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Abstract

Peroxidasin (PXDN) is a member of the haem-peroxidase protein family that contains a
conserved peroxidase domain and additional extracellular matrix (ECM) protein binding
domains. The functions of PXDN are still being identified although it has been shown to i)
oxidise molecules by utilising hydrogen peroxide (H205), ii) facilitate formation of dityrosine
cross-links and iii) catalyse sulfilimine bond formation within the basement membrane.
PXDN expression is altered in various diseases such as cancer and therefore it is important to

determine the regulators and functions of PXDN so as to identify new therapeutic targets.

Since PXDN utilises H,O,, and previous studies have shown PXDN expression changes in
response to H,O,, we hypothesised that the nuclear factor erythroid 2-related factor 2 (Nrf2)
transcription factor is involved in PXDN regulation. Western blot analyses and
immunofluorescence microscopy confirmed an increase in Nrf2 and PXDN expression during
oxidative stress and upon treatment with Nrf2-specific inducers. Chromatin
immunoprecipitation confirmed binding of Nrf2 to the PXDN promoter and luciferase assays
indicated that Nrf2 binding to the PXDN promoter increases luciferase reporter gene
expression. Mutagenesis of the potential Nrf2 binding site within the PXDN promoter

significantly decreased gene expression thus confirming that Nrf2 regulates PXDN.

A role for PXDN in cancer was then investigated and it was hypothesised that PXDN is
potentially involved in epithelial-to-mesenchymal transition (EMT) during oxidative stress.
Knockdown of PXDN expression (SiRNA-mediated) was quantified by ELISA and
preliminary assays were performed on wild type HeLa and SiHa cervical carcinoma cells in
comparison to knockdown cells. PXDN knockdown in both cell lines resulted in decreased
cell attachment. In HeLa cells, oxidative stress resulted in increased migration but PXDN
knockdown abolished this effect. Oxidative stress in HelLa cells decreased invasion with
PXDN knockdown resulting in a further decrease. PXDN knockdown in SiHa cells decreased
cell migration and SiHa cells under oxidative stress exhibited increased invasion, which was
reversed by PXDN knockdown. Reduced PXDN expression decreased the size and formation

of 3D spheroids in both cell lines.

In summary, Nrf2 binds the sequence, TGAATCTGGC, within the PXDN promoter and
increases PXDN expression. Our preliminary findings also implicate PXDN in redox related

EMT since PXDN knockdown caused significant alterations to key EMT features.
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Chapter 1: Introduction

1.1. Peroxidasin

1.1.1. PXDN structure

Peroxidasin (PXDN) is a human homologue of Drosophila PXDN and has been classified as
a member of the haem-containing peroxidase protein family, a group of oxidoreductases that
utilise haem as a co-factor, as it contains a conserved peroxidase domain (Cheng et al., 2008;
Péterfi et al., 2009; Ma et al., 2013). The PXDN gene is located on chromosome 2p25.3
(reverse strand) and encodes a 7.5 kb transcript that gives a 165 kilodaltons (kDa) protein
(Nelson et al., 1994; Horikoshi et al., 1999; Cheng et al., 2011). As well as the peroxidase
domain, PXDN also has an extracellular secretory signal and additional domains that allow it
to interact with proteins of the extracellular matrix (ECM), which are not found in other
protein members of this family (Figure 1.1) (Shi et al., 2011). The leucine rich repeats
suggest that PXDN may be involved in protein-protein interactions while the
immunoglobulin loops and von Willebrand factor C-type domains indicate PXDN
involvement in cell adhesion and protein complex formation (Horikoshi et al., 1999; Cheng
et al., 2008; Péterfi et al., 2009). The exact functions of PXDN are still relatively unclear but
since PXDN has a 42% identity to myeloperoxidase (MPO), a well-known member of this
protein family, initial insight into these functions were provided by those of MPO (Cheng et
al., 2008).

8- LRR @@@@ 72)

8  Signal peptide

)

Li'i Leucine rich repeat domain
9  Immunoglobulin C like domain
/2)  Von Willebrand factor C domain

<HBE> Peroxidase domain

Figure 1.1: The domains of the human PXDN protein. The domains of the PXDN protein
include: an extracellular secretory signal peptide, leucine rich repeats, an immunoglobulin C
like domain, a conserved peroxidase domain and a von Willebrand factor C domain. All
domains, except for the peroxidase domain, are unique to PXDN only, within this protein
family, and indicate potential interactions with ECM proteins (Soudi et al., 2012).



1.1.2. Functions of PXDN

The functions of PXDN are slowly being elucidated with most being hypothesised based on
the abovementioned domains. The potential functions of PXDN have further been refined by
the locations in which it is found. PXDN mRNA is expressed in most regions of the body in
normal tissue but protein expression seems to be restricted to the cardiovascular system
where it is secreted from vascular endothelial cells, circulates in plasma and associates with
other proteins of the ECM (Cheng et al., 2008; Gueron et al., 2009; Cheng et al., 2011; Ma et
al., 2013).

The most notable function of PXDN stems from its conserved peroxidase domain which
allows it to catalyse the oxidation of other molecules. PXDN utilises hydrogen peroxide
(H20,), produced predominantly by NADPH-oxidases (Nox) expressed in vascular smooth
muscle cells, as an electron acceptor during these reactions (Cheng et al., 2008; Zhang et al.,
2012). The H,0O, from these Nox enzymes is produced from the rapid dismutation of
superoxide anions (Zhang et al., 2012). Since PXDN is similar to MPO, it is also potentially
capable of performing similar functions. MPO is able to form hypochlorous acid (HOCI)
when in the presence of H,O, and chloride (Wang et al., 2007). Indeed, PXDN has been
shown to produce hypohalous acids in the presence of H,O, and halides, although the exact
reasons for this, and the actual ability of PXDN to produce HOCI, are still under investigation
(Bhave et al., 2012; Li et al., 2012; Jones-Paris et al., 2017).

MPO is known to be produced specifically in neutrophils and the HOCI that it produces is
able to induce apoptosis through the p38 mitogen-activated protein kinase (MAPK) pathway
(Midwinter et al., 2001; Cheng et al., 2008). Interestingly, PXDN has also been detected in
cells undergoing oxidised-low density lipoprotein (ox-LDL)-induced endothelial cell
apoptosis where it is indicated that HOCI produced by PXDN activates the p38
MAPK/caspase-3 pathway (Bai et al., 2011; Zhang et al, 2012). MPO also releases HOCI in
a respiratory burst to destroy foreign microorganisms during an immune response and HOCI
produced by PXDN has also been found to destroy Escherichia coli (E.coli) in culture (Li et
al., 2012). PXDN is also secreted into circulating plasma and so is likely to perform similar
antimicrobial functions to that of MPO during an immune response (Cheng et al., 2011). In
contrast to the apoptotic functions of PXDN, PXDN may also be involved in promoting cell
proliferation and survival. One study found that PXDN expression promoted vascular smooth

muscle cell proliferation as PXDN utilised H,0,, supplied from Nox, to produce HOCI that



activated the extracellular regulated kinase (ERK) 1/2 pathway responsible for promoting cell
proliferation (Midwinter et al., 2001; Blanc et al., 2003; Shi et al., 2011). The observations
made in those studies, as well as the similarities between MPO and PXDN, indicate a

potential role for PXDN in the regulation of cell survival within the cardiovascular system.

PXDN contains additional domains that allow it to interact with other proteins associated
with the ECM and it has since been found that PXDN is able to both form and strengthen the
basement membrane (BM)- a specialised ECM underlying epithelial cells (Bhave et al.,
2012; Soudi et al., 2012; Fidler et al., 2014). This function of PXDN was discovered when
the first PXDN studies established that Drosophila PXDN and collagen IV were both
secreted from haemocytes into the ECM (Nelson et al., 1994). Human PXDN was then
shown to consolidate the BM by producing hypohalous acid intermediates (bromide or
chloride ions are mainly used to produce hypobromous acid (HOBr) and HOCI respectively)
for cross-linking reactions within the collagen 1V network in the BM (Bhave et al., 2012;
McCall et al., 2014; Lazar et al., 2015; Paumann-Page et al., 2017). PXDN utilises these
hypohalous acid intermediates to catalyse the formation of a covalent bond between a
methionine sulphur and a hydroxylysine nitrogen, known as a sulfilimine bond, at the C-
termini of collagen type IV protomers (Figure 1.2) (Bhave et al., 2012; Weiss, 2012; Fidler et
al., 2014). PXDN is also able to strengthen the BM through its ability to catalyse the
formation of dityrosine bridges— covalent bonds formed by the oxidation of tyrosine residues
using H,O, (Péterfi et al., 2009; Cheng et al., 2011; Weiss, 2012). In addition to the
enzymatic contributions of PXDN in strengthening the BM, PXDN itself has been found to
organise into fibrillar-like structures that form a network within the ECM; these networks
have also been shown to colocalise with fibronectin— an abundant ECM glycoprotein (Péterfi
et al., 2009; Cheng et al., 2011; Bhave et al., 2012).

Collagen IV Scaffold | NG1 Hexamer Crosslinked
=i NC1 Hexamer

'
'
'
'
'
'
'
'
. i
'
p \‘\ )v) '
L
H20> X=Cl |==oe=s= Mel‘ﬂ/\/ \N/Y\Hylzﬂ
or Br OH

Peroxidasin

Figure 1.2: Sulfilimine bond formation within the collagen 1V network. PXDN catalyses
the formation of covalent sulfilimine bonds using hypohalous acid intermediates, to
strengthen the basement membrane (McCall et al., 2014).



It is clear from its unique structure that PXDN may be involved in many different aspects of
cellular functioning including: determining cell death and survival, altering cellular
environments through ECM modifications and cell signalling. By examining all of these
potential functions of PXDN, it is clear that an alteration in PXDN expression may have a
great impact on the development of multiple diseases that arise when one or more of the
above functions is altered. Therefore, it is important that PXDN expression and function be

investigated not only in normal tissues but also in disease states.
1.1.3. PXDN in disease

Research into PXDN has been slowly gaining momentum over the past few years due to its
potential roles in an array of cellular functions. Altered PXDN expression has already been
observed in multiple diseases although its exact role in these processes remains unclear. Since
PXDN is involved in reactive oxygen species (ROS) production and regulation (hamely H,0;
and HOBr/HOCI) and has the ability to alter the ECM, PXDN would be an interesting
therapeutic target for the treatment of diseases influenced by alterations in these functions
such as fibrosis and cancer.

For instance, PXDN has been found to colocalise with the ECM protein fibronectin during
kidney fibrosis (Péterfi et al., 2009). Another recent study also found that PXDN knock-out
(KO) mice exhibited decreased collagen IV cross-links, accompanied by reduced stiffness in
the renal tubular BM; thus implicating that over-expression of PXDN may result in enhanced
BM stiffness observed during fibrosis (Bhave et al., 2017). PXDN expression has also been
found to be upregulated in the lung tissue of patients suffering with pulmonary fibrosis
(Tahmasbpour et al., 2016). A rat animal study also showed elevated PXDN expression
during induced liver fibrosis (Liu, X. et al., 2017). Although elevated PXDN expression has
been shown in a number of cases of fibrosis, the exact role of PXDN in fibrosis is not entirely
clear. Since PXDN is involved in modifying the ECM, it seems reasonable to assume that an
alteration in its regulation, that possibly results in PXDN over-expression, may result in
excessive deposition of PXDN fibril networks and extensive cross-linking of ECM proteins;
thus resulting in ECM hardening and the development of fibrosis (Péterfi et al., 2009; Shin et
al., 2010). Further research will be required to determine the involvement of PXDN in the

disease.

PXDN has also been thought to be responsible for the occurrence of myocardial ischemia
reperfusion (IR) injury which occurs once oxygenated blood is restored to previously
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deprived cells and results in the oxidative damage of tissue (Zhang et al., 2012). It is
hypothesised that since PXDN is secreted into the vascular system, it may induce oxidative
stress by producing excessive amounts of HOCI, a strong oxidant, thus resulting in the
cellular apoptosis and inflammation that characterises IR injury (Cheng et al., 2011; Zhang et
al., 2012). Therefore, it would also be worth investigating whether PXDN is a potential

therapeutic target for preventing IR injury.

There have also been a few studies indicating a potential link between PXDN expression and
cancer. PXDN has been found to be expressed, and is often upregulated, in breast, colon,
renal, prostate, cervical and ovarian carcinomas, skin melanomas as well as in primary and
metastatic brain tumours (Mitchell et al., 2000; Liu et al., 2010; Tauber et al., 2010; Barnett
et al., 2011; Jayachandran et al., 2016; Sitole and Mavri-Damelin, 2018). A PXDN KO
study found decreased invasion and attachment of choriocarcinoma cells to laminin and
fibronectin-coated wells, while another recent study found that silencing PXDN expression
reduced both the invasion and migration of metastatic melanoma cells (Tauber et al., 2010;
Jayachandran et al., 2016). Metastatic gliomas have also been shown to exhibit slightly
higher PXDN expression levels, although the role of PXDN in this case is still unclear (Liu et
al., 2010). Another study that focussed on breast cancer found PXDN knockdown to decrease
cancer cell proliferation; curiously, levels of PXDN expression varied even among basal and
luminal breast cancer subtypes with PXDN knockdown affecting cellular proliferation of the
subtypes by varying degrees (Young et al., 2015). Although PXDN expression has been
shown to be altered across multiple cancer types, even among subtypes, the exact function of

PXDN in cancer is still not well understood.

One major interest of our laboratory is the effect of reduction-oxidation (redox) on cancer
initiation and progression. If PXDN is to be treated as a potential therapeutic target for
cancer, it would be important to determine how PXDN is regulated and to determine its
potential roles in cancer. Considering that PXDN is able to respond to ROS and modify the
ECM, and that the apparent dysregulation of PXDN expression contributes to features of the
cancer phenotype, we hypothesised that PXDN may be regulated by nuclear factor erythroid

2-related factor 2 (Nrf2), a master regulator of the redox response.



1.2. Nrf2

1.2.1. Nrf2 Activation

ROS are molecules, radicals or ions that are often by-products of metabolic redox reactions
that occur within cells (Giannoni et al., 2012). Physiological ROS may be further classified
as free oxygen radicals that have an unpaired electron in the outermost orbital of electrons
(such as nitric oxide (NO)), or classified as non-radical ROS (such as H,O, or HOCI) and
both forms are involved in important processes such as cell signalling (Holmstrom and
Finkel, 2014; Gill et al., 2016). ROS have been shown to oxidise cysteine residues of proteins
that alter both protein conformation and expression, and ROS also influence molecular
pathways such as those involved in proliferation and apoptosis (Holmstrém and Finkel,
2014). ROS levels are constantly monitored and kept under control by various proteins that
can neutralise ROS. However, oxidative stress may occur when there is an imbalance
between the production and clearance of ROS often resulting in the accumulation of ROS
(Reuter et al., 2010; Gill et al., 2016). Oxidative stress can cause damage or mutations to
DNA often resulting in cell death and/or inflammation, and the persistence of these
conditions eventually leads to the onset of diseases such as fibrosis and cancer (Reuter et al.,
2010). Persistent oxidative stress has been shown to promote fibrosis due to excessive ROS
levels altering and enhancing the expression of genes that promote proliferation and ECM
deposition (Morry et al., 2017). Oxidative stress can also initiate cancer in multiple ways:
ROS can alter and mutate DNA which affects transcription factor (TF) binding sites and gene
expression, ROS interfere with normal protein expression by changing protein conformation
and ROS can also potentiate cell survival and proliferation pathways (Gill et al., 2016; Morry
etal., 2017).

Nrf2 is a notable basic leucine zipper TF that belongs to the cap ‘n’ collar family of proteins
and is known to be activated in response to oxidative stress (McMahon et al., 2001; Sykiotis
and Bohmann, 2010). Nrf2 is found throughout the body and is normally found in an inactive
state as it is sequestered within the cytosol by the Kelch-like ECH-associated protein 1
(Keapl)-E3 ubiquitin ligase complex (Figure 1.3A) (Jung et al., 2018). Keapl interacts with
the Neh2 domain and ubiquitously marks Nrf2 for proteasomal degradation until changes in
levels of ROS, such as H,0,, or electrophiles induce conformational changes to Keapl thus
allowing for the release, and subsequent nuclear translocation, of Nrf2 (Figure 1.3B) (Lee and

Johnson, 2004; Imhoff and Hansen, 2010; Taguchi et al., 2011). Keapl has a specific redox-



sensitive protein domain, known as the intervening region, which is rich in cysteine residues
(Dinkova-Kostova et al, 2002; Jung et al., 2018). During oxidative stress, the thiol groups
(SH) of the cysteine residues (specifically the cysteine residues at positions 257, 273, 288 and
297) are oxidised resulting in the formation of disulphide bonds; these disulphide bonds alter
the conformation of Keapl and result in the release of Nrf2 (Dinkova-Kostova et al, 2002).
Once inside the nucleus, Nrf2 locates and binds to specific antioxidant response elements
(ARE) within the promoters of antioxidant genes (Figure 1.3C). The antioxidant genes
activated by Nrf2 encode different proteins that will assist the cell in lowering the levels ROS

in an attempt to promote cell survival (Kuosmanen et al., 2016).
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Figure 1.3: Nrf2 structure, activation and binding. A) Nrf2 has seven conserved Nrf2-
ECH homology (Neh) domains: Nehl, 3, 4, and 5 facilitate Nrf2 activation and DNA binding
while Neh2, 6 and 7 are responsible for Nrf2 degradation (Adapted from Jung et al., 2018).
B) Nrf2 is constantly marked for ubiquitinated degradation by Keapl until oxidative stress
causes the release of Nrf2 and allows its subsequent nuclear translocation (Kuosmanen et al.,
2016). C) Once in the nucleus, Nrf2 binds to antioxidant response elements in promoters of

genes encoding antioxidant proteins (Kuosmanen et al., 2016).



1.2.2. Nrf2: functions and role in cancer

Nrf2 is expressed in most tissues and is involved in activating an antioxidant cellular
response against oxidative stress that can result from ionizing radiation, microbial infections,
pollutants or diet (Osburn and Kensler, 2008; Surh et al., 2008). When oxidative stress
triggers the nuclear translocation of Nrf2, Nrf2 will bind to a specific ARE that usually
follows the consensus sequence of TGANTCnGCn, where ‘n’ represents either of the four
DNA nucleotides: thymine (T), guanine (G), adenine (A) and cytosine (C) (Chorley et al.,
2012; Kuosmanen et al., 2016). The ARE is a cis-acting enhancer sequence that is found
within the promoter regions of genes that usually encode antioxidant enzymes— such as haem
oxygenase-1 (HO-1), glutathione S-transferases and NAD(P)H: quinoneoxidoreductase-1
(NQO1) (Kwak et al., 2001; Lee and Johnson, 2004; Pi et al., 2008; Surh et al., 2008; Lin et
al., 2011). Since excessive ROS may result in DNA damage that could lead to uncontrolled
cell proliferation and an enhanced probability of cancer metastasis, it was originally thought
that the genes activated by Nrf2 would only encode antioxidant enzymes (Lee and Johnson,
2004). However, it has been discovered that multiple gene families contain the Nrf2 ARE
sequence including those responsible for: promoting toxin export through transporters,
promoting the repair or degradation of damaged proteins, regulating the expression of other
TFs and receptors, and preventing ECM degradation (Wakabayashi et al., 2010; Saw et al.,
2014). A comprehensive list of genes currently known to be regulated by Nrf2 has been
reviewed by Hayes and Dinkova-Kostova (2014). One of the most commonly used positive
controls for Nrf2-related studies is NQOL. This enzyme is a quinone reductase that uses
NADH/NADPH co-factor to catalyse the two electron reduction of quinones, which are a
class of toxic intermediates that can lead to ROS formation, into less harmful hydroquinones
(Linetal., 2011; Cuff et al., 2018). The NQO1 promoter is known to contain AREs and Nrf2
activation and binding greatly increases NQO1 expression; NQO1 is thus included as a
positive control in the Nrf2 regulation studies of PXDN (Surh et al., 2008).

Nrf2 activation is responsible for the protection of cells against oxidative stress; however, in
some human cancers, Nrf2 is constitutively activated due to mutations in either the Keapl or
Nrf2 genes that prevent the interaction of Keapl with Nrf2 and ultimately the degradation of
Nrf2 (Taguchi et al., 2011). Missense mutations have been found to occur in the Keapl gene
in non-small-cell lung cancer and somatic mutations, that result in amino acid changes, have
been found to occur in gall, lung and liver cancer (Singh et al., 2006; Ohta et al., 2008;

Homma et al., 2009; Jeong et al., 2017). Keapl expression was also found to be repressed in
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renal cell carcinoma due to hypermethylation of the Keapl promoter (Fabrizio et al., 2017).
These mutations/changes in expression of Keapl affect the ability of Keapl to bind to Nrf2
thus resulting in the constitutive nuclear translocation of Nrf2 and activation of downstream
genes (Singh et al., 2006; Jeong et al., 2017). Somatic mutations of the Nrf2 gene that affect
the Neh2 Keapl binding site, causing a disruption of Keapl facilitated degradation of Nrf2,
have also been detected in lung, head/neck cancer and squamous cell carcinomas of the skin,
oesophagus and larynx (Kim et al., 2010; Taguchi et al., 2011). The constitutive activation of
Nrf2, and subsequent constant expression of downstream genes, allows cancer cells to
survive and be protected against certain anti-cancer drugs that induce oxidative stress in order
to destroy the cancer cell; and in the case of lung squamous cell carcinoma, enhanced Nrf2
activation promotes tumour progression and metastasis (Taguchi et al., 2011; Jeong et al.,
2017). However, there are also human cancer cases, such as lung adenocarcinoma and
hepatocellular carcinoma, where Nrf2 expression is suppressed, and one study that involved
silencing Nrf2 in cancerous cell lines found enhanced ROS production accompanied by

increased motility and cell survival (Rachakonda et al., 2010; Taguchi and Yamamoto, 2017).

Nrf2 is an important TF that is essential for the regulation of ROS in normal cells and
mutations affecting Nrf2 degradation influence the development and progression of many
cancer types. The exact mechanisms of how Nrf2 may potentiate a metastatic phenotype or
influence tumour cells are still being identified and since PXDN is able to utilise H,0, and
also has altered expression in cancer, it would be interesting to determine whether there is a
link between the two proteins as identifying a connection between the two proteins could

potentially provide new cancer therapy targets.



1.3. EMT

1.3.1. Types of EMT

Epithelial-to-mesenchymal transition (EMT) is defined as the process whereby epithelial cells
alter their cell-cell and cell-ECM interactions in order to free themselves from surrounding
tissue and take on more motile properties (Giannoni et al., 2012; Mitra et al., 2015). Cells
undergoing the process of EMT often exhibit alterations in behaviour and visible
morphology, such as having decreased proliferation, increased migration and invasion as well
as becoming elongated and tapered in appearance (Jordan et al., 2011; Nieto et al., 2016;
Jiang et al., 2017). However, it is slowly becoming apparent that not all of these above
changes occur during EMT and EMT is actually a far more complicated process than what
was originally perceived (Huang et al., 2012; Nieto et al., 2016). There is also the added fact
that transitioned cells have the ability to revert back to the epithelial phenotype in a process
known as mesenchymal-to-epithelial transition (MET) (Thiery et al., 2009). The ability of
cells to alter their surroundings introduces the potential for cells to migrate and survive in an
abnormal manner as observed in diseases such as fibrosis and cancer (Kalluri and Weinberg,
2009). However, there are multiple instances where EMT is essential for normal
physiological processes; it is therefore necessary to categorise the different types of EMT
based on occurrence and purpose. There are three different types of EMT: Type I, Type Il
and Type 111 (Kalluri and Weinberg, 2009; Giannoni et al., 2012).

Type | EMT is an important process that is activated during early development and
gastrulation and is not able to result in fibrosis or promote the invasive abilities of metastatic
tumour cells (Thiery et al., 2009; Jordan et al., 2011). Cells undergo Type | EMT during:
embryo implantation into the uterus, placenta formation and in early organ formation and also
undergo the process of MET since early embryonic cells need to become specific and
differentiated cell types (Kalluri and Weinberg, 2009).

Type Il EMT specifically refers to the process required during wound healing and tissue
regeneration. Cells need to be able to move to sites of injury in order to repair damage that
results from inflammation or physical trauma (Yan, C. et al., 2014). This type of EMT has
the potential to cause fibrosis since the deposition of cells may become uncontrolled and
excessive thus resulting in the tissue hardening associated with the condition (Shin et al.,
2010). It has also been established that Type Il EMT is influenced by the level of
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inflammation and constant inflammation has been shown to induce fibrosis of organs such as
the kidney and lung (Willis and Borok, 2007; Kalluri and Weinberg, 2009; Yan, C. et al.,
2014).

The last form of EMT is a category named Type Ill. Type Il EMT occurs when cells with
altered genetic capacities, most commonly cancer cells, alter their interactions with
neighbouring cells and the ECM in order to allow migration and invasion into surrounding
tissues (Nieto et al., 2016). Cancerous tumour cells are able to migrate around the body
through the blood stream and produce secondary tumours at other locations; this
phenomenon, known as cancer metastasis, is a result of Type Il EMT. Type IIl EMT is often
activated by extracellular signals which then alter the protein expression of the cancerous cell
allowing it to move (Radisky, 2005). A well known trigger for Type Il EMT is the
transforming growth factor beta (TGF-) family of growth factors and multiple studies have
shown that TGF-B1 treatment activates TFs involved in EMT, such as Snail, that alter the
expression of genes and proteins in order to gain the mesenchymal phenotype (Peinado et al.,
2003; Zavadil and Bottinger, 2005). Snail is a zinc finger TF that is commonly activated
during EMT as it binds to a multitude of gene promoters and alters the expression of proteins
involved in maintaining cell-cell and cell-ECM interactions (Nieto, 2002). One such Snail-
binding promoter is that of E-cadherin— an important protein that is involved in maintaining
cell-cell adherens junctions (Zavadil and Bottinger, 2005). Snail has been shown to bind to
the E-cadherin promoter and downregulate its expression in multiple cancer types and this
decrease in E-cadherin expression has become one of the apparent indicators of Type IlI
EMT (Cano et al., 2000; Jordan et al., 2011).

Although all three types of EMT occur at different stages and serve various purposes, it is
established that all forms of EMT are activated by a variety of different proteins and
signalling molecules/factors (Nieto et al., 2016). Many of the triggers, genes and regulatory
proteins involved in EMT are still being investigated; however, it is becoming increasingly
apparent that ROS have a major influence on both the initiation and progression of EMT,

especially when it comes to disease (Mori et al., 2004).
1.3.2. Influence of ROS on EMT
As mentioned, ROS are molecules that have recently been found to be prominently involved

in many cellular processes such as cell signalling (Holmstrém and Finkel, 2014; Gill et al.,
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2016). Within normal physiological environments, the levels of ROS are low and are usually
carefully controlled; irregularities in ROS levels, especially in the instance of unusually high
levels of ROS or oxidative stress, may contribute to the initiation of many diseases (Reuter et
al., 2010). ROS have the ability to alter protein function either directly, such as by altering
the cysteine residues of enzymes, or indirectly by altering the activation of TFs and therefore
controlling downstream gene expression; ROS can therefore influence a wide variety of
proteins that may be involved in cell fate determination or cell-cell and cell-ECM interactions
(Cannito et al., 2010). For example, ROS have been shown to alter proteins expressed within
the ECM, such as to enhance the production of collagen 1V, as well as alter the conformation
and functioning of various integrins which are important cell adhesion molecules (Eble and
de Rezende, 2014). Additionally, in order for EMT to occur, alterations to TF activation is
required which is also influenced by ROS (Peinado et al., 2003; Radisky, 2005). Due to the
involvement of ROS in all forms of cellular functioning, ROS are able to influence the
processes that take place during EMT (Gill et al., 2016). The mechanisms of how ROS
influences EMT are still being investigated and current research is mostly focused on the
effects of ROS on Type Il and 111 EMT since these types are responsible for the pathogenesis
of diseases such as fibrosis and metastatic cancer respectively (Kalluri and Weinberg, 2009).
For the purpose of this thesis, the effects of ROS on Type Il EMT will be the main focus of

discussion.

The influence of ROS on Type 111 EMT is complex; this is because there are multiple cellular
alterations that occur in order for cancerous cells to gain the ability to migrate and
metastasise (Mori et al., 2004; Cannito et al., 2010). What has also become apparent is that
cancerous cells can develop the ability to carefully control the level of ROS experienced by
the cells by altering TF and protein expression (Giannoni et al., 2012). In normal cellular
environments, oxidative stress can result in extensive DNA damage that usually results in cell
death or apoptosis (Reuter et al., 2010; Gill et al., 2016). Cancerous cells develop DNA
mutations, often as a result of excessive ROS, that lead to an upregulation of antioxidant
proteins usually through the activation of TFs such as Nrf2, which prevents cell death caused
by oxidative stress (Taguchi and Yamamoto, 2017; Jung et al., 2018). As mentioned,
mutations have been found in both the Keapl and Nrf2 genes in multiple cancer types, all of
which result in the over-expression and nuclear accumulation of Nrf2 (Jung et al., 2018). Due
to genetic mutations, cancerous cells are able to manage oxidative stress thus allowing cells

to survive and promote tumorigenesis.
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Cancer cells are able to modify genes and protein expression in order to survive oxidative
stress and promote the initiation/growth of tumours. An instance where cancerous cells
undergoing Type Il EMT need protection against oxidative stress is when the cells initially
detach from the ECM (Giannoni et al., 2012; Gill et al., 2016). When normal cells detach
from the ECM they will undergo anoikis, which is a form of apoptosis that occurs when cells
are no longer correctly attached to substrate/ECM (Paoli et al., 2013). The initiation of
anoikis produces excessive levels of ROS and in order to prevent inevitable cell death,
cancerous cells may upregulate: oncogene expression, TFs such as Nrf2, and antioxidant
detoxification proteins (Gill et al., 2016). ROS may thus promote Type Il EMT initiation by
eliciting strong antioxidant responses in transitioning cancer cells (Paoli et al., 2013; Poillet-
Perez et al., 2015). Studies have observed increased ROS in many cancer types, such as
cervical and gastric cancer, and it was hypothesised that treatment with antioxidants, such as
selenium or vitamin E, would help to destroy or prevent cancer cells as theoretically,
decreasing ROS would decrease the instance of DNA mutations (Gill et al., 2016; Milkovic
et al., 2017). Instead, clinical trials established that additional treatment/supplements with
antioxidants either had no beneficial effect with successfully preventing cancer, as observed
with men receiving selenium or vitamin E to prevent prostate cancer, or as in the case of non-
small cell lung cancer, actually promoted secondary tumour formation in patients receiving
selenium (Lippman et al., 2009; Karp et al., 2013). The failure of the clinical trials involving
prevention/treatment of cancer with antioxidants was most likely due to the fact that
cancerous cells already have increased antioxidant protein expression, and treatment with
additional antioxidants only helped the cells to survive and manage the oxidative stress (Gill
etal., 2016).

So far, studies have clarified that ROS promote Type Il EMT initiation; however, emerging
research has also found that ROS also influence the progression of Type Il EMT at various
stages (Giannoni et al., 2012; Gill et al., 2016). One study involving human melanoma mouse
xenograft models highlighted that oxidative stress restricted the establishment of secondary
tumours; however, treatment with the antioxidant, N-acetylcysteine (NAC), increased the
number of invading circulating melanoma cells and therefore, metastatic occurrence
(Piskounova et al., 2015). Another study revealed that treatment with the antidiabetic and
antioxidant drugs, saxagliptin and sitagliptin, specifically increased Nrf2 activation and
promoted metastasis in xenograft mouse models, and elevated Nrf2 expression correlated

with increased metastasis in human liver cancer samples (Wang et al., 2016). Since additional
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antioxidant treatment and enhanced Nrf2 activation promoted cancer metastasis, it would
seem that uncontrollable levels of oxidative stress prevent Type Il EMT progression (Gill et
al., 2016). However, one study found that mouse melanoma tumour cells had increased
metastatic potential when cancer cell mitochondria, organelles that produce ROS during
aerobic cellular respiration, elevated ROS production (Porporato et al., 2014). In another
study, Lewis lung carcinoma was used to develop two metastatic tumour types in mice and
the mice that had enhanced ROS production, from cancer cells containing mutated
mitochondria, displayed higher incidences of cancer metastasis; this metastatic potential was
reduced in mice treated with NAC (Ishikawa et al., 2008). Indeed, when Nrf2-deficient mice
were implanted with Lewis lung carcinoma, the Nrf2 deficiency resulted in mice
experiencing increased pulmonary metastasis and elevated ROS levels compared to wild type
mice (Satoh et al., 2010). These findings suggest that elevated ROS is actually necessary to
promote the end stages of EMT progression and metastasis in certain cancer types and

treatment with antioxidants may prevent cancer progression.

What can be deduced from the above is that the involvement of ROS in Type Il EMT is
complex and still not well understood. ROS have the ability to influence each of the many
stages of EMT from initiation to progression and even the degree of ROS influence varies
with cancer type (Piskounova et al., 2015; Gill et al., 2016). Understanding the influence of
ROS on Type Il EMT may help to provide therapeutic options for treating cancer metastasis
and since PXDN is involved with H,O, and may also be involved during various stages of
Type 1l EMT due to the involvement of PXDN with ECM modifications, examining the role
of PXDN in this process may provide insight into potentially utilizing PXDN expression as a

therapeutic target.

Due to the involvement of ROS in currently known PXDN functions, we hypothesised that
the master redox-response TF, Nrf2, regulates PXDN expression. We also hypothesised that
PXDN is involved in influencing EMT in cancer cells due to the interaction of PXDN with
the ECM and that this involvement could be altered depending on the oxidative state of the

cell environment.
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1.4. Aims and Objectives

Aim 1: To investigate Nrf2 as a candidate TF in the regulation of PXDN gene expression.

Objectives:

1.

Establish PXDN mRNA expression in human embryonic kidney cells 293 (HEK293)

and HeLa cervical carcinoma cell lines using RT-PCR.

Establish PXDN and Nrf2 protein expression in cells, with or without the treatment of
H,0,, using SDS-PAGE and western blot analysis.

Observe Nrf2 nuclear translocation and PXDN expression levels in cells experiencing
oxidative stress, after treatment with H,O,, using Immunofluorescence (IF)

microscopy.

Establish PXDN and Nrf2 protein expression in cells, with or without the treatment of
Nrf2 inducers, SFN and tBHQ, using SDS-PAGE and western blot analysis.

Observe Nrf2 nuclear translocation and PXDN expression levels upon treatment with

Nrf2 inducers using IF.

Determine whether Nrf2 interacts with the PXDN promoter using Chromatin

Immunoprecipitation (ChIP).

Quantify the contribution of Nrf2 to PXDN gene expression regulation using

luciferase reporter assays on the PXDN promoter.
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Aim 2: To investigate the role of PXDN in EMT during oxidative stress in HeLa and SiHa

cervical carcinoma cells.

Objectives:

1.

Quantify PXDN expression upon knockdown of PXDN using siRNA by ELISA.

Observe changes to cell morphology upon silencing of PXDN using differential

interference contrast (DIC) microscopy.

Observe pattern of PXDN, Snail and E-cadherin expression upon oxidative stress

with PXDN knockdown using IF microscopy.

Determine the role of PXDN in cellular proliferation through MTT cell
proliferation assays.

Investigate the role of PXDN in cell attachment using cell adhesion assays.
Investigate PXDN in cell migration by performing scratch assays.
Determine the contribution of PXDN in cellular invasion through invasion assays.

Identify the involvement of PXDN in 3D spheroid formation using soft agar

colony formation assays.
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Chapter 2: Nrf2 is involved in the regulation of PXDN gene

expression

2.1. Introduction

2.1.1. Nrf2: the master regulator of redox response

The Nrf2 TF is involved in eliciting an antioxidant response in cells that are under oxidative
stress that may occur from the accumulation of ROS such as H,0, or HOCI (McMahon et al.,
2001). In regular circumstances, Nrf2 is sequestered within the cytosol and bound to Keapl,
where Keapl ensures that Nrf2 is constantly ubiquitinated for proteasomal degradation (Lee
and Johnson, 2004; Imhoff and Hansen, 2010; Taguchi et al., 2011). During oxidative stress,
Nrf2 is de-repressed due to release from Keapl and allowed to accumulate and translocate
into the nucleus, where Nrf2 will bind to ARE within antioxidant response gene promoters
(Chorley et al., 2012). Since Nrf2 responds to oxidative stress, we used H,O, treatment in
this study to induce Nrf2 nuclear translocation thus allowing us to determine the effects of

Nrf2 activation on PXDN expression.

ROS cause alterations to Keapl conformation which results in the release of Nrf2; however,
xenobiotics can also promote the activation of Nrf2 and increase transcription of Nrf2 mRNA
(Imhoff and Hansen, 2010; Lin et al., 2011). Two well-established inducers of Nrf2 nuclear
translocation were used in this chapter: sulforaphane (SFN) and tert-butylhydroquinone
(tBHQ). SFN is an isothiocyanate compound found in broccoli and other cruciferous
vegetables and activates Nrf2 by interacting with the cysteine residues of Keapl thereby
forming thionoacyl adducts, mainly with the Keapl Kelch (Nrf2 binding) domain (Hong et
al., 2005). These adducts disrupt the interaction of Keapl with Nrf2 thus allowing Nrf2 to
avoid degradation and to accumulate within the nucleus and induce an antioxidant response
(Fahey et al., 2002; Hong et al., 2005; Kensler et al., 2013). tBHQ belongs to the class of
quinone compounds and induces Nrf2 activation by promoting phosphorylation of Nrf2
residues, such as serine-40, by protein kinase C, thus allowing Nrf2 to stabilise and dissociate
from Keapl (Huang et al., 2002; Nguyen et al., 2003; Bryan et al., 2013). Ubiquitinated Nrf2
is also stabilised by tBHQ thus preventing Nrf2 proteasomal degradation and allowing
nuclear translocation (Li et al., 2005). Treatment of cells with either SFN or tBHQ will

increase Nrf2 activation as well as antioxidant response proteins, thus allowing us to
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determine whether the level of PXDN expression is altered by the Nrf2 inducers as this will

indicate a potential link between Nrf2 and PXDN expression.

Upon activation, Nrf2 will translocate into the nucleus and bind to ARE in gene promoters.
The consensus binding sequence of Nrf2 has been altered multiple times over the years since
Nrf2 was continually being found to interact with sequences that differed greatly from the
consensus sequence (Kuosmanen et al., 2016). Presently, the Nrf2 consensus sequence is
taken as TGANTCnGCn, where ‘n’ represents any of the four DNA nucleotides and the given
nucleotides occur most frequently among experimentally determined Nrf2 binding sequences
(Chorley et al., 2012; Kuosmanen et al., 2016). As previously mentioned, the NQO1
promoter region contains ARE sequences that Nrf2 is known to bind to and Nrf2 has been
shown to increase NQO1 expression in multiple studies (Surh et al., 2008; Lin et al., 2011;
Cuff et al., 2018). The ARE within NQOL1 has even been used as a basis for the determination
of the Nrf2 consensus binding sequence (Chorley et al., 2012). NQO1 expression has also
been shown to increase upon treatment with the Nrf2 specific inducers SFN and tBHQ (Lee
et al., 2001; Wu et al., 2016). For these reasons, NQO1 was used as the positive control in all
experiments of Chapter 2; any alterations to PXDN expression upon Nrf2 induction together
with any potential Nrf2 binding to the PXDN promoter can be validated if NQO1 responds to
Nrf2 as expected.

Nrf2 is regarded as a master regulator due to its ability to recognise and bind to multiple ARE
sequences that may contain many variations to that regarded as the Nrf2 consensus sequence.
Nrf2 is also responsible for driving a strong cell response against oxidative stress, which
helps to protect cells from oxidative damage, and has been shown to activate a variety of
proteins ranging from antioxidant enzymes to proteins that prevent ECM degradation, to aid
in the antioxidant response (Wakabayashi et al., 2010; Saw et al., 2014). For example, Nrf2
activates HO-1 expression during oxidative stress; HO-1 catalyses the degradation of harmful
haem, produces antioxidants (such as biliverdin) and generates other molecular products that
regulate multiple processes such as proliferation and fibrosis (Loboda et al., 2016). However,
as already mentioned, Nrf2 mutations that result in constitutive Nrf2 expression have been
detected in multiple cancer types such gall, lung, renal and liver cancer (Singh et al., 2006;
Ohta et al., 2008; Homma et al., 2009; Fabrizio et al., 2017; Jeong et al., 2017). The exact
mechanisms, pathways and proteins involved in disease progression, through aberrant Nrf2
activation, still need to be determined and this greatly limits therapeutic potential. Since
PXDN has altered expression in diseases such as cancer and is involved with ROS
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production, it would be worth investigating whether there is a link between Nrf2 and PXDN

as this potential interaction may be suitable to target for new therapeutic options.
2.1.2. Role of PXDN in redox-based disease progression

As already mentioned, PXDN is able to utilise H,O, produced by Nox and hypohalous ions
to form hypohalous acids that are used to strengthen the BM, activate various cell signalling
pathways and participate in immune defence (Cheng et al., 2008; Zhang et al., 2012; McCall
et al., 2014). PXDN expression has been shown to increase with H,O, treatment in multiple
cell types including: human umbilical vein endothelial cells, HEK293 cells and rat aortic
smooth muscle cells and PXDN over-expression has been detected in human blood samples
of individuals with hyperbaric oxygen-induced oxidative stress (Cheng et al., 2011; Shi et al.,
2011; Alleva et al., 2012; Li et al., 2014). Based on the involvement of PXDN with ROS,

PXDN can be classified as a redox-responsive protein.

Since PXDN seems to respond to a changing redox environment, we hypothesised that
PXDN may be regulated by the master redox regulator Nrf2. This may have relevance for a
variety of disease states, such as fibrosis and cancer, which could result from prolonged

oxidative stress.

Excessive conversion of epithelial cells into myofibroblasts can result in tissue fibrosis due to
the excessive production of components of the ECM by the myofibroblasts (Radisky, 2005;
Shin et al., 2010). Nrf2 has been demonstrated to prevent fibrosis by preventing EMT
induction caused by oxidative stress (Shin et al., 2010). Since PXDN utilises ROS to help
stabilise and form the ECM, Nrf2 could activate PXDN under oxidative stress in order to help
prevent EMT and restrict cell mobility (Bhave et al., 2012). PXDN over-expression has been
seen as a feature of kidney fibrosis, thus over-activation of Nrf2 could cause greater
deposition of PXDN and may be a feature of fibrosis in other organs (Péterfi et al., 2009).
Indeed, aberrant activation of Nrf2 was shown to promote liver inflammation and fibrosis in
mouse models and a separate study found upregulated PXDN expression in
dimethylnitrosamine-induced liver fibrosis in rats; it may be worth investigating a potential

interaction between these two proteins in fibrosis (Ni et al., 2014; Liu, X. et al., 2017).

In terms of cancer, a study found that Nrf2-deficient mice have increased lung metastasis, and
another study on various cancer cell lines found Nrf2 knockdown enhanced cell maotility
(Rachakonda et al., 2010; Satoh et al., 2010). Nrf2 binds to and activates HO-1, an important
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indicator of oxidative stress that has also been implicated in promoting cancer cell survival
(Tauber et al., 2010; Pronk et al., 2014). HO-1 has been shown to be upregulated in cancer
and has a role in cell adhesion. One study found that PXDN colocalises with HO-1 in
invasive cells and HO-1 mediated adhesion is greatly reduced with PXDN knockdown
(Tauber et al., 2010). Due to this close interaction between PXDN and HO-1, as well as Nrf2
binding the HO-1 promoter, it would be worthwhile to investigate whether Nrf2 has a role in
PXDN regulation.

Based on the fact that PXDN has both a peroxidase function and role in ECM formation and
stabilisation, and that Nrf2 is involved in regulating proteins with either of these functions,
the aim for this chapter was focused on identifying and establishing whether Nrf2 is involved

in the regulation of PXDN expression.
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2.2. Methods

2.2.1. Cell culture

HEK293 (a gift from Dr. Clement Penny) and cervical carcinoma cell lines, HeLa (Cellonex)
and SiHa (ATCC), were maintained in Dulbecco’s Modified Eagles Medium/Hams F12
Glutamax (Gibco), supplemented with 10% (v/v) foetal bovine serum (FBS) (Gibco) and 100
U/ml penicillin/0.1 mg/ml streptomycin, at 37 °C with 5% carbon dioxide. Cell cultures were
routinely sub-cultured at 70-90% confluence at which time old medium was first aspirated
from the culture dishes and cells washed twice with 1X phosphate buffered saline (PBS)
(Table Al). To detach cells, 500 ul Trypsin-ethylenediaminetetraacetic acid (EDTA) (Gibco)
diluted in 1 700 pl 1X PBS was added, followed by incubation at 37 °C for 2—4 min.
Detached cells (300 pl) were re-suspended in 8 ml of fresh culture medium, returned to the
culture dish and placed back into the 37 °C incubator. Every two days, the medium was
replaced with 8 ml of fresh culture medium. For experiments that required a specific number
of cells, 10 ul of detached cells was mixed with an equal volume of 0.2% (w/v) trypan blue
(Table Al) then counted on a haemocytometer. Specific cell densities and tissue culture
plates used varied between experiments; these details are provided when necessary. Unless
otherwise stated, cells were left to settle for 24 h after seeding and were incubated after

treatment and/or transfection at 37 °C for the specified time.

HEK293 and HelLa cells were used for all of the experiments in this chapter. HEK293 cells
were selected for experiments since HEK293 cells have been shown to express PXDN in
previous studies, and aberrant PXDN expression has been observed in the fibrotic kidney
(Péterfi et al., 2009; Cheng et al., 2011; Bhave et al., 2012). In this chapter, HEK293 cells
were used to represent a ‘normal’ cell type and Hela cells were selected in order to
determine PXDN expression in a cancerous cell line since PXDN expression in HelLa cells
has not been thoroughly investigated. Since Nrf2 is known to bind to and activate the NQO1
promoter, this gene was used as a positive control for all experiments presented in this
chapter (Chorley et al., 2012).

2.2.2. Establish PXDN mRNA expression using RT-PCR

Reverse transcription polymerase chain reactions (RT-PCR) were performed on HEK293 and
HeLa cells in order to establish PXDN messenger ribonucleic acid (MRNA) expression. This

was accomplished by first extracting total RNA using the TRI-Reagent® protocol, followed
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by complementary deoxyribonucleic acid (cDNA) synthesis and then amplification of

specific regions of mMRNA using polymerase chain reactions (PCR).
2.2.2.1. RNA extraction

Cells were seeded into 10 cm dishes and left to settle for 48 h. The cells were washed twice
with cold 1X PBS, then 1 ml of TRI-Reagent® (Sigma-Aldrich) added to lyse the cells. A 500
ul aliquot was incubated for 5 min at RT, in order to allow phase separation of the cellular
components to occur, followed by the addition of 100 ul of chloroform (Sigma-Aldrich). The
sample was shaken vigorously for 15 s, left to stand at RT for 5 min, then centrifuged at
13 000 rpm at 4 °C for 15 min in order to separate the phases. The clear upper aqueous phase,
that contained RNA, was transferred into a new microcentrifuge tube and 250 ul of 2-
propanol (Sigma-Aldrich) was added and left to stand for 10 min at RT. The sample was
centrifuged at 13 000 rpm for 10 min at 4 °C to pellet the RNA. The RNA pellet was washed
with 75% (v/v) ethanol, followed by centrifugation at 13 000 rpm at 4 °C, then allowed to air-
dry. RNA was re-suspended in an appropriate volume of RNase-free water and the
concentration determined at 260 nm and 280 nm wusing a NanoDrop ND-1000
Spectrophotometer (ThermoFisher Scientific). Samples of the RNA were resolved on a 1%

(w/v) agarose gel to confirm RNA quality and integrity.
2.2.2.2. Agarose gel electrophoresis

A 1% (w/v) agarose gel was prepared by mixing 0.5 g of agarose with 50 ml of 1X Tris
acetate EDTA (TAE) buffer (Table Al) followed by heating to dissolve the agarose. Once
cooled, 1 pl of ethidium bromide (10 mg/ml stock) was added to visualise the RNA. The
liquid agarose gel was poured and allowed to solidify, then placed into a gel electrophoresis
tank filled with 1X TAE buffer. RNA samples were loaded into the gel after being mixed
with 6X DNA loading dye (Table A1) and the GeneRuler™ 1 kb DNA ladder was used to
determine band size. The gel was resolved at a constant 100 V for 40 min and RNA
visualised under ultraviolet (UV) light with the Bio-Rad Gel Doc XR system and Image Lab
6.0 software (Bio-Rad).

2.2.2.3. cDNA synthesis

Once it was clear that the RNA was of good quality, cDNA was synthesised using the
RevertAid™ first strand cDNA synthesis kit (ThermoFisher Scientific) according to the

manufacturer’s instructions. Briefly, a template-primer mixture was first prepared in a
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nuclease-free PCR tube (2 pg template RNA, 1 ul oligo (dT)1g primer, up to 12 ul RNase free
water) and then heated at 65 °C for 5 min followed by immediate cooling on ice. The reaction
mixture was then prepared (12 pl template-primer mixture, 4 pl 5X reaction buffer, 1 pl
RiboLock™ RNase Inhibitor (20 U/ul), 2 pl 10 mM dNTP mix, 1 pl RevertAid M-MuLV RT
(200 U/ul), RNase free dH,O up to 20 ul) and incubated at 42 °C for 1 h for cDNA synthesis,

heated at 70 °C for 5 min for enzyme inactivation and then cooled on ice.
2.2.2.4. PCR

PCR was performed on prepared cDNA in order to determine whether PXDN mRNA was
originally present in the cells tested. KAPA Taq ReadyMix DNA Polymerase (KAPA
Biosystems) was used for the PCR (2-3 ug ¢cDNA template, 10 pl 2X ReadyMix with Mg?",
0.5 uM each of forward and reverse primers, nuclease-free dH,O up to 20 ul). A control PCR
was first conducted using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers
(GAPDH™™A Table A2) to confirm the successful synthesis of cDNA. PXDN expression
primers (PXDN™MNA Table A2) were then tested on the cDNA from HEK293 and Hela
cells. PCR was conducted using a GeneAmp® PCR System 2700 (Applied Biosystems)
according to the PCR conditions in Table A2. All PCR products were visualised on a 1%
(w/v) agarose gel in 1X TAE, prepared and visualised as described previously in Chapter
2.2.2.2.

2.2.3. Western blot analysis

Western blot analysis was conducted to determine the expression levels of specific proteins.
Total protein was extracted from cells and quantified using either the modified (Bramhall) or
regular Bradford assay (Bramhall et al., 1969; Bradford, 1976). Proteins were then separated
according to size using reducing sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and a broad range pre-stained protein standard used for reference (New
England BiolLabs). Target proteins contained in the gel were transferred onto a nitrocellulose
membrane and probed for using specific antibodies. Protein bands were detected using

chemiluminescence and signals captured using x-ray film for quantification.
2.2.3.1. Lysate preparation

Cells were seeded into 10 cm dishes and treated with 100 uM H,O; for 3 h or 18 h (and later
5 uM SEN or 40 uM tBHQ for 24 h as determined from MTT assays). The concentration and

treatment times of H,O, were selected based on conditions used in previous studies in order
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to investigate the influence of H,O, treatment on various proteins over both a short and long
term period (Tan et al., 2011; Zucker et al., 2014). Culture medium was aspirated and cells
washed twice with cold 1X PBS. Cells were collected into 1 ml of 1X PBS using a cell
scraper and pelleted by centrifugation at 11 000 rpm for 10 min at 4 °C. The 1X PBS was
removed and cells lysed in either native lysis buffer (Table Al), for PXDN detection, or 1X
radioimmunoprecipitation assay (RIPA) buffer (Table A1) for Nrf2, NQO1 (positive control)
and B-actin (loading control) detection. Lysis was achieved by vortexing the samples every 5
min for 25 min while keeping samples cold on ice. Lysates were centrifuged at 12 500 rpm
for 5 min at 4 °C in order to separate the soluble protein from cell debris. Total protein was
quantified and stored at —70 °C.

2.2.3.2. Protein quantification
2.2.3.2.1. Bradford assay

Cells lysed with native lysis buffer had total cytoplasmic protein quantified using the
Bradford assay (Bradford, 1976). A 50 mg/ml stock solution of bovine serum albumin (BSA)
(HyClone Technologies) was used to prepare standard solutions ranging from 5-150 pg/ml.
Cell lysates and the native lysis buffer (blank), were diluted by a factor of 1/50 or 1/200.
Each solution was added to a separate well of a 96-well plate (160 pl), in triplicate, and 40 pl
of 5X Bradford reagent (Table Al) was added to each well. The solutions were mixed and
left to stand for 5 min. Absorbance readings were taken at 595 nm using a Multiskan GO
microplate reader (ThermoFisher Scientific). A standard curve of protein concentration
(ng/ml) vs. absorbance (arbitrary units) was plotted using Microsoft Office Excel 2007 and
protein concentrations in cell lysates calculated using the equation derived from the standard

curve.
2.2.3.2.2. Modified Bradford assay

The 1X RIPA buffer used to obtain whole cell lysate contained a higher concentration of SDS
which is known to interfere with coomassie blue within the Bradford reagent; this results in
inaccurate protein concentration determination (Bradford, 1976). Total protein obtained using
1X RIPA buffer was thus quantified using a modified version of the Bradford assay
(Bramhall et al., 1969). A grade 1 Whatman™ filter paper was soaked, with gentle shaking,
in the following solutions in the order presented: distilled water (dH,O) for 20 min, 95% (v/v)

ethanol for 5 min, 100% (v/v) ethanol for 5 min and 100% (v/v) acetone for 5 min. The filter
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paper was then allowed to dry. A standard curve was set up using a 1 mg/ml BSA stock
solution (1 pg= 1 pl) with 1 pl, 3 pl, 6 pl, 12 pl, 16 pl and 20 pl being pipetted separately
onto the filter paper, along with 2 pl of each unknown sample. Protein samples were allowed
to dry and the filter paper then soaked in 7.5% (v/v) trichloroacetic acid (TCA) for 45 min,
with shaking, to precipitate and fix the proteins to the filter paper (Link and LaBaer, 2011).
The filter paper was then briefly rinsed with a small volume of coomassie blue dye (Table
Al) to remove TCA and 1X RIPA buffer from the samples, and then soaked in fresh
coomassie blue dye for 1 h, with shaking, to stain the proteins. A destain solution (Table Al)
was added to the filter paper for 1 h, with shaking. The filter paper was allowed to dry and
then each standard and sample area was cut out and placed individually into 5 ml of elution
buffer (Table Al) overnight, in the dark. Eluted samples were homogenised and 100 ul of
each sample was pipetted into a well of a 96-well plate. Absorbance values were measured at
595 nm using a Multiskan GO microplate reader. A standard curve of protein concentration
(ng/ul) vs. absorbance (arbitrary units) was plotted using Microsoft Office Excel 2007 and

unknown protein concentrations calculated using the equation of the standard curve.
2.2.3.3. SDS-PAGE

The CVS10CBS omniPAGE mini dual vertical electrophoresis and electroblotting system
(Sigma-Aldrich, EP1301) was used to perform reducing SDS-PAGE. Either a 10% separating
gel with 5% stacking gel or an 8% separating gel with 4% stacking gel (for PXDN detection)
were prepared according to Table 2.1. Protein samples were prepared in a 3:1 ratio of protein
to 4X protein loading buffer (Table Al) and boiled in water for 5 min to denature the
proteins. Samples were loaded and the tank filled with SDS-PAGE running buffer (Table
Al). The gel was electrophoresed at a constant voltage of 180 V until the dye front had just
run off of the gel.

25



Table 2.1: SDS-PAGE polyacrylamide gel recipes.

Separating gel (10 ml) | Stacking gel (5 ml)
Reagent 8% 10% 4% 5%
dH,0O 4.6 ml 4.0 mi 3.5ml 3.4 ml
29:1 Acrylamide:Bisacrylamide 2.7 ml 3.3mil 690 pl 830 ul
Tris-HClI 2.5ml" 2.5ml” 630 ul” 630l
10% (v/v) SDS 100 ul 100 ul 50 ul 50 ul
10% (v/v) Ammonium persulfate (APS) | 100 ul 100 ul 50 ul 50 ul
Tetramethylenediamine (TEMED) 6 ul 6 ul 4 ul 4 ul

Reagents were added in the order shown with 10% (v/v) APS and TEMED added just before
casting.

*1.5 M Tris-HCI, pH 8.8

** 1 M Tris-HCI, pH 6.8

2.2.3.4. Electrophoretic transfer and blocking

Following electrophoresis, the gel was removed and regions containing proteins of interest
were excised and placed into transfer buffer (Table Al) for 5 min in order to equilibrate.
Unused pieces of gel were stained in coomassie blue dye for 1 h and then destained overnight
in order to assess the quality of the electrophoresis. A transfer sandwich was assembled using
nitrocellulose membranes and placed into the transfer tank (Sigma-Aldrich, EP1301) filled
with ice cold transfer buffer. Electrophoretic transfer was carried out at 4 °C for 2.5 h at a
constant 300 mA. Once the transfer was complete, the used SDS-PAGE gel was stained with
coomassie blue dye and destained, as described previously, in order to assess transfer quality.
Nitrocellulose membranes were briefly rinsed in 1X Tris buffered saline/Tween-20 (TBS/T,
Table Al) and then placed into blocking buffer (Table Al) for 1 h at room temperature (RT)
with gentle shaking. After 1 h of blocking, the nitrocellulose membranes were rinsed three

times with cold 1X TBS/T for 5 min each and placed into primary antibody solutions.
2.2.3.5. Antibody probing

All antibodies used in this thesis were purchased from Santa Cruz Biotechnology unless
otherwise stated. Primary antibodies were diluted in either 5% (w/v) fat-free milk or 5%
(w/v) BSA in 1X TBS/T (Table 2.2) and incubated with corresponding nitrocellulose
membranes overnight at 4 °C with gentle agitation. The nitrocellulose membranes were
washed three times in cold 1X TBS/T for 5 min each and incubated with a corresponding

horse radish peroxidase-conjugated secondary antibody (goat anti-rabbit sc-2004 or donkey
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anti-goat sc-2020), diluted in 5% (w/v) fat-free milk in 1X TBS/T (Table 2.2) 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.

Table 2.2: Antibody information and dilutions required for western blot analysis.

. Primary Secondary Primary Secondary
Antibody target antibody antibody antibody antibody
(product code) X X o it

species species dilution dilution
Nrf2 (sc-722) Rabbit Goat 1/1000 in BSA | 1/1000
PXDN (sc-168598) | Goat Donkey 1/200 in milk 1/1500
NQOL1 (sc-16464) Goat Donkey 1/1000 in milk | 1/1500
B-actin (sc-130656) | Rabbit Goat 1/800 in milk | 1/1000

2.2.3.6. Protein visualisation

WesternBright™ Chemiluminescent substrate (Advansta) was added to each nitrocellulose
membrane and left for 2 min for the signal to develop. Excess substrate was poured off and
the nitrocellulose membranes were covered in plastic wrap. Bands were detected using x-ray
film which was first exposed to the nitrocellulose membranes and then placed into developer
(Table A1), rinsed briefly in water and then placed into fixer (Table Al). The developed
films were rinsed in water once more and allowed to dry. Band intensity was quantified by

densitometric analysis using Image Studio Lite (Ver. 5.2) software.
2.2.3.7. IP for PXDN detection

For PXDN detection, cells were treated with 1 pg/ml Brefeldin-A (Sigma-Aldrich) for 24 h,
prior to lysis, in order to prevent the secretion of PXDN into the ECM (Cheng et al., 2011).
Immunoprecipitation (IP) was performed prior to western blotting to enrich for PXDN
protein and improve subsequent PXDN detection. For IP, cells were lysed with native lysis
buffer and protein quantified using the Bradford Assay. PXDN was enriched for by
incubating 150 ug total protein extract in 1 ml IP buffer (Table Al), with 4 ul goat anti-
PXDN antibody (sc-168598), overnight at 4 °C with rotation. Protein A/G agarose beads (20
ul) (Santa Cruz Biotechnologies, sc-2003) were then added to bind to the PXDN/antibody
complexes and this was incubated for a further 4 h at 4 °C with rotation. The
PXDN/antibody/bead complexes were collected by centrifugation at 5 000 rpm for 5 min at 4
°C, and washed three times in IP buffer with centrifugation at 5 000 rpm for 1 min at 4 °C

after each wash. After the final wash, all IP buffer was removed, but 15 pl was left with the
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beads to which 8 ul of 4X protein loading buffer was added. Samples were then boiled for 10
min to dissociate the proteins from the beads and to denature the proteins. The beads were
pelleted by centrifugation at 5 000 rpm for 1 min and equal volumes of protein-containing
supernatant were electrophoresed using SDS-PAGE, as previously described, with PXDN

antibody conditions according to Table 2.2.
2.2.4. IF microscopy to observe protein expression

IF confocal microscopy was used to visualise the localisation and indicate the expression
levels of Nrf2, PXDN and NQOL. Cells were seeded onto glass coverslips in 6-well plates
(120 000 cells/well) and after 48 h, were treated for 3 h or 18 h with 100 uM H,0, or were
treated with 5 pM SFN or 40 uM tBHQ for 24 h. All subsequent steps included gentle
agitation at RT unless otherwise specified. Cells were washed once with cold 1X PBS for 5
min and fixed to coverslips for 15 min using 3% (v/v) formaldehyde in 1X PBS. Cells were
washed three times with cold 1X PBS for 5 min each and permeabilised for 1 h with 0.25%
(v/v) Triton X-100 in 1X PBS, in order to allow antibodies to enter through the cellular
membranes. The cells were washed another three times with cold 1X PBS for 5 min each and
coverslips blocked with 0.5% (w/v) BSA in 1X PBS for 30 min in order to reduce non-
specific antibody binding. Cells were washed once more with 1X PBS for 5 min and
incubated with primary antibodies, diluted in 0.5% (w/v) BSA in 1X PBS according to Table
2.3, overnight at 4 °C with gentle agitation. Following overnight incubation, cells were
washed three times with 0.5% (w/v) BSA in 1X PBS for 5 min each and incubated for 2 h in
the dark with corresponding secondary antibodies that were diluted in 0.5% (w/v) BSA in 1X
PBS according to Table 2.3. Secondary antibodies required were: fluorescein isothiocyanate
(FITC)-conjugated (goat anti-rabbit sc-2012 or donkey anti-goat sc-2024) or allophycocyanin
(APC)-conjugated (goat anti-rabbit, Abcam ab72567). All subsequent steps were conducted
in the dark in order to prevent photobleaching. After the 2 h incubation, cells were washed
three times with 1X PBS for 5 min each and nuclei counterstained with 0.1 ug/ml 4', 6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich) in 1X PBS for 5 min.
Cells were washed four more times in 1X PBS for 5 min each and coverslips then attached to
slides using Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich) and sealed with
clear nail polish. Stained cells were visualised using a Carl Zeiss LSM 780 confocal
microscope with Zen 2010 software. Fluorophores were detected at the following excitation
(ex) and emission (em) wavelengths: APC 630ex/660cm, DAPI 4054/454,, and FITC
488../525.m. Gain settings for capturing images were kept constant for experiments where
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fluorescence intensity was compared between treatments. Analysis of colocalisation of
nuclear proteins with the nucleus was performed using Image-Pro (Ver. 10.0) software and is
presented in Appendix B. In addition, autofluorescence controls for the different cell lines, as
well as secondary antibody only controls (samples without primary antibody or DAPI

staining), were also prepared and visualised (Figure B1).

Table 2.3: Antibody information and dilutions required for all IF microscopy.

grr]tlebt()dy Primary Secondary | Secondary | Primary Secondary
( rg duct antibody antibody antibody antibody antibody
C‘éde) species species conjugate | dilution dilution
Nrf2 :

(sc-722) Rabbit Goat FITC/APC | 1/200 1/200
Zﬁglgsgg) Goat Donkey FITC 1/200 1/500
23?61464) Goat Donkey FITC 1/200 1/500
22118199) Rabbit Goat FITC 1/200 1/200
(Ez'zg‘ig;“”” Rabbit Goat FITC 1/200 1/200

E-cadherin antibody was purchased from Cell Signalling Technology.
2.2.5. MTT assay to determine SFN and tBHQ concentrations

Cell cytotoxicity assays were conducted to determine the non-toxic concentrations of the
specific compounds SFN (0-20 uM) and tBHQ (0-160 uM). Cells were seeded into 96-well
plates (8 000 cells/well) and left to settle for 48 h. Cells were treated as required and
incubated at 37 °C for a further 24 h. The medium was replaced with 100 pl of 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) solution (0.5 mg/ml in cell
culture medium) and incubated at 37 °C for 1.25 h to allow viable cells to reduce the MTT
into formazan. The MTT solution was removed (80 pul) and formazan crystals dissolved in
100 pl dimethyl sulfoxide, followed by incubation at 37 °C for 5 min. The plate was shaken
in the dark for 10 min at RT and absorbance measured at 570 nm using a Multiskan GO

microplate reader.
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2.2.6. ChIP to determine Nrf2 binding to the PXDN promoter

ChlIP was performed to identify the interaction of Nrf2 with the PXDN promoter, as this
method can be used to identify whether a TF is binding to a gene promoter sequence. This
procedure involved cross-linking all bound proteins to DNA, then the DNA sonicated into
smaller pieces that are amenable to PCR. The DNA complexes were then added to an IP
solution with an antibody targeting the protein (TF) of interest. If the protein was present, it
would bind to the antibody, along with the promoter region that it was cross-linked to.
Protein A/G agarose beads were then added which bind the antibody complexes and provide
a method for separating the beads from remaining unbound components. The isolated
promoter DNA was then amplified by PCR in order to determine whether the promoter

regions of interest were bound to the target protein.
2.2.6.1. Bioinformatic analysis of the PXDN promoter

Since we identified that PXDN expression is modified by H,O, and the Nrf2 specific
inducers, SFN and tBHQ, we conducted a bioinformatic analysis of the PXDN promoter
using JASPAR software (Mathelier et al., 2016). The first 1 500 base pairs (bp) upstream of
the PXDN translation start site were scanned for any putative Nrf2 binding sites and the
consensus sequence was taken as TGANTCnGCn (Chorley et al., 2012; Kuosmanen et al.,
2016). We identified a putative Nrf2 binding site 992 bp upstream of the PXDN translation
start site therefore primers for ChIP PCR were designed against two regions of the PXDN
promoter: one region that contained the potential Nrf2 binding site and one that did not

contain the Nrf2 binding site (used as a negative control).
2.2.6.2. Primers for ChIP PCR and sequencing

Primers (Table A2) were designed to amplify the two PXDN promoter regions: one pair
amplified across the putative Nrf2 binding site (PXDNN"*) and the other amplified across
the region without Nrf2 binding sites (PXDN""™"), as depicted in Figure 2.7A. The NQO1
promoter was used as a positive control and two primer sets were also used: one pair
amplified across the Nrf2 binding site (NQO1"™") and the other pair covered a region
without the Nrf2 binding site (NQO1V™), also depicted in Figure 2.7A. (Chorley et al.,
2012). The full 1500 bp region of the PXDN promoter was also amplified using primers
(PXDN™" Table A2) in order to compare the sequence of the PXDN promoter found in the
HelLa cells to that found in the HEK293 cells.
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2.2.6.3. Genomic DNA extraction

In order to first test the ChIP PCR primers and sequence the PXDN promoter regions for both
cell lines, genomic DNA was extracted using a standard phenol:chloroform method. Cells
were cultured in 10 cm dishes, washed three times with 1X PBS, then scraped into 1 ml of 1X
PBS. Cells were collected by centrifugation at 5 000 rpm for 5 min at 4 °C then lysed using
1X RIPA buffer (without protease inhibitors). The lysate was incubated with 20 pg/ml RNase
A (ThermoFisher Scientific) for 1 h at 37 °C to degrade RNA, followed by a 2 h incubation
with 100 pg/ml Proteinase K (ThermoFisher Scientific) at 50 °C to degrade all protein.
Buffered phenol was mixed at a 50:50 ratio with chloroform:isoamyl alcohol (24:1) and was
mixed in with the lysate in equal volumes. The lysate was centrifuged at 13 000 rpm for 25
min at RT to separate the components into phases. The upper aqueous phase, containing
DNA, was transferred into a new microcentrifuge tube and an equal volume of the
phenol:chloroform:isoamyl alcohol solution was added. Centrifugation was repeated and the
new upper aqueous phase transferred into a new tube, to which an equal volume of
chloroform:isoamyl alcohol (24:1) was added, followed by centrifugation at 13 000 rpm for
25 min at 4 °C. This step was repeated. This final aqueous phase was transferred into a new
tube and 0.1 volumes of 3 M sodium acetate was added followed by 2 volumes of 100% (v/v)
ethanol, and the sample incubated at —20 °C overnight. DNA was collected by centrifugation
at 13 000 rpm for 15 min at 4 °C and the DNA pellet was washed three times with 70% (v/v)
ethanol, with centrifugation at 13 000 rpm for 5 min each at 4 °C. The DNA pellet was air-
dried and re-suspended in 10 mM Tris-HCI pH 7.8, quantified on a NanoDrop ND-1000
Spectrophotometer at 260 nm and 280 nm, and stored at —20 °C.

2.2.6.4. PXDN promoter sequencing

PCR was used to amplify 1 500 bp of the PXDN promoter from both the HEK293 and HelLa
cell lines for comparison. KAPA HiFi HotStart ReadyMix (KAPA Biosystems) was used for
the PCR: 60 ng genomic DNA, 10 ul 2X HiFi HotStart ReadyMix, 0.4 uM each of forward
and reverse primers (PXDN™" Table A2) and nuclease free water up to 20 ul. PCR was
conducted using a GeneAmp® PCR System 2700. PCR products were purified with the
GeneJET PCR Purification Kit (ThermoFisher Scientific), eluted in 20 pl 10 mM Tris-HCI
pH 7.8 and sent to Ingaba Biotec for Sanger DNA sequencing. Sequencing was performed
using PXDN™" primers (Table A2) and sequences analysed using FinchTV (Ver. 1.4.0)

software.
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2.2.6.5. ChIP

As the sequence of the PXDN promoter in the two cell lines was identical, ChlP was only
performed on the Hela cells. HeLa cells were seeded into 10 cm dishes until 70% confluent
then treated with 5 uM SFN or 40 uM tBHQ for 24 h. Protein/DNA interactions were cross-
linked using 1% (v/v) formaldehyde in 10% (v/v) FBS culture medium for 10 min with
agitation, followed by quenching the cross-linking agent with 125 mM glycine for 5 min.
Cells were washed three times with 1X PBS, scraped into a microcentrifuge tube and
collected at 5 000 rpm for 5 min at 4 °C. Cells were then lysed in 1X RIPA and sonicated at
power output wattage 3 for 15 s, with cooling on ice, fifteen times using a MISONIX
Ultrasonic Liquid processor XL-2000 series sonicator. Cell debris was separated out by
centrifugation at 10 000 rpm for 10 min at 4 °C. Sonicated DNA was resolved on a 1.5%
(w/v) agarose gel, as described previously, in order to ensure the DNA fragments were the
correct size for downstream PCR (<1000 bp). A portion of the sonicated DNA was extracted
from the lysate using the aforementioned phenol:chloroform method, which was the input
PCR positive control, and was quantified at 260 nm and 280 nm on a NanoDrop ND-1000
Spectrophotometer. ChIP was performed on 15 ug of the unpurified sonicated lysate, diluted
1:10 in ChIP IP buffer (Table Al), to which 4 pg of the rabbit anti-Nrf2 antibody (sc-722)
was added, and incubated at 4 °C for 4 h with mixing. Protein A/G agarose beads (sc-2003)
were then added (20 ul/sample) and samples mixed overnight at 4 °C. A ‘beads only’ control
was also included with the samples to monitor that the DNA isolated was specific to the Nrf2
antibody immunocomplex and did not result as an interaction with the agarose beads. The
following steps were performed at 4 °C: the DNA/protein/bead complexes were collected by
centrifugation at 5000 rpm for 5 min, washed three times with ChIP wash buffer (Table Al)
with centrifugation at 5 000 rpm for 1 min each and then washed once with ChIP final wash
buffer (Table Al) with centrifugation at 5 000 rpm for 1 min. DNA/protein cross-links were
reversed by heating the samples in ChIP elution buffer (Table Al) at 65 °C for 1 h with beads
then separated from the supernatant by centrifugation at 5 000 rpm for 1 min. DNA within
the supernatant was purified with the GeneJET PCR Purification Kit and eluted in 50 pl 10
mM Tris-HCI pH 7.8. Purified DNA was immediately used in ChIP PCR.

2.2.6.6. ChIP PCR

KAPA HiFi HotStart ReadyMix was used for the ChIP PCR: 8.4 ul ChIP DNA or 60 ng input
DNA, 10 pl 2X HiFi HotStart ReadyMix, 0.4 pM each of forward and reverse primer pairs
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(PXDNN™* PXDNV™ NQO1V™* and NQO1V™, Table A2) and nuclease free water up to
20 pl. PCR was conducted using a GeneAmp® PCR System 2700 and PCR products then
resolved on 1.5% (w/v) agarose gels, prepared as described previously. Agarose gels were
visualised using the Bio-Rad Gel Doc XR system and Image Lab 6.0 software used to

perform a densitometric analysis on PCR bands (Bio-Rad).
2.2.7. IF microscopy to observe effects of Nrf2 over-expression

The Nrf2 over-expression vector, pcDNA3-EGFP-C4-Nrf2 (Addgene plasmid #21549), was
first verified using IF microscopy and the effects of Nrf2 over-expression on PXDN and
NQO1 assessed (Furukawa and Xiong, 2005). Cells were seeded onto glass coverslips in a 6-
well plate and after 48 h, were transfected with pcDNA3-EGFP-C4-Nrf2 for 24 h. The
transfection solution was prepared by diluting 2.5 ug of pcDNA3-EGFP-C4-Nrf2 vector in
serum-free medium (SFM) (up to 250 pul) in a microcentrifuge tube, followed by the addition
of 7.5 ul of the TransIT-X2® System transfection reagent (Mirus); a transfection reagent only
control was also included. Transfection solutions were incubated at RT for 30 min and then
added drop-wise to cells cultured in 2.5 ml of 10% (v/v) FBS culture medium. Cells were
then prepared for IF microscopy, as previously described, and probed with the Nrf2, PXDN
and NQOL1 primary and fluorophore-conjugated antibodies (Table 2.3).

2.2.8. Luciferase reporter assays on the PXDN promoter

Luciferase assays were performed to quantify and determine the level of downstream gene
expression from a particular TF binding site of a promoter. This was accomplished by
inserting the putative TF binding site or promoter region into a pGL4.10 luciferase reporter
vector (Promega). The promoter was inserted upstream of a firefly luciferase reporter gene
(Photinus pyralis) and the constructed vector was used to transfect mammalian cells.
Expression levels of the firefly luciferase enzyme are dependent on the ability of the inserted
TF binding sites or promoter regions to drive expression. A Steady-Glo or Dual-Glo reagent
was used according to manufacturer’s instructions (Promega Corporation, 2013). The
reagents both lyse transfected cells and also contain beetle luciferin enzyme, which is

oxygenated by the firefly luciferase enzyme to form oxyluciferin and light:

Firefly luciferase
Beetle luciferin + ATP + O, » Oxyluciferin + AMP + PP; + CO, + light
Mg**
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The amount of light produced is therefore an indicator of the amount of firefly luciferase
enzyme translated in the transfected cells. The level of light was thus used to determine

whether the TF binding site or promoter of interest, has the ability to drive gene expression.
2.2.8.1. Preparation of luciferase vector constructs

Primers used in the ChIP experiments above, were used to clone the PXDN promoter into the
pGL4.10 luciferase vector via the addition of Nhel and EcoRV restriction sites on the
forward and reverse primers, respectively (Table A2). HelLa genomic DNA was extracted
using the phenol:chloroform protocol described previously, and the PXDN and NQO1
promoter regions amplified using the KAPA HiFi HotStart ReadyMix PCR kit. Briefly, 60 ng
HeLa DNA, 10 ul 2X HiFi HotStart ReadyMix, 0.5 uM each of forward and reverse primer
pairs (REPXDN"™" REPXDNN™ RENQO1N™" and RENQO1V™", Table A2) and nuclease
free dH,O up to 20 ul, and PCR conducted using a GeneAmp® PCR System 2700. PCR
products were purified using the GeneJET PCR Purification Kit and 600 ng of purified DNA
and pGL4.10 luciferase vector was restricted using 1 ul each of Nhel and EcoRV restriction
enzymes (ThermoFisher Scientific), which was incubated at 37 °C for 16 h followed by
inactivation of Nhel at 65 °C for 20 min and inactivation of EcoRV at 80 °C for 20 min.
Restricted products were purified using the GeneJET PCR Purification Kit and then ligated at
a 3:1 ratio into 50 ng restricted pGL4.10 luciferase vector overnight at 4 °C, using KAPA 2X
Rapid ligase (KAPA Biosystems). The ligation mixture was then used for transformation

immediately.
2.2.8.2. Competent bacteria and transformation

To create competent bacteria for transformation, JM109 E.coli were cultured in 2 ml of 2%
(w/v) LB broth, overnight at 37 °C, then added to 50 ml fresh 2% (w/v) LB broth and grown
at 37 °C until an absorbance of 0.5-0.6 arbitrary units at 600 nm was achieved. E.coli were
collected by centrifugation at 4 000 rpm at 4 °C for 5 min, the E.coli pellet gently re-
suspended in 15 ml of chilled 0.1 M MgCl,, chilled on ice for 30 min and again pelleted by
centrifugation at 4 000 rpm for 5 min at 4 °C. The bacterial pellet was re-suspended in 2 ml
of 0.1 M CaCl, (with 15% (v/v) glycerol), dispensed into 50 pl aliquots and stored at —70 °C.

To transform competent E.coli, an aliquot of bacteria was thawed on ice and 2 pl of ligation
mixture (5-7 ng ligated vector) was added and chilled on ice for 30 min. Heat shock was then

performed on the E.coli for 2 min at 42 °C followed by immediate chilling on ice for 5 min,
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followed by the addition of 950 ul of pre-warmed SOC broth (Table Al). Transformed
bacteria were then incubated at 37 °C for 1 h with vigorous shaking, in order to promote
bacterial growth, after which transformed E.coli were spread onto ampicillin-containing (100
ug/ml) LB agar and incubated overnight at 37 °C.

2.2.8.3. Colony PCR

Colonies containing the vector with the insert DNA were identified by colony PCR. Colonies
were carefully selected, each re-suspended in 50 ul of 2% (w/v) LB broth and incubated at 37
°C for 1 h, with vigorous shaking, after which cultures were placed on ice to stop growth.
PCR was performed across the multiple cloning site of the pGL4.10 vector using KAPA Taq
ReadyMix DNA Polymerase: 8 pl colony/LB broth mixture, 10 pl 2X ReadyMix with Mg?*,
0.5 uM each of pGL4 forward and reverse primers (Table A2), and a GeneAmp® PCR
System 2700. PCR products were resolved on a 1.5% (w/v) agarose gel, prepared and
visualised as described previously, in order to identify vectors that contained the insert of

interest.

Once it was confirmed that the insert was present in the vector, the vectors were amplified by
placing the remaining 42 pl of colony/LB broth mixture into 5 ml of fresh 2% (w/v) LB broth
with 100 pg/ml ampicillin, followed by incubation at 37 °C overnight with vigorous shaking.

Vectors were extracted from E.coli using a standard alkaline lysis protocol.
2.2.8.4. Alkaline lysis

A glycerol stock of successfully transformed E.coli was prepared by mixing 1 ml of the
above overnight broth with 250 ul glycerol, and stored at —70 °C. The remaining 4 ml of
broth was centrifuged at 12 000 rpm for 1 min at 4 °C to pellet the bacteria, which was then
re-suspended in 110 pl of Solution A (Table Al) and an additional 100 ul of Solution B
(Table Al) to lyse the bacteria. The tube was inverted six times to mix, then 120 ul of cold 5
M potassium acetate (pH 5.5) was added. The sample was incubated at RT for 3 min then
centrifuged at 12 000 rpm for 4 min to remove the precipitate. The clear supernatant was
transferred into a new microcentrifuge tube and 200 pul of 2-propanol added, the tube then
inverted and incubated at RT for 1 min. The sample was centrifuged at 13 000 rpm for 1 min
and the 2-propanol removed. The DNA pellet was washed once with 500 ul of 70% (v/v)
ethanol then centrifuged at 13 000 rpm for 1 min. Once the DNA pellet had air-dried, it was
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re-suspended in 10 mM Tris-HCI pH 7.8, quantified at 260 nm and 280 nm on a NanoDrop
ND-1000 Spectrophotometer, then stored at —20 °C.

The sequences of all inserts were confirmed by Sanger DNA sequencing (Ingaba Biotec)
using pGL4.10 primers (Table A2) and analysed using FinchTV (Ver. 1.4.0) software, prior
to use of the vectors in luciferase reporter assays.

2.2.8.5. Luciferase reporter assay

HEK293 cells were used for luciferase experiments since these cells are highly transfectable
and have been shown to express all of the proteins of interest. HEK293 cells were seeded at
10 000 cells/well of a 96-well plate and after 48 h, were treated with 5 uM SFN or 40 uM
tBHQ for 3 h. Cells were then either transfected with each construct individually using 0.2 pg
of pGL4.10 construct DNA or were co-transfected at a 1:1 ratio of pGL4.10 construct DNA
together with the Nrf2 over-expression vector, pcDNA3-EGFP-C4-Nrf2 (Addgene plasmid
#21549) (Furukawa and Xiong, 2005). Transfection reactions were prepared based on 20
ul/well: DNA was diluted in SFM, 2 pl Turbofect transfection reagent (ThermoFisher
Scientific) was added and samples incubated at RT for 30 min, before being added to cells.
Transfected cells were incubated at 37 °C for an additional 21 h, the luciferase assay
performed using Steady-Glo or Dual-Glo reagent (Promega), according to the manufacturer’s
instructions, and luciferase expression, in the form of light, measured on a Glomax

luminometer (Promega).
2.2.8.6. Mutagenesis of the putative Nrf2 binding site

Once the luciferase data confirmed that the PXDN gene promoter, containing the putative
Nrf2 binding site, had the ability to drive gene expression, the specific Nrf2 binding sites
within the PXDN and NQO1 promoters were amplified (REPXDNY“™™* and
RENQO1W™™* " Tapble A2) and mutated (REPXDNMN™*  REPXDNM®ZNT*  angd
RENQO1M™N™* "Table A2). The sites were mutated by designing primers that annealed to
each other and contained variations of prominent bp required for Nrf2 binding (Figure
2.10A). These promoter regions were prepared in the same manner described previously, and

following Sanger sequencing (Ingaba Biotec), were used for luciferase reporter assays.
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2.2.9. Statistical analysis

Unless otherwise stated, all quantification was attained from experiments performed a
minimum of three times where n = the number of independent biological replicates +
standard deviation (SD). Comparisons were made by Student’s t-tests and P < 0.05 was
considered statistically significant. Significance is made relative to ‘Untreated’ samples,
taken as 100%, unless otherwise specified. Significance is depicted on graphs as follows: *: P

< 0.05, **: P < 0.01 and ***: P < 0.001.
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2.3. Results

2.3.1. PXDN mRNA is expressed in HEK293 and HeLa cells

Total RNA was extracted from HEK293 and HelLa cells with two distinct 28S and 18S
ribosomal RNA bands present at 1 800 and 900 bp, respectively, based on a DNA ladder
(Figure 2.1A). Clear GAPDH PCR bands at 496 bp for both samples indicated that cDNA
was successfully synthesised and the absence of a band in the no template control (NTC) lane
indicated that the PCR was not contaminated with foreign DNA (Figure 2.1B). Subsequent
PXDN PCR on cDNA confirmed that PXDN mRNA was present in both the HEK293 and
HeLa cell lines due to the presence of the PCR bands at 636 bp, no contamination was seen in
the NTC as expected (Figure 2.1C). Once it was confirmed that PXDN mRNA was present,

these two cell lines were used for subsequent experiments.
A

B C
M HEK293 Hela M HEK293 Hela NTC M HEK293 Hela NIC

Figure 2.1: PXDN mRNA expression in HEK293 and HeLa cells. A) Total RNA was
extracted from HEK293 and HelLa cell lines, and quality indicated by the two prominent
bands for 28S and 18S ribosomal RNA at 1800 base pairs (bp) and 900 bp, respectively. B)
GAPDH PCR bands at 496 bp confirmed the synthesis cDNA. C) PCR bands at 636 bp
confirmed the presence of PXDN mRNA in HEK293 and HelLa cell lines. Molecular weight
marker (M): GeneRuler™ 1 kb DNA ladder, NTC: no template control.

2.3.2. PXDN expression increases with H,O, treatment

Once the cell lines were confirmed to express PXDN mRNA, we then established PXDN
protein expression and whether the expression level was influenced by H,0,. Nrf2 expression
was first investigated since the TF is known to respond to ROS such as H,0,. In HEK293

cells, western blot analysis showed that Nrf2 expression increased by 28% (128 = 17%) and
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20% (120 £ 8%) after 3 h and 18 h of H,O, treatment, respectively (Figure 2.2A). PXDN
expression also increased in HEK293 cells upon treatment with H,0O,, as indicated by the
increase in density in the western blot bands (Figure 2.2A), with a 40% (140 £ 15%) increase
after 3 h and a 48% (148 £ 11%) increase after 18 h. NQO1 expression (positive control) in
HEK?293 cells increased, as expected, by 29% (129 + 23%) and 15% (115 + 9%) after 3 h and
18 h of H,0, treatment, respectively (Figure 2.2A). In HeLa cells, after 3h and 18 h of H,0,
treatment, Nrf2 expression increased by 21% (121 + 5%; 121 + 11%) while PXDN
expression increased by 15% (115 + 11%) and 20% (120 + 15%), respectively (Figure 2.3A),
and as anticipated, NQO1 expression in HelLa cells also increased by 38% (138 + 22%) and
33% (133 = 19%), respectively (Figure 2.3A).

IF microscopy also reflected the alterations in Nrf2, NQO1 and PXDN expression in both
HEK?293 and HelLa cells following H,O, treatment. In HEK293 cells, Nrf2 expression
increased, as shown by an increase in FITC intensity, and was translocated into the DAPI-
stained nucleus, as shown by blue-green nuclei, after H,O, treatment (Figure 2.2B and Table
B1). FITC intensity of PXDN also increased following H,O, treatment and appeared to
collect around and between HEK293 cells (Figure 2.2B). Increased FITC intensity also
indicated that NQO1 expression in HEK293 cells increased following treatment with H,0,
and was more prominent in the cytoplasm as expected, which correlated with increasing
levels of Nrf2 (Figure 2.2B). In HelLa cells, Nrf2 expression and nuclear translocation
increased after H,O, treatment (Table B1l) and FITC intensity indicated that PXDN
expression also increased following H,O, treatment with accumulation around the cells and
around the nuclei, which may indicate increased PXDN in the endoplasmic reticulum (Figure
2.3B). In HeLa cells, NQO1 expression also increased within the cytoplasm after H,O,
treatment, as expected (Figure 2.3B).
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Figure 2.2: PXDN expression and localisation in HEK?293 cells in response to H,0,. A)
HEK?293 cells were treated with 100 uM H,0, (3 h or 18 h) and protein expression
determined for PXDN (165 kDa), NQO1 (31 kDa) and total Nrf2 (61 kDa) using western blot
analysis. H,O, treatments increased Nrf2, NQO1 and PXDN expression. B-actin (43 kDa)
was used for the loading control (n = 3, mean + SD). B) HEK293 cells were treated and
protein expression and localisation determined using FITC-labelled secondary antibodies.
DAPI stained nuclei blue. Increased Nrf2 nuclear translocation (brighter green nuclei) was
observed with H,0,. Increased NQO1 was evident in H,O, treated cells. PXDN expression
was more localised around the cells with 18 h H,O, treatment (63X magnification; scale bar
=20 um).
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Figure 2.3: PXDN expression and localisation in HeLa cells in response to H,O,. A)
HeLa cells were treated with 100 uM H,0O, (3 h or 18 h) and protein expression determined
using western blot analysis. There was increased Nrf2 (61 kDa), NQO1 (31 kDa) and PXDN
(165 kDa) expression after H,O, treatments. B-actin (43 kDa) was used for the loading
control (n = 3, mean £ SD). B) IF microscopy showed altered protein localisation with H,O,
increasing Nrf2 nuclear translocation together with greater cytoplasmic staining of NQO1
and greater cytoplasmic and extracellular localisation of PXDN. DAPI stained nuclei blue

(63X magnification; scale bar = 20 um).
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2.3.3. PXDN expression increases in response to SFN and tBHQ

Since H,0, appeared to enhance both Nrf2 and PXDN expression, specific Nrf2 inducers,
rather than the broad activator H,O,, were used to investigate the potential influence of Nrf2
on PXDN. MTT assays were first conducted on HEK293 and HelLa cells in order to
determine optimal SFN and tBHQ concentrations (Figure 2.4) as both of these compounds
can be cytotoxic (Pappa et al., 2007; Eskandani et al., 2014). From the MTT data, which
showed decreased cell viability after treatment with 10 uM SFN and 160 uM tBHQ in both
cell lines, we decided to use the lower doses of 5 uM SFN and 40 uM tBHQ for 24 h for all

downstream experiments.
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Figure 2.4: Determination of doses of SFN and tBHQ. A) Sulforaphane (SFN) and B) tert-
butylhydroquinone (tBHQ) treatment concentrations for downstream experiments were
chosen following MTT cytotoxicity assays performed on HEK293 and Hela cells treated for
24 h, since both SFN and tBHQ can be toxic to cancer cells (n = 3, mean = SD).
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Cells treated with either SFN or tBHQ were analysed for protein expression by western blot
analysis and IF microscopy. Western blot analysis indicated that HEK293 cells treated with
Nrf2 inducers, SFN and tBHQ, had a 27% (127 + 18%) and 20% (120 + 10%) increase in
Nrf2 expression, respectively (Figure 2.5A). Interestingly, in HEK293 cells there was a 12%
(112 + 7%) increase in PXDN expression following SFN treatment and a 12% (112 + 4%)
increase with tBHQ treatment (Figure 2.5A). Similarly, NQO1 expression in HEK293 cells
increased in response to treatment with Nrf2 inducers with a 67% (167 £ 13%) and 65% (165
+ 30%) increase following SFN or tBHQ treatment, respectively, as expected (Figure 2.5A).
In HeLa cells, Nrf2 expression increased by 49% (149 + 21%) and by 35% (135 + 22%) after
treatment with SFN and tBHQ, respectively (Figure 2.6A). Similarly to HEK293, HelLa cells
treated with SFN had a 20% (120 £ 10%) increase in PXDN expression, while tBHQ resulted
in a 16% (116 + 4%) increase (Figure 2.6A). In HelLa cells, NQO1 expression increased by
22% (122 + 12%) and 27% (127 + 9%) following treatment with SFN or tBHQ respectively
(Figure 2.6A).

IF microscopy also indicated that the Nrf2 inducers increased Nrf2 expression and nuclear
translocation in both cell lines, as expected (Figure 2.5B, 2.6B and Table B2). Interestingly,
SFN or tBHQ treatment increased PXDN expression in both cell lines; however, HEK293
cells showed only a slight increase with much of the PXDN being localised in the
extracellular space (Figure 2.5B), while PXDN in HelLa cells had a stronger response to Nrf2
inducers (Figure 2.6B). Nrf2 inducers also increased NQO1 expression in both cell lines, as
expected, as seen by increased intensity of cytoplasmic FITC staining (Figure 2.5B and
2.6B).
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Figure 2.5: PXDN expression and localisation in HEK293 cells after SFN and tBHQ
treatment. A) HEK?293 cells treated with 5 uM SFN or 40 puM tBHQ for 24 h showed
increased Nrf2 (61 kDa), PXDN (165 kDa) and NQO1 (31 kDa) expression following
western blot analysis. B-actin (43 kDa) was used for the loading control (n = 3, mean + SD).
B) IF microscopy showed that both SFN and tBHQ caused Nrf2 nuclear translocation and
increased cytoplasmic staining of NQO1. PXDN was highly localised within the extracellular
space and this was elevated with both SFN and tBHQ. DAPI stained nuclei blue (63X

magnification; scale bar = 20 um).
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Figure 2.6: PXDN expression and localisation in HelLa cells after SFN and tBHQ
treatment. A) Hela cells treated with 5 uM SFN or 40 uM tBHQ for 24 h, showed increased
expression of Nrf2 (61 kDa), PXDN (165 kDa) and NQO1 (31 kDa) following western blot
analysis. B-actin (43 kDa) was used for the loading control (n = 3, mean = SD). B) IF
microscopy showed Nrf2 nuclear translocation was enhanced with SFN and tBHQ treatment
and increased cytoplasmic staining of NQO1 was evident. PXDN showed more cytoplasmic
and extracellular staining with SFN and tBHQ treatment. DAPI stained nuclei blue (63X

magnification; scale bar = 20 um).
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2.3.4. Nrf2 binds to the PXDN promoter

We observed that, like NQO1, PXDN expression increased upon treatment with Nrf2 specific
inducers. As such, we investigated whether PXDN may be regulated by Nrf2. Firstly, ChIP
was used to determine if Nrf2 can bind to the PXDN promoter. A bioinformatics analysis
using JASPAR revealed a potential Nrf2 binding site within the PXDN promoter (Figure
2.7A). Therefore for ChIP analysis, primers were designed to span two separate regions of
the PXDN and NQOL1 promoters, one with and one without the Nrf2 binding site. An agarose
gel of the cross-linked DNA, following sonication, showed that the DNA fragment sizes fall
within the required range for the PCR products— around 50 bp to 600 bp (Figure 2.7B).
Following ChIP (performed on three biological replicates), using an anti-Nrf2 antibody, the
immunoprecipitated DNA was amplified by PCR using the aforementioned primers and PCR

products were resolved on a 1.5% (w/v) agarose gel.

Clear bands, of the expected size, were present in the Nrf2-antibody lanes (lane 1) for both
PXDN""™* and NQO1"™* but not for PXDN"™ or NQO1""™ as expected (Figure 2.7C).
There were also no bands visible in either of the ‘beads only’ control lanes or NTC PCR
controls (lanes 2 and 4 respectively), as anticipated. Bands present in all of the input PCR
positive control lanes (lane 3) indicated that PCR was successful (Figure 2.7C). Interestingly,
PCR products within the Nrf2-antibody lanes for the PXDNN™* region of the promoter
increased in intensity from cells treated with the Nrf2 inducers in comparison to the PCR
products from untreated cells. Densitometric analysis (mean = SD) of the PCR product from
cells treated with SFN showed a more than two-fold increase (243 + 144%; P=0.02) and the
PCR product from cells treated with tBHQ increased in intensity by more than three-fold
(316 £ 195%; P=0.02) (Figure 2.7C). A similar pattern with the PCR product intensity was
observed for NQO1N™* with an increase in Nrf2 binding observed in cells treated with SFN
(163 £ 35%; P=0.04) and a significant increase in Nrf2 binding in cells treated with tBHQ
(205 + 47%; P=0.02) (Figure 2.7C). Altogether, the ChIP PCR data confirmed that Nrf2
binds within the PXDN""" region of the PXDN promoter and that this binding is enhanced in

response to treatment with Nrf2 inducers.

46



A PX DN+ ) PXDNNE-
-1023F oo ggy -381F 519R 113 R +1 ATG
—mmp———TGAATCTGGC [ -
PXDNWVNi2+
NQO1¥=- NQO1¥ri+
3663 F 3530R TJUF  gg7 658 49TR +1 ATG
—y ;——/J;’ — [TGAATCTITGCl—¢um
NQO1 Wi
B . Q»ﬂ c PXDNFE- NQO -
M123 123 123 4 M123 123 123
100bp
Unt SFN tBHQ Unt  SFN  tBHQ
PHDN¥E- NQO1¥eE-
1000bp
i M123 123 123 4 M123 123 123
500bp

500 bp

100bp
TUnt SFN  tBHQ Unt  SEN tBHQ

Figure 2.7: ChIP PCR of Nrf2 binding to the PXDN promoter. A) Primers were designed
to amplify the PXDN promoter in two sections: one with the putative Nrf2 binding site,
PXDNN™* (black arrows) and one without, PXDN"™ (grey arrows). This was repeated with
the NQO1 promoter: with the Nrf2 binding site, NQO1""™* (black arrows) and one without,
NQO1V™ (grey arrows) (Chorley et al., 2012). Numbering is relative to the translation start
site. Boxed sequences display the putative Nrf2 binding site within PXDN""™* and the known
site in NQO1V™*. B) Sonication performed on Unt (untreated), 5 uM SFN and 40 uM tBHQ
treated HelLa cells, indicated DNA fragment sizes suitable for ChIP PCR. C) ChIP PCR
results for either PXDNN"™* (507 bp), NQO1V™* (214 bp), PXDNN"™" (471 bp) or NQO1N™
(139 bp) promoter regions. Lane 1: Nrf2-antibody treated, lane 2: beads only control, lane 3:
input DNA and lane 4: PCR NTC. A PCR band was observed in lane 1 for the PXDN""™* and
NQO1V™* promoter regions which increased in intensity when cells were treated with SFN
and tBHQ, indicating that Nrf2 binds within these regions of the promoters and treatment
with Nrf2 inducers enhances binding. No PCR band was observed in lane 1 for the PXDNN"
or NQO1N™ regions. For all control lanes, results were as expected with no bands in the
negative control lanes 2 and 4, and a positive PCR band for the input DNA control in lane 3.
M: GeneRuler™ 100 bp DNA ladder.
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2.3.5. Nrf2 is responsible for increasing PXDN expression

ChIP experiments established that Nrf2 binds to the PXDN promoter and level of Nrf2
binding increases with increasing levels of Nrf2. It was then necessary to conduct more
quantitative experiments to determine the degree to which Nrf2 induction could regulate and
increase PXDN expression using luciferase assays. To conclusively determine that Nrf2
regulates PXDN expression, we introduced an Nrf2 over-expression vector for use in the
luciferase reporter assays. The Nrf2 over-expression vector, pcDNA3-EGFP-C4-Nrf2,
contains the complete sequence of the human Nrf2 coding region and subsequent transfection
results in enhanced Nrf2 production, nuclear translocation and binding to ARE-containing
promoters. We first established the effects of Nrf2 over-expression on PXDN by conducting
IF microscopy (Figure 2.8). Upon transfection with the pcDNA3-EGFP-C4-Nrf2 vector, we
observed significant increased Nrf2 expression and nuclear translocation in both cell lines,
when compared to the untransfected control, as seen by the increase in intensity of the red
APC staining and purple staining in the Nrf2/DAPI merge IF microscopy images (Figure 2.8
and Table B3). Complementary to earlier data, the IF images showed that Nrf2 over-
expression clearly increased PXDN expression in both cell lines (Figure 2.8A). There was
also a significant increase in the expression of the NQOL control with increased Nrf2

translocation in both cell lines as expected (Figure 2.8B).
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Figure 2.8: Effects of Nrf2 over-expression on PXDN and NQO1 expression. Control:
cells treated with transfection reagent only for 24 h. +Nrf2: cells transfected with pcDNA3-
EGFP-C4-Nrf2 over-expression vector for 24 h. A) IF microscopy showed that Nrf2+
HEK293 and HeLa cells had increased Nrf2 expression (red APC), Nrf2 nuclear translocation
(purple stain) and PXDN expression (green FITC) as compared to control cells. B) Nrf2+
HEK293 and HeLa cells had increased Nrf2 nuclear translocation and amplified levels of
NQO1, as expected for the positive control (63X magnification; scale bar = 20 um).

In order to quantify the level of Nrf2 regulation, luciferase assays were performed on the
PXDN and NQO1 promoter regions, after the same promoter regions used in ChIP were
cloned into pGL4.10 luciferase reporter vectors. Luciferase data showed that Nrf2 binds to

and drives reporter gene expression from the NQO1V"™*

promoter region with the luciferase
signal significantly increasing upon treatment with the Nrf2 inducers, SFN (1679 = 189%)
and tBHQ (2959 + 325%) (Figure 2.9A). In contrast, the NQO1""™ promoter region had only
a slight and statistically insignificant increase in light output following treatment with the
Nrf2 inducers. Similarly, the PXDNN"™* promoter region was able to drive expression of the
luciferase reporter gene with greater induction after treatment with SFN (161 + 14%) and
tBHQ (134 = 10%) (Figure 2.9B). There was no significant luciferase reporter gene

expression from the PXDN"™ promoter region, thus supporting the ChIP data.

To identify the exact putative Nrf2 binding site within the PXDN promoter, a smaller
promoter region was amplified (PXDNY“™*) and the same was done with the NQO1
promoter as a positive control (NQO1“™™*). Nrf2 inducers significantly increased

downstream luciferase reporter gene expression from the NQO1"W™N"™* region (SFN 131 +
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8%; tBHQ 166 + 19%) (Figure 2.9C) as well as the PXDN"™N"™* region (SFN 113 + 5%;
tBHQ 126 + 8%) (Figure 2.9D), thus further confirming the presence of the Nrf2 binding site
identified in the PXDN promoter (Figure 2.7A).

The effect of the pcDNA3-EGFP-C4-Nrf2 vector was then assessed by co-transfecting with
the NQO1 and PXDN promoter pGL4.10 constructs. A significant increase in light output
was observed with both the NQO1V™* (943 + 38%) and PXDNN™" (150 + 7%) regions but
not with the NQO1“™ or PXDNN"™ regions as expected (Figure 2.9E and 2.9F,
respectively).
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Figure 2.9: Luciferase reporter gene expression for the PXDN and NQO1 promoter
regions. A) HEK293 cells were transfected with luciferase reporter vector constructs and
treated with 5 pM SFN or 40 uM tBHQ for 24 h. Increased luciferase reporter gene
expression was detected in pGL4-NQO1N™* transfected and treated cells while the pGL4-
NQO1N™" region showed a small and statistically insignificant increase. B) Increased
luciferase reporter gene expression was detected in the pGL4-PXDNV™* transfected and
treated cells, but not with the pGL4-PXDNN" promoter region. C) The smaller pGL4-
NQO1W™N™* construct increased luciferase reporter gene expression after treatment; D)
transfection with pGL4-PXDN"™™* and treatment also resulted in a significant increase. E)
Luciferase reporter gene expression increased in cells co-transfected for 24 h with pcDNA3-
EGFP-C4-Nrf2 and the positive control gene promoter pGL4-NQO1V™* but not with pGL4-
NQO1N™", F) Significantly increased luciferase reporter gene expression was detected for
cells co-transfected with pcDNA3-EGFP-C4-Nrf2 and pGL4-PXDNN"™*, with no increase for
pGL4-PXDNN"™" For all experiments, n = 3, mean + SD.
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To further verify the Nrf2 binding site, the putative site within PXD
cloned into the pGL4.10 vector. We tested two mutants PXDNMINT* ang pXDNMN2*
(Figure 2.10C). We also mutated the Nrf2 site within NQO1"™"™* to serve as a control
(NQO1M™N™) (Figure 2.10A). HEK293 cells were either transfected with these constructs
alone or were co-transfected with the pcDNA3-EGFP-C4-Nrf2 vector for 24 h; luciferase
assays were then performed. We observed that luciferase reporter gene expression
significantly increased when either pGL4-NQO1"™"™* (893 + 173%) or pGL4-PXDNW™N2*
(218 £ 37%) were co-transfected with the pcDNA3-EGFP-C4-Nrf2 vector (Figure 2.10B and
2.10D, respectively). Interestingly, transfection with the mutated pGL4-NQO1M™™2* vector
alone gave higher luciferase reporter gene expression (300 £ 22%) than transfection with
pGL4-NQO1"W™N™* alone. However, co-transfection with the pGL4-NQO1M™N™* construct
and pcDNA3-EGFP-C4-Nrf2 did not result in as great an increase (802 + 253%) as compared
to the Nrf2 co-transfection involving pGL4-NQO1V™™* (Figure 2.10B). Co-transfection
with the pcDNA3-EGFP-C4-Nrf2 vector and the pGL4-PXDNMIN™* mutant vector resulted
in a slight increase in downstream luciferase reporter gene expression compared to
transfection with pGL4-PXDNM™N™* alone; however, both single and pcDNA3-EGFP-C4-
Nrf2 co-transfections involving pGLA4-PXDNM™N™* exhibited significantly decreased
luciferase expression levels as compared to transfection with pGL4-PXDNW™N™* alone (38 +
8% and 51 + 3%, respectively) (Figure 2.10D). Conversely, transfection with pGL4-
PXDNM®ZN™2* alone and co-transfection with the pcDNA3-EGFP-C4-Nrf2 vector resulted in
significantly increased luciferase reporter gene expression as compared to transfection with
pGL4-PXDNY™™* alone (301 + 40% and 830 + 214%, respectively) (Figure 2.10D).
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Figure 2.10: Luciferase reporter gene expression assays on mutant PXDN and NQO1
promoter regions. A) and C) Sequences display normal and mutated Nrf2 binding sites
within NQO1N™* and PXDNN"™* respectively. Numbering is relative to the translation start
site. B) HEK?293 cells were transfected with the shorter NQO1 promoter regions alone or co-
transfected with pcDNA3-EGFP-C4-Nrf2 for 24 h. Luciferase reporter gene expression
increased with co-transfection involving pGL4-NQO1W™f*
NQO1M™N™* alone had higher light output than pGL4-NQO1"“™™* alone. Co-transfection
with pGL4-NQO1M™N™* did not result in as great an increase in light output as compared to
pGL4-NQO1"™™* co-transfection. D) HEK293 cells were transfected with shorter PXDN

promoter regions alone or co-transfected with pcDNA3-EGFP-C4-Nrf2 for 24 h. Light output

. Transfection with pGLA4-

doubled with co-transfection involving pGL4-PXDNW™N*

PXDNMN™* - exhibited lower light output compared to pGL4-PXDNY™N™*  \while
NMtZNI’f2+

. Transfections involving pGL4-

transfections involving pGL4-PXD had greater light output. For all experiments, n =
3, mean = SD.
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2.4. Discussion

PXDN is potentially involved in the pathogenesis and progression of a variety of diseases
such as fibrosis and cancer and although the exact functions of PXDN are still being
elucidated, PXDN has been shown to respond H,0, and facilitate the consolidation of the
ECM (Péterfi et al., 2009; Tauber et al., 2010; Bhave et al., 2012; Paumann-Page et al.,
2017). Due to the known functions of PXDN and involvement with ROS, we investigated
whether the master redox response regulator, Nrf2, is involved in the regulation of PXDN as
very little research into the regulation of PXDN has been conducted even though it is a

potential therapeutic target for several conditions.

Firstly, our data indicates that PXDN expression increased in the presence of H,O, which
correlates to previous studies where PXDN was shown to increase with H,O, treatment in a
time and concentration dependent manner (Cheng et al., 2008; Shi et al., 2011; Zhang et al.,
2012). We observed that PXDN expression of both HEK293 and HelLa cell lines increases
upon treatment with the Nrf2 specific inducers, SFN and tBHQ, suggesting that there may be
a link between Nrf2 activation and PXDN expression. This interaction between Nrf2 and
PXDN was identified and confirmed using ChIP, where we showed that Nrf2 binds to a
specific region within the PXDN promoter in which we identified a putative Nrf2 binding
site. Furthermore, Nrf2 binding increased with the activation of Nrf2 by the inducers SFN
and tBHQ. Subsequently, we performed luciferase reporter assays to show that Nrf2 drives
expression from the PXDN promoter region containing the putative Nrf2 binding site. Data
showed that similarly to NQO1, the PXDN promoter region containing the putative Nrf2 site
drives the activation of luciferase reporter gene expression upon treatment with Nrf2
inducers. Although SFN and tBHQ are known inducers of Nrf2, we also employed a more
direct means of increasing Nrf2 levels through the use of an Nrf2 over-expression vector.
Transient transfections with the pcDNAB3-EGFP-C4-Nrf2 vector showed that PXDN
expression is increased with increased levels of Nrf2— further highlighting a somewhat more
direct interaction between the two proteins. Subsequently, additional luciferase assays
involving co-transfections with the pcDNA3-EGFP-C4-Nrf2 vector and pGL4-PXDN
promoter constructs, confirmed that Nrf2 regulates PXDN expression.

Additionally, we performed mutagenesis experiments involving the putative Nrf2 binding site
within the PXDN promoter; these revealed that modifications of this specific sequence

resulted in altered responses to Nrf2 over-expression, although the data from the mutagenesis
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studies were unexpected. Mutagenesis of the Nrf2 site within the positive control NQO1
promoter resulted in increased downstream expression of the luciferase reporter gene, as did
co-transfection with the pcDNA3-EGFP-C4-Nrf2 vector, although this was not as great an

NMENT2* construct resulted

increase as observed for the normal/wild type sequence. The PXD
in significantly lower luciferase reporter gene expression, even with co-transfection of the
pcDNA3-EGFP-C4-Nrf2 vector, which is usually expected from mutagenesis studies.

N Mt2Nrf2+

However, similarly to NQO1 mutagenesis, transfections with PXD resulted in

substantially increased gene expression as compared to the normal/wild type sequence.

Albeit unusual, upon further investigation, we speculated that the binding affinity of Nrf2

was increased by the PXDNM®ZN™*

mutant sequence. Nrf2 is an exceptionally versatile TF
and although there is a common consensus binding sequence, TGAnTCnGCn, Nrf2 has the
ability to associate with a multitude of sequence variants where ‘n’ may represent either of
the four DNA nucleotides: T, G, A or C (Chorley et al., 2012; Kuosmanen et al., 2016).
Kuosmanen et al. (2016) designed a mathematical model to calculate the likely binding
affinity of Nrf2 to variations within a promoter sequence. The model uses an Nrf2 consensus
sequence located within the NQO1 promoter as a reference; a variance table was then
designed from comparing experimentally determined Nrf2 binding sequences within multiple
gene promoters to the reference sequence. Each DNA nucleotide was then appointed a
specific score for binding strength for each position of the Nrf2 binding sequence. The score
for the specific nucleotides at each position are then multiplied together and the higher the
score, with a score of 1 perfectly matching the reference sequence, the stronger the binding
affinity of Nrf2 (Kuosmanen et al., 2016). Indeed, when we applied the mathematical model
to the NQO1 and PXDN wild type and mutant sequences, we observed that NQO1"V™N™* has a
score of 0.09 and NQO1MN™* 3 score of 0.0835; PXDNW™N™* has a score of 0.202,
PXDNMINT2* 3 score of 0 and PXDNMZN™* 3 score of 0.216, which all seem to correlate
with the luciferase results (Kuosmanen et al., 2016). The score for the NQO1“™"™* sequence
is very close to, but not as high as, the score of the NQO1"“™"™* sequence suggesting that the
binding affinity for Nrf2 to the mutant sequence is very similar to that of the wild type, which
correlates with our observed luciferase results. The score for the PXDNMN™* sequence is 0,
which suggests that the binding affinity of Nrf2 will be significantly less than that of
PXDNY™N™* “as demonstrated by our luciferase results. On the other hand, the score for
PXDNM®ZN™2* i greater than that of the PXDN"™"™* sequence meaning that Nrf2 is more
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likely to bind to the mutated Nrf2 binding sequence than wild type which also explains our

observations from the luciferase assay.

Although the results from the mutagenesis studies were not entirely as expected, the fact that
the luciferase reporter gene expression driven by Nrf2 activation was altered by the sequence
variation, confirms the probable Nrf2 binding sequence within the PXDN promoter which is
TGAATCTGGC. Since this is the first time that this TF has been identified in the

involvement of PXDN regulation, the reasons for this interaction can only be hypothesised.

As previously mentioned, PXDN is predominantly expressed in the cardiovascular system
and so the connection to Nrf2 relate to the functions in this tissue type (Cheng et al., 2008). It
is known that PXDN utilises H,O, to produce hypohalous acids, which is also a well-
established function of the PXDN family relative, MPO. MPO is greatly involved in immune
defence by neutrophils and mononuclear phagocytes as MPO is able to generate HOCI that is
involved in an oxidative burst against foreign micro-organisms (Gaut et al., 2001; Klebanoff,
2005; Davies et al., 2008; Cheng et al., 2011; Li et al., 2012; Paumann-Page et al., 2017). It
is therefore plausible that PXDN may also be involved in similar antibacterial innate immune
defence mechanisms within the cardiovascular system (Cheng et al., 2011; Shi et al., 2011;
Li et al., 2012; Zhang et al., 2012). A previous study has already shown that HOCI produced
by PXDN Kkills bacteria, such as E.coli, and most likely has an antimicrobial function within
circulating plasma where it is secreted (Cheng et al., 2011; Li et al., 2012). Nrf2 may thus
bind to PXDN in these instances in order to promote an immune response (Thimmulappa et
al., 2006; Reddy et al., 2009). Indeed, Nrf2 has been shown to activate HO-1 during the
innate immune response due to the ability of HO-1 to direct cytotoxic free haem into haem-
containing metabolites thus reducing inflammation (Wagener et al., 2003). As mentioned
earlier, HO-1 and PXDN expression has been linked, albeit in a cancer context, and this
supports the notion that Nrf2 may therefore activate PXDN in similar immune processes
(Tauber et al., 2010).

Another reason that Nrf2 may activate 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 (Cheng et al., 2011). MPO has also been shown to catalyse
dityrosine cross-links during the inflammatory response caused by neutrophils so it is
probable that PXDN may be capable of forming these cross-links during injury (Heinecke et

al., 1993). Recent evidence shows that Nox4 deficiency results in impaired cross-linking
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during wound healing and since PXDN utilises H,O, produced by Nox, it is possible that
PXDN may be the protein responsible for the formation of these cross-links (Cheng et al.,
2008; Ma et al., 2013; Liu et al., 2014; Lévigne et al., 2016). Furthermore, Nrf2 is able to
cause changes in cellular movement and architecture through ECM modifications and has
recently been shown to be important during the wound healing process in diabetes
(Rachakonda et al., 2010; Kim et al., 2012). Diabetic patients are known to have higher
levels of oxidative stress and as a result, develop skin ulcers that do not heal efficiently (Long
et al., 2016). A study found that Nrf2”" diabetic mice have delayed wound closure which was
alleviated by treatment with SFN (Long et al., 2016). Since our data indicates that PXDN
expression increases in response to SFN, it is possible that Nrf2 may activate PXDN in order
to prevent infection, through the use of its peroxidase domain, as well as to enhance
dityrosine and collagen 1V cross-links required for wound closure. It may be worth
investigating whether there is an alteration in PXDN expression in the wounded areas of

diabetic patients as it may be an effective therapeutic target.

PXDN is able to consolidate and alter the ECM by using hypohalous acid intermediates to
form sulfilimine bonds (Bhave et al., 2012; McCall et al., 2014; Lazér et al., 2015; Paumann-
Page et al., 2017). It should be noted that these sulfilimine bonds have been shown to be
reversible in reducing environments and could therefore be a feature in vascular tissues that
require a degree of plasticity or whose tissue architecture is required to respond to the redox
status of the cell (Vanacore et al., 2009; Dyksterhuis et al., 2011). 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).
PXDN has also been implicated in atherosclerosis development through the oxidation and
subsequent dysfunction of the lipid transportation glycoprotein apolipoprotein E and through
the promotion of vascular tissue calcification/hardening (Yang et al., 2013; Tang et al.,
2015). An interesting link between Nrf2, PXDN and atherosclerosis is that Nrf2 may activate
PXDN in order to regulate NO produced by endothelial nitric oxide synthase (eNOS) (Liu Z.
et al., 2017). NO is an important signalling molecule within the vascular system that is able
to protect against atherosclerosis by modulating endothelial vascular tone, inflammation and

blood pressure; however, excess levels of NO can actually induce apoptosis resulting in
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inflammation and disease (Rochette et al., 2013; Liu Z. et al., 2017). The levels of NO
therefore need to be regulated. NO has been shown to activate Nrf2 resulting in downstream
ARE gene activation such as HO-1, it is therefore possible that Nrf2 may also activate PXDN
(Liu et al., 2007; Howden, 2013). Nrf2 may activate PXDN in order to regulate NO levels
since PXDN has been shown to decrease NO production through the inhibition of eNOS
using HOCI (Liu Z. et al., 2017). PXDN reduces NO levels potentially resulting in a decrease
in muscle relaxation that is usually induced by NO and PXDN itself may stiffen muscle
through modifying sulfilimine bonds within the ECM. Mutations in Nrf2 in vascular
structures were shown to cause alterations in endothelial cell function and cells became
unresponsive to oxidative stress resulting in compromised cell movement and decreased
smooth muscle contractibility— requirements for the development of atherosclerosis and
asthma (Rangasamy et al., 2005; Kim et al., 2010; Rachakonda et al., 2010). Over-expression
of Nrf2 and subsequent over-expression of PXDN may also result in excess ROS production,
since the uncoupling of eNOS increases superoxide production, causing apoptosis,
inflammation, enhanced BM stiffening by PXDN and ultimately, accelerated atherosclerosis
progression (Howden, 2013; Rochette et al., 2013; Liu Z. et al., 2017). Asthma is a chronic
lung disease characterised by difficult breathing due to the narrowing of the airways created
by chronic inflammation; due to the similarities between atherosclerosis and asthma
initiation, it could be worth investigating whether PXDN has a role to play in the disease
especially since Nrf2 mutations are common within these diseases (Rangasamy et al., 2005).
A recent study also found PXDN to be over-expressed in the lung tissues of patients suffering
from lung conditions, such as asthma and pulmonary fibrosis, resulting from sulphur mustard
exposure and the accompanied increased ROS production (Tahmasbpour et al., 2016). The
researchers only hypothesised that PXDN was facilitating the thickening of the BM that was
observed in mustard lung patients and did not investigate Nrf2 expression, but based on the
similarities between atherosclerosis and asthma, PXDN may have been involved in altering
the level of NO which was also found to be decreased in the lung biopsies samples
(Tahmasbpour et al., 2016). It would be beneficial to further monitor the regulation of PXDN
in atherosclerosis, and potentially in asthma, as it may be a therapeutic target in order to

prevent initiation and progression of these diseases.

PXDN has a major role within eye development as several studies have found a strong
association between PXDN mutations and individuals who suffer from corneal opacification,

congenital cataracts and congenital glaucoma (Khan et al., 2011; Choi et al., 2015; Micheal
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et al., 2016). Indeed, PXDN KO mouse models display phenotypes such as microphthalmia
(abnormally small eyes) and other phenotypes that are associated with anterior segment
dysgenesis such as corneal opacity; this suggests that PXDN is essential for eye development
(Yan, X. et al., 2014). The exact role of PXDN within the eye is still unknown, but it is
hypothesised that PXDN may protect the eye from oxidative damage through its use of H,O,
(Khan et al., 2011). Interestingly, Nrf2 has been shown to be expressed within the eye and
plays a role in preventing oxidative damage to the eye caused by environmental factors such
as UV radiation and cigarette smoke (Nakagami, 2016). Nrf2 protects the eye by activating
ARE genes that remove excess ROS, such as HO-1, and are able to repair wounds within the
eye created from oxidative stress (Liu X.F. et al., 2017). Since Nrf2 has been shown to bind
to and upregulate PXDN, perhaps Nrf2 activates PXDN within the eye in order to carry out
antioxidant reactions and repair wounds. Therefore, the cause of the above eye diseases may
be due to the inability of mutated PXDN to prevent oxidative damage, especially in patients
with corneal clouding which is a consequence of aggregate formation resulting from proteins
and lipids in the eye being oxidised by excessive ROS (Khan et al., 2011; Yan, X. et al.,
2014). It would be of interest to determine the expression levels of Nrf2 within these patients

in order to investigate the link between Nrf2 and PXDN further.

Due to the broad nature of both established and putative functions of PXDN, the interaction
between Nrf2 and PXDN was investigated in two different cell types: HEK293 and Hela.
HEK?293 cells treated with either H,O, or the Nrf2 inducers resulted in a great deposition of
PXDN into the ECM surrounding the cells which corroborates previous findings. Fibrosis is a
potentially life-threatening condition that occurs when tissue repair goes awry resulting in
elevated ECM deposition and tissue hardening causing organ dysfunction (Shin et al., 2010).
Interestingly, studies found that elevated PXDN expression is involved in kidney damage and
fibrosis; TGF-p1-induced myofibroblast differentiation causes greater deposition of PXDN
into the ECM thereby forming a fibril-like network (Péterfi et al., 2009). In kidney fibrosis,
TGF-B1 was found to increase ROS formation through the upregulation of Nox4 and since
Nox4 is a supplier of H,O, to PXDN, it would be interesting to determine if the elevated
deposition of PXDN is regulated by Nrf2 (Hecker et al., 2009; Okamura and Pennathur,
2015). Furthermore, the production of hypohalous acids and ox-LDL have also been
implicated in renal fibrosis and diabetes-related nephropathy; features that are clearly linked
to PXDN expression (Chade et al., 2005; Brown et al., 2015; Okamura and Pennathur, 2015).
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In this instance, the role of Nrf2 and its link to PXDN in fibrosis progression should be

investigated further in order to determine possible therapeutic targets for the condition.

Regarding the increase in PXDN expression upon Nrf2 activation in HelLa cells specifically,
aberrant PXDN expression has previously been observed in cancer, with both up and down-
regulation seen in different cancer types such as breast, melanomas, glioblastomas and
ovarian and prostate tumours (Liu et al., 2010; Tauber et al., 2010; Barnett et al., 2011). The
roles for PXDN in cancer have yet to be determined; perhaps without PXDN stabilisation of
the ECM, cancer cells are able to detach from their surroundings to become more motile and
therefore metastatic. Indeed, PXDN has been shown to influence HO-1 mediated cellular
attachment whereby silencing of PXDN resulted in decreased cellular attachment of
choriocarcinoma cells and PXDN has also been shown to promote invasion of melanoma
cells (Tauber et al., 2010; Jayachandran et al., 2016). Interestingly, inactivating mutations in
Nrf2 have been correlated to increased cancer cell metastasis and whilst this is not well
understood, the evidence of Nrf2 regulating PXDN suggests an involvement of PXDN in this
process (Vanacore et al., 2009; Satoh et al., 2010; Moriguchi, 2016). Perhaps with less
PXDN activation by Nrf2, cancerous cells may detach from the ECM due to diminished
sulfilimine bond formation and become metastatic. On the contrary, other studies have found
that cancer patients that exhibit Nrf2 over-expression have higher metastatic incidence and
have a poorer prognosis than patients with lower Nrf2 expression (Guo and Shen, 2017). In
this instance, over-activation of Nrf2, and subsequent over-expression of PXDN, may result
in increased cancer metastasis through PXDN stiffening collagen IV in the ECM and
formation fibrous networks (Péterfi et al., 2009; Bhave et al., 2012). This hypothesis may be
confirmed by examining instances of breast cancer metastasis and hepatocellular carcinoma,
where thickened collagen 1V networks have been observed and cancer cells have been shown
to travel along these hardened networks thus migrating and spreading to other organs; as such
the role of PXDN expression within these stiffened networks should be investigated
(Wyckoff et al., 2007; Fang et al., 2014). It is clear that the balance between Nrf2 and PXDN
expression is crucial at different stages of cancer initiation and progression and identifying
this balance in processes such as epithelial-mesenchymal transition (EMT), could identify
novel therapeutic targets as well as new prognostic markers (Radisky, 2005; Giannoni et al.,
2012; Guo and Shen, 2017).
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In conclusion, this is the first study to show that PXDN is regulated by the redox responsive
master regulator Nrf2. Nrf2 binds to the putative ARE site, TGAATCTGGC, within the
PXDN promoter and enhances PXDN protein expression during oxidative stress. The
discovery of this regulatory mechanism identifies PXDN as a novel ECM protein candidate
that may participate in multiple redox-related processes and modifications in both normal and
disease states. Since PXDN expression has to date been implicated in multiple diseases such
as atherosclerosis, fibrosis and cancer, it would be beneficial to further investigate the
functional aspects of the link between Nrf2 and PXDN within these pathological states as

PXDN may serve as a novel therapeutic target for many different conditions.
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Chapter 3: PXDN influences migration and invasion in cervical

cancer during oxidative stress

3.1. Introduction

3.1.1. EMT and oxidative stress

EMT is a cellular process that occurs when epithelial cells alter gene and protein expression
patterns, which change cell-cell and cell-ECM interactions that allow cells to dissociate from
neighbouring cells and tissues. Such cells transition from cells with epithelial properties to
cells with characteristics of the mesenchymal phenotype (Giannoni et al., 2012). Cells
undergo EMT during various physiological processes, such as when cells need to move from
their current location, and then, once cells have moved to their new location, they often
undergo a reverse transition process known as MET (Yang and Weinberg, 2008). EMT
occurs both in regular and irregular processes and has been categorised into three types: Type
I, Il and 11 (Kalluri and Weinberg, 2009; Giannoni et al., 2012).

An interesting aspect of all three types of EMT, is that ROS, and in some cases oxidative
stress, greatly influence initiation and progression of all types of EMT. More recently, the
effects of ROS, including H,O,, on cellular processes are being elucidated, with one major
recent focus being the influence of ROS on EMT (Holmstrom and Finkel, 2014; Gill et al.,
2016). Whilst the exact roles of ROS in the aforementioned three types of EMT are still being
investigated, several studies have determined that oxidative stress has a major influence on
Type 1l and Type Il EMT, which are responsible for the pathogenesis of fibrosis and cancer
metastasis, respectively (Mori et al., 2004; Kalluri and Weinberg, 2009; Gill et al., 2016).

Type | EMT takes place during early embryonic development, when undifferentiated cells are
required to move into different positions before becoming specialised cells through MET, as
well as during embryo implantation (Yang and Weinberg, 2008; Nieto et al., 2016). Whilst
there is little information regarding the effects of ROS on Type | EMT, ROS are known to
have an important role in activating cell signalling pathways in the developing embryo and
can influence proliferation, apoptosis and cellular respiration (Guérin et al., 2001; Harvey et
al., 2002). Embryonic cells have also been shown to activate antioxidant proteins and control
levels of ROS in the early stages of development and studies on embryos used for in vitro
fertilisation have demonstrated oxidative stress has a negative effect on embryo development
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(Harvey et al., 2002; Bedaiwy et al., 2004). Since ROS play an important role as signalling
molecules, further examination of the effect of ROS on Type | EMT in relation to

developmental disorders would be worthwhile.

Type Il EMT occurs during the process of wound healing and tissue regeneration when cells
need to migrate towards a site of injury in order to repair the damage (Kalluri and Weinberg,
2009). When an injury occurs, four events take place: coagulation/blood clotting,
inflammation, cellular proliferation and ECM remodelling (Ambrozova et al., 2017). Recent
research has established that ROS are involved, and are often essential, in all four wound
healing events, as observed in Figure 3.1 (André-Lévigne et al., 2017; Dunnill et al., 2017).
Physical trauma results in an increase in ROS, which occurs primarily as part of the immune
response. Macrophages and neutrophils arrive at the injury site and undergo respiratory bursts
of ROS in order to destroy foreign microorganisms and protect against infection (Li et al.,
2012). Once the inflammation starts to subside, ROS trigger cell proliferation in the area of
the injury which assists in wound closure (André-Lévigne et al., 2017). In addition to this,
Type Il EMT occurs, where cells near the wound assume mesenchymal characteristics in
order to move along the edges and seal the injury. Cells undergoing Type Il EMT have been
found to be essential during wound healing as openings are closed faster by moving cells
rather than by enhanced proliferation (Lévigne et al., 2016; André-Lévigne et al., 2017).
Although ROS have been shown to promote keratinocyte migration and are most likely
involved in triggering pathways that alter cell-ECM interactions, it is still not entirely clear
how ROS are fully involved during Type Il EMT (Dunnill et al., 2017). Once Type Il EMT
cells have closed the wound, cells will undergo MET in order to remodel the ECM and
complete the repair process. Collagen is especially important in the wound healing process
and organises into thick fibril networks during these final healing stages (Ehrlich and Hunt,
2012; Levigne et al., 2016). One recent study found that ROS produced by Nox4 are able to
modify the ECM deposition pathways especially during MET, as Nox4-deficient mice had
impaired wound repair compared to wild type due to insufficient collagen IV cross-linking
(Lévigne et al., 2016). From a pathology perspective, a dysregulated response during wound
healing can lead to an inflammatory response that produces excessive oxidative stress that
can have detrimental effects, commonly in the form of fibrosis (Kalluri and Weinberg, 2009).
During chronic oxidative stress, cells continuously undergo Type Il EMT and excessively
deposit ECM components thus resulting in hardened tissue as observed in cases of kidney
fibrosis (Péterfi et al., 2009; Shin et al., 2010). Studying the involvement of ROS during
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Type Il EMT may also open new avenues for therapeutic options for treatment of chronic
inflammation and fibrosis. ROS are therefore important during both Type Il EMT and MET.
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Figure 3.1: Role of ROS during wound healing. ROS are involved at all four stages of
wound healing including blood clotting, inflammation, cell proliferation and ECM

remodelling (Dunnill et al., 2017).

Type Il EMT is observed during cancer development and progression whereby cancer cells
separate from tumours, become motile and metastasise to other areas of the body (Porporato
et al., 2014). More recently, the extent of the role of ROS and oxidative stress on this form of
EMT is being appreciated as both vast and greatly complex (Jordan et al., 2011; Nieto et al.,
2016; Jian et al., 2017). Studies have found that different cancer cell types respond
differently to varied levels of ROS, and that ROS at different stages of EMT have varying
consequences (Poillet-Perez et al., 2015; Gill et al., 2016; Jayachandran et al., 2016). Adding
to the complication of understanding Type Il EMT, is the emerging evidence that not all
cancerous cells undergo the full transition and may stably exist at intermediate stages (Figure
3.2) (Nieto et al., 2016).
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Figure 3.2: Intermediary stages of Type Il EMT. Certain cancer cells have the ability to
exist at intermediate (EM) stages of EMT and do not need to transition fully into

mesenchymal cells (Adapted from Nieto et al., 2016).

The ECM is comprised of a network of proteins such as collagen IV, laminin and fibronectin
and receptor proteins known as integrins help connect cells to this protein substrate (McCall
et al., 2014). In addition to cell-ECM contacts, there are connections that hold neighbouring
cells together, such as tight and adherens junctions (Zavadil and Béttinger, 2005). Regular
cells are therefore anchored to both the ECM and to other cells and these interactions are
modified when cancer cells undergo Type IIl EMT (Mitra et al., 2015). The process of Type
1l EMT is often triggered when DNA is damaged leading to altered expression patterns of
many different proteins especially TFs (Gill et al., 2016). For instance, DNA damage can
result in increased Nrf2 activation which enhances the expression of antioxidant proteins that
promote cell survival and can remodel the ECM (Jung et al., 2018). Snail activation is also
often enhanced in Type Il EMT which leads to reduced E-cadherin expression, and therefore
fewer adherens junctions, thus allowing cells to separate from each other (Zavadil and
Bottinger, 2005). During Type Il EMT, the expression patterns of integrins are also altered
to allow cells to move along or through the ECM (Giannoni et al., 2012). A family of
proteins known as matrix metalloproteinases (MMPs) are known to degrade various
components of the ECM (Kessenbrock et al., 2010). Alterations in MMP expression may
enhance degradation of the BM, release cells from surrounding tissue and promote cancer cell

invasion (Cannito et al., 2010).
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Since cancer cells undergoing Type Il EMT modify cell-cell and cell-ECM interactions,
cells undergoing this process have altered characteristics such as: an alteration in cell
morphology, decreased proliferation, decreased cell attachment, increased migration and
increased invasive ability (Giannoni et al., 2012). However, as illustrated in Figure 3.2, cells
may not adopt the full mesenchymal phenotype and may exist in stable intermediate stages
(Nieto et al., 2016). This would mean that cancer cells may undergo EMT but will not exhibit
changes in all of the above mentioned features. For example, several breast cancers and
ovarian carcinomas have been shown to metastasise by gaining enhanced migratory abilities
without becoming invasive or reducing E-cadherin expression (Huang et al., 2012; Gao et al.,
2014).

The process of Type IIl EMT has been found to be greatly influenced by ROS at various
stages with the Nox enzymes being the most common source of ROS (Morry et al., 2017).
Prolonged oxidative stress often results in the previously mentioned DNA mutations leading
to altered protein function (Gill et al., 2016). ROS can alter the activation of several TFs,
such as Nrf2, leading to altered downstream protein expression (Osburn and Kensler, 2008).
ROS are also able to directly affect protein conformation by oxidising cysteine residues that
may result in the activation, inactivation or degradation of important proteins necessary for
cell anchorage (Giannoni et al., 2012). Cell proliferation pathways, such as ERK 1/2, are also
altered by ROS which can promote tumour growth. The expression and activation of MMPs
has also been shown to be influenced by oxidative stress with enhanced ROS, especially
HOCI, increasing MMP expression and activation causing enhanced ECM degradation and
cell invasion (Alfakry et al., 2016). MMPs not only degrade proteins such as collagen 1V
within the ECM, but are also able to interact with and degrade integrins, thus allowing cells
to detach from the BM and migrate away from the primary tumour (Friedl and Gilmour,
2009). However, cancer cells respond differently to ROS depending on the cell type and
factors such as the level of ROS and exposure time.

Although more research into the influence of ROS on Type Il EMT is being conducted, there
are still many unanswered questions as regards to what proteins and pathways are being
activated by ROS and how these influence EMT. Currently, there are a few proteins that have
been found to be constantly altered during Type IIl EMT such as the TF Snail and cell-cell
adherens junction protein, E-cadherin, so there are definitely proteins that exist as markers for
EMT although many proteins influenced by ROS still need to be determined (Nieto, 2002;
Zavadil and Bottinger, 2005). The complexity of the role of ROS on cancer metastasis is
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making it exceptionally difficult to develop therapeutic options for cancer patients especially
since multiple cancer cells undergoing metastasis develop the ability to survive with and
become immune to current cancer treatments, especially treatments that would kill the cancer

cells by inducing oxidative stress such as those used in chemotherapy (Mitra et al., 2015).

Recently, PXDN was found to be involved in Type IIl EMT as PXDN was shown to be
downregulated by the EMT TF Snaill (Sitole and Mavri-Damelin, 2018). Since PXDN
expression can be affected by ROS levels and influences the strength of the ECM, identifying
whether a link exists within a ROS-PXDN-EMT pathway, could provide insight into
potentially utilizing PXDN expression as a therapeutic target for treating EMT pathologies

including cancer and cancer metastases.
3.1.2. Role of PXDN in EMT

PXDN expression has been shown to be upregulated by ROS, such as H,0,, and is an
important protein that is involved with strengthening and forming the ECM; it can thus be
hypothesised that PXDN expression would be altered during EMT (Cheng et al., 2008; Shi et
al., 2011; Bhave et al., 2012; Zhang et al., 2012).

Biological processes that occur due to Type | EMT include embryo implantation and placenta
formation (Kalluri and Weinberg, 2009). A recent study in mice found fluctuations in PXDN
expression during the early stages of pregnancy (Jones-Paris et al., 2017). Jones-Paris et al.
(2017) found that PXDN expression decreases during the later stages of pre-implantation and
increases again during embryo implantation, suggesting that a decrease in PXDN is necessary
before implantation can occur. Collagen IV was also shown to be colocalised with PXDN
during embryo implantation where it is hypothesised that PXDN would be responsible for
creating new collagen 1V cross-links between the uterus and the embryo thus allowing for
secure implantation (Jones-Paris et al., 2017). Alterations in PXDN expression may thus be
important in allowing Type | EMT to occur by adjusting cell-ECM interactions and allowing
cells to migrate. It can also be hypothesised that PXDN is an important protein required
during MET as cells may be reattached to the BM due to the collagen IV cross-linking
capabilities of PXDN. PXDN has also been identified as having an important role during eye
development with PXDN mutations resulting in severe corneal opacification, congenital
cataracts and congenital glaucoma, which are most likely caused by disruptions to the
structural integrity of the ocular BM due to missing PXDN (Khan et al., 2011; Yan, X. et al.,
2014; Micheal et al., 2016).
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As already mentioned, it is realistic to hypothesise that PXDN is involved in the process of
wound healing due to the ability of PXDN to strengthen collagen 1V of the BM and potential
to act as an antimicrobial agent (Li et al., 2012; Paumann-Page et al., 2017). Type Il EMT
that is involved during the healing process requires that cells move to sites of injury; PXDN
expression may need to be altered in order to assist with detaching cells from the ECM so
cells may become more motile (Dunnill et al., 2017). After the migration of cells, cells will
need to securely reattach to the ECM of the new location which is a likely role for PXDN to
perform. Other studies also propose the involvement of PXDN in wound healing MET since
Nox4 deficiency results in decreased ECM cross-links and impaired wound healing; because
ROS produced by Nox4 are utilised by PXDN, PXDN is most likely involved during this
stage of wound healing (Cheng et al., 2008; Lévigne et al., 2016). PXDN over-expression has
also been identified in patients with kidney fibrosis with PXDN likely contributing to the
development of the disease due to the cross-linking capabilities of PXDN (Péterfi et al.,
2009). Since Type Il EMT is involved in wound healing and can lead to fibrosis caused by

chronic inflammation, PXDN is likely to be involved in this form of EMT.

Lastly, Type Ill EMT invokes the alteration of gene expression and enhanced migration of
cancer cells and oxidative stress has already been proven to influence the initiation and
progression of Type Il EMT (Kalluri and Weinberg, 2009; Gill et al., 2016). PXDN
expression has already been shown to have altered expression in multiple cancer types such
as breast cancer, melanomas, glioblastomas and ovarian and prostate tumours (Liu et al.,
2010; Tauber et al., 2010; Barnett et al., 2011). However, the exact role of PXDN in cancer
in general and in Type Il EMT is still relatively unknown. PXDN potentially has a role in
Type 11l EMT due to the ability of PXDN to alter the ECM to allow cells to detach in order to
migrate; since PXDN has already been shown to affect Type | and Il EMT in this sense, it is
highly plausible that a similar role is performed during Type 111 EMT. PXDN has been shown
to influence HO-1 mediated cellular attachment and silencing of PXDN resulted in decreased
cellular attachment of choriocarcinoma cells (Tauber et al., 2010). A very recent study, from
our laboratory, found that the Type Ill EMT promoting TF, Snail, binds to the PXDN
promoter and represses PXDN expression; thus creating a strong possibility that like E-
cadherin, silencing of PXDN is necessary for some stages of EMT in cancer cells (Sitole and
Mavri-Damelin, 2018).

The role of PXDN in Type Il EMT is still mostly unclear and should be a main focus of

attention since this form of cellular transition is responsible for cancer metastasis. Having
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previously shown that Nrf2 is able to bind to the PXDN promoter and upregulate PXDN
expression, and having established that ROS and Nrf2 expression have roles to play in Type
1l EMT, the potential functions of PXDN in Type Il EMT were investigated. This was
achieved by examining the different and well known features of EMT, such as cell
attachment, migration and invasion, and determining what affect silencing of PXDN
expression in the presence of oxidative stress had on each of these processes. In addition, a
3D colony formation assay was carried out using soft agar in order to see how PXDN may
influence this process in a model that has a more realistic environment to that found in vivo.
Since the role of PXDN in Type Ill EMT was to be investigated, two cervical carcinoma cell
lines, HeLa and SiHa, were used in the experiments. Both HelLa and SiHa cells have been
used in previous studies and have been shown to express PXDN (Sitole and Mavri-Damelin,
2018). HeLa cells also have less metastatic potential as compared to SiHa cells which
provided further insight into the role of PXDN in Type Il EMT in different cancer types.
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3.2. Methods

3.2.1. PXDN knockdown

PXDN expression was silenced in both HeLa and SiHa cell lines using 1 pg of MISSION®
esiRNA Human PXDN (Sigma Aldrich, EHU004721) combined with 2.5 ul of TransIT-X2®
System transfection reagent (Mirus) in SFM and incubated at RT for 30 min prior to
transfection. Cells were transfected for a total 24 h prior to use in downstream assays. A
negative control (esi) was included in all experiments whereby the esiRNA for PXDN was
replaced with MISSION® esiRNA FLUC which targets firefly luciferase (Sigma Aldrich,
EHUFLUC). For all assays, cells were either untreated (siUnt) or treated with 100 uM H,0,
(siH20,) which was added to cells 3 h post-transfection and left for the remaining 21 h. Cells
treated with 5 ng/ml TGF-B1 (Sigma-Aldrich) for 24 h to serve as controls, were deprived of

serum for 24 h prior to treatment.
3.2.2. PXDN quantification using ELISA

In order to quantify changes in PXDN protein expression following transfection performed
on small numbers of cells (siRNA treatments), the more sensitive enzyme linked
immunosorbent assay (ELISA) was conducted. This was necessary since silencing of PXDN
was conducted in wells that would not yield high enough amounts of protein required for
PXDN IP. Briefly, HeLa and SiHa cells were seeded into the wells of a 24-well plate (15
000-40 000 cells/well) and after 48 h, were transfected and/or treated as required. Cells were
washed twice with 1X PBS and lysed in 300 pl native lysis buffer. Lysates were centrifuged
at 4 000 rpm for 10 min at 4 °C to remove cell debris. The level of PXDN expression was
determined using the Human PXDN/MG50 ELISA kit (LS-F12454, LifeSpan BioSciences,
Inc.) by following the manufacturer’s instructions. Absorbance was measured at 450 nm
using a Multiskan GO microplate reader. A Bradford assay was also conducted on the lysates,
as described previously, to determine the amount of total protein and ELISA values were
corrected accordingly.

3.2.3. Observing PXDN knockdown using IF microscopy

Cells were seeded onto glass coverslips and after 48 h were transfected and/or treated as
described. IF microscopy was carried out as described in Chapter 2.2.4, to observe PXDN
expression in response to PXDN silencing and treatment.
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3.2.4. Cell morphology using DIC microscopy

In order to visualise changes to cell morphology that occur during EMT and upon PXDN
silencing, DIC microscopy was performed. Briefly, cells were seeded onto glass coverslips
and left for 48 h. Cells were then transfected and/or treated as described previously. Live
cells were rinsed twice and overlaid with 1X PBS and visualised on an Olympus BX63

microscope under 10X magnification.
3.2.5. Protein expression and localisation during EMT using IF microscopy

Cells were seeded onto glass coverslips and after 48 h, were transfected and/or treated as
described. IF microscopy was carried out as described in Chapter 2.2.4, to observe Snail (sc-
28199), E-cadherin (Cell Signalling Technology, 24E10) and PXDN expression and
localisation in response to PXDN silencing and treatment.

3.2.6. MTT assay to determine influence of PXDN on proliferation

The effects of PXDN on cellular proliferation were investigated using the MTT assay. HelLa
and SiHa cells were seeded and transfected and/or treated as described. MTT assays were
then conducted and the data analysed as described in Chapter 2.2.5.

3.2.7. Cell adhesion assays to determine effect of PXDN on attachment

To determine the effect of PXDN on cellular attachment, HeLa and SiHa cells were first
seeded into 24-well plates and after 48 h, were transfected and/or treated. Cells were then
trypsinised, counted and 10000 cells/well seeded into 96-well plates. After 15 min
incubation at 37 °C, which is an adequate amount of time to analyse cell attachment,
unattached cells were removed by discarding the seeding medium and washing the cells with
1X PBS (Humphries, 2009). Fresh medium was added, cells briefly visualised using an
inverted light microscope and cells then returned to the 37 °C incubator. After 1 h, an MTT
assay according to Chapter 2.2.5 was performed on all wells in order to determine how many

cells had attached.
3.2.8. Scratch assays to determine effect of PXDN on migration

Scratch assays were performed on HelLa and SiHa cells in order to determine the potential
role of PXDN during cell migration. Cells were seeded into 24-well plates and following 48

h, were transfected and/or treated. Following 24 h of transfection, culture medium was
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removed, cells washed once with 1X PBS and fresh 1X PBS added to cells. A p200 pipette
tip was used to create a scratch in each well. The 1X PBS was removed, cells washed once
more with 1X PBS to remove detached cells and fresh culture medium added to each well.
Scratches were photographed at time 0 h then returned to the 37 °C incubator and cells were
photographed again after 12 h and 24 h (and at 48 h for HeLa cells only). Sizes of scratches
were measured using ImageJ (Ver. 1.50i) software. Due to the varied sizes of the scratches at
0 h, the size of each scratch following 48 h (for HeLa cells) and 24 h (for SiHa cells) was
made relative to the size of the corresponding 0 h scratch for each condition. The relative size
of each scratch was plotted on a graph as scratch closure (%) and comparisons of the degree

of scratch closure were made between each condition and untreated.
3.2.9. Invasion assays to determine contribution of PXDN to cell invasion

Permeable supports of a 96-well Corning HTS Transwell® plate (Sigma-Aldrich, CLS3374)
were each coated with 200 pg/ml ECM gel from Engelbreth-Holm-Swarm murine sarcoma
(Sigma-Aldrich, E1270) in SFM and incubated overnight at 37 °C. Residual SFM was
removed and supports rehydrated with fresh SFM for 1 h prior to seeding cells. HeLa and
SiHa cells were harvested by trypsinisation, and centrifuged for 5 min at 1 500 rpm at 4 °C to
collect cells and remove trypsin-EDTA. After being re-suspended in 10% (v/v) FBS culture
medium, cells were counted and seeded on top of the ECM-coated supports at 10 000
cells/well. After 3 h in the 37 °C incubator, 10% (v/v) FBS medium was removed and
replaced with 1% (v/v) FBS containing medium (SFM for cells to be treated with TGF-$1)
and cells returned to the incubator. Following 24 h incubation, cells were transfected and/or
treated, and SFM in the chambers below the supports was replaced with 10% (v/v) FBS
culture medium to act as a chemoattractant. After 24 h incubation at 37 °C, invaded cells on
the permeable supports were fixed for 15 min using 100% (v/v) ice-cold methanol then
stained with crystal violet (Table A1) for 20 min. The supports were thoroughly washed with
dH,0 and left to dry overnight. Supports were transferred into a new 96-well plate and crystal
violet dissolved in 230 pul 10% (v/v) acetic acid for 20 min. Absorbance was measured at 590

nm using a Multiskan GO microplate reader.
3.2.10. Determine function of PXDN in a 3D environment

In order to determine whether PXDN has a role in 3D spheroid formation, a soft agar colony
formation assay was performed (Borowicz et al., 2014). The assay involved elevating cells

off of the bottom of the culture plate using agar so cells may be able to survive and divide
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while suspended. This procedure intended to simulate cell behaviour that may occur in an in
vivo environment, unlike cells forming a monolayer on a plastic culture dish. Depending on
the abilities of the cell types, cancer cells could form 3D structures more similar to in vivo
growth, thus allowing the role of specific proteins in this process to be investigated.

HeLa and SiHa cells were seeded into 24-well plates and after 48 h, were transfected and/or
treated for 24 h. Noble agar (Sigma-Aldrich) solutions (0.6% (w/v)) and (1% (w/v)) were
prepared and autoclaved. Once slightly cooled (42 °C), 1% (w/v) Noble agar was diluted 1:1
with 2X cell culture medium (Table Al), 1.5 ml added to each well of a 6-well plate and
allowed to solidify at RT for 30 min. A 1X cell culture medium was prepared using the 2X
cell culture medium and filter sterilised. Cells were washed twice with 1X PBS, detached
using 100 pl 1X PBS and 100 pl Trypsin-EDTA, mixed with 500 ul of 1X cell culture
medium and centrifuged at 1 500 rpm for 3 min at 4 °C to remove all traces of trypsin-EDTA.
Cells were re-suspended in 300 ul fresh 1X cell culture medium, counted and mixed with 1X
cell culture medium to attain 10 000 cells/1.5 ml. An equal volume of cell suspension was
mixed with an equal volume of 42 °C 0.6% (w/v) Noble agar and 1.5 ml of this new mixture
(5000 cells/well) was layered onto the solidified 1% (w/v) Noble agar. The cell-containing
agar was allowed to set at RT for 30 min followed by incubation at 37 °C for three weeks to
allow spheroid formation. To prevent agar desiccation, 200 pl of untreated or treated (100
uM H,0, or 5 ng/ml TGF-1) 1X cell culture medium was routinely added to the top layer of
agar. After three weeks, a 5X5 grid was placed under each well, colonies were visualised

using an inverted light microscope at 4X magnification and counted.
3.2.11 Statistical analysis

Unless otherwise stated, all quantification was attained from experiments performed a
minimum of three times where n = the number of independent biological replicates +
standard deviation (SD). Comparisons were made by Student’s t-tests and P < 0.05 was
considered statistically significant. Significance is made relative to ‘Untreated’ samples,
taken as 100%, unless otherwise specified. Significance is depicted on graphs as follows: *: P
< 0.05, **: P < 0.01 and ***: P < 0.001.
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3.3. Results

3.3.1. PXDN expression is reduced following siRNA transfection

An ELISA assay was first conducted on both HelLa and SiHa cell lines in order to ensure that
transfections using PXDN siRNA reduced PXDN expression. Our results showed PXDN
SIRNA transfections (siUnt) for 24 h successfully decreased PXDN expression by 31% (69 +
8%) in HeLa cells while treatment with H,O, increased PXDN expression by 28% (128 +
0%). PXDN expression decreased by 51% (49 + 14%) when PXDN siRNA transfection was
combined with H,O, treatment (siH,0,). HeLa cells treated with TGF-B1 also exhibited a
19% (81 + 15%) decrease in PXDN expression. HelLa cells transfected with the negative
control (esi) resulted in a statistically insignificant 20% (80 £ 21%) decrease in PXDN
expression and had a large SD (Figure 3.3). The ELISA assay also showed that PXDN
expression decreased by 18% (82 + 6%) following PXDN siRNA transfection (siUnt) in SiHa
cells while treatment with H,O, caused a 28% (128 £ 7%) increase in PXDN expression.
Knockdown of PXDN combined with H,O; treatment (siH,O) resulted in a 12% (88 £ 5%)
decrease in PXDN expression and SiHa cells treated with TGF-1 showed a 45% (55 £ 11%)
decrease. Transfection of SiHa cells with the negative control (esi) did not alter average
PXDN expression in SiHa cells although the SD was large (107 + 32%) (Figure 3.3).

IF microscopy performed on both cell lines corroborates the ELISA data, illustrating
decreased PXDN expression (FITC intensity) post-transfection with PXDN siRNA and
PXDN expression remained reduced regardless of combination with H,O, treatment
(siH202), which normally increases PXDN expression (Figure 3.4).

To determine whether PXDN may have an effect on EMT, cellular morphology was
observed, using DIC, following PXDN siRNA transfection. DIC images showed HeLa cells
were elongated and moved towards other clusters of cells regardless of whether cells were
treated with H,O, or TGF-f1 (Figure 3.5). Silencing of PXDN (siUnt) did appear to slightly
alter cell morphology of HeLa cells especially when transfection was combined with H,O,
treatment (siH,0O,); in this case, HeLa cells appeared more rounded and did not stretch across
to fill spaces between other cell clusters (Arrows in Figure 3.5). DIC images of SiHa cells
revealed similar results to those observed for HelLa cells as SiHa cells were both elongated
and appeared to stretch towards other cells when left untreated or treated with either H,O, or
TGF-B1 (Figure 3.5). However, silencing of PXDN (siUnt) in SiHa cells resulted in a rounder

74



cell morphology and cells preferred to clump together as opposed to stretching out regardless,

of whether there was additional treatment with H,O, (siH,O,) (Arrows in Figure 3.5).
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Figure 3.3: Silencing of PXDN in HelLa and SiHa cells. ELISA was performed on HelLa
and SiHa cells to measure the degree of PXDN knockdown following transfection with
PXDN siRNA for 24 h. Cells were treated with 100 uM H,0O, to observe the effects of
oxidative stress on PXDN expression. Cells were transfected with PXDN siRNA only (siUnt)
or additionally treated with 100 uM H,O; (siH20,). Transfections involving a negative
control SiRNA (esi) were also performed. Cells were also treated with 5 ng/ml TGF-B1 (n =
3, mean £ SD).
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Figure 3.4: IF microscopy to observe PXDN knockdown in HeLa and SiHa cells. IF
microscopy was used to corroborate the PXDN knockdown ELISA data for both HelLa and
SiHa cell lines. Cells were transfected with PXDN siRNA (siUnt) or additionally treated with
100 uM H20; (siH20,) for 24 h. HeLa and SiHa cells were treated with 100 uM H,0; to
visualise the effects of oxidative stress on PXDN. Cells were transfected with a negative
control siRNA (esi) or treated with 5 ng/ml TGF-1. PXDN expression was observed using a
FITC-labelled secondary antibody. DAPI stained nuclei blue (63X magnification; scale bar =
20 um).
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Figure 3.5: Effects of PXDN knockdown on HelLa and SiHa cell morphology. DIC
microscopy was used to visualise the cell morphology of HelLa and SiHa cells following
transfections and/or treatment, since morphology changes occur during EMT as cells become
elongated and spread out. Cells were transfected with PXDN siRNA (siUnt) for 24 h to
knockdown PXDN expression. To determine the effects of oxidative stress on morphology,
cells were either treated with 100 uM H,O, or were additionally transfected with PXDN
SiRNA (siH,0,). HeLa and SiHa cells were also transfected with a negative control siRNA
(esi). As a positive inducer of EMT, cells were treated with 5 ng/ml TGF-B1. Arrows indicate
rounded and clumped cells that were observed following PXDN knockdown (10X

magnification; scale bar = 100 um).
3.3.2. Oxidative stress alters the expression of EMT markers

As mentioned, the TF Snail is known to be expressed during Type IIl EMT, is activated by
TGF-B1 treatment and decreases E-cadherin expression (Cano et al., 2000; Jordan et al.,
2011). In order to further determine whether oxidative stress may be involved in Type Il
EMT in HelLa and SiHa cells, Snail activation as well as PXDN and E-cadherin expression
patterns were investigated following treatment with 100 uM H,O,. IF microscopy revealed
that Snail expression and nuclear translocation (blue-green nuclei) decreased during
oxidative stress in both cell lines while PXDN expression and E-cadherin expression
appeared to increase (FITC intensity, Table B4). Snail nuclear translocation increased
following TGF-B1 treatment as expected, in both cell lines, while PXDN and E-cadherin

expression decreased (Figure 3.6 and Table B4).
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Figure 3.6: Determination of the effects of oxidative stress on EMT markers. IF

Snail

PXDN

E-cadherin

microscopy images of PXDN and the EMT markers, Snail and E-cadherin, detected with
FITC-labelled secondary antibodies. DAPI stained nuclei blue. Oxidative stress was induced
by treating cells with 100 uM H,0, for 24 h. Cells were also treated with 5 ng/ml TGF-B1 for

24 h as a positive control of EMT induction (63X magnification; scale bar = 20 um).
3.3.3. PXDN contributes to cell proliferation

MTT assays were conducted to determine the effect of PXDN expression on cell
proliferation. In HeLa cells, PXDN knockdown (siUnt) resulted in a 15% (85 + 3%) decrease
in proliferation while HeLa cells treated with H,O, did not experience any change in
proliferation relative to untreated. When PXDN was silenced and HelLa cells also treated with
H,0, (siH,0,), there was a 17% (83 + 1%) decrease in proliferation, similar to PXDN
knockdown in a regular environment (Figure 3.7). HelLa cells treated with TGF-B1 also
experienced a 12% (88 * 1%) decrease in cellular proliferation while the negative control
(esi) caused an unexpected 17% (83 + 1%) decrease in proliferation. Similarly, SiHa cells
showed no change in cellular proliferation following treatment with H,O, while PXDN
knockdown (siUnt) resulted in a 10% (90 £ 1%) decrease in proliferation and a 12% (88 +
4%) decrease when combined with additional H,O, treatment (siH,0,). Unlike HeLa cells,
when SiHa cells were treated with TGF-f1 there was no difference in proliferation but the
negative control (esi) also resulted in an unexpected 14% (86 + 1%) decrease in proliferation
(Figure 3.7).
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Figure 3.7: MTT assays to determine effects of PXDN expression on cell proliferation.
HeLa and SiHa cells were transfected with PXDN siRNA (siUnt) for 24 h to investigate the
effects of PXDN knockdown on cell proliferation. Cells were treated with 100 uM H,0, to
determine the effect of oxidative stress on cell proliferation. In addition, the effect of PXDN
knockdown during oxidative stress (siH,O,) on cell proliferation was also investigated. Cells
were also transfected with a negative control siRNA (esi). Treatment with 5 ng/ml TGF-B1

for 24 h was included as an EMT control (n = 3, mean £ SD).
3.3.4. Cell attachment is reduced following PXDN knockdown

Cell adhesion assays were conducted to determine the influence of oxidative stress and
PXDN expression on cell attachment of HeLa and SiHa cells. HeLa cells exhibited a
significant 32% (68 + 2%) decrease in cell attachment following transfection with PXDN
SIRNA (siUnt) whereas treatment with H,O, or TGF-B1 alone did not alter attachment.
PXDN knockdown followed by H,0, treatment (siH,0O,) also resulted in a 31% (69 = 4%)
decrease in attachment, very similar to siUnt (Figure 3.8). The negative control (esi)
decreased cell attachment by an insignificant 8% (92 = 7%). In SiHa cells, PXDN

knockdown (siUnt) resulted in a statistically insignificant 11% (89 + 13%) decrease in
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attachment while H,O; alone reduced SiHa attachment by a significant 22% (78 + 1%). H,0,
treatment combined with PXDN knockdown (siH,0,), also resulted in a 21% (79 + 4%)
decrease in SiHa attachment which was a more significant decrease than observed with siUnt
(Figure 3.8). Similarly to HelLa cells, SiHa cells treated with TGF-B1 did not show an
alteration in cell attachment and the negative control (esi) slightly reduced SiHa attachment
by a statistically insignificant 9% (91 £ 11%).
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Figure 3.8: Determination of the effects of PXDN knockdown on cell attachment. Cell
adhesion assays were performed to investigate the effects of PXDN knockdown on cell
attachment. HelLa and SiHa cells were transfected for 24 h with PXDN siRNA (siUnt) to
decrease PXDN expression. Oxidative stress was induced by treating cells with 100 uM H,0;
with some cells additionally transfected with PXDN siRNA (siH,0;). Cells were also
transfected with a negative control siRNA (esi). HeLa and SiHa cells were treated with 5
ng/ml TGF-B1 to induce EMT (n = 3, mean £ SD).
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3.3.5. PXDN expression influences cell migration

Scratch assays were performed in order to investigate whether PXDN expression influences
cell migration. PXDN knockdown (siUnt) in HelLa cells or treatment with TGF-B1 both
resulted in a slight but statistically insignificant increase in cell migration whereas treatment
with H,0, alone resulted in a statistically significant 10% (59 = 3%) increase in scratch
closure (Figure 3.9). Interestingly, PXDN knockdown in HeLa cells followed by H,0O,
treatment (siH,O,) resulted in a statistically significant 18% (31 + 5%) decrease in cell
migration compared to untreated cells and a 28% decrease in migration when compared to
HeLa cells treated with H,O, only (Figure 3.9). HelLa cells transfected with the negative
control (esi) had a statistically insignificant decrease in cell migration. SiHa cells migrated
much faster than HelLa cells which required up to 48 h of observation. SiHa cells closed
scratches after 24 h when left untreated or treated with H,O, only. Treatment of SiHa cells
with TGF-B1 resulted in accelerated migration, as expected, with scratches closing fully after
only 12 h (data not shown). Unlike HeLa cells, PXDN knockdown (siUnt) in SiHa cells did
result in a significant decrease in cell migration of 26% (68 + 9%) (Figure 3.10). PXDN
knockdown in the presence of H,O, (siH,O;) in SiHa cells also resulted in a significant
decrease in cell migration with a 39% (55 + 14%) decrease compared to untreated cells and
42% decrease when compared to H,0, treated cells (Figure 3.10). SiHa cells transfected with
the negative control (esi) had an unexpected 42% (52 = 6%) decrease in cell migration.
PXDN knockdown significantly decreased cell migration in both HeLa and SiHa cell lines in

an oxidative environment.
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Figure 3.9: Identifying the effects of PXDN knockdown on HelLa cell migration. Scratch
assays were performed on HeLa cells over a 48 h period in order to determine the effects of
PXDN knockdown on cell migration. HeLa cells were transfected with PXDN siRNA (siUnt)
for 24 h to decrease PXDN expression. To determine the effects of oxidative stress on HelLa
cell migration, cells were treated with 100 uM H,0O, and some additionally transfected with
PXDN siRNA (siH,0,). HeLa cells were also transfected with a negative control sSiRNA (esi)
or treated with 5 ng/ml TGF-f1, which is a known inducer of EMT. Dotted lines highlight
scratch borders (4X magnification; scale bar = 1 000 um). Sizes of scratches over time were
made relative to the size of the 0 h scratch of each condition (n = 3, mean + SD).
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Figure 3.10: Investigating the role of PXDN in SiHa cell migration. Scratch assays were
performed on SiHa cells over a 24 h period in order to determine the effects of PXDN
knockdown on cell migration. SiHa cells were transfected with PXDN siRNA (siUnt) for 24
h to decrease PXDN expression. Oxidative stress was induced by treating cells with 100 uM
H,0O, with some SiHa cells additionally transfected with PXDN siRNA (siH,0,). SiHa cells
were treated with 5 ng/ml TGF-B1, which is a known inducer of EMT, and other cells
transfected with a negative control SiRNA (esi). SiHa cells treated with TGF-p1 had
accelerated migration where scratches closed completely after 12 h (data not shown) (4X
magnification; scale bar = 1 000 um). Sizes of scratches over time were made relative to the

size of the 0 h scratch of each condition (n = 3, mean = SD).
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3.3.6. Cell invasion is altered by PXDN expression

Since increased invasion is a feature of Type Il EMT, invasion assays were performed on
HeLa and SiHa cells to determine the effects of PXDN expression and oxidative stress on
invasion. HeLa cells experienced a significant 20% (80 + 5%) decrease in invasive capacity
in an oxidative environment while treatment with TGF-B1 resulted in a slight but statistically
insignificant increase (Figure 3.11). PXDN knockdown (siUnt) in HelLa cells resulted in a
18% (82 £ 4%) decrease in invasion and with additional treatment of H,O, (siH,0,), there
was an even greater decrease of 27% (73 = 9%) compared to untreated cells (Figure 3.11).
PXDN possibly has a role in invasion in HeLa cells experiencing oxidative stress since there
was a slight 10% difference between PXDN siRNA transfected (siUnt) cells and cells that
were transfected with PXDN siRNA during oxidative stress (siH,O;). HelLa cells experienced
an unexpected 47% (53 = 2%) decrease in invasion when transfected with the negative
control (esi). Contrary to HelLa cells, SiHa cells exhibited a 14% (114 + 7%) increase in
invasion when treated with H,O,. Treatment with TGF-B1 resulted in a significant 19% (119
* 4%) increase in invasion of SiHa cells which is expected (Figure 3.11). PXDN knockdown
(siUnt) in SiHa cells resulted in a very slight and statistically insignificant decrease in cellular
invasion. SiHa cells that were transfected with PXDN siRNA and additionally treated with
H,0, (siH,0;) had a small insignificant 9% (91 + 7%) decrease in invasion when compared
to untreated cells; however, when compared to cells treated with H,O, only, there was a
much greater difference in invasion with a 22% decrease observed (Figure 3.11). The
difference in invasion observed between H,O, and siH,O, suggests that PXDN expression
has a role in the invasion of SiHa cells during oxidative stress. Similarly to HelLa cells, SiHa
cells transfected with the negative control (esi) had an unexpected 25% (75 + 2%) decrease in

invasion.
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Figure 3.11: Determination of the role of PXDN in HelLa and SiHa cell invasion.
Invasion assays were performed to investigate the effects of PXDN knockdown on Hela and
SiHa cell invasion. PXDN expression was decreased by transfecting cells with PXDN siRNA
for 24 h (siUnt). Cells were treated with 100 uM H,0, to induce oxidative stress and other
cells additionally transfected with PXDN siRNA (siH,0,). HeLa and SiHa cells were also
treated with 5 ng/ml TGF-B1 to induce EMT. Cells were also transfected with a negative
control siRNA (esi) (n = 3, mean + SD).

3.3.7. 3D colony formation is reduced following PXDN knockdown

Soft agar 3D colony formation assays were conducted in order to observe how PXDN may
affect spheroid formation in an environment simulating in vivo. There were significantly
fewer spheroids formed across all HeLa cell treatments as compared to the more metastatic
SiHa cells (data not shown). HeLa cells had a 47% (53 = 22%) decrease in spheroid
formation upon PXDN knockdown (siUnt) (Figure 3.12). There was also a 67% (33 + 13%)
decrease in the number of HelLa spheroids formed following H,0O, treatment and a 60% (40 +
15%) decrease when PXDN knockdown was combined with H,O; (siH,0;), as compared to

untreated cells. TGF-B1 treatment caused a 53% (47 £ 13%) reduction in spheroids formed
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by HeLa cells and the negative control (esi) caused a statistically insignificant 33% (67 £
27%) reduction in spheroid formation (Figure 3.12). HelLa cells transfected with PXDN
SIRNA also had smaller spheroids formed as well as reduced numbers. SiHa cells had a
significant 81% (19 £ 4%) decrease in spheroid formation following PXDN knockdown
(siUnt) (Figure 3.12). H,O, treatment also decreased the number of SiHa spheroids formed
by 60% (40 + 4%) which changed to a 65% (35 + 5%) decrease, as compared to untreated
cells, when H,0O, treatment was combined with PXDN knockdown (siH,O;) (Figure 3.12).
TGF-B1 treatment caused a 72% (28 + 2%) decrease in SiHa spheroid number as did

transfection with the negative control (esi) with an unexpected 76% (24 + 2%) decrease.
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Figure 3.12: Investigating the role of PXDN in HelLa and SiHa spheroid formation.
HelLa and SiHa spheroid formation was analysed after three weeks after cells had originally
been either: transfected with PXDN siRNA (siUnt) to knockdown PXDN, treated with 100
uM H0- to induce oxidative stress, transfected with PXDN siRNA and treated with 100 pM
H,0, (siH,0,), transfected with a negative control siRNA (esi) or treated with 5 ng/ml TGF-
B1 to induce EMT (n =3, mean + SD).
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3.4. Discussion

The PXDN protein has the ability to form dityrosine cross-links and strengthen the collagen
IV network through sulfilimine bond formation within the BM (Bhave et al., 2012). Since we
showed that PXDN expression is regulated by the redox response TF, Nrf2, and levels
increase with elevated ROS such as H,0O,, we considered whether PXDN may be involved in
oxidative stress induced EMT. The functions of PXDN in Type IIl EMT were investigated in
two cervical carcinoma cell lines, HeLa and SiHa, by reducing PXDN expression and
conducting experiments that affect the features associated with Type Il EMT namely
proliferation, migration and invasion. In addition to identifying the role of PXDN in Type IlI
EMT, the cellular environment was also altered by the addition of H,O, in order to determine
how excess ROS affect features of Type 11l EMT and to determine whether there is a role for
PXDN within this context.

PXDN expression was decreased in HeLa and SiHa cells using PXDN siRNA transfections
and an ELISA assay was performed in order to validate whether the transfection procedure
was effective or not by quantifying the degree of PXDN knockdown. When compared to
untreated cells, PXDN expression was decreased by 31% in HeLa and 18% in SiHa cells. The
ELISA was also used to determine the effect of H,O, on PXDN expression in HeLa and SiHa
cells as we, and others, have previously observed that PXDN expression increases in an
oxidative environment in a dose and time dependent manner (Cheng et al., 2008; Shi et al.,
2011; Zhang et al., 2012). ELISA data was in line with our previous western blot results
where PXDN expression was shown to increase by 28% in HelLa and SiHa cells when
exposed to H,O,. Upon silencing of PXDN in an oxidative environment, there was still a
significant decrease in PXDN expression which was observed in both cell lines, and indicated
that PXDN expression remained repressed post-transfection even when treated with the H,0,
inducer. TGF-B1 has been shown to induce EMT characteristics and so TGF-B1 treatment
was used as a positive indicator for Type Il EMT in our functional experiments (Peinado et
al., 2003; Zavadil and Bottinger, 2005). TGF-B1 treatment has been shown to decrease
PXDN expression, as observed in our ELISA assay, through the Snail TF which binds to the
PXDN promoter (Sitole and Mavri-Damelin, 2018). However, in our studies, the influence of
TGF-B1 on PXDN expression was not taken into consideration. The effects of TGF-B1
treatment were used as a comparator and to observe whether similar EMT characteristics may
be observed during oxidative stress. ELISA data also showed that the negative transfection
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control (esi) did not cause a statistically significant alteration to PXDN expression as
compared to untreated expression levels in both cell lines; however, the SD of the esi results
were relatively large and should ideally be repeated. Our ELISA data did still show that the
PXDN siRNA caused a greater decrease in PXDN expression than the esi control, indicating
that a decrease in PXDN expression in the PXDN siRNA transfected samples was due to the
PXDN siRNA and not due to other reagents within the transfection reaction. We thus decided

to perform the functional assays using the current transfection protocol.

Although the esi transfection did not cause a statistically significant alteration to PXDN
expression, the esi transfections did appear to have varying effects on HelLa and SiHa cells in
all downstream functional experiments. For example, the esi control greatly reduced cell
proliferation and invasion of both cell lines. Although the esi control sequence targeted firefly
luciferase, it is possible that the sequence had off-target effects by decreasing the expression
of other proteins thus affecting cell function (Tschuch et al., 2008). Indeed, a BLAST
analysis of the esi negative control cDNA target sequence revealed that a section of the
SsiIRNA may potentially bind to the transforming growth factor-B-induced (TGF-BI) protein
precursor. TGF-B1 is a protein located within the ECM and is involved in mediating cell
attachment and migration through involvement with integrin receptors (Zhang et al., 2009).
The possibility of the esi negative control affecting the expression of another ECM protein
may explain the unusual results obtained from the functional assays. Since the esi control had
such an unexpected effect on cells but did not alter PXDN expression, all comparisons for the
functional results were made to untreated cells. However, all of the functional experiments
will need to be repeated with an alternative negative control, potentially a scrambled version
of the PXDN siRNA, since silencing experiments should ideally be made relative to a control
siRNA. Therefore, the data obtained from the following functional assays should be viewed

as preliminary and will need to be validated once a reliable negative control is available.

In addition to ELISA, IF microscopy was performed on both HelLa and SiHa cells to visualise
the effects of transfections and/or treatments on PXDN protein expression. IF microscopy
images revealed that PXDN expression patterns mimic those observed from ELISA and
confirm that PXDN siRNA transfections were sufficient for PXDN knockdown for

downstream experiments.

DIC was performed on live cells to observe any visible changes to cell morphology following

PXDN knockdown and/or treatment, as well as the effects of H,O, on these cell lines, as
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alterations in cell appearance are observed during EMT (YYang and Weinberg, 2008). Cell
morphology can be a good indicator of cells undergoing EMT since cells have connections
with both each other and the ECM and when proteins involved with these connections are
altered, it can cause cells to change shape and appearance (Suarez-Carmona et al., 2017).
Factors such as ROS and TGF-B1 are expected to alter the appearance of cells due to the
induction of EMT; however, this was not observed in either the HeLa or SiHa cell lines as
cells appeared elongated regardless of additional treatments (Cannito et al., 2010; Lamouille
et al., 2014). Even though HelLa and SiHa cells did not exhibit noticeable morphological
changes upon treatment, it does not necessarily mean that the treatments are not inducing
Type Il EMT. Indeed, multiple human breast carcinomas have been found to be metastatic
even without an alteration of the breast epithelial morphology (Tarin et al., 2005). In both
HelLa and SiHa cell lines, PXDN knockdown resulted in cells taking on a slightly rounder
appearance especially during oxidative stress. Since PXDN is able to strengthen the BM by
cross-linking collagen 1V, reduced PXDN expression could decrease cell attachment to the
ECM making cells appear more rounded as the cells lift away from the substrate. This altered
cell morphology upon PXDN knockdown is supported by observations made in a study
involving glioma tumour cells where cells had a rounder morphology as the rigidity of the
ECM decreased (Ulrich et al., 2009). Both HelLa and SiHa cells have been shown to have
spindle-shaped morphology during EMT so rounder cell morphology upon PXDN
knockdown potentially implicates PXDN in the EMT process (Cheng and Hao, 2017).

To determine whether oxidative stress may induce EMT, we performed IF microscopy to
observe whether the EMT markers, Snail and E-cadherin, and PXDN expression are altered
following treatment with H,O,. TGF-B1 treatment is known to induce EMT and cause Snail
activation, Snail then downregulates E-cadherin expression (Jordan et al., 2011). HelLa or
SiHa cells treated with TGF-B1 exhibited the expected increase in Snail activation and
subsequent decrease of E-cadherin expression, thus indicating that Type 11l EMT was likely
to be induced. TGF-B1 treatment also caused a decrease in PXDN expression which is
expected since Snail has been shown to bind to and decrease PXDN expression (Sitole and
Mavri-Damelin, 2018). HelLa and SiHa cells treated with H,O, exhibited a decrease in Snail
activation and an accompanying increase in PXDN and E-cadherin expression, suggesting
that H,O, treatment would not induce EMT since Snail was not activated. Although TGF-B1
treatment in our experiment was used to induce and indicate the occurrence of EMT, the

pathways involved during ROS and TGF-B1 activation of Type Il EMT will most likely
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differ. ROS has been shown to activate EMT so although Snail and E-cadherin expression
patterns in our images do not match those observed in the classic TGF-f1 EMT induction
cases, the expression patterns are not entirely unusual (Gill et al., 2016). Several metastatic
breast, ovarian, colon and some cervical carcinoma cell lines have all been shown to have
unaltered E-cadherin expression even during metastasis; the effects of oxidative stress on
other features of EMT were therefore investigated (Fadare et al., 2005; Tarin et al., 2005;
Friedl and Gilmour, 2009; Gao et al., 2014).

Usually, cancer cells undergoing Type IIl EMT experience an alteration, usually in the form
of a reduction, in cell proliferation (Thiery et al., 2009). Due to these potential changes in
proliferation, MTT cell proliferation assays were performed in order to determine whether
PXDN has a role in this process and determine whether an oxidative environment affects
proliferation. MTT assays conducted on both HelLa and SiHa cells revealed that PXDN
knockdown resulted in equally decreased proliferation in both a normal and oxidative
environment. This observation suggests that PXDN is potentially involved in cell
proliferation pathways; however, this result will need to be verified with repeated
experiments using a new negative control. Our initial findings that PXDN may influence
proliferation, corresponds with other studies: PXDN has very recently been shown to be
involved in promoting pulmonary artery smooth muscle cell proliferation by utilising H,O,
produced by Nox4 (You et al.,, 2018). You et al. (2018) determined through PXDN
knockdown experiments that PXDN utilises H,O, and chloride ions to form HOCI, HOCI
then activates NF-xB (a TF involved in activating pathways such as proliferation and
migration) nuclear translocation, resulting in promoted proliferation. Another study also
determined that PXDN promotes proliferation in vascular smooth muscle cells via the Nox4-
H,0,-PXDN-HOCI-ERK 1/2 pathway (Shi et al., 2011). Our observations thus support
previous findings and suggest a role for PXDN in the proliferation of HeLa and SiHa cells
although the exact mechanism still needs to be determined. Low ROS levels have been
shown to increase proliferation; however, we did not observe an alteration in proliferation in
HeLa or SiHa cells following treatment with H,O, (Giannoni et al., 2012; Gill et al., 2016).
Perhaps HelLa and SiHa cells have elevated antioxidant response proteins like Nrf2, as is
observed in multiple cancer types, that are allowing cells to clear excess H,0, thus
preventing the influence of ROS on proliferation (Gill et al., 2016; Milkovic et al., 2017). In
fact, studies of human cervical squamous cell carcinomas found elevated Nrf2 activation

which correlated with enhanced cancer cell survival and metastasis (Ma et al., 2015). TGF-p1
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treatment induces Type IIl EMT and so a decrease in proliferation is expected (Thiery et al.,
2009). Our MTT data showed TGF-p1 treatment decreased proliferation in HeLa cells but not
in SiHa cells. However, studies have found that a decrease in proliferation may not be a good
indicator of Type IIl EMT as several metastatic cancers, including melanoma and ovarian
carcinoma, have been found to proliferate even during invasion (Gao et al., 2014; Haass et
al., 2014; Jayachandran et al., 2016). Although H,O, and TGF-B1 treatment did not decrease
proliferation, Type Il EMT may still be occurring in both HeLa and SiHa cell lines.

Another well known feature that may be affected in cells undergoing Type Il EMT is cell
attachment since cancer cells need to alter cell-ECM interactions to become more motile
(Giannoni et al., 2012). Our attachment experiments focused on the ability of transfected
and/or treated HelLa and SiHa cells to reattach to a surface within 15 min following
trypsinisation. Our primary results showed that PXDN knockdown in both a normal and
oxidative environment caused an equal and statistically significant decrease in the ability of
HeLa cells to reattach. These preliminary findings indicate that in HelLa cells, PXDN
expression may be important in cell adhesion and most likely has an important role during
MET, when cancer cells will need to reattach to new tissue following invasion. PXDN is
involved in cross-linking collagen 1V and strengthening the ECM and has been found to be
important during the attachment of embryos to the uterine lining in mice which occurs during
Type | EMT (Bhave et al., 2012; Jones-Paris et al., 2017). Although PXDN is involved
during reattachment in Type | EMT, it is highly probable that the same may be necessary
during Type Il EMT/MET. In a separate experiment to investigate the functional role of
PXDN, HelLa and SiHa cells were transfected with a PXDN CRISPR/Cas9 KO plasmid
(Santa Cruz Biotechnologies, sc-404707) in an attempt to create and establish HeLa and SiHa
PXDN KO cell lines. Following successful establishment of PXDN KO HelLa and SiHa cell
lines, we noticed that cells from both cell lines would not attach to substrate efficiently
making it difficult to continue with downstream experimentation (data not shown). Due to the
inability of PXDN KO cells to attach to substrate, we then resorted to the use of PXDN
SiRNA to only knockdown PXDN expression as opposed to removing it completely. In
addition to the observations made from our PXDN KO studies, Tauber et al. (2010) found
HO-1 mediated cell adhesion to be decreased in choriocarcinoma cells upon silencing of
PXDN, indicating that PXDN has an important role in cell attachment. H,O, treatment of
HeLa cells did not alter cell attachment which could be due to H,O, promoting PXDN

expression thus allowing cells to reattach easily after 15 min.

91



SiHa cells responded differently to HeLa cells as PXDN knockdown caused only a slight and
statistically insignificant decrease in cell attachment which would suggest that PXDN does
not have such a major role in the process in this cell line. Contrary to observations with HelLa
cells, H,O, treatment resulted in a significant decrease in SiHa cell attachment; additionally,
PXDN knockdown in an oxidative environment resulted in the same decrease in SiHa cell
attachment as observed with H,O, treatment only. These initial observations imply that the
decrease in attachment of SiHa cells with PXDN knockdown in an oxidative environment is
due to the effects of H,O, and not because of PXDN silencing. Differences among our
observations can be explained by the fact that the HelLa and SiHa cell lines each have
individual characteristics and will have independent responses to treatments. SiHa cells are
known to be more metastatic and invasive than HelLa cells and treatments such as H,O, may
elicit a different response in both cell lines (Filippova et al., 2014). ROS have been shown to
induce Type Il EMT; with the more metastatic SiHa cells, treatment with H,O, activates
different pathways than those in HelLa cells such that SiHa cells experiencing prolonged
oxidative stress are less likely to reattach to substrate and would remain motile for longer
(Giannoni et al., 2012). If H,O, treatment alters the expression of other proteins responsible
for cell-ECM contact, then reduced PXDN expression may have no effect on attachment as
cells would be less likely to reattach in any case. It is also highly unlikely that metastatic
SiHa cells would rely on the expression levels of one protein, such as PXDN, for providing
cell-ECM adhesion which could explain why PXDN knockdown did not have such a

significant effect on SiHa attachment in a non-oxidative environment.

TGF-B1 treatment did not alter cell attachment of either HeLa or SiHa cell lines. Although
TGF-B1 treatment induces Type Il EMT, cellular attachment may not be altered; indeed
metastatic ovarian carcinoma metastasise without detaching from substrate when treated with
TGF-B1 and cells also migrate to close wounds during Type Il EMT without detaching
completely from the ECM (Giannoni et al., 2012; Gao et al., 2014). It is also important to
remember that although ROS and TGF-B1 treatment should both induce EMT, the
mechanisms and proteins involved will be different and so cellular responses to the two

treatments cannot be directly compared to each other.

The next major feature of Type IIl EMT to be investigated was cell migration which was
studied by creating scratches on a confluent layer of cells then monitoring how much time

was required to close the scratch. Interestingly, SiHa cells fully closed scratches only 24 h
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after the scratch was created whereas HelLa cells never fully closed scratches even after 48 h,
highlighting the difference in migration between these two cell lines. Our preliminary data
showed that HelLa cell migration was significantly increased during oxidative stress and
PXDN knockdown seemingly attenuated this effect; although all of these findings will need
to be validated when a new negative control is available. Recently, Jayachandran et al. (2016)
found decreased migration of metastatic melanoma cells following PXDN knockdown and
You et al. (2018) found PXDN to facilitate the migration of pulmonary artery smooth muscle
cells through activation of NF-xB pathways. Our initial observation that PXDN potentially
influences cell migration is supported by literature; however, the exact involvement of PXDN
in the migratory process still needs to be explored. As mentioned, PXDN utilises H,0, to
strengthen and construct the ECM by forming dityrosine cross-links and linking collagen 1V
fibres through sulfilimine bond formation (Cheng et al., 2011; Bhave et al., 2012; McCall et
al., 2014; Paumann-Page et al., 2017). Interestingly, studies have revealed that certain cancer
cells such as metastatic breast and human hepatocellular carcinoma cells migrate along
collagen fibres within the ECM (Giannelli et al., 2001; Wyckoff et al., 2007; Fang et al.,
2014). PXDN could be responsible for forming these collagen fibres that are required for
migration. Since HelLa cells are not very motile, these collagen fibres may only occur during
ROS-induced migration which could explain why PXDN knockdown only seemingly

influenced migration in an oxidative environment.

SiHa cells migrated much faster than HelLa cells but H,O, treatment did not increase
migration in SiHa cells as was observed with HeLa cells. However, our preliminary
observations showed PXDN knockdown in SiHa cells significantly decreased migration,
more so in an oxidative environment, highlighting again that PXDN is potentially important
in cell migratory mechanisms possibly due to PXDN interactions with collagen IV in the
ECM. TGF-B1 treatment resulted in a very slight increase in HeLa cell migration but caused
a significant increase in SiHa cell migration where scratches were completely closed only 12
h after the scratch was made. Our initial scratch assays thus illustrate that PXDN expression
may greatly influence ROS-induced migration of HelLa cells and PXDN expression may also

alter SiHa cell migration, slightly more so during oxidative stress.

Besides migration, the ability of cancerous cells to invade the blood stream is another notable
trait of Type Il EMT (Nieto et al., 2016). In order to determine both the influence of ROS
and function of PXDN on invasion, invasion assays were performed. However, these data are

mostly precursory since the esi negative control had an obvious and unexpected affect on this
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assay and these experiments will need to be repeated with a replacement control before solid
conclusions can be drawn. Initial results showed that HelLa cells with decreased PXDN
expression were found to have a reduced number of invaded cells. Treatment with H,0, also
reduced the number of invaded HelLa cells, slightly more so when PXDN expression was
reduced during oxidative stress. A decrease in cell invasion upon knockdown of PXDN has
previously been observed with choriocarcinoma and melanoma cancer cells; PXDN thus has
a potential role in promoting cell invasion (Tauber et al., 2010; Jayachandran et al., 2016).
An important role for PXDN is strengthening the collagen 1V network within the BM so it
seems counter-intuitive to expect PXDN expression to facilitate cancer cell invasion when
invasion involves the degradation of underlying substrate in order to allow cells to enter the
blood stream (Thiery et al., 2009; Cheng et al., 2011; Bhave et al., 2012). Keeping in mind
that PXDN has a peroxidase domain, PXDN may be necessary for invasion because of its
ability to produce hypohalous acids that can activate various cell signalling pathways and not
because of the ability of PXDN to alter the ECM (Soudi et al., 2012). Although studies have
shown PXDN to influence invasion, to date the exact role of PXDN in this process has not
been established.

The MMPs are a group of proteins that have the ability to degrade components of the ECM
(Giannelli et al., 2001). The involvement of MMPs in cancer cell invasion is complex;
however, specific MMPs, such as MMP14, have been identified as markers for aggressive
and invasive cancer (Cannito et al., 2010). Interestingly, MMP14 and PXDN have both been
found to be over-expressed in metastatic gliomas and both MMP14 and PXDN expression are
known to increase during oxidative stress (Cheng et al., 2008; Liu et al., 2010; Reuter et al.,
2010). MMPs exist as inactive pro-proteins that need to be cleaved, either by other enzymes
or by autolytic cleavage, in order to become activated (Kessenbrock et al., 2010). MPO has
been shown to activate MMPs by producing HOCI that oxidises cysteine residues of pro-
MMPs resulting in autolytic cleavage (Friedrichs et al., 2012; Alfakry et al., 2016). HOCI
produced by MPO also activates the ERK 1/2 pathway that promotes the expression of MMP
genes (Kessenbrock et al., 2010; Wang et al., 2018). Perhaps PXDN expression is necessary
to promote invasion as ROS produced by PXDN may trigger pathways needed to activate the
expression of proteins such as MMP14; PXDN knockdown would mean insufficient
activation of these pathways resulting in decreased cancer invasion. Like MPO, PXDN
produces HOCI and activates the ERK 1/2 pathway, therefore the influence of PXDN on

MMP activation and expression should be investigated.
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Our results showed that oxidative stress, with or without PXDN knockdown, decreased HelLa
cell invasion. Since HelLa cells are not especially invasive, treatment with H,O, or PXDN
knockdown might not have any effect on invasion and would instead influence pathways that
promoted HeLa cell migration, as was observed in our earlier results. In the more invasive
and metastatic SiHa cells, PXDN knockdown did not appear to alter invasion; however, H,O,
treatment increased SiHa invasion which was then seemingly attenuated by additional PXDN
knockdown. An increase in the invasion of SiHa cells is expected in an oxidative
environment since H,O, treatment has previously been shown to promote EMT-driven cell
invasion in SiHa, breast and prostate cancer cell lines (Mori et al., 2004; Kumar et al., 2008;
Giannoni et al., 2012; Porporato et al., 2014). Since SiHa cell invasion was potentially
reduced significantly upon PXDN knockdown in an oxidative environment, PXDN possibly
performs an important role in promoting invasion during oxidative stress through similar
activation of pathways involving MMP expression (Jayachandran et al., 2016). TGF-B1
treatment in HeLa cells did not significantly alter invasion, which may be due to the low
metastatic potential of HelLa cells. However, TGF-B1 treatment increased the number of
invaded SiHa cells which is expected to occur since TGF-B1 is an inducer of Type Il EMT
as observed in both lung cancer and hepatocellular carcinoma (Suarez-Carmona et al., 2017).
Our preliminary results thus potentially assign a role for PXDN in the process of cell invasion

although the exact function of PXDN in this phenomenon will need to be investigated further.

We also performed 3D colony formation assays on both cell lines using soft agar to
investigate effects of PXDN on anchorage-independent growth. HelLa and SiHa cells were
first transfected and/or treated, detached, re-suspended as singular cells in soft agar then
monitored for three weeks. The first noticeable result was the difference in number of
colonies formed between the two cell lines. Within three weeks, SiHa cells had grown and
formed multiple spheroids whereas HelLa cells produced relatively few spheroids even
without any additional treatment. However, as observed with the previous assays, the esi
negative control had a great affect on the experiment and so the following data can only be

taken as preliminary.

PXDN knockdown in both HelLa and SiHa cells seemed to result in significantly fewer
colonies and the spheroids present were much smaller in size than those grown from
untreated cells. These findings indicate that PXDN expression is potentially essential in 3D

spheroid formation of both cell lines. The influence of PXDN in the case of tumour formation
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has not been addressed before and the mechanisms involving PXDN in this process can only
be hypothesised. We have demonstrated that PXDN knockdown may decrease both HelLa and
SiHa cell proliferation which could explain why colony formation was restricted. We have
also found that PXDN knockdown possibly affects cell attachment, therefore PXDN could
also be responsible for holding the colonies together in a 3D environment which would be
attenuated by PXDN knockdown, but further investigation would be required to prove this

theory.

In both HeLa and SiHa cells, the number of colonies formed during oxidative stress was low
and appeared mostly unaffected by additional PXDN knockdown, which suggests that it was
the oxidative environment that had the negative effect on tumorigenesis. Oxidative stress had
a stronger influence on HeLa cell colony formation than with SiHa cells with HelLa cells
forming very few spheroids. H,O, has been shown to hinder tumour progression until cancer
cells alter their metabolism thus allowing cells to survive with excess ROS (Giannoni et al.,
2012; Poillet-Perez et al., 2015). It is therefore expected that oxidative stress will restrict
HeLa and SiHa tumorigenesis and colonies that did form most likely originated from cells
that had managed to control excess ROS by enhancing antioxidant protein expression (Gill et
al., 2016). It is also plausible that the oxidative stress induced apoptosis in both HeLa and
SiHa cells which could also explain reduced colony formation (Gill et al., 2016). TGF-B1
treatment also diminished colony formation for both cell lines which could also be due to
cells undergoing apoptosis as TGF-B1 treatment has been known to induce apoptosis instead
of EMT (YYang et al., 2006 ; Poillet-Perez et al., 2015). Overall, the initial colony formation
assays indicated an important potential role for PXDN during tumorigenesis of HelLa and
SiHa cells during normal conditions although the reasons for the influence of PXDN in this

process still needs to be determined.

Taken all together, our preliminary data has found that PXDN expression is possibly
important during: cell proliferation, attachment, migration, invasion and tumorigenesis in
both HeLa and SiHa cells, although the assays will need to be repeated to validate these
findings. The contribution of PXDN to each of these processes seems to vary and is different
between the two cell types. Our data also showed that an oxidative environment can induce
Type IIl EMT to varying degrees depending on cell type with the non-invasive HelLa cells
experiencing increased migration and metastatic SiHa cells having enhanced invasion during

oxidative stress. In addition, the potential role of PXDN during ROS-induced EMT was more
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apparent during HelLa cell migration and SiHa cell invasion although the exact pathways and
mechanisms influenced by PXDN still need to be determined. The effects of oxidative stress
on EMT are exceptionally complex and are still relatively unknown especially since most
studies in vitro do not adequately replicate conditions that are found in vivo (Friedl and
Gilmour, 2009). Investigations into EMT are made even more difficult by new discoveries
that reveal some cancer types to stably exist in intermediate transition stages meaning that not
all features of EMT will be altered (Nieto et al., 2016). We have shown PXDN to be
potentially involved in several processes that are altered during EMT and it would be worth
taking a closer look at these mechanisms in detail as reducing PXDN expression may be a

promising option for the prevention or treatment of cancer.
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Chapter 4: Overall conclusions and future experiments

There were two main aims of this thesis:
1) To investigate Nrf2 as a candidate TF in the regulation of PXDN gene expression

2) To investigate the role of PXDN in EMT during oxidative stress in HelLa and SiHa

cervical carcinoma cells

Firstly, PXDN expression was shown to increase in the presence of oxidative stress, after
treatment with the Nrf2 specific inducers, SFN and tBHQ, and after transfection with an Nrf2
over-expression vector. ChIP experiments revealed that Nrf2 binds to a specific region within
the PXDN promoter and Nrf2 binding is enhanced following treatment with Nrf2 inducers.
Finally, mutagenesis of the PXDN promoter together with luciferase assays confirmed that
Nrf2 binds to the TGAATCTGGC sequence within the PXDN promoter and upregulated
PXDN protein expression. In summary, we identified Nrf2 as a novel TF that regulates

PXDN expression.

Secondly, we performed functional assays on HelLa and SiHa cells to look at whether PXDN
plays a role in EMT in particular in the presence of oxidative stress. Our preliminary data
using PXDN knockdown in both cell lines, with or without H,O, treatment, showed that
PXDN is potentially involved in multiple Type Il EMT processes including: cell
proliferation, attachment, migration, invasion and tumorigenesis. Our initial findings suggest
that oxidative stress induced Type IIl EMT to varying degrees within the two cervical
carcinoma cell lines. In HeLa cells, oxidative stress did not appear to alter proliferation or
attachment but increased migration and reduced invasion and spheroid formation. In SiHa
cells, oxidative stress did not seem to alter proliferation or migration but reduced attachment
and spheroid formation and increased invasion. PXDN knockdown in HeLa cells potentially
reduces proliferation, attachment, invasion and spheroid formation but has little effect on
HeLa cell migration. In SiHa cells, PXDN knockdown also potentially reduces proliferation,
migration and spheroid formation but has little effect on attachment and invasion. Lastly,
PXDN knockdown combined with H,O, treatment showed that PXDN has a potentially
major influence on HelLa cell migration during oxidative stress while PXDN may be

important in SiHa cell invasion in an oxidative environment.
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The regulation of PXDN by the master redox regulator Nrf2 has implications for a variety of
biological processes. Interestingly, Nrf2 has a major involvement in both the initiation and
progression of Type Il EMT in various cancer types through the prevention of anoikis, and
promoting cancer metastasis (Paoli et al., 2013; Poillet-Perez et al., 2015; Gill et al., 2016;
Wang et al., 2016). Further studies should aim to establish signalling pathways during Type
1l EMT that may involve Nrf2 and PXDN and if these relate to oxidative stress within the
tumour microenvironment. This could involve silencing Nrf2 expression and performing
similar Type Il EMT functional assays to determine whether Nrf2 knockdown has similar
effects on EMT features as PXDN knockdown. It would then be necessary to see whether the
addition of PXDN, through transfection with a PXDN over-expression vector, would be able
to restore the previously observed experimental results and therefore determine if Nrf2 is
responsible for the regulation of PXDN in these processes. Further, consideration could be
given to identifying whether an Nrf2-PXDN pathway occurs for a specific EMT process,
such as migration or invasion, and therefore establish a possible unique mechanism. By
determining the involvement of an Nrf2-PXDN-EMT pathway in cancer, many therapeutic
options may be presented as either Nrf2, PXDN or other pathway participants, may be

targeted to possibly prevent or treat cancer.

Although the exact manner in which PXDN influences EMT features was not identified, our
experiments revealed that PXDN has a potential function in several processes altered during
Type 111 EMT. Our preliminary data showed that PXDN knockdown in ROS-induced EMT
significantly reduces HelLa cell migration and SiHa cell invasion. The 3D colony formation
assays also revealed a possible important role for PXDN in tumorigenesis and cell adherence.
These latter results are especially intriguing since they were performed with conditions that
are closer to those observed in vivo. Future work could investigate the influence of PXDN in
vivo by working with animal models as opposed to 2D cell culture models. However, before
conducting animal studies, our functional assays will need to be repeated with an alternative
negative control, perhaps a scrambled version of the PXDN siRNA, to confirm the influence
of PXDN expression on EMT observed in our studies since our esi negative control was
mostly unreliable. In addition, the level of PXDN knockdown could also be optimised to
determine whether greater levels of knockdown can be achieved and the implications of this
on EMT features studied. However, it is interesting to note that CRISPR KO of PXDN led to
complete cell detachment and it was difficult to maintain these cells in culture. Future in vivo

experiments could involve reducing PXDN expression with PXDN siRNA in various cancer
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cell lines followed by xenografting these cancerous cells into mouse models. By transferring
these altered cancer cells into mouse models, we would be able to observe how a reduction in
PXDN expression may influence the growth and metastatic potential of cancer cells in vivo.

These studies could provide us with an exciting new therapeutic target.
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Appendix A

Table Al: Buffer and solution recipes required for experiments.

Buffer/ solution Recipe

1X PBS 137 mM NaCl, 2.7 mM KCI, 8.1 mM Na,HPO,+12H,0, 1.8 mM
KH,PQO,, 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 NaCl, 0.5% (v/v) Triton X-100, 1
mM PMSF, 10 uM leupeptin

5X Bradford reagent

117 uM Coomassie Brilliant Blue G-250, 4.75% (v/v) 95% (v/v)
methanol, 8.5% (v/v) 85% (v/v) phosphoric acid, filtered with grade
1 Whatman™ filter paper

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-HClI 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 NaCl, 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 NaCl, 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 NaCl, 1%
(v/v) Triton X-100, I mM PMSEF, 10 uM leupeptin

ChlIP wash buffer

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

ChlP elution buffer

1% (v/v) SDS, 100 mM NaHCO;,

SOC broth 2% (w/v) LB broth, 10 mM MgClI,
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) NaHCO3,
10% (v/v) FBS, 0.1% (v/v) penicillin/streptomycin, filter sterilised

Buffer recipes requiring protease inhibitors had phenylmethanesulfonyl fluoride (PMSF) and
leupeptin added just before use.
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Table A2: Forward and reverse primer sequences and thermocycling conditions for all

PCR experiments.

T°0TT TL] 00905 TL 0£0£°09|  0F0f S6 1°0CL 56 LOOVIDIOLLIIOOIVILL JOIOLIOVIVYVVIOVLD 0114
T°00€ TL SN i SECTTO GE 0T 86 17081 °66] DIJIVOVIIDINOIVOIONOVIIIVIVOVIV| JOVIIIVOVIILIDDIOIIDIVIOIOVIDOVIV] NI
17008 TL SESTTU SECTTY S8 0786 17081 °66] DIVIVOVIIDINOIVDIOOOVIIIVIVOVIV| JDVIDIVIVOILIDOIOIIDIVIOIOVIDOVIV] gy NIXITY]
17008 TL SECT T SECT09 CE0T 86 17081 S6] OVILVOVOIOLLIIDLIDIIIDILIDIVIVOLIV] JVILIIVOLIDIVYOVIOIOVYIDOVIOOVYY -qzaoozmm
1°00€ TL SECI T SECTT GE0T 86 1081 °66| VILIVOVIOOIOOIVOIOOOVIIIVIVOVIV| JDDLIIVYOLILIDDIOIIDIVIOIOVIDOVIV] ooy NI
T1°00€ TL CECTTU SECT09 GE0T 86 17081 "S6] VOLLVOVY OLIIODLINIIIDILIDIVIVOLIV] JO1IDIVVOLIIVYOVIOIOVYIDOVIOOVYY -e.e.toazmm
17008 TL SE0ETL SECT09 580786 17081 <6 VILIVIIDOOOLIILIIOVILIIOIVIVOLIY| IOVO0LIOIOVOVIOVYYYVIOOVLIOIYY gt OONTY]
17008 TL CEDETL SECT09 CE0T 86 17081 S5] IDIIDINIOVYVDIOVIOIVIOLIIVIVOLIV| VYYDOVIOOIIIDOVLILIIOIDOVIDOVIY -Eﬂo@é
T00ET] OF0STL 0F STTI9|  OF 0T 86 17081 S6]  LDDOVOINIDIVIVIOIOLIOVIIVIVOVIV]  LLIDODINLIOIIII0LIVOVIOOVIIOVIV N
T006TL] OF0STTL 0FSTT9|  OF 0T 86 17081 "¢6] VOOVOLLLLIILIVILIDIOVVVIIVIVOYYY J000VIVYOO0IVDIOLLIOINVIIOVIY oonNIXdTY
T00eT] 020870 0 STT9l  0£°0T 86 17081 58]  LOOOVDIOI0IVIVIOIOLIOVIIVIVOVIV IDIDLIVILIOIOVIOLIIOINIOLIL maNIXd
17008 TL CEOETU SECILS CE0T 86 17081 <6 JIDIVYILIVILIOIOILLLIOVIIOL DOVOLVOIOVIILINNIOVOVIOVYVY YL .u.&ooz*
1°00€ T SE0ET SECLES GE0T 86 17081 56 IVIDLIDINIOVYODOVIOIVIOL YYVOIVIDO1LI00OVILILIID .u.&ooz*
T1°00€ TL eS8 SECres GE0T 86 17081 5 LI9OVOID0LVIVIOIOLIOV DILL¥DIDIOLIDILIIOLIVIYD nNOXd
T00ETL] OFO0STL 0F STT9|  OF 0T 86 17081 <6 VOOVOLLLLIDIIVILIIDJIOVYY D20IVIVVDOOIVOIDLLID anNIXd]
101 T CE0S T Sf 0€ 65 CE0ECH 0TI %6 LOD00VDOVOOVYOVDOLLIVIIV 1IIVOOIN00VOVIIONOVOLIVL o IXd
TOTI T 0eskTL 0f 0€ €8 0 0F 56 1°0CL %6 OVIHLIDLINLIDIVIOVIIID HLLIIVVIVOLVIOIVIIOOVYD oAV
TONESIETL] worRE|  SumEanmy| UonENUETR(] TONEN] (g 01 <) Jumd 2sRAIY {,¢ 01 ,¢) Jouwmid premio] |

(2 1°1) smomipuoa SwMRA0WRL Y)d

Underlined regions of primers show restriction enzyme binding sites for Nhel (forward
primers) and EcoRV (reverse primers). *Primer sequences from Chorley et al. (2012). For

thermocycling conditions: T is the temperature (°C), t is time (s) and C is the number of

cycles.
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Appendix B

Autofluorescence FITC only (g/r) FITC only (d/g)

Hel.a HEK293

SiHa

APC only (g/r)

Figure B1: Autofluorescence and secondary antibody only controls for IF microscopy.

Autofluorescence and secondary antibody only controls for IF confocal microscopy were

performed on HEK293, HelLa and SiHa cells. Secondary antibodies included: FITC goat anti-
rabbit (g/r), FITC donkey anti-goat (d/g) and APC goat anti-rabbit (g/r). Minimal
fluorescence was detected in all of the above controls (63X magnification; scale bar = 20

pum).

Table B1: Pearson correlation coefficients for Nrf2 colocalisation with DAPI-stained

nuclei in Figures 2.2 and 2.3.

Treatment
Cell line Unt 3h H>0O, 18 h H->0O,
HEK?293 0.72+£0.01 0.83 £0.01; 0.87 £ 0.01;
P<0.0001 P<0.0001
HelLa 0.72 £0.02 0.85 +£0.01; 0.88 £ 0.02;
P<0.0001 P<0.0001

Cells were treated with 100 uM H,0, and IF microscopy performed. Coefficients were

determined using Image-Pro (Ver. 10.0) software (n = 6 independent cells; mean = SD).
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Table B2: Pearson correlation coefficients for Nrf2 colocalisation with DAPI-stained

nuclei in Figures 2.5 and 2.6.

Treatment
Cell line unt 24 h SFN 24 h tBHQ
HEK?293 0.74 £ 0.02 0.88 £0.01; 0.85 +0.02;
P<0.0001 P<0.0001
Hela 0.76 £ 0.02 0.87 +0.01; 0.88 + 0.02;
P<0.0001 P<0.0001

Cells were treated with 5 uM SFN or 40 uM tBHQ and IF microscopy performed.
Coefficients were determined using Image-Pro (Ver. 10.0) software (n = 6 independent cells;

mean £ SD).

Table B3: Pearson correlation coefficients for Nrf2 colocalisation with DAPI-stained

nuclei in Figure 2.8.

Treatment
Cell line Protein Control +Nrf2
HEK?293 NQO1 0.41+£0.01 0.71 £0.01;
P<0.0001
PXDN 0.38 £0.02 0.67 £0.02;
P<0.0001
HelLa NQO1 0.32+0.01 0.61 £0.01;
P<0.0001
PXDN 0.34+£0.02 0.67 £0.01;
P<0.0001

Cells were treated with transfection reagent only (control) or transfected with the pcDNA3-
EGFP-C4-Nrf2 over-expression vector (+Nrf2) for 24 h and IF microscopy performed.
Coefficients were determined using Image-Pro (Ver. 10.0) software (n = 6 independent cells;
mean x SD).

Table B4: Pearson correlation coefficients for Snail colocalisation with DAPI-stained

nuclei in Figure 3.6.

Treatment
Cell line Unt 24 h H,0O; 24 h TGF-B1
Hela 0.79+0.03 0.71+0.01; 0.86 + 0.01;
P=0.002 P=0.0008
SiHa 0.63+0.02 0.55 +0.03; 0.71+£0.01;
P=0.0009 P=0.0001

Cells were treated with 100 pM H20, or 5 ng/ml TGF-B1 and IF microscopy performed.
Coefficients were determined using Image-Pro (Ver. 10.0) software (n = 6 independent cells;

mean £ SD).
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