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ABSTRACT

The long-range goal of this project is to investigate the protective effects of 

conjugated linoleic acid (CLA) against carcinogenesis.  In this dissertation, we 

demonstrate the mechanisms of CLA action on cell cycle progression and repression of 

polycyclic aromatic hydrocarbon (PAH)-induced Cyclooxygenase-2 (COX-2) in breast 

and colon cancer cells. CLA reduced the expression of factors required for G1 to S-phase 

transition including cyclins D1 and E, and hyperphoshorylated retinoblastoma Rb protein.

In contrast, the over-expression of mutant p53 (175Arg to His) in MCF-7 cells prevented 

the CLA-dependent accumulation of p21 and the reduction of cyclin E levels suggesting

that the expression of wild- type p53 is required for CLA-mediated activation of the G1 

restriction point. We also report, CLA reduced the expression of COX-2 promoter 

activity induced by the aromatic hydrocarbon receptor (AhR)-ligand benzo[a]pyrene 

(B[a]P). Mutagenesis or deletion of potential xenobiotic responsive elements (XREs)

within the COX-2 promoter abrogated its ability to be induced by the high affinity AhR-

ligand TCDD. In addition, promoter studies using a XRE- dependent CYP1A1 plasmid 

revealed CLA can inhibit PAH-induced AhR/XRE-driven genes. In both studies, the 

t10,c12-CLA isomer was more effective than c9,t11-CLA in inhibiting cell proliferation 

and AhR/XRE-dependent genes. Taken together, these data suggest that the anti-

cancerous properties of CLA appear to be a function, at least in part, of the relative 

content of specific isomers and their 1) ability to elicit a p53 response that leads to the 

accumulation of pRb and cell growth arrest, and 2) ability to inhibit PAH-induced 

cyclooxygenase-2 promoter activity through an AhR-dependent mechanism.
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CENTRAL HYPOTHESIS

The central hypothesis of this proposal is that PAHs abrogate the G0/G1 cell 

cycle checkpoint and allow progression of cells containing DNA damage caused by 

metabolites of PAHs. Conversely, CLA induces p53 expression, which in turn activates 

the G0/G1 checkpoint. CLA also represses the expression of COX-2 enzymes that 

catalyze the biotransformation of PAHs to carcinogenic metabolites.
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RELEVANCE

This proposal is relevant because to date numerous studies with CLA describe anti-

proliferative/cancerous effects against proliferative chemical carcinogens. The 

mechanism of CLAs cytostatic properties has been revealed recently, but no mechanistic 

studies on those properties have been reported. We hypothesize that CLA abrogates 

proliferative effects of PAHs by activating the G0/G1 checkpoint through accumulation 

of p53. Additionally, CLA may abrogate mutagenic effects of PAH by acting as an 

antagonist for the AhR. COX-2 is responsible for biotransformation of PAHs to active 

DNA damaging metabolites and its gene may be regulated in an AhR dependent fashion. 

Since (i) COX-2 over-expression occurs in 50% of human invasive breast cancers and 

80% of ductal carcinomas in situ, and (Reviewed in Bundred and Barnes, 2005) (ii) 

biotransformation is required for PAHs to form mutagenic DNA adducts. Elucidation of 

the contribution of CLA to these molecular mechanisms are of extreme significance. This 

project will examine the protective effects of CLA on PAH-induced alterations in cell 

cycle kinetics, PAH-induced over-expression of the COX-2 gene, and the relative roles of 

the AhR and p53 pathways. Elucidation of these molecular mechanisms may have 

potential therapeutic implications for cancers with varying resulting from exposure to 

PAHs.
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SPECIFIC AIMS

1. Specific Aim #1 will characterize in breast and colon cancer epithelial cells the 

requirement for p53 in CLA-dependent activation of G1 arrest.

2. Specific Aim #2 will examine in breast cancer epithelial cells how CLA prevents 

AhR-dependent transcriptional activation of the COX-2 gene by PAHs



15

CHAPTER 1: INTRODUCTION

The Diagram presented in Fig. 1 depicts how activation of the AhR by B[a]P 

leads to increased expression of COX2, which contributes to metabolism of B[a]P to 

reactive end products (BPDE). These metabolites cause DNA damage and induce cancer. 

Conversely, CLA induces p53 expression, which in turn activates the G1 checkpoint and 

represses the expression of COX-2 enzymes.
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Figure 1. Proposed model. The exposure to B[a]P induces COX-2 transcription via 
activation  of the AhR. COX-2, then catalyzes the biotransformation of B[a]P to the DNA 
damaging and carcinogen BPDE. Specific Aim #1: Treatment of cells with CLA can 
abrogate breast carcinogenisis by inducing p53-dependent G0/G1 arrest. Specific Aim 
#2: Furthermore, CLA blocks B[a]P induced COX-2 transcription by acting as an AhR 
antagonist .

CLA

AhR

B[a]P BPDECOX-2 Cancer

p53
(1)(2)
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Conjugated Linoleic Acid

The term conjugated linoleic acid and its acronym CLA refers generally to a 

mixture of positional and geometric conjugated dieonic isomers of linoleic acid (LA) in 

which the double bonds are conjugated, instead of being in the typical methylene 

interrupted configuration (Belury et al., 2002)(Fig 2). The double bonds of CLA may be 

in the positions of 7,9; 8,10; 9,11; 10,12; or 11,13 and the 3-dimensional geometric 

combinations of cis and/or trans (c and/or t) configurations. CLA is found in a variety of 

foods including oils and seafood (0.2-0.8mg CLA/g), meats (1.0-4.0mg CLA/g fat) and 

dairy products (5.0-7.0 mg CLA/g fat) (Chin et al., 1992) (Table1). 
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Figure 2. Structures of cis9trans11-CLA, trans10cis12-CLA and linoleic acid 
(18:2cis9cis12). These isomers are also refered to as c9-t11-CLA and t10-c12-CLA.
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Table 1. Conjugated linoleic acid content of various foods*
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The major isomers present in foods are found in the following order: c9t11 

>t7c9 >11,13 (c/t) > 8,10 (c/t) >t10c12 >11,13 (c/t) (Ma et al., 1999; Fritscheet al., 1999; 

Kramer et al., 1998). The CLA found in ruminant meat and dairy products originates 

from incomplete biohydrogenation of LA by rumen bacteria or desaturation of t-11-

octadecenoic acid by delta-9 desaturase (Griinari et al., 2000). CLA and monounsaturated 

fatty acids (MUFAs) are produced as intermediates of polyunsaturated fatty acids 

(PUFAs), specifically linoleic (18:2n–6) and linolenic acids (18:3n–3), by rumen bacteria 

(Kepler et al., 1966; Hughes et al., 1982). Two major groups of rumen bacteria have been 

identified that isomerize either the c12 bond to t11, eg, Butyrivibrio fibrisolvens (Kepler

et al., 1966; Hughes et al., 1982; Kim et al., 2000), or the c9 bond to t10, eg, 

Megasphaera elsdenii (Kim et al., 2002). The cascade of possible FAs from 18:2n–6 and 

18:3n–3 by these two groups of rumen bacteria is shown in Fig. 3. There are several 

dietary factors that influence rumen bacterial population to produce either t11 or t10 

containing FAs. The feeding of high-concentrate diets (Piperova et al., 2000&2002) or 

the addition of vegetable oils, crushed oilseeds, or fish oil to the diet of ruminants is 

generally associated with reduced milk fat (Griinari et al., 1998; Franklin et al., 1999; Ip

et al., 1999;  Bear et al., 2002; Abu-Ghazaleh et al., 2002; Loor et al., 2002; Precht et al., 

2002) and increased t10-18:1 and t10,c12-CLA (Piperova et al., 200&2002; Precht et al., 

2002). However, dairy products from ruminants that are exclusively pasture-fed have 

been found to contain very high levels of t11-containing FAs, specifically c9,t11-CLA,

t11,c13-CLA, and t11-18:1.
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Figure 3.  Metabolic intermediates of linoleic and linolenic acid produced by rumen 

bacteria.
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Conjugated Linoleic Acid as a Breast Anticarcinogen

Several studies reported that fats and fatty acids stimulate mammary 

tumorigenesis in animals (Table 2). Increased intake of specific fatty acids have been 

linked to increased development of mammary tumors in rats (Carrol et al., 1979). For 

example, the incidence of mammary tumors increased linearly in proportion to an 

increasing intake of linoleic acid (LA) from 0.5% to 4% by weight (Ip et al., 2001). 

Conversely, several investigations indicated that CLA inhibited the cell growth of rat 

mammary organoids (Ip et al., 1999a), human breast cancer cells in vitro (Schultz et al., 

1992; Park et al., 2000) and chemically-induced breast carcinogenesis in animal models 

(Ha et al., 1990). Prior administration of CLA reduced the incidence of B[a]P-induced 

mammary cancer in rodents. These dietary studies found a dose-dependent protection at 

levels of 1% CLA and below, but no additional benefit was seen at levels above 1% (Ip et 

al., 1991). In studies with dietary CLA at 0.05, 0.1, 0.25 and 0.5%, as little as 0.1% CLA 

was sufficient to cause a significant reduction in mammary tumors. This is in contrast to 

n-3 of fish oil, whose tumor suppression properties are seen when fed in excess of 10% in 

the diet (Ip et al., 1994). The mechanism anti-carcinogenic effects of CLA have been 

attributed, at least in part, to its geometric isomerism because treatment with LA does not 

inhibit the growth of any cell line and in some cases stimulated tumor growth and 

metastasis (Schonberg et al., 1995; Ip, 1985). 
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Table 2. Physiological properties of conjugated linoleic acid.
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Cell Cycle.

Cellular reproduction is a cyclic process in which daughter cells are produced 

through nuclear division or mitosis. Mitosis is part of the growth-division cycle called the 

cell cycle. Mitosis, which is divided into four stages (Prophase, metaphase, anaphase, and 

telophase), is a relatively small part of the total cell cycle; the majority of the time, a cell 

is in a growth stage called interphase. Interphase is divided into three parts: G1, S, and 

G2. The first gap phase, G1, follows mitosis and is a period of growth and metabolic 

activity. The S phase follows G1 and is a period of DNA synthesis, in which DNA is 

replicated. Another gap phase, G2, follows DNA synthesis and precedes the next mitotic 

division (Reviewed in Lodish et al., 2000).

The cell cycle checkpoints are controlled by cyclin dependent kinases (CDK)

which are composed of two proteins - a cyclin (structural protein) and a kinase (enzyme). 

In mammals, a succession of kinases (CDK4, CDK2, and CDC2) are expressed along 

with a succession of cyclins (D, E, A, and B) as cells go from G1 to S to G2 to M. A 

cyclin joins with a CDK to form a complex. The cyclinA-CDK complex is activated by 

phosphorylation and this leads to the activation of the transcription factor E2F by the 

removal of an inhibitor of the transcription factor. Rb is bound to the transcription factor 

E2F during G1 but upon phosphorylation from cyclinA, E2F releases and activates the 

transcription of genes required for transition into S phase (Reviewed in Lodish et al., 

2000). 
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The controls associated with cell cycle involve p53 and Rb. p53 acts prior to 

DNA replication by detecting DNA damage in G1 and delay en try into S until the 

damage has been repaired. p53 functions as a transactivator of  p21, a gene controlling 

cellular kinetics. One apparent target for p21 modulation of cell cycle is the Rb protein. 

p21 disrupts phosphorylation of Rb and hence prevents release of the S phase 

transcription factor E2F. Any mutation that removes or otherwise modifies a checkpoint 

inhibitor (such as p53) or removes or modifies a transcription inhibitor (such as Rb) will 

lead to a loss of cell cycle regulation and lead to cancer (Reviewed in Lodish et al., 

2000)(Fig. 4).
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Figure 4. Cell cycle and its arrest.
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Polycyclic Aromatic Hydrocarbons as Risk Factors in Breast

Carcinogenesis. Cigarette smoke, diet, and environmental pollution vehicle a 

complex mixture of compounds including polycyclic aromatic hydrocarbons, aromatic 

amines, and nitrosamines, all of which after metabolic activation induce DNA damage 

(Dipple et al., 1999; Szeliga et al., 1997; Gorleska-Roberts et al., 2002). Of the many 

substances present in tobacco smoke, B[a]P is considered a prototype PAH, and classic 

DNA damaging agent and carcinogen (Russo et al., 2002; Hecht et al., 2002) (Fig 5). 

B[a]P is a ubiquitous pollutant  found in amounts of 10ng per cigarette contributing about 

200ng/d for a pack-a-day smoker (Scherer et al., 2000). Food ingestion is a significant 

source of exposure to B[a]P. The daily dietary intake of B[a]P has been estimated to 

range from 120 to 2800 ng/d (Hattemer-Frey et al., 1991) with average values 

approximating 600 ng/d (Scherer et al., 2000). Catabolism of B[a]P can generate reactive 

diol-epoxides, which have been shown to form stable DNA adducts at mutational 

hotspots in the p53 (Denissenko et al., 1996).  
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Figure 5. Structure of the PAH, benzo[a]pyrene.
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Susceptibility of DNA Damage from PAHs: AhR Pathway.

The extent to which a given exposure to carcinogens produces adducts between 

cellular components and reactive metabolites in vivo depends on the balance between 

rates of oxidation of the parent compound and rates of detoxification of reactive 

compounds via conjugation (Hu and Wells, 1992). Thus, induction of mono-oxygenase 

enzymes, CYP1A1, (Burke, 1977) or inhibition of conjugation enzymes (Hu and Wells, 

1992; Bock et al., 1981) enhances the covalent binding of B[a]P to DNA. In particular, in

mammalian models, responsiveness to PAHs is mediated, among other factors, by the 

AHR pathway. The AhR is a steroid/nuclear type receptor which acts as a ligand-

activated transcription factor by binding to xenobiotic responsive elements (XRE=5′-
GCGTG-3′) in the promoter regions of responsive genes including cytochrome p4501A1 

(CYP1A1) (Krishnan et al., 1995). A prototypical ligand for the AhR is B[a]P. B[a]P 

enters the cell and binds with high affinity to the aromatic hydrocarbon receptor. Via this 

mechanism, B[a]P/AhR can upregulate expression of CYP1A1, which in turn will lead to 

the biotransformation of B[a]P to the highly mutagenic diol-epoxide 7r,8t-dihydroxy-

9t,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE) (Ruddon, 1995). BPDE has been 

shown to preferentially form DNA covalent (+) trans adducts at the N2 position in 

guanine which may cause the DNA polymerase to insert an adenine across from it during 

replication (Denissenko et al., 1996).  In the subsequent round of replication, a thymine is 

inserted across from the A with the end result being a G�T transversion mutation 

becoming fixed.  Defective repair of B[a]P:DNA adducts has been related to occurrence 

of transversion mutations (Denissenko et al., 1996). One gene that may contribute to the 
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susceptibility for DNA damage from PAHs is COX-2. In breast tissue, COX-2 plays a 

critical role in the bioactivation of PAHs to their carcinogenic end products.

Cyclooxygenase and Breast Cancer.

Cyclooxygenases (COX) are prostaglandin synthases with intrinsic 

cyclooxygenase and peroxidase activities which catalyze the conversion of arachidonic 

acid to prostaglandin G2 (PGG2), and subsequent prostaglandins (Fig 6). There are two 

distinct isoforms of this enzyme, a constitutively expressed isoform (COX-1) and an 

inducible isoform (COX-2). COX-1 is expressed in virtually all extrahepatic tissues, 

though not in all cell types within a tissue (Herschman et al., 1996; Smith et al., 1991; 

Marnett et al., 1991). Conversely, COX-2 is present constitutively in few tissues (brain, 

testis, kidney), but its expression can be induced by a variety of mediators, including 

cytokines, growth factors, tumor promoters (Harrison et al., 1994; Rimarachin et al., 

1994; Kujuda et al., 1991), bile acids (Zhang et al., 1998), xenobiotic response element 

inducers (Kelly et al., 1997; Liu et al., 1997) and UVB irradiation (Buckman et al., 1998). 

Over-expression of COX-2 is seen in several neoplastic tissues, e.g. colon (Kargman et 

al., 1995; Sano et al., 1995), breast (Parrett et al. , 1987) and lung (Hida et al., 1998; Wolff

et al., 1998). COX-derived prostanoids contribute to many physiological processes. In 

particular, COX-2 is required for several female reproductive processes including 

ovulation, fertilization, implantation and decidualization (Keire et al., 1990; Cameron et 

al., 1992; Smith et al., 1992). Though COX-2 is required in several female reproductive 

processes its over-expression may also contribute to breast cancer. 
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COX-2 has been implicated in mammary carcinogenesis in several ways. COX-2 

expression has been detected in human breast tumors, with no detectable expression in 

normal breast tissue (Parrett et al., 1997). In addition, COX-2 over-expression occurs in 

43% of human invasive breast cancers and 63% of ductal carcinomas in situ. COX-2 

over-expression may result from exposure to the PAHs (Kelly, 1997). In addition to its 

over-expression by PAHs, COX-2 results in bioactivation of PAHs by oxidation during 

prostanoid synthesis (Marnett et al., 1990; Marnett et al., 1978; Guthrie et al., 1982; Dix 

and Marnett, 1983; Eling et al., 1990; Eling and Curtis, 1992). Hence, B[a]P functions 

not only as substrates, but also as inducers for COX-2.
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Figure 6.Cyclooxygenase synthesis of prostaglandins via arachidonic acid.
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PAHs as Substrate and Inducer of COX-2 

 In hepatic tissues, the cytochrome P-450 family of enzymes is widely recognized 

for catalyzing oxidative reactions and activating xenobiotics to reactive electrophiles that 

are carcinogenic. In contrast, the COX enzyme system is especially important in 

bioactivating chemicals in ‘extrahepatic tissues’, such as breast and colon, where the 

cytochrome P-450 mono-oxygenase system has low activity. The metabolism of B[a]P to 

B[a]P-7,8-diol and to its DNA reactive BPDE by COX has been thoroughly investigated, 

and proceeds through the formation of peroxyl radicals by the cyclooxygenase enzyme 

activity during prostanoid synthesis (Fig 7). These cyclooxygenase-formed peroxyl 

radicals are capable of adding an oxygen molecule across the isolated C9-C10 double 

bond of B[a]P-7,8-diol forming BPDE, which is a highly reactive and strongly mutagenic 

carcinogen (Marnett et al., 1990; Marnett, 1978; Guthrie et al., 1982; Dix and Marnett, 

1983; Eling et al., 1990; Eling and Curtis, 1992).
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Figure 7. Activation of B[a]P by COX enzymes.
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Though COX-2 metabolism of carcinogens proceeds through the formation of 

peroxyl radicals, expression can be induced to enhance bioactivation of carcinogens 

resulting in increased covalent binding to DNA. Of special interest concerning the 

activation of B[a]P-7,8-diol is the fact that B[a]P has been shown to be a ligand for the 

AhR, a ligand-activated transcription factor, by binding to xenobiotic responsive 

elements (XRE=5′-GCGTG-3′) in the promoter regions of responsive genes (Krishnan et 

al., 1995). The human COX-2 promoter contains motifs consistent with xenobiotic 

responsive elements (Kraemer et al., 1996; Sherratt et al., 2003) (Fig 8). The presence of 

XREs is compatible with the idea that B[a]P induces COX-2 via an AhR-dependent 

mechanism, as is the case for other xenobiotic metabolizing enzymes such as CYP1A1 

(Whitlock et al., 1986). In fact, previous studies demonstrate B[a]P induced COX-2 

expression (Kelly et al., 1997; Liu et al., 1997). 
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Figure 8. Identification of cis-acting elements in the human COX-2 promoter. Three 
potential XRE (5’-GCGTG-3’) sequences were identified between nucleotide -3444 and -
3440, -958 and -955, and -507 and -504.
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CLA Attenuates COX-2 Expression

In spite of structural similarities LA and CLA exert opposite effects on COX-2 

expression. It is well established that CLA decreases PGE2 production (Li and Watkins, 

1998; Sugano, 1998). In contrast, LA enhances PGE2 production, because it is a 

precursor for AA and, therefore the substrate for COX-mediated PGE2 production 

(Moonen et al., 2004). This is in line with the fact that LA enhances growth and 

development of tumors while CLA inhibits tumor growth (Schonberg et al., 1995; Ip et 

al., 1985). Attempts to explain how CLA reduces arachidonate-derived eicosanoids such 

as PGE2 have given support to the theory that CLA inhibits the constitutive enzyme, 

COX-1 and/or the inducible form COX-2, at the mRNA or protein level (Belury, 2002). 

Background Summary

CLA is a potent breast anti-carcinogen. It has been shown to inhibit B[a]P 

induced breast tumor formation. B[a]P can cause the overexpression of COX-2 . COX-2 

overexpression has been linked to breast cancer. CLA attenuates COX-2 expression.
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CHAPTER 2: MATERIALS AND METHODS

Cell Culture.

Breast (MCF-7) and colon (HCT-116) cancer cells containing wild-type p53 

(p53+/+) were obtained from the American Type Culture Collection (Manassas, VA). p53-

deficient (p53-/-) HCT116 cells (HCTKO) (obtained from Dr. Bert Vogelstein, The Johns 

Hopkins University School of Medicine, Baltimore, MD) were maintained in DMEM 

from Sigma (St. Louis, MO) supplemented with 10% fetal calf serum [(FCS) Hyclone 

Laboratories, Logan, UT)]. A mixture of CLA isomers (CLAmix) (Lot #22K1142) and 

consisted of c9,t11 (50%), t10,c12 (40%), c10,c12 (10%) and B[a]P was obtained from 

Sigma.. Purified c9,t11- and t10, c12-CLA isomers were obtained from Matreya (State 

College, PA). TCDD was obtained from Midwest Research Institute (Kansas City, MO).

Trypan Blue Exclusion.

The effects of the CLA preparations on cell proliferation were investigated using 

trypan blue exclusion. The trypan blue assay protocol was as previously described (Jeffy

et al., 2002), and is based on the exclusion of the trypan blue dye by viable cells and 

uptake by dead cells. Briefly, cells were seeded in quadruplicate at a density of 0.5 x 106

cells/6-well tissue culture plates and maintained in DMEM plus 10% FCS. At the end of 

the incubation periods, cells were washed with PBS, trypsinized and counted using a 

hemocytometer. 
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Methylthiazolyldiphenyl-tetrazolium Bromide

The methylthiazolyldiphenyl-tetrazolium bromide (MTT)  proliferation assay kit 

was obtained from Promega (Madison, WI). This assay is based on the conversion of the 

yellow tretrazolium dye MTT to purple formazan crystals by metabolically active cells 

(Dong, 2002). Briefly, cells were seeded in 96-well tissue culture plates and maintained

overnight in DMEM plus 10% FCS. Four wells were assigned to each experimental 

treatment. Cells were treated with various concentrations of CLA or specific isomers for 

various periods of time. At 24, 48 or 72 h after treatment, 15 µL of MTT dye solution was 

added to each well, and the plate was incubated for 4 h at 37°C. Solubilization/stop 

solution (100 µL) was added for 1 h at 37°C and the absorbance at 570 nm was recorded 

using a Synergy HT plate reader (Bio-Tek Instruments, Winooski, VT). 

Flow Cytometry

Flow cytometry was performed in triplicate as described previously (Jeffy, 2000). 

Briefly, cells were harvested with trypsin and washed in PBS. Cells were then treated 

with RNAse and stained with propidium iodide (70 µmol/L in PBS). Cell cycle 

distribution profiles were recorded with a FACscan (Becton-Dickinson, San Diego, CA), 

using a CELLQuest program.

Western Blotting

Western blotting was performed as described previously (Jeffy, 2002). Cell 

extracts were normalized to protein content and separated by 4 to 12% gradient SDS-
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PAGE. Immunoblotting was carried out with antibodies raised against p53, p21, p27 

(Oncogene Research Products, Cambridge, MA), cyclin D1 and cyclin E (BD Pharmagen, 

San Diego, CA). The effects of CLA on the phopshorylation status of Rb were 

investigated using antibody mAb245 (BD Pharmagen, San Diego, CA) that recognizes

both hypo- and hyperphosphorylated Rb ( 110–116 kDa) and mAb549, which recognizes 

only the fast migrating 110 kDa underphosphorylated Rb protein (Biomol Research 

Laboratories, Plymouth Meeting, PA). The normalization of Western blots was confirmed 

by incubating immunoblots with ß-actin antibody-1 (Oncogene Research Products). The 

immunocomplexes were detected by enhanced chemiluminescence (Amersham, 

Arlington Heights, IL).

Transient Transfections

Transient transfections were performed using the Lipofectamine-Plus procedure 

according to manufacturer’s instruction (Life Technologies, Gaithersburg, MD) and as 

described previously (Jeffy, 2002). Cells were transfected for 3 h with 3 µg of the

expression vectors: pCMV (empty),  pCMV53mut containing a cassette encoding for p53 

mutated at position 175 (Arg to His) under the control of the cytomegalovirus promoter 

(CVM) (plasmids were gifts from Dr. Bert Vogelstein). pGL3-COX-2-3900 (a gift from 

Dr. McIntyre, University of Utah, Salt Lake City, UT), which contains three potential 

XREs at -507 to -504 (XRE1),  -958 to -955 (XRE2) and -3444 to -3440 (XRE3). pGL3-

COX-2-3900-XREmut1, which contains a  mutant XRE1. pGL3-COX-2-3900-

XREmut1&2, which contains two mutant XREs site 1 and 2.  pGL3-COX-2-1432-
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XREmut1, which contains a mutant XRE at -507 to -504. pGL3-COX-2-1432, pGL3-

COX2-327, pGL3-COX-2-124 (Gifts from Dr.  GT Bowden, University of Arizona, 

Tucson, AZ), which contain only two potential XREs or none. p1A1- 4x-Luc (a gift from 

Dr. Pasco, University of Mississippi, University, MS), which contains a CYP1A1 

consensus sequence linked to an array of four GCGTG elements. The transfected cells

were cultured in the absence or presence of B[a]P, TCDD, and CLA for 24 h prior to the 

harvesting of cell lysates. 

Mutagenesis

Mutation of XRE core sequences (GCGTG to Gccaa) was carried out by site-

directed mutagenesis (Stragene, La Jolla, CA) using the following primers synthesized by 

Sigma-Genosys (The Woodlands, TX): 

XREmut1-F, 5’-CCCCAGTCTGTCCCGAccaaACTTCCTCGACCC-3’; 

XREmut1-R, 5’-GGGTCGAGGAAGTttggTCGGGACAGACTGGGG-3’; 

XREmut2-F, 

5’GGGCTAGTAACCAAAATAATccaaCCATCAGGGAGAGAAATGCC -3’; 

XREmut2-R, 5’-GGCATTTCTCTCCCTGATGGttggATTATTTTGGTTACTAGCCC-

3’. Insertion of mutations was confirmed by direct sequencing.

DNA-Protein Binding

Binding of AhR to XRE–COX-2 and XRE-CYP1A1 promoter DNA complexes

was assayed by a new technique recently described (Zhu Y, 2004). Eighty percent to 90% 
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confluent MCF-7 were treated with an TCDD and isomer of CLA for 90min, 3h, 6h, 12h, 

and 24h  before nuclear extracts were prepared. The biotin-labeled, double-stranded 

oligonucleotide probes were synthesized by IDT (Integrated DNA Technologies,

Coralville, IA) based on human COX-2 promoter sequence: -507and -504 (COX-XRE1-F , 

5’-/biotin/ CCCCAGTCTGTCCCGACGTGACTTCCTCGACCC-3’;  COX-XRE1-R, 

5’-/biotin/ GGGTCGAGGAAGTCACGTCGGGACAGACTGGGG-3’), -958 to -955 and 

(COX-XRE2-F , 5’-

/biotin/GGGCTAGTAACCAAAATAATCACGCCATCAGGGAGAGAAATGCC-3’; 

COX-XRE2-R, 5’ -

/biotin/GGCATTTCTCTCCCTGATGGCGTGATTATTTTGGTTACTAGCCC-3’ ); and 

the CYP1A1 promoter sequence: (CYP-XRE- F, 5’-

/biotin/CGGCTCTTGTCACGCAACTCCGAGCTCA-3’; CYP-XRE- R 5’-

/biotin/TGAGCTCGGAGTTGCGTGAGAAGAGCCG- 3’); . A biotinylated nonrelevant 

sequence, 5'-/biotin/AGTCATCGAGTCACATGGG-3' that does not harbor known 

enhancer elements, was used as a binding control. The binding assay was performed by 

mixing 200 µg MCF7 nuclear extracts, 2 µg biotin-labeled DNA oligonucleotides, and 20 

µL streptavidin agarose beads with 70% slurry. The mixture was incubated at room 

temperature for 1 hour with shaking. Beads were then pelleted down by centrifugation at 

5000g in a microcentrifuge for 30 seconds and washed with cold PBS 3 times. The 

binding proteins were separated on 4% to 15% PAGE followed by Western blot analysis 

probed with antibodies against AhR.
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Data Collection and Statistical Analysis

Cell viability, flow cytometry and transient transfection data are presented as 

means ± SEM. The comparison of means following a significant (P < 0.05) ANOVA were 

performed by the Fisher protected least significant difference test. Flow cytometry data 

were analyzed with the MODFIT.2 software at the Flow Cytometry Laboratory, Arizona 

Cancer Center.
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CHAPTER 4: CONJUGATED LINOLEIC ACID INHIBITS CELL PROLIFERATION 

THROUGH A P53-DEPENDENT MECHANISM: EFFECTS ON THE EXPRESSION 

OF THE G1-RESTRICTION POINTS IN BREAST AND COLON CANCER.
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Abstract

Previous reports have documented the anti-proliferative properties of a mixture of 

conjugated isomers (CLA) of linoleic acid [LA (18:2)]. In this study, we investigated the 

mechanisms of CLA action on cell cycle progression in breast and colon cancer cells. 

Treatment with CLA inhibited cell proliferation in breast cancer MCF-7 cells containing 

wild-type p53 (p53+/+). At cytostatic concentrations, CLA elicited cell cycle arrest in G1 

and induced the accumulation of the tumor suppressors p53, p27 and p21 protein.

Conversely, CLA reduced the expression of factors required for G1 to S-phase transition 

including cyclins D1 and E, and hyperphoshorylated retinoblastoma Rb protein. In 

contrast, the over-expression of mutant p53 (175Arg to His) in MFC-7 cells prevented the 

CLA-dependent accumulation of p21 and the reduction of cyclin E levels suggesting that 

the expression of wild-type p53 is required for CLA-mediated activation of the G1 

restriction point. To futher elucidate the role of p53, the effects of CLA in colon cancer 

HCT116 cells (p53+/+) and p53-deficient (p53-/-) HCT116 cells (HCTKO) were examined. 

The treatment of HCT116 cells with CLA increased the levels of p53, p21, p27 and 

hypophosphorylated (pRb) protein and reduced the expression of cyclin E, whereas these 

effects were not seen in p53-deficient HCTKO cells. The t10,c12-CLA isomer was more 

effective than c9,t11-CLA in inhibiting cell proliferation of MCF-7 breast cancer cells 

and enhancing the accumulation of p53 and pRb. We conclude that the antiproliferative

properties of CLA appear to be a function, at least in part, of the relative content of 

specific isomers and their ability to elicit a p53 response that leads to the accumulation of 

pRb and cell growth arrest.
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Introduction

Conjugated linoleic acid (CLA) is a collective term for a mixture of positional and 

geometric isomers of linoleic acid (LA) in which the double bonds are conjugated in 

either the cis or trans configuration at positions 7,9-, 8,10-, 9,11-, 10,12- or

11,13- of the carbon chain (Sehat et al., 1998). CLA is found in a variety of foods 

including oils and seafood (0.2–0.8 mg CLA/g fat), meats (1.0–4.0 mg CLA/g fat) and 

dairy products (5.0–7.0 mg CLA/g fat) (Herbel et al., 1998). The CLA found in ruminant 

meat and dairy products originates from the incomplete biohydrogenation of LA by 

rumen bacteria or desaturation of trans-11-octadecenoic acid by -9 desaturase (Griinari

et al., 2000). The cis-9, trans-11 (c9,t11-CLA) isomer is the primary dietary form of CLA 

in human diets. However, the relative concentration of c9,t11-CLA and other isomers 

including trans-10,cis-12 (t10,c12-CLA) in dairy and meat products is influenced by the 

type and amount of vegetable fats fed to ruminants (Pariza et al., 2001). CLA inhibits 

chemically-induced stomach (Ha et al., 1990), mammary (Ip et al., 1991; Ip et al., 2001),

colon (Liew et al., 1995) and skin (Belury et al., 1996) cancers. In vitro investigations 

indicate that CLA inhibits the cell growth of rat mammary organoids (Ip et al., 1999b),

human breast cancer cells in vitro (Schultz et al., 1992; Park et al., 2000) and chemically-

induced carcinogenesis in animal models (Ha et al., 1990).

The anti-proliferative effects of CLA have been attributed, at least in part, to its 

geometric isomerism because treatment with LA stimulates rather than represses the 

growth of breast (Rose, 1989), leukemia (Phoon et al., 2001) and liver epithelial (Hayashi



47

et al., 1997) cells. Studies comparing the effects of various CLA isomers suggest that 

t10,c12-CLA may be the more biologically active isomer for the inhibition of tumor cell 

proliferation (Miller et al. , 2002), and elongation and desaturation of linoleic and 

linolenic acids (Ip et al., 2002). This cumulative evidence suggests that CLA formulations 

could be developed as a dietary adjuvant against neoplastic transformation (Thompson et 

al., 1997; Hubbard et al., 2000). However, how CLA or specific isomers regulate the 

expression of cell cycle checkpoints is unknown (Belury et al., 2002a).

The cell cycle progression from G0/G1 to S-phase requires phosphorylation of the 

retinoblastoma tumor suppressor protein, Rb, a member of the pocket protein family, by 

the cyclin D1-cdk4/6 and cyclin E-cdk2 complexes (Weinberg et al., 1995). 

Phosphorylation of Rb in early G1 by cyclin D1/cdk4/6 triggers a cascade of events that 

begins with the dissociation of E2F from Rb and the activation of transcription of cyclin E 

by E2F, and culminates with the stimulation by E2F of its own transcription and assembly 

of cyclin E with its catalytic partner Cdk2. The cyclin E-cdk2 complexes promote further 

phosphorylation of Rb and the release of E2F, thus establishing a positive feedback loop 

that accelerates the irreversible progression through late G1 (Sherr et al., 1996).

The tumor suppressor p53 plays a key role in the regulation of the cell cycle in 

response to DNA damage and is frequently mutated in human cancers (Kinzler et al., 

1997). The loss of p53 functions may occur early in tumorigenesis (Ziegler et al., 1994) 

or be a late event (Baker et al., 1990). The tumor suppressing properties of p53 stem from 

its ability to regulate, through both transcription-dependent and -independent
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mechanisms, the expression of a battery of genes whose products regulate cell cycle 

transition at the G1/S interval, or trigger apoptosis depending on the severity of DNA 

damage (Vogelstein et al., 1992). In this study, we attempted to clarify the mechanisms of 

CLA action on the expression of restriction points controlling cell cycle transition in 

breast and colon cancer cells.
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Results

Effects of CLA on proliferation of MCF-7 cells and expression of G1 checkpoints.

The effects of a mixture of CLA isomers on cell proliferation of asynchronous MCF-7 

cells were investigated using the trypan blue exclusion assay. This assay provides a direct 

count of viable cells that exclude the trypan blue dye. The treatment with CLA for 72 h 

resulted in a 20% inhibition of cell proliferation starting at concentrations of 40 µmol/L 

(Fig. 9A), whereas 160 µmol/L CLA reduced the growth rate by 45%. The anti-

proliferative effects of CLA on MCF-7 cells were further examined using the MTT 

proliferation assay, which provides an indirect but quantitative determination of 

metabolically active cells (Dong et al., 2002). Compared with cells cultured in control 

medium, the treatment with the CLA mixture for 72 h resulted in a 20 to 30% reduction 

in cell viability with a concentration range of 10–80 µmol/L, and a 50% reduction in the 

presence of 160 µmol/L CLA (Fig. 9B). Therefore, compared with the trypan blue 

method, the MTT assay was more sensitive, indicating that at concentrations as low as 10 

µmol/L the CLA treatment reduced the number of metabolically active cells.
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Figure 9. Treatment with a conjugated linoleic acid (CLA) mixture reduces the growth 
rate of breast cancer MCF-7 cells. MCF-7 cells were cultured in DMEM, DMEM plus the 
vehicle ethanol (Vehicle) or DMEM plus various concentrations of a CLA mixture 
(CLA). At the end of the incubation period (72 h), the number of adherent cells was 
determined by direct counting using (A) the trypan blue exclusion or (B) the 
methylthiazolyldiphenyl-tetrazolium bromide (MTT) proliferation assay protocol as 
described in Materials and Methods. Bars are means ± SEM from two independent 
experiments performed in quadruplicate (n = 8). Means without a common letter differ. 
(P < 0.05).
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To determine whether the CLA mixture inhibited growth by altering cell cycle 

progression, its effects on cell cycle distribution were examined by flow cytometry. For 

this experiments, the concentration of 160 µmol/L CLA was used, which approximates 

that used in previous culture studies investigating the regulation of apoptotic gene 

expression in human breast cancer cells (Majumder et al., 2002) and the activation of the 

peroxisome proliferator-activated receptor (PPAR) by various CLA isomers (Yu, 2002). 

The flow cytometry data indicated that when asynchronous MCF-7 cells were cultured in 

control DMEM, a similar percentage of cells occupied the G0/G1 ( 41.0%) and S-phase 

( 43.0%) windows. Conversely, the treatment with CLA for 24 h delayed MCF-7 cells in 

G0/G1 (53.4%) while reducing the accumulation in the S-phase (28.7%), but had no

effect on the fraction of cells occupying the G2/M window (17.8 versus 16.6%) (Fig. 

10A). Western blot analysis of cell lysates obtained from MCF-7 cells indicated that the 

CLA-induced arrest in G0/G1 was paralleled by the accumulation of p53 and p21 proteins

(Fig. 10B). In addition, the CLA mixture increased the levels of hypophosphorylated Rb, 

as evidenced by the appearance of a doublet comprising a faster migrating band ( 110 

kDa). The Rb protein migrates on an SDS-PAGE as multiple closely spaced bands ( 110–

116 kDa). The different bands represent different Rb phosphorylation states, which are 

cell cycle dependent and were detected in this study using antibody mAb245 that 

recognizes both hypo- and hyperphosphorylated Rb. In MCF-7 cells cultured in control 

medium (DMEM), we observed the accumulation of cyclin D1 (6 to 24 h) and cyclin E 

(18 h). In contrast, in CLA-treated cells we observed a reduction of cyclin D1 (6 to 24 h) 

and E (6 and 18 h) (Fig. 10C) protein levels. Both cyclin D1 and cyclin E are required for 
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progression to S-phase and their reduced expression in CLA-treated cells corroborated the 

flow cytometry data (Fig. 10A) documenting the arrest of MCF-7 cells in G1 phase of the 

cell cycle following treatment with the CLA mixture.



53

Figure 10. Treatment of breast cancer MCF-7 cells with a conjugated linoleic acid (CLA) 
mixture induces G1 arrest and modulates the expression of G1 checkpoints. MCF-7 cells 
were cultured in DMEM or DMEM plus 160 µM CLA mixture (CLA). (A) Flow 
cytometry of asynchronous MCF-7 cells indicated that treatment with CLA for 24 h 
induced cell cycle arrest in G0/G1. The flow cytometry profiles are representative of 
three independent experiments (n = 9) with SD lower than 3%. (B, C) Western blot 
analysis of cell lysates obtained from MCF-7 cells cultured for 24 h in DMEM or DMEM 
plus 160µM CLA. Bands represent immunocomplexes for (B) p53, p21, hyper-  (ppRb) 
and hypo (pRb)-phosphorylated Rb and (C) cyclin D1 and cyclin E. The control bands 
are ß-actin immunocomplexes. Results are representative of three separate experiments.
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The suppressive effects of CLA on cyclin E expression require wild- type p53. The 

kinetics of cell cycle arrest induced by the CLA mixture were further investigated by first 

synchronizing MCF-7 cells in G0/G1 (Fig. 11). At the end of the synchronization period,

94% of the cells were positioned in G0/G1. The cells were then released in control 

DMEM or DMEM plus 160 µmol/L CLA and their position in the cell cycle was 

examined by flow cytometry. The treatment with the CLA mixture for 12 h did not 

influence cell cycle distribution (Fig. 11A–C) or the cellular contents of p53, p21 and Rb 

status irrespective of the presence or absence of CLA in the culture media (data not 

shown). However, the treatment with CLA for 24 h increased the percentage of cells 

delayed in G0/G1 (68 versus 53%), while reducing the fraction of cells positioned in S-

phase (30 versus 45%) and G2/M (1.9 versus 6.5%). These data provide important 

evidence that the CLA mixture induced cell cycle arrest in G1. This effect was 

accompanied by the accumulation of p53, p21 and the faster migrating immunocomplex

representing hypophosporylated Rb (Fig. 11D). Based on these results, we hypothesized 

that one mechanism by which CLA may induce G1 arrest is through stabilization of p53, 

which in turn initiates a cascade of events including the activation of p21 expression and 

reduction of cyclin E expression. To test this hypothesis, MCF-7 cells were transfected 

with an expression vector (p53mut) containing a cassette encoding for p53 mutated at 

position 175 (Arg to His) under the control of the cytomegalovirus (CMV) promoter. 

After transfection, cells were cultured for 48 h in the presence (160 µmol/L) or absence of 

CLA and cell lysates were analyzed by Western blotting. The data (Fig. 12) indicate that 

in MCF-7 cells transfected with the empty vector (pCMV) the treatment with the CLA 
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mixture led to the accumulation of p53 and p21 proteins, while reducing the levels of 

immunocomplexes representing cyclin E. As a result of constitutive activity from the 

CMV promoter, transfection with the p53mut vector increased the intensity of 

immunocomplexes for p53 irrespective of the absence or presence of CLA in the culture 

media. More importantly, the overexpression of mutant p53 (p53mut) prevented the 

accumulation of p21 and the reduction of cyclin E observed in MCF-7 cells transfected 

with pCMV. These observations confirm that the suppressive effects of CLA on cyclin E 

levels were mediated by p53.
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Figure 11. Conjugated linoleic acid (CLA) delays exit of MCF-7 cells from G0/G1 arrest. 
MCF-7 cells were synchronized in G0/G1 by serum starvation for 24 h. Cells were 
released into DMEM containing 10% fetal calf serum plus vehicle (DMEM) or DMEM 
plus 160µM  CLA mixture (CLA) for 12 and 24 h. (A–C) Cell- cycle distribution was 
examined by flow cytometry. The profiles are representative of three independent 
experiments. Means without a common letter differ (P < 0.05). (D ) Cell lysates were 
obtained from MCF-7 cells cultured for 24 h in DMEM or DMEM plus CLA mixture 
(160µM) following release from G0/G1 arrest. Bands represent immunocomplexes for 
p53, p21, hyper- (ppRb) and hypo (pRb)-phosphorylated Rb. The control bands are ß-
actin immunocomplexes. Western blots are representative of two independent 
experiments.
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Figure 12. Wild-type p53 is required for conjugated linoleic acid (CLA)-dependent 
downregulation of cyclin E in breast cancer MCF-7 cells. Data represent Western blot 
analysis of MCF-7 cells transiently transfected with the expression vector p53mut 
encoding mutated p53 (175Arg to His) under the control of the cytomegalovirus (CMV) 
promoter, or the empty vector pCMV. After transfection, MCF-7 cells were cultured for 
24 in DMEM containing 10% fetal calf serum plus vehicle (DMEM) or DMEM plus 160 
µmol/L CLA mixture (CLA). Bands represent immunocomplexes for p53, p21, and 
cyclin E. The control bands are ß-actin immunocomplexes. Results are representative of 
two separate experiments.
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CLA does not lead to accumulation of hypophosphorylated Rb in HCTKO, p53-/- 

colon cancer cells. To further investigate the role of p53 in the CLA-induced arrest in G1, 

the effects of CLA on G1 checkpoints in colon cancer HCT116 cells containing wild-type 

p53+/+ and p53-deficient HCT116 cells (HCTp53KO) were examined. Western blot 

analysis indicated that the treatment of HCT116 cells with CLA (160 µmol/L) exerted 

effects similar to those seen in MCF-7 cells including the accumulation of p53, p21, p27 

and hypophosphorylated Rb (pRb) (Fig. 13A). Immunoblotting of cell lysates obtained 

from MCF-7 and HCT116 cells with the antibody, mAb549, which recognizes only 

hypophosphorylated Rb, provided direct evidence that the treatment with the CLA 

mixture caused accumulation of pRb and that this effect was p53-dependent. In fact, CLA 

failed to change the levels of p27 and Rb phosphorylation status in p53-deficient

HCTp53KO cells. However, in keeping with earlier reports documenting the induction of 

p21 through p53-independent mechanisms (el-Deiry et al., 1993), a slight accumulation 

of p21 in HCTp53KO cells treated with CLA was observed. Time-course experiments 

with HCT116 cells (p53+/+) confirmed that CLA induced the stabilization of p53, p27 and 

p21 while reducing from 6 to 18 h the expression of cyclin E (Fig. 13B). Conversely, no 

time-dependent changes in the cellular content of p27 and Rb in HCTp53KO cells treated

with CLA were observed (data not shown). These results provide direct evidence that the 

reduction of hyperphosphorylated retinoblastoma (ppRb) protein levels observed in cells 

treated with a mixture of CLA isomers results from the activation of p53-dependent

mechanisms.
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Figure 13. Conjugated linoleic acid (CLA) does not lead to accumulation of 
hypophosphorylated Rb in p53(-/-) colon cancer cells. (A) Breast MCF-7 (p53+/+), and 
colon HCT116 (p53+/+) and HCTp53KO (p53-/-) cancer cells were cultured in DMEM 
plus vehicle (DMEM) or DMEM plus 160 µmol/L CLA (CLA) for 24 h. (B) HCT116 
cells were cultured in DMEM or DMEM plus CLA for various periods of time. Bands are 
immunocomplex for p53, p21, p27, cyclin E, hyper- (ppRb) and hypo (pRb)-
phosphorylated Rb. Antibodies used to detect Rb proteins were mAb245 that recognizes 
both ppRb and pRb, and mAb549 that recognizes only pRb. The control bands are ß-actin 
immunocomplexes. Western blots are representative of three separate experiments.
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Effects of c9,t11- and t10,c12-CLA on cell proliferation and Rb phosphorylation 

status. To determine the physiological importance of the CLA levels used in these studies 

and which CLA isomer was responsible for altering p53 protein and Rb phosphorylation 

status, the effects of various concentrations of the CLA mixture with the c9, t11-CLA and 

t10,c12-CLA isomers were compared. The MTT proliferation data from 24 to 72 h (Fig. 

14) indicated that the c9,t11-CLA isomer induced a modest 5% decrease in cell number at 

concentrations ranging from 10 to 40 µmol/L (Fig. 14B). At 24 h, the treatment with 80 

and 160 µmol/L c9,t11-CLA reduced cell number by 20%. Conversely, the treatment 

with t10,c12-CLA at concentrations ranging from 10 to 40 µmol/L CLA as early as 24 h 

produced a larger reduction ( 25%) in cell viability that was further reduced to 35 and 

55%, respectively, after treatment with 80 and 160 µmol/L CLA for 72 h (Fig. 14C). The 

CLA mixture and the t10,c12-CLA isomer produced similar growth inhibition. At the 

concentration of 40 µmol/L, the CLA mixture and t10,c12-CLA, but not c9,t11-CLA, 

were equally effective in inducing the accumulation of p53 protein (Fig. 14D). Titration 

experiments confirmed that at concentrations as low as 10 µmol/L, the t10,c12-CLA 

isomer was more effective than c9,t11-CLA in increasing p53 (Fig. 15A) and pRb (Fig. 

15B) levels. These data support the conclusion that the t10,c12-CLA isomer is more 

effective than c9,t11-CLA in enhancing an anti-proliferative response by lowering the 

expression of factors (ppRb) required for transition through G1.
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Figure 14.  Effects of c9,t11-conjugated linoleic acid (CLA) and t10,c12-CLA isomers on 
cell proliferation and expression of p53 in breast cancer MCF-7 cells. Cells were plated 
in 96-well tissue culture plates and cultured in DMEM plus vehicle (DMEM) or DMEM 
plus various amounts (10, 20, 40, 80 or 160 µmol/L) of (A) CLA mixture (CLA), (B) 
c9,t11-CLA or (C) t10,c12-CLA for 24, 48 and 72 h. At the end of the incubation 
periods, cells were counted using the methylthiazolyldiphenyl-tetrazolium bromide 
(MTT) viability assay as described in Materials and Methods. Data points represent 
means ± SEM from two independent experiments performed in quadruplicate (n = 8). (D ) 
MCF-7 cells were cultured in DMEM or DMEM plus 40 µM CLA, c9,t11-CLA or 
t10,c12-CLA for 24 h. Bands represent Western blot immunocomplexes for p53 and the 
control ß-actin. Western blots are representative of three separate experiments and 
suggest that at the concentration of 40 µmol/L the CLA mixture and t10,c12-CLA 
isomer, but not c9,t11-CLA, were effective in inducing the accumulation of p53 protein.
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Figure 15. Effects of various concentrations of c9,t11-conjugated linoleic acid and 
t10,c12-CLA on expression on p53 and Rb in breast cancer MCF-7 cells. MCF-7 cells 
were cultured in DMEM plus vehicle (DMEM) or DMEM plus various amounts (10, 20, 
40, 80 and 160µM) of c9,t11-CLA or t10,c12-CLA for 24 h. At the end of the incubation 
period, cell lysates were analyzed by Western blotting. Bands represent 
immunocomplexes for (A) p53 and (B) hyperphosphorylated (ppRb) and 
hypophosphorylated (pRb). Antibodies used to detect Rb proteins were mAb245 that 
recognizes both ppRb and pRb, and mAb549 that recognizes only pRb. The control bands 
are ß-actin immunocomplexes. Western blots are representative of three separate 
experiments and suggest that the t10,c12-CLA isomer is more effective than c9,t11-CLA 
in inducing the accumulation of p53 protein and pRb.
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Discussion

The objective of this study was to elucidate the mechanisms by which CLA exerts its 

anti-proliferative effects in breast and colon cancer cells. The cumulative observations 

indicate that the growth arrest properties of CLA are the consequence of its ability to 

activate a p53 response, which in turn leads to the gain of checkpoint proteins (p21, p27) 

and the loss of cyclins (D1, E) and other factors (ppRb) required for G1/S transition. The 

data also suggest that the t10,c12-CLA isomer is more effective than c9,t11-CLA in 

inhibiting the growth of breast cancer cells. The effects of CLA on the cell cycle 

machinery were characterized using a CLA mixture consisting primarily of t10,c12 (40%) 

and t9,c11 and c9,t11 (50%). Acute exposure of breast cancer MCF-7 cells to the CLA 

mixture inhibited cell growth because of G1 arrest. This anti-proliferative effect of CLA 

has been attributed to the geometric isomerism of the fatty acid chain, and contrasts with 

the growth promoting properties of LA. In fact, earlier studies have clearly demonstrated 

that LA induces growth of human breast cancer (Schultz et al., 1992; Rose et al., 1989;  

Rose et al., 1990;Cunningham et al., 1997), leukemia (Phoon et al., 2001) and liver 

epithelial (Hayashi et al., 1997) cells. The growth stimulation by LA has been attributed

to the down-regulation of p53 protein expression (Tillotson et al., 1993). Conversely, in 

the current study the CLA mixture induced the arrest of breast cancer MCF-7 cells in G1 

and the accumulation of p53. The p53 protein activates the transcription of genes 

encoding for factors involved in G1 to S-phase transition. Moreover, in MCF-7 breast
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cancer and HCT116 cells the CLA treatment increased the expression of p21 and p27, 

whereas it repressed the expression of cyclin E and ppRb.

To examine the contribution of p53 to CLA-induced growth arrest, a mutant p53 

(175Arg to His) was over-expressed in MCF-7 cells, which prevented the accumulation 

of p21 and the reduction in cyclin E seen in non-transfected MCF-7 cells treated with 

CLA. These data provide important mechanistic evidence that the activation of p53-

regulated pathways may be central to the anti-proliferative effects of CLA. The p53 

mutant 175Arg to His, which is comprised in the DNA-binding domain of the p53 

protein, was used for the transfection experiments because it is the most frequently 

mutated p53 codon in breast and colon tumors. The notion that p53 plays a key role in the 

CLA-induced cell cycle arrest was further corroborated by the observation that the 

treatment of colon cancer HCTKO cells with CLA failed to elicit any changes in the 

expression of p27 or the relative ratio of ppRb/pRb.

These results suggest that the health effects of CLA may be mediated by the 

expression of wild-type p53. The p53 gene product is known to be a key player in the 

genotoxic-stress response in mammalian cells by inducing the transcription of p21, which

in turn inhibits cyclin E/cdk2-dependent phosphorylation of Rb, thus leading to the 

accumulation of pRb (Weinberg et al., 1995). The transition from G1 to S-phase requires 

phosphorylation of the retinoblastoma tumor suppressor protein Rb by the cyclin D1-

cdk4/6 (G0 to mid-G1) and cyclin E-cdk2 (late G1) complexes. The phosphorylation of

Rb in early G1 leads to the dissociation of E2F transcription factors and the 
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transcriptional activation of genes, the protein products of which are required for the 

transition through late G1 including cyclin E and E2F1 (Sherr et al., 1996). In contrast, 

the cdk inhibitors p21 and p27 stechiometrically regulate the activities of cyclin D1-

Cdk4/6 and cyclin E-Cdk2 complexes during the G1 phase of the cell cycle (Harper et al., 

1993). In proliferating cells, the p21 protein facilitates the assembly of the cyclin D1-

Cdk4 complexes, whereas a reduction in the levels of cyclin D1 increases the pool of

available p21, which then associates with cyclin E-cdk2 complexes, thus reducing cyclin 

E-cdk2-dependent kinase activity (Hall et al., 1993). Similarly, p27 outtiters cyclin D1 

thus inhibiting cyclin D1-dependent activation of Cdk4/6 (Carrol, 2000). These overall 

findings suggest that by triggering the p53-dependent accumulation of p21 and p27, CLA 

causes a reduction in the cellular levels of cyclin E and ppRb leading to G1 arrest.

Previous studies have suggested that the biological effects of CLA mixtures are, at 

least in part, due to the distinct actions of the c9,t11- and t10,c12-isomers (Pariza et al., 

2001). Therefore, we examined the effects of various concentrations of these CLA 

isomers on cell proliferation and expression of p53 and Rb proteins. Our results indicate 

that there are marked differences in the anti-proliferative activity of c9, t11-CLA and 

t10,c12-CLA. At concentrations as low as 10 µmol/L, which approximate CLA plasma 

levels measured in humans (Herbel et al., 1998; Huang et al., 1994), the t10,c12-CLA 

isomer was more potent than c9,t11-CLA in repressing cell growth and inducing the 

accumulation of p53 and pRb in breast cancer MCF-7 cells. Thus, the relative 

concentration of the t10,c12-CLA isomer may influence the health effects of CLA 

mixtures found in enriched preparations, and meat and dairy products.
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The increase in the steady-state levels of p53 observed in MCF-7 cells treated 

with t10,c12-CLA suggests that its growth inhibitory properties may involve the 

induction of a DNA damage response. Previous studies showed that CLA induces lipid 

peroxidation in breast MCF-7 and colon SW480 cancer cells (Miller, 2001), and 

modulates both non-enzymatic arachidonic acid oxidation and cyclooxygenase-catalyzed

prostaglandin profile (Basu et al. , 2000). These effects of CLA on lipid metabolism may 

be exerted through the modulation of PPAR as evidenced by the fact that CLA is a ligand 

of both PPAR  (Moya-Camarena et al., 1999) and PPAR-  (Belury et al., 2002b), and 

PPAR are involved in the transcriptional regulation of the cyclooxygenase-2 gene (Meade

et al., 1999). Therefore, it is plausible that the ability of specific CLA isomers or 

metabolic derivatives to elicit changes in oxidative damage may contribute to the

activation of p53-dependent pathways leading to cell cycle arrest or apoptosis depending 

on the intensity and duration of exposure. Although the regulation of apoptosis by CLA 

was not the primary focus of this study, an increase in the mRNA levels for Bax- and a 

reduction in Bcl-2 expression in MCF-7 cells treated with the CLA mixture was observed 

(Kemp, M. Q., Jeffy, B. D. & Romagnolo, D. F., unpublished data). These observations 

corroborate earlier reports documenting the induction of apoptosis by CLA in MNU-

initiated rat mammary gland (Ip, 2000). Similar growth inhibitory properties have been 

described for docosahexaenoic acid [22:6(n-3)], which decreases Rb phosphorylation in 

melanoma SK-Mel-110 cells (Albino, 2000) and increased cytotoxicity induced by 

doxorubicin (Germain et al., 1998). The implication of p53 in the regulation of the 
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expression of proapoptotic and anti-apoptotic genes suggests that the loss of functional 

p53 may confer resistance to CLA treatment.

In summary, this report documents that in breast and colon cancer cells, CLA 

compromises the expression of cyclins required for G1/S progression including cyclin D1 

and E, and the phosphorylation status of Rb. This cell cycle regulatory aspect of CLA 

may have clinical importance in the development of preventive and/or therapeutic 

strategies based on the fact that nearly 45% of breast cancers over-express cyclin D1 (Hui

et al., 2002), and over-expression of either cyclin D1 or cyclin E contributes to neoplastic 

progression of the breast (Borter et al., 1997) and colon (Wang et al., 2002). Although 

further studies are required to clarify whether CLA-induced p53 and related withdrawal 

from the cell cycle may be due to altered lipid peroxidation and/or generation or reactive 

metabolites, our findings document for the first time that the effects of CLA on the 

expression of G1 checkpoints may depend on the expression of functional p53. However, 

the fact that p53 is the most commonly mutated gene in human cancers may limit the 

usefulness of therapeutic strategies based on CLA. Finally, whereas our data do not 

preclude the possibility that the t10,c12- and c9,t11-CLA or other isomers may act 

synergistically to inhibit cell proliferation, this study attributes a major suppressive effect 

on the cell cycle apparatus to the t10,c12-CLA isomer. The molecular mechanisms

through which this and other CLA isomers may alter the components of the cell cycle 

await further investigation.
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CHAPTER 4: CONJUGATED LINOLEIC ACID INHIBITS POLYCYCLIC 

AROMATIC HYDROCARBON-INDUCED CYCLOOXYGENASE-2 PROMOTER 

ACTIVITY THROUGH AN AROMATIC HYDROCARBON RECEPTOR-

DEPENDENT MECHANISM.
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Abstract

COX-2 expression has been detected in human breast tumors but not in normal 

breast tissue. Interestingly, of these breast cancer cases only 5-10% are hereditary while 

the majority is sporadic. This suggests that non-mutational events may increase breast 

cancer incidence by altering the expression of COX-2. The over-expression of COX-2 

has been shown to result from exposure to the PAHs. In this study, we investigate the 

mechanisms of CLA action on repression of PAH-induced COX-2 promoter activity in 

MCF-7 breast cancer cells. We report, CLA reduced the expression of COX-2 promoter 

activity induced by the AhR-ligand B[a]P and the high affinity AhR-ligand TCDD. 

Mutagenesis of potential XREs within the COX-2 promoter abrogated its induction by 

TCDD. In addition, promoter studies using a XRE-dependent CYP1A1 plasmid revealed 

CLA can inhibit PAH-induced AhR-driven genes. In contrast, linoleic acid was unable to 

inhibit induction of CYP1A1 by TCDD. In both promoters, the t10,c12-CLA isomer was 

more effective than c9,t11-CLA in inhibiting AhR/XRE-dependent genes. Taken 

together, these data suggest that the inhibitory properties of CLA on PAH-induced COX-

2 promoter activity appear to be a function, at least in part, of the relative content of 

specific isomers and their ability to inhibit an AhR-dependent mechanism.
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Introduction

The environmental pollutants, PAHs, are present as a complex mixture in 

cigarette smoke and grilled foods (Scherer et al., 2000; Lijinsky et al., 1991). Most 

notable of these substances is, B[a]P, a classic DNA damaging agent and carcinogen 

(Russo et al., 2002; Hecht, 2002). Food ingestion is a major source of exposure to B[a]P. 

Estimates of the daily dietary intake of B[a]P vary from 120 to 2800 ng/d (Hattemer-Frey 

et al., 1991) while averaging 600 ng/d (Scherer et al., 2000). B[a]P also is a common 

pollutant found in cigarettes in amounts of 10ng per and 200ng/d for a pack-a-day smoker 

(Scherer et al., 2000). Metabolism of B[a]P can generate the reactive diol-epoxide, 7r,8t-

dihydroxy-9t,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE), which have been 

shown to form stable DNA adducts at mutational hotspots (Denissenko et al., 1996).  

Metabolism of PAHs to reactive end products is mediated by the AhR pathway. 

The AhR is a steroid/nuclear type receptor which acts as a ligand-activated transcription 

factor by binding to xenobiotic responsive elements (XRE=5′-GCGTG-3′) in the 

promoter regions of responsive genes including CYP1A1 (Krishnan et al., 1995). A 

prototypical ligand for the AhR is B[a]P. Via this mechanism, the B[a]P/AhR 

heterocomplex upregulates the expression of CYP1A1, which in turn leads to the 

biotransformation of B[a]P to the highly mutagenic B[a]P diol epoxide (BPDE) (Ruddon, 

1995). Another gene that may function through this same mechanism and contribute to 

the susceptibility of DNA damage from PAHs is COX-2. In breast tissue, COX-2 plays a 

critical role in the bioactivation of B[a]P to their carcinogenic end-products. 
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Cyclooxygenases are prostaglandin synthases with intrinsic cyclooxygenase and 

peroxidase activities which catalyze the conversion of arachidonic acid to subsequent 

prostaglandins (PGs). There are two distinct isoforms of this enzyme, a constitutively

expressed isoform (COX-1) and an inducible isoform (COX-2). COX-2 expression has 

been detected in human breast tumors, but not in normal breast tissue (Parrett et al., 

1997). However, only 5-10% of breast cancer cases are hereditary while the majorities 

are sporadic (Peto et al., 1999; Shih et al., 2000). This suggests that non-mutational 

events may increase breast cancer incidence by altering the expression of COX-2. One 

such event may be exposure to PAHs. Interestingly, COX-2 over-expression has been 

shown to result from exposure to B[a]P (Kelly et al., 1997). 

The COX-2 promoter contains motifs consistent with xenobiotic responsive 

elements (Kraemer et al., 1996; Sherratt et al., 2003). The presence of XREs is 

compatible with the idea that B[a]P induces COX-2 via an AhR-dependent mechanism. 

Further, COX-2 over-expression results in bioactivation of PAHs to the highly mutagenic 

BPDE by oxidation during prostanoid synthesis (Marnett et al., 1990; Marnett et al., 

1978; Guthrie et al., 1982; Dix and Marnett, 1983; Eling et al., 1990; Eling and Curtis, 

1992). Interestingly, a mixture of conjugated linoleic acids have been shown to 

independently inhibit both COX-2 expression and B[a]P-induced breast cancer. 

CLA refers generally to mixtures of positional and geometric conjugated dieonic 

isomers of linoleic acid in which the double bonds are conjugated, instead of being in the 

typical methylene interrupted configuration (Belury, 2002). The double bonds of CLA 
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may be in the positions of 7,9; 8,10; 9,11; 10,12; or 11,13 and the 3-dimensional 

geometric combinations of cis and/or trans (c and/or t) configurations. CLA is found in a 

variety of foods including oils and seafood (0.2-0.8mg CLA/g, meats (1.0-4.0mg CLA/g 

fat) and dairy products (5.0-7.0 mg CLA/g fat) (Chin, 1992). The major isomers present 

in foods are found in the following order: c9t11 >t7c9 >11,13 (c/t) > 8,10 (c/t) >t10c12 

>11,13 (c/t) (Ma et al., 1999; Fritsche et al., 1999; Kramer et al., 1998). It has been well 

established that CLA has anti-carcinogenic (Ip et al., 1985; Ip et al., 1991, Ip et al., 1994)

and COX-2 suppressive properties (Liu and Belury, 1998; Kavanaugh et al., 1999;

Urquhart et al., 2002; Ma et al., 2002; Nakaniski et al., 2003; Yu et al., 2002; and Cheng 

et al., 2004). Research attempting to explain how CLA achieves these beneficial effects 

has given rise to mRNA and promoter studies.

In this study, we investigated the effects of CLA against the prototype PAH B[a]P

mediated COX-2 promoter activity. Additionally, we studied the recruitment of the AhR 

to a potential XRE located within COX-2 promoter. Finally, we evaluated the 

participation of the AhR in the modulation of the COX-2 promoter by B[a]P and CLA. 
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Results

CLA induced G1-arrest prevents B[a]P stimulated S-phase.  The effect of a 

mixture of CLA isomers and B[a]P on cell proliferation of asynchronous MCF- 7 cells 

were investigated using flow cytometry. For this experiment the concentration of 160 

µmol/L of a mixture of CLA isomers (CLAmix) was used, which is the amount used in 

previous cell culture studies investigating the regulation of p53 in eliciting cell cycle 

arrest (Kemp et al., 2003). Likewise, a 1 µmol/L non-cytotoxic concentration of B[a]P 

was also used. The breast cancer cell line MCF-7 was selected as a model system for 

these studies based on the observation that it possesses a B[a]P-inducible AhR pathway, 

CYP1A1-metabolizing activities(Safe and Krishnan, 1995), and an inducible COX-2 

expression (Teh et al., 2004). The flow cytometry data indicated that when asynchronous 

MCF-7 cells were cultured with CLA for 24 hours, G0/G1 cell cycle arrest resulted (55% 

vs. 72%) paralleled by reduction of cells in S-phase (31% vs. 28%) (Fig. 16A). Also as 

observed previously, treatment of asynchronous MCF-7 cells treated with B[a]P induced 

within 24 hours a reduction of cells in G0/G1 (55% vs. 45%) and an accumulation of 

cells in the S-phase compartment (31% vs. 35%) (Jeffy et al., 2000) (Fig. 16B). 

Conversely, the co-treatment of CLA with B[a]P saw activation of the G0/G1 checkpoint 

(55% vs. 63%) resulting in a loss of cells in S-phase (31% vs. 28%) (Fig. 16A). B[a]P 

also stimulated an accumulation of cells in G2/M (13% vs. 20%) that was disrupted by 

co-treatment with CLA (13% vs. 10.5%) (Fig 16C). These results indicate that CLA can 

disrupt the movement of cells into the S-phase by the known carcinogen B[a]P.
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Figure 16. Treatment of breast cancer MCF-7 cells with CLAmix induces G1 arrest. 
MCF-7 cells were cultured in DMEM, DMEM plus 160µmol/L CLAmix DMEM plus 
1µmol/L B[a]P, and DMEM plus 1µmol/L B[a]P and 160mol/LM  CLA. Flow cytometry 
of asynchronous MCF-7 cells indicated that treatment with CLA for 24 hours induced 
cell cycle arrest in G0/G1 and antagonizes the accumulation in S-phase induced by B[a]P.

A

B

C
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CLA inhibits AhR-agonist induction of COX-2. Paradoxically both CLA and 

B[a]P induce an accumulation of p53 (Kemp et al., 2003; Jeffy et al. 2002), which may 

suggest another mechanism for CLAs anti-proliferative effects. Since the accumulation of 

cells in S-phase does not occurs if genes responsible for the metabolism of B[a]P are 

inhibited (Kemp MQ and Romagnolo DF, unpublished data), we investigated if CLA is 

abrogating expression of genes responsible for the metabolism of PAHs . In breast tissue,

COX-2 is induced by B[a]P and then simultaneously metabolizes them as a substrate 

(Marnett et al., 1990; Marnett et al., 1978; Guthrie et al., 1982; Dix and Marnett, 1983; 

Eling et al., 1990; Eling and Curtis, 1992). To investigate the potential ability of CLA to 

inhibit this metabolism of B[a]P, we examined the effect of CLA on the COX-2 

promoter. The pGL3-COX-2-3900 was transfected into MCF-7 cells and treated with 

B[a]P, which elicited a 1.6-fold induction (Fig. 17). However, co-treatment with CLAmix 

caused a 2.0-fold reduction in activity. Since B[a]P has been shown to activate COX-2 

promoter activity through a variety of targets we sought to narrow likely targets by 

treating with the high-affinity AhR-ligand TCDD. The treatment with TCDD resulted in 

an increased promoter activity (1.7-fold) but co-treatment with CLA blocked this activity 

by 2.0-fold. The high-affinity of TCDD for activating the AhR suggests the presence of 

potentially active XREs in driving COX-2 promoter activity. Furthermore the ability of 

CLA to inhibit TCDD induction of COX-2 suggests these events may occur through an 

AhR/XRE-mechanism.
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Figure 17. CLAmix  inhibits B[a]P and TCDD induction of COX-2 promoter activity. 
MCF-7 cells were transiently transfected with pGL3-COX2-3900. Cells were cultured for 
24h in DMEM/F12 plus 10% FCS (DMEM), DMEM plus 2.5 µmol/L B[a]P or 
100nmol/L TCDD, and DMEM plus 160µmol/L CLAmix and 2.5µ mol/L B[a]P or 
100nmol/L TCDD. Columns represent mean relative expression units for luciferase
corrected for renilla +/- SD (bars) from two independent experiments performed in 
quadruplicate.
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Characterization of three Potential XREs within the COX-2 promoter. Previous 

studies have identified potential XREs in the COX-2 promoter at -507 to -504 (XRE1), -

958 to -955 (XRE2), and -3444 to-3440 (XRE3) (Kraemer et al., 1996; Sherratt et al., 

2003), which may further suggest that TCDD is working through these XREs. To 

characterize whether these XREs are bonafide targets for TCDD and CLA we conducted 

site-directed mutagenesis and truncations of the COX-2 promoter (Fig. 18). TCDD 

treatment of MCF-7 cells transfected with a full length COX-2 plasmid containing a 

mutant XRE1 (pGL3-COX-2-3900-XREmut1) resulted in a 19% drop in activity

compared to wild-type. In addition, a full length COX-2 plasmid containing mutants at 

XRE1&2 exhibited complete of loss of inducible activity. When the COX-2 promoter is 

truncated to 1432 bp (pGL3-COX-2-1432) the XRE3 is lost. This plasmid was 

characterized by a 26% reduction in activity compared to pGL3-COX2-1432. 

Furthermore, mutation of XRE1 in the pGL3-COX-2-1432-XREmut1  plasmid resulted in 

an additional 36% loss of TCDD inducible activity. Finally the truncation of the COX 

promoter to eliminate all three XREs (pGL3-COX-2-327 and pGL3-COX-2-124) resulted 

in a complete absence of induction by TCDD. These data reveal that the absence of these 

potential XREs results in a loss of ability for AhR-agonists to induce COX-2 promoter 

activity, and supports that these XREs are functional sites.
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Figure 18. TCDD-induced COX-2 promoter activity abrogated by mutation and/or 
deletion of potential XREs. Cells were transfected the expression vectorspGL3-COX-2-
3900, which contains three potential XREs at -507 to -504 (XRE1), -958 to -955 (XRE2) 
and -3444 to -3440 (XRE3). pGL3-COX-2-3900-XREmut1, which contains a  mutant 
XRE at -507 to -504.   pGL3-COX-2-3900-XREmut1&2, which contains two mutant 
XREs at -507 to -504 and -958 to -955.  pGL3-COX2-1432-XREmut1, which contains a 
mutant XRE at -507 to -504. pGL3-COX2-1432, pGL3-COX2-327, pGL3-COX2-124, 
which contain only two potential XREs or none. Cells were cultured for 24h in 
DMEM/F12 plus 10% FCS (DMEM), and DMEM plus 100 nmol/L TCDD. Columns
represent mean relative expression units for luciferase corrected for renilla +/-  SD (bars) 
from two independent experiments performed in quadruplicate
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CLA inhibits AhR-agonist induction of AhR/XRE-driven genes. To test the hypothesis that 

TCDD and CLA can work through an AhR/XRE mechanism, we transfected MCF-7 cells 

with plasmid 1A1-4x-Luc (CYPxre), which contain a CYP1A1 consensus sequence 

under the singular control of four XRE=GCGTG elements. Treatment with B[a]P resulted 

in a 4.5-fold induction and co-treatment with 160 µmol/L CLAmix reduced that induction 

with by 40% (Fig. 19). In addition, CYPxre activity was induced by treating with the 

high-affinity AhR-ligand, TCDD, which resulted in a 4.0-fold induction. In contrast, co-

treatment with CLA abrogated that induction by 74%. These results sug gest that CLA can 

disrupt XRE- driven promoters and the AhR-mechanism driving the COX-2 promoter is

its likely targets for modulation.
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Figure 19. CLAmix  inhibits B[a]P and TCDD induction of CYP1A1 promoter activity. 
MCF-7 cells were transiently transfected with p1A1-4x-Luc (CYPxre). Cells were 
cultured for 24h in DMEM/F12 plus 10% FCS (DMEM), DMEM plus 2.5 µmol/L B[a]P, 
and DMEM plus 160 µmol/L CLAmix and 2.5 µmol/L B[a]P or 100nmol/L TCDD. 
Columns represent mean relative expression units for luciferase corrected for renilla +/-
SD (bars) from two independent experiments performed in quadruplicate.
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CLA does but LA does not disrupt the AhR/XRE-mechanism. Previous studies 

have shown that LA inhibits the COX-2 promoter activity (Horia and Watkins, 2005). To 

determine if the inhibitory mechanism of action for LA is independent from that of CLA 

on the AhR/XRE-mechanism, we treated CYPxre transfected MCF-7 cells with TCDD 

and co-treated with either CLAmix or LA. The treatment with TCDD produced a 6.0-fold 

induction and the co-treatment with CLAmix abrogated that stimulation (Fig. 20). 

However, the co-treatment with LA did not produce any inhibitory effects on CYPxres

AhR pathway. These data show that CLAs ability to disrupt the XRE- mechanism is an 

effect of it own and is not shared with its progenitor fatty acid.
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Figure 20. LA is unable to prevent TCDD induction of p1A1-4x-Luc promoter activity. 
MCF-7 cells were transiently transfected with p1A1-4x-Luc (CYPxre). Cells were 
cultured for 24h in DMEM/F12 plus 10% FCS (DMEM), DMEM plus 100nmol/L
TCDD, and DMEM plus 160 µmol/L CLA mix or 160 µmol/LA and 100 nmol/L TCDD. 
Columns represent mean relative expression units for luciferase corrected for renilla +/-
SD (bars) from two independent experiments performed in quadruplicate.
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Effects of c9,t11- and t10,c12-CLA on AhR-agonist induced XRE-driven genes 

and COX-2. To determine the physiological importance of the CLA levels used in these 

studies and which CLA isomer was responsible for altering COX-2 activity via the AhR-

mechanism, the effects of various concentrations of the a mixture of CLA isomers,

c9,t11-CLA and t10,c12-CLA isomers were compared in both the CYP1A1 and COX-2 

promoters. The pGL3-COX-2-3900 was transfected into MCF-7 cells and treated with 

TCDD, which elicited a 1.7-fold induction (Fig. 21). Co-treatment with the mixture of 

CLA reduced promoter activity back to basal levels. The isomers of CLA exhibited 

differing activity in suppressing COX-2 promoter activity. Co-treatment with the c9,t11-

CLA isomer was able to significantly reduce COX-2 activity. However, the t10,c12-CLA 

isomer completely abrogated TCDD-induced COX-2 promoter activity similar to the 

mixture of CLA. The activity of the t10,c12- isomer over the c9,t11-isomer in inhibiting

the TCDD induction of COX-2 was significant (p <0.05).

Similar to COX-2, the isomers of CLA exhibited differing activity in suppressing 

CYPxre promoter (Fig. 22). Co-treatment with the c9,t11-CLA isomer was able to 

significantly reduce CYPxre activity. However, similar to the mixture of CLA the 

t10,c12-CLA isomer completely disrupted TCDD-induced CYPxre promoter activity. In 

addition, the ability of the t10,c12-isomer over the c9,t11-isomer to inhibit the TCDD 

induction of CYPxre was significant (p <0.05). These results suggest that both c9,t11-

and t10,c12- isomers of CLA were able to inhibit COX-2 and CYPxre via an AhR 

pathway but the t10,c12 isomer was more effective in this regard.
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The treatment with LA in these studies is in-line with previous studies, which has

shown that LA inhibits COX-2 transcription (Horia and Watkins, 2005). However, the 

co-treatment with LA did not produce any inhibitory effects on CYPxres. These data 

show that CLA and its isomers ability to disrupt the AhR/XRE-mechanism is an effect of 

it own and is not shared with its progenitor fatty acid.

For the majority of this paper a concentration of 160 µmol/L CLA was used, 

which is the amount used in our previous cell culture studies investigating the regulation 

of p53 in eliciting cell cycle arrest (Kemp et al., 2003). However, previous studies have

identified that t he physiological concentrations of CLA fall within 70 to 10 µmol/L 

(Szebeni et al., 1986; Herbel et al., 1998; Huang et al. 1994; and Petridou et al., 2003). 

To investigate if these results could be elicited using physiological concentrations of 

CLA a titration study for CLAmix, c9,t11-CLA, t10,c12-CLA, and LA was performed

(Fig. 23). A mixture of CLA, the t10,c12-isomer, and the c9,t11-isomer, were able to 

inhibit TCDD-induced COX-2 activity to varying degrees . In specific, the c9,t11-isomer 

was able to inhibit TCDD induction of the COX- 2 promoter at the 40 (40%) and 80

(44%) µmol/L physiological concentrations, the 160 (42%) µmol/L supra-physiological 

concentration, but not at 20 µmol/L. In contrast, the mixture of CLA and the t10,c12–

isomer at the 40, 80 and 160 µmol/L concentrations inhibited TCDD induction of COX-2 

back to basal, which was significantly greater than the inhibition by the c9,t11-isomer. 

The 80 µmol/L concentration of the mixture of CLA and its two isomers was most 

effective in disrupting TCDD induced COX-2 activity, respectively. However, at this 
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concentration of the t10,c12-isomer (111%) was most effective at inhibiting TCDD 

induction of the COX-2 promoter but their was no significant difference between that 

inhibition and that seem with the 80 µmol/L CLA mixture (108%). These data show that 

CLA and its c9,t11- and t10,c12-isomers are effective at physiological concentrations in 

disrupting TCDD-induced COX-2 promoter activity. Moreover, the t10,c12-isomer 

confers the major TCDD inhibiting activity.
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Figure 21. A mixture of CLA, c9,t10-CLA, and t10,c12-CLA inhibit TCDD induction of 
COX-2 promoter activity. MCF-7 cells were transiently transfected with pGL3-COX2-
3900. Cells were cultured for 24h in DMEM/F12 plus 10% FCS (DMEM), DMEM plus 
100 nmol/L TCDD, and DMEM plus 160µmol/L CLA mix or isomers and 100nmol/L
TCDD. Columns represent mean relative expression units for luciferase corrected for 
renilla +/- SD (bars) from two independent experiments performed in quadruplicate.
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Figure 22. A mixture of CLA, c9,t10-CLA, and t10,c12-CLA inhibit TCDD induction of 
CYP1A1 promoter activity. MCF-7 cells were transiently transfected with p1A1-4x-Luc. 
Cells were cultured for 24h in DMEM/F12 plus 10% FCS (DMEM), DMEM plus 100 
nmol/L TCDD, and DMEM plus 160µmol/L CLA mix or isomers and 100nmol/L
TCDD. Columns represent mean relative expression units for luciferase corrected for 
renilla +/- SD (bars) from two independent experiments performed in quadruplicate.
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Figure 23. A titration of CLAmix, c9,t10-CLA, and t10,c12-CLA inhibit TCDD 
induction of COX2-3900 promoter activity. MCF-7 cells were transiently transfected 
with p1A1-4x-Luc. Cells were cultured for 24h in DMEM/F12 plus 10% FCS (DMEM), 
DMEM plus 100 nmol/L TCDD, and DMEM plus 160, 80, 40 and 20 µmol/L CLA mix
or isomers and 100nmol/L TCDD. Columns represent mean relative expression units for 
luciferase corrected for renilla +/- SD (bars) from two independent experiments 
performed in quadruplicate.
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Discussion

At the onset of this study we identified that co -treatment of the chemical 

carcinogen B[a]P, whose exposure to is hallmarked by S-phase arrest, with CLA results 

in G1-arrest. Paradoxically, both CLA and B[a]P are capable of inducing an 

accumulation of p53 and their respective cell cycle arrests are dependent on that 

accumulation (Kemp et al., 2003; Jeffy et al., 2000). Independent investigations by our 

laboratory have found that inhibiting the CYP1A1 gene, which is responsible for 

metabolism of carcinogens, can disrupt B[a]P-induced S-phase (Kemp MQ, and 

Romagnolo DF, unpublished data). These data indicated that genes responsible for 

metabolism of PAHs may be a likely target for disruption of B[a]P-induced arrest. In this 

study, we hypothesized that CLA may disrupt the metabolism of cell cycle altering 

carcinogens by abrogating COX-2. 

In breast tissue COX-2 activity can be induced by B[a]P. This induction can result 

in the metabolism of B[a]P to carcinogenic end-products (Marnett et al., 1990; Marnett et 

al., 1978; Guthrie et al., 1982; Dix and Marnett, 1983; Eling et al., 1990; Eling and 

Curtis, 1992). To investigate the relationship of CLA with regard to these mechanisms,

we examined CLAs effect on the COX-2 promoter. These studies revealed that CLA 

inhibited the induction of COX-2 by B[a]P suggesting  that CLA can inhibit the 

biotransformation of B[a]P. Since, PAHs commonly activate genes via an AhR pathway 

(Krishnan et al., 1995) we investigated if the high-affinity AhR-ligand TCDD activates 

COX-2 and if CLA disrupts that activity. These studies revealed that COX-2 was in-fact 
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inducible by TCDD and CLA could abrogate that induction, which suggests that it may 

be under the control of an AhR pathway and that CLA may be an AhR-antagonist.

Previous studies have identified potential XREs in the COX- 2 promoter at -507 to 

-504 (XRE1), -958 to -955 (XRE2), and -3444 to-3440 (XRE3) (Kraemer et al., 1996; 

Sherratt et al., 2003). To investigate whether these XREs were functional we conducted 

site-directed mutagenesis and truncation studies. These data provided that TCDD 

induction of the COX-2 promoter is lost with mutation or deletion of these potential 

XREs. This suggests that COX-2 transcription is under direct control of the AhR 

pathway. In addition, the TCDD inducible activity of the COX-2 promoter varied based 

on which XREs were mutated or truncated. The mutation of XRE1 in COX-2-3900 and 

truncation of XRE3 in COX-2-1432 result in a similar loss of activity. Furthermore, the 

mutation of XRE1 and 2 in the COX-2-3900 promoter the mutation of XRE1 and 

truncation of XRE3 in COX-2-1432 caused complete loss of TCDD induction. These 

results imply that two XREs are but one XRE is not sufficient for AhR-driven activity of 

the COX-2 promoter. Overall these data provide evidence that all three XREs of the 

COX-2 promoter are likely authentic.

To further characterize the involvement of CLA in the AhR pathway we 

employed the use of an AhR-dependent CYP1A1 plasmid. MCF-7 cells transfected with 

this p1A1-4x-Luc plasmid and subsequent treatment with TCDD or B[a]P resulted in a 

significant induction. However, co-treatment with CLA abrogated both TCDD and B[a]P 

inductions. Since this CYP1A1 plasmid is only under the control of the AhR pathway,
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these data strongly suggest CLA is an AhR-antagonist. In addition this effect was only 

seen with CLA and not its progenitor fatty acid LA. These finding reveal that the loss of 

the methylene interruption double bond of LA is necessary for the bioactivity of CLA on 

the AhR pathway.

Previous studies have suggested that the biological effects of CLA mixtures are, 

at least in part, due to the distinct actions of the c9,t11- and t10,c12-isomers (Pariza et al., 

2001). Therefore, we examined the effects of various isomers on COX-2 and CYP1A1 

promoter activities. Our results indicate that there are marked differences in AhR-

antagonism by c9,t11- and t10,c12-CLA. Though both isomer significantly inhibit TCDD 

induction of COX-2 and AhR-dependent CYP1A1 promoter activities, the t10,c12-

isomer inhibited both activities significantly more than the c9,t11-isomer. These studies 

also took into consideration the physiological concentration necessary for the inhibitory 

effects on CLA on COX-2. Titration studies using a mixture of CLA, c9,t11-isomer, 

t10,c12-isomer revealed that at physiological concentrations (Szebeni et al., 1986; Herbel 

et al., 1998; Huang et al. 1994; and Petridou et al., 2003) a mixture of CLA and both the 

t10,c12- and c9,t11-isomers, were able to inhibit TCDD-induced COX-2 activity. Thus, 

the relative concentration of the t10,c12-CLA isomer may influence the health effects of 

CLA mixtures found in enriched preparations, and meat and dairy products.

Numerous studies have suggested  COX-2 promoter activity is under the direct 

control of the AhR pathway. These reports have shown that COX-2 activity is B[a]P,

TCDD, or cigarette smoke extract-inducible (Wiese et al., 2001; Kelly et al., 1997;Puga 
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et al., 1997; Liu et al., 1997;Vogel et al., 1998; Martey et al., 2005), the COX-2 promoter 

region contains three potential XREs (Sherratt et al., 2003; Kraemer et al., 1996), and the 

murine COX-2 promoter is under the control of the AhR-mechanism (Yang and Bleich, 

2004). To the best of our knowledge, this is the first study in human cells showing that 

the COX-2 is under the control of the AhR and that the XREs within its promoter region 

are functional. These findings provide a molecular basis for why COX-2 is induced by 

AhR-ligands and possibly a target through which PAHs cause inflammation, immune 

responses and carcinogenesis (Ristimaki et al., 1994 ). Furthermore this knowledge 

provides an exact mechanism through which COX-2 expression can be antagonized.

The antagonism of COX-2 by CLA has been shown previously (Liu and Belury, 

1998; Kavanaugh et al., 1999; Urquhart et al., 2002; Ma et al., 2002; Nakaniski et al., 

2003; Yu et al., 2002; and Cheng et al., 2004). This study demonstrates that CLA can 

abrogate B[a]P and TCDD induced COX-2 promoter activity via an AhR-mechanism. 

However, CLA anta gonism of COX-2 activity via an AhR-mechanism remains a curious 

event. Most antagonists of the AhR achieve their disruptive properties by directly 

binding. These structures are typically based on the flavone ring system (Lu et al., 1995; 

Gasiewicz et al., 1996; Lu et al., 1996). H-bonding between flavone and AhR stabilizes 

the AhR-ligand complex in a conformation that prevents dissociation of hsp90 and 

sequesters the AhR in the cytoplasim disrupting its participation in transcription (Henry

et al., 1999).  Flavones permit formation of an external H-bond with the AhR binding site 

by a high electron charge density external to the ring structure in a 4’-azido or 4’nitro 

compound (Henry et al., 1999). Interestingly, CLA carries none of these characteristics 
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held by traditional AhR-antagonist but still retains potent disruptive activity. The defining 

characteristic of CLA is its double bonds are conjugated instead of in the typical 

methylene interrupted configuration. This presents the question, how is CLA acting as an 

antagonist of the AhR? One possible explanation is by preventing phosphorylation of the 

AhR required for it to activate transcription.  Several studies have reported a synergistic 

effect between TCDD and a potent protein kinase C (PKC) activator, phorbol 12-

myristate 13-acetate (TPA) on activation of AhR-driven genes (Chen and Tukey, 1996; 

Long et al., 1998). These studies theorize that since DNA binding of the AhR requires 

phospohoylation at tyrosine residues (Park et al., 2000a) and steps in transcriptional 

activation  requires phosphorylation at serine/threonine residues (Li and Dougherty, 

1997), cellular signaling events carried out following activation of PKC may be essential 

in promoting gene responses initiated by the actions of the AhR. Therefore, it is possible 

that CLA disrupts activity of AhR pathway by altering PKC activity. CLA has been 

shown to modulate activity of TPA-inducible PKC family members (Song et al., 2004).

In summary, this report documents that in breast cancer cells, (i) COX-2 promoter 

activity is under the control of the AhR pathway and (ii) CLA compromises the 

expression of the COX-2 gene via an AhR-dependent mechanism. Although further 

studies are required to clarify whether CLA is disrupting the AhR-mechanism in COX-2 

via altered phosporylation, our findings document for the first time that the effects of 

CLA on the expression of COX-2 may depend on the AhR. In addition, this study 

attributes the major AhR-mediated COX-2 suppressive effects on the t10,c12-isomer. 

Finally, this COX-2 regulatory aspect of CLA may have clinical importance in the 
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development of preventive and/or therapeutic strategies based on the fact that (i) COX-2 

over-expression occurs in 50% of human invasive breast cancers and 80% of ductal 

carcinomas in situ (Reviewed in Bundred and Barnes, 2005). 
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CHAPTER 5: SUMMARY AND CONCLUSIONS

Conclusions

Numerous studies have documented the anti-proliferative effects of CLA (Rose et 

al., 1989; Phoon et al., 2001; Hayashi et al., 1997) and its ability to inhibit chemical 

carcinogenesis (Ha et al., 1990; Ip et al., 1991; Ip et al., 2001; Liew et al., 1995; Belury et 

al., 1996; Ip et al., 1999; Schultz et al., 1992; Park et al., 2000). Though revealing, these 

studies lack investigation into the mechanism through which CLA works. In this 

dissertation, we present two potential mechanisms through which CLA confers its 

protective effects against cancer. In this dissertation we demonstrate the mechanisms of 

CLAs action on cell cycle progression and repression of PAH-induced COX-2 in breast 

cancer cells. 

The first specific aim of this dissertation characterized the mechanism of CLAs

action on cell cycle progression in breast and colon cancer cells. Treatment with CLA 

inhibited cell proliferation in breast cancer MCF-7 cells containing wild-type p53 

(p53+/+). At cytostatic concentrations, CLA elicited cell cycle arrest in G0/G1 and 

induced the accumulation of the tumor suppressors p53, p27 and p21 protein. Conversely, 

CLA reduced the expression of factors required for G1 to S-phase transition including 

cyclins D1 and E, and hyperphoshorylated retinoblastoma Rb protein. In contrast, the 

over-expression of mutant p53 (175Arg to His) in MFC-7 cells prevented the CLA-

dependent accumulation of p21 and the reduction of cyclin E levels suggesting that the 

expression of wild-type p53 is required for CLA-mediated activation of the G1 restriction 
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point. To further elucidate the role of p53, the effects of CLA in colon cancer HCT116 

cells (p53+/+) and p53-deficient (p53-/-) HCT116 cells (HCTKO) were examined. The 

treatment of HCT116 cells with CLA increased the levels of p53, p21, p27 and 

hypophosphorylated (pRb) protein and reduced the expression of cyclin E, whereas these 

effects were not seen in p53-deficient HCTKO cells. The t10,c12-CLA isomer was more 

effective than c9,t11-CLA in inhibiting cell proliferation of MCF-7 breast cancer cells 

and enhancing the accumulation of p53 and pRb. We conclude that the anti-proliferative

properties of CLA appear to be a function, at least in part, of the relative content of 

specific isomers and their ability to elicit a p53 response that leads to the accumulation of 

pRb and cell growth arrest.

The second specific aim we investigated the disruptive effects of CLA on genes 

responsible for metabolism of chemical carcinogens to mutagenic end-products. COX-2 

expression has been detected in human breast tumors, with no detectable expression in 

normal breast tissue. Interestingly, only 5-10% of breast cancer cases are hereditary while 

the majority is sporadic. This suggests that non-mutational events may increase breast 

cancer incidence by altering the expression of COX-2. The over-expression of COX-2 

has been shown to result from exposure to the PAHs. In this study, we investigate the 

mechanisms of CLA action on repression of PAH-induced COX-2 promoter activity in 

MCF-7 breast cancer cells. We report, CLA reduced the expression of COX-2 promoter 

activity induced by the AhR-ligand B[a]P and the high affinity AhR-lgand TCDD. 

Mutagenesis of potential XREs within the COX-2 promoter abrogated its induction by 

TCDD. In addition, promoter studies using a XRE-dependent CYP1A1 plasmid revealed 
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CLA can inhibit PAH- induced AhR-driven genes. In contrast, linoleic acid was unable to 

inhibit induction of CYP1A1 by TCDD. In both promoters, the t10,c12-CLA isomer was 

more effective than c9,t11-CLA in inhibiting cell proliferation and AhR/XRE- dependent 

genes. Taken together, these data suggest that the inhibitory properties of CLA on PAH-

induced COX-2 promoter activity appear to be a function, at least in part, of the relative

content of specific isomers and their ability to inhibit an AhR-dependent mechanism.

Taken together, these data suggest that the anti-cancerous properties of CLA 

appear to be a function, at least in part, of the relative content of specific isomers and 

their 1) ability to elicit a p53 response that leads to the accumulation of pRb and cell 

growth arrest, and 2) ability to inhibit PAH-induced cyclooxygenase-2 promoter activity 

through an AhR-dependent mechanism (Fig. 24). This cell cycle regulatory aspect of 

CLA may have clinical importance in the development of preventive and/or therapeutic 

strategies based on the fact that nearly 45% of breast cancers over-express cyclin D1 (Hui 

et al., 2002), and over-expression of either cyclin D1 or cyclin E contributes to neoplastic 

progression of the breast (Borter et al., 1997) and colon (Wang et al., 2002). Finally, the 

COX-2 regulatory aspect of CLA may have clinical importance in the development of 

preventive and/or therapeutic strategies based on the fact that (i) COX-2 over-expression 

occurs in 50% of human invasive breast cancers and 80% of ductal carcinomas in situ 

(Reviewed in Bundred and Barnes, 2005). 
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Figure 24. Potential mechanism of CLAs action

G0 G1 G2S phase M

Cyclin D1

Cyclin E

Cyclin A

Cyclin B1

Cdk4/6

Cdk2

Cdk2

Cdc2

Cdk2
Rb E2F Rb E2F+

P

P

p21

p27

Restriction 
Point

p53

BPDE

CLA

B[a]P AhR
CYP1A1

COX-2



99

Future Directions

1. Determine if CLA abrogates binding of the AhR to XREs located within the 

CYP1A1 and COX2 promoters.

2. Investigate the contribution of PKC in CLA disruption of AhR mediated 

transcription.
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APPENDIX A: ABBREVIATIONS

AhR….Aromatic hydrocarbon receptor

B[a]P….Benzo[a]pyrene

BPDE….7r,8t-Dihydroxy9t,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene

c9, t10….cis9, trans11-conjugated linoleic acid

CLA….conjugated Linoleic Acid

CLAmix….conjugated linoleic acid mixture

CMV….cytomegalvirus

COX-1/-2….cyclooxygenase-1/-2 

CYP1A1…. cytochrome P450 1A1

HCTKO…HCT116 cells knock-out p53

LA….linoleic acid

MUFA….monounsaturated fatty acid

MTT….methylthiazolyldiphenyl-tetrazolium bromide

P1A1-4x-Luc….CYPxre

p53WT….wild-type p53

p53KP….knock-out p53

PAH….polycyclic aromatic hydrocarbon

PGE2….prostaglandin E2

PGG2….prostaglandin G2

pRb….hypophosphorylated retinoblastoma

ppRb….hyperphosphorylated retinoblasatoma
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ABREVIATIONS-CONTINUED

PUFA….polyunsatured fatty acids

RT-PCR….reverse transcription polymerase chain reaction

t10 ,c12….trans10, cis12-Conjugated Linoleic Acid

TCDD….2,3,7,8-tetrachlorodibenzo-p-dioxin

XRE….xenobiotic responsive element
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APPENDIX B: PERMISSION TO REPRINT COPYRIGHTED METERIALS
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APPENDIX C: PUBLISHED MATERIALS

Kemp MQ, Jeffy BD, Romagnolo DF. 2003. Conjugated linoleic acid Inhibits Cell 

Proliferation through a p53-dependent Mechanism: Effects on the Expression of G1-

Restriction Points in Breast and Colon Cancer. J. Nutr. 133:3670-3677.
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