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           Prostaglandin E2 (PGE2) is the major prostaglandin produced by COX enzymes

in the skin and is reported to increase cAMP levels in human and rodent skin. The EP2

receptor for PGE2 is a membrane receptor that mediates at least part of the action of

PGE2. It has been shown that EP2 plays a critical role in tumorigenesis in mouse

mammary gland and colon. However, the possibility that the EP2 receptor is involved in

the development of skin tumors was unknown. The purpose of this study was to

investigate the role of the EP2 receptor in mouse skin carcinogenesis. In the first study,

we showed that deletion of expression of the EP2, but not the EP3 receptor, for PGE2

results in suppression of skin tumor development in a DMBA (7,12-

dimethylbenz[a]anthracene)/TPA (12-O-tetradecanoylphorbol-13-acetate) two-stage

carcinogenesis protocol and is associated with decreased proliferation, angiogenesis,
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inflammation and cell survival. In the second study, to determine the effect of

overexpression of EP2, we used EP2 transgenic and wild type mice in a DMBA/TPA

two-stage carcinogenesis protocol. We have shown that the overexpression of the EP2

receptor for PGE2 results in enhancement of skin tumor development and is associated

with increased proliferation, angiogenesis and inflammation. Based on the first and

second studies, further studies are needed to elucidate the underlying molecular

mechanisms. Therefore, in the third study, we found EP2 mediated protein kinase A

(PKA)/CREB signaling pathway is a central mechanism for inducing a positive

feedback loop and further to induce PGE2 effects on cell proliferation and angiogenesis

of mouse skin. Collectively, these findings suggest that the EP2 receptor plays a

significant role in the pro-tumorigenic action of PGE2 in skin tumor development.
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Chapter I

Introduction and literature review

1.1.     Skin

           The skin is the largest human organ comprising about one sixth of the total body

weight. It plays an important role in human physiology; it serves as a barrier to the

environment, and protects us from mechanical wounds, water loss, and UV radiation. In

addition, it produces vitamin D in the epidermal layer, when it is exposed to the sun’s

rays and its sweating system and vasculature help the regulation of body temperature

and excretion of metabolic waste (reviewed in Odland 1983).

          The skin is composed of two major compartments which are separated by a

basement membrane (Fig. 1.1). One is called dermis, a dense connective tissue layer.

This layer is composed of connective tissue, hair follicles, blood vessels and sweat

glands. The other is called epidermis, the compartment lying above the basement

membrane. The most abundant cell type of the epidermis is the keratinocyte (reviewed

in Odland 1983). These cells produce keratin proteins that provide some of the rigidity

of the outer layers of the skin. Keratinocytes function as a mechanical barrier, keeping

harmful substances out, immunological defense against pathogens and other essential

substances from escaping the body.
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Fig. 1.1.       Structures of human skin.

The skin is composed of epidermis and dermis which are separated by a basement membrane.
The dermis is a dense connective tissue layer which plays a supportive role in skin function. The
epidermis consists of several layers of keratinocytes. In these layers are found the epidermal
appendages: nails, hair and glands. (Note: Sebaceous and sweat glands belong to the exocrine
glands. Sebaceous glands are nearly always connected to hair follicles. Sweat glands deliver their
secretions directly to the skin surface.) Dermis is composed of connective tissue, blood vessels,
nerve endings, hair follicles, and sweat and oil glands. (1: Epidermis, 2: Dermis, 3: Subcutis, 4:
Hair follicles, 5: Sebaceous glands, 6: Sweat glands). However, mouse skin does not have sweat
glands.
[Fig. taken from: http://www.nmsl.chem.ccu.edu.tw/tea/SKIN_910721.htm]
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Fig. 1.2.       Epidermal layers.

The epidermis is composed of many layers of cells. In the basal layer (the living epidermis), new
cells are constantly being reproduced, pushing older cells to the surface. As skin cells move
farther away from their source of nourishment, they flatten and shrink. They lose their nuclei,
move out of the basal layer to the horny layer (the dead epidermis). After serving a brief
protective function, the keratinocytes are imperceptibly sloughed off. (1 and 2. Stratum corneum,
3. Granular layer, 4. Spinous layer, 5. Basal layer, 6. Basal membrane)
[Fig. taken from:   http://www.nmsl.chem.ccu.edu.tw/tea/SKIN_910721.htm]
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            Keratinocytes contain keratin (structural protein) and become progressively

flattened as they advance upward from the basal layer to the cornified layer (reviewed

in Odland 1983). The epidermis consists of multiple layers of keratinocytes. It renews

itself through continual proliferation, differentiation, cornification and mechanical

sloughing-off of the uppermost horny cell layer (Fig. 1.2). The layer adjacent to the

dermis is known as the basal layer. The basal layer is made up of columnar epithelial

cells. All of the mitotic activity of the epidermis occurs in the basal layer. Keratinocyte

stem cells reside in the basal layer and bulge region of the hair follicle (Alonso et al.

2003). It is believed that the stem cells in the basal layer of interfollicular epidermis are

progeny, or unipotent progeny of multipotent bulge cells and those in the bulge region

are multipotent (Alonso et al. 2003). Keratinocyte stem cells in the basal layer have a

low rate of mitosis and give rise to a population of transient amplifying cells. Transient

amplifying cells go through a limited number of divisions, differentiate, and move up in

the epidermis (Fuchs et al. 1980). These undifferentiated basal cells express keratin

(K)5 and K14. The cells above the basal layer are known as the spinous layer (Odland

1983). This layer expresses K1 and K10 (Roop et al. 1983) which are called

differentiation markers. As the cells further differentiate, they synthesize keratohyaline

granules, a prominent feature of cells in the granular layer. Proteins synthesized in the

granular layer are required for making the final stages of epidermal differentiation. The

cornified cell envelope is a critical structure for barrier function at the outermost layer

of the skin epidermis, the stratum corneum. For cornified cell envelope formation in

terminal keratinocyte differentiation, covalent cross-linking of proteins such as
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involucrin, loricrin, small proline-rich protein is essential (Mehrel et al. 1990; Banks-

Schlegel et al. 1981; Scott et al. 1982; Rothnagel et al. 1987). The aging of basal cells

into corneocytes (dead cells) is crucial. The stratum corneum is important in preventing

almost all agents from entering the skin, including micro-organisms, water and

particulate matter. It is the epidermis that also prevents loss of vital body fluids.

1.2.     Two-stage Mouse Skin Carcinogenesis

     The mouse skin chemical carcinogenesis model has been instrumental for

understanding the mechanisms contributing to the multistage nature of human cancer

development (DiGiovanni 1992). The development of a malignant neoplasm is a

multistage process that usually starts from a single mutated cell that begins to

proliferate abnormally in a limitless manner. The multistage carcinogenesis process in

skin has been subdivided into three distinct stages: initiation, promotion and progression

(DiGiovanni 1992).

          During initiation, a genetic mutation occurs in a cell by chemical (e.g., tobacco

tar, 7,12-dimethylbenz[a]anthracene (DMBA), nitrosamines), physical (e.g., X-rays,

ultraviolet radiation), or biological (e.g., certain viruses) agents. These agents usually

lead to permanent genetic changes such as mutations, deletions, translocations, or loss

of regions of chromosomes in a critical gene (DiGiovanni 1992). Not all cells in the

animal exposed to initiating agents would be initiated even if all cells incurred DNA

damage and mutation. To “fix” the mutation permanently, an initiated cell has to have
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proliferative ability (Pitot et al. 1991). Therefore, major targets for initiation are basal

cells and epidermal stem cells. Most skin tumor studies used a subcarcinogenic dose of

carcinogen such as DMBA applied to the mouse skin. This carcinogen will covalently

bind to DNA and induce genetic mutations in critical target genes such as Ha-ras

(DiGiovanni 1992). Initiation is considered to be irreversible, cumulative and genetic in

nature, however this stage does not involve morphological changes in skin (Balmain et

al. 1988). In most cases, initiated cells have a growth advantage compared to normal

cells. The selective clonal expansion of the initiated cells occurs in the promotion stage.

This is called two-stage skin carcinogenesis since skin tumor development is performed

using the steps of both initiation and promotion (Slaga 1984a). Application of the

initiating agent at a carcinogenic dose alone can induce tumors in the complete

carcinogenesis protocol (Slaga 1984a).

    The promotion stage involves repetitive application of tumor promoters such as

12-O-tetradecanoylphorbol-13-acetate (TPA) to mouse skin. Upon repeated TPA

treatment, initiated mouse skin develops papillomas, which are benign tumors that arise

in the epidermis (Fig. 1.3). Tumor promoters such as TPA are not mutagenic like a

carcinogen but act via epigenetic mechanisms (e.g., alteration of gene expression, signal

transduction, differentiation, and intercellular communication) (Winberg et al. 1995).

They need repeated application and produce biochemical and cellular responses typical

of gene deregulation. Therefore, it is generally accepted that normal mouse skin does

not develop tumors following application of the tumor promoter alone (DiGiovanni

1992). Papillomas are exophytic and non-invasive lesions that attain the ability to grow
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autonomously very early in their development (by ~ 10 weeks). The epigenetic changes

are reversible in the early stages of promotion and are not inheritable like the initiation

stage (Slaga 1984a). Therefore, cessation of repetitive promoter application elicits

regression of benign tumors up to some point. Changes during tumor promotion include

induction of epidermal cell proliferation, hyperplasia, inflammation and ornithine

decarboxylase expression (Winberg et al. 1995). Although the mechanism of tumor

promotion has not been fully elucidated, induction of sustained hyperplasia of the skin

has correlated well with the tumor promoting activity of various promoters (Sisskin et

al. 1982). The most frequently used tumor promoter in mouse skin carcinogenesis is

TPA. This promoter mainly binds to protein kinase C (PKC). PKC is a family of

ubiquitous protein kinases that phosphorylate serines and threonines in a variety of

proteins. All of the isoforms can be classified into three major groups, conventional

(cPKC), novel (nPKC), and atypical (aPKC), based on their activation mechanisms and

molecular structures. cPKC contain binding sites for diacylglycerol (DAG) or phorbol

ester (2 cysteine-rich zinc fingers), calcium. nPKC are independent of calcium and

aPKC are independent of calcium and DAG (Bowden et al. 1997). An endogenous

ligand for PKC is DAG. Normally DAG induces transient activation of PKC. However,

TPA causes sustained activation of PKC because it binds to the same cystein-rich zinc

fingers in PKC with much higher affinity and longer half-life than DAG (Bowden et al.

1997). It is well reported that calcium activates the G-protein-coupled receptor (e.g.,

EP1 receptor) and induces to the activation of phospholipase C which leads to inositol

triphosphate (IP3) and DAG (Bikle et al. 2001). IP3 induces the release of calcium from
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intracellular stores and increased intracellular free calcium concentrations. The increase

in intracellular free calcium concentrations and DAG activate several isoforms of

protein kinase C. Activated PKC elicits various mitogen-activated protein kinase

(MAPK) cascades and finally induces expression of genes associated with proliferation,

inflammation, cell survival and tissue remodeling (Marks et al. 2000). For example,

PKC activates the AP-1 family of transcription factors, which regulate the expression of

genes that are involved in keratinocyte proliferation and differentiation (Bikle et al.

2001).

             Finally, tumor progression stage is characterized by the accumulation of

additional genetic changes in papillomas, which occurs independently of tumor

promoter treatment, and conversion of benign skin papillomas into malignant

carcinomas with phenotypes of rapid growth, invasiveness and angiogenesis

(DiGiovanni 1992). The conversion process occurs spontaneously without need of

continuous tumor promoter application. Most, if not all, squamous cell carcinomas

(SCCs) arise from preexisting papillomas (DiGiovanni 1992). This event can be

induced by a number of progressing agents, such as free radical generators (e.g.,

benzoyl peroxide, hydrogen peroxide, etc.), the genotoxic carcinogens (e.g.,

benzo[a]pyrene diol epoxide, N-methl-N’-nitro-N-nitrosoguanidine, etc.), and others

(e.g., acetic acid, ionizing radiation, etc.) (Winberg et al. 1995).
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Fig. 1.3.        Multistep skin carcinogenesis in the mouse skin.

In the initiation step, epidermal cells are initiated by 7,12-dimethylbenz[a]anthracene (DMBA)
by causing a Ha-ras-activating mutation. In the promotion step, treatment with 12-O-
tetradecanoyl-phorbol-13-acetate (TPA) results in clonal expansion of initiated cells,
maintenance of proliferation, upregulation of cyclin D1 gene expression and subsequently the
formation of papillomas. In the progression step, loss of functional p53 gene accelerates the
progression of benign papilloma to malignant carcinoma. Malignant cells invade and metastasize
to other organs and tissues, however, is uncommon in skin.
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The progression stage is generally a spontaneous process. It is characterized by a high

level of genetic instability, particularly chromosomal alterations resulting in elevated

expression of genes encoding Ha-Ras and cyclin D1, as well as loss of expression of the

tumor-suppressor p53 (Kemp et al. 1993). These changes confer on papilloma cells a

further growth advantage, leading to the conversion of preexisting papillomas to

carcinomas. A further advanced stage in mouse skin carcinogenesis is the progression

of squamous cell carcinoma to spindle cell carcinoma. This stage is associated with

changes in epithelial differentiation markers, such as decreased expression of E-

cadherin, keratins K1 and K10, and increased expression of integrin. This stage induces

a number of gene and chromosome alterations including trisomy of chromosome 7, loss

of the normal Ha-ras allele, loss of E-cadherin, loss of K1 and K10, and stable

expression of certain proteases (Bowden et al. 1995). Malignant cells could invade other

tissues through blood and lymphatic vessels, however, is uncommon in skin.

1.3.      Arachidonic Acid Metabolism in Mouse Skin

1.3.1.  Overview of the arachidonic acid pathway

           Arachidonic acid (AA) serves as the substrate for the group of lipid signaling

molecules known as eicosanoids. AA (5,8,11,14-eicosatetraenoic acid, 20:4) is an n-6

PUFA (polyunsaturated fatty acid) (Iversen et al. 2000). It is found in all
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Fig. 1.4.        The structures of arachidonic acid and prostaglandin E2.

Arachidonic acid (AA) serves as the substrate for the group of lipid signaling molecules known
as eicosanoids. AA (5,8,11,14-eicosatetraenoic acid, 20:4) is an n-6 PUFA (polyunsaturated fatty
acid). (A) The unique shape of arachidonic acid caused by a series of cis double bonds helps to
put it into position to become a five member ring when metabolized. (B & C) Prostaglandins, the
products of AA metabolism, are unsaturated carboxylic acids, consisting of a 20 carbon skeleton
with a five membered ring. Cyclooxygenase, known as prostaglandin H2 synthase, mediates the
initial conversion of AA to PGH2, a precursor of all prostanoids, such as PGE2, PGF2α, PGD2,
PGI2 and thromboxane A2. P!r!o!s!t!a!g!l!a!n!d!i!n! !E!2! !i!s! !f!o!r!m!e!d! ! !i!n! !a! !v!a!r!i!e!t!y! !o!f! !c!e!l!l!s and is the most
abundant prostaglandin produced by COX-2 in various cancers including skin. PGE2 has been
shown to play a pivotal role in induction of proliferation, angiogenesis, invasion, anti-apoptosis,
and immunosuppression. !T!h!e! ! !s!t!r!u!c!t!u!r!e! !o!f! !P!G!E!2! !i!s! !s!h!o!w!n! !i!n! !F!i!g!. 1.4. (C)! !a!n!d! !i!t!s! !b!i!o!s!y!n!t!h!e!t!i!c!
!c!a!s!c!a!d!e! !i!n! !F!i!g!!. 1.5.
[Fig. A&B. taken from http://www.elmhurst.edu/~chm/vchembook/555prostagland.html]
[Fig. C. taken from http://www.cyberlipid.org/prost1/pros0001.htm]

A

C

B
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Fig. 1.5.        Arachidonic Acid Metabolism.

Arachidonic acid (AA) serves as the substrate for the group of lipid signaling molecules
known as eicosanoids. Phospholipases A2 and C induce release of AA from membrane
phospholipids under conditions of growth factor, TPA treatment, UV irradiation and wounding.
Free AA is converted into various metabolites by several enzymes, such as COX 1/2, LOX, and
cytochrome P450. These eicosanoids are involved in numerous cell-signaling pathways related to
induction of carcinogenesis in human tissues and experimental animal models including skin.

Membrane Phospholipids

Phospholipase A2, C

Arachidonic Acid

COX 1/2 LOX Cytochrome P450

HPETEs
LTs

Lipoxins

Stimuli

Prostaglandin H2 Epoxides

PGD2

PGF2α

PGI2

TXA2

PGE2

EP1 EP2 EP3 EP4

 Specific
 Synthases
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tissues of animals, such as fatty meats, and synthesized in the liver through elongation

and desaturation of the n-6 PUFA linoleic acid (18:2, n-6) (Fig. 1.4). The highest levels

of linoleic acid are found in seed and vegetable oils. In some tissues, such as human and

mouse epidermis, synthesis of AA is restricted because of the absence of both 6-

desaturase and 5-desaturase (Chapkin et al. 1986). In these tissues, AA must come from

dietary sources such as egg lipids or from transportation to the tissues from other

endogenous sources such as liver. AA is cleaved by phospholipase from the sn-2

position of membrane phospholipids, such as phosphatidylcholine (PC) or

phosphatidylinositol (PI), thereby freeing AA for further metabolism by the

cyclooxygenase (COX) and lipoxygenase (LOX) enzyme pathways (Iversen et al.

2000). Phospholipase A2 (PLA2) and phospholipase C (PLC) enzymes cleave AA

under conditions of growth factor, TPA treatment, UV irradiation or wounding (Fig.

1.5). PLA2 hydrolyses the ester linkage at the sn-2 position, whereas PLC hydrolyses

PC or PI at the sn-3 position. Free PC or PI are generated by PLC and diacylglycerol

(DAG) which are further hydrolyzed by DAG lipase and finally release AA. The

products generated from the enzymatic metabolism of AA are called eicosanoids

(Iversen et al. 2000). Eicosanoid products called prostaglandins are synthesized by the

prostaglandin synthases cyclooxygenase (COX)-1 and COX-2, the rate-limiting

enzymes.

             The two isoforms of cyclooxygenase, COX-1 and COX-2, are the key enzymes

that convert arachidonic acid to prostaglandin (PG). COX-1 is constitutively expressed

in most tissues, COX-2 is not expressed in most normal tissues, but can be rapidly
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induced by several stimuli such as growth factors stimulation, irritation, serum,

cytokines, and phorbol esters (Goppelt-Struebe 1995; Herschman 1994). In many

premalignant or malignant tissues, expression of COX-2 is increased (Subbaramaiah et

al. 2003). The importance of prostaglandins (PGs) has been elucidated in mouse skin

carcinogenesis (reviewed in Fischer 1997). The levels of prostaglandins increase in

mouse skin or cultured murine keratinocytes with TPA treatment. Cyclooxygenase-

mediated metabolism of AA to prostaglandin H2 (PGH2) generates five different

prostanoids, such as PGE2, PGF2α, PGD2, PGI2 and thromboxane A2. These

prostanoids play an important role in maintaining normal function of several organ

systems such as kidney, gastrointestinal tract, cardiovascular and female reproductive

systems. Prostanoids also regulate cell proliferation, apoptosis, differentiation, and

oncogenesis (reviewed in Narumiya et al. 1999). In particular, PGE2 is the most

abundant prostaglandin produced by COX-2 in various cancers including skin and has

been shown to play a pivotal role in induction of proliferation, angiogenesis, invasion,

anti-apoptosis, and immunosuppression (Fischer 1997) and to be necessary for the

initial epidermal hyperproliferation (Marks 1990). Both genetic deletions of COX and

nonselective COX inhibitory non-steroidal anti-inflammatory drugs (NSAIDs) or COX-

2 selective inhibitors prevent skin tumor development following a DMBA-TPA

protocol or UV irradiation (Cao et al. 2002; Fischer et al. 1999). PGE2 also plays an

important role in induction of keratinocyte differentiation. Extracellular calcium induces

increased differentiation and increased PGE2 formation has been observed 1 h after the

calcium concentration is increased in cultured human keratinocytes (Evans et al. 1993).
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           In mouse skin, a number of lipoxygenase enzymes (LOXs) also metabolize AA

to different hydroxyeicosatetraenoic acids (HETEs) and leukotrienes, which are

associated with numerous cell-signaling pathways. LOXs are non-heme iron proteins

that oxygenate polyunsaturated fatty acids to hydroperoxy derivatives in a regio- and

stereo-selective manner (Kühn et al. 1986). Different LOXs, 5S-(Chen et al. 1995), 8S-

(Fürstenberger et al. 1991; Fürstenberger et al. 2002), platelet-type (p) 12- (Krieg et al.

1995), leukocyte-type (l) 12- (Krieg et al. 1995), epidermal type (e) 12- (Kinzig et al.

1997), 15-lipoxygenase (Turk et al. 1982) are expressed in mouse skin.  These LOXs

metabolize the conversion of AA into biologically active hydroperoxyeicosatetraenoic

acid (HPETE), which is subsequently reduced to hydroxyeicosatetraenoic acid (HETE)

by glutathione peroxidase, and to leukotrienes (LTs) and lipoxins (Funk 1996;

Samuelsson et al. 1987; Spector et al. 1988). The expression of some of these LOXs are

constitutively upregulated during mouse skin tumor development (Krieg et al. 1995).

Some of the LOX metabolites are involved in induction of angiogenic (Nie et al. 1998;

Tang et al. 1995) and inflammatory (Chan et al. 1989; Dowd et al. 1985) responses to

tumor promoters and in tumor growth.

          The 5S-LOX is the only enzyme associated with synthesis of leukotrienes (LTs)

which play an important role in host defense reactions and in immediate

hypersensitivity and inflammation (Funk 1996; Samuelsson et al. 1987).  Based on

previous studies, application of 5S-LOX inhibitors inhibits complete and two-stage skin

carcinogenesis (Jiang et al. 1994; Yamamoto et al. 1991).
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          The 8S-LOX is not expressed in normal mouse skin, however, is highly induced

by a single topical TPA treatment (Jisaka et al. 1997). 8S-LOX and 8S-HETE are

involved in induction of K1 (keratinocyte differentiation maker) expression and play an

anticarcinogenic role in mouse skin carcinogenesis as shown with 8S-LOX/C57BL/6J

transgenic mice (Kim et al. 2005).

          The most abundant LOX expressed in mouse skin is 12-LOX (Siebert et al.

2001). Among three forms (platelet-type (p), leukocyte-type (l), epidermal type (e)) of

12-LOX , p12S-LOX is only overexpressed in some papillomas and some squamous

cell carcinomas (Krieg et al. 1995), and several epithelial tumor cell lines (Chang et

al.1993). Previous studies showed the pro-tumorigenic functions of 12S-HETE and

p12S-LOX including repression of K1 expression (Fischer et al. 1996), angiogenesis

(Tang et al. 1995), metastasis (Tang et al. 1994), infiltration of monocytes and

neutrophils to the skin (Dowd et al. 1985). The  l12S-LOX mRNA level is increased in

the infiltration of granulocytes to the epidermis with TPA treatment (Krieg et al. 1995).

Reported studies demonstrated that e12-LOX is not induced by TPA and is

downregulated during skin tumor development. It is likely that e12-LOX may play a

antitumorigenic role in mouse skin carcinogenesis (Krieg et al. 1995; Krieg et al. 2001).

          The 15S-LOX has been shown to be a calcium-dependent enzyme localized

mainly in the cytosolic fraction (Brash et al. 1997). The presence of 15-LOX activity in

human epidermis
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is controversial. 15-HETE is found as the only mono-HETE induced by cultured human

keratinocytes (Burrall et al. 1988). However, several groups have revealed that 12-

HETE is the most abundant HETE in homogenous suspensions of freshly isolated

epidermal cells, with only low amount of 15-HETE present (Holtzman et al. 1989;

Ziboh et al. 1984).

          LOX metabolism generates reactive oxygen species (ROS) in skin tumor

development. The excess level of ROS has been shown to be involved in enzyme

activation or inactivation, lipid peroxidation, and DNA strand breaks, which can

contribute to carcinogenesis. Therefore it is very likely that LOX inhibitors (e.g.,

nordihydroguaiaretic acid and benoxaprofen) are effective for inhibition of ROS and

may contribute to their anti-carcinogenic effects.

          Cytochrome P450 monooxygenase inserts a single oxygen atom into the double

bonds of AA and produces a number of hydroxy and carboxy products, including the

19-oxo, 20-hydroxy, and 20-carboxy metabolites (Capdevila et al. 1982). The levels of

this enzyme in normal skin are very low and the levels are suppressed by TPA treatment

(Reiners et al. 1992). Therefore, it is unknown if this enzyme and metabolites produced

by this enzyme are involved in induction of skin tumor development.

1.3.2.  The importance of cyclooxygenase pathway in skin tumor development

          Prostaglandin synthesis has been shown to be dysregulated in cancer development

in a number of experimental models and in human tissues. The major product of COX
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activity in the skin is PGE2 (Fig. 1.5). UVB irradiation or TPA application of skin

enhances PGE2 levels in keratinocytes (Buckman et al. 1998). COX is the enzyme

catalyzing the rate-limiting step in prostaglandin synthesis, converting arachidonic acid

to prostaglandin H2, which is a substrate for enzymes synthesizing the primary

prostaglandins, PGE2, PGF2α and PGD2 (Fig.1.4). There are two isoforms of

cyclooxygenase. COX-1 is constitutively expressed at low levels in many tissues and is

needed for tissue homeostasis and maintenance (Cao et al. 2002). In most cells and

tissues, COX-2 is an inducible isoform and is not expressed under normal conditions.

However, COX-2 expression is upregulated by high levels of growth factors, cytokines,

acute or chronic UV-B and chemical tumor promoters, such as  TPA that cause tissue

irritation or inflammation (Fischer 2002). Overexpression of COX-2 has been observed

in benign papillomas and squamous cell carcinomas (An et al. 2002). COX-2 is also

overexpressed in some human cancers including prostate (Yoshimura et al. 2000),

breast (Half et al. 2002), colorectal (Sano et al. 1995; Gustafson et al. 1996), and

pancreatic tumors (Tucker et al. 1999; Kokawa et al. 2001). A number of studies on

human skin cancers and experimental animal models support overexpression of COX-2

and increased PGE2 production plays a pivotal role in the development of skin cancer

(Lee et al. 2003). Both genetic deletions of COX and nonselective COX inhibitory non-

steroidal anti-inflammatory drugs (NSAIDs) or COX-2 selective inhibitors prevent skin

tumor development following a DMBA-TPA protocol or UV irradiation (Fischer et al.

1999; Cao et al. 2002; Orengo et al. 2002). Oral administration or topical application of

selective COX-2 inhibitors, SC-58125 on NMRI mice and celecoxib to SKH-1 hairless
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mice, resulted in reduced papilloma development and reduction in both tumor numbers

and sizes, respectively (Muller-Decker et al. 1998; Fischer et al. 1999; Fischer 2002;

Orengo et al. 2002; Pentland et al. 1999). Taken together, previous studies provide

strong correlative evidence for a role of PGE2 in skin cancer development.

 1.4.    EP2 receptor for prostaglandin E2

1.4.1.  EP receptors (EP1, EP2, EP3 and EP4) and cancer

           Prostaglandin E2 (PGE2) is the major prostaglandin produced by COX enzymes

in the skin and is reported to increase cAMP levels in human and rodent skin. PGE2

effects are mediated by seven transmembrane G-protein-coupled receptors, namely,

EP1, EP2, EP3 and EP4. The different EP receptors are encoded by different genes and

differ in their responses to various agonist and antagonists. Gq-protein-coupled EP1

receptor-dependent PGE2 signaling activates phospholipase C and increases

intracellular calcium levels. The EP2, EP3 and EP4 receptors are linked to adenylate

cyclase and cAMP signaling. Gs-protein-coupled EP2 and EP4 receptor-dependent

signaling leads to an increase in cAMP levels and activation of protein kinase A,

whereas the EP3 receptor is coupled with the Gi protein and this receptor-dependent

signaling decreases cAMP levels (Regan 2003). To date, the relevance of such signaling

to carcinogenesis is unknown.
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           The interaction between PGE2 and the EP receptors depends on the differential

expression of these receptors, their binding affinity for PGE2 and differential activation

of each receptor in different tissues and cells. For example, all four EP receptors are

expressed in a number of tumor cells, e.g., colorectal cancer cell lines, as well as

tumorous tissues from mouse mammary glands, colon and skin. Importantly, all four EP

receptors are found in both normal and TPA- or UVB-irradiated murine epidermis (Lee

et al. 2005; Sung et al. 2005) and also detected in human squamous cell carcinomas

(SCC) tissue samples (Lee et al. 2005). However, expression of EP2/4 receptors is

upregulated whereas that of EP3 receptor is downregulated in tumors from mouse

mammary glands (Chang et al. 2004), small intestine and colon (Sonoshita et al. 2001).

Importantly, our findings have shown that the EP2 receptor is overexpressed in mouse

skin tumors from a DMBA-TPA study and in TPA-treated epidermis (Sung et al. 2005).

Recently, one group has shown that EP2 mRNA is expressed in normal skin and is

further increased in UVB-induced benign papillomas and SCC in SKH-1 mice (Lee et

al. 2005). Expression of the EP1 receptor is variable and maybe tissue specific.

Expression of EP1 receptor is upregulated in tumors from mouse mammary glands

(Chang et al. 2004) and skin (our preliminary data) whereas no change was observed in

tumors from small intestine and colon (Sonoshita et al. 2001).

     Based on previous studies, the roles of the EP receptors in carcinogenesis have

been primarily elucidated in colon carcinogenesis using Min mice or APC gene-

knockout mice. Recent studies show that the EP1 and EP4-selective antagonists, ONO-

8711 and ONO-AE2-227, respectively, reduce the number of intestinal polyps in the
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Min mouse model (Watanabe et al. 1999; Mutoh et al. 2002). Combination treatment of

these two antagonists also contributes to the decrease in the number of intestinal polyps

in the APC gene-knockout mice (Kitamura et al. 2003). EP1 receptor deficiency has

been associated with inhibition of azoxymethane (AOM)-induced colon cancer

development using EP1 knockout mice (Kawamori et al. 2005). Recently, one group

has shown that the growth rate of cultured malignant keratinocytes is mediated by the

EP1 receptor (Thompson et al. 2001). In a human cholangiocarcinoma cell line, PGE2

or EP1 receptor agonist ONO-DI-004 induced phosphorylation of EGFR, Akt and c-Src

and enhanced cell proliferation and invasion (Han et al. 2005). In both murine (C3L5)

and human (MDA-MB-231 and MCF-7) breast cancer cells, a migratory function has

been shown for EP4 in that the selective EP4 antagonist AH-23848B dramatically

inhibits migration of these cells (Timoshenko et al. 2003). In colorectal carcinoma cells,

EP4 receptor signaling through a PI3K pathway has been shown to increase cell

proliferation and motility (Sheng et al. 2001). However, the role of EP1 and EP4 in skin

carcinogenesis is fully unknown and needs to be assessed.

    In reproductive cancers, such as endometrial and cervical carcinoma, the

expression and Gαs signaling of the EP2 and EP4 receptor are elevated (Jabbour et al.

2001; Sales et al. 2001), suggesting an autocrine/paracrine regulation of endometrial

tumor function by PGE2. Similar observations correlating PGE2-EP2 receptor

interaction and tumor function have been made in other model systems (Sheng et al.

2001; Fujino et al. 2002; Regan 2003; Buchanan et al. 2003). In APCΔ716 mice,

enhanced angiogenic potential and microvascular density in intestinal polyps correlates
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strongly with COX-2, EP2 receptor and angiogenic factor expression (Seno et al. 2002).

Ablation of the EP2 receptor in these mice results in a decrease in the size of intestinal

polyps coincident with a decrease in COX-2 and angiogenic factor expression

(Sonoshita et al. 2001). Similarly, in human pancreatic cancer cells, PGE2 produced by

COX-2 increases VEGF expression via the EP2 receptor (Eibl et al. 2003). In mouse

mammary tumor cells, VEGF expression is mediated by the EP2 receptor through the

cAMP/PKA pathway, but not MAP kinase or PI3K/Akt pathway (Chang et al. 2005).

These studies therefore show that the PGE2-EP2 receptor interaction may promote

tumorigenesis by promoting neovascularization and angiogenesis.

    Interestingly, EP2/EP4 are expressed in proliferating mammary glands during

pregnancy and also in mammary tumors (Chang et al. 2004). Indomethacin, an NSAID,

suppressed expression of EP2/EP4 receptors and mammary carcinogenesis, suggesting

that these two receptors are likely to be involved in the regulation of mammary tumor

progression and angiogenesis (Chang et al. 2004). One group demonstrated that PGE2

acts via the EP2 receptor in human embryonic kidney cells to activate T cell factor

signaling via the cAMP dependent PKA pathway (Fujino et al. 2002). Recently, one

group reported that elevated EP2 receptor expression may facilitate the PGE2-induced

release of VEGF in reproductive tumor cells via intracellular cAMP-mediated

transactivation of the epidermal growth factor receptor (EGFR) and extracellular

signal–regulated kinase (ERK) 1/2 pathways (Sales et al. 2004). In colon cancer, such

as colon adenocarcinoma cells, cell growth is mediated by EP2/EP4 receptors through

PI3K/ERK activation (Sheng et al. 2001).
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     In a previous study of the EP3 gene in colon cancer, it was demonstrated that

homozygous disruption of EP3 in APCΔ716 mice did not affect the morphology or

number of polyps (Sonoshita et al. 2001). The levels of mRNA and protein expression

of EP3 are downregulated in several tissues and tumors including mammary gland,

small intestine and colon polyps (Chang et al. 2004; Sonoshita et al. 2001). However,

the polyp morphology of EP2-deleted APCΔ716 mice is very similar to that of COX-2

deficient APCΔ716 mice, which have flat and regressive polyps (Sonoshita et al. 2001).

In accordance with this finding, several studies and our findings have shown that the

EP3 receptor is not an important receptor among the EP receptors in the induction of

carcinogenesis including breast (Chang et al. 2004) and skin (Sung et al. 2005).

1.4.2.  Tissue, cellular and chromosomal localization of EP2 receptor

           cDNAs encoding the EP2 receptor have been cloned from a number of species

including human (Regan et al. 1994), mouse (Katsuyama et al. 1995), rat (Nemoto et al.

1997) and dog (Hibbs et al. 1999). Authentic human EP2 receptor cDNA encodes a

358-amino acid polypeptide that signals through increased cAMP. The presence of EP2

mRNA has been detected at various levels in a number of human tissues including skin,

small intestine, colon, liver, brain, kidney, lung, spleen, ovary, and placenta. EP2

mRNA is also found in mouse tissues such as skin (our preliminary data), small

intestine, colon, mammary gland and kidney (Smock et al. 1999). EP2 mRNA

expression has been detected in a number of human and mouse normal or carcinoma
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cell lines, such as cultured human keratinocytes (Konger et al. 1998), human pancreatic

cancer cells, and mouse mammary gland tumor cells (Chang et al. 2005).

 The human EP2 gene is made up of two exons separated by a large intron, utilizes a

common initiation site in both spleen and thymus at approximately 1.1 kb upstream of

the translation initiation site, and has 3′ transcript termini at 1140 bp and 1149 bp

downstream of the translation site in spleen and thymus respectively (Smock et al.

1999).  This finding is similar to that reported for the mouse EP2 gene in that the EP2

gene structure of two exons is separated by a large intron (Katsuyama et al. 1995).

Southern and fluorescence in situ hybridization analysis have shown the human EP2

gene to be a single copy gene located in band 22 of the long arm of chromosome 14

(14q22) (Smock et al. 1999).

1.4.3.  Ligand-binding by EP2 receptor

           EP receptors (EP1, EP2, EP3 and EP4) are encoded by different genes and differ

in their responses to various agonists and antagonists. The effects of several EP2

agonists (e.g., ONO-AE1-259) and natural ligand, PGE2, at a wide range of doses have

been tested to elucidate the role of EP2 receptor in carcinogenesis using several cell

lines and tissues including human keratinocytes (Konger et al. 1998) and skin (Sung et

al. 2005). Unfortunately, specific antagonists for EP2 have not yet been found. Thus we

used primary skin keratinocytes from EP2 knock out mice to test the effects of EP2

deficiency instead of using EP2 antagonists (Sung et al. 2005).
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          Importantly, PGE2, a natural ligand, has been used widely to show the effects of

PGE2 (e.g., cell proliferation) because PGE2, among ligands for EP2, binds to human

and mouse EP2 receptors with the highest binding affinity. A number of studies have

shown that PGE2 plays an important role in induction of cell proliferation,

angiogenesis, inflammation and inhibition of apoptosis mediated by EP2 receptor in

experimental mouse models (Chang et al. 2004; Sonoshita et al. 2001; Sung et al. 2005)

and cell lines (Fujino et al. 2002; Eibl et al. 2003; Jabbour et al. 2001; Sales et al. 2001).

CP-533,536, a synthetic ligand, increased bone density and accelerated bone healing in

canine dog models (Paralkar et al. 2003). A recently developed  EP2 agonist, ONO-

AE1-259 induced down-regulation of zymosan-induced tumor necrosis factor (TNF)α

production and up-regulation of IL-10 in murine peritoneal macrophages (Shinomiya et

al. 2001). Therefore, these findings led us to hypothesized that PGE2 binding to EP2

receptor may play a pivotal role in skin cancer.

1.4.4.  PGE2 and inflammation, proliferation, angiogenesis and apoptosis

    The levels of prostaglandins are highly increased by overexpression of COX-2 in

tumors. Reported studies have shown that prostaglandins affect a number of

mechanisms that have been implicated in carcinogenesis. PGE2 is the most abundant

prostaglandin found in most epithelial malignancies including skin. Importantly, PGE2

can induce cell proliferation, angiogenesis, inflammation and cell invasion, however, it
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also inhibits apoptosis and immune surveillance (Cohen et al. 2003; Sheng et al. 2001;

Tsujii et al. 1995).

    A role for prostaglandins in keratinocyte proliferation has been indicated in

several studies. Additionally, prostaglandins can induce IL-1α, an important

inflammatory cytokine in skin although IL-1α can also enhance prostaglandin synthesis

(Feingold et al. 1992). The tissue concentration of PGE2 is increased during mucosal

inflammation. In non-inflamed human colonic mucosa, EP2 and EP3 are expressed on

epithelia at the apex of crypts (Takafuji et al. 2000). During inflammation, lateral crypt

epithelial cells newly and significantly expressed EP2 and EP3 (Takafuji et al. 2000). In

skin, PGE2 was shown to be a required co-mitogen for phorbol ester-elicited hyper-

proliferation or mechanical wounding of epidermis (Eibl et al. 2003). In cultured human

keratinocytes, proliferation can be inhibited by the NSAID indomethacin and restored

by adding back PGE2 (Konger et al. 1998). PGE2, but not PGF2α, was shown to be

required for phorbol ester induction of ornithine decarboxylase (ODC), a key and

universal feature of all tumor promoters (Verma et al. 1977).

    There are numerous reports associating PGE2 with angiogenesis in many tissues

using a variety of approaches including administration of PGE2 (Majima et al. 1997;

Ghosh et al. 2000), as well as using COX inhibitors to suppress angiogenesis (Sawaoka

et al. 1999). Additionally, one group demonstrated that PGE2 increased VEGF

expression via a cAMP dependent mechanism (Hoper et al. 1997). In support of this, we

have shown that PGE2 elevates cAMP in keratinocytes (Maldve et al. 2000) and that

our EP2 and COX-2 transgenic mice have increased cAMP and increased
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vascularization. Recently, one group showed the cAMP/PKA dependent mechanism by

which COX-2–derived PGE2 induces tumor-associated angiogenesis, which is required

for the initiation and progression of mammary cancer in MMTV- COX-2 transgenic

mice (Chang et al. 2004; Chang et al. 2005). Thus, we hypothesize that PGE2 elevates

cAMP levels through EP2 activation, which in turn induces VEGF expression.

    In addition to inducing VEGF, PGE2 has also been assigned an anti-apoptotic

role in several tissues. Intestinal epithelial cells transfected with COX-2 cDNA were

resistant to butyrate-induced apoptosis that correlated with elevated bcl-2 expression

(Sheng et al. 1998). Studies in chicken embryo fibroblasts also implicated PGs in

preventing apoptosis (Lu et al. 1995). In normal and transformed intestinal epithelial

cells, COX-2-promoted anti-apoptosis is mediated by release of PGE2 and subsequent

cAMP-dependent c-IAP2 (cellular inhibitior of apoptosis protein 2) induction

(Nishihara et al. 2003). Other studies have suggested that PGE2 can induce expression

of the apoptosis inhibitor bcl-2 (Nishihara et al. 2003; Ueda et al. 2001).

1.4.5.  Genetic EP2 knockout study

     A number of reported studies have shown that EP receptors play a critical role in

the development of tumors. The use of gene knockout studies has contributed

significantly to our understanding of their potential physiology and role of the EP

receptors in skin carcinogenesis. The major phenotypes of EP2 receptor knockout mice

are impaired ovulation and fertilization, salt-sensitive hypertension (Kennedy et al.
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1999) and impaired osteoclastogenesis in vitro (Li et al. 2000). EP2 is involved in

growth of intestinal polyps in vivo and is the major receptor mediating the PGE2 signal

generated by COX-2 upregulation in intestinal polyposis (Sonoshita et al. 2001). In the

APCΔ716 mice, homozygous deletion of the EP2 receptor but not of EP1 or EP3

receptors causes a decrease in the number and size of intestinal polyps, due to an EP2

receptor-mediated decrease in tumor-associated angiogenesis (Sonoshita et al. 2001).

The decrease in COX-2 expression in polyps from EP2 receptor deficient APCΔ716

mice was interpreted as evidence for existence of a positive feedback loop in which

PGE2 stimulation of the EP2 receptor upregulates COX-2 leading to further PGE2

biosynthesis (Sonoshita et al. 2001).

    One area of considerable interest is the potential role of the EP2 receptor in

immune function and inflammation. It has recently been shown that the EP2 receptor is

also involved in cancer associated immunodeficiency (Yang et al. 2003). Thus,

knockout of the EP2 receptor reduced tumor growth and prolonged survival in mice that

had undergone isograft injection of lung carcinoma cells (Yang et al. 2003). In a mixed

lymphocyte model of the cellular immune response, it has also been found that EP2 and

EP4 receptors can regulate the function of antigen presenting cells and that the EP2

receptor can directly inhibit T-cell proliferation (Nataraj et al. 2001). EP2 receptor plays

an important role in PGE2-mediated suppression of dendritic cell differentiation and

function and for suppressed antitumor cellular immune responses in vivo (Harizi et al.

2003).
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   Importantly, one group showed that MMTV-COX2 transgenic mice crossed with

EP2 knockout mice reduced development of mammary epithelial hyperplasia and the

EP2 receptor induces the expression of amphiregulin by the cAMP/PKA pathway

(Chang et al. 2005). The results from these EP2 knockout mouse studies may be useful

in the development of novel therapeutics that can selectively manipulate actions

mediated by the EP2 receptor.

1.4.6.  EP2 receptor-signaling pathway and positive feedback loop

     EP2-mediated signaling pathway increases intracellular cAMP formation, which

in turn activates PKA. Based on a number of studies, EP2 receptors primarily use a

PKA-dependent pathway where PKA phosphorylates the transcription factor CREB at

Ser133.  The EP4 receptor can also activate the cAMP/PKA signaling pathway. It has

been reported that the EP4 receptor use both a PKA- and PI3K-dependent pathway.

According to recent studies, the EP4 receptor uses primarily a PI3K- and ERK-

dependent pathway in many cells including colon (Guillemont et al. 2001; Naraba et al.

2002) and kidney (Fujino et al. 2005). Recently, one group showed that the EP2

receptor-mediated cAMP/PKA signaling pathway is related to induction of VEGF

expression in numerous tumor cell lines, such as mammary gland tumor cells (Chang et

al. 2005), human pancreatic (Eibl et al. 2003) and prostate cancer cells, reproductive

tumor cells (Jabbour et al. 2001; Sales et al. 2001), and colon carcinona cells (Sheng et
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al. 2001). Thus we propose that cAMP/PKA/phospho-CREB by PKA activation is a

central signaling pathway in skin cancer leading to induction of proangiogenic factors.

           It has been demonstrated that CREB plays an important role in promoting

proliferation (Shaywitz et al.1999). Several cell cycle genes such as cyclin D1 and

cyclin A are regulated by CREB via a functional CRE element (Desdouets et al. 1995;

Lee et al. 1999). Additionally, the involvement of CREB in the control of tumor

metastasis was demonstrated in cases of melanoma cells (Jean et al. 2000; Jean et al.

2001); it has been suggested that CREB might also play a role in skin tumor progression

(Jean et al. 2000; Jean et al. 2001).

          The EP2 receptor has been involved in colon cancer and appear to be implicated

in a positive feedback loop through the expression of COX-2. The COX-2 promoter has

binding sites for universal transcription factors such as AP-1, C/EBP, nuclear factor-

κB(NF-κB), and CRE which are implicated in COX-2 induction in response to several

other stimuli (Cao et al. 2002).

          Interestingly, PGE2 has been shown to amplify its own production by inducing

COX-2 expression in various cells, in human pulmonary artery smooth muscle cells,

COX-2 induction by bradykinin, an important pro-inflammatory mediator, is mediated

by the CRE on the COX-2 promoter through a positive feedback loop involving

EP2/EP4 receptors (Bradbury et al. 2003). In cervical carcinomas, elevated PGE2 may

act in a autocrine/paracrine manner via cAMP-linked EP2/EP4 receptors to mediate an

effect on target genes, such as COX-2 (Bradbury et al. 2003). In murine osteoblastic

cells, signaling through the CRE-binding sites has been reported in TPA-induced COX-
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2 expression (Okada et al. 2000). Our laboratory previously observed that PGE2 and

dibutryl-cAMP, a cAMP analog, transcriptionally activate COX-2 expression in murine

keratinocytes (Maldve et al. 2000). This suggests that regulation of COX-2 expression

by PGE2 in keratinocytes is mediated at least in part via the EP2 receptor. This positive

feedback loop between COX-2 and PGE2 may potentiate the progression of skin

cancer. Thus CREB may play an important role in the mechanistic basis of skin

carcinogenesis.

1.5.      Specific Aims

           We have chosen to concentrate primarily on EP2 for several reasons. First, we

have evidence that PGE2 elevates cAMP in keratinocytes and that this is sufficient to

alter gene expression. Second, the EP2 receptor has been shown to be important in the

development of intestinal polyps in Apc knockout mice (Sonoshita et al. 2001) and in

elevating VEGF, leading to angiogenesis in intestinal tumors (Seno et al. 2002). Third,

in primary cultures of human keratinocytes, selective agonists of EP2 caused a complete

reversal of indomethacin-induced growth inhibition as did exogenous dibutyryl cAMP

implicating the EP2 receptor in growth regulation (Konger et al. 1998). Thus

collectively it appears that EP2 may be the most important PGE2 receptor in

modulating key events in epithelial cell behavior and tumor development.

       However, demonstration of EP2 receptor expression in murine skin has not been

previously reported. In addition, the possibility that the EP2 receptor is involved in the
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development of skin tumors was also unknown. Recently, we found that, unlike EP3

knockout mice, the EP2 knockout mice develop significantly fewer tumors and reduced

tumor incidence compared to wild type mice (Sung et al. 2005).

           Based on these observations, we hypothesize that activation of the EP2

receptor indirectly by tumor promoters or directly by PGE2 contributes to skin

tumor development. Thus the goal of this research is to determine the contribution of

the EP2 receptor for prostaglandin E2 to tumor promotor-mediated cell proliferation

and epithelial carcinogenesis, using the mouse skin carcinogenesis model. The specific

questions to be addressed are:

Specific Aim 1: To determine whether the lack of expression of the EP2, but not

EP3 receptor for prostaglandin E2 results in suppression of skin tumor

development. All four PGE2 receptors were found to be present in normal human

epidermis. We also have preliminary data that all four EP receptors are expressed in

mouse epidermis. It has been difficult to determine whether the biological effects of

PGE2 (proliferation, apoptosis, inflammation and angiogenesis) are EP2-dependent or

not. EP2 knockout mice will be used in tumor experiments using the DMBA-TPA

protocols. Tumor incidence and multiplicity will be compared with that in wild type

mice. Changes in proliferation, angiogenesis and apoptosis will be measured. Epidermal

cell proliferation and apoptosis will be measured by BrdU incorporation assay and

TUNEL assay, repectively. Angiogenesis will be assessed with CD31 staining.
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Specific Aim 2: To determine whether the overexpression of the prostaglandin E2

receptor EP2 results in enhanced skin tumor development. We already have

preliminary data that EP2 receptor protein expression was elevated in papillomas and

carcinomas from a DMBA-TPA study. To further determine the contribution of the EP2

receptor to skin tumor development, EP2 transgenic mice will be generated in which

human EP2 cDNA is under the control of the bovine keratin 5 (BK5) promoter. EP2

transgenic mice will be used in tumor experiments using the DMBA-TPA protocols.

The effect of the overexpression of EP2 on changes in proliferation, angiogenesis,

inflammation and apoptosis will be determined in groups of 4 to 6 mice or tumors from

each treatment group. Proliferation will be assessed following BrdU injection.

Angiogenesis will be quantified in the dermis and tumors by immunohistochemistry

using an anti-CD-31 antibody. Apoptosis will be measured by anti-caspase-3 antibody

staining in papilloma and squamous cell carcinoma samples. Inflammation will be

assessed by antibody staining of macrophages in EP2 TG mice and WT mice treated

with acetone or TPA for 48 hr.

Specific Aim 3: To determine whether EP2 signaling through PKA and CREB is

the mechanism responsible for the PGE2 effects on proliferation and angiogenesis

in mouse skin. We hypothesized that COX-2 induction by PGE2 or TPA is mediated

by the CRE through a novel autocrine loop involving the EP2 receptor. This positive

feedback loop between COX-2 and PGE2 may potentiate the progression of skin

cancer. Thus CREB may play an important role in the mechanistic basis of skin
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carcinogenesis. To determine whether a positive feedback loop exists, the level of

COX-2 expression following PGE2 or TPA treatment will be quantitated in vivo and in

vitro and PGE2 secretion will be measured in vivo after TPA treatment. We will use

primary skin keratinocytes from EP2 null and wild type or EP2 transgenic mice to

determine the mechanisms involved in the regulation of genes associated with

proliferation and angiogenesis. We will examine whether the proliferative effect of

PGE2 depends on its EP2 receptor and whether this involves the PKA/CREB pathway.

To determine this, we will perform [3H]-thymidine incorporation assays using primary

skin keratinocytes from EP2 knockout mice and WT mice. To demonstrate the signaling

molecules and pathways used by EP2, primary cultures of keratinocytes from transgenic

mice will be to assess CREB phosphorylation levels using several inhibitors (PKA and

adenylate cyclase inhibitors).
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Chapter II

Lack of expression of the EP2, but not EP3 receptor for prostaglandin
           E2 results in suppression of skin tumor development

2.1.    Summary

         The EP2 receptor for prostaglandin (PG) E2 is a membrane receptor that mediates

at least part of the action of PGE2. It has been shown that EP2 plays a critical role in

tumorigenesis in mouse mammary gland and colon. However, the possibility that the

EP2 receptor is involved in the development of skin tumors was unknown. The purpose

of this study was to investigate the role of the EP2 receptor in mouse skin

carcinogenesis. Unlike EP3 knockout mice, the EP2 knockout mice produced

significantly fewer tumors and reduced tumor incidence compared to wild type (WT)

mice in a DMBA (7,12-dimethylbenz[a]anthracene)/TPA (12-O-tetradecanoylphorbol-

13-acetate) two-stage carcinogenesis protocol. EP2 knockout mice had significantly

reduced cellular proliferation of mouse skin keratinocytes in vivo and in vitro compared

to that in WT mice. In addition, the epidermis of EP2 knockout mice 48 hr after topical

TPA treatment was significantly thinner compared to that of WT mice. The

inflammatory response to TPA was reduced in EP2 knockout mice, based on a reduced

number of macrophages in the dermis and a reduced level of interleukin-1(IL-1)α

mRNA expression, compared to WT mice. EP2 knockout mice also had significantly

reduced epidermal cAMP levels after PGE2 treatment compared to WT mice. Tumors

from WT mice produced more blood vessels and fewer apoptotic cells than those of
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EP2 knockout mice as determined by immunohistochemical staining. Our data suggest

that the EP2 receptor plays a significant role in the pro-tumorigenic action of PGE2 in

skin tumor development.

2.2.     Introduction

           Cyclooxygenase (COX) catalyzes the conversion of arachidonic acid into the

intermediate PGH2, which is a rate-limiting step in PGE2 production. Two isoforms of

COX have been identified. COX-1 is constitutively expressed in many tissues and has

functions in tissue homeostasis. COX-2 is induced by mitogenic or inflammatory

factors and is highly expressed in most epithelial cancer cells including skin (Cao et al.

2002). In epidermal keratinocytes, PGs produced by COX-1/2 are highly regulated and

necessary for skin tumor formation and development (Maldve et al. 2000). Ultraviolet

(UV) irradiation or application of various tumor promoters highly induce the expression

of COX-2 and elevate PGE2 production in mouse skin (Fischer et al. 1999; Maldve et

al. 1996). Both genetic deletions of COX and nonspecific COX inhibitory non-steroidal

anti-inflammatory drugs (NSAIDs) or COX-2 specific inhibitors prevent skin tumor

development following a DMBA-TPA protocol or UV irradiation (Cao et al. 2002;

Fischer et al. 1999). PGE2 is the major prostaglandin produced in the skin (Conconi et

al. 1996) and is a co-mitogen for mechanical wounding (Rys-Sikora et al. 2000) and for

phorbol ester-induced hyperproliferation of epidermis (Goldyne et al. 1994). PGE2

binds to four receptors, designated EP1, EP2, EP3, and EP4 (Regan 2003). These
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receptors are seven transmembrane G-protein coupled receptors. EP1 receptor-mediated

signaling increases intracellular calcium levels. EP2 and EP4 receptor-mediated

signaling increases cAMP levels via activation of adenylate cyclase while EP3 receptor-

mediated signaling decreases cAMP levels (Regan 2003). All four PGE2 receptors were

found to be present in normal human epidermis (Regan 2003) and we have found that

all four EP receptors are expressed in mouse epidermis. It has been difficult to

determine whether the biological effects ascribed to PGE2, i.e., proliferation, apoptosis

and angiogenesis, are EP2-dependent or not. To address this, a number of investigators

used knockout mice to study the role of the EP2 receptor in several cancer tissues, such

as mammary gland and colon tissues (Regan 2003; Konger et al. 1998; Sonoshita et al.

2001). EP2 is also implicated in the growth of intestinal polyps in vivo and plays an

important role in PGE2 mediated signaling pathways in intestinal polyposis with COX-

2 overexpression (Sonoshita et al. 2001). In the APCΔ716 mice, a murine model of

familial adenomatous polyposis, homozygous disruption of the EP2 receptor caused a

decrease in the number and size of intestinal polyps as well as a decrease in COX-2 and

vascular endothelial growth factor (VEGF) expression (Sonoshita et al. 2001). This

suggests that EP2 receptor activation contributes to induction of tumor-mediated

angiogenesis, at least in this mouse model system (Sonoshita et al. 2001). Similarly, in

human pancreatic cancer cells, PGE2 synthesized by COX-2 elevates VEGF expression

via the EP2 receptor (Eibl et al. 2003). These studies therefore showed that the PGE2-

EP2 receptor interaction may contribute to tumor development by promoting

neovascularization and angiogenesis. Interestingly, EP2/EP4 are expressed in
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proliferating mammary glands during pregnancy as well as in mammary tumors (Chang

et al. 2004). Indomethacin, an NSAID, inhibits not only expression of EP2 and EP4

receptors but also mammary tumor development (Chang et al. 2004). This suggests that

these two receptors may be involved in the induction of mammary carcinogenesis and

angiogenesis (Chang et al. 2004). In human embryonic kidney cells, PGE2 induced T

cell factor signaling via the EP2 receptor-mediated cAMP-protein kinase A (PKA)

pathway (Fujino et al. 2002). Recently, one group demonstrated that increased EP2

receptor expression may induce PGE2-mediated VEGF production in endometrial

adenocarcinoma cells through activation of the epidermal growth factor receptor

(EGFR) and extracellular signal–regulated kinase (ERK) 1/2 signaling pathways (Sales

et al. 2004).

           Previous studies showed that IL-1α, an important inflammatory cytokine in skin,

can be induced by PGs and IL-1α can also induce PG synthesis (Murphy et al. 2003).

Several groups demonstrated that the PGE2 level is increased dramatically in human

colonic mucosal inflammation (Takafuji et al. 2000) and UV-irradiated or TPA-treated

skin (DiGiovanni 1992; Fischer et al. 1999; Mize et al. 1997; Pentland et al. 1999). In

inflamed human colonic mucosa, EP2 receptor was expressed significantly in lateral

crypt epithelial cells (Takafuji et al. 2000). However, the possibility that TPA-mediated

inflammation is via the EP2 receptor was previously unknown. The possibility that the

EP2 receptor is involved in the development of skin tumors was also unknown. Based

on previous observations, we hypothesized that activation of the EP2 receptor by PGE2

contributes to skin tumor development. To investigate this hypothesis and the role of
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EP2 in skin carcinogenesis, we used an EP2 knockout mouse model. Here we report our

observations on the effects of EP2 deletion on skin tumor development using a chemical

DMBA/TPA protocol, as well as the effects of EP2 ablation on keratinocyte

proliferation, apoptosis, angiogenesis and inflammation in mouse skin.

2.3.     Materials and Methods

           Materials- Monoclonal rat anti-BrdU (5-bromo-2-deoxyuridine) antibody

(Becton Dickinson, San Jose, CA), [3H-methyl] thymidine ([3H]thymidine : 79.20

Ci/mmol) (PerkinElmer Life Sciences, Boston, MA), anti-CD-31 antibody (Santa Cruz

Bio Technology, Santa Cruz, CA), BCA kit (Bio-Rad, Richmond, CA), cAMP enzyme

immunoassay system (PerkinElmer Life Sciences, Boston, MA), PGE2 (Cayman

Chemical, Ann Arbor, MI), SQ 22,536 (Sigma Chemical, St Louis, MO), TUNEL kit

(Calbiochem, La Jolla, CA), EP1, EP2, EP3 and EP4 antibody (Cayman Chemical, Ann

Arbor, MI), goat anti-rabbit-immunoglobulin G-conjugated horseradish peroxidase and

β-actin antibody (Santa Cruz Bio Technology, Santa Cruz, CA), chemiluminescence

detection system (ECL; PerkinElmer Life Sciences, Boston, MA) and anti-macrophage

antibody (F4/80 Macrophage, Serotec, UK) were used.

          Animals- EP2 and EP3 knockout mice on a 129 background were kindly provided

by Dr. Beverly Koller, Univ. North Carolina-Chapel Hill. The genotypes of EP2 and

EP3 knockout mice were determined as previously described (Tilley et al. 1999;

Fleming et al. 1998). WT mice (129 background) were used as controls. WT mice were
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purchased from Taconic (Germantown, NY). All mice were maintained at Science Park

and housed in an air conditioned facility which is AAALAC accredited.

          Western blot analysis- Total protein was isolated from the epidermis of female

homozygous EP2 and EP3 knockout mice and WT (129 and FVB) mice with Triton-X

100 buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 0.5% Triton X 100) Samples were

electrophoresed on a 10% SDS (sodium dodecyl sulfate)-polyacrylamide gel and

electroblotted onto polyvinylidene difluoride membranes. Blots were blocked for 1 hr in

5% nonfat milk in phosphate-buffered saline (PBS) containing 0.25% Tween 20. EP1

(42 kDa), EP2 (40 kDa), EP3 (53 kDa) and EP4 (52 kDa) protein were detected with

anti-EP1, EP2, EP3 and EP4 polyclonal antibodies as recommended by the

manufacturer (Cayman Chemical, Ann Arbor, MI), diluted 1:500, and goat anti-rabbit-

immunoglobulin G-conjugated horseradish peroxidase (diluted 1:2,000) used as a

secondary antibody. Immunoblotting for β-actin for each blot was carried out to confirm

equal loading.

          Tumor experiments- Thirty 6-8-week-old female homozygous EP2 and EP3

knockout mice and WT mice were initiated topically with 100 µg of DMBA in 200 µl

of acetone 2 days after shaving the dorsal skin. Two weeks after initiation, the mice

were topically treated with 2.5 µg TPA in 200 µl acetone twice a week for a period of

30 weeks. Tumor incidence and tumor multiplicity were recorded weekly. Tumor

multiplicity was calculated as the average number of skin tumors per mouse. Tumor
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incidence was calculated as the percentage of mice with skin tumors. Tumor size was

measured with calipers at the end of the experiments. Tumor type was determined by

histopathological analysis of stained sections, as described below.

          BrdU incorporation- Four each of 8-week-old EP2 knockout mice and WT mice

were shaved 2 days prior to treatment with TPA 2.5 µg/200 µl acetone. BrdU (0.1 mg/g

body weight) was injected intraperitoneally 1 hr prior to sacrifice. The mice were

euthanized 18 hr after a single or 4 (twice a week) TPA treatments and their dorsal skins

were removed, fixed in formalin, and processed for paraffin embedding and

immunohistochemical staining with a monoclonal rat anti-BrdU antibody by the

Histology Core of the Science Park Research Division. BrdU positive and negative

basal cells were counted in 3 to 5 randomly selected areas of each skin section and the

mean percentage of BrdU-positive cells and standard deviation for each treatment group

were determined.

          Cell culture- Primary skin keratinocytes from newborn EP2 knockout mice and

WT mice were prepared as described by Yuspa (1994). Briefly, 1-2 day old mouse pups

were euthanized on ice and washed in 75% ethanol. The skin was stripped off and

floated on 0.25% trypsin overnight at 4°C. The epidermis was separated from the

dermis and chopped in Waymouth’s medium containing 1.2 mM calcium and 10% fetal

bovine serum. The cells were filtered through a sterilized mesh and plated at 2 x 106

cells/dish for most purposes. Cells were incubated at 37°C with 5% CO2 for 2 hrs in
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Waymouth’s medium to allow them to attach to the plate. Cells were then washed with

PBS and grown in keratinocyte growth medium (serum-free medium containing 0.03

mM calcium, Cambrex, Walkers, MD) at 37°C with 5% CO2 for experimental use and

treated with 0.2% vehicle (methanol) or PGE2.

          [3H]-thymidine incorporation assay- Primary cultures of skin keratinocytes from

WT and EP2 knockout mice at about 85-90% confluence in 6-well plates were treated

in triplicate with 0-30 µM PGE2 for 20 hr and pulsed with 1 µCi /ml [3H]-thymidine 2

hr before harvest. Cells were then washed twice with ice-cold PBS and three times with

ice-cold 10% trichloroacetic acid. Cells were lysed with 0.3N NaOH, 1% SDS and the

[3H]-thymidine incorporated by cells was counted in a scintillation counter and

normalized to protein concentration. Protein concentration was determined with the

BCA kit.

          Hyperplasia- Hyperplasia was assessed in 3 each of 8-week-old EP2 knockout

mice and WT mice 48 hr after a single or 18 hr after 4 treatments with acetone or TPA

(2.5 µg/200 µl acetone). The thickness of the epidermis (µm) was measured using an

image system (Nikon ACT-1). The on-screen measurements of epidermis were obtained

as raw data, and the actual thickness of epidermis was calculated by dividing the raw

data by the magnification (x 650) in 15 fields per section.



43

            Immunohistochemistry- At the end of the experiments tumors were removed

from the animals, fixed immediately in formalin and embedded in paraffin. Sections

were stained with hematoxylin and eosin (H&E) for light microscopy. The Science Park

Histology Service performed the work involved in embedding, sectioning and staining

for light microscopy. All tissues were examined histologically to determine whether the

epithelium was normal, dysplastic, invasive, or had the characteristic papilloma or

carcinoma patterns. Angiogenesis was assessed by staining of endothelial cells in

papilloma samples of similar sizes from WT and EP2 knockout mice with an anti-CD-

31 antibody. The number of CD31 positive vessels was counted in 8 fields at a

magnification at 40X. Apoptosis was determined by caspase-3 staining in papilloma

samples of similar sizes from WT and EP2 knockout mice. The number of apoptotic

positive cells was counted in 8 fields at a magnification of 40X. Inflammation was

assessed by antibody staining of macrophages in 3 each of 8-week-old EP2 knockout

mice and WT mice treated with acetone or TPA for 48 hr. The number of macrophage-

positive cells was counted in 15 fields at a magnification of 40X.

           cAMP analysis- cAMP measurement was carried out using a kit from

PerkinElmer Life Sciences. Dorsal epidermis from EP2 knockout and WT mice was

removed quickly 1 hr after treatment with 100 µM PGE2 with as little manipulation as

possible and immediately snap frozen in liquid nitrogen, placed in ice cold 0.05M Tris-

HCl buffer (pH 7.4) containing 5 µg/ml indomethacin and stored at –70 ºC. In some

groups of mice, the adenylate cyclase inhibitor SQ 22,536 (100 µM) was topically
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applied 30 min prior to the application of PGE2. Calculation of cAMP concentrations

(pmol/mg protein) was based on a standard curve for each experiment.

          Northern blot analysis- Total RNA was extracted from whole skin of EP2

knockout and WT mice treated with 100 µM PGE2 or TPA (2.5 µg/200 µl acetone)

with Tri-reagent (MRC, Cincinnati, OH) following the manufactuer’s protocol. Ten µg

of total RNA of each sample was denatured and separated on 1% agarose/6%

formaldehyde gel, and then transferred to nylon membranes. A [32P]dCTP-labeled

cDNA probe for IL-1α was hybridized to the blots at 65 °C for 2 hr. The blots were

then washed twice each for 15 min in 0.1% SDS/2x NaCl/sodium citrate solution

(where 1x is 0.15 M NaCl/15 mM  sodium citrate) at room temperature and once for 30

min with 0.1% SDS/0.1x NaCl/sodium citrate solution at 60 °C and exposed to X-ray

film at –80 °C. The blots were stripped and reprobed with glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) cDNA as a loading control.

          Statistical analysis- Data are shown as the means ± standard deviation.

Statistical differences between means were determined using one-way ANOVA.

2.4.     Results

          EP2 deficiency suppressed skin tumor development. Western blot analysis was

performed to confirm ablations of EP2 and EP3 expression in EP2 and EP3 knockout
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mice (Fig. 2.1A). Our observation showed that EP2 and EP3 proteins were expressed in

the skin of WT 129, but EP2 and EP3 expression were lacking in EP2 and EP3

knockout mice, respectively (Fig. 2.1A). To determine whether TPA treatment alters

expression levels, we used anti-EP1, 2, 3 and 4 polyclonal antibodies to examine their

expression at 18 hr after treatment (Fig. 2.1B). We found that all four receptors were

expressed in murine epidermis and that TPA upregulates the expression only of the EP2

receptor (Fig. 2.1B). This was verified by real time PCR (data not shown). To test the

role of the EP receptors in mouse skin carcinogenesis, we initially used EP3 and EP2

knockout mice and WT mice in a DMBA/TPA two-stage carcinogenesis protocol. As

several groups reported that the EP3 receptor is not important in several cancer tissues,

including mammary gland and colon (Sonoshita et al. 2001; Chang et al. 2004), we

hypothesized that EP3 was also not likely to be important in skin carcinogenesis. As we

expected, there was no difference between EP3 null mice and WT mice in tumor

multiplicity (Fig. 2.1C, left) or tumor incidence (Fig. 2.1C, right) after 30 weeks of TPA

promotion. The tumor size distribution of EP3 knockout mice was almost the same as

that of WT mice (data not shown) at week 30. Unlike EP3 knockout mice, the EP2

knockout mice had significantly fewer tumors (Fig. 2.2A) and reduced tumor incidence

(Fig. 2.2B) compared to WT mice. At 30 weeks the mean number of tumors/mouse was

5.9 for WT and 2.9 for EP2 knockout mice. Tumor size distribution for the EP2

knockout mice was similar to that of WT mice in the small (≤ 2 mm) and medium (2

mm < to < 5 mm) size range, however, the EP2 knockout mice produced fewer large

size (~≥ 5 mm) tumors than WT mice (data not shown). Additionally, no carcinomas
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were produced in the EP2 knockout mice while 6 carcinomas were observed in the WT

mice. These data suggest that the EP2 receptor may play an important role in

chemically-induced skin carcinogenesis.

            EP2 deficiency resulted in decreased cell proliferation and hyperplasia. PGE2

has been reported to regulate cell proliferation, apoptosis and the expression of the Bcl-

2, matrix metalloproteases (MMP) and VEGF genes in various cell types including skin

(Regan 2003; Chang et al. 2004; Chang et al. 2005). Therefore we examined whether a

proliferative effect of PGE2 could be mediated by the EP2 receptor. To study the role of

the EP2 receptor in cellular proliferation of mouse skin keratinocytes in vivo and in

vitro, we performed BrdU and [3H]-thymidine incorporation assays using EP2

knockout mice and WT mice. Results showed that BrdU incorporation 18 hr after a

single TPA treatment was significantly reduced in the skins of EP2 knockout mice

compared to that in WT mice (Fig. 2.3A) (EP2-/- 48.8% vs WT 64.6%; p<0.001). We

next examined whether the EP2 receptor could affect epidermal hyperplasia 48 hr after

TPA treatment. Our data showed that epidermal thickness of EP2 knockout mice was

significantly reduced compared to that of WT mice 48 hr after TPA treatment (EP2-/-

21.2 µm vs WT 30.3 µm; p<0.01) (Fig. 2.3B & C). We also investigated whether

multiple treatments with TPA could produce similar changes in cell proliferation and

epidermal thickness between WT and EP2 knockout mice. As shown in Fig. 2.4A and

B, EP2 knockout mice showed significantly reduced cell proliferation (EP2-/-  47.7% vs

WT 69.8%; p<0.001) and epidermal thickness (EP2-/- 39.1 µm vs WT 58.1 µm;
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p<0.01) compared to those of WT mice 18 hr after the last of four treatments with TPA.

Taken together, the EP2 receptor may play an important role in mediating TPA-induced

cell proliferation and hyperplasia in mouse skin.

           Cultures of primary skin keratinocytes from EP2 knockout mice also showed a

significantly decreased ability to incorporate [3H]-thymidine 20 hr after PGE2

treatment compared to WT keratinocytes (Fig. 2.4C). These data suggest that PGE2

directly mediates a proliferative response in keratinocytes, i.e., PGE2-induced

mediators from the dermis are not necessary.

           EP2 deficiency affects TPA-induced inflammation. To determine whether TPA-

induced inflammation was also mediated by the EP2 receptor, we immunostained the

skins of EP2 knockout mice and WT mice 48 hr after acetone or TPA treatment with an

antibody against macrophages. There was no difference between EP2 knockout mice

and WT mice with acetone treatment (Fig. 2.5A). However, the number of macrophages

was significantly, although not completely, reduced after TPA treatment in the skins of

EP2 knockout mice compared to that in WT mice. (53.1 ± 1.6 for WT vs 32.8 ± 3.0 for

EP2 -/-, p<0.001) (Fig. 2.5A). This suggests that the EP2 ablation reduces TPA-induced

inflammation in mouse skin.

          Because IL-1α is an important inflammatory cytokine induced by PGs in skin

(Murphy et al. 2003), we examined IL-1α expression in TPA-treated EP2 knockout and

WT mice. As shown in Fig. 2.5B, the induction of IL-1α mRNA was significantly

reduced in EP2 knockout mice compared to WT mice. Co-treatment with PGE2 and



48

TPA enhanced IL-1α expression above that seen with TPA alone in WT mice; this

enhancement by PGE2 was not observed in EP2 knockout mice. Unexpectedly, PGE2

alone was not sufficient to induce IL-1α mRNA expression, even at 100 µM, in vivo.

Collectively, these data suggest that part of the mechanism by which TPA elicits

inflammation is via EP2 activation by PGE2. The reduced inflammation in EP2

knockout mice may also explain the observed differences in tumor development

between WT and EP2 knockout mice.

           EP2 deficiency reduced cAMP levels following PGE2 treatment in vivo. EP2

receptor-dependent signaling leads to an increase in cAMP levels (Regan 2003). cAMP

is an important second messenger in the EP2-mediated signaling pathway because

cAMP activates PKA which stimulates phosphorylation of cyclic AMP response

element binding protein (CREB) (Shaywitz et al. 1999). Thus we hypothesized that

cAMP levels would be reduced in the epidermis from EP2 knockout mice compared to

WT mice following 100 µM PGE2 treatment. PGE2 treatment resulted in a more than a

2 fold induction of cAMP in WT mice (Fig. 2.6A). However, PGE2 failed to induce

cAMP production in the epidermis of EP2 knockout mice. As expected, PGE2-induced

cAMP production was blocked in the epidermis from WT mice treated with 100 µM SQ

22,536, an adenylate cyclase inhibitor. This suggests that activation of the EP2 receptor

can induce cAMP production and that cAMP-dependent PKA signaling may affect

expression of genes related to cell proliferation, apoptosis and angiogenesis in murine

skin cancer.
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           EP2 deficiency affects apoptosis and angiogenesis. PGE2 is a possible inducer of

angiogenesis and induces the expression of proangiogenic genes such as VEGF (Chang

et al. 2004; Eibl et al. 2003; Sales et al. 2004). Several groups have demonstrated that

PGE2 increased VEGF expression via a cAMP-dependent mechanism (Hoper et al.

1997). CREB regulates cell cycle-related genes such as cyclin D1 (Lee et al. 1999) and

cyclin A (Desdouets et al. 1995) and proangiogenic genes such as VEGF and anti-

apoptotic factors such as bcl-2 via a CRE element on their gene promoters (Shaywitz et

al. 1999), and it has been shown that CREB plays an important role in inducing

proliferation and angiogenesis (Desdouets et al. 1995; Ghosh et al. 2000; Hoper et al .

1997; Lee et al. 1999; Majima et al. 1997; Shaywitz et al. 1999). Thus, we hypothesized

that PGE2 elevates cAMP levels, which in turn induces VEGF, in murine keratinocytes

and possibly other cell types in the skin. PGE2 also plays an important role as an anti-

apoptotic mediator in several tissues (Sheng et al. 1998; Lu et al. 1995; Nishihara et al.

2003; Ueda et al. 2001). Thus, we hypothesized that the anti-apoptotic effect of PGE2

could be mediated by the EP2 receptor. To determine whether the extent of tumor

angiogenesis or apoptosis correlates with the reduced tumor numbers in the EP2

knockout mice, we immunostained papilloma samples of similar sizes from EP2

knockout and WT mice with an anti-CD31 antibody, a marker of endothelial cells, and

by TUNEL staining for apoptosis. Significant differences in blood vessel number were

observed in tumors from WT and EP2 knockout mice (75.6 ± 5.5 for WT vs 37.6 ± 6.3

for EP2 -/-, p<0.001) (Fig. 2.6B). For apoptotic cells, there was also a significant
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difference, with an average of 44.4 ± 9.3 and 73 ± 7.4 (p<0.001) observed in tumors

from WT and EP2 knockout mice, respectively (Fig. 2.6C). These data suggest that

alterations in angiogenesis and apoptosis could also explain the observed differences in

tumor growth between WT and EP2 knockout mice.

2.5.     Discussion

           In several studies, a role for PGs in keratinocyte proliferation has been shown

(Conconi et al. 1996). PGE2 was regarded as a co-mitogen for phorbol ester-induced

hyperproliferation (Goldyne et al. 1994) or mechanical wounding of epidermis (Rys-

Sikora et al. 2000). In cultured human keratinocytes, the NSAID indomethacin inhibited

cell proliferation, which was countered by adding back PGE2 (Konger et al. 1998). Our

current results are in agreement with this previous study in that EP2 knockout mice

showed a reduction in cell proliferation compared to WT mice after a single TPA

treatment in vivo. In vitro, primary keratinocytes cultured from EP2 knockout mice also

showed a reduced proliferation response to PGE2. Additionally, epidermal thickness of

EP2 knockout mice was significantly reduced compared to that of WT mice after TPA

treatment. Taken together, these results strongly support a model in which tumor

promoter-induced cell proliferation and hyperplasia are at least partially mediated by

the production of PGE2 and its subsequent activation of the EP2 receptor in

keratinocytes.
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           There are a number of studies associating PGE2 with angiogenesis in many

tissues (Majima et al. 1997; Ghosh et al. 2000), as well as studies showing a reduction

in angiogenesis by COX inhibitors (Sawaoka et al. 1999). Previous reports also showed

that the EP2 receptor is involved in angiogenesis in several cancer tissues including

colon and mammary gland (Sonoshita et al. 2001; Chang et al. 2004). It has been

reported that among the EP receptors, PGE2-mediated signaling is most likely

transduced through the EP2 receptor. Additionally, one group demonstrated that PGE2

increased VEGF expression via a cAMP-mediated mechanism (Desdouets et al. 1995).

In support of this, we have shown that there is a reduced cAMP response to PGE2

application in the epidermis of EP2 knockout mice and that tumors from the EP2

knockout mice have decreased vascularization. Thus, our data are in agreement with a

model in which PGE2 elevates cAMP levels through EP2 activation, which in turn

induces angiogenesis.

            PGE2 has also been demonstrated to play an anti-apoptotic role in several

tissues. In chicken embryo fibroblasts, PGs were also shown to inhibit apoptosis (Lu et

al. 1995). Other studies have suggested that PGE2 can induce expression of apoptosis

inhibitors such as bcl-2 and cellular inhibitor of apoptosis protein 2 (c-IAP2) (Sheng et

al. 1998; Lu et al. 1995; Nishihara et al. 2003; Ueda et al. 2001). Here, we have shown

that the anti-apoptotic effects of PGE2 are mediated at least in part by the EP2 receptor

because tumors from EP2 knockout mice showed a significantly increased number of

apoptotic cells compared to WT tumors. These results support our conclusion that
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deletion of EP2 causes a significant decrease in skin tumor development due to a

reduction in cell proliferation, a reduction in angiogenesis and increased apoptosis.

          Topical TPA has been well demonstrated to induce inflammation in skin (Fischer

et al. 1990) and inhibition of inflammation inhibits skin tumor development (Fischer et

al. 1990). All categories of anti-inflammatory agents prevent/inhibit skin tumor

development including agents targeted against the edema caused by histamine (Fischer

et al. 1990), cyclooxygenase inhibitors (Murakami et al. 2000; Wilgus et al. 2002) and

reactive oxygen species (Fischer et al. 1988). Finally, the ability of chronic

inflammation to promote skin carcinogenesis was definitively shown in a recent genetic

model (De Visser et al. 2005). COX inhibitory NSAIDs in particular contributed to both

reduce TPA-induced progression and TPA-mediated inflammation (Cao et al. 2002).

Our results show that TPA-induced inflammation in skin is mediated in part via the EP2

receptor. It suggests the possibility that PGE2 may play an important role as a co-

mitogen for phorbol ester-induced hyperproliferation of epidermis as well as a co-

inducer for TPA-induced inflammation in skin.

          A noteworthy finding in our studies is that while the EP2 receptor appears to play

a major role in skin tumorigenesis, the EP3 receptor does not. There are several possible

explanations for why EP3 has no effect in skin tumor development. First, in contrast to

EP2/4 receptors, EP3 receptor–mediated signaling decreases cAMP levels via inhibition

of adenylate cyclase (Fleming et al. 1998), and thus likely has no effect on the

expression of anti-apoptotic and pro-angiogenic genes. Second, in a previous study of

the EP3 gene in colon cancer, it was demonstrated that homozygous disruption of EP3
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in APCΔ716 mice did not affect the morphology or number of polyps (Sonoshita et al.

2001). However the polyp morphology of EP2-deleted APCΔ716 mice is very similar to

that of COX-2 deficient APC Δ716 mice, which have flat and regressive polyps

(Sonoshita et al. 2001).

          Recent studies showed that the EP1 and EP4-selective antagonists, ONO-8711

and ONO-AE2-227, respectively, reduced the number of intestinal polyps in the Min

mouse model (Watanabe et al.1999; Mutoh et al. 2002). Combination treatment of these

two antagonists also contributed to the decrease in the number of intestinal polyps in the

APC gene-knockout mice (Kitamura et al. 2003). The EP1 receptor deficiency was

associated with inhibition of azoxymethane (AOM)-induced colon cancer development

using EP1 knockout mice (Kawamori et al. 2005). Recently, one group showed that cell

growth rate of malignant keratinocytes is mediated by the EP1 receptor (Thompson et

al. 2001). The potential role of EP1 and EP4 receptors in skin carcinogenesis also needs

to be assessed. At the present time, we can not rule out the possibility that the EP4

receptor may contribute to tumor development because activation of EP4 should also

elevate cAMP (Regan 2003). Thus further studies are needed to investigate whether

EP1 and EP4 receptors play an important role in the induction of skin tumor

development. The EP1 and EP4 receptors may mediate at least part of the PGE2 pro-

tumor action in mouse skin, which may explain why deletion of the EP2 receptor did

not have more significant effects on DMBA/TPA induced tumor incidence or tumor

multiplicity in this study.
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          In summary, we have shown that deletion of expression of the EP2, but not the

EP3 receptor, for PGE2 results in suppression of skin tumor development and is

associated with decreased proliferation, angiogenesis, inflammation and cell survival.

Further studies are needed to elucidate the underlying molecular mechanisms.
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Fig. 2.1.        The EP3 receptor was not involved in DMBA-TPA-induced skin carcinogenesis.

A two-stage DMBA/TPA skin carcinogenesis experiment was done with WT and EP3 knockout
mice (EP3 -/-) for 30 weeks. 30 female mice were used for each group. Tumor numbers included
both benign papillomas and malignant squamous cell carcinomas in the WT and EP3 knockout
mice. (A) Ablations of the EP2 and EP3 expression in the epidermis of EP2 and EP3 knockout
mice were verified by western blot analysis. (B) TPA upregulated only the expression of the EP2
receptor. Western blot of epidermal proteins from wild type FVB (WT) treated with acetone or
TPA for 18 hr visualized with antibodies against EP1, EP2, EP3, EP4 and β-actin. (C) Tumor
multiplicity (the average number of tumors per mouse, left); tumor incidence (the percentage of
mice with tumors, right).
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Fig. 2. 2.          The EP2 knockout mice had significantly fewer tumors and reduced tumor
incidence compared to wild type mice.

A two-stage DMBA/TPA skin carcinogenesis experiment was done with WT and EP2 knockout
mice (EP2 -/-) for 30 weeks. Tumor numbers for the WT mice included benign papillomas and
malignant squamous cell carcinomas; the EP2 knockout mice had no carcinomas. (A) Tumor
multiplicity (the average number of tumors per mouse); (B) Tumor incidence (the percentage of
mice with tumors). Open diamonds represent groups of 30 WT and squares represent groups of
30 EP2 knockout mice.
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Fig. 2. 3.          The EP2 receptor deficiency was associated with decreased cell
proliferation in vivo and resulted in decreased epidermal hyperplasia.

(A) BrdU incorporation into basal epidermal keratinocytes was determined in 4 WT and
4 EP2 knockout mice treated with acetone or 2.5 µg TPA for 18 hr. Skin sections were
immunostained with antibody against BrdU and BrdU-positive and negative basal cells
were counted in three to five random areas of each skin section. The mean percentage
and standard deviation for each treatment group were determined. Data are presented as
mean ± SD. * p<0.001, vs. WT at 18 hr TPA treatment. (B) The differences in
epidermal thickness between WT and EP2 knockout mice. The thickness of the
epidermis (µm) was calculated as described in the methods section. Data are presented
as mean ± SD. * p<0.01, vs. WT. (C) H&E-stained sections from WT and EP2
knockout (a: acetone-treated skin of WT, b: 48 hr TPA-treated skin of WT, c: acetone-
treated skin of EP2 knockout, d: 48 hr TPA-treated skin of EP2 knockout).
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Fig. 2. 4.          The EP2 receptor deficiency was assoiated with decreased cell proliferation in
vitro and after four TPA treatments in vivo.

(A) BrdU incorporation into basal epidermal keratinocytes was determined in 3 WT and 3 EP2
knockout mice treated with acetone (four times) or 2.5 µg TPA (four times). The mean
percentage and standard deviation for each treatment group were determined. Data are presented
as mean ± SD. * p<0.01, vs. WT at 18 hr acetone treatment, ** p<0.001, vs. WT at 18 hr TPA
treatment. (B) The differences in epidermal thickness between WT and EP2 knockout mice after
four TPA treatments. The thickness of epidermis (µm) was calculated as described in the
methods section. Data are presented as mean ± SD. * p<0.01, vs. WT.  (C) Primary skin
keratinocyte cultures in triplicate from WT and EP2 knockout mice at about 85-90% confluence
were treated with 0-30  µM PGE2 for 20 hr and pulsed with 1 µCi /ml [3H]-thymidine 2 hr
before harvest. The [3H]-thymidine incorporated by cells was measured and normalized to
protein concentration. Data are presented as fold induction of [3H]-thymidine radioactivity with
WT cells treated with vehicle (MeOH), defined as 1. A set of representative data from 3
independent experiments is presented and values are the means ± SD, * p<0.05, ** p<0.01, vs.
WT.
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Fig. 2. 5.          EP2 receptor deficiency reduced TPA-mediated inflammation in skin.

The average number of macrophages was determined by immunostaining. Fifteen fields (40X
magnification) were counted for each skin from WT and EP2 knockout mice. A set of
representative data from 3 skins from WT and EP2 knockout mice are shown and values are
presented as mean ± SD, * p<0.001. vs. WT. (B) Northern blot analysis was performed to
determine IL-1α mRNA expression (2.0 kb) in skin from WT and EP2 knockout mice. Each skin
from WT and EP2 knockout mice was treated with vehicle (acetone) or 100 µM PGE2 for 6 hr or
TPA (2.5 µg/200 µl acetone) for 6 hr. GAPDH cDNA was used as a loading control. A set of
representative data from 3 independent experiments is presented
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Fig. 2. 6.          EP2 deficiency reduced cAMP levels following PGE2 treatment in vivo and
reduced vascularization and increased apoptosis in skin tumors.

 (A) Dorsal epidermis from EP2 knockout and WT mice after dorsal 100 µM PGE2 treatment (1
hr) was removed, snap frozen and assayed for cAMP as described in the methods section. Data
are expressed as pmol cAMP/mg protein. A set of representative data from 2 independent
experiments is shown and values are means ± SD, * p<0.05 vs. WT. The numbers represent the
average number of vessels as determined by CD31 staining (B) and of apoptotic cells as
determined by TUNEL staining (C). Eight fields (40X magnification) were counted for each
papilloma with similar size from WT and EP2 knockout mice. A set of representative data from
5 papillomas from WT and EP2 knockout mice is presented and values are means ± SD, *
p<0.001. vs. WT.
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Chapter III

Overexpression of the prostaglandin E2 receptor EP2 results in
  enhanced skin tumor development

3.1.     Summary

     We previously showed that the EP2 knockout mice were resistant to chemically-

induced skin carcinogenesis. The purpose of this study was to investigate the role of the

overexpression of the EP2 receptor in mouse skin carcinogenesis. To determine the

effect of overexpression of EP2, we used EP2 transgenic (TG) mice and wild type (WT)

mice in a DMBA (7,12-dimethylbenz[a]anthracene)/TPA (12-O-tetradecanoylphorbol-

13-acetate) two-stage carcinogenesis protocol. EP2 TG mice had significantly more

tumors compared to that in WT mice. Overexpression of the EP2 receptor increased

TPA-induced keratinocyte proliferation in vivo and in vitro compared to that in WT

mice. In addition, the epidermis of EP2 TG mice 48 hr after topical TPA treatment was

significantly thicker compared to that of WT mice. EP2 TG mice had significantly

increased cAMP levels after prostaglandin E2 (PGE2) treatment. The inflammatory

response to TPA was increased in EP2 TG mice, based on an increased number of

macrophages in the dermis. Tumors and 7x TPA-treated and DMBA-TPA-treated (6

weeks) skins from EP2 TG mice produced more blood vessels than those of WT mice

as determined by CD-31 immunostaining. Vascular endothelial growth factor (VEGF)

protein expression was significantly increased in squamous cell carcinoma (SCC)

samples from EP2 TG mice compared that of WT mice. As for the number of apoptotic
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cells, there was no difference observed in tumors from WT and EP2 TG mice. Our data

suggest that the overexpression of the EP2 receptor plays a significant role in the pro-

tumorigenic action of PGE2 in mouse skin.

3.2.     Introduction

          Constitutive overexpression of cyclooxygenase 2 (COX-2) has been observed in

skin tumors (Cao et al. 2002). The pro-tumorigenic role of COX-2 related to tumor

development has been established in experimental murine models of skin cancer (

Muller-Decker et al. 1995). Both genetic deletions of COX, nonspecific COX inhibitory

non-steroidal anti-inflammatory drugs (NSAIDs), or COX-2 specific inhibitors prevent

skin tumor development following a DMBA-TPA protocol or UV irradiation (Cao et al.

2002; Tiano et al. 2002; Fischer et al. 1999; Furstenberger et al. 1989). Collectively,

recent studies show that COX-2 plays an important role in skin cancer development.

           PGE2 is the major prostaglandin produced by COX-2 in the skin (Conconi et al.

1996). We previously showed that PGE2 induces keratinocyte proliferation in vitro

(Sung et al. 2005). Additionally, it has been demonstrated that PGE2 increased VEGF

expression via a cAMP dependent mechanism (Hoper et al. 1997). PGE2 has also been

assigned an anti-apoptotic role in several tissues (Sheng et al. 1998; Lu et al. 1995;

Nishihara et al. 2003; Ueda et al. 2001). PGE2 can bind to 4 different transmembrane

receptors (EP1, EP2, EP3 and EP4), which are linked to several signaling pathways

(Regan 2003). Using knockout mice, we recently reported that the EP2 receptor, but not
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the EP3 receptor, plays a significant role in the pro-tumorigenic action of PGE2 in skin

tumor development (Sung et al. 2005). However, it was unknown whether the

expression level of EP2 changed during TPA-promotion or UV carcinogenesis, as well

as whether increasing EP2 expression contributes to skin tumor development. To

address these questions, we generated EP2 TG mice in which the human EP2 cDNA is

under the control of the bovine keratin 5 (BK5) promoter. EP2 receptor is primarily

overexpressed in these TG mice in the basal layer of the epidermis where the BK5

promoter is most active. We hypothesized that the overexpression of the EP2 receptor

would contribute to skin tumor development through the induction of proliferation,

angiogenesis and inhibition of apoptosis. Here we report our observations on the effects

of the overexpression of EP2 on skin tumor development and on proliferation,

apoptosis, angiogenesis and inflammation in mouse skin.

3.3.     Materials and Methods

          Materials- Monoclonal rat anti-BrdU (5-bromo-2-deoxyuridine) antibody (Becton

Dickinson, San Jose, CA), [3H-methyl] thymidine ([3H] thymidine : 79.20 Ci/mmol)

(PerkinElmer Life Sciences, Boston, MA), RNeasy Mini kit (QIAGEN, Valencia, CA),

anti-CD-31 antibody (Santa Cruz Bio Technology, Santa Cruz, CA), BCA kit (Bio-Rad,

Richmond, CA), cAMP enzyme immunoassay system (PerkinElmer Life Sciences),

PGE2 (Cayman Chemical CO., Ann Arbor, MI), SQ 22,536 (Sigma Chemical Co., St

Louis, MO), anti-caspase-3 antibody (R&D Systems, Minneapolis, MN), EP2 antibody
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(Cayman Chemical Co.), anti-flag antibody (Sigma Chemical Co.), sheep anti-mouse

immunoglobulin G-conjugated horseradish peroxidase (Amersham Biosciences,

Piscataway, NJ), VEGF antibody (Sigma Chemical Co.), goat anti-rabbit-

immunoglobulin G-conjugated horseradish peroxidase and β-actin antibody (Santa Cruz

Bio Technology), donkey anti-goat HRP antibody (Santa Cruz Bio Technology),

chemiluminescence detection system (ECL; PerkinElmer Life Sciences) and anti-

macrophage antibody (F4/80 Macrophage, Serotec, UK) were used.

          Real-time PCR- For determining expression of the EP2 receptor in single and

4xTPA-treated epidermis and tumors (5 DMBA-TPA induced papillomas and 4 SCC

samples were used) by real-time PCR, total RNA was isolated from the epidermis or the

tumors using Tri-reagent (MRC, Cincinnati, OH) following the manufacturer’s

protocol. RNA was extracted and purified using RNeasy Mini protocol for RNA clean

up (QIAGEN, Valencia, CA). The quality of RNA was checked by on-chip gel

electrophoresis (Agilent 2100 Bioanalyzer, Palo Alto, CA). From the RNA samples, the

cDNA was synthesized by reverse transcription of 1 µg of RNA with 100 units MMLV-

reverse transcriptase (Ambion Company, Austin, TX) in the presence of 50 µM random

decamers and 2.5 mM dNTPs (Ambion Company). In the mouse EP2 cDNA specific

real-time quantitative PCR assay, the reaction mixture contained 1.25 µl of EP2 mouse

primer and probe mixture (Applied Biosystems, Foster, CA), 12.5 µl TaqMan Universal

PCR Master Mix (Applied Biosystems), and 2 µl of cDNA, in a total volume of 25 µl.

After enzyme activation for 10 min at 95 °C, 40 two-step cycles were performed (15s at
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95 °C and 60s at 60 °C) by ABI PRISMTM 7700 Sequence Detection System (Applied

Biosystems). Each sample was amplified in triplicate. Ras cDNA specific real-time

quantitative PCR assay was used for normalization. The reaction mixture contained

12.5 µl TaqMan Universal PCR Master Mix (Applied Biosystems), 0.75 µl Ras mouse

forward primer or reverse primer (Applied Biosystems), 0.25 µl Ras mouse probe

(Applied Biosystems) and 2 µl of cDNA in a total volume of 25 µl. Primer and probe

sequences were as follows:

        H-Ras-Forward (5′-CTTAGACACAGCAGGTCAAGAAGAGT-3′)

        H-Ras-Reverse (5′-TTGATGGCAAATACACAGAGGAA-3′)

        H-Ras probe (5′-CCAGTACATGCGCACAG-3′)

          Western blot analysis- Total protein was isolated from epidermis and tumor

samples with Triton-X 100 buffer. Samples were electrophoresed on a 10% SDS-

polyacrylamide gel and electroblotted onto polyvinylidene difluoride membranes.

Incubation of primary antibodies for EP2 (1:500) or VEGF (1:100) or anti-flag (1:500)

was followed by incubation of secondary antibodies, respectively, anti-rabbit (1:2,000)

or anti-goat (1:1,000) or anti-mouse (1:2,000). Blots were blocked for 1 hr in 5% nonfat

milk in PBS containing 0.1% Tween 20 and immunostained with antibodies (EP2,

VEGF, anti-flag) specific for all the proteins listed.

          Generation of EP2 TG mice- Human EP2 full lengh cDNA was inserted

downstream of the bovine keratin 5 (BK5) promotor and rabbit β-globin intron and
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flag-tag followed by the SV40 poly A signal. This BK5.EP2 construct was

microinjected into fertilized eggs of FVB mice, which were transferred to

pseudopregnant female mice. This was carried out by the Science Park Transgenic

Animal Facility. The heterozygous offspring resulting from crossing of this founder to

wild type FVB mice was used for sibling mating to generate homozygous transgenic

mice. Homozygous (+/+) EP2 TG mice were used for this study. Genotypes of the mice

were confirmed by PCR analysis using the oligomers 5’-CTT TAT AAT CAA GGT

CAG CCT G-3’ and 5’-ACC TCA TTC TCC TGG CTA TCA T-3’. WT FVB mice

were used as controls. FVB mice were purchased from Harlan (Indianapolis, IN). All

mice were maintained at Science Park and housed in an air conditioned facility which is

AAALAC accredited.

          cAMP analysis- cAMP measurement was carried out using a kit from

PerkinElmer Life Sciences. Dorsal epidermis from EP2 TG and WT mice was removed

quickly 1 hr after treatment with 100 µM PGE2 with as little manipulation as possible

and immediately snap frozen in liquid nitrogen, placed in ice cold 0.05M Tris-HCl

buffer (pH 7.4) containing 5 µg/ml indomethacin and stored at –70 ºC. For some groups

of mice, the adenylate cyclase inhibitor SQ 22,536 (100 µM) was topically applied 30

min prior to the application of PGE2. Calculation of cAMP concentrations (pmol/mg

protein) was based on a standard curve for each experiment.
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          Tumor Experiment- Thirty 6-8-week-old female homozygous EP2 TG mice and

wild type mice (FVB strain) were initiated topically on shaved dorsal skin with 100 µg

of DMBA in 200 µl of acetone. Two weeks after initiation, the mice were topically

treated with 2.5 µg TPA in 200 µl acetone twice a week for a period of 28 weeks.

Tumor incidence and tumor multiplicity were recorded weekly. Tumor multiplicity was

calculated as the average number of skin tumors per mouse. Tumor incidence was

calculated as the percentage of mice with skin tumors. Tumor size was measured with

calipers at the end of the experiments. Tumor type was defined by histopathology.

          BrdU (5-bromo-2-deoxyuridine) incorporation- Four each of 8-week-old EP2 TG

mice and WT mice were shaved 2 days prior to treatment with TPA 2.5 µg/200 µl

acetone. BrdU (0.1 mg/g body weight) was injected intraperitoneally 1 hr prior to

sacrifice. The mice were euthanized 18 hr after a single or 4 (twice a week) TPA

treatments and their dorsal skins were removed, fixed in formalin, and processed for

paraffin embedding and immunohistochemical staining with a monoclonal rat anti-

BrdU antibody (Accurate Chemical and Scientific Corp.) by the Histology Core of the

Science Park Research Division. BrdU positive and negative basal cells are counted in

three to five randomly selected areas of each skin section and the mean percentage of

BrdU-positive cells and standard deviation for each treatment group were determined.

          Hyperplasia- Hyperplasia was assessed in 3 each of 8-week-old EP2 TG mice

and WT mice 48 hr after treatment with acetone or TPA (2.5 µg/200 µl acetone). The
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thickness of the epidermis (µm) was measured using an image system (Nikon ACT-1).

The on-screen measurements of epidermis were obtained as raw data, and the actual

thickness of epidermis was calculated by dividing the raw data by the magnification (x

650) in 15 fields per section.

          Cell culture- Primary skin keratinocytes from newborn EP2 TG mice and WT

mice were prepared as described by Yuspa (1994). Briefly, 1-2 day old mouse pups

were euthanized on ice and washed in 75% ethanol. The skin was stripped off and

floated on 0.25% trypsin overnight at 4°C. The epidermis was separated from the

dermis and chopped in Waymouth’s medium containing 1.2 mM calcium and 10% fetal

bovine serum. The cells were filtered through a sterilized mesh and plated at 2 x 106

cells/dish for most purposes. Cells were incubated at 37°C with 5% CO2 for 2 hrs in

Waymouth’s medium to allow them to attach to the plate. Cells were then washed with

PBS and grown in keratinocyte growth medium (KGM, a serum-free medium

containing 0.03 mM calcium, Cambrex, Walkers, MD) at 37°C with 5% CO2 for

experimental use and treated with 0.2% vehicle (methanol) or PGE2.          

           [3H]-thymidine incorporation assay- Primary cultures of skin keratinocytes from

WT and EP2 TG mice at about 85-90% confluence in 6-well plates were treated in

triplicate with 0-30 µM PGE2 (Cayman Chemical) for 20 hr and pulsed with 1 µCi /ml

3H-thymidine 2 hr before harvest. Cells were then washed with ice-cold PBS 2x and

ice-cold 10% trichloroacetic acid 3x. Cells were lysed with 0.3N NaOH, 1% SDS and
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the 3H-thymidine incorporated by cells was counted in a scintillation counter and

normalized to protein concentration. Protein concentration was determined with the

BCA kit (Bio-Rad, Richmond).    

          Immunohistochemistry- At the end of the experiments tumors were removed from

the animals, fixed immediately in formalin and embedded in paraffin. Sections were

stained with hematoxylin and eosin (H&E) for light microscopy. The Science Park

Histology Service performed the work involved in embedding, sectioning and staining.

All tissues were examined histologically to determine whether the epithelium was

normal, dysplastic, invasive, or had the characteristic papilloma or carcinoma patterns.

Angiogenesis was assessed by staining of endothelial cells in papilloma and squamous

cell carcinoma samples of similar sizes, 7xTPA and DMBA-TPA treated skins from

WT and EP2 TG mice with an anti-CD-31 antibody. Six to 8-week-old female

homozygous EP2 TG mice and WT mice were initiated topically on dorsal skin with

100 µg with DMBA in 200 µl of acetone (6 each per treatment group). Two weeks after

initiation, the mice were topically treated with 2.5 µg TPA in 200 µl acetone twice a

week for a period of 6 weeks. To stain 7xTPA treated skins from WT and EP2 TG mice

with an anti-CD-31 antibody, groups of 6 mice per treatment group were treated 3 times

weekly for 2 weeks and killed 48 hr after the last treatment with 2.5 µg of TPA. The

number of CD31 vessels was counted in 15 fields and 8 fields per section for skins and

tumors, respectively, at 400X magnification. Apoptosis was determined by anti-

caspase-3 antibody staining in papilloma and squamous cell carcinoma samples of
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similar sizes from WT and EP2 TG mice. The number of apoptotic positive cells was

counted in 8 fields at a magnification of 400X. Inflammation was assessed by antibody

staining of macrophages in 3 each of 8-week-old EP2 TG mice and WT mice treated

with acetone or TPA for 48 hr. The number of macrophage-positive cells was counted

in 15 fields at 400X magnification.

          Statistical analysis- Data is shown as the mean ± standard deviation. Statistical

differences between means were determined using one-way ANOVA using SPSS 10

(SPSS Mac V.10, SPSS, Chicago, IL).

3.4. Results

          EP2 expression in mouse skin keratinocytes and activation of EP2 in mouse skin

tumor promotion. To understand the effect of EP2 activation on mouse skin

carcinogenesis, determination of EP2 expression levels in mouse skin is critical. Studies

were conducted to determine, by real-time PCR and western blot, whether EP2 is

expressed in mouse epidermis and whether the levels of expression change during

carcinogenesis. As shown in Fig. 3.1A, at the mRNA level, EP2 expression is

upregulated more than 5 fold at 6 hr following a single treatment with TPA and from 6 -

18 hr following the last of four treatments with TPA. In both papillomas and

carcinomas, EP2 was upregulated by at least 15 fold over acetone treated skin. In

addition, western blot analysis showed that EP2 expression was elevated in skin
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papillomas and carcinomas from a DMBA-TPA tumor study compared to that in normal

skin (Fig. 3.1B). In our previous study, we found that EP1, EP3 and EP4 were also

expressed in murine epidermis and that TPA upregulates the expression only of the EP2

receptor (Sung et al. 2005). These data led us to hypothesize that EP2 activation may be

an early and critical event, leading to development of skin papillomas and carcinomas.

Therefore, we focused on the role of EP2 activation during mouse skin tumor

promotion.

          Characterization of BK5.EP2 TG mice. A diagram of the K5.EP2 transgene is

shown in Fig. 3.2A. The construct used to generate EP2 TG mice contains 5.2 kb of the

bovine keratin 5 promoter, 0.6 kb rabbit β-globin second intron, 1.1 kb human EP2

cDNA, flag tag and ~ 1kb with rabbit β-globin poly A and the SV40 poly A sequence.

The TG line showing the highest level of expression was used for this study, although

progeny from two other founders showed similar skin phenotypes. Western blot

analysis showed that protein expression of EP2 from epidermis of TG mice was higher

than that of WT mice (Fig. 3.2B). Histological analysis of skin from adult WT FVB and

EP2 TG mice showed that the skin of EP2 TG mice was not morphologically altered

compared to that of WT mice (Fig. 3.2C). EP2 receptor-dependent signaling can induce

an increase in cAMP levels (Hoper et al. 1997). In our previous study, PGE2 failed to

induce cAMP production in the epidermis of EP2 knockout mice (Sung et al. 2005). As

predicted, EP2 TG mice had significantly increased cAMP levels after topical PGE2

treatment (Fig. 3.2D). SQ22536, an adenylate cyclase inhibitor with PGE2 co-



72

treatments also decreased cAMP levels compared to PGE2 treatment alone in TG mice.

This suggests that the Gs-coupled EP2 receptor can induce cAMP production and

cAMP-dependent PKA signaling, which may affect the expression of genes related to

cell proliferation, apoptosis and angiogenesis.

          Overexpression of EP2 enhanced skin tumor development. To test the role of the

overexpression of EP2 receptor in mouse skin carcinogenesis, we used EP2 TG mice

and WT (FVB strain) in a DMBA/TPA two-stage carcinogenesis protocol. The EP2 TG

mice had significantly more tumors (Fig. 3.3A) and SCC (Fig. 3.3B) compared to WT

mice. At 28 weeks the mean number of tumors/mouse was 6.9 for WT and 9.4 for EP2

TG mice. At 28 weeks the cumulative total number of SCC was 5 for WT and 15 for

EP2 TG mice. However, tumor incidence of EP2 TG mice was similar to that of WT

mice (Fig. 3.3C). The distribution of tumor size in EP2 TG mice was similar to that of

WT mice in the medium size category (2 mm to 5 mm). However, EP2 TG mice

produced more large size (~≥ 5 mm) tumors and fewer small size (≤ 2 mm) tumors than

WT mice (data not shown). As shown in Fig. 3.3D by western blot analysis, EP2

expression was upregulated in both papillomas and carcinomas from EP2 TG mice

compared to WT mice. The higher level of expression in the tumors from EP2 TG mice

is likely to be due to both endogenous EP2 and transgene expression, as determined by

the expression of flag tag. These data suggest that the EP2 receptor may have a

significant contribution to skin tumor development and progression.
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          Overexpression of EP2 causes increased cell proliferation and hyperplasia in

response to TPA. To determine whether overexpression of EP2 in mouse epidermis

affects cell proliferation, we performed BrdU incorporation assays and 3H-thymidine

incorporation assays in vivo and in vitro using EP2 TG mice and WT control mice. Our

data showed that overexpression of the EP2 receptor causes an increase in cell

proliferation in both vehicle control and TPA treated mice (EP2 TG 64.8 ± 3.0 % vs WT

49 ± 1.3 %; p<0.001) (Fig. 3.4A). We next examined whether the overexpression of the

EP2 receptor could affect TPA-induced epidermal hyperplasia. Our data showed that

epidermal thickness of EP2 TG mice was significantly increased compared to that of

WT mice 48 hr after TPA treatment (EP2 TG 35.9 ± 0.7 µm vs WT 25.3 ± 1.4 µm;

p<0.001) (Fig. 3.4B & C). We also investigated whether multiple treatments with TPA

could produce similar changes in cell proliferation and epidermal thickness between

WT and EP2 TG mice. EP2 TG mice showed significantly increased cell proliferation

(EP2 TG  69.6 ± 1.4 % vs WT 52.3 ± 1.1 %; p<0.001) and epidermal thickness (EP2

TG 40.0 ± 2.0 µm vs WT 30.1 ± 1.2 µm; p<0.001) compared to those of WT mice 18 hr

after the last of four treatments with TPA. In addition, overexpression of EP2 caused a

similar increase in cell proliferation and PGE2 response in vitro (Fig. 3.4D). This

suggests that the proliferative response of keratinocytes to PGE2 is not dependent on

factors from dermis.

          Overexpression of EP2 causes increased angiogenesis, but no effect on

keratinocyte apoptosis. We hypothesized that overexpression of the EP2 receptor could
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induce vascularization. Macroscopic inspection of the dermis of EP2 TG mice showed

increased vascularization compared to that in WT mice (Fig. 3.5A). This was also seen

microscopically using endothelial cell, CD-31, immunostaining and occurred in both

TPA-treated and DMBA-TPA treated skins (Fig. 3.5B). To determine whether the

extent of tumor angiogenesis or apoptosis correlates with the enhanced tumor numbers

in the EP2 TG mice, we immunostained papillomas and malignant SCC samples of

similar sizes from EP2 TG and WT mice with an anti-CD31 antibody or an anti-

caspase-3 antibody for apoptosis. Significant differences in blood vessel number were

observed between SCC from WT and EP2 TG mice (108.3 ± 16.9 for WT vs 143 ± 5.5

for EP2 -/-, p<0.001) (Fig. 3.5C). However, there was no difference between WT and

EP2 TG mice in CD-31 stained papillomas. Western blot analysis was performed to

show whether the overexpression of the EP2 receptor could upregulate VEGF

expression during tumor development. We found that VEGF protein expression was

significantly increased in SCC samples from EP2 TG compared to that of WT mice

(Fig. 3.5D); there was no difference of VEGF expression observed in papillomas

between WT and EP2 TG mice (data not shown). As for apoptotic cells, there was also

no difference observed in tumors from WT and EP2 TG mice with an antibody against

caspase-3 (data not shown). These data suggest that alterations in angiogenesis could

explain the observed differences in tumor growth between WT and EP2 TG mice.

          Overexpression of EP2 affects TPA-induced inflammation. To determine whether

overexpression of the EP2 receptor alters the inflammatory response to TPA, we
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immunostained the skins of EP2 TG mice and WT mice 48 hr after acetone or TPA

treatment with an antibody against macrophages. In our previous study, the number of

macrophages was significantly reduced after TPA treatment in the skins of EP2

knockout mice compared to that in WT mice. As predicted, overexpression of the EP2

receptor significantly increased TPA-induced inflammation in mouse skin (42.5 ± 5.1

for WT vs 66.2 ± 2.4 for EP2 TG, p<0.01) (Fig. 3.6). The increased inflammation in

EP2 TG mice may also contribute to the observed differences in tumor development

between WT and EP2 TG mice.

3.5.     Discussion

          In this study, we showed the EP2 receptor is elevated in mouse skin tumors.

Therefore, we used BK5.EP2 TG mice as one approach to determining whether

increased expression of the EP2 receptor contributes to skin carcinogenesis. We

recently showed that EP2 receptor plays a significant role in the pro-tumorigenic action

of PGE2 in skin tumor development using EP2 knockout mice (Sung et al. 2005). We

have shown that deletion of the EP2, but not the EP3 receptor, for PGE2 results in

suppression of skin tumor development and is associated with decreased proliferation,

angiogenesis, inflammation and cell survival (Sung et al. 2005). Our current results are

in agreement with this previous study in that EP2 TG mice showed an enhancement in

cell proliferation compared to WT mice after a single TPA treatment in vivo. In vitro,

primary keratinocytes cultured from EP2 TG mice also showed an increased
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proliferation response to PGE2. Additionally, epidermal thickness of EP2 TG mice was

significantly increased compared to that of WT mice after TPA treatment. This suggests

that the pro-tumorigenic activity of the EP2 receptor occurs in the epidermis rather than

in mesenchymal or other tissues.

          Previous reports also showed that the EP2 receptor is involved in angiogenesis in

several cancer tissues including colon and mammary gland (Sonoshita et al. 2001;

Chang et al. 2004; Chang et al. 2005). Specifically, the EP2 receptor was involved in

induction of intestinal polyp angiogenesis and growth (Seno et al. 2002). Recently, one

group showed that PGE2 mediated VEGF expression was regulated by EP2 receptor in

mouse mammary tumor cells (Chang et al. 2005). In this study, we showed that

overexpression of the EP2 receptor resulted in induction of vascularization and

enhancement of VEGF expression in SCC from EP2 TG mice. Additionally, one group

demonstrated that PGE2 increased VEGF expression via a cAMP-mediated mechanism

(Hoper et al. 1997). The EP2 TG mice have increased cAMP levels after PGE2

treatment. Thus, our data are in agreement with a model in which PGE2 elevates cAMP

levels through EP2 activation, which in turn induces VEGF and angiogenesis.

          PGE2 has an anti-apoptotic role in normal and cancer cell lines (Sheng et al.

1998; Nishihara et al. 2003; Ueda et al. 2001). Our previous study showed that tumors

from WT mice produced fewer apoptotic cells than those of EP2 knockout mice.

However, unexpectedly, here, the EP2 TG mice were not different from WT mice with

regard to apoptotic cells. Whether this is due to differences in the background strain of

the mice or targeted vs whole animal alteration of EP2 is unknown.
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          Topical TPA has been well demonstrated to induce inflammation in skin (Fischer

et al. 1990) and inhibition of inflammation inhibits skin tumor development (Fischer et

al. 1990). Our recent studies showed that the EP2 ablation reduced TPA-induced

inflammation in mouse skin as measured by the number of macrophages in the dermis.

Here, we showed that overexpression of the EP2 receptor was involved in enhancement

of TPA-induced inflammation. Taken together, the EP2 receptor can be regarded as a

co-inducer for TPA-induced inflammation in skin.

          Our results strongly suggest that PGE2 produced by COX-1/2 has biological

effects (e.g., proliferation, angiogenesis, apoptosis and inflammation) that are mediated

by the EP2 receptor in this mouse model. Additional studies are needed to determine the

downstream target genes and transcription factors involved in the EP2 receptor-

mediated signaling pathway. It has been demonstrated that CREB plays an important

role in inducing proliferation and angiogenesis and apoptosis in other tissues

(Desdouets et al. 1995; Shaywitz et al. 1999). Anti-apoptotic genes (e.g., bcl-2 and

IAP), VEGF, cell cycle genes (e.g., cyclin D1 and cyclin A) are known to be regulated

by CREB via a functional CRE (Desdouets et al. 1995; Shaywitz et al. 1999). It was

suggested that CREB might also play a role in tumor progression (Desdouets et al.

1995; Shaywitz et al. 1999). We suggest that EP2 induced PKA signaling resulting in

proliferation, angiogenesis and inflammation are a major part of the underlying

mechanisms of the promotion stage of mouse skin carcinogenesis.

           Based on previous studies, the EP1 and EP4 receptors also play an important role

in colon carcinogenesis (Kawamori et al. 2005; Watanabe et al. 1999; Mutoh et al.
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2002; Kitamura et al. 2003). Deletion of the EP1 and EP4 receptors resulted in

inhibition of  azoxymethane (AOM)-induced colon cancer development in EP1 and EP4

knockout mice (Kawamori et al. 2005; Watanabe et al. 1999; Mutoh et al. 2002;

Kitamura et al. 2003). This suggests that the EP1 and EP4 receptors may also have pro-

tumorigenic action in skin carcinogenesis. Further studies are needed to determine the

roles of the EP1 and EP4 receptors in skin carcinogenesis and their role in induction of

proliferation, angiogenesis, apoptosis and inflammation in skin.

           In summary, we have shown that the overexpression of the EP2 receptor for

PGE2 results in enhancement of skin tumor development and is associated with

increased proliferation, angiogenesis and inflammation. Further studies are needed to

elucidate the underlying molecular mechanisms.
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Fig. 3. 1.          The EP2 receptor expression in TPA treated skin and in papillomas and
carcinomas from a DMBA-TPA study.

(A) mRNA level of EP2 in single (3 WT mice per group), 4xTPA-treated epidermis (3
WT mice per group) and tumors (5 DMBA-TPA induced papillomas and 4 SCC
samples from WT mice) was quantitated by real-time PCR. Data are presented as fold
change of expression levels compared to acetone treatment with acetone treated
epidermis defined as 1. A set of representative data from 3 independent experiments is
shown and values are means ± SD (B) Western blot of proteins from normal skin (FVB)
and papillomas and carcinomas produced from a DMBA-TPA study immunostained
with an antibody against EP2. N - normal skin (FVB). P - benign papillomas. C -
squamous cell carcinomas. PC - Positive control (epidermis of EP2 TG mice). Loading
control was represented by Coomassie Blue-stained gel.
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Fig. 3. 2.          Expression of the EP2 transgene.

(A) Diagram of the BK5.EP2 DNA construct. (B) EP2 expression in epidermis of EP2 TG mice.
Western blot of proteins from 2 normal epidermis (WT) and 2 epidermis of  EP2 TG mice
stained with an antibody against EP2. (C) Skin histology from WT and EP2 TG mice. The dorsal
skin of 8 week old WT and EP2 TG mice was removed, fixed in formalin, and processed by the
Histology Core for H&E staining. Skin sections are shown at a magnification of 200X. (D)
Increased cAMP levels after PGE2 treatment in vivo. Dorsal epidermis from EP2 TG and WT
mice after 100 µM PGE2 treatment (1 hr) was removed, snap frozen and assayed for cAMP as
described in the methods section. Data are expressed as pmol cAMP/mg protein. A set of
representative data from 2 independent experiments (3 each per treatment group) is shown and
values are means ± SD, * p<0.01, vs. WT.
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Fig. 3. 3.          Enhanced tumor response of EP2 TG mice.

A two-stage DMBA/TPA skin carcinogenesis experiment was carried out with WT and EP2 TG
mice. Tumor numbers for the WT and EP2 TG mice included benign papillomas and malignant
squamous cell carcinomas (A) Tumor multiplicity (the average number of tumors per mouse);
(B) Total numbers of SCC (squamous cell carcinomas); (C) Tumor incidence (the percentage of
mice with tumors); Open diamonds represent groups of 30 WT and squares represent groups of
30 EP2 TG mice. (D) Western blot of proteins in papillomas and carcinomas with similar size
produced from WT and EP2 TG mice immunostained with an antibody against EP2 and against
the flag tag. Loading control was represented by β-actin. Paps. - benign papillomas. SCC -
squamous cell carcinomas.
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Fig. 3. 4.          Effect of EP2 on cell proliferation and epidermal hyperplasia.

(A) BrdU incorporation into basal epidermal keratinocytes was determined in 3 WT
and 3 EP2 TG mice treated with acetone or 2.5 µg TPA for 18 hr. The mean percentage and
standard deviation for each treatment group were determined. Data are presented as mean ± SD.
** p<0.001, vs. WT at 18 hr TPA treatment. * p<0.05, vs. WT at 18 hr acetone treatment. (B)
Epidermal thickness between of WT and EP2 TG mice. The thickness of the epidermis (µm) was
calculated as described in the Methods section. Data are presented as mean ± SD. ** p<0.001,
vs. WT. (C) H&E-stained sections from WT and EP2 TG mice (a: acetone-treated skin of WT, b:
48 hr TPA-treated skin of WT, c: acetone-treated skin of EP2 TG, d: 48 hr TPA-treated skin of
EP2 TG). (D) Cell proliferation in vitro. The [3H]-thymidine incorporated by cells was measured
and normalized to protein concentration. Data are presented as fold induction of specific activity
with WT cells treated with vehicle (MeOH) defined as 1. A set of representative data from 3
independent experiments is presented and values are the means ± SD, * p<0.001, vs. WT.
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Fig. 3. 5.          Effect of EP2 on vascularization.

(A) Photographs of the dermal side of the skin from 8 weeks old homozygous EP2 TG (+/+) and
WT (FVB) mice. (B) Vascularization in 7xTPA and DMBA-TPA treated skin. The number of
CD31 vessels was counted in 15 fields per section at a magnification of 400X. * p<0.001, vs.
WT. (C) Effect of EP2 overexpression on vascularization in SCC. Eight fields (400X
magnification) were counted for each papilloma and SCC of similar size from WT and EP2 TG
mice. Data from 5 papillomas and 5 SCC from WT and EP2 TG mice are presented and values
are means ± SD, * p<0.05, vs. WT. (D) Effect of EP2 overexpression in SCC from WT and EP2
TG mice. Western blot of proteins from SCC produced from DMBA-TPA study stained with
antibody against VEGF. PC - Positive control. Loading control is represented by β-actin.
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Fig. 3. 6.          Effect of EP2 on TPA-induced inflammation.

The average number of macrophages in the dermis of mice treated with TPA was
determined by immunostaining. Fifteen fields (400X magnification) were counted for
each skin from WT and EP2 TG mice. A set of representative data from 3 skins from
WT and EP2 TG mice are shown and values are presented as mean ± SD, * p<0.05, vs.
WT., ** p<0.01, vs. WT.
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Chapter IV

EP2 signaling through PKA (protein kinase A) and CREB (cyclic
AMP response element binding protein) is the mechanism responsible for

the PGE2 effects on proliferation and angiogenesis in mouse skin

4.1.     Summary

          We previously reported (Cancer Res 65: 9304, 2005) that deletion of the EP2

receptor for prostaglandin E2 (PGE2) led to resistence to chemically-induced mouse

skin carcinogenesis, whereas overexpression of EP2 results in enhanced skin tumor

development. The purpose of this study was to investigate the underlying molecular

mechanisms. We found that EP2 knockout mice had reduced COX-2 expression after

TPA (12-O-tetradecanoylphorbol-13-acetate) treatment whereas EP2 transgenic mice

and primary skin keratinocytes from these mice had increased cyclooxygenase-2 (COX-

2) expression after TPA or PGE2 treatments. Second, EP2 knockout mice had

significantly decreased PGE2 production, whereas EP2 transgenic mice had

significantly increased PGE2 production in response to a single treatment of TPA as

compared to their respective WT mice. These results suggest that EP2-mediated

signaling pathways regulate COX-2 expression and production of PGE2 by elevating

COX-2 expression through a positive feedback loop. Primary skin keratinocytes from

EP2 transgenic mice have increased CREB phosphorylation compared to those of WT

mice following PGE2 treatment. H-89 (a protein kinase A inhibitor) and SQ 22,536 (an

adenylate cyclase inhibitor) blocked PGE2-mediated CREB phosphorylation in primary
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skin keratinocytes from EP2 transgenic mice. Overexpression of the EP2 receptor have

increased PGE2-induced cyclin D1 and VEGF expression compared to WT mice.

PGE2-induced cell proliferation was significantly decreased in primary skin

keratinocytes from EP2 knockout mice with pretreatment of 10 µM SQ 22,536. Taken

together, EP2 mediated protein kinase A (PKA)/CREB signaling pathway is a central

mechanism for inducing a positive feedback loop further enhancing PGE2 effects on

cell proliferation and angiogenesis in mouse skin.

4.2.     Introduction

          There has been substantial interest in understanding the roles of COX in skin

cancer (Fischer et al. 1999; Fischer 2002). COX inhibitors, non-steroidal anti-

inflammatory drugs (NSAIDs), and COX-2 selective inhibitors have shown significant

effects on reducing the incidence and multiplicity of skin tumors, suggesting that the

COX prostaglandin products play an important role in the development of skin cancer

(Fischer et al. 1999; Orengo et al. 2002).

           Prostaglandin E2 (PGE2) is the major prostaglandin produced by COX enzymes

in the skin (Conconi et al. 1996) and is reported to increase cAMP levels in human and

rodent skin (Regan 2003). PGE2 effects are mediated by G-protein-coupled receptors,

namely, EP1, EP2, EP3 and EP4. These receptors are seven transmembrane G-protein

coupled receptors. EP1 receptor-mediated signaling increases intracellular calcium

levels. EP2 and EP4 receptor-mediated signaling increases cAMP levels via activation
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of adenylate cyclase while EP3 receptor-mediated signaling decreases cAMP levels

(Regan 2003). All four PGE2 receptors were found to be present in normal human

epidermis (Lee et al. 2005) and we have found that all four EP receptors are expressed

in mouse epidermis (Sung et al. 2003). We have shown that deletion of expression of

the EP2, but not the EP3 receptor, for PGE2 results in suppression of skin tumor

development and is associated with decreased proliferation, angiogenesis, inflammation

and cell survival (Sung et al. 2005). However, the signaling pathways and mechanisms

by which the EP2 receptor regulates these processes was unknown. Based on previous

studies, it was hypothesized in this study that EP2 signaling through PKA and CREB is

responsible for the PGE2 effects on proliferation and angiogenesis regulatory genes in

skin primary keratinocytes.

    The transcription factor CREB binds the cyclic AMP response element (CRE)

and activates transcription in response to a variety of extracellular signals including

neurotransmitters, hormones, membrane depolarization, and growth or neurotrophic

factors (Shaywitz et al. 1999). PKA stimulates phosphorylation of CREB at Ser133, a

key regulatory site controlling transcriptional activity (Shaywitz et al. 1999). In cervical

carcinomas, elevated PGE2 may act in an autocrine/paracrine manner via cAMP-linked

EP2/EP4 receptors to mediate an effect on target genes, such as COX-2 (Bradbury et al.

2003). This in turn may elevate expression of COX-2 via CRE on the COX-2 promoter.

In human pulmonary artery smooth muscle cells, COX-2 induction by bradykinin is

mediated by the cyclic AMP response element through a novel autocrine loop involving

endogenous PGE2, EP2 and EP4 receptors (Bradbury et al. 2003). A similar positive
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feedback loop between COX-2 and PGE2 may potentiate the progression of skin

cancer. Thus CREB may play an important role in the mechanistic basis of skin

carcinogenesis.

    Prostaglandin E2 EP1-4 receptors are expressed during mammary gland

development, and EP1, 2, and 4 receptors are up-regulated in tumor tissue (Chang et al.

2004). COX-2 derived PGE2 stimulated the expression of angiogenic regulatory genes

in mammary tumor cells isolated from MMTV(murine mammary tumor virus)-COX-2

transgenic mice (Chang et al. 2004). This suggests that COX-2 derived PGE2 acts as a

possible inducer of the angiogenic switch during mammary cancer progression

suggesting that EP2 receptor may play an important role in breast cancer progression

(Chang et al. 2004; Chang et al. 2005). We previously showed that tumors from EP2

knockout mice produced fewer blood vessels and BK5.EP2 transgenic mice produced

more blood vessels than those of wild type mice as determined by

immunohistochemical staining (Sung et al. 2005). Thus we hypothesize that PKA

activation of CREB is a central signaling pathway in skin cancer by which

proangiogenic factors are induced.

             It has been demonstrated that CREB plays an important role in promoting

proliferation (Shaywitz et al. 1999). Several cell cycle genes such as cyclin D1 and

cyclin A are regulated by CREB via a functional CRE element (Desdouets et al. 1995;

Lee et al. 1999). Additionally, the involvement of CREB in the control of tumor

metastasis was demonstrated in melanoma cells  (Jean et al. 2000; Jean et al. 2001); it

was suggested that CREB might also play a role in tumor progression. A recent study
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showed that CREB controls hepatocellular carcinoma growth, supports angiogenesis,

and renders resistance to apoptosis (Abramovitch et al. 2004). Also previous studies

showed that genetic disruption of either COX-2 or EP2 receptors decreases the number

and size of intestinal polyps in APCΔ716 mice (Sonoshita et al. 2001). Tumor cell

proliferation is significantly inhibited in adenomas of COX-2-deficient APCΔ716 mice

(Sonoshita et al. 2001). These findings indicate the potential link between COX-2 and

tumor cell proliferation in vivo through EP2 activation. We have shown that EP2

knockout mice had significantly reduced cellular proliferation of mouse skin

keratinocytes in vivo and in vitro compared to that in WT mice (Sung et al. 2005). We

also have shown that overexpression of the EP2 receptor increased TPA and PGE2-

induced keratinocyte proliferation in vivo and in vitro, respectively using BK5.EP2

transgenic mice. Thus we have found that the EP2 receptor plays an important role in

inducing cell proliferation in mouse skin. We hypothesized that PKA signaling elicited

by EP2 activation promotes tumor cell proliferation and angiogenesis and that this is a

critical pathway in mouse skin carcinogenesis. Thus we used primary skin keratinocytes

from EP2 null and wild type or EP2 transgenic mice to determine the mechanisms

involved in the regulation of genes associated with proliferation and angiogenesis. Here

we report that EP2 signaling through PKA and CREB is responsible for the PGE2

effects on proliferation and angiogenesis.
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4.3.     Materials and Methods

          Materials- PGE2 (Cayman Chemical CO., Ann Arbor, MI), SQ 22,536 (Sigma

Chemical Co., St Louis, MO), [3H-methyl] thymidine ([3H] thymidine: 79.20 Ci/mmol)

(PerkinElmer Life Sciences, Boston, MA), PGE2 immunoassay kit (PerkinElmer Life

Sciences), COX-2 antibody (Cayman Chemical CO., Ann Arbor, MI), CREB and

phospho-CREB antibody (Cell signaling, Beverly, MA), cyclin D1 antibody (Santa

Cruz Bio Technology, Santa Cruz, CA), VEGF antibody (Sigma Chemical Co.) goat

anti-rabbit-immunoglobulin G-conjugated horseradish peroxidase and β-actin antibody

(Santa Cruz Bio Technology), donkey anti-goat HRP antibody (Santa Cruz Bio

Technology), chemiluminescence detection system (ECL; PerkinElmer Life Sciences)

were used.

          Animals- EP2 knockout mice on a 129 background were kindly provided by Dr.

Beverly Koller, Univ. North Carolina-Chapel Hill. The genotypes of EP2 knockout

mice were determined as previously described (Tilley et al. 1999). WT mice (129

background) were used as controls for EP2 knockout mice. WT mice were purchased

from Taconic (Germantown, NY). BK5.EP2 transgenic mice on a FVB background

were generated as we have described previously (Sung et al. 2005: submitted).

Homozygous (+/+) EP2 transgenic mice were used for this study. FVB mice were used

as wild type controls for EP2 transgenic mice. FVB mice were purchased from Harlan
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(Indianapolis, IN). All mice were maintained at Science Park and housed in an air

conditioned facility which is AAALAC accredited.

          Northern blot analysis- Total RNA was extracted from whole skin of EP2

knockout and WT mice treated with 100 µM PGE2 or TPA (2.5 µg/200 µl acetone)

with Tri-reagent (MRC, Cincinnati, OH) following the manufacturer’s protocol. Ten µg

of total RNA from each sample was denatured and separated on 1% agarose/6%

formaldehyde gel, and then transferred to nylon membranes. A [32P]dCTP-labeled

cDNA probe for COX-2 was hybridized to the blots at 65 °C for 2 hr. The blots were

then washed twice each for 15 min in 0.1% SDS/2x NaCl/sodium citrate solution

(where 1x is 0.15 M NaCl/15 mM  sodium citrate) at room temperature and once for 30

min with 0.1% SDS/0.1x NaCl/sodium citrate solution at 60 °C and exposed to X-ray

film at –80 °C. The blots were stripped and reprobed with glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) cDNA as a loading control.

          Western blot analysis- Total protein was isolated from epidermis and whole cell

lysate of each sample with Triton-X 100 buffer and RIPA buffer, respectively. Samples

were electrophoresed on a 10% SDS-polyacrylamide gel and electroblotted onto

polyvinylidene difluoride membranes. Incubation with primary antibodies for COX-2

(1:500) or VEGF (1:100) or cyclin D1 (1:500) or phospho-CREB (1:1,000) or CREB

(1:1,000) was followed by incubation with secondary antibodies, respectively, anti-

rabbit (1:2,000) or anti-goat (1:1,000) or anti-rabbit (1:2,000) or anti-mouse (1:2,000) or
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anti-rabbit (1:2,000). Blots were blocked for 1 hr in 5% nonfat milk in PBS containing

0.1% Tween 20 and immunostained with antibodies specific for all the proteins listed.

          PGE2 Analysis- Epidermal PGE2 levels were measured with an immunoassay kit

(PerkinElmer Life Sciences). Dorsal skins from EP2 knockout, transgenic and wild-type

mice after dorsal TPA treatment (6 hr) were removed quickly with as little manipulation

as possible and immediately snap frozen in liquid nitrogen, placed in a Tris-buffer with

indomethacin (a COX inhibitor) and stored at –70 ºC. Chipped  epidermis was used.

PGE2 was measured by using immunoassay system according to the supplier’s

instructions. Calculation of PGE2 concentrations (ng/ug protein) is based on a standard

curve for each experiment.

          Cell culture- Primary skin keratinocytes from newborn EP2 knockout or

transgenic and WT mice were prepared as described by Yuspa (1994). Briefly, 1-2 day

old mouse pups were euthanized on ice and washed in 75% ethanol. The skin was

stripped off and floated on 0.25% trypsin overnight at 4°C. The epidermis was

separated from the dermis and chopped in Waymouth’s medium containing 1.2 mM

calcium and 10% fetal bovine serum. The cells were filtered through a sterilized mesh

and plated at 2 x 106 cells/dish for most purposes. Cells were incubated at 37°C with 5%

CO2 for 2 hrs in Waymouth’s medium to allow them to attach to the plate. Cells were

then washed with PBS and grown in Keratinocyte Growth Medium (a serum-free
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medium containing 0.03 mM calcium, Cambrex, Walkers, MD) at 37°C with 5% CO2

for experimental use and treated with 0.2% vehicle (DMSO) or 10 µM PGE2.

          [3H]-thymidine incorporation assay- Primary cultures of skin keratinocytes from

WT and EP2 knockout mice at about 85-90% confluence in 6-well plates were treated

in triplicate with 10 µM PGE2 for 20 hr and pulsed with 1 µCi /ml [3H]-thymidine 2 hr

before harvest. The adenylate cyclase inhibitor SQ 22,536 (10 µM) was applied 30 min

prior to the application of PGE2. Cells were then washed twice with ice-cold PBS and

three times with ice-cold 10% trichloroacetic acid. Cells were lysed with 0.3N NaOH,

1% SDS and the [3H]-thymidine incorporated by cells was counted in a scintillation

counter and normalized to protein concentration. Protein concentration was determined

with the BCA kit.

         Statistical analysis- Data is shown as the mean ± standard deviation. Statistical

differences between means were determined using one-way ANOVA using SPSS 10

(SPSS Mac V.10, SPSS, Chicago, IL).

4.4.     Results

           COX-2 expression is regulated by the EP2 receptor. In a number of cell and

animal models, induction of COX-2 has been shown to promote cell growth, inhibit
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apoptosis, and enhance cell motility and adhesion (Buckman et al. 1998; Tiano et al.

2002; Lu et al. 1995). Interestingly, PGE2 has been shown to amplify its own

production by inducing COX-2 expression in various cells (Bradbury et al. 2003). Our

laboratory had previously observed that PGE2 and dibutryl-cAMP, a cAMP analog,

transcriptionally activate COX-2 expression in keratinocytes (Maldve et al. 2000).

These studies in addition to our demonstration that EP2 activation contributes

significantly to skin carcinogenesis (Sung et al. 2005) led us to hypothesize that the EP2

receptor may regulate COX-2 expression through a positive feedback loop.

          To determine the effect of EP2 expression on COX-2 induction, WT and EP2

knockout mice were topically treated with 100 µM PGE2, 2.5 µg TPA or a combination

of these two treatments for 6 hours. COX-2 expression was assessed at both the mRNA

and protein levels, as shown (Fig. 4.1A & B). As has been previously described, TPA

induced COX-2 in the WT mice (Goppelt-Strusbe 1995; Herschman 1994), but very

little induction was observed in the EP2 knockout mice. Additionally, treatment with

PGE2 alone upregulated COX-2 at least at the protein level. In the WT mice, but not in

the EP2 knockout mice, the combination of TPA and PGE2 synergistically enhanced

COX-2 expression. To further evaluate this relationship, we compared COX-2

expression in WT and EP2 transgenic mice (Fig. 4.2A & B). TPA (Fig. 4.2A) or PGE2

(Fig. 4.2B) induced COX-2 earlier, longer and to a greater extent, at the protein level, in

the transgenic mice or in cultures of primary skin keratinocytes from these mice,

respectively. These data suggest that COX-2 expression is regulated by the EP2

mediated signaling pathway.
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          PGE2 production is regulated by EP2 signaling. TPA induction of COX-2 is

reduced by treatment with indomethacin, a COX inhibitor, indicating that part of the

mechanism by which TPA elevated COX-2 expression is through TPA-induced

arachidonic acid release and metabolism in primary keratinocytes cultures (Maldve et

al. 2000). PGE2 is the major PG synthesized by murine keratinocytes and was thus used

as a marker of COX activity. Thus this suggests that COX-2 can be upregulated by its

product, PGE2, and this autoregulation probably occurs via EP2 or EP4 receptors linked

to a cAMP signal transduction pathway. This led us to hypothesize that EP2, among the

EP receptors, may be crucial for driving TPA-treated mouse skin to produce PGE2. As

shown in Fig. 4.3A, while TPA treatment significantly increased PGE2 synthesis in WT

mice, EP2 knockout mice had significantly reduced PGE2 production following TPA

treatment compared to their WT controls. Consistent with this observation, the EP2

transgenic mice produced twice as much as PGE2 than their counterparts (vehicle

treated) and over 2 fold more PGE2 after TPA treatment (Fig. 4.3B). This suggests that

EP2 plays a critical role in TPA-induced PGE2 production.

          Overexpression of the EP2 receptor increases PGE2-induced cyclin D1 and

VEGF expression.  We previously reported that overexpression of the EP2 receptor

induced more blood vessels and that VEGF protein expression was significantly

increased in squamous cell carcinoma samples from EP2 transgenic mice compared to

that of WT mice (Sung et al: submitted). To determine whether activation of the EP2
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receptor at least partially regulates genes involved in angiogenesis, the effects of EP2

overexpression or deficiency on PGE2-induced cyclin D1 and VEGF expression were

assessed. As shown in Fig. 4.4A & B, primary skin keratinocytes from EP2 TG mice

have increased cyclin D1 and VEGF expression following PGE2 treatment compared to

those of WT mice.

          PGE2 has been reported to regulate cell proliferation (Konger et al. 1998). We

previously reported that EP2 knockout mice had significantly reduced keratinocyte

proliferation following treatment with PGE2 in vitro compared to that in WT mice

(Sung et al. 2005). Therefore we examined whether the proliferative effect of PGE2

depends on its EP2 receptor and whether this involves the PKA/CREB pathway. To

determine this, we performed [3H]-thymidine incorporation assays using primary skin

keratinocytes from EP2 knockout mice and WT mice. Cultures from EP2 knockout

mice showed a significantly decreased ability to incorporate [3H]-thymidine 20 hr after

10 µM PGE2 treatment compared to WT keratinocytes (Fig. 4.4C). As expected, PGE2-

induced cell proliferation was significantly inhibited by pretreatment with 10 µM SQ

22,536, an adenylate cyclase inhibitor in primary skin keratinocytes from WT and EP2

knockout mice. This suggests that activation of the EP2 receptor can induce cAMP

production and that cAMP-dependent PKA signaling may be a central pathway for the

induction of cell proliferation in murine skin. The ability of the adenylate cyclase

inhibitor to reduce proliferation in the EP2 knockout keratinocytes is likely to be due to

the formation of cAMP from other receptors, possibly EP4.
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          EP2 regulates cyclin D1 and VEGF via cAMP/PKA signaling.  EP2 and EP4

receptor-mediated signaling increases cAMP levels via activation of adenylate cyclase.

Increased cAMP binds PKA which stimulates phosphorylation of CREB at Ser133, a

key regulatory site controlling transcriptional activity (Shaywitz et al. 1999). We

previously reported that PGE2 failed to induce cAMP production in the epidermis of

EP2 knockout mice whereas EP2 transgenic mice had significantly increased cAMP

after PGE2 treatment compared to WT mice (Sung et al. 2005). This led us to

hypothesize that EP2-cAMP mediated signaling pathway could lead to phosphorylation

of CREB. We found that primary skin keratinocytes from EP2 transgenic mice have

increased CREB phosphorylation compared to those of WT mice following PGE2

treatment (Fig. 4.5A). H-89 (a PKA inhibitor) and SQ 22,536 (an adenylate cyclase

inhibitor) significantly blocked PGE2-induced CREB phosphorylation in primary skin

keratinocytes from WT and EP2 transgenic mice (Fig. 4.5B).

          Based on recent studies, increased EP2 receptor expression may induce PGE2-

mediated expression of the proangiogenic factor VEGF and several cell cycle proteins

(cyclin D1 and cyclin A) through activation of the epidermal growth factor receptor

(EGFR) and extracellular signal–regulated kinase (ERK) 1/2 signaling pathways  in

several carcinoma cell lines (Sales et al. 2004). However, in our cell systems, we found

no difference in the phosphorylation of EGFR, ERK 1/2, Akt and c-src, in cultures of

primary skin keratinocytes from WT and EP2 TG mice (data not shown). We suggest

that in murine keratinocytes, the major pathway by which the EP2 receptor regulates

cyclin D1 is via cAMP/PKA and not the EGFR/MAPK pathway.
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4.5.     Discussion

           We recently reported that the EP2 receptor plays a significant role in the pro-

tumorigenic action of PGE2 in skin tumor development using EP2 knockout mice (Sung

et al. 2005). We have shown that deletion of the EP2, but not the EP3 receptor, for

PGE2 results in suppression of skin tumor development and is associated with

decreased proliferation, angiogenesis, inflammation and increased cell survival (Sung et

al. 2005). We also have shown that the overexpression of the EP2 receptor for PGE2

results in enhancement of skin tumor development and is associated with increased

proliferation, angiogenesis and inflammation (Sung et al: submitted). Thus we

hypothesized that downstream signaling from the EP2 receptor contributes significantly

to the induction of skin tumor development. We propose a model (Fig. 4.6) in which the

EP2 receptor-mediated phosphorylation of CREB on Serine 133 is primarily PKA-

dependent and that EP2-mediated signaling pathways regulate COX-2 expression, and

induce amplification of PGE2 by elevating COX-2 expression, through a positive

feedback loop. Our current results are in agreement with previous studies in which EP2-

mediated the cAMP/PKA phosphorylation CREB and which then induced VEGF or

amphiregulin, an epidermal growth factor receptor ligand, expression in several

carcinoma cell lines including colon, pancreas and mammary gland (Lee et al. 1999;

Chang et al. 2004; Chang et al. 2005). Here we report that the PKA/phospho-CREB

pathway is also a central mechanism in mediating PGE2 effects through EP2 in mouse

skin keratinocytes. Based on previous studies, in several carcinoma cell lines such as
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ovarian and endometrial adenocarcinomas, cell growth and cell invasion were

associated with Src-mediated EGFR transactivation by PGE2 through EP2 or EP4

receptors (Sheng et al. 2001; Sales et al. 2004). However, our findings suggest that

classic PKA/phosphorylated CREB pathway was solely involved in inducing the

expression of genes related to cell proliferation and angiogenesis in the cell system we

used. The difference between our results and other previous results may depend on the

differential expression and activation of EP2 receptor in a number of tissues and cell

types including skin (Konger et al. 1998; Sonoshita et al. 2001), colon (Sheng et al.

2001), breast (Chang et al. 2004; Chang et al. 2005) and prostate (Jabbour et al. 2001;

Sales et al. 2001). In this study, we found that overexpression of the EP2 receptor

increased gene expression related to cell proliferation and angiogenesis (e.g., cyclin

D1and VEGF). We also found that PGE2-induced cell proliferation is significantly

blocked by an adenylate cyclase inhibitor. Therefore we suggest that that the EP2-

mediated signaling pathway is the major mechanism by which PGE2 causes cell

proliferation.

           One group previously showed that COX-2 expression is elevated by PGE2

signaling through the EP2 receptor in polyp tissues, thus they suggest that the positive

feedback upregulation of COX-2 plays an important role in intestinal polyposis

(Sonoshita et al. 2001). Our data strongly supports a positive feedback loop between

COX-2 and PGE2 via the EP2 receptor. Thus we hypothesize that regulation of COX-2

expression by EP2 receptors also has a pivotal role in skin tumor development.
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           Based on previous studies, the EP1 and EP4 receptors also play an important role

in colon carcinogenesis (Watanabe et al. 1999; Mutoh et al. 2002).  Deletion of the EP1

and EP4 receptors resulted in inhibition of  azoxymethane (AOM)-induced colon cancer

development in EP1 and EP4 knockout mice (Kitamura et al. 2003; Kawamori et al.

2005). This suggests that the EP1 and EP4 receptors may also have a pro-tumorigenic

action in skin carcinogenesis. Recently, one group showed that PGE2 stimulation of

EP2 receptors activates the cAMP/PKA pathway and then phosphorylates CREB,

whereas the EP4 receptor can use both the cAMP/PKA and phosphatidylinositol 3-

kinase (PI3K) pathway to induce phosphorylation of CREB in human embryonic kidney

cells (Fujino et al. 2005). In colon carcinoma cells, cell growth is associated with EP4

receptor-mediated PI3K/ERK pathway (Sheng et al. 2001). For this reason, we can’t

rule out the possibility that EP4 receptor may also contribute to skin tumor

development. EP4-mediated signaling also may play an important role in inducing cell

proliferation and angiogenesis in mouse skin because activation of EP4 should also

elevate cAMP. In human cholangiocarcinoma cells, COX-2-induced PGE2

transactivates EGFR via the EP1 receptor and induces cell proliferation and invasion

(Han et al. 2005). Further studies are needed to determine the roles of the EP1 and EP4

receptors in skin carcinogenesis and the underlying molecular mechanisms.

           In summary, we have shown that EP2 signaling through PKA and CREB is

responsible for the PGE2 effects on genes associated with proliferation and

angiogenesis in mouse skin and our findings reveal a positive feedback loop between

COX-2 and PGE2 by the EP2 receptor.
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Fig. 4. 1.        Downregulation of COX-2 expression in the EP2 receptor deficient mice.

(A) Northern blot analysis was performed to determine COX-2 mRNA expression (4.0 kb) in
skin from WT (129 background) and EP2 knockout (EP2 -/-) mice. Each skin from WT and EP2
knockout mice was treated with vehicle (acetone) or 100 µM PGE2 for 6 hr with or without TPA
(2.5 µg/200 µl acetone). GAPDH cDNA was used as a loading control. A set of representative
data from 3 independent experiments is presented. (B) Western blot of epidermal proteins from
WT and EP2 knockout mice treated with vehicle (acetone) or 100 µM PGE2 for 6 hr with or
without TPA (2.5 µg/200 µl acetone) visualized with antibody against COX-2 and β-actin. A set
of representative data from at least 2 independent experiments is presented.
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Fig. 4. 2.        Upregulation of COX-2 expression by overexpression of the EP2 receptor.

(A) Western blot of epidermal proteins from WT (FVB) and EP2 transgenic mice treated with
vehicle (acetone) or TPA (2.5 µg/200 µl acetone) for 1-18 hr visualized with antibody against
COX-2 and β-actin. (B) Western blot of whole cell lysate proteins from cultures of primary
keratinocytes from WT and EP2 transgenic mice treated with vehicle (DMSO) or 10 µM PGE2
for 3–18 hr visualized with antibody against COX-2 and β-actin. A set of representative data
from at least 2 independent experiments is presented.
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Fig. 4. 3.        Prostaglandin E2 levels in the skins of EP2 knockout, transgenic or WT mice with
TPA treatment.

Epidermal skins from EP2 knockout (A) or transgenic (B) mice and WT after dorsal TPA
treatment (6 hr) were removed quickly and immediately snap frozen, placed in a Tris-buffer with
indomethacin and stored at –70 ºC. Chipped epidermis was used. PGE2 was measured by using
immunoassay system (Perkin Elmer Life Science) according to the supplier’s instructions and
calculated as ng PGE2/µg protein. A set of representative data from 2 independent experiments
(3 mice each per treatment group) is shown and values are means ± SD, **p<0.01, vs. WT for
each treatment group.

**



104

Fig. 4. 4.      PGE2-induced cyclin D1 and VEGF expressions.

Western blot of whole cell lysate proteins in cultures of primary keratinocytes from WT and EP2
transgenic mice treated with vehicle (DMSO) or 10 µM PGE2 for 6-26 hr visualized with
antibodies against (A) cyclin D1 and (B) VEGF. A set of representative data from at least 2
independent experiments is presented. (C) Suppression of PGE2-induced cell proliferation by an
adenylate cyclase inhibitor (SQ 22,536). Primary skin keratinocyte cultures from WT and EP2
knockout mice at about 85-90 % confluence were treated with 10 µM SQ 22,536 for 30 min
before 10 µM PGE2 treatment for 20 hr and pulsed with 1 µCi /ml [3H]-thymidine 2 hr before
harvest. The [3H]-thymidine incorporated by cells was measured and normalized to protein
concentration. Data are presented as fold induction of specific activity with WT cells treated with
vehicle (DMSO) defined as 1. A set of representative data from at least 2 independent
experiments is presented and values are the means ± SD, **p<0.01, vs. WT., * p<0.05, vs. WT
for each treatment group.
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Fig. 4. 5.       PGE2-induced CREB phosphorylation via the EP2 receptor.

(A) Western blot of whole cell lysate proteins from cultures of primary keratinocytes from WT
and EP2 transgenic mice treated with vehicle (DMSO) or 10 µM PGE2 for 10 min–4    hr
visualized with antibodies against CREB phosphorylation and total CREB. (B) Western blot of
whole cell lysate proteins from cultured primary keratinocytes from WT and EP2 transgenic
mice treated with 10 µM PKA inhibitor (H-89) or 10 µM adenylate cyclase inhibitor (SQ
22,536) for 30 min before vehicle (DMSO) or 10 µM PGE2 for 10 min and immunostained with
antibodies against CREB phosphorylation. NC - Negative control. PC - Positive control. Loading
control was represented by Coomassie Blue-stained gel. A set of representative data from 3
independent experiments is presented.
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Fig. 4. 6.       Proposed positive feedback loop between COX-2 and PGE2-mediated
cAMP/PKA/phospho-CREB signaling pathway via the EP2 receptor.

PGE2 derived from COX-2 binds to Gs-protein-coupled EP2 receptors, which in turn
activates adenylate cyclase (AC). Increased intracellular cAMP activates PKA, which
can phosphorylate CREB on Ser-133. The PGE2-induced cAMP/PKA signaling
pathway, induces the expression of COX-2 through activation of a cAMP–responsive
element (CRE) in the COX-2 promoter. PGE2 effects on cell proliferation and
vascularization is mediated, at least in part, by activation of cAMP/PKA/phospho-
CREB. EP2-mediated signaling pathways upregulate COX-2 expression and induces
amplification of PGE2 through this positive feedback loop.
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Chapter V

Summary, discussion and future directions

 5.1.      Summary

        In this study, we have tested if activation of the EP2 receptor by tumor

promoters or PGE2 contributes to skin tumor development. We have assessed the

effects of EP2 deletion or overexpression on skin tumor development using a chemical

DMBA/TPA protocol, as well as on keratinocyte proliferation, apoptosis, angiogenesis

and inflammation in mouse skin.

        In the first study, we showed that unlike EP3 knockout mice, the EP2 knockout

mice produced significantly fewer tumors and reduced tumor incidence compared to

wild type (WT) mice in a DMBA/TPA two-stage carcinogenesis protocol. EP2

knockout mice had significantly reduced cellular proliferation of mouse skin

keratinocytes in vivo and in vitro compared to that in WT mice. Moreover, the

epidermis of EP2 knockout mice 48 hr after topical TPA treatment was significantly

thinner compared to that of WT mice. The inflammatory and IL-1α mRNA expression

response to TPA was reduced in EP2 knockout mice compared to WT mice. Tumors

from WT mice produced more blood vessels and fewer apoptotic cells than those of

EP2 knockout mice as determined by immunohistochemical staining. We conclude that
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the EP2 receptor plays a significant role in the pro-tumorigenic action of PGE2 in skin

tumor development.

        In our first study, we showed that ablation of EP2 had significant effects on

keratinocyte proliferation, apoptosis, angiogenesis and inflammation in mouse skin as

well as on skin tumor development. In addition, we have shown that EP2 expression

was elevated in skin papillomas and carcinomas from a DMBA-TPA tumor study in

wild type mice and in TPA-treated epidermis at the protein and mRNA levels.

Therefore, in the second study, we generated transgenic (TG) mice overexpressing EP2,

and used them in a DMBA/TPA two-stage carcinogenesis protocol. EP2 TG mice had

significantly more tumors compared to that in WT mice. Overexpression of the EP2

receptor increased TPA-induced keratinocyte proliferation in vivo and in vitro

compared to that in WT mice. In addition, the epidermis of EP2 TG mice 48 hr after

topical TPA treatment was significantly thicker compared to that of WT mice. EP2 TG

mice had significantly increased cAMP levels after PGE2 treatment and an increased

inflammatory response to TPA. Tumors and 7x TPA-treated and DMBA-TPA-treated

(6 weeks) skins from EP2 TG mice produced more blood vessels than those of WT

mice as determined by CD-31 immunostaining. As for the number of apoptotic cells,

there was no difference observed in tumors from WT and EP2 TG mice.

            Based on our first and second studies, these results led us to investigate the

underlying molecular mechanisms. In the third study, we found EP2 signaling through

PKA and CREB is responsible for the PGE2 effects on genes associated with

proliferation and angiogenesis in mouse skin and our findings reveal a positive feedback
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loop between COX-2 and PGE2 by the EP2 receptor. Collectively these data suggest

that the overexpression of the EP2 receptor plays a significant role in the pro-

tumorigenic action of PGE2 in mouse skin.

5.2.     Discussion and Future Directions

          We found that EP1, EP2, EP3 and EP4 were expressed in murine epidermis and

that TPA upregulates the expression only of the EP2 receptor. It had been difficult to

determine whether the biological effects of PGE2 (proliferation, apoptosis,

inflammation and angiogenesis) are EP2-dependent or not. To answer this question, we

have used gene targeting approaches using EP2 knockout and transgenic mice.

           Many investigators have extensively studied the role of the EP2 receptor in

intestinal polyps (Sonoshita et al. 2001) and mammary gland (Chang et al. 2004; Chang

et al. 2005) tumor development using experimental animal models, Apc knockout mice

and MMTV COX-2 transgenic mice, respectively. They have shown that the EP2

receptor plays a pivotal role in the pro-tumorigenic action of PGE2 in mouse intestinal

polyps and mammary gland through induction of angiogenesis and proliferation. Our

results are strongly in agreement with these reports in that the EP2 receptor plays an

important role in the pro-tumorigenic action of PGE2 in mouse skin by inducing

keratinocyte proliferation, angiogenesis and inflammation. There have been no reports

that the EP2 receptor could have an anti-tumorigenic role in mouse tissues.
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           There are still several critical questions that remain to be answered. First, we

need to investigate how EP2 activation regulates expression of genes that are related to

proliferation, angiogenesis, inflammation and apoptosis. We have shown that

overexpression of the EP2 receptor increased TPA-induced keratinocyte proliferation

whereas deletion of the EP2 receptor reduced TPA-induced keratinocyte proliferation in

vivo and in vitro compared to that in WT mice. We have also shown EP2 transgenic

mice have increased vascularization and produced more blood vessels than those of WT

mice, whereas tumors from the EP2 knockout mice have fewer blood vessels than those

of WT mice. Collectively, PGE2 leads to induction of angiogenesis and cell

proliferation  mediated by the EP2 receptor.

           PGE2 has an anti-apoptotic role in normal and cancer cell lines (Sheng et al.

1998; Nishihara et al. 2003; Ueda et al. 2001). However, our results that PGE2 has an

anti-apoptotic role mediated by the EP2 receptor in mouse skin are not completely

consistent between EP2 knockout and transgenic mice models. Our studies have shown

that tumors from WT mice produced fewer apoptotic cells than those of EP2 knockout

mice. Unexpectedly, the EP2 TG mice were not different from WT mice with regard to

apoptotic cells. Whether this is due to differences in the background strain of the mice

or targeted vs whole animal alteration of EP2 is unknown. Therefore, additional studies

are needed to determine the anti-apoptotic genes (e.g., bcl-2 and IAP), pro-angiogenic

genes (e.g., VEGF), cell cycle genes (e.g., cyclin D1 and cyclin A) that are affected by

in the EP2 receptor-mediated signaling pathway in these mouse models.



111

           An involvement of arachidonic acid in UV-induced inflammation and tumor

development was concluded from experiments using inhibitors of its metabolism

(Fischer et al. 1999; Pentland et al. 1999). In most tissues, including skin, COX-1 is

constitutively expressed, whereas COX-2 is highly inducible by a variety of agents

including tumor promoters, growth factors and UV (Yamamoto et al. 1999; Smith et al.

1996). While UV or chemical agents transiently induce COX-2 in normal tissues, COX-

2 is constitutively up-regulated in tumors (Buckman et al. 1998). In keratinocytes, UVA

and UVB were shown to trigger a series of events that activate several MAP kinases,

leading to the induction of COX-2 (Huang et al. 1997). The products of COX-1 and

COX-2, the PGs, also elicit signaling via binding to specific cell surface receptors, e.g.,

four EP receptors. The contribution of PGs to UV carcinogenesis has been evaluated

through the use of NSAIDs. However, NSAIDs have been shown to have PG-

independent effects on cell signaling and proliferation (Pentland et al. 1999; Yamamoto

et al. 1999) leaving unanswered the question of the extent of the contribution of PGs to

UV-induced tumor development. The aims of our future studies will be designed to

answer this question, at least with respect to the involvement of the EP2 receptor that

mediates the effects of PGE2 on changes in proliferation, angiogenesis and apoptosis in

UV-induced tumor development.

          Recently, one group showed that EP1 and EP2 receptor mRNA expression

increased sequentially in UVB-induced benign papillomas and SCCs (squamous cell

carcinomas) in SKH-1 mice, whereas EP3 receptor mRNA expression was decreased

(Lee et al. 2005). Thus we need to evaluate the roles of EP2 in mouse skin
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tumorigenesis induced by UV irradiation. The BK5.EP2 transgenic mice, which are on

a FVB background, are being transferred to the SKH-1 hairless mouse by 8 generations

of backcrosses with SKH mice; this is the number required for 99.8% of the genes to be

SKH. The SKH-1 albino hairless mouse will be used as the model because it is the most

sensitive strain for inducing tumors with UV and has been used extensively in

photocarcinogenesis studies (Lee et al. 2005). Additionally, the photobiological

response of SKH-1 hairless mice is very similar to that observed in human skin (Kim et

al. 2005).

           The roles of the EP receptors in carcinogenesis have been primarily elucidated in

colon carcinogenesis using Min mice or APC gene-knockout mice. The EP1 receptor

deficiency has been associated with inhibition of azoxymethane (AOM)-induced colon

cancer development using EP1 knockout mice (Kawamori et al. 2005). Recent studies

show that the EP1 and EP4-selective antagonists, ONO-8711 and ONO-AE2-227,

respectively, reduce the number of intestinal polyps in the Min mouse model (Watanabe

et al 1999; Mutoh et al 2002). Recently, one group has shown that the growth rate of

cultured malignant keratinocytes is mediated by the EP1 receptor (Thompson et al.

2001). In both murine and human breast cancer cells, the selective EP4 antagonist AH-

23848B dramatically inhibits migration of these cells (Timoshenko et al. 2003). In

colorectal carcinoma cells, EP4 receptor signaling through a PI3K pathway has been

shown to increase cell proliferation and motility (Sheng et al. 2001). However, the role

of EP1 and EP4 in skin carcinogenesis is completely unknown and needs to be assessed.
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          Recently, one group showed EP1 and EP2 receptor mRNA expression increased

sequentially in UVB-induced benign papillomas and SCCs (squamous cell carcinomas)

in SKH-1 mice (Lee et al. 2005); this suggests that the EP1 receptor may play an

important role in UV-induced skin carcinogenesis. Our preliminary data are also in

agreement with this result in that EP1 and EP2 receptor mRNA expression was

significantly increased in UV-irradiated epidermis and UVB-induced benign papillomas

and SCCs (squamous cell carcinomas) compared to that of normal skin in SKH-1 mice

(data not shown). Therefore we need to investigate whether deletion or overexpression

of EP1 and EP4 receptors alter UV or DMBA-TPA-induced skin tumor development

using EP1 and EP4 knockout or transgenic mice. We need to determine the possibility

that the EP4 receptor may be involved in gene expression related to PGE2 induced

proliferation, angiogenesis, and apoptosis because EP4 should also increase cAMP. We

will use EP4 null and wild type mice in vivo and the primary keratinocytes from these

mice in vitro to test this possibility. If we observe effects of EP4 on proliferation,

angiogenesis, and apoptosis in vivo and in vitro, it will suggest that the EP2 and EP4

receptors together play a role in skin carcinogenesis.

           Hypothesizing that the EP2 receptor is involved in induction of keratinocyte

proliferation, angiogenesis, we determined the mechanism by which this occurs. We

found that EP2 receptor-mediated phosphorylation of CREB is primarily PKA-

dependent and that EP2-mediated signaling pathways regulate COX-2 expression and

induce amplification of PGE2 by elevating COX-2 expression through a positive

feedback loop. This suggests that the positive feedback loop between COX-2 and PGE2
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may potentiate the progression of skin tumor development. Future studies should

examine the effect of crossing BK5.COX-2 transgenic mice with EP2 knockout mice

and studying the effects of lack of EP2 receptors on skin tumor development and the

effects of PGE2 (e.g., proliferation) in bigenic mice.

           The significance of identifying the EP2 receptor as the major route of

transmitting the pro-tumorigenic effects of PGE2 in skin as well as other major sites of

cancer development is that development of an inhibitor/antagonist may offer a novel

approach to cancer prevention. Prostaglandins are chemicals that are important in

promoting inflammation and its signs-pain, fever, swelling and tenderness (Dogne et al.

2005). Selective COX-2 inhibitors (e.g., rofecoxib and celecoxib) block the enzyme that

makes prostaglandins (COX-2) and thereby reduces the amounts of prostaglandins

(Krotz et al. 2005). Therefore, these inhibitors are highly effective as anti-inflammatory

and analgesic drugs and are used to treat pain, particularly the pain of osteoarthritis and

menstrual cramps (Krotz et al. 2005). However, selective COX-2 inhibitors can not be

used for long term prevention studies in humans because of their side effects (e.g.,

cardiovascular/renal effects; myocardial infarction and atherothrombotic effects) (Clark

et al. 2004; Krum et al. 2004; Krotz et al. 2005; Jones 2005). Current evidence indicates

that inhibiting COX-2 reduces the levels of prostacyclin (PGI), an antithrombotic

prostaglandin, and results in enhanced platelet activation (Krotz et al. 2005). However,

the pro-tumorigenic EP2 receptor is downstream of COX-2 and thus antagonism of this

receptor should prevent cancer but not affect cardiovascular parameters.
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