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ABSTRACT  

 

Peroxidasin is a mammalian haem-peroxidase that, unlike other mammalian 

haem peroxidases, contains additional motifs characteristic of extra-cellular 

matrix (ECM) proteins. This feature allows for the speculation that PXDN may 

have other functions within the ECM in addition to its catalytic activity. One 

such function is the crosslinking of collagen IV in the ECM – a crucial process 

for basement membrane integrity. Whilst normally expressed in the 

cardiovascular system and eye, dysregulated PXDN expression is observed in 

multiple human diseases including fibrosis and cancer. The role of hypoxia in 

the development and progression of such disease phenotypes has already been 

elucidated, therefore we hypothesised that pxdn may be regulated by HIF-1α 

is the master regulator of the cellular response to hypoxia, controlling the 

expression of approximately 200 genes once active. To accomplish this, 

localisation and protein quantification of PXDN and HIF-1ɑ were observed in 

HeLa cells treated with cobalt chloride (CoCl2) using immunofluorescence 

confocal microscopy and Western blot, respectively. Both HIF-1ɑ and PXDN 

show increased protein expression in response to treatment with 100µM 

CoCl2, a hypoxia mimetic, over a 24-hour period. PXDN expression was 

observed in the ECM and HIF-1ɑ in the nucleus, as expected. The interactions 

between HIF-1ɑ and the pxdn promoter region were then observed using 

chromatin immunoprecipitation and PCR. HIF-1 binds the pxdn promoter at a 

region 741bp and 801bp upstream of the transcription start site. This data 

shows that, in the presence of CoCl2, HIF-1α and PXDN expression is 

increased in cervical cancer cells and we also show that HIF-1α interacts with 

the pxdn promoter. However further work should be carried out to determine 

whether this interaction between HIF-1α and pxdn drives transcription. 

Understanding the interactions between HIF-1ɑ and PXDN may lead to the 

development of novel therapeutic targets for cancer and other diseases where 

PXDN and HIF-1ɑ are implicated.  
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1. INTRODUCTION 

Peroxidases catalyse the oxidation of various substrates in the presence of 

hydrogen peroxide (H2O2) resulting in the production of either organic radicals 

or inorganic hypohalous acids (Battistuzzi, et al, 2010). Depending on their 

sequence similarity, they can be grouped into two superfamilies: the first 

comprises all peroxidases in bacteria, fungi and plants, whereas vertebrate 

peroxidases are part of the peroxidase-cyclooxygenase superfamily 

(Battistuzzi, et al, 2010; Zamocky et al, 2008). In mammals, there are five 

known haem-peroxidases, namely myeloperoxidase (MPO), eosinophil 

peroxidase (EPO), lactoperoxidase (LPO) – which act in host defence through 

their antimicrobial activity, thyroid peroxidase (TPO) – a catalyst for thyroid 

hormone production and peroxidasin (PXDN) – a protein essential for 

basement membrane consolidation (Nelson et al, 1994; Cheng et al, 2008). 

PXDN is the most recently characterised haem-peroxidase and multiple 

studies have been carried out to elucidate its structure, function and role in 

pathophysiology. Here we investigate the regulation of pxdn in response to 

cellular hypoxia.  

 1.1.  PXDN expression  

The PXDN protein was identified and characterised as a haem-peroxidase with 

additional domains characteristic of extracellular interacting proteins in 

Drosophila (Nelson et al, 1994). During Drosophila development, PXDN is 

secreted by haemocytes into the extracellular matrix (ECM) where it plays a 

role in basement membrane consolidation (Nelson et al, 1994). The protein is 

also expressed in Drosophila phagosomes, oocytes, larval fat bodies and the 

gastric ceaca (Nelson et al, 1994). In C. elegans, PXDN is expressed in 

epidermal cells during embryogenesis where its role in basement membrane 

formation is vital for embryonic morphogenesis, muscle-epidermis attachment 

and neuronal guidance (Gotenstein et al, 2010). In addition to this, PXDN acts 

in the maintenance of cell adhesion in C. elegans in postembryonic tissue, and 

in the adult life stage PXDN is responsible for the inhibition of axon 
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regeneration (Gotenstein et al, 2010). Xenopus tropicalis was the first 

vertebrate wherein PXDN expression was observed (Tindall et al, 2005). 

Expression of PXDN in X. tropicalis was seen in the neural tube, optic vesicle, 

pronephros and tail-forming region during development and morphogenesis, 

where the protein is involved in modifying the ECM (Tindall et al, 2005). 

Regarding higher organisms, PXDN mRNA has been found to be expressed in 

the mouse during the embryonic stages of development, however the 

expression of the protein is found in the heart (Cheng et al, 2008). During 

development, the protein is expressed in the mouse corneal epithelium (Khan 

et al, 2011). In adult murine eyes the protein localises to the corneal and lens 

epithelium (Khan et al, 2011)  

In humans, PXDN mRNA expression is widespread, with transcripts found in 

the heart, skeletal muscle, colon, spleen, kidney, liver, small intestine, lung, 

pancreatic and placental tissues (Pertefi et al, 2009). However, PXDN protein 

expression varies significantly from mRNA expression, with high expression 

of the protein seen primarily in the cardiovascular system (as such the protein 

is also known as vascular peroxidase-1 (VPO1)) where the protein is 

constitutively secreted by vascular endothelial cells and micromolar 

concentrations of the protein circulate in the bloodstream (Cheng et al, 2008; 

Cheng et al, 2011). In terms of cellular localisation, Pertefi et al reported that 

in human primary fibroblasts, human dermal fibroblasts, vascular endothelial 

cells and smooth muscle cells, PXDN localises to the endoplasmic reticulum 

(ER) (Pertefi et al, 2009). However, Cheng et al found that heterologously 

expressed PXDN was rapidly secreted into the culture medium of HEK293 

cells with little protein found in cell lysates (Cheng et al, 2011).   

PXDN expression may be induced or altered in response various stimuli such 

as transforming growth factor-β1 (TGF-β1), tumour necrosis factor-ɑ (TNF-

ɑ), lipopolysaccaride (LPS), H2O2, and angiotensin-II (Ang-II) (Pertefi et al, 

2009; Cheng et al, 2011; Hanmer and Mavri-Damelin, 2018; Shi et al, 2010). 

Upon stimulation with TGF-β1, human primary fibroblasts, human dermal 

fibroblasts, vascular endothelial cells and smooth muscle cells secrete PXDN 

into the ECM where the protein then localises to fibril-like structures (Pertefi 
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et al, 2009). In the cancer cell lines SiHa and HeLa however, TGF-β1 

treatment caused a significant decrease in PXDN expression (Sitole and 

Mavri-Damelin, 2018). The proinflammatory factors tumour necrosis factor-ɑ 

(TNF-ɑ) and lipopolysaccharide (LPS) increased both pxdn transcription and 

PXDN expression in HUVECs (a vascular endothelial cell line) (Cheng et al, 

2011). Treatment of HEK293 and HeLa cells with H2O2 resulted in increased 

PXDN expression (Hanmer and Mavri-Damelin, 2018). LPS was found to 

increase PXDN expression by approximately 4-fold (Shi et al, 2018). 

Angiotensin II (AngII) mediates the proliferation of vascular smooth muscle 

cells by upregulating PXDN expression (Shi et al, 2010).   

 1.2.   Structure and function of PXDN  

  

The human pxdn gene is found on chromosome 2p25, with an exon count of 

24 and encodes a 165 kilodaltons (kDa) multidomain protein (NM_012293.3;  

NP_036425.1) (Geer et al, 2010; O’Leary et al, 2016). Although Nelson et al 

reported that the Drosophila homolog of PXDN exists as a trimer, the 

quaternary structure of mammalian PXDN is not clear (Nelson et al, 1994). 

Cheng et al describe human PXDN as a monomeric polypeptide (Cheng et al, 

2011). However, contrary to this, Lazar et al observed that heterogously and 

endogenously expressed PXDN produced three separate band sizes (160kDa, 

300kDa and 500kDa) of which the 500kDa was the most abundant (Lazar et 

al, 2015). They thus concluded that mammalian PXDN formed oligomers and 

that its dominant form was trimeric (Lazar et al, 2015).  

Typically, mammalian haem-peroxidases contain an N-terminal signal peptide 

and a peroxidase domain. In addition to this, PXDN also contains five leucine 

rich repeats (LRR) with capping motifs, four immunoglobin (Ig) -binding 

domains and a C-terminal von Willebrand factor (vWF) (Figure 1.1.) (Cheng 

et al, 2008; Soudi et al, 2012). LRR are found in many proteins where they 

function in cell adhesion, signal transduction, ECM assembly, immune 

response and various other protein protein interactions (Kobe and Diesenhofer, 

1995). The C-type Ig domain in PXDN commonly functions in cell adhesion 

and pattern recognition (Soudi et al, 2012). The domain is required, alongside 
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the catalytic peroxidase domain, for sulfilimine cross-link formations in 

collagen IV (Ero-Trolliver et al, 2015). It has been proposed that the N-

terminal portion of this domain transiently interacts with collagen IV, allowing 

the hypobromous acid produced by the PXDN peroxidase domain interaction 

with the collagen NC1 substrate, facilitating crosslink formation (Ero-

Trolliver et al, 2015). The loss of an N-terminal portion of this domain resulted 

in poor cross-linking between collagen IV molecules (Ero-Trolliver et al, 

2015). The C-terminal vWF domain is the most recently characterised motif 

in peroxidases (Cheng et al, 2008). Proprotein convertase processing enhances 

PXDNs ability to crosslink collagen IV in the basement membrane (Colon and 

Bhave, 2016). PXDN is cleaved at the C-terminal preceding the vWF domain 

to activate PXDN catalytic activity (Colon and Bhave, 2016). In the absence 

of the proprotein convertase proteolytic processing, PXDN is still able to 

catalyse collagen IV however, its catalytic activity is significantly reduced 

(Colon and Bhave, 2016).  

  

Figure 1.1. Diagram showing the domains found in PXDN. In addition to its 

peroxidase domain, PXDN contains six LRR motifs, four Ig-like domains and a C-

terminal vWF domain. These additional structures are thought to mediate 

interactions between PXDN and ECM proteins. (Peterfi and Geiszt, 2014).  

  

The haem-peroxidase domain of PXDN facilitates the formation of sulfilimine 

bonds in collagen IV through its production of hypohalous acids using H2O2 

(Bhave et al, 2012; Lazar et al, 2015; Bathish et al, 2018). The source of H2O2 

used in this reaction is yet to be established. Initially, Liu et al proposed NOX4 

as the source of H2O2 for PXDN during inflammatory reaction in a model of 

pulmonary hypertension (Liu et al, 2014). This seemed to be corroborated by 

the 100-fold increase in NOX4 expression seen by Peterfi et al in 

myofibroblasts; however, it has been shown that PXDN promotes collagen IV 
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crosslinking in the absence of the NOX/DUOX families (Peterfi et al, 2009; 

Sirokmany et al, 2018). Still, it has been made clear that PXDN utilises this 

H2O2 to produce hypobromous acid which then oxidises methionine-93, which 

is cross-linked to lysine/hydroxylysine-211 at the non-collagenous interface of 

an adjoining collagen IV fibre (Bhave et al, 2012; Fidler et al, 2014; Ero-

Tolliver et al, 2015; Bathish et al, 2018). Collagen IV fibres are the 

predominant fibres in the basement membrane protein network; therefore, this 

crosslinking reaction is important for maintaining basement membrane 

integrity (Bhave et al, 2012; Fidler et al, 2014; Lazar et al, 2015). The loss of 

peroxidase activity in Drosophilla and C. elegans results in poor basement 

membrane integrity and abnormal epidermal morphology, showing that PXDN 

sulfilimine bond formation is a key driver of basement membrane stability 

(Nelson et al, 1994; Gotenstein et al, 2010).   

  

Figure 1.2. PXDN catalyses the formation of collagen IV crosslinks. (A) Collagen 

IV crosslinks are formed at the NC1 interface of adjacent collagen fibres in the 

presence of PXDN, which catalyses the formation of hypohalous acid from H2O2. (B) 

Sulfilimine bonds are formed between opposing methionine and hydroxylysine 

residues using the hypohalous acid produced by PXDN as an intermediate (Peterfi 

and Geiszt, 2014).  

  

In addition to its role in ECM consolidation, it has been suggested that PXDN 

may play a role in innate immunity. Studies have shown that PXDN in plasma 

was able to effectively bind and kill E. coli through its production of HOCl, 

suggesting that PXDN plays a role in innate immunity in plasma (Li et al, 

2012). The protein has also been found to mediate lung host defence through 

its ability to bind and kill gram-negative bacteria (Shi et al, 2018). The 

hypohalous acid generated by PXDN is bacteriacidal against P. aeruginosa 
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and E. coli, which interact with the PXDN N terminal via their cell wall LPS 

(Shi et al, 2018).   

Another essential role of PXDN is the catalysis of dityrosine crosslinking 

reactions. In Drosophila, these stabilised the chorionic membrane and 

promoted ECM consolidation, however, it is thought that the dityrosine 

crosslinking reactions catalysed by PXDN may only occur under basic 

conditions (Nelson et al, 1994; Cheng et al, 2011).   

 

 1.3.  The role of PXDN in disease   

  

Oxidative stress refers to a disruption in redox balance within the cellular 

environment that leads to the production of excess ROS in the form of free 

radicals (O2
- and OH-), H2O2 and hypohalous acids. This preference for the 

pro-oxidative state leads to increased DNA damage, changes in protein 

function due to their oxidation and the peroxidation of cellular lipids. PXDN 

can act as a mediator of oxidative stress through the production of HOCl and 

HOBr, leading to cellular damage that results in disease. For example, in 

murine eye development, a nonsense mutation in the pxdn gene result in the 

loss of peroxidase activity, resulting in increased ocular inflammation (Yan et 

al, 2014). In cardiovascular disease for example, changes in PXDN expression 

lead to excessive HOCl formation that leads to endothelial cell damage. In this 

section, PXDN pathophysiology and its role in the development various 

disease will be discussed.  

1.3.1. Mutations in PXDN cause anterior segment dysgenesis  

PXDN is expressed during eye development in X. tropicalis, mice and humans 

(Tindall et al, 2005; Khan et al, 2012; Yan et al, 2014; Choi et al, 2014). 

Homozygous mutations in pxdn have been correlated with anterior segment 

dysgenesis (ASD) (a collection of developmental disorders affecting the 

anterior chamber of the eye), glaucoma and micropthalmia (Khan et al, 2012; 

Yan et al, 2014; Choi et al, 2015).  Khan et al first described the presence of 

congenital eye defects in 5 families that carried mutations in pxdn (Khan et al, 
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2011). Later on, Choi et al identified four mutations that caused ASD – a 

maternally inherited nonsense mutation, a paternally inherited deletion that 

caused a frameshift mutation resulting in premature protein truncation, a 

maternally inherited frameshift mutation and a paternal deleterious missense 

substitution (Choi et al, 2015).  What is yet to be described is how each 

mutation affects ocular development and whether each mutation differs in the 

phenotypic presentation of ASD. In a murine model, a nonsense mutation in 

pxdn resulted in the insertion of a premature stop codon (Yan et al, 2014). This 

mutation resulted in the loss of the peroxidase activity and the vWF domain 

(Yan et al, 2014).  PXDN expression is responsible for the development of 

corneal and lens epithelium during eye development (Khan et al, 2011). In 

these structures, PXDN may be necessary for adhesive support and oxidative 

balance (Khan et al, 2011). The absence of PXDN expression in these cells 

results in the varying degrees of ASD which includes corneal opacity, cataract 

formation, micropthalmia and glaucoma (Khan et al, 2011; Yan et al, 2014; 

Choi et al, 2015). The reduced eye size seen in pxdn mutants is due to the 

decreased proliferation and differentiation of the lens (Yan et al, 2014). 

However, cataract formation, corneal opacity and glaucoma may occur as a 

result of aberrant oxidative balance in the developing eye. The absence of 

PXDN in the eye may result in the build-up of H2O2, resulting in protein and 

lipid oxidation leading to the deposition of the insoluble aggregates 

characteristic of cataracts and corneal opacification (Khan et al, 2011). Yan et 

al (2014) reported increased IL-β and TNF-α factors in mice carrying a pxdn 

mutation. The presence of these pro-inflammatory factors and increased ROS 

may be reason for the development of glaucoma.    

Mice that carried the PXDN mutant gene suffered from severe anterior 

segment dysgenesis and microphthalmia (Yan et al, 2014).  The mice also 

show decreased lens fibre cell proliferation and differentiation during 

development, which was the cause for decreased eye size (Yan et al, 2014). 

The loss of PXDN leads to decreased structural integrity in the lens epithelium, 

as the crosslinking of collagen IV is disrupted; indeed, collagen IV was 

decreased in the lens capsule and lens epithelium of mice carrying pxdn 

mutations (Yan et al, 2014). The loss of PXDN also leads to increased ocular 
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inflammation and glaucoma, which was noted through the increased 

expression of the inflammatory factors IL-1β and TNF-α (Yan et al, 2014). 

The authors hypothesise that this may be due to the loss of PXDN’s peroxidase 

activity, which may mitigate the effects of increased ROS in the lens 

epithelium (Khan et al, 2011; Yan et al, 2014).   

 

1.3.2. PXDN expression in cardiovascular disease  

 

Atherosclerosis refers to the narrowing of blood vessels due to the formation 

of cholesterol or calcified plaques along the vessel walls (Kher and Marsh, 

2004). PXDN interacts with and oxidises LDL through the HOCl generated by 

its peroxidase activity (Yang et al, 2016). This process results in a positive 

feedback loop as the presence of ox-LDL and LDL further increase PXDN 

mRNA and protein expression in human vascular endothelial cells (HUVECs), 

the human monocytic-like THP-1 cell line and mouse aorta (Bai et al, 2011; 

Yang et al, 2016). Furthermore, PXDN promotes the accumulation of lipid in 

macrophages (Yang et al, 2016). This is a result of its ability to bind and 

oxidise LDL; however, PXDN also oxidises the apoE protein responsible for 

binding very low-density lipoproteins (VLDL), thus impairing lipid clearance 

in the plasma (Yang et al, 2013). In addition to this, increased PXDN resulted 

in ox-LDL induced apoptosis via the caspase 3 pathway (Bai et al, 2011). 

Although the direct interaction of PXDN and caspase 3 are not shown, the 

inhibition of PXDN resulted in decreased endothelial cell apoptosis and 

reduced caspase 3 activity (Bai et al, 2011). In vascular smooth muscle cells 

(VSMCs), the increased PXDN expression leads to mineral deposition in 

endothelial cells (Tang et al, 2015). The activation of VPO1 in VSMCs 

correlated with the increased expression of the Runx2, an osteogenic 

transcription factor responsible for the endogenous regulation of vascular 

calcification (Tang et al, 2015). Vascular calcification is a precursor for the 

development of atherosclerosis disease, as well as diabetes and chronic kidney 

disease. The build-up of plaque is accompanied by a proinflammatory 

response that results in the formation of foam cells within the vasculature. As 
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previously mentioned, LPS and TNF-α induce PXDN expression and secretion 

in vascular endothelial cells (Cheng et al, 2011). In mouse aortic walls, the 

pro-inflammatory factors LPS and TNF-α result in the induction and 

accumulation of PXDN and ox-LDL (Yang et al, 2016). This chronic 

inflammatory response is responsible for the conversion of macrophages and 

endothelial cells into lipid-filled foam cells (Chistiakov et al, 2017).   

PXDN regulates cardiac fibrosis after myocardial infarction (Liu et al, 2019). 

In human and murine hearts, following myocardial infarction, an increased 

PXDN expression leads to the differentiation of cardiac fibroblasts into 

myofibroblasts that are able to proliferate and deposit excess collagen I in the 

ECM leading to the progression of fibrosis (Liu et al, 2019). Furthermore, 

PXDN was co-expressed with α-SMA – a myofibroblast marker only 

expressed in hypertrophic and fibrotic hearts (Campbell and Katwa, 1997). 

Nonetheless, this function of PXDN in cardiac fibrosis simply emphasizes the 

role of the protein in vascular remodelling. In cardiovascular disease, vascular 

remodelling occurs as an adaptive response to changes in pressure, ischemia 

and multiple other injuries. In spontaneously hypertensive rats, PXDN 

expression is increased alongside MMP-2 and MMP-9 resulting in the 

degradation and reorganization of the ECM that leads to increased blood 

pressure (Iiangqing et al, 2017).   

1.3.3. Peroxidasin dysregulation in cancer   

PXDN dysregulation has been associated with at least four cancer hallmarks 

(proliferation, apoptosis, angiogenesis, metastasis and invasion) in breast, 

colon and ovarian cancers, as well as melanoma, renal cell carcinoma, 

glioblastomas, prostate cancer, cervical cancer and ovarian cancer (Mitchell et 

al, 2000; Jayachandran et al, 2016; Castranova et al, 2006; Tauber et al, 2010; 

Barnett et al, 2010; Liu et al, 2010; Woods, 2013; Sitole and Mavri-Damelin, 

2018; Hanmer and Mavri-Damelin, 2018; Zheng and Liang, 2018). In these 

malignant cancers, two processes remain key constituents of their progression; 

that is the increased production of ROS, which leads to the redox imbalance 

that facilitates progression, angiogenesis and survival, as well as EMT which 
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enables the invasive and metastatic characteristics of tumours. PXDN has been 

strongly associated with both the process of ROS production and EMT in 

cancer.  

High levels of ROS are known to be a key driver of cancer survival. PXDN 

produces ROS through the catalysis of H2O2 to HOBr – a process key to 

basement membrane synthesis and innate immunity. However, in cancer 

PXDN dysregulation may cause increased ROS leading to apoptosis and EMT. 

In the EB1 colon cancer cell line, PXDN (p53-response gene 2 or PRG2) was 

identified as a response gene upregulated during the process of p53-dependant 

apoptosis (Horikoshi et al, 1999). In these EB1 cells, a 4.5kb mRNA transcript 

of PXDN was found (Horikoshi et al, 1999) The shorter transcript encoded the 

portion of PXDN that carried the peroxidase domain without the N terminal 

signal peptide, which left room for the hypothesis that during p53 mediated 

apoptosis, PXDN accumulated in the cells and increased cellular ROS, leading 

to the activation of caspases and other downstream players responsible for 

apoptosis (Horikoshi et al, 1999).    

More recently, it has been shown that Nrf2, the master regulator of redox 

response, binds the PXDN promoter and activates transcription of the gene 

(Hanmer and Mavri-Damelin, 2018). This work showed that both PXDN and 

Nrf2 protein expression increased in the presence of H2O2, and the expression 

of both proteins was further upregulated when cervical cancer cell lines were 

treated with SFN and tBHQ – known inducers of Nrf2 expression. 

Furthermore, treatment with H2O2 resulted in the perinuclear expression of 

PXDN, whereas upon treatment with SFN and tBHQ, PXDN was deposited in 

the ECM. ChIP and luciferase assay then confirmed that the PXDN promoter 

contains an antioxidant response element (ARE) that is bound by Nrf2 during 

oxidative stress resulting in increased expression and secretion of the PXDN 

gene (Hanmer and Mavri-Damelin, 2018). Although the expression of PXDN 

through activation by Nrf2 is increased in cervical cancer cells, PXDN 

expression is also significantly increased in the embryonic cell line HEK293 

(Hanmer and Mavri-Damelin, 2018). This could reflect the nature of PXDN 

which is expressed during development, however this may also reflect the 
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ability of Nrf2 to mitigate the effects of oxidative stress in normal cells, whilst 

still being able to drive cancer progression in tumours. Nonetheless, these 

results reveal that PXDN is directly implicated in cancer progression through 

changes in redox regulation.   

The direct association between PXDN and oxidative stress through its 

activation by Nrf2, broadens the implications for PXDN expression in cancer 

cells. ROS is known to be a secondary cellular messenger that directs a variety 

of biological processes in cancer (Janssen-Heininger et al, 2008). Epithelial to 

mesenchymal transition (EMT) is one of those processes. ROS is able to 

regulate ECM remodelling, cytoskeleton remodelling, cell-cell junction and 

cell motility, leading to EMT and allowing for the invasion-metastasis cascade 

in the later stages of cancer progression (Ye and Weinberg, 2015). EMT is a 

process whereby epithelial cells associated with the basement membrane 

differentiate and take on a mesenchymal phenotype (Ye and Weinberg, 2015). 

These changes result in increased cell motility, allowing for the migration from 

the local tumour environment and colonisation of distant tissues.   

PXDN expression was correlated with the expression of haem oxygenase-1 

(HO-1) (Tauber et al, 2010). HO-1 is a key enzyme in haem degradation. In 

normal cells, HO-1 has cytoprotective, anti-inflammatory, antiproliferative 

and antiapoptotic roles, however in malignant cells the protein aids in cell 

survival, apoptosis, invasion and metastasis as well as drug resistance. The 

expression of the protein varies in response to certain stimuli, including ROS. 

In choriocarcinoma cells, HO-1 was strongly correlated with PXDN, where 

the proteins facilitated cell adhesion (Tauber et al, 2010). Increased cellular 

HO-1 resulted in increased adhesion to various ECM molecules in BeWo cells, 

and this increased expression of HO-1 correlated with an increased expression 

of PXDN (Tauber et al, 2010). Moreover, the loss of PXDN in the 

choriocarcinoma cell line resulted in the loss of adhesion in cells expressing 

HO-1 (Tauber et al, 2010).    

PXDN has been closely associated with TGF-β1. In kidney fibrosis, PXDN is 

secreted to the ECM in response to TGF-β1 treatment, whereas in cervical 
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cancer, TGF-β1 causes decreased extracellular PXDN expression (Peterfi et 

al, 2009; Sitole and Mavri-Damelin, 2018). TGF-β1 regulates cell 

proliferation and cell adhesion, and the cytokine plays a role in EMT induction 

by the activation of Snai1, which then represses E-cadherin (Katsuno et al, 

2013). ROS signalling is an important factor in this process as decreased ROS 

results in the reversal of TGF-β1 induced EMT (Katsuno et al, 2013). Once 

the TGF-β1 pathway is activated by ROS, a positive feedback loop causes the 

increased production of ROS by TGF-β1, leading to EMT progression 

(Katsuno et al, 2013). Moreover, ROS also causes increased Snai1 expression 

(Hanmer and Mavri-Damelin, 2018). In the cervical cancer cell lines HeLa and 

SiHa, TGF-β1 treatment resulted in a switch to a mesenchymal phenotype 

(Sitole and Mavri-Damelin, 2018). The PXDN expression in these cells had 

decreased significantly with E-cadherin, whereas the EMT markers, Snai1 and 

vimentin, were markedly increased (Sitole and Mavri-Damelin, 2018). In 

addition to this, ChIP and luciferase assay showed that Snai1 binds an E-box 

in the PXDN promoter region and represses PXDN expression (Sitole and 

Mavri-Damelin, 2018). Barnett et al (2010) identified PXDN as an oxidative 

response gene that whose mRNA expression was upregulated more than 300-

fold in prostate cancer. The differences here may be attributed to stage- and 

tissue specific expression of the PXDN gene in tumour progression.    

 

 1.4.  Hypoxia-inducible factor-1 α  

The maintenance of O2 homeostasis is vital for cellular functioning, thus 

decreased O2 within the cell environment results in a signalling pathway 

cascade that aims to restore homeostasis (Vafhakha and Gilany, 2010). The 

hypoxia inducible factor-1 (HIF-1) transcription factor is the master regulator 

of multiple physiological processes in response to hypoxia (Semenza, 2001). 

The HIF-1 protein is a heterodimer whose two subunits consist of a basic helix-

loop-helix (bHLH) and PAS domain, which is important for subunit 

dimerization and binding of the hypoxia response element (HRE) – a 

consensus 5ʹ-ACGTG-3ʹ sequence in the promoter or enhancer region of 
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multiple genes (Figure 1.3.) (Semenza et al, 1992; Wang et al, 1995; 

Chapman-Smith et al, 2004; Yang et al, 2005; Dengler et al, 2014). The HIF-

1 complex consists of a constitutively expressed HIF-1β subunit and an 

oxygen-dependant alpha subunit (Wang and Semenza, 1995; Wang et al, 

1995). There are three known isoforms of the alpha subunit; namely HIF-1α, 

HIF-2α and HIF-3α. Little research has been conducted on HIF-3α, however 

HIF-1α and HIF-2α are both activated in response to hypoxia. HIF-1α plays a 

role in acute response (~2-24hrs) whereas HIF-2α is activated in response to 

chronic hypoxia (~48-72hrs) (Holmquist-Mengelbier et al, 2006; Koh et al, 

2011; Koh and Powis, 2012). In addition to this, HIF-2α expression is activated 

when cellular O2 is decreased to ~5%, whereas HIF-1α expression occurs 

during severe hypoxia (O2<1%) (Holmquist-Mengelbier et al, 2006).  

Although both proteins are expressed during hypoxia, HIF-1α is of interest in 

this study because it acts as the master regulator ofof acute hypoxia –the 

physiological state that this work focuses on.  
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Figure 1.3. HIF domains and post-transcriptional modifications. HIF proteins 

contain a number of conserved protein domains. The basic Helix Loop-Helix 

domain (bHLH) for DNA binding, dimerization through the PAS domains. The 

oxygen dependant domain (ODD) acts in oxygen sensing and transcriptional 

activation domains (N-TAD and C-TAD). HIF regulation and activation occurs 

through the structural modification of the various domains by amino acid residues 

(Dengler et al, 2014).  

The expression of the HIF-1ɑ subunit is tightly regulated during normoxia. 

When cellular oxygen levels are within a normal range, post-translational 

modifications such as hydroxylation, acetylation and ubiquitination regulate 

HIF-1α in an oxygen dependant manner. HIF-1α is hydroxylated at P402 and 

P564 by the prolyl hydroxylase domain (PHD) protein in a 2-oxoglutarate and 

O2-dependant reaction, requiring Fe2+ and ascorbate as co-factors (Salceda and 

Caro, 1997; Huang et al. 1998; Kallio et al, 1999). Factor Inhibiting HIF-1 

(FIH-1) hydroxylates the A803 residue of the protein preventing the 

interaction of the transcriptional co-activator CREB-binding protein/p300 

resulting in the repression of HIF-1 expression (Mahon et al, 2001). 

Furthermore, the acetyl transferase ARD-1 also acetylates the protein at K532. 

Collectively, these modifications lead to the interaction of HIF-1α with the von 

Hippel Lindau complex (pVHL), which targets HIF-1α by attaching 

polyubiquitin chains at L574 for proteasomal degradation (Wykoff et al, 

20002000). This degradational process maintains the short half-life (t⅟2 = 5 

minutes) of HIF-1α during normoxia (Ke and Costa, 2006).   

  

During hypoxia, however, PHDs and FIH-1 are inactivated and HIF-1ɑ 

expression is upregulated. HIF-1ɑ is translocated from the cytoplasm into the 

nucleus where it interacts with the constitutively expressed HIF-1β, forming 

the HIF-1 complex (Kallio et al, 1998; Semenza 2000). The HIF-1 heterodimer 

is now transcriptionally active and binds the HRE in the promoter or enhancer 

region of multiple genes (Semenza, 2000).  Approximately 2% of all genes 

involved in response to hypoxia are regulated by HIF-1, these include genes 

responsible for erythropoiesis, angiogenesis, glucose metabolism, iron 

homeostasis and proliferation. The activation of these pathways aims at 

decreasing cellular O2 consumption and increasing O2 delivery. For example, 
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the first HIF target gene identified was erythropoietin (EPO), a glycoprotein 

hormone that stimulates the generation of new red blood cells, thereby 

increasing O2 delivery (Semenza and Wang, 1992).   

  

 1.5.  HIF-1α expression in cancer  

  

HIF-1α activation plays a crucial role in the adaptive response of tumour cells 

to changes in oxygen through its activation of genes involved in glucose 

metabolism, cell proliferation, migration and angiogenesis (Semenza, 2001). 

For example, HIF-1 facilitates the metabolic switch from oxidative 

phosphorylation to the glycolytic pathway to maintain the increasing glucose 

needs of the tumour within its continuously changing microenvironment 

(Semenza, 2001). This process is known as the Warburg effect (Weinhouse et 

al, 1956). HIF-1 mediates this process through the transcriptional activation of 

glycolytic enzymes and glucose transporters, which in turn increase the 

glucose levels within the tumour microenvironment (Denco, 2008).  As 

tumour cells grow, decreased oxygen is available to the tumour therefore, HIF-

1 responds to this hypoxic microenvironment by inducing the transcription of 

pro-angiogenic factors to maintain oxygen and nutrient supply of developing 

tumours (Conway et al, 2001). Once the tumour can no longer grow in its 

primary site, HIF-1 assists in the metastasis of tumour cells through the 

activation of transforming growth factor β3 and epidermal growth factor 

(EGF) – allowing the cells to adapt to the microenvironment in distant sites 

(Conway et al, 2001). Although the role of HIF-1 in cancer is more complex 

than described, these examples show that the HIF-1 protein plays a significant 

role in the development and progression of tumours.  
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 1.6.  Aims and Objectives  

The aim of this research was to determine whether HIF-1ɑ regulates 

peroxidasin.   

To achieve this, the following objectives were carried out:  

- Determination of the cellular localisation of PXDN and HIF-1ɑ in 

response to chemically induced hypoxia using immunofluorescence 

confocal microscopy.  

- Quantification of PXDN and HIF-1ɑ protein expression in response to 

hypoxia using Western blot.  

- The interactions between HIF-1ɑ and the PXDN promoter region were 

observed using chromatin immunoprecipitation (ChIP) and PCR.  
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2. MATERIALS AND METHODS  

  

2.1. Cell culture   

  

The HeLa human cervical adenocarcinoma cell line (Cellonex) used for this 

study was 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) and 100 U/ml penicillin/0.1 mg/ml streptomycin. Cells were 

maintained at 37°C in a humidified 5% CO2 atmosphere incubator. To 

maintain the cell line, medium was replaced as needed and sub-cultured once 

they reached 70-90% confluency. Cells were sub-cultured by rinsing cells 

three times with 1X phosphate buffered saline (PBS) before adding 500 µl 

Trypsin: EDTA diluted in 1.5 ml 1XPBS and incubated at 37°C for 3 minutes. 

After cells had detached, 500 µl of cell suspension was added to 9.5 ml of fresh 

culture medium.   

For confocal microscopy, cells were seeded at a density of 150000 cells/well 

of a 6 well plate. The cell counting was done by mixing 10 µlµ of trypsinized 

cells with 10 µl of 0.2% w/v Trypan blue. Cells were counted using a 

haemocytometer, and the counts used to calculate the cell concentration and 

the volume of cells to be added to each well. After seeding cells were left to 

grow for 24 hrs before treatment.  

All cell treatments were done using 100 µM CoCl2 – a hypoxia mimetic that 

acts by binding the active site of the PHD that degrades HIF-1α, thus allowing 

for HIF-1α accumulation in the cells (Mahey et al, 2016). Cells were treated 

24 hrs after seeding for either 3 hrs, 6 hrs, 12 hrs, or 24 hrs for 

immunofluorescence microscopy and Western blot; and for ChIP, cells were 

treated for 12hrs only.   
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2.2. Immunofluorescence confocal microscopy  

  

Immunofluorescence microscopy was used to visualise the expression and 

cellular localisation of PXDN, HIF-1α and LDHA. Unless otherwise stated, 

all washes were done using 1XPBS for 5 minutes and each buffer was diluted 

in 1XPBS; all steps were carried out on a shaker. After seeding and treatment, 

cells were washed once with cold 1XPBS and fixed to coverslips for 15 

minutes using 3% (v/v) formaldehyde. Cells were then washed 3 times and 

permeabilised for 1 hr with 0.25%(v/v) Triton X-100. The cells were washed 

another 3 times and coverslips blocked with 0.5%(w/v) BSA for 30 minutes. 

Cells were washed once more and incubated with primary antibodies (1:200), 

diluted in 0.5% (w/v) BSA overnight at 4°C. Following overnight incubation, 

cells were washed 3 times with 0.5%(w/v) BSA and incubated for 2 hrs in a 

dark chamber at room temperature with fluorescein isothiocyanate (FIT-C) 

conjugated goat anti-mouse IgG1 secondary antibody (Thermo Fischer 

Scientific, Waltham, Massachusetts, United States) (1:500) diluted in 

0.5%(w/v) BSA. To prevent photobleaching, the remaining steps were carried 

out in the dark. After the 2-hr incubation, cells were washed 3 times and their 

nuclei counterstained with 0.1μg/ml 4', 6-diamidino-2-phenylindole 

dihydrochloride (DAPI) for 5 minutes. Finally, cells were washed 3 more 

times and coverslips then mounted onto a slide using Fluoromount Aqueous 

Mounting Medium. The slides were left to set for 2 hrs in the dark at room 

temperature, afterwards they were stored at 4°C in the dark until visualisation. 

Stained cells were visualised using a Carl Zeiss LSM 780 confocal microscope 

with Zen 2010 software. DAPI and FIT-C fluorophores were detected at 

405/454 and 488/525 excitation/emission spectrums, respectively, using 63x 

magnification.   

  



28 

 

 

 

 

2.3. Western blot  

  

Western blot was conducted to determine the expression levels of PXDN, HIF-

1α and LDHA. β-actin was used as a loading control. Total protein was 

extracted from cells and quantified using the Bramhall assay (Bramhall et al, 

1969). Proteins were then separated according to size using reducing sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and a 

broad range pre-stained protein standard used for reference (New England 

BioLabs, Ipswich, Massachusetts, USA). Separated proteins contained in the 

gel were transferred onto a nitrocellulose membrane and the proteins of 

interest were probed for using specific antibodies. Protein bands were detected 

using chemiluminescence and signals captured on X-ray film for 

quantification.     

 

2.3.1. Cell lysis  

  

Cells were seeded into 10 cm dishes and treated overnight with 100 μM CoCl2 

for 3 hrs, 6 hrs, 12 hrs and 24 hrs. Once they had reached confluency, culture 

medium was aspirated from the cells, after which they were washed three times 

with cold 1XPBS. Cells were then scraped into a 1.5 ml microcentrifuge tube 

using 1ml 1XPBS and centrifuged at 11000 rpm for 10 minutes at 4°C.  The 

1XPBS was removed and 1X radioimmunoprecipitation assay (RIPA) buffer 

was added to the cells, they were vortexed briefly and then left on a rotator at 

60 rpm at 4°C. Lysates were centrifuged at 12500 rpm for 5 minutes at 4°C 

and the supernatant containing the total cellular protein was aliquoted into 

PCR tubes and stored at -20°C. Total protein was quantified using the 

Bramhall assay (Bramhall et al, 1969).  
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2.3.2. Protein quantification  

  

A grade 1 Whatman filter paper was soaked in distilled water (dH2O) for 20 

minutes. After this, the filter paper was incubated, with shaking, in 95%(v/v) 

ethanol, 100% (v/v) ethanol and 100%(v/v) acetone for 5 minutes per solution. 

The filter paper was then allowed to dry. A standard curve was set up using a 

1 mg/ml BSA stock solution with 1 μl, 3 μl, 6 μl, 12 μl, 16 μl and 20 μl being 

pipetted separately onto the filter paper, along with 2μl of each unknown 

sample. Protein samples were allowed to dry and the filter paper then soaked 

in 7.5%(v/v) trichloroacetic acid (TCA) for 45 minutes, with shaking. The 

filter paper was then soaked in Coomassie blue dye for 1hr to stain the proteins; 

after this the filter paper was incubated in destain solution for another hour. 

The filter paper was left to dry under a hood and then each standard and sample 

area was cut out and placed individually into 5ml of elution buffer overnight, 

in the dark. 160μl of each eluted sample was pipetted in triplicate into a well 

of a 96-well plate. Absorbance values were measured at 595nm using a 

Multiskan GO microplate reader (ThermoFisher Scientific). A standard curve 

of protein concentration (μg/μl) vs. absorbance (arbitrary units) was plotted 

using Microsoft Office Excel and unknown protein concentrations calculated 

using the equation of the standard curve (Bramhall et al, 1969).     

2.3.4. SDS-PAGE    

The Mini-PROTEAN® Tetra Cell system (Bio-Rad) was used for SDS-PAGE. 

Polyacrylamide gels was prepared according to the recipes provided in Table 

2.1., and allowed to set within a glass plate sandwich. Either an 8% or 10% 

separating gel, for PXDN and HIF-1α or LDHA and β-actin respectively, with 

5% stacking gel. Protein amounts quantified by Bramhall assay were prepared 

in a 3:1 ratio to 4X protein loading buffer (PLB) and boiled for 5 minutes to 

denature the proteins. Samples were then loaded onto the gel and the tank filled 

with SDS-PAGE running buffer. The gel was electrophoresed at a constant 

voltage of 180 V for approximately 1.5 hrs, depending on the size of the 

protein probed for. 
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Table 2.1. SDS-PAGE polyacrylamide gel recipes  

  

  Separating gel (1 ml)  Stacking gel  

(5ml)  

Reagent   8%  10%  5%  

dH2O  4.6ml  4ml  3.4ml  

29:1 Bis 

acrylamide  

2.7ml  3.3ml  830µl  

1.5M Tris-HCl  

(pH8.8)  

2.5ml  2.5ml  -  

1M Tris-HCL  

(pH6.8)  

-  -  630µl  

10% (v/v) SDS  100µl  100µl  50µl  

10% (v/v) APS  100µl  100µl  50µl  

TEMED  6µl  5µl  4µl  

  

2.3.5. Electrophoretic transfer and blocking   

  

Following electrophoresis, the gel was removed and regions containing 

proteins of interest were cut out and placed into transfer buffer for 5 minutes 

in order to equilibrate. An electrophoresis sandwich (Figure 2.1.) was 

assembled for the transfer of proteins from the gel to nitrocellulose membranes 

and placed into BioRad Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-

Rad 170-3930) system filled with ice cold transfer buffer. Electrophoretic 

transfer was carried out at 4°C for 3 hrs at a constant 300 mA. Transfer buffer 

was changed hourly to maintain the cold temperature. Once the transfer was 

complete, the membranes were briefly rinsed in 1X Tris buffered 

saline/Tween-20 (TBS/T) and then placed into blocking buffer (5% (w/v) fat 

free milk or BSA) for 1-hr at room temperature with gentle shaking. After 

blocking, the nitrocellulose membranes were rinsed 3 times with cold 

1XTBS/T for 5 minutes per wash.   
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Figure 2.1. Electrophoresis transfer sandwich setup (Bio-Rad). The western blot 

transfer was setup using the Bio-Rad Mini Protean™ electrophoresis system. After 

SDS-PAGE, gel is placed alongside nitrocellulose membrane within a 

sandwich of filter paper. The electrophoresis sandwich is then placed in 

transfer buffer and a current that travels through the system transfers protein 

from the gel to the nitrocellulose membrane. Once this is complete the 

membrane may be probed for proteins of interest.   

  

2.3.6. Antibody probing   

  

All antibodies used for this research were purchased from Santa Cruz 

Biotechnology, unless otherwise stated. Primary antibodies were diluted 

(1:1000) in either 5%(w/v) fat-free milk for LDHA or 5%(w/v) BSA for 

PXDN, HIF-1α and β-actin and incubated with corresponding nitrocellulose 

membranes overnight at 4°C with gentle agitation. Membranes were washed 

3 times in cold 1XTBS/T for 5 minutes each and incubated with the m-IgGκ 

BP-HRP secondary antibody (1:2000), diluted in 5%(w/v) fat-free milk or 

BSA in 1XTBS/T for 1-hr at room temperature, in the dark, with gentle 

agitation. Nitrocellulose membranes were then washed another 5 times with 

cold 1XTBS/T. All antibodies used in these experiments were purchased from 

Santa Cruz Biotechnology (Dallas, Texas, USA).  
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2.3.7. Protein visualisation   

  

The following procedure was carried out in a dark room. WesternBrightTM 

Chemiluminescent substrate produced by Advansta (San Jose, California, 

USA) was added to each nitrocellulose membrane and left for 5 minutes as the 

signal developed. Excess substrate was dabbed off onto Kimwipe and the 

nitrocellulose membranes were covered in plastic wrap. Bands were detected 

using X-ray film which was first exposed to the nitrocellulose membranes and 

then placed into developer solution, rinsed briefly in water and then placed 

into fixer solution. The films were rinsed in water once more and allowed to 

dry. The X-ray films were scanned and band intensity was quantified by 

densitometric analysis using Image Studio Lite (Ver. 5.2.) software.   

  

2.4. Chromatin Immunoprecipitation  

  

ChIP was performed to determine whether the HIF-1α protein binds the PXDN 

promoter region. This procedure involved crosslinking all bound proteins to 

DNA within cells, which were then sonicated to shear DNA into smaller 

fragments which could be used for PCR. The protein of interest was then 

immunoprecipitated from the sonicated sample using an anti-HIF-1α antibody. 

If the HIF-1 had bound a specific region of the PXDN promoter, the antibody 

would immunoprecipitate both the HIF-1 protein and promoter sequence it 

was crosslinked to. The DNA fragment could then be separated from the HIF-

1 protein and amplified using PCR.   

 

2.4.1. Bioinformatic analysis of the PXDN promoter   

  

Since we identified that PXDN expression is modified by CoCl2 we conducted 

a bioinformatic analysis of the PXDN promoter using JASPAR software to 

determine whether there were any putative HIF-1α binding sites in the PXDN 

promoter region (Khan et al, 2018). The first 1000bp upstream of the PXDN 



33 

 

translation start site were scanned for any putative HIF-1α binding sites and 

the consensus sequence was taken as 5’-ACGTG-3’ (Semenza et al, 1992). 

We identified four putative HIF-1α binding sites upstream of the PXDN 

translation start site therefore primers for ChIP PCR were designed against all 

four regions of the PXDN promoter. A primer pair set covering a region of the 

promoter that did not contain any putative binding sites was included as a 

negative control.    

  

2.4.2. Primers design for PCR    

  

Primers were designed to amplify the two PXDN promoter regions: multiple 

pairs amplified across the putative HIF-1α binding sites that were identified 

by the bioinformatic analysis (PXDNHIF-1α+), and a single pair across the 

region without any HIF-1α binding sites (PXDNHIF-1α-). The LDHA 

promoter was used as a positive control and two primer sets were also used: 

one pair amplified across the known LDHA HRE site (LDHAHIF-1α+) and 

the other pair covered a region in the LDHA promoter that lacked an HRE 

(LDHAHIF-1α-) (Luo et al, 2011; Qui et al, 2014).   

  

2.4.3. Genomic DNA extraction  

  

In order to first test and optimise the annealing temperatures of the ChIP PCR 

primers (Table 2.4.), genomic DNA was extracted using the Quick g-DNA 

Miniprep Kit (Zymo Research – California, USA). Cells were cultured in 10 

cm dishes, washed three times with 1XPBS, then scraped into 1 ml of 1XPBS. 

Cells were then centrifuged at 5000 rpm for 5 minutes at 4°C. Afterwards, the 

pellet was resuspended in genomic lysis buffer and left to stand for 5-10 

minutes at room temperature. The mixture was then transferred into a Zymo-

Spin IIC column in a collection tube and then centrifuged at 13500 rpm for 1 

minute. The collection tube and flow through were discarded. The column was 

transferred into a new collection tube and DNA prewash buffer added to the 

spin column. The column was centrifuged again for 1 minute at 13500 rpm. g-
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DNA wash buffer was added to the column and the column centrifuged once 

more for 1 minute at 13500 rpm. The spin column was then transferred to a 

1.5 ml microcentrifuge tube and eluted in 10 mM Tris-HCl pH7.8. The eluted 

DNA was quantified on a NanoDrop ND-1000 Spectrophotometer at 260 nm 

and 280 nm, and stored at 20°C.   

  

2.4.4. ChIP   

  

HeLa cells were seeded into 10 cm dishes until 70% confluent then treated 

with 100 µM CoCl2 for 12 hrs. Proteins bound to DNA were crosslinked using 

1% (v/v) formaldehyde in fresh culture medium for 10 minutes with shaking, 

followed by the addition of 125 mM glycine for 5 minutes to quench the 

crosslinking reaction. Cells were washed 3 times with 1XPBS, scraped into a 

microcentrifuge tube and collected at 5000 rpm for 5 minutes at 4°C. Cells 

were then resuspended in 1XPBS and sonicated for 5 minutes at 40% 

amplitude on a 15s ON/OFF cycle using the Q125 Sonicator (QSonica – New 

York, USA). Cell debris was separated out by centrifugation at 10000 rpm for 

10 minutes at 4°C. Sonicated DNA was resolved on a 1.5%(w/v) agarose gel, 

as described previously, in order to ensure the DNA fragments were the correct 

size (500-1000 bp) for downstream PCR. ChIP was performed on 15 μg of the 

sonicated lysate, diluted 1:10 in ChIP IP buffer, to which 4 μl of the mouse 

anti-HIF-1α antibody was added, and incubated at 4°C for 4 hrs while rotating 

at 10 rpm. 20 µl of Protein A/G agarose beads were added to each sample – a 

control containing band no antibody was included. The samples were then left 

rotating at 10 rpm overnight at 4°C. The following day, samples were washed. 

This included centrifugation at 5000 rpm for 1 minute followed by 

resuspension and rotation in wash buffer at 25 rpm for 5 minutes. This was 

repeated 3 times, and then once more using final wash buffer.  DNA/protein 

crosslinks were reversed by adding ChIP elution buffer to each sample and 

then incubation in a water bath set at 65°C for 1-hr. The supernatant containing 

DNA/protein crosslinks was separated from the beads by centrifugation at 

5000 rpm for 1 minute. DNA within the supernatant was purified with the 



35 

 

DNA Clean&Concentrator kit (Zymo Research – California, USA) and eluted 

in 50 μl 10 mM Tris-HCl pH7.8. Purified DNA was immediately used in ChIP 

PCR.    

  

2.4.5. PCR   

  

To amplify the binding site precipitated by ChIP, PCR was carried out using 

KAPA Taq ReadyMix (Merck KGaA – Darmstadt, Germany) was used for the 

ChIP PCR. A 25 µl reaction mix was setup as in Table 2.2. for each primer 

pair. The PCR was then run according to the cycling conditions in Table 2.3. 

using the annealing temperatures in Table 2.4. The reaction was run using the 

Applied Biosystems 2720 Thermal Cycler (Applied Biosystems South Africa 

– Fairland, Johannesburg). PCR products were then resolved on 1.5% (w/v) 

agarose gels. Agarose gels were visualised using the Bio-Rad Gel Doc XR 

(Biorad Laboratories – Rosebank, South Africa).  

  

Table 2.2. Kapa Taq PCR reaction mix  

  

Reagent  Volume (µl)  

Kapa Taq Master Mix  12  

Forward Primer  0.6  

Reverse Primer  0.6  

Template DNA  5  

Nuclease free water  6.3  

    

Total volume  25  
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Table 2.3. Kapa Taq cycling conditions   

  

Step  Temperature (°C)  Duration   Cycles  

Initial denaturation  95  3 minutes  1  

Denaturation  95  30 seconds  1  

Annealing  Tm-5  30 seconds  35  

Extension  72  1 minute  

Final extension  72  1 minute  

Hold  4  ∞  1  

  

Table 2.4. Annealing temperatures for the ChIP PCR primer pairs  

  

Primer pair  Primer sequence  Annealing temperature 

(°C)  

Amplicon  

size (bp)  

PXDNHIF-1α+ 1  F: 5ʹ-CTGAATCTGGCACCGTCACCCTG-3ʹ R: 

5ʹ-AAAGCCCCTCATTCCTTTTGAGGA-3ʹ  
56.4  476  

PXDNHIF-1α+ 2  F: 5ʹ-CAGACTCCCTTGCTGTGCGCTTTG-3ʹ R: 

5ʹ-AGCTGTGCACATGCGCGCGAGGCT-3ʹ  
58  471  

PXDNHIF-1α+ 3  F: 5′-GAACGTTAAATAATTTCCTACGT-3′  

R: 5′-GGCGCAGAACAGCACGAGCG-3′  

50  372  

PXDNHIF-1α-  F: TTCTGTGTTGTACTCTCATTCTCT R: 

CAAGGACCCAGTCTGAATTTCACA  
50  441  

LDHAHIF-1α+  F: 5ʹ-TTGGAGGGCAGCACCTTACTTAGA-3ʹ R: 

5ʹ-GCCTTAAGTGGAACAGCTATGCTGAC-3ʹ  
55  197  

LDHAHIF-1α-  F: 5ʹ-TTGAGTAGGATCCGCCGGTA-3ʹ  

R: 5ʹ-AGCCGGGTCTCTCCTTACAA-3ʹ  
55  326  
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3. RESULTS   

  

The aim of this research was to determine whether HIF-1 associates with the 

pxdn promoter region, thus being a putative regulator of the gene. Our first 

objective was to determine the expression and localisation of HIF-1α, PXDN 

and LDHA using immunofluorescence confocal microscopy. HeLa cells were 

treated with 100 µM CoCl2 for 3 hrs, 6 hrs, 12 hrs and 24 hrs, afterwards they 

were each labelled with the corresponding anti-HIF-1α, anti-PXDN and anti-

LDHA primary antibodies. The bound primary antibody was then targeted 

using a FIT-C-conjugated secondary antibody, and the nuclei counterstained 

with DAPI.   

Figure 3.1. shows that the fluorescence for HIF-1α is increased in HeLa cells 

after 3 hrs of 100 µM CoCl2 treatment. The protein ultimately localises to the 

nucleus as can be seen in the 24-hr panel of Figure 3.1. For PXDN (Figure 

3.2.), fluorescence was seen in the untreated sample, however as the time for 

treatment increased, there was a distinct pattern of green fluorescence around 

the cells. At 24 hrs of treatment, the fluorescence intensity around cells 

increased and with fluorescence not seen anywhere else in the cells. LDHA 

shared a similar expression time of expression as PXDN. The green 

fluorescence is seen in untreated cells, however after 24-hr treatment the 

intensity increases dramatically (Figure 3.3.). LDHA expression is seen in the 

cytoplasm, and over time the FIT-C fluorescence intensity increases within the 

cells. Overall, these results (Figure 3.1.-3.3.)  show that CoCl2 treatment does 

alter the expression of HIF-1α, PXDN and LDHA. HIF-1α expression is 

increased after 3hrs of treatment and localises to the nuclei of HeLa cells, 

whereas PXDN and LDHA expression is greatly increased after 24 hrs of 

CoCl2 treatment, with the proteins localising to the ECM and the cytoplasm, 

respectively.   
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Figure 3.1. HIF-1a localises to the nucleus when the proteins expression is induced 

by treatment with CoCl2. HeLa cells were grown on coverslips and treated with CoCl2 

for 3hrs, 6hrs, 12hrs and 24hrs. The expression and localisation of HIF-1α was 

detected using a FIT C-conjugated secondary antibody and observed by confocal 

microscopy. HIF-1α accumulation in the cytoplasm is seen after 3hrs treatment, and 

the protein localises to the HeLa nuclei as CoCl2 treatment is prolonged. 

(Magnification = 63x; Scale = 10µm).   

  

  

Figure 3.2. PXDN protein localises to the ECM of HeLa cells upon treatment with 

CoCl2. Cells were grown on glass coverslips and treated after 24hrs with CoCl2 for 

3hrs, 6hrs, 12hrs and 24hrs. The cells were then fixed and permeabilised before 

PXDN localisation and expression was determined with a FIT C-conjugated 

secondary antibody. PXDN localisation can be observed around the cells and its 

expression increases with longer treatments of CoCl2; the highest intensity is seen at 

24hrs. (Magnification = 63x; Scale = 10µm).   
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Figure 3.3. LDHA expression increases in HeLa cells after 24hr treatment with 

CoCl2. Cells were grown on glass coverslips and treated after 24hrs with CoCl2 for 

3hrs, 6hrs, 12hrs and 24hrs. The cells were then fixed and permeabilised before 

LDHA localisation and expression was determined with a FIT C-conjugated 

secondary antibody. LDHA protein is present in the cytoplasm and nuclei of HeLa 

cells prior to treatment and the fluorescence intensity observed remains similar up 

until the 12hrs treatment. After treatment for 24hrs, increased fluorescence is 

observed within cells. From this, LDHA is localised to the cytoplasm and nucleus 

(Magnification = 63x; Scale = 10µm).  

   

Next, we quantified the HIF-1α, PXDN and LDHA protein amounts found in 

HeLa whole cell lysates after CoCl2 treatment. The Western blot technique was 

used after treating cells at the same time points as before. Figure 3.4. shows 

the protein bands and protein amounts quantified from HeLa cell lysates. At 0 

hrs HIF-1α protein was undetectable, however from 3 hrs HIF-1α protein 

amounts increased and remained significantly elevated. As there was no band 

for the untreated sample, protein amounts for the treated time points were 

calculated relative to one another and presented in arbitrary densitometric 

units. PXDN protein produced bands for each time point; however, the protein 

amount quantified were only significant at the 24-hr treatment point. After 24 

hrs, cell lysates had protein amount 3.4-fold higher as compared to the 

untreated samples. The changes in LDHA protein observed were not 

significant across all the time points. These results confirm the 

immunofluorescence microscopy as the changes in the graphs across the 
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different time points mimicked the expression patterns seen in the 

fluorescently labelled cells.  

  

Figure 3.4. Western blot analysis shows that HIF-1α and PXDN expression is 

altered significantly after CoCl2 treatment. Cells were treated with 100µM CoCl2 for 

3hrs, 6hrs, 12hrs and 24hrs. HIF-1α, PXDN and LDHA protein was detected in 

whole-cell lysates, with elevated HIF-1α from 3 hours onwards, PXDN significantly 

higher at 24 hours, and LDHA higher at 24 hours but not significant. (n=3±SD) and 

significance determined using a Student’s t-test, where p<0.05 was considered 

statistically significant. (**= P 0.01 and ***= P 0.001).  

  

Finally, we observed the interactions between HIF-1α and the pxdn promoter 

region using ChIP. First, we used the bioinformatic tool JASPAR, as well as a 

manual word search to identify putative HRE sites in the pxdn promoter 

region. (Figure 3.5.). Three putative binding sites (PXDNHIF-1α+1, PXDNHIF-

1α+2 and PXDNHIF-1α+3) containing the consensus sequence 5ʹ-ACGTG-3ʹ were 

found 1000bp upstream the pxdn promoter region (Wang et al, 1995). The 

third putative binding site contained two consensus sequences; however, they 

were not separable as they were closely situated therefore, we classified this 

as a single binding site. A region that lacked the consensus sequence was also 

chosen as a negative control for the experiments (PXDNHIF-1α-). LDHA 

remained our positive control for the ChIP experiments. The LDHA HRE 

binding site has previously been identified and was used as given by Luo et al, 

2011 and Qui et al, 2014. A negative binding site was also included for the 
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control, together the LDHA positive and negative HRE sites identified were 

labelled LDHAHIF-1α+ and LDHAHIF-1α-,  respectively. 

  

Figure 3.5. Bioinformatic analysis to determine putative HRE sites in the pxdn 

promoter region. A) Three putative sites were identified in the pxdn promoter region 

(PXDNHIF-1α+1, PXDNHIF-1α+2 and PXDNHIF-1α+3). Primers were designed to cover 

each putative region (arrows)and a PXDNHIF-1 negative region. B)  Ldha was used 

as a positive control (LDHAHIF-1α+) as the gene has a known HRE (Luo et al, 2011; 

Qui et al, 2014). A negative control region was also included for LDHA (LDHAHIF-

1α-).  

After identifying these putative binding sites, we then tested the sonication 

protocol to ensure that the fragment sizes were correct and between 200 to 800 

bp. The sonication gel is shown in Figure 3.6.A. Each primer was then first 

tested using gDNA (Figure 3.6.B).  All the primers worked for the PCR 

reaction run on gDNA (Figure 3.6. B). The samples were then tested for ChIP 

by running PCR on fragmented DNA, of these samples only the PXDNHIF-1α+1 

primer pair produced a faint band for both treated and untreated HeLa cells 

(Figure 3.6.C). The pair amplified across a region (-995 bp and -543 bp) that 

contained two putative binding sites for HIF-1. PCR products amplified from 

the ChIP assays show that in the putative pxdn region untreated cells (lane 1) 

show no amplification of the putative HRE region, however in the treated 

sample (lane 2) a faint band is seen showing that HIF-1 does bind the promoter 

region at this point. The negative control region for PXDN showed no 

amplification except for in the input control. For LDHA, the positive control 
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produced bands as expected; however, the negative control also produced faint 

bands for the treated and control regions and this was not expected. The 

remaining PXDNHIF-1+ putative sites produced negative results. No bands were 

seen in the untreated or treated samples for these regions (Figure 3.5.; Figure 

3.6. D.).   

  

  

Figure 3.6.  The pxdn promoter region contains an HRE that is bound by HIF-1. 

ChIP was carried out to determine whether pxdn contains an HRE. A). Sonication 

gel: Untreated and treated HeLa cells we harvested and sonicated for 5 minutes at 

40% amplitude and then electrophoresed on a 1.5% agarose gel. The majority of DNA 

fragment sizes ranged from 300bp-800bp. M- Molecular weight marker; 1-

Untreated; 2-Treated. B). Primer sets for each putative region were tested on gDNA. 

M - Molecular weight marker; 1 - PXDNHIF1- (441bp); 2 - PXDNHIF-1+1 (476bp); 3 - 

PXDNHIF-1+2 (471bp); 4 - PXDNHIF-1+3 (372bp); 5 - LDHAHIF-1+(197bp); 6 - LDHAHIF-

1- (326bp). C and D). ChIP results for PXDNHIF-1+, PXDNHIF-, LDHAHIF-1+ and 

LDHAHIF-1-. For PXDN, M – Molecular weight marker, 1-Untreated, 2 - 100µM 

CoCl2, 3 – No antibody control, 4 – Input control. For LDHA, M- Molecular weight 

marker, 1- Untreated, 2 -100µM CoCl2, 3 – Input control, 4 – No antibody control.  
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 4. DISCUSSION  

  

The maintenance of oxygen homeostasis is crucial for the survival of aerobic 

organisms (Semenza et al, 1996). Oxygen acts as the final electron acceptor in 

the electron transport chain during a process known as oxidative 

phosphorylation (Lopez-Barneo et al, 2001). The products of oxidative 

phosphorylation are chemical energy in the form of ATP and oxygen, reacts 

with H+ to form water (Lopez-Barneo et al, 2001). The oxygen produced is 

now available for the aerobic metabolism of various endogenous and 

exogenous substrates, including amino acids, lipids and catecholamines, 

amongst others (Vafhakha and Gilany, 2010). Prolonged disruptions in oxygen 

balance results in cellular changes that may lead to disease. These changes 

include the production of proteins responsible for the regulation of glucose 

metabolism and vascularisation, and may include response to damage to the 

basement membrane through the disruption of oxygen homeostasis (Semenza 

et al, 1996). Acute changes in oxygen homeostasis are rapidly detected, 

prompting the activation of HIF-1, the master regulator of cellular response to 

hypoxia. In this dissertation, we show that HIF-1 interacts with pxdn, a protein 

crucial for the maintenance of basement membrane integrity.   

In endothelial cells, myofibroblasts and epithelial cells, PXDN is secreted into 

the ECM where it catalyses the crosslinking of collagen IV fibres – the major 

structural protein of the ECM (Nelson et al, 1994; Bhave et al, 2012; Pertefi 

and Geiszt, 2014). Therefore, the loss of membrane integrity and ECM 

structure caused by dysregulation of PXDN expression is a precursor for 

disease. The tissue damage seen in PXDN mediated kidney fibrosis, 

atherosclerosis, ASD, as well as the association between PXDN and cancer 

progression are continually being studied; however, the molecular 

mechanisms of PXDN expression and regulation remain elusive. Previously, 

Nrf2 the master regulator of cellular response to oxidative stress has been 

shown to regulate the transcription of pxdn in cervical cancer cell lines 

(Hanmer and Mavri-Damelin, 2018). Furthermore, PXDN plays a role in 

epithelial-mesenchymal transition in cervical cancer and embryonic kidney 
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cells through its regulation by Snai1 (Sitole and Mavri-Damelin, 2018). These 

two bodies of work link PXDN to redox-related changes in cellular function 

and differentiation that leads to the development of disease.   

In our search to understand the role PXDN may play in cells affected by 

hypoxia and its possible regulation by HIF-1α, we identified putative HREs in 

the pxdn promoter. HREs are regions of 50 bp or less in the promoters or 

enhancers of HIF responsive genes and have a consensus sequence 5’-

ACGTG-3’ (Semenza et al, 1992). Erythropoietin and VEGF HREs were the 

first to be described, each containing HIF-1 binding sites of 33bp and 35bp, 

respectively (Semenza et al, 1991; Liu et al, 1995). Here we describe four 

putative HRE sites containing the above-mentioned sequence found 1000bp 

upstream the transcription start site (Figure 3.5.). HIF-1 binds HRE sequences, 

however the flanking sequences are essential for transcription of HIF 

responsive genes (Semenza et al, 1997). We chose LDHA as the positive 

control for HIF-1 regulation as ldha has been identified as a HIF responsive 

gene (Firth et al, 1994).  

Once we had determined that pxdn contained putative HIF-1α binding sites, 

we observed the protein expression and localisation of PXDN in HeLa cells. 

In this case, our focus was on the HIF-1α subunit of HIF-1 as its expression is 

continually regulated by PHDs, whereas the HIF-1β subunit is constitutively 

expressed (Wang et al, 1995). HIF-1 expression in cells is usually driven by 

decreased oxygen availability; however, the protein may also be activated by 

non-hypoxic mechanism. In HeLa cells, an increased expression of HIF-1α 

was observed after treatment with CoCl2. Although the cells were not 

maintained in hypoxic conditions, treatment of the cell culture media with 

CoCl2 was used as a chemical hypoxia model. CoCl2 stabilises HIF-1α in the 

cytoplasm by inhibiting the action of PHDs, this results in the translocation of 

the alpha subunit into the nucleus where it subsequently interacts with HIF-1β 

(Maxwell and Salnikow, 2003). In our experiments, HIF-1α nuclear 

localisation occurred between 3-6 hrs after treatment. The activation of HIF-1 

in response to hypoxia varies depending on cell type and various other factors, 



45 

 

however multiple studies show that once degradation of the HIF-1α subunit is 

inhibited, the HIF-1 protein takes approximately 4 hrs to stabilise (Zhou et al, 

2011). As such, our model correlates with what has been previously reported 

in literature. The expression and localisation of PXDN after treatment of HeLa 

cells with CoCl2, showed that the PXDN protein localised to the ECM of the 

cells over a period of 24 hrs, although a distinct pattern of fluorescence in the 

ECM was identified from about 3 hrs of treatment. However, the changes in 

PXDN expression assessed by Western blot were only significant at the 24-hr 

time point. LDHA expression was increased in HeLa cells treated with CoCl2. 

This was expected as ldha is a known target of HIF-1. HIF-1 activation leads 

to the expression of multiple glycolytic enzymes including GLUT1, aldolase 

A (ALDA), enolase 1 (ENO1), PGK1 and LDHA (Semenza et al, 1996). 

LDHA, in particular is a key enzyme in the glycolytic process responsible for 

the conversion of L-lactate to pyruvate (Cui et al, 2017). This interconversion 

is responsible for the anaerobic glycolysis characteristic of the hypoxic tumour 

environment known as the Warburg effect (Cui et al, 2017). The metabolic 

role of LDHA expression through the HIF-1 pathway has been observed in 

multiple cancers. In ovarian and pancreatic cancer cells LDHA was widely 

expressed in the cytoplasm, with increased activation of the ldha gene being 

associated with the progression and growth of tumours (Cui et al, 2017; Tang 

et al, 2016). Interestingly, we observed a rapid increase in LDHA expression 

in HeLa cells where significant changes were noted as early as three hours 

after treatment. This may be because LDHA protein expression is part of a 

central metabolic pathway and is constitutively expressed in multiple cells. 

Furthermore, LDHA is expressed in the cytoplasm with less cellular 

modification required. PXDN expression is widespread but PXDN protein 

expression is limited to endothelial cells, lens epithelium and myofibroblasts. 

In addition to this, PXDN is secreted into the ECM thus the molecular 

processing post-transcriptional modifications required for extra-cellular 

signalling may account for the increased time of localisation to the ECM.   

Finally, we show that HIF-1 α binds the pxdn promoter region and may drive 

the transcription of the gene. Of the four putative binding sites, two sites could 
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not be differentiated by PCR as they were in close proximity. This region 

found between 741 bp and 801 bp upstream the transcription start site is where 

HIF-1α binds the pxdn promoter contains two HRE sites. Although the HRE 

is crucial for HIF-1 binding, sometimes a single HRE is insufficient for 

transcription activation of the target gene. EPO and VEGF contain a single 

HRE, however, ENO1, Ldha and PGK1promoter regions contain two HREs 

(Semenza et al, 1991; Liu et al, 1995; Semenza et al, 1996). As previously 

mentioned, the presence of an HRE site is necessary for HIF-1 binding yet this 

does not imply transcription of the bound gene. The additional flanking site 

may be necessary for the recruitment of transcription co factors. In this regard, 

the results presented are lacking as only the binding of HIF-1 to the pxdn 

promoter region has been shown. To determine the functionality of the pxdn 

HRE testing the transcriptional expression of PXDN by HIF-1α will be 

necessary, this may be achieved by using a luciferase assay.   

To our knowledge, this is the first report of an HRE in the pxdn gene, as well 

as the first description of the relationship between HIF-1α and PXDN 

expression in HeLa cells through the non-hypoxic pathway. The 

transcriptional activation of genes by HIF-1 is an adaptive response to 

changing cellular microenvironment in the attempt to restore oxygen 

homeostasis, therefore this work provides a new framework for PXDN 

expression in physiological processes and in disease. HIF-1α is associated with 

the shift in expression of developmental genes during embryogenesis (Madan 

et al, 2002; Koblits et al, 2015). HIF-1α expression in the human brain, heart, 

kidney and liver is seen in early development of the human foetus (Madan et 

al, 2002). In the case of EPO gene expression during foetal development the 

protein is expressed in the liver, however this switch to expression in the 

kidney (Madan et al, 2002). Although Madan et al (2002) reported that HIF-

1α itself was not responsible for the change in EPO tissue expression, HIF-1 

itself coordinates the hypoxic environment responsible for the gene expression 

switching seen in developmental processes (Madan et al, 2002; Koblits et al, 

2015). The interaction between HIF-1 and pxdn allows for the hypothesis that 

the coordination of the hypoxic environment in eye and cardiovascular 
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development. PXDN is expressed in developing murine and human lens 

epithelium playing a role in ROS homeostasis (Khan et al, 2011; Choi et al, 

2015). HIF-1α transcriptional regulation of the PXDN gene may regulate the 

generation of ROS species in the developing eye. In disease, PXDN is 

associated with ischemia, atherosclerosis and the kidney fibrosis – process that 

require the activation of HIF responsive genes such as VEGF and Snai1.   

The roles of HIF-1α and PXDN in cancer have both been previously described. 

Here we show a direct correlation between the expression of HIF-1α and 

PXDN in HeLa cervical cancer cells. PXDN is expressed in multiple cancers 

where it plays a role in ROS regulation as well as EMT. The progression and 

growth of tumours results in the need for increased metabolic needs and space. 

HIF-1 controls the glycolytic changes in cellular metabolism within the 

tumour cells as well as the increased blood vessel supply to the tumour 

microenvironment. We propose that the association between HIF-1 and pxdn 

suggest that the increased PXDN expression seen alongside increased HIF-1 

expression may be responsible for the deposition of ECM in metastasizing 

cancer cells. Although decreased PXDN expression has been previously 

associated with the expression of the HIF responsive Snai1, it is possible that 

this may be a separate event present in the expression of PXDN in the early 

stages of the metastatic cascade (Sitole and Mavri-Damelin, 2018).   

In conclusion, we present the first data showing that pxdn is a HIF-1 responsive 

gene, giving further insight into the regulation and function of PXDN. PXDN 

expression and regulation is essential in ECM structural integrity in multiple 

tissues. Furthermore, the role of both HIF-1α and PXDN in development, 

cardiovascular disease and cancer suggests that this interaction should be 

further explored for the development of novel therapeutics.   
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