protein expression, again in contrast with our hypothesis that DDAH1 knockdown reduces VEGF-A
expression (as a major factor affected by angiogenesis).
The positive correlation between DDAH1 and VEGF has been reported in previous studies where
siRNA-mediated knockdown of DDAH1 reduced VEGF protein and impaired angiogenesis (Zhang et
al., 2013), and DDAH1 overexpression increased VEGF mRNA and stimulated angiogenesis
(Kostourou et al., 2002, Smith et al., 2003). However, another study reported no significant
changes in VEGF concentrations with DDAH1 overexpression (Hasegawa et al., 2006).
Recent studies on the effect of siRNA-mediated DDAH1 knockdown on VEGF-mediated
angiogenesis in choroid-retina endothelial cells showed a significant reduction in tube-formation
(Du et al., 2018). The DDAH1/ADMA pathway might be the key regulator of retinal angiogenesis
however this process is likely to be regulated by pro-angiogenic factors other than VEGF.
Although the observed ZST316-mediated anti-angiogenic effects in HUVEC and VeraVec
endothelial cells were not associated with significant alterations in cell viability or proliferation,
studying the morphological changes in cells is not sufficient to rule out the presence of subtle
effects in biochemical pathways associated with angiogenesis and/or apoptosis.
MS techniques play a key role in modern drug discovery and development due to their ability to
identify the mechanisms of action of small molecule drugs, including their target and off-target
effects (Leurs U., 2016, Yan et al., 2020, Going et al., 2018). Such techniques include MALDI MSI,
nLC-MS, stable isotope ratio (IR)-MS, and gas chromatography (GC)-MS or LC-MS/MS as their Mass
Spectrometer approach for drug characterization. However, the first three techniques are not
protein-discovery instruments and thus, their MS techniques are different from the LC-MS/MS
method. The first-time use of an HPLC technique coupled with mass spectrometry (MS) allowed
for a thorough investigation of the mechanism of the action of the DDAH1 inhibitor ZST316 and its
impact at the cellular level. Proteomics analysis allowed identifying not only the mechanism of
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ZST316 action as anti-angiogenic agent, but also new proteins as off-target effects of the
compound.
Quantitative proteomics by MS was initially planned on VeraVec endothelial cells. However, as
these cells are no longer commercially available, we used HEK-293T cells instead to perform an
exploratory analysis of molecular targets of ZST316. These cells have extensively been used in drug
development studies due to their human origin, ease of growth, and rapid doubling time
(Abaandou et al., 2021, Hu et al., 2018, Dumont et al., 2016). Furthermore, they express our
proteins of interest (DDAH1 and 2) albeit at relatively low levels (Li et al., 2021, Mishima et al.,
2004, Palm et al., 2007, Tran et al., 2000).
Data independent acquisition (DIA) targeting all ions within a selected m/z range, was used to
identify and quantify the proteins affected by ZST316. Quantitative proteomics analysis by MS
measured a list of proteins that were significantly upregulated or downregulated by two biological
replicates of vehicle-treated HEK-293T samples (experiment 1) and high and low dose (100 and 5
μM) of ZST316-treated compared to the vehicle-treated samples (experiment 2). “Experiment 1”
revealed that in the vehicle-treated samples several proteins (~150) were significantly upregulated
and/or downregulated. These results indicated the level of non-specific baseline changes in
protein expression. “Experiment 2” also revealed that in ZST316-treated samples (5 and 100 μM vs
control) several proteins (~200) were significantly upregulated or downregulated. The total
number of downregulated proteins with ZST316 treatment was significantly higher than that of
upregulated proteins (almost 60% vs just over 40%) compared to the control group. However, this
represents only 1-2% of all analysed proteins.
Only a small number of proteins were concomitantly upregulated or downregulated with both
doses of ZST316. Further pathway analysis failed to identify specific biological pathways that were
enriched with these protein sets.
ZST316 treatment did not cause any change in DDAH1 expression. This suggests that ZST316
inhibited the enzymatic activity of DDAH1, by occupying its active site, without affecting the
abundance of the enzyme. Interestingly, both 5 and 100 μM ZST316 caused an almost two-fold
upregulation of DDAH2 protein. This, in the presence of pharmacological DDAH1 inhibition, might
represent a compensatory effect of the other isoform to ensure some degree of ADMA
metabolism. Similar results have been recently reported by other groups, although the exact
mechanism involved remains to be identified (Hannemann et al., 2020b).
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Following MS experiments, the lists of differentially expressed proteins from each group (vehicle
or ZST316-treated) were used as an input for pathway analysis by InnateDB software. These lists
contained at least one protein that was present in a KEGG pathway. Over-representation analysis
(ORA) was performed to identify the main biochemical pathways enriched by the differentially
expressed proteins, whereby the number of target proteins present in a pathway reached a
statistically significant level of enrichment.
The differentially expressed proteins from both experiments contained at least one protein that
was present in the pathways and, in some cases, the number of differentially expressed proteins
that were present in a pathway reached a statistically significant level of enrichment. These small
numbers (varying between 2 to 6), although statistically significant for enriching some pathways,
are unlikely to be sufficient for a significant biological effect. The limited changes observed in the
signalling pathway profile of HEK-293T cells might be due to a DDAH2-mediated compensatory
effect following DDAH1 inhibition. Overall, the minimal effect of ZST316 treatment on the
biological pathways of HEK-293T cells rules out the presence of tangible off-target effects at least
in this cell line.
The differentially expressed proteins did not enrich any apoptotic-related pathways, while VEGF
signalling pathway relevant to angiogenesis was enriched with upregulated proteins by 100 μM
ZST316, but the gene association in the pathway enrichment was small (~3%). Besides, VEGF
protein, as the main angiogenic factor in this pathway, was undetected. Pathway analysis studies
focusing on angiogenesis using similar approaches (Gene Ontology and KEGG pathway enrichment
analysis) found amplification of many of the angiogenesis-related pathways, including the VEGF
pathway with multiple target proteins enriched (5-14). Importantly, the enriched pathways also
covered the main members of the processes; for instance, VEGF protein was highly enriched in the
VEGF pathway (Ji et al., 2021, Guo et al., 2020, Chen et al., 2021a). This suggests that ZST316
treatment had no significant effect on the regulation of biochemical pathways related to
angiogenesis in non-endothelial cells such as HEK-293T.
In conclusion, ZST316 does not seem to significantly influence the main homeostatic biochemical
pathways in the cell, including those investigated in our previous experiments (apoptosis and
angiogenesis).
These exploratory studies used HEK-293T cells as a template for future research on endothelial
cells, a cell type that is fully involved in angiogenic processes and expresses proteins involved in
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the ADMA/DDAH/NOS pathway targeted by ZST316 (and other DDAH1 inhibitors). Furthermore,
designing experiments with different time points and a wide range of ZST316 doses will provide
more robust information regarding the optimal dose and treatment duration in terms of efficacy
and safety.

6.2 Future directions
The results of these experiments provide necessary background information for the conduct of
further studies to confirm the lack of a major effect of pharmacological DDAH1 inhibition on the
viability and proliferation of other endothelial and non-endothelial cell lines. In this context,
complementing such studies with MS methodology will provide a comprehensive assessment of
the effects on key homeostatic pathways that regulate angiogenesis and/or apoptosis.
Moreover, the possible neuroprotective effect of DDAH1 inhibitors in SH-SY5Y cells, albeit not the
focus of this project, warrants further investigation. In this context, ADMA has been shown to
exert protective effects against MPP+-induced neurotoxicity via inhibiting oxidative stress
generated by ROS overproduction in a cell model of Parkinson’s disease, PC-12 (Tang et al., 2011).
Furthermore, the reported stimulatory effect of MPP + on iNOS expression in experimental
Parkinson’s disease suggest that DDAH1-inhibition induced ADMA accumulation might attenuate
the iNOS-mediated excess NO synthesis and associated negative effects on cell homeostasis (Ye et
al., 2017). Additional experiments are needed to explore the potential effects of DDAH1 inhibitors
on iNOS, NO, ROS production and oxidative stress in experimental models of Parkinson’s disease.
The observed anti-angiogenic effects of DDAH1 inhibitors should be further investigated in
different endothelial cell lines, also using proteomic analysis to identify the exact mechanisms
involved, e.g. NOS inhibition and/or VEGF-A or related pathways, and unravel the complex
interplay between DDAH1, NOS, and VEGF.
Such experiments should also be conducted in disease cell models with different degrees of ROS
production and NO production, from overexpressed iNOS or other stimuli, to investigate whether
the relationship between DDAH and VEGF and the anti-angiogenic effects of DDAH1 inhibitors are
affected by specific experimental conditions.
According to many previous studies, blocking NOS with ADMA initiates a cascade of events
associated with many pathological disorders, including inflammation (Evans, 1995, Tripathi et al.,
2007). However, this hypothesis has been recently challenged due to the growing recognition of
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the adverse effects of iNOS-derived NO. Therefore, in disease states with NO overproduction
(whether induced by eNOS such as in solid tumours, or by iNOS during inflammation), DDAH1
inhibitors targeting NO synthesis might represent a novel therapeutic strategy. An increase in
ADMA and L-NMMA levels has previously been shown to inhibit iNOS (Pekarova et al., 2013).
Importantly, DDAH1 inhibition not only targets the traditional angiogenesis process in ECs, but
also the vasculogenic mimicry that has recently been discovered as an alternative blood supply
strategy used by tumour cells. Our DDAH1 inhibitors have previously been shown to inhibit
vasculogenic mimicry in vitro in a triple-negative cancer cell model (Hulin et al., 2019). In future in
vivo experiments, targeting DDAH1 by our compounds in combination with an anti-VEGF drug
could increase the efficacy of anti-angiogenic therapy by restricting vasculogenic mimicry of solid
tumours and angiogenesis in the surrounding endothelial cells.
Of note, the systemic administration of ADMA or L-NMMA (similar to the application of DDAH1
inhibitors) may cause hypertension. However, in a septic shock patient with hypotension, iNOSmediated circulating NO, superoxide (O2-), and other free radicals, a NOS inhibitor such as ADMA
might restore a physiological blood pressure. It is important to emphasise that hypertension, also
a side effect with anti-VEGF drugs used in cancer, has been shown to be a marker of antiangiogenic efficacy of these drugs and predict favourable outcomes. Future animals and human
should investigate whether elevations in blood pressure might similarly represent a marker of
effective DDAH1 inhibition.
In our studies, we mainly focused on the effects of our most potent DDAH1 inhibitor, ZST316. This
compound has been shown to have the highest potency in terms of DDAH1 inhibition (based on its
Ki). However other DDAH1 inhibitors should be tested assess their relative efficacy and safety in
different cell types.
The results of these experiments suggest a promising role for DDAH1 inhibition as a novel
therapeutic strategy to suppress excessive angiogenesis. However, it is important to highlight that
in vitro results may not necessarily reflect in vivo responses due to the altered expression patterns
of key markers in cell models compared to cells in vivo (Galley et al., 2000). Consequently, future
experiments necessitate in vivo studies to confirm the presence of tangible anti-angiogenic effects
without overt systemic toxicity.
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Appendix 1. Western blot images of related proteins to ADMA/DDAH/NOS pathway in VeraVec
cell lysates.

A

B

C

D

Western Blot showing basal protein expression in VeraVec endothelial cells.
Endogenous expression of additional proteins potentially involved in the ADMA/DDAH/NOS pathway: (A) DDAH2
(n=1), (B) VEGF-A (n=1), (C) nNOS, representative western blot of three (n=3), and (D) iNOS (n=1), were tested in
VeraVec cells by immunoblot analysis.
(A) DDAH2 blot: lane 1: Stably transfected DDAH2-HEK-293T cell lysate used as positive control, Lane 2: Intact
HEK293T cell lysate used as negative control, and Lane 3: VeraVec lysate, blotted with DDAH2 antibody (Abcam).
(B) VEGF-A blot, Lane 1: Complete media containing serum used as the positive control, Lane 2: VeraVec lysate,
blotted with VEGF-A antibody (US Biological).
(C) Representative nNOS blot of three: lane 1: VeraVec lysate, Lane 2: Transiently transfected nNOS-HEK293T cell
lysate used as positive control 1, Lane 3: Intact HEK-293T cell lysate used as negative control, blotted with nNOS
antibody (Abcam).
(D) iNOS blot: lane 1: VeraVec lysate, and Lane 2: Stably transfected iNOS-HEK-293T cell lysate used as positive
control, blotted with DDAH2 antibody (Santa Cruz).
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Appendix 2. Western blot images of eNOS protein expression in VeraVec cells treated with
DDAH1 inhibitor, ZST316, versus non-treated cells.

Western blots for eNOS expression demonstrated in treated VeraVec cells with DDAH1 inhibitors.
VeraVec cells from three different batches (set 1, set 2, and set 3) were treated with concentrations of 5 and 100 µM
ZST316 (n=6), 1 mM L-NMMA (as positive control for NOS activity inhibition) and 10 µM SDMA (as negative control for
NOS activity inhibition) (n=3), for 18 h. The intensities of protein bands were normalised to the total protein.
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Appendix 3. Agarose gel electrophoresis image of cDNA from related genes to
ADMA/DDAH/NOS pathway in ARPE-19 cells.
A

B

Agarose gel (2%) electrophoresis of PCR amplified cDNA template from ARPE-19 cells.
Gel electrophoresis image of DNA fragments, showing expression of DDAH2 (n=2), nNOS (n=1), iNOS (n=1), eNOS
(n=1), CAT-2 (n=1) genes, and 18S housekeeping gene, with reference to 1000bp ladder. “R” represents corresponding
cDNA from human RPE cells (ARPE-19), “H” represents cDNA from HEK-293T cells, used as an indicator cell, “+” serves
as the positive control where available, which is HEK-293T cells transfected with the gene of interest, and “–“
represents negative control, which is the nuclease-free water with the primer. DNA samples for DDAH2, nNOS, iNOS,
eNOS, and CAT-2 were loaded on the gel and the presence or absence of the selected genes were visualised and
confirmed. Among all, DDAH2 was the only gene that was observed for ARPE-19 cells (similar to HEK-293T and its
positive control). Except for DDAH2, none of the other tested genes above were present in ARPE-19 cells. Downward
arrows indicate direction of migration of the samples. The expected gene sizes are also indicated below their names.
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Appendix 4. Basal expression of DDAH2 and NOS proteins in ARPE-19 cells.

A

B

C

D

.
Qualitative western blot analysis showing basal protein expression in ARPE-19 cells.
Endogenous protein expression of (A) eNOS (n=1), (B) nNOS (n=1), (C) iNOS (n=1), and (D) DDAH2 (n=2), were tested in
ARPE-19 cells by immunoblot assays.
(A) eNOS blot: Lane 1, ARPE-19 lysate, lane 2, Stably transfected eNOS-HEK293T cell lysate used as positive control,
and lane 3: Intact HEK293T cell lysate used as negative control, blotted with eNOS antibody (Cell Signaling).
(B) nNOS blot: Lane 1, ARPE-19 cell lysate, lane 2, Stably transfected nNOS-HEK293T cell lysate used as positive
control, and lane 3, Intact HEK293T cell lysate used as negative control, blotted with nNOS antibody (Abcam).
(C) iNOS blot: : Lane 1, ARPE-19 cell lysate, lane 2, Stably transfected iNOS-HEK293T cell lysate used as positive
control, and lane 3, Intact HEK293T cell lysate used as negative control, blotted with nNOS antibody (Santa Cruz).
(D) DDAH2 blot: Lane 1, ARPE-19 cell lysate, lane 2, stably transfected flag-tagged DDAH2-HEK293T cell lysate used as
positive control, and lane 3, Intact HEK293T cell lysate used as negative control, blotted with DDAH2 antibody
(Abcam).
No eNOS, nNOS (only the final western blot image is shared), or iNOS were detected for ARPE-19 cells. DDAH2 was
expressed in ARPE-19 cells, although the controls were not chosen appropriately and are not indicative: positive
control (DDAH2-HEK293T stably transfected) was flag-tagged and ran slightly higher than DDAH2 molecular weight of
30kDa, and negative control (intact HEK293T) also expressed DDAH2 (Refer to Chapter 4 discussion, page 124).
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A workbook that contains information for Appendices 5 to 9 is available on the link below:
Supplementary 1_ Appendices 5-9_ Differentially expressed proteins in ZST316- and vehicletreated HEK-293T cells.htm

Appendix 5. Differentially expressed proteins with the two biological replicates of vehicle
control HEK-293T cells (experiment 1) (Log2 fold-change ≥ 0.6, Q-value < 0.05).

Appendix 6. Differentially expressed proteins with 5 μM ZST316 treatment vs. vehicle control in
HEK-293T cells (experiment 2) (Log2 fold-change ≥ 0.6, Q-value < 0.05).

Appendix 7. Differentially expressed proteins with 100 μM ZST316 treatment vs. vehicle control
in HEK-293T cells (experiment 2) (Log2 fold-change ≥ 0.6, Q-value < 0.05).

Appendix 8. 23 upregulated proteins that overlapped between 5 and 100 μM ZST316 treatment
in HEK-293T cells (Log2 fold-change ≥ 0.6, Q-value < 0.05).

Appendix 9. 16 downregulated proteins that overlapped between 5 and 100 μM ZST316-treated
HEK-293T cells (Log2 fold-change ≥ 0.6, Q-value < 0.05).
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Appendix 10. Identification of significantly (A) upregulated, or (B) downregulated proteins in
two biological replicates of vehicle-treated HEK-293T cells (experiment 1) that were present in
biological pathways (enriched pathways are marked with an asterisk sign).
A.

B.

InnateDB
ID

(Upregulated)
Gene Symbol

Pathway Name (Over-representation*)

503
558
5713
434
10361
522
436
409
8109
8110
10394
496
InnateDB
ID

PNP
ASH1L
SIKE1
TUBAL3
RPP14
ASH1L
TUBAL3
PNP
null
SLC9A3R2
TUBAL3
PNP
(Downregulated)
Gene Symbol

Purine metabolism
Lysine degradation
RIG-I-like receptor signalling pathway
Pathogenic Escherichia coli infection
RNA transport
Tight junction
Gap junction
Pyrimidine metabolism
Vasopressin-regulated water reabsorption
Aldosterone-regulated sodium reabsorption
Phagosome
Nicotinate and nicotinamide metabolism
Pathway Name (Over-representation*)

4359
551
474
4386
10394
474
474
474
8120
10376
4359
10361
524
8120
474
8112
8120
5710
10355
474

MARCKSL1
COQ5
MRPS5
CHMP4B
STX7
RPS3A
RPS7
RPS27
EFTUD2
UPF2
MARCKS
UPF2
STX7
PRPF3
RPL8
SUGT1
SNRPD2
PAN3
MARCKSL1
MRPS6

Fc gamma R-mediated phagocytosis*
Ubiquinone and other terpenoid-quinone biosynthesis
Ribosome*
Endocytosis
Phagosome
Ribosome*
Ribosome*
Ribosome*
Spliceosome*
mRNA surveillance pathway
Fc gamma R-mediated phagocytosis*
RNA transport
SNARE interactions in vesicular transport
Spliceosome*
Ribosome*
NOD-like receptor signalling pathway
Spliceosome*
RNA degradation
Leishmaniasis
Ribosome*
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Appendix 11. Identification of significantly (A) upregulated, or (B) downregulated proteins
associated with 5 μM ZS316-treated HEK-293T cells that were present in biological pathways
(enriched pathways are marked with an asterisk sign).
A.

B.

InnateDB
ID

(Upregulated)
Gene Symbol

Pathways (Over-representation*)

563
10367
594
10363
2805
10383
421
2798
445
4395
445
4377
578
474
432
2812
493
8113
532
5714
494
10394
10363
4392
594
485
487
507
4353
481
8110
521
InnateDB
ID

PPP3CC
PPP3CC
VDAC3
CANX
H2AFY
SLC1A5
ACP6
PPP3CC
PPP3CC
EMD
GPC4
SPIRE1
PPP3CC
MRPS5
PPP3CC
VDAC3
CANX
PPP3CC
PPP3CC
EMD
PPP3CC
CANX
RPN1
VDAC3
PPP3CC
PPP3CC
PPP3CC
PPP3CC
EMD
RPN1
SLC9A3R2
PPP3CC
(Downregulated)
Gene Symbol

T cell receptor signalling pathway
Osteoclast differentiation
Calcium signalling pathway*
Protein processing in endoplasmic reticulum*
Systemic lupus erythematosus
Protein digestion and absorption
Riboflavin metabolism
Amyotrophic lateral sclerosis (ALS)
Wnt signalling pathway*
Hypertrophic cardiomyopathy (HCM)
Wnt signalling pathway*
Dorso-ventral axis formation
Natural killer cell mediated cytotoxicity
Ribosome
VEGF signalling pathway
Parkinson's disease
Antigen processing and presentation
Oocyte meiosis
B cell receptor signalling pathway
Dilated cardiomyopathy
Axon guidance
Phagosome
Protein processing in endoplasmic reticulum*
Huntington's disease
Calcium signalling pathway*
Apoptosis
MAPK signalling pathway
Long-term potentiation
Arrhythmogenic right ventricular cardiomyopathy (ARVC)
N-Glycan biosynthesis
Aldosterone-regulated sodium reabsorption
Alzheimer's disease
Pathways (Over-representation*)

461
595
4397
490
494
10361
10361

NRAS
NRAS
NRAS
NRAS
NRAS
POP4
RPP14

ErbB signalling pathway
Melanogenesis
Pathways in cancer
Melanoma
Axon guidance
RNA transport*
RNA transport*
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4389
582
483
487
4379
10361
491
414
531
8120
4386
10404
405
501
523
5710
522
558
531
532
507
404
506
500
412
514
563
424
5710
578
432
436
435
544
444
555

NRAS
NRAS
NRAS
NRAS
NRAS
EIF4E2
SNW1
ENO3
EIF4E2
SNW1
VPS45
NRAS
EIF4E2
TAF2
NRAS
ENO3
NRAS
SETMAR
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS
PAN3
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS

Chemokine signalling pathway
Chronic myeloid leukemia
Renal cell carcinoma
MAPK signalling pathway
Neurotrophin signalling pathway
RNA transport*
Notch signalling pathway
Glycolysis / Gluconeogenesis
Insulin signalling pathway*
Spliceosome
Endocytosis
Hepatitis C
mTOR signalling pathway
Basal transcription factors
Glioma
RNA degradation*
Tight junction
Lysine degradation
Insulin signalling pathway*
B cell receptor signalling pathway
Long-term potentiation
Regulation of actin cytoskeleton
Endometrial cancer
Thyroid cancer
GnRH signalling pathway
Bladder cancer
T cell receptor signalling pathway
Acute myeloid leukemia
RNA degradation*
Natural killer cell mediated cytotoxicity
VEGF signalling pathway
Gap junction
Fc epsilon RI signalling pathway
Prostate cancer
Non-small cell lung cancer
Long-term depression
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Appendix 12. Identification of significantly (A) upregulated, or (B) downregulated proteins
associated with 100 μM ZS316-treated HEK-293T cells that were present in biological pathways
(enriched pathways are marked with an asterisk sign).
A.

InnateDB (Upregulated)
ID
Gene Symbol

Pathway Name (Over-representation*)

10367
532
578
2798
546
412
405
4377
555
420
503
432
435
528
532
532
513
445
444
531
436
503
507
507
510
505
409
461
523
522
521
563
8110
4397
487
445
4389
487
10384
10389
4376

Osteoclast differentiation
B cell receptor signalling pathway*
Natural killer cell mediated cytotoxicity*
Amyotrophic lateral sclerosis (ALS)
Focal adhesion
GnRH signalling pathway
mTOR signalling pathway
Dorso-ventral axis formation
Long-term depression
Vibrio cholerae infection
Purine metabolism*
VEGF signalling pathway*
Fc epsilon RI signalling pathway
Phosphatidylinositol signalling system
B cell receptor signalling pathway*
B cell receptor signalling pathway*
Folate biosynthesis
Wnt signalling pathway*
Non-small cell lung cancer
Insulin signalling pathway
Gap junction
Purine metabolism*
Long-term potentiation*
Long-term potentiation*
Leukocyte transendothelial migration
Adherens junction
Pyrimidine metabolism
ErbB signalling pathway
Glioma
Tight junction
Alzheimer's disease
T cell receptor signalling pathway*
Aldosterone-regulated sodium reabsorption
Pathways in cancer
MAPK signalling pathway*
Wnt signalling pathway*
Chemokine signalling pathway
MAPK signalling pathway*
African trypanosomiasis
Carbohydrate digestion and absorption
Vascular smooth muscle contraction

PPP3CC
BCL10
PRKCB
PPP3CC
PRKCB
PRKCB
PRKCB
SPIRE1
PRKCB
PRKCB
PDE6D
PRKCB
PRKCB
PRKCB
PPP3CC
PRKCB
PTS
PRKCB
PRKCB
PTPRF
PRKCB
PNP
PRKCB
PPP3CC
PRKCB
PTPRF
PNP
PRKCB
PRKCB
PRKCB
PPP3CC
PPP3CC
PRKCB
PRKCB
PRKCB
PPP3CC
PRKCB
LAMTOR3
PRKCB
PRKCB
PRKCB
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B.

578
10370
432
10375
8113
563
4359
10358
494
10355
10356
594
485
487
595
594
440
496
InnateDB
ID

PPP3CC
PRKCB
PPP3CC
PRKCB
PPP3CC
BCL10
PRKCB
PRKCB
PPP3CC
PRKCB
PRKCB
PPP3CC
PPP3CC
PPP3CC
PRKCB
PRKCB
PTPRF
PNP
(Downregulated)
Gene Symbol

Natural killer cell mediated cytotoxicity*
Pancreatic secretion
VEGF signalling pathway*
Salivary secretion
Oocyte meiosis
T cell receptor signalling pathway*
Fc gamma R-mediated phagocytosis
Amoebiasis
Axon guidance
Leishmaniasis
Gastric acid secretion
Calcium signalling pathway
Apoptosis
MAPK signalling pathway*
Melanogenesis
Calcium signalling pathway
Cell adhesion molecules (CAMs)
Nicotinate and nicotinamide metabolism
Pathway Name (Over-representation*)

519
509
503
491
8117
409
2810
8120
8120
522
558
5710
409
474
474
588
8120

CUL5
POLR3K
POLR3K
SNW1
POLR3K
UPP1
UPP1
SNW1
EFTUD2
MAGI3
SETMAR
PAN3
POLR3K
RPS29
RPS20
HLCS
RBM22

Ubiquitin mediated proteolysis
RNA polymerase
Purine metabolism
Notch signalling pathway
Cytosolic DNA-sensing pathway
Pyrimidine metabolism*
Drug metabolism
Spliceosome*
Spliceosome*
Tight junction
Lysine degradation
RNA degradation
Pyrimidine metabolism*
Ribosome*
Ribosome*
Biotin metabolism
Spliceosome*
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Appendix 13. Uniprot IDs of 23 upregulated proteins that overlapped between 5 and 100 μM
ZST316 treatment in HEK-293T cells, conversion to Entrez genes using DAVID database tool.
Table A. Gene symbols of the differentially expressed proteins. Within the 23 Uniprot IDs, one was not linked with
any gene (marked with an asterisk sign) and therefore it could not be used in the inversion step.
UniProt Ids

Genes

B0I1T6
A0A024R9A3
A0A087WT84
58FF6
B3KVE3*
B7Z481
O95865
A8K2P3
B4DRJ1
A0A1B0GWA0
A0A1B0GV93
E9PK54

MYO9B
hCG_21651
JMJD4
HSP90AB4P
N/A
PDLIM5
DDAH2
RASAL2
HACL1
ZNF654
HSD17B12
HSPA8

A0A024RCQ6
A0A024QYV5
Q9UJT0
A0A024R719
A0A024R1Y6
A0A024RDM4
P48454
Q08AE8
A0A024R6W0

FKBPL
PRKRIP1
TUBE1
SLC7A6
PALM
MRP63
PPP3CC
SPIRE1
GOT2

A0A024RD41

RAB23

B4DGK8

PTPMT1

Table B. Summary of inversion of gene symbols to Entrez genes in DAVID database. Within the 22 genes, 20 existed
in DAVID database, while 2 genes were not found.
Inversion Summary
ID Count

In DAVID Database

Conversion

20
0
2

Yes
Yes
No

Successful
None
None

0
Ambiguous
Total Unique User IDs: 22

Pending
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Table C. DAVID conversion. 20 genes were converted to entrez genes using DAVID database.
From

To

Species

David Gene Name

JMJD4

65094

jumonji domain containing 4(JMJD4)

HSPA8

3312

HSP90AB4P

664618

FKBPL

63943

PRKRIP1

79706

GOT2

2806

TUBE1

51175

MYO9B

4650

RASAL2

9462

HSD17B12

51144

SLC7A6

9057

PPP3CC

5533

DDAH2

23564

PTPMT1

114971

RAB23

51715

PALM

5064

SPIRE1

56907

HACL1

26061

ZNF654

55279

PDLIM5

10611

Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens
Homo
sapiens

heat shock protein family A (Hsp70) member
8(HSPA8)
heat shock protein 90 alpha family class B member
4, pseudogene(HSP90AB4P)
FK506 binding protein like(FKBPL)
PRKR interacting protein 1 (IL11
inducible)(PRKRIP1)
glutamic-oxaloacetic transaminase 2(GOT2)
tubulin epsilon 1(TUBE1)
myosin IXB(MYO9B)
RAS protein activator like 2(RASAL2)
hydroxysteroid 17-beta dehydrogenase
12(HSD17B12)
solute carrier family 7 member 6(SLC7A6)
protein phosphatase 3 catalytic subunit
gamma(PPP3CC)
dimethylarginine dimethylaminohydrolase
2(DDAH2)
protein tyrosine phosphatase, mitochondrial
1(PTPMT1)
RAB23, member RAS oncogene family(RAB23)
paralemmin(PALM)
spire type actin nucleation factor 1(SPIRE1)
2-hydroxyacyl-CoA lyase 1(HACL1)
zinc finger protein 654(ZNF654)
PDZ and LIM domain 5(PDLIM5)
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Appendix 14. Representative spectra of two peptides from (A) DDAH1 and (B) DDAH2.
To provide an indication of the quality of spectra generated by DDA analysis, spectra of two
peptides from both DDAH1 and DDAH2 are shown including the sequence of each peptide,
fragment ion matching table, MS2 ion window, and basic search settings. Note that the quality of
spectra is high despite these peptides being derived from very low abundance proteins.
DDAH1 peptides:

DDAH1 peptide 1 spectra by DDA analysis.
Peptide Sequence: TPEEYPESAK, Charge: +2, Monoisotopic m/z: 575.76840 Da (+1.63 mmu/+2.83 ppm), MH+:
1150.52951 Da, RT: 21.0938 min,
Identified with: Sequest HT (v1.17); XCorr: 3.18, Percolator Q-value: 1.1e-4, Percolator PEP: 6.6e-5,
Fragment match tolerance used for search: 0.02 Da
Fragments used for search: -H₂O; y; -NH₃; y; b; b; -H₂O; y.
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DDAH1 peptide 2 spectra by DDA analysis.
Peptide Sequence: DENATLDGGDVLFTGR, Charge: +2, Monoisotopic m/z: 840.39652 Da (-0.68 mmu/-0.81 ppm),
MH+: 1679.78576 Da, RT: 81.4807 min,
Identified with: Sequest HT (v1.17); XCorr: 3.15, Percolator Q-value: 1.1e-4, Percolator PEP: 2.4e-6,
Fragment match tolerance used for search: 0.02 Da
Fragments used for search: -H₂O; y; -NH₃; y; b; b; -H₂O; b; -NH₃; y.
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DDAH2 peptides:

DDAH2 peptide 1 spectra by DDA analysis.
Peptide Sequence: GGGDLPNSQEALQK, Charge: +2, Monoisotopic m/z: 707.35172 Da (-0.34 mmu/-0.48 ppm), MH+:
1413.69617 Da, RT: 33.3319 min,
Identified with: Sequest HT (v1.17); XCorr: 2.28, Percolator Q-value: 1.1e-4, Percolator PEP: 7.2e-5,
Fragment match tolerance used for search: 0.02 Da
Fragments used for search: -H₂O; y; -NH₃; y; b; b; -H₂O; b; -NH₃; y.
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DDAH2 peptide 2 spectra by DDA analysis.
Peptide Sequence: GAEIVADTFR, Charge: +2, Monoisotopic m/z: 539.78019 Da (+0.17 mmu/+0.32 ppm), MH+:
1078.55310 Da, RT: 54.9599 min,
Identified with: Sequest HT (v1.17); XCorr: 2.23, Percolator Q-value: 2.5e-4, Percolator PEP: 1.0e-3,
Fragment match tolerance used for search: 0.02 Da
Fragments used for search: -H₂O; y; -NH₃; y; b; b; -H₂O; y.
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530.4910175-534.4928365
534.4928365-538.4946555
538.4946555-542.4964745
542.4964745-546.4982935
546.4982935-550.5001125
550.5001125-554.5019315
554.5019315-558.5037505
558.5037505-562.5055695
562.5055695-566.5073885
566.5073885-570.5092075
570.5092075-574.5110265
574.5110265-578.5128455
578.5128455-582.5146645
582.5146645-586.5164835
586.5164835-590.5183025
590.5183025-594.5201215
594.5201215-598.5219405
598.5219405-602.5237595
Experiment#4 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#5 [MS 490-610 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 490-610
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
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Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#6 [DIA 4mz windows - 500-604 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 500-604
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
500.477375-504.479194
504.479194-508.481013
508.481013-512.482832
512.482832-516.484651
516.484651-520.48647
520.48647-524.488289
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524.488289-528.490108
528.490108-532.491927
532.491927-536.493746
536.493746-540.495565
540.495565-544.497384
544.497384-548.499203
548.499203-552.501022
552.501022-556.502841
556.502841-560.50466
560.50466-564.506479
564.506479-568.508298
568.508298-572.510117
572.510117-576.511936
576.511936-580.513755
580.513755-584.515574
584.515574-588.517393
588.517393-592.519212
592.519212-596.521031
596.521031-600.52285
600.52285-604.524669
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150min_300nL-GPS_DIA_598-704mz
Method Summary
Method Settings
Application Mode: Peptide
Method Duration (min): 150
Global Parameters
Ion Source
Use Ion Source Settings from Tune: True
FAIMS Mode: Not Installed
MS Global Settings
Infusion Mode: Liquid Chromatography
Expected LC Peak Width (s): 30
Advanced Peak Determination: True
Default Charge State: 3
Internal Mass Calibration: Off
Experiment#1 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#2 [MS 590-710 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 590-710
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
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Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#3 [DIA 4mz windows - 598-702 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 598-702
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
598.5219405-602.5237595
602.5237595-606.5255785
606.5255785-610.5273975
610.5273975-614.5292165
614.5292165-618.5310355
618.5310355-622.5328545
622.5328545-626.5346735
626.5346735-630.5364925
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630.5364925-634.5383115
634.5383115-638.5401305
638.5401305-642.5419495
642.5419495-646.5437685
646.5437685-650.5455875
650.5455875-654.5474065
654.5474065-658.5492255
658.5492255-662.5510445
662.5510445-666.5528635
666.5528635-670.5546825
670.5546825-674.5565015
674.5565015-678.5583205
678.5583205-682.5601395
682.5601395-686.5619585
686.5619585-690.5637775
690.5637775-694.5655965
694.5655965-698.5674155
698.5674155-702.5692345
Experiment#4 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#5 [MS 590-710]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 590-710
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
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Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#6 [DIA 4mz windows - 600-704]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 600-704
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
600.52285-604.524669
604.524669-608.526488
608.526488-612.528307
612.528307-616.530126
616.530126-620.531945
620.531945-624.533764
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624.533764-628.535583
628.535583-632.537402
632.537402-636.539221
636.539221-640.54104
640.54104-644.542859
644.542859-648.544678
648.544678-652.546497
652.546497-656.548316
656.548316-660.550135
660.550135-664.551954
664.551954-668.553773
668.553773-672.555592
672.555592-676.557411
676.557411-680.55923
680.55923-684.561049
684.561049-688.562868
688.562868-692.564687
692.564687-696.566506
696.566506-700.568325
700.568325-704.570144
150min_300nL-GPS_DIA_698-804mz

Method Summary
Method Settings
Application Mode: Peptide
Method Duration (min): 150
Global Parameters
Ion Source
Use Ion Source Settings from Tune: True
FAIMS Mode: Not Installed
MS Global Settings
Infusion Mode: Liquid Chromatography
Expected LC Peak Width (s): 30
Advanced Peak Determination: True
Default Charge State: 3
Internal Mass Calibration: Off
Experiment#1 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
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AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#2 [MS 690-810 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 690-810
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#3 [DIA 4mz windows - 698-802 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 698-802
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
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AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
698.5674155-702.5692345
702.5692345-706.5710535
706.5710535-710.5728725
710.5728725-714.5746915
714.5746915-718.5765105
718.5765105-722.5783295
722.5783295-726.5801485
726.5801485-730.5819675
730.5819675-734.5837865
734.5837865-738.5856055
738.5856055-742.5874245
742.5874245-746.5892435
746.5892435-750.5910625
750.5910625-754.5928815
754.5928815-758.5947005
758.5947005-762.5965195
762.5965195-766.5983385
766.5983385-770.6001575
770.6001575-774.6019765
774.6019765-778.6037955
778.6037955-782.6056145
782.6056145-786.6074335
786.6074335-790.6092525
790.6092525-794.6110715
794.6110715-798.6128905
798.6128905-802.6147095
Experiment#4 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
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Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#5 [MS 690-810]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 690-810
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#6 [DIA 4mz windows - 700-804]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 700-804
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
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First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
700.568325-704.570144
704.570144-708.571963
708.571963-712.573782
712.573782-716.575601
716.575601-720.57742
720.57742-724.579239
724.579239-728.581058
728.581058-732.582877
732.582877-736.584696
736.584696-740.586515
740.586515-744.588334
744.588334-748.590153
748.590153-752.591972
752.591972-756.593791
756.593791-760.59561
760.59561-764.597429
764.597429-768.599248
768.599248-772.601067
772.601067-776.602886
776.602886-780.604705
780.604705-784.606524
784.606524-788.608343
788.608343-792.610162
792.610162-796.611981
796.611981-800.6138
800.6138-804.615619
150min_300nL-GPS_DIA_798-904mz
Method Summary
Method Settings
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Application Mode: Peptide
Method Duration (min): 150
Global Parameters
Ion Source
Use Ion Source Settings from Tune: True
FAIMS Mode: Not Installed
MS Global Settings
Infusion Mode: Liquid Chromatography
Expected LC Peak Width (s): 30
Advanced Peak Determination: True
Default Charge State: 3
Internal Mass Calibration: Off
Experiment#1 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#2 [MS 790-910 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 790-910
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
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Scan Description:
Experiment#3 [DIA 4mz windows - 798-902 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 798-902
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
798.6128905-802.6147095
802.6147095-806.6165285
806.6165285-810.6183475
810.6183475-814.6201665
814.6201665-818.6219855
818.6219855-822.6238045
822.6238045-826.6256235
826.6256235-830.6274425
830.6274425-834.6292615
834.6292615-838.6310805
838.6310805-842.6328995
842.6328995-846.6347185
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846.6347185-850.6365375
850.6365375-854.6383565
854.6383565-858.6401755
858.6401755-862.6419945
862.6419945-866.6438135
866.6438135-870.6456325
870.6456325-874.6474515
874.6474515-878.6492705
878.6492705-882.6510895
882.6510895-886.6529085
886.6529085-890.6547275
890.6547275-894.6565465
894.6565465-898.6583655
898.6583655-902.6601845
Experiment#4 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#5 [MS 790-910]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 790-910
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
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Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#6 [DIA 4mz windows - 800-904]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 800-904
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
800.6138-804.615619
804.615619-808.617438
808.617438-812.619257
812.619257-816.621076
816.621076-820.622895
820.622895-824.624714
824.624714-828.626533
828.626533-832.628352
832.628352-836.630171
836.630171-840.63199
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840.63199-844.633809
844.633809-848.635628
848.635628-852.637447
852.637447-856.639266
856.639266-860.641085
860.641085-864.642904
864.642904-868.644723
868.644723-872.646542
872.646542-876.648361
876.648361-880.65018
880.65018-884.651999
884.651999-888.653818
888.653818-892.655637
892.655637-896.657456
896.657456-900.659275
900.659275-904.661094
150min_300nL-GPS_DIA_898-1004mz
Method Summary
Method Settings
Application Mode: Peptide
Method Duration (min): 150
Global Parameters
Ion Source
Use Ion Source Settings from Tune: True
FAIMS Mode: Not Installed
MS Global Settings
Infusion Mode: Liquid Chromatography
Expected LC Peak Width (s): 30
Advanced Peak Determination: True
Default Charge State: 3
Internal Mass Calibration: Off
Experiment#1 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
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Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#2 [MS 890-1010 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 890-1010
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#3 [DIA 4mz windows - 898-1002 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 898-1002
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
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Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
898.6583655-902.6601845
902.6601845-906.6620035
906.6620035-910.6638225
910.6638225-914.6656415
914.6656415-918.6674605
918.6674605-922.6692795
922.6692795-926.6710985
926.6710985-930.6729175
930.6729175-934.6747365
934.6747365-938.6765555
938.6765555-942.6783745
942.6783745-946.6801935
946.6801935-950.6820125
950.6820125-954.6838315
954.6838315-958.6856505
958.6856505-962.6874695
962.6874695-966.6892885
966.6892885-970.6911075
970.6911075-974.6929265
974.6929265-978.6947455
978.6947455-982.6965645
982.6965645-986.6983835
986.6983835-990.7002025
990.7002025-994.7020215
994.7020215-998.7038405
998.7038405-1002.7056595
Experiment#4 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
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Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#5 [MS 890-1010 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 890-1010
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#6 [DIA 4mz windows - 900-1004 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 900-1004
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
242

APPENDICES
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
900.659275-904.661094
904.661094-908.662913
908.662913-912.664732
912.664732-916.666551
916.666551-920.66837
920.66837-924.670189
924.670189-928.672008
928.672008-932.673827
932.673827-936.675646
936.675646-940.677465
940.677465-944.679284
944.679284-948.681103
948.681103-952.682922
952.682922-956.684741
956.684741-960.68656
960.68656-964.688379
964.688379-968.690198
968.690198-972.692017
972.692017-976.693836
976.693836-980.695655
980.695655-984.697474
984.697474-988.699293
988.699293-992.701112
992.701112-996.702931
996.702931-1000.70475
1000.70475-1004.706569
150min_300nL-GPS_DIA_998-1104mz

Method Summary
Method Settings
Application Mode: Peptide
Method Duration (min): 150
Global Parameters
Ion Source
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Use Ion Source Settings from Tune: True
FAIMS Mode: Not Installed
MS Global Settings
Infusion Mode: Liquid Chromatography
Expected LC Peak Width (s): 30
Advanced Peak Determination: True
Default Charge State: 3
Internal Mass Calibration: Off
Experiment#1 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#2 [MS 990-1110 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 990-1110
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#3 [DIA 4mz windows - 998-1102 mz]
Start Time (min): 5
End Time (min): 150
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Master Scan:
DIA
Precursor Mass Range: 998-1102
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
998.7038405-1002.7056595
1002.7056595-1006.7074785
1006.7074785-1010.7092975
1010.7092975-1014.7111165
1014.7111165-1018.7129355
1018.7129355-1022.7147545
1022.7147545-1026.7165735
1026.7165735-1030.7183925
1030.7183925-1034.7202115
1034.7202115-1038.7220305
1038.7220305-1042.7238495
1042.7238495-1046.7256685
1046.7256685-1050.7274875
1050.7274875-1054.7293065
1054.7293065-1058.7311255
1058.7311255-1062.7329445
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1062.7329445-1066.7347635
1066.7347635-1070.7365825
1070.7365825-1074.7384015
1074.7384015-1078.7402205
1078.7402205-1082.7420395
1082.7420395-1086.7438585
1086.7438585-1090.7456775
1090.7456775-1094.7474965
1094.7474965-1098.7493155
1098.7493155-1102.7511345
Experiment#4 [MS Full]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 350-1200
RF Lens (%): 50
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#5 [MS 990-1110 mz]
Start Time (min): 5
End Time (min): 150
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 990-1110
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 300
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#6 [DIA 4mz windows - 1000-1104 mz]
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Start Time (min): 5
End Time (min): 150
Master Scan:
DIA
Precursor Mass Range: 1000-1104
Multiplex Ions: False
Isolation Window (m/z): 4
Window Overlap (m/z): 0
Window Placement Optimization: On
Mass Defect: 1.0005
Number Of Scan Events: 25
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 30000
Scan Range Mode: Define First Mass
First Mass (m/z): 110
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 60
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: All
Scan Description:
DIA m/z window
DIA m/z window
Calculated m/z Window
1000.70475-1004.706569
1004.706569-1008.708388
1008.708388-1012.710207
1012.710207-1016.712026
1016.712026-1020.713845
1020.713845-1024.715664
1024.715664-1028.717483
1028.717483-1032.719302
1032.719302-1036.721121
1036.721121-1040.72294
1040.72294-1044.724759
1044.724759-1048.726578
1048.726578-1052.728397
1052.728397-1056.730216
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1056.730216-1060.732035
1060.732035-1064.733854
1064.733854-1068.735673
1068.735673-1072.737492
1072.737492-1076.739311
1076.739311-1080.74113
1080.74113-1084.742949
1084.742949-1088.744768
1088.744768-1092.746587
1092.746587-1096.748406
1096.748406-1100.750225
1100.750225-1104.752044
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Appendix 15. Exploris 480 DIA Method Summary.
Method Settings
Application Mode: Peptide
Method Duration (min): 140
Global Parameters
Ion Source
Use Ion Source Settings from Tune: True
FAIMS Mode: Not Installed
MS Global Settings
Infusion Mode: Liquid Chromatography
Expected LC Peak Width (s): 25
Advanced Peak Determination: True
Default Charge State: 2
Internal Mass Calibration: Off
Experiment#1 [MS]
Start Time (min): 10
End Time (min): 140
Master Scan:
Full Scan
Orbitrap Resolution: 60000
Scan Range (m/z): 380-985
RF Lens (%): 40
AGC Target: Custom
Normalized AGC Target (%): 100
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 100
Microscans: 1
Data Type: Profile
Polarity: Positive
Source Fragmentation: Disabled
Scan Description:
Experiment#2 [DIA]
Start Time (min): 10
End Time (min): 140
Master Scan:
DIA
Precursor Mass Range: 380-980
Multiplex Ions: False
Isolation Window (m/z): 10
Window Overlap (m/z): 1
Window Placement Optimization: On
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Mass Defect: 1.0005
Number Of Scan Events: 59
Collision Energy Mode: Fixed
Collision Energy Type: Normalized
Collision Energy (%): 28
Orbitrap Resolution: 15000
Scan Range Mode: Define m/z range
Scan Range (m/z): 145-1450
RF Lens (%): 70
AGC Target: Custom
Normalized AGC Target (%): 200
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 40
Microscans: 1
Data Type: Centroid
Polarity: Positive
Source Fragmentation: Disabled
Loop Control: N
N (Number of Spectra): 30
Scan Description:
DIA m/z window
Calculated m/z Window
379.922805-390.9273525
389.9273525-400.9319
399.9319-410.9364475
409.9364475-420.940995
419.940995-430.9455425
429.9455425-440.95009
439.95009-450.9546375
449.9546375-460.959185
459.959185-470.9637325
469.9637325-480.96828
479.96828-490.9728275
489.9728275-500.977375
499.977375-510.9819225
509.9819225-520.98647
519.98647-530.9910175
529.9910175-540.995565
539.995565-551.0001125
550.0001125-561.00466
560.00466-571.0092075
570.0092075-581.013755
580.013755-591.0183025
590.0183025-601.02285
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600.02285-611.0273975
610.0273975-621.031945
620.031945-631.0364925
630.0364925-641.04104
640.04104-651.0455875
650.0455875-661.050135
660.050135-671.0546825
670.0546825-681.05923
680.05923-691.0637775
690.0637775-701.068325
700.068325-711.0728725
710.0728725-721.07742
720.07742-731.0819675
730.0819675-741.086515
740.086515-751.0910625
750.0910625-761.09561
760.09561-771.1001575
770.1001575-781.104705
780.104705-791.1092525
790.1092525-801.1138
800.1138-811.1183475
810.1183475-821.122895
820.122895-831.1274425
830.1274425-841.13199
840.13199-851.1365375
850.1365375-861.141085
860.141085-871.1456325
870.1456325-881.15018
880.15018-891.1547275
890.1547275-901.159275
900.159275-911.1638225
910.1638225-921.16837
920.16837-931.1729175
930.1729175-941.177465
940.177465-951.1820125
950.1820125-961.18656
960.18656-971.1911075
970.1911075-981.195655
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