
ABSTRACT 

Bottone, Jr., Frank Gerard.  THE BIOLOGY AND REGULATION OF ACTIVATING 

TRANSCRIPTION FACTOR 3 (ATF3) BY NONSTEROIDAL ANTI-

INFLAMMATORY DRUGS (NSAIDs) AND DIETARY COMPOUNDS WITH 

CHEMOPREVENTIVE ACTIVITY. 

(Under the direction of Drs. Brenda Alston-Mills and Thomas E. Eling). 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are effective chemopreventive agents in 

various tissue types such as colon and breast.  Until recently their mode of action was 

thought to be solely through inhibition of cyclooxygenase-2 (Cox-2), which along with its 

products such as prostaglandin E2, are upregulated in tumors.  However, gene regulation 

may, in part, explain the alterations in invasion, apoptosis, and/or cell proliferation seen with 

NSAIDs.  In this report, we utilized microarray analysis of colorectal cancer cells treated 

with low, non-toxic concentrations of sulindac sulfide to show that the active metabolite of 

this NSAID and potent cancer chemopreventive drug regulates the expression of a variety of 

genes.  Several genes related to cell growth and apoptosis, while others were transcription 

factors, which are important regulators of gene expression.  NSAIDs such as the Cox-1 

specific inhibitor SC-560 and the Cox-2 specific inhibitor SC-58125 modulated the 

expression of these genes in HCT-116 colorectal cancer cells, which correlated with the 

biological activity but not Cox-2 inhibitory activity of these compounds.  Activating 

Transcription Factor 3 (ATF3) was one gene identified as induced by a variety of NSAIDs 

and confirmed in a variety of cell lines in our laboratory.  ATF3 was induced by a variety of 

other compounds with cancer chemopreventive activity such as the PPARγ ligand 

troglitazone (TGZ) and the dietary compounds diallyl disulfide (DADS), resveratrol, and 

genistein.  To ascertain the biological significance of the induction of ATF3, we 

overexpressed ATF3 in the sense and antisense orientation.  Overexpression of ATF3 in the 

sense orientation reduced the size of mouse tumor xenografts by 54 percent in vivo.  One 

explanation for the biological activity of ATF3 is down-stream gene modulation.  Using 

microarray analysis, overexpression of ATF3 in the sense orientation regulated several genes 

related to invasion and metastasis.  ATF3 overexpression decreased focus formation and 

inhibited invasion potential in vitro to a similar degree as sulindac sulfide treatment.  

Conversely, antisense ATF3 overexpression increased invasion potential and focus 



formation.  Therefore, the biological activity of these compounds may be linked to the gene 

regulator role of ATF3.  Lastly, we demonstrated that ATF3 is modulated by the transcription 

factor Early Growth Response Gene-1 (Egr-1).  The induction of ATF3 by sulindac sulfide 

and TGZ at the mRNA, protein, and promoter level required Egr-1 and the Extracellular 

regulated kinase-1/2 (Erk-1/2) MAPK pathway.  In conclusion, NSAIDs and other 

chemopreventive compounds alter the expression of a number of genes, in particular 

transcription factors, which may be linked to the biological activity of these compounds.  

Lastly, we dispute the dogma that ATF3 is solely a stress response gene and provide 

evidence that ATF3 has anti-cancer activity warranting further investigation. 
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CHAPTER 1 

LITERATURE REVIEW: 

Introduction 

It has been evident for some time that diet plays a significant role in the etiology of various 

cancers.  Consumption of a traditional western diet high in omega-6 polyunsaturated fatty 

acids (PUFAs) from vegetable-oil and low in omega-3 PUFAs from marine and fish-oils can 

have several detrimental effects in humans over time.  Obesity, coronary heart disease, and 

an increased incidence of colorectal and other cancers are just a few to be reported.  

Conversely, the consumption of a diet low in omega-6 and high in omega-3 PUFAs have 

been associated with beneficial effects evident by epidemiological data in humans, in animal 

trials, and in vitro assays.  While the PUFAs arachidonic acid (AA, 20:4 n-6) and linoleic 

acid (LA, 18:2 n-6), found in vegetable oil, can have pro-carcinogenic activity in colon and 

other tissues, PUFAs such as α-linoleic acid (α-LA, 18:3 n-3) found in fish oil has cancer 

chemopreventive activity.  Products of the n-3 PUFAs such as docosahexaenoic acid (DHA, 

22:6 n-3) and eicosapentaenoic acid (EPA, 20:5 n-3) are effective at inhibiting colorectal 

cancer as illustrated in a recent review [1].  While the precise mechanism(s) for the beneficial 

effects of the products of omega-3 PUFAs such as DHA are not known, several mechanisms 

have been proposed including modification of free radical metabolism, alterations in signal 

transduction pathways, influences on insulin metabolism, modulation of gene expression, and 

the suppression of AA metabolism and hence concentration of its biosynthetic products [2].  

AA originates from the diet and from dietary linoleic acid, where it is bound to membrane 

phospholipids, and is released by the activity of phospholipase A2.  AA is metabolized by 

various prostaglandins (PG), which are bioactive lipids derived from AA with a wide variety 

of functions.  Cyclooxygenase (Cox) enzymes oxidize arachidonic acid into prostaglandin 

H2, which is rapidly converted to PGE2, the major end product of Cox metabolites in the gut 

by tissue specific isomerases (Figure 1.1).  As members of the National Institutes of 

Environmental Health Sciences and the Laboratory of Molecular Carcinogenesis, eicosanoids 

biochemistry group, our group has been interested in cancer development caused by 

environmental factors such as pesticides inadvertently consumed on foods and in our 

drinking water, and in cancer chemoprevention by various natural dietary compounds as well 

as synthetic compounds.  One key question our laboratory has focused on is how natural 
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dietary and synthetic nonsteroidal anti-inflammatory drugs (NSAIDs) exert their 

chemopreventive activity.  It is well documented that NSAIDs inhibit the activity of the 

enzyme Cox.  There are at least two distinct forms of Cox, the constitutively (basally) 

expressed Cox-1, and the inducible Cox-2.  Traditionally, this activity was thought to be via 

the inhibition of Cox thereby inhibiting prostaglandin production because Cox-2 is up 

regulated in various tumor tissues and inhibition of cancer is reported in Cox-2 knockout 

mice.  While Cox-1 is generally considered to serve a protective role, Cox-2 is induced by 

various stimuli such as mediators of inflammation, mitogens, and cytokines resulting in 

inflammation, pain and fever.  Cox-2 and its major metabolite in colorectal tissue, PGE2, are 

often elevated in tumor tissue.  Furthermore, this induction of Cox-2 is associated with 

increases in invasion and angiogenesis.  Cox-2 [3], and the products of this enzyme, PGE2, 

are up-regulated in human tumors and PGE2 enhances tumorigenesis [4].  Cox-2 expression 

and hence PGE2 are correlated with increased angiogenesis [5] and invasion [6].  One way 

PGE2 may act to enhance the invasion of cancer cells is via matrix metalloproteinase-2 

(MMP-2) [7].  Therefore, inhibition of Cox-2 in colorectal and other tissues is believed to be 

beneficial.  Non-selective or traditional NSAIDs such as aspirin and the pro-drug sulindac 

(Clinorilä) of the active metabolite sulindac sulfide, inhibit both isoforms of Cox.  Aspirin is 

a non-selective, irreversible COX inhibitor.  Aspirin acetylates Cox-1 at serine 530 and Cox-

2 at serine 516 resulting in irreversible enzyme inhibition.  Most NSAIDs, such as the active 

form of sulindac act reversibly.  Cox-2 selective inhibitors such as SC-58125 inhibit Cox-2 

whereas Cox-1 selective inhibitors such as SC-560 inhibit Cox-1 (Figure 1.2, IC50: Sulindac 

Sulfide [8], SC-560 [9], SC-58125 [10], Indomethacin [11]) to varying degrees and are 

commonly expressed in the ratio Cox-2/Cox-1.  It is the inhibition of the inducible form of 

Cox, Cox-2, that is implicated in the cancer chemopreventive activity of NSAIDs as 

illustrated in much of the early work in this area demonstrating that Cox-2 is over-expressed 

in tumors therefore implicating prostaglandins in the carcinogenic process (Figure 1.3, [12]).  

However, some other mechanism may be involved.  We propose that NSAIDs exert their 

chemopreventive activity in part by altering gene expression and that this may be 

independent of the inhibition of Cox.  We tested this hypothesis using microarray analysis 

using the human colorectal cancer cell line SW-480 (ATCC# CCL-228), which is from an 

adenocarcinoma of the colon.  These cells express cyclooxygenase-1 but little 
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cyclooxygenase-2.  Microarray analysis measures global patterns of gene expression using 

polymerase chain reaction (PCR) amplified, robotically printed, cDNAs on glass slides.  Two 

samples are reverse transcribed with a labeled dye and hybridized onto the membranes and 

the resulting patterns of gene expression are evaluated using standard image analysis and 

computer software (Figure 1.4, adapted from [13]).  For a review of microarray analysis see 

Duggan et al. [13].  We followed up these results using human HCT-116 (ATCC# CCL-247) 

colorectal cancer cells, which lack Cox-1/2 expression (Table 1.1), but were chosen because 

they are responsive to NSAIDs, which induce apoptosis in these cells (Figure 1.5).  Several 

interesting genes were discovered by microarray analysis and confirmed using several 

molecular biology techniques.  In particular, we identified several genes relating to apoptosis 

and cell growth, whose induction or repression preceded the induction of apoptosis indicating 

a possible role in this process.  Of note were three transcription factors: Activating 

Transcription Factor 3 (ATF3), CCAAT/Enhancer Binding Protein-β (C/EBPβ), and Msh 

Homeo Box Homolog 1 (MSX1).  ATF3 was of particular interest because its expression is 

misregulated in colorectal tumors vs. normal adjacent tissues.  Thus, one effect of NSAIDs or 

other cancer chemopreventive compounds may be to restore this expression.  Furthermore, 

ATF3 was consistently one of the most up-regulated genes by a variety of NSAIDs at the 

messenger RNA (mRNA) level according to real-time reverse transcription polymerase chain 

reaction (RT-PCR) using SYBR green technology.  This occurred is a variety of cell lines, in 

particular, HCT-116 cells, which are devoid of Cox expression indicating a Cox-independent 

effect.  Furthermore, because most of the studies demonstrating that Cox inhibitors have anti-

cancer activity used classical NSAIDs that inhibit both Cox-1 and Cox-2, we determined if 

the Cox-1 specific inhibitor SC-560 and the Cox-2 specific inhibitor SC-58125 had cancer 

chemopreventive activity.  We tested this hypothesis by measuring changes in gene 

expression, growth on soft agar, and induction of apoptosis.  One gene, ATF3 stood out and 

later became the focus of this work and will be discussed in greater detail shortly. 

 

Colorectal Cancer 

In the United States, colorectal cancer is the third leading cause of cancer (behind only 

prostate then lung/bronchus) estimated to be over 145,000 new cases and 56,000 (behind 

lung/bronchus then prostate) deaths in 2005 [14].  While the onset of colorectal cancer can be 
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linked to several factors such as genetic predisposition and exposure to carcinogens both over 

the short and long-term, dietary factors influence the likelihood of developing cancer both 

positively and negatively.  For example, factors such as high fat intake, alcohol consumption, 

deficiencies of certain nutrients, and haphazardly consuming carcinogens in or on foods 

(aflatoxins, nitrosamines, benzopyrene, and artificial sweeteners) all increase the likelihood 

of colorectal and other cancers.  Meanwhile, various geographic and epidemiological studies 

demonstrate that a deficiency in certain micronutrients correlate with an increased risk of 

certain forms of cancer.  Conversely, increasing evidence suggests that increased exposure to 

certain micronutrients in the diet such as naturally occurring NSAIDs, antioxidants, 

isoflavenoids, phytochemicals, garlic compounds, selenium, and certain vitamins result in a 

decreased risk of colorectal cancer. 

Our group and others are especially interested in colorectal cancer development and 

prevention in part because various natural (garlic, resveratrol, genistein) and pharmaceutical 

compounds (NSAIDs) exhibit anti-cancer properties in vitro and anti-tumorigneic activity in 

animal models in vivo.  However the same can be said of other cancers such as breast and 

prostate as will be discussed shortly.  Population-based studies and in vitro studies have 

shown that many of these compounds exert a cancer chemopreventive effect when consumed 

regularly or in the case of NSAIDs, taken regularly for arthritis or chronic pain. 

 

NSAIDs and Colorectal Cancer 

Anti-inflammatory agents have been used since circa 400 b.c. when Hippocrates prescribed 

willow tree bark for the treatment of pain and inflammation.  In 1763, the Royal Society of 

London published an article by Edward Stone confirming some of the earlier reports.  In 

1853, the French chemist Charles Frederic Gerhardt synthesized a crude extract of 

acetylsalicylic acid, currently known as aspirin, but its uses were not recognized.  In 1897, a 

German chemist by the name of Felix Hoffmann prepared the first pure samples of 

acetylsalicylic acid.  In 1899 the Bayer Company marketed acetylsalicylic acid under the 

name of Aspirin.  In 1950, aspirin was determined to be a blood thinner by Laurence Craven 

and was subsequently recommended to prevent heart attacks.  In 1971, it was finally 

determined that aspirin inhibits Cox.  Currently, at least three forms of Cox exist, the 

constitutively expressed Cox-1, the inducible Cox-2, and the Cox-1 variant, Cox-3 [15], 
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which is the target of acetaminophen [16].  NSAIDs are known for their anti-inflammatory 

properties via inhibition of Cox, which is responsible for the formation of prostaglandins 

[17].  The chemopreventive activity of NSAIDs has been linked to induction of apoptosis, 

inhibition of cell growth, alterations in angiogenesis, and inhibition of invasion.  There are 

several lines of evidence to suggest that NSAIDs have chemopreventive activity in humans.  

Epidemiological studies are often the first clue that there is an association between a dietary 

or other compound (positive or negative) and cancer, as well as other diseases.  One way to 

determine if a compound has cancer chemopreventive properties is to study normal or even 

high-risk individuals who regularly consume varying degrees of the compound of interest 

naturally or via supplementation to their diets over long periods of time in an epidemiological 

manner.  Sulindac and other NSAIDs may prevent colorectal cancer as they are currently 

used to treat a much less common but similar human disorder is that of familial adenomatous 

polyposis (FAP), which is a genetic disorder resulting in numerous colorectal adenomas that 

progress to colorectal cancer early in life resulting in death if untreated.  However, 33% of us 

by the age of 50 and 50% of us by age 70 will have colorectal polyps.  These polyps are the 

precursor to colorectal cancer, which evolve in the colorectal epithelium.  Therefore, chronic 

NSAID use may prevent colorectal polyps from forming.  As one would expect, the 

chemopreventive effects of NSAIDs were originally linked to NSAIDs ability to inhibit Cox, 

which they are potent inhibitors of, but as will be discussed shortly, other mechanisms are 

involved. The active form of sulindac, sulindac sulfide, as well as aspirin, and indomethacin 

were the first NSAIDs recognized for their cancer chemopreventive properties.  Several early 

reports based on epidemiological studies reveal a positive correlation between NSAIDs and 

cancer chemoprevention [18-20].  More recently, randomized clinical trials have confirmed 

that these initial findings demonstrating that aspirin [21,22], the pro-drug sulindac [23-25], 

and the Cox-2 specific inhibitor, celecoxib [26] have chemopreventive activity.  Sulindac 

sulfide [24] and the Cox-2 specific inhibitor, celecoxib [27], are currently used to treat 

familial adenomatous polyposis in humans and have been shown to effectively inhibit the 

growth of polyps and cause regression of pre-existing polyps in persons with this disorder in 

randomized clinical trials.  

While colorectal cancer is the third most common cancer in the United States, various 

prescription drugs originally designed as anti-inflammatory agents sulindac (Clinorilä ™) or 
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celebrex (Celebrexä™ or celecoxib), respectively have shown promise as anti-cancer agents 

and are used for the treatment of FAP to prevent the onset of colorectal cancer.  This work 

was originally based on epidemiological studies on persons taking these drugs for long 

periods of time for arthritis or chronic pain.  The adenomatous polyposis coli (APC) Min 

mouse model is a well-accepted animal model of FAP commonly used to study the 

chemopreventive activity of various compounds even though FAP results in colorectal 

tumors whereas APCMin mice spontaneously generate tumors of the small intestine.  Another 

model commonly used today to study the effects of a cancer chemopreventive agent on 

inhibiting tumorigenesis is performed by feeding the test animal the agent of interest 

followed by carcinogen exposure orally, on the skin, or otherwise.  This method was first 

used to show indomethacin had anti-tumorigenic properties in 7,12-

dimethylbenz(a)anthracene-induced mammary tumorigenesis in 1983 [28] and was repeated 

in using similar models of colon and lung cancers [29,30]. 

There is extensive in vitro and animal work indicating NSAIDs are anti-tumorigenic.  

For example, numerous animal studies [31-36], population-based studies [21,22], and in vitro 

studies [37-40] with human colorectal carcinoma cells provide evidence that NSAIDs have 

chemopreventive activity directed against colorectal cancer as illustrated in several recent 

reviews [12,41-44].  One NSAID in particular, sulindac, is an effective anti-tumorigenic 

agent directed against colorectal cancer [12,42-44].  Sulindac is effective at inhibiting 

carcinogenesis in lungs induced by carcinogens in tobacco smoke in A/J mice by 53%, 

however they attributed these effects to sulindac, not the active metabolite sulindac sulfide 

because it was not detected in the lungs after feeding, but was most abundant in plasma [30].  

The traditional NSAID, indomethacin, is effective at inhibiting spontaneous mammary 

tumorigenesis in multiparous SHN mice by an endocrine-independent mechanism [45].  In 

another study, F344 rats fed 40% their maximum tolerable dose (200 parts/million) of the 

traditional NSAID piroxicam showed inhibition of colon carcinogenesis induced by two 

doses of 15 mg/kg body weight azoxymethane [29].  Meanwhile, ibuprofen and ketoprofen 

were effective at inhibiting tumor formation at higher concentrations. 
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Cox-Dependence 

Because NSAIDs are potent inhibitors of Cox, and Cox-2 is up regulated in a variety of 

tumors of human origin, the inhibition of Cox is believed to be responsible for the 

chemoprevention of NSAIDs.  If this is the case, one or more mechanisms are likely involved 

such as alterations in apoptosis and proliferation, modulation of angiogenesis, alterations in 

invasiveness, modulation of host immunity, or the inhibition of conversion of pro-

carcinogens to carcinogens.  By inhibiting Cox activity, NSAIDs block the formation of 

prostaglandins.  The formation of prostaglandins is tissue specific with PGE2 being the 

primary prostaglandin formed in colorectal tissue.  There is some direct evidence that Cox-2 

derived PGE2 is involved in tumor growth [46].  In general, Cox-1 is believed to serve a 

protective role in the GI tract and other tissues while Cox-2, the inducible form or Cox, is 

believed to result in inflammation, pain, and fever.  NSAIDs inhibit angiogenesis as 

illustrated in a recent review [47].  Therefore, NSAIDs may be beneficial in pre-existing 

tumors as well.  While it is not clear if this occurs dependent or independent of Cox-

inhibition, evidence suggests it involves Cox-inhibition [48]. 

 

Cox-Independence 

Until recently NSAIDs mode of action was thought to be solely through inhibition of Cox-2, 

which along with its products such as PGE2, are up-regulated in tumors but other results 

suggest that the anti-cancer activity of NSAIDs might be independent of Cox inhibition [49-

53].  For example, Cox-2 is over-expressed in various human tumors such as in the colon 

[17] and breast [54,55] while Cox-1 is overexpressed in breast cancers [56].  However, recent 

work reported here and elsewhere illustrate that NSAIDs work through other mechanisms.  

For example, the traditional NSAIDs aspirin and indomethacin have much different 

chemopreventive activity in animal models [57].  In this study, indomethacin reduced tumor 

load by 85% whereas aspirin was ineffective in reducing tumor load.  Several NSAIDs are 

potent inducers of apoptosis in a wide variety of colorectal cancer cell lines [58].  Another 

mechanism that may in part explain the chemopreventive effects of these compounds is 

through gene modulation independent of their Cox-inhibitory activity [49-53].  Therefore, in 

addition to NSAIDs inhibition of Cox activity, NSAIDs modulate the expression of a number 

of genes potentially involved in cancer chemoprevention.  Evidence for the Cox-independent 
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effects of NSAIDs include the R-enantiomer of flurbiprofen, which does not inhibit Cox, 

prevents intestinal polyposis in Min mice models [51]; sulindac sulfone, which does not 

inhibit Cox, inhibits azoymethane-induced cancers in animal [59]; induction of apoptosis can 

occur independent of Cox inhibition [60,61]; and there is much evidence using Cox-deficient 

cell lines [58].  Furthermore, apoptotic effects of NSAIDs are not reversed by PGE2 [62].  

Therefore, it is still unclear if these effects occur dependent or independent of Cox inhibition. 

 

NSAIDs and Invasion 

Cox-2 overexpression and PGE2 induce invasion, indicating NSAIDs may work by inhibiting 

invasion [63].  For example, using nude mouse xenograft models, mice treated with sulindac 

showed reduced microvessel density and CD44v6 antigen, indicating a decrease in invasion 

[64].  NS-398 inhibits invasion in CRC [65,66], as does aspirin in hepatoma cells [67].  Focal 

adhesion kinase appears to be one target of NSAIDs that may explain their inhibitory effects 

on invasion [68].  The Cox-2 specific inhibitor celecoxib has antiangiogenic and 

antimetastatic activity via suppression of the transcription factor Sp1 [69]. 

 

Recent Concerns about Cox Inhibitors 

Aspirin and other NSAIDs are consumed by the millions each day for chronic pain, 

discomfort, and arthritis.  Furthermore, daily use of low-dose aspirin (aspirin is a traditional 

NSAIDs that is more selective for Cox-1) has been recommended by many doctors for years.  

The chronic use of traditional and/or selective NSAIDs is associated with gastrointestinal 

bleeding in some individuals resulting in 26,000 deaths per year among the 30 million 

NSAIDs users per day [70].  Inhibition of Cox-1 by aspirin and other traditional NSAIDs is 

believed to account for both its cardioprotective role and gastrointestinal side effects.  In an 

attempt to minimize the side effects associated with traditional NSAIDs, and following the 

discovery of two isoforms of Cox, (the inducible form, Cox-2 and the basal form Cox-1) and 

the belief that inhibition of Cox-1 was responsible for the gastrointestinal disorders, the 

pharmaceutical industry produced several Cox-2 specific inhibitors, which are commonly 

used to treat osteoarthritis and rheumatoid arthritis.  Similar to traditional NSAIDs, Cox-2 

specific inhibitors such as celecoxib have pro-apoptotic, anti-tumorigenic, anti-angiogenic, 

and anti-invasive activity in vitro and in animal models.  Until recently, these compounds 
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were under investigation for their chemopreventive activity in human clinical trials.  

However, recent evidence suggests selective inhibition of Cox-2 may have detrimental 

effects such as on blood platelet formation, which can lead to rupture of blood vessels and 

death in humans.  These effects seem especially significant in the elderly population.  The 

detrimental side effects of selective Cox-2 inhibitors are most evident with the most highly 

selective first generation Cox-2 inhibitor available, Vioxx™ (rofecoxib), which has its own 

unique chemical structure.  These effects may be due to the potent and selective inhibition of 

Cox-2, pharmacokinetics, toxic byproducts, or tissue selectivity of the drug.  Rofecoxib was 

voluntarily taken off the market on September 30, 2004 although it accounted for 2.5 billion 

dollars worldwide in sales in 2003 [71].  This recall of rofecoxib occurred, in part, because of 

efforts following reports from the adenomatous polyposis prevention (APPROVe) and Vioxx 

Gastrointestinal Outcomes Research (VIGOR) clinical trial studies.  As a result of these 

studies, several thromboembolic events occurred to a greater degree in patients taking 

rofecoxib than placebo such as heart attacks and strokes.  Current explanations for this 

phenomenon are that Cox-2 specific inhibitors alter the balance between thromboxanes and 

prostacyclins.  Therefore the benefits of NSAIDs need to be carefully evaluated in 

conjunction with their possible side effects [41].  Other NSAIDs previously taken off the 

market include benoxaprofen, pirprofen, carprofen, and bromfenac.  Nevertheless, this issue 

needs to be addressed in the future for the chemopreventive activity of these compounds to 

be utilized effectively.  Interestingly, we performed microarray analysis on SW480 cells 

using 1 µM of the Cox-2 specific inhibitor celecoxib.  The resulting gene expression pattern 

was significantly different than that of sulindac sulfide, which is the focus of this work 

according to cluster analysis (data not shown).  Only two genes were regulated by both 

sulindac sulfide and celebrex indicated in bold in Table 1.2.  However, it is possible that 

different results would be seen at varying time points, concentrations, or cell lines and these 

studies are currently underway. 

 

Mammary Cancer 

Breast cancer affects one in ten women in America and Western Europe [72] and it was 

estimated that over 181,000 new cases and 41,000 deaths were diagnosed in the US in 1997 

[73] with little improvement in deaths and even greater diagnoses projected in 2005 [14].  As 
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the risk of developing a disease such as breast cancer increases, so too does the importance of 

prevention.  Of course the greatest risk factor for developing breast cancer is gender with 

females being 100 times more likely to develop breast cancer than males due to the presence 

of estrogens and other uterine hormones.  Family history is a risk factor, however few breast 

cancer incidence are truly genetic (BRCA1/2 are examples of genetic links to breast cancer) 

[74]. 

One of the more complex and significant factors in breast cancer susceptibility is 

estrogen exposure.  In general the longer the exposure-time to the hormone estrogen over 

one’s lifespan, the greater the risk of developing breast cancer.  However, dietary and other 

factors are involved, making it complex.  The increase in risk due to estrogen exposure is in 

part because estrogens stimulate the growth of mammary epithelial cells in vitro [75] and of 

tumors in the postmenopausal breast evidenced by the fact that anti-estrogens block tumor 

formation in breast [76].  The onset of mammary tumors is of particular concern for 

postmenopausal women taking hormone replacement therapy for 10-20 years or longer.  To 

address this issue, a class of compounds called selective estrogen receptor modulators 

(SERMs) such as tamoxifen was developed.  SERMs are anti-estrogenic in breast cells 

however they can be estrogenic in tissues such as the uterus and bone causing cancer in these 

tissues.  Several compounds in nature and produced in industry haphazardly act as SERMs 

and are under investigation for their estrogenic, developmental, and pro-carcinogenic effects. 

 

NSAIDs and Mammary Cancer 

There are several classes of chemopreventive agents that may act against breast cancer such 

as hormones/anti-hormones, retinoids/carotenoids, phytochemicals, monoterpenes, the 

mineral selenium, and NSAIDs.  Review of epidemiological evidence shows that the regular 

use of NSAIDs has a significant and beneficial effect on the prevention of breast and other 

cancers.  Furthermore, it has been known for some time that levels of prostaglandins are 

abnormal in cancerous tissues such as those of the mammary gland [77].  Elevated 

expression of Cox-2 correlates with poor survival in breast cancer patients and correlates 

with other poor prognostic indicators such as HER-2 oncogene and p53 expression, hormone 

receptor status, and high proliferation rate [55].  In fact, Cox-2 is highly expressed in human 

breast cancers [56] and forced expression of HER2/Neu in breast cancer cell lines induced 
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Cox-2 expression [54].  Some natural dietary compounds inhibit prostaglandin production 

resulting in breast cancer chemoprevention such as the omega-3 fatty acids, EPA, and DHA 

[78].  Conversely, omega-6 PUFAs such as linoleic acid promote breast cancer metastasis in 

nude mouse models [79].  Resveratrol is a naturally occurring phytochemical found in red 

wine and various fruits and vegetables that has anti-cancer properties [80] and is a potent 

inducer of apoptosis [81].  Resveratrol inhibits Cox activity and is an antioxidant that inhibits 

pre-neoplastic lesions in the mouse mammary gland [80].  However, we are interested in the 

Cox-independent activity of resveratrol and other dietary compounds.  Following the 

association of NSAID use and the inhibition of various forms of cancer, several studies using 

traditional NSAIDs appeared.  One of the earliest studies to demonstrate that NSAIDs inhibit 

tumor formation occurred in 1986 when it was demonstrated that indomethacin inhibits 

mammary tumorigenesis in mice [45].  In this study, indomethacin was effective on pre-

existing tumors and inhibited newly formed tumors in multiparous SHN mice, which 

spontaneously elicit mammary tumors.  Indomethacin is an NSAID and inhibitor of Cox.  

Cox enzymes use the fatty acid AA as substrate, and a high-fat diet is associated with cancer, 

therefore several follow-up studies looked at the effects of indomethacin plus a high-fat diet 

at inhibiting various forms of cancer.  In one study, indomethacin inhibited tumorigenesis in 

7,12-dimethylbenz(a)anthracene (DMBA)-induced mammary cancer in rats, however, 

DMBA induced tumor cell proliferation [82].  In a more recent study, the Cox-2 specific 

inhibitor celecoxib (Celebrex ™) given daily in feed (1500 mg/kg diet) to rats inhibits the 

size and number of mammary tumors induced by DMBA [83].  Tumors regression was seen 

in 90% of the rats in this study and tumor growth was prevented in a previous study by this 

group [84] indicating that this NSAID is both chemopreventive and therapeutic. 

The relative risk of breast cancer is reduced by the regular intake of NSAIDs [85].  A 

34% reduction in breast cancer risk in women ages 25-74 taking any NSAIDs daily for at 

least 2 months is reported and was strongest for those taking NSAIDs for greater than 8 

years.  This indicates that the regular use of NSAIDs may be of great importance.  Cancer 

diagnosis was confirmed from four sources, pathology reports mentioning cancer, hospital 

discharge statements including a diagnosis of cancer, reports from Ontario’s regional cancer 

center, and death certificates.  Similarly, women who use NSAIDs regularly for at least one 

year before admission for trauma or infection had a reduced risk of cancer (odds ratio) 
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estimated by a multivariate logistic regression model [86].  Again, the duration of NSAID 

use was important, with longer use decreasing the relative risk of cancer.  Conversely, 

chronic NSAID use can result in gastric bleeding, which can be especially concerning to 

menstruating females due to other blood losses.  Other studies include a rat model of 

indomethacin/DMBA treatment [82] and a mouse model of breast cancer where the NSAID 

indomethacin was effective at inhibiting spontaneous mammary tumorigenesis in 

multiparous SHN mice by an endocrine-independent mechanism [45]. 

Much work has been done in the field of breast cancer research using breast cancer 

cell lines.  MCF-7 cells are an estrogen receptor positive cell line, while MDA-MB-231 is an 

estrogen receptor negative cell line.  NSAIDs such as indomethacin are effective 

chemopreventive agents in rat models of mammary cancer [87].  Cell growth of these cells 

are inhibited by a variety of compounds such as carotenoids, retinoids [88], diallyl disulfide 

[89] and other allium derivatives from garlic [90] resveratrol [91], and PPARγ ligands [92].  

One mechanism whereby NSAIDs may inhibit tumorigenesis in breast cancer cells is by 

inducing apoptosis [93].  These effects may be independent of Cox inhibition because the 

sulfone metabolite of sulindac inhibits mammary carcinogenesis [94].  Cox specific 

inhibitors block the formation of tumors by highly tumorigenic mammary cell lines [95].  

NSAIDs inhibit the growth of mammary cells in vitro as well [96].  Cox specific inhibitors 

such as SC-560 (Cox-1 specific) and celecoxib (Cox-2 specific) are effective at inhibiting the 

growth of mammary cells in vitro, which may be due to the induction of apoptosis or the 

inhibition of growth [97] making them a good model in our studies using colorectal cancer.  

In this study, using a cell line that does not undergo apoptosis, they demonstrated that SC-

560 and other NSAIDs induce the release of the sphingolipid ceramide, which is associated 

with cell cycle arrest and growth inhibition.  These effects are reproducible following the 

addition of a cell-permeable exogenous form of ceramide. 

 

NSAIDs and other Cancer Chemopreventive Compounds Modulate Gene Expression 

Previously, our laboratory utilized subtractive hybridization to study changes in gene 

expression by NSAIDs and identified the gene NSAID activated gene-1 (NAG-1), a novel 

member of the transforming growth factor beta (TGF-β) super family induced by NSAIDs in 

HCT-116 colorectal cancer cells [98].  The overexpression of NAG-1 induces apoptosis in 
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cultured cells and suppresses the growth of xenografts in nude mice [99], but it is likely that 

several other genes are involved in the pro-apoptotic, antitumorigenic, and anti-invasive 

effects of Cox inhibitors and other chemopreventive compounds.  For example, microarray 

analysis revealed 65 genes that are either induced or repressed by physiological 

concentrations of sulindac sulfide (Figure 1.6 and see Chapter 2) [39].  One gene, ATF3 was 

considered for further study because it is a transcription factor involved in cell proliferation, 

apoptosis, and invasion, and its expression is down regulated in colorectal tumors [39].  

ATF3 is highly induced by relatively low concentrations of NSAIDs, is induced early in the 

time course of treatment of colorectal cancer cells with NSAIDs, is a transcription factor that 

acts as both a transcriptional inducer and repressor, and is known to regulate several genes 

relating to cell growth and invasion and likely several other genes yet to be identified (see 

Chapter 4).  ATF3 mRNA and protein expression are induced by a wide variety of 

compounds.  For example, ATF3 mRNA is induced by a variety of NSAIDs (Traditional, 

Cox-1 and Cox-2 selective), the natural NSAID resveratrol, the garlic oil constituent DADS, 

and the PPARγ ligand troglitazone (TGZ) (Figure 1.7).  ATF3 is induced by NSAIDs in a 

wide variety of cell lines (such as by the pro-drug sulindac in SW480, SW948, and SNU-C4 

colorectal cancer cells) [100].  ATF3 is induced by dietary compounds possessing 

chemopreventive activity such as indole-3-carbinol (I3C) and its dimer 3’3’-

diindolylmethane (DIM) in non-tumor derived human keratinocytes [101].  ATF3 is induced 

by various chemotherapeutic drugs such as taxol and other microtubule binding agents [102], 

and the chemotherapeutic candidate drug 2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole 

(5F-203) according to microarray analysis [103] and our laboratory. 

 

Activating Transcription Factor 3 (ATF3) 

ATF3 is a member of the ATF/cyclic adenosine monophosphate (cAMP) responsive element 

binding protein (ATF/CREB) family of transcription factors and also is known as liver 

regenerating factor 1 (LRF-1) in rats where it was first discovered through differential 

screening of a regenerating liver cDNA library [104,105].  ATF3 is known as LRG-21, CRG-

5, or TI-241 in mice.  The ATF family of transcription factors represents a large group of 

basic region-leucine zipper (bZip) proteins.  ATF3 binds to the consensus ATF/CRE site 

'TGACGTCA'.  ATF3 was originally defined in the late 1980’s to refer to its binding to 
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adenovirus early promoters E2, 3, and 4 [106].  ATF3 belongs to the ATF/CREB family of 

transcription factors of which there are six main groups, containing two or more members 

each.  They include CREB (CREB, CREM, ATF1), CRE-BP1 (CRE-BP-1, ATFa a.k.a 

ATF2), ATF3 (ATF3, JDP2), ATF4 (ATF4, ATFx), ATF6 (ATF6, CREB-RP), and B-ATF 

(B-ATF, JDP-1) (Figure 1.8, adapted from [107] with permission from Elsevier).  Although 

the name Activating Transcription Factor implies transcriptional activation, some members 

of this group of proteins are known as transcriptional repressors.  For example, ATF3 is a 

repressor of cAMP response element-dependent transcription.  ATF3 homodimers are known 

to repress transcription of several genes [108], while ATF3 heterodimers along with ATF4 

are activators or repressors [109].  ATF3 is closely related to Jun (c-Jun, JunB, and JunD) 

and Fos (c-Fos, FosB, Fra-1, and Fra-2).  The transcription factors c-Jun, JunB, JunD, ATF2, 

and GADD153 heterodimerize with ATF3 and bind to AP-1 or ATF/CRE sites. 

 

Downstream Gene Targets of ATF3 

ATF3 is a transcription factor, therefore it modulates the expression of downstream genes by 

binding to the promoter region of various genes thereby inducing or repressing their 

expression [109].  Several genes known to be modulated downstream of ATF3 are linked to 

cancer chemoprevention and may explain the biological activity of ATF3.  Gadd153/Chop10, 

which is associated with cell growth, is repressed by ATF3 overexpression and in a negative 

feedback loop represses ATF3 [110].  TNF-α induced expression of E-selectin is repressed 

following treatment with PPAR activators, which occurs via an ATF3-dependent mechanism 

[111].  Inhibitor of differentiation 1 (Id1) is repressed by ATF3 via induction and recruitment 

of the TGF-β mediator Smad3 resulting in cell differentiation [112].  Repression of Id1 is 

associated with an increase in differentiation.  MMP-2 is another gene repressed by ATF3.  

MMP-2 is involved in invasion and the repression of MMP-2 is thought to decrease invasion 

thus exerting an anti-tumorigenic effect [113-115].  Furthermore, NSAIDs inhibit MMP-2 

expression via repression of transcription [116].  Therefore the gene regulatory role of ATF3 

has anti-invasive activity.  Genes induced by ATF3 include cAMP-dependent genes, cyclin 

D1 [117], asparagine synthetase, proglucagon, heme oxygenase-1 [118].  Interestingly, ATF3 

regulates its own expression as it has several of its own binding sites in its promoter. 
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Known Pathways of Induction of ATF3 

The c-Jun N-terminal kinase (JNK) pathway is most often associated with a stress response.  

ATF3 overexpression induces heat shock protein 27 and Akt activation, which results in 

inhibition of JNK-induced apoptosis in neuronal cells [118].  Recent evidence suggests that 

ATF3 is induced by a wider variety of agents than stress stimuli (for a comprehensive list see 

ref. [109]).  For example, ATF3 is induced by serum factors, cytokines, genotoxic agents, 

and cell death inducing agents.  ATF3 is induced by various dietary items with cancer chemo 

preventive activity such as Indole-3-carbinol (I3C) and its dimer 3, 3'-diindolylmethane 

(DIM), which are obtained from dietary consumption of cruciferous vegetables.  These 

compounds have multiple biochemical activities including anti-cancer properties [101].  

However little is known about the pathway involved.  These compounds induce nuclear 

factor-interleukin 6 (NF-IL6), also known as C/EBPβ, which is known to heterodimerize 

with ATF3 [119].  C/EBPβ binds to the promoter of p21WAF1/CIP1, which is a powerful 

cell cycle inhibitor, thereby inducing its expression when exposed to such cancer chemo 

preventive agents as 5-fluorouracil (5-FU) [120].  ATF3 is induced by other anti-cancer 

compounds such as the candidate anti-breast cancer agent, 2-(4-amino-3-methylphenyl)-5-

fluorobenzothiazole (5F-203) [103], and the microtubule-binding agents colchicine and taxol 

in human MCF-7 breast cancer cells [102]. 

According to Fan et al., ATF3 is induced by ionizing radiation requiring normal 

cellular p53 function [121].  In contrast, induction of ATF3 after Ultra Violet radiation (UV) 

or Methyl methanesulphonate (MMS) is independent of p53 status.  In this study, UV and 

MMS, but not ionizing radiation induces the promoter of ATF3.  In addition, the promoter of 

ATF3 is activated by MEKK1, an upstream activator of the Extracellular related kinase (Erk) 

and JNK pathway, indicating these pathways are involved in the induction of ATF3 by other 

stimuli as will be discussed in chapter 5 on ATF3 promoter regulation [121].  These results 

indicate that regulation of ATF3 induction after DNA damage utilizes both the p53-

dependent and -independent pathways, and may involve MAP kinase signaling pathways.  

Evidence for the role of JNK/SAPK in the induction of ATF3 is as follows: compounds that 

induce JNK/SAPK pathway, such as UV [121], anisomycin [122], and cycloheximide [123] 

all induce ATF3.  Furthermore, overexpression of MEK1 increases ATF3 CAT reporter 

activity indicating ATF3 may be activated downstream of p38 and/or Erk [121]. 
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ATF3 Promoter Regulation 

ATF3 is a highly inducible gene and one way in which ATF3 is regulated is through its 

promoter.  For example, ATF3 contains promoter binding sites for ATF2:c-Jun and 

overexpression of ATF2:c-Jun increases ATF3 promoter activity [122].  However, ATF3 

contains several other transcription factor binding sites in its promoter such as AP-1, CREB-

1, ATF/CREB, MEF-2, STAT, E2F, Myc/Max, and Fra1 to name a few.  While ATF3 

contains several binding sites for possible inducers, ATF3 has binding sites for 

transcriptional repressors in its promoter.  For example, ATF3 has several of its own 

transcription factor binding sites in its promoter.  Transient transfection and in vitro 

transcription assays indicate that ATF3 represses transcription as a homo-dimer by binding to 

the consensus sequence ‘TGACGTCA’ [122].  However, ATF3 can activate transcription 

when bound to its respective promoter site as a heterodimer with other transcription factors 

such as c-Jun and others.  Auto-repression of a transcription factor at the promoter level has 

been described for other genes such as c-fos [124], ICER [125], c-myc [126], and c-rel [127].  

Significantly, many of these genes are highly inducible genes and auto-repression appears to 

be a common strategy to achieve transient expression for immediate early genes.  ATF3 is 

believed to induce the expression of its own promoter resulting in a more rapid, and transient 

expression.  Nevertheless, ATF3 is regulated at the promoter level by genes related to cancer 

such as p53.  For example, ATF3 protein expression is induced more efficiently by UV 

irradiation or the proteasome inhibitor MG132 in Saos-2 cells harboring wild-type than the 

temperature-sensitive mutant p53 [128].  In this study, reporter assay of the human ATF3 

gene promoter identified two p53-responsive elements at -379 to -370 and -351 to -342 from 

the transcriptional start site.  These elements are capable of conferring p53 responsiveness to 

a heterologous promoter and specifically bound p53 protein in electrophoretic mobility shift 

assay and the promoter of ATF3 was more significantly activated by UV in cells with wild 

p53 allele.  ATF3 is induced by overexpression of p53 according to microarray analysis of 

human lung cancer cells [123].  Conversely, p53 promoter activity is suppressed by transient 

overexpression of ATF3 resulting in suppression of apoptosis by TNF-α in human umbilical 

vein endothelial cells [129].  Together, it is clear that the human ATF3 gene is one of the 

 16



target genes directly activated by p53 and may suggest a functional link between stress-

inducible transcriptional repressor ATF3 and p53 [128,130]. 

 

Biological Significance of ATF3 

ATF3 is a transcription factor known to both induce [131] and repress [112] gene expression.  

However, little is known about the biology of ATF3.  Other members of the ATF/CREB 

family of proteins have more extensively been studied and they are clearly important to the 

biology of the cell.  Members of this family are transcription factors that contain bZip DNA 

binding domains, which are clearly important in the regulation of gene expression in the cell.  

What is known about ATF3 is that it is induced by a variety of compounds and is induced by 

various stress stimuli such as toxic chemicals, UV, and genotoxic agents.  ATF3 is often 

correlated with apoptosis.  However, most of the data implicating ATF3 in the apoptotic 

response is indirect.  For example, many compounds that induce ATF3 also induce apoptosis.  

In one report, ATF3 appeared to be involved in the induction of caspase and ATF3 

overexpression increased drug-induced apoptosis in cancer cells [132].  ATF3 is implicated 

in the inhibition of cell growth in cancer cells [121].  While the relationship of ATF3 to these 

biological processes is not clear, we are confident ATF3 relates to carcinogenesis and this 

likely occurs via downstream gene regulation.  This may in part, explain the 

chemopreventive activity of NSAIDs and other compounds.  This hypothesis is supported by 

the fact that the invasion potential of these cells are increased in ATF3 antisense cells and 

decreased in ATF3 sense cells as illustrated in chapters 4 and 6.  Furthermore, 

overexpression of ATF3 alters the mRNA expression of several genes related to invasion as 

seen in our work.  These findings are consistent with the biological role for ATF3 reported in 

the literature.  For example, ATF3 blocks transcription of the pro-invasive gene MMP-2 in 

human prostate tumor cells by binding to and inhibiting the promoter of MMP-2 according to 

gel supershift assays and using post transcriptional gene silencing of ATF3.  Furthermore, 

suppression of MMP-2 by the anti-invasive agent IL-10, was blocked in ATF3 deficient 

cells, only to be restored following restoration of ATF3 [114].  Similarly, others report that 

nitric oxide, which is known to inhibit tumor cell invasion, inhibits MMP-2 resulting in the 

inhibition of invasion via the induction of ATF3 [115] and the molecular mechanism may 

involve the transactivation of p53 [113].  Furthermore, NSAIDs inhibit MMP-2 expression 
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via repression of transcription [116].  Therefore the gene regulatory role of ATF3 has anti-

invasive activity. 

 

ATF3 and Colorectal Cancer 

There are few reports regarding ATF3 in colorectal cancer cells.  However, Fan et al. 

demonstrated that in RKO human colorectal cells, ATF3 is induced by ionizing radiation by 

a p53-dependent mechanism, and that this effect did not occur in RKO-E6 (etoposide 

resistant) cells [121].  Furthermore, ATF3 was induced independent of p53 in these cells by 

UV and MMS, and other genotoxic agents at the transcriptional level using promoter assays 

[121].  ATF3 was induced by MEKK1 overexpression, indicating various MAPK pathways 

may be involved.  Our laboratory is interested in whether ATF3 has pro- or anti-carcinogenic 

activity.  At the onset of our research, the pro- or anti-carcinogenic nature of ATF3 was not 

well understood.  For example, in addition to various anti-cancer agents, ATF3 is induced by 

sub-lethal doses of the carcinogen benzo(a)pyrene diol epoxide (BPDE), according to rapid 

analysis of gene expression technique [133].  However, these experiments were performed 

using the normal human mammary epithelial cell line HME87, which could result in different 

patterns than that observed in cancer cells, which is the focus of our work.  The authors of 

this report concluded that p53 was activated 30-min post-treatment, followed by several p53-

target genes, indicating p53 may be responsible for the effects of BDPE.  ATF3 is a known 

target of the anti-cancer gene p53 following treatment with certain compounds including 

several chemopreventive agents as well as BDPE in this study, therefore it is difficult to 

argue a pro- or anti-carcinogenic role for ATF3 based on these results.  What is known about 

ATF3 is that it is involved in the induction of apoptosis by various DNA damaging agents 

[132] and the inhibition of invasion via MMP-2 [114].  Therefore, the role of ATF3 as an 

anti-cancer gene appears significant as will be discussed in subsequent chapters. 

 

ATF3 and Mammary Cancer 

There are several breast cancer drugs on the market today.  One group of anti-cancer drugs is 

microtubule-binding agents (MBA’s), which include taxol, colchicine, vincristine, 

podophyllotoxin, and nocodazole.  Taxol and colchicine induce cell cycle arrest, apoptosis, 

and modulate gene expression in breast cancer cell lines in vitro [102].  ATF3 and c-Jun are 
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two transcription factors induced by these MBA’s [102].  In this experiment, both taxol and 

colchicines induced ATF3 protein expression, while these and other MBA’s induced JNK1 

downstream of any cytoskeletal changes, while only taxol activated p38 indicating a possible 

correlation between these kinases and ATF3. 

In another study using MCF-7 cells and a candidate breast cancer anti-tumor agent 

called 2-(4-Amino-3-methylphenyl)-5-fluorobenzothiazole (5F-203), ATF3 was identified as 

one of the most highly induced genes, along with NAG-1, according to microarray analysis 

[103].  Furthermore, in a cell line resistant to 5F-203 known as MDA-MB-435 cells, ATF3 

and other genes were not modulated.  Much of the early work on the cancer chemopreventive 

effects of NSAIDs were performed in mammary cells using animal models. 

 

ATF3 and Diet 

It has become increasingly evident that dietary compounds with chemopreventive activity 

such as antioxidants [134] and isothiocyanates [135] modulate gene expression using 

microarray analysis and that this gene modulation is likely involved in their chemopreventive 

and other beneficial effects.  In a model of cervical and human epithelial cancer, several 

genes were detected by microarray analysis following treatment by various dietary items with 

cancer chemopreventive properties such as Indole-3-carbinol (I3C) and its dimer 3,3'-

diindolylmethane (DIM) indicating dietary compounds regulate ATF3 [101,136].  ATF3, 

along with several other genes, including several bZip genes (transcription factors) were 

identified.  ATF3 was not linked to anti-cancer activity in this study, but was later 

hypothesized to be linked to the anti-cancer activity of NSAIDs [39].  In the subsequent 

chapters, we will illustrate that ATF3 is induced by a wide variety of compounds, including 

several dietary compounds with chemopreventive activity such as diallyl disulfide, 

resveratrol, and genistein.  However, the biological significance of the induction of ATF3 by 

these compounds is not known.  The regulation of ATF3 and other genes by these 

compounds indicate that gene modulation by these compounds are likely important in the 

anti-cancer properties of these compounds as are discussed in chapter 4.  This further 

emphasizes the importance of gene regulation via cancer chemopreventive compounds. 
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STATEMENT OF PURPOSE: 

Hypothesis 

Modulation of gene expression has become increasingly apparent as a possible mechanism 

involved in the chemopreventive activity of NSAIDs.  Our working hypothesis is that 

NSAIDs and other cancer chemopreventive agents exert their anti-cancer effect in part by 

altering gene expression and their activity is likely independent of Cox inhibition.  However, 

multiple mechanisms are likely at work.  Our experimental design to test this hypothesis 

utilized microarray analysis to look for global patterns of gene expression (Chapter 2).  

Microarray analysis of gene expression allowed for screening of thousands of genes and a 

few genes regulated by multiple compound of interest are often further studied.  

Subsequently, we confirmed these finding using other NSAIDs to demonstrate that these 

effects are independent of the NSAIDs Cox-inhibitory activity (chapter 3).  We focused on 

one gene in particular, ATF3, and demonstrated that ATF3 is related to the carcinogenic 

process (Chapter 4).  This is significant because to date ATF3 is reported to be a stress 

response gene.  Lastly, we demonstrated the molecular mechanism behind the induction of 

ATF3 by select compounds (Chapter 5). 

 

Goals and Objectives 

The goal of this research was to characterize the modulation of ATF3 by various 

chemopreventive compounds and to gain insight into the proposed anti-carcinogenic 

properties of ATF3 hypothesized by our laboratory.  ATF3 was induced at the mRNA and 

protein level by NSAIDs such as sulindac sulfide.  This occurred in colorectal cancer (CRC) 

and other cancer cell lines and by a variety of compounds such as dietary compounds with 

chemopreventive activity, and the PPARγ ligand troglitazone, indicating its induction may be 

biologically significant.  The objectives of this research were as follows. 

To confirm the findings that ATF3 mRNA and protein are induced by cancer 

chemopreventive agents such as NSAIDs.  Confirming these results is not limited to sulindac 

sulfide, the NSAID we originally used to identify genes modulated by NSAIDs according to 

microarray analysis [39].  We used SC-560, a Cox-1 specific inhibitor with reported anti-

tumorigenic activity and SC-58125, which is a Cox-2 specific inhibitor with known cancer 
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chemopreventive activity.  As a result, SC-560 was more potent than SC-58125, thus the 

activity is not likely via Cox inhibition [137]. 

Determine the biological significance of ATF3.  We used ATF3 over-expressing cells 

to test this hypothesis.  Subsequently, we determined if the induction of apoptosis or the 

inhibition of cell proliferation was linked to the proposed anti-tumorigenic effect of ATF3.  

Based on several studies in our laboratory, cell proliferation does not appear to be the mode 

of action for ATF3 in colorectal cancer cells however this has been documented elsewhere.  

We have performed cell proliferation assays and fluorescence-activated cell sorting (FACS) 

analysis on ATF3 over-expressing cells to look at what role, if any, ATF3 has on cell growth 

and apoptosis.  Overexpression of ATF3 had a minimal effect on cell growth (Chapter 4).  

ATF3 may relate to the carcinogenic process by inhibiting/altering tumorigenicity and/or 

invasion.  Some in vitro assays that will be used to measure tumorigenicity are focus 

formation, growth on soft agar, and invasion assays.  Focus formation is an indication of 

tumorigenicity, which may relate to invasion.  To determine if other genes are regulated by 

ATF3, in particular those relating to the cancer process, we will utilize an in-house 

microarray a.k.a. Supperarray™ to search for genes related to cancer altered by ATF3 

overexpression vs. vector expressing cells in an attempt to explain the anti-tumorigenic 

effects of ATF3 overexpression.  We intend to use the cancer pathway finder, which contains 

96-different genes related to the carcinogenic pathway.  To further delineate the anti-cancer 

activity of ATF3 we plan to utilize xenograft mouse models to measure tumorigenicity of 

three stable ATF3 constructs: pcDNA3.1 Zeo vector, sense and anti-sense over-expressing 

cells.   

We attempted to decipher the pathway responsible for the induction of ATF3 by 

NSAIDs.  To do so, we determined if various MAPK pathways (Figure 1.9, [138]) were 

involved in the upstream activation of ATF3 by utilizing kinase inhibitors.  These pathways 

are documented to regulate the expression of a variety of genes and are critical to many gene 

regulatory responses.  The involvement of JNK/SAPK and/or p38 in the regulation of ATF3 

by NSAIDs was tested because other compounds induce ATF3 via p38 and JNK.  We 

attempted to decipher an NSAID response element in the ATF3 gene promoter utilizing 

various promoter constructs.  The promoter region of a gene contains response elements, 

which are specific sequences of DNA that certain proteins called transcription factors can 
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bind, as illustrated diagrammatically (Figure 1.10).  ATF3 is a transcription factor that 

contains binding sites in its promoter region for several other transcription factors that 

modulate its expression.  One aspect of this research utilized various sized promoter 

constructs, based on the pGL3 system (Figure 1.11) to delineate the region with the strongest 

or most critical control over ATF3 mRNA expression.  While the ATF3 promoter and 

genomic organization is well characterized, its regulation by various compounds is not well 

understood.  Promoter analysis software revealed several possible binding sites in the 

promoter of ATF3 such as AP-1, E2F, and Myc/Max which related to cell growth as 

illustrated by others (Figure 1.12-1.14, [122]).  However, our laboratory has noted several 

other binding sites in the promoter of ATF3 as discussed in Chapter 5 on Egr-1. 

We tested other cancer chemopreventive compounds.  Troglitazone is a PPARγ 

agonist and anti-cancer drug that highly induces ATF3 at the protein, mRNA, and promoter 

level in our studies.  We explored the induction of ATF3 by troglitazone and determined that 

it occurs, in large part, via a similar mechanism as NSAIDs (Chapter 5).  However, DADS, 

which is a dietary compound from garlic, and resveratrol from grapes and red wine, both of 

which have cancer chemopreventive activity, likely induced ATF3 in a different manner. 

 

Introduction to the Subsequent Chapters 

In the subsequent chapters, several novel findings are discussed.  For example, we were the 

first to report alterations in gene expression in colorectal cancer cells at physiological 

concentrations of NSAIDs using microarray technology.  In Chapter 3, we were the first to 

suggest that similar to sulindac sulfide, the Cox-1 specific inhibitor SC-560 appears to elicit 

chemopreventive activity by altering gene expression, suggesting that the Cox-2 inhibitory 

activity is not solely responsible for the chemopreventive activity of these compounds.  

While ATF3 is linked to the suppression of MMP-2, in Chapter 4 we were the first to 

demonstrate that ATF3 has anti-tumorigenic and anti-invasive activity in colorectal cancer 

cells using several biological and an in vivo assay.  Lastly, in Chapter 5 we demonstrated the 

mechanism behind the promoter regulation of ATF3 by NSAIDs and TGZ.  As a result of 

this work, significant contributions to the story of the chemopreventive role of NSAIDs and 

other compounds have been provided.  We dispute the dogma that ATF3 is solely a stress 

response gene and provide evidence that ATF3 has anti-cancer activity. 
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Table 1.1. 

Some Commonly Used Colorectal Cancer Cell Lines and their Phenotypes. 

 

Cell Type: Cox-1       Cox-2       P53   P21   

HCT-116 - - + + 

HCT-15 - - - + 

PC-3 + Low -  

DLD-1 + - - + 

SW-480 + Low -  

A549 - + +  

LS-174  + +  

HT-29 + -/+ - + 

CACO-2 -/low + + + 

HCA-7 - + -  

     

 

Phenotypes are based on the literature or ATCC source of the cells.  “+ or –” are according to 
Western blot analysis and/or RT-PCR from our laboratory or the literature.  An – may 
indicate absence or mutant form. 
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Table 1.2.  
Microarray analysis of SW480 cells treated with celecoxib. 

 
See Chapter 2 for materials and methods. 
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CHAPTER 2 

 

Bottone, F.G., Jr., Martinez, J.M., Collins, J.B., Afshari, C.A. and Eling, T.E. (2003). Gene 

Modulation by the Cyclooxygenase Inhibitor, Sulindac Sulfide, in Human Colorectal 

Carcinoma Cells: POSSIBLE LINK TO APOPTOSIS. Journal of Biological Chemistry, 278, 

25790-25801. 
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ABSTRACT:  

The mechanisms underlying the anti-tumorigenic properties of cyclooxygenase inhibitors are 

not well understood.  One novel hypothesis is alterations in gene expression.  To test this 

hypothesis sulindac sulfide, which is used to treat familial adenomatous polyposis, was 

selected to detect gene modulation in human colorectal cells at physiological concentrations 

with microarray analysis.  At micromolar concentrations, sulindac sulfide stimulated 

apoptosis and inhibited the growth of colorectal cancer cells on soft agar.  Sulindac sulfide 

(10 µM) altered the expression of 65 genes in SW-480 colorectal cancer cells, which express 

cyclooxygenase-1 but little cyclooxygenase-2.  A more detailed study of 11 genes revealed 

that their expression was altered in a time- and dose-dependent manner as measured by real-

time RT-PCR.  Northern analysis confirmed the expression of 9 of these genes and Western 

analysis supported the conclusion that sulindac sulfide altered the expression of these 

proteins.  Cyclooxygenase deficient HCT-116 cells were more responsive to sulindac sulfide-

induced gene expression than SW-480 cells.  However, this response was diminished in 

HCT-116 cells over-expressing cyclooxygenase-1 compared to normal HCT-116 cells 

suggesting the presence of cyclooxygenase attenuates this response.  However, PGE2, the 

main product of cyclooxygenase, only suppressed the sulindac sulfide-induced expression of 

two genes, with little known biological function while it modulated the expression of two 

more.  The most likely explanation for this finding is the metabolism of sulindac sulfide to 

inactive metabolites by the peroxidase activity of cyclooxygenase.  In conclusion, this is the 

first report showing sulindac sulfide, independent of cyclooxygenase, altered the expression 

of several genes possibly linked to its anti-tumorigenic and pro-apoptotic activity. 
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INTRODUCTION: 

Colorectal cancer is the third leading cancer in the United States.  Numerous review articles 

of population-based studies, animal studies, and in vitro studies with human colorectal 

carcinoma cells indicate that non-steroidal anti-inflammatory drugs (NSAIDs) such as 

sulindac have anti-tumorigenic activity directed against colorectal cancer [12,42-44].  

NSAIDs are known for their anti-inflammatory properties via inhibition of cyclooxygenase 

(Cox), which is responsible for the formation of prostaglandins [17].  There are at least two 

distinct forms of Cox, the constitutively expressed Cox-1, and the inducible Cox-2.  Most of 

the studies demonstrating that Cox inhibitors have anti-cancer activity used classical NSAIDs 

that inhibit both Cox-1 and Cox-2.  Moreover, classical Cox inhibitors such as sulindac 

sulfide and indomethacin are more potent inhibitors of Cox-1.  However, more recent studies 

in animal models initiated in part due to the toxicity of nonselective Cox inhibitors suggest 

that specific Cox-2 inhibitors inhibit the development of cancer.  The anti-tumorigenic 

activity of NSAIDs may be dependent on the inhibition of Cox activity [32] but other results 

suggest that the anti-cancer activity of NSAIDs might be independent of Cox inhibition [49-

53].  Thus, it appears that both Cox-dependent and Cox-independent mechanisms could 

contribute to the anti-cancer effect of NSAIDs [139]. 

Of all the various NSAIDs reported to inhibit the development of tumors, sulindac 

appears to be very effective at inhibiting tumor development in experimental animals.  

Sulindac is not an inhibitor of Cox but its metabolite sulindac sulfide is a potent non-

selective inhibitor of Cox.  Sulindac sulfide inhibits the growth of tumor cells in soft agar 

[140,141], inhibits the growth of tumors in xenograft mouse models [33,141] and is a 

effective stimulator of apoptosis under a number of experimental conditions [37,50,142-147].  

In addition, sulindac and hence its metabolite, sulindac sulfide, is currently used to suppress 

the development of adenomatous polyps in patients with familial adenomatous polyposis 

[148].  However, understanding the mechanisms responsible for the anti-tumorigenic activity 

of sulindac sulfide and other NSAIDs is lacking. 

This laboratory has proposed the hypothesis that the anti-tumorigenic activity of Cox 

inhibitors is mediated, in part, by altering gene expression either dependent or independent of 

Cox inhibition.  Previously, our laboratory utilized subtractive hybridization to study changes 

in gene expression by NSAIDs and identified a novel member of the TGF-β super family 
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with several names including NAG-1 (NSAIDs activated gene-1), PLAB, PTGFB, PDF, 

MIC-1, and HP00269 [98,99].  Sulindac sulfide is one of the most potent NSAIDs both in 

terms of its ability to induce NAG-1 expression and its ability to induce apoptosis in Cox 

deficient HCT-116 cells [99].  While NAG-1 has potent anti-tumorigenic activity as 

overexpression of NAG-1 induces apoptosis in cultured cells and suppresses xenograft 

growth in nude mice [99], it is likely only one of several genes involved in the pro-apoptotic 

and anti-tumorigenic effects of sulindac sulfide.  In this report, we ask the question does 

sulindac sulfide alter the expression of other genes involved in apoptosis, cell proliferation, 

and/or anti-tumorigenicity and are these changes in gene expression dependent on Cox?  We 

report here that sulindac sulfide increases and represses the expression of a number of genes 

with potential responsibility for the pro-apoptotic, anti-tumorigenic activity of sulindac 

sulfide.  This is the first report showing alterations in gene expression in colorectal cancer 

cells at physiological concentrations of NSAIDs using microarray technology.
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EXPERIMENTAL PROCEDURES: 

Chemicals 

Chemicals were from Sigma Chemical Company (St. Louis, MO) unless otherwise noted.  

Indomethacin was from Cayman Chemical Company (Ann Arbor, MI).  NSAIDs were 

dissolved in DMSO and prepared fresh weekly.  Prostaglandin E2 was dissolved in ethanol. 

Cell line and Reagents 

Cell lines were purchased from ATCC (Rockville, MD) and were maintained at 

37ºC/5%CO2.  Cell culture reagents were from Life Technologies (Rockville, MD).  Human 

colorectal carcinoma SW-480 cells were maintained in EMEM medium supplemented with 

15% fetal bovine serum (FBS), 10 mg/L Gentamicin, and Sodium Pyruvate.  Human 

colorectal carcinoma HCT-116 cells were maintained in DMEM medium supplemented with 

10% FBS and 10 mg/L gentamicin. 

Cell Culture Treatments 

Cells were plated at 50% confluency in complete media for 24-h and treated in serum-free 

media containing vehicle or drug unless otherwise indicated for 0, 4, 8, or 24-h as indicated. 

Cell Proliferation 

Cell proliferation was measured using the MTS colorimetric assay by Promega (Madison, 

WI) as recommended by the manufacturer.  Cells were treated with various concentrations of 

vehicle or sulindac sulfide in complete media containing 10% (HCT-116) or 15% (SW-480) 

FBS.  Each experiment was carried out in quintuplet and repeated two times.  Percent 

viability is calculated from mean OD 490 ± SEM.  A representative experiment is shown. 

Measurement of DNA Content and Apoptosis 

The DNA content for vehicle or sulindac sulfide-treated SW-480 and HCT-116 cells were 

determined by fluorescence-activated cell sorting (FACS).  Cells were plated at 50% 

confluency in 6-well plates overnight then treated in SFM or media containing 2% FBS in 

the presence of various concentrations of sulindac sulfide or vehicle for various time points 

in triplicate repeated two or more times.  Cells fixed in ethanol were stained with propidium 

iodine (PI) as previously reported [149] while living cells were stained with Annexin V and 

PI (Oncogene Research Products, San Diego, CA) according to the manufacturer's 

instructions.  Both assays were analyzed by flow cytometry using a Becton Dickinson 
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FACSort equipped with CellQuest software according to the manufacturer's instructions.  

Measurements are fold-increase over vehicle-treated time-matched controls. 

Soft Agar Cloning Assay in the Presence of NSAIDs 

Soft agar assays were performed to compare the clonogenic potential of colorectal cancer 

cells in semisolid medium.  HCT-116 and SW-480 cells were re-suspended at 6,000 cells in 2 

ml of warm media containing 0.35% agarose and the final concentration of sulindac sulfide 

or vehicle tested in appropriate media and plated on top of 1 ml of 0.5 % agarose in 6-well 

plates.  Plates were incubated for 3 weeks at 37°C/5% CO2.  Cell colonies were visualized 

following an overnight stain with 0.5 ml of p-iodonitrotetrazolium violet at room temperature 

then image captured using a color CCD camera equipped with a personal computer loaded 

with Adobe® Photoshop® (San Jose, CA). 

RNA Isolation 

Following treatments, cells were rinsed twice with PBS then RNA was isolated using the 

Qiagen (Valencia, CA) RNeasy MIDI or MINI kit according to the manufacturer's 

instructions.  Cell lysis was performed using an electric homogenizer for microarray or by 

centrifugation through a Qia-shredder (Qiagen) for real-time RT-PCR. 

Microarray Hybridization and Analysis 

A complimentary DNA (cDNA) Human 12K Chip, developed in-house at the NIEHS 

Microarray Group, was used for gene expression profiling experiments.  A complete listing 

of the genes on this chip is available at the National Institute of Environmental Health 

Sciences website.  cDNA microarray chips were prepared according to DeRisi et al [150].  

The spotted cDNAs were derived from a collection of sequence verified IMAGE clones that 

covered the 3’ end of the gene and ranged in size from 500 to 2000 base pairs (Research 

Genetics, Birmingham, AL).  M13 primers were used to amplify insert cDNAs from purified 

plasmid DNA (pDNA) in a 100 µl PCR reaction mixture.  A sample of the PCR products (10 

µl) was separated on 2% agarose gels to ensure quality of the amplifications.  The remaining 

PCR products were purified by ethanol precipitation, re-suspended in ArrayIt buffer 

(Telechem, San Jose, CA) and spotted onto poly-L-lysine coated glass slides using a 

modified, robotic DNA arrayer (Beecher Instruments, Bethesda, MD).  Each total RNA 

sample (35 µg) was labeled with Cyanine 3 (Cy3) or Cyanine 5 (Cy5)-conjugated dUTP 

(Amersham Biosciences, Piscataway, NJ) by a reverse transcription reaction using the 
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reverse transcriptase, SuperScript (Invitrogen, Carlsbad, California), and the primer, Oligo 

dT (Amersham Biosciences).  The fluorescent-labeled cDNAs were mixed and hybridized 

simultaneously to the cDNA microarray chip.  Each RNA pair was hybridized to a total of 4 

arrays employing a fluor reversal accomplished by labeling the control sample with Cy3 in 2 

hybridizations and with Cy5 in the other 2 hybridizations.  The cDNA chips were scanned 

with an Axon Scanner (Axon Instruments, Foster City, CA) using independent laser 

excitation of the two fluors at 532 and 635 nm wavelengths for the Cy3 and Cy5 labels, 

respectively.  The raw pixel intensity images were analyzed using the ArraySuite v1.3 

extensions of the IPLab image processing software package (Scanalytics, Inc., Fairfax, VA).  

This program uses methods that were developed to locate targets on the array, measure local 

background for each target and subtract it from the target intensity value, and to identify 

differentially expressed genes using a probability-based method.  We measured the pixel 

intensity level of "blank" spots comprised of spotting solution.  The data was then filtered to 

provide a cut off at the intensity level just above the blank measurement values to remove 

from further analyses those genes having one or more intensity values in the background 

range.  After pixel intensity determination and background subtraction, the ratio of the 

intensity of the treated cells to the intensity of the control was calculated following 

normalization.  A probability distribution was fit to the data and used to calculate a 99% 

confidence interval for the ratio intensity values.  Genes having normalized ratio intensity 

values outside of this interval were considered significantly differentially expressed. 

For each of the 4 replicate arrays for each sample, lists of differentially expressed genes at 

the 99% confidence levels were created and deposited into the NIEHS MAPS database [151].  

For each time point, a query of the database yielded a list of genes that were differentially 

expressed in at least 3 of the 4 replicate experiments.  Any of these genes that indicated fluor 

bias or high variation were not considered for further analysis.  Mean values are from all 

valid replicates.  Assuming that the replicate hybridizations are independent, a calculation 

using the binomial probability distribution indicated that the probability of a single gene 

appearing on this list when there was no real differential expression is negligible. 

Reverse Transcription 

For real-time RT-PCR assays, the RNA was treated with 1 unit of amplification grade 

Deoxyribonuclease I (Life Technologies) per µg of RNA to remove genomic DNA according 
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to the manufacturer’s instructions.  Two µg of the RNA was reverse transcribed using 

superscript-II reverse transcriptase and oligo-dT priming then treated with RNase H 

according to the manufacturer’s instructions.  RT was performed using Qiagen’s Omniscript 

reverse transcription kit (for real-time RT-PCR) according to the manufacturer’s instructions.  

A negative control containing all of the RT reagents in the absence of RT enzyme (no RT 

control) was routinely performed. 

Primer Design 

Primers were designed using PrimerExpress Software (Applied Biosystems, Foster City, 

CA).  Primers were from Life Technologies and dissolved in 10 mM Tris, pH 7.0.  Primers 

are listed as follows: accession number (common name): forward primer; reverse primer 

(product size).  For real-time RT-PCR: H26183 (C/EBPβ): 

CGCAACCCACGTGTAACTGT; CAAAAAGCCCGTAGGAACATCT (68) H59620 

(Insulin Induced Gene 1 (INSIG1)): CCTTTGGTGGACATTTGATCGT; 

GCGTAGCTAGAAAAGCTATGGTGAT (72) AA064973 (Myozenin): 

AGCTTAAAGTAGGACAACCATGGA; GACACTTCTCTTGACCTTAGGATAATAGC 

(84) T78868 (nucleoporin): ACGCGATCAGTGGGTTCTG; 

GGTGATCCCCTGGTGTATGG (74) R34224 (EST): 

CATGCATACATTTTTACAGAGTTGTGA; 

CAATGTTACTTGGAAAACTAGATGTCAAT (83) R20886 (Stanniocalcin 2): 

GCTCCTGGACTGGATGTGTGA; TCAGTAGGCGAACACATAAAACATTT (77) 

H21041 (ATF3): AAGAACGAGAAGCAGCATTTGAT; 

TTCTGAGCCCGGACAATACAC (71) AA682897 (RAP1, GTPase activating protein 1): 

CCAAGTGCCGGACATACCAT; CCATCTGGACAACATTAGGGAACT (72) AA598794 

(Connective tissue growth factor): GCTACCACATTTCCTACCTAGAAATCAG; 

GACAGTCCGTCAAAACAGATTGTT (84) AA427688 (Protein phosphatase 2, regulatory 

subunit A): GACCAGGATGTGGACGTCAAA; TCCAGCATCAGGCGAGAGA (70) 

AA187351 (Ribonucleotide reductase M2 polypeptide): GCAGCAAGCGATGGCATAGT; 

GGGCTTCTGTAATCTGAACTTC (74) AA045226 (MSX1): 

GGATCAGACTTCGGAGAGTGAACT; GCCTTCCCTTTAACCCTCACA (75) 

AA481076 (Mitotic arrest deficient-like 2 (MAD2)): 

ACTTAAATATCTCCCTACCTATACTGAGTCAA; 
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TAGTAACTGTAGATGGAAAAACTTGTGCTA (107) R33154 (EST): 

GTACACACAATCCCTTCCAAAGG; TGTTGCAAGGGTGGGTTGA (141) AA040248 

(Dynein, cytoplasmic, light polypeptide): TCATGTGTCACATAACTACCGAAGTTC; 

TTGCCAGGGAGGTACAATCC (71) W31629 (Interferon-related developmental regulator 

1) CAGATGTTAAGGTTAGCAACCTTTCTG; GTACTTAAAAGCCGATTCGA (88) 

AA450062 (NAG-1): TGCCCGCCAGCTACAATC; 

TCTTTGGCTAACAAGTCATCATAGGT (88) W68220 (NSAID Regulated Gene-1 (NRG-

1/KIAA0101)): GCTCGAGCCCCCAGAAAG; CCTCGATGAAACTGATGTCGAA (69) 

Actin: CCTGGCACCCAGCACAAT; GCCGATCCACACGGAGTACT (70).  For 

traditional RT-PCR: Cox-1: CCTCATGTTTGCCTTCTTTGC; 

GGCGGGTACATTTCTCCATC (207) Cox-2: CTTTGCCCAGACCTTCA; 

CTAGCCAGAGTTTCACCGTAA (120).  Actin: CGGGGACCTGACTGACTACC; 

AGGAAGGCTGGAAGAGTGC (248). 

Traditional and Real-time RT-PCR with SYBR green Detection 

Traditional and Real-time RT-PCR were performed as previously described [152] using an 

ABI Prism 7700 (Applied Biosystems).  Real-time RT-PCR fluorescence detection was 

performed in 96-well plates using Quantitect SYBR Green buffer (Qiagen).  Each 50 µl PCR 

reaction contained cDNA, 0.5 units of Amp Erase Uracil-N-glycosylase (UNG) (Perkin 

Elmer Life Sciences, Boston, MA), forward and reverse primers, and the Passive Reference 

dye (ROX) to normalize the SYBR green/double stranded DNA complex signal during 

analysis to correct for well-to-well variations while primer concentrations were optimized to 

yield the lowest concentration of primers that yielded the same Ct values as recommended by 

Applied Biosystems.  A no RT control RNA sample was used with each real-time RT-PCR 

experiment containing human actin primers to verify no genomic DNA contamination.  

Amplification parameters were UNG incubation, for one cycle at 50˚C for 2 minutes to 

prevent amplification of carryover DNA; denaturation/UNG inactivation at 94ºC for 10 min; 

amplification, 40 cycles of 95°C/15 sec and 60ºC/30 sec.  Amplification products using 

Sybergreen detection were routinely checked using dissociation curve software (Perkin 

Elmer) and by gel electrophoresis on a 1% agarose gel then visualized under UV light 

following staining with 0.05% ethidium bromide to confirm the size of the DNA fragment, 

and that only one product was formed.  Samples were compared using the relative 
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(comparative) Ct method to validate microarray results.  The Ct value, which is inversely 

proportional to the initial template copy number, is the calculated cycle number where the 

fluorescence signal emitted is significantly above background levels.  Fold induction or 

repression by real-time RT-PCR was measured in triplicate relative to time-matched vehicle-

treated controls and calculated after adjusting for actin using 2 -∆∆Ct, where ∆Ct  = target gene 

Ct-actin Ct, and ∆∆Ct = ∆Ct control- ∆Ct treatment. 

Sequence Confirmation 

One µl of a PCR reaction generated from each primer pair was cloned into E. coli using the 

TOPO TA cloning kit (Life Technologies) in duplicate according to the manufacturer’s 

instructions.  The cloned cDNA inserts were then sequenced by dRhodamine and purified 

according to the manufacturer’s instructions (Applied Biosystems).  Sequences were 

determined following gel electrophoresis by the DNA sequencing facility at NIEHS (RTP, 

NC).  Results were verified using a nucleotide-nucleotide Blast search on the NCBI website. 

Northern Blot Detection 

Sequence verified clones provided by the NIEHS microarray group and purchased from 

Research Genetics (Invitrogen) were used to generate cDNA probes for Northern blots.  They 

were grown on LB agar plus 50 µg/ml ampicillin and individual colonies were selected and 

grown in LB broth at 37°C for 16-h.  The pDNA was isolated using the QIAprep Miniprep 

kit (Qiagen) according to the manufacturer’s instructions.  Ten µg of pDNA was digested to 

release the cDNA insert using the appropriate restriction enzymes (Promega Inc) according 

to the gene accession number available at the National Center for Biotechnology 

Information, National Institutes of Health.  Following electrophoresis, cDNA inserts were 

excised and column purified using a QIAquick Spin kit (Qiagen) according to the 

manufacturer’s instructions.  Probes were labeled with α32P-dCTP using a DECAprime II kit 

(Ambion) according to the manufacturer’s instructions. 

Probes were column purified using a G-50 column (Amersham Biosciences).  Twenty 

µg RNA from vehicle or sulindac sulfide treated SW-480 cells was subjected to Northern 

blots analysis as previously described [40].  The signal was detected by autoradiography 

using Biomax MS film and intensifying screen for several hours as appropriate (Kodak, 

Rochester, NY).  Each membrane was subsequently hybridized with a GAPDH probe 

(Ambion) to verify equal loading. 
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Tissue Collection and Sample Preparation 

Surgically resected colorectal tumor samples (adenocarcinomas) and matched adjacent 

normal tissues were obtained from the University of North Carolina at Chapel Hill 

Comprehensive Cancer Center.  Tissue was obtained with the approval of the University of 

North Carolina and National Institutes of Environmental Health Sciences local boards 

governing research on human subjects as previously described by our laboratory [153].   

Western Blotting 

Protein from tissue culture cells (20 µg) were isolated as previously described [149] and 

human tissues (50 µg) isolated as previously described [153] were separated by SDS-PAGE 

and transferred onto nitrocellulose membranes and stained with Ponceau S to verify equal 

loading.  Blots were blocked overnight with 10% skim milk in TBS containing 0.1% Tween-

20 (TBS-T), and probed for 1 h at room temperature in TBS-T with 5% milk containing Cox-

1, Cox-2 (Cayman), ATF3, MAD2, C/EBPβ, MSX1, or actin (Santa Cruz, Santa Cruz, CA).  

Blots were washed in TBS-T then treated with the appropriate horseradish peroxidase (HRP)-

conjugated secondary antibody (Santa Cruz) for 1 h at room temperature in TBS-T 

containing 5% milk and washed several times in TBS-T.  The signal was detected by 

enhanced chemiluminescence purchased from (Amersham Biosciences) and followed by 

autoradiography.  Where necessary, blots were stripped of antibody before reuse while sealed 

in a plastic bag containing a solution of 62.5 mmol/L Tris-HCl (pH 6.8), 2% (w/v) SDS, and 

100 mmol/L beta-mercaptoethanol (BME) for 30 minutes with constant agitation in a 50ºC 

water bath followed by washing in TBS-T. 

Statistical Analyses and Densitometry Measurements 

Real-time RT-PCR was performed in triplicate with individual time-matched vehicle-treated 

controls for each gene tested.  Statistical significance was determined according to a one-

sided t-test with a 0.025 level of significance on Ct values following adjustment for actin, 

because only gene modulation in the same direction as the microarray data were considered 

significant.  Autoradiograms from Western blots were scanned using an Umax Powerlook III 

scanner equipped with a transparency adapter and scanning software.  Bands were 

quantitated using Scion Image beta version 4.0.2 and cut to size for publication without 

modification and labeled using Adobe® Photoshop® 5.0.
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RESULTS: 

Sulindac sulfide Induces Apoptosis and Inhibits Clonogenic Growth 

The human colorectal cell line [154], SW-480 was selected to evaluate gene expression by 

the traditional NSAID, sulindac sulfide, because this cell line expresses Cox-1 and a little 

Cox-2.  The expression of Cox-1 and Cox-2 in each of these cell lines was evaluated at the 

mRNA level by traditional PCR and at the protein level by Western analysis using Cox-1 and 

Cox-2 specific antibodies as previously reported and data not shown [40].  In addition, we 

selected HCT-116 cells that are devoid of Cox expression, which was confirmed by HPLC 

analysis for metabolites of arachidonic acid [40].  This cell line is reported to undergoes 

apoptosis when exposed to sulindac sulfide [50,58,100] and other Cox-inhibitors [49].  Both 

cell lines are commonly used to study the anti-tumorigenic activity of Cox inhibitors [147] 

[100] [155] [156] [58].  To determine if sulindac sulfide alters cell growth or was toxic, cells 

were treated with various concentrations sulindac sulfide.  Cell proliferation was not 

inhibited at concentrations at or below 100 µM nor was toxicity observed below these 

concentrations (data not shown).  Apoptosis was then measured by FACS analysis after 

incubating the cells with various concentrations of sulindac sulfide or vehicle.  As shown in 

Figure 2.1 A and B, sulindac sulfide induced apoptosis at 20-40 µM in SFM following a 30-h 

treatment.  This observation was verified using Annexin-V FITC which measures live cells 

following treatment in media containing 2% serum for 30-h in HCT-116 cells but required a 

48-h treatment in SW-480 cells.  This is consistent with previous results where sulindac 

sulfide inhibited cell growth at an IC50 of 50 µM and induced apoptosis at an EC50 of 65 µM 

in the presence of serum in HT-29 colon cancer cells following a 48-h treatment with similar 

results in SW-480 cells [61].  HCT-116 cells were more susceptible to sulindac sulfide-

induced apoptosis at lower doses and both cells were more susceptible in SFM. 

In addition, the ability of sulindac sulfide to inhibit the growth of cells on soft agar, 

an assay for anti-tumorigenic activity, was performed.  As shown in Figure 2.2, higher 

concentrations of sulindac sulfide were required to inhibit the growth of HCT-116 on soft 

agar than were required to induce apoptosis.  This finding is in agreement with previous 

reports in the literature and may be related to the presence of 10% serum in the incubation 

mixture that would bind up the sulindac sulfide thus requiring a higher concentration to elicit 

a response [157] similar to that seen here by FACS analysis (Figure 2.1).  Based upon these 
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findings the major focus was to search for genes potentially linked to apoptosis.  A 

physiological (10 µM) concentration of sulindac sulfide was used based upon the reported 

plasma levels of sulindac sulfide obtained in human subjects [158].  This concentration is 

related to clinical usage of the drug and should reduce any general toxic responses and non-

specific downstream targets. 

Analysis of Gene Expression 

Following treatment of SW-480 cells with 10 µM sulindac sulfide, 65 genes (0.5%) were 

identified as significantly induced or repressed by microarray at 4, 8, and/or 24-h at the 99% 

confidence interval in at least 3 of 4 hybridizations.  Thirty-seven genes were induced (Table 

2.1), 10 of which at multiple time points ranged from 2.2- to 1.2-fold.  Meanwhile, 28 genes 

were repressed (Table 2.2), 3 at multiple time points, by 0.67- to 0.83-fold.  Twenty genes 

were modulated at 4-h, 40 genes at 8-h, and 22 at 24-h including several genes significant at 

multiple time points resulting in a total of 65 genes.  The microarray data set was further 

inspected with regard to greatest fold induction/repression, if the induction or repression 

occurred at multiple time points, and the potential biological function particularly as related 

to cell growth and apoptosis.  Of the 65 genes, fourteen were EST’s (at the beginning of the 

study) while several others related to growth and differentiation or cell proliferation such as 

MAD2, and/or were transcription factors such as ATF-3, MSX1, and C/EBPβ.  Additionally, 

several of the genes have previously been reported as regulated by NSAIDs in SW-480 

colorectal cancer cells by microarray analysis such as ATF3, Stanniocalcin 2, MAD2, and 

C/EBPβ albeit at much higher doses and using the precursor form of sulindac sulfide, 

sulindac [100].  Subsequently, this gene set was empirically reduced to 16 genes (8 induced, 

8 repressed) for further study based on these factors.  These genes are illustrated in bold in 

Table 2.3. 

Measurement of Gene Expression by real-time RT-PCR 

Real-time RT-PCR was then used to verify changes in the expression of these 16 genes using 

the same RNA from the original microarray experiment.  Changes in gene expression at one 

or more time points of that determined by microarray were verified in 15 genes (Table 2.3).  

The exception was dynein, likely due to low mRNA levels evidenced by a high Ct value.  In 

general, real-time RT-PCR detected larger changes in gene expression than microarray 

analysis.  This difference was anticipated because microarray analysis often underestimates 
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changes in gene expression and is poor at measuring differences at low mRNA 

concentrations.  For example, stanniocalcin was induced 1.6-fold by microarray analysis but 

4.5-fold by real-time RT-PCR.  Similarly, MAD2 was repressed 0.83-fold by microarray 

analysis but 0.58-fold by real-time RT-PCR.  Changes in gene expression by sulindac sulfide 

in 9 of the most avidly induced or repressed genes were selected for further study and are 

indicated in bold in Table 2.3.  Interferon-related developmental regulator 1 was not selected 

because it was repressed at the other time points tested. 

Gene Modulation is Time Dependent 

To replicate the previous results and to determine if the induction or repression of these 9 

genes selected for more detailed study occurred in a time-dependent fashion according to 

real-time RT-PCR, SW-480 cells were incubated with vehicle or 10 µM sulindac sulfide and 

RNA was isolated at various time points from new experiments.  Additionally, NAG-1 and 

NRG-1, which are induced and repressed respectively by NSAIDs in vitro, were used as 

controls for further experiments.  Sulindac sulfide did not modulate NAG-1 and NRG-1 

according to microarray analysis at the 99% confidence level.  However NAG-1 was not 

modulated by any treatments and a defective spot for NAG-1 was present on these chips that 

was later confirmed by the Microarray group, while NRG-1 was repressed 0.83-fold at 8-

hours, albeit not significantly. 

Real-time RT-PCR was used to measure the time dependence of induction or 

repression for each gene.  Most genes were consistently induced or repressed by sulindac 

sulfide according to real-time RT-PCR in a time dependent manner (Figure 2.3 A, B).  The 

highest induction and greatest repression was, in general, observed following an 8-h or 24-h 

treatment.  However modulation generally was significant at both 8 and 24-h, which is prior 

to the induction of apoptosis.  Interestingly, in addition to ATF3, NAG-1, which can induce 

apoptosis, was consistently one of the most highly induced genes, while NRG-1 was one of 

the most repressed indicating they make convenient and reliable controls in this study.  At 4-

h, ATF3 and C/EBPβ, which are transcription factors, were induced 2.2 and 1.4-fold 

respectively. 

Northern Blot Analysis 

Northern blots were performed for these genes to ascertain more information on them such as 

transcript size, basal levels of transcription, relative abundance following induction or 
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repression, and to confirm the most significant time of induction or repression seen by 

microarray and real-time RT-PCR.  With the exception of ATF3 and nucleoporin, all the 

induced genes were detected by Northern analysis in SW-480 cells following treatment with 

sulindac sulfide (Figure 2.4 A).  Induction of ATF3 was confirmed in HCT-116 cells (data 

not shown).  All of the repressed genes (MSX1, INSIG1, MAD2, and NRG-1) were detected 

by Northern analysis in SW-480 cells (Figure 2.4 B).  These results confirm the findings by 

both microarray and real-time RT-PCR.  These findings support the conclusion that the Cox 

inhibitor, sulindac sulfide, significantly alters gene expression in SW-480 human colorectal 

cells and their expression levels are significant using physiological doses of sulindac sulfide.  

Other genes such as ESTs and recently discovered genes have little or no known function.  In 

an attempt to find out more about one such EST (R34224), we cloned a 1.1-kb fragment and 

sequenced it from HCT-116 cells in which it was highly induced1. 

Measurement of Protein Expression 

Measurement of protein expression was limited by availability of antibodies.  Whole cell 

protein lysates were isolated from SW480 cells after a 24 h treatment with vehicle, 10, or 50 

µM sulindac sulfide and Western blots performed on four genes, MAD2, ATF3, MSX1, and 

C/EBP β, which have antibodies commercially available.  A significant increase in protein 

expression by treatment of the cells with sulindac sulfide was observed for ATF3, and 

C/EBPβ (Figure 2.5A) while a decrease in expression was observed for MAD2 and to a 

lesser extent MSX1 (Figure 2.5B).  Thus a good correlation was observed between the genes 

measured by Northern and Western analysis.  Changes in protein expression for these genes 

are concentration dependent and approximately 8 fold increase in ATF3 and C/EBPβ while a 

60 to 90% decrease in MSX1 and MAD2 expression was observed at 50 µM sulindac sulfide.  

Sulindac sulfide induces NAG-1 protein expression in SW-480 cells (data not shown) and in 

HCT-116 cells [149]. 

Gene Expression in HCT-116 cells 

Subsequently, another colorectal carcinoma cell line was selected to confirm that changes in 

gene expression by sulindac sulfide were not restricted to SW-480 cells.  To determine if 

their modulation was dependent on Cox, we selected HCT-116 that are devoid of both Cox-1 

                                                 
1 The 1.1-kb sequence was generated from HCT-116 cells was unique and is available under the accession 
number AY145439 and the gene has been designated NSAID Activated Gene-3 (NAG-3) in Genbank. 
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and Cox–2 that was confirmed by Western analysis (data not shown) and HPLC analysis of 

metabolites [40].  The cells were treated with several concentrations of sulindac sulfide and 

RNA isolated at 8 and 24-h.  The expression of these genes plus the two control genes was 

measured by real-time RT-PCR.  In HCT-116 cells, there was a similar pattern of gene 

expression, which occurred in at similar time points (data not shown).  The fold change was 

far more dramatic following treatment with sulindac sulfide than that seen in SW-480 cells at 

equimolar concentrations (Table 2.4).  For example, the EST, NAG-3 was induced 20-fold 

compared to a 3.4-fold induction in SW-480 cells.  However, nucleoporin and INSIG1 were 

not modulated in HCT-116 cells.  The induction by sulindac sulfide occurred in a 

concentration dependent manner and the two repressed genes, INSIG1 and MSX1, which 

were not modulated at 10 µM, were both modulated at higher does. (Figure 2.6 A, B). 

In general, gene modulation in HCT-116 cells was greater than that in SW-480 cells 

at 10 µM doses (Table 2.4).  One possible explanation for the different response is the 

presence of Cox-1 in the SW-480 cells.  To test for this possibility HCT-116 cells that stably 

express Cox-1 were incubated with sulindac sulfide and then sulindac sulfide induced 

alteration in gene expression compared directly between the normal HCT-116 and Cox-1 

expressing HCT-116 cells [40].  As shown in Table 2.4, the presence of Cox-1 in the cells 

significantly attenuated the expression of most genes in response to sulindac sulfide 

according to real-time RT-PCR.  RT-PCR followed by gel electrophoresis confirmed the 

expression of Cox-1/2 in SW-480 cells, the expression of Cox-1 in the Cox-1 over-

expressing HCT-116 cells, and the absence of Cox-1/2 in normal HCT-116 cells (data not 

shown).  Western blotting further confirmed the presence of Cox-1 in SW-480 and HCT-116 

over-expressing cells (data not shown). 

Other Cox Inhibitors and Gene Expression 

The pro-drug sulindac, the metabolite of sulindac sulfide, sulindac sulfone, and indomethacin 

were incubated with HCT-116 cells to determine if these drugs altered gene expression.  At 

equal molar concentrations, sulindac and sulindac sulfone did not appear to alter the 

expression of these genes at comparable doses to sulindac sulfide (Table 2.5).  However, 

indomethacin did appear to produce a modest change in gene expression at low 

concentrations.  Unlike sulindac sulfide, at concentration up to 20 µM, sulindac and sulindac 

sulfone did not alter the expression of most of these genes, but indomethacin gave a 
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concentration dependent change in the expression of these genes as reported in Figure 2.7.  

At the 100 µM concentration of indomethacin, which is in excess of its ability to inhibit Cox, 

the changes in expression was essentially equivalent to the changes observed for 10 µM 

sulindac sulfide and thus indomethacin is approximately 10 times less potent as sulindac 

sulfide but has a similar IC50 for the inhibition of Cox-1 [159]. 

Effect of Prostaglandins on Gene Expression 

The expression of Cox-1 in HCT-116 cells attenuated sulindac sulfide induced changes in 

gene expression.  Two potential explanations for this results is the metabolism of sulindac 

sulfide to the inactive metabolites sulindac and sulindac sulfone [160,161] or that 

prostaglandins could have effects on gene expression.  The most likely explanation is 

metabolism of sulindac sulfide because their appears to be a general reduction in the response 

to sulindac sulfide and under the experimental protocol incubation of the cells in serum free 

media would be devoid of arachidonic acid and hence result in poor prostaglandin formation.  

However, to determine if prostaglandin do directly alter the expression of these genes, cells 

were incubated with 200ng/ml PGE2 the major metabolite produced from arachidonic acid in 

Cox-1 over-expressing HCT-116 cells [40] in the presence and absence of sulindac sulfide 

and expression measured by real-time PCR.  Overall, gene modulation by sulindac sulfide in 

the presence of PGE2 was minimally effected suggesting the modulation of these genes is 

prostaglandin-independent.  Only the sulindac sulfide induced expression of myozenin and 

ATF3 were attenuated two or more fold while the expression of NAG-3 and Myozenin were 

increased about two fold by the addition of prostaglandin to the cells (Table 2.6).  Thus the 

role prostaglandins have on gene expression is complex and depends on the regulation of the 

individual gene, but is likely of minor significance on the global pattern of gene expression.  

However this does not rule out that other metabolites of arachidonic acid may affect these 

genes. 

Comparison of Gene Expression in Normal vs. Tumor Tissue 

MSX1 and MAD2 are repressed by sulindac sulfide while C/EBPβ and ATF3 are linked to 

apoptosis and are highly induced by sulindac sulfide and these are the only genes with 

commercially available antibodies at the time of this study.  To determine if these proteins 

were expressed in human colorectal tissues and if the expression was altered in adjacent 

tumors, Western analysis was done on two sets of four pairs of human colorectal tumors and 
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adjacent normal tissue.  MSX1 and MAD2 were not detected in any of the eight samples 

(data not shown).  Expression of C/EBPβ was down regulated in tumors relative to matching 

normal tissue from 4 pairs of samples but was not detected in normal or tumor tissue in 4 

other pairs (Figure 2.8).  The expression of ATF3 was down regulated in the tumors from 5 

pairs of tissue, up-regulated in the tumors from 2 pairs and very poorly expressed in one pair 

tumor relative to their normal adjacent tissue.  These data support the notion of lower 

expression of anti-tumorigenic proteins such as ATF3 and C/EBPβ in tumors but whose 

expression could be subsequently increased by sulindac sulfide restoring their normal 

expression. 
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DISCUSSION: 

Sulindac sulfide is a NSAID that inhibits both Cox 1 and Cox-2 with known pro-apoptotic, 

anti-tumorigenic, and anti-inflammatory activity is used to treat familial adenomatous 

polyposis.  Using physiological concentrations based on the blood level in patients treated 

with the drug [158], we report that sulindac sulfide modulated the expression of a number of 

genes that can be linked to its anti-tumorigenic and pro-apoptotic properties.  This approach 

contrast with other investigations concerned with alternation in gene expression by Cox 

inhibitors, using high, non-physiological concentrations of the drugs [100].  In an attempt to 

find genes that may be responsible for the anti-tumorigenic and other effects of sulindac 

sulfide, the human colorectal carcinoma cell line, SW-480 was incubated with sulindac 

sulfide and changes in gene expression examined using microarray technology.  Of the 

12,000 genes on the chip, 65 genes were detected as either significantly induced or repressed 

by the sulindac sulfide treatment.  Fifteen of 16 were confirmed by real-time RT-PCR using 

the same RNA.  Nine genes were considered suitable candidates for further investigations 

based on their fold induction or repression, multiple times of induction or repression, and 

biological function (i.e. possible link to apoptosis, regulation of cell growth, tumor 

formation, and/or function as transcription factors).  Changes in their expression occurred 

relatively early and prior to apoptosis, and in a time-dependent manner according to real-time 

RT-PCR analysis of expression.  Two additional genes (NAG-1 and NRG-1) modulated by 

sulindac sulfide and other NSAIDs were included in subsequent studies as controls.  NAG-1 

was identified in our laboratory using subtractive hybridization of indomethacin treated Cox 

deficient HCT-116 cells [99].  It is induced in vitro and down-regulated in tumors in vivo 

[153].  NAG-1 is induced by a variety of compounds [123,149,162] including sulindac 

sulfide [100] and has pro-apoptotic activity.  NRG-1 was discovered by Z. Zhang et al. using 

subtractive hybridization whose expression is repressed by treatment of colorectal carcinoma 

cells with the Cox-2 inhibitor NS-398 [163].  NRG-1 is up regulated in tumors in vivo but its 

biological activity is not well characterized. 

A second cell line, HCT-116, which lacks both Cox isoforms was tested to further 

validate these results, as a comparison, and to determine if the changes seen were cell line 

dependent, and to test for importance of Cox activity.  The magnitude of changes in 

expression in HCT-116 cells was far more dramatic after sulindac sulfide treatment and 
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occurred in a concentration and time dependent manner.  HCT-116 cells showed a greater 

degree of apoptosis at low concentrations of sulindac sulfide in serum free media and at 

somewhat higher dose in the presence of serum compared to SW-480 cells, which required 

longer incubation times to exhibit a response.  The greater response seen in HCT-116 cells 

may be the result of cell line differences or could be due to the differences in Cox expression.  

The response on gene regulation to sulindac sulfide was measured in HCT-116 cells stably 

transfected with Cox-1 and the response was diminished as compared to the wild-type HCT-

116 cells, suggesting attenuation of this response by Cox-1.  One explanation for this 

observation is that Cox-1 or the prostaglandins that are formed as a result of its enzymatic 

activity may have an effect on sulindac sulfide altered gene expression.  However, the 

addition of PGE2, the major metabolite of HCT-116 cells over-expressing Cox-1, only 

appeared to attenuate the sulindac sulfide- induced expression of myozenin and NAG-3, two 

relatively unknown genes.  Thus, it does not appear likely that prostaglandins significantly 

effect the expression of these genes even at high concentrations.  Furthermore, indomethacin 

altered the expression of these genes but only at higher concentration than required to inhibit 

Cox activity.  Indomethacin was approximately 10 times less effective than sulindac sulfide 

in altering the expression of these genes in HCT-116 cells, but is equal at inhibiting Cox.  

Understanding the regulation of gene expression will require a detailed investigation of each 

gene. 

A second possible explanation for the reduced response by sulindac sulfide in the 

Cox-1 expressing cells is that the metabolism of sulindac sulfide to sulindac by the 

peroxidase activity of Cox [160,161].  It is well established that the peroxidase activity of 

Cox-1 and presumably Cox-2 converts sulindac sulfide to sulindac, which is not a Cox 

inhibitor and sulindac is reported to be a weaker inducer of apoptosis in vitro [99].  Sulindac 

and sulindac sulfone over a range of concentrations did not alter the expression of these 

genes thus the peroxidase activity of Cox would convert sulindac sulfide to inactive 

metabolites illustrated by the lack of gene modulation by these compounds.  Similarly, the 

pro-apoptotic and anti-tumorigenic effects of sulindac sulfide are diminished in colorectal 

carcinoma cells by increasing levels of Cox-2 overexpression [50,164].  Thus, the increased 

expression of Cox-2 observed in human tumors could contribute to a diminished response of 

tumors to the apoptotic and anti-tumorigenic activity of sulindac sulfide by its metabolism to 
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sulindac that is inactive.  Furthermore, previous studies in our laboratory examining the 

regulation of NAG-1 by NSAIDs revealed that while sulindac sulfide induces the apoptotic 

protein, sulindac was ineffective at altering NAG-1 expression and apoptosis [99].  Thus, the 

peroxidase activity of Cox-1 may effectively decrease the concentration of the active 

metabolite, sulindac sulfide. 

While it is clear that apoptosis plays a critical role in the anti-carcinogenic effects of 

NSAIDs the mechanisms remain unclear and are complicated.  Evidence is mounting that 

gene regulation may play a part in the anti-carcinogenic effect of NSAIDs 

[50,52,99,141,144,165].  Several of the genes discovered by microarray and verified by our 

methods make candidates for the anti-tumorigenic and anti-inflammatory action of sulindac 

sulfide in that they function as transcription factors, are modulators of growth and 

proliferation, and modulate apoptosis.  Furthermore, changes in gene expression by sulindac 

sulfide occur prior to the induction of apoptosis supporting the conclusion that these genes 

are part of the apoptotic events rather than the result of apoptosis.  Comparison of the protein 

expression of these genes in normal adjacent vs. resected colorectal tumor tissues indicates 

that the expression of two important genes C/EBPβ and ATF3 are altered during 

tumorigenesis suggesting the effect of NSAIDs on these genes may have an affect on 

tumorigenesis. 

C/EBPβ belongs to a diverse family of transcriptional regulators and like ATF3, are 

members of the basic leucine zipper (bZIP) family, and are considered immediate early 

genes.  C/EBPβ is induced by sulindac, aspirin [166], and the antioxidants 

pyrrolidinedithiocarbamate and vitamin E [167], followed by an induction of apoptosis in 

colorectal cancer cells in vitro.  C/EBPβ binds to the promoter of p21WAF1/CIP1, which is a 

powerful cell cycle inhibitor, thereby inducing its expression [167].  Sulindac and sulindac 

sulfide modulate the anti-tumorigenic proteins p21WAF1/CIP1 and p34cdc2 in human colorectal 

HT-29 cells in a manner independent of the apoptotic response but consistent with and anti-

tumorigenic role for these compounds [168].  ATF3 is a transcription factor that forms 

heterodimers with C/EBPβ regulating the expression of Gadd153 and several other growth-

regulating cellular promoters and even heterodimerizes with Gadd153, resulting in down 

regulation of ATF3 and C/EBPβ-mediated gene regulation [119].  ATF3 is induced by 

camptothecin and etoposide (VP-16), agents known to induce apoptosis [123,169,170].  
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Furthermore, ATF3, which is highly expressed after sulindac sulfide treatments may play an 

important role in sulindac sulfide-induced apoptosis and anti-tumorigenic activity.  

Tetracycline inducible over expression of ATF3 suppresses cell growth and slows down cell 

cycle progression from G1 to S phase [121].  In addition to NSAIDs, the garlic oil constituent 

diallyl disulfide, which has known anti-tumorigenic properties and induces NAG-1 [149], 

also modulated ATF3, C/EBPβ, and NRG-1 in these studies indicating that these genes may 

be responsive to a variety of anti-cancer compounds independent of Cox-inhibition (data not 

shown). 

MSX-1 is a transcription factor that is repressed by sulindac sulfide.  MSX1 is known 

to be involved in cell proliferation and apoptotic signal pathways downstream of nuclear 

factor-kappa B (NF-κB), and induction of NF-κB represses MSX1 [171].  Furthermore, 

MSX-1 gene expression correlates with the degree of apoptosis in models for apoptosis, and 

reduced levels of MSX-1 gene expression is correlated with an induction in apoptosis [172].  

MAD2 is a mitotic checkpoint protein up regulated between non-recurrent primary prostate 

cancers and highly proliferative metastatic prostate cancers [173] and embryonic cells of 

MAD2 knockout mice lack accurate chromosome assembly, undergo apoptosis, and are 

nonviable [174].  In addition, we found three genes that were ESTs (nucleoporin, NAG-3, 

and R33154) with uncharacterized biological activity. Characterization of biological activity 

of these ESTs may provide additional clue to understanding as to how NSAIDs exert their 

anti-cancer activity.  Thus, several of these genes have defined roles in the process of 

apoptosis, or appear to be associated with the cell growth, proliferation, and anti-

tumorigenicity, while others have no known biological activity. 

In conclusion, the results presented here suggest that a multitude of genes, both 

induced and repressed could be important in mediating the pro-apoptotic effect of sulindac 

sulfide.  These findings clearly demonstrate that sulindac sulfide modulates gene expression 

at physiological concentrations.  Gene modulation may, in part, explain the pro-apoptotic and 

anti-tumorigenic effects of sulindac sulfide, and possibly other NSAIDs through the 

modulation of these and likely other genes and their downstream targets.  Furthermore, 

sulindac sulfide-induced gene expression appears to be independent of Cox inhibition while 

the expression of Cox appears to attenuate the effect of sulindac sulfide on gene expression.  

Recently, Zhu et al. examined the molecular and structural requirements for the induction of 
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apoptosis by Cox-2 specific inhibitors in prostate cells [60].  They concluded that the 

induction of apoptosis was independent from the structural requirements for Cox inhibition.  

It would be of interest to determine if similar structural requirements are required for the 

gene modulation seen in this investigation.  The anti-tumorigenic activity of sulindac sulfide 

may arise from the concerted action of multiple mechanisms including apoptosis, dependent 

or independent of Cox.  Further studies are required to determine the biological significance 

of the genes found in this investigation and how they may influence the specific mechanisms 

involved in sulindac sulfide and NSAID-mediated anti-tumorigenicity. 
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Table 2.1. 

Genes Significantly Induced by sulindac sulfide According to Microarray Analysis 

A.            Fold Induction 

Genbank 

Accession # Description      4-h 8-h 24-h  

T78868  Nucleoporin 133kD     1.0 1.0 1.3 

N21309  Endothelial and smooth muscle cell-derived neuropilin1.2 1.1 1.4 

H99544  Endothelial and smooth muscle cell-derived neuropilin1.2 1.1 1.4 

T69604  ESTs       1.1 1.1 1.3 

AA100612  EST       1.2 1.6 1.2 

H17325  ESTs       1.2 1.3 1.0 

H29198  ESTs       1.1 1.3 1.0 

H11270  KIAA0935 protein     1.0 1.2 1.0 

R56793  Alanine-glyoxylate aminotransferase 2-like 1  1.0 1.3 1.0 

R54594  ESTs       1.0 1.2 1.0 

R37028  ESTs       1.0 1.3 1.0 

R39044  Homo sapiens clone 25194 mRNA sequence  1.1 1.2 1.0 

AA005108  ESTs       1.2 1.2 1.1 

H21041  Activating transcription factor 3 (ATF3)  1.4 1.3 1.1  

AA448157  Cytochrome P450, subfamily I (dioxin-inducible) 1.2 1.2 1.1 

T64625  Esterase D/formylglutathione hydrolase  1.2 1.1 1.1 

AA903348  Chromosome 1 open reading frame 24   1.1 1.2 1.5 

AA434382 Hypothetical protein FLJ13511    1.2 1.3 1.4 

N91307 ESTs       1.1 1.2 1.4 

R14112  Cytochrome P450, subfamily I (CYP1A1)  1.3 1.2 1.3 

AA485373  ESTs       1.3 1.2 1.2 

AA682897  RAP1, GTPase activating protein 1   1.4 1.3 1.3 

H88540  Histone deacetylase 3     1.6 1.4 1.5 

R98262  ESTs       1.2 1.2 1.3 

R34224  ESTs       1.3 1.4 1.5 

H26183  CCAAT/enhancer binding protein  β (C/EBPβ) 1.2 1.3 1.3 
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Table 2.1 Continued. 

 

W31629  Interferon-related developmental regulator 1 1.2 1.3 1.3 

R20886  Stanniocalcin 2      1.5 1.6 1.4 

AA676598  Interferon-related developmental regulator 1  1.4 1.5 1.3 

AA025939  Nuclear transport factor 2 (placental protein 15) 1.2 1.4 1.3 

W05026  ESTs       1.2 1.5 1.2 

AA480995  Methylene tetrahydrofolate dehydrogenase  1.2 1.6 1.4 

AA026057  Thyroid autoantigen 70kD (Ku antigen)  1.1 1.3 1.3  

AA009498  RAN binding protein 1     1.1 1.3 1.1 

N74332  ESTs       1.2 1.4 1.2 

AA629909  Glycyl-tRNA synthetase    1.0 1.3 1.2 

AA064973  Myozenin 2      1.0 2.2 1.9 
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Table 2.2. 

 

Genes Significantly Repressed by sulindac sulfide According to Microarray Analysis 

B.            Fold Repression 

Genbank 

Accession # Description      4-h 8-h 24-h  

AA157955  Sterol-C4-methyl oxidase-like    0.8 0.9 1.0 

AA700336  ATP/GTP-binding protein    0.8 0.9 1.0 

AA464694  EST       0.8 0.9 0.9 

H59620  Insulin induced gene 1 (INSIG1)   0.7 0.9 1.1 

W51985  Pregnancy specific beta-1-glycoprotein 5  1.0 0.9 0.8 

N32768  Pregnancy specific beta-1-glycoprotein 3  1.0 0.9 0.7 

AA598794  Connective tissue growth factor   1.1 0.9 0.7 

H24954  Lutheran blood group (Auberger b antigen included) 1.0 0.9 0.7 

AA160507  Keratin 5      1.0 0.8 0.7 

AA045226  Msh homeo box homolog 1 (MSX1)   0.9 0.8 0.7 

R33154  ESTs       0.9 0.8 0.7 

AA481076  mitotic arrest deficient-like 1 (MAD2)  0.8 0.8 0.9 

AA040248  Dynein, cytoplasmic, light polypeptide  0.8 0.8 0.8 

R76394  Protease, serine, 23     0.8 0.8 0.8 

AA180912  Tubulin, alpha 1 (testis specific)   0.9 0.8 0.8 

T40595  Adrenergic, alpha-2C-, receptor   0.9 0.8 0.8 

AA427688  Protein phosphatase 2, regulatory subunit A 0.9 0.8 0.8  

AA187351  Ribonucleotide reductase M2 polypeptide  0.9 0.8 0.7 

AA057760  Lactate dehydrogenase A    0.9 0.8 0.7 

AA018591  Spectrin, beta, non-erythrocytic 1   0.9 0.8 0.9 

AA040702  Phosphoglycerate mutase 1 (brain)   0.9 0.8 0.9 

W76603  ESTs       0.9 0.8 0.8 

W04674  Cytochrome b5      0.9 0.8 1.0 

H20652  ADP-ribosylation factor-like 6 interacting protein 0.9 0.8 0.9 

AA464250  Keratin 19      0.9 0.8 0.9 
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Table 2.2 Continued. 

R19158  Serine/threonine kinase 15    0.9 0.7 0.9 

AA188155  Actin related protein 2/3 complex, subunit 1B  0.8 0.7 0.9 

W60811  Arginine-glutamic acid dipeptide (RE) repeats  1.0 0.8 0.9 

 

Fold induction/repression of genes significant by microarray analysis in at least 3 out of 4 

hybridizations.  Mean values shown are from all four hybridizations.  Genes are ordered 

according to cluster analysis.  Gene names and accession numbers in bold were selected for 

further analysis.  Bolded values were statistically significant by microarray analysis at the 

99% C.I. while non-bolded values were not significant and shown for comparison.  Cells 

were treated with vehicle or 10 µM sulindac sulfide for 4, 8, or 24-hours. 
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Table 2.3. 

Comparison of Gene Expression as measured by Microarray and real-time RT-PCR. 

             Fold Change 

Induced:      Microarray: real-time:

R20886 (stanniocalcin)    1.6 ± .11 4.5 ± .32 

R34224 (EST)     1.5 ± .08 2.3 ± .04 

AA064973 (myozenin) 2.2 ± .07 2.5 ± .11 

H26183 (C/EBPβ)    1.3 ± .09 2.7 ± .02 

H21041 (ATF-3)     1.4 ± .09 3.9 ± .36 

T78868 (nucleoporin)     1.5 ± .03  1.6 ± .04 

W31629 (Interferon-related developmental regulator 1) 1.3 ± .03 1.8 ± .32 

AA682897 (RAP1, GTPase activating protein 1)  1.4 ± .06 1.4 ± .37 

Repressed:       

AA045226 (MSX1)  0.69 ± .04 0.38 ± .01

H59620 (INSIG1)   0.75 ± .04  0.55 ± .01

AA481076 (MAD2)    0.83 ± .02 0.58 ± .03

AA427688 (Protein phosphatase 2, regulatory subunit A) 0.79 ± .05  0.78  ± .02

R33154 (EST)     0.73 ± .08 0.81 ± .10

AA040248 (Dynein, cytoplasmic, light polypeptide)  0.78 ± .01  0.92 ± .07

AA187351 (Ribonucleotide reductase M2 polypeptide) 0.75 ± .03 0.75 ± .02

AA598794 (Connective tissue growth factor)  0.67 ± .04  0.70 ± .01

 

Values shown are from the time point with the greatest fold induction/repression significant 

by both real-time RT-PCR and microarray analysis using the same RNA as in the microarray 

experiment.  Values are Fold change ± SEM over time-matched vehicle-treated controls.  

Values in bold were statistically significant by microarray analysis at the 99% C.I. and in the 

case of real-time RT-PCR, according to a one-sided t-test on the corresponding vehicle and 

sulindac sulfide-treated Ct values at the p<0.025 level of significance.
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Table 2.4. 

 

Comparison of Gene Modulation between SW-480, HCT-116, and HCT-116 cells over-

expressing Cox-1 

  Fold Change:  

   

Cox-1 over-

expressing  

   SW-480:   HCT-116:   HCT-116: 

Induced:       

NAG-1 4.4 ± 0.21 15.6 ± 1.5 8.3  ± 0.51 

Stanniocalcin 2.6 ± 0.12 9.7 ± 0.45 7.4  ± 0.53 

NAG-3 3.4 ± 0.04 20.9 ± 2.4 9.5  ± 2.2 

Myozenin 1.8 ± 0.11 4.4 ± 0.06 2.6  ± 0.25 

C/EBPβ 4.0 ± 0.6 10.6 ± 1.3 4.9  ± 0.44 

ATF3 4.3 ± 0.37 18.6 ± 1.3 9.3  ± 0.35 

Nucleoporin 2.2 ± 0.06 2.0 ± 0.3 0.81  ± 0.09 

Repressed:    

MSX1 0.67 ± 0.03 1.0 ± 0.04 1.7  ± 0.04 

INSIG1  0.48 ± 0.05 1.1 ± 0.1 2.0  ± 0.21 

MAD2 0.70 ± 0.03 0.51 ± 0.08 0.24  ± 0.03 

NRG-1 0.26 ± 0.04 0.39 ± 0.02 0.23  ± 0.01 

 

 

Values are Fold change ± SEM over time-matched vehicle-treated controls.  Cells were 

treated with 10 µM sulindac sulfide for 8 and 24-h according to time course studies.  Values 

shown for each gene are from the same time point based on the greatest degree of 

modulation. 
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Table 2.5. 

 

Comparison of Gene Modulation by various NSAIDs in HCT-116 cells 

 

 sulindac sulfide sulindac sulfone sulindac indomethacin 

   10 µM 10 µM 10 µM 10 µM 

Induced:         

NAG-1 14.2 ± 1.7 0.85 ± 0.07 1.1 ± 0.1 1.8 ± 0.01 

Stanniocalcin 8.9 ± 1.0 0.77 ± 0.11 0.96 ± 0.08 1.4 ± 0.04 

NAG-3 24.9 ± 3.0 0.93 ± 0.2 1.6 ± 0.25 1.5 ± 0.01 

Myozenin 2.3 ± 0.19 0.98 ± 0.08 1.6 ± 0.22 1.0 ± 0.02 

C/EBPβ 6.1 ± 0.6 1.2 ± 0.18 1.1 ± 0.25 1.8 ± 0.04 

ATF3 9.5 ± 0.73 1 ± 0.04 1.2 ± 0.11 1.2 ± 0.03 

Nucleoporin 0.97 ± 0.16 1.4 ± 0.26 1.5 ± 0.16 2.4 ± 0.08 

Repressed:      

MSX1 1.8 ± 0.14 0.97 ± 0.2 1.3 ± 0.02 0.9 ± 0.03 

INSIG1 1.3 ± 0.12 0.99 ± 0.1 1.1 ± 0.09 1.1 ± 0.1 

MAD2 0.19 ± 0.02 1.1 ± 0.24 1.4 ± 0.03 1.1 ± 0.14 

NRG-1 0.2 ± 0.01 0.87 ± 0.21 1.1 ± 0.07 1.1 ± 0.05 

 

Values are Fold change ± SEM over time-matched vehicle-treated controls.  Cells were 

treated with 10 µM of various NSAIDs for 8 and 24-h according to time course studies.  

Values shown for each gene are from the same time point based on the greatest degree of 

modulation.  Sulindac sulfide values that were statistically significant according to a one-

sided t-test at the p<0.025 level of significance are shown in bold to highlight significant 

genes.
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Table 2.6. 

 

Gene modulation by PGE2 in HCT-116 cells 

 

 PGE2 

PGE2 + 

sulindac sulfide sulindac sulfide 

 200ng/ml 200ng/ml + 10 µM 10 µM 

Induced:       

NAG-1 0.71 ± 0.21 10.6 ± 3.7 12.7 ± 2.2 

Stanniocalcin 0.69 ± 0.19 7.8 ± 1.8 8.8 ± 1.4 

NAG-3 2.5 ± 0.15 6.5 ± 1 7.7 ± 1.2 

Myozenin 2 ± 0.74 7.6 ± 1.4 1.3 ± 0.34 

C/EBPβ 0.8 ± 0.24 5.1 ± 1.6 4.3 ± 0.56 

ATF3 0.88 ± 0.38 6.4 ± 1.5 11.8 ± 0.78 

Nucleoporin 1.7 ± 0.17 1.3 ± 0.2 1.2 ± 0.2 

Repressed:     

MSX1 1.3 ± 0.04 2.3 ± 0.05 2 ± 0.04 

INSIG1 1.6 ± 0.7 1.3 ± 0.34 2.2 ± 0.65 

MAD2 1.2 ± 0.12 0.45 ± 0.03 0.39 ± 0.03 

NRG-1 1.1 ± 0.03 0.28 ± 0.01 0.32 ± 0.02 

 

Values are Fold change ± SEM over time-matched vehicle-treated controls.  Cells were 

treated with 10 µM sulindac sulfide and/or 200ng/ml PGE2 for 8 and 24-h according to time 

course studies.  Values shown for each gene are from the same time point based on the 

greatest degree of modulation. 
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CHAPTER 3 

 

Bottone, F.G., Jr., Martinez, J.M., Alston-Mills, B. and Eling, T.E. (2004). Gene modulation 

by Cox-1 and Cox-2 specific inhibitors in human colorectal carcinoma cancer cells. 

Carcinogenesis, 25, 349-357. 
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ABSTRACT:  

Cox-1 and Cox-2 specific inhibitors exert chemopreventive activity.  However the exact 

mechanisms for this activity remain unclear.  Increasing evidence suggests that NSAIDs 

regulate gene expression, which may be responsible, in part, for this activity.  In this study, 

human colorectal carcinoma HCT-116 cells were treated with the Cox-1 specific inhibitor 

SC-560 and the Cox-2 specific inhibitor SC-58125 to evaluate their ability to induce 

apoptosis, inhibit cell proliferation, inhibit growth on soft agar, and modulate gene 

expression.  The Cox-1 specific inhibitor, SC-560 significantly induced apoptosis and 

inhibited the growth of HCT-116 cells on soft agar, an in vitro assay for tumorigenicity.  SC-

58125 moderately induced apoptosis and inhibited growth on soft agar at higher 

concentrations than were required for SC-560.  Previously, we reported that the potent 

chemopreventive drug sulindac sulfide altered the expression of eight genes including several 

transcription factors that may be linked to this drug’s chemopreventive activity.  HCT-116 

cells were treated with various concentrations of SC-560 or SC-58125 and changes in the 

expression of these eight genes were determined by real-time RT-PCR.  SC-560 modulated 

mRNA expression of the eight genes studied.  In contrast, SC-58125 required about 5- to 10-

fold higher concentrations to achieve similar degrees of gene modulation in six of eight 

genes.  Changes in protein expression by SC-560 occurred for five of these genes with 

antibodies available (NAG-1, ATF3, C/EBPβ, MAD2, and MSX1).  In conclusion, this is the 

first report to suggest that like sulindac sulfide, the Cox-1 specific inhibitor SC-560 appears 

to elicit chemopreventive activity by altering gene expression, while the chemopreventive 

effects of SC-58125 are complex and likely work through these and other mechanisms such 

as the inhibition of Cox-2.
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INTRODUCTION: 

The non-steroidal anti-inflammatory drugs (NSAIDs), are inhibitors of cyclooxygenase 

(Cox), which is responsible for the formation of prostaglandins [17].  Two distinct forms of 

Cox exist, the constitutively expressed Cox-1, and the inducible Cox-2.  Numerous animal 

studies [31-36], population-based studies [21,22], and in vitro studies [37-40] with human 

colorectal carcinoma cells provide evidence that NSAIDs have chemopreventive activity 

directed against colorectal cancer as illustrated in several recent reviews [12,41-44].  

Colorectal cancer is the third most common cancer in the United States.  In humans, the pro-

drug sulindac, which is converted to sulindac sulfide, is used in a chemopreventive manner to 

suppress the development of adenomatous polyps in patients with familial adenomatous 

polyposis (FAP) [41,148].  In APC (adenomatous polyposis coli) min mice, which serve as a 

genetically defined model of FAP, sulindac, in drinking water inhibits colorectal 

tumorigenesis [31,32].  Sulindac causes a rapid regression of preexisting tumors in APC min 

mice [175], however sulindac sulfone, which lacks NSAID activity does not inhibit tumor 

formation in vivo suggesting the inhibition of Cox is involved [33,34].  Many studies on the 

chemopreventive activity of Cox inhibitors used classical NSAIDs that inhibit both Cox-1 

and Cox-2.  However, classical Cox inhibitors such as sulindac sulfide and indomethacin are 

more potent inhibitors of Cox-1 than Cox-2. 

Recently, a concerted effort has been focused on Cox-2 specific inhibitors because 

Cox-2 is highly expressed in tumor tissues (for a review see ref. [176]).  Celecoxib, a Cox-2 

specific inhibitor, both prevents tumor formation and caused regression of preexisting tumors 

in APC min mouse models [177].  SC-58125, a Cox-2 specific inhibitor, induces apoptosis in 

vitro [178], and blocks tumor formation in vivo [179].  However, other data with Cox-1 

knockout APC min mice indicate that deletion of Cox-1, in addition to Cox-2, reduces the 

number of intestinal polyps in these mice [180].  Mofezolac, a Cox-1 specific inhibitor, was 

equally as effective as the Cox-2 specific inhibitor nimesulide, at inhibiting the number of 

aberrant crypt foci in rats fed azoxymethane, a model for chemoprevention, indicating both 

Cox-1 and Cox-2 contribute to tumor formation [181].  In addition, APC gene knockout mice 

(APC1309) fed these drugs showed a similar reduction in the number of colorectal polyps 

indicating Cox-1 is important in tumorigenesis [181].  Furthermore, Cox-1, but not Cox-2 

mRNA and protein is over-expressed in human ovarian cancers when compared to normal 
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ovarian tissue [182].  SC-560, but not the Cox-2 specific inhibitor Celecoxib, inhibited 

arachidonic acid-induced vascular endothelial growth factor (VEGF) expression in the ovary 

[182].  Therefore, specific Cox-1 inhibitors such as SC-560 and mofezolac may have 

chemopreventive effects in the colon [181] [52], breast [183], and potentially in the ovary 

[182]. 

The chemopreventive activity of NSAIDs directed against colorectal cancer may, in 

part, be independent of Cox [50,52,61,165].  Inhibition of cell proliferation and the induction 

of apoptosis are believed to be responsible, in part, for the chemopreventive effects of 

NSAIDs illustrated in many recent reviews [12,41-44].  SC-560 and Celecoxib were both 

effective at inhibiting the growth of Cox-deficient HCT-15 colon cancer xenografts in nude 

mice and induced apoptosis in vitro [52].  Furthermore, Zhu et al. examined the molecular 

and structural requirements for the induction of apoptosis by Cox-2 specific inhibitors in 

prostate cells [60].  They concluded that the induction of apoptosis was independent from the 

structural requirements for Cox inhibition.  Therefore, both Cox-dependent and independent 

mechanisms are likely involved in the chemopreventive activity of these compounds. 

This laboratory has proposed the hypothesis that the chemopreventive activity of Cox 

inhibitors is mediated, in part, by altering gene expression [39].  Sulindac sulfide is a potent 

chemopreventive drug against colorectal cancer [31-35].  It is a significant modulator of gene 

expression in colorectal cancer cells and these effects are likely linked to the 

chemopreventive activity of sulindac sulfide at least in vitro [39].  In this report, we have 

investigated the effect of selective Cox-1 and Cox-2 specific inhibitors on apoptosis, growth 

of colorectal cancer cells on soft-agar, and the expression of the same genes modulated by 

sulindac sulfide in colorectal cancer cells [39].  We used the Cox-1 specific inhibitor, SC-560 

and the Cox-2 specific inhibitor, SC-58125 (Table 3.1), which have reported 

chemopreventive activity against colorectal [52,179,184]  and breast cancer cells [183] in 

xenograft models. 
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MATERIALS AND METHODS: 

Chemicals 

Chemicals were purchased from Sigma Chemical Company (St. Louis, MO) unless otherwise 

noted.  SC-560 and SC-58125 were from Cayman Chemical Company (Ann Arbor, MI) and 

were dissolved in DMSO and prepared fresh weekly. 

Cell line and Reagents 

Cell lines were purchased from ATCC (Rockville, MD) and were maintained at 37ºC/5 % 

CO2.  Cell culture reagents were from Life Technologies (Rockville, MD).  Human 

colorectal carcinoma HCT-116 cells were maintained in DMEM medium supplemented with 

10 % fetal bovine serum (FBS) and 10 mg/L gentamicin (complete media).  Human 

colorectal carcinoma SW-480 cells were maintained in EMEM medium, which contained 15 

% fetal bovine serum (FBS), 10 mg/L Gentamicin, and Sodium Pyruvate (complete media). 

Cell Culture Treatments 

Cells were plated at 50 % confluency in complete media overnight for recovery and treated 

in serum-free media containing vehicle, SC-560, or SC-58125 followed by RNA or protein 

isolation.  Vehicle treatments consisted of 0.1 % DMSO in serum-free media. 

Cell Proliferation Assay 

Cell proliferation was measured using the MTS colorimetric assay by Promega (Madison, 

WI), which estimates the number of viable cells in proliferation.  Briefly, 500 cells per well 

were plated in complete media in 96-well tissue culture dishes overnight.  Cells were treated 

with various concentrations of vehicle or NSAID in complete media in a final volume of 0.1 

mL complete media.  Cell viability was measured daily for 5 days at 490 nm in an ELISA 

plate reader following the addition of 0.02 mL MTS “Aqueous One” solution per well and a 

1 h incubation at 37ºC/5 % CO2.  Each experiment was carried out in quadruplicate and 

repeated two times.  Percent viability is calculated relative to vehicle treated controls using 

the mean OD 490 ± SEM.  A representative experiment from day 5 is shown. 

Cell Death Detection 

Cell death was measured using the Nuclear Matrix Protein ELISA kit from Oncogene 

Research Products, (San Diego, CA).  Briefly, 0.1 ml of media from cells treated for 30-h in 

media containing 2% FBS and vehicle, SC-560, or SC-58125 were spun down at 2000 rpm 
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for 10 min.  The supernatant was collected and used undiluted according to the protocol 

provided. 

Measurement of DNA Content and Apoptosis 

The DNA content for vehicle or NSAID-treated SW-480 and HCT-116 cells were 

determined by fluorescence-activated cell sorting (FACS).  Cells were plated at 50 % 

confluency in 6-well plates overnight then treated in media containing 2 % FBS in the 

presence of various concentrations of NSAIDs or vehicle for various time points in triplicate 

repeated two or more times.  Living cells were stained with Annexin-V followed by 

propidium iodine (Oncogene Research Products, San Diego, CA) according to the 

manufacturer's instructions and analyzed by flow cytometry using a Becton Dickinson 

FACSort equipped with CellQuest software according to the manufacturer's instructions.  

Measurements are fold-increase over vehicle-treated time-matched controls from a 

representative experiment. 

Soft Agar Cloning Assay in the Presence of NSAIDs 

Soft agar assays were performed to compare the clonogenic potential of colorectal cancer 

cells in semisolid medium.  HCT-116 and SW-480 cells were re-suspended at 6,000 cells in 2 

ml of warm, complete media containing 0.35% agarose and the final concentration of NSAID 

or vehicle tested in the appropriate media and plated on top of 1 ml of 0.5 % agarose in 6-

well plates in triplicate repeated twice.  Plates were incubated for 3 weeks at 37°C/5% CO2.  

Cell colonies were visualized following an overnight stain with 0.5 ml of p-

iodonitrotetrazolium violet at room temperature then image captured using a color CCD 

camera equipped with a personal computer loaded with Adobe® Photoshop® (San Jose, 

CA).  Colony forming units were counted electronically on a personal computer equipped 

with IPLab version 3.0 (Scanalytics, Inc., Fairfax, VA). 

RNA Isolation 

Following treatments, cells were rinsed twice with PBS then RNA was isolated using the 

Qiagen (Valencia, CA) RNeasy MINI kit according to the manufacturer's instructions.  Cell 

lysis was performed by centrifugation through a Qia-shredder (Qiagen). 

Reverse Transcription 

RNA was treated with 1 unit of amplification grade Deoxyribonuclease I (Life Technologies) 

per µg of RNA at room temperature for 15 min to remove genomic DNA followed by 
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inactivation of the Deoxyribonuclease I with 2.5 mM EDTA (pH 8.0).  Then the RNA was 

incubated at 65ºC for 5 min followed by quantitation.  Two µg of the RNA was reverse 

transcribed using 100 units of Superscript-II reverse transcriptase and oligo-dT priming 

according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA).  After RT, cDNA 

was treated with 1 unit RNase H (Life Technologies) per µg RNA at 37°C for 20 min.  RT 

was performed using Qiagen’s Omniscript reverse transcription kit according to the 

manufacturer’s instructions.  A negative control containing all of the RT reagents in the 

absence of RT enzyme (no RT control) was routinely performed.  The cDNA was diluted 5X 

with RNase-free water (Ambion, Austin, TX) and stored at -80ºC until use. 

Traditional and Real-time RT-PCR using Sybergreen Detection 

Real-time RT-PCR and traditional PCR primers were designed as previously described [39].  

Real-time and traditional RT-PCR were performed as previously described by this laboratory 

[39] using an ABI Prism 7700 (Applied Biosystems, Foster City, CA). 

Western Blotting 

Proteins (20 µg) were separated by sodium dodecyl sulfate-poylacrylamide gel 

electrophoreses and transferred onto nitrocellulose membranes.  Blots were blocked 

overnight with 10% skim milk in TBS containing 0.1% Tween-20 (TBS-T), and probed for 1 

h at room temperature in TBS-T with 5% milk with Cox-1, Cox-2 (Cayman), Activating 

Transcription Factor 3 (ATF3), Mitotic Arrest Deficient-like 1 (MAD2), CCAAT/Enhancer 

Binding Protein-β (C/EBPβ), Msh Homeo Box Homolog 1 (MSX1), or actin (Santa Cruz 

Biotechnology, Santa Cruz, CA).  Blots were washed in TBS-T then treated with the 

appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz 

Biotechnology) for 1 h at room temperature in TBS-T containing 5% milk and washed 

several times in TBS-T.  NSAID Activated Gene-1 (NAG-1) was detected as previously 

reported in this laboratory [149].  Antibodies were not readily available for NAG-3 (an EST 

with the Genbank™ accession number AY145439), Insulin Induced Gene 1 (INSIG1), and 

NSAID Regulated Gene-1 (NRG-1) at the time of this study.  The signal was detected by 

enhanced chemiluminescence purchased from (Amersham Biosciences) and followed by 

autoradiography.  Where necessary, blots were stripped of antibody before reuse while sealed 

in a plastic bag containing a solution of 62.5 mmol/L Tris-HCl (pH 6.8), 2% (w/v) sodium 

dodecyl sulfate, and 100 mmol/L beta-mercaptoethanol (BME) for 30 min with constant 
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agitation in a 50ºC water bath followed by washing in TBS-T.  The presence or absence of 

Cox-1 and Cox-2 in SW-480 and HCT-116 was evaluated at the mRNA level by traditional 

PCR and at the protein level in SW-480 cells by Western analysis using Cox-1 and Cox-2 

specific antibodies (Cayman) as previously reported [40].  This cell line was chosen because 

it contains Cox-1, and the expression of at least some of these genes is attenuated by PGE2 

[39]. 

Northern Blotting 

Clones were purchased from Research Genetics (Invitrogen) and were sequence verified then 

used to generate cDNA probes for Northern blots as previously described by this laboratory 

[39].  The signal was detected by autoradiography using Biomax MS film and intensifying 

screen for several hours as appropriate (Kodak, Rochester, NY).  Each membrane was 

hybridized with a GAPDH probe (Ambion) after stripping in 0.1% sodium dodecyl sulfate to 

verify equal loading. 

Statistical Analyses 

Real-time RT-PCR was performed in triplicate two or more times with individual time-

matched vehicle-treated controls for each gene tested.  Statistical significance was 

determined according to a two-sided t-test with a 0.05 level of significance on Ct values 

following adjustment for actin.  For soft agar assays, the mean number of colonies, and cell 

proliferation assays, the mean O.D. 490 values were analyzed using ANOVA with Fisher’s 

LSD method for pairwise comparisons at the p<0.05 level of significance.
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RESULTS: 

Cell proliferation and apoptosis 

To determine if selective Cox inhibitors inhibit cell proliferation, HCT-116 cells were treated 

with vehicle or various concentrations of SC-560 or SC-58125 in complete media for 5 days.  

At 100-200 µM concentrations, SC-560 and SC-58125 significantly inhibited cell growth in a 

concentration dependent manner (Figure 3.1 A).  To verify that the concentrations and 

conditions used to treat cells with SC-560 and SC-58125 in subsequent experiments were 

non-toxic to the cells, cell death using an NMP ELISA assay, which measures the 

concentration of a nuclear protein released into the media, was performed.  Both compounds 

were not toxic according to NMP ELISA at or below 50 µM (SC-560) or 100 µM (SC-

58125) (data not shown). 

HCT-116 cells were treated with various concentrations of SC-560 or SC-58125 for 

24 and 30-h in media containing 2% serum and apoptosis was greater at 30-h (data not 

shown).  Relative fold-increase in apoptosis was measured by annexin-V followed by 

propidium iodine staining using FACS analysis.  SC-560 and SC-58125 induced apoptosis at 

the low, non-toxic concentrations chosen.  A significant induction of apoptosis was seen in 

HCT-116 cells treated for 30-h with 25 and 50 µM SC-560, which occurred in a 

concentration dependent manner, as compared to vehicle-treated controls (Figure 3.1 B).  

SC-58125 induced apoptosis in HCT-116 cells after a 30-h treatment albeit to a lesser extent 

than SC-560 even at higher (100 µM) concentrations. 

Inhibition of colorectal cancer cell growth on soft-agar 

Subsequently, the ability of SC-560 and SC-58125 to inhibit the growth of cells on soft-agar 

a measurement of tumorigenicity was performed.  Growth of HCT-116 cells on soft agar was 

inhibited following treatment with various concentrations of SC-560.  SC-58125 inhibited the 

growth of these cells on soft agar, however to a lesser degree even at higher concentrations 

(Figure 3.2).  Thus, SC-560 was more effective than SC-58125, which required higher 

concentrations. 

NSAIDs regulate the expression of several genes related to cell growth and apoptosis 

One explanation for NSAIDs chemopreventive activity is alterations in gene expression.  

Previously, we reported that the potent chemopreventive drug sulindac sulfide, an NSAID 

which inhibits the growth of HCT-116 cells on soft-agar, altered the expression of eight 
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genes in a concentration-dependent manner that may be linked to this drugs chemopreventive 

activity [39].  They include the induced genes: NAG-1, ATF3, C/EBPβ, NAG-3, and the 

repressed genes INSIG1, MSX1, MAD2, and NRG-1.  We determined if SC-560 and SC-

58125 regulated the expression of these genes at the mRNA level as measured by real-time 

RT-PCR.  The real-time RT-PCR data presented for each gene is from the time point with the 

greatest fold induction or repression measured following treatment with SC-560  (8-h genes 

include C/EBPβ, NAG-1, ATF-3, and INSIG1, which were similarly induced at 24-h, while 

the 24-h genes include NAG-3, MSX1, MAD2, and NRG-1).  This is consistent with the 

results observed by microarray analysis following treatment of HCT-116 cells with sulindac 

sulfide as previously reported [39].  To ascertain if changes in gene expression were 

dependent on the concentration used, we treated HCT-116 cells with various concentrations 

of SC-560 and SC-58125.  As estimated by real-time RT-PCR, all of these genes were 

regulated by SC-560 in a concentration-dependent manner and was nearly optimal at 10 µM 

except for ATF3, which appeared more dramatically induced at 25 µM (Figure 3.3 A and B).  

In particular, the transcription factors C/EBPβ, ATF3, and MSX1 plus NAG-1, a gene 

belonging to the TGF-β superfamily linked to the pro-apoptotic and anti-tumorigenic activity 

of NSAIDs in vitro [99] and chemopreventive activity in animal models [153], were all 

regulated by SC-560 in this study.  ATF3 and NAG-1 were the two most avidly expressed 

genes, while INSIG1 and NRG-1 were the most repressed.  Only NAG-3, an EST was poorly 

expressed following treatment with SC-560. 

In contrast, except for ATF3, SC-58125 poorly altered the expression of these genes 

indicating that SC-58125 is less effective than SC-560 at modulating the expression of these 

genes (Table 3.2), which is in general agreement with the in vitro pro-apoptotic and anti-

tumorigenic effects of these drugs in this study.  At higher concentrations of SC-58125, 

which had minimal effect on apoptosis and growth on soft agar relative to SC-560, 

modulation of these genes did occur, (Figure 3.3 C and D). 

Effects of SC-560 on protein expression 

Western blots were performed to determine if SC-560 significantly altered protein expression 

of the five genes that had antibodies available.  NAG-1, ATF3, and C/EBPβ protein 

expression were induced in a concentration dependent manner and protein expression 

appeared to be in general agreement with mRNA levels measured by real-time RT-PCR.  
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Similarly, MAD2 protein expression was repressed according to Western blotting and real-

time RT-PCR in HCT-116 cells (Figure 3.4).  MSX1 protein expression was induced as 

estimated by Western blotting in HCT-116 cells however the mRNA was repressed by SC-

560 according to real-time RT-PCR in this cell line.  The reason for this discrepancy is not 

known.  NAG-1 was avidly induced in a dose-dependent manner by SC-560 in HCT-116 

cells. 

Gene expression in SW-480 cells 

Because HCT-116 cells are devoid of Cox activity, we chose to determine if these genes 

were modulated by SC-560 at the mRNA level and protein level in another cell line, SW-480 

cells, which express Cox-1 but only low levels of Cox-2.  Following treatment of SW-480 

cells with SC-560, NAG-1, C/EBPβ, and ATF3 protein expression were up-regulated in SW-

480 cells (Figure 3.5 A).  MAD2 was repressed at the protein level according to Western 

blotting; however MSX1 protein levels were somewhat increased following treatment with 

SC-560 (Figure 3.5 B) similar to that seen in the HCT-116 cells.  SC-58125 has little effect 

on the protein expression of these genes even at high concentrations (data not shown). 

Changes in mRNA levels by real-time RT-PCR confirmed the fact that the expression 

of seven of these eight genes was modulated by SC-560 in this cell line (Table 3.3).  Only 

MSX1 was not altered at the mRNA level by real-time RT-PCR in SW-480 cells, following 

treatment with 25 µM SC-560.  Even at high (100 µM) concentrations, SC-58125 was a 

relatively weak modulator of these genes in SW-480 cells (Table 3.3).  Changes in the 

mRNA expression of these genes by SC-560 were verified by Northern blot analysis (Figure 

3.6).  With the exception of MSX1, the Northern blot analysis was in agreement with the 

real-time RT-PCR data indicating that SC-560 modulates these genes at the mRNA level.  

The reason for this discrepancy is not known.
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DISCUSSION: 

Sulindac sulfide is currently used to suppress the development of adenomatous polyps in 

patients with FAP [148] and because Cox-2 is often elevated in tumors, most of the attention 

has recently been focused on the use of Cox-2 specific inhibitors as chemopreventive agents.  

However, Cox-1 specific inhibitors have recently gained increased attention in light of the 

fact that they inhibit tumor formation in animal models.  Most traditional Cox inhibitors are 

more potent inhibitors of Cox-1 than Cox-2.  Thus, it appears both Cox-1 and Cox-2 play a 

role in the development of tumors.  This conclusion is supported by Narko et al., who 

demonstrated that cells transfected with Cox-1 became tumorigenic when injected into nude 

mice [185].  Cox-1 knockout mice show reduced intestinal tumorigenesis in APC min mice 

models [180], and are resistant to chemically induced tumors, an indicator of 

chemopreventive activity [186].  Recently, overexpression of Cox-1, but not Cox-2 protein 

and mRNA expression were seen in ovarian cancers while the expression of Cox-1 correlated 

with the expression of various angiogenic factors, which was inhibited by Cox-1 specific 

inhibitors [182].  Thus, Cox-1 specific inhibitors, in addition to traditional NSAIDs, and 

Cox-2 specific inhibitors may be beneficial in the prevention of various cancers. 

Previously, we reported that sulindac sulfide altered the expression of a number of 

genes [39] including NAG-1, a member of the TGF-β superfamily with pro-apoptotic and 

anti-tumorigenic activity in vitro [99] and chemopreventive activity in xenograft mouse 

models in vivo [153].  Here we were interested in determining if specific NSAIDs with 

reported chemopreventive properties altered the expression of the same genes we found 

modulated by sulindac sulfide.  Therefore, biological indicators such as the induction of 

apoptosis and the ability to inhibit growth on soft agar were first confirmed in our model, 

then changes in gene expression by selective Cox inhibitors was examined in two colorectal 

cancer cell lines.  The Cox-1 selective inhibitor, SC-560 and the Cox-2 specific inhibitor, 

SC-58125 were chosen based on evidence from reports in the literature indicating both of 

these drugs have chemopreventive properties in cell culture models in vitro and in animal 

models in vivo. 

 SC-560 was more potent than SC-58125 at enhancing apoptosis, inhibiting the growth 

of cells on soft agar, and modulating gene expression in vitro.  The activity of SC-560 was 

comparable in potency to sulindac sulfide.  SC-560 appears to avidly alter apoptosis, growth 
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on soft-agar, and the expression of sulindac sulfide modulated genes that were previously 

linked to its chemopreventive activity.  SC-58125 had only modest activity in the biological 

assays reported here and required higher concentrations to alter gene expression.  Thus in 

HCT-116 cells, these genes may play an important role in eliciting chemopreventive effects 

of NSAIDs such as SC-560 illustrated here and sulindac sulfide reported previously [39].  

The chemopreventive activity of SC-58125 seen in animal models is not conclusively linked 

to the regulation of these genes and is likely linked to its inhibition of Cox-2 activity 

[178,179].  However, SC-58125 enhanced the expression of NAG-1, as well as ATF3, which 

was the most avidly induced gene in this study indicating multiple mechanisms are likely 

involved.  SC-58125 increased the mRNA expression of MSX1 and INSIG1, two genes 

whose expression was either not changed or repressed by sulindac sulfide and SC-560 in 

HCT-116 cells, respectively.  Thus, changes in gene expression by Cox inhibitors appear to 

be complex and dependent on the structural character of the specific Cox inhibitor rather than 

its ability to selectively inhibit Cox-1 or Cox-2.  This is in agreement with Zhu et al. who 

reported that NSAIDs induce apoptosis independent of their ability to inhibit Cox [60]. 

As illustrated here and elsewhere, evidence is mounting that gene regulation may play 

a part in the chemopreventive effect of NSAIDs [50,52,99,141,144,165].  This is the first 

report showing changes in gene expression of a variety of genes by selective Cox inhibitors.  

Furthermore, changes in the expression of a variety of genes, in particular, immediate-early 

genes such as the transcription factors C/EBPβ and ATF3 as seen with SC-560 may be an 

important event in the apoptotic cascade and they occur prior to the induction of apoptosis, 

supporting the conclusion that these genes are part of the apoptotic events rather than the 

result of apoptosis. 

Several of these genes are believed to be important in the response to NSAIDs 

including NAG-1, which is induced by NSAIDs [99] and repressed in human colorectal 

tumors [153].  Treatment of mice with the pro-drug sulindac, which is converted to sulindac 

sulfide, increases the expression of NAG-1 in mice tissues [153].  Similarly, NRG-1 is 

repressed by NSAIDs and induced in tumors [163].  Furthermore, the transcription factors 

ATF3 and MSX1 as well as MAD2, are linked to cell cycle progression.  In addition, 

C/EBPβ binds to the promoter of p21WAF1/CIP1, which is a powerful cell cycle inhibitor, 

thereby inducing its expression [187].  Both C/EBPβ and ATF3 are members of the basic 
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leucine zipper (bZIP) family of transcription factors and are considered immediate early 

genes most often equated with involvement in the stress response.  ATF3 forms heterodimers 

with C/EBPβ regulating the expression of Gadd153 and several other growth-regulating 

cellular promoters and even heterodimerizes with Gadd153, resulting in down regulation of 

ATF3 and C/EBPβ-mediated gene regulation [119].  Tetracycline inducible over expression 

of ATF3 suppresses cell growth and slows down cell cycle progression from G1 to S phase 

[121].   

INSIG1 and MSX1 are two genes identified as repressed by sulindac sulfide in SW-

480 cells [39] and at the mRNA level by SC-560 in HCT-116 cells in this study.  While these 

genes are not modulated by sulindac sulfide in HCT-116 cells [39], they were induced 

following treatment with SC-58125 in HCT-116 cells in this study and overexpression of 

MSX1 induces G1 phase arrest in ovarian cancer cells indicating another possible mechanism 

by which NSAIDs may function [188]. 

In conclusion, the Cox-1 specific inhibitor SC-560 induces apoptosis and inhibits the 

growth of human colorectal cancer cells on soft-agar, an in vitro indicator of tumorigenicity, 

and is a powerful modulator of gene expression, mimicking the effects seen by the potent 

chemopreventive drug sulindac sulfide.  In contrast, the selective Cox-2 inhibitor, SC-58125 

was a weak modulator of gene expression though it modestly induced apoptosis and inhibited 

growth on soft-agar in this study.  Together, this data leads us to believe that in addition to 

Cox-2, Cox-1 is important to the inhibition of colorectal cancer by NSAIDs, and one 

mechanism that likely explains, at least in part, the chemopreventive activity of NSAIDs is 

modulation of gene expression.  Thus, the mechanisms by which Cox inhibitors exert their 

chemopreventive activity in colon are complex and may involve changes in the expression of 

multiple genes in addition to inhibition of prostaglandin production.  Further studies using 

animal models are required to better understand the chemopreventive activity of these 

compounds. 
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Table 3.1. 

IC-50 values for some traditional and selective Cox inhibitors. 

 

IC-50:  Sulindac Sulfide [8]  SC-560 [9]  SC-58125 [10] 

Cox-1  0.2 µM    0.009 µM   >10.0 µM 

Cox-2  14.0 µM   6.3 µM   0.07 µM 

Cox-2/Cox-1 70.    700.   0.007 µM 
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Table 3.2. 

Comparison of Gene Modulation by SC-560 and SC-58125 in HCT-116 Cells. 

 

 HCT-116 Cells HCT-116 Cells 

Induced: 10 µM SC-560  10 µM SC-58125

NAG-3 1.5 ± 0.32 1.0 ± 0.01 

C/EBPβ 2.5 ± 0.23 1.0 ± 0.12 

NAG-1 3.3 ± 0.13 0.79 ± 0.11 

ATF-3 2.9 ± 0.12 1.9 ± 0.04 

Repressed:   

MSX1 0.71 ± 0.06 1.7 ± 0.17 

INSIG1 0.32 ± 0.01 1.4 ± 0.1 

MAD2 0.33 ± 0.02 1.1 ± 0.02 

NRG-1 0.26 ± 0.02 0.94 ± 0.05 

 

Values are Fold change ± SEM over time-matched vehicle-treated controls.  Cells were 

treated for 8- or 24-h at the concentration indicated as illustrated in the materials and 

methods.  Bolded values are statistically significant according to a two-sided t-test. A 

separate control was used for each NSAID. 
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Table 3.3. 

Comparison of Gene Modulation by SC-560 and SC-58125 in SW-480 Cells. 

 

 SW-480 Cells SW-480 Cells 

Induced: 25 µM SC-560 100 µM SC-58125

NAG-3 1.9 ± 0.21 0.7 ± 0.01 

C/EBPβ 4.2 ± 0.03 1.7 ± 0.06 

NAG-1 3.1 ± 0.07 1.4 ± 0.03 

ATF-3 3.1 ± 0.09 0.97 ± 0.09 

Repressed:   

MSX1 1.2 ± 0.03 1 ± 0.03 

INSIG1 0.2 ± 0.01 1.2 ± 0.08 

MAD2 0.8 ± 0.01 0.66 ± 0.01 

NRG-1 0.56 ± 0.02 0.7 ± 0.05 

   

 

Values are Fold change ± SEM over time-matched vehicle-treated controls.  Cells were 

treated for 8- or 24-h at the concentration indicated as illustrated in the materials and 

methods.  Bolded values are statistically significant according to a two-sided t-test. 
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CHAPTER 4 

In press, Molecular Cancer Therapeutics 

 

The anti-invasive activity of Cox inhibitors are regulated by the transcription factor 

Activating Transcription Factor 3 (ATF3).  Frank G. Bottone, Jr., Yuseok Moon, Jong Sik 

Kim, Brenda Alston-Mills, Minako Ishibashi, and Thomas E. Eling. 
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ABSTRACT: 

We previously demonstrated that the non-steroidal anti-inflammatory drugs such as sulindac 

sulfide, which has chemopreventive activity, modulates the expression of several genes 

detected by microarray analysis.  Activating Transcription Factor 3 (ATF3) was selected for 

further study because it is a transcription factor involved in cell proliferation, apoptosis, and 

invasion, and its expression is repressed in human colorectal tumors as compared to normal 

adjacent tissue.  In this report, we demonstrate that ATF3 mRNA and protein expression are 

up regulated in HCT-116 human colorectal cancer cells following treatment with non-

steroidal anti-inflammatory drugs, troglitazone, diallyl disulfide, and resveratrol.  To 

ascertain the biological significance of ATF3, we overexpressed full-length ATF3 protein in 

the sense and antisense orientation.  Overexpression of ATF3 in the sense orientation 

decreased focus formation in vitro and reduced the size of mouse tumor xenografts by 54% 

in vivo.  Conversely, overexpression of antisense ATF3 was pro-tumorigenic in vitro, 

however not in vivo.  ATF3 in the sense orientation did not modulate apoptosis, indicating 

another mechanism is involved.  With microarray analysis, several genes relating to invasion 

and metastasis were identified by ATF3 overexpression and were confirmed by real-time RT-

PCR and several of these genes were modulated by sulindac sulfide, which inhibited invasion 

in these cells.  Furthermore, overexpression of ATF3 inhibited invasion to a similar degree as 

sulindac sulfide treatment whereas antisense ATF3 increased invasion.  In conclusion, ATF3 

represents a novel mechanism in which non-steroidal anti-inflammatory drugs exert their 

anti-invasive activity, thereby linking ATF3 and its gene regulatory activity to the biological 

activity of these compounds. 
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INTRODUCTION: 

In the United States, colorectal cancer is the third leading cause of cancer with an estimated 

145,000 new cases and 56,000 deaths in 2005 [14].  Numerous animal studies, population-

based studies, and in vitro studies with human colorectal carcinoma cells provide evidence 

that non-steroidal anti-inflammatory drugs (NSAIDs) have chemopreventive activity directed 

against colorectal cancer as illustrated in a recent review [41].  The traditional NSAIDs 

sulindac sulfide particularly in colon [31,175] and indomethacin in mammary cancers 

[87,189] are well known for their ability to inhibit tumor formation in animal models, while 

the cyclooxygenase (Cox) specific inhibitors SC-58125 [190] and SC-560 [52] have more 

recently been reported to inhibit the formation of tumors.  Chronic NSAID use has a 

chemopreventive effect in colorectal and other cancers based on several population-based 

studies as reviewed by Giardiello [191] and recently confirmed in two large, randomized, 

clinical trials [21,22].  However, the mode of action responsible for these effects is poorly 

understood.  NSAIDs are potent inhibitors of Cox, the enzyme responsible for the formation 

of prostaglandins from arachidonic acid, and are used to treat familial adenomatous 

polyposis, a genetic disorder resulting in abnormal colorectal polyp formation, in humans 

[148].  Until recently, NSAIDs mode of action was thought to be solely through inhibition of 

Cox, which along with its products such as prostaglandin E2 (PGE2), are up regulated in 

tumors and enhance the invasion of cancer cells via matrix metalloproteinase-2 (MMP-2) [7].  

However, the chemopreventive effects of these compounds may occur, in part, through gene 

modulation.  For example, NSAIDs such as sulindac and aspirin inhibit invasion via 

suppression of MMP-2 expression [64,192] indicating a possible biological role of gene 

regulation by these compounds.  The Cox-2 specific inhibitor celecoxib has antiangiogenic 

and antimetastatic activity via suppression of the transcription factor Sp1 in pancreatic cancer 

[69].  Sulindac sulfide has well documented chemopreventive activity whereas the Cox-1 

specific inhibitor SC-560 has more recently been considered an antitumorigenic [52], anti-

invasive [193], and anti-metastatic agent [95].  Furthermore, several dietary compounds, 

including the naturally occurring Cox inhibitors resveratrol and curcumin have 

antitumorigenic activity as illustrated in a recent review on the prevention of breast cancer 

[74].  For example, diallyl disulfide (DADS) [194] and resveratrol [195] have 

antitumorigenic activity in xenografts mouse models of tumorigenicity.  Resveratrol is a 
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phenolic compound found in red wine and various fruits and vegetables that has anti-cancer 

properties and modulated the expression of the antitumorigenic genes p53 and NSAID 

Activated Gene-1 (NAG-1) [196].  DADS is a constituent of garlic oil with antitumorigenic 

activity [89] associated with a protective effect against various cancers such as stomach [197] 

and a reduction in colorectal polyps in humans [198].  Like resveratrol, DADS modulates the 

expression of p53 and NAG-1 [149].  Troglitazone (TGZ) has antitumorigenic activity [199] 

and regulates NAG-1 expression via the early growth response gene-1, Egr-1 [200].  

Therefore, in addition to NSAIDs, a wide variety of drugs and dietary compounds are 

recognized for their chemopreventive and gene regulatory activity indicating multiple, 

complex mechanisms are likely involved. 

Our laboratory has identified several candidate genes that may account for the 

chemopreventive effects of NSAIDs [39].  One such gene, Activating Transcription Factor 3 

(ATF3), is a transcription factor that acts as both an inducer and repressor of transcription for 

genes such as gadd153/Chop10, which is associated with cell growth [119] and MMP-2 

which is associated with invasion [113-115].  Furthermore, ATF3 is induced by a variety of 

NSAIDs (Traditional, Cox-1 and Cox-2 selective), in a variety of colorectal cancer cell lines, 

by various dietary [101] and pharmaceutical compounds with anti-cancer activity such as the 

microtubule-binding agents colchicine and taxol [102], and the topoisomerase inhibitor 

etoposide [132] by a wide variety of mechanisms.  Also, the expression of ATF3 is repressed 

in colorectal as compared to normal adjacent tissue [39], indicating it may be involved in the 

tumorigenic process. 

In this report, we examine the ability of various dietary and pharmaceutical 

compounds with known cancer chemopreventive activity to regulate ATF3 in colorectal and 

other cancer cell lines.  We demonstrate for the first time that overexpression of full-length 

ATF3 protein in colorectal cancer cells has antitumorigenic properties as determined by a 

mouse xenograft model of tumorigenicity and focus formation assays, and decreases tumor 

cell invasion while antisense cells have the opposite effect indicating an antitumorigenic role 

for ATF3.  Therefore, our data provide a novel mechanism for the chemopreventive activity 

of NSAIDs and perhaps other chemopreventive compounds.
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MATERIALS AND METHODS: 

Chemicals 

Chemicals were purchased from Sigma Chemical Company (St. Louis, MO) unless otherwise 

noted.  SC-560, SC-58125, and sulindac sulfide were from Cayman Chemical Company 

(Ann Arbor, MI), and TGZ, etoposide (VP-16), and resveratrol were from Calbiochem (San 

Diego, CA) and were dissolved in DMSO and prepared fresh weekly. 

 

Tissue Culture 

Cell lines were purchased from ATCC (Manassas, VA) and maintained at 37ºC/5 % CO2 and 

supplemented with 10 % FBS (complete media) and 10 mg/ml gentamicin unless otherwise 

indicated.  Human HCT-116 were maintained in McCoy’s 5A medium.  Cells were treated 

with the compound indicated or vehicle, DMSO in SFM unless otherwise indicated.  MCF-7 

cells were maintained in Eagle’s minimal essential medium supplemented with 1 mM sodium 

pyruvate and 2 mM L-glutamine.  PC-3 cells were maintained in RPMI-1640 plus 1 mmol/L 

L-glutamine, 1 mmol/L Sodium Pyruvate and 10 mM HEPES.  U87MG cells were 

maintained in Eagle’s minimal essential medium plus 1 mmol/L L-glutamine, 1 mmol/L 

Sodium Pyruvate.  Cells were maintained in media containing 10 % FBS and treated in SFM. 

 

Western Blot Analysis 

Protein was isolated in 1X RIPA buffer including one Complete-Mini protease inhibitor 

tablet from Roche Diagnostics (Indianapolis, IN).  DNA was sheared using a 23-gauge 

needle then cell lysates were stored at 4˚C for 30-minutes followed by C for 20-minutes to 

remove cellular debris.  Subsequently, protein lysates were centrifuged at 12,000 X g at 4ºC  

Proteins were quantitated by BCA (Pierce, Rockford, IL) using BSA as a standard and 

quantitated using a Beckman DU7400 spectrophotometer (Beckman Coulter, Fullerton, CA).  

Proteins (20 µg) were separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoreses and transferred onto nitrocellulose membranes as previously reported in this 

laboratory (26, 37).  Positive controls cell lysates consisted of anisomycin-treated C6 glioma 

cell extracts (Cell Signaling, Beverly, MA), NSAID, or by treating HCT-116 cells with the 

topoisomerase inhibitor, etoposide which is an antitumorigenic drug and potent inducer of 

apoptosis reported to induce ATF3 (36). 
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Reverse Transcription and Real-Time RT-PCR using SYBR green 

Real-time RT-PCR was performed in triplicate two or more times with individual time-

matched vehicle-treated controls for each gene tested or relative to vector expressing cells for 

overexpression assays.  Real-time RT-PCR primer design, deoxyribonuclease treatment, 

reverse transcription, and real-time RT-PCR assays were performed as previously described 

by this laboratory (29).  The primers used were as follows: 

ATF3 For AAGAACGAGAAGCAGCATTTGAT, Rev TTCTGAGCCCGGACAATACAC; 

Actin For CCTGGCACCCAGCACAAT, Rev GCCGATCCACACGGAGTACT; 

plasminogen activator inhibitor-1 (PAI-1) For TGCTGGTGAATGCCCTCTACT, Rev 

CGGTCATTCCCAGGTTCTCTA;  

Maspin For GCCAGGAGCACGGATCCT, Rev 

GTTGTGCCTGATGATGTAAATAAAGG; metastasis associated protein-1 (MTA-1) For 

GCCCCAAGTTTGCCATGA, Rev GATCCGCGTCAGCTTCGT;  

β-catenin For GCTGGGACCTTGCATAACCTT, Rev ATTTTCACCAGGGCAGGAATG. 

 

RNA Isolation 

For tissue culture, cells were rinsed twice with PBS then RNA was isolated using the Qiagen 

(Valencia, CA) RNeasy MINI kit according to the manufacturer's instructions.  Cell lysis was 

performed by centrifugation through a Qia-shredder (Qiagen).  RNA was quantitated using a 

Beckman DU7400 spectrophotometer (Beckman Coulter).  RNA isolation from mouse tumor 

xenografts was performed as above after tumors were excised and quickly snap frozen in 

liquid nitrogen then stored in 10 volumes of RNALater (Ambion, Inc. Austin, TX) according 

to the manufacturer's instructions using a Pro200 tissue homogenizer (Pro Instruments, 

Oxford, CT) and a Qiashredder to remove cellular debris. 

 

ATF3 Clones and Transfection Experiments 

A construct containing the entire coding region of ATF3 including the TATAA region was 

generated by RT-PCR using RNA from HCT-116 cells with the following primers: For: 

CGTGAGTCCTCGGTGCTC Rev: GACAGCTCTCCAATGGCTTC.  The resulting 721bp 

construct was cloned into pCRII-Topo (Invitrogen, Carlsbad, CA) followed by excision at the 
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HindIII/NotI sites and transferred in the sense and antisense orientation into the expression 

plasmid pcDNA3.1Zeo+/- (Invitrogen) using T4 DNA ligase (NEB, Beverly, MA) then 

confirmed by DNA sequencing.  Transient transfections were first carried out to evaluate the 

expression of full-length ATF3 protein by Western blot analysis as described below.  To 

generate stable pools of g/ml) was determined by plating cells�cells, the optimal amount of 

zeocin (600 in media containing at various concentrations of zeocin.  Transfection 

experiments were carried out using 1 µg of the expression plasmid using Lipofectamine/Plus 

reagent (Invitrogen) according to the manufacture’s instructions.  Stable-pools of HCT-116 

cells expressing full-length ATF3 sense, antisense, or vector (pcDNA3.1Zeo) expressing 

cells were isolated following 3-weeks of culture in the presence of zeocin, and expression of 

ATF3 was routinely detected by Western blot and real-time RT-PCR. 

 

Focus Formation Assays 

Stable pools of transfected HCT-116 cells were plated on 15-cm dishes at 3000 cells/dish for 

a period of 14 days for focus formation assays, an indication of tumorigenicity.  Cells were 

then washed with PBS, fixed with 100% methanol, and stained with Karyomax Giemsa 

solution for 2-min followed by successive washes with PBS at room temperature to visualize 

colony growth.  Colonies were visualized using a Leica MZ APO confocal microscope 

equipped with a Sony digital photo camera (DKC-5000) and NCL 150 light source, operated 

by a PC and Adobe Photoshop.  Cells were counted from ten randomly selected 2-cm2 grids 

per 15-cm dish.  Values are expressed as mean ± SEM. 

 

Ectopic Tumorigenicity Assays in Nude Mice 

Male athymic nude mice were purchased from NCI/Taconic at 5 weeks of age and were 

maintained in Pathogen free conditions for 1-week to allow for acclimation and during the 

course of the study, weighted, then divided up randomly before use.  Mice were housed and 

treated according to the NIEHS Animal Care and Use Committee (ACUC).  On day one, 

PBS or stable pools of actively growing vector, antisense, and sense HCT-116 cells (3x106 

cells) were injected subcutaneously in a final volume of 0.1 ml PBS behind the right forelimb 

of each mouse (19.3 ± 0.47 g) as previously reported by our laboratory (38).  Measurement 

of the resulting tumor xenografts began when the size was more than 2-mm in diameter (~50 
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mm3) and proceeded until the animals were sacrificed at the end of the study.  Growth curves 

were determined by measuring the tumors externally in two dimensions.  The tumor volume 

was calculated using the equation V = [(L + W) 0.5] x L x W x 0.5236.  The values are 

reported as mean ± SEM of ten xenografts per group.  Mice were sacrificed 28-d after the 

injections, immediately weighed and tumors were excised in accordance with NIEHS ACUC 

guidelines.  The body weights of the mice did not differ significantly at the end of the study 

(p<0.38). 

 

Assessment of Apoptosis by Fluorescence-Activated Cell Sorting Analysis 

The DNA content of cells was determined by fluorescence-activated cell sorting (FACS).  

Cells were plated in triplicate two or more times at 2x105 cells/well in 12-well plates, 

incubated overnight, then treated in media containing 5% FBS in the presence of vehicle or 

the compound indicated for 30-h.  After treatment, the cells were rinsed with PBS, harvested, 

and then mixed with Annexin V-FITC in the dark for 15-min, centrifuged, then incubated 

with propidium iodine (Oncogene Research Products, San Diego, CA) according to the 

manufacturer's instructions.  Seven thousand five hundred cells were examined by flow 

cytometry using a Becton Dickinson FACSort equipped with CellQuest software by gating 

on an area versus width dot plot to exclude cell debris and cell aggregates. Apoptosis was 

measured by the level of sub-diploid DNA contained in cells using CellQuest software from 

the total gated cells.  Measurements are relative to fold-increase over vehicle-treated cells for 

non-transfected cells or vehicle-treated/vector transfected cells for the transfected cells. 

 

Immunohistochemistry 

Xenografts were quickly excised and stored in 10% neutral buffered formalin at room 

temperature overnight then washed several times in ethanol gradient (50-70%) then paraffin 

embedded.  Expression of ATF3 was confirmed by immunohistochemistry at a primary 

rabbit antibody concentration of 1:50 and a secondary rabbit antibody concentration of 1:300 

on 4 µM sections.  The negative control for these studies was normal rabbit serum at the 

same dilution as primary antibody (Jackson Immunoresearch Laboratories, Inc. West Grove, 

PA).  Positive control slides were rat pancreas (data not shown).  Areas were chosen 

randomly. 
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Cell Invasion Assay 

Invasion assays were performed in 24-well dishes with Millicell cell culture plate inserts 

(Millipore, Bedford, MA).  The upper chamber consisted of an 8 µM pore-size and was 

coated with matrigel basement membrane matrix (BD Biosciences, Bedford, MA) diluted to 

1 µg/µl with 100 µl PBS per well and incubated at 37ºC for 24-h.  The lower chamber 

consisted of 750 µl of complete media.  Actively growing cells (2.5x104 cells) were diluted 

in 500 µl SFM, added to the upper chamber, and incubated for 48-h in the absence or 

presence of vehicle or sulindac sulfide (10 µM) as indicated.  Following incubation, media 

from the upper chamber was removed and cells with matrigel on the upper surface were 

carefully rinsed then removed with a cotton swab.  The upper chambers were stained with 

Hematoxylin & Eosin solution (Sigma) following a gently rinse in PBS solution.  Invading 

cells were counted from several random fields of view from four independent experiments 

using an Olympus (Melville, NY) AX80 microscope equipped with a DP-70 digital camera 

(Olympus) and a personal computer equipped with NIH Image 1.61 at 200X and values 

shown are the mean number of cells from an equal number of fields of view (± SEM). 

 

Super Array Microarray Analysis 

GEArray Q series blots (HS-006) were purchased from Super Array (Super Array, Inc. 

Frederick, MD).  RNA from vector and sense expressing cells plated at 1X106 cells/10-cm 

dish was isolated as above following incubation for 24-h in complete media as described 

above.  The procedure for biotinylated cDNA probe synthesis was performed using the 

Ampho-LPR labeling kit (Superarray Inc.).  Briefly, five micrograms of total RNA was used 

as a template for cDNA synthesis and then the cDNA was labeled with biotin-dUTP (Roche, 

Indianapolis, IN) during PCR reaction.  Then, the reaction was stopped and denatured at 94 

ºC for 2 min and the resulting DNA probe was applied to a prehybridized GEArray 

membrane.  The hybridization was performed at 60ºC for 12 h in a hybridization oven.  After 

two-step washing at 60ºC membranes were blocked and treated with alkaline phosphatase-

conjugated streptavidine and finally exposed to CDP-Star alkaline phosphatase 

chemiluminescent substrate.  The membrane was exposed to autoradiographic film.  The 

intensity of the each spot was compared with scion image software using GAPDH or 
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cyclophilin as a positive control.  Autoradiograms were scanned using an Umax Powerlook 

III scanner equipped with a transparency adapter and normalized to actin before quantitation 

using NIH image (Bethesda, MD). 

 

Statistical Analyses 

Multiple comparisons were analyzed using ANOVA with Bonferroni’s t-test for multiple 

comparisons at the p<0.05 level of significance versus vector-transfected or vehicle-treated 

cells unless otherwise indicated.  For real-time RT-PCR of array genes, statistical 

significance was determined according to a two-sided t-test at p<0.05 level of significance.  

Analyses on real-time RT-PCR values were following adjustment for actin on Ct values from 

raw data.  For mouse tumor data, multiple comparisons were analyzed at the p<0.10 level 

following a log10 transformation to normalize the data for analysis.  Values indicated with 

unique letters or one or more asterisks (*) are statistically significant, while values sharing a 

common letters are not significant.  * denotes statistical significance at the p<0.05 level or 

p<0.10 for mouse tumor data.  ** denotes the p<0.01 level.  *** denotes the P<0.001 level.  

All pair-wise comparisons were at p<0.01.
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RESULTS: 

NSAIDs and Other Chemopreventive Compounds Increase the Expression of ATF3. 

HCT-116 cells serve as a model system for studying human colorectal cancer and are 

frequently used to study changes in gene expression by NSAIDs and other chemopreventive 

compounds and thus were used for this study.  We chose to study the modulation of ATF3 by 

these compounds because this transcription factor was identified by microarray analysis of 

sulindac sulfide treated colorectal cancer cells.  ATF3 protein expression was induced by a 

variety of chemopreventive compounds including the traditional Cox inhibitor sulindac 

sulfide, the Cox-1 specific inhibitor SC-560, the PPARγ ligand TGZ, the garlic oil 

constituent DADS, the red wine constituent resveratrol, and the Cox-2 specific inhibitor SC-

58125.  As illustrated in Figure 4.1A, the induction of ATF3 by these compounds occurred in 

a concentration-dependent manner in HCT-116 colorectal cancer cells.  The concentrations 

used for sulindac sulfide were within the physiological concentrations observed in humans 

taking the pro-drug sulindac [158], whereas higher concentrations were required for the 

natural dietary compounds.  ATF3 protein expression was increased in a time-dependent 

manner with significant expression around 4 to 6-h as illustrated with several of these 

compounds (Figure 4.1B).  We next determined if ATF3 was modulated at the mRNA level 

using real-time RT-PCR.  The time course of induction of ATF3 at the mRNA level was 

determined using sulindac sulfide and SC-560 (Figure 4.2A) and these time points were used 

for subsequent treatments.  Sulindac sulfide (10 µM) was a more potent inducer of ATF3 

mRNA than SC-560 (10 µM).  This was confirmed by Northern blot analysis and correlated 

with the levels of induction (data not shown and [137]).  Induction of ATF3 mRNA was 

time-dependent with maximal induction occurring around 4-h, preceding the induction of 

ATF3 protein.  HCT-116 cells were then treated with vehicle or the six compounds indicated 

and mRNA analyzed by real-time RT-PCR.  In general, these compounds induced ATF3 at 

the mRNA level 2-4-fold following a 4-h treatment, whereas TGZ induced ATF3 by 8.7-fold 

at this time-point (Figure 4.2B).  However, resveratrol, SC-58125, and DADS induce ATF3 

to a greater extent at higher concentrations (Figure 4.2C).  We next determined if these 

compounds induced ATF3 protein expression in different cancer cells such as breast, 

ostosarcoma, prostate, and glioblastoma cancer cells using MCF-7, PC-3, and U87MG cell 

lines, respectively.  The increase in ATF3 expression was observed in these cell lines 
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following treatment with these chemopreventive agents, therefore ATF3 is responsive in a 

wide-variety of cell types (Figure 4.3).  SC-58125 did not induce ATF3 in the highly 

malignant U87MG cell line as has been reported in SW-480 cells [137]. 

Evaluation of ATF3 Over-expressing Cells 

To study the biological activity of ATF3, ATF3 was cloned into the expression vector 

plasmid pcDNA3.1Zeo in the sense and antisense orientation.  Stable pools of cells 

containing vector or full-length ATF3 in the sense and antisense orientation were generated.  

Protein expression of ATF3 was determined in these stable pools of cells.  Relative to the 

vector cells, cells over-expressing full-length ATF3 in the sense orientation showed a 

dramatic increase in ATF3 protein and mRNA expression while some suppression was seen 

in the antisense cells relative to vector cells (Figure 4.4 A-B). 

Antitumorigenic Activity of ATF3 

To determine if ATF3 affects tumorigenicity, two different assays were used.  Focus 

formation, an indication of tumorigenicity, and mouse xenografts were used with the vector, 

antisense, and sense cells.  ATF3 expression in the sense cells significantly suppressed focus 

formation while the suppression of ATF3 in the antisense cells resulted in a significant 

increase in colony formation indicating antitumorigenic activity for ATF3 according to this 

assay (Figure 4.4C and Table 4.1A).  These results suggest that ATF3 expression will inhibit 

tumor formation.  To support this conclusion, mouse the tumor xenograft model was used.  

Athymic nude mice were injected subcutaneously with HCT-116 cells (sham injected, vector, 

sense, and antisense) into nude mice using a xenograft mouse model.  Mice from the three 

treatment groups had measurable tumors at 14-d after injection (Figure 4.4D).  Twenty eight 

days after the injections, mice were weighed then sacrificed.  Tumors from ATF3 sense 

expressing cells were the smallest (209.0 mm3 ± 39.2), which was 46% of the size of tumors 

from vector expressing mice (452.9 mm3 ± 96.3).  Tumors from ATF3 antisense cells (585.9 

± 192.5 mm3) were the largest at 129% of the size of tumors from vector expressing cells 

(Table 4.1A) and were histologically less distinct than those from the vector or ATF3 sense 

tumors making measurements more difficult and variable.  Thus, a 54% reduction in tumor 

size in the sense tumors and a 28% increase over vector in the antisense tumors was 

observed.  To confirm the expression of ATF3 in the sense expressing tumors, mRNA levels 

were determined by real-time RT-PCR from mRNA and immunohistochemistry.  ATF3 was 
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significantly induced (26.3-fold ± 1.4-fold, p<0.001) relative to the vector containing tumors 

(1.0 ± 0.03), indicating overexpression occurred in these tumors, and that it was maintained 

throughout the study period.  Whereas, a relatively small insignificant increase (2.0 ± 0.1-

fold, p=0.8) in ATF3 mRNA expression was detected in the antisense tumors at the time 

point tested.  In addition, representative tumors were formalin-fixed and examined by 

Immunohistochemistry for the expression of ATF3.  A significant number of cells were 

positive for ATF3 protein expression in the sense tumors (Figure 4.4G) relative to cells in the 

vector (Figure 4.4E) and antisense (Figure 4.4F) tumors, which is in agreement with the 

mRNA data.  This is evident not only by the overall degree of staining, but by the number of 

highly stained cells particularly along borders.  No expression was detected using rabbit 

serum as a negative control (Figure 4.4H). 

ATF3 overexpression is not responsible for NSAID-induced apoptosis 

NSAIDs such as sulindac sulfide induce apoptosis and alterations in apoptosis appear, at least 

in part, to explain the antitumorigenic activity of these and other compounds and we wanted 

to determine if ATF3 is involved in this process.  Therefore we first confirmed that sulindac 

sulfide induces apoptosis in these cells.  Sulindac sulfide induces apoptosis in HCT-116 cells 

after a 30-h treatment in a concentration dependent manner (Figure 4.5A).  To determine if 

ATF3 was involved in the apoptotic response, we measured the apoptotic response in ATF3 

vector, sense, and antisense-transfected cells.  Cells expressing ATF3 did not have a 

significant effect on the induction of apoptosis in the absence of treatment according to 

ANOVA (Figure 4.5B, p=0.13).  Therefore, overexpression of ATF3 in the sense orientation 

does not induced apoptosis, thus other mechanisms are likely involved. 

Overexpression of ATF3 Modulates Genes Related to Invasion 

Microarray analysis of total RNA from ATF3 sense vs. vector expressing HCT-116 cells was 

performed in an attempt to reveal possible candidate genes that may explain the 

antitumorigenic effects of ATF3.  The cancer pathway microarray chip was chosen because it 

consists of 96 genes that relate to cancer via six common biological pathways.  Twelve genes 

were initially detected as induced or repressed by ATF3 overexpression.  After further study, 

four of the twelve genes initially detected were consistently regulated by ATF3 

overexpression according to real-time RT-PCR and are therefore indicated in Table 4.1B.  

ATF3 was measured as a control, and was induced 5.8-fold.  Two genes were induced, 
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Maspin and plasminogen activator inhibitor-1 (PAI-1) while two genes were repressed, 

metastasis associated protein-1 (MTA-1) and β-catenin.  Each of these genes relate to 

invasion and metastasis.  Subsequently, we determined if these genes were modulated by 

sulindac sulfide, to determine if ATF3 overexpression may, in part explain the anti-invasive 

activity of this and perhaps other NSAIDs.  Several of these genes were modulated by 

sulindac sulfide independent of artificial ATF3 overexpression.  However, maspin, which 

was induced by ATF3 overexpression, was consistently repressed by sulindac sulfide 

indicating the global patterns of gene expression and the involvement of these drugs are 

complex. 

ATF3 Modulates Tumor Cell Invasion 

NSAIDs such as sulindac sulfide are known to inhibit invasion.  Because microarray analysis 

followed by real-time RT-PCR confirmed that ATF3 and sulindac sulfide alters the 

expression of genes related to invasion, and ATF3 overexpression appears to have an 

antitumorigenic role independent of apoptosis, the invasion of these cells alone and following 

treatment with vehicle or sulindac sulfide was determined using matrigel-coated membranes.  

Transiently transfected HCT-116 cells were plated onto matrigel basement membrane coated 

millicell inserts and incubated for 48-h.  In agreement with anti-invasive nature of ATF3 at 

the gene expression level, ATF3 sense cells had a decrease in invasion on matrigel-coated 

plates.  Conversely, ATF3 antisense cells had an increase in invasion (Figure 4.5C), a further 

indication of the antitumorigenic role for ATF3.  Sulindac sulfide inhibited invasion in each 

of the ATF3 clones as illustrated in Figure 4.5D indicating that ATF3 modulates tumor cell 

invasion and appears to be, at least in part, one way NSAIDs elicit their antitumorigenic 

response as sulindac sulfide plus ATF3 overexpression resulted in the greatest inhibition and 

sulindac sulfide restored the degree of invasion in the antisense cells to that of the untreated 

vector-containing cells. 
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DISCUSSION: 

NSAIDs and certain dietary compounds reduce the risk of colorectal cancer in humans and in 

animal models as illustrated in a recent review [36].  Increasing evidence suggests that 

NSAIDs and other chemopreventive compounds work through a variety of mechanisms in 

addition to their Cox-inhibitory activity.  One mechanism that may, in part, explain the 

chemopreventive effects of NSAIDs is through gene modulation that could lead to alterations 

in invasion, apoptosis, cell proliferation, and angiogenesis.  Previously, our laboratory 

utilized subtractive hybridization to study changes in gene expression by NSAIDs and 

identified the gene NAG-1, a novel member of the TGF-β super family [98].  The over-

expression of NAG-1 induces apoptosis in cultured cells and suppresses the growth of 

xenograft in nude mice [99], but it is likely that several other genes are involved in the pro-

apoptotic, antitumorigenic, and anti-invasive effects of Cox inhibitors and other 

chemopreventive compounds.  For example, microarray analysis revealed 65 genes either 

induced or repressed by physiological concentrations of sulindac sulfide [39].  One gene, 

ATF3 was considered for further study because it is a transcription factor involved in cell 

proliferation, apoptosis, and invasion, and its expression is down regulated in colorectal 

tumors [39].  ATF3 expression is modulated by a wide variety of compounds including 

NSAIDs [39,137], genotoxic agents (ionizing radiation, UV radiation, methyl 

methanesulphonate) [121], PPARγ ligands [111], dietary compounds with cytotoxic activity 

and documented anti-cancer properties [101,201], anti-cancer drugs [102,132], and growth 

factors [112,202].  The mechanisms of regulation for ATF3 are as diverse as the compounds 

that regulate ATF3 (for a review see [109]).  Induction of ATF3 occurs at the promoter level 

at least for several compounds.  For example, gene regulatory pathways that modulate ATF3 

include p53, p38, MEKK1, c-Jun N-terminal kinase, and its own promoter.  Furthermore, 

ATF3 is a transcription factor known to regulate several genes relating to cell growth, 

apoptosis [119,203], and invasion [114,136,204].  

In this report, we examine the biological activity of ATF3 in an attempt to determine 

if this gene could be involved in the chemopreventive activity of NSAIDs and other agents.  

A wide variety of compounds with chemopreventive and/or chemotherapeutic activity 

increase the expression of ATF3 in a time and concentration-dependent manner in HCT-116 

colorectal cancer cells.  ATF3 is induced at the mRNA and protein level by NSAIDs, TGZ, 
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DADS, and resveratrol.  We report for the first time that overexpression of ATF3 protein 

exerts antitumorigenic activity as determined using xenograft mouse models and other assays 

and anti-invasive activity in vitro in colorectal cancer cells.  ATF3 sense cells yielded smaller 

tumors when injected into nude mice while tumors from the antisense cells were modestly 

increased in size and histologically less distinct in the xenograft mouse model.  IHC of ATF3 

from these tumors revealed an increase in ATF3 expression in the sense tumors, particularly 

at edges and borders.  However, no suppression of ATF3 was seen in the antisense tumors, 

which is consistent with the mRNA data and the inability of ATF3 suppression to 

significantly induce tumorigenicity in vivo.  Similar anti-tumorigenic activity resulted with 

ATF3 overexpression when using an in vitro assay for tumorigenicity.  However, significant 

suppression of ATF3 was seen along with an increase in tumorigenicity in the antisense cells.  

Therefore, it is unclear if inhibition of ATF3 has anti-tumorigenic activity in vivo.  While 

suppression of ATF3 modestly inhibited the induction of apoptosis, the antitumorigenic 

activity of ATF3 overexpression does not appear to be via the induction of apoptosis or the 

inhibition of cell proliferation (data not shown) in this study, thus other mechanisms are 

likely involved.  In an attempt to explain the biological effects of ATF3, we performed 

microarray analysis, which revealed that ATF3 expression alters the expression of several 

genes related to invasion.  For example, maspin, PAI-1, β-catenin, and MTA-1 were altered 

at the mRNA level as determined by real-time RT-PCR.  This may occur directly by ATF3 

binding to the promoter of these genes or by regulation of inhibitors of these genes.  Most of 

these genes are regulated by sulindac sulfide, indicating ATF3 may be involved in the 

induction of these genes following treatment with Cox inhibitors thereby linking the gene 

regulatory role of these compounds to ATF3.  Subsequently, we evaluated the invasion 

potential of these cells.  ATF3 expression inhibited invasion whereas invasion was increased 

in the antisense cells.  Sulindac sulfide treatment inhibited invasion in each of these cells and 

ATF3 expression inhibited invasion to a similar extent as sulindac sulfide.  Furthermore, the 

expression of ATF3 increased sulindac sulfide-induced inhibition of invasion.  Conversely, 

ATF3 antisense cells had increased invasion and attenuated the inhibition of invasion by 

sulindac sulfide.  These results suggest that the anti-invasive role of NSAIDs may be 

dependent, in part, on an increase in ATF3 expression. 
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The modulation of invasion by ATF3 is likely linked to the global pattern of gene 

expression modulated by ATF3 and some NSAIDs, such as sulindac sulfide.  ATF3 is a 

transcription factor known to both induce and repress gene expression.  We hypothesize that 

gene modulation downstream of ATF3 may be responsible for its antitumorigenic effects.  

ATF3 modulates the expression of genes linked to cancer including gadd153/Chop10, which 

is associated with cell growth [119], MMP-2 which is associated with invasion [113-115] and 

ATF3 is regulated by and interacts with the antitumor gene p53 [113].  Genes found to be 

modulated by ATF3 include maspin, a serine protease inhibitor that is down regulated in 

colorectal [205] and mammary tumors and related to invasion, angiogenesis, and metastasis 

[206], thus may relate to changes in and invasion by ATF3.  In addition, PAI-1 is altered and 

linked to metastasis and invasion reducing cells ability to invade [207].  MTA-1 and β-

catenin were repressed by ATF3 overexpression.  Induction of MTA-1 correlates with 

increased invasion illustrated by the fact that overexpression of MTA-1 in vitro increases 

cancer cell migration and invasion while MTA-1 is up regulated in aggressive epithelial 

neoplasms in vivo [208].  While β-catenin is often mutated in cancer cells, suppression of β-

catenin is reported in colorectal tissue following sulindac treatment in humans with familial 

adenomatous polyposis [209].  Indomethacin decreases β-catenin in colorectal cancer cells 

undergoing G1 cycle arrest and apoptosis [156].  NSAIDs such as sulindac [64] and aspirin 

[192] inhibit invasion at least in part via suppression of the pro-invasive gene MMP-2.  

Furthermore, ATF3 suppresses transcription of MMP-2 by binding to and inhibiting the 

promoter of MMP-2 [113-115].  Therefore it would appear that ATF3 has anti-invasive 

activity by altering the expression of genes related to invasion and ATF3 appears to play an 

important role in the inhibition of invasion by NSAIDs. 

In conclusion, NSAIDs and certain dietary compounds have chemopreventive activity in 

humans and antitumorigenic and anti-invasive activity in vitro and in animal models in vivo.  

Several of the compounds illustrated here and elsewhere modulate the expression of ATF3, 

which is indirectly linked with the suppression of invasion via MMP-2 by others and directly 

for the first time following overexpression using a variety of assays and indirectly via 

NSAIDs as illustrated in this study.  ATF3 modulates the expression of several other down-

stream genes related to invasion, which are likely linked to this activity.  The increase 

expression of ATF3 is a new mechanism to explain the inhibition of invasion reported by 
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treatment with NSAIDs.  The chemopreventive activity of NSAIDs has been linked to 

induction of apoptosis, inhibition of cell growth, alterations in angiogenesis, and inhibition of 

invasion.  While Cox-inhibition by NSAIDs play an important role in the inhibition of 

tumorigenicity, the global pattern of gene expression and changes in the expression these 

genes appears to be involved with this activity.  NSAIDs alter the expression of genes that 

appear to be linked with many of these biological responses in addition to those seen here.  

For example, some NSAIDs and other compounds induce NAG-1 expression, resulting in the 

induction of apoptosis and inhibition of tumorigenicity.  Cox inhibitors and certain anti-

cancer drugs repress laminin γ1 expression [210], resulting in the inhibition of invasion.  

Thus NSAIDs alter a number of genes associated with apoptosis, invasion, and angiogenesis.  

The interaction and balance between the expressed genes appears to determine the 

chemopreventive activity of these compounds.  Other genes related to invasion are likely 

altered by NSAIDs and other chemopreventive agents and therefore additional experiments 

are required to elucidate the precise mechanisms explaining the chemopreventive activity of 

NSAIDs and other chemopreventive agents.
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Table 4.1. Overexpression of ATF3. 

A. Overexpression of ATF3 Inhibits Tumor Growth 

  Focus Formation Tumor Size Tumor Size 

Group:  (Colonies): at d-28 (mm3):  (% of Vector): 

Vector 22.2 ± 0.7 a 452.9 ± 96.3 d 100.0 ± 21.3 d 

antisense 28.0 ± 1.2 b 585.9 ± 192.5 d 129.4 ± 42.5 d 

Sense 14.1 ± 1.0 c 209.0 ± 39.2 e 46.2 ± 8.7 e 

 

Values are expressed as mean (± SEM). 
a-e Values indicated with unique letters are statistically significant, while values sharing a 

common letters are not significant. 
a-c P value <0.001. 
d-e P value <0.095. 

 

B. Overexpression of ATF3Modulates the Expression of Genes Related to Invasion 

Fold Change mRNA expression: 

 

Gene: 

a ATF3  

overexpression: 

b 30 µM  

sulindac sulfide 

ATF3 5.8 ± 0.3 38.6 ± 0.45 

Maspin 1.9 ± 0.12 0.56 ± 0.04 

PAI-1 1.7 ± 0.08 3.41 ± 0.54 

MTA-1 0.73 ± 0.01 0.91 ± 0.08 

β-catenin 0.73 ± 0.02 0.79 ± 0.03 

 

Values are expressed as mean (± SEM) fold change relative to a vector transfected or b time-

matched vehicle-treated cells.  mRNA expression was measured by real-time RT-PCR on Ct 

values adjusted for actin. 
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CHAPTER 5 

 

 

Regulation of Activating Transcription Factor 3 (ATF3) by Cox inhibitors and PPAR γ 

ligands: Role of the Early Growth Response-1 (Egr-1) Gene. Frank G. Bottone, Jr., Yuseok 

Moon, Brenda Alston-Mills, and Thomas E. Eling. 
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ABSTRACT: 

Non-steroidal anti-inflammatory drugs (NSAIDs) such as sulindac sulfide, and the PPARγ 

ligand troglitazone, are being evaluated for their anti-cancer activity.  Microarray analysis of 

mRNA from human colorectal cancer cells treated with sulindac sulfide identified the 

transcription factor Activating Transcription Factor 3 (ATF3) as up-regulated by NSAIDs.  

ATF3 is a transcription factor involved in cell growth, apoptosis, and invasion.  We report for 

the first time that sulindac sulfide and troglitazone induced ATF3 mRNA, protein, and 

luciferase activity and that this occurred, in part, via the cis-acting element early growth 

response gene-1 (Egr-1).  Analysis of the ATF3 gene promoter revealed three putative Egr-1 

binding sites.  ATF3 was induced at the promoter level and the induction of Egr-1 was 

induced at the mRNA and protein level.  Overexpression of full-length Egr-1 protein induced 

ATF3 mRNA 3.5-fold and transcriptional activity of an ATF3 promoter construct more than 

20-fold relative to vector.  The induction of ATF3 by sulindac sulfide and troglitazone was 

blocked by Egr-1 small interfering RNA.  Sulindac sulfide and TGZ induced phosphorylation 

of extracellular regulated kinase1/2 (Erk1/2) while the MEK1/2 inhibitor PD98059 blocked 

the induction of ATF3 and Egr-1 mRNA expression and ATF3 promoter activity by these 

compounds.  The induction of ATF3 was blocked by a dominant negative inhibitor of MEK1, 

which acts upstream of Erk1/2 and Egr-1, indicating that the mitogen-activated protein 

kinase (MAPK) cascade was involved.  Thus, the mechanism involved in the induction of 

ATF3 by these drugs involves Egr-1 and the Erk1/2 signal transduction pathway. 
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INTRODUCTION: 

Numerous animal studies, population-based studies, and in vitro studies provide evidence 

that traditional non-steroidal anti-inflammatory drugs (NSAIDs) have chemopreventive 

activity directed against colorectal cancer as illustrated in a recent review [41].  Sulindac 

sulfide [24], which is the active metabolite of the pro-drug sulindac, and the cyclooxygenase-

2 (Cox-2) specific inhibitor, celecoxib [27], are currently used to treat familial adenomatous 

polyposis in humans and have been shown to effectively inhibit the growth of polyps and 

cause regression of pre-existing polyps in persons with familial adenomatious polyposis in 

randomized clinical trials while aspirin has proven chemopreventive activity [22].  Until 

recently NSAIDs mode of action was thought to be solely through the inhibition of Cox-2 , 

which along with its products such as prostaglandin E2, are up-regulated in tumors resulting 

in a variety of biological activities such as enhanced tumor cell invasion, increased 

angiogenesis, and a reduction in apoptosis.  However, recent work illustrates that NSAIDs 

work through gene modulation.  For example, sulindac and aspirin inhibit tumor cell invasion 

via suppression of matrix metalloproteinase-2 (MMP-2) expression [64,192], the Cox-2 

specific inhibitor celecoxib has antiangiogenic and antimetastatic activity via suppression of 

the transcription factor Sp1 in pancreatic cancer [69].  The anti-proliferative effects of certain 

NSAIDs appear to be through the modulation of various transcription factors such as AP-1 

and NF-KappaB via extracellular regulated kinase (Erk) and p38 [51]. 

With microarray analysis of colorectal cancer cells treated with sulindac sulfide, we 

identified several candidate genes potentially involved in the chemopreventive activity of 

NSAIDs [39].  One gene, Activating Transcription Factor 3 (ATF3) was considered for 

further study because it is a transcription factor involved in cell proliferation, apoptosis, and 

invasion, and its expression is down-regulated in colorectal tumors [39] and has reported 

anti-tumorigenic activity and anti-invasive activity (Bottone et al. in press).  ATF3 is a 

member of the ATF/cyclic adenosine monophosphate responsive element binding protein 

(ATF/CREB) family of transcription factors.  ATF3 has anti-cancer activity.  For example, 

ATF3 modulates the expression of genes linked to cancer including gadd153/Chop10 [119], 

MMP-2 [113-115], the anti-cancer gene p53 [113], and induces apoptosis [130,211].  The 

promoter of ATF3 contains a variety of response elements including numerous AP-1, Myc, 

NFκB, p53, ATF3, plus several uncharacterized sites [122].  The promoter of ATF3 is 
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regulated by a variety of mechanisms including Erk1/2, its upstream activator MEKK1, and 

c-Jun N-terminal kinase/stress-activated protein kinases (JNK) mitogen-activated protein 

kinase (MAPK) pathways [121].  The promoter of ATF3 is regulated by p53 [128], the 

growth factor TNF-α via Erk and JNK.  ATF3 is regulated via JNK following treatment with 

various stress signals such as ionizing radiation [212], homocystine [170], and via the 

IRE1/TRAF2 pathway [130].  Furthermore, ATF3 is induced in cancer cells by NSAIDs [39] 

and PPARγ ligands [111].  These compounds have pro-apoptotic [213], anti-invasive 

[64,214], and anti-tumorigenic activity in colorectal cancer cells [215].  ATF3 is regulated by 

the anti-cancer drugs etoposide [132] and taxol [102].  However, little is known about the 

molecular mechanism responsible for the induciton of ATF3 by NSAIDs and PPAR γ ligands 

are not known. 

Our laboratory identified NSAID Activated Gene-1 (NAG-1), which is a TGFβ 

super-family member with pro-apoptotic and anti-tumorigenic activity.  NAG-1 is regulated 

via an early growth response-1 gene (Egr-1) dependent mechanism involving Erk1/2 

following treatment with NSAIDs such as sulindac sulfide [216] and the PPARγ ligand 

troglitazone (TGZ) [200].  Sulindac sulfide and TGZ induce Egr-1 expression at both the 

transcriptional and post-transcriptional level and Egr-1 is considered by some to be an anti-

cancer gene [216,217].  Some evidence suggests that Egr-1 and ATF3 are modulated by 

overlapping MAPK pathways and Egr-1 overexpression induces ATF3 [217,218].  

Therefore, we chose to test the hypothesis that Egr-1 regulates the induction of ATF3 by 

sulindac sulfide and TGZ involving the MAPK cascade.  We report for the first time that the 

molecular mechanism involved in the induction of ATF3 by sulindac sulfide and TGZ 

requires the expression of Egr-1 and involves the Erk and p38 MAPK pathways.
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MATERIALS AND METHODS: 

Cell lines and reagents 

Human colorectal cancer cells were purchased from ATCC (Manassas, VA) and were 

maintained at 37ºC/5 % CO2.  Cell culture reagents were from Life Technologies (Rockville, 

MD) unless otherwise indicated.  HCT-116 cells were maintained in McCoy’s 5A medium 

supplemented with 10 % fetal bovine serum and 10 mg/L gentamicin (complete media).  

HCT-15 cells were maintained in RPMI-1640 media with 10% fetal bovine serum, 2 mM L-

glutamine, 1 mM sodium pyruvate, and 10 mg/L gentamicin (complete media).  Sulindac 

sulfide was from Sigma Chemical Company (St. Louis, MO).  TGZ, cyclohexamide, and 

MAPK inhibitors were from EMD Biosciences (San Diego, CA). 

Cell culture treatments 

Cells were grown overnight to 60-70% confluency in complete media for protein assays and 

treated in SFM for the times indicated.  For MAPK inhibitor studies, cells were serum 

starved for 1-h in the presence of MAPK inhibitors (pre-treatment) in SFM and subsequently 

co-treated with the compounds and for the times indicated.  Vehicle consisted of dimethyl 

sulfoxide.  For protein assays, cells were treated for 6-h unless otherwise indicated.  For 

RNA isolation, cells were treated for 4-h. 

Luciferase promoter constructs 

The ATF3 promoter constructs Luc-110 and Luc-1850 were a generous gift from Dr. 

Shigetaka Kitajima, Department of Biochemical Genetics, Medical Research Institute, Tokyo 

Medical and Dental University, 1-5-45, Yushima, Bunkyo-ku, Tokyo, 113-8510, Japan and 

constructs were generated as previously described [122,170].  Other ATF3 luciferase 

promoter constructs were generated from the promoter region indicated in parenthesis by 

PCR of human genomic DNA using the following primers from Invitrogen (Carlsbad, CA) 

and subsequently sequence verified: (-2073 to +45) Luc-2073 For: 

TCACGTGTTCTCCCTCCTCTC and Luc-2073 Rev: GCGAGAGAAGAGAGCTGTGC.  

Luc-41 (-41 to +45) consists of the following sequence For: 

TGAGGGCTATAAAAGGGGTGATGCAACGCTCTCCAAGCCAC 

AGTCGCACGCAGCCAGGCGCGCACTGCACAGCTCTCTTCTCTCGC.  Products were 

subsequently cloned into pCR2.1 (Invitrogen) then transferred by restriction digestion in the 

appropriate direction using the enzymes HindIII/NotI (NEB, Beverly, MA) into the pGL3 

 96



luciferase reporter vector (Promega, Madison, WI), ligated with T4 DNA ligase (Gibco BRL, 

Rockville, MD), and sequenced verified.  The Egr-1 luciferase promoter construct, pEGR-

1260Luc (+34 to –1260) was designed as previously described [215]. 

Luciferase reporter assays 

HCT-116 cells were transiently transfected in 12-well dishes at 150,000 cells/well for 5-h in 

SFM containing 0.7 µg of the reporter plasmid containing an ATF3 promoter construct or 

vector DNA and 0.05 µg of the control Renillia luciferase plasmid pRLnull (Promega) using 

Lipofectamine/Plus reagent according to the manufacture’s instructions.  Cells were 

recovered overnight in complete media.  Subsequently, cells were pre-treated with MAPK 

inhibitors (only as indicated) then treated in SFM containing vehicle or the compounds 

indicated for 24-h.  Cells were then washed with PBS then protein isolated using 0.25 ml of 

1X passive lysis buffer per well of a 12-well dish followed by shaking at room temperature 

for 5-min.  Lysates were routinely saved, concentrated and used for Western blotting to 

confirm simultaneous induction of endogenous ATF3 protein expression by the treatments 

indicated.  Values shown are mean ± STD of three independent transfections. 

Egr-1 post-translational gene silencing, MEK1 dominant negative inhibitor, and Erk1/2 

inhibitor studies 

Egr-1 oligo small interfering RNA (siRNA) (AAGTTACTACCTCTTATCCAT) and 

scrambled RNA (ATTGTATGCGATCGCAGAC) were designed from various regions of the 

Egr-1 mRNA which resulted in a significant suppressive effect.  Fifty µM stocks were used 

and the ability of the Egr-1 siRNA to knock-down Egr-1 expression was confirmed by 

Western and reverse transcription-polymerase chain reaction (RT-PCR) analyses.  HCT-116 

cells were transfected with 50 nM siRNA or scrambled RNA in 12-well dishes using 

lipofectamine 2000 and Opti-MEM I medium according to the manufacture’s instructions.  

Cells were recovered overnight in complete media and subsequently treated for 24-h.  The 

human MEK1 dominant negative inhibitor (pMEV-MEK1-DN) and vector (pMEV) are 

under control of the CMV promoter and were from Biomyx Technology (San Diego, CA). 

The MEK1 dominant negative inhibitor contains the following mutations: K97R, S218E, and 

S222A and is neither activated nor can it phosphorylate its downstream effectors.  The 

MEK1 dominant negative inhibitor or vector pDNA (0.7 µg) were co-transfected with 

various luciferase constructs as described above.  For inhibitor assays using the Erk1/2 
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specific inhibitor PD98059 (20 µM) or SB203580 (10 µM), cells were pre-treated for 1-h in 

SFM followed by treatment with sulindac sulfide or TGZ as indicated. 

Overexpression of Egr-1 and ATF3 

For Egr-1 pcDNA 3.1 vector and an Egr-1 full length protein expression plasmid were 

described previously [215].  Briefly, transfection experiments were carried out using 0.7 µg 

of the expression plasmid using Lipofectamine/Plus reagent (Invitrogen) according to the 

manufacture’s instructions in 12-well dishes.  For ATF3, a construct containing the entire 

full-length coding region of ATF3 including the TATAA region was generated by RT-PCR 

using RNA from HCT-116 cells with the following primers: For: 

CGTGAGTCCTCGGTGCTC Rev: GACAGCTCTCCAATGGCTTC.  The resulting 721bp 

cDNA was cloned into pCRII-Topo® (Invitrogen, Carlsbad, CA) followed by excision at the 

HindIII/NotI sites and transferred into the expression plasmid pcDNA3.1Zeo+/- (Invitrogen) 

using T4 DNA ligase (NEB, Beverly, MA) then confirmed by DNA sequencing.  The 

expression of full-length ATF3 protein was evaluated following transient transfection of the 

construct at the protein level by Western blot analysis and at the mRNA level by real-time 

RT-PCR (Bottone et al. in press).  Transfection experiments were carried out using 1 µg of 

the expression plasmid using Lipofectamine/Plus reagent (Invitrogen) according to the 

manufacture’s instructions. 

RNA isolation 

Following treatments, cells were rinsed twice with PBS then RNA was isolated using the 

Qiagen (Valencia, CA) RNeasy MINI kit according to the manufacturer's quantitation was 

performed by dissolving a small aliquot of RNA in 10 mM Tris-pH 8.0 using a Beckman 

DU7400 spectrophotometer (Beckman Coulter, Fullerton, CA).  RNA was stored at -80ºC 

until use. 

Reverse transcription 

RNA was treated with 1 unit of amplification grade Deoxyribonuclease I (Life Technologies) 

per µg of RNA at room temperature for 15-min to remove genomic DNA followed by 

inactivation of the Deoxyribonuclease I with 2.5 mM EDTA (pH 8.0) followed by incubation 

at 65ºC for 5-min then RNA was stored on ice.  Reverse transcription (RT) was performed 

using Qiagen’s Omniscript reverse transcription kit according to the manufacturer’s 

instructions.  A negative control containing all of the RT reagents in the absence of RT 
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enzyme (no RT control) was routinely performed.  After RT, cDNA was treated with 1 unit 

RNase H (Life Technologies) per µg RNA at 37°C for 20-min.  

Real-time RT-PCR using SYBR green detection 

Real-time RT-PCR was performed in triplicate two or more times with individual time-

matched vehicle-treated controls for each gene tested or relative to vector expressing cells for 

overexpression assays.  Real-time RT-PCR primer design, deoxyribonuclease treatment, 

reverse transcription, and real-time RT-PCR assays using an ABI Prism 7700 (Applied 

Biosystems, Foster City, CA) were performed as previously described by this laboratory 

[39].  Egr-1 endogenous primers were designed from an untranslated region of mRNA using 

the following primers: Egr-1 For: TTTCACGTCTTGGTGCCTTTG; Rev: 

CCCTCACAATTGCACATGTCA (66bp) and the resulting product/template is not 

necessary for full-length expression when cloned into an expression vector as previously 

reported [215] by this laboratory while primers for the Egr-1”b” exogenous primers 

recognize both endogenous and exogenous Egr-1 and were designed from a region of Egr-1 

which can be found in the translated region of Egr-1 and in the overexpression plasmid and 

are as follows: Egr-1b For: GCCTGCGACATCTGTGGAA; Rev: 

CGCAAGTGGATCTTGGTATGC (71bp).  ATF3 For: 

AAGAACGAGAAGCAGCATTTGAT; Rev: TTCTGAGCCCGGACAATACAC (71bp).  

Actin: CCTGGCACCCAGCACAAT; GCCGATCCACACGGAGTACT (70).  Product size 

was routinely confirmed by running a fraction of the product on a 1 % agarose, 0.5X tris-

borate EDTA (pH 8.0) gel in the presence of 0.1 µg/ml ethidium bromide and visualized 

under UV illumination.  

Western blot analysis 

Protein was isolated in 1X RIPA buffer including one Complete-Mini® protease inhibitor 

tablet from Roche Diagnostics (Indianapolis, IN).  DNA was sheared using a 23-gauge 

needle then cell lysates were stored at 4˚C for 30-minutes followed by centrifugation at 

12,000 X g at 4ºC for 20-minutes to remove cellular debris.  Quantitation of protein was 

performed by BCA (Pierce, Rockford, IL) using BSA as a standard using a Beckman 

DU7400 spectrophotometer.  Proteins (20 µg) were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoreses and transferred onto nitrocellulose membranes as 

previously reported in this laboratory [137,149].  Blots were blocked for 1-h with 10% skim 
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milk in TBS containing 0.1% Tween-20 (TBS-T), then probed overnight at 4ºC in TBS-T 

with 5% milk containing the primary antibodies ATF3, actin, Egr-1, or Erk1/2 from Santa 

Cruz Biotechnology (Santa Cruz, CA) or p-Erk1/2, pp38, p38, p-ATF2 from Cell Signaling 

Technology (Beverly, MA).  Blots were washed in TBS-T then incubated with the 

appropriate horseradish peroxidase-conjugated secondary antibody (Amersham Biosciences, 

Piscataway, NJ) for 1 h at room temperature in TBS-T containing 5% milk and washed 

several times in TBS-T.  Where necessary, blots were stripped of antibody before reuse while 

sealed in a plastic bag containing a solution of 62.5 mmol/L Tris-HCl, 2% SDS, and 100 

mmol/L beta-mercaptoethanol for 30 minutes with constant agitation in a 50ºC water bath. 

p-Erk1/2 enzyme immunoassay 

The Erk1/2 phospho-specific TiterZyme® enzyme immunometric assay kit was from Assay 

Designs, Inc. (Ann Arbor, MI) and was used per the manufacture’s instructions.  Briefly, 1.5 

x 106 cells were plated in 60-mm dishes overnight.  Cells were serum starved overnight then 

treated with vehicle, sulindac sulfide, or TGZ for 0, 5, 10, or 30-min.  Cells were washed in 

PBS then immediately isolated in 0.25 ml lysis buffer plus protease inhibitors (Sigma 

Chemical Co., St. Louis, MO), diluted 1:4 in assay buffer, then stored on ice until use.  

Aliquots were stored to determine protein concentrations and for Western blot analysis to 

confirm the results. 

Densitometry measurements 

Autoradiograms from blots were scanned using an Umax® Powerlook III® scanner equipped 

with a transparency adapter and scanning software on a PC.  Subsequently, blots were 

quantitated using Scion Image® beta version 4.0.2, cut to size for publication, and labeled 

using Adobe® Photoshop® 5.0. 

Statistical analyses 

For MEK1 dominant negative inhibitor studies, values are relative to vehicle-treated cells 

and statistical significance is relative to similarly-treated, vector-transfected cells.  For p-

Erk1/2 immunoassay studies, values and statistical significance is relative to time-matched 

vehicle-treated cells.  For mRNA and luciferase studies, values and statistical significance are 

expressed relative to vehicle-treated and similarly-transfected cells, respectively.  Values 

from PD and SB-treated cells are shown for completeness but were not included in the 

statistical analyses.  Values were analyzed using ANOVA with Bonferroni t-test for multiple 
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comparisons at the p<0.05 level of significance unless otherwise stated.  *denotes statistical 

significance at the p<0.05 level whereas **denotes the p<0.01 level. 

 101



RESULTS: 

Sulindac sulfide and TGZ induce ATF3 and Egr-1 protein expression 

 HCT-116 cells serve as a model system for studying human colorectal cancer therefore they 

were selected to study the regulation of ATF3.  Physiological concentrations of sulindac 

sulfide are in the 10-20 µM range while those of TGZ are in the 0.1-1.0 µM range based 

upon reported plasma levels in human subjects [158].  Therefore we attempted to approach 

these concentrations when possible.  To evaluate if Egr-1 is involved in the induction of 

ATF3 by sulindac sulfide and TGZ, the expression of ATF3 and Egr-1 was determined by 

Western blot analysis.  Following treatment with vehicle, sulindac sulfide, and TGZ at 

various time points and concentrations, the expression of ATF3 and Egr-1 protein expression 

was measured.  These compounds increased ATF3 and Egr-1 protein expression in a time-

dependent manner, relative to vehicle treated cells with significant induction at 4 to 6-h 

(Figure 5.1A) and was maintained until 24-h (data not shown).  This induction was 

concentration-dependent (Figure 5.1B) relative to vehicle-treated cells with a significant 

expression in the 20-30 µM range for sulindac sulfide and a 5-10 µM range for TGZ 

following 6-h of treatment.  To confirm the finding that TGZ induced ATF3, and to ensure 

that increases in ATF3 expression was not cell-line dependent, HCT-15 colorectal cancer 

cells were treated with these compounds then protein expression was measured.  Both 

sulindac sulfide and TGZ treatment resulted in significant induction of ATF3 protein 

expression (data not shown). 

Sulindac sulfide and TGZ induced ATF3 and Egr-1 mRNA 

To determine if the induction of ATF3 and Egr-1 occur at the mRNA level, and to determine 

if the induction of Egr-1 preceded that of ATF3, their expression was measured using real-

time RT-PCR.  The induction of ATF3 and Egr-1 mRNA by these compounds occurs in a 

time- and concentration-dependent manner (Figure 5.2) relative to vehicle-treated cells with 

significant expression following a 2-4-h treatment for Egr-1 and 4-6-h for ATF3 indicating 

the induction of Egr-1 precedes that of ATF3.  The induction of Egr-1 at the mRNA level by 

these compounds is significant (20 to 60-fold), particularly at higher concentrations.  The 

large induction of Egr-1 may be due to mRNA stability which is important to the induction of 

Egr-1 by TGZ as illustrated previously by this laboratory [215]. 

Sulindac sulfide and TGZ regulate the promoter of ATF3 
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NSAIDs and TGZ are reported to increase the expression of Egr-1, thus studies were 

conducted to evaluate the induction of ATF3 via Egr-1.  The promoter region of ATF3 was 

evaluated and three putative Egr-1 sites were found in a 2-kb region of the ATF3 promoter 

located at -1875, -273, and -243 relative to the transcriptional start site.  Various ATF3 

luciferase reporter constructs were used to determine which region of the ATF3 promoter is 

crucial to its induction by these compounds (Figure 5.3A).  HCT-116 cells were transiently 

transfected with various ATF3 luciferase reporter constructs.  Cells were subsequently 

treated with vehicle, sulindac sulfide, or TGZ for 24-h in SFM.  Significant induction only 

occurred with the larger constructs which contain three putative Egr-1 sites.  The Luc-41 and 

Luc-110 promoter constructs, which do not contain putative Egr-1 sites, were not activated 

by treatment with these compounds.  The greatest relative activation occurred using the Luc-

1850 followed by the Luc-2073 ATF3 promoter constructs, which are the largest two 

constructs used in this study indicating the possibility of a cis-acing element in these regions 

(Figure 5.3B).  TGZ resulted in a similar pattern of induction in luciferase activity indicating 

it likely works via a similar mechanism (Figure 5.3C).  The largest construct, Luc-2073, was 

not induced as dramatically by these compounds as the Luc-1850 construct, indicating the 

possibility of an inhibitor in this region. 

The induction of ATF3 requires protein synthesis and the Egr-1 gene 

To further evaluate the significance of Egr-1 to the induction of ATF3, we overexpressed 

full-length Egr-1 protein in HCT-116 cells by transiently transfection of an Egr-1 expression 

plasmid as previously reported [215].  Egr-1 mRNA was induced 8.4-fold by this construct 

relative to vector after incubation for 24-h, indicating it serves as a good model for Egr-1 

overexpression (Table 5.1).  Egr-1 expression was measured using primers to an untranslated 

region of Egr-1 mRNA not found in the mRNA of the overexpression plasmid but found in 

Egr-1 endogenous mRNA.  Endogenous Egr-1 mRNA expression was slightly repressed by 

Egr-1 overexpression at the mRNA level, which has been previously reported [219].  Egr-1 

overexpression resulted in the induction of ATF3 by 3.5-fold at the mRNA level relative to 

vector expressing cells according to real-time RT-PCR indicating ATF3 is induced by Egr-1, 

which occurred at the protein level (data not shown).  ATF3 was overexpressed in a similar 

manner and the mRNA levels of these genes were measured.  Overexpression of full-length 

ATF3 resulted in a 4.9-fold increase in ATF3 mRNA expression and did not induce Egr-1 
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mRNA expression (Table 5.1).  Induction of ATF3 was confirmed at the protein level, and 

similarly did not result in the induction of Egr-1 protein expression (data not shown).  

Because ATF3 induction by these drugs appears to require Egr-1 protein, we confirmed that 

the induction of ATF3 requires protein synthesis.  Cyclohexamide (CHX) is an inhibitor of 

protein synthesis therefore should suppress the induction of ATF3 mRNA by sulindac sulfide 

or TGZ treatment.  CHX blocked the induction of ATF3 mRNA by sulindac sulfide and TGZ 

(Figure 5.4A). 

To determine if Egr-1 overexpression induced ATF3 at the promoter level, vector or 

Egr-1 overexpression plasmids were used in conjunction with various ATF3 luciferase 

promoter constructs and luciferase assays were performed.  Induction of ATF3 luciferase 

promoter activity was observed at the promoter level following overexpression of Egr-1 

relative to vector transfected cells.  Significant induction of the Luc-1850 and Luc-2073 

promoter constructs, which contain two and three, putative Egr-1 sites, respectively, occurred 

in the presence of Egr-1 overexpression relative to vector (Figure 5.4B).  Induction of the 

Luc-110 luciferase promoter construct did not occur, indicating Egr-1 is likely involved.  

This is in general agreement with the results using various luciferase reporter constructs in 

cells treated with sulindac sulfide and TGZ as seen in Figure 5.3B-C.  Post-transcriptional 

gene silencing is another method that can be used to test the hypothesis that Egr-1 is critical 

to the induction of ATF3.  The suppression of Egr-1 by Egr-1 siRNA was confirmed as 

indicated in the materials and methods.  To evaluate the significance of Egr-1 to the 

induction of ATF3, cells were transiently transfected with these constructs and subsequently 

treated with vehicle, sulindac sulfide, or TGZ.  Egr-1 siRNA significantly blocked the 

induction of ATF3 protein expression by sulindac sulfide (Figure 5.4C) or TGZ (Figure 

5.4D) relative to scrambled RNA according to Western blot analysis.  In each instance, a 

50% or more reduction in ATF3 and Egr-1 protein expression occurred. 

The MAPK pathway is involved in the induction of ATF3 by sulindac sulfide and TGZ 

Egr-1 is regulated by various MAPK pathways [220].  Therefore we tested the involvement 

of various MAPK pathways in the induction of ATF3.  HCT-116 cells were treated for 4-h 

with vehicle, sulindac sulfide, or TGZ after a 1-h pre-treatment with PD98059 (20 µM) or 

SB203580 (10 µM) based on previous assays and the expression of ATF3 was determined.  

The Erk1/2 specific inhibitor PD98059 almost completely blocked the induction of Egr-1 
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mRNA by sulindac sulfide and TGZ.  The induction of ATF3 and Egr-1 mRNA following 

treatment with sulindac sulfide was blocked by ~33% and almost completely blocked 

following treatment with TGZ in the presence of PD89059 according to real-time RT-PCR 

following a 4-h treatment (Table 5.2) indicating the Erk1/2 pathway is partly involved in the 

induction of ATF3 by these compounds.  The p38 inhibitor SB280350 partially blocked the 

induction of ATF3 and Egr-1 mRNA, however to a lesser extent than that of the Erk1/2 

inhibitor.  We next measured the ability of sulindac sulfide and TGZ to induce Erk1/2 and 

p38 phosphorylation.  Sulindac sulfide and TGZ induced Erk1/2 phosphorylation at relatively 

early time points (Figure 5.5A).  The induction of Erk1/2 phosphorylation was confirmed 

using an enzyme immunometric assay kit specific for phospho-Erk1/2.  Phosphorylation was 

between 1.5 and 2-fold, was greater for TGZ, and was maximal around 30-min (Figure 

5.5B).  Phosphorylation of p38 occurred in a concentration dependent manner following 

treatment with sulindac sulfide or TGZ for 4-h (Figure 5.5C).  Phosphorylation of ATF2, a 

known downstream effector of p38, and induction of c-Jun protein expression occurred 

following treatment with these compounds.  Phosphorylation of p38 required a longer 

incubation time than Erk1/2 according to Western blot analysis.  Furthermore, 

phosphorylation of ATF-2 and induction of c-Jun, two genes commonly associated with 

these pathways occurred following treatment with sulindac sulfide and TGZ. 

ATF3 is induced by MEKK1 [121], which is an upstream activator of MEK1 and the 

JNK and Erk MAPK pathways.  Furthermore, Egr-1 is induced by MEK1, which is upstream 

of Erk and p38 and downstream of MEKK1.  Therefore, to determine if MEK1 was involved 

in the induction of ATF3 by sulindac sulfide and TGZ, we used a dominant negative inhibitor 

of MEK1, which can neither be phosphorylated by its activators nor phosphorylate its 

downstream effectors.  Following transient transfection of HCT-116 cells with vector or a 

dominant negative inhibitor of MEK1 and an ATF3 luciferase construct, the MEK1 dominant 

negative inhibitor partially but significantly blocked the induction of ATF3 luciferase activity 

by sulindac sulfide and TGZ at the promoter level relative to vector DNA indicating the 

induction of ATF3 by these compounds is downstream of and requires MEK1 (Figure 5.5D).  

Thus it is clear that Egr-1 is critical to the induction of ATF3 by NSAIDs and TGZ and that 

this occurs at least in part via activation of Erk1/2 and p38 likely downstream of MEK1 as 

illustrated diagrammatically in Figure 5.6.
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DISCUSSION: 

Our laboratory revealed 65 genes either induced or repressed by physiological concentrations 

of sulindac sulfide [39].  One gene, ATF3 was considered for further analysis because it is a 

transcription factor known to regulate several downstream genes relating to cell growth 

[121], apoptosis [119], and anti-invasive properties evident by its ability to repress the 

promoter of the pro-invasive gene MMP-2 [113-115].  The expression of ATF3 is modulated 

by a wide variety of compounds with documented anti-cancer properties.  The regulation of 

ATF3 is complex but no explanation for the regulation of ATF3 by Egr-1 or these 

compounds exist.  Egr-1 and ATF3 are both regulated by various MAPK pathways and some 

evidence exists that Egr-1 may regulate ATF3 [217,218].  Because our laboratory previously 

demonstrated that sulindac sulfide and TGZ increase the expression of Egr-1, we chose to 

test the hypothesis that the tumor suppressor gene Egr-1 regulates the induction of ATF3. 

In this report, we investigated the molecular mechanism responsible for the induction 

of ATF3 by the NSAID, sulindac sulfide, and the PPARγ ligand, TGZ.  This is the first report 

to demonstrate that Egr-1 is critical to the induction of ATF3 by sulindac sulfide and TGZ.  

Sulindac sulfide and TGZ significantly induce ATF3 and Egr-1, the induction of Egr-1 

preceded that of ATF3, and ATF3 requires protein synthesis for its induction by these 

compounds.  The ATF3 promoter contains three putative Egr-1 sites in the first 2-kb of its 

promoter.  Deletion of the three Egr-1 sites from the ATF3 promoter constructs eliminated 

activity of these constructs by sulindac sulfide and TGZ and ATF3 is induced by a full-length 

Egr-1 protein expression plasmid.  The induction of ATF3 by these compounds is suppressed 

by Egr-1 knockdown using siRNA.  Furthermore, the Erk1/2 specific inhibitor PD98059 and 

the p38 specific inhibitor SB203580 blocked the induction of ATF3 and Egr-1 by sulindac 

sulfide and TGZ at the promoter and mRNA levels.  Similarly, the induction of Egr-1 protein 

expression by TGZ is blocked by the Erk1/2 inhibitor PD98059 (10 µM) but only partially by 

SB203580 (10 µM) as reported elsewhere independent of PPAR [215].  Furthermore, we 

demonstrate an increase in the phosphorylation of Erk1/2 and p38 by sulindac sulfide and 

TGZ.  In addition, other members of this pathway such as ATF-2 and c-Jun are activated 

following treatment with these compounds, which is another indication that these pathways 

are involved.  The involvement of various MAPK cascades was confirmed using a dominant 

negative inhibitor MEK1, which is an upstream activator of Erk1/2 and p38.  The MEK1 
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dominant negative inhibitor significantly attenuated the induction of ATF3 luciferase activity 

by sulindac sulfide and TGZ.  Taken together, it is clear that Egr-1 is critical to the induction 

of ATF3 by these compounds and this likely occurs downstream of MEK1 involving the 

Erk1/2 and p38 MAPK signal transduction pathways. 

NSAIDs likely modulate various MAPK pathways as illustrated in a recent review 

[51].  For example, Erk and p38 are activated by sulindac sulfide and NS-398 in colorectal 

cancer cells, which, along with the induction of apoptosis, are blocked by Erk and p38 

selective inhibitors [221].  Furthermore, sulindac, salicylate, and diclofenac strongly induce 

phosphorylation of Erk, c-Jun n-terminal kinase, and p38 in the presence of the reactive 

oxygen species H2O2 (200 µM).  Furthermore, p38 is activated by sodium salicylate in as 

early as 1-min according to Western blot analysis, which is blocked by the p38 inhibitor 

SB203580 [222].  However, while indomethacin increases Erk activation, it blocks p38 

activation by nitric oxide [223] and the Cox-2 selective inhibitor NS-398 selectively induces 

Erk, but not p38 MAPK [224].  However, high concentrations were used in several of these 

studies.  Importantly, the concentrations used in this investigation are relatively low and 

within a physiologically achievable concentration range and our results were observed with 

two distinctly different chemical compounds that are documented to regulate these pathways.  

Egr-1 is induced by a variety of anti-cancer agents [225], growth factors [226], and PPARγ 

ligands [215] via Erk.  ATF3 is regulated via p38 following treatment with ionizing radiation 

[212].  The promoters of Egr-1 [220] and ATF3 [121] are regulated by MEKK1, an upstream 

mediator of the Erk and p38 pathways.  Furthermore, ATF3 is induced by epidermal growth 

factor, Ras, and Raf stimulation, which are upstream of Erk, resulting in downstream gene 

regulation [227]. 

In conclusion, this work provides significant insight into the promoter regulation and 

signal transduction pathways involved in the induction of ATF3 by sulindac sulfide and 

TGZ, which involves Egr-1 and various MAPK pathways.  The regulation of ATF3 is 

complex yet occurs by a wide-variety of stimuli including other anti-cancer agents.  

Therefore, it is possible that the induction of other anti-cancer related genes by these agents 

occurs via Egr-1, thereby contributing to the biological activity of these compounds.  

Furthermore, it is likely that other anti-cancer agents regulate the expression of these genes, 

thus warranting further investigation.  While the Cox-inhibitory action of NSAIDs plays an 
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important role in the inhibition of tumorigenicity, the global pattern of genes altered 

following exposure to these compounds need to be considered.  NSAIDs and other chemo-

therapeutic compounds alter a number of genes associated with apoptosis, invasion, 

angiogenesis, and adhesion, some of which are regulated by Egr-1.  We propose that 

NSAIDs and other potential anti-cancer agents may act, in part, by increasing the expression 

of Egr-1, a gene considered by some as a tumor suppressor [217].  We previously 

demonstrated that NAG-1, a gene induced by a variety of natural and synthetic compounds, 

has pro-apoptotic and anti-tumorigenic activity and is regulated by Egr-1.  We more recently 

demonstrated that ATF3, which is modulated by a wide variety of anti-cancer compounds 

and several dietary compounds, ATF3 has anti-invasive in vivo and anti-tumorigenic activity 

in mouse xenograft models in vivo (Bottone et al. in press), and demonstrated in this study 

that ATF3 is regulated at the promoter level by the transcription factor Egr-1.  Thus, the 

interaction and balance between the wide-variety of expressed genes appears to determine the 

chemopreventive activity of these and likely other compounds. 
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Table 5.1. Overexpression of Egr-1 Induces ATF3. 

 

Egr-1 Overexpression Fold mRNA 

ATF3 3.5 ± 0.12 

Exogenous Egr-1 8.4 ± 0.16 

Endogenous Egr-1 0.88 ± 0.03 

ATF3 Overexpression Fold mRNA 

ATF3 4.9 ± 0.37 

Endogenous Egr-1 1.1 ± 0.05 

 

HCT-116 cells were transiently transfected as described in the materials and methods using 

vector or the full-length protein expressing plasmid indicated.  Primers for endogenous Egr-1 

are from an untranslated mRNA region not found nor required in the overexpression plasmid.  

Values are expressed as mean (± SEM) relative to vector-transfected cells according to real-

time RT-PCR adjusted for actin.
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Table 5.2.  Inhibitors of Erk1/2 and p38 attenuate the induction of ATF3 and Egr-1 

mRNA expression by sulindac sulfide and TGZ. 

 
Treatment: ATF3 mRNA Egr-1 mRNA 

sulindac sulfide 7.1 ± 0.14 a 21.6 ± 0.6 a 

sulindac sulfide+PD 3.4 ± 0.05 b 0.5 ± 0.03 b 

sulindac sulfide+SB 5.8 ± 0.22 c 2.16 ± 0.13 c 

TGZ 37.1 ± 0.45 a 32.2 ± 0.8 a 

TGZ+PD 1.5 ± 0.02 b 0.1 ± 0.01 b 

TGZ+SB 15.8 ± 0.46 c 2.4 ± 0.09 c 

PD 1.2 ± 0.05 0.1 ± 0.01 

SB 1.6 ± 0.04 <0.01 ± <0.01 

 

 

 

 

 

 

 

 

 

 

 

For mRNA analysis, cells were treated for 4-h with vehicle, sulindac sulfide (20 µM), or 

TGZ (10 µM) followed by mRNA expression for ATF3, Egr-1, and actin.  Values are 

expressed as mean fold change (± SEM) relative to vehicle-treated cells adjusted for actin.  

The inhibitor PD98059 (PD) was used at 20 µM and the inhibitor SB203580 (SB) was used 

at 10 µM.  Statistical significance is with Bonferroni t-test for multiple comparisons at the 

p<0.01 level of significance.  a-c Values sharing a letter are not significantly different, while 

values with a unique letter are significantly different.  Values from PD and SB treated cells 

are shown for completeness. 
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CHAPTER 6 

CONCLUSIONS: 

Overall Summary 

We proposed that NSAIDs exert their chemopreventive activity in part by altering gene 

expression and that this occurs, at least in part, independent of the inhibition of Cox.  We 

tested this hypothesis using microarray analysis on SW-480 colorectal cancer cells, which 

express Cox-1 but little Cox-2 [39].  We demonstrated that NSAIDs modulate the expression 

of a number of genes using Cox-deficient cell lines and by treating cells with NSAIDs in the 

presence of PGE2, the major metabolite of Cox-2 in colorectal epithelial cells.  In general, 

PGE2 alone, or in the presence of NSAIDs did not alter gene modulation.  We demonstrated 

that the regulation of these genes occurred independent of the NSAIDs ability to inhibit Cox-

2, the form generally associated with cancer.  We used traditional, Cox-1, and Cox-2 

selective inhibitors, Cox-deficient cells, Cox-1 overexpression, and various molecular and 

biological assays to demonstrate this point.  For example, sulindac sulfide is a weaker 

inhibitor of Cox-2 than indomethacin yet it was more potent an inducer of gene expression, 

apoptosis, and inhibitor of cell growth on soft agar.  Furthermore, the Cox-1 specific 

inhibitor SC-560, was more potent an inducer of apoptosis, regulator of gene expression, and 

inhibitor of cell growth on soft agar than the Cox-2 specific inhibitor, SC-58125.  Based on 

these results, we concluded that the ability of these compounds to regulate the carcinogenic 

process occurs, at least in part, independent of their Cox-2 inhibitory activity.  However, 

sulindac and sulindac sulfone, which lack Cox activity, were poor regulators of gene 

expression.  This may indicate that the chemical structure is critical to gene regulatory role of 

these compounds [60].  Therefore, the interrelation of Cox-dependent and Cox-independent 

effects is complex, and the effects of prostaglandins should not be overlooked. 

In addition to NSAIDs, several dietary and other pharmaceutical compounds exert a 

cancer chemopreventive effect when consumed regularly.  Therefore, other compounds were 

studied as part of this work.  For example, we demonstrated for the first time that the PPARγ 

ligand TGZ and the dietary compounds DADS and resveratrol modulate the expression of 

ATF3 in colorectal cancer cells.  ATF3 stood out and was studied in greater detail because it 

was a transcription factor and its expression was misregulated in colorectal tumors vs. normal 

adjacent tissues.  Furthermore, ATF3 is associated with cell growth, apoptosis, and invasion 
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in a variety of reports.  It was anticipated that various dietary compounds would induce 

ATF3 via p53, as illustrated with several other genes by these compounds.  However, unlike 

the induction of NAG-1 which occurs via p53, the induction of ATF3 by DADS and 

resveratrol occurred in a p53-independent manner based on work using p53-knockout (data 

not shown) and p53-mutant PC-3 cells.  The precise mechanism for the induction of ATF3 by 

dietary compounds is not known. 

Based on the observation that ATF3 is induced by a wide variety of cancer 

chemopreventive compounds, we hypothesized that its biological activity may be related to 

cancer.  However, one might argue that these observations could still be a result of 

happenstance because the primary target of most NSAIDs is Cox-2 thereby making it 

difficult to demonstrate other key roles for these compounds.  Therefore, we subsequently 

went on to test the biology of ATF3.  In addition to the anti-invasive role of sulindac sulfide 

in colorectal cancer cells, we demonstrated for the first time that ATF3 had anti-tumorigenic 

activity using a xenograft mouse model and anti-invasive activity using various in vitro 

assays.  We were surprised by this finding because ATF3 was often associated with a role in 

cell growth and apoptosis in the literature.  More recently, ATF3 was reported to play a key 

role in the repression of the pro-invasive gene MMP-2 by a variety of compounds with anti-

invasive properties indicating it is associated with the inhibition of invasion thereby further 

validating our results.  We were able to demonstrate that overexpression of ATF3 resulted in 

down-stream gene modulation of a variety of genes several of which related to invasion.  We 

proposed that the induction of ATF3 by these compounds may prove beneficial, whereas a 

loss in ATF3 protein expression, as seen in human tumors [31], may be detrimental.  

However, this has yet to be determined.  Ongoing research will test this hypothesis as well as 

the in vivo expression of ATF3 and other genes by a variety of anti-cancer compounds such 

as NSAIDs in tumors and other tissues. 

In Chapter 5 of this report, we provided evidence for the mechanism behind the 

induction of ATF3 by sulindac sulfide and TGZ.  TGZ has anti-invasive [214], anti-

tumorigenic, and gene regulatory activity in colorectal cancer cells independent of PPARγ 

[215].  Therefore, TGZ was studied in this report.  It was anticipated that the mechanism 

involved in the induction of ATF3 by a variety of compounds involved JNK because several 

other compounds induce ATF3 in this manner such as stress signals.  According to our 
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results, the induction of ATF3 by these compounds did not involve the JNK pathway.  

Nevertheless, we tested the regulation of ATF3 by other MAPK pathways.  As a result, 

ATF3 was regulated via a mechanism involving Erk and p38, the two other major MAPK 

pathways.  In particular, the induction of ATF3 required the transcription factor Egr-1.  Egr-1 

is associated with a pro- and anti-carcinogenic effect under varying circumstances.  We 

concluded that the effects of Egr-1 and other genes likely depend on global patterns of gene 

expression, not necessarily on any one gene. 

It is evident that NSAIDs modulate gene expression, which likely occurs, at least in 

part, independent of Cox.  Furthermore, several of the genes regulated by these compounds 

are likely involved in the anti-cancer activity of NSAIDs and/or other compounds.  One of 

the most novel findings resulting from this work was that ATF3 had anti-cancer activity.  For 

example, we were the first to report that overexpression of ATF3 had anti-tumorigenic and 

anti-invasive activity.  This is especially significant because ATF3 was previously thought of 

solely as a stress response gene.  ATF3 is modulated by a wide variety of compounds with 

cancer chemopreventive activity and ATF3 is associated with the inhibition of invasion and 

the regulation of genes related to invasion such as MMP-2.  Another key finding resulting 

from this work is that ATF3 in part may explain the well documented but poorly understood 

anti-invasive role of NSAIDs.  Thus, the regulation of ATF3 is a new mechanism for the 

anti-invasive activity of NSAIDs, which is well documented yet poorly understood. 

As a result of this work, we were able to prove our general, fundamental hypotheses 

correct, while several smaller intricacies, such as the particular pathways involved, required 

reworking.  Therefore, this work had added considerable knowledge and insight into the field 

of cancer research involving NSAIDs, and other compounds.  Furthermore, we were able to 

contribute significantly to the understanding of the biology and promoter regulation of ATF3.  

Therefore, the modulation of gene expression by chemopreventive and other compounds is 

complex involving several downstream genes (Figure 6.1) with various biological activities 

as illustrated in our laboratory and summarized diagrammatically (Figure 6.2). 

 

Future Direction 

We first wish to test if ATF3 is regulated by other dietary compounds with chemopreventive 

activity.  Preliminary results demonstrate that ATF3 is induced by genistein (Figure 6.3) in 
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addition to the other compounds discussed in Chapter 4.  To further understand the biological 

significance of the induction of ATF3 by dietary and other chemopreventive compounds, to 

better understand the role of ATF3 as a transcription factor, and based on the information 

provided by the supperarray microarray analysis of ATF3 over-expressing cells illustrated 

above, recent investigations in our laboratory indicate that ATF3 is an important regulator of 

gene expression.  We utilized Agilent microarray technology of over 18,000 genes in an 

attempt to measure genes regulated by ATF3 overexpression in HCT-116 cells.  

Overexpression of ATF3 resulted in the modulation of several genes at the mRNA level 

indicating the importance of this gene at regulating down-stream gene expression, however 

this data has yet to be confirmed (Table 6.1).  One gene that stood out was inhibitor of DNA 

binding/differentiation 1 (Id1) accession number I_960970, which is regulated via ATF3 in 

cells treated with TGFβ [112].  This gene was of interested to us because it was repressed by 

ATF3 overexpression in our work.  Repression of this gene induces cell differentiation, 

which could inhibit cancer cell growth.  Furthermore, protein expression of this gene was 

repressed by NSAIDs (Figure 6.4), indicating their chemopreventive effects may act by 

modulating the expression of Id1 via ATF3 and thus act through differentiation in addition to 

invasion.  Id1 is a known repressor of ATF3.  Therefore, it is possible that repression of Id1 

by ATF3 maintains the biological activity of ATF3 expression by these compounds.  This 

would help to explain the anti-tumorigenic activity of ATF3 overexpression seen in Chapter 

4. 

It would be beneficial if the future of this project and this area of research included 

work in the following areas.  1) Test these observations in vivo using human tissues or animal 

models.  We have preliminary data to show that ATF3 is regulated by NSAIDs in animal and 

human tissues in vivo.  One effect of NSAIDs or other cancer chemopreventive compounds 

may be to restore the expression of ATF3 or other genes.  However this needs to be further 

evaluated.  2) Design new compounds resembling these Cox inhibitors that lack Cox 

inhibitory activity, but exert similar effects on gene expression.  It would be unlikely that the 

pharmaceutical industry has not begun this drug discovery process.  This would avoid the 

recent problems seen with the Cox-2 specific inhibitors as discussed in this literature review 

and allow research to focus on other mechanism of action for these compounds.  3) Utilize 

the APCMin mouse model to treat animals with cancer chemopreventive compounds and 
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measure the expression of various genes believed to be chemopreventive such as ATF3, 

NAG-1, Egr-1, and thrombospondin-1 (TSP-1).  This would add information to the Cox-

independence nature of these compounds. 

 

Closing Thoughts 

In conclusion, the biological activity of ATF3 may depend on its activity as a transcriptional 

regulator in particular to genes related to cell growth and invasion.  ATF3 may provide an 

additional mechanism whereby chemopreventive compounds exert their biological activity.  

While a wide variety of genes are regulated by these compounds and by ATF3 

overexpression, any one of these genes may relate to cancer positively or negatively.  

Therefore, it is likely that the global changes in gene expression determine the biological 

effects of these compounds rather the expression of any one gene.  Furthermore, the effects 

may vary between different tissues, indicating the importance of in vivo models.  Therefore, 

while the Cox-inhibitory role of NSAIDs is significant, the global pattern of gene expression 

exerted by these and other chemopreventive compounds is significant.  The interaction and 

balance among the expressed genes appears to determine the chemopreventive activity of 

these compounds.  In the United States, colorectal cancer is the third leading cause of cancer 

estimated to be over 145,000 new cases and 56,000 deaths in 2005 [14].  It is our hope and 

belief that this work will lead to a greater understanding and awareness of the 

chemopreventive activity of NSAIDs, dietary, and other therapeutic compounds resulting in 

fewer deaths from various forms of cancer in the future. 
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Table 6.1 
 Genes Induced by ATF3 overexpression >1.3-fold (p<0.001). 
 Vector vs. Sense 
Fold Change Sequence Description 

5.24 Interleukin 7 
4.82 Protein of unknown function 
4.32 Distal less homeo box 6 
3.83 Solute carrier family 15 member 2 (peptide transporter 2) 
3.76 Glypican 3 
3.4 Homo sapiens ADAMTS-like 1 

3 Ras homolog gene family member I 
2.05 FXYD domain containing ion transport regulator 3 
1.73 H2A histone family member O 
1.72 Protein of unknown function 
1.65 Protein of unknown function 
1.58 Early growth response 1 
1.58 Homo sapiens nuclear receptor subfamily 2, group F 
1.57 A kinase anchor protein 12 (Gravin) 
1.56 Homo sapiens cytochrome c oxidase I (MTCO1) 
1.52 Putative transmembrane protein 
1.42 Epidermal growth factor receptor pathway substrate 8 
1.42 Protein of unknown function 
1.42 Filamin C gamma 
1.4 Member of the sulfatase family 

1.39 Activating transcription factor 3 
1.38 Protein of unknown function 
1.37 Protein with high similarity to keratin 18 (human KRT18) 
1.36 Laminin beta 3, a subunit of the heterotrimeric laminin 5 
1.36 H1 histone family member 2 
1.36 Transmembrane protein 2 
1.36 TBC1 domain family member 2 
1.35 Nuclear receptor subfamily 4 group A member 1 transcription factor 
1.35 Potassium inwardly-rectifying channel subfamily K member 4 
1.35 Protein of unknown function 
1.34 H2B histone family member H 
1.33 Homo sapiens histone 1, H2bh (HIST1H2BH) 
1.33 Homo sapiens histone 1, H2ad (HIST1H2AD) 
1.33 H2B histone family member N 
1.32 Melanoma inhibitory activity 
1.32 Protein with very strong similarity to serum-inducible kinase (rat Snk) 
1.3 H1 histone family member 4 
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Table 6.1 continued. 
 Genes Repressed by ATF3 overexpression >1.3-fold (p<0.001). 
 Vector vs. Sense 
Fold Change Sequence Description 

-1.31 Inhibitor of DNA binding 1 
-1.31 Member of the ADP-ribosylation factor (ARF) family 
-1.31 Factor 8-associated gene A 
-1.31 Y-box binding protein 1 transcription factor 
-1.33 Carbamyl phosphate synthetase 1 
-1.36 Sin3-associated protein 30kD 
-1.36 Heparan sulfate D-glucosaminyl 3-O-sulfotransferase 
-1.44 SRY box 4 
-1.45 Homo sapiens putative small membrane protein NID67 (NID67), mRNA 
-1.46 Member of the secretin family of G protein-coupled receptors (GPCR) 
-1.46 Protein containing a pleckstrin homology (PH) domain 
-1.51 Caspase 5, a member of the ICE (CASP1) subfamily of caspases 
-1.58 Fatty acid binding protein 6 (ileal bile acid-binding protein) 
-1.66 Fibroblast growth factor 9 
-1.68 Vimentin 
-1.79 Protein of unknown function 
-1.82 Member of the intermediate filament family 
-1.93 Branched chain acyl-coenzyme A oxidase 2 
-1.97 Group IVa calcium-dependent cytosolic phospholipase A2 

-2 Secretogranin II (chromogranin C) 
-2.01 Guanine nucleotide binding protein 11 
-2.25 Caspase 4, a member of the ICE cysteine protease family 
-5.12 Homo sapiens ribosomal protein S4, Y-linked 2 (RPS4Y2) 
-5.99 Y isoform of ribosomal protein S4 
-6.02 Protein with moderate similarity to meis (mouse) homolog 2 

-9 4-aminobutyrate aminotransferase 
-10.01 Homo sapiens interleukin 1 receptor accessory protein (IL1RAP) 
-13.02 Homo sapiens SEC14-like 3 (S. cerevisiae) (SEC14L3) 

 
Stable pools of HCT-116 cells transfected with Vector, Antisense (data not shown), or Sense 
expressing ATF3.  Cells were plated for 24-h in complete media followed by RNA isolation. 
Values are relative to vector expressing cells and are at least p<0.001 according to 
microarray analysis.  HCT-116 cells expressing vector (pcDNA3.1) or ATF3 in the sense 
orientation were plated for 24-h in complete media followed by RNA isolation.  Microarray 
was performed according to the NIEHS microarray facility using the Agilent Human 1A 
chip, which contains more than 10,000 genes.  Id1 (in bold) relates to cell differentiation and 
is a known repressor of ATF3 activity. 
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Fig 1.1

Figure 1.1. Arachidonic acid metabolism.  Metabolism of arachidonic acid (AA) by 
cyclooxygenase-1/2 is blocked by NSAIDs.  Various downstream prostaglandins products and 
their respective enzymes are shown.
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Fig 1.2

IC-50: Sulindac Sulfide SC-560 SC-58125  Indomethacin

Cox-1: 0.2 µM 0.009 µM >10.0 µM 0.740
Cox-2: 14.0 µM 6.3 µM 0.07 µM 0.97
Cox-2/Cox-1: 70. 700. 0.007 1.30

Figure 1.2. Chemical structure and IC50 values of commonly used NSAIDs.  The Cox selective NSAIDs are far more potent than the non-
selective NSAIDs.  Sulindac sulfide is a far more potent inhibitor of Cox-1 than Cox-2.
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Fig 1.3

Figure 1.3. Colon Carcinogenesis and the effects of chemopreventive agents.  
The progression from normal epithelium to an invasive colon carcinoma is 
illustrated.  The effects of various chemopreventive agents occurs at various 
stages. Reproduced with permission. Janne and Mayer (2000), N Engl J Med, 
342, 1960-8. © 2000 Massachusetts Medical Society.
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Fig 1.4

Figure 1.4. Overview of cDNA microarray analysis. This figure was 
reproduced using commercially available clipart by NIEHS but adapted 
from Duggan et al. 1999, 21: 10-14. © Nature Genetics 1999.
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Fig 1.5

Figure 1.5. NSAIDs induce apoptosis in 
HCT-116 colorectal cancer cells.  Induction of 
apoptosis by FACS analysis in HCT-116 cells 
treated with various concentrations of the 
NSAID indicated for 48-h as measured by 
Annexin V.  Values are expressed as fold 
induction over vehicle-treated time-matched 
controls. 
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ATF3

Fig 1.6 A.

Figure 1.6. Cluster Analysis of 
SW480 CRC cells treated with 10 
µM sulindac sulfide.  (A). Induced 
genes are indicated in red. (B). 
Repressed genes are indicated in 
green. Degree of color represents 
degree of gene regulation.
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Fig 1.6 B.
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Fig 1.7

Figure 1.7. ATF3 mRNA is induced by a wide variety of anti-cancer compounds.HCT-
116 cells were treated with vehicle or various concentrations of the compounds indicated 
and mRNA expression measured by real-time RT-PCR. 
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Fig 1.8

Figure 1.8. ATF3 family of transcription factors. 
Adapted with permission by Elsevier © 2001. Hai and 
Hartman, 273:1, 1-11. 2001.
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Fig 1.9

Figure 1.9. Three major MAPK Cascades. Reproduced with permission 
from Kim and Iwao. © 1999 Japanese Journal of Pharmacology, 80, 97-102. 1999.
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Fig 1.10

Figure 1.10. Example of eukaryotic gene promoter.
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pGL3-Basic
Vector

(4818bp)

Ampr

f1 ori

luc+

ori

SV40 late
poly(A) signal

(for luc+ reporter)

Kpn I
Sac I
Mlu I
Nhe I
Sma I
Xho I
Bgl II
Hind III

Promega’s pGL3 Basic Vector. luc+, cDNA encoding the modified firefly luciferase; Ampr, gene conferring ampicillin resistance 
in E. coli; f1 ori, origin of replication derived from filamentous phage; ori, origin of replication in E. coli. Arrows within luc+ and 
the Ampr gene indicate the direction of transcription; the arrow in the f1 ori indicates the direction of ssDNA strand synthesis.

Figure 1.11. The pGL3 Luciferase Reporter Plasmid.

Fig 1.11
synthetic poly(A) signal
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Fig 1.12

Figure 1.12. Nucleotide sequences of the ATF3 gene 
promoter. Various transcription factor binding sites are 
shown with boxes and their corresponding names above.  
These are not a complete list of binding sites. Reproduced 
with permission from Liang et al. © Journal of Biological 
Chemistry. 1996, 271, 1695-701.
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Fig 1.13

Figure 1.13. Structure of the human ATF3 gene. Genomic 
organization of the human ATF3 gene showing exons
(lettered boxes) and approximate genomic size. Reproduced 
with permission from Liang et al. © Journal of Biological 
Chemistry. 1996, 271, 1695-701.
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Fig 1.14

Figure 1.14. Exon organization of ATF3 and ATF3 delta Zip. 
Exons are shown as lettered boxes. Reproduced with permission 
from Liang et al. © Journal of Biological Chemistry. 1996, 271, 
1695-701.



151

Fig 2.1

Figure 2.1. Sulindac sulfide induces 
apoptosis in colorectal cancer cells.  
Induction of apoptosis by FACS 
analysis in (A) SW-480 and (B) 
HCT-116 cells treated with various 
concentrations of sulindac sulfide for 
30-h as measured by PI staining and 
(C) SW-480 treated for 48-h and (D) 
HCT-116 cells treated for 30-h as 
measured by Annexin V.  Values are 
expressed as fold induction over 
vehicle-treated time-matched 
controls.
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Fig 2.2

Figure 2.2. Sulindac sulfide has anti-tumorigenic properties on HCT-116 cells.  Soft-
agar cloning assay of HCT-116 cells plated for 3 weeks in complete media containing 
(A) vehicle, (B) 25 µM sulindac sulfide, (C) 50 µM sulindac sulfide, and (D) 100 µM 
sulindac sulfide.  Bar equals 0.01 mm.
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Fig 2.3

Figure 2.3. Time course of mRNA expression following treatment with sulindac sulfide.  Changes in gene expression 
were measured by real-time RT-PCR and are expressed as fold change over vehicle-treated time-matched controls.  SW-
480 cells were treated with 10 µM sulindac sulfide for 0, 4, 8, and 24-h and RNA were analyzed for changes in gene 
expression of (A) induced genes and (B) repressed genes.
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Fig 2.4

Figure 2.4. Verification of mRNA expression following treatment with sulindac sulfide.  Northern blot analysis of 
(A) induced genes probed with NAG-1, C/EBPβ, myozenin, stanniocalcin (8-h treatment), and NAG-3 (24-h 
treatment) and (B) repressed genes probed with NRG-1, MSX1 (24-h treatment), INSIG1, and MAD2 (4-h 
treatment).  Lane 1 is vehicle and lane 2 is 10 µM sulindac sulfide.  Blots were subsequently probed for GAPDH.
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Fig 2.5

Figure 2.5. Measurement of protein expression following treatment with sulindac sulfide.  Western blots of (A) 
induced genes (ATF3, C/EBPβ) and (B) repressed genes (MAD2, MSX1) were performed as indicated in the 
experimental procedures.  SW-480 cells were treated with vehicle, 10, or 50 µM sulindac sulfide for 24-h.  Blots 
were stripped and re-probed with Actin.  Fold expression was measured by densitometry and the values shown 
in parentheses are relative to vehicle-treated lanes and were adjusted for actin.
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Fig 2.6

Figure 2.6. Changes in gene expression are dependent on sulindac sulfide concentration.  HCT-116 cells were treated with 
vehicle, 5, 10, or 20 µM of sulindac sulfide and mRNA expression measured by real-time RT-PCR. Data shown are (A) fold 
induction and (B) fold repression following treatment an 8 or 24-h treatment according time course studied.
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Fig 2.7

Figure 2.7. Changes in gene expression occur following treatment with Indomethacin.  HCT-116 
cells were treated with vehicle, 10, or 100 µM of indomethacin and mRNA expression measured by 
real-time RT-PCR. Data shown are (A) fold induction and (B) fold repression following treatment an 
8 or 24-h treatment according time course studied.
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Fig 2.8

Figure 2.8. Comparison of ATF3 protein expression in tumors and normal adjacent human colorectal 
tissues.  Western blots of C/EBPβ (A) and ATF3 (A and B) from human normal vs. adjacent colorectal 
carcinoma (adenocarcinomas) cell lysates were performed as illustrated in the experimental procedures.  
Fold expression was measured by densitometry and the values shown in parentheses are relative to the each 
matched normal tissue.



159

Fig 3.1

Figure 3.1. Cox-specific inhibitors inhibit cell proliferation and induce apoptosis.  (A) HCT-116 cells 
were treated for 5-days in media containing 10% FBS plus vehicle, 10, 100, or 200 µM SC-560 (Left 
Panel) or vehicle, 10, 100, and 200 µM SC-58125 (Right Panel) as indicated.  Following treatment, cells 
were measured for cell proliferation at O.D. 490 as illustrated in the materials and methods.
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Fig 3.1 continued

(B) HCT-116 cells were treated for 30-h in media containing 2 % FBS plus vehicle, 10, 25, or 50 µM 
SC-560 (Left Panel) or vehicle, 10, 50, or 100 µM SC-58125 (Right Panel) as indicated.  Apoptosis was 
then measured using FACS analysis as illustrated in the materials and methods.  * Statistical significance 
is according to ANOVA with Fisher’s LSD method for pairwise comparisons (p<0.05) level of 
significance from a representative experiment.
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Fig 3.2

Figure 3.2. Cox-specific inhibitors repress clonogenic growth on soft agar.  HCT-116 cells were treated 
with various concentrations of SC-560 or SC-58125 as indicated and incubated for 3-weeks.  Colony 
forming units were counted electronically on a personal computer equipped with IPLab version 3.0 
(Scanalytics, Inc., Fairfax, VA).  * Statistical significance is according to ANOVA with Fisher’s LSD 
method for pairwise comparisons (p<0.05) level of significance from a representative experiment.  
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Fig 3.3

Figure 3.3. Cox-specific inhibitors alter mRNA gene expression in HCT-116 
cells.  Fold induction (A and C) or repression (B and D) following treatment 
with SC-560 (A and B) or SC-58125 (C and D). Results are fold change over 
time-matched vehicle-treated controls.
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Fig 3.3 continued

Fold induction (A and C) or repression (B and D) following treatment with SC-
560 (A and B) or SC-58125 (C and D). Results are fold change over time-
matched vehicle-treated controls.
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Fig 3.4

Figure 3.4. SC-560 modulates protein expression in HCT-116 cells.  Western blots of 
NAG-1, ATF3, C/EBPβ, and MAD2 were performed as indicated in the experimental 
procedures.  HCT-116 cells were treated in SFM for 24-h containing vehicle (lane 1), or 10, 
25, 50, and 100 µM SC-560 (lanes 2-5).  Blot was stripped and re-probed with actin.
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Fig 3.5

Figure 3.5. SC-560 modulates protein expression in SW-
480 cells.  Western blots of (A) induced genes (NAG-1, 
ATF3, and C/EBPβ) and (B) repressed genes (MAD2, 
MSX1) were performed as indicated in the experimental 
procedures.  SW-480 cells were treated with vehicle (Lane 
1), 10, or 100 µM (Lanes 2-3) SC-560 for 24-h.  Blots were 
stripped and re-probed with actin.
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Fig 3.6

Figure 3.6. Measurement of mRNA expression in SW-480 cells following treatment with SC-560.  Northern blots of (A) 
ATF3, (B) NAG-3, MSX-1, NRG-1 (C) INSIG1, NAG-1, and MAD2 treated with vehicle (Lane 1) or 25 µM (Lane 2) SC-560 
for 8-h, 24-h, and 4-h, respectively, and (D) C/EBPβ treated with vehicle (Lane 1) or 10 µM (Lane 2) SC-560 for 8-h.  Blots 
were stripped and re-probed with GAPDH.
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Fig 4.1

Figure 4.1. ATF3 protein expression is induced 
by NSAIDs and chemopreventive compounds in a 
concentration-dependent manner in HCT-116 
cells.  (A) HCT-116 cells were incubated in SFM 
with vehicle (Lane 1), or 5, 10, 20, 30 µM 
sulindac sulfide, 0.1, 1, 5, 10 µM TGZ, 10, 25, 50, 
100 µM SC-560, 10, 20, 30, 50 µM DADS, or 10, 
20, 30, 50 µM resveratrol for 6-h or 10, 25, 50, 
100 µM SC-58125 for 24-h.  The positive control 
was 20 µM etoposide (+).  (B) ATF3 protein 
expression is induced by NSAIDs and 
chemopreventive compounds in a time-dependent 
manner in HCT-116 cells.  HCT-116 cells were 
incubated with vehicle, 25 µM SC-560, or 20 µM 
sulindac sulfide and vehicle, 5 µM TGZ, or 20 
µM DADS in SFM for the times indicated 
followed by protein isolation and Western blot 
analysis for ATF3 and actin.  The positive control 
(+) consisted of anisomycin-treated C6 glioma
cell extracts.
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Fig 4.2

Figure 4.2. NSAIDs induce ATF3 mRNA in HCT-116 cells.  HCT-
116 cells were treated with vehicle or the compounds indicated in 
SFM followed by RNA isolation and real-time RT-PCR for ATF3 
and actin.  HCT-116 cells were treated with (A) vehicle, sulindac
sulfide (10 µM), or SC-560 (10 µM) for the times indicated and are 
represented as mean (± STD) relative to time-matched vehicle-
treated cells.  HCT-116 cells were treated with (B) vehicle, 25 µM 
DADS, 25 µM resveratrol, 20 µM sulindac sulfide, 25 µM SC-560, 5 
µM TGZ, or 50 µM SC-58125 for 4-h.  (C) HCT-116 cells were 
treated with vehicle, resveratrol, SC-58125, or DADS for 4-h at the 
concentrations indicated and are represented as mean fold induction 
over vehicle-treated cells (± SEM).  Values are expressed as fold 
induction relative to vehicle-treated cells adjusted for actin.
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Fig 4.3

Figure 4.3. The induction of ATF3 is not cell-line dependent.  MCF-7 cells were incubated with (A) vehicle, 5, 10, 
20, or 30 µM sulindac sulfide or (B) vehicle, 0.1, 1, 5, or 10 µM TGZ.  PC-3 cells were treated with vehicle, 10, 20, 
30, or 50 µM of (C) DADS, vehicle, 10, 20, 30, or 50 µM of (D) resveratrol, or 20 µM sulindac sulfide as a positive 
control (+).  U87MG cells were treated with vehicle, 25, 50, or 100 µM (E) SC-560 or (F) SC-58125.  Cells were 
incubated for 6-h in SFM followed by protein isolation and Western blot analysis of ATF3 and actin.  U87MG cells 
were treated for 24-h due to the low expression of ATF3 in these cells.
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Fig 4.4

Figure 4.4. Overexpression of 
ATF3 in colorectal cancer 
cells has anti-tumorigenic
activity.  (A) Western blot 
analysis demonstrating 
expression of ATF3 in stable 
pools of vector, antisense, and 
sense transfected HCT-116 
cells.  Western blot analysis 
of proteins from vector-
transfected HCT-116 cells 
(Lane 1), ATF3 antisense
expressing cells (Lane 2), and 
ATF3 sense overexpressing
cells (Lane 3).  Cells were 
plated in complete media and 
allowed to recover for 24-h.  
(B) Real-time RT-PCR 
analysis of ATF3 mRNA in 
vector, antisense, and sense 
cells.  Values shown in 
parenthesis and above the bars 
are fold expression relative to 
vector transfected cells and 
adjusted for actin.

(C) Focus formation assay, an indication of tumorigenicity was determined by 
plating stably transfected HCT-116 cells at 3000 cells/dish on 15-cm dishes for a 
period of 14 days without agitation as described in the materials and methods.  
Values shown are the mean fold change (±SEM) relative to vector transfected
cells.  (D) Overexpression of ATF3 inhibits tumor size in athymic nude mice using 
a xenograft mouse model of tumorigenicity.  Values indicated with an asterisk (*) 
are statistically significant.  * p<0.10, ** p<0.01, ***p<0.001.
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Fig 4.4 continued

(E-F) Immunohistochemistry of ATF3 protein expression in mouse tumor xenografts.   Expression of ATF3 (brown areas illustrated 
with arrows) was detected following immunohistochemistry of ATF3 from (E) vector, (F) antisense, and (G) sense tumors.  (H) 
Negative control (rabbit serum) 20X objective.
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Fig 4.5

Figure 4.5. (A-B) Sulindac sulfide but not ATF3 overexpression induces apoptosis 
while sulindac sulfide and ATF3 modulate tumor cell invasion.  (A) Cells were 
treated with vehicle or various concentrations of sulindac sulfide as indicated for 
30-h or (B) stably transfected HCT-116 cells were un-treated in media containing 
5% FBS followed by isolation and detection of apoptosis by FACS analysis as 
measured by propidium iodine/Annexin V staining.
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Fig 4.5 continued

(C-D) Matrigel invasion assay, an indication of invasion 
potential, was determined using HCT-116 cells transiently 
transfected with vector, sense, or antisense ATF3 and 
recovered for 48-h (C) alone or (D) in the presence of vehicle 
or sulindac sulfide (10 µM).  Invading cells were counted from 
several random fields of view from four independent 
experiments and are illustrated as relative invasion potential (±
SEM).  Values shown in (A) are relative to vehicle-treated 
cells.  Values shown in (B) are relative to vector-transfected
cells.  (C-D) Statistical significance is according to ANOVA 
with Bonnferonni’s t-test for multiple comparisons relative to 
(C) vector transfected cells or (D) all pair-wise comparisons 
(p<0.01).  Values sharing a common letter are not significantly 
different.  *p<0.05, **p<0.01.
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Fig 5.1

Figure 5.1. Sulindac sulfide and TGZ modulate 
ATF3 and Egr-1 protein expression in a time- and 
concentration-dependent manner.  HCT-116 cells 
were treated with (A) vehicle, 20 µM sulindac
sulfide, or 10 µM TGZ in SFM for the times 
indicated and ATF3, Egr-1, and actin protein 
expression determined by Western blot analysis.  (B) 
HCT-116 cells were treated in SFM for 6-h with 
(left) vehicle (Lane-1), 10, 20, or 30 µM sulindac
sulfide (Lanes 2-4) or (right) vehicle (Lane-1), 0.1, 
1, 5, 10 µM TGZ and protein expression determined 
by Western blotting.
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Fig 5.2

Figure 5.2. Sulindac sulfide and 
TGZ modulate ATF3 and Egr-1 
mRNA expression in a time- and 
concentration-dependent manner.  
Cells were treated with vehicle or 
(A) 10 µM sulindac sulfide or (B) 
5 µM TGZ in SFM for the times 
indicated and mRNA expression 
measured by real-time RT-PCR 
relative to time-matched vehicle-
treated controls adjusted for actin.
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(C-D) Cells were treated with vehicle or various concentrations of (C) sulindac sulfide or (D) TGZ 
as indicated in SFM and mRNA expression measured by Real-Time RT-PCR relative to vehicle-
treated controls adjusted for actin.  Values are means (± SEM) and are expressed as fold induction 
relative to time-matched vehicle treated cells.

Fig 5.2 continued
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Fig 5.3

Figure 5.3. Sulindac sulfide and TGZ induce various regions of 
the ATF3 promoter.  (A) Diagram of various luciferase reporter 
constructs used in this study.  (B-C) HCT-116 cells were 
transiently transfected with equal amounts of the ATF3 
luciferase reporter construct indicated and recovered overnight 
in complete media then treated with vehicle, (B) sulindac
sulfide (10 µM), or (C) TGZ (5 µM) as indicated for 24-h in 
SFM.  After 24-h cells were lysed in 1X passive lysis buffer 
(Promega) and assayed for luciferase activity.  Values are 
means (± STD) and are expressed as relative luciferase activity.
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Fig 5.4
A.

B.

Figure 5.4. Regulation of ATF3 and 
Egr-1.  (A) HCT-116 cells were pre-
treated in SFM for 0.5-h with 5 µg/ml 
cyclohexamide (CHX) then treated for 
4-h with vehicle, 20 µM sulindac
sulfide, or 10 µM TGZ ATF3 mRNA 
expression determined by real-time RT-
PCR relative to vehicle-treated controls 
and adjusted for actin.  Values are 
means (± SEM) and are expressed as 
fold induction relative to vehicle treated 
cells.  (B) HCT-116 cells were 
transiently transfected with equal 
amounts of pcDNA3.1 or Egr-1 plasmid 
DNA plus the ATF3 luciferase construct 
indicated as described above then 
assayed for luciferase activity.  Values 
are means (± STD) and are expressed as 
fold induction relative to vector 
transfected cells. 



179

C.

D.(C-D) Egr-1 siRNA blocks 
the induction of ATF3 by 
sulindac sulfide and TGZ.  
HCT-116 cells were 
transiently transfected for 5-
h in SFM with scrambled 
RNA or Egr-1 siRNA as 
indicated, allowed to recover 
overnight in complete media, 
then treated for 24-h in SFM 
with vehicle or (C) 20 µM 
sulindac sulfide or (D) 10 
µM TGZ.  Cells were 
isolated for protein followed 
by Western blot analysis for 
ATF3, Egr-1, and actin. 

Fig 5.4 continued
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Fig 5.5

Figure 5.5. NSAIDs and TGZ induce Erk1/2 and 
p38 phosphorylation.  (A-B) HCT-116 cells were 
treated with vehicle, 20 µM sulindac sulfide, or 
10 µM TGZ in SFM after overnight serum-
starvation for the times indicated.  (A) Western 
blot analysis of p-Erk1/2, total Erk, and actin.  
Fold induction [in parenthesis] is relative to 
time-matched vehicle-treated controls adjusted 
for actin. (B) Cells were treated for 0, 5, 10, or 
30 minutes as above then p-Erk1/2 levels were 
determined using an Erk1/2 phospho-specific 
enzyme immunometric assay kit as described in 
the materials and methods.  Values are expressed 
as fold induction over time-matched vehicle-
treated cells.  Statistical significance is by 
ANOVA with Bonferroni t-test for pair-wise 
comparisons relative to vehicle-treated cells at 
the p<0.05 level of significance.  *denotes 
statistical significance at the p<0.05 level 
whereas **denotes the p<0.01 level.
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(C) HCT-116 cells were treated with vehicle, 5, 10, 20, or 30 
µM sulindac sulfide or vehicle, 0.1, 1, 5, or 10 µM TGZ for 4-
h followed by protein isolation and Western blot analysis of p-
ATF2, p-p38, c-Jun, and actin.  (D) HCT-116 cells were 
transiently transfected as previously described with the ATF3 
Luc-2073 reporter construct plus vector DNA or a MEK1 
dominant negative inhibitor (DNI) as indicated.  Cells were 
treated for 24-h in SFM with vehicle, 20 µM sulindac sulfide, 
or 10 µM TGZ and ATF3 luciferase activity determined by 
luciferase reporter assays.  Values are relative to vehicle 
treated cells and statistical significance is versus vector-
transfected cells exposed to the same drug treatment according 
to ANOVA with Bonferroni t-test for pair-wise comparisons at 
the p<0.05 level of significance.  *denotes statistical 
significance at the p<0.05 level whereas **denotes the p<0.01 
level.

Fig 5.5 continued
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Figure 5.6. Proposed mechanism 
for the induction of ATF3 and Egr-
1 by sulindac sulfide and TGZ.  
Various members of MAPK 
pathways and Egr-1 appear to be 
involved in the induction of ATF3 
by these compounds.  Bars with 
arrowheads (↓) indicate a potential 
interaction while bars with a line at 
one end (⊥) indicate an 
interference with the pathway 
indicated. 
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Fig 6.1

Figure 6.1. Overview of genes modulated by NSAIDs.  * Transcription Factors (T.F.)

Induced Genes: Induction of gene:
• NAG-1 Inhibits cell proliferation, induces apoptosis
• ATF3* Involved in cell proliferation and apoptosis 

Inhibits invasion
• Egr-1* Inhibits cell proliferation and invasion 

Induces apoptosis
• TSP-1 Inhibits invasion and angiogenesis
• Thymosin-β4 Increases cell adhesion?

Repressed genes: Repression of gene:
• Laminin γ-1 Decreases invasion and cell adhesion
• β-catenin Decreases invasion and cell signaling
• MTA-1 May decrease invasion?
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Figure 6.2. Interrelation of genes modulated by NSAIDs and some of their biological functions.
Indicates blocked by NSAIDs.
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Figure 6.3. Genistein induces ATF3 protein expression.  HCT-116 Cells were treated in 
SFM for  6-h followed by protein isolation and Western blot analysis. Cells were treated 
with vehicle (lane 1) or 10, 25, 50, or 100 µM genistein (lanes 2-5).

Fig 6.3
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Figure 6.4. NSAIDs repress the protein expression of Inhibitor of differentiation 1 (Id1).  HCT-116 
Cells were treated in SFM for  6-h followed by protein isolation and Western blot analysis for Id1, 
ATF3, and actin.  Cells were treated with vehicle (Top), sulindac sulfide (middle), or SC-560 
(bottom) as indicated for 1, 2, 3, 4, 5, 6, 8, or 24-h (Lanes 1-8).

Fig 6.4
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Fig 6.5
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