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Abstract

Peroxidasin (PXDN) is an extracellular matrix-associated haem-peroxidase predominantly
expressed in the vasculature and eye. PXDN crosslinks collagen 1V through sulfilimine bond
formation in the basement membrane. Aberrant PXDN expression is associated with fibrosis,
heart failure and cancer, and various pathologies of the eye, where PXDN likely provides
structural support via basement membrane synthesis in the cornea and lens during eye
development, as well as protect the lens, trabecular meshwork and cornea against oxidative
damage. Furthermore, PXDN pathogenic variants have been associated with anterior segment
dysgenesis (ASD), congenital cataracts and corneal opacity. To further understand the role of
PXDN in the eye, first we aimed to identify PXDN as a novel target of key transcriptional
regulators of eye development, namely PAX6, FOXC1 and PITX2, and second, to screen a
cohort of South African patients with ASD to look for pathogenic variants in PXDN and other
ASD genes. Protein expression of PAX6, FOXC1, PITX2 and PXDN, in response to Fibroblast
Growth Factor-2 (FGF-2) were quantified by western blotting and localisation visualised using
immunofluorescence confocal microscopy. Chromatin immunoprecipitation-PCR and
luciferase assays were employed to detect transcription factor-PXDN promoter interactions.
Expression data established that PXDN, PAX6, FOXC1 and PITX2 were induced by FGF2 at
varying time points. Putative binding sites for all three transcription factors were identified in
the PXDN promoter and ChIP-PCR confirmed that PAX6, FOXC1 and PITX2 interact with
various regions of the promoter. Luciferase reporter assays are currently underway. Next
Generation Sequencing of genomic DNA from South African patients exhibiting ASD
disorders. identified disease causing variants in PAX6 and GJA8. Variants of uncertain
significance were identified in PXDN, BCOR, EPHA2 and LTBP2 genes and are being
investigated further. In conclusion, we identified PXDN as a novel target of PAX6, FOXC1
and PITX2 that further supports for the integral role of PXDN in eye development.
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CHAPTER 1:
Introduction



1.1 Peroxidasin overview of structure and functions

Peroxidasin (PXDN) was first isolated from Drosophila, as being secreted by
mesoderm derived haemocytes (Nelson et al., 1994). Since then, the human gene
has been identified to encode for a secreted enzyme that contains both a peroxidase
catalytic domain and multiple motifs found in extracellular matrix (ECM) proteins
(Nelson et al., 1994; Péterfi and Geiszt, 2014). In humans, PXDN is predominantly
expressed in the cardiovascular system by cardiomyocytes (Zhang et al., 2012) and
it is also expressed in the developing eye, more specifically in the layers of lens and
corneal epithelium (Khan et al., 2011). Some suggested general functions of PXDN
include innate immune defence (Li et al., 2012), catalysis of oxidative reactions
using hydrogen peroxide (H202) (Ma et al., 2013), and in the biogenesis of basement
membrane in cells and tissues (Bhave et al., 2012). PXDN belongs to the haem
containing cyclooxygenase peroxidase family that consists of: thyroid peroxidase
(TPO), lactoperoxidase (LPO), eosinophil peroxidase (EPO) and myeloperoxidase
(MPO) (Davies et al., 2008; Soudi et al., 2012; Lazar et al., 2015). In addition, a
peroxidasin like protein (PXDNL) has also been identified, which was found to have
a high level of sequence similarity to PXDN but lacks peroxidase activity (Figure
1.1); to date it has only been found to be expressed in humans (Peterfi et al., 2014).

The PXDN gene is located at chromosome 2 (2p25.3) and consists of 23 exons that
encode a 1479 amino acid protein. PXDN has also been referred to in the literature
as MG50 (melanoma-associated gene 50) (Weiler et al., 1994; Mitchell et al., 2002),
PRG2 (p53-responsive gene 2 protein) (Horikoshi et al., 1999) and VPO1 (vascular
peroxidase 1) (Cheng et al., 2008). Besides containing a peroxidase domain, which
is highly homologous to other animal peroxidases (Figure 1.1), PXDN also contains
domains with characteristics of proteins of the ECM, these include: Ig-like C2
domains, which have been found to have various biological functions with the most
common function being pattern recognition and cell adhesion (Von Castelmur et al.,
2008); von Willebrand Factor domain (VWF), which aids in oligomerisation of
proteins as well as regulation of bone morphogenetic binding (Sadler, 2009) and
leucine-rich repeats which have been found in numerous proteins, which seem to be

involved in protein to protein interactions including ECM assembly, RNA



processing, cell adhesion, platelet aggregation, neural development and signal
transduction (Bella et al., 2008) (Figure 1.1). These motifs often function in
interactions between proteins although the exact role of each domain in PXDN
remains largely un-investigated (Péterfi and Geiszt, 2014). In a study by Ero-Tolliver
etal.,, (2015) it was found that the catalytic and Ig domains were required for
successful sulfilimine bond formation between collagen IV molecules. The leucine-
rich repeats domain was also found to be required for efficient binding of laminin in

basement membrane (BM) (Sevcnikar et al., 2020).
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Figure 1.1: Comparison of PXDN and PXDNL structure. The structure of both
PXDN and PXDNL show similar domains (VWF C type, Leucine rich repeats,
Peroxidase, Ig like and N terminal secretory signal) and share homology with other
haem peroxidases within the peroxidase domain (Modified from Péterfi and Geiszt,

2014).

Among the haem containing cyclooxygenase family of peroxidases, PXDN has a
larger molecular size of approximately 165 Kilodalton (kDa) and shares greatest
86% similarity with MPO (Cheng et al., 2008). Despite the additional domains of
PXDN, the amino acid residues that form the core of PXDN within the peroxidase



domain are highly conserved, which suggest that the PXDN haem catalytic site
functions in a similar manner (Cheng et al., 2011).

1.2 Functions of other haem peroxidase-cyclooxygenases

Peroxidase cyclooxygenases is a family of haem containing peroxidases with a
central structure of coordinated haem iron which is used as a redox cofactor and
H.O> as the electron acceptor in the catalysis of various oxidative reactions
(Zamocky et al., 2015). Peroxidase-cyclooxygenases can also use haem to catalyse
electron oxidation of other molecules such as proteins, anions, cations as well as
tyrosine (Zamocky et al., 2015). PXDN has been found to likely be the ancestral
member of the haem containing peroxidase family conserved to the basal phylum
Cnidaria (Figure 1.2), which reflects its function in the critical aspect of tissue
formation in animals and BM assembly (Soudi et al., 2012).

MPO

Invertebrates Vertebrates

L

Chidaria
Figure 1.2: A diagrammatic representation of the evolution of PXDN originally in

Cnidaria then to invertebrates to vertebrates through a series of gene duplication, loss
of non-catalytic domain and loss of TM domain to give rise to EPO, MPO and LPO
(Ero-Tolliver et al., 2015).



Through gene duplication, loss of the non-catalytic domains and merging with
transmembrane domain, PXDN was observed to have likely given rise to TPO in
early Chordates with thyroid hormone signalling which may be associated with
endothermy (Little and Seebacher, 2014; Ero-Tolliver et al., 2015). After the loss of
the transmembrane domain in TPO, coupled with successive gene duplication, this
may have likely given rise to LPO, which is primarily expressed by the glandular
epithelium; MPO, which appears in vertebrates for the development of neutrophils
and EPO, which appears in eosinophils (Zamocky et al., 2008). The human genome
location of TPO and PXDN on chromosome 2 adjacent to one another, and MPO,
LPO and EPO forming a cluster on chromosome 17, reflects the evolutionary

ontogeny of animal haem peroxidases (Ero-Tolliver et al., 2015).

Much of the activity of this family of enzymes is used in antimicrobial defense. The
antimicrobial toolbox of neutrophils comprises MPO as one of its key components,
which enables neutrophils in both adaptive and innate immunity to serves as effector
cells (Nauseef and Borregaard, 2014). MPO which is expressed by activated
neutrophils, is released at sites of tissue injury to phagolysosomes containing
engulfed pathogens. This is achieved by infiltrating inflammatory cells to provide
defence against invading pathogenic microbes via assembly of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases (NOX) membrane which produces
superoxide that dismutase H»>O» to provide a substrate for production of
hypochlorous acid (HOCI). MPO may also be secreted extracellularly in the normal
degranulation process, packaged within neutrophil extracellular traps, or released
after neutrophil cell death (Van der Veen et al., 2009; Davies, 2011). Lower
concentrations of MPO are also secreted by macrophages and monocytes which are
required for host defense (McMillen et al., 2005).

LPO is released from mucosal glands and found in secretions like saliva, milk or
tears where it exhibits antimicrobial activity due to the ability to catalyse oxidative
reactions with H2O. as a substrate and a halide ion such as SCN- in the above-

mentioned tissues (Kussendrager and Hooijdonk, 2000; Kéksal et al., 2016).



EPO is also part of the antimicrobial arsenal, which is secreted by eosinophils tasked
to destroy viral and bacterial infections as well as parasitic-worms or helminths.
Granules containing EPO are secreted towards the target rather than phagocytise
their target pathogens since parasites are bigger in size and this is a primary function
unique to EPO (Furtmiller et al., 2006; Davies et al., 2008).

TPO is expressed in the thyroid gland and aids with the synthesis of thyroid hormone
via initiation of the biosynthetic pathway for thyroxine, which involves the detection
of low concentrations in millimolar range and leading to iodide oxidation to modify
thyroglobulin (Taurog et al., 1996; Ruf and Carayon, 2006; Le et al., 2015). More
recently this class of peroxidases have been discovered to also regulate the
development of the ECM (DeNichilo et al., 2015), initiation of angiogenesis
(Panagopoulos et al., 2015) and are therefore involved in tissue regeneration (Péterfi
and Geiszt, 2014; DeNichilo et al., 2015). The addition of PXDN to this family has
helped to clarify the role of peroxidases in this context.

1.3 Peroxidasin Expression

1.3.1 PXDN in the cardiovascular system

PXDN was originally found to be highly expressed in the vasculature, including
cardiomyocytes, and due to this distribution, the protein was termed VPO1 (Cheng
etal., 2008; Zhang et al., 2012; Ma et al., 2013). Cardiovascular cells express PXDN
and secrete the protein into the blood stream (Cheng et al., 2011). The normal
physiological functions of PXDN circulating in plasma are largely unknown. In
general, oxidative reactions involve catalysis of H2O2 as a substrate to produce
HOCI, with the dissociation of H,O> which generates water (Battistuzzi et al., 2010).
PXDN contains essential features that are not found in MPO and might aid in its
ability to confine to exact vascular sites where it performs biological functions such
as ECM modification (Cheng et al., 2011). Whether animal peroxidases assist in
cross linking of dityrosine molecules during the development of the ECM in the
vascular tissue is largely unknown, while the data presented by Cheng et al., (2011)
make evident the capability of PXDN to promote such modifications, which was



further confirmed by Bathish et al., (2020) who showed that PXDN mediates
bromination of tyrosine residues in ECM. Dityrosine cross links result when tyrosine
molecules are oxidised therefore producing tyrosine radicals which when joined

together form dityrosine (Cheng et al., 2011).

1.3.2 PXDN in the eye

PXDN is believed to contribute in providing support of the lens and cornea
framework during their construction in the early stages of eye development (Khan et
al., 2011; Choi et al., 2015). In-situ hybridisation found that PXDN is expressed in
the eye forming region and in particular the lens of Xenopus tropicalis (Tindall et
al., 2005). In mice, expression was observed in the lens and retina and during
development of eye of the mouse, PXDN expression was detected from embryonic
age (E11.5) onwards which is equivalent to 33 days in human embryology, and
furthermore PXDN knock-out animals showed absence of collagen IV crosslinking
(Homma et al., 2009; Lazéar et al., 2015). As such, PXDN is understood to be
essential for normal growth of eye structures such as the lens epithelium and cornea
via collagen IV crosslinking, which promotes consolidation of ocular BM (Yan et
al., 2014).

Evidence for a role of PXDN in human eye development has been found in pathology
context with various genetic variants in PXDN being direct cause of various
disorders affecting eye development; currently there are only three papers (Khan et
al., 2011; Choi et al., 2015; Michel et al., 2016). Aberrant PXDN expression causes
loss of structural integrity of the lens capsule and lens molecules such as g-crystallin
seem to be extruded into the anterior and posterior chamber of the eye (Yan et al.,
2014). These results presented by Yan et al. (2014) confirmed that indeed PXDN
plays a pivotal role in consolidation of the BM and that PXDN is required for normal
BM integrity along with adhesion of cells during embryonic eye development in
higher organisms. Studies that have investigated PXDN gene mutations in

association with ocular phenotypes in humans are discussed further in section 1.6.5.



1.4 Physiological Functions of Peroxidasin
1.4.1 Extracellular Matrix Formation in Basement Membrane

The extracellular matrix (ECM) is a non- cellular, organised network of proteins that
provides a structural framework for cells. This framework provides for both
chemical and mechanical signals between cells. Surface cell receptors such as
integrins detect these signals and relay them intracellularly (Hynes, 2009). This
relationship between the ECM and cells enables the ECM to modify behaviour of
cells and for cells to modify their surrounding ECM (Hynes, 2009; Bonnans et al.,
2014). Biological processes such as tissue development, response to injury and
maintenance are critically dependent on the interaction of cells with the ECM
(Rosario and DeSimone, 2010; Clause and Baker, 2013). ECM composition varies
in specific tissues and the composition changes during and after development and

upon tissue injury (Frantz et al., 2010; Rosario and DeSimone, 2010).

The ECM is divided into two subtypes namely, basement membrane (BM) and
interstitial matrix (Frantz et al., 2010; Bonnans et al., 2014). The BM and interstitial
matrix form separate but adjacent structures in vivo (Laurila and Leivo, 1993). The
structural support and protection against compression is provided by the interstitial
matrix, which surrounds mesenchymal cells (Yurchenco, 2011). The BM is a
specialised sheet- like network arrangement of the ECM (Koshnoodi et al., 2008)
and it underlies cells of the muscle, epithelial and endothelial tissues, and separates
them from underlying stroma (Figure 1.3) (Yurchenco, 2011). The proliferation,
differentiation, migration and polarity of primary cells in almost all tissues is
regulated by the BM (Yurchenco, 2011). Consequently, the BM is essential for the
maintenance and development of tissues and plays a critical role in normal

physiology and pathogenesis of disease.
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Figure 1.3: Two subtypes of ECM. The diagram depicts two main types of ECM.
The BM underlies cells of various tissues and comprises collagen 1V, nidogen,
laminin, collagen XVIII and perlecan. The interstitial matrix which consists of
elastin, proteoglycans, collagen | and glycosaminoglycans, surrounds cells (Colon et
al., 2017).

The core BM proteins are collagen IV, laminins, proteoglycans, and nidogens
(Yurchenco, 2011). Recently, PXDN has been found to be responsible for
consolidating collagen IV (Bhave et al., 2012). Specifically, PXDN generates
hypohalous acids to cross- link collagen IV protomers (Figure 1.4) (Cheng et al.,
2011; Maet al., 2013), which are key to BM formation and maintaining the integrity
of tissues during formation and development (Bhave et al., 2012; Péterfi and Geiszt,
2014; Ero-Tolliver et al., 2015). The mechanism of how PXDN cross-links collagen
IV promoters is discussed in detail in the section below.
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Figure 1.4: Crosslinking of collagen 1V is mediated by PXDN which utilises H20:
and a halide ion to produce a sulfilimine (S = N) bond (Modified from Péterfi and
Geiszt, 2014).

1.4.2 Collagen IV and Reaction Mechanism of PXDN

The most predominant proteins in animals making up approximately 30% of total
protein are collagens. Collagens are mainly characterised by the presence of a triple
helical structure, a collagenous domain, and an amino acid repeat structure in which
glycine residues occur every third residue (Shoulders and Raines, 2009; Ricard-
Blum, 2011). Collagen IV is the predominant collagen found in BM and is comprised
of six alpha chains that form heterotrimeric triple helical molecules. There are three
distinct domains on each alpha chain, namely a C- terminal non- collagenous
domain (NC1), a triple helical collagenous domain and an N- terminal 7S domain
(Soder and Pdschl, 2004). Collagen IV also contains protomers, which exist in
mammals only [alala2 (a112), a304a5 (a345) and aSa506 (0556)], which further
assemble into three major networks (a112:a112, al12:0556, a345:0345) (Borza et
al., 2001). In nearly all mammalian tissues the o112 network is the most predominant
(Koshnoodi et al., 2008; Yurchenco, 2011). Conversely, the a345 and al256
networks have restricted tissue localization, for example, the a345 network is
restricted to the glomerular BM (GBM) of kidney, the lens epithelial BM, cochlear
BM, and in small quantities in lung alveolar and testicular BM (Gunwar et al., 1991,
Kahsai et al., 1997; Kalluri et al., 1998, Abrahamson et al., 2009; Saito et al., 2011).


https://pubmed.ncbi.nlm.nih.gov/?term=P%C3%B6schl+E&cauthor_id=15522229

In order to form the BM, the collagen protomers self- oligomerise to form three
sheet- like networks (Koshnoodi et al., 2008). Oligomerisation enables the networks
to assemble and these are further stabilised by sulfilimine chemical bonds (S = N).
To date, the sulfilimine bond is considered to be exclusive to collagen IV molecules
in living organisms (Vanacore et al., 2009). Methionine at position 93 (Met93) and
hydroxylysine at position 211 (Hyl211) are joined covalently and stabilise the edges
of adjacent NCL1 in the protomers of collagen IV (Risteli et al., 1980; Bhave et al.,
2012; Ronsein et al., 2014; Anazco et al., 2016). The formation of these crosslinks
in collagen IV has recently been assigned to PXDN (Bhave et al., 2012).

PXDN catalyses the crosslinking of collagen 1V using hypohalous acids. Firstly,
hypohalous acids (hypoiodous acid (HOI), hypobromous acid (HOBr), hypochlorous
acid (HOCI), and hypothiocyanous acid (HOSCN)) are produced by haem
peroxidases in the presence of H2Oz, in this case PXDN, via oxidation of halide ions
such as bromide (Br’), thiocyanate (SCN") and chloride (CI") (Figure 1.5) (Ronsein
etal., 2007; Bhave et al., 2012; Colon et al., 2017). The halide from the hypochlorous
acid is donated to the sulfur atom from methionine producing a halosulfonium cation
that in turn links with the lysine amino group of the subsequent collagen 1V (;
Vanacore et al., 2009; Bhave et al., 2012; Ronsein et al., 2014). The source of
extracellular H2O: is currently unknown, but NOX, which are membrane proteins
have been suggested to be the source of H2O: in bronchial epithelial cells (Geiszt et
al., 2003). NOX consist of NOX (1 to 5) and dual oxidase (DUOX) 1 to 2: NOX1,
NOX2, NOX3 and NOXS5 have the ability to reduce extracellular oxygen (O2) to
superoxide (O2) and NOX4, DUOX1 and DUOX2 to hydrogen peroxide, while
oxidizing NADPH intracellularly (Lamberth and Neish, 2014). Superoxide,
spontaneously or via superoxide dismutase, forms the hydrogen peroxide required
for the reaction (Fukai and Ushio-Fukai, 2011). The role of PXDN in collagen IV
and BM consolidation is still undergoing investigation with a recent study by
Sirokmany et al. (2018), finding that PXDN catalysed collagen 1V synthesis may be
independent of H>O> generated by the NOX/DUOX system. This was done by testing
crosslinks of collagen IV in mouse models deficient of the NOX/DUOX isoforms,
and the results were in support of the view that other ECM proteins might act as the

source of H2O> (Sirokmany et al., 2018). Lévigne et al. (2016) also showed that mice
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with wounds and deficient in NOX4 healed significantly slower as compared to mice
with wounds and active NOX4, this was thought to be because of insufficient

dityrosine cross-links in the ECM (Lévigne et al., 2016).
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Figure 1.5: PXDN catalysis of HOBr to produce sulfilimine (S=N) cross- links
in collagen 1V. PXDN is secreted into the ECM by activated fibroblasts, while
activated infiltrating leukocytes release MPO and EPO. The NADPH oxidases
generate superoxide (O2" ), which dismutates into H,O>, and along with Br~ and CI
halides or SCN- anions, lead to the generation of hypohalous acids by PXDN during
sulfilimine bond formation in the BM (Colon et al., 2017).
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1.4.3 Role in Host Immune Defence

Phagocytes such as the neutrophils which have the ability to move from blood into
various organs, provide the key mechanism for upkeep of a sterile environment in
tissues by employing both oxidative and non-oxidative mechanisms to kill invading
microbial agents (Rada and Leto, 2008). The primary mechanism usually involves
the NADPH oxidase system by using NOX2 (Rada and Leto, 2008). For example,
MPO, by combining H20> and CI, synthesises HOCI; this reaction was previously
thought to be exclusive to MPO and EPO but is now also attributed to PXDN
(Klebanoff et al., 2005; Li et al., 2012). LPO, MPO and EPO also predominantly
mediate host defence functions but are restricted to specific cell types, for instance
in the body fluids saliva and breast milk this is performed by LPO and in phagocytic
cells this is carried out by MPO and EPO (Klebanoff et al., 2005). MPO is usually
retained inside phagocytes, and PXDN is secreted into plasma by vascular
endothelial cells (Cheng et al., 2011), where it is understood to demonstrate a role in
host defence (Li et al., 2012). It was initially thought that since PXDN lacks a
methionine (Met) at position 981 (corresponding to position Met409 in MPO), it was
thought to render the catalysis of HOCI by PXDN impossible, since PXDN has
glutamine (GIn981) at that position (Li et al., 2012). The methionine at position 409
is a distinctive feature of MPO that has been suggested to be a main factor of its
unique capability to produce HOCI (Klebanoff et al., 2005). However, Li et al.
(2012), showed that PXDN like MPO, can synthesise HOCI and further hypothesised
that PXDN may be localised at infected and injured tissues. HOCI is a very potent
microbicidal agent that can kill microorganisms, for example, the incubation of
Escherichia coli (E. coli) bacteria with PXDN supplemented with H202 and CI
halide completely killed the E. coli via HOCI synthesis (Cheng et al., 2011; Li et al.,
2012). As such, the findings by Li et al. (2012) propose that methionine at position
409 of MPO is not compulsory but its presence can augment the synthesis of HOCI

by peroxidases.
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1.5 Peroxidasin in Pathophysiological conditions

PXDN with its various functions has been implicated in various diseases, most
notably those affecting the cardiovascular system (Cheng et al., 2008; Zhang et al.,
2012; Ma et al., 2013), cancer (Desmond et al., 2007; Tauber et al., 2010; Liu et al.,
2010; Jayachandran et al., 2016; Sitole and Mavri-Damelin, 2018), fibrosis (Peterfi
et al 2009), and the eye (Khan et al., 2011, Choi et al., 2015; Micheal et al., 2016).

1.5.1 Cardiovascular Disorders

Oxidative stress refers to an imbalance between free radicals and antioxidants
resulting from oxidation within cells, tissues or organs and is caused by increased
reactive oxygen species (ROS) (Lu et al., 2011). This can cause pathophysiological
conditions such as atherosclerosis (Lu et al., 2011), heart failure and heart attack
(Strobel et al., 2011). PXDN expression may be altered under conditions of oxidative
stress and may therefore have a role to play in these conditions (Ma et al., 2013).
The HOCI derived from reactions catalysed by PXDN has been implicated in injury
of the cardiovascular system since it is a stronger oxidant than to H.O, and O>™ (Goud
et al., 2008). HOCI has been found to induce direct oxidative damage to lipids,
deoxyribonucleic acid (DNA) and proteins (Kang and Neidigh, 2008) which can lead
to apoptosis. Oxidation of lipids by HOCI has been suggested as a possible cause of
atherosclerosis, since it produces chlorinated products which may form plagques
(Ford, 2010; Yang et al., 2013). PXDN generated HOCI has been found to also
activate apoptosis in cardiac and endothelial cells (Bai et al., 2011). Bai et al. (2011)
hypothesised that the activation of apoptosis in endothelial cells might be induced
by oxidised low-density lipoproteins (ox-LDL), which is the key constituent of
serum lipids and is a critical risk factor for atherosclerosis and endothelial
dysfunction (Kita et al., 2001). Ox-LDL further upregulates the expression of
NADPH oxidase, which results in elevated ROS, PXDN and HOCI, thereby forming
a positive loop between PXDN (which forms HOCI) and NADPH oxidase (to form
ROS). HOCI production was inhibited when PXDN was silenced. This loop is
thought to activate the p38 MAPK/caspace-3-dependent signaling pathway, which
in turn induces ox-LDL endothelial cell apoptosis (Bai et al., 2011).
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Other studies using rat model/tissue also provided evidence showing that PXDN
mediates oxidative stress causing oxidative injury (Shi et al., 2011; Zhang et al.,
2012; Lietal., 2012). In a rat model of myocardial ischemia reperfusion (IR) injury,
it was found that PXDN expression was up regulated and was accompanied by
oxidative injury. When NOX activity was inhibited, PXDN expression was
suppressed thereby attenuating the IR injury. Shi et al. (2011) found that arterial
tissue of spontaneously hypertensive rats had elevated PXDN, which was
accompanied by vascular remodelling. In a case-control study by Zhuan et al. (2017)
patients diagnosed with chronic obstructive pulmonary disease (COPD) combined
with Pulmonary hypertension (PH) had significantly high levels of plasma PXDN,
NADPH oxidase, ROS activity and NF-kB as compared to the controls, thus
suggesting that PXDN and the NADPH oxidase/ROS/NF-kB pathway may be
actively involved in the pathogenesis of COPD combined with PH via the resulting

oxidative stress (Zhuan et al., 2017).

1.5.2 Cancer

PXDN displays irregular expression patterns in different cancers affecting different
tissues such as melanoma, colon, breast, ovarian cancers along with metastatic
gliomas as well as renal carcinoma, (Mitchell, 2000; Desmond et al., 2007; Tauber
et al., 2010; Liu et al., 2010; Jayachandran et al., 2016; Sitole and Mavri-Damelin,
2018; Paumann-Page et al., 2021;). The precise function of PXDN in cancer remains
unclear but has been associated with changes to cell attachment, migration and
invasion of cancer cells. Two studies characterised PXDN as being involved in
melanoma development (Paumann-Page et al., 2021), but one did not study the
normal physiological function of PXDN (Mitchel et al., 2000). In another study by
Tauber et al. (2010), gene expression profiling technique was employed with an aim
to pinpoint a group of genes associated with haem oxygenase 1 (HO-1) in 14
different types of cancer. PXDN was found to be a key player in adhesion of
neoplastic cells, which are dependent on HO-1, and PXDN silencing stopped the
increase in adhesion in response to HO-1 in various cell lines, whilst cells deficient

of HO-1 and reduced PXDN expression did not affect cell adhesion.

14



Madden et al. (2004) previously showed a 17-fold increase in PXDN expression in
glioma endothelial cells as compared to non-neoplastic endothelial brain cells.
Subsequently, PXDN was found to be selectively upregulated in a set of endothelial
marker genes in the microvasculature of metastatic brain tumours glioblastoma and
pilocytic astrocytomas, while it was absent or detected at low quantity in the controls
(non-neoplastic temporal lobe) specimens (Liu et al., 2010). PXDN protein was
localised in microvascular endothelial cells, which was also reported by Castronovo
et al. (2006) when it was found that PXDN localised in vascular structures in kidney
cancer, thus it was hypothesised that PXDN may be playing a role in tumour
angiogenesis in various cancers. One other major feature of cancer is the ability of
cells to undergo epithelial-to-mesenchymal transition (EMT), a process that enables
cancer cells to typically acquire invasive ability (Kalluri and Weinberg, 2009). As a
result of EMT, immobile cells of the epithelial phenotype attain a mesenchymal
phenotype as well as the capability to invade and migrate during tumour metastasis
and developmental morphogenesis (Nieto, 2013; Lamouille et al.,, 2014).
Jayachandran et al. (2016) investigated genes that regulate cellular invasion with the
aim of inhibiting their effect in melanoma invasion. In mesenchymal like melanoma
cells PXDN was found to be upregulated and silencing of PXDN reduced melanoma
invasion in vitro. As to how PXDN exerts its effect in the development of cancer is
not known and the studies discussed above shows that the role of PXDN may differ
per cancer type. Studies in our laboratory have found that Snail which is a key player
in EMT modification regulates PXDN in cervical carcinoma cell lines (Sitole and
Mavri-Damelin, 2018).

1.5.3 Kidney Disorders

Almost every organ can undergo fibrosis and it is predominantly observed in
diseases affecting the liver, heart, kidney and lung tissues (Wynn, 2007). It has been
observed that PXDN is also expressed in dermal fibroblasts (Peterfi et al., 2009).
Elevated expression of PXDN was found in myofibroblasts that were undergoing
differentiation induced by TFG-B1. The fibrillar like structure forming the ECM was
formed by PXDN secreted from myofibroblasts (Peterfi et al., 2009). In a normal
healthy kidney PXDN was undetectable, while in a mouse model with kidney
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fibrosis PXDN expression was found to be elevated and the expression paralleled
fibrotic kidney remodelling (Peterfi et al., 2009).

Goodpasture (GP) is an autoimmune disease which affect the kidneys when
circulating autoantibodies bind to regions within the NC1 of collagen IV which is
required for BM synthesis under normal physiological functions (Pedchenko et al.,
2010). The formation of sulfilimine bonds which crosslinks collagen IV molecules
in glomerular basement membrane (GBM) confers protection against GP given that
the binding of circulating autoantibodies to NC1 domain of collagen IV prevents
normal formation of GBM (Pedchenko et al., 2010). A study by McCall et al., 2018
showed that approximately 46% of patients diagnosed with GP disease show reduced
HOBr syntheses due to autoantibodies against PXDN. Alteration of collagen IV
crosslinking has been proposed as key pathogenic mechanism for GP via anti-PXDN
autoantibodies, and this was based on in vitro data that showed autoantibodies had
the ability to inhibit HOBr syntheses (McCall et al., 2018). The resulting reduced
crosslinking of collagen 1V in GBM is vital for the pathogenesis of GP disease
(McCall et al., 2018). PXDN has also been discovered to be a novel target of
autoantibodies for Lupus nephritis (Manral et al., 2019).

1.5.4 Eye Disorders

Various mutations in PXDN have been found to be present in patients diagnosed with
developmental eye disorders, specifically anterior segment dysgenesis (ASD),
lending support to the significance of PXDN in eye development (Khan et al., 2011;
Choi et al., 2015). Whilst the precise functions of PXDN in the eye are as yet
unknown, PXDN is understood to be involved in supporting the cornea as well as
lens framework during development of the eye as well as acting as an antioxidant
enzyme to protect various eye structures from oxidative damage (Khan et al., 2011;
Yan et al., 2014; Choi et al., 2015). The protein seems to be involved in number of
pathways, yet the exact route through which it exerts its function is not well
understood especially with regards to development of the eye. Support from an
animal model showed that a mutant KTA048 mouse model Yan et al. (2014),
displayed similar phenotypes observed in individuals harbouring mutations in

PXDN. The mutant mouse model was induced via N-ethyl-N-nitrosourea of which
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upon sequencing revealed a recessive mutation (c. T3816A) causing a premature stop
codon in the peroxidase domain, which resulted in development of ASD as well as
microphthalmia (Yan et al., 2014). No precise mechanisms are known currently as
to how mutations discovered in PXDN cause ASD disorders, which include
glaucoma, abnormal lens and cornea development. Few possible mechanisms have
been suggested: (1) the lack of PXDN protein in the cornea as well as in the epithelial
layers of the lens causes accumulation of ROS that generally oxidise lipids also
proteins, producing aggregates that are insoluble leading to cataractogenesis and
corneal clouding and (2) the accumulation of ROS in the aqueous humour can affect
the differentiation also development of the structures found in the anterior segment
which is involved in the development of glaucoma (lzzotti et al., 2006, Khan et al.,
2011). For instance, aqueous humour of glaucoma patients contains elevated
enzymes induced by oxidative stress and reduced antioxidants which promotes
oxidative stress (Ferreira et al., 2004) and the trabecular meshwork is very sensitive
to damage by oxidation (Khan et al., 2011). The specific mutations detected in
PXDN are discussed in section 1.6.5 that follows along with other genes that may

interact with PXDN to bring about various ocular phenotypes.

The primary focus of this study is to understand the regulation of PXDN in eye
development. Formation of the human eye is discussed in detail in the sections that

follow to create a link between successful eye development and PXDN requirement.

1.6 Anatomy of the human eye
1.6.1 The anterior segment of the eye

The human eye is a unique and complex part of the human body which is broadly
divided into two segments (Figure 1.6) namely the anterior and posterior segments
(Addo et al., 2016). The anterior chamber and posterior chamber are filled with
aqueous humour which provides nutrients to tissues in the anterior segment of the
eye. The anterior segment of the eye comprises of trabecular meshwork, cornea, lens,
iris, ciliary body and Schlemm’s canal while the retina and optic nerve form the

posterior segment of the eye (Ito and Walter, 2014). In order for the eye to form a
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clear image, different structures within the eye contribute to the process. The cornea
as a curved membrane which encompasses the front section of the eye allows light
to pass through which leads to the light rays bending and focusing as they pass
through the iris on the way to the lens. The dilator muscles and pupillary sphincter
generate a synchronised action that helps the pupil to constrict and dilate in order to
regulate the amount of incoming light. The lens with the aid of ciliary muscles
focuses the light which will travel through the vitreous humour then straight to the
retina (Kaplan, 2007).

Posterior chamber

Anfarior chamber

i : 4 - Fovea centralis
Comea — A& ' . " A Opiic disc area (blind spot)

Lens
Suspensory ligament Oplic nerve
Schlemm's canal {Camial nerve |1}
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Cilliary body —[ asisess

Cra serrata
Figure 1.6: Anatomical structure of a fully developed human eye. In this study only

the disorders affecting the anterior segment structures such as iris, cornea, lens,

ciliary body and Schlemm’s canal were discussed (Addo et al., 2016).

In humans, the eye starts developing within 21 days of gestation through a highly
organised process, which is tightly regulated by various transcription factors and
multiple cell signalling pathways which can lead to development of various eye
disorders if perturbed (Dash et al., 2016; Budak et al., 2018).
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1.6.2 Anterior segment morphogenesis

Starting from the sixth week of human development, morphogenesis of various eye
structures is initiated, such as the embryonic optic cup (bi-layered) from
neuroectoderm of the forebrain and the lens vesicle is invaginated thus separating
from the ectoderm (Cvekl and Tamm, 2004; Sowden, 2007). Figure 1.7a show a
rudimentary diagram of the eye which is surrounded by progenitor cells
(mesenchyme) most of which originate from the neural crest migrating anteriorly
(Sowden, 2007). Tissue differentiation and morphogenesis driven by the progenitor
cells along with those from the surface ectoderm and optic cup peripheral region will
give rise to the cornea, iris and drainage structures of the irido-cornea (Cvekl and
Tamm, 2004). The normal development of the anterior segment of the eye is
dependent on the correct differentiation and specification of the progenitor cells
(mesenchymal) in early embryogenesis (Gage et al., 2005). Figure 1.7b shows that
the cornea is formed first from the primitive endothelium, then the trabecular

meshwork which is situated posterior to the surface ectoderm (Sowden, 2007).
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Figure 1.7.: Anterior segment development of the human (foetal) eye. (a) 5%
week of embryogenesis, the optic cup stage (b) 5" month of development, formation
of the anterior chamber (c) fully developed anterior segment showing all structures
including the iris, lens, cornea. Key colours indicate two important genes expressed
during anterior segment development and origin of cells that form the anterior

segment tissues (Sowden, 2007).

Collagen, which is usually in a lamellar arrangement, is synthesised when the corneal
(epithelium and endothelium) cells form corneal stroma (Beebe and Coats, 2000). In
the 5™ month of gestation, the cornea, iris and the anterior chamber will be well
developed. Further development, as well as maturation of the tissues, involves more
differentiation where the sclera spur separates the iris root and ciliary body from the
trabecular meshwork (Gage et al., 2005; Sowden, 2007). The trabecular meshwork
will be situated anterior to the iris root as well as visible to the aqueous humour as

shown in Figure 1.7c (Sowden, 2007).
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1.6.2.1 Optic cup morphogenesis

evagination lens placode formation invagination
S ﬁ i% "
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collagen IV collagen IV collagen IV collagen IV collagen [V =——

Figure 1.8: Morphogenesis of the optic cup and involvement of the ECM
proteins through the stages of evagination, lens placode formation and
invagination. The ECM components collagen IV (purple), fibronectin (orange) and
laminin (blue) when labelled in red colour it means the component is required for
that specific stage and when in grey colour it is not required for that specific stage

of eye development (Kwan, 2014).

Optic cup formation initiates establishment of the basic structures of the eye which
are derived from various origins of embryonic nature such as mesenchyme, surface
ectoderm and neuroectoderm (Graw, 2003). Optic vesicle evagination from either
side of the brain neuroepithelium signals the commencement of optic cup
development with formation of single eye fields in the anterior neural plate median
region (Figure 1.8). Adjacent to the surface ectoderm, the single eye field will then
move laterally, separate and form the optic vesicle (Yang, 2004). The optic cup is
generated by this out-pocketing of tissue which undergoes a series of cell and tissue
rearrangements which further leads to formation of retinal pigmented epithelium,
neural retina and lens (Chow and Lang, 2001; Fuhrmann, 2010). The ECM
components collagen 1V, laminin and fibronectin are present from evagination, lens
placode formation and invagination stages of eye development with laminin and
fibronectin required in the first early stages and all three required for the last stages
including collagen IV (Figure 1.8) (Kwan, 2014).
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1.6.2.2 Lens morphogenesis

At day 33 of gestation post optic cup formation, formation of the lens placode will
be the next step during human eye development (Graw, 2003). A region of contact
with the overlying ectoderm is established with the developing optic vesicle
following evagination, lens placode development will begin. The ECM is found in
abundance in the region between lens placode and prospective retina separating the
tissues (Kwan, 2014). The lens will be formed by the mesenchymal cells as they also
differentiate to form melanocytes and fibroblasts of the iris stroma (Gage et al.,
2005). The iris epithelium is formed when cells within the two layers of peripheral
optic cup spread inwardly after proliferation amid the iris stroma as well as the lens
(Beebe and Coats, 2000). The lens placode composed of lens progenitor cells will
invaginate to form the lens cup which will close up and form the lens vesicle by
separating from the surface ectoderm. The lens vesicle and surface ectoderm will be
connected by a temporary link from a lens stalk which will be retracted later on with
the surface ectoderm giving rise to epithelium (Figure 1.7b) that will form the

cornea at later stage (Graw, 2003; Snowden, 2007).

A spherical shape with an empty cavity is representative of a lens vesicle, with the
cuboidal lens epithelium formed from the anterior cells while elongation of the
posterior epithelial cells via filling of the lumen will give rise to primary lens fibre
cells which will in turn form embryonic nucleus (Graw, 2010). This process is
initiated at the 44" day of human eye development, with much of the lens formation
driven by the posterior epithelial cells in the first two months of lens formation. The
secondary lens fibre cells are formed from the actively dividing anterior progenitor
cells through migration from the central to the equatorial region, proliferation and
differentiation which will be displaced inwards flanked by embryonic nucleus and
the capsule (Cvekl and Ashery-Padan 2014). As humans continue to grow, the
epithelial cells (anterior) mitotically continue to divide to form secondary lens fibre
cells and only stop when they are displaced into the inner layer since by then they
will be mature and start losing their differentiation ability as well as their organelles
(Graw, 2010). Lens fibres at the periphery are therefore newly formed young cells,
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as the lens fibres are successively displaced to the inner cortex (Cvekl and Ashery-
Padan 2014).

1.6.2.3 Cornea morphogenesis

The epithelium (anterior and posterior) forms the components of the cornea along
with the corneal stroma in between them. The optic vesicle along with lens vesicle
induce the formation of the cornea via the continued proliferation of the surface
ectoderm to form the corneal epithelium even after the lens vesicle has completely
separated from the surface ectoderm. The corneal stroma formation results from
production of glycosaminoglycans and collagen fibres by corneal epithelium in the
basal lamina (Graw, 2010).
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Figure 1.9: Diagram illustration of development of the cornea during embryogenesis
(Graw, 2010).

The space between the lens vesicle and surface ectoderm will be filled by
mesenchymal cells of the neural crest origin in three waves (Figure 1.9) (Graw,
2010). The first wave gives rise to corneal endothelium, while the second wave of
cells condense and contribute to various corneal structures and the third wave form
keratocytes in the stroma via migration between epithelium and endothelium (Cvekl
and Tamm 2004). The secondary corneal stroma is formed from the organisation of
type 1 collagen and proteoglycans (synthesised by keratocytes) as lamellae while the
basal membrane derives the formation of Descemet’s membrane (Cvekl and Tamm

2004).
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1.6.2.4 Iris and Ciliary body morphogenesis

The neuroectoderm which comprises of two layers, the outer pigmented and inner
non pigmented epitheliums is formed when the optical cup distal tips proliferate and
extend in parallel to the formation of the lens as well as the cornea which leads to
formation of iris and ciliary body (Graw, 2010). Anterior to the iris is the iris stroma
and the iris muscles, while the posterior layer has the iris pigmented epithelium
(Figure 1.7c) and the base of the iris is attached to the ciliary body in addition to

irido-corneal angle (Davis-Silberman and Ashery-Padan 2008).

The formation of the iris results from derivation of two embryonic origins: Periocular
mesenchyme which forms iris stroma and neuroectoderm which forms iris sphincter,
dilator muscles as well as the iris pigmented epithelium. Pupillary membrane is
formed when the aforementioned second wave of mesenchymal cells condensed,
while the two distal tips of the optic cup extend to reach the pupillary membrane

fusing to give rise to the iris (Davis-Silberman and Ashery-Padan 2008; Graw 2010).

Myofibrils, which result from differentiating iris pigmented epithelium, form the iris
sphincter and dilator muscles; these regulate (in an antagonist manner) the
constriction and dilation of the pupil in response to light (Graw, 2003). The iris
stroma is composed of melanocytes as well as fibroblast derived from periocular
mesenchymal cells. When migrating to the anterior section of the lens while in
peripheral part of the pupillary membrane these cells secrete collagen fibrils in ECM
which aids in formation of the anterior stroma of the iris. Different melanin quantity
in the iris stroma results in various colours of the iris in different individuals (Davis-
Silberman and Ashery-Padan 2008).

The proximal non pigmented layers result in the formation of ciliary body when the
distal tips of the optic cup neuroectoderm form the iris. The ciliary body muscles are
formed from proliferating periocular mesenchyme myofilament, while the stroma of
the ciliary body is formed when the periocular mesenchyme condenses at the anterior
section of the ciliary body (Graw, 2003). The pupil develops from the degeneration
of the pupillary membrane when gestation reaches the 8" month, while the ciliary
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body, iris stroma and dilator muscle continue to develop even after birth since they
would have been immature after birth (Davis-Silberman and Ashery-Padan 2008).

1.6.2.5 Anterior chamber morphogenesis

During the 3 month of gestation between the iris epithelium and corneal
endothelium a presumptive anterior chamber can be observed (Graw, 2010). Within
the anterior chamber the mesenchyme forms the trabecular meshwork while the
venous canaliculi form the Schlemm’s canal from the small plexus (Sampaolesi et
al., 2009). The ciliary body muscle continues to develop even after 7 months of
gestation which enables the extension of Schlemm’s canal in the direction of the
anterior chamber while the anterior chamber angle continues to recede as well as
widen in a triangular shape. The anterior chamber continues to further deepen as well
as surpasses the spur even after birth and the anterior chamber angle also continues

to develop to maturity a year after birth (Sampaolesi et al., 2009).

1.6.3 Regulatory networks involved in the anterior segment of the eye.

The regulatory programmes that control eye development are complex and involves
a myriad of both transcriptional and post transcriptional events (Dash et al., 2016;
Budak et al., 2018). Master control genes of eye development refers to the genes that
drive eye development at the early stages, and most of which code for transcription
factors and signalling molecules (Graw, 2010). Transcription factors such as Sry-
box 2 (SOX2), sine oculis homeobox homolog 3 (S1X3), retina and anterior neural
fold homeobox (RAX), sonic hedgehog (SHH) and Paired box 6 protein (PAX6) are
at the top of the hierarchy of master control genes for eye development since they
are responsible for the formation of the optic vesicle through patterning and splitting
of the single eye field (Graw, 2003). PAX®6, Paired-like homeodomain 2 (PITX2)
and Forkhead box C1 (FOXC1) are among the key role players in the development
of the anterior segment by directing the proper differentiation of ocular mesenchyme
(Baulmann et al., 2002; Graw, 2003).

PAXG6 like many other transcription factors induces embryonic differentiation along

major body axes in response to the concentration gradient of other regulatory
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proteins or transcription factors, which bind to DNA sequences of other genes and
regulate their expression (Friedman, 1998). PAX6 belongs to the PAX multigene
family of transcription factors that aid in the regulation of embryonic differentiation
(Friedman, 1998). PAX6 is termed a master control gene since mutations in the
highly conserved transcription factor interrupts development of the eye in both
insects and mammals (Hill et al., 1991; Quiring et al., 1994). The study of the
transcription factor PAX6 has improved the understanding of how ocular tissues
develop and mis-expression of PAX6 induces ectopic eyes (Zuber et al., 2003;
Kenyon et al., 2003; Kozmik, 2005). In vertebrates, this factor is essential for normal
development of several organs including the brain, pancreas and the eye (Kenyon et
al., 2003). PAX6 as a transcription factor, leads the cascade of eye development
pathways and it initiates development of the eye in almost any tissue in which it is
ectopically expressed (Ashery-Padan and Gruss, 2001). Lens differentiation and
proliferation is dependent on PAX6 expression, while aberrant expression causes
disruption of lens formation (Yan et al., 2014). PAX6 is expressed from the early
stages of eye development, on the surface of neuroectoderms, and then expressed in
the differentiating cells in the retina, lens, ciliary body and cornea throughout
development (Nishina et al., 1999; Chanas et al., 2009). Expression of PAX6 is very
precise within the different tissues, therefore normal eye development requires the
correct dosage of PAX6. Reduced expression of PAX6, due to mutations, results in
clinical phenotypes such as small eye in mice and rats (Kroeber et al., 2010), whereas
in humans it induces Aniridia (Yokoi et al., 2016; Lim et al., 2017). Overexpression
in mice was found to also cause severe eye phenotypes (Schedl et al., 1996; Chanas
etal., 2009). The functional studies conducted on PAX6 and the observed expression
pattern which is conserved have implicated this protein in various pathways essential

for normal eye development (Ashery-Padan and Gruss, 2001).

The transcription factor SIX3 has been found to be a regulator of PAX6 in the
development of the lens (Liu et al., 2006). SIX3 is present during early eye
development in the optic stalk, in the presumptive retina and in the lens vesicle and
later also in the lens (Oliver et al., 1995). In SIX3 mutant embryos it was found that
PAX6 was downregulated while SOX2 was absent (Liu et al., 2006). PAX6 was
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found to be interacting with SOX2 gene promoter therefore initiating expression of
the SOX2 protein (Liu et al., 2006; Lengler et al., 2005), while SIX3 was found to
not interact with the SOX2 gene promoter (Lengler et al., 2005). Meis homeobox 1
(MEIS1) and homeobox 2 (MEIS2) were found to bind upstream of the PAX6 gene
promoter and induce expression in vertebrate lens ectoderm (Zhang et al., 2002).
Both MEIS1 and MEIS2 are expressed throughout development in a similar manner
like PAX6, but their expression occurs independently of PAX6. In the lens of mice,
it was found that MEIS2 overexpression caused increased expression of PAX6
(Zhang et al., 2002).

PITX (Paired-like homeodomain), MAF (bZIP transcription factor) and FOX
(Forkhead box) transcription factor genes act downstream of the master control
genes such as PAX6 in specific regions of the anterior segment of the eye such as the
cornea, lens and iris (Graw, 2003). A wide variety of genes are regulated by the FOX
class of transcription factors, with FOXC1 and FOXE3 being the most critical
transcription factors required for development of the anterior segment of the eye
(Graw, 2010).

FOXC1 is composed of a Forkhead domain which enables DNA-binding and has
110 amino acid protein which is highly conserved. The transcription factor has a
single exon that codes for 553 amino acid protein and is located on the short arm of
chromosome 6 band 25 (6p25). In both various ocular and non-ocular structures
FOXCL1 protein has been observed to be expressed (Erickson, 2001; Mathew et al.,
2002; Walter, 2003; Seo and Kume, 2006). The periocular mesenchyme cells express
FOXC1 protein which enables the cells to give rise to anterior segment structures

such as trabecular meshwork, iris and cornea (Wang et al., 2001; Sowden, 2007).

PITX2 encodes a 33 kDa protein which comprises of homeodomain with 60 amino
acids at the N terminus as well as a 14 amino acid C terminal domain which enables
protein to protein interaction (Amendt et al., 2000). The involvement of PITX2
protein in regulation of cellular differentiation in optic nerves, heart, nerves,

pituitary, midbrain neurons and anterior segment of the eye indicates the various
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roles the protein plays during development (Gage et al., 1999; Martin et al., 2004;
Houssaye et al., 2006).

Figure 1.7 shows that during development of anterior segment of the eye both
FOXC1 and PITX2 are highly expressed (Sowden, 2007), which is also the case in
animal models such as the mouse; in mouse eye development PITX2 mRNA is
expressed in the mesenchyme that surrounds the optic eminence as early as E8.5 in
preparation for the formation of the lens vesicle and optic cup (Mucchielli et al.,
1997). At the stage of E11.5 after both the optic cup and lens vesicle have developed,
the migrating periocular mesenchyme highly expresses PITX2 (Gage and Camper,
1997; Hjalt et al., 2000). Corneal endothelium and trabecular meshwork which are
mesenchymal derivatives retains the expression of PITX2 and by E18.5 PITX2
becomes restricted to the angle (Kidson et al., 1999). Like PITX2, FOXC1
expression in mouse eye development is similar in that it is initiated in the periocular
mesenchyme by E11.5 which is prior to the commencement of mesenchymal cell
migration (Hjalt et al., 2000; Wang et al., 2017). FOXCL1 continues to be expressed
in the hyaloid plexus at E12.5, conjunctiva and trabecular meshwork which persist
until parturition and potentially thereafter and also in the precorneal mesenchyme
(Hjalt et al., 2000; Sowden, 2007).

A study by Berry et al., 2006 showed that PITX2 and FOXC1 are co-expressed
during eye development in discreet cell types and that they share a subnuclear
compartment as well as interact with each other physically. The data further showed
that both FOXC1 and PITX2 are crucial for the proper development as well as
function of the anterior segment of the eye as they form a higher order transcription
factor complex (Berry et al., 2006). Signals which are essential for proper migration
and condensation into endothelia such as those of trabecular meshwork as well as
cornea may be initiated by FOXC1 and PITX2 (Berry et al., 2006). Both
transcription factors are likely to be the ones to initiate elaboration of the anterior
chamber angle along with other mechanical messages during migration transduced
by the ECM and cytoskeleton (Berry et al., 2006).
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The interaction between the genes that regulate the development of the anterior
segment of the eye is not fully understood especially PAX6, FOXC1, PITX2
interaction with PXDN. Even though specific functions of PXDN are yet unknown
in eye development, it is understood that PXDN is involved in supporting the cornea
as well as lens by syntheses of BM which provides a structural framework and acting
as an antioxidant enzyme to protect various eye structures from oxidative damage
(Khan et al., 2011; Yan et al., 2014; Choi et al., 2015). Mutations in the genes that
facilitate the development of the anterior segment of the eye results in poor
development of the structures such as iris, cornea, lens, trabecular meshwork etc
which leads to impaired vision. Eye development disorders resulting from mutations
and/or aberrant expression of the genes discussed above (FOXC1, PITX2, PAX6 and

PXDN, with relevance to the current study) are discussed in detail in below.

1.6.4 Anterior segment dysgenesis

Anterior segment dysgenesis (ASD) defines a collection of various congenital eye
disorders that affect structures within the anterior segment of the eye such as the
cornea, iris, trabecular meshwork, and ciliary body (Sowden, 2007; Reis and Semina,
2011). ASD is comprised of disorders such as Peter’s anomaly, Axenfeld-Rieger
Syndrome (ARS), Sclerocornea and microphthalmia, while ARS, Peter’s anomaly
and sclerocornea can lead to cataract formation, corneal opacity and glaucoma (Reis
and Semina, 2011).

ASD congenital disorders are usually accompanied by a 50% increased
predisposition to glaucoma (Alward, 2000; Sowden, 2007; Ito and Walter, 2014).
The congenital disorders typically involve modifications to adhesions between the
lens and cornea or cornea and iris, corneal opacity, iris hypoplasia and posterior
embryotoxon, these can present themselves separately or in combination (Reis and
Semina; 2011). The most common disorders associated with ASD are (1) ARS which
is usually noted by a combination of adhesion of the cornea, iris hypoplasia and
polycoria (more than one pupillary opening in the iris), (2) Peter’s anomaly which
denotes the trio of malformations in the layers of the cornea, corneal opacity and
adhesion of the cornea. (3) Sclerocornea is characterised by the anterior extension of

scleral tissue to replace the peripheral cornea (Ito and Walter, 2014).
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1.6.4.1 Axenfeld Rieger syndrome

ARS was first described by Axenfield in 1920 in patients presenting with iris strands
adhesion, iris atrophy, pseudopolycoria and further described a sequence of
mesodermal dysgenesis of the cornea and iris (Stahl, 2014). The syndrome at times
it is accompanied by systemic complications such as facial bone defects, dental
abnormalities, pituitary and umbilical abnormalities (Idrees et al., 2006). ARS has
varying severity can be from delicate findings (which can be detected using

gonioscopy) to a more severe malformation (Stahl, 2014).

1.6.4.2 Peters anomaly and Peters-plus syndrome

Peters’ anomaly is a developmental abnormality in the anterior section of the eye. In
1906, Peters described the syndrome as it was characterised by cornea-iris adhesion,
corneal leukoma and shallow anterior chamber (Harissi-Dagher and Colby, 2008).
The severity of the disorder can vary from mild opacification of the cornea to severe
glaucoma, cataract and microphthalmia (Stahl, 2014). Peters-plus syndrome results
when abnormality of the system such as developmental delay and skeletal changes
also occur (Yang and Lambert, 2001). The two modes of inheritance (autosomal
recessive and dominant) have been reported for peters anomaly, which involves
mutations in PAX6, FOXC1, PITX2 and CYP1B1 genes (Doward et al. 1999;
Nishimura et al. 2001; Vincent et al. 2001).

1.6.4.3 Aniridia

Aniridia (lack of iris), is a rare autosomal dominant disease which is described by
varying eye abnormalities such as corneal opacity, lens dislocation, ciliary body
hypoplasia, and iris hypoplasia (Lee et al., 2008). The following can also lead to
impaired or complete loss of vision, foveal hypoplasia, cataract, glaucoma early
onset, retinal detachment and aniridia-associated keratopathy. Systemic
abnormalities do not usually present with aniridia but deletions in genes such as
FOXC1 and PAXG6 enables the presentation of systemic anomalies in aniridia
patients (Ito et al., 2009).
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1.6.4.4 Sclerocornea

Sclerocornea is a congenital anomaly that is characterised by noninflammatory,
nonprogressive asymmetric scleralisation of the cornea (Kenyon, 1975). In
Sclerocornea the scleral tissue is extended anteriorly which in turn replaces the
peripheral cornea leading to the vessels of both the conjunctiva and episclera
crossing the cornea, this disorder may associate with cataracts and coloboma
(Harissi-Dagher and Colby, 2008).

1.6.4.5 Primary congenital glaucoma

Primary congenital glaucoma (PCG) is part of infantile glaucoma which can lead to
eye defects and can be associated with ARS (Sarfarazi et al., 2003, Micheal et al.,
2016). At the age of 6 months about 60% of the patients presenting with such
disorders can be diagnosed and 80% within the first year. PCG accounts for
approximately 0.04% of blindness and can cause permanent visual impairment
(Gould and John, 2002). Across various populations the incidence rate of PCG varies
such that in western population it affects 1 in 10000, 1 in 3300 in Indians, 1 in 2500
in Saudi Arabians and 1 in 1250 Slovakian gypsies (Bejjani et al., 1998; Plasilova et
al., 1999; Tanwar et al., 2009).

Elevated intraocular pressure (IOP), coupled with optic nerve damage and elevated
corneal diameter are the characteristics of PCG (Tanwar et al., 2009; Kim et al.,
2011). Some of the clinical features of PCG include descemet membrane
opacification coupled with rupture, buphthalmos, edema of the cornea, anterior
sclera thinning, iris atrophy, and deep anterior chamber (Sarfarazi et al., 2003;
Micheal et al., 2016). Some of the less common features include photophobia,
epiphora, and blepharospasm. GLC3A, GLC3B, GLC3C at 2p21, 1p36.2-1p36.1,
and 14q24.3 respectively have been associated with PCG pathogenesis. CYP1B1
along with LTBP2 are the only target genes that have be located thus far, while
CYP1B1 gene was found to be frequently mutated, in about 20% to 100% cases of
PCG from Saudi Arabia, Slovakian gypsies and Japan (Kim et al., 2011; Plasilova et
al., 1999; Tanwar et al., 2009; Bejjani et al., 1998).
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1.6.4.6 Microphthalmia

Microphthalmia, anophthalmia and coloboma disorders, usually referred to as MAC,
present as a syndrome rather than separate malformations (FitzPatrick and Van
Heyningen, 2005; Ragge et al., 2007). The disruption of normal formation of anterior
segment and congenital cataracts may be seen in patients with microphthalmia, this
will lead to opacification of the cornea, abnormal irides and small abnormal lenses
(Verma and FitzPatrick, 2012). A study of congenital eye disease at a teaching
hospital in Sagamu, Nigeria, found that corneal opacities is the fourth most common
congenital eye disorder causing blindness in 5.7% of infants with congenital eye
diseases (Bodunde and Ajibode, 2006).

Microphthalmia (small eyes) refers to an eye with reduced volume and may be
associated with Anophthalmia (complete absence of the eye) and Coloboma (a defect
in the iris of the eye) (Skalicky et al., 2013). MAC contributes an important
percentage of congenital ocular disorders worldwide (Hornby et al., 2000). The
presence of any of the three disorders always increases the risk of development of
cataracts and glaucoma if left untreated. The aetiology of the spectrum of eye disease
is yet to be fully understood. The evidence gathered from experimental and clinical
investigations suggests a heterogenous genetic basis which also includes a disruption
(Local) in development of the eye (Verma and Fitzpatrick, 2007; Bardakjian and
Schneider, 2011). There are various factors involved in the early stages of eye
development such as transcription factors, complex signalling molecules, and
structural proteins, adhesion factors, cell cycle regulators which are downstream
targets (Yun et al., 2009; Fuhrmann, 2010; Eiraku et al., 2011). The regulation of
eye development pathways interacts in a specific manner which may be time and
tissue specific. This may help explain the overlap of the underlying genetic
heterogeneity of the disorders with the clinical phenotypes (Bardakjian and
Schneider, 2011).
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1.6.5 The genetics of anterior segment dysgenesis

Mutations in genes that initiate and regulate the complex pathways involved in eye
development can cause a spectrum of disorders such as ASD which can present with
MAC. Mutations in genes such as PXDN, PAX6, SOX2, ALDH1A3, STRA6, OTX2,
RAX, BMP4, VSX2, GDF6, VAX1, SMOC1 and SIX6 to name a few have been found
in patients presenting with ASD and MAC disorders (Schneider et al., 2009; Khan
et al., 2011; Slavotinek et al., 2011; Aldahmesh et al., 2013; Yan et al., 2014; Choi
et al., 2015). Genes such as FOXE3, PITX3, PAX6, B3GALTL, COL4Al and
SH3PXD2B have been screened for mutations and deletions in patients with ASD,
and there is substantial heterogeneity in both MAC and ASD disorders which causes
overlap thus (Figure 1.10) leading to no clear-cut molecular diagnosis (Semina et
al., 2001; Mao et al., 2012; Alzuhairy et al., 2013; Prokudin et al., 2013).

Anophthalmia & Severe
Microphthalmia

SMOC1

nterior Segment

FOXE3

Abnormalities & PITX3
Cataract/Microcomea NHS/NHS
Cataract & BCOR
Microcornea SOX2/SOX2 \ SHH /SHH
GJA3, GJAS,CRYAA, BMP4/BMP4 \ STRAG/STRAG

CRYAB, CRYBA1, CRYBAS PAX6/PAX6
CRYBB1, CRYBB2, CRYBS3, orx2
VSX2

CRYGC, CRYGD, CRYGS,
BFSP1, BFSP2, EPHA2, Peters
FTL GALKI, GCNT2HSF4,  anomaly
1M2, MIP, SLC16A12, VIM

RAX

MAF,
POMT1, POMT2,
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CHD7

Figure 1.10: Genes that overlap in clinical features of congenital eye disorders
due to genetic heterogeneity. Most common congenital eye disorders are shown
along with the genes that can cause them. Eye disorders that manifest without
abnormality of the system are represented by genes in normal font. The bolded genes

are mostly found in eye disorders with syndromic features (Choi et al., 2015).
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Whilst there are many unidentified genes that are involved in the development of
congenital eye disorders, Figure 1.11 shows some of the genes known to be active
at different stages of eye development (Sinn and Wittbrodt, 2013) and the
chromosomal location along with the function of the corresponding proteins is listed
in Table 1.1. It is imperative to recognise ASD because it is commonly linked with
cataracts and influences congenital glaucoma development in 50% of diagnosed
patients as well as an increase in ocular pressure (Reis and Semina; 2011; Choi et
al., 2015).

|m‘!§!!ﬂ,gﬁtgngsfd.u£in@gyg | Key Factors involved
AI in eye development

Forebrain development Wnt; BMP
Lhx2; Pax6;FGFs; Optx2

Eye field specification Six3; Otx2

Rx3; Six3

TGF-B; FGF; SHH

RPC differentiation & -
Eye field split ',. ‘ i
; " . . Rx3
Optic vesicle evagination Nicam: (SDF/ Cxcrd)
.H FGF-signalling

Optic Cup formation

Opo, Numb

Retina

differentiation SHH; FGF3/8

Figure 1.11: Various genes activated at different stages in the development of
the eye in vertebrates. Various key transcription factors such as PAX6, SIX3,
OTX2, WNT as well as LHX2 are required for normal eye development starting
from the forebrain development and eye field specification stages in the presence
FGF. Expression of FGF as well as TGF- leads to upregulation of SHH, SIX3 and
RX3 which drive eye field split with RX3 further expressed for optic vesicle
evagination. NUMB and OPO which regulated cell differentiation are expressed to
enable optic cup formation, with FGF 3 and 8 expression enabling SHH to initiate
retina differentiation. (Sinn and Wittbrodt, 2013).
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Investigations have been carried out with regards to some of the above-mentioned
genes in cohorts of various ethnic groups. Several other genes other than PXDN were
also investigated in other cohorts for their association with ocular congenital
disorders (Table 1.2). Mutations in genes such as PNPT1, COL4Al, OTX2, GDF®6,
RARB, and STRAG were detected in 32 patients diagnosed with microphthalmia and
other defects of the eye (Slavotinek et al., 2015). A Pakistani family of seven and an
Indian family were screened for mutations via sequencing, and three mutations
(novel) were detected in the gene ALDH1A3 [c.964G>A (p.V322M),
€.1310_1311delAT (p.Tyrd37Trpfs*44)] as well as c.289A>G (p.lle97Val)
missense mutation in FOXE3. Families harbouring these mutations were presenting
with microphthalmia (Ullah et al., 2016). In a study by (Prokudin et al., 2014) five
causal variants in PAX6, CRYGC, CYP1B1, and GJA8 were identified from 11 Indian

families (unrelated) with Peter’s anomaly, cataract, coloboma and microphthalmia.

Recently, mutations in PXDN have been associated with ASD. In a study by Khan
et al. (2011), it was found that two Pakistan families (consanguineous) and one
Cambodian family (consanguineous) harboured homozygous mutations in PXDN
gene (Khan et al., 2011). The two Pakistani families presented with congenital
cataract and corneal opacity which was mild and moderate, while the Cambodian
family presented with severe corneal opacification and congenital glaucoma. An
exon 17 missense mutation ¢.2638C>T (p.Arg880Cys) was detected in PXDN via
direct sequencing. Having scored 0.98 with PolyPhen the mutation was likely to be
deleterious and the amino acid change was within the conserved peroxidase domain,
which could affect both protein structure and enzymatic ability of the domain (Khan
et al., 2011). Another variant in exon 10 of PXDN ¢.1021C>T (p.Arg341X) was
found to likely cause protein truncation, which can also be deleterious. These

mutations were only observed in the affected patients and absent in the controls.

Additional mutations in PXDN have since been identified: a paternally inherited 23-
base-pair deletion causing a frameshift and premature protein truncation
€.2375_2397del23 predicting p.(Leu792Hisfs*67) was observed in two siblings
presenting with microphthalmia, developmental delays, ASD, hypotonia and

Sclerocornea from a Caucasian family with no history of consanguinity (Choi et al.,
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2015). Data from another 20 patients was investigated for any PXDN gene mutations
and two were identified in one patient (male) presenting with ASD, microphthalmia
and cataracts: the mutations were a ¢.1192delT, frameshift mutation which is
inherited maternally p.(Tyr398Thrfs*40) and a ¢.947 A4C (p.GIn316Pro) a missense
mutation considered to be deleterious and paternally inherited.
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Table 1.1: Candidate genes selected for sequencing in the current study. Aberrant expression
of the proteins below has been associated with various specific and a spectrum of congenital
ocular disorders.

Protein Gene Omim # | Inheritance | Location | Function Reference(s)
Protein function
Aldehyde ALDH1A3 | 600463 | Autosomal | 15026.3 | Required for the biosynthesis of normal levels of Duester, 2009
Dehydrogenase 1 Recessive retinoic acid in the embryonic ocular and nasal
family member 3 regions; retinoic acid is required for normal
embryonic development of the eye and the nasal
region.
Beta-1,3- B3GALTL | 610308 | Autosomal | 13g12.3 | Regulates glycosylation in cells. Lesnik Oberstein et
glucosyltransferase Recessive al., 2006
BCL6 corepressor BCOR 300485 | X-linked Xpll.4 It is involved in formation of organs and tissues Ng et al., 2004
Dominant including the eyes.
Beaded Filament BFSP1 603307 | Autosomal |20p12.1 | Functions as a component of the beaded filament
Structural Protein 1 Recessive/ which is a cytoskeletal structure found in lens fiber _
Alizadeh et al.,
) cells.
Dominant 2003
Wang et al., 2013
Beaded Filament BFSP2 603212 | Autosomal | 3g22.1 Function as part of the fiber cell-beaded filament.
Structural Protein 2 Dominant
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Protein Gene Omim# | Inheritance | Location Function Reference(s)
Protein function
Crystallin Alpha B CRYAB 123590 | Autosomal | 11g23.1 | Involved in lens development and aids in prevention | Graw, 2009
Recessive/ against protein aggregation under a wide range of
Dominant stress conditions.
Crystallin Beta Al CRYBA1l | 123610 | Autosomal |17q11.2 | Crystallins are key dominant components in the Graw, 2009
Dominant structure of the lens in eyes of vertebrate.
Crystallin Beta A4 CRYBA4 | 123631 - 22q12.1
Crystallin Beta B1 CRYBB1 | 600929 | Autosomal |22q12.1 | The lens refractive index and transparency are | Graw, 2009
Recessive/ maintained by these proteins. These crystallins are
Dominant made and then retalned_ throughout life, making them
extremely stable proteins because lens central fiber
Crystallin Beta B2 CRYBB2 123620 | Autosomal | 22911.23 | cells lose their nuclei during development.
Dominant
Crystallin Beta B3 CRYBB3 | 123630 | Autosomal |22g11.23 Graw, 2009
Recessive/
Dominant
Crystallin Gamma C | CRYGC 123680 | Autosomal | 2g33.3
Dominant
Crystallin Gamma D | CRYGD 123690 | Autosomal | 2g33.3
Dominant
Crystallin Gamma S | CRYGS 123730 | Autosomal | 3g27.3
Dominant
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Protein Gene Omim# | Inheritance | Location Function Reference(s)
Protein function

Cytochrome P450 CYP1B1 601771 | Autosomal | 2p22.2 The enzyme also metabolizes a signalling molecule Vasiliou and

Family 1 Subfamily Recessive involved in eye development. Gonzalez et al.,

B Member 1 2009

EPH receptor A2 EPHA2 176946 | Autosomal | 1p36.13 | Controls the development, shape and maintenance of | Cheng et al., 2022
Dominant lens fibre cells.

Fukutin Related FKRP 606596 | Autosomal | 19q13.32 | Necessary for posttranslational modification of Chan et al., 2010

Protein Recessive dystroglycan.

Fukitin FKTN 607440 | Autosomal | 9g31.2 Protein is thought to be a glycosyltransferase and Haro et al., 2018
Recessive could play arole in brain development.

Forkhead Box C1 FOXC1 601090 | Autosomal | 6p25.3 Involved in embryonic and ocular development Berry et al., 2008
Dominant regulation.

Lehmann et al.,
2003

Ferritin Light Chain | FTL 134790 | Autosomal | 19q9.13.33 | Plays a role in delivery of iron to cells. Girelli et al., 1995
Dominant

Galactokinase 1 GALK1 604313 | Autosomal | 17925.1 | Metabolises galactose sugar. Rubio-Gozalbo et
Recessive al., 2021

Growth GDF6 601147 | Autosomal | 8g22.1 Plays a key role in regulating apoptosis during retinal | Asai-Coakwell et

Differentiation Dominant development. al., 2007

Factor 6
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Protein Gene Omim# | Inheritance | Location Function Reference(s)

Protein function

Gap Junction Protein | GJA3 121015 | Autosomal | 13g12.11 | Regulates lens-fibre junctions Gerido and White,

Alpha 3 Dominant 2004

Gap Junction Protein | GJA8 600897 | Autosomal | 1921.2 Necessary for lens growth and maturation of lens Ceroni etal., 2019

Alpha 8 Dominant fiber cells.

Heat Shock HSF4 602438 | Autosomal | 16g22.1 | Involved in the negative regulation of DNA binding | Shiels and

Transcription Factor Dominant activity Hejtmancik, 2015

4

Lens Intrinsic LIM2 154045 | Autosomal | 19913.41 | Play an important role in both lens development and | Arneson and Louis,

Membrane Protein 2 Recessive cataractogenesis. 1998

Latent Transforming | LTBP2 602091 | Autosomal | 14g24.3 | Play an integral structural role in elastic-fiber Shietal., 2021

Growth Factor Beta Recessive architectural organization and/or assembly.

Binding Protein 2

Transcription Factor | MAF 177075 | Autosomal | 16023.2 | Acts as a transcriptional activator or repressor. Reza and Yasuda,

Maf Dominant Involved in embryonic lens fiber cell development. 2004

Major Intrinsic MIP 154050 | Autosomal | 12g13.3 | Responsible for regulating the osmolarity of the lens. | Long et al., 2018

Protein of Lens Fiber Dominant

Nance-Horan NHS 300457 | X-linked Xp22.2 Involved in the regulation eye, tooth, brain and Burdon et al., 2003

Syndrome Dominant craniofacial development.
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Protein Gene Omim# | Inheritance | Location Function Reference(s)
Protein function
Orthodenticle OTX2 600037 | Autosomal | 14g22.3 | Transcription factor and plays a role in brain, Beby and
Homeobox 2 Dominant craniofacial, sensory organ development. Lamonerie, 2013
Paired box 6 PAX6 607108 | Autosomal | 11pl13 Key in the development of neural tissues, particularly | Nishina et al., 1999
Dominant the eye.
Paired Like PITX2 601542 | Autosomal | 4925 Controls cell proliferation in a tissue-specific manner | Markintantova et
Homeodomain 2 Dominant and is involved in morphogenesis. al., 2008
Paired Like PITX3 602669 | Autosomal | 10g24.32 | Involved in lens formation during eye development. | Wu et al., 2019
Homeodomain 3 Recessive/
Dominant
Peroxidasin PXDN 605158 | Autosomal | 2p25.3 Involved in extracellular matrix formation Nelson et al., 1994
Recessive
Bhave et al., 2012
Retinoic Acid RARB 180220 | Autosomal | 3p24.2 Mediates cellular signalling in embryonic Busby and Burris,
Receptor Beta Recessive/ morphogenesis. 2012
Dominant
Retina and Anterior | RAX 601881 | Autosomal | 18921.32 | Is required for retinal cell fate determination. Furukawa et al.,
Neural Fold Recessive 1997
Homeobox
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Protein Gene Omim# | Inheritance | Location Function Reference(s)
Protein function
Sonic Hedgehog SHH 600725 | Autosomal | 7936.3 Crucial in the development of all animals. Cavodeassi et al.,
Dominant 2019
Solute Carrier SLC16A12 | 611910 | Autosomal | 10g23.31 | Functions in monocarboxylic acid transport. Halestrap and
Family 16 Member Dominant Meredith, 2003
12
Secreted Modular SMOC1 608488 | Autosomal | 14g24.2 | Essential roles in eye and limb development. Okada et al., 2011
Calcium-Binding 1 Recessive
Sex Determining SOX2 184429 | Autosomal | 3g26.33 | Regulation of embryonic development. Taranova et al.,
Region Y-Box 2 Dominant 2006
Stimulated By STRA6 610745 | Autosomal | 15024.1 | acts as a receptor for retinol/binding protein. Casey et al., 2011
Retinoic Acid 6 Recessive
Vimentin VIM 193060 | Autosomal | 10p13 Responsible for maintaining cell shape. Battaglia et al.,
Dominant 2018
Visual System VSX2 142993 - 14924.3 | Plays a significant role in the specification and Zou and Levine,

Homeobox 2

morphogenesis of the sensory retina.

2012
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With the aid of next generation sequencing (NGS), screening of deleterious

mutations associated with human disease has taken an important leap and the

technique has been effective when employed in the detection of causal mutations

(Table 1.2) in patients diagnosed with congenital ocular disorders (Gupta et al.,

2017).

Table 1.2: Studies that employed NGS in the interrogation of various genes in

patients diagnosed with congenital ocular diseases (Gupta et al., 2017).

Type of ocular | Study cohort Case type Genes harbouring | References
phenotypes origin examined causal variants
Hispanic 25 trios, two GDF6, STRA6 Slavotinek
duos and five COL4A1, OTX2, etal., 2015
single probands | RARB,
Micropthalmia FBLN1, PNPT1 and
and GCNT2,
Anophthalmia
Indian and Familial FOXE3, ALDH1A3 Ullah et al.,
Pakistani and 2016
VSX2
ASD and Caucasian Familial PXDN Choi et al.,
Micropthalmia Sporadic 2015
MAC, Peters Familial PAX6, ABCBG, Prokudin
anomaly and - GJA8, CRYGC, etal., 2014
Cataract CYP1B1, and GDF3
PCG Pakistani Familial LTBP2 and PXDN Micheal
etal., 2016

Currently there are no research studies conducted for the association of PXDN gene

variants in Africans. There are currently a few studies which have investigated

PXDN gene mutations in association with congenital eye disorders. Table 1.3

shows currently known mutations, but none of the examined cohorts is comprised

of Africans.
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Table 1.3: Studies conducted in various population and PXDN mutations detected in patients with congenital eye disorders.

Type of ocular phenotypes Study cohort | Case type | Variant References
origin examined
congenital cataract, corneal Pakistani Familial exon 17 missense mutation ¢.2638C>T (p.Arg880Cys) Khan et al., 2011
opacity, and developmental )
glaucoma Cambodian exon 10 ¢.1021C>T (p.Arg341X)
exon 17 ¢.2568delC (p.Cys857Alafs*5)

developmental ocular disorder | Pakistani Familial (c.3496G>A;p.G1166R) Micheal
and primary glaucoma

P Y9 etal.,, 2016
micropthalmia and anterior Caucasian Familial €.1021C>T predicting p.(Arg341*); Choi et al.,
segment dysgenesis ) o )

Sporadic €.2375_2397del23 predicting p.(Leu792Hisfs*67); 2015

€.1192delT, predicting p.(Tyr398Thrfs*40) and ¢.947 A4C,
predicting p.(GIn316Pro)
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1.6.6 Eye disorders in South Africa

In South Africa there is limited epidemiological data regarding the burden of eye
diseases, since data is hardly collected or reported on the burden of eye diseases.
The most common challenge faced by advancement of genetics in South Africa is
genetic diversity which is exhibited by the populace comprising of both local and
immigrant. Although even within these groups severe admixture exists, this has
contributed to the varying population frequencies of genetic variants adding to the
difficulty in genetic diagnosis of most congenital eye disorders (Roberts et al.,
2016). Glaucoma, cataract, corneal scarring and refractive errors were found to be
major causes of blindness as well as impaired vision in South Africa (Butcher and
Ijsselmuiden, 1988; Verwey and Mahomed, 2020). Less than a handful of studies
have been conducted in a South African cohort with regards to the genetic aspect
of eye disease such as Macular corneal dystrophy (MCD), Familial congenital
cataract, nystagmus and coloboma (Carstens et al., 2016; Goolam et al., 2018).

A study by Carstens et al., (2016) investigated the genetic cause of type 1 MCD (a
corneal stromal dystrophy which leads to progressive vision loss) in a
consanguineous South African family. The gene carbohydrate sulfotransferase
(CHST®6) encodes an enzyme that catalyses the synthesis of keratan sulfate in the
cornea. Aberrant synthesis of the enzyme causes abnormal organisation of fibril in
the cornea. A novel mutation (p.E71Q) in the gene carbohydrate sulfotransferase
(CHST6) was identified as the causal mutation in the family. A PAX6 p.R208W
mutation (NM_000280.3: ¢.622G>A) was identified in a total of 27 admixed South
African family members diagnosed with nystagmus, coloboma as well as familial
congenital cataracts and co-segregation of the variant with the clinical phenotypes

was observed in all 27 family members (Goolam et al., 2018).

In summary the current study seeks to determine whether genetic mutations exist
in South African patients diagnosed with ASD and whether transcription factors
PAX6, FOXC1 and PITX2 regulates the transcription of PXDN.
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1.7 Aims and Objectives

Determine whether the master regulators of eye development PAX6,
FOXCL1 and PITX2 are involved in regulating PXDN gene expression.

To use western blotting and immunofluorescence confocal microscopy to
quantify and observe protein localisation of PAX6, FOXC1, PITX2 and
PXDN within cells upon treatment.

To employ chromatin immunoprecipitation (ChlP) and PCR to determine
PAX6, FOXC1 and PITX2 interaction with PXDN gene promoter.

To employ the Luciferase reporter, assay to assess the ability of PAXS6,
FOXCL1 and PITX2 to express reporter gene expression from the PXDN

promoter.

Determine whether genetic variants exist in PXDN gene within a cohort of
South African patients presenting with congenital ocular diseases.

To select a panel of 50 candidate genes associated with the development of

congenital eye disorders.

To use Next Generation Sequencing based method to perform mutation
screening in the genes of interest in a cohort of South African patients with

congenital eye disorders.
To use the American college of medical genetics and genomics (ACMG)

guidelines for variant filtering to identify putative disease-causing

mutations.
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CHAPTER 2:
Regulation of
PXDN by PAXE6,
FOXC1 and PITX2



2.1 Introduction
2.1.1 PXDN in eye development

PXDN belongs to the haem containing cyclooxygenase peroxidase family and in
humans, PXDN is predominantly expressed in the cardiovascular system by
cardiomyocytes (Zhang et al., 2012) and in the developing eye, more specifically
in the layers of lens and corneal epithelium (Khan et al., 2011). In mouse animal
models, the developing eye expresses PXDN from embryonic age (E11.5) onwards,
which is equivalent to 33 days in human embryology, and when PXDN is knocked
out, the outcome is absence of collagen IV crosslinking (L&zér et al., 2015). As
such, PXDN is understood to be essential for normal development of eye structures
such as the lens epithelium and cornea via collagen 1V crosslinking, which
promotes consolidation of ocular BM (Yan et al.,, 2014). Aberrant PXDN
expression causes loss of structural integrity of the lens capsule and lens molecules
such as y-crystallin, which as a result seem to be extruded into the anterior and
posterior chamber of the eye (Yan et al., 2014). Various mutations in PXDN have
been found to be present in patients diagnosed with developmental eye disorders,
specifically ASD, lending support to the significance of PXDN in eye development
(Khan et al., 2011; Choi et al., 2015). PXDN displays expression in a variety of
tissues, indicating that transcription is likely regulated in a tissue specific manner.
To date, there is no information about the regulators of PXDN in the context of eye

development.
2.1.2 PAX6, FOXC1 and PITX2 in development and maintenance of the eye

The three transcription factors of interest are key players in the development as well
as maintenance of the anterior segment structures of the eye with PAX6 expressed
in the very early stages of eye development to drive the organisation of the anterior
segment (Takamiya et al., 2020), while FOXC1 and PITX2 act downstream of the
master control gene PAX6 (Graw, 2003). PITX2 and FOXC1 are co-expressed
during eye development in discreet cell types and they share a subnuclear
compartment as well as interact with each other physically; as such they are crucial
for the proper development as well as functioning of the anterior segment of the eye

as they form a higher order transcription factor complex (Berry et al., 2006).
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During the optic cup formation stage of eye development FOXC1 and PITX2
expression is elevated showing their requirements for the process (Sowden, 2007).
ECM proteins such as laminin, fibronectin, and collagen IV are also crucial for a
successful optical cup formation (Kwan, 2014). Collagen IV requirement means
that PXDN expression will be elevated since crosslinking of collagen IV is required
in the formation of BM which is essential for normal development of the eye with
the process exclusive to PXDN (Bhave et al., 2012; Lee et al., 2020). The
continuous expression of PAX6 throughout eye development stages in both anterior
and posterior segments as well as post-development is indicative that PXDN could
be a target of PAXG6, just as FOXC1 and PITX2 are known PAXG6 targets (Wang et
al., 2017). FOXC1 as well as PITX2 do not regulate collagen IV crosslinking or
BM synthesis, but the absence of PAX6 during lens formation results in ECM
proteins being significantly diminished between the optic vesicle and ectoderm via
the reduction of transcripts encoding components of the ECM (Huang et al., 2011).

Once the eye is fully developed, proteins such as FOXC1, PAX6 and PXDN
continue to be expressed, with FOXC1 required for cell viability as well as
resistance to oxidative stress (Berry et al., 2006), while PXDN is thought to protect
eye structures against oxidative stress damage (Khan et al., 2011). In a study by
Shukla and Mishra, (2018), it was shown that levels of hydrogen peroxide in corneal
cell lines affect expression levels and localisation of PAX6. This work was
conducted using human embryonic kidney cells (HEK293) as a model cell line due
to its embryonic nature, which enables elevated expression of proteins required for
normal development, and has been shown to endogenously express PXDN (Hanmer
and Mavri-Damelin, 2018). HEK?293 cells are also considered a healthy cell line
that also have high transfectability, which is advantageous for luciferase reporter
assay, as used in our study to investigate gene regulation (Wurm et al., 2004). In
murine cells, it has been shown that FOXC1 is expressed in developing kidney cells
and it is required for kidney organogenesis (Kume et al., 2000), while no studies
have been conducted to date that examined expression levels of PAX6 as well as
PITX2 in kidney cells, we used data obtained from protein atlas database, which
has expression profiles of proteins in various commonly used cell lines and showed

that both proteins are endogenously expressed (www.proteinatlas.org).
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The interaction between the genes that regulate the development of the anterior
segment of the eye is not fully understood, especially PAX6, FOXC1, PITX2
interaction with PXDN, which brings about the primary aim of the current study,
which is to interrogate whether there is any interaction of PAX6, FOXC1 as well
as PITX2 with PXDN.

50



2.2 Methodology
2.2.1 Reagents

General reagents were purchased from Sigma Aldrich (St Louis, Missouri, USA)

unless stated otherwise. The recipes of buffers and solutions used in the experiments

explained below are listed in Appendix C. Antibodies used in this study are listed

in Table 2.1 below and were purchased from Santa Cruz® Biotechnology Inc and
Sigma-Aldrich (indicated by SC- code and HPA- code, respectively). The

application of the methods explained in this chapter were adopted and/or modified

from the studies which investigated the interaction of NRF2 with PXDN (Hanmer
and Mavri-Damelin, 2018) and SNAIi1 with PXDN, from our laboratory (Sitole and

Mavri-Damelin, 2018).

Table 2.1: Antibodies used in immunochemistry techniques in the current

study.

Antibodies

Primary

Secondary

Immunoassay Techniques

PXDN (SC-293408)

Mouse monoclonal 1gG2b «

m-IgGk BP-FITC (SC-516140)

PAX6 (SC-32766)

Mouse monoclonal 1gG: A

m-IgG2. BP-CFL (SC-516192)

FOXC1 (HPA040670)
Rabbit polyclonal

Anti-Rabbit-FITC (SC-2012)

PITX2 (HPA050074)
Rabbit polyclonal

Anti-Rabbit-FITC (SC-2012)

Immunofluorescence

Confocal Microscopy

PXDN (HPA012375)
Rabbit polyclonal

Anti-Rabbit 1gG-HRP (SC-2004)

PAXG6 (SC-32766)

m-IgGA IgG-HRP (SC-516132)

FOXC1 (HPA040670)

Anti-Rabbit 1gG-HRP (SC-2004)

PITX2 (HPA050074)

Anti-Rabbit IgG-HRP (SC-2004)

B-Actin (D6A8/#8457)

Rabbit monoclonal

Anti-Rabbit IgG-HRP (#7074)

Western Blot

Chromatin
Immunoprecipitation Assay

(Primary Antibody only)
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2.2.2 Cell culture

HEK293 were cultured in 10 ml of Dulbecco's Modified Eagle's Medium
(DMEM)/Hams with Glutamax-F12 (Gibco), containing 10% (v/v) fetal bovine
serum (FBS) (Gibco) and 1% (v/v) Pen-Strep (5000 units/mL penicillin and 5000
ug/mL streptomycin) (Gibco) in a 100 mm cell culture dish (NEST®). The cells
were maintained in a humidified incubator with 5% carbon dioxide (CO.) at 37 °C.

HEK293 cells were monitored every 24 hours with medium change when they
reached a confluency of about 70% to 80%. Cells were then sub-cultured by first
discarding the old medium followed by rinsing with 1X phosphate buffered saline
(PBS) (Gibco). The cells were detached by adding 500 ul of 1X PBS and 500 pl of
1X Trypsin-ethylenediaminetetraacetic acid (EDTA) (Gibco) followed by
incubation of the cells at 37 °C for 3 minutes. Trypsin-EDTA was then deactivated
by adding 1 ml of fresh DMEM to the resuspended cells, then cell clumps were
broken via multiple pipetting in the plate with 300 ul of the resuspended cell
mixture aspirated and the remaining volume of cells discarded. The aspirated 300
ul was pipetted into a clean plate, 9.7 ml of fresh DMEM added, then placed into
the incubator for maintenance. For experiments that required specific cellular
densities, a cell count was conducted. With the aid of a haemocytometer, 10 pl of
0.2% (w/v) trypan blue was mixed with 10 pl of resuspended cells for counting and
further calculation of the volume required to seed cells for a specific density. Once
the HEK293 cells were seeded, the culture plate was incubated at 37°C for 24 hours
prior to performing any treatments/experiments unless stated otherwise. DMEM
supplemented with 10% FBS was replaced with serum free medium (SFM) to starve
the cells prior to treatment with FGF-2. HEK?293 cells represented a healthy model
cell line previously shown to endogenously express PXDN protein (Hanmer and
Mavri-Damelin, 2018), as well as the transcription factors of interest (Kume et al.,

2000; www.proteinatlas.org).

Fibroblast growth factor 2 (FGF-2) which is a potent mitogen (Ornitz and Itoh,
2015) was used for treatment of cells with an attempt to determine as to whether
expression levels of our target proteins can be elevated. As shown in section 1.6.5

by Figure 1.11, FGF pathway activation drives expression of transcription factors
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required for normal development as well as maintenance of the eye and further
induces cellular proliferation (Sinn and Wittbrodt, 2013). FGF2 has also been
shown to be required for normal proliferation as well as differentiation of corneal
epithelial cells during eye development (Zhang et al., 2015) and Iris-Lens
regeneration (Hayashi et al., 2004) which require transcription factors PAX6 (Yan
et al., 2014; Nishina et al., 1999; Chanas et al., 2009), FOXC1 (Wang et al., 2001;
Sowden, 2007) and PITX2 (Gage and Camper, 1997; Hjalt et al., 2000; Sowden,
2007) for normal development of these structures. In a study by Tassi et al., (2001),
a final concentration of 2ng/ml of recombinant FGF-2 was used to treat fibroblast
cells with the addition of heparan sulphate to help prevent FGF-2 degradation and
increase proliferation. In the current study we used the same concentration of 2
ng/ml of FGF-2 without addition of heparan sulphate which was also shown to have
transient effects lasting for 24 hours in the absence of heparan sulphate (Tassi et al.,
2001). The FGF-2 solution was applied to cells with the exact volume depending

on the size of the culture flask.

2.2.3 Immunofluorescence confocal microscopy

To observe the localisation of proteins (PXDN, FOXC1, PAX6 and PITX2) in cells
upon treatment with FGF-2, confocal immunofluorescence (IF) microscopy
technique was utilised. IF microscopy employs the use of target specific primary
antibodies as well as fluorescent tagged secondary antibodies to visualise
localisation and endogenous expression of specific target proteins (Shakes et al.,
2012). Glass coverslips were used for seeding of cells in 6 well plates (120 000
cells/well) with the cells incubated for 24 hours to allow them to attach on to the
coverslips. DMEM supplemented with 10% FBS was replaced with SFM to starve
the cells prior to treatment with FGF-2, as described in the previous (section 2.2.2).
Once the treatment period/incubation was complete, cells were washed for 5
minutes with ice cold 1X PBS then fixed on to the coverslips by adding 3% (v/v)
formaldehyde in 1X PBS at room temperature for approximately 15 minutes while
agitating on a shaker and finally three 5-minute washes were performed in cold 1X
PBS. In order to allow antibodies to permeate membrane of the cells, Triton X-100

0.25% (v/v) in 1X PBS was added to the cells at room temperature for 1 hour with
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gentle agitation on a shaker and washed three times for 5 minutes with 1X PBS. To
reduce non-specificity of antibodies, the coverslips were blocked with Bovine
Serum Albumin (BSA) 0.5% (w/v) at room temperature for 30 minutes followed
by a single wash of 5 minutes in 1X PBS. A primary antibody listed in Table 2.1
(1:200) targeting each of the proteins of interest was diluted in 0.25% (BSA) in 1X
PBS, added into each corresponding well then incubated at 4 °C overnight with
gentle agitation on a shaker. Three 5 minutes washes using 0.5% (w/v) BSA in 1X
PBS were performed prior to addition of secondary antibody corresponding to each
primary antibody (Table 2.1) was diluted in 0.5% (w/v) BSA in 1X PBS then added
to each corresponding well then incubated for 2 hours on a shaker at room
temperature in the dark. In order to avoid photobleaching of the secondary antibody,
all steps after the 2 hours incubation period were performed in the dark. Cells were
washed three times for 5 minutes with 1X PBS followed by nuclei staining with 0.1
pg/ml 4',6-diamidino-2-phenylindole (DAPI) for 5 minutes at room temperature
with gentle agitation on a shaker. Finally, four 5-minute washes were performed in
1X PBS with the coverslips attached onto the slides using Fluoromount aqueous
mounting medium then placed in the dark for 2 hours to allow the Fluoromount to
dry. Cells were visualised with the aid of Carl Zeiss LSM 780 confocal microscope
using the Zen software (2010), with FITC tagged secondary antibody having
excitation of 494 nm and emission of 525 nm, while CFL tagged secondary

antibody had excitation of 650 nm and emission of 670 nm.

2.2.4 Protein quantification and Western blot

The quantification of protein expression was achieved by culturing of cells as
described in section 2.2.2 and employing the western blot technique. Western blot
was used to identify proteins using molecular weight and protein type via gel
electrophoresis (Mahmood and Yang, 2012). The proteins on the electrophoresed
gel were transferred to a nitrocellulose membrane which was followed by
incubation with specific antibody for target protein (Table 2.1). The unbound
antibodies were washed off. The thickness of the band was directly proportional to
the concentration of the target protein (Mahmood and Yang, 2012).
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2.2.4.1 Cell lysate preparation

HEK?293 cells were cultured in 10 cm dishes and treated with 2 ng/ml of FGF-2 for
12, 24 and 48 hours, while a 0-hour untreated control served as a negative control.
The treatment time points were analysed for differences in contrast to the 0-hour
untreated control. The serum medium control which had no FGF-2 but only DMEM
supplemented with 10% FBS was used to assess the effect of FGF-2 in contrast with
FBS serum in expressing proteins of interest. Once incubation period of cells with
FGF-2 was complete, culture medium was discarded with cold 1X PBS used to
wash the cells twice. Cells were scraped from the surface of the plate collected into
1 ml of 1X PBS in a 1.5 ml microcentrifuge tube which was centrifuged at 11 000
rpm for 10 minutes at 4 °C to pellet the cells. The pelleted cells were re-suspended
in 1X radioimmunoprecipitation assay (RIPA) buffer supplemented with 10 uM
Leupeptin as well as 1 mM phenylmethanesulfonylfluoride fluoride (PMSF)
protease inhibitors for lysis after discarding the supernatant. Lysis was achieved by
vortexing the samples for 1 minute to rupture the cells, then placed on an orbital
shaker for 60 minutes with vibration every 5 minutes at 90° angle in a 4 °C walking
fridge. To separate proteins from cellular debris, lysates were centrifuged at 12 500
rpm for 5 minutes at 4 °C. Total protein, which was in the supernatant, was
aliquoted into autoclaved PCR tubes with one used for quantification and the rest

stored at -70 °C for future use.

2.2.4.2 Protein estimation using the Bramhall assay

The normal Bradford assay technique could not be employed due to the high levels
of SDS from the 1X RIPA buffer, which was used to lyse the cells, as it interferes
with one of the ingredients of Bradford reagent, coomassie blue (Bradford, 1976).
Therefore; quantification of total protein from cell lysate resulting from 1X RIPA
buffer was achieved with the aid of a modified version of the Bradford assay
(Bramhall et al., 1969). A container was filled with enough dH20 to fully soak
Whatman™ filter paper (Grade 1) for 20 minutes on a shaker. Then the filter paper
was further incubated in ethanol 95% (v/v), 100% (v/v) and acetone 100% (v/v) for
5 minutes in each solution in the order presented here. The filter paper was then

placed in a safety cabinet to air dry followed by set up of standard curve using a
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stock solution of 1 mg/ml BSA. Different volumes of 1 mg/ml BSA (1 ul, 3 ul, 6
pl, 12 pl, 16 pl and 20 pl) were pipetted across the filter paper separately as well as
2 ul from the cell lysate with unknown protein concentration to create a standard
curve for protein estimation in cell samples. The filter paper was then air dried in a
safety cabinet and to fix as well as to precipitate the proteins on the filter paper,
7.5% (v/v) trichloroacetic acid (TCA) was used to soak the filter paper for 45
minutes with gentle shaking (Link and LaBaer, 2011). The TCA and 1X RIPA
buffer in the samples on the filter paper were removed by briefly rinsing the filter
paper with coomassie blue dye. To stain the proteins, the filter paper was then
soaked in fresh coomassie blue dye for 60 minutes on a shaker followed by removal
of the filter paper from coomassie blue dye into a container filled with a destain
solution to remove the dye on sections without proteins on the filter paper. The
destain step was carried out for 60 minutes on a shaker followed by air-drying of
the paper and each protein sample as well as the standard sample area cut-out.
Bradford tubes were filled with 5 ml of elution buffer with the cut-out samples
individually placed into each tube followed by overnight incubation in the dark. All
eluted samples were pipetted into a 96-well plate by adding 160 ul of each sample
per well. The Multiskan GO microplate reader (ThermoFisher Scientific) was used
to measure the absorbance at 595 nm and readings used to subsequently plot a
standard curve of protein concentration against absorbance using Microsoft Office
Excel 2016, with unknown protein concentrations calculated using the equation

generated from the standard curve.

2.2.4.3 SDS-PAGE

The dual vertical electrophoresis and electroblotting system Mini-PROTEAN®
Tetra Cell and Mini Trans-Blot® Module (Bio-Rad, #1658035) was used to perform
reducing SDS-PAGE. To identify PAX6, FOXC1, ACTB and PITX2, total protein
of 30 pg for PAX6, FOXC1 as well as ACTB and 40 pg for PITX2 was
electrophoresed on either a 10% or 12% separating gel with 5% stacking gel while
PXDN was detected in total protein of 150 pg electrophoresed on 8% separating
gel with 5% stacking gel. Extracted protein lysate was mixed with a 4X protein

loading buffer in a 3:1 ratio with the mixture placed in boiling water for 5 to 7
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minutes to induce protein denaturation. The SDS-PAGE gel and running buffer
were placed in the tank and the boiled samples were briefly vortexed then
centrifuged prior to loading into the gel. The gel was electrophoresed at a constant
voltage of 180V until the dye front had just run-off of the gel into the buffer for
PXDN since it was a big protein. The colour pre-stained protein standard ladder
(New England Biolabs # P7712) was used to measure sizes of proteins of interest

prior to transfer of proteins from gels to nitrocellulose membranes.

2.2.4.4 Electrophoretic Transfer and Antibody Probing

Upon completion of electrophoresis, the SDS-PAGE gel was removed from the
tank and placed in a container with transfer buffer. Using the protein ladder
markers, the sizes that flanked target proteins of interest were excised then placed
into transfer buffer. The remaining gel pieces which were not of interest were placed
in a beaker containing coomassie blue dye (protein staining) for 60 minutes
followed by replacement of the coomassie blue with a destain solution overnight to
assess the quality of the electrophoresis. The gel sizes of interest were placed on to
a nitrocellulose membrane of similar size then sandwiched between fibre pad and
filter paper finally placed into the transfer tank filled with ice cold transfer buffer.
The electrophoretic transfer was carried out at a constant current of 300 mA for 2
hours (PAX6, FOXC1, PITX2 and B-ACTIN) and 3 hours (PXDN) at 4 °C and
upon completion the SDS-PAGE gels were placed into a beaker with coomassie
blue dye for 60 minutes then destained overnight to assess the quality of the transfer.
1X Tris buffered saline with Tween-20 (TBS/T) was used to rinse the nitrocellulose
membranes prior to blocking the membranes in blocking buffer for 60 minutes at
room temperature with gentle shaking. The nitrocellulose membranes were then
individually washed five times for 5 minutes in 1X TBS/T on a shaker at 180 rpm.
Once the washes were completed, the membranes were placed into primary
antibody solutions which were prepared either in 5% (w/v) BSA or fat-free powder
milk diluted in 1X TBS/T then incubated at 4 °C overnight with gentle agitation.
Then the nitrocellulose membranes were washed four times for 5 minutes in cold
1X TBST prior to them being incubated with a corresponding horse radish

peroxidase-conjugated secondary antibody (HRP) diluted in 5% (w/v) fat-free milk
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in 1X TBS/T for 1 h at RT in the dark, with gentle agitation. Nitrocellulose
membranes were washed another four times with cold 1X TBS/T and taken to a
dark room for visualisation. All the antibodies used in the current study were
purchased from Sigma-Aldrich and Santa Cruz biotechnology, as indicated in
Table 2.1.

2.2.4.5 Protein Visualisation and Quantification

Chemiluminescence substrates (WesternBright™ Advansta) A and B were mixed
into a microcentrifuge tube wrapped in foil in a 1:1 ratio, according to
manufacturers’ instructions, then added onto each nitrocellulose membrane for
about 2 minutes to allow the signal to develop between the HRP and
chemiluminescent reagents. The excess substrate was poured off on to a piece of
paper towel with the membranes then covered in a plastic wrap. X-ray films were
used to detect bands by exposing them to the nitrocellulose membranes then
developing using the following solutions in the same order: placing the exposed X-
ray film into a developer solution, rinsed in water, placed into a fixer solution, one
final rinse in water then allowed to air dry. The x-ray film for each protein after
performing biological triplicates (n=3) were scanned and saved as TIF images of
which were uploaded onto Image Studio Lite Software (version 5.2.5) to capture
signal values used to quantify intensity of the developed bands via densitometric

calculations.

2.2.5 Chromatin immunoprecipitation assay

2.2.5.1 Analysis of the PXDN promoter region and ChIP-PCR primer design

The interaction of PAX6, FOXCL1 and PITX2 with the PXDN gene promoter was
determined by employing the technique of chromatin immunoprecipitation (ChlP)
followed by PCR. ChIP is a technique that is used to determine whether a given
protein binds to or is localized to a specific DNA sequence in vivo (Gavrilov et al.,
2009). A bioinformatics analysis of PXDN gene promoter was conducted using
JASPAR software (Mathelier et al., 2016) and CONTRAV3 (Kreft et al., 2017).
The PXDN promoter sequence of 5000 base pairs (bp) from the translation start site
(TSS) was uploaded to both JASPAR and CONTRAV3 to scan for any putative
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binding sites for PAX6, FOXC1 and PITX2. Using default settings on both
databases, putative binding sites with sequences on either the sense or antisense
strand were generated for all three transcription factors of interest (Table 2.2) and
polymerase chain reaction (PCR) primers flanking each potential binding site were

designed.

Table 2.2: Putative binding sites of PAX6, FOXC1 and PITX2 in the PXDN

gene promoter covering 5000 bp upstream of the translation start site (+1).

Transcription Predicted binding site Position From Database
Factor (TF) (Sequence) TSS (bp)
ATGTAGAGCGTGAA | -1802/-1788
PAX6 AACTGGAGTGTGAA | -2277/-2263 JASPAR
AACTGGAGTGTGAA | -2396/-2382
AATGTAAACTG -2782/2771-
AGTGTAAACTG -2211/2200-
FOXC1 TGTGTGAATAG -1654/-1643 JASPAR
TGTGTGAATAG -1537/-1526
TCATTTTCCCA -677/-666
ATAATTTCCTA -506/-495
PITX2 GGATCA -432/-426 JASPAR
TCTAATCTGA -3269/-3279 CONTRAV3

The designed primers amplified regions covering the putative binding sites and
another set was designed to serve as a negative control containing no putative
binding site. In addition, known target genes of PAX6, FOXC1, and PITX2 were
selected from the literature to use as known targets of the transcription factors to
server as positive controls. Table 2.3 shows ChIP-PCR primers for transcription
factor PITX2, PAX6, FOXC1 target: PXDN and known targets Inhibin Subunit
Beta A (INHBA), Wnt Family Member 5A (WNT5A) and Heat Shock Protein
Family A (HSPAG), respectively. The ChIP-PCR primers were designed with the
aid of National centre for biotechnology information (NCBI) primer blast online
bioinformatics tool (Ye et al., 2012). The putative binding sites listed in Table 2.2
as well as few flanking nucleotides were individually loaded onto primer blast to
generated region specific primers to amplify each putative binding sites and these

primers are listed in Table 2.3 below.
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We identified six putative FOXC1 binding sites PXDNFO*C! (A-F), three sites for
PAX6 PXDNPAXe (A-C), only two sites for PITX2 PXDNF'™*2 (A-B) and the
negative control primers amplifying a region with no known putative binding sites
on PXDN gene promoter PXDNNe9&"e pCR primers that flank the multiple cloning
site of the pGL4.10 vector were designed as described above with the aid of Primer
Blast and were used to amplify successfully ligated putative binding sites in

preparation for luciferase assay.
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Table 2.3: ChIP-PCR primers for target and control genes for each putative binding site on PXDN promoter region.

Primer Forward (5'-3") Reverse (5'-3") Annealing Amplicon Size
Temperature (°C)
PXDNFoxc1 A ATGGCATCTGCATCTGGACC AAAGATTCCAGTGGGTCCGC 50 540 bp
PXDNFoxc1B TGGGACCCAAACTCAACCAC CTCACAGTCCAGAAGCCGTT 60 547 bp
PXDNFoxct € GCACCGGTGGAATGTGTAGA GCAGACATCTCTCCTGCAA 50 334 bp
PXDNFoxe1 D TGGACCCACTTCTGTGTGTG CCGGATTCCATTTCTCCTGC 50 111 bp
PXDNFoxc1E TCTGAATCTGGCACCGTCACCCTG | AAAGCCCCTCATTCCTTTTGAGGA 55 476 bp
PXDNFoxcLF CAGACTCCCTTGCTGTGCGCTTTG | AGCTGTGCACATGCGCGAGGCT 58 471 bp
PXDNP&x6 A TGGGACCCAAACTCAACCAC CATCCCAACCTCTCACTCAAG 50 339 bp
PXDNP&6 B ACTGGACCCACTTGAGTGTA CTCACAGTCCAGAAGCCGTT 50 180 bp
PXDNP&x6 ¢ GCACCGGTGGAATGTGTAGA CCGGATTCCATTTCTCCTGC 50 464 bp
PXDNPITX2A | ATGGCATCTGCATCTGGACC AAAGATTCCAGTGGGTCCGC 50 540 bp
PXDNP'™X2B CAGACTCCCTTGCTGTGCGCTTTG | AGCTGTGCACATGCGCGAGGCT 58 471 bp
PXDNNegative GAAGACGGTGGGAACCAGG GCCCCTTCTCTCCACAAACA 50 139 bp
HSPAGBoxCL GTAGGGTGAGTGCCCCTCTT GGGAAAATAGCAGTGCAGGA 50 196 bp
HSPAGBM*l" CCCAAAGGCTTTCAGAAGCAGA CATTGTAAGTCTCAATCCTCTCCTC 50 189 bp
WNT5AP** | GACACAATTTGGGGCTGACT ACAGACACACACCCCAACAC 50 145 bp
WNT5AP>6 AGCCAGCACAAGGAGGAATC TACGGCCCACCCATTCATTC 50 308 bp
INHBAP®™2* GGCTTATGTGTGGGAAAGAA ACCAGTGCATTCATAGACAG 50 265 bp
INHBAP™?- TGTTTGCTCTAGGAGAAAGGC CAATGTTCCTCTTGGGCAACC 50 301 bp
pGL4.10 CTAGCAAAATAGGCTGTCCC TTCATGGCTTTGTGCAGCT 60 243 bp
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2.2.5.2 Phenol-Chloroform gDNA extraction and optimisation of primers

The DNA used for primer optimisation was extracted using Phenol Chloroform
method (Green and Sambrook, 2017). HEK293 cells were cultured in 10 cm dishes
with the medium aspirated then cells washed three times with 10 ml of ice cold 1X
PBS followed by scraping of the cells into 1 ml of 1X PBS. The scrapped cells were
collected into a microcentrifuge tube and centrifuged for 5 minutes at 4 °C at 5000
rpm. The 1X PBS was removed with the pellet resuspended in 50 pl of cold 1X
PBS and 450 pl of lysis buffer which was supplemented with 1 ul RNase A
(ThermoFisher Scientific) from stock concentration of 20 pg/ml followed by 60
minutes incubation at 37 °C. Protein digestion and removal was achieved by
addition 2.37 pl of Proteinase K (ThermoFisher Scientific) from stock
concentration of 21.2 mg/ml incubated for 2 hours at 50 °C followed by gentle
agitation of the sample every 20 minutes. Phenol (Buffered), Chloroform and 2-
Propanol were mixed at a ratio of 25:24:1 respectively, with phenol (half the total
volume of the lysate) added to the sample and briefly vortexed. This was
subsequently followed by addition of chloroform:2-propanol (24:1) to make up the
remaining half of the total volume of the total lysate. The mixture was briefly
vortexed and centrifuged for 25 minutes at 13 000 rpm at room temperature. The
supernatant (upper aqueous phase) was transferred into a new microcentrifuge tube
and Phenol:Chloroform:2-propanol in equal volume of the supernatant was added
to the upper aqueous phase then vortexed briefly finally centrifuged at room
temperature for 25 minutes at 13 000 rpm. The new upper aqueous phase was
transferred into a new microcentrifuge tube and an equal amount of Chloroform:2-
Propanol without Phenol was added then centrifuged for 25 minutes at 13 000 rpm
at 4 °C with this step repeated once in a new microcentrifuge tube. The final
aqueous phase was transferred into a new microcentrifuge tube with 3M sodium
acetate (1/10™) and 100% ethanol (v/v) (2 volumes) added to the tube followed by
overnight incubation at -20 °C. The sample was then centrifuged at 13 000 rpm at
4 °C to collect the DNA, then the pellet was washed three times for 5 minutes with
70% ethanol (v/v) at 13 000 rpm. The excess DNA was discarded with the DNA
pellet air dried then resuspended 50 ul of 10 mM Tris-HCI buffer pH 7.8 and finally
quantified with NanoDrop one spectrophotometer (ThermoFisher Scientific) then
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stored at -20 °C. The DNA was then diluted into a working concentration for use in
optimisation of the PCR primers listed in Table 2.3 in order to obtain optimum

annealing temperature for each primer set.

2.2.5.3 ChIP protocol

ChIP was performed on HEK293 cells which were cultured in 10 cm dishes until
the confluency reached 70% with the DMEM medium aspirated and fresh serum
free DMEM added to the plates overnight to starve the cells. Using data from
confocal microscopy and western blot analysis, a single time point which showed
elevated expression levels of each protein, or clear nuclear localisation, was
selected. The cells were treated with 2 ng/ml of FGF-2 for the selected time points.
Once treatment was complete, serum free medium was aspirated and fresh DMEM
with 10% FBS (v/v) as well as 1% (v/v) formaldehyde were added to each plate to
cross link protein-DNA interaction for 10 minutes with gentle agitation at room
temperature. This was followed by addition of 125 mM glycine to the plates for 5
minutes to quench the proteins which were now crosslinked to DNA. The mixture
of DMEM, formaldehyde and glycine solution was discarded from the plates with
the cells washed for 5 minutes three times with 1X PBS. The cells were scrapped
in 1 ml cold 1X PBS into 1.5 ml microcentrifuge tube then centrifuged for 5 minutes
at4 °C and 5 000 rpm to collect cell pellet. Each cell pellet was resuspended in 300
ul of 1X RIPA lyses buffer supplemented with 1.25 ul of 0.1M PMSF as well as
0.5 pl of 10 mM Leupeptin protease inhibitors then vortexed to lyse the cells. The
samples were sonicated using Qsonica (Q125) probe sonicator at 60% amplitude
with 15 seconds on and 30 seconds off with cooling on ice for a total of 25 minutes
per sample. Samples were then centrifuged at 10 000 rpm for 10 minutes at 4 °C to
collect cellular debris and the supernatant transferred into a new microcentrifuge
tube. To ensure that fragmented DNA was within the 1000 bp range, 5 pl of the
sonicated DNA was loaded then resolved on 1.5% (wi/v) agarose gel at 100 V for
45 minutes. 50 pl of the sonicated DNA was set aside to use as input control DNA
after extraction. ChIP dilution buffer (900 pl) supplemented with 10 mM Leupeptin
and 0.1M PMSF was added to 100 pl of sonication lysate in a 1:10 dilution for each

protein of interest and a no antibody control tube. In each tube, 5 pl of antibody
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specific to each protein of interest was added to the corresponding tube except in
the no antibody control tube. The tubes were placed on a rotator for 4 hours in a 4
°C Walk-In fridge, which was followed by addition of 20 ul protein A/G beads (sc-
2003) to each tube then returned to the rotator for overnight incubation at 4 °C. The
following washes were performed in a walk-In fridge at 4 °C on a rotator. The tubes
were centrifuged at 5 000 rpm for 1 minute with the supernatant discarded and the
protein A/G beads (bound to Antibody-protein-DNA) resuspended in 1 ml of ChIP
wash buffer. The beads were washed three times at 20 rpm for 1 minute followed
by 1 minute centrifugation to remove the ChIP wash buffer. The above step was
repeated once with 1 ml of ChIP final wash buffer with the sample then kept on ice
after discarding the wash buffer. In each tube, 120 pl of ChIP elution buffer (pre-
warmed) was added then incubated at 65 °C in a water bath for 1 hour with the
tubes briefly vortexed/flicked every 15 minutes to reverse the protein-DNA
crosslinks. The tubes were then centrifuged for 1 minute at 5 000 rpm with the
supernatant transferred into a new microcentrifuge tube for purification with the aid
of GeneJET PCR Purification Kit/Zymogen DNA clean and concentrator kit and
the clean DNA was eluted in 50 pl 10 mM Tris-HCI pH 7.8 then used in ChIP PCR.

2.2.5.4 ChIP-PCR

The PCR primers in Table 2.3 were used to amplify across the putative binding
sites from the clean sonicated DNA. The PCR reaction was optimised and each of
the required components were prepared as follows: KAPA Taq Ready Mix with dye
12.5 pl, 0.6 pul for reverse as well as forward primers, 8.4 ul of clean ChIP DNA
with nuclease free water added to top up the PCR reaction mix to a total of 25 pl.
The PCR products generated from GeneAmp® PCR system 2700 were loaded
directly (KAPA Taqg has preloaded loading dye) on to 50 ml 1.5% (w/v) agarose gel
stained with 1 ul of 10 mg/ml ethidium bromide stock and resolved at 100 V for 45
minutes in 1X TAE buffer. MassRuler low range DNA ladder (ThermoFisher
Scientific) was used as molecular weight marker and the Bio-Rad Gel Doc XR
system as well as Image Lab software version 6.0 (Bio-Rad) used to visualise PCR

bands and capture images.
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2.2.6 Luciferase reporter assay

Due to time constraints the project had to be submitted with the last objective for
luciferase assay in progress. The Appendix F contains methods employed in

preparation of luciferase assay as well as partial results obtained thus far.

The ability of PAX6 to drive PXDN expression from the PXDN promoter was
determined using luciferase reporter assays. Only oligonucleotides for PAX6
transcription factor as well as the know target control gene WNT5A were designed
due to time constraints resulting from delays experienced due to COVID-19
pandemic. The reasons for selection of PAX6 out of the three initially chosen
transcription factors are stated in section 2.1.2 above with PAX6 selected due to its
ability to regulate FOXCL1 and PITX2. The principle of luciferase reporter assay
involves cloning of a reporter gene with a DNA sequence of interest into an
expression vector that is then transfected into cells. Following transfection, the cells
were assayed for the presence of the reporter by directly measuring the reporter
protein itself or the enzymatic activity of the reporter protein (Allard and Kopish,
2008). The current study used Dual-Glo reagent (Promega) to conduct luciferase
reporter assays with the enzymatic activity within transfected cells generating light,
of which its intensity was directly proportional to the expression levels of the firefly

luciferase enzyme translated in the transfected cells from the reporter gene.
2.2.6.1 Vector constructs preparation for luciferase

To create vectors containing the putative binding sites, we designed oligonucleotide
sequences, as in Table 2.4 below. This included the design of two negative control
region (no PAX6 binding site) on PXDN as well as WNT5A gene promoter region.
In addition, oligonucleotides sequences, in which conserved nucleotides from the

putative binding sequences were mutated, served as controls.

Oligonucleotide sequences for each putative binding site and negative control (with
no putative binding site) were modified with recognition sites sequences for
restriction enzymes (RE) Kpnl (5° -end) as well as EcoRV (3’ -end), for directional

cloning. The modified oligonucleotide sequences (both forward and
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complementary reverse sequences) were ordered from Ingaba biotech with the
lyophilised oligonucleotides resuspended in oligonucleotide annealing buffer
(Appendix C). The complementary sequences for each putative binding site were
mixed together in equimolar concentrations of 2 pg in 50 ul annealing buffer. The
50 pl reaction of mixed oligos (i.e., forward and reverse sequences) was prepared
in a PCR tube which was incubated in a thermocycler at 95 °C for 5 minutes
followed by gradual cooling over 45 minutes at 25 °C. The mixed oligos were then
quantified using NanoDrop™ One (ThermoFisher Scientific) by first adding 5 pl
of annealed oligos to 45 pl of nuclease-free water with the concentrations recorded.
A double digest restriction was used for both the oligonucleotides and pGL4.10 as
follows (Figure 2.1): The RE mixture comprised of 1 pul of Kpnl and EcoRV (New
England Biolabs), 5 ul of r2.1 10X buffer (New England Biolabs), DNA (Annealed
oligos/pGL4.10) and nuclease free water up-to 50 pl volume. The mixture was
incubated at 37 °C for 25 minutes followed by heat inactivation at 80 °C for 20
minutes. The restricted DNA was cleaned using the Zymo Research DNA clean-up
and concentrator kit, according to manufacturers’ instructions. Then the restricted
oligo DNA and restricted pGL4.10 vector was used for ligation to generate vector
constructs. T4 Ligase enzyme (New England Biolabs) was used to ligate 50 ng
pGL4.10 vector DNA in a 3:1 ratio to the insert DNA which was then incubated at

16 °C for 18 hours followed by heat inactivation at 65 °C for 10 minutes.
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Figure 2.1: The multiple cloning site (MCS) of pGL4.10 vector prior to
restriction digest. Kpnl (blue) RE was used to generate sticky ends while ECORV

(red) was used to produce blunt end in a double digest reaction mix.
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Table 2.4: Wild type and mutant oligonucleotide sequences for putative
binding sites for PAX6 and WNT5A.

Sequence | Name Oligonucleotides sequences of putative binding site
Wild type PAX6 A F =5-GGTACCAGAGATGGC CTGCAGATATC-3'
R =5-GATATCTGCAGTTCACACTCCAGTTGCCATCTCTGGTACC-3'
PAX6 B = 5-GGTACCAGAGATGGCHABICEACIGIEAAC TGGAGATATC-3'
R =5-GATATCTCCAGTTCACACTCCAGTTGCCATCTCTGGTACC-3'
PAX6 C F =5-GGTACCAGAGAGCAC CTGGAGATATC-3'
R =5-GATATCTCCAGTTCACGCTCTACATGTGCTCTCTGGTACC-3'
Mutant PAX6 A F =5-GGTACCAGAGATGGC CTGCAGATATC-3'
R =5-GATATCTGCAGTTGGTTCTGCACTTGCCATCTCTGGTACC-3'
PAX6 B F =5-GGTACCAGAGATGGC CTGCAGATATC-3'
R =5-GATATCTGCAGTTGGTTCTGCACTTGCCATCTCTGGTACC-3'
PAX6 C F =5-GGTACCAGAGAGCAC CTGGAGATATC-3
R =5-GATATCTCCAGTTCATTCTGCACCTGTGCTCTCTGGTACC-3'
Negative PXDNPAX® F =5-GGTACCGAGGGGTGCACAGAGGGAGCCACCCAACGATATC-3
R =5-GATATCGTTGGGTGGCTCCCTCTGTGCACCCCTCGGTACC-3'
Wild type WNTB5APAXS* | F = 5" GGTACCAAAAAGCCA TTCTGGATATC-3'
R =5-GATATCCAGAACAATCAGGCGCGCATGGCTTTTTGGTACC-3'
Mutant WNTB5APAX* | F = 5-GGTACCAAAAAGCCA TTCTGGATATC-3'
R =5-GATATCCAGAAGTAGCCCTTCCGCTTGGCTTTTTGGTACC-3'
Negative WNT5APAX6- | F = 5-GGTACCGAGCTAAGAGGCCACAGGCCTAACGACAGATATC-3'
R =5-GATATCTGTCGTTAGGCCTGTGGCCTCTTAGCTCGGTACC-3'

F=Forward; R= Reverse; Red highlight= Putative binding site sequence; Bold= conserved mutated nucleotides.

2.2.6.2 Competent E. coli cells preparation

Competent cells (JM109 E. coli) required for transformation were prepared by
inoculating E. coli in a falcon tube with 2% (w/v) LB broth and placed on a shaker
in a 37 °C incubator overnight. Fresh 50 ml of 2% (w/v) LB broth was prepared
with 0.5 ml of the previously overnight grown E. coli added then incubated at 37
°C with shaking for approximately 2 hours or till the absorbance at 600 nm is
between 0.4 to 0.6 (arbitrary units) with the LB broth (without E. coli) used as a
blank sample. E. coli was centrifuged at 5000 rpm for 10 minutes at 4 °C to collect
the cells. The supernatant was discarded and the cells placed on ice then
resuspended in 10 ml ice cold 0.1 M MgCl> and incubated for 30 minutes on ice.
The cells were collected via centrifugation at 4 for 10 minutes at 4000 rpm with the
supernatant discarded and the cells resuspended in 1 ml ice cold 0.1 M CaCl2
supplemented with 15% (v/v) glycerol. The cells were aliquoted into 50 pl pre-

chilled 1.5 ml microcentrifuge tubes and stored at -80 °C. This protocol was
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modified from Chang et al., (2013) with both CaCl, and MgCl. used in the current
study.

2.2.6.3 Transformation and Colony PCR

Transformation of competent E. coli was achieved by thawing a vial of 50 pl aliquot
on ice followed by addition of 5 pl of ligation mixture then incubated on ice for 30
minutes. The sample was transferred to a water bath for heat shock at 37 °C for 5
minutes which was followed by a 5 minutes incubation on ice and finally addition
0f 950 ul of pre-warmed 2% (w/v) LB broth then incubated for 1 hour at 37 °C with
shaking to perform an outgrowth step which enables the bacteria to develop
antibiotic resistance. The bacteria were then spread on LB agar plates supplemented
with ampicillin (100 pg/ml) followed by incubation at 37 °C for 24 to 48 hours

depending on the rate of growth of single colonies.

Colony PCR was employed in order to detect the colonies which had the insert of
interest. Individual colonies were picked from the LB agar plate using a sterile P10
tip and resuspended in pre-warmed 50 ul of 2% LB broth then incubated for 1 hour
with shaking at 37 °C to enable bacterial growth. The samples were then placed on
ice to stop bacterial growth with 8 pl used as DNA for a PCR reaction mix
comprising of 12.5 ul KappaTaq ReadyMix, 1 pl of pGL4.10 forward as well as
reverse primers and topped up to a total of 25 pul with nuclease free water. The PCR
products were then resolved on a 1.5% (w/v) agarose gel at 100 V for 45 minutes.
Since the pGL4.10 primers amplify across the multiple cloning sites of the vector,
the colonies which produced an expected size bigger (252 bp) than that of the
control (243 bp) were prepared for alkaline lysis extraction. The resulting volume
of 42 pl of the samples with the insert were added into a falcon tube with 5 ml of
fresh 2% LB broth supplemented with (100 pg/ml) ampicillin followed by

overnight incubation at 37 °C with shaking.

2.2.6.4 Alkaline Lysis

The 5 ml of successfully transformed bacteria was prepared for alkaline lysis with

1 ml added into a 1.5 ml microcentrifuge tube containing 250 ul of autoclaved

68



glycerol then stored at -80 °C. The remaining 4 ml of successfully transformed E.
coli was centrifuged at 12000 rpms for 60 seconds at 4 °C to pellet the cells and the
supernatant discarded. The pellet was resuspended in 150 ul of alkaline lysis
solution | followed by vortexing briefly and addition of 200 pl of alkaline lysis
solution 11 with the tube inverted 5-6 times. Alkaline lysis solution 111 was added to
the tube (300 pl) then mixed by inverting the tube 5 to 6 times followed by
centrifugation at 14000 rpm for 5 minutes with the supernatant transferred into a
clean 1.5 ml microcentrifuge tube. Isopropanol was added to the supernatant in
equal volume (1:1 ratio) with the tube inverted to mix the solution followed by 30
minutes incubation at -80 °C. The sample was then centrifuged for 5 minutes at
14 000 rpm with the supernatant discarded and 600 ul of 70% (v/v) ethanol added
to the DNA pellet to precipitate then centrifugation repeated at 14000 rpm for 5
minutes. The supernatant was discarded with the DNA pellet air-dried for 10-30
minutes followed by resuspension with 50 pl of 10 mM Tris-HCI at pH 7.8 then
stored at -20 °C after quantification with Nanodrop™ One (ThermoFisher
Scientific). Sanger sequencing (carried out by Ingaba Biotech) was performed on
all the successfully ligated recombinant DNA using the pGL4.10 primers to confirm
presence and sequence of the insert of interest as well as the orientation prior to use
of the transformed pGL4.10 vectors in luciferase reporter assay.

2.2.6.5 Luciferase reporter assay

HEK293 cells can endogenously express PAX6, FOXC1, PITX2 and PXDN
proteins and have a high transfectability rate. In 200 ul SFM (DMEM), HEK293
cells with the density of 0.5— 1.2 x 10* were seeded per well followed by incubation
at 37°C with 5% CO for 24 hours. The cells were further treated with 2 ng/ml FGF-
2 for 24 hours. The transfection of DNA constructs (pGL4.10 plasmid) into
HEK?293 cells was setup by preparing 20 pl transfection reaction which comprised
0f 0.2 pug DNA construct diluted in 20 pl serum free medium. This was followed by
addition of 2 ul of Turbofect transfection reagent (ThermoFisher Scientific) to the
DNA-Serum free medium solution vortexed briefly and finally incubated for 30
minutes at room temperature. The transfection reagent-DNA mix was added into

each well (20 pl) in a dropwise manner without discarding the initial 200 pl serum
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free medium in each well followed by incubation of the cells at 37°C for 24 hours.
Once transfection was completed, luciferase assay was performed by addition of
Dual-Glo luciferase reporter assay reagent (Promega) as outlined in the assay
protocol as per manufacture’s instruction and luciferase reporter gene expression
emitted in a form of light was measured with the aid of VICTOR Nivo® multimode
plate reader (PerkinElmer®).

2.2.7 Statistical analysis

In this chapter, all results were representative of three independent experiments.
Analyses of data and comparisons was done using paired Student’s t-test where

relevant; a P< 0.05 will be considered significant.
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2.3 Results
2.3.1 Expression of PXDN, PAX6, FOXC1 and PITX2 in response to FGF-2

The three potential regulators of PXDN were observed for localisation using
immunofluorescence microscopy upon treatment with 2 ng/ml of recombinant
FGF-2 in HEK293 cells as depicted by the figures below. FITC (Green) and CFL
(Red) conjugated secondary antibodies were used to target proteins of interest while
the nucleus was counter-stained with DAPI (Blue). PXDN protein showed
localisation in the ECM with the expression levels increasing from untreated (O
hours control) to 12 hours treatment with expression levels decreasing after 24- and
48-hours treatment time points. The serum medium control which had no FGF-2
treatment showed low expression levels of PXDN (Figure 2.2).
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Figure 2.2: PXDN localisation in response to 2 ng/ml FGF-2 observed with the
aid of Immunofluorescence confocal microscopy in HEK293 cells. PXDN is
localised in the ECM and the nuclei was stained blue with DAPI. Increase in
fluorescence of green shows elevated expression while a decrease in fluorescence
indicates low expression levels across the different treatment time points (63X

magnification; scale bar = 10um).

The transcription factor FOXC1 (Figure 2.3) was found to be localised in the
nucleus and varying expression patterns were observed across the selected time
points with 12- and 48-hours treatment with FGF-2 showing elevated expression as
the green FITC fluorescence is intensified, while the untreated 0-hour control as
well as 24-hour time points showed lower levels of FOXCL1 protein in contrast.
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Figure 2.3: FOXC1 localisation in response to 2 ng/ml FGF-2 observed with
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the aid of Immunofluorescence confocal microscopy in HEK293 cells. FOXC1
localised in the nucleus and shown by FITC (green) secondary antibody while the

nuclei were stained blue with DAPI (63X magnification; scale bar = 10um).

PAX6 expression levels in HEK293 cell line (Figure 2.4) showed localisation in
the nucleus with a constant expression level or similar expression pattern in both
the presence of FGF-2 (for 12, 24 and 48 hours) as well as in its absence (0-hour
control). Also, the no primary control showed specific fluorescence within the
nucleus which is non-specific autofluorescence since no primary antibody was
added therefore leading to no interaction with the secondary antibody.
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Figure 2.4: PAXG6 localisation in response to 2 ng/ml FGF-2 observed with the
aid of Immunofluorescence confocal microscopy in HEK293 cells. PAX6
showed nuclear localisation and shown by CFL (Red) secondary antibody while the
nuclei were stained blue with DAPI (63X magnification; scale bar = 10um).
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PITX2 likewise was localised in the nucleus (Figure 2.5) with the no primary
control showing scattered non-specific minimal fluorescence while the untreated 0O-
hour control showed presence of the protein with the fluorescence decreased in 12
hours’ time point then was increased in 24 as well as 48 hours’ time points.
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Figure 2.5: PITX2 localisation in response to 2 ng/ml FGF-2 observed with the
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aid of Immunofluorescence confocal microscopy in HEK293 cells. PITX2
localised in the nucleus and shown by FITC (green) secondary antibody while the

nuclei were stained blue with DAPI (63X magnification; scale bar = 10um).
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2.3.2 Quantification of PXDN, PAX6, FOXC1 and PITX2 proteins in response
to FGF-2

The effect of FGF-2 on PXDN (165 kDa), PAX6 (47 kDa), FOXC1 (75 kDa) and
PITX2 (32 kDa) protein expression in HEK293 cells was quantified with the aid of
western blot technique. Quantification of each protein was replicated three times
with the signal readings of densitometry averaged and normalised with ACTB (43
kDa). The treatment time points (FGF2 + SFM) as well as the serum medium only
control were analysed for significance in expression levels in comparison with the
untreated O hours control to assess the effect of FGF2. PXDN expression levels
showed an increase 414 + 112%in PXDN at 12 hours FGF-2 treatment, relative to
the 0-hour time point, with PXDN levels reducing to 185 + 48% at 24 hours and
171 £ 86% at 48-hours. The serum medium control showed an increase of 190 *
37%, relative to the control (Figure 2.6). The expression pattern of PXDN as
indicated by western blot data was similar to the immunofluorescence confocal

microscopy data as depicted by (Figure 2.2).
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Figure 2.6: Western blot analysis of the effect of 2 ng/ml FGF-2 on protein
expression of PXDN. PXDN was detected in all treatment time points with 12
hours’ time point showing highest expression levels and a reduced expression
through 24 and 48 hours. (n = 3, mean &= SD), P < 0.05 = *..
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Expression patterns of FOXC1 showed varying protein levels with a steady gradual
increase of 154 + 15%, 153 + 17%, 166 + 5% and 128 + 11% for 12, 24, 48 hours
and serum medium control respectively (Figure 2.7). The results partially match
the data from confocal microscopy with 12- and 48-hours treatment time points

showing highest expression levels of FOXC1.
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Figure 2.7: Western blot analysis of the effect of 2 ng/ml FGF-2 on protein
expression of FOXC1. FOXC1 was detected in all treatment time points with a
gradual increase in expression peaking at 48 hours followed by reduced expression

in serum medium control. (n = 3, mean £ SD), P <0.05 =*, P <0.01 = **,

The FGF-2 effect on PAX6 expression levels in HEK293 cells displayed reduced
levels of PAX6 as the untreated 0-hour control sample showed highest expression
levels while the protein levels reduced upon treatment with FGF-2 by 71 + 7% for
12 hours, 74 + 7% for 24 hours, 63 + 12% for 48 hours and 87 + 42 for serum
medium control with minimal fluctuation between the treatment time points
(Figure 2.8). The PAX6 expression levels quantified with western blot indicated
different expression patterns from those observed in confocal microscopy which
showed similar expression pattern between the controls and all the treatment time

points (Figure 2.4).
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Figure 2.8: Western blot analysis of the effect of 2 ng/ml FGF-2 on protein
expression of PAX6. PAX6 was detected in all treatment time points with a gradual
decrease in expression across all time points followed by increased expression in

serum medium control. (n = 3, mean £+ SD), P <0.05 = *,

PITX2 expression was activated by FGF-2 as little to no PITX2 protein was
detected in the untreated 0-hour control sample, while all the treatment time points
showed a gradual increase in PITX2 by 0 + 17% for 12 hours, 0 + 22% for 24 hours,
0 = 120% for 48 hours as well as 0 £ 51% for serum medium control (Figure 2.9).
The highest expression was observed after 48 hours’ time point. This observation
was not consistent with the confocal microscopy data as PITX2 was detected in the
0-hour control with reduced expression levels observed after 12 hours of treatment
with FGF-2 (Figure 2.5). PITX2 levels further increased after 24- & 48-hours
treatment time points which was similar to the quantification data generated via

western blot technique.
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Figure 2.9: Western blot analysis of the effect of 2 ng/ml FGF-2 on protein
expression of PITX2. PITX2 was only detected in 12, 24, 48 hours treatment time
points which showed a gradual increase in expression and serum medium control
showed reduced levels, while the untreated O hours control showed little to no
expression of PITX2. (n=3, mean + SD), P <0.05=*,P <0.01 = **,

ACTB (Figure 2.10) protein was used as loading control for normalisation during
quantification of PXDN, PAX6, FOXC1 and PITX2 through densitometric
calculations.

0 12 24 48 SM
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Figure 2.10: Western blot analysis of the effect of 2 ng/ml FGF-2 on protein
expression of ACTB. No significant difference in expression levels of ACTB were
observed across all treatment time points as expected.

77



2.3.3 PAX6, FOXC1 and PITX2 interaction with PXDN promoter

ChIP-PCR was employed in order to detect as to whether PAX6, FOXC1 and
PITX2 had any interaction with PXDN gene promoter. A DNA sequence fragment
of about 5000 bp upstream PXDN promoter was uploaded onto JASPAR and
CONTRAV3 to detect as to whether any putative binding sites for PAX6, FOXC1
and PITX2 existed. Three putative binding sites were detected for PAX6, two for
PITX2 and six for FOXC1. Confocal microscopy and western blot data was utilised
in selection of treatment time points that showed elevated expression levels of
PXDN, FOXC1, PAX6 and PITX2. HEK293 cells were seeded and treated with
2ng/ml FGF-2 for 12 hours for FOXC1 and 24 hours for PAX6 and PITX2,
followed by harvesting of the cells for preparation for ChIP-PCR using an antibody
specific for each transcription factor as well as ChIP-PCR primers as detailed in
section 2.2.5.4 above. The cell lysate was sonicated and resolved on 1.5% (wi/v)
agarose gel with the expected fragment sizes of 200 — 1000 bps observed as shown
by (Figure 2.11).

500 bp

Figure 2.11: Sonicated DNA used for ChIP-PCR of PAX6, FOXC1 and PITX2
to interrogate their interaction with PXDN gene promoter. (A) Harvested DNA
from each treatment time-point was crosslinked, quenched followed by sonication
to generate fragments between 200 to 1000 bps which were resolved on 1.5% (w/v)

agarose gel.
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Four experimental controls were used for each ChIP-PCR run which included two
positive controls namely, gDNA control for specificity of ChIP-PCR primers as
well as an Input control which comprised of DNA from the sonicated chromatin
prior to immunoprecipitation. Two negative controls comprised of no antibody
control which comprised of sonicated DNA as well as agarose beads without the
antibody and a non-template PCR control. The no antibody control provided the
efficiency and specificity of the protein AG beads towards the primary antibody.
ChIP-PCR showed that all putative binding sites for all three transcription factors
(FOXC1, PITX2 and PAX®6) do interact with the PXDN gene promoter region.

Transcription factor FOXC1 showed interaction with the PXDN gene promoter at
all six (A to F) putative binding sites, as seen by clear bands after PCR while the
region without FOXC1 binding site (N) showed no bands in both treated as well as
untreated samples as expected (Figure 2.12). Putative binding site B showed no
interaction of FOXC1 with PXDN gene in the untreated sample (Lane 2) while after
treatment with FGF-2 for 12 hours FOXCL1 showed a clear interaction with PXDN
gene with a band present (Lane 3). The untreated (Lane 2) and treated (Lane 3)
showed interaction of FOXC1 with PXDN promoter and controls such as input
(Lane 4), no antibody (Lane 5), no template (Lane 6) and genomic DNA (Lane 7)
confirming the specificity of the ChIP-PCR experiment as they produced expected
band sizes or no bands. Heat shock protein family A (HSPA6) was selected as a
positive control since it was a known FOXC1 downstream target (Ito et al., 2014).
FOXC1 showed interaction with HSPA6 gene promoter as both untreated and
treated samples had clear expected band sizes while the control region without any
known binding site for FOXC1 on HSPA6 gene promoter showed a faint band in
the untreated sample (Lane 2) and a bright band in the treated sample (Lane 3)

which was unexpected (Figure 2.12)
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Figure 2.12: FOXC1 interaction with PXDN gene promoter. Bioinformatics
analysis yielded six (A-F) putative binding sites for FOXC1 on PXDN promoter
which all showed interaction with PXDN, while the negative control (N) showed
no bands as expected. FOXC1 also showed interaction with HSPA6 which is a
known FOXCL1 target, while the negative control region also showed faint bands

which was unexpected.

Three putative sites for PAX6 were identified in the PXDN gene promoter. All three
putative PAX6 binding sites on PXDN gene promoter showed bright bands of
expected sizes in the untreated as well as treated samples (Figure 2.13). The
negative control region (N) with no known PAX6 binding site did not show any
bands except for the input DNA (Lane 4) and genomic DNA (Lane 7) controls as
expected. Wnt Family Member 5A (WNT5A) gene is a known target of PAX6 and
was used as a control gene (Hu et al., 2016). ChIP-PCR revealed the interaction of
PAX6 with WNT5A gene promoter as clear bright bands were observed in both the

untreated as well as treated samples. Faint bands were observed in both treated as
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well as untreated samples in the negative control region without any known PAX6
binding sites on WNT5A promoter.
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Figure 2.13: PAX6 interaction with PXDN gene promoter. Bioinformatics
analysis yielded three (A-C) putative binding sites of PAX6 on PXDN promoter
which all showed interaction with PXDN, while the negative control (N) showed
no bands as expected. PAX6 also showed interaction with WNT5A which is a
known PAX6 target, while the negative control region also showed faint bands

which was unexpected.

JASPAR and CONTRAV3 bioinformatics tools indicated two putative PITX2
binding sites on PXDN gene promoter (Figure 2.14) of which ChIP-PCR showed
that both putative binding sites interact with PXDN gene promoter. Putative binding
site A produced two faint bands of expected sizes in both the untreated as well as
treated samples, while only in the treated sample a bright band of expected size was
visualised for putative binding site B. The control region within PXDN gene

promoter without any known PITX2 binding site (N) produced no bands except for
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the input (Lane 4) as well as genomic DNA (Lane 7) controls as expected. The
known downstream target of PITX2, Inhibin subunit beta A (INHBA) gene was
selected to serve as a control gene (Basu et al., 2015). ChIP-PCR revealed that
PITX2 does interact with INHBA gene as clear bands of expected sizes were
observed in both the untreated as well as treated samples, while unexpectedly the
negative control region with no PITX2 binding site showed bands in both the
untreated and treated samples (Figure 2.14).
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Figure 2.14: PITX2 interaction with PXDN gene promoter. Bioinformatics analysis
yielded two (A-B) putative binding sites for PITX2 on PXDN promoter which all showed
interaction with PXDN, while the negative control (N) showed no bands as expected.
PITX2 also showed interaction with INHBA which is a known PITX2 target, while the

negative control region also showed faint bands which was unexpected.
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2.3.4 PAX6-PXDN luciferase reporter gene assay

Due to time constraints resulting from COVID-19, the section of luciferase assay
was only conducted on PAX6 transcription factor given its supported role in the
involvement of eye development as well as being known to regulate expression
levels of both FOXC1 and PITX2 transcription factors which like PXDN are key
players in development of the anterior segment of the eye (Graw, 2003; Berry et al.,
2006; Takamiya et al., 2020).

Oligonucleotide sequences for PAX6 (Table 2.1) gene were successfully designed
and cloned into competent E.coli bacteria as outline above in Section 2.2.6. The
vector constructs were submitted for sanger sequencing (Ingaba Biotechnical
Industries, Pretoria, RSA) to confirm as to whether the oligonucleotides were
successfully ligated into a pGL4.10 vector (Figure 2.1) as well as confirmation of
the insert orientation. Sanger sequencing was successful (Figure 2.15) as all

oligonucleotide’s sequences were confirmed to be ligated into pGL4.10 vector.

At the submission of this thesis, optimisation of transfection efficiency of the
recombinant pGL4.10 vectors into HEK293 cells was concluded and therefore we
will be moving on to the next stage of employing luciferase reporter gene assay to
assess as to whether upon binding on to PXDN promoter does PAX6 upregulate or

down regulate PXDN expression.
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oligos were restricted with Kpnl as well as ECORV restriction enzymes, then ligated

into a restricted pGL4.10 vectors which were submitted for sequencing post colony

PCR.
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2.4 Discussion

PXDN belongs to the haem containing cyclooxygenase peroxidase family and in
humans, PXDN is predominantly expressed in the cardiovascular system by
cardiomyocytes (Cheng et al., 2008; Zhang et al., 2012; Ma et al., 2013) and in the
developing eye, more specifically in the layers of lens and corneal epithelium
(Homma et al., 2009; Khan et al., 2011; Lazar et al., 2015). PXDN has been
implicated in the progression and pathogenesis of various diseases, most notably
those affecting the cardiovascular system (; Cheng et al., 2008; Zhang et al., 2012;
Ma et al., 2013), cancer (Desmond et al., 2007; Tauber et al., 2010; Liu et al., 2010;
Jayachandran et al., 2016; Sitole and Mavri-Damelin, 2018), fibrosis (Peterfi et al
2009), and the eye (Khan et al., 2011, Choi et al., 2015; Micheal et al., 2016). The
functions of PXDN are yet to be fully elucidated, with ECM assembly via cross-
linking collagen IV to form the BM (Lazér et al., 2015) and production of
hypohalous acids in the presence of H20: as well as halide ions (Klebanoff et al.,
2005; Li et al., 2012) currently known.

The role PXDN plays in formation of BM, which is required for normal
physiological function of tissues enabled us to investigate the regulation of PXDN
expression in eye development, as this function is exclusive to PXDN (Bhave et al.,
2012; Lee et al., 2020). As such, PXDN is understood to be essential for normal
development of eye structures such as the lens epithelium and cornea via collagen
IV crosslinking, which promotes consolidation of ocular BM (Yan et al., 2014).
Three transcription factors PAX6, FOXC1 and PITX2 were chosen as potential
regulators of PXDN in the current study due to their key involvement in the
development and maintenance of eye structures (Graw, 2003; Berry et al., 2006;
Sowden, 2007; Takamiya et al., 2020). This was also due to there being only two
research studies thus far that examined PXDN regulation by NRF2 and SNAil
transcription factors (Hanmer and Mavri-Damelin, 2018; Sitole and Mavri-
Damelin, 2018). The interaction between the genes that regulate the development
of the anterior segment of the eye is not fully understood, especially PAX6, FOXC1,
PITX2 interaction with PXDN gene.
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The data generated in the current study indicates that FGF-2 may have an impact
on protein expression levels of PXDN, PAX6, FOXC1 and PITX2 in HEK293 cells.
Since this study is the first to investigate FGF-2 effect on HEK293 endogenous
expression of PXDN as well as the three transcription factors FOXC1, PAX6 and
PITX2, no contrast (i.e., with other studies) could be made regarding expression
patterns of the aforementioned proteins.

PXDN expression in the presence of FGF-2 showed elevated expression within 12
hours as compared to the control followed by reduced expression throughout the
subsequent treatment time points as observed and quantified via confocal
microscopy and western blot respectively. The reduction in PXDN expression could
be due to the healthy state of the HEK293 cell line given that elevated PXDN
expression is usually observed in pathophysiological state or oxidative stress. The
cells were starved off the serum supplemented in DMEM, which could have
induced the elevated expression of PXDN until the oxidative stress was alleviated
by either FGF2 treatment or PXDN’s ability to metabolise ROS species. The effect
of FGF-2 only lasting for 12 hours in the absence of heparine could also account

for the reduced expression of FGF2.

The transcription factors were also expressed throughout the treatment time points,
with PAX6 showing varying expression patterns with confocal data suggesting no
significant difference in protein levels across all treatment time points in contrast
with the untreated 0-hour control, while quantification by western blot indicated a
decrease in expression levels of PAX6 with the highest peak being in the untreated
control, there after PAX6 levels were reduced throughout 12, 24, and 48 hours. The
reduced expression of PAX6 could just be due to its self-regulatory ability
whenever the protein is no longer required in high dosage within a specific tissue.
The presence of intense fluorescence levels in the no primary antibody control for
confocal data could be indicative of contamination with a tip used in the wells with
both primary and secondary antibody during experiment preparation. Another
reason could be that the secondary antibody CFL-594 (SC-516192) had high non-
specific binding which could further be indicative of the varying expression pattern

between confocal microscopy and western blotting techniques. FOXCL1 expression
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showed a gradual increase with peak expression observed within 48 hours. PITX2
showed an upregulated expression pattern as the control had little to no PITX2
protein, with an increment observed through the treatment time points. The FOXC1
and PITX2 transcription factors are co-expressed in discrete cell types during eye
development, that they can physically interact and that they share a common
subnuclear compartment. Berry et al., (2006) demonstrated a functional
consequence of this interaction as PITX2A inhibits transcriptional regulatory
activity by FOXC1 which might also explain the sudden increase in expression
levels of PITX2 which might have been required to either form a complex with
FOXC1 to upregulate their downstream targets in HEK293 cell line.

FGF2 is a potent mitogen that can activate a number of pathways some of which
require PAX6, FOXC1, PITX2 and many other transcription factors (Ornitz and
Itoh, 2015). FGF pathway activation drives expression of transcription factors
required for normal development as well as maintenance of the eye and further
induces cellular proliferation (Sinn and Wittbrodt, 2013). FGF-2 has also been
shown to be required for normal proliferation as well as differentiation of corneal
epithelial cells during eye development (Zhang et al., 2015) and Iris-Lens
regeneration (Hayashi et al., 2004). In murine cells, it has been shown that FOXC1
is expressed in developing kidney cells and it is required for kidney organogenesis
(Kume et al., 2000), while no studies have been conducted to date that examined
expression levels of PAX6 as well as PITX2 expression in kidney cells, we used
data obtained from protein atlas database, which has expression profiles of proteins

in various commonly used cell lines (www.proteinatlas.org). In a study by Peterfi

et al., (2009) it was observed that healthy kidney cells have undetectable amount of
PXDN, while Hanmer and Mavri-Damelin, (2018) confirmed that PXDN is
expressed in HEK293 cells.

ChIP-PCR data generated from this study, confirmed the interaction of PAX®,
FOXC1 and PITX2 with PXDN gene promoter. The six FOXC1 potential binding
sites produced bright bands signifying FOXC1-PXDN interaction, while three
PAXG6 as well as two PITX2 potential binding sites likewise produced bright bands
with no bands observed for the negative control region. Overall FOXCL1 binding to
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PXDN showed an increased interaction on putative binding site (B) as the control
did not show any band while the FGF-2 treated sample showed a bright band.
PAX6-PXDN interaction did not shown any significant difference with or without
FGF-2 in all three putative binding sites. One putative binding site (A) of PITX2
showed no difference in binding capacity in the presence or absence of FGF-2,
while the second putative binding site (B), showed no interaction with PXDN in the
absence of FGF-2, while treatment with FGF-2 increased PITX2-PXDN interaction.
As already mentioned above, FOXC1 and PITX2 interact with each other or act
independently in different tissue types. So, the data generated in this study is novel
in that it is the first to examine FOXC1 and PITX2 interaction with PXDN gene
promoter. The exact effect of both transcription factors on PXDN will require
luciferase reporter assay in order to best assess as to whether FOXC1 and PITX2

regulate PXDN individually or both form a complex to initiate regulation of PXDN.

Our ChIP-PCR results further validated the observation from western blot and
confocal data that 2 ng/ml FGF-2 has little to no impact on overall endogenous
expression of PAX6 and FOXC1 in HEK293 cell line. PXDN and PITX2
expression could be driven by FGF-2 either directly or indirectly as both proteins
exhibit differential expression patterns in HEK293 cells. Due to time constraints as
a result of COVID-19 pandemic delays, PAX6 was selected for assessment with
luciferase assay in order to determine if the interaction reported by ChIP-PCR
between PXDN-PAX6 as to whether PAX6 initiates upregulation or
downregulation of PXDN. Given the close proximity of the putative binding sites
on PXDN promoter, it is possible that sonication of the DNA did not produce
fragment sizes that contained only individual putative binding sites, which would
possibly result in all putative binding sites showing positive interaction with PXDN
gene promoter. As such we sought to employ luciferase reporter gene assay to
assess the ability of each putative binding site to express reporter gene. This is why
we designed double stranded short oligonucleotides sequences for each binding

sequence (Table 2.1).

PAX6 is expressed in the very early stages of eye development to drive the

organisation of the anterior segment (Takamiya et al., 2020), while FOXC1 and
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PITX2 act downstream of the master control gene PAX6 (Graw, 2003). PITX2 and
FOXCL1 are co-expressed during eye development in discreet cell types and they
share a subnuclear compartment as well as interact with each other physically; as
such they are crucial for the proper development as well as functioning of the
anterior segment of the eye as they form a higher order transcription factor complex
(Berry et al., 2006). During the optic cup formation stage of eye development
FOXC1 and PITX2 expression is elevated showing their requirements for the
process (Sowden, 2007). ECM proteins such as laminin, fibronectin, and collagen
IV are also crucial for a successful optical cup formation (Kwan, 2014). Collagen
IV requirement means that PXDN expression will be elevated since crosslinking of
collagen 1V is required in the formation of BM which is essential for normal
development of the eye with the process exclusive to PXDN (Bhave et al., 2012;
Lee et al., 2020).

PXDN is believed to contribute in providing support of the lens and cornea in a
form of framework during their construction in the early stages of eye development
(Khan et al., 2011; Choi et al., 2015). In-situ hybridisation found that PXDN is
expressed in the eye forming region and in particular the lens of Xenopus tropicalis
(Tindall et al., 2005). In mice, expression was observed in the lens and retina and
during development of eye of the mouse, PXDN expression was detected from
embryonic age (E11.5) onwards which is equivalent to 33 days in human
embryology, and furthermore PXDN knock-out animals showed absence of
collagen 1V crosslinking (Homma et al., 2009; Lazér et al., 2015). As such, PXDN
is understood to be essential for normal growth of eye structures such as the lens
epithelium and cornea via collagen IV crosslinking, which promotes consolidation
of ocular BM (Yan et al., 2014). The continuous expression of PAX6 throughout
eye development stages in both anterior and posterior segments as well as post-
development is indicative that PXDN could be a target of PAX6, just as FOXC1
and PITX2 are known PAXG6 targets (Wang et al., 2017).

To our knowledge the transcription factors FOXC1 and PITX2 are not involved in
collagen IV crosslinking or BM synthesis, while PAX6 knockdown during lens

formation results in ECM proteins being significantly diminished between the optic
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vesicle and ectoderm via the reduction of transcripts encoding components of the
ECM (Huang et al.,, 2011). Once the eye is fully developed, proteins such as
FOXC1, PAX6 and PXDN continue to be expressed, with FOXC1 required for cell
viability as well as resistance to oxidative stress (Berry et al., 2006), while PXDN
Is thought to protect eye structures against oxidative stress damage (Khan et al.,
2011). In a study by Shukla and Mishra, (2018), it was shown that levels of
hydrogen peroxide in corneal cell lines affect expression levels and localisation of
PAX6. Since PXDN and FOXCL1 can regulate oxidative stress reactions, affected
expression and localisation of PAX6 can contribute to the inability of PXDN to
catalyse H20. therefore leading to failure in PXDN’s ability to provide resistance
to oxidative stress that could be harmful for eye structures. Low expression levels
and affected localisation of PAX6 will definitely affect expression of downstream
target genes such as FOXC1 which maintains cellular viability as well as help
alleviated oxidative stress (Berry et al., 2006; Shukla and Mishra, 2018). Another
reason that PAX6 may regulate PXDN could be during wound healing. PXDN has
a conserved peroxidase domain as well as additional ECM-interacting domains that
allow it to catalyse dityrosine cross-links, a function also noted to be performed by
MPO during the inflammatory response caused by neutrophils so it is probable that
PXDN may be capable of forming these cross-links during injury, since PAX6
expression was also observed to elevated in corneal injury (Heinecke et al., 1993,
Cheng et al., 2011; Yu et al., 2020).

In our laboratory we have previously found out that PXDN is a novel target of the
transcription factor nuclear factor erythroid-2-related factor 2 (NRF2). HelLa and
HEK?293 cells were treated with H>O5, tert-butylhydroquinone and sulforaphane
which are known NRF2 inducers, elevated expression of PXDN as well as NRF2
was observed in both cell lines, with ChIP-PCR and luciferase reporter gene assay
confirming NRF2 regulation of PXDN (Hanmer and Mavri-Damelin, 2018). NRF2
has been observed to be expressed in eye tissues where it serves a protective role
against oxidative damage induced by environmental factors such as ultraviolet
radiation (Nakagami, 2016; Hanmer and Mavri-Damelin, 2018; Wang et al., 2020).
As a known master regulator of antioxidant response, NRF2 is able to activate ROS

regulation genes such as PXDN to catalyse redox related processes (Hanmer and
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Mavri-Damelin, 2018; Wang et al., 2020). It is possible that NRF2 is a downstream
target of PAX6 given that NRF2 can regulate ECM matrix proteins (Hiebert, 2021),
while PAXG6 is also known to activate genes that regulate ECM proteins syntheses,
while PAX6 knockdown could result in low NRF2 and PXDN expression (Huang
etal., 2011).

As previously mentioned, PXDN expression is predominantly expressed in the
vasculature and eye tissues. Aberrant expression of PXDN due to mis-regulation
has been observed to result in various clinical phenotypes including ASD which is
the focus of the current study. Various mutations in PXDN have been found to be
present in patients diagnosed with developmental eye disorders, specifically
anterior segment dysgenesis (ASD), lending support to the significance of PXDN
in eye development (Khan et al., 2011; Choi et al., 2015). In various study cohorts
pathogenic PXDN mutations have been detected (Khan et al., 2011; Choi et al.,
2015; Micheal et al., 2016) and these are discussed in Chapter 3 that follows along
with other genes that may interact with PXDN to bring about various ocular
phenotypes. No precise mechanisms are known currently as to how mutations
discovered in PXDN cause ASD disorders, which comprise of anomalies such as
glaucoma, abnormal lens and cornea development (Cheng et al., 2012). Khan et al.,
(2011) suggested two possible mechanisms by which pathogenic null variants in
PXDN may be exerting their deleterious effects: (1) The lack of PXDN protein in
the cornea as well as in the epithelial layers of the lens causes accumulation of ROS
that generally oxidise lipids also proteins, producing aggregates that are insoluble
leading to cataractogenesis and corneal clouding and (2) the accumulation of ROS
in the aqueous humour can affect the differentiation also development of the
structures found in the anterior segment which is involved in the development of
glaucoma (lzzotti et al., 2006, Khan et al., 2011). For instance, aqueous humour of
glaucoma patients contains elevated enzymes induced by oxidative stress and
reduced antioxidants which promotes oxidative stress (Ferreira et al., 2004) and the

trabecular meshwork is very sensitive to damage by oxidation (Khan et al., 2011).

A study by Yan et al., (2014) further provided support by using an animal model

(mutant KTA048 mouse) which displayed similar phenotypes observed in
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individuals harbouring mutations in PXDN. The mutant mouse model was induced
via N-ethyl-N-nitrosourea of which upon sequencing revealed a recessive mutation
(T3816A) causing a premature stop codon in the peroxidase domain, which resulted

in development of ASD as well as microphthalmia (Yan et al., 2014).

Aberrant PXDN expression has been associated with development and progression
of other disorders such as kidney fibrosis (Peterfi et al., 2009), various cancers
(Mitchell, 2000; Desmond et al., 2007; Tauber et al., 2010; Liu et al., 2010;
Jayachandran et al., 2016; Sitole and Mavri-Damelin, 2018; Paumann-Page et al.,
2021) and cardiovascular disorders (Bai et al., 2011; Shi et al., 2011; Zhang et al.,
2012; Ma et al., 2013). Thus far PAX6 has not been implicated in kidney diseases
while other PAX family members such as PAX2 have been implicated in chronic
kidney disease (Grimley and Dressler, 2018). While elevated expression of PXDN
was found in myofibroblasts that were undergoing differentiation induced by TGF-
B1. The fibrillar like structure forming the ECM was formed by PXDN secreted
from myofibroblasts in Kidney fibrosis (Peterfi et al., 2009). Atherosclerosis is an
inflammatory condition where blood flow becomes restricted due to the narrowing
and hardening of arteries (Stoneman and Bennett, 2004). PXDN has already been
implicated in the mediation of ox-LDL-induced endothelial cell apoptosis— a
process which is thought to increase inflammation and injury in cardiovascular
tissue and accelerate atherosclerosis initiation and progression (Stoneman and
Bennett, 2004; Bai et al., 2011; Ma et al., 2013).

As to how PXDN exerts its effect in the development of cancer is not known and
the role of PXDN may differ per cancer type. Studies in our laboratory have found
that Snail family transcriptional repressor 1 (SNAI1) which is a key player in EMT
modification regulates PXDN in cervical carcinoma cell lines (Sitole and Mavri-
Damelin, 2018). PAX6 expression has been observed in ependymal tumours where
it acted as a tumour suppressor (Tabasaran et al., 2021), while in glioblastoma cell
lines with PAX6 knockout showed elevated resistance to oxidative stress as
increased production of H.O> was observed while the wild type as well as healthy
cell lines were not resistant to oxidative stress (Hegge et al., 2018). Also, PAX6

downstream target genes such as NRF2 showed significantly reduced protein
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expression in PAX6 knockout glioblastomas as compared to wildtype and healthy
cell lines (Hegge et al., 2018). Madden et al. (2004) previously showed a 17-fold
increase in PXDN protein expression in glioma endothelial cells as compared to
non-neoplastic endothelial brain cells. Subsequently, PXDN was found to be
selectively upregulated in a set of endothelial marker genes in the microvasculature
of metastatic brain tumours glioblastoma and pilocytic astrocytomas, while it was
absent or detected at low quantity in the controls (non-neoplastic temporal lobe)
specimens (Liu et al., 2010). This study is very important in the search for better
understanding of the aetiology of congenital eye disorders such as ASD. In an
African setting where the epidemiological data is lacking, data generated from this
study will aid in contributing knowledge towards understanding the role of PXDN
in eye development. Understanding the regulation of PXDN is very vital since it is
implicated in development of various disorders. Transcription factors such as
PAX6, FOXC1 and PITX2 like PXDN they are also implicated in a variety of
disorders which makes understanding the function of their downstream targets

critical.

In conclusion, this study is the first to assess the interaction of PAX6, FOXC1 and
PITX2 with PXDN in eye development as well as maintenance. PAX6 is likely to
regulate PXDN in eye development given the expression patterns in all stages of
eye development. This can either be a direct regulation or indirect via downstream
targets of PAX6 such as FOXC1, PITX2 and other ECM proteins such as NRF2.
The PAX6-PXDN interaction as shown by ChIP-PCR data will need further
validation by employing technique such as luciferase assay. Regulation of PXDN
by master regulator of eye development would be a novel discovery as both proteins
could be targeted for therapeutic approaches given the variety of disorders PXDN
is implicated with including ASD. At the time of thesis submission, luciferase assay

optimisation was underway.
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CHAPTER 3:
Variant screening
In eye development

genes



3.1 Introduction
3.1.1 Genetics of eye development

The human eye is a unique and complex part of the human body, and is broadly
divided into two segments namely the anterior and posterior segments (Addo et al.,
2016). The anterior chamber and posterior chamber are filled with aqueous humour,
which provides nutrients to tissues in the anterior segment of the eye. The anterior
segment of the eye comprises of trabecular meshwork, cornea, lens, iris, ciliary
body and Schlemm’s canal, while the retina and optic nerve form the posterior
segment of the eye (Ito and Walter, 2014). The regulatory programmes that control
eye development are complex and involve a myriad of both transcriptional and post
transcriptional events (Dash et al., 2016; Budak et al., 2018). Master control genes
of eye development refers to the genes that drive eye development at the early
stages, most of which code for transcription factors and signalling molecules (Graw,
2010). PAX6, PITX2 and FOXCL1 are among the key regulators in the development
of the anterior segment by directing the proper differentiation of ocular
mesenchyme (Baulmann et al., 2002; Graw, 2003). Joining this list is PXDN, which
is understood to be essential for normal development of eye structures such as the
lens epithelium as well as the cornea via collagen IV crosslinking which promotes
consolidation of ocular BM (Yan et al., 2014).

3.1.2 Genetics of eye disorders

Mutations in genes that initiate and regulate the complex pathways involved in eye
development can cause a spectrum of disorders such as ASD, which is heterogenic
in nature and comprises of Axenfeld Rieger syndrome, Peter’s anomaly, Aniridia,
Sclerocornea, Primary congenital glaucoma and Microphthalmia (Choi et al.,
2015). Less than a handful of studies have been conducted in South African patients
with regards to the genetic aspects of eye diseases (Carstens et al., 2016; Carstens
et al., 2022). Currently there are very few research studies conducted for the
association of PXDN gene variants with ASD (Khan et al., 2011; Yan et al., 2014;
Choi et al., 2015; Yang et al., 2016; Micheal et al., 2016), and none in a South

African cohort.
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In summary, the second aim of the current study sought to identify genetic
mutations in a cohort of South African patients diagnosed with ASD, and this was
achieved by performing NGS on genes known to regulate eye development

pathways, including PXDN.

3.2 Methods
3.2.1 Phenotypic data collection and eye disorders diagnosis

The study was approved by the Human Research Ethics Committee (Medical) of
the University of the Witwatersrand (Appendix E), South Africa (protocol number:
M131125), and written informed consent was obtained from all participants
(Appendix D). Patients were recruited through ophthalmology clinics hosted by the
University of the Witwatersrand as well as Genetics clinics via the national health
laboratory services and all patients were diagnosed or identified for the study by a
qualified ophthalmologist and clinical geneticist. Study participants were recruited
and randomly selected in the study based on their diagnoses with any congenital

eye disorder falling under the umbrella of ASD.

3.2.2 Sample collection and DNA extraction

Saliva and blood samples were collected from patients diagnosed with ocular
disorders categorised under ASD and DNA was extracted using prepIT®.L2P kit
for saliva samples (DNA Genotek, OraSure Technologies Inc), while Monarch®
genomic DNA purification kit (New England Biolabs® Inc) was used for blood
samples. The DNA samples were tested for purity and quantified with the aid of the
NanoDrop One spectrophotometer (ThermoFisher Scientific) at A260/280 as well
as A260/230 ratios. Quantity of double stranded DNA was assessed using Qubit®
4.0 fluorometer (Invitrogen™). Also, DNA was collected from some of the parents
of the patients (were possible) for use in segregation analysis in case we managed

to identify putative disease-causing mutation(s) that needed validation.
3.2.3 Target gene selection and custom gene panel design

Candidate genes were chosen and prioritised according to the following criteria:
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e Candidate genes were chosen for screening of any functional mutations
based on their reported functional effect or involvement in the
morphogenesis of the eye and/or association with ASD disorders through a
thorough literature search.

e Candidate genes were also selected from databases such as iSyTE 2.0 which
has catalogued various genes know to be expressed in different stages of

eye development using animal models.

In total 50 candidate genes (Table 1.1 in section 1.6.5) were chosen then submitted
on to Ton AmpliSeq™ Designer tool (ThermoFisher Scientific) to see if a gene
panel consisting of our target genes is available or a custom on-demand panel will
need to be designed. Only 43 genes were pre-validated and could be ordered on
demand while 7 genes required a spike-In panel to be designed separately. The
spike-In panel was not designed as this was not validated by the manufacture and it

was financially expensive to construct as compared to the on-demand panel.

3.2.4 Next generation sequencing of target genes

Next-generation sequencing (NGS) has revolutionised genetic testing, as it enables
many genes to be sequenced together in a single test (Hillman et al., 2014). NGS
offers faster processing leading to a quicker turnaround of results therefore cutting
costs. In the current study, target gene based whole exome sequencing (WES) was
employed (Figure 3.1). The principle of WES involves extraction of DNA from
samples, which will undergo shearing to produce a library of small fragments of
size 200 to 400 base pairs. The resulting fragments will then be hybridised with the
aid of probes which target exonic sequences and the unbound intronic sequences
will be washed. The high throughput technology then facilitates sequencing of all
the exonic fragments across millions of reactions in massively parallel fashion,
resulting into millions of short stretches of sequences known as reads. Resulting

reads are then aligned using reference genome (Gupta et al., 2017).
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Figure 3.1: An overview of the various stages of whole exome sequencing.
Genomic DNA is fragmented, hybridised with probes targeting exon sequences
while intron sequences will be washed off. The exon fragments will then be

sequenced then aligned to the reference genome (Hillman et al., 2014).

3.2.4.1 Library preparation of DNA samples

Extracted DNA was quantified using Nanodrop One as well as Qubit® 4.0
fluorometer with the concentration of each sample diluted to 1 ng/ul, which is in
range of the required starting concentration of 0.67 ng/ul (10 ng in 15 pl total
volume). As stipulated in the DNA library preparation protocol system user guide
(Publication number: MAN0013432) of Ion Chef™ (ThermoFisher Scientific), the
library was prepared using DL8 Ion AmpliSeq™ kit which comprised of Chef
solutions, Chef reagents, Tip cartridge, PCR frame seal, lon code 96 well PCR plate,
Empty tip cartridge and Enrichment cartridge (ThermoFisher). The lon
AmpliSeq™ DLS kit was loaded into the Ion Chef™ automated system which can
prepare DNA libraries for 8 samples loaded onto the barcoded 96 well plate (Al-

H1) per run via PCR using two pools of primers. The lon Chef™ system comprises
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of Ion Library Equalizer™ technology which ensures that the DNA libraries
synthesised have a final concentration of 100 pM with only half (50 pM) required

for downstream application (DNA templating).
3.2.4.2 DNA Templating

DNA templating was also performed on the Ion Chef™ system (ThermoFisher
Scientific) with the aid of lIon 520™ Kit user guide (Publication number:
MANO0016854). When templating DNA for sequencing the automated Ion Chef™
system employs the principle of emulsion PCR via clonal amplification of each
amplicon on an lon sphere particle (ISP) which results in multiple copies of the
same amplicon with ISP. This is required so that optimal signal can be generated
and subsequently be detected hence the synthesis of multiple copies of the same

amplicon.

The wells of the Ton 520™ chip (ThermoFisher Scientific), which contain sensory
coatings that can detect any change in pH during sequencing, were loaded with ISPs

by the Ion Chef™ system in preparation of sequencing the Ion 520™ chip.
3.2.4.3 lon torrent sequencing of DNA samples

Once DNA templating on the Ion Chef™ (ThermoFisher Scientific) automated
system was complete, the Ion 520™ chip (ThermoFisher Scientific) was then
loaded on to the lon S5™ Sequencer. The Ion S5™ Sequencing kit reagents were
stored at room temperature 45 minutes prior to them being loaded into the
sequencer. All the reagents as well as solutions within the Ion S5™ Sequencing kit
have been tagged with RFID technology which enables the Ion S5™ Sequencer to
confirm that all reagents and solutions are loaded correctly and that they have not
expired therefore affecting the pH as well as their efficacy in which case the lon
S5™ Sequencer will generate an error if reagents have expired. All this is confirmed
by the Ion S5™ Sequencer during the initialisation step prior to sequencing as

stipulated in the Ion 520™ kit Chef user guide (ThermoFisher Scientific).

The Ion S5™ Sequencer (ThermoFisher Scientific) employs the semiconductor

sequencing technique via the Ion Torrent™ sequencing technology (ThermoFisher
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Scientific) which enables the sequencing of the 200 bp DNA libraries loaded onto
the Ion 520™ chip. The Ion S5™ Sequencer floods the Ion 520™ chip with PCR
master mix reagents (i.e DNA polymerase, dNTPs as well as buffers) which will
drive the sequencing of the DNA libraries. Using the built in pH meter, the system
detects pH changes whenever there is incorporation of a nucleotide by DNA
polymerase since this results in production of H* ion which is used in base calling.
The nucleotides Adenine (A), Cytosine (C), Thymine (T) and Guanine (G) were
each added to a total of four trial solutions in their native form (dATP, dCTP, dTTP
and dGTP) such that whenever a trial solution of specific dNTP which is
complementary to the template DNA was added to the Ion 520™ chip it resulted in
base incorporation as well as the release of H* resulting in pH change as well as
elongation of the DNA strand (Merriman et al., 2012). The built in pH meter also
aids in detecting as to how many bases were incorporated into the elongated
sequence. There is also a wash step/flow of the preceding trial solution subsequent
to flowing of each respective trial solution for each dNTP. There will be no pH
change or release of H* as well as nucleotide incorporation whenever there is
flooding with a flow solution that is not complementary to the leading DNA strand.
Also, in case of a DNA template sequence having consecutive identical bases
(homopolymer) flowing of a complementary single species dNTP will allow
incorporation of multiple dNTP molecules at a single cycle. This results in the
release of more H* ions and the voltage will be doubled. The chip then records

multiple bases (Merriman et al., 2012).
3.2.5 Analysis of genetic variants data
3.2.5.1 Post sequencing metrics and Read alignment

Once the sequencing run was complete, a data report comprising of metrics from
before and after alignment was generated for quality assessment by the lon Torrent
Suite™ software, which is built into the lon S5 instrument (ThermoFisher
Scientific). The sequencing parameters which were indicative of a successful
sequencing run had to meet the following threshold for the data to be considered
useful: more than 70% for loading of the chip, less than 20% for reads of poor

quality, more than 55% of excellent quality reads and less than 35% polyclonality
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(de Abreu et al., 2016). All bases with sequencing coverage depth of more than 30X
were considered readable given that for germline testing an average sequence depth

of 30X coverage is considered ideal (Jennings et al., 2017).

The Ion Torrent Suite™ software v5.14 (ThermoFisher Scientific) was employed
in the alignment of reads since the software contained plugins tools to enable such
analysis using the genome reference consortium human build 37 (GRCh37/hg19)
of the human reference genome to generate binary alignment map (BAM) output

files for downstream analysis.
3.2.5.2 Variant calling and interpretation

The lon Torrent Suite™ software v5.14 (Thermo Fisher Scientific) also has a plugin
necessary for variant calls, the outcome of which is saved in variant call format
(VCF) file type. Detected genetic variants as well as read alignment data in contrast
to the human reference genome against genomic DNA from samples are contained
within the VCF and BAM output files (Steward et al., 2017). Three categories/steps
were employed in the interpretation of the called variants namely, annotation of
variants (Ensembl Variant effect Predictor (VEP) and Ion Reporter software™
v5.14), followed by prioritisation of variants (Population, Mutation and Disease
databases as well as in silico predictors) and finally classification of variants with
the aid of ACMG guidelines for variant interpretation (Appendix B) (Richards et
al., 2015).

3.2.5.3 Annotation of variants

To understand the meaning of each variant called, Ion Reporter™ Software v5.14
(Thermo Fisher Scientific) was used to annotate all VCF output files corresponding
to each and every specific sample with the aid of VEP in contrast to the human
reference genome assembly. VEP is a powerful toolset for the analysis, annotation,
and prioritization of genomic variants in coding and non-coding regions. VEP is an
online bioinformatics tool which requires the VCF file as an input in order to
generate/categorise the variants by location, symbol of the gene harbouring the
variant as well as class of the variant (McLaren et al., 2016; Sefid and Gamieldien,
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2017). The online tool also further investigates the variants against population
databases (frequency of variants), mutation databases (functional effect on the gene
harbouring the variant) databases and disease databases (clinical phenotype
associated with the variant). Further, built-in tools or plugins such as Sorting
Intolerant from Tolerant (SIFT) and Polymorphism Phenotyping version 2
(PolyPhen-2), are employed by VEP to measure the severity of the consequence of
changes to protein coding sequences, regulatory regions as well as splice sites by
generating scores. SIFT scores range from 0.0 (deleterious) to 1.0 (tolerated) and
PolyPhen-2 scores range from 0.0 (benign/tolerated) to 1.0 (deleterious). Previously
reported/existing variants are tagged with identifier code which enables easy access

to journals with the research articles.
3.2.5.4 Prioritisation of variants

As mentioned earlier, population, mutation and disease databases were used for
prioritisation of variants coupled with bioinformatics tools to predict pathogenicity
of variants. The variants were inputted into various population databases such as
genome aggregation database (gnomAD), 1000 genomes project, as well as exome
aggregation consortium (EXAC) to determine the minor allele frequency (MAF)
which is indicative of how common (MAF >5%) or rare (MAF < 1%) these variants
are in the general population of various ethnic groups (Karczewski et al.,2017).
Variants with MAF > 5% were filtered out while the rest were retained for further
analysis using other criteria such as mutation and disease databases. The National
Centre for Biotechnology Information (NCBI) ClinVar database was used to
determine the functional effect as well as corresponding clinical phenotype
associated with the variants and all variants reported as benign/likely benign were
filtered out (Landrum et al., 2018). The remaining variants were then prioritised
using multiple predictive bioinformatics tools such as Combined Annotation
Dependent Depletion (CADD), Deleterious annotation of Genetic Variants using
Neural Network (DANN), SIFT, MutationAssesor, PolyPhen2, dbscSNV and
Functional Analysis Through Hidden Markov Models (FATHMM), which enabled
the prediction of pathogenicity of the variants (Kumar et al., 2009; Reva et al., 2011;
Adzhubei et al., 2013; Shihab et al., 2013; Jian et al., 2014; Quang et al., 2015;
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Rentzsch et al., 2019). The above-mentioned tools perform such predictions by
examining the type of variant, any potential deleterious effects at DNA and/or
protein levels as well as evolutionary conserved regions leading to prediction of
impaired or lack of functionality of proteins with variants predicted to be non-
deleterious filtered out (McArthur et al., 2014; Richards et al., 2015).

3.2.5.5 Variant classification

The remaining prioritised variants underwent classification with the aid of ACMG
variant interpretation guidelines which are employed by various research and
diagnostic laboratories around the world (Richard et al., 2015). Under the ACMG
guidelines, variants can be classified as one of the following classes, Benign (B),
likely benign, pathogenic (P), likely pathogenic or variant of uncertain significance
(VUS). Prior to classifying a variant, evidence from various databases such as
(clinical phenotype, segregation pattern, family history, inheritance models,
frequency of the variant in the general population, functional data and in silico
tools) is required (Richards et al., 2015). The required evidence from the listed
databases is further classified in terms of strength level as follows: Supporting (P),
strong (S), moderate (M) and very strong (VS). Varsome (Kopanos et al., 2019) is
a search engine which consist of data from multiple databases such as ACMG
guidelines, all in silico tools, Genotype tissue expression (GTex), gnomAD, EXAC,
ClinVar transcripts and any publications about the variant of enquiry or gene
(Kopanos et al.,, 2019). Varsome was used in the current study to observe
aggregated data of each variant from multiple database which served as a guide
when classifying the variants in case there was conflicting interpretations of
pathogenicity of variants from this study with any other variant submitters on
ClinVar.

3.2.5.6 Integrative genomics viewer

The BAM files of all variants which were classified as VUS, pathogenic and likely
pathogenic after application of ACMG guidelines, were uploaded onto Integrative
genomics viewer (IGV) v2.11.2 (Thorvaldsdéttir et al., 2013), which enabled the

visualisation of variant coverage to determine as to whether base calling was
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consistent or it was poorly covered. This is an important post alignment quality
control step given that poorly covered regions can yield sequencing artefacts during

variant calling.

3.3 Results
3.3.1 Patient’s clinical data

DNA from a total of 14 patients and two parents was collected for sequencing in
the current study. All patients diagnosed with any congenital eye disorder
categorised under ASD were invited to participate in the study. Table 3.1 shows
demographic and clinical features data for each patient with consent forms in
(Appendix D).
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Table 3.1: Demographic data and clinical features of patients sequenced in the study.

Sample No. | Patient ID | Sex | Age Diagnosis Ocular Features Family History
1 OG131AA | * * Axenfeld-Rieger No systemic features, iris atrophy and pseudopolycoria, Mother, maternal
syndrome iris processes, posterior embruotoxon, secondary grandmother
glaucoma, corneal decompensation post operatively
2 OG115AA | * * * * *
3 OG136AA | M | 53 Axenfeld-Rieger Axenfeld angle with iris processes - no posterior No
syndrome embryotoxon noted in computer database - asymmetrical
glaucoma R>L - had glaucoma surgery RE
4 OG137AA | * * * * *
5 OG134AA | * * * * *
6 OGl113AA | F 27 Axenfeld-Rieger Axenfeld angle with iris processes - no posterior No
syndrome embryotoxon noted in computer database - asymmetrical
glaucoma R>L controlled on topical treatment
7 OG1l18AA | * * * * *
Sample No. | Patient ID | Sex | Age | Clinical Phenotype Ocular Features Family History
8 OGl143AA | F 35 Axenfeld-Rieger Asymmetrical glaucoma, RE NLP, early disease left eye -
syndrome no details on angle appearance no comment on processes No
or embryotoxon
d OGLE2AA | M 6 Small anterior chamber Left eye leukocoria associated with a small anterior
chamber on MRI No
10 OG163AA | M * Father (OG165AA) * No
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11 OG164AA * Mother (OG165AA) * No
12 OG165AA 4 Peter’s Anomaly Bilateral blindness due to kerato-irido-lenticular
dysgenesis but with persistent hyperplastic primary No
vitreous with retrolental calcification on CTB.
13 OG167AA 7 Peter’s Anomaly Bilateral visual loss with corneal opacification. On the
right the visual loss is due to a retinal dysplasia, while on No
the left it is acquired secondary to trauma.
14 OGl141AA 34 | Axenfeld-Rieger i .
S Family history of
yndrome laucoma - both
Axenfeld angle with iris processes - 360 degrees with fine g L
. . . daughters have similar
processes in narrow angles, advanced juvenile onset open I q
angle glaucoma (blind left eye), no posterior embryotoxon angie appearance an
’ ocu;lar hypertension but
no evidence of glaucoma
15 OG151AA 31 | Aniridia Aniridia, Secondary glaucoma, glaucoma surgeries and | Mother, Grandfather, two
laser, secondary cataracts, siblings, children.
16 DD3918 6 | Axenfeld-Rieger Anomaly | Blue discolouration of sclera, bilateral enophthalmos. No
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3.3.2  Quality control of lon torrent sequencing data

The quality of the NGS preparation steps was assessed by examining the parameters
of each sequencing run metrics before and after alignment of sequencing reads. As
described in the methods section of this chapter, a total of 16 samples comprising
of 14 patients and two parents of one patient were sequenced in two separate runs
each accommodating only eight samples as per NGS sequencing chip
recommendations (Figure 3.2 and Figure 3.3). The overall data indicated that both
runs were prepared in a very high-quality manner as indicated by the following:
First run showed that 59% of the reads were useable, 94% of the wells were loaded
efficiently, only 7% of the reads were of low quality and 36% polyclonality (Figure
3.2). The second run also showed similar quality data in that 71% of the reads were
useable while 92% of the wells were loaded successfully, 6% of the reads were of
low quality as well as 24% polyclonality (Figure 3.3). The intense red colour on
both sections of Figures 3.2 and 3.3 showed the loading density of the samples on
the 96 well plate, which was indicative of ideal data quality for both sequencing
runs. Genotypes with low confidence calls were identified and evaluated with the
aid of the Ion Reporter™ software (ThermoFisher Scientific). The output BAM
files were uploaded onto IGV to perform coverage analysis via the visualisation of
sequence reads per patient in contrast to pathogenic, likely pathogenic and variants

of uncertain significance.
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Figure 3.2: Summary of the quality of lon Torrent NGS run for first eight samples. Data metrics for sequencing run of the first 8

samples with an ISP loading density of 94%, which generated a total of about 6.7 million reads with only 59% deemed usable and a mean

read length of 211 bp.
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produced approximately 8 million reads with only 71% of the reads useable and the reads had a mean of 210 bp in length.
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3.3.3 Identified variants from NGS

The first sequencing run detected a minimum of 135 variants and a maximum of
162 variants, while the second run detected a minimum of 130 and maximum of
153 variants (Table 3.2). These were further confirmed by Ensembl’s VEP after
uploading the VCF file of each patient generated by Ion Torrent Suite™ software
v5.14 (ThermoFisher Scientific). The variants further underwent quality control
analyses as well as filtration to eliminate poorly called variants and those not
associated with the clinical phenotype of interest in our study as well as those that

appeared too frequently/common within the general population.

Table 3.2: Total number of variants detected in candidate genes (Table 1.1) by
Ion Torrent Suite™ software v5.14 per patient prior to filtration and

interpretation.

Sample No. | Patient ID | Sequencing Run | No. of variants pre-filtration
1 OG131AA First 162
2 OG115AA First 156
3 OG136AA First 137
4 OG137AA First 135
5 OG134AA First 152
6 OG113AA First 154
7 OG118AA First 143
8 OG143AA First 158
9 OG162AA Second 153
10 OG163AA Second 132
11 OG164AA Second 144
12 OG165AA Second 144
13 OG167AA Second 141
14 OG141AA Second 142
15 OG151AA Second 145
16 DD3918 Second 130
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3.3.4 Putative disease-causing variants

All variants that were classified as (likely) pathogenic after filtration and
prioritisation are described in the subsections below (per gene) with regards to
patients harbouring the variants. Pathogenicity of the variants was detected via
VEP, Varsome as well as manual application of the ACMG guidelines codes. The
depth of reads for all (likely) pathogenic and VUS were visualised with the aid of
IGV. ACMG guidelines were applied to variants that required reclassification as
Varsome and/VEP might report some variants to have conflicting interpretation of
pathogenicity which results when multiple submitters of variants claim different
impact of specific variants in comparison with the corresponding clinical phenotype
the variant was tested against. Submitters of variants to ClinVar usually classify
variants with supporting evidence either being overwhelmingly strong in support of
disease development therefore such variant will be classified as pathogenic, when
evidence is moderate then such variant will be classified as VUS. When the
evidence is strongly against the variant causing clinical phenotype then variants are

classified as (likely) benign.

A total of 43 genes were screened for disease causing mutations in 14 patients
presenting with ASD and also two parents of one patient. Quality control measures
such as Annotation, filtration and prioritisation were applied to data from all 14
patients and two parents as explained in section 3.2 which yielded eight potential
disease-causing variants with two in GJA8, PAX6 (Table 3.3) which were
pathogenic and six variants which were classified as VUS in BCOR, EPHA2, PXDN
and LTBP2 (Table 3.4) in this study. The (likely) pathogenic variants and VUS are
described in detail per gene below in affected patients.
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Table 3.3: Potential disease-causing variants detected in two patients and classified as (likely) pathogenic in this study and by
Varsome database.

GENE

Impact Variant ClinVar dbSNP | In Silico In Silico ACMG- ACMG Presenting | Patient(s)
Accession ID tools tools AMP Code | classificatio clinical with
Number (Benign) | (Pathogenic) n phenotype variant
GJAS8 Missense | C.22G>A - rs202041 | Mutation DANN, PM2, PP2, Likely Axenfeld- ID: 16
(p.Gly8Arg) 458 Assessor SIFT, PP3 Pathogenic Rieger
FATHMM, syndrome
MutationTast
er & 7 more.
PAXG6 Stop c.760C>T | RCV00000 | rs121907 - DANN, PVSI1, PP5, | Pathogenic Aniridia ID: 15
gained | (p.Arg254T | 3632.3 & 917 FATHMM, PM2
er) RCV00053 MutationTast
6976.3 er
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3.3.4.1 Paired box protein 6 (PAX6)

PAXG6 like many other transcription factors induces embryonic differentiation along
major body axes in response to the concentration gradient of other regulatory
proteins or transcription factors, which bind to DNA sequences of other genes and
regulate their expression (Friedman, 1998). PAX6 belongs to the PAX multigene
family of transcription factors that aid in the regulation of embryonic differentiation
(Friedman, 1998). A nonsense stop gained PAX6 heterozygous variant
NM_001258462.3: ¢.760C>T (p. Arg254Ter) was detected in sample 15: A 31-
year-old, black male diagnosed with aniridia and cataracts complicated by
secondary glaucoma. The patient’s maternal grandfather, mother, two siblings and
two children are all similarly affected. The variant is located in exon 10 position 36
of 83 in PAX6 gene. This variant has three submitters on ClinVar (Accession no.
RCV000003632.3, RCV000312176 & RCV000536976.3) with two associating the
variant with Aniridia and classifying it as pathogenic.

Varsome further confirmed the pathogenicity of the variant by applying the ACMG-
AMP codes PVS1 (very strong) given that the nonsense stop gained single
nucleotide variant (SNV) results in null variants in PAX6 gene, which usually
results in loss of function in disease, PP5 (strong) due to pathogenic classification
by ClinVar with strength strong support given 19 published supporting articles on
this variant and finally PM2 (moderate) since the variant did not have a gnomAD
genome entry and was not detected in the healthy population but has a dbSNP ID
of rs121907917. Predictive In Silico tools such as DANN, FATHMM-MKL,
MutationTaster as well as eight others as listed in Table 3.3, all predicted the variant
to be pathogenic with only FATHMM-XF predicting low impact. The classification
by Varsome was in agreement with our own assessment of the variant in relation to
our study cohort. IGV showed that the variant call was accurate as the majority of
the reads showed the presence of the alternate allele A instead of the G reference
allele upon manual assessment of variant coverage (Figure 3.4). IGV is showing a
G>A change instead of C>T which are complementary nucleotides on each DNA

strand.
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Patient ID: 15
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Figure 3.4: IGV image of a heterozygous PAX6 c.760C>T (p. Arg254Ter)
variant detected in a patient (sample 15) diagnosed with Aniridia. The reference
genome sequence shows a reference allele as G (Mustard) which is changed to the
alternate allele of A (Green).

114



3.3.4.2 Gap junction alpha 8 (GJAS8)

The gap junction alpha 8 (GJA8) gene encode for connexin50 (Cx50) protein which
belongs to a group homogenous transmembrane family of proteins crucial for
intercellular communication and moderating diffusion of molecules between lens
fibre cells (Garcia et al., 2016). GJA8 heterozygous missense variant
NM_005267.5: ¢.22G>A (p.Gly8Arg) was detected in a 6 year old black boy who
was diagnosed with Axenfeld-Rieger anomaly at birth. The child also has profound
hearing loss, global neurodevelopmental delay, subtle dysmorphic features and
microcephaly diagnosed with Axenfeld-Rieger anomaly (Table 3.3). The variant is
located in exon 2 at position 33 of 1325 and was classified as likely pathogenic in
the current study, which was in agreement with the classification by Varsome. This
variant is not reported in ClinVar and the following ACMG-AMP classification
codes were applied: PM2 (Moderate) since the variant was predicted to be located
in a region that is strongly conserved, PP2 (Supporting) due to low rate of benign
variants and high rate of missense mutations which are known cause of disease in
GJA8 and PP3 (Supporting) as only one (MutationAssessor) computational In
Silico tool predicted benign impact, while 11 more (BayesDel addAF, DANN,
DEOGEN2, EIGEN, FATHMM-MKL, LIST-S2, M-CAP, MVP, MutationTaster,
PrimateAl and SIFT) predicted pathogenic impact.

The variant has dbSNP ID rs202041458 and has been reported in gnomAD with an
allele frequency of 0.000185 (~ 1 in 5418) in Africans while south Asians have a
frequency of 0.0000239 (~ 1 in 41902) with other ethnic groups having no entry in
gnomAD. Inspection of the GJA8 missense variant on IGV indicated that the variant
was called with high confidence as the majority of the reads had the alternate allele

of A, whilst the reference genome sequence has a reference allele of G (Figure 3.5).
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Figure 3.5: IGV plot of a heterozygous ¢.22G>A (p.Gly8Arg) missense variant
in exon 2 of GJAS8 in a patient diagnosed with Axenfeld-Rieger syndrome. The
reference sequence records a G (Mustard) allele at this position, while the reads

show an alternate allele of A (Green) across the multiple reads of patient (ID: 16).
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3.3.5 Variants of uncertain significance (VUS)

Mutations that were classified as VUS by Varsome and manual interpretation due
to conflicting interpretation of pathogenicity were further assessed with regards to
their impact in our study cohort. Once all filtration and prioritisation parameters
were applied a total of six mutations were identified, with one in BCL6 corepressor
(BCOR), one in EPH receptor A2 (EPHA?2), two in Latent Transforming Growth
Factor Beta Binding Protein 2 (LTBP2) and two in Peroxidasin (PXDN). Varsome
predicted the BCOR, EPHA2, and one LTBP2 variants to be pathogenic while we
re-classified all three variants to VUS in this study as outlined in the discussion

section 3.4.
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Table 3.4: Mutations classified as VUS by Varsome and manual interpretation in relation to our study cohort.

GENE | Impact Variant ClinVar dbSNP | In Silico In Silico ACMG- ACMG Presenting | Patient(s)
Accession ID tools tools AMP Code | classificatio clinical with
Number (Benign) | (Pathogenic) n phenotype variant
c.1257 126
BCOR | Frameshi | 0delinsGAC - - - MutationTast | PVSI1, PM2 Likely Axenfeld- ID: 6, 15
ft (p.Asp420T er Pathogenic Rieger
hrfsTer22) (VUS in this | syndrome,
study) Aniridia
€.986_987d
EPHA? | Frameshi elinsT - - - MutationTast | PVS1, PM2 | Pathogenic Peters’ ID: 13
ft (p.Pro329L er (VUS in this | Anomaly
eufsTer64) study)
LTBP2 | Missense | c.1577G>A - rs142979 | BayesDel DANN, PM2 and VUS Peter's ID: 12
(p.Ser526A 965 addAF, FATHMM- BP4 anomaly
sn) DEOGEN MKL,
2, EIGEN, | MutationAss
LIST-S2, essor and
M-CAP, | MutationTast
MVP, er
PrimateAl
and SIFT
LTBP2 Splice c.3527- RCV000403 | rs138194 DANN MutationTaste | PM4, PP3 Pathogenic Axenfeld- ID: 1
region 3C>A 118 436 r and PM2 (VUS in this Rieger
study) syndrome
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GENE

Impact Variant ClinVar dbSNP In Silico In Silico ACMG- ACMG Presenting Patient(s)
Accession ID tools tools AMP Code | classificatio clinical with
Number (Benign) | (Pathogenic) n phenotype variant
PXDN | Missense | ¢.1112C>T | RCV00095 | rs201592 | BayesDel DANN, PM2 and VUS Axenfeld- ID: 14
(p.Pro371L 0335 851 addAF, EIGEN, PP3 Rieger

eu) DEOGEN | FATHMM- syndrome
2, MVP MKL, LIST-
and S2, M-CAP,
PrimateAl | MutationAss

essor,
MutationTast
er and SIFT
PXDN | Missense | ¢.2827C>T | RCV00154 | rs200127 | BayesDel PM2 and VUS Peter's ID: 12, ID:
(p.Arg943T 6804 189 addAF, DANN, PP3 anomaly, 14
rp) DEOGEN | FATHMM- Axenfeld-
2, EIGEN | MKL, LIST- Rieger

and MVP | S2, M-CAP, syndrome

MutationAss
essor,
MutationTast
er,
PrimateAl
and SIFT
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3.3.5.1 BCLG6 corepressor (BCOR)

The BCOR gene encode for the synthesis of a BCL 6 corepressor protein that
functions in specification of cellular differentiation and body structure development
(Astolfi et al., 2019). A frameshift pathogenic variant in BCOR gene was detected
in two patients: sample no. 15 (31-year-old harbouring the PAX6 mutation) and
sample no. 6 (a 27-year-old black female with ARS as evidenced by an Axenfeld
anterior segment angle with iris processes but no posterior embryotoxon and
asymmetrical glaucoma). The variant was also observed in an unaffected parent
(mother) (sample no. 11) of one of the patients (sample no. 12) not harbouring the
variant. The variant is a frameshift NM_001123385.2:
€.1257 1260delAGATInsGAC (p.Asp420ThrfsTer22) located in exon 4 of the
BCOR gene in position 1092 to 1095 of 2832. The variant did not have any ClinVar
submissions, gnomAD genomes entry or dbSNP ID as well as no in silico tools
scores for pathogenicity detection. Varsome database classified the variant as likely
pathogenic by assigning the ACMG-AMP codes PVSL1 (very strong) given that the
frameshift results in null variants in BCOR gene which usually results in loss of
function in disease and PM2 (moderate) due to absence of gnomAD genomes entry
or low representation of the variant in the controls (Table 3.4). This variant in the
current study was reclassified as VUS due to the fact that there was no consistent
co-segregation of the variant with a specific clinical phenotype since we detected
the variant in two patients and a single parent (carrier) of a patient not harbouring
the variant. IGV also showed that the variant was accurately called in all three
samples as shown by Figure 3.6 which indicates the read depth of the variant per
patient. The reference genome sequence at the bottom of the image, indicates that
there is frameshift with the reference nucleotide A (green) change to G (mustard)
followed by a substitution of an insertion and deletion (Figure 3.6) which leads to
Aspartic acid being replaced by Threonine at position 420 (D420Tfs*22).
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Figure 3.6: BCOR gene frameshift c¢.1257 1260delAGATInsGAC
(p.Asp420ThrfsTer22) variant as depicted by IGV in (Patient ID: 6). The
reference genome sequence is shown at the bottom of the images with the reference
allele recorded as A (Green) while the reads show a frameshift at this position with

the alternate allele being G (Mustard).
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Figure 3.7: BCOR gene frameshift ¢.1257_1260delAGATINsGAC
(p.Asp420ThrfsTer22) variant as depicted by IGV in a mother (Parent ID: 11)
of one patient not harbouring the variant (Patient ID: 12). The reference
genome sequence is shown at the bottom of the images with the reference allele
recorded as A (Green) while the reads show a frameshift at this position with the

alternate allele being G (Mustard).
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Figure 3.8: BCOR gene frameshift c¢.1257 1260delAGATIinsGAC
(p.Asp420ThrfsTer22) variant as depicted by IGV in (Patient ID: 15). The
reference genome sequence is shown at the bottom of the images with the reference
allele recorded as A (Green) while the reads show a frameshift at this position with

the alternate allele being G (Mustard).
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3.3.5.2 EPH receptor A2 (EPHA2)

The EPHA2 gene encodes for ephrin receptor tyrosine kinase-type A, which is
highly expressed during embryogenesis with a primary function in regulation of
cell adhesion, proliferation, morphology, secretion, survival and differentiation
(Miao and Wang, 2009). EPHA2 frameshift variant NM_004431.5:
€.986_987delCCinsT (p.Pro329LeufsTer64) was detected in a 7 year old black
female (sample: 13) diagnosed with Peters Anomaly, age appropriate
neurodevelopment, normal growth and no other congenital malformations (Table
3.4). The variant is located in exon 5 at position 7 to 8 of 333. Read depth coverage
on IGV indicated that indeed there was a frameshift deletion with the reference
genome reporting a G allele while the reads show both A allele and a deletion
(Figure 3.9). The variant was classified as pathogenic by Varsome with the
following ACMG-AMP codes applied: PSV1 (very strong) as a frameshift mutation
result in null variants in EPHA2 gene which usually loss of function results in
disease and PM2 (Moderate) as the variant is located in a conserved region and the
variant has a gnomAD allele frequency of 0.00006394 (~ 1 in 15639) in Africans
and a global allele frequency of 0.00001636 (~ 1 in 61110). No pathogenic or
benign impact prediction data by any of the In Silico computational tools and no
ClinVar submission was present for this variant. Upon analysis of the variant in our
study cohort, we classified the variant as VUS due to lack of enough supporting

evidence for the gene and variant which results in difficulty in classification.
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Figure 3.9: IGV plot of EPHA2 ¢.986_987delCCinsT (p.Pro329LeufsTer64)
frameshift variant in patient (ID: 13) diagnosed with Peter’s anomaly. A
reference allele of G (Mustard) is recorded by the reference genome at the variant’s
position, while the reads coverage shows a frameshift will allele A as well as a

deletion.
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3.3.5.3 Latent transforming growth factor beta binding protein 2 (LTBP2)

The LTBP2 gene encode the synthesis of LTBP2 protein which is highly expressed
in ciliary tissues which aid in the production of aqueous humour as well as in
trabecular meshwork and functions in cell adhesion as well as tissue repair (Shipley
et al., 2000). Two LTBP2 variants were detected in two patients (ID:1 and 1D:12)
and the mother (parent ID: 11) of patient (ID:12).

The heterozygous missense NM_000428.3:¢.1577G>A (p.Ser526Asn) in exon 7 at
position 178 of 287 was detected in a 4 year old black male (sample 12) with Peters
anomaly who presented with kerato-irido-lenticular dysgenesis and persistent
hyperplastic primary vitreous. The patient’s unaffected mother (sample 11)
harboured the same variant. Varsome classified the ¢.1577G>A missense as VUS
which was a similar classification applied in this study. The variant did not alter
protein length and in silico predictive tools indicating that the variant is within a
conserved region in exon 7 with ACMG-AMP code PM2 (supporting) applied,
while eight pathogenicity predictive tools predicted benign impact with only four
predicting a deleterious pathogenic impact therefore applying BP4 (supporting)
ACMG-AMP code. The variant did not have any ClinVar submission, but had a
representation of 0.00259 allele frequency in Africans in contrast to 0.000228 total
minor allele frequency and dbSNP ID rs142979965. IGV confirmed presence of the
variant as the depth of the reads showed the alternative allele of T while the
reference genome has a C allele at the position. The C>T change recorded by IGV
is a complement of the ¢.1577G>A variant (Figure 3.10) and the variant was
detected in the mother (Parent ID: 11) of the diagnosed patient (ID: 12) Figure
3.11.
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Figure 3.10: IGV plot of LTBP2 ¢.1577G>A (p.Ser526Asn) missense variant in
patient (ID: 12) diagnosed with Peter’s anomaly. A reference allele of C (Blue)
is recorded by the reference genome at the variant’s position, while the reads

coverage depth shows a missense variant allele T (Red).
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Figure 3.11: IGV plot of LTBP2 ¢.1577G>A (p.Ser526Asn) missense variant in
the mother (parent ID: 11) of patient (ID: 12) diagnosed with Peter’s anomaly
and a carrier of the same variant. A reference allele of C (Blue) is recorded by
the reference genome at the variant’s position, while the reads coverage depth

shows a missense variant allele T (Red).
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Patient (ID: 1) presenting with ARS harboured a heterozygous splice site variant
NM_000428.3:¢.3527-3C>A in intron 23 at position 98 of 100 (Table 3.4) was
detected in a 56 year old black female with classic ARS. Both her mother and her
maternal grandmother were similarly affected. She had no systemic features but had
bilateral posterior embryotoxon, iris atrophy, pseudopolycoria and angle iris
processes. Varsome classified the LTBP2 ¢.3527-3C>A variant as pathogenic while
we classified the variant as VUS upon further analysis in this study. The following
ACMG-AMP codes were applied: PM4 (strong) since the variant is located in a
noncoding region (conserved position) which is located next to a canonical splice
site, PP3 (strong) given that the variant is predicted splicing and PM2 (moderate)
as both exomes as well as genomes allele count is less than three for an autosomal
recessive gene. The variant had a gnomAD entry with minor allele frequency of
0.0124 in Africans, while 0.0000617 was reported in Europeans (Non-Finnish),
0.00055 in Latino and 0.0000327 in south Asians. A dbSNP ID of rs138194436 is
assigned to the variant with a benign impact predicted by one in silico predictive
tool and another predicting a pathogenic damaging impact. ClinVar has three
submitters for this variant (Accession numbers: RCV000909576, RCV000305307,
RCV000403118) with all three classifying the variant as benign, likely benign and
uncertain significance. This conflicting interpretation of pathogenicity led to our
classification of the variant as VUS given the phenotypes the submitters were
associating the variant with (Primary congenital glaucoma and Weill-Marchesani
syndrome) which are attributed to LTBP2 mutations. The depth of sequencing reads
was confirmed with IGV (Figure 3.12) and the variant was observed throughout
the reads as they reported a T (Red) allele while the reference genome shows a G

(Mustard) allele at the same position of the variant.
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Figure 3.12: IGV plot of LTBP2 ¢.3527-3C>A splice site variant in patient (ID:
1) diagnosed with ARS. The reference allele of G (Mustard) is recorded by the
reference genome at the variant’s position, while the reads coverage depth shows a

variant allele T (Red).
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3.3.5.4 Peroxidasin (PXDN)

A missense heterozygous NM_012293.3:¢.2827C>T (p.Arg943Trp) variant located
in exon 17 at position 723 of 1504 (Table 3.4). This variant was identified in a 4-
year-old male with Peters anomaly (sample 12; described above), as well as his
unaffected father (sample 10). Varsome classified the variant as VUS which was in
agreement with our own classification with the following ACMG-AMP codes
applied: PM2 (supporting) since the variant does not alter protein length and is not
located in a conserved region and PP3 (supporting) due to eight in silico predictive
tools predicting pathogenic computational verdict with only four predicting benign
impact. ClinVar also reports conflicting interpretation of pathogenicity as two
submitters have classified the variant as VUS and likely benign (Accession
numbers: RCV001546804 and RCV000533505) after testing the variants against
ASD and Sclerocornea with other ocular anomalies. The variant has also been
catalogued in dbSNP database with ID rs200127189 and a gnomAD minor allele
frequency of 0.00491 in Africans as well as a total minor allele frequency of
0.000349. Observation of the variant in IGV showed a G>A change from reference
genome and the sequence reads (Figure 3.13). The ¢.2827C>T variant was also
detected in the father (parent ID: 10) of this patient (ID: 12) as confirmed with IGV
(Figure 3.14).
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Figure 3.13: IGV plot of PXDN ¢.2827C>T missense variant in patient (1D: 12)
diagnosed with Peter’s Anomaly. The reference allele of G (Mustard) is recorded
by the reference genome at the variant’s position, while the reads coverage depth

shows a variant allele A (Green).
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Parent ID: 10
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Figure 3.14: 1IGV plot of PXDN ¢.2827C>T missense variant in the father
(parent ID: 10) of patient (ID: 12) diagnosed with Peter’s Anomaly. The
reference allele of G (Mustard) is recorded by the reference genome at the variant’s

position, while the reads coverage depth shows a variant allele A (Green).

A 34-year-old black female diagnosed with ARS (sample 14) presented with
advanced juvenile onset open angle glaucoma with an Axenfeld angle with
numerous iris processes but no posterior embryotoxon or systemic features was
found to be harbouring both the missense heterozygous NM_012293.3:¢.2827C>T
(p.Arg943Trp) (Figure 3.15) detailed above and missense heterozygous
NM_012293.3:¢.1112C>T (p.Pro371Leu) located in exon 10 at position 94 of 273
(Table 3.4). The variant was classified as VUS by Varsome as it was the same in
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the current study, with two ACMG-AMP codes applied: PM2 (strong) due to the
position of the variant being strongly conserved and PP3 (supporting) as a total of
eight in silico predictive tools deemed the variant to have a pathogenic impact while
only four predicted benign impact. In ClinVar two submissions have been recorded
(Accession numbers: RCV001556898 and RCV000950335) with both submitters
classifying the variant as likely benign and VUS. The ¢.1112C>T variant has a
dbSNP ID of rs201592851 and a gnomAD entry for minor allele frequency of
0.00352 in Africans with a total minor allele frequency of 0.000282. IGV confirmed
the presence of the ¢.1112C>T variant in the reads as the reference genome showed
a G allele at the position of the variant (Figure 3.16). IGV records a G>A change

which is complimentary to C>T change presented with the variant.
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Figure 3.15: IGV plot of PXDN ¢.2827C>T missense variant in patient (ID: 14)
diagnosed with ARS. The reference allele of G (Mustard) is recorded by the
reference genome at the variant’s position, while the reads coverage depth shows a
variant allele A (Green).
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Figure 3.16: IGV plot of PXDN ¢.1112C>T missense variant in patient (ID: 14)
diagnosed with ARS. The reference allele of G (Mustard) is recorded by the
reference genome at the variant’s position, while the reads coverage depth shows a

variant allele A (Green).
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3.4 Discussion

ASD is a collection of rare complex heterogenous congenital eye disorders that
affect structures within the anterior segment of the eye such as the cornea, iris,
trabecular meshwork, Schlemm’s canal and ciliary body (Sowden, 2007; Reis and
Semina, 2011). ASD is comprised of disorders such as microphthalmia, and Peter’s
anomaly, ARS, and sclerocornea, which can lead to cataract formation, corneal
opacity and glaucoma (Reis and Semina, 2011). ASD consist of congenital
disorders, which affect the lens, cornea and iris and are usually accompanied by a
50% increased predisposition to glaucoma (Alward, 2000; Sowden, 2007; Ito and
Walter, 2014). Mutations in genes that regulate eye development (PXDN, PAX®6,
FOXCL1 and PITX2) have been associated with ASD in various population groups
(Khan et al., 2011; Slavotinek et al., 2015; Ullah et al., 2016; Choi et al., 2015;
Prokudin et al., 2014; Micheal et al., 2016), with very few studies conducted in
African/South African cohorts with regards to the genetic aspects of eye diseases
(Carstens et al., 2016; Goolam et al., 2018; Carstens et al., 2022). Furthermore,
there is only one research study conducted for the association of PXDN gene
variants with ASD in Africans (Thanikachalam et al., 2020) and none in a South
African cohort. As such, the second aim of this study was to identify genetic
mutations in South African patients diagnosed with ASD with the addition of PXDN
and this was achieved by performing NGS (Exome sequencing) on genes known to
regulate eye development pathways. This was to also help in potentially developing
an ASD gene panel that would be gene specific for testing of ASD in African

patients diagnosed with such disorders.

To summarise, a total of 50 genes of interest were selected for exome sequencing
in a total of 14 patients and two parents with the aid of lon Torrent NGS with 43
genes available on demand and with 7 only available in a spike-in panel which was
not designed and therefore not sequenced. The 7 genes included FOXC1, FOXC2,
FOXE3, GDF6, SMOC1, RARB and MAF. NGS data analysis identified disease
causing variants in PAX6 (Pathogenic) and GJA8 (Likely pathogenic) genes in our
study cohort, while variants in BCOR, EPHA2, LTBP2 and PXDN were classified
as VUS in this study.
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3.4.1 Pathogenic PAX6 variant

A heterozygous stop gained PAX6 mutation NM_001258462.3:c.760C>T (p.
Arg254Ter) with dbSNP ID rs121907917, was detected in a single patient (ID:15)
diagnosed with Aniridia. Aniridia (lack of iris), is a rare autosomal dominant
disease which is described by varying eye abnormalities such as corneal opacity,
lens dislocation, ciliary body hypoplasia, and iris hypoplasia (Lee et al., 2008).
Aniridia affects approximately 1 in 50 000 and can occur as an isolated or a
syndromic form (Fischbach et al., 2005) with about 67% of all reported cases being
familial and co-segregating in an autosomal dominant manner with high penetrance
while the rest are sporadic (Valenzuela and Cline, 2004). FOXC1, PITX2, WNT5A,
TGFp2 and BMP4 are some of the know downstream targets which play an
important role in the normal development of the eye (Wang et al., 2012; Hu et al.,
2016; Wang et al., 2017) with failure to express proteins from these genes due to
aberrant PAX6 or direct mutation within their genes resulting in ASD (Berry et al.,
2006; Sowden, 2007; Berry et al., 2008; Weisschuh et al., 2008; Tumer and Bach-
Holm, 2009; Thanikachalam et al., 2020).

PAX®6 like many other transcription factors induces embryonic differentiation along
major body axes in response to the concentration gradient of other regulatory
proteins or transcription factors, which bind to DNA sequences of other genes and
regulate their expression (Friedman, 1998). PAX6 belongs to the PAX multigene
family of transcription factors that aid in the regulation of embryonic differentiation
(Friedman, 1998). PAX6 is termed a master control gene since mutations in the
highly conserved transcription factor interrupts development of the eye in both

insects and mammals (; Hill et al., 1991; Quiring et al., 1994).

The PAX6 variant c760C>T (p. Arg254Ter) is located in exon 10 at position 36 of
83 and has been observed (recurrent variant) in multiple patients of different
ethnicities (Japanese, Egyptians, Chinese, Arabians, Thai, Indians and Italians)
whom were all diagnosed with Aniridia (Neethirajan et al., 2003; Atchaneeyasakul
et al., 2006; Khan and Aldahmesh, 2008; Abouzeid et al., 2009; Khondo-Saitoh et
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al., 2009; Khang et al., 2016; Lin et al., 2018). A novel heterozygous PAX6
missense variant ¢.152G>T (p.Gly51Val) in the conserved paired box domain was
detected in a patient diagnosed with Peter’s Anomaly with the variant being absent
from the controls as well as unaffected parents (Prokudin et al., 2014). Our data
with regards to the reported PAXG6 variant further confirms the important role PAX6
plays in development of the eye. In Silico predictive computational tools deemed
the variant pathogenic or damaging as it results in a premature stop codon which
could subsequently result in nonsense mediated decay of mRNA transcript

containing the premature stop codon in which case no protein synthesis will occur.

The ¢.760C>T variant reported in this study is located within the transactivation
domain enriched with proline-serine-threonine (PST) residues at the C terminus
which is strongly conserved (Dansault et al., 2007). The PAX proteins contain a
PST domain which is tightly regulated by phosphorylation in the C-terminal region
with the key function of this region being downstream target genes transactivation
(Singh et al., 2001). Mutations such as missense variants that occur within the DNA
binding domain of PAX6 can result in poor recognition or complete failure in
recognising binding sites sequences in target genes of which can result in partial or

complete loss of function (Singh et al., 2001).

The role of PAX6 in organogenesis including eye development is not fully
understood (Takamiya et al., 2020). The identified c760C>T (p. Arg254Ter) variant
may result in impaired function of PAX6 leading to development of the diagnosed
Aniridia in our patient via haploinsufficiency. Expression of PAX6 is very precise
within the different tissues, therefore normal eye development requires the correct
dosage of PAX6. Reduced expression of PAX6, due to mutations, results in clinical
phenotypes such as small eye in mice and rats (Kroeber et al., 2010), whereas in
humans it results in Aniridia (Yokoi et al., 2016; Lim et al., 2017). Overexpression
in mice was found to also cause severe eye phenotypes (Schedl et al., 1996; Chanas
et al., 2009).

To the best of our knowledge this study is the first to report the identification of a
PAX6 pathogenic variant in a South African patient diagnosed with Aniridia.
Previously, a PAX6 variant NM_000280.3:c.622G>A (p.Gly208Arg) was
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identified in a total of 27 admixed South African family members diagnosed with
nystagmus, coloboma as well as familial congenital cataracts and co-segregation of
the variant with the clinical phenotypes was observed in all 27 family members
(Goolam et al., 2018). Our study has further validated the importance of screening

for variants in the PAX6 gene in African patients diagnosed with ASD.
3.4.2 Likely pathogenic GJA8 variant

A single patient (ID: 16) diagnosed with ARS harboured a missense GJAS8
heterozygous NM_005267.5: ¢.22G>A (p.Gly8Arg) variant. The variant has an
existing dbSNP ID of rs202041458 but has not been reported in the literature for
association with any clinical phenotype, including ASD. The gap junction alpha 8
(GJA8) gene encode for the connexin50 (Cx50) protein, which belongs to a group
homogenous transmembrane family of proteins crucial for intercellular
communication and moderating diffusion of molecules between lens fibre cells
(Garcia et al., 2016). Gap junction channels are formed by connexons when they
dock with the juxtaposed cells’ counterparts or they can form hemichannels (HCs),
which allows them to function independently. Mutations in the genes that encode
transmembrane family of proteins have been implicated in various clinical
phenotypes such as hearing loss disorders, skin disorders, heart malformations,
cataract, microphthalmia, microcornea (Pfenniger et al., 2011) and various
biological processes owing to their primary function of cell-to-cell communication

as well as tissue homeostasis (Garcia et al., 2016).

GJA8 and GJAS3 are the most abundant gap junction proteins with expression levels
high in lens and fiber cells respectively (Garcia et al., 2016). Animal model studies
have demonstrated that knockout of GJAS8 results in cataract development at an
early age with impaired lens development, as well as microphthalmia (Rong et al.,
2002). The importance of GJA8 requirement for normal eye development was also
seen in mouse models with missense mutations, which lead to the development of
cataracts and microphthalmia (Xi et al., 2012; Berthoud et al., 2013). This
observation has also been seen in humans whereby missense mutations in GJA8
have been associated with cataracts (Yu et al., 2016) and in rare occasions the

variants have been observed in patients diagnosed with other ocular disorders such
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as iris hypoplasia, microphthalmia, sclerocornea, microcornea and also defects in
normal development of lens (Hansen et al., 2007; Prokudin et al. 2014; Ma et al.,
2016; Ma et al., 2018). Missense mutations in GJA8 are mostly heterozygous with
only a few cases of homozygous variants reported, all of which were in

consanguineous families (Ponnam et al., 2013; Ma et al., 2016).

The ¢.22G>A (p.Gly8Arg) missense variant detected in our study cohort is located
in exon 2 at position 33 of 1325 in a conserved region of GJA8 (Willoughby et al.,
2003; Mackay et al., 2014; Ma et al., 2016), which causes a glycine to arginine
change at position 22 in the intramembrane N-terminal domain (NT) and was
classified as likely pathogenic variant. A total of 11 computational In Silico
predictive tools predicted the variant to be damaging as well as pathogenic with
only one tool predicting a benign impact. In a study by a (Devi and Vijayalakwshmi,
2006), a heterozygous novel variant ¢.593G>A (p.Argl198GIn) was detected in
Indian patients diagnosed with congenital cataract/microcornea and another variant,
€.593G>A, was also detected in a patient diagnosed with cataracts/microcornea in
a second study with a different cohort (Prokudin et al., 2014). Missense variants in
GJA8 have been observed to affect the protein via alteration of distributed amino
acids specifically those localised between transmembrane domain 1 (TM1) and
transmembrane domain 2 (TM2) (Yu et al., 2016). The predicted effect of these
variants is thought to be achieved via mis-localisation and/or misfolding, which
leads to alteration of channel properties (Beyer et al., 2013). The most common
variant detected in GJA8 gene is the heterozygous (p.Glu46Val) mutation known to
cause microcornea and congenital cataracts (Beyer et al., 2013) as shown by
functional studies that the variant in TM1 domain causes elevated hemichannels

formation, which leads to severe damage of the cells (Minogue et al., 2009).

The ¢.139G>T (p.Asp47T) in Extracellular loop one (ECL1), and c.586G>A
(p.Vall96Met) in Extracellular loop two (ECL2) as well as c¢.773C>T
(p.Ser258Phe) in C-terminal (CT) domain have also been observed to associate with
nuclear cataract as well as microcornea in Chinese (Lin et al., 2008), Indian
(Ponnam et al., 2013) and Chinese (Gao et al., 2010) study cohorts respectively. A
€.166A>C (p.Thr56Pro) in ECL1 was observed in a Mauritanian family diagnosed
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with nuclear cataracts with the variant absent from controls and segregating with
the disease (Hadrami et al., 2019). Only three pathogenic variants ¢.20T>C
(p.Leu7Pro), .68 G>C (p.Arg23Thr) and ¢.89dupT p.lle31Hisfs*18 located in the
NT domain have been observed thus far in Caucasian-Americans (Mackay et al.,
2014), Iranians (Willoughby et al., 2003) and Caucasian-Australians (Ma et al.,
2016) presenting with nuclear cataracts respectively, with the reported ¢.22G>A
variant in the current study being the fourth although in a patient presenting with
ARS.

Null pathogenic variants in FOXC1 and PITX2 genes are known to causes ARS
(Tdmer and Bach-Holm, 2009; Chang et al., 2012). The most frequently detected
mutations in patients presenting with ARS are point mutations such as ¢.236C>T
(p.Pro79Leu), ¢.358C>T (p.GIn120Ter) in FOXC1 (Nishimura et al., 2001,
Weisschuh et al., 2008) and ¢.385G>C (p.Vall29Leu) in PITX2 (Preston et al.,
2001). The alteration of functional FOXC1 and PITX2 proteins due to pathogenic
variants or deletions, duplications and/or insertions can result in either dosage
increase or decrease of either protein which is a causative mechanism for ARS
(Tdmer and Bach-Holm, 2009; Chang et al., 2012). In a study by Berry et al., (2006)
it was shown that both FOXC1 and PITX2 interact with each other and are co-
expressed in the developing anterior segment of the eye, with PITX2
downregulating FOXC1 expression which in turn inhibits expression of FOXC1
downstream targets. The relationship between the two proteins might also explain
why aberrant expression of either protein due to null mutations can lead to
phenotypes such as ARS. In the absence of functional PITX2, expression levels of
FOXC1 are elevated which can also lead to ARS development.

Both FOXC1 and PITX2 were selected for variant screening in the current study
with only PITX2 successfully sequenced in all 14 patients, while FOXC1 was not
sequenced due to the gene being only available in a Spike In gene panel (not
sequenced) instead of on demand gene panel. No pathogenic PITX2 were detected
in all 14 patients with only the reported c.22G>A GJA8 variant detected in a single
patient presenting with ARS.
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Our detection of this GJA8 missense variant in a patient diagnosed with ARS further
broadens the phenotype spectrum associated with aberrant expression of this
protein. The minor allele frequency of the ¢.22G>A (p.Gly8Arg) variant from the
current study was reported in gnomAD as 0.000185 in Africans, in comparison to
0.0000239 (~ 1 in 41902) in south Asians, with other ethnic groups having no entry
in gnomAD. Thus far, GJA8 heterozygous missense variants have not been detected
in patients diagnosed with ARS since GJA8 is known as a cataract only gene, which
leads to the exclusion of this gene when testing patients for possible causes of ARS.
ARS is a rare autosomal dominant heterogenous group of disorders which are
congenital and affect the normal development of the anterior segment of the eye
(Chang et al., 2012). These conditions include developmental abnormalities, which
affect both the extraocular as well as ocular structures and they show genetic
heterogeneity with null variants in FOXC1 and PITX2 implicated in ARS
development thus far (Tumer and Bach-Holm, 2009). Our data suggest that the
GJA8 gene should be included in the gene panel for testing of patients diagnosed
with ARS or ASD in general since this may have clinical implications especially in
adult patients diagnosed with ASD or ARS as they would have a 50% risk of
passing the mutation onto their offspring, and as such impacts reproductive
planning. The lack of broader genomic sequencing in African study cohorts also
creates a problem when screening patients diagnosed with ASD disorders given
their genetic diversity, which can contribute to the heterogeneity of ASD disorders
between various ethnic groups (Campbell and Tishkoff, 2010; Choudhury et al.,
2017).
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3.4.3 Varsome pathogenic BCOR and EPHA2 but VUS in this study

Two possibly novel frameshift variants were identified in this study, one in BCOR
NM_001123385.2: ¢.1257_1260delAGATIinsGAC (p.Asp420ThrfsTer22) and one
in EPHA2 NM_004431.5:¢.986_987delinsT (p.Pro329LeufsTer64). The BCOR
€.1257_1260delAGATinsGAC variant was detected in two patients, diagnosed
with Aniridia (ID: 15) as well as ARS (ID: 6). The EPHA2 ¢.986_987delinsT
variant was observed in a patient (ID: 13) presenting with Peter’s anomaly. The two
variants were classified as pathogenic by VARSOME database while upon further

examination of the variants relative to our study cohort were then classified as VUS.

The BCOR gene encodes for the synthesis of a BCL 6 corepressor protein that
functions in specification of cellular differentiation and body structure development
(Astolfi et al., 2019). Two domains primarily regulate the function of BCOR
namely the PCGF Ub-like fold discriminator (PUFD) domain, which is implicated
in histone regulation, and BCL-6 binding domain that interacts with BCL-6
transcriptional repressor (Astolfi et al., 2019). The BCOR frameshift variant
€.1257 1260delAGATIinsGAC (p.Asp420ThrfsTer22) is located in exon 4 at
position 1092 to 1095 of 2832. The BCL6 binding domain is located within exon 4
of the BCOR gene, which evidently our detected frameshift variant is also located
in the same domain. Aberrant expression of BCOR is associated with various
disorders such as cancer (Astolfi et al., 2019) and X-linked microphthalmia
disorders, which include oculofaciocardiodental disorder (OFCD) (Hilton et al.,
2009; Ragge et al., 2019). BCOR variants affect males and females differently
owing to the location of the gene on the X chromosome, such that OFCD are
observed in females and is lethal in males, while lenz microphthalmia which an X-
linked condition comprising of microphthalmia or anophthalmia presenting with
mental retardation, malformed ears, skeletal, renal, and urogenital anomalies is
observed in males harbouring BCOR null mutations (Ng et al., 2004; Ragge et al.,
2019). In a study by Ng et al., (2004) it was observed that a BCOR missense variant
€.254C>T (p.Pro85Leu) was the cause of X-linked recessive lenz microphthalmia
in an affected male patient as the variant segregated with the clinical phenotype,

and other similar observations have been described (Hilton et al., 2009; Suzumori
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et al., 2013) with the variants absent in unaffected control cohort. Zhu et al., (2015)
screened genes such as PITX2, BCOR and FOXC1 in a male patient presenting with
complex cardiac anomalies, dextrocardia and congenital glaucoma with a denovo
novel BCOR missense variant ¢.1619G>A (pArg540GIn) detected in the patient.
Here our data shows that two patients, ID: 6 with ARS and ID: 15 with aniridia,
harboured a frameshift pathogenic BCOR variant. The patient diagnosed with
Aniridia also harboured a pathogenic PAX6 stop-gained variant NM_001258462.3:
c760C>T (p. Arg254Ter), which is a known recurrent mutation directly associated
with Aniridia (Neethirajan et al., 2003; Atchaneeyasakul et al., 2006; Khan and
Aldahmesh, 2008; Abouzeid et al., 2009; Khondo-Saitoh et al., 2009; Khang et al.,
2016; Lin et al., 2018). This made it difficult when manually examining the BCOR
variant as to whether it could be contributory to the development of the two patient’s
clinical phenotype since BCOR pathogenic mutations have not been associated with
Aniridia as well as ARS in any ethnic groups. The BCOR variant was also observed
in the mother of one of the patients (ID: 12) who did not inherit the variant. This
could be due to the parent being partially mosaic in which case she would have a
healthy clinical phenotype. It is also possible that the variant could be a partial
sequencing artefact which will require validation with the aid of sanger sequencing.
Our study is also the first to present a possible pathogenic BCOR variant in Africans
diagnosed with ASD. The variant did not have a gnomAD entry for allele frequency
and in silico computational tool MutationTaster predicting the variant to have a
pathogenic impact. The literature currently available on BCOR pathogenic
mutations shows that further studies are warranted to understand the role of BCOR
in eye development (Hilton et al., 2009; Suzumori et al., 2013; Zhu et al., 2015;
Ragge et al., 2019).

The EPHA2 NM_004431.5: ¢.986_987delinsT (p.Pro329LeufsTer64) frameshift
variant was detected in a single patient (ID: 13) diagnosed with Peters anomaly.
Peters anomaly is a developmental abnormality in the anterior section of the eye. In
1906, Peters described the syndrome as it was characterised by cornea-iris adhesion,
corneal leukoma and shallow anterior chamber (Harissi-Dagher and Colby, 2008).
The severity of the disorder can vary from mild opacification of the cornea to severe

glaucoma, cataract and microphthalmia (Stahl, 2014). The variant did not have a
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gnomAD entry or ClinVar submission, and the in silico computational tool
MutationTaster predicted a pathogenic impact, which was supported by Varsome.
The EPHA2 gene encodes for ephrin receptor tyrosine kinase-type A2 (EPHAZ2),
which is highly expressed during embryogenesis with a primary function in
regulation of cell adhesion, proliferation, morphology, secretion, survival and
differentiation (Miao and Wang, 2009). EPHA2 is required for the normal
development of various organs with elevated expression observed in developing
eye, kidney and ear tissues (Xu et al., 2005; Saeger et al., 2011; Son et al., 2013;
Park et al., 2013). In the eye, lens transparency is achieved by organisation and tight
packing of lens fibre cells, which is maintained via gap and tight junctions as well
as extensive cell to cell adhesion that aids in sustaining lens transparency by
transporting between cells water, ions, minerals, nutrients, solutes and waste
products (Cooper et al., 2008; Dave et al., 2012; Son et al., 2013). Studies conducted
using mice animal model indicate that knockout or loss of function of EPHA2
results in disruption of the N-cadherin dependent intercellular adherens junctions
that regulate lens fiber cell to cell interaction resulting in cell morphological change,
weak cellular connections resulting in cataracts development (Jung et al., 2009;
Dave et al., 2013). Various studies have shown that EPHAZ2 null variants cause eye
development disorders such as cataracts and microphthalmia (Zhang et al., 2009;
Dave et al., 2013; Park et al., 2013).

In this study we report of a frameshift variant ¢.986 987delinsT
(p.Pro329LeufsTer64) detected in EPHA2 gene in a patient diagnosed with Peter’s
anomaly and the variant is located in exon 5 position 7 to 8 of 333. The EPHA2
protein is required for normal development of lens and patients harbouring
mutations in the EPHAZ2 gene resulting in aberrant expression, have been diagnosed
with congenital eye disorders. In a family diagnosed with bilateral nuclear lens
opacities, which were congenital, a ¢.1751C>T (p.Pro584Leu) variant was found to
be the cause of the opacities as the variant resulted in an alteration in amino acids
in exon 10 that are highly conserved. This resulted in the juxta membrane region of
EPHAZ2 being dysfunctional as this region is responsible for tyrosine residue auto-
phosphorylation, which subsequently regulates signalling activity of the receptor
(Dave et al., 2013; Park et al., 2013). Zhang et al., (2009) also detected two disease
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causing variants in a British family (frameshift mutation ¢.2915 2916delTG) as
well as an Australian family (splicing mutation ¢.2826-9G>A) diagnosed with
congenital cataracts. The ¢.2826-9G>A splice site variant introduces a splice
acceptor site which results in an additional 7 base pairs in an intron, which is
included in the final processed transcript (Zhang et al., 2009). Most recently it was
observed that EPHA2 variants, heterozygous missense ¢.1751C>T (p.Pro584Leu)
and splice site ¢.2826-9G>A, segregated with microphthalmia as well as congenital
cataracts in two unrelated families (Harding et al., 2021). The data presented from
literature coupled with data obtained in the current study add support to the
importance of EPHAZ2 in eye development since the protein is required for lens
homeostasis through regulating adherens junctions, both during embryological
development and throughout life. Our data also demonstrate a potential novel
association of EPHA2 gene variants with Peter’s anomaly in a study cohort
comprising of South Africans, which could potentially aid in diagnostic rates if
EPHAZ2 gene is added to the list of genes screened for mutations in association with

Peter’s anomaly.
3.4.4 Variants of uncertain significance: LTBP2 and PXDN

VUS mutations that had conflicting interpretation of pathogenicity (i.e., reported as
pathogenic in one testing centre, while reported as likely benign by another) during
data analysis were also filtered out for quality control. Variants located within the
untranslated regions were analysed for any effect on splicing, with those not having
any deleterious impact filtered out. Variants with allele count greater than five in
ExXAC and gnomAD were filtered out. Three variants in (PXDN (two) and LTBP2

(one)) were prioritised from the filtered data set.

PXDN heterozygous missense mutations NM_012293.3:¢.1112C>T (p.Pro371Leu)
in exon 10 at position 94 of 273 and NM_012293.3:¢.2827C>T (p.Arg943Trp) in
exon 17 at position 723 of 1504 were detected in two patients, ID: 12 and ID: 14,
respectively. Patient (ID: 14) harboured both PXDN missense mutations and was
diagnosed with ARS, while Patient (ID: 12) was diagnosed with Peter’s anomaly
and only harboured the ¢.2827C>T variant, which was also observed in the patient’s

father (Sample ID: 10). PXDN is a novel player in the development of the eye since
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less than a handful of studies have been conducted with regards to its function in
the eye as well as the regulation of gene expression, and as the impact of pathogenic
mutations in the gene (Khan et al., 2011; Choi et al., 2015; Micheal et al., 2016).

In a study by Khan et al. (2011), it was found that two consanguineous Pakistani
families and one consanguineous Cambodian family, harboured homozygous
mutations in PXDN (Khan et al., 2011). The two Pakistani families presented with
congenital cataract and corneal opacity which was mild to moderate, while the
Cambodian family presented with severe corneal opacification and congenital
glaucoma. An exon 17 PXDN missense mutation at position 534 of 1504
NM_012293.3:¢.2638C>T (p.Arg880Cys) was detected via direct sequencing in
one Pakistani family (Khan et al., 2011). In silico computational tools predicted the
€.2638C>T to be deleterious as the amino acid change was within the conserved
haem peroxidase domain, which could affect both protein structure and enzymatic
ability of the domain (Khan et al.,, 2011). A homozygous 1-bp deletion
NM_012293.3:¢.2568delC (p.Cys857fs) in exon 17 of the PXDN gene, causing a
frameshift predicted to result in premature termination of the protein
(Cys857AlafsTer5) within the haem peroxidase domain was observed to be
segregating in an affected Pakistani consanguineous family (Khan et al., 2011).
Another pathogenic PXDN wvariant in exon 10 at position 3 of 273
NM_012293.3:¢.1021C>T (p.Arg341Ter) located within the Ig-like domain was
detected in the Cambodian family and was found to likely cause protein truncation,
which can also be deleterious (Khan et al., 2011). These mutations were only
observed in the affected patients and absent in the controls (Khan et al., 2011).

Choi et al. (2015) detected additional mutations in PXDN including the ¢.1021C>T
reported by Khan et al. (2011) in a study cohort of a different ethnic group
(Caucasian-Americans). The ¢.1021C>T variant was inherited maternally and a
paternally inherited 23-base-pair deletion causing a frameshift and premature
protein truncation ¢.2375 2397del23 (p.Leu792Hisfs*67) was observed in two
siblings presenting with microphthalmia, developmental delays, ASD, hypotonia
and sclerocornea from a Caucasian family with no history of consanguinity (Choi

et al., 2015). Data from another 20 patients was investigated for any PXDN gene
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mutations and two were identified in one patient (male) presenting with ASD,
microphthalmia and cataracts: the mutations were a ¢.1192delT
(p.Tyr398Thrfs*40), frameshift mutation, which was inherited maternally, and a
€.947A>C (p.GIn316Pro) missense mutation considered to be deleterious, which

was paternally inherited (Choi et al., 2015).

In 2016, Micheal et al. screened three consanguineous families from Pakistan
diagnosed with primary congenital glaucoma (PCG) and developmental glaucoma
for pathogenic variants in PXDN and LTBP2 genes. In two families, two causative
variants (novel missense mutation ¢.4934G>A (p.Argl645Glu) and a novel
frameshift mutation ¢.4031_4032insA (p.Asp1345Glyfs*6)) in the LTBP2 gene
were detected and co-segregated with the disease phenotype. A novel PXDN
mutation ¢.3496G>A (p.Gly1166Arg) was identified in the third family diagnosed
with developmental glaucoma and the variant was observed to be segregating with
the disease. The variants detected in PXDN and LTBP2 were absent in healthy
controls of 150 Pakistani (Micheal et al., 2016).

The two PXDN variants identified in our study were located in exons 10
(p.Pro371Leu) and 17 (p.Arg943Trp), regions in which pathogenic variants have
been previously reported (Khan et al., 2011, Choi et al., 2015; Micheal et al., 2016).
The two exons fall within the Ig-like domain (231 to 333 of 1470) and haem
peroxidase domain (741 to 1289 of 1470) respectively, with amino acid changes
within the two conserved domains could affect both protein structure and enzymatic
ability of the domain. The variants reported in this study were also predicted to be
damaging by eight in silico predictive tools vs four predicting benign impact. The
€.1112C>T variant was found to have a minor allele frequency of 0.003 in Africans
versus 0.0000558 in East Asians, 0.0000183 in Europeans (Non-Finnish) and
0.000262nin Latinos., while the ¢.2827C>T variant has a minor allele frequency of
0.004 also in Africans as reported by gnomAD, versus 0.000333 in South Asians,
0.00000958 in Europeans (Non-Finnish) and 0.000353 in Latinos.

PXDN requirement for normal eye development has also been shown by Yan et al.
(2014) whereby a mutant mouse model was induced via N-ethyl-N-nitrosourea of

which upon sequencing revealed a recessive mutation (T3816A) causing a

148



premature stop codon in the peroxidase domain, which resulted in development of
ASD as well as microphthalmia. In mouse animal models, the developing eye
expresses PXDN from embryonic age (E11.5) onwards, which is equivalent to 33
days in human embryology, and when PXDN is knocked out, the outcome is
absence of collagen IV crosslinking (Lazar et al., 2015). As such, PXDN s
understood to be essential for normal development of eye structures such as the lens
epithelium and cornea via collagen IV crosslinking, which promotes consolidation
of ocular BM (Yan et al., 2014).

The LTBP2 protein is involved in cell adhesion as well as tissue repair and is highly
expressed in ciliary processes which regulate the synthesis of aqueous humour and
in trabecular meshwork (Shipley et al., 2000). Here we report two LTBP2
heterozygous missense variants, NM_000428.3:¢.1577G>A (p.Ser526Asn) in exon
7 at position 178 of 287, and heterozygous splice site variant NM_000428.3:¢.3527-
3C>A in intron 23 at position 98 of 100, which were detected in Patient (ID: 12)
with Peter’s anomaly and Patient (ID: 1) with ARS, respectively. Varsome
classified the LTBP2 ¢.3527-3C>A variant as pathogenic with three ClinVar
submitters (Accession number: RCV000909576, RCV000305307,
RCV000403118) classifying the variant as benign, likely benign and uncertain
significance while the ¢.1577G>A missense was classified as VUS and had no

ClinVar submission.

The mother (Sample ID: 11) of the diagnosed patient (ID: 12) was also a carrier of
the variant. The two variants reported in the current study were not novel and have
a gnomAD entry for minor allele frequency of 0.002 for ¢.1577G>A in Africans
versus 0.00000884 in Europeans (Non-Finnish), 0.000347 in Latino. The ¢.3527-
3C>A had a minor allele frequency of 0.001 in contrast with 0.0000612 in
Europeans (Non-Finnish), 0.00055 in Latino and 0.0000327 in South Asians. The
variants are all located in a conserved region within the LTBP2 gene with in silico
predictions indicating a pathogenic impact (one) for ¢.3527-3C>A while the
€.1577G>A was predicted to be pathogenic by (four) vs benign (eight).

Homozygous null mutations in the LTBP2 gene have been previously reported in

four consanguineous Pakistani and Gypsy families (Ali, et al., 2009). Micheal et al.
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(2016) reported two causative variants (novel missense mutation c.4934G>A
(p-Argl645Glu) and a novel frameshift mutation ¢.4031_4032insA
(p.Aspl345Glyfs*6) in the LTBP2 gene detected via sequencing of two unrelated
consanguineous Pakistani families with the variants co-segregating with the disease
phenotype Primary congenital glaucoma (PCG). In eight Indian families a nonsense
missense mutation ¢.2421G>A (p.Trp807Ter) was detected and observed to be co-
segregating with PCG (Yan et al., 2017), and the same variant was also detected in
three consanguineous Pakistani family diagnosed with PCG with the variant absent
in 200 healthy controls (Rauf et al., 2020). There are only two studies to date
(excluding the current study) that have been conducted in African cohorts
(Mauritanians and South Africans) to screen for potential pathogenic variants in
LTBP2 gene in patients diagnosed with PCG and in both studies no pathogenic
variants were detected in the patients (Hadrami et al., 2019; Carstens et al., 2022).

The processes by which pathogenic variants in LTBP2 results in clinical phenotypes
such as PCG is not well understood. Given the function of LTBP2 in ciliary process
which involve ciliary muscles that control the lens, the protein is involved in
regulation of elastic fibers in developing elastic tissues (Vehvildinen et al., 2009).
Fibrillin 1 (FBN1) interacts with LTBP2 which integrates it into the ECM (Hirani
et al., 2007), with dysregulation of FBN1 associated with Marfan syndrome while
LTBP2 null variants have also been associated lens dislocation, secondary
glaucoma, megalocornea, microspherophakia and Weill Marchesani syndrome
(Désir et al., 2010; Kumar et al., 2010; Haji-Seyed-Javadi et al., 2012). The studies
that have reported on pathogenic variants in LTBP2, including the current study,
have all shown the underlying involvement of aberrant LTBP2 protein expression
in various eye disorders given as shown by expression patterns in the ciliary body,

trabecular meshwork and ciliary processes (Ali et al., 2009).

The link between PXDN and LTBP2 with regards to their involvement in the
development of glaucoma is also not well understood. PXDN plays a pivotal role
in the assembly of the ECM by cross-linking Collagen IV to form the BM (Lazér et
al., 2015). LTBP2, like PXDN, is also an ECM protein (i.e., glycoprotein) that

interacts with fibronectin as well as FBN1, which are also required for normal ECM
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formation (Vehvildinen et al., 2009). It is possible that either collagen IV or other
ECM proteins directly or indirectly facilitate their interaction. Null variants in any
of the genes that encodes PXDN, LTBP2, collagen IV (COL4A) or FBN1 could
results in poor or no development of the anterior segment of the eye due to affected
ECM assembly in eye tissues such as the trabecular meshwork, which regulates IOP
of the eye leading to development of vision impairment disorders such as ASD
(Vranka et al., 2015; Lazar et al., 2015).

In conclusion, our data confirms that ASD is indeed heterogenous in nature, as out
of the total of 14 patients presenting with ASD no pathogenic variant was observed
to be segregating with the disease in more than one patient. Sanger sequencing of
family members of the patients harbouring both pathogenic variants as well as
variants of uncertain significance will need to be performed for validation. This will
aid in better understanding as to whether these variants are de novo or if they are
partial sequencing artefacts especially the BCOR, LTBP2 and EPHA2 variants. At
the time of submission of this work, no research studies have been conducted with
regards to PXDN gene variant screening in African patients presenting with
congenital eye disorders under the umbrella of ASD. Although the cohort size was
not big enough to draw broad conclusions from, the data generated will contribute
in adding some much-needed knowledge in understanding PXDN role in eye
development as well as providing clarity as to whether gene panels for eye disease
testing in cohorts of different ethnic background can be used for testing in African
cohorts. Thus far a handful of studies have been conducted in a South African
cohort with regards to the genetic aspect of eye disease. In Africa, more specifically
South Africa there is limited epidemiological data regarding the burden of eye
diseases. The data generated in this study was novel in that it is the first to be

conducted in a South African cohort presenting with ASD.
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CHAPTER 4:
Overall
conclusions and
future experiments



4.1  Summary conclusions

In this study we have demonstrated that PAX6, FOXC1 and PITX2 are potential
regulators of PXDN. We have also demonstrated the heterogeneity of ASD in a
South African cohort.

Our data confirmed the novel interaction of PAX6, FOXC1 and PITX2 with PXDN
gene promoter as confirmed by ChIP-PCR and that our model HEK293 cell line
endogenously expressed all three transcription factors as well as PXDN in the
presence of FGF-2. We have also demonstrated through literature as to why PAX6
is more likely to regulate PXDN as compared to FOXC1 and PITX2 which are
already known to be regulated by PAX6. PXDN is an ECM protein that is able to
catalyse oxidative stress reaction in response to elevated production of H20: in
various tissue. Knockout of PAX6 in glioblastomas has been showed to result in
the cells being more resilient to H20 induced oxidative stress than wild type cells.
With a similar observation noted in corneal cell lines exposed to H2O2 which
resulted in reduced expression as well as localisation of PAX6. PAX6 as master
regulator of eye development and other organs, it has been shown to regulate
expression of key genes that regulate oxidative stress such as NRF2 which has
already been proven to be regulating expression of PXDN in HEK293 cell lines.
Given the known roles as well as putative functions of PXDN, PAXG6 is likely to be
a direct or indirect regulator of PXDN by either upregulating its expression to
synthesise BM through collagen IV cross-linking in the establishment of ECM or
catalysis of ROS generated in eye, vascular or kidney tissues. The limitation of our
first aim is the requirement for luciferase reporter gene data, which will aid in
completely understanding as to which specific binding site results in regulation of
PXDN. FOXC1 and PITX2 are known downstream targets of PAX6 and as such
could also be regulators of PXDN, although our ChIP-PCR data will need to be
validated with luciferase reporter gene assays. The interaction of these proteins will
be key in better understanding the respective clinical phenotypes they are currently
implicated in more especially ASD which is congenital in nature. The ChIP-PCR
data was also supposed to be replicated in human corneal cell line in order to see as
to whether the data generated using HEK293 cell line will be similar or not but due
to COVID-19 this aim was not achieved.
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In the second aim of this study, we proceeded to sequence 43 genes, known to be
involved in eye development pathways, in a South African cohort presenting with
ASD. Out of all 14 patients sequenced in this study, one patient presenting with
Aniridia harboured a pathogenic PAX6 gene variant. Four patients presenting with
ARS harboured variants of uncertain significance in PXDN, LTBP2 and BCOR,
while one harboured a pathogenic GJA8 variant. Two patients presenting with
Peter’s anomaly also harboured a PXDN as well as LTBP2 variants, which were
observed in two patients presenting with ARS. The data generated in this study
further confirms the heterogeneity of ASD disorders and further broadens the ASD
spectrum as genes such as GJA8 are known as cataracts gene which is never tested
in patients presenting with other ocular anomalies other than cataracts,
microphthalmia, sclerocornea and iris hypoplasia. This observed heterogeneity
could also be due to the lack of broader genomic sequencing in African study
cohorts as this also creates a problem when screening patients diagnosed with ASD
disorders given their genetic diversity, which can contribute to the heterogeneity of
ASD disorders between various ethnic groups (Campbell and Tishkoff, 2010;
Choudhury et al., 2017).

One key limitation of in this study was the sample size which was also lower than
expected as a direct consequence of COVID-19 delays in collection of samples as
clinics/hospitals were closed for research purposes during lockdowns. Another
limitation was with regards to the validation of some of the variants such as the two
BCOR and EPHA2 frameshifts with sanger sequencing and the unavailability of
other family members of the study participants for sequencing to screen for any
possible segregation of the prioritised variants in this study. The patient presenting
with pathogenic GJA8 variant will require screening for FOXC1 mutations given

that GJAS8 variants thus far have not been associated with ARS development.
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4.2 Future experiments

Luciferase assay for PAX6, FOXC1 and PITX2 will confirm the ChIP-PCR work
in this study, which has already shown that these transcription factors do interact
with PXDN in HEK293 cell line. Replication of PXDN interaction with FOXC1,
PITX2 and PAX6 in human corneal cell line will further validate this study in the

context of the eye.

While for the NGS work, seven genes were filtered out from the total of 50, as they
were not available on the on-demand gene panel but only on spike-in panel which
was not ordered due to financial reasons. The filtered-out genes included FOXC1,
which is known as key transcription factor required for development of the anterior
segment of the eye. The patients for which no pathogenic variants were detected
could be harbouring disease causing variants in these genes and as such would be
an important addition.
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Appendix B

Criteria for Classifying Pathogenic Variants

Very strong evidence of pathogenicity

PVS1 = Null variant (nonsense, frameshift, canonical +/—1 or 2 splice sites,
initiation codon, single or multi-exon deletion) in a gene where loss of function

(LOF) is a known mechanism of disease
Caveats:

» Beware of genes where LOF is not a known disease mechanism (e.g
GFAP, MYH7)

* Use caution interpreting LOF variants at the extreme 3’ end of a gene

* Use caution with splice variants that are predicted to lead to exon skipping

but leave the remainder of the protein intact
« Use caution in the presence of multiple transcripts

Strong evidence of pathogenicity

PS1 = Same amino acid change as a previously established pathogenic variant

regardless of nucleotide change
Example: Val->Leu caused by either G>C or G>T in the same codon

Caveat: Beware of changes that impact splicing rather than at the amino
acid/protein level

PS2 = De novo (both maternity and paternity confirmed) in a patient with the

disease and no family history

Note: Confirmation of paternity only is insufficient. Egg donation, surrogate

motherhood, errors in embryo transfer, etc. can contribute to non-maternity.
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PS3 = Well-established in vitro or in vivo functional studies supportive of a

damaging effect on the gene or gene product

Note: Functional studies that have been validated and shown to be reproducible and
robust in a clinical diagnostic laboratory setting are considered the most well-
established

PS4 = The prevalence of the variant in affected individuals is significantly

increased compared to the prevalence in controls

Note 1: Relative risk (RR) or odds ratio (OR), as obtained from case-control studies,
is >5.0 and the confidence interval around the estimate of RR or OR does not

include 1.0. See manuscript for detailed guidance.

Note 2: In instances of very rare variants where case-control studies may not reach
statistical significance, the prior observation of the variant in multiple unrelated
patients with the same phenotype, and its absence in controls, may be used as

moderate level of evidence.

Moderate evidence of pathogenicity

PM1 = Located in a mutational hot spot and/or critical and well-established

functional domain (e.g active site of an enzyme) without benign variation

PMZ2 = Absent from controls (or at extremely low frequency if recessive) (see Table
6) in Exome Sequencing Project, 1000 Genomes or EXAC

Caveat: Population data for indels may be poorly called by next generation

sequencing
PM3 = For recessive disorders, detected in trans with a pathogenic variant
Note: This requires testing of parents (or offspring) to determine phase

PM4 = Protein length changes due to in-frame deletions/insertions in a non-repeat

region or stop-loss variants

197



PMS5 = Novel missense change at an amino acid residue where a different missense
change determined to be pathogenic has been seen before

Example: Arg156His is pathogenic; now you observe Arg156Cys

Caveat: Beware of changes that impact splicing rather than at the amino acid/protein

level

PM6 = Assumed de novo, but without confirmation of paternity and maternity

Supporting evidence of pathogenicity

PP1 = Co-segregation with disease in multiple affected family members in a gene
definitively known to cause the disease.

Note: May be used as stronger evidence with increasing segregation data PP2
Missense variant in a gene that has a low rate of benign missense variation and

where missense variants are a common mechanism of disease.

PP3 = Multiple lines of computational evidence support a deleterious effect on the

gene or gene product (conservation, evolutionary, splicing impact, etc)

Caveat: As many in silico algorithms use the same or very similar input for their
predictions, each algorithm should not be counted as an independent criterion. PP3

can be used only once in any evaluation of a variant.

PP4 = Patient’s phenotype or family history is highly specific for a disease with a

single genetic etiology

PP5 = Reputable source recently reports variant as pathogenic but the evidence is
not available to the laboratory to perform an independent evaluation

Criteria for Classifying Benign Variants

Stand-Alone evidence of benign impact
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BA1 = Allele frequency is above 5% in Exome Sequencing Project, 1000 Genomes,
or EXAC

Strong evidence of benign impact

BS1 = Allele frequency is greater than expected for disorder (see table 6)

BS2 = Observed in a healthy adult individual for a recessive (homozygous),
dominant (heterozygous), or X-linked (hemizygous) disorder with full penetrance

expected at an early age

BS3 = Well-established in vitro or in vivo functional studies shows no damaging

effect on protein function or splicing
BS4 = Lack of segregation in affected members of a family

Caveat: The presence of phenocopies for common phenotypes (i.e. cancer,
epilepsy) can mimic lack of segregation among affected individuals. Also, families
may have more than one pathogenic variant contributing to an autosomal dominant

disorder, further confounding an apparent lack of segregation.

Supporting evidence of benign impact

BP1 = Missense variant in a gene for which primarily truncating variants are known

to cause disease

BP2 = Observed in trans with a pathogenic variant for a fully penetrant dominant
gene/disorder; or observed in cis with a pathogenic variant in any inheritance

pattern
BP3 = In-frame deletions/insertions in a repetitive region without a known function

BP4 = Multiple lines of computational evidence suggest no impact on gene or gene

product (conservation, evolutionary, splicing impact, etc)
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Caveat: As many in silico algorithms use the same or very similar input for their
predictions, each algorithm cannot be counted as an independent criterion. BP4 can

be used only once in any evaluation of a variant.
BP5 = Variant found in a case with an alternate molecular basis for disease

BP6 = Reputable source recently reports variant as benign but the evidence is not
available to the laboratory to perform an independent evaluation

BP7 = A synonymous (silent) variant for which splicing prediction algorithms
predict no impact to the splice consensus sequence nor the creation of a new splice

site AND the nucleotide is not highly conserved
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Appendix C

Recipes of buffers and solutions used in gene regulation experiments.

Buffer/ solution Recipe

1X PBS 137 mM NaCl, 2.7 mM KClI, 8.1 mM Na;HPO4+12H>0, 1.8 mM
KH2PQO4, pH 7.2, autoclaved

Trypan Blue 0.2% (w/v) Trypan blue in 1X PBS, filter sterilised

1X RIPA buffer

50 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.1% (w/v) SDS, 1% (v/v)
Triton X-100, 0.5% (w/v) sodium deoxycholate, 1 mM PMSF, 10
uM leupeptin

Native lysis buffer

25 mM Tris-HCI pH 8.0, 75 mM NacCl, 0.5% (v/v) Triton X-100, 1
mM PMSF, 10 uM leupeptin

Coomassie blue dye

3 mM Coomassie Brilliant Blue G-250, 50% (v/v) methanol, 10%
(v/v) glacial acetic acid

Destain solution

12% (v/v) Glacial acetic acid, 10% (v/v) methanol

Elution buffer

66% (v/v) Methanol, 1% (v/v) 25% (v/v) ammonia

4X protein loading buffer

240 mM Tris-HCI pH 6.8, 8% (w/v) SDS, 0.04% (w/v)
bromophenol blue, 5% (v/v) B-mercaptoethanol, 40% (v/v) glycerol

SDS-PAGE Running Buffer

3.5 mM SDS, 192 mM glycine, 25 mM Tris, pH 8.8

Transfer buffer

192 mM Glycine, 25 mM Tris, 20% (v/v) methanol, pH 8.3

IX TBS/T 20 mM Tris-HCI pH 7.6, 137 mM NacCl, 0.1% (v/v) Tween-20

Blocking buffer 5% (w/v) Fat-free milk, 1X TBS/T

Developer 6.4 M Metol, 0.6 M sodium sulphite, 80 mM hydroquinone, 45 mM
sodium carbonate, 34 mM potassium bromide

Fixer 0.8 M Sodium thiosulphate, 0.2 M sodium metasulphite

IX TAE 40 mM Tris-HCI pH 8, 0.11% (v/v) glacial acetic acid, 1 mM EDTA

pH 8.0

6X DNA loading dye

30% (v/v) Glycerol, 3.7 mM bromophenol blue

IP buffer

20 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.5% (v/v) Triton X-100, 1
mM PMSF, 10 uM leupeptin

ChlP IP buffer

20 mM Tris-HCI pH 8.0, 2 mM EDTA pH 8.0, 150 mM NacCl, 1%
(v/v) Triton X-100, I mM PMSF, 10 uM leupeptin

ChlIP wash buffer

20 mM Tris-HCI pH 8.0, 2mM EDTA pH 8.0, 150 mM NaCl, 1%
(viv) Triton X-100, 0.1% (v/v) SDS

ChlP final wash buffer

20 mM Tris-HCI pH 8.0, 2 mM EDTA pH 8.0, 500 mM NacCl, 1%
(v/v) Triton X-100, 0.1% (v/v) SDS

ChlP elution buffer

1% (v/v) SDS, 100 mM NaHCOs3

SOC broth 2% (w/v) LB broth, 10 mM MgCl;
Solution A 25 mM Tris-HCI, 10 MM EDTA, pH 8.0
Solution B 0.4 M NaOH, 2% (v/v) SDS

Crystal violet

0.2% (w/v) Crystal violet powder, 20% (v/v) ethanol

2X cell culture medium

1.5% (w/v) DMEM and 0.5% (w/v) F12 (3:1), 0.4% (w/v) NaHCOs,
10% (v/v) FBS, 0.1% (v/v) penicillin/streptomycin, filter sterilised
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Appendix D

PARTICIFANT INFORMATION SHEET
Eye development disorders

Hello,

We (Dr Carstens, Dr Willlams, Dr Goolam and Prof Ramsay) are undertaking research nto the
underlying genetic cause for eye development disorders that affect the front of the eye (anterior
segment). Dr Carstens and Prof Ramsay are specialists in the field of human genetics and we are
working with consultant eye specialists at Charlotte Maxeke Johannesburg Academic Hespital, We
will be conducting the study we are speaking about, The research will be conducted at the Charlotte
Maxeke Johannesburg Academic Hospital and the University of the Witwatersrand.

We are studying the eye development condifions that youlyour child has, It seems that this is a
disease that is passed on In our genes, It can be inherited or it can be a completely new mutation that
accurs for the first time In the family. The genes are contained In the DNA, which is found in every cell
of our bodies.

We would like to Invite you and your children, thus;e with the condition and those who do not have it
to participate in this study. At some stage we may also, with your permission, contact other family
members who may assist us with the study. If you would like to participate {and if you and your
children are willing to be a part of the study), we will first arrange for your family to see a genetic
counsellor or doctor who can explain inheritance and what it means in this disease and in your family,
Then we will examine your child's eyes and take a blood sample from histher arm. We will also
examine your eyes and take a blood sample from you. We may also ask for a saliva sample. We will
then take the DNA out of the blood or saliva without doing any other tests on the sample. Some of the
DNA may be sent out of the country to look at all the genetic material in the DNA. We hope that this
will help us to find the genes that are associated with developmental eye disorders. All the information
that is discovered with this process will return to South Africa where it may be used in other genetic
studies. We would also like to use the records from all yaur eye related tests to help us find pattems
between specific results from these tests or examinations and the DNA changes.

You and your children do not have to join this study. You can also decide o leave the study al any
time. If you do not want o be part of this study or decide to leave the study it will not affect your child's
regular treatments or medical care in any way. We invite your child o approach the researchers to be
re-consented when he/she tums 18 if he/she wishes. He/she can also decide to leave the study at
any time.
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INFORMATION ABOUT DEVELOPMENTAL EYE DISORDERS

The purpese of this research is to look for genes that are associated with developmental eye
disorders in South Africans, We hope that the results will help us to better understand the causes of
developmental eye disorders,

The human eye forms through & complex program during embryonic development. Problems in this
developmental process can lead to congenital eye malformations, such as anophthalmia (no eya),
microphthalmia (small eye), coloboma (fallure of the optic fissure to close), aniridia {absent or
partial irié}. anterior segment dysgenesis (a range of disorders that affect the development of the
front of the eye) and optic nerve hypoplasia (underdeveloped optic nerve). These eye development
disorders are usually apparent in an eye examination. Children with these problems need the kind of
specialized experience found among ophthalmologists. Eye develapment disorders can affect one ar
many parts of the eye, such as the Iris, comea and lens. There are a number of genes that have boen
linked to eye development disorders and it is not always possible to Identify or predict the likely causal
gene based on a dinical examination, This is why we would like to examine many genes in the same
study to try and identify the gene that's causing a particular developmental eye disorder.

INFORMATION ABOUT DNA SAMPLING

If your family would like to be a part of this study, then we will arrange for a genetic counselior or
doclor to mest with you to explain genes, genetics and how they are involved in developmental eye
disorders and how this 1s likely to affect your family. Then in order to study your genes we will take a
sample of blood from your arms. We may also ask for a saliva (spit) sample from you or your affected
child. Our blood and saliva contains calis. All the celle in our bodies contain a chemical called DNA
that we inherit from our parents. It carries the instructions for making us living organisms. It contains
all our genes. We can take the DNA out of the cells that are in your sample. Once we have removed
the DNA from the sample we can study the genes. In this study we will examine every gene in the
DNA to try and find the gene that causes a developmental eye disorder, Sometimes we have to send
a little bit of the DNA overseas fo experienced service providers or collaborators to examine these
genes, because we don't always have the equipment and machines that are necessary to do this
work In the country. All the Information that is discovered with this process will, however, retum to
South Africa where it can be analysed and perhaps used in other genetic studies.

If your family is interested in helping us with further research then the remainder of your DNA will be
stored in the Sydney Brenner Institute for Molecular Biosciences (SBIMB) Biobank here in South
Africa for an Indefinite pericd of time. It can sometimes take a long time and lots of experiments to
fully understand the cause of a particular disease, which is why we ask to keep the samples. You may
sign a separate consent form for this and your children may sign a separate assant form for this. In
the future if further tests become available for genes involved In developmental eye disorders we may
then use this DNA to lock for these genes. We will only use the DNA for tests related to genetic- and
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ophthalmology-related research and it will not be used for any other purpose. Any further tests will be
monitored by the Wits Ethics Committee. If samples are fo be sent overseas they will be protected by
a legal agreement with Wits University. This will also be monitored by this Ethics Committee. You may
choose to have the DNA destroyed at any time.

EXPECTED BENEFITS

This study is unlikely to help you in any way but it will help us to understand developmental eye
disorders better and may help us to develop new ways to treat the disease in the futura, If information
relative to the eye condition Is identified, the information will be conveyed to you by a genetic

. counsellor or doctor.

Through this research, we may find that you and your child has an abnormal gene or gene product
(RNA or protein). These results may also indirectly provide information about your entire family. Some
people involved in genetic studies have felt anxious about the possibility of carrying an abnommal gene
that places them at risk or that can be passed on to their children. If you have these feslings at any
time during the study, you may contact the Investigator(s) who will arrange for you to speak to a
genetic counsallor,

WHAT TO EXPECT FROM THE STUDY

Once you have signed the consent form and your children have signed the assent form we will ask
you some questions about your and your children's background, health and eyes. A complete eye
examination will be performed on your affected child that is no different from hisfher usual follow-up
eye examination. Unaffected family members will also have an eye examination to confirm that they
do not have the condition. This information will be used in the research study, byt your family's
personal detalis will be withheld. Then a nursing sister or doctor will take up fo two teaspcons (10ml
or 2 tubes) of blood from a vein in each parficipating family member. Venipunctures (drawing blood)
are normally done as part of routine medical care and present a slight risk of discomfort, Drawing
blood may result in faintness, inflammation of the vein, pain, bruising or bleeding at the puncture site.
There is also a slight possibility of infection, Your protection is that experienced personnel perform the
procedures under sterile conditions.

We. may also ask for a saliva {spit) sample from you or your affected child. A nursing gister or doctor
will use a small, soft sponge to collect the saliva sample. The sponge is placed inside the mouth
against the cheek and gently moved along the gums and cheek to soak up as much saliva as
possible. Hefshe will then place the saliva in a special container and might repeat the process if we
do not get enough sallva the first ime. This procedure is painless and harmless.
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CONFIDENTIALITY

Only the investigators of the study will know your and your children's names and personal details. You
will each be given a code and number for the study so that no one knows who you are. The blood
samples, DNA and/or saliva samples will not be attached to your names — they will only have their
code and number on them.

CONTACT DETAILS
If you have any problems you can contact me at any time on this telephone number: -

Dr Nadia Carstens — 011 489 9230,

If you have any concemn over the way the study Is being conducted, please contact the Chairperson of
this Committee who Is Professor Clemnent Penny, who may be contacted on telephone number 011
717 2301, or by e-mall on Clement.Penny@wits,ac.za. The telephone numbers for the Commitiee
secretariat are 011 717 2700/1234 and the e-mail addresses are Zanele Ndlovu@wits.ac.za and
Rhulani,Mukansiawits.ac.za,
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CONSENT FORM for adults

“The purpose of this study, procedures to be followed, risks and benefits, have been explained to me.
| have been allowed to ask the gquestions | have, and my questions have been answered to my
satisfaction. | have been told whom to contact if | have questions, to discuss problems, concerns, or
suggestions related to the research, or to obtain information or offer input about the research. | have
read this consent form and agree to participate in this research study with the understanding that |
may withdraw at any time. | hlave been told that | will be given a signed and dated copy of this consent
form if | would like one.”

Signature of Participant Date

Signature of Person Obtaining Consent Date
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CONSENT FORM for children

“The purpose of this study, procedures to be followed, risks and benefits, have been explained to me
and my child. | have been allowed to ask the questions | have, and my questions have been answered
to my satisfaction. | have been told whom to contactif | have questions, to discuss problems, concerns,
or suggestions related to the research, or to obtain information or offer input about the research. |
have read this consent form and agree to allow my child to participate in this research study with the
understanding that | may withdraw my child at any time. We have discussed the study with my child
to the best of our ability, who agrees to be in the study. We have explained to my child that he/she
may approach the researchers to be re-consented when he/she turns 18 if he/she wishes and that
he/she may withdraw from the study at any time. | have been told that I will be given a signed and
dated copy of this consent form if | would like one.”

Name of Child Date
Signature of Parent or Legal Guardian Date
Signature of Person Obtaining Consent Date
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ASSENT FORM

“The purpose of this study, procedures to be followed, risks and benefits, have been explained to me.
| have been allowed to ask the guestions | have, and my guestions have been answered to my
satisfaction. | have been told whom to contact if | have questions, to discuss problems, concerns, or
suggestions related to the research, or to obtain information or offer input about the research. | have
read this assent form (or had it read to me) and agree to participate in this research study with the
understanding that | may withdraw at any time. | understand that that | may approach the researchers
to be re-consented when | turn 18 if | want to and that | may withdraw from the study at any time. |
have been told that | will be given a signed and dated copy of this consent form if | would like one.”

Signature of Child/ thumb print Date
Signature of Parent or Legal Guardian Date
Signature of Person Obtaining Consent Date
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COMNSENT FORM for ADULTS for DNA storage for possible future use

I, the undersigned, have been fully informed as to the procedure to be followed and have been given
a description of the risks and benefits of having my DNA extracted and stored for possible further
research.

In signing this form, | agree to have my DNA stored at the Division of Human Genetics in the Molecular
Genetics Laboratory.

| understand that most of the DNA that is extracted from my blood will be stored in Johannesburg for
an indefinite period of time and may be used for further genetic testing for genetic- or developmental
disorder-related research only. This may include sending a portion of the sample overseas for further
tests. Any further testing on these samples will be monitored by the Wits Ethics Committee.

I understand that if | have any questions at any time, they will be answered.
| understand that | can choose to have my DNA destroyed at any time.

| understand that confidentiality will be maintained at all times through the use of a code and
numbering system.

A signed copy of this consent form will be made available to me if | want one.

The information around the blood and DNA samples taken from me is clear.

YES NO

The purpose of this consent is for me to inform the study what they can or cannot do with these
samples.

YES NO

I acknowledge that all procedure/tests on the stored blood and DNA samples have been or will be
approved by the Human Research Ethics Committee of the University of the Witwatersrand.

YES NO

I am in agreement that my DNA may be stored and used for the purposes described above.

YES NO

I am in agreement that the data generated from my DNA may be made available in a public domain
without any identifiers.
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YES I:I NO I:I

| agree that a small bit of my DNA may be sent out of the country if the research cannot easily be done
in South Africa.

YES NO

| undarstand that every time a new study is done on my DNA, permission will be obtained from the
ethics committee for the study to make sure that it is used only for the purposes stated above.

YES I:I NO |:|

| understand that | may not benefit directly from the research done on my DNA and my family’s DNA.

| understand that the tests will reveal information about my biclogical ancestors, about my ability to
respond to certain drugs and that genetic variants that may affect my risk for some diseases may be

identified.
YES |:| NO |:|

If this research does identify information that would be important or of benefit to me or my family, |
would like to be contactad to receive the information.

YES NO

| understand that my family and | may withdraw from the study at any time.

YES |:| NO

RESEARCHER:

Printed Name Signature Date
PARTICIPANT:

Printed name Signature Date
WITNESS:

Printed Name Signature Date
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COMNSENT FORM for CHILDREN for DNA storage for possible future use

, the undersigned, have been fully informed as to the procedure to be followed and have been given
a description of the risks and benefits of having my child's blood sampled for the purpose of DNA
extraction and storage for possible further research.

In signing this form, | agree to have my child's DNA stored at the Division of Human Genetics in the
Molecular Genetics Laboratory.

| understand that most of the DNA that is extracted from my child’s blood will be stored in
Johannesburg for an indefinite period of time and may be used for further genetic testing for genetic-
or developmental disorder-related research only. This may include sending & portion of the sample
overseas for further tests. Any further testing on these samples will be monitored by the Wits Ethics
Committee. | understand that that my child may approach the researchers to be re-consented when
he/she turns 18 if he/she wants to and that he/she may withdraw from the study at any time.

| understand that if | have any questions at any time, they will be answered.
| understand that | can choose to have my child’s DNA destroyed at any time.

| understand that confidentiality will be maintained at all times through the use of a code and
numbering system.

| have discussed the study with my child, who agrees to the DNA storage.

A signed copy of this consent form will be made available to me if | want one.

The information around the blood and DNA samples taken from my child is clear.

YES |:| NO

The purpose of this consent form is for me to inform the study what they can or cannot do with these
samples.

YES NO

| acknowledge that all procedure/tests on the stored blood and DNA samples have been or will be
approved by the Human Research Ethics Committee of the University of the Witwatersrand.

YES NO

| am in agreement that my child’s DMA may be stored and used for the purposes described above.

YES NO
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| am in agreement that the data generated from my child's DNA may be made available in a public
domain without any identifiers.

YES NO

| agree that a small bit of my child's DNA may be sent out of the country if the research cannot easily
be done in South Africa.

YES NO

| understand that every time a new study is done on my child’s DNA, permission will be obtained from
the ethics committee for the study to make sure that it is used only for the purposes stated above.

YES |:| NO |:|

| understand that my child is unlikely to benefit directly from the research done on the DNA. |
understand that the tests will reveal information about my child’s biological ancestors, about my
child’s ability to respond to certain drugs and that genetic variants that may affect my child’s risk for
some diseases may be identified.

YES NO

| understand that my child withdraw from the study at any time.

YES NO

CHILD:

Printed Name

RESEARCHER:

Printed Name Signature Date

PARENT OR LEGAL GUARDIAN:

Printed name Signature Date
WITNESS:
Printed Name Signature Date
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ASSENT FORM for DNA storage for possible future use

“The purpose of storing my DNA has been explained to me — it may be used for health studies related
to developmental disorders. | have been allowad to ask the questions | have, and my questions have
been answered to my satisfaction. | have been teld whom to contact if | have questions, to discuss
problems, concerns, or suggestions related to the research, or to obtain information or offer input
about the research. | have read this assent form {or had it read to me) and agree to participate in this
research study with the understanding that | may withdraw at any time. | understand that if | want to
withdraw from the research my DMNA sample will be destroyed. | understand that that | may approach
the researchers to be re-consented when 1 turn 18 if Iwant to and that | may withdraw from the study
at any time. | have been told that | will be given a signed and dated copy of this consent form if |
would like one.”

Signature of Child/ thumb print Date
Signature of Parent or Legal Guardian Date
Signature of Person Obtaining Consent Date
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Appendix E

NATIONAL HEALTH LABORATORY SERVICE

r—— School of Pathology, University of the Witwatersrand
Qumgumn
LABORKTORY SERVICE
' DIVISION OF HUMAN GENETICS ‘VY'IT§
Hospital Street, Johannesburg, 2001 | PO Box 1038, Johannesburg, 2000
[T] +27 11 489 9211 | [F]. +27 11 489 9226 | [E] human.genetics@nhls ac za
13 February 2019

To the Chair, Wits Human Research Ethics Committee (Medical)

RE: Application for sub-study clearance certificate for Mr Tebogo Marutha’s PhD project under protocol
M1811126

Mr Tebogo Marutha’s PhD project falls under the bigger project entitled “Using next-generation sequencing approaches
to identify ocular disease genes in South African populations”. An ethics clearance certificate was originally awarded to
this project under my name (protocol number M131125) and this was renewed on 03/12/2018 (protocol number
M1811126). Mr Marutha will use the information sheet and informed consent documents that were submitted to and

approved by the HREC(Medical) under protocol M1811126.

I am supervising this PhD project together with Prof Demetra Mavri-Damelin from the School of Molecular and Cell

Biology.
Please do not hesitate to contact me if you have any questions.

Sincerely,

=

Dr Nadia Carstens

Medical Scientist | Researcher

Division of Human Genetics

National Health Laboratory Service & The University of the Witwatersrand
Tel (011) 489 9230 | nadia.carstens@nhls.ac.za or nadia.carstens@wits.ac.za

This reportis intended solely to record the observations and/or opinion of the writer. It does not constitute a medico-legal report -

Prof Eric Buch Dr Karmani Chetty
1 Modderfontein Road, Sandnngham, Johannesburg, South Africa Private Bag X8, Sandringham, 2131, South Africa
+27 (0) 11 386 6000/ 0860 00 NHLS(6457)

5200296
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R14/49 Dr N Carstens, et al

&

UNIVERSETY OF T
WIEITWATE RSRAND,
JEVANTESBURG

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)
CLEARANCE CERTIFICATE NO. M1811126

NAME:

(Principal Investigator)
DEPARTMENT:

PROJECT TITLE:

DATE CONSIDERED:

DECISION:

CONDITIONS:

SUPERVISOR:
APPROVED BY:

DATE OF APPROVAL.

This clearance certificate is valid for 5 years from date of approval. Extension may be applied for.

Dr N Carstens, et al
School of Pathology

Department of Human Genetics
South African Institute for Medical{ Research

4

Using next-generation sequencing approaches to
identify ocular disease genes in South African
populations

Ad hoc
Approved unconditionally

Renewal of M 131125

Not applicabl ;
ﬂ L) -

DrCB Pen;Wsm, HREC (Medical)
03/12/201

DECLARATION OF INVESTIGATORS

To be completed in duplicate and ONE COPY retumed to the Research Office Secretary on 3rd floor, Phillip V Tobias

Building, Parktown, University of the Witwatersrand, Johannesburg.

IWe fully understand the conditions under which | am/we are authorised to carry out the above-mentioned research and liwe
undertake to ensure compliance with these conditions. Should any departure be contemplated from the research protocol as
approved, Iiwe undertake to resubmit to the Committee. | agree to submita yearly progress report. When a funder requires
annual re-certification, the application date will be one year after the date of the meeting when the study was initially reviewed.
In this case, the study was initially reviewed in November and will therefore reports and re-certification will be due early in the
month of November each year. Unreported changes to the application may invalidate the clearance given by the HREC

(Medical).

]

Principal Investigator Signature

Date

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES
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