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In the present study, the anti-tumor efficacy of α-TEA, a derivative of RRR-α-

tocopherol, was investigated in LNCaP and PC-3-GFP human prostate cancer 

cells. Data show that α-TEA induced apoptosis in both cell lines in a time- and 

dose-dependent manner. Data show that α-TEA induces apoptosis through the 

activation of pro-apoptotic Fas signaling and inhibition of pro-survival Akt 

signaling pathways. The role of FADD and Daxx in α-TEA-induced apoptosis 

was determined. Data show that α-TEA promotes the association of FADD with 

Fas. FADD siRNA significantly reduced α-TEA-induced apoptosis in LNCaP 
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cells. However, in PC-3-GFP cells, FADD siRNA caused apoptosis in the absence 

of α-TEA, and in the presence of FADD siRNA, α-TEA-induced apoptosis was 

significantly enhanced, indicating pro-survival activity of FADD in PC-3-GFP 

cells. Although α-TEA did not change the total protein levels of Daxx, it did 

promote the association of Daxx with Fas. α-TEA-induced apoptosis was 

significantly reduced by Daxx siRNA, and enhanced by overexpression of wild 

type Daxx, showing the pro-apoptotic role of Daxx in α-TEA-induced apoptosis. 

α-TEA inhibited phosphorylation of all three Akt isoforms; namely, Akt1, Akt2, 

and Akt3, thereby removed the phosphorylation inhibition on FOXO1 and 

FOXO1-mediated upregulation of FasL enhanced apoptosis through Fas signaling 

pathway. Studies have shown that selenium is of value in prostate cancer 

prevention. Here we document that methylseleninic acid (MSA) acts 

synergistically with α-TEA to induce apoptosis in LNCaP and PC-3-GFP human 

prostate cancer celld in culture. Western blot analyses indicate the involvement of 

caspases-8, -9, and –3, as well as Akt, in the synergistic effect of α-TEA and 

MSA. In a preclinical PC-3-GFP xenograft mouse model, α-TEA and MSC 

separately and together significantly reduced tumor burden and metastatic lesions 

in lungs and lymph nodes. However, synergism with the combination that in cell 

culture were not obtained in the animal study. α-TEA alone was as effective as, 

perhaps better than, the combination treatment in ruducing tumor burden and 
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inhibiting metastases. Thus, data support α-TEA alone, rather than α-TEA plus 

selenium, as a treatment for human prostate cancer. 
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Chapter 1 

Introduction and Literature Review 

 
1.1. Prostate Cancer 

1.1.1. Current Status and Risk of Prostate Cancer 

Prostate cancer is the second leading cause of cancer deaths in men (Klassen, 

2005). In recent years, the incidence of prostate cancer has increased dramatically, 

and on average, one in six men in the United States will develop prostate cancer 

during their lifetime (Klassen, 2005). In 2006, it was estimated that 234,460 men 

in the United States will develop prostate cancer, and 27,350 will die from the 

disease (Jemal, 2006). Although the cure rate for localized prostate cancer has 

increased due to improved diagnostic and therapeutic strategies, the destiny for 

most men with metastatic prostate cancer is still death (reviewed by Klein, 2004; 

Miller, 2005). Many factors can affect the risk of prostate cancer, among which 

age is the most important factor in that the disease is often associated with men 

over 50, and the incidence of the disease increases with age (Conn, 2005, Klassen, 

2005). Like other cancers, prostate epithelial cells inevitably undergo genetic 

changes with aging, but not all of the genetic changes will cause prostate 

epithelial cells to develop into the life-threatening cancer (Klassen, 2005). It has 

been proposed that prostate cancer development requires at least eight sequential 

genetic changes, often with the loss of tumor suppressor genes such as p53, and 
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p21 as the early events (Mazhar, 2002). Race is another factor that affects the risk 

of the disease (Klassen, 2005). Asian heritage has the lowest risk, while African 

heritage has the highest rate of incidence and mortality (Klassen, 2005). 

Compared to 1 per 100,000 men in China, the incidence rates per 100,000 men in 

white and black Americans are 65 and 102 respectively (Sonn, 2005). Preclinical 

and clinical data suggest that dietary factors, such as vitamin E, selenium, vitamin 

D, lycopene from tomatoes, glucosinolates from cuciferous vegetables, soy, fish, 

and green tea may protect against prostate cancer, whereas red meat, animal-

based fat, α-linolenic acid, milk, dairy products and calcium may increase the risk 

of the disease (Klassen, 2005; Sonn, 2005). Other factors that may affect prostate 

cancer risk include family history, inflammation associated with prostate 

epithelial cell injury, medical history, obesity, physical inactivity, and cigarette 

smoking (Klassen, 2005). 

 

1.1.2. Prostate Cancer Diagnosis, Detection, and Grades 

Prostatic intraepithelial neoplasia (PIN), including low and high grade, refers to 

the premalignant changes in the epithelium, which is associated with over 70% of 

invasive prostate cancer and much less frequently observed in normal prostates, 

suggesting that PIN might be of diagnostic value for prostate cancer (Mazhar, 

2002).  

 



 3

In the mid-1980s, serum PSA (prostate specific antigen) was adopted to clinical 

medicine as a marker for prostate cancer detection, and in 1990, 4.0 ng/ml serum 

PSA level was established as the threshold for prostate cancer based on a study in 

the United States (Shah, 2005). Today, in addition to prostate cancer detection by 

examination, serum PSA levels are also used as a predictor for the outcome of the 

treatment of the cancer (Gilligan, 2002). However, the sensitivity and specificity 

of PSA as an indicator for prostate cancer screen is still under debate (Shah, 2005) 

 

Gleason scores are a system used to grade prostate cancer based on glandular 

differentiation, and low Gleason Score is predictive of a good outcome (Mazhar, 

2002) (Table 1.1). 

 

Table 1.1. Gleason score and the glandular differentiation (Adapted from Mazhar, 

2002). 

Gleason score Glandular differentiation 

Grade 1 Well differentiated carcinoma with uniform gland pattern 

Grade 2 Well differentiated with glands varying in size and shape 

Grade 3 Moderately differentiated carcinoma with either irregular acinae 
often widely separated or well defined papillary cribrifor 
structures 

Grade 4 Poorly differentiated carcinoma with fused glands widely 
infiltrating the prostatic stroma 

Grade 5 Very poorly differentiated carcinoma with no or minimal gland 
formation, tumor cell masses may have central necrosis 
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As prostate cancers often have different grades in different areas of the tumor, a 

combined Gleason Score is used to further grade the prostate cancer. The 

combined Gleason Score is defined by adding the grades from the two most 

common cancer cell patterns within the tumor. For example, if the most common 

pattern is grade 5, and the second most common pattern is grade 4, then the 

combined Gleason score is 9. If there is only one pattern within the tumor, the 

combined Gleason score is determined as the double value of the grade. For 

instance, if there is only grade 1 pattern observed within the tumor, then the 

combined Gleason score is 2 (www. upmccancercenters.com). 

 

1.1.3. Prostate Cancer Chemoprevention Trail 

Prostate cancer has become an appealing target for prevention because of its 

incidence, prevalence, morbidity, and mortality (Klein, 2005). So far, several 

large-scale clinical trials have been launched to evaluate the influence of various 

agents including vitamin E and selenium on the incidence of prostate cancer. 

 

The Prostate Cancer Prevention Trial (PCPT) was the first large-scale, population 

based prostate cancer chemoprevention trial launched in 1993. In the trail, 18,882 

healthy men over 55 years’ old with normal digital rectal examination and PSA 

levels ≤ 3.0 ng/ml were randomly assigned to receive 5 mg/day finasteride, an 

anti-androgen agent, or placebo for 7 years. The PCPT study was stopped 15 
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months earlier with the finding of a 25% reduction of prostate cancer risk in the 

finasteride arm (Brwoley, 2000; Klein, 2005). 

 

The ongoing Selenium and Vitamin E Cancer Prevention Trial (SELECT) is a 

randomized, phase III, double-blinded, placebo controlled, population-based, 12-

year clinical trail that was launched by NCI in 2001 designed to evaluate the 

effect of synthetic vitamin E and selenium on prostate cancer incidence in 32,400 

men aged over 50 with normal blood pressure and serum PSA ≤ 4 ng/ml (Klein, 

2004). The rationale for SELECT comes from the second endpoint analyses of 

two clinical trails. First, in 1998, Clark and associates reported that selenium was 

found to provide protective effects against prostate cancer in a randomized 

placebo controlled clinical trial that was originally designed to determine the 

preventive effect of selenium against squamous and basal cell skin cancers in 974 

men (Clark, 1998; Brawley, 2000). The beneficial effects of vitamin E were 

discovered in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study 

(ATBC Study), in which 29,133 male smokers 50-69 years’ old were assigned to 

take 50 mg all-rac-alpha-tocopherol acetate, 20 mg beta-carotene, 50 mg all-rac-

alpha-tocopheryl acetate plus 20 mg beta-carotene, or placebo control for 5-7 

years to investigate the effects of these agents separately and together on lung 

cancer incidence and mortality. Although no protective effect on lung cancer was 

found in the primary analyses, further analyses identified a 33% reduction in 
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prostate cancer risk in the all-rac-α-tocopheryl acetate group (Lieberman, 2003, 

Brawley, 2000). 

 

1.1.4. Prostate Cancer Chemotherapy 

Although localized prostate cancer can be cured by local therapy involving 

surgery and/or radiation, it is estimated that 25% of patients will eventually 

develop metastatic prostate cancer (Bhandari, 2005). A common and morbid 

complication associated with advanced prostate cancer is bone metastases, 

resulting in 85% of prostate cancer deaths (Pinsky, 2005). The first- and second-

line treatments for metastatic prostate cancer often involves medical or surgical 

deprivation of androgens, which unfortunately only maintains a short period of 

response and the resulting androgen-independent prostate cancer eventually leads 

to death in approximately 12-18 months (Bhandari, 2005). Over decades, 

dedicated researchers have used chemotherapeutic agents, applied individually or 

in combination, for prostate cancer, especially androgen-independent prostate 

cancer which is notorious for its disease-related morbidity, mortality, and 

resistance to many chemotherapeutic agents.  

 

The first chemotherapeutic agent approved by the US Food and Drug 

Administration (FDA) in December 1981 for prostate cancer was estamustine, a 

synthetic fusion of a nitrogen mustard to an extradiol moiety. This compound has 
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been used in patients for decades (Bhandari, 2005); however, the effecacy of 

estramustine is only 5-19% when applied alone, and is associated with a wide 

spectrum of side effects (Gilligan, 2002). A variety of other chemotherapeutic 

agents, including cyclophosphamide, doxorubicin, epirubicin, vinblastine, and 

vincristine have also been evaluated in prostate cancer patients, yet no effective 

agent with low toxicity has been identified (Bhandari, 2005). 

 

Mitoxantrone is a derivative of anthracyclines that were originally used in acute 

myelogenous leukemia (Gilligan, 2002). The activity of mitoxantrone in 

combination with a corticosteroid in androgen-independent prostate cancer was 

evaluated in two studies, Canadian study and Cancer and Leukemia Group B 

(CALGB) study. The Canadian study showed a significant improvement in pain 

relief in mitoxantrone treated patients, and the CALGB study demonstrated an 

improvement in progression-free survival (3.7 months vs 2.3 months), leading to 

the approval of mitoxantrone by the FDA for use in patients with androgen-

independent prostate cancer (Bhandari, 2005). However, mitoxantrone exhibits 

cardiac toxicity, therefore, large doses  (over 100 mg/m2) need to be evaluated 

before giving to patients (Gilligan, 2002). 

 

No major breakthrough in teatment of prostate cancer was obtained until 2004 

when docetaxel was demonstrated to be beneficial for androgen-independent 
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prostate cancer patients. Southwest Oncology Group (SWOG) study and Tax 327 

study were two important studies, in which the activity of docetaxel on pain relief, 

PSA level, and survival rate in patients with advanced prostate cancer was 

evaluated. In the SWOG study, 770 patients with advanced prostate cancer were 

randomly assigned to receive either docetaxel (60 mg/m2 intravenously every 21 

days) plus estramustine (280 mg orally 3 times a day for 5 days a week) or 

mitoxantrone (12 mg/m2 intravenously, every 21 days) plus prednisone (5 mg 

orally, twice a day). The results showed that docetaxel plus estramustine 

improved median survival (18 month vs. 16 months), median progression-free 

survival (6 months vs. 3 months), and median PSA reduction (50% vs. 27%) 

(Ryan, 2005; Pinski, 2005). In the Tax 327 international study, 1006 androgen-

independent prostate cancer patients were randomly assigned into three arms to 

receive docetaxel (75 mg/m2 every 21 days or 30 mg/m2 weekly for 5 of every 6 

weeks) plus prednisone (5 mg orally twice a day) or mitoxantrone (12 mg/m2 

intravenously every 21 day) plus prednisone (5 mg orally twice a day). Data 

analyses revealed that patients treated with docetaxel had improved survival rates 

(18.9 months vs. 16.4 months), pain relief (35% vs. 22%), and PSA reduction 

(45% vs. 32%). However, no significant difference was found between 3-week 

doxetaxel and weekly doxetaxel treatment. Based on the data from the above two 

studies, docetaxel was approved by FDA for use for treatment of metastatic 

androgen-independent prostate cancer in May 2004, and every 3-week docetaxel 
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plus prednisone became a standard first-line chemotherapeutic regimen for 

advanced prostate cancer soon after (Bhandari, 2005). 

 

In recent years, various new agents have and are being evaluated for their 

therapeutic value in prostate cancer. These new agents include cytotoxic agents 

such as epothilone-B (BMS-247550), SB-715992, satraplatin, and amonafide; 

peroxisome proliferators-activated receptor gamma (PPARγ) ligands; Calcitriol, 

the most active metabolite of vitamin D; growth factor receptor antagonists, such 

as epidermal growth factor receptor (EGF) antagonists cetuximab and gefitinib, 

HER-2 antagonist trastuzumab, platelet-derived growth factor (PDGF) receptor 

antagonist imatinib, and insulin-like growth factor (IGF) receptor antagonists; 

anti-angiogenic agents such as thalidomide, lenalidomide, bevacizumab (avastin), 

and PTK787/ZK 222584; Bcl-2 antisense; selective apoptotic anti-neoplastic 

drugs (SAANDs) such as exisulind (sulindac sulphone) and CP-461; Clusterin 

antisense oligonucleotide; and other novel targeted agents such as proteasome 

inhibitor bortezomib, and endothelin receptor antagonist atrasentan (Strother, 

2005; Bhandari, 2005). 
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1.2. Vitamin E:  

1.2.1. Discovery, Nomenclature, and Distribution 

Vitamin E was discovered in 1922 by Evans and Bishop as a micronutrient 

essential for rat reproduction, and rediscovered by Klaus Schwarz in 1950 as 

factor 2 and put into the context of cellular antioxidant systems, together with 

sulfur amino acids (factor 1) and selenium (factor3) (Brigelius-Flohé, 1999). 

Vitamin E refers to a group of essential, fat-soluble antioxidants, including eight 

different naturally occurring forms called α-, β-, γ-, δ-tocopherols and 

tocotrienols, as well as synthetic vitamin E (all-rac-α-tocopherol) (Kline, 2004). 

Basic structures of all vitamin E forms contains a chroman head and a phytyl tail. 

The difference between tocoperols and tocotrienols is in the number of double 

bonds on the phytyl tail as well as the placement of methyl groups on the chroman 

head (Kline, 2003). Tocopherols have saturated phytyl tails, whereas the phytyl 

tail of tocotrienols are unsaturated. Each tocopherol consists of three asymmetric 

carbons at the 2 position of the chroman head and 4 and 8 positions of the phytyl 

tail, either right-handed (R) or left-handed (S). Naturally occurring vitamin E 

forms have right-handed carbons in all the three positions and therefore are 

designated as RRR-tocopherols (Kline, 2003) (Figure 1. 1.). Plants are major 

sources of naturally occurring vitamin E, being abundant in wheat germ, palm oil, 

cereal grains, and rice bran (Azzi, 2000). Synthetic vitamin E (all-rac-α-

tocopherol; dl-α-tocopherol) is composed of a mixture of eight stereoisomers, 
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with each stereoisomer contributing approximately 1/8 to the mixture (Kline, 

2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Structures of naturally occurring tocopherols and tocotrienols. 

Tocopherols have saturated phytyl tails and tocotrienols have unsaturated phytyl 

tails. Each tocopherol and tocotrienol contains three asymmetric carbons at the 2 

position of the chroman head and 4 and 8 positions of the phytyl tail, either right-

handed (R) or left-handed (S). All naturally occurring vitamin E forms have right-

handed carbons in all the three positions and therefore are designated as RRR-

tocopherols or tocotrienols (Adapted from Kline, 2003). 
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The distribution of vitamin E in human blood and tissues is regulated by a hepatic 

cytosolic α-tocopherol transfer protein (α-TTP), which preferentially binds to the 

RRR or 2R forms of α-tocopherol and shows much less affinity for other 

tocopherols and tocotrienols, leading to the excretion of other isoforms together 

with excessive α-tocopherol into the bile or degradation of the other isoforms and 

extra α-tocopherol by side-chain degradation involving cytochrome P450-

dependent hydroxylases (Hopkin, 2004; Hacquebard, 2005). α-tocopherol 

incorporates into very-low-density lipoprotein (VLDL) in the liver and is secreted 

into the circulation system where high-density lipoprotein (HDL) particles acquire 

α-tocopherol from VLDL or LDL and transport α-tocopherol to other tissues 

(Hacquebard, 2005). 

 

1.2.2. Functions of Vitamin E 

RRR-α-tocopherol is the most active form of vitamin E in humans and is 

considered as a powerful biological antioxidant bound to the cell membrane to 

protect unsaturated lipids on the cell membrane against lipid peroxidation (Valko, 

2006). The antioxidant activity of RRR-α-tocopherol is based on the availability 

of the free phenolic moiety at the carbon 6 position of the chroman head (Kline, 

2001). Studies have shown that α-tocopherol can be converted into an α-

tocopherol radical by transferring a hydrogen to a lipid during oxidative stress, 
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followed by the reduction of α-tocopherol radical to the original α-tocopherol by 

ascorbic acid (Kojo, 2004). 

 

In addition to the antioxidant function, vitamin E has been shown to play a role in 

cellular signaling independent on its antioxidant property (Brigelius-Flohé, 1999). 

Azzi and associates demonstrated that RRR-α-tocopherol could inhibit smooth 

muscle cell proliferation, reduce protein kinase C activity, and enhance the 

activity of phosphatase 2A activity (Azzi, 1998). Inhibition of protein kinase C 

activity by RRR-α-tocopherol has also been observed in diabetic rat kidney, 

human platelets, and human monocytes (Koya, 1997&1998; Freedman, 1996; 

Devaraj, 1996). Mechanisms underlying the inhibition of protein kinase C activity 

by RRR-α-tocopherol include α-tocopherol can reduce the production of 

membrane-derived dacylglycerol, therefore inhibiting the translocation and the 

activation of protein kinase C (Kunisaki, 1994). 

 

Thompson and Wilding showed that the chromanol moiety (PMCol) of vitamin E 

had antiandrogen activity similar to that of Bicalutamide (Casodex), and 

significantly inhibited PSA release and androgen-induced promoter activation 

without influencing the protein levels of androgen receptor in androgen-

dependent LNCaP human prostate cancer cells. These data suggest that the 



 14

antitumor effect of vitamin E in androgen-dependent prostate cancer cells may be, 

at least partially, due to its anti-androgen activity (Thompson, 2003).  

 

1.2.3. Vitamin E Derivatives: VES and α-TEA 

In order to solve the problem of instability of the phenolic moiety at C6 of RRR-

α-tocopherol, various vitamin E derivatives have been produced, including 

acetate derivatives, vitamin E succinate (VES, RRR-α-tocopheryl succinate), and 

RRR-α-tocopherol ether-linked acetic acid (α-TEA) (Figure 1.2.).  

 

 

 

Figure 1. 2. Vitamin E derivatives: α-TEA and VES. Both α-TEA and VES are 

derivatives of naturally occurring RRR-α-tocopherol. α-TEA has an acetic acid 

moiety linked to the C6 of the chroman head by an ether linkage and VES has a 

succinate moiety linked to the C6 of the chroman head by an ester linkage 

(Adapted from Kline, 2001, 2003). 
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In 1995, Turley and associates demonstrated that VES, a derivative of RRR-α-

tocopherol, induced apoptosis in human B lymphoma cells (Turley, 1995). 

Further studies have shown that VES is capable of inducing apoptosis in a variety 

of cancer cells including breast, cervical, prostate, endometrial, colon, lung, and 

lymphoid cancer cells (Kline, 2001). Yu showed that VES-induced apoptosis 

involved transforming growth factor-β (TGF-β) signaling pathway, Fas 

(CD95/APO-1) signaling pathway, and Mitogen-activated protein kinase 

signaling pathway (Yu, 1997, 1998, and 1999) (Kline, 2001). You reported that 

VES induced differentiation in human breast cancer cells involving extrocellular 

signal-regulated kinase pathway (You, 2001 and 2002). 

 

The hydrolysable property of the ester linkage in VES makes it problematic as an 

effective in vivo anti-tumor agent since data show that the anti-tumor activity of 

VES requires the intact VES molecule, but cellular esterases cleave the succinate 

moiety of VES, resulting in RRR-α-tocopherol and decrease its anti-tumor 

efficacy (Kline, 2003). In cooperation with Dr. Laurence H. Hurley (college of 

Pharmacology, University of Arizona, Tucson, AZ), our lab designed and tested a 

variety of novel RRR-α-tocopherol analogues, among which α-TEA [2,5,7,8-

tetramethyl-2R-(4R,8R, 12’-trimethyltridecyl) chroman-6-yloxyacetic acid] 

showed antitumor properties in a wide range of cancer cells including breast, 

prostate, colon, lung, cervical, ovarian, and endometrial cancer cells (Kline, 
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2003). α-TEA differs from VES by an acetic acid moiety linked to the phenolic 

oxygen at carbon 6 of the chroman head by an ether linkage instead of a succinate 

moiety linked by an ester linkage to the chroman head in VES, which makes α-

TEA nonhydrolysable in the presence of esterases (Kline, 2003). 

 

The antitumor property of α-TEA has been intensively investigated in our lab. α-

TEA not only exhibited antiproliferation activity in vitro (Shun, 2004; Anderson, 

2004), but also showed antitumor effects in vivo. In a BALB/c mouse mammary 

tumor model, liposome-formulated α-TEA delivered by aerosol (36 µg deposited 

into respiratory track/day) showed 65% reduction of tumor volume and a 

significant reduction of lung metastasis, compared to the liposome control treated 

mice (Lawson, 2003), and the combination treatment of α-TEA plus 9-nitro-

camptothecin (9-NC, 0.4 µg deposited into the respiratory track/day) showed 

significant inhibition of primary tumor volume and lung metastasis (Lawson, 

2004). In a human breast cancer xenograft mouse model, liposome-formulated α-

TEA delivered by aerosol alone showed significant reduction in tumor volume 

and lung metastasis, and the combination of α-TEA plus celecoxib showed an 

enhanced effect in the reduction of tumor volume and lung metastasis (Zhang, 

2004). In another xenograft mouse model of ovarian cancer, α-TEA, alone or in 

combination with cisplatin was shown to significantly inhibit the tumor burden, 
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lung and lymph node metastasis in comparison to the control treatment 

(Anderson, 2004). 

 

1.3. Selenium:  

1.3.1. History and Functions 

Selenium is a nonmetallic trace element essential for human health. Schwarz and 

Foltz were the first to report that selenium was an essential nutrient for rats 

(Schwarz, 1957). The recommended dietary allowance of selenium is 55 µg/day, 

and low selenium intake results in a high incidence of selenium-related diseases, 

such as the Keshan disease (a human heart disease) and Kaschin-Beck disease (a 

human rheumatoid condition) (Abdulah, 2005). The abundance of selenium in 

food has been found to be related to the local soil selenium content, and organic 

forms of selenium is enriched in grains, fish, meat, poultry, eggs, diary products, 

and vegetables such as garlic, onion, and broccoli (Klein, 2005; Abdulah, 2005). 

In 1969, Shamberger and Frost reported the potential protective activity of 

selenium against human cancer, which triggered the interest of investigation of 

selenium for cancer prevention (Shamberger, 1969). Many reports have addressed 

the protective effects of selenium against cancer (Klein, 2004), heart, 

cardiovascular and muscle disorder, reducing viral expression, delaying AIDS 

progression, slowing aging, as well as its function in mammalian development, 

immune function, and male reproduction (Hatfield, 2002). The biochemical bases 
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for the protective functions of selenium was first elucidated in 1973 when Rotruck 

and colleagues demonstrated that selenium is an important component of an 

antioxidant enzyme, glutathione peroxidase (Rotruck, 1973). Selenium has been 

demonstrated to be the only known trace element specified in the genetic codon 

UGA, also known as the termination codon, in the form of selenocysteine, which 

can be incorporated into selenoproteins during protein synthesis (Rayman, 2005). 

There are over 20 known selenoproteins in mammals including glutathione 

peroxidases (GPx), selenoprotein P, selenoprotein W, thioredoxin reductase, and 

iodothyronine deiodinases, and these selenoproteins are required for the functions 

of selenium as an essential nutrient in mammals (Abdulah, 2005). 

 

1.3.2. Selenium Compounds in Cancer Chemoprevention 

In 1993, Blot and colleagues reported that daily intake of 50 µg selenium in 

combination with β-carotene and all-rac-α-tocopherol significantly reduced 

stomach cancer mortality in a clinical trial conducted in China (Blot, 1993). Three 

clinical trials conducted in China demonstrated that selenium supplementation 

reduced the incidence of hepatocellular cancer by 50% (Yu, 1997; Yu, 1999; Li, 

2000) In 1996, studies demonstrated that 200 µg/day selenium supplementation, 

in the form of selenized yeast, significantly reduced the overall cancer morbidity 

by about 50%, and dramatically decreased the incidence of prostate cancer in the 

Nutritional Prevention of Cancer Study (Clark, 1996). Based on the evidence that 
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selenium and vitamin E may prevent prostate cancer, the National Cancer Institute 

(NCI) launched a phase III, double-blind, placebo-controlled, 12-year clinical trial 

called the Selenium and Vitamin E Cancer Prevention Trial (SELECT) to 

evaluate the activity of selenium and vitamin E, individually or in combination, 

on the incidence of prostate cancer (Klein, 2004). 

 

Several mechanisms have been suggested for the anti-tumor activity of selenium 

including detoxification of carcinogens, reduction of DNA damage, reduction of 

oxidative stress, reduction of inflammation, enhancement of immune response, 

inactivation of protein kinase C therefore inhibiting tumor promotion, 

enhancement in p53 function, blockage of the cell cycle allowing DNA repair, 

induction of apoptosis in cancer cells, and inhibition of angiogenesis (Table 1.2. 

Rayman, 2005).  
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Table 1.2. Mechanisms of the anti-cancer effects of selenium. (Adapted from 

Rayman, 2005) 

Anti-cancer processes or pathways Selected evidence for Se involvement 
Seleno-enzyme mechanism: 
  Reduction of DNA damage 

Se intake or status affects DNA damage in both 
human and animal studies 

  Reduction of oxidative stress Levels of dietary antioxidant vitamins and 
carotenoids and SNP that affect antioxidant 
selenoproteins modify the effect of Se on cancer 
risk 

  Reduction of inflammation: 
inflammation promotes tumor growth 

Selenoenzymes can reduce hydroperoxide 
intermediates in the cyclooxygenase and 
lipoxygenase pathways preventing the production of 
pro-inflammatory prostaglandins and leukotrienes 

Induction of phase II conjugating enzymes: 
detoxify carcinogens and reduce DNA 
adduct formation 

Some selenocompounds such as methylselenol 
(CH3SeH), can up regulate phase II conjugating 
enzymes such as glutathione-S-transferase, 
increading detoxification of carginogens 

Enhancement of immune response: 
cytotoxic lymphocytes and natural killer 
cells are able to destroy tumor cells 

Se supplementation (Na2SeO3) enhanced the 
immune response of volunteers and cancer patients 
by increasing the numbers of cytotoxic lymphocytes 
and natural killer cells 

Increase in tumor suppressor p53: inhibits 
proliferation, stimulates DNA repair and 
promotes apoptotic death by acting as a 
transcription factor for several genes, 
including the damage inducible gadd genes 

SeMet can activate p53 through redox regulation of 
key p53 cysteine residues. Methylseleninic acid 
(CH3SeO2H) and Na2SeO3 modulate p53 activity by 
phosphorylation 

Inactivation of protein kinase C (PKC), a 
signaling receptor that plays a crucial role 
in tumor promotion by oxidants 

Selective inactivation of PKC results from reaction 
of its catalytic domain with selenometabolites such 
as CH3SeO2H (formed from membrane-bound 
CH3SeH and fatty acid hydroperoxides), inhibiting 
tumor promotion and cell growth 

Alteration in DNA methylation: abnormal 
methylation patterns are associated with 
neoplasia and inactivation of tumor 
suppressor genes 

Se affects the extent of DNA methylation and the 
activity of DNA methyl tranferase 

Blockage of the cell cycle: inhibits growth 
and may allow DNA repair to take place 

CH3SeH precursors can induce cell cycle arrest 
without single-strand breaks and with or without 
caspase induction and p53 regulation 

Induction of apoptosis of cancer cells: 
generally involves the sequential activation 
of the caspases, a family of proteases 
capable of degrading cellular components 

CH3SeH precursors induce DNA double-strand 
breaks and cell death by apoptosis involving the 
caspase cascade 

Inhibition of angiogenesis: new blood 
vessels are required for the growth and 
metastasis of tumors 

CH3SeH reduces microvessel density in chemically-
induced rat mammary carcinomas (but not in 
normal tissue), the expression of vascular 
endothelial growth factor and matrix 
metalloproteinases 
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The form of selenium used in clinical trails was either sodium selenite (Li, 2000) 

or selenized brewer’s yeast that mainly contains selenomethionione (Clark, 1996). 

In 1989, Ip and Hayes reported that selenomethione was less active than selenite 

in anticarcinogenic efficacy, using a dimethylbenz[a]anthracene-induced rat 

mammary tumor model, although selenium concentrations in blood, liver, kidney, 

and skeletal muscles were higher in rats given selenomethionine than those given 

selenite (Ip, 1989). Evidence has shown that methylselenol (CH3SeH) is a critical 

metabolite in selenium chemoprevention (Ip, 2000). Methylselenol can be 

generated indirectly from selenomethionine during dietary metabolism by γ-

lyase/methoininase cleavage into selenocysteine, which in turn is degraded to 

hydrogen selenide (H2Se), and further converted to methylselenol by methylation 

(Rayman, 2005). In comparison, selenite can be metablized into hydrogen 

selenide, the precursor of methylselenol, through selenodiglutathione and 

glutathione selenopersulfide, and converted into methylselenol by methylation 

(Abdulah, 2005). Ip and Ganther demonstrated that selenium compounds that 

directly enter the methylated pool are more effective in cancer chemoprevention 

than those metabolized through the H2Se pool (Ip, 1992; Ganther, 1986). In 1991, 

Ip and colleagues described the potential chemopreventive activity of a novel 

selenium compound, Se-methylselenocysteine (MSC), in a rat carcinogen-induced 

mammary tumor model (Ip, 1991). In contrast to the multi-step reactions required 
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to generate methylselenol from selenolmethionine, MSC can be converted into 

methylselenol by a single-step cleavage with β-lyase, which is located in liver, 

kidney, and intestine (Ip, 2002). In addition, MSC cannot be incorporated into 

proteins, whereas selenomethoinine can be incorporated into proteins in the place 

of methionine, which reduces the bioavailability of selenomethionine for 

chemoprevention (Ip, 2002) (Figure 1.3.). Another benefit of MSC is the low 

toxicity when compared to other forms of nonmethylated selenium (Abdulah, 

2005). Studies have shown that the activity of MSC is twice that of 

selenomethionine in preventing mammary tumorigenesis in rodents (Ip, 2002). 

Jiang and colleagues reported that MSC significantly reduced angiogenesis in a 

rat mammary tumor model, suggesting the potential of MSC in preventing 

tumorigenesis, progression, and metastasis (Jiang, 1999). 
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Figure 1.3. Metabolic pathway of selenomethionine, methylselenocysteine, and 

methylseleninic acid. Selenomethionine needs to undergo several steps to produce 

CH3SeH, the critical metabolite in selenium chemoprevention. MSC only need 

one-step β-lyase cleavage to generate CH3SeH. Selenomethionine can be 

incorporated nonspecifically into proteins during protein synthesis which reduced 

its bioavailability. MSA is a better selenium agent than MSC for in vitro studies 

in that it does not require β-lyase activity to generate CH3SeH. MSA can be easily 

reduced to CH3SeH by GSH and NADPH. (Adapted from Ip, 2002). 
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In human and rodent mammary cell lines, β-lyase activity is generally low, which 

limits the production of methylselenol from MSC, leading to the requirement of 

very high concentration of MSC (50-200 µM) for in vitro studies (Ip, 2002). In 

order to solve the problem associated with MSC in the in vitro study, another 

selenium compound called methylseleninic acid (MSA) was developed in Ip’s 

lab. MSA can be easily reduced to methyselenol through enzymatic or 

nonenzymatic reactions involving GSH and NADPH, and 1-10 µM MSA has 

been demonstrated to inhibit growth and induce apoptosis in a preneoplastic 

mammary cell line as well as in human prostate cancer cell lines. The in vivo 

anticancer activity of MSA was shown to be comparable to that of MSC (Ip, 

2000, 2002). 

 

1.4. Apoptosis:  

1.4.1. Definition and Mechanisms 

In 1972, Kerr and colleagues described the morphological characteristics of 

inherently controlled cell deletion, and emphasized the significance of controlled 

cell death as a complementary but opposite mechanism to mitosis in the 

regulation of animal cells (Kerr, 1972), which promoted interests in apoptosis. 

Apoptosis (a word derived from Greek describing the falling of petals from a 

flower or leaves from a tree) or programmed cell death is a biological process 

with typical morphological characteristics including plasma membrane blebbing, 
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cell shrinkage, chromatin condensation and fragmentation (Vermeulen, 2005). 

Apoptosis is different from necrosis, another form of cell death characterized by 

irreversible swelling of the cytoplasm, distortion of organelles, cell rupture, 

release of noxious cellular contents, and the development of inflammation in the 

surrounding tissues, which occurs when cells are exposed to toxic stimuli such as 

hyperthermia, metabolic poisons and direct cell trauma. In comparison, apoptotic 

cells undergo nuclear and cytoplasmic condensation, and plasma membrane 

blebbing, leading to the formation of membrane-enclosed particles containing 

intact organelles and portions of the nucleus called apoptotic bodies that can be 

rapidly ingested and degraded by phagocytes or adjacent cells without the 

development of inflammation or tissue scarring (Fadeel, 2005).  

 

Apoptosis involves the activation of caspases, a family of cystein-dependent and 

aspartate-directed proteases (Vermeulen, 2005). Caspases are synthesized as 

inactive proenzymes and are activated by autocleavage or cleavage by other 

caspases at specific aspartic acid (Asp) residues (Fadeel, 2005). Among 14 

caspases identified, 7 are involved in apoptosis, among which caspase-2, -8, -9, 

and –10 function as initiator caspases, and caspase-3, -6, and –7 function as 

effector caspases (Vermeulen, 2005) (table 1.3.). 
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Table 1.3. Properties of caspases (Adapted from Vermeulen, 2005). 

Name of caspase Other names Function Pro-domain 
molecule 

Adaptor 
protein 

Caspase-2 

Caspase-8 

Caspase-9 

Caspase-10 

Caspase-3 

Caspase-6 

Caspase-7 

ICH-1/mNedd2 

MACH/FLICE/Mch5 

ICE-LAP6/Mch6 

Mch4, FLICE2 

CPP32/Apopain/Yama 

Mch2 

Mch3/ICE-LAP3/CMH1 

Initiator 

Initiator 

Initiator 

Initiator 

Effectot 

Effector 

Effector 

CARD 

DED 

CARD 

DED 

 

RAIDD 

FADD 

Apaf-1 

FADD 

None 

None 

None 

 

Intensive studies have demonstrated that caspases can be activated through a 

death receptor-mediated (extrinsic) pathway and/or the mitochondria-mediated 

(intrinsic) pathway during apoptosis (Vermeulen, 2005). The death receptor-

mediated pathway plays an important role in maintaining tissue homeostasis, 

while the mitochondria-mediated pathway is activated extensively in response to 

extracellular stimuli and internal insults such as DNA damage (Fadeel, 2005). 

Death-receptor mediated pathway is activated by the binding of death receptors 

including Fas (CD95, Apo-1), TNF-receptor-1 (TNF-R1), death receptor-3 (DR3, 

TNF-receptor-related apoptosis-mediating protein/TRAMP, Apo-3), TNF-related 

apoptosis inducing ligand receptor-1 (TRAIL-R1, DR4), TRAIL-R2 (DR5, Apo-

2), and DR6 to their agonist ligands (Vermeulen, 2005). Currently, Fas is the best-

understood death receptor. Binding of Fas ligand (FasL) to Fas triggers the 
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trimerisation of Fas and the recruitment of adaptor protein Fas-associated death 

domain protein (FADD) to membrane-bound Fas through the interaction between 

the death domain of Fas and FADD, forming the death receptor-induced signaling 

complex (DISC), where death effector domain (DED) containing caspase-8 is 

recruited to FADD through DED interaction and activated by self-cleavage 

(Medima, 1997; Kim, 2005). Activated caspase-8 can directly activate caspase-3 

in type I cells, while the mitochondria-mediated apoptotic pathway is required for 

sufficient apoptosis in type II cells, in which caspase-8 cleaves Bid, a 

proapoptotic Bcl-2 family member, and the translocation of truncated Bid (tBid) 

to the mitochondria leads to the release of cytochrome c from the intermembrane 

space of the mitochondria to the cytosol, resulting in the activation of the 

apoptotic protease activating factor-1 (Apaf-1) (Fadeel, 2005). The caspase 

recruitment (CARD) domain of Apaf-1 interacts with the CARD domain of 

procaspase-9 in the presence of cytochrome c and dATP, forming apoptosome 

where caspase-9 is activated and in turn activates downstream caspases such as 

caspase-3, -6, and –7 (Fadeel, 2005; Li, 1997) (Figureure 1.4.). 
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Figure 1.4. Fas signaling pathway. FasL binds to Fas receptor and triggers the 

trimerization and activation of Fas. Activated Fas recruit FADD, resulting in 

caspase-8 activation. In type one cells, caspase-8 can directly activate caspase-3, 

leading to mitochondria-independent apoptosis. In type II cells, caspase-8 cleaves 

Bid, promotes the conformational change of Bax, leading to mitochondria-

dependent apoptosis involving caspase-9 and –3 activation (Adapted from Ashe, 

2003) 
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Currently, the mechanism of cytochrome c release has not been fully elucidated. It 

has been suggested that the mitochondrial permeability transition pore (PTP) at 

the contact sites between the inner and the outer mitochondrial membranes plays a 

critical role in the release of cytochrome c (Fadeel, 2005). The opening of PTP 

can be regulated by many factors, among which are Bcl-2 family members 

(Loeffler, 2000). Bcl-2 family members share one to four Bcl-2 homology (BH) 

domains and are divided into pro-apoptotic and anti-apoptotic groups based on 

their functions. Bcl-2 and Bcl-xL are anti-apoptotic Bcl-2 family members, while 

Bax, Bak, Bid, Bad, and Bim are pro-apoptotic (Kuwana, 2003). Pro-apoptotic 

and anti-apoptotic members locate or translocate to the outer mitochondrial 

membrane where different family members form homo- or hetero-dimers, and the 

relative ratios of pro- and anti-apoptotic members determines the release of 

cytochrome c from the mitochondrial PTP (Burlacu, 2003; Vermeulen, 2005). 

 

1.4.2. Apoptosis and Cancer 

Cancer is characterized by six hallmarks: self-sufficiency in growth signals, 

insensitivity to growth-inhibitory signals, apoptosis resistance, limitless 

replicative potential, sustained angiogenesis, and tissue invasion and metastasis 

(Hanahan, 2000). Aberrant apoptosis in cancer cells not only contributes to 

tumorigenesis, but also leads to the resistance of cancer cells to chemotherapeutic 

agents that work through the induction of apoptosis (Fulda, 2004). Cancer cells 
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can escape apoptosis through inactivation mutations in pro-apoptotic genes and/or 

upregulation of anti-apoptotic proteins (Fesik, 2005). Mutations in tumor 

suppressor genes are frequently occurring events in many cancers. Loss-of-

function mutations or deletions in p53 tumor-suppressor gene have been found in 

more than half of cancers including prostate cancer (Fadeel, 2005). Stimuli such 

as DNA damage, hypoxia, and heat shock can activate p53, which in turn 

regulates the transcription of a variety of genes involved in cell cycle arrest (p21, 

Gadd45), and apoptosis (Bax, Apaf-1, caspase-9, Fas, DR5, the p53-inducible 

gene/PIG, and Noxa) (Vermeulen, 2005). Sax and colleagues suggested that Bid 

may also be regulated by p53 and contribute to the sensitivity of cells to 

chemotherapeutic agents (Sax, 2002). The anti-apoptotic Bcl-2 gene has been 

identified to be overexpressed in androgen-independent prostate cancer, which 

renders a promising target for prostate cancer therapy (Bhandari, 2005). Bcl-2 

antisense slows the development of androgen-independenct prostate cancer and 

enhances the anti-tumor effects of docetaxel in preclinical prostate cancer models 

as well as in phase I and phase II studies (Tolcher, 2004; Strother, 2005; 

Bhandari, 2005). Survivin is a member of the IAP family proteins that is 

expressed during mitosis and functions to inhibit the induction of apoptosis 

(Fesik, 2005). Studies show that survivin is undetectable in most normal adult 

tissues, but is commonly overexpressed in cancers including prostate cancer, and 

inhibits apoptosis at the G2/M transition, contributing to aberrant mitosis 
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(Vermeulen, 2005; Fesik, 2005; Fadeel, 2005). Most chemotherapeutic agents 

currently used in cancers are apoptosis-inducing agents, and kill cancer cells by 

inducing receptor-mediated and/or mitochondria-mediated apoptosis (Vermeulen, 

2005). The increasing knowledge of mechanisms underlying apoptosis and 

resistance to apoptosis will provide more insights into the development of novel 

apoptosis-targeting anti-cancer agents to enhance the efficacy of cancer 

chemotherapy. 

 

1.5. PI3K/Akt Signaling Pathway and Cancer 

Phosphatidylinositol-3 kinases, PI3K, belong to the lipid kinase family with the 

ability to phosphorylate 3′-OH groups at the inositol ring in inositol phospholipids 

(Vara, 2004). Class I PI3Ks are heterodimers composed of a regulatory subunit 

(p85) and a catalytic (p110) subunit, with p85 binding to various cellular proteins, 

such as transmembrane tyrosine kinase-linked receptors and intracellular proteins 

including protein kinase C (PKC), SHP1, Rac, Rho, hormonal receptors and Src 

(Hennessy, 2005). Based on their upstream activating proteins, class I PI3Ks can 

be further divided into two subclasses, class IA which is activated by receptor 

protein tyrosine kinase (RPTK) and class IB which is activated by G protein-

coupled receptors (Vara, 2004). PI3K is activated when it is recruited to the 

transmembrane receptors, and phosphorylates phosphatidylinositol (4,5) 

biphosphate (PIP2) at the 3′-OH group of the inositol ring, generating secondary 
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messenger phosphatidylinositol (3,4,5) triphosphate (PIP3) which serves as the 

docking site for Pleckstrin Homology (PH) domain-containing proteins including 

the serine/threonine kinase Akt/PKB (Samuels, 2006). Levels of PIP3 are under 

tight regulation of phosphatases such as the phosphatase and tensin homolog 

deleted on chromosome ten (PTEN), which removes the phosphate from the 3-OH 

position of PIP3 (Majumder, 2005; Song, 2005). Akt, the human homologue of 

the viral oncogene v-akt, is a family of serine/ threonine kinases that is composed 

of three isoforms Akt1, Akt2, and Akt3 (Fresno Vara, 2004; Li, 2005). Compared 

to tissue-restricted expression of Akt3, Akt1 and Akt2 are widely expressed 

among various tissues (Li, 2005). The interaction of Akt N-terminal PH domain 

with PIP3 promotes the recruitment of Akt to the cell membrane, and its 

conformational change allows the subsequent phosphorylation at Thr308 in the 

kinase activation domain of Akt by the phosphoinositide-dependent kinase-1 

(PDK1), and at Ser473 in the regulatory domain at the C-terminus by PDK-2 

activity such as integrin-linked kinase (ILK) (Song, 2005; Amaravadi, 2005). 

Although phosphorylation at Thr308 partially activates Akt, Ser473 

phosphorylation is required for full activation of Akt (Song, 2005; Li, 2005). 

Phosphorylated Akt dissociates from the cell membrane and translocates to other 

cellular compartments where Akt phosphorylates various substrates and regulates 

functions involved in apoptosis, cell proliferation, survival, motility, and 

angiogenesis (Li, 2005). Phosphorylation of FOXO transcription factors by Akt 
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excludes FOXO from the nucleus and disrupts FOXO-mediated transcription of 

proapoptotic proteins such as Bim and Fas ligand. Phosphorylation of Bad, a 

proapoptotic Bcl-2 family member, by Akt inhibits the binding of Bad to Bcl-xL 

and prevents apoptosis; phosphorylation of caspase-9 by Akt inhibits the 

activation of caspase-9; phosphorylation of Ask1 by Akt leads to inhibition of 

JNK activation, therefore prevents apoptosis; phosphorylation of MDM2 by Akt 

promotes the translocation of MDM2 to the nucleus where it binds to P53 and 

inhibits p53-mediated transcription of genes involved in cell cycle arrest and 

apoptosis; phosphorylation of p21CIP1/WAF1 and p27KIP1 by Akt inhibits 

p21CIP1/WAF1 and p27KIP1 nuclear localization, abrogates p21CIP1/WAF1-and p27KIP1-

mediated cell cycle arrest; phosphorylation of GSK3β by Akt prevents 

phosphorylation of β-catenin, leading to its stabilization and nuclear translocation, 

promoting cell cycle progression via cyclin D1. Phosphorylation of mTOR (the 

mammalian target of rapamycin) by Akt activates mTOR, leading to cell growth; 

phosphorylation of IκB kinase (IKK) by Akt results in the induction of NF-κB 

transcriptional activity, leading to the transcription of pro-survival genes 

including Bcl-xL (Li, 2005; Fresno Vara, 2004; Hennessy, 2005; Song, 2005) 

(Figure 1.5.). 
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Figure 1.5. Akt signaling pathway. Activation of growth factor receptor tyrosine 

kinases results in the activation of PI3-kinase, leading to the production of the 

second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3), which recruits 

Akt/PKB through pleckstrin homology (PH) domains to the membrane where 

Akt/PKB is activated. PTEN, is a PI-3,4,5-P3 phosphatase, which negatively 

regulates the PI3K/Akt pathway. Once activated, Akt mediates the activation and 

inhibition of several targets, resulting in cellular survival, growth and proliferation 

through various mechanisms (Adapted from Song, 2005). 

 

Akt signaling pathway is one of most critical survival pathways recognized in the 

cell, and the activation of Akt promotes growth factor-mediated cell survival and 

inhibits apoptosis in cells (Song, 2005). In comparison to frequently occurred 

amplification or mutation of PI3K catalytic subunit in ovarian, breast, 
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hepatocellular cancer, as well as in blioblastoma, neither amplification nor 

mutation has been reported in prostate cancer (Fresno Vara, 2004; Majumder, 

2005). Inactivation mutation in PTEN is a commonly occurring event in many 

cancers including prostate cancer, leading to constitutively active Akt in cancer 

cells (Li, 2005; Majumder, 2005). Although amplification of Akt1 or Akt2 genes 

has been reported in ovarian and gastric cancer, no activating mutations in Akt1, 

Akt2, or Akt3 were reported in prostate cancer. However, immunohistochemical 

analyses of prostate cancer specimens showed that nearly all PIN and invasive 

prostate cancer specimens were p-Akt (Ser473) positive, and the intensity of p-

Akt (Ser473) staining was correlated with high serum levels of PSA and high 

Gleason grade prostate cancer (Majumder, 2005). Intensive studies on PI3K/Akt 

signaling pathway have demonstrated the central role of Akt in tumorigenesis, 

cancer progression, and drug resistance, rendering PI3K/Akt signaling pathway as 

a potential target for the development of novel chemotherapeutic agents. 

 

1.6. Objective and Specific Aims 

Previous studies in our lab, using VES, showed that VES-induced apoptosis in 

human prostate and breast cancer cells through upregulation of Fas and FasL 

(Israel, 1999, Yu, 2000). α-TEA treatment in human breast cancer cells led to the 

induction of apoptosis that can be inhibited by Fas neutralizing antibody (Shun, 

2004). I hypothesize that (i) α-TEA induces apoptosis in human prostate cancer 
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cells through Fas signaling pathway. Apoptosis resistance is one of the six 

hallmarks of cancer cells that not only contributes to unlimited growth of cancer 

cells but also explains the resistance of cancer cells to chemotherapeutic agents 

(Hanahan, 2000; Fulda, 2004). Cancer cells can escape apoptosis through either 

inactivating pro-apoptotic proteins or activating pro-survival proteins. Akt, a pro-

survival serine/threonine kinase, has been shown to play a central role in 

tumorigenesis, cancer progression, and metastasis in many tumors including 

prostate cancer (Li, 2005). I further hypothesize that (ii) α-TEA induces apoptosis 

in human prostate cancer cells not only through the activation of pro-apoptotic 

pathways, such as Fas signaling pathway, but also through the inhibition of pro-

survival pathways, such as Akt signaling pathway. 

 

The anti-tumor activity of selenium has been addressed in many reports. The 

ongoing SELECT trail is to investigate the effects of vitamin E and selenium, 

alone or in combination, on preventing prostate cancer incidence in 32,400 men 

over 55 years old with serum PSA levels less than 4 ng/ml (Ip, 2002). The 

combination of VES and MSA was reported to synergistically induce apoptosis in 

PC-3 human prostate cancer cells (Zu, 2003). Considering the advantage of α-

TEA over VES and other vitamin E compounds in its structure, I hypothesize that 

(iii) α-TEA and selenium, in the form of MSA, act synergistically to induce 

apoptosis in human prostate cancer cells. The specific aims of my study were (1) 
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to evaluate the apoptosis induction activity of α-TEA in androgen-dependent 

human prostate cancer cell line LNCaP and androgen-independent human prostate 

cancer cell line PC-3-GFP, and to investigate if the Fas signaling pathway was 

involved in α-TEA induced apoptosis; (2) to investigate the effect of α-TEA on 

Akt survival signaling pathway in LNCaP and PC-3-GFP cells, and to investigate 

the possible linkage between pro-apoptotic signaling and pro-survival signaling; 

(3) to evaluate the combination effect of α-TEA and MSA on apoptosis induction 

in LNCaP and PC-3-GFP cells in vitro and in vivo, and to investigate the 

mechanisms underlying the combination effect between α-TEA and MSA. 

 

In this dissertation, chapter 2 focuses on the effects of α-TEA on the Fas signaling 

pathway in LNCaP and PC-3-GFP cells. The involvement of Fas and its 

downstream molecules including caspases and JNK, as well as the role of FADD 

and Daxx in α-TEA induced apoptosis, are addressed. Chapter 3 focuses on the 

activity of α-TEA on the Akt signaling pathway, including one of its downstream 

substrates, FOXO1. The expression of FasL as a possible linkage between Akt 

signaling pathway and Fas signaling pathway is addressed. Chapter 4 is focused 

on the combination effects of α-TEA and MSA on inhibiting the growth of human 

LNCaP and PC-3-GFP prostate cancer cells in culture. The proliferation 

inhibition potentials of α-TEA and MSA, individually or in combination, were 
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investigated in cell culture by colony formation assay, DNA synthesis arrest, cell 

viability assay, and apoptotic assay. Molecular mechanisms of synergism with 

combination are adrressed. Data in Chapter 4 also addrsses the anticancer efficacy 

of α-TEA plus MSC in immunal compromised mice with PC-3-GFP human 

prostate cancer cells. 
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Chapter 2 

α-TEA, an Analog of Vitamin E, Induces Fas Mediated Apoptosis 

in Human LNCaP and PC-3 Prostate cancer cells 

 

2.1. ABSTRACT 

α-TEA, a nonhydrolyzable ether analog of vitamin E (RRR-α-tocopherol), is a 

potent, selective apoptotic agent for cancer cells but not normal cells. In this 

study, the apoptotic-inducing potential of α-TEA was investigated in LNCaP and 

PC-3-GFP human prostate cancer cells. LNCaP and PC-3-GFP cells cultured with 

40 µM α-TEA for 3 days exhibited 95% and 68% apoptosis, respectively. 

Mechanisms underlying α-TEA-induced apoptosis in both cell lines involved 

death receptor Fas signaling. α-TEA treatments increased Fas and Fas ligand 

mRNA and protein levels, and increased levels of membrane Fas expression in 

both cell lines, resulting in enhanced Fas agonistic antibody-mediated apoptosis in 

the Fas-sensitive PC-3-GFP cells and sensitization of LNCaP cells to Fas-

mediated apoptosis. Investigations of signal transduction events downstream of 

Fas following α-TEA treatment showed that both FADD and Daxx were co-

immunoprecipitated with Fas and that signaling of apoptosis was mitochondrial 

dependent, involving Fas/FADD/caspase 8/tBid and Fas/Daxx/JNK1/2/Bax with 

subsequent activation of caspases 9 and 3. Each of these factors was confirmed to 
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be involved in α-TEA-induced apoptosis using functional knockdown by 

neutralizing antibodies, transient transfection with dominant negative acting 

mutants, siRNA and/or chemical inhibitors. Taken together, data show that α-

TEA is an effective pro-apoptotic agent in human prostate cancer cells and that α-

TEA-mediated apoptosis involves dual signal transduction from the Fas death 

receptor. 

 

2.2. INTRODUCTION 

Prostate cancer is the most commonly diagnosed malignancy and the second 

leading cause of cancer death in men in the United States, making identification 

and characterization of novel chemotherapeutic agents a top priority (Jemal, 

2006). This study was undertaken to better characterize how α-TEA, a novel 

vitamin E derivative being characterized for its chemotherapeutic potential, 

induces cell death in androgen-dependent and –independent human prostate 

cancer cells. 

 

RRR-α-tocopherol ether-linked acetic acid (α-TEA) is a nonhydrolyzable vitamin 

E (RRR-α-tocopherol) analog developed in our lab, which has an acetic acid 

moiety linked to the phenolic oxygen at carbon 6 of the chroman head by a 

nonhydrolyzable ether linkage (Kline, 2003; 2004). α-TEA has been shown to 

possess selective anticancer properties both in vitro and in vivo (Kline, 2003, 
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2004; Lawson, 2003, 2004; Shun, 2004; Zhang, 2004; Anderson, 2004). Studies 

have demonstrated that α-TEA inhibits cancer cell growth in a variety of human 

cancer cell lines including prostate, breast, ovarian, cervical, endometrial, colon 

and lung cancer cells; as well as, in breast, ovarian and prostate cancer preclinical 

mouse models (Kline, 2003, 2004; Lawson, 2003, 2004; Shun, 2004; Zhang, 

2004; Anderson, 2004). Of importance is the fact that α-TEA does not cause toxic 

side effects in the animal models nor cell death of normal human epithelial cells, 

including normal prostate PrEC epithelial cells (PrEC) (Anderson, 2004). 

 

Fas (also referred to as APO-1 or CD95) is an important cell surface death 

receptor (Owen-Schaub, 2002). Upon Fas activation, procaspase-8, the key 

initiator caspase, is recruited to Fas in the cell membrane via the adaptor protein 

Fas-associated death domain protein (FADD) (Owen-Schaub, 2002; Nagata, 

1997; Sartorius, 2001; Hengartner, 2000). Cleavage of procaspase-8 activates its 

protease activity and causes the cleavage and activation of execution caspase-3, 

leading to mitochondrial-independent cell death (Owen-Schaub, 2002; 

Hengartner, 2000). Alternatively, activated caspase-8 can trigger mitochondrial-

dependent apoptosis via the cleavage of Bid to truncated Bid (tBid), a 

proapoptotic Bcl-2 family member, which translocates from the cytosol to the 

mitochondria and promotes the release of cytochrome c (Owen-Schaub, 2002; 

Hengartner, 2000; Loeffler, 2000). In the cytosol, released cytochrome c interacts 
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with apoptosis protease activating factor-1 (Apaf-1) and triggers the activation of 

caspase-9, leading to the activation of downstream effector caspases (Hengartner, 

2000; Loeffler, 2000; Borner, 2003; Green, 1998). 

 

Daxx is a nuclear protein which has been proposed to translocate to the cytosol 

upon Fas activation (Yang, 1997; Michaelson, 2000). Daxx binds to the Fas 

receptor through its carboxy terminus and recruits the apoptosis signal regulating 

kinase (Ask1), which in turn activates c-Jun N-terminal kinase (JNK) thus 

transducing apoptotic signals in a FADD-independent manner (Yang, 1997; 

Michaelson, 2000; Curtin, 2003). However, the function of Daxx in apoptosis is 

controversial (Michaelson, 2000). Although many reports suggest that Daxx is a 

proapoptotic protein, Daxx has been reported to be antiapoptotic (Chen, 2003; 

Michaelson, 2002; Ko, 2001). 

 

Studies reported here demonstrate that: (a) α-TEA, a novel vitamin E analog, 

induces both Fas-sensitive PC-3-GFP and Fas-insensitive LNCaP human prostate 

cancer cells to undergo apoptosis in a time- and dose-dependent manner; (b) 

combination treatments of α-TEA + agonistic anti-Fas antibody act in a 

cooperative way to enhance apoptosis in both cell types; and (c) α-TEA-induced 

apoptosis in both cell types involves both extrinsic death receptor Fas signaling 

via both FADD and Daxx and intrinsic mitochondria-dependent signaling 
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involving caspase-8 activation, truncation of Bid, conformational change of Bax, 

activation of JNK and JNK substrate c-Jun, and activation of caspases-9 and –3. 

 

2.3. MATERIALS AND METHODS 

Reagents and Plasmids  

Chemical inhibitors of caspases; namely, Caspase-8 inhibitor Z-IETD-FMK, 

caspase-9 inhibitor Z-LEHD-FMK, and caspase-3 inhibitor Z-DEVD-FMK were 

obtained from BioVision Research Products (Palo Alto, CA). JNK inhibitor II 

(SP600125) was purchased from Calbiochem-Novabiochem Corp (San Diego, 

CA). Antibodies against Fas, Fas ligand, PARP, caspase-9, caspase-3, JNK, p-

JNK1/2, c-Jun, p-c-Jun, and Daxx NUP98were purchased from Santa Cruz 

Biotchnology (Santa Cruz, CA). Antibody against caspase-8 was obtained from 

Cell Signaling Technology (Beverly, MA). Anti-FADD antibody, Fas activating 

and neutralizing antibodies were obtained from Upstate Cell Signaling Solutions 

(Charlottesville, VA). Soluble Fas ligand was purchased from Santa Cruz 

Biotechnology. Rabbit anti-GAPDH antibody was prepared in our lab. α-TEA 

[2,5,7,8-tetramethyl-2R-(4R, 8R, 12-trimethyltridecyl)chroman-6-yloxyacetic 

acid] was synthesized in our lab as described in detail (Lawson, 2003). Dominant 

negative JNK1 was obtained from Dr. Roger Davis (Howard Hughes Medical 

Institute, University of Massachusetts, Boston, MA) (Raingeaud, 1995). Wild 

type Daxx plasmid was a gift from Dr. David Baltimore (Department of Biology, 
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California Institute of Technology, Pasadena, CA) (Yang, 1997). siRNAs 

targeting Fas, FADD, and Daxx were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). c-Jun siRNA was a gift from Ambion, Inc (Austin, TX). 

 

Cell Culture and α-TEA Treatment  

LNCaP and PC-3-GFP human prostate cancer cells were obtained from Dr. 

LuZhe Sun, (Department of Cellular and Structural Biology, University of Texas 

Health Science Center at San Antonio, San Antonio, Texas 78229). GFP 

transfected PC-3 cells used in this study are to be used in a future animal study. 

LNCaP cells were cultured in RPMI 1640 medium supplemented with 10% fetal 

bovine serum (HyClone Laboratories, Logan, UT), 2mM glutamine, 100 units/ml 

penicillin, and 100 µg/ml streptomycin. PC-3-GFP cells were maintained in F12-

K medium (GIBCO, Grand Island, NY) supplemented with the same 

concentrations of FBS, glutamine, and antibiotics. All cells were cultured in a 

humidified atmosphere of 5% CO2 and 95% air in a 37 °C incubator. 

 

For experiments, the percentage of FBS was reduced to 2%. Depending on the 

experiment, cells were plated at various concentrations, as cited below. Absolute 

ethanol was used to dissolve α-TEA, and α-TEA was used at 5, 10, 20, and 40 

µM for treatments. The final concentration of ethanol was kept at 0.1% (vol/vol) 

in cells treated with α-TEA. Vehicle control contained 0.1% absolute ethanol. 
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Evaluation of Apoptosis by DAPI Staining  

Assessment of apoptosis based on nuclear morphology using 4′, 6-diamidino-2-

phenylindole dihydrochloride (DAPI, Boehringer-Mannheim) has been described 

previously (24, 30). Briefly, 1.5 × 105 /well LNCaP cells or PC-3-GFP cells were 

plated in 12-well tissue culture plates and cultured overnight to allow cells to 

attach. Next, cells were treated with various concentrations of α-TEA and 

incubated for various time periods. At the end of treatments, cells were collected, 

washed with PBS, stained with 25 µl of 2µg/ml DAPI, and viewed under a 

fluorescent microscope (model ICM 405 with a model 487701 filter, Zeiss). Cells 

that contained clearly condensed chromatin or fragmented nuclei were scored as 

apoptotic cells. ≥500 cells were counted in each sample. Apoptotic data are 

presented as mean percent of apoptotic cells ± S.D. for three independent 

experiments. 

 

Western Blot Analyses 

Western blot analyses were performed to detect various proteins of interest. 

LNCaP and PC-3-GFP cells were treated with α-TEA as described above. Cells 

were collected, washed with PBS, and lysed with lysis buffer (1 × PBS, 1% NP40, 

0.5% sodium deoxycholate, 0.1% SDS, 1µg/ml leupeptin, 1µg/ml aprotinin, 1 
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mM DTT, 2 mM sodium orthovanadate, 1µg/ml phenylmethylsulfonyl fluoride) 

for 20 min on ice, and centrifuged at 15,000 g for 5 min. Supernatants were 

collected and protein concentrations were determined using a Bio-Rad protein 

assay (Bio-Rad Laboratories, Hercules, CA). 50 µg protein samples were resolved 

on 10% or 15% SDS-PAGE and transferred to a nitrocellulose membrane (0.2 µm 

pore Optitran BA-S supported nitrocellulose, Schleicher and Schuell, Keene, 

NH). The membrane was blocked in blocking buffer (20 mM Tris base, pH 7.6, 

137 mM NaCl, 0.1% tween 20, and 5% nonfat dry milk) for 1 h at room 

temperature, and incubated with primary antibody overnight at 4°C, followed by 

incubation with anti-mouse or anti-rabbit horseradish peroxidase-conjugated 

secondary antibody (Jackson Immunoresearch Laboratory, West Grove, PA) for 

30 min at room temperature, followed by detection with enhanced 

chemiluminescence (Pierce, Rockford, IL). Bands were quantitated using Scion 

Image Software (Scion Corporation, Frederick, MD). 

 

FACS Analysis of Cell Membrane Bound Fas 

5 × 105/well LNCaP cells or PC-3-GFP cells were plated in 6-well plates, treated 

with α-TEA, collected and washed twice with PBS. Cells were resuspended in 

100 µl of buffer (PBS, 1% FBS, 0.02 mM sodium azide, and 0.5 mM EDTA) and 

incubated with 20 µg/ml mouse anti-human Fas antibody (Upstate cell signaling 
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solution, Charlottesville, VA) or irrelevant mouse IgM for 4 h at 4°C. After 

another two washes with PBS, cells were incubated with 10 µg/ml FITC-

conjugated goat anti-mouse IgG for 1 h at 4°C in the dark. Cells incubated with 

secondary antibody alone were used as a control for nonspecific binding. At the 

end of reactions, cells were washed with PBS twice and read on FACScan flow 

cytometer and the data were analyzed using Cell Quest software (Becton 

Dickinson, UK). 

 

Isolation of nuclear- and cytoplasmic-enriched fractions 

1 × 107 LNCaP or PC-3-GFP cells were incubated with 40 µM α-TEA or vehicle 

control for 15 h. The cells were harvested and resuspended in 200 µl of buffer A 

(10 mM HEPES, pH7.9, 1.5 mM MgCl2, 10 mM KCl). After 10 min incubation 

on ice, cells were broken by passing through a 25 gauge needle. Samples were 

centrifuged at 2,000 rpm for 5 min. Supernatants (cytosolic fraction) were 

centrifuged 3 times at 2,000 rpm for 5 min, changing tubes after each 

centrifugation. Pellets (nuclear fraction) were washed 3 times in PBS, and lysed in 

RIPA lysis buffer.  

 

Immunoprecipitation 

For Bax translocation analyses, 1 × 107 LNCaP or PC-3-GFP Cells were treated, 

collected, and lysed on ice in CHAPS lysis buffer [10 mM HEPES (pH 7.5), 150 
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mM NaCl, 1% CHAPS] in the presence of protease inhibitors for 20 min. A total 

of 500 µg of proteins in 0.5 ml CHAPS lysis buffer were incubated with 2 µg of 

anti-Bax 6A7 monoclonal antibody (Sigma) at 4°C overnight. Then 40 µl of 

protein G plus/protein A agarose beads were added to the reaction and were 

incubated for 2 h at 4°C. Beads were washed three times in CHAPS lysis buffer 

and boiled in Laemmli buffer for 5 min. Immunoprecipitated conformational 

changed Bax was detected by SDS-PAGE followed by Western blot analysis 

using anti-Bax polyclonal antibody (23, 24). For Fas immunoprecipitation, 1 × 

107 LNCaP or PC-3-GFP cells were treated with α-TEA and lysed in RIPA lysis 

buffer in the presence of protease inhibitors. 500 µg protein was incubated with 

10 µg/ml anti-Fas antibody at 4°C overnight, followed by the addition of 30 µl of 

protein G-agarose beads and additional incubation at 4°C for 2 h. Beads were 

washed 4 times with PBS and the proteins were released from the beads by 

boiling in Laemmli buffer for 5 min. Immunoprecipitated proteins were 

determined by SDS-PAGE followed by western blot analysis. 

 

Detection of Fas and FasL mRNA Expression by Reverse Transcriptase-PCR 

Total RNA was isolated from LNCaP and PC-3-GFP cells using Rneasy minikit 

(QIAGEN Inc., Valencia, CA) according to the instructions of the manufacturer. 

The reverse transcription reaction was performed with 2 µg of total RNA using 
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Superscript II reverse transcriptase (Invitrogen) according to the manufacturer’s 

instructions. A reaction without reverse transcriptase was performed in parallel to 

ensure the absence of genomic DNA contamination. PCR amplification was 

performed in a final volume of 50 µl containing 5 µl of cDNA, 5 µl of 10 × PCR 

buffer (10 mM Tris-HCl, pH 9, 50 mM KCl, and 0.1% Triton X-100), 0.5 µl of 

dNTP (10 µM), 3 µl of MgCl2 (25 mM), and 2.5 units of Taq DNA polymerase. 

PCR was performed as following: an initial denaturation step at 94 °C for 5 min, 

followed by 35 cycles at 94 °C for 30 s, 57 °C (for Fas) or 61 °C (for FasL and β-

actin) for 30 s, and 72 °C 30 s. After a final extension at 72 °C for 5 min, PCR 

products were resolved on 1.2% agarose gels and visualized by ethidium bromide 

staining. Primer sequences were as following: Fas, 5′-ATT TCT GCC ACT GCA 

GCC CTC AGG-3′ (forward) and 5′-TCC AGT TCG CTG GGC AGA CTT 

CTC-3′ (reverse); FasL, 5′-ATG TTT CAG CTC TTC CAC CTA CAG A-3′ 

(forward), and 5′-CCA GAG AGA GCT CAG ATA CGT TGA C-3′ (reverse); β-

actin, 5′-TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3′ (forward), 

and 5′-CTA GAA TTT GCG GTC GAC GAT GGA GGG-3′(reverse). β-actin 

primer was used as the internal control for PCR. 
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Transient Transfection 

LNCaP cells were plated at 1.5 × 105 cells/well in 12-well plates, or at 3 × 106 

cells in 100 mm cell culture plates, cultured overnight and washed with serum 

free media before transfection. 0.7 µg or 4.2 of µg plasmids or empty vector were 

mixed with 50 µl or 300 µl serum free media and 4 µl or 24 µl PLUS reagent 

(Invitrogen) and incubated for 15 min at room temperature. Then 2 µl or 12 µl of 

Lipofectamine reagent (Invitrogen) in 50 µl or 300 µl serum free media was 

added to the reaction, and incubated for another 15 min before adding to the cells 

with 0.5 ml or 5 ml serum free media. Cells were incubated with transfection 

reagents for 3 h and the growth media containing 2 × FBS was added to the cells. 

Transfection efficiency in LNCaP cells using green fluorescent protein plasma 

was 60-70%. Transfection efficiency was not determined in the PC-3-GFP cells. 

Transfected cells were cultured overnight and treated with 20 or 40 µM α-TEA. 

At the end of the treatments, a portion of cells were stained with DAPI for 

apoptosis analysis, the rest of the cells were monitored by western blot analysis. 

The successful transfection was determined by western blot analysis using 

antibodies against proteins encoded by the plasmids. 

 

RNA Interference 

A scrambled RNA duplex that does not target any of the known genes was used 

as the nonspecific negative control for RNAi. Transfection of human prostate 
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cancer cells with siRNA or negative control siRNA was performed in 100 mm 

cell culture dishes at a density of 2 × 106 cells/dish using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA) and 300 pmol of siRNA duplex, resulting in a final 

siRNA concentration of 30 nM. siRNA transfected cells were cultured for 48-72 h 

before α-TEA treatment. 

 

Statistical Analyses 

Two-tail t test was used in the study to determine statistical significance. P < 0.05 

was considered as significance. 

 

2.4. RESULTS 

α-TEA induces apoptosis in human prostate cancer cells in a dose- and time-

dependent manner 

LNCaP and PC-3-GFP cells were treated with varying concentrations of α-TEA 

for 72 h. As shown in Fig 1A, α-TEA induces apoptosis in both cell lines in a 

dose-dependent manner. LNCaP cells are more sensitive to α-TEA-induced 

apoptosis than PC-3-GFP cells, with 40 µM α-TEA treatment for 72 h inducing 

95% apoptosis in LNCaP cells, versus 68% in PC-3-GFP cells (Fig 2.1A). 

Apoptosis induced by treatment with α-TEA was either quantified by staining 

cells with the DNA dye DAPI and counting number of cells that had clearly 
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condensed chromatin or fragmented nuclei as shown in (Fig 2.1B) or by 

monitoring the caspase cleavage of the apoptotic biomarker PARP (Fig 2.1C).  

 

 

Figure 2.1. α-TEA-induces apoptosis in prostate cancer cells in a dose- and time-

dependent manner. (A) LNCaP and PC-3-GFP cells were treated with various 

concentrations of α-TEA for 72 h. Cells were stained with DAPI and percentage 

of apoptotic cells determined. (B) Cells were treated with vehicle or 40 µM α-

TEA for 24 h, and stained with 2 µg/ml DAPI. Nuclei from apoptotic cells appear 

as brightly condensed or fragmented. (C) Western blot analysis of apoptosis using 

PARP cleavage. LNCaP and PC-3-GFP cells were treated with 40 µM α-TEA for 

time periods listed. GAPDH was used as the loading control. A data are depicted 

as mean ± S.D. of three independent experiments. B and C data are representative 

of 3 or more independent experiments. 
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Activation of Fas (CD95/APO-1) signaling is involved in α-TEA-induced 

apoptosis in prostate cancer cells 

Since previous studies by our lab showed that α-TEA-induced apoptosis in human 

breast cancer cells involved Fas signaling (6), it was of interest to know if Fas 

signaling is also involved in α-TEA-induced apoptosis in human prostate cancer 

cells. To investigate this, LNCaP and PC-3-GFP cells were treated with α-TEA 

(40 µM) prior to addition of agonistic anti-Fas (Fas triggering antibody) or 

neutralizing anti-Fas antibody. Data show that α-TEA-induced apoptosis was 

significantly reduced by Fas neutralizing antibody and significantly enhanced by 

agonistic anti-Fas antibody in both cell lines, showing that Fas is involved in α-

TEA-induced apoptosis in human prostate cancer cells (Fig 2.2A).  

 

Data from semi-quantitative RT-PCR (Fig 2.2B top series of lanes with β-actin as 

lane load control), and western blot analyses (Fig2.2B bottom series of lanes with 

GAPDH as lane load control) revealed that both Fas and FasL mRNA and protein 

levels were upregulated following α-TEA treatment of LNCaP and PC-3-GFP 

cells (Fig 2.2B). α-TEA-induction of Fas and FasL protein levels was coincident 

with or preceded by enhanced transcription of mRNA in both cells lines except 

for FasL in LNCaP cells. 
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To assess the involvement of Fas in α-TEA-induced apoptosis, Fas siRNA was 

transiently transfected into both cell lines. Data show that Fas siRNA significantly 

blocked α-TEA-induced apoptosis in both cell lines in comparison to the siRNA 

control, suggesting Fas plays an important role in α-TEA-induced apoptosis (Fig 

2.2C). Western blot analyses confirmed Fas siRNA reduced Fas protein levels 

(Fig 2D top panel), blocked caspase-8 cleavage (Fig 2.2D second panel) and 

reduced PARP cleavage (Fig 2.2D third panel) in comparison to cells transfected 

with siRNA control (Fig 2.2D). Taken together these data indicate that Fas 

signaling is important to a-TEA-mediated apoptosis and caspase 8 cleavage in 

downstream of Fas. 

 

Since Fas is not functional until it associates with the cell membrane, expresssion 

of membrane Fas was evaluated by flow cytometry analyses. As illustrated in Fig 

2E, levels of Fas were present on the cell surface of both LNCaP and PC-3-GFP 

cells as detected by anti-Fas antibodies in vehicle treated cells Pre-treatment with 

α-TEA (40 µM for 5 h) increased the level of cell surface Fas in both cell types 

(Fig 2.2E). 

 

Fas ligand is an important activator of Fas. In order to address a role for FasL in 

α-TEA-induced apoptosis, FasL siRNA was transiently transfected into both 
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LNCaP and PC-3-GFP cells. Data show that FasL plays a role α-TEA-induced 

apoptosis since α-TEA-induced apoptosis was significantly inhibited by FasL 

siRNA in both cell types (Fig 2.2F left panel). Western blot data confirmed the 

ability of FasL siRNA to reduce FasL protein expression and PARP cleavage (Fig 

2.2F right panel). 

 

 

Figure 2.2. Activation of Fas signaling is involved in α-TEA-induced apoptosis. 

(A) Cells were treated with 40 µM α-TEA in the presence or absence of 0.5 µg/ml 
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agonistic anti-Fas antibody or 0.5 µg/ml Fas neutralizing antibody for 24 h, 

followed by DAPI staining and analysis of apoptosis. (B) Semi-quantitative RT-

PCR analyses of Fas and Fas ligand mRNA and western blot analyses of Fas and 

FasL proteins and in LNCaP and PC-3-GFP cells treated with vehicle or 40 µM 

α-TEA for time period listed. (C) LNCaP and PC-3-GFP cells were transiently 

transfected with Fas siRNA or negative control siRNA, treated with 40 µM α-

TEA for 20 h, followed by DAPI staining. (D) Whole cell extracts from cells 

described in (C) analyzed by western blot for Fas, cleaved caspase-8 and PARP. 

(E) Cells were pretreated with vehicle or 40 µM α-TEA for 5 h, incubated with 20 

µg/ml mouse anti-Fas antibody for 4 h, followed by 10 µg/ml FITC-goat anti-

mouse IgG for 1 hour, and examined by flow cytometry. Irrelevant mouse 

antibody treatment served as control for detecting background fluorescence of 

cells. (F) LNCaP and PC-3-GFP cells were transiently transfected with FasL 

siRNA or negative control siRNA, cultured with 40 µM α-TEA for 20 h, 

followed by DAPI staining (left panel), or western blot analyses for Fas, cleaved 

caspase-8 and PARP. Data in A, C, & F (left panel) are depicted as mean ± S.D. 

of three independent experiments. *Significantly different from control, P <0.05. 

Data in B, D, E, and F (right panel) are representative of 2 or more experiments. 

 

α-TEA-induced apoptosis in human prostate cancer cells also involves 

intrinsic mitochondria-dependent events 

Fas activation can cause the formation of a death inducing signaling complex 

(DISC), in which caspase-8 is cleaved and activated, which in turn activates 

caspase-3 and induces apoptosis in a mitochondria-independent manner. 

Alternatively, Fas activation of caspase-8 can lead to the cleavage of Bid, a pro-
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apoptotic Bcl-2 family member, to a truncated form (tBid) which promotes 

apoptosis via a mitochondria-dependent pathway involving the cleavage and 

activation of caspases-9 and -3. As depicted in Fig 3A, α-TEA treatment produces 

time-dependent activation of caspase-8, cleavage of Bid into tBid, conformational 

change in Bax and cleavage of caspases-9 and –3 in both cell lines. Proof that 

caspases-8, -9, and -3 play a role in α-TEA-induced apoptosis in both cell lines 

was shown by the ability of selective inhibitors of these caspases to significantly 

reduce α-TEA-induced apoptosis (Fig 2.3B). Taken together, these data suggest 

that mitochondria-dependent apoptosis is involved in α-TEA-induced apoptosis in 

prostate cancer cells. 
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Figure 2.3. α-TEA-induced apoptosis in human prostate cancer cells also involves 

intrinsic mitochondria-dependent events. (A) Western blot analyses of caspase-8, 

Bid cleavage, conformationally changed Bax, total Bax, caspase-9 and -3 in 

LNCaP and PC-3-GFP cells treated with 40 µM α-TEA for 3, 6, 15, or 24 h or 

vehicle control for 24 h. (B) LNCaP and PC-3-GFP cells were treated with 40 µM 

α-TEA for 24 h in the presence or absence of 5 µg/ml caspase 8 inhibitor Z-

IETD-FMK, caspase 9 inhibitor Z-LEHD-FMK, or caspase 3 inhibitor Z-DEVD-

FMK. At the end of treatments, cells were collected and stained with 2 µg/ml 

DAPI and percent apoptosis determined. A) Data are representative of 3 

independent experiments; B) Data are depicted as the mean ± S. D. of three 

independent experiments. *Significantly different from cells treated with α-TEA 

only, P < 0.05. 



 59

 

FADD is involved in α-TEA-induced apoptosis in LNCaP and PC-3-GFP 

cells 

During Fas activation, Fas Associated Death Domain protein (FADD) or Daxx 

can be recruited to the membrane associated Fas, followed by caspase-8 

recruitment to the complex resulting in caspase-8 activation via cleavage. In order 

to determine if FADD plays a role in α-TEA-induced apoptosis, Fas was 

immunoprecipitated from α-TEA treated cells, followed by western blot analyses 

of the immunoprecipitates using antibodies to FADD. FADD was found to be in 

the immunoprecipitated complex (Fig 2.4A). Introduction of FADD siRNA into 

untreated LNCaP cells did not cause apoptosis but did significantly reduce α-

TEA-induced apoptosis providing evidence that FADD plays a role in α-TEA-

induced apoptosis in this cell line (Fig 2.4B). Surprisingly, transfection of FADD 

siRNA into untreated PC-3-GFP cells caused them to die, as if FADD was 

playing a pro-survival role in these cells (Fig 2.4B-insert). In order to assess 

whether or not FADD is playing a role in α-TEA-induced apoptosis in PC-3-GFP 

cells, the “background” level of apoptosis induced by the FADD siRNA construct 

was subtracted, showing that FADD siRNA significantly enhanced α-TEA-

induced apoptosis in the PC3-GFP cells (Fig 2.4B). Western blot analyses showed 

that transfection of LNCaP cells with FADD siRNA reduced FADD protein levels 

as well as blocked caspase-8 cleavage and PARP cleavage (Fig 2.4C). In PC-3-
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GFP cells, FADD siRNA effectively reduced FADD protein levels and caspase-8 

activation (cleavage) but increased PARP cleavage reflecting the “background” 

levels of apoptosis induced by FADD siRNA in this cell line (Fig 2.4C). 
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Figure 2.4. FADD is involved in α-TEA-induced apoptosis. (A) LNCaP and PC-

3-GFP cells treated with vehicle control or 40 µM α-TEA for 24 h were lysed and 

immunoprecipitated with anti-Fas antibody. Immunoprecipitated proteins were 

analyzed by SDS-PAGE and western blot with antibodies to FADD. IgG light 

chains were used as the loading control. (B) LNCaP and PC-3-GFP cells were 

transfected with FADD siRNA or negative control siRNA and treated with 40 µM 

α-TEA for 24 h. Cells were stained with DAPI and apoptosis was determined. (C) 

Western blot analyses of FADD, caspase-8, PARP, and GAPDH in LNCaP and 

PC-3-GFP cells transfected with FADD siRNA or negative control siRNA and 

treated with 40µM α-TEA for 24 h. Data depicted in A & C are representative of 

2 or more independent experiments. B) Data are depicted as the mean ± S.D. of 

three independent experiments. *Significantly different from negative siRNA 

control cells treated with α-TEA. P < 0.05. 
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JNK activation is involved in α-TEA-induced apoptosis in prostate cancer 

cells 

Since prolonged increases in JNK activation have been reported to be key to α-

TEA-induced apoptosis in human breast and ovarian cancer cells (7, paper in 

press), it was of interest to see if this was true for human prostate cancer cells. 

Activated JNK can cause cancer cells to undergo apoptosis through a 

mitochondria-dependent pathway, and active JNK1/2 can phosphorylate and 

activate c-Jun, an important member of the AP-1 family of transcription factors 

(28, 29). α-TEA caused prolonged increases of phospho-JNK1/2, which is the 

active form of JNK, starting at 3 h after α-TEA treatments in both LNCaP and 

PC-3-GFP cells (Fig 2.5A). In LNCaP cells, levels of phospho-JNK1/2 stayed 

elevated throughout the 24 h time period monitored following α-TEA treatment. 

In contrast, phospho-JNK reached a peak at 6 h following α-TEA treatment in 

PC-3-GFP cells, and then decreased. Total JNK1 levels were not changed 

substantially following α-TEA treatments in either cell type  (Fig 2.5A). In both 

cell lines, levels of phospho-c-Jun, a key substrate for phospho-JNK1/2, increased 

in agreement with the elevated phospho-JNK1/2 levels. Total c-Jun protein levels 

were not significantly altered in LNCaP cells but were increased at 15 and 24 h in 

PC-3-GFP cells following α-TEA (Fig 2.5A).  
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To assess the involvement of JNK, both cell lines were treated with the chemical 

JNK inhibitor (SP600125). Data show that SP600125 significantly decreased α-

TEA-induced apoptosis in both cell lines (2.5B). Western blot analyses showing 

reduced levels of phospho-c-Jun, confirm SP600125 blockage of JNK activity 

(Fig 2.5C) and reductions in PARP cleavage in SP600125 treated cells confirm 

JNK inhibitor blockage of α-TEA-induced apoptosis (Fig 2.5C). Using an 

alternate approach; namely, transient transfection of dominant negative JNK1 

(DN-JNK), α-TEA-induced apoptosis was shown to be significantly inhibited in 

LNCaP cells (Fig 2.5D). Successful transfection of DN-JNK was shown by 

western blot analyses showing increased levels of endogenous and DN-JNK in 

transfected cells compared to empty vector control transfected cells and blockage 

of JNK activity was indicated by reduced levels of phospho-c-Jun, (Fig 2.5E). 

Reduced PARP cleavage confirmed blockage of α-TEA-induced apoptosis in the 

DN-JNK transfected cells (Fig 2.5E).      

 

To investigate a role for c-Jun in α-TEA-induced apoptosis, c-Jun siRNA was 

transiently transfected into both cell lines. c-Jun siRNA significantly reduced α-

TEA-induced apoptosis in both cell lines (Fig 2.5F). Western blot analyses 

confirmed reductions in c-Jun protein levels and PARP cleavage in c-Jun siRNA 

transfected cells (Fig 2.5G). 
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Figure 2.5. JNK activation is involved in α-TEA-induced apoptosis. (A) Western 

blot analysis of p-JNK, JNK1, p-c-Jun, and c-Jun in LNCaP and PC-3-GFP cells 

treated with 40 µM α-TEA for 3, 6, 15, or 24 h or vehicle control for 24 h. 

GAPDH was used as the loading control and for densitometric analyses. (B) 

LNCaP and PC-3-GFP cells were incubated with 40 µM α-TEA for 24 h in the 

presence or absence of 10 µM JNK inhibitor SP600125. At the end of treatments, 

cells were collected and either stained with DAPI for apoptotic analysis (B), or 

(C) monitored by western blot analyses for JNK1, p-c-Jun, and cleaved PARP. 

(D) Dominant negative JNK (DN-JNK) transfected or vector control LNCaP cells 

were treated with 40 µM α-TEA for 15 h, cells were collected and either stained 

with DAPI for apoptosis analysis (D), or (E) monitored by western blot analysis 

for JNK1, DN-JNK, p-c-Jun, and PARP. GAPDH was used as the loading 
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control. (F) LNCaP and PC-3-GFP cells transfected with c-Jun siRNA or negative 

siRNA control were treated with 40 µM α-TEA for 15 h. Cells were stained with 

DAPI for apoptotic analyses, or (G) monitored by western blot analyses for c-Jun 

and PARP cleavage. Data for A, C, E, & G are repesenatative of 3 independent 

experiments. Data for B, D, and F are depicted as the mean ± S. D. of three 

independent experiments. B *Significantly different from α-TEA treated cells in 

absence of inhibitor (P < 0.05). D *Significantly different from empty vector 

control for DN-JNK1 (P < 0.05). F *Significantly different from siRNA control 

transfected cells treated with α-TEA. 

 

Daxx is an upstream activator of JNK 1/2 

It has been reported that Fas, once activated, can recruit the death-domain-

associated protein Daxx to the cell membrane, then Daxx recruits and activates 

apoptosis stimulating kinase-1 (Ask1), which in turn activates JNK and induces 

apoptosis (17, 35). The function of Daxx in apoptosis has been controversial (17). 

In the studies reported here, total Daxx protein levels were not significantly 

altered in either cell type following treatment with 40 µM α-TEA for 24 h (Fig 

2.6A). However, immunoprecipitation of Fas followed by analyses of the 

immunoprecipitates for Daxx showed that α-TEA treatment triggered the 

association of Daxx with Fas in both cell lines (Fig 2.6A). In vehicle treated cells, 

Daxx was found predominately in the cytosol in both cell lines. Following α-TEA 

treatment, increased levels of Daxx were found in the nucleus in conjunction with 

decreased levels in the cytosol (Fig 2.6B). Level of purity of nuclear and cytosolic 
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fractions was monitored using NUP98 and GAPDH proteins, respectively (Fig 

2.6B).  

 

To evaluate the role of Daxx in α-TEA-induced apopotosis, Daxx siRNA was 

transiently transfected into LNCaP and PC-3-GFP cells. As is shown in Fig 6C, 

Daxx siRNA significantly reduced α-TEA-induced apoptosis in comparison to 

control siRNA in both cell types. Daxx siRNA transfection of untreated cells did 

not affect survival of either cell type (Fig 2.6C). Western blot analyses confirmed 

the reduction in Daxx protein levels and showed reductions in levels of phospho-

JNK1/2 as well as PARP cleavage (Fig 2.6D). To further confirm the involvement 

of Daxx, plasmid encoding wild type Daxx was transiently transfected into 

LNCaP cells, followed by α-TEA treatment. Ectopic expression of Daxx did not 

affect the survival of LNCaP cells, and significantly enhanced α-TEA-induced 

apoptosis in comparison to α-TEA treated vector control (Fig 2.6E). Western blot 

analyses confirmed elevated levels of Daxx, phospho-JNK1/2 and PARP cleavage 

in wild type Daxx treansfected cells (Fig 2.6F). 
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Figure 2.6. Daxx activation of JNK1/2 is involved in α-TEA-induced apoptosis. 

(A) Western blot analyses of Daxx protein levels in whole cell extracts and anti-

Fas antibody immunoprecipitated complexes of LNCaP and PC-3-GFP cells 

treated with 40 µM α-TEA or vehicle control for 24 h. GAPDH serve as lane 

controls. (B) Western blot analyses of nuclear and cytosolic Daxx in cellular 

fractions obtained from LNCaP and PC-3-GFP cells treated with 40 µM α-TEA 

or vehicle for 15 h. For purity of fractions and verification of equal loading, 

GAPDH was used as the cytosolic marker and NUP98 as the nuclear marker. (C) 

LNCaP and PC-3-GFP cells were transiently transfected with Daxx siRNA or 

negative siRNA control. Next, cells were treated with 40 µM α-TEA for 15 h, 
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stained with DAPI, and analyzed for apoptosis. (D) Western blot analyses were 

conducted on LNCaP and PC-3-GFP cell lysates described in (C) for endogenous 

Daxx, p-JNK1/2. PARP cleavage, and GAPDH. (E) LNCaP cells transiently 

transfected with plasmid encoding wild type Daxx or empty vector were treated 

with 40 µM α-TEA for 24 h and either stained with DAPI for apoptosis analysis, 

or (F) monitored by western blot analysis for Daxx, p-JNK1/2, PARP, and 

GAPDH. Data for A, B, D, and F are representative of 2 or more experiments.  

Data depicted in C and E are the mean ± S.D. of 3 independent experiments. C 

*Statistically different from siRNA controls (P < 0.05). E *Significantly different 

from siRNA control treated with α-TEA. 

 

2.5. DISCUSSION 

An important approach for cancer chemotherapy is based on the abilities of 

chemotherapeutic agents to induce apoptosis in cancer cells (Bhandari, 2005; 

Reed, 2002). Vitamin E analogs are being investigated as a new class of inducers 

of apoptosis that exhibit selective anticancer effects (Kline, 2001; Neuzil , 2004; 

Wu, 2004). α-TEA, a novel vitamin E analog, is a potent inducer of apoptosis in 

cancer cells but not normal cells which is currently being characterized for its 

chemopreventive and chemotherapeutic potential (Lawson, 2003, 2004, 2004; 

Zhang, 2004; Anderson, 2004, 2004; Shun, 2004). Previous studies by our lab 

have demonstrated that α-TEA induces apoptosis in a wide range of epithelial-

based human cancer cells including, LNCaP, PC-3 and DU-145 cells, and 

established 5-10 µg/ml (20-40 µM) α-TEA as the EC50 range for these three cell 
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lines (Anderson, 2004). Normal human prostate epithelial cells are not induced to 

undergo apoptosis by α-TEA (Anderson, 2004). Also of importance, α-TEA has 

been shown to significantly reduce tumor burden and inhibit lung metastases 

when formulated into liposomes and delivered by gavage in a preclinical 

xenograft model using PC-3-GFP human prostate cells transplanted into immune 

compromised mice (Jia, manuscript in preparation). Thus, α-TEA appears to be a 

promising novel chemotherapeutic agent for prostate cancer. 

 

Studies reported here provide mechanistic insights into how α-TEA induces 

apoptosis in human prostate cancer cells. Here we show that α-TEA effectively 

induces apoptosis in both androgen-dependent LNCaP and androgen-independent 

PC-3-GFP human prostate cancer cells in a dose- and time-dependent manner and 

characterize α-TEA-triggered extrinsic Fas death receptor- and mitochondrial-

mediated events. 

 

Previous studies by our lab and others have demonstrated a contributory role for 

Fas-signaling in the anticancer actions of another vitamin E derived compound; 

namely RRR-a-tocopheryl succinate (Vitamin E succinate abbreviated VES; a 

hydrolysable ester linked succinic acid analog), in human breast, prostate and 

gastric cancer cells (Yu, 1999; Turley, 1997; Wu, 2002; Israel, 2000). Of interest, 

recently VES has been shown to suppress prostate tumor growth by inducing 
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apoptosis (Malafa, 2006). Studies reported here show that α-TEA-induced 

apoptosis in both LNCaP and PC-3-GFP cells involves but is not totally 

dependent upon Fas signaling. α-TEA-induced apoptosis in both cell lines was 

significantly reduced but not totally abrogated by blocking either Fas or FasL with 

Fas neutralizing antibody or small interfering RNAs to Fas or FasL, indicating 

that the Fas apoptotic pathway is necessary but not sufficient by itself to mediate 

a-TEA triggered apoptosis. This is in keeping with what is known about the 

pleiotrophic effects of a-TEA-mediated apoptosis (Shun, 2004: Yu, paper in 

press, Shun, paper submitted). 

 

One important aspect of VES (Israel, 2000) and, as reported here, a-TEA 

treatments, is the restoration of Fas responsiveness in Fas resistant LNCaP cells 

and the enhancement of Fas responsiveness in PC-3 Fas sensitive cells. 

Combination treatments of Fas-resistant LNCaP and Fas-sensitive PC-3-GFP cells 

with α-TEA plus anti-Fas antagonistic antibody significantly enhanced apoptosis 

in both cells lines in comparison to either agent alone. The molecular basis for 

vitamin E analog enhancement of Fas signaling is not known but was correlated 

with increased trafficking of Fas from the cytosol to the membrane following 

VES treatment (Israel, 2000) and studies reported here show a-TEA upregulates 

both mRNA and protein levels of Fas and FasL in both cell lines. Furthermore, 

flow cytometry analyses showed a marked increase in cell surface Fas expression 
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following treatment with α-TEA in both cell types. The ability of a-TEA to 

restore Fas signaling is of special importance to prostate cancer, since many 

prostate cancer cells are resistant to Fas-mediated apoptosis (Bertram, 2006). 

Failure of cancer cells to undergo Fas-mediated apoptosis is correlated with 

escape from immune targeted anti-tumor responses and resistance to certain 

chemotherapeutic agents (Brown, 2005). 

 

Caspases-8, -9, and -3 were activated 15 h following α-TEA treatment in both cell 

lines, and chemical inhibitors of these caspases prevented α-TEA-induced 

apoptosis, showing α-TEA-induced apoptosis to be caspase-dependent. Elevated 

levels of cleaved Bid (truncated Bid, tBid) and conformationally changed Bax, 

together with caspase-9 cleavage, indicate that α-TEA-induced apoptosis is 

mitochondrial dependent. 

 

Co-immunoprecipitation analyses showed that α-TEA activation of Fas leads to 

Fas interactions with FADD in both cell types. Knockdown of FADD using a 

siRNA produced the expected results of no effect on vehicle treated LNCaP cells 

and blockage of α-TEA-induced apoptosis, further suggesting the critical role of 

Fas/FADD signaling in α-TEA-induced apoptosis in this cell line. Unexpectedly, 

transfection of FADD siRNA into untreated PC-3-GFP cells produced 
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significantly increased apoptosis, suggesting FADD is playing a pro-survival role 

in this cell line (Fig 2.4B). These data suggest that FADD, in addition to 

functioning as an adaptor protein in Fas-mediated apoptosis, has a pro-survival 

function in untreated PC-3-GFP cells. Similar counterintuitive results, suggesting 

a survival role for FADD have been reported in lung cancer, prostate cancer, and 

mouse spleenocytes (Bhojani, 2005; Chen, 2005; Shimada, 2005; Alappat, 2005). 

Future studies are needed to investigate a pro-survival role for FADD in PC-3-

GFP cells and to ascertain if a pro-survival function for FADD is found in other 

prostate cancer cells. 

 

In addition to FADD/caspase-8/caspase-3 mediated apoptosis, Fas activation can 

also lead to the activation of JNK and result in mitochondria-dependent apoptosis 

(Salomoni, 2006). Data presented here showed that α-TEA-induced prolonged 

phosphorylation (activation) of JNK1/2 and its downstream substrate c-Jun in 

both prostate cancer cell lines. Furthermore data reported here show that JNK and 

c-Jun are necessary for a-TEA-induced apoptosis in prostate cancer cells, since 

their inhibition with a chemical inhibitor or dominant negative interfering protein 

or siRNA produced significant reductions in apoptosis. Previous studies by our 

lab and others (Zu, 2005) have shown the critical involvement of JNK in vitamin 

E derivative-induced apoptosis (Shun, 2004; Yu, 1998, 2001). For example, VES-

induced apoptosis of human breast cancer cells involved JNK activation upstream 
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of Bax conformational change and translocation of Bax and Bak but not tBid from 

the cytosol to the mitochondria, that resulted in an apoptotic execution phase 

involving cytochrome c release from mitochondria, activation of caspases-9 and -

3, and cleavage of PARP (Yu, 2003). 

 

Daxx is a highly conserved, ubiquitously expressed protein that was initially 

identified as a signaling protein that specifically associated with the death domain 

of Fas in Fas-mediated apoptosis (Yang, 1997; Michaelson, 2000; Salomoni, 

2006). The interaction between the death domain of Fas and Daxx is independent 

of the ability of Fas to interact with FADD (Chang, 1999). It has been proposed 

that Daxx is normally localized in the nucleus of the cell (Curtin, 2003). Upon Fas 

activation, Daxx translocates from the nucleus to the cytosol, where it associates 

with the death domain of Fas, thereby recruiting and activating ASK1, which in 

turn activates JNK1/2 through the MAPK cascade, resulting in apoptosis (Chang, 

1998; Salononi, 2006). However, the function of Daxx in apoptosis is still 

controversial. Studies reported here show both LNCaP and PC-3-GFP cells 

endogenously express Daxx in both the nucleus and the cytosol but primarily in 

the cytosol. Following α-TEA treatment Daxx levels increased in the nucleus and 

decreased in the cytosol, contrary to what was expected. Immunoprecipitation of 

whole cell extracts with Fas followed by western immunoblotting with Daxx 

specific antibodies showed no evidence of Daxx associated with Fas in either cell 
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type treated with vehicle. In striking contrast, analyses of a-TEA-treated cells 

showed clearly detectable levels of Daxx, indicating that α-TEA promotes the 

association of Daxx with Fas in both cell types. Inhibition of Daxx expression by 

siRNA resulted in a blockage of apoptosis induced by α-TEA, providing evidence 

that α-TEA-induced apoptosis is Daxx-dependent. Additionally JNK activity was 

impaired and the level of phospho-c-Jun decreased in Daxx siRNA transfected 

cells, suggesting that Daxx is an upstream mediator of JNK and c-Jun activation 

(phosphorylation) in prostate cancer cells. On the other hand, overexpression of 

wild type Daxx significantly increased apoptosis induced by α-TEA in LNCaP 

cells, accompanied by increased levels of phosphorylated JNK. 

 

Based on these results, a model to illustrate the mechanism by which α-TEA 

induces apoptosis in human prostate cancer cells is proposed (Fig. 2.7). α-TEA 

may function to activate Fas and trigger apoptosis through two different pathways 

downstream of Fas. In the first pathway, Fas recruits FADD and activates 

caspase-8, followed by the activation of Bid and the translocation of Bax from the 

cytosol to the mitochondria, which results in the mitochondria-dependent 

apoptosis. The possibility that caspase-8 may also activate caspase-3 directly has 

not been ruled out. In the second pathway, Fas recruits Daxx, followed by the 

activation of JNK, which triggers mitochondria-dependent apoptosis. JNK 

activation also leads to the phosphorylation and activation of c-Jun, which, as a 
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member of the AP-1 transcription factor family, may promote apoptosis through 

transcriptional upregulation of FasL (Su, 2005; Gopalan, 2005), therefore forming 

a positive amplification loop to enhance α-TEA-induced apoptosis. 

 

In summary, α-TEA is an effective apoptotic inducer in LNCaP and PC-3-GFP 

human prostate cancer cells. It induces apoptosis in a dose and time-dependent 

manner. Fas-mediated apoptotic pathways are involved in α-TEA-induced 

apoptosis. α-TEA sensitizes Fas-insensitive LNCaP cells to Fas-mediated 

apoptosis and enhances the sensitivity of Fas-sensitive PC-3-GFP cells to Fas. 

The function of Daxx is proapoptotic and is involved in JNK activation. It is of 

interest that α-TEA exhibits the potential to induce apoptosis in both androgen 

responsive and nonresponsive human prostate cancer cells and that α-TEA 

exhibits no toxicity to normal human prostate epithelial cells (PrEC) (Anderson, 

2004). Further studies of α-TEA as a possible prostate cancer therapeutic drug are 

needed. 
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Figure 2.7. Schematic of mitochondrial dependent apoptosis induction in LNCaP 

and PC-3-GFP cells by α-TEA through Fas signaling pathway. α-TEA activation 

of Fas signals apoptosis through two pathways downstream of Fas, FADD and 

Daxx. Fas/FADD/caspase 8/tBid/ and Fas/Daxx/JNK1/2/Bax signaling pathyways 

converge on-mitochondria with activation of caspases 9 and 3 and apoptosis. 

siRNA knockdown of FADD causes the LNCaP cells to undergo apoptosis 

suggesting a pro-survival function for FADD in addition to FADD's apoptotic role 

in a-TEA-induced apoptosis. 
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Chapter 3 

Role of Akt/FOXO1 in α-TEA Induced Apoptosis in Human 

Prostate Cancer Cells 

 

3.1. ABSTRACT 

Vitamin E analog, 2,5,7,8-tetramethyl-2R-(4R, 8R, 12-trimethyltridecel) 

chroman-6-yloxyacetic acid (α-TEA) has been shown to be a potent anti-tumor 

agent both in vivo and in vitro for human breast, ovarian, and prostate cancer 

cells. In studies reported here we investigated the effects of α-TEA on factors 

associated with resistance to apoptosis and chemotherapy in human prostate 

cancer cells. Data showed that α-TEA-induced apoptosis of both androgen-

responsive LNCaP and androgen-unresponsive PC-3 human prostate cancer cells, 

involved the downregulation of the phosphorylated (active) forms of all three Akt 

isoforms and produced reduced levels of pro-survival proteins Flip and survivin in 

both cell types. Analyses of downstream targets of Akt showed decreased levels 

of phosphorylated forms of glycogen synthase kinase 3-beta (GSK3β), and the 

forkhead trancription factor FOXO1 following α-TEA treatments, indicating that 

α-TEA is indeed reducing Akt kinase activity. Ectopic expression of wildtype or 

constitutively active FOXO1 resulted in significant increases in α-TEA-induced 
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apoptosis, while siRNA to FOXO1 blocked α-TEA-induced apoptosis. Taken 

together, these results show that one facet of α-TEA’s ability to induce cell death 

in human prostate cancer cells involves downregulation of mediators of apoptotic 

resistance.  

 

3.2. INTRODUCTION 

Prostate cancer is the second leading cause of cancer deaths in men in the United 

States (Jemal, 2006). It is estimated that there will be 234,460 new cases and 

27,350 prostate cancer deaths in the United States in 2006 (Jemal, 2006). 

Androgen-independent prostate cancer associated morbidity, mortality, and drug 

resistance makes development of novel chemotherapeutic reagents an important 

priority (Bhandari, 2005). 

 

Recently our laboratory has been focusing on establishing the anticancer efficacy 

and understanding the mechanisms underlying the potent pro-apoptotic properties 

of a novel vitamin E analog, 2,5,7,8-tetramethyl-2R-(4R,8R, 12-trimethyltridecyl) 

chroman-6-yloxy) acetic acid, referred to as alpha-tocopherol ether analog or α-

TEA. The parent compound for making α-TEA is natural vitamin E (RRR-α-

tocopherol) (Lawson, 2003). α-TEA has an acetic acid moiety linked to the 

phenolic oxygen at carbon 6 of the chroman head of RRR-α-tocopherol by an 

ether linkage yielding a stable, nonhydrolyzable compound (Lawson 2003, 
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Lawson, 2004-CCP). α-TEA has been shown to exhibit anticancer activities in 

human prostate, breast, colon, lung, cervical, endometrial and ovarian cancer cells 

in culture; as well as, in human and murine breast and human ovarian cancer 

animal models (Lawson, 2003, Lawson, 2004-CCP, Lawson, 2004-EBM, 

Anderson, 2004-CR, Anderson, 2004-EBM, Zhang, 2004). Recent studies have 

shown that α-TEA induces apoptosis in human prostate cancer cells in a time- and 

concentration-dependent manner, and that α-TEA-induced apoptosis involves 

activation of two Fas/FasL signaling pathways: Fas/FADD/caspase8/tBid and 

Fas/Daxx/Ask1/JNK1-2/Bax with subsequent activation of execution caspases 9 

and 3 (Jia, manuscript in preparation). Importantly, α-TEA has been shown to 

significantly reduce tumor burden and inhibit lung metastases when formulated 

into liposomes and delivered by gavage in a preclinical xenograft model using 

PC-3 GFP human prostate cells transplanted into immune compromised mice (Jia, 

manuscript in preparation). Thus, α-TEA appears to be a promising novel 

chemotherapeutic agent for prostate cancer. 

 

Akt/protein kinase B is a family of serine/threonine kinases composed of three 

isoforms: Akt1, Akt2, and Akt3, that plays a major role in survival and can block 

death receptor Fas-dependent apoptotic signals in human prostate cancer cells 

(Li,. 2005; Vara, 2004; Shimada, 2004). Typically, Akt is activated by binding of 

phosphoinositol 3-kinase (PI3K)-generated phosphatidylinositol 3,4,5-
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trisphosphate following growth factor receptor stimulation, resulting in 

recruitment of Akt to the cell membrane (Vaa, 2004; Song, 2005). Membrane 

association results in conformational changes in Akt, allowing residues Thr-308 

and Ser-473 to be phosphorylated by upstream kinases 3-phosphoinositide-

dependent kinase 1 (PDK1) and PDK2 (Amaravadi, 2005; Li, 2005; Vara, 2004). 

In human prostate cancer, somatic inactivation mutations in the tumor suppressor 

gene PTEN (phosphatase and tensin homolog deleted on chromosome ten) 

frequently occur, resulting in constitutively active Akt, which provides prostate 

cancer cells with a survival advantage (Mulholland DJ, 2006; Majumder, 2005). 

Thus, Akt is considered a promising chemotherapeutic target for downregulation 

in prostate cancer (Li, 2005; Hennessy, 2005).  

 

Akt has a number of substrates whose phosphorylation by Akt prevents their pro-

apoptotic actions, including FOXO1 and glycogen synthase kinase 3 beta 

(GSK3β). FKHR/FOXO1 (Forkhead in rhabdomyosarcoma) belongs to the 

Forkhead family of transcription factors and mainly localizes in the nucleus in the 

absence of Akt activity (Birkenkamp, 2003). FOXO1 has been reported to play a 

role in apoptotic induction by transcriptional upregulation of pro-apoptotic genes 

such as FasL (Birkenkamp, 2003). Phosphorylation of FOXO1 by Akt promotes 

its nuclear exportation and cytoplasmic retention, thereby inhibiting its 

transcriptional activity (Woods, 2002; Birkenkamp, 2003). Akt phosphorylates 
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GSK3β on Ser9 resulting in inhibition of its kinase activity (Jope, 2004). The role 

of activated GSK3β in prostate cancer cell apoptosis is not known; but GSK3β 

has been implicated in increasing outer mitochondrial membrane permeability 

leading to cell death (Pastorino, 2005) and GSK3β has been shown to 

phosphorylate Bax and promote its localization to the mitochondria; thereby 

promoting cell death (Linseman, 2004). 

 

In this study, we demonstrated that: (a) α-TEA markedly reduces the 

phosphorylation level of all endogenously expressed Akt isoforms in both LNCaP 

(Akt1, -2, and -3) and PC-3 GFP (Akt1 and -2; Akt3 was undetectable) human 

prostate cancer cells; (b) ectopic overexpression of constitutively active Akt1 or 

Akt2 significantly inhibited α-TEA- induced apoptosis in both cell lines while 

inhibition of PI3K, an upstream activator of Akt with the chemical inhibitor 

LY294002, significantly increased α-TEA-induced apoptosis; (c) analyses of 

downstream targets of Akt showed decreased levels of phosphorylated forms of 

GSK3β, and the forkhead transcription factor FOXO1 following α-TEA 

treatments, indicating that α-TEA is indeed reducing Akt kinase activity; (d) 

ectopic overexpression of wild type or constitutively active FOXO1 significantly 

enhanced α-TEA-induced apoptosis, while introduction of FOXO1 siRNA into 

the cells significantly inhibited apoptosis induced by α-TEA. Furthermore, α-
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TEA treatments promoted the nuclear localization of FOXO1, indicating that α-

TEA may be an activator of FOXO1; (e) α-TEA-induced increases in FasL 

protein expression could be blocked by FOXO1 siRNA and enhanced by ectopic 

overexpression of constitutively active FOXO1; and (f) α-TEA reduced protein 

levels of both FlipL and survivin, two pro-survival factors. Taken together, α-

TEA is a potent inducer of apoptosis in both androgen-dependent and -

independent prostate cancer cells and its pleiotrophic effects include marked 

downregulation of constitutively expressed phosphorylated Akt, activation of 

FOXO1 and reduced expression of survival factors FlipL and survivin. 

 

3.3. MATERIALS AND METHODS 

Reagents and Plasmids 

PI3K inhibitor LY294002 was purchased from Calbiochem-Novabiochem Corp. 

(San Diego, CA). Antibodies against Akt, Akt1, Akt2, Akt3, phospho-Akt, 

FOXO1, phospho-FOXO1, GSK3β, and phospho-GSK3β were purchased from 

Cell Signaling Technology (Beverly, MA). Antibody for FasL was purchased 

from Upstate Cell Signaling Solutions (Charlottesville, VA). Antibodies to human 

Flip, survivin, NUP98 and poly (ADP-ribose) polymerase (PARP) were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal antibody 

to GAPDH was made in-house. His-tagged, myristalated constitutively active 

Akt1 plasmid (His/m/Akt1) was a kind gift of Dr. James Kehrer (Washington 
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State University, Pullman, WA) (Tong, 2006). The hemagglutinin (HA)-tagged, 

myristalated constitutively active Akt2 plasmid (HA-Myr-Akt2) was kindly 

provided by Dr. Jin Q. Cheng (Department of Pathology, Molecular Oncology 

and Drug Discovery Programs, University of South Florida College of Medicine, 

H. Lee Moffitt Cancer Center & Research Institute, Tampa, FL) (Yuan, 2003). 

Plasmids encoding wild type FOXO1 and constitutively active FOXO1 (Flag-

tagged FOXO1AAA) were generous gifts from Dr. Kun-Liang Guan (University 

of Michigan, Ann Arbor, MI) (Tang, 1999). 

 

Cell Culture and α-TEA Treatment 

LNCaP and Green fluorescent protein (GFP) labeled PC-3 human prostate cancer 

cells were obtained from Dr. LuZhe Sun, Department of Cellular and Structural 

Biology, University of Texas Health Science Center at San Antonio, San Antonio, 

TX). LNCaP cells were cultured in RPMI 1640 medium supplemented with 10% 

fetal bovine serum (HyClone Laboratories, Logan, UT), 2mM glutamine, 100 

units/ml penicillin, and 100 µg/ml streptomycin. PC-3 GFP cells were maintained 

in F12-K medium (GIBCO, Grand Island, NY) supplemented with the same 

concentrations of FBS, glutamine, and antibiotics. All cells were cultured in a 

humidified atmosphere of 5% CO2 and 95% air in a 37 °C incubator. 
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For experiments, the percentage of FBS was reduced to 2%. Depending on the 

experiment, cells were plated at various concentrations, as cited below. Absolute 

ethanol was used to dissolve α-TEA, and α-TEA was used at 10, 20, and 40 µM 

for treatments. The final concentration of ethanol was kept at 0.1% (vol/vol) in 

cells treated with α-TEA. Vehicle control contained the same concentration of 

ethanol. 

 

Evaluation of Apoptosis by DAPI Staining 

Assessment of apoptosis based on nuclear morphology using 4′, 6-diamidino-2-

phenylindole dihydrochloride (DAPI; Boehringer Mannheim Corp. Indianapolis, 

IN) has been described previously (Yu, 2003; Israel, 2000). Briefly, 1.5 × 105 

/well LNCaP or PC-3 GFP cells were plated in 12-well tissue culture plates and 

cultured overnight to allow cells to attach. On the next day, cells were treated with 

various concentrations of α-TEA and incubated for various time periods. At the 

end of treatments, cells were collected, washed with PBS, stained with 25 µl of 2 

µg/ml DAPI, and viewed under a fluorescent microscope (model ICM 405 with a 

model 487701 filter, Zeiss). Cells which contained clearly condensed chromatin 

or fragmented nuclei were scored as apoptotic cells. ≥500 cells were counted in 

each sample. Apoptotic data are presented as percentage of apoptotic cells ± S.D. 

for three independent experiments. 
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Isolation of Nuclear- and Cytoplasmic-Enriched Fractions and Western Blot 

Analyses 

Whole cell protein extracts were prepared as previously described (Yu-Cancer 

Res 2003). For cytosolic and nuclear preparations, 1 x 10 7 cells were treated, 

harvested and resuspended in 200 µl of extraction buffer (10 mM HEPES, pH 7.9, 

1.5 mM Mg Cl2, 10 mM KCl) for 10 min on ice. Next, cells were homogenized 

by passage through a 25-guage needle. Cell homogenates were centrifuged at 

2,000 rpm for 5 min.  Supernatants (cytosolic fraction) were centrifuged 3 times 

at 2,000 rpm for 5 min., changing tubes after each centrifugation. Pellets (nuclear 

fraction) were washed 3 times in PBS, and lysed in RIPA buffer (1 × PBS, pH7.4, 

1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1µg/ml leupeptin, 1µg/ml 

aprotinin, 1 mM DTT, 2 mM sodium orthovanadate, 1µg/ml 

phenylmethylsulfonyl fluoride. 50 µg protein samples were resolved on 10% or 

15% SDS-PAGE and transferred to a nitrocellulose membrane (0.2 µm pore 

Optitran BA-S supported nitrocellulose, Schleicher and Schuell, Keene, NH). The 

membrane was blocked in blocking buffer (20 mM Tris base, pH 7.6, 137 mM 

NaCl, 0.1% tween 20, and 5% nonfat dry milk) for 1 h at room temperature and 

incubated with the primary antibody overnight at 4°C, followed by incubation 

with an appropriate antimouse or antirabbit horseradish peroxidase-conjugated 

secondary antibody (Jackson Immunoresearch Laboratory, West Grove, PA) for 



 86

30 min at room temperature, followed by detection by enhanced 

chemiluminescence (Pierce, Rockford, IL). Bands were quantitated using Scion 

Image Software (Scion Corporation, Frederick, MD). 

 

Immunoprecipitation 

1 × 107 LNCaP or PC-3 GFP cells were treated with α-TEA and lysed in RIPA 

lysis buffer in the presence of protease inhibitors. 500 µg protein was incubated 

with anti-Akt1, Akt2, or Akt3 antibody at concentrations suggested by Cell 

Signaling Technology (namely: 1: 500, 1: 100, and 1: 25) at 4°C overnight, 

followed by the addition of 30 µl of protein G-agarose beads and an additional 

incubation at 4°C for 2 h. Beads were washed 4 times with PBS and the proteins 

were released from the beads by boiling in Laemmli buffer for 5 min. 

Immunoprecipitated proteins were identified by SDS-PAGE followed by western 

immunoblot analyses. 

 

Transient transfection 

Cells were plated at 2 × 106 in 100 mm cell culture plates, cultured overnight and 

washed with serum free media before transfection. Plasmids (0.7 µg or 4.2 of µg) 

or empty vector (pcDNA3) were mixed with 50 µl or 300 µl serum free media 

and 4 µl or 24 µl PLUS reagent (Invitrogen, Carlsbad, CA) and incubated for 15 
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min at room temperature. Next 2 µl or 12 µl of Lipofectamine reagent 

(Invitrogen) in 50 µl or 300 µl serum free media were added and the mixture 

incubated for another 15 min before adding to the cells in 0.5 ml or 5 ml serum 

free media. Cells were incubated with transfection reagents for 3 h and the growth 

media containing 2 × FBS was added to the cells. Transfected cells were cultured 

overnight before α-TEA treatment.  Transfection efficiency was determined to 

be 70% using GFP expressing plasmid. 

 

RNA Interference 

FOXO1 siRNA used in the study was purchased from Santa Cruz (Santa Cruz, 

CA). A scrambled RNA duplex that does not target any known genes was used as 

the negative control. Transfection of human prostate cancer cells with FOXO1 

siRNA or negative control siRNA was performed in 100 mm cell culture dishes at 

a density of 2 × 106 cells/dish using Lipofectamine 2000 (Invitrogen, Carlsbad, 

CA) and 300 pmol of siRNA duplex, resulting in a final siRNA concentration of 

30 nM. siRNA transfected cells were incubated for 48-72 h prior to α-TEA 

treatment.  

 

Statistical Analyses 

Two-tail t test was used in the study to determine statistical significance. P < 0.05 

was considered as significance. 
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3.4. RESULTS 

α-TEA decreased levels of all three phosphorylated active forms of Akt 

Previous studies by our lab have shown that α-TEA is an effective inducer of 

apoptosis in human prostate cancer cells (Anderson, 2004). Dose- and time-

dependent pro-apoptotic effects of α-TEA in prostate cancer cells are mediated by 

Fas/FADD/caspase-8/tBid and Fas/Daxx/Ask1/JNK1/2/Bax, leading to activation 

of caspases-9 and –3 (Jia, manuscript in preparation). Furthermore, since recent 

studies investigating α-TEA’s mechanisms of action in human ovarian cancer 

cells showed it to be a potent inhibitor of Akt (Shun, submitted manuscript), we 

were interested to see if this was true in prostate cancer cells and if so what Akt 

isoforms were targeted. Since phosphorylation of Akt at Ser 473 is required for its 

full activation (Cheng, 2005), we examined the phosphorylation status of Akt 

using an antibody that specifically recognizes Akt phosphorylated at Ser 473 in all 

three Akt isoforms. α-TEA decreased the levels of the phosphorylated forms of 

Akt (24 h of α-TEA treatment reduced phosphorylation forms of Akt in LNCaP 

and PC-3-GFP cells by 90%, and 70% respectively), while having no major effect 

on the level of Akt protein expression in both prostate cancer cell types in a time-

dependent manner (Fig. 3.1A). As verification that the decreases in 

phosphorylation status of Akt correlated with decreased kinase activity, the 

phosphorylation status of GSK3β, a downstream Akt target, was evaluated 
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following α-TEA treatments. Decreases in the phosphorylation status of pGSK3β 

(Ser 9) were detected with no corresponding decrease in protein level, indicating 

that α-TEA treatments are reducing Akt activity (Fig. 3.1A). GAPDH levels were 

assayed with each immunoblot assay as a protein loading control.  

 

Since Akt has three isoforms; namely, Akt1, Akt2, and Akt3, it was of interest to 

determine if α-TEA treatment was reducing the phosphorylated status of all three 

isoforms. Following α-TEA treatment the three Akt isoforms were 

immunoprecipitated with isoform specific antibodies, followed by western 

immunoblotting analyses using antibody specific for phospho-Akt. The protein 

levels of the isoforms were also determined. Except for Akt3 in LNCaP, all 

isoforms were constitutively activated in both cell types and α-TEA treatment 

markedly reduced phosphorylation levels of all three isoforms (Fig. 3.1B).  

Treatment diminished the phosphorylation levels in all the three Akt isoforms in 

LNCaP and Akt1 and -2 in PC-3-GFP cells in 24 h by 85, 56, 100, 84, and 36% 

respectively (Fig. 3.2A).  
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Figure 3.1. α-TEA decreased levels of all three phosphorylated active forms of 

Akt. (A) Western Blot analyses of p-Akt, total Akt, p-GSK3β, and total GSK3β in 

LNCaP and PC-3 GFP cells treated with 40 µM α-TEA for 3, 6, 15, or 24 h, or 

vehicle for 24 h. GAPDH was used as the loading control. (B) Western blot 

analyses of p-Akt, Akt1, Akt2, and Akt3 in Akt1, Akt2, and Akt3 

immunocomplexes immunoprecipitated from LNCaP and PC-3-GFP cells treated 

with 40 µM α-TEA for 24 h.  Data in A & B are representative of a minimum of 

two independent experiments. 
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Ectopic expression of Akt1 and Akt2 blocked α-TEA-induced apoptosis 

To address the biological relevance of Akt in α-TEA-induced apoptosis, 

constitutively active Akt1 or Akt2 expression plasmids (His/m/Akt1, HA-Myr-

Akt2), or empty pcDNA3 vector control were transiently transfected into LNCaP 

cells. After α-TEA treatments, the percentage of apoptotic cells was significantly 

lower in cells expressing the constitutively Akt1 (Fig. 3.2A; 21% decrease at 15 

µM α-TEA and 24% decrease at 20 µM α-TEA) or Akt2 (Fig. 3.2B; 10% 

decrease at 20 µM α-TEA) compared to empty vector control. Success of 

transfections was confirmed by Western blot analyses of whole cell lysates which 

showed transfected cells to exhibit increased levels of phosphorylated Akt (Fig. 

3.2C and 2D, first panel), expression of ectopically expressed Akts detected with 

antibodies to antigenic tags (Fig 3.2C and 2D, second panel, His and HA tags 

respectively), increased levels of total Akt (including His/m/Akt1 and HA-Myr-

Akt2) protein levels (Fig. 3.2C and 2D, third panel), in comparison to empty 

vector transfected cells treated with α-TEA or control  untreated/untransfected 

cells. Detection of reduction in levels of PARP cleavage (Fig 3.2C and 2D, fourth 

and fifth panels) provides confirmation by an alternative method that the ectopic 

expression of Akt blocked α-TEA-induced apoptosis. 

 



 92

 

 

Figure 3.2. Ectopic expression of Akt1 and Akt2 blocked α-TEA-induced 

apoptosis. (A, B) LNCaP cells transfected with plasmids encoding constitutively 

active Akt1 (His/m/Akt1) or constitutively active Akt2 (HA-myr-Akt2) or empty 

vector prior to treatment with 15 or 20 µM α-TEA for 24 h; as well as 

untransfected/untreated control cells. Cells were stained with DAPI and nuclear 

morphology was examined using fluorescent microscopy for determination of 

percentage of apoptotic cells. Data represent the average of 3 independent 

experiments ± S.D. * = significantly different from α-TEA-treated vector control 

(P < 0.05); (C,D) Western blot analyses of cells described above for p-Akt, total 

Akt, His-Akt1, HA-Akt2, and PARP cleavage. GAPDH was used as the loading 

control. Data are representative of a minimum of two independent experiments. 
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Downregulation of pAkt using PI3K inhibitor LY294002 sensitized both 

LNCaP and PC-3-GFP cells to α-TEA-induced apoptosis 

Since Akt is activated, at least in part, by PI3K, we were interested to see if 

blockage of PI3K activity using the PI3K inhibitor LY294002 (Vlahos, 1994) 

would augment the apoptotic response induced by α-TEA. Although treatment of 

cells with either LY294002 or α-TEA singly inhibited the levels of endogenously 

phosphorylated Akt in both cell lines without changing total Akt protein levels 

(Fig. 3.3A) by 20 and 40% in LNCaP and 60% and 70% in PC-3-GFP cells, 

respectively, combination treatment with LY294002 + α-TEA produced the most 

effective blockage, reducing levels of phosphorylated Akt by 70% and 90%. 

Western immunoblot analyses showed that the combination treatment produced a 

higher degree of PARP cleavage than the individual treatments (Fig. 4.3A, third 

and fourth lanes from the top). 

 

Quantitative analyses of apoptosis (Fig. 3.3B) showed that blockage of PI3K with 

LY294002 triggered apoptosis in both cell types, with the combination treatment 

of LY294002 + α-TEA producing significantly higher (P <0 .001) levels of 

apoptosis in comparison to either α-TEA or LY294002 treatment alone.  

Furthermore, these studies confirmed earlier reports that LNCaP prostate cancer 

cells are more addicted to PI3K-induced survival signals than PC-3 cells (Lin, 

1999), since LNCaP cells showed a dose-dependent induction of apoptosis of 4.9, 
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13 and 41%, following treatments with 6, 12 and 25 µM LY294002. In contrast, 

PC-3-GFP cells exhibited only 6.2% apoptotic cells following 25 µM LY294002 

and only approximately 15% apoptotic cells when treated with twice that 

concentration; namely 50 µM LY294002. 
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Figure 3.3. Downregulation of p-Akt using PI3K inhibitor LY294002 sensitized 

both LNCaP and PC-3-GFP cells to α-TEA-induced apoptosis. (A) Western blot 

analyses of p-Akt, total Akt, and PARP cleavage in LNCaP and PC-3 GFP cells 

treated with 10 or 20 µM α-TEA, respectively, in the presence or absence of 10 

µM LY294002. GAPDH was used as the loading control. Data are representative 

of a minimum of two independent experiments. (B) LNCaP cells were treated 

with 40 µM α-TEA and/or 6.25, 12.5 or 25 µM LY294002 for 24 h. PC-3 GFP 

cells were treated with 40 µM α-TEA and/or 12.5, 25 or 50 µM LY294002 for 24 

h. At the end of treatments, adherent and floating cells were collected, washed 

with PBS, stained with 2 µg/ml DAPI, nuclear morphology examined using 

fluorescent microscopy and the percentage of apoptotic cells determined. Data 

represent the average of 3 independent experiments ± S.D. (* P < 0.05) 
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α-TEA reduces the phosphorylation of FKHR/FOXO1 and promotes 

FOXO1 nuclear localization 

The transcription factor FOXO1 is a downstream substrate of Akt in which 

phosphorylation by Akt prevents its pro-apoptotic actions (Woods, 2002). Since 

previous studies of α-TEA’s mechanism of action in inducing apoptosis in cancer 

cells show a role for Fas signaling (Shun, 2004) and since FOXO1 has been 

proposed to be a transcriptional regulator of FasL (Ciechomska, 2003), it was of 

interest to investigate the effects of α-TEA on FOXO1 phosphorylation status and 

cellular location. As shown in Fig. 4A, phospho-FOXO1 levels, but not total 

protein levels, were reduced in a time-dependent manner following α-TEA 

treatment of both LNCaP and PC-3-GFP cells. FOXO1 is normally localized in 

the nucleus (Woods, 2002) and phosphorylation of FOXO1 by Akt at Ser 256 

promotes the relocation of FOXO1 from the nucleus to the cytosol, thereby 

inhibiting its transcriptional activity (Greer, 2005). As expected, control LNCaP 

and PC-3-GFP cells had high levels of FOXO1 in the cytosol reflecting the 

constitutively activated state of Akt in these cells (Fig. 3.4B). Also as expected, 

following treatment with α-TEA (40 µM for 24h), both cell types showed an 

increase in FOXO1 levels in the nucleus (Fig. 3.4B). 
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Figure 3.4. α-TEA reduced the phosphorylation of FOXO1 by Akt and promoted 

FOXO1 nuclear localization. (A) Western blot analyses of p-FOXO1 and total 

FOXO1 in LNCaP and PC-3-GFP cells untreated and treated with 40 µM α-TEA 

for 3, 6, 15, 24 h or vehicle control for 24 h. GAPDH was used as a lane load 

control. (B) Western blot analyses of FOXO1 in cytosolic- and nuclear-enriched 

fractions of LNCaP and PC-3 GFP cells treated with 40 µM α-TEA for 24 h. 

GAPDH was used as the cytosolic marker and NUP 98 was used as the nuclear 

marker to show equal loading and the purity of the cytosolic- and nuclear-

enriched fractions. Data in A and B are representative of a minimum of two 

independent experiments. 
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FOXO1 is involved in α-TEA-induced apoptosis 

In order to address the question of whether or not FOXO1 expression contributes 

to α-TEA induced apoptosis, FOXO1 expression was knocked down in LNCaP 

cells using siRNA, and effects on α-TEA-induced apoptosis was determined (Fig. 

3.5A).  Introducing FOXO1 siRNA into LNCaP cells significantly inhibited α-

TEA induced apoptosis by 15% (Fig. 3.5A). Western immunoblot analyses 

confirmed the siRNA-induced reductions in FOXO1 protein level in LNCaP cells 

and confirmed blockage of α-TEA-induced apoptosis by a 50% decrease in PARP 

cleavage (Fig. 3.5B). On the other hand, overexpression of wild type FOXO1 or 

Flag-tagged constitutively active FOXO1 (Flag-FOXO1 AAA) increased α-TEA-

induced apoptosis significantly (Fig. 3.5C; P < 0.009). Western immunoblot 

analyses confirmed elevated levels of Flag tagged wild type FOXO1 or 

constitutively active Flag-FOXO1 in the transfected LNCaP cells and showed 

increased PARP cleavage in comparison to empty vector control transfected cells 

(Fig. 3.5D) by 160%, and 230%, respectively. Taken together, these data 

document a role for FOXO1 in α-TEA-induced apoptosis in human prostate 

cancer cells. 
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Figure 3.5. FOXO1 is involved in α-TEA-induced apoptosis. (A) LNCaP cells 

transiently transfected with FOXO1 siRNA or control siRNA were treated with 

40 µM α-TEA for 15 h. Cells were collected and washed with PBS. One aliquot 

of cells was stained with DAPI and analyzed for apoptosis (* = P < 0.05); (B) 

Remainder of cells described in (A) were processed and examined by western blot 

analyses for FOXO1 and PARP cleavage. (C) LNCaP cells transiently transfected 

with wild type FOXO1 or constitutively active Flag-FOXO1-AAA were treated 

with 40 µM α-TEA for 15 h. Cells were collected at the end of treatments and 

washed with PBS. One aliquot of cells were stained with DAPI and analyzed for 

apoptosis. Data represents the average of 3 independent experiments ± S.D. (D) 

Remainder of cells described in (C) were monitored by western blot analyses for 

levels of FOXO1, Flag-FOXO1-AAA and PARP cleavage. GAPDH was used as 

a lane load control In A and D. Data in A and C represent the average of 3 

independent experiments ± S.D. (* = P < 0.05). Data in B and D are 

representative of a minimum of two independent experiments. 
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FOXO1 regulates FasL protein levels in LNCaP cells 

Since our previous studies have shown that α-TEA-induced apoptosis involves 

Fas signaling and that FasL is upregulated at both mRNA and protein levels 

following α-TEA treatment in human prostate cancer cells (Jia, manuscript in 

preparation) and since FasL has been shown to be under the transcriptional 

control of FOXO1 (Greer, 2005; Ciechomska, 2003), we investigated the 

relationship between FasL expression and FOXO1 in FOXO1 siRNA or 

constitutively active FOXO1 transfected LNCaP cells. Compared to α-TEA 

treated/untransfected cells and α-TEA treated/vector control transfected cells, 

cells transfected with FOXO1 siRNA expressed reduced levels of FasL (70% and 

67%, respectively) following α-TEA treatment (Fig. 3.6A). On the other hand, 

FasL protein levels were increased in LNCaP cells transiently transfected with 

plasmid encoding constitutively active Flag-FOXO1-AAA, in comparison to 

totally untreated control cells (384%), untransfected cells treated with α-TEA 

(166%), or empty vector transfected cells treated with α-TEA (100%) (Fig. 3.6B). 
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Figure 3.6. FOXO1 regulates FasL protein levels in LNCaP cells. (A) Western 

blot analyses of FasL in LNCaP cells transiently transfected with FOXO1 siRNA 

and treated with 40 µM α-TEA for 15 h. (B) Western blot analyses of FasL in 

LNCaP cells transiently transfected with constitutively active Flag-FOXO1-AAA 

and treated with 40 µM α-TEA for 15 h. GAPDH was used as a lane load control 

in A and B. Data in A and B are representative of a minimum of two independent 

experiments. 
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α-TEA downregulated two pro-survival proteins, Flip and survivin, in both 

LNCaP and PC-3 GFP cells 

Since Flip and survivin are two anti-apoptotic proteins that previous studies by 

our lab have shown to be downregulated by α-TEA and which knockdown studies 

have demonstrated that they contribute to α-TEA-induced apoptosis in human 

ovarian cancer cells (Shun, paper submitted), it was of interest to know if α-TEA 

had a similar downregulatory effect on Flip and survivin in human prostate cancer 

cells.  Protein levels of FlipL and survivin were downregulated by α-TEA 

treatment in both LNCaP and PC-3-GFP cells in a time-dependent manner (Fig. 

3.7).  
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Figure 3.7. α-TEA downregulated two pro-survival proteins, Flip and survivin, in 

both LNCaP and PC-3-GFP cells. Western blot analyses of FlipL and survivin in 

LNCaP and PC-3-GFP cells treated with 40 µM α-TEA for 3, 6, 15, 24 h or 

vehicle control for 24 h. GAPDH was used as the loading control. Data are 

representative of a minimum of two independent experiments. 

 

 
3. 5. DISCUSSION 

An important approach for cancer chemotherapy is based on the abilities of 

chemotherapeutic agents to induce apoptosis in cancer cells (Bhandari, 2005; 

Reed, 2002). α-TEA is a novel vitamin E analog, which is currently being 

characterized for its chemopreventive and chemotherapeutic potential (Lawson, 

2003; Lawson, 2004-CCP; Lawson, 2004-EBM; Zhang, 2004; Anderson, 2004-

CR; Shun, 2004; Anderson, 2004-EBM).  

 

Previous studies by our lab have demonstrated that α-TEA induces apoptosis in 

androgen-dependent LNCaP and androgen-independent PC-3-GFP cells in a time- 
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and concentration-dependent manner, and established 10-20 µM α-TEA as EC50 

range for the two cell lines (Li Jia, manuscript in preparation; Anderson-Cancer 

Res, 2004). Here we show that α-TEA-induced apoptosis was accompanied by a 

time-dependent reduction in the phosphorylation levels of a major cell survival 

mediator, Akt. Although direct measurements of Akt activity were not performed, 

reduced activity of Akt was indicated by reductions in the phosphorylation levels 

of two Akt downstream proteins, GSK3β and FOXO1. Since Akt has three 

isoforms, Akt1, Akt2, and Akt3, it was of interest to understand if α-TEA 

treatment had a similar effect on each of the individual Akt isoforms. 

Immunoprecipitation results showed that PC-3-GFP cells endogenously expressed 

the phosphorylated (active) forms of all three Akt isoforms while LNCaP cells 

only expressed phosphorylated Akt1 and Akt2. α-TEA treatment markedly 

reduced the levels of phosphorylated Akt isoforms in both cell types. To address 

the role of Akt in α-TEA-induced apoptosis, experiments were carried out to 

determine the effects of overexpression or inhibition of Akt on α-TEA-induced 

apoptosis. Ectopic expression of either constitutively active Akt1 or constitutively 

active Akt2 both partially prevented apoptosis induced by α-TEA, while 

inhibition of Akt activation with PI3K inhibitor LY294002 increased α-TEA-

induced apoptosis. Analyses of apoptosis induced by 25 µM LY294002 in LNCaP 
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and PC-3-GFP cells, indicate that LNCaP cells but not PC-3 cells are addicted to 

Akt signaling, which is in agreement with published data (Freeman, 1999).  

 

Inactivation of PTEN commonly occurs in prostate cancer resulting in 

constitutively active Akt which produces survival advantages to cancer cells 

through phosphorylation of a wide spectrum of substrates involved in cell 

survival, growth, differentiation, proliferation, cell cycle progression, and 

apoptosis (Li, 2005; Quinn 2005). High levels of p-Akt have been reported to be 

associated with increased Gleason scores and PSA levels >10 ng/ml in prostate 

cancer (Li, 2005; Quinn, 2005). Thus, it is important that α-TEA inhibits Akt 

activity in both androgen-dependent and androgen-independent prostate cancer 

cells. 

 

FOXO1 is under the phosphorylation control of Akt and phosphorylation of 

FOXO1 by Akt at three key regulatory sites (Thr24, Ser256, and Ser319) elicits 

the relocalization of FOXO1 from the nucleus to the cytoplasm; thereby, 

inhibiting its transcriptional activities (Greer, 2005; Birkenkamp, 2003). In order 

to evaluate the role of FOXO1 in α-TEA-induced apoptosis, experiments were 

performed to determine the effects of overexpression of wild type or 

constitutively active FOXO1; as well as, inhibition of FOXO1 expression by 

siRNA on α-TEA-induced apoptosis. Data showed that ectopic expression of wild 
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type or constitutively active FOXO1 significantly increased α-TEA-induced 

apoptosis, while FOXO1 siRNA partially inhibited α-TEA-induced apoptosis. 

The amount of FOXO1 protein in the nucleus increased following α-TEA 

treatment, indicating possible transcriptional activity of FOXO1. Since FasL was 

reported to be under the transcriptional control of FOXO1 (Greer, 2005, 

Ciechomska, 2003) and previous studies by our lab have shown that FasL is 

upregulated following α-TEA treatment (Jia, manuscript in preparation), a role 

for FOXO1 in FasL expression was investigated. While ectopic expression of 

constitutively active FOXO1 increased the level of FasL induced by α-TEA, 

FOXO1 siRNA reduced the level of FasL induced by α-TEA, indicating that 

FOXO1, at least partially, contributes to the upregulation of FasL in α-TEA-

induced apoptosis in prostate cancer cells. 

 

Importantly, α-TEA was also capable of downregulating two anti-apoptotic 

proteins, Flip and survivin. Previous studies by our lab have demonstrated that α-

TEA downregulates Flip and survivin protein expression in human ovarian cancer 

cells and that ectopic expression of either Flip or survivin resulted in significant 

reduction in α-TEA-induced apoptosis (Shun, submitted paper). Thus, these 

studies using prostate cancer cells show that α-TEA downregulation of these two 



 107

factors is not tissue specific but rather may represent a more universal mechanism 

of action by α-TEA in induction of apoptosis of epithelial-derived cancer cells.  

 

The ability of α-TEA to downregulate Flip, an inhibitor of Fas/CD95 mediated 

death receptor signaling is of interest, since previous studies showed that Fas 

signaling plays a critical role in α-TEA-induced apoptosis in human breast cancer 

cells (Shun, 2004). Furthermore, it provides a possible mechanism by which α-

TEA is capable of sensitizing Fas-resistant LNCaP cells to Fas-triggered 

apoptosis (Jia, manuscript in preparation). The ability of α-TEA to downregulate 

survivin provides a possible mechanism whereby α-TEA contributes to reductions 

in tumor burden and metastasis both in single and combination drug therapies in 

preclinical animal models (Lawson, 2004 Cancer Chemother Pharmacol, 

Anderson 2004-Exp Biol Med; Zhang-2004). In regards to prostate cancer, it is 

important to note that survivin is associated with biologically aggressive prostate 

cancer, such as cancers with higher Gleason scores and metastases to regional 

lymph nodes, and interesting to note that inhibition of survivin increases 

sensitivity of prostate cancer cells to anti-androgen therapy (Zhang-Oncogene, 

2005). 

 

Taken together, our studies show that α-TEA is a potent inducer of apoptosis in 

both androgen-dependent and -independent human prostate cancer cells. 
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Downregulation of pAkt, Flip and survivin, and upregulation of FOXO1 activity 

by α-TEA play important roles in α-TEA-induced apoptosis. These studies aid in 

a better understanding of the complicated mechanisms involved in α-TEA-

induced apoptosis, and provide additional insights and support for the future 

application of α-TEA in the clinic. 
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Chapter 4 

α-TEA and Selenium alone and together Inhibited Human 

Prostate Cancer Cell Growth in vitro and in vivo 

 

4.1. ABSTRACT 

α-TEA, a novel vitamin E analog and selenium in the form of methylseleninic 

acid (MSA) separately and together were examined for ability to inhibit growth of 

human PC3-GFP and LNCaP prostate cancer cells in culture. α-TEA and 

selenium in the form of methylseleno-cystene (MSC) were examined in a 

preclinical xenograft model using PC-3-GFP cells. Combination treatments were 

significantly better than either agent alone in inhibiting cancer cell growth as 

measured by colony formation, DNA synthesis arrest, cell viability, and 

apoptosis. Enhanced tumor cell killing by combination treatments was synergistic 

when measured by colony formation and apoptotic assays. Mechanisms 

underlying the combination effects showed enhanced cleavage of caspases 8, 9, 

and 3 as well as enhanced PARP cleavage in both cell lines. Phosphorylated AKT 

(pAKT) was reduced by the combination treatment more than the single 

treatments, and blockage of PI3K/pAKT with LY294002 enhanced the ability of 

the combination treatments to induce apoptosis. In a PC-3-GFP human prostate 

cancer xenograft mouse model, α-TEA and MSC separately and in combination 
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significantly reduced tumor burden and metastases to lungs and lymph nodes 

when compared to control. MSC alone was the least effective, and α-TEA alone 

was more effective than α-TEA + MSA in reducing tumor burden. There were no 

significant differences among the two separate and combination treatments in 

reducing lung and lymph node meastases. Thus, α-TEA + MSA synergisms 

observed in cell culture were not observed in the in vivo study. 

 

4.2. INTRODUCTION 

α-TEA is a non-hydrolyzable derivative of natural vitamin E (RRR-α-tocopherol) 

developed in our lab, and has been demonstrated to be effective in inducing 

apoptosis in human breast, ovarian, cervical, endometrial, colon, lung, and 

prostate cancer cells (Kline, 2004; Anderson, 2004). Research in our lab has 

shown that α-TEA induces the activation of caspases, such as caspase-8, -9, and –

3, and inhibits the activity (phosphorylation) of AKT/PKB in human ovarian 

cancer cells (Yu, paper in press). Animal studies using breast and ovarian cancer 

mouse models have shown that α-TEA possesses the ability to reduce tumor 

growth and metastasis in lungs and lymph nodes (Lawson, 2003, 2004; Anderson, 

2004, Zhang, 2004). Studies in our lab have demonstrated that α-TEA possesses 

more anti-tumor potential than RRR- α-tocopheryl succinate (VES) (Anderson, 

2004). 
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Selenium is an essential trace element (Rayman, 2005). The protective effects of 

selenium against prostate cancer drew researchers’ interest when Clark and co-

workers reported that men who had taken selenium for 6-1/2 years had 

approximately 60% fewer new cases of prostate cancer than men who took the 

placebo (Clark, 1963; Neill, 2006). A 2002 study showed that men who took 

selenium for more than 7 1/2 years had about 53% fewer new cases of prostate 

cancer than men who took the placebo ((Duffield, 2002). Methylseleninic acid 

(MSA), a precursor of the active selenium compound methylselenol, inhibits 

growth and induces apoptosis in PC-3 human prostate cancer cells in culture 

(Dong, 2003). MSC significantly inhibited LNCaP tumor growth (Lee, 2006). The 

combination of RRR-α-tocopheryl succinate (VES) and MSA synergistically 

induces apoptosis in PC-3 human prostate cancer cells, accompanied the 

activation of caspases (Zu, 2003). Studies have suggested that the anti-tumor 

effects of selenium in prostate cancer include cell cycle blockage, induction of 

apoptosis, endoplasmic reticulum stress, down-regulation of androgen receptor, 

and dephosphorylation of AKT (Ip, 2002; Rayman, 2005, Wu, 2005, Dong, 2005, 

Hu, 2005, Chun, 2006, and Wu, 2006). In a 1998 study of 29,133 male smoeers in 

Finland, men who took synthetic vitamin E (all-rac-α-tocopherol) to prevent lung 

cancer had 32% fewer new cases of prostate cancer than men who took the 

placebo (Heinonen, 1998). Based on the anti-cancer effects of vitamin E and 
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selenium, the National Cancer Institute (NCI) is conducting a phase II double-

blinded placebo-controlled randomized clinical trial called the Selenium and 

Vitamin E Cancer Prevention Trial (SELECT) to evaluate the effect of selenium 

(200 µg/day L-selenomethionine) and synthetic vitamin E (400 mg/day DL-α-

tocopherol/all-rac-tocopherol), alone or in combination, in the prevention of 

prostate cancer (Klein, 2004, 2005). 

 

Since cell culture studies as well as preclinical animal studies show that RRR-α-

tocopherol as well as all-rac α-tocopherol are ineffective in inhibiting cancer cell 

growth (Kline, 2004) and α-TEA to be a potent anticancer agent (Kline, 2004), 

we propose that α-TEA alone or in combination with selenium (MSA) might be 

an effective treatment against prostate cancer. In the present study, cell culture 

data show that α-TEA and MSA separately inhibit LNCaP and PC-3-GFP tumor 

cell growth, and that the combination of the two agents act synergistically to 

enhance apoptosis. The mechanisms underlying the anticancer effects of α-TEA 

and MSA, separately and in combination, show increased cleavage in caspases-8, 

-9, -3 and PARP, as well as reduction in the active (phosphorylated) form of 

prosurvival Akt. A preclinical animal study using a PC-3-GFP xenograft mouse 

model showed that α-TEA and selenium in the form of methylselenocysteine 

(MSC) alone or in combination significantly inhibited tumor growth and 
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metastases to lungs and lymph nodes. However, no significant differences were 

observed between α-TEA alone and the combination of α-TEA plus MSC. 

 

4.3. MATERIALS AND METHODS 

Reagents 

LY294002 was purchased from Calbiochem-Novabiochem Corp. (San Deigo, 

CA). Antibodies against Fas, Fas ligand, PARP, caspase-9, caspase-3, JNK, p-

JNK, c-Jun, and p-c-Jun were purchased from Santa Cruz Biotchnology (Santa 

Cruz, CA), antibody against caspase-8 was obtained from Cell Signaling 

technology (Beverly, MA). Fas activating antibody was purchased from Upstate 

Cell Signaling Solutions (Charlottesville, VA). Rabbit anti-GAPDH antibody was 

prepared in our lab. 

 

Cells and Treatments 

LNCaP and PC-3 GFP human prostate cancer cells were obtained from Dr. LuZhe 

Sun (Department of Cellular and Structural Biology, University of Texas Health 

Science Center at San Antonio, San Antonio, Texas 78229). GFP transfected PC-

3 cells apoptotic profiles as the non-GFP PC3 cells, and were used for 

visualization of micrometastatic lesions in the preclinical animal study. LNCaP 

cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine 

serum (HyClone Laboratories, Logan, UT), 2mM glutamine, 100 units/ml 
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penicillin, and 100 µg/ml streptomycin. PC-3 GFP cells were maintained in F12-

K medium (GIBCO, Grand Island, NY) supplemented with the same 

concentrations of FBS, glutamine, and antibiotics. All cells were cultured in a 

humidified atmosphere of 5% CO2 and 95% air in a 37 °C incubator.  For cell 

culture treatments, the percentage of FBS was reduced to 2%. Depending on the 

experiment, cells were plated at various concentrations, as cited below. Absolute 

ethanol was used to dissolve α-TEA, and α-TEA was used at 5, 10, 20, and 40 

µM for treatments. The final concentration of ethanol was kept at 0.1% (vol/vol) 

in cells treated with α-TEA. Vehicle control contained 0.1% absolute ethanol. 

MSA was dissolved in water and used at a range of 0.3-10 µM. 

 

Colony Formation Assay 

LNCaP and PC-3 GFP cells were plated at 500, 1,000, 2,000, or 5,000 cells/well 

in 6-well plates, and incubated overnight at 37 °C overnight to allow attachment. 

α-TEA (1-5 µM) and MSA (1-5 µM) were added to the cells in treatment media 

to establish EC50 for both agents alone, followed by combination treatments of α-

TEA (0.6-2.5 µM) and MSA (0.3-1.2 µM). After 16-21 days’ incubation, media 

were removed; colonies were washed with PBS, fixed with absolute methanol and 

stained with 0.2 µg/ml mythelene blue for 20 min. Colonies were counted 

manually and the survival fractions were calculated as number of conlonies 
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formed following α-TEA and/or MSA treatment divided by number of colonies 

formed following vehicle control treatment. 

 

DNA Synthesis Arrest 

PC-3 GFP cells were plated at 1× 104 cells /well in 96 well plates and incubated 

overnight. α-TEA (5, 10, and 20 µM) and MSA (2.5, 5, and 10 µM), individually 

or in combination, were added and the cells were cultured for 24 hrs. 3H-

thymidine at a final concentration of 1 µCi/ml was added to the cells 8 h before 

the end of the 24 hr treatment. Cells were harvested, and 3H-thymidine uptake 

(cpm) was determined by Liquid Scintillation Counting.  

 

MTT Assay 

MTT assay was performed to determine the growth arrest potential of α-TEA and 

MSA. PC-3 GFP cells were plated at 1× 104 cells/well in 96 well plates and 

allowed to adhere. The cells were exposed to α-TEA (5-20 mM) MSA (2.5-10 

mM) separately or in combination. Next, 20 µl of MTT were added to each well 4 

h before termination of the 24 h experiment. Spectrophotometric absorbance at 

490 nm was determined using a spectra microplate reader (Bio-Rad Laboratories, 

Hercules, CA). 
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Evaluation of Apoptosis by DAPI Staining 

Apoptosis, based on nuclear morphology using 4′, 6-diamidino-2-phenylindole 

dihydrochloride (DAPI, Boehringer-Mannheim) was used as previously described 

(Weiping, 2003, Bax paper, Karen Israel, 2000). Briefly, 1.5 × 105 /well LNCaP 

cells or PC-3 GFP cells were plated in 12-well tissue culture plates and cultured 

overnight to allow cells to attach. Cells were treated with α-TEA (5, 10, and 20 

µM), MSA (LNCaP- 2.5-10 µM and PC 3-5. 10 amd 20 µM) and incubated for 48 

hrs (LNCaP) or 72 hrs (PC-3). Cells were collected, washed with PBS, stained 

with 25 µl of 2µg/ml DAPI, and viewed under a fluorescent microscope (model 

ICM 405 with a model 487701 filter, Zeiss). Cells which contained clearly 

condensed chromatin or fragmented nuclei were scored as apoptotic cells. ≥500 

cells were counted in each sample. Apoptotic data are presented as mean percent 

of apoptotic cells ± sd for three independent experiments. 

 

Western Immunoblot Analyses 

LNCaP and PC-3 GFP cells were treated with α-TEA (10 µM) or MSA (5 µM) 

separately or together for 48 hrs. Cells were collected, washed with PBS, and 

lysed with lysis buffer (1 × PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% 

SDS, 1µg/ml leupeptin, 1 1µg/ml aprotinin, 1 mM DTT, 2 mM sodium 

orthovanadate, 10 1µg/ml phenylmethylsulfonyl fluoride) for 20 min on ice, and 
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centrifuged at 15,000 g for 5 min. Supernatants were collected and protein 

concentrations determined using the Bio-Rad protein assay (Bio-Rad 

Laboratories, Hercules, CA). 50 µg protein samples were resolved on 10% or 

15% SDS-PAGE and transferred to a nitrocellulose membrane (0.2 µm pore 

Potitran BA-S supported nitrocellulose, Schleicher and Schuell, Keene, NH). The 

membrane was blocked in blocking buffer (20 mM Tris base, pH 7.6, 137 mM 

NaCl, 0.1% tween 20, and 5% nonfat dry milk) for 1 h at room temperature and 

incubated with primary antibodies to caspases 9, 8, and 3 and PARP overnight at 

4°C, followed by incubation with either anti-mouse or anti-rabbit horseradish 

peroxidase-conjugated secondary antibody (Jackson Immunoresearch Laboratory, 

West Grove, PA) for 30 min at room temperature, followed by detection with 

enhanced chemiluminescence kit (Pierce, Rockford, IL). Bands were quantitated 

using Scion Image Software (Scion Corporation, Frederick, MD). 

 

Animal study 

Male NU/NU immunodeficient mice 6 weeks of age (Charles River laboratory 

Inc, Wilmington, MA) were used in this study. PC-3-GFP cells (2 x 106) in 100µl 

of culture media were injected subcutaneously to each mouse at the right flank 

area. Mice bearing tumors were randomized into four groups of 10 mice with 

similar average tumor volume in each group. Mice received either 3 mg of α-TEA 

orally/twice daily (total of 6 mg/day) or 2ppm methylseleno-cysteine (MSC) in 
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the drinking water, separately and in combination, and liposome control 

(equivalent amounts of lipid as treatment group twice/daily). Liposome 

formulation of α-TEA was as previously described (Lawson, 2003, 2004; 

Anderson, 2004; Zhang, 2004). MSC water was replaced every four days to 

maintain the effectiveness of MSC. Tumor sizes were measured every other day 

and the tumor volume was calculated using the equation volume = (length × 

width2)/2. Body weights were determined weekly. 

 

Determination of lung and lymph node metastasis 

Visible macroscopic metastases in lungs were determined at euthanasia. The left 

lobe of lung, brachial and axillary lymph nodes were taken for evaluation of 

microscopic metastatic lesions. Both sides of lung and one side of each lymph 

node were checked for green fluorescent microscopic metastases using a Nikon 

fluorescence microscope (TE-200; 200 × magnification). Fluorescent microscopic 

metastases were divided into 5 groups according to their sizes: (< 20 µm), (20-50 

µm), (50-100 µm), and (> 100 µm). 

 

Statistical analyses 

Two-tail t test was used to determine significance for in vitro studies. For in vivo 

study, tumor growth was evaluated using a nested two factor ANOVA with Tukey 

HSD, follow-up comparisons were used to examine changes in logarithmic 
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transformed tumor volume (base 10) between control and treatment groups. The 

differences in the number of macroscopic and microscopic metastatic lesions were 

analyed by Mann-Whitney test using Prism software. Body weight and water 

consumption were analyzed by two-tail t test. A level of P < 0.05 was considered 

as statistically significant. 

 

4.4. RESULTS 

Combinations of α-TEA + MSA synergistically reduce prostate cancer cell 

growth in a colony assay 

The anticancer properties of α-TEA and MSA were evaluated separately and 

together.  Survival curves were established for LNCaP and PC3 cells cultured 

with α-TEA or MSA, using a colony formation assay (Fig 4.1A and B). Based on 

survival curves, EC50 values were established for each cell line (Fig 4.1C). These 

data show that the LNCaP cells (EC50 = 1.29 µM) were more sensitive to α-TEA 

than the PC-3 cells (EC50 = 1.70 µM), and that the PC-3 cells were more sensitive 

to MSA than the LNCaP cells (EC50 values of 1.39 and 1.91 µM) respectively 

(Fig 4.1C). When α-TEA and MSA, at three different concentrations in the range 

of the EC50 values, were applied to the prostate cancer cells separately and at a 

2:1 ratio combination, colonies were reduced in both cell lines (Fig 4.2 A & B) 

Comparisons of reductions in colony formation between combination treatments 
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and separate treatments, using Calcusyn software for measurement of additive or 

synergistic effects, show that the combination treatments were synergistic for both 

LNCaP [Average Combination Index (CI) = 0.48] and  PC-3-GFP (Average CI = 

0.38) (Fig 4.2A & B).  

 

 

 

Figure 4.1. Survival curves for LNCaP and PC-3-GFP cells treated with α-TEA 

or MSA. LNCaP (A) or PC-3 GFP cells (B) were seeded in 6-well plates at 1,000 

cells, incubated overnight to allow attachment, then treated with varies doses of 

α-TEA (1-5 µM) or MSA (1-5 µM) for 9 (LNcaP) or 21 days (PC-3-GFP). 

Colonies were counted manually and the surviving fractions were analyzed with 

Calcusyn software for EC50s (C).  Data in A & B are depicted as the mean ± S.D. 

of three independent experiments. 
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Figure 4.2. α-TEA and MSA act synergistically to inhibit the colony formation. 

LNCaP andPC-3-GFP cells. (A & B) Cells were plated in 6-well plates (1,000 

cells/plate) and cultured overnight, followed by treatments with α-TEA or MSA 

separately or in combination (2:1 ratio) using levels established in Fig 1 for 9 

(LNCaP) or 20 (PC-3-GFP) days. Colonies were counted, surviving fractions are 

depicted as mean ± S.D. Combination data were shown to be synergistic when 

analyzed with Calcusyn software. (A) LNCaP cells. Average CI=0.48. (B) PC-3 

GFP. Average CI=0.38. *CI (combination index): 0.1-0.3 strong synergism, 0.3-

0.7 synergism, 0.7-0.85 moderate synergism, 0.85-0.90 slight synergism, 0.90-

1.10 nearly additive, >1.10 antagonism. Data in A and B are depicted as the mean 

± S.D. of three independent experiments. * = significantly different from 

individual treatments. 
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Combinations of α-TEA + MSA additively reduce prostate cancer growth 

Synergisms of α-TEA + MSA observed in the colony formation assay were 

further investigated to determine if DNA synthesis arrest or inhibition of cell 

growth was involved. α-TEA + MSA was effective in inhibiting DNA synthesis 

(3H-thymidine for PC-3 cells) and viability (MTT for LNCaP cells)) in 

comparison to single treatments. Analyses of the combination data using calcusyn 

software showed an additive effect for both cell lines (LNCaP, Average CI= 1.17; 

PC-3, Average CI = 1.01) rather than a synergistic effect when α-TEA was used 

at 5 or 10 µM and MSA at 2.5 or 5 µM for LNCaP cells, and α-TEA at 10 µM 

and MSA at 5 µM for PC-3-GFP cells (Fig 4.3A and 3B). 
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Figure 4.3. α-TEA and MSA additively inhibit DNA synthesis in human prostate 

cancer cells. (A) MTT (LNCaP cells) and (B) 3H-thymidine (PC-3-GFP cells) 

analyses of prostate cancer cells treated for 24 hrs with different concentrations of 

α-TEA and MSA separately and in combination. Combination data were shown 

to be additive when analyzed with Calcusyn software. (A) ASverage CI = 1.17, 

(B) Average CI = 1.01. Data in A and B are depicted as the mean ± S.D. of three 

independent experiments. * = significantly different from individual treatments. 
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Combinations of α-TEA + MSA synergistically induced apoptosis in prostate 

cancer cells 

α-TEA + MSA at a 2:1 ratio significantly enhanced apoptosis in comparison to 

single treatments (Fig 4.4 A & B). Analyses of the combination data using 

calcusyn software showed the enhanced apoptosis to be synergistic for both cell 

lines (LNCaP, Average CI= 0.30; PC-3, Average CI = 0.53).  
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Figure 4.4. Combinations of α-TEA and MSA induce apoptosis synergistically in 

human prostate cancer cells. (A) LNCaP cells were treated with α-ΤΕΑ and /or 

MSA separately and in combination at a 2:1 ratio for 48 h. Average CI=0.30, 

synergism. (B) PC-3-GFP cells were treated with a 2:1 ratio of α-TEA and MSA 

separately and in combination for 72 h. Cells from A and B were DAPI stained 

and examined for apoptosis based on morphology; data is depicted as mean ± SD.  

Data were analyzed with Calcusyn software for synergisms. (A) Average CI = 

0.30; (B) Average CI = 0.53. Data was expressed as the average of three 

independent experiments ± SD. * = Significantly different from individual 

treatments. 
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Molecular bases underlying synergy between α-TEA and MSA in apoptosis 

induction 

Treatment of LNCaP and PC-3-GFP cells with 10 µM α-TEA + 5 µM MSA for 

36 hrs enhanced caspase 8, 9, and 3 cleavage products and enhanced PARP 

cleavage, an apoptotic marker in both cell lines in comparison to single treatments 

(Fig 4.5).  

 

 

Figure 4.5. α-TEA and MSA in combination enhanced activation of caspases.  

LNCaP and PC-3-GFP cells were treated with 10 µM α-TEA and/or 5 µM MSA 

for 48 h. Whole cell lysates were analyzed by Western blot analysis, using 

antibodies that recognized intact and cleavaged caspases- 8, -9, and 3, and PARP. 
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GAPDH was used as the loading control. Data are representative of 3 independent 

experiments. 

 

Furthermore, treatment of LNCaP and PC-3 GFP cells with α-TEA (10 µM) + 

MSA (5 µM) for 48 hours reduced phosphorylated pro-survival AKT (pAkt) and 

phosphorylated FOXO1 (p-FOXO1), a transcriptional factor that is 

phosphorylated by AKT, in comparison to treatments with the two agents alone.  

Total protein levels of AKT and FOXO1 were not decreased (Fig 6A). To further 

confirm the involvement of Akt in α-TEA and MSA induced apoptosis, the 

effects of LY294002, a PI3K inhibitor, were assessed. Fig 7 shows that the 

addition of LY294002 decreased the levels of pAkt and pFOXO1 and increased 

levels of cleaved PARP. The addition of LY294002 did not change the total 

protein levels of either Akt or FOXO1 (Fig 4.6B). Caspase 9 data in Figure 5 and 

data AKT data in Figure 6 suggest that the molecular bases underlying synergy 

between α-TEA and MSA is via induction of apoptosis via a mitochondrial-

dependent pathway and by inhibition of prosurvival AKT signaling. 
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Figure 4.6. α-TEA and MSA anticancer actions involve AKT. (A) LNCaP and 

PC-3-GFP cells were treated with 10 µM α-TEA and/or 5 µM MSA for 48 h. 

Whole cell lysates were analyzed by Western blot analysis using antibodies 

against pAkt, Akt, pFOXO1, and FOXO1, GAPDH was used as the loading 

control. (B). LNCaP cells were treated with 10 µM α-TEA and/or 5 µM MSA, 

separately and in combination, in the presence of LY294002 for 36 h. Whole cell 

lysates were analyzed Western blot with antibodies against PARP, pAkt, Akt, 

pFOXO1, and FOXO1. GAPDH was used as the loading control. A & B data are 

representative of three independent experiments. 
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α-TEA and MSC separately or in combination inhibited PC-3-GFP tumor 

growth in nude mice 

In order to evaluate the in vivo effects of α-TEA and selenium, individually or in 

combination, PC-3-GFP cells were subcutaneously injected into the right flank 

area of male NU/NU 6 week old mice. Tumor bearing mice were randomly 

divided into 4 groups with a similar average tumor volume in each group. Each 

group received one of four treatments: α-TEA formulated in liposomes 

(3mg/mouse/twice daily by gavage), MSC (2ppm in drinking water), α-TEA 

(3mg/mouse/twice daily by gavage) + MSC (2ppm in drinking water), or 

liposome control. MSC, α-TEA, and α-TEA + MSC treatments significantly 

reduced tumor burden in comparison to liposome control, with tumor volume 

reductions of 27%, 64% and 60% respectively (Fig 7). Although both α-TEA and 

the combination treatments significantly inhibited tumor growth (P < 0.001 for 

both), there was no significant difference between α-TEA treatment and the 

combination treatment (Fig 4.7). 
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Figure 4.7. Effect of α-TEA and MSC, alone or in combination, on reducing 

primary tumor burden in a prostate cancer xenograft mouse model. Immune 

compromised nude mice were subcutaneously injected with 2 x 106 PC-3-GFP 

cells into the right flank area. When tumors were palpable, mice were treated with 

α-TEA (3 mg/twice daily) by gavage, MSC (2ppm) in the drinking water, or α-

TEA (3 mg/twice daily by gavage) + MSC (2ppm in the drinking water), or 

liposome control for 49 days. Tumor sizes were measured every four days. Tumor 

volumes were calculated as tumor length x width2/2. Data represent the average 

tumor volume of control and each treatment group ± S.E. Tumor volumes were 

analyzed usinga nested two factor ANOVA for differences between control and 

single treatment groups as well as between single treatments and combination 

treatments. * = significantly different from control. 
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α-TEA and MSC, alone or in combination, reduced visible macroscopic lung 

metastasis 

At euthanasia, lungs from treatment and control mice were examined for visible 

macroscopic tumors. All mice in the control group had visible lung metastases, 

with an average number of 3 macroscopic lung tumor foci per animal. α-TEA and 

MSC, separately and in combination, significantly reduced the average number of 

visible lung metastasis (P < 0.05 for all the three treatments). Number of mice 

bearing visible tumors in the treatment groups were: control 8/8, MSC 4/10, α-

TEA= 1/9, and α-TEA + MSC = 2/10 (Table 4.1). 

 

Table 4.1. α-TEA and MSC, alone or in combination, reduce visible lung 
metastases in PC-3-GFP xenograft mouse model. 

 

a Number of animals without tumors were significantly different from control (P 

< 0.005). 

b Average number of macroscopic lung tumor foci were significantly different 

from control (P < 0.005). 
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α-TEA and MSC, alone or in combination, reduced micrometastatic lung 

lesions 

The left lung lobe from each mouse was examined for micrometastatic lesions 

using a florescent microscope. Green fluorescent microscopic metastases were 

classified into four groups based on size: < 20 µm, 20-50 µm, 50-100 µm, and > 

100 µm (Fig 4.8A). MSC, α-TEA, MSC + α-TEA treatments significantly 

reduced the total number of micrometastatic lesions (P < 0.05 for all 3 groups). 

Although the total number of lung microscopic lesions in the 

combinationtreatment groups was less than those in each single treatment group, 

differences were not significant (Fig 4.8A). 
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Figure 4.8. A & B. α-TEA and MSC, alone or in combination, reduce 

microscopic lung and lymph node metastases in a PC-3-GFP xenograft mouse 

model. (A) Both sides of the left lobe of the lung from each mouse were examined 

under a fluorescent microscope for green fluorescent microscopic lesions. 

Microscopic lesions were categorized into: (1) < 20 mm, (2) 20-50 mm, (3) 50-

100 mm, and (4) >100 mm. (B) Axillary and brachial lymph nodes from each 

mouse were examined under a fluorescent microscope for green fluorescent 

microscopic lesions. Microscopic lesions were categorized into: (1) < 20 mm, (2) 

20-50 mm, (3) 50-100 mm, and (4) >100 mm. A & B data represent the average 

number of microscopic metastases in each group ± SE. * = significantly 

difference from control. 
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α-TEA and MSC, alone or in combination, inhibited micrometastatic lymph 

node lesions 

Axillary and brachial lymph nodes from treatment and control mice were 

examined for PC3-GFP lesions using a fluorescent microscope. Like lung 

microscopic metastatatic lesions, green fluorescent microscopic lymph node 

metastatic lesions were divided into four size groups: < 20 µm, 20-50 µm, 50-100 

µm, and > 100 µm. The total number of micrometastatic lesions in the three 

treatment groups were significantly reduced compared to control (P < 0.05 for all 

3 groups; Fig 4.8B). The total number of lymph node microscopic metastatic 

lesions in the combination treatment group was not significantly different from 

the individual treatments (Fig 4.8B). α-TEA and MSC, separately or in 

combination, did not affect body weight or water consumption. Treatment and 

control mice gained weight during the 49 days of treatment and there were no 

significant differences in body weights between control and treatment groups 

(data not shown). Water consumption (MSC) also showed no significant 

differences (data not shown). 

 

4.5. DISCUSSION 

In the present study, a combination of α-TEA, a novel vitamin E analog, and 

selenium killed tumor cells in a synergistic manner in cell culture, but synergistic 
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effects were not observed in an animal model. Selenium in the form of MSA was 

used for the in vitro study for its efficacy in the absence of liver metabolizing 

enzymes, and MSC (which is converted to MSA in vivo) was used for the in vivo 

study for economic reasons. 

 

In vitro studies showed that α-TEA and MSA separately and in combination 

inhibited growth of LNCaP and PC-3-GFP cells when measured in colony and 

apoptotic assays. Reduced tumor cell growth in the combination treatments was 

synergistic, when compared to separate treatments. α-TEA and MSA separately 

inhibited DNA synthesis in both cell lines; however, the reduced cell growth in 

the combination treatment group for both cell lines was additive rather than 

synergistic. 

 

Mechanistic studies suggested that the synergisms produced by the α-TEA and 

MSA combination were due, in part, to induction of apoptosis, and inhibition of 

constitutively active prosurvival pAKT in both cell lines.  MSA reduction of AKT 

activity in PC-3-GFP cells has been reported (Wu, 2006). α-TEA induced 

apoptosis has been shown to involve Fas/Fadd/caspase 8/tBid as well as 

Fas/Daxx/Jnk/Bax signaling via a mitochondria dependent pathway (Jia, 

Manuscript in preparation). Furthermore, α-TEA has been shown to inhibit the 

phosphorylation of AKT in human prostate cancer cells (Jia, Manuscript in 
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preparation). It has also been shown that PTEN mutations contribute to 

constitutively active pAKT in LNCaP and PC-3 cells (Mulholland, 2005; 

Mulholland, 2006). Based on the above results, we propose that α-TEA and MSA 

act synergistically to induce apoptosis through two distinct mechanisms. The first 

mechanism involves the activation of the Fas-induced intrinsic apoptotic pathway, 

triggering the cleavage and activation of initiation caspases 8 and mitochondrial 

associated caspase 9, followed by the activation of execution caspase-3, leading to 

cell death by apoptosis. The second mechanism involves the suppression of Akt 

survival signaling pathway, relieving the inhibition of pAkt on pro-apoptotic 

proteins such as Flip, survivin, GSK3β, and FOXO1, therefore leading to 

apoptosis (Jia, Manuscript in preparation). 

 

α-TEA alone and in combination with other chemotherapeutics has been shown to 

inhibit tumor growth and metastasis to lungs and lymph nodes using a syngeneic 

BALB/c mouse mammary cancer model (Lawson, 2003, 2004A, 2004B) as well 

as to reduce tumor burden and metastases using human breast and ovarian cancer 

xenograft mouse models (Anderson, 2004; Zhang, 2004). The anti-tumorigenic 

effects of selenium are well established (Klein, 2005). MSC has been shown to 

suppress the clonal expansion of premalignant lesions in the rat mammary gland 

(Ip, 2002). In a dog model, selenium decreased DNA damage to prostatic 
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epithelial cells and increased intraprostatic apoptosis, leading to the decrease of 

prostate cancer incidence (Waters, 2005). 

 

This is the first study of anti-tumor effects of α-TEA, alone or in combination 

with MSC, in a human prostate cancer mouse model. In this study, α-TEA, MSA, 

and combination treatments significantly reduced tumor volume. Micrometastatic 

lesions in lungs and lymph nodes were significantly reduced in all three 

treatments to the same degree. Thus synergy between α-TEA and MSA obtained 

in cell culture studies was not observed in the animal model. There are several 

possibilities for this failure. (i) the effective 2:1 ratio observed in cell culture was 

not achieved in the animals, (ii) there is a mechanistic difference between MSA 

and MSC. Although single MSC treatments were considerably less effective than 

single α-TEA or combination treatment in reducing tumor burden, MSC was 

equally effective in reducing lung and lymph node metastases. Possible 

explanations for this observation are that MSC is effective in killing small tumor 

foci but not the larger established tumors treated in this study, or MSC is an 

effective anti-metastatic agent.  

 

In summary, α-TEA and MSA separately or in combination exhibited synergisms 

in inhibiting colony formation and apoptosis in LNCaP and PC-3-GFP cells in 

culture. Mechanistic studies show synergy with combinations of α-TEA + MSA 
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to involve activation of caspases and suppression of prosurvival AKT in both cell 

lines. Treatments with α-TEA and MSC alone and together significantly reduced 

PC-3-GFP tumor burden and metastasis to lungs and lymph nodes. Reduction in 

tumor burden, but not metastasis, in the combination group was significantly 

different from the MSC treated group. There were no significant differences in 

reductions in tumor burden or metastases between the combination and α-TEA 

alone treated groups. Combination synergisms seen in cell culture were not 

obtained in vivo. These studies do not support the use of α-TEA and selenium 

over α-TEA alone in treatment of human prostate cancer. 
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Chapter 5 

Summary and Future Directions 

 

5.1. Summary 

In this dissertation, α-TEA was documented to be an effective apoptosis inducer 

in LNCaP and PC-3-GFP human prostate cancer cells. α-TEA induced apoptosis 

in a time- and concentration-dependent manner in both cell lines. α-TEA induced 

apoptosis in LNCaP and PC-3-GFP cells not only through the activation of pro-

apoptotic Fas signaling pathway, but also through the inhibition of Akt pro-

survival signaling pathway. In both cell lines, α-TEA treatment upregulated Fas 

and FasL protein expression levels, promoted the association of FADD and Daxx 

to Fas, leading to Fas/FADD/caspase-8/tBid and Fas/Daxx/JNK/Bax signaling 

apoptosis in a mitochondria-dependent manner involving caspase-9/-3 induced 

apoptosis. Furthermore, activated JNK phosphorylates and activates c-Jun, a 

member of AP-1 transcription factors. Data show that inhibition of c-Jun with 

dominant negative c-Jun inhibited α-TEA induced apoptosis. FasL was reported 

to be under the transcriptional control of c-Jun (Su, 2005; Gopalan, 2005). We 

propose that activated c-Jun may contribute to α-TEA induced apoptosis through 

upregulation pro-apoptotic proteins such as FasL, therefore forming a positive 

loop to enhance apoptosis. 
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In addition to activating pro-apoptotic signaling pathway, α-TEA also acts as an 

Akt inhibitor, suppressing the kinase activity of Akt; therefore, removing Akt 

inhibition of pro-apoptotic proteins including FOXO1, surviving, and Flip. 

Phosphorylation of FOXO1 by Akt excludes FOXO1 from the nucleus therefore 

inhibiting its transcriptional activity. We demonstrated that reduction of Akt 

phosphorylation by α-TEA removed the phosphorylation inhibition on FOXO1 

and promoted the nuclear translocation of FOXO1, leading to the expression of 

FasL. Knockdown of FasL using FasL siRNA reduced α-TEA induced apoptosis, 

showing that FasL plays an important role in α-TEA induced apoptosis. We 

propose that FasL may be under the transcriptional control of both c-Jun and 

FOXO1 in LNCaP and PC-3-GFP human prostate cancer cells. 

 

Numerous studies have show that selenium exhibits efficacy in prostate cancer 

chemoprevention and chemotherapy. We showed that α-TEA and methylseleninic 

acid (MSA) synergistically inhibited LNCaP and PC-3-GFP cell growth in cell 

culture. The synergistic effects of combination treatment was shown to induce 

apoptosis via pro-apoptotic Fas and sown-regulation of pro-survival Akt. α-TEA 

and MSC separate and in combination significantly reduced PC-3-GFP tumor 

burden and reduced lung and lymph node metastases. However, synergism 
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observed in cell culture were not observed in vivo. Thus, α-TEA, as a single agent 

is a promising treatment for human prostate cancer. 

 

5.2. Future Directions 

Our data suggest that α-TEA may of therapeutic value in both androgen-

dependent and –independent prostate cancer. Future studies are needed to 

investigate the in vivo anti-tumor activity of α-TEA, alone of in combination with 

selenium or other chemotherapeutic drugs, using xenograft prostate mouse model. 

α-TEA inhibited Akt phosphorylation without changing the levels of total Akt. 

Further studies are needed to further investigate the mechanisms whereby α-TEA 

regulates Akt phosphorylation, including upstream molecules in Akt signaling 

such as PI3K, PTEN, and PP2A. Knockdown of FADD expression in PC-3-GFP 

cells led to apoptosis in the absence of α-TEA, indicating that PC-3-GFP cells 

may be addicted to FADD. Further experiments need to be performed to identify 

the dual role of FADD in PC-3-GFP cell survival and apoptosis. 
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