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Breast cancer is the most common cancer among women and is the second 

leading cause of cancer deaths among women in the United States. An effective 

chemotherapeutic drug is greatly needed for breast cancer. In order to develop a 

stable and clinically useful vitamin E-based chemotherapeutic agent, a 

nonhydrolyzable ether linked acetic acid analogue of RRR-a-tocopherol, namely, 

a-TEA has been produced. a-TEA exhibits strong antitumor activity in tumor 

cells but has no effect on normal cells. 

Since a-TEA is hydrophobic, formulation into appropriate carrier systems 

to potentiate delivery is needed. The anticancer efficacy of a-TEA formulated into 

liposomes or nanoparticles has been assessed in this study. a-TEA formulated in 

either nanoparticles or liposomes at 5 mg/day was very effective in inhibiting 
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tumor growth and visible lung metastases, as well as lung and lymph node 

micrometastatic lesions.  a-TEA at 2.5 mg/day formulated in nanoparticles was 

more effective than a-TEA at 2.5 mg/day formulated in liposomes in reducing 

tumor burden and lymph node and lung micro-metastatic tumor foci; however, the 

difference could be attributed to a nanoparticle effect rather than an a-TEA effect 

since nanoparticles alone significantly reduced tumor burden and metastases. 

These studies show that oral delivery of a-TEA at an appropriate dosage 

formulated in either liposomes or nanoparticles to be effective, clinically relevant 

means for administrating this hydrophobic drug. 

In the mechanistic studies of a-TEA, over 400 potential targets have been 

identified in a-TEA treated MDA-MB-435 cells using microarray analyses. Thirty 

four genes were of interest for their possible involvement in the known biological 

activities of a-TEA. Three genes, Arg, TSP-1 and NOXA were further studied. 

The proapoptotic BH3 only protein NOXA was studied in detail. Data show that 

NOXA induction was involved in a-TEA-induced mitochondria-dependent 

apoptosis in human breast cancer cells and NOXA expression was mediated 

through JNK-p73 signaling pathway. 

From the data reported in this thesis, we now have a better understanding 

of how a-TEA functions as a promising anticancer drug, and more importantly, 

how to efficiently use it as a chemotherapeutic reagent. 
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Chapter 1: Introduction 

Vitamin E is a generic term used to describe a group of compounds that share 

similarity in chemical structure with RRR-a-tocopherol, the well known natural occurring 

lipid soluble antioxidant (Kline, Yu et al. 2001; Schwenke 2002). RRR-α-tocopheryl 

succinate [vitamin E succinate (VES), a hydrolyzable ester- linked succinic acid analogue 

of RRR-α-tocopherol] can induce cancer cells but not normal cells to undergo a form of 

cell death called apoptosis (Kline, Yu et al. 2004). Although intact VES does not function 

as an antioxidant, cellular esterases can remove the succinate moiety, thus eliminating the 

apoptotic properties of VES, and restoring the functional anti-oxidant property of RRR-a-

tocopherol (Fariss, Fortuna et al. 1994). In order to develop a more stable and clinically 

useful vitamin E-based chemotherapeutic agent, a nonhydrolyzable ether analogue of 

RRR-a-tocopherol, namely, RRR-α-tocopherol ether linked acetic acid analog (a-TEA) 

has been synthesized in our lab. Because of its nonhydrolyzable characteristics, a-TEA 

shows strong anti- tumor activity in a wide variety of epithelial cancer cell types, 

including breast, prostate, lung, colon, ovarian, cervical, and endometrial in cell culture 

and in nude mouse xenograft models as well as a syngeneic BALB/c mouse mammary 

tumor model (Lawson, Anderson et al. 2003; Anderson, Lawson et al. 2004; Anderson, 

Simmons-Menchaca et al. 2004; Lawson, Anderson et al. 2004; Lawson, Anderson et al. 

2004; Zhang, Lawson et al. 2004). Efforts to understand how a-TEA can induce cancer 

cells to undergo  apoptosis have identified several nonantioxidant biological functions, 

including restoration of pro-death transforming growth factor-β  and Fas signaling 

pathways  (Shun, Yu et al. 2004). Additional studies are needed to better understand the 

molecular and biochemical events involved in the anticancer activity of a-TEA. Since a-

TEA is hydrophobic, formulation into an appropriate carrier system to potentiate delivery 
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is needed. Recently, formulating drugs in nanoparticles has received much attention. 

Compared to the traditional liposome drug delivering system, nanoparticles show several 

advantages, including targeted (cellular/tissue) delivery of drugs, improved oral 

bioavailability, sustained drug/gene effect in target tissue, and improved stability of 

therapeutic agents against enzymatic or lysosomal degradation (Panyam and Labhasetwar 

2003; Panyam and Labhasetwar 2003). Thus, my present study is focused on two aspects 

of a-TEA: one is to assess the anticancer activity of a-TEA when formulated into 

liposome or nanoparticle delivery systems; the other is to identify targets involved in the 

anticancer activity of a-TEA in human breast cancer cells. Through the above studies, we 

have obtained a better understanding of how a-TEA functions as a promising anticancer 

drug, and more importantly, how to efficiently use it in clinical studies. 

Contents in this chapter (Chapter 1) focus on the background introduction. 

Chapter 2 focuses on the development of the nanoparticle system and the assessment of 

the anticancer properties of a-TEA formulated in liposomes and nanoparticles in a 

preclinical animal model. Chapter 3 focuses on the identification and characterization of 

NOXA, a new proapoptotic protein involved in a-TEA induced apoptosis. Chapter 4 

describes novel targets that are potentially involved in the anticancer activity of a-TEA in 

human breast cancer cells identified by using microarray analyses. Chapter 5 summarizes 

the data generated in this study and describes future studies. All cited literature is listed in 

the Bibliography section. Detailed procedures for formulating a-TEA into nanoparticles 

are presented in appendix 1. 

 

1.1. BREAST CANCER 

Cancer is a group of diseases characterized by uncontrolled cellular growth and 

metastasis. When deaths are aggregated by age, cancer surpasses cardiovascular disease 
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as the leading cause of death for those younger than age 85. (Jemal, Siegel et al. 2006). 

Cancers are caused by both environmental factors (tobacco, chemicals, radiation and 

infectious organisms) and internal factors (inherited mutations, hormones, immune 

conditions, inflammation and mutations). Despite intense study and great advances, 

causes, effective treatments, and prevention of cancers remain elusive.  

Breast and prostate cancers are the  cancers with highest incidence in females and 

males, and breast cancer is second only to lung cancer in causing death in females (Jemal, 

Siegel et al. 2006). An estimated 212,920 new cases of invasive breast cancer, 61,980 

new cases of in situ breast cancer and 40,970 deaths are expected to occur among women 

in 2006 (Smigal, Jemal et al. 2006). About 1720 new cases of breast cancer are expected 

in men in 2006 (www.cancer.org). While age and sex are well-recognized risk factors, 

reproductive characteristics such as age at menarche and menopause, menstrual 

irregularity, age at first and last childbirth, parity and breastfeeding have also been linked 

to breast carcinogenesis (Okobia and Bunker 2005). Death rates from breast cancer 

declined by an average of 2.3% per year from 1990 to 2002 in women, these decreases 

are due to earlier detection through screening, increased awareness and improved 

treatments (www.cancer.org). Current treatments may involve surgical removal, radiation 

therapy, chemotherapy, or hormone therapy (tamoxifen, aromatase inhibitors). Two or 

more treatment methods are often combined to get a better effect. Recent studies show 

that specific nutrients and dietary constituents can play an important role in cancer 

prevention and treatment (Bingham and Riboli 2004; Buzdar 2006). 

 

1.2. VITAMIN E COMPOUNDS 

Vitamin E is a general term used indiscriminately to refer to a group of naturally 

occurring compounds called tocopherols and tocotrienols as well as synthetic vitamin E 
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(all-rac-a-tocopherol), and acetate and succinate derivatives of both natural and synthetic 

vitamin E (Kline, Yu et al. 2001). RRR-a-tocopherol is an essential fat-soluble vitamin 

that functions, at least in part, as an antioxidant by inhibiting lipid peroxidation and 

scavenging free radicals, and is the major lipid-soluble chain-breaking antioxidant in 

biological systems (Bendich and Machlin 1988). There are eight naturally occurring 

vitamin E forms with varying degrees of antioxidant activity, four tocopherols and four 

tocotrienols, that consist of a chromanol ring (chroman head) and a long hydrocarbon tail 

(phytyl tail). Tocopherols (T) and tocotrienols (T3) are designated a, ß, ?, or d according 

to the number and position of methyl groups on the chromanol ring; T and T3 differ in 

the saturation of their phytyl tails (Blatt, Leonard et al. 2001) (Fig. 1.1). Synthetic aT, 

designated all- racemic-aT (all-rac-aT), is an equimolar mixture of eight stereoisomers 

arising from the three chiral carbon centers in aT at positions 2, 4′, and 8′ and is the form 

of vitamin E that is present in most nutrition supplements (Fig. 1.2). The only naturally 

occurring stereoisomer, designated RRR-aT, comprises 100% of natural aT, but only one 

eighth (12.5%) of synthetic aT. All eight of these stereoisomers have an identical 

chromanol group, giving each identical antioxidant activity, yet only half of them are 

retained in the body (Blatt, Leonard et al. 2001). Replacement of the hydroxyl group of 

RRR-aT with a succinate moiety at carbon position 6 on the chroman head creates the 

hydrolyzable ester derivative of RRR-aT, RRR-a-tocopheryl succinate or vitamin E 

succinate (VES). RRR-a-tocopheryloxyacetic acid or RRR-a-tocopherol ether- linked 

acetic acid analogue (a-TEA) is a nonhydrolyzable ether analogue of RRR-aT. a-TEA 

differs from VES by an acetic acid moiety linked to the phenolic oxygen at carbon 6 of 

the chroman head by an ether linkage (Fig. 1.3).  

The tocotrienols, VES and a-TEA have been reported to exhibit potent 

antiproliferative properties in studies of human tumor cells in culture (Kline, Yu et al. 
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2001). The use of a nonhydrolyzable VES derivative has shown that it is the intact 

compound but not its cleavage products (namely, RRR-a-tocopherol or succinic acid) 

that are responsible for the antiproliferative effects (Fariss, Fortuna et al. 1994). Thus, the 

antiproliferative actions of VES are not related to antioxidant properties. Although intact 

VES does not function as an antioxidant, cellular esterases may be capable of removing 

the succinate moiety, thus revealing the functional anti-oxidant portion of vitamin E. 

Therefore, in order to develop a more stable and clinically useful vitamin E-based 

chemotherapeutic agent, a nonhydrolyzable ether analogue of RRR-a-tocopherol, 

namely, a-TEA has been produced. Antiproliferative actions of α-TEA are not due to 

antioxidant properties. 
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Figure 1.1. Structures of naturally occurring tocopherols and tocotrienols.  

Tocopherols and tocotrienols differ in that tocopherols have a saturated side chain 
referred to as a phytyl tail and tocotrienols have an unsaturated (isoprene) side chain. 
The four different forms of tocopherols and tocotrienols differ by the presence and 
position of methyl (CH3) groups on the aromatic ring of the molecule. For example, 
alpha forms have three methyl groups at the 5, 7, and 8 positions while delta forms 
have only a single methyl group at the 8 position. Tocopherols have three chiral 
carbon-centers at positions C-2, C-4′, and C-8′. Tocotrienols have one chiral carbon 
at position C-2. All natural forms of vitamin E are R-stereoisomers. Adapted from 
(Kline, Lawson et al. 2003). 
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Figure 1.2. Structures of natural vitamin E and synthetic vitamin E. 

Natural vitamin E: [d-a-tocopherol; RRR-a-tocopherol; 2R, 4′R, 8′R-a-tocopherol; 
2,5,7,8-tetramethyl-2R-(4′R, 8′R, 12′-trimethyltridecyl)-6-chromanol] and synthetic 
vitamin E: (all- rac-a-tocopherol; dl-a-tocopherol), a mixture of approximately equal 
amounts of eight stereoisomers. Adapted from (Kline, Lawson et al. 2003). 
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Figure 1.3. Structures of VES and α-TEA. 

RRR-a-tocopheryl succinate (VES), an ester- linked succinic acid analog of RRR-a-
tocopherol and [(2,5,7,8-tetramethyl-2R-(4R, 8R, 12-trimethyltridecyl) chroman-6-
yloxyacetic acid], an ether- linked acetic acid analogue of RRR-a-tocopherol (a-
TEA). Adapted from (Kline, Lawson et al. 2003). 
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1.3. EFFECTS OF VES AND ALPHA-TEA ON BREAST CANCER CELLS 

VES inhibits the growth of human breast cancers in culture by induction of DNA 

synthesis arrest, cellular differentiation,  and apoptosis. Inhibition of cell proliferation 

involves a G0/G1 cell-cycle block, mediated in part by mitogen-activated protein kinases 

MEK1 and ERK1 and upregulation of the key cell-cycle regulatory protein 

p21(waf1/cip1) (You, Yu et al. 2002). Induction of differentiation is characterized by 

morphological changes, elevated beta casein messenger RNA, expression of milk lipids, 

elevated cytokeratin 18 protein, and downregulation of Her2/neu protein expression (You, 

Yu et al. 2001). Differentiation is mediated in part by activation of MEK1, ERK1/2, and 

phosphorylation of the transcription factor c-Jun (You, Yu et al. 2001). Both VES and a-

TEA induce human breast cancer cells to undergo apoptosis in a concentration- and time-

dependent manner by restoring transforming growth factor ß (TGF-ß) and Fas (CD95) 

apoptotic signaling pathways, as well as activating c-Jun NH2-terminal kinase (JNK) 

apoptotic pathway (Kline, Yu et al. 2004) (Fig. 1.4). Studies of VES-induced apoptosis in 

breast cancer cells have identified proapoptotic Bax conformational change and 

translocation of Bax and Bak from the cytosol to the mitochondria, that results in an 

apoptotic execution phase involving cytochrome c release from mitochondria, activation 

of caspases-9 and -3, and cleavage of poly(ADP-ribose) polymerase (PARP) (Yu, 

Sanders et al. 2003). Although the mechanisms whereby a-TEA inhibits human breast 

cancer cell growth have not been studied as extensively, studies thus far show a-TEA to 

mimic VES (Shun, Yu et al. 2004).  

Recent studies in our lab indicated that a-TEA induced apoptosis also involves 

activation of TRAIL-FADD-Caspase8 apoptotic signaling pathway and repression of Akt 

survival signaling pathway (unpublished data) (Fig. 1.4). In vivo studies of a-TEA show 
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it to be effective in significantly reducing tumor burden and  metastasis in a syngeneic 

mouse mammary tumor model, as well as xenografts of human breast cancer cells 

(Lawson, Anderson et al. 2003; Lawson, Anderson et al. 2004; Zhang, Lawson et al. 

2004). Also, combinations of a-TEA with the cyclooxygenase-2 inhibitor celecoxib or the 

chemotherapeutic drug 9-nitro-camptothecin, decreases tumor burden and inhibits  

metastasis significantly better than single-agent treatments (Anderson, Lawson et al. 

2004; Zhang, Lawson et al. 2004).  
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Figure 1.4. Model of apoptotic signaling events induced by a-TEA in human breast 
cancer cells.  

Figure is modified from (Kline, Yu et al. 2001). 
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1.4. NANOPARTICLE TECHNOLOGY 

Nanotechnology, the term derived from the Greek word nano, meaning dwarf, 

applies the principles of engineering, electronics, physical and material science, and 

manufacturing at a molecular or submicron level. The materials at nanoscale could be a 

device or a system or these could be supramolecular structures, complexes or composites 

(Sahoo and Labhasetwar 2003). Nanoparticles are of great scientific interest as they are 

effectively a bridge between bulk materials and atomic or molecular structures. A bulk 

material should have constant physical properties regardless of its size, but at the nano-

scale this is often not the case. In addition to the applications in other scientific 

disciplines such as electronics, material engineering, or robotics, nanoparticles are 

expected to make significant advances in biomedical applications, including in the areas 

of gene therapy, imaging, novel drug discovery and drug delivery (Moghimi, Hunter et 

al. 2005).  

The development of delivery systems for small molecules, proteins and DNA has 

been impacted to an enormous degree over the past decade by nanotechnology, and has 

led to the development of entirely new and somewhat unpredicted fields (Sahoo and 

Labhasetwar 2003). Drug delivery to certain tissues throughout the body by nanoparticles 

is accomplished by masking the membrane barrier, limiting characteristics of the 

therapeutic drug molecule, as well as retaining drug stability (Panyam and Labhasetwar 

2003). Depending on the particle charge, surface properties, and relative hydrophobicity, 

nanoparticles can be designed to adsorb preferentially on organs or tissues (Kayser, 

Lemke et al. 2005). The effectiveness of these nanoparticles has been demonstrated for 

mucoadhesive systems by Brannon-Peppas for the gastrointestinal tract (Brannon-Peppas 

and Blanchette 2004) and for the blood brain barrier by Gessner et al (Gessner, Olbrich et 
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al. 2001). For the pharmaceutical industry, novel drug delivery technologies represent a 

strategic tool for expanding drug markets. Nanoparticle technology can address issues 

associated with current pharmaceuticals such as extending product life (line extension), 

or can add to their performance and acceptability, either by increasing efficacy or 

improving safety and patient compliance (Sahoo and Labhasetwar 2003). In addition, this 

technology permits the delivery of drugs that are highly water- insoluble or unstable in the 

biological environment. 

Indeed, the NIH Roadmap’s “Nanomedicine Initiatives” envisage  that nanoscale 

technologies will begin yielding more medical benefits within the next 10 years including 

the development of nanoscale laboratory-based diagnostic and drug discovery platform 

devices (Moghimi, Hunter et al. 2005). In order to design the proper nanotechnology 

materials and tools and therefore to achieve an efficient application, a detailed and 

thorough understanding of biological processes is needed. Currently, ongoing studies are 

focused on carrier design, targeting strategies and toxicity issues.  

 

1.5. APOPTOSIS  AND CANCER 

Apoptosis is a highly regulated process of cell death and plays a fundamental role 

in the maintenance of tissue homeostasis in the adult organism (Danial and Korsmeyer 

2004). Several morphological alterations are associated with the process of apoptosis, 

including cell shrinkage, plasma and nuclear membrane blebbing, organelle relocation 

and compaction, chromatin condensation, and production of membrane-enclosed particles 

containing intracellular materials know as “apoptotic bodies”. Apoptosis is different from 

necrosis in that the necrosis process can start only and exclusively when the cell dies and  

is an irreversible process (Kanduc, Mittelman et al. 2002). The process of necrosis 

involves cellular swelling, organelle dysfunction, mitochondrial collapse and ultimately 
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cellular disintegration. The free release of the cellular contents into extracellular milieu 

during necrosis produces a profound host inflammatory response; whereas, apoptosis 

leads to little, if any, inflammation (Kanduc, Mittelman et al. 2002).  

Tumor development and growth were believed to be the result of a higher 

capacity of tumor cells to proliferate and survive with respect to their corresponding 

normal tissues. However, tumor cells do not always divide more rapidly than normal 

tissue. In fact, tumor growth is not only the result of shortening of cell cycle time, but  

also a consequence of an imbalance between cell production and cell loss through 

perturbations of the cell cycle and the resulting disregulation of the apoptotic process 

(Santini, Rainaldi et al. 2000). Thus, most of the chemotherapeutic drugs nowadays are 

designed to utilize the endogenous apoptotic machinery to induce programmed cell death 

in tumors. However, tumors become resistant to the apoptotic stimuli. Studies have 

shown that development of resistance to either chemotherapy or radiotherapy appears to 

be mediated by alterations in the pathways involved in triggering apoptosis or 

suppression of apoptosis by pro-survival pathways (Fadeel and Orrenius 2005). 

Therefore, clear understanding of mechanisms involved in apoptosis will avoid 

continuation of ineffective therapies and lead to discoveries of novel potential targets for 

cancer treatment approaches.  

It is now well accepted that caspases participate in two distinct pathways of cell 

death, termed the extrinsic and intrinsic pathways (Fig. 1.5). The extrinsic or death 

receptor-mediated pathway plays a fundamental role in the maintenance of tissue  

homeostasis, especially in the immune system, whereas the intrinsic, mitochondria-

dependent pathway is used extensively in response to extracellular cues and internal 

insults such as DNA damage (Siegel 2006).  
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Mitochondria are not only required for ATP production, but also play a central 

role in apoptosis pathways. The mitochondria-dependent pathway for apoptosis involves  

the release of proapoptotic proteins from mitochondria into the cytosol resulting in the 

activation of the initiator caspase 9 and the  subsequent proteolytic activation of the 

executioner caspases 3, 6, and 7 (Armstrong 2006). This process is controlled by the 

interplay of a group of evolutionarily conserved proteins known as the Bcl-2 family. 

These proteins regulate mitochondrial outer membrane permeability and thereby control 

the release of apoptosis- inducing proteins that are sequestered in the intermembrane 

space of mitochondria. Thus, a key biochemical property of the Bcl-2 proteins is their 

ability to localize to cell membranes (including those of the mitochondrial outer 

membrane) where they positively or negatively regulate membrane permeabilization. 

Once the integrity of the mitochondrial outer membrane is breached, the proapoptotic 

proteins including cytochrome c and Smac/DIABLO (second mitocondria-derived 

activator of caspases, direct IAP-binding protein with low pI) which are sequestered in 

the mitochondrial intermembrane space are released into the cytosol. Cytochorme c then 

activates caspases by forming an oligomeric protein complex known as apoptosome with 

apoptotic protease-activating factor 1 (Apaf-1) and caspase 9, while Smac promotes 

caspase activation by antagonizing inhibitor of apoptosis proteins (IAPs).  

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

(APO-1/CD95), and TNF receptor family proteins (Siegel 2006). Apoptosis triggered by 

the Fas pathway is initiated by the binding of the Fas ligand to the Fas receptor, followed 

by ligation of death receptors and formation of the death- inducing signaling complex 

(DISC). The adaptor protein, FADD, bearing both death domain (DD) and death effector 

domain (DED) motifs, binds to the DD of Fas and recruits procaspase-8 via its DED 

domain. A high local concentration of procaspase-8 then leads to its autocatalytic 
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activation and subsequent activation of the downstream effector caspase, caspase-3. 

Besides activating other caspases, caspase-8 can mediate cleavage of Bid (tBid) which 

results in its translocation to mitochondria and cytochrome c release (Yin 2006). Thus, 

Bid provides crosstalk and integration between the death-receptor and mitochondrial 

intrinsic pathways. Another set of death receptors called DR4/5 have been characterized 

that respond to a different death ligand, known as APO-2 ligand or tumor necrosis factor 

(TNF)-related apoptosis- inducing ligand (TRAIL). DISC formation, caspase activation, 

and Bid cleavage downstream of TRAIL receptor ligation is similar to the Fas pathway 

(Cretney, Shanker et al. 2006).  

Apoptosis-modulating therapeutic approaches for cancer have been broadly 

investigated. The three most advanced and promising approaches are: disruption of Bcl-2 

gene function with antisense oligonucleotides, recombinant biomolecules that mimic 

TRAIL, the tumor necrosis factor-related apoptosis- inducing ligand, and classical organic 

pharmaceuticals that target caspases. Each of these approaches target a different 

component of the cell death pathway and, surprisingly, each represents a diffe rent 

therapeutic modality (Fischer and Schulze-Osthoff 2005). More recently, small 

interfering double-stranded RNA molecules that induce RNA degradation through a 

natural gene-silencing pathway called RNA interference (RNAi) has shown great 

potential in cancer therapy (Dallas and Vlassov 2006). 
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Figure 1.5. Extrinsic and intrinsic pathways of apoptosis.  

CD95 (FAS) is used here as an example of a receptor that initiates the extrinsic 
apoptotic pathway. The initiator caspase, caspase-8, is activated in the death-
inducing signaling complex (DISC) and then moves to the cytoplasm where it can 
directly activate the effector caspase, caspase-3. Alternatively, active caspase-8 can 
activate the mitochondrial permeability transition and the central apoptotic pathway 
through cleavage of the B-cell lymphoma 2 (BCL-2)-homology domain 3 (BH3)-
domain-containing protein BID (BH3-interacting-domain death agonist) into its 
active form, truncated BID (tBID). The intrinsic apoptotic pathway is activated by 
intrinsic stimuli, which activate BCL-2-associated X protein (BAX) and/or BCL-2 
antagonist/killer (BAK), or inactivate anti-apoptotic BCL-2-family members such as 
BCL-2 or BCL-xL. This triggers the mitochondrial permeability transition and 
thereby the release of factors such as cytochrome c, SMAC, and OMI from 
mitochondria. Cytochrome c binding to apoptotic-proteaseactivating factor 1 
(APAF1) is essential for its activation and oligomerization with caspase-9 to form 
the apoptosome. SMAC and OMI increase apoptosome function by inhibiting the 
inhibitor of apoptosis protein (IAP) family of caspase inhibitors. Effector caspases, 
such as caspase-3, carry out the apoptotic execution of the cell. cFLIP, cellular 
caspase-8 (FLICE)-like inhibitory protein (cFLIP); FADD, FAS associated via death 
domain; vFLIP, viral FLIP. Adapted from (Siegel 2006). 
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1.6. BCL-2 FAMILY 

The Bcl-2 family proteins are among the most studied molecules in the apoptotic 

pathway. In most circumstances, a cell’s decision whether to live or die rests largely with 

the Bcl-2 family of interacting proteins (Danial and Korsmeyer 2004). Bcl-2 was first 

identified as a proto-oncogene in follicular B-cell lymphoma. In the lymphoma cells the 

Bcl-2 gene was found at the breakpoint of the translocation between chromosome 18 and 

chromosome 14, where the gene is under the control of the immunoglobulin heavy chain 

intron enhancer (Tsujimoto, Cossman et al. 1985). In mammalian cells, the pro-survival 

members of the Bcl-2 family (Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1) oppose its two pro-

apoptotic groups: the Bax group and the BH3-only proteins. Members of the Bax group 

(Bax, Bak and Bok) are structurally similar to Bcl-2 and bear three “BH” (Bcl-2 

homology) domains, whereas the BH3-only proteins, which include Bim, Bad, Bid, Bik, 

Bmf, Puma, NOXA and Hrk, share only the BH3 interaction domain. The ratio between 

the pro-apoptotic and anti-apoptotic  members helps determine, in part, the susceptibility 

of cells to a death signal (Willis and Adams 2005).  

Among the members of the Bcl-2 family, the BH3-only proteins have now been 

recognized as essential initiators of programmed cell death and stress- induced apoptosis  

(Green and Kroemer 2004). When trigged by cytotoxic signals, the BH3-only proteins 

engage pro-survival relatives by inserting the BH3 domain, an amphipathic a helix, into a 

hydrophobic groove on their surface (Fig. 1.6). Bax and Bak are then unmasked, 

activated and form oligomers in intracellular membranes, including the mitochondrial 

outer membrane. The resulting membrane permeabilization releases pro-apoptotic 

proteins, such as cytochrome c, that provoke activation of the caspases mediating cell 

death (Green and Kroemer 2004).  
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The recent discovery of selective association of BH3-only proteins with certain 

pro-survival relatives has delineated functional subclasses of the pro-survival proteins. 

Bim and Puma bind all five pro-survival proteins, as does tBid, and thus are most potent 

killers. Bad and Bmf bind only Bcl-2, Bcl-xL and Bcl-w, whereas NOXA binds only 

Mcl-1 and A1 (Willis and Adams 2005). In addition, Hrk and Bik have been reported to 

bind to Bcl-2, and Bcl-xL (Elangovan and Chinnadurai 1997; Inohara, Ding et al. 1997). 

The complementary binding profiles of Bad and NOXA suggests that apoptosis might 

require neutralization of two classes of Bcl-2 pro-survival proteins, one comprising Bcl-

2, Bcl-xL and Bcl-w and the other Mcl-1 and A-1. Indeed, analyses of Bak regulation 

have proved this theory. In healthy cells, Bak is primarily bound by both Mcl-1 and Bcl-

xL. The interaction with the two subclasses of BH3-only proteins requires the Bak BH3 

domain, which also proves necessary for Bak dimerization and killing activity. Both the 

displacement of Mcl-1 by NOXA and Bcl-xL by other BH3-only proteins, such as Bad 

are required for the activation of Bak. Thus, Bak is held in check by Mcl-1 and Bcl-xL 

and induces apoptosis only if freed from both pro-survival proteins designed to guard it 

(Willis, Chen et al. 2005).  

It has become evident that various BH3-only proteins  mediate the cytotoxic 

responses elicited by chemotherapeutic agents. For example, histone deacetylase 

(HDAC) inhibitors, which are showing promise in killing cancer cells, may act by 

upregulating bmf transcription (Zhang, Adachi et al. 2006). A proteasome inhibitor called 

Bortezomib (Velcade) which is now in several clinical trials, appear to work by 

upregulating various BH3-only proteins (Brooks, Ramirez et al. 2005). Interestingly, both 

bortezomib and a kinase inhibitor called Gleevec (imatinib mesylate) kill melanoma cells, 

but not normal melanocytes, and act in part by inducing NOXA expression in a p53–

independent fashion (Qin, Stennett et al. 2004; Qin, Ziffra et al. 2005).  
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Recently, based on the studies of the BH3 only proteins, “BH3 mimetics” have 

been created and used as novel anti-cancer agents (Willis, Chen et al. 2005). It is well 

known that most tumors have defects in the p53 pathway, precluding induction of the 

BH3-only proteins NOXA and Puma, and many of them over-express Bcl-2. Therefore, a 

drug like “BH3 mimetics” that can directly target pro-survival proteins has promise in 

treating cancers. 



 22 

Figure 1.6. Models for how BH3 only proteins activate Bax and Bak.  

(a) Direct binding model. BH3-only proteins are proposed to constitute both 
“sensitizers” (e.g. Bad) that bind only to the pro-survival proteins and “activators” 
(e.g. tBid) that can also bind Bax and Bak. The sensitizers are proposed to liberate 
the activators from Bcl-2- like proteins, so that they can directly engage Bax (or Bak) 
to induce cell death (Letai, Bassik et al. 2002). (b) Displacement model. BH3-only 
proteins are proposed to activate Bax and Bak by displacing them from the Bcl-2 
pro-survival proteins that sequester their active forms. For Bak activation, BH3-only 
proteins must liberate Bak from both Mcl-1 and Bcl-xL (Willis, Chen et al. 2005). It 
is proposed that an active form of Bax, located on the mitochondrial membrane, 
must be similarly released from pro-survival guards. The structure of the oligomers 
of Bax and Bak is unknown. Adapted from (Willis and Adams 2005). 
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1.7. JNK PATHWAY 

Cells respond to environmental changes and either proliferate, migrate, 

differentiate or die according to different stimuli. This is a critical process for normal life, 

many signal transduction pathways cooperate and participate in this process. Recent  

studies suggest that mitogen-activated protein kinases (MAPK) play an important 

regulatory role. In mammals, three major groups of MAPK have been identified 

(Schaeffer and Weber 1999). Each of these groups of MAPK is activated by a protein 

kinase cascade. The ERK and p38 groups of MAPK are related to the enzymes found in 

budding yeast and contain dual phosphorylation motifs Thr-Glu-Tyr and Thr-Gly-Tyr, 

respectively.  The c-jun NH2-terminal kinases (JNK), also known as stress-activated MAP 

kinases (SAPK), represent a third group of MAPK found in mammals. JNK contains the 

dual phosphorylation motif Thr-Pro-Tyr (Schaeffer and Weber 1999).  

The most intensively studied substrates of JNK are inducible transcription factors, 

of which c-Jun is the best known one. c-Jun is an inducible transactivator that belongs to 

the bZip (basic region leucine zipper) class of proteins, named so because the molecules 

dimerize via formation of a coiled coil, the Leucine Zipper. The dimerizing element is 

preceded by a basic region, which is mainly responsible for specific DNA binding. 

Farther towards the N-terminal direction is the activation domain, which is 

phosphorylated by JNK on two amino acid residues: Ser-63 and Ser-73. The 

phosphorylation of c-Jun causes increased transcription activity. JNK can also 

phosphorylate other AP-1 proteins, including Jun-B, Jun-D and ATF2 (Davis 2000). In 

each case, the sites of phosphorylation are located in the activation domain of the 

transcription factors. Thus, a critical role for JNK appears to be the regulation of AP-1 

activity. Another transcriptional activator and substrate of JNK is the tumor suppressor 
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protein p53, which is phosphorylated at threonine 81. Upon phosphorylation by JNK, the 

stability and transcription activity of p53 are increased (Buschmann, Potapova et al. 

2001). Other transcription factors phosphorylated by JNK include Ets (E twenty six), Elk-

1 (Ets- like gene 1), NFAT4 (nuclear factor of activated T cells), and the glucocorticoid 

receptor (Vlahopoulos and Zoumpourlis 2004). To regulate transcription factors, JNK 

must also be present in the nuc leus (Mizukami, Yoshioka et al. 1997). JNK can also 

translocate to the mitochondria where it phosphorylates proteins of the Bcl-2 family that 

regulate cell survival (Vlahopoulos and Zoumpourlis 2004).  

The JNK protein kinases are encoded by three genes. The Jnk1 and Jnk2 genes 

are expressed ubiquitously. In contrast, the Jnk3 gene has a more limited pattern of 

expression and is largely restricted to brain, heart, and testis. Transcripts derived from all 

three genes encode proteins with and without a COOH-terminal extension to create both 

46 kDa and 55 kDa isoforms. Different JNK isoforms might have different docking and 

substrate specificities. For example, c-Jun was preferentially bound and phosphorylated 

by JNK1, while ATF2 was preferentially bound and phosphorylated by JNK2 (Davis 

2000). The Jnk gene disruption studies in mice suggest that extensive complementation 

between the Jnk genes exist, however, there are also tissue-specific defects in signal 

transduction that might reflect individual functions of different JNK isoforms. 

The JNK protein kinases are activated by phosphorylation on Thr and Tyr by 

MKK4 (also known as SEK1) and MKK7. These enzymes themselves are 

phosphorylated by two families of serine/threonine kinases, the MEKKs (MAPK and 

ERK kinase kinases), which were initially named for their role in the ERK mitogen-

activated protein kinase pathway, and the mixed lineage kinases (MLKs) (Morrison and 

Davis 2003). Other kinases regulating the stress-responsive pathways  at the level of the 

MEKKs and MLKs include Tpl2 (tumor progression locus 2), ASK1 (apoptosis signal-
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regulating kinase 1) and TAK1 (TGFß-activated kinase 1) (Morrison and Davis 2003). 

The activity of the MEKK/MLK enzymes can be modulated by yet another set of protein 

kinases, typified by proteins related to the Ste20 protein in yeast (which has been 

genetically placed upstream of the MEKK-like Ste11 enzyme). In mammals, the sterile 

20-like kinases include germinal centre kinase (GCK), hematopoietic progenitor kinase 

(HPK1), Nck interacting kinase (NIK), KHS (kinase homologous to SPS1/Ste20), GLK 

(GCK-like kinase) and GCKR (GCK-related) (Davis 2000).  

Depending on the stimulus the cells received, JNK pathway may be involved in 

apoptosis, repair, differentiation, development, transformation or other physiological or 

pathological changes (Davis 2000). Among these, the most quoted function of the stress-

activated protein kinase (SAPK/JNK) pathway is its role in apoptosis or programmed cell 

death (Cho and Choi 2002). JNK is thought to induce apoptosis via transcription-

dependent and transcription-independent mechanisms that remain incompletely 

understood. Studies of JNK-induced neuronal apoptosis suggested that JNK-induced 

phosphorylation of the transcription factor c-Jun and the consequent expression of c-Jun-

induced genes including FasL and Bim mediate JNK-induced apoptosis (Xia, Dickens et 

al. 1995; Watson, Eilers et al. 1998; Behrens, Sibilia et al. 1999; Le-Niculescu, Bonfoco 

et al. 1999; Gilley and Ham 2005). In addition to transcription-dependent mechanisms,  

JNK promotes cell death by directly regulating the cell death machinery including 

cytochrome c release and apoptosome activation (Tournier, Hess et al. 2000). JNK has 

been reported to catalyze the phosphorylation of Bcl-2 and Bad (Maundrell, Antonsson et 

al. 1997; Yamamoto, Ichijo et al. 1999; Donovan, Becker et al. 2002). The JNK-induced 

phosphorylation of Bcl-2 appears to suppress the prosurvival function of Bcl-2 

(Yamamoto, Ichijo et al. 1999), while phosphorylation of Bad by JNK activates 

proapoptotic function of Bad (Donovan, Becker et al. 2002).  
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1.8. AP-1 TRANSCRIPTION FACTORS 

AP-1 is a term used to describe an activity that controls both basal and inducible 

transcription of several genes containing AP-1 sites (consensus sequence 5′- 

TGAG/CTCA-3′), also known as TPA-responsive elements (TREs) (Hess, Angel et al. 

2004). AP-1 is composed of a homo or heterodimeric complex comprising members 

belonging to Jun protein family (Jun, JunB and JunD) and Fos protein family (Fos, FosB, 

Fra-1 and Fra-2). Additionally, some members of the ATF (ATFa, ATF-2 and ATF-3) 

and JDP (JDP-1 and JDP-2) subfamilies, which share structural similarities and form 

heterodimeric complexes with AP-1 proteins, can bind to TRE-like sequences (Hess, 

Angel et al. 2004). Each of these transcription factors regulate different aspects of cell 

physiology in response to environmental changes such as stress, radiation, or to growth 

factor signals thereby acting like an environmental biosensor (Karin and Gallagher 2005; 

Surh, Kundu et al. 2005). 

A common feature of all these proteins is that they all contain an evolutionarily 

conserved bZIP domain. The bZIP domain contains a basic DNA-binding region and a 

leucine zipper that is required for the dimerization of two DNA binding regions. The 

composition of the leucine zipper is also responsible for the specificity and the stability of 

homo and heterodimers formed by the various Jun and Fos proteins (Eferl and Wagner 

2003). Whereas Jun proteins can form either homo or heterodimers, Fos proteins can only 

form heterodimers with Jun proteins. Among the Jun and Fos family, Jun, Fos and FosB 

are considered strong activators, JunB, JunD, Fra-1 and Fra-2 exhibit only weak 

transactivation potential (Hess, Angel et al. 2004).  

AP-1 activity can be regulated through changes in the transcription level, control 

of stability of mRNA and protein, post-translational modification and interaction with 
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other transcription factors and cofactors. The mechanisms of post-translational regulation 

are extensively studied, especially in the case of mitogen- and cellular-stress- induced 

hyperphosphorylation. For example, as mentioned before, JNK can phosphorylate and 

potentiate the activity of Jun, JunB, JunD and ATF-2.  

AP-1 plays a critical role in processes such as proliferation, differentiation, 

apoptosis and transformation (Hess, Angel et al. 2004). But one should be careful in 

interpreting what function AP-1 might have because different cell types as well as cell 

lineage, differentiation stage, microenvironment and type of stimulus could have a large 

impact on its effect. Studies of the role of AP-1 in cell survival or apoptosis in our lab are 

mainly focused on JNK-Jun/AP-1 pathway. We showed that prolonged activation of JNK 

and c-Jun was involved in VES and α-TEA-induced apoptosis in MDA-MB-435 human 

breast cancer cells (Yu, Simmons-Menchaca et al. 1998; Shun, Yu et al. 2004). 

 

1.9. P73 TRANSCRIPTION FACTOR AND APOPTOSIS  

The p73 protein belongs to the p53 family. The p53 family members p73 and p63 

have been identified as p53 homologues and share significant similarity at the amino acid 

level within three domains: the activation domain (AD), the DNA binding domain 

(DBD), and the tetramerization domain (TD) (Harms, Nozell et al. 2004) (Fig. 1.7). As a 

result, p73 and p63 are able to bind to the canonical p53 response element, transactivate 

p53 target gene expression involved in the control of cell cycle arrest and apoptosis 

(Ramadan, Terrinoni et al. 2005). Unlike p53, the genes encoding p63 and p73 are rarely 

mutated in human cancer (Harms, Nozell et al. 2004), and neither of the knockout mouse 

models exhibits a propensity for tumor formation, demonstrating rather discrete 

developmental defects (Mills, Zheng et al. 1999; Yang, Walker et al. 2000).  
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Similar to p53, the expression of p73 is maintained at low levels in mammalian 

cells and cellular activation of p73 is usually controlled at the post-translational level 

(Oberst, Rossi et al. 2005). These post-translational modifications include ubiquitination, 

sequential phosphorylation, prolyl- isomerization, recruitment into the PML-nuclear body 

(PML-NB), and acetylation. In contrast with p53, the p73 gene has at least two distinct 

promoters, which allow the formation of two proteins with opposite effects: while the 

transactivation proficient TAp73 shows pro-apoptotic effects, the transactivation 

deficient, amino-deleted ?Np73 has an anti-apoptotic function, acting as a dominant 

negative  p73 (Harms, Nozell et al. 2004). Alterations in the relative levels of TA and 

?Np73 have been shown to correlate with prognosis in several human cancers, 

suggesting that the fine regulation of these two isoforms is of pivotal importance in 

controlling proliferation and cell death (Ozaki and Nakagawara 2005). 

Until now, the p73 protein has been shown to induce apoptosis mainly through 

three mechanisms.  First, TAp73 can induce cell death via the endoplasmic reticulum 

(ER), which is an important sensor in the cell of altered cytosolic signals, through direct 

transactivation of Scotin. Scotin is a putative transmembrane protein of 23 kDa that 

localizes within the ER via its C-terminal proline-rich domain. Overexpression of Scotin 

promotes apoptosis in a caspase-dependent manner in p53 negative tumor cells, while 

inhibition of endogenous Scotin strongly reduces the p53-dependent apoptosis induced by 

UV irradiation (Bourdon, Renzing et al. 2002; Terrinoni, Ranalli et al. 2004). Second, 

TAp73 induces apoptosis through the mitochondrial pathway by directly transactivating 

both Bax and the BH3 only protein PUMA promoters (Melino, Bernassola et al. 2004). 

While the first transactivation is weak, and not sufficient to trigger apoptosis, the 

induction of PUMA, which in turn promotes Bax mitochondrial translocation, is strong 

and lethal (Melino, Bernassola et al. 2004). Third, the promoter of the death receptor 
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CD95 (Fas) contains a p53 responsive element, and preliminary experiments suggest that 

TAp73 also activates the death receptor pathway (Ramadan, Terrinoni et al. 2005). In 

conclusion, p73 can induce cell death through several different pathways. Each pathway 

could play a significant role, depending on the cellular and tissue background, the cancer 

type, the type of DNA damage involved and the type of anti-cancer drug used. Therefore, 

understanding these multiple pathways is essential in order to optimize cancer therapy. 
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Figure 1.7. Functional domains and isoforms of the p53 family proteins.  

AD, activation domain; PRD, proline-rich domain; DBD, DNA binding domain; TD, 
tetramerization domain; BD, basic domain; SAM, sterile-a-motif domain; TA, 
isoforms transcribed from the upstream promoter; and ?N, isoforms transcribed 
from the cryptic promoter within intron 3. Dotted lines denote alternative splicing. % 
denotes percent identity. Adopted from (Harms, Nozell et al. 2004). 
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Chapter 2: α -TEA Formulated in Liposomes or Nanoparticles Reduced 
66cl-4 Murine Mammary Cancer Burden and Metastasis 

A novel vitamin E form, RRR-a-tocopherol ether- linked acetic acid analogue (a-

TEA), exhibits antitumor properties in studies of human tumor cells in culture and nude 

mouse xenograft models as well as a syngeneic BALB/c 66cl-4-GFP mouse mammary 

tumor model. In this study, a-TEA was formulated in biodegradable poly(D, L- lactide-

co-glycolide) (PLGA) nanoparticles in order to improve drug delivery and therapeutic 

efficacy. The syngeneic BALB/c clone 66cl-4 mammary cancer mouse model was used 

to evaluate the anticancer effect of a-TEA when formulated in nanoparticles versus 

liposomes and delivered orally at 2.5 (low dose) or 5 mg (high dose)/day. a-TEA (high 

dose) formulated in either liposomes or nanoparticles significantly reduced tumor burden 

in comparison to respective controls (p<0.001). Both formulations at the low dose 

reduced tumor burden but not significantly different from respective controls. Both 

formulations at the high dose significantly reduced mean number of visible lung 

metastases/mouse and mean number of lymph node and lung micrometastatic tumor foci. 

Surprisingly, mice receiving nanoparticle control, in comparison to liposome control, 

exhibited significantly reduced tumor burden and significantly reduced microscopic 

lymph node and lung micrometastatic tumor foci with metastatic potential. Analyses of 5 

µm tumor sections with TUNEL staining showed that a-TEA formulated in either 

liposomes or nanoparticles and delivered orally at 5 mg/day significantly enhanced 

apoptosis in comparison to their respective liposome or nanoparticle control. TUNEL 

positive cells in the nanoparticle control were not significantly different from the 

liposome control. In summary, these studies show that both liposomal and nanoparticle 
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formulations using the proper drug dosage and oral delivery are effective, clinically 

relevant means for administering the lipophilic anticancer drug a-TEA.  

 

2.1. INTRODUCTION 

In order to develop a stable and clinically useful vitamin E-based 

chemotherapeutic agent, a nonhydrolyzable ether linked acetic acid analogue of RRR-a-

tocopherol, namely, a-TEA has been produced (Lawson, Anderson et al. 2003). a-TEA 

has been shown to induce human breast, prostate, colon, lung, ovarian, cervical, and 

endometrial cancer cells to undergo apoptosis in vitro, but not normal human mammary 

epithelial cells, normal prostate epithelial cells, and immortalized, nontumorigenic breast 

cells (Anderson, Simmons-Menchaca et al. 2004). a-TEA formulated in liposomes and 

delivered by aerosol exhibits antitumor activity in preclinical xenograft models using 

A2780/cp70 human ovarian cancer cells and human MDA-MB-435 breast cancer cells 

(Anderson, Lawson et al. 2004; Zhang, Lawson et al. 2004). Also, a-TEA has been 

shown to be a potent concentration- and time-dependent inducer of apoptosis of murine 

mammary 66cl-4-GFP tumor cells in vitro and to significantly decrease primary tumor 

burden and lung metastasis of 66cl-4-GFP tumor cells transplanted into syngeneic Balb/c 

mice when formulated in liposome and administered by aerosol (Lawson, Anderson et al. 

2003). 

Breast cancer is the most common cancer among women and is the second 

leading cause of cancer deaths among women in the United States (Smigal, Jemal et al. 

2006). Approximately 212,920 new cases of invasive breast cancer, 61,980 in situ cases, 

and 40,970 deaths are expected to occur among US women in 2006 (Smigal, Jemal et al. 

2006). Thus, there is a great need for effective chemotherapy agents for breast cancer. 

Expectations are that a-TEA, a new, stable, nontoxic vitamin E analog with promising 
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anticancer properties will prove to be an effective anticancer agent for human breast 

cancer. Since a-TEA is hydrophobic, an appropriate drug delivery system is needed. 

Biomedical research has identified the need to control, regulate and target the 

release of drugs in the body to tissues or cells of interest (Lee 2006). A primary goal is to 

use less frequent drug administration to achieve a constant therapeutic leve l of drug in the 

systemic circulation or at the specific target organ site to reduce undesirable drug effects. 

Among the different strategies for drug delivery, colloidal carriers were found to be 

effective. The most popular and well-studied colloidal drug delivery systems are the 

conventional liposome systems which permit high drug load and are relatively easy to 

handle, though they have some fundamental problems, such as difficulty in 

storage/stability, susceptibility to degradation by lysosomes and non-controllable drug 

release rate (Hofheinz, Gnad-Vogt et al. 2005; Zamboni 2005). Studies in our lab have 

used a-TEA/liposome formulations delivered by aerosol and gavage (Lawson, Anderson 

et al. 2003; Anderson, Lawson et al. 2004; Lawson, Anderson et al. 2004; Zhang, Lawson 

et al. 2004). Recently, biodegradable polymeric nanoparticle systems have been 

developed to improve drug delivery. Nanoparticles, in general, can be used to improve 

oral bioavailability, sustain drug/gene effect in target tissue, solubilize drugs for 

intravascular delivery, and to improve the stability of therapeutic agents against 

enzymatic or lysosomal degradation (Panyam and Labhasetwar 2003; Panyam and 

Labhasetwar 2003; Lee 2006).  

Biodegradable polymers are natural or synthetic in origin and are degraded in 

vivo, enzymatically, non-enzymatically or both ways to produce biocompatible, 

toxicologically safe by-products which are further eliminated via metabolic pathways 

(Shive and Anderson 1997; Jain 2000). Synthetic polymers have the advantage of 

sustaining the release of the encapsulated therapeutic agent over a period of days to 
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several weeks compared to natural polymers which have a relatively short duration of 

drug release (Panyam and Labhasetwar 2003). To date, many synthetic polymers have 

been developed. Of these polymers, polylactides (PLA) and poly (D,L-lactide-co-

glycolide) (PLGA) have been investigated the most. As reviewed by Jain and Hedley 

(Jain 2000), PLGA has been shown to be an effective delivery system, been approved by 

the Food and Drug Administration, has a history of safe use in humans, and Good 

Manufacturing Practices grade material is available from commercial sources, making it 

an ideal candidate for use in novel formulations for the poorly water soluble vitamin E 

analog. 

In this study, we used DLPC (1,2-dilauroyl-sn-glycero-3-phosphocholine) as lipid 

for liposomes and PLGA as polymer for nanoparticles, and compared the ability of these 

two vehicles for a-TEA formulation to reduce BALB/c 66cl-4 tumor burden and 

metastasis to lung and lymph nodes when delivered by gavage.  

 

2.2. MATERIALS AND M ETHODS 

2.2.1. Chemicals and Reagents 

α-TEA (formula weight = 488.8) was prepared as described previously (Lawson, 

Anderson et al. 2003); 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) was 

purchased from Avanti Polar-Lipids, Inc. (Alabaster, AL); poly (D,L-lactide-co-

glycolide) (PLGA, MW 143,900, copolymer ratio 50:50); Tween 80; and 

dichloromethane (HPLC grade) were purchased from Sigma Chemicals (St. Louis, MO).  
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2.2.2. Preparation of Liposome and Nanoparticle a-TEA 

An a-TEA/DLPC ratio of 1:3 (w/w) has been determined previously to be optimal 

(Lawson, Anderson et al. 2003). To prepare the a-TEA/DLPC combinations, the 

components were first brought to room temperature. The lipid DLPC, at a concentration 

of 120 mg/ml, was dissolved in tertiary-butanol (Fisher Scientific, Houston, TX) and then 

sonicated to obtain a clear solution. α-TEA at 40 mg/ml was dissolved in tertiary-butanol 

and vortexed until all solids were dissolved. DLPC and a-TEA were combined in equal 

amounts (v:v) to achieve the desired ratio of 1:3 a-TEA/liposome, mixed by vortexing, 

frozen at -80°C for 1-2 hrs, and lyophilized overnight to a dry powder prior to storing at -

20°C until needed. Particle size range of a-TEA liposomes delivered orally was 

determined to be 4-10 µm (Lawson, Anderson et al. 2004).  

? α-TEA-loaded nanoparticles were prepared by an emulsion/solvent evaporation 

method based on previous work (Davda and Labhasetwar 2002; Sinha, Raay et al. 2002; 

Feng, Mu et al. 2004) and modified for a-TEA. The main variables that influence the 

microencapsulation process and the final product are: (a) the nature and solubility of the 

drug being encapsulated; (b) the polymer concentration; (c) the drug/polymer ratio; (d) 

the organic solvent used; (e) the concentration and nature of the emulsifier used; (f) the 

status of emulsifier in aqueous solution; (g) the temperature and stirring speed of the 

emulsification process; (h) the evaporation time and (i) the viscosities and volume ratio 

of the dispersed and continuous phases (Jain 2000). These factors were all taken into 

consideration when modifying the published protocols. In brief, PLGA (200 mg) was first 

dissolved in a water immiscible, volatile organic solvent, dichloromethane (16 ml). a-

TEA at 20 mg was added to the polymer solution. A 0.4% solution of Tween 80 was 

prepared in 250 ml of distilled water maintained at 40°C and then filtered through a 0.22 

µm filter. The formed PLGA solution was subsequently added to the Tween 80 solution. 
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The resulting emulsion was sonicated with an energy output of 50W in a pulse mode for 

90 seconds. The oil- in-water emulsion was stirred for 3 hours at room temperature on a 

magnetic stir plate to allow the evaporation of dichloromethane and formation of the 

nanoparticles. The suspension was transferred into ultracentrifuge tubes and centrifuged 

at 12,000 rpm for 30 minutes at room temperature. The pellet was washed with distilled 

water three times to remove residual Tween 80. The supernatant and the washings were 

collected and used to determine the amount of drug that was not trapped in the 

nanoparticles. The suspension was collected and frozen at -80°C overnight and 

subsequently lyophilized for one day. The lyophilized nanoparticles were stored 

desiccated at -20°C. The nanoparticles were stable for at least three months. 

 

2.2.3. Determination of Nanoparticle Size Distribution 

To measure nanoparticle size distribution using dynamic laser light scattering, 

nanoparticles were suspended in distilled water and then subjected to particle size 

analysis using a Zeta PlusTM particle size analyzer (Brookhaven Instruments, Corp., NY).  

The size and morphology of the nanoparticles were further analyzed by 

transmission electron microscopy. Briefly, 2 µl of nanoparticle suspension was placed on 

a carbon film coated on a TEM copper grid. The particles were immediately frozen with 

liquid nitrogen, dried by vacuum and visualized. 

 

2.2.4. Nanoparticle Drug Encapsulation Efficiency 

The drug encapsulation efficiency (DEE) is calculated as: DEE= [(total amount of 

drug – free amount of drug) / total amount of drug] × 100. The supernatant and washings 

generated during the production of nanoparticles were collected and used to determine 
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the amount of a-TEA that was not trapped in the nanoparticles (free drug). Free a-TEA 

was extracted using 100% chloromethane. Reverse phase HPLC analyses were conducted 

as previously described (Tirmenstein, Watson et al. 1998). In this case, DEE = 99%. This 

indicates complete drug encapsulation can be achieved if the ratio of drug and polymer is 

appropriate (Lin, Chen et al. 2000). 

 

2.2.5. 66cl-4-GFP Murine Mammary Tumor Cell Line 

66cl-4 cells were derived from a spontaneous mammary tumor in a BALB/cfC3H 

mouse and isolated as a 6-thioguanine-resistant clone (Dexter, Kowalski et al. 1978; 

Miller, Roi et al. 1983). These cells were stably transfected with green fluorescence 

protein as previously described (Lawson, Anderson et al. 2003). 66cl-4-GFP cells are 

highly metastatic, 100% of animals developing micrometastatic lesions detectable with 

fluorescence microscopy in the lungs 26 days following subcutaneous injection of 2×105 

tumor cells into the inguinal area (Lawson, Anderson et al. 2003). The syngeneic mouse 

model provides isogenic cellular microenvironment, thereby, permitting the evaluation of 

α-TEA efficacy in an identical genetic environment, whereas, xenograft models allow 

one to evaluate treatment effects on human breast cancer cells, although the 

microenvironment is genetically different. 

 

2.2.6. BALB/c Mice 

Female BALB/c mice at 6 weeks of age (about 25 g body weight) were purchased 

from Jackson Labs (Bar Harbor, ME) and allowed to acclimate for 1 week. Mice were 

housed 5/cage and given water and standard lab chow (Harlan Teklad #2018 Global 18% 

Protein Rodent Diet; Madison, WI) ad libitum at the Animal Resource Center at the 
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University of Texas at Austin. Mice were maintained in an environment of 74 ± 2°F with 

30%–70% humidity and a 12-hour alternating light-dark cycle. Guidelines for the 

humane treatment of animals were followed as approved by the University of Texas 

Institutional Animal Care and Use Committee. 

 

2.2.7. Tumor Cell Inoculation 

66cl-4-GFP cells were harvested by trypsinization, collected by centrifugation, 

and resuspended at a density of 2 ×105 cells/100 µl in McCoy’s media, containing no 

supplements. Mice were injected with 2 ×105 cells/100 µl in the inguinal area at a point 

equal distance between the fourth and fifth nipples on the right side using a 25-gauge 

needle. 

60 mice, 10/group, were placed in 6 groups [(liposome/gavage control, liposome 

α-TEA/gavage low dose (2.5 mg), liposome α-TEA/gavage high dose (5 mg), 

nanoparticle (NP) gavage control, NP α-TEA/gavage low dose (2.5 mg) and NP α-

TEA/gavage high dose (5mg)] such that the average tumor volume for all groups was 

closely matched. Each group had an average tumor volume/group of 1.94 mm3, 1.91 

mm3, 1.84 mm3, 1.84 mm3, 1.88 mm3, and 1.84 mm3, respectively, at the start of 

treatments, which were begun 12 days following tumor cell inoculation. Tumors were 

measured using calipers every other day, and tumor volumes were calculated using the 

following formula: volume (mm3) = [width (mm2) ×  length (mm)]/2 (Clarke 1997). Body 

weights were determined weekly. 
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2.2.8. Gavage Delivery 

For gavage delivery, lyophilized preparations of liposome α-TEA, nanoparticle 

α-TEA, liposome only and nanoparticle only were brought to room temperature and 

reconstituted by adding 1ml (low dose groups) or 2 ml (high dose and control groups) 

distilled water to achieve the final desired concentration of 25 mg/ml α-TEA. Treatments 

were vortexed vigorously immediately prior to administration by gavage. The total 

amount of α-TEA administered by gavage was 100 µl/mouse per day for low dose groups 

and 200 µl/mouse/day for high dose groups (final concentration, 2.5 or 5 mg α-TEA 

/mouse/day). High dose and control group treatments were given twice/day, 

approximately 4 hours apart. All treatments were given 7 days/week, for a total of 20 

days.  

 

2.2.9. Lung and Lymph Node Metastasis 

Macroscopic metastases in all five lung lobes were counted visually at time of 

euthanasia. Fluorescent microscopic lung lesions were counted as described previously, 

using a Nikon fluorescence microscope [TE-200; 3200 magnification, (Lawson, 

Anderson et al. 2003)]. Fluorescent microscopic lesions were scored by size into four size 

groupings: <20 µm, 20–50 µm, 50-100 µm, and >100 µm. On the basis of a typical 66cl-

4-GFP tumor cell size of 10-20 µm in diameter, the < 20µm grouping is thought to 

represent solitary cells; the 20–50 µm grouping two to five cells; 50-100 µm grouping 

five to 10 cells, and the > 100 µm grouping microscopic lesions of greater than ten cells. 
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2.2.10. Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick-End 
Labeling (TUNEL) Assay for Detection of Apoptosis In Vivo 

Deparaffinized sections (5 µm) of tumor tissue were used to assess apoptosis 

using reagents supplied in the ApopTag In Situ Apoptosis Detection kit (Intergen, 

Purchase, NY) according to the manufacturer’s instructions. Nuclei that stained brown 

were scored as positive for apoptosis, and those that stained blue were scored as negative. 

At least 16 microscopic fields (×400) were scored per tumor. Data are presented as the 

mean ± SE number of apoptotic cells counted in six separate tumors from each group. 

 

2.2.11 Detection of Immune Cell Infiltration in Tumor Tissue  

Deparaffinized tumor sections (5 µm) were stained with antibodies to CD45R or 

CD3 to determine B or T-cell infiltration. Briefly, endogenous peroxidase activity was 

blocked with 3% H2O2 and nonspecific antibody binding was blocked with 10% normal 

rabbit serum. Tumor sections were incubated with either CD45R or CD3 antibody (rat 

anti-mouse antibody; Serotec, Inc., Raleigh, NC; 1:200 dilution) overnight at 4°C. 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, 

washed, and 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. 

Sixteen or more microscopic fields (400×) were scored for positive stained cells / tumor. 

Data were collected using three separate tumors from each group. In addition, H&E 

stained tumor sections were used for the detection of cellular infiltration. 
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2.2.12. Statistical Analyses. 

Tumor growth was evaluated by transforming volumes using a logarithmic 

transform (base 10) and analyzed using a nested two-factor ANOVA with Tukey HSD, 

using SPSS (Statistical Package for the Social Sciences, SPSS, Inc., Chicago, IL). The 

differences in the number of macroscopic and microscopic metastatic lesions/group, T 

and B stained cells/group and TUNEL positive cells/group were analyzed by the two 

tailed Mann-Whitney rank test using SPSS. A level of p<0.05 was regarded as 

statistically significant. 

 

2.3. RESULTS 

2.3.1. Nanoparticle Morphology, Size Determination and Distribution. 

The mean size and distribution pattern of a-TEA loaded nanoparticles was 

determined by dynamic light scattering (DLS) (De and Robinson 2004). The mean size 

diameter of the vesicle was found to be approximately 272 nm, and polydispersity, which 

is a measure of the distribution of molecular weights in a given polymer sample, was 

equal to 0.313 (Fig. 2.1A). The size distribution pattern as determined by measuring the 

intensity of the nanoparticles by DLS is shown in Fig.  2.1B. The size and morphology of 

the nanoparticles were further checked by transmission electron microscopy (TEM) (Fig. 

2.1C). Using TEM, the nanoparticles were found to be of spherical shape with a mean 

diameter of 190 ± 65 nm. The nanoparticle mean diameter measured using TEM was 

much smaller than the mean diameter obtained with the DLS method. This discrepancy in 

size of nanoparticles is because the DLS method gives the hydrodynamic diameter rather 

than the actual diameter of nanoparticles. 
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Figure 2.1. Nanoparticle size distribution.  

(A) and (B) Size distribution of nanoparticles (PLGA-α-TEA) determined by 
dynamic light scattering, using a neon laser of λ = 677.0 nm and measured at 90° 
degree. The effective diameter of nanoparticle s = 272 nm, polydispersity = 0.313. 
Measurements were repeated 3 times, each time with similar patterns. (C) 
Transmission electron microscopy of α-TEA-loaded nanoparticles (PLGA : α-TEA 
= 10:1). Nanoparticles were visualized directly after freeze-drying. The mean 
diameter was 190 ± 65 nm. Bar represents 500 nm. 
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2.3.2. Both Liposome and Nanoparticle a-TEA Preparations at High Dose Delivered 
by Gavage Significantly Suppressed 66cl-4-GFP Tumor Growth in BALB/c Mice. 

Mean tumor volumes in mice receiving liposome and nanoparticle a-TEA at 

5mg/mouse/day were significantly lower than liposome or nanoparticle controls, 

respectively,  over 20 days of treatment (p < 0.001; Fig. 2.2). Mean tumor volume in mice 

receiving nanoparticle a-TEA at 2.5mg/mouse/day was not significantly different from 

nanoparticle control, but it was significantly different from liposome control (p < 0.001; 

Fig.  2.2). Liposome a-TEA at 2.5mg/mouse/day reduced tumor burden but not 

significantly from liposome control. Mean tumor volumes in mice receiving nanoparticle 

a-TEA at 5mg/mouse/day, in comparison to all the other treatment groups, was 

significantly lower over the 20 days of treatment (p < 0.001 in comparison to liposome α-

TEA at 2.5mg/ml, p < 0.002 in comparison to liposome α-TEA at 5mg/ml and p < 0.017 

in comparison to nanoparticle α-TEA at 2.5mg/ml). Surprisingly, data show that the 

nanoparticle control, in comparison to liposome control, significantly reduced tumor 

burden to a degree comparable to liposome a-TEA at 5mg/mouse/day or nanoparticle a-

TEA at 2.5mg/mouse/day treatment groups (Fig. 2.2). 
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Figure 2.2. Effects of liposome or nanoparticle formulated α-TEA delivered by gavage 
on tumor burden.  

66cl-4-GFP cells at 2 × 105 /mouse were injected into the inguinal area at a point 
equal distance between the fourth and fifth nipples. Twelve days after tumor 
injection, mice were assigned to control and a-TEA treatment groups such that the 
mean tumor volume of each group was closely matched (average tumor 
volume/group = 1.88 mm3). Mice (10/group) were treated with liposomal control, 
nanoparticle control, liposomal a-TEA or nanoparticle a-TEA at high dose 
(5mg/mouse/day) or low dose (2.5mg/mouse/day) for 20 days. Tumor volumes 
(mm3) are depicted as mean ± SE. (1) = significantly reduced in comparison to 
liposome control, (2) = significantly reduced in comparison to nanoparticle control, 
and (3) = significantly reduced in comparison to liposome a-TEA at 2.5mg/day. 
 
 
 
 

 



 45 

2.3.3. All a -TEA Treatments Significantly Reduced Average Number of Visible 
Macroscopic Lung Metastases. 

At sacrifice, all five lung lobes from each mouse were examined for visible 

metastases. All mice in the liposome and nanoparticle control groups as well as 

nanoparticle a-TEA at 2.5mg/mouse/day had visible lung tumor foci. Four/ten mice in 

liposome and nanoparticle high dose treatment groups did not have visible lung tumor 

foci; but this was not significantly different from controls. However, the average number 

of macroscopic lung tumor foci was significantly reduced in all treatment groups when 

compared to their respective control group (Table 2.1); namely, in comparison to 

liposome control: liposome a-TEA at 2.5mg/mouse/day, p < 0.011; liposome a-TEA at 

5mg/mouse/day, p < 0.002; and in comparison to nanoparticle control: nanoparticle a-

TEA at 2.5mg/mouse/day, p < 0.028; nanoparticle a-TEA at 5mg/mouse/day, p < 0.001. 
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Table 2.1. α-TEA formulated into liposome or nanoparticle reduced the average number 
of visible macroscopic lung metastases. 

Visible Lung Metastasis 

Treatments a # Animals/Group with 
Visible Lung Metastases b 

Average # Visible 
Lung Tumor Foci c 

Liposome control 10 / 10 7.0±1.1 
Liposome, 2.5mg 9 / 10 3.0±0.6 1,2 

Liposome, 5mg 6 / 10 1.1±0.3 1,2 

Nanoparticle control 10 / 10 8.3±1.2 
Nanoparticle, 2.5mg 10 / 10 4.7±0.8 2 

Nanoparticle, 5mg 6 / 10 1.2±0.4 1,2 

 
a α-TEA was formulated into liposomes or nanoparticles and delivered daily for 20 days 

by gavage. 
b Macroscopic metastases in all lung lobes in control and treatment groups were counted 

visually at the time of sacrifice. 
c Data are expressed as the average number ± S.E. of macroscopic lung tumor foci 

observed in tumor bearing mice in control and treatment groups. 
1Significantly different from liposome control 
2Significantly different from nanoparticle control 



 47 

2.3.4. All a -TEA Treatments Significantly Reduced Lung Micrometastatic Tumor 
Foci. 

Green fluorescing microscopic lung lesions were classified into four size groups: 

<20, 20-50, 50-100, and >100µm. The mean total number of microscopic lung tumor foci 

in liposome and nanoparticle treatment groups were significantly reduced in comparison 

to liposome control (p < 0.001 for all) or nanoparticle control (p < 0.001) for all except 

liposome a-TEA at 2.5mg/mouse/day, in which p < 0.044 (Fig. 2.3A). The mean total 

number of microscopic lung tumor foci in nanoparticle a-TEA at 2.5mg/mouse/day were 

significantly reduced in comparison to liposome a-TEA at 2.5mg/mouse/day (p < 0.003). 

This significant reduction appears to be attributable mainly to lesions in the <20µm size 

grouping. Although nanoparticle a-TEA at 5mg/mouse/day had a comparable total 

number of microscopic lung lesions as liposome a-TEA at 5mg/mouse/day, the 

microscopic lung tumor foci in the 20-50µm and 50-100µm size grouping were 

significantly lower (p < 0.024 for both size groupings). The mean total number of 

microscopic lung lesions in the nanoparticle control group itself was significantly 

reduced in comparison to the liposome control group (p < 0.005) (Fig. 2.3A). 

 

2.3.5. Liposome a-TEA High Dose and Nanoparticle a-TEA Low and High Dose 
Treatments Reduced Microscopic Lymph Node Tumor Foci. 

Green fluorescent microscopic lymph node metastatic lesions, like the lung 

microscopic lesions, were classified into four different size groups: <20, 20-50, 50-100, 

and >100µm. Data are shown for the total number of microscopic tumor foci. The mean 

total number of microscopic lymph node metastases in liposome high dose and both of 

the nanoparticle treatment groups were significantly reduced in comparison to liposome 

control (p < 0.001 for all) or nanoparticle control (liposome a-TEA at 5mg/mouse/day, p 
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< 0.006; nanoparticle a-TEA at 2.5mg/mouse/day, p < 0.048; and nanoparticle a-TEA at 

5mg/mouse/day, p < 0.005). The mean total number of microscopic lymph node 

metastases in nanoparticle a-TEA at 2.5mg/mouse/day was significantly reduced in 

comparison to liposome a-TEA at 2.5mg/mouse/day (p < 0.002). The mean total number 

of microscopic lymph node metastases in the nanoparticle control group itself was 

significantly reduced in comparison to liposome control group (p < 0.001) (Fig. 2.3B). 
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Figure 2.3. Effects of liposome and nanoparticle formulated α-TEA delivered by gavage 
on micrometastatic tumor foci in lung and lymph node.  

(A) Using a Nikon fluorescence microscope, the number of fluorescent microscopic 
tumor foci on the surface (top and bottom) of flattened left lung lobes was 
determined for control and treatment groups. Micrometastatic tumor foci were 
grouped into four size groupings (<20 µm, 20-50 µm, 50-100 µm or >100 µm). (B) 
Using a Nikon fluorescence microscope, the number of fluorescent microscopic 
metastases in brachial and axillary lymph nodes was determined for control and 
treatment groups. For both A and B, average number of total lesions was calculated. 
Data are depicted as mean ± SE of total number of microscopic metastases. (1) = 
significantly reduced in comparison to liposome control, (2) = significantly reduced 
in comparison to nanoparticle control, and (3) = significantly reduced in comparison 
to liposome a-TEA at 2.5mg/day. 
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2.3.6. a-TEA High Dose Formulated in Liposomes and Nanoparticles Induced 
Tumor Cells to Undergo Apoptosis. 

Apoptosis was evaluated using terminal deoxynucleotidyl transferase-mediated 

nick end labeling (TUNEL) staining of 5 µm tumor sections from control and treatment 

groups. The mean number of TUNEL positive cells in the high dose liposome and 

nanoparticle groups were significantly higher than their respective controls (liposome a-

TEA at 5mg/mouse/day, p < 0.009; nanoparticle a-TEA at 5mg/mouse/day, p < 0.003). 

TUNEL positive cells in the liposome and nanoparticle a-TEA low dose groups were not 

significantly different from their respective controls; however, the average number of 

TUNEL positive cells in the low dose nanoparticle group was significantly higher than 

the liposomal control p < 0.016 (Fig. 2.4). The average number of TUNEL positive cells 

in the nanoparticle and liposome control groups were not significantly different from 

each other. 
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Figure 2.4. α-TEA formulated into liposome or nanoparticle and delivered by gavage 
induced 66cl-4-GFP cells to undergo apoptosis.  

Five micron tumor tissue sections from control and treatment groups were examined 
for levels of apoptosis by TUNEL. Data are depicted as mean ± SE of TUNEL 
positive-stained cells/field. (1) = significantly enhanced in comparison to liposome 
control, (2) = significantly enhanced in comparison to nanoparticle control, and (3) = 
significantly enhanced in comparison to liposome a-TEA at 2.5mg/day. 
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2.3.7. Cellular Infiltration in Tumor Tissue. 

Number of immune cells infiltrating tumors based on analyses of H&E stained 

tumor sections and immunohistochemical analyses of tumor sections stained specifically 

for B and T lymphocytes from all control and treatment groups were low, with no 

significant differences among control and treatment groups (data not shown). Of special 

note, there was no difference in number of intra-tumoral B and T lymphocytes in tumor 

sections from liposome and nanoparticle control groups.  

 

2.3.8. a-TEA Formulated in Either Liposomes or Nanoparticles and Delivered by 
Gavage Had No Effect on Body Weights. 

Although the mean body weights of mice receiving nanoparticle formulations 

were slightly less than body weights of mice receiving liposomes, there were no 

significant differences in the mean body weights of mice among all the control and 

treatment groups (data not shown). 

 

2.4. DISCUSSION 

Previous studies in our lab showed that a-TEA, a novel acetic acid analog of 

vitamin E (RRR-a-tocopherol) when formulated in liposomes and delivered by either 

aerosol or gavage had marked antitumor efficacy and no evidence of toxicity (Lawson, 

Anderson et al. 2003; Anderson, Lawson et al. 2004; Lawson, Anderson et al. 2004; 

Lawson, Anderson et al. 2004; Zhang, Lawson et al. 2004). In this study, a-TEA 

formulated in either liposomes or nanoparticles and delivered by gavage exhibited similar 

therapeutic activity. Based on our previous studies, two levels of a-TEA, low 

(2.5mg/mouse/day) and high (5.0mg/mouse/day), were chosen for this comparison of 
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liposome versus nanoparticle formulation effectiveness. The high dose a-TEA/liposome 

formulation was expected to produce a superior anticancer efficacy than the low dose α-

TEA/liposome formulation. Effects of a-TEA formulated in nanoparticles were unknown, 

but based on the literature, expectations were that nanoparticle formulations would be as 

effective and perhaps more effective as an anticancer agent than a-TEA formulated in 

liposomes. This study used two control groups: liposome control group and nanoparticle 

control group. Since previous work in our lab showed that the tumor volume of the 

liposome control group were not significantly different than the tumor volume in 

untreated controls (Lawson, Anderson et al. 2003), an untreated group was not included 

in this study. Since there was a substantial antitumor effect by the control non-drug 

containing nanoparticles, the liposome control group was used for comparing the 

anticancer efficacy of all treatment groups. 

Data showed α-TEA high dose formulated into either liposome or nanoparticle to 

be effective in reducing tumor volume when evaluated in comparison to liposome or 

nanoparticle controls, respectively. Low dose α-TEA formulated in liposomes or 

nanoparticles was significantly less effective than high dose α-TEA formulated by the 

two methods in reducing tumor burden when compared to their respective controls. Both 

low and high dose α-TEA formulated in either liposomes or nanoparticles significantly 

reduced the average number of visible macroscopic lung metastases. High dose α-TEA 

formulated in liposomes as well as both low and high dose α-TEA formulated in 

nanoparticles significantly reduced the total numbers of lung and lymph node 

micrometastatic tumor foci. Low dose α-TEA formulated in liposomes reduced the mean 

number of lymph node metastatic lesions but not significantly different from control.  

Surprisingly, the nanoparticle control group significantly reduced tumor burden in 

comparison to the liposome control group, with the reduction in tumor volume being 
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similar to the tumor volume reduction observed in the liposome high dose group and 

nanoparticle low dose group. Furthermore, the nanoparticle control group significantly 

reduced the total number of lung and lymph node micro-metastatic lesions in comparison 

to the liposome control group. However, the number of mice with visible tumors as well 

as the average number of visible lung tumors in the nanoparticle control group were not 

significantly reduced in comparison to the liposome control group. Thus, a substantial 

amount of the anticancer properties of the α-TEA low and high nanoparticle groups may 

reflect the anticancer properties of the nanoparticle vehicle. 

This is the first report that we are aware of showing that PLGA polymer 

nanoparticles alone delivered by gavage can significantly reduce tumor burden and lung 

and lymph node micro-metastases. Although we do not know the mechanisms whereby 

PLGA polymers reduce tumor burden, it is possible that the PLGA polymer delivered at 

higher levels via gavage delivery versus smaller amounts via IV delivery may (i) exhibit 

tumor cell specific toxicity or may (ii) induce enhancement of immune killing of tumor 

cells. Regarding toxicity, based on body weights, none of the α-TEA treatment or control 

groups showed any overt toxicity. It is important to note that both chemicals used in the 

nanoparticle formulation; namely, PLGA and surfactant Tween 80 have FDA approval 

for use in drug delivery systems (Shive and Anderson 1997; Panyam, Zhou et al. 2002; 

Feng, Mu et al. 2004). PLGA undergoes hydrolysis, forming biologically compatible and 

metabolizable moieties (lactic acid and glycolic acid) that are eventually removed from 

the body by the citric acid cycle (Shive and Anderson 1997). Tween 80 is a food-grade 

surfactant commonly used in dietary supplements, flavoring agents, whipped toppings 

and shortenings (Abriola and Pennell 1994). Thus, nanoparticles made from these 

materials were expected to be non-toxic. Nevertheless, the nanoparticle control exhibited 

significant anticancer efficacy and these anticancer effects were not associated with 
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increased ability to induce apoptosis. Some type of tumor specific toxicity is a possibility 

that warrants further investigation. Support for the second possible explanation comes 

from studies showing enhancement of antitumor immunity by PLGA nanoparticles used 

for delivery of vaccine (Jilek, Ulrich et al. 2004; Yoshida and Babensee 2004). These 

studies showed that PLGA when formed into nanoparticles enhanced maturation of 

monocyte-derived dendritic cells. As antigen presenting cells, mature dendritic cells 

could enhance anti- tumor immunity (Jilek, Ulrich et al. 2004; Yoshida and Babensee 

2004; McKenna, Beignon et al. 2005). To investigate possible immune involvement, 

immune cell infiltration of tumors from liposome and nanoparticle control groups was 

evaluated. No detectable differences in intra-tumoral B or T lymphocyte numbers 

between the liposome and nanoparticle controls at euthanasia were observed, providing 

no support for T and B cell involvement at this one time point. 

In summary, a-TEA formulated in either nanoparticles or liposomes at a dosage 

of 5 mg/day was very effective in inhibiting tumor growth and lung metastases. a-TEA at 

2.5 mg/day formulated in nanoparticles was more effective than a-TEA at 2.5 mg/day 

formulated in liposome in reducing tumor burden and lymph node and lung micro-

metastatic tumor foci; however, the difference between the two formulations could be 

attributed to a nanoparticle effect rather than an a-TEA effect since nanoparticles alone 

significantly reduced tumor burden and metastases. These studies show that oral delivery 

of a-TEA at an appropriate dosage formulated in either liposomes or nanoparticles to be 

an effective, clinically relevant means for administrating this hydrophobic drug. 
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Chapter 3: p73-Dependent NOXA Induction is Involved in α -TEA-
Induced Apoptosis in Human Breast Cancer Cells  

A novel vitamin E form, RRR-a-tocopherol ether- linked acetic acid analogue (a- 

TEA) is a potent, selective apoptotic agent for cancer cells but not normal cells. Using 

DNA microarray to help identify novel signaling molecules modulated by a-TEA in 

MDA-MB-435 human breast cancer cells, the BH3-only Bcl-2 family member NOXA 

was identified. Both mRNA and protein levels of NOXA were induced by a-TEA in 

estrogen non-responsive MDA-MB-435 and estrogen-responsive MCF-7 human breast 

cancer cells in a concentration- and time-dependent manner. NOXA was also up-

regulated by a-TEA in MDA-MB-231 human breast cancer cells and immortalized but 

nontumorigenic human MCF-10A cells. However, NOXA was not induced by a-TEA in 

T47D human breast cancer cells or normal human mammary epithelial cells (HMECs) in 

which a-TEA does not trigger apoptosis. Blocking a-TEA-induced NOXA using siRNA 

significantly reduced a-TEA-induced mitochondria-dependent apoptotic response. In an 

effort to identify the upstream regulators for NOXA, blockage of JNK activation using 

JNK inhibitor II or JNK siRNA or knocking down p73 expression using p73 siRNA 

inhibited α-TEA induced NOXA expression. In addition, protein levels of full length p73 

were decreased by JNK siRNA, suggesting that JNK maybe involved in regulation of p73 

levels. In summary, data show for the first time that a JNK-p73-NOXA signaling 

pathway is involved in a-TEA induced apoptosis in human breast cancer cells. 

 

3.1. INTRODUCTION 

A novel vitamin E analog, namely, 2,5,7,8-tetramethyl-2R-(4R,8R,12-

trimethyltridecyl) chroman-6-yloxy acetic acid, referred to as α-TEA, has been shown to 
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induce estrogen non-responsive MDA-MB-435 and estrogen responsive MCF-7 human 

breast cancer cells to undergo high levels of apoptosis in a concentration- and time-

dependent fashion; however, a-TEA induced either no or lower levels of apoptosis in 

normal human mammary epithelial cells and immortalized but nontumorigenic human 

MCF-10A cells (Shun, Yu et al. 2004). a-TEA formulated in liposomes exhibited 

antitumor activity in preclinical xenograft models using human MDA-MB-435 breast 

cancer cells (Zhang, Lawson et al. 2004). Also, a-TEA has been shown to be a potent 

concentration- and time-dependent inducer of apoptosis of murine mammary 66cl-4-GFP 

tumor cells in vitro and to significantly decrease primary tumor burden and lung 

metastasis of 66cl-4-GFP tumor cells transplanted into syngeneic Balb/c mice when 

administered by liposomal aerosol or gavage (Lawson, Anderson et al. 2003; Lawson, 

Anderson et al. 2004). Intracellular mechanisms mediating α-TEA-induced apoptosis 

include enhancement of TGF-β-, Fas-, and JNK death signaling pathways as well as 

downregulation of AKT mediated survival events (Shun, Yu et al. 2004; Yu, Shun et al. 

2006). In order to find novel signaling molecules modulated by a-TEA in human breast 

cancer cells, DNA microarray analyses were performed. A gene called phorbol-12-

myristate-13-acetate-induced protein 1 (PMAIP1), also known as noxa, was consistently 

up-regulated by a-TEA in MDA-MB-435 human breast cancer cells. 

NOXA is a pro-apoptotic, BH-3-only member of the Bcl-2 family. BH3-only 

members promote apoptosis primarily by forming heterodimers with prosurvival Bcl-2 

like proteins; thereby, neutralizing their prosurvival functions (Willis and Adams 2005). 

NOXA was first identified as a candidate mediator in a p53- induced apoptotic pathway, 

and its expression was determined to be p53-dependent via a p53 consensus binding 

sequence in the NOXA promoter (Oda, Ohki et al. 2000). Later studies showed that 

NOXA expression could be p53-independent (Qin, Stennett et al. 2004; Qin, Ziffra et al. 
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2005; Jullig, Zhang et al. 2006). Although the specific mechanisms involved in p53-

independent induction of NOXA transcription are unknown, at least two direct 

transcriptional mechanisms distinct from p53 have been reported; namely, via E2F1, a 

downstream target of the tumor suppressor pRB in the retinoblastoma pathway (Hershko 

and Ginsberg 2004) and via hypoxia- inducible factor 1a (Kim, Ahn et al. 2004).  

p73 is a member of the p53 family. p53 and p73 share significant similarity at the 

amino acid level within three domains: the activation domain, the DNA binding domain 

and the tetramerization domain (Harms, Nozell et al. 2004). Like p53, p73 can induce cell 

cycle arrest and apoptosis when overexpressed in cells; and p73 can recognize several 

p53 response elements both in vitro and in vivo (Harms, Nozell et al. 2004). Furthermore, 

p73 has been implicated in p53- independent apoptosis: p73 was shown to be involved in 

the cellular response to DNA damage induced by ?-radiation and chemotherapeutic 

agents such as cisplatin, a role that was previously attributed exclusively to p53 (Agami, 

Blandino et al. 1999; Gong, Costanzo et al. 1999; Irwin, Kondo et al. 2003). p73 has also 

been shown to functionally replace p53 in adriamycin-treated, p53 deficient breast cancer 

cells (Vayssade, Haddada et al. 2005) and gemcitabine-treated, p53-null colorectal cancer 

cells (Thottassery, Westbrook et al. 2006). Mechanistic studies suggest that p73 induces 

apoptosis by either induction of ER stress via transactivation of Scotin, induction of a 

mitochondrial-dependent pathway by transactivation of PUMA, or through activation of 

death receptor pathways (Ramadan, Terrinoni et al. 2005). 

Here we show for the first time that treatment of human breast cancer cells with 

a-TEA induces the proapoptotic protein NOXA via a p53- independent pathway, and 

show that NOXA upregulation by a-TEA is via JNK-p73 mediated events.  
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3.2. MATERIALS AND M ETHODS 

3.2.1. Cell Culture and Treatments. 

MDA-MB-435 human breast cancer cell line (originally obtained from Dr. Janet 

E. Price, University of Texas M. D. Anderson Cancer Center, Houston, TX) is an 

estrogen-receptor negative/estrogen non-responsive epithelial cell line isolated from the 

pleural effusions of a female patient with breast cancer (Price, Polyzos et al. 1990). The 

MCF-7 cell line (originally provided by Dr. Suzanne Fuqua, Baylor College of Medicine, 

Houston, TX) is an estrogen-receptor positive/estrogen responsive human breast cancer 

cell line (Klotz, Castles et al. 1995). Human MDA-MB-231 breast cancer cell line 

(purchased from American Type Culture Collection, Manassas, VA) is an estrogen non-

responsive breast cancer cell. T47D (purchased from American Type Culture Collection) 

is an estrogen-responsive breast cancer cell line. Human MCF-10A breast epithelial cells 

(purchased from the American Type Culture Collection, Manassas, VA) are an 

immortalized, nontumorigenic cell line (Soule, Maloney et al. 1990). Human mammary 

epithelial cells (HMECs) were isolated and purified from normal mammary tissue 

specimens obtained from the Cooperative Human Tissue Network (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, 100 µg/ml streptomycin, 100 IU/ml 

penicillin, 1× (v/v) nonessential amino acids, 2× (v/v) MEM vitamins, and 1 mM sodium 

pyruvate (Sigma). MDA-MB-231 and MCF-7 cells were cultured in MEM with Earle’s 

balanced salts (Life Technologies, Inc.) supplemented with 10% FBS (Hyclone 

Laboratories) plus 2 mM glutamine, 100 µg/ml streptomycin, 100 IU/ml penicillin, 1×  

(v/v) nonessential amino acids, and 10 mM HEPES (Sigma). T47D cells were cultured in 

DMEM containing 10% FBS plus 2 mM glutamine, 100 µg/ml streptomycin, and 100 
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IU/ml penicillin. MCF-10A cells were cultured in DMEM/F12 medium (Life 

Technologies, Inc.) supplemented with 5% horse serum plus 2 mM glutamine, 100 µg/ml 

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. HMECs 

were cultured with basal serum free mammary epidermal cell growth media 

supplemented with 0.4% bovine pituitary extract, 10 ng/ml epidermal growth factor, 5 

µg/ml insulin, 0.5 ng/ml hydrocortisone, 50 µg/ml gentamicin, and 50 ng/ml 

amphotericin B (Clonetics, San Diego, CA). All experiments with primary cultures of 

normal mammary epithelial cells were conducted with second-passage HMECs. 

For treatment experiments, the percentage of fetal bovine serum (FBS, HyClone 

Laboratories, Logan, UT) was reduced to 2% to reduce the amount of RRR-a-tocopherol 

in FBS that could be a confounding factor in these studies and to better model the low 

serum exposure of epithelial tissue in vivo. Exponentially growing cells were plated at 3 

× 106 cells/100 mm dish for western immunoblotting assays and 1.5 × 105 cells/well in 12 

well plates for apoptosis analyses. Cells were allowed to attach overnight, and then were 

incubated with varying concentrations of a-TEA [dissolved first in ethanol and then 

diluted to desired final concentration containing 0.2% (vol/vol) ethanol]. Ethanol (amount 

of ethanol equivalent to amount in a-TEA treatment) was used as vehicle control (VEH). 

 

3.2.2. Determination of Apoptosis.  

Apoptosis was assessed based on nuclear morphology using the fluorescent DNA 

dye DAPI, as described previously (Yu, Heim et al. 1997). Briefly, cells were cultured at 

1.5 × 105 cells/well in 12 well plates overnight to permit attachment. Next, the cells were 

treated with a-TEA. After treatment, floating cells plus trypsin-released adherent cells 

were pelleted, washed, and stained with 2 µg/ml DAPI (Boehringer Mannheim, 
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Indianapolis, IN) in 100% methanol for 20 min at 37°C. Cells were viewed at ×400 

magnification with a Zeiss ICM 405 fluorescence microscope using a 487701 filter. Cells 

in which the nucleus contained clearly condensed chromatin or cells exhibiting 

fragmented nuclei were scored as apoptotic. Data are reported as percentage of apoptotic 

cells per cell population (that is, number apoptotic cells per total number of cells 

counted). For each sample, a minimum of 500 cells per slide was scored. Data are 

presented as mean ± SD for three independently performed experiments.  

 

3.2.3. Microarray Hybridization and Data Analysis. 

MDA-MB-435 cells were cultured with 40 µm of α-TEA for 12 h. Messenger 

RNA was isolated from the collected cells using the FastTrack 2.0 kit (Invitrogen) 

according to the manufacturer’s instructions. Whole-genome cDNA microarrays were 

produced in the laboratory of Dr. Vishwanath Iyer (U.T. Austin) as described (Gu and 

Iyer 2006). Reverse transcription by SuperScript II reverse transcriptase (Invitrogen) was 

carried out in a 30 µl reaction, containing 3 µg of mRNA, 5 µg of oligo-dT primer (5 

µg/µl), 1.9 µl of SuperScript II (200 U/µl; Invitrogen), 6 µl of 5x 1st strand buffer, 0.3 µl 

of 1 M DTT, 1.2 µl of 10 mM dNTP mix (PE Applied Biosystems, Foster City, CA, 

USA) and diethylpyrocarbonate (DEPC) treated water. Reaction mixture was incubated 

in 42°C for 2 h. cDNA was then purified using MinElute columns (Qiagen) and washed 

twice with 70% ethanol. Cy-dye incorporation, array hybridization and scanning were 

also carried out as described (Hahn, Hu et al. 2004; Gu and Iyer 2006). Briefly, cDNA 

samples from ethanol treated controls were labeled with Cy3 and samples from a-TEA 

treated cells were labeled with Cy5. Cy3 and Cy5 labeled cDNAs were mixed with 5 µg 

human Cot-1 DNA, 10 µg polyA RNA, and 5 µg yeast tRNA (Invitrogen). 

Hybridizations were performed in humidity chambers (Corning, Corning, NY, USA) at 
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65°C for 16 h. Slides were then washed, dried, and scanned using an Axon GenePix 4000 

scanner (Axon) Microarray images were quantified using GenePix 4.0 software (Axon). 

Data were uploaded to the Longhorn Array Database and filtered to pass minimum 

quality control thresholds before subsequent analysis of genomic enrichment. For a single 

comparison between two groups, a log2-transformed treatment/control signal ratio of ≥1 

or ≤–1 was chosen as the criterion for induction or repression, respectively. These values 

were recommended by guidelines described in the Affymetrix Data Analysis 

Fundamentals Manual. 

 

3.2.4. Western Immunoblot Analyses. 

Whole-cell protein extracts were prepared as described previously (Yu, Israel et 

al. 1999), and 50 µg of protein were loaded per lane, separated using SDS-PAGE on a 

10–15% gel under reducing conditions, and electroblotted onto a nitrocellulose 

membrane (0.2 µM pore Optitran BA-S-supported nitrocellulose; Schleicher and Schuell, 

Keene, NH). Equal loading was verified using GAPDH antibody (produced in house). 

Primary rabbit antibodies with specificity for PARP, caspase 9, caspase 3; primary mouse 

antibodies specific for p-JNK, pc-Jun, and primary goat antibody specific for NOXA 

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Primary mouse 

antibody specific for p73 was purchased from IMGENEX (San Diego, CA). Primary 

mouse antibody specific for caspase 8 was purchased from Cell Signaling Technology 

(Beverly, MA). Horseradish peroxidase conjugated goat anti-rabbit or goat anti-mouse 

secondary antibodies were purchased from Jackson Immunoresearch Laboratory (West 

Grove, PA). Horseradish peroxidase-conjugated bovine anti-goat serum was purchased 

from Santa Cruz Biotechnology. Immune complexes were visualized using enhanced 
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chemiluminescence detection (Pierce Chemical Co., Rockford, IL). Fold differences in 

level of chemiluminescence were determined by densitometric analyses. 

 

3.2.5. Reverse Transcription-Polymerase Chain Reaction. 

Total RNA was isolated from cells using RNeasy Protect Mini kit (Qiagen, 

Valencia, CA) according to manufacture’s instruction. Reverse transcription was 

performed as described above except using 15 µg of total RNA as template. Polymerase 

chain reaction (PCR) with specific primers was performed for 25 cycles in volumes of 20 

µl according to the manufacturer’s protocol (Taq PCR Master Mix Kit; Qiagen, Valencia, 

CA). The following specific primers were used: for NOXA, forward (5′-CGT GTG TAG 

TTG GCA TCT CC-3′) and reverse (5′-GCC CCA AGT AAC CCT CCT AT-3′); for ß-

actin, forward (5′-GGC GGC ACC ACC ATG TAC CCT-3′) and reverse (5′-AGG GGC 

CGG ACT CGT CAT ACT-3′) (Invitrogen, Carlsbad, CA). The amplification reaction 

involved denaturation at 95°C for 30 seconds, annealing at 56°C for 30 seconds, and 

extension at 72°C for 1 minute using a thermal cycler (PTC-225, MJ Research, San 

Francisco, CA). The PCR products were resolved on 1% agarose gels and visualized by 

ethidium bromide staining. 

 

3.2.6. JNK Inhibitor.  

MCF-7 and MDA-MB-435 cells were pretreated with 7.5 µM of JNK inhibitor II 

(Calbiochem-Novabiochem Corp. San Diego, CA) or DMSO control for 2 h, followed by 

treatment with a-TEA for 15 h. Cell lysates were analyzed by western immunoblotting to 

verify the inhibition of JNK activity as determined by the inhibition of JNK 
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phosphorylation of c-Jun and to verify the role for JNK in NOXA expression and PARP 

cleavage. 

 

3.2.7. Small Interfering RNA Knockdown of NOXA, p73 and JNK. 

The sequence of double stranded small interfering RNA oligonucleotides are as 

follows: for NOXA sense (5′-GCU AUU UUA CCA UCU GGU Att-3′), NOXA 

antisense, (5′-UAC CAG AUG GUA AAA UAG Ctg-3′); JNK1/2 sense (5’-AAA GAA 

UGU CCU ACC UUC Utt-3’), JNK1/2 antisense (5’AGA AGG UAG GAC AUU CUU 

Utt-3') and negative control siRNA (with no known homology to mammalian genes) 

(Ambion, Austin, TX); p73 sense (5′-CGG AUU CCA GCA UGG ACG Utt-3′), p73 

antisense (5′-ACG UCC AUG CUG GAA UCC Gtt-3′) (Cell Signaling Technology, 

Beverly, MA). 

MCF-7 and MDA-MB-435 cells (2 × 105) were plated in 100mm dishes. After 

overnight attachment, cells were transfected with siRNA duplex at a final concentration 

of 40 nM using lipofectamineTM 2000 transfection reagent according to the 

manufacturer’s instruction (Invitrogen, Carlsbad, CA). Culture media were replaced with 

normal growth media the next day. After another 24 to 48 h of incubation, the transfected 

cells were treated with ethanol (VEH, vehicle control) or a-TEA for 15 h (435 cells) or 

20 h (MCF-7 cells). The cells were collected, lysed and the lysates were analyzed by 

immunoblotting.  

 

3.2.8. Statistical Analyses 

Differences among the treatment groups were evaluated using the unpaired t-test 

with unequal variances. A level of P < 0.05 was regarded as statistically significant. 
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3.3 RESULTS 

3.3.1. NOXA mRNA and Protein are Regulated by a-TEA in Human Breast Cancer 
Cells. 

In order to identify new signaling molecules modulated by a-TEA, DNA 

microarray experiments were carried out using MDA-MB-435 human breast cancer cells 

treated with 40 µM of a-TEA for 12 h. As noted in the Materials and Methods section, 

genes with a log2-transformed treatment/control ratio of ≥ 1 or ≤ –1 were considered to 

be up-regulated or down-regulated by a-TEA, respectively. Based on the above analyses, 

NOXA was identified to be responsive to a-TEA (Chapter 4).  

To confirm the microarray data, semi-quantative RT-PCR and western blot 

analyses were carried out to measure the change in RNA and protein level of NOXA 

using estrogen nonresponsive MDA-MB-435 and estrogen responsive MCF-7 human 

breast cancer cells. In MCF-7 cells, a-TEA induced NOXA mRNA starting at 3 h, 

peaking at 15 h (Fig. 3.1A, left top panel). In MDA-MB-435 cells, a-TEA induced 

NOXA mRNA starting at 3 h, peaking at 6 h (Fig. 3.1A, right top panel). In both cell 

lines, protein levels of NOXA were increased at 15 and 24 h after a-TEA treatments (Fig. 

3.1C, top panel). Densitometric analyses showed peak NOXA mRNA levels at 6 h to be 

2.6-fold higher than the vehicle (VEH) control and NOXA protein levels at 24 h to be 

16.8-fold higher than the VEH control in MDA-MB-435 cells. In MCF-7 cells, peak 

NOXA mRNA levels at 15 h were 1.5-fold higher than the VEH control and NOXA 

protein levels at 24 h were 7.6-fold higher than the VEH control. Upregulation of NOXA 

protein levels is correlated with PARP cleavage which is an indicator of cells undergoing 

apoptosis (Wolf and Green 1999) (Fig. 3.1C, second panel). GAPDH levels served to 

help verify lane loads (Fig. 3.1C, bottom panel). Treatment of MCF-7 and MDA-MB-435 

cells for 3-24 h with 40 µM α-TEA (Fig. 3.1A and C) or with different concentrations of 
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α-TEA (Fig. 3.1B and D) showed elevated levels of NOXA mRNA and NOXA protein 

to be both time-and dose- dependent in both cell lines. NOXA protein levels were also 

assessed in other cell lines including MDA-MB-231 and T47D human breast cancer cell 

lines, immortalized, but nontumorigenic MCF-10A breast epithelial cells as well as 

human normal mammary epithelial cell line (HMEC) (Table 3.1). The ability of a-TEA 

to induce NOXA and induce apoptosis plus the p53 status based on the literature is 

summarized (Table 3.1). NOXA was induced in all breast cancer cell lines in which α-

TEA induces apoptosis, and it was not induced in T47D human breast cancer cells and 

HMEC cells in which a-TEA does not induce apoptosis (Anderson, Simmons-Menchaca 

et al. 2004). NOXA induction by a-TEA does not correlate with p53 status, but rather is 

p53-independent (Table 3.1).   
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Figure 3.1. The BH3-only protein NOXA is up-regulated by a-TEA.  

A and C, MDA-MB-435 and MCF-7 cells were treated with 40 µM of a-TEA or 
VEH (vehicle cont rol) and harvested at the indicated times. mRNA level of NOXA 
were determined by RT-PCR amplification (A). Protein levels of NOXA, and PARP 
cleavage were determined by western immunoblotting analyses (C).  B and D, 
MDA-MB-435 and MCF-7 cells were treated with a-TEA at the ind icated 
concentrations for 15 h or 24 h. mRNA level of NOXA were determined by RT-PCR 
amplification (B). Protein levels of NOXA and PARP cleavage were determined by 
western immunoblotting analyses (D). A-D, data are representative of two or more 
independent experiments.  
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Table 3.1. The ability of a-TEA to induce NOXA expression in human breast cell lines.  

Cell lines Ability of α-TEA to 
induce apoptosis a 

p53 status b Ability of α-TEA 
to induce NOXA 
expression c 

MCF-7 ++ W(Fan and Cherian 2002) Yes 

MDA-MB-435 ++ M(Fan and Cherian 2002) Yes 

MDA-MB-231 ++ M(Fan and Cherian 2002) Yes 

T47D - M(Fanayan, Firth et al. 2000) No 

HMEC - W(Seewaldt, Mrozek et al. 2001) No 

MCF-10A +/- W(Levesque, Kohn et al. 2005) Yes 

 

a Cells were treated with a range of doses of α-TEA for 3 days, then stained with DAPI and 

examined for apoptosis; (++) = EC50 in a range of 10 - 20 µM, (+/-) = EC50 > 40 µM, (-) 

= no apoptosis. 

b p53 status is based on published papers; (W) = wild type p53, (M) = mutant p53 

c NOXA expression is based on western immunoblot analyses (Fig. 1 data and data not 

shown).  
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3.3.2. NOXA siRNA Blocks a-TEA-Induced Apoptosis. 

To address the role of NOXA in a-TEA-induced apoptosis, MDA-MB-435 cells 

were transiently transfected with NOXA siRNA. NOXA siRNA significantly blocked a-

TEA induced apoptosis produced by treating the cells with 40 µM of a-TEA for 15 h by 

52% (Fig. 3.2A). As shown in Fig. 3.2B-top panel, NOXA was almost completely 

knocked down by NOXA siRNA. The cells treated with vehicle control exhibited 3-5% 

of apoptosis and no induction of NOXA.  

Blocking NOXA using siRNA in a-TEA treated MDA-MB-435 cells inhibited 

NOXA (Fig. 3.2B, top panel), inhibited the p37 cleavage fragment of caspase 9 (Fig. 

3.2B, second panel), inhibited the p20/17 cleavage fragments of caspase 3 (Fig. 3.2B, 

third panel), and inhibited the PARP cleavage fragment p84 (Fig. 3.2B, fourth panel). As 

shown in the fifth panel of Fig. 3.2B, caspase 8 cleavage product p18 was not inhibited. 

Densitometric analyses of these data showed the cleavage of caspase 9, caspase 3, and 

PARP was reduced by 47%, 32%, and 50% respectively, using NOXA siRNA in 

comparison to control siRNA in a-TEA treated MDA-MB-435 cells. 
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Figure 3.2. NOXA is involved in a-TEA induced mitochondria-dependent apoptotic 
events in MDA-MB-435 cells.  

MDA-MB-435 cells were either not transfected or transiently transfected with 
siRNA specific for NOXA or control siRNA, then treated with 40µM of a-TEA for 
15 h before analyses for apoptosis using DAPI staining, or western immunoblot 
analyses. A, ability of NOXA siRNA to block a-TEA-induced apoptosis; B, western 
immunoblot analyses of effects of siRNA to NOXA on a-TEA-induced NOXA 
protein levels, and cleavage of PARP and levels of cleavage fragments of caspases 9, 
3 and 8. Data depicted in A are mean ± SD of three independent experiments. Data in 
B are representative of three independent experiments. (*) = significantly reduced in 
comparison to control which transfected with control siRNA and treated with a-TEA 
(p < 0.001). 

 

 



 72 

3.3.3. a-TEA Mediates NOXA via JNK. 

Because JNK has been shown to be involved in a-TEA-induced apoptosis in 

MDA-MB-435 cells, and because inhibition of JNK with a dominant-negative construct 

blocked mitochondria-dependent apoptotic events in vitamine E succinate treated MDA-

MB-435 cells (Yu, Simmons-Menchaca et al. 1998; Shun, Yu et al. 2004), the role of 

JNK in a-TEA-induced NOXA expression was investigated. When MDA-MB-435 cells 

were treated with JNK-inhibitor II for 2h before treatment with 40 µM a-TEA, analyses 

of whole cell extracts showed that the JNK inhibitor reduced the ability of a-TEA to 

induce c-Jun phosphorylation (Fig. 3.3A, top panel), level of NOXA expression (Fig. 

3.3A, second panel), and level of PARP cleavage (Fig. 3.3A, third panel). Densitometric  

analyses showed that the levels of phosphorylated c-Jun, NOXA, and PARP cleavage 

were reduced by 38%, 41% and 34%, respectively, in comparison to vehicle control. 

Similar results were also observed in a-TEA treated MCF-7 cells in the presence of JNK 

inhibitor II; namely, 68% reduction in the level of phosphorylated c-Jun (Fig. 3.3B, top 

panel), almost 100% reduction in NOXA expression (Fig. 3.3B, second panel), and 29% 

reduction in the level of PARP cleavage (Fig. 3.3B, third panel). 

JNK siRNA was used to determine if JNK was involved in α-TEA regulation of 

NOXA expression. MDA-MB-435 and MCF-7 cells were transiently transfected with 

siRNA specific for JNK1/2. The cells were then treated with a-TEA for 15 h, or 20 h, 

respectively. Since previous studies showed that the activation of JNK1 isoform is 

involved in a-TEA-induced apoptosis, the phosphorylation of JNK1 was detected using 

western immunoblot analyses. Data show that in MDA-MB-435 cells, JNK siRNA 

blocked JNK1 phosphorylation by 45% (Fig. 3.3C, first panel), blocked c-Jun 

phosphorylation by 85% (Fig. 3.3C, second panel), reduced protein levels of full length 
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p73 by 73% (Fig. 3.3C, third panel), reduced protein levels of NOXA protein by 76% 

(Fig. 3.3C, fourth panel), and reduced level of PARP cleavage by 20% (Fig. 3.3C, fifth 

panel). Likewise in MCF-7 cells JNK siRNA blocked JNK1 phosphorylation by 26% 

(Fig. 3.3D, first panel), blocked c-Jun phosphorylation by 36% (Fig. 3.3D, second panel), 

reduced protein levels of full length p73 by 66% (Fig 3.3D, third panel), reduced protein 

levels of NOXA by 14% (Fig. 3.3D, fourth panel), and reduced level of PARP cleavage 

by 44% (Fig. 3.3D, fifth panel).  
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Figure 3.3. a-TEA mediates NOXA through JNK-signaling pathway.  

A and B, MDA-MB-435 cells or MCF-7 cells were pretreated with 7.5 µM JNK 
inhibitor II or DMSO (VEH, vehicle control) for 2 h, followed by treatment with 40 
µM a-TEA for 15 h (435 cells ) or 20 h (MCF-7 cells). Western immunoblots of 
whole cell extracts were performed to determine the effects of pretreating MDA-
MB-435 cells or MCF-7 cells with JNK inhibitor II on phosphorylation of JNK 
substrate c-Jun (A and B, top panel), NOXA expression (A and B, second panel) and 
PARP cleavage (A and B, third panel),. C  and D, MDA-MB-435 cells or MCF-7 
cells were transiently transfected with control siRNA or siRNA specific for JNK 
1&2, then treated with ethanol (VEH, vehicle control) or 40 µM of a-TEA as 
indicated for 15 h (435 cells) or 20 h (MCF-7 cells). Western immunoblot of whole 
cell extracts were performed to determine the ability of JNK siRNA to block 
phosphorylation of JNK1 (C and D, top panel), phosphorylation of JNK substrate c-
Jun (C and D, second panel), full length p73 protein levels (C and D, third panel), 
NOXA protein levels (C and D, fourth panel) and PARP cleavage (C and D, fifth 
panel). A, B, C, and D data are representative of two or more independent 
experiments. 
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3.3.4. a-TEA-Induced NOXA Expression is Independent of c-Jun. 

In an effort to determine if c-Jun was involved in α-TEA-induced NOXA, MDA-

MB-435 cells were treated with either c-Jun siRNA or control siRNA. Knockdown of c-

Jun had no effects on NOXA protein level (Fig. 3.4).  



 76 

Figure 3.4. α-TEA-induced NOXA expression is independent of c-Jun. 

MDA-MB-435 cells were transiently transfected with control siRNA or c-Jun 
siRNA, then treated with ethanol (VEH, vehicle control) or 40µM of a-TEA as 
indicated for 15 h. Western immunoblot of whole cell extracts were performed to 
determine the ability of c-Jun siRNA to block phosphorylation level of c-Jun (top 
panel), NOXA protein levels (second panel) and PARP cleavage (third panel). Data 
are representative of two independent experiments. 
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3.3.5. a-TEA Induces NOXA Expression via a p73-Dependent Pathway. 

Finding that inhibition of JNK reduced the expression of full length p73 as well as 

NOXA in both cell lines (Fig. 3.3), it was of interest to see if p73 was playing a role in 

NOXA expression. Since other isoforms of p73 were either not detectable in the cell 

lysates, or the changes in the other isoforms were not observed (data not shown), full 

length p73 (TAp73α) appeared to play a dominant role in the anticancer activity of α-

TEA. p73 siRNA was transiently transfected into p53-deficient MDA-MB-435 cells and 

MCF-7 cells that express wild type p53 but do not readily undergo p53-dependent 

apoptosis (Fan, Smith et al. 1995). Analyses of cellular extracts derived from MDA-MB-

435 and MCF-7 cells treated with 40 µM of a-TEA for 15 h and 20 h, respectively, 

showed that p73 siRNA blocked full length p73 protein expression (Fig. 3.5 A and B, 

first panel), reduced NOXA expression (Fig. 3.5 A and B, second panel), and reduced 

PARP cleavage (Fig. 3.5 A and B, third panel). Densitometric analyses of data from 

MDA-MB-435 and MCF-7 cells showed that p73 siRNA reduced full length p73 protein 

levels by 54% and 61%, blocked NOXA expression by 53% and 42%, and blocked PARP 

cleavage by 35% and 48%, respectively. 

A proposed schematic model for JNK/p73/NOXA/caspases 9 and 3 is depicted in 

Figure 3.6. Here, it is proposed that JNK is activated via TGF-β or Fas/Fas ligand 

pathways or both, based on published data (Shun, Yu et al. 2004; Yu, Shun et al. 2006), 

and activated JNK mediates mitochondrial-dependent apoptosis via full length p73 up-

regulation of NOXA.   
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Figure 3.5. a-TEA induces NOXA expression via p73-dependent pathway. 

MDA-MB-435 cells or MCF-7 cells were transiently transfected with control siRNA 
or p73 siRNA, then treated with ethanol (VEH, vehicle control) or 40µM of a-TEA 
as indicated for 15 h (435 cells) or 20 h (MCF-7 cells). Western immunoblot of 
whole cell extracts were performed to determine the ability of p73 siRNA to block 
full length p73 protein levels (A and B, top panel), NOXA protein levels (A and B, 
second panel) and PARP cleavage (A and B, third panel). A and B data are 
representative of two or more independent experiments. 
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Figure 3.6. Schematic model for NOXA involvement in a-TEA induced apoptosis in 
human MDA-MB-435 breast cancer cells.  

Previous studies showed that a-TEA induced apoptosis involved restoration of TGF-
β  apoptotic signaling via up-regulation of TGF-ß receptor II (Shun, Yu et al. 2004). 
α-TEA caused the translocation of cytosolic Fas to the cell membrane and Fas 
signaling of apoptosis via JNK (Yu, Shun et al. 2006). Here we show that JNK 
enhanced full length p73 protein levels by an undetermined method, perhaps p73 is 
stabilized by phosphorylation by JNK. p73, a transcriptional factor, is acting 
upstream of NOXA, and NOXA is contributing to cell death via a mitochondria 
dependent apoptotic pathway involving cleavage of caspases 9 and 3. 
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3.4. DISCUSSION 

Efforts to better understand the molecular events in α-TEA-induced apoptosis in 

human breast cancer cells led us to conduct DNA array analyses to identify potentially 

important proteins mediating the killing. Studies reported here document the contribution 

of one of these proteins, NOXA, to α -TEA-induced intrinsic apoptotic signaling. 

α-TEA-induction of NOXA at the protein level was preceded by enhanced 

transcription of NOXA mRNA. Blocking NOXA using siRNA (but not control siRNA) 

significantly reduced α-TEA induced apoptosis by approximately 50% validating a 

critical role of NOXA in α-TEA-induced apoptosis. RNA interference of NOXA also 

reduced processing (activation) of caspases 9 and 3 but not 8, suggesting NOXA was 

involved in α-TEA’s ability to induce intrinsic, mitochondrial-based apoptosis. Since a 

hallmark of α -TEA induced apoptosis is a markedly increased, prolonged expression of 

JNK (Shun, Yu et al. 2004), JNK involvement in NOXA expression was investigated by 

knocking down JNK with a selective inhibitor or JNK siRNA. This produced a decrease 

in NOXA expression, indicating the increase in NOXA expression was occurring 

downstream of JNK. Since α-TEA induction of NOXA occurred irrespective of the p53 

status of the tumor cells, the p53 family member p73 was investigated as a potential 

regulator of NOXA expression. p73 siRNA produced a reduction in NOXA protein 

expression, and a 48 and 35% reduction in α-TEA-induced apoptosis in MCF-7 and 

MDA-MB-435 cells, respectively, raising the possibility that NOXA expression is under 

the control of p73. Since knockdown of JNK also produced a reduction in full length p73, 

taken together the data suggest that in human breast cancer cells, α-TEA-induced 

apoptosis involves JNK regulation of NOXA expression via a p73-dependent pathway. 
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α-TEA is a potent selective inducer of apoptosis in a wide variety of malignant 

cell types (Anderson, Simmons-Menchaca et al. 2004), thus a more in-depth 

understanding of the precise pro-death mechanisms involved is not only beneficial to the 

preclinical development of α-TEA as a chemotherapeutic drug but adds to our general 

knowledge of key factors important for promoting death of human tumor cells. In studies 

reported here α-TEA was shown to induce NOXA at the mRNA and protein level in a 

p53-independent fashion in two different human breast cancer cell lines, MCF-7 (p53 

wild type) and MDA-MB-435 (p53 mutant) in a dose- and time-dependent manner. The 

ability of α-TEA to induce NOXA was also seen in the human breast cancer cell line 

MDA-MB-231 (p53 mutant) and the immortalized but nontumorigenic human breast 

epithelial cell line MCF10A (p53 wild type), but not in the human breast cancer cell line 

T47D (p53 mutant) or in normal human mammary epithelial cells (HMECs), two cell 

types which are not responsive to α-TEA-induced apoptosis, lending further support for a 

role for NOXA in α-TEA-induced apoptosis. Previous studies showed that prolonged 

activation of JNK and activation of TGF-β  and Fas/Fas ligand signaling pathways are 

involved in a-TEA-induced apoptosis (Shun, Yu et al. 2004). The inability of a-TEA to 

induce apoptosis and NOXA expression in the T47D cell line, a cell line that is non-

responsive to TGF-β  signaling, but responsive to Fas signaling, suggests that a functional 

TGF-β  signaling pathway may be necessary for the anticancer properties of a-TEA, and 

that induction of NOXA may be a downstream event of TGF-β  signaling. 

NOXA is a pro-apoptotic BH3-only member of the Bcl-2 family of proteins and is 

best known to be up-regulated at the transcriptional level by p53 in response to cellular 

stresses such as DNA damage or growth factor deprivation (Shibue, Takeda et al. 2003). 

Although NOXA is generally assumed to be p53-dependent, some studies suggest that 

NOXA involvement in apoptosis can be p53- independent. For example, p53-independent 
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induction of NOXA has been reported previously in proteasome inhibitor- induced 

apoptosis in human melanoma and myeloma cells (Qin, Ziffra et al. 2005) and human 

chondrogenic T/C28a and human osteosarcoma Saos2 cells (Jullig, Zhang et al. 2006); as 

well as, in gamma secretase inhibitor induced apoptosis in malignant melanomas (Qin, 

Stennett et al. 2004). Thus, these studies add to the literature supporting p53-independent 

induction of NOXA. NOXA promotes mitochondria-dependent apoptosis by forming 

heterodimers with prosurvival Bcl-2 like proteins, enhancing a pro-apoptotic balance, 

resulting in the release of mitochondrial cytochrome c into the cytoplasm, followed by 

activation of procaspases-9 and 3 and apoptosis (Li, Nijhawan et al. 1997; Wolf and 

Green 1999; Cho and Choi 2002; Willis and Adams 2005). Thus, the ability of NOXA 

siRNA to reduce caspases 9 and 3 cleavage products as well as the reduction in PARP 

cleavage fragment p84 supports mitochondrial-mediated apoptosis.  

The p73 gene encoded protein possesses transactivation, DNA binding, and 

oligomerization domains that are markedly similar to corresponding p53 domains. Thus 

p73 can recognize several p53 response elements both in vitro and in vivo (Harms, 

Nozell et al. 2004). Furthermore, p73 has been reported to induce mitochondrial-

mediated apoptosis by directly transactivating the promoters of both Bax and the BH3-

only protein PUMA (Ramadan, Terrinoni et al. 2005). Our results suggest that a-TEA 

induction of NOXA is via full length p73, but further investigations are needed to 

determine whether or not full length p73 can directly transactivate the NOXA promoter 

in α-TEA-treated cells. Also of interest is whether or not JNK may be having a direct 

impact on p73 since our data showed that full length p73 protein levels were decreased 

by JNK siRNA. In this regard, it is interesting to note that p53 family members can be 

activated by posttranslational modifications, such as phosphorylation, acetylation and 

protein-protein interactions (Harms, Nozell et al. 2004) and that it has been reported that 
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JNK can phosphorylate and stabilize p53, leading to p53-mediated cellular responses 

(Wu 2004). Again, further studies are needed to determine if α-TEA activation of JNK 

leads to stabilization/activation of p73 in human breast cancer cells.  

In summary, results show that p53- independent NOXA induction is involved in a-

TEA- induced apoptosis in human breast cancer cells and suggest that NOXA expression 

is dependent on both JNK and p73. These findings help in the understanding of the 

mechanisms of anticancer actions of a-TEA, a novel chemotherapeutic agent and provide 

new insights into the versatility of mechanisms involved in killing of human breast 

cancer cells. p53 is mutated in many cancers, and a better understanding of how α-TEA 

signals apoptosis via JNK/p73/NOXA may provide novel targets for drug development 

for cancers with non-functional p53.  
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Chapter 4: Identification of Novel Targets Involved in the Anticancer 
Activity of a-TEA in MDA-MB-435 Human Breast Cancer Cells 

Targets that are responsive to α-TEA treatment in MDA-MB-435 cells have been 

identified using microarray experiments. Microarray data show over 400 genes to be 

expressed, either up-regulated or down-regulated, in human MDA-MB-435 breast cancer 

cells treated with α-TEA. Thirty four genes were of interest for their possible 

involvement in the known biological activities of α-TEA. These genes fell into 6 

categories: apoptosis related (7 genes), signal transduction (10 genes), cell cycle related 

(3 genes), cell adhesion and motility (1 gene), transcriptional regulator (11 genes), and 

membrane traffic related (2 genes). Three genes, Arg, TSP-1 and NOXA were studied 

further. This chapter presents data on Arg and TSP-1. NOXA data is presented in chapter 

3. Both Arg and TSP-1 mRNA and protein levels were elevated following α-TEA 

treatment in MDA-MB-435 cells. Arg siRNA inhibits α-TEA-induced apoptosis; 

whereas, TSP-1 siRNA did not. These data suggest that Arg is a novel target in α-TEA-

induced apoptosis. TSP-1 does not appear to be involved in α-TEA-induced apoptosis in 

MDA-MB-435 cells. Taken together, findings from DNA microarray technology help in 

the understanding of the mechanisms of anticancer actions of α-TEA, a novel 

chemotherapeutic agent, and provide targets of α-TEA for future studies. 

 

4.1. INTRODUCTION 

It is widely believed that thousands of genes and their products (i.e., RNA and 

proteins) in a given living organism function in complicated and orchestrated ways that 

create the mystery of life. However, traditional methods in molecular biology generally 

work on a "one gene in one experiment" basis, which means that the throughput is very 



 85 

limited and the "whole picture" of gene function is difficult to obtain. In the past several 

years, a new technology, called DNA microarray, has attracted tremendous interest 

among researchers. 

DNA microarrays, or DNA chips are simply ordered sets of DNA molecules of 

known sequence fabricated by high-speed robotics on glass, and sometimes on nylon 

substrates (http://www.ebi.ac.uk/microarray/biology_intro.html). Usually rectangular, 

they can consist of a few hundred to hundreds of thousands of sets. Thus, an experiment 

with a single DNA chip permits researchers to detect thousands of genes in a small 

sample simultaneously and to analyze the expression of those genes. There are two major 

application forms for the DNA microarray technology: 1) Identification of sequence 

(gene / gene mutation); and 2) Determination of expression level (abundance) of genes. 

The DNA array technology has produced many significant results in different 

areas of application, including the discovery of exons and genes for the annotation of the 

draft sequence of the human genome, gene amplifications and deletions in tumors tissues, 

differences among networks of genes within common pathways of regulation in cancers 

that cannot be distinguished by conventional means (Southern 2003). 

Breast cancer is the cancer with the highest incidence in females and is the second 

only to lung cancer in causing deaths among females in the United States (Navolanic and 

McCubrey 2005). Despite intense study and great advances, causes, effective  treatments, 

and prevention of breast cancer remain elusive. Approximately 50 vitamin E analogs 

were synthesized and screened for their ability to induce human tumor cells in culture to 

undergo apoptosis. Eleven vitamin E analogs exhibited potent anticancer properties, and 

a-TEA was selected as the lead vitamin E compound for further development (Kline, Yu 

et al. 2004). a-TEA shows strong anti-tumor activity in a wide variety of epithelial cancer 

cell types, including breast, prostate, lung, colon, ovarian, cervical, and endometrial in 
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cell culture and in nude mouse xenograft models as well as a syngeneic BALB/c mouse 

mammary tumor model (Lawson, Anderson et al. 2003; Anderson, Lawson et al. 2004; 

Anderson, Simmons-Menchaca et al. 2004; Zhang, Lawson et al. 2004). Although 

progress in characterizing the antitumor functions of a-TEA has been made, much 

remains to be done. In a preliminary screening effort to find new potential targets, 

microarray analyses have been carried out. 

Here, we present DNA array data obtained from human MDA-MB-435 breast 

cancer cells treated with 40 µM α-TEA for 12 h. Microarray data reveal over 400 genes 

that are consistently either up-regulated or down-regulated by α-TEA treatment.  

 

4.2. MATERIALS AND M ETHODS 

4.2.1. Cell Culture and Treatment 

MDA-MB-435 human breast cancer cell line (originally obtained from Dr. Janet 

E. Price, University of Texas M. D. Anderson Cancer Center, Houston, TX) is an 

estrogen-receptor negative/estrogen-nonresponsive epithelial cell line isolated from the 

pleural effusions of a human with breast cancer (Price, Polyzos et al. 1990). The MCF-7 

cell line (originally provided by Dr. Suzanne Fuqua, Baylor College of Medicine, 

Houston, TX) is an estrogen-receptor positive/estrogen responsive human breast cancer 

cell line (Klotz, Castles et al. 1995). 66cl-4-GFP cells are a mouse mammary tumor cell 

line originally derived from a spontaneous mammary tumor in a Balb/cfC3H mouse and 

later isolated as a 6-thioguanine-resistant clone. These cells were subsequently stably 

transfected with the enhanced GFP by Dr. L-Z. Sun (Lawson, Anderson et al. 2003). 

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

Technologies, Inc., Grand Island, NY) supplemented with 5% FBS (Hyclone 
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Laboratories, Logan, UT) plus 2 mM glutamine, 100 µg/ml streptomycin, 100 IU/ml 

penicillin, 1× (v/v) nonessential amino acids, 2× (v/v) MEM vitamins, and 1 mM sodium 

pyruvate (Sigma). MCF-7 cells were cultured in MEM with Earle’s balanced salts (Life 

Technologies, Inc.) supplemented with 10% FBS (Hyclone Laboratories) plus 2 mM 

glutamine, 100 µg/ml streptomycin, 100 IU/ml penicillin, 1× (v/v) nonessential amino 

acids, and 2× (v/v) MEM vitamins. 66cl-4-GFP cells were maintained in McCoy’s media  

(Invitrogen Life Technologies, Inc., Carlsbad, CA) supplemented with 10% FBS 

(Hyclone Laboratories) plus 100 µg/ml streptomycin, 100 IU/ml penicillin, 1 × (v/v) 

nonessential amino acids, 1 × (v/v) MEM vitamins, 1.5 mM sodium pyruvate, and 50 

µg/ml gentamicin (Sigma Chemical Co., St. Louis, MO). 

For treatment experiments, the percentage of fetal bovine serum (FBS, HyClone 

Laboratories, Logan, UT) was reduced to 2%. Exponentially growing cells were plated at 

1 × 107 cells/150 mm dish for mRNA extraction or 3 × 106 cells/100 mm dish for western 

immunoblotting assays. Cells were allowed to attach overnight and then were incubated 

with 40 µM or 20 µM (for 66cl-4-GFP cells) of a-TEA for various time. Ethanol was 

used as vehicle control (VEH). Cell pellets were collected and washed with phosphate 

buffered saline (PBS) solution and stored in -80°C for further experiment.  

 

4.2.2. Messenger RNA Isolation and Reverse Transcription 

Messenger RNA was isolated from the collected cells (3 ×150 mm dishes) using 

the FastTrack 2.0 kit (Invitrogen) according to the manufacturer’s instructions. First, 

15ml of lysis buffer was added into the cell pellets and mixed thoroughly. The cell lysates 

were incubated in 45°C for 45 min with intermittent inversion. Then, 950 µl of 5 M NaCl 

stock solution was added and mixed thoroughly. Any remaining DNA was sheared by 

passing the lysates 3 times through a sterile plastic syringe fitted with a 21 gauge needle. 
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Next, the  calculated amount of oligo-dT cellulose was added to each sample and allowed 

to swell for 2 minutes. The tube was rocked gently in a horizontal position for 60-90 

minutes at room temperature. The oligo-dT slurry was centrifuged at 4000 rpm for 5 

minutes at room temperature, the supernatant was carefully removed from the resin bed. 

The oligo-dT cellulose was then resuspended in 20 ml of Binding Buffer by vortexing 

and centrifuged at 4000 rpm for 5 minutes at room temperature, the binding buffer was 

removed from the resin bed; this step was repeated with 10ml of binding buffer. The 

oligo-dT cellulose was washed three times in 10 ml of Low Salt Wash Buffer and 

centrifuged. The resulting oligo-dT cellulose was resuspended in 800 µl of Low Salt 

Wash Buffer using a 1 ml pipette tip with a cut-end and quickly transfered to a spin 

column seated in a microcentrifuge tube. The column was centrifuged at 1000 rcf (about 

3000 rpm on a typical microcentrifuge) for 10 seconds at room temperature and the flow-

through liquid was discarded. The transfer and centrifugation steps were repeated until all 

of the oligo-dT cellulose was in the spin column. Then, the spin column containing the 

oligo-dT cellulose was placed into a clean microcentrifuge tube. The oligo-dT cellulose 

was resuspended in 200 µl of preheated Elution Buffer (65°C) using a 200 µl cut-end 

pipette tip to gently swirl the cellulose, without puncturing the underlying spin column 

membrane. The column was allowed to stand for 2 minutes at room temperature and then 

centrifuge at 1000 rcf for 30 seconds at room temperature. This step was repeated with 

200 µl of heated Elution Buffer. Then, 40 µl of 3 M sodium acetate and 1ml of 95% 

ethanol were added into the combined 400µl eluent which contained the mRNA and 

mixed thoroughly. The mRNA mixture was stored at -80°C overnight. Next day, the 

mixture was thawed and centrifuged at 14,000 rpm in a microcentrifuge for 15 minutes at 

4°C, the ethanol was then carefully removed from the mRNA pellet. The mRNA was 
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washed with 70% ethanol once more and resuspended in 20µl of Elution Buffer (heated 

as before).  

Reverse transcription by SuperScript II reverse transcriptase (Invitrogen) was 

carried out using 3 µg of mRNA as template and 5 µg of oligo-dT primer (5 µg/µl) (5’-

TTT TTT TTT TTT TTT TTT TTV N-3’) designed to anneal to the beginning of poly-A 

tails of the mRNA in the sample. The total volume of mRNA template and primer was 

15.5 µl. The mixture was first incubated in 70°C for 10 minutes and then chilled on ice 

for 10 minutes. Then the mRNA mixture was added into the enzyme mixture containing 

1.9 µl of SuperScript II (200 U/µl; Invitrogen), 6 µl of 5x 1st strand buffer, 0.3 µl of 1 M 

DTT, 5.1 µl diethylpyrocarbonate (DEPC) treated water, and 1.2 µl of 10 mM dNTP mix 

(PE Applied Biosystems, Foster City, CA, USA). Reaction mixture (30 µl total volume) 

was incubated in 42°C for 2 hours. cDNA was then purified using MinElute columns 

(Qiagen) and washed twice with 70% ethanol. In this process, in order to facilitate 

subsequent dye labeling process for microarray hybridization, amino-allyl modified 

dUTP was added to the RT reaction so the cDNA produced was randomly incorporated 

with the reactive group. 

 

4.2.3. DNA/cDNA Labeling and Microarray Hybridization 

The DNA/cDNA samples were all incorporated with aa-dUTP. This enabled 

indirect labeling of the DNA/cDNA samples by Cy-dyes containing NHS-ester group. 

DNA/cDNA samples were concentrated to 9 µl. 1 µl of fresh-made 1 M sodium 

bicarbonate (pH 9.0) was mixed into each sample. Cy-3 and Cy-5 mono-NHS-ester post-

labeling reactive dyes (Amersham Biosciences) were resuspended using DMSO stored in 

desiccators. Then the dye and samples were mixed and incubated in the dark at room 

temperature. Typically the samples of interest were labeled with Cy-5 and the control 
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samples were labeled with Cy-3. Thus, the red to green ratio at each element served as a 

measure of the relative amount of certain species of DNA in the samples compared to the 

controls. After a 1 hour incubation, unincorporated dyes were washed out and the labeled 

DNA or cDNA samples were purified. Then the labeled samples of the desired pair were 

pooled together and added to the hybridization buffer which contained 5 µg human Cot-1 

DNA, 10 µg polyA RNA, and 5 µg yeast tRNA (Invitrogen). The hybridization mixtures 

were then boiled for 2 minutes to denature the dsDNA, cooled down at room temperature 

for 30 minutes and applied to the post-processed microarrays. Hybridizations were 

performed in humidity chambers (Corning, Corning, NY, USA) at 65°C for 16 hours. 

Slides were then washed, dried, and scanned using an Axon GenePix 4000 scanner (Axon 

Instruments, Union City, CA). 

 

4.2.4. Array Scanning, Analyzing and Data Normalization 

Arrays were scanned using GenePix 4000A/B scanner (Axon Instruments). The 

fluorescence intensities of the hybridized DNA/cDNA samples were measured at two 

wavelength channels, 532 nm (Cy3) and 635 nm (Cy5). Pre-made grids were then fitted 

onto the scanned images using GenePix 4.0 software (Axon Instruments). The grids 

contained spot information such as feature names and positions. Then images with grids 

were analyzed to determine the fluorescent intensities of each channel which represent 

the relative amount of DNA/cDNA in the samples. Result  files, together with the image 

files, were uploaded to the Longhorn Array Database (Killion, Sherlock et al. 2003) for 

data processing. Normalization was carried out based on the assumption that the mean of 

all ratio values should be close to 1.0, because relatively few genes should be drastically 

over or underexpressed in treated cells compared to untreated cells. In practice, first, a 

group of well-measured spots were defined by minimal quality filters (sum of median 
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intensity greater than 150; net intensity of both channels greater than 0). Then the 

arithmetic mean of log-transformed Cy5/Cy3 ratios of these spots was calculated. This 

mean ratio was then used as the normalization factor and Cy5 channel measurements (net 

intensity) were divided by the normalization factor. Finally, normalized ratios were re-

calculated and used for subsequent analysis. 

 

4.2.5. Determination of Apoptosis.  

Apoptosis was assessed based on nuclear morphology using the fluorescent DNA 

dye DAPI, as described previously (Yu, Heim et al. 1997). Briefly, cells were cultured at 

1.5 × 105 cells/well in 12 well plates overnight to permit attachment. Next, the cells were 

treated with a-TEA. After treatment, floating cells plus trypsin-released adherent cells 

were pelleted, washed, and stained with 2 µg/ml DAPI (Boehringer Mannheim, 

Indianapolis, IN) in 100% methanol for 20 min at 37°C. Cells were viewed at ×400 

magnification with a Zeiss ICM 405 fluorescence microscope using a 487701 filter. Cells 

in which the nucleus contained clearly condensed chromatin or cells exhibiting 

fragmented nuclei were scored as apoptotic. Data are reported as percentage of apoptotic 

cells per cell population (that is, number apoptotic cells per total number of cells 

counted). For each sample, a minimum of 500 cells per slide was scored.  

 

4.2.6. Western Immunoblot Analyses. 

Whole-cell protein extracts were prepared as described previously (Yu, Israel et 

al. 1999), and 50 µg of protein were loaded per lane, separated using SDS-PAGE on a 

10–15% gel under reducing conditions, and electroblotted onto a nitrocellulose 

membrane (0.2 µM pore Optitran BA-S-supported nitrocellulose; Schleicher and Schuell, 
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Keene, NH). Equal loading was verified using GAPDH antibody (produced in house). 

Primary mouse antibody with specificity for thrombospondin-1 was purchased from 

Calbiochem (San Diego, CA). Primary rabbit antibodies with specificity for PARP and 

primary goat antibody with specificity for Arg were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Horseradish peroxidase conjugated goat anti-rabbit or 

horseradish goat antimouse secondary antibody was purchased from Jackson 

Immunoresearch Laboratory (West Grove, PA). Horseradish peroxidase-conjugated 

donkey antigoat serum was purchased from Santa Cruz Biotechnology. Immune 

complexes were visualized using enhanced chemiluminescence detection (Pierce 

Chemical Co., Rockford, IL). Fold differences in level of chemiluminescence were 

determined by densitometric analyses. 

 

4.2.7. Reverse Transcription-Polymerase Chain Reaction 

Total RNA was isolated from cells using RNeasy Protect Mini kit (Qiagen, 

Valencia, CA) according to manufacture’s instruction. Reverse transcription was 

performed as described above except using 15 µg of total RNA as template. Polymerase 

chain reaction (PCR) with specific primers was performed for 25 (TSP-1) or 30 (Arg)  

cycles in volumes of 50 µl according to the manufacturer’s protocol (Taq PCR Master 

Mix Kit; Qiagen, Valencia, CA). The following specific primers were used: for TSP-1, 

forward (5′-AAC CGC ATT CCA GAG TCT GG-3′) and reverse (5′-TTC ACC ACG 

TTG TTG TCA AGG GT-3′); for Arg, forward (5′- CAG TGA TGC CTC CAC CTC 

AA-3′) and reverse (5′-TTT CCC TCT CCC CTC AGA AAT-3′) and for ß-actin, forward 

(5′-GGC GGC ACC ACC ATG TAC CCT-3′) and reverse (5′-AGG GGC CGG ACT 

CGT CAT ACT-3′) (Invitrogen, Carlsbad, CA). The amplification reaction involved 

denaturation at 95°C for 10 seconds, annealing at 56°C for 15 seconds, and extension at 
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72°C for 40 seconds (for TSP-1); denaturation at 95°C for 30 seconds, annealing at 52°C 

for 30 seconds, and extension at 72°C for 30 seconds (for Arg) using a PTC-225 thermal 

cycler (MJ Research, San Francisco, CA). The PCR products were resolved on 1% 

agarose gels and visualized by ethidium bromide staining. 

 

4.2.8. Small Interfering RNA Knockdown of Arg and TSP-1. 

The double stranded small interfering RNA oligonucleotides specific for Arg and 

negative control siRNA (with no known homology to mammalian genes) were purchased 

from Ambion (siRNA ID #1478, Austin, TX). The siRNA specific for human TSP-1 was 

purchased from Santa Cruz biotechnology (siRNA ID # sc36665, Santa Cruz, CA). 

MDA-MB-435 cells (2 × 105) were plated in 100mm dishes. After overnight 

attachment, cells were transfected with siRNA duplex at a final concentration of 40 nM 

using lipofectamineTM 2000 transfection reagent according to the manufacturer’s 

instruction (Invitrogen, Carlsbad, CA). Culture media were replaced with normal growth 

media the next day. After another 24 to 48 h of incubation, the transfected cells were 

treated with ethanol (VEH, vehicle control) or a-TEA for 15 h. The cells were collected, 

lysed and the lysates were analyzed by immunoblotting.  

 

4.3. RESULTS 

DNA microarray data obtained from treatment of MDA-MB-435 cells with 40 

µM α-TEA for 12 h identified approximately 400 genes that gave consistent responses to 

α-TEA treatment. Genes that passed a minimum quality control threshold were analyzed 

using online software [The Database for Annotation, Visualization and Integrated 

Discovery (DAVID)]. The enriched annotations are shown in Table 4.1.  
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Table 4.1. Enriched annotations in MDA-MB-435 human breast cancer cells treated with 
40 µM a-TEA for 12 h. (p < 0.0001) 

GO Term a Gene count P-Value b 

Cell death 31 4.60 × 10-8 

Membrane fraction 15 7.10 × 10-8 

Apoptosis  30 7.20 × 10-8 

Programmed cell death 30 7.70 × 10-8 

Soluble fraction 10 1.00 × 10-7 

Positive regulation of cellular process 29 1.20 × 10-7 

Protein dimerization activity 13 2.00 × 10-6 

Amino acid and derivative metabolism 19 3.20 × 10-6 

Amine metabolism 21 4.40 × 10-6 

Nitrogen compound metabolism 21 1.20 × 10-5 

Regulation of cellular physiological process 87 1.20 × 10-5 

Protein serine/threonine kinase activity 19 1.40 × 10-5 

Golgi stack 10 1.40 × 10-5 

Primary metabolism 162 2.40 × 10-5 

Adenyl nucleotide binding 38 2.90 × 10-5 

ATP binding 37 3.10 × 10-5 

Amino acid metabolism 16 3.10 × 10-5 

Positive regulation of signal transduction 10 3.70 × 10-5 

Glycosaminoglycan binding 9 4.10 × 10-5 

Purine nucleotide binding 44 4.40 × 10-5 

Polysaccharide binding 9 5.40 × 10-5 

Positive regulation of cellular physiological process 21 8.50 × 10-5 

Negative regulation of cellular physiological process 26 8.70 × 10-5 

Cellular metabolism 164 8.90 × 10-5 

Regulation of I-kappaB kinase/NF-kappaB cascade 9 9.10 × 10-5 

a GO = gene ontology 

b P-Value = probability value (in hypothesis testing, the probability that an observed 

difference between the test and control groups is due to chance alone if the null 

hypothesis is true) 
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After examining the Stanford SOURCE database (http://genome-

www5.stanford.edu/cgi-bin/source/sourceSearch) and searching in Pubmed 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) for related publications, 34 genes of 

interest were selected because of their possible involvement in the anticancer activity of 

α-TEA and these genes are listed in Table 4.2. The Treeview 

(http://rana.lbl.gov/EisenSoftware.htm) image of these genes is shown in Fig. 4.1. These 

genes were placed in 6 categories: apoptosis related (7 genes), signal transduction (10 

genes), cell cycle related (3 genes), cell adhesion and motility (1 gene), transcriptional 

regulator (11 genes), and membrane traffic related (2 genes).  
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Table 4.2. Selected genes that are up- or down-regulated by α-TEA in MDA-MB-435 
human breast cancer cells treated with 40 µM α-TEA for 12 h. Data are obtained 
from 5 repeatable microarray experiments. 

Gene symbol Gene name Average log2 ratio 
RND3 Rho family GTPase 3 2.83 

RET Ret proto-oncogene (multiple endocrine neoplasia and medullary 
thyroid carcinoma 1, Hirschsprung disease) 

2.44 

ANXA1 Annexin A1 1.73 

ABL2 V-abl Abelson murine leukemia viral oncogene homolog 2 (arg, 
Abelson-related gene) 

1.50 

TRIB1 Tribbles homolog 1 (Drosophila) 1.49 
ARHGEF2 Rho/rac guanine nucleotide exchange factor (GEF) 2 1.38 
RHOB Ras homolog gene family, member B 1.26 
STRN3 Striatin, calmodulin binding protein 3 1.17 
RPS6KA3 Ribosomal protein S6 kinase, 90kDa, polypeptide 3 1.15 
IL1RAP Interleukin 1 receptor accessory protein 1.38 
IER3 Immediate early response 3 1.55 
STK17A Serine/threonine kinase 17a (apoptosis -inducing) 1.30 
THBS1 Thrombospondin 1 2.35 
PHLDA1 Pleckstrin homology-like domain, family A, member 1 2.23 
TNFRSF12A Tumor necrosis factor receptor superfamily, member 12A 1.95 
GADD45B Growth arrest and DNA-damage-inducible, beta 1.77 
PMAIP1 Phorbol-12-myristate-13-acetate-induced protein 1 1.73 
SESN2 Sestrin 2 2.98 
BTG1 B-cell translocation gene 1, anti-proliferative 1.61 
CCNL1 Cyclin L1 1.21 

SERPINE2 serine (or cysteine) proteinase inhibitor, clade E (nexin, plasminogen 
activator inhibitor type 1), member 2 

2.07 

SYTL2 Synaptotagmin-like 2 2.17 
TES Testis derived transcript (3 LIM domains) 1.64 
JUNB Jun B proto-oncogene 1.51 
MYC V-myc myelocytomatosis viral oncogene homolog (avian) 1.46 
EGR1 Early growth response 1 2.39 
PBX2 Pre-B-cell leukemia transcription factor 2 1.82 
NFIL3 Nuclear factor, interleukin 3 regulated 1.73 
MXD1 MAX dimerization protein 1 1.73 

ATF4 Activating transcription factor 4 (tax-responsive enhancer element 
B67) 

1.73 

CAMTA2 Calmodulin binding transcription activator 2 1.50 
SNAI2 Snail homolog 2 (Drosophila) -1.23 

NFATC2 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-
dependent 2 

-1.84 

ST3GA L5 ST3 beta-galactoside alpha-2,3-sialyltransferase 5 -1.92 
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Figure 4.1. Treeview image of selected genes that are responsive to α-TEA in MDA-MB-
435 human breast cancer cells treated with 40 µM α-TEA for 12 h. Data are from 5 
biologically repeated experiments. Color bar represents color scale of log2 ratio.  
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Three of the 34 genes were selected for more in-depth studies: Pro-apoptotic 

NOXA (which is described in detail in Chapter 3), Abelson-related gene (Arg), and 

thrombospondin-1 (TSP-1). 

Western blot analyses showed that both mRNA and protein levels of Arg were 

upregulated in α-TEA treated MDA-MB-435 human breast cancer cells, but not in MCF-

7 cells (Fig. 4.2 A and B). Densitometric analyses showed peak Arg mRNA levels at 24 h 

to be 1.5-fold of the vehicle (VEH) control; peak Arg protein levels at 24 h to be 2.9-fold 

of the VEH control in MDA-MB-435 cells. Both cell lines were induced to undergo 

apoptosis by a-TEA (Fig. 4.2 A and B). Arg siRNA significantly blocked a-TEA induced 

apoptosis  (39% reduction) produced by treating the MDA-MB-435 cells with 40 µM of 

a-TEA for 15 h (Fig.  4.3A). As shown in Fig. 4.3B-top panel, Arg was almost completely 

knocked down by Arg siRNA. Blocking Arg using siRNA in a-TEA treated MDA-MB-

435 cells inhibited the p84 cleavage fragment of PARP by 33% (Fig. 4.3B, second panel). 

GAPDH served as a loading control (Fig. 4.3B, bottom panel). 

Next, TSP-1 gene shown to be upregulated by α-TEA in the DNA array was 

studied to determine if TSP-1 was relevant to the activity of α-TEA. mRNA and protein 

levels of TSP-1 were shown to be upregulated using RT-PCR or western blot analyses in 

MDA-MB-435 and MCF-7 human breast cancer cells as well as 66cl-4-GFP mouse 

mammary tumor cells treated with 40 µM α-TEA for 3h, 6h, 15h and 24h (Fig. 4.4 A and 

B). Densitometric analyses showed peak TSP-1 mRNA levels at 6 h α-TEA treatment 

were 1.8-fold of the vehicle (VEH) control and peak TSP-1 protein levels at 15 h were 

4.7-fold of the VEH control in MDA-MB-435 cells. In MCF-7 cells, peak TSP-1 mRNA 

levels at 6 h were 1.3-fold of the VEH control and peak TSP-1 protein levels at 24 h were 

2.4-fold of the VEH control. In 66cl-4-GFP cells, peak TSP-1 mRNA levels at 6 h were 

2.4-fold of the VEH control and TSP-1 protein levels at 24 h were 7.8-fold of the VEH 
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control. However, blocking TSP-1 using TSP-1 siRNA in α-TEA treated MDA-MB-435 

cells did not inhibit α-TEA-induced apoptosis or PARP cleavage (Fig. 4.5 A and B), 

suggesting that TSP-1 was not involved in α-TEA-induced apoptosis in human breast 

cancer cells. 
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Figure 4.2. Arg is upregulated by a-TEA in MDA-MB-435 but not MCF-7 cells.  

MDA-MB-435 and MCF-7 cells were treated with 40 µM of a-TEA or VEH 
(vehicle control) and harvested at the indicated times. mRNA levels of Arg were 
determined by RT-PCR amplification (A). Protein levels of Arg and PARP cleavage 
were determined by western immunoblotting analyses (B). GAPDH serves as a 
loading control. A and B, data are representative of two independent experiments. 
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Figure 4.3. Arg is involved in a-TEA-induced apoptosis in MDA-MB-435 human breast 
cancer cells.  

MDA-MB-435 cells were transiently transfected with control siRNA or Arg siRNA, 
then treated with VEH (vehicle control) or 40 µM of a-TEA for 15 h before analyses 
for apoptosis using DAPI staining, or western immunoblot analyses. A, ability of 
Arg siRNA to block a-TEA-induced apoptosis; B, western immunnoblot analyses of 
effects of Arg siRNA on a-TEA-induced Arg protein levels (top panel), and 
cleavage of PARP (second panel). A and B, data are representative of two 
independent experiments. *, significantly different from control which transfected 
with control siRNA and treated with a-TEA (p<0.005). 
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Figure 4.4. TSP-1 is upregulated by a-TEA.  

MDA-MB-435, MCF-7 and Balb/c 66cl-4-GFP cells were treated with 40 µM or 20 
µM (for 66cl-4-GFP) of a-TEA or VEH (vehicle control) and harvested at the 
indicated times. mRNA levels of TSP-1 were determined by RT-PCR amplification 
(A). Protein levels of TSP-1 and PARP cleavage were determined by western 
immunoblotting analyses (B). GAPDH serves as a loading control.  A and B, data are 
representative of two independent experiments. 
 

 

  

 

 

 

 

 

 

 

 

 



 103 

Figure 4.5. TSP-1 is not involved in a-TEA-induced apoptosis in MDA-MB-435 human 
breast cancer cells. 

MDA-MB-435 cells were transiently transfected with control siRNA or TSP-1 
siRNA, then treated with VEH (vehicle control) or 40 µM of a-TEA for 15 h before 
analyses for apoptosis using DAPI staining, or western immunoblot analyses. A, 
ability of TSP-1 siRNA to block a-TEA-induced apoptosis; B,  western immunoblot 
analyses of effects of TSP-1 siRNA on a-TEA-induced TSP-1 protein levels (top 
panel), and cleavage of PARP (second panel). A and B, data are representative of 
two independent experiments. 
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4.4. DISCUSSION 

Over 400 genes have been shown to be consistently regulated by α-TEA 

treatment. These genes fell into several categories as shown in Chart 1. The genes in 

“Cell death”, “Apoptosis” and “Programmed cell death” categories have been modulated 

most. This suggests that the major effect of α-TEA treatment in MDA-MB-435 cells is 

apoptosis  induction. Among these α-TEA-responsive genes, 34 genes are of particular 

interest because of their possible involvement in the anticancer activity of α-TEA. 

NOXA (see Chapter 3), Arg and TSP-1 were selected for further study.  

DNA array data were conducted in an effort to (1) identify early genes that 

involved in the apical event; (2) find out activated genes that could serve as biomarkers 

for future human clinical studies. Although the studies did not identify the apical event, 

several genes of interest were found with potential as biomarkers. NOXA, which is 

involved in α-TEA-induced apoptosis, is a prime candidate as a biomarker in determining 

treatment efficacy in human breast cancer. 

Arg belongs to the Abl family of mammalian nonreceptor tyrosine kinases. Arg 

does not have a nuclear localization signal (NLS) and DNA-binding domain and thus is 

localized only in the cytoplasm (Cao, Leng et al. 2003). Abl family proteins are involved 

in cellular responses to stress. Activation of c-Abl by DNA-PK and ataxia telangiectasia 

mutated gene produc t in cells exposed to genotoxic agents contributes to DNA damage-

induced apoptosis by mechanisms, in part, dependent on p53 and its homolog p73 (Cao, 

Ren et al. 2001). In response to reactive oxygen species (ROS) production, ARG 

phosphorylates Siva-1 and induces apoptosis by a Siva-1-dependent mechanism. Siva-1 

has been shown to induce apoptosis by directly binding to Bcl-xL through its 

amphipathic domain (Xue, Chu et al. 2002). Here, we show that Arg is upregulated by a-
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TEA in estrogen-nonresponsive MDA-MB-435 human breast cancer cells but not in 

MCF-7 estrogen-responsive cells. This suggests that different signaling pathways might 

be involved in a-TEA treatment in breast cancer cell lines with different estrogen status. 

Blockage of Arg using Arg siRNA significantly reduced apoptosis in a-TEA treated 

MDA-MB-435 human breast cancer cells. Additional investigations are needed to 

elucidate the role of Arg in a-TEA induced apoptosis. 

Thrombospondin-1 (TSP-1) belongs to a family of high molecular weight 

glycoproteins that are secreted by most cell types (Lawler 2002). Endogenous TSP-1 

normally acts to suppress tumor growth in vivo (Sid, Sartelet et al. 2004). The indirect 

effects of TSP-1 on tumor growth result from its ability to activate TGF-ß in the stroma 

and inhibit activation of matrix metalloproteinases 9, thus resulting in the suppression of 

tumor cell growth and inhibition of the release of VEGF from the extracellular matrix 

(Ren, Yee et al. 2006). In tumors, TSP-1, that is secreted by stromal cells and some tumor 

cells, can directly inhibit endothelial cell migration and survival and can stimulate 

endothelial cell apoptosis, resulting in the down-regulation of angiogenesis and the 

inhibition of tumor growth (Ren, Yee et al. 2006). Here, we show that TSP-1 is 

upregulated by a-TEA in both MCF-7 and MDA-MB-435 human breast cancer cells as 

well as 66cl-4-GFP mouse mammary tumor cells. Since TSP-1 can activate TGF-ß in 

tumor cells and activation of TGF-ß signaling pathway is involved in a-TEA-induced 

apoptosis, we used a TSP-1 siRNA to block TSP-1 and to determine effects on apoptosis. 

TSP-1 siRNA did not inhibit a-TEA induced apoptosis in MDA-MB-435 cells. In this 

regard, it is important to note that TSP-1 could have multiple roles not only activating 

TGF-ß signaling pathway in tumor cells but also inducing apoptosis on endothelial cells. 

Interestingly, a-TEA has been shown to significantly reduce blood vessel density in a 

preclinical xenograft model transplanted with human MDA-MB-435 breast cancer cells 
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(Zhang, Lawson et al. 2004). Therefore, further studies are needed to determine whether 

a-TEA-induced TSP-1 induces apoptosis in endothelial cells, thus resulting in inhibition 

of angiogenesis.  

In summary, DNA microarray is a powerful tool in identifying potential targets 

for a better understanding of drug effects on cancer cells. Array data enhances our 

knowledge and permits the discovery of novel mechanisms in a systematic fashion, 

compared to the traditional molecular biological detection methods. The DNA microarray 

technology provides several candidate genes for investigations of signaling pathway 

involved in the anticancer effects of a-TEA. For future studies, microarray analyses can 

be applied to a-TEA treated cells in which potential targets are blocked by siRNA. The 

resulting gene expression profiles compared to the profiles for a-TEA treated control 

cells could provide clues on which pathways the potential target might act on. 
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Chapter 5: Conclusions and Future Directions 

 

5.1. CONCLUSIONS  

Breast cancer is the cancer with the highest incidence among females and ranks 

the second in causing deaths among females in the United States. Despite intense study 

and great advances, causes, effective  treatments, and prevention of breast cancer remain 

elusive. RRR-a-tocopherol ether linked acetic acid analog, known as a-TEA, has been 

shown to function as a promising anticancer drug. Since a-TEA is hydrophobic, an 

appropriate drug delivery system was needed. In this study, we assessed the efficacy of 

two drug delivery systems – liposome and nanoparticle systems. Given appropriate 

dosage, a-TEA formulated in both systems and delivered orally significantly reduced 

tumor burden and lung and lymph node metastases in a syngeneic mouse mammary 

tumor model. In an effort to identify more targets involved in the anticancer activity of a-

TEA, DNA microarray analyses were carried out. NOXA was identified to be involved in 

a-TEA induced mitochondria-dependent apoptosis and a-TEA induced NOXA 

expression via JNK-p73 signaling pathway. These findings are important to cancer 

treatment in that approximately 60% of all cancer cells have mutant p53. A compound 

that could induce apoptosis by a p53 homologue, p73, provides a new treatment for p53 

mutant cancer. Furthermore, NOXA provides a potential biomarker for human cancer 

treatment. Another protein, Arg, was also shown to be involved in a-TEA induced 

apoptosis in human breast cancer cells. 
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5.2. FUTURE DIRECTIONS 

There are several interesting findings during the research that warrant  further 

investigations. 

First, in the drug delivery study, the nanoparticle control group, when delivered 

by gavage, significantly reduced tumor burden and lung and lymph node 

micrometastases. At this time, we do not know how nanoparticles can inhibit tumor 

growth and metastasis. Further stud ies would be to design an animal experiment, using 

the syngeneic mouse mammary tumor model, with one untreated group and one 

nanoparticle control treated group, then evaluate potential immune system and toxicity 

involvement. T, B and NK immune cellular responses need to be monitored at different 

time points during treatment. Toxicity studies could include hepatotoxicity assays for 

measuring serum glutamate, pyruvate transaminase and serum alkaline phophatase level 

and nephrotoxicity assays for measuring serum urea and creatinine.  

Second, in the NOXA study, p73 was shown to not only regulate NOXA 

expression, but also mediate p21 expression in MDA-MB-435 human breast cancer cells 

(Data not shown). p21 was reported to play a role in VES-induced differentiation in 

MDA-MB-435 cells  (You, Yu et al. 2002). It will be of interest to determine whether p73 

plays multiple roles and functionally replaces p53 in a-TEA-induced apoptosis and 

differentiation in human breast cancer cells. Also, it will be of interest to determine how 

JNK enhances p73 levels and, to determine if a-TEA-induced apoptosis via 

JNK/p73/NOXA is found in tumor cells with null p53. 

Third, many genes have been shown to be regulated by a-TEA in MDA-MB-435 

human breast cancer cells using microarray analyses. In order to study the individual 

function of these genes, small interfering RNA can be used to knock down the expression 

of these genes, followed by studies to determine if they play any role in the anticancer 
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action of a-TEA. Among them, TSP-1 and Arg are two potential targets for a-TEA and 

worthy of further investigation. Another gene, BCORL1, is shown to be upregulated by 

a-TEA at 1.5 h treatment. It will be interesting to know whether it is involved in the early 

event of the anticancer activity of α-TEA. 
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Appendix  

Preparation of nanoparticle a-TEA/PLGA 

α-TEA-loaded nanoparticles were prepared by an emulsion/solvent evaporation 

method based on previous work (Davda and Labhasetwar 2002; Sinha, Raay et al. 2002; 

Feng, Mu et al. 2004) and modified for a-TEA.  

First, 200mg of PLGA was dissolved in 16ml of dichloromethane. a-TEA at 20 

mg was then quickly added to the polymer solution and mixed thoroughly. Since 

dichloromethane is water immiscible, volatile organic solvent, all the above steps were 

done in a hood and all the containers and pipettes used were glass. Second, a 0.4% 

solution of Tween 80 was prepared in 250 ml of distilled water maintained at 40°C and 

then filtered through a 0.22 µm filter. A 500ml-beaker which contained the Tween 80 

solution was placed on a stir plate with stirring speed 4 (Corning, Big Flats, NY) in the 

hood. The formed PLGA solution was subsequently added to the Tween 80 solution drop 

by drop using a separatory funnel. The resulting emulsion was sonicated with an energy 

output of 50W in a pulse mode for 90 seconds (Ultrasonic processor, Vibra CellTM, 

Sonics, Inc., Mountain View, CA). Third, the oil- in-water emulsion was stirred for 3 

hours at room temperature on a magnetic stir plate in the hood to allow the evaporation of 

dichloromethane and formation of the nanoparticles. The semi-transparent suspension 

was transferred into ultracentrifuge tubes, balanced and centrifuged at 12,000 rpm for 30 

minutes at room temperature. The pellet was resuspended with distilled water and 

centrifuged at 12,000 rpm for 30 minutes at room temperature. The washing step was 

repeated three times to remove residual Tween 80. Since the nanoparticle pellets are 

fairly easy to re-dissolve in water, the supernatant was taken out using a pipette instead of 

pouring. The supernatant and the washings were collected and used to determine the 
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amount of drug that was not trapped in the nanoparticles (HPLC analyses). The pellets 

were collected and frozen at -80°C overnight and subsequently lyophilized. Since the dry 

powder of the nanoparticles is very light, the glass containers which contained the 

nanoparticles must be covered with a piece of parafilm punctured with a needle before 

lyophilization. The lyophilized nanoparticles were stored desiccated at -20°C.  

 

Determination of nanoparticle size distribution using dynamic laser light scattering 

To measure nanoparticle size distribution using dynamic laser light scattering, 

nanoparticles were suspended in distilled water and put into a cleaned ampule (Wheaton, 

Millville, NJ). The concentration of the suspension should be kept very low so that the 

turbidity could bearly be seen. The suspension was then sonicated for 10 seconds and 

subjected to particle size analysis using a Zeta PlusTM particle size analyzer (Brookhaven 

Instruments, Corp., NY). The analysis was performed at room temperature using a neon 

laser of λ = 677 nm, angel = 90°. The elapsed time was set to be “5 minutes”; the liquid 

characteristics was set to be “aqueous”; the reference index value was “1.330” and the 

dust cutoff value was set to be “30.00”. This analysis was performed in Dr. Stephen E. 

Webber’s lab (Welch 3.316).   

 

Determination of nanoparticle size and morphology using transmission electron 
microscopy 

The size and morphology of the nanoparticles were further analyzed by 

transmission electron microscopy. First, lyophilized nanoparticles were suspended in 

distilled water and sonicated for 10 seconds. Then, 2 µl of nanoparticle suspension was 

placed on a carbon film coated on a TEM 300 mesh copper grid. The particles were 
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immediately frozen with liquid nitrogen. The copper grid with the nanoparticles was 

dried in a vacuum pump contained dry ice and visualized by TEM. 

 

Nanoparticle drug encapsulation efficiency 

The drug encapsulation efficiency (DEE) is calculated as: DEE= [(total amount of 

drug – free amount of drug) / total amount of drug] × 100. The supernatant and washings 

generated during the production of nanoparticles were collected and used to determine 

the amount of a-TEA that was not trapped in the nanoparticles (free drug). Free a-TEA 

was extracted using 100% chloromethane. Reverse phase HPLC analyses were conducted 

using a gas-free mobile phase containing 96% HPLC grade methanol and 0.001% acetic 

acid in milli-Q water. The excitation and emission wavelength of the fluorescence 

detector were set to be “210” and “300”, respectively. The samples were dried using 

nitrogen and then dissolved in 100 µl of 100% methanol (HPLC grade). 70 µl of samples 

was injected into the HPLC machine for analysis.  

 

Suggestions: 

1. Aggregation is the biggest problem in the procedure of producing nanoparticle. 
The newly developed polyethylene glycol (PEG)-coated PLGA polymer may help 
better resolving this problem. 

2. Lyophilization is a slow process for drying nanoparticles, especially for animal 
studies. Spray-dry method is what people used for large-scale study. In addition, 
spray-dry method could also reduce the chance of nanoparticle aggregation. 

3. Dichloromethane is very easy to evaporate, so when adding this organic solution 
into aqueous solution, one should pay attention to do it slowly and keep the funnel 
as close as possible to the surface of the aqueous solution. 

4. Balancing is very important for ultracentrifugation. A balancer must be used to 
balance the tubes. 

5. The nanoparticle size distribution should be about the same if every step follows 
the protocol precisely. DLS is an easy method to check the size distribution and 
can be used for quality control for each batch. 
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