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ABSTRACT OF DISSERTATION 

 
 
 

UNDERSTANDING THE ROLE OF PEROXIREDOXIN IV  

IN COLORECTAL CANCER DEVELOPMENT 

 

Reactive oxygen species (ROS) are oxygen-containing free radicals and/or 

molecules that are more reactive than O2. ROS such as hydroxyl radical (•OH) and 

hydrogen peroxide (H2O2) are produced naturally in the body as a result of reactions such 

as aerobic respiration and oxidative protein folding. ROS undergo reduction-oxidation 

(redox) reactions and mediate cell signaling. Accumulation of excessive ROS can damage 

DNA, RNA, protein and lipids. Antioxidants are enzymes and small molecules that react 

with ROS to modulate redox signaling and to prevent and repair oxidative damage. 

Examples of antioxidants include glutathione, thioredoxin, superoxide dismutase, catalase, 

vitamin C and peroxiredoxin (Prx). 

In mammals, there are six Prxs that reduce hydrogen peroxide, alkyl hydroperoxide 

and peroxynitrite to maintain redox balance and protect against oxidative stress. Different 

Prxs have similar functions but different subcellular distribution. Peroxiredoxin IV (Prx4) 

scavenges ROS and participates in oxidative protein folding in the endoplasmic reticulum. 

We hypothesized that Prx4 plays an oncogenic role in colorectal cancer. To understand the 

significance of the Prx4 in colorectal cancer formation, wildtype and Prx4-/- mice of 

FVB/N background were subjected to a standard protocol of colorectal carcinogenesis 

induced by sequential exposure to Azoxymethane and Dextran sulfate sodium 

(AOM/DSS). Compared with wildtype littermates, Prx4-/- mice had significantly fewer 

and smaller tumors. Histopathological analysis revealed that loss of Prx4 leads to increased 

cell death through lipid peroxidation and lower infiltration of inflammatory cells in the 

knockout tumors compared to wildtype. We also examined the role of Prx4 in the 

progression of colorectal cancer. Loss of Prx4 reduced migration and invasion of colon 

cancer cell lines in vitro. Additionally, orthotopic implantation of HCT116 cells into 

immunodeficient NSG mice resulted in significantly lower metastasis after Prx4 

knockdown. Mechanistic studies showed the involvement of tumor suppressor DKK1 in 

reducing migration and invasion in Prx4 knockdown cells. Thus, Prx4 plays a pro-

tumorigenic role in colorectal cancer initiation and progression. This dissertation identifies 

Prx4 as a promising therapeutic target for prevention and treatment of colorectal cancer 

and highlights the need for further research to bridge the gap to clinical application. 
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CHAPTER 1. INTRODUCTION 

1.1 Introduction to Oxidative Stress and Peroxiredoxins 

Reactive oxygen species (ROS) are oxygen-containing molecules that are unstable 

and highly reactive. Some examples of ROS include hydrogen peroxide (H2O2), superoxide 

radical (O2
•−), and hydroxide radical (•OH). ROS are natural byproducts of certain cellular 

processes such as oxidative protein folding in the endoplasmic reticulum and aerobic 

respiration in the mitochondria. Cells can also produce ROS in response to tissue damage 

or inflammation caused by external agents such as pathogen or ionizing radiation. Living 

systems use ROS for regulation of cell signaling and defense against microorganisms. 

However, excess ROS can damage DNA, RNA, proteins and lipids. The reduction-

oxidation (redox) imbalance and/or the disruption in the regulation of cell signaling by 

ROS is known as oxidative stress, and it is an important risk factor for disease and ageing. 

Hence, it is critical to maintain a proper balance in the levels of ROS in the body.  

The molecules utilized by the body to prevent or neutralize excess ROS and repair 

damage caused by oxidative stress are known as antioxidants. Living systems have evolved 

to possess several different types of enzymatic and non-enzymatic antioxidants. Some 

examples of antioxidants include glutathione (GSH), ascorbic acid (vitamin C), superoxide 

dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and Peroxiredoxin (Prdx 

or Prx). Glutathione is the most abundant antioxidant in cells [1]. It can directly reduce 

various ROS and reactive nitrogen species (RNS), and it serves as a co-factor for several 

antioxidant enzymes. SOD catalyzes the conversion of superoxide anion radicals to 

hydrogen peroxide and molecular oxygen [2]. Catalase reduces hydrogen peroxide to water 
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and molecular oxygen [3]. GPx reduces hydrogen peroxide to water and lipid peroxides to 

their corresponding alcohols [4]. 

Peroxiredoxins (Prxs) are a family of thiol proteins that catalyze reduction of H2O2, 

alkyl hydroperoxides and peroxynitrite to water, corresponding alcohols and nitrite 

respectively, using Thioredoxin (Trx) or Glutathione (GSH) as reductants [5-7]. In addition 

to peroxidase function, Prxs can also function as chaperones and regulators of circadian 

clock [8, 9]. Prx was first identified in yeast in 1987 and in S. typhimurium in 1990 [10, 

11]. In the following years, it was discovered that Prxs are ubiquitously expressed in all 

living organisms, and the name Peroxiredoxin was first suggested in 1994 [12, 13]. All 

Prxs contain a highly reactive Cysteine called ‘peroxidatic’ Cysteine (CP) that is oxidized 

by peroxides to form sulfenic acid (CPSOH). Some Prxs contain a second reactive Cysteine 

called ‘resolving’ Cysteine (CR) that forms disulfide bond with CPSOH. In mammalian 

cells, six isoforms of Prxs have been discovered, Prx 1-6. They can be classified into three 

subfamilies based on the location of CR: 

1) Typical 2-Cys Prx. Prx1 to Prx4 fall under typical 2-Cys Prxs. A catalytic unit 

consists of a homodimer where both subunits contain both CP and CR. Oxidized CP (for 

example CPSOH) of one subunit forms disulfide with CRSH of another subunit. This 

disulfide bond is typically reduced by thioredoxin- Trx Reductase (TrxR) or GSH- 

Glutaredoxin (Grx) reductase systems. Typical 2-Cys Prxs exist in dimers and decamers 

(do-decamers for Prx3), with the ratio influenced by oxidation of CP. These Prxs can also 

function as protein chaperones.  
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2) Atypical 2-Cys Prx. Prx5 is considered atypical 2-Cys Prx. Oxidized CP of a 

Prx5 molecule forms disulfide with CRSH in the same molecule. This disulfide bond is also 

reduced by Trx-TrxR system. Prx5 does not form decamers like typical 2-Cys Prxs. 

3) 1-Cys Prx. Prx6 does not contain CR, therefore disulfide bond formation takes 

place with other thiol proteins such as π Glutathione-S-Transferase (πGST) and is reduced 

by GSH. Unlike other Prxs, Prx6 also expresses phospholipase A2 (PLA2) activity. 

A different classification system exists based on profiling of active site structure 

and sequence information: 1) Prx1 2) Prx5 3) Prx6 4) Tpx 5) PrxQ and 6) AhpE [14]. 

Mammalian Prx1-Prx4 belong to Prx1 subfamily, while mammalian Prx5 and Prx6 are 

classified under Prx5 and Prx6 subfamilies, respectively. The other subfamilies are not 

expressed in mammalian cells. 

1.2 Structural Aspects of Prxs 

Comparison of vertebrate Prxs shows that human Prxs have a highly similar 

nucleotide and amino acid sequences as commonly used animal models such as mice and 

zebrafish (Table 1.1) [15]. Prx protein core comprises of seven β-strands and five α-helices 

[16]. Prxs also contain a Trx-like fold that is essential for peroxidatic function. Trx fold is 

composed of a central core of five β-sheets that are surrounded by four α-helices [17]. 

Multiple variations of Trx fold are observed in proteins such as Arsenate reductase, Protein 

disulfide isomerase and Prxs. Prxs contain an N-terminal extension and an insertion 

between the α2 and β2 of the Trx fold [18]. CP is found on the N-terminus, surrounded by 

three highly conserved residues, Proline, Threonine and Arginine, leading to stabilization 

of this Cysteine and pKa of 5-6 [19]. A conformational change occurs when CP is oxidized 

so it can form disulfide bond with CR of another subunit, or in case of Prx6, with another 
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thiol protein. In Prx1- Prx4, CR is located 121 amino acid residues away from CP on a 

conserved region of Trx-like fold. In Prx5, CR is found 104 residues away from CP on a 

less conserved region of the Trx-like fold [20]. 

Table 1.1 Summary of human Prx4 homologues and conservation relative to human Prx4 

(generated using Homologene). 

Species Gene Symbol % Sequence  

Similarity   
Protein DNA 

H. Sapiens PRDX4 
  

M. mulatta (Rhesus macaque) PRDX4 98.5 98.4 

C. lupus (Wolf) PRDX4 93 89.2 

B. taurus (Cattle) PRDX4 93.8 90.8 

M. musculus (House mouse) Prdx4 95 89.1 

R. norvegicus (Brown rat) Prdx4 94.5 90.3 

G. gallus (Red junglefowl) PRDX4 91.9 81.6 

X. tropicalis (Western clawed frog) prdx4 93.6 81.1 

D. rerio (Zebrafish) prdx4 88.7 74.8 

D. melanogaster (Common fruit fly) Jafrac2 71 64.4 

 

Human Prx1 is located in chromosome 1 (1p34.1), and it is transcribed from seven 

exons Prx1 is distributed mainly in the cytosol, but it has also been detected in nucleus, 

plasma membrane and centrosome (Figure 1.1) [21]. In addition to overoxidation, Prx1 

activity is also inhibited by phosphorylation. Prx1 at the plasma membrane was 

phosphorylated at Tyr194 by a Src kinase resulting in decreased peroxidase activity [22]. 

Prx1 in centrosome can also be inactivated by phosphorylation by at Thr90 Cyclin 

dependent kinases [23]. Human Prx2 is located on chromosome 19 (19p13.13) and consists 

of six exons. Prx2 is distributed mainly in the cytosol and it has also been detected in 

nucleus and plasma membrane [21, 24]. Prx2 is reported to be more sensitive to 

hyperoxidation than Prx1 and Prx3 [25, 26]. Human Prx3 is located in chromosome 10 

(10q26.11) and consists of seven exons. Prx3 is found in the mitochondria where it is 
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estimated to neutralize of 90% of mitochondrial hydrogen peroxide [27]. Human Prx4 is 

found on chromosome X (Xp22.11). Two variants of Prx4 are expressed: somatic Prx4 

which contains conventional exon 1 and exons 2–7, and testis-specific Prx4 which contains 

alternative exon 1 along with exons 2–7. Prx4 is distributed mainly in the endoplasmic 

reticulum, but it has also been detected in extracellular matrix, cytosol and lysosome [28, 

29]. We have recently summarized the roles of Prx4 in inflammation and cancer [30]. 

Human Prx5 is found on chromosome 11 (11q13.1) and consists of six exons. In the cells, 

it is distributed widely in cytosol, mitochondria, peroxisome and nucleus [20, 31]. Unlike 

other Prxs which form antiparallel homodimers, Prx5 forms nonantiparallel homodimers 

[32]. Human Prx6 is located on chromosome 1 (1q25.1), and it is transcribed from five 

exons. Prx6 is distributed in cytosol, lysosome and extracellular matrix [33, 34]. Prx6 has 

PLA2 activity in addition to peroxidase activity. PLA2 function is active at acidic 

conditions, and it is shown to be increased by phosphorylation at Thr177 [35]. Thr 177 

phosphorylation does not affect the peroxidase activity of Prx6. 
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Figure 1.1. Subcellular localization of Prxs. 

Single subunits are shown for simplicity. 

 

1.3 Peroxidase Mechanism 

 In all six isoforms of Prxs, the CPSH is oxidized to sulfenic acid (CP-SOH) by 

peroxides and peroxynitrite (substrate shown as H2O2 in reactions below for simplicity). In 

2-Cys Prxs, the resulting sulfenic acid forms disulfide bond with CR-SH of another subunit 

which is then reduced preferably by Trx. 

1) Prx(CP − SH) + H2O2 
         
→   Prx(CP − SOH) + H2O 

2) Prx(CP − SOH) + Prx(CR − SH)
         
→   Prx(CP − S − S − CR)Prx + H2O 

3) Prx(CP − S − S − CR)Prx + (SH−)Trx(−SH)

         
→   Prx(CP − SH) + Prx(CR − SH) +   Trx(S − S) 
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In Prx5, the CP–SOH of Prx5 forms an intrasubunit disulfide with CR–SH before 

reduction by Trx. 

4) Prx(CP − SOH)
         
→   Prx(CP − S − S − CR) + H2O 

5) Prx(CP − S − S − CR) + (SH −)Trx(−SH)
         
→   Prx(CP − SH) + Trx(S − S) 

In Prx6, the CP–SOH of Prx6 forms a heterodimeric disulfide with SH of π 

Glutathione-S-Transferase (πGST) before reduction by GSH. 

6) Prx(CP − SOH) + πGST(C − SH)
         
→   Prx(CP − S − S − C)πGST + H2O 

7) Prx(CP − S − S − C)πGST + GSH
         
→   Prx(CP − S − S)G +  πGST(C − SH)  

8) Prx(CP − S − S)G + GSH
         
→   Prx(CP − SH) +  GSSG  

In the presence of high concentrations of peroxides, typical 2-Cys Prxs can become 

hyperoxidized and overoxidized instead of disulfide formation. Hyperoxidized 2-Cys Prxs 

can be reduced by the enzyme Sulfiredoxin in an ATP dependent manner. Mammalian 

Prx5 and Prx6 have been found to be more resistant to hyperoxidation, and they cannot be 

reduced by Srx [36].  

9) Prx(CP − SOH) + H2O2 
         
→   Prx(CP − SOOH) + H2O  

10) Prx(CP − SOOH) + ATP 
   Srx    
→     Prx(CP − SOH) + ADP  

11) Prx(CP − SOOH) + H2O2 
         
→   Prx(CP − SOOOH) + H2O  

1.4  Prx4 Structure 

Prx4 has approximately 68% homology with human Prx1 and Prx2, and 52% 

homology with Prx3 (Figure 1.2) [37-39]. As mentioned above, Prx4 is found on the X 

chromosome and the longest transcript contains 7 exons. Somatic Prx4 contains 

conventional exon 1 and exons 2-7 [40]. However, alternative splicing of Prx4 can occur 
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in testes (Figure 1.3). Prx4t in sexually mature testes contains alternative exon 1 along with 

exons 2-7 [41]. 

 
 

Figure 1.2. Multiple sequence alignment of human Prxs colored by consensus generated 

using MView.  

Coverage and percentage identity values are indicated by cov and pid, respectively. 

Cysteines are highlighted with yellow color. For other residues, Red = positive. 

 

 

 

Figure 1.3. Schematic representation of alternative splicing of Prx4.  

Systemic Prx4 contains exon 1, whereas Prx4t expressed in mature testes contains 

alternative exon 1. 

 

Prx4 is localized mainly in the Endoplasmic Reticulum [28, 42]. It is also secreted 

into the extracellular matrix [28, 29, 43]. The unique extended N-terminal region in Prx4 

allows for translocation of Prx4 across the ER membrane into the luminal space [42]. Since 

it lacks the N-terminal signal peptide, Prx4t is found in the cytosol. ER localization of Prx4 
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despite lacking the canonical ER retention ‘KDEL’ signal is due its interaction with PDI 

and ERp44. In HeLa cells, secretion due to overexpression of Prx4 could be suppressed by 

overexpression of ER proteins ERp44 and PDI [44]. Knockdown of ERGIC-53 in HeLa 

cells or treatment with 4-phenylbutyrate induces secretion of Prx4, further confirming the 

importance of ERp44 in its ER localization [45].  

Human Prx4 has been crystallized in both oxidized and reduced states [46, 47]. In 

both states, Prx4 was crystallized as a decamer, composed of 5 dimers. Like other Prxs, 

each subunit contains the thioredoxin fold (ββαβαβαβαββαα). A dimer acts as a catalytic 

subunit. In the dimer, β1- and β8- strands of partner subunits interact with each other while 

a central twisted β-sheet is surrounded by α-helices. Cp is located in a2 helix in a pocket 

surrounded by β4- and β5- strands and α3- and α5- helices. Cr is located in a flexible loop 

between α5- and α6- helices. In the reduced state, there is a distance of 13 Å between the 

Cp of one subunit and Cr of another. Upon oxidation, there is local unfolding in α2- helix, 

facilitating repositioning of Cp for the formation of disulfide bond with Cr of partner 

subunit. Cao et al. suggest that the higher stability of Prx4 decamer compared to other Prxs 

could be attributed to Phe-122 displacing Pro-260 to maintain the hydrophobic interaction 

between subunits [47]. In addition, compared to other 2-Cys Prxs, Prx4 has a unique N-

terminal sequence that is approximately 40 aa long. Wang et al. found that deletion of these 

N-terminal residues resulted in decreased stability of Prx4 decamers upon oxidation by 

H2O2 [46]. 

1.5 Prx4 Function 

As mentioned above, Prxs are thiol-based peroxidases. Cysteine residues are 

utilized for redox purposes. Prx1-4 have two Cysteine residues that participate in catalysis: 
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reducing Cys (Cp) and resolving Cys (Cr). The N-terminal peroxidatic cysteine has pKa of 

5-6, much lower than the normal Cys pKa of 8-9, because it is stabilized by neighboring 

arginine and threonine residues [19]. The low pKa makes it highly sensitive to the presence 

of ROS like H2O2. As shown in Figure 1.4, upon contact with peroxide, the thiol group of 

Cp in Prx4 is oxidized to sulfenic acid (Cys-SOH). The oxidized Prx4 forms a disulfide 

bond with Cr of another polypeptide resulting in a stable homodimer while H2O2 is reduced 

to water. This can be reduced by Thioredoxin (Trx), Glutathione (GSH), PDI or other ER 

oxidoreductases [29, 43, 48]. However, at higher concentrations of ROS, Prx4 gets further 

oxidized into sulfinic acid (Cys-SOOH) and sulfonic acid (Cys-SOOOH) leading to loss 

of enzyme activity [49]. Sulfinic acids can be reduced by Sulfiredoxin (Srx) in an ATP-

dependent manner [50, 51]. Unlike other 2-cys Prxs, over-oxidized Prx4 can maintain 

stable decamers through hydrophobic interactions between subunits and disulfide bond 

between non-catalytic N-terminal cysteine residue [46, 47]. Later studies revealed that 

mutation of Cp and Cr alone or in combination prevents the formation of decamers [52]. 

The rate constant for H2O2 reduction of Prx4 is 2.2 × 107 M-1S-1 [46] which is comparable 

to that of Catalase and more than 5 orders of magnitude higher than that for reduction by 

GSH or Trx [53, 54]. This rate is also significantly higher than that of another ER 

antioxidant, GPx8 - 95 M-1S-1 [55]. 
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Figure 1.4. Reduction of H2O2 by Prx4.  

Peroxidatic cysteine (Cys-SpH) is oxidized to sulfenic acid and either resolved and 

recycled with the help of Trx or GSH, or further oxidized into sulfinic and sulfonic acid 

forms. Srx reduces sulfinic acid. Prx4 loses peroxidase activity and gains chaperone 

activity with increasing oxidizing environment. Trx, thioredoxin; TrxR, thioredoxin 

reductase; GSH, glutathione; Srx, sulfiredoxin. 

 

Oxidized Protein Disulfide Isomerase (PDI) family proteins introduce disulfide 

bond in nascent proteins in the ER [56]. ER oxidoreductin 1 (Ero1) re-oxidizes PDI using 

its cofactor Flavin Adenine Dinucleotide (FAD) and releases H2O2 as a byproduct [57]. 

For every disulfide bond introduced into nascent proteins, one molecule of H2O2 is 

produced [58]. Prx4 scavenges these H2O2 molecules and protects cells from oxidative 

stress. Prx4 also contributes to protein folding of plasma membrane proteins and secreted 

proteins, acting upstream of PDIs. The interaction of Prx4 with PDIs and other ER-

associated proteins increases with its oxidation, likely through its recognition of Trx-

domain within PDIs [52, 59]. Oxidized Prx4 engages in thiol-disulfide exchange with 

reduced PDIs, which results in restoration of activity for both (Figure 1.5) [48]. Loss of an 

Ero1 gene or Prx4 alone has no apparent phenotype in mice, but loss of both interferes with 

collagen synthesis and compromises the extracellular matrix [60]. Thus, Prx4 neutralizes 
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reactive oxygen species in its reduced state and promotes protein folding in its oxidized 

state. H2O2 and Srx act as an On-Off switch in regulating these activities [61]. 

 

Figure 1.5. Prx4 mediates nascent peptide folding in the endoplasmic reticulum.  

Prx4 neutralizes H2O2 including those produced by Ero1. Oxidized Prx4 transfers 

disulfides to protein disulfide isomerases which catalyze the formation of disulfide bonds 

in nascent proteins. Only the catalytic dimer of Prx4 is shown for simplicity. Ero1, ER 

oxidoreductin 1; PDI, protein disulfide isomerase. 

 

The mechanism of Prx4 secretion or the function of secreted Prx4 are not well 

understood. Okado-Matsumoto et al. have previously shown that Prx4 can be secreted in 

both reduced and oxidized forms [29]. Since the reduced form of extracellular Prx4 binds 

to heparin and human umbilical vein endothelial cells in a manner similar to another 

extracellular antioxidant SOD3, the authors suggest extracellular Prx4 also protects tissues 

against antioxidant injury. Additionally, acute exercise is known to affect redox balance in 

skeletal muscle [62, 63] while muscle cells and immune cells have been shown to secrete 

redox proteins in response to increase in H2O2 [64, 65]. Wadley et al. reported a significant 
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increase in plasma Prx4 levels after high intensity exercise [66]. These studies suggest a 

role for Prx4 in scavenging ROS in the extracellular space. Furthermore, as described in 

more detail below, secreted Prx4 also likely plays a role in regulating inflammation via 

NF-κB signaling. 

1.6 Prx4 in Reproductive System 

As shown in Figure 1.3, Prx4 mouse gene can be alternatively spliced. This 

alternatively spliced Prx4 (Prx4t) expression has been detected in human testis, epididymis 

and spermatozoa [67]. Since it lacks the signal peptide, it cannot enter the ER lumen but is 

found in the cytosol [41].  

Prx4 also has protective role against oxidative stress in testis [68-70]. Sasagawa et 

al. and Matsuki et al. first suggested the involvement of Prx4 in maturation of spermatids 

in rats [71, 72]. Iuchi et al. generated Prx4 knockout mice and found that the male knockout 

mice had decreased testicular size at ages 6 weeks, 8 weeks and 15 weeks compared to the 

wild type. The testicular sections of Prx4 knockout mice also showed stronger staining for 

DNA fragmentation, and for the common markers of oxidative stress HNE, 8-OHdG, and 

TBARS. However, the normal fertility appeared unharmed: Litter sizes produced by 

pairing male Prx4 knockout mice and female WT mice did not differ significantly 

compared to those produced by male Prx4 WT and female WT mice. In addition, by in 

vitro fertilization test, the authors found that there was no significant difference in the 

number of embryos formed by sperm from Prx4 WT or Prx4 knockout mice with oocytes 

from female WT mice [68]. Tasaki et al. later confirmed the protective role of testicular 

Prx4 against oxidative stress. HEK293T cells transfected with testis specific Prx4 had 
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lower ROS levels compared to empty vector control cells, both with and without treatment 

with H2O2 and UV irradiation [69]. 

However, a study by Homma and colleagues has indicated that Prx4 and Prx4t are 

not important for fertility in male mice [73]. Mice lacking Prx4t alone and those lacking 

both Prx4 and Prx4t (DKO) had similar sperm count, testis to body weight ratios and 

normal sized litters when paired with WT female mice as WT pairs. Similarly, there was 

no difference in heat induced ER stress between WT and DKO mice testis. However, a 

different study reported that there was higher levels of 8-OHdG and higher rate of apoptosis 

of spermatogenic cells in Prx4KO mice than WT mice after heat treatment [74]. 

There have been other studies that suggest Prx4 promotes fertility. Prx4 protein 

expression is higher in the first-trimester placenta and lower in full term placenta [75]. Prx4 

has been suggested to be a predictive marker for in vitro fertilization and embryo transfer 

outcomes [76]. The study found that Prx4 expression levels was significantly higher in the 

follicular fluid of pregnant women group than non-pregnant group on the day of oocyte 

retrieval. There was a positive correlation between Prx4 levels and fertilization rate and 

good quality embryo rate. The authors found that high Prx4 expression corresponds to a 

higher chance of clinical pregnancy. However, no significant difference was reported in 

the Prx4 levels in the follicular fluid of women with endometriosis vs those without 

endometriosis [77]. Lower level of serum Prx4 was detected in pregnant women with 

preeclampsia than in those without this disease, suggesting a protective role of Prx4 against 

high blood pressure [78]. 

Analysis of ovaries from young (4-5 years old) and old (18-20 years old) 

cynomolgus monkeys revealed a differential expression of Prx4 [79]. There was decreased 
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expression of Prx4 transcripts in older group’s granulosa cells compared to the younger 

group. Higher expression of Prx4 has also been reported in middle aged mice than in 

pubescent or aged groups [80]. The authors found that this observation was also true for 

humans as young women had higher expression of Prx4 in the ovaries than premenopausal 

women. The group also discovered that Prx4 protects against ovarian ageing in mice [81]. 

In D-galactose induced model, where intraperitoneal injection of D-gal is performed at 150 

mg/kg/day for 6 weeks, they found that compared to WT, Prx4KO mice had lower ovarian 

weight, more strongly disrupted estrous cycle (hypothalamic-pituitary-ovary axis), higher 

number of atretic follicles, higher number of apoptotic granulosa cells, increased 

expression of 8-OHdG, NTY and 4-HNE in ovarian interstitial cells, increased expression 

of ovarian senescence related protein P16 in granulosa cells and oocytes, and elevated 

levels of SOD-2, ATF-4, CHOP, activated caspase-12 and BAX. Thus, these studies 

suggest that Prx4 plays a critical role in protecting male and female reproductive system, 

but further mechanistic studies are necessary to clarify the importance of Prx4 in aging and 

reproduction.  

1.7 Prx4 in Inflammatory Diseases 

1.7.1 Diabetes and Nonalcoholic Fatty Liver Disease (NAFLD) 

Yamada et al. have generated human Prx4 transgenic mice and summarized the 

protective role of Prx4 in various chronic inflammatory diseases [82]. In brief, they found 

that overexpression of hPrx4 protected the mice against Streptozotocin-induced type 1 

diabetes mellitus (DM), progression of hypercholesterolemia-induced atherosclerosis, high 

fructose diet and streptozotocin- induced Type 2 DM and NAFLD as well as methionine- 

and choline-deficient high-fat diet- induced NAFLD by suppressing oxidative damage, 
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inflammation and apoptosis. However, two independent studies have described higher 

levels of serum Prx4 in patients with prediabetes and type 2 DM than in healthy volunteers 

[83, 84]. It is not yet clear what the function of elevated serum Prx4 levels might be in 

relation to these diseases. In another study, stable knockdown of Prx4 in MIN6 β-cells 

increased the susceptibility of proinsulin misfolding, especially after oxidative stress [85]. 

Conversely, transfection of Prx4 plasmid promoted insulin folding. The authors also report 

that human islets from patients with Type 2 DM contain higher fraction of overoxidized 

Prx4 (Prx4-SO3) than samples from normal individuals, suggesting a possible role for 

glucose in regulation of Prx4.  

Knockout of Prx4 or SOD1 alone did not contribute significantly to the 

development of liver failure in mice [86]. However, the combined silencing of Prx4 and 

Superoxide Dismutase 1 (SOD1) significantly exacerbated the effects. There was an 

increase in hyperoxidation of Prx 1-3, and an upregulation of ER chaperone Grp78 and ER 

stress response protein CHOP in the whole liver lysates of double knockout mice, 

indicating the importance of Prx4 in protection against oxidative stress and ER stress. 

1.7.2 Cardiovascular Diseases 

Loss of Prx4 is associated with cardiac stress in the absence of QSOX1 [87]. The 

authors of this study found that QSOX1 participates in early protective response to acute 

cardiac stress. Under normal conditions, Prx4 and Ero-1α were found to be upregulated in 

the hearts of QSOX1 knock out mice. Induction of acute stress by intraperitoneal injections 

of isoproterenol resulted in decrease of Prx4 levels and increase in inflammation (increased 

galectin-3, CD68+ cells) and oxidative stress within 3 days of injection [87]. Prx4 also has 

a more direct relationship with galectin-3. Galectin-3 downregulates Prx4 in human cardiac 
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fibroblasts [88]. Galectin-3 is induced in tissue injury such as heart failure, and it is known 

to promote fibrosis and inflammation. Human cardiac fibroblasts stimulated with Galectin-

3 had decreased Prx4 protein levels [88]. The study showed that knockdown of Galectin-3 

in vitro with siRNA for 24h resulted in upregulation of Prx4 protein. Similarly, Prx4 was 

upregulated in hearts of Galectin-3 knockout mice compared to WT mice. In spontaneously 

hypertensive rats which present enhanced cardiac Galectin-3, its pharmacological 

inhibition increased cardiac Prx4 levels and decreased oxidative stress. No association was 

detected between serum Galectin-3 levels and serum Prx4 levels in samples from Aortic 

Stenosis (AS) patients. In immunohistochemical analysis of myocardial biopsies of AS 

patients, Prx4 expression was lower in AS patients compared to control. In addition, an 

inverse correlation was detected between Prx4 mRNA and Galectin-3 protein levels [88]. 

A later study found that cardiotoxicity caused by the chemotherapeutic drug Doxorubicin 

could be reduced by upregulating Prx4 through Galectin-3 inhibition [89]. Thus, Prx4 has 

a protective role in heart tissue. 

1.7.3 Cerebral Ischemia and Alzheimer’s Disease 

Ischemic stroke is a common cause of death and disability. Rowe et al. discovered 

that human umbilical cord blood cell (HUCBC) treatment of oligodendrocytes in a non-

contact co-culture model protected the cells from oxygen glucose deprivation (OGD) [90]. 

Subsequent microarray analysis revealed HUCBC treatment following OGD had induced 

Prx4 and another antioxidant, Metallothionein 3, in the oligodendrocytes. The group also 

found that co-treatment of oligodendrocytes with inhibitor of Akt during OGD suppressed 

the increase in Prx4. The protective effect of HUCBC following OGD could be reversed 

by Akt inhibitor or Prx4- neutralizing antibody. Similarly, another study found that Prxs 
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are highly expressed in mesenchymal stromal cells (MSCs) [91]. The authors of this study 

reported MSC cells with stable expression of CCR2 to be promising for promoting 

neurological recovery after acute ischemic stroke. They propose that Prx4 secreted by 

MSCs had an important role in preserving the blood brain barrier in this process. Silencing 

Prx4 in MSC-CCR2 cells increased their ROS levels, disrupted tight junction, and 

decreased the length of blood brain barrier marker Glut1 in brain slices, effectively 

reversing the effect of CCR2 expression. Thus, extracellular Prx4 has a protective role in 

ischemia, and it should provide an additional strategy for improving cell therapy. 

Prx4 expression was detected in ependymal layer, choroid plexus, astrocytes and 

neurons, but it was not detected in microglia and oligodendrocytes in normal adult mouse 

brain [24]. In analysis of postmortem brains of Alzheimer’s disease (AD) patients, Prx4 

protein levels were found to be decreased [92]. The authors suggest the high oxidative 

stress as a result of this downregulation could potentially lead to concurrent 

phosphorylation of AMPK and mTOR in AD [92]. Prx4 was found to have protective effect 

against amyloid beta oligomer (AβO)- and glutamate- mediated stress in vitro [93]. 

Treatment of mouse hippocampal neuronal HT-22 cells with 5μM of AβO upregulated 

Prx4 expression in a time dependent manner [93]. Pretreatment of cells with 

tauroursodeoxycholic acid (TUDCA) or N-acetyl cysteine (NAC) disrupted this increase. 

The study also noted that HT-22 cells stably overexpressing Prx4 had lower ROS levels 

and lower ER stress compared to cells targeted with siRNAs against Prx4. Prx4 

overexpression also decreased AβO-induced intracellular Ca2+ uptake and protected 

against apoptotic cell death. In a different study, overexpression of Prx4 in HT-22 cells 

reduced glutamate-induced apoptosis by inhibiting ROS formation, Ca2+ influx and ER 
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stress [94]. β-amyloid, known to contribute to neuron degeneration, is derived from the 

amyloid precursor protein (APP). Triple knockdown of APP family genes APP, APLP1 

and APLP2 in HEK293T cells resulted in a significant downregulation of Prx4 protein (but 

not mRNA) levels [95]. Together these studies suggest Prx4 plays a beneficial role against 

AD. 

1.7.4 Colitis 

Two-dimensional gel electrophoresis and mass spectrometric analyses of colon 

tissue samples showed that Prx4 was upregulated (while Prx3 and Prx6 were 

downregulated) in ulcerative colitis patients compared to healthy controls [96]. This 

suggests Prx4 could be utilized as a potential diagnostic marker for inflammatory bowel 

disease. However, this pro-inflammatory association of Prx4 contrasts with other data 

reporting anti-inflammatory role. Takagi et al. report high expression of Prx4 in the 

epithelial cells of the colon [97]. Treatment of mice with 2.5% Dextran sulfate sodium 

(DSS) in drinking water for 7 days resulted in significantly shorter colon length in Prx4 

knockout mice than WT mice. Prx4 KO mice had greater epithelial damage and higher 

infiltration of neutrophils as well as elevated expression of inflammatory cytokines 

including TNF-α and IFN-γ. After DSS treatment, the Prx4 KO mice had increased 

epithelial permeability than WT mice, expanded ER, increase expression of CHOP and 

elevated cleaved caspase 3. Without DSS treatment, there was no significant difference in 

collagen IV between WT and KO mice. After treatment, it increased in both groups, but 

compared to WT, increased less in KO. These KO mice had less collagen fibers in the 

intercellular space than WT. Finally, Prx4 KO mice had greater induction of fibrosis related 
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proteins α-SMA and TGF-β than WT mice after DSS treatment. Thus, Prx4 protected mice 

against DSS-induced inflammation in this study [97]. 

1.7.5 Rheumatism and Other Inflammatory Conditions 

A protective role for Prx4 has been suggested in osteoarthritis (OA). 

Overexpression of Prx4 in rat primary chondrocytes in an OA model decreased IL-1β 

induced ROS production and apoptosis- factors which are known to contribute to cartilage 

degeneration [98]. This could also be partially reversed by treatment with Akt inhibitor 

AZD5363, suggesting Prx4 utilizes PI3K/Akt pathway. Interestingly, two-dimensional gel 

electrophoresis and mass spectrometric analyses of synovial tissue samples showed that 

Prx4 was upregulated in rheumatoid arthritis (RA) patients compared to osteoarthritis (OA) 

and ankylosing spondylitis (AS) [99]. Using enzyme-linked immunosorbent assay 

(ELISA), the authors also detected higher Prx4 in plasma from early stage RA patients 

compared to healthy control, suggesting Prx4 could be used as a diagnostic marker. The 

function of Prx4 in the initiation of RA is not understood. The upregulation of Prx4 in RA 

synovial tissue was confirmed by a later study [100]. The authors also found that 

knockdown of Prx4 in primary fibroblast-like synoviocytes, an important cell type in 

synovial tissue, decreased phosphorylated PI3K and Akt and suppressed cell proliferation, 

migration and invasion in vitro. These effects could be reverted by Akt inhibitor MK-2206. 

Thus, Prx4 is a potential therapeutic target in arthritis. 

It has been reported that expression of Prx4 protein is lower in alveolar 

macrophages of patients with the development of silicosis [101]. This suggests a role for 

Prx4 in suppression of inflammation in the lungs. The authors also suggest monitoring the 

markers of oxidative stress as prognostic and predictive factors for silicosis. 



21 

 

Prx4 expression is increased at mRNA and protein levels during LPS-induced 

differentiation of B cells into plasma cells [102]. However, Prx4 is not essential for this 

differentiation, as Prx4 knockout cells also differentiated normally. 

In a wound healing model, overexpression of Prx4 promoted skin wound healing 

in adult and aged mice by reducing oxidative stress and neutrophils and by increasing 

macrophage infiltration and growth factor levels [103]. 

1.8 Signaling Pathways Regulated by Prx4 in Inflammation 

1.8.1 NF-κB 

Transcription factor NF-κB is a key regulator of inflammation that has been 

implicated in the initiation of various cancers [104-106]. In general, intracellular Prx4 

appears to suppress NF-κB while extracellular Prx4 activates NF-κB. 

Jin et al. discovered that cytosolic Prx4, which they called AOE372, negatively 

regulated NF-κB activation [107]. Overexpression of Prx4 in HeLa cells significantly 

suppressed HIV-1 Tat-, Tumor necrosis factor (TNF)- and 12-O-tetradecanoylphorbol-13-

acetate (TPA)- dependent activation of NF-κB. NF-κB dependent reporter assays showed 

that Prx1 and Prx4 inhibited NF-κB synergistically. The authors suggested that Prx4 could 

affect phosphorylation of IκB-α as a potential mechanism.  

In HEK293 cells with stable expression of immune receptor NOD2, treatment with 

microbial product muramyl dipeptide (MDP) upregulated Prx4 expression [108]. 

Interestingly, the authors also found that loss of Prx4 in HEK293 cells enhanced NF-κB 

activation upon treatment with MDP, suggesting Prx4 negatively regulates NF-κB 

signaling. 
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In large yellow croaker Pseudosciaena crocea, bacterial infection upregulated Prx4 

in the spleen [109]. When the fish were injected with Prx4-siRNA before bacterial 

challenge, NF-κB binding activity in the spleen increased, mRNA levels of TNF-α and CC 

chemokine increased, while IL-10 decreased. Opposite results were seen were fish with 

injected with recombinant Prx4. Thus, the result indicates that in P. crocea, Prx4 negatively 

regulates the activity of NF-κB, downregulates pro-inflammatory cytokines and 

upregulates anti-inflammatory cytokines in response to bacterial infection. The negative 

regulation of NF-κB by Prx4 in P. Crocea was later confirmed in another study [110]. 

In Drosophila model, flies overexpressing Prx4 at high levels (over 5-fold) 

exhibited upregulation in the mRNA expression of AttD, Dipt and Mtk (some of the targets 

of Drosophila NF-κB), as well as upregulation of TotA which is a downstream target of 

the JAK/STAT pathway [111]. However, injection of Prx4 into the body cavity of 

Drosophila did not yield significant changes in mRNA levels of AttD, Dipt and Mtk (it did 

upregulate TotA). Hence, the authors suggest that only intracellular Prx4 is involved in the 

activation of immune response. 

In contrast, Haridas and colleagues reported that secreted Prx4 activated NF-κB in 

human cell lines [43]. They confirmed the secretion of Prx4 from Jurkat and HL-60 cells 

into conditioned medium. Treatment of human myeloid cells U-937 with Prx4 for 30 

minutes showed Prx4 activated NF-κB in a dose-dependent and time-dependent manner. 

NF-κB activation peaked at 4 hours post-treatment which coincided with the complete 

degradation of IκB-α. Prx4 treatment also increased NF-κB dependent luciferase activity 

by seven-fold. Zhao et al. studied the pro-inflammatory properties of Peroxiredoxins in 

mouse macrophages in vitro [112]. 24-hour treatment of RAW264.7 cells with different 
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concentrations of recombinant mouse Prx4 ranging from 1nM to 50nM had no effect on 

cell viability. However, at the higher concentrations of 20nM and 50nM, Prx4 induced a 

significant increase in NO levels in the conditioned medium in a dose dependent manner. 

Finally, a 24-hour treatment with 20nM Prx4 significantly increased TLR4 expression and 

the nuclear translocation of NF-κB p65 subunit. These data suggest that extracellular Prx4 

could have pro-inflammatory effect through TLR4/ NF-κB signaling activation.  

1.8.2 Inflammasome 

Inflammasomes are protein complexes assembled by the innate immune system to 

regulate inflammatory response. Inflammasomes trigger maturation of proinflammatory 

cytokines IL-1β and IL-18 through activation of caspase-1 [113]. Prxs have been 

increasingly associated with regulation of inflammasomes. Activation of inflammasomes 

NLRP3, NLRC4 or AIM2 in murine macrophages in vitro caused secretion of Prx1, Prx2, 

Prx5 and Prx6 [114]. Downregulation of Prx1 was suggested to transcriptionally inhibit 

NLRP3 inflammasome expression in intestinal inflammation [115]. Serum Prx1 was found 

to promote inflammation in acute liver injury through NLRP3 inflammasome signaling 

[116]. Knockdown of Prx3 in liver aggravated acetaminophen-induced liver injury and this 

was associated with increased markers of NLRP3 inflammasome activation [117]. 

Curcumin analogue, AI-44, prevented activation of procaspase 1 by promoting its 

interaction with Prx1 [118]. Similarly, loss of phospholipase A2 activity in Prx6 in primary 

endothelial cells protected against LPS-induced upregulation of NLRP3 [119]. 

Lipinski et al. report that Prx4 limits caspase-1 activation and restricts 

inflammasome-mediated signaling by extracellular vesicles [120]. The authors found that 

when challenged with sub-lethal dose of LPS intraperitoneally, Prx4-null mice had 
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increased weight loss, increased serum TNF-α, IL-1β, CXCL1 and delayed restoration of 

weight than WT mice. This could be prevented by treatment with an interlukin-1-receptor 

antagonist. In mice lacking Prx4 in myeloid cells, the results found in whole body knockout 

was replicated suggesting a crucial role of myeloid cells in Prx4-mediated protection. In 

vitro, oxidized Prx4 decamer complex directly inhibited caspase-1 activity through 

interacting with redox sensitive C397 of caspase-1. Their studies also show inflammasome-

activated cells secreting Prx4 in extracellular vesicles along with components of 

inflammasome. Presence of Prx4 in extracellular vesicles caused lower pro-inflammatory 

response in recipient cells and mice. Thus, Prx4 negatively regulates caspase-1 and IL-1β 

activation to lower the inflammatory response.  

1.8.3 Other inflammatory pathways 

Cyclooxygenase-2 (COX-2) catalyzes a critical step in the synthesis of 

prostaglandins and other prostanoids, and it is a target of non-steroidal anti-inflammatory 

drugs (NSAIDs) [121]. In hyperosmotic medium, which was used as an in vitro model for 

studying dry eye disease, the expression of COX-2 was upregulated, while Prx4 and SOD1 

were downregulated in human corneal epithelial cells [122, 123]. However, treatment with 

the small molecule L-carnitine, or with Pterostilbene, a natural component of blueberries, 

restored the expression of these enzymes back to the levels seen in isosmotic condition 

[122, 123]. Thus, suppression of inflammation combined with maintenance of Prx4 and 

other anti-oxidants seems vital to the treatment of dry-eye disease. 

Although no causal relationship has been reported between Prx4 and Interleukin 6 

(IL-6), there appears to be a negative correlation. TNF-α, IL-1β, IL-6 are all upregulated 

in human corneal epithelial cells under hyperosmotic conditions. Treatment with 
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Pterostilbene reduces their expression while Prx4 is upregulated [122]. Similarly, in the 

goldfish animal model, exposure of the fish to 10ng/L of the organotin Triphenyltin (TPT) 

significantly lowered the mRNA levels of antioxidants including Prx4 while increasing the 

secretion of TNF-α, IL-1β, IL-6 in the serum [124]. Finally, in both acute and chronic 

treatments with DSS, pro-inflammatory cytokines TNF-α, IFN-γ and IL-6 were 

downregulated at mRNA level while Prx4 mRNA and protein were significantly 

upregulated in colon of Prx6 knockout mice compared to Wild type mice [125]. Thus, 

intracellular Prx4 has a negative correlation with IL-6. However, extracellular Prx4 

activates IL-6. Recombinant mouse Prx4 induced secretion of TNF-α and IL-6 upon 

addition to murine macrophages RAW264.7 [112]. 

In kuruma shrimp (M. japonicus), bacterial infection upregulated shrimp Prx4 at 

transcript and protein levels [126]. Knockdown of Prx4 with dsRNA injection increased 

bacterial number in shrimp and decreased overall survival. Mechanistic studies showed 

that nuclear translocation and phosphorylation of STAT increased upon infection in control 

group but was suppressed in Prx4-depleted group. STAT-activation could also be blocked 

by injection of Prx4 antibody prior to bacterial challenge, suggesting extracellular Prx4 

was responsible for STAT activation. Similarly, treatment with purified shrimp Prx4 

activated STAT whereas mutant Prx4 modified on both catalytic cysteines failed to do so. 

The authors also report that extracellular Prx4 acted through the receptor Domeless to 

activate JAK/STAT as knockdown of this receptor blocked nuclear translocation of STAT 

[126]. Thus, Prx4 contributes to antibacterial immunity of the shrimp through JAK/STAT 

pathway. 
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1.9 Prx4 in Cancer 

Prx4 has been found to be upregulated in majority of cancers. Below, we briefly 

discuss roles of Prx4 in major cancer types and their tumor microenvironment (Figure 1.6). 

 
Figure 1.6. Prx4 promotes the hallmarks of cancer in different cancer types.  

Known aberrant signaling pathways and markers are shown in parentheses.  

 

1.9.1 Prostate Cancer 

Prx4 has been found to be pro-tumorigenic in prostate cancer. Studies have reported 

that there is an upregulation of Prx4 in human prostate cancers [127, 128]. Prx4 

upregulation enhances proliferation of prostate cancer cell lines DU145 and LNCaP in vitro 

[127]. Incidentally, they also discovered Prx4 overexpression to correlate negatively with 

TMPRSS2-ERG gene fusion, a highly common genomic alteration present in prostate 

cancer patients. In a different study, Prx4 overexpression in prostate cancer was associated 

with increase in tumor stage, increase in Gleason sum score and increase in age at 

prostatectomy [128]. Knockdown of Prx4 in prostate cancer cell line PC3 to reduce Prx4 

secretion repressed the ability of cancer cells to induce osteoclastogenesis in vitro and 
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osteolysis in vivo [129]. The authors have suggested that Prx4 deficiency might interfere 

with ERK1/2 signaling pathway and NFATc1 nuclear translocation. In addition, Prx4 has 

been found to be upregulated in prostate cancer and other cancers that commonly 

metastasize to bone [130]. One possible mechanism for Prx4 upregulation is through 

Androgen Receptor signaling. Treatment of LNCaP cell line with synthetic androgen 

R1881 led to dose-dependent increase in Prx4 expression [131]. Depletion of Prx4 in 

LNCaP and DU145 cell lines decreased cell proliferation, migration and invasion likely 

through decreased activation of AKT and GSK3 signaling pathways. Prx4 depletion also 

sensitized the cancer cells to radiation in vitro and in mouse xenograft model [131].  

1.9.2 Breast Cancer 

Prx4 is overexpressed in breast cancer samples compared to normal tissues [132, 

133]. Immunohistochemical staining revealed that Prx4 is overexpressed in Triple negative 

breast cancer (TNBC) cases compared to the non-TNBC cases [134]. TNBC group had 

lower oxidative stress, as measured by 8-Hydroxydeoxyguanosine (8-OHdG) staining, and 

poor breast-cancer specific survival. Another study confirmed using the UALCAN 

database that Prx4 expression at the transcript level was highest in Triple Negative breast 

cancer group, followed by Her-2 positive group [135]. This upregulation of Prx4 was 

positively correlated with shorter disease-free survival and poor overall survival. Similar 

to prostate cancer, breast cancer cells also utilize secreted Prx4 to mediate 

osteoclastogenesis. Knockdown of Prx4 in MDA-MB-231 cells significantly reduced 

osteoclast formation in vitro [129]. In addition, their bioinformatics analysis revealed that 

patients with lower Prx4 expression in primary tumor were less likely to develop metastasis 

at 5 years compared to those with higher Prx4 expression. Tiedemann et al. have suggested 
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that Prx4 influences L-plastin expression, with both proteins involved in mediating breast-

cancer induced osteolysis in vivo [130]. When MDA-MB-231 cells lacking both L-plastin 

and Prx4 were injected into CD-1 immunodeficient mice, complete loss of osteolysis was 

observed. Prx4 also contains single-nucleotide polymorphisms (SNPs) associated with 

clearance of docetaxel [136]. Finally, exposure of cell line MDA-MB-231 to increasing 

concentrations of docetaxel followed by Whole exome sequencing at 5 different stages 

revealed that there was a copy number loss of a number of genes on X chromosome, 

including Prx4 at stage 2/3 [137]. Thus, Prx4 is a novel therapeutic target for the treatment 

of breast cancer. 

1.9.3 Lung Cancer 

In general, Prx4 has been found to be pro-tumorigenic in lung cancer. Prx4 is the 

primary substrate of Srx in lung cancer cells [138]. Knockdown of Srx or Prx4 represses 

anchorage independent colony formation and cell invasion of A549 and H226 cells [138, 

139]. Accordingly, disruption of Srx-Prx4 axis reduces tumor growth and metastasis in 

vivo in mouse models. Furthermore, knockdown of Prx4 affects a large number of kinase 

signaling pathways including c-Jun, ERK1/2, AKT, CREB, GSK3⍺/ß, p38⍺, and MEK1/2 

among others. 

Hwang et al. reported that strong Prx4 expression in stage II non-small cell lung 

cancer (NSCLC) patients correlated with short disease-free survival in squamous cell 

carcinoma (SCC) subgroup but not in adenocarcinoma (LUAD) subgroup [140]. 1g/kg 

urethane i.p. injection of non-transgenic control and human Prx4 expressing transgenic 

mice for 16 weeks resulted in significantly more and bigger tumors in the transgenic group 

[141]. This was attributed to the suppressed apoptosis and enhanced proliferation in the 
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tumors in transgenic group. The authors also found that the hPrx4 expressing group had 

higher microvascular permeability, macrophage infiltration, MMP9, MMP13 and IL-1β 

production, and significantly lower oxidative stress. In NSCLC cell lines A549 and H460, 

irradiation upregulated TRIAP1 and several antioxidants including Prx4 [142]. 

Knockdown of TRIAP1 sensitized these cells to radiation as the induction of Prx4 and 

other antioxidants was disrupted. Thus, Prx4 promotes chemically-induced tumorigenesis 

and radioresistance in NSCLC. 

However, anti-tumorigenic role of Prx4 in lung cancer has been found in LUAD. 

Shioya et al. reported that weak Prx4 expression correlated positively with poor 

differentiation and high invasiveness of tumors in stage I LUAD [143]. A later study of 

stage I LUAD found that weak Prx4 expression correlated positively with Wild Type (WT) 

status of EGFR [144]. The authors have suggested that the combination of weak expression 

of Prx4 with high MIB-1 labelling index and/or WT status of EGFR may be a useful tool 

to predict poor disease-free survival in early-stage LUAD [143, 144]. 

1.9.4 Colorectal Cancer 

Prx4 has an oncogenic role in colorectal cancer (CRC). The analysis of CRC patient 

specimens showed that Prx4 mRNA and protein expression were significantly higher in 

CRC samples compared to adjacent normal tissue [145]. The study also found a significant 

positive correlation between Prx4 protein expression in CRC tissues and the depth of 

invasion, Lymph node metastasis, tumor stage and shorter survival; however, univariate 

and multivariate analyses revealed that Prx4 was not an independent unfavorable 

prognostic factor for the survival of CRC patients. Li et al. found through hierarchical 

cluster analysis using data from cDNA microarray and subsequent quantitative PCR that 
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Prx4 was expressed at a significantly higher levels in primary CRC tumors with liver 

metastasis than in tumors without metastasis [146]. Prx4 was one of 18 proteins 

differentially expressed between tissue samples of stage I and stage IV colorectal cancer 

[147]. Prx4 upregulation in advanced stages of CRC was identified using two-dimensional 

gel electrophoresis and mass spectrometry and validated in tissue microarray. Knockdown 

of Prx4 in DLD-1 cells induced G1/S arrest and reduced migration and invasion in vitro. 

Western blot showed that Prx4 knockdown led to decreased expression of Twist1/2 and 

Cyclin D1. Subcutaneous injection of control and Prx4 knockdown DLD-1 cells resulted 

in smaller tumors in the knockdown group. Prx4 depleted tumors had reduced protein 

levels of PCNA, N-Cadherin, β-catenin and MMP-9. Finally, the authors found that 

treatment of DLD-1 with inhibitors of Protein Kinase Cα, RhoA GTPase, ERK1/2 or EGFR 

increased trimethylation of H3K4 of Prx4 promoter [147]. Thus, this study suggests EGFR 

induced Prx4 promotes metastasis of CRC. 

Study by Ouyang et al. has suggested that Curcumin, a polyphenolic compound 

with anti-inflammatory properties, protects against late-onset diarrhea side-effect of the 

chemotherapeutic agent CPT-11 [148]. Curcumin treatment of mice in vivo and IEC-6 cells 

in vitro reversed the suppression of Prx4 by CPT-11 as detected by Western Blot analysis. 

Similarly, treatment of colorectal cancer cell line LOVO with curcumin alone or in 

combination with CPT-11 significantly enhanced Prx4 protein expression [149]. In 

addition, treatment of HT-29 cells with portoamides (which have anti-proliferative activity 

on certain cancer cell lines) also increased the expression of Prx4 protein [150]. Thus, Prx4 

is a promising therapeutic target for CRC prevention or treatment.  
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1.9.5 Esophageal Carcinoma and Gastric Cancer 

Kobayashi and colleagues have reported higher levels of auto-antibodies against 

Prx4 in serum of esophageal squamous cell carcinoma and gastric cancer patients 

compared to healthy donors [151]. Thus, Prx4 antibodies could serve as a potential marker 

for these cancers. In gastric cancer, it was shown that Prx4 is overexpressed in tissue 

specimens, and higher expression of Prx4 is associated with shorter survival [152]. 

Knockdown of Prx4 in AGS and MKN28 cell lines decreased cell proliferation, migration 

and invasion. The authors also found that Prx4 knockdown decreased the expression of 

EMT transcription factors Snail and Slug. In esophageal carcinoma, Prx4 has been 

identified to interact with one of the proteins highly upregulated in this cancer AGR2 [153]. 

AGR2 is an ER chaperone known to promote tumor growth and migration in esophageal 

carcinoma [154]. Identification of this interaction could provide a new strategy for the 

development of therapeutics. 

1.9.6 Liver Cancer 

Prx4 knockout mice had significantly higher incidence of Diethylnitrosamone 

(DEN)- induced hepatocellular carcinoma (HCC) than wild type or human Prx4 transgenic 

mice [155]. After DEN treatment, transgenic mice had lower infiltrated neutrophils, less 8-

OHdG positive hepatocytes, lower thiobarbituric acid reactive substances (TBARS), and 

lower serum levels of aspartate aminotransferase and alanine aminotransferase than WT. 

IHC staining of human HCC tissues revealed that tumors with low Prx4 expression had 

more hepatic and portal vein invasion, higher 8-OHdG level, and were more aggressive 

[155]. Low Prx4 group also had a significantly reduced overall survival than high-Prx4 

group. In vitro, knockdown of Prx4 in PLC/PRF/5 and HepG2 cell lines using siRNAs 
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enhanced ROS levels and decreased cell proliferation. The knockdown-cells also had 

higher rate of apoptosis and autophagy. Thus, the study indicates that Prx4 inhibits HCC 

initiation but may have dual role in the progression of HCC [155]. 

A later study reported that Prx4 is oncogenic in HCC. Knockdown of Prx4 

significantly reduced both anchorage dependent and anchorage independent colony 

formation of HCC cells [156]. SMMC-7721 shPrx4 cells resulted in significantly smaller 

xenograft tumors than shNT cells while Prx4 overexpression cells resulted in significantly 

bigger tumors than vector control cells. Tail-vein injection in nude mice followed by 

bioluminescence measurement revealed that shPrx4 cells had significantly lower lung 

metastasis. HCC cells in suspension culture were found to have lower Prx4 expression than 

those in adherent condition [156]. They also had higher cleaved caspase 3 in suspension 

which is exacerbated by knockdown of Prx4. Conversely, overexpression of Prx4 promoted 

the survival of HCC cells in suspension. Prx4 overexpression in HCC cells increased 

expression of total β-catenin protein. Active β-catenin protein also increased though to a 

lower extent. However, no change was seen in β-catenin mRNA levels. Subsequent 

analysis revealed that Prx4 interacts directly with ubiquitin ligase β-TrCP thus inhibiting 

ubiquitination of β-catenin. In anchorage-independent condition, knockdown of β-catenin 

decreased the growth of Prx4 overexpression cells and increased their susceptibility to 

anoikis [156]. Similarly, overexpression of β-catenin increased the growth and survival of 

Prx4 knockdown cells. The authors suggest Prx4 upregulation increases the recruitment of 

β-catenin to ID2 promoter. ID2 acts downstream of Prx4 to mediate the oncogenic activity. 

Finally, the long non-coding RNA TP53TG1 which is known to suppress HCC promotes 
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the ubiquitination and degradation of Prx4 [157]. Thus, targeting Prx4 is a promising 

therapeutic option for treating HCC.  

1.9.7 Glioma 

Prx4 expression is upregulated in human and mouse Glioblastoma multiforme 

(GBM) [158]. Silencing Prx4 expression in vitro in GBM neurospheres reduced cell 

viability and increased ROS production, DNA damage, and apoptosis. Furthermore, Prx4 

knockdown decreased radiation resistance in vitro. Combination of Prx4 silencing and 

irradiation was significantly more effective in killing GBM cells and suppressing colony 

formation than irradiation alone [158]. In an orthotopic transplantation model, it was found 

that knockdown of Prx4 increased survival of recipient mice by 35% [158]. The 

knockdown groups had significantly reduced cell proliferation in infiltrating cells as 

measured by Ki67 staining and significantly higher DNA damage and apoptosis in tumor 

sections as measured by P-H2AX and cleaved caspase 3 staining than control groups. 

Kim et al. reported in 2014 that Prx4 mRNA is significantly upregulated in mouse 

high grade-glioma (HGG) cultures [159]. Piperlongumine treatment of HGG cells 

increased ROS levels and suppressed cell growth, mimicking the effects of Prx4 

knockdown. The authors found that after piperlongumine treatment, there was an increase 

in hyperoxidized form of Prx4 and a corresponding decrease in H2O2 degradation activity. 

Furthermore, they also noticed higher levels of ER stress after treatment which could again 

be attributed to Prx4 inactivation. Knockdown of Prx4 in vitro increased mRNA expression 

of ER stress and UPR markers as well as ER stress response genes. Analysis of 

REMBRANDT database revealed that patients with intermediate levels of Prx4 in their 
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gliomas survive significantly longer than those with upregulation of Prx4 [159]. These 

studies suggest Prx4 is a promising target for treating astrocytoma and glioblastoma. 

1.9.8 Melanoma of the Skin 

Hintsala et al. report an inverse association between age and Prx4 expression in 

primary tumors [160]. Higher expression of Prx4 in sweat gland cells and cytoplasmic Prx4 

expression in endothelial cells were associated with better survival. In Analysis of 111 

melanoma patient samples, expression of nuclear Prx1 was found to decrease in different 

cell types including pigment cells, keratinocytes and endothelial cells compared to benign 

and dysplastic samples [160]. The same study found that fibroblasts in melanoma-patent 

derived tissues had lower expression of cytoplasmic Prx1 and nuclear Prx2. This study 

suggests Prxs could be used for prognosis and as therapeutic targets for treating melanoma. 

1.9.9 Non-Hodgkin Lymphoma and Leukemia 

Upregulation of Prx3 and Prx4 transcripts correlates with poor prognosis for 

Diffused large B-cell lymphoma patients [161]. The role of these proteins in initiation of 

progression of this cancer have not been studied. 

Prx4 transcript and protein are downregulated in Acute Promyelocytic Leukemia 

(APL) relative to AML samples, presumably due to increased levels of H3K27me3 at the 

transcription start site of Prx4 as indicated by Chromatin immunoprecipitation [162]. The 

molecular mechanism of how the decrease in Prx4 expression might contribute to APL is 

not understood. In addition, Prx1 is found to be upregulated in activated natural killer cells 

in vitro [163]. Further studies are warranted to elucidate the function of Prxs in NK cell 

function. 
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1.9.10 Oral Squamous Cell Carcinoma (OSCC) 

Prx4 was one of the four antioxidants found to be upregulated in tumor samples of 

OSCC patients compared to adjacent normal tissue [164]. The authors suggest these genes 

are potential candidates for biomarkers. In addition, Prx1 was also upregulated in mouse 

xenograft tumors of OSCC cell line SCC15 [165]. Additional studies are needed to 

understand the functions of Prx1 and Prx4 in OSCC. 

1.9.11 Pancreatic Cancer 

High expression of Prx4 is associated with liver metastases and lower survival of 

pancreatic cancer patients [166]. Orthotopic implantation of human cancer cell lines in 

mice pancreas confirmed that loss of Prx4 increased the disease-free survival. Treatment 

of pancreatic cancer cell lines with 6-aminonicotamide to reduce NADPH levels reversed 

the decrease in cell proliferation seen upon Prx4 depletion. Therefore, targeting Prx4 has 

the potential of being beneficial to pancreatic cancer patients. 

1.10 Other Prxs in Major Cancers 

Other Prxs besides Prx4 are also frequently dysregulated in cancer and are being 

increasingly associated with cancer initiation and metastasis. Experimental data using in 

vitro and in vivo models has shown the redox- dependent and independent roles of Prxs in 

oncology. Below, we have summarized recent progresses in other Prxs in major cancers. 

1.10.1 Prxs Promote Carcinogenesis 

Prx1 is positively associated with colitis and colon cancer. Two-dimensional 

agarose gel electrophoresis (2-DE) followed by mass spectrometry analysis of proteins 

isolated from biopsies (sigmoid colon) of two patients with active ulcerative colitis (UC), 
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two patients with inactive ulcerative colitis, and four healthy subjects showed that Prx1 is 

upregulated in active UC compared to inactive UC and healthy controls [167]. Oxidized 

Prx1 protein levels were higher in healthy and inactive UC groups while reduced Prx1 level 

was higher in the active UC group. Immunohistochemical (IHC) staining of patient samples 

confirmed that Prx1 increased with increasing inflammation in mucosal crypts [167]. 

Furthermore, IHC staining of Prx1 in 22 normal mucosae, six UC-associated low-grade 

dysplasias, five high-grade dysplasias, and five UC-associated carcinomas detected 

increasing Prx1 expression in dysplasia and carcinoma [167]. Further studies are warranted 

to establish a causal relationship between Prx1 and colon tumorigenesis in inflammation-

associated sporadic colorectal cancer (CRC) as well as hereditary CRC models. 

In breast cancer, loss of Prx1 due to reduced zinc (Zn) intake is linked to tumor 

formation [168]. Bostanci et al. treated offspring of nulliparous mice fed control (ZA, 30 

mg Zn/kg) or a marginal Zn diet (ZD, 15 mg Zn/kg) with corn oil or 7,12-

dimethylbenz(a)anthracene (DMBA, 1 mg/wk) for 4 weeks. Mice fed ZD had shorter 

tumor latency and greater incidence of non-palpable tumors. Mechanistic studies showed 

reduced protein levels of Prx1 and p53 and higher oxidative DNA damage in mammary 

tissue of mice fed ZD diet. The authors propose that Zn deficiency compromises the 

antioxidant capacity of mammary cells leading to higher oxidative stress and 

carcinogenesis [168]. This points to the need to delineate the role of diet components such 

as Zn in transcriptional and translational regulation of Prxs in normal physiology and 

cancers. In addition, Prx1 inhibits cancer-associated fibroblast-like phenotype in breast 

cancer [169]. Primary mammary fibroblasts (MFs) isolated from Prx1 knockout mice had 

increased α-SMA, collagen, and Vimentin compared to Prx1 wildtype MFs. Mechanistic 



37 

 

studies revealed that Prx1 knockdown MFs had increased oxidation of PTEN and 

phosphorylation of JNK when treated with H2O2. JNK1 binds to reduced Prx1 but not to 

overoxidized Prx1. Thus, Prx1 prevents corrupt activation of MFs [169]. 

Prx2 enhances intestinal tumorigenesis induced by APC mutation [170]. Prx2 

homozygous knockout mice developed significantly fewer small intestine and colon 

tumors and had longer survival compared to Prx2 heterozygous and Prx2 wildtype groups 

in an APCMin/+ mouse model. Prx2 knockdown increased H2O2 accumulation and decreased 

total β-catenin protein levels in APC-mutant HT-29 and SW480 cells. β-catenin reduction 

could be blocked by inhibition of proteasomes and GSK3β. Immunoprecipitation (IP) assay 

revealed that Prx2 increased Axin1 complexes by blocking PARylation/ubiquitination of 

Axin1 [170]. In an in vitro PARP assay, the authors found that Prx2 loss impaired tankyrase 

activity in HT-29 and SW480 cell lines. In summary, Prx2 promotes intestinal 

tumorigenesis by inhibiting β-catenin degradation. 

In a urethane-induced lung cancer model, human Prx4-expressing transgenic mice 

developed larger tumors than non-transgenic control mice [141]. IHC staining of extracted 

tumors showed increased cell proliferation, decreased oxidative DNA damage and 

apoptosis, and increased microvascular permeability and macrophage infiltration in Prx4 

overexpressing tumors. Western blot analysis of tumor tissues showed increased p-c-Jun 

and p-p65 in Prx4-overexpression tumors, suggesting the involvement of NF-κB and AP-

1 pathways [141]. Similarly, we have recently shown that Prx4 knockout FVB/N mice 

developed a reduced number and size of tumors compared to wildtype FVB/N mice in 

azoxymethane/dextran sulfate sodium (AOM/DSS)-induced colorectal cancer and 

urethane-induced non-small cell lung cancer (NSCLC) [171, 172]. Loss of Prx4 reduced 
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tumor cell proliferation in the lung cancer model and increased tumor cell death in the 

colorectal cancer model. Our studies also report novel functions of Prx4 in promoting 

immune infiltration into the tumors as well as regulating cytokine secretion from the 

immune cells [171, 172]. Thus, Prx4 promotes tumor formation in lung cancer and 

colorectal cancer. 

Prx6 also promotes lung tumorigenesis in animal models [173]. Presenilin 2 (PS2) 

N141I transgenic mice developed significantly lower spontaneous lung cancer compared 

to wildtype transgenic mice. The authors found that mutant PS2 transgenic mice tumors 

had over 500 times lower Prx6 expression compared to wildtype [173]. Accordingly, both 

peroxidase and phospholipase activities were lowered in mutant PS2 transgenic mice 

compared to their wildtype transgenic counterpart. IHC staining of Prx6 in human lung 

cancer tissue array showed overexpression of Prx6 in tumors compared to normal tissues. 

In addition, the authors discovered a 50% increase in PLA2 activity in cancer tissues 

compared to normal tissues. In IP assay, Prx6 and PS2 co-localization was increased in 

PS2 mutant skin fibroblasts AG09908 cells compared to non-mutated epithelial cells A431 

cells [173]. Immunofluorescence analysis proved that this co-localization could be 

reversed by treatment of γ-secretase inhibitor L685,458. Prx6 and PS2 colocalization was 

increased in urethane-induced lung tumors isolated from mutant PS2 transgenic mice 

compared to wildtype. IP analysis of A549 and NCIH460 also demonstrated that compared 

to wildtype PS2, the mutant PS2 had a higher affinity for Prx6 [173]. Transfection of 

mutant PS2 plasmid into A549 and H460 cells inhibited Prx6 expression and cell viability 

and increased PLA2 cleavage and γ-secretase activity compared to wildtype PS2 
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transfection or vector transfection. Thus, PS2 mutation inhibits the PLA2 activity of Prx6 

to suppress lung tumor development [173]. 

1.10.2 Prxs in Cancer Progression 

1.10.2.1 Prx1 

In lung cancer, Prx1 protects cells against apoptosis and promotes invasion in vitro. 

Knockdown of Prx1 in A549 cells upregulated E-cadherin at the protein level and 

suppressed TGF-β-induced cell migration [174]. Using a luciferase activity assay, it was 

shown that catalytic Cys51 of Prx1 was critical in regulation of E-cadherin expression. The 

mechanism of how Prx1 peroxidase activity is used to regulate E-cadherin is not 

understood. In a different study, Prx1 overexpression increased anchorage-dependent 

colony formation and Matrigel invasion of A549 cells [139]. In A549 cells, inhibition of 

Prx1 with the small molecule AMRI-59 caused apoptosis [175]. AMRI-59 treatment 

activated both mitochondria- and apoptosis signal-regulated kinase-1-mediated signaling 

pathways, resulting in cell death. This could be prevented by Prx1 overexpression or N-

acetyl cysteine (NAC) pretreatment. AMRI-59 was later discovered to act as a 

radiosensitizer in non-small cell lung cancer cells [176]. In a clonogenic assay of H460 and 

H1299, pre-treatment with AMRI-59 increased sensitivity of these cells to irradiation. 

Western blot analysis showed an increase in cleaved caspase 3 upon combined treatment 

of ionizing radiation (IR) and AMRI-59, and cell survivability could be rescued by pan-

caspase inhibitor z-Vad-Fmk. Similarly, combined treatment of IR and AMRI-59 induced 

ROS production (measured using DCFDA assay) and oxidative DNA damage (measured 

using γH2AX immunofluorescence staining), both of which could be rescued by NAC 

[176]. Subcutaneous injection of these NSCLC cell lines in BALB/c nu mice followed by 
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various modes of treatments showed the combination of IR and AMRI-59 to be the most 

effective approach. Western blot analysis of cells in vitro showed that the combined effect 

of IR and AMRI-59 could be further increased by CREB-1 inhibitor [176]. Thus, inhibition 

of Prx1 is a novel approach to overcome radioresistance in NSCLC. 

Prx1 protects hepatoma cells against apoptosis in vitro [177]. Knockdown of Prx1 

in the HCC cell line decreased cell proliferation and increased apoptosis. This was 

associated with upregulation of Bax protein level and activation of mitochondrial fission 

as indicated by elevated Drp1, Fis1, and Dyn2 protein levels. Prx1 also contributes to 

epithelial–mesenchymal transition (EMT) in head and neck squamous cell carcinoma 

(HNSCC): Long non-coding RNA LINC00460, which enhances HNSCC cell proliferation 

and metastasis, physically interacts with Prx1 and facilitates Prx1 entry into the nucleus 

[178]. Prx1, in turn promotes the transcription of LINC00460, forming a positive feedback 

loop. In addition, overexpression of Prx1 upregulated Zeb1, Zeb2, Vimentin, and N-

cadherin at mRNA and protein levels. Using quantitative real-time polymerase chain 

reaction (qRT-PCR) of paired HNSCC and adjacent normal tissues, the authors also 

demonstrated that high levels of LINC00460 and Prx1 expression were positively 

associated with lymph node metastasis and tumor size in HNSCC patients [178]. 

Several studies have shown that Prx1 promotes prostate cancer survival and 

migration. Prx1 was identified to interact with Tumor protein D52 (TDP52) in the LNCaP 

cell line via GST pull down assay and 2-D mass spectrometry [179]. Increasing TDP52 

induction by doxycycline in LNCaP and PC3 cells caused an increase in Prx1 levels, 

suggesting that TDP52 causes dimerization of Prx1. When these cell lines stably expressing 

TPD52 were exposed to increasing concentrations of H2O2 (from 0 μM to 100 μM), tandem 
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affinity purification of TPD52 showed an increase in the fraction of Prx1 purified. This 

indicates that Prx1 interaction with TPD52 increases with oxidative stress. Knockdown of 

either Prx1 or TDP52 caused comparable reduction in cell proliferation and cell migration 

of LNCaP and PC3 cells [179]. Prx1 also promotes prostate cancer growth by activating 

androgen receptor (AR) signaling [180]. Overexpression of TXNDC9, which can also be 

induced by tunicamycin, increased AR protein levels in LNCaP, VCaP, and C4-2B cell 

lines. GST pull down assay followed by mass spectrometry identified Prx1 and MDM2 as 

two of the major interacting proteins of TXNDC9 in LNCaP and VCaP cell lines. 

Knockdown of Prx1 reduced, while overexpression of Prx1 enhanced, AR protein levels 

in the presence of tunicamycin. In addition, knockdown of TXNDC9 reduced the 

expression of prostate-specific antigen (PSA) in LNCaP cells, and this could be reversed 

by overexpression of Prx1 under tunicamycin treatment [180]. Transfection of increasing 

amounts of Flag-Prx1 plasmid into LNCaP and C4-2B cells followed by western blot 

analysis showed that the binding between MDM2 and AR decreased steadily in the 

presence of tunicamycin. The authors suggest that Prx1 competing with MDM2 to bind 

with AR may facilitate MDM2-mediated degradation of TXNDC9. Combination of 

ConoidinA (which inhibits Prx1) and Enzalutamide (which inhibits AR) reduced the cell 

viability of C4-2B cells more significantly when compared with single treatments [180]. 

Thus, combined inhibition of Prx1 and AR or disruption of Prx1–TDP52 interaction might 

represent a promising treatment strategy for prostate cancer treatment. 

Prx1 also promotes colorectal cancer progression. IHC staining of Prx1 in 60 

colorectal cancer patient tissues showed positive Prx1 expression in 70% of the samples 

[181]. Prx1 expression was associated with microvascular density (measured using CD34 
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staining), tumor grade, metastasis, and shorter survival of patients. Wound healing and 

transwell Matrigel invasion assays demonstrated that Prx1 knockdown in HCT116 

decreased migration and invasion, while Prx1 overexpression in HT-29 increased these 

phenotypes in vitro [181]. Three-dimensional co-culture of human umbilical vein 

endothelial cell (HUVEC) with CRC cell lines showed that tube formation decreased in 

Prx1-depleted cell lines and increased in Prx1 overexpression cell lines. Finally, MMP2, 

MMP9, and VEGF were downregulated in Prx1 knockdown cells and upregulated in 

overexpression cells as detected by western blot analysis, further suggesting that Prx1 

promotes CRC angiogenesis and metastasis [181]. Qu et al. studied the role of potential 

tumor suppressor miR-431-5p in colorectal cancer [182]. CRC tissues and cell lines had 

lower miR-431-5p expression than adjacent normal tissues and normal epithelial cell line. 

Prx1 was identified as a potential target through bioinformatics analysis and confirmed in 

vitro. After co-culture, human umbilical cord mesenchymal stem cell (hUCMSC)-derived 

exosomes inhibited miR-431-5p increased cell proliferation, migration, and invasion in 

LoVo cells compared with negative control-inhibitor-exosome treatment. This effect was 

not observed in Prx1 knockdown cells, further confirming that miR-431-5p exerts tumor 

suppressive functions through Prx1 [182]. Prx1 also promotes degradation of pro-apoptotic 

protein NOXA to increase CRC survival [183]. Western blot analysis of apoptosis 

regulators showed a significant increase of NOXA in HCT116 Prx1 knockdown cells and 

a decrease of NOXA in SW480 Prx1 overexpression cells. In cycloheximide assay, NOXA 

had longer half-life in shPrx1 cells. MG132 treatment followed by co-immunoprecipitation 

revealed lower ubiquitination of NOXA in shPrx1 cells, suggesting Prx1 promotes 

ubiquitin-mediated degradation of NOXA. Depletion of Prx1 in HCT116 reduced the 
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neddylation of CUL5 (which activates CRL5 to ubiquitinate NOXA). In anti-CUL5 

immunoprecipitation, knockdown of Prx1 reduced the amount of UBE2F, suggesting Prx1 

enables their interaction [183]. Knockdown of Prx1 sensitized HCT116 cells to apoptosis 

induced by etoposide, and overexpression of Prx1 increased resistance of SW480 cells 

against etoposide. Time-dependent increase in CUL5 neddylation was observed in 

HCT116 upon etoposide treatment, but this effect was not seen in Prx1 knockdown cells. 

This indicates that cancer cells utilize Prx1-mediated CUL5 neddylation to survive against 

chemotherapeutics [183]. Thus, Prx1 supports angiogenesis and survival of CRC cells. 

Prx1 has been reported to promote breast cancer proliferation and survival through 

its peroxidase function. In breast cancer cell lines MCF-7 and ZR-75-1, depletion of Prx1 

decreased cell proliferation and anchorage-dependent colony formation [184]. 

Implantation of control and Prx1 knockout MCF-7 cells into the mammary fat pad of nude 

mice resulted in significantly slower tumor growth rate in the knockout group. As expected, 

Prx1-depleted cells were more sensitive to glucose oxidase-induced cell death. Prx2-SO3 

and Prx4-SO3 levels were significantly higher in Prx1 knockout cells compared to control 

after glucose oxidase treatment, suggesting Prx1 protects these 2-Cys Prxs from oxidation 

in breast cancer. Interestingly, glucose oxidase and another prooxidant agent, sodium L-

ascorbate also reduced the viability of breast cancer cell lines T47D, MDA-MB-231, HCC 

1806, and SK-BR-3, but not of non-malignant cell line MCF-10A [184]. Other studies have 

also shown that Prx1 protects breast cancer cells against oxidative stress-induced cell death. 

Prx1 depletion increased sensitivity of triple-negative breast cancer cell lines MDA-MD-

231 and HCC1806 to ascorbate and menadione [185]. Deacetylation and inhibition of Prx1 

by SIRT2, a protein deacetylase, sensitized breast cancer cells to prooxidants menadione 
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and arsenic trioxide [186]. Finally, loss of Prx1 also increases susceptibility of breast 

cancer cells to radiation [187]. Skoko et al. reported that Prx1 binds to and protects Rad51 

cysteines from oxidation. Consequently, Prx1 knockdown sensitized MDA-MD-231 cells 

to irradiation-induced cell death by preventing Rad51-mediated homologous 

recombination DNA repair. 

While Prx1 supports growth and survival of breast cancer cells, Prx1 expression in 

stromal cells of the breast tumor microenvironment is associated with inhibition of cancer 

progression. Loss of Prx1 prompts collagen remodeling known to promote breast cancer 

development [188]. Knockdown of Prx1 in mammary fibroblasts followed by injection into 

mammary fat of BALB/c mice resulted in an enrichment of intratumoral collagen in the 

shPrx1 group. In vitro studies indicated that Prx1-depleted mammary fibroblasts had higher 

α collagen, β collagen, and β/α collagen ratio [188]. Conditioned media derived from 

MDA-MB-231 cells caused Y194 phosphorylation of Prx1 (known to inactivate peroxidase 

activity), and this could be reversed by co-treatment with Src inhibitor PP1. shPrx1 

mammary fibroblasts had increased secretion of lysyl oxidase (LOX). Per IP assay of LOX 

in HEK293T cells, endogenous Prx1 interacts with LOX, but this interaction was decreased 

when Prx1 was phosphorylated, resulting in increased extracellular LOX accumulation and 

collagen remodeling [188]. Another study suggested that Prx1 mediates tumor suppressor 

activity of cytoskeletal protein transgelin-2 (TAGLN2) [189]. Knockdown of TAGLN2 in 

MDA-MB-231 increased cell migration in vitro and increased lung metastasis in a tail-vein 

injection mouse model. IP of TAGLN2 in MDA-MB-231 lysates followed by mass 

spectrometry analysis showed that TAGLN2 binds to Prx1. Knockdown of TAGLN2 in 

MDA-MB-231 caused downregulation of Prx1 protein. Accordingly, DCFDA assay 
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demonstrated that TAGLN2 knockdown resulted in higher ROS production [189]. Thus, 

interaction of Prx1 with LOX and TAGLN2 plays anti-tumorigenic role. The direct or 

indirect mechanism of how TAGLN2 upregulates Prx1 needs to be examined. Furthermore, 

the importance of peroxidase function in Prx1 in its interaction with TAGLN2 remains to 

be seen. 

Prx1 also inhibits pro-tumorigenic activation of macrophages in breast cancer 

[190]. Wang and Liu et al. discovered that lysosome-associated membrane protein type 2a 

(LAMP2a) is upregulated in tumor-associated macrophages (TAMs) by tumor cells. 

Depletion of LAMP2a in macrophages reduced tumor growth in vitro and in vivo. IP of 

LAMP2a in bone marrow-derived macrophages treated with tumor supernatant revealed 

that LAMP2a binds to Prx1 [190]. Knockdown of Prx1 reversed the effects of LAMP2a 

knockdown in mouse hematopoietic stem cells in vitro. The authors suggest increased 

oxidative stress (measured using H2O2 accumulation) caused by knockdown of LAMP2a 

in bone marrow-derived macrophages likely causes pro-inflammatory activation in 

macrophages [190]. Finally, Prx1 protects natural killer cells from oxidative stress in the 

breast cancer microenvironment [191]. The authors performed bioinformatics analysis of 

non-stimulated human primary T cells, B cells, and Natural Killer (NK) cells and found 

that Prx1 transcript was significantly lower in NK cells. This was confirmed by qRT-PCR 

and western blot analysis in vitro. Priming NK cells with cytokine IL-15 protected cells 

from glucose oxidase-induced cytotoxicity via upregulation of Prx1. Stable overexpression 

of Prx1 in primary NK cells and NK-92 cell line further improved cell viability under 

oxidative stress. Intra-tumoral transplantation of PD-L1-CAR NK cells overexpressing 

Prx1 in NSG mice showed increased survival and proliferation of Prx1 overexpression cells 
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compared to control cells [191]. Thus, overexpression of Prx1 might be a useful approach 

to improve CAR NK-based immunotherapy in breast cancer. 

1.10.2.2 Prx2  

Prx2 promotes progression of non-small cell lung cancer (NSCLC). Western blot 

analysis showed that the expression of Prx2 in NSCLC cell lines is higher than in normal 

bronchial epithelial cells (BEAS-2b) [192]. Knockdown of Prx2 in A549 cells reduced cell 

proliferation, migration, and invasion. Subcutaneous injection of Prx2 knockdown A549 

cells resulted in slower tumor growth compared to control cells. IHC staining of extracted 

tumors revealed a decrease in cell proliferation in the shPrx2 group. Tail-vein injection of 

A549 cells resulted in fewer metastatic nodules in Prx2 knockdown group compared to 

control, and this was associated with higher E-cadherin and lower Vimentin and Slug 

expression [192]. Jing et al. have reported similar findings in A549 and H1299 cell lines. 

They also discovered that loss of Prx2 reduced the phosphorylation of AKT and mTOR 

[193]. In addition, Prx2 promoted the stemness of drug-resistant cancer stem cells. 

Knockdown of Prx2 reduced colony formation and sphere formation, increased ROS 

(DCFDA assay) and apoptosis, and reduced migration and invasion of gefitinib-resistant 

A549 (A549/GR) CD133+ cells [194]. The authors validated that microRNA miR-122 

targets Prx2 and showed that overexpression of miR-122 also suppressed proliferation, 

migration, and invasion of A549/GR CD133+ cells. In mechanistic studies, the authors used 

western blot analysis to show that miR-122-mediated downregulation of Prx2 resulted in 

reduced activation of the Hedgehog, Notch, and Wnt/β-Catenin signaling pathways in 

A549 cells [194]. Finally, loss of Prx2 activity resulted in death of lung cancer cells. S-

nitrosoglutathione (GSNO) nitrosylates Prx2 on Cys51 and Cys172, resulting in H2O2 
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accumulation and apoptosis in A549 and NCI-H1299 cells [195]. GSNO-induced H2O2 

increased phosphorylation of AMPK and inhibited deacetylation activity of SIRT1, leading 

to cell death. Thus, Prx2 aids survival and malignancy of NSCLC through a variety of 

pathways. 

Prx2 increases growth and progression of CRC. Knockdown of Prx2 using shRNAs 

reduced proliferation of HCT116 and LoVo cell lines [196]. Flow cytometry analysis 

proved that Prx2 knockdown caused increased cell cycle arrest in G2/M phase in HCT116 

and G1 phase in LoVo cells. There was no difference in p53 mRNA levels after Prx2 

knockdown, but cycloheximide treatment showed an increased half-life of p53 in shPrx2 

cell lines [196]. The authors discovered through IP and mass spectrometry that ribosomal 

protein RPL4 binds to Prx2. Ubiquitination assays were used to confirm RPL4 interaction 

with MDM2 and show that Prx2 increases ubiquitination of p53. Subcutaneous injection 

of control and shPrx2 cell lines resulted in higher tumor growth and larger tumor volume 

in the control group. IHC analysis showed shPrx2 tumors had higher expression of p53 

[196]. Thus, Prx2 causes colorectal cancer growth in vitro, likely by facilitating 

degradation of p53. 

Loss of Prx2 sensitizes CRC stem cells to chemotherapy [197]. IHC staining of 19 

CRC patient tissues showed that Prx2 expression was significantly higher in 

CD133+/CD44+ tissues than in CD133−/CD44− tissues. In spheroids of CD133+/CD44+ 

cells isolated from HCT116 and HT-29, the authors found higher expression of Prx2 

compared to spheroids of CD133−/CD44− cells. Western blot analysis showed significant 

downregulation of stemness-related proteins Oct4, Nanog, and Sox2 in CD133+/CD44+ 

cells isolated from HCT116 and HT-29 shPrx2 cell lines compared to those from control 
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cell lines [197]. shPrx2 knockdown CD133+/CD44+ cells had lower migration and invasion 

in vitro compared to control stem cells. Orthotopic implantation of these two groups of 

cells in the cecal wall of nude mice resulted in significantly reduced liver metastasis in the 

shPrx2 group. The authors also found that shPrx2 CD133+/CD44+ cells had increased E-

cadherin and decreased N-cadherin, Vimentin, Twist, and nuclear β-catenin than control 

CD133+/CD44+ cells [197]. Treatment of control or Prx2 knockdown CD133+/CD44+ cells 

with 500 μg/mL 5-fluororuracil or 100 μM oxaliplatin for 24 h showed increased cell death 

in the knockdown group as measured by annexin V flow cytometry analysis. DCFDA assay 

illustrated that chemotherapeutics induced significantly higher ROS in the Prx2 

knockdown group. This was accompanied by increased DNA damage in shPrx2 CSC group 

cells than control CSCs as measured using alkaline comet assay [197]. Similar 

experimental findings were reported by Wang et al. [198]. The authors sorted CD133+ and 

CD133− cells from SW620, HT-29, and HCT116 and found by western blot analysis that 

Prx2 expression was higher in CD133+ cells in all three groups. Knockdown of Prx2 using 

shRNA reduced sphere formation of these cell lines by decreasing the mRNA and protein 

expression of CD44, CD133, and Nanog. Flow cytometry analysis showed that Prx2 

depleted CD133+ cells were more prone to apoptosis by 5-FU [198]. CD133+ cells were 

isolated from control and HCT116 shPrx2 cell lines and injected into nude mice 

subcutaneously. Compared to the control group, the shPrx2 group had significantly smaller 

tumors at endpoint of the study, suggesting Prx2 contributes to tumorigenicity of colon 

cancer cells. The authors found by western blot that in HT-29 CD133+ cells, knockdown 

of Prx2 decreased and overexpression of Prx2 increased the expression of SMO and Gli1 
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proteins, suggesting Prx2 might regulate cancer stem cell properties via Hedgehog/Gli1 

pathway [198].  

Other studies have also shown that Prx2 depletion sensitizes CRC cells to ionizing 

radiation and chemotherapy [199-202]. Prx2 was silenced using siRNA in HCT116, Caco2, 

and T84 cell lines and clonogenic survival assay was performed after exposure to different 

doses of radiation [199]. Silencing Prx2 sensitized these cell lines to radiation. Oxaliplatin 

treatment before radiation was more effective in killing the shPrx2 cell line compared to 

control. HCT116, HCT116 shControl, and HCT116 shPrx2 cells were subcutaneously 

injected into flanks of nude mice, which were irradiated with 2 Gy four days after 

inoculation. Six days post-radiation, shPrx2 radiation group had significantly smaller 

tumors compared to day 1, while this effect was not seen in the other two groups [199]. 

Similar findings were reported by Xu et al. Annexin V staining showed increased apoptosis 

in HT-29 and HCT116 shPrx2 cell lines after 5-FU treatment [202]. Intraperitoneal 

injection of HCT116 control and shPrx2 cell lines into flanks of nude mice followed by no 

treatment or 5-FU treatment showed that the shPrx2 + 5-FU group had the longest survival. 

In addition, IHC staining of 49 patient specimens indicated that cyclophilin A (CypA) and 

Prx2 were upregulated in patients that did not respond to FOLFOX compared to patients 

that did respond [200]. The authors discovered through mass spectrometry that CypA 

interacts with Prx2. CypA overexpression decreased ROS levels in RKO cells which could 

be partly rescued by knockdown of Prx2, indicating that Prx2 promotes reduction of CypA. 

Overexpression of CypA increased resistance of RKO cells to 5-FU and oxaliplatin and 

this could be reversed by knockdown of Prx2 [200]. Similarly, overexpression of miR-

200b-3p, which targets Prx2, sensitized LoVo cells to apoptosis by oxaliplatin, and this 
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could be partly rescued by overexpression of Prx2 [201]. In a subcutaneous xenograft 

model, miR-200b-3p overexpression in LoVo cells inhibited tumor growth whereas 

silencing miR-200b-3p in SW480 promoted tumor growth. Implantation of extracted 

subcutaneous tumors into the cecum of nude mice showed that miR-200b-3p 

overexpression tumors developed significantly fewer metastatic nodules than control mice 

[201]. Thus, degradation of Prx2 reduces metastasis and enhances sensitivity of 

chemotherapeutics in CRC. 

Loss of Prx2 also sensitized HCT116 cells to antimalarial drug dihydroartemisinic 

(DHA) [203]. DHA treatment (15 μM) of HCT116 reduced Prx2 expression at mRNA and 

protein levels at 12 h and 24 h. DHA-induced ROS was confirmed by DCFDA staining in 

RKO and HCT116. DHA also induced ER stress-related proteins ATF4 and p-eIF2α in a 

time- and concentration-dependent manner. Prx2 knockdown further increased the 

sensitivity of HCT116 cells to DHA. Prx2 knockdown also enhanced the activation of JNK 

and p38 signaling pathways by DHA [203]. Combined treatment with oxaliplatin and DHA 

synergistically increased apoptosis in HCT116 and RKO cells. Furthermore, Prx2 was 

demonstrated to protect cells against DNA damage in checkpoint kinase 2 (CHEK2) null 

CRC [204]. The CHEK2 gene is involved in maintaining chromosomal stability and in 

homologous recombination repair. The authors treated CHEK2 null HCT116 cells with 

siRNA against Prx2 and found that combined loss of CHEK2 and Prx2 was lethal to the 

majority of HCT116 cells. Similarly, N-carbamoyl alanine (NCA, an inhibitor of Prx2) 

treatment of CHEK2 null HCT116 cells also reduced the viability of cells [204]. DCFDA 

assay showed increased ROS levels in HCT116 and CHEK2 null HCT116 cells with NCA 

treatment. However, NCA treatment caused more DNA damage in CHEK2 null HCT116 
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cells (as indicated by γ-H2AX staining) than in WT HCT116 cells. Accordingly, 

immunofluorescence staining showed higher increase of cleaved caspase 3 in CHEK2 null 

HCT116 cells than WT HCT116 upon NCA treatment [204]. This suggests that Prx2 plays 

an important role in preventing oxidative-stress induced DNA damage in the absence of 

tumor suppressor CHEK2 in CRC.  

Prx2 promotes vasculogenic mimicry formation in CRC [205]. Vasculogenic 

mimicry refers to the vascular-like structures formed by cancer cells for blood supply 

independent of endothelial cells. IHC staining of Prx2 in 70 CRC patient tissues revealed 

that 70% of the tissues were positive for Prx2. Authors also performed double staining of 

CD34 and periodic acid–Schiff as markers for vasculogenic mimicry (VM). Pearson 

correlation analysis showed a positive correlation between Prx2 and VM formation [205]. 

Stable siPrx2 HCT116 cells were established, and recombinant VEGF was added to 3D 

culture of HCT116 cells to induce VM formation in vitro. siPrx2 cells had significantly 

fewer tubular structures than control cells. siPrx2 cells also had lower levels of p-VEGFR2 

protein compared to control cells, suggesting Prx2 promotes VM formation by activating 

VEGFR2 [205]. Knockdown of Prx2 reduced the cell invasion of HCT116 caused by 

VEGF chemoattractant in Matrigel invasion assay. Thus, Prx2 supports the growth of 

aggressive tumors through VM formation. 

Prx2 loss inhibits autophagy in CRC [206]. Analysis of RNA-Seq data of HT-29 

and SW480 control and siPrx2 cell lines followed by KEGG (Kyoto Encyclopedia of Genes 

and Genomes) analysis indicated enrichment of the FOXO pathway. Knockdown of Prx2 

resulted in an increase of p21 and p27 proteins in western blot analysis. shPrx2 cells had 

lower LC3B-GFP staining than non-targeting control cells [206]. Western blot analysis 
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was used to show reduced LC3B II/LC3B I ratio and Beclin 1, and increased Sqstm1/p62 

in Prx2 knockdown cells compared to control. This indicates that Prx2 inhibits 

autophagosome formation. Western blot analysis also showed reduced p-p38 in shPrx2 

cells. Treatment with 1 μM dehydrocorydaline chloride (DHC, a p38 MAPK activator) for 

24 h rescued p-p38 to some extent in Prx2 cells. In addition, DHC also caused a decrease 

in p21 proteins to similar levels as non-targeting controls. Subcutaneous injection of 

control and shPrx2 cells into nude mice resulted in smaller tumor formation in the shPrx2 

group [206]. Another study reported that oxiconazole (Oxi), an antifungal compound 

derived from imidazole, downregulates Prx2 in CRC cells to initiate autophagy and inhibit 

autolysosome formation by downregulating Rab7a [207]. When nude mice were 

subcutaneously injected with HCT116 cells followed by control or Oxi treatment (50 

mg/kg/day), the Oxi treatment group developed significantly smaller tumors. Annexin V 

staining showed increased apoptosis in HCT116 and RKO after Oxi treatment. Oxi 

treatment increased cellular ROS levels as measured by active oxygen analysis kit. This 

increase in ROS and apoptosis could be inhibited by co-treatment with N-acetyl cysteine, 

suggesting Oxi promotes ROS production to induce apoptosis [207]. The authors found 

through immunofluorescence staining that Oxi treatment increased autophagosome 

formation but not autolysosome formation in HCT116 and RKO cells. In Oxi-treated 

xenograft tissue, IHC showed stronger staining for LC3 than in control group. Co-treatment 

with 3-mA (an autophagy inhibitor) rescued the decrease in cell viability caused by Oxi 

[207]. Oxi treatment also decreased Prx2 expression in a dose-dependent manner. 

Accordingly, Prx2 was found to be depleted in an Oxi-treated mouse xenograft model. 

Western blot analysis was used to examine lysosome–autophagosome fusion proteins and 
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the authors found that Oxi decreased Rab7a expression. This could be partially reversed by 

Prx2 overexpression. Rab7a expression was also lower in the Oxi-treated mouse xenograft. 

Tandem monomeric mRFP-GFP tagged LC3 immunofluorescence assay in cells suggested 

that Oxi inhibits autolysosome formation through downregulation of Rab7a [207]. The role 

of Prx2 in CRC progression is summarized in Figure 1.7. 

 
Figure 1.7. Prx2 promotes colorectal cancer progression.  

Prx2 increases autophagic flux, cancer stem cell expansion, vasculogenic mimicry and 

inhibits ROS-induced apoptosis. 

 

1.10.2.3 Prx3 

Prx3 promotes survival and proliferation of lung adenocarcinoma cells in vitro. 

Prx3 was upregulated at mRNA and protein levels in 36 human lung adenocarcinoma 

(LUAD) samples compared to adjacent normal tissue [208]. Overexpression of tumor 

suppressor DACH1 resulted in downregulation of Prx3 transcript and protein in LUAD 

cell lines LTEP-α-2 and A549. DACH1-mediated downregulation of Prx3 resulted in 

reduced cell proliferation and anchorage-dependent colony formation in both cell lines. 

Similarly, downregulation of Prx3 increased susceptibility of NSCLC cells to radiation 
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[142]. Knockdown of oncogene TP53‐regulated inhibitor of apoptosis 1 (TRIAP1) in A549 

and H460 cells sensitized these cells to irradiation. TRIAP1 knockdown cells had increased 

apoptosis and decreased cell invasion upon irradiation compared to wildtype cells. 

Irradiation of A549 and H460 increased transcript and protein levels of TRIAP1 and 

impaired the radiation-induced increase of antioxidants including Prx3, Prx4, and Prx6 

[142]. Downregulation of Prx3 also increased the susceptibility of NSCLC cells to 

thiosemicarbazones. Myers group have reported that tridentate iron chelator triapine (Tp) 

(3-aminopyridine-2-carboxaldehyde thiosemicarbazone) oxidizes Prx3 in lung cancer lines 

(A549, H23, and H1703) and A2780 ovarian cancer cells [209]. Cytotoxicity of Tp 

correlated with Prx3 oxidation in the clonogenic survival of lung cancer lines. Knockdown 

of Prx3 further sensitized A549 cells to Tp [209]. 

Downregulation of Prx3 reduces viability of breast cancer cells in vitro. 

Knockdown of B7-H4 (also called VTCN1) decreased cell viability of MCF-7 and T47D 

cells [210]. This was associated with depletion of Prx3. Silencing Prx3 using siRNA caused 

increased intracellular ROS and decreased cell viability similar to B7-H4 knockdown 

[210]. Thus, Prx3 likely protects breast cancer cells from oxidative stress-induced cell 

death. 

Prx3 promotes stemness and survival of colon cancer cells [211]. qRT-PCR 

analysis showed increased Prx3 expression in CD133+ CSCs freshly isolated from eight 

patients with colon cancer compared to non-cancer stem cells. mRNA levels of Prx3 and 

CD133 in CSCs isolated from patient tissues showed significant positive correlation. Prx3 

knockdown resulted in a decrease in the size of the CD133+ CSC population and sensitized 

the CSCs to 5-FU-induced cell death through mitochondrial dysfunction. Mice 
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subcutaneously injected with CD133+ cells sorted from HT-29 shPrx3 showed reduced 

tumor volume and enhanced 5-FU-induced cell death compared with HT-29 shControl-

injected mice [211]. Depletion of Prx3 resulted in a significant reduction in liver metastasis, 

colon metastasis, and local invasion in an orthotopic xenograft model produced by the 

injection of colon CSCs into the spleen and cecum of SCID mice. Chromatin 

immunoprecipitation assays showed that FOXM1 transcriptionally activates CD133 and 

Prx3 by binding to the promoter region of these genes. Overexpression of FOXM1 

increased Prx3 and CD133 protein levels and expanded CD133+ population [211]. Thus, 

Prx3 supports CRC stem cells. 

1.10.2.4 Prx5 

Prx5 promotes proliferation and EMT phenotype in gastric cancer cells [212]. Five-

year survival data analyzed via the log-rank test indicated that overexpression of Prx5 was 

correlated with poor survival of gastric cancer patients. Expression of Prx5 significantly 

correlated with tumor size, lymph node invasion, and metastasis (TNM) stage [212]. Both 

proliferation and anchorage-dependent colony formation were higher in SNU-216 Prx5 

overexpression cells than in parental SNU-216 cells. In western blot analysis, E-cadherin 

was decreased, while Snail and Slug were increased in Prx5 overexpression SNU-216 cells 

[212]. 

Prx5 also promotes survival and EMT in NSCLC. Administration of non-thermal 

plasma therapy using plasma-activated medium (PAM) induced apoptosis in cancer cells 

by increasing ROS levels [213]. PAM was developed by treating A549 cell culture medium 

with low temperature plasma at 16.4 kV for 0, 60, 120, or 180 s. Knockdown of Prx5 

enhanced ROS production, cytotoxicity, and inhibition of migration in A549 cells caused 



56 

 

by PAM [214]. Western blot analysis showed that Prx5 knockdown in A549 reduced p-

ERK and BCL2 and increased p-JNK and BAD proteins to promote apoptosis. Besides 

contributing to survival, Prx5 also promotes NSCLC growth and progression through its 

interaction with Nrf2 and Stat3. Prx5 could be pulled down using anti-Nrf2 antibody and 

vice versa in NSCLC and non-tumor lung tissues and in H1229 and A549 cell lysates [215]. 

Knockdown of Prx5 decreased NQO1 protein levels in A549 and H1299 cells induced by 

H2O2 treatment. Similarly, knockdown of Prx5 or NQO1 reversed the increase in cell 

proliferation of A549 and H1299 cells induced by H2O2 treatment. In analysis of patient 

samples, the authors found strong correlation of Prx5 mRNA with Nrf2 and NQO1 [215]. 

Subcutaneous injection of A549 cells into flanks of nude mice followed by no treatment or 

intra-tumoral injection of Nrf2 or Prx5 shRNA led to a significantly reduced tumor growth 

in the shRNA treated group. Prx5 interaction with Stat3 was also reported by Xue research 

group. qRT-PCR of 121 paired NSCLC tumor and adjacent normal samples revealed that 

65% of the samples contained Prx5 promoter demethylation, and Prx5 promoter 

demethylation was associated with higher TNM stage [216]. Overexpression of Stat3 in 

H1299 cells pre-treated with 100 µM H2O2 increased Prx5 protein level whereas 

knockdown of Stat3 decreased Prx5, suggesting that Stat3 is at least partially responsible 

for regulation of Prx5 expression. Overexpression of Prx5 in H1299 cells pre-treated with 

100 µM H2O2 increased in vitro migration and invasion. This was associated with a 

decrease in E-cadherin and increases in Vimentin, Nrf2, and NQO1 as indicated by western 

blot [216]. Thus, Prx5 plays pro-tumorigenic role in NSCLC. 

Prx5 promotes EMT phenotype in SW480 colon cancer cells [217]. Prx5 

overexpression in SW480 cells increased cell proliferation, migration, and invasion rates 
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in vitro. In western blot analysis, Prx5 overexpressing cells had lower E-cadherin and 

higher Vimentin, Slug, and Snail [217]. Knockdown of Prx5 using siRNA reversed the 

increase in cell proliferation, migration, invasion, and E-cadherin expression seen upon 

Prx5 overexpression. Prx5 also protects colon cancer cells from ROS-induced apoptosis 

[218]. β-lapachone, a compound extracted from the South American lapacho tree, is known 

to have anti-cancer activity. The authors performed bioinformatics analysis using the 

GEPIA website to show that Prx5 was upregulated in colon cancer compared to normal 

tissue. Increasing concentrations of β-lapachone treatment for 24 h showed SW480 shPrx5 

cells as more sensitive to this compound whereas SW480 HisPrx5 cells were more resistant 

compared to mock SW480 cells [218]. This was shown using a cell viability assay and 

annexin V staining. β-lapachone treatment decreased BCL2 (pro-apoptotic protein) 

expression in SW480 mock and shPrx5 cells. Dihydroethidium (DHE) staining indicated 

that β-lapachone treatment increased ROS levels in SW480 mock and shPrx5 cells [218]. 

In addition to ROS scavenging, Prx5 also regulates Wnt/ β-catenin pathway in response to 

β-lapachone. Per western blot analysis, the ratio of p-Gsk3-β/Gsk3-β was higher and p-β-

catenin/ β-catenin was lower in Prx5-His cells than in mock and shPrx5 SW480 cells. The 

group also reported that Prx5 protects HCT116 and HT-29 cells from ROS-induced 

apoptosis [219]. Shikonin, a natural compound purified from the Lithospermum 

erythrorhizon plant, was previously reported to induce ROS in cancer cells. HCT116 and 

HT-29 cells were treated with increasing concentrations of Shikonin. JC-1 staining 

demonstrated that mitochondrial ROS increased in a dose-dependent manner. Similarly, 

DCFDA staining demonstrated a dose-dependent increase [219]. The authors found by 

western blot analysis that Shikonin did not affect expression of proteins Prx2, Prx3, and 
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Prx6, but Prx1 was increased and Prx5 was decreased with higher concentrations of 

Shikonin. Increasing concentrations of Shikonin resulted in a dose-dependent decrease of 

p-mTOR/mTOR ratio in HT-29 cells [219]. In MTT assay, HisPrx5 HT-29 cells had higher 

viability than control mock HT-29 cells with increasing Shikonin concentrations. This 

increased resistance to cell death was also confirmed by DHE staining and annexin V flow 

cytometry analysis. Finally, HisPrx5 overexpression prevented a decrease in p-

mTOR/mTOR ratio upon Shikonin [219]. Thus, Prx5 plays a potential role in suppressing 

apoptosis in colon cancer. 

1.10.2.5 Prx6 

Prx6 promotes NSCLC growth and survival. Overexpression of Prx6 increased, and 

knockdown of Prx6 decreased, cell proliferation, invasion, and migration of A549 cells 

[220]. Western blot analysis indicated that Prx6 overexpression promotes EMT by 

downregulating E-cadherin and upregulating Vimentin, Twist, β-catenin, and c-Myc. In a 

subcutaneous A549 xenograft model, Prx6 overexpression increased tumor growth while 

Prx6 knockdown suppressed tumor growth [220]. A positive correlation between CD133 

and Prx6 protein expression in NSCLC patient samples is reported [221]. Knockdown of 

Prx6 decreased the CD133+/ABCG2+ population in H1299 and A549 cells and decreased 

the sphere formation ability of these cancer stem-like cells. Knockdown of Prx6 also 

reduced the IC50 of cisplatin for H1299 and A549 CSCs by 50% [221]. Another study also 

reported a positive association between Prx6 and drug resistance. Two-dimensional gel 

electrophoresis of six pairs of pre-treatment fresh primary lung adenocarcinoma tumors 

with varied chemotherapy responses revealed that Prx6 was upregulated in chemo-resistant 

tumors [222]. Furthermore, Prx6 promotes growth of NSCLC. Withangulatin A (WA) is a 
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small molecule isolated from Physalis angulata var. villosa and is reported to reduce 

proliferation of cancer cells. Stable isotope labeling by amino acids in cell culture and 

activity-based protein profiling in H1975 cells identified Prx6 as a direct target of WA 

[223]. WA covalently binds to Prx6 to inhibit its function and increases the production of 

ROS as indicated by DCFDA assay in H1975 cells. Subcutaneous injection of wildtype 

and Prx6 knockout (Prx6 KO) H1975 cells resulted in significantly lower tumor volume in 

the Prx6 KO group. WA treatment had no significant effect on proliferation, GPx activity, 

and PLA2 activity in H1975 Prx6 KO cells in vitro, or in growth of Prx6 KO tumors in 

vivo, confirming that WA acts through Prx6 [223].  

Prx6 also contributes to the progression of CRC. IHC staining of Prx6 in a CRC 

patient tissue microarray showed that Prx6 was upregulated in node-positive CRC 

compared to node-negative CRC [224]. Stable knockdown of Prx6 reduced cell migration 

and invasion in HCT116 cells. Prx6 knockdown also caused downregulation of N-cadherin, 

CDK1, and Twist1 in HCT116. This was associated with reduced phosphorylation of PI3K, 

AKT, p38, and p50 as indicated by western blot [224]. Treatment of HCT116 with NAC, 

PI3K/AKT inhibitor wortmannin, and p38 MAPK inhibitor SB203580 resulted in a 

decreased trimethylation of histone H3 lysine 4 (H3K4me3) of Prx6 promoter [224]. This 

suggests a role for PI3K/AKT pathway in upregulation of Prx6 in CRC. The suggested 

roles of Prxs in cancer development and mechanisms are summarized in Table 1.2. 
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Table 1.2. Summary of Prxs in carcinogenesis and cancer progression. 

Prxs Cancers Pro- or Anti-

tumor 

Mechanism/Pathway References 

Carcinogenesis 

Prx1 Colorectal Pro-tumor Increased inflammation [167]  
Breast Anti-tumor Maintenance of redox homeostasis [168]  

Prx2 Intestinal Pro-tumor Stabilization of β-catenin in APC 

mutant cells 

[170] 

Prx4 Lung Pro-tumor Protection against oxidative stress-

induced cell death and increased 

activation of NF-κB and AP-1 

signaling 

[141] 

Prx6 Lung Pro-tumor Increased PLA2 activity [173] 

Progression 

Prx1 Lung Pro-tumor Downregulation of E-cadherin [174]   
Pro-tumor Protection against oxidative stress-

induced cell death and inhibition of 

ASK1-JNK 

[175, 176] 

 
Prostate Pro-tumor Protection against oxidative stress-

induced cell death and cell death and 

interaction with TPD52 

[179] 

  
Pro-tumor Activation of AR signaling [180]  

Colorectal Pro-tumor Cullin-5 neddylation-mediated NOXA 

degradation 

[183] 

 
Breast Pro-tumor Prevention of Rad51 oxidation to 

promote homologous recombination 

[187] 

  
Anti-tumor Mediation of TAGLN2 activity [189]   
Anti-tumor Inhibition of LOX secretion and 

extracellular matrix remodeling 

[188] 

  
Anti-tumor Inhibition of pro-tumorigenic 

macrophage differentiation 

[190] 

  
Anti-tumor Inhibition of pro-tumorigenic 

fibroblast differentiation 

[169] 

  
Anti-tumor Increased survival of Natural killer 

cells 

[191] 

Prx2 Lung Pro-tumor Upregulation of Vimentin, Slug and 

activation of AKT/mTOR  

[192, 193] 

  
Pro-tumor Activation of Hedgehog, Notch, 

Wnt/β-catenin 

[194] 

  
Pro-tumor Maintenance of SIRT1 activity 

through inhibition of AMPK 

[195] 

 
Colorectal Pro-tumor Degradation of p53 [196]   

Pro-tumor Increased stemness, radioresistance 
and chemoresistance 

[197-202] 
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Table 1.2 (continued) 
  

Pro-tumor Protection against oxidative stress-

induced cell death 

[203, 204] 

  
Pro-tumor Formation of vasculogenic mimicry [205]   
Pro-tumor Inhibition of autophagy [206, 207] 

Prx3 Lung Pro-tumor Radioresistance and chemoresistance [142, 209]  
Breast Pro-tumor Protection against oxidative stress-

induced cell death 

[210] 

 
Colorectal Pro-tumor Increased stemness and 

chemoresistance 

[211] 

Prx4 Prostate Pro-tumor AR activation and radioresistance [131]  
Prostate, 

Breast 

Pro-tumor Activation of ERK/NFATc1 [129] 

 
Lung Pro-tumor Activation of c-jun/AP-1 [139]  

Colorectal Pro-tumor Activation of EGFR, RhoA, PKCα, 

ERK 

[147] 

Prx5 Lung Pro-tumor Protection against oxidative stress-

induced cell death 

[214] 

  
Pro-tumor Upregulation of Vimentin, Nrf2, 

NQO1 

[215, 216] 

 
Colorectal Pro-tumor Upregulation of Vimentin, Slug [217]   

Pro-tumor Protection against oxidative stress-

induced cell death 

[218, 219] 

Prx6 Lung Pro-tumor Upregulation of Vimentin, Twist, β-

catenin 

[220] 

 
 Pro-tumor Protection against oxidative stress-

induced cell death 

[223] 

 
 Pro-tumor Increased stemness and 

chemoresistance 

[221, 222] 

 
Colorectal Pro-tumor Activation of PI3K/AKT and 

upregulation of N-cadherin 

[224] 

 

1.11 Research Objective 

The aims of this study were to investigate the function of Prx4 in colorectal cancer 

initiation and progression. 

In chapter three, we demonstrate using AOM/DSS model that loss of Prx4 provides 

resistance to inflammation-associated tumor formation. There was development of fewer 

and smaller colon tumors in Prx4 knockout mice compared to wildtype. Histopathological 
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analysis revealed that loss of Prx4 leads to increased cell death through lipid peroxidation 

and lower infiltration of inflammatory cells in the knockout tumors compared to wildtype. 

In chapter four, we demonstrate that loss of Prx4 in human CRC cell lines decreases 

migration and invasion in vitro. In orthotopic implantation model, Prx4-depleted CRC cell 

lines had lower metastasis rate in vivo. Depletion of Prx4 upregulated DKK1 which is a 

known suppressor of colorectal tumor metastasis. 

Our mechanistic studies of Prx4 in cancer development clearly show that Prx4 

promotes both colorectal tumorigenesis and cancer progression. The results from this study 

provide a novel insight into the expression of Prx4 in tumor-infiltrating immune cells and 

the function of Prx4 in regulation of Wnt/β-catenin, NF-κB and focal adhesion signaling 

pathways. These findings could prove useful to develop effective strategies for the 

prevention and treatment of colorectal cancer in patients.



 

 

CHAPTER 2. MATERIALS AND METHODS 

2.1 Mammalian Cell Culture 

Authenticated human colon cancer cell lines HCT116, RKO, HT29, and GEO were 

obtained from the Cancer Cell Line Repository at Frederick National Laboratory for 

Cancer Research. McCoy’s 5A medium (Corning, Corning, NY) supplemented with 10% 

Fetal bovine serum (FBS) (Gibco, Thermo Fisher Waltham, MA) was used to culture these 

cells. Human colon cancer cell lines SW620, SW480 and LoVo was commercially obtained 

from American Type Culture Collection (ATCC, Manassas, VA). Roswell Park Memorial 

Institute-1640 (RPMI-1640) medium (Corning) supplemented with 10% FBS (Gibco) was 

used to culture these cells. Penicillin-Streptomycin solution (HyClone, Logan UT) (where 

Penicillin is 100 units/mL, Streptomycin is 100 μg/mL) and 5 μg/mL Gentamicin (Gibco) 

were added to media before use. Cells were incubated in humidified atmosphere with 5% 

(v/v) CO2 at 37°C.  

MISSION ShRNA pLKO.1 based ShRNAs (Sigma-Aldrich, St Louis, MO), 

including a non-target shRNA control (ShNT) and specific shRNA against Prx4 were used 

for knockdown experiments as previously published [138]. p3xFlag-CMV Prx4 construct 

was used for overexpression. All plasmid constructs were confirmed by DNA sequencing. 

Lentiviral particles expressing shRNAs or Prx4-Flag were produced in HEK293T cells 

using the provider’s plasmid packaging system and PolyJet Transfection reagent 

(SignaGen, Rockville, MD, cat. no. SL100688) following suggested transfection and virus 

production procedures. To establish stable knockdown or overexpression, HCT116, RKO 

and HT29 cells were infected with lentiviral particles. Cells were maintained in puromycin 

(Gibco) 1 μg/mL containing medium to establish stable cells. MISSION esiRNA targeting 
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human DKK1 (Sigma-Aldrich, cat no. EHU035311) were used for transient DKK1 

knockdown at 400 ng/mL for 48 hours. esiRNA are small interfering RNA prepare using 

endoribonuclease. They are a heterogeneous mixture of siRNA that all target the same 

mRNA sequence. MISSION siRNA Universal Negative Control #1 was used as negative 

control at 400 ng/mL (Sigma-Aldrich, cat no. SIC001). 

pGKWnt3a plasmids were transfected into HEK293T cells using Lipofectamine 

3000 (Invitrogen cat no. L3000001) per manufacturer’s protocol. Medium was changed 

after 12 hours to prevent toxicity. 48 hours later, conditioned medium was collected, 

centrifuged at 1000×g for 10 min, supernatant was collected and sterile filtered, and added 

to HCT116 cells at increasing concentrations. 

2.2 Bioinformatics Analysis 

Bioinformatics analysis was carried out using Genomic Data Commons Data Portal 

at National Cancer Institute (https://portal.gdc.cancer.gov/) and the University of Alabama 

at Birmingham Cancer (UALCAN) data analysis portal 

(http://ualcan.path.uab.edu/index.html) (12). These platforms use multiple sources of 

datasets from The Cancer Genome Atlas (TCGA) or published literature that contain data 

of DNA/RNA sequencing and microarray results from variety of patient specimens. 

2.3 Quantitative Real Time PCR (qRT-PCR) 

Total RNA was isolated from colon cancer cell lines HCT116, RKO and HT29 

using RNeasy Mini kit (Qiagen, cat no. 74104). cDNA synthesis was performed using 

Superscript III Reverse Transcriptase kit (Invitrogen cat no. 18080044). Equal volume of 

cDNA was placed into 96 well plate with SYBR Green Master Mix (ThermoFisher, cat no. 

A25741) and following DKK1 and GAPDH primers. Each reaction was repeated in four 
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replicates and performed using LC480 (Roche, Basel, Switzerland). All values were 

averaged and normalized to the level of GAPDH. 

DKK1-F: CCTTGAACTCGGTTCTCAATTCC  

DKK1-R: CAATGGTCTGGTACTTATTCCCG 

GAPDH-F: CAACGAATTTGGCTACAGCA   

GAPDH-R: AGGGGTCTACATGGCAACTG. 

2.4 Cell Proliferation, Adhesion and Migration Assays  

For cell proliferation assay, cells were seeded in 96-well plates at 1000 cells/well. 

Cell number was measured using Cell Counting Kit- 8 (CCK-8) following the 

manufacturer’s protocol (APExBIO, Boston, MA, cat no. K1018). Briefly, 10 μL of CCK-

8 solution was added to each 100 μL medium containing well, placed in incubator for 2 

hours and absorbance measured at 450nm in a multiplate reader (GloMax-Multi Detection 

System, Promega). For cell adhesion assay, 10,000 serum-starved cells were seeded onto 

fibronectin-coated wells (10 μg/mL) and allowed to adhere for 20 min. Medium was 

removed, cells were washed once with PBS gently and fresh medium was added. Cells 

were allowed to recover for 6 hours and the number of viable cells was counted using 

CellTiter-Glo (Promega cat no. G7570). Cell migration was measured using wound-

healing assay and cell-movement tracking analysis. For wound healing, cells were seeded 

in 6 well plate and allowed to reach confluence. A scratch was made using p200 pipet tips. 

Cells were washed twice with phosphate-buffered saline (PBS) before culture medium was 

added. Photographs of cells were taken at indicated time points using Cytation5 (BioTek, 

Winooski, VT). ImageJ software was used to quantify the decrease in wound area. For cell-

movement tracking, cells were seeded in collagen-coated chamber slides. After 24 hours, 
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time-lapse video was captured using Cytation5 at 3 frames per second for 10 hours. The 

movement of cells was quantified using Cell Tracker software as described previously. 

2.5 Cell Invasion Assay and Invadopodia Formation Assay  

Transwell Matrigel invasion assay was performed to measure cell invasion. Cells 

were trypsinized, resuspended in serum-free medium at 106/mL and added to upper 

chamber coated with 200 μg/mL Matrigel. 10% serum containing medium was added to 

the lower chamber as chemoattractant. Cells were allowed to invade for 48 hours. Cells 

were stained with 0.05% crystal violet solution. Cells on the upper side of the membrane 

were removed using cotton swabs. Invaded cells on the lower side of the membrane were 

imaged and quantified using ImageJ software. 3D invasion assay was performed following 

the manufacturer’s protocol (Cultrex 3-D Spheroid Basement Membrane Extract Cell 

Invasion Assay, R&D Systems, cat no. 3500-096-K). Briefly, cells cultured to 80% 

confluence were resuspended in spheroid formation ECM and 50 μL of cell suspension 

was added per well in 96 well plate. After incubation in 37°C for 72 hours, 50 μL invasion 

matrix was added to each well. 100 μL cell culture medium containing 20% FBS + 10 

μg/mL 12-O-tetradecanoylphorbol-13-acetate (TPA) were added. Pictures of spheroids 

were taken using Cytation5 for 3 days. For invadopodia formation assay, cells were seeded 

onto matrix containing gelatin and cultured for 24 hours in chamber slide, fixed with 3.7% 

paraformaldehyde and washed with PBS two times. Cells were permeabilized with 0.5% 

Triton-X-100 for 10 minutes, blocked with 5% normal goat serum blocking buffer for 1 

hour, and incubated in Phalloidin-FITC (1:100, Invitrogen, cat no. F432) and Cortactin-

Alexa Fluor 647 (1:100, Sigma-Aldrich, cat no. 05-180-AF647) primary antibodies at 

1:100 for 1 hour each at room temperature. Cells were washed before mounting with 
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ProLong Gold Antifade mountant with DAPI (Invitrogen, cat no. P36935). Images were 

captured using confocal microscope (Nikon). 

2.6 Mouse Genotyping 

All schemes of mouse breeding and experimental protocols have been reviewed 

and approved by the University of Kentucky Institutional Animal Care and Use Committee 

(UK protocol 2016-2306). All procedures on mice were conducted following the Policy on 

Humane Care and Use of Laboratory Animals, and Guidelines of the Animal Care and 

Laboratory Animal Welfare (NIH). Mice, regardless of strain or genetic background, were 

all housed in standard cages in temperature-controlled environments under a 12-hour light/ 

12-hour dark cycle with ad libitum access to standard chow (Teklad, Envigo, Indianapolis, 

IN, cat no. 2918) and water unless otherwise indicated. Original Srx-/- mice in C57BL/6 

background was established by Planson et al. [225], and Prx4-/- mice in C57BL/6 

background was established by Iuchi et al. [68]. Srx-/- or Prx4-/- mice in pure FVB/N 

background was further established by cross breeding with FVB/N mice for > 10 

generations, and Srx-/- FVB/N mice were also used in the previous study [226]. 

For genotyping, genomic DNA was extracted from tail clips using genomic DNeasy 

Blood and Tissue Kit (Qiagen, Valencia, CA, cat no. 69504). Briefly, about 1 mm tip of 

mouse tail was lysed using tissue lysis buffer and proteinase K at 56C overnight. After 

adding ethanol, the mixture was loaded into a spin column, washed twice and DNA was 

eluted with nuclease free water. PCR-based genotyping was performed as reported 

previously (12). The following primers were used at 10 μM each to amplify 1 μL target 

DNA using OneTaq 2X Master Mix (NEB, cat no. M0482): Prx4 Wt-Forward 5′-

GAAATATCC TGGACATATGCTTTAAGA-3′; Wt-Reverse, 5′-
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AAGATCCCCTGGAACAGAAGTT A-3′; Prx4KO-Forward, 5′-

ACTTCCGTTCCATGTTGAGC-3′; Prx4KO-Reverse, 5′-

ACAAACAAACCCAACCCTGA-3’; Srx Wt forward 5’-GCCATTTCT CTGTCAGAA 

ATACTCT-3’; Srx Wt- Reverse 5’- GAGAACATATCCCATCTACAGCTTC- 3’. DNA 

was denatured at 95°C for 5 min, followed by 30 cycles of 95°C for 40 s, 58°C for 30 s, 

72°C for 50s and a final extension at 72°C for 2 min. The PCR product was loaded into 1% 

agarose gel with 6X gel loading dye and SYBR green and visualized using UV imager.  

2.7  AOM/DSS Protocol, Tumor Measurement and Histopathology Examination 

The AOM/DSS protocol was performed as previously reported [227]. Briefly, mice 

at 8-week age, including Wild-type (Wt) (n=12), Prx4 null (n=14) and Srx null (n=17) were 

injected intraperitoneally with 10 mg/kg of AOM (azoxymethane, Sigma-Aldrich, cat no. 

A5486). DSS (Dextran sulfate sodium, Sigma-Aldrich, cat. no. D8906) was diluted to a 

concentration of 2% in autoclaved drinking water on the day of administration and supplied 

to mice 1 week and 8 weeks after AOM injection. At the 20th week after treatment, mice 

were humanely euthanized. Blood was collected in heparin-coated tubes, immediately 

centrifuged at 2000 g for 10 minutes at 4°C and isolated plasma was stored in -80°C. Mouse 

colon from the start of ascending to the anus were extracted and cleaned with phosphate-

buffered saline. Tumor mass located within 1 cm of anus was counted as rectal tumors and 

all others were counted as colon tumors. Tumor numbers were recorded and dimensions 

were measured using a digital caliper. Tumor volume was calculated using the commonly 

accepted equation Volume = (length × width2)/2 [228]. Tumor burden was obtained using 

the equation Burden = (tumor area/total colon area) where area equals the product of the 

length and the width [229]. After counting, samples of tumors were cut longitudinally to 
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be stored by snap-frozen in -80°C, or fixed in 4% paraformaldehyde and stored in 70% 

ethanol before proceeding with standard paraffin embedding, sectioning and H&E staining. 

For histology and pathology assessment, serial sections of tumors from each genotype were 

obtained. The first of the sequential slides was stained with hematoxylin and eosin (H&E) 

and examined by the board-certified gastrointestinal pathologist to determine tumor 

histopathology. For DSS only protocol, three groups of mice at 8-week age, including Wt 

(n=6) and Prx4 null (n=6) were administered normal water or 2% DSS in autoclaved 

drinking water for 7 days, humanely euthanized and samples were collected and processed 

as described above.  

2.8  Immunohistochemistry and Immunofluorescence 

Human tissue microarray slides CO1005a and CO246 with diagnosis and pathology 

information were commercially obtained (US Biomax, Rockville, MD). 

Immunohistochemistry (IHC) was performed using the Vectastain ABC-HRP Kit (Vector 

Laboratories, Burlingame, CA, cat no. PK-6101, PK-6102) and 3,3’- diaminobenzidine 

(DAB) substrate Kit (Vector Laboratories, cat no. SK-4100). Paraffin was first removed 

from tissue slides with two washes of xylene and sections were immersed in decreasing 

concentrations of ethanol. Antigen retrieval was performed using Citrate Buffer pH 6.0 

(Sigma, cat no. C9999). Slides were incubated in freshly prepared 3% hydrogen peroxide-

methanol solution for 10 min to block endogenous peroxidase activity. Tissues were 

blocked with normal animal serum for 1 hour and incubated with primary antibodies for 2 

hours at room temperature in a humidity chamber. Antibodies used were Prx4 1:500 

(Abcam cat no. 184167), Ki67 1:40 (Abcam, cat no. 16667), 8-oxoG 1:100 (Santa Cruz, 

cat no. 130914), F4/80 1:40 (Cell Signaling, cat no. 70076S), CD86 1:100 (Santa Cruz, cat 
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no. 28347), CD163 1:50 (Santa Cruz, cat no. 33715), CD138 1:100 (Santa Cruz, cat no. 

12765), CD8 1:50 (Santa Cruz, cat no. 1177), CD4 1:100 (Cell Signaling, cat no. 90176T), 

CD19 1:100 (Cell Signaling, cat no. 25229T), PD-L1 1:100 (Cell Signaling, cat no. 

13684S), PD-1 1:25 (Cell Signaling, cat no. 84651T). Samples were immersed in 

biotinylated secondary antibody for 1 hour and avidin-biotinylated enzyme solution for 30 

min. DAB was used as chromogen and hematoxylin was used for counterstaining. Images 

of slides were taken using Aperio ScanScope XT (Vista, CA). Staining analysis was 

performed using HALO software (Indica Labs, Albuquerque, NM). For 

immunofluorescence staining, slides were de-paraffinized and antigen retrieval was 

performed as described above. Tissues were co-stained for markers of inflammatory cells 

and Prx4 sequentially. Primary antibodies used were CD86 1:100 (Santa Cruz), CD163 

1:50 (Santa Cruz), CD138 1:100 (Santa Cruz) and Prx4 1:500 (Abcam). Fluorophore-

conjugated secondary antibodies used were Alexa Fluor 488 and Alexa Fluor 594 

(Invitrogen, cat no. A11005, A11017). Tissue slides were mounted with ProLong Gold 

Antifade mountant with DAPI (Invitrogen, cat no. P36935). Images were captured using 

Cytation5 (BioTek, Winooski, VT). 

2.9  In Situ Apoptosis Assay 

Mouse colon apoptosis assay was performed using terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labelling (TUNEL) assay. The TACS2TdT-DAB in 

situ apoptosis detection kit was commercially obtained and assay was performed per 

manufacturer instructions (R&D Systems, Minneapolis, MN, cat no. 4810-30-K). Briefly, 

de-paraffinization and antigen retrieval were performed as described above. Tissues were 

incubated in Proteinase K for 30 min at room temperature followed by treatment with 3% 
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hydrogen peroxide for 5 min. Tissues were covered with labelling reaction mix for 1 hour 

at 37°C, streptavidin-HRP solution for 10 min and immersed in DAB. Samples were then 

counterstained with hematoxylin, dehydrated and mounted before visualization and 

analysis. 

2.10  Tumor Lipid Peroxidation Measurement 

Tumors isolated from mice colon were snap-frozen and embedded in the optimal 

cutting temperature medium (Sakura, Torrance, CA, cat no. 4583). Cryosectioning was 

performed to obtain sections 5 μm in thickness (Leica Biosystems, Wetzlar, Germany, 

CM1860). Sections were stained with 2 μM C11 BODIPY 581/591 at 37°C for 20 min 

(Invitrogen, cat no. D3861). Sections were fixed with paraformaldehyde for 10 minutes 

before mounting with ProLong Gold Antifade mountant with DAPI (Invitrogen). Images 

were taken using Cytation5 (BioTek). 

2.11  Proteome Profiler Mouse Cytokine Array and Mouse Chemokine Array 

The antibody-based array kits, which are capable of simultaneously measuring the 

levels of 25 chemokines and 111 cytokines in duplicates on the same membrane was 

commercially obtained (R&D Systems, cat no. ARY020, ARY028). The membranes were 

first blocked for 1 hour at room temperature. 33.3 μl of plasma from 3 mice in each group 

were mixed. Membranes were incubated in diluted 100 μL plasma sample and detection 

antibody overnight at 4°C. Streptavidin-HRP solution was applied for 30 min at room 

temperature and signal was detected using Amersham ECL Select Western Blotting 

Detection Reagent. Amersham Imager 680 was used to visualize the spots. The intensity 

of each spot representing the individual cytokine and chemokine was determined using 
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ImageJ software. The relative spot intensity was obtained by normalizing with the intensity 

of the internal positive control on each membrane. 

2.12  Western Blot 

Fresh colon tumors or tissues collected from Wt, Prx4-/- and Srx-/-Prx4-/- mice or 

human colon cancer cells were lysed using radioimmunoprecipitation (RIPA) lysis buffer 

system (Santa Cruz, cat no. sc-24948). Western blot was performed using a standard 

protocol. Briefly, proteins were electrophoresed on SurePage gel (GenScript, Piscataway, 

NJ, cat no. M00654) and transferred to polyvinylidene difluoride membrane. Membranes 

were blocked for 1 hour in 5% non-fat dry milk in tris-buffered solution (TBS), using TBS, 

incubated in primary antibody overnight at 4°C, washed and incubated in horseradish 

peroxidase-conjugated secondary antibody for 1 hour. After final wash, signal was detected 

using Amersham ECL Select Western Blotting Detection Reagent (Cytiva, Marlborough, 

MA, cat no. RPN2235) and visualized by Amersham Imager 680 (GE Healthcare). Primary 

antibodies used were: Prx4 1:10,000 (Abcam, Cambridge, UK, cat no. 184167), Srx 1:1000 

(Proteintech, Rosemont, IL, cat no. 14273-1-AP), β-actin 1:5000 (Sigma-Aldrich, St Louis, 

MO, cat no. A2228), DKK1 1:5000 (Proteintech, Rosemont, IL, cat no. 21112-1-AP), β-

catenin 1:2500 (BD Transduction lab, San Jose, CA, cat no. 610153), BSA 1:4000 (Santa 

Cruz Biotechnology, Dallas, TX, cat no. sc-32816), LRP6 1:2000 (ABclonal Technology, 

Wuhan, China, cat no. A13325), phospho-LRP6 (Ser1490) 1:1000 (Cell Signaling 

Technology, Danvers, MA, cat no. 2568), p65 1:1000 (Cell Signaling Technology, cat no. 

8242), phospho-p65 (Ser536) 1:1000 (Cell Signaling Technology, cat no. 3033), Focal 

adhesion Kinase 1:1000 (ABclonal Technology, cat no. A0024) and phospho-FAK 

(Tyr397) 1:500 (ABclonal Technology, cat no. AP0302). 
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2.13 Orthotopic Implantation Model  

Orthotopic implantation in severe combined immunodeficiency (SCID) mice was 

performed as described previously [230]. Briefly, HCT116 shNT and shPrx4 cells were 

trypsinized and resuspended at 106 / 50 μL PBS and 50 μL was implanted into cecum of 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (Jackson Laboratory) under anesthesia. Four 

weeks after injection, mice were humanely euthanized and cecum, liver and lungs were 

extracted. Mouse tissues were fixed in 4% paraformaldehyde, washed in PBS and stored 

in 70% ethanol before proceeding with standard paraffin embedding, sectioning and H&E 

staining. The protocol for mouse experiment was reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of University of Kentucky. All 

animal procedures were conducted following the Policy on Humane Care and Use of 

Laboratory Animals, and Guidelines of the Animal Care and Laboratory Animal Welfare 

(NIH). Mice were housed in specific pathogen-free conditions in temperature-controlled 

environments under a 12-hour light/ 12-hour dark cycle with ad libitum access to food and 

water. 

2.14 RNA Sequencing and Related Analysis 

Total RNA was isolated from three 100 mm dishes each of HCT116 shNT and 

shPrx4 cell lines (RNeasy mini kit, Qiagen). mRNA sequencing was done using DNBSEQ 

platform (BGI Yantian District, Shenzhen, China). Differentially expressed genes were 

identified by Partek Flow GSA algorithm (Partek, St. Louis, MO). mRNA expression data 

was subsequently analyzed using Gene Set Enrichment Analysis software (version 4.2.2) 

at 1000 permutations of gene sets to identify pathways differentially enriched in shPrx4 
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cells. Leading edge analysis of gene sets enriched in shPrx4 cells with nominal p-value less 

than 0.1 was performed. 

2.15 Statistical Analysis 

Quantitative data are presented as means ± standard deviation (SD). Data were 

analyzed with Student’s t-test (unless otherwise indicated) using GraphPad Prism 9. For 

calculation of the p value, parameters of two-tailed, 95% confidence interval were used for 

all analyses. A p value of less than 0.05 is considered statistically significant. 
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CHAPTER 3. PEROXIREDOXIN IV PROMOTES AZOXYMETHANE/DEXTRAN 

SULFATE SODIUM INDUCED COLORECTAL CANCER FORMATION 

3.1 Introduction 

Colorectal cancer (CRC) is the third most common cancer and the third leading 

cause of cancer deaths in the US and worldwide [231]. Risks for CRC development in 

human include chronic inflammation (such as ulcerative colitis and Crohn’s disease), 

hereditary disorders (such as familial adenomatous polyposis and Lynch syndrome), as 

well as lifestyle related factors (such as obesity, alcohol and tobacco usages). While 

progress has been made in the early detection of CRC in human, a significant amount of 

work remains to be done to improve the long-term survival rate of patients. In fact, there 

is an increasing incidence of CRC in young adults below the age of 50 while mortality in 

elders remains high [232]. Further understanding of the pathogenesis of CRC and 

development of more effective therapeutic strategies are in urgent need.  

Among all mechanisms of cancer development, oxidative stress has been widely 

recognized as one of the major cellular cues that contribute intrinsically to occurrence of 

cell transformation, tumorigenesis, promotion and progression to malignancy. High levels 

of reactive oxygen species (ROS) and reactive nitrogen species (RNS) causes damages to 

DNA, lipids as well as proteins by altering their structure and/or changing of their 

biological function [233]. Therefore, cells have evolutionarily developed various 

mechanisms of defense including expression of intracellular antioxidants to scavenge 

reactive species. Among them, Peroxiredoxin IV (Prx4) is a member of the family of 

peroxidase that contains active thiol group to reduce hydrogen peroxide, alkyl 

hydroperoxide and peroxynitrite with high levels of selectivity and sensitivity [30, 51]. 

Within the cell, Prx4 is found primarily in the endoplasmic reticulum (ER) where its 
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peroxidase activity is essential for the maintenance of cellular redox balance and 

homeostasis. It also protects cells from ER stress which involves a process of oxidative 

protein folding through exchanging disulphide bond with members of the protein 

disulphide isomerase family [234]. Under normal physiological condition, the oxidation-

reduction cycles of Prx4 and its substrate are accomplished through the coordination of 

thioredoxin, glutathione and thioredoxin reductase. Upon oxidative stress conditions, 

excessive ROS cause the hyperoxidation of the catalytic cysteine of Prxs, leading to the 

loss of enzymatic activity and even apoptotic cell death in normal cells [49]. However, 

cancer cells can survive oxidative stress through the upregulation of Prxs and/or expression 

of another redox enzyme, Sulfiredoxin (Srx), which is exclusively dedicated to revitalize 

hyperoxidized two-Cysteine Prxs through an ATP-dependent oxidation-reduction cycle 

[235, 236].  

In our previous series of studies, we found that Srx preferentially interacts with 

Prx4 due to its intrinsically higher binding affinity, and the Srx-Prx4 axis contributes to the 

activation of oncogenic signaling pathways in different types of human cancer [138, 139, 

235]. Unlike the ubiquitously expressed Prxs in normal tissues, Srx is not expressed in 

normal or cancer adjacent normal colon tissues but is highly abundant in colorectal 

carcinomas. In mice, depletion of Srx does not generate any detrimental effect since Srx 

knockout (Srx-/-) mice are viable and have no defects in early development or adult life 

under laboratory conditions [225]. Interestingly, our previous studies show that Srx-/- mice 

are more resistant to tumorigenesis in either skin or colon carcinogenesis model induced 

by a complete protocol of carcinogen plus tumor promoter, i.e., 7,12-

dimethylbenz[α]anthracene/12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA) and 
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azoxymethane/dextran sulfate sodium (AOM/DSS), respectively [226, 237]. Therefore, the 

next series of logical questions to ask are whether such effects of Srx are dependent on the 

presence of Prx4. To answer these questions, we established strains of Prx4 knockout 

(Prx4-/-) and Srx-/-Prx4-/- double knockout mice, and these mice were subjected to 

AOM/DSS protocol to induce colorectal tumors. We found that Prx4-/- mice developed 

fewer and smaller tumors than wildtype littermates. There was no significant different 

between wildtype and double knockout group. Series of strategies including 

pathohistological, immunochemical, and serological methods were used to determine how 

the loss of Prx4 affects the development of colorectal tumors in this model. Our 

mechanistic understanding of the Srx-Prx4 axis in tumorigenesis may provide novel 

insights to develop effective strategies for the prevention and treatment of colorectal cancer 

in patients. 

3.2 Results 

3.2.1 Establishment of Prx4 knockout and Srx-Prx4 double knockout mice in FVB/N 

background 

The susceptibility of mice to carcinogen-induced tumorigenesis varies due to 

difference in genetic background [238]. Prx4 whole-body knockout mice was originally 

established in C57BL/6N background by deletion of exon 1 [68]. Targeting vector was 

constructed using Prx4 genomic DNA cloned from b129/SVJ mouse genomic library, 

neomycin cassette flanked by loxP sequences were inserted in intron 1, an additional loxP 

sequence was inserted upstream of exon 1 and the vector was transfected into embryonic 

stem cells. Following homologous recombination, embryonic stem cells were injected into 

blastocysts. Sperm collected from the resulting male mice was injected into unfertilized 
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eggs and implanted into uterus of pseudopregnant C57BL/6 female mice. The resulting 

Prx4flox/+ female mice were mated with male cre transgenic mice to generate Prx4−/y male 

or Prx4+/− female mice [68]. Similar to the normal phenotype of Srx whole-body knockout, 

loss of Prx4 in mice also does not cause any defects in both embryo development and adult 

life under laboratory conditions [225]. Examination of proteins from colon tissues of 

wildtype and Prx4 knockout mice by immunoblotting showed that the protein expression 

of antioxidants SOD1, SOD2, GPx1, GPx2 and Catalase were comparable between the 

groups [97]. In addition, the expression of other members of the Prx family also remained 

unchanged [97]. To minimize the complexity of data interpretation due to genetic 

variations in different mouse strains, we established Prx4 Prx-/- in FVB/N background. 

Prx4-/- were bred with Srx-/- mice to generate Srx-Prx4 double knockout mice. All knockout 

mice have been cross bred with pure inbred, FVB/N wildtype for multiple generations (≥ 

10) at the same breeding facility under the same feeding, drinking and resting scheme. 

Regardless of strain background, we found that all Prx4 knockout mice are completely 

normal and fertile under laboratory conditions. The genomic loss of exons in Prx4 and Srx 

was verified by genotyping using PCR with the combination of target-specific primers 

(Figure 3.1A). Using previously validated anti-Prx4 and IHC staining method [131, 235], 

we examined the expression of Srx and Prx4 in mouse intestinal tract. We found that Prx4 

positive staining is ubiquitously present in the mucosa, submucosa and muscularis layers 

of mouse colon (Figure 3.1B). In particular, strong positive staining is mainly found in 

epithelial cells of the crypt in mouse colon (Figure 3.1B). In contrast, the staining of Srx is 

very weak in all tissue layers of wild-type mouse colon, and the only weakly positive 

staining is found in microvilli, which is most likely due to non-specific binding of the 
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antibody as similar pattern of staining was also found in knockouts (see Figure 3.1B). 

Moreover, we examined the presence of Prx4 protein in the intestinal tract of wildtype mice 

by Western blotting. We found that Prx4 is present in the whole extracts of jejunum, colon 

and rectum (Figure 3.1C). From these experiments, we found that Prx4 is ubiquitously 

present in the intestinal tract of wildtype mice and knockout of exon 1 leads to the absence 

of Prx4 in Prx4-/- mice. 
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Figure 3.1. Genotyping of Prx4 null (Prx4-/-) and Srx-Prx4 null (Srx-/- Prx4-/-) FVB 

mice.  

(A) Genotyping was performed using a PCR-based amplification of Prx4 exon 1 

sequence in genomic DNA of mouse tail. (B) Immunohistochemistry (IHC) detection of 

Prx4 (upper panel) and Srx (lower panel) in wildtype, Prx4 knockout and Srx-Prx4 

knockout mouse colon. Bar = 200 μm. (C) Immunoblotting of Prx4 and Srx in wildtype, 

Prx4 knockout and SrxPrx4 knockout mice tissues jejunum, mid colon and distal 

colon/rectum.  
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3.2.2 Gross tumor analysis reveals that Prx4-/- and Srx-/-Prx4-/- mice are resistant to 

AOM/DSS-induced colorectal tumorigenesis. 

To study the role of Prx4 in the development of colorectal tumor in vivo, we used 

a well-established AOM/DSS protocol to induce colitis-associated tumorigenesis in 

wildtype and knockout mice (Figure 3.2A). A total of 43 mice, including 12 wildtype (4 

male and 8 female), 14 Prx4 knockout (5 male and 9 female) and 17 Srx-Prx4 double 

knockout mice (10 male and 7 female) were used in this study. All mice were initiated with 

a single dose of AOM through intraperitoneal injection and followed by two rounds of 

administration of DSS in drinking water, and euthanized 20-weeks after AOM injection. 

Visual examinations reveal that all colons extracted from wildtype mice have multiple, 

large tumors that are often aggregated to form big mass in the middle colon, and the rectum 

is also obviously enlarged with tumors (representative image shown in Figure 3.2B, whole 

images in Figure 3.3). In contrast, colons extracted from Prx4-/- and Srx-/-Prx4-/- mice bear 

fewer tumors with smaller size in the middle colon, and much reduced size or absence of 

rectal tumors (representative images shown in Figure 3.2B, Figure 3.3). We counted the 

number and measured the size of all tumors formed both in the middle colon and the 

rectum, and all data were quantitatively analyzed and compared for statistical significance 

between groups. Compared with wildtype, mice with Prx4-/- and Srx-/-Prx4-/- show 

significantly lower rates in colon tumor incidence (Figure 3.2C), multiplicity (Figure 

3.2D), volume (Figure 3.2E) and burden (Figure 3.2F). Similar findings are also obtained 

when the incidence, multiplicity, volume and burdens of rectal tumors were compared 

between wildtype and knockout, double knockout mice (Figure 3.2G–J). This data 

indicates that loss of Prx4 alone is sufficient to cause resistance to AOM/DSS-induced 

colorectal tumorigenesis.  
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Figure 3.2 Prx4 knockout and SrxPrx4 knockout mice are resistant to AOM/DSS-induced 

carcinogenesis.  

(A) Schematic presentation of the AOM/DSS protocol. (B) Representative gross images 

of extracted colons. The average in Wt, Prx4 KO and SrxPrx4 KO mice of mid colon 

tumors. (C-F) incidence, multiplicity, volume and tumor burden percent and of distal 

colon rectum tumors (G-J) incidence, multiplicity, volume and tumor burden percent 

respectively. Compared with Wt group, *p<0.05 (one way ANOVA). 
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Figure 3.3 Gross images of colons extracted from AOM/DSS treated mice. 

(A) Wildtype, (B) Prx4 knockout and (C) Srx-Prx4 knockout. 

 

3.2.3  Prx4 is highly expressed in AOM/DSS-induced colon tumors as well as 

infiltrated macrophages and plasma cells in wildtype mice. 

To understand why the loss of Prx4 leads to resistance against colon tumorigenesis, 

we performed hematoxylin and eosin (H&E) staining and immunohistochemical 

examination of colon tumors extracted from wildtype and Prx4 null mice. H&E staining 

shows that wildtype tumors present as poorly differentiated with disrupted aberrant crypts 

and abundant infiltration of inflammatory cells, while Prx4 null tumors characterize as 

more differentiated crypts surrounded with fewer inflammatory cells (Figure 3.4A). The 

levels of Prx4 in wildtype tumors are also significantly increased compared to normal colon 

(Figures 3.4B compared to 3.1B). In the IHC staining of Prx4 in wildtype tumors, we 

noticed that not only tumor cells but also some stromal cells in the tumor microenvironment 
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had strong staining for Prx4 (Figure 3.4B). Bioinformatics analysis of RNA-sequencing 

data using Gene Immunological Genome Project database suggested that macrophages and 

plasma cells have high expression levels of Prx4 (Figure 3.5) [239]. To confirm this in 

tumors, we performed double immunofluorescence staining for Prx4 plus markers of these 

cell types in tumors from wildtype mice. Macrophages can undergo a spectrum of 

activation states in response to different stimuli and are generally divided into two 

categories: M1-like macrophages that are involved in pro-inflammatory response, and M2-

like macrophages that are involved in anti-inflammatory responses. In the context of tumor 

microenvironment, M1 macrophages are considered anti-tumorigenic while M2 

macrophages are considered immunosuppressive and pro-tumorigenic [240]. We used 

antibodies against CD86 as a specific marker for M1 macrophages (Figure 3.4C) and 

against CD163 as a specific marker for M2 macrophages (Figure 3.4D). Tumor infiltrating 

B lymphocytes play important role in tumor malignancy and immunity as reported through 

either their pro-tumorigenic or anti-tumorigenic capabilities. [241]. Plasma cells are 

terminally differentiated mature B lymphocytes. We used antibodies against CD138 as a 

marker for plasma cells (Figure 3.4E). The inflammatory cell markers CD86, CD163 and 

CD138 were stained with green fluorescence while Prx4 was stained with red fluorescence 

in wildtype tumor (Figure 3.4C–E). We found that such co-staining frequently merged into 

yellow fluorescence, confirming that Prx4 is expressed in subsets of macrophages and 

plasma cells (Figure 3.4C–E). Together, this data suggests that Prx4 is highly expressed in 

tumor cells as well as tumor-infiltrating macrophages and plasma cells.  
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Figure 3.4 Prx4 is expressed in tumor-infiltrating immune cells.  

(A) Representative H&E staining of AOM/DSS-induced tumors extracted from Wt and 

Prx4-/- mouse. (B) Representative IHC staining of Prx4 in Wt tumor shows high 

expression of Prx4 in tumor cells as well as stromal cells, while Prx4 is not expressed in 

tumors from Prx4-/- mice. Bar = 200 μm. Double immunofluorescence staining of Prx4 

with (C) M1 macrophage marker CD86, (D) M2 macrophage marker CD163 and (E) 

plasma cell marker CD138 in Wt tumors. Framed inserts indicate higher magnification. 

Bar = 100 μm. 
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Figure 3.5 Bioinformatics analysis of RNA sequencing dataset using Immgen.  

High expression of Prx4 is shown in peritoneal macrophages and splenic plasma cells of 

6 week old C57BL/6J mice. 
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3.2.4 Loss of Prx4 leads to decreased inflammatory cell infiltration into tumors 

Inflammation is known to contribute to tumorigenesis [242]. Since we observed 

strong expression of Prx4 in tumor-infiltrating immune cells, we speculated that the 

decrease in tumor burden in Prx4 knockout group was linked to decrease in inflammation. 

Therefore, we next examined immune cell infiltration in tumors of wildtype and Prx4-/- 

mice. Macrophages are one of the most abundant immune cells in the tumor 

microenvironment [243]. Using the AOM/DSS induced colon tumorigenesis model, 

previously we found that there is significantly decreased macrophage infiltration in tumors 

of Srx-/- mice compared to those of wildtype [226]. To examine whether this is also true in 

Prx4-/- tumors, we stained tumor slides with specific antibody to macrophage marker F4/80. 

Indeed, there are significantly fewer F4/80 positive cells in tumors from Prx4 null mice 

than those of wildtype mice (Figure 3.6A,B). We also used antibodies against CD86 as a 

specific marker for M1 macrophages (Figure 3.6C,D) and against CD163 as a specific 

marker for M2 macrophages (Figure 3.6E,F). We found that the presence of both M1 and 

M2 macrophages are significantly lower in Prx4-/- tumors compared to wildtype tumors. 
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Figure 3.6 Prx4 knockout tumors have lower myeloid and lymphocyte infiltration 

compared to Wt.  

(A and B) Representative images of murine macrophage marker F/480 stained wildtype 

and Prx4 knockout tumors. H-score= histochemical score. (C and D) IHC of M1 

macrophage marker CD86 shows lower staining in Prx4 KO tumor. (E and F) IHC of M2 

macrophage marker CD163 shows lower staining in Prx4 KO tumor compared to Wt. (G 

and H) Decreased naïve B cell infiltration in Prx4 KO tumors as indicated by staining of 

CD19. (I and J) IHC of CD138 indicates lower in-filtration of differentiated plasma cells 

in Prx4 KO tumors. (K and L) Similar levels of CD4+ staining was found between Wt 

and Prx4 KO tumors. (M and N) IHC staining of CD8 shows de-creased recruitment of 

cytotoxic T cells in Prx4 KO tumors. (O and P) IHC of PD-L1 in tumor sections shows 

comparable staining. (Q and R) IHC detection of PD-1 in wildtype and Prx4 KO tumor 

sections. Compared with Wt group, *p<0.05 (Student’s t-test). Bar = 200 μm. 
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In addition to macrophages, next we compared the presence of lymphocytes in 

AOM/DSS induced colon tumors. The markers used for B lymphocytes were CD19 for 

naïve B cells (Figure 3.6G,H) and CD138 for terminally-differentiated plasma cells (Figure 

3.6I,J). We detected lower presence of both cell types in Prx4 knockout tumors compared 

to those of wildtype. T cells are another key component of the colorectal tumor 

microenvironment and essential for immunotherapy [244]. T cells are broadly classified 

into two groups based on the lineage markers CD4 and CD8. CD4+ T cells (helper T cells) 

secrete cytokines to enhance or suppress pro-inflammatory response [245]. CD8+ T cells 

(cytotoxic T cells) can kill pathogen-infected or malignant cells [246]. We used these cell 

surface markers to stain the tumors and found that there was no significant difference in 

infiltration of CD4+ cells between the groups (Figure 3.6K,L). However, CD8+ staining 

was significantly lower in Prx4 knockout tumors than in wildtype (Figure 3.6M,N). 

Together, these data indicate that loss of Prx4 decreases infiltration of macrophages, B 

cells and cytotoxic T cells into the tumor microenvironment. 

Programmed cell death protein 1 (PD-1) is a transmembrane protein expressed in 

T cells, B cells, monocytes and dendritic cells [247]. Programmed death ligand 1 (PD-L1) 

is a transmembrane protein, expressed in immune cells as well as a variety of 

nonhematopoietic cells, that binds to PD-1. PD-L1 ligation with PD-1 is important for 

immune homeostasis and to prevent autoimmunity. However, tumor cells also upregulate 

PD-L1 to escape immune surveillance [248]. Since we observed a decrease in immune cell 

population in the Prx4-/- tumors, we next asked if PD-1 and PD-L1 expression were also 

affected in the tumors. PD-L1 was found to be highly expressed in tumor cells and its levels 

were similar between the groups (Figure 3.6O,P). In contrast, positive staining of PD-1 was 
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mainly found in infiltrated inflammatory cells from tumors of wildtype mice, while 

significantly reduced number and levels of PD-1 are observed in tumors from Prx4 null 

mice (Figure 3.6Q,R). This observation is consistent with the decrease of immune cell 

infiltration in Prx4 null tumors. Taken together, these data indicate that the absence of Prx4 

leads to significant changes of tumor microenvironment characterized by reduction of 

macrophages, T lymphocytes and plasma cell infiltration. 

3.2.5 Loss of Prx4 leads to increased rates of apoptosis and lipid oxidation 

We then examined tumors for markers of cell proliferation and cell death. Nuclear 

protein Ki67 was used as a marker for cell proliferation. There was no significant difference 

in the percentage of Ki67 positive tumor cells between the groups (Figure 3.7A,B). 

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay, 

which detects DNA fragmentation, was used to measure apoptosis in mouse tumors. 

TUNEL-positive cells were significantly increased in tumors from Prx4-/- mice than those 

from wildtype mice (Figure 3.7C,D). This suggests that lower tumor incidence, multiplicity 

and volume in Prx4 knockout group is a consequence of increased apoptosis in Prx4-/- 

tumors. Because Prx4 functions as scavenger of hydrogen peroxides, alkyl hydroperoxide 

and peroxynitrite and protects cells from oxidative stress, we next asked if loss of Prx4 led 

to higher oxidative stress in the tumors. Oxidative DNA lesion 8-oxoguanine (8-oxoG) was 

used as a marker of oxidative DNA damage. We found that 8-oxoG (Figure 3.7E,F) 

immunoreactivity was not significantly different between the groups. Since Prx4 is 

primarily distributed in the endoplasmic reticulum and extracellular matrix and since Prx1 

and Prx2 are still present in the nucleus, it is possible that loss of Prx4 does not affect DNA 

damage. To examine lipid peroxidation, snap-frozen tumors were cryosectioned and 
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stained with BODIPY 581/591 C11, a fluorescent fatty acid analogue, before fixation. In 

this assay, there is a shift of the fluorescence emission peak from ~590 nm (red 

fluorescence) to ~510 nm (green fluorescence) upon oxidation of the polyunsaturated 

butadienyl portion of the dye. Fluorescence microscopy examination of the stained tumors 

showed that Prx4 knockout tumors had significantly higher green fluorescence, indicating 

higher lipid peroxidation in Prx4 knockout tumors compared to wildtype (Figure 3.7G,H). 

Thus, loss of Prx4 did not increase oxidative DNA damage but did increase lipid 

peroxidation and apoptosis in Prx4-/- tumors. 
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Figure 3.7 Prx4 knockout tumors have higher apoptosis and lipid peroxidation than Wt.  

(A and B) Similar levels of Ki67 staining were found between Wt and Prx4 knockout 

tumors. (C and D) TUNEL as-say indicates increased rate of apoptosis in Prx4 KO 

tumors. (E and F) Nuclear 8-oxoguanine, a marker of oxidative DNA damage, stained at 

similar levels in the Wt, Prx4 KO groups. Bar = 200 μm. (G and H) C11- BODIPY 

581/591 staining of tumor sections to measure lipid peroxidation. Bar = 100 μm. 

Compared with Wt group, *p<0.05 (Student’s t-test). 
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3.2.6 Loss of Prx4 disrupts cytokine-mediated signaling 

To understand the mechanisms of how Prx4 might regulate inflammation, we next 

treated wildtype and Prx4 knockout mice with 2% DSS for seven days. We characterized 

the circulating cytokine and chemokine levels of wildtype and Prx4-/- groups using 

proteome profiler array (R&D Systems). Layout of arrays and names of chemokines and 

cytokines are shown in Figure 3.8. For each group, plasma was collected after no treatment 

(basal), DSS treatment, or AOM/DSS treatment. Plasma from three mice in each group 

were mixed and incubated in membranes containing capture antibodies. Array signals were 

imaged and quantified using ImageJ. We found that loss of Prx4 affected secretion of a 

variety of pro-inflammatory as well as anti-inflammatory cytokines as indicated by 

difference in spot size and intensity (Figure 3.9A,B). Proteins with significant fold change 

compared to corresponding wildtype group are shown in Figure 3.9C. Namely, untreated 

Prx4-/- mice had higher levels of Epidermal Growth factor (EGF) and Matrix 

Metallopeptidase 9 (MMP-9) than untreated wildtype mice. Endoglin, Fetuin A, Insulin 

Like Growth Factor Binding Protein 1 (IGFBP-1), Macrophage Colony-Stimulating factor 

(M-CSF) and Serpin F1 were upregulated in Prx4 knockout group after DSS compared to 

wildtype, while Platelet-Derived Growth Factor (PDGF)-BB was downregulated. Finally, 

at the end of AOM/DSS treatment, Interferon-Inducible T-Cell Alpha Chemoattractant (I-

TAC), Keratinocyte-Derived Chemokine (KC) and EGF were higher and IGFBP-1 was 

lower in Prx4-/- group relative to wildtype. Thus, these data suggest that Prx4 plays a critical 

role in regulating inflammation via cytokines.  
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Figure 3.8 Layout of proteome profiler.  

Mouse chemokine (A) and cytokine (B) arrays adapted from manufacturer’s datasheet. 
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Figure 3.9 Loss of Prx4 affects chemokine- and cytokine- mediated signaling.  

(A and B) Proteome profiler mouse chemokine (A) and cytokine (B) array original blots 

using plasma isolated from basal (no treatment), DSS, and AOM/DSS treatment groups. 

Representative spots are highlighted. (C) Quantification of intensity of cytokine and 

chemokine duplicate spots identifies significantly different proteins under basal conditions 

(top panel), after DSS treatment (middle panel) and after AOM/DSS treatment (lower 

panel). Compared with Wt group, *p<0.05 (Student’s t-test). 

 

In addition to plasma, colon tissues from DSS treated mice were also collected, 

fixed and stained for different markers of immune cells as described above. Consistent to 
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AOM/DSS treatment, we found that loss of Prx4 reduced infiltration of CD86+ M1 

macrophages, CD163+ M2 macrophages, CD138+ plasma cells, CD4+ T cells, and CD8+ T 

cells in Prx4-/- colon (Figure 3.10). Thus, Prx4 protects mice against DSS-induced 

inflammation by modulating cytokines and chemokines. 
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Figure 3.10 Prx4 knockout colons have lower immune cell infiltration compared to 

wildtype after DSS treatment.  

(A) Change to initial body weight of DSS-treated or untreated (control) wildtype and Prx4 

knockout mice. Decreased macrophage infiltration in Prx4 knockout colon as indicated by 

staining of M1 macrophage marker CD86 (B and C) and M2 macrophage marker CD163 

(D and E). (F and G) IHC staining of CD138 indicates lower presence of plasma cells in 

Prx4 knockout colon. (H and I) Comparable naïve B cells infiltration as indicated by 

staining of CD19. (J and K) Lower levels of CD4+ staining was detected in Prx4 knockout 

compared to Wt. (L and M) IHC staining of CD8 shows decreased recruitment of cytotoxic 

T cells in Prx4KO group. Compared with Wt group, *p<0.05 (Student’s t-test). Bar = 200 

μm. 

 

3.3 Discussion 

It has been well recognized that strains of inbred mice do not bear same genetics 

due to polymorphisms and multiple layers of regulatory elements. Such distinctions in 

genetics lead to significant variations in susceptibility to tumorigenesis among different 

mouse strains even exposed to the same tightly controlled protocol of carcinogen(s) [238, 
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249]. Among them, FVB/N mouse has been reported to be highly sensitive to carcinogen-

induced cancer development, such as DMBA/TPA-induced skin cancer AOM/DSS-

induced colon cancer, and urethane-induced lung cancer [250-252]. Previously we have 

shown that Srx-/- mice are resistant to AOM/DSS-induced colon tumorigenesis, identified 

that Prx4 is the major downstream substrate of Srx, and the integrity of the Srx-Prx4 axis 

is required for cancer malignancy [138, 226, 235].  

In the present study, we aimed to identify the function of Prx4 in colon 

carcinogenesis. AOM/DSS model was again used to induce colon cancer development in 

wildtype and Prx4 null mice in FVB/N background. We demonstrated that the absence of 

this gene provided resistance to chemically-induced tumor formation. Prx4-/- group had 

lower tumor incidence, multiplicity, volume and tumor burden than wildtype mice. In 

mechanistic studies, we found that Prx4 knockout led to higher intra-tumoral cell death 

likely due to increased oxidative stress. The knockout of Prx4 also decreased infiltration of 

inflammatory cells into the tumor microenvironment and resulted in downregulation of 

PD-1 in tumor stroma. Thus, loss of Prx4 protects mice against AOM/DSS-induced colon 

tumorigenesis. 

Our results presented here are in accordance with several previously published 

studies that have examined the role of Prx4 in inflammation and cancer. It has been reported 

that Prx4 can activate NF-κB, a master regulator of inflammation, in T cells and 

macrophages [43, 112]. We have previously demonstrated that Srx contributes to 

tumorigenesis in chemically- induced models of colon cancer and skin cancer [226, 237]. 

Srx null tumors in both studies had comparable cell proliferation but significantly higher 

apoptosis than wildtype tumors. In addition, loss of Srx reduced macrophage infiltration in 
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colon tumors. Similarly, in urethane-induced lung cancer, Prx4 promoted chemically 

induced lung tumorigenesis. Human Prx4 expressing transgenic mice had more tumors 

than non-transgenic control mice [141]. The tumors in transgenic groups also had lower 

oxidative stress and higher macrophage infiltration. Furthermore, Prx4 has been suggested 

to promote progression of prostate cancer, pancreatic cancer, hepatocellular carcinoma and 

colorectal cancer [131, 147, 156, 166]. Thus, our study further confirms the pro-

inflammatory and oncogenic role of Prx4 in colorectal cancer.  

The loss of Prx4 providing resistance to DSS-induced inflammation fits the general 

trend observed when antioxidant enzymes are depleted in colitis models: Loss of Prx1, 

Prx2, Prx6 and the combined loss of GPx1 and Catalase all improved colitis in mouse and 

rat models [125, 253-255]. (Exceptions to this observation include GPx2 knockout and 

Gpx1 and GPx2 double knockout mouse models which highlight the protective role of 

selenium [256, 257]). This trend suggests that appropriately increased oxidative 

environment (as indicated by two of these studies) upon silencing of antioxidant enzymes 

suppresses inflammatory response. In our study, whether oxidation of Prx4 occurred in 

wildtype tumors are DSS and AOM/DSS treatment was not examined. Measuring Prx4 

oxidation levels would help shed light on the contribution of redox function of Prx4 on 

inflammation and tumorigenesis. Moreover, it would be interesting to examine the role of 

Prxs and other antioxidants in the production and maturation of immune cells under normal 

conditions as well as in response to carcinogens, tumor promoters. Similarly, it might be 

worth re-evaluating clinical studies that examined the effects of antioxidant rich diet or 

supplements on patients at risk of inflammatory bowel disease and colorectal cancer. The 

effect these treatments had on oxidative damage must be examined in samples from past 
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interventions as well as in future studies. This would help clarify if the intervening 

‘antioxidants’ are actually performing redox functions in vivo and whether diet 

recommendations need updating.  

Prx4 loss caused upregulation of several pro-inflammatory and anti-inflammatory 

cytokines after DSS and AOM/DSS treatment. As mentioned above, Prx4 modulates NF-

κB signaling, and many of the cytokines differentially expressed in our study are known 

targets of this transcription factor [258-260]. We observed increased plasma EGF and 

MMP-9 in Prx4KO mice compared to wildtype. The reason for this upregulation is not 

clear. We have shown previously that loss of Srx contributes to reduction of EGFR 

signaling and MMP-9 protein expression [138, 235]. It is possible that loss of Prx4 has a 

similar effect on these proteins and signaling pathways, resulting in a feedback loop which 

causes high circulation levels. Further studies are necessary to address the function of these 

upregulations in normal physiology. Among the cytokines differentially expressed in 

Prx4KO mice upon DSS treatment, increased Endoglin and Fetuin A and decreased PDGF-

BB have been associated previously with reduced inflammation of the colon. Endoglin 

heterozygous mice were more sensitive to DSS treatment compared to wildtype mice 

resulting in higher VEGF levels and angiogenesis [261]. In addition, in human subjects, 

increased serum Fetuin A is inversely associated with inflammatory bowel disease (IBD), 

suggesting a protective role for this protein [262]. IBD patients have also been reported to 

have higher plasma PDGF-BB compared to healthy controls [263]. However, even though 

Prx4 deficiency is protective overall against colitis, there was upregulation of two proteins 

positively associated with gastrointestinal inflammation, namely Serpin F1, M-CSF and 
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IGFBP-1 [264-266]. Targeting these proteins along with Prx4 could further strengthen 

resistance against colitis and tumor formation.  

After AOM/DSS treatment, plasma EGF was significantly higher in Prx4-/- group 

although the difference between wildtype and Prx4-/- plasma was reduced compared to 

basal conditions. Plasma EGF are significantly higher in cancer patients than those with 

benign colorectal conditions [267]. In addition, IGFBP-1, which was reduced in Prx4KO 

mice, is inversely associated with colorectal cancer in human subjects [268, 269]. High KC 

mRNA is also inversely associated with overall survival of stage IV patients (but there 

were no correlations to survival in stage II and III patients) [270]. Therefore, whether these 

cytokines serve pro-tumor or anti-tumor functions in Prx4KO mice is not clear. It might be 

worthwhile to conduct studies targeting one or more of these proteins along with Prx4 

depletion to shed more light on their combined contribution to colon carcinogenesis. 

Meanwhile, I-TAC, which is upregulated in Prx4-/- group, is reported to have a protective 

role against colon cancer. Bioinformatics analysis shows I-TAC transcript is higher in 

stages I and II of CRC compared to stages III and IV, and high I-TAC is associated with 

better overall survival of patients [271, 272]. Thus, upregulation of these chemokines at 

least partially contributed to reduced colon tumor formation in Prx4KO mice.  

Prx4 is upregulated in human IBD, and it has been suggested as a potential 

diagnostic marker for IBD [96]. However, whether Prx4 contributes directly to IBD 

progression or is a secondary response to altered intestinal microenvironment is not fully 

understood. Our results indicate that Prx4 promotes DSS-induced inflammation. However, 

these findings contrast with other data reporting an anti-inflammatory role of Prx4 after 

DSS [97]. The most notable discrepancy between this work and previous report were in 
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the type of mouse strains used. Specifically, Takagi et al. utilized male mice of C57BL/6 

background whereas this study utilized both male and female mice of FVB/N background. 

Different strains of mice have different responsiveness to DSS [273]. In addition to genetic 

differences between the mice, the differences in mouse microbiome- result of housing in 

different institutions- also likely contributed to the inconsistency [274]. It remains critical 

for future studies to evaluate the effects of these factors in the function of Prx4. 

Overall, our results show an important role of antioxidant Prx4 in regulating colon 

carcinogenesis. Knockdown of Prx4 provides resistance to tumor formation by reducing 

inflammation and promoting cell death without affecting cell proliferation. This identifies 

Prx4 as a potential therapeutic target for prevention and treatment of colorectal cancer. 

Regulation of Prx4 expression in patients at high risk of inflammation-driven cancer 

through dietary supplements or other preventive agents may prove useful to block or delay 

the early stages of cancer. Similarly, identification of Prx4-specific inhibitors to target 

increased apoptosis of tumor cells in combination with radiation or chemotherapy could 

enhance the outcome of cancer treatment. 
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CHAPTER 4. PEROXIREDOXIN IV PROMOTES THE PROGRESSION OF 

COLORECTAL CANCER 

4.1 Introduction 

Colorectal cancer (CRC) is the third most common cancer and the third leading 

cause of cancer deaths in the US [275]. CRC is the development of polyps on the inner 

lining (mucosa) of colon or rectum into malignant cancer. Risk factors for colorectal cancer 

include old age, family history, inflammatory bowel disease, diabetes, smoking and alcohol 

intake. Colonoscopy is a screening method commonly used to detect CRC at early stage. 

It is critical to detect cancers including CRC at early stage because this is when surgery 

and treatments work best. Early stage malignant polyps can be resected endoscopically. In 

cases where there are too many tumors or tumors cannot all be removed during 

colonoscopy, surgery to remove part of the colon is performed [276]. Chemoradiotherapy 

is often used in combination with surgery to reduce the risk of recurrence. As tumor 

becomes malignant, tumor cells migrate through blood vessels or lymph vessels. 

Metastasis into lymph nodes or other organs makes treatment much more difficult. Patients 

with metastatic CRC are treated with several lines of therapies involving two or three 

chemotherapy drugs, anti-EGFR, anti-VEGF antibodies and immunotherapy [276]. 

Despite recent advances, the 5-year survival rate for patients with distant metastatic CRC 

is only 10% [277]. Therefore, further research is necessary to understand and develop more 

effective treatments for advanced CRC. 

We have shown previously that the enzyme Srx promotes both the initiation and 

progression of colorectal cancer. In azoxymethane (AOM)/ Dextran sulfate sodium (DSS)-

induced CRC, Srx knockout mice were found to be more resistant to colon tumor formation 

compared to wildtype mice [226]. Loss of Srx increased intratumoral apoptosis and 
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decreased inflammatory cell infiltration. Similarly, in vitro and in vivo studies demonstrate 

that Srx promotes CRC migration, invasion and metastasis [235]. Srx has the highest 

binding affinity for Prx4 relative to other typical 2-Cys Prxs [138]. We have also 

discovered upon AOM/DSS treatment that Prx4 promotes colorectal tumor formation in 

mouse model [172]. Loss of Prx4 leads to increased cell death through lipid peroxidation 

and lower infiltration of inflammatory cells in the Prx4 knockout tumors compared to 

wildtype. Therefore, the next logical questions to ask are whether and how Prx4 promote 

colorectal cancer progression. 

Literature survey shows that high Prx4 expression is positively correlated with 

increased metastasis and shorter survival of patients [145, 146]. To better examine this 

association and to study the causal role of Prx4 in CRC progression, we used loss-of-

function and gain-of-function approaches. We established cell lines with stable knockdown 

and overexpression of Prx4. Subsequent in vitro studies show that Prx4 knockdown cell 

lines have lower migration and invasion rate than control cell lines. In orthotopic 

implantation model, HCT116 Prx4 knockdown cells metastasized had significantly lower 

rate than shNT cells. RNA Sequencing and GSEA analysis identified several signaling 

pathways significantly altered in knockdown cells which was validated in vitro. Our results 

confirm that Prx4 enhances invasion and metastasis of CRC. Thus, our findings provide 

novel insights regarding the role of Prx4 in human colon cancer pathogenesis. 

4.2 Results 

4.2.1 Prx4 is highly expressed in tumor specimens from colon adenocarcinoma 

We first examined the expression of Prx4 transcripts in normal and tumor colorectal 

tissues. Analysis of RNA-Sequencing datasets from TCGA using UALCAN website shows 
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that Prx4 mRNA is upregulated in colon adenocarcinoma (COAD) samples compared to 

normal colon (Figure 4.1A). Stage1 - Stage 4 COAD all had higher Prx4 transcripts than 

normal colon, but there was no increase in Prx4 levels with increasing COAD stage (Figure 

4.1B). Similarly, analysis of proteomics data using UALCAN shows that Prx4 protein is 

also upregulated in colon adenocarcinoma compared to normal colon (Figure 4.1C). 

Consistently, higher Prx4 protein levels were detected in Stage 2 and Stage 3 of COAD 

relative to normal (Figure 4.1D). We also analyzed Prx4 expression in TCGA rectum 

adenocarcinoma (READ) samples. We observed higher Prx4 mRNA levels in overall 

primary READ tumor as well as stages 1 – 4 of READ compared to normal rectum (Figure 

4.1E,F). Thus, bioinformatics analysis of publicly available datasets indicates that Prx4 is 

upregulated at mRNA and protein levels in colorectal cancer patients. 

 

Figure 4.1. Bioinformatics analysis of Prx4 transcript levels and protein levels in 

colorectal cancer patients.  

(A) Prx4 transcript in normal and colon adenocarcinoma (COAD) tissues. (B) Prx4 

transcript in normal colon and different stages of COAD tissues. (C) Prx4 protein in 

normal and COAD tissues. (D) Prx4 protein in normal and different stages of COAD 

tissues. (E) Prx4 transcript in normal and rectum adenocarcinoma (READ) tissues. (F) 

Prx4 transcript in normal and different stages of READ tissues. *p<0.05 (t-test). 
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We wanted to confirm this finding in additional patient samples. A tissue 

microarray method based on the established IHC protocol was used to detect Prx4 in 

normal colon (n=19), Crohn’s disease (n= 9), Ulcerative Colitis (n= 4), normal adjacent to 

tumor (n=19), benign tumor (n=15), malignant tumor of stages I, II and III (n=35) and 

metastasized tumor (n=20) from human subjects (Figure 4.2A). Prx4 staining was analyzed 

by board certified pathologist. Prx4 is expressed in normal colon with high expression in 

the epithelial cells of the crypt. We also confirmed that Prx4 is upregulated in malignant 

tumors stages 1 – 3 compared to normal colon (Figure 4.2A,B). No significant changes in 

Prx4 expression were observed in Ulcerative colitis and Crohn’s disease or in metastatic 

tumor samples relative to normal colon tissue. We also performed western blot to examine 

expression of Prx4 in human colorectal cancer cell lines SW620, SW480, RKO, LOVO, 

HT29, HCT116 and GEO. There was high expression of Prx4 in all colorectal cancer cell 

lines examined (Figure 4.2C). Together these data validate our bioinformatic analysis and 

demonstrate that Prx4 is highly expressed in CRC cells. 
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Figure 4.2. Examination of Prx4 protein levels in patient specimens of colon cancer and 

colon cancer cell lines.  

(A) Tissue microarray slides with image of hematoxylin and eosin (H&E) staining (left 

panel) and representative images of anti-Prx4 staining of normal colon and colon 

adenocarcinoma. The scale bars represent 300 μm (individual tumor), and 100 μm 

(zoomed in). (B) Anti-Prx4 staining positivity and intensity were quantitatively scored by 

board-certified pathologist and normal group (n=19) was compared to Crohn’s Disease 

(n=9), Ulcerative Colitis (n=4), Normal adjacent tumor (NAT) (n=19), Benign tumor 

(n=15), Stage I (n= 3), Stage II (n= 19), Stage III (n=12) and Metastatic Tumor (n=20). 

*p<0.05 (Two-way ANOVA). (C) Prx4 levels in colorectal cancer-derived cell lines 

measured by Western blot. 

 

4.2.2 Prx4 knockdown reduces migration and invasion of colon cancer cell lines 

Next, we wanted to identify the function of Prx4 upregulation. Previously we have 

demonstrated that depletion of Srx in CRC cell lines reduces cell migration and invasion 

[235]. We wanted to examine if this was true for Prx4 as well. Therefore, stable knockdown 

of Prx4 was performed in HCT116 and RKO cell lines. The targeting efficiency of shPrx4 

as well as the specificity of anti-Prx4 antibody has been described in previous studies in 

our lab [131, 138]. Depletion of Prx4 was confirmed using Western blot (Figure 4.3A,B). 

Cell migration is important for physiological processes such as embryonic development 
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and wound repair as well as for tumor metastasis. The role of Prx4 in colorectal cancer cell 

migration was investigated using two assays. In wound healing assay, confluent cells were 

scratched using 200 μL pipet tip after overnight serum starvation, washed, and imaged at 

different intervals. The area of wound was measured using ImageJ software. In this assay, 

we discovered that wound healing was slower in shPrx4 cells than shNT cells (Figure 

4.3C,D). In the second assay, the movement of individual shNT and shPrx4 cells was 

tracked using Cytation5 and analyzed using Cell tracker software. Again, Prx4 knockdown 

cells were found to have slower rate of movement and had shorter distance travelled than 

shNT cells (Figure 4.3E,F). Thus, loss of Prx4 reduces migration of human CRC cell lines 

in vitro. 
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Figure 4.3. Knockdown of Prx4 in CRC cells decreases their ability of to migrate.  

Western Blot results showing stable knockdown of Prx4 using shRNA in (A) HCT116 

and (B) RKO cell lines. Wound healing assay in (C) HCT116 and (D) RKO cell lines. 

Bar =1000 μm. Quantification is shown below the images. Cell movement tracking 

analysis of (E) HCT116 and (F) RKO cells performed using CellTracker software. 

Velocity and distance were calculated from tracking of at least 50 cells in each group. 

Cell movement routes are shown below the graphs. Compared to shNT, *p<0.05 

(Student’s t-test).  

 

Cell invasion is another important physiological process where cells become motile 

and migrate through extracellular matrix. Cell invasion occurs naturally during 

development and repair, but it is also utilized by cancer cells to metastasize to secondary 

sites. Colorectal cancer cells frequently spread to liver via the portal circulation, and they 

may also metastasize to lungs, brain, etc. Therefore, we asked if Prx4 regulates invasion of 

CRC cells. In transwell invasion assay, shNT and shPrx4 cells resuspended in serum-free 

medium were allowed to invade through Matrigel in response to 10% FBS for 48 hours. 

Subsequent staining and image analysis showed that fewer shPrx4 cells had invaded 

through Matrigel than shNT cells (Figure 4.4A,B). This indicates reduction of invasiveness 

in CRC cells upon Prx4 depletion. To further solidify our findings, we performed 3D 

spheroid invasion assay. In this assay, cells were induced to form spheroids, invasion 
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matrix was added to promote gel formation around the spheroids and culture medium 

containing 20% FBS (chemoattractant) and TPA (inducer of cell invasion) were added. 

Images of cellular spheroids and spindle-like projections were captured using Cytation5 

and analyzed using ImageJ. Consistent with classic transwell assay, 3D spheroid invasion 

assay also shows that Prx4-depleted cells have lower invasion rate than control cells in 

HCT116 cell line (Figure 4.4C,D). Interestingly, RKO cells detached from the cell spheres 

towards chemoattractants, and the number of detached cells was higher in shPrx4 group 

Figure 4.4D. Finally, to further characterize the process of invasion, we performed 

invadopodia formation assay. Invadopodia are actin-rich protrusions used by cancer cells 

to invade surrounding matrix through proteolysis. The colocalization of cortactin with F-

actin is a commonly used marker of invadopodia formation [278]. Quantification of stained 

cells shows that colocalization of cortactin and F-actin is much more prevalent in shNT 

cells than shPrx4 cells, indicating reduced invadopodia formation in shPrx4 cells (Figure 

4.4E,F).  
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Figure 4.4. Knockdown of Prx4 in CRC cells decreases their ability of to invade.  

Transwell cell invasion assay using (A) HCT116 and (B) RKO cell lines. Bar =200 μm. 

Quantification is shown in bar graph on the right. 3D spheroid invasion assay using (C) 

HCT116 and (D) RKO cell lines. Bar =1000 μm. Quantification is shown on the right. 

Representative confocal imaging (E) HCT116 and (F) RKO cells indicate presence of 

invadopodia characterized by the co-staining of F-actin (green) and cortactin (red). Bar 

graph on the right shows average number of invadopodia from three independent 

experiments. Compared to shNT, *p<0.05 (Student’s t-test). 

 

To further validate our results, additional experiments were performed. Cell 

proliferation assay using CCK-8 kit showed no significant difference between shNT and 
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shPrx4 cells in both HCT116 and RKO (Figure 4.5A,B, respectively). Stable 

overexpression of Prx4 was performed in HT29 cell line (Figure 4.5C) and several of the 

experiments above were repeated. Prx4-Flag cells and Vector control cells had comparable 

rate of wound healing (Figure 4.5D). Prx4-Flag cells were more efficient than Vector 

control cells at wound healing, although the difference was not statistically significant 

(Figure 4.5E). Together, these data suggest that loss of Prx4 reduces invadopodia formation 

and hence the invasiveness of human CRC cell lines in vitro. 

 

Figure 4.5. Knockdown of Prx4 does not affect cell proliferation of HCT116 and RKO 

and overexpression of Prx4 increases migration and invasion in HT29.  

Cell proliferation curve of (A) HCT116 and (B) RKO cell lines. (C) Western Blot results 

showing stable knockdown of Prx4 using shRNA in HT29. (D) Wound healing assay 

using HT29 Vector Control and HT29 Prx4-Flag cell lines. Bar =1000 μm. Quantification 

is shown in bar graph below the images. (E) Transwell cell invasion assay using HT29 

Vector Control and HT29 Prx4-Flag cell lines. Bar =200 μm. Quantification is shown 

below the images. Compared to shNT, *p<0.05 (Student’s t-test). 
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4.2.3 Prx4 knockdown reduces metastasis of human colon cancer cell lines in NSG mice 

in vivo 

From cell culture studies, we found that Prx4 is critical for migration and invasion 

of CRC cell lines HCT116 and RKO. Previous studies have reported positive correlation 

between Prx4 expression and invasion and metastasis [145, 146]. However, whether 

manipulation of Prx4 in HCT116 cells affects metastasis in vivo has not been studied. 

Therefore, we implanted HCT116 shNT and shPrx4 cells into the cecum wall of NSG mice 

to examine the ability of these cells to grow and metastasize in vivo (Figure 4.6A). 4 weeks 

after injection, the mice were humanely euthanized and tissues were collected. Compared 

with mice injected with shNT cells, the rate of metastasis in mice injected with shPrx4 cells 

was significantly reduced. Fixed tissues from each group were randomly chosen and tissue 

slides were obtained by sequential sectioning. H&E staining and histopathology analysis 

were performed. Microscopic analysis of H&E stained slides confirmed that the numbers 

of metastasized tumor nodules in lungs (Figure 4.6B) and livers (Figure 4.6C) was higher 

in shNT group than shPrx4 group (Figure 4.6D). These data suggest that Prx4 positively 

contributes to metastasis in vivo, which is consistent with the observation that knockdown 

of Prx4 leads to reduced migration and invasion of HCT116 cells in vitro. 
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Figure 4.6. Knockdown of Prx4 in HCT116 cells reduces metastasis in vivo in a mouse 

orthotopic implantation model.  

(A) Schematic presentation of the orthotopic injection protocol. Hematoxylin and eosin 

(H&E) staining and microscopic tumor metastasis found in the liver (B) and lung (C) of 

mice injected with HCT116 shNT and shPrx4 cells. Arrows heads indicate tumor 

metastasis (bar = 800 μm) and black square indicates the spot zoomed in (bar = 300μm). 

(D) Quantitative analysis of data from B and C. Compared to shNT, *p<0.05 (Student’s t-

test). 

 

4.2.4 RNA sequencing and GSEA analysis 

To identify the underlying mechanisms through which Prx4 contributes to 

malignant phenotype, we performed RNA-Sequencing analysis using HCT116 shNT and 

shPrx4 cells. The similarity among the three independent samples used in each group is 

shown in Figure 4.7A. Upon comparing the RNA profiles of shNT cell lines to their shPrx4 

counterparts, 185 genes were identified as differentially expressed genes including Prx4 

but not other Prxs (Figure 4.7B–D). Gene Set Enrichment Analysis using Hallmark gene 

sets to identify gene sets enriched in shPrx4 cell lines detected changes in pathways such 

as TNFα signaling via NFκB, p53 pathway, and apoptosis (Figure 4.7E). Of these, 
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immunoblotting was used to validate the TNFα signaling via NF-κB pathway. HCT116, 

RKO and HT29 cell lines were treated with increasing concentrations of TNFα for 24 

hours. Western blot results confirm that NF-κB family protein p-p65 is increased in Prx4 

knockdown cells and decreased in Prx4 overexpression cells (Figure 4.8A–C). Activation 

of NF-κB upon loss of Prx4 observed here is consistent with what is reported in literature 

[30]. 

 

Figure 4.7. RNA Sequencing of HCT116 shNT and shPrx4 cells.  

(A) Principal component analysis (PCA) RNA-seq data from shNT and shPrx4 (n = 3 per 

group) shows the relatedness between samples. (B) Relative transcript levels of Prx 

family members in HCT116 shNT and shPrx4 cells per RNA Sequencing results. (C) Red 

dots indicate genes that are expressed at least 2- fold higher in shPrx4 cells; blue dots 

indicate genes that expressed at least 2-fold lower in shPrx4 cells; black dots indicate 

genes that show no significant difference between shNT and shPrx4 cells. (D) 

Comparison of differential expressed genes with significant P value indicates clustering 

pattern of genes upregulated (red) and downregulated (blue) in shPrx4 cells. (E) GSEA 
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revealed that differentially expressed genes in shPrx4 cells leads to activation of several 

signaling pathways. 

 

 

Figure 4.8. Loss of Prx4 activates NF-κB signaling in colon cancer cell lines.  

Western blot results of p65 (RelA) and phospho-p65 (Ser536) proteins 24 hours post 

TNFα treatment in (A) HCT116, (B) RKO and (C) HT29. Quantification is shown on bar 

graphs. 

 

4.2.5 Loss of Prx4 upregulates DKK1 and increases focal adhesion 

Leading edge analysis of enriched gene sets with nominal p-value less than 0.1 was 

performed to identify leading edge genes in common between these gene sets. Dickkopf-1 

(DKK1) was identified to be one of common leading edge genes (Figure 4.9A). It is well-

established that Wnt/β-catenin signaling contributes to tumorigenesis and metastasis in 

CRC [279, 280]. DKK1 binds to LRP6 and causes its endocytosis, thus preventing 

activation of Wnt/β-catenin pathway. Overexpression of DKK1 has been shown to impair 

migration and invasion of HCT116 cells [281]. Therefore, we decided to investigate this 

alteration in expression of DKK1 upon Prx4 knockdown. The upregulation of DKK1 

expression was first validated by monitoring the mRNA and protein levels of DKK1 using 
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qRT-PCR and Western blot respectively (Figure 4.9B-D). Prx4 knockdown was also found 

to decrease β-catenin protein expression (Figure 4.9C). In HT29 cells, DKK1 was 

downregulated in HT29 Prx4 overexpression cells compared to Vector control cells, 

although β-catenin expression was not altered (Figure 4.9D). When HCT116 cells were 

treated with increasing concentrations of Wnt3a conditioned medium collected from 

HEK293T, we detected lower increase in phosphorylation of LRP6 (S1490) in shPrx4 cells 

compared to shNT cells, suggesting Prx4 depletion-induced upregulation of DKK1 is 

indeed capable of Wnt signaling inhibition (Figure 4.9E). These data suggest that Prx4 

suppresses DKK1 and enhances activation of Wnt signaling to promote colorectal cancer 

progression. 

 

Figure 4.9. DKK1 is upregulated in Prx4 knockdown cells.  

(A) Leading edge analysis shows genes that contributed the most to enriched gene sets. 

DKK1 is highlighted with green arrowhead. (B) Quantitative real-time PCR was used to 
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measure the levels of DKK1 mRNA in HCT116, RKO and HT29 cell lines. (C) Western 

Blot results showing expression of DKK1 and β-catenin in HCT116 shNT and shPrx4 

cell lysates. (D) Western Blot results showing expression of DKK1 and β-catenin in 

HT29 Vector control and Prx4-Flag cell lysates. (E) Western Blot results showing 

expression of phospho-LRP6 Ser1490 and total LRP6 in HCT116 shNT and shPrx4 cells 

after treatment with Wnt3a conditioned medium for 24 hours. Quantification is shown in 

bar graph on the right. 

 

RNA-Sequencing and GSEA analysis revealed enrichment of focal adhesion (FA) 

signaling in HCT116 shPrx4 compared to HCT116 shNT cells (Figure 4.7E). Integrins 

mediate attachment of cells to extracellular matrix through focal adhesions. Focal 

adhesions connect cells to the ECM and transmit ECM-derived signals to cellular 

pathways. During cell migration, focal adhesions are continuously assembled and 

disassembled to generate forces for cell movement. Therefore, the role of Prx4 expression 

levels in focal adhesion was examined. Cell-matrix adhesion was measured by seeding 

cells into fibronectin-coated dishes, allowed to adhere for 20 minutes, gently washed, and 

the number of adhered cells counted using CellTiter-Glo. In this assay, Prx4 depleted cells 

were found to have stronger adhesion while Prx4 overexpression cells had lower adhesion 

than control cells (Figure 4.10A,B). Focal Adhesion Kinase (FAK) localizes to FAs and 

plays a major role in their assembly and disassembly. Autophosphorylation of Y397 

residue of FAK in response to integrin clustering initiates assembly of FAs. FAK is even 

more important for disassembly of FAs such that inhibition of FAK stabilizes steady-state 

FAs [282, 283]. To confirm that FAK plays a role in Prx4-mediated cell adhesion, HCT116 

shNT and shPrx4 cells were seeded onto Fibronectin coated or uncoated wells for 1 hour 

and activation of FAK was compared. Western blot results show that phosphorylation of 

Y397 increases in the presence of fibronectin and increases even more significantly when 

cells have lower levels of Prx4 (Figure 4.10C). To examine the role of DKK1 in focal 
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adhesion, DKK1 knockdown was first performed using increasing concentrations of 

esiRNA (Figure 4.10D). Next, the adhesion of HCT116 shNT and shPrx4 cells to 

fibronectin was re-measured after 48 hours treatment with 400 ng/mL siCon control or 

esiDKK1. Decrease in DKK1 levels significantly reduced adhesion of cells to the matrix 

in both shNT and shPrx4 cells (Figure 4.10E). To confirm that DKK1 upregulation in the 

absence of Prx4 contributes to malignant phenotype, HCT116 shNT and shPrx4 cells were 

also treated with siRNA negative control or esiRNA against DKK1 for 48 hours, and 

migration and invasion assays were performed. Depletion of DKK1 increased the rate of 

cell migration in both shNT and shPrx4 cell lines (Figure 4.10F). In addition, the difference 

in migration between shNT and shPrx4 cells was no longer significant upon depletion of 

DKK1 (Figure 4.10F). In matrigel invasion assay, depletion of DKK1 partially rescued 

invasiveness of shPrx4 cells (Figure 4.10G). This suggests that DKK1 plays an important 

role in increasing focal adhesion and decreasing migration and invasion of colon cancer 

cells. 
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Figure 4.10. Knockdown of Prx4 increases focal adhesion which is reverted by depletion 

of DKK1.  
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(A) Cell adhesion assay of HCT116 shNT and shPrx4 cells in fibronectin-coated cell 

culture dish. (B) Cell adhesion assay of HT29 Vector control and Prx4-Flag cells in 

fibronectin-coated cell culture dish. (C) Western blot results of HCT116 shNT and 

shPrx4 cells seeded into fibronectin coated or uncoated cell culture dish and harvested 

after 1 hour. (D) Western Blot results showing expression of DKK1 after treatment with 

siRNA negative control and increasing concentrations of DKK1 esiRNA for 48 hours. 

400ng/mL was selected for use in subsequent experiments. (E) Cell adhesion assay of 

HCT116 shNT siCon or siDKK1 (left) and HCT116 shPrx4 siCon or siDKK1 (right) 

cells in fibronectin-coated cell culture dish. Compared to siCon, *p<0.05 (Two-way 

ANOVA) (F) Wound healing assay after treatment of HCT116 with negative control 

siRNA or DKK1 esiRNA for 48 hours. Bar =1000 μm. (G) Transwell cell invasion assay 

after treatment of HCT116 with negative control siRNA or DKK1 esiRNA. Two 

replicates shown for each group. Bar =200 μm. Compared to shNT, *p<0.05 (Two-way 

ANOVA).  

 

4.3 Discussion 

In this study, we aimed to learn whether and how Prx4 facilitates metastasis of 

CRC. Loss of Prx4 significantly decreased migration and invasion of CRC cell lines 

HCT116 and RKO. We also discovered that decreased invasiveness upon loss of Prx4 is 

due to reduced invadopodia formation. Implantation of HCT116 shNT and shPrx4 cells 

into the cecum wall of NSG mice revealed that shPrx4 cell metastasized to the lungs and 

livers at much lower rate than shNT cells. DKK1 is upregulated and β-catenin is 

downregulated when Prx4 is depleted in HCT116 cells. We found that depletion of DKK1 

in shPrx4 cells reversed migration, adhesion and invasion phenotypes. Thus, Prx4 

facilitates metastasis of CRC at least partially by suppressing DKK1 expression. 

These observations are supported by previously published studies. There is a 

positive correlation between Prx4 protein expression in CRC tissues and the depth of 

invasion, lymph node metastasis, tumor stage and shorter survival [145]. Verifying and 

building on the correlation suggested by this study, we performed loss-of-function and 

gain-of-function studies to establish the causal role of Prx4 on CRC progression using in 

vitro and in vivo models. Similarly, we previously discovered that depletion of Srx 
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decreases migration, invasion and metastasis of CRC cell lines [235, 284]. Even though 

Prx4 is the preferred substrate of Srx, Srx function in CRC progression occurred in a Prx4-

independent manner. Here, we have shown that loss of Prx4 produces identical phenotype 

as loss of Srx, although this occurs through a different mechanism. Therefore, combined 

targeting of Srx and Prx4 (or their downstream targets Fascin and DKK1 respectively) 

could provide additive or synergistic effects on the treatment of CRC. Furthermore, it has 

been reported previously that overexpression of DKK1 impairs migration and invasion of 

HCT116 cells [281, 285]. We have shown that one potential mechanism to upregulate the 

expression of metastasis-suppressor DKK1 is through depletion of Prx4. Thus, our data 

establishes the causative role of Prx4 in colorectal cancer progression and identifies loss of 

DKK1 as one of the major downstream factors. 

Prx4 also has oncogenic role in other cancers [30]. Prx4 is associated with bone 

metastasis of prostate cancer and breast cancer. Knockdown of Prx4 in MDA-MB-231 cells 

reduced osteoclast formation in vitro [129]. Similarly, knockdown of Prx4 in prostate 

cancer cell line PC3 decreased the ability of cancer cells to induce osteoclastogenesis in 

vitro and osteolysis in vivo [129]. In glioma orthotopic transplantation model where 

neurosphere-forming GBM cells from Mut6 mouse were injected into the striatum of 

normal mice, knockdown of Prx4 increased survival of recipient mice by 35% [158]. 

Finally, in pancreatic cancer, Prx4 is associated with liver metastases and shorter survival 

of patients [166]. Orthotopic implantation of human cancer cell lines MIA PaCa-2 and 

PANC-1 in mice pancreases showed that loss of Prx4 increased disease-free survival. Thus, 

Prx4 is positively associated with metastasis of colorectal cancer as well as other cancers. 
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Inflammatory bowel disease including Ulcerative colitis and Crohn’s disease is a 

major risk factor for development of colorectal cancer. In IHC of COAD tissue microarray, 

no significant changes in Prx4 staining were observed in Ulcerative colitis and Crohn’s 

disease samples relative to normal colon tissue. This is in contrast to a proteomics study 

which identified Prx4 as one of the upregulated proteins in UC [96]. However, both of 

these studies had a relatively small sample size of IBD samples. Therefore, further 

investigation needs to be completed with a larger sample size to clarify the expression 

levels of Prx4 in IBD. In addition, even if its total expression is unchanged, alterations in 

the enzymatic activity of Prx4 could contribute to different severities of colitis. The 

oxidation state of Prx4 (sulfinic acid vs. sulfonic acid forms) can be determined as a 

measure of its antioxidant enzyme activity. Similarly, while our study hints at a role for 

Prx4 in inflammation, additional studies are necessary. We have shown previously that 

Prx4 can affect secretion of cytokines and chemokines to increase inflammatory cell 

infiltration into colon and colon tumors  [172]. One of the possible mechanisms by which 

Prx4 regulates inflammation is through transcription factor NF-κB as indicated by RNA-

Sequencing of HCT116 cells. In several colon cancer models, NF-κB has been reported to 

negatively regulate β-catenin activity in Wnt-dependent and -independent manner [286-

288]. In our orthotopic implantation model, human CRC cells HCT116 shNT and shPrx4 

cells were injected into immunodeficient NSG mice. Therefore, a full overview of Prx4-

regulated inflammation in metastasis is not possible. Immunocompetent syngeneic mouse 

model could be used in future studies to address this limitation. Thus, detailed mechanistic 

studies are warranted to define the role of Prx4 in immune cell function in colitis and CRC 

progression. 
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Another limitation of our study is that the reduced activation of LRP6 in Prx4 

knockdown cells was only demonstrated in HCT116. This experiment needs to be 

conducted in additional models with and without activating mutations in Wnt/β-catenin 

pathway proteins. Such experiments would clarify β-catenin degradation-dependent and -

independent effects of Prx4-DKK1 axis in CRC progression. The expression of DKK1 

increased at mRNA and protein level after knockdown of Prx4. As shown in Figure 4.10, 

such upregulation of DKK1 contributes to the reduced migration and invasion phenotypes 

of CRC. However, the mechanism by which Prx4 loss induces DKK1 expression is not 

understood. Identification of the epigenetic or genetic changes responsible for DKK1 

upregulation would help design strategies to translate this into clinic. Additionally, while 

we used cell adhesion assay to provide a snapshot of focal adhesion formation and stability, 

live-cell imaging to monitor the turnover of foal adhesions is also necessary to further 

illuminate the role of Prx4 in cell-matrix adhesions. The detailed mechanism of how Prx4 

or DKK1 regulate focal adhesion, including whether redox signaling or Wnt/ β-catenin 

signaling pathways are involved, needs to be addressed. Having established that Prx4 

contributes to CRC progression through changes in DKK1 and focal adhesion pathways, 

in future studies, we can target Srx and Prx4 expression and enzyme activities and/or 

DKK1, focal adhesion pathways for improved treatment of CRC. In addition, we identified 

numerous other signaling pathways significantly altered upon Prx4 knockdown such as 

activation of NF-κB, p53 and increased apoptosis. In vitro and in vivo studies are needed 

to further delineate the contribution of each of these pathways to Prx4-mediated CRC 

progression.  
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In summary, we demonstrated in this study that knockdown of Prx4 in CRC cell 

lines decreases migration, invasion in vitro and metastasis in vivo. Prx4 suppresses DKK1 

expression and decreases focal adhesion to promote these oncogenic phenotypes. This 

study identifies Prx4 as a therapeutic target for CRC treatment. Prx4 inhibition or 

suppression of expression could prove highly useful in combination with existing 

treatments to improve outcome for patients.



 

 

CHAPTER 5. SUMMARY  

5.1 Summary and future directions 

The results presented in this dissertation demonstrate that Peroxiredoxin IV (Prx4) 

promotes initiation of colorectal cancer. Treatment of wildtype and Prx4 null mice with 

Azoxymethane/ Dextran sulfate sodium (AOM/DSS) resulted in lower tumor incidence, 

multiplicity, volume and tumor burden in Prx4 knockout mice compared to wildtype mice. 

Mechanistic studies revealed that loss of Prx4 leads to increased cell death through lipid 

peroxidation and lower infiltration of inflammatory cells in the knockout tumors compared 

to wildtype. Our findings reported in chapter four demonstrate that Prx4 promotes 

progression of colorectal cancer. Knockdown of Prx4 in HCT116 and RKO cell lines 

resulted in decreased cell migration and invasion in vitro and decreased metastasis in vivo. 

mRNA sequencing followed by Gene Set Enrichment Analysis (GSEA) identified several 

signaling pathways significantly altered in Prx4 knockdown cells. Of these, upregulation 

of DKK1 and its contribution to suppression of malignant phenotypes was validated 

through rescue experiments. These results, along with those previously reported in 

literature, are summarized in Figure 5.1. These different contributions of Prx4 to colorectal 

cancer development need to be characterized further. For example, it is not clear which 

biochemical functions of Prx4- antioxidant or protein chaperone or both- are involved in 

suppressing DKK1 expression and modulating cytokine secretion. In addition, the cellular 

compartments in which Prx4 regulates these different pathways is not yet clear. 
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Figure 5.1. Prx4 promotes colorectal cancer formation and metastasis. 

PKCα/ERK pathway causes upregulation of Prx4. Increased Prx4 promotes AOM/DSS-

induced colorectal tumor formation by increasing inflammation and protecting dysplastic 

cells against cell death. Increase in Prx4 also promotes migration and invasion of colorectal 

cancer due in part to suppression of DKK1 and β-catenin transcription. 

 

Based on our findings that Prx4 promotes inflammatory tumor microenvironment, 

the next questions we need to ask are whether myeloid cell-specific or lymphoid cell-

specific knockout of Prx4 is enough to replicate results of whole-body knockout in an in 

vivo colon carcinogenesis model. In Prx4 knockout mice, we observed decreased presence 

of both macrophages and lymphocytes after DSS and AOM/DSS treatment. We also 

demonstrated that macrophages and plasma cells express high levels of Prx4. ROS play a 

critical role in activation of B-cell receptor and T-cell receptor signaling [289]. Myeloid 

cells are a major source of oxidants in tumor microenvironment, and these cells also alter 

redox state in tumor cells via cytokine secretion [290, 291]. It is likely that expression level 
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of Prx4 affects the ROS-mediated signaling in these cell types. However, whether Prx4 

affects their function through other mechanisms (such as through protein folding) needs to 

be inspected. Myeloid-specific or lymphoid-specific depletion of Prx4 would illuminate 

these mechanisms and help us identify specific cell types and signaling pathways to be 

targeted for clinical treatment. One limitation of our study is that we only examined major 

types of immune cells in DSS treated colons and AOM/DSS treated tumors. In future 

studies, a more holistic approach (such as flow cytometry and/or single cell RNA-

Sequencing) should be utilized to comprehensively characterize the immune 

microenvironment in CRC tumors. Further studies also need to be conducted to understand 

the role of Prx4 in inhibiting tumor-extrinsic inflammatory triggers while promoting 

tumor-associated inflammation. 

AOM/DSS model utilized here is ideally used to model non-hereditary, 

inflammation-driven CRC. Therefore, our findings apply best to colitis-associated cancer, 

and caution must be taken when translating the findings to other subtypes of CRC. Further 

studies must be conducted in other mouse models, such as mouse with mutations in the 

Apc gene, to investigate the function of Prx4 in development of sporadic and familial colon 

cancer. This model is especially relevant now that Prx4 is known to regulate transcription 

of Wnt signaling inhibitor DKK1. In addition, another limitation of our study is that the 

effect of Prx4 loss on host microbiota was not studied. Intestinal bacteria play an important 

role not only in metabolic activation of pro-carcinogen AOM and increasing the severity 

of colitis upon DSS-induced epithelial injury, but also in metastasis of intestinal tumors 

[227, 292-294]. Therefore, it is critical that future studies address how Prx4 modulates 

intestinal microbiota at basal conditions and in different stages of CRC. 
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Prx4 is frequently upregulated in cancers including colorectal cancer. We have 

clearly shown that increased Prx4 is advantageous to cancer formation and survival. This 

highlights the urgent need for development of inhibitors for expression and activity of Prx4. 

It is not an easy task to find an inhibitor that is specific for Prx4-specific thiols without 

targeting other thiols, although the search is ongoing. Unfortunately, the process of Prx4 

upregulation is also not well-understood. Any epigenetic modifications as well as 

transcription factors responsible for increase in Prx4 in CRC are yet be determined. Huang 

et al. have suggested involvement of EGFR- Protein Kinase Cα pathway in transcription 

of Prx4, but detailed mechanistic studies must be conducted to delineate the process of 

Prx4 upregulation [147]. Therefore, identification of Prx4 expression and/or enzyme 

activity inhibitors to target increased cell death of tumor cells could enhance the outcome 

of cancer treatment upon combination with radiation or chemotherapy. 

 As mentioned previously, Prx4 is secreted into the ECM. A major limitation of our 

study is that the role of extracellular Prx4 in cancer development was not considered. This 

gap in knowledge must be addressed in future studies. First, we need to determine the 

mechanism and functions of secreted Prx4 in normal physiological conditions. Then, 

whether secreted Prx4 serves pro-cancer function or anti-cancer function can be examined. 

It would also be interesting to study the levels of secreted Prx4 and their correlations with 

CRC stages and/or treatments. If a positive correlation is detected, use of serum Prx4 as a 

novel non-invasive biomarker could be explored. Thus, there is an urgent need to study the 

functions of extracellular Prx4.  

In summary, our study has led to a better understanding of the contribution of Prx4 

in colorectal cancer development. This dissertation has demonstrated that Prx4 promotes 
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inflammation-associated colorectal tumor formation through increased inflammation and 

that Prx4 promotes migration and invasion of colorectal cancer through suppression of 

DKK1. Thus, our study identifies Prx4 as an important therapeutic target for prevention 

and treatment of colorectal cancer. 
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APPENDIX 

Abbreviations 

AOM azoxymethane 

AR androgen receptor 

CHOP ccaat-enhancer-binding protein homologous protein 

COAD colon adenocarcinoma 

COX cyclooxygenase 

CRC colorectal cancer 

CREB camp response element-binding protein 

CSC cancer stem cells 

DAB 3,3′-diaminobenzidine 

DCFH-DA 2'-7'-dichlorodihydrofluorescein diacetate 

DKK1 dickkopf1  

DKO double knockout 

DMBA 7,12-dimethylbenz[a]anthracene 

DSS dextran sulfate sodium 

ECM extracellular matrix 

EGFR epidermal growth factor receptor 

EMT epithelial to mesenchymal transition 

ER endoplasmic reticulum 

FAK focal adhesion kinase 

GSEA gene set enrichment analysis 

GSH glutathione 

HCC hepatocellular carcinoma 

IBD inflammatory bowel disease 

IGFBP insulin-like growth factor-binding protein 

IHC immunohistochemistry 

NSCLC non-small cell lung cancer 

PDGF platelet-derived growth factor 

PDI protein disulfide isomerase 

PRX peroxiredoxin 

PTEN phosphatase and tensin homolog 

QSOX quiescin q6 sulfhydryl oxidase 

READ rectum adenocarcinoma 

RIPA radioimmunoprecipitation 

RNS reactive nitrogen species 

ROS reactive oxygen species 

SRX sulfiredoxin 

TBARS thiobarbituric acid reactive substances 

TXNDC thioredoxin domain containing protein 

UALCAN university of alabama at birmingham cancer data analysis portal 

UC ulcerative colitis 

UPR unfolded protein response 
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