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ABSTRACT

Study on the Functional Role of Glutathione Peroxidase 3

as a Tumor Suppressor in Prostate Cancer

Seo-Na Chang, D.V.M.

Department of Veterinary Pathobiology and Preventive Medicine

(Major: Laboratory Animal Medicine)

Graduate School of Seoul National University

Supervisor: Prof. Jae-Hak Park, D.V.M., Ph.D.

Prostate cancer is the most frequently diagnosed cancer in Western men, and 

more men have been diagnosed at younger ages in recent years. A high-fat 

Western-style diet is a known risk factor for prostate cancer. Dietary fat increases 

oxidative stress and levels of reactive oxygen species (ROS) that interfere with 

cellular processes. Among the antioxidant enzymes, glutathione peroxidase 3 

(GPx3) is an essential component of the cellular detoxification system. GPx3 is 
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involved in protecting cells from oxidative damage, and down-regulated levels of 

expression have been found in prostate cancer samples. However, it remains 

unknown whether GPx3 expression can regulate the development of prostate 

cancers and the role and mechanism of GPx3 in prostate tumorigenesis has never 

been directly tested. In addition, little is known about the effect of GPx3 expression

on tumor invasion in prostate cancer. In this study, to study the functional role of 

GPx3 as a tumor suppressor in prostate cancer, I evaluated the expression and 

function of GPx3 during prostate cancer tumorigenesis in transgenic 

adenocarcinoma of the mouse prostate (TRAMP) mouse model and PC-3 human 

prostate cancer cells (Figure I).

Chapter I study evaluated the association between dietary animal fat and 

expression of antioxidant GPx3, in the early stages of transgenic adenocarcinoma 

of the mouse prostate (TRAMP) mice. Six-week-old male nontransgenic and 

TRAMP mice were placed on high animal-fat (45% Kcal fat) or control (10% Kcal 

fat) diets and sacrificed after 5 or 10 weeks. The histopathological score increased 

with age and high-fat diet consumption. TRAMP mice fed a high-animal fat diet 

showed decreased GPx3 expression both at the mRNA and protein levels. GPx3 

decreased both at the mRNA and protein levels in mouse prostate. GPx3 mRNA 

expression decreased (~36.27% and ~23.91%, respectively) in the anterior and 

dorsolateral prostate of TRAMP mice fed a high-fat diet compared to TRAMP mice 

fed a control diet. Cholesterol treatment increased PC-3 human prostate cancer cell 

proliferation, decreased GPx3 mRNA and protein levels, and increased H2O2 levels 



iii

in culture medium. Moreover, increasing GPx3 mRNA expression by troglitazone

(TGZ) in PC-3 cells decreased cell proliferation and lowered H2O2 levels. Overall, 

these results suggest that dietary fat enhances prostate cancer progression, possibly 

by suppressing GPx3 expression and increasing proliferation of prostate 

intraepithelial neoplasia (PIN) epithelial cells. 

In Chapter II, I evaluated the tumorigenic role of the GPx3 in vivo by using 

GPx3 deficient TRAMP mice. TRAMP / GPx3 (–/–) KO mice were generated by 

cross-mating of TRAMP mutant mice and GPx3 mutant mice. Prostate cancer 

incidence and progression were determined in TRAMP, TRAMP / GPx3 (+/–) HET, 

and TRAMP / GPx3 (–/–) KO mice at 8, 16, and 20 weeks of age. GPx3 expression 

was decreased in TRAMP mice during progression of prostate cancer in a fashion 

that parallels observations in human prostate cancer. GPx3 was not detected in 

GPx3 KO mice both in mRNA and protein levels. Disruption of GPx3 expression 

in TRAMP mice increased the genitourinary tract weights and the histopathological 

scores in each lobe with increased proliferation rates. Moreover, deletion of one 

(+/–) or both (–/–) alleles of GPx3 gene resulted in increase in prostate cancer 

incidence with activated Wnt/β-catenin pathway. These results provide the first in 

vivo molecular genetic evidence that GPx3 does indeed function as a tumor 

suppressor during prostate carcinogenesis.

Chapter III study aimed to determine the inhibitory effect and mechanism of 

TGZ on cell growth, migration, and invasion using prostate cancer cell line PC-3. 

TGZ is a synthetic peroxisome proliferator-activated receptor γ (PPARγ) ligand 
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that exhibits potential antitumor effects on a broad range of cancers, including 

prostate cancer. Cell migration and invasion were assessed with wound healing 

assay and transwell assay, respectively. The expression levels of mRNA and protein 

were determined by quantitative reverse transcription-polymerase chain reaction 

and western blotting. TGZ dose-dependently inhibited cell migration and invasion 

of PC-3 cells. In addition, TGZ increased the mRNA and protein levels of E-

cadherin and GPx3 in PC-3 human prostate cancer cells. In addition, GW9662, a 

PPARγ antagonist, attenuated the increased mRNA and protein levels of E-cadherin 

and GPx3, suggesting that PPARγ-dependent pathway was involved. Taken 

together, these results suggest that the anti-migration and anti-invasion effect of 

TGZ on PC-3 prostate cancer cells is, at least in part, mediated through 

upregulating E-cadherin and GPx3. I also conclude that PPARγ could be used as a 

potential therapeutic target for the prevention and treatment of prostate cancer cell 

invasion and metastasis. 

These findings further support the important role that GPx3 plays as a tumor 

suppressor provide an insight into disease pathogenesis, and indicate that it may 

serve as a substrate for translational investigations in prostate cancer. Additionally, 

identification of mechanisms that cooperate with loss of GPx3 to promote 

tumorigenesis may provide additional therapeutic targets.

.

Keywords : prostate cancer, GPx3, TRAMP, tumor suppressor, tumorigenesis, 

dietary animal fat
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Figure I. Thesis scope. Summary of thesis findings on the functional role of 

glutathione peroxidase 3 (GPx3) as a tumor suppressor in prostate cancer.

Student Number : 2010-21652
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LIST OF ABBREVIATION

AP Anterior prostate
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Chol Cholesterol
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EMT Epithelial–mesenchymal transition
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HFD High-fat diet

HRP Horse radish peroxidase 
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MMP7 Matrix metalloproteinase-7
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PPARγ Peroxisome proliferator-activated receptor γ 



vii

ROS Reactive oxygen species
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LITERATURE REVIEW

Obesity and prostate cancer

Obesity is associated with increased risk of various cancer types (1). There is 

consistent and convincing evidence for an association between obesity and 

increased incidence of high-risk or aggressive prostate cancer (2-4). Among 

numerous nutritional factors associated with obesity and prostate cancer risk, a 

number of epidemiological studies have reported that total fat intake was 

associated with the increased risk of advanced cancer and that this relationship was 

primarily related to animal fat consumption (Table I) (5-8).

Xue and co-workers have reported that Western-style diet induced epithelial cell 

proliferation in anterior and dorsal lobes of the C57BL/6J mouse prostate (9). In 

this study, which used wild-type mice, they suggested that dietary fat may have a 

role in human prostatic carcinogenesis, since the anterior and the dorsal lobes of 

the mouse prostate are homologous with the human prostate. Prostate cancer 

development also has been shown to be responsive to diet-induced obesity using 

transgenic mouse models. Llaverias and colleagues used the well-characterized 

TRAMP mouse model to examine the role of dietary fat and cholesterol in the 

progression of prostate cancer (10). For tumor studies, 8-week-old males were 

distributed into either a control diet (containing 4.5% fat and 0.002% cholesterol

(wt/wt)) of Western diet (containing 21.2% fat and 0.2% cholesterol (wt/wt)) and 

sacrificed at 28 weeks of age. They conclude that consumption of a Western-type 



xiv

diet accelerated prostate tumor incidence and tumor burden compared to mice fed a 

control diet, showing increased histological grade of prostate tumors (10). Blando

et al. showed that high-fat diet enhanced but 30% calorie restriction diet reduced 

growth factor (Akt/mTORC1 and Stat3) and inflammatory (NFκB, cytokines) 

signaling, affecting prostate cancer progression in Hi-Myc mice (11). Kobayashi et 

al. also used Hi-Myc mice, which develop PIN to invasive adenocarcinoma due to 

the overexpression of human c-Myc in the mouse prostate. When placed on high-

fat or low-fat diets with equal caloric intake, Hi-Myc mice showed delay in 

carcinogenesis of prostate cancer through suppression of the IGF-Akt pathway (12). 

In another study, high-fat diet promoted prostate cancer progression with increased 

inflammatory response in the PTEN haploinsufficient mouse model (13).

Dietary fat acts as an oxidant, which increases oxidative stress and levels of ROS 

that interfere with cellular process altering levels of key transcription factors (14, 

15). The intricate interplay among dietary fat, antioxidant system, and genetic 

factors modulates prostate cancer risk.
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Table I. Dietary fats in prostate cancer chemoprevention.

Dietary agent Model system Mechanism of action References

Low-fat diet Black and white 

men; randomized 

crossover studies

Decreased androgen levels (16, 17)

Low-fat diet Healthy men Lower testosterone (18-20)

Low-fat vs 

Western diet

Men with prostate 

cancer

Serum from men undergoing a 

low-fat diet reduced LNCaP 

prostate cancer cell growth 

(21)

Low-fat diet Healthy men Serum from men undergoing a 

low-fat diet reduced PC-3 

prostate cancer cell growth

(22)

High-fat and low-

fat diet 

Hi-Myc mouse 

transgenic

Delay in transition from PIN to 

carcinoma with low-fat diet; via 

IGF-Akt pathway

(12)

High-fat and 30% 

calorie restriction 

diet

Hi-Myc mouse 

transgenic

Reduction in prostate cancer 

progression; via growth factor 

(Akt/mTORC1 and Stat3) and 

inflammatory (NFκB, cytokines) 

signaling

(11)

High-fat diet TRAMP mouse 

transgenic

Enhanced PIN development in 

early stages; via reducing GPx3

(23)

Western diet 

(High-fat and 

high-cholesterol)

TRAMP mouse 

transgenic

Accelerated prostate tumor 

incidence and tumor burden

with Western-type diet

(24)

High-fat diet PTEN 

haploinsufficient 

mouse

Promoted prostate cancer 

progression with increased 

inflammatory response

(13)
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Oxidative stress and prostate cancer

Oxidative stress occurs following an imbalance between the production of ROS 

and the antioxidative capacity of a cell. In healthy cells, ROS are continuously 

formed in the cell and synchronously scavenged by antioxidant mechanisms (25). 

Several predisposing factors including an increase in the ROS production and/or a 

simultaneous impairment of antioxidative system have been postulated to 

contribute to prostate cancer carcinogenesis, progression and metastasis (26).

Prostate cancer cells contain higher amounts of ROS and oxidative DNA damage 

than normal prostate tissues, which is a hallmark of the aggressive phenotype of 

this disease (27-29). In prostate cancer, increased ROS production caused by 

various processes that lead to oxidative stress, including intrinsic conditions such 

as metabolic alterations, receptor activation and mitochondrial dysfunctions, and 

also extrinsic environmental factors such as inflammation, xenobiotic metabolism 

and hypoxia (14, 28). The impairment of enzymatic (such as superoxide dismutase, 

catalase, and glutathione peroxidase) and non-enzymatic antioxidative defence 

systems also cause oxidative stress in prostate cancer (15, 26, 28).

The elevated ROS levels in cells hyperactivate signaling pathways to promote 

tumorigenesis, leading to activation of NF-κB, PI3K, HIFs and MAP kinases, and 

others (30-32). It suggested to be related prostate cancer cell proliferation, 

apoptosis, angiogenesis, and metastasis (31, 33). 

Levels of oxidative markers have been associated with prostate cancer. Patients 

with prostate cancer possess lower antioxidant enzyme levels in prostate tissues 
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compared to both healthy controls and men with benign prostatic hyperplasia (34, 

35). For variations in genes involved in oxidative stress and antioxidative defense 

pathways modify prostate cancer, ROS-depletion with use of antioxidants 

scavenges ROS and results in blocking of ROS signaling and suppressing cancer 

development (36, 37). 
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Glutathione peroxidases family

GPx3 belongs to the family of glutathione peroxidases. It is well known that 

glutathione peroxidases are among the most important ROS scavengers that can 

protect cells from oxidative damage. In mammals, eight types of GPx (GPx1-

GPx8) have been so far identified, and they are widely expressed in various tissues 

(38-40). According to phylogeny, the GPx family consists of three evolutionary 

groups arising from a Cys-containing ancestor: GPx1/GPx2, GPx3/GPx5/GPx6 and 

GPx4/GPx7/GPx8 (41). Selenium-containing GPxs are GPx1–4 and 6 (GPx6 is a 

selenoprotein only in humans), and their non-selenium congeners are GPx5, 7 and 

8. Selenium-containing GPxs (cellular GPx (GPx1), gastrointestinal GPx (GPx2), 

extracellular GPx (GPx3), and phospholipid hydroperoxide GPx (GPx4)) have 

been studied to identify its role in different stages of carcinogenesis. 

GPx1

GPx1 was the first mammalian identified as a selenoprotein in 1973 (42, 43). 

GPx1 is found in red cells, liver, lung, and kidney (44). Subcellularly, it is 

identified in the cytosol, nucleus, and mitochondria (45). GPx1 is a potent 

antioxidant enzyme, and cannot be replaced by any other selenoprotein in 

protecting from generalized oxidative stress (41). GPx1 KO mice were killed by 

severe oxidative stress regardless of selenium supplementation (46).

Related to neurodegenerative disease, GPx1 increased surrounding the damaged 

brain regions in Parkinson’s disease patients (47). GPx1 KO increased vulnerability 



xix

to neurotoxins, whereas overexpression of GPx1 decreased neurotoxicity in mice 

(48-50). McClung et al. has been reported that GPx1-overexpressing mice showed 

hyperglycemia, hyperinsulinemia, and elevated plasma leptin. They showed the 

development of insulin resistance and obesity. GPx1 is thought to play a role in 

regulating diabetes disease (51). 

GPx1 and cancer. GPx1 expression is decreased in prostate cancer (52, 53), in 

colorectal cancer (54), and in breast cancer cell lines (55). Overexpression of GPx1 

in Ras-overexpressing pancreatic cancer cells reduced cell growth in vitro. When 

injected into nude mice, tumor growth was suppressed in vivo (56). Knockdown of 

GPx1 in human prostate cancer cells enhanced radiation-induced micronuclei 

formation (57). Inhibition of GPx1 promoted invasion and migration in esophageal 

cancer cells (58).

GPx2

GPx2 is mainly expressed in the whole gastrointestinal system and suggested to 

act as a barrier against absorption of food-born ROS (39). It subcellularly 

accumulates in the cytosol and nucleus (45). GPx2 has anti-inflammatory activity 

in the intestine (59, 60). GPx2 KO mice showed no obvious phenotype, but they

showed increased apoptosis at colonic crypt bases, an area essential for the self-

renewal of the intestinal epithelium, and increased mitosis in the middle parts of 

the crypts indicating an extension of the proliferative area (61). They were 
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predisposed to UV-induced squamous cell carcinoma formation (62). GPx2 is also 

identified as a major oxidative-stress inducible cellular GPx isoform in the lungs

(63). GPx2 was expressed upon induction with allergic airway inflammation, 

suggesting important role in protection from allergen-induced disease (64). GPx2 

has been revealed to be regulated by NF-E2-rebulated factor (Nrf2), a redox-

sensitive basic leucine zipper transcription factor (65), and p63, a member of the 

p53 family (66).

GPx2 and cancer. GPx2 expressions in cancer cells are different depend on the 

developmental stage of malignant transformation. GPx2 is increased during 

squamous cell carcinoma development (67), in Barrett's esophagus (68), in breast 

cancer (69), and in colorectal cancer tissue (70-72). In contrast, GPx2 is decreased 

in prostatic intraepithelial neoplasia caused by loss of function of Nkx3.1 gene (73). 

Deficiency of GPx2 caused growth inhibition in vitro and in vivo. Patients with 

high GPx2 expression in biopsy specimen had lower survival than those with no 

GPx2, suggesting GPx2 as a prognostic marker in castration-resistant prostate 

cancer (74).

GPx3

GPx3 is a secreted protein also found in the cytosol (45). It is identified in 

various organs such as kidney, lung, epididymis, vas deferens, placenta, seminal 

vesicle, heart, and muscle (38-40, 44). GPx3 KO mice are viable, and tolerated 
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selenium deficiency without any ill effects (75). GPx3, a causal gene for obesity

(76), was decreased in the adipose tissue of obese animal models (77). These 

reports suggested the role of GPx3 in regulating not only oxidative stress but also 

obesity-related metabolic diseases. Overexpression of GPx3 in adipocytes 

improved insulin resistance with decreased inflammatory gene expression (77). 

Similarly, plasma GPx3 levels were reduced in patients with type 2 diabetes and in 

obese mice (78).

GPx3 and cancer. GPx3 is highly expressed in the healthy tissues, and usually 

down-regulated in cancer tissues. GPx3 is strongly downregulated in prostate 

cancer (79), in thyroid cancer samples of different origin (80, 81), in colorectal 

cancer (82), and endometrial tumors (83). Downregulation of GPx3 by 

hypermethylation was found in breast, gastric, ovarian, esophagus, and other solid 

tumors (70, 84-94) including prostate cancer (23, 95, 96). 

GPx3 KO enhances inflammation and injury, proliferation, and DNA damage in 

tumors of mice subjected to a colitis-associated carcinogenesis protocol, suggesting 

that GPx3 loss may lead to increased tumor promotion (97). Silencing GPx3 

expression promoted tumor metastasis in human thyroid and gastric cancer (93, 94). 

Overexpression of GPx3 in prostate cancer cell lines suppressed colony formation 

and cell proliferation (23, 79, 98) and decreased invasiveness in a transmigration 

assay in vitro (79). Xenografted human prostate cancer cells expressing GPx3 

showed reduction in tumor volume, prevention of metastasis, and reduction of 
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mortality in vivo (79). Its activity was significantly decreased in the blood of 

patients with breast cancer, gastric cancer and colorectal cancer (99). In prostate 

cancer, GPx3 has been shown to have a negative correlation with poor clinical 

outcomes (79, 100). Thus, GPx3 is suggested to be a novel tumor suppressor. 

GPx4

GPx4 is broadly present in different tissues (44). It is subcellularly present in the 

nucleus, cytosol, mitochondria and bound to membranes (45). GPx4 is 

indispensable for mouse development and obviously has more important functions. 

For GPx4 has a crucial role during embryo development (101-103), GPx4 KO was

finally lethal in mice (104, 105). Overexpression of GPx4 protected mice against 

oxidative insults (106). GPx4 heterozygous knockout mice showed longer life span 

compared to the wild-type mice, through increased sensitivity to oxidative stress-

induced apoptosis (107). GPx4 has recently been revealed to have an essential 

function in neural development and neuropathological disease, protecting from 

injury and further cell damage (108, 109).

GPx4 and cancer. GPx4 expression has been reported to be decreased in 

pancreatic cancer cells (110) and in breast invasive ductal carcinoma (111). In 

hepatocellular carcinoma tissues, GPx4 had a overexpression compared to cirrhotic 

counterparts (non-tumor tissues) and GPx4 expression increased correlated 

positively with disease activity (112). Variant in GPx4 was detected in colorectal 
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cancer (113), in breast cancer (114), and in prostate cancer (115). These results 

propose its role in cancer development.

GPx5

GPx5 is androgen-regulated and seleno-independent epididymal GPx in mice, rats, 

pigs, monkey and humans (41). It is present in epithelial cells and in the lumen of 

the epididymis (116). GPx5 plays an important role in sperm maturation, protecting 

spermatozoa from oxidative injuries (117, 118). There are little reports concerning 

the expression and function of GPx5 in other tissues. In cancer research, GPx5 was 

identified to be associated with overall survival among patients with non‑small cell 

lung cancer (119). In another study, the expression of GPx5 was shown to be 

downregulated in human breast cancer cells compared with non-cancerous breast 

cells on the basis of the ER status (120). 

GPx6

GPx6 is a close homolog of plasma GPx3 and a selenoprotein in humans (121). 

GPx6 has not been purified and kinetic analyses remain to be investigated. GPx6 

was downregulated by heat stress in the intestinal cells, suggesting its function in 

potential intestinal damage induced by heat stress (122). In a mouse model of 

Huntington’s disease, GPx6 was demonstrated as a modulator of mutant toxicity 

and overexpression of GPx6 promoted both behavioral and molecular phenotype of 

this nervous disease (123). In one study, GPx6 variant was shown to be associated 
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with serious invasive epithelial ovarian cancer subtype (124).

GPx7

GPx7 is a non-selenocysteine containing phospholipid hydroperoxide GPx 

without GPx enzymatic activity (125). It is found in the lumen of the endoplasmic 

reticulum (126). GPx7 KO mice showed systemic oxidative stress, increased 

carcinogenesis, and shortened lifespan, suggesting essential role of GPx7 in 

physiological homeostasis (127). Otherwise, deficiency of GPx7 is thought to lead 

to obesity in mice and humans (128). GPx7 KO mice exhibited increased obesity 

with increased fat mass and adipocyte hypertrophy. Genetic variant of GPx7 with 

reduced expression in adipose tissue showed an association with higher body mass 

index in humans. Also, GPx7 has been suggested as a candidate gene directly 

affecting key biological process in pancreatic beta-cells, thus influencing diabetes 

risk (129).

GPx7 and cancer. GPx7 was downregulated in human breast cancer cells in vitro

(120). Variant of a GPx7 gene was detected in primary lung cancer patients (130). 

Whereas, GPx7 showed an upregulated expression both in human hepatocellular 

carcinoma cells and tissues (112, 131). GPx7 deficiency has shown to promote the 

Barrett’s carcinogenesis, inducing NF-κB activation through ROS independent 

manner (132).
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GPx8

GPx8 has been detected in a phylogenetic analysis as a novel member belonging 

to the GPx family in mammalia and amphibia (133). It is an endoplasmic 

reticulum-resident protein (126). GPx8 is identified as a lung-abundant enzyme in 

the study using a mouse model of influenza (134). Influenza toxicity can be caused 

by oxidative stress, and this identification enables to understand the biology after 

infection. GPx8 recently has been identified as a cellular substrate of the Hepatitis 

C virus NS3-4A protease (135). Little is known about its regulation and biological 

function.
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CHAPTER I

High Animal-Fat Intake Enhances 

Prostate Cancer Progression and 

Reduces Glutathione Peroxidase 3 

Expression in Early Stages 

of TRAMP Mice
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1.1 INTRODUCTION

Prostate cancer has long been considered a disease of older men. However, in 

recent years more men have been diagnosed with prostate cancer at younger ages; 

the proportion of men aged ≤ 55 years at diagnosis increased from 2.3% between 

1988 and 1991 to 9.0% between 2002 and 2003 (136). In a recent analysis of US 

incidence trends during the last 20 years (1986–2005), the most dramatic growth in 

prostate incidence occurred in men aged 20–49 years (137). The most significant 

results of these analyses are the opposite of what might be expected with increasing 

comorbidity associated with age, because younger men have equivalent or worse 

outcomes compared with older men, suggesting a shorter latency and a different 

biology (136). In this respect, there is an urgent need to investigate the cause of 

early-onset prostate cancer.

Several studies have suggested that a Western diet is a major contributory factor 

to the early-onset of prostate cancer (138-141). Prostate cancer is the most 

commonly diagnosed cancer in Western men, and its incidence is rising rapidly in 

most countries, including low-risk populations (142, 143). These changes lagged 

~10 years behind the inception of the nutrition transition toward a Westernized diet 

(144). Epidemiological studies have shown that when people move from a non-

Western society (countries with low incidence) to a Western country (high 

incidence), such as the US, the incidence of prostate cancer increases, as they adopt 

new Western behaviors, such as changes in diet (145-148). Because 40% of total 

energy intake in a traditional Western diet is derived from fat (139), dietary fat has 
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been suggested as an important risk factor for prostate cancer, but this theory is 

controversial (15, 24, 149). Some studies have demonstrated that obesity is 

associated with a significantly increased risk of high-grade prostate cancer and in 

prostate cancer mortality, particularly in young men (140, 141).     

Furthermore, several studies have observed an association between early-onset 

prostate cancer risk and a relatively high intake of animal fat (138, 139). These 

studies indicated that animal fat may be a promoter and may act by shortening the 

prostate cancer latency period. However, research is too limited to support strong 

conclusions regarding the role of animal fat in prostate cancer tumorigenesis, and 

the mechanisms remain unclear. 

Dietary fat increases oxidative stress and levels of reactive oxygen species 

(ROS) that interfere with cellular processes (15). Healthy cells are attacked by free 

radicals, which cause peroxidation and eventually DNA damage. Oxidative stress-

related markers are associated with prostate tissue in patients with prostate cancer 

(34). Among the antioxidant enzymes, glutathione peroxidase 3 (GPx3), also 

known as plasma or extracellular glutathione peroxidase, is an essential component 

of the cellular detoxification system. GPx3 belongs to the family of glutathione 

peroxidases that are among the most important ROS scavengers, as they catalyze 

the reduction of hydrogen peroxide, organic hydroperoxides, or lipid peroxides by 

reduced glutathione and protect cells from oxidative damage (150). 

GPx3 is often downregulated in cancer including prostate cancer (79, 82, 151-

153). It was recently reported that GPx3 expression is inversely related to prostate 
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cancer progression in vivo and that overexpression of GPx3 has tumor suppressing 

activity both in vitro and in vivo (79). GPx3 is downregulated in normal mouse 

prostate by a high-fat diet with increased oxidative stress (100). Yet, no studies 

have found that the decrease in GPx3 during progression of prostate cancer results 

from dietary fat intake. Thus, I investigated the association between dietary fat 

intake and GPx3 expression in prostate cancer tissue using transgenic 

adenocarcinoma of the mouse prostate (TRAMP) mice.
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1.2 MATERIALS AND METHODS

1.2.1 Prostate cancer cell line

The human PC-3 prostate cancer cell line was obtained from the American Type 

Culture Collection (Manassas, VA, USA). The cells were cultured in RPMI (Gibco, 

Grand Island, NY, USA) with 10% fetal bovine serum (FBS) (Gibco) and 1% 

penicillin/streptomycin (Gibco) at 37°C in 95% air/5% CO2. Cholesterol (Sigma, St. 

Louis, MO, USA) and troglitazone (Sigma) were dissolved in 100% ethanol 

(Merck and Co., Inc., Darmstadt, Germany) at 10 mM and 16 mM, respectively. 

The volumes were such that the final ethanol concentration was 0.25% (154). 

Ethanol alone at the same final concentration was added to the control. 

1.2.2 Cell proliferation assay

The proliferation potential of cells was measured using the thiazolyl blue 

tetrazolium bromide (MTT; Sigma) assay, which is based on the ability of live cells 

to convert tetrazolium salt into purple formazan. Briefly, PC-3 cells were seeded in 

96-well plates at a density of 4 × 103 per well in 200 µl media. After 24 h, the 

medium was changed to 1% FBS-RPMI for 24 h, and the cells were supplemented 

with cholesterol at concentrations of 2.5, 5, and 25 μM or vehicle (ethanol) for 48 h. 

The medium was then replaced with 100 µl of MTT (diluted to 1 mg/ml in FBS-

free medium, from a stock solution of 10 mg/ml) for 3 h at 37°C. The supernatant 
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was removed, 100 µl of DMSO was added to each well to dissolve the formazan 

crystals, and the plates were agitated for 5 min at room temperature. The 

absorbance was read at 555 nm on an EL800 microplate reader (BIO-TEK 

Instruments, Winooski, VT, USA). All treatments were performed in triplicate. 

1.2.3 Measurement of H2O2 level

H2O2 levels in culture medium were measured using the Amplex Red Hydrogen 

Peroxide/Peroxidase Assay kit (Invitrogen, Carlsbad, CA, USA). Briefly, 50 µl of 

10-fold diluted culture medium was loaded into individual wells of a microplate. 

The working solution of 100 μM Amplex Red and 0.2 U/ml horse radish 

peroxidase (HRP) was added to each microplate well, and the absorbance was read 

at 560 nm after 30 min. H2O2 levels were expressed as fold change over the control. 

All treatments were performed in triplicate.

1.2.4 Western blot analysis

Cell lysates (40 µg) were resolved by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis before transferring the proteins to nitrocellulose membranes and 

probing with mouse monoclonal anti-GPx3 primary antibody (Abcam, Inc., 

Cambridge, MA, USA) and rabbit polyclonal anti-β-actin primary antibody (Cell 

Signaling Technology, Inc., Danvers, MA, USA). Blots were then incubated with 

HRP-conjugated goat anti-mouse and anti-rabbit IgG secondary antibodies (Zymed, 

San Francisco, CA, USA), respectively. The blots were developed with 
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chemiluminescence using the Supersignal West Pico chemiluminescent substrate 

(Pierce, Rockford, IL, USA).

1.2.5 GPx assay

Cellular GPx activity was determined using an assay kit (Cayman Chemical Co., 

Ann Arbor, MI, USA) that measures GPx activity indirectly by a coupled reaction 

with glutathione reductase. The assay was performed according to the 

manufacturer's instructions.

1.2.6 Real-time reverse transcription-polymerase chain reaction (PCR)

Total RNA was isolated using TRIzol ReagentTM (Invitrogen) and cDNAs were 

synthesized using an M-MLV cDNA Synthesis kit (Enzynomics, Daejeon, South 

Korea) following the supplier’s instructions. Real-time reverse transcription-PCR 

was performed using specific primers to human GPx3 (GenBank accession no. 

NM_002084.3), mouse GPx3 (GenBank accession no. NM_008161.3), human 

GPx1 (GenBank accession no. NM_000581.2), human GPx2 (GenBank accession 

no. NM_002083.3), human Prdx6 (GenBank accession no. NM_004905.2), human 

Mn SOD (GenBank accession no. NM_000636.2), human Cu/Zn SOD (GenBank 

accession no. NM_000454.4), and human catalase (GenBank accession no. 

NM_001752.3) with iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, 

CA, USA) on a CFX Connect Real-Time PCR Detection system (Bio-Rad). Human 
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beta-actin and mouse glyceraldehyde-3-phosphate dehydrogenase gene expression 

were used for cDNA normalization. mRNA fold changes were quantified using the 

comparative CT (2-ΔΔCt) cycle (ΔCt) method (155). The primer sequences used in 

this study are shown in Table 1-1. 



9

Table 1-1. Primer sequences used for RT-PCR.

Primer Sequences

GPx3 (human)
<F> 5' – ACATGCCTACAGGTATGCGT – 3'

<R> 5' – GAGCAGAACAATTGGACCTA – 3'

GPx3 (mouse)
<F> 5' – CTCCTGAGACCAGCCAAGAC – 3'

<R> 5' – GAGCCTAAGCCTGAATGCAC – 3'

GPx1 (human)
<F> 5' – CGCTTCCAGACCATTGACATC – 3'

<R> 5' – CGAGGTGGTATTTTCTGTAAGATCA – 3'

GPx2 (human)
<F> 5' – CAGTCTCAAGTATGTCCGT – 3'

<R> 5' – AGGCTCAATGTTGATGGT – 3'

Prdx6 (human)
<F> 5' – GTGTGATGGTCCTTCCAACC – 3'

<R> 5' – CTGACATCCTCTGGCTCACA – 3'

Mn SOD (human)
<F> 5' – GGAAGCCATCAAACGTGACT – 3'

<R> 5' – CTGATTTGGACAAGCAGCAA – 3'

Cu/Zn SOD (human)
<F> 5' – AGGGCATCATCAATTTCGAG – 3'

<R> 5' – TGCCTCTCTTCATCCTTTGG – 3'

Catalase (human)
<F> 5' – TTTCCCAGGAAGATCCTGAC – 3'

<R> 5' – ACCTTGGTGAGATCGAATGG – 3'

Actin (human)
<F> 5' – CATGTACGTTGCTATCCAGGC – 3'

<R> 5' – CTCCTTAATGTCACGCACGAT – 3'

Gapdh (mouse)
<F> 5' – TGACCACAGTCCATGCCATC – 3'

<R> 5' – GACGGACACATTGGGGGTAG – 3'
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1.2.7 Animals and diets

All animal studies were approved by the Institutional Animal Care and Use 

Committee of Seoul National University. Mice were kept on a 12-h light/dark cycle 

with ad libitum access to food and water. TRAMP mice expressing the SV40 large 

T-antigen under control of the prostate-specific rat probasin promoter were

purchased from The Jackson Laboratory (Bar Harbor, ME, USA). At 6 weeks of 

age, TRAMP males and their nontransgenic littermates were randomly assigned to 

the control (10% Kcal fat) or high-fat (45% Kcal fat) diet (Research Diets Inc.,

New Brunswick, NJ, USA; D12450B and D12451, respectively). The compositions 

of the diets are listed in Table 1-2. Each group was divided into two subgroups 

depending on the age at the time of sacrifice (11 or 16 weeks old). The number of 

mice in each experimental group was 10–13. Body weight was measured weekly. 
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Table 1-2. Ingredients in the experimental diets.

Ingredient Control diet High fat diet

g % of energy g % of energy

Casein 19.0 19.7 23.3 19.7 

L-Cystine 0.3 0.3 0.3 0.3 

Corn starch 29.9 31.1 8.5 7.2 

Maltodextrin 10 3.3 3.5 11.7 9.9 

Sucrose 33.2 34.5 20.1 17.0 

Cellulose 4.7 0.0 5.8 0.0 

Soybean oil 2.4 5.5 2.9 5.5 

Lard 1.9 4.4 20.7 39.4 

Mineral mix 0.9 0.0 1.2 0.0 

DiCalcium phosphate 1.2 0.0 1.5 0.0 

Calcium carbonate 0.5 0.0 0.6 0.0 

Potassium citrate 1.6 0.0 1.9 0.0 

Vitamin mix 0.9 1.0 1.2 1.0 

Choline bitartrate 0.2 0.0 0.2 0.0 

Total 100.0 100.0 100.0 100.0 
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1.2.8 Tissue excision and processing

At the time of sacrifice, epididymal white adipose tissue and the urogenital tract 

(UGT: prostate, bladder, seminal vesicle, and testicles) were quickly excised and 

weighed. The ventral, dorsal, lateral, and anterior prostate lobes were dissected 

under a stereoscope, from one side and frozen in liquid nitrogen for RT-PCR. The 

remainder of each prostate was fixed in 10% buffered formalin and processed for 

standard paraffin sections. 

1.2.9 Histopathological analysis

Sections (3 µm) were obtained from the paraffin-embedded blocks and stained 

with hematoxylin and eosin (H&E). The mouse prostate lobes (ventral, dorsal, 

lateral, and anterior) were identified histopathologically in H&E-fixed sections 

using previously published criteria (156). Briefly, we evaluated each lobe of the 

prostate and assigned a prostate intraepithelial neoplasia (PIN) grade as PIN I 

(relative small foci with one or two layers of atypical cells), PIN II (larger foci with 

two or more layers of atypical cells that do not fill the lumen), PIN III (the foci of 

atypical cells fill, or almost fill, the lumen of the ducts), or PIN IV (the foci of 

atypical cells fill the lumen of the ducts), based on the most severe lesion within 

the lobe. The distribution of lesions within each individual lobe was also estimated 

as focal, multifocal, or diffuse. The distribution and lesion grade were then 

combined to calculate a distribution-adjusted PIN score ranging from 0 to 12 that 

could be used for statistical analysis. Sections were examined in a blinded manner 
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under light microscopy (Olympus AX70, Tokyo, Japan).

1.2.10 Immunohistochemistry

Sections (3 μm) were dewaxed with xylene, rehydrated through a graded ethanol 

series, and washed in distilled water. The sections were treated with Proteinase K 

for antigen retrieval and then endogenous peroxidase was blocked using 3% H2O2

in methanol for 10 min at room temperature. The tissue sections were then blocked 

with 1% bovine serum albumin for 30 min, and reacted with the mouse monoclonal 

anti-GPx3 primary antibody (Abcam) for 12–14 h at 4°C. Thereafter, sections were 

washed three times with PBS and incubated for 2 h with HRP-conjugated goat anti-

mouse IgG secondary antibody (Zymed). Staining specificity was verified by 

omitting the primary antibody. Positive reactions were visualized with 3, 3′-

diaminobenzidine and H2O2. Sections were counterstained lightly with hematoxylin. 

We evaluated each lobe of the prostate and assessed the intensity and pattern of the 

staining. A 6-point scale was used to assess the intensity of the staining from score 

0 (absent expression) to score 5 (intense, wide spread expression).

1.2.11 Statistical analysis

All data are presented as mean ± standard error. Statistically significant (P < 0.05) 

data were further analyzed by Student’s t-tests.
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1.3 RESULTS

1.3.1 Cholesterol treatment increases human prostate cancer cell 

proliferation and decreases GPx3 expression in PC-3 human prostate 

cancer cells

PC-3 human prostate cancer cells were treated with different concentrations (2.5, 

5, and 25 μM) of cholesterol. Cell proliferation was measured by the MTT assay 

after 48 h of treatment (Figure 1-1A). Cholesterol treatment enhanced cell 

proliferation in a dose-dependent manner and a 32.2% increase in growth rate was 

observed in cells treated with 25 μM cholesterol from that of vehicle-treated cells.

To determine if the cholesterol treatment affected GPx3 levels in prostate cancer 

cells, I measured GPx3 mRNA levels and found that GPx3 mRNA expression was 

reduced in a time- and dose-dependent manner (Figure 1-1B). Clearly, 25 μM 

cholesterol loading significantly downregulated the GPx3 mRNA levels by 0.5-fold 

at 12 h and 0.36-fold at 24 h. Once again, H2O2 levels in culture media increased 

significantly after cholesterol treatment in a time- and dose-dependent manner 

(Figure 1-1C). Cholesterol loading (25 μM) significantly increased the H2O2 levels 

by ~14.86% at 12 h and ~ 43.3% at 24 h.

A Western blot analysis with anti-GPx3 monoclonal antibody was performed to 

determine the amount of GPx3 expressed in the extracted protein preparation 

(Figure 1-1D). Unlike the GPx3 mRNA level, the protein immunoblotting analysis 
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did not show any significant difference in the expression of GPx3 in vehicle- and 

cholesterol-treated PC-3 cells at 12 h. However, particularly at 24 h, GPx3 

expression decreased significantly in the 25 μM cholesterol treatment (by 0.5-fold). 

Cellular GPx activity was also determined in the PC-3 cell line after 24 h of 

cholesterol treatment (Figure 1-1E). Cholesterol loading reduced GPx activity in a 

dose-dependent manner and significantly downregulated GPx activity by 0.49 fold 

at 25 μM of cholesterol.
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Figure 1-1. Effect of cholesterol supplementation on PC-3 cells. A, PC-3 growth 

increased with cholesterol supplementation and maximal effects occurred at 25 µM. 

*, P < 0.05; ***, P < 0.001. B, GPx3 mRNA levels in the PC-3 cell line were 

measured by quantitative reverse transcription polymerase chain reaction. ***, P < 

0.001. C, Culture media were collected to measure H2O2 levels. **, P < 0.01; ***, 

P < 0.001. D, Representative Western blot analysis of the PC3 cell line. The 

intensities of the GPx3 bands corresponding to different concentrations of 

cholesterol were quantified and the values shown on the histogram. ##, P < 0.01 vs. 
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control (0 h). E, Glutathione peroxidase activity ratio was determined after 24 h 

exposure to cholesterol. *, P < 0.05 vs. vehicle control. Values were expressed as 

the fold change compared to vehicle control at each time point. Results are given as 

mean ± SEM.
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1.3.2 Troglitazone increases GPx3 expression and decreases cell 

proliferation in PC-3 human prostate cancer cells

PC-3 human prostate cancer cells were treated with different concentrations (1. 

10, and 40 μM) of troglitazone (TGZ). Cell proliferation was measured by MTT 

assay after 24h of troglitazone treatment (Figure 1-2A). Troglitazone treatment 

decreased cell proliferation in a dose-dependent manner and a 95.54% decrease in 

growth rate was observed in cells treated with 40 μM Troligazone from that of 

vehicle-treated cells. Also, troglitazone increased GPx3 mRNA expression in a 

dose-dependent manner (Figure 1-2B). Troglitazone (40 μM) treatment 

significantly upregulated the GPx3 mRNA levels by 3.72-fold at 24h. 

To determine if the troglitazone inhibited the effect of cholesterol on PC-3 cells, 

I added troglitazone to cholesterol supplemented media and measured cell 

proliferation, GPx3 mRNA expression and H2O2 levels (Figure 1-2C-E). 

Troglitazone (40 μM) inhibited the increase of cell proliferation observed after 

treatment with cholesterol (25 μM) in PC-3 cells (Figure 1-2C). Troglitazone 

treatment significantly increased the GPx3 mRNA levels by 1.85-fold at 12h and 

2.67-fold at 24h from those of cholesterol-treated cells (Figure 1-2D). Moreover, 

troglitazone blocked cholesterol-induced H2O2 increase in cell culture medium of 

PC-3 cells (Figure 1-2E).
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Figure 1-2. Effect of troglitazone on GPx3 expression in PC-3 cells. A, PC-3 

growth decreased with troglitazone treatment for 24hr and maximal effects 

occurred at 40 µM. B, GPx3 mRNA levels in the PC-3 cell line after 24hr treatment 

of troglitazone 40 µM. C-E, PC-3 cells were incubated with medium containing 

10% FBS for 24h, and medium changed to 1% FBS-RPMI for 24h. Then, the cells 

were supplemented with cholesterol (Chol) at concentration of 25 µM or vehicle 

(ethanol). After 24hr, troglitazone (TGZ) was added to Chol + TGZ group at 40 

µM. Cell proliferation was measured after 24hr by MTT assay (C), and GPx3

mRNA levels after 12hr and 24hr (D) and H2O2 levels in culture media after 24hr 
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were measured. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Results are given as 

mean ± SEM.

1.3.3 Obesity is induced after consumption of a high-animal fat diet

I then asked if a high-animal fat diet could enhance cancer progression in a 

spontaneous cancer model using TRAMP mice. Mice were switched onto the 

control or high-fat diets when they reached adulthood (6 weeks), and I found 10 

weeks later that those consuming a high-fat diet were significantly heavier than 

those consuming a control diet even after 1 week on the diets (Figure 1-3A). 

Interestingly, with ad libitum access to food, weekly food intake averages were 

lower in mice fed the high-fat diet than in mice fed the control diet (data not 

shown). Additionally, weekly food intake averages were similar between the two 

control diet groups, whereas they were lower in TRAMP mice than that in non-Tg 

mice in the two high-fat diet groups. Because the dietary energy density of high-fat 

diet (4.73 Kcal/g) is higher than that of control diet (3.85 Kcal/g), the average 

weekly calorie intake of the high-fat diet groups were higher than that of the 

control diet groups, which affected the rates of body weight gain. Weights of 

epididymal fat were markedly higher in the high-fat diet group when compared to 

those in the control diet group (Figure 1-3B). High-fat diet increased body weight 

and epididymal fat weight and induced adiposity both in non-Tg and TRAMP mice.
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Figure 1-3. High-fat diet increased adiposity. A, The rates of body weight gain 

increased in high-fat diet groups over time. *, P < 0.05; #, P < 0.05 nontransgenic 

vs. transgenic adenocarcinoma of the mouse prostate (TRAMP) mice fed a high-fat 

diet. B, Epididymal fat was dissected and weighed for each mouse at the time of 

sacrifice. *, P < 0.05 and ***, P < 0.001 high-fat diet (HFD)-fed vs. control diet 

(CD)-fed animals; †, P < 0.05 TRAMP vs. nontransgenic males fed a control diet. 

Results are given as mean ± SEM.
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1.3.4 Prostate cancer growth increases in TRAMP mice fed a high-

animal fat diet

Consumption of a high-fat diet by TRAMP mice resulted in grossly larger 

prostate tumors (Figure 1-4A). Although UGT weight was not statistically different 

in the 5-week groups, it was significantly greater in TRAMP mice than in the 

corresponding nontransgenic mice in both 10-week control and high-fat diet fed 

mice (Figure 1-4B). Furthermore, UGT weight increased significantly in TRAMP 

mice fed a high-fat diet (0.89 ± 0.04 g) compared to TRAMP mice fed a control 

diet (0.72 ± 0.03 g). This weight was considered to be an indirect measure of the 

tumor burden in TRAMP mice.



23

Figure 1-4. Hyperplasia of the genitourinary tract increased in transgenic 

adenocarcinoma of the mouse prostate (TRAMP) mice fed a high-fat diet. A, 

Genitourinary tracts from nontransgenic and TRAMP mice were carefully 

dissected en bloc at the time of sacrifice (16 weeks). Representative pictures of the 

genitourinary apparatus obtained from nontransgenic and TRAMP males fed a 

control (CD) or high fat diet (HFD) are shown. B, After dissection, genitourinary 

tracts were weighed. *, P < 0.05 TRAMP vs. nontransgenic males fed a control 

diet; ***, P < 0.001 TRAMP vs. nontransgenic males fed a high fat diet; †, P < 0.05 

TRAMP males fed a high fat diet vs. TRAMP males fed a control diet. Results are 

given as mean ± SEM.
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1.3.5 High-animal fat diet increases the histopathological score of 

prostate tumors

I then compared prostate tumor development in TRAMP mice on the high-fat vs. 

control diets. Representative histological sections are shown for anterior, lateral, 

dorsal, and ventral prostates and for each experimental condition (Figure 1-5A–L). 

The histopathological score increased with age and high-fat diet consumption 

(Figure 1-5M). I did not observe adenomas in any of the TRAMP mice prostates. 

For the anterior, lateral, dorsal, and ventral lobes, the average histopathological 

scores in the 5-week control diet group were 2.0 ± 0.8, 4.2 ± 0.5, 4.4 ± 0.6, and 1.0 

± 0.0, respectively, and those of each lobe in the 5-week high-fat diet group were 

4.4 ± 0.9, 4.7 ± 0.9, 5.2 ± 0.2, and 1.6 ± 0.2, respectively. Although scores tended 

to increase with high-fat diet consumption, it was not statistically different. 

Similarly, the average histopathological scores in the 10-week control diet group 

for the anterior and ventral lobes were 4.8 ± 1.0 and 2.0 ± 0.0, respectively, and 

those of each lobe in the 10-week high-fat diet group were 5.6 ± 0.6 and 2.4 ± 0.2, 

respectively. However, in the lateral and dorsal lobes, the histopathological score 

increased significantly in the 10-week high-fat diet group (6.2 ± 0.2 and 6.2 ± 0.4, 

respectively) vs. the 10-week control diet group (5.3 ± 0.3 and 5.2 ± 0.2, 

respectively). 
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Figure 1-5. Transgenic adenocarcinoma of the mouse prostate (TRAMP) 

mice fed a high-fat diet show progressed prostate intraepithelial neoplasia 

(PIN) lesions. A–L, Histopathological sections of anterior (A, E, I), lateral (B, F, J), 

dorsal (C, G, K), and ventral (D, H, L) lobes of the prostate from non-transgenic 

mice (A–D), TRAMP mice fed a control diet (CD) (E–H), and TRAMP mice fed a 

high-fat diet (HFD) (I–L) stained with hematoxylin and eosin (H&E) 

(magnification, ×200). Scale bar = 100 µm. Arrowhead indicates PIN lesions in 
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anterior lobe (E, I) and ventral lobe (H, L). M, Histograms representing the 

histopathological score of prostate intraepithelial neoplasia (PIN) I to PIN IV in 

TRAMP males sacrificed at different ages. *, P < 0.05 TRAMP males fed a high fat 

diet vs. TRAMP males fed a control diet. Results are given as mean ± SEM.
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1.3.6 TRAMP mice fed a high-animal fat diet show decreased GPx3 

expression

To determine the possible relevance of the changes in GPx3 expression observed 

in PC-3 human prostate cancer cells, GPx3 mRNA levels were examined by real-

time RT-PCR in each lobe of the prostate tissue samples, except for the ventral lobe 

which is too small to examine GPx3 mRNA level. GPx3 mRNA expression 

decreased significantly (~36.27% and ~23.91%, respectively) in the anterior and 

dorsolateral prostate of TRAMP mice fed a high-fat diet compared to TRAMP mice 

fed a control diet in the 10-week group (Figure 1-6A). 

An immunohistochemistry assay was performed with the prostate samples from 

the 10-week group to determine GPx3 expression patterns (Figure 1-6B–D). The 

mean immunohistochemical score of GPx3 expression decreased significantly in 

all prostate lobes of TRAMP mice fed a high-fat diet compared to TRAMP mice 

fed a control diet in the 10-week group (Figure 1-6E). GPx3 was highly expressed 

in the normal prostate tissues of non-Tg mice. In contrast, GPx3 immunoreactivity 

in the prostate tissue of TRAMP mice was very weak in control animals and not 

detectable when fed they were a high-fat diet. I observed a GPx3 positive reaction 

in the cytoplasm and cell membranes of prostate tissue with reduced or absent 

nuclear staining.
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Figure 1-6. High-animal fat diet decreases glutathione peroxidase 3 (GPx3)

expression in the prostate of transgenic adenocarcinoma of the mouse prostate 

(TRAMP) mice. A, mRNA expression of GPx3 in the anterior (AP) and 

dorsolateral prostate (DLP) of all groups was evaluated by real-time reverse 

transcription polymerase chain reaction. Expression values were expressed as the 

fold change compared to non-Tg control. B–D, Immunohistochemical staining of 



29

GPx3 in the lobes of the prostate from non-transgenic mice (B), TRAMP mice fed 

a control diet (CD) (C), and TRAMP mice fed a high-fat diet (HFD) (D) 

(magnification, ×200). Scale bar = 100 µm. E, Intensity of GPx3 expression (IHC 

score) in the prostate tissues. AP; anterior prostate, LP; lateral prostate, DP; dorsal 

prostate, VP; ventral prostate. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Results are 

given as mean ± SEM. 
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1.4 DISCUSSION

The main findings from this study are the following: (1) cholesterol treatment 

increased proliferation of PC-3 human prostate cancer cells, decreased GPx3 

expression both at the mRNA and protein levels, and decreased GPx activity, which 

was associated with increased H2O2 in cell culture media, (2) troglitazone increased 

GPx3 mRNA expression in PC-3 human prostate cancer cells, decreased cell 

proliferation and attenuated cholesterol-induced H2O2 increase in cell culture media, 

and (3) a high-fat diet enhanced prostate cancer tumorigenesis in early-stage 

TRAMP mice and decreased GPx3 expression both at the mRNA and protein levels 

in prostates of TRAMP mice. Overall, these results suggest that dietary fat may 

reduce GPx3 expression and increase prostate cancer tumorigenesis. 

Transgenic mouse models are more appropriate to study the mechanisms related 

to early tumor development. TRAMP transgenic mice represent a suitable model 

for human prostate cancer. These mice develop spontaneous multistage prostate 

carcinogenesis that exhibits both histological and molecular features recapitulating 

many salient aspects of human prostate cancer (157). As well, they display elevated 

levels of nuclear p53 and a decreased heterogeneous pattern of androgen-receptor 

expression; thus, mimicking human prostate cancer (158). These transgenic mice 

have a 100% chance of advanced prostate tumors by 28–32 weeks (157). In the 

TRAMP model, the PIN lesions are characterized by epithelial tufting, 

hyperchromatic nuclei, elongated nuclei, nuclear stratification, micropapillary 
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projections, cribriform structures, increased mitoses, and increased apoptosis (159). 

PIN lesions appear to arise from dorsal and lateral lobes, and those lobes are the 

major lesions at early stages of prostate cancer progression in the TRAMP mice 

model (159). TRAMP mice fed a Western diet (containing 21.2% fat and 0.2% 

cholesterol) for 20 weeks also show increased histopathological scores compared to 

those eating a chow diet (containing 4.5% fat and 0.002% cholesterol) (24). I

previously reported that TRAMP mice fed a high-fat (45% Kcal fat) diet produce 

consistent results compared to TRAMP mice fed a control (16% Kcal fat) diet 

when mice were fed each diet for 10 weeks (160). In the present study, the 

histopathological score increased with age and high-fat diet consumption. The 

lateral and dorsal lobes of 10-week high-fat diet group showed significantly 

increased histopathological scores compared to those in the 10-week control diet 

group.

Interestingly, the rates of body weight gain in non-Tg and TRAMP mice fed a 

control diet were not statistically different. However, in the two high-fat diet 

groups, TRAMP mice had lower weekly food intake, body weight gain, and 

epididymal fat weights than those in non-Tg mice. Similar to what I observed in 

TRAMP mice, progressive wasting in patients with cancer could be attributed to 

changes in dietary intake and/or energy expenditure, mediated by metabolic 

alterations (161, 162). Moreover, clinical studies have revealed that a decrease in 

body weight is explained by loss of body fat, preferentially from the trunk (161). 

Transgenic mice ate less, expended more energy, and stored fewer calories as fat.
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Hypermethylation and downregulation of the GPx3 promoter are frequently 

observed in a wide spectrum of human cancers (79, 82, 151-153). Decreased GPx3 

expression by promoter hypermethylation is found in head and neck, lung, cervical, 

thyroid, and gastric cancers, as well as in melanoma (151, 153). The GPx3 gene is 

widely methylated or deleted in prostate cancer, resulting in low expression (79). 

Furthermore, removing GPx3 enhances inflammation and injury, proliferation, and 

DNA damage in tumors of mice subjected to a colitis-associated carcinogenesis 

protocol, suggesting that GPx3 loss may lead to increased tumor promotion (97). 

Although GPx3 expression was recently reported to decrease in the prostates of 

normal mice fed a high-fat diet (100), it was unknown whether dietary high-fat 

could affect GPx3 expression during prostate cancer tumorigenesis. In this study, I

confirmed that dietary high-fat reduced GPx3 expression during prostate cancer 

tumorigenesis. This finding in TRAMP transgenic mice prostate and the prostate 

cancer cell line is plausible to decrease GPx3 because the microenvironment and 

biology of prostate cancer are fundamentally different from a normal prostate gland 

(163). I did detect GPx3 expression and also observed decreased GPx3 expression 

with cholesterol treatment in the PC-3 cell line, although previous studies have 

reported that GPx3 mRNA is undetectable in several human prostate cancer cell 

lines (100). I increased the mRNA concentration in the initial step of the RT-PCR 

to detect GPx3 gene expression in the prostate cancer cell line. Cholesterol-treated 

cells also revealed increased H2O2 levels in cell culture media and decreased 

mRNA expression of other antioxidant enzymes (data not shown). These data 
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suggest that oxidative stress, which increases with dietary fat, may induce 

proliferation of prostate cancer cells and dietary fat reduces the expression of GPx3 

and other anti-oxidant enzymes, supporting previous reports on the association 

between dietary fat and oxidative stress (15, 34).

Thiazolidinediones (TZDs), such as troglitazone and ciglitazone, are agonists 

for the peroxisome proliferator-activated receptor γ (PPARγ) and exhibit antitumor 

activities in many cancers (164, 165), including prostate cancer (166). It has been 

reported that troglitazone induced GPx3 expression in human skeletal muscle cells 

(78) and prostate cells (100). In this study, I found that troglitazone also increased 

GPx3 expression and decreased cell proliferation in PC-3 human prostate cancer 

cells, blunting the effect of cholesterol on PC-3 cells. 

GPx3 mRNA expression in the anterior and dorsolateral prostate were also 

significantly lower in TRAMP mice fed a high-fat diet than that in all other groups, 

consistent with the in vitro results. It suggests that dietary fat enhanced prostate 

cancer progression and that GPx3 may provide a potential mechanistic link 

between dietary fat and prostate cancer. This study presents some new evidence on 

the following hypothesis: (1) when there is genetic predisposition to prostate cancer, 

decreased GPx3 expression due to a high-fat diet before diagnosis may advance the 

disease to a clinically detectable stage and shorten the latency period of prostate 

carcinogenesis and (2) dietary high-fat may act as a tumor promoting factor during 

the early-stage of prostate cancer, leading to more rapidly downregulated 

expression of GPx3 gene and more advanced prostate cancer.
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In conclusion, this is the first report to investigate the association between 

dietary fat intake and GPx3 expression in prostate cancer tissue using TRAMP 

mice. GPx3 seemed to serve as a potent tumor suppressor during prostate cancer 

tumorigenesis, likely by reducing oxidative stress and ROS that lead to tumor 

initiation and progression. More in vivo animal studies focusing on the effect of 

downregulation of GPx3 on prostate cancer tumorigenesis and development will be 

needed by modulating GPx3 expression using genetic manipulation. Additional 

studies will be required to further elucidate the precise mechanism by which GPx3 

could act as a tumor suppressor during prostate cancer development. If the role of 

GPx3 in prostate cancer is clearly established, GPx3 may become an attractive 

target for the design of therapeutic and chemopreventive strategies in patients with 

prostate cancer.
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CHAPTER II

Glutathione Peroxidase 3 Inhibits 

Prostate Tumorigenesis 

in TRAMP Mice
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2.1 INTRODUCTION

The U.S. annual report (1975–2011) indicates that prostate cancer remains the 

most common cancer among men and the rates were substantially higher than any 

other type of cancer (167). Internationally, prostate cancer is the second most 

common cause of cancer and the sixth leading cause of cancer death among men 

(168). As prostate cancer is remarkably age-related, reactive oxygen species (ROS) 

signaling may play an important role in the development and progression of this 

malignancy. Evidence from epidemiological, experimental, and clinical studies 

suggest that prostate cancer cells with increased exposure to oxidative stress are 

associated with the development of prostate cancer (14, 27). Under normal 

physiological conditions, healthy cells are equipped with adequate antioxidant 

defense mechanisms to protect against ROS (25, 169). A chronic state of oxidative 

stress exists in cells because of either increased ROS generation or a loss of 

antioxidant defense mechanisms. 

The glutathione peroxidase (GPx) families, widely expressed in various tissues 

(38-40), are the most important ROS scavengers. Four types of GPx (cellular GPx 

(GPx1), gastrointestinal GPx (GPx2), extracellular GPx (GPx3), and phospholipid 

hydroperoxide GPx (GPx4)) have been identified, and each enzyme is 

antigenetically, structurally, and enzymatically different (170). GPx3 plays a 

critical role in the detoxification of ROS. Some studies have demonstrated that 

silencing GPx3 expression promotes tumor metastasis in human thyroid and gastric 

cancer cells (93, 94). It was recently reported that removal of GPx3 enhanced 
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inflammation and injury, proliferation, and DNA damage in tumors of mice 

subjected to an inflammatory carcinogenesis and chronic colitis protocols (171). 

These studies suggest that functional inactivation of this ROS scavenger may play 

a role in cancer development. Down-regulation of GPx3 by hypermethylation was 

found in breast, gastric, ovarian, esophagus, and other solid tumors (70, 84-94)

including prostate cancer (23, 95, 96). GPx3 is emerging as a potential tumor 

suppressor in these cancers. Nevertheless, the exact mechanisms of GPx3 in cancer 

remain unclear. Several signaling pathways have been suggested to be associated 

with GPx3 expression in cancer, such as Wnt/β-catenin (94, 171) and p53-induced 

gene 3 (172) signaling.

In terms of prostate, GPx3 has been shown in clinical studies to have a negative 

correlation with poor clinical outcomes (96, 173). Molecular studies involving 

GPx3 with prostate cancer progression and metastasis to date have focused on in 

vitro and xenografting model. These studies have shown that overexpression of 

GPx3 in prostate cancer cell lines suppressed colony formation and cell 

proliferation (23, 96, 172). Xenografted PC3 human prostate cancer cells 

expressing GPx3 have shown reduction in tumor volume, elimination of metastasis, 

and reduction of animal death (96). However, it remains unknown whether GPx3 

expression can regulate the development of prostate cancers in vivo and the role 

and mechanism of GPx3 in prostate tumorigenesis has never been directly tested. 

To elucidate the role of the GPx3 in prostate tumorigenesis in vivo, I generated 

transgenic adenocarcinoma of the mouse prostate (TRAMP) mice that are deficient 
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in GPx3 (TRAMP / GPx3 (–/–) KO mice). Here, I show that disruption of GPx3 in 

the TRAMP model increases prostate cancer growth leading to an overall larger 

average genito-urinary (GU) tract weight among these mice compared to TRAMP 

mice. Histopathologically, TRAMP / GPx3 KO mice showed more severe prostate 

cancer compared to the age-matched TRAMP mice, influencing β-catenin pathway. 
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2.2 MATERIALS AND METHODS

2.2.1 Animals and PCR genotyping

All animal studies were approved by the Institutional Animal Care and Use 

Committee of Seoul National University. Mice were kept on a 12-h light/dark cycle 

with ad libitum access to food and water. TRAMP mice expressing the SV40 large 

T-antigen under control of the prostate-specific rat probasin promoter were 

purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Parental GPx3 

KO mice created in a C57BL/6 background were previously described (75). GPx3 

KO mice obtained from Dr. Raymond F. Burk (Department of Medicine, Vanderbilt 

University School of Medicine, Nashville, TN, USA). GPx3 (–/–) KO males were 

bred with TRAMP females to generate GPx3 (+/–) HET and TRAMP / GPx3 (+/–) 

HET mice. Then, GPx3 (+/+) WT, GPx3 (+/–) HET, GPx3 (–/–) KO, TRAMP /

GPx3 (+/+) WT, TRAMP / GPx3 (+/–) HET, and TRAMP / GPx3 (–/–) KO mice 

were generated through backcross and sibling breeding. PCR genotyping was 

performed as described previously (23, 75). The number of mice in each 

experimental group was 3–10 (Table 2-1). Genetic authenticities of all strains were

monitored by KRiBB (Daejeon, Korea) using single nucleotide polymorphism 

(SNP)-based marker set previously developed by The Jackson Laboratory (174).
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Table 2-1. Average genito-urinary (GU) weight at 8, 16 and 20 weeks (mean ± 

SEM).

Genotype

Age

(weeks)

Sample 

size, N

Body

weight (g) GU weight (g)

Relative 

GU weight (%)

WT 8 3 18.6 ± 0.8 0.090 ± 0.013 0.480 ± 0.054

GPx3 HET 8 3 20.1 ± 0.4 0.195 ± 0.003 0.969 ± 0.031

GPx3 KO 8 3 20.7 ± 1.6 0.157 ± 0.016 0.759 ± 0.017

TRAMP 8 3 19.6 ± 0.3 0.143 ± 0.009 0.732 ± 0.035

TRAMP / GPx3 HET 8 3 21.3 ± 0.7 0.225 ± 0.009 1.060 ± 0.075

TRAMP / GPx3 KO 8 3 19.8 ± 0.8 0.117 ± 0.002 0.590 ± 0.034

WT 16 3 28.5 ± 1.0 0.410 ± 0.006 1.440 ± 0.045

GPx3 HET 16 5 29.0 ± 0.9 0.420 ± 0.018 1.445 ± 0.052

GPx3 KO 16 4 27.1 ± 0.2 0.312 ± 0.015 1.150 ± 0.065

TRAMP 16 10 27.8 ± 0.4 0.531 ± 0.033 1.916 ± 0.125

TRAMP / GPx3 HET 16 9 26.4 ± 0.4 0.577 ± 0.085 2.173 ± 0.303

TRAMP / GPx3 KO 16 4 26.4 ± 1.7 0.469 ± 0.044 1.776 ± 0.150

WT 20 4 33.1 ± 0.8 0.381 ± 0.018 1.153 ± 0.061

GPx3 HET 20 5 23.4 ± 0.8 0.331 ± 0.011 1.415 ± 0.023

GPx3 KO 20 5 31.8 ± 0.9 0.389 ± 0.026 1.229 ± 0.092

TRAMP 20 10 30.0 ± 1.1 0.646 ± 0.049 2.166 ± 0.163

TRAMP / GPx3 HET 20 10 28.7 ± 0.6 0.671 ± 0.050 2.328 ± 0.140

TRAMP / GPx3 KO 20 8 27.4 ± 0.7 0.653 ± 0.053 2.378 ± 0.184
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2.2.2 Tissue excision and processing

Mice were sacrificed at approximately 8, 16, and 20 weeks and the GU tract

(prostate, bladder, and seminal vesicle) was quickly excised and weighed. The 

ventral, dorsal, lateral, and anterior prostate lobes were dissected under a 

stereoscope, from one side and frozen in liquid nitrogen for RT-PCR and western 

blot. The remainder of each prostate was fixed in 10% buffered formalin and 

processed for standard paraffin sections. 

2.2.3 Histopathological analysis

Sections (3 µm) were obtained from the paraffin-embedded blocks and stained 

with hematoxylin and eosin (H&E). The mouse prostate lobes (ventral, dorsal, 

lateral, and anterior) were identified histopathologically in H&E-fixed sections 

using previously published criteria (156, 175, 176). Briefly, I evaluated each lobe 

of the prostate and assigned a prostate intraepithelial neoplasia (PIN), phyllodes-

like tumor (PHY), well-differentiated adenocarcinoma (WD), moderately 

differentiated adenocarcinoma (MD), or poorly differentiated adenocarcinoma (PD) 

grade as PIN I (relative small foci with one or two layers of atypical cells), PIN II 

(larger foci with two or more layers of atypical cells that do not fill the lumen), PIN 

III (the foci of atypical cells fill, or almost fill, the lumen of the ducts), PIN IV (the 

foci of atypical cells fill the lumen of the ducts), PHY (staghorn luminal patterns 

containing papillary projections of loose stroma with loosely arranged stellate 

mesenchymal cells), WD (increased of quantity of small glands that have round 



42

nuclei with fewer hyperchromatic nuclei than in PIN lesions), MD (anaplastic 

sheets of cells that may contain remnants of glandular architecture), or PD 

(anaplastic sheets of cells containing pleomorphic cells with irregular nuclei), 

based on the most severe lesion within the lobe. The distribution of lesions within 

each individual lobe was also estimated as focal, multifocal, or diffuse. The 

distribution and lesion grade were then combined to calculate a distribution-

adjusted histopathological score ranging from 0 to 24 that could be used for 

statistical analysis. Sections were examined in a blinded manner under light 

microscopy (Olympus AX70, Tokyo, Japan).

2.2.4 Western blot analysis

Cell lysates (40 µg) were resolved by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis before transferring the proteins to nitrocellulose membranes and 

probing with mouse monoclonal anti-GPx3 primary antibody (Abcam, Inc., 

Cambridge, MA, USA), mouse monoclonal anti-SV40T Ag primary antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and rabbit polyclonal anti-β-

actin primary antibody (Cell Signaling Technology, Inc., Danvers, MA, USA). 

Blots were then incubated with HRP-conjugated goat anti-mouse and anti-rabbit 

IgG secondary antibodies (Zymed, San Francisco, CA, USA), respectively. The 

blots were developed using a chemiluminescent substrate (DoGEN, Seoul, South 

Korea). 
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2.2.5 Real-time reverse transcription-polymerase chain reaction (PCR)

Total RNA was isolated using a Hybrid-R RNA extraction kit (GeneAll 

Biotechnology, Seoul, South Korea) and cDNAs were synthesized using an M-

MLV cDNA Synthesis kit (Enzynomics, Daejeon, South Korea) following the 

supplier’s instructions. Real-time reverse transcription-PCR was performed using 

specific primers to mouse GPx3 (GenBank accession no. NM_008161.3), mouse 

Twist1 (GenBank accession no. NM_ 011658.2), mouse β-catenin (GenBank 

accession no. NM_ 007614.3), mouse Cyclin D1 (GenBank accession no. NM_ 

007631.2), mouse C-Myc (GenBank accession no. NM_ 010849.4), mouse FoxA2

(GenBank accession no. NM_ 001291065.1), mouse MMP7 (GenBank accession 

no. NM_ 010810.4), mouse Axin2 (GenBank accession no. NM_ 015732.4), and 

mouse β-actin (GenBank accession no. NM_ 007393.3) with TOPreal™ qPCR 2X 

PreMIX (Enzynomics) on a CFX Connect Real-Time PCR Detection system (Bio-

Rad). Mouse beta-actin gene expression were used for cDNA normalization. 

mRNA fold changes were quantified using the comparative CT (2-ΔΔCt) cycle (ΔCt) 

method (155). The primer sequences used in this study are shown in Table 2-2. 
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Table 2-2. Primer sequences used for RT-PCR.

Primer Sequences

GPx3 (mouse)
<F> 5' – CTCCTGAGACCAGCCAAGAC – 3'

<R> 5' – GAGCCTAAGCCTGAATGCAC – 3'

Twist1 (mouse)
<F> 5' – CACGCTGCCCTCGGACAA – 3'

<R> 5' – GGGACGCGGACATGGACC – 3'

β-catenin (mouse)
<F> 5' – GATATTGACGGGCAGTATGCAA – 3'

<R> 5' – AACTGCGTGGATGGGATCTG – 3'

Cyclin D1 (mouse)
<F> 5' – AGCAGAAGTGCGAAGAGG – 3'

<R> 5' – GCAGTCAAGGGAATGGTC – 3'

C-Myc (mouse)
<F> 5' – AAGGGAAGACGATGACGG – 3'

<R> 5' – TGAGAAACCGCTCCACATA – 3'

FoxA2 (mouse)
<F> 5' – GAGCACCATTACGCCTTCAAC – 3'

<F> 5' – AGGCCTTGAGGTCCATTTTGT – 3'

MMP7 (mouse)
<F> 5' – ACTTCAGACTTACCTCGGATCG – 3'

<F> 5' – TCCCCCAACTAACCCTCTTGA – 3'

Axin2 (mouse)
<F> 5' – GAGAGTGAGCGGCAGAGC – 3'

<F> 5' – CGGCTGACTCGTTCTCCT – 3'

β-actin (mouse)

<F> 5' – GTCCCTCACCCTCCCAAAAG – 3'

<R> 5' – GCTGCCTCAACACCTCAACCC – 3'
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2.2.6 Immunohistochemistry

Sections were deparaffinised, rehydrated and antigen retrieval performed. 

Endogenous peroxidase was blocked using 3% H2O2 in methanol for 20 min at 

room temperature. The tissue sections were then treated with blocking solution (5% 

BSA/ 0.3% Triton-X 100 in TBS) for 30 min, and reacted with the mouse 

monoclonal anti-GPx3 primary antibody (Abcam), mouse monoclonal anti-SV40T 

Ag primary antibody (Santa Cruz), rabbit polyclonal anti-Ki67 primary antibody 

(Novocastra, Newcastle, UK), and rabbit polyclonal anti-active caspase-3 primary 

antibody (Cell Signaling) for 12–14 h at 4°C. Thereafter, remaining steps were 

carried out using appropriate Vectastain Elite ABC kits (Vector Laboratories, 

Burlingame, CA, USA) and DAB Peroxidase Substrate (Vector Laboratories), with 

hematoxylin counterstaining. Staining specificity was verified by omitting the 

primary antibody. Ki-67 and active caspase-3 staining were quantified by counting 

the number of positively stained cells in 6 randomly chosen fields at ×400. Image 

analysis was conducted using IHC profiler plugin in ImageJ 1.48v software 

(National Institutes of Health, Bethesda, MD, USA).

2.2.7 Statistical analysis

All data are presented as mean ± standard error. Statistically significant (P < 

0.05) data were further analyzed by Student’s t-tests.
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2.3 RESULTS

2.3.1 GPx3 mRNA expression is down-regulated in prostate lobes of 

TRAMP mice

Initially, I wanted to determine the endogenous level of GPx3 in the TRAMP 

prostate; therefore, I performed a quantitative RT-PCR and compared relative GPx3 

mRNA expression levels in TRAMP mice to age-matched nontransgenic 

littermates. Overall, a significant decrease in GPx3 mRNA levels was evident in 

the anterior (AP), dorsolateral (DLP), and ventral prostate (VP) of TRAMP mice as 

disease progressed (Figure 2-1). In the AP of 8-week-old TRAMP mice, GPx3 

mRNA expression was similar to wild-type (Figure 2-1). However, by 16 weeks a 

6-fold decrease (relative expression= 0.2 ± 0.1) in mRNA was observed, followed 

by a significant decrease at 20 weeks of age (Figure 2-1). In the DLP, the GPx3 

mRNA expression was considerably lower in TRAMP mice compared to normal 

littermates at 8 and 16 weeks of age (Figure 2-1). However, at 20 weeks, a 

significant increase in GPx3 mRNA was observed (Figure 2-1). In the VP, the 

GPx3 mRNA levels was significantly reduced at 8 weeks and remained below 

normal until 20 weeks of age (Figure 2-1). These results indicate that GPx3 mRNA 

expression in indeed altered in TRAMP mice, in a lobe-specific pattern. 
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Figure 2-1. Relative expression of GPx3 mRNA in the transgenic 

adenocarcinoma of the mouse prostate (TRAMP) mice. The anterior (AP), 

dorsolateral (DLP), and ventral prostate (VP) of mice at 8, 16, and 20 weeks of age 

were analyzed. GPx3 mRNA levels in the TRAMP mice were measured by 

quantitative reverse transcription polymerase chain reaction. Values were expressed 

as the fold change compared to age-matched nontransgenic mice at each time point. 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. age-matched nontransgenic mice. 

Results are given as mean ± SEM.
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2.3.2 Prostate cancer growth is increased in TRAMP mice by 

inactivation of one or both alleles of GPx3

In order to determine whether GPx3 levels contribute to prostate cancer 

progression, I cross-bred male GPx3 KO mice with female TRAMP mice and 

generated TRAMP / GPx3 KO mice. Any difference in GU weight among the 

TRAMP versus the TRAMP / GPx3 KO mice can be attributed to changes in GPx3 

expression. I monitored tumor growth in each genotype, collecting tissue samples 

at 8, 16, and 20 weeks of age. At each time point, I assessed total body weight and 

individual weights of GU tract. Interestingly, inactivation of one allele of GPx3 in 

HET mice was also sufficient to result in substantial increase in both absolute 

(organ weight, g) and relative GU weights (organ weight/body weight, %). As a 

consequence, results from HET and KO cohorts were combined. A trend is present 

suggesting that the average TRAMP / GPx3 HET & KO GU weights are larger 

than TRAMP at all-time points (Table 2-1 and Figure 2-2). This weight was 

considered to be an indirect measure of the tumor burden in TRAMP mice.
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Figure 2-1. Distribution of genito-urinary (GU) tract weights. A-F, GU tracts 

from all genotypes were carefully dissected en bloc at the time of sacrifice. After 

dissection, GU tract weights were recorded for WT, combined GPx3 (+/–) HET and 

(–/–) KO, TRAMP, and combined TRAMP / GPx3 (+/–) HET and (–/–) KO cohorts 

at 8, 16, and 20 weeks of age. The average of both relative GU weight (D–F) and 

absolute GU weight (A–C) increased in TRAMP / GPx3 HET and KO mice 

compared to the age-matched TRAMP mice.
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2.3.3 Genetic ablation of GPx3 increases the histopathological score of 

prostate cancer

Results of the histopathological examination of prostatic lobes are shown in 

Table 2-3 with lesions in each lobe listed both by grade (PIN I - PD) and 

distribution (focal, multifocal, and diffuse). The mean distribution-adjusted lesion 

grades for the TRAMP groups, TRAMP / GPx3 HET groups and TRAMP / GPx3 

KO groups are shown in Figure 2-3. At 20 weeks, in the lateral, dorsal, and ventral 

lobes, the histopathological score increased significantly in the TRAMP / GPx3 KO 

group vs. the TRAMP group. The histopathological scores tended to increase with 

age and genetic ablation of GPx3. This suggest that the partial or complete loss of 

GPx3 affects the early transformative steps in the establishment of prostate cancer.
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Figure 2-3. Distribution of histopathological score per prostatic lobe in 

TRAMP mice with age. A-C, Histograms representing the histopathological score 
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of prostate intraepithelial neoplasia (PIN) to poorly differentiated adenocarcinoma 

(PD) in TRAMP, TRAMP / GPx3 HET, and TRAMP / GPx3 KO males sacrificed 

at 8 (A), 16 (B), and 20 (C) weeks of age. *, P < 0.05; **, P < 0.01 vs. TRAMP. 

Results are given as mean ± SEM.
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2.3.4 Loss of GPx3 affects prostate cancer incidence in TRAMP mice

The TRAMP / GPx3 KO group had a greater percentage of mice with prostate 

adenocarcinoma present in their prostates than the TRAMP group (Table 2-4 and 

Figure 2-4). By 16 weeks of age, prostate cancers were detected in only one of 10 

mice of TRAMP genotype and only one of 9 mice of TRAMP / GPx3 HET 

genotype. At the same age, 4 mice of TRAMP / GPx3 KO genotype showed no 

cancers. Prostate cancer incidence in TRAMP / GPx3 KO mice approached 50% by 

20 weeks, while TRAMP and TRAMP / GPx3 HET mice didn’t developed prostate 

cancer at this age. Metastases were scored by macroscopic observation during 

necropsy and microscopic analysis of organs. By 16 weeks, the number of 

TRAMP/GPx3 HET mice with lymph node metastases was similar to that of 

TRAMP mice (11% vs. 10%, respectively, Table 2-5). At the same age, four mice 

with TRAMP/GPx3 KO genotype showed no metastases. By 20 weeks, the 

percentages of TRAMP/GPx3 HET and TRAMP/GPx3 KO mice developed lymph 

node metastases were 10% and 13%, respectively. In addition, the number of 

TRAMP/GPx3 HET mice with organ metastases by 16 weeks was similar to that of 

TRAMP mice (11% vs. 10%, respectively, Table 2-6). The incidence of organ 

metastasis at 20 weeks in TRAMP/GPx3 KO mice was slightly greater than that in 

TRAMP mice (38% vs. 30%, respectively).
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Table 2-4. Number of mice presenting with prostate cancer along with GU 

weight (mean ± SEM).

Genotype
Age

(weeks) N
Incidence

(%)
GU weight

(g)

TRAMP 16 1 10 0.700

TRAMP / GPx3 HET 16 1 11 1.238

TRAMP / GPx3 KO 20 4 50 0.727 ± 0.089
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Figure 2-4. GPx3 protection against prostate cancer development in TRAMP 

mice. The percentage of TRAMP and combined TRAMP / GPx3 HET and KO 

mice with prostate cancers was determined at 8, 16, and 20 weeks of age. Note that 

prostate cancer at 20 weeks are only from TRAMP / GPx3 KO mice (50%, N = 8).
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Table 2-5. Incidence of mice with lymph node metastasis (percent).

Genotype 8 weeks 16 weeks 20 weeks

TRAMP 0 / 3 (0) 1 / 10 (10) 0 / 10 (0)

TRAMP / GPx3 HET 0 / 3 (0) 1 / 9 (11) 1 / 10 (10)

TRAMP / GPx3 KO 0 / 3 (0) 0 / 4 (0) 1 / 8 (13)
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Table 2-6. Incidence of mice with organ metastasis (percent).

Genotype 8 weeks 16 weeks 20 weeks

TRAMP 0 / 3 (0) 1 / 10 (10) 3 / 10 (30)

TRAMP / GPx3 HET 0 / 3 (0) 1 / 9 (11) 0 / 10 (0)

TRAMP / GPx3 KO 0 / 3 (0) 0 / 4 (0) 3 / 8 (38)
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2.3.5 GPx3 is disturbed in generated GPx3 deficient TRAMP mice 

with unchanged SV40T expression

To further ensure that prostate GPx3 expression reflected the genotypes, I

evaluated prostate GPx3 mRNA and protein expression in the different prostate 

lobes of the mice at 8, 16, and 20 weeks of age. GPx3 mRNA and protein 

expression were absent in lysates and intact tissues of the prostates of TRAMP / 

GPx3 KO mice and also show dramatic reductions in the prostates of TRAMP / 

GPx3 HET mice (Figure 2-5A-D and Figure 2-6D-F). I also assessed whether the 

expression of SV40T Ag alters GPx3 expression in prostate epithelium. No 

difference in SV40T Ag mRNA (data not shown) and protein expression (Figure 2-

5E and Figure 2-6A-C) was observed among the different groups of TRAMP mice 

and the SV40T Ag expression was abundant within the nuclei of prostate 

epithelium (Figure 2-6A-C). Therefore, these findings demonstrate that phenotypes 

mediated by disruption of GPx3 expression are not due to changes in SV40T Ag 

expression and that TRAMP / GPx3 KO mice have been successfully created.
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Figure 2-5. Absent GPx3 expression in TRAMP / GPx3 KO prostates. A-C, 
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Relative expression of GPx3 mRNA in the TRAMP, TRAMP / GPx3 HET, and 

TRAMP / GPx3 KO mice. The AP, DLP, and VP of mice at 8 (A), 16 (B), and 20 

(C) weeks of age were analyzed. In each lobe, values were expressed as the fold 

change compared to age-matched TRAMP mice at each time point. *, P < 0.05; **, 

P < 0.01; ***, P < 0.001. Results are given as mean ± SEM. D, Representative 

Western blot analysis of GPx3 in the DLP at 20 weeks of age. Note that GPx3 

expression in TRAMP / GPx3 KO prostate is absent. GPx3 expression in TRAMP / 

GPx3 HET prostate is also reduced greatly compared to TRAMP prostate. β-actin

was used as a loading control. E, Representative Western blot analysis of SV40T 

antigen in the DLP at 20 weeks of age. Note that levels of the SV40T antigen are 

not altered because of loss of GPx3. β-actin was used as a loading control. 



63

Figure 2-6. Representative immunohistochemical (IHC) analyses of SV40T 

antigen and GPx3 in dorsal prostate at 8 weeks of age. A-C, IHC for SV40T, 

brown color, in the TRAMP (A), TRAMP / GPx3 HET (B), and TRAMP / GPx3 

KO (C). D-F, IHC for GPx3, brown color, in the TRAMP (D), TRAMP / GPx3 

HET (E), and TRAMP / GPx3 KO (F). Magnification, ×400. Scale bar = 100 µm.
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2.3.6 Ablation of GPx3 increases proliferation and decreases 

apoptosis in prostate tissues

To identify how the loss of GPx3 results in enhanced prostate tumorigenesis, I

evaluated TRAMP prostates for Ki67, a marker of proliferation, and for active 

caspase-3, as an index of apoptosis at 20 weeks of age (Figure 2-7). TRAMP / 

GPx3 KO prostates demonstrated an average of 29.20 ± 1.56 % Ki67-positive cells 

as compared with 18.71 ± 1.21 % Ki67-positive cells in TRAMP prostates (Figure

2-7A-C). Quantitative analysis also determined the numbers of active caspase-3-

positive cells were significantly decreased in TRAMP / GPx3 KO prostate sections 

as compared with TRAMP (Figure 2-7D-F). These results suggest that proliferative 

and survival advantage may exist in the GPx3 deficient TRAMP prostate cancer 

cells.
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Figure 2-7. Prostate cell proliferation and apoptosis in TRAMP and TRAMP / 

GPx3 KO mice at 20 weeks. A-C, Ki67 immunostaining was performed to 

determine proliferation rates in the TRAMP prostates (A) and TRAMP / GPx3 KO 

prostates (B). Prostates from TRAMP / GPx3 KO mice exhibited significantly 

increased proportion of Ki-67-positive cells compared to prostates from TRAMP 

mice (C). D-F, an apoptosis marker, active caspase-3-positive cells in prostate 

tissues were determined in the TRAMP prostates (D) and TRAMP / GPx3 KO 

prostates (E). Proportion of apoptotic prostate cells decreased significantly in 

TRAMP / GPx3 KO prostates compared to TRAMP prostates (F). *, P < 0.05; ***, 

P < 0.001 vs. TRAMP. Results are given as mean ± SEM. Arrows depict a few of 

the positive staining cells (magnification, ×400). Scale bar = 100 µm.
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2.3.7 GPx3 deficiency activates Wnt/β-catenin signaling in prostate 

cancer

To explore the function of GPx3 on Wnt signaling in prostate cancer, the key 

components of Wnt signaling were determined by quantitative real-time RT-PCR in 

the AP, DLP, and VP of the mice at 16 and 20 weeks of age (Figure 2-8). Overall, 

the levels of β-catenin, c-Myc, cyclin D1, forkhead box protein A2 (FoxA2), and 

matrix metalloproteinase-7 (MMP7) were increased, whereas the level of axis 

inhibition protein 2 (Axin2) decreased in TRAMP / GPx3 HET and KO mice when 

compared with the TRAMP mice. These results suggest that the Wnt pathway is 

up-regulated in GPx3 deficient TRAMP mice. Moreover, one of a transcription 

factor activated by oxidative stress, Twist1, demonstrated reduced levels in 

TRAMP / GPx3 WT prostates (Figure 2-8). Taken together, the increased

expression levels of β-catenin, c-Myc, cyclin D1, FoxA2, MMP7, and Twist1 but 

decreased expression of axin2 observed TRAMP prostates lacking GPx3 

expression provides further molecular evidence that these GPx3 KO prostate 

cancers are more prone to cancer development.
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Figure 2-8. Effect of GPx3 genotype and age on Twist1, β-catenin, cyclin D1, c-

Myc, FoxA2, MMP7, and axin2 expression in TRAMP mice prostates. A-F, 

Relative expression of Twist1, β-catenin, cyclin D1, c-Myc, FoxA2, MMP7, and 

axin2 mRNA in the TRAMP, TRAMP / GPx3 HET, and TRAMP / GPx3 KO mice. 

The AP (A, D), DLP (B, E), and VP (C, F) of mice at 16 (A-C) and 20 (D-F) weeks 

of age were analyzed. In each lobe, values were expressed as the fold change 

compared to age-matched TRAMP mice at each time point. *, P < 0.05; **, P < 

0.01; ***, P < 0.001. Results are given as mean ± SEM.
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2.4 DISCUSSION

The main findings from this study are the following: (1) GPx3 is down-regulated 

in prostates of TRAMP mice, (2) alterations in GPx3 expression are associated 

with and may influence disease progression and ultimately increase prostate tumor 

outgrowth and histopathological score in prostates of TRAMP mice, (3) ablation of 

GPx3 increases proliferation and decreases apoptosis in prostate tissues, and (4) 

GPx3 inhibits prostate cancer development with suppressing Wnt/β-catenin 

signaling. Overall, these results suggest that GPx3 seems to serve as a tumor 

suppressor in prostate cancer.

In TRAMP mice, prostate cancer occurs as a consequence of the expression of 

oncoprotein SV40 large T-antigen under the control of prostate-specific rat 

probasin promoter (177). Disease pathogenesis in this model mirrors closely that 

observed in humans, evolving through the early PIN lesion between 8 and 12 

weeks of age, WD at 12 weeks of age, MD by 18 weeks of age, and PD by 24 to 30 

weeks of age (157, 178, 179). The major advantages of using TRAMP mice for 

prostate cancer research are that the cancer arises autochthonously within the 

appropriate microenvironment, mice possess an intact immune system, and 

heterogenous cancer arises de novo and has well-defined course of disease 

progression (176, 180). 

To determine the effect of GPx3 disruption in prostate cancer progression and 

development, I generated GPx3 deficient TRAMP mice and compared with other 

genotypes at various ages (8, 16, and 20 weeks) considering the pathogenesis of 
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prostate cancer in TRAMP model. At 16 weeks of age, only two mice had prostate 

cancers and all mice in TRAMP / GPx3 KO group had only PIN lesions. This 

might be because the number of samples in TRAMP / GPx3 KO group is limited to 

four mice. At 20 weeks of age, only in TRAMP / KO group presented prostate 

cancers, showing 50% incidence rate (four mice from eight mice), even though the 

other groups has enough sample size (10 mice in each group). Resultantly, I found 

that disruption of GPx3 affects prostate cancer incidence in TRAMP mice under 24 

weeks of age accordingly, focusing on the effect of disruption of GPx3 on prostate 

cancer tumorigenesis. GPx3-deficient TRAMP mice also showed a tendency of 

increasing metastasis compared to TRAMP mice. However, under 20 weeks of age, 

the incidences of metastasis in the two groups were below ∼38% in this study, 

which is difficult to obtain a meaningful comparison. Therefore, further study is 

ongoing in our laboratory to investigate the effect of GPx3 genetic modulation on 

prostate cancer metastasis using TRAMP mice over 28 weeks of age.

GPx3 mRNA and protein expression were absent in the prostate of TRAMP / 

GPx3 KO mice and they also decreased dramatically in TRAMP / GPx3 HET mice. 

These findings explain why prostate tumorigenesis in TRAMP / GPx3 HET and 

TRAMP / GPx3 KO mice behaves similarly. With this disruption of GPx3 levels, 

β-catenin, c-Myc, cyclin D1, FoxA2, MMP7, and Twist1 expression increased and 

axin2 expression decreased. β-catenin is a key player in the signal transduction of 

the Wnt pathway. It can regulate the downstream targets, c-Myc, cyclin D1, FoxA2, 

MMP7, and axin2. My results suggest that the up-regulation of c-Myc, cyclin D1, 
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FoxA2, and MMP7 and the down-regulation of axin2 in prostates of GPx3-

deficient TRAMP mice may be due to the increased β-catenin expression. There 

have been a limited number of investigations on the potential role of Wnt/β-catenin 

signaling in cancer. In thyroid cancer cells, the expression of β-catenin, c-Myc and 

cyclin D1 is reduced and the level of p-β-catenin was increased after restoration of 

GPx3 expression (94). Also, GPx3 KO tumors show a significant increase in both 

nuclear and total β-catenin in colitis-associated carcinoma in vivo (171). Activation 

of the Wnt/β-catenin pathway has effects on prostate cell proliferation, 

differentiation and the epithelial–mesenchymal transition (EMT) (181, 182). 

Collectively, these findings suggest that GPx3 inhibits Wnt/β-catenin signaling 

pathway in these cancers including prostate cancer. Wnt/β-catenin signaling 

pathway directly controls Foxa2 levels (183, 184). Constitutive activation of β-

catenin during prostate development can cause PIN, inducing Foxa2 expression in 

the mouse prostate (183). FoxA2 is an indicator of active β-catenin signaling in the 

prostate. Another target gene of Wnt/β-catenin is MMP7, a membrane-type MMP 

associated with cancer initiation and progression that can cause hyperplastic 

growths (31, 185). Axin2 is a negative regulator of the Wnt/β-catenin signaling (29, 

30, 33). In prostate cancer, dysregulation of axin2 whether from low expression or 

mutation can disrupt β-catenin degradation and increase nuclear translocation and 

transcriptional activity (30, 32, 186). Depletion of axin2 can significantly promote 

the invasiveness, proliferation, and tumor growth. However, these phenotypes are 

attenuated by axin2 overexpression in vitro and in vivo (30). High expression levels 
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of β-catenin are correlated with low expression levels of axin2 in malignant tumors, 

including prostate cancer (30, 33). One of the factor which could induce β-catenin 

activation (183), Twist1 increased in the prostates of the GPx3-deficient TRAMP 

mice. Twist1 regulates cell proliferation, apoptosis inhibition, invasion, and 

metastasis (183), and its overexpression predicts poor prognosis in various kinds of 

cancers (184, 185). Twist1 was highly expressed in prostate cancer tissues and 

positively correlated with pathological grade and metastasis (185). Furthermore, 

down-regulation of Twist1 induced apoptosis and suppressed migration and 

invasion in human prostate cancer cells (185). The impact of GPx3 loss on 

tumorigenesis is likely mediated by increased proliferation and decreased apoptosis 

that probably results from an increase in β-catenin and Twist1 expressions.

Most cancer cells have higher than normal ROS levels (29, 31) and it suggested 

to be related cell proliferation, apoptosis, angiogenesis, and metastasis (31, 33). 

The elevated ROS levels hyperactivate signaling pathways to promote 

tumorigenesis, leading to activation of NF-κB, PI3K, HIFs and MAP kinases, and 

others (30-32). Because the balance between pro-oxidant reactions and antioxidant 

defense is important in prostate cancer treatment, ROS-depleting antioxidative 

agent may more effectively abrogate activated ROS signaling and suppress tumor 

growth compared to hormonal therapy alone (30, 186). Furthermore, antioxidants, 

such as vitamins and glutathione as well as antioxidative enzymes, not only 

selectively enhance the effect of therapeutic agents on tumor cells but also reduce 

its toxicity on normal cells, protecting against its adverse effects (187, 188). 



72

Combinational chemotherapy with ascorbic acid and paclitaxel, for example, 

showed to alleviate the cytotoxicity of paclitaxel but ameliorate the side-effects 

caused by paclitaxel in vivo and in vitro (189). Thus, particularly in prostate cancer, 

chemotherapy and/or radiation and antioxidants are expected to work effectively 

when used appropriately.

In this study, I show that disruption of GPx3 enhances prostate cancer 

progression and development, proliferation, and β-catenin and Twist1 expression in 

the prostates of autochthonous TRAMP mice. The net effect of these changes leads 

to an increase in cancer promotion in response to GPx3 loss. These findings further 

support the important role that GPx3 plays as a tumor suppressor, provide an 

insight into disease pathogenesis, and indicate that it may serve as a substrate for 

translational investigations in prostate cancer. Additionally, identification of 

signaling pathways that cooperate with loss of GPx3 to promote tumorigenesis may 

provide additional therapeutic targets. 
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CHAPTER III

Troglitazone Inhibits 

the Migration and Invasion of 

PC-3 Human Prostate Cancer Cells 

by Upregulating E-cadherin and 

Glutathione Peroxidase 3
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3.1 INTRODUCTION

Prostate cancer is the most commonly diagnosed noncutaneous cancer. It is also 

the second leading cause of cancer death in men in the western world (190). 

Androgen-deprivation therapy, a standard-of-care treatment for prostate cancer, can 

efficiently control the growth of androgen-dependent cancers. Many patients with 

localized disease have excellent long-term survival and high cure rates with 

standard approaches. However, their cancers eventually become resistant to 

hormone deprivation and progress to castration-resistant prostate cancer. These 

patients with locally advanced and metastatic disease have poor prognosis, leading

to significant morbidity and mortality (191, 192). Therefore, understanding the 

mechanisms underlying cancer invasion and subsequent metastasis are urgently 

needed to develop therapies for combating metastatic prostate cancer.

Thiazolidinediones (TZDs) such as troglitazone and ciglitazone are synthetic 

ligands of peroxisome proliferator-activated receptor γ (PPARγ). They exhibit 

potential antitumor effects on a broad range of cancers (193-199), including 

prostate cancer (23, 200, 201). My previous studies performed in prostate cancer 

cell lines have demonstrated that troglitazone (TGZ) can decrease cell proliferation 

which is associated with increased expression of glutathione peroxidase 3 (GPx3) 

(23). TGZ has been tested in clinical trials against breast cancer, colorectal cancer, 

and prostate cancer (202-204). Treatment with TGZ in patients with advanced 

prostate cancer has been associated with long periods of stable disease 

characterized by the absence of new symptoms without new metastases (202), 
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suggesting that TGZ could have clinical value in suppressing cancer metastasis. 

However, the role of TGZ in metastasis and the precise molecular mechanisms 

involved in its action have not been fully elucidated. 

During cancer progression, epithelial–mesenchymal transition (EMT) is the 

major mechanism responsible for mediating the invasiveness and metastasis of 

cancer cells. EMT is a process that converts immotile epithelial cells to motile 

mesenchymal cells (205-207). Downregulation of epithelial marker E-cadherin 

expression is the hallmark of the EMT process. E-cadherin is a tumor suppressor 

that plays crucial roles in cell-cell adhesion (207). Loss of E-cadherin expression or 

function is associated with cancer cell invasion and metastasis (208).

In this report, I aimed to investigate the anti-invasive and anti-metastatic 

activities of TGZ. I hypothesized that TGZ could act on a variety of stages of the 

metastatic process to prevent cancer cells from metastasizing. I therefore 

determined the effect of TGZ on the reduction of cell invasive activity. I also 

examined the effect of TGZ on the expression levels of E-cadherin and GPx3 in 

PC-3 human prostate cancer cells. 
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3.2 MATERIALS AND METHODS

3.2.1 Prostate cancer cell line

Human PC-3 prostate cancer cell line was obtained from the American Type 

Culture Collection (Manassas, VA, USA). These cells were cultured in RPMI

(Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) 

(Gibco) and 1% penicillin/streptomycin (Gibco) at 37°C in 95% air/5% CO2. TGZ 

(Sigma, St. Louis, MO, USA) and GW9662 (Cayman, Ann Arbor, MI, USA) were 

dissolved in 100% ethanol (Merck and Co., Inc., Darmstadt, Germany) to obtain 

concentration of 16 mM. The final ethanol concentration in the solution was 0.25%. 

Ethanol alone at the same final concentration of 0.25% was used as control. 

3.2.2 Cell proliferation assay

The proliferation potential of cells was measured using thiazolyl blue 

tetrazolium bromide (MTT; Sigma) assay based on the ability of live cells to 

convert tetrazolium salt into purple formazan. Briefly, PC-3 cells were seeded into 

96-well cell culture plates at a density of 8 × 103 per well in 200 µl media. After 24 

h of culturing, the medium was changed to 1% FBS-RPMI for 24 h. Cells were 

supplemented with TGZ at concentrations of 1, 10, 40 μM or vehicle (ethanol) 

control and cultured for 48 h. The medium was then replaced with 100 µl of MTT 

(diluted to 1 mg/ml in FBS-free medium, from a stock solution of 10 mg/ml) and 
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incubated at 37°C for 3 h. The supernatant was removed and 100 µl of DMSO was 

added to each well to dissolve the formazan crystals. Plates were agitated at room 

temperature for 5 min. The absorbance was read at 540 nm on an Epoch BioTek 

microplate reader (BioTek, Winooski, VT, USA). All treatments were performed in 

triplicates. 

3.2.3 Cell migration assay

Cell motility was assessed using an in vitro wound healing assay. PC-3 cells 

were seeded into six-well cell culture plate and grown until confluent. Monolayers 

of confluent PC-3 cells were then scarred. Cell repair was monitored using an 

inverted microscope (Olympus IX70, Tokyo, Japan) following 24 h exposure to 

TGZ at concentrations of 1, 10, 40 μM, or vehicle (ethanol) control. All treatments 

were performed in triplicates.

3.2.4 Cell invasion assay

Cell invasion was measured using a Transwell insert. Briefly, 8-μm transwell 

inserts (SPL, Pocheon, Korea) were coated with Matrigel (Gibco) and incubated at 

37°C for 2 h to become gelatinous. Cells were grown to subconfluence, detached 

by trypsinization, washed, resuspended in serum free RPMI, and added to the 

transwell insert (2 × 104 cells/insert) at a final concentration of 1 × 105 cells/ml 

together with TGZ at concentrations of 1, 10, 40 μM, or vehicle (ethanol) control. 
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Cell-free RPMI medium was added to the lower chamber. Assays were incubated at 

37°C for 30 h. Non-invasive cells in the upper surface of the membrane were 

removed with a cotton swab. The remaining cells on the membrane were fixed in 

methanol for 10 min, stained with Hematoxylin, and washed with PBS. Invaded 

cells were counted under a light microscope. 

3.2.5 Real-time reverse transcription-polymerase chain reaction (PCR)

Total RNA was isolated using a Hybrid-R RNA extraction kit (GeneAll 

Biotechnology, Seoul, South Korea). First strand cDNAs were synthesized using an 

M-MLV cDNA Synthesis kit (Enzynomics, Daejeon, South Korea) following the 

supplier’s instructions. Real-time reverse transcription-PCR was performed with 

TOPreal™ qPCR 2X PreMIX (Enzynomics) on a CFX Connect Real-Time PCR 

Detection system (Bio-Rad). Primers used were 5'–

ACATGCCTACAGGTATGCGT–3 (sense) and 5'–

GAGCAGAACAATTGGACCTA–3' (antisense) for human GPx3; 5'–

TTGCTACTGGAACAGGGACACT–3' (sense) and 5'–

GGAGATGTATTGGGAGGAAGGTC–3' (antisense) for human E-cadherin; and 

5'–CATGTACGTTGCTATCCAGGC–3' (sense) and 5'–

CTCCTTAATGTCACGCACGAT–3' (antisense) for human beta-actin. Human 

beta-actin gene expression were used for cDNA normalization. Changes in mRNA 

expression (fold) were quantified using comparative CT (2-ΔΔCt) method. 
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3.2.6 Western blot analysis

Cell lysates were resolved by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) before transferring the proteins to nitrocellulose 

membranes and probing with mouse monoclonal anti-E-cadherin primary antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal anti-GPx3 

primary antibody (Abcam, Inc., Cambridge, MA, USA), and goat polyclonal anti-

actin primary antibody (Santa Cruz). Blots were then incubated with HRP-

conjugated secondary antibodies (Zymed, San Francisco, CA, USA). Blots were 

developed with a chemiluminescent substrate (DoGEN, Seoul, South Korea). 

3.2.7 Statistical analysis

All data are presented as mean ± standard error. Statistically significance (P < 

0.05) was further analyzed with Student’s t-test. 
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3.3 RESULTS

3.3.1 Effect of TGZ on cell proliferation of PC-3 cells

To examine the effect of TGZ on cell viability of PC-3 cells, I treated these cells 

with 1, 10, or 40 μM of TGZ for 0, 24, or 48 h and determined the rate of cell 

survival with MTT assay. Results are shown in Figure 3-1. TGZ treatment 

decreased cell proliferation in a dose-dependent manner. Compared to control cells, 

cells treated with 10 and 40 μM of TGZ for 24 h showed decreased cell growth rate 

by 20.49% and 34.69%, respectively. 
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Figure 3-1. Effect of TGZ on the proliferation of PC-3 cells. TGZ inhibited the 

proliferation of PC-3 cells. The absorbance values of PC-3 cells treated with 1, 10, 

and 40 μM TGZ for different times were read at 540 nm using a plate reader. The 

cell viability of cells was calculated based on the proliferation of PC-3 cells 

compared to the proliferation of the vehicle control group. *, P < 0.05; ***, P < 

0.001, vs. vehicle control. ##, P < 0.01; ###, P < 0.001, compared to each other. 

Results are presented as mean ± SEM.
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3.3.2 TGZ inhibits cell migration and invasion of PC-3 cells

I measured cell migration and invasion of PC-3 cells treated with TGZ with in 

vitro wound healing assay and Transwell assay. Results are shown in Figure 3-2 

and Figure 3-3, respectively. Following incubation with different concentrations of 

TGZ for 24 h, the migration of PC-3 cells to the denuded zone was suppressed in a 

dose-dependent manner (Figure 3-2), indicating that TGZ significantly inhibited 

the motility of PC-3 cells. 
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Figure 3-2. Effect of TGZ on the migration of PC-3 cells. TGZ suppressed the 

migration of PC-3 human prostate cancer cells. (A) Cells that migrated to the 

wounded region were photographed (magnification, x40). (B) Migration ability of 

PC-3 cells treated with 1, 10, and 40 μM TGZ for different time period was 

measured by wound healing assay. *, P < 0.05; **, P < 0.01, ***, P < 0.001, 

compared to vehicle control at each time point. #, P < 0.05, compared to each other. 

Results are presented as mean ± SEM.
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Results of transwell assay revealed that TGZ suppressed the invasion of PC-3 

cells across Matrigel-coated filter in a dose-dependent manner (Figure 3-3). 

Treatment with 1, 10, and 40 μM of TGZ inhibited 54.27, 65.63, and 73.70% of 

cell invasion, respectively. These results revealed that TGZ significantly inhibited 

the invasion of PC-3 cells. Taken together, these data demonstrate that TGZ can 

inhibit both cell migration and invasion of PC-3 cells. 
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Figure 3-3. Effect of TGZ on the invasion of PC-3 cells. TGZ suppressed the

invasion of PC-3 human prostate cancer cells. (A) Invaded cells were photographed 

(magnification, x100). (B) Invasion capacity was examined using a Transwell 

insert coated with matrigel. ***, P < 0.001, vs. vehicle control. #, P < 0.05; ###, P < 

0.001, compared to each other. Results are presented as mean ± SEM.
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3.3.3 TGZ increases the mRNA levels of E-cadherin and GPx3 in PC-3

human prostate cancer cells

To investigate whether TGZ could enhance the transcriptional levels of E-

cadherin and GPx3 genes in PC-3 cells, RT-qPCR was performed. Results are 

shown in Figure 4. TGZ at 1 and 10 μM significantly increased the mRNA levels 

of E-cadherin in a dose-dependent manner (Figure 3-4A). TGZ at 10 μM also 

significantly increased the mRNA levels of GPx3 (Figure 3-4B).

Although TGZ was able to affect the transcriptional levels of E-cadherin and 

GPx3, the mechanisms underlying these events remain to be elucidated. To confirm 

whether these effects were dependent on the activation of PPARγ, GW9662 (a 

PPARγ antagonist) was used to inhibit the function of PPARγ in PC-3 cells. TGZ-

induced upregulation of E-cadherin and GPx3 mRNAs in PC-3 cells were 

attenuated upon the addition of GW9662 (Figure 3-4). Taken together, these results 

showed that TGZ increased the transcriptional levels of both E-cadherin and GPx3 

in PC-3 cells in a PPARγ-dependent manner.



87

Figure 3-4. Effect of TGZ on mRNA expression levels of E-cadherin and GPx3 

in PC-3 cells. TGZ upregulated the mRNA expression levels of E-cadherin and 

GPx3 in PC-3 cells. PC-3 cells were treated with various concentration of TGZ (0, 

1, or 10 μM) for 24 h prior to harvest. Total RNA was extracted and the expression 

of E-cadherin (A) and GPx3 (B) was measured by real-time reverse transcription-

PCR reaction. (A) TGZ at 1 and 10 μM increased the mRNA levels of E-cadherin 

in a dose-dependent manner. (B) TGZ at 10 μM increased the mRNA levels of 

GPx3. *, P < 0.05; **, P < 0.01; ***, P < 0.001, vs. vehicle control. ###, P < 0.001, 

vs. 10 μM TGZ treatment group. Results are given as mean ± SEM.
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3.3.4 TGZ increases the protein levels of E-cadherin and GPx3 in PC-3 

human prostate cancer cells

I next determined the protein levels of E-cadherin and GPx3 in PC-3 cells by 

western blot analysis following 48 h treatment with 0, 1, or 10 μM TGZ. Results 

are shown in Figure 3-5. TGZ at 1 and 10 μM significantly increased the protein 

levels of E-cadherin in a dose-dependent manner (Figure 3-5A and Figure 3-5B). 

TGZ at 10 μM also significantly increased the protein levels of GPx3 (Figure 3-5A 

and Figure 3-5C). TGZ-induced upregulation of E-cadherin and GPx3 protein 

levels in PC-3 cells were attenuated upon the addition of GW9662 (Figure 3-5). 

Thus, TGZ upregulated E-cadherin and GPx3 protein levels in a PPARγ-dependent 

manner, which was consistent with its upregulating effect on E-cadherin and GPx3 

mRNA levels.  
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Figure 3-5. Effect of TGZ on protein expression levels of E-cadherin and GPx3 

in PC-3 cells. TGZ increased the protein expression levels of E-cadherin and GPx3 

in PC-3 cells. (A) Representative Western blot analysis of the PC3 cell line. (B, C) 

Protein expression levels of E-cadherin (B) and GPx3 (C) were quantified using 

actin as a normalization control. **, P < 0.01; ***, P < 0.001, vs. vehicle control. #, 

P < 0.05; ##, P < 0.01; ###, P < 0.001, vs. 10 μM TGZ treatment group. Results are 

given as mean ± SEM.
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3.4 DISCUSSION

TZDs are a new class of antidiabetics. They are specific ligands for PPARγ. The 

level of PPARγ expression is known to be varied depending on the types of tissues 

and carcinomas (209). PPARγ has been investigated as a therapeutic target for 

cancer treatment. Some studies have reported that PPARγ can induce anti-

proliferative, anti-angiogenic, and pro-differentiation pathways in several tissue 

types, thus playing role in the pathogenesis and progression of cancers including 

prostate cancer (210, 211). Using TZDs as PPARγ ligands, some studies have 

investigated the effect of PPARγ on the metastatic potential and explored its 

underlying mechanisms. TZDs have been shown to be able to suppress cell 

migration, invasion, and metastasis of cancers in the colon, liver, breast, lung, 

bladder, prostate, and other organs (212-220). For example, in colon cancer, TZD 

can inhibit the growth and metastasis of HT-29 human colon cancer cells through 

its differentiation-promoting effects both in vivo and in vitro by involving the 

modulation of E-cadherin/β-catenin system (212). In hepatocellular carcinoma, the 

suppression of cell invasion and migration mediated by PPARγ has been 

demonstrated to be mediated via downregulation of MMPs and increased 

expression levels of TIMP3 and E-cadherin (214, 215). 

However, the mechanisms behind the inhibitory action of TZDs on cell invasion 

in prostate cancer remain unclear. To better understand the molecular mechanisms 

involved in TGZ-induced inhibition of cell invasion, I examined the effect of TGZ 

on the expression of E-cadherin and GPx3 in the present study. Both E-cadherin 
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and GPx3 might be involved in cancer cell invasion. The present study clearly 

demonstrated that TGZ reduced cell migration and invasion of PC-3 cells. 

Consistently, TGZ positively regulated the mRNA and protein levels of E-cadherin 

and GPx3 in PPARγ-dependent manner. This study might provide preliminary 

evidence for further research to determine the mechanisms underlying the 

inhibition of metastasis by TZDs.

A great majority of human solid tumors are carcinomas originating from various 

epithelial cell types throughout the body (206, 207). The most apparent 

morphological change that occurs during the transition from a benign tumor to a 

malignant and metastatic one is that tumor cells change from a highly differentiated 

epithelial morphology to a migratory and invasive phenotype (206). This process of 

EMT can lead to the loss of cell–cell contacts and the gain of cell motility (206, 

221). It also causes the dissemination of single carcinoma cells from primary 

epithelial tumors (207). These changes are necessary for invasion. During the 

execution of EMT, many genes involved in cell adhesion, mesenchymal 

differentiation, cell migration, and invasion are transcriptionally regulated (207). 

Among these genes, loss of adhesive function of E-cadherin in epithelial cell has 

been considered a hallmark of EMT and metastatic carcinoma (205, 207, 208, 221). 

E-cadherin production is maintained in most differentiated tumors, including 

carcinomas of the skin, head and neck, breast, lung, liver, colon, and prostate. 

However, there seems to be an inverse correlation between E-cadherin levels and 

cancer grade or patient survival (205). Partial loss of E-cadherin has been 
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associated with carcinoma progression and poor prognosis in various human and 

mouse tumors (207). In both tumor cell cultures and in vivo mouse tumor models, 

forced expression of E-cadherin in certain invasive carcinoma cells can inhibit their 

ability to invade and metastasize. Conversely, blocking E-cadherin function in 

noninvasive tumor cells can activate their invasiveness and metastatic powers (206, 

207). In the present study, an increase in E-cadherin might explain the increased 

cell to cell interactions and deceased capacity for the motility of PC-3 cells 

following TGZ treatment. Thus, reversing the functional protein levels of E-

cadherin might be an alternative strategy to develop cancer therapy. 

GPx3 belongs to the family of glutathione peroxidases. It is well known that 

glutathione peroxidases are among the most important ROS scavengers that can 

protect cells from oxidative damage. Down-regulation of GPx3 by 

hypermethylation has been found in many cancers (82, 88, 94, 153, 222-226), 

including prostate cancer (23, 79, 152). In prostate cancer, GPx3 has been shown to 

have a negative correlation with poor clinical outcomes (79, 100). Overexpression 

of GPx3 in prostate cancer cell lines can suppress colony formation and cell 

proliferation in vitro (23, 79, 98). Xenografted PC3 human prostate cancer cells 

expressing GPx3 have shown reduction in tumor volume, elimination of metastasis, 

and reduction of animal death (79). My previous work using transgenic 

adenocarcinoma of mouse prostate (TRAMP) has shown that GPx3 is down-

regulated in prostates of TRAMP mice and that disruption of GPx3 expression in 

TRAMP mice can increase prostate cancer development and metastasis (227). It 
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has been demonstrated that silencing GPx3 expression will promote cancer 

metastasis in human thyroid and gastric cancer cells (94, 222). In this study, it was 

noteworthy that GPx3 expression was upregulated by treatment with TGZ in 

human prostate cancer cells. This induction was closely associated with the anti-

invasion effect of TGZ. All these results suggest that GPx3 can act as a negative 

regulator of prostate tumor growth and invasion, providing further evidence for its 

potential as a tumor suppressor.

In conclusion, the present study indicated that TGZ effectively abrogated the 

migration and invasion of PC-3 cells in vitro by increasing the expression levels of 

E-cadherin and GPx3. Upregulated expression of E-cadherin and GPx3 is one of 

possible mechanism involved in the anti-migration and anti-invasion effects of 

TGZ. Changed expression caused by TGZ might explain the mechanisms 

underlying the invasion inhibition ability of TZDs and its mode of action. 
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GENERAL CONCLUSION

High intake of animal fat has been linked to prostate cancer development. 

However, research is too limited to support strong conclusions regarding the role of 

animal fat in prostate cancer tumorigenesis, and the mechanisms remain unclear. 

No studies have found that the decrease in GPx3 during progression of prostate 

cancer results from dietary fat intake. I therefore determined the role of GPx3 in 

prostate cancer progression using PC-3 human prostate cancer cells and TRAMP 

mouse model in Chapter I. Cholesterol treatment increased proliferation of PC-3 

human prostate cancer cells, decreased GPx3 expression both at the mRNA and 

protein levels, and decreased GPx activity, which was associated with increased 

H2O2 in cell culture media. TGZ increased GPx3 mRNA expression in PC-3 human 

prostate cancer cells, decreased cell proliferation and attenuated cholesterol-

induced H2O2 increase in cell culture media. A high-fat diet enhanced prostate 

cancer tumorigenesis in early-stage TRAMP mice and decreased GPx3 expression 

both at the mRNA and protein levels in prostates of TRAMP mice. 

The role of GPx3 in prostate cancer tumorigenesis is not determined precisely. 

So I used TRAMP mouse model to study the molecular mechanism related to the 

effect of modulating GPx3 expression using genetic manipulation in Chapter II. 

GPx3 was down-regulated in prostates of TRAMP mice. Alterations in GPx3 

expression were associated with and may influence disease progression and 

ultimately increase prostate tumor outgrowth and histopathological score in 
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prostates of TRAMP mice. Ablation of GPx3 increased proliferation and decreases 

apoptosis in prostate tissues. GPx3 inhibited prostate cancer development with 

suppressing Wnt/β-catenin signaling. I showed that disruption of GPx3 enhances 

prostate cancer progression and development, proliferation, and β-catenin and 

Twist1 expression in the prostates of autochthonous TRAMP mice. The net effect 

of these changes leads to an increase in cancer promotion in response to GPx3 loss.

I was observed that TGZ decreased cell proliferation which is associated with 

increased expression of GPx3 in Chapter I. Yet, the role of TGZ in metastasis and 

the molecular mechanisms involved in its action have not been fully elucidated. So 

I determined the effect of TGZ on the reduction of cell invasive activity and 

examined the effect of TGZ on the expression levels of E-cadherin and GPx3 in 

PC-3 human prostate cancer cells in Chapter III. TGZ effectively abrogated the 

migration and invasion of PC-3 cells in vitro by increasing the expression levels of 

E-cadherin and GPx3. Upregulated expression of E-cadherin and GPx3 is one of 

possible mechanism involved in the anti-migration and anti-invasion effects of 

TGZ. 

The result of this study can help to understand the role of GPx3 as a potent 

tumor suppressor in prostate cancer, likely by reducing oxidative stress and ROS 

that lead to tumor initiation, progression and metastasis. GPx3 may become an 

attractive target for the design of therapeutic and chemopreventive strategies in 

patients with prostate cancer. 
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국문 초록

전립선암에서 GPx3의

종양 억제 유전자로서의 기능에 관한 연구

서울대학교 대학원

수의학과 수의병인생물학 및 예방수의학 전공

(실험동물의학)

장 서 나

(지도교수: 박재학)

전립선암은 서양 남성암 중 가장 흔한 암으로 높은 발생 빈도를 보이

며, 최근에는 젊은 층에서도 많이 나타나고 있다. 이러한 전립선암의 원

인으로서 동물성 지방이 높게 함유된 서구화된 식단이 발병의 중요한 위
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험인자로 알려져 있다. 동물성 지방은 신체 내 산화스트레스 및 반응성

산소종 정도를 증가시키는데, 산화스트레스를 감소시키는 항산화 효소

중 GPx3 유전자가 세포내 항산화 시스템에서 중요한 역할을 하고 있다.

GPx3는 산화적 손상으로부터 세포를 보호하는 것뿐만 아니라 전립선암

조직에서 발현이 감소되어 있는 것으로 보고된 바 있다. 그러나 이러한

GPx3 유전자의 발현이 전립선암 발생, 진행, 발달에 미치는 영향과 관

련 기전의 연구가 보고되지 않았으며, 나아가서 전립선암 전이에서의 역

할 또한 거의 보고된 바가 없다. 이에 본 연구에서는 전립선암 세포 및

전립선암 형질전환 마우스 모델을 이용하여 GPx3의 종양 억제 유전자

로서의 역할에 대한 연구를 진행하였다.

첫 번째 장에서는 전립선암 자연발생 형질전환 마우스인 TRAMP 마

우스를 이용하여 전립선암 발생 초기 단계에서부터 고지방 식이가 항산

화 효소 GPx3 유전자의 발현에 미치는 영향을 평가하였다. 이를 위하여

6주령 마우스에 고지방 식이(45% Kcal 지방 함유) 및 정상 식이(10% 

Kcal 지방 함유)를 각각 5주 및 10주간 급이하였다. 그 결과 마우스의

연령이 높을수록 또한 고지방 식이를 급이한 경우에 조직병리학적으로

전립선암 정도가 높게 나타났으며, 고지방 식이를 급이한 마우스의 전립

선 조직에서 GPx3 유전자의 mRNA 및 단백질 발현이 감소된 것이 관

찰되었다. PC-3 사람 전립선암 세포에 콜레스테롤을 처치한 경우에는
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암세포의 증식이 증가되면서 GPx3 유전자의 mRNA 및 단백질 발현이

감소되고, 배양 배지 내 H2O2 정도가 높게 나타났다. 또한 TGZ 처치에

의하여 GPx3 mRNA 발현이 증가된 경우에는 PC-3 전립선암 세포의

증식이 감소하고 H2O2는 감소되었다. 이는 동물성 지방 식이가 GPx3 

유전자의 발현을 억제하고 전립선암 세포의 증식을 유도함으로써 전립선

암 발생 및 진행을 촉진할 수 있음을 보여준다.

두 번째 장에서는 GPx3 유전자 발현이 감소된 TRAMP 마우스를 제

작함으로써, 전립선암 발달 과정에서 GPx3 유전자 발현의 억제가 미치

는 영향을 직접적으로 평가하고자 하였다. 8주, 16주, 20주령의 TRAMP, 

TRAMP / GPx3 HET, TRAMP / GPx3 KO 마우스에서 전립선암 발생

빈도와 정도를 비교 및 분석하였다. TRAMP 마우스에서 GPx3 발현은

감소되었으며, 제작된 GPx3 KO 마우스에서는 mRNA 및 단백질 수준에

서 GPx3 발현이 검출되지 않았다. TRAMP 마우스에서 GPx3 발현을

억제 시킨 경우, 비뇨생식기계의 무게가 증가되었고, 조직병리학적으로

전립선암 정도가 높게 나타났으며, 조직 내 세포 증식률도 높게 관찰되

었다. 또한 TRAMP / GPx3 HET 및 KO 모두에서 전립선암 발생률이

증가되었으며, 이는 Wnt/β-catenin 경로의 활성화를 동반하였다. 이러

한 연구 결과는 GPx3가 전립선암 발달 과정에서 종양 억제 유전자로서

의 기능을 가질 수 있다는 것을 보여주며, 처음으로 마우스 모델을 이용
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하여 분자 유전적 증거를 제시했다는 점에서 그 의의를 갖는다.

세 번째 장에서는 TGZ가 세포의 성장, 이주, 침윤에 미치는 영향과

이와 관련된 기전을 PC-3 사람 전립선암 세포를 이용하여 밝히고자 하

였다. TGZ는 합성 PPARγ작용제로서 전립선암을 포함한 다양한 암에

서 항암제로서의 잠재성을 갖고 있는 것으로 보고되고 있다. PC-3 전립

선암 세포에 TGZ를 처치한 경우, 농도 의존적으로 암세포의 이주와 침

윤을 억제함을 보였다. 또한 TGZ 처치는 E-cadherin과 GPx3 유전자

의 mRNA 및 단백질 발현 증가를 유도하였다. 여기에 PPARγ길항제인

GW9662를 처치한 경우 이러한 효과가 경감되는 것으로 관찰되었으며,

이는 PPARγ의존적인 경로가 연관되어 있음을 나타낸다. 이를 통하여

PC-3 전립선암 세포에서 TGZ에 의한 암세포 이주 억제 및 침윤 억제

효과는 E-cadherin 및 GPx3 유전자의 발현 증가를 통하여 나타날 수

있음을 제시하였다.

본 연구에서는 동물성 지방에 의하여 전립선암 진행이 더 심화되며, 

이때 GPx3 유전자 발현이 감소한다는 것을 PC-3 전립선암세포 및

TRAMP 마우스를 이용하여 확인하였다. 그리고 TRAMP 마우스에서

GPx3 유전자 발현을 억제하였을 때 전립선암 발달에 직접적으로 영향

을 미친다는 것을 보임으로써, GPx3 유전자 발현이 전립선암 발생, 진

행, 발달에 미치는 영향을 규명하였다. 또한 첫 번째 연구에서 사용하였
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던 TGZ를 PC-3 전립선암 세포에 처치한 연구에서는 E-cadherin과

GPx3 유전자 발현이 증가되었을 때 전립선암 세포의 이주 및 침윤이

억제됨을 보임으로써, GPx3 유전자와 전립선암 전이와의 연관성을 확인

하였다. 따라서 본 연구를 통해 궁극적으로 GPx3가 종양 억제 유전자로

서 중요한 역할을 할 수 있음을 제시하였다. 본 연구가 전립선암에 미치

는 산화스트레스의 영향에 대한 이해를 높이는데 활용되고, 새로운 전립

선암 치료제 개발에 활용될 수 있을 것으로 기대한다.

주요어: 전립선암, GPx3, TRAMP, 종양 억제 유전자, 종양 발생, 종양
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