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ABSTRACT 

 

 

Each year over 260,000 new cases of breast cancer will be diagnosed in the U.S. 

and approximately 40,000 women will die of metastatic breast cancer.  The etiology of 

breast cancer is poorly understood and only 5 -10% of cases can be attributed to genetic 

factors.  This suggests that the development of breast cancer may involve environmental 

factors including diet, lifestyle, and exposure to chemicals. Several lines of experimental 

and epidemiological evidence have highlighted COX-2 as a potential target for breast 

cancer prevention.  The central hypothesis of this proposal is that activation of COX-2 

transcription by epigenetic effectors can be prevented by dietary agents that target the 

activator protein-1 (AP-1) transcription factor and the aromatic hydrocarbon receptor 

(AhR).  The first specific aim was to determine the mechanism through which conjugated 

linoleic acid (CLA) and rosmarinic acid (RA) inhibit TPA-induced COX-2 trancription.  

These studies documented that CLA and RA repressed COX-2 transcription by 

antagonizing the AP-1 transcription factor.  The second specific aim was to investigate 

whether or not the AhR plays a role in TCDD-induced COX-2 transcription and effects of 

chemopreventive agents. Results indicated that AhR agonists induced the binding of the 

AhR to COX-2 and was prevented by CLA and the AhR antagonist, resveratrol (RES) 

and 3-methoxy-4-nitroflavone (3M4NF). The third specific aim was to examine the 

effects of AhR agonists and dietary selective AhR modulators on chromatin 

modifications associated with the COX-2 promoter. Chromatin immunoprecipitation 

(ChIP) assays revealed that the AhR is recruited to the region of the COX-2 promoter 

containing a xenobiotic response element and accompanied by recruitment of p300 and 
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acetylation of histone H4.  Transcriptional regulation of COX-2 by AhR agonists and 

dietary antagonists may also involve other post-transcriptional modifications of histones, 

which along with chromatin remodeling factors modulate the structure of chromatin and 

recruitment of RNA polymerase II.  Overall, the results demonstrated that COX-2 

transcription can be targeted by a variety of dietary agents that act through different 

mechanisms.  Therefore, inhibition of transcriptional regulation of COX-2 by selected 

dietary factors may be a breast cancer preventive strategy that bypasses the side effects of 

drugs that target COX-2.   
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CHAPTER I:  INTRODUCTION 

  

 

Overview of breast cancer 

 The incidence rate of breast cancer has been gradually on the rise in the United 

States until 2003 when incidence rates have slightly declined.  In the United States, an 

estimated one in eight women will develop breast cancer in her lifetime (Ries, 2005).  

This is an alarming increase in breast cancer incidence from the 1950’s where one in 

twenty-two women developed breast cancer.  It is difficult to attribute the 3-fold increase 

in breast cancer incidence in one generation to genetic changes or to increased detection 

by mammography.   Rather, cumulative research seems to indicate that this increase is 

due to changes in the environment, which includes diet, lifestyle, and exposure to 

chemicals.  In the past few years the slight decrease in incidence has been correlated with 

the decreased use of hormone replacement therapy (HRT) after the Women’s Health 

Initiative (WHI) terminated the estrogen plus progestin arm of the study in May 2002 due 

to increased breast cancer cases compared to the placebo arm (Rossouw, 2002; 

Kerlikowske, 2007).  Fortunately, great strides have been made in breast cancer diagnosis 

and treatment, significantly decreasing breast cancer mortality.  

According to estimates of the American Cancer Society, this year over 260,000 

new cases of breast cancer will be diagnosed and approximately 40,000 women will die 

of metastatic breast cancer in the US (American Cancer Society, 2006).  In the Western 

world, breast cancer is the second leading cause of death for women, with the first being 

lung cancer. (Dumitrescu, 2005).   Breast cancer is the second most frequently diagnosed 
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cancer for US women, with the first being skin cancer (Bowden, 2004).  The five-year 

survival rates are 97% for local breast cancer, 78% for regional metastasis, and 23% for 

distant metastasis (Dumitrescu, 2005).   

 

Mammary gland biology  

The mammary gland is a complex tissue that is highly regulated during several 

developmental phases including embryogenesis, puberty, pregnancy, lactation, and post-

lactation (McGee, 2006).  The mammary gland consists of ductal and alveolar milk-

producing cells which are embedded into the stromal connective tissue and mammary fat 

pad (Russo, 2000).  The different developmental stages are regulated by systematic and 

locally acting steroid and peptide hormones including estrogen, progesterone, pituitary 

hormones, cytokines, growth hormones, and signaling molecules derived from the stroma 

(Su, 2007).   

The mammary gland first begins to develop during embryogenesis in both sexes 

(Howard, 2006).  Mammary epithelial cells develop from pluripotent mammary stem 

cells (Shackleton, 2006), which are rare in the adult mammary gland.   The most 

significant development in females begins at the onset of puberty in response to high 

levels of estrogen, resulting in rapid growth of the rudimentary ductal tree which 

elongates and extends into the stromal fat pad (Russo, 2004).  In preparation for milk 

synthesis during lactation, a complex lobuloalveolar ductal network is formed during 

pregnancy. After weaning, the mammary gland dedifferentiates and reverts to the mature 

non-pregnant state through apoptosis.  Breast epithelial cells seem to be the major targets 
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of estrogen in the breast since the estrogen receptor has been detected in these cells by 

immunohistochemistry (Russo, 2000).  Since the mammary gland is highly plastic and 

undergoes several developmental stages, it is susceptible to influence by harmful and 

beneficial environmental factors.   

 

Multi-step mammary carcinogenesis 

 Carcinogenesis is recognized as a multi-step process involving many molecular 

and cellular events.  The classical model of multi-step carcinogenesis involves three basic 

stages:  initiation, promotion, and progression.  In the first phase, initiation occurs when 

DNA damage is not repaired.  In the second phase of promotion, initiated cells undergo 

clonal expansion, resulting in a population of initiated cells.  Tumor promoters induce the 

proliferation of initiated cells and are usually not carcinogenic themselves; however some 

agents can be both initiators and promoters.   After a carcinogenic exposure, it is 

estimated that 6-to-12 critical genetic
 
events occur before the development of clinically

 

detectable cancer that may span decades (Lippman, 2002).  Genes whose alterations are 

involved in tumorigenesis include tumor-suppressor genes, oncogenes, and stability 

genes (Vogelstein, 2004).  Hanahan and Weinberg described the essential alterations that 

drive the conversion of a normal to a malignant cell (Hanahan, 2000), including 

deregulation of growth signaling. 
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Figure 1:  Mammary carcinogenesis.  Most breast cancers originate from epithelial 

cells that line the ducts or lobules.  Differentiation of the mammary gland ductal tree 

progresses from terminal end buds to alveolar buds and with further branching form the 

lobule type 1 (Lob 1). Parity significantly increases differentiation of Lob 1 to lobule type 

2 (Lob 2) and lobule type 3 (Lob 3), which later regress back to Lob 1. The site of origin 

for ductal carcinoma is Lob1, whereas Lob 2 is the site of origin for lobular carcinoma.  

Atypical ductal hyperplasia (ADH) can progress to ductal carcinoma in situ (DCIS) to 

invasive ductal carcinoma (IDC).  Atypical lobular carcinoma (ALC) can progress to 

lobule carcinoma in situ (LCIS) to invasive lobular carcinoma (ILC). Ductal carcinomas 

account for ~80% of breast cancers, whereas lobule carcinomas account for 10-15% of 

breast cancers. Approximately 40% of invasive tumors have been reported to overexpress 

COX-2. (Images of mammary gland structures from Russo et al. Clin Cancer Res. 2005; 

11(2 Pt 2):931s-6s.) 
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 The mechanisms leading to the development of breast cancer are not completely 

understood.  In general the initiation of breast cancer is thought to result from cumulative 

genetic damage leading to activation of proto-oncogenes and inactivation of tumor 

suppressor genes, resulting in uncontrolled cell proliferation and/or aberrant apoptosis. 

Acquired somatic mutations may occur from exposure to physical (i.e.: ionizing 

radiation), chemical (i.e.: nitrosoureas or polycyclic aromatic hydrocarbons), or 

biological carcinogens (i.e.: viruses) (Russo, 2000).   In addition to mutations, epigenetic 

modifications may also play a role in breast cancer development (Hilavake-Clarke, 2006).  

Epigenetic modifications can be inherited by somatic daughter cells and may be 

influenced by environmental and dietary factors (Hilavake-Clarke, 2006).  Another 

proposed model has suggested that the target cells for transforming mutations are adult 

stem cells or progenitor cells, and these cells become “cancer stem cells” upon acquiring 

multiple mutations (Reya, 2001; Clarke, 2005).   

In mammary carcinogenesis beginning with atypical epithelial hyperplasia, the 

single layered epithelium proliferates and forms multiple cell layers (Figure 1).  Atypical 

epithelial hyperplasia progresses to in situ carcinoma, in which the epithelial cells 

continue to proliferate and either fill the mammary duct (ductal carcinoma in situ, DCIS) 

or the lobule (lobular carcinoma in situ, LCIS).  In both DCIS and LCIS, the basement 

membrane is still intact.  Invasive carcinoma (Invasive ductal carcinoma or invasive 

lobular carcinoma) occurs when the basement membrane breaks down and the epithelial 

cells infiltrates the connective tissue.   
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 The majority of human breast cancers appear to originate in the in the Lob 1 

(Russo, 2000), the most undifferentiated structure found in young nulliparous women and 

also the site of origin of ductal carcinoma in situ (Wellings, 1975; Russo, 2000).  Lob1 

consists of alveolar bud clusters around a terminal end duct.  An equivalent 

undifferentiated structure in rodents is the terminal ductal lobular unit 1 (TDLU1).  The 

lobule type 1 (Lob1) can transition to type 2 (Lob2) and type 2 can transition to type 3 

(Lob3), resulting in increased sprouting of alveolar buds (Schneider, 2006).  The most 

common structure in parous women is Lob3, whereas the predominant structure in 

nulliparous women is Lob1.  In post menopausal women, the predominant structure in 

both parous and nulliparous women is Lob1, but may be biologically different in the two 

groups of women (Schneider, 2006). Compared to Lob2 and Lob3, Lob1 has the highest 

proliferative activity and higher percentage of estrogen receptor (ER) and progesterone 

receptor (PgR) positive cells.  Invasive ductal carcinoma originating from Lob1 

represents 70 -80% of breast cancer cases, whereas invasive lobular carcinoma represents 

10– 15% of cases.  Other types include medullary carcinoma, mucinous carcinoma, 

tubular carcinoma, and apocrine carcinoma (Celis, 2006). 

Metastasis.  Breast cancer potentially can metastasize to almost any region of the 

body, however the most common secondary locations are the bones, lungs, and liver 

(McGee, 2006).  Advanced metastatic breast cancer has limited treatment options and 

results in the largest percentage of breast cancer deaths.   
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Epidemiology and risk factors for breast cancer  

 Inherited risk factors. The cause of breast cancer in most individual patients is not 

known, despite the identification of a multitude of risk factors in epidemiological studies 

(Dumitrescu, 2005).  Family history is one of the most significant risk factors with 

mutations in BRCA1 and BRCA2 accounting for 5 to 10 % of breast cancer cases among 

Caucasian women in the U.S. (Walsh, 2006).  Inherited mutations in other genes that 

influence breast cancer risk include ATM, PTEN, T53, CHEK2, NBS1, RAD50, BRIP1, 

and PALB2 (Walsh, 2007).   

 Environmental risk factors and sporadic breast cancer. The remaining 90 to 95 % 

of breast cancer cases are “sporadic” and increasing breast cancer rates and differences 

between geographical regions have suggested that environmental factors are involved in 

the etiology of breast cancer.   In western industrialized nations, breast cancer rates are up 

to five-fold higher than in some under-developed countries (Bray, 2004).  Interestingly, 

population migration studies have shown that breast cancer risk
 
increases in women who 

move from countries with low incidence
 
rates, including Latin America, Asia and Africa, 

to countries with high rates such as the United States and Australia (Ziegler, 1993; 

McCredie, 1998). The cumulative results from these population based studies support the 

notion that environmental and lifestyle factors are major determinants in the etiology of 

breast cancer.   

  Increasing age and gender are the major unmodifiable risk factors (Maskarinec, 

2006).  Risk factors related to reproduction include the age of first pregnancy or 

nulliparity, age of menarche, and age of menopause (Polyak, 2006).  Many of 
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reproductive factors are related to lifetime exposure to estrogen (Thomas, 1997), which 

may either decrease or increase breast cancer risk depending on the timing of exposure 

(Hilavaki-Clarke, 2006).  Other risk factors include exposure to environmental chemicals 

(Starek, 2003), dietary, and lifestyle factors.      

 Lifetime exposure to estrogen. One of the strongest and most consistent risk 

factors associated with increased susceptibility to breast cancer is lifetime exposure to 

estrogens, both endogenous and exogenous.  Factors that influence lifetime exposure to 

estrogen include early menarche (Dumitrescu, 2005), high body mass index (BMI) since 

adipose tissue produces estrogen (Hankinson, 1998; Hilakivi-Clarke, 2002), late first time 

pregnancy, and late menopause (Dumitrescu, 2005). In July of 2002, the Women’s Health 

Initiative (WHI) estrogen-plus-progestin arm of the randomized, double-blinded, placebo 

trial was halted because of increased risks of breast cancer (Rossouw, 2002).  After these 

findings were released from the WHI, there was a sharp decline in the number of women 

using menopausal hormone replacement therapy (Glass, 2007).  Since then, several 

epidemiological studies have reported a significant increased risk for breast cancer in 

women who used hormone replacement therapy versus the women who never used 

hormone replacement therapy (Glass, 2007).   

 Environmental Pollutants. There are several classes of environmental pollutants 

that have been the subject of epidemiological studies related to breast cancer.  

Environmental factors that may play a role in the etiology include chemicals that are 

endocrine disrupters, which act either by mimicking or disrupting the actions of a 

particular hormone (Brody, 2007).  A recent review identified 216 chemicals that have 
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been associated with increases in mammary gland tumors in at least 1 study (Rudel, 

2007). These chemicals come from a wide variety of sources and include industrial 

chemicals, chlorinated solvents, persistent organochlorines , products of combustion, 

pesticides, dyes, radiation, heavy metals, drinking water disinfection byproducts, 

hormones, natural products, pharmaceutical drugs, and chemicals used for research 

(Rudel, 2007). The exposure to these chemicals in the United States population is 

widespread.  Timing of exposure may be a significant factor in whether or not a particular 

chemical or subset of chemicals increases breast cancer risk (Safe, 2006).  For example, 

fetal exposure to maternal cigarette smoke and post-adolescent exposure are not 

associated with increased breast cancer risk, however cigarette smoke exposure in 

adolescents is associated with increased breast cancer risk (Safe, 2006). In particular, in 

utero exposure to prenatal estrogen exposure is thought to be significant, especially 

xenoestrogens from environmental sources. (Hilakivi-Clarke, 2006).   

 Lifestyle factors: alcohol, obesity, and physical activity.  Other modifiable 

lifestyle factors that have been shown to have consistent, statistically significant 

associations with breast cancer include regular alcohol consumption (Singletary, 2001); 

obesity, and adult weight gain (Michels, 2007).    In a cohort of almost a half-million 

women followed over sixteen years, women in the highest body mass index (BMI) 

quintile had double the death rate from breast cancer (relative risk 2.12) compared to 

women in the lowest BMI quintile (Calle, 2003).  In a pooled analysis of nine prospective 

cohort studies, breast cancer incidence increased linearly with BMI, which was largely 

associated with serum levels of estradiol (Key, 2003).   
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 Dietary factors. Diet has been estimated to contribute to the etiology of 30 to 50 

% of breast cancer cases (Holmes, 2004; Adebamowo, 2005).   Epidemiological studies 

investigating the relationships between diet and breast cancer have generated a great deal 

of controversy in the past few years.  Dietary factors that have received considerable 

attention include intakes of different types of dietary fatty acids, well-cooked meat, fruits 

and vegetables, and specific classes of nutrients such as phytoestrogens (Dumitrescu, 

2005). Limitations of these studies include measurement errors in self-reported diets, 

large variations in diets between countries, examining only diet in the adult life is not 

sufficient but should be expanded to pre-puberty and in utero, the follow-up time may not 

be long enough, genetic and hormonal factors are under explored, and the protective 

effects of some food may be counteracted by chemicals contained in these foods (Michels, 

2007).   The relationship between dietary fat intake and breast cancer has been under 

scrutiny for a long time, yet remains one of the most controversial topics in breast cancer 

epidemiologic studies (Howe, 1990; Boyd, 2006; Kim, 2006; Freedman, 2007; Thiébaut, 

2007). Likewise, fruit and vegetable consumption and breast cancer risk has mixed 

reports in epidemiological literature (Pierce, 2007).   

 

 



 

 

25 

Membrane 

Phospholipids
PLA2

Arachidonic 

Acid

PGG2

PGH2

PGE2

PG Synthases PGI2

TXA2

PGF2

PGD2

EP1-4

PGE2

Eicosanoid
metabolism 

and signaling

Tumorigenic

COX-2COX-1

Prothrombotic

Cardioprotective

COXIBs, 
NSAIDs

NSAIDs

 

Figure 2:  Overview of cyclooxygenase pathway and eicosanoid metabolism and 

signaling.  Cyclooxygenase enzymes convert arachidonic acid into the PGG2 

intermediate, which is subsequently converted to PGH2.  Specific isomerases covert 

PGH2 into a variety of eicosanoids including thromoboxane (TXA2), prostacylcin I2 

(PGI2), prostaglandin E2 (PGE2), prostaglandin F2 (PGF2), and prostaglandin D2 (PGD2).  

PGE2 is the important eicosanoid produced in breast tumorigenesis and is recognized by 

the receptors EP1-4.  Both COX-1 and COX-2 are targets of the non-steroidal anti-

inflammatory drugs (NSAIDs). Selective COX-2 inhibitors (COXIBs) were developed to 

minimize some of the side effects of NSAIDs, including gastrointestinal complications; 

however their use has been associated with increased cardiovascular risks. 

 

 

Cyclooxygenase-2 

 

The cyclooxygenase (COX) enzymes are bi-functional; membrane bound 

enzymes that catalyze the formation of prostanoids.  Prostanoids are oxygenated C18-C22 

compounds that are derived from omega-6 and omega-3 fatty acids (Garavito, 2003).  In 

mammals, the predominant substrate for the COX reaction is arachidonic acid (20:4 n-6).  

The cyclooxygenase activity first catalyzes the formation of prostaglandin G2 (PGG2) 

from arachidonic acid, which is subsequently converted to PGH2 by the peroxidase 



 

 

26 

activity (See Figure 2).  The unstable PGH2 is then converted to prostaglandins (PGD2, 

PDE2, PGF2, PGI2) and thromboxanes (TXA2), also referred to as eicosanoids, by specific 

isomerases.   

Prostaglandins mediate several important physiological functions (Marnett, 1999).  

The majority of prostaglandins are rapidly secreted from the cells.  The prostanoids bind 

to local membrane-bound G-protein-coupled receptors (GCPRs) including EP, IP, DP, FP, 

and TP named for each respective type of PG.  The EP receptor class is subdivided into 

EP1, EP2, EP3, and EP4.  Of all the prostanoids, PGE2 is the most widely synthesized 

prostanoid in the body and mediates a wide variety of physiological and 

pathophysiological conditions.  In the mammary gland, PGE2 is a major
 
eicosanoid 

synthesized by the COX-2 pathway
 
(Chang, 2004). The EP2 receptor has been reported to 

mediate COX-2 induced mammary hyperplasia (Chang, 2005).   

 Two isoforms of PGHS have been characterized:  Cycloxygenase-1 and -2 

(Prostaglandin-endoperoxide synthase-1 and -2; PGHS-1 and -2).   COX-1 and COX-2 

are encoded by separate genes (PGHS-1 and PGHS-2) located on different chromosomes 

and have approximately 60% sequence identity.  The PGHS-1 gene lacks a TATA box, 

similar to other housekeeping genes (Smith, 1996).  COX-1 and COX-2 have distinctly 

different patterns of expression.  In general, COX-1 is involved in housekeeping 

functions in select tissues including the placenta, the kidneys, and the brain (Garavito, 

2003).  In the gastrointestinal mucosa, PGI2 and PGE2 derived from COX-1 have 

cytoprotective effects (Perente, 2003).  The gastrointestinal toxicity of NSAIDs, 

including aspirin, is generally thought to be due to inhibition of the housekeeping 
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functions of COX-1.  In contrast, COX-2 is upregulated in response to a variety of 

stimulus including growth factors, tumor promoters, and cytokines (Smith, 2000).   

 

COX-2 and breast cancer  

A role for cyclooxygenase-2 in the prevention and treatment of several types of 

cancer, including subsets of breast cancer, is substantiated by a range of epidemiological, 

expression, animal models, preclinical, and clinical studies. The involvement of COX-2 

in tumorigenesis was first suggested by epidemiological studies investigating colon 

cancer from reports that the regular use of non-steroidal inflammatory drugs (NSAIDs) 

including aspirin were inversely correlated with the incidence of colon cancer (Thun, 

1991), and COX-2 was upregulated in carcinoma of the colon compared to minimal 

expression in normal mucosa (Eberhart, 1994).  

Elevation of COX-2 in breast cancer was first suggested from studies 

demonstrating increased levels of PGs in tumors of the breast (Rolland, 1980; Bennett, 

1977). Early studies analyzing the prevalence of COX-2 overexpression in human breast 

cancer produced a wide range of frequencies (Hwang, 1998). Increased expression of 

COX-2 has been detected in approximately 40% of invasive breast carcinoma, although it 

varies in individual studies from 17 to 84% (Ristimaki, 2002; Ranger, 2004; Howe, 2007, 

Mohammad, 2007). Other studies have detected COX-2 expression in up to 80% of 

ductal carcinoma in situ (DCIS) lesions (Half, 2002; Davies, 2003; Jeong, 2003; Ranger, 

2004; Shim, 2003; Oliveira, 2006).  In human breast cancers, elevated COX-2 has been 

found primarily in the tumor epithelium, whereas in colon cancers elevated expression of 
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COX-2 is found primarily in the stroma (Howe, 2007; Soslow, 2000).  Breast tumors that 

overexpressed COX-2 have been suggested to be more likely to metastasize (Ristimaki, 

2002), decrease disease-free survival (Ristimaki, 2002; Schmitz, 2006), and increase 

angiogenesis and lymph node metastasis (Costa, 2002).   

Epidemiological studies have reported an inverse relationship between the 

incidence of breast cancer and the use of non-steroidal anti-inflammatory drugs (NSAIDs) 

that target COX (Harris, 1996; Coogan, 1999; Harris, 2003). The Women’s Healthy 

Initiative observed reductions of breast cancer incidence with regular aspirin use for 5 to 

9 years (21% reduction) and over 10 years (28% reduction).  However, recent results 

from a 10-year randomized controlled trial from the Women’s Health Study showed no 

protective effect of low-dose aspirin on breast cancer risk (Cook, 2005). Results from 

postmenopausal women participating in the Vitamins And Lifestyle (VITAL) suggested 

that long-term moderate use of NSAIDs (frequent use of low doses or moderate 

frequency of high doses) was associated with reduced risk of breast cancer, while 

frequent use of higher dose products was associated with increased risk (Ready, 2007).  A 

meta-analysis of 10 cohort-studies and case-control-studies from 2001-2005 concluded 

that combination of frequency and duration of aspirin use resulted in a significant dose-

response-relationship between aspirin use and breast cancer risk (Mangiapane, 2007).  

Overall, the majority of case-control studies have reported reduced breast cancer risk 

associated with aspirin use, whereas more inconsistencies have been reported from 

cohort-studies (Mangiapane, 2007).  The variations from these different studies may be 

due to differences in methodology including menopausl status of women, differences in 
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questionnaires and individual recall of NSAID use, and dose-response relationships that 

differ from whether asprin was taken for preventive cardiovascular reasons or for pain 

relief (Mangiapane, 2007). 

 COX-2 and Rodent Studies. A variety of genetic and pharmacological studies in 

rodents have identified a role for COX-2 and breast neoplasia (Howe, 2007).  Treatments 

with COX-2 selective inhibitors and NSAIDs have been shown to reduce mammary 

tumorigenesis (Harris, 2000). Furthermore, overexpression of COX-2 in the mammary 

gland of transgenic mice led to tumorigenesis (Liu, 2001). In COX-2 knock-out mice, a 

reduction in vascularization, proangiogenic genes, and HER2/neu-induced mammary 

hyperplasia was reported (Howe, 2005). In addition, COX-2 was identified as one of the 

genes that mediated metastasis of breast cancer to the lung (Minn, 2005).    

 

Regulation of COX-2 transcription 

COX-2 transcription is rapidly induced by growth factors, oncogenes, tumor 

promoters, and cytokines (Smith, 2000; Hwang, 2001). Enhancer elements in the human 

COX-2 promoter region involved in activation of COX-2 transcription include a cyclic 

adenosine monophosphate (cAMP) response element (CRE) (-53 to -59), a 

CCAAT/enhancer binding protein (C/EBP) element (-125 to -132), two NF-IL6 motif (-

132/-124, and -708/-700), and two NFκB elements (-213 to -222, and -438 to -447) 

(Tanube, 2002). The overlapping CRE/E-box recognition sequence is generally 

considered to be essential for both constitutive and induced expression (Caivano, 2001; 

Tang, 2001; Schroer, 2002).  
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Many of the signaling pathways that regulate the transcription of COX-2 require 

the activation of mitogen-activated protein kinase (MAPK) cascades of which there are 

three that have been characterized: p42/p44 MAPK, p38 MAPK, and c-Jun NH2-terminal 

kinase (JNK). MAPKs pathways are enhanced by stimulation of either protein kinase C 

(PKC) or Ras signaling, which subsequently activate transcription of COX-2 (Chun, 

2004).  Activation of MAPKs leads to phosphorylation of target proteins such as the 

activator protein-1 (AP-1) transcription factor, a complex formed by hetero- and 

homodimers of the Jun, Fos, and ATF2 (activating transcription factor) and MAF 

(musculoaponeurotic fibrosarcoma) protein families (Eferl, 2003). AP-1 proteins are 

members of the basic leucine-zipper (bZIP) family of proteins because they have a basic 

DNA binding domain and form dimers via the leucine zipper.  AP-1 complexes bind to 

DNA sequences including the TPA-response element (TRE) or cAMP-response element 

(CRE).  Binding of transcription factors to the CRE in the COX-2 promoter differs 

between cell type and stimulus. For example, the induction of COX-2 by UVB light is 

associated with binding of CRE-binding protein (CREB) and ATF-1, but not c-Jun, Jun-

D, c-Fos, or ATF-2 to the COX-2 CRE (Bowden, 2004). 
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Figure 3: Regulation of COX-2 transcription.  COX-2 transcription is upregulated by a 

variety of stimuli including growth factors, oncogenes, and phorbol esters such as TPA.  

These factors can activate signal transduction pathways such as Ras or protein kinase C 

(PKC) which can in turn activate mitogen-activated protein kinase (MAPK) cascades and 

downstream transcription factors such as activator protein-1 (AP-1).  

 

 

Aromatic hydrocarbon receptor 

 Regulation of COX-2 by AhR ligands. COX-2 expression has been reported to be 

induced by AhR ligands including 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) in a 

variety of cell lines and tissues (Summarized in Table 2). The activation of COX-2 

expression by TCDD has also been associated with the release of proinflammatory PGs 

and eicosanoids (Puga, 1997). 
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 Overview of AhR pathway. The AhR is a cytosolic protein which exists in a 

protein complex consisting of two molecule of hsp90 (heat shock protein of 90 kDa), the 

co-chaperone p23, and the X-associated protein 2 (XAP2) after ligand binding, a nuclear 

localization sequence is exposed and the ligand:AhR heterocomplex translocates to the 

nucleus.  Once in the nucleus, the AhR:ligand dissociates from the protein complex and 

dimerizes with the AhR nuclear transporter (Arnt) protein, also a member of the bHBH 

protein family.  The AhR:Arnt heterodimer subsequently binds to xenobiotic responsive 

elements (XRE=5′-GCGTG-3′) in the promoter region of genes.  Both the AhR and Arnt 

proteins have a bHLH motif in the N-terminal region which is involved in DNA-binding 

and dimerization.   The C-terminal of these proteins contains a PAS domain (Per, 

Arnt/AhR, Sim homology), thought to provide and interactive surface for homo- and 

heterodimer formation which (Pandini, 2006).   
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Figure 4:  Activation of gene expression by the AhR.  (See text for details). 
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 AhR ligands. AhR ligands consist of a number of structurally diverse compounds.   

So far, no high affinity endogenous ligand of the AhR has been identified however 

endogenous compounds that have been shown to bind to the AhR include 7-

ketocholesterol (McMillan, 2007 Savouret, 2001).  In humans, the diet is the principal 

source of exposure to both synthetic and naturally occurring AhR ligands (Denison, 

2003). Environmental carcinogens such as polycyclic aromatic hydrocarbons (PAHs) and 

halogenated aromatic hydrocarbons (HAHs) induce their effects as ligands of the 

aromatic hydrocarbon receptor (AhR).  Tetrachlorodibenzo-p-dioxin (TCDD) is a high 

affinity AhR ligand and is often used in studies as a prototype.  TCDD is classified as a 

human carcinogen by the International Agency for Research on Cancer (IARC) 

(Steenland, 2004; Kogevinas, 2001).  Dioxins found in the environment come from a 

variety of sources including waste incinerators, chlorine bleaching in pulp and paper 

manufacturing, and the production of some pesticides, herbicides, and fungicides (Gilpin, 

2003).  The primary exposure of dioxins to humans comes from fatty foods such as milk, 

fish, and meat (Schecter, 1994).  Some studies have estimated that a nursing infant’s 

exposure to dioxin exceeds the standards considered a safe dose (Schecter, 1994).  

Dioxins are extremely persistent and bioaccumulative, with the half-life in humans 

estimated to be 7 to 11 years (Schecter, 2006). Notoriously in 2004 the former Ukraine 

presidential candidate, Victor Yushchenko, was deliberately poisoned with TCDD 

(Schecter, 2006).  
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Table 1: Regulation of COX-2 by AhR ligands 

AhR Ligand Effect Cell Line/Model Reference 

TCDD � COX-2 mRNA Rat thymocytes Olnes 1994 

TCDD �COX-2 mRNA Martin Darvey canine 

kidney cells 

Kraemer 1996 

TCDD � COX-2 mRNA, deletion 

of XRE resulted in loss of 

repression 

WEHI 7.1Rat thymocytes, 

rat COX-2 promoter 

Olnes 1996 

TCDD �COX-2 mRNA HUVEC Liu 1997 

TCDD �COX-2 mRNA, blocked 

by antisense 

oligonucleotides against the 

AhR mRNA 

Mouse hepatoma cells 

(Hepa-1c1c7) 

Puga 1997 

TCDD No effect on COX-2 

protein  

Spleen of C57Bl/6 mice  Lawrence 1998 

TCDD �COX-2 mRNA in lung 

and spleen,  but not liver 

and kidneys 

Mice Vogel  1998 

TCDD � COX-2 mRNA C3H/M2 fibroblasts  Woelfle 2000 

TCDD �COX-2 mRNA, 

transcription, �C/EBP 

binding 

Rat hepatocytes Vogel 2000 

TCDD � COX-2 protein Rat ovary Mizuyachi 2002 

TCDD �COX-2 transcription, 

mutation of XRE, C/EBP, 

or CREB results in loss of 

transcription 

Pancreatic β-cells, murine 

COX-2 promoter 

Yang 2004 

TCDD �COX-2 mRNA 3T3-L1 adipocytes  Li 2007 

Cigarette 

Smoke 

�COX-2 mRNA and 

protein, 3M4NF inhibits  

Human lung fibroblasts Martey 2005 

2244-TCB �COX-2 mRNA, protein HL-60 human 

promyelocytic leukemia 

cells 

Bezdcny 2006 
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The loss of the AhR in knock-out mice abrogates the inducible expression of 

CYP1A1 and 1A2 genes in response to TCDD or PAHs (Shimada, 2002), and 

benzo[a]pyrene (B[a] P)-induced carcinogenesis (Shimizu, 2000). In animal models, 

PAHs and TCDD have been shown to be mammary carcinogens. However, the results of 

epidemiological studies that have investigated the role of these agents in the etiology of 

breast cancer have been inconclusive (Terry, 2006).  

 

Chromatin modifications and epigenetics 

 Historically, chromatin was just regarded as a structural component to facilitate 

DNA the compacting of DNA.  Now it is known that chromatin is also involved in the 

regulation of gene expression.  The structure of chromatin can either facilitate or inhibit 

transcription mediated by RNA polymerase II.  Modifications to chromatin are part of a 

dynamic, highly regulated process involving the coordination of a variety of mechanisms 

including histone modifications, DNA methylation, chromatin remodeling, histone 

variant incorporation, histone eviction, and non-coding RNA (Li, 2007; Chuang, 2007).   

Recent research has revealed that there is significant crosstalk between epigenetic 

pathways (Berger, 2007).  Despite the recent progress made in the field of epigenetics, 

the complexity raises many new questions that remain yet to be explored.   

The nucleosome core consists of 147 bp of DNA wrapped 1.65 times around 

octamers of core histones (two each of the canonical histones H2A, H2B, H3 and H4, or 

variant histones such as H3.1, H3.3, or HTZ.1) called nucleosomes (Luger, 1997).  

Chromatin refers to nucleosomes together with linker-DNA and histones. Since there are 
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14 points of contact between DNA and histones in each nucleosome, the nucleosome is a 

one of the most stable DNA-protein complexes.  Chromatin activity is regulated by post-

translational modifications that are thought to either act to repress or activate 

transcription in a site-specific and cooperative manner (Kouzarides, 2007) (For details 

see Table, Appendix A). Histones tails provide binding sites for regulatory proteins and 

are subject to dynamic posttranslational modifications including methylation, acetylation, 

phosphorylation, ADP-ribosylation, ubiquitinilation, and sumoylation (Fischle, 2003; 

Kishimoto, 2006). Posttranslational modifications of histones can be associated with 

active or repressed transcription states and several modifications have been associated 

with both activation and repression of transcription.  Posttranslational modifications to 

histones may cooperate in different ways and may be dependent on complex interactions 

and “cross-talk”.  Generally posttranslational modifications to histones result in either a 

direct structural change to chromatin or they indirectly influence the recruitment of 

effectors to the region (Berger, 2007).  In addition, the interaction between covalent 

histone modifications, DNA methylation, and nucleosomal remodeling are being 

explored. 

Lysine residues are key substrates in histone modifications because they can 

undergo acetylation, methylation, ubiquitinilation, and SUMOylation.   All 

posttranslational modifications of histones are reversible.  The histone deacetylases 

(HDACs) remove acetyl groups.  Phosphate groups are removed by Ser/Thr phosphatases. 

Methyl groups are removed from lysine residues through two recently discovered classes 

of lysine demethylases:  LSD1/BHC110 and the jumonji class (Klose, 2007).   
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Chromatin remodeling includes unwrapping of the end DNA from the 

nucleosome and “sliding” nucleosomes to different translational positions (Li, 2007).  

The ATP-remodeling complexes such as the SWI/SNF complex are an integral part of 

chromatin remodeling and facilitate the condensing or decondensing of chromatin.  The 

ATP-dependent remodeling complexes combine ATP hydrolysis with the modifications 

of nucleosome structure to allow for access to the DNA by DNA-binding proteins.   

 

 Mechanisms of epigenetic regulation of COX-2. Another mechanism through 

which environmental and dietary factors might modulate COX-2 transcription is by 

alteration of chromatin structure. Several recent studies have reported that COX-2 gene 

transcription is regulated by alterations in the nuclear transcriptome, posttranslational 

modifications of histones, and chromatin remodeling.  Histone acetylases and histone 

deacetylases have been reported to regulation COX-2 transcription in a variety of cell 

lines (Farrajota, 2006; Miao, 2004; Park, 2004; Nie, 2003; Soloff, 2004; Taniura, 2002; 

Kikuchi, 2002).  For examples, the activity of HAT of the CREB binding protein/p300 

activator protein complex has been shown to be important for the induction of COX-2 

transcription (Subbaramaiah, 2002). Other post-translational modifications including 

histone acetylation and phosphorylation have been found to increase COX-2 promoter 

activity in macrophages (Park, 2004).  Table 2 presents examples of chromatin 

modifications to the COX-2 promoter induced by a variety of different compounds in 

varying cell lines. 
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Table 2.  Selected epigenetic modifications of COX-2  

Agent Effect Cell Line/Model Reference 

Diesel exhaust 

particulate matter 

Increased acetylation of 

histone H4 associated with the 

COX-2 promoter,  degradation 

of histone deacetylase 1 

(HDAC1), increased 

recruitment of p300 to COX-2 

promoter 

Human bronchial 

epithelial cell line 

(BEAS-2B) 

Cao, 2007 

High glucose Increased recruitment of NF-

kappaB p65, CPB, and p/CAF 

to the COX-2 promoter, along 

with increased histone H3 (K9 

and K14) and H4 (K5, K8, and 

K12) acetylation 

Human THP-1 

monocytic cells 

Miao, 2004 

15-deoxy-

Delta(12,14)-

prostaglandin J and 

interleukin-1beta 

(IL-1beta) 

IL-1beta-induced histone H3 

acetylation and recruitment of 

p300 to the COX-2 promoter 

was inhibited by 15d-PGJ(2) 

Human synovial 

fibroblasts 

Farrajota, 2006 

Sodium butyrate 

(NaBT) and 

lipopolysaccharide 

(LPS) 

Treatment with NaBT and LPS 

increased acetylation and 

phosphorylation of histone H3 

at the COX-2 promoter   

RAW 264.7 cells Park, 2004 

 

Bioactive Dietary Components 

 Dietary Fatty Acids. Experimental and epidemiological studies indicate that 

dietary fatty acids have differential effects on breast tumorigenesis (Duncan, 2004). Of 

importance are fatty acids that influence the metabolism of arachidonic acid (AA), the n-

6 polyunsaturated fatty acid that is converted to prostaglandins (PGs) via the 

cyclooxygenase enzymes (COX-1 and -2). LA is the most prominent PUFA in the 

Western diet, commonly found in vegetable oils, eggs, and meats. In a recent summary of 
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case-control and cohort studies, total fat and saturated fat were found to be positively 

associated with the development of breast cancer (Binukumar, 2005).  The n-3 fatty acids 

have been reported to have an inverse association, whereas n-6 fatty acids were found to 

have a positive association with breast cancer.   Several tumor models have suggested 

that high levels of n-6 fatty acids promote the development of mammary tumors 

(Hubbard, 1987; Kaizer, 1989; Wynder, 1991; Rose, 1994; Cave, 1996; Bartsch, 2000; 

Moral, 2003), and increase the susceptibility to carcinogens (Welsch, 1992; Hilakiyi-

Clarke, 1997).  In contrast, other PUFAs such as n-3 PUFAs and conjugated linoleic acid 

(CLA) suppress the production of AA-derived PGs and mammary carcinogenesis (Ip, 

1991).  

 

Conjugated Linoleic Acid (CLA) 

  In 1987, the Pariza group observed that conjugated linoleic acid (CLA), isolated 

from grilled beef or base-catalyzed isomerization of linoleic acid, inhibited chemically 

induced skin neoplasia (Ha, 1987). In addition to anti-carcinogenic properties, CLA has 

garnered attention for many other biological activities such as modulation of lipid 

metabolism, atherogeneisis, diabetes, and immune function (reviewed in Belury, 2002).  

CLA refers to a mixture of  positional and geometric isomers of conjugated dienoic 

linoleic acid (18:2), with conjugated double bonds ranging from positions 6,8 to 12,14 

(Banni, 2002).  

The two most studied isomers are c9, t11-CLA and t10,c12-CLA, both are found 

in the diet and possess biological activity (Depicted in Figure X).  Dietary CLA can be 
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found in natural foods, such as milk fat and meats from ruminant animals, due to the 

conversion of linoleic acid to CLA by enzymatic isomerase reactions by bacteria in the 

rumen (Chin, 1992). In dairy products, CLA concentrations range from 2.0 to 8.92 mg/g 

fat, with the c9, t11 isomer being the predominant form (Shantha, 1994; Chin, 1992).  

CLA is incorporated in tissues especially rich in neutral lipids, such as adipocytes and the 

mammary gland.  CLA and CLA metabolites have been found to accumulate in 

mammary tissue in proportion to dietary intake (Banni, 1999).  

CLA has been shown to have anti-carcinogenic properties in cell culture and 

animals studies (Ha, 1987; Chujo, 2003; Masso-Welch, 2002; Kemp, 2003), including 

dimethylbenz(a)anthracene (DMBA) and N-nitroso-N-methylurea (NMU)- induced rat 

mammary carcinogenesis (Ip, 1991). Cumulative evidence from animal studies suggests 

that intake of dietary CLA inhibits rodent mammary tumorigenesis (Ip, 1991; Thompson, 

1997, Hubbard, 2000, Hubbard, 2007). CLA may inhibit carcinogenesis by suppressing 

the biosynthesis of COX-2 derived PGs from AA, as demonstrated in a variety of animal 

and in vitro systems (Kavanaugh, 1999; Ma, 2002; Liu, 1998; Nakanishi, 2003; Iwakiri, 

2002).  

 

Rosmarinic Acid (RA)  

 Rosmarinic acid (Ros A, [[3-(3,4-Dihydroxyphenyl)-1-oxo-2E-propenyl]oxy]-

3,4-dihydroxy- benzenepropanoic acid) has generated interest for its antioxidant, anti-

inflammatory, and antimicrobial properties (Baba, 2005).  In Japan, the perilla extracts 

which contain high concentrations of rosmarinic acid, are used to improve the shelf life 
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of fresh seafood.  Rosmarinic acid is found in large quantities in rosemary, oregano, 

lemon balm, sage, and marjoram (Baba, 2005).  In the two-stage murine skin 

carcinogenesis model of initiation by DMBA followed by promotion with TPA, topical 

application (2 mg/mouse/application) of a perilla frutescens extract significantly reduced 

tumorigenesis (Osakabe, 2004).   

 

 Naturally occurring selective AhR modulators (SAhRMs). There are many 

naturally occurring compounds that can either agonize or antagonize the AhR.  Selective 

AhR modulators are preventive agents known to bind to the AhR as partial agonists or 

antagonists and include a number of phytochemicals including resveratrol, curcumin, 

carotinoids, 3,3'-diindolylmethane, and indole-3-carbinol (Denison, 2003; Gouedard, 

2004).  Several naturally occurring phytochemicals are agonists of the AhR, including 

quercetin (Ciolino, 1999), tangeritin (Canivenc-Lavier, 1996), and tamarixetin (Ashida, 

2000).  Importantly, human blood levels of RES and DIM have been reported to be in the 

low µM, amounts sufficient to inhibit the activation of the AhR (Denison, 2003).     

 

3’3’-Diindolylmethane (DIM)  

 Indoles from cruciferous vegetables have been reported to have chemopreventive 

properties.  In particular, indole-3-carbinol has been the subject of many investigations.  

I3C is converted into acid condensation products in the acidic environment of the 

stomach (Higdon, 2007).  One of the most prominent acid condensation products of I3C 

is 3’3’-diindolylmethane (DIM).   
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Administration of DIM or its parent compound, indole-3-carbinol, inhibited 7,12-

dimethylbenz(a)anthracene-induced mammary tumor formation in female Sprague-

Dawley rats (Wattenberg and Loub, 1978).  In the same report, DIM and I3C also 

prevented benzo (a) pyrene-induced forestomach neoplasia in female ICR/Ha mice 

(Wattenberg and Loub, 1978).  In female athymic (nu/nu) mice, DIM inhibited the 

growth of human MCF-7 cell tumor xenografts (Chang, 2005).   DIM also reduced tumor 

growth, decreased cell proliferation, and increased apoptosis in C57BL/6 mice that were 

injected with TRAMP-C2, a mouse prostate cancer cell line (Nachshon-Kedm, 2004).   

DIM has been shown to possess a wide-variety of anti-cancer properties in cell 

culture studies.  DIM has been shown to alter AhR related pathways and targets including 

induction of CYP1A1 and CYP1A2 in primary cultures of human hepatocytes (Gross-

Steinmeyer, 2004).  In H295R human adrenocortical carcinoma cells, DIM induced 

mRNA levels of CYP1A1,
 
CYP1B1, and CYP19 (Sanderson, 2001).  Treatment with 

DIM in MCF-7 cells promoted AHR nuclear translocation and p160 coactivator 

recruitment to CYP1A1 promoter, however failed to recruit Pol II or induce histone 

acetylation (Hestermann, 2003). DIM exerted an anti-estrogen effect in MCF-7 cells by 

reducing E2-induced proliferation and decreasing nuclear estrogen receptor receptor 

(Chen, 1998).  Other mechanisms that have been reported for the anti-cancer properties 

of DIM include down regulation of DIM resulted in down-regulated survivin, Bcl-2, and 

cdc25A expression; and up-regulation of p21 (WAF1) expression (Rahman, 2006); 

decreased the activation of the Her2/neu receptor  (McGuire, 2006); inhibition of ras 
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signaling and ERK1/2 phosphorylation (Chang, 2006), reduced phosphorylation of 

IkappaBalpha and translocation of p65 to the nucleus (Rahman, 2005).  

 

Resveratrol (RES) 

 Resveratrol was first isolated in the 1940’s from the roots of the white hellebore 

(Veratrum grandiflorum), and later from the roots of Polygonum cuspidatum, used in 

Chinese and Japanese medicine (Nonomura, 1963).  In 1997, Jang et al reported that 

resveratrol inhibited initiation, promotion, and progression through a variety of 

mechanisms.  Since then, hundreds of papers have documented a plethora of cellular and 

biochemical mechanisms that may contribute to the chemopreventive properties of 

resveratrol (Bhat, 2002).  Resveratrol (3,5,4,-trihydroxystilbene) is a phytoalexin, 

protecting plants against fungal invasion.  Resveratrol consists of two phenolic rings 

connected by a double bond and can either exist as cis-resveratrol or trans-resveratrol, the 

latter being the more stable isomer.  Resveratrol is present in a variety of food sources 

including grapes (0.16 – 3.54 µg/g), blueberries (32 ng/g), hops (0.5 – 1.0 µg/g), peanuts 

0.02 – 1.92 (µg/g), and rhubarb (Bauer, 2006).  Since resveratrol is concentrated in the 

grape skin, red wine contains significantly more resveratrol than white wine. The 

concentration of resveratrol in red wines has been reported to range between 1 and 

8 mg/liter (Siemann
 
and Creasy, 1992; Goldberg, 1995).  

Studies from rat intestines have reported that approximately 20% of resveratrol is 

absorbed primarily from the duodenum (Andlauer, 2000).  In rats, radio-labeled 

resveratrol has been found in all organs.  Studies with radio-labeled resveratrol in mice 
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have revealed that resveratrol is distributed to all organs (Vitrac, 2003). In rats daily 

given 300 µg resveratrol/ kg body weight in their diet, the concentrations of authetic 

resveratrol was not-detectable.  However, detectable derivatives included 3-glucoronide 

(7.7 µM), 3-sulphate (1.1 µM), 3, 5-sulphate (3.0 µM), 3, 4’-sulphate (18 µM), and 

3,4’,5-sulphate (6.4 µM) (Wenzel. 2005).  In Phase I pharmacokinetics studies in humans, 

the mean peak plasma levels of resveratrol range from the nM level for the parent 

compound to the low µM range for its derivatives (Baur, 2006; Boocock, 2007). 

In several studies, resveratrol has been demonstrated to antagonize the effects of 

TCDD.  In MCF-10A cells, resveratrol inhibited the TCDD-induced AhR DNA binding 

activity and expression of CYP1A1 and CYP1B1 (Chen, 2004).  In T-47D cells 

resveratrol promoted AhR translocation to the nucleus and binding to XREs, however 

inhibited subsequent transactivation of the CYP1A1 and interleukin-1β (Casper, 1999). 

Resveratrol has been shown to have protective effects in a variety of rodent 

mammary cancer models.  Mice that were implanted MDA-MB-231 human breast cancer 

cell exhibited increased apoptotic index, decreased microvessel density and tumor size 

when given 25 mg resveratrol/kg per day (Garvin, 2006).  In HER-2/neu transgenic mice 

given 0.2 mg resveratrol/kg per day spontaneous development of mammary tumors was 

decreased along with lung metastases, HER-2/neu expression, and increased apoptosis 

(Provinciali 2005). Another study in rats reported that resveratrol decreased the incidence 

and multiplicity of DMBA-induced mammary tumors, reduced COX-2, MMP-9, and 

NFkappaB activity (Banerjee, 2002). However, in female Sprague-Dawley rats, 

repubertal MNU-induced mammary carcinoma, 10mg/kg dose of resveratrol had no 
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effect, whereas 100 mg/kg dose increased the incidence of tumors (Sato, 2003).  Another 

study in mice implanted with 4T1 breast cancer, resveratrol (1, 3, or 5 mg/week) had no 

effect on mammary tumor growth and metastasis (Bove, 2002). These results indicate 

that dose and timing of exposure may be critical for the anti-cancer properties of 

resveratrol.   
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(RES) 

2,3,7,8- tetrachlorodibenzo-p-dioxin 
(TCDD) 

Acidic 
Conditions 

H3C

COOH

COOH

CH3

c9, t11-CLA 

t10, c12-CLA 

Linoleic acid (18:2 c9, c12) Rosmarinic Acid 
(RA) 

Figure 5. Structures of TCDD and selected bioactive dietary components. 
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Figure 6:  Overall concept of transcription as a target for dietary and environmental 

factors.  Diverse cis-acting elements (sequences) are involved in gene regulation and 

include promoters, enhancers, silencers, chromatin boundary/insulator elements, splicing 

regulators, and locus control regions.  These sequences are recognized by DNA-binding 

transcription factors and nuclear receptors.  Together with cofactors, transcription factors 

and nuclear receptors can either increase or repress the expression of a target gene by 

influencing the recruitment and activation of Polymerase II (Pol II) at the gene promoter.  

Multiple layers of transcriptional regulation have been documented to be modulated by 

environmental and dietary factors including membrane receptors, signal transduction 

pathways, nuclear receptors, transcription factors, chromatin including posttranslational 

histone modifications, and DNA methylation. (Figure modified from Higgs et al Annu 

Rev Genomics Hum Genet. 2007; 8:299-235). 
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Specific aims and research objectives 

 

 The cyclooxygenase-2 (COX-2) gene is overexpressed in a wide variety of 

cancers, including those of the breast (Howe, 2007).   Both pharmacological and genetic 

strategies targeting the COX-2 gene have been shown to suppress breast cancer in 

experimental models (Liu, 2001).  Previous studies have shown that COX-2 expression is 

regulated by a wide variety of agents, including dietary and environmental factors (Smith, 

2000). Conversely, selective cyclooxygenase-2 inhibitors effectively reduced breast 

cancer incidence in clinical trials (Howe, 2007). However, the use of anti-COX-2 agents 

in humans has been linked to increased incidence of cardiovascular 

complications.  Therefore, nutritional modulation of COX-2 transcription may be a useful 

preventive and/or therapeutic strategy which lacks the negative side effects of non-

steroidal anti-inflammatory drugs (NSAIDs) and selective COX-2 inhibitors. The central 

hypothesis of this proposal is that activation of COX-2 transcription by epigenetic 

effectors can be prevented by dietary agents that target the activator protein-1 (AP-1) 

transcription factor and the aromatic hydrocarbon receptor (AhR).   

 

The Specific Aims of this dissertation are as follows (Figure 7):  

 

Aim  1:  To determine the mechanisms through which dietary bioactive components 

(conjugated linoleic acid, CLA and rosmarinic acid, RA) inhibit COX-2  transcription. 

Aim  2:  To investigate the mechanisms of activation of COX-2 by AhR-ligands and the 

protective effects of dietary AhR-antagonists. 
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Aim 3: To examine the effects of AhR ligands and dietary selective AhR modulators 

(SAhRMs) on chromatin modifications associated with the COX-2 promote 

 

Figure 7.  Overview of Specific Aims.  The first specific aim investigates the anti-AP-1 

effects of conjugated linoleic acid (CLA) and rosmarinic acid (RA) at the CRE of the 

COX-2 promoter.  Specific aim 2 addresses the mechanisms of activation of COX-2 by 

AhR-ligands and the protective effects of dietary AhR-antagonists (Resveratrol, RES; 

3’3’-diindolylmethane, DIM; 3-methoxy, 4-nitroflavone, 3M4NF). Specific aim 3 

examines the effects of AhR ligands and dietary selective AhR modulators (SAhRMs) on 

chromatin modifications (nucelosomes represented by blue circles, histone tails 

represented by blue lines) associated with the xenobiotic response element (XRE) in the 

COX-2 promoter. 

 

 The long-term objective of this project is that it provides the opportunity for 

mechanistic studies to investigate whether specific dietary factors can influence the 

expression levels of COX-2, and thus act as risk modifiers in the etiology of breast cancer. 

The data generated through the execution of the proposed specific aims represents the 

foundation for future experiments to examine in vivo the epigenetic modifications 

induced by dietary effectors at the COX-2 gene and how diet may protect against 

inflammatory-mediated carcinogenesis of the breast.  

CREXRE

Arnt AhR cFoscJun

+1

COX-2 promoter

CLA
RA

RES
DIM

3M4NF

Specific Aim 1Specific Aim 2Specific Aim 3



 

 

49 

CHAPTER II:  MATERIALS AND METHODS 

 

Cell culture  

MCF-7, MDA-MB-231, MCF-10A, HT-29, and HCT-15 cells were obtained 

from the American Type Culture Collection
 
(Manassas, VA) and were maintained in 

DMEM/F12 purchased from
 
Sigma Chemical Co., (St. Louis, MO), and supplemented 

with 10% characterized fetal bovine serum
 
(FBS) (Hyclone Laboratories, Logan, UT) as 

described previously (Romagnolo, 1998).   

 

Reagents 

We gratefully acknowledge Dr. Eugene A. Mash (Southwest
 
Environmental 

Health Sciences Core Facility, University of Arizona,
 
Tucson, AZ) for synthesis of 

3M4NF.
 
TCDD  was supplied by the National Cancer Institute, Division of Cancer 

Biology, Chemical and Physical Carcinogenesis Branch and distributed by Midwest 

Research Institute under a contract to NCI (64 CFR 72090, 64 CFR 28205).  A mixture of 

CLA isomers (CLAmix)
 
was obtained from Sigma and consisted of t9,

 
c11 and c9,t11 

(50%), t10,c12 (40%), and c10,c12 (10%). Purified c9,t11- and t10, c12-CLA isomers 

were from Matreya (State College, PA).   B[a] P was obtained from
 
Sigma.  Resveratrol 

and 3, 3’-diindolylmethane were purchased from Biomol International (Plymouth 

Meeting, PA).  Protease inhibitor cocktail was purchased from Sigma.   
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Antibodies  

 Antibodies against cJun, cFos, AhR (h-211), and IgG were purchased from Santa 

Cruz Biotechnogies.  Antibodies against COX-2 (160107 and 160112) were purchased 

from Cayman Chemical Company.  From Upstate/Millipore (Billenca, MA), antibodies 

were purchased against p300, Acetylated histone H4, phosphorylated histone H3-serine 

10 (05-817), and acetylated histone H3-lysine 9 (07-352).  From Cell-Signaling 

Technologies antibodies against cJun and phosphorylated cJun (9162), GADPH (14C10), 

phospho-p44/42 MAP Kinase (Thre202/Tyr 204) (#9101), Phospho-p38 MAP Kinase 

(Thr180/Tyr182) (#9211), and Phospho-SAPK/JNK (Thr183/Tyr185) (#9251) were 

obtained. Control cell extracts for c-Jun were also purchased from Cell Signaling 

Technologies (#9263).  The ChIP-qualified AhR antibody (SA-210) was purchased from 

Biomol (Plymouth Meeting, PA). The ß-actin antibody was obtained from Oncogene 

Research Products. 

 

Plasmid constructs 

The luciferase-reporter expression vector p3.9COX-2 containing 3.9Kb of the 

human COX-2 promoter was a gift from Dr. McIntyre (University of Utah, Salt Lake 

City, UT). We thank Dr. G. Tim Bowden (The University of Tucson) for providing the 

for human collagenase-1 promoter (–73
 
to +63) and 4X-AP1 luciferase plasmid 

constructs.  The p1A1-4XRE promoter construct, which contains a CYP1A1 promoter 

enhancer sequence linked to an
 
array of four 5’-CGTG-3’ elements, was a gift from Dr. 
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David S. Pasco (University of Mississippi, Oxford,
 
MS). The pCMV-c-Jun plasmid 

(pcJun) was kindly provided by Dr. Andrei Bakin (Roswell Park Cancer Institute, Buffalo,
 

NY). The pSG5-COX-2 was a gift from Dr. Robert Kulmacz (University of Texas 

Medical School, Houston, TX).   

 

Transient transfections and luciferase 

Cells (1 x 10
5
 in 2 mL DMEM, 10% FBS/well) were plated in 24-well

 
Costar 

tissue culture plates. Transient transfections were performed
 
using the Lipofectamine-

Plus procedure according to the manufacturer's
 
instructions (Life Technologies). Briefly, 

24 h after cells
 
were plated, each well was cotransfected with 1.5 µg of

 
COX-2 plasmid 

and 0.8 µg of the internal control plasmid
 
pRL-TK (renilla luciferase gene). Cells were 

incubated with
 
the DNA-liposome complex for 3 h at 37°C in 5% CO2. After

 
transfection, 

cells were maintained in DMEM (10% FBS) and allowed
 
to recover for 48 h. Cells were 

then treated in DMEM (0.5% FBS)
 
containing either control (ethanol or DMSO vehicle) 

or various experimental
 
compounds for the times indicated.  Variations

 
in transfection 

efficiency were accounted for by cotransfection
 
with a plasmid encoding the pRL-TK 

renilla gene. Following treatment with selected agents, luciferase reporter activity was 

monitored in cell lysate of transfected cells with a) and expressed as relative expression 

units corrected for the internal control renilla (Luc/Ran). 
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Western blotting analysis 

 
 Cells (5 x 10

5
 in 2 mL DMEM, 10% FBS/well) were plated in 6-well

 
Costar tissue 

culture plates. After 24 h, cells were treated
 
for the indicated times then subsequently 

harvested. Briefly, cells were washed twice with ice-cold DPBS and scraped with sample 

Lysis Buffer containing 10% 2-mecaptoethanol added just prior to use.  The cell lysates 

were then boiled for 10 minutes. Equal amounts of proteins were subjected to SDS-

PAGE analysis
 
and subsequent immunoblotting was carried out with antibodies

 
raised 

against indicated proteins.  Levels of immunocomplexes
 
for ß-actin or GADPH were used

 

as an internal standard for equal loading. For cytoplasmic extracts, samples were 

prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagents and (Pierce 

Biotechnology, Rockford, IL) and quantitated using the BCA Protein Assay Kit (Pierce 

Biotechnology, Rockford, IL). The immunocomplexes
 
were detected by enhanced 

chemiluminescence (Amersham). 

 

Electrophoretic mobility shift assay (EMSA) 

Cells (5 x 10
5
 in 2 mL DMEM, 10% FBS/well) were plated in 6-well

 
Costar tissue 

culture plates. After 24 h, cells were treated
 
for 4.5 h then subsequently harvested. Briefly, 

cells were trypsinized,
 
and then washed with ice-cold DPBS. Cells were resuspended in 

ice-cold
 
25 mmol/L Hepes buffer at pH 7.6 containing 1.5 mmol/L EDTA,

 
1 mmol/L 

Dithiothreitol (DTT), 0.5 mmol/L phenylmethylsulfonyl
 
fluoride (PMSF), and 5 g/L 

aprotinin and placed on ice for 10
 
min. Cells were pelleted and resuspended in 1 mL ice-

cold 25
 
mmol/L Hepes buffer containing 1.5 mmol/L EDTA, 10% (v:v) glycerol,

 
1 
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mmol/L DTT, 0.5 mmol/L PMSF, and 5 g/L aprotinin. The cell
 
suspension was 

transferred to a mortar for drilling with a Teflon
 
pestle until >90% of the cells in a 2-µL 

aliquot were
 
unable to exclude trypan blue. After centrifugation (1600 x

 
g; 10 min), cell 

pellets were resuspended in 150 µL ice-cold
 
25 mmol/L Hepes buffer containing 1.5 

mmol/L EDTA, 10% (v:v)
 
glycerol, 0.5 mol/L KCl, 1 mmol/L DTT, 0.5 mmol/L PMSF, 

and
 
5 g/L aprotinin and placed on ice with intermittent mixing on

 
a vortex. Cell debris 

was removed by centrifugation (26,000
 
x g; 60 min). Supernatants containing nuclear 

protein were stored
 
at –70°C. Nuclear protein concentration was determined

 
using the 

bicinchoninic acid protein assay (Pierce Chemical).
 
Oligonucleotides used for the binding 

assay were: COX-2 CRE,
 
5'-AAACAGTCATTTCGTCA CATGGGCTTG-3' (sense) and 

5'-CAAGCCCATGTGACGAAATGACTGTTT-3'
 
(antisense); and consensus-TRE, 5'-

TCGCTTGATGACTCAGCCGGA-3'
 
(sense) and 5'-TCCGGCTGAGTCATCAAGCGA-

3' (antisense) from the
 
collagenase-1 promoter (Baltus, 1998). The complementary 

oligonucleotides
 
were annealed, then phosphorylated at the 5'-end with [ -

32
 P] ATP

 
and 

T4 polynucleotide kinase. Unincorporated nucleotides were
 
removed using the TE-10 

spin columns (Clontech). Binding assays
 
were performed by incubating 5 µg of nuclear 

protein in
 
the binding buffer and then incubated with the labeled oligonucleotides

 
for 20 

min. For cold competition, a 100-fold excess of the respective
 
unlabeled oligonucleotides 

was added to the binding reaction
 
10 min before the addition of the labeled 

oligonucleotides.
 
Samples were electrophoresed through a 5% nondenaturing 

polyacrylamide
 
gel at 200 V for 90 min. Finally, the gel was dried and exposed

 
to a 
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phosphor screen, and digital phosphorimages were retrieved
 
using the Storm system 

(Molecular Dynamics). 

 

DNA-protein binding (pull-down) assay 

The binding of nuclear proteins to selected oligonucleotides was assessed using a 

protocol kindly provided by Dr. Kenneth Wu (Zhu, 2002; Deng, 2004). Nuclear extracts 

were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagents and 

(Pierce Biotechnology, Rockford, IL) and quantitated using the BCA Protein Assay Kit 

(Pierce Biotechnology, Rockford, IL). Nuclear extracts were
 
harvested from cells using 

the NE/PER Nuclear and Cytoplasmic Extraction Reagents (Pierce, Rockford, IL).  After 

annealing of the complementary oligonucleotides (listed below), the binding assay was 

performed by incubating 200 µg of the nuclear extracts, 2 µg biotin-labeled double-

stranded DNA oligonucleotides, and 20 µL of 4% beaded-agarose conjugated with 

streptavidin (Sigma Aldrich)  in 600 µL PBSI buffer (phosphate-buffered saline buffer 

containing multiple protease inhibitors: 1 mmol/L Na3VO4, 10 mmol/L NaF, 25 mmol/L 

β-glycerophosphate, 0.1 mmol/L PMSF, 0.06 g/L aprotinin, 1 g/L leupeptin, 0.5 mmol/L 

dithiothreitol) for 2 h with shaking at room temperature. Beads were pelleted by 

centrifugation at 550xg for 1 min and then washed 3 times with cold PBSI.  Nuclear 

proteins were dissociated by incubating the mixture at 95°C for 5 min.  The binding 

proteins were separated on a 4 to 12% SDS-PAGE and subsequently subjected to 

Western blot analysis with selected antibodies.  
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The sequences of biotin-labeled oligonucleotides
 
synthesized by Sigma Genosys were:  

COX-2 CRE,
   

sense: 5'-AAACAGTCATTTCGTCA CATGGGCTTG-3'  

antisense: 5'-CAAGCCCATGTGACGAAATGACTGTTT-3'
 
 

consensus-TRE,  sense: 5'-TCGCTTGATGACTCAGCCGGA-3'
 
  

antisense: 5'-TCCGGCTGAGTCATCAAGCGA-3'  

COX-2/XRE1,   sense: 5’-CTGTCCCGACGTGACTTCCTC-3’,  

antisense: 5’-GAGGAAGTCACGTC GGGACAG-3’;  

COX-2/XRE2,  sense: 5’-AAATAATC CACGCATCAGGGAG-3’;  

antisense, 5’-CTCCCTGATGCGTGGATTATTT -3’;  

CYP1A1:   sense: 5’-CGGCT CTTGTCACGCAACTCCGAGCTCA-3’;  

antisense: 5’-TGAGCTCGGAGTTGCGTG AGAAGAGCCG-3’;  

COX-2/XRE1mut,  sense: 5’-CTGTCCCGACcaaACTTCCTC-3’,  

antisense: 5’-GAGGAAGTttgGTC GGGACAG-3’;  

COX-2/XRE2mut,  sense: 5’-AAATAATCttgGCATCAGGGAG-3’; 

antisense: 5’-CTCCCTGATGCcaaGATTATTT -3’; 

CYP1A1mut,   sense: 5’-CGGCTCTTGTttgGCAACTCCGAGCTCA-3’;  

antisense: 5’-TGAGCTCGGAGTTGCcaaAGAAGAGCCG-3’. 

 

Small inhibitory RNA 

MCF-7 ells (5 x 10
5
 in 2 mL DMEM, 10% FBS/well) were plated in 6-well

 
Costar 

tissue culture plates. Transfections were performed with low-passage cells at 80-90% 

confluence.  Small inhibitory RNA (siRNA) duplexes for the AhR were synthesized by 
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Dharmacon (Lafayette, CO) using the sequences previously described (AhR: 5’-

UACUUCCACCUCAGUUGGCTT-3’ and 3’-TTAUGAAGGUGGAGUCAACCG-5’) 

(Abdelrahim, 2003).  The siRNA duplexes were transfected into cells Lipofectamine 

2000 with the protocol provided by the manufacturer (Invitrogen, Carlsbad, CA).   Non-

targeting siRNA (iCON) and siRNA for human GADPH (iGADPH) purchased from 

Dharmacon were used as positive and negative controls.   Briefly, stock siRNA in DEPC-

treated water (for a final concentration of 100 nM per well) was mixed gently with 

prewarmed Opti-MEM (250 µL per well) reduced serum medium (Invitrogen, Carlsbad) 

for 5 minutes at room temperature.  Meanwhile 6 µL Lipofectamine 2000 was diluted 

with Opti-MEM (250 µL per well) allowed to incubate at room temperature for 5 minutes.  

The two mixtures were combined then allowed to incubate for an additional 20 minutes at 

room temperature to allow the complex to form then aliquoted (500 µL) to each well 

containing cells 1.5 mL of Opti-MEM.  The medium was replaced 4-6 hours following 

transfection with DMEM containing 10% FBS and cells were allowed to grow for 48 

hours.  Cells were then treated with either a vehicle control or TCDD and harvested either 

for total cell lysates for Western blot analysis or nuclear extracts, prepared using the NE-

PER Nuclear and Cytoplasmic Extraction Reagents and (Pierce Biotechnology, Rockford, 

IL).  

 

Chromatin immunoprecipitation (ChIP) assay 

MCF-7 cells were plated on 150 mm plates (two plates per treatment) with one 

plate reserved for cell-counting.  Fresh paraformaldehyde was prepared just prior to 
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harvesting and added to a final concentration of 1% to cell culture medium and allowed 

to incubate at room temperature for
 
10 minutes. Glycine was added for 5 minutes in order 

to quench the unreacted paraformaldehyde.  Cells were washed twice with cold PBS and 

scraped on ice using cold PBS with protease inhibitors.  The cells were pelleted and 

resupsended in SDS Lysis buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl, and 

protease inhibitor
 
cocktail).  To prepared chromatin fragments by enzymatic digestion, 

the EZ ChIP kit (Upstate/Millapore, Billenca, MA) was utilized.  The cell-lysates were 

snap-frozen in liquid nitrogen then placed in a 37°C water bath until just thawed for three 

times. Then cells were centrifuged to pellet the nuclei.  The nuclei were resupsended in 

buffer containing the EZ-Zyme enzymatic cocktail with protease inhibitors and incubated 

at 37°C for 10 minutes, followed by addition of EZ-Zyme Stop Buffer.  The insoluble 

material was removed by centrifugation and the supernatant was aliquoted for subsequent 

immunoprecipitations. Aliquoted samples were
 
diluted with Dilution buffer (1% Triton

 

X-100, 2 mmol/L EDTA, 150 mmol/L NaCl, 20 mmol/L Tris-HCl, and
 
protease inhibitor 

cocktail). Dilutions of chromatin preparations
 
were reserved as either input (no antibody) 

material or used
 
for immunoprecipitation with the desired antibody. The sonicated

 

samples were immunocleared with 2 µg sheared salmon sperm
 
DNA (Invitrogen), 5 µg 

mouse IgG (MP Biomedicals, Irvine,
 
CA), and 45 µL protein G beads (Pierce 

Biotechnology,
 
Rockford, IL) for 2 hours at 4°C. The supernatant was then

 
incubated 

with desired antibodies overnight at 4°C. After
 
immunoprecipitation, 2 µg sheared 

salmon sperm DNA and
 
protein G beads were added to samples and incubation continued

 

for an additional hour. The bead complexes were sequentially
 
washed with the Low Salt 
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Immune Complex Buffer I (0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA,
 
20 mmol/L 

Tris-HCl, and 150 mmol/L NaCl),  High Salt Immune Complex Buffer (0.1% SDS,
 
1% 

Triton X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl, and 500
 
mmol/L NaCl), LiCl 

Immune Complex Wash Buffer (0.25% LiCl, 1% NP40, 1% deoxycholate,
 
1 mmol/L 

EDTA, and 10 mmol/L Tris-HCl), and twice with TE Buffer (10 mmol/L Tris-HCl, 1 

mmol/L EDTA). Then, DNA was
 
extracted two times with Elution Buffer (1% SDS and 

0.1mol/L
 
NaHCO3).  The DNA-protein crosslinks were reversed by a 65°C water bath

 

overnight, then RNase A was added and incubated at 37°C for 30 minutes following by 1 

to 2 hour incubation at 45°C with EDTA, Tris-HCl, and Proteinase K.  The DNA was 

purified using the Qiagen Nucleotide
 
Removal kit. Real-time PCR was performed using 

primers to amplify the COX-2 promoter
 
region flanking the XRE binding site.  

 

Real-time polymerase chain reaction  

The SYBR Green PCR Reagents kit (Applied Biosystems,
 
Foster City, CA) was 

used as described by the manufacturer.
 
Briefly, reactions were run at a final volume of 25 

µL
 
consisting of the following master mix: 12.5 µL of 2x 

SybrGreen buffer, 1 µL each of 

forward and reverse primers (at final concentrations of 200 nM), RT-PCR grade nuclease 

free water, and 5
 
µL DNA purified from the ChIP assay. The Applied Biosystems 7300 

sequence detection system and comparative
 
CT method were used to quantify the relative 

differences in
 
PCR product as described previously (Bookout, 2003).

 
 Using this method, 

the threshold cycle (CT) value was assigned to each well reflecting the cycle number at 
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which the fluorescence generated by the amplicons crosses the threshold.  The standard 

curve was generated using a plasmid containing the COX-2 promoter (pCOX-2 3.9).   

The sequences of the primers used to amplify a 119 bp region of the COX-2 promoter 

flanking the COX-2 XRE-1 were as follows:  sense,  5’ 

CAGCCTATTAAGCGTCGTCAC -3’  and antisense,  5’- 

CCGTGTCTGGTCTGTACGTCT-3’. 

 

Statistical analysis and images
 

 Statview, the SAS Institute (Cary, NC) statistical analysis software was used for 

analysis of variance, multiple comparisons by Fisher’s protected least significant 

different test.  For ANOVA and multiple comparisons, P-values <0.05 were considered 

significant.  Data are presented as means + standard error.  Densitometry was measured 

using the KODAK ID Image Analysis Software (New Have, CT).  Chemical structures 

were drawn with ChemDraw Ultra (Cambridge Software).   
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CHAPTER III:  ATTENUATION OF AP-1 ACTIVITY AT THE COX-2 PROMOTER BY 

CONJUGATED LINOLEIC ACID AND ROSMARINIC ACID 

 

 

ABSTRACT 

Overexpression of cyclooxygenase-2 (COX-2) is regarded as a
 
causative factor in 

the onset of tumorigenesis of the breast.
 
These experiments investigated the effects of 

conjugated linoleic
 
acid (CLA) on COX-2 transcription in MCF-7 breast cancer cells.

 

Results of transient transfection studies revealed that treatment
 
with a CLA mix or 

selected isomers (c9, t11-CLA; t10, c12-CLA)
 
at concentrations ranging from 20 to 80 

µmol/L, attenuated
 
COX-2 transcription induced by the proinflammatory agent 12-O-

tetradecanoylphorbol-13-acetate
 
(TPA). In addition, the CLA mix inhibited TPA-induced 

activity
 
of the collagenase-1 promoter. Results of electrophoretic mobility

 
shift assays 

indicated that the CLA mix reduced TPA-induced
 
recruitment of nuclear proteins to a 

cAMP response element (CRE)
 
in the COX-2 promoter and a consensus TPA-responsive 

element
 
(TRE) in the collagenase-1 promoter. Both CRE and TRE are binding

 
sites for 

activator protein-1 (AP-1). Binding studies revealed
 
that the t10, c12-CLA isomer was 

more effective than the CLA
 
mix or c9, t11-CLA in reducing binding of cJun to either the

 

COX-2 CRE or collagenase-1 TRE, whereas linoleic acid increased
 
binding to both 

elements. Overexpression of the AP-1 member,
 
c-Jun, reversed the inhibitory effects of 

the CLA mix on COX-2
 
transcription, and restored binding of nuclear proteins to the

 

CRE and TRE. In addition, this study revealed that rosmarinic acid (RA) inhibited TPA-

induced COX-2 expression in MCF-10A and HT-29 cells.  Binding studies using the 

COX-2 CRE demonstrated that RA inhibited TPA-induced binding cJun and cFos. 
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Collectively, these results suggested that CLA and RA antagonized the AP-1 

transcription factor and therefore contributing to inhibition of COX-2 expression.   
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INTRODUCTION 

Cyclooxygenases (COX) catalyze the conversion of arachidonic
 
acid (AA) to 

prostaglandins (PG). The 2 isoforms of COX are
 
differentially regulated and expressed. 

COX-1 is generally considered
 
to be a housekeeping enzyme that functions to maintain 

cellular
 
homeostasis, whereas COX-2 overexpression is rapidly induced

 
in response to 

growth factors, oncogenes, tumor promoters, cytokines,
 
and endotoxins (reviewed in 

Smith, 2000). The involvement of COX-2 in
 
carcinogenesis is supported by several lines 

of evidence. COX-2
 
was reported to be overexpressed in a variety of human malignancies

 

including breast cancer (Ristimaki, 2002). Studies with transgenic mice demonstrated
 
that 

overexpression of COX-2 was sufficient to induce tumorigenesis
 
in the mammary gland 

(Liu, 2003). Moreover, the use of nonsteroidal
 
anti-inflammatory drugs that target 

cyclooxygenases was correlated
 
with reduced incidence of several cancers including 

colorectal
 
and breast (Gupta and DuBois, 2001; Khuder and Mutgi, 2001). In addition, 

treatment with COX-2 selective
 
inhibitors was shown to reduce tumorigenesis in animal 

models
 
(reviewed in Howe and Dannenberg, 2003).

 
 

The expression of COX-2 is regulated at the transcriptional,
 
post-transcriptional, 

and post-translational levels. Regulatory
 
elements in the 5'-flanking region of the COX-2 

gene include
 
a cAMP response element (CRE, –59 to –53, 5'-TTCGTCA-3')

 
(Kosaka, 

1994). The CRE recognition sequence is essential for both constitutive
 
and induced COX-

2 expression in most cells (Tang, 2001; Subbaramaiah, 2000) and shares
 
sequence 

homology with the consensus 12-O-tetradecanoylphorbol-13-acetate
 
(TPA)-responsive 

element (TRE = 5'-TGACTCA-3') site found in
 
the collagenase-1 promoter (Baltus, 
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1998). The TRE is a consensus site
 
for the transcription factor activator protein-1 (AP-1) 

(Eferl and Wagner, 2003).
 
Binding of AP-1 proteins to the CRE and TRE elements is 

strongly
 
induced by the tumor promoter and proinflammatory agent TPA

 
(Subbaramaiah, 

2000). Binding of CREB proteins to the CRE element is induced
 
by UV irradiation (Tang, 

2001). In contrast, UVA induces COX-2 expression
 
through stabilization of the COX-2 

mRNA (Bachelor, 2002).
 
 

Conjugated linoleic acid (CLA) has garnered attention as a dietary
 
adjuvant for its 

anticarcinogenic properties as well as other
 
biological activities including modulation of 

lipid metabolism,
 
atherogenesis, diabetes, and immune functions (reviewed in Belury, 

2003).
 
CLA is referred to as a mixture of positional and geometric

 
isomers of conjugated 

dienoic linoleic acid (18:2); they originate
 
in ruminants from the conversion of linoleic 

acid (LA) by bacterial
 
isomerases. The c9, t11-CLA is the predominant isomer found

 
in 

milk fat and meats from ruminant animals (Chin, 1992; Ma, 1999). However,
 
other 

isomers are also present, including t10, c12-CLA, which
 
was shown to possess significant 

biological activity (Brown, 2004). Several
 
studies reported that CLA reduced the 

synthesis of PG, including
 
PGE2, in a variety of cell culture and animal models (Liu and 

Belury, 1998; Kavanaugh, 1999; Urquhart, 2002; Ma, 2002; Nakanishi, 2003).
 
CLA may 

exert its protective effects by decreasing AA concentration
 
in the phospholipid 

membranes, thus reducing PG production (Liu and Belury, 1998),
 
as well as inhibiting 

COX-2 expression (Yu, 2002; `Cheng, 2004). Nevertheless,
 
the mechanisms through 

which CLA modulates COX-2 expression
 
remain largely unknown.

 
 



 

 

64 

RESULTS 

  CLA inhibits TPA-mediated induction of COX-2 promoter activity in MCF-7 

breast cancer cells. The AP-1 transcription factor transactivates COX-2 in a variety
 
of 

human cells (Subbaramaiah, 2000; Bachelor, 2002; Subbaramaiah, 2001). The breast 

cancer cell line MCF-7
 
was used in previous studies to study the regulation of COX-2

 

expression (Teh, 2004), which is induced in this cell system by AP-1
 
activating factors 

(Liu and Rose, 1996). Consistent with previous reports (Osborne, 1981),
 
we observed that 

the treatment of MCF-7 cells with TPA elicited
 
the transition from spindle-shaped to 

polygonal cultures, thus
 
confirming the effectiveness of the TPA treatment (data not

 

shown). In time-course experiments, we observed that basal levels
 
of COX-2 mRNA 

remained constant in MCF-7 cells cultured in basal
 
DMEM (Control), whereas in TPA-

treated MCF-7 cells, COX-2 transcripts
 
accumulated at 6 h and declined thereafter (data 

not shown). The stimulation
 
of COX-2 expression was coupled with an increase in PG 

production
 
in MCF-7 cells treated with TPA (0.1 µmol/L) compared

 
with control cells 

(data not shown). The cotreatment with the
 
CLA mix (20, 40, and 80 µmol/L) 

counteracted the stimulatory
 
effects of TPA on COX-2 protein (Figure 8A). In addition, 

the
 
CLA mix reduced COX-2 protein in MDA-MB-231 cells, which constitutively

 

overexpress COX-2 (Figure 8B).
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FIGURE 8. CLA reduces COX-2 protein expression in MDA-MB-231 and MCF-7 

cells.  (A) Western blot analysis of COX-2 from MCF-7 cells treated with vehicle 

(Control) or TPA (0.1 µmol/L) and increasing amounts of CLA mix (20, 40, and 80 

µmol/L) for 24 h. B) Western blot analysis from MDA-MB-231 cells were treated with 

vehicle (Control) or increasing amounts of CLA mix (20, 40, and 80 µmol/L) for 24 h.
 

 

To investigate the effects of CLA on COX-2 promoter activity,
 
an empty vector 

(pGL3) or a luciferase-reporter
 
construct containing a fragment of the COX-2 promoter 

(pCOX-2) was transfected 
into

 MCF-7 cells. After transfection, cells were pretreated
 
for 2 

h with 20, 40, and 80 µmol/L CLA mix, c9, t11-CLA,
 
t10, c12-CLA, and LA and 

subsequently induced for 6 h with 0.1
 
µmol/L TPA in the presence or absence of the 

same levels
 
of each fatty acid. The transfection with the empty vector pGL3

 
did not yield 

detectable luciferase activity (data not shown).
 
Conversely, transfection with pCOX-2 

yielded basal luciferase
 
readings, which were induced (P < 0.05) after the treatment

 
with 

A 

B 
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TPA (0.1 µmol/L) (Figure 9). The stimulation of COX-2
 
promoter activity in transfected 

cells was consistent with induction
 
by TPA of COX-2 mRNA (data not shown). At 

concentrations
 
of 20 and 40 µmol/L, the c9, t11-CLA and t10, c12-CLA

 
isomers were 

more effective than the CLA mix or LA in repressing
 
TPA-induced COX-2 promoter 

activity (P < 0.05). Compared
 
with the control, at a concentration of 80 µmol/L, COX-2

 

promoter activity was reduced in the order CLA mix > c9,
 
t11-CLA, t10, c12-CLA > LA 

(P < 0.05). These results suggested
 
that CLA reduced TPA-induced COX-2 transcription 

activity in
 
MCF-7 cells, and this effect was dose dependent.

 

 

Figure 9. CLA represses TPA-dependent activation of COX-2 transcription in 

MCF-7 cells. The cells were cotransfected with a COX-2 luciferase reporter construct 

(pCOX-2) and control vector (pRL-TK). Transfected cells were pretreated for 2 h with 

increasing amounts (20, 40, and 80 µmol/L) of CLA mix, c9, t11-CLA, t10, c12-CLA, or 

LA followed by cotreatment with TPA (0.1 µmol/L) for 6 h. Values are means + SE, n = 

6 (2 replicate experiments performed in triplicate). Means without a common letter differ, 

P < 0.05. 
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 CLA inhibits AP-1 promoter activity and TPA-induced binding of nuclear 

proteins to the COX-2 CRE and consensus TRE. To investigate whether CLA exerts 

anti-AP-1 activity, 
 
transient transfection studies were performed using a luciferase 

reporter construct
 
containing a fragment of the collagenase-1 gene promoter, known

 
to 

harbor a single AP-1 site (p1x-AP-1) (Figure 10). 

 

 

 

FIGURE 10.  CLA represses AP-1 activity in MCF-7 cells. The cells were cotransfected 

with a plasmid containing the promoter of the collagenase-1 gene that harbors a 

consensus TRE and a control vector (pRL-TK). Transfected cells were pretreated with 

CLA mix (20, 40, and 80 µmol/L) for 2 h, followed by cotreatment with TPA (0.1 

µmol/L) for 6 h. Values are means + SE, n = 8 (2 replicate experiments performed in 

quadruplicate). Means without a common letter differ, P < 0.05. 
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At a concentration
 
of 20 µmol/L, the CLA mix was effective in abrogating

 
the promoter 

activity of the collagenase-1 gene. On the basis
 
of these results, we focused our attention 

on the proximal COX-2
 
promoter region containing the CRE (–59 to –53),

 
which is 

targeted by an AP-1 complex containing Jun and Fos
 
family members (Eferl and Wagner, 

2003). In previous studies, the CRE was found
 
to mediate the stimulatory effects of TPA 

on COX-2 promoter
 
activity (Subbaramaiah, 2000). Therefore, using EMSA, we 

investigated whether
 
CLA antagonized the recruitment of AP-1 to the CRE site. As a 

positive control, we used an oligonucleotide containing the
 
TRE from the collagenase-1 

promoter. The treatment with TPA
 
stimulated the binding of nuclear proteins to the 

oligonucleotides
 
containing the CRE (lane 3) and TRE (lane 8) elements (Figure 11).

 

However, cotreatment with TPA plus CLA mix dose-dependently
 
(80 µmol/L > 40 

µmol/L) reduced TPA-induced binding
 
to the CRE (lanes 4 and 5) and TRE (lanes 9 and 

10) oligonucleotides.
 
No binding of nuclear proteins occurred when 100-fold excess

 
of 

the unlabeled oligonucleotides containing either the COX-2
 
CRE (lane 6) or consensus 

TRE (lane 11) was used. 
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FIGURE 11.  CLA inhibits TPA-induced recruitment of AP-1 to CRE and TRE in 

MCF-7 cells. Nuclear extracts were obtained from MCF-7 cells treated for 4.5 h with 

vehicle (Control) (lanes 2 and 7), TPA (0.1 µmol/L, lanes 3 and 8), or TPA + CLA (40 

µmol/L, lanes 4 and 9, and 80 µmol/L, lanes 5 and 10). Lanes 6 and 11 represent nuclear 

proteins incubated with 100-fold of unlabeled oligonucleotide. FP = free probe (lane 1). 

The arrow indicates the DNA:protein complex formed at the CRE or TRE. 

 

 

  CLA reduces binding of cJun to COX-2 CRE and collagenase-1 TRE. To 

evaluate the effects of the CLA isomers on AP-1 activity,
 
a streptavidin pull-down assay 

was utilized to assess the
 
binding of cJun to the COX-2 CRE and collagenase-1 TRE 

(Figure 12).
 
Little binding of cJun was observed in control samples; however,

 
TPA (0.1 

µmol/L) induced binding of cJun to both the COX-2
 
CRE and the collagenase-1 TRE. 

Treatment with t10, c12-CLA (80
 
µmol/L) reduced binding of cJun more effectively than
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c9, t11-CLA (80 µmol/L) or the CLA mix (80 µmol/L).
 
In contrast, treatment with LA 

(80 µmol/L) increased occupancy
 
of cJun to the COX-2 CRE or collagenase-1 TRE. 

These results
 
suggested that the inhibitory effects of the CLA mix on AP-1

 
binding 

activity may be due at least in part to the t10, c12-CLA
 
isomer. Overall, these data 

indicated that CLA repressed, whereas
 
LA increased the recruitment of an AP-1 complex 

to a CRE site
 
in the COX-2 promoter and consensus TRE in the collagenase-1

 
promoter. 

 

 

FIGURE 12.  CLA but not LA represses the recruitment of cJun to the COX-2 CRE 

and collagenase-1 TRE. The effect of fatty acids (CLA mix, c9, t11-CLA, t10, c12-CLA, 

and LA) on TPA-induced binding of cJun to the COX-2 CRE or collagenase-1 TRE was 

assessed using the DNA-Protein Binding assay. Each panel is representative of 3 

replicate experiments. 

 

To confirm that CLA interferes with the recruitment of an AP-1
 
complex at the 

COX-2 promoter, MCF-7 cells were cotransfected
 
with pCOX-2 and various amounts of 

an expression vector encoding
 
for cJun (pcJun). The treatment with TPA induced COX-2 

transcription
 
activity in MCF-7 cells cotransfected with pCOX-2 and an empty

 
plasmid 
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(pCMV) (Figure 13A). However, the cotransfection with increasing
 
amounts of the 

pcJun plasmid (0.5, 1.0, and 3.0 µg) reversed
 
(P < 0.05) the inhibitory effects of CLA on 

TPA-induced COX-2
 
transcription. Western blot analysis confirmed the overexpression

 

of ectopic cJun in transfected cells (Figure 13B). The effects of overexpression of cJun 

on the formation of the
 
AP-1 complex at the CRE and TRE were then examined. The 

results of the binding
 
studies depicted in Figure 13C indicated that the treatment with

 

TPA stimulated the recruitment of nuclear proteins to the COX-2
 
oligonucleotide 

containing the CRE (lane 3) and positive control
 
TRE (lane 8), whereas the binding was 

antagonized by cotreatment
 
with CLA (lanes 5 and 10). These findings corroborated the 

results
 
of experiments presented in Figure 11. Conversely, the recruitment

 
of nuclear 

proteins to the CRE and TRE was restored in MCF-7
 
cells transfected with pcJun (lanes 4 

and 9). In these samples,
 
the appearance of a doublet comprised of a more

 
intense/slower 

migrating and a less intense/faster migrating
 
band was observed. A possible interpretation 

of these results is that overexpression
 
of the cJun protein may change the relative profile 

of transcription
 
factors recruited at the CRE and TRE, thus generating DNA:protein

 

complexes of different molecular weight. Overall, these cumulative
 
results suggested that 

CLA inhibited the TPA-dependent activation
 
of COX-2 transcription, and this repression 

involved loss of
 
recruitment of an AP-1 complex at the CRE site in the COX-2

 
promoter. 
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FIGURE 13.  Overexpression of cJun reverses the repressive effects of CLA on 

COX-2 in MCF-7 cells. (A) Cells were cotransfected with pCOX-2 and either an empty 

vector (pCMV) or increasing amounts of pcJun and subsequently treated with vehicle 

(Control), TPA (0.1 µmol/L), or TPA with CLA (40 µmol/L) for 6 h. Values are means + 

SE, n = 3. Means without a common letter differ (P < 0.05). (B) Western blot analysis to 

confirm overexpression of cJun in transfection experiment.  (C) Binding of nuclear 

proteins to COX-2 CRE and collagenase-1 TRE from cells treated with vehicle (Control) 

(lanes 2 and 7), TPA (0.1µmol/L) (lanes 3 and 8), or TPA + CLA (40 µmol/L) with 

(lanes 4 and 9) and without transfected pcJun (lanes 5 and 10). Lanes 6 and 11 represent 

nuclear extracts incubated with 100-fold of unlabeled oligonucleotide. FP = free probe 

(lane 1). The arrow indicates the DNA:protein complex formed at the CRE or TRE. 

Results indicate that CLA represses the recruitment of nuclear proteins to the CRE and 

TRE, whereas binding of nuclear proteins is restored in cells overexpressing cJun.  
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CLA alters TPA-induced cell signaling. The effects of CLA on cJun activation, 

were examined by Western blot analysis of total cell lysates obtained from MCF-7
 
cells 

pretreated for 2 h with the CLA mix and then cotreated
 
for 6 h with TPA (0.1 µmol/L). 

The treatment with TPA
 
alone induced the accumulation of phosphorylated cJun (Figure 

14A). However, this effect was abrogated after cotreatment of
 
MCF-7 cells with TPA + 

40 µmol/L of the CLA mix. Because SAPK/JNK was reported to phosphorylate cJun 

(Nishina, 2004), whether or not CLA interfered with phosphorylation of
 
SAPK/JNK was 

tested.  Western blot analysis was performed with cytoplasmic
 
extracts obtained from 

MCF-7 cells pretreated for 2 h with either
 
40 or 80 µmol/L of CLA mix and subsequently 

cotreated
 
for 15 min in the presence or absence of 0.1 µmol/L TPA.

 
The levels of 

phosphorylated SAPK/JNK were increased by TPA
 
as determined by the increased 

intensity of a doublet comprising
 
isoforms of phosphorylated SAPK/JNK ( 46 and 54 

kDa) (Figure 14B).
 
However, the cotreatment with CLA caused a dose-dependent (80

 
> 

40 µmol/L) shift in the profile of phosphorylated
 
SAPK/JNK isoforms as shown by the 

increased intensity of the
 
faster migrating band. TPA treatment also induced the 

phosphorylation
 
of p44/42 [extracellular signal-regulated kinase (ERK) 1/2].

 
However, 

the CLA cotreatment did not have an effect of TPA-induced
 
activation of p44/42. These 

results suggested that the CLA cotreatment
 
altered the TPA-induced activation of 

SAPK/JNK and subsequent
 
phosphorylation of cJun, but did not influence TPA-induced 

phosphorylation
 
of p44/42. 
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FIGURE 14.  CLA modulates TPA-induced activation of cJun in MCF-7 cells. (A) 

Western blot analysis for cJun. Total cell extracts were obtained from MCF-7 cells 

pretreated for 2 h with CLA mix (40 µmol/L) followed by cotreatment for 6 h with TPA 

(0.1 µmol/L). (B) Western blot analysis for phosphorylated p44/42 and SAPK/JNK using 

cytoplasmic extracts obtained from cells pretreated for 2 h with CLA mix (40 and 80 

µmol) followed by 15 min of cotreatment with or without TPA (0.1 µmol/L). Each panel 

is representative of 2 replicate experiments.  

 

TPA-induced levels of COX-2 expression in MCF-10A and HT-29 cells are 

repressed by rosmarinic acid.  We wanted to investigate possible mechanisms for the 

anti-inflammatory effects of rosmarinic acid.  The breast epithelial MCF-10A and HT-29 

colorectal adenocarcinoma epithelial cell lines were chosen because both cell lines have 

inducible COX-2 expression.  First, western blot analyses were performed with MCF-

10A (Figure 15A) or HT-29 (Figure 15C) cells treated either with the vehicle (Control) 
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or TPA (0.1 µmol/L) for 3, 6, or 12 hours to assess the induction of COX-2 protein by 

TPA.  To determine whether or not rosmarinic acid could inhibit TPA-induced COX-2 

expression, western blot analyses for COX-2 was performed with MCF-10A (Figure 15B) 

and HT-29 (Figure 15D) cells treated either with the vehicle (Control) or TPA (0.1 

µmol/L) or increasing amounts of rosmarinic acid (5, 10, and 20 µmol/L) in the presence 

or absence of TPA for 6 h. In both the MCF-10A and HT-29 cells an induction of COX-2 

by TPA and a dose-dependent reduction of COX-2 expression by rosmarinic acid were 

observed (Figure 15B and 15D).    
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FIGURE 15. TPA induced COX-2 expression in MCF-10A and HT-29 cells is 

repressed by rosmarinic acid. A) and C) Western blot analysis of COX-2 from cells 

treated with TPA or control (vehicle) for 3, 6, or 12 h. B) and D) Western blot analysis of 

COX-2 from cells treated with vehicle (Control) or TPA (0.1 µmol/L) or increasing 

amounts of rosmarinic acid (5, 10, and 20 µmol/L) in the presence or absence of TPA for 

6 h. Panels are representative of two duplicate experiments. Panels are representative of 

two duplicate experiments.   

A 

 

B 

C 

D 
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Rosmarinic acid inhibits TPA-induced binding of cJun and cFos to the COX-2 

CRE.  To investigate whether or not RA could antagonize TPA-induced binding of cJun 

and cFos to the COX-2 CRE, nuclear extracts were harvested from MCF-10A, MCF-7 

and HT-29 cells (Figure 16).  Results from the DNA-Protein Binding assay revealed that 

treatment with RA (10 µM) reduced TPA-induced binding of cJun and cFos to the COX-

2 CRE.  These results indicated that the anti-AP-1 properties of RA are not restricted to a 

specific cell type and comparable effects are observed in each of these cell lines.  

cJun

cFos

++--RA (10 µM)

-++-TPA (0.1 µM)

++--RA (10 µM)

-++-TPA (0.1 µM)

COX-2 CRE

cJun

cFos

cJun

cFos

MCF-10A

MCF-7

HT-29

 

FIGURE 16.  Rosmarinic decreases the binding of cJun and cFos to the COX-2 

CRE. The effect of rosmarinic acid (10 µM) on TPA-induced binding of cJun and cFos 

to the COX-2 CRE from nuclear extracts harvested from MCF-10A, MCF-7 and HT-29 

cells was assessed using the DNA-Protein Binding assay. Each panel is representative of 

2 replicate experiments. 
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DISCUSSION 

CLA was shown to exert anticarcinogenic, antidiabetic, and anti-inflammatory
 

properties (reviewed in Belury, 2002). Previous studies demonstrated
 
that CLA reduced 

the biosynthesis of prostaglandins, a process
 
that requires the participation of COX-2 (Liu 

and Belury, 1998; Kavanaugh, 1999; Urquhart, 2002; Ma, 2002; Nakanishi, 2003). Yu et
 

al. (2002) documented that the c9, t11-CLA isomer (100 and 200
 
µmol/L) decreased 

COX-2 promoter activity induced by interferon-
 
in RAW264.7 mouse macrophage cells. 

More recently, Cheng et
 
al. (2004) reported that CLA (20–200 µmol/L) reduced

 
COX-2 

mRNA and protein levels in RAW 264.7 cells after treatment
 
with lipopolysaccharide. 

Although these cumulative studies provided
 
important clues concerning the protective 

effects of CLA, the
 
mechanisms of action of CLA on COX-2 expression activity remain

 

elusive.
 
 

The objective of this study was to examine whether CLA modulated
 
COX-2 

transcription activity. To induce the expression of COX-2 the proinflammatory agent 

TPA was used, which in the current
 
study effectively induced COX-2 mRNA, protein, 

and PG production
 
in MCF-7 cells. The CLA mix reduced COX-2 protein expression

 

induced by TPA. In breast cancer MCF-7 cells transiently transfected
 
with a COX-2 

reporter construct, treatment with TPA stimulated
 
the activity of the COX-2 promoter. 

Conversely, cotreatment
 
with the CLA mix or selected isomers (t10, c12-CLA; c9, t11-

CLA)
 
attenuated TPA-induced COX-2 transcription in a dose-dependent

 
manner. At a 

dose of 20 µmol/L, which is within the normal
 
physiological range of 10–70 µmol/L 
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found in humans
 
(Tanmahasamut, 2004), the t10, c12-CLA and c9, t11-CLA isomers 

were more effective
 
than the CLA mix in reducing TPA-induced COX-2 promoter 

activity.
 
These results were somewhat expected because the CLA mix used

 
in this study 

contained other isomers in addition to those tested.
 
The treatment of MCF-7 cells with 

LA also reduced COX-2 promoter
 
activity; however, it was not as effective as the CLA 

mix or
 
isomers at 40 and 80 µmol/L. Previous reports documented

 
that LA reduced COX-

2 mRNA (Yu, 2002) and promoter activity (Lee, 2003).
 
In contrast, other studies reported 

that LA-enriched diets increased
 
COX-2 mRNA in the rat mammary gland (Badawi, 

1998), and hepatoma cells
 
(Vecchini, 2004). Therefore, it is feasible that the hampering 

effects of
 
LA on COX-2 transcription observed in this study may be due

 
to a feedback 

loop in which AA and/or PGE2 downregulates COX-2
 
transcription rather than a direct 

effect of LA on the COX-2
 
promoter (Horia, 2005). Nonetheless, our data indicated that 

CLA attenuated
 
TPA-induced COX-2 transcription, and further studies were designed

 
to 

investigate the mechanism of inhibition of COX-2 transcription
 
by CLA.

 
 

Studies documented that treatment with TPA induced the recruitment
 
of AP-1 

dimers to cis-acting TRE on promoter regions inducing
 
transcription of genes involved in 

cellular metabolism, cell
 
proliferation, and metastasis (Angel, 1987). CLA inhibited the 

reporter
 
activity of the collagenase-1 promoter, suggesting that CLA

 
may modulate 

transcription through an anti-AP-1 mechanism. Previous
 
investigations reported that 

binding of the AP-1 transcription
 
factor to the CRE in the COX-2 promoter was strongly 

induced
 
by the tumor-promoting agent TPA. Conversely, deletion or mutation

 
of the CRE 

site resulted in the loss of TPA-induced transcription,
 
suggesting that the CRE element 
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mediated the stimulatory effects
 
of AP-1 (Subbaramaiah, 2000). Therefore, the 

hypothesis was formulated that CLA
 
may interfere with the recruitment of AP-1 at the 

CRE site.
 
In the current study, EMSA revealed that TPA induced the binding

 
of nuclear 

proteins to oligonucleotides comprising the COX-2
 
CRE or the consensus TRE. The latter 

is a putative sequence
 
in the collagenase-1 promoter that is known to bind AP-1 

transcription
 
factors (Baltus el al 1998; Eferl and Wagner, 2003). The cotreatment with 

CLA cleared the complex
 
recruited at the CRE and TRE after treatment with TPA in a 

dose-dependent
 
fashion. Conversely, the overexpression of cJun in MCF-7 cells

 
relieved 

the suppressive effects of CLA on COX-2 promoter activity,
 
as well as on binding of 

nuclear proteins to the COX-2 CRE and
 
collagenase-1 TRE oligonucleotides. In binding 

studies, the t10, c12-CLA isomer was more effective than the CLA
 
mix and c9, t11-CLA 

in reducing TPA-induced recruitment of the
 
cJun protein to the oligonucleotides 

containing the COX-2 CRE
 
or the collagenase-1 TRE. In contrast, the treatment with LA

 

increased cJun binding to the COX-2 CRE and collagenase-1 TRE.
 
The latter results were 

in agreement with previous observations
 
documenting that AP-1 binding was induced by 

LA (Reiterer, 2004). These
 
cumulative data support a model in which CLA antagonizes 

COX-2
 
transcription by preventing the recruitment of an AP-1 complex

 
at the CRE 

element harbored in the proximal COX-2 promoter.
 
 

The anti-AP-1 properties of CLA may be exerted through 2, possibly
 
not mutually 

exclusive, mechanisms. First, CLA may directly
 
repress signal transduction pathways 

required for activation
 
of AP-1, thus preventing the formation of a productive AP-1

 

complex at the CRE. The induction of COX-2 expression by TPA
 
was shown to be 
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regulated at least in part by upstream signal
 
transduction cascades such as the protein 

kinase C (PKC) and
 
mitogen-activated protein kinase (MAPK) pathways (Eferl and 

Wagner, 2003; Chun and Surh, 2004). Previous
 
studies investigated the effects of CLA 

on PKC and MAPK signaling
 
pathways. In human prostate cancer cells, CLA treatment 

modulated
 
the abundance of PKC isoforms in cytosol and membrane protein

 
fractions 

(Song., 2004). In human adipocytes, treatment with t10, c12
 
CLA resulted in the 

activation of MAPK signaling (Brown, 2004). However,
 
in HT-29 colon cancer cells, 

treatment with a mix of CLA isomers
 
resulted in decreased levels of both phosphorylated 

and total
 
p44/42 (ERK1/2) (Kim, 2003). In the current investigation, CLA cotreatment

 

did not reduce TPA-induced phosphorylation of p44/42 in MCF-7
 
cells, suggesting that 

the effects of CLA may be cell and tissue
 
specific.

 
 

The activation of SAPK/JNK proteins is required for phosphorylation
 
of 

transcription factors including cJun (Nishina, 2004). In the current
 
investigation, CLA 

cotreatment decreased TPA-induced phosphorylation
 
of cJun and altered the profile of 

phosphorylated SAPK/JNK isoforms.
 
One possible interpretation of these results is that 

CLA may
 
interfere with activation of SAPK/JNK and consequently repress

 
the levels of 

phosphorylated cJun. The effects of CLA on signal
 
transduction pathways are complex 

and should be the target of
 
future investigations.

 
 

Second, CLA may repress COX-2 transcription by activating PPARγ, a member 

of the superfamily of nuclear hormone ligand-dependent
 
transcription factors. CLA is a 

potential ligand of PPARγ (Belury, 2002; Yu, 2002).
 
Interestingly, previous 
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investigations documented that PPARγ
 
ligands downregulated COX-2 in breast cancer 

cells by sequestering
 
transcription factors such as the cAMP responsive element binding

 

protein and p300 from the COX-2 CRE site (Subbaramaiah, 2001). The COX-2 promoter
 

contains an upstream PPRE (–3721/–3707) (Meade., 1999; Pontsler, 2002).
 
Therefore, 

one possibility is that CLA may repress COX-2 transcription
 
by interfering with 

activation of COX-2 at the PPRE. However,
 
in transfection studies, CLA repressed TPA-

induced
 
transcription of a 3.5-kb COX-2 promoter fragment lacking the

 
PPRE (data not 

shown). These results suggest that the repressive
 
effects of CLA on COX-2 transcription 

may not be mediated by
 
the upstream PPRE.

 
 

Overall, the results of the present study document that CLA
 
antagonizes AP-1–

dependent induction of COX-2 transcription.
 
Through this mechanism, CLA may reduce 

COX-2 levels and prostaglandin
 
biosynthesis, thereby contributing to its anticarcinogenic 

and
 
anti-inflammatory properties.

 
These studies also demonstrated that rosmarinic acid 

inhibits TPA-induced COX-2 expression in MCF-10A and HT-29 cells.  Results of 

binding studies revealed that treatment with rosmarinic acid reduced the binding of cJun 

and cFos to the COX-2 CRE, suggesting that rosmarinic acid may inhibit COX-2 

expression by antagonizing AP-1.  Additional studies are underway to examine the 

effects of rosmarinic acid on TPA-induced COX-2 promoter activity and upstream 

signaling pathways.  
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CHAPTER IV: CYCLOXYGENASE-2 PROMOTER ACTIVATION BY THE AROMATIC 

HYDROCARBON RECEPTOR IN BREAST CANCER MCF-7 CELLS: REPRESSIVE EFFECTS 

OF CONJUGATED LINOLEIC ACID 

 

ABSTRACT 

 The role of the aromatic hydrocarbon receptor (AhR) in transcriptional regulation 

of the human COX-2 gene remains elusive. These studies investigated whether or not the 

COX-2 gene is a target for the activated aromatic hydrocarbon receptor.  Results indicate 

that the AhR-ligands benzo[a]pyrene (B[a] P) and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin 

(TCDD) induced transcription activity of COX-2 in breast cancer MCF-7 cells. The 

TCDD-dependent activation of the COX-2 promoter was abrogated by mutation of two 

xenobiotic response elements (XREs=CGTG). TCDD stimulated the binding of the AhR 

to COX-2 and CYP1A1 oligonucleotides containing consensus XREs.  Conversely, the 

cotreatment with TCDD plus a mixture of conjugated linoleic acid (CLA) or selected 

CLA isomers prevented (CLAmix=t10, c12-CLA>c9, t11-CLA) the induction of 

transcription from the COX-2 promoter. The TCDD-induced binding of the AhR to 

COX-2 and CYP1A1 oligonucleotides was repressed by cotreatment with CLA (t10, c12-

CLA>c9, t11-CLA), and the AhR antagonists, 3-methoxy-4-naphthoflavone and 

resveratrol. These studies suggest that the AhR may be a suitable target for prophylactic 

strategies that target COX-2 expression.
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INTRODUCTION 

Cyclooxygenases (COX) are prostaglandin synthases with intrinsic 

cyclooxygenase and peroxidase activities that catalyze the conversion of arachidonic acid 

to prostaglandins (PGs) (Smith, 2000). The COX-2 gene is rapidly upregulated during the 

inflammatory process and the overexpression of COX-2 has been proposed to be a 

causative factor in malignancies of the lung (Brown, 2004), stomach (Oshima, 2004), 

colon (Pai, 2002), and breast (Chang, 2004). The activation of COX-2 expression is 

sufficient to induce mammary tumorigenesis in transgenic mice (Liu, 2001), whereas 

non-steroidal anti-inflammatory agents that target COX-2 reduce the incidence of colon 

and breast cancers (Harris, 2003). These data suggest that physiological conditions or 

environmental and dietary exposures to agents that enhance COX-2 levels may have an 

impact on chronic inflammation and increase the risk of certain types of cancer. 

The aromatic hydrocarbon receptor (AhR) is a member of the helix-loop-helix 

family of transcription factors (Burbach, 1992). In the absence of exogenous ligands, the 

AhR is found in cytoplasmic complexes that comprise heat shock protein-90. Upon 

ligand binding, the AhR migrates to the nucleus, forms a heterodimer with the AhR 

nuclear translocator (ARNT) protein, and binds core DNA sequences termed xenobiotic 

response elements (XRE=CGTG) (Reyes, 1992); Sogawa, 1995) and regulates the 

transcription activity of a battery of genes including members of the P450 family (Ko, 

1996), estrogen-responsive (Hockings, 2006; Gozgit, 2004) and S-phase specific 

(Marlowe, 2004) genes. In humans, diet is the most important avenue of exposure to 
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ligands of the AhR including polycyclic aromatic hydrocarbons (PAHs) and dioxins 

(Romagnolo, 2006). These agents have been shown to induce COX-2 expression (Yan, 

2000; Miller, 2005; Puga, 1997). The accumulation of COX-2 mRNA has been observed 

following treatment with the dioxin 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) both  

in vivo (Vogel, 1998) and in cell culture (Kraemer, 1996; Liu, 1997). The activation of 

COX-2 expression by TCDD is associated with the release of proinflammatory PGs and 

eicosanoids (Puga, 1997). The sustained metabolism of arachidonic acid by 

cyclooxygenase is believed to be a critical event in the tumor promoting actions of TCDD 

(Wolfle, 2000). The induction of COX-2 has also been reported for benzo[a]pyrene (B[a] 

P) (Yan, 2000), a prototype PAH, and its metabolite, B[a] P-diol epoxide (BPDE) (Song, 

2005).  

In addition to inducing COX-2 expression, environmental and dietary PAHs may 

also serve as substrates for the COX-2 enzyme (Wiese, 2001). This detoxification process 

leads to the production of several metabolites which are excreted in urine. Conversely, 

dioxins, such as TCDD, are not metabolized and accumulate in fatty tissues such as 

breast (Hooper, 1998) and milk (Weiss, 2003). The exposure to TCDD could potentially 

have chronic effects on expression of target genes such as COX-2. Nevertheless, the 

contribution of the AhR pathway to regulation of the human COX-2 gene has not been 

elucidated.   Therefore, the objective of this investigation was to determine whether the 

XREs in the COX-2 promoter are involved in activation of COX-2 transcription by AhR 

ligands.  A second objective of this study was to explore dietary agents that might 

counteract the activation of COX-2 transcription by AhR ligands.   
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RESULTS 

AhR ligands induce COX-2 transcription.  The MCF-7 breast cancer cell line 

was used in these studies because it possesses a functional AhR pathway that is 

responsive to AhR ligands (Hockings, 2006). In transient transfection experiments, the 

treatment for 24 h with B[a]P (2.5 µM) and TCDD (100 nM) induced  respectively a 1.6- 

and 1.8-fold increase in transcriptional activity from a 3.9kb COX-2 promoter fragment 

driving the expression of the luciferase reporter gene (Figure 17A). The dioxin, TCDD, 

elicited a COX-2 response similar in magnitude to that induced by B[a] P but at a much 

lower concentration (100 nM vs. 2.5 µM). The induction of COX-2 promoter activity by 

B[a]P and TCDD was paralleled by stimulation in transfected MCF-7 cells of 

transcription from a positive control construct (p1A1-4XRE) containing an enhancer 

element  of the CYP1A1 promoter linked to an array of four consensus XREs (CGTG) 

(Figure 17B). These data confirmed the validity of the MCF-7 cell line as a model 

system to study the regulation of the COX-2 gene by AhR ligands. 
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Figure 17. Ligands of the AhR induce COX-2 transcription in breast cancer MCF-7 

cells. Cells were cotransfected with A) a 3.9 kb fragment of the human COX-2 promoter 

(COX-2) or B) a positive control (CYP1A1-4XRE) expression vector driving the 

expression of the luciferase reporter gene and an internal renilla control vector (pRL-TK).   

Transfected cells were treated for 24 h with B[a] P (2.5 µM) or TCDD (100 nM). Values 

are relative luciferase expression units corrected for the internal control renilla (Luc/Ren) 

and represent the means + SE from two replicate experiments performed in triplicate.  

Means without a common letter differ (P < 0.05). (Authorship of this data is shared with 

M.Q. Kemp, Nutr Cancer. 2007; 59(2):248-57.) 

 

 

 

TCDD induces the binding of the AhR to the COX-2 promoter.  Previous 

investigations suggested that the COX-2 promoter harbors potential binding sites for the 

AhR (Sherratt, 2003). However, to date studies have either discounted a role of the AhR 

(Vogel, 2000) or provided no direct evidence for its involvement in the regulation of the 

human COX-2 gene. Therefore, we wished to examine whether the XREs in the human 

COX-2 proximal promoter are targets for binding by the AhR.  In this study, the roles of 
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two proximal XREs located at positions -507/-504 (XRE-1) and -958/-955 (XRE-2) from 

the transcriptional start site were investigated (Figure 18A).  Using site-directed 

mutagenesis, the following COX-2 promoter constructs mutants were developed: (CGTG 

to Ccaa) for XRE-1 (pXREmut1) or XRE-1 plus XRE-2 (pXREmut1,2). The treatment 

with TCDD induced a 1.9-fold increase in luciferase reporter activity in MCF-7 cells 

transfected with the wild-type p3.9kbCOX-2 construct (COX-2WT) (Figure 18B). 

Conversely, the TCDD-induced COX-2 transcription activity was reduced by ~16% in 

cells transfected with pXREmut1 or to basal levels (~50%) upon transfection of the 

double mutated (pXREmut1,2) COX-2 promoter. These data clearly suggest that XRE-1 

and XRE-2 are required for the activation of the COX-2 promoter by TCDD. The results 

of binding studies with COX-2 oligonucleotides indicate that TCDD stimulates the 

binding of the AhR to the XRE-1 and XRE-2 of the COX-2 promoter (Figure 18C). The 

efficacy of the TCDD treatment and experimental conditions for the binding studies were 

confirmed by increased binding of the AhR to a positive control oligonucleotide obtained 

from the CYP1A1 promoter and containing a consensus XRE (Figure 18C).  In contrast, 

mutation of the XRE sites (CGTG to Caaa) resulted in loss of TCDD-induced binding of 

the AhR to the control CYP1A1 XRE (Figure 19A), COX-1 XRE-1 (Figure 19B), and 

COX-2 XRE-2 (Figure 19C).   
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Figure 18. Core XRE sequences are required for transcriptional activation of the human 

COX-2 promoter by TCDD in breast cancer MCF-7 cells. A) Spatial arrangement of two 

xenobiotic responsive elements (XRE) in the proximal COX-2 promoter. Numbers 

indicate the position in base pairs from the transcription start site (+1). B)   Cells were 

transfected with a 3.9 kb fragment of the human COX-2 promoter (COX-2 WT)  driving 

the expression of the luciferase reporter gene or the COX-2 promoter-luciferase construct 

harboring mutations (CGTG to Ccaa) at the XRE-1 (XRE mut1) or XRE-1 and XRE-2 

(XRE mut1&2). Cells were cotransfected with an internal renilla control vector (pRL-

TK) and subsequently treated for 24 h with TCDD (100 nM). Values are relative 

luciferase expression units corrected for the internal control renilla (Luc/Ren) and 

represent the means + SE from two replicate experiments performed in triplicate.  Means 

without a common letter differ (P < 0.05). C) The binding of the AhR to promoter 

segments of the human COX-2 promoter and CYP1A1 (positive control) harboring XREs 

was examined using a DNA-protein binding assay as described in Materials and 

Methods.  Nuclear extracts (200 µg) obtained from MCF-7 cells cultured for 6 h in the 

presence (+) or absence (-) of TCDD (100 nM) were incubated with biotinylated 

oligonucleotides.  Protein complexes were separated by SDS-PAGE and western blot 

analysis was performed with antibodies against the AhR.  Panels are representative of 

two independent experiments. (Authorship of this data in Figure 18B is shared with M.Q. 

Kemp, Nutr Cancer. 2007; 59(2):248-57) 
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Figure 19.  Mutation of XRE sites abrogates the TCDD-induced AhR binding.  

Nuclear extracts (200 µg) were obtained from MCF-7 cells treated for 6 h in the presence 

(+) or absence (-) of TCDD (100 nM).  The DNA-protein binding assay was performed 

with oligonucleotides harboring either the wild-type (WT) or mutant (MUT) A) CYP1A1 

XRE, B) COX-2 XRE-1, and C) COX-2 XRE-2.  Protein complexes were separated by 

SDS-PAGE and western blot analysis was performed with antibodies against the AhR.  

Histograms represent means + S.E. from two independent experiments. Differences in 

AhR binding were expressed as fold-change relative to the control.  Means without a 

common letter differ (P < 0.05).   
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CLA represses TCDD-induced COX-2 transcription.  Preventing the activation 

of the COX-2 gene by PAHs and dioxins and the subsequent production of PGs may be 

of interest in the development of therapeutic strategies. CLA has been reported to reduce 

the production of PGs, COX-2 expression, and COX-2 transcription (Degner, 2006; Yu, 

2002; Li, 2005; Hwang, 2007).  Moreover, CLA has been documented to decrease the 

incidence of mammary tumors induced by dimethylbenz[a]anthracene (Ip, 1994), which 

is an AhR-ligand (Piskorska-Pliszcynska, 1986). Therefore, this study examined whether 

or not CLA prevented the stimulatory effects of TCDD on COX-2 transcription and AhR-

binding to COX-2 and control XREs  

 A recent study reported that in humans, supplementation with a CLA mixture 

resulted in CLA plasma levels up to ~80µM (t10,c12 and c9,t11 isomers combined 

(Nazare, 2007).   In addition, different CLA isomers have been reported to differ in their 

biological activities (Degner, 2006; Zhu, 2002). Therefore, this study examined the 

effects of various concentrations of the CLAmix and the isomers t10,c12-CLA
 
and 

c9,t11-CLA on the TCDD-dependent activation of COX-2 transcription. For these 

experiments,  TCDD was utilized, because unlike B[a]P, it is not metabolized and its use 

allows examination of the role of the AhR on COX-2 transcription in the absence of 

indirect effects due to reactive metabolites of B[a]P. Results of transient transfection 

studies indicated that the TCDD-induced activity of the COX-2 promoter was equally 

repressed (~30%) by the CLAmix or the t10,c12-CLA isomer at the concentration of  20 

µM, and reduced to basal levels by either formulation at the doses of 40, 80 and 160 µM 

(Figure 20A). 
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Figure 20. CLA isomers differentially repress the activation of COX-2 transcription 

by TCDD in breast cancer MCF-7 cells. Cells were cotransfected with A) a 3.9 kb 

fragment of the human COX-2 promoter (COX-2) or C) a positive control (CYP1A1-

4XRE) expression vector driving the expression of the luciferase reporter gene and an 

internal renilla control vector (pRL-TK).   In A) transfected cells were treated for 24 h 

with TCDD (100 nM) or TCDD plus increasing amounts (20, 40, 80, and 160µM) of a 

mixture of conjugated linoleic acid (CLAmix) or CLA isomers (t10,c12-CLA and c9,t11-

CLA). In B, western blot analysis for COX-2 protein expression from MCF-7 cells 

treated for 24 h in the presence (+) or absence (-) of TCDD (100nM) and either t10,c12-

CLA or c9,t11-CLA (80 µM). GADPH was used as a loading control.  Histograms 

represent means + S.E. from two independent experiments. Differences in COX-2 protein 

normalized for GADPH were expressed as fold-change relative to the control.  In C) 

transfected cells were treated for 24 h with TCDD or TCDD plus 160 µM of CLAmix, 

t10,c12-CLA or c9,t11-CLA. Values are relative luciferase expression units corrected for 

the internal control renilla (Luc/Ren) and represent the means + SE from two replicate 

experiments performed in triplicate.  Means without a common letter differ (P < 0.05).  

(Authorship of this data in Figure 20A and 20C is shared with M.Q. Kemp, Nutr Cancer. 

2007; 59(2):248-57) 
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 Conversely, the c9,t11-CLA did not influence COX-2 transcription at the dose 

of 20 µM, whereas at the concentration of 40 µM it reduced TCDD-induced COX-2 

promoter activity by ~24.0%. Further repression of COX-2 promoter activity was not 

observed with the c9,t11-CLA at the concentrations of 80 and 160 µM. The t10,c12-CLA 

(80 µM) also reduced TCDD-induced COX-2 protein expression more effectively that the 

c9,t11-CLA isomer (80 µM) (Figure 20B).  These results clearly illustrate the stronger 

efficacy of the t10, c12-CLA isomer compared to the c9,t11-CLA. This conclusion is 

supported by results of experiments with the positive control p1A1-4XRE expression 

vector whose activation by TCDD is repressed in transfected MCF-7 cells by CLA in the 

order CLAmix = t10,c12-CLA > c9,t11-CLA (Figure 20C).   

 

 Synthetic and dietary AhR antagonists prevent TCDD-induced binding of the 

AhR to COX-2 XREs.  To further elucidate the mechanisms through which CLA 

antagonizes TCDD-induced COX-2 transcription, the effects of the CLAmix, t10,c12-

CLA and c9,t11-CLA on binding of the AhR to the COX-2 XREs were examined. In 

preliminary experiments, the cotreatment of MCF-7 cells with TCDD plus equimolar 

concentrations (100nM) of the AhR antagonist 3-methoxy-4-nitroflavone (3M4NF) (Lu, 

1995) repressed the binding of the AhR to the CYP1A1-XRE (Figure 21A), COX-

2/XRE-1 (Figure 21B), COX-2/XRE-2 (Figure 21C).  
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Figure 21.  The synthetic AhR-antagonist 3’-methoxy-4’-nitroflavone (3M4NF) 

inhibits TCDD-induced AhR binding to XRE sites.  Nuclear extracts (200 µg) were 

obtained from MCF-7 cells treated for 6 h with TCDD (100 nM) in the presence (+) or 

absence (-) of 3M4NF (100 nM).  The DNA-protein binding assay was performed with 

oligonucleotides harboring the A) CYP1A1 XRE, B) COX-2 XRE-1, and C) COX-2 

XRE-2.  Protein complexes were separated by SDS-PAGE and western blot analysis was 

performed with antibodies against the AhR.  Histograms represent means + S.E. from 

two independent experiments. Differences in AhR binding were expressed as fold-change 

relative to the control.  Means without a common letter differ (P < 0.05).   
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 These results validated the experimental conditions for subsequent binding studies 

with CLA, which indicated that the TCDD-induced binding of the AhR to the 

CYP1A1/XRE (Figure 22A top panel) and COX-2/XRE-2 (Figure 22A bottom panel), 

selected as a prototype, were repressed upon cotreatment with the CLAmix or t10,c12-

CLA, and to a lesser degree by c9,t11-CLA. The AhR binding to CYP1A1/XRE (Figure 

22B top panel) and COX-2/XRE-2 (Fig. 22B bottom panel) from samples treated with the 

CLA isomers and CLA mix in the absence of TCDD did not differ from the control.   
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Figure 22. The binding of the AhR to XREs in the COX-2 promoter is differentially 

repressed by CLA isomers. Nuclear extracts were obtained from MCF-7 cells treated 

for 6 h in the presence (+) or absence (-) TCDD (100 nM) and either the CLAmix, c9,t11-

CLA or t10,c12-CLA (80 µM).  The DNA-protein binding assay was performed with 

oligonucleotides harboring the A) CYP1A1 XRE and B) COX-2 XRE-2.  Protein 

complexes were separated by SDS-PAGE and western blot analysis was performed with 

antibodies against the AhR.  Histograms represent means + S.E. from two independent 

experiments. Differences in AhR binding were expressed as fold-change relative to the 

control.  Means without a common letter differ (P < 0.05).   
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 Furthermore, the binding of the AhR to the COX-2 XRE-1 (Figure 23A) and 

COX-2 XRE-2 (Figure 23B) oligonucleotides was repressed by the polyphenolic 

compound resveratrol, which is a demonstrated antagonist of the AhR (Casper, 1999). 

Taken together, these results suggest that the AhR transactivates the COX-2 gene at 

XREs harbored in the COX-2 promoter and this binding is differentially blocked by 

selected CLA isomers as well as synthetic and natural antagonists of the AhR..  

 
 

Figure 23.  Resveratrol inhibits TCDD-induced AhR binding to the COX-2 XREs.  

Nuclear extracts were obtained from MCF-7 cells treated for 6 h in the presence (+) or 

absence (-) TCDD (100 nM) and the dietary AhR antagonist resveratrol (RES, 10 µM).  

The DNA-protein binding assay was performed with oligonucleotides harboring the A) 

COX-2 XRE-1 and B) COX-2 XRE-2.  Protein complexes were separated by SDS-PAGE 

and western blot analysis was performed with antibodies against the AhR.  Histograms 

represent means + S.E. from two independent experiments. Differences in AhR binding 

were expressed as fold-change relative to the control.  Means without a common letter 

differ (P < 0.05).   

 



 

 

98 

DISCUSSION 

In humans, the activation of the COX-2 gene has been linked to inflammation and 

the onset of several types of cancer. Therefore, clarifying whether or not the AhR directly 

targets the COX-2 promoter may have important implications in the development of 

prophylactic strategies against environmental and dietary toxicants such as PAHs and 

dioxins (Martey, 2005). Nevertheless, the role of the AhR in transcriptional activation of 

the human COX-2 gene has not been clearly elucidated. Studies in pancreatic β-cells with 

the murine COX-2 gene have suggested a role for an XRE in the regulation of basal and 

TCDD-induced COX-2 expression (Yang, 2004). However, these investigations did not 

provide evidence of binding of the liganded AhR to the COX-2 promoter. Interestingly, 

earlier reports suggested that the induction of COX-2 expression by TCDD in rat 

hepatocytes was not mediated by binding of the AhR to an XRE, but rather through a 

C/EBP response element located in the rat COX-2 promoter (Vogel, 2000). Finally, B[a] 

P was reported to induce COX-2 transcription through NF-kB in human and rat vascular 

smooth muscle cells (Yan, 2000). However, the latter study did not address the 

involvement of the AhR in activation of COX-2 transcription. 

These studies demonstrated that transcription activity of the COX-2 promoter in 

transfected breast cancer MCF-7 cells is induced by the PAH, B[a] P, and the dioxin, 

TCDD. These findings are in agreement with those of previous studies reporting 

accumulation of COX-2 mRNA following treatment of fibroblasts cultures with TCDD 

for 24 h (Wolfle, 2000). In the current study, results of site-directed mutagenesis 
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experiments indicate that the activation of COX-2 transcription by TCDD is abrogated to 

basal levels in cells transfected with a COX-2 promoter construct harboring mutations for 

XRE-1 plus XRE-2 and to a lesser degree following mutation of the XRE1 alone. These 

data imply that cooperativity between the two XREs located within ~1.0 kb upstream of 

the transcriptional start site likely modulate the responsiveness of the COX-2 gene to 

AhR ligands. A similar spatial arrangement of multiple XREs has been reported for the 

promoter region of the CYP1A1 gene (Robertson, 1994, Denison, 2003). Furthermore, 

binding studies revealed that TCDD induces the binding of the AhR to the COX-2 XRE-1 

and COX-2 XRE-2 as well as a positive control CYP1A1-XRE. These results clearly 

illustrate that COX-2 activation by TCDD is mediated by the AhR. In contrast, previous 

studies (Vogel, 2000) suggested that the induction of COX-2 transcription by TCDD was 

not mediated by the classical AhR pathway. The latter group attributed this conclusion to 

differences in the base pairs adjacent to the core XRE sequences found in the rat COX-2 

promoter. Possibly, species-, tissue- and cell-specific differences in the expression levels 

of the AhR and related cofactors may account for the different responsiveness of the 

COX-2 promoter to AhR-ligands (Hankinson, 2005).  

Sustained cyclooxygenase induction has been proposed as a critical event in the 

promoting actions of TCDD and enhancement of malignant cell transformation (Wolfle, 

2000). The observation that the AhR plays a direct role in the TCDD-mediated activation 

of the COX-2 promoter is important because diet is a vehicle for a variety of AhR-ligands 

and dietary agents that possess anti-carcinogenic properties. The effects of the dietary 

fatty acid, CLA, a conjugated isomer of linoleic acid, was investigated because CLA has 
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been to shown to repress PGs production (Yu, 2002; Ma, 2002), tumor initiation (Pariza, 

1985) and promotion, (Ip, 1994; Belury, 1996), and COX-2 expression (Degner, 2006;  

Li, 2005; Hwang, 2007). Results of titration studies indicated that a CLA mixture and the 

t10,c12-CLA were more effective than c9,t11-CLA in repressing TCDD-mediated 

induction of COX-2 transcription. Furthermore, the CLAmix and t10,c12-CLA, and to a 

lower degree the c9,t11-CLA, repressed the binding of the AhR to an XRE harbored in 

the COX-2 promoter or a control oligonucleotide from the CYP1A1 gene. This difference 

in biological activity between the t10,c12- and c9,t11-CLA finds support in previous 

studies documenting that the t10,c12-CLA isomer is more effective in modulating gene 

expression (Belury, 2002).  

A large body of research has revealed that aberrant COX-2 expression can result 

from a variety of stimuli which subsequently activate signaling cascades and transcription 

factors.  Overlapping mechanisms may be responsible for the repressive effects of CLA 

on TCDD-dependent COX-2 expression. For instance, CLA may interfere with signaling 

pathways that influence binding of the AhR to the COX-2 promoter. For example, TCDD 

increases the activity of protein kinase C, which is necessary for ligand-dependent 

binding of the AhR/ARNT heterocomplex to DNA (Delescluse, 2000). CLA has been 

shown to modulate protein kinase C (Song, 2004), which possibly could influence the 

binding of the AhR to the COX-2 promoter.   Furthermore, several studies have reported 

that CLA modulates signaling cascades implicated in the recruitment of transcription 

factors involved in COX-2 transcription and that these mechanisms may differ according 

to individual CLA isomers. Along these lines, CLA has been shown to decrease the levels 
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of ERK1/2 in HT-29 human colon cancer cells (Kim, 2003). The c9, t11-CLA isomer 

was recently reported to reduce activation of COX-2 and the NFκB transcription factor 

by blocking IkB and Akt signaling in the hairless mouse skin model (Hwang, 2007).  In 

RAW264.7 macrophages, the t10,c12-CLA isomer inhibited induction of the NFκB 

pathway and COX-2 expression by lipopolysaccharide (Li, 2005).  Previous studies 

documented that CLA altered the profile of SAPK/JNK and the activation of the AP-1 

transcription factor in MCF-7 cells (Chapter III and Degner et al, 2006).  Therefore, the 

anti-carcinogenic effects of the CLA isomers may be due to their ability to differentially 

interfere with multiple and possibly overlapping signal transduction pathways.   

  Finally, these results documented that 3M4NF and resveratrol prevented the 

binding of the AhR to XREs in the COX-2 promoter. These results are in agreement with 

those of previous studies documenting that 3M4NF and resveratrol were effective AhR 

antagonists (Lu, 1995; Casper, 1999). In human mammary epithelial cells, resveratrol 

inhibited TCDD-induced AhR binding activity and expression of the CYP1A1 gene 

(Chen, 2004).  

In summary, these cumulative data offer a new perspective on the role of the AhR 

in regulation of the human COX-2 gene. Moreover, the results document for the first time 

the repressive effects of CLA on AhR-dependent activation of COX-2 transcription. 

Because AhR-ligands induce COX-2 expression, the AhR may be an important 

prophylactic target by dietary CLA and AhR antagonists. 
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CHAPTER V: CHROMATIN MODIFICATIONS ASSOCIATED WITH AHR RECRUITMENT TO 

THE COX-2 PROMOTER 

 

ABSTRACT 

 

 

The dioxin, 2,3,7,8 tetrachlorobenzo(p)dioxin (TCDD), is a high affinity 

prototype AhR ligand. In humans, the diet is the most significant vehicle of exposure to 

both synthetic and naturally occurring AhR-ligands. Selective AhR modulators (SAhRMs) 

are preventative agents known to bind to the AhR as partial agonists or antagonists and 

include resveratrol (RES), 3, 3’-diindolylmethane (DIM), and 3-methoxy, 4-nitroflavone 

(3M4NF), a synthetic AhR antagonist.  Both activation of the AhR and overexpression of 

cyclooxygenase-2 (COX-2) have been implicated in rodent mammary tumorigenesis. The 

proximal COX-2 promoter contains putative xenobiotic response elements (XREs). 

Small-interfering RNA (siRNA) for the AhR prevented TCDD-induced binding of the 

AhR to the COX-2 XREs and CYP1A1 XRE control. The TCDD-induced binding of the 

AhR to COX-2 XRE-1 oligonucleotide was repressed by cotreatment with the AhR 

antagonists, 3-methoxy-4-naphthoflavone (3M4NF), 3, 3’-diindolylmethane, and 

resveratrol.  Treatment with TCDD induced the rapid association of the AhR with the 

COX-2 promoter along with p300 and acetylation of histone H4.  Follow-up experiments 

are underway to test specific marks of acetylation, phosphorylation, and methylation on 

histones associated with the COX-2 promoter.  These data suggest that the AhR may be a 

suitable target for strategies that target COX-2 expression.
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INTRODUCTION 

 

The aromatic hydrocarbon receptor (AhR) is a ligand-dependent transcription 

factor which mediates the effects of a variety of environmental chemicals including 

polycyclic aromatic hydrocarbon (PAHs) and halogenated aromatic hydrocarbons (HAHs) 

(Denison, 2003). TCDD (dioxin) is a high affinity AhR ligand and is often used in studies 

as a prototype.  In humans, the diet is the principal source of exposure to both synthetic 

and naturally occurring AhR ligands (Denison, 2003).  Selective AhR modulators are 

preventative agents known to bind to the AhR as partial agonists or antagonists and 

include resveratrol (RES) (Gouedard, 2004), 3, 3’-diindolylmethane (DIM), and 3-

methoxy, 4-nitroflavone (3M4NF), a synthetic AhR antagonist (Safe, 2002). Previously, 

DIM was reported to induce the recruitment of the AhR to the CYP1A1 promoter; 

however it prevented the subsequent histone acetylation and recruitment of Pol II 

(Hestermann, 2003).  Resveratrol has been reported to be an AhR antagonist and inhibit 

the expression of TCDD-induced genes including CYP1A1 (Chen, 2004).  

 The increased expression of COX-2 is an early event in breast carcinogenesis. 

Elevated levels of COX-2 have been found in 36 to 56% of invasive tumors (Ristimaki, 

2002).  Other studies have detected increased COX-2 expression in ~ 80% of invasive 

ductal carcinoma (IDC) and ductal carcinoma in situ (DCIS) (Davies, 2003; Jeong, 2003; 

Shim, 2003; Oliveira, 2006). Epidemiological studies have reported an inverse 

relationship between the incidence of breast cancer and the use of non-steroidal anti-

inflammatory drugs (NSAIDs) that target COX (Harris, 1996; Coogan, 1999; Harris, 
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2003). Further support for the role of COX-2 in mammary carcinogenesis comes from 

rodent studies. The overexpression of COX-2 in the mammary gland of transgenic mice 

led to tumorigenesis (Liu, 2001). In COX-2 knock-out mice, a reduction in 

vascularization, proangiogenic genes, and HER2/neu-induced mammary hyperplasia was 

reported (Howe, 2005). In addition, COX-2 was identified as one of the genes that 

mediate metastasis of breast cancer to the lung (Minn, 2005).  Taken together, the 

overexpression of COX-2 is an important event in breast carcinogenesis and a possible 

target for dietary intervention.   

DNA is associated with octamers of core histones (two each of H2A, H2B, H3 

and H4) called nucleosomes, which together with linker-DNA and histones forms 

chromatin (Li, 2007). Chromatin activity is regulated by distinct post-translational 

modifications that either act to repress or activate transcription in a site-specific and 

cooperative manner (Goldberg, 2007). Histone tails are subject to dynamic 

posttranslational modifications including methylation, acetylation, phosphorylation, 

ADP-ribosylation, ubiquitinilation, and sumoylation (Fischle, 2003; Kishimoto, 2006).  

Two important types of enzymes that regulate histone acetylation are histone 

acetyltransferase (HAT) and histone deacetylase (HDAC) (Strahl, 2000).  Histone 

acetylation is generally associated with transcriptional activity and the recruitment of 

cofactors that have HAT activity including CBP/p300, p/CAF, and SRC-1 (Jenuwein, 

2001).  Conversely, HDACs remove acetyl groups from amino-terminal lysine residues, 

generally resulting in the repression or silencing of genes.  Recent studies reported that 

COX-2 gene transcription was regulated by alterations in the nuclear transcriptome, 
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posttranslational modifications of histones, and chromatin remodeling (Miao, 2004; Park, 

2004; Cao, 2007). However, the epigenetic regulation of COX-2 by AhR agonists and 

SAhRMs has not been investigated.   

Results of Chapter IV and reported in Degner et al 2007 documented that in 

MCF-7 breast cancer cells, the treatment with TCDD induced binding of the AhR to 

XREs harbored in the COX-2 promoter.  In addition, mutations of the XREs in the COX-

2 promoter resulted in loss of transcriptional activation in response to TCDD (Degner, 

2007).  The studies presented in this chapter investigated in breast cancer cells the 

chromatin modifications that accompany COX-2 induction by TCDD and whether these 

modifications can be prevented by dietary SAhRMs.   
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RESULTS 

 

 

 Time-course experiments for AhR recruitment. Previously (Chapter IV), it was 

observed that TCDD induced at 6 h the binding of the AhR to XREs in the COX-2 

promoter. However, results of time course experiments (Figure 24A) indicated that the 

treatment with TCDD induced the binding of the AhR to the COX-2 XRE-1 as early as 

90 minutes.  These data also confirmed that the AhR antagonist 3-methoxy-4-

nitroflavone (3M4NF) inhibited TCDD-induced binding of the AhR to the COX-2 XRE-

1 (Figure 24B).  To further investigate the effects of the selective AhR modulators on 

TCDD-induced binding of the AhR to the COX-2 XRE-1, binding assays were performed 

with nuclear extracts obtained from MCF-7 cells treated with increasing concentrations 

(5, 10, 20 µM) of DIM or RES in the presence or absence of TCDD.  These experiments 

revealed that both DIM (Figure 24C) and RES (Figure 24D) reduced TCDD-induced in 

a dose-dependent manner AhR binding to the COX-2 XRE-1.   
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Figure 24. DIM and RES reduce binding of the AhR to the COX-2 XRE.  Nuclear 

extracts were harvested from MCF-7 cells treated either A) in the presence or absence of 

TCDD (100 nM)  for 1.5, 3, or 6 h, B) in the presence or absence of TCDD (100 nM) and 

3M4NF (100 nM) for 1.5 h, C) in the presence or absence of TCDD and DIM (5, 10, and 

20 µM), or D) in the presence or absence of TCDD and RES (5, 10, and 20µM).  The 

DNA-protein binding assay was performed as described in the Materials and Methods. 
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siRNA for the AhR. Results depicted in Figure 25A documented that AhR 

protein levels were decreased in MCF-7 cells transfected with siRNA for the AhR. The 

GADPH protein was used as a loading control in these experiments.   The AhR-specific 

siRNA duplexes targeted the coding region of the AhR (1416 to 1434) as described in a 

previous study (Abdelrahim, 2003). Nonsilencing siRNA was used as a negative control 

and siRNA for GADPH as a positive control.   The siRNA for the AhR did not affect 

GADPH protein levels.  The DNA-Protein binding assay was performed with nuclear 

extracts obtained from MCF-7 cells treated with either siRNA for the AhR or 

nonsilencing siRNA (Figure 25B).   In cells treated with the non-silencing control siRNA, 

the treatment with TCDD resulted in increased binding of the AhR to oligos harboring 

the COX-2 XRE-1 and CYP1A1 XRE.  In nuclear extracts treated with siRNA for the 

AhR and subsequently treated with TCDD, there was decreased binding of the AhR to 

the COX-2 XRE-1 and CYP1A1 XRE oligos.  These results correlated with Western blot 

analyses showing that siRNA for the AhR decreased expression of the AhR protein in 

MCF-7 cells.   
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Figure 25.  siRNAs for the AhR (siAhR) decreases AhR protein levels and binding to 

the COX-2 XRE-1.  MCF-7 cells were transfected with either non-targeting control 

siRNA (iCON), iAHR, or iGADPH.  In A) Whole-cell lysates were analyzed for AhR or 

GADPH proteins as described in the Materials and Methods section.  β-actin was used as 

a control for equal loading.  Treatment with iAhR significantly decreased the AhR 

protein, however did not influence the expression of GADPH).  Treatment with iGADPH 

reduced the GADPH protein, however did not influence the expression of the AhR.  In B) 

Nuclear extracts were harvested from MCF-7 cells that were transfected with either non-

targeting siRNA (iCON) or iAhR and subsequently treated in the presence or absence of 

TCDD (100 nM).  The DNA-protein binding assay was performed as described in the 

Materials and Methods with oligonucleotides harboring the COX-2 XRE-1 and the 

control CYP1A1 XRE.  Each panel is representative of results obtained from duplicate 

experiments.   
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 Chromatin immunoprecipitation (ChIP) assays. Primers were designed that 

flanked the XRE-1 in the COX-2 promoter.  The ChIP assay was used to measure the 

occupancy of the AhR at the COX-2 promoter following treatment of MCF-7 cells with 

TCDD.  Changes in the AhR promoter occupancy were assessed by quantitative real-time 

PCR to measure recovery of COX-2 promoter by ChIP.  The recruitment of the AhR to 

the COX-2 promoter occurred in a time-dependent manner. Occupancy by the AhR 

increased sharply as early as 15 minutes and appeared to follow a cyclical pattern, 

peaking again at 90 minutes (Figure 26).   

 

 

F
o
ld

 C
h
a

n
g
e

 i
n
 

C
O

X
-2

 P
ro

m
o

te
r 

O
c
c
u

p
a

n
c
y

0      15      30     45      60     75     90

Time after addition (minutes)

AhR

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 0 min  15  30  45  60  75  90

 
 

Figure 26.  TCDD induces the recruitment of the AhR to the COX-2 promoter in a 

time-dependent manner.  MCF-7 cells were treated with TCDD (100 nM) for 0, 15, 30, 

45, 60, 75, and 90 minutes.  The ChIP assay was then performed with anti-AhR 

antibodies.  Precipitates from the antibody against IgG served as a negative control.  The 

samples were normalized against input DNA.  Real-time PCR was performed with 

primers that flanked the XRE-1 of the COX-2 proximal promoter.  Results are from two 

independent experiments performed in triplicates (n=6). Asterisks indicate statistical 

difference compared to time zero. 
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Numerous nuclear
 
receptor coactivators have been shown to interact with the AhR 

and participate in AhR-dependent gene transcription including the histone acetylase 

factor p300 (Beischlag, 2002; Hestermann, 2003).  Following treatment with TCDD for 0, 

15, 30, 45, 60, 75, and 90 minutes, chromatin was harvested and precipitated with the 

antibody against p300. Increased promoter occupancy by p300 was observed 15 minutes 

after TCDD treatment and it return to nearly basal levels thereafter (Figure 27). 
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Figure 27.  TCDD induces the rapid recruitment of p300 to the COX-2 promoter.  

MCF-7 cells were treated with TCDD (100 nM) for 0, 15, 30, 45, 60, 75, and 90 minutes.  

The ChIP assay was then performed with anti-p300 antibodies.  Precipitates from the 

antibody against IgG served as a negative control.  The samples were normalized against 

input DNA.  Real-time PCR was performed with primers that flanked the XRE-1 of the 

COX-2 proximal promoter.  Asterisks indicate statistical difference compared to time 

zero. 
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TCDD induces the acetylation of histone H4 associated with the COX-2 

promoter. Acetylation is generally associated with actively transcribed genes.  Changes 

in the acetylation of histone H4 assciated with the promoter region of the COX-2 gene 

were investigated.  Chromatin was harvested at 0, 15, 30, 45, 60, 75, and 90 minutes 

following treatment of cells with TCDD. DNA:protein complexes were precipitated using 

an antibody that recognized tetraacetylated histone H4 (K5, K8, K12, and K16) (Figure 

28). These results indicated that TCDD induced the rapid (15 and 30 minutes) acetylation 

of histone H4.  A second wave of histone H4 acetylation appeared to occur to a lesser 

extent between 60 and 90 minutes following treatment with TCDD.   
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Figure 28. TCDD induces the acetylation of histone H4 associated with the COX-2 

promoter.   MCF-7 cells were treated with TCDD (100 nM) for 0, 15, 30, 45, 60, 75, and 

90 minutes.  The ChIP assay was then performed with anti-Acetyl H4 antibodies.  

Precipitates from the antibody against IgG served as a negative control.  The samples 

were normalized against input DNA.  Real-time PCR was performed with primers that 

flanked the XRE-1 of the COX-2 proximal promoter.  Results are from two independent 

experiments performed in triplicates (n=6).  Asterisks indicate statistical difference 

compared to time zero. 
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 DIM inhibits TCDD-induced recruitment of the AhR to the COX-2 promoter. 

To determine whether or not the TCDD-induced recruitment of the AhR to the COX-2 

promoter could be modulated by DIM, ChIP assays were performed with chromatin 

harvested from MCF-7 cells treated with TCDD, DIM, or a combination of TCDD plus 

DIM for 90 minutes.  These results documented that TCDD and DIM induced the 

recruitment of the AhR, whereas the cotreatment with TCDD plus DIM reduced to basal 

levels AhR occupancy (Figure 29).   

 

Figure 29. DIM inhibits TCDD-induced AhR recruitment to the COX-2 promoter.   

MCF-7 cells were treated with TCDD (100 nM) in the presence or absence of DIM (10 

µM).  The ChIP assay was then performed with anti-AhR antibodies.  Precipitates from 

the antibody against IgG served as a negative control.  The samples were normalized 

against input DNA.  Real-time PCR was performed with primers that flanked the XRE-1 

of the COX-2 proximal promoter. Asterisks indicate statistical difference compared to the 

control. 
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DISCUSSION 

The AhR had been shown to be involved in transcriptional regulation of a number 

of target genes (Hestermann, 2003; Hockings, 2006).  Furthermore, several studies have 

demonstrated that AhR ligands induce the expression of COX-2.  In histolytic lymphoma 

U937 cells, transfection with siRNA resulted in abrogated the induction of COX-2 

expression by TCDD (Vogel, 2007).  Results of Chapter IV documented that the 

induction of COX-2 transcription was mediated through XREs in the proximal promoter.  

 In the current study, the transfection with siRNA for the AhR reduced 

corresponding AhR protein levels by ~80%; in accordance to results reported by a 

previous investigation (Abdelrahim, 2003).  The results in Figure 25 documented that 

siRNA for the AhR blocked the TCDD-induced binding of the AhR to the COX-2 XRE-1 

and control CYP1A1 oligonucleotides.  Both RES and DIM inhibited in a dose-

dependent manner the TCDD-induced binding of the AhR to oligonucleotides harboring 

the COX-2 XRE-1.   

The current study confirms that TCDD induces in vivo the recruitment of the AhR 

to the COX-2 promoter.  Time course experiments revealed that the AhR was rapidly 

recruited to the region of the COX-2 promoter harboring the XRE.  Recruitment of p300 

was associated with increased recruitment of the AhR.  This was paralleled by increased 

acetylation of histone H4.  The pattern of AhR and p300 recruitment along with 

acetylation of histone H4 at the COX-2 promoter is similar to that documented in a 

previous report investigating the occupancy of the AhR and cofactors at the CYP1A1 

promoter (Hestermann, 2003).   
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The AhR has been shown to interact with a number of other nuclear coactivators 

including BRG-1 and members of the p160 family including NCoA1 (SRC-1) and 

NCoA2 (GRIP-1 and TIF-2) (Hankinson, 2005).  These cofactors may also recruit 

additional proteins which in turn may influence post-translational modifications of 

histones and chromatin remodeling.  Therefore, follow-up studies are being conducted to 

detail some of the post-translational modifications of histones with the expectation that 

there is a possible crosstalk among histone modifications (Figure 30).   
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Figure 30:  Crosstalk among histone modifications. Green arrows represent positive 

associations, whereas red dish lines represent negative associations. Multiple 

modifications (Me= methylation, P= phosphorylation, Ac= acetylation, and Ub= 

ubiquitinilation) on histone tails may result in “crosstalk” between histone modifications. 

For example, phosphorylation of H3S10 prevents binding of HP1 to methylated H3K9 

(Adapted from Kouzarides. Cell 128:693-705, 2007). 

 

Another important regulator of transcriptional activity is histone methylation. 

Lysine residues on histones can be mono-, di-, and trimethylated by histone 

methyltransferases (HMTases), whereas arginine residues can be mono- or di-methylated 
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by Type I and Type II arginine methyltransferases (Shilatifard, 2006).  For example, 

methylation of H3-K4 and H3-R17 are associated with active genes, whereas methylation 

of H3-K9 is associated with transcriptional repression.  To determine whether or not 

histone methylation played a role in the upregulation of the COX-2 gene by TCDD, 

follow-up studies are being conducted using antibodies against specific methylated 

histone tail residues (H3-K4, H3-K9, H3-R17). Treatment with TCDD is expected to 

alter histone methylation patterns associated with the COX-2 promoter. If histone 

methylation is influenced by the treatment with TCDD, follow-up experiments will be 

conducted to examine the effects of TCDD in combination with RES and DIM on histone 

methylation.   

Phosphorylation of histones is another posttranslational modification associated 

with regulation of transcription. Phosphorylation of H3-S10 has been previously 

associated with increased COX-2 transcriptional activity (Park, 2004).  Currently, follow-

up ChIP assays are being carried out with antibodies against H3-S10 using chromatin 

obtained from cells treated with TCDD over the time course.  It is expected that treatment 

with TCDD will result in phosphorylation of H3-S10. Because histone phosphorylation is 

interdependent with histone methylation, it is expected that the phosphorylation of H3-

S10 will be associated with lack of H3K9 methylation, since the K9 HMT (SUV39H1) is 

unable to methylate H3-K9 when H3-S10 is phosphorylated (Schreiber, 2002).  If there 

are TCDD-induced changes in H3-S10 phosphorylation, additional experiments will 

examine whether or not treatment with SAhRMs changes phosphorylation of H3-S10.  
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The ATP-dependent nucleosome remodeling complexes, SWI/SNF, orchestrate 

gene expression by remodeling the physical barrier to regulatory factors and polymerase.  

To investigate the role of these complexes, ChIP assays are being performed using 

antibodies that recognize Brg1 and Brm1 will be performed, which are the ATPase 

subunits of SWI/SNF.  If there are changes in the recruitment of Brg1 and Brm1, the 

effects of RES and DIM on Brg1 and Brm1.  
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CHAPTER VI:  CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

 Despite a drop in breast cancer mortality rates, breast cancer claims more lives 

than any other type of cancer in non-smoking women.   Considerable effort has been 

invested into deciphering the underlying etiology of breast cancer, which however 

remains largely unknown.  Major risk factors for developing breast cancer include 

mutations in the BRCA1 and BRCA2 breast cancer susceptibility genes, increasing age, 

alcohol consumption, high exposure to ionizing radiation, and a variety of reproductive 

and hormonal factors (Dumitrescu, 2005).  Dietary factors are suggested to contribute to 

the etiology of 30 to 50% of breast cancers (Holmes, 2004; Adebamowo, 2005). 

 COX-2 has emerged as a promising target for the prevention of breast cancer 

(Howe, 2007).  Unfortunately, both the non-steroidal anti-inflammatory drugs and 

selective COX-2 inhibitors that target COX-2 have limited use due to their adverse side 

effects.  Therefore, the use of dietary agents that suppress the expression of COX-2 may 

be a plausible preventative strategy.  The central hypothesis of this proposal is that 

activation of COX-2 transcription by epigenetic effectors can be prevented by dietary 

agents that target the activator protein-1 (AP-1) transcription factor and the aromatic 

hydrocarbon receptor (AhR).   

 The first specific aim was to determine the mechanism through which conjugated 

linoleic acid (CLA) and rosmarinic acid (RA) antagonized TPA-induced COX-2 

expression.  CLA reduced COX-2 expression in MDA-MB-231 cells and TPA-induced 

COX-2 expression in MCF-7 cells.  Overall, these studies suggest that CLA and RA 

antagonize the activity of AP-1 transcription factor at the COX-2 promoter.  Follow-up 
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studies are currently being conducted to determine the effects of RA on COX-2 promoter 

activity and to investigate whether or not RA has any effect on upstream signaling 

pathways.  Although women are not exposed to TPA in the diet, TPA is widely used to 

activate the AP-1 transcription factors, induced by a wide variety of endogenous and 

exogenous factors in the context of breast cancer such as epidermal growth factor (EGF), 

Insulin-like growth factor-1 (IGF-1), and estrogen (Shen, 2003).  For examples, studies 

conducted on primary human tumours or mouse xenograft models showed that 

tamoxifen-resistent tumours had increased AP-1 dependent transcription and increased 

phosphorylated c-Jun and JNK levels (Giancotti, 2006). In addition, the estrogen receptor 

is phosphorylated by JNK or p38 MAPK kinases shows increased activity and potentiates 

AP-1 (Giancotti, 2006).  The AP-1 transcription factors are important growth regulators 

in breast cancer cells and are involved in the control of cellular proliferation, 

differentiation, apoptosis, oncogene-induced transformation, and invasiveness (reviewed 

in Shen, 2003).  Previous studies have shown that blocking AP-1 transactivation reduces 

the growth and proliferation of breast cancer cells induced by peptide growth factors and 

estrogen (Ludes-Meyers, 2001; Liu, 2002).  Therefore, blocking the activation of the AP-

1 transcription factor by CLA and RA is one promising strategy to reduce the activation 

of COX-2 and the growth of breast cancer cells.   

The second specific aim was to investigate whether or not the AhR plays a role in 

TCDD-induced COX-2 transcription and to determine the effects of selected dietary 

agents. Previous investigations have reported that AhR ligands, including the prototype 

TCDD, induced COX-2 expression in a variety of cell lines and tissue types (Summarized 
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in Table 1). Site directed mutational analysis revealed that the induction of COX-2 

promoter activity by TCDD was abrogated by mutations in the XRE-1 and XRE-2 in the 

COX-2 promoter.  Results of DNA-protein binding assays indicated that TCDD induced 

binding of the AhR the COX-2 XRE-1, COX-2 XRE-2, and CYP1A1 XRE control.  

Mutations in the XREs abrogated TCDD-induced AhR binding.  Conversely, the TCDD-

induced binding of the AhR to the COX-2 promoter was prevented by CLA and the AhR 

antagonist resveratrol (RES) and 3-methoxy-4-nitroflavone (3M4NF).  These results 

suggested that AhR recruitment to XREs harbored in the COX-2 promoter might be a 

mechanism through which TCDD, and other AhR-ligands upregulate COX-2 expression 

and that AhR-induced COX-2 expression may be prevented by dietary agents that 

antagonize the AhR. 

The third specific aim was to examine the effects of AhR agonists and dietary 

selective AhR modulators on chromatin modifications associated with the COX-2 

promoter. Transient transfection of cells with siRNA for the AhR reduced AhR protein 

levels and TCDD-induced binding of the AhR to the COX-2 XRE-1 and control CYP1A1 

XRE oligonucleotides.  Results of chromatin immunoprecipitation (ChIP) assays revealed 

that AhR recruitment to the region of the COX-2 promoter flanking XRE-1 is 

accompanied by increased occupancy by p300 and acetylated histone H4.  These results 

suggest that transcriptional regulation of COX-2 by AhR ligands likely involve additional 

post-transcriptional histone modifications, which along with changes in the recruitment 

of chromatin remodeling factors, may modulate the structure of chromatin and 

transcriptional activity of the COX-2 gene.    Follow-up studies are currently being 
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conducted to examine specific post-translational modifications of histones induced by 

TCDD at the COX-2 promoter and the effects of cotreatment with 3’3’-diindolylmethane 

and resveratrol.  There might be specific patterns of histone modifications that coordinate 

crosstalk among histone marks and cofactor recruitment that lead to activation of COX-2 

transcription by AhR ligands and repression of COX-2 promoter activity by selected 

dietary agents. 

In conclusion, the cumulative results of these studies document that activation of 

COX-2 transcription through AP-1 or AhR can be modulated by dietary agents.  The 

translational potential of these agents should be examined in follow-up studies using 

proteomic approaches and animal models.  The studies herein have documented that the 

selected dietary compounds (CLA, RA, DIM, and RES) block two critical pathways (AP-

1 and AhR) involved in the breast cell growth and tumorigenesis.  The advantage of using 

different bioactive dietary compounds in the cancer preventive setting is that these 

compounds have low toxicity and may be suitable for long-term preventive strategies.  In 

addition, COX-2 is overexpressed through multiple stages of the breast cancer process, 

and therefore targeting COX-2 by dietary compounds might be useful in breast cancer 

promotion and progression. Conceivably, one aspect that may influence the use of dietary 

agents that antagonize AP-1 and the AhR in the prevention of breast cancer is whether or 

not high enough concentrations can be reached in human serum and tissue, and whether 

or not supplementation with specific bioactive food components may exert deleterious 

effects.  Finally, one aspect that should be considered is whether or not metabolites of the 

parent compound act through AP-1 or AhR dependent mechanisms.  
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APPENDIX A: 

 

Table 3:  Histone modifications and their association with transcriptional regulation 

 

Modification Specific Histone Sites State of 

transcription* 

 

Acetylated Lysine (Ac-K) H3- K9, K14, K18, K56 

H4- K5, K8, K13, K16 

H2A 

H2B 

� 
� 
� 
� 
 

Phosphorylated serine or 

threonine (S-P, T-P) 

H3- S3, S10, s28 

H2A 

H2B 

� 
� 
� 
 

Methylated Arginine (R-Me) H3- R17, R23 

H4- R3 

� 
� 
 

Methylated Lysine (K-Me) H3- K4, K36, K79 

H3- K9, K27 

H4- K20 

� 
� 
 

Ubiquitinilated Lysine (K-ub) H2B- K120 

H2A- K119 

� 
� 
 

Sumoylated Lysine (K-su) H2B- K6, K7 

H2A- K126 

� 
� 

 

Isomerized Proline (P-isom) H3- P30-P38 �/� 

 

 

 

*Indicates whether the specific histone modification is generally associated with 

activation (�) or repression of transcription (�) 
 

Table compiled from Berger, 2007; Li 2007 
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