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Abstract

Peroxidasin (PXDN) is a unique member of the peroxidase - cyclooxygenase
superfamily and differs from its counterparts in that in addition to an enzymatic
peroxidase domain, PXDN has protein-binding domains characteristic of proteins
found in the extracellular matrix. PXDN is integral to basement membrane
consolidation and catalyses sulfilimine bonds in collagen IV and covalent cross-linking
of dityrosine. PXDN also has microbicidal activity in plasma through the generation of
hypochlorous acid and may also catalyse peroxidative reactions intracellularly.
Additionally, PXDN is involved in processes where epithelial-to-mesenchymal
transition (EMT) takes place, namely fibrosis, development and cancer. In cancer,
PXDN has been found to be aberrantly expressed in a colorectal cancer cell line
undergoing p53-dependent apoptosis, in malignant primary glial and metastatic brain
tumours; and was identified as a candidate tumour suppressor gene silenced by DNA
methylation in patients diagnosed with acute myeloid leukemias. PXDN has also been
implicated in tumour invasion of choriocarcinoma and melanoma cells. Considering
PXDN expression can be modified by transforming growth factor 1 (TGF-f1), a major
signaling molecule involved in the initiation of EMT, in this study we aimed to
investigate the role of PXDN in TGF-Bl-induced EMT in human cervical cancer cells.
This included i) identifying whether Snail, the main transcription factor involved in
EMT, regulates the expression of PXDN; and ii) whether PXDN contributes to the

various aspects of EMT in cervical carcinoma cell lines.

During TGF-pl-induced EMT, PXDN expression decreased in HeLa and SiHa cells,
with concomitant increases in Snail and vimentin, and decrease in E-cadherin, as
quantified by western blotting and visualised by immunofluorescence microscopy. We
showed that TGF-f1 induced Snail binding to the PXDN promoter, as assessed by
chromatin immunoprecipitation-PCR, and significantly repressed luciferase reporter
gene expression, as did Snail over- expression. We also found that knocking down
PXDN expression decreases proliferation, attachment and invasion of HelLa and SiHa

cells and increases the migration rate of HeLa cells but decreases that of SiHa cells.
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In summary, our findings show that Snail mediates repression of PXDN and
consolidates a role for this ECM-modifier during EMT, in particular during

proliferation, attachment and migration of the cervical carcinoma cells, HeLa and SiHa.
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Chapter 1: Introduction

Cancer cells have a fundamental property, deregulated growth and proliferation. The
potential to metastasise allows tumours to grow and spread uncontrollably, wreaking
havoc on the body and often resulting in death (Klug et al., 2009). An important aspect
of cancer therapy research focuses on identifying novel treatment methods by targeting
a wide range of molecular elements of cancer initiation and progression, including
pathways and the genes and proteins involved in them. It is such research that first led
to the identification of a novel gene, peroxidasin (PXDN), aberrantly expressed in cancer

cells (Hutchins et al., 1991).

1.1. Peroxidasin

1.1.1. A unique heme-peroxidase

PXDN was first identified in Drosophila melanogaster (Nelson et al.,, 1994) as an
extracellular matrix (ECM)-associated peroxidase secreted only by head mesoderm-
derived hemocytes. In Drosophila melanogaster, hemocytes produce numerous ECM
components, one being collagen IV. These cells are the equivalent of vertebrate white
blood cells (hemocytes phagocytose apoptotic cells) and interstitial cells (Fessler and
Fessler, 1989). Drosophila melanogaster PXDN (dPXN) was found to play a role in several
important biological processes such as: the removal and destruction of cells undergoing
apoptosis; consolidation of the ECM by catalysing the covalent cross-linking of
dityrosine (DT), which stabilises collagen; and host defense (Nelson et al., 1994). dPXN
is a homotrimeric peroxidase with motifs commonly found in ECM-associated proteins,
with a peroxidase domain homologous to two human peroxidases, namely

myeloperoxidase (MPO) and eosinophil peroxidase (EPO) (Nelson et al., 1994).

In humans, the PXDN gene has been mapped to chromosome 2, location 2p25.3 on the
reverse strand (Weiler et al., 1994). Functional characterisation of PXDN has been

carried out in various organisms in which homologues of the dPXN gene have been



identified, including Xenopus tropicalis (Tindall et al., 2005), Mus musculus (Homma et al.,

2009) and Caenorhabditis elegans (Gotenstein et al., 2010).

PXDN is the most recent addition to the mammalian family of peroxidases, which
include MPO, EPO, lactoperoxidase (LPO) and thyroid peroxidase (TPO) (O’Brien,
2000; Cheng et al., 2008). However, PXDN differs from its counterparts in that the
PXDN protein has both an enzymatic peroxidase domain and protein-binding domains,
namely leucine-rich repeats and C2-type immunoglobulin domains localised to the N-
terminus, and a von Willebrand factor type C (VWC) domain at the C-terminus of the
protein. All of the latter are characteristic of proteins found in the ECM (Fig. 1.1). These
domains suggest the potential for protein-protein interactions, suggesting that PXDN
may interact with and influence other ECM-associated proteins (Cheng et al., 2008;
Lazar et al., 2015).

SISO O — y 1 PXDN

MPO, LPO, EPO
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| Signal peptide ’ LRR N- or C-terminal domain . LRR
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U Calcium binding EGF-like domain || Transmembrane domain

Figure 1.1: Conserved domain architecture of PXDN, MPO, LPO, EPO and TPO.

All conserved domains of other heme-containing peroxidases (such as the peroxidase
region and signal peptide) are also observed in PXDN. Abbreviations: LLR (leucine-rich
repeats), Ig (immunoglobulin C2), VWC (von Willebrand factor type C) (adapted from
Cheng et al., 2008).



1.1.2. Peroxidasin expression

In humans, PXDN mRNA expression occurs in several tissues including heart, skeletal
muscle, colon, spleen, kidney, liver, small intestine and placenta (Horikoshi et al., 1999;
Cheng et al., 2008; Péterfi et al., 2009). Incongruous with its mRNA expression pattern,
PXDN protein expression has been found to be highly localised to vascular tissue and
secreted by vascular endothelial cells (Cheng et al., 2008). However, in pathological
states the pattern of PXDN expression is altered. For example, PXDN shows increased
expression in transforming growth factor B (TGF-B)-induced differentiating
myofibroblasts and is incorporated into the ECM of fibrotic kidney tissue (Péterfi et al.,
2009); and PXDN is also upregulated by oxidized low-density lipoprotein (ox-LDL) and
subsequently contributes to the development of atherosclerosis (Bai et al., 2011).
Dysregulation of PXDN has also been observed in a variety of cancers (Castronovo et
al., 2006; Desmond et al., 2007; Péterfi et al., 2009; Liu et al., 2010; Tauber et al., 2010;
Jayachandran et al., 2016), which is discussed further in this chapter. Over the years as
additional studies on PXDN have emerged in various disease contexts, several
synonyms have been used to refer to PXDN, namely melanoma gene 50 (MG50)
(Hutchins et al., 1991), p53 response gene 2 (PRG2) (Horikoshi et al., 1999) and recently,
vascular peroxidase 1 (VPO1) (Cheng et al., 2008; Bai et al., 2011). Presently, VPOL1 is the

most used synonym when referring to PXDN.

1.1.3. Peroxidasin oligomerisation

Mammalian PXDN protein exists in both a monomeric (Cheng et al., 2011) and trimeric
form, and the peroxidase activity of PXDN is not required for supramolecular assembly
of the protein into its trimeric form (Lazar et al., 2015). Intermolecular disulfide bridge
formation has been identified as the primary mechanism of oligomerisation with two
cysteines (C736 and C1315) responsible for the formation of the PXDN trimer (Lazar et
al., 2015). The way in which PXDN oligomerisation occurs is likely to be the same in all
organisms since the two cysteines responsible for oligomerisation are conserved across

many species. When these cysteines were mutated simultaneously, PXDN was found



only in its monomeric form. When C1315 was mutated into serine, PXDN was found
mostly in its dimeric form, suggesting that in the absence of C1315 the remaining
cysteines can still form sufficient intermolecular disulfide bridges required for the

formation of dimers (Lazar et al., 2015).

Peroxidase assays revealed that monomeric PXDN (C736S, C1315S) is as equally active
as the wild-type protein. Exclusion of the VWC domain did not affect enzymatic
activity, but loss of the N-terminal LRR and the Ig domains abolished PXDN peroxidase
activity. It was found that the monomeric form of PXDN (C736S, C1315S) is not able to
fully effect the function of PXDN to cross-link collagen IV, suggesting that optimal
coupling of NC1 (non-collagenous) domains requires the trimeric form of the protein

(Lazar et al., 2015).

1.1.4. Peroxidasin function

Until recently, the function of human PXDN has been unknown. However, research
shows that human PXDN functions similarly to dPXN, in that it plays a role in
consolidation of collagen IV in the ECM, host immunity and induction of apoptosis via
the production of reactive oxygen species (ROS) (Bai et al., 2011; Bhave et al., 2012; Li et
al., 2012a). PXDN is a member of the peroxidase - cyclooxygenase superfamily (animal,
heme-containing peroxidase family) that function by enzymatic oxidation of substrates
in the presence of hydrogen peroxide (H202) (a non-radical ROS), via the donation of
electrons which bind to and hydrolyse substrates (Zamocky et al., 2008; Cheng et al.,
2011). In the human body, H20O:is a byproduct of oxidative metabolism and is broken
down into water and oxygen by peroxidases. Animal peroxidases have been found to
play a role in many processes including the metabolism of xenobiotics and defense
against pathogens (O’Brien, 2000; Zamocky et al., 2008). Heme-containing peroxidases
can generate hypohalous acids (HOX), and though conventionally HOX have the
capacity to damage cells by oxidising proteins, lipids and DNA, they may also act as
intermediaries in other reactions such as in the formation of an intramolecular
sulfilimine bond to convert methionine into dehydromethionine (Wells, 2002; Bhave et
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al., 2012). In the case of PXDN, substrates include chloride, bromide and thiocynate (Li
et al., 2012b).

1.1.4.1.  Peroxidasin in host immunity

As a peroxidase, PXDN was hypothesised to play a role in host immunity (Péterfi et al.,
2009). However, the presence of ECM-type protein domains in PXDN suggested an
additional role for PXDN as an ECM modifier. PXDN’s role in immunity has been
recently identified. Li et al. (2012a) found that PXDN has microbicidal activity in plasma
through the generation of bactericidal hypochlorous acid (HOCI). Previously, it was
thought that MPO alone was responsible for the sterility of plasma. However, since
PXDN is actively secreted into circulating plasma, at concentrations four times that of
MPO (Cheng et al., 2011), while MPO is ‘leaked” (not actively secreted) by phagocytes
into the circulatory system, PXDN may be the primary peroxidase responsible for
killing bacteria in plasma. In this context, PXDN was found to utilise Nox2-generated
(nicotinamideadenine dinucleotide phosphate oxidase 2) H»xO: (dismutated from
superoxide), to oxidise chloride in order to produce HOCI, which is powerfully

bactericidal.

1.1.4.2.  Peroxidasin in ox-LDL-induced apoptosis

One study that supports H>O2-induced PXDN expression looked at the role of PXDN in
mediating ox-LDL-induced endothelial cell apoptosis (Fig. 1.2) (Bai et al., 2011).
Oxidation of low-density lipoproteins (LDLs) has been shown to induce apoptosis due
to the toxicity and negative effects of ox-LDL. Ox-LDL is more readily taken up by
macrophages, causing the formation of foam cells that initiate and contribute to the
formation of atherosclerotic plaques in blood vessels. Ox-LDL also promotes lipid
accumulation, proinflammatory responses and apoptotic cell death (with apoptotic cells
present in atherosclerotic lesions) (Norata et al., 2002) and contribute to endothelial

dysfunction, destabilisation of atherosclerotic plaques and thrombosis (Xu et al., 2009).
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Figure 1.2: The ox-LDL-induced endothelial cell apoptosis pathway with the
proposed role of PXDN (referred to as VPO1) indicated in the pathway. Ox-LDL
increases the expression of the NADPH oxidase subunit gp91phox leading to the
increase of intracellular ROS production, increased VPO1 expression and increased
HOCI production. A positive feedback loop exists between VPO1/HOCI and the
NADPH oxidase/ROS pathway, this activates the p38 MAPK/caspase-3-dependent
signaling pathway to mediate apoptosis (adapted from Bai et al., 2011).

Bai et al. (2011) found that PXDN expression was upregulated by ox-LDL in a time and
concentration-dependent manner, and along with increased PXDN expression, ox-LDL-
induced endothelial cell apoptosis resulted in increased intracellular ROS and HOCI
generation, upregulated expression of nicotinamideadenine dinucleotide phosphate
(NADPH) oxidase gp91rhox subunit, and phosphorylation of p38 mitogen-activated
protein kinase (MAPK) (Fig. 1.2). This demonstrated that PXDN plays an important role
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in ox-LDL-induced endothelial cell apoptosis and showed that there is a positive
feedback loop between PXDN/HOCI and the known dogma that the NADPH
oxidase/ROS/p38 MAPK/caspase-3 pathway is involved in ox-LDL-induced
endothelial cell apoptosis (Nihei et al., 2005; Bai et al., 2009). These effects were inhibited
when PXDN and NADPH oxidase were silenced. Inhibiting p38 MAPK or caspase-3
resulted in inhibition of ox-LDL-induced endothelial cell apoptosis and intracellular
ROS or HOCI generation, while the NADPH oxidase gp91rhox subunit and PXDN
expression remained unaffected. This data shows that with elevation of intracellular
ROS and HOCI, PXDN induces endothelial cell apoptosis; furthermore, the positive
feedback loop between PXDN and NADPH oxidase gp91rhox subunit activates the p38
MAPK/ caspase-3-dependent signaling pathway.

1.1.4.3.  Peroxidasin and oxidative stress

PXDN has also been found to play a significant role in increased oxidative stress in the
myocardium following ischemia-reperfusion (IR) (Zhang et al., 2012). Although
reperfusion may be used in an attempt to restore coronary flow following myocardial
ischemia, reperfusion may cause more injury to the heart (Kaminski et al., 2002).
Cellular reperfusion injury occurs as a result of increased ROS production, which may
lead to necrosis or apoptosis (Zweier and Talukder, 2006). Zhang et al. (2012) found that
following IR, Nox2 was upregulated in response to ischemia, with production of the
associated superoxide anions, which spontaneously dismutate to H>O, (Ma, Zhang and
Peng, 2013). PXDN then catalyses the formation of HOCI from H>O; and chloride
anions, which promotes cell death in IR. This study confirmed that increased Nox2
activity resulted in increased H»O: production, which induced PXDN protein
expression via c-Jun N-terminal kinase (JNK)/p38 MAPK-dependent signaling
pathways. An additional oxidative function of PXDN has been identified where Yang et
al. (2013) found that PXDN also plays a role in the oxidation of apolipoprotein E
(ApoE), contributing to the development of atherosclerosis. ApoE is an important
component of lipoproteins responsible for transporting lipids in the blood and

facilitating lipid transport through cell membranes. Oxidation of ApoE causes



structural changes that impair its ability to clear plasma lipids resulting in lipid
deposition in vessel walls and the development of atherosclerosis. PXDN was shown to
co-localise with ApoE at atherosclerotic lesions, where PXDN oxidises ApoE, in the

presence of Nox-generated H.O: (Yang et al., 2013).

1.1.4.4.  Peroxidasin as a mediator of dityrosine cross-linking

PXDN also has the ability to modify proteins by mediating DT cross-linking of ECM
and basement membrane (BM) proteins (Cheng et al., 2011). The DT cross-link is formed
through a carbon-carbon bond between two proximal tyrosines, and can occur either
intramolecularly (between two tyrosine residues in the same molecule) or
intermolecularly (between two molecules) (Balasubramanian and Kanwar, 2002). DT is
one of the specific biomarkers of protein oxidation and has been implicated in many
disease states (Kato et al, 2000; Souza et al., 2000) including atherosclerosis
(Leeuwenburgh et al., 1997). Cheng et al. (2011) described PXDN as a glycosylated
monomeric protein (170 kDa) circulating in human plasma and secreted by vascular
endothelial cells. Since PXDN expression and secretion were found to be upregulated
by proinflammatory factors such as tumour necrosis factor-a, it was hypothesised that
PXDN was a contributor to inflammatory pathology in the vascular system via the
catalysis of DT formation. Cheng et al. (2011) found two isoforms of endogenous VPO1
in endothelial cells and normal human plasma, as two different sized proteins
recognised by the same VPO1 antibody. The reason for the presence of the two isoforms
was not identified. It could be due to either differential glycosylation, alternative N-
terminal start sites for translation, or the isoforms may be the two described by

Horikoshi et al. (1999), the full PXDN protein and the isoform lacking a secretory signal.

1.1.4.5.  Peroxidasin stabilises collagen 1V in the ECM
As previously mentioned, PXDN protein has domains characteristic of ECM-associated
proteins. Bhave et al. (2012) identified a role for PXDN in the formation of sulfilimine

bonds in collagen IV. Type IV collagen and laminin are the major components of the

BM, which is a specialised form of ECM (Ioachim et al., 2002). Collagen IV is the only
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member of the 28-member collagen superfamily that occurs only in the BM
(Khoshnoodi, Pedchenko and Hudson, 2008), where it promotes cell adhesion and
motility via interactions with cell surface receptors such as integrins (Miles et al., 1994).
During malignant cancer progression, production and assembly of BM is disrupted
suggesting that collagen IV a5/ a6 chains might protect against rapid cancer progression

(Haraguchi, 2009).

The triple helical protomer is the building block that self assembles into collagen IV
networks by oligomerisation (Fig. 1.3). Two protomers associate with each other at their
C-terminal trimeric NC1 domains to form a hexameric structure (Vanacore, 2009). As
shown in Fig. 1.3, the covalent cross-link formed by the sulfilimine bond occurs
between apposed hydroxylysine (Hyl211) and methionine (Met93) residues (Bhave et
al., 2012). Through the generation of hypobromous acid (HOBr), PXDN assists in the

formation of an intermolecular sulfilimine bond across two collagen IV protomers.

Collagen IV protomer

Figure 1.3: PXDN and the NC1 sulfilimine bond. On the left, in the box indicated by a
dashed yellow line, PXDN (red conglomerate) sits on an NC1 dimer and introduces
sulfilimine cross-links. On the right, the H>O>-dependent oxidation of substrates by
PXDN generates the respective HOX that cross-links Met93 to Hyl211 to form a
sulfilimine bond (taken from Weiss, 2012).



Lazar et al. (2015) highlighted the significant role of PXDN cross-linking to stablise
collagen IV by comparing the formation of NC1 dimers between wild type and
knockout PXDN mouse embryonic fibroblasts. Knockout cells failed to form cross-
linked NC1 domains and no compensatory pathways for sulfilimine-mediated collagen
IV cross-linking were found. Additionally, it was found that cellular localisation of
PXDN was dependent on the quaternary structure of PXDN protein. Subsequent
protein sequence alignments of PXDN with other mammalian heme-peroxidases
identified cysteine residues in PXDN (previously mentioned in section 1.1.3.), involved
in intramolecular disulfide bridge formation, which stabilises the protein structure. As
previously mentioned, it was also found that C736 and C1315 play an important role in
the oligomerisation of PXDN. Wild-type PXDN and the PXDN mutants all showed the
characteristic appearance in the endoplasmic reticulum (ER), but only wild-type PXDN
and the mutants that were able to form trimmers could be detected extracellularly on
the plasma membrane. Monomeric PXDN mutant however, although able to be
secreted from cells, did not localise to the plasma membrane, indicating that trimer
formation of PXDN is a prerequisite for extracellular localisation, but not for secretion
(Lazar et al., 2015). Since collagen IV cross-linking occurs outside the cell, Lazar et al.
(2015) suggested that cross-linking may occur on the cell surface where PXDN was
found to be localised. Alternatively, PXDN on the cell surface may play a role in
adhesion to other components of the BM through LLRs, Ig and VWC motifs that are
found in other adhesion proteins (Lazér et al., 2015). Bhave et al. (2012) showed that loss
of PXDN function results in decreased collagen IV in the BM as a result of the
destabilising of collagen IV due to the lack of PXDN catalysed cross-links. Similarly,
PXDN mutations in Caenorhabditis elegans and Drosophila melanogaster also resulted in

defects in the BM (Nelson et al., 1994; Gotenstein et al., 2010).

Supporting the role of PXDN as an ECM protein, Péterfi et al. (2009) found that PXDN is
expressed by human dermal fibroblasts, primary pulmonary, vascular endothelial and
smooth muscle cells, and is intracellularly localised to the ER. The PXDN protein is also

secreted to the extracellular space by myofibroblasts and incorporated into the ECM of
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fibrotic kidney tissue, where it organises into a fibril-like network and is a feature of
tissue fibrosis. It was proposed that this pathway of ECM modification is probably not
mediated by the peroxidase activity of PXDN and that besides the secretion of well-
known constituents of the ECM, PXDN secretion by myofibroblasts is a novel way of
ECM modification and stabilisation via protein-protein interactions. Interestingly,
PXDN expression was induced by TGF-B1; specifically, TGF-B1 stimulated primary
fibroblasts to differentiate into myofibroblasts and increase both expression of PXDN

protein and its secretion into the cell culture medium (Péterfi et al., 2009).

1.1.5. Peroxidasin in other model organisms

In mice, PXDN was found to be involved in ECM consolidation and is essential for the
functional integrity of the BM and cell adhesion during embryonic eye development
(Yan et al., 2014). Yan (2014) identified a nonsense mutation in the PXDN gene of ENU
(N-ethyl-N-nitrosourea)-induced mutant mice. This mutation was thought to lead to a
premature stop codon, causing the loss of the VWC domain, thereby affecting the
peroxidase domain with subsequent loss of function of peroxidase enzyme activity.
PXDN deficient mice also exhibited anterior segment dysgenesis and microphthalmia.
These defects were found to be more severe in mice than in humans. The study also
found that PXDN has multiple roles during eye development, affecting cell
proliferation and differentiation and BM consolidation. As observed in Drosophila
melanogaster and Caenorhabditis elegans animal models, Yan et al. (2014) found distinct
changes in the ECM of the eyes of the mutant mice during embryonic development;
namely the loss of the structural identity of the lens capsule and lens epithelium
adhesion. Collagen IV expression was found to be decreased in the lens epithelium of
embryo eyes and in the adult lens in the mutant mice and this was thought to be as a
result of the failure to cross-link collagen IV by the mutant PXDN, destabilising the
ocular BM (Yan et al., 2014).

In Xenopus tropicalis, PXDN (Xtpxn) is expressed in several distinct tissues during early

development, including the neural tube and the tail-forming region (Tindall et al., 2005).
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It was thought that Xtpxn might modify ECM components of the early pronephric
primordium. Additionally, Xtpxn has also been proposed to be involved in detoxifying
ROS in the functional pronephros, and the spatially restricted expression of Xtpxn in
the early embryo may indicate a role for ROS species in cellular signaling processes

during early development (Tindall et al., 2005).

There are two highly related PXDNs identified in Caenorhabditis elegans, PXN-1 and
PXN-2, with PXN-2 showing similarity to human PXDN (52% identity in the peroxidase
domain). Gottenstein et al. (2010) found that PXN-2 plays a role in specific stages of
embryonic morphogenesis and muscle-epidermal attachment. Postembryonically,
PXN-2 is required for BM integrity and these roles rely on the peroxidase catalytic
activity of PXN-2. Where PXN-2 is mutated, the ECM ultrastructure is disturbed,
meaning PXN-2 may be important for BM consolidation. PXN-2 was also found to
affect specific axon guidance choice points in the developing nervous system but was
not necessary for maintenance of process positions. PXN-2 was also found to contribute
to an inhibitory environment during axon regrowth because decreased PXN-2 function
results in increased axonal regeneration after injury. Caenorhabditis elegans PXDNs also
show antagonistic functions as PXN-2 mutant phenotypes are suppressed where there
is loss of function in PXN-1 and aggravated by the overexpression of wild-type PXN-1.
However, loss of function of PXN-1 does not cause obvious developmental defects

(Gotenstein et al., 2010).

1.1.6. Peroxidasin mutations

Khan et al. (2011) showed that homozygous mutations in PXDN cause a spectrum of
ocular anterior segment dysgenesis (ASD) phenotypes. ASD is a group of
heterogeneous disorders affecting many tissues involved in the formation of the eye
including the iris, cornea and lens. ASD is caused by abnormal development of the
anterior eye tissues and can result in mild to moderate congenital corneal opacity,
cataracts and glaucoma with buphthalmos, severe opacification, and vascularisation of
the cornea (Khan et al., 2011; Yang et al., 2016). Three families, all displaying various

12



ASD phenotypes, were found to have mutations in the PXDN gene (Khan et al., 2011).
The mutations included firstly a frameshift, and premature truncation of the protein,
caused by a homozygous deletion of a C nucleotide in the coding sequence
(p.Cys857AlafsX5). Secondly, a missense mutation in exon 17 changing a conserved
arginine residue within the peroxidase domain to a cysteine (c.2638C>T [p.Arg880Cys]),
possibly affecting the three-dimensional structure of the protein because of the position
of the new cysteine being within range of interacting with one of the cysteines in the
native disulfide bond. Lastly, a single nucleotide polymorphism (SNP) in exon 10 of
PXDN, was predicted to be a pathogenic mutation since it causes premature protein
truncation (c.1021C>T [p.Arg341X]). Khan et al. (2011) suggested that PXDN may be
involved in providing adhesive support to the corneal epithelial layer and the lens
epithelium since these are the structures in which PXDN is localised in embryonic and
adult mice. However, PXDN may also be responsible, with other antioxidant enzymes,
for metabolizing H>O;, superoxide anion, and hydroxyl free radicals generated through
normal metabolism in response to cytokines or exposure to light and radiation. While
glutathione peroxidase is the main intracellular antioxidant enzyme, PXDN may fulfill
this role extracellularly (Khan et al., 2011). Therefore the absence of PXDN in the
abovementioned structures may cause the production of insoluble aggregates that lead
to corneal clouding and cataractogenesis, with the aggregates forming as a result of a
build-up of ROS intermediates that oxidise proteins and lipids. These ROS
intermediates may also affect anterior segment structure development and
differentiation (Khan et al., 2011). In summation, this study showed that PXDN may
have a dual role in development of structural support of the cornea and lens, and also
functionally as an antioxidant protecting the lens, trabecular meshwork and cornea

from oxidative damage.

Choi et al. (2015) reported a broader phenotype for PXDN mutations affecting the eye.
Two PXDN mutations were identified in a family displaying ASD, sclerocornea,
microphthalmia, hypotonia and developmental delays. One mutation was a maternally

inherited nonsense mutation [c.1021C4T predicting p.(Arg341*)], and another was a
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paternally inherited 23 bp deletion resulting in a frameshift and premature protein
truncation [c.2375_2397del23, predicting p.(Leu792Hisfs*67)]. They also identified two
additional PXDN mutations in a sporadic male with bilateral microphthalmia, cataracts
and ASD. One of these mutations was a maternally inherited frameshift mutation
[c.1192delT, predicting p.(Tyr398Thrfs*40)], while the second mutation was a paternally
inherited missense substitution predicted to be deleterious [c.947A4C, predicting
p-(GIn316Pro)] (Choi et al., 2015).

Meyer et al. (2012) reported a novel 281 kb duplication on chromosome 2p25.3 in two
male half-siblings with autism. The duplication was of the full PXDN gene and
included partial duplication of MYTIL. Their mother was somatic mosaic but
psychiatrically healthy, and harbored the duplication in her germline, and passed it on
to her two sons. The duplication of PXDN was thought to be inconsequential and not
the cause of the boys’ condition. Duplication of part of the MYTIL gene may have
contributed significantly since it is a gene expressed in the brain and linked with

schizophrenia and depression (Meyer et al., 2012).

1.1.7. Peroxidasin and cancer
In relation to cancer, PXDN was initially implicated as an apoptosis responsive gene.
Horikoshi et al. (1999) identified six p53 responsive genes (PRGs), five of which are
upregulated and one downregulated, in a colon cancer cell line undergoing p53-
mediated apoptosis. One of the upregulated genes, PRG2, was identified as the human
homologue of dPXN and was found to be expressed as two alternatively spliced mRNA
variants. The longer, 7.5 kb mRNA was found highly expressed in the heart, spleen,
intestines, ovary and placenta, while the shorter 4.5 kb mRNA (lacking the signal
peptide) was expressed in testes and in a colon cancer cell line undergoing p53-
mediated apoptosis (EB1). As with dPXN, PRG2 was found to have a secretory
recognition sequence, suggesting that it can be secreted from the cell. Horikoshi et al.
(1999) therefore hypothesised that induction of the PRG2 mRNA (4.5 kb variant) may
lead to: increased ROS production, which may be a trigger for p53-mediated apoptosis;
14



ECM consolidation by DT formation and host defense. P53 is a transcription factor and
tumour suppressor that is activated in response to cell stress, such as DNA damage,
and can effect gene regulation modifications that can lead to cell cycle arrest, apoptosis
or alteration of glucose metabolism (Bensaad and Vousden, 2007). In the context of this
study, proteins regulated by, and secreted in response to, p53 may alter the ECM and
influence angiogenic signals in a localised region of a tissue (Harris and Levine, 2005).
However, whilst an association between p53 and PXDN has been proposed, the
relationship between the two has not been elucidated and p53 has not been shown to
influence  PXDN expression. Furthermore, as yet, the transcriptional regulators

responsible for PXDN expression have not been identified.

Mitchell et al. (2000) sought to identify novel and rare genes that might encode
melanoma tumour neoantigens. MG50 (a synonym for PXDN) was one of the selected
genes because of its distribution amongst tumour cells and normal cells. MG50 was
found to be one of the few melanoma-associated antigens that are not a melanocyte
differentiation antigen or a mutated protein. It also encodes for at least six known
human leukocyte antigen class I-restricted epitopes that are recognised by human
cytolytic T lymphocytes (CTLs). The melanoma epitopes encoded by MG50 are of
importance since besides cancer vaccines, they could be used for in vitro immunisation
of CTLs. In this study, Mitchell and colleagues attempted to sequence MG50 by,
amongst other methods, fragment homology to other sequences and polymerase chain
reaction (PCR), to test the validity of the extensions. They were able to sequence 6.8 kb
from the 3’ end but were unable to sequence 1.3 kb from the 5" end. From their data,
they constructed a hypothetical upstream extension of their original clone. They found
that MG50 had similarities with peroxidase precursors and 75% gene sequence identity
with PXDN, though they suspected a closer relation between MG50 and the IL-1
receptor intracellular binding protein (interleukin-1 receptor antagonist; IL-1Ra)
because of their identical sequence in the 3’ region. Subsequently, Cheng et al. (2008)
sequenced the entire MG50 gene and found it 100% identical to VPO1.
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PXDN expression has also been found to be upregulated in malignant primary glial and
secondary metastatic brain tumours. These types of tumours induce a profound
angiogenic response in the microvasculature of the brain, which then promotes tumour
growth (Liu et al., 2010). PXDN was one of 13 glioma endothelial marker (GEM) genes
identified by Liu et al. (2010) found to show varying degrees of upregulated expression
in gliomas compared to normal tissue. Many of these GEMs were ECM-associated
genes, such as collagens. In this study, PXDN mRNA was also found to localise to
microvascular endothelial cells and expressed in most of the brain tumour samples. In
contrast, non-neoplastic temporal lobe specimens showed little or no PXDN mRNA
expression, suggesting that PXDN may function in tumour angiogenesis in some

cancers. However, this study did not look at protein expression levels.

More directly, Desmond et al. (2007) suggested a role for PXDN as a potential tumour
suppressor. PXDN was identified as one of several genes possibly epigenetically
silenced by methylation in acute myeloid leukemia (AML). The promoter region of
PXDN was found to have CpG islands and PXDN expression was significantly
diminished in all of the tested AML karyotypes. Desmond et al. (2007) also identified
genes expressed in a normal cell line (CD34+) whose expression was upregulated in
KG-1 cells (an AML cell line) following treatment of KG-1 cells with the demethylating
agent 5-aza-2’-deoxycytidine (DAC), and the histone deacetylase inhibitor, suberoyl
anilide bishydroxamide (SAHA). PXDN was found to be one of these epigenetically
silenced genes. Since PXDN is expressed in cells of the cardiovascular system and is
secreted into the bloodstream (Li et al., 2012a), epigenetic silencing of PXDN expression
in AML may indicate an anti-tumour function for PXDN in the vascular system. This
function may be mediated by the microbicidal activity of PXDN in human plasma (Li et
al., 2012a) or its role in BM synthesis and stability since loss of integrity of the BM is

associated with altered cancer progression and metastasis (Péterfi and Geiszt, 2014).

Tauber et al. (2010) found that PXDN plays a key role in heme oxygenase-1 (HO-1)

dependent cell adhesion of neoplastic cells. Under normal conditions, HO-1 (a heat
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shock protein) has anti-inflammatory, anti-apoptotic and anti-proliferative properties
(Otterbein et al., 2003). In cancer cells HO-1 has been implicated in, amongst others,
invasion, metastasis and resistance to chemotherapeutic agents (Jozkowicz, Was and
Dulak, 2007) by inducing the expression of anti-apoptotic protein B-cell lymphoma-
extra large (Bcl-xL) and decreasing the expression of autophagic proteins Beclin-1 and
LC3B-II (Banerjee et al., 2012). Gene expression profiling identified a common gene set
directly linked to HO-1 in 14 cancer types, and PXDN was one of the identified genes.
Interestingly, of the 14 cancer types investigated, several have been linked to aberrant
PXDN expression in other studies: breast (Young et al., 2015), prostate (Barnett et al.,
2012), melanoma (Mitchell et al., 2000; Jayachandran et al., 2016), leukemia (Desmond et
al., 2007) and glioblastoma (Liu et al., 2010). Of importance was the effect of HO-1 on the
expression of genes directly or indirectly linked to cell adhesion and the integrity or
remodeling of the ECM, and these genes included TGF-f1 and PXDN. Functional
studies using BeWo choriocarcinoma cells, a malignant placenta carcinoma cell line that
expresses high levels of endogenous HO-1, showed that the adhesion-promoting effects
of HO-1 were dependent on PXDN expression and that silencing of PXDN caused
significantly decreased cell growth and invasion of the BeWo cells (Tauber et al., 2010).

Recently, Jayachandran et al. (2016) identified that PXDN is a gene whose function is
related to melanoma cell invasion. The study involved using a microarray screen to
identify gene transcripts that were over-expressed in mesenchymal-like as compared to
epithelial-like melanoma cells. PXDN was found to be consistently upregulated in
mesenchymal-like melanoma cells (Jayachandran et al., 2016). Two models were used to
observe changes in the motile behaviour of the metastatic melanoma cell lines after
PXDN expression was silenced. The first was a Transwell® invasion assay (in vitro),
with reconstituted BM, which showed that when PXDN expression is silenced there is a
significant reduction of invasion. The second model was the embryonic chicken
transplantation model (in vivo), a powerful system for assessing the invasive behaviour
and plasticity of melanoma cells (Busch, Krochmann and Drews, 2013; Jayachandran et

al., 2015). Here, melanoma cells are injected into the neural tube of chick embryos and

17



subsequently respond to cues in the embryonic microenvironment. The melanoma cells
then mimic aspects of neural crest cell motility and undergo epithelial-to-mesenchymal
transition (EMT) that allows them to exit from the neural tube, migrate and populate
many areas in the embryo (Busch, Krochmann and Drews, 2013). PXDN siRNA-
transfected melanoma cells injected into chick embryo neural tubes failed to migrate out
of the neural tube (Jayachandran et al., 2016), indicating that PXDN is required for

migration of these cells.

BM architecture is critical for the maintenance of epithelial phenotype (Zeisberg et al.,
2001), more specifically, collagen IV chains may protect against rapid cancer
progression (Ikeda et al., 2006). With this in mind, and since PXDN functions to stabilise
collagen IV in the BM (Bhave et al., 2012), it is possible that aberrant PXDN expression
may contribute to cancer progression. For example, since PXDN has been shown to be
involved in adhesion and invasion of a malignant placenta carcinoma cell line (Tauber
et al., 2010), perhaps changes in PXDN expression in cancer cells may affect BM-related

features of cancer progression such as EMT that results in metastasis.
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1.2. Epithelial-to-mesenchymal transition

EMT is a biological process that causes a polarised epithelial cell, which normally
interacts with BM via its basal surface, to undergo several biochemical changes that
enable it to take on a mesenchymal cell phenotype (Kalluri and Weinberg, 2009). These
changes include, but are not limited to, enhanced migratory capacity, increased
invasive ability and resistance to apoptosis (Zavadil et al., 2008). Under normal
biological conditions, epithelial cells are tightly packed and mainly held together by
three types of interactions: tight junctions (the area where the membranes of two
adjacent cells meet), adheren junctions (cadherin based and connected to the actin
cytoskeleton) and gap junctions (intercellular protein channels in cell membranes)
(Kalluri and Weinberg, 2009). Furthermore, epithelial cells are polarised due to their
distinctive apical and basal regions, the latter of which interacts with the BM. In
contrast, mesenchymal cells are not polarised, not tightly packed together and have few
cell-cell interactions (Radisky, 2005; Kalluri and Weinberg, 2009). At their leading edge,
mesenchymal cells have filopodia extensions that interact with the ECM and these cells
are also able to produce ECM-degrading matrix metalloproteinases (MMPs) (Ingber,
2002). During EMT (Fig. 1.4), epithelial cells lose their epithelial properties, such as
polarity, cell-cell interactions, cell-ECM interactions and downregulation of proteins
such as epithelial-cadherin (E-cadherin) (a cell adhesion molecule that is a significant
marker of EMT). The epithelial cells then acquire mesenchymal properties, such as the
ability to migrate, increased invasive potential and increased expression of proteins
such as vimentin (intermediate filament protein), fibronectin and collagen precursors
(Christiansen and Rajasekaran, 2006). As such, the EMT process involves several steps,
including; activation of specific cell surface receptors, the activation of transcription
factors, degradation of the ECM and BM, and migration of the transitioned cell to a

secondary site (Christiansen and Rajasekaran, 2006).

A significant marker of EMT is the decrease of E-cadherin expression, which increases a

cell’s susceptibility to EMT inducing signals (Lee and Nelson, 2012). E-cadherin is a
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transmembrane protein, mainly found in adherens junctions and BM, and is a central
molecular marker expressed in epithelial cells (Christiansen and Rajasekaran, 2006). In
embryogenesis, E-cadherin plays an important role in tissue organisation by forming
intercellular adherent junctions and establishing cell polarisation (Poser and Bosserhoff,
2004). Eger et al. (2000) demonstrated that when E-cadherin (full length or B-catenin
binding cytoplasmic portion) is ectopically expressed in cells undergoing EMT, cell
proliferation is suppressed, and there is reorganisation of cell adhesion complexes.

During EMT, B-catenin is translocated to the nucleus and induces loss of E-cadherin.

+ Dissolution of cell-cell junctions
+ Cytoskeletal rearrangements

* Increased motility

+ Synthesis of extracellular matrix

B poakn S, Adn SR
1 aCatenin N, et o emedsle ECM

Figure 1.4: Features of EMT. During EMT, the cell-cell interactions (tight, adherens and

gap junctions) characteristic of epithelial cells are lost and cells attain a mesenchymal
phenotype (motile and invasive). EMT inducing factors include various growth factors
(GFs) such as TGF-B, while MMPs are produced to digest and remodel the ECM (taken
from Radisky, 2005).
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EMT is transient and reversible and has been classified into three subtypes depending
on the biological setting under which it occurs (Fig. 1.5). All EMT types produce
different results and are thought to involve different pathways (Radisky, 2005). Type 1
EMT (Fig. 1.5A) is involved in early development (embryogenesis and development of
organs) and generates mesenchymal cells that undergo mesenchymal to epithelial
transition (MET) to form secondary epithelia. This EMT type is essential for the
development of the mesoderm, endoderm and mobile neural crest cells and effects
gastrulation, neural crest cell migration, and organ development (Kalluri and
Weinberg, 2009; Zeisberg and Neilson, 2009). Type 2 EMT (Fig. 1.5B) is involved in
fibrosis, wound healing and the regeneration of cells that are involved in tissue
reconstruction following injury. Type 2 EMT responds to inflammatory signals, and
may lead to fibrosis if the signals are not regulated (Radisky, 2005). Type 3 EMT (Fig.
1.5C) occurs in tumour cells and results in invasion and metastasis of cancer cells
(Kalluri and Weinberg, 2009; Lee and Nelson, 2012) and as such, will be further

discussed.
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Figure 1.5: The three types of EMT. (A) Type 1 takes place in early development and
results in formation of the mesoderm, endoderm, and mobile neural crest cells. (B) Type
2 EMT occurs in response to tissue damage and involves tissue regeneration that can
lead to fibrosis. (C) Type 3 EMT is the primary mechanism through which cancer cells
achieve an invasive phenotype leading to metastasis of carcinoma cells (taken from

Kalluri and Weinberg, 2009).

1.2.1. Type 3 epithelial-to-mesenchymal transition

Carcinomas (cancers of epithelial origin) are the most prevalent forms of cancer
(Christiansen and Rajasekaran, 2006). These cancers gain the ability to metastasise by
activation of Type 3 EMT. In primary tumours, EMT usually occurs at the invasive front
(tumour-stromal boundary) of the tumour, where these single migratory cells lose E-
cadherin expression in order to exit the BM and enter the circulatory system (blood or
lymphatic), or enter a secondary site and grow. At the primary tumour site the cells
undergo EMT, while at the secondary site they undergo MET to revert to their epithelial
phenotype (Kalluri and Weinberg, 2009; Thiery et al., 2009). It has been suggested that
the genetic changes that occur in cancer cells make them more susceptible to cellular
signals from the cellular environment that initiate EMT. Several signaling molecules
have been implicated in initiation of EMT; these include TGF-B, hepatocyte growth

factor and epidermal growth factor. These signals may originate from mesenchymal
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cells and act on epithelial cells, activating a number of transcription factors (Huber,

Kraut and Beug, 2005).

1.2.2. TGF-B1 and epithelial-to-mesenchymal transition

The TGF-B family is made up of dimeric polypeptide growth factors that include,
amongst at least 30 others, TGF-fs (five isoforms: TGF-B1-5), activins, bone
morphogenetic proteins and other homodimers and heterodimers (Weiss and Attisano,
2013; Lamouille, Xu and Derynck, 2014). In general, the TGF-B family plays a role in
growth inhibition, proliferation, differentiation, replication, invasion, metastasis,
apoptosis, immune surveillance, and angiogenesis. The specific role of the TGF-p family
is complex, cell-specific, as wells as context, concentration and exposure-time
dependent (Jiang, Tang and Liang, 2011). It often appears to have conflicting roles since
the TGF-B family is able to mediate stimulation or inhibition of growth; and apoptosis
or differentiation (Jakowlew, 2006). Aberrant changes in the production of TGF-$ have
been linked to numerous disease states such as atherosclerosis and fibrotic disease of
the kidney and other organs (Weiss and Attisano, 2013). Mutations in TGF-f genes,
receptors, or intracellular signaling molecules related to TGF-f are also important in the

pathogenesis of disease, predominantly cancer (Blobe, Schiemann and Lodish, 2000).

TGF-B1 is one of the five isoforms of TGF-B. Nearly every cell in the body produces
TGFpB-1 and has receptors for this molecule (Blobe, Schiemann and Lodish, 2000). In
normal cells, TGF-f1 regulates several cellular events such as proliferation,
differentiation, migration, inflammation, apoptosis, immune responses and body
organisation during embryonic development (Yi et al., 2002). TGF-B1 can initiate and
maintain EMT in several biological systems and pathophysiological contexts by
activating major signaling pathways and transcriptional regulators integrated in
extensive signaling networks (Zavadil and Bottinger, 2005). TGF-fl1 can effect
proliferation by inhibiting growth via a reversible G1 arrest and TGF-B1 stimulates
fibroblasts and other cells to produce ECM proteins such as collagens and laminin

(transcriptional and posttranslational regulation of expression), thereby regulating the
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formation of stroma and deposition of ECM. Additionally, TGF-f1 down-regulates the
expression of ECM-degrading proteases and induces expression of proteinase inhibitors

(Hazelbag et al., 2002).

In cancer, TGF-B1 is upregulated to a greater extent than any of the other isoforms, and
has therefore been the focus for most of the cancer related studies to date (Bierie and
Moses, 2006). TGF-B1 can increase the invasive and metastatic capacity of tumour cells
by modifying the expression of many different integrins that alter cell adhesion and
migration (Zhen, 2003). In culture, myofibroblasts have been shown to lead invasion of
colon cancer cells on a collagen matrix, with TGF-B1 necessary for invasion by inducing

N-cadherin expression at the tips of filopodia (Bierie and Moses, 2006).

TGF-B1 has been implicated in increased invasion and metastasis of cancer cells due to
its effect on promoting EMT. TGF-B1 is the most well known growth factor involved in
the regulation of EMT and induces EMT in wound healing, fibrosis, tissue
morphogenesis at early embryonic development and cancer (Yi et al., 2002; Lamouille,
Xu and Derynck, 2014). SiHa cells undergo EMT when chronically stimulated by TGFE-
Bl, resulting in increased invasion. After 24 hours of exposure, SiHa cells showed all
characteristic features of EMT such as focal context formation at the ends of dense actin
stress fibers and cell peripheral fibronectin matrix assembly; all features were found to
be irreversible in these cells (Yi et al., 2002). In carcinomas, increased expression and
activation of TGF-f1 was found to promote an epithelial plasticity response, for
example, squamous carcinomas respond to increased expression of TGF-f1 by
conversion to invasive spindle cell carcinomas (Lamouille, Xu and Derynck, 2014). With
regards to the proposed link between TGF-f1 and PXDN, perhaps TGF-f1 induction of
PXDN expression and secretion could be a result of Nox4 induction by TGF-B1 (Péterfi
et al., 2009). The induction of Nox4 could subsequently lead to increased H>O:
production and thereby cause PXDN expression. Alternatively, TGF-f1 may induce
PXDN expression as a means of remodeling the ECM in order to promote invasion of

cancer cells. Since TGF-B1 induces EMT by up-regulating Snail transcription factor, the
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master regulator of EMT (Wang et al., 2013), it is possible that PXDN expression may be
mediated by Snail in response to TGF-B1.

1.2.3. Snail transcription factor

Snail belongs to the mammalian family of Snail transcription factors that includes Snail
(Snail), Slug (Snai2), and Smuc (Snai3). They have a highly conserved carboxy-terminus
containing 4 to 6 CoH»- (two conserved cysteines and histidines) type zinc fingers that
bind to the E-box consensus sequence, CANNTG, a recognition site for transcription
factors of the basic helix-loop-helix (Batlle et al., 2000; Peinado, Olmeda and Cano,
2007). They also have an amino-terminal Snail/Gfi (SNAG) domain required for
localisation to the nucleus and for transcriptional repression (Lee and Nelson, 2012).
The zinc fingers are structurally composed of two B-strands followed by an a-helix, the
amino-terminal part of which binds to the major groove of the DNA. The CoH»

coordinate binding of a zinc ion (Nieto, 2002).

Expression of Snail protein is also involved in EMT, resulting in the acquisition of
invasiveness during tumour progression (Poser, 2004). This aspect of Snail activity is
associated with its ability to directly repress E-cadherin transcription via binding to the
E-cadherin promoter (Cano et al., 2000). Patients suffering from breast (Blanco et al.,
2002) or oral squamous cell carcinomas (Yokoyama et al., 2001) show a negative

correlation between Snail expression and a good prognosis.

1.2.4. Snail and epithelial-to-mesenchymal transition

Many signaling pathways cooperate in the initiation and progression of EMT and these
often include activation of Snail expression (Lamouille, Xu and Derynck, 2014). Snail
and Snai2 activate EMT during development, fibrosis and cancer. This is achieved by
repressing epithelial genes such as E-cadherin (Lamouille, Xu and Derynck, 2014). E-
cadherin maintains cell-cell adhesions that are required for the formation and
maintenance of embryonic and adult epithelial tissue. Loss of E- cadherin is considered

to be indicative of a poor clinical prognosis since E-cadherin is thought to be an
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invasion-suppressor gene (Cano et al., 2000). One of the independent ways in which the
importance of Snail in initiating EMT in mammals was demonstrated was by observing
Snail converting otherwise normal epithelial cells into mesenchymal cells through the
direct repression of E-cadherin expression (Nieto, 2002). Since E-cadherin expression
causes epithelial cells to become limited in their ability to move or migrate, E-cadherin
downregulation correlates with dedifferentiation and metastasis (Hemavathy, Ashraf
and Ip, 2000). After binding of Snail to the E-cadherin gene, other factors such as SIN3A,
histone deacetylase (HDAC) 1, HDAC2, and components of the Poly-comb 2 complex
are recruited to coordinate histone modifications such methylation and acetylation
(Lamouille, Xu and Derynck, 2014). Where Snail is overexpressed, epithelial cells
convert to a fibroblastic phenotype with concomitant loss of E-cadherin expression, and
tumourigenic, invasive and migratory properties are acquired (Cano et al., 2000),
indicating that Snail overexpression may contribute to the development of cancer and
metastasis. Furthermore, Snail-mediated loss of E-cadherin is often observed in
melanoma and is known to contribute to tumour progression. Poser et al. (2004) found
that in a panel of different melanoma cell lines, E-cadherin expression was negatively
regulated by upregulation of Snail and when human primary melanocytes were
transfected with a Snail expression plasmid, E-cadherin expression was decreased 2.7-
fold (Poser and Bosserhoff, 2004). Additionally, Snail and Snai2 regulate cell cycle
progression and survival during EMT (Lee and Shen, 2012).

Snail may also act as a transcriptional activator of other genes required for the
acquisition of the fibroblastic phenotype. This is because although Snail is able to
inhibit expression of epithelial genes, it may positively affect the expression of genes
involved in migration of cells (Cano et al., 2000). Snail can contribute to EMT by
inducing the expression of mesenchymal markers such as vimentin (Lee and Nelson,
2012). Snail has been shown to increase expression of the cytoskeletal protein, vimentin
and induce the promoter activity of ZEB1, a transcriptional repressor implicated in
EMT induction (De Craene et al., 2005). Snail and ZEB1 were also found to induce

MMP-2 expression in squamous cell carcinoma, positively affecting cells’” ability to
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invade since MMP-2 can degrade the BM (Yokoyama et al., 2003). Furthermore, fibrotic
human kidney tissue has been shown to have increased levels of Snail, along with

deposition of collagen I and expression of vimentin (Boutet et al., 2006).

Snail is not found in well differentiated, non-invasive mouse and human carcinomas
but is expressed in dedifferentiated and invasive areas of carcinomas and also in E-
cadherin-deficient mice and human carcinoma cell lines and tumours (Cano et al., 2000).
The mesodermal layer formed by Snail-deficient animal embryos is composed of cells
characteristic of epithelial cells. These cells are columnar with apical-basal polarity,
microvilli and adherens junctions, indicating that they failed to undergo EMT (Nieto,
2002). In mouse embryos, for ingression of mesodermal cells at gastrulation to occur, E-
cadherin needs to be downregulated. In Snail-deficient embryos, mesodermal cells
retain E-cadherin expression, showing that Snail acts as a repressor of E-cadherin

expression (Nieto, 2002).

Haraguchi et al. (2008) found that collagen IV was reduced in Snail-expressing Madin-
Darby canine kidney (MDCK) cells. The ability of these cells to detach was significantly
diminished when the cells were plated in collagen IV coated wells, showing that a

reduction in collagen IV might be partially responsible for the increased detachment of

MDCK/Snail cells.
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1.3. Summary

In summary, PXDN was: a) found to be upregulated in a colorectal cancer cell line
undergoing p53-dependent apoptosis (Horikoshi et al., 1999), b) found to encode the
interleukin 1 receptor antagonist and six epitopes recognised by human CTLs (Hutchins
et al., 1991; Mitchell et al., 2000), c) identified as a candidate tumour suppressor gene
silenced by methylation in patients diagnosed with AMLs (Desmond et al., 2007), d)
found to be upregulated in malignant primary glial and metastatic brain tumours (Liu
et al., 2010) and e) implicated in increased tumour invasion (Tauber et al., 2010;
Jayachandran et al., 2016). Though these links have been made between cancer cells and
aberrant PXDN expression, the question of whether or not the expression of PXDN in
different carcinoma types puts the carcinoma cells at a survival advantage (in relation
to proliferation and invasive potential) is still vague. Furthermore, as the regulatory
mechanisms of PXDN expression become understood, this could allow PXDN and its
associated factors, to become biomarkers for early diagnosis or targets for cancer

therapy.

Therefore, in this study, we firstly propose that PXDN is involved in EMT in carcinoma
cells by modifying the BM during tumour formation and progression. Secondly, we
propose that the expression of PXDN is regulated by the EMT master transcription
factor, Snail. Lastly, we hypothesise that PXDN expression is upregulated in response
to TGF-B1, as the cells undergo EMT, and that as Snail expression is upregulated,

correspondingly, it binds to the PXDN promoter to regulate expression.
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Aim
To investigate the regulation of PXDN gene expression by the Snail transcription factor,

the major regulator of EMT, and to elucidate the role of PXDN in EMT in human

cervical carcinoma cells.

Objectives

1. Determine if PXDN is a feature of TGF-f1-induced EMT in HeLa and SiHa cervical
carcinoma cells.
i. Observe, by differential interference contrast (DIC) microscopy, the EMT
phenotype in response to TGF-f1 through changes in cell morphology.
ii. Confirm, by western blot, EMT induction by TGF-f1 through EMT marker
expression, namely Snail, E-cadherin, and vimentin.
iii. Investigate, by immunofluorescence (IF) microscopy, changes in PXDN

expression and cellular localisation in response to TGF-B1 treatment.

2. Investigate whether the Snail transcription factor plays a role in regulating PXDN
gene expression.
i. Observe, by IF microscopy, the effect of Snail overexpression on PXDN and
EMT marker expression and cellular localisation.
ii. Identify whether TGF-B1 causes Snail to interact with the PXDN promoter
through chromatin immunoprecipitation (ChIP).
iii. ~ Determine the effects of Snail overexpression on driving PXDN gene expression

by luciferase reporter assay.

3. Elucidate the role of PXDN in EMT by functional studies, wherein PXDN expression
is knocked down (silenced).
i.  Quantity, by enzyme-linked immunosorbent assay (ELISA), the level of PXDN
knockdown after transfection with siRNA.

ii. Investigate the proliferation of cells by 3-(4,5-dimethylthiazol-2-yl)-2,5
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1ii.

iv.

diphenyltetrazolium bromide (MTT) assay, after knockdown of PXDN

expression.

Observe the effect of PXDN knockdown on attachment characteristics of cells to

tissue culture treated plates.

Observe the effect of PXDN knockdown on the invasion ability of cells by
invasion assay using reconstituted BM.

Observe the effect of PXDN knockdown on migration ability of cells by scratch

assay.
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Chapter 2: Materials And Methods

2.1. Reagents

Reagents were purchased from Sigma Aldrich (St Louis, Missouri, USA) unless

otherwise stated.

2.2. Cell culture

The human cervical adenocarcinoma cell lines used in this study were HelLa and SiHa. The
human embryonic kidney cell line, HEK293, was used for cloning and transfection
purposes. HeLa cells were purchased from Cellonex (Johannesburg, South Africa), SiHa
cells were purchased from ATCC (Manassas, Virginia, USA), and HEK293 cells were a kind
gift from Dr. Clement Penny (Department of Internal Medicine, University of the

Witwatersrand, Johannesburg).

Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM): Ham’s F12
Nutrient Mixture (F12) (3:1 ratio), supplemented with 10 % Fetal Bovine Serum (FBS)
(Lonza Group, Basil, Switzerland) and 100 U/ml penicillin/0.1 mg/ml streptomycin.
Cells were incubated at 37 °C in a humidified 5% CO. atmosphere. Culture medium
was replaced every two days. To maintain the cell line, cells were sub-cultured when
reaching 80% confluence by removing culture medium, rinsing cells three times in 1 x
phosphate buffered saline (1x PBS: 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na>HPO4 [
12H20, 1.8 mM KH:POs, pH 7.4) before adding 1.5 ml Trypsin: EDTA (0.25% Trypsin:
0.02% EDTA in Hanks” Balanced Salt Solution) and incubating at 37 °C for 3-5 minutes.
After cells had detached, 250 pl of cell suspension was added to 8 ml of fresh culture

medium and the medium was changed the day after seeding cells.
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2.3. RNA extraction

To extract RNA from cells, cells were seeded equally in 100 mm dishes, medium
changed every two days and cultured until 60-80% confluent before harvesting. Cells
were washed, on ice, three times in cold 1 x PBS. Trizol® reagent was added to each
dish (1 ml) to disrupt cells, dissolve cell components and maintain the integrity of RNA.
The contents of the cell culture dish were transferred to a microcentrifuge tube,
vortexed for 30 seconds and then left at room temperature (RT) for four minutes.
Chloroform (200 pl) was added to the samples to denature and solubilise proteins in the
organic phase, and mixed by vigorous shaking for 15 seconds, left at RT for three
minutes and centrifuged for 15 minutes at 12 000 rpm at 4 °C. The RNA-containing top
phase was transferred to a new microcentrifuge tube, isopropanol (500 pl) was added
and samples left at RT for 10 minutes, to precipitate RNA. Following centrifugation for
10 minutes at 12 000 rpm at 4 °C, the supernatant was discarded, the RNA pellets
washed with 1 ml 75% ethanol and again centrifuged for five minutes at 12 000 rpm.
The ethanol was removed and the pellet left to air-dry for 20 minutes at RT. To
resuspend RNA pellets, RNase-free water (50 pl) was added and the solution was
incubated in a 60 °C water bath for 10 minutes. RNA was quantified using a NanoDrop
ND-1000 Spectrophotometer (Thermo Fisher Scientific). In order to determine the
integrity of the RNA, a sample was electrophoresed through a 1% agarose gel
containing ethidium bromide (10 mg/ml) (EtBr) to ensure the presence of clear, sharp

285 (5 kb) and 185 (1.9 kb) rRNA bands with a 2:1 intensity ratio.

2.4. Agarose gel electrophoresis

To make a 1% agarose gel, 1x Tris-acetate-EDTA (TAE) buffer (40 mM Tris, 0.1% glacial
acetic acid, 0.2 % 0.5 M EDTA pH 8) was added to 0.5 g agarose and heated in a
microwave to dissolve agarose. Once cooled, 1 pl EtBr (of a 10 mg/ml stock solution)
was added to the agarose solution before pouring into a gel-casting tray and allowing
to set at RT. Once the gel had set, it was immersed in 1x TAE buffer and electrophoresis

was carried out at 100 V (constant) for approximately 40 minutes. For band size
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determination, 4 pl GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific) was loaded
into one well of the gel for reference. All RNA and PCR products were pre-mixed with
2 ul of 6x DNA loading dye (0.25% xylene cyanol, 0.25% bromophenol blue, 30%
glycerol, pH 7). Following electrophoresis, gels were viewed under the ultraviolet (UV)
light of a Bio-Rad Gel Doc XR System and images were captured using Image Lab

software.

2.5. cDNA synthesis

cDNA was reverse transcribed from RNA using the RevertAid™ First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). After thawing kit components, in a sterile,
nuclease-free PCR tube on ice, 1 pl oligo (dT)18 primer was added to 1 pg total RNA.
Diethyl pyrocarbonate (DEPC) treated water was added to bring the sample volume to
12 pl. Following incubation in a 2720 Thermal cycler (Applied Biosystems) at 65 °C for
five minutes, PCR tubes were placed briefly on ice, centrifuged for a few seconds then
placed back on ice. The following components were then added in the indicated order:
4 pl 5x reaction buffer, 1 pl RiboLock RNAse inhibitor (20 U/pl), 2 pl 10 mM dNTP mix,
1 pl RevertAid reverse transcriptase (200 U/pl), to a total volume of 20 pl. The samples
were then mixed gently, briefly centrifuged and again incubated in the thermal cycler

(42 °C for one hour and 70 °C for five minutes).

2.6. PCR

PCR was used to test for the expression of specific mRNA in the cell lines and also to
amplify DNA regions for cloning. PCR was performed using 2x PCR Master Mix
(Thermo Fisher Scientific) following manufacturer’s instructions. For a total 25 pl
reaction mixture, the following components were added to a sterile, nuclease-free PCR
tube: 12.5 pl master mix, 0.5 pl each of 10 UM forward and reverse primers, 1 pl template
cDNA and 10.5 pl nuclease-free water. The samples were gently vortexed, briefly
centrifuged and incubated in a thermal cycler under the necessary cycling conditions.

All PCR products were pre-mixed with 2 pl 6x DNA loading dye before loading onto
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1% agarose gels. PCR products were resolved on a 1% agarose gels and viewed under

UV light, as previously described (section 2.4. pg 32).

2.6.1. Glyceraldehyde 3-phosphate dehydrogenase PCR

PCR of a housekeeping/reference gene (genes involved in basic cellular processes that
are used as a control for uniform gene expression) was used to confirm successful
cDNA synthesis. Primers (supplied in the RevertAid™ First Strand cDNA Synthesis Kit
to give a 496 bp amplicon) specific to the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene were used to perform PCR following ¢cDNA synthesis (Table 2.1).
Cycling conditions for GAPDH PCR were as follows: Initial denaturation at 94 °C for
three minutes; 30 amplification cycles made up of denaturation at 94 °C for 30 seconds,
annealing at 58 °C for 30 seconds and extension at 72 °C for 15 seconds; and final

extension at 72 °C for seven minutes.

2.6.2. Peroxidasin primer design and PCR

PXDN-specific primers were designed to test for mRNA expression of PXDN by PCR.
PXDN expression primers were designed using Integrated DNA Technologies” (IDT)
PrimerQuest PCR design tool. The Basic Local Alignment Search Tool (BLAST) was
used to ensure minimal non-specific binding of primers to other genes. The expected
amplicon size of the primers was 636 bp. Primers (Table 2.1) were synthesised by
Ingaba Biotechnical Industries (South Africa). PXDN-specific PCR was performed as
described above (section 2.6. pg 33) using 2x PCR Master Mix and PXDN-specific
primers. Cycling conditions for PXDN PCR were as follows: Initial denaturation at 95
°C for three minutes; 30 amplification cycles made up of denaturation at 95 °C for 30
seconds, annealing at 59 °C for 30 seconds and extension at 72 °C for 50 seconds; and
final extension at 72 °C for 10 minutes. PCR products were resolved on a 1% agarose gel

and viewed under UV light, as previously described (section 2.4. pg 32).
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Table 2.1: GAPDH and PXDN mRNA expression primer sequences

Region Primer sequences

GAPDH Forward: 5" CAAGGTCATCCATGACAACTTTG ¥
Reverse: 5 GTCCACCACCCTGTTGCTGTAG 3’

PXDN mRNA Forward: 5° TATTGAGGGCCAGACCGTGGATTT 3’

expression Reverse: 5 ATCATTTGGAGAACGAGGACGGCT 3’

2.7. Protein expression determination by western blot

To determine the expression of specific proteins in cell lysates (cytoplasmic and nuclear
fractions) and changes in the expression level of the proteins, protein concentration was
determined by western blot. In order to determine the level of protein expression in
each cell sample, cells were lysed in lysis buffer with protease inhibitors. Whole cell
protein was quantified in order to determine protein concentration for all samples.
Proteins were then denatured under reducing conditions and resolved (separated by
molecular weight) on a sodium dodecyl sulfate (SDS) polyacrylamide gel. Resolved
proteins were then transferred (electroblotted) to a membrane that was subsequently
incubated with target-specific primary antibodies, which were then detected by using a
corresponding secondary horseradish peroxidase (HRP) conjugated antibody. In the
presence of a substrate, the HRP emits light, which is captured on X-ray film and the
film developed. The bands on the X-ray film were then quantified and equalized
against a control protein (- actin) of known concentration. The abovementioned steps

are described below.

2.7.1. Cell preparation and lysis

Cells were seeded equally in 100 mm cell culture dishes, medium changed every two
days, and cultured until 80% confluent. Cells were then placed on ice and washed three
times with cold 1x PBS. Cells were then collected by scraping in 1 ml of 1x PBS and
centrifuged at 10 000 rpm for 10 minutes at 4 °C. The pellet was re-suspended in either
triple detergent lysis buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, 0.1% SDS, 1% Triton
X-100, 0.5% sodium deoxycholate) or Y2 triple detergent lysis buffer (25 mM Tris-HCl
pH 8, 75 mM NaCl, 0.05% SDS, 0.5% Triton X-100, 0.25% sodium deoxycholate) with
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protease inhibitors (1 mM PMSF, 10 M leupeptin, 10 mM sodium fluoride, 1 mM
sodium orthovanadate), to lyse cells and release cytoplasmic (Y2 triple detergent lysis
buffer) and/or nuclear proteins (full strength buffer). Lysates were left in lysis buffer,
on ice, and vortexed for five seconds, every five minutes. After 45 minutes, cell lysates
were centrifuged at 12 000 rpm for five minutes at 4 °C to pellet cell debris and collect

the protein-containing supernatant.

2.7.2. Protein concentration determination
Cellular protein was quantified by the Bradford assay (Bradford, 1976) for cytoplasmic
fraction or the Bramhall assay (Bramhall et al., 1969) for whole cell lysates containing

the nuclear fraction.

2.7.2.1. Bradford assay

The Bradford method involved setting up a dilution series of known
standard concentrations (ranging from 4 pg/ml to 50 pg/ml) of bovine
albumin serum (BSA) dissolved in dH>O. A dilution series of protein
samples in Y2 triple detergent lysis buffer (with protease inhibitors, as
previously described in section 2.7.1. pg 35) were also prepared (1/100
and 1/200 dilutions in dH>0), and 160 pl each of BSA standards, protein
sample dilutions and lysis buffer dilutions were dispensed in triplicate
into a 96-well microplate. Bio-Rad protein assay dye reagent (Bio-Rad)
was added to each sample (40 pl), mixed by pipetting, then absorbance
was read at 595 nm using a Multiskan GO microplate reader (Thermo
Fisher Scientific). A standard curve of absorbance vs. BSA protein
concentration was constructed using Microsoft Excel, and by fitting a
linear trendline to the data points, the cellular protein concentration was
determined by using the recorded absorbance values and the standard

curve equation.
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2.7.2.2. Bramhall assay

The Bramhall (Bramhall et al., 1969) method of protein quantification was
used for cell samples lysed in triple detergent buffer (with protease
inhibitors), as previously described (section 2.7.1. pg 35). Since this lysis
buffer has a higher SDS content than % triple detergent lysis buffer, it is
incompatible with the Bradford reagent which is inhibited by the higher
SDS content in the full strength lysis buffer. To quantify protein after lysis
of cells, a sheet of Whatman filter paper was placed in dH>O on a shaker
(30 rpm) for 20 minutes. The filter paper was then transferred to 95%
ethanol, then 100% ethanol and finally, 100% acetone, for five minutes
each, still on a shaker. The filter paper was air-dried before blotting with
BSA solution (1 pl, 3 pl, 6 pl, 12 pl, 16 pl, and 20 pl of 1 mg/ml BSA
dissolved in lysis buffer) and protein samples (2 pl in triplicate). After
completely drying the filter paper, it was placed in 7.5% trichloroacetic
acid (TCA) for 45 minutes on a shaker to fix proteins to the paper. The
tilter paper was stained in Coomassie brilliant blue gel staining solution (3
mM Coomassie blue; 50% methanol; 10% acetic acid) for one hour and
destained in destain solution (12 % glacial acetic acid, 10 % methanol in
dH20) for another hour. After drying filter paper completely, each BSA
and protein sample was cut out of the filter paper and individually
incubated overnight in elution solution (66 % methanol, 1 % of 25 %
ammonium solution, in dH2O) in the dark. After vortexing each tube, the
absorbance value of each solution was read against a blank (elution
solution alone) at 595 nm on a Multiskan GO microplate reader. A

standard curve was plotted as described for the Bradford assay (section

2.7.2.1. pg 36).



2.7.3. SDS polyacrylamide gel electrophoresis

To separate equal amounts of protein (from total cellular protein samples) by molecular
weight, samples were resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE)
using the Mini-PROTEAN® Electrophoresis System (Bio-RAD). Gels were prepared
depending on the size of the protein to be detected. Higher molecular weight proteins
(>100 kDa) were resolved in a 4%-8% discontinuous SDS polyacrylamide gel (recipe:
Table 2.2), while lower molecular weight proteins (<100 kDa) were resolved in a 5%-

10% discontinuous SDS polyacrylamide gel (recipe: Table 2.2).

Table 2.2: Recipes for SDS-polyacrylamide gels. Gel percentage was selected based on
the molecular weight of the protein being probed for. Higher molecular weight proteins
were resolved in a 4% stacking gel and 8% resolving gel, while lower molecular weight

proteins required a 5% stacking gel and 10% resolving gel.

4% stacking | 5% stacking 8% 10%
gel gel resolving resolving
gel gel
Reagent (kD) (kD) (1) (1)
29:1
acrylamide/bis- 850 830 2667 3300
acrylamide
1.5M Tris pH 8.8 0 0 2500 2500
1 M Tris pH 6.8 625 630 0 0
10% Ammonium
persulfate (APS) 50 50 100 100
10% SDS 50 50 100 100
Tetramethyl-
ethylenediamine 5 5 5 5
(TEMED)
Make up to 5 ml with Make up to 10 ml with
dHO dHO

Prior to loading protein samples in the gels, samples were mixed with 4x protein
loading buffer (0.2 M Tris-HCI pH 6.8, 8% SDS, 40% glycerol, 4% B-mercaptoethanol, 50
mM EDTA, 0.08% bromophenol blue) and heated to 100 °C for five minutes. SDS-PAGE
was conducted in running buffer (0.1% SDS, 192 mM glycine, 25 mM Tris, pH 8.8) at
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200 V (constant) until the loading buffer dye front reached the bottom of the gel. Spectra
Multicolor Broad Range Protein Ladder (Thermo Fisher Scientific) was loaded onto SDS

polyacrylamide gels to determine the molecular weight of electrophoresed proteins.

2.7.4. Electroblotting

Following electrophoresis, gels were removed from the system and submerged in
transfer buffer (192 mM glycine, 25 mM Tris, 20% methanol, pH 8.3) for five minutes.
This was to allow for equilibration of the gel and removal of residual SDS from the gel
before electroblotting of proteins to Immobilon polyvinylidene fluoride (PVDF) transfer
membranes (Merck Millipore). Gels were cut to remove the unrequired portions and
these were stained in Coomassie brilliant blue gel staining solution for one hour and
destained in destain solution (10% acetic acid, 10% methanol) overnight, to ensure even
electrophoresis. Gel portions with the required proteins were placed onto activated
PVDF membrane and sandwiched between filter paper and foam pads before placing in
the electroblotting cassette. The cassette was placed into the transfer tank along with an
ice pack and magnetic stir bar, topped up with transfer buffer and placed in a cold
room, on a magnetic stirrer. Protein transfer time and current was dependent on the
size of the protein being probed for: <100 kDa (200 mA constant current for 30 minutes),

>100 kDa (200 mA constant current for one hour).

2.7.5. Blocking and antibody binding

Following electroblotting, non-specific regions of membranes were blocked by
incubating membranes in 5% fat-free milk powder dissolved in Tris buffered saline
with 0.1% Tween®20 (1x TBS/T: 200 mM Tris-HCl, 500 mM NadCl, 0.1% Tween®20, pH
7.6) at RT for one hour on a shaker at 40 rpm. Membranes were subsequently washed
three times in cold 1x TBS/T, for five minutes per wash, at RT on a shaker at 100 rpm;
then incubated in primary antibody. Primary antibodies used in this study (for western
blots) include: goat anti-PXDN (1:200) (Santa Cruz Biotechnology), rabbit anti-Snail
(1:1000) (Santa Cruz Biotechnology), rabbit anti-f-actin (1:500) (Santa Cruz
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Biotechnology), rabbit anti-E-cadherin (1:1000) (Cell Signaling Technology) and rabbit
anti-vimentin (1:1500) (Cell Signaling Technology). Primary antibodies were diluted in
either 5% fat-free milk in 1x TBS/T (anti-PXDN and anti-Snail) or 5% BSA in 1x TBS/T
(anti-B-actin, anti-E-cadherin and anti-vimentin); and membranes left overnight at 4 °C
on a shaker at 40 rpm. Before incubating in HRP-conjugated secondary antibodies:
donkey anti-goat IgG or goat anti-rabbit IgG (both from Santa Cruz Biotechnology)
diluted in 5% fat-free milk in 1x TBS/T, membranes were washed five times as
described before primary antibody incubation. Secondary antibody incubation was at
RT, in the dark for one hour. Membranes were again washed five times before detection

of protein bands.

2.7.6. Chemiluminescence band detection and quantification

Proteins were detected using chemiluminescence substrate, SuperSignal West Pico
(Thermo Fisher Scientific). To do this, a working solution of substrate was prepared (by
mixing equal parts the Stable Peroxide Solution and the Luminol Enhancer Solution),
and used to completely cover the membranes. The working solution was left on the
membrane for five minutes at RT before pouring off and wicking off access solution
with a paper towel. The membranes were then covered with cling film and the emitted
light signal was captured on X-ray film. X-ray film signals were developed (developer
solution: 6.4 M metol, 0.6 M sodium sulphite anhydrous, 80 mM hydroquinone, 450
mM sodium carbonate anhydrous, 34 mM potassium bromide) and fixed (fixer
solution: 800 mM sodium thiosulphate, 200 mM sodium metabisulphite) in the dark.
Densitometry (quantitative measurement of the optical density of the bands) was

performed using Image Studio Lite Software (version 5.2.5).

2.8. TGF-f1 cell treatments

For TGF-B1 treatments to induce EMT, cells were seeded equally in 100 mm tissue
culture dishes and medium changed every two days until cells were 60% confluent. At

60% confluence, cells were then cultured in low serum (1% FBS) medium overnight
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followed by the addition of 5 ng/ml TGF-B1 (recombinant human expressed in CHO
cells) for 24 or 48 hours.

2.9. Differential interference contrast microscopy

DIC images were captured to study changes in cell morphology. Cells (8x10%) were
seeded equally on coverslips in 24-well tissue culture plates and medium changed on
the second day. After treating (as described in section 2.8. pg 40) live cells were then

rinsed with cold 1x PBS and visualised on an Olympus BX63 microscope.

2.10. Immunoprecipitation to enrich for peroxidasin

In order to improve the yield of PXDN from total cell protein, PXDN was first
immunoprecipitated (IP) from cell lysates prior to western blotting. Cells were lysed in
native lysis buffer (25 mM Tris pH 8, 75 mM NaCl, 0.5% Triton X-100) with protease
inhibitors, as previously described (section 2.7.1. pg 35). Protein was quantified by
Bradford method as previously described (section 2.7.2.1. pg 36). To precipitate PXDN,
1 pg anti-PXDN antibody was added to 150 pg total protein lysates, made up to 1 ml
with IP buffer (200 mM Tris-HCl pH 8, 150 mM NaCl, 0.5% Triton-X100) and left
rotating (30 rpm) overnight at 4 °C. Samples were then rotated for four hours at 4 °C
after the addition of 30 pl (resuspended volume) protein A/G-plus agarose beads
(Santa Cruz Biotechnology) to bind the immunocomplexes. Beads were pelleted by
centrifugation at 5000 rpm for two minutes, supernatant was removed and beads
washed with IP buffer with protease inhibitors (three washes for five minutes each at 4
°C on rotation). After washing, beads were heated to 100 °C for 10 minutes in 4x
denaturing protein loading buffer. Following centrifugation at 6000 rpm for five
minutes, the supernatant was removed and electrophoresed in a 4-8% SDS-PAGE,

electroblotted onto PVDF membrane and detected by chemiluminescence, as previously

described (sections 2.7.3. - 2.7.6. pg 38).
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2.11. Immunofluorescence microscopy

In order to visualise the expression and localisation of proteins in cells, confocal IF
microscopy was performed. Cells (1.5 x 10°) were seeded equally on 22 mm glass
coverslips in 6-well tissue culture treated plates. Culture medium was changed the
following day before treating cells (transfecting with vectors or siRNA, or TGF-f1
treatment, as described in section 2.8. pg 40 and section 2.15. pg 52, respectively). When
the required time had lapsed (based on treatment of cells), cells were washed once with
cold 1x PBS for five minutes on a shaker (30 rpm) and then fixed with 3% formaldehyde
(v/v) in 1x PBS, for 15 minutes at RT on slow rotation (60 rpm). Formaldehyde was
removed and cells washed three times in cold 1x PBS for five minutes per wash, on a
shaker (30 rpm). Cell membranes were permeabilised by incubating in 0.25 % Triton X-
100 in 1x PBS for one hour and washed again as previously described. Non-specific sites
were blocked with 0.5% BSA in 1x PBS for 30 minutes at RT and washed once as
previously described. Expression of PXDN, Snail, E-cadherin and vimentin were
detected with the respective primary antibodies; antibodies were diluted in a 1x PBS,
0.5% BSA solution and incubated overnight at 4 °C on a shaker (30 rpm). Coverslips
were washed in 0.5 % BSA in 1x PBS, three times for five minutes per wash before
incubating with the corresponding secondary antibodies: donkey anti-goat IgG-
fluorescein isothiocyanate (FITC), goat anti-rabbit IgG-FITC, goat anti-rabbit IgG-Texas
Red (TR) (all from Santa Cruz Biotechnology). Secondary antibodies were also diluted
in a 1x PBS, 0.5% BSA solution and slides were incubated at RT in a moist container and
protected from light by covering with foil. Three more five-minute 1x PBS washes were
performed before incubating slides in 0.1 pg/ml of 4',6-diamidino-2-phenylindole
(DAPI), diluted in 1x PBS, for five minutes in the dark. After three more 1x PBS washes,
coverslips were mounted onto slides with Fluoromount, and sealed with clear nail
polish. Cells were visualised with a Zeiss LSM 780 confocal microscope at 630x
magnification and images captured using Zen 2010 software. Fluorophores were

detected at the following wavelengths: FITC-  488cxitation/525emission,  TR-
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561 excitation/ 615emission and DAPI-  405excitation/ 454emission. Background controls were

incubated in secondary antibody only (no primary antibody).

2.12. Chromatin immunoprecipitation

To determine Snail interaction with the PXDN gene promoter, ChIP followed by PCR
was performed. The principle of ChIP is based on the interaction of transcription factors
with the promoter region of a gene. Proteins are cross-linked to the DNA with which
they interact in the nucleus, then the protein is immunoprecipitated using a specific
antibody along with the DNA fragments attached to the protein. The protein-DNA
cross-link is then reversed and the DNA is used as the template for PCR to test for the
presence a specific region of DNA. In this experiment, the E-cadherin promoter region
served as a positive control as this gene is an established target of Snail (Batlle et al.,

2000; Cano et al., 2000; Peinado et al., 2004).

2.12.1. Cell collection and sonication

Cells were seeded equally in 100 mm tissue culture dishes, and medium changed every
two days until cells were 60% confluent. Cells were either left untreated or treated with
TGF-B1 (as described in section 2.8. pg 40) for 24 hours. Protein-DNA interactions were
cross-linked by added formaldehyde directly to the culture medium to a final
concentration of 1%. Cells were left rotating gently for 10 minutes at RT on a shaking
platform (60 rpm). Formaldehyde was quenched by adding glycine to the culture
medium to a final concentration of 0.12 M and left for five minutes, again shaking at RT.
Cells were washed three times with cold 1x PBS, scraped in 1 ml of 1x PBS and collected
in a microcentrifuge tube. Centrifuging at 4000 rpm for five minutes, in a cold room,
collected the cell pellet. Cell pellets were resuspended in triple detergent lysis buffer
and sonicated, to shear chromatin (sheared to 200-1000 bp fragments, confirmed by
resolving a sample of sheared chromatin in a 1% agarose gel as previously described in
section 2.4. pg 32) using a Misonix Ultrasonic Liquid Processor XL-2000, 15 pulses for 15

seconds each, with cooling on ice in between pulses. Cell debris was removed by
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centrifuging at 10 000 rpm for 10 minutes in a cold room, leaving the chromatin

containing supernatant.

2.12.2. Genomic DNA extraction

To quantify genomic DNA in the supernatant, genomic DNA was extracted by phenol-
chloroform extraction method. A sample of the supernatant (50 pl) was transferred to a
microcentrifuge tube and to this, 2 pl RNAse A (10 mg/ml, Thermo Fischer Scientific)
was added and the tube incubated for one hour in a 37 °C water bath. Proteinase K (2
ul of 20 mg/ml, Thermo Fisher Scientific) was added and incubation adjusted to 50 °C
for two hours, with gentle swirling of the supernatant every 20 minutes. An equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added and the solution
vortexed vigorously for 30 seconds before centrifuging at 13 000 rpm for 25 minutes at
RT. The upper phase was carefully removed without contamination from the lower
phases and transferred to a new microcentrifuge tube. An equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) was again added to the previously
extracted upper phase and again vortexed and centrifuged as previously described. The
upper phase was again removed and to this an equal volume of chloroform:isoamyl
alcohol (24:1) added, and vortex and centrifugation steps repeated. The upper phase
was again removed and to this 0.1 volume 3 M sodium acetate and two volumes
absolute ethanol were added and the solution mixed by inversion. After incubation at -
20 °C overnight to precipitate DNA, DNA was pelleted by centrifuging at 13 000 rpm
for 20 minutes in a cold room. The DNA pellet was washed three times with cold 70%
ethanol, air-dried and resuspended in nuclease-free water. Assessment of DNA quality
and fragment sizes was through agarose gel electrophoresis (1% agarose gel, as
previously described in section 2.4. pg 32) and quantification using the NanoDrop. This
DNA was used as the input sample for PCR.
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2.12.3. Immunoprecipitation

DNA (15 -25 pg) was diluted up to 1 ml with dilution buffer (1% Triton-X 100, 2 mM
EDTA pH 8, 20 mM Tris-HCI pH 8, 150 mM NaCl) with protease inhibitors (1 mM
PMSF, 10 pM leupeptin, 10 mM sodium fluoride and 1 mM sodium orthovanadate),
and pre-cleared with 20 pl (resuspended volume) protein A/G plus agarose beads for
one hour in a cold room on a vertical rotator (50 rpm). Beads were collected by
centrifuging at 2 500 rpm for five minutes. The supernatant was collected and to this, 4
pug anti-Snail antibody was added. The DNA-antibody solution was left rotating
overnight at 4 °C. A no antibody, beads and DNA only, control sample was also
prepared in the same way. After overnight incubation, 40 ul (resuspended volume)
protein A/G plus agarose beads were then added to the immunocomplexes with
rotation for two hours at 4 °C and beads were subsequently pelleted as previously
described. Pelleted beads were washed three times with 1 ml wash buffer (0.1% SDS,
1% Triton-X 100, 2 mM EDTA pH 8, 20 mM Tris-HCI pH 8, 15 mM NaCl), once with 1
ml final wash buffer (0.1% SDS, 1% Triton-X 100, 2 mM EDTA pH 8, 20 mM Tris-HCl
pH 8, 500 mM NaCl) and twice with 1 ml TE buffer (10 mM Tris-HCl pH 8, 1 mM
EDTA pH 8).

2.12.4. Elution and PCR

After the final wash, 200 pl pre-warmed elution buffer (1% SDS, 100 mM NaHCOs) was
added to the centrifuged beads and incubated at 65 °C for 6 hours to reverse cross-links.
Following protein digestion with Proteinase K (final concentration, 0.1 mg/ml) for two
hours at 50 °C, DNA was purified using the GeneJet PCR Purification kit (Thermo
Fisher Scientific), according to manufacturer’s instructions. Eluted DNA was analysed
by PCR, and for this, two sets of primers were designed for each of the PXDN and E-

cadherin gene promoter regions (Table 2.3).
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Table 2.3: Primer sets for Snail vector, ChIP and luciferase reporter assay constructs.

Region

Primer sequences

pcDNA-5Snail

Forward: 5’ATCGCTAGCATGCCGCGCTCTTTCCTCG 3’
Reverse: 5’ ATCTGATATCTCAGCGGGGACATCCTGAGCA 3’

ChIP Forward: 5’ GAACGTTAAATAATTTCCTACGT 3’
PXDNSnail+ Reverse: 5’GGCGCAGAACAGCACGAGCG 3’
ChIP Forward: 5’GTTTGCGACGGGAACACGCC 3’
PXDNsnail- Reverse: 5’ AAAGCCCCTCATTCCTTTTGAGGA 3’
*ChIP Forward: 5GGCCGGCAGGTGAAC 3’
E-cadherinSnailt | Reverse: 5’GGGCTGGAGTCTGAACTGAC 3’
ChIP Forward: 5GCTGGTCAGTGTCAAATGCT 3’
E-cadherin®ril- | Reverse: 5’>CCTCAGTTTCTCCACCCTCC 3’
Luciferase Forward: 5’ATAGCTAGCGAACGTTAAATAATTTCCTACGTGGT
PXDNSnai1+ 3'

Reverse: 5’ ATTAGATATCGGCGCAGAACAGCACGAGCG 3’
Luciferase Forward: 5’ ATAGCTAGCGTTTGCGACGGGAACACGCC 3’
PXDNsnail- Reverse: 5’ AAAGATATCAAAGCCCCTCATTCCTTTTGAGGA 3’
Luciferase Forward: 5’ ATTTAGCTAGCGGCCGGCAGGTGAAC 3’
E-cadherin®railt | Reverse: 5’TCGTAGATATCGGGCTGGAGTCTGAACTGAC 3’
Luciferase Forward: 5’ATTTAGCTAGCGCTGGTCAGTGTCAAATGCT 3’

E-cadherinsnail-

Reverse: 5’ TCGTAGATATCCCTCAGTTTCTCCACCCTCC 3’

17

Forward: 5’ TAATACGACTCACTATAGGG ¥

*Primers from Vandewalle et al. span across three E-boxes in the E-cadherin promoter

(Vandewalle et al., 2005).

For the PXDN promoter, we identified three E-boxes close to the transcription start site

(Fig. 2.1) and designed one set of primers that amplified across these putative Snail

binding sites (Snail+) and another set that amplified across a region in the PXDN

promoter with no E-boxes (Snail-) (Fig. 2.1). The same method was used to design

primers for the E-cadherin promoter region. Primers were designed using IDT’s

PrimerQuest and BLAST to ensure specific binding to the identified regions.
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Figure 2.1: PXDN promoter region depicting three E-boxes as putative Snail binding
sites. One set of primers was designed to span across these three sites (Snail+) and
another set of primers was designed to amplify across a region with no identified E-

boxes (Snail-) for use in ChIP and luciferase reporter assays.

PCR was conducted using 2x PCR Master Mix, as previously described in section 2.6.
pg 33, with the following cycling conditions:

PXDNSsnail+: Inijtial denaturation at 95 °C for two minutes; 35 amplification cycles made
up of denaturation at 95 °C for 30 seconds, annealing at 64 °C for 30 seconds and
extension at 72 °C for 40 seconds; and final extension at 72 °C for two minutes
(producing a 578 bp amplicon).

PXDNS®nail-: Initial denaturation at 95 °C for two minutes; 35 amplification cycles made
up of denaturation at 95 °C for 30 seconds, annealing at 61 °C for 30 seconds and
extension at 72 °C for 40 seconds; and final extension at 72 °C for two minutes
(producing a 507 bp amplicon).

E-cadherin®mail*: Initial denaturation at 95 °C for two minutes; 35 amplification cycles
made up of denaturation at 95 °C for 30 seconds, annealing at 58 °C for 30 seconds and
extension at 72 °C for 15 seconds; and final extension at 72 °C for two minutes
(producing a 168 bp amplicon).

E-cadherin®rail-: Initial denaturation at 95 °C for two minutes; 35 amplification cycles
made up of denaturation at 95 °C for 30 seconds, annealing at 52 °C for 30 seconds and
extension at 72 °C for 40 seconds; and final extension at 72 °C for two minutes

(producing a 544 bp amplicon).
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2.13. pcDNA-Snail

In order to increase Snail expression in cells, we constructed a Snail expression vector
with which to transfect cells. For this purpose, we selected the mammalian expression
vector, pcDNA3.1 (Invitrogen). The full-length Snail expressing pcDNA3.1 vector
(pcDNA-Snail) was constructed by firstly isolating total RNA from HeLa cells using the
Trizol® and phenol/chloroform method as previously described (section 2.3. pg 32).
Then mRNA was converted to cDNA using the RevertAid First Strand cDNA synthesis
kit with the Oligo dT primer, as previously described (section 2.5. pg 33). The full-
length Snail coding region was amplified by PCR (Snail primers, Table 2.3, designed
using IDT’s PrimerQuest tool and BLAST search to minimise non-specific binding)
using KAPA High Fidelity (HiFi) HotStart ReadyMixPCR Kit (Kapa Biosystems) and
producing an 814 bp amplicon. For a total 25 pl reaction mixture the following
components were added to a sterile, nuclease-free PCR tube: 12.5 pl 2x KAPA HiFi
HotStart ReadyMix, 1 pl each of 10 pM forward and reverse primers, 100 ng template
DNA and nuclease-free water up to 25 Y. The sample was gently vortexed, briefly
centrifuged and incubated in a thermocycler under the following cycling conditions:
initial denaturation at 95 °C for three minutes, 30 amplification cycles made up of
denaturation at 98 °C for 20 seconds, annealing at 66 °C for 15 seconds and extension at
72 °C for one minute; and final extension at 72 °C for one minute. Following PCR, a
small quantity of the PCR product was resolved in a 1% agarose gel to ensure successful
PCR and the correct amplicon size. Snail insert was purified from the PCR mix using
the GeneJet PCR Purification Kit (Thermo Fisher Scientific), according to
manufacturer’s instructions, and quantified using the NanoDrop. Vector and DNA
insert were restricted in double-digestion reactions using Nhel and EcoRV enzymes,
according to manufacturer’s instructions (Thermo Fisher Scientific); Nhel and EcoRV
restrictions sites were engineered into the primers (as underlined in the primer
sequences in Table 2.3). Following restriction, vector and DNA insert were again
purified using the GeneJet PCR Purification Kit, and quantified using the NanoDrop,
before ligating Snail insert into the pcDNA3.1 vector using T4 DNA ligase (5 U/pl)
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(Thermo Fisher Scientific). Recombinant DNA was transformed into E.coli JM109 cells
using a chemical transformation method. Ligation of insert DNA to vector, bacterial
transformation and isolation of plasmid DNA from bacteria (minipreparation) are

described in more detail below.

2.13.1. Ligation (T4 DNA ligase)

The insert to vector ratios used were 3:1 and 5:1. For a 20 pl reaction, 10 pl of ligation
buffer was added to a nuclease-free PCR tube. To this, the required amount of linear
DNA insert (depending on DNA concentration) and 50 ng vector DNA were added.
After adding 1 pl of T4 DNA ligase, the reaction mixture was made up to 20 pl with
nuclease-free water. After mixing well and briefly centrifuging, the reaction mixture
was incubated in a thermal cycler for one hour at 22 °C and ligase was inactivated at 70

°C for five minutes.

2.13.2. Chemical transformation of E.coli J]M109

In order to make bacteria competent to take up recombinant DNA, E.coli was grown
overnight in lysogeny broth (LB broth). While bacteria was still in exponential growth
phase (absorbance falling between 0.5 and 0.6 when read at 600 nm), 1 ml bacterial
culture was chilled on ice for five minutes before pelleting cells by centrifugation for
five minutes at 10000 rpm in a cold room. After discarding the supernatant, the
bacterial pellet was resuspended in transformation buffer (100 mM CaCl,, 100 mM Tris-
HCI pH 8) and left on ice for 10 minutes. Cells were again pelleted by centrifugation
before being resuspended in 200 pl transformation buffer and left on ice for two hours.
Recombinant DNA (5 ng) was then added to 50 pl competent bacteria and after gentle
tapping of the tube was left on ice for 30 minutes. Bacteria were heat shocked in a 42 °C
waterbath for 90 seconds before placing back on ice. Following addition of 500 pl super
optimal broth (SOB) (LB, 2.5 mM KCl, 10 mM MgCl,), bacteria were incubated for one
hour on rotation (220 rpm) at 37 °C. Transformed bacteria were selected for on LB agar

plates containing ampicillin (100 pg/ml).
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2.13.3. Minipreparation of plasmid DNA by alkaline lysis method

Transformed bacterial colonies were individually selected from ampicillin-containing
LB agar plates and used to inoculate fresh ampicillin-containing LB broth which was
left on rotation (30 rpm) overnight at 37 °C. Bacteria were isolated by centrifuging at 12
000 rpm for one minute and discarding the broth supernatant. The bacterial pellet was
resuspended by vortexing in 110 pl resuspension buffer (25 mM Tris-HCI pH 8, 10 mM
EDTA, 0.1 mg/ml RNAse A). Lysis buffer (400 mM NaOH, 2% SDS) was then added to
the bacterial suspension and mixed by gentle inversion. After addition of 120 pl
neutralizing buffer (ice-cold 5 M potassium acetate pH 5.5), bacterial suspension was
left at RT for three minutes. Plasmid-containing supernatant was removed after
centrifuging the mixture at 13 000 rpm for five minutes and to this, 200 pl isopropanol
was added and left for two minutes at RT to precipitate DNA. The DNA pellet was
isolated after centrifuging at 13 000 rpm for one minute and removing supernatant.
DNA was washed with 70% ethanol before dissolving in nuclease-free water and
quantifying using the NanoDrop. The presence and orientation of DNA inserts in the
vector (recombinant vectors) was confirmed by Sanger sequencing (Inqaba Biotechnical
Industries, South Africa), using the T7 forward primer (Table 2.3). We then confirmed
that the recombinant vectors were functional by transfecting HeLa and SiHa cells with
the vectors, using TurboFect (ThermoFisher Scientific) according to manufacturer’s
instructions. Transient transfections were performed over 24-48 hours as indicated, then
protein expression and localisation determined IF microscopy (as previously described

in section 2.11. pg 42).

2.14. Luciferase reporter assay

In order to assess the ability of Snail to repress PXDN gene expression from the PXDN
promoter, luciferase reporter assay was performed using the Steady-Glo® Luciferase
assay system (Promega). Two regions of the PXDN promoter, one with (PXDNSnail*)
and one without (PXDN®nail-) putative Snail E-boxes were selected by identifying the
Snail consensus binding sequence, CANNTG, in the PXDN promoter region. We then
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re-designed the primer sets used for ChIP by engineering EcoRV and Nhel restriction
sites into the primers (Table 2.3). The PXDNSrail- primers were used to amplify the Snail
E-box null region by HiFi PCR, as previously described (section 2.13. pg 48), under the
following cycling conditions: Initial denaturation at 95 °C for three minutes; 35
amplification cycles (denaturation at 98 °C for 20 seconds, annealing at 61 °C for 15
seconds and extension at 72 °C for 40 seconds) and final extension at 72 °C for five
minutes. PCR of this region produced a 525 bp amplicon which was restricted through
the Nhel and EcoRV restriction sites (the vector was also restricted in the same way).
Cloning of the insert into the vector was as previously described (section 2.13.1. pg 49).
The PXDNSmail* region was amplified by PCR (597 bp PCR product), restricted and
cloned into the pGL4.10 vector by Biomatik (Ontario, Canada). As a positive control, we
performed the abovementioned protocol to construct luciferase reporter assay vectors
of the E-cadherin promoter. The cycling conditions for E-cadherin>il* (promoter region
containing Snail E-box elements) were as follows: Initial denaturation at 95 °C for two
minutes; 35 amplification cycles (denaturation at 98 °C for 20 seconds, annealing at 59
°C for 15 seconds and extension at 72 °C for 20 seconds) and final extension at 72 °C for
five minutes (producing a 190 bp amplicon). The cycling conditions for E-cadherinSrail-
(promoter region with no Snail binding sites) were as follows: Initial denaturation at 95
°C for two minutes; 35 amplification cycles (denaturation at 98 °C for 20 seconds,
annealing at 58 °C for 15 seconds and extension at 72 °C for 45 seconds) and final
extension at 72 °C for five minutes (producing a 566 bp amplicon). Sanger sequencing
(Ingaba Biotechnical Industries, South Africa) was used to confirm the recombinant

vector sequences prior to transfections.

Cells (8 x 103) were seeded equally in 96-well tissue culture plates and maintained for 48
hours before transfecting. The vectors pGL4.10- PXDNSnailt, pGL4.10- PXDNSnail-,
pGl4.10- E-cadherin@il* and pGl4.10- E-cadherinS@il- were each co-transfected with
pcDNA-Snail into HEK293 cells using TurboFect transfection reagent, according to
manufacturer’s instructions. After 24 hours, the luciferase assay was performed using

the Steady-Glo Luciferase assay system. Cells were removed from the incubator and left
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to reach RT. Luciferase reagent (prepared according to manufacturer’s instructions) was
added (100 pl, equivalent to amount of cell culture medium in each well) to each well,
mixed thoroughly and incubated at RT for five minutes. The content of each well was
then transferred to a luciferase plate and luminescence quantified using a GloMax-96

Microplate Luminometer (Promega).

2.15. Peroxidasin siRNA

In order to determine the effects of changes in PXDN expression on EMT related
features such as migration, attachment and invasion, PXDN expression was knocked
down using MISSION® esiRNA Human PXDN and TransIT-X2® System transfection
reagent (Mirus Bio LLC, Madison, Wisconsin, USA). Cells (8x10%) were seeded equally
in 24 well tissue culture plates and left to attach for 12 hours before changing medium.
For cell transfection, 1 pg siRNA was combined with 2.5 pl of transfection reagent, in
serum-free medium, incubated at RT for 30 minutes then applied to cells, according to
manufacturers instructions. Cells were then transfected for 24 hours prior to use in
downstream assays. For samples where cells were to be treated with TGF-f1, 5 ng/ml
TGF-B1 was added to cells three hours post-transfection. The negative control included
in all experiments was MISSION® esiRNA Fluc targeting firefly luciferase gene. PXDN
knockdown was visualised by IF microscopy and measured by ELISA.

2.16. ELISA

The ELISA is technique that can be used to detect and quantify protein. It is plate based
in that the antigen is immobilised on a solid surface. In this experiment, PXDN-specific
antibody (capture antibody) was immobilised on the bottom of the wells of a 96-well
plate. The sample (cell lysate) is added to each well allowing PXDN in the lysate to bind
to the immobilised antibody. An antibody (biotin conjugated) is added and binds to the
captured PXDN. Avidin-HRP is added which binds to the biotin, then
tetramethylbenzidine (TMB) is added and reacts with HRP to produce a color reaction

(stopped by the addition of an acid) and absorbance is measured.
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The Human PXDN/MG50 ELISA kit (LS-F12454, LifeSpan BioSciences, Inc.) was used
to quantify changes in PXDN protein expression following knockdown of PXDN
and/or treatment with TGF-p1. Cells (8x10%) were seeded equally into 24-well tissue
culture plates and maintained until 60% confluent. Transfection with siRNA, and TGEF-
Bl treatments were as previously described (section 2.8. pg 40 and 2.15. pg 52,
respectively). When treatment time had lapsed, cells were washed three times with cold
1x PBS with protease inhibitors added (1 mM PMSF, 10 pM leupeptin), scraped in 1 ml
1x PBS and collected in a microcentrifuge tube. Cells were sonicated using a 750W
Ultrasonic Processor (Sigma Aldrich) and sonication was performed on ice, for 10
seconds at 30% power, and then placed back on ice. The lysates were then centrifuged
at 4 000 rpm for 10 min at 4 °C to remove cell debris. In order to derive protein
concentration from absorbance readings, a standard curve was constructed beforehand
by measuring the absorbance of known concentrations of PXDN protein (50 ng/ml -
0.782 ng/ml). Sample dilutions (dilutions of lysates) were also prepared in order to
determine which dilution (undiluted, 1:10, 1:100 or 1:1000) would fall on the standard
curve. For the assay, 100 pl of sample/standard/blank was added to the wells of the
PXDN ELISA plate, in triplicate. The plate was sealed with a plate sealer and left to
incubate at 37 °C for two hours. After aspirating all the liquid, a proprietary detection
reagent was added and the plate left to incubate again for one hour at 37 °C. The plate
was then washed three times before the addition of a second detection reagent, and
again incubated for an hour at 37 °C. The plate was then washed five times before the
addition of TMB substrate, which was left to act for 15-20 minutes at 37 °C. After
optimal colour development was achieved, the reaction was stopped and absorbance at
450 nm measured using a Multiskan GO microplate reader. Total protein concentration
of the samples was determined by Bradford assay (as previously described in section

2.7.2.1. pg 36) and the ELISA readings were corrected accordingly.
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2.17. MTT cell proliferation assay

In order to determine the possible involvement of PXDN in cell proliferation, the MTT
assay was used. The assay is colourmetric and cell metabolic activity is quantified by
the reduction of MTT to formazan. Proliferating cells are able to reduce MTT to form
purple formazan crystals. The formazan crystals are then dissolved and the optical
density is measured to determine concentration. Cells (8x10%) were seeded equally in
96-well tissue culture plates and left to attach and proliferate for 48 hours. Cells were
transfected and treated as previously described (section 2.8. pg 40 and 2.15. pg 52).
After the required incubation time the medium was removed from the wells and
replaced with 100 pl of MTT solution (0.5 mg/ml MTT in cell culture medium) and
incubated at 37 °C for one hour. The MTT solution was then removed (90 pl) without
disturbing any formazan crystals, which were dissolved by the addition of 100 ul
(dimethyl sulfoxide) DMSO and incubated for five minutes at 37 °C. After shaking the
plate for 10 minutes at RT in the dark, absorbance was measured at 570 nm using a

Multiskan GO microplate reader.

2.18. Attachment assay

In order to observe the changes in the ability of cells to attach to tissue culture plates,
cell attachment assay was used. Cells (8x10%) were seeded equally into 24-well tissue
culture plates and maintained until 60% confluent. Cells were then transfected or
treated with TGF-f1 as described in section 2.8. pg 40 and section 2.15. pg 52 After 24
hours, cells were trypsinised and after cells had detached the trypsin was neutralized
with cell culture medium. Cells were then centrifuged at 2 500 rpm for five minutes in a
cold room. Trypsin and culture medium was aspirated from the cell pellet and cells
were washed twice in cold 1x PBS and centrifuged at 2 500 rpm for 5 minutes in a cold
room, after each wash. After resuspending in culture medium, cells were counted with
a haemocytometer, and 1x10* cells/well were seeded equally into 96-well tissue culture
plates. Cells were seeded equally for each of 4 time points (15 minutes, 30 minutes, 45

minutes and 60 minutes). After 15 minutes, unattached cells were removed from the 15
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minutes time point wells by aspirating cell culture medium and gently rinsing wells
with cold 1x PBS to remove unattached cells. Fresh culture medium (100 pl) was then
added to the remaining attached cells. The same method of removing unattached cells
was done after 30, 45 and 60 minutes for each of the relevant wells. An MTT assay was
performed, as described in section 2.17. pg 54, to quantify the number of proliferating

cells in each well at the four time points.

2.19. Invasion assay

Invasion of cells through a reconstituted BM was performed to assess the role of PXDN
in cellular invasion in EMT. The invasion assay involves cells invading through a
reconstituted BM (in this experiment we used ECM gel from Engelbreth-Holm-Swarm
murine sarcoma). The plate used for the assay has two chambers (upper and lower),
separated by a permeable support/insert on which the reconstituted BM is set. The cells
are seeded in the upper chamber in low serum (1% FBS) medium, while the 10% FBS
medium in the lower chamber acts as a chemoattractant that attracts the cells into the

lower chamber, requiring the cells to invade the ECM gel.

All reagents and equipment used were kept cold to prevent setting of the ECM gel. The
upper chamber of permeable supports of a 96-well Corning® HTS Transwell® plate
were coated with 200 pg/ml ECM gel (diluted in cold serum-free culture medium) and
incubated overnight at 37 °C to allow ECM gel to set. The residual medium was then
removed and the ECM gel layers were re-hydrated with serum-free culture medium for
one hour before seeding cells. Cells were trypsinised, collected and centrifuged for five
minutes at 1 500 rpm at 4 °C. After re-suspending the pellet in 10% FBS culture
medium, cells were counted using a haemocytometer and 1x10* cells/well were seeded
equally in the upper chambers of the Transwell® plate, the lower chambers were filled
with 10% FBS culture medium. After 24 hours, the culture medium in the upper
chamber was removed and replaced with low serum (1% FBS) culture medium. Cells

were then transfected with PXDN siRNA or treated with TGF-f1, as previously
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described (section 2.8. pg 40 and section 2.15. pg 52). After 24 hours, cells that did not
invade (cells in the upper chamber) were removed using a cotton swab and cells that
had invaded through the ECM gel were fixed to the inserts in 100% ice-cold methanol
for 15 minutes and stained with crystal violet (0.2% w/v in 20% v/v ethanol) for 20
minutes at RT. The permeable inserts were then washed with dH>O until the water ran
clear and left to dry overnight. The crystal violet stain was dissolved in 10% acetic acid
until all dye was removed from the inserts. Absorbance was measured at 590 nm using

a Multiskan GO microplate reader.

2.20. Scratch assay

Scratch assays were performed to determine the effect of PXDN on cell
movement/migration (the ability of cells to close a scratch made in the cell monolayer).
Cells (8x10°) were seeded equally into 24-well tissue culture plates and culture medium
changed every two days until cells were 80% confluent. Transfections with PXDN
siRNA and treatment TGF-f1 treatment were as previously described (section 2.8. pg 40
and section 2.15. pg 52). After 24 hours, a p200 pipette tip was used to create a scratch in
the cell monolayer. Cells were then rinsed with 1x PBS to remove detached cells and
fresh culture medium was added. The cells were visualised under the bright field of an
Olympus BX63 microscope at 40x magnification. Cells were visualised after scratching
(time point 0 hours) and then returned to the incubator and again viewed and images

recorded after 12, 24 and 48 hours.

2.21. Statistical analysis

All results are representative of a minimum of three independent experiments and are
expressed as means * standard deviation (SD). Data obtained from treated and
untreated samples were analysed using unpaired Student’s t-test; a p-value of < 0.05
was considered significant. Stars represent the following p-values:

*p<0.05 *p<0.001 ***p<0.001
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Chapter 3: Peroxidasin is regulated by the master EMT
regulator, Snail, during TGF-pl1-induced EMT

3.1. Introduction

In order to ensure and maintain homeostasis in tissues, the interaction between cells
and the ECM must be strictly controlled and balanced. Cytokines, acting through
specific cell surface receptors, are essential in maintaining this balance. One of the most
important cytokines in this regard is TGF-f1, a growth factor of the TGF family of
cytokines (Blobe, Schiemann and Lodish, 2000).

The TGF-B family consists of five isoforms, with TGF-f1, TGF-B2 and TGF-B3 expressed
in mammals (Blobe, Schiemann and Lodish, 2000). These three mammalian isoforms
share 80% polypeptide sequence identity and have similar biological activities.
However, expression of each isoform is tissue-specific: TGF-f1 mRNA is expressed in
endothelial, hematopoietic and connective-tissue cells; TGF-52 mRNA in epithelial and
neuronal cells; and TGF-3 mRNA in mesenchymal cells (Blobe, Schiemann and Lodish,
2000). Since these mammalian isoforms are highly conserved, this may suggest a critical
shared biologic function, as they all bind TGF-B receptors but differ in their binding
affinities (Elliott and Blobe, 2005). TGF-f1, the most abundant and wuniversally
expressed isoform, can act both as a stimulator or inhibitor of cellular growth,
depending on cell type and the state of cellular differentiation (Elliott and Blobe, 2005;
Soulitzis et al., 2006). TGF-B1 is able to effect cell proliferation by inhibiting growth via a
reversible arrest of the cell cycle at G1 phase (Blobe, Schiemann and Lodish, 2000). In
the ECM, TGF-p1 also regulates the formation of stroma and multiple ECM components
since in the presence of TGF-B1, fibroblasts and other cells are stimulated to produce
ECM proteins such as collagens, fibronectin and laminin (Hazelbag et al., 2002).
Understanding the function of TGF-f is important since changes in TGF- gene
expression such as transcriptional modifications or mutations, protein modifications
such as mutations affecting translation and post-translational modifications, and

cellular concentration levels have been linked to several disease states, including
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atherosclerosis, fibrotic disease and cancer. Indeed, the significance of TGF-f signaling
has been highlighted by mutations that affect TGF-p, TGF-p receptors and signaling
molecules that associate with TGF-B, which are particularly important in the

pathogenesis of diseases such as cancer (Blobe, Schiemann and Lodish, 2000).

The function of TGF-B in cancer is cell and stage specific and in the early stages of
tumourigenesis TGF-f acts as a tumour suppressor (Elliott and Blobe, 2005). At this
time, TGF-p acts directly on the cancer cell to suppress tumour outgrowth by inhibiting
cell proliferation or by promoting cellular differentiation or apoptosis (Blobe,
Schiemann and Lodish, 2000). At the later stages of tumour progression, the role of
TGF-B changes to that of a stimulator of tumour proliferation, invasion and metastasis
(Akhurst and Derynck, 2001). These changes usually occur as a result of cancer cells
gaining mutations in the genes coding for proteins involved in the TGF-B signaling
pathway, mutations that subsequently affecting the function of these proteins (Blobe,
Schiemann and Lodish, 2000), allowing cancer cells to evade the growth inhibiting
effects of TGF-f while exploiting the effects that promote tumour proliferation and
metastasis. For example, TGF-f promotes angiogenesis and cancer cells exploit this as it
allows new vessels to bring nutrients and oxygen to tumour cells. TGF-f also enhances
the invasiveness and metastatic ability of malignant cells through its ability to modify
the ECM by increasing deposition of ECM proteins (Soulitzis et al., 2006). Lohr et al.
(2001) showed that TGF-f1 from pancreatic cancer cells induced extensive, collagenous
and cell-rich deposition in pancreatic carcinoma (Lohr et al., 2001). Frazier et al. (1997)
showed a connection between increased collagen deposition in mammary cancer and
the production of TGF-f1 and TGF-Bl-induced connective tissue (Frazier and
Grotendorst, 1997). On the other hand, TGF-f is also able to mediate the production of
enzymes that degrade the ECM, allowing cancer cells to invade the ECM and
metastasise (Elliott and Blobe, 2005). For example, Safina et al. (2007) found that TGF-$
stimulates MMP-dependent degradation of the ECM at the cell-matrix focal contacts of
breast cancer MDA-MB-231 cells (Safina, Vandette and Bakin, 2007).
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TGF-f signals by binding to three high-affinity TGF-f cell-surface receptors: types I, II,
and III. TGFBRIII (type III receptors) are the most abundant type and they bind TGF-$
and transfer it to its signaling receptors, type I and II receptors (TGFBRI and TGFBRII,
respectively) (Blobe, Schiemann and Lodish, 2000). TGFBRI and TGFBRII are
serine/threonine kinases, and once TGF-B binds to a receptor, TGFBRII recruits, binds
and transphosphorylates TGFBRI which then phosphorylates cytoplasmic proteins,
Smad2 and Smad3. The activated Smad2/3 then form complexes with Smad4, which
translocates to the nucleus and binds to chromatin to regulate expression of genes
involved in the regulation of cell proliferation, differentiation, apoptosis and cell

migration (Fig. 3.1).

TGF-B signaling can also act through receptors that activate alternative signaling
effectors, such as MAPK, phosphoinositide 3-kinase and small GTPases of the Rho
family. These signaling molecules then contribute to regulation of genes controlling,
amongst other cellular processes, cell motility, apoptosis and metastasis-promoting

EMT (Blobe, Schiemann and Lodish, 2000; Moustakas and Heldin, 2007).
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Figure 3.1: Smad-dependent TGF-p signaling mechanism. TGF-B ligand binds to
either TGFBRII or TGFBRIIL If TGF-$ binds to TGFBRIIL, this receptor presents the
ligand to TGFBRII. This then leads to TGFBRI binding to the complex, which causes
transphosphorylation of TGFBRI. Phosphorylation (red spheres) of TGFBRI activates its
protein kinase , which then phosphorylates the transcription factor Smad2 or Smad3.
Smad4 then binds to phosphorylated Smad2/3, and the resulting complex moves from
the cytoplasm into the nucleus. The nuclear Smad complex associates with various
other transcription factors to regulate the transcription of TGF-B-responsive genes.
Smad6 and Smad? function to inhibit the phosphorylation of Smad2/3 by TGFpRI
(taken from Blobe et al., 2000).
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TGF-f mediates EMT by upregulating the expression of the EMT master regulator,
Snail, which belongs to the Snail family of transcription factors. This family consists of
Snail, Snai2 and Snai3 (also known as Snail, Slug and Smuc, respectively). They have a
highly conserved carboxy-terminal region, containing four to six C2Hz type zinc fingers,
and an amino-terminal region with a SNAG domain (Fig. 3.2). The zinc fingers function
as the DNA-binding domains that recognise a sequence-specific consensus E-box:
C/A(CAGGTG). The SNAG domain is the repressor domain and is evolutionarily
conserved (Schwab, 2011). In addition, Snail has a nuclear localisation signal located

within the zinc finger region (Lee and Shen, 2012).

DNA binding
snair ) T ] u-,-]
SNAG Zn fingers

Figure 3.2: Diagram of the main structural features of Snail. The DNA-binding
domain is made up of four zinc finger motifs and the dotted box indicates the presence
of a fifth zing finger in Snaill protein in some invertebrates. The SNAG domain
represses gene expression. Domains specific to Snail are a destruction box (DB) which
mediates ubiquitylation and subsequent proteolysis of Snail and the nuclear export

signal (NES) which mediates nuclear export of Snail (taken from Schwab, 2011).

Snail activates EMT during development, fibrosis and cancer (Naber ef al., 2013) and is
the focus of this study. The significance of Snail as a master regulator of EMT in cancer
has been shown through Snail silencing, which leads to inhibition of tumour growth
and metastasis (Kudo-Saito et al., 2009). Snai2 also functions to suppress epithelial
markers and activate mesenchymal genes, although it has a lower affinity for the Snail
consensus binding site than Snail (De Craene et al., 2005; Schwab, 2011). Snai3 is a novel

member of the Snail family and regulates basic helix-loop-helix transcription factors by
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controlling differentiation processes through the competition of zinc finger domains for

E-box binding (Kataoka et al., 2000).

Snail-induced EMT involves a complex genetic programme that results in the
downregulation of epithelial genes, such as E-cadherin (Lamouille, Xu and Derynck,
2014) and the upregulation of mesenchymal and migratory genes such as the
cytoskeletal protein, vimentin (De Craene et al., 2005; Schwab, 2011). Snail-mediated
gene repression involves the recruitment of specific co-repressor complexes, and
HDAC1 and HDAC2 to gene promoter regions (Peinado et al., 2004; Lee and Shen,
2012). Snail is also able to recruit histone and DNA methylases to mediate epigenetic
silencing of target genes (Schwab, 2011). On the other hand, Snail has also been found
to upregulate gene expression by recruitment of differential transcriptional machinery
and chromatin remodeling complexes (Lee and Shen, 2012). Vetter et al. (2009) found
that morphological changes that occur in cells as a result of EMT, such as mesenchymal
properties (flattening of cells and loss of cell-cell contacts), were visible within a time
frame of 12-24 hours after Snail expression. Snail was expressed as early as 4 hours
after induction by removing tetracycline from cell culture medium. Before 12 hours
post-induction of Snail expression, transcriptional modifications that trigger EMT occur
and precede phenotypic change (Vetter et al., 2009). Expression of Snail in E-cadherin
positive cells was found to induce expression of mesenchymal markers such as

fibronectin and vimentin (Lee and Shen, 2012).

Epithelial cells arrange in layers of cells, tightly connected, laterally, by adherens
junctions, desmosomes, tight junctions and gap junctions. The position of epithelial cells
is maintained by their anchoring to the BM, ensuring that the cells can only migrate
laterally along the basal surface, preventing them from entering the ECM. Additionally,
the apical-basal polarity of epithelial is established through association with the BM and
BM production and assembly is disrupted when cancer cells metastasise (Yang and
Weinberg, 2008). Snail also promotes EMT by affecting cell adhesion; Snail-expressing

cells downregulate E-cadherin, migrate and become invasive through changes in their
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cytoskeleton and the induction of MMPs (Barrallo-Gimeno, 2005). Haraguchi et al.
(2008) found that exogenous expression of Snail in epithelial MDCK and A431 cells
enhanced trypsin-induced cell detachment from the ECM; suggesting that Snail affects
cell-to-ECM adhesion possibly through alteration of ECM components in the BM,
secreted by the cells (Haraguchi et al., 2008). Furthermore, a reduction in collagen IV
(the main constituent of the BM) in Snail-expressing MDCK cells, leads to increased
detachment (Haraguchi et al., 2008). Perhaps the reduction of collagen IV in Snail
expressing cells may be mediated by downregulation of PXDN expression by Snail

since PXDN has been shown to consolidate collagen IV protomers (Bhave et al., 2012).

In this chapter, we aimed to determine if there is a link between PXDN and TGF-f1-
mediated EMT in Hela and SiHa cells. To this end, we first established whether or not
HeLa and SiHa cells undergo EMT in the presence of TGF-f1. We then investigated if
PXDN expression changes in response to TGF-B1 exposure. Finally, since Snail is the
main transcription factor regulating TGF-fl-induced EMT, we sought to determine if

Snail regulates PXDN expression.
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3.2. Methodology

Objective 1: Determine if PXDN is a feature of TGF-pl-induced EMT in HelLa and SiHa

cervical carcinoma cells.

For TGF-B1 treatments, cells were cultured in low serum (1% FBS) overnight followed

by the addition of 5 ng/ml TGF-p1 (recombinant human expressed in CHO cells) for 24

or 48 hours (as described in section 2.8. pg 40).

l.

Observe EMT phenotype in response to TGF-f1 through changes in cell
morphology.

Changes in cell morphology were observed by DIC microscopy as described in
section 2.9. pg 41.

Briefly, cells were seeded on coverslips and treated with TGF-B1. The live cells

were visualised on an Olympus BX63 microscope at 400x magnification.

Confirm EMT induction by TGF-B1 through EMT marker expression and cellular
localisation, namely Snail, E-cadherin, and vimentin.

Changes in expression of EMT markers were quantified by western blot as
described in section 2.7. pg 35.

Briefly, cells were seeded and treated with TGF-B1. Cells were lysed and total
protein concentration determined by Bradford or Bramhall assays. Proteins were
denatured under reducing conditions, resolved by SDS-PAGE and transferred to
PVDF membrane. The membrane was incubated with Snail, E-cadherin and
vimentin primary antibodies. Membrane bound primary antibodies were
detected by HRP-conjugated secondary antibodies. In the presence of a substrate,
the HRP emits light, which is captured on X-ray film, and the film developed.
The bands on the X-ray film were then quantified and equalised against a B-actin
band of known concentration.

Changes in cellular localisation of EMT markers were observed by IF
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1ii.

microscopy, as described in section 2.11. pg 42.

Briefly, cells were seeded on coverslips and treated with TGF-B1. Cells were
fixed with formaldehyde and cell membranes were permeabilised in 0.25 %
Triton X-100. Non-specific sites were blocked with 0.5% BSA before incubating in
primary antibody (Snail, E-cadherin or vimentin). Coverslips were then
incubated in the corresponding HRP-conjugated secondary antibody. Coverslips

were incubated in DAPI before mounting onto slides, sealing and visualising.

Investigate changes in PXDN expression and cellular localisation in response to
TGF-B1 treatment.

Changes in PXDN expression and localisation were determined by western blot
and IF microscopy, respectively, as described above for EMT markers. The
exception to PXDN protein quantification was that PXDN was first
immunoprecipitated before western blot, as described in section 2.10. pg 41.
Briefly, cells were lysed in native lysis buffer and protein quantified by Bradford
method. Anti-PXDN antibody was added to total protein lysates, and left
rotating overnight. Samples were then rotated for four hours at after the addition
of protein A/G-plus agarose beads. Beads were heated to 100 °C in denaturing
protein loading buffer. The supernatant was removed and electrophoresed in a
4-8% SDS-PAGE, electroblotted onto PVDF membrane and detected by

chemiluminescence, as described in section 2.7.3. pg 38.

Objective 2: Investigate whether the Snail transcription factor plays a role in regulating

PXDN gene expression.
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Design a Snail over expression vector and confirm functional vector by Sanger
sequencing and IF microscopy.
A Snail overexpression vector was designed and constructed as described in

section 2.13. pg 48.



l.

1ii.

The Snail coding region was inserted into the mammalian expression vector,
pcDNAS3.1. Briefly, total RNA was isolated from HeLa cells using the Trizol®
and phenol/chloroform method. Then mRNA was converted to cDNA and the
full-length Snail coding region was amplified by PCR. This Snail insert was
purified from the PCR mix, quantified, then both vector and DNA insert were
restricted by an EcoRV/Nhel double-digestion reaction and subsequently
ligated. Recombinant constructs were transformed into E.coli JM109 cells using a
chemical transformation method and colonies selected by ampicillin resistance.
Recombinant vectors were isolated from E.coli and Sanger sequencing was used
to confirm the nucleotide sequence and orientation of the DNA insert in the
vector.

Confirmation of functional vector was by transfection of HelLa and SiHa cells

followed by IF microscopy, as previously described above in section 2.11. pg 42.

Observe the effect of Snail overexpression on PXDN expression and cellular
localisation.

After transfecting cells with Snail overexpression vector, changes in PXDN
cellular localisation were observed by IF microscopy, as previously described

above and in section 2.11. pg 41.

Identify whether TGF-B1 causes Snail to interact with the PXDN promoter.

The interaction of Snail with the PXDN promoter region was achieved through
ChIP as described in section 2.12. pg 43.

Briefly, cells were seeded and treated with TGF-f1, as previously described.
Protein-DNA interactions were cross-linked by adding formaldehyde to the
culture medium, which was quenched by the subsequent addition of glycine.
Cells were lysed and sonicated to shear chromatin. Genomic DNA was extracted
by phenol-chloroform extraction method and quantified. DNA was pre-cleared
with protein A/G plus agarose and after collection of the supernatant, anti-Snail

antibody was added. Protein A/G plus agarose beads were then added to the
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iv.
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immunocomplexes with subsequent pelleting of beads. DNA was eluted from
beads and protein-DNA cross-links were reversed before digesting protein. DNA
was eluted and analysed by PCR, with primers designed for each of the PXDN
and E-cadherin gene promoter regions with and without Snail E-box binding

sites.

Determine the effects of Snail overexpression on driving PXDN gene expression.
The effect of TGF-f1 and Snail overexpression on driving PXDN gene expression
was investigated by luciferase reporter assay as described in section 2.14. pg 50.

Briefly, two regions of the PXDN promoter, with and without putative Snail E-
boxes were selected and engineered into a luciferase vector. In the same manner,
luciferase reporter vectors of the E-cadherin promoter were designed. Sanger
sequencing confirmed the recombinant vector sequences prior to transfections.
Cells were either treated with TGF-f1 or co-transfected with pcDNA-Snail and
the PXDN or E-cadherin luciferase vectors. After 24 hours luciferase reagent was
added and the cell solution was transferred to a luciferase plate and

luminescence quantified.



3.3. Results

3.3.1. TGF-p1 induces epithelial-to-mesenchymal transition and

decreases peroxidasin expression in HeLa and SiHa cell lines

We first determined the effect of TGF-B1 treatment on EMT induction in HelLa and SiHa
cervical carcinoma cells. EMT is characterised by the loss of the epithelial, and
acquisition of a mesenchymal, phenotype. Morphologically this involves less cell-to-cell
contacts with cells having a cobblestone-like appearance (Kalluri and Weinberg, 2009).
We showed that TGF-f1 caused these morphological changes in both HeLa and SiHa
cells (Fig. 3.3).

Untreated 24hr TGF-B1 48hr TGF-B81

SiHa

Figure 3.3: The morphology of TGF-p1-treated HeLa and SiHa cells. Morphological
changes following treatment of cells with TGF-B1 for 48 hours depict long fibroblast-
like features (indicated by arrows) and loss of cell-cell contacts. Cells were visualised on

an Olympus BX63 microscope at 400x magnification.

These morphological changes are usually accompanied by modified expression of

various EMT markers, including decreased expression of E-cadherin, which is a
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classical marker of the epithelial phenotype (Cano et al., 2000) and increased expression
of Snail and vimentin (Huber, Kraut and Beug, 2005), which reflect the mesenchymal
properties of cells undergoing EMT. To assess these, together with looking at the effect
of TGF-B1 on PXDN expression, we looked at the level of PXDN, Snail, E-cadherin and
vimentin, by western blotting and IF microscopy. First, by western blot, we quantified
the changes in expression levels of PXDN and the EMT markers Snail, E-cadherin and
vimentin in response to TGF-f1 treatment over 24 and 48 hours. Interestingly, TGF-f1
treatment resulted in significantly decreased expression of PXDN in HelLa cells by 26%
to 74 £ 10.5% after 24 hours, relative to untreated cells. A similar trend of decreased
PXDN expression was observed after 48 hours exposure to TGF-f1 with PXDN
expression decreased by 28% to 72% + 17.9%, relative to untreated cells, although this
was not statistically significant (Fig. 3.4A). As expected, in response to TGF-f1
treatment, Snail expression in HeLa cells increased by 38% to 138 + 16.1%, relative to
untreated cells, at 24 hours then decreased (not statistically significant) to untreated
levels by 48 hours (Fig. 3.4A). As expected in cells undergoing TGF-B1-induced EMT,
we found that E-cadherin expression decreased in response to TGF-f1, to 57 £ 9.6% and
35 + 12.4%, relative to untreated cells, over 24 and 48 hours, respectively in HelLa cells.
Vimentin, which acts as a marker for the mesenchymal phenotype, showed increased
protein expression by ~22% (123 £ 15.2% at 24 hours and 121 +7.2% at 48 hours relative
to untreated control) over 48 hours (Fig. 3.4A).

We also used IF microscopy to determine the localisation, and changes thereof, of the
proteins of interest and this confirmed that cells treated with TGF-f1 over 48 hours
showed reduced PXDN expression in HeLa cells (Fig. 3.4B), which is in agreement with
the western blotting results. IF microscopy results showed that PXDN expression and
localisation is more organised and defined in HeLa cells. We also saw the expected
increase in Snail expression (Fig. 3.4B) with distinct nuclear localisation being apparent
in HeLa cells. Accordingly, with the increase in Snail expression when cells undergo
TGF-Bl-induced EMT, E-cadherin was decreased and vimentin expression was

increased in their respective cellular locations (Fig. 3.4B).
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Figure 3.4: PXDN and EMT marker expression in response to TGF-f1 in HeLa cells,
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over 24 and 48 hours. A) Western blot analysis of the effect of TGF-f1 showed PXDN
expression decreased significantly after 24 hours. As expected, Snail expression
increased in response to TGF-B1 treatment; with a concomitant decrease in E-cadherin
and increase in vimentin expression (B-actin was used as a loading control; n = 3 + SD)
Significance stars represent p-values compared to untreated cells, all other comparisons
between treatments were not significant. B). IF microscopy of protein localisation in
response to TGF-Bl-induced EMT showed PXDN expression was reduced with a
disruption in organisation of PXDN in the extracellular environment. There was
increased nuclear translocation of Snail with reduced E-cadherin and increased
vimentin, over 24 and 48 hours. Nuclei were counterstained with DAPI (630x

magnification; scale bar = 20 pm).
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In SiHa cells, PXDN expression decreased to 75 + 2.9% at 24 hours and 53 + 10.6% at 48
hours, relative to untreated cells (Fig. 3.5A). As expected, in response to TGF-f1
treatment, Snail expression increased to 146 + 9.2 % and 109 £ 1.1% at 24 and 48 hours,
respectively, relative to untreated cells (Fig. 3.5A). As expected in cells undergoing
TGEF-Bl-induced EMT, we found that E-cadherin expression decreased in response to
TGF-f1, to 71 £ 12.9% and 54 *+ 4.4%, at 24 and 48 hours, respectively, relative to
untreated cells (Fig. 3.5A). Vimentin, a marker for the mesenchymal phenotype, showed
increased protein expression to 127 + 13.5% and 142 + 8.9% over 24 and 48 hours,
respectively, relative to untreated cells (Fig. 3.5A).

IF microscopy also showed that SiHa cells treated with TGF-B1 over 48 hours have
reduced PXDN expression (Fig. 3.5B), which is in agreement with the western blotting
results. PXDN expression and localisation is less organised and defined in SiHa cells
when compared to the distribution pattern in HeLa cells. We also saw the expected
increase in Snail expression (Fig. 3.5B) although nuclear localisation was less apparent
in SiHa cells when compared to HeLa cells. Accordingly, with the increase in Snail
expression when cells undergo TGF-B1-induced EMT, E-cadherin was decreased and

vimentin expression was increased in their respective cellular locations (Fig. 3.5B).
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Figure 3.5: PXDN and EMT marker expression in response to TGF-p1 in SiHa cells,
over 24 and 48 hours. A) Western blot analysis of the effect of TGF-f1 on protein
expression of PXDN and EMT markers Snail, E- cadherin, vimentin. PXDN expression
decreased over this time period. Snail and vimentin expression increased while E-
cadherin expression decreased (B-actin was used as a loading control; n = 3 + SD).
Significance stars represent p-values compared to untreated cells, all other comparisons
between treatments were not significant. B) IF microscopy of protein localisation in
response to TGF-Bl-induced EMT. TGF-B1 treatment showed PXDN expression was
reduced with a disruption in organisation of PXDN in the extracellular environment.
There was increased nuclear translocation of Snail with reduced E-cadherin and
increased vimentin, over 24 and 48 hours. Nuclei were counterstained with DAPI (630x
magnification; scale bar = 20 pm).
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3.3.2. Snail binds to the peroxidasin promoter in TGF-p1-treated HeLa
and SiHa cells

ChIP is a technique used to identify DNA associated with specific proteins. In order to
investigate whether Snail is involved in TGEF-Bl-induced regulation of PXDN, we
performed ChIP-PCR to establish if Snail binds to the PXDN promoter in response to
TGF-B1. This was achieved by immunoprecipitating Snail-bound DNA after treating
cells with TGF-B1. Snail is known to interact with E-boxes in target gene promoters,
which have the consensus sequence CANNTG. Through a manual search of the PXDN
promoter region, we identified that PXDN contains three such E-boxes proximal to the
transcription start site (Fig. 2.1). As such, for the ChIP-PCR analysis, Snail-bound DNA
immunoprecipitated from TGF-f1-treated HelLa and SiHa cells was amplified by PCR
using primers specific to two regions of the PXDN promoter region; one set that
amplified across the putative Snail binding sites (PXDNSmil*) and one that amplified a
region with no E-boxes (PXDN5rail-) (Fig. 2.1). The E-cadherin#l* promoter region was
used as a positive control for TGF-B1-induced Snail binding to DNA, as this interaction
has previously been well established (Peinado, Quintanilla and Cano, 2003; Lamouille,

Xu and Derynck, 2014).

In both cell lines, amplification of the PXDNSrail* region of the promoter was seen in
TGF-B1 treated cells only (Fig. 3.6A). In both cell lines, the E-cadherinSail* promoter
region was positive for PCR products with TGF-f1 treatment (Fig. 3.6B). Primer sets
designed to flank the PXDN5nail-and E-cadherinS@il- promoter regions were negative by
PCR, indicating that Snail was not bound to these DNA regions and therefore did not
immunoprecipitate during ChIP, as expected (Fig. 3.6). PCR on input DNA, which had
not been processed by immunoprecipitation, confirmed the presence of the target DNA
sequences in the genomic DNA and the successful PCR for each primer set (Fig. 3.6).
The negative control containing only the protein A/G agarose beads gave no PCR
products indicating that there was no non-specific binding of DNA to the beads,
therefore all precipitated DNA was bound to cellular protein and not to the beads.
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Figure 3.6: ChIP-PCR analysis of the Snail bound regions of PXDN promoter after
TGEF-p1 treatment of HeLa and SiHa cells. Cells were treated with TGF-B1 for 24 hours
and Snail-bound DNA was immunoprecipitated and used as template for PCR. A) PCR
was conducted with primers spanning across Snail E-box binding sites (PXDNSrail*) and
regions without Snail binding sites (PXDNSnail-). PCR products were generated for the
PXDN?nail* region when cells were exposed to TGF-f1 treatment. B) E-cadherinsrail* and
E-cadherin®mail-promoter primers were used as a positive and negative control for Snail

binding. Results represent three independent experiments.
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3.3.3. Snail represses peroxidasin expression

We conducted luciferase reporter assays to ascertain whether Snail repressed PXDN
expression by directly binding to Snail E-box binding sites within the PXDN gene
promoter. To achieve this, we cloned two regions of the PXDN promoter either with or
without the Snail consensus E-boxes, PXDN Snail* and PXDN Snail- respectively, into the
luciferase gene reporter vector pGL4.10. Similarly, luciferase reporter gene constructs
were generated for E-cadherin®wil* and E-cadherinSrail- regions, to serve as positive
controls for the down-regulation of expression by Snail. Luciferase assays were
conducted using HEK293 cells transiently transfected with each of the luciferase
reporter vectors (pGL4.10-PXDNSrail* pGL4.10-PXDNSnail-, pGL4.10-E-cadherinSrailt,
and pGL4.10-E-cadherin®ail-) and treated with TGF-B1. Furthermore, to conclude that
Snail is indeed directly responsible for PXDN gene repression through these putative
binding sites, we created a pcDNA-Snail over-expression vector that was used in co-
transfections with the aforementioned luciferase reporter constructs. In this way we
could determine the difference in Snail repression of PXDN expression in TGF-f1

treated cells and in cells where Snail is over-expressed.

First, we tested and established the effect of Snail overexpression using the pcDNA-
Snail construct, on protein expression and localisation of PXDN, E-cadherin and
vimentin by confocal IF microscopy. HelLa and SiHa (Fig. 3.7) cells transfected with the
pcDNA-Snail vector cells exhibited protein expression patterns similar to those of TGF-
Bl-treated cells, in that E-cadherin and PXDN were downregulated with increased

Snail, while vimentin expression increased.
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Figure 3.7: The effect of Snail overexpression on PXDN and EMT markers, E-
cadherin and vimentin. Cells were grown on coverslips then transfected for 24 hours
with Snail expression vector, pcDNA-Snail. IF microscopy indicated that transiently
transfected cells exhibited an increase in Snail and vimentin expression and a decrease
in E-cadherin, as expected. Both cell lines showed a decrease in PXDN with Snail

overexpression (630x magnification, scale bar = 20 pm).

Once we had established that the Snail overexpression could induce EMT-markers, we
performed the luciferase reporter assays. In TGF-f1-treated cells, luciferase expression
from the PXDNSrail* promoter region (pGL4.10-PXDNSrail*) was reduced significantly
to 33 + 5.9% compared to untransfected, untreated cells (Fig. 3.8A). Similarly, co-
transfection of HEK293 cells with pcDNA-Snail and pGL4.10-PXDN®Srail* resulted in a

71% decrease in relative light units as an indication of luciferase reporter gene
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expression and 29 + 51% compared to untransfected cells (Fig. 3.8A). For the E-
cadherin control, pGL4.10-E-cadherinSrail* with TGF-f1 gave a 79% reduction to 21 *
1.1%, relative to untreated, untransfected cells, and pcDNA-Snail co-transfected cells
showed a 94% decrease in luciferase reporter gene expression to 6 + 0.8%, relative to
untransfected cells (Fig. 3.8B). Regions of both PXDN and E-cadherin promoters that do
not contain E-boxes (pGL4.10-PXDN®rail-and pGL4.10-E-cadherin®i) did not show any
significant changes in luciferase reporter activity with TGF-f1, treatment. Co-
transfection with pcDNA-Snail decreased luciferase reporter activity to 69 + 0.3% for
PXDNSnail- and 96 + 3.6% for E-cadherinSnail-, relative to untreated and untransfected

cells (Fig. 3.8).
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Figure 3.8: PXDN expression decreases in response to Snail overexpression.
Luciferase reporter assay for regulation of PXDN expression by Snail shows that Snail
downregulates PXDN expression. PXDN promoter regions, with and without Snail E-
boxes were ligated into pGL4.10 luciferase vector (pGL4.10-PXDNSrail* and pGL4.10-
PXDNsnail- ) respectively) and transfected into HEK293 cells, either in the presence of
TGEF-B1 or co-transfected with Snail expression vector, pcDNA-Snail. A) Snail binds to
the promoter region of PXDN to downregulate expression, while a Snail-null region of
the promoter shows no binding of Snail. B) E-cadherin promoter regions with
(pGL4.10-E-cadherin®il*) and without (pGL4.10-E-cadherin®@il-) Snail E-boxes were
used as positive and negative controls for Snail binding, respectively. Significance stars
represent p-values compared to untreated cells, all other comparisons between

treatments were not significant (n =3 £ SD.)
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3.4. Discussion

In this chapter, using the cervical carcinoma cell lines HelLa and SiHa, we sought to
determine if PXDN expression is modified during TGF-B1-induced EMT and ultimately
whether the EMT master regulator, Snail, regulates PXDN gene expression. We
investigated this by first observing any modifications to PXDN expression after
exposing HelLa and SiHa cells to TGF-f1, an EMT effector. We then considered that
PXDN might be regulated by the EMT master regulator, Snail transcription factor.

We first established that our model cells, the cervical carcinoma cell lines HelLa and
SiHa, undergo EMT when exposed to TGF-f1 over 48 hours, which is in line with
previously observed effects of TGF- 1 on HeLa and SiHa cells (Cheng and Hao, 2016).
In both cells lines PXDN expression was decreased at 24 and 48 hour time points, after
treating cells with 5 ng/ml of TGF-p1. We also observed changes in Snail expression in
these cells, and as expected, and expression of the EMT markers, E-cadherin and
vimentin were also affected by TGF-f1 accordingly. In both cell lines, Snail expression
increased the most 24 hours after treatment, with levels returning to just above normal
after 48 hours. This pattern is not surprising since Snail expression has more recently
been determined to act over a shorter time period than previously thought, although
the downstream effects of Snail are longer lasting (Vetter et al.,, 2009). Predicted
expression of Snail targets, E-cadherin and vimentin, was observed, with E-cadherin
expression decreased and vimentin increased (Soini et al., 2011). This agrees with
previous findings that show TGF-f1 leads to decreased E-cadherin and promotes an
EMT phenotype in HelLa and SiHa cells (Yi et al., 2002; Kloth et al., 2005; Cheng and
Hao, 2016). IF microscopy results were in agreement with the western blotting results
and together confirmed that PXDN expression is decreased in the presence of TGF-f1 in
these cells during TGF-p1-induced EMT.

In line with our hypothesis, we expected and found that PXDN decreases upon EMT
induction. Since PXDN has being found to consolidate collagen IV and possibly other
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ECM proteins (Bhave et al., 2012), we hypothesised that during type 3 EMT that occurs
in cancer, PXDN would decrease. This is because PXDN consolidates collagen IV in the
BM and the BM functions to stabilise epithelium to connective tissue. In cancer cells
undergoing EMT for the purposes of metastasis, for example, cells would need to
detach from the primary tumour, which would require disrupting the BM. In this
instance PXDN expression would be downregulated since there would be less need for
BM consolidation. Additionally, when metastasising cells reach the secondary tumour
site and undergo MET in order to establish at the secondary tumour site, PXDN
expression may then be restored or overexpressed in order to establish the tumour cells
at the new site. The precise roles of PXDN in cancer are as yet unclear and, perhaps
unsurprisingly, there does not seem to be a consistent and established pattern of
modification of PXDN expression. Some studies have found an upregulation in PXDN
while others show a downregulation in gene expression (Castronovo et al., 2006;
Desmond et al., 2007; Péterfi et al., 2009; Liu et al., 2010; Tauber et al., 2010; Bai et al.,
2011; Barnett et al., 2012; Young et al., 2015; Jayachandran et al., 2016). For example,
PXDN expression is highly upregulated in androgen refractory cancer of the prostate
(ARCaP) cells stably transfected with constitutively active Snail cDNA (Barnett et al.,
2012); in mesenchymal-like melanoma cells (Jayachandran et al., 2016) and in malignant
primary glial and secondary metastatic brain tumours (Liu et al., 2010). PXDN was also
found to be differentially expressed in breast cancer cell lines where PIK3CA (the gene
encoding the pll0o catalytic subunit of phosphoinositide 3-kinase) was mutated
(Young et al., 2015). Although these mutations are present in all breast cancer subtypes,
Young et al. (2015) found that even within the basal or luminal subtypes, expression
differed significantly from highly expressed to not at all. PXDN was also found to be
overexpressed in a choriocarcinoma cell line stably expressing the adhesion molecule,
HO-1 (Tauber et al., 2010). On the other hand, expression of PXDN was significantly
deceased in a subset of AML patients and PXDN was therefore thought to be a tumour
suppressor, which is epigenetically silenced by methylation (Desmond et al., 2007).
These differences in expression could be attributed to the type and stage of cancer,

which is not unusual. In addition, the reverse process of EMT, were cells undergo MET,
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must also be considered. Therefore, the changes in PXDN expression could also quite

possibly be attributed to MET.

Although several transcription factors are required for TGF-B1-induced EMT, Snail is
considered the master regulator of this process (Cano et al., 2000; Barbera et al., 2004;
Naber et al., 2013). Although conventionally understood to act as a transcriptional
repressor by recruiting HDACs to target gene promoters, such as E-cadherin (Cano et al.,
2000; Peinado et al., 2004), Snail has also been found to upregulate expression of genes
that favour the mesenchymal phenotype (Miyoshi et al., 2005). Our ChIP-PCR results
showed that in the presence of TGF-f1, Snail binds to the PXDN promoter region. We
then determined that Snail causes repression from the PXDN promoter, through
luciferase reporter assays. Since TGF-B1 is able to activate several transcription factors,
we further confirmed the ability of Snail to downregulate PXDN expression by the use
of a Snail overexpression vector. We showed that TGF-f1 treatment represses luciferase
reporter gene expression from the PXDN promoter, and that this repression is mostly
likely mediated by Snail, since a similar level of repression was observed in pcDNA-
Snail co-transfected cells. Furthermore, cells transfected with the Snail expression

vector show decreased expression of PXDN by IF microscopy.

Snail regulated genes usually contain more than one Snail E-box proximal to the
transcription start site (Beach et al., 2008; Whiteman et al., 2008). In the PXDN promoter
region we identified three such E-boxes proximal to the transcription start site (Fig. 2.1,
pg 47). Whilst it has not yet been determined why multiple sites exist for Snail binding,
Batlle et al. (2000) found that mutation of one or several of these sites still confers the
ability to repress gene expression via Snail; only when all sites were mutated was there
no regulation by Snail of the target genes. The scope of our study did not extend to
whether Snail binds to all three E-boxes and which of these are more integral to Snail
regulation of PXDN expression. Further studies may determine the importance of each

E-box and the level to which each is responsible for regulating PXDN expression.
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Chapter 4: The functional role of peroxidasin in EMT

4.1. Introduction

The ECM is a major component of tumour stroma and is a key regulator of cell and
tissue function (Fang et al., 2014). It provides a physical scaffold for cell adhesion and
migration. Proteolysis of the ECM regulates cellular migration by modifying the
structure of the ECM scaffold and is therefore tightly controlled in normal tissues but

usually deregulated in tumours (Egeblad, Rasch and Weaver, 2010).

A specialised form of ECM lining epithelial sheets and blood vessels is the BM and is
composed predominantly of collagen IV, laminin and proteoglycans (Petitclerc et al.,
2000). The BM is found at the basal surface of epithelial and endothelial cells and plays
an important role in cell adhesion, proliferation, migration and tumour angiogenesis
and is essential for tissue polarity (Fang et al., 2013). The BM promotes adhesion and
motility of various normal and also tumour cells and is the first barrier that cells must
traverse to undergo metastasis and as such, acts as a physical barrier that prevents

cancer invasion (Cortes-Reynosa et al., 2008).

In cancer cells, the balance of degrading and re-depositing the tumour stroma is broken
and this can actively induce and allow for EMT of cancer cells (Fang et al., 2013). The
BM defines the tumour microenvironment and provides significant host-derived
regulatory signals during progression of tumour growth and metastasis (Tanjore and
Kalluri, 2006). PXDN stabilises the BM by reinforcing the collagen IV network (Bhave et
al.,, 2012) and catalyzing dityrosine formation and consequently promoting ECM
protein cross-linking (Cheng et al., 2011). Therefore, the significance of PXDN may be
reflected in the diverse and essential functions of collagen IV, the BM and the ECM.
Collagen 1V is the major component of BM, therefore, the destabilisation of collagen IV

may be an important prerequisite for cancer invasion and metastasis (Fang et al., 2013).
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Collagen IV is the most abundant constituent of the ECM and is considered to account
for the major function of the ECM (Fang et al., 2014). Collagen IV belongs to the larger
group of collagens, which are highly abundant in humans, accounting for one-third of
total proteins. The collagen superfamily consists of 28 different types and type IV
collagen is a unique in that it only occurs in the BM. Collagen IV comprises six
genetically distinct o-chains, a1(IV) to a6(IV). The interaction of these chains is very
specific and they assemble to form only three distinct heterotrimers (alola2, a3a4ab,
and a5a506). The al1(IV) and a2(IV) chains, are present in the BM of all tissues, and
a3(IV) - o6(IV) are restricted in their tissue distribution during development

(Khoshnoodi, Pedchenko and Hudson, 2008).

Collagen IV (ol1) is downregulated in all 3 types of EMT (Zeisberg and Neilson, 2009)
and changes in the deposition of collagen can be associated with increased malignancy
(Fang et al., 2014). During cancer invasion, structural changes that remodel the ECM
occur in the tumour stroma, including degradation, re-depositing, cross-linking and
stiffening of collagens (Khoshnoodi, Pedchenko and Hudson, 2008; Fang et al., 2014).
This results in a reorganised microenvironment to promote tumour progression by
destabilising cell polarity and cell-cell adhesions. The morphological changes are
characterised by linearisation of interstitial collagens at the tumour invasion front,
which affects cellular processes such as gene expression, cell differentiation,
proliferation, migration and responses to cancer treatments (Fang et al., 2014). In
cervical carcinoma, collagen IV shows a loose and stratified structure constraining
tumour nests, with many obscure collagen fragments distributed discretely at the site of
the BM (Fang et al., 2013). Collagen IV may play a direct role in the adhesion, migration,
and invasion of tumour cells since tumour cell adhesion to the BM is critical in invasion
(Chelberg et al., 1989). For example, Xu et al. (2006) found ECM protein remodeling in
non-small cell lung carcinoma (NSCLC), with collagen IV highly expressed in NSCLC
stroma and increased cell adhesion of NSCLC (Xu et al., 2006).
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During malignant transformation, tumour cells are able to secrete signaling molecules,
such as TGF-f1, that disrupt normal tissue architecture (Tanjore and Kalluri, 2006).
Although TGF-B1 plays a role in regulating BM integrity, there is a threshold at which
increased TGF-B1 causes discontinuous BM formation, despite increased expression of
the BM component molecules (Stahl and Felsen, 2001). MMPs are also upregulated in
cancer, in both cells of the tumour and those of the tumour microenvironment, and are
responsible for loss of BM architecture (Tanjore and Kalluri, 2006). MMPs play an
essential role in the destruction of collagen IV in the BM (Fang et al., 2013) and TGF-1
upregulates expression of type IV collagenases, MMP-2 and MMP-4 (Stahl and Felsen,
2001). MMP-2 mediates the proteolytic alteration of collagen IV and this significantly
positively impacts the migration of transdifferentiated cells (Stahl and Felsen, 2001).
Interestingly, peroxidases such as MPO and EPO have been found to upregulate
expression of MMPs (Davies et al., 2008; Panagopoulos et al., 2017). HOCl and HOBr
produced by peroxidases can activate the inactive pro-forms of MMPs via the
conversion of a key cysteine residue in the cysteine switch domain of pro-MMP-7 to a
sulfinic acid derivative (Davies et al., 2008). Therefore, as a peroxidase, PXDN may also

reorganise the ECM by producing HOX that upregulate expression of MMPs.

Collagens are also essential for tumour angiogenesis. The formation and survival of
blood vessels are vitally connected with the proper synthesis and deposition of collagen
at the BM, since inhibition of collagen metabolism has been demonstrated to have anti-
angiogenic effects (Maragoudakis et al.,, 1993). Collagen IV is synthesised during
angiogenesis and is deposited around endothelial cells and pericytes, which may
explain the high expression of PXDN in vasculature (Liu et al.,, 2010) and could be
considered as a marker of angiogenic activity (Ohlund et al., 2013). Type IV collagen can
therefore either promote or inhibit endothelial cell growth and proliferation (Fang et al.,

2014).

Attachment to the BM is crucial for the survival and growth of epithelial cells. Cells

attach to the BM via integrins. Integrin receptors provide essential survival signals and

84



are critical in anchoring cells because apoptosis is initiated if epithelial cell loses contact
with the BM (Ohlund et al., 2013). Integrins are heterodimeric, transmembrane adhesion
receptors that bind to ligands including, collagens, laminins and fibronectin in the ECM
(Scanlon et al., 2013). Integrins mediate interactions between cells and the ECM by
making transmembrane connections between the cytoskeleton and the ECM. When
integrins bind to ligands, signaling cascades are induced that affect cell polarity,
motility, survival, morphology, proliferation and differentiation (Scanlon et al., 2013).
In addition to the binding to the CB3 region of collagen IV, integrin receptors bind the
NC1 domain (Ohlund et al., 2013), the site of the sulfilimine bond catalysed by PXDN
(Bhave et al., 2012). Therefore it is possible that PXDN may play a role in attachment,
migration and invasion of tumour cells since the BM plays an essential role in the

tumour microenvironment.

In this chapter, our aim was to elucidate the role of PXDN in EMT by functional studies,
wherein PXDN expression was knocked down. We investigated the effect of PXDN
knockdown on morphology, proliferation, attachment characteristics, invasion ability
and migration of HelLa and SiHa cells. Determining the importance of PXDN in these
cellular activities may be significant in elucidating the role of PXDN in EMT of cancer

cells.
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4.2.

Methodology

Objective 3: Elucidate the role of PXDN in EMT by functional studies, wherein PXDN

expression is knocked down (silenced).

All functional assays were performed on:

l.

Cells in which PXDN expression was knocked down by transfecting cells with
MISSION® esiRNA Human PXDN as described in section 2.15. pg 52.

Cells were treated with TGF-B1 as described in section 2.8. pg 40.

Cells were silenced for PXDN expression and treated with TGF-B1 (also referred
to as siRNA/TGF-B1) as described in section 2.15. pg 52.

Transfection of control of cells was with MISSION® esiRNA Fluc as described in
section 2.15. pg 52.

Quantify PXDN expression levels in PXDN siRNA-transfected cells, TGF-f1
treated cells and siRNA-transfected cells concomitantly treated with TGF-f1.
ELISA was performed as described in section 2.16. pg 52.

Cells were seeded and treated as previously described. Cells were sonicated and
lysates were added to the wells of the ELISA plate and left to incubate before
detection reagent was added. After addition of the second detection reagent,
TMB substrate was added and following optimal colour development, the
reaction was stopped and absorbance at 450 nm measured. Total protein
concentration was determined by Bradford assay and the ELISA readings were

corrected accordingly.

Investigate the proliferation of cells by MTT assay, after knockdown of PXDN
expression.

MTT assay was performed as described in section 2.17, pg 54.

Briefly, cells were seeded and treated as previously described. Culture medium

was removed from wells and replaced with MTT solution. MTT solution was
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then removed without disturbing formazan crystals, which were dissolved with

DMSO and absorbance measured at 570 nm.

Observe changes in cell morphology and protein localisation after knocking
down PXDN expression.

DIC microscopy and IF microscopy were performed as described in section 2.9.
pg 41 and section 2.11. pg 42, respectively. Briefly, for DIC, cells were seeded on
coverslips and visualised as previously described. For IF microscopy, cells were
seeded on coverslips and treated. Cells were fixed onto coverslips with
formaldehyde and permeablised before blocking non-specific sites with BSA.
Cells were incubated in primary antibody overnight and then in secondary
antibody. After staining nuclei with DAPI, coverslips were mounted onto glass

slides, sealed and cells visualised.

Observe the effect of PXDN knock down on the attachment characteristics of
cells to tissue culture treated plates.

Cell attachment assay was performed as described in section 2.18, pg 54.

Briefly, cells were seeded and treated as previously described. After treatments,
cells were trypsinised and seeded in 96-well plates and attachment monitored at
four time points (15 minutes, 30 minutes, 45 minutes and 60 minutes).
Unattached cells were removed every 15 minutes for the relevant time points.
Fresh culture medium was added to cells for the remaining time (up to 60
minutes) at which time the MTT assay was performed as an indication of

number of attached cells.

Observe the effect of PXDN knock down on the invasion ability of cells by
invasion assay using reconstituted BM.

Invasion assays were performed as described in section 2.19. pg 55.

Briefly, the upper chamber of the permeable supports of a 96-well Corning® HTS
Transwell® plate were coated with ECM gel. Cells were then seeded in the upper



vi.

chamber on the ECM gel, in 10% FBS culture medium. The same culture medium
was added to the lower chamber and incubated overnight. The medium in the
upper chamber was changed to 1% FBS culture medium and cells were then
treated and transfected as previously described. Cells that had not invaded the
ECM gel were removed and cells in the lower chamber fixed with methanol and
stained with crystal violet solution. After washing off residual stain, the supports
were left to dry before dissolving crystal violet stain in acetic acid solution.

Absorbance was measured at 590 nm.

Observe the effect of PXDN knock down on migration ability of cells by scratch
assay.

Scratch assays was performed as described in section 2.20. pg 56.

Briefly, cells were seeded and treated as previously described. After 24 hours, a
p200 pipette tip was used to create a scratch in the cell monolayer. Scratch

closure was monitored by visualising cells at 12, 24 and 48 hours post scratch.
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4.3. Results

4.3.1. Peroxidasin expression is knocked down by transfection with

siRNA
We sought to elucidate the role of PXDN in HeLa and SiHa cells by observing changes
in EMT features of cells after knocking down PXDN expression by transient
transfection of cells with MISSION® esiRNA Human PXDN. The ELISA was used to
quantify the knock down of PXDN expression in PXDN siRNA-transfected cells, TGF-
B1 treated cells and PXDN siRNA-transfected cells treated with TGF-B1.

PXDN expression was decreased to 69 = 7.6% in HelLa cells transfected with PXDN
siRNA, relative to untreated cells. TGF-B1 treatment did not significantly affected
PXDN expression (decrease to 81 + 14.9%) and in siRNA/TGF-f1 cells PXDN
expression was also not significantly affected (decreased to 84 * 21.1%), relative to
untreated cells (Fig. 4.1A). HeLa cells transfected with negative control Fluc esiRNA
also did not show a significant change in PXDN expression (decrease to 80 + 20.6%),
relative to untreated cells (Fig. 4.1A). IF microscopy images also showed that PXDN
expression is knocked down to a different extent for transfection with siRNA and
treatment with TGF-B1 (Fig. 4.1B). Along with knockdown of PXDN in siRNA-
transfected cells, the localisation of PXDN protein was disrupted and lacked the pattern
seen in untreated cells. In siRNA/TGF-B1 treated cells, the distribution pattern of
PXDN was not as disrupted as in siRNA-transfected cells, even though PXDN
expression was lower. Background control of secondary antibody only showed a lack of

background fluorescence signal from non-specific binding (Fig. 4.1B).
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Figure 4.1: siRNA-mediated knockdown of PXDN expression in HeLa cells. PXDN
expression is knocked down after transient transfection of cells with siRNA, as
observed by A) ELISA and B) IF microscopy. The combination of transfecting HeLa
cells treated with TGF-B1 did not cause a significant decrease in PXDN expression.
Significance stars represent p-values compared to untreated cells, all other comparisons

between treatments were not significant (n = 3 + SD, scale bar = 20 pm).
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PXDN expression was also knocked down in SiHa cells transfected with PXDN siRNA,
PXDN expression decreased to 83 + 6.0%, relative to untreated cells. While PXDN
siRNA caused a larger decrease in PXDN expression than TGF-f1 in HeLa cells, the
opposite effect was seen in SiHa cells. TGF-f1 treatment of SiHa cells caused PXDN
expression to decrease to 64 + 16.5% relative to untreated cells, a 19% difference in the
decrease of PXDN expression than siRNA-mediated knock down. The combination of
siRNA transfection and TGF-p1 treatment knocked down PXDN expression to 72 *
14.5% in SiHa cells, relative to untreated cells (Fig. 4.2A). In SiHa cells, the negative
control siRNA (Fluc) had the opposite effect to that seen in HeLa cells, causing an
increase in PXDN expression of 31% to 131 + 17.0% when compared to untreated cells
(Fig 4.2A). IF microscopy images of siRNA-transfected and TGF-B1-treated SiHa cells
corroborate the ELISA results, in that PXDN expression is shown to be knocked down
in siRNA-transfected cells, with disruption of the cellular localisation and distribution
of PXDN in these cells. PXDN siRNA-transfected and siRNA /TGF-B1 cells show similar
patterns of PXDN localisation and cellular distribution, there is less PXDN
extracellularly and PXDN does not appear to localise to the ECM and cell-to-cell
contacts. The control, using the secondary antibody only, showed no non-specific

binding as seen from the lack of background fluorescence signal (Fig 4.2B).
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Figure 4.2: siRNA-mediated knockdown of PXDN expression in SiHa cells. PXDN
expression is knocked down after transient transfection of cells with siRNA, as
observed by A) ELISA and B) IF microscopy. In SiHa cells, TGF-1 decreased PXDN
expression more than transfection with PXDN siRNA. The combination of siRNA and
TGF-B1 resulted in a significant decrease in PXDN expression when compared to
untreated cells. Fluc esiRNA was used as a negative control. Significance stars represent
p-values compared to untreated cells, all other p-values of comparisons between

treatments were not significant (n = 3 + SD, scale bar = 20 pm).
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4.3.2. Knocking down peroxidasin expression alters the morphology of

Hela and SiHa cells

We sought to investigate if silencing PXDN expression in HeLa and SiHa cells would
affect the morphology of cells and cell-cell interactions. Untreated HeLa cells have a
slightly rounded shape, most especially when cells are in close contact with one
another. Single cells not tightly packed have projections extending towards other cells
in the vicinity. When PXDN expression was knocked down in HelLa cells, by
transfection with PXDN siRNA, the cells appeared smaller and less round and with
fewer cell-to-cell contacts. The HeLa cells developed projections extending out towards
other cells, when compared to untreated cells. Treating HelLa cells with TGF-p1
significantly decreased cell-to-cell contacts and a small number of cells retained their
rounded shape. In addition, a minor proportion of cells remained attached to the
coverslips compared to untreated and siRNA-transfected cells. When siRNA
transfection was combined with TGF-f1 treatment, almost all cell-to-cell contacts were

lost and cells appeared more stressed (Fig. 4.3).

Untreated SiHa cells have a less rounded morphology than HeLa cells, but can be as
tightly packed, without any projections. Transfecting SiHa cells with PXDN siRNA
resulted in reduced cell-to-cell contacts and a higher proportion of cells developed
tilopodia than untreated cells. Cells also began to form clusters rather than a monolayer
and there was a reduced number of cells in the dish, despite equal seeding density.
When SiHa cells were exposed to TGF-f1, as expected, cells formed even more clusters
than siRNA-transfected cells and became rounded. When siRNA transfection and TGF-
B1 treatment were combined, cells took on a combination of siRNA-transfection features
and TGF-f1-treatment features (Fig. 4.3). Overall, PXDN downregulation in HelLa and
SiHa cells alters the morphology of cells to a mesenchymal phenotype. HeLa and SiHa
cells transfected with control siRNA (Fluc) did not show altered cell morphology (Fig.
4.3).
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Figure 4.3: The morphology of HeLa and SiHa cells changes when PXDN expression
is knocked down. Knocking down PXDN expression by siRNA transfection, TGF-f1
treatment, and a combination of transfection and TGF-f1 treatment alters the
morphology of HeLa and SiHa cells. Cells were visualised on an Olympus BX63

microscope at 100x magnification (scale bar = 100 pm).
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4.3.3. Peroxidasin may contribute to the proliferation of HeLa and SiHa

cells

We performed an MTT assay to determine the effect of silencing PXDN expression on
cell proliferation. Cell proliferation was also determined for cells treated with TGF-§1
and cells treated with TGF-B1 and concomitantly transfected with PXDN siRNA. When
compared to untreated cells, transfection of cells with PXDN siRNA resulted in a 15%
decrease in cell proliferation to 85 + 2.9%, relative to untreated. TGF-f1 treatment
caused cell proliferation to decrease by 12% to 88 +1.3% relative to untreated, while the
combination of siRNA transfection and TGF-B1 treatment resulted in a 26% decrease in
the proliferation of HelLa cells to 74 + 0.5%, relative to untreated cells (Fig. 4.4A).
Transfecting cells with control siRNA also caused a similar decrease in cell proliferation

as with PXDN siRNA, 17% decrease to 83 + 0.7%, relative to untreated cells.

As with HeLa cells, silencing of PXDN expression in SiHa cells resulted in a decrease in
cell proliferation by 9% to 91 + 1.0% relative to untreated cells. When SiHa cells were
treated with TGF-$1, the opposite effect was seen as with HeLa cells. TGF-B1 treatment
caused a 4% increase in proliferation of SiHa cells to 104 + 1.9%, relative to untreated
cells. When PXDN siRNA transfection was combined with TGF-p1 treatment, once
again, the effect of TGF-f1 treatment alone was mitigated, resulting in an 11% decrease
in proliferation to 89 + 3.1%, relative to untreated, which is a 2% decrease compared to
cells in which PXDN was silenced without concomitant TGF-B1 treatment. Transfection
with control siRNA showed similar results as with Hela cells, with a 14% decrease in
cell proliferation to 86 + 1.3% relative to untreated (Fig. 4.4B). Overall, these results
show that silencing PXDN expression decreases proliferation of HeLa and SiHa cells,
and that combined with a decrease in PXDN expression, treating cells with TGF-f1
lowers the rate of proliferation even more. However, transfecting cells with control

siRNA also caused a similar decrease in cell proliferation as with PXDN siRNA.
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Figure 4.4: Silencing PXDN expression decreases proliferation of HeLa and SiHa
cells. A) HeLa cell proliferation decreased when PXDN expression was reduced. TGF-
Bl also decreased proliferation, although to a lesser extent than with PXDN siRNA.
Combined PXDN siRNA transfection and TGF-B1 treatment reduced cell proliferation
more than either treatment alone. B) Cell proliferation of SiHa cells was decreased when
PXDN expression was knocked down. Treating cells with TGF-f1 had the opposite
effect and increased cell proliferation. TGF-f1 treatment with siRNA transfection,
showed decreased cell proliferation. Control siRNA resulted in a similar decrease in
proliferation as with PXDN siRNA-transfected cells. Significance stars above error bars
represent p-values compared to untreated cells, all other p-values were not significant

(n=3+SD).
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4.3.4. Peroxidasin plays a role in cell attachment

PXDN stabilises the BM, an important effector of cell attachment properties. We sought
to investigate if knocking down PXDN expression in HeLa and SiHa cells would affect
the rate at which cells attach to tissue culture plates. The attachment assay was
conducted over 60 minutes and attachment was observed at 15-minute intervals. In
untreated HeLa cells, we observed the number of cells attaching to the culture plates
increasing steadily at each time interval, with the most cells attached after 60 minutes
(Fig. 4.5A). The number of siRNA-transfected cells attaching also increased in the first
45 minutes, following a similar pattern to untreated cells, although less siRNA-
transfected cells were attached at each time point, compared to untreated cells. In
siRNA-transfected cells, 29 + 2.3% less cells were attached after 15 minutes, when
compared to untreated cells. At the 30, 45 and 60-minutes time point, there were 25 *
85%, 17 + 9.3% and 29 + 2.7% less cells attached, respectively, when compared to
untreated cells (Fig. 4.5B). TGF-f1-treatment of cells increased the attachment potential
of HeLa cells; although only 3% more cells had attached after 15 minutes, 97 + 5.0%
unattached compared to untreated cells. The proportion of attached cells increased to 13
+ 11.9% more at 30 minutes, 19 + 8.3% more at 45 minutes and 23 * 2.6% more cells
attached after 60 minutes (Fig. 4.5B). When PXDN siRNA-transfected cells were treated
with TGF-B1, the number of cells attaching at each time point was similar to that of
untreated cells, until the 60 minute time point, where, 8 + 1.5% less cells had attached
compared to untreated cells (Fig 4.5B). These results showed that when PXDN
expression is knocked down in HeLa cells, the cells are less able to attach to tissue
culture dishes. And while TGF-f1 treatment increase the attachment properties of HeLa
cells, silencing PXDN expression in the cells counteracts this effect. Although control
siRNA increased the attachment of Hel.a cells in the first 45 minutes, at 60 minutes the

number of cells attached was not significantly different.
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Figure 4.5: PXDN plays a role in HeLa cell attachment. A) A representation of the
changes in cell attachment of HeLa cells over 60 minutes when cells were untreated,
transfected with PXDN siRNA, treated with TGF-f1, and siRNA and TGF-1 combined.
B) A comparison of the proportion of attached cells at each time point, when compared
to untreated cells. TGF-B1 increases attachment of HeLa cells, while silencing PXDN
expression decreases the ability of cells to attach to culture plates. Treating siRNA-
transfected cells with TGF-B1 neutralises the effect of the individual treatments,
resulting in similar number of cells attaching as untreated cells. After 60 minutes,

attached control siRNA cells are similar to untreated cells (n =3 % SD).
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The number of untreated SiHa cells that attached to the tissue culture plate every 15
minutes increased between 15 and 45 minutes and leveled out at 60 minutes, with the
highest number of cells attached at 60 minutes (Fig. 4.6A). When SiHa cells were
transfected with PXDN siRNA, the number of attached cells decreased at each time
point, until 45 minutes, at which point the number of attached cells increased (Fig.
4.6A). TGF-B1 increased the attachment properties of SiHa cells, resulting in more cells
attaching at each time point when compared to untreated cells (Fig. 4.6A). The
siRNA/TGF-f1 combination saw an increase in attached cells between 15 and 30
minutes. The cell count remained approximately the same between 30 and 45 minutes
and then decreased between 45 and 60 minutes (Fig. 4.6A). When comparing each
treatment to untreated cells, at each time point, the following observations were made:
for siRNA-transfected cells, the number of cells decreased to 88 + 13.0% at 15 minutes,
85 +2.9% at 30 minutes, 79 £ 11.1% at 45 minutes and 85 *+ 5.1% at 60 minutes, relative
to untreated cells. After TGF-B1 treatment, the number of attached cells increased to 103
+6.8%,112+59%, 111 £ 3.0% and 117 + 8.4% at 15, 30, 45 and 60 minutes respectively,
relative to untreated cells. When cells were transfected with siRNA and subsequently
treated with TGF-f1, the number of attached cells was lowered to 83 + 6.5% relative to
untreated cells at 15 minutes. At 30 minutes the number of attached cells was 88 + 5.7%,
and 84 £ 2.3% at 45 minutes, relative to untreated cells. At the final time point, there
were 80 + 2.7% cells attached, relative to untreated. These results show that knocking
down PXDN expression in SiHa cells results in a reduction in the ability of cells to
attach to tissue culture plates. Additionally, TGF-B1 significantly increases attachment
properties of SiHa cells and when siRNA-transfected cells are treated with TGF-B1 this
does not return cell attachment levels to untreated levels, as seen in HeLa cells, but cells
retain the properties of PXDN siRNA-transfected cells. For the control siRNA there was
a trend towards decreased attachment and control siRNA significantly lowered
attachment of SiHa cells by 20% at 15 minutes, 16% at 45 minutes and 11% at 60

minutes.
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Figure 4.6: PXDN plays a role in SiHa cell attachment. A) A representation of the
changes in SiHa cell attachment over 60 minutes when cells were untreated, transfected
with PXDN siRNA, treated with TGF-f1 and siRNA and TGF-f1 combined. B) A
comparison of the proportion of attached cells at each time point, relative to untreated
cells. Downregulating PXDN expression decreases attachment of cells while TGF-p1 has
the opposite effect. Treating siRNA-transfected cells with TGF-f1 does not mitigate the
effect of the individual treatments. Control siRNA decreased the number of attached

cells at three time points relative to untreated (n = 3 + SD).
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4.3.5. Peroxidasin promotes invasion of HeLa cells

Invasion assays were used to observe changes in the ability of HeLa and SiHa to invade
through a reconstituted BM after knocking down PXDN expression. We also monitored
changes in the invasion ability of cells treated with TGF-f1, and cells transfected with
siRNA with concomitant treatment with TGF-B1. Knocking down PXDN expression
resulted in less HeLa cells invading through the ECM gel; 82 + 3.6% cells invaded the
ECM gel over 24 hours relative to untreated cells (Fig. 4.7). Treating HeLa cells with
TGF-f1 did not affect the number of cells invading through the ECM gel. The
siRNA /TGF-B1 combination caused a decrease in the number of invading cells by 34%
to 66 £ 1.7% relative to untreated cells (Fig 4.7). Therefore, overall, knocking down
PXDN expression in HeLa cells resulted in less cells invading through the ECM gel.
While treating cells with TGF-B1 caused Hela cells to increase invasion potential,
knocking down PXDN expression while exposing cells to TGF-p1 resulted in even less
cells invading the ECM gel than those transfected with siRNA alone. Interestingly,
transfection of HelLa cells with control siRNA decreased invasion of cells by 46% to 54 +
2.2% relative to untreated, even more than for PXDN siRNA alone, indicating that this

may not just be a feature of the transfection process.
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Figure 4.7: Silencing PXDN expression in HeLa cells causes a decrease in the number
of cells invading through a reconstituted BM. HeLa and SiHa cells are able to invade
through ECM gel towards a chemoattractant. Transfecting cells with PXDN siRNA
results in a decrease in the invasion potential of the HeLa cells but not SiHa cells. When
treated with TGF-f1, invasion potential is increased in SiHa cells. Although TGF-f1 did
not significantly affect invasion of HeLa cells, a combination of TGF-f1 and siRNA
transfection results in even less cells invading the ECM gel than siRNA-transfected
cells. Significance stars above error bars represent p-values compared to untreated cells,

all other p-values were not significant (n = 3 + SD).
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As mentioned, when PXDN expression is knocked down in SiHa cells, there is no
change in the ability of the cells to invade the ECM gel. Treating SiHa cells with TGF-f1
resulted in 19% more cells invading through the ECM gel, 119 + 4.0% relative to
untreated cells. The siRNA/TGF-B1 combination did not significantly change the
number of invading cells, compared to untreated cells. Control siRNA decreased
invasion by 25% to 75 + 1.8% relative to untreated cells (Fig 5.7). In summary, silencing
PXDN expression decreases invasion of Hela cells. In both cells, transfection with

control siRNA significantly reduced the number of cells invading the ECM gel.
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4.3.6. Peroxidasin affects migration of HeLa and SiHa cells

In order to determine if PXDN is involved in cell migration, we used the wound
healing/scratch assay to observe the effect of knocking down PXDN expression on the
rate of movement of HelLa and SiHa cells. The scratch assays showed that overall, SiHa
cells migrate at a faster rate than HelLa cells, since the scratch created in untreated SiHa

cells closed faster than those of untreated Hel a cells.

In the HelLa cell line, for untreated cells, the open scratch distance was 91 + 7.0%, 82 *
5.7 % and 51 + 3.2 % after 12, 24 and 48 hours respectively, relative to the zero time
point (Fig. 4.8 & Fig. 4.9). When transfected with PXDN siRNA, the widths at 12, 24
and 48 hours were 91 + 12.0%, 75 + 7.4% and 46 + 3.4%, respectively, relative to the zero
time point (Fig. 4.8 & Fig. 4.9). Treating cells with EMT-inducing TGF-B1 resulted in
open wound widths of 92 + 9.0% and 81 * 1.8% over 12 and 24 hours respectively,
relative to the zero time point. The fastest rate of wound closure in TGF-$1 treated cells
occurred between 24 and 48 hours, when the open wound distance was 45 + 5.5 %,
relative to the zero time point. When siRNA transfection was combined with TGF-1
treatment, cell movement rate increased and the open wound areas were 87 £7.6%, 65
3.5% and 24 £ 1.9% over the three time points, relative to the zero time point (Fig. 4.8 &
Fig. 4.9). Transfection of HelLa cells with control siRNA resulted in the scratch closing
slower than in untreated cells. The scratch area in control cells closed to 87 +1 0.0%, 76 +
10.1% and 61 + 8.9% over 12, 24 and 48 hours, respectively, relative to the zero time

point.
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Figure 4.8: PXDN and TGF-p1 affect the rate of migration of HeLa cells. Untreated
HelLa cells close a scratch in the cell monolayer by 50 % over 48 hours. Silencing PXDN
expression also results in approximately 50 % scratch closure over 48 hours, and similar
results are observed in TGF-Bl-treated cells. The combination of transfection with
PXDN siRNA and treatment with TGF-f1 resulted in 76 % scratch closure over 48
hours. Control siRNA cells close a scratch in the cell monolayer by 60 % over 48 hours
Cells were visualised under the bright field of an Olympus BX63 microscope at 40x
magnification (scale bar = 250 pm).
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Figure 4.9: Silencing PXDN expression, in combination with TGF-p1 treatment,
increases the rate of migration of HeLa cells. When comparing the rate of migration of
siRNA-transfected cells and TGF-f1 treated cells, the combination of transfection and
treatment increases migration rate more than siRNA transfection or TGF-f1 treatment
alone. Significance stars above error bars represent p-values compared to untreated

cells at zero time, all other p-values were not significant (n = 3 + SD).

Untreated SiHa cells migrate at a faster rate than HeLa cells, and after 24 hours of
scratching the cell monolayer, the scratch was closed. The scratch was closed by half, 46
+ 5.0% closed wound width, at 12 hours; and then almost completely at 24 hours, 94 +
10.6% closed wound width (Fig. 4.10 & Fig. 4.11). Transfecting SiHa cells with PXDN
siRNA slowed down the rate of migration, with 32 + 9.4% open wound width 24 hours
after wounding cells (63 + 15.1% open wound width at 12 hours), relative to the zero
time point. Treating SiHa cells with TGF-f1 increased the rate of migration, with
complete wound closure at 24 hours post scratch (20 £ 7.4% open wound width at 12
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hours, relative to zero time point). Transfecting cells with siRNA and then treating with
TGEF-B1 resulted in 95 + 9.0% wound closure after 24 hours (43 £ 12.6% wound closure
at 12 hours) (Fig. 4.10 & Fig. 4.11). Control cells transfected with Fluc esiRNA showed
the slowest wound closure, 87 + 10.0% and 76 + 10.1% open wound width at 12 and 24

hours, respectively, relative to zero time point.
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Figure 4.10: PXDN and TGF-B1 affect the rate of migration of SiHa cells. Untreated
SiHa cells close a scratch in the cell monolayer after 24 hours. Silencing PXDN
expression in SiHa cells also results in approximately 69% scratch closure over 24 hours,
and in TGEF-fl-treated cells, scratches are completely closed by 24 hours. The
combination of transfection with siRNA and treatment with TGF-f1 results in 95%
scratch closure over 24 hours. Control siRNA slowed the migration of cells. Cells were
visualised under the bright field of an Olympus BX63 microscope at 40x magnification

(scale bar = 250 pm).
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Figure 4.11: Silencing PXDN expression in SiHa cells slows down the rate of cell
migration but this increases when transfected cells are exposed to TGEF-f1.
Transfecting SiHa cells with PXDN siRNA alone causes the cells to migrate at a slower
rate than untreated cells. Treating cells with TGF-f1 acts in the opposite way by
increasing the rate of cell migration. When PXDN is silenced in TGF-f1 treated cells, the
effect of both (siRNA or TGF-B1) is mitigated by the effect of the other. Significance

stars above error bars represent p-values compared to untreated cells at zero time point,
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all other p-values were not significant (n = 3 £ SD).
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4.4. Discussion

In this chapter we sought to determine the role of PXDN in cellular processes that may
be significant in EMT. We achieved this by performing functional studies to look at cell
morphology, proliferation, attachment, invasion and migration of HeLa and SiHa cells
in which PXDN expression was knocked down using an siRNA approach. PXDN
expression was knocked down in both cell lines after transfecting cells with siRNA. The
level of PXDN knockdown was lower than that seen in other studies where MISSION®
esiRNA targeting other genes was used to transfect cancer cells (Arai et al., 2011; Theis
and Buchholz, 2011; Kim et al., 2016) and specifically, HeLa cells (Theis and Buchholz,
2011). This difference may have been due to several factors such as the transfection
reagent, siRNA concentration and cell culture medium composition, all of which may

have had an effect on transfection efficiency and therefore, PXDN knockdown.

When the level of PXDN knockdown by TGF-B1 treatment was quantified by ELISA, we
found that expression in SiHa cells was knocked down to similar levels as when PXDN
was immunoprecipitated from the lysates of cells treated with TGF-f1 and quantified
by western blot. In HeLa cells, the same trend was observed, although the level of
PXDN expression when quantified by ELISA did not show a statistically relevant
decrease. This could possibly be attributed to the difference in protein quantification

between western blotting and ELISA for this cell line.

We found that silencing PXDN expression in HeLa cells changed cell morphology and
made cells appear smaller and less round, and with fewer cell-to-cell contacts. In SiHa
cells the same was also seen and in addition, cells were clustered together more. These
properties and the observation of increased cell protrusions when PXDN expression is
downregulated suggest that PXDN assists in maintaining the epithelial phenotype. The
changes that occur after knockdown of PXDN expression may indicate that cells are
taking on a more mesenchymal-like phenotype since the formation of a monolayer,

which is seen with untreated cells, seems to be disturbed. Combining PXDN

110



knockdown and TGF-f1 treatment exacerbated the changes in cell morphology,
confirming that indeed PXDN plays a role in maintaining the epithelial phenotype of
HeLa and SiHa cells.

We next assessed cell proliferation to find that when PXDN was knocked down in HeLa
and SiHa cells, cell proliferation was decreased. This is in line with other studies that
found that knocking down PXDN expression decreased the proliferation of cancer cells
(Tauber et al., 2010; Young et al., 2015). Young et al. (2015) found that silencing PXDN
expression decreased growth factor-independent proliferation of PIK3CA mutant cells
that have overexpressed levels of PXDN when compared to wild-type -cells.
Additionally, when basal-like breast cancer (BLBC) cells were transfected with PXDN-
siRNA the four BLBC cell lines examined exhibited reduced proliferation (Young et al.,
2015). Moreover, in the luminal cell line, MDA-MB-361, which has low PXDN
expression, proliferation was inhibited by siRNA knockdown (Young et al., 2015).
Tauber et al. (2010) found that silencing PXDN expression in a 607B melanoma cells
overexpressing PXDN significantly reduced cell proliferation (Tauber et al., 2010). TGF-
B1 has been shown to increase the proliferation of HeLa and SiHa cells (Cheng and Hao,
2016). However, Kang et al. (1998) found that HeLa cells are in sensitive to the growth
inhibitory effects of TGF-B1 and that TGF-B1 decreases proliferation of HeLa cells, while
SiHa cells are not sensitive to this effect of TGF-f1 (Kang et al., 1998). Maliekal et al.
(2004) showed that TGF-B1 could promote and inhibit growth of HeLa cells and that the
effect of TGF-B1 on proliferation of HeLa cells was time and concentration dependent
(Maliekal, Anto and Karunagaran, 2004). In our study, TGF-B1 treatment decreased
proliferation in HeLa cells, but did not significantly affect proliferation of SiHa cells.
This may be due to the differing effects of TGF-f1 that are dependent on cell type, and
TGF-f1 exposure time and concentration. Cell proliferation was decreased to the
greatest extent when PXDN downregulation was combined with TGF-B1 treatment, in
both cell lines. The effect of PXDN downregulation on cell proliferation could be
attributed to detachment of cells from the culture dish and loss of contacts with

adjacent cells, which may lead to cell death. Control siRNA also decreased proliferation
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in both cell lines, to a similar extent as PXDN siRNA. The control siRNA may be
binding non-specific targets and affecting downstream cellular processes (Persengiev,
Zhu and Green, 2004). Tschuch et al. (2008) showed that siRNAs without a physiological
target (such as green fluorescent protein) have sequence-specific off-target effects in
mammalian cells (Tschuch et al., 2008). Given the unexpected effect of the control
siRNA on cells, a BLAST of the mRNA target of the control siRNA was conducted and
showed that surprisingly, the control siRNA binds to a 26 bp region of transforming
growth factor-p-induced (TGFBI) mRNA (accession number NM_000358). TGFBI is
induced by TGF-f and is secreted into the extracellular space (Zhao, Piao and Hei, 2002)
where it binds to fibronectin, collagen and integrins (Wen et al., 2011). Therefore, this
may be the reason for the decrease in PXDN expression seen in SiHa cells transfected
with control siRNA. TGFBI has been found to promote proliferation of renal proximal
tubular epithelial cells (Park et al., 2004). Additionally, upregulation of TGFBI in cancer
cells may stimulate their survival via ECM-dependent signaling (Ivanov et al., 2008) and
this may account for the decrease in proliferation that we observed in the control

siRNA-transfected cells.

Since the BM plays a significant role in epithelial cell attachment (Fang et al., 2014),
PXDN may play an important role in maintaining cell attachment to the BM by
stabilising collagen IV and maintaining interactions between cells through its protein
binding domains. PXDN knockdown in HeLa and SiHa cells reduced the ability of cells
to attach to one another and to tissue culture plates. This effect may be due to the
instability of collagen IV once PXDN expression is reduced. Furthermore, cells may
produce collagen IV in order to attach to culture plates, thus a reduction in PXDN
expression would adversely affect the ability of cells to attach. These findings concur
with those reported by Tauber et al. (2010) where it was shown that the adhesion-
promoting effects of HO-1 were dependent on PXDN expression. When PXDN was
transiently overexpressed in choriocarcinoma cells, adhesion of cells to laminin and
fibronectin coated wells was enhanced. Silencing PXDN expression reduced cell

attachment and the effect was pronounced in tissue culture plates coated with laminin
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and fibronectin (Tauber et al., 2010). We found that TGF-f1 increased the attachment of
HeLa and SiHa cells, and although we found that TGF-f1 decreases PXDN expression
in HelLa and SiHa cells, TGF-f1 has been found to promote cell attachment by
increasing the expression of ECM adhesion molecules such and laminin and fibronectin
and upregulating expression of integrin receptors (Wang et al., 2004). In the context of
our study, perhaps the effect of TGF-f1 on increased cell attachment in HeLa and SiHa
cells was due to an increase in the abovementioned ECM adhesion molecules, and
while PXDN is knocked down in response to TGF-B1, the effect of cell detachment
could be overcome by the increased expression of the ECM adhesion molecules. When
PXDN expression was knocked down in HeLa and SiHa cells, with concomitant TGF-1
treatment, the effect of TGF-f1 on cell attachment was somewhat mitigated. HeLa cells
attachment was decreased, although not to the same extent as with PXDN knockdown
alone. However, in SiHa cells, the eradication of the effect of TGF-f1 on cell attachment
was more pronounced since attachment decreased to even lower levels than in PXDN
siRNA-transfected cells. PXDN contributes to BM integrity by stabilising collagen IV,
the major constituent of the BM (Bhave et al., 2012) and since cells are anchored to the
BM via collagen IV, a disruption in the stability of collagen would result in decreased

ability of cells to attach (Fang et al., 2014).

Cells undergoing EMT are able to invade the BM to enter the vascular system before
spreading to secondary sites. We proposed that in cells undergoing invasion, PXDN is
upregulated in order to destabilise the ECM by upregulation of ECM-degrading MMPs.
We showed that decreasing PXDN expression in HeLa cells lowers the number of cells
invading through a reconstituted BM. Similarly, Tauber et al. (2010) found that
downregulation of PXDN expression significantly reduced invasion of BeWo
choriocarcinoma cells (Tauber et al., 2010), PIK3CA mutant cells overexpressing PXDN
show an increased ability to invade through reconstituted BM (Young et al., 2015) and
PXDN silencing in melanoma cell lines significantly reduced invasion (Jayachandran et

al., 2016).
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Invasion was not decreased significantly in SiHa cells when PXDN expression was
knocked down. Perhaps this was due to the invasive ability of SiHa cells; since SiHa
cells are more invasive than HeLa cells (Chatterjee and Chatterjee, 2001), knocking
down PXDN expression alone may not be sufficient to impact invasion ability. It may
be that PXDN may assist to maintain invasive potential of SiHa cells rather than
promote it, with other cell proteins being responsible for promoting invasion. Where
PXDN does affect invasion, perhaps when its expression is decreased, collagen IV
integrity becomes compromised and cells are more able to invade the ECM. We found
that TGF-B1 increases invasion of SiHa cells, which is been previously demonstrated by
Yi et al. (2002), but did not affect HeLa cell invasion, although TGF-f1 has been shown
to induce invasion in HeLa cells (Thacker and Karunagaran, 2015). We also observed a
significant decrease in the number of invaded HeLa and SiHa cells when control siRNA
was used to transfect cells. In both cell lines, these control samples showed less cells
invading than in any of the experimental samples. It is likely this may be due to the
effect of the control siRNA on the cells; since the control siRNA binds to TGFBI mRNA
and cause downregulation of TGFBI protein, which is an ECM protein involved in

increased cell invasion (Shang et al., 2012; Ween, Oehler and Ricciardelli, 2012).

The rate at which cells migrate to close a scratch made in the cell monolayer can be used
to measure cell motility and may point to their potential to migrate from one position to
another in the tumour environment (Justus et al., 2014). Knocking down PXDN
expression increases the migration rate of HeLa cells but decreases that of SiHa cells,
relative to untreated cells. Using a chicken transplantation model, Jayachandran et al.
(2016) showed that silencing PXDN reduces migration of mesenchymal melanoma cells
(Jayachandran et al., 2016). As observed with the invasion of SiHa cells, PXDN
knockdown did not affect migration of SiHa cells. Perhaps this can be attributed to the
difference in the migration ability of the untreated cells, where we have found that SiHa
cells migrate faster than HelLa cells (wound closure was achieved in 24 hours in SiHa
cells). In both cell lines we observed a reduction in wound closure ability when

compared to untreated cells. As previously mentioned, the control siRNA may be
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downregulating expression of TGFBI and therefore affecting cell migration. TGFBI is
secreted by colon cancer cells and increases migration of these cells (Ma et al., 2008) as
well as that of renal cell carcinoma cells (Shang et al., 2012). The effects of the control
siRNA on cell proliferation, morphology, invasion, attachment and migration
necessitate the use of a different control siRNA that does not bind to any mammalian

mRNA.

In summary, we found that silencing PXDN alters the morphology of HelLa and SiHa
cells and causes cells to take on a more mesenchymal phenotype. Knocking down
PXDN expression decreased the proliferation of HeLa and SiHa cells and also decreased
attachment of both cell lines. Migration of HeLa cells was also affected by knockdown
of PXDN, while the migration of SiHa cells was somewhat unchanged. Our results
show that it is probable that PXDN plays a role in EMT of cancer cells, with some

cancer stage and cell specific effects.

Overall, knocking down PXDN expression in HeLa and SiHa cells alters several cellular
processes that are important for tumour progression. Tumour cells need to proliferate
(in spite of cellular signals that attempt to induce cell death), attach stably to the BM,
and migrate and invade when metastasising. If the manner in which PXDN exerts its
function in these cellular processes in cancer cells is further elucidated, it may prove to

be an important player in cancer therapy.
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Chapter 5: Conclusion and Future Outlook

EMT-mediated metastasis of cancer cells in the body is responsible for the vast majority
of cancer deaths (Sethi and Kang, 2011). Metastasis is a complex multi-step event and
invasion of a tumour through the BM into surrounding tissue is the first crucial step of
the metastasis process (Jayachandran et al., 2015). EMT is a biological process that
causes a polarised epithelial cell which normally interacts with BM via its basal surface,
to undergo changes that enable it to take on a mesenchymal cell phenotype (Kalluri and
Weinberg, 2009). In the context of cancer cells, this can result in cells breaking through
the BM, entering the vascular or lymphatic system and establishing secondary tumours
at secondary sites (Kalluri and Weinberg, 2009). The BM provides extracellular cues for
cellular adhesion, proliferation, migration and differentiation (Colon and Bhave, 2016).
PXDN catalyses the sulfilimine bonds that stabilise the collagen IV network, the
predominant constituent of BM. Collagen IV provides structural integrity to epithelial
and vascular tissues, serves as a scaffold for macromolecular assembly and interacts
with cell-surface receptors such as integrins to control cell adhesion, migration,

proliferation and differentiation (Bhave et al., 2012).

In this study we demonstrated that HeLa and SiHa cervical carcinoma cells undergo
EMT in the presence of TGF-f1. This was concluded as a result of the changes in
expression of EMT markers, Snail, E-cadherin and vimentin when HelLa and SiHa cells
were exposed to TGF-B1. Our findings agree with previous observations that TGF-f1
leads to decreased E-cadherin and promotes EMT induction in HeL.a and SiHa cell lines
(Yi et al., 2002; Kloth et al., 2005; Cheng and Hao, 2016). We then found that TGF-f1
downregulates PXDN expression in HeLa and SiHa cells and as far as we know this is
the first time the expression pattern of PXDN has been examined in TGF-f1-induced
type 3 EMT in HeLa and SiHa cells. In contrast to our results, in kidney fibrosis, PXDN
shows increased deposition in the ECM in response to TGF-f1 (Péterfi et al., 2009). It is
possible that in this regard PXDN may play differing roles that are EMT-type specific.
Next we showed that the master EMT regulator, Snail, regulates PXDN expression. We
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found that Snail binds to the PXDN promoter when HelLa and SiHa cells undergo TGF-
Bl-induced EMT. PXDN expression was repressed by Snail in the presence of TGF-p1
and when Snail was overexpressed in HEK293 cells. In contrast with our findings,
Barnett et al. (2011) found that Snail overexpression caused significant upregulation of
PXDN in human prostate cancer cells (Barnett et al., 2011). These opposing results may
be understandable since PXDN expression patterns in cancer cells are emerging as
cancer-type and probably stage specific (Castronovo et al., 2006; Desmond et al., 2007;
Péterfi et al., 2009; Liu et al., 2010; Tauber et al., 2010; Bai et al., 2011; Barnett et al., 2012;
Young et al., 2015; Jayachandran et al., 2016). We then looked at the functional
contribution of PXDN to EMT. Reducing PXDN expression in HeLa and SiHa cells had
varying effects on cellular process involved in EMT, namely, cell proliferation,
attachment, invasion and migration. The effect of PXDN knockdown on these cellular
processes was not consistent in both cell lines, as has been shown by other studies
involving PXDN knockdown (Tauber et al., 2010; Young et al., 2015; Jayachandran et al.,
2016). Our findings that Snail regulates PXDN in cervical carcinoma cell lines and that
PXDN functions in EMT-related cellular such proliferation, attachment, invasion and
migration in these cells, further supports a role for this ECM-modifying protein in
cancer. One such example where protein expression differs according to EMT type can
be seem with the ECM protein fibronectin (Zeisberg and Neilson, 2009) and PXDN may
follow this pattern, since it has been shown to function in the three major processes
where EMT occurs (Horikoshi et al., 1999; Tindall et al., 2005, Desmond et al., 2007;
Péterfi et al., 2009; Gotenstein et al., 2010; Liu et al., 2010; Tauber et al., 2010; Yan et al.,
2014; Jayachandran et al., 2016). This highlights the complexity in the tissue and disease
specific roles of EMT and the TGF-p1 pathways, and potentially of PXDN (Thiery et al.,
2009).

Future work related to PXDN in cancer cells may focus on elucidating the precise role
of PXDN in cancer and metastasis by overexpressing and also knocking out PXDN and
observing changes that occur when PXDN is in abundance or is absent in the tumour

environment. This way we may also identify other molecules (such as downstream

117



targets like MMPs) linked to PXDN expression and function, as well as the signaling
pathways it may affect. It may also be important to determine if other cellular processes

compensate for the lack of, or abundance of, PXDN in the tumour environment.

Specific key steps following on from this work could include:

* Performing PXDN knockout studies to determine the effect of decreased PXDN
expression on metastasis related cellular processes and the ECM of carcinoma
cells and non-cancerous cells.

* Identitying the signaling pathways that modify PXDN expression by quantifying
changes in the expression of specific signaling proteins and cellular features such
as EMT.

* Identitying whether ECM modifiers including MMPs are linked to PXDN
expression and determine if their function is altered based on changes levels of
PXDN expression.

* Animal studies could involve injecting mice with tumour cells in which PXDN
expression has been knocked out to investigate the effect of loss of PXDN on

tumour growth and metastasis.

Since we have found that PXDN expression is downregulated in a TGF-Bl1-induced
EMT environment, it is probable that PXDN may be overexpressed when secondary
tumours are being established and cells undergo MET at the secondary tumour site.
With the complex expression pattern of PXDN in different cancer types and stages,
determining the function of PXDN in cancer cells may prove challenging, most
especially because of the uniqueness of PXDN compared to its counterparts. Since
PXDN consolidates collagen IV that gives structural integrity to the BM, an integral part
of the metastasis process, PXDN may present a new target for cancer therapy when it

comes to reducing the incidences of metastasis.
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ARTICLE INFO ABSTRACT

Keywords: Peroxidasin (PXDN), an ECM protein with peroxidase activity, is integral to basement membrane consolidation
Snail through catalysis of sulfilimine bonds in collagen IV. PXDN is also involved in processes where epithelial-me-
PeFOXid_aSin N senchymal transition (EMT) takes place, namely fibrosis, development and cancer. We therefore investigated
Epithelial-mesenchymal transition whether PXDN is regulated by the EMT-master-regulator, Snail. During TGF-p1-induced EMT, PXDN expression
VPO1 . . . . . . . . . . .

Cancer decreased by up to 47% in two cervical-carcinoma cell lines, with concomitant increases in Snail and vimentin,
Fibrosis and decrease in E-cadherin. TGF-B1 induced Snail binding to the PXDN promoter (as assessed by chromatin

immunoprecipitation-PCR) and significantly repressed luciferase reporter gene expression, as did Snail over-
expression. In summary, our findings show that Snail mediates repression of PXDN and consolidate a role for

this ECM-modifier during EMT.

1. Introduction

Peroxidasin (PXDN) was first identified in Drosophila melanogaster as
an extracellular matrix (ECM)-associated peroxidase expressed by head
mesoderm-derived haemocytes, where it was suggested to play a role in
several important biological processes including apoptosis and con-
solidation of the ECM through dityrosine bridge formation (Nelson
et al., 1994). Since then PXDN has been classified as a member of the
haem peroxidase-cyclooxygenase superfamily and is predominantly
expressed in the vascular system (O'Brien, 2000; Cheng et al., 2008; Shi
et al., 2011). Similar to other family members, such as myeloperox-
idase, PXDN carries out the enzymatic oxidation of substrates in the
presence of hydrogen peroxide and, through the generation of hypo-
halous acids, PXDN is thought to be involved in host defence me-
chanisms (Davies et al., 2008; Zamocky et al., 2008; Chandler and Day,
2012; Gaut et al., 2001; Cheng et al., 2011; Li et al., 2012; Paumann-
Page et al., 2017). One example of this function is in the vascular
system where PXDN is secreted into the plasma and has been found to
contribute to peroxidative reactions by using hydrogen peroxide gen-
erated through NADPH-oxidases (Cheng et al., 2011; Zhang et al.,
2012). However, PXDN differs from its peroxidase family counterparts
in that in addition to the enzymatic peroxidase domain, it has domains
typical of proteins found in the ECM (Cheng et al., 2008; Byron et al.,
2013). In an ECM context, PXDN has been shown to form dityrosine

crosslinks and also catalyses sulfilimine bonds, in the presence of hy-
pohalous acids, to connect collagen IV protomers, which are an integral
component of the basement membrane (Cheng et al., 2011; Bhave et al.,
2012; McCall et al., 2014; Cummings et al., 2016).

Dysregulated PXDN expression and mutations in PXDN have been
associated with various pathologies that involve epithelial-mesench-
ymal transition (EMT), namely development, fibrosis and cancer (Khan
et al., 2011; Yan et al., 2014; Micheal et al., 2016; Tindall et al., 2005;
Gotenstein et al., 2010; Péterfi et al., 2009; Horikoshi et al., 1999;
Desmond et al., 2007; Liu et al.,, 2010; Tauber et al., 2010;
Jayachandran et al., 2016). EMT is the process whereby cells lose the
epithelial phenotype and transition to a mesenchymal phenotype,
which allows for cell movement. (Thiery et al., 2009). In developmental
processes, mutations in PXDN have been associated with failure of
normal eye development resulting in microphthalmia, congenital cat-
aracts, corneal opacity and developmental glaucoma (Khan et al., 2011;
Yan et al., 2014; Micheal et al., 2016). Further, the human PXDN
equivalent in Xenopus tropicalis is expressed during early development
in the neural tube and tail and may modify ECM components necessary
for morphogenesis (Tindall et al., 2005). In C. elegans, the PXDN or-
tholog PXN-2 is involved in embryonic morphogenesis, basement
membrane integrity post-embryonically and attachment of muscle to
the epidermis (Gotenstein et al., 2010). In fibrosis, PXDN expression is
elevated in human pulmonary and dermal fibroblasts, and in kidney

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; FBS, Fetal Bovine Serum; MET, mesenchymal-
epithelial transition; PXDN, Peroxidasin; SFM, serum-free medium; TGF-B1, transforming growth factor-B1
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fibrosis TGF-P1 treated myofibroblasts excessively deposit PXDN into
the ECM (Péterfi et al., 2009). PXDN also displays aberrant expression
patterns in various cancers (Horikoshi et al., 1999; Desmond et al.,
2007; Liu et al., 2010; Tauber et al., 2010; Jayachandran et al., 2016).
Exactly how PXDN is involved in the cancer process has yet to be fully
elucidated and may be cancer-type specific, with knockdown of PXDN
expression causing cell detachment in choriocarcinoma, whilst in mel-
anoma, reduced PXDN correlated with less cell invasion (Tauber et al.,
2010; Jayachandran et al., 2016).

Despite these overall relatively few studies, PXDN is clearly in-
volved in processes that feature EMT in their progression. Since there is
currently no information on the transcriptional regulators of PXDN, we
considered whether the EMT master transcription factor Snail may be
involved in regulating PXDN gene expression during TGF-31 induced
EMT, using cervical carcinoma cell lines HeLa and SiHa. SiHa cells
display more features of EMT upon TGF-1 induction and is more
metastatic in nature than the HeLa cell line (Kloth et al., 2005).

2. Materials and methods
2.1. Reagents

General reagents were from Sigma Aldrich (St Louis, Missouri,
USA), unless otherwise stated. Antibodies used were as follows: goat
anti-PXDN; rabbit anti-Snail; rabbit anti-B-actin; donkey anti-goat IgG-
FITC; goat anti-rabbit IgG-FITC; donkey anti-goat IgG-HRP; and goat
anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Dallas, Texas, USA),
rabbit anti-E-cadherin and rabbit anti-vimentin (Cell Signaling
Technology, Danvers, Massachusetts, USA).

2.2. Cell culture

SiHa and HeLa human, epithelial, cervical carcinoma cell lines were
purchased from ATCC (Manassas, Virginia, USA) and Cellonex
(Johannesburg, South Africa), respectively. HEK293 cells were a kind
gift from Dr Clement Penny (Faculty of Health Sciences, University of
the Witwatersrand, Johannesburg). Cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM)-F12 (3:1) supplemented with 10%
Fetal Bovine Serum (FBS) (Lonza Group, Basel, Switzerland), 100 U/ml
penicillin/0.1 mg/ml streptomycin and incubated at 37 °C in a humi-
dified 5% CO, atmosphere. For TGF-31 treatments, cells were cultured
in low serum (1% FBS) overnight followed by the addition of 5 ng/ml
TGF-B1 (recombinant human expressed in CHO cells) for 24 or 48 h.

2.3. Immunofluorescence confocal microscopy

To observe the cellular localization of proteins upon treatment with
TGF-f1, confocal immunofluorescence microscopy was performed.
Cells were seeded equally on 22 mm glass coverslips and treated as
described, after which time cells were fixed with 4% formaldehyde (v/
v) in 1 X PBS, for 15 min at room temperature. Cells were then per-
meabilised with 0.25% Triton X-100 in 1 x PBS and blocked with 0.5%
BSA in 1 x PBS for 30 min at room temperature. Following overnight
incubation at 4 °C in primary antibody, slides were washed (0.5% BSA
in 1 x PBS) and incubated with the corresponding FITC-conjugated
secondary antibodies for 1 h. Antibody dilutions were as follows anti-
PXDN (1:200), anti-Snail (1:200), anti-E-cadherin (1:200), anti-vi-
mentin (1:100), donkey anti-goat IgG-FITC (1:400) and goat anti-rabbit
IgG-FITC (1:200). Nuclei were counterstained with (DAPI). Cells were
mounted with Fluoromount and slides sealed with clear nail polish.
Cells were visualized with a Zeiss LSM 780 confocal microscope at
630 x magnification with Zen 2010 software. Fluorophores were de-
tected at the following wavelengths: FITC-488.,/525., and DAPI-
405cx/454n. For differential interference contrast (DIC) images to look
at cell morphology, cells were grown on coverslips, treated and fixed, as
described. Cells were overlaid with 1 X PBS for viewing under bright
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field using an Olympus BX63 microscope at 10 X magnification.
2.4. Western blot, immunoprecipitation and protein quantification

To quantify protein expression, cells were cultured as described,
harvested by washing in cold 1 x PBS and lysed in situ using triple
detergent lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 1%
Triton X-100, 0.5% sodium deoxycholate) with protease inhibitors
(1 mM PMSF, 10 puM leupeptin, 10 mM sodium fluoride, 1 mM sodium
orthovanadate). Following centrifugation, total protein concentration
in the supernatant was determined by the Bramhall assay (Bramhall
et al., 1969). Protein (25-40 ug) was resolved on 4-8% SDS poly-
acrylamide gels for 60 min at 200 V and then electroblotted onto ni-
trocellulose membrane. Membranes were blocked in 5% fat-free milk
powder in TBS-T (Tris-Buffered Saline with 0.1% Tween-20) prior to
overnight incubation at 4 °C in primary antibodies as previously men-
tioned. Following washes in 1 X TBS-T, membranes were incubated for
1h in the corresponding horseradish peroxidase-linked secondary an-
tibody. Antibody dilutions used were as follows: anti-PXDN (1:200),
anti-B-actin (1:1000), anti-Snail (1:1000), anti-Vimentin (1:1500),
anti-E-cadherin (1:1000), donkey anti-goat IgG (1:5000) and goat anti-
rabbit IgG (1:1000). Proteins were detected using chemiluminescence
substrate SuperSignal West Pico (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and visualized on X-ray film. Densitometry was
performed using Image Studio Lite Software (version 5.2.5).

In order to improve yield of PXDN from total cell protein, PXDN was
first immunoprecipitated from cell lysate prior to Western blotting.
Cells were lysed in native lysis buffer (25 mM Tris pH 8, 75 mM Nacl,
0.5% Triton X-100) with protease inhibitors, as previously described.
Protein was quantified as above and 1 pug anti-PXDN antibody added to
150 pg total protein in order to precipitate PXDN overnight at 4 °C.
Samples were then rotated for 4 h at 4 °C with protein A/G-plus agarose
beads (Santa Cruz Biotechnology, Dallas, Texas, USA) to bind the im-
munocomplexes. Pelleted beads were washed with IP buffer (native
lysis buffer with 150 mM NacCl) and boiled for 10 min in 4 X denaturing
protein-loading buffer, then electrophoresed on a 4-8% SDS poly-
acrylamide gel, electroblotted onto nitrocellulose and chemilumines-
cence detected, as described above.

2.5. Chromatin immunoprecipitation

To determine Snail interaction with the PXDN gene promoter,
chromatin immunoprecipitation (ChIP) followed by PCR was per-
formed. The E-cadherin promoter region served as a positive control as
this gene is an established target of Snail (Cano et al., 2000; Batlle
et al., 2000). Cells were seeded equally in 100 mm dishes and either
untreated or treated with TGF-f1 for 24 h. Protein-DNA interactions
were cross-linked with 1% formaldehyde for 10 min at room tempera-
ture and formaldehyde quenched with 0.12 M glycine. Cells were so-
nicated to shear chromatin using a Misonix Ultrasonic Liquid Processor
XL-2000, 15 pulses for 15 s each, with cooling on ice in between pulses.
Following assessment of DNA fragment sizes through agarose gel
electrophoresis and quantification using a NanoDrop 1000, DNA
(15 pg) was diluted in dilution buffer (1% Triton-X 100, 2 mM EDTA,
20 mM Tris, 150 mM NaCl) with protease inhibitors (1 mM PMSF,
10 uM leupeptin, 10 mM sodium fluoride, 1 mM sodium orthovana-
date), and pre-cleared with 20 pl protein A/G plus agarose beads for
1 h. This was then followed by incubation with anti-Snail antibody
overnight at 4 °C. Protein A/G plus agarose beads were then added to
the immunocomplexes with rotation for 1 h at 4 °C and were subse-
quently pelleted at 1600 X g. Pellets were washed three times with
wash buffer (0.1% SDS, 1% Triton-X 100, 2 mM EDTA, 20 mM Tris,
150 mM NacCl), once with final wash buffer (0.1% SDS, 1% Triton-X
100, 2 mM EDTA, 20 mM Tris, 500 mM NaCl) and twice with TE buffer
(pH 8). Pre-warmed elution buffer (1% SDS, 100 mM NaHCO3;) was
added to the beads and incubated at 65 °C for 6 h to reverse crosslinks.
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Table 1
Primer sets for Snail vector, ChIP and luciferase reporter assay constructs.

Region Primer sequences

Forward: 5 ATCGCTAGCATGCCGCGCTCTTTCCTCG 3’
Reverse: 5"
ATCTGATATCTCAGCGGGGACATCCTGAGCA 3’

pcDNA-Snail

ChIP Forward: 5 GAACGTTAAATAATTTCCTACGT 3’
PXDNSnail + Reverse: 5° GGCGCAGAACAGCACGAGCG 3’
ChIP Forward: 5" GTTTGCGACGGGAACACGCC 3’
PXDNSnail - Reverse: 5° AAAGCCCCTCATTCCTTTTGAGGA 3’
ChIp? Forward: 5 GGCCGGCAGGTGAAC 3’
E-cadherin®™ * Reverse: 5 GGGCTGGAGTCTGAACTGAC 3’
ChIP Forward: 5" GCTGGTCAGTGTCAAATGCT 3’
E-cadherin®! ~ Reverse: 5° CCTCAGTTTCTCCACCCTCC 3’

Luciferase PXDNS"@i1+ Forward: 5
ATAGCTAGCGAACGTTAAATAATTTCCTACGTGGT 3’
Reverse: 5 ATTAGATATCGGCGCAGAACAGC

ACGAGCG 3

Luciferase Forward: 5° ATAGCTAGCGTTTGCGACGGGAACACGCC
PXDNSnail - 3
Reverse: 5
AAAGATATCAAAGCCCCTCATTCCTTTTGAGGA 3’
Luciferase Forward: 5° ATTTAGCTAGCGGCCGGCAGGTGAAC 3’
E-cadherin®™ * Reverse: 5
TCGTAGATATCGGGCTGGAGTCTGAACTGAC 3’
Luciferase Forward: 5’
E-cadherin®" ~ ATTTAGCTAGCGCTGGTCAGTGTCAAATGCT 3’

Reverse: 5* TCGTAGATATCCCTCAGTTTCTCCACCCTCC
3

2 Primers from Vandewalle et al. span across three E-boxes in the E-cadherin promoter
(Vandewalle et al., 2005).

Following protein digestion with 0.1 mg/ml Proteinase K (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) for 2 h at 50 °C, DNA
was purified using the GeneJet PCR Purification kit (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and analysed by PCR. Two
sets of primers were used for each gene promoter (Table 1): one set that
amplified across the putative and known Snail binding sites (Snail +)
in the PXDN and E-cadherin gene promoters, respectively and one set
that served as a non-Snail-containing region (Snail-) (Vandewalle
et al., 2005).

2.6. Snail overexpression

A full-length Snail expressing pcDNA3.1 vector was constructed by
firstly isolating total RNA from HeLa cells using TriZol and a standard
phenol-chloroform RNA extraction method. Then mRNA was converted
to cDNA using the RevertAid First Strand cDNA synthesis kit (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) with the Oligo dT
primer, according to the manufacturer's instruction. The full-length
Snail coding region was amplified by PCR (Table 1) with HiFi high-
fidelity DNA polymerase (Kapa Biosystems Inc., Wilmington, Massa-
chusetts, USA) and cloned into a pcDNA3.1 vector (Invitrogen,
Carlsbad, California, USA) through the Nhel and EcoRV (New England
Biosciences, Ipswich, Massachusetts, USA) restriction sites engineered
into the primers (underlined in the primer sequences in Table 1) using
T4 DNA ligase (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Recombinant DNA was transformed into Escherichia coli JM109
cells and selected on ampicillin-containing (100 pug/ml) LB agar plates.
Recombinant vectors were confirmed by Sanger sequencing (Ingaba
Biotec, South Africa) using the T7 primer, prior to vector amplification
and isolation through a standard alkaline lysis protocol. HeLa and SiHa
cells were transfected with the pcDNA3.1-Snail construct using Tur-
boFect (Thermo Fisher Scientific, Waltham, Massachusetts, USA) ac-
cording to manufacturer's instructions. Transient transfections were
performed over 24-48 h then protein expression and localization de-
termined, as previously described.
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2.7. Luciferase reporter assay

In order to assess the ability of Snail to repress PXDN gene ex-
pression from the PXDN promoter, we performed luciferase reporter
assays using the two regions of the PXDN promoter, one with
(PXDNS"1+) and one without (PXDNS™1") the identified putative
Snail E-boxes. The two regions were amplified by high fidelity PCR and
cloned (Biomatik, Ontario, Canada) into the pGL4.10 vector (Promega,
Madison, Wisconsin, USA) using T4 DNA ligase, through the Nhel and
EcoRV restriction sites engineered into the primers, as underlined in the
primer sequences (Table 1). Sanger sequencing was used to confirm the
recombinant vector sequences prior to transfections. The vectors
pGL4.10-PXDN®™* and pGL4.10-PXDNS™!~ were co-transfected
with pcDNA-Snail into HEK293 cells using TurboFect transfection re-
agent (Thermo Fisher Scientific, Waltham, Massachusetts, USA). After
24 h, the luciferase assay was performed using the Steady-Glo Luci-
ferase assay system (Promega, Madison, Wisconsin, USA) and a
GloMax-96 Microplate Luminometer (Promega, Madison, Wisconsin,
USA), according to manufacturer's instructions. The E-cadherin pro-
moter served as the control, whereby the Snail-binding and Snail non-
binding sites were cloned into pGL4.10, using primers listed in Table 1,
to generate pGL4.10-E-cadherin®™!* and pGL4.10-E-cadherin®"!
respectively.

2.8. Statistical analysis

All results are representative of three independent experiments.
Data were analysed and comparisons made using paired Student's t-test
where relevant; a P value of < 0.05 was considered significant.

3. Results
3.1. PXDN expression decreases in response to TGF-31

In order to establish whether Snail regulates PXDN, we first con-
sidered whether PXDN expression is modified by TGF-31, a classic in-
ducer of EMT and Snail expression (Peinado et al., 2003). First we
looked at the effect of TGF-31 treatment on EMT induction in HeLa and
SiHa cells by examining morphological changes in cell shape, since cells
undergoing EMT take on fibroblast-like features (Zavadil and Béttinger,
2005). Indeed, the morphology of both HelLa (Fig. 1A) and SiHa
(Fig. 1B) cells changed as expected in that cells took on a mesenchymal
phenotype with a spindle-like shape and loss of cell-to-cell contacts.
Next, we assessed expression levels of PXDN along with the EMT
markers Snail, E-cadherin and vimentin in response to TGF-B1 (5 ng/
ml) treatment over 48 h. In HelLa cells (Fig. 1A) PXDN expression de-
creased significantly in by 26% after 24 h and 29% after 48 h and in
SiHa cells (Fig. 1B) by 25% at 24 h and 47% at 48 h, as compared to
untreated cells. Snail expression increased by 38% at 24 h then de-
creased to untreated levels by 48 h in HeLa cells (Fig. 1A) whilst SiHa
cells exhibited 46% and 9% increases at 24 and 48 h, respectively, as
compared to untreated controls (Fig. 1B). As expected, we found that E-
cadherin expression decreased in response to TGF-f1, by 43% and 67%
over 24 and 48 h, respectively in HeLa cells (Fig. 1A), whilst in SiHa
cells the decrease over the same time periods were 29% and 46%
(Fig. 1B). Vimentin, a marker for the mesenchymal phenotype, showed
increased protein expression with ~22% over 48 h in HeLa (Fig. 1A)
and ~35% in SiHa cells (Fig. 1B). Immunofluorescence confocal mi-
croscopy showed the distinctive patterns of protein localisation as well
as supporting the degree of expression seen in the Western blotting for
both HeLa (Fig. 2A) and SiHa (Fig. 2B). Expression levels and extra-
cellular localisation of PXDN and E-cadherin diminished over 24 h with
TGF-B1 (5 ng/ml) treatment, and foci of vimentin increased, in parti-
cular in the SiHa cell. As expected, Snail exhibited an accumulation in
the nuclei upon TGF-P1 treatment.
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Fig. 1. PXDN and EMT marker expression in response to TGF-B1. A) HeLa and B) SiHa show morphological changes following treatment of cells with TGF-f1 (5 ng/ml) for 48 h depict
long fibroblast-like features and loss of cell-cell contacts. Western blot analysis of the effect of TGF-B1 (5 ng/ml) for 24 and 48 h on protein expression of PXDN and EMT markers Snail, E-
cadherin, vimentin. PXDN expression decreased over 24 and 48 h. As expected, Snail expression increased at 24 h then decreased by 48 h of TGF-B1 treatment; with a concomitant
decrease in E-cadherin and increase in vimentin expression (B-actin was used as a loading control; n = 3 * SD; *p < 0.05, **p < 0.01).

3.2. Snail binds to the PXDN promoter in response to TGF-1 primers that amplified across the putative Snail binding sites
(PXDN®"1*) and one that amplified a region with no E-boxes

To determine whether Snail interacts with PXDN promoter region (PXDNSPail - (Fig. 3A and Table 1). In both cell lines, amplification of
we performed ChIP-PCR. We identified three E-boxes close to the the PXDNS"i1* region of the promoter occurred in TGF-f1 treated cells
transcription start site in the PXDN promoter and designed one set of only (Fig. 3B). This was also the case with the positive control; the E-

A PXDN PXDN/DAPI Snai1  Snai1/DAPI E-cad E-cad/DAP| Vimentin Vimentin/DAPI
) .. -- -. ..
it
= TGF-B1
I 24hr
TGF-g1
48hr

B
) .. .. .. -.
£ TGF-1
@ 24hr
- -. .- -- -.

48hr
Fig. 2. Protein localisation in response to TGF-B1-induced EMT. Immunofluorescence confocal microscopy of A) HeLa and B) SiHa cells treated with 5 ng/ml TGF-B1 for 24 and 48 h
showed PXDN expression was reduced with a disruption in organization of PXDN in the extracellular environment. In both cell lines, there was increased nuclear translocation of Snail
with reduced E-cadherin and increased vimentin, over 24 and 48 h. Nuclei were counterstained with DAPI.
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Fig. 3. ChIP-PCR analysis of the PXDN promoter following

A X ) TGF-B1 treatment. A) PXDN promoter region depicting the
Snam@ﬁ) Snamm) three E-boxes as putative Snail binding sites. One set of
Snai1*F (515) Snail*R (+63) primers was designed to span across these three sites

1 (Snail *F and Snail*R) and one set of primers was de-

5" | Sallls | | See ” ol | | Gl | 3 signed to amplify across a region with no identified E-boxes
-126/-121 -118/-113  -91/-86 (Snail ~ F and Snail ~ R). B) ChIP-PCR on cells treated with

TGF-B1 (5 ng/ml) for 24 h. Snail-immunoprecipitated DNA

B was amplified by PCR with products generated for the
PXDNSnit+ PXDNSnsit- E-cadherinSnsit+ E-cadherinSnsi- PXDNS™1* region when cells were exposed to TGF-B1

Unt  TGF-81 Unt  TGF-1 Unt  TGF-p1 Unt  TGF-B1 treatment only. The E-cadherin promoter, which served as

& Q\'\a I g@g S 3@ S 5@0 & ;éa & g@ O I 55& & §°\ O the positive control for Snail binding, showed PCR pro-

5P SFFEFSS FSFE F6F FSSE 68 FSE & ducts for the E-cadherin®™'* region only, as expected.

Hela - - - - = - - Both the PXDN®"'" and E-cadherin®®'" without Snail
binding sites were negative by PCR. The ChIP control

SiHa - L4 v - - - o (Control) was negative by PCR as expected, input DNA
served as a positive control and gave PCR bands of the

expected sizes as expected, and no amplification was found

in the no template control (NTC) samples, which served as the negative control for the PCR. Results represent three independent experiments.

cadherin®™!* promoter region was positive for PCR products with

TGF-f1 treatment (Fig. 3B). This indicates that Snail binds to the PXDN
promoter region in the presence of TGF-B1. Primer sets designed to
flank regions without Snail-binding sites in both PXDN (PXDNS"#1-)
and E-cadherin (E-cadherin®®1~) promoter regions were negative by
PCR, indicating that Snail was not bound to these DNA regions and
therefore did not immunoprecipitate during ChIP, as expected (Fig. 3B).
PCR on input DNA, which had not been processed by im-
munoprecipitation, confirmed the presence of the target DNA sequences
in the genomic DNA and the successful PCR for each primer set. The
negative control containing only the protein A/G agarose beads gave no
PCR products indicating that there was no non-specific binding of DNA
to the beads.

3.3. Snail represses PXDN gene expression

To further investigate the involvement of Snail in repressing PXDN
expression, we conducted luciferase reporter assays. To this end, we
cloned two regions of the PXDN promoter either with (PXDN 571 +) or
without (PXDN S"@!7) the E-boxes into the luciferase gene reporter
vector pGL4.10. Similarly, luciferase reporter gene constructs were
generated for E-cadherin®' * and E-cadherinS™" ~ regions, to serve as
positive controls. HEK293 cells were transiently transfected with each
of the luciferase reporter vectors (pGL4.10-PXDNS™1*  pGL4.10-
PXDNS™1~ ' 5GL4.10-E-cadherin®! * | and pGL4.10-E-cadherin®"! ~)
and treated with TGF-B1. In addition, we also performed these assays
with Snail overexpression, by creating a pcDNA-Snail over-expression
vector. First we assessed the effect of the pcDNA-Snail vector on to
show that with Snail overexpression PXDN expression decreases, as
does E-cadherin and with increased vimentin as expected (Fig. 4A and
B). In the transfected TGF-B1 treated cells, luciferase expression from
the PXDNS™!* promoter region was reduced significantly by 67%
compared to untreated cells transfected with the pGL4.10-PXDN5mail +
vector alone (Fig. 4C). Similarly, co-transfection of HEK293 cells with
pcDNA-Snail and pGL4.10-PXDN5™1* resulted in a 71% decrease in
luciferase reporter gene expression, compared to untreated cells
(Fig. 4C). Similar results were obtained for the E-cadherin control,
where pGL4.10-E-cadherin®™!* with TGF-B1 gave a 79% reduction
and the pGL4.10-E-cadherin®™®!* /pcDNA-Snail co-transfected cells
showed a 94% decrease in luciferase reporter gene expression (Fig. 4D).
The pGL4.10-PXDN®"!" and pGL4.10-E-cadherin®™! ~ vectors did not
show any significant changes in luciferase reporter activity with TGF-31
treatment (Fig. 4C and D). However, we saw some decrease with
pcDNA-Snail co-transfection for the PXDNS"ail - region, which may
indicate that Snail might be interacting with this region. This would
not be completely unsurprising considering the small and somewhat
non-specific nature of the Snail binding site. The empty-vector control
for Snail overexpression gave no significant change in luciferase

199

activity as compared to untreated cells (data not shown).

4. Discussion

Whilst the various physiological and pathophysiological roles of
PXDN have yet to be fully elucidated, several studies have found that
PXDN is involved in the three major processes where EMT occurs.
Firstly, during development in the model organisms X. tropicalis and C.
elegans, PXDN orthologues were found to be integral to embryonic de-
velopment, and in humans, mutations in PXDN have been associated
with congenital abnormalities of the eye (Yan et al., 2014; Micheal
et al., 2016; Tindall et al., 2005; Gotenstein et al., 2010; Péterfi et al.,
2009). Secondly, in fibrosis, myofibroblasts excessively deposit PXDN
into the ECM in response to TGF-f1 in the kidney (Horikoshi et al.,
1999). Thirdly, altered expression of PXDN is found in various cancers
with PXDN implicated in cell attachment and invasion, although the
full extent of the role of PXDN in cancer has yet to be determined
(Desmond et al.,, 2007; Liu et al., 2010; Tauber et al., 2010;
Jayachandran et al., 2016; Thiery et al., 2009). The EMT process results
in the loss of cell polarity and cell-cell adhesion, which can lead to a
more motile cellular phenotype. This requires the repression of the
epithelial phenotype, as reflected by markers such as E-cadherin, and
the acquisition of the mesenchymal phenotype, whereby markers such
as vimentin becomes apparent (Khan et al., 2011). Multiple factors,
including TGF-f1, can trigger EMT in these aforementioned contexts,
but interestingly one of the common denominators is the activation of
the transcription factor Snail, which is considered a master-regulator of
the EMT process (Lamouille et al., 2014; Barrallo-Gimeno and Nieto,
2005). Considering the involvement of PXDN in EMT, we investigated
whether PXDN is regulated by Snail, and is the first such study looking
at the transcriptional regulators of PXDN.

We first assessed PXDN expression in HeLa and SiHa cells in re-
sponse to TGF-B1, and found that this decreases over 48 h, a pattern
also seen with one of the classic markers of the epithelial phenotype, E-
cadherin (Cano et al., 2000; Batlle et al., 2000). There was a con-
comitant increase in Snail at 24 h then a drop in expression at 48 h.
This pattern is not surprising since Snail expression has more recently
been determined to act over a shorter time period than previously
thought, although the downstream effects of Snail on its target genes
are longer lasting (Vetter et al., 2009). Our findings agree with previous
observations that TGF-f1 leads to decreased E-cadherin and promotes
EMT induction in HeLa and SiHa cell lines (Yi et al., 2002; Kloth et al.,
2005; Cheng and Hao, 2016).

Whilst in our study we found that TGF-f1 causes decreased PXDN
expression, in kidney fibrosis, PXDN shows increased deposition in the
ECM (Horikoshi et al., 1999). On the surface, this seems in conflict with
our results, however, the difference in PXDN expression in these two
processes makes this entirely understandable as whilst similar pathways
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Fig. 4. Luciferase reporter assay for regulation of PXDN expression by TGF-B1 and Snail overexpression. A) HeLa and B) SiHa cells were grown on coverslips then transfected for 24 h
with Snail expression vector, pcDNA-Snail. Immunofluorescence confocal microscopy indicated that transiently transfected cells exhibited an increase in Snail and vimentin expression

and a decrease in E-cadherin, as expected. Both cell lines showed a decrease in PXDN with Snail overexpression. Luciferase vector constructs for C) PXDN (pGL4.10-PXDN®ail+

and

pGL4.10-PXDN®"*1") and D) E-cadherin (pGL4.10-E-cadherin®*'* and pGL4.10-E-cadherin®*' ~) were transfected into HEK293 cells, either in the presence of TGF-B1 or co-transfected
with the pcDNA-Snail overexpression vector. Luciferase reporter gene expression was significantly lower with both TGF-f1 treatment and with Snail overexpression, from the region of

the PXDN promoter containing the putative Snail binding sites (Snail ™). The Snail ~

region of the promoter showed no significant decrease with TGF-f1 but there was some decrease

with Snail overexpression. The E-cadherin promoter regions with Snail E-boxes (Snail ™) gave significantly reduced luciferase reporter gene expression with TGF-B1 and Snail over-

expression, but not for the E-cadherin Snail ~

are triggered, outcomes can differ between cancer and fibrosis (Liu,
2011). From a cancer perspective, Barnett et al. found that Snail
overexpression caused significant up-regulation of PXDN in human
prostate cancer cells, which differs from our findings (Barnett et al.,
2011). However, as with many other proteins, PXDN expression pat-
terns are emerging as cancer-type and probably stage specific; one re-
cent comprehensive study looking at PXDN in breast cancer cell lines,
found that even within the basal or luminal subtypes, expression dif-
fered significantly from highly expressed to not at all (Young et al.,
2015). Certainly, the triggers of PXDN expression in cancer will also
undoubtedly prove to be context-specific, with TGF-f1, for example,
known to play opposing roles in cancer progression (Roberts and
Wakefield, 2003; Heerboth et al., 2015).

Once we had established that, in our model, TGF-$1 causes EMT and
this involved a decrease in PXDN expression, we looked at whether
Snail binds to the PXDN promoter. Snail is known to interact with E-
boxes in target gene promoters, which have the consensus sequence
CANNTG (Nieto, 2002). Considering the rather degenerate nature of
this sequence, we identified multiple putative Snail binding sites
within the PXDN promoter, through a manual search. As we found a
cluster of three such E-boxes in the PXDN promoter proximal to the
transcription start site (Fig. 2A), we hypothesized that this would be the
likely region of Snail binding. Through ChIP-PCR, we observed that in
the presence of TGF- 1, Snail binds to this particular region of the
promoter only. To then look at whether Snail can direct gene repres-
sion from this E-box containing region of the PXDN promoter, we used
luciferase reporter assays, and found reduced gene expression with the
addition of TGF- 1. Since this potent growth factor can activate a host
of transcription factors that may potentially interact with the PXDN
promoter to modify expression, we also co-transfected cells with a
Snail overexpression vector. We found that this specifically causes
PXDN gene repression from the E-box containing region to levels similar
to those caused by TGF- B1. Indeed, Snail-regulated genes usually
contain clusters of more than one Snail E-box, as in the PXDN pro-
moter, but the reason for multiple Snail binding has not yet been
clarified (Batlle et al., 2000; Beach et al., 2008; Whiteman et al., 2008).
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region, relative to untreated, as expected. (n = 3 = SD; p < 0.05.)

Mutation studies have shown that destroying one or more of these sites
still confers the ability to repress gene expression via Snail; only when
all sites were mutated was there no regulation by Snail of the target
genes (Batlle et al., 2000). Therefore, the importance of each individual
E-box and the level to which each is responsible for regulating target
gene expression, including for PXDN, remains to be seen. Furthermore,
Snail has been conventionally understood as a transcriptional re-
pressor, through the recruitment of histone deacetylases to gene pro-
moters (Peinado et al., 2004). However, recent evidence suggests that
Snail is also involved in the activation of gene expression and therefore
it may be plausible that different Snailsites direct these opposing roles
under different cellular situations (Rembold et al., 2014).

5. Conclusion

In summary, the process of EMT is integral to a number of physio-
logical and disease states. TGF-B1 is a major effector of this process that
activates various key transcription factors such as Snail. Regardless of
the type of EMT, this process leads to modifications in the ECM and
Snail has been identified as a biomarker for disease progression
(Heerboth et al., 2015). Our findings that Snail regulates PXDN in
cervical carcinoma cell lines, further supports a role for this ECM
modifying protein in cancer. Delineating the details of PXDN expression
in cancer, will require careful consideration of the various triggers and
stage of cancer progression. Furthermore, considering the breadth of
processes that Snail is involved in, such as EMT, our work highlights
the significance of considering PXDN when studying these processes,
which will be critical to deciphering the role of PXDN in normal phy-
siology and disease processes.
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