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ABSTRACT 

It is clear that non-melanoma skin cancers have a significant impact 

on the health of the general population. With over one million new cases 

expected this year the extent of the problem is increasing. Extensive 

research on the molecular mechanisms of tumor promoting agents has 

yielded a large body of evidence suggesting that activity of the transcription 

factor activator protein-1 is central to development of benign lesions. 

Recently, a dominant negative c-jun, TAM-67, has been shown to block 

tumor promotion by 12-0-tetradecanoylphorbol-13-acetate. In order to 

determine if this is a more general phenomenon, we examined the effects of 

TAM-67 on okadaic acid induced tumor promotion. We found that TAM-67 

could effectively inhibit tumorigenesis induced by okadaic acid. In order to 

further characterize the activity of TAM-67, we identified its molecular 

mechanism of action in suppressing okadaic acid induced activator protein-1 

activity. These studies led to identification of squelching as the mechanism 

of action. This work also revealed that TAM-67 could interact with all the 

proteins of the Jun and Fos families as well as non-activator protein-1 
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proteins. Thus, TAM-67 may be able to affect multiple pathways including 

activator protein-1. 

Other work has identified prostaglandin signaling as a major factor in 

the development of non-melanoma skin cancer. We identified production of 

prostaglandin E2 as one of the abnormalities in a model of skin tumor 

progession. The cell lines examined were able to make prostaglandin E2, 

and also expressed receptors for it. We therefore examined the importance 

of this apparent autocrine loop and found that the cells that produce 

prostaglandin E2 depend on signaling from the prostaglandin E2 receptor 

EP1 for a normal in vitro growth rate. 

Both transactivation by activator protein-1 and signaling by 

prostaglandins are involved in chemically induced skin carcinogenesis. The 

magnitude of the problem ensures that demand for new treatments will only 

increase. Obtaining a clear understanding of the molecular events associated 

with the growth and transformation of cells from normal to benign to 

malignant is crucial to identifying novel treatment and prevention strategies. 
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Chapter 1 Introduction 

Epidemiology of Non-Melanoma Skin Cancer 

Non-melanoma skin cancer is the most commonly diagnosed cancer 

in the United States, comprising approximately 50% of all cancers (Diepgen 

and Mahler 2002). It has been predicted that over one million new cases of 

non-melanoma skin cancer will be diagnosed in 2002 (Diepgen and Mahler 

2002). Non-melanoma skin cancer is primarily composed of two cancers, 

basal cell carcinoma and squamous cell carcinoma. Approximately 80% of 

human non-melanoma skin cancer is basal cell carcinoma, with the other 

20% being squamous cell carcinoma (Diepgen and Mahler 2002). The 

mortality from non-melanoma skin cancer is fairly low, with only 1200-1500 

deaths per year, mainly due to squamous cell carcinoma (Stratton 2001). 

This is approximately equivalent to Hodgkin's disease or acute lymphocytic 

leukemia (Stratton 2001). The morbidity associated with non-melanoma 

skin cancer can be serious, as many lesions must be removed from the head 

and neck and it is not uncommon for a lesion to re-grow in the same location 

(Stratton 2001). The economic impact of non-melanoma skin cancer is 
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significant; an estimated five hundred million dollars will be spent treating 

non-melanoma skin cancer this year (Stratton 2001). 

Etiology of Non-Melanoma Skin Cancer 

Operational stages of non-melanoma skin cancer 

When discussing the origins of cancer, it is useful to operationally 

subdivide carcinogenesis into initiation, promotion and progression. 

Initiation is an irreversible event, usually involving deoxyribonucleic acid 

damage that is not repaired (Slaga, DiGiovanni et al. 1995). Chronic 

exposure to tumor promoters leads to clonal expansion of initiated cells and 

to critical induced changes in gene expression to give rise to benign tumors 

called papillomas, and is referred to as tumor promotion. This process is 

initially reversible if the promoting stimulus is removed. The tumor 

progresses to a malignant phenotype when the expanded clones undergo 

further genetic changes (Slaga, DiGiovanni et al. 1995). 

Carcinogens can be classified based upon these subdivisions of 

carcinogenesis. Tumor initiating agents are agents that can cause an 

initiating event in a cell. Initiating agents cause damage to the 
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deoxyribonucleic acid (Slaga, DiGiovanni et al. 1995). If this lesion is not 

repaired before replication of the genome in preparation for mitosis it 

becomes a mutation (Slaga, DiGiovanni et al. 1995). Cells that carry 

mutations in genes critical to regulation of growth, apoptosis or 

differentiation have an increased risk of becoming neoplastic and are 

referred to as initiated cells. Tumor promoting agents can promote the 

growth of initiated cells, but are ineffective as carcinogens unless an 

initiating event has occurred (Slaga, DiGiovanni et al. 1995). Tumor 

promoting agents cause the outgrowth of initiated cells (Slaga, DiGiovanni 

et al. 1995). This process requires the presence of the tumor promoting 

agent over an extensive period of time. Therefore, initiated cells must be 

exposed to multiple tumor promotion events (Slaga, DiGiovanni et al. 1995). 

Tumor promotion is also reversible in the early stages (Slaga, DiGiovanni et 

al. 1995). Thus, the timing of the multiple tumor promotion events must be 

close enough together to give the initiated cells a growth advantage without 

enough time lapse between events to allow regression of the nascent tumor. 

The end result of tumor promotion is the formation of a benign lesion 



(Slaga, DiGiovanni et al. 1995). Tumor progressing agents are capable of 

causing malignant conversion. This generally involves further damage to 

the deoxyribonucleic acid (Slaga, DiGiovanni et al. 1995). The mutations 

that arise from this damage eventually affect the ability of the cell to 

undergo the processes of invasion and metastasis. The end result of tumor 

progression is a malignant tumor (Slaga, DiGiovanni et al. 1995). 

Physical Carcinogens 

Non-melanoma skin cancer can be caused by long-term exposure of 

skin to ultraviolet radiation (Slaga, DiGiovanni et al. 1995), and has been 

particularly associated with exposure to the ultraviolet B portion of the 

ultraviolet spectrum (290-320 nm) (Slaga, DiGiovanni et al. 1995). In 

mouse models, ultraviolet B has been shown to be a complete carcinogen 

(Slaga, DiGiovanni et al. 1995). Some mouse models of skin cancer result 

in formation of basal cell carcinoma (Lacour 2002). However, most of these 

studies find ultraviolet B exposure causes squamous cell carcinoma (Slaga, 

DiGiovanni et al. 1995). This lack of correlation with findings in humans is 

potentially troubling. However, a recent study on occupational exposure to 
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ultraviolet irradiation showed a greater probability of developing squamous 

cell carcinoma rather than basal cell carcinoma in these workers (Diepgen 

and Mahler 2002). Thus, the mouse models may indeed be indicative of the 

reaction of human skin to ultraviolet exposure. 

Ultraviolet B acts to produce cancers by direct interaction with the 

deoxyribonucleic acid. This interaction causes the formation of cyclobutane 

dipyrimidine dimers as well as 6-4 pyrimidine-pyrmidone dimers (Livneh, 

Cohen-Fix et al, 1993). In the event that these dimers are not repaired 

before deoxyribonucleic acid replication, a CC-^TT or a C->T transition 

mutation occurs due to the "A" rule which states that A nucleotides are 

preferentially substituted opposite many lesions if the cell cannot identify 

the proper base to insert. This insertion becomes the template for repair and 

results in a A substitution for the adducted base (Strauss 1991; Livneh, 

Cohen-Fix et al. 1993). 

Chemical Carcinogens 

Exposure to numerous chemical carcinogens can also cause skin 

cancer. In 1775 Sir Percival Pott noted an association between chimney 
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sweeps and scrotal cancer (Hall 1998). The "sooty wart" as the sweeps 

called it, was associated with the common practice of working naked while 

cleaning in chimneys. Dr. Pott's recommended protective garments 

significantly reduced the incidence of scrotal cancer in the boys that used it. 

Such occupational exposure problems are still of concern. In a recent 

Danish study, it was shown that roofers had a four times greater chance of 

developing skin cancer than the general population (Diepgen and Mahler 

2002). This could be because of a long-term exposure of the skin to tar. Tar 

contains polyaromatic hydrocarbons, which are known to be complete 

carcinogens. Polyaromatic hydrocarbons in the soot in chimneys are also a 

likely source of the scrotal cancer found among eighteenth century chimney 

sweeps (Hall 1998). 

Classes of Chemical Carcinogens 

Different chemicals can act as carcinogens in different ways. In 

general, tumor-initiating agents cause damage in deoxyribonucleic acid 

(Slaga, DiGiovanni et al. 1995). In cells that do not successfully repair this 

damage, mutations result (Slaga, DiGiovanni et al. 1995). In the case of 



7,l2-dimethylbenz[a]anthracene, this is most commonly a mutation in the 

Harvey-ras proto-oncogene (Tang, Vulimiri et al. 2000). This mutation is 

caused by (±)syn or (±)anti 7,12-dimethylbenz[a]anthracene-3,4-diol-l,2-

epoxides adducting deoxyadenosine in codon 61 of the cellular Harvey-ras 

proto-oncogene (Tang, Vulimiri et al. 2000). This adduct gives rise to an A 

to T transversion mutation (CAA-^CTA) in 94% of 7,12-

dimethylbenz[a]anthracene initiated papillomas (Tang, Vulimiri et al. 2000) 

The constitutive activation of Harvey-ras leads to the activation of cellular 

signaling pathways involved in survival and growth. 

However, such mutations are not enough to cause cancer. Initiated 

cells still depend on extra-cellular sources of signals to encourage growth. 

Some carcinogens act by promoting the growth of initiated cells (Slaga, 

DiGiovanni et al. 1995). Tumor promoting agents such as 12-0-

tetradecanoylphorbol-13-acetate cause aberrant growth signaling within the 

cell (Slaga, DiGiovanni et al. 1995). These agents often achieve changes in 

growth signaling by perturbing the complex system that cells have evolved 

to control the phosphorylation status of proteins within the cell (Slaga, 



DiGiovanni et al. 1995). In the case of 12-0-tetradecanoylphorbol-13-

acetate, this network is perturbed by direct activation of members of the 

protein kinase C family of protein kinases (Ron and Kazanietz 1999). 

Protein kinases phosphorylate proteins that are recognized as substrates. 

The phosphorylation of proteins can cause a conformational change, either 

activating or inactivating the protein. In this manner, changes in the 

phosphorylation status of a given protein or set of proteins can produce 

profound effects upon the cellular control of growth, differentiation and 

apoptosis. In the case of direct activation of protein kinase C by 12-0-

tetradecanoylphorbol-13-acetate, aberrant division of initiated cells can 

occur (Ron and Kazanietz 1999). Tumor promotion leads to the formation 

of benign tumors (Slaga, DiGiovanni et al. 1995). In order to form 

malignant tumors, cells must undergo further genetic changes induced by a 

tumor progressing agents (Slaga, DiGiovanni et al, 1995). No pure tumor 

progressing agents have been identified (Slaga, DiGiovanni et al. 1995). 
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The Two Stage Model of Mouse Skin Carcinogenesis 

Non-melanoma skin cancer is often studied using the two stage model 

of mouse skin carcinogenesis (Slaga, DiGiovanni et al. 1995). In this model 

a single dose of an initiating agent is used, followed by multiple doses of a 

tumor promoting agent (Slaga, DiGiovanni et al. 1995). This results in 

formation of benign papillomas. The initiating agent for these studies is 

often 7,12-dimethylbenz[a]anthracene (Tang, Vulimiri et al. 2000). Chronic 

exposure to tumor promoting agents such as phorbol esters results in the 

development of papillomas (Slaga, DiGiovanni et al. 1995). The 

archetypical phorbol ester is 12-0-tetradecanoylphorbol-13-acetate (Slaga, 

DiGiovanni et al. 1995), which has been found to activate the activator 

protein-1 family of transcription factors (Slaga, DiGiovanni et al. 1995). 

Thus, 12-0-tetradecanoylphorbol-13-acetate induces gene transcription that 

eventually leads to the formation of benign tumors (Slaga, DiGiovanni et al. 

1995; Welter and Eckert 1995; Milde-Langosch, Bamberger et al. 2000; Ui, 

Mizutani et al. 2000; Jochum, Passegue et al. 2001; Vogt 2001). 
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A Model of Chemical Carcinogenesis 

Okadaic Acid 

Okadaic acid is a non-phorbol acid tumor promoter. Okadaic acid is a 

diarrheic shell fish toxin isolated from black sponges and produced by 

dinoflagellates (Suganuma, Fujiki et al. 1988). The okadaic acid family of 

toxins includes microcystin-LR, a hepatotoxin. Microcystin-LR is a potent 

liver tumor promoting agent in rats (Hitzfeld, Hoger et al. 2000). 

Microcystin-LR in contaminated drinking water may be the cause of 

elevated rates of primary liver cancer in some areas of China (Hitzfeld, 

Hoger et al. 2000). Microcystin-LR has been shown to mediate tumor 

promotion via inhibition of protein phosphatase type 1 and type 2A 

(Yoshizawa, Matsushima et al. 1990). Similarly, okadaic acid acts by 

inhibiting protein phosphatases 1 and 2 A (PP-1, -2 A), which leads to an 

increase  o f  the  phosphory la ted  forms  of  such  pro te ins  as  Cdc25,  h i s tone  HI ,  

phosphorylase kinase, protein kinase A, protein kinase B, protein kinase C, 

IkB kinases and cyclin-dependent kinases (Fujiki, Suganuma et al. 1991; 

Janssens and Goris 2001). The absence of the dephosphorylation control of 
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these kinases can lead to an increase in proliferation, aberrant mitosis or 

growth arrest, depending on the cell type. In fibroblasts with a wild type 

p53, okadaic acid treatment induces growth arrest, whereas, in fibroblasts 

expressing a mutant p53, okadaic acid induces aberrant mitosis (Milczarek, 

Chen et al. 1999). In murine keratinocytes and immortalized murine liver 

cells, okadaic acid has been shown to induce prostaglandin H synthase-2, the 

rate-limiting enzyme in prostaglandin production (Maldve and Fischer 1996; 

Ledwith, Pauley et al. 1997). In NIH 3T3 cells, okadaic acid has been 

shown to induce expression of two multidrug resistance genes (Wang, 

Scavetta et al. 1995). Thus, okadaic acid has been shown to affect multiple 

systems involved in establishing and maintaining the tumor phenotype. It 

has been suggested that the effects of the okadaic acid class of tumor 

promoters are mediated in part by the transcription factor activator protein-1 

(Peng, Bowden et al. 1997; Sueoka, Sueoka et al. 1997). 

Activator Protein-1 

The activator protein-1 transcription factor is a dimer consisting of 18 

different combinations of Jun-Jun or Jun-Fos proteins. The Jun family of 
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proteins includes c-Jun, JunB and JunD. The Fos family of proteins includes 

c-Fos, FosB, Fra-1 and Fra-2 (Shaulian and Karin 2001), Activator protein-

1 activation can affect proliferation, cell cycle growth arrest and apoptosis 

(Shaulian and Karin 2001), In particlular, activator protein-1 has been 

shown to  regula te  cyc l in  Dl ,  p53 ,  p21  (c ip l /waf l ) ,  p l9  (ARF) ,  and  p l6  

(Shaulian and Karin 2001). Thus, the effect of activator protein-1 activation 

in some cases closely parallels treatment with okadaic acid. It should be 

noted that by inducing expression of cyclin DI it is possible that activator 

protein-1 activity drives entry of the cell into the cell cycle (Shaulian and 

Karin 2001; Obaya and Sedivy 2002). Indeed, increased expression of 

cyclin Dl has also been shown to cause resistance to calcium induced 

terminal differentiation in murine keratinocytes (Chaturvedi, Qin et al. 

1999). This is a second mechanism by which alterations in cyclin Dl 

expression may cause changes to proliferation in keratinocytes. In the 

mouse transformed keratinocyte 308 cell line the major components of the 

okadaic acid activated activator protein-1 complex are JunD and FosB 

(Rosenberger and Bowden 1996). Okadaic acid has been shown to activate 
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ERKl/2, which in turn can phosphorylate and activate JunD and FosB in 

308 cells (Rosenberger, Finch et al. 1999). Okadaic acid also induces 

expression of urokinase type plasminogen activator and matrix 

metalloproteinase-3 in vivo, both known to be regulated by activator protein-

1 (Holladay, Fujiki et al. 1992). Thus, the transcription factor activator 

protein-1 plays a crucial role in the biological effects of okadaic acid. 

The Role of Activator Protein-1 in Tumor Promotion and Progression 

There is evidence that activator protein-1 contributes to both stages of 

development of malignant skin tumors. The role of activator protein-1 in 

skin tumor promotion/progression was first suggested by experiments in JB6 

cells in which promotion sensitive (P^) but not promotion resistant (? ) cells 

were shown to have elevated activator protein-1 activity in response to 

agents known to cause transformation of cells (Bemstein and Colbum 

1989). The importance of this activity has been demonstrated using 

activator protein-1 inhibitors dominant negative jun or all trans-retinoic acid 

(Dong, Birrer et al. 1994) to block transformation by 12-0-

tetradecanoyIphorbol-13-acetate or epidermal growth factor. Further work 
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in this system established that a retinoid which specifically transrepresses 

activator protein-1 and weakly activates retinoic acid response element is 

able to block JB6 transformation, whereas a retinoid that activates the 

retinoic acid response element and does not transrepress activator protein-1 

does not obstruct transformation of JB6 cells (Li, Dong et al. 1996). This 

work was corroborated in vivo in experiments showing that mice treated 

with the same retinoids were inhibited for skin tumor promotion by 12-0-

tetradecanoylphorbol-13-acetate (Huang, Ma et al. 1997). Other work has 

shown that perillyl alcohol, which inhibits ultraviolet B induced activator 

protein-1 transactivation, can decrease tumor formation induced by 

ultraviolet B irradiation (Barthelman, Chen et al. 1998). Evidence 

demonstrating a role for c-Fos in papilloma to carcinoma progression but not 

in tumor promotion has come from skin tumor experiments with c-fos null 

mice (Saez, Rutberg et al. 1995). The evidence that activator protein-1 

plays a role in maintenance of the malignant phenotype comes from studies 

of cell systems. In one model, Domann and colleagues studied the 

papilloma forming cell line 308 and a malignant variant lOGyS (Domann, 
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Levy et al. 1994). In this model they found that the malignant cells had 

constitutive elevation of activator protein-1 binding and transactivation. 

This was associated with an increase in expression of c-jun and c-fos. The 

elevated activator protein-1 activity was also associated with increased 

expression of the matrix metalloproteases (MMPs) matrix metalloproteinase-

3 and urokinase type plasminogen activator. Activator protein-1-regulated 

gene expression has been shown to be important in invasion in a v-fos 

transformed rat fibroblast model (Johnston, Spence et al. 2000). 

TAM-67 

One way to study the role of specific proteins in carcinogenesis is to 

create a dominant negative inhibitory protein. Following the work of Lloyd 

et al (Lloyd, Yancheva et al. 1991), Brown et al (Brown, Alani et al. 1993) 

created an amino terminal deletion of c-Jun, removing the majority of the 

transactivation domain (see Figure 1). This protein, called TAM-67 inhibits 

activator protein-1 induced transcription when expressed in cells (Brown, 

Alani et al. 1993). While the wildtype c-Jun can transform normal rat 

embryo cells in cooperation with an activated c-Harvy-ras, TAM-67 cannnot 
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(Brown, Alani et al. 1993). Expression of TAM-67 significantly decreased 

the transformation of JB6 cells after treatment with tumor promoting 

compounds such as l2-0-tetradecanoylphorbol-13-acetate and epidermal 

growth factor (Dong, Birrer et al. 1994). In addition, stable expression of 

TAM-67 in 308 cells was shown to block 12-0-tetradecanoylphorbol-13-

acetate induced Matrigel™ invasion (Dong, Crawford et al. 1997). 

Expressing TAM-67 in malignant cells blocked tumor formation upon 

subcutaneous injection into athymic nude mice (Domann, Levy et al. 1994). 
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Figure 1. A Schematic Representation of tiie TAlVI-67 Protein. 
This figure shows the various functional domains of c-Jun including the 
transactivation domain, the DNA binding domain and the leucine zipper 
domain. Note that most of the transactivation domain is deleted in TAM-67. 
This deletion includes serines 63 and 73, which can be phosphorylated to 
activate c-Jun. 
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These results demonstrate that TAM-67 can influence important events in 

tumorigenesis. 

Prostaglandins in Tumor Progression 

Biochemistry of Prostaglandin Ez 

Prostaglandins mediate numerous physiological responses including 

inflammatory and immune responses, bone development, wound healing, 

hemostasis, glomerular filtration, production of the extracellular matrix and 

cell proliferation (Mamett 1992; Langenbach, Morham et al. 1995; Morham, 

Langenbach et al. 1995; Tsujii and DuBois 1995; Smith and Dewitt 1996). 

Prostaglandin E2 alone has been shown to be active in many of these 

processes including induction of matrix metalloproteinases, bone resorption, 

induction of oncogenes and induction of prostaglandin H synthase-2 

(Singhal, Sagar et al. 1995; Lindsey, Kashiwagi et al. 1996; Mehindate, al-

Daccak et al. 1996; Zeng, An et al. 1996; Zahner, Harendza et al. 1997; Li, 

Okada et al. 2000; Miyaura, Inada et al. 2000; Sakuma, Tanaka et al. 2000; 

Sakuma, Tanaka et al. 2000; Suzawa, Miyaura et al. 2000; Ushikubi, 

Sugimoto et al. 2000). Prostaglandin production involves activation of 
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phospholipase A2 releasing arachadonic acid from the cell membrane. 

Arachadonic acid then serves as a substrate for either prostaglandin H 

synthase-1 or -2. These enzymes display the same enzymatic activity, but 

are the products of two different genes (Yokoyama and Tanabe 1989; 

Fletcher, Kujubu et al. 1992). Prostaglandin H synthase -2 has been shown 

to be inducible by various factors including ultraviolet B and 12-0-

tetradecanoylphorbol 13-acetate (Buckman, Gresham et al. 1998; Fosslien 

2000; Wilgus, Ross et al. 2000; Williams, Tsujii et al. 2000). There are also 

reports that prostaglandin H synthase-1, although generally constistutively 

expressed, can be induced by agents such as 4-(methylnitrosamino)-l-(3-

pyridyl)-l-butanone derived from nicotine and prostaglandin E2 (Maldve, 

Kim et al. 2000; Rioux and Castonguay 2000). The activity of the 

prostaglandin H synthase enzymes produces prostaglandin H2, which is then 

further metabolized to other prostaglandins or thromboxanes. The 

production of prostaglandin E2 from prostaglandin H2 is dependent on 

prostaglandin E synthase, also referred to as prostaglandin H2-E isomerase 

(Nugteren and Christ-Hazelhof 1980; Yamamoto, Ohki et al. 1980; Moonen, 
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Buytenhek et al. 1982). Thus, prostaglandin production requires several 

enzymatic steps, some of which can be regulated. 

Prostaglandins and Tumor Promotion 

Dysregulation of prostaglandin E2 production is a common finding in 

skin cancer (Brune, Kalin et al. 1978; Ruzicka, Walter et al. 1983; 

Vanderveen, Grekin et al. 1986; Fischer, Furstenberger et al. 1987). 

Prostaglandin production in the skin is inducible by numerous stimuli 

including ultraviolet radiation (Ruzicka, Walter et al. 1983; Karmali and 

Safai 1984) and treatment with the phorbol ester 12-0-tetradecanoylphorbol-

13-acetate (Brune, Kalin et al. 1978; Fischer, Furstenberger et al. 1987; 

Hamasaki and Eling 1995). Both of these can act as tumor promoting agents 

(Marks, Furstenberger et al. 1981; Buckman, Gresham et al. 1998). There is 

evidence to suggest that at least some of the tumor promoting effects of 

these agents are mediated by stimulation of prostaglandin E2 production 

(Brune, Kalin et al. 1978; Ruzicka, Walter et al. 1983; Fischer, 

Furstenberger et al. 1987; Miller, Hale et al. 1994; Zakar, Teixeira et al. 

1994; Hamasaki and Eling 1995; Chen, Gresham et al. 1996; Buckman, 
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Gresham et al, 1998). Work by Fischer and colleagues has shown that 

blocking prostaglandin H synthase-2 activity with a selective inhibitor 

(Celecoxib) significantly decreased the tumor yield produced by ultraviolet 

B irradiation of hairless mice (Fischer, Lo et al. 1999). This decrease was 

dose dependent with respect to Celecoxib. They also showed that the non

selective prostaglandin H synthase inhibitor, indomethacin, could produce a 

similar effect (Fischer, Lo et al. 1999). Muller-Decker et al. also provided 

evidence that induction of prostaglandin H synthase-2 is an essential step for 

mouse skin two-stage carcinogenesis (Muller-Decker, Scholz et al. 1995). 

They showed increased prostaglandin E2 production due to prostaglandin H 

synthase-2 induction in skin treated with 12-0-tetradecanoylphorbol-13-

acetate. In this study, they found that repeated applications of 12-0-

tetradecanoylphorbol-13-acetate resulted in stationary hyperplasia and a loss 

of the prostaglandin response. However, in papillomas and carcinomas, 

constitutive overexpression of prostaglandin H synthase-2 and increased 

prostaglandin production persisted. This result was confirmed in 

keratinocyte cell lines corresponding to different stages of tumor 
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development. It is of interest that inhibition of prostaglandin H synthase-2 

can inhibit growth of a human cutaneous squamous cell carcinoma cell line 

(Higashi, Kanekura et al. 2000). 

Other work indicates that tumor promoters like 12-0-

tetradecanoylphorbol-l3-acetate stimulate prostaglandin E2 production in 

primary cultures of mouse epidermal cells (Aizu, Yamamoto et al. 1990). 

Also of interest is the fact that smokeless tobacco extracts can increase 

prostaglandin E2 production in human gingival keratinocytes (Johnson, 

Poore et al. 1996). Prostaglandin E2 production has also been linked to 

several events important to cancer formation and spread. Addition of 

prostaglandin £2 to growth medium can increase the growth rate of human 

keratinocytes (Pentland and Needleman 1986). Expression of the oncogenes 

JunB and RelA can be induced by prostaglandin E2 (Nusing, Klein et al. 

1996). Prostaglandin E2 production can also increase migration and 

adherence in a head and neck squamous cell carcinoma cell line (Lozano, 

Taitzetal. 1996). 
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Prostaglandin E2 Signaling 

Prostaglandin E2 has been shown to signal through several 

pharmacologically distinct receptors (Ichikawa, Sugimoto et al. 1996). 

These are G-protein coupled receptors classified according to their binding 

affinity for various agonists or antagonists, and are called EPl, EP2, EP3, 

and EP4 prostanoid receptors. The EP2 and EP4 prostanoid receptors both 

signal via increased adenylyl cyclase activity, whereas the EP3 prostanoid 

receptor decreases the activity of this enzyme (Ichikawa, Sugimoto et al. 

1996). The EPl prostanoid receptor signals through increased activity of 

phospholipase C-p (Ichikawa, Sugimoto et al. 1996). This results in release 

of diacylglycerol and inositol triphosphate (Gawler 1998). These receptors 

are most likely responsible for the downstream effects of prostaglandin E2 

and thus could be important in several disease states including skin cancer. 

Statement of the Problem 

It is clear that non-melanoma skin cancers have a significant impact 

on the health of the general population. The morbidity associated with these 

tumors is of particular concern. Extensive research on the molecular 
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mechanisms of tumor promoting agents has yielded a large body of evidence 

suggesting that activity of the transcription factor activator protein-1 is 

central to development of benign lesions. Other work has identified 

prostaglandin signaling as a major factor in the development of non-

melanoma skin cancer. Both transactivation by activator protein-1 and 

signaling by prostaglandins are involved in chemically induced skin 

carcinogenesis. Obtaining a clear understanding of the molecular events 

associated with the growth and transformation of cells from normal to 

benign to malignant is crucial to identifying novel treatment and prevention 

strategies. 

Statement of Purpose 

The overall goal of the first part of this work was to add to the understanding 

of the importance of activator protein-1 signaling in skin tumor promotion 

and identify a potential mechanism by which this signaling can be 

interrupted. The overall goal of the second part of this work was to identify 

the impact of prostaglandin signaling on skin tumor progression and identify 

a potential mechanism by which the signaling of prostaglandins may be 
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interrupted in a manner wiiich differentially affects the progressed cells. In 

order to address these purposes three specific aims were formulated. The 

first two deal with transactivation by the transcription factor activator 

protein-1. The third specific aim was to determine the role of prostaglandin 

signaling in a model of skin cancer progression. 

The first specific aim was to determine the effects of a dominant 

negative c-jun (TAM-67) on tumor promotion caused by the protein 

phosphatase inhibitor okadaic acid. This aim was carried out using 

transgenic mice that express TAM-67 in the epidermis. These mice were 

subjected to a two-stage skin carcinogenesis study to determine the effects of 

TAM-67 on okadaic acid induced tumor promotion. We examined the 

kinetics as well as the magnitude of tumor induction on these mice. In 

addition, we examined various potential mechanisms that could be 

responsible for the differences that were observed. 

The second specific aim was to identify the molecular mechanism of 

action of TAM-67. This aim was carried out using cells that have been 

shown to be responsive to okadaic acid. The cells were transfected with 
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TAM-67 and various chimeric constructs of TAM-67 to identify a 

mechanism. Once a mechanism was identified, potential interactions 

responsible for the mechanism were explored. 

The final specific aim involved identification of a role for 

prostaglandin signaling in a model of skin tumor progression. A previous 

graduate student in the laboratory, Dr. Ashok Gupta, developed a radiation 

induced malignant cell line and an invasive variant of this cell line. These 

cell lines were observed to have greater expression of the rate limiting 

enzymes in prostaglandin production as comparied to the benign parental 

cell line. We then showed that the malignant cells make more prostaglandin 

E2 and that these cells express receptors for this prostaglandin. We then 

examined the effects of prostaglandin E2 on the growth of these cell lines. 
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Chapter 2 Materials and Methods 

Breeding of Transgenic Mouse Lines 

K14-TAM-67 (Young, Li et al. 1999) and activator protein-1-Luc 

(Rincon and Flavell 1994) mice were obtained from Dr. Colbum on a 

DBA/2 genetic background. Both of these transgenes were bred onto the 

ICR genetic background by crosses with ICR mice from Harlan Sprague-

Dawley, Inc.(Indianapolis, Indiana). Since the ICR mice were originally 

derived from CD-I mice, which are known to be susceptible to okadaic acid 

induced skin tumor promotion; we bred the transgenes onto this strain of 

mouse. After generation N5 these mice were used in experiments. 

Offspring carrying the K14-TAM67 transgene or the activator protein-1 Luc 

transgene or both, were identified by PCR analysis of tail DNA. Reactions 

containing 20 pmol of hK14 primers (GenBank accession no.Ul 1076) bp 

1693-1717 and 2205-2181, H-Ras primers 7816 

(CACCCCCACTAAGCCTGTTGTTTTGCAGGAC) and 7817 

(GCTAGCCATAGGTGGCTCACCTGTACTGATG), or luciferase primers 

GCGGAATACTTCGAAATGTCC and 
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CCTTAGGTAACCCAGTAGATCC, were amplified by using Taq DNA 

polymerase from Roche Molecular Biochemicals (Indianapolis, IN) per the 

manufacturers instructions. The PCR reaction conditions were: 94°C 3min., 

94°C Imin., 55°C Imin., 72°Clmin, 30 cycles, ITC 5min on final cycle, 

followed by a 4°C soak. PCR products were separated on a 1.5% agarose 

gel. 

Cell Culture 

The murine keratinocyte cell line 10Gy5 was previously established in 

the laboratory as described (Domann, Levy et al. 1994). The murine 

keratinocyte cell line 308 was progressed with LD90 doses of y rays 

(750cGy) from a "^^Co source. The resulting cells were injected 

subcutaneously into athymic nude mice, and a cell line started from the 

resulting tumors. This is cell line 6R90 (48). Cell line 6RJ (6Rinvasive) 

was established at a later date from an unusually invasive 6R90 tumor. The 

cells were maintained in minimal essential medium (MEM) supplemented 

with 7.5% fetal calf serum (FCS), 2.5% calf serum (CS) and lOOU/ml 
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penicillin/streptomycin (Life Technologies, Rockville, MD) at 37°C in a 

humidified atmosphere containing 7% CO2. 

Plasmids 

Collagenase-TRE and 4xTRE luciferase reporter plasmids were a gift 

from Dr. Zigang Dong, The Hormel Institute, Austin, MN. The collagenase-

TRE luciferase construct has a single activator protein-1 binding site from 

the human collagenase promoter. The 4xTRE plasmid has four consensus 

activator protein-1 binding sites. TAM-67 and the GCN4 leucine zipper 

TAM-67 variant (T/G) were a gift from Dr. Michael Birrer, National Cancer 

Institute, Rockville, Maryland. TAM-67 was cloned into pcDNA3.1/HisC 

(Invitrogen) by Dr. Ashok Gupta. The TAM-67/ADNA expression vector 

was produced by alteration of pcDNA3. l/HisC-TAM-67 using the 

QuickChange Site-Directed Mutagenesis Kit from Stratagene. Sense primer 

CGGATCAAGGCGgagaggaagCGCATGAGGAAC (125ng) and antisense 

primer GTTCCTCATGCGcttcctctcCGCCTTGATCCG (125ng) (all capital, 

lower case indicate deleted bases) were used with 50ng of template vector, 

5mM each oligonucleotide, 5% DMSO, 100ng/|il BSA and Mg at 1.5mM in 



a PCR reaction volume of 50(il. After the addition of Pfu Turbo DNA 

polymerase in hot start at 75°C, 18 cycles were run at 95°C 30sec., 65°C for 

Imin., 68°C for 12min. The clone was sequenced to show only the changes 

designed for loss of amino acids 256-258 occurred. This has been shown to 

destroy the ability of the protein to bind DNA (Brown, Kim et al. 1996). 

RNA Isolation From Mouse Skin 

Tissues for RNA expression were harvested from animals after CO2 

asphyxiation. Full thickness dorsal skin was snap-frozen in liquid nitrogen. 

Epidermis was separated from dermis as described (Rho, Bol et al. 1996; 

Young, Li et al. 1999). For RT-PCR, 10-1.5mm ear punches were 

harvested. All tissue was pulverized in liquid nitrogen with a mortar and 

pestle and immediately placed in extraction buffer, homogenized, and 

extracted with phenol-chloroform by using a Totally RNA kit (Ambion, 

Austin, TX). 

RNA Isolation From Cultured Cells 

Cells were cultured from a 10cm dish and centriftiged at 3000 rpm for 

five minutes at 4®C, then suspended in 400^1 of ice-cold lysis buffer and 
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placed on ice. Lysis buffer contained 140 mM NaCl, 1.5 mM MgCh, 10 

mM Tris-HCL (pH 8.6), 0.5% NP-40, and ribonuclease (RNase) inhibitor 

(10 mM vanadyl ribonucleotide complexes). The cell mixture was slowly 

loaded onto 400 |il of sucrose lysis buffer and centriftiged at 3000 rpm for 

ten minutes at 4°C. Sucrose lysis buffer was lysis buffer with the addition of 

24% sucrose to the solution. The supernatant was mixed with 400 (il of 0.2 

M Tris-HCl (pH 7.5), 25 mM EDTA, 0.3M NaCl, 2% sodium dodecyl 

sulfate (SDS) and 200 jig/ ml of proteinase K, incubated at 37®C for 40 

minutes, extracted with phenol and precipitated with sodium acetate and 

ethanol. 

RT-PCR From Mouse Skin Samples 

Two tube RT-PCR was performed as described by Qiagen's protocol 

for Omniscript reverse transcriptase. Total RNA was primed using 200ng of 

each antisense primer; 5'-ggccctcctgttattatgg-3' for mouse GAPDH and 5'-

tggataagggaatggttgg-3' for the human growth hormone incorporated with the 

TAM-67 transgene. The reverse transcription reaction was followed by 

forty cycles of PCR (94°C, Imin., 55°C Imin., 72°C Imin.) using Qiagen 
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PGR buffer, 200(iM of each dNTP, and lOOng of each primer in separate 

tubes for GAPDH and TAM-67. Sense primers were 5'-

aagattgtcagcaatgcatcc-3' for GAPDH and 5'-aacatgctcagggaacagg-3' for 

TAM-67. A hot start was used by adding 2.5 units of Taq polymerase at 

72°C immediately before an initial denaturation step of 3min. at 94°C. 

RT-PCR From Cultured Cell Samples 

Cytoplasmic RNA (20|ig) was treated with DNase for 15 minutes at 

room temperature, then 25 mM EDTA was added and the reaction 

inactivated at 65°C for 10 minutes. Four microliters of oligo(dT) were 

added and the reaction heated for 10 minutes at 70®C. First strand synthesis 

was carried out by adding 10 (il of the RNA (lOjig) mix to 9 ^il of the 

reverse transcription (RT) mix. The RT mix contained 5 jil of first strand 

buffer [250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCb], 1 ^il 

dNTP (10 mM), 2 |al DTT (O.IM), and 2 ^1 DEPC-H2O per 10 RNA. For 

each sample, two treatment groups were performed, one with reverse 

transcriptase (RT+) and one without (RT-). The samples were then 

incubated for 50 minutes at 42®C followed by 15 minutes at 70'^C and ice for 
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5 minutes. RNase H (2^1) was added to each tube and incubated for 20 

minutes at 37°C. Polymerase chain reaction (PCR) was then performed 

using primers designed for the murine EPi, EP4 and GAPDH nucleotide 

sequences. Primer sequences are as follows: EPI sense (574-602 coding 

sequence, CTGGGTCCCCCGGGCGGCTGGCGCCAGGC), EPI anti-

sense (980-1005, CAGGAACAGTGGCCGCTGCAGGGAGG), EP4 sense 

(49-72, CTGAACAGCCCAGTGACCATCCCG), EP4 anti-sense (391-411, 

GCCCGCCAATCGCTTGTCCAC) Mouse GAPDH sense (43-67, 

CAAAATGGTGAAGGTCGGTGTGAAC), Mouse GAPDH anti-sense 

(294-265, ATGTTAGTGGGGTCTCGCTCCTGGAAGATG). PCR 

reactions were amplified using 1 )il of cDNA from RT reactions. Each PCR 

reaction contained 10 mM of the respective primers (EPi, EP4, or GAPDH), 

0.2 mM dNTP, 9 mM or 1.5 mM (EP/ GAPDH, respectively) MgC^, Ix 

PCR buffer [20 mM Tris-HCl (pH 8.4), 50 mM KCl], 0.5 |iil Taq polymerase 

(Gibco 5U/ fil) and nuclease free water per 50|il reaction. The PCR 

amplification cycle consisted of 95®C for 5 minutes initial denaturing step, 

followed by 95°C for 1 minute, 63°C for 1 minute, 72®C for 1 minute for 30 
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cycles and ending with 72®C for 15 minutes. Twenty microliters of sample 

were analyzed by electrophoresis on a 1.2% agarose gel. The EPi EP4, and 

GAPDH primers should produce PGR product sizes of431, 362, and 222 

base pairs, respectively. 

Assays of Activator Protein-1 Luciferase Activity From Mouse Skin 

Samples 

Activator protein-1-luc activity was measured in activator protein-1-

luc/K14-TAM-67 mice and in their K14-TAM-67-negative siblings. Mice 

were treated with 100 |il of acetone on the left ear and 100 jil of okadaic 

acid (2 ^ig) on the right ear. After 24 hr, 6 ear punches of 1.5 mm were 

collected and lysed in 100 ^1 of lysis buffer. Twenty-five microliters of 

lysate were added to 100 |il of luciferase substrate (Promega), and luciferase 

activity was determined in a TD-20/20 luminometer (Turner Designs, 

Sunnyvale, CA). A BCA protein assay (Pierce, Rockford, IL) was then 

performed and RLU normalized to protein amount. 
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Assays of Activator Protein-1 Luciferase Activity From Cultured Cell 

Samples 

After experimental treatments, cells were washed 2X with cold PBS, 

lysed in Ix cell culture lysis reagent, and assayed for luciferase activity 

according to the manufacturer's protocol (Promega, Madison, WI). The data 

were presented as relative firefly luciferase light units (RLU) per 5 jag 

protein. 

Two-Stage Skin Carcinogenesis 

Dorsal skins of 8-week-old mice were shaved, and 2 days later a 

single dose of 100 ^g (390 nmol) 7,12-dimethylbenz[a]anthracene (DMBA) 

(Sigma, St. Louis, MO) in 200 fii of acetone was applied. One week after 

initiation, mice were treated with 2|ig of okadaic acid (Alexis, San Diego, 

CA) in 200 of acetone twice a week for 20 weeks. The number of 

papillomas was recorded once a week. 

OA Induction of Skin Thickening 

Four animals per group were shaved 2 days before treatment. Either a 

single dose of acetone or okadaic acid (2 jig in 0.2 ml of acetone) was 
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painted on dorsal skin. Samples were collected 48 hr after the treatment, 

fixed overnight in buffered formalin, and then embedded in paraffin. Five-

micrometer sections were stained with hematoxylin/eosin (H&E). Okadaic 

acid -induced skin thickening was determined from H«&E-stained slides. One 

image from each sample was analyzed by microscopy from random regions 

on the slides. Skin thickening was determined by measuring the thickness of 

the epidermis by using the Image Pro image analysis program (Media 

Cybernetics, Silver Springs, MD). Three measurements were made at 

random from the surface of the epidermis starting from the top of the 

basement membrane to the bottom of the strateum comeum. 

Northern Blot Analysis of Gene Expression From Mouse Skin Samples 

15(ig of total epidermal RNA was size fractionated on a formaldeyde-

agrose gel. This was transferred onto GeneScreen nylon membrane (NEN 

Life Science Products, Inc., Boston, MA) using an overnight capillary 

transfer. The membrane was incubated in prehybridization solution (1% 

SDS, 2xSSC, 10% Dextran, 50% formamide, 5x Denhardt's solution) for at 

least three hours at 42°C. This was then sequentially probed for matrix 
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metalloproteinase-3, keratin K6, epidermal fatty acid binding protein and 7S 

with probes as described (Holladay, Fujiki et al. 1992). The membrane was 

washed two times in 1% SDS, 2xSSC at 42°C for ten minutes, and three 

times in 1%SDS, 0.2xSSC at 65°C for ten minutes. A phosphorimaging 

screen was then exposed to the blot overnight and the results scanned on a 

MD Storm phosphorimager (Molecular Dynamics, Sunnyvale, CA). The 

membrane was then stripped by boiling ten minutes in 1%SDS, O.lxSSC. 

The membrane was then incubated in prehybridization solution and probed 

with the next probe. 

Isolation of Cytoplasmic and Nuclear Protein 

Nuclear proteins were isolated from 50-70% confluent cultures. The 

cells were rinsed twice with ice cold PBS and once in Buffer A (lOmM 

HEPES pH 7.9, 1.5mM MgCb, lOmM KCl, 0.5mM DTT). The cells were 

then scraped into a microftige tube and lysed in modified buffer A 

containing 0.1% NP-40 by gentle rocking at 4°C for 30 minutes. This was 

saved as cytoplasmic extract. The nuclei were pelleted and extracted by 

incubating in Buffer C (20mM HEPES pH 7.9, 25% glycerol, 0.42M NaCl, 
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1.5mM MgCb, 0.2mM EDTA, 0.5niM PMSF and 0.5mM DTT) for 15 

minutes at 4°C. Nuclear debris was removed by centrifligation for 15 

minutes and the supernatant was diluted 1:6 in Buffer D (20mM HEPES pH 

7.9,20% glycerol, O.IM KCl, 0.2mM EDTA, 0.5mM PMSF and 0.5mM 

DTT). The extracts were stored frozen at -80°C in small aliquots until used. 

The protein concentrations of the extracts were determined with Bio-Rad 

reagent (Bio-Rad Laboratories, Hercules, CA). 

Immunoprecipitation 

Img of whole cell lysate from cells treated with okadaic acid 

(50ng/ml) was precleared with 80^1 of 50% protein A sepharose beads in co-

immunoprecipitation buffer (50mM Tris-Cl, 15mM EDTA, lOOmM NaCl, 

0.1% Triton X-lOO). The sample was then centrifiiged and the liquid 

transferred to a new tube. This sample had 40(il 50% protein A sepharose 

and 5(ig of one of the following antibodies added: anti-c-Jun (sc-1694X), 

anti-JunB (sc-46X), anti-JunD (sc-74X), anti-c-Fos (sc-52X), anti-FosB (sc-

48X), anti-Fral (sc-605X), anti-Fra2 (sc-604X), anti-p65 (sc-8008X), anti-

ATFl (SC-243X), anti-ATF2 (sc-6233X) all from Santa Cruz Biotechnology, 
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(Santa Cruz, Ca), anti-CREB (cat#9192) from Cell Signaling Technology 

(Beverly, MA). This mixture was incubated overnight at 4°C. The samples 

were then centrifliged and the liquid was decanted. The beads were then 

washed three times in co-immunoprecipitation buffer. Proteins were then 

eluted from the beads by boiling in Lammeli buffer and loaded onto a SDS-

PAGE. 

Western Analyses 

For all western analyses, 15 fig of nuclear protein or 40 (ig of 

cytoplasmic protein were resolved by 12% SDS-PAGE unless otherwise 

indicated. The proteins were transferred from the polyacrylamide gels onto 

Immobilon-P by electroblotting for 2 h at 225 mA or overnight at 50 volts. 

The membranes were blocked with 5% milk in TBST (0.05% Tween-20, 

20mM Tris HCl pH 7.4,0.9% NaCl) for 10 minutes. These membranes were 

then incubated with the primary antibody in 5% milk/TBST at indicated 

dilutions: COX-1 (1:250 dilution; Santa Cruz Biotechnology, cat# sc-1752, 

Santa Cruz, CA) or COX-2 (1:3000 dilution; Oxford Biochemicals, cat# 

PG26, Oxford, MI) or prostaglandin E synthase (1:250 dilution; Cayman 
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Chemical, cat# 160140, Ami Arbor, Ml) or tagged TAM-67 (1:2000 

dilution; Invitrogen, Carlsbad, CA). Excess primary antibody was removed 

with three 10 minute washes with TBST prior to 1 h incubation with a goat 

anti-rabbit or a goat anti-mouse secondary antibody (1:40,000 dilution) 

conjugated with horseradish peroxidase as indicated. The blots were 

developed with ECL western blotting detection reagents (Amersham) and 

exposed to X-ray film. 

Growth curves 

1x10"* cells were plated in 6 well plates and grown for 2 days as 

described above. Triplicate wells were treated with ethanol or lO^M 

indomethacin or lOjaM indomethacin and PGE2 or agonist. The amount of 

PGE2 or selective agonist added was based on the amount of PGE2 present in 

the medium of normally grown cells as shown in Figure 12, and indexed to 

reflect cell number in the growth curve experiment. Every 12 hours medium 

was replaced, and PGE2 or agonist was added based on the amount that 

would be present at the end of the following 12 hours. The maximum dose 

was 1.67 nM. These cells were trypsinized every 12 hours in triplicate and 
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the cells counted on a Coulter Counter. Mean cell numbers were plotted 

against time to generate growth curves for all three cell lines. The selective 

EPl and EP3 agonist l7-phenyl trinor PGE2 was purchased from Caymen 

Chemical. 

PGE2 Measurement 

Total cellular PGE2 was measured by enzyme immunosorbent assay 

(EIA). The EIA was purchased from Amersham (Piscataway, NJ). Briefly, 

cells were lysed in medium and a sample taken. The sample was incubated 

with antibody and a PGE2 conjugate. The plate was then washed and the 

substrate added. The plate was incubated Ihr. The reaction was then halted 

by addition of IM sulfuric acid, and the results read at 450nm. 

In-vivo tumor growth 

5 x 1 0 ^  c e l l s  f r o m  t h e  c e l l  l i n e s  w e r e  i n j e c t e d  s u b c u t a n e o u s l y  a t  f o u r  

sites into athymic nude mice (BALB/c, nu/nu, Harlan Sprague Dawley, 

Indianapolis, IN). Tumors were harvested and sections were stained with 

hematoxylin and eosin. 
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EP receptor staining 

Antibodies to human EPl and EP4 receptors were generated in 

chickens using recombinant fusions proteins containing giutathione-S-

transferase and a portion of the carboxy terminus of the EP4 receptor or the 

third intracellular loop of the EPl receptor (Anthony, Pierce et al. 2000). 

Cells were grown on cover slips to 60% confluence. Medium was aspirated 

and the cover slips were washed in PBS. The cells were fixed with 4% 

paraformaldehyde. The coverslips were washed in PBS, and incubated in 

30mM SSC. The coverslips were incubated in 300mM glycine. The 

coverslips were then incubated in permeabilization buffer (0.1%Triton X-

100 in 30mM SSC). The cover slips were placed in primary antibody 

diluted 1:250 in antibody dilution buffer. This was incubated overnight at 

4°C. The coverslips were then washed. The coverslips were then placed in 

FITC (fluorescein 5-isothiocyanate) conjugated rabbit anti-chicken 

secondary antibody (Sigma cat# F-8888) diluted 1; 1000. The samples were 

then washed. 2 jal of DAPI (4',6'-diamidino-2-phenylindole) was added to 
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the final wash. The coverslips were mounted on glass slides for viewing. 

The stained cells were then imaged. 

Quantification of EP receptors 

Cells were harvested and fixed in 4% paraformaldehyde. Cells were 

washed in PBS and 30mM SSC. Cells were incubated in 300mM glycine, 

then in permiabilization buffer. A 1:300 dilution of primary antibody was 

added and the cells were rotated overnight at 4°C. The cells were washed in 

SSC. FITC conjugated rabbit anti-chicken secondary antibody (Sigma cat# 

F-8888) diluted 1:250 was added and the cells were incubated Ihr. The cells 

were washed, and resuspended in 30mM SSC. Then, relative fluorescence 

units per cell were read on a flow cytometer. 

Transient Transfections: 

For the transient transfections with reporter constructs, the cells were 

seed in 6-well dishes at 1.5x10^ cells per well. After 24 h, these cells were 

transfected in triplicate using DOTAP liposomal transfection reagent 

(Avanti Polar-Lipids, Inc.). A total of 1 |ag expression plasmid and 0.5|iig 

4xTRE luciferase plasmid in HEPES/NaCl buffer (20mM HEPES, 150mM 
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NaCl pH 7.4) at O.lng/fil and an equal volume of DOTAP at 0.2|ig/|il 

HEPES/NaCl buffer was used per well. Diluted DNA and DOTAP were 

mixed together in glass tubes and incubated at room temperature for 10 

minutes and then added to 2 ml of serum-free medium. The cells were rinsed 

once with PBS and once with serum free medium before the transfection 

medium was added. After 12 hours of transfection, 1 ml of serum 

containing medium was added and the cells incubated for a further 12 h. The 

cultures were then treated with 50ng/ml okadaic acid (Alexis Biochemicals) 

for 6 h. 

EMSA 

Double stranded probes corresponding to the TRE were designed with 

sequences derived from the human collgenase I promoter: 

TREl, 5'-AAAGCATGAGTCAGAC-3'; TRE2, 5'-

AGGTGTCTGACTCATG-3'; mTREl 5'-AAAGCACCGGCAGGAC-3', 

mTRE2 5'-AGGTGTCCTGCCGGTG-3'. 
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They were annealed and 5'-overhangs were labeled by incorporation of [^^P] 

dCTP (NEN Life Science Products, Boston, MA) with Klenow DNA 

polymerase. 

For gel shift assays, 2 to 5 |ig of nuclear protein extracts were incubated at 

room temperature for 15 min with a mixture containing 6 mM Hepes (pH 

7.9), 0.4 mM EDTA, 125 mM KCl, 10% glycerol, 1 |ag poly dIdC, 1 mM 

DTT, 2.5 mM Sodium pyrophosphate, I mM p-glycerophosphate, 1 mM 

Na3V04, 10 mM NaF, 50 ug/ml aprotinin, 50 ug/ml leupeptin. Approximate 

1 ng labeled probe was added and the reactions were incubated at room 

temperature for another 30 min. In antibody supershift experiments, 

reactions were preincubated on ice for 1 h with various amounts of antibody 

(anti-c-jun, anti-JunD, anti-JunB, anti-c-fos, anti-FosB, anti-Fral and anti-

Fra2 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA)). Reactions 

were then ft'actionated on a nondenaturing 10% polyacrylamide gel in IX 

TBE (IX TBE = 89 mM Tris base/89 mM boric acid/2mM EDTA, pH7.2). 

The gels were dried and visualized with a Phosphoimager (Molecular 

Dynamics, Sunnyvale, CA). 
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Chapter 3 TAM-67 Suppresses Tumor Promotion by Okadaic 

Acid 

Abstract 

Okadaic acid is a prototypical non-phorbol ester skin tumor promoting 

agent, that works by inhibiting protein phosphatases, leading to an increase 

in protein phosphorylation. Increased protein phosphorylation can lead to 

stimulated signaling through various signal transduction pathways. One or 

more of the pathways affected by okadaic acid leads to increased signaling 

via the activator protein-1 transcription factor. Since activator protein-1 

signaling has been shown to be required for skin tumor promotion by 

phorbol ester, studies were undertaken to determine if activator protein-1 

signaling is also required for 7,12-dimethylbenz[a]anthracene 

initiated/okadaic acid promoted skin tumorigenesis. Transgenic mice 

expressing a dominant negative c-jun (TAM-67) controlled by the keratin 14 

(K14) promoter in ICR mice were used to determine the effects of okadaic 

acid on activator protein-1 signaling. By crossing the TAM-67 mice with 
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mice expressing an activator protein-1 responsive luciferase, it was shown 

that TAM-67 decreases activator protein-1 activation in response to okadaic 

acid treatment by 95%. Following 7,12-dimethylbenz[a]anthracene 

initiation, the TAM-67 mice and non-transgenic littermates were promoted 

with twice weekly applications of okadaic acid. These experiments showed 

that TAM-67 expression decreased tumor multiplicity by 90%. Further 

experiments with TAM-67 mice showed that the hyperplastic response to 

okadaic acid is not impaired in these mice, nor were there differences in 

okadaic acid induced transcription of various genes known to be activator 

protein-1 responsive under other conditions. This result suggests that only a 

subset of activator protein-1 regulated genes is targeted by TAM-67 when it 

prevents tumor promotion by okadaic acid. A determination of the 

mechanism by which TAM-67 can block tumor promotion without affecting 

skin thickening will be important. 
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Introduction 

Tumorigenesis in the skin is a complex, multistage event (see chapter 

1 for a discussion). The rate-limiting step of skin tumor formation appears 

to be tumor promotion (Slaga, DiGiovanni et al. 1995). Therefore, a clear 

understanding of the events critical to the clonal expansion of initiated cells 

could provide targets for future therapeutic interventions. One event that 

appears to be important in skin tumor promotion is the activation of activator 

protein-1 (Peng, Bowden et al. 1997; Sueoka, Sueoka et al. 1997). Activator 

protein-1 is a transcription factor composed of two proteins. It consists of a 

member of the Jun family and a member of either the Jun or Fos family. 

The Jun family is composed of c-Jun, JunD and JunB. The Fos family is 

composed of c-Fos, FosB, Fra-1 and Fra-2 (Shaulian and Karin 2001). 

Thus, there are eighteen different possible combinations of proteins that can 

dimerize to form an activator protein-1 complex. The importance of 

different pairings among the Jun and Fos proteins has not been adequately 

addressed, although there are some reports that dimers containing JunB are 

less transcriptionally active than other activator protein-1 complexes 
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(Szabowski, Maas-Szabowski et ai. 2000; Hulboy, Matrisian et al. 2001). 

The evidence that activator protein-1 is important in the events of tumor 

promotion was suggested by experiments in JB6 cells in which promotion-

sensitive (P^) cells but not promotion-resistant (P ) cells were shown to have 

elevated activator protein-1 activity in response to agents known to cause 

transformation of P^ cells (Bernstein and Colbum 1989). The importance of 

activator protein-1 in these cells was confirmed in experiments showing that 

P+ cells lose the tumor promotion response after treatment with inhibitors of 

activator protein-1 (Huang, Ma et al. 1997). 

Tumor promoters of the phorbol ester class including 12-0-

tetradecanoylphorbol-13-acetate have been shown to induce activation of the 

activator protein-1 complex in mouse two stage skin carcinogenesis 

protocols (Slaga, DiGiovanni et al. 1995). The importance of this activation 

has been demonstrated in mice that lack a functional induction of activator 

protein-1 in the skin because they express a dominant negative c-Jun (TAM-

67) in the epidermis. These mice develop far fewer tumors in a two stage 
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skin carcinogenesis protocol than wildtype iittemiates (Young, Li et al. 

1999). 

Another tumor promoter that induces activator protein-1 is okadaic 

acid (Peng, Bowden et al. 1997; Sueoka, Sueoka et al. 1997). Okadaic acid 

is a non-phorbol ester skin tumor promoting agent. It is isolated from black 

sponges and made by dinoflagellates. It was originally isolated as a 

causative agent in diarrheic shell fish poisoning (Suganuma, Fujiki et al. 

1988). At the molecular level okadaic acid inhibits protein phosphatases 1 

and 2A (Fujiki, Suganuma et al. 1991; Janssens and Goris 2001). The loss 

of phosphatase activity can cause an increase in phosphorylation of 

numerous proteins involved in the control of critical cellular functions 

including migration, invasion, division and apoptosis. In this manner 

okadaic acid can mimic the activity of 12-O-tetradecanoylphorboI-13-acetate 

in that it causes aberrant phosphorylation of these cellular control proteins. 

One important difference is that okadaic acid cannot directly cause 

phosphorylation, but rather causes a change in the duration of 

phosphorylation of proteins that are otherwise phosphorylated in the cell. 
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The dominant negative c-Jun used in studying the importance of 

activator protein-1 activation in response to 12-0-tetradecanoyIphorbol-13-

acetate was created by deleting part of the amino terminus of the c-Jun 

protein (Brown, Alani et al. 1993). The deletion of amino acids three 

through one hundred twenty-two removed most of the transactivation 

domain of c-Jun (Brown, Alani et al. 1993). Importantly, this deletion also 

removed serines sixty-three and seventy-three (Shaulian and Karin 2001). 

These amino acids are known to be phosphorylated when the protein is 

activated (Shaulian and Karin 2001). It should be noted that the leucine 

zipper domain responsible for dimerization of c-Jun to other proteins 

(Shaulian and Karin 2001) (or itself) was intact in TAM-67. The 

deoxyribonucleic acid binding domain was also intact in TAM-67 (Brown, 

Alani et al. 1993). Thus, TAM-67 can form dimers and bind 

deoxyribonucleic acid. 

The objective of the project reported below was to determine the 

importance of intact c-Jun signaling to tumor promotion by carrying forward 

the observations of Young et al into a different tumor promotion model. If 
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c-Jun signaling is necessary for tumor promotion then the effects observed 

by Young should be equally impressive in other tumor promotion protocols. 

Therefore, we have studied the effects of blocking c-Jun signaling in a tumor 

promotion protocol treating mice with okadaic acid in the tumor promotion 

step. These experiments showed that okadaic acid induced tumor promotion 

was also dependent on signaling by one or more pathways influenced by c-

Jun. We attempted to identify the exact nature of the signaling that was 

interrupted, but the results were inconclusive. This work showed that 

signals influence by c-Jun are essential to okadaic acid induced tumor 

promotion, and therefore that these signals are important to multiple types of 

tumor promotor. Thus, this work and the work of others showed that TAM-

67 can interrupt a pathway vital to tumor promotion in mouse skin. It will 

be important to identify the mechanism by which TAM-67 can block skin 

tumor promotion so that other more clinically viable treatments that target 

the same process can be pursued. 
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Results 

In order to determine if the mice identified as transgenic by 

polymerase chain reaction expressed TAM-67, we performed reverse 

transcriptase-polymerase chain reaction on ribonucleic acid isolated from the 

epidermis of these mice. The results, shown in Figure 2, demonstrate that 

mice identified by polymerase chain reaction as carriers of the transgene also 

transcribe the transgene and mice identified as non-transgenic littermates do 

not transcribe TAM-67. The polymerase chain reaction reactions were also 

primed for gylceraldehyde-6-phosphate dehydrogenate (GAPDH). The 

bands produced by these primers demonstrate that intact ribonucleic acid 

was added to all reactions and that the reverse transcriptase reaction 

produced viable cDNAs. 

We then tested the capability of the TAM-67 protein to affect 

activator protein-1 activation in the skin of the mice. We did this by 

crossing mice expressing activator protein-1 luciferase with mice expressing 

TAM-67. We used mice that were activator protein-1 luciferase^ and TAM-

6T''. These animals were treated with a single dose of two micrograms of 
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Figure 2. TAM^ mice actively transcribe TAM-67 and JAM' littermates 
do not. 

Ten 1.5mm skin punches from the ear were snap frozen, and then pulverized 
in liquid nitrogen. Total cellular RNA was isolated by dissolving tissue in 
guanidinium salt and phenol/chlorophorm extraction. Transcription of 
TAM-67 was determined by RT-PCR analysis of this RNA. The sizes of the 
various amplification products are indicated. The TAM-67 primers span an 
intron (see schematic of transgene above) to allow differentiation of 
products utilizing DNA instead of RNA as a template. Amplification of 
GAPDH was included as a positive control. The structure of the transgene is 
indicated with the position of the RT-PCR primers shown. WT=Wildtype 
TR=Transgenic (as determined by PCR) RT== +/- reverse transcriptase 
RTl/2=position of RT-PCR primers on transgene 
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okadaic acid and skin sample was then harvested. This was processed and a 

luciferase assay was done on the resulting samples and the results were read 

on a luminometer. These results (Figure 3) show that okadaic acid induced 

activator protein-1 activation in the activator protein-1 luc^/TAM-67' mice. 

These results also demonstrate that the TAM-67 protein is active in the 

activator protein-1 1UCVTAM-67^ mice by showing a decreased activator 

protein-1 activation in response to treatment with two micrograms of 

okadaic acid. 

We then enter into a two-stage mouse skin carcinogenesis protocol 

with the mouse line expressing an active TAM-67 in the epidermis as well as 

the non-transgenic littermates of these animals. This protocol used a single 

dose of three hundred ninety nanomoles of 7,12-dimethylbenz[a]anthracene 

applied in acetone followed by twice weekly doses of two micrograms of 

okadaic acid in acetone, all applied to a shaved portion of the dorsal skin. 

The okadaic acid treatments were repeated twice weekly for twenty weeks. 

The results of this study, as shown in Figure 4, indicate that expression of 

TAM-67 in the epidermis delayed the onset of tumor formation as compared 
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Figure 3.TAM-67 blocks AP-1 driven luciferase activity in vivo 
The ears from 10 ICR/AP-1 Luc.+/K14-TAM-67+ and 10 ICR/AP-1 
Luc+/K14-TAM-67- mice were treated with acetone (left ear) or with 2|ag 
of okadaic acid (right ear). Tissue was isolated 24 hrs. later from 1.5mm ear 
punches and lysed. Luciferase activity was determined on 25|il of lysate. A 
BCA protein assay was then performed, and the luciferase results were 
normalized to 30fig of protein. This was repeated three times. 
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Figure 4. TAM-67 transgenic mice liave decreased tumor multiplicity in 
response to okadaic acid promotion. 

16 TAM-67^ mice and 16 TAM-67' litteraiates were shaved and initiated 
with a single dose of 390 nmoles of DMBA two days later. These mice 
were then promoted, starting the following week, with twice weekly doses of 
2|ig okadaic acid in 200|il acetone. Papilloma development was monitored 
once a week. 
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to the littermates that did not express TAM-67 in the epidermis. Expression 

of TAM-67 in the epidermis also decreased the average number of tumors 

detected on the treated shaved dorsal skin as compared to the littermates that 

did not express TAM-67 in the epidermis (also shown in Figure 4). The 

transgenic and non-transgenic animals gained weight at approximately equal 

rates throughout the experiment (data not shown). 

Thickening of the epidermis is a common finding after treatment with 

tumor promoting agents such as okadaic acid and 12-0-

tetradecanoylphorbol-13-acetate. In order to examine the mechanism of the 

decrease in the average number of tumors detected on the treated shaved 

dorsal skin we examined the thickness of the epidermis of mice treated with 

two micrograms of okadaic acid in acetone. Following treatment, skins were 

harvested and formalin fixed. Sections were then taken and embedded in 

paraffin. Five micrometer slices were then taken and stained with 

hematoxylin and eosin. One image from each sample was analyzed by 

microscopy from random regions on the slides. Thickening of the skin was 

determined by measuring the thickness of the epidermis. Three 
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Figure 5. TAM-67 expression does not change oicadaic acid induced sldn 
tliickening. 

TAM-67^ mice and TAM-67' littemates (4 mice per group) were treated on 
the dorsal skin with 2|ig okadaic acid in 200)il acetone. 48 hours later skin 
was harvested, fixed in buffered formalin, paraffin embedded and sections 
were H&E stained. 5(im sections from each animal were then evaluated for 
epidermal thickness. 
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measurements were made at random from the surface of the epidermis 

starting from the top of the basement membrane to the bottom of the 

strateum comeum. The results, shown in Figure 5, indicate that the 

induction of skin thickening by a single two microgram treatment of okadaic 

acid in acetone is similar in the mice expressing TAM-67 in the epidermis 

and the littermates that did not express TAM-67 in the epidermis. 

Further examination of the mechanism of TAM-67 suppression of the 

average number of tumors detected on the treated shaved dorsal skin as 

compared to the littermates that did not express TAM-67 in the epidermis 

was undertaken by examining transcription of genes known to be activated 

in vivo by topical application of okadaic acid to the dorsal skin. Since 

okadaic acid is known to induce matrix metalloproteinase-3, keratin 6 and 

the epidermal form of fatty acid binding protein in vivo, these transcripts 

were examined. A single two microgram dose of okadaic acid was applied 

to the shaved dorsal skin of mice that expressed TAM-67 in the epidermis as 

well as littermates that did not express TAM-67 in the epidermis. Fifteen 
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Figure 6. TAM-67 expression does not change expression of some 
oicadaic acid induced genes. 

TAM-67+ mice and TAM-67- littemates (5 animals per group) were treated 
on the dorsal skin with 2^g okadaic acid or acetone. 18 hours later full 
thickness skin was snap frozen, and epidermis was separated. Epidermis 
was then pulverized in liquid nitrogen. Samples were then pooled. Total 
cellular RNA was isolated by dissolving tissue in guanidinium salt and 
phenol/chlorophorm extraction. After electrophoretic separation and 
capillary transfer to GeneScreen nylon membrane, samples were probed for 
the indicated genes. The membrane was then exposed to a phosphorimaging 
screen, and the image was scanned by a MD-Storm. 

TAM -67 - _ -h -h 
Okadaic Acid _ ^ 



76 

micrograms of ribonucleic acid were then isolated and size fractionated and 

transferred to a membrane. This membrane was then probed with 

radioactively labeled oligonucleotides specific for matrix metalloproteinase-

3 or keratin 6 or the epidermal form of fatty acid binding protein. The 

results of this analysis, shown in Figure 6, indicate that although all of these 

genes have been shown under some circumstances to be regulated by 

activator protein-1, in this case none of them appear to be differentially 

regulated in mice that expressed TAM-67 in the epidermis as compared to 

littermates that did not express TAM-67 in the epidermis. 

Discussion 

We have shown that mice expressing TAM-67 in the epidermis have a 

decreased activation of activator protein-1 in response to treatment with 

okadaic acid on shaved dorsal skin of these mice as compared to littermates 

that did not express TAM-67 in the epidermis. We have further 

demonstrated that mice that expressing TAM-67 in the epidermis developed 

tumors more slowly, and developed fewer tumors, than littermates that did 

not express this dominant negative c-jun in the epidermis. However, 
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investigations into the skin thickening response to okadaic acid did not 

reveal a difference between mice expressing TAM-67 in the epidermis as 

compared to littermates that did not express TAM-67 in the epidermis. Nor 

were differences observed between mice expressing TAM-67 in the 

epidermis as compared to littermates that did not express TAM-67 in the 

epidermis in the transcription of the genes studied that are known to be 

regulated by activator protein-1 under other circumstances. 

TAM-67 expression did not inhibit transcription of prospective 

activator protein-1 targeted genes (Holladay, Fujiki et al. 1992), activated by 

okadaic acid. Matrix metalloproteinase-3, a matrix metalloproteinase 

involved in degradation of the extracellular matrix, was similarly activated 

by okadaic acid in both mice expressing TAM-67 in the epidermis as well as 

littermates that did not express TAM-67 in the epidermis. It was not 

surprising that okadaic acid induction of keratin 6, a marker of 

hyperproliferation (Holladay, Fujiki et al. 1992), was also unaffected by 

TAM-67 expression, being that TAM-67 expression does not block okadaic 

acid (Figure 4) or TPA (Young, Li et al. 1999) induced skin thickening. 
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TAM-67 expression did not affect the expression of epidermal fatty acid 

binding protein, an okadaic acid induced gene (Holladay, Fujiki et al. 1992) 

thought to be associated with keratinocyte differentiation. 

One possible explanation of the lack of effect of expressing TAM-67 

in the epidermis on skin thickening and expression of prospective activator 

protein-1 targeted genes is that the wrong cell population was studied. The 

multistage theory of carcinogenesis shows initiated cells undergoing clonal 

expansion to form benign tumors. In these studies a single dose of two 

micrograms of okadaic acid was applied to the backs of mice. This was 

done without a prior application of 7,12-dimethylbenz[a]anthracene. Thus, 

the cell population studied was not initiated as these mice had never been 

exposed to a chemical initiating agent. While this is unlikely to affect the 

outcome of the skin thickening studies, it could have a significant impact on 

the relevance of the gene expression studies. This is because the expression 

of these genes is relevant primarily in the cells that go on to form tumors. It 

is likely that signal transduction changes caused by the initiating event are 

important to the critical changes in gene expression necessary to allow a cell 



to expand into a tumor. Since we are currently unaware of any method to 

identify initiated cells that leaves the cells intact, it would be extremely 

difficult to compensate for this confounding factor. However, in the future it 

might be appropriate to initiate the skin before studying changes in gene 

expression in response to tumor promoting agents as this will more closely 

mimic the process of carcinogenesis. Another option would be to examine 

gene expression after chronic exposure to okadaic acid. It is unclear if such 

experiments would show a difference from the time point examined, as they 

would still be hampered by the inability to study just initiated cells. The 

time point used was selected because all of the genes studied were known to 

be induced by okadaic acid at that time (Holladay, Fujiki et al. 1992). 

Alternatively, moving such studies into cell lines or organotypic cultures 

where all the studied cells have been initiated might be appropriate. 

Unfortunately, these models lack the crucial input of signaling molecules 

from the immune system. Such signals are likely to be important because 

most tumor promoting agents cause an acute inflammatory response (Brune, 

Kalin et al. 1978). The importance of this response is difficult to evaluate. 
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The importance of the cytokines produced by keratinocytes in the 

inflammatory response to okadaic acid has not been evaluated. Thus it is 

difficult to determine what effect any changes in cytokine production caused 

by expression of TAM-67 would have on this inflammatory response. This 

would also depend on which cells secrete the essential cytokines. Because 

the keratin 14 promoter is expressed in basal cells of stratified squamous 

epithelia (Young, Li et al. 1999), only cells originating in this layer express 

TAM-67. Thus, the cytokines would have to be secreted from cells of this 

lineage in order for the inflammatory response to okadaic acid to be affected 

by expression of TAM-67. The importance of immune responses to skin 

carcinogenesis is well documented in studies utilizing non-steroidal anti

inflammatory drugs (Marks and Furstenberger 2000) that suppress certain 

aspects of the acute immune response, suggesting that there is a role for the 

inflammatory process in skin tumor carcinogenesis. 

The evidence that TAM-67 blocks the activation of activator protein-1 

in mouse skin is compelling. This leads to the conclusion that although the 

activation of the genes examined has been attributed to the activity of 
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activator protein-1 (Holladay, Fujiki et al. 1992), these genes must be under 

the control of other transcription factors. Among these genes there are 

probably different transcription factors controlling the different genes. 

Okadaic acid blocks the activity of protein phosphatase 1 and protein 

phosphatase 2A. Relatively little is known about the involvement of protein 

phosphatase 1 in carcinogenesis. Protein phosphatase 2A has been better 

studied. It has been shown to remove phosphate groups from a variety of 

substrates known to be involved in carcinogenesis. These include a number 

of kinases involved in signal transduction. Among these are; 

phosphoinositide 3-kinase, protein kinase B, protein kinase Ca and IK kinase 

a (Millward, Zolnierowicz et al. 1999). Which of these or other substrates 

of protein phosphatases are affected by treatment of skin with okadaic acid 

is unknown. 

The importance of these kinases in skin carcinogenesis has been well 

established. The phosphoinositide 3-kinase has been shown to be necessary 

for epidermal growth factor induced activator protein-1 activity in a 

karatinocyte cell line (Huang, Ma et al. 1996). This kinase has also been 
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shown to be involved in the ultraviolet B induction of the expression of c-

Fos (Gonzales and Bowden 2002). This induction was also shown to be 

dependent on the activity of protein kinase B (Gonzales and Bowden 2002). 

Skin tumorigenesis induced by okadaic acid has been shown to depend on 

signaling by tumor necrosis factor a (Suganuma, Okabe et al. 1999). It was 

recently shown in order for tumor necrosis factor a to promote tumors, it 

signals through protein kinase C a (Amott, Scott et al. 2002). IK kinase 

phosphorylates IKB. This leads to activation of nuclear factor-KB. In a 

model system it has been shown that blocking the nuclear factor-KB 

response can block the transformed phenotype, thus identifying nuclear 

factor-KB signaling as essential for transformation of keratinocytes (Li, 

Westergaard et al. 1997). Thus, all of these kinases can initiate signaling 

that has been shown to be important in the formation of skin tumors. 

However, the only signaling that is known to be interrupted in TAM-

67 transgenic mice is activator protein-1 signaling. It is unlikely that 

activator protein-1 is the only signaling that is activated in response to 

okadaic acid treatment. Indeed, okadaic acid has been shown to cause 



changes in the regulation of glucocorticoid receptors (DeFranco, Qi et al. 

1991; Borror, Garabedian et al. 1995), a potential effecter of okadaic acid 

treatment. Another transcription factor activated by okadaic acid is Spl 

(Biggs, Kudlow et al. 1996). It should also be noted that the activity of the 

progesterone receptor is modulated by okadaic acid (Edwards, Weigel et al. 

1993). This could be relevant to the expression of genes in keratinocytes as 

the progesterone receptor has recently been shown to be expressed in 

keratinocytes (Im, Lee et al. 2000). Thus it is possible that okadaic acid 

creates different transcriptional changes in female mice than in male mice, 

although there was not a significant difference between male and female 

mice in papilloma formation (data not shown). These changes in 

transcription factor activity are also likely to be due to changes in protein 

phosphatase activity induced by okadaic acid. It should be noted that TAM-

67 is unlikely to change the activity of any of these transcription factors. 

Thus, it is likely that one or more of these kinases or transcription factors are 

responsible for the changes observed in the transcription of matrix 

metalloproteinase-3, the epidermal form of fatty acid binding protein and 



84 

keratin 6, as well as the thickening of the skin in response to okadaic acid 

treatment. 

The thickening of the mouse skin probably has several components. 

The signaling changes discussed above probably contribute to an increase in 

the mitotic index of the skin. Treatment of skin with tumor promoters also 

induces an acute inflammatory response (Brune, Kalin et al. 1978). Part of 

this response is likely to be edema and infiltration of immune system cells. 

While part of this response might be suppressed in TAM-67 transgenic mice, 

the majority of this response is unlikely to be driven by signals from 

keratinocytes, but rather from resident immune cells. The forty-eight hour 

time point was chosen as the maximum induction of skin thickening after a 

single dose of okadaic acid. This induction is stable at least until ninety-six 

hours after treatment. After chronic exposure to okadaic acid, the skin of the 

treated animals is noticeably thicker than the vehicle treated controls. This 

chronic thickening was not measured. 

The transcriptional activity of activator protein-1 proteins is not 

limited to formation of the Jun-Jun or Jun-Fos complexes. Jun and Fos 
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family members can interact with a variety of other proteins including 

members of the activating transcription factor family of cAMP response 

element binding proteins (Hai and Curran 1991) and the p65 subunit of 

nuclear factor-icB (Stein, Baldwin et al. 1993). One possible explanation of 

the anti-tumorigenic activity of TAM-67 is interaction with other families of 

transcription factors. TAM-67, like c-Jun, interacts with p65 of nuclear 

factor-KB (Hsu, Nair et al. 2001). Furthermore, TAM-67 expression blocks 

l2-0-tetradecanoylphorbol-13-acetate activation of nuclear factor-icB in JB6 

cells and 308 murine keratinocytes (Dong, Crawford et al. 1997), tumor 

necrosis factor-a activation of nuclear factor-icB in JB6 cells (Hsu, Nair et 

al. 2001) and elevated nuclear factor-KB levels in human keratinocytes (Li, 

Cao et al. 2000). Thus, it is possible that TAM-67 is inhibiting activation of 

nuclear factor-KB regulated genes in the okadaic acid treated skin. Nuclear 

factor-KB is known to regulate several cytokines including tumor necrosis 

factor-a (Adcock 1997; Roebuck, Carpenter et al. 1999). Recently it has 

been shown that tumor necrosis factor-a knockout mice have reduced 



papilloma formation in response to either 7,12-dimethylbenz[a]anthracene 

/okadaic acid or 7,l2-dimethylben2[a]anthracene /12-0-

tetradecanoylphorbol-13-acetate (Suganuma, Okabe et al. 1999). Thus, 

tumor necrosis factor-a knockout mice may be deficient in the same 

signaling pathways as K14-TAM-67 transgenic mice. Therefore, TAM-67 

may act to inhibit tumor formation by blocking expression of tumor necrosis 

factor-a. 

The signaling blocked by TAM-67 has been shown to be essential for 

chemical tumor promotion. This leads to the idea that a genetic reagent such 

as TAM-67 could be clinically efficacious in blocking tumor promotion. 

This idea is attractive because a rate-limiting step in tumor formation could 

be blocked in a population that had a known exposure to an initiating event 

by either chemical or physical carcinogens. Delivery of such an agent in an 

inducible form, such as the tetracycline induction system, could prove to be 

therapeutically useful in populations that are at high risk of developing 

various forms of cancer including skin cancer. 
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Chapter 4 TAM-67 Abrogates Okadaic Acid Induced Activator 

Protein-1 Activity by Squelcliing 

Abstract 

The dominant negative c-jun TAM-67 has been shown to block mmor 

promotion induced by 12-0-tetradecanoylphorbol-13-acetate or okadaic 

acid. In order to better understand these phenomena, we investigated the 

mechanism of action of TAM-67 in response to okadaic acid. In order to 

identify the mechanism, we used a 6xhistadine tagged TAM-67 as well as 

chimeric constructs of TAM-67 that either cannot bind DNA or cannot 

heterodimerize with wild type transcription factors. The results of these 

studies indicated that TAM-67 can act by blocking or squelching. The 

results of electrophoretic mobility shift assays show that TAM-67 must act 

by squelching in response to okadaic acid as TAM-67 cannot be found in 

deoxyribonucleic acid binding complexes. We then identified some of the 

proteins with which TAM-67 interacts. These including all members of the 

Jun and Fos families as wells as CREB, ATF-1, ATF-2 and RelA (p65). 
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Thus, we have shown that TAM-67 squelches the induction of activator 

protein-1 transactivation in response to okadaic acid, and that TAM-67 is 

capable of interacting with proteins, off the deoxyribonucleic acid, that 

control transactivation by binding to the TRE, CRE and NF-KB sites. 
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Introduction 

There have been several reports shedding light on the potential of a 

dominant negative c-jun (TAM-67) to block skin tumor formation from a 

variety of stimuli (Young, Li et al. 1999; Thompson, MacGowan et al. 

2002). This dominant negative c-jun was made by deleting amino acids 3-

122, corresponding to the majority of the transactivation domain (Brown, 

Alani et al. 1993). The importance of blocking induction of activator 

protein-1 (AP-1) signaling has been strikingly demonstrated in the lack of a 

tumor response to 12-0-tetradecanoylphorbol-13-acetate (TPA) (Young, Li 

et al. 1999) and okadaic acid (OA) (Thompson, MacGowan et al. 2002) in 

mice expressing TAM-67 in the skin. The ability of a single genetic reagent 

to block diverse chemical agents from promoting skin cancer is of interest. 

In order to further pursue these phenomena, it would be helpful to 

understand the exact mechanism of action of TAM-67. 

Three mechanisms are thought to exist: blocking, in which a TAM-67 

homodimer binds DNA and blocks the TRE; quenching, in which a TAM-67 

heterodimer binds DNA but does not activate transcription; and squelching 
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in which TAM-67 heterodimerizes with wild type transcription factors and 

the complex does not bind DNA. Work from Birrer's group describes the 

ability of TAM-67 to quench transactivation of an activator protein-1 CAT 

construct (Brown, Chen et al. 1994). In order to further characterize the 

activity of TAM-67, experiments were undertaken to identify its mechanism 

of action in response to okadaic acid. 

If TAM-67 acts in a heterodimer, it will be important to identify with 

which proteins it interacts. As a dominant negative form of c-Jun, it has the 

potential to interact with numerous other transcription factors. These 

include all the members of the Jun (c-Jun, JunB, JunD) and Fos (c-Fos, 

FosB, Fral, Fra2) (Shaulian and Karin 2001) families of transcription factors 

as well as certain non-activator protein-1 proteins including RelA (p65 of 

NF-KB) (Stein, Baldwin et al. 1993), CREB, ATF-1 and ATF-2 (Hai and 

Curran 1991). This means that in addition to inhibiting gene transcription 

primarily controlled by the TRE, it could also inhibit genes primarily 

controlled by the CRE or NF-KB sites. 
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Results 

Using co-transfections of various TAM-67 chimeric constructs with a 

4xTRE luciferase reporter, we identified two mechanisms by which TAM-

67 can act. As shown in Figure 8, a TAM-67 chimera that cannot bind DNA 

(ADNA, see Figure 7) suppressed okadaic acid induced activator protein-1 

activation to an equal extent as TAM-67. This shows that TAM-67 did not 

have to bind DNA in order to function. The only mechanism that does not 

require DNA binding is squelching. However, a TAM-67 chimera that has 

had the c-Jun leucine zipper replaced with the GCN4 leucine zipper (see 

Figure 7) was also as active as TAM-67 in suppressing okadaic acid induced 

activator protein-1 activation (Figure 9). This construct can only form 

homodimers; therefore this construct must have functioned by blocking. 

To address whether or not TAM-67 binds DNA in vivo, we 

transfected 10Gy5 cells with a histadine tagged TAM-67, After stimulating 

cells with okadaic acid for six hours, nuclear lysates were harvested. These 

proteins were then used in elecrophoretic mobility shift assays in an attempt 

to supershift or clear the tagged TAM-67 protein using an antibody to the 
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Figure 7. Schematic representation of TAM-67 variants. 
TAM-67 was modified by deleting amino acids 256-258, abolishing its 
ability to bind DNA. This construct is TAM-67/ADNA (ADNA). Birrer's 
group substituted the GCN4 leucine zipper for the c-Jun leucine zipper to 
create TAM-67/GCN4 leucine zipper (T/G). 
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Figure 8. TAM-67 and TAM-67/ADNA can block okadaic acid induced 
AP-1 activity-. 

10Gy5 cells were transfected with a 4xAP-l luciferase reporter and the 
indicated plasmid (Control= empty vector; Tam= TAM-67; Delta= TAM-
67/ADNA). These cells were then treated with DMSO or 50ng/ml okadaic 
acid for 6 hours and harvested. Protein concentration was determined and 
luciferase activity was measured. This experiment was performed three 
times in triplicate. These results are an average of nine wells. RLU= 
Relative Light Units. Note: all these vectors contain an amino terminal 
histadine tag. 
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Figure 9. TAlVI-67 and the T/G construct can block okadaic acid 
induced AP-1 activity. 

lOGyS cells were transfected with a 4xAP-l luciferase reporter and the 
indicated plasmid (Control= empty vector; Tam= TAM-67; T/G= TAM-67-
T/G). These cells were then treated with DMSO or 50ng/ml okadaic acid for 
6 hours and harvested. Protein concentration was determined and luciferase 
activity was measured. This experiment was performed three times in 
triplicate. These results are an average of nine wells.RLU= Relative Light 
Units. T/G= Substitution of GCN4 leucine zipper for c-jun leucine zipper in 
this construct. 



tag, as well as antibodies to members of the jun and fos families. These 

experiments showed that the major binding complex was composed of JunB 

and c-Fos, but did not indicate that TAM-67 binds DNA in these cells (data 

not shown). The inability of TAM-67 to bind DNA in this assay strongly 

suggests that TAM-67 blocks okadaic acid induced activator protein-1 

transactivation by squelching the ability of the cell to form the active 

activator protein-1 complex. 

Since squelching is the mechanism indicated by the prior experiments 

it was decided to identify with which proteins TAM-67 was interacting. 

Since c-Jun can interact with all the Jun and Fos family members, these were 

examined first. In these experiments cells transfected with either an empty 

vector or histadine-tagged TAM-67 were lysed and whole cell lysates were 

obtained after a six hour treatment with fifty nanograms per milliliter 

okadaic acid. These lysates were used in non-denaturing 

immunoprecipitation experiments utilizing antibodies to the various Jun or 

Fos family proteins. The immunoprecipitated proteins were size 

ft'actionated by sodium dodecylsulfate polyacrylamide gel electrophoresis. 



The proteins were transferred to a membrane, and the membrane was then 

probed with an antibody to the histadine tag. The resuhs of 

immunoprecipitations of Fos family proteins are shown in Figure 10. Cells 

transfected with empty vector show no band in the thirty-kilodalton range, 

the size of the tagged TAM-67 protein, whereas cells transfected with TAM-

67 show a band in this range, indicating that TAM-67 was co-precipitated 

with c-Fos, FosB, Fral and Fra2. The results of a similar experiment using 

antibodies to Jun family members to immunoprecipitate are shown in Figure 

11. These experiments showed proteins from the TAM-67 transfected cells 

co-immunoprecipitated TAM-67 with c-Jun, JunB and JunD. To our 

knowledge, this is the first report documenting that TAM-67 can interact 

with all Jun and Fos family members. Considering that TAM-67 has an 

intact c-jun dimerization domain, it is not surprising that it interacts with all 

the activator proein-1 family members. c-Jun has also been shown to 

interact with non-activator protein-1 proteins. These include members of the 

CREB and ATF families as well as RelA (also referred to as p65). Since 

interactions with non-activator protein-1 proteins may be important to the 



activity of TAM-67 in various carcinogenesis protocols, these interactions 

were studied in a similar manner. Immunoprecipitations were conducted 

under non-denaturing conditions for CREB, ATFI, ATF2 and RelA. The 

results shown in Figure 12 indicate that TAM-67 can interact with all of 

these proteins as well. Figure 13 shows that TAM-67 does not interact with 

the enzyme catalase. This experiment was done as a negative control to 

show that the interactions observed are unlikely to be false positive results. 

These results suggest that TAM-67 could influence multiple signaling 

pathways by heterodimerizing with a variety of proteins. 
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Figure 10. Immunoprecipitation of Fos family members also 
precipitates TAM-67 

lOGyS cells were transfected with pcDNA/HisC-TAM-67 (T) or control (C) 
vector. Whole cell lysates were harvested and Img of protein was 
immunoprecipitated for the indicated protein. These samples were then size 
fractionated on SDS-PAGE and transferred to a membrane. This was then 
probed for tagged TAM-67. A representative blot from one of three 
experiments is shown. 
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Figure 11. Immunoprecipitation of Jun family members also 
precipitates TAM-67 

10Gy5 cells were transfected with pcDNA/HisC-TAM-67 (T) or control (C) 
vector. Whole cell lysates were harvested and Img of protein was 
immunoprecipitated for the indicated protein. These samples were then size 
fractionated on SDS-PAGE and transferred to a membrane. This was then 
probed for tagged TAM-67. A representative blot from one of three 
experiments is shown. 
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Figure 12. Immunoprecipitation of non-AP-1 family members also 
precipitates TAM-67 

lOGyS cells were transfected with pcDNA/HisC-TAM-67 (T) or control (C) 
vector. Whole cell lysates were harvested and Img of protein was 
immunoprecipitated for the indicated protein. These samples were then size 
fractionated on SDS-PAGE and transferred to a membrane. This was then 
probed for tagged TAM-67. A representative blot from one of three 
experiments is shown. 
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Figure 13. Immunoprecipitation of an enzyme does not precipitate 
TAM-67 

lOGyS cells were transfected with pcDNA/HisC-TAM-67 (T) or control (C) 
vector. Whole cell lysates were harvested and Img of protein was 
immunoprecipitated for the indicated protein. These samples were then size 
fractionated on SDS-PAGE and transferred to a membrane. This was then 
probed for tagged TAM-67. A representative blot from one of three 
experiments is shown. 
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Discussion 

The ability of TAM-67 to abrogate activation of activator protein-1 

signaling has been shown in several systems including crosses of mice 

expressing an activator protein-1 luciferase and mice expressing TAM-67 in 

the skin. TAM-67 has also been shown to suppress activation of NF-KB 

signaling in cells (Li, Cao et al. 2000). The fact that TAM-67 interacts with 

CREB and ATFl and ATF2 indicates that TAM-67 may also interfere with 

signaling by these transcription factors. This idea is supported by evidence 

that in MCF-7 cells, TAM-67 can block activation of the cyclin D1 promoter 

mediated by a CRE site that binds a c-Jun/ATF2 dimer (Sabbah, Courilleau 

et al. 1999). Thus, TAM-67, via interactions mediated by the c-Jun 

dimerization domain, can interact with and ultimately decrease activation of 

at least three of the major signal transduction mediators that modulate gene 

expression to control cell division and apoptosis. 

The interactions of TAM-67 with other transcription factors are most 

likely to be mediated by the c-Jun leucine zipper dimerization domain. This 

domain is conserved across the individual Jun and Fos and activating 
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transcription factor families (Hai and Curran 1991). Interactions among 

these families are common, but selective (Hai and Curran 1991), i.e. not all 

family members will interact with all the members of another family. c-Jun 

is able to form complexes with cyclic adenosine monophosphate response 

element binding protein, activating transcription factors -2, -3 and -4 (Hai 

and Curran 1991). Most of these cross family dimers will bind to the cyclic 

adenosine monophosphate response element, although some of these dimers 

will bind to the 12-0-tetradecanoylphorbol-13-acetate binding element at a 

lower binding specificity (Hai and Curran 1991). Similarly, the p65 subunit 

of nuclear factor-KB can interact with the c-Jun leucine zipper domain via 

the rel homology domain (Stein, Baldwin et al. 1993). These complexes can 

bind to both KB elements and 12-0-tetradecanoylphorbol-13-acetate binding 

elements (Stein, Baldwin et al. 1993). Thus, while it had not been 

previously documented, it is not a surprise that TAM-67 interacts with these 

proteins. 

There are several interactions that could cause TAM-67 to suppress 

proliferation in response to extracellular stimuli. Signaling through Jun 
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family members has been shown to be necessary for cells to enter the cell 

cycle in response to re-introduction of serum after serum starvation or in 

response to UV stimulation (Shaulian and Karin 2001). This phenomenon is 

due in part to c-Jun directly acting on transcriptional activation of cyclin D1. 

The cyclin D1 promoter also contains binding sites for NF-KB as well as 

CREB/CREM/ATF2 (Eto 2000). Thus, when one of these transcriptional 

activation complexes is lost, another may be able to activate transcription of 

cyclin Dl. However, since TAM-67 interacts with most if not all of these 

proteins, it is possible that TAM-67 could overcome the redundancy implied 

by the presence of all of these binding sites. 

Overexpression of c-Jun can also decrease the transcriptional activity 

of p53 and thus repress expression of p21, thus causing a loss of activation 

of the G1 checkpoint (Shaulian and Karin 2001). In cells expressing wild 

type p53, induction of c-jun has been shown to decrease the affinity of p53 

for the p21 promoter (Shaulian and Karin 2001). The exact mechanism of c-

jun induced loss of p21 expression in cells with a mutant p53 is not clearly 

defined (Shaulian and Karin 2001). Indeed, suppressing this activity is 
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likely an important mechanism of TAM-67 as TAM-67 has been shown to 

increase the association of p2l with cyclin Dl/cdk complexes and cyclin 

E/cdk complexes (Hennigan and Stambrook 2001), 

Recent work from our laboratory has identified the CRE in the c-fos 

promoter as the most important element in controlling c-Fos induction in 

response to UVB (Gonzales and Bowden 2002). This response depended on 

CREB binding to the CRE. Since TAM-67 has now been shown to interact 

with CREB, it is likely that the c-Fos induction by UVB could be blocked 

with TAM-67. Thus, TAM-67 could cause a loss of UVB induced activator 

protein-1 activity by at least two mechanisms, direct interaction with 

activator protein-1 family members and suppression of UVB induced 

expression of c-Fos and c-Jun (via the TREs in the c-jun promoter). 

Expression of TAM-67 in UVB exposed cells would likely also block 

activation of NF-KB signaling in response to UVB. This would likely lead 

to an increase in the apoptotic response to UVB exposure. This may or may 

not be desirable, and illustrates an import consideration when using a genetic 

reagent like TAM-67. While one can certainly block activation of a pathway 
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that could lead to cancer, one could also block pathways that allow survival 

of normal cells exposed to therapeutic agents. 

Indeed, the role of nuclear factor-KB is well established in tipping the 

balance of signals away from apoptosis and toward cell survival. Perhaps 

the most important role for nuclear factor-icB is transcriptional induction of 

antiapoptotic proteins. Several proteins that protect the cell from damage 

have also been associated with nuclear factor-KB activation. Indeed, 

activation of nuclear factor-KB has been associated with exposing cells to 

harmflil stimuli. In the case of okadaic acid, activation of nuclear factor-KB 

has been shown to depend on production of reactive oxygen species, 

specifically hydrogen peroxide (Schmidt, Amstad et al. 1995), 

Overexpression of catalase was sufficient to suppress the nuclear factor-KB 

response in the cells studied (Schmidt, Amstad et al. 1995). In this context it 

is interesting to note that nuclear factor-KB has been shown to increase 

expression of superoxide dismutase (Bharti and Aggarwal 2002). Thus, 

while protecting the cell from damage from superoxide, nuclear factor-KB 
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could also stimulate its own activation. Nuclear factor-KB also activates the 

expression of the antiapoptotic proteins BcI-2 and BC1-XL (Bharti and 

Aggarwal 2002). Thus, nuclear factor-icB can protect the cell from oxidative 

damage while at the same time promoting cellular survival by increasing 

expression of antiapoptotic proteins. In cells expressing TAM-67 some or 

all of these responses may be suppressed, leading to an increased chance of 

cell death. 

We have shown that TAM-67 acts by squelching activator protein-1 

signaling in response to okadaic acid. Understanding the exact mechanism 

of action of dominant negative reagents, be they transcription factors or 

enzymes, is important if one wants to mimic the activity of the dominant 

negative with a small molecule. This information could lead to new 

screening techniques to assess the activity of small molecules. This would 

be desirable because of the difficulty of delivering genetic reagents such as 

TAM-67. One finding that is very significant is the fact that TAM-67 

appears able to interact with all of the proteins with which c-Jun can interact. 

Since c-Jun is promiscuous in its binding partners, so is TAM-67. Thus, it 
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may be possible to inhibit many signal transduction pathways with a single 

dominant negative protein. 
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Chapter 5 The Normal Growth Rate of Malignant Keratinocytes 

Depends on Signaling via the EPl Prostanoid Receptor 

Abstract 

Recent discoveries shed light on the importance of prostaglandin 

production in development of skin cancer. Work by Fischer's group 

demonstrates that skin tumor promotion caused by UVB can be decreased by 

up to 89% by blocking prostaglandin H synthase-2 with the drug Celecoxib 

(Fischer, Lo et al. 1999). A similar study showed that Celecoxib can 

decrease new tumor formation by 44% in mice that already have tumors 

(Pentland, Schoggins et al, 1999). These studies demonstrate the importance 

of prostaglandin H synthase-2 and prostaglandins in the development of 

squamous cell carcinoma. We have explored growth signaling in a model of 

skin mmor progression. Since changes in prostaglandin production have 

been implicated in skin carcinogenesis we examined this pathway. We 

found that malignant cell lines secrete more PGE2 than the parental cells. 

We observed increased expression of prostaglandin H synthase-1 and -2. 

We also found that these cells express the PGE2 receptors EPl and EP4. 
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When the cells are grown in the presence of indomethacin, the growth rate 

of the malignant cells is decreased. This effect can be reversed by addition 

of PGE2 or an EPl agonist to the medium. Thus, we have shown that skin 

tumor cells depend in part on PGE2 signaling via the EPl receptor for their 

in vitro growth. 



I l l  

Introduction 

Prostaglandins (PGs) have been shown to regulate numerous 

physiological responses. Induction of the rate limiting enzyme in the 

production of prostaglandins has been shown to occur in the presence of 

both physiological and pathological stimuli such as interleukin-1 and 12-0-

tetradecanoylphorbol-13-acetate (Croxtal, Newman et al. 1996; Buckman, 

Gresham et al. 1998; Fosslien 2000; Wilgus, Ross et al. 2000; Williams, 

Tsujii et al. 2000). The production of prostaglandins is a complex 

biochemical transformation that starts with arachidonic acid in the cell 

membrane. This is liberated by the activity of the phospholipase A2 enzyme, 

which is itself inducible (Croxtal, Newman et al. 1996). After arachidonic 

acid is released from the cell membrane, it is free to act as a substrate for 

several enzymes. There are several types of lipoxygenases that use 

archidonic acid as a substrate to produce HETEs and leukotrienes 

(Sondergaard 1974). Arachidonic acid can also serve as a substrate for some 

of the cytochrome p450 family of oxygenases (Sondergaard 1974). These 

enzyme families compete with the prostaglandin H synthases (also refered to 
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as cyclooxygenases) to use free arachidonic acid. There are two isoforms of 

prostaglandin H synthase, prostaglandin H synthase-1 or -2. These enzymes 

display the same enzymatic activity, but are the products of two different 

genes (Yokoyama and Tanabe 1989; Fletcher, Kujubu et al. 1992). 

Prostaglandin H synthase-2 has been shown to be inducible by various 

factors including UVB and 12-O-tetradecanoylphorbol 13-acetate (TPA) 

(Buckman, Gresham et al. 1998; Fosslien 2000; Wilgus, Ross et al. 2000; 

Williams, Tsujii et al. 2000). There are also reports that prostaglandin H 

synthase-1, although generally constistutively expressed, can be induced by 

agents such as 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone derived from 

nicotine and PGE2 (Maldve, Kim et al. 2000; Rioux and Castonguay 2000). 

As the name implies, the prostaglandin H synthases produce prostagland H2. 

The arachidonic acid is converted by the cyclooxygenase activity of the 

enzyme to prostaglandin G2, and this is subsequently converted to 

prostaglandin H2 by the peroxidase activity of the prostaglandin H synthase 

enzyme. Prostaglandin H2 can then be converted to a variety of 

prostaglandins or thromboxanes. This conversion requires an enzymematic 
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conversion of prostaglandin H2. In order to produce prostaglandin E2, the 

enzyme prostaglandin H2-E isomerase (also referred to as prostaglandin E 

synthase) must act on the prostaglandin H2. Prostaglandin E2 can then be 

released to interact with its receptors, or it can be converted to prostaglandin 

F2a by a ketoreductase. 

In general, prostaglandins signal via G-protein coupled receptors 

(Ichikawa, Sugimoto et al. 1996). G-protein coupled receptors have seven 

trans-membrane domains (Ichikawa, Sugimoto et al. 1996). They are 

coupled to GTP binding proteins (Ichikawa, Sugimoto et al. 1996). These 

proteins are activated by binding GTP, and upon activation the alpha subunit 

separates from the beta/gamma subunit. No information is currently 

available on the signaling by the beta/gamma subunit in response to 

activation of prostaglandin receptors. The alpha subunit can signal via a 

variety of interactions depending on the specific alpha subunit present in the 

G-protein coupled receptor complex. The three G-proteins coupled to the 

four receptors for prostaglandin E2 signal in three distinct ways. The EP2 

and EP4 receptors signal via the Gas subunit, causing an activation of 
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adenylate cyclase and thus an increase in intracellular cAMP concentrations 

(Ichikawa, Sugimoto et al. 1996). The EP3 receptor signals via the Ga, 

subunit, causing inhibition of adenylate cyclase and resulting in a decrease 

in intracellular cAMP concentrations (Ichikawa, Sugimoto et al. 1996). EPI 

receptors signal via the Gaq subunit, causing an increase in the activity of the 

enzyme phospholipase Cp. This causes release of diacylglycerol and 

inositol triphosphate (Gawler 1998). 

The physiological response to prostaglandin E2 is extremely variable, 

depending primarily on the type of tissue involved. Signaling via the EP 

receptors can lead to changes in such diverse processes as the inflammatory 

and immune responses, bone development, wound healing, hemostasis, 

glomerular filtration, production of the extracellular matrix and cell 

proliferation (Mamett 1992; Langenbach, Morham et al. 1995; Morham, 

Langenbach et al. 1995; Tsujii and DuBois 1995; Smith and Dewitt 1996). 

One way such signals are regulated is by rapid degradation of prostaglandin 

E2 in blood. Because of this rapid degradation, prostaglandins in general are 
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thought to act in an autocrine or paracrine manner (Ichikawa, Sugimoto et al. 

1996). 

Changes in the expression of the rate limiting enzyme involved in 

prostaglandin synthesis are a common finding in skin cancer (Buckman, 

Gresham et al. 1998;Fosslien 2000). The importance of this has been 

demonstrated in several recent experiments. In one, a mouse expressing 

increased levels of prostaglandin H synthase-2 in basal epidermal cells was 

found to lead to a loss of requirement for tumor promotion in order to form 

tumors after treatment with an initiating agent (Muller-Decker, Neufang et 

al. 2002). Thus, in the presence of prostaglandin H synthase-2 

overexpression all that was required for tumor promotion was a single 

exposure to a mutagenic agent. Other work shows that in mice that do not 

express either one of the isoforms of the prostaglandin H synthase enzyme, 

the tumorigenic response to treatment with 7,12 

dimethylbenz[a]anthraceneand 12-O-tetradecanoylphorbol-13-acetate is 

decreased by seventy-five percent(Tiano, Loftin et al. 2002). Thus, one or 

more of the downstream productsof the prostaglandin H synthase pathway 
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are extremely important to the tumorigenic response to chemical 

carcinogens, probably most significantly at the stage of tumor promotion. 

A likely candidate for the downstream product of the prostaglandin H 

synthase enzymes is prostaglandin E2. Prostaglandin E2 has been shown to 

be induced by tumor promoters including 12-0-tetradecanoylphorbol-13-

acetate (Brune, Kalin et al. 1978; Fischer, Furstenberger et al. 1987; Aizu, 

Yamamoto et al. 1990). Prostaglandin E2 has been shown to cause changes 

associated with several aspects of cancer including increasing the growth 

rate of keratinocytes (Pentland and Needleman 1986), increasing the motility 

of a head and neck squamous cell carcinoma cell line (Lozano, Taitz et al. 

1996) and induction of transcription factors (Nusing, Klein et al. 1996). 

Thus, increased prostaglandin E2 production could be responsible for the 

importance of prostaglandin H synthase activity in tumorigenesis. 

In the study documented below we demonstrate that signaling that 

originates in overexpression of prostaglandin H synthase-1 and -2 is crucial 

to the in vitro growth rate of progressed murine keratinocytes. We first 

identify overexpression of these enzymes by western blot analysis. We 
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further show that this overexpression correlates with an increase in 

production of prostaglandin E2 in the progressed cell lines. We subsequently 

demonstrate that the progressed cell lines depend on the activity of 

prostaglandin H synthase enzymes for basal growth rates, and that the 

growth rate of these cells can be restored by addition of prostaglandin E2 or 

a selective EPl agonist to the growth medium. Thus, we provide evidence 

that these malignant cells must have signals via the EPl prostanoid receptor 

for a basal in vitro growth rate. 

Results 

We first examined the expression of the prostaglandin H synthase 

enzymes to determine if these enzymes were differentially expressed in our 

model of skin cancer progression. Figure 14 shows a western blot for both 

prostaglandin H synthase-1 and -2. These data clearly demonstrated a low 

level of prostaglandin H synthase-1 in the benign murine karatinocyte cell 

line 308. This is in contrast to the radiation induced malignant variant, 

6R90, which showed elevation of both prostaglandin H synthase-1 and -2. 
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The 6RJ cell line, originally isolated from an unusually invasive 6R90 

tumor, showed an even greater elevation of expression of these enzymes. 

In order to determine if the enzymes expressed were active, cells were 

lysed and combined cellular and secreted prostaglandin E2 was measured by 

EIA, These data (Figure 15) showed that the 308 cells produce little if any 

prostaglandin E2, The malignant and invasive variants were shown to 

produce significantly more prostaglandin Ej than the parental 308 cells. 

These results parallel the western results; there is increasing production of 

prostaglandin E2 as the cell phenotypes go from benign to malignant to 

invasive. 

The cell lines were examined by immunostaining to determine if they 

expressed receptors for prostaglandin E2. As shown in Figure 16, all three 

cell lines show staining for the EPl and EP4 receptors. This result was 

confirmed in Dr. Regan's laboratory by RT-PCR as shown in Figure 17. 
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308 6R90 6R1 

PGHS-1 

308 6R90 6R1 

PGHS-2 

Figure 14. The Malignant Cell Lines Have Increased Cyclooxygenase 
Expression. 

This is a Western blot analysis of PGHS-1 and PGHS-2 in 308,6R90 and 
6RI cells. 40ng of protein lysate was fractionated by SDS-PAGE. After 
transferring the protein to PVDF membrane, the blots were probed with 
antibody specific to either PGHS-1 or PGHS-2 as indicated. Representative 
blots from one of three experiments is shown. 
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This shows that the cell lines tested do in fact transcribe the EPl and EP4 

prostanoid receptors. Since these cells also produce the ligand for these 

receptors, there could be autocrine or paracrine prostaglandin regulation of 

cellular functions, including growth. A similar staining protocol was then 

performed, and the resulting cells were examined by flow cytometry. This 

analysis was used to determine the average flouresence per cell, and thus can 

serve as an approximant measure of the relative number of receptors on the 

surface. These data (Figure 18) were normalized to the data from the benign 

308 cells. These data indicate that there is no difference in receptor number 

between the 308 cells and the malignant 6R90 cell line. The invasive cell 

line 6RI showed about a two fold increase over 308 cells in the number of 

receptors it expressed for prostaglandin E2. 

In order to test the relevance of prostaglandin production by the 

malignant cells, the cells were treated with the non-selective prostaglandin H 

synthase inhibitor indomethacin at a ten micromolar dose. Another set of 

cells was treated in a similar manner, and these cells also had prostaglandin 

E2 added to the growth medium in amounts they would normally produce. 
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Figure 15. PGE2 production. 
EIA was performed to measure PGE2 production. The cells were grown 
under normal culture conditions in 96 well plates and lysed in the plate. A 
sample was then taken for analysis by EIA. The bars indicate 95% 
confidence intervals (95% CI) based on results from three experiments. The 
* indicates a significant difference compared to 308 cells with a p-value 
<0.01 by ANOVA. 
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16A 16B 16C 

Figure 16. Immimohistochemical Staining for EP Receptors. 
Cells were grown on cover slips under normal culture conditions and stained 
for the EP receptors. The counterstain was DAPI staining of the nucleus. 
A)308 cells incubated with secondary antibody B)6R90 cells incubated with 
secondary antibody C)6RI cells incubated with secondary antibody D)308 
cells stained for EPl E)6R90 cells stained for EP I F)6RI cells stained for 
EPl G)308 cells stained for EP4 H)6R90 cells stained for EP4 I)6RI cells 
stained for EP4. These data are representative stains from three 
experiments. 
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EPl 431bp 

EP4 362bp 

GAPDH 222bp 

308 cells 
MW 

6RJ Cells MW 6R90 cells 

EPl EP4 GAPDH EPl EP4 GAPDH EPl EP4 GAPDH 

R,X + - + . + . + . +-+. + . 

RT + reactions contained reverse transcriptase; RT- reactions did not 

Figure 17. RT-PCR for EP receptors in 308,6R90 and 6RI cell lines. 
RT-PCR was performed by Dr. Regan's laboratory to confirm that the three 
cell lines tested transcribe the EPl and EP4 prostanoid receptors. RNA was 
isolated from the cell lines and RT-PCR was performed on these 
samples.The picture is representative of results from three separate 
experiments. 
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These cells were then counted every twelve hours, and a growth curve was 

plotted from the resulting data. This data (Figure 19) showed that none of 

the treatments affected the 308 cells. Treatment with indomethecin slowed 

the growth of both the 6R90 and 6RI cells. This decreased growth rate could 

be reversed by adding back prostaglandin Ej to the growth medium. 

We then determined which receptor or receptors were responsible for 

the growth response to prostaglandin E2 in the malignant and invasive cell 

lines. In order to accomplish this a similar experiment was performed with 

cells exposed to indomethacin. However, instead of adding back 

prostaglandin E2, we added either an EPl selective agonist, 17-phenyl-

trinor-prostaglandin E2 (shown in Figure 20), or an EP4 selective agonist, 

11-deoxyprostaglandin Ei (data not shown). While the 11-

deoxyprostaglandin E| did not alter the cellular response to indomethacin in 

the malignant and invasive cell lines, the 17-phenyl-trinor-prostaglandin E2 

did restore the growth rate of the cells in a manner similar to prostaglandin 

E2. Thus, the EPl receptor contributes to the basal growth rate of the 

malignant cells. 
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Figure 18. Quantification of EP Receptors. 
10 cells were stained for the EPl and EP4 receptors and the average 
fluorescence per cell was determined by flow cytometry. Data are expressed 
as fold of 308 staining. The bars indicate the standard deviation from five 
experiments. 
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Figure 19. Indomethacin suppresses growth of the malignant variants. 
10 cells were plated and counted every 12 hours for 48 hours. Cells were 
treated with vehicle control (ethanol, EtOH) or lO^M indomethacin (indo.) 
or 10|iM indomethacin and PGE2(indo., PGE2). The bars indicate the 
standard deviation from three experiments. 15A)Growth curve of 308 cells 
15B) Growth curve of 6R90 cells 15C) Growth curve of 6RI cells These 
experiments were performed three times and the results averaged. 
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Figure 20. Indomethacin suppresses growth of the malignant variants. 
10 cells were plated and counted every 12 hours for 48 hours. Cells were 
treated with vehicle control (ethanol, EtOH) or lOjiM indomethacin (indo.) 
or lOjaM indomethacin and l7-phenyl trinor PGE2 (an EPl and EP3 agonist) 
(indo., EPl ag). The bars indicate the standard deviation from three 
experiments. 16A) Growth curve of 308 cells 16B) Growth curve of 6R90 
cells 16C) Growth curve of 6RI cells. These experiments were performed 
three times and the results averaged. 



128 

Discussion 

Our results indicate that the model of skin tumor progression 

examined has all of the components necessary to comprise an autocrine 

growth-signaling loop. The cells exhibit increased expression of the 

enzymes necessary to produce prostaglandin E2 including prostaglandin H 

synthase-1 and -2. The activity of these enzymes was confirmed by 

measurements of prostaglandin E2 production. The cells also express the 

EPl and EP4 receptors for this eicosinoid. Additionally, these cells exhibit 

an increased growth rate when ligand binding activates the EPl receptor. 

Elevation of cyclooxygenase expression and activity has been 

observed in squamous cell carcinomas (Buckman, Gresham et al. 1998; 

Fosslien 2000). This is also a common finding in colon cancer (Sano, 

Kawahito et al. 1995). The fact that non-steroidal anti-inflammatory drugs 

(NSAIDs) can decrease colon tumor incidence (Mamett 1992) indicates that 

some product of these enzymes influences tumor growth. Recent studies by 

Fischer and colleagues also indicate that inhibition of prostaglandin H 

synthase-2 can decrease the rate of skin tumor promotion (Fischer, Lo et al. 
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1999). In this work we present evidence that the growth of the cell lines 

studied depends on prostaglandin E2 production; and, further that the 

prostaglandin E2 needs to engage the EPl receptor in order to exert its 

effects on growth. 

Prostaglandin E2 production can be regulated at several levels. It is 

interesting to note that there are reports suggesting that the various enzymes 

involved in production of prostaglandin E2 are co-regulated. Phospholipase 

A2 activation by phosphorylation has been shown to occur concurrently with 

prostaglandin H synthase-2 production (Croxtal, Newman et al. 1996). It 

has also been shown that dexamethasone can simultaneously downregulate 

prostaglandin H synthase-2 and membrane bound prostaglandin E2 synthase 

(Murakami, Naraba et al. 2000). Thus, upregulation of one part of the 

prostaglandin E2 biosynthesis pathway may occur in the presence of some 

sort of upregulation of one or more of the other members of the pathway. 

When an increase in prostaglandin H synthase-2 and prostaglandin E2 

synthase activity occurs, it has been shown to lead to an increased growth 

rate (Murakami, Naraba et al. 2000). 
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Prostaglandin E2 is not the only eicosinoid that has been implicated in 

cancer. Prostaglandin F2a has been shown to overcome the insensitivity of 

prostaglandin H synthase-2 knockout mice to skin tumor promotion (Marks 

and Furstenberger 2000). This shows a role for prostaglandin F2a production 

in skin tumor promotion. It should be noted that the cell lines studied do not 

express the FP prostanoid receptor (the receptor for prostaglandin F2a) as 

assayed by immunostaining and RT-PCR (data not shown). 

Lipoxygenases have also been implicated in skin tumor development. 

The products of some lipoxygenases, including 8- and 12-hydroperoxy-

eicosatetraenoic acid cause chromosomal damage in epidermal cells (Burger, 

Krieg et al. 1999). These clastogenic effects could contribute to cancer 

progression in the event that the enzymes that produce these products are 

constitutively upregulated in a cell, as has been shown in experiments 

(Krieg, Kinzig et al. 1995; Burger, Krieg et al. 1999). The fact that this 

upregulation was observed in pre-malignant skin rather than in tumors 

makes the clastogenic effects of these enzyme products more interesting as a 

possible source of genetic change that could induce the malignant phenotype 
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(Burger, Krieg et al. 1999). It is also of interest that inhibitors of the 

lipoxygenase enzymes can suppress mouse skin carcinogenesis 

(Petrusevska, Furstenberger et al. 1988; Ara and Teicher 1996). Thus, 

lipoxygenase products could be of interest in the study of skin tumor 

progression. 

The prostaglandins do not signal exclusively by interacting with G-

protein coupled receptors. Prostaglandins of the J series have been shown to 

interact with the peroxisome proliferator-activated receptor-y (Kliewer, 

Lenhard et al. 1995). The importance of this interaction is as yet not well 

defined, particularly in skin cancer. It has recently been reported that in 

malignant melanoma cell lines that peroxisome proliferator-activated 

receptor-y agonist could inhibit cell growth (Mossner, Schulz et al. 2002). 

The importance of signaling by peroxisome proliferator-activated receptor-y 

in colon cancer is difficult to understand given the conflicting reports in the 

literature (Sarraf, Mueller et al. 1998; Sarraf, Mueller et al. 1999). The 

significance of these studies to the biology of tumors is brought into 

question by the fact that it has been difficult to measure prostaglandins of the 
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J series in biological specimens. Some success has been seen in measuring 

prostaglandin J2 in supernatant from cultured cells (Chinery, Coffey et al. 

1999). However, the prostanoid shown to interact with peroxisome 

proliferator-activated receptor-y is IS-deoxy-A'^ '^^-prostaglandin J2 

(Kliewer, Lenhard et al. 1995). Some progress has been reported on 

measuring A'"-prostaglandin Jj in a biological sample (Chen, Morrow et al. 

1999). However, to date no measurements of IS-deoxy-A'^ '^^-prostaglandin 

J2 in a biological sample have been reported. Thus, claims that 15-deoxy-

A'^ '^^-prostaglandin J2 is an endogenous ligand for peroxisome proliferator-

activated receptor-y must be taken with the caveat that this prostanoid has 

never been shown to exist in a biological sample. 

Prostaglandin E2 in the tumor could come from several sources, 

including the tumor cells themselves, cells surrounding the tumor or 

infiltrating immune cells. Since prostaglandin E2 is unstable, it is unlikely 

that prostaglandin E2 produced at distant sites would affect the tumor cells. 

Squamous cell carcinomas often form at sites of chronic inflammation, thus 

the production of prostaglandin E2 by immune cells could stimulate growth 
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of cells that still have normal regulation of prostaglandin H synthase 

enzymes (Perchellet JP 1995). In this context prostaglandin E2 could act as 

a tumor promoter by engaging the EPl receptor on cells that have been 

initiated. It is of interest that addition of prostaglandin Ei to growth medium 

can increase the growth rate of human keratinocytes (Pentland and 

Needleman 1986). 

While the EP4 receptor does not play a role in growth regulation of 

the cells studied, it could be involved in other aspects of the malignant 

phenotype. The EP4 receptor has been shown to localize to the nuclear 

membrane (Bhattacharya, Peri et al. 1999). This could, in turn, increase the 

concentration of cAMP in the nucleus. Such an increase would probably 

influence many transcription factors in the nucleus including the 

transcription factor CREB. In rat large granular lymphocytes, a model of 

natural killer cells, activation of the EP4 receptor has been shown to be 

responsible for increased production of matrix metal loproteinases (Zeng, An 

et al. 1996). Prostaglandin E2 can also influence head and neck squamous 

cell carcinoma migration and adherence to flbronectin. The authors of this 
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study also show that this adherence is dependant on protein kinase A activity 

(Lozano, Taitz et al. 1996). Thus, although they do not demonstrate which 

receptor is responsible, it is likely to be signaling via the EP2 or EP4 

receptors. While the EP4 receptor is not responsible for the growth of the 

cells, it could influence transcription factor activity and possibly invasion. 

The EP1 receptor is coupled to the Gqa type G-protein. This protein 

acts by activation of phospholypase C-p. The products of activation of 

phospholipase C-(3 are diacylglycerol and inositol triphosphate (Gawler 

1998). Inositol triphosphate causes the release of calcium from intracellular 

stores (Gawler 1998). This release of calcium can influence signal 

transduction at several levels. It has recently been demonstrated that 

calcium can activate the Ras pathway via proline-rich tyrosine kinase 2 

(pyk2) (Gawler 1998). Together with diacylglycerol, calcium can also 

activate protein kinase C (Gawler 1998). Both of these pathways can then 

activate the mitogen activated protein kinase pathways (MAPK) (Gawler 

1998). Many MAPKs have transcription factors as substrates, and thus 

activation of MAPKs can change the transcription of genes, including those 
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involved in cell division. Thus, EPl receptors may modulate cell growth by 

activation of the Ras and PKC pathways. 

Some of the cellular effects of engaging the EPl receptor may be due 

to the induced expression of proto-oncogenes. In a recent report, it was 

shown that activation of the EPI receptor could induce expression of the 

proto-oncogenes, c-jun and c-fos, thus activating the activator protein-1 

transcription factor (Suda, Tanaka et al. 2000). It is reasonable to think that 

this induction could lead to activation of genes controlled by a TPA 

responsive element (TRE). Therefore, antagonists of the EPl receptor could 

in fact block activation of the activator protein-1 transcription factor 

complex and thus block transactivation of genes regulated by the TRE. 

The EPl receptor has recently been shown to play a role in colon 

carcinogenesis. Using a pharmacologic antagonist, Wakabayashi and 

colleagues has shown that this antagonist can inhibit the formation of 

aberrant crypt foci after azoxymethane treatment of mice (Watanabe, 

Kawamori et al. 2000). The antagonist was given in various amounts in the 

diet. This resulted in a dose dependent inhibition of aberrant crypt foci 
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formation up to 36% of control. Additional confirmation of a role for EP1 

receptors in colon cancer comes from experiments in which Min mice (mice 

with a nonsense mutation in the adenomatous polyposis coli gene) were fed 

a diet that included an EPl antagonist. In these studies, the appearance of 

aberrant crypt foci was decreased by 43% (Watanabe, Kawamori et al. 

1999). The same group used EPl knockout mice to examine azoxymethane 

induced aberrant crypt foci. They found that the EPl knockout mice 

demonstrated 40% fewer aberrant crypt foci than the wild type controls, in 

close agreement with the antagonist studies (Watanabe, Kawamori et al. 

1999). Since aberrant crypt foci are putative pre-malignant lesions, this 

gives rise to the interesting possibility that signaling through the EPl 

receptor is involved in cancer initiation or promotion in the colon. 

There is strong evidence that production of prostaglandins plays a role 

in tumor development. This work, and the work of others, indicates that 

prostaglandin E2 could play an important role in the growth of squamous cell 

carcinomas. This work further demonstrates that the EP 1 receptor is 
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important for tumor cell growth in the model examined. Thus, the EPl 

receptor could become an important target for therapeutic intervention. 
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Chapter 6 Conclusions 

Tumorigenesis is a complex process requiring a series of events that 

appear to be somewhat conserved across different tumor types and 

especially within a tumor type that can arise in multiple tissues. The 

aberrant production of prostaglandin production occurs in many types of 

cancer including squamous cell carcinoma of the skin and lung (Hasturk, 

Kemp et al. 2002), as well as adenocarcinoma of the colon (Sano, Kawahito 

et al. 1995). The specific path that a given cell type takes to achieve 

dysregulation of the enzymes that produce prostaglandins can vary widely, 

but the result seems to be similar. The major product of aberrant 

prostaglandin production is often prostaglandin E2 (Brune, Kalin et al. 1978; 

Ruzicka, Walter et al. 1983; Fischer, Furstenberger et al. 1987; Miller, Hale 

et al. 1994; Zakar, Teixeira et al. 1994; Hamasaki and Eling 1995; Chen, 

Gresham et al. 1996; Buckman, Gresham et al. 1998). Production of 

prostaglandin E2 requires the activity of three enzymes. These are 

phospholipase A2, prostaglandin H synthase-1 or -2 and prostaglandin H2-E 

isomerase (prostaglandin E synthase). All of these enzymes are regulated at 
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some level, and there is some evidence that they are concurrently regulated 

such that prostaglandin E synthase is upregulated both temporally and 

spatially to take advantage of increased prostaglandin H synthase activity. A 

similar co-regulation can take place such that prostaglandin H synthase-2 is 

upregulated at the same time as phospholipase A2, thus allowing the efficient 

conversion of arachidonic acid to prostaglandin H2 (Croxtal, Newman et al. 

1996; Murakami, Naraba et al. 2000). While prostaglandin H synthase is the 

rate limiting enzyme for prostaglandin synthesis, mechanisms exist to ensure 

the rapid and efficient use of arachidonic acid. It appears that these 

mechanisms can be subverted in malignant cells to lead to changes in 

prostaglandin signaling. The fact that this pathway is subject to 

dysregulation in such a wide variety of cell types and histologically distinct 

tumors suggests that it is of central importance in tumorigenesis. 

This idea has several lines of evidence to support it. The most 

compelling evidence that dysregulation of prostaglandin H synthase is 

central to tumorigenesis comes from epidemiologic studies suggesting that 

people on chronic administration of drugs that inhibit prostaglandin H 
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synthase develop fewer cases of colon cancer (Mamett 1992). This suggests 

that one of the downstream products of prostaglandin H synthase, either a 

prostaglandin or a thromboxane or superoxide, is necessary for colon cancer 

development. It is important to note that the drugs used in these studies 

would effectively block production of all of these products of prostaglandin 

H synthase. Thus, all of these products could in principle account for lack of 

a tumorigenic response in this patient population. 

The importance of the intracellular redox potential has been studied 

recently. The role of superoxide may be as a substrate for the enzyme 

superoxide dismutase. Superoxide dismutase catalyzes the conversion of 

superoxide into hydrogen peroxide. Hydrogen peroxide has the potential to 

change several signaling cascades. Increased intracellular concentrations of 

hydrogen peroxide have been shown to activate the mitogen activated 

protein kinase cascades. One potential mechanism of activation of the 

mitogen activated protein kinase cascades involves the direct activation of 

guanine triphosphate binding proteins. It has been shown that hydrogen 

peroxide can directly activate members of the guanine triphosphate binding 
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protein family (Nishida, Maruyama et al. 2000). These proteins have been 

shown to directly activate the epidermal growth factor receptor in a ligand 

independent manner (Daub, Weiss et al. 1996). Activation of the epidermal 

growth factor receptor causes tyrosine phosphorylation and eventual 

activation of the mitogen activated kinase receptor cascades (Daub, Weiss et 

al. 1996). Thus, a small change in the intracellular concentration of 

superoxide could lead to changes in the growth characteristics of the cells. 

Other evidence supports a role for prostaglandins in the formation of 

tumors. This evidence comes from the use of a drug (celecoxib) that 

selectively inhibits prostaglandin H synthase-2. Work by Fischer's group 

has demonstrated that celecoxib can block the formation of skin tumors in 

response to ultraviolet B irradiation (Fischer, Lo et al. 1999). The 

importance of prostaglandin H synthase-2 induction in the formation of 

squamous cell carcinoma of the skin is further demonstrated in studies that 

allowed formation of some squamous cell carcinomas in response to 

ultraviolet B irradiation and then started treating the mice with celecoxib 

(Pentland, Schoggins et al. 1999). This study showed that even after 
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ultraviolet B irradiation blocking prostaglandin H synthase activity can 

reduce the number and size of squamous cell carcinomas formed. This drug 

can also block production of all of the downstream products of prostaglandin 

H synthase activity including superoxide and prostaglandins. 

Compelling evidence exists for the importance of prostaglandin 

production in the process of tumorigenesis. Other studies suggest that the 

major downstream product of prostaglandin H synthase activation is 

prostaglandin E2 (Brune, Kalin et al. 1978; Ruzicka, Walter et al. 1983; 

Fischer, Furstenberger et al. 1987; Miller, Hale et al. 1994; Zakar, Teixeira 

et al. 1994; Hamasaki and Eling 1995; Chen, Gresham et al. 1996; 

Buckman, Gresham et al. 1998). Prostaglandin E2 can act either as an 

autocrine or paracrine factor as it is rapidly degraded in the blood stream 

(Fischer, Furstenberger et al. 1987). Thus, it is likely that the prostaglandin 

E2 produced by malignant or perhaps metaplastic tissue would act locally 

either on the abnormal tissues or on the surrounding immune or endothelial 

cells. It is important to note that squamous cell carcinoma of the skin often 

forms at sites of chronic inflammation (Perchellet JP 1995), and thus the 
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production of prostaglandins could also occur due to inflammatory cell 

infiltration of the area. In this context prostaglandin E2 could act as a tumor 

promoting agent by being produced in cells involved in the inflammatory 

response and acting on initiated cells to promote growth. How the 

prostaglandin E2 acts on these cells has not yet been determined. Generally, 

prostaglandin E2 acts via one of four G-protein coupled receptors, referred to 

as EP prostanoid receptors. 

There are four subtypes of EP prostanoid receptor. These are referred 

to as EP1-EP4. The EP2 and EP4 prostanoid receptors both signal via 

increased adenylyl cyclase activity, whereas the EP3 prostanoid receptor 

decreases the activity of this enzyme (Ichikawa, Sugimoto et al. 1996). The 

EPl prostanoid receptor signals through increased activity of phospholipase 

C-P (Ichikawa, Sugimoto et al. 1996). This results in release of 

diacylglycerol and inositol triphosphate (Gawler 1998). The activation of 

these receptors by prostaglandin E2 is the most likely way in which 

prostaglandin E2 affects intracellular signaling cascades. 
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Some work on the prostaglandin E2 receptors has focused on the EP4 

prostanoid receptor. This receptor is coupled to Gstt type guanine 

triphosphate binding protein (Ichikawa, Sugimoto et al. 1996). This protein 

activates adenylate cyclase and thus increases the production of cyclic 

adenosine monophosphate. Increased intracellular concentrations of cyclic 

adenosine monophosphate can in turn increase the activity of protein kinase 

A (Hai and Curran 1991). This activation will cause changes in several 

signaling cascades including those that influence the transcription factor 

cyclic adenosine monophosphate response element binding protein (Hai and 

Curran 1991). Cyclic adenosine monophosphate binding protein has been 

shown to be involved in regulation of the prostaglandin H synthase gene in 

human keratinocytes exposed to ultraviolet B radiation (Gonzales and 

Bowden 2002). It should also be noted that the EP4 prostanoid receptor has 

been shown to localize to the membrane surrounding the nucleus 

(Bhattacharya, Peri et al. 1999). Thus, this receptor could influence 

intranuclear concentrations of cyclic adenosine monophosphate and thus 
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influence the activation of cyclic adenosine monophosphate response 

element binding protein within the nucleus. 

Evidence for the direct involvement of the EP4 prostanoid receptor in 

the events of carcinogenesis also exists. In rat large granular lymphocytes, a 

model of natural killer cells, signaling via the EP4 prostaonoid receptor has 

been shown to increase the production of matrix metalloproteinases (Zeng, 

An et al. 1996). Therefore, in these cells, signaling via the EP4 prostanoid 

receptor can cause an increase in the ability of the cell to travel through the 

extracellular matrix and therefore its ability to enter and exit different 

tissues. This could be important in development of the malignant 

phenotype. It has also been shown that prostaglandin E2 can increase the 

migration and adherence of head and neck squamous cell carcinoma on 

fibronectin (Lozano, Taitz et al. 1996). This work showed that this 

phenomenon was related to activation of protein kinase A in response to 

prostaglandin E2 (Lozano, Taitz et al. 1996). This signal is likely to be 

transduced by either the EP2 or EP4 prostanoid receptors. Thus, signaling 

by the EP4 prostanoid receptor can influence events critical to the ability of 



146 

cells to invade the local extracellular matrix as well as being important for 

the events associated with metastasis. 

In our model of squamous cell carcinoma of the skin and in models of 

adenocarcinoma of the colon, one of the major pathways activated by 

aberrant prostaglandin production appears to be activation of the 

prostaglandin E2 receptor EPl (Watanabe, Kawamori et al. 1999; Watanabe, 

Kawamori et al. 2000). Blocking the signaling from this receptor has been 

shown to affect the growth rate of the cells and decrease the incidence of 

aberrant crypt foci by up to 36 percent of control (Watanabe, Kawamori et 

al. 2000). These experiments showed that either knocking out the EPl 

prostanoid receptor (Watanabe, Kawamori et al. 1999) or blocking activation 

of the EP-1 prostanoid receptor with an antagonist (Watanabe, Kawamori et 

al. 2000) after treatment with azoxymethane decreased aberrant crypt focus 

formation in mice. Aberrant crypt foci are the putative pre-malignant lesion 

of the colon. 

The EPl receptor is coupled to the Gqa type guanine triphosphate 

binding protein (Ichikawa, Sugimoto et al. 1996). This protein acts by 
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activation of phospholypase C-(3 (Ichikawa, Sugimoto et al. 1996). The 

products of activation of phospholipase C-P are diacylglycerol and inositol 

triphosphate (Gawler 1998). Inositol triphosphate causes the release of 

calcium from intracellular stores in the endoplasmic reticulum (Gawler 

1998). This release of calcium can influence signal transduction at several 

levels. It has recently been demonstrated that calcium can activate the Ras 

pathway via proline-rich tyrosine kinase 2 (pyk2) (Gawler 1998). Together 

with diacylglycerol, calcium can also activate protein kinase C (Gawler 

1998). Both of these pathways can then activate the mitogen activated 

protein kinase pathways (MAPK). Many MAPKs have transcription factors 

as substrates, and thus activation of MAPKs can change the transcription of 

genes (Gawler 1998). These changes in gene expression can cause changes 

in numerous physiological properties of the cells. One of the most important 

changes in gene expression involves control of the D family of cyclins. 

When the D cyclins are expressed they form complexes with cyclin 

dependent kinases 4 and 6 (Obaya and Sedivy 2002). These kinases then 

can then phosphorylate retinoblastoma and related proteins (Obaya and 
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Sedivy 2002). This series of phosphorylation events can lead to entrance of 

the cells into the cell cycle and thus mitosis (Obaya and Sedivy 2002). 

Given the impact of signaling via the EP1 prostaniod receptor on cell 

growth, treating cells with an antagonist to the EPl receptor might be a valid 

therapeutic approach to slowing the growth of these cells. This would 

probably work well in vitro. However, in vivo experiments might show a 

significant problem with this approach. The major side effect of treatment 

with drugs that block the activity of prostaglandin H synthase, and thus 

prostaglandin production, is gastrointestinal damage. This damage occurs 

because of a weakening of the lining that protects the gastrointestinal tract 

from digesting itself In the stomach, one of the cytoprotective effects of 

prostaglandin E2 production has been shown to signal via the EPl receptor 

(Araki, Ukawa et al. 2000). This signaling was shown to help maintain the 

barrier properties of the lining of the stomach and thereby protect the cells of 

the stomach. Therefore any systemic treatment with an EP I antagonist 

could have similar side effects to treatment with inhibitors of prostaglandin 

H synthase. Any treatment with an EPl antagonist, as with current 
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chemotherapeutic agents, would somehow need to be targeted to the 

malignant cells. 

Another potential problem with use of an EP1 antagonist involves the 

mechanism of action of many currently used chemotherapeutic agents. 

Many of the chemical agents currently used to treat cancers target rapidly 

dividing cells. A decrease in the rate of cell division could decrease the 

effectiveness of these drugs. Thus, treatment with an EPl prostanoid 

receptor antagonist could actually decrease the effectiveness of the drugs 

currently used to treat cancer. However, due to the magnitude of the toxicity 

of the drugs currently used to treat cancer, there are long intervals between 

treatments with these drugs. Treatments during this interval period with an 

EPl prostanoid antagonist might be effective at slowing tumor growth while 

the cytotoxic drugs are not present. Taking patients off the EPl proataniod 

receptor antagonist just prior to treatment with a cytotoxic agent, and thus 

allowing the malignant cells to achieve the growth rate they had prior to 

antagonist treatment, might be a viable treatment strategy. This would need 

to be closely monitored because such treatment has the potential to increase 
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the negative impact of chemotherapeutic agents on the gastrointestinal 

system. 

Another possible strategy for use of an EPl prostanoid receptor 

antagonist is to design it to be rapidly metabolized upon entry into systemic 

circulation and then deliver the drug at or near the desired site of receptor 

blockade. This alternative may be attractive for treatment of skin lesions. 

One can envision a topical cream that contains an EPI antagonist that is 

absorbed into the skin. Such a cream could be used to treat a lesion while a 

sample is being identified by a pathologist, or while the patient is waiting for 

surgical removal of the lesion. Any such strategy involves the assumption 

that a molecule could be designed with a metabolically recognized site, 

perhaps a site known to be recognized as a substrate for cyctochrome p450, 

and still retain activity as an EPl prostanoid receptor antagonist. 

Some of the cellular effects of engaging the EPl prostanoid receptor 

are likely due to activation of cellular proto-oncogenes. This is likely to 

occur as a result of activation of various kinase cascades (see above). In a 

recent report, it was shown that activation of the EPl prostanoid receptor 



151 

could induce the expression of the proto-oncogenes c-jun and c-fos, thus 

increasing the activity of the activator protein-1 transcription factor (Suda, 

Tanaka et al, 2000). There is evidence that activation of activator protein-1 

is crucial to tumor formation in squamous cell carcinoma of the skin. 

Evidence that activator protein-1 plays a role in tumorigenesis also exists for 

cancers of the lung (Ui, Mizutani et al. 2000), breast (Ludes-Meyers, Liu et 

al. 2001) and cervix (Ui, Mizutani et al. 2000). Thus, by various 

mechanisms, dysregulation of a single transcription factor is a common 

finding among highly variable cancers. 

The evidence that activator protein-1 is important to the development 

of several tumor types is well established. Therefore, understanding how to 

block the activation of this transcription factor might be of interest from a 

therapeutic standpoint. Activator protein-1 generally acts by binding the 

promoter region of a gene and changing the transcription of that gene 

(Angel, Szabowski et al. 2001). The transcription of the gene is usually 

increased in response to activator protein-1 binding to the promoter region 

(Angel, Szabowski et al. 2001). 
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Activator protein-1 is regulated at several levels, each of which may 

be a target for therapeutic intervention. The most basic level of regulation of 

activator protein-1 is regulation of the transcription of the activator protein-1 

family members (Angel, Szabowski et al. 2001). Induction of transcription 

of c-jun is controlled under some circumstances by two 12-0-

tetradecanoylphorbol-13-acetate response elements (Shaulian and Karin 

2001). This element is the binding site for the activator-protein-1 complex. 

Thus, a positive feedback loop can be formed by activator protein-1 

activation of c-jun and subsequent activator protein-1 dimer formation 

(Shaulian and Karin 2001). After the ribonucleic acid is formed, its stability 

can be controlled to some degree by the sequence of the 3' untranslated 

region. In this manner the existing ribonucleic acid encoding c-Fos can be 

stabilized and thus produce more protein and therefore induce activator 

protein-1 activation without additional transcription (Blattner, Kannouche et 

al. 2000). Post-translational modifications also play a major role in the 

regulation of the activator protein-1 proteins. The activator protein-1 

proteins are sensitive to the redox state of the cells due to the presence of 
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cystine residues in the deoxyribonucleic acid binding domain (Shaulian and 

Karin 2001). When these residues are in the oxidized state, the 

deoxyribonucleic acid binding affinity of the protein is decreased. There is 

also a report that c-Jun can be sumosylated. The addition of SUMO-1 to 

lysine-229 of c-Jun causes a decrease in signaling from an activator protein-

1 reporter, suggesting that this conjugation is a negative regulatory event 

(Schmidt and Muller 2002). The proteins of the activator protein-1 family 

can also be phosphorylated. Phosphorylation of c-Jun at serines 63 and 73 

are thought to increase the activity of the protein (Shaulian and Karin 2001). 

It is of interest that phosphorylation of these sites also decreases the 

conjugation of SUMO-1 or ubiquitin to the protein (Schmidt and Muller 

2002). Thus, the protein enters a more active state and the protein half-life 

is increased. 

Due to the complexity of the regulation of activator protein-1, it might 

be difficult to identify a level of regulation to target with a small molecule. 

One method of suppressing activator protein-1 that has been used 

successfully is the use of a dominant negative c-Jun (TAM-67). This 
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molecule has been used to suppress activator protein-1 induction in a 

number of experimental systems. Activation of activator protein-1 has been 

shown to be important in the promoter sensitive phenotype of the JB6 

murine epidermal karatinocyte cell line (Dong, Birrer et al. 1994). 

Expression of a dominant negative c-Jun has been shown to block tumor 

promotion in JB6 cells (Dong, Birrer et al. 1994). Mice expressing a 

dominant negative c-Jun in the epidermis have been used to show that a 

dominant negative c-Jun can block tumor promotion by 12-0-

tetradecanoylphorbol-13-acetate (Young, Li et al. 1999) and okadaic acid 

(Thompson, MacGowan et al. 2002). All of these effects on tumor 

promotion are thought to involve blocking the induction of activator protein-

1 transactivation. It is important to note that this dominant negative c-Jun 

protein appears to leave basal activator protein-1 signaling intact (Young, Li 

et al. 1999; Thompson, MacGowan et al. 2002). 

This dominant negative has been shown to be active by squelching in 

blocking activator protein-1 activation in response to okadaic acid. 

However, this dominant negative c-Jun has also been shown to have both 
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blocking and quenching (Brown, Chen et al. 1994) activity. It is possible 

that this protein has a different mechanism of action based on the exact 

nature of the activation of activator protein-1 which could vary between 

different stimuli. Thus it may be difficult to mimic the effectiveness of 

TAM-67 by reproducing any single mechanism. However, the presence of 

the c-Jun transactivation domain appears to be absolutely necessary for 

activator protein-1 activity. Thus, it may be possible to design a small 

molecule to mimic the effect of not having a transactivation domain by 

binding to essential sites within this domain. Likely targets would include 

serines 63 and 73 of c-Jun as phosphorylation of these sites is necessary to 

induce activation of the activator protein-1 dimer (Shaulian and Karin 2001). 

The therapeutic index of such a small molecule might also be very narrow as 

the concentration of drug required to block increased activation would likely 

be greater than the concentration required to affect basal activator protein-1 

activity. This effect could have a significant impact on the toxicity profile of 

any such molecule. Thus, finding a small molecule that mimics the effects 

of the dominant negative c-Jun might be extremely difficult. 
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Such a small molecule would have some potential advantages to the 

genetic reagent thus far used for this purpose. Assuming it could be made 

specific, it would only affect activator protein-1 signaling. This could be an 

advantage because TAM-67 affects nuclear factor-icB (Li, Cao et al. 2000) 

and probably activating transcription factor as well (see Figure 10). This 

could allow one to target cells with an activated activator protein-1 response 

while sparing surrounding cells that depend on nuclear factor-KB for 

surviving chemotherapeutic agents. The delivery of small molecules is also 

much easier than DNA reagents, especially considering the relative 

difficulty of getting DNA into primary cells without inducing an 

inflammatory response by using a viral carrier. 

The ability of TAM-67 to interact with multiple protein families may 

also be an asset. The ability of a single genetic reagent to interact with, and 

potentially block activation of, several transcription factors gives rise to the 

possibility of blocking activation of several sets of genes with a single 

reagent. Activation of the activator protein-1 transcription factor has been 

shown to be involved in many aspects of carcinogenesis including growth 
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rate, apoptosis resistance and invasion (Angel, Szabowski et al. 2001; 

Shaulian and Karin 2001). The activation of the nuclear factor-KB has also 

been shown to be critical to apoptosis resistance in some circumstances (Li, 

Cao et al. 2000). Activation of nuclear factor-icB has also been shown to be 

important in the expression of at least one matrix metalloproteinase 

(Maliner-Stratton, Klein et al. 2001). Thus, three of the major mechanisms 

responsible for the malignant phenotype, increased growth rate, resistance to 

apoptosis and invasion, depend in part on activation of several subsets of 

genes that can be blocked by TAM-67. The potential for of a single reagent 

to block all of these responses is remarkable. 

The ability of TAM-67 to abrogate signals from a variety of pathways 

may also be important because of how the expression of individual genes is 

controlled. One gene of particular interest is cyclin D1. Activation of 

expression of the D cyclins can cause the activation of a cascade of events 

that result in cell division (Obaya and Sedivy 2002). Because of this, the 

regulation of cyclin D1 is complex. The overall integration of separate 

signals from multiple transcription factors can influence the expression of a 
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gene. The promoter region of cyclin D1 has been shown to contain binding 

sites for several transcription factors including a c-Jun/activating 

transcription factor 2 complex as well as the nuclear factor-kB and cyclic 

adenosine monophosphate response element binding protein (Eto 2000). 

This is probably indicative of redundancy in the regulation of transcription 

of cyclin Dl. This redundancy could ensure that when the cell receives a 

mitogenic signal it enters the cell cycle. The fact that TAM-67 can interact 

with all of these transcription factors means that it is possible that TAM-67 

could overcome this redundancy. The ability to overcome such redundancy 

may be very important to the ability of TAM-67 to suppress carcinogenesis 

in the two stage model of mouse skin carcinogenesis. This ability to 

suppress systems that are redundant could be very difficult to mimic with a 

small molecule. Thus, it may be necessary to find effective means of 

delivering genetic reagents is the chemotherapeutic potential of TAM-67 is 

to be realized. 

The common nature of a flaw in regulation of prostaglandin 

production and activation of the activator protein-1 pathways make them 
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good targets for the treatment and prevention of cancer. The challenges that 

must be overcome involve finding reagents with a high enough degree of 

specificity to reduce side effects to tolerable levels. If this can be 

accomplished, it will have the potential to greatly improve the lives of 

cancer patients. 
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