
 

 

 

 

 

 

 

 

 

Copyright 

by 

Shuo Zhang 

2004 

 

 



 

 
The Dissertation Committee for Shuo Zhang Certifies that this is the 

approved version of the following dissertation: 

 

Mechanisms of Proliferation Inhibition and Apoptosis 

Induced by Vitamin E Compounds and Cyclooxygenase 

Inhibitors in Human Breast Cancer Cells  

 

 
Committee: 
 

Kimberly Kline , Supervisor 

Bob G. Sanders, Co-Supervisor 

Su Dharmawardhane 

Susan Fischer 

Richard Willis 

 

 

 



Mechanisms of Proliferation Inhibition and Apoptosis 

Induced by Vitamin E Compounds and Cyclooxygenase 

Inhibitors in Human Breast Cancer Cells  

 

 

by 

Shuo Zhang, M.D., B.S. 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

 

The University of Texas at Austin 

May, 2004 



 

 

 

 

To my family, 

my father, Jianhua Zhang, 

my mother, Dongmei Pan, 

my sister, Yan Zhang, brother Hao Wang,  

and my little niece Zhiyi Wang 

 



 v 

 

 

Acknowledgements 

First of all, I would like to give my greatest thanks to Drs. Kline and 

Sanders. Thank them for the tremendous help to guide me through research 

problems and giving me so much thoughtful concern and advices. I thank them 

for giving me the great freedom to think and explore in my research projects, and 

thank them for their patience and encouragement, supporting me through all these 

years. I also want to thank Drs. Fischer, Dharmawardhane, and Willis for their 

great help in every aspect of my research, from providing experimental materials 

to research consulting, data analysis and interpretation etc. Special thanks to Dr. 

Weiping Yu for her mentorship when I first came to this lab, and thank for her 

continuous support and guidance in my research projects. I would also like to 

thank Li Jia, Pei Wang and Dr. Shun Tong, for their precious friendship, selfless 

help and support at work and in life. I also want to give special thanks to Marla 

Simmons-Menchaca, Karla Lawson, Catherine Strauss, and all other lab members 

for their great technical assistance and cooperation, which were critical in the 

success of each individual experiment. Thanks to Dr. Vishwanath R. Iyer and Jian 

Gu for their time and help on cDNA microarray analyses, thanks to Lakshmi 

Krishnamoorty and Paige Baugher for their help with migration and invasion 

assays. Most of all, I want to thank all of my family members and my friends for 

their love, support and being with me all the time.   



 vi 

Mechanisms of Proliferation Inhibition and Apoptosis 

Induced by Vitamin E Compounds and Cyclooxygenase 

Inhibitors in Human Breast Cancer Cells  

 

Publication No._____________ 

 

 

Shuo Zhang, PhD. 

The University of Texas at Austin, 2004 

 

Supervisors:  Kimberly Kline and Bob G. Sanders 

 

RRR-α-tocopheryl succinate (VES) and α-TEA [2, 5, 7, 8 - tetramethyl -

2R-(4R, 8R-12-trimethyltridecyl)chroman-6-yloxyacetic acid], a nonhydrolyzable 

ether analog of VES, induce growth inhibition in various human breast cancer 

cells. Cyclooxygenase 2 (COX-2) is up-regulated in human breast tumor tissues 

and cell lines, and has been shown to be associated with the process of neoplastic 

transformation and inhibition of apoptosis. Aims of this study were to investigate 

the individual and combined effects of vitamin E compounds (especially, α-TEA) 

and COX-2 selective inhibitors (especially, celecoxib ) in protection against breast 

cancer in vitro and in vivo, and to determine their cellular and molecular signaling 

mechanisms. Using an MDA-MB-435-FL-GFP human breast cancer xenograft 

model, α-TEA and celecoxib separately or in combination significantly reduced 
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tumor volume in comparison to control. The combination of α-TEA + celecoxib 

(1,250 mg/kg diet) significantly inhibited tumor volume in comparison to single 

treatments. Mean numbers of microscopic lung and lymph node metastases in all 

treatment groups were significantly lower than control. Furthermore, the mean 

number of microscopic lung metastases in the α-TEA + celecoxib (1,250) group 

was significantly lower in comparison to separate treatments. Analyses of 5 

micron tumor sections showed that all treatments, with the exception of celecoxib 

(500) alone, to significantly enhance apoptosis and significant ly decrease cell 

proliferation. Similarly, in vitro studies using MDA-MB-435-FL-GFP cells 

showed α-TEA or celecoxib to induce apoptosis and DNA synthesis arrest. 

Combination of α-TEA + celecoxib synergistically enhanced apoptosis and 

additively enhanced DNA synthesis arrest. Celecoxib coordinately mediated α-

TEA’s anticancer effects by enhancing the c-Jun-N-terminal kinase (JNK) and c-

Jun apoptotic signaling pathway, reducing cell proliferation, reducing cell cycle 

regulators (cyclin A and E, Proliferation Cell Nuclear Antigen), and suppressing 

cell migration putatively via alternating integrin-mediated cell adhesion signaling 

pathways. In conclusion, simultaneous targeting of breast cancer cells in vitro or 

in vivo with α-TEA and celecoxib separately and together inhibited cancer growth 

by inducing cell death by apoptosis, G0/G1 cell cycle blockage, inhibiting 

proliferation, and suppressing cell migration more effectively than targeting with 

each compound alone. These data show promise for combinations of α-TEA + 

celecoxib for breast cancer chemotherapy. 
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Chapter 1: Introduction and Literature Review 

INTRODUCTION 

Breast cancer is the most common cancer among U.S. women (32%) and 

the second leading cause of cancer deaths (15%) [1]. Chemotherapeutic drugs 

currently in use for breast cancer cause increasing morbidity and mortality from 

the toxic effects of these drugs on normal tissues and organs. For this reason, 

there is always a need for developing less toxic drugs or finding appropriate 

combinations of lower levels of two or more drugs to treat breast cancer safely 

and effectively. 

RRR-α-tocopheryl succinate (VES), other than being known as a 

commercially available vitamin E supplement, has been demonstrated to inhibit 

the growth and to induce programmed cell death (apoptosis) of various human 

breast cancer cell lines [2]. VES has also been reported to inhibit established 

tumors in nude mice [3-5]. A noteworthy feature of VES is that it exerts minimal 

toxic effects on normal cells and tissues [6, 7]. α-TEA, 2, 5, 7, 8 - tetramethyl - 

2R - (4R, 8R-12-trimethyltridecyl) chroman-6-yloxyacetic acid, is a 

nonhydrolyzable ether analog of RRR-α-tocopherol, which inhibited growth and 

induced apoptosis in cancer cells in a manner identical to VES [8]. Syngeneic 

transplantable mouse mammary cancer studies also showed α-TEA to inhibit 

tumor burden and lung metastasis [9]. 

Recently, cyclooxygenase-2 (COX-2) inhibitors have been brought  to the 

forefront of cancer chemopreventive and chemotherapeutic studies. These agents 
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were generated to specifically inhibit the COX-2 enzyme, which is considered as 

one contributor to the pro-growth pathways since many studies have shown that 

elevated levels of COX-2 and prostanoid metabolites are involved with the 

inhibition of apoptosis [10], promoting the process of neoplastic transformation 

[11], and cancer-inducing angiogenesis and tumor cell invasiveness [12, 13]. 

Furthermore, it was reported that human breast cancer tissues express elevated 

levels of both COX-2 mRNA and protein [14]. Several studies of mammary 

tumorigenesis in animal models have found selective COX-2 inhibitors to be 

effective in the prevention and treatment of experimental breast cancer [15-17].  

Intensive studies of VES in our lab have shown that the mechanisms of 

action of VES involve converting trans forming growth factor-beta (TGF-β) 

resistant human breast cancer cells to TGF-β  responsive cells by up-regulation of 

transforming growth factor-beta receptor II (TGFβRII) levels, and enhancement 

of secretion and activation of active TGF-β  ligand [2]. In addition, VES converts 

Fas-resistant human breast cancer cells to Fas-responsive cells by translocating 

Fas receptor from the cytosol to the cell membrane [18]. Both TGF-β  and Fas 

pathways are considered as pro-death pathways in tumors of epithelial origin. 

Questions arose as to whether the combination of the pro-death vitamin E 

compound with the inhibition of pro-growth COX-2 would increase the efficacy 

of chemotherapeutic effects on human breast cancers. For years, researchers have 

been trying to achieve better chemotherapeutic  effects by drug cocktails with 

lower dosage of individual drugs. These are the first studies to investigate the 

combination treatment of vitamin E compounds (VES and α-TEA) and COX-2 
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inhibitors (NS398 and celecoxib) in human breast cancer cells in culture and in an 

experimental breast cancer animal model. These stud ies provide preclinical 

evidence for the efficacy of these compounds in breast cancer, and suggest the 

need for further investigation of this drug combination as a strategy for human 

breast cancer treatment. 

VITAMIN E COMPOUNDS 

Vitamin E compounds refer to naturally formed plant sources of vitamin E 

as well as synthetic vitamin E (8 stereoisomers) and their commercially available 

derivatives. Natural vitamin E is a group of lipid-soluble compounds, four 

tocopherols (α, β , γ, and δ tocopherol) and four tocotrienols (α, β , γ, and δ 

tocotrienol). RRR-α-tocopherol, a potent antioxidant, is the most biologically 

available form, followed by β , γ, δ tocopherol, and  then α, β , γ, and δ tocotrienol 

in rat fetal absorption assay [19]. Other derivatives of RRR-α-tocopherol, such as 

the esterified form RRR-α-tocopheryl acetate, and RRR-α-tocopheryl succinate 

(VES) are available commercially. α-TEA was synthesized by Dr. Jeffrey 

Atkinson (Brock University. Ontario, CA). α-TEA contains an acetic acid moiety 

attached to carbon 6 of the chroman head structure of RRR- α - tocophorol via an 

ether linkage, which can not be hydrolyzed by esterases (Figure 1.1). 
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FIGURE 1.1: STRUCTURE OF VITAMIN E DERIVATIVES. VES (upper panel) and 
α-TEA (lower panel). 
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VES and α -TEA Effects on Tumor Cell Growth 

VES, the succinate derivative of natural RRR-α-tocopherol, has been 

demonstrated to inhibit growth of various cancer cell types, such as different cell 

lines of human breast cancer cells [2], human prostatic adenocarcinoma cells [20], 

avian lymphoid cells [21], human promyelocytic cells [22], human RLB 

lymphoma cells [23] and murine EL4 T lymphocytes [24]. VES has been reported 

to inhibit established tumors in vivo [3]. α-TEA appears to inhibit tumor growth 

in a manner identical to VES [8], and exhibits anti-tumor activity in vivo in a 

syngeneic BALB/c mouse mammary tumor model [9]. 

In cell culture, VES and α-TEA function differently from other vitamin E 

compounds. Until the synthesis of α-TEA, VES was considered the most effective 

form in inhibiting tumor cell growth. VES suppressed mitogen-activated T cell 

proliferation and triggered tumor cells to undergo apoptosis; whereas dl-α-

tocopherol, d-α-tocopherol, and d-α-tocopherol acetate did not [25]. Studies 

demonstrated that naturally occurring α, β , γ, and δ-tocotrienols and RRR-δ-

tocopherol were effective apoptotic inducers for estrogen-responsive MCF-7 and 

estrogen-nonresponsive MDA-MB-435 human breast cancer cells, whereas β-

tocopherol, γ-tocopherol and RRR-α-tocopherol, which is generally considered to 

be the most biological active form of vitamin E, were ineffective in the induction 

of apoptosis in both cell lines [26].  

Studies suggested that the tumor inhibitory functions of VES were due to 

the intact form of VES. Fariss et al. reported that treatment of murine leukemia 

cell lines C1498 (myeloid) and L1210 (lymphocytic) with the tris salts of VES, 
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but not RRR-α-tocopherol and tris, significantly inhibited the growth of these 

cells. Selective inhibition of leukemia cell proliferation was also observed 

following treatment of cells with the nonhydrolyzable ether forms of VES [27]. A 

sensitive high-performance liquid chromatography (HPLC) method, using 

fluorometric detection, demonstrated that treatment of HL-60 human leukemia 

cells with VES results in significant accumulation of VES, but not RRR-α-

tocopherol in the cells [28]. These findings suggested that the anti-tumor activity 

resulted from the action of the intact VES compounds and not from intracellular 

esterases releasing RRR-α-tocopherol, or succinate. 

Mechanisms of VES and α -TEA Actions 

Anti-growth effects of VES and α-TEA on tumor cells include DNA 

synthesis arrest, apoptosis and differentiation. VES (10 µg/ml) treatment of 

estrogen receptor-negative MDA-MB-435 human breast cancer cells induced 9, 

19, 51, and 72% apoptotic cells on days 1-4, respectively [29]. Additionally, VES 

induced MDA-MB-435 and MCF-7 human breast cancer cell to undergo cellular 

differentiation [30]. Data showed that VES induction of apoptosis involves both 

Fas and TGF-β  signaling pathways [31, 32].  

Increased levels of active TGF-β  ligand and enhanced TGF-β  type II 

receptor expression contribute to VES-induced apoptosis. VES induced avian C4-

1 lymphoblastoid- like cells to produce and secrete active forms of TGF-β , 

inhibiting proliferation [21]. This modulation of TGF-β  activity appeared to be 

posttranscriptional, since VES treatment did not alter the levels of TGF-β  mRNA. 

Studies in MDA-MB-435 breast cancer cells showed that VES treatment also 
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enhanced TGF-β  type II receptor expression at both transcription and translation 

levels [23].  

The role of the transcription factor c-Jun has been studied in MCF-7 and 

MDA-MB- 435 breast cancer cell lines [29, 33]. Theses studies showed that VES-

triggered apoptosis of MCF-7 and MDA-MB-435 cells induced prolonged 

elevated expression of c-Jun mRNA and protein and also induced enhanced 

activator protein-1 (AP-1) binding to its consensus DNA oligomer. Cells 

transfected with a dominant-negative interfering mutant c-Jun, TAM-67 or c-Jun 

antisense exhibited blockage of VES-mediated apoptosis. These studies suggested 

that c-Jun was involved in the apoptotic process initiated by VES treatment of 

human MCF-7 and MDA-MB-435 breast cancer cells.  Decreased levels of c-Myc 

protein and increased levels of c-Jun protein and AP-1 DNA binding capacity 

may also be playing a role in VES-mediated events leading to apoptosis in C4-1 

lymphoblastoid cells [34]. Fas (CD95/APO-1) is a member of the extrinsic death 

signaling receptor that mediates rapid and mitochondrial- independent apoptosis. 

Fas involvement in VES-induced apoptosis was investigated in Fas-resistant 

MCF-7, MDA-MB-231, and MDA-MB-435 human breast cancer cells [18]. 

Results showed that VES could convert Fas-resistant human breast cancer cells to 

a Fas-sensitive phenotype. Data showed that VES caused translocation of 

cytosolic Mr 43,000 Fas to the membrane. Studies with MDA-MB-435 human 

breast cancer cells showed that VES induced DNA synthesis arrest involved TGF-

ß-independent activation of p21Waf1/Cip1 [32], and VES induced apoptosis involved 

the activation of JNK, translocation of Bax to the mitochondria, and activation of 
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caspase-9 and -3 [35]. A model of signaling events in vitamin E succinate (VES)-

induced apoptosis in human breast cancer cells are depicted in Figure 1.2. 

 

 

FIGURE 1.2: MODEL OF SIGNALING EV ENTS INDUCED BY VES.  Adapted from 
[7].  
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CYCLOOXYGENASE (COX) AND COX INHIBITORS 

COX Biological Function and Regulation 

In the 1980s, Bailey and Needleman proposed the concept of the 

cyclooxygenase (COX) enzyme as a major regulatory step in prostaglandin (PG) 

synthesis [36]. COX enzymes catalyze  the formation of the prostaglandin 

endoperoxide from arachidonic acid (AA) to prostaglandin H2 (PGH2). It has both 

cyclooxygenase activity, which catalyzes the conversion of AA to prostaglandin 

G2 (PGG2), and a peroxidase activity, which catalyzes the conversion of PGG2 to 

PGH2. After the unstable PGH2 is produced, it is rapidly converted by tissue 

specific isomerases into more stable PGs, such as PGE2, PGF2α, PGI2, and 

thromboxanes as well as other metabolites [37-39].  

COX molecules are comprised of an epidermal growth factor-like domain, 

a membrane binding moiety and an enzymatic domain [40]. In the early 1990s, it 

was discovered that COX exists in two forms, COX-1 and COX-2. Both enzymes 

have a molecular weight of approximately 70 kDa, and have approximately the 

same capacity to convert AA to PGE2. Within the cell, both isoforms are located 

on the endoplasmic reticulum and the nuclear envelope. COX-1 is found in 

equivalent concentrations in both intracellular locations, while the concentration 

of COX-2 within the nuclear envelope is about twice that noted in the 

endoplasmic reticulum [41].  

The two isoforms are encoded by genes located on different 

chromosomes. COX-1 gene is located on human chromosome 9 [42], while the 
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COX-2 gene is located on chromosome 1 [43]. COX-1 and COX-2 share 60% 

homology in their coding regions. Sizes of mRNA for COX-1 and COX-2 are 2.8 

kb and 4.6 kb, respectively [44]. 3'-mapping studies have indicated that 

alternative polyadenylation of the gene occurs at the 3'-UTR (untranslated region) 

and results in the formation of two distinct mRNA isoforms; COX-24.6 and COX-

12.8 [45]. The 5’- flanking region of the COX-2 gene contains important regulatory 

elements such as a TATA box, cyclic AMP-responsive element (CRE) motifs, 

CCAAT/enhancer-binding protein (C/EBP) and transcription regulatory 

sequences for the activator binding protein-2 (AP-2), NF-kappa B (NF-kB) and 

the ubiquitous DNA binding transcription factor Sp1 [46, 47]. The COX-2 gene 

contains a large 3'-UTR. Multiple elements in the 3'-UTR cooperate to destabilize 

the mRNA [48].  

Quiescent cells express COX-1, and it is constitutively expressed in most 

tissues [49]. COX-1 is the only COX isoform expressed in platelets and gastric 

mucosa of normal humans. COX-1 produces PGs that regulate essential 

physiologic functions such as gastric mucosal protection, maintenance of normal 

kidney function, and platelet aggregation. COX-1 expression can be increased 

only two- to four- fold under most circumstances. In contrast, COX-2 is usually 

barely detectable during normal physiologic conditions. It is an immediate-early 

gene induced upon cell activation and stimulation by pathophysiological stimuli, 

and it can be rapidly induced to increase PG production ten- to eighty-fold [50]. 

Dysregulated COX-2 expression is associated with a variety of pathological 

conditions, including colorectal cancer [51-53], rheumatoid arthritis [49, 50], 
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gastric cancer [54], breast cancer [14, 55], prostate cancer [56], and non-small cell 

lung cancer [57, 58]. COX-2 has also been found to be expressed constitutively 

but only in a few tissues such as the rat kidney and brain, and human prostate and 

lung [59, 60]. 

COX and Cancer 

Interest in studying the role of COX in cancer development and 

progression comes from several population-based studies that show a decrease in 

the relative risk for colorectal cancer in persons who  regularly use aspirin and 

other NSAIDs [61-63], which mainly inhibit COX. Subsequent observations 

showed that both human and animal colorectal tumors expressed high levels of 

COX-2, whereas, the normal intestinal mucosa expressed low to undetectable 

COX-2 protein [49]. These results suggested that elevated levels of COX-2 

protein contribute to cancers.   

Evidence supporting a role for COX-2 in the development of neoplasia has 

been reported by Oshima et al [64]. They assessed the development of intestinal 

adenomas in wild-type and homozygous null COX-2 Apc 716 mice (a model of 

intestinal polyposis caused by a targeted truncation deletion in the  tumor 

suppresser gene APC). The  number and size of polyps were reduced dramatically 

(six- to eight- fold) in the COX-2 null mice compared with COX-2 wild-type mice. 

Work in cell culture models has shown that COX-2 expression contributes 

significantly to the tumorigenic potential of intestinal epithelial cells by increasing 

adhesion to extracellular matrix and rendering cells resistant to apoptosis [10]. 

Other work indicates that cyclooxygenase may also play a vital role in the 
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regulation of angiogenesis associated with neoplastic tumor cells [65]. These 

findings led to the hypothesis that COX, especially COX-2, may be playing a role 

in cancer growth and progression. 

COX-2 is also found to be expressed within human tumor 

neovascularization as well as in neoplastic cells present in human breast, lung and 

prostate tissues [14, 58, 66, 67]. However, the role of COX-2 in breast cancer or 

other cancer types is less clear in contrast to colon cancer.  

Studies found that in the estrogen receptor negative MDA-MB-231 human 

breast cancer tumor line that possesses invasive potential, COX-2 mRNA was 

constitutively upregulated with associated elevations in COX-2 protein [14]. In 

comparison, in the estrogen receptor positive MCF-7 human breast tumor cell line 

which does not have invasive capabilities, significantly decreased COX-2 mRNA 

levels were detected. Localization studies of COX-2 protein showed that the 

COX-2 isoform was detected in breast tumors but was not detectable in normal 

human breast tissue. COX-2 protein was localized specifically to breast tumor 

cells and was not present in cells within the stromal tissue [68]. In addition, 

another laboratory reported 56% of breast tumors (ductal carcinomas in situ and 

infiltrating ductal and lobular carcinomas) expressed COX-2 at a moderate to 

strong level, which was significantly different from the negligible expression in 

distant nonneoplastic epithelium [53]. Taken together, these results suggest that 

amplification of COX-2 may be a common feature of human breast tumors.  

Clinical trials and a variety of studies using animal models (both genetic 

and carcinogen- induced cancer) of breast cancer have indicated a significant 
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reduction in tumor multiplicity by NSAID treatments [69, 70]. Harris R.E. et al. 

found a significant inverse association between the intake of NSAIDs and the risk 

of breast cancer [71].  Liu and colleagues overexpressed human COX-2 from the 

mouse mammary tumor virus (MMTV) promoter, and demonstrated that COX-2 

overexpression was sufficient to cause breast tumor formation in more than 85% 

of multiparous mice [72], providing support for a role for COX-2 in growth and 

invasive potential of human breast tumors. The COX-2 inhibitor, celecoxib, was 

observed to significantly delay tumor incidence, multiplicity and volume in 

carcinogen- induced mammary tumors [16, 17]. These studies provided evidence 

that selective COX-2 inhibitors can protect against experimental breast cancer. 

Together, these observations suggest that COX-2 inhibition may represent a 

strategy for prevention and treatment of human breast cancer.  

NSAIDs and COX-2 Specific Inhibitors  

Classic NSAIDs 

Nonselective NSAIDs inhibit both COX-1 and COX-2 enzymes. They are 

commonly used in the therapy of inflammatory diseases. The observation of 

decreased risk of colorectal cancer among aspirin and other NSAID users 

suggests promise that NSAIDs may play a role in future chemoprevention 

strategies.  

Over the years the therapeutic usage of NSAIDs has grown rapidly. 

Kurumbail classified inhibitors according to their interaction with the enzyme 

protein as four classes [73].  
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Irreversible inhibitors of COX-1 or COX-2. Aspirin is the most ancient 

NSAIDs used as an anti- inflammatory agent, whose history traces back to more 

than 100 years ago. Aspirin, and a more recently designed aspirin- like molecule 

o-(acetoxyphenyl) hept-2-inyl-sulfide (APHS), acetylates the serine residues of 

COX-1 and COX-2 thus prevent ing AA from reaching the catalytic center. This 

covalent modification irreversibly inactivates COX [74].  

Reversible, competitive inhibitors of COX-1 and COX-2. Inhibitors such as 

ibuprofen, compete with AA to bind to the catalytic center of COX.  

Slow, time-dependent, reversible inhibitors of COX-1 and COX-2. Acting 

through ionic interactions between a carboxylic moiety on the inhibitor and an 

arginine residue of COX, this group of NSAIDs, such as indomethacin and 

flurbiprofen, seem to influence the helix D region of COX protein rendering it 

less flexible and thus less active.  

Slow, time-dependent inhibitors of COX-2. Representatives of this group 

such as celecoxib, and rofecoxib are selective COX-2 inhibitors. They inhibit 

COX-2 in a slow time-dependent process, and are weak competitive inhibitors of 

COX-1.   

All currently marketed classic NSAIDs, such as indomethacin, ibuprofen, 

and sulindac sulfide are inhibitors of both COX-1 and COX-2. NSAID toxicity is 

the result of inhibition of COX-1 activity leading to ulceration, bleeding, and 

perforation in the gastrointestinal mucosa [75]. Long-term aspirin use results in an 

increased risk of gastrointestinal bleeding, even at relatively low doses of drug. 

Therefore, the classic non-selective NSAIDs are being pushed gradually into the 
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background, whereas selective COX-2 inhibitors are being favored with their 

reduced side effects and attractive pharmacological profile.  

COX-2 Selective Inhibitors 

Given the evidence linking COX-2 expression to tumor development, 

COX-2 selective inhibitors are not only preferable as anti- inflammatory agents, 

but also may represent novel chemopreventive drugs. In the past few years, COX-

2 selective inhibitors have come to the forefront of cancer research and their 

effects in inhibiting tumor growth have been shown in both in vitro and in vivo 

studies [64].  

A large number of COX-2 inhibitors have been developed. Contrary to the 

classic NSAIDs, this new class of enzyme inhibitors is lacking a carboxylic 

group, thus effecting COX-2 affinity by a different orientation within the enzyme 

without formation of a salt bridge in the hydrophobic channel of the enzyme. 

They were grouped into different structural classes as summarized by G. 

Dannhardt and W. Kiefer [76].  

1. Diaryl- or aryl-heteroaryl-ethers (sulfonanilide inhibitors): nimesulide, 

NS398, flosulide, L-745337 

2. Vicinal diaryl heterocycles: celecoxib, rofecoxib, SC-57666, DuP-697 

3. Modified, known NSAIDs to improve COX-2 selectivity: L-748780, L-

761066, meloxicam, etodolac 

4. Antioxidative compounds 

5. 1,2-Diarylethylene derivatives (cis-stilbenes) 
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Celecoxib 

Celecoxib, 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] 

benzenesulfonamide, also known as celebrex or SC-58635, was approved by FDA 

for clinical osteoarthritis and chronic poly-arthr itis treatment in 1998. One year 

later, celecoxib was approved for clinical adjuvant therapy for familial 

adenomatous polyposis (FAP) patients. As a COX-2 specific inhibitor, celecoxib 

produced a reduction of the number of polyps in FAP patients [77].  

The role of celecoxib against breast cancer carcinogenesis and progression 

has been investigated in the past few years. Earlier studies showed that celecoxib 

reduced the incidence, multiplicity, and volume of DMBA (7,12-dimethyl-

benz(a)anthracene) induced breast tumors in female Sprague Dawley rats [78]. 

Another DMBA induced rat mammary tumor model showed dose-dependent 

chemopreventive effects of celecoxib against breast cancer [79]. Celecoxib 

significantly delayed the incidence of mammary tumors in transgenic mice 

expressing the Her2/Neu oncogene [15], and reduced tumor growth and 

microvessel density in mammary tumors induced by COX-2 overexpression [39]. 

Celecoxib also inhibited tumor growth and metastasis in mice with established 

mammary tumors [80], and suppressed the growth of human breast cancer cells 

implanted into nude mice [81]. Celecoxib also demonstrated potent anti-

angiogenic activity in a rat model of angiogenesis [12]. 

NS398  

 NS398 (N- (2-cyclohexyloxy-4-nitrophenyl) methanesulfonamide) was 

one of the earliest compounds with a completely different structure from classic 



 17 

NSAIDs at the beginning of the NSAID era [82]. It inhibited PG synthesis and 

was largely free of unwanted GI effects in animal models [83]. Moreover, NS398 

did not affect PG production in the stomach or kidney. Studies showed NS398 

inhibited COX-2 catalytic activity, reduced PGE2 synthesis, down regulated Bcl-

2, and induced apoptosis in cultured prostate carcinoma LNCaP cells [84], and 

HT-29, Colo 320 and THRC colon cancer cells [85]. NS398 has also been 

reported to inhibit angiogenesis [86] and to reduce experimental lung tumor 

multiplicity [87].  

Mechanisms for the Protective Effects of NSAIDs.  

COX-dependent Mechanisms 

Despite different chemical structures, inhibition profiles and drug half-

lives, all NSAIDs in clinical use possess COX inhibitory activity. Possible 

mechanisms for the protective effects of NSAIDs occur via AA or prostanoid 

signaling (Figure 1.3). PGs are synthesized in a broad range of tissue types and 

serve as autocrine or paracrine  mediators to signal changes within the immediate 

environment. Two classes of prostaglandin receptors exist to transduce signals 

upon binding of ligand, the G-coupled cytoplasmic receptor class (i.e., EP1-4 for 

PGE2) and the nuclear peroxisome proliferative activated receptor (PPAR) or  

class (i.e., PPARα, PPARγ, PPARδ), which acts directly as a transcription factor 

upon ligand binding. PGE2 plays a role in the maintenance of cancer growth [88]. 

Increased PGE2 synthesis is associated with tumor cell proliferation [89]. PGE2 

are proposed to regulate the downstream expression of apoptosis-associated 

genes, such as Bcl-2 [90]. Thus, one possible explanation for the anti-tumor 
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effects of NSAIDs is reduced PGs production via a COX-dependent mechanism 

[84]. Another consequence of inhibition of COX might be an accumulation of 

COX substrate AA. 

Arachidonic Acid, Sphingomyelin, and Ceramide signaling. 

Celluar levels of AA are determined by the serum levels of AA obtained 

either directly from human diet, or from 18-carbon fatty acids of the n-6 family 

such as linoleic acid which have been desaturated and elongated. AA can be 

converted through COX catalyzed pathway to generate PGs, or through 

lipoxygenase (LOX) to produce hydroxy eicosatetraenoic acids (HETEs). AA is 

incorporated into glycerolipids metabolism under the regulation of several 

enzymes, such as CoA-dependent acyl transferase, CoA-independent acyl 

transferase (CoA-IT) [91]. AA is also a regulator of the sphingophospholipid 

sphingomyelin (SM, ceramide-phosphocholine) breakdown [92]. Increased levels 

of AA or exogenous AA can stimulate the activity of sphingomyelinase in intact 

cells, and activated sphingomyelinase can lead to SM hydrolysis to form 

phosphocholine and ceramide (N-acylsphingosine) [93]. Ceramide is believed to 

play a key role in cell proliferation, cell differentiation, cell cycle arrest and 

apoptotic cell death [94, 95]. 

Studies have shown that NSAID treatment of colon tumor cells resulted in 

an increase in AA that, in turn, stimulated the production of ceramide, a known 

death signal, by activating neutral sphingomyelinase [96]. Thus, an increase in 

free AA, and not a decrease in PGs production, may mediate apoptosis after 

NSAIDs treatment. 
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COX-independent Mechanism 

Several studies have shown that NSAIDs can inhibit cancer cell growth by 

inhibiting cell cycle progression and inducing apoptotic cell death through 

mechanisms that are independent of their ability to inhibit COX [97, 98]. 

Structurally different NSAIDs have been shown to reduce the levels of cell cycle-

regulatory proteins [99]. The highly selective COX-2 inhibitor L-745, 337 and 

sodium salicylate (a weak inhibitor of PGHS isozymes) reduce colon cancer cell 

growth by a mechanism that may involve p53-independent induction of the tumor 

suppressor p21WAF-1/cip1 [100], an important signal linking apoptosis, 

differentiation and cell cycle alterations. Effects of NSAIDs and selective COX-2 

inhibitors occur at higher concentrations of drug (20–100 µM) than those required 

to inhibit the activity of COX isozymes. Animal studies show that sulindac 

sulfone exhibits protective effects against mammary tumors [101]. Sulindac 

sulfone is a metabolite of the NSAID sulindac, which lacks the ability to inhibit 

COX directly. Therefore, all these results indicate that COX-independent 

pathways play an important role in the  cancer chemopreventive properties of 

NSAIDs, and it is likely that both COX-dependent and - independent pathways are 

involved. Major COX-independent pathways of NSAIDs function reported so far 

include inhibition of: cGMP-specific phosphodiesterases [102], NF-κB [103], 

Bcl-xl [97], PPARδ [104], and  blocking the activation of the anti-apoptotic kinase 

Akt (PKB) [105].  



 20 

  

 

FIGURE 1.3: POSSIBLE SIGNALING PATHWAYS OF NSAIDS. (Adapted and 
modified from [91]. SM, sphigomyelin; PLA, phospholipase A2; 
CoA-IT, coenzyme A-independent transacylase; COX, 
cyclooxygenase; LOX, lipoxygenase; PGs: prostaglands; HETEs: 
hydroxyl eicosatetraenoic acids; Cyto c, cytochrome c.  
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CANCER AND BREAST CANCER CELL LINES 

Cancer is defined as uncontrolled cell growth, and is characterized by 

sustained cell proliferation, evasion of apoptosis, induction of angiogenesis, and 

ability to invade surrounding tissues [106]. Cancers can arise from almost every 

tissue in the body. Malignancy developing from lung, colon, pancreas, lymph 

glands, bladder, bone marrow, kidney, prostate (in men), breast, ovary, and uterus 

(in women) are the major cancers that affect most Americans. Among these 

twelve cancers, breast cancer is the most common cancer, and the second cause of 

cancer death among US women [1].  

Breast cancer is initially a hormone-dependent malignancy. The risk of 

developing breast cancer has been linked to exposure to estrogen, since a majority 

of primary breast cancers contain receptors for estrogen [107]. Estrogen receptor 

(ER) negative breast cancer cells may also be stimulated to proliferate by growth 

factors produced from ERα positive cells [108]. To gain more knowledge about  

breast cancer tumorigenesis, development and therapeutic effects of drugs, many 

studies have been performed on cultured human breast cancer cell lines. Cells in 

culture provide a continous source of homogeneous self-replicating epithelial 

cells, free of stromal cells.  

Based on their phenotype and invasiveness, current ly available breast 

cancer cell lines are classified as: luminal-epithelial like, weakly invasive cells, 

including BT-473, MCF-7, T47D, and ZR-75; weakly luminal-epithelial like cell, 

low invasive cells, including BT-474, MDA-MB-134, MDA-MB-453, MDA-MB-
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468, and SK-BR-3 cells; and mesenchymal- like, high invasive cells, including 

MDA-MB-435S, MDA-MB-231, Hs578T, and BT-549 [109, 110]. 

Among all of the available breast cancer cell lines, MCF-7, T-47D, and 

MDA-MB-231 cell lines are commonly used cell lines, account ing for more than 

two-thirds of all abstracts reporting breast cancer studies [111]. The MCF-7 cell 

line was derived from a pleural effusion from an invasive ductal carcinoma 

patient [112]. MCF-7 cells are luminal-epithelial like breast cells, growing as 

inter-connected colonies of polygonal cells on plastic (Figure 1.4), expressing ER 

[110], E-cadherin and β-catenin in the cell membrane [113], and wildtype p53 

[114], while lacking HER-2/new [115]. MDA-MB-231 cell line was also 

extracted from a pleural effusion from an invasive ductal carcinoma patient [116]. 

When grown on plastic cell culture dishes, they have a fibroblastoid phenotype 

and look weakly luminal epithelial- like (Figure 1.2). MDA-MB-231 cells do not 

express ER [110],  E-cadherin [113], nor other epithelial markers, but exhibit a 

high level of vimentin, a marker found in mesenchymal cells [109]. The p53 gene 

is mutant in this cell line [114].  

MDA-MB-435 is another commonly used cell line, and was the cell line 

used in these studies. Like MCF-7 and MDA-MB-231 cells, MDA-MB-435 cells 

were isolated from pleural effusion developed from an invasive ductal carcinoma 

patient [116]. The morphology of MDA-MB-435 cells is similar to MDA-MB-

231 cells, showing elongated fibroblastoid shape. They are ER negative cells 

[110], and contain mutant p53 [114].  E-cadherin is not expressed in MDA-MB-

435 cells, and β-catenin was detected as a diffuse cytoplasmic staining, but not 
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expressed in the cell membrane [113]. MDA-MB-435 cells can produce large 

amounts of the latent form of matrix metalloproteinase-2 (MMP-2), which 

degrades extra cellular matrix components, and is involved in tumor invasion 

[117]; whereas MCF-7 and MDA-MB-231 do not. Studies showed that MDA-

MB-435 cells obtained higher invasive and metastatic capacity than the other two 

cell lines [113].  Studies in our lab showed all three breast cancer cell lines to be 

resistant to Fas-mediated apoptosis [18]. In a cDNA microarray analysis of 60 

tumor cell lines, MDA-MB-435 cells were clustered with melanoma cells, rather 

than with other breast cancer cell lines [118], suggesting that the MDA-MB-435 

cells maybe of non-mammary origin. However, studies in our lab show that 

MDA-MB-435 cells express mammary specific differentiation markers [30], 

raising the possibility that the MDA-MB-435 cells used in the microarray 

analyses were not MDA-MB-435 cells. 

The MCF 10A cell line represents an immortalized normal breast 

epithelial cell. This cell line was derived from adherent cells in a population of 

human fibrocystic mammary tissue after extended cultivation in low calcium 

medium [119]. So far, the cells have shown no signs of terminal differentiation or 

senescence. MCF-10A cells have the characteristics of normal breast epithelium 

by the following criteria, including: (a) lack of tumorigenicity in nude mice; (b) 

three-dimensional growth in collagen; (c) growth in culture that is controlled by 

hormones and growth factors; (d) lack of anchorage- independent growth; and (e) 

dome formation in confluent cultures [120].  
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FIGURE 1.4: MORPHOLO GY OF EPITHELIAL-LIKE AND MESENCHYMAL-LIKE 
BREAST CANCER CELL LINES IN CULTURE. Epithelial- like MCF-7 
cells (upper panel) and mesenchymal- like MDA-MB-231 cells 
(lower panel). (Source: http://www.atcc.org/images/Cells/HTB-
22_mg1.jpg, http://www.atcc.org/images/Cells/HTB-26_mg1.jpg ) 
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IMMUNODEFICIENT  XENOGRAFT MOUSE MODELS 

Various models have been used to investigate breast cancer 

tumorigenicity, tumor progression, and metastases: carcinogen- induced, 

transgenic, syngeneic transplantation, and xenograft models. Human breast cancer 

cells transplanted into immunodefic ient mice are one of the most popular models  

for therapeutic studies on human breast cancers.   

There are various types of immunodeficient mice, including T lymphocyte 

deficient, T and B lymphocyte deficient, and T, B and NK (natural killer) cell 

deficient mice.  

T lymphocyte deficient mice. 

T lymphocyte deficient mice have a spontaneous Foxn1 (forkhead box 

N1) gene mutation [121]. The autosomal recessive nude gene in homozygous 

(nu/nu) mice causes the lack of hair and an abnormal thymus [122]. The 

deficiency in T cell function allows athymic mice to accept and grow xenografts 

as well as allografts (from same species) of normal and malignant tissues. This 

group of immune-deficient mice are widely used and well characterized. Tumors 

are relatively easy to visualize in athymic mice due to the lack of hair. There are 

several different genetic backgrounds available, such as BALB/c nude, nu/nu 

nude, CD-1 nude, B6Cg nude, and Ncr nude mice.  

T and B lymphocyte deficient mice. 

Because there are limited B cell defects in the above nude mice, some of 

these nude models have a relatively low acceptance for human breast tumors 

compared to other immunodeficient mice, such as severe combined immune-
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deficient (SCID) mice. SCID mice have a spontaneous Prkdc (protein kinase, 

DNA activated, catalytic polypeptide gene) mutation. Mice homozygous for the 

Prkdcscid  mutation lack both T and B cells due to a defect in V(D)J (variable, 

diversity, joining) recombination. Therefore, they easily accept foreign tissue 

transplants, including human tumors, making them good models for testing new 

cancer treatments and as hosts for human immune system tissues [123, 124]. 

Available strains include CB-17 SCID and ICR SCID. SCIDs exhibit a high 

incidence of thymic lymphomas, shortened lifespan; with the possibility of some 

functional B and T cells after 12 weeks of age.  

Rag1 is another type of immune-deficient mice, which have a targeted 

knockout of the Rag1 (recombination activating gene 1) gene [125]. Knocking out 

Rag1 causes the absence of functional recombinases, leading to V(D)J defects. 

Like SCID, these mice are B and T cell deficient; however, there is no possibility 

of functional B and T cell “leakiness” in adult as seen in SCID.  However, Rag1 

mice are not yet as well defined as xenograft host for established cell lines or 

tumors. Besides, they have normal number of macrophages and elevated NK cell 

function.  

T, B, and NK cell deficient mice. 

A strain of T, B and NK cell deficient mice are NIH-III (Triple Deficient) 

mice. They carry three separate mutations resulting in deficiencies in T, B and 

NK cells. The BG (beige) spontaneous mutation produces impaired chemotaxis 

and motility of macrophages and a deficiency in NK cells. The Foxn1 (nu) 

spontaneous mutation produces a severe depletion of T cells due to thymic 
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defective development. The third mutation is XID (X-chromosome-linked 

immune defect), produces functional defects in B cells [126].  

Another stain of T, B and NK cell deficient mice are SCID-BEIGE mice. 

They carry the SCID mutation which causes a lack of both T and B cells due to a 

defect in V(D)J recombination and also carry the BG (beige) mutation which 

results in cytotoxic T cell and macrophage defects as well as selective impairment 

of NK cell functions [127]. As a result, SCID-BEIGE mice are potentially an 

improved model for receipt of xenotransplants studies.  

CANCER GROWTH INHIBITION  

Uncontrolled cell growth could be caused by an increase in cell 

proliferation or a decrease in apoptosis. Thus the inhibition of cell proliferation 

and increased apoptosis are the two major strategies for cancer prevention and 

treatment.  

Proliferation inhibition   

Cancer cells gain the capacity of immortalization and increased cell 

numbers. This can be due to increased mitogenic signaling and/or a decreased 

threshold required for cell-cycle progression. Cancer cells often show alterations 

in signal-transduction pathways that lead to proliferation in response to external 

signals, such as activation of oncogenes and silencing of tumor suppressor genes. 

Tumor-associated mutations in many of these molecules result in the alteration of 

the basic regulatory mechanisms that control the cell cycle.  

Eukaryotic cell division occurs in four phases [128]. The cell is prepared 

for DNA replication in the G1 phase, and then DNA is replicated during the S 
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phase. The G2 phase represents a gap period, allowing preparation for mitosis, 

followed by chromosome segregation and cytokinesis in the M phase (mitosis). 

During development, differentiation, or growth-factor withdrawal, cells exit the 

cycle and enter a non-dividing, quiescent state known as G0. Cell-cycle 

checkpoints ensure faithful chromosome replication and separation, thereby 

maintaining genetic stability. One checkpoint, the restriction point, occurs in mid-

G1; after this point, cells become independent of growth factors and commit to 

cell division. Cell-cycle progression is regulated by two protein classes, the 

cyclins and their kinase partners, the cyclin-dependent kinases (CDKs). 

Restriction-point passage is mainly coordinated by two families of cyclins, the 

cyclin D family (D1, D2, and D3) and the cyclin E family (E1 and E2). The D-

type cyclins bind to and activate CDK 4 and 6, and cyclins E1 and E2 interact 

with and activate CDK2. Cyclin/CDKs complex activities are involved in 

phosphorylation of the retinoblastoma tumor suppressor protein (Rb). In the G0 

phase, Rb exists as an unphosphorylated form and binds to E2F transcription 

factors. Cyclin D/CDKs and cyclin E/CDK are required for the phosphorylation 

of Rb. Once Rb becomes phosphorylated, it releases E2F into the nucleus to 

transcribe genes essential for entry into the S phase [129]. Cyclin A also binds to 

cyclin dependent kinase 2 (CDK2), activating the phosphorylation of Rb, 

controlling the transition of cells from the G0/1 phase to the S phase [130, 131], 

and promoting DNA replication in the S phase [132]. The regulation of 

cyclin/CDK activity is therefore central to restriction-point passage and DNA 

synthesis. Further regulation of cyclin/CDK activity is mediated by the cyclin-
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dependent kinase inhibitors (CDKI) of the p16ink (p15, p16, p18, and p19) and p21 

families (p21waf1, p27, and p57). CDKIs are induced in response to different 

cellular processes. For instance, p15 and p27 are effectors of TGF-β , and p21waf1 

is one of the effectors of p53 [133]. 

Disruption of cell cycle control, especially restriction-point control, is a 

common biological feature in human cancer. Cyclin E overexpression is 

associated with poorer survival in breast cancer [134]. Deregulation of cyclin D 

and cyclin A occurs in most cancer types. The regulation of Rb was found to be 

altered in 90% of human cancers, including breast cancer [135]. Thus, targeting 

cell cycle regulators (cyclins, CDKs, CDKIs) are considered possible strategies 

for suppressing cancer cell proliferation.  

Apoptosis 

Tumor growth may result not only from dysregula ted proliferation, but 

also from insufficient cell death. Cell death could be due to necrotic death or 

programmed cell death (apoptosis) [136]. Necrosis is relevant in circumstances of 

gross injury in biological system. Apoptosis, however, plays a critical role in the 

homeostasis of the mammary glands tumorigenesis and blockage of apoptosis is 

associated with tumor formation [106]. Therefore, the efficacy of anti-cancer 

agents also depends on the activation of apoptosis.  

Apoptosis is an active, energy dependent process involving a series of 

biochemical and molecular signals. Various apoptotic pathways exist in 

mammalian cells, and are classified into two types of pathways: the intrinsic 

mitochondria pathway and the extrinsic death receptor pathway [137].  
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Mitochondria  play an important role in apoptotic processes, and activation 

or inhibition of Bcl-2 family members are key factors [138].  In response to extra 

cellular insults such as DNA damaging agents, UV radiation, and 

chemotherapeutic drugs, pro-apoptotic members of the Bcl-2 family can be 

activated. For example, Bax can undergo a conformational change and be 

translocated from the cytosol to the mitochondrial outer membrane, and inactive 

Bak that resides at the mitochondria also undergo a conformational activation. 

The changes to the mitochondrial membrane caused by activa ted Bax or Bad lead 

to pore formation and cytochrome c release into the cytosol. Other Bcl-2 

members, Bcl-2, Bcl-xl can localize to mitochondria, and interact with 

Bax/Bid/Bak.  They function as anti-apoptotic molecules. If the ratio of pro-

apoptotic to anti-apoptotic factors is high, several molecules are released from the 

mitochondria, such as cytochome c, and inhibitors of negative regulators of pro-

apoptotic proteins (Smac/Diablo and Omi/HtrA2). Cytochrome c associates with 

Apaf-1 (apoptotic protease activating factors) and then procaspase-9 (and possibly 

other proteins) to form a molecular complex called the apoptosome. Caspase-9 is 

then cleaved and activated to further activate other effector caspases, such as 

caspase-3 and -7, to execute apoptotic cell death.  

The extrinsic pathway is triggered by cell surface death receptors, such as 

Fas (APO-1/CD95) [137], and TNF receptor family proteins [139, 140]. 

Apoptosis triggered by the Fas pathway is initiated by the binding of the Fas 

ligand to the Fas receptor, followed by induction of receptor clustering and 

formation of a death-inducing signaling complex (DISC). DISC recruits multiple 
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procaspase-8 molecules via the adaptor molecule FADD (Fas-associated death 

domain protein), resulting in caspase-8 activation. Caspase-8 activation can then 

promote the activation of execution caspases (caspase 3 or 7) to induce apoptosis. 

Besides activating other caspases, caspase-8 can also cleave Bid  (a pro-apoptotic 

Bcl-2 family member), promoting Bid translocation to the mitochondria, where it 

promotes cytochrome c release [141]. Thus Bid provides cross-talk and 

integration between the death-receptor and mitochondrial intrinsic pathways.  

DR4/5 has been characterized as another example of extrinsic death 

receptors, using Apo2L/TRAIL (TNF-related apoptosis inducing ligand) as its 

ligand. Similar as Fas ligand, TRAIL binds to DR4/5, a DISC is formed and 

caspase-8 is activated and Bid is cleaved [140].  

Many apoptotic mediators have been reported, such as the involvement of 

MAPK/JNK/c-Jun [29], PKC [142], histone H1.2. [143], endoplasmic reticulum 

[144], and cellular energy metabolism [145]. This illustrates the complexity of 

apoptotic signaling which can exhibit cell-type and cell-status specificity. 

Tumor cells can evade apoptosis via deregulation of the apoptotic 

apparatus, thus, targeting apoptotic-modulators has been broadly investigated in 

cancer prevention and therapy. Approaches include down regulation of pro-

apoptotic factors, such as use of antisense to Bcl-2, cFLIP (caspase-8- inhibitory 

protein, an inhibitor of Fas mediated apoptosis ); inhibitors of survival factors: 

such as Akt (PKB), NFκB, and use of recombinant TRAIL to initiate apoptosis in 

cancer cells [146-149]. Furthermore, triggering the apoptotic potential of cancer 

cells might lead to new therapies that could be less toxic to normal cells. 
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CANCER METASTASIS  

Metastases are the cause of 90% of human cancer deaths [150]. Invasion 

and metastasis are complex processes, consisting of a series of steps, all of which 

must be successfully completed to give rise to a metastatic tumor (Figure 1.5). As 

a primary tumor grows, it needs to develop a blood supply to support its 

metabolic needs (angiogenesis). New blood vessels can also provide an escape 

route by which tumor cells can leave the primary site and enter into the body's 

circulatory blood system. Breast cancer cells that leave the primary tumor by 

blood vessels will be carried by the blood flow first through the heart and then to 

the capillary beds of the lungs. Breast cancer cells can also invade the lymphatic 

system to enter the blood circulatory system indirectly. Tumor cells need to be 

able to survive in the circulation until they can arrest in a new organ. This process 

requires adherence to the blood vessel wall or exposed endothelial cells, and then 

extravasation into the surrounding tissues. Once in the new site, tumor cells must 

initiate and maintain growth to form pre-angiogenic micrometastases; this growth 

must be sustained by angiogenesis and unlimited cellular proliferation to form 

larger metastatic tumors. The cells in newly formed metastases can then invade 

blood vessels, enter the circulation and produce additional metastases [151]. 

Many human and animal tumors are heterogeneous and contain numerous 

subpopulations of tumor cells. Metastatic cells have different genetic and 

biological characteristics from non-metastatic tumor cells [152-154]. Studies have 

been done to try to identify metastatic regulators and to find potential therapeutic 

targets. Several classes of proteins have been found to be involved in the invasive 
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or metastatic process, such as cell–cell adhesion molecules, extracellular 

proteases [106], and Ras and Myc oncogenes [154, 155]. Several metastatic 

suppressors have been identified by their reduced expression in metastatic tumor 

cells, compared with tumorigenic but non-metastatic tumor cells, including 

NM23, MKK4 (Mitogen activated protein kinase kinase 4), RKIP (Raf kinase 

inhibitor), KAI1, BRMS1, KiSS1, RGOGDI2, CRSP3 (transcriptional 

coactivator), VDUP1 (Vitamin D3 up-regulated protein 1), DRG1 (Differentiation 

related gene), SSeCKs (Src-suppressed C kinase substrate), and Claudin-4 [156]. 

The interaction of metastatic cells with the micro-environment at the sites 

where they migrated is considered critical for the outcome of metastasis. A 

considerable amount of evidence indicates that molecular factors that are present 

in specific organs can, indeed, influence whether or not various types of cancer 

cells will grow there. The organ microenvironment can markedly change the 

gene-expression patterns of cancer cells, and therefore their behavior and growth 

ability [151]. Therapy of metastases, therefore, should also be targeted against the 

growth factors that promote tumor-cell growth, survival, angiogenesis, invasion 

and metastasis. 



 34 

 

 

FIGURE 1.5: MAIN STEPS IN THE FORMATION OF A METASTASIS . (Adapted 
from [151]).  
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SUMMARY 

Two RRR-α-tocopherol based vitamin E derivatives VES (Vitamin E 

succinate) and α-TEA are potential anti-tumor agents, inhibiting growth, and 

inducing apoptosis and differentiation in breast cancer cells. COX-2 selective 

inhibitors are a completely different group of compounds that have been 

extensively investigated in colon cancer chemoprevention and chemotherapy. 

This dissertation focuses on investigations of the separate and combined 

biological actions of vitamin E compounds and COX-2 inhibitors in breast cancer, 

using both in intro cell culture and in vivo xenograft model. The aim of this 

chapter (Chapter 1) was to introduce the signal transduction pathways known to 

be involved in vitamin E compound and/or COX-2 inhibitors induced tumor 

growth inhibition. Various breast cancer cell culture models and immune-

deficient mouse models were also reviewed. Key players involved in tumor 

proliferation, cell cycle, apoptosis, and metastasis have been discussed. Chapter 2 

will describe initial studies that discovered that VES and the COX-2 inhibitor 

NS398 induced better proliferation inhibition and apoptosis in various breast 

cancer cell lines than either compound used alone. Based on these findings, 

studies described in Chapter 3 were conducted using a murine xenograft model to 

test the anti-tumor effects of a novel vitamin E compound (α-TEA) and the COX-

2 inhibitor celecoxib. Results show that α-TEA and celecoxib separately or in 

combination reduced tumor burden and metastasis. Chapter 4 reports on studies 

designed to identify (cDNA microarray analyses) and characterize some of the 

cellular and molecular signaling events that are involved in α-TEA and/or 
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celecoxib regulated tumor growth,  apoptosis, and metastasis, including the 

involvement of JNK/c-Jun activation, GADD45 induction, cell cycle 

deregulation, and integrin-mediated cell adhesion signaling changes.  

Taken together these studies suggest the hypothesis that combination 

treatment of vitamin E based compounds and COX-2 specific inhibitors can 

reduce human breast cancer cell growth and survival in cell culture and tumor 

burden and metastasis in vivo better than either agent administered separately. 

Additionally, these studies provide important insights into the mechanisms of 

anti-tumor action by these two agents singly and in combination in human breast 

cancer cells. 
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Chapter 2: Vitamin E Succinate and Cyclooxygenase-2 Inhibitor 
NS398, Separately and in Combination, Induced Human Breast 
Cancer Cells to Undergo Apoptosis and DNA Synthesis Arrest 

ABSTRACT 

We investigated the individual and combined anti-tumor effects of RRR-

α-tocopheryl succinate (VES) and the cyclooxygenase (COX)-2 specific inhibitor 

NS398, and their anti-tumor cellular signaling mechanisms using in human breast 

cancer cells in culture. Co-treatment with VES plus NS398 caused synergistic 

DNA synthesis arrest in MDA-MB-435, MDA-MB-231, and MCF-7 human 

breast cancer cells, and as well as in immortalized non-tumorigenic MCF-10A 

cells (synergistic) and in primary, normal human mammary epithelial cells 

(HMECs) (additive). NS398 at doses less than 25 µg/ml, namely doses that do not 

trigger breast cancer cells to undergo apoptosis, significantly enhanced VES-

induced apoptosis and PARP cleavage in all three breast cancer cell lines, but did 

not cause apoptosis in MCF-10A or HMECs. VES+NS398 enhanced apoptosis at 

lower doses and increased PARP cleavage at earlier time point in MDA-MB-435 

cells, compared to MDA-MB-231 and MCF-7 cells. The cellular signaling 

mechanism induced in this combination effect in MDA-MB-435 cells was not due 

to regulation of COX-2 protein expression or activity. Nor was it due to altering 

AA, ceramide or PGE2 metabolism. NS398 was found to block G0/1 to S cell 

cycle trans ition and to up-regulate p53 in MCF-7 cells at 24 hr treatment, and at 8, 

24 and 48 hr after treatment in MDA-MB-435 cells. No change in Bcl-2 protein 

levels were seen in either cell line. Blocking p53 with siRNA partially blocked 
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NS398 induced G0/1 to S cell cycle arrest, suggesting a possible role of p53 in 

NS398 effects on MDA-MB-435 cells. 
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INTRODUCTION 

The high incidence (32%) and death rate (15%) of breast cancer makes it 

one of the most life-threatening cancers among U.S. women [1]. There is a need 

for the development of new chemopreventive and chemotherapeutic agents with 

low toxicities, and the evaluation of whether combinations of lower levels of two 

or more anti-cancer agents might achieve the same or even better anti-cancer 

efficacy than each agent used individually at higher levels. It is hoped that drug 

combinations might provide more effective and safer strategies for breast cancer 

chemoprevention and chemotherapy. 

The focus of this study is to investigate the separate and combined effects 

of RRR-α-tocopheryl succinate (VES) and NS398 [N-(2-cyclohexyloxy-4-

nitrophenyl) methanesulfonamide], a cyclooxygenase (COX)-2 selective 

nonsteroidal anti- inflammatory drug (NSAID) as anti- tumor agents in vitro. 

Interest in this combination originated from the promising tumor inhibitory effects 

of VES and epidemiological studies that indicate a significant inverse association 

between the intake of NSAIDs and the risk of breast cancer [71, 157].  

COX, especially the inducible form, COX-2, is reported to be up-regulated 

in human breast tumor tissues and cell lines [158, 159]. Elevated levels of COX-2 

have been shown to be associated with the process of neoplastic transformation 

[11], inhibition of apoptosis [10], and cancer- induced angiogenesis and 

invasiveness [13]. NSAIDs inhibit both COX-1 and COX-2 proteins, the two 

enzymes involved in conversion of AA to prostaglandins. Epidemiological studies 

suggest that NSAIDs may be used for chemoprevention, reduc ing the relative risk 
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of human breast cancer [71] and selective COX-2 inhibitors appear more 

desirable than nonselective NSAIDs [160]. NS398, which specifically inhibits 

COX-2 activity and have a completely different structure from classic NSAIDs 

[82], was used in this study. 

VES inhibits the growth of various breast cancer cells and induces them to 

undergo programmed cell death (apoptosis) [2, 33]. In vivo studies also showed 

that VES inhibited the growth of human breast cancer cells in nude mice [3]. VES 

is not toxic and it is commercially available as a vitamin E supplement.   

These studies sought to determine whether co-treatment of human breast 

cancer cells with the COX-2 specific inhibitor NS398 and VES would act 

synergistically to block tumor cell survival and proliferation in vitro and to 

investigate the possible cell signaling mechanisms. Three human breast cancer 

cell lines, MDA-MB-435, MDA-MB-231 and MCF-7, as well as normal human 

mammary epithelial mammary cells (HMECs), and MCF-10A, an immortalized 

but non-tumorigenic breast cell line were used in these studies. 
 

MATERIALS AND METHODS 

Chemicals and Reagents  

RRR-α-tocopheryl succinate, succinic acid, and trypan blue were 

purchased from Sigma Chemical Co. (St. Louis, MO).  NS398 was purchased 

from BIOMOL Research Lab (Plymoth Meeting, PA). All reagents for 

morphological analyses of apoptosis were purchased from Boehringer Mannheim 

(Indianapolis, IN). 
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Cell Culture and Treatments 

MDA-MB-435 (provided by Dr. Janet E. Price. Department of Cell 

Biology, University of Texas M. D. Anderson Cancer Center, Houston, TX; 

[161]) and MDA-MB-231 (American Type Culture Collection, Manassas, VA) 

are non-estrogen responsive human breast cancer cell lines. MDA-MB-435 cells 

are TGF-β  RII positive but TGF-β  non-responsive and Fas positive but Fas 

signaling non-responsive [18, 32]. MCF-7 (provided by Dr. Suzanne Fuqua, 

University of Texas Health Science Center, San Antonio, TX; [162]) is an 

estrogen-responsive breast cancer cell line. MCF-10A (American Type Culture 

Collection) is an immortalized nontumorigenic breast cell line. HMECs are 

primary cultures of human mammary cells derived from normal mammoplasty 

specimens (Cooperative Human Tissue Network Southern Division, Birmingham, 

AL). MDA-MB-435 cells were cultured in MEM with Earle’s balanced salts (Life 

Technologies, Inc., Grand Island, NY) supplemented with 5% FBS (Hyclone 

Laboratories, Logan, UT) plus 2 mM glutamine (Sigma), 100 mM streptomycin, 

100 IU/ml penicillin (Gibco/BRL), 1× (v/v) nonessential amino acids (Sigma), 

and 10 mM sodium pyruvate (Sigma). MDA-MB-231 and MCF-7 cells were 

cultured in MEM with Earle’s balanced salts (Life Technologies, Inc., Grand 

Island, NY) supplemented with 10% FBS (Hyclone Laboratories, Logan, UT) 

plus 2 mM glutamine (Sigma), 100 mM streptomycin, 100 IU/ml penicillin 

(Gibco/BRL), 1× (v/v) nonessential amino acids (Sigma), and 10 mM HEPES 

(Sigma). MCF-10A cells were cultured in DMEM-High Glucose / F12 medium 

(Hyclone laboratories, Logan, UT) supplemented with 5% horse serum 
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(Gibco/BRL, Grand Island, NY), 2 mM glutamine, 100 µg/l streptomycin, 100 

IU/ml penicillin, 0.25 µg/ml ampicillin B, 100 ng/ml cholera toxin, 20 ng/ml 

epidermal growth factor, 0.5 µg/ml hydrocortisone and 10 µg/ml insulin. HMEC 

cells were cultured with bicarbonate-containing basal serum free mammary 

epidermal cell growth medium (Clonetics, San Diego, CA).  

For experiments, the percentage of FBS was reduced to 2% for MDA-MB-

435 cells and 5% for MDA-MB-231, MCF-7 and HT-29 cells. Horse serum was 

reduced to 2% for MCF-10A cells. MDA-MB-435, MDA-MB-231, MCF-7, 

MCF-10 A and HT-29 cells were plated at 1.5 × 105 cells / well in 12 well plates 

for apoptosis analyses and 1.5 × 104 cells/well in 96 well plates for DNA 

synthesis arrest analyses. HMEC cells were plated at 1.0 × 105 cells/well in 12 

well plates for apoptosis analyses and 1.0 × 104 cells/well in 96 well plates for 

DNA synthesis arrest ana lyses.  A stock solution of 20 mg/ml VES was prepared 

in cell culture medium and diluted in standard growth medium to give a final 

concentration of 20, 10, 5, 2.5, and 1.25 µg/ml VES with a final concentration of 

0.1% (v/v) dimethylsulphoxide (DMSO) (Sigma). Vehicle treatment (VEH) 

consists of an equivalent or highest amount of sodium succinate in a final 

concentration of 0.1% (v/v) DMSO used in the experiments. A stock solution of 

50 mg/ml NS398 (BIOMOL Res. Lab., Inc. PA) was prepared in DMSO and 

diluted in standard growth medium to give a final concentration of 50, 25, 12.5, 

6.25, and 3.125 µg/ml. Cultures at 70% confluence were incubated in VES 

supplemented medium (in 0.1% DMSO), NS398-supplemented medium (in 0.1% 

DMSO) or medium containing both agents (in 0.2% DMSO). 
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Determination of Nuclear Morphology and Changes Characteristic of 

Apoptosis by DAPI Staining 

Apoptosis was assessed based on nuclear morphology using the 

fluorescent DNA dye 4’, 6-diamidino-2’-phenylindole dihydrochloride (DAPI; 

Boehringer Mannheim Corp.). Cells were harvested after VEH, VES and/or 

NS398 treatments for 72 hours. Cells (attached and floating cells) were pelleted, 

washed, and stained with 2 µg/ml DAPI in 100% methanol for 15 min at 37oC 

and then viewed with a Zeiss ICM 405 microscope. Cells whose nuclei contained 

clearly condensed or fragmented chromatin were scored as apoptotic. Apoptotic 

data are reported as percent apoptosis within a cell population determined by 

counting a minimum of 3 different locations/slide and counting a minimum of 200 

cells per location. Apoptotic data are presented as the mean ± SD for three 

independent experiments. 

DNA Synthesis Analyses 

The effects of VES and NS398 on DNA synthesis were assessed by 

measuring the amount of [3H] thymidine incorporation after addition of 1 µCi 

[3H] thymidine/cell culture well during the last 6 hours of the 24-hour incubation. 

Cells were solubilized with 0.25% trypsin for 15 minutes before they were 

harvested onto glass fiber filter paper with a PHD cell harvester, and liquid 

scintillation counting quantitated [3H] thymidine uptake. 

Median Effect Analysis  

The interaction between VES and NS398 was analyzed using the software 

Calcusyn (Cambridge, UK), which uses the combination index (CI) method of 
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Chou and Talalay [163], based on the multiple drug effect equation. The data 

presented met the requirement for analysis with this software: VES and NS398 

alone had a dose-dependent effect and at least three data points for each single 

drug were available in each experiment. CIs of <1 indicate greater than additive 

effects (synergism; the smaller the value, the greater degree of synergy), CIs equal 

to 1 indicate additivity, and CIs>1 indicate antagonism.  

Western Blotting Analyses   

Whole cell lysates were prepared by treating cells with lysis buffer (50 

mM TrisHCL(pH 7.5), 150 mM NaCl, 1% Nonidet P-40 (NP40), 0.5% sodium 

deoxycholate, 0.1% SDS, 10 ug/ml aprotinin, 5 ug/ml leupeptin, 5 M sodium 

orthovanadate, 100 ug/ml trypsin inhibitor, 1 mM phenylmethylsulfonyl fluoride, 

and 1mM dithiothreitol). Lysates were left on ice for 20 min and centrifuged at 

10,000 × g for 5 min to sediment the particulate material. Membrane and cytosol 

fractions were isolated as described by Koli and Arteaga [164]. Cells were 

washed with cold fractionation buffer [20 mM Tris-HCl (pH 7.4), 2 mM EDTA, 

25 mM sodium fluoride, 1mM dithiothreitol,  2 mM sodium orthovanadate, 1 

µg/ml of aprotinin, and 1 µg/ml leupeptin]. Cells were sheared by passing through 

26-gauge needles five times and then incubated on ice for 5 min. After 

centrifugation at 100,000 x g for 1 h at 4 oC, the supernatants (cytosol fraction) 

were transferred to a clean tube, and Triton X-100 was added to a final 

concentration of 0.8%. The pellets (membrane fraction) were resuspended in 

fractionation buffer and 0.8% Triton X-100, incubated for 20 min on ice, and 

centrifuged at 15,000 x g for 15 min at 4 oC. The protein concentration of the 
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supernatant was measured by Bradford [165] method using the Bio-Rad Dye 

Binding protein assay (Bio-Rad Laboratories, Hercules, CA). Protein extracts (50 

µg - 200µg) were separated on 10 % SDS-PAGE for p-Rb, COX-2, PARP, 12 % 

for p53, Bcl-2, and Bax, and 15% SDS-PAGE for p21 analyses. After 

electrophoresis, resolved proteins were electroblotted onto nitrocellulose 

membrane (Optitran BA-S supported nitrocellulose, Cat # 68270; Scheicher and 

Schuell, Keene, NH).  The membranes were blocked with 5% nonfat dry milk in 

TBST (10 mM Tris pH 8.0, 150 mM NaCl, and 0.05% Tween 20) for thirty 

minutes at room temperature, and incubated with 1 µg/ml of primary antibody for 

45 minutes at room temperature. The following primary antibodies were used: 

COX-2 (CAT# 16017, Cayman Chemical, Ann Arbor, MI), p-Rb (CAT# PC640, 

Ab-3), and p53 (CAT # Ab-2 0P09, Oncogene Research Products, Cambridge, 

MA), Bcl-2 ( CAT # M0887,  KODA, Carplinteria, CA); All other antibodies 

were purchased from Santa Cruz Biotechnology Inc.: poly (ADP-ribose) 

polymerase (PARP), CAT# H250, p21 (CAT # SC-397), and Bax (CAT# SC-

526).  

After incubation with primary antibody, the membranes were washed 

three times with TBST.  Then the membranes were incubated with horseradish 

peroxidase conjugated goat anti-rabbit for p-RB, COX-2, PARP, and GAPDH or 

goat antimouse for p53, p21, Bax, and Bcl-2 as the secondary antibody (Jackson 

Immunoresearch Lab, Inc., West Grove, PA) for 30 minutes at room temperature, 

and washed three times with TBST for 3-5 minutes/wash followed by detection 

by enhanced chemiluminescence (ECL, Pierce, Rockford, IL).   
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Cell Cycle Analysis  

At different intervals after drug treatment cells were harvested, floating 

and adherent cells were collected, and samples of 1×106 of cells were fixed in 

70% ethanol. Cells were washed in PBS and stained with a solution containing 50 

mg/ml propidium iodide and 50 µg/ml RNAse for 30 min at 4 oC and then 

analyzed with a FACScan flow cytometer (Coulter Epics Elite Flow Cytometer) 

at the University of Texas M.D. Anderson Cancer Center, Smithville, TX. The 

cell cycle distribution was evaluated on adherent cell DNA plots by MultiCycle 

software (Phoenix Flow Systems, Inc., San Diego, CA). 21,000 cells were 

analyzed. Analysis of the presence of pre-G1 apoptotic population was performed 

on both adherent and floating cell samples. 

Ceramide Assays 

Ceramide assays were conducted as described by Bratton et al. [166]. 

Ceramide studies were conducted with assistance from Dr. James Kehrer’s 

laboratory (Uinversity of Texas at Austin, Division of Toxicology and 

Pharmacology). Cells were removed from culture and washed (×2) with PBS. 

Cells were lysed with 1 ml chloroform: methanol (2:1). Lipids were extracted 

after addition of 300 µl ice-cold distilled H2O, vortexed and centrifuged at 2000 

rpm for 5 min, and then the organic phase was removed and dried under N2. Dried 

lipids were re-dissolved in 20 µl solutions of the following chemicals: 7.5% octyl-

ß-D-glucoside, 5 mM 1, 2-dideoyl-sn-3-phosphitidylglycerol, 1 mM 

diethylenetriaminepenta-acetic acid (DETAPAC) pH 7.0. Next, 50 µl of reaction 
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buffer (100 mM imidazole, 100 mM NaCl, 25 mM MgCl2, 2 mM EDTA) was 

added, then 5 µl of reconstituted DAG kinase (BIOMOL, Polymouth Meeting, 

PA), 15 µl distilled H2O. Next, 10 µl of 32P-ATP solution (10mM [?32P] ATP 

100,000 cpm/nmol (NEN, Cambridge, MA), 100 mM imidazole and 1 mM 

DETAPAC (pH6.6) was added and incubated at room temperature for 30 min. 

The reaction was quenched with 1 ml chloroform: methanol (2:1), followed by 

addition of 600 µl of 1% HCl. The samples were vortexed and centrifuged for 5 

min at 2000 rpm to achieve phase separation. The organic phase was washed once 

more with 1% HCl and the organic phase dried under N2. Lipids were re-

dissolved in 50 µl cholorform and spotted on TLC plates (adsorption silica gel 

20×20 cm2 19 channels, Whatman, Clifton, NJ) in a solvent system containing 

chloroform: methanol: acetic acid (65:15:5). Samples were quantified using a 

PhosphorImager (Packard Instrument Company, Meriden, CN). Ceramide 

phosphate was normalized using cell number at 3, 6, and 12 hr time points and 

normalized for total lipid at the 24 hr time point. 

Arachidonic Acid Assays  

MDA-MB-435 cells were plated in 6 well plates at 2.4×105 cells per well, 

and allow to attach overnight. They were then labeled with [3H] arachidonic acid 

(0.4 µCi/ml medium (98.6 Ci/mmol, 100 µCi/ml, NEN) for 24 h. After washing 

with warmed MEM twice, 2% FBS culture medium was added and cells rested for 

1 h in 37oC incubator. Cells were then treated with VEH, 4 µg/ml Mellitin as a 

positive control [96], 20 µg/ml VES, and or 25 µg/ml NS398 for 10 hours. The 

culture media were removed and cells rinsed with 0.5 ml PBS. Attached cells 
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were washed off with 1 ml PBS. Lipid was extracted from the cell free media and 

cells prepared separately and dried under nitrogen. The lipids were then 

resuspended with 50 µl of choloroform and 20 µl was applied on TLC plates 

(Adsorption silica gel 20×20 cm2 19 channels, Whatman, Clifton, NJ). Samples 

were developed twice, first in a solvent system containing chloroform: hexane 

(75:25, v/v), followed by a second solvent system containing chloroform: 

methanol (95:5, v/v). Products were visualized by 1% iodine and [3H] AA 

migration compared with that of standards. [3H] AA was then collected by 

scraping and radioactivity determined by liquid scintillation counting. 

Determination of Prostaglandin E2 (PGE2) Levels   

MDA-MB-435 cells were cultured and treated as described above. MDA-

MB-435 cells were treated with VES (10 µg/ml), and /or NS398 (25 µg/ml), for 

24 hours. 0.1 µg/ml Phorbol 12-myristate 13-acetate (PMA) was used as positive 

control. The medium was then replaced with fresh medium containing 10 µM  

sodium arachidonate (Sigma). 30 min later, the medium was collected, 

centrifuged at 800g for 10 min to remove suspended cells, and stored at –70 oC 

for assay. The amount of PGE2 in medium was determined by an ELISA kit 

according to the manufacture’s instructions (Cayman Chemical Co., Ann Arbor, 

MI). The protein concentration of cell lysate from each well was determined using 

the Bio-Rad protein-assay reagent and used to normalize the PGE2 concentration. 

Results are the mean of two determinations each.   
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Small RNA Interference 

RNA interference (RNAi) experiments were conduced to slience p53 gene 

expression using p53 specific small interfering RNA (siRNA-p53). The region of 

p53 cDNA targeted for siRNA was 5'GACTCCAGTGGTAATCTAC3', as 

established by previous studies [167]. Double stranded siRNA-p53 was 

synthesized using a siRNA construction kit (Ambion, Austin, TX). siRNA-p53 

were then transfected into cells using lipofectamine according to the 

manufacture’s instruction (Invitrogen, Carlsbad, CA). Twenty four hrs after 

transfection, cells were treated with DMSO, VES and/or NS398 for cell cycle 

analysis and at 72 hrs for apoptosis analysis. Transfected cells were also collected 

after treatment for 24 hrs for western immunoblot analysis.  p53 protein levels 

could be blocked by up to 85% (see Results Figure 2.13A). 

RESULTS 

VES and NS398 exhibit dose-dependent anti-proliferative effects on human 

breast cancer cells. 

VES has been shown to inhibit proliferation and induce differentiation and 

apoptosis in various human breast cancer cell lines [7, 32, 168]. In this study, the 

effects of VES and NS398 on DNA synthesis arrest were determined after 24 hrs 

treatment. The percentage DNA synthesis arrest of treated cultures was calculated 

in comparison to vehicle control cultures. DNA synthesis was determined by 

measuring [3H] thymidine uptake by the cells. The proliferation inhibitory effect 

of VES (up to 20 µg/ml) was in a dose-dependent manner in the three human 

breast cancer cell lines (Fig 2.1A). The effects of NS398 were also tested after 24 



 50 

hours. Dose-dependent proliferation inhibition was seen in all three breast cancer 

cell lines (Fig 2.1B). 

NS398 and VES synergistically caused DNA synthesis arrest in human breast 

cancer cells. 

Co-treatment of MDA-MB-435, MDA-MB-231, MCF-7 and MCF-10A 

cells with the combination of VES plus NS398 for 24 hrs enhanced DNA 

synthesis arrest when compared to cells treated separately with VES or NS398 

(Fig 2.2A, B, C, and D). Blockage of DNA synthesis by VES+NS398 or VES or 

NS398 singly exhibited dose-dependent arrest in HMECs, but the level of DNA 

synthesis arrest was lower than that seen with the other cell types (Fig 2.2E).  

The interaction between VES and NS398 was analyzed using the software 

Calcusyn, which uses the combination index (CI) method of Chou and Talalay 

[163], based on the multiple drug effect equation. The CI values obtained for 

MDA-MB-435, MDA-MB-213 and MCF-7 cells were 0.795 (moderate 

synergism), 0.37 (synergism), and 0.61(synergism), respectively, indicating a 

synergistic effect fo r VES plus NS398 on these breast cancer cell lines (Table 

2.1). To be sure that the synergistic effects of VES plus NS398 were not caused 

by DMSO (solvent for VES and NS398), VES and NS398 were added to MDA-

MB-435 cell culture media with different concentrations of DMSO as a vehicle. 

The results showed that the vehicle DMSO alone at concentrations up to 0.3 % 

(the highest dose was 0.2% DMSO) did not influence DNA synthesis arrest or 

apoptosis (data not shown).  
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FIGURE 2.1: DNA SYNTHESIS ARREST OF MDA-MB-435, MDA-MB-231 AND 
MCF-7 BREAST CANCER CELL LINES AFTER 24 HOUR 
TREATMENTS WITH VES OR THE HIGHLY SELECTIVE COX-2  
INHIBITOR NS398. (A) Dose-dependent DNA synthesis arrest by 
VES was seen in three cell lines. (B) NS-398 treatment of three cell 
lines resulted in dose-dependent DNA synthesis arrest. DNA 
synthesis arrest rate are expressed as a percentage of control values. 
Results are means of three independent experiments ± SD. 



 52 

A. MDA-MB-435 

 

 

B. MDA-MB-231 

 

 

 

 

 

0

20

40

60

80

100

D
N

A
 S

yn
th

es
is

 A
rr

es
t (

%
) VES

NS398

Co-treatment

 

0

20

40

60

80

100

D
N

A
 S

yn
th

es
is

 A
rr

es
t (

%
)

VES
NS398
Co-treatment

 

VES(µg/ml)               2.5                     5                      10 
NS398(µg/ml)          6.25                   12.5                   25 

VES(µg/ml)           2.5               5                10             20 
NS398(µg/ml)      6.25            12.5              25             50 
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E. HMECs 

 

 

FIGURE 2.2: VES AND NS398 SYNERGISTICALLY INCREASED DNA SYNTHESIS 
ARREST OF CANCER CELLS. (A) MDA-MB-435 cells; (B) MDA-
MB-231 cells; (C) MCF-7 cells. Results are means of three 
experiments ± SD. VES and NS398 co-treatments did not exhibit 
synergistic effects with HMECs (E), whereas; co-treatment enhanced 
DNA synthesis arrest in MCF-10 A cells compared with VES or 
NS398 treatment alone (D).  
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Table 2.1: Combination Index for VES and NS398 combination effects on 
induction of DNA synthesis arrest in different cell lines. 

ED 50 (µg/ml)  

Cell line VES NS398 

 

Ra 

 

Average CIb 

MDA-MB-435 4.42 26.09 0.99 0.795- moderate synergism 

MDA-MB-231 12.98 33.06 0.97 0.37 – synergism 

MCF-7 8.78 25.98 0.94 0.61 – synergism 

MCF-10 A 17.47 12.74 0.99 0.79 – moderate synergism 

HMEC 13.82 16.84 0.99 1.05 – nearly additive 

a: the linear correlation coefficient of median-effect plots  

b: average 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. 
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NS398 sensitized human breast cancer cells to VES-induced apoptosis while 

exhibiting minimal effects on immortalized non-tumorigenic MCF-10A cells 

and human mammary epithelial cells (HMECs). 

Several end points were detected to determine the occurrence of apoptosis  

including the accumulation of pre-G1 cells, apoptotic morphology, and PARP 

cleavage. Cells treated with VES and NS398 were evaluated 48 hours after the 

beginning of treatment by flow cytometric analysis, indicating the presence of 

apoptotic cells (Fig. 2.3). Small pre-G1 apoptotic cell peaks were observed in 

MDA-MB-435 cells treated with vehicle control (6.5%) and NS398 (5.9%), 

whereas marked pre-G1 apoptotic cell peaks were observed in VES and NS398 

co-treated samples (31.0%), 2.1 fold higher than VES treated alone (14.7%).  

 



 57 

FIGURE 2.3: CELL CYCLE ANALYSIS OF MDA-MB-435 CELLS AT 48 HOURS 
TREATMENT WITH VES AND OR NS398. Cells were stained with 
propidium iodide and analyzed with a FACScan flow cytometer as 
described in material and methods. The percentages of pre-G1 
apoptotic populations are reported in the left hand of each histogram. 
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Apoptotic morphology was evaluated in DAPI stained nuclei by 

fluorescence microscopy. Evaluations were carried out in both floating and 

adherent cells. The nuclei of cells following treatment for 72 hrs with 10 µg/ml of 

VES (MDA-MB-435) and 20 µg/ml (MCF-7 and MDA-MB-231) were 

fragmented with numerous apoptotic bodies (Figure 2.4). Control and NS398 (25 

µg/ml) treated cells exhibited similar morphology, while MDA-MB-435 and 

MDA-MB-213 cells treated with 10 µg/ml of VES + 25µg/ml of NS398 or 

20µg/ml VES + 25 µg/ml of NS398 showed greatly increased numbers of 

condensed nucleus and fragmentation (Figure 2.4A and Figure 2.4B), 

respectively.  MCF-7 cells treated with 20 µg/ml of VES + 25 µg/ml of NS398 

showed increased nuclear condensation greater than with either drug alone 

(Figure 2.4C). 

Based on the morphology of DAPI stained nuclei, the percentage of 

apoptotic cells were counted and recorded. NS398 at 12.5 and 25 µg/ml did not 

induce the listed cell lines to undergo apoptosis; however, NS398 + VES 

enhanced apoptosis  in all three breast cancer cell lines (Figure 2.5A, 2.5B and 

2.5C). Co-treatment of MDA-MB-435 cells with 10 or 20 µg/ml of VES and 12.5 

or 25 µg/ml of NS398 enhanced apoptosis when compared to cells treated with 

VES or NS398 alone (Figure 2.5A). NS398 at 12.5 and 25 µg/ml enhanced 

apoptosis in MDA-MB-231 cells and MCF-7 cells treated with VES at 20 µg/ml 

((Figure 2.5B and  2.5C). When cells were treated with VES at 20 µg/ml and 

NS398 at 50 µg/ml, they showed an increase of apoptosis (low levels, 20%) in 

MCF-10A cells, but not in HMECs (Figure 2.5D and 2.5E). 
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C. MCF-7  

 

FIGURE 2.4: MORPHOLOGICAL ANALYSES OF THE NUCLEI OF  DAPI  (4,6-
DIAMIDINO-2-PHENYLINDOLE DIHYDROCHLORIDE) STAINED 
APOPTOTIC CELLS following treatment for 72 hours with 10 µg /ml 
of VES and or 25 µg/ml of NS398 in MDA-MB-435 cells (Figure 
2.4A), MDA-MB-231 cells (Figure 2.4B), and MCF-7 cells (Figure 
2.4C).    
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D. MCF-10A 
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FIGURE 2.5: THE PERCENTAGE OF CELLS WITH APOPTOTIC MORPHOLOGY,  
DETERMINED UNDER FLUORESCENCE MICROSCOPY AFTER 
STAINING WITH DAPI. NS398 enhances VES-induced apoptosis in 
MDA-MB-435 cells (Fig 5A), MDA-MB-231 cells (Fig 5B), MCF-7 
cells (Fig 5C), but shows minimal effects on MCF-10A (Fig 5D) and 
HMECs (Fig 5E). Data represent the induction of apoptosis after 72h 
treatment with 5, 10, and 20 µg/ml VES and or 12.5 and 25 µg/ml of 
NS398. Results are means of three experiments ± SD in breast 
cancer cells.  
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NS398 at 25 µg/ml did not induce human breast cancer cells to cleave PARP, 

however NS398 enhanced VES-induced PARP cleavage in co-treated cells.   

PARP cleavage is one of the characteristic features of apoptosis [169]. 

Treatment of MDA-MB-435 cells for 48 hrs with VES at 10 µg/ml caused PARP 

cleavage; NS398 treatment alone did not induce PARP cleavage. Co-treatment of 

MDA-MB-435 breast cancer cells with VES + NS398 caused increased cleavage 

of PARP (Figure 2.6). Treatment of MDA-MB-231 and MCF-7 cells for 72 hrs 

with VES at 20 µg/ml caused PARP cleavage. Co-treatment of MDA-MB-231 

and MCF-7 breast cancer cells with VES + NS398 caused increased cleavage of 

PARP (Figure 2.7A and 2.7B).  
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FIGURE 2.6: WESTERN BLOT SHOWED PARP CLEAVAGE 48 HOURS AFTER 
TREATMENT OF MDA-MB-435 CELLS WITH 10 µG/ML VES AND/ 
OR 25 µG/ML OF NS398. A. Western immunoblot image. B. 
Densitometry analysis. Western immunoblot was performed as 
described in material and methods. 100 µg of protein were loaded in 
each lane. Data are representative of three independent experiments.  

 

 

 

  VEH       VES-10        NS398-25    VES-10+NS398-25 
     

116kD   PARP 

85 KD 



 65 

A.  

 

 

 

 

 

B 

 

 

 

FIGURE 2.7: WESTERN BLOT SHOWED PARP CLEAVAGE 72  HOUR AFTER 
TREATMENT OF 20 µG/ML VES AND OR 25 µG/ML OF NS398. A: 
MDA-MB-231 cells; B: MCF-7 cells. Western bolt was performed 
as described under material and methods. 100 µg of protein were 
loaded in each lane. 
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COX-2 protein levels are low in human breast cancer cells in comparison 

with that of HT-29 human colon cancer cells. VES did not regulate COX-2 

expression in MDA-MB-435 cells.  

Western immunoblot analysis showed that COX-2 protein levels are low 

in human breast cancer cells in comparison to HT-29 cells (data not show). COX-

2 protein mainly exists in membrane fraction as reported [41]. VES at 20 µg/ml 

did not regulate COX-2 protein levels in MDA-MB-435 and MDA-MB-231 cells 

(Fig 8B). 
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FIGURE 2.8: COX-2 PROTEIN LEVELS IN HUMAN BREAST CANCER CELL 
LINES . (A)Western immunoblot analyses were used to determine the 
levels of COX-2 proteins in whole cell lysates from four human 
breast cancer cell lines. (B). COX-2 protein levels in membrane and 
cytosol fraction of MDA-MB-435 cells and whole cell extracts of 
MDA-MB-231 cells after treatment with VES at 20 µg/ml for 24 
hours. COX-2 standard is isolated from sheep plancenta, and used as 
positive control (Cayman Chemical, Ann Arbor, MI). Preparations of 
cell extracts and Western immunoblotting procedures are described 
in materials and methods. Data are representative of two or more 
experiments for each of the proteins analyzed. 
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The enhancing effects of NS398 on VES induced tumor cell inhibition was 

not due to regulation of arachidonic acid and prostaglandin E2 metabolism. 

We tested ceramide levels after treatment of MDA-MB-435 cells with 

VES and NS398 separately or in combination at 3, 6, 12, and 24 hours. None of 

the treatments made a difference in ceramide or AA levels (Figure 2.9A, 2.9B and 

2.9C). Thus, our results did not implicate ceramide involvement in VES and 

NS398 induced apoptosis. One possibility was that AA was metabolized quickly 

via pathways other than COX or inserted into membrane phospholipid via AA-

phospholipid remodeling. A direct result of inhibiting the COX-2 pathway is to 

decrease prostaglandin products.  

We further investigated if VES plus NS398 enhanced apoptosis and DNA 

synthesis arrest was due to decreased levels of PGE2. The amount of PGE2 in 

medium showed little difference after 24 hr treatment of MDA-MB-435 cells with 

10 µg/ml of VES, and /or 25 µg/ml of NS398 (Figure 2.10A). PGE2 production 

rate determined by 10 µM sodium arachidonate (Sigma) treatment for 30 min did 

not demonstrate significant differences between vehicle control group and VES + 

NS398 treatment groups either (Figure 2.10B). Above results indicated that the 

enhancing effects of NS398 on VES induced apoptosis and proliferation 

inhibition might not be due to the decrease of PGE2 under these experimental 

conditions. 
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FIGURE 2.9: CERAMIDE AND AA LEVELS AFTER TREATMENT OF MDA-MB-
435 WITH VES AND/OR NS398. A. Treatment of MDA-MB-435 
human breast cancer cells for 3, 6, or 12 hrs with VES (20 µg/ml) or 
NS398 (25 µg/ml) or a combination of the two did not induce 
elevated levels of ceramide. B. Incubation of MDA-MB-435 human 
breast cancer cells with VES at 10 and 20 µg/ml or NS-398 (25 
µg/ml), or a combination of the two did not produce any differences 
in ceramide levels after 24 hr treatment. C. Incubation of MDA-MB-
435 human breast cancer cells with VES at 20 µg/ml or NS-398 at 25 
µg/ml, or a combination of the two for 10 hrs did not produce any 
differences in media released AA levels. Ceramide and AA level was 
quantified as described in Materials and Methods. 
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FIGURE 2.10: PGE2 LEVELS WERE DETERMIN ED IN MEDIA AFTER MDA-MB-
435 CELLS WERE INCUBATED WITH VES AT 10 µG/ML AND 
NS398 AT 25 µG/ML SEPERATLY OR IN COMBINATION. (A) 
Medium (a) was collected after MDA-MB-435 cells treated with 
VES and/or NS398 for 24 hrs. Medium (a) was then replaced with 
fresh medium containing 10 µM sodium arachidonate (Sigma). 
30 min later, medium (b) was collected. The amount of PGE2 in 
medium (a) and (b) was quantified as described in materials and 
methods. (B) PGE2 production rate was calculated by subtract PGE2 
levels in medium (b) by that in medium (a), and then divided by 30 
mins, indicating COX activities. C. The standard curve was used for 
quantification of PGE2. PMA was used as positive control. 
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NS398 induced G0/1 Cell Cycle Arrest in MDA-MB-435 Cells.  

A 24-hour treatment of MDA-MB-435 cells with 25 µg/ml of NS398 

induced an accumulation of cells in G1 phase (Figure 2.11A). Compared with 

DMSO control, NS398 caused 29.15% increase of G1 cells and 45.75 % decrease 

of S phase cells (Figure 2.11B). These data show that NS398-induced growth 

inhibition in MDA-MB-435 cells within 24 hours following treatment is caused 

by DNA synthesis arrest due to G1 cell cycle blockage. Western immunoblot 

analyses showed phosphorylated Rb proteins in MDA-MB-435 cells to be 

decreased at 8 and 24 hours after NS398 (25 µg/ml) treatment when compared to 

cells treated with DMSO (Figure 2.11C). 
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FIGURE 2.11: MDA-MB-435 CELLS WERE TREATED WITH DMSO OR 25  
µG/ML OF NS398 FOR 24 HOURS. Cell cycle profiles were 
performed by FACS analyses. A. Histogram of DNA content in cell 
cycle phases. B. Percentage of cells in cell cycle phases. C, western 
immunoblot analyses were used for detection of the phosphorylated 
status of Rb, and densitometry analysis were shown in the lower 
panel of C. MDA-MB-435 cells at 1.6 x 106 cells in T-25 flask were 
treated with DMSO control and 25 µg/ml of NS398 for 8, 24 and 48 
hours. Data in Fig A and B are means of two experiments ± SD. 
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COX-2 independent function of NS398: up regulation of p53 protein levels, 

but not Bcl-2 or Bax protein. 

In an effort to determine why MDA-MB-435 and MCF-7 cells were more 

sensitive to VES induced apoptotic triggering after NS398 treatment, western 

immunoblot analyses of p53, Bcl-2, and Bax protein were conducted. In MDA-

MB-435 cells, which are characterized by a mutated p53 gene, 25 µg/ml of 

NS398 induced a consistent elevated protein level of p53 at 8, 24 and 48 hr  

(Figure 2.12A). Bax was not regulated by NS398 in MDA-MB-435 cells (Figure 

2.13A).  In the wildtype p53 cell line MCF-7, NS398 induced a transient  increase 

in p53 protein only at 24 hr. (Figure 2.13B). Bcl-2 proteins were not regulated by 

NS398 in both MDA-MB-435 and MCF-7 cell lines.   

Knockout of p53 protein by siRNA-p53 attenuated NS398 induced G0/1 to S 

cell cycle arrest, and partially blocked VES induced apoptosis. 

 Using siRNA-p53, we successfully reduced p53 protein expression (80-

85% blockage) in MDA-MB-435 cells (Figure 2.13A). Transient knockout of p53 

attenuated NS398 elicited cell cycle arrest. NS398 only caused 0.9% increase of 

G0/1 cell population, and caused 13% decrease of S phase cell population, 

however, NS398 caused 48% increase of G0/1 and 34% decreased S phase cell 

population in mock transfected cells (Figure 2.13B). VES and VES+NS398 

induced apoptosis was reduced 36% and 23%, respectively, in siRNA-p53 

transfected cells compared with control cells (Figure 2.13C).   
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FIGURE 2.12: P53, BCL-2, AND BAX PROTEIN LEVELS IN MDA-MB-435 AND 
MCF-7 CELLS. NS398 induced p53 expression in MDA-MB-435 
cells is depicted in Figure 2.12A, first panel. Western immunoblot 
analyses of whole cell extracts for p53 showed elevated levels of 
constitutively expressed p53 in the MDA-MB-435 cell lines after 25 
µg/ml of NS398 treatment of 8, 24 and 48 hr. Nuclear extracts from 
MCF-7 cells showed elevated levels of p53 at 24 hr of treatment 
with 25 µg/ml of NS398 (Figure 2.12B, first panel). Levels of Bax 
protein expressed after MDA-MB-435 cells were treated with NS398 
at 8, 24, and 48hr were essentially the same (Figure 2.12A. second 
panel). No changes of Bcl-2 protein expression were detected in the 
MCF-7cell lines (Figure 2.12B, second panel). Levels of GAPDH 
were used to help establish equivalency of lane loads (Figure 2.12A 
and B, last panel). 
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FIGURE 2.13: BLOCKAGE OF P53 IN MDA-MB-435 CELLS BY TRANSIENT 
TRANSFECTION WITH P53 SPECIFIC SMALL INTERFERING RNA 
(SIRNA-P53). A. Western immunobolt confirmed the blockage of 
p53 by si-RNA-p53 transient transfection. B. SiRNA-p53 transient 
transfection attenuated celecoxib induced G1/ S cell cycle blockage. 
C. Si-RNA-p53 transient transfection reduced VES induced 
apoptosis. 
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DISCUSSION 

VES, a derivative of vitamin E, has been demonstrated to be a potent 

inducer of programmed cell death (apoptosis) in various cancer cell types from 

various species [2, 33]. Mechanisms of VES effects involve converting 

transforming growth factor-beta (TGF-β) resistant human breast cancer cells to 

TGF-β  responsive by increased expression of TGFβRII and enhanced secretion 

and activation of active TGF-β  [2]; and converting Fas-resistant human breast 

cancer cells to Fas-responsive [18], both of which are considered as pro-death 

pathways in epithelial cells. We hypothesize that VES-triggered growth inhibition 

and apoptosis may also involve regulation of pro-growth factors, such as in the 

COX-2 pathway. COX, especially, COX-2, mRNA and protein levels are elevated 

in several human cancers, including human breast cancer tissues [14]. Elevated 

levels of COX-2 have been shown to be associated with the process of neoplastic 

transformation [11], inhibition of apoptosis [10], and cancer- induced angiogenesis 

and invasiveness [13]. It was of interest to determine how VES might influence 

the COX-2 pathway and the possible combination effects of VES and COX-2 

inhibitor, NS398.   

At the beginning of this study, our data cell culture using VES and NS398 

separately and in combination showed synergistic inhibition of DNA synthesis in 

three human breast cancer cell lines, MDA-MB-435, MCF-7, and MDA-MB-231 

but not in HMEC cells, which indicated that VES and NS398 synergistic effects 

might be due to COX-dependent pathways, since COX-2 was reported being 

upregulated only in cancer cells but not in normal epithelial cells. However, the 
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follow-up investigation failed to demonstrate that VES regulated COX-2 protein 

levels, thus, our next assumption focused on studying the role played by the 

COX-2 specific inhibitor NS398 in human breast cancer cells. NS398 inhibits 

COX-2 enzyme activity [76], which might result in elevated levels of the 

prostaglandin precursor AA or decreased levels of PG products such as PGE2.  

Before we tested PGE2 involvement in VES and NS398 induced apoptosis 

in MDA-MB-435 human breast cancer cells, the possible role of ceramide and 

AA were first tested based on the rational that an increase in AA stimulates 

sphingomyelin conversion to ceramide, a known mediator of apoptosis [170]. 

Alterations of cellular AA levels have been reported to affect cell proliferation 

and survival [92]. Our results indicated that NS398 potentiation of VES induced 

apoptosis was not due to the blockage of AA metabolism, accumulation of AA 

and pro-apoptotic signaling through ceramide pathways. Experiments thereafter 

failed to demonstrate the involvement of PGE2. 

Since NS398, at the dose used in our studies, did not alter the COX-2 

pathway, namely AA and PGE2 metabolism, it is thus very likely that it enhanced 

DNA synthesis arrest and apoptosis by COX-2 independent mechanisms. 

Considerable evidence indicates that  COX-independent pathways play an 

important role in the cancer chemopreventive properties of NSAIDs, and it is 

likely that both COX-dependent and - independent pathways are involved [98]. 

Structurally different NSAIDs have been shown to reduce the levels of cell cycle-

regulatory proteins [99]. The highly selective COX-2 inhibitor L-745,337 and 

sodium salicylate (a weak inhibitor of COX isozymes) reduced colon cancer cell 
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growth by a mechanism that may involve p53-independent induction of the tumor 

suppressor p21WAF-1/cip1 [100], an important signal linking apoptosis, 

differentiation and cell cycle alterations. Our data suggest the regulation of p53 in 

MDA-MB-435 and MCF-7 cells  by NS398. NS398 was found to up-regulate both 

p53 and p21waf-1/cip1 protein level in MDA-MB-435 cells. Interestingly, p53 exists 

in MDA-MB-435 cells as a mutant form (codon 266, G to A point mutation) 

[114], and this mutation is located in the sequence-specific DNA binding domain 

[171].  O’Connor concluded that the mutant p53 expressed in MDA-MB-435 cells 

was non-functional, due to the lack of transcription activity of a p53 cDNA in a 

yeast assay, inability to response to γ- irradiation induced G1 cell cycle arrest, and 

inability to activate γ- irradiation inducible genes, GADD45 and MDM2 mRNA, 

and p21(waf1/cip1). On the other end, Forrester and co-workers showed that in cell 

lines derived from a hepatocellular carcinoma and an ovarian carcinoma, two p53 

mutants (248trp and 273his) enhanced wild type p53 mediated- transactivation of 

their reporter construct [172]. In addition, transfecting mutant p53 (273 his) into 4 

human breast cancer cells resulted in increased wild type p53 transactivation 

activity, suggesting that this mutant form of p53 might still maintain functions in 

certain cell types. Furthermore, Foster and coworkers reported a group of 

compounds that stabilized the DNA binding domain of p53, and not only 

promoted the stability of both wild type p53 but also allowed mutant p53 to 

maintain an active conformation [173]. Our data showed NS398 induced MCF-7 

cells to transiently express increased levels of p53 protein, induced constitutive  

increase of p53 in MDA-MB-435 cells, suggesting that the mutant form of p53 in 
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MDA-MB-435 cells possibly maintains biological functions, and contributes, in 

part, to the apoptotic sensitivity of MDA-MB-435 cells. Besides, the combination 

treatment was more effective in MDA-MB-435 cells than in MCF-7 cells as 

indicated by greater apoptosis with lower doses of drugs and by the earlier 

enhanced PARP cleavage after treatment. These findings prompted us to assume 

that NS398 might have a function in activating p53 in wild type p53 cells, 

activating or stabilizing and restoring p53 function in p53 mutant cell lines, thus 

increase the sensitivity of cancer cells to respond to chemopreventive and 

chemotherapeutic drugs.  Studies are underway to further investigate whether the 

mutant form of p53 in MDA-MB-435 cells is functional in increasing p21  

(waf1/cip1) and blocking the cell cycle.  

It is well established that Bcl-2 family members are involved in anticancer 

drugs induced apoptosis. Down-regulation of Bcl-2 or enhanced expression of 

Bax can reverse chemoresistance. Zhang, L et al [97] reported that Bcl-2 family 

member Bax plays an important role in NSAID induction of colon cancer cells to 

undergo apoptosis. NSAIDs caused down regulation of Bcl-xL, an anti-apoptosis 

factor, leading to changes in the Bax / Bcl-xL ratio and subsequent induction of 

tumor cells to undergo apoptosis. However, Bax remains unchanged in MDA-

MB-435 cells; Bcl-2 proteins remain unchanged in both MDA-MB-435cells and  

MCF-7 cells after NS398 treatment.     

As reported here, VES plus COX-2 specific inhibitor NS398 caused 

synergistic proliferation inhibition and enhanced the percentage of apoptotic cells 

in MDA-MB-435, MDA-MB-231, and MCF-7, three human breast cancer cell 
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lines, while showing minimal effects on normal human mammary epithelial breast 

cells, HMEC. These findings are of potential significance for treatment of breast 

cancers. Combinations of VES and NSAIDs might increase the killing efficiency 

to cancer cells but not normal cells. VES, currently commercially available as a 

vitamin E supplement, exerts its anti-tumor properties with low toxicity, and the 

combination of COX-2 specific inhibitor and VES might provide a more effective 

and safer strategy in cancer chemotherapy.  
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Chapter 3: Vitamin E Analog α-TEA and Celecoxib Alone and 
Together Reduced Human MDA-MB-435-FL-GFP Breast Cancer 

Burden and Metastasis in Nude Mice 

ABSTRACT 

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

and celecoxib, a specific COX-2 inhibitor, were delivered separately or in 

combination to investigate their anticancer properties, using MDA-MB-435-FL-

GFP human breast cancer xenografts in nude mice.  Liposomal formulated α-

TEA administered as an aerosol and celecoxib fed at 500 or 1,250 mg/kg/diet for 

31 days separately or in combination significantly reduced tumor volume in 

comparison to control (P < 0.001 for all treatment groups).  Of special note, the 

combinations of α-TEA + celecoxib (1,250 mg/kg diet) inhibited tumor volume 

significantly better than either single treatment (P < 0.001 and P< 0.001).  The 

average number of macroscopic lung metastases were significantly reduced in all 

treatment groups in comparison to control, with the exception of celecoxib (500 

mg/kg diet). Mean numbers of microscopic lung and lymph node metastases in all 

treatment groups were significantly lower than control.  Furthermore, the mean 

number of microscopic lung metastases in the α-TEA + celecoxib (1,250 mg/kg 

diet) group were significantly lower than either separate treatment. Analyses of 5 

µm tumor sections showed that all treatments, with the exception of celecoxib 

(500 mg/kg diet) alone, significantly enhanced apoptosis (TUNEL) and 

significantly decreased cell proliferation (Ki-67). α-TEA and α-TEA + celecoxib 

(1,250 mg/kg diet) treatments significantly reduced blood vessel density (CD31) 
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in comparison to control.  These data show promise for combination α-TEA + 

celecoxib chemotherapy for breast cancer.   
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INTRODUCTION 

Breast cancer is the most common cancer among U.S. women, and despite 

intense study, breast cancer remains the second leading cause of cancer deaths in 

American women [1]. Such statistics highlight the need for new drug 

development and alternate treatment strategies. Toxic effects of chemotherapeutic 

drugs on normal tissues focus the need for development of low toxicity drugs with 

potent anticancer properties, and strategies for combinations of low toxicity drugs 

exhibiting combined anticancer effects greater than singly administered drugs.  

Our lab has developed one such drug, a stable, nonhydrolyzable acetic 

acid derivative of vitamin E (RRR-α-tocopherol), referred to as alpha-tocopherol 

ether analogue (α-TEA) [9]. The parent compound for making α-TEA is natural 

vitamin E (RRR-α-tocopherol). α-TEA has an acetic acid moiety linked to the 

phenolic oxygen at carbon 6 of the chroman head by an ether linkage yielding a 

stable, nonhydrolyzable entity [9].  

Since α-TEA is a lipid which complicates i.v. administration and because 

there is a specific RRR-α-tocopherol transfer protein in the liver that selectively 

mediates the transfer of RRR-α-tocopherol into lipoproteins thus limiting 

bioavailability following oral administration of vitamin E compounds other than 

RRR-α-tocopherol, we are investigating the formulation of α-TEA into liposomes 

and aerosol delivery as a potential clinically-relevant cancer treatment strategy.  

In preclinical syngeneic transplantable mouse mammary cancer studies, α-TEA 

formulated into liposomes and delivered by aerosol has been shown to reduce 

tumor burden and inhibit metastasis to lungs [9]. Equally important, in vivo mouse 
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mammary cancer syngeneic studies show α-TEA to have no adverse side effects 

[9].  In vitro mechanistic studies show α-TEA to sensitize human breast cancer 

cells to both Fas and TGF-β  apoptotic signaling that converge on MAPK c-Jun-N-

terminal kinase (JNK) [8]. Thus, based on α-TEA’s ability to induce tumor cells 

in culture to undergo apoptosis, and its anticancer effectiveness in vivo and lack of 

overt toxicity, we hypothesize that α-TEA, administered separately or in 

combination with other drugs, may show promise for the prevention and treatment 

of breast cancer. 

Cyclooxygenase-2 (COX-2) is a promising molecular target best studied 

in colorectal cancers, more recently in breast cancer [15, 16, 39, 68, 78-81, 174]. 

COX-2 is expressed constitutively in many cancers, but not normal cells. COX-2 

serves as a selective target for tumor cells and has been implicated in promoting 

cancer growth, causing neoplastic transformation, and enhancing angiogenesis 

and invasiveness [10, 12-14, 53, 174-176]. COX-2 inhibitors have shown promise 

in the prevention of carcinogen- induced mammary cancer in rats [16, 78, 79], in 

the prevention of mammary cancer in transgenic mice [15, 39, 174], syngeneic 

mouse mammary cancer studies [80], and studies of human breast cancer 

xenografts in immune compromised mice [81]. Celecoxib, is a selective inhibitor 

of COX-2 that has been approved for evaluation in preventing sporadic colorectal 

adenomas [77].    

Studies of α-TEA in our lab have shown α-TEA to induce apoptosis by 

converting transforming growth factor-beta (TGF-β) and Fas (CD95)/ Fas ligand 

resistant human breast cancer cells to TGF-β and Fas responsive cells, and 
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signaling apoptosis via the mitogen activated kinase JNK [8, 18]. Since the 

anticancer effects of celecoxib appear to differ from α-TEA, studies were 

conducted to determine whether treatments with the combination of α-TEA + 

celecoxib would reduce tumor burden and metastasis of MDA-MB-435-FL-GFP 

breast cancer cells transplanted into immune compromised mice greater than each 

agent tested separately.  

MATERIALS AND METHODS 

Chemicals and Reagents 

α-TEA was prepared as described previously [9]. Celecoxib (SC-58635; 4 

- [5 - (4 - methylphenyl) - 3 - trifluoromethyl - 1H - pyrazol- l-yl] benzenze -

sulfomamide) was purchased from LKT Laboratories (St. Paul, MN).  

Immune Compromised Nude Mice 

Female outbred nu/nu immunodeficient mice 4-6 weeks of age were used 

for the study. They were purchased from Charles River Laboratory Inc. 

(Wilmington, MA), and maintained in a sterile environment in the transgenic 

facilities at the Animal Resource Center at the University of Texas at Austin at 

74±2 oF with 30-70% humidity and a 12 h alternating light - dark cycle. The 

animals accessed water and powdered AIN-76A diet (Dyets, Inc. Bethlehem, PA) 

ad libitum. Sixty mice were used for the study (10/group).   

Human MDA-MB-435-FL-GFP Breast Cancer Cell Line  

MDA-MB-435-FL-GFP human breast cancer cell line was generated from 

lung metastases of MDA-MB-435-GFP cells that were inoculated subcutaneously 

in the flank of a female athymic nude mouse. Cells were certified to be pathogen 
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free. MDA-MB-435-GFP cells were obtained after stable transfection of the 

parental MDA-MB-435 cells with an expression vector of the enhanced green 

fluorescence protein (GFP) (pEGFP-N1 from Clontech Laboratories, Inc.). MDA-

MB-435-FL-GFP cells were maintained as monolayer cultures in McCoy's 5A 

media (Invitrogen Life Technologies, Carlsbad, CA) supplemented with 10% fetal 

bovine serum (FBS, Gemini Bio-Products, Woodland, CA), 1.5 mM sodium 

pyruvate (Sigma Chemical Co.), 100 mM streptomycin, 100 IU/ml penicillin 

(Gibco/BRL), 1 X (v/v) nonessential amino acids (Sigma), 1 X (v/v) MEM 

vitamins, and 50 µg/ml gentamycin (Sigma).  

Supplementation of AIN76A Diet with Celecoxib 

Powdered celecoxib (500 or 1,250 mg/kg) was mixed with AIN-76 

powdered diet for 30 minutes using a blender. Diets with celecoxib 

supplementation were prepared every week, and stored at 4oC until used.  Diet 

was replaced every two days.  Food consumption for control and all treatment 

groups was recorded every two days at the time when food was replaced. 

Preparation of α -TEA Liposomal Formulation for Delivery by Aerosol 

An α-TEA liposome ratio of 1:3 (w/w) was previously determined to be 

optimal [2].  Briefly, DLPC (1, 2-dilauroyl-sn-glycero-3-phosphocholine; Avanti 

Polar-Lipids, Inc., Alabaster, AL) at 120 mg/ml was dissolved in tertiary-butanol 

(Fisher Scientific, Houston, TX) and brought to a clear solution by sonication.  α-

TEA at 40 mg/ml was dissolved in tertiary-butanol and dissolved by vortexing.   

Equal amounts (v:v) of DLPC and α-TEA were combined to yield a 1:3 ratio of 
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α-TEA/liposome, mixed by vortexing, frozen at –80oC for 1-2 h, and lyophilized 

overnight to a dry powder prior to storing at –20°C until needed.   

Aerosol Delivery of α -TEA Liposome Preparation   

Liposome control and liposomal α-TEA were administered by aerosol, as 

previously described [2, 22-23]. Briefly, aerosol was generated using an Easy Air 

15 Compressor (Precision Medical, Northampton, PA) producing a 10 liter/min 

airflow with an AeroTech II nebulizer (CIS-US, Inc., Bedford, MA). Liposome 

particles of a mass median aerodynamic diameter of 2.01 µm with a geometric SD 

of 2.04 were determined as previously described [2, 23]. Mice were placed in 

plastic cages (7 x 11 x 5 in.) with a sealed top.  Aerosolization was conducted in a 

safety hood.  Aerosol entered the cage via a 1-cm accordion tube at one end and 

was discharged at the opposite end, using a one-way pressure release valve.  Mice 

were exposed to aerosol until all liposomal α-TEA or liposome only (control) was 

aerosolized (~15 min). As previously determined, we estimate that 36 µg of α-

TEA were deposited in the respiratory tract of each mouse each day.  Thus, for 

the 31-day treatment period, we estimate that each mouse received 1.116 mg of α-

TEA from aerosol delivery [9]. 

Treatment Groups  

Mice were injected subcutaneously in the inguinal area at a point equal 

distance between the fourth and fifth nipples on the right side with 1 x 106 MDA-

MB-435-FL-GFP cells (100 µl volume) using a 25-gauge needle.   Ten days after 

tumor cell inoculation (tumor volumes approximately 14 mm3), tumor bearing 

mice were randomly divided into control and five treatment groups of 10 
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mice/group (α-TEA, celecoxib (500 or 1,250 mg/kg/die t), and combinations of α-

TEA + celecoxib (500 or 1,250 mg/kg/diet)). Control mice received liposome 

only by aerosol. α-TEA was formulated in liposomes and delivered by aerosol (75 

mg/cage/day); diets were supplemented with celecoxib (500 or 1,250 mg/kg/diet). 

All mice were fed ad libitum using powdered AIN-76A diet, and all treatments 

were daily for 31 days. 

Measurement of Body Weight and Tumor Volume 

Body weights, activity, and appearance of mice were recorded at weekly 

intervals. Tumor growth was measured by caliper evaluations of tumor size every 

other day. Tumor volume was calculated according to the equation V=  (L X W2) / 

2, where V is the volume of each tumor, L is the length, and W is the width [177].  

Determination of Lung and Lymph Node Metastasis  

At sacrifice, visual macroscopic lung metastases were counted, brachial 

and axillary lymph nodes, and the left lung lobe were taken for analyses of 

fluorescent green microscopic metastases. (Note:  Since the lungs of mice are not 

symmetrical, the left lung which consists of one large lobe but not the right lung 

which consists of four lobes was used). Lung lobes and lymph nodes were 

flattened and the entire surface (both sides for lung and one side only for lymph 

nodes) of each of the tissues were scored for fluorescent green microscopic 

metastases using a Nikon fluorescence microscope (TE-200; X200 magnification) 

equipped with an ocular grid for use in size determination of metastases. 

Fluorescent microscopic lung metastases were placed into four size groupings: < 

20 µm, 20-50 µm, 50-100 µm, and >100 µm.  On the basis of a typical MDA-
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MB-435 FL-GFP breast cancer cell size of 10-20 µm in diameter, the < 20-µm 

grouping is thought to represent solitary cells; the 20-50 µm grouping two to five 

cells; the 50-100 µm grouping five to ten cells; and the >100 µm grouping > ten 

cells.  The fluorescent microscopic lymph node metastases were also placed into 

these same four size groupings plus a group referred to as "patches" which 

contained between 100-200 cells. 

Ki-67 Staining for Detection of Proliferation in Vivo   

Deparaffanized 5 µm tumor sections from 5 mice in control and treatment 

groups were examined using antibody specific for nuclear antigen Ki-67, a 

biomarker for determining the number of cells undergoing active cell division.   

Briefly, endogenous peroxidase activity was blocked with 3% H2O2 and 

nonspecific antibody binding was blocked with 10% normal rabbit serum.   

Sections (5 µm) were incubated with Ki-67 antibody (anti-human Ki-67 antibody; 

DAKO Corp., Carpinteria, CA; 1:200 dilution) overnight at 4oC; next, the tissue 

sections were incubated with biotinylated rabbit-anti-rat IgG (Vector 

Laboratories, Burlingame, CA) at a 1:200 dilution for 30 min at room 

temperature.  Tissue sections were then incubated with avidin-biotin complex 

(ABC-HRP, Vector Laboratories) for 30 min at room temperature.  

Immunoreactivity was visualized via incubation with di-aminobenzidine 

dihydrochloride.  Slides were lightly counterstained with hematoxylin.  Ki-67 

positive stained cells were counted in sixteen or more 400x microscopic fields per 

tumor sample.  Data are presented as the mean ± S.E. 

 



 92 

TUNEL Assay for Detection of Apoptosis in Vivo 

Deparaffinized 5 µm tumor sections were assessed for apoptosis using 

reagents supplied in the ApopTag In Situ Apoptosis Detection kit (Intergen, 

Purchase, NY) according to the manufacturer's instructions.  Brown stained nuclei 

were scored as positive for apoptosis.   Sixteen or more microscopic fields (400x) 

were scored/tumor.  Data are presented as the mean ± S.E. number of apoptotic 

cells counted in five separate tumors from each group.  

CD31 Staining for Detection of Blood Vessel Density 

CD31 staining of 5 µm sections was used for the detection of intratumoral 

microvessel density based on the "hot spots" method [178]. Briefly, areas of 

highest neovascularization were found by scanning the tumor sections at low 

power (200X) with a light microscope. Areas with the greatest density of CD 31 

staining for control and treatment groups were selected, and microvessel counts 

were made using a 400 X field. A total of 10 fields (400X) were counted.   Data 

are presented as the mean ± S.E. 

Statistical Analyses   

Body weight and food consumption data were analyzed by t-test.   Tumor 

growth was evaluated using a nested two factor ANOVA with Tukey HSD, 

follow-up comparisons were used to examine changes in logarithmic transformed 

tumor volume (base 10) between control and treatment groups. The differences in 

the number of macroscopic and microscopic metastatic lesions, Ki-67 positive 

cells, TUNEL positive cells, and CD31 positive cells were analyzed by t test after 
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logarithmic transformation (base 10) using SPSS (SPSS, Inc., Chicago, IL). A 

level of P < 0.05 was regarded as statistically significant. 

RESULTS 

α-TEA and Celecoxib Separately or in Combination Suppressed MDA-MB-

435-FL-GFP Tumor Growth in Nude Mice 

Mean tumor volumes in both combination treatments were significantly 

lower than control (P < 0.001 for both); however, only the α-TEA + celecoxib 

(1,250 mg/kg diet) combination was significantly lower than α-TEA or celecoxib 

(1,250 mg/kg diet) administered alone (P  < 0.001; Figure 3.1).  Mean tumor 

volumes of α-TEA or celecoxib (500 or 1,250 doses) were significantly lower 

than control (P < 0.001 for all three treatments, Figure 3.1) 
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FIGURE 3.1: α-TEA AND CELECOXIB REDUC ED TUMOR GROWTH WHEN 
ADMINISTERED SEPARATELY OR TOGETHER. Human MDA-MB-
435 breast cancer cells at 1 X 106 cells/mouse were injected into the 
inguinal area of immune compromised NU/NU mice at a point equal 
distance between the fourth and fifth nipples. Ten days after tumor 
injection, mice were placed into 6 groups of 10 mice/group:  control 
( ), α-TEA ( ), celecoxib (1,250 mg/kg diet) ( ), α-
TEA + celecoxib (1,250 mg/kg diet) ( ),   celecoxib (500 mg/kg 
diet) ( ), and α-TEA + celecoxib (500 mg/kg diet) ( ). 
Liposome formulated α-TEA was delivered by aerosol and celecoxib 
was delivered in the diet.  All mice were fed a powdered AIN-76A 
diet, and mice were treated daily for 31 days.  Tumor volume/mouse 
was determined at 2-day intervals.  Tumor volumes (mm3) are 
depicted as mean ± SE. (*) = significantly different from control, 
(**) = significantly different from all other treatment groups. 
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α-TEA or Celecoxib Separately or in Combination Had No Effect on Body 

Weights or Food Consumption 

Control and all treatment groups gained weight. Compared with the 

control group, there were no significant differences in the body weight gains or 

food consumption over the experimental period in the α-TEA, celecoxib, and 

combination treatment groups (data not shown). 

α-TEA or Celecoxib Separately or in Combination Suppressed Visible 

Macroscopic Lung Metastasis 

At the completion of the study all five lung lobes from each mouse were 

examined for visible metastasis.   The average number of macroscopic lung tumor 

foci were significantly reduced in all treatment groups, except the celecoxib (500) 

group, when compared to control (Table 1; α-TEA P < 0.026; celecoxib (1,250) P  

< 0.020; α-TEA + celecoxib (500) P < 0.022; α-TEA + celecoxib (1,250) P < 

0.001). There were animals in each group that had no visible macroscopic 

metastatic lung lesions:  2 in control, 6 in α-TEA, 3 each in celecoxib 500 and 

celecoxib 1,250, 5 in combination α-TEA + celecoxib (1,250), and 2 in 

combination α-TEA + celecoxib (500) (Table 3.1).  None of these groups differed 

statistically.  
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Table 3.1: α-TEA and celecoxib treatments alone or together reduced visible 
macroscopic lung metastases. 

 

Treatmentsa                      # Animals/Group with                 Average #Macroscopic 

                             Macroscopic Lung Metastasesb          Lung Tumor Focic                                

Control            8/10  3.9±0.6   

α-TEA  4/10  1.5±0.3* 

Celecoxib (1,250) 7/10  1.6±0.2* 

α-TEA + Celecoxib (1,250) 5/10  1.1±0.1* 

Celecoxib (500) 7/10  2.6±0.3 

α-TEA + Celecoxib (500) 8/10  1.6±0.3* 
a
α-TEA was formulated into liposomes and delivered daily (7 days/week) by 

aerosol, celecoxib was fed in the diet. 
b
 Macroscopic lesions in all lung lobes for every animal in control and treatment 

groups were counted visually at the time of sacrifice.    
c
Data are expressed as the average number of macroscopic lung tumor foci 

observed in tumor bearing mice in control and treatment groups.    

* Designates significant difference from control 
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α-TEA and Celecoxib Separately or in Combination Suppressed Microscopic 

Lung Metastasis 

Green fluorescing microscopic lung metastases were classified into four 

size groups <20 µm, 20-50 µm, 50-100 µm, and >100 µm (Figure 3.2A). The 

mean total number of microscopic lung lesions in α-TEA, celecoxib (500), 

celecoxib (1,250), α-TEA + celecoxib (500) and α-TEA + celecoxib (1,250) 

treatment groups were significantly reduced in comparison to control (Figure 

3.2B;  P < 0.001; P < 0.005, P < 0.001, P < 0.001, and P < 0.001, respectively).   

These significant reductions appear to be attributable mainly to lesions in the < 20 

µm size grouping (Figure 3.2B).   The mean total number of microscopic lung 

lesions in the α-TEA + celecoxib (1,250) combination group were significantly 

different from each of the individual treatments (Figure 3.2B; P < 0.033 and 

0.003, respectively). Again, these significant reductions appear to be attributable 

to the <20 µm size grouping but can also be observed in the 20-50 µm size 

grouping (Figure 3.2B).  
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FIGURE 3.2: α-TEA AND CELECOXIB REDUC ED LUNG METASTAS ES WHEN 
ADMINISTERED SEPARATELY OR TOGETHER. The left lung lobe 
from control and treatment groups was flattened and both sides were 
examined for fluorescent microscopic lesions. (a) Image of 
fluorescent lung lesions as viewed using a Nikon TE-200 fluorescent 
microscope.  Numbered arrows designate the four size groupings 
that the lesions were placed into: 1 = < 20 µm, 2 = 20-50 µm, 3 = 
50-100 µm, and 4 = > 100 µm. (b) Average number of lung 
microscopic metastatic lesions per mouse for control and treated 
groups:  Control ( ),  α-TEA ( ), celecoxib (1,250 mg/kg 
diet) ( ), α-TEA + celecoxib (1,250/kg diet) ( ),   celecoxib 
(500 mg/kg diet) ( ), and  α-TEA + celecoxib (500 mg/kg diet) 
( ).   Data are depicted as mean ± SE. (*) = significantly different 
from control, (**) = significantly different from α-TEA or celecoxib 
(1,250 mg/kg diet) administered separately. 
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α-TEA and Celecoxib Separately or in Combination Reduced Microscopic 

Lymph Node Metastasis  

Green fluorescent microscopic lymph node metastatic lesions, like the 

lung microscopic lesions, were classified into four different size groups <20 µm, 

20-50 µm, 50-100 µm, and >100 µm. "Patches" composed of 100-200 tumor cells 

were also observed.   The mean total number of microscopic lymph node lesions 

in the α-TEA, celecoxib (500), celecoxib (1,250), α-TEA + celecoxib (500) and 

α-TEA + celecoxib (1,250) treatment groups were significantly reduced in 

comparison to control (Figure 3;  P < 0.017; P < 0.008, P < 0.001, P < 0.001,   

and P < 0.002, respectively).   These reductions appear to be primarily due to the 

20 µm and 20-50 µm size lesions. The mean total number of microscopic lymph 

node lesions in the α-TEA + celecoxib (1,250) combination group were 

significantly different from the mean total number in the α-TEA only treatment 

group (P < 0.046), but not the celecoxib (1,250) only treatment group (Figure 

3.3).  
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FIGURE 3.3: α-TEA AND CELECOXIB REDUC ED LYMPH NODE METASTASIS 
WHEN ADMINISTERED SEPARATELY OR TOGETHER. Axillary and 
brachial lymph nodes from control and treatment groups were 
flattened and one side examined for fluorescent microscopic lesions.  
Lesions were placed into five size groupings: < 20 µm, 20-50 µm, 
50-100 µm, and "patches" containing 100-200 cells. Control ( ), 
α-TEA ( ), celecoxib (1,250 mg/kg diet) ( ), α-TEA + 
celecoxib (1,250/kg diet) ( ), celecoxib (500 mg/kg diet) ( ), 
and α-TEA + celecoxib (500 mg/kg diet) ( ). Data are depicted 
as mean ± SE.  (*) = significantly different from control, (**) = 
significantly different from α-TEA. 
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α-TEA and Celecoxib Separately or in Combination Induced Tumor Cells to 

Undergo Apoptosis in Vivo  

Apoptosis was evaluated using terminal deoxynucleotidyl transferase-

mediated nick end labeling (TUNEL) staining of 5 µm tumor sections from five 

mice each from control and all treatment groups. The mean number of TUNEL 

positive cells in all treatment groups (with the exception of celecoxib (500) were 

significantly higher than control (Figure 4 a; α-TEA P < 0.019; celecoxib (1,250) 

P < 0.001; α-TEA + celecoxib (1,250) P < 0.001; and α-TEA + celecoxib (500) P  

< 0.001; respectively).  The α-TEA + celecoxib (1,250) combination treatment 

did not induce apoptosis significantly better than the single treatments alone 

(Figure 3.4A).  

α-TEA and Celecoxib Separately or in Combination Reduced Tumor Cell 

Proliferation in Vivo  

The mean number  of proliferating cells determined by Ki-67 staining in 

all treatment groups, with the exception of celecoxib (500), showed significantly 

fewer proliferating cells in comparison to control (Figure 3.4B; α-TEA P< 0.031; 

celecoxib (1,250 mg/kg) P < 0.006; α-TEA + celecoxib (1,250 mg/kg) P < 0.003;  

and α-TEA + celecoxib (500 mg/kg) P <  0.015; respectively). The α-TEA + 

celecoxib (1,250) combination treatment did not block proliferation significantly 

better than the single treatments alone (Figure 3.4B).   
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α-TEA and Celecoxib Separately or in Combination Suppressed Microvessel 

Formation in Tumors in Vivo 

Intratumoral microvessel density was evaluated using CD31 (PECAM-1) 

endothelial staining of 5 µm tumor sections from five mice each from control or 

treatment groups. The numbers of microvessels were reduced in all treatment 

groups in comparison to control, but only the α-TEA alone and the α-TEA + 

celecoxib (1,250) combination treatments were significantly reduced (Figure 

3.4C; p < 0.015, P < 0.020, respectively).    
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FIGURE 3.4: α-TEA + CELECOXIB INCREASED APOPTOSIS , REDUCED CELL 
PROLIFERATION AND REDUCED BLOOD VESSEL DENSITY. Five 
µm tumor tissue sections from control and treatment groups (5 
animals each) were examined immunohistologically for levels of 
apoptosis by TUNEL (a), cell proliferation by Ki-67 (b), and blood 
vessel density by CD31 (c). Control ( ), α-TEA ( ), 
celecoxib (1,250 mg/kg diet) ( ), α-TEA + celecoxib (1,250/kg 
diet) ( ), celecoxib (500 mg/kg diet) ( ), and α-TEA + 
celecoxib (500 mg/kg diet) ( ). (*) = significantly different from 
control. 
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DISCUSSION 

In this study we compared two levels of celecoxib (500 and 1,250 

mg/kg/diet) fed by diet separately and in combination with a liposomal 

formulation of the vitamin E analog α-TEA administered by aerosol in a human 

breast cancer xenograft model in order to determine if combined treatments would 

show significantly better anti-tumor efficacy.   

These studies showed that all treatments significantly reduced tumor 

burden in comparison to control and that the combination of α-TEA + celecoxib 

(1,250) treatment group reduced tumor burden significantly better than either α-

TEA or celecoxib treatment alone.  Furthermore, all treatment groups, with the 

exception of celecoxib (500) alone, significantly reduced visible macroscopic 

lung metastasis in comparison to control; however, the combination treatments 

did not exhibit increased efficacy over single treatments. Analyses of fluorescent 

microscopic lesions in lungs and lymph nodes showed that all treatment groups 

significantly reduced these lesions in comparison to control, and that the 

combination group of α-TEA + celecoxib (1,250) significantly reduced these 

micrometastatic lung lesions better than either single treatment.  In contrast, the 

combination treatment of α-TEA + celecoxib (1,250) significantly reduced lymph 

node micrometastasis in comparison to α-TEA alone but not celecoxib (1,250) 

alone.    In summary, the combination of α-TEA + celecoxib (1,250) was superior 

to either single treatment alone in reduction of tumor burden and reduction of 

micrometastatic lesions in the lungs.   
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Analyses addressing possible mechanisms of action showed that all 

treatments, with the exception of celecoxib 500, were effective in inducing 

apoptosis and inhibiting proliferation of the tumor cells; however, the 

combination of α-TEA + celecoxib (1,250) did not show any advantage over the 

single treatments. Furthermore, all treatments produced a reduction in blood 

vessel density; however, only the α-TEA treatment alone and the α-TEA + 

celecoxib (1,250) treatment group were significantly different from control.  In 

this measure of anti-tumor activity, the combination treatment did not exhibit any 

advantage over α-TEA treatment alone. 

This is the first report on the anticancer properties of α-TEA in a human 

breast cancer xenograft model; in this model, α-TEA reduced tumor burden and 

metastasis in a manner similar to studies of α-TEA using a mouse mammary 

cancer syngeneic animal model [9]. Likewise, this is the first report of the 

combination effects of α-TEA + celecoxib.  Celecoxib is showing promise as a 

chemopreventive and chemotherapeutic agent for breast cancer. A literature 

search revealed 9 publications showing celecoxib to exhibit chemopreventive and 

chemotherapeutic properties in rodent models of mammary cancer [15, 16, 39, 68, 

78-81, 174]. Clinical trials involving celecoxib and anti-aromatase therapy in 

hormone-sensitive postmenopausal human breast cancers are in progress [179].  

 The therapeutic effects of celecoxib have been reported in a human breast 

cancer xenograft model [81].  Although quite different in design and purpose 

from our studies, the studies by Blumenthal and co-workers showed that 

intraperitoneal injections of non-toxic levels of celecoxib at different times during 
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the day was effective in reducing the growth of human MCF-7 breast cancer cells 

transplanted into nude mice [81]. Although COX-2 message was detected in the 

MCF-7 cells, COX-2 protein was not detected [81]. 

Other than the metastatic studies reported here, we are unaware of 

metastatic studies with celecoxib in a xenograft model. However, the ability of 

celecoxib to inhibit mammary lung metastasis has been reported in a 

chemoprevention Her-2/Neu transgenic mouse model [174]. In this model, 

celecoxib administered by diet at 900 ppm over a period of 14 months caused a 

delay in tumor development, lower tumor incidence, fewer tumors, and reduced 

incidence of lung metastasis (39%  lung metastasis versus 69% for control) [174].   

α-TEA has been shown to reduce lung metastasis in a BALB/c 66cl-4-GFP 

syngeneic mammary cancer model [9]. 

Since food consumption and weight gain may affect tumor growth, both 

parameters were evaluated throughout the studies. Food consumption in the α-

TEA as well as celecoxib administered separately or in combination groups were 

not significant different from control. Control and all treatment groups gained 

weight throughout the studies and there were no significant weight gain 

differences among control and treatment groups. 

The finding that celecoxib administered at 1,250 mg/kg/diet was more 

effective in reducing tumor burden and metastasis than celecoxib at 500 

mg/kg/diet was expected since studies in a chemoprevention rat model showed 

that the ability of celecoxib at levels ranging from 250 to 1,500 mg/kg/diet 
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inhibited carcinogen- induced mammary tumor incidence, tumor multiplicity, and 

tumor volume was dose dependent [79].    

The mechanisms whereby α-TEA + celecoxib (1,250) are inhibiting tumor 

growth and metastasis significantly different from either compound administered 

separately are not known.  Although the co-treatments with α-TEA + celecoxib 

(1,250) significantly enhanced apoptosis, reduced cell proliferation, and reduced 

blood vessel density in tumor tissue, the differences were not significant when 

compared to the two compounds administered separately. The inability of 

celecoxib (500 or 1,250) alone to significantly reduce blood vessel density in 

comparison to control was somewhat surprising since data show celecoxib to 

inhibit COX-2 mediated prostanoid metabolite formation (PGE2), inhibit tumor 

growth, and inhibit microvessel density [12, 174, 176]. MDA-MB-435-FL-GFP 

cells express detectable levels of COX-1 and 2 proteins, and it is well established 

that celecoxib inhibits COX activity, and it can be inferred that the beneficial 

effects of celecoxib may be through the inhibition of prostaglandin biosynthesis 

[79]. A growing body of literature indicates that both COX-2 dependent and 

COX-2 independent pathways are involved [68, 180-182].  

α-TEA induced apoptosis of MDA-MB-435 breast cancer cells in culture 

is mainly through the JNK signaling pathway [18]. On-going mechanistic 

signaling pathway studies show that celecoxib most likely does not induce 

apoptosis via MAP kinases. Although preliminary, c-DNA microarray analyses 

have identified several genes for further study that are either up-regulated or 
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down-regulated when MDA-MB-438-FL-GFP cells are treated for 24 hours with 

α-TEA and celexoxib, separately and together.    

In summary, α-TEA and celecoxib reduced human breast cancer tumor 

burden and metastasis. Combinations of α-TEA + celecoxib (1,250) reduced 

tumor burden and lung metastasis better than either compound administered 

separately, providing the rationale for further studies using chemopreventive and 

chemotherapeutic animal models.    
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Chapter 4: Cellular and Molecular Signal Transduction Pathways 
Triggered by α -TEA and Celecoxib Alone and Together in 

Human Breast Cancer Cells  

ABSTRACT 

Previous studies show that α-TEA [2, 5, 7, 8 – tetramethyl - 2R - (4R, 8R 

-12- trimethyltridecyl) chroman -6- yloxyacetic acid (α-TEA)], a nonhydrolyzable 

ether analog of vitamin E (RRR-α-tocopherol), and celecoxib, the selective COX-

2 inhibitor, reduced tumor burden and metastasis in MDA-MB-435-FL-GFP 

human breast cancer xenograft nude mice when administrated separately or in 

combination. The objective of this study was to investigate the cellular and 

molecular mechanisms whereby α-TEA and/or celecoxib are inhibiting tumor 

growth and metastasis in human breast cancer cells in vitro.  α-TEA induces 

apoptosis by restoration of transforming growth factor-beta (TGF-β) and Fas 

signaling pathways that signal apoptosis via prolong c-Jun NH2 terminal kinase 

(JNK) activation/Bax transition to mitochondria/ mitochondrial permeability 

transition (MPT)/ cytochrome c release from mitochondria to cytosol/ caspases-9 

&-3 activation in MDA-MB-435 cells. Similarly, this study with MDA-MB-435-

FL-GFP cells also showed an induction of apoptosis and prolonged activation of 

c-Jun expression by α-TEA. Furthermore, α-TEA + celecoxib treatment induced 

higher levels of active c-Jun, increased apoptotic cells and increased PARP 

cleavage greater than either treatment alone. A peptide JNK1 inhibitor 

successfully blocked α-TEA and α-TEA+celecoxib induced apoptosis, but not 

celecoxib induced apoptosis. α-TEA and celecoxib exhibited a dose-dependent 
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inhibition of DNA synthesis in MDA-MB-435-FL-GFP cells, and an additive 

inhibition was seen in the combination treatment. DNA content analysis showed 

that celecoxib blocked cell cycle progression at the G0/1 phase, and down-

regulated the cell cycle regulators, cyclin A and cyclin E, in a dose-dependent 

manner. α-TEA+celecoxib treatment induced an increased level of G0/1 

blockage, with decreased levels of cyclin A, PCNA (Proliferating Cell Nuclear 

Antigen) and phosphorylated Rb than celecoxib used alone. To further identify α-

TEA and/or celecoxib downstream target genes, cDNA microarray analyses  

revealed that GADD45 (Growth Arrest and DNA Damage 45) were up-regulated 

by α-TEA and α-TEA+celecoxib treatment . We postulate that GADD45 is 

involved in α-TEA and α-TEA+celecoxib induced apoptosis. We postulate that 

activated Rho inhibited Ras/VAV/Rac as targets of celecoxib to enhance α-TEA 

inhibition of cancer cell migration and metastasis. In conclusion, simultaneous 

targeting of breast cancer with α-TEA + celecoxib inhibits cancer cell growth by: 

(1) inducing apoptosis, (2) blocking cell cycle and proliferation, and suppressing 

cell migration more effectively than targeting with either compound alone. 

Celecoxib mediates α-TEA’s anticancer effects via enhancing apoptotic pathway 

(JNK/c-Jun), and reducing proliferation and cell cycle regulators (PCNA, cyclin 

A and E), and suppressing migration putatively via modulating integrin-mediated 

cell adhesion pathways.   
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INTRODUCTION 

Current strategies in treatment and prevention of breast cancer have been 

extended to develop less toxic drugs, and to combine two or more drugs to 

achieve greater efficacy. In a recent human breast cancer xenograft study, α-TEA 

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

yloxyacetic acid], when combined with celecoxib, a cyclooxygenase-2 (COX-2) 

selective inhibitor, was shown to be more effective in suppressing tumor burden 

and metastasis than when either agent was used alone [183].  

α-TEA is a synthetic ether analog of RRR-α-tocopherol. A study with a 

syngeneic mouse model showed that α-TEA significantly reduced mammary 

tumor burden and lung metastasis [9]. α-TEA also reduced proliferation of human 

breast cancer cells in vitro by inducing the cancer cells to undergo apoptosis [8]. 

Mechanistically, α-TEA increases expression of biologically active TGF-β 

ligand, and increases cell surface expression of the TGF-β type II receptor, 

activating mitogen activates protein kinase MAPK cascades, namely, JNK (c-Jun 

N-terminal kinase), and its downstream transcription factors c-Jun, Elk-1 and 

ATF-2  [8, 184]. 

Celecoxib specifically inhibits the COX-2 enzyme, one of the COX 

isoenzymes involved in the conversion of AA to prostaglandins [37]. COX-2 is 

highly expressed in pathological conditions, and is considered to be associated 

with neoplastic trans formation, tumor development, and invasiveness [89, 185, 

186]. In contrast, COX-1 is constitutively expressed in most tissues and organs 

and has a role in maintaining normal gastric- intestinal physiological functions 
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[49]. Due to the requirement of COX-1 to maintain normal physiological 

functions, celecoxib, along with other COX-2 selective NSAIDs (nonsteroidal 

anti- inflammatory drugs), were developed to replace traditional nonselective 

NSAIDs to reduce the latter’s toxic effects. In addition to its anti- inflammatory 

effects, celecoxib was found to be a potential anti-cancer drug, causing the 

regression of colorectal polyps in patients with familial adenomatous polyposis 

[77]. Several studies have also shown celecoxib to be a potential chemopreventive 

and chemotherapeutic agent against breast cancer carcinogenesis, progression and 

metastasis in a carcinogen- induced rat mammary cancer model [78, 79], 

syngeneic mammary tumor mice model [80], transgenic mouse models [15, 39], 

and human breast cancer xenograft model [81, 183]. Because of the 

overexpression of COX-2 in many human malignancies, it was of interest to 

determine whether celecoxib was more effective in breast cancer treatment and 

prevention when combined with other agents.  

We recently reported that both celecoxib and α-TEA reduced breast tumor 

volume and the number of metastatic lesions in lung and lymph nodes, and that 

the combined treatment of celecoxib + α-TEA was significantly better than either 

agent alone in a human breast cancer xenograft model [183]. We found increased 

numbers of apoptotic cells, decreased numbers of proliferating cells, and reduced 

numbers of blood microvessels in α-TEA and/or celecoxib treated tumors, all of 

which might explain the anti-tumor effects of α-TEA and/or celecoxib. However, 

a complete understanding of the cellular and molecular signaling events triggered 
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by α-TEA and celecoxib, separately or in combination, in breast cancers is 

needed. 

In this report, we examined the efficacy of α-TEA and/or celecoxib in 

inducing apoptosis, DNA synthesis arrest, cell cycle arrest, and inhibition of 

migration and invasion of MDA-MB-435-FL-GFP human breast cancer cells in 

vitro. Moreover, we made use of cDNA microarray technology to gain a global 

view of the genes that might play an important role in the anti-tumor effects of α-

TEA and/or celecoxib. Potential α-TEA and celecoxib-responsive genes were 

defined and integrated into a hypothetical scheme of signaling pathways that 

provide a framework for designing future studies aimed at understanding their  

molecular mechanisms of action. We expected that this study would help identify 

potential candidate molecular targets of α-TEA and celecoxib, and provide more 

evidence for the efficacy of these agents in breast cancer chemotherapy. 

MATERIAL AND METHODS  

Chemicals and Reagents 

α-TEA was prepared as described previously [9]. Celecoxib (SC-58635; 

4-[5-(4-methylphenyl)-3-trifluoromethyl-1H-pyrazol- l-yl]benzenze-sulfomamide) 

was purchased from LKT Laboratories (St. Paul, MN). NS398 (N- (2-

cyclohexyloxy-4-nitrophenyl) methanesulfonamide) was purchased from 

BIOMOL Research Laboratories (Plymouth Meeting, PA). All reagents for 

morphological analyses of apoptosis were purchased from Boehringer Mannheim 

(Indianapolis, IN). 
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Cell Culture and Treatments 

MDA-MB-435-FL human breast cancer cells (Gift from Dr. Sun, UT 

Health Science Center, San Antonio, TX) were stably transfected with a marker 

protein (green fluorescence protein, GFP) (MDA-MB-435-FL-GFP) and certified 

to be pathogen free. MDA-MB-435-FL-GFP cells were maintained as monolayer 

cultures in McCoy’s 5A media (Invitrogen Life Technologies, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (FBS, Gemini Bio-Products, 

Woodland, CA), 1.5 mM sodium pyruvate (Sigma Chemical Co.), 100 mM 

streptomycin, 100 IU/ml penicillin (Gibco/BRL), 1 X (v/v) nonessential amino 

acids (Sigma), 1 X (v/v) MEM vitamins, and 50 µg/ml gentamycin (Sigma). For 

experiments, the percentage of FBS was reduced to 5%. Cells were plated at 1.5 ×  

105 cells / well in 12 well plates for apoptosis analyses and 1.5 × 104 cells / well in 

96 well plates for DNA synthesis arrest analyses.  

DNA Synthesis Analyses 

The effects of α-TEA, NS398 and celecoxib on DNA synthesis were 

assessed by measuring the amount of [3H] thymidine incorporation after addition 

of 1 µCi [3H] thymidine / cell culture well during the last 6 hours of the 24-hour 

incubation. Cells were solubilized with 0.25% trypsin for 15 minutes before they 

were harvested onto glass fiber filter paper with a PHD cell harvester, and liquid 

scintillation counting quantitated [3H] thymidine uptake. 

Median Effect Analysis  

The interaction between α-TEA, NS398 and celecoxib was analyzed using 

the software Calcusyn purchased from Biosoft (Cambridge, UK). It uses the 
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combination index (CI) method of Chou and Talalay [163], based on the multiple 

drug effect equation. The data presented met the requirement for analysis with 

this software: α-TEA, NS398 and celcoxib alone had a dose-effect relationship 

and at least three data points for each single drug were available in each 

experiment. CIs of <1 indicate greater than additive effects (synergism; the 

smaller the value, the greater the degree of synergy), CIs equal to 1 indicate 

additivity, and CIs>1 indicate antagonism.  

Determination of Nuclear Morphology and Changes Characteristic of 

Apoptosis by DAPI Staining 

Apoptosis was assessed based on nuclear morphology using the 

fluorescent DNA dye 4’, 6-diamidino-2’-phenylindole dihydrochloride (DAPI; 

Boehringer Mannheim Corp.). Cells were harvested after treatments for 72 hours. 

Cells (attached and floating cells) were pelleted, washed, and stained with 2 

µg/ml DAPI in 100% methanol for 15 min at 37oC and then viewed with a Zeiss 

ICM 405 microscope. Cells whose nuclei contained clearly condensed or 

fragmented chromatin were scored as apoptotic. Apoptotic data were reported as 

percent apoptosis within a cell population and were determined by counting a 

minimum of three different locations/slide and counting a minimum of 200 cells 

per location. Apoptotic data were presented as mean ± SD for three independent 

experiments. 

Western Immunoblot Analyses   

Western blotting was performed following a standard protocol [2]. The 

following primary antibodies were used: total Akt (CAT# 9272) and phospho- 



 116 

Akt Ser473 (CAT# 9271) antibody were purchased from Cell Signaling 

Technology (CST, Beverly, MA), p-Rb (CAT# PC640, Ab-3), and p53 (CAT # 

Ab-2 0P09, Oncogene Research Products, Cambridge, MA), Bcl-2 ( CAT # 

M0887,  KODA, Carplinteria, CA); Rac (CAT# 05-389, Upstate Biotechnology, 

Lake Placid, NY). All other antibodies were purchased from Santa Cruz 

Biotechnology Inc.: poly (ADP-ribose) polymerase (PARP, CAT# H250), c-Jun 

(CAT# SC-45), p-c-Jun (CAT# SC-822), GADD45 (CAT# SC-797), TGFβRII 

(CAT# SC-400), PCNA (CAT # SC-56), and actin (CAT# SC-1616). 

Mitogen-Activated Protein Kinase (MAPK) Inhibitors  

MDA-MB-435-FL-GFP cells at 1.5 x 105 cells/well in 12-well plates were 

pretreated with the following MAPK inhibitors: D-stereoisomer JNK1 inhibitor 

(D-JNKI1), a cell permeable JNK1 peptide inhibitor (Alexis Co., San Diego, CA); 

SB202190, a p38 inhibitor (Alexis Co., San Diego, CA); or PD 98059, a selective 

MEK inhibitor (Calbiochem, San Diego, CA); or with vehicle (DMSO at 0.1% 

concentration) for 30 min, followed by treatment with α-TEA and/or celecoxib 

for 24 hr. The percentage of cells undergoing apoptosis in MAPK inhibitor-

treated versus control cultures were determined by analyses of DAPI-stained 

cells.  

Cell Cycle Analysis  

At different intervals after drug treatment, cells were harvested, and 

samples of 1×106 of cells were fixed in 70% ethanol. Cells were washed in PBS 

and stained with a solution containing 50 mg/ml propidium iodide and 50 µg/ml 

RNAse for 30 min at 4 oC, and then analyzed with a flow cytometer (Becton 
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Dickinson FACScan Becton Dickinson, Franklin Lakes, NJ). The cell cycle  

distribution was evaluated based on DNA plots of adherent cells by ModFit LT 

software (Verity Software House, Topsham, ME). 10,000 cells were analyzed.  

cDNA Array, Cluster Analysis, and Display of the Alternation of Genome-

wide Expression Patterns. 

cDNA  array chips. 

 cDNA array chips were provided by Dr. Vishwanath Iyer’s lab at the 

University of Texas at Austin. About 50,000 integrated molecular analysis of 

genomes and their expression (I.M.A.G.E.) human cDNA clones, representing 

about 30,000 UniGene clusters, were amplified and arrayed onto glass slides by 

similar procedures as reported in previous studies [187, 188].   

Messenger RNA (mRNA) isolation.  

mRNA samples were isolated from cell cultures using a FastTrack 2.0 kit 

according to the manufacturer's protocol (Invitrogen, Carlsbad, CA), and their 

amounts, purity, and integrity were evaluated by UV spectrophotometry and 

agrose gel electrophoresis.  

Preparation and hybridization of fluorescent labeled cDNA. 

For each comparative array hybridization, labeled cDNA was synthesized 

by reverse transcription from 3 µg of mRNA from α-TEA, celecoxib, and α-

TEA+celecoxib  treated cells (24 hr treatment), and from DMSO control cells, 

using Superscript II as described at: http://microarray.icmb.utexas.edu/lab/amino-

allyl.html with some modification. Briefly, mRNA was mixed with an anchored 

oligo-dT [d-20T-d(AGC)] primer (5 µg) in a total volume of 14.5 µl, heated to 70 
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°C for 10 min and cooled on ice. To this sample, the following reagent were 

added: an unlabelled nucleotide pool (0.6 µl; 500 µM each dATP, dCTP, dGTP, 

200 µM aminoallyl-dUTP and 300 µM dTTP (Sigma-Aldrich), first-strand buffer 

(3 µl) (Invitrogen), 0.1 M DTT (3 µl) (Invitrogen) and 1.9 µl of Superscript II 

reverse transcriptase (200 U/µl) (Invitrogen). After a 2 hr incubation at 42 °C, 

followed with 95°C 5 min, the RNA was degraded by adding 1 N NaOH (13 µl) 

and 0.5 M EDTA (1 µl), then incubated at 67 °C for 15 min. The mixture was 

neutralized by addition of 1 M HEPES (50 µl, pH 7.5).  To improve the efficiency 

of coupling reaction, ions in the mixture were removed by mixing the neutralized 

reaction with 450 µl water, following centrifugation at 12K for 2 min, and then 

centrifuged for 6-7 min in a Centricon-30 micro-concentrator (Amicon) to 

decrease the total volume to less than 9 µl. The remaining liquid was eluted by 

flipping the concentrator upside down in a new tube and centrifuging at 12 K for 

2 min. Water was used to bring the volume up to 9 µl for each sample, plus 1M 

NaHCO3 (1 µl, pH 9.0). The cDNA was then mixed with 1.25 µl of Cy3 

(Amersham) for control group and Cy5 (Amersham) for treatment groups for 1 hr 

at room temperature in the dark. MinElute columns (Qiagen) were used for 

cleanup, and the treatment and control probes were mixed together. 10 µg of Cot-I 

DNA (Invitrogen), 10 µg of poly (A) RNA (Sigma), and 1 µl of 5 µg of tRNA 

(Gibco-BRL) were added, and the volume adjusted to 64 µl with distilled water. 

For final probe preparation, 20 X SSC (14 µl; 1.5 M NaCl, 150 mM NaCitrate, 

pH 8.0) and 10% SDS (2 µl) were added to a total final volume of 80 µl. The 

probes were denatured by heating for 2 min at 100 °C, incubated at room 
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temperature for 20–30 min, and placed on the array under a 22 mm X 60 mm 

glass cover slip.  

 Array quantitation and data retrieving.  

After overnight (16-20 hr) hybridization and a high-stringency wash, 

arrays were scanned using a microarray scanner (Genepix 4000B, Axon 

Instruments, Foster City, CA). Separate images were acquired for Cy3 and Cy5. 

Data were then analyzed using the GenePix 3.0 (Axon Instruments) software. 

Each spot was defined by automatic and manual positioning of a grid of circles 

over the array image. Spots with aberrant measurements due to poor quality or 

array artifacts were flagged and removed from further analysis. Signal intensities 

between the two fluorescent  images were normalized by applying a uniform scale 

factor to all intensities measured for the Cy3 channel. The normalization factor 

was chosen so that the median log (Cy5/Cy3) for a subset of spots that achieved a 

minimum quality parameter (approximately 35,000 spots) was 0. This effectively 

defined the signal- intensity-weighted ‘average’ spot on each array to have a 

Cy5/Cy3 ratio of 1.0. Data files were then entered into Longhorn Array Database 

(LAD) at: http://chipmunk.icmb.utexas.edu/ilat/. Data were retrieved as 

log2(Cy5/Cy3) with two selection criteria: 1) Observations in which the pixel-by 

pixel correlation coefficients for the Cy3 and Cy5 fluorescence signals measured 

were less than 0.6 were excluded. 2) The sum of mean fluorescence signal 

intensity less than 150 were excluded.  
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Cluster analyses and Treeview.  

The entire treatment experiment was  repeated, and the mRNA collected 

from the replicate was subjected independently to microarray analysis. Genes 

were filtered further using Cluster (Eisen, http://rana.lbl.gov). Genes were selected 

for this analysis if: 1) they are present in at least 80% arrays; 2) their expression 

level deviated from that in DMSO control treated cells by at least a factor of 1 

from a-TEA or celecoxib treated cells (more than 2 fold induction or less than 2 

fold suppression) in at least two of the arrays. Hierarchical clustering was applied 

to the genes, using the Pearson correlation coefficient as the measure of similarity 

and average linkage clustering, as described previously [189]. This clustering 

process yielded a list of 843 genes that were used for further analysis of the gene 

expression files regulated by drug treatment, and the results were visualized using 

Treeview (Eisen, http://rana.lbl.gov). Genes selected after clustering were 

assembled into a tree, where genes are joined by very short branches if their 

expression patterns are very similar to each other, and by increasingly longer 

branches as their similarity decreased. Each cell in the cluster-ordered data table 

was replaced by a graded color (green through black to red), representing the 

mean adjusted ratio value in the cell. To interpret these 843 genes, two web-based 

databases were used: Source, available at http://source.stanford.edu, and DAVID 

(Database for Annotation, Visualization, and Integrated Discovery), available at 

http://www.DAVID.niaid.nih.gov. 
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Cell Migration and Invasion Assays.  

Transwells (Corning Costar) were coated with growth factor reduced 

basement membrane matrix matrigel (Fischer Scientific, Pittsburgh, PA) at 20 

µg/ml. Transwells coated with matrigel on the top side of the membrane were 

used for migration assays, and ones coated with matrigel on the bottom side of the 

membrane were used for invasion assay. After MDA-MB-435-FL-GFP cells were 

treated with α-TEA or celecoxib separately or in combination or DMSO control 

for 15 hr, cells were collected and counted. The top chambers of transwells were 

loaded with 0.1 ml (1 x 105) of cells from control and treatment groups in serum-

free adhesion buffer (McCoy’s 5A media, 0.5% BSA, 0.06% Trypsin Inhibitor, 

pH 7.4-7.6), and the bottom chambers were filled with 0.5 ml of McCoy’s 5A 

media containing 10% FBS. Cells were then incubated in the transwells at 37°C in 

5% CO2 for another 8 hr for migration assay and 24 hr for invasion assay. Cells 

that migrated to the bottom side of the membrane were fixed with 100% methanol 

and stained with 0.4% PI, and then viewed and counted using a fluorescent 

microscope. Mean values were obtained from three individual experiments and 

were subjected to the t-test analysis. 

RESULTS 

COX-2  Inhibitors and α -TEA Induced DNA Synthesis Arrest in Human 

Breast Cancer MDA-MB-435 Cells  Transfected with GFP (MDA-MB-435-

FL-GFP). 

Results showed that α-TEA up to 20 µM caused dose-dependent DNA 

synthesis arrest in the human breast cancer MDA-MB-435 cells stably transfected 
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with GFP (MDA-MB-435-FL-GFP) (Figure 4.1). Dose-dependent DNA synthesis 

arrest was also seen in cells treated with COX-2 inhibitors (NS398 or celecoxib). 

MDA-MB-435-FL-GFP breast cancer cells treated with α-TEA plus NS398 

(Figure 4.1A) or α-TEA plus celecoxib (Figure 4.1B) for 24 hours showed 

enhanced DNA synthesis arrest when compared to cells treated with α-TEA or 

COX-2 inhibitors separately.  

Possible interactions in α-TEA + NSAIDs co-treatments were analyzed 

based on the multiple drug effect equation using the software Calcusyn. The CI 

values obtained for α-TEA + NS398 and a-TEA + celecoxib were 0.76 and 1.09 

respectively, indicating a moderate synergistic effect for α-TEA plus NS398 and 

a nearly additive effect for α-TEA plus celecoxib on MDA-MB-435-FL-GFP 

breast cancer cells (Table 4.1). 
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FIGURE 4.1: α-TEA AND COX-2 INHIBITORS INCREASED DNA SYNTHESIS 
ARREST OF MDA-MB-435-FL-GFP BREAST CANCER CELLS  

FOLLOWING 24 HRS TREATMENT. (A) α-TEA and NS398; (B) α-
TEA and celecoxib. N=NS398, C=celecoxib. Results were means of 
three experiments ± SD. 
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Table 4.1: The Combination Index for α-TEA and COX-2 inhibitors’ effects on 
MDA-MB-435-FL-GFP breast cancer cells.  

Effects Compound EC 50 (µM) Ra Average CIb 

α-TEA 14.47 0.98  

NS398 88.04 0.98 0.76 - moderate synergism 

DNA 

Synthesis 

Arrest Celecoxib 16.99 0.99 1.09 - nearly additive 

α-TEA 40.82 0.98  Apoptosis 

 
Celecoxib 385.88 0.99 0.64 - synergism 

a: the linear correlation coefficient of median-effect plots  

b: the average 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. 
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COX-2 Inhibitor NS398 Did not Induce Apoptosis in Human Breast Cancer 

MDA-MB-435-FL-GFP Cells, But Combination Treatment of α -TEA+NS398 

Showed Higher Levels of Apoptosis than Observed in Cells Treated with 

Only α -TEA. 

Apoptotic morphology was evaluated by fluorescence microscopy. 

Evaluations were carried out on both floating and adherent cells. The nuclei of 

cells were fragmented with numerous apoptotic bodies following treatment for 72 

hrs with 20 µM of α-TEA in MDA-MB-435-FL-GFP cells (Figure 4.2). There 

was no morphological changes seen in cells treated with 40 or 80 µM of NS398 or 

in the DMSO control cells, while cells treated with 20 µM of α-TEA plus 80 µM 

of NS398 showed greatly increased numbers of condensed and fragmented nuclei 

(Figure 4.2A). Co-treatment of human breast cancer cells with α-TEA + NS398 

enhanced apoptosis when compared to cells treated with α-TEA alone (Figure 

4.3A). NS398 at 40 and 80 µM did not induce apoptosis; however, NS398 

increased apoptosis in co-treated cells by 44.9% (Figure 4.2B). 
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FIGURE 4.2: NS398 ENHANCED α -TEA INDUCED APOPTOSIS IN MDA-MB-
435-FL-GFP CELLS. (A) Morphological analyses of the nuclei of 
apoptotic cells following treatment for 72 hours with α-TEA and/or 
NS398; (B) The percentage of cells with apoptotic morphology. Data 
(B) depicted as mean ± S.D. of three independent experiments.  
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COX-2 Inhibitor Celecoxib Induced Apoptosis in MDA-MB-435-FL-GFP 

and MCF-7 Human Breast Cancer Cells; and α -TEA + Celecoxib 

Combination Synergistically Induced Apoptosis in MDA-MB-435-FL-GFP 

cells. 

In contrast to NS398, celecoxib itself caused increased nuclear 

condensation and fragmentation in MDA-MB-435-FL-GFP cells as its dose 

increased (Figure 4.3A, and Figure 4.4). MDA-MB-435-FL-GFP cells treated 

with 20 µM of α-TEA plus 21 µM of celecoxib synergistically induced apoptosis, 

showing dramatically increased numbers of condensed and fragmented nuclei 

(Table 4.1 and Figure 4.3A). Percentage of apoptotic cells were counted after 24 

hr treatment. α-TEA at 10 µM + celecoxib at 21 µM induced a 2.3 and 2.5 fold 

increase in apoptosis compared with α-TEA (10 µM) and celecoxib (21 µM) 

treatment alone, respectively (Figure 4.4); α-TEA at 20 µM + celecoxib at 21 µM 

induced a 1.7 and 4 fold increase in apoptosis compared with α-TEA (20 µM) and 

celecoxib (21 µM) treatment alone, respectively (Figure 4.4).  

α-TEA and celecoxib treatment also induced MCF-7 cells to undergo 

apoptosis, mainly causing nuclear shrinkage and condensation (Figure 4.3B). 

Similarly, the combination treatment of α-TEA + celecoxib caused increased 

apoptotic morphology (condensed nuclei) greater than either treatment alone 

(Figure 4.3B).  
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FIGURE 4.3: MORPHOLOGICAL ANALYSES OF THE NUCLEI OF APOPTOTIC 

CELLS FOLLOWING TREATMENT FOR 24 HOURS WITH α -TEA 
AND/OR CELECOXIB. (A) α-TEA and/or celecoxib caused nuclear 
condensation and fragmentation in MDA-MB-435-FL-GFP cells; 
(B) α-TEA and/or celecoxib caused nuclear condensation in MCF-7 
cells. 
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FIGURE 4.4: THE PERCENTAGE OF CELLS WITH APOPTOTIC MORPHOLOGY,  
DETERMINED BY FLUORESCENCE MICROSCOPY AFTER STAINING 
OF CELLS WITH DAPI. Data depict the induction of apoptosis after 
24 hr treatment with 10, 20 µM α-TEA and/or 10.5, 21 and 42 µM 
of celecoxib. Results were means of three experiments ± SD. 

α-TEA Treatment of MDA-MB-435-FL-GFP Cells Induces the Activation of 

Transcription Factor c-Jun, and the Combination Treatment of α -TEA + 

Celecoxib Caused Even Greater Levels of Active c-Jun and PARP Cleavage.  

Previous studies of another vitamin E derivative, VES, showed increased 

c-Jun transactivation activity and phosphorylation of GST-c-Jun substrate via 

JNK, and showed that the activation of c-Jun played a role in VES induced 

apoptosis in MDA-MB-435 cells [29]. In this study we characterized the activated 

status of this JNK substrate, c-Jun, after α-TEA and/or celecoxib treatment using 

antibodies to phosphorylated c-Jun (p-c-Jun). α-TEA induced sustained activation 

of p-c-Jun expression at 15 hr (Figure 4.5) and 24 hr (data not shown).  Levels of 

c-Jun proteins were not increased by α-TEA and/or celecoxib treatment (Figure 
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4.5). Densitometric analyses showed c-Jun activation (p-c-Jun) by α-TEA and 

celecoxib alone at 15 hr to be 2.6 fold and 1.3 fold in comparison to DMSO 

control, respectively. The combination treatment, 20 µM of α-TEA + 21 µM of 

celecoxib, caused a 3.5 fold higher expression of active c-Jun expression 

compared with control, higher than each drug used alone. This combination 

treatment also caused PARP cleavage, which was not seen in the individual drug 

treatment samples at 15 hr (Figure 4.5).  

JNK1 Inhibitor but not p38 Inhibitor Blocked α -TEA Alone and α -TEA + 

Celecoxib Induced Apoptosis. 

To address the role of c-Jun and its direct upstream activator JNK and 

other MAPKs, p38 and MEK in α-TEA and/or celecoxib induced apoptosis, 

studies were conducted to determine the effects of specific inhibition of MAPKs 

(JNK1 or p38) using MAPK specific inhibitors. MDA-MB-435-FL-GFP-cells 

were pre-treated with D-JNKI1, a peptide inhibitor which selectively inhibits 

JNK1, to evaluate the relevance of JNK activation in VES-induced apoptosis. D-

JNKI1 at 1 µM or 2 µM blocked α-TEA (20 µM) - induced apoptosis by 19% and 

72%, respectively (Figure 4.6). D-JNKI1 at 1µM or 2µM blocked α-TEA (20µM) 

+ of celecoxib (21 µM) - induced apoptosis by 24% and 68%, respectively 

(Figure 4.6).  A p38 inhibitor and an upstream inhibitor of ERK (namely, MEK) 

did not block α-TEA or α-TEA + celecoxib induced apoptosis (data not shown).  

Apoptosis induced by celecoxib was not attenuated by any of the inhibitors 

(Figure 4.6 and data not shown). 
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FIGURE 4.5: TRANSCRIPTION FACTOR C-JUN ACTIVATION BY α -TEA AND/OR 
CELECOXIB IN MDA-MB-435-FL-GFP CELLS. (A) MDA-MB-
435-FL-GFP cells were treated with 20 µM of α-TEA and/or 
celecoxib (42 µM) and harvested at 15 hr. PARP cleavage was also 
determined by Western immunoblot analyses using antibodies to 
PARP (116kDa is the intact PARP, 85kDa is the cleaved PARP). c-
Jun activation was determined by Western immunoblot analyses 
using antibodies that recognize the phosphorylated form of active c-
Jun. (B) Densitometry analysis of p-c-Jun levels. GAPDH was tested 
to verify the amount of protein loaded. Data are representative of 
two independent experiments.  
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FIGURE 4.6: JNK1 INHIBITOR (DJNKI1) BLOCKED α -TEA AND α -TEA + 
CELECOXIB INDUCED APOPTOSIS IN MDA-MB-435-FL-GFP 
CELLS. Cells were exposed to α-TEA (20 µM) and/or celecoxib  
(21µM) for 24 hr in the presence or absence of DJNKI1 1µM or 2 
µM. At the end of this period, apoptosis rates were evaluated by 
morphological examination of DAPI stained nuclei. Values represent 
the means ± SD of three independent experiments. 

α-TEA and/or Celecoxib-Responsive Genes Detected by cDNA Microarray 

Analyses.  

cDNA microarray analysis was used to identify genes differentially 

regulated after α-TEA and/or celecoxib 24 hr treatment versus DMSO control in 

MDA-MB-435-FL-GFP cells. 32,071 genes were retrieved from LAD as 

described previously in Material and Methods, and 843 gene clusteres were 

further processed for gene annotation, gene ontology and biochemical pathway 

membership analysis. Gene expression patterns from 7 arrays, 3 celecoxib 

treatment replicas, 2 α-TEA treatment replicas, and 2 α-TEA + celecoxib 

replicas,  are shown in figure 4.7.  The changes of gene expression levels induced 
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by celecoxib at 21 µM were not as extensive as that α-TEA at 20 µM (Figure 

6.7). At this dosage, celecoxib mainly enhanced the levels of gene alterations 

induced by α-TEA (20 µM) alone.   

Genes found to be down-regulated (<2 fold decrease compared with 

control) or up-regulated (>2 fold increase compared with control) in at least two 

of the arrays were grouped into categories on the basis of our knowledge of their 

most likely biological and molecular functions based on information provided by 

Source [190]. Some genes with multiple functions were included in more than one 

category. 14 genes were grouped as signaling elements associated with pro-

apoptosis  and/or anti-apoptosis (Figure 6.7A), 36 genes were grouped as involved 

in regulating cell cycle and proliferation (Figure 6.7B); 7 genes were grouped as 

differentiation related genes (Figure 6.7C); 20 genes were grouped as cell 

adhesion and motility related genes (Figure 6.7D); 27 genes were grouped as 

membrane receptors ((Figure 6.7E); 39 genes were involved in signal transduction 

(Figure 6.7F); 39 genes were transcription factor or transcription factors 

regulators (Figure 6.7G).  
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FIGURE 4.7: CLUSTER IMAGE SHOWING GENE EXPRESSION PATTERNS AFTER 

α-TEA AND/OR CELECOXIB TREATMENT. 843 genes were 
selected, and clustered hierarchically into groups on the basis of the 
similarity of their expression patterns  by the procedure of Eisen et al 
[189]. The expression pattern of each gene in this set is displayed 
here as a column graph for treatments. For each gene, the ratio of 
mRNA levels in MDA-MB-435-FL-GFP cells at 24 hr after drug 
treatment to its level in the DMSO control is represented by a color: 
red indicates up-regulation, green indicates down-regulation, black 
indicates no-regulation, and gray indicates missing data. The graphs 
show the average expression profiles for the genes in the 
corresponding "cluster" (indicated by the letters 1 to 15). Array 1, 2, 
3 (white bars) were three repeats for 21 µM of celecoxib treatment; 
Array 4 and 5 (bars with strips)  were two repeats for 20 µM of α-
TEA treatment; Array 6 and 7 (solid bars) were two repeats for the 
combination treatments.  
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 A. Apoptosis related genes 

 

 

 

B. Proliferation and cell cycle related genes 
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C. Differentiation related genes 

 

 

D. Cell adhesion and motility related genes 
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E. Membrane receptor 

F. Signal transduction related genes 
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G. Transcription factor and regulators 

 

 

 

FIGURE 4.8: GROUPING GENE EXPRESSION PROFILES ACCORDING TO 

FUNCTION AFTER α -TEA AND/OR CELECOXIB TREATMENT. The 
expression levels of these genes were represented by a color, 
according to the color scale at the bottom. A. Apoptosis related 
genes (14); B. Proliferation and cell cycle genes (36); C. 
Differentiation related genes (7); D. Cell adhesion and motility 
related genes (20); E. Membrane receptor (27); F. Signal 
transduction related genes (39); G. Transcription factor and 
regulators (39). 
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Apoptosis Related Gene GADD45 was Induced by α -TEA Treatment of 

MDA-MB-435-FL-GFP Cells, and the Combination Treatment of α -TEA 

and Celecoxib Caused Increased Level of GADD45.  

cDNA microarray analysis revealed 14 genes as signaling elements 

associated with apoptosis and/or anti-apoptosis, such as apoptosis inducing 

serine/threonine kinase 17a, Growth Arrest and DNA Damage 45β  (GADD45β), 

lymphotoxin beta receptor, and anti-apoptotic baculoviral IAP repeat-containing 1 

(Figure 6.7A).  

Compared with control, mRNA level of GADD45β  was up regulated by 

α-TEA and α-TEA+celecoxib treatments at the average ratio of 2.7 and 2.3 (6.6, 

5.1 fold) respectively, while celecoxib by itself did not cause the induction of 

GADD45β  mRNA expression (Figure 6.7A). The expression of GADD45 was 

further studied by examining the changes of protein levels after α-TEA and/or 

celecoxib treatment. Western immunoblot showed an increase of GADD45 

protein levels by α-TEA and α-TEA+celecoxib, but not by DMSO control and 

celecoxib alone at 15hr (Figure 4.9A) and 24 hr (data not shown). A 5.0 fold and 

5.9 fold induction of GADD45 protein expression was seen after cells were 

treated with α-TEA and α-TEA+celecoxib for 15 hr (Figure 4.9A). 

Another apoptosis related gene Bcl-2 was evaluated after MDA-MB-435-

FL-GFP cells were treated with α-TEA and/or celecoxib. Celecoxib did not alter 

Bcl-2 protein levels at different time intervals and dosages. Neither α-TEA alone, 

nor combined with celecoxib caused Bcl-2 protein level changes after 24 hr 

treatment (Figure 4.9B, C, and D).  
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FIGURE 4.9: INDUCTION OF APOPTOSIS RELATED GENES BY α -TEA AND/OR 
CELECOXIB IN MDA-MB-435-FL-GFP CELLS. A. GADD45 
induction by α-TEA and/or celecoxib in MDA-MB-435-FL-GFP 
cells. MDA-MB-435-FL-GFP cells were treated with 20 µM of α-
TEA and/or celecoxib (42 µM) and harvested at 15 hr. GADD45 
protein level was determined by Western immunoblot. GAPDH was 
tested to verify the amount of protein loaded. Data are representative 
of two independent experiments. B. Bcl-2 protein expression after 
MDA-MB-435-FL-GFP cells were treated with DMSO or 42 µM of 
celecoxib at different time points. C. Bcl-2 protein expression after 
MDA-MB-435-FL-GFP cells were treated with DMSO or 21, 42, 
and 84 µM of celecoxib at 24 hr. D. Bcl-2 protein expression after 
MDA-MB-435-FL-GFP cells were treated with DMSO, 20 µM of α-
TEA and/or 42 µM of celecoxib at 24 hr.  
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Cell Cycle Blockage Induced by α -TEA and/or Celecoxib and Alterations of 

Cell Cycle Related Gene Expression.  

A 24-hour treatment of MDA-MB-435-FL-GFP cells with celecoxib  

induced an accumulation of cells in G1 phase in a dose-dependent manner (Figure 

4.10). Compared with DMSO control, celecoxib caused 6, 17, 65% increase of 

G0/1 cells and 5, 11, 45 % decrease of S phase cells at the dose of 10.5 µM, 21 

µM, and 42 µM, respectively (Figure 4.10). These data indicated that celecoxib-

induced DNA synthesis arrest in MDA-MB-435-FL-GFP cells within 24 hours 

following treatment was due to G1 cell cycle blockage. In contrast, α-TEA 

mainly caused an accumulation of cells in S phase, a 10% and 50% increase at 20 

and 40 µM treatments, respectively (Figure 4.11A). Cells in the G2/M phase were 

decreased by 20% and 38% following α-TEA treatments of 20 and 40 µM (Figure 

4.11A). These data suggested that α-TEA-induced DNA synthesis arrest in MDA-

MB-435-FL-GFP cells within 24 hours following treatment was due to a blockage 

of S to G2/M transition. When treated with 20 µM of α-TEA + 21 µM of 

celecoxib, MDA-MB-435-FL-GFP cell cycle were blocked at G0/1 to S phase 

transition, causing 17% increase of G0/1 cell population and 19% decrease of S 

phase cell population (Figure 4.11B).  

cDNA microarray analyses revealed that several genes that control cell 

cycle checkpoints and progression through the S phase and mitosis were among 

the major down-regulated targets by α-TEA and/or celecoxib, including cyclin A, 

E, PCNA, cell division cycle 2 (CDK2) (Figure 4.8B). To study the role these 

molecules might play in α-TEA and/or celecoxib induced cell cycle blockage, 
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Western immunoblot analyses were performed to test the protein level changes of 

these genes. Consistent with the findings from cDNA array analyses, PCNA was 

down-regulated by α-TEA+celecoxib by 2 fold, higher than α-TEA (1.3 fold 

down-regulation) and celecoxib (1.6 fold down-regulation) treatment alone 

(Figure 4.12A). In the combination treatment group, Rb phosphorylation and 

cyclin A were also significantly suppressed compared with control, 2 fold and 2.4 

fold, respectively (Figure 4.12A).  Celecoxib induced down-regulation of cyclin 

A and cyclin E in a dose-dependent manner (Figure 4.12B). 
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FIGURE 4.10: CELL CYCLE ANALYSIS OF MDA-MB-435-FL-GFP CELLS 
AFTER 24 HR TREATMENT WITH VARYING LEVELS OF 
CELECOXIB. Cells were treated with celecoxib at indicated doses, 
and stained with propidium iodide and analyzed with a FACScan 
flow cytometer as described in the material and methods section. 
Data are representative of two independent experiments. 
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FIGURE 4.11: CELL CYCLE ANALYSIS OF MDA-MB-435-FL-GFP CELLS 

AFTER 24 HR TREATMENT WITH α -TEA AND/OR CELECOXIB. 24 
hr serum starved cells were treated with α-TEA and/or celecoxib at 
indicated dosages, and stained with propidium iodide and analyzed 
with a FACScan flow cytometer as described in material and 
methods section. A. Cells were treated with 20 and 40 µM of α-TEA 
for 24 hr. B. Cells were treated with 20 µM of α-TEA and/or 21 µM 
of celecoxib for 24 hr. 
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FIGURE 4.12: α-TEA AND/OR CELECOXIB MODULATION OF CELL CYCLE AND 
PROLIFERATION REGULATORY PROTEINS IN MDA-MB-435-FL-
GFP CELLS. Protein levels were determined by Western 
immunoblotting. GAPDH was tested to verify the amount of protein 
loaded. A. MDA-MB-435-FL-GFP cells were treated with 20 µM of 
α-TEA and/or celecoxib (21 or 42 µM) and harvested at 24 hr. B. 
MDA-MB-435-FL-GFP cells were treated with celecoxib (21 µM 
and 42 µM) and harvested at 24 hr.  
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α-TEA+Celecoxib Down-regulated Rac and β -catenin Expression, and 

Suppressed MDA-MB-435-FL-GFP Cell Migration and Invasion through 

Matrigel. 

 Results from cDNA microarray analyses showed that α-TEA and 

celecoxib suppressed ras-related C3 botulinum toxin substrate 1 (Rac1) mRNA 

expression by 1.14 fold and 1.68 fold, respectively, and the combination treatment 

of α-TEA and celecoxib caused further suppression of Rac1 than either drug used 

separately (2.70 fold, Figure 4.7D). Rac1 is a small GTP binding protein, highly 

homologous with two other isoforms Rac 2 and Rac 3 of Rac protein [191, 192]. 

Rac proteins play a central role in cell migration by inducing the extension of 

lamellipodia, thin sheet-like structures that push the plasma membrane  outward 

through actin polymerization.  Lamellipodia are found at the leading edge of 

motile cells, and Rac proteins have been shown to be required for cell migration in 

a wide variety of cell types [193].  

To verify the results from cDNA microarray, the protein status of Rac 

after α-TEA and/or celecoxib treatment were tested using anti-Pan-Rac 

antibodies. Western immunoblotting followed by densitometric analyses showed 

the protein level of Rac after α-TEA and celecoxib treatment for 15 hr to be 

suppressed by 1.18 fold and 1.28 fold compared with DMSO control, 

respectively. The combination treatment, 20 µM of α-TEA + 21 µM of celecoxib, 

caused 1.32 fold suppression of Rac protein expression compared with control 

(Figure 4.13A). Preliminary data from migration and invasion assays showed that 

α-TEA and/or celecoxib treatment caused suppressed ability of MDA-MB-435-
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FL-GFP cells to migrate and invade through matrigel, and the suppression was 

greater in the combination treatment than individual drug treatment s (Figure 

4.13C). 

Another cell adhesion regulator β-catenin was found to be significantly 

down-regulated in α-TEA+celecoxib treatments (3.24 fold) using cDNA 

microarray analysis (Figure 4.7D). Western Immunoblotting also showed a 1.67 

fold down-regulation of β-catenin protein levels in the combination treatment. 

The level of suppression was higher than either drug treatment alone (Figure 

4.13B).  
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FIGURE 4.13: RAC AND β -CATENIN PROTEIN WERE SUPPRESSED BY α -TEA 
AND/OR CELECOXIB IN MDA-MB-435-FL-GFP CELLS. MDA-
MB-435-FL-GFP cells were treated with 20 µM of α-TEA and/or 
celecoxib  (42 µM) and harvested at 15 hr. (A) Western 
immunoblotting analyses using antibodies that recognize all three 
forms of Rac. (B) β-catenin protein levels were determined. GAPDH 
was tested to verify the amount of protein loaded. Data are 
representative of two independent experiments. (C) Migration and 
invasion assay after MDA-MB-435-FL-GFP cells were treated with 
α-TEA (20µM) and/or celecoxib (21µM) for 8 hr (migration assay)  
or 24 hr (invasion assay). 
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Cellular and Molecular Targets of Celecoxib. 

The cellular and molecular targets of celecoxib were investigated in 

MDA-MB-435-FL-GFP cells. Although 24 hr treatments with celecoxib at 21µM 

did not cause significant changes in the gene profile in comparison with changes 

induced by α-TEA or α-TEA+celecoxib, modulation of mRNA levels in a small 

number of genes were observed (Figure 4.14). 25 genes were found to be up-

regulated and 4 genes down-regulated more than 2 fold compared with control. 

Among the 25 genes that were induced by celecoxib, phosphatidylinositol-4-

phosphate 5-kinase, type 1, alpha (PIP5K1A) was induced at the highest level 

(3.17 fold) compared with control. PIP5K1A is involved in inositol phosphate 

metabolism and phosphatidylinositol signaling. It catalyzes the phosphorylation 

of PI(4)P (phosphatidylinositol-4-phosphate) on the fifth hydroxyl of the myo-

inositol ring, to form PI(4,5)P2 (phosphatidylinositol-4,5-biphosphate) [194]. It 

may be involved in the organization of the actin cytoskeleton, linked to membrane 

ruffling and cell migration [195]. cDNA microarray analyses also identified 

another gene that might be related to cell migration, rho/rac guanine nucleotide 

exchange factor (GEF) 2 (ARHGEF2). ARHGEF2 was found to be up-regulated 

by 2.19 fold. This gene is a nucleotide exchange factor specific for activating 

Rho, but not Rac or Cdc42 [196]. It co- localizes with microtubules, and might be 

involved in the regulation of actin-dependent cell motility [197, 198]. Other genes 

up-regulated by celecoxib included: fibroblast growth factor receptor- like 1 

(FGFRL1), a membrane receptor (2.08 fold); protein kinase, lysine deficient 1 

(PRKWNK1), a cytoplasmic serine-threonine kinase (2.25 fold);  dual specificity 
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phosphatase 3 (DUSP3), a phosphatase (2.07 fold); asparagine synthetase 

(ASNS), a protein synthetase (2.80 fold); and activating transcription factor 4 

(ATF4), a transcription factor (2.58 fold) (Figure 4.14). 

The mRNA levels of cylin A, adenosine monophosphate deaminase 

(AMPD3), peroxisome proliferative activated receptor gamma coactivaor 1 alpha 

(PPARGC1A), and ankyrin1 (ANK1) were down-regulated by 21 µM of 

celecoxib by 2.4, 2.3, 2.0, 1.9 fold, respectively (Figure 4.14).  

Western immunoblotting showed that celecoxib did not change the protein 

levels of TGFβRII, β-catenin, p-P53, and total Akt in MDA-MB-435-FL-GFP 

cells (Figure 4.15A and B). Compare with Jurkat and PC-3 prostate cells, 

phosphorylated Akt levels were very low and not detectable in MDA-MB-435-

FL-GFP human breast cancer cells (Figure 4.15C and D). NFκB and Ras were 

slightly down-regulated at 24 hr treatment by 1.27 and 1.23 fold, respectively 

(Figure 4.15B). 
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FIGURE 4.14: GENE EXPRESSION PROFILE OF CELLS TREATED WITH 

CELECOXIB. MDA-MB-435-FL-GFP cells were treated with 21 µM 
of celecoxib at 24 hr. Data are results of three repeats.  
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FIGURE 4.15: CELECOXIB TREATMENTS ALONE HAVE NO EFFECT ON 

TGFβRII, NFκB, RAS, β-CATENIN, P-P53, AND AKT PROTEIN 
LEVELS IN MDA-MB-435-FL-GFP CELLS. (AB). MDA-MB-435-
FL-GFP cells were treated with 42 µM of celecoxib at indicated time 
intervals. (C) MDA-MB-435-FL-GFP cells were treated with 20 µM 
of α-TEA and/or celecoxib (42 µM) at 24 hr. Jurkat and PC-3 cells 
were used as positive control, and 50 µM of celecoxib decreased p-
Akt at 2 hr. (D) MDA-MB-435-FL-GFP cells were treated with 42 
µM of celecoxib or DMSO control at indicated time intervals. 
GAPDH was tested to verify the amount of protein loaded. 
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DISCUSSION 

In this study, we sought to characterize the anti-tumor effects induced by 

the vitamin E analog α-TEA and COX-2 selective inhibitor celecoxib alone and 

in combination in human breast cancer cells, and to illustrate the possible novel 

events triggered by the combination of these two agents in MDA-MB-435-FL-

GFP human breast cancer cells in vitro.  

Results show that α-TEA induced apoptosis in two human breast cancer 

cell lines: MCF-7, estrogen responsive, low metastatic cells, and MDA-MB-435-

FL-GFP, estrogen non-responsive, highly metastatic cells. Celecoxib alone also 

caused apoptosis in both cell lines. These in vitro data agree with our previous in 

vivo findings that α-TEA and/or celecoxib caused increased number of apoptotic 

cells (TUNEL positive) in tumor sections of drug treated animals compared with 

that of control animals [183].  

One possibility to explain the combined anti- tumor actions of α-TEA and 

celecoxib is their effects on apoptotic signaling. Apoptosis plays a critical role in 

the homeostasis of the mammary glands, and the efficacy of anti-cancer agents 

frequently depends on the activation of apoptosis  as well as the down-regulation 

of survival (anti-apoptotic) mediators. α-TEA inhibits human breast cancer cell 

growth by inducing cancer cells to undergo apoptosis [8]. Mechanistically, α-

TEA increases the expression of biologically active TGF-β  ligand and  increases 

TGF-β  type II receptor expression, activates the mitogen activated protein kinase, 

JNK (c-Jun N-terminal kinase), and its downstream transcription factors c-Jun, 

Elk-1 and ATF-2 [8, 184] In this study, we also showed that the active form of c-
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Jun was up-regulated by α-TEA, and even better by the combination of α-

TEA+celecoxib. Furthermore, α-TEA + celecoxib induced higher levels of 

apoptosis and PARP cleavage. Blocking JNK activity using a JNK1 peptide 

inhibitor (DJNKI1) caused a reduction of apoptosis by 72% in α-TEA and 68% in 

α-TEA+celecoxib treatments, indicating that JNK/c-Jun are involved in α-TEA 

alone and α-TEA + celecoxib triggered apoptosis in MDA-MB-435-FL-GFP 

cells. 

Recent advances in genomics and bioinformatics, particularly DNA 

microarray technology, make it possible to identify candidate drug targets in a 

large scale gene pool. Using cDNA microarray technology, we identified some 

other potential molecules functioning in apoptosis induced by α-TEA and/or 

celecoxib. GADD45 family members were among of them. mRNA levels of 

GADD45β  and protein levels of GADD45α were up-regulated in α-TEA and α-

TEA+celecoxib treatments. GADD45 is a growth arrest and DNA-damage-

inducible gene that is regulated in both a p53-dependent and p53-independent 

manner [199-201]. It has been reported that GADD45 appears to exhibit multiple 

effects, including cell cycle arrest at G2/M [202], DNA damage repair, and 

control of genomic stability [203]. There are three GADD45 related proteins, 

GADD45α, GADD45β , and GADD45γ, all of which are induced by 

environmental stress, including methyl methanesulfonate, UV, and gamma 

irradiation [204]. Whether GADD45 plays a direct role in apoptosis remains 

unclear. Some studies have found that GADD45α binds to the N-terminal domain 

of MTK1 (=MEKK4), a human MAPKKK, and activates its kinase activity, 
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suggesting that GADD45α may mediate stress- induced apoptosis via activation of 

c-Jun N-terminal kinase (JNK) and/or p38 mitogen-activated protein kinase 

(MAPK) [204, 205]. Establishing whether there is a GADD45, MEKK4, JNK 

activation leading to apoptosis in human breast cancer cells treated with α-TEA 

or α-TEA + celecoxib will require further study.  

Another mechanism by which α-TEA and celecoxib may inhibit tumor 

growth is by attenuating cell proliferation and  inducing cell cycle arrest. Our in 

vivo studies showed a significant decrease in the number of proliferating tumor 

cells (Ki-67 staining positive cells) in tumor samples taken from α-TEA or 

celecoxib treated animals [183]. Consistent with the in vivo findings, α-TEA and 

celecoxib cause a dose-dependent DNA synthesis arrest in vitro, and reduced both 

mRNA and protein levels of PCNA, another marker of cell proliferation [206]. 

Celecoxib induced blockage of the cell cycle at the G0/1 phase. This blockage 

might be due to the deregulation of cell cycle regulators. Cyclin A and cyclin E 

are two major factors involved in cell cycle progression [207]. Both cyclin A and 

E bind to cyclin dependent kinase 2 (CDK2), forming a Cyclin/CDK complex 

[130, 131], which is capable of phosphorylating Rb, a key event associated with 

cells progressing from the G0/1 phase to the S phase, and promoting DNA 

replication [132, 208, 209]. Our results showed the down-regulation of both 

cyclin A and cyclin E levels in celecoxib treated cells. Cyclin A was further 

down-regulated in α-TEA+celecoxib treatment than either drug treatment alone. 

PCNA protein expression and Rb phosphorylation status were also decreases by 
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in the combination treatments, indicating a special combined effectiveness of α-

TEA and celecoxib on cell cycle arrest in MDA-MB-435-FL-GFP cells. 

In vivo, human breast cancer cell xenograft studies showed reduced tumor 

metastasis to be another anti-tumor effect of α-TEA and celecoxib. The 

combination of α-TEA + celecoxib significantly suppressed the mean number of 

microscopic lung metastases better than either separate drug treatment [183]. To 

study the possibility that α-TEA + celecoxib might be modulatory factors 

involved in tumor cell migration and metastasis, genes selected after clustering 

were integrated using the web-based data base DAVID (Database for Annotation, 

Visualization, and Integrated Discovery). In this database, KEGG (Kyoto 

Encyclopedia of Genes and Genomes) was used for systematic analysis of gene 

functions, linking a set of genes whose expressions were changed by α-TEA 

and/or celecoxib with a signaling pathway in a cell, representing their biological 

function. Results showed that the expression of a set of genes in the integrin-

mediated cell adhesion pathway were altered by α-TEA and/or celecoxib 

treatment. These genes were integrin beta 1 binding protein 1 (ITGB1), calpain 3 

(CAPN3), vav 3 oncogene (VAV3), Ras related C3 botulinum toxin substrate 1 

(Rac 1), all of which were down-regulated by α-TEA+celecoxib more than 2 fold 

after 24 hr treatment of MDA-MB-435-FL-GFP cells with α-TEA+celecoxib. 

ITGB1 specifically binds to the cytoplasmic domain of intergin-β , and its 

phosphorylation is regulated by cell-matrix interactions [210]; CAPN3 is a 

member of the intracellular nonlysosomal cysteine protease family, its proteolytic 

activity leads to disruption of the actin cytoskeleton and disorganization of focal 
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adhesions through cleavage of several endogenous proteins [211]. Both VAV3 

and RAC1 are small GTPase, which participate in signal transduction processes. 

VAV3 is involved in the activation of several members of the Rho family, 

including RAC1 [212]. VAV3 activity, when deregulated, leads to marked 

cytoskeletal changes and to alterations in cell division [213]. RAC1 might be a 

downstream effector of VAV. Rac1 is a GTPase which belongs to the Rho family, 

RAS superfamily of small GTP-binding proteins, regulating multiple events in 

cell adhesion and cell migration [214, 215]. The modification of factors involved 

in integrin-mediated cell adhesion, that result in changing Rho/Rac activities 

might contribute to the biological function of α-TEA + celecoxib. For example, 

Rho activities might be enhanced and Rac activities might be suppressed in our 

experimental conditions, although we do not have direct evidence to support this 

speculation. This possibility is based on the finding that the mRNA levels of 

rho/rac guanine nucleotide exchange factor (GEF) 2 (ARHGEF2) was up-

regulated by α-TEA, celecoxib, and α-TEA+celecoxib by 3.2, 2.2, and 6.2 fold, 

respectively. This gene was reported as a nucleotide exchange factor specific for 

activating Rho, but not Rac or Cdc42 [196]. Furthermore, the mRNA levels of 

one of its possible down-stream effectors, Rho B were found to be up-regulated 

by α-TEA, celecoxib, and α-TEA+celecoxib by 1.6, 1.2, and 3.1 fold, 

respectively. Thus, we postulate Rac involvement in α-TEA and celecoxib anti-

metastatic effects because of the following these observations. First, the mRNA 

levels of RAC1 were down-regulated by α-TEA, celecoxib, and α-

TEA+celecoxib by 1.7, 1.1, and 2.7 fold, respectively. Plus, preliminary data 
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show the protein levels of RAC were also reduced by α-TEA and/or celecoxib. 

Second, RAC’s upstream signaling transducer VAV was down-regulated by α-

TEA by 2.2 fold, and α-TEA+celecoxib by 5.2 fold. Although the mRNA levels 

of VAV did not show significant suppression by celecoxib, the activity of VAV 

might be inhibited by celecoxib. In the group of genes regulated by celecoxib, we 

found PIP5K1A (phophatidylinositol-4-phosphate 5-kinase, type 1, alpha) was 

transcriptionally induced at the highest level (3.17 fold). The product generated 

by PIP5K1A is PI(4,5)P2 (phosphatidylinositol-4,5-biphosphate), and it has been 

reported to bind to the PH domain of VAV and inhibit VAV activity [216, 217]. 

Third, evidence in the literature suggest that the Rho family GTPases and 

PI(4,5)P2 may be connected in common signaling pathways, and that the major 

PI(4,5)P2-generating enzyme, PIP5K is a downstream target of Rho proteins 

[218]. Thus, regulating Rho and VAV/RAC activities might be one of the 

pathways whereby α-TEA and celecoxib block tumor cell migration and 

metastasis. All of these possibilities need to be further investigated.   

The anti- tumor mechanism of celecoxib as a single treatment was also 

investigated in this study. Celecoxib has been shown to induce apoptosis in 

several types of cancer cells, including colon [182], prostate [105], liver [219], 

head and neck [220], and mammary [221]. Celecoxib has also been reported to 

block the cell cycle, inhibit proliferation, and inhibit neoangiogenesis in various 

types of cancers [222-224].  Although the exact molecular bases of the anti-tumor 

effects mediated by celecoxib are not clear, it is well accepted that both COX-

dependent and COX-independent mechanisms are involved [39, 80, 181, 182].  
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In MDA-MB-435-FL-GFP cells, celecoxib was less effective than α-TEA. 

Unlike α-TEA or α-TEA+celecoxib treatments, celecoxib did not show great 

potential in inducing p-c-Jun or GADD45 by itself. JNK1 inhibitor did not inhibit 

celecoxib induced apoptosis, indicating that JNK/c-Jun are not involved. In this 

study, celecoxib  caused a major decrease in cyclin A and cyclin E expression.  

Similar finding that celecoxib down-regulate cyclin A has been reported by 

Kardosh A. and colleges in glioblastoma cells [222]. Previous studies (please see 

Chapter 2 page 68-70) showed that COX-2 inhibitor (NS398) does not block 

PGE2 production in MDA-MB-435 cells. Microarray data indicates that PIP5K1A 

is activated suggesting the possible involvement of inositol phosphate metabolism 

and phosphatidylinositol signaling in celecoxib triggered anti-tumor effects.   

Another COX-2 inhibitor, NS398 was also tested in MDA-MB-435-FL-

GFP cells. NS398, when combined with α-TEA, enhanced α-TEA induced 

apoptosis; however, unlike celecoxib, NS398 did not induce apoptosis by itself at 

dosages up to 80 µM, indicating different anti-tumor mechanisms for these two 

NSAIDs as has been reported before [225].  

It is important to note that although in vitro studies showed synergistic 

actions by the α-TEA + celecoxib combination in inducing MDA-MB-435-FL-

GFP human breast cancer cells to undergo apoptosis, the in vivo studies showed 

only a slight nonsignificant increase in number of apoptotic tumor cells in the 

combination treatment in comparison to either single treatment. One reason for 

this difference may be that the dosage of α-TEA and celecoxib used in vitro and 
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achieved in vivo were different, indicating choosing the right dosage for the 

combined treatment will be critical to the outcome.  

Insights into cellular processes impacted by the combination treatment to a 

greater degree than either single treatment suggest that increased phosphorylation 

of c-Jun, a mediator of apoptosis, increased expression of GADD45, a mediator of 

cell proliferation, differentiation and apoptosis, and decreased PCNA, cyclin A 

levels, mediators of cell cycle, all contribute to the enhanced anti-tumor properties 

of these two agent in combination.  
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Chapter 5: Summary/Discussion/Future Studies 

VES and α-TEA, analog of natural vitamin E (RRR-α-tocopherol) exhibit 

potent anti-tumor properties. Data presented in this thesis show that α-TEA 

inhibits breast cancer growth in vitro and in vivo, and inhibits metastasis to lung 

and lymph nodes. A  combination of α-TEA + celecoxib, a COX-2 specific 

inhibitor, exhibit s better anti- tumor effects in reducing tumor burden and 

metastasis than either agent used alone. Given the low toxicity of α-TEA and 

celecoxib  to normal tissue, this study indicates the potential use of these two 

agents in combination in treatment of breast cancer.  

 α-TEA and celecoxib exert their anti-tumor effects by different 

mechanisms, involving a broad range of targets. Based on previously published 

data as well as the data presented in this dissertation, signaling mechanisms of α-

TEA and/or celecoxib in inhibiting growth and metastasis of human breast cancer 

cells are proposed.  

α-TEA and/or celecoxib inhibit tumor growth by inducing tumor cells to 

undergo apoptosis and cell cycle arrest. In the human breast cancer cell line, 

MDA-MB-435, α-TEA restores TGF-β  signaling by up-regulating TGF-β  II 

receptors. Fas is involved in α-TEA induced apoptosis, and activated Fas and 

TGF-β  signaling pathways induce prolonged activation of JNK, which activates 

transcription factors, including c-Jun. JNK and c-Jun activation are involved in α-

TEA induced apoptosis. A combination of α-TEA + celecoxib results in higher 
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levels of phosphorylated c-Jun. The functional consequences of this further 

increase in c-Jun phosphorylation needs to be addressed in future studies.  

α-TEA and α-TEA+celecoxib treatments induce GADD45β  expression. 

This is of interest since GADD45β  is postulated to be an upstream regulator of 

JNK/c-Jun, since it has been found  to bind to an N-terminal domain of MTK1 

(=MEKK4), a human MAPKKK, and activates its kinase activity, suggesting that 

GADD45β  may mediate genotoxic stress-induced apoptosis via activation of c-

Jun N-terminal kinase (JNK) and/or p38 mitogen-activated protein kinase 

(MAPK) [204, 205]. Celecoxib by itself does not induce significant 

phosphorylation of c-Jun; and a JNK1 inhibitor does not block celecoxib induced 

apoptosis, indicating that celecoxib might trigger pro-apoptosis pathways other 

than JNK/c-Jun. Thus, celecoxib’s involvement in α-TEA induced MAPK 

mediated apoptosis appears to be via further elevation of the c-Jun phosphorylated 

state.  

In the study reported here, celecoxib markedly down-regulated cell cycle 

regulators cyclin E and cyclin A, as well as causing a blockage of cells in the 

G0/G1 phase. The combination of α-TEA + celecoxib induced further down-

regulation of cyclin A, low levels of phosphorylated Rb, and decreased levels of 

PCNA and β-catenin. All of these molecules are involved in cell proliferation 

regulation.  

The primary biological function of COX-2 inhibitors are to inhibit COX-2 

activity. However, our studies using MDA-MB-435 cells treated with VES and/or 

NS398 did not show significant changes of PGE2 production, or alteration of AA 
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and ceramide levels, suggesting that the anti-cancer effects of NS398 in these 

studies are COX-independent.  

cDNA microarray analyses show PIP5K1A expression to be increased by 

celecoxib (3.2 fold). Transcriptional activation of PIP5K1A suggests the possible 

involvement of inositol phosphate metabolism and phosphatidylinositol signaling 

in celecoxib triggered anti-tumor effects. mRNA levels of ARHGEF2 are up-

regulated by celecoxib, α-TEA, and α-TEA+celecoxib (2.2, 3.2, and 6.2 fold, 

respectively). RhoB, a possible downstream target of ARHGEF2, is also up-

regulated. We postulate that the activation of RhoB is linked to the activation 

PIP5K [218]. The metabolite generated by PIP5K is PIP2, which inhibits VAV 

activity. We further postulate that VAV inhibition inhibits downstream effector 

RAC, leading to cytoskeletal changes that influence cell adhesion and migration.  

A hypothetical model for α-TEA and/or celecoxib signaling in MDA-MB-435-

FL-GFP cells is shown in figure 5.1.  
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FIGURE 5.1: MODEL OF α -TEA AND/OR CELECOXIB SIGNALING 
MECHANISMS. α-TEA activates Fas and TGFβ  pathways, induce 
JNK/c-Jun activation. α-TEA+celecoxib induce GADD45 
expression, resulting in higher levels of JNK/c-Jun activity. JNK/c-
Jun activation is involved in α-TEA and α-TEA+celecoxib induced 
apoptosis. Celecoxib down-regulates cyclin A and E; α-
TEA+celecoxib cause further down-regulation of cyclin A, cdc2, and 
PCNA, causing cell cycle arrest and proliferation inhibition.  
Celecoxib up-regulates PIP5K; α-TEA + celecoxib up-regulate 
Rac/Rho GEF, activating Rho and down-regulating integrin-
mediated adhesion signaling molecules, VAV, and RAC are 
associated with cell migration. Red: up-regulated genes; Green: 
down-regulated genes. 
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In summary, the novel discoveries in these studies include: (1) VES + 

COX-2 specific inhibitor NS398 cause a synergistic increase in blocked 

proliferation and a greater percentage of apoptotic cells in MDA-MB-435, MDA-

MB-231, MCF-7, three human breast cancer cell lines in culture, while showing 

minimal effects on normal human mammary epithelial breast cells, HMEC. (2) α-

TEA and celecoxib reduced tumor burden and metastasis to lung and lymph nodes 

in human breast cancer xenografts in nude mice. Combinations of α-TEA 

(liposomal formulated and delivered by aerosol) + celecoxib (1,250 mg/kg of 

diet) reduced tumor burden and number of lung micrometastases better than either 

compound administered separately. (3) α-TEA + celecoxib (1,250) significantly 

enhanced apoptosis, reduced cell proliferation, and reduced blood vessel density 

in tumor tissues. (4) α-TEA and α-TEA+celecoxib induced high levels of 

phosphorylated c-Jun; Blockage of JNK1 indicated that α-TEA-induced apoptosis  

involves JNK. (5) α-TEA and α-TEA+celecoxib induced elevated JunD, and 

GADD45β  mRNA levels. (6) Both COX-2 inhibitors (NS398 and celecoxib) 

induced G0/G1 cell cycle arrest, and celecoxib reduced cyclin A and cyclin E 

levels. (7) α-TEA + celecoxib suppressed cyclin A, PCNA, β-catenin expression 

and Rb phosphorylation better than either compound alone. (8) Celecoxib up-

regulated mRNA levels of PI(4)P5K1A and ARHGEF2, and α-TEA+celecoxib 

induced higher levels of ARHGEF2 than celecoxib alone, implicating lipid 

signaling events. α-TEA + celecoxib modulated integrin-mediated cell adhesion 

signaling pathways, down-regulating mRNA levels of ITGB1BP1, CAPN3, 

VAV3, and RAC1, and up-regulating levels of RhoB. 
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Future Studies 

These studies show promise for using α-TEA and celecoxib together in 

breast cancer chemotherapy. However, several key questions remain for future 

investigations.  

First, more pre-clinical animal studies are needed. It is important to 

determine the optimal combination dosage and schedule in order to identify the 

best treatment scheme. We need to determine if oral administration of liposomal 

formulated α-TEA is an effective  delivery method for reducing tumor burden and 

metastasis.  

Second, the precise mechanisms of action need to be defined. For 

example, future studies should address: (1) How does α-TEA+celecoxib induce 

apoptosis through JNK/c-Jun activation? Specifically, studies need to determine if 

GADD45 functions as an upstream activation of JNK and see if it is critical for α-

TEA + celecoxib induced apoptosis. (2) Is Jun D a downstream substrate of JNK 

activation and is it critical to α-TEA + celecoxib induced apoptosis? (3) Is 

apoptosis induced by α-TEA + celecoxib mitochondrial dependent or 

independent? (4) Is the major pathway for α-TEA + celecoxib inhibition of tumor 

burden and metastasis blockage of the cell cycle and is this cell cycle blockage 

permanent or reversible? 

Results from cDNA array analysis open up even more doors to explore 

potential drug targets. (1) What is the molecular event involved in celecoxib 

induced PIP5KA1 expression? (2) Who are the players in the integrin-related 

signal transduction cascade regulated by α-TEA and/or celecoxib, and what is the 
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relevance of these changes to breast cancer cell migration and invasion? 

Angiogenesis is another area in need of further investigation: For example, what 

are the molecular events involved in decreasing microvessel density by α-TEA 

and/or celecoxib? 
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