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ABSTRACT

ABSTRACT

Tumor disease is a main cause of death in Western countries and a most common malignancy is
colorectal cancer (CRC). Growing tumors are dependent on interactions among several different
cells as well as signaling pathways. Many tumors display increased expression of the enzyme
cyclooxygenase-2 (COX-2) in conjunction with changes in tissue levels of prostanoids. However,
COX-2 expression is usually unevenly distributed among cells in tumor tissue and several cell
clones display little or no COX-2 expression. A frequent change of prostanoid metabolism in
CRC is increased PGE, production, which appears to be involved in several different steps of
tumor progression. Prostanoids bind to receptors on cell membranes with subsequent activation
of different intracellular signaling pathways. Therefore, a general aim of this work was to evaluate
changes in expression of prostanoid receptors and related factors involved in prostanoid
metabolism in human CRC suggesting possible specific targets for interventions on prostanoid
metabolism to attenuate progression. This aim was partly performed by analyses with realtime-
PCR of tumor and normal colon tissue samples from human CRC obtained at surgery. Uneven
distribution of COX-2 expression, as confirmed by IHC, could hypothetically be explained by
gene silencing following DNA methylation. Therefore, methylation analysis of the COX-2
promoter was also performed. Furthermore, our patients received short-term pre-operative
treatment with non-selective COX-inhibition (indomethacin) to evaluate changes in gene

expression related to prostanoid levels determined by microarray.

Prostanoid receptor expression was decreased in tumor tissue and reduced concentration of
prostanoids had no negative effect on tissue expression of most prostanoid receptors. By
contrast, tumor tissue expression of the EP, subtype receptor showed negative prediction of
patient survival. Methylation of COX-2 promoter sequences did not explain the lack of COX-2
expression in tumor tissue cells. Short-term pre-operative treatment with indomethacin was
followed by pronounced alterations of gene expression in both tumor and normal colon tissue.
Several differences in expression of genes known to regulate COX-2 expression, including
transcriptional factors, occurred in relationship to COX-2 in tumor tissue. Our observations
suggest that prostanoid metabolism is complex in CRC and involves several hundred genes in
different cell types. Overall, alterations in prostanoid metabolism are related to tumor stage
progression as supported in different studies. These observations may offer therapeutical targets
in addition to treatment with conventional COX inhibitors for chemoprevention of CRC, since

such long-term treatment may be associated with considerable side effects in patients.



POPULARVETENSKAPLIG SAMMANFATTNING

POPULARVETENSKAPLIG SAMMANFATTNING

Cancer idr en av de vanligaste dodsorsakerna 1 vistvirlden. Begreppet cancer innefattar ungefar
200 olika sjukdomar dir tjocktarmscancer ar en av de vanligaste, som drabbar omkring 5000
svenskar varje ar. Méin och kvinnor drabbas i ungefar lika stor utstrickning och samband finns
mellan tjocktarmscancer och livsstil samt till inflammationssjukdomar i tarmen. En tumor kan
uppkomma i flera olika vivnader; i tjocktarmen ar det framfor allt 1 epitelcellagret (skiktet narmst
tarminnehallet) som tumoren har sin uppkomst. I en tumér finns det ett flertal olika celltyper
utover de maligna epitelcellerna, bland annat celler fran immunfdrsvaret. Cellerna meddelar sig
med varandra och paverkar varandra genom olika signalsubstanser. Nagra av dessa substanser
benimns prostanoider, som dr fem olika signalsubstanser som bildas med hjilp av tva olika
varianter av enzymet Cyclooxygenas, COX-1 och COX-2, fran fettsyran Arakidonsyra. Dessa
prostanoider forekommer ofta i storre utstrickning 4n normalt i tumoren. Studier har visat att
genom att sinka halten prostanoider i tumoren med en blockering av enzymet COX minskas
tillvixten och spridningen. Men prostanoiderna dr inblandade i en mingd normala fysiologiska
processer i kroppen. En blockering medfor dirfér biverkningar som exempelvis blédande magsar
och hjartproblem. Det dr darfor viktigt att hitta faktorer nedstroms COX for att fa en mer
specifik behandling med férre biverkningar.

Prostanoiderna paverkar tumoren genom att binda till receptorer pa cellernas yta. Dessa
receptorer kan vara limpliga som behandlingsmal och dérfér har vi valt att studera skillnader 1
uttryck av prostanoid receptorer. Vi har anvind oss av normal tjocktarm och tumorvivnad
erhallit fran operation av tjocktarmscancerpatienter samt fran tjocktarmscancerpatienter som
behandlats med en COX himmare tre dagar innan operation. Skillnader 1 uttryck har studerats
genom att mita variationer i midngd RNA i de olika vivnaderna. RNA ir steget mellan generna
och proteinet och mits framfor allt med analysmetoden PCR. Resultaten tyder pa att
receptorerna minskar i antal i tumorvivnaden, men ocksa att en av receptorerna (EP,) ér relaterad
till 6verlevnad hos patienterna. Med en COX himmande behandling innan operation kunde vi se
en forindring av receptor uttryck samt en mingd andra gener. Detta analyserades med en
avancerad DNA-teknik dir hela det minskliga genomet studeras samtidigt. Denna metod
anvindes ocksa for att analysera skillnader mellan tumérer med en hég halt COX-2 jaimfort med
tumorer med en lag halt COX-2. Detta ir intressant da en hoég halt COX-2 f6érsimrar
overlevnaden hos patienterna. Mingden COX-2 i tumérer varierar mellan patienter, men kan
dven vara olika inom en och samma tumér. For att klargra variationen av COX-2 halten
studeras regleringen utav COX-2 genen, vilket visade foérindringar i manga faktorer.
Sammantaget visar resultaten i denna avhandling att ett flertal faktorer som paverkar prostanoid
metabolismen dr forindrade vid tjocktarmscancer.
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ABBREVIATIONS
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AA arachidonic acid
AKT v-akt murine thymoma viral oncogene homolog 1 / PKB — protein kinase B
AP-1 activating protein 1
AP-2 activating enhancer binding protein 2
APC adenomatous polyposis coli
ANOVA analysis of variance
ATF activating transcription factor
B-ATF B-cell-activating transcription factor / basic leucine zipper transcription factor, ATF-like
bp base pair
C cytosine
cAMP cyclic adenosine/adenylate monophosphate
cDNA complementary DNA
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C/EPB CCAAT/enhancer binding protein
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CRE/-B cAMP response element/-binding
CRTH2 Chemoattractant receptor-homologous molecule expressed on TH2 cells, DP2 receptor
Ct cycle treshold
DAG diacylglycerol
DNA deoxyribonucleic acid
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dNTP deoxynucleoside triphosphates
DP D prostanoid
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ELK-1 ETS-like gene 1
EP E prostanoid
ERK extra-cellular signal-regulated kinase / MAPK1
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FC fold change
FOS FBJ murine osteosarcoma viral oncogene homolog
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G guanine

GAPDH glyceraldehyd-3-phosphate dehydrogenase
GDP/GTP  guanosine 5’-di/triphosphate

GPCR G-protein coupled receptor

GPR44 G protein-coupled receptor 44, DP2 receptor
HNPCC hereditary non-polyposis colon cancer

HPGD 15-hydroxyprostaglandin dehydrogenase / 15-PGDH
IBD inflammatory bowel disease

IFN interferon

IHC immunohistochemistry

InBa nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
IL interleukin

INOS nitric oxide synthase 2, inducible

1P 1 prostanoid

1Ps inositol 1,4,5-triphosphate

JDP jun dimerization protein

JNK jun terminal kinase

JUN jun oncogene

K kinase

K/H-RAS Kirsten/Hatvey rat sarcoma
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INTRODUCTION

INTRODUCTION

Cancer is a main cause of death in Western countries and colorectal cancer (CRC) is one of the
most common malignancies. CRC is mainly adenocarcinoma, originating from epithelial cells. A
lot of information exists that indicates that cancer is a multistage genetic and epigenetic disease.
Therefore, a majority of cancer studies have focused on examining critical genetic changes for
tumor progression. In this context, it is important to highlight that malignant tumors consist of
heterogenous cellular entities and disease progression is possible due to involvement of several
different cell types beyond genetically disturbed cancer cells. Tumors are dependent on
interactions between several different cells, as well as signaling pathways [1]. The main subject of
this dissertation is based on the suggestion of a link between COX enzymes, i.e. prostanoid
production, and tumor progression [2-5]. Several studies have confirmed the involvement of
COX enzymes and its metabolites, prostanoids, in colorectal cancer [4, 6-14].

Prostanoids

Prostanoids are a subgroup of eicosanoids and consist of prostaglandins (PGD, PGE, PGF, and
PGI) and thromboxane (TXA). Prostaglandins were first discovered in the 1930’s during research
on reproductive biology by Ulf von Euler. Hence, the name prostaglandin origins from the
prostate gland. In 1982, Sune Bergstrom, Bengt Samuelsson and John Vane received the Nobel
Prize in Physiology or Medicine for their research on prostaglandins. Bergstrom had isolated
prostaglandins and elucidated their structure, Samuelsson had elucidated the mechanisms of the
biosynthesis and the pathways of prostaglandins metabolism, while Vane discovered prostacyclin
and that aspirin inhibited the synthesis of prostaglandins [15].

Prostanoids are bioactive lipids that are important for a large number of normal physiological
processes in various tissues. They are involved in relaxation and contraction of smooth muscles,
regulation of blood clotting, maintenance of renal homeostasis, modulation of immune
responses, inhibiting and stimulating neurotransmitter release, regulating secretion and motility in
the gastrointestinal tract as well as protection of the gastrointestinal mucosa [4, 16]. In
pathological conditions, prostanoids can promote inflammation, swelling, pain, and fever.
Prostanoids in cancer are also known to affect induction of growth factors and enzymes,
apoptosis, iImmunosuppression, angiogenesis, proliferation and invasion of tissues [4].

Synthesis of prostanoids

There are three series of prostanoids based on the number of double bonds in their side chain.
Serie 2 prostanoids, with two double-bonds, are predominant in humans since its precursor fatty
acid, Arachidonic acid (AA), is abundant in humans [16]. AA is released from cell membrane
phospholipids through the action of phospholipase A2 and is converted in three different
pathways to either prostanoids, hydroperoxyeicosatetraenoic (HpETESs) or epoxyeicosatrienoic
acids (EETS). Prostanoids are produced through the conversion of AA by cyclooxygenase (COX)
to the intermediates PGG, and PGH,, which in turn is converted by specific synthases to
different prostanoids. The prostanoid produced is depending on cell type and enzymes present in
the cell (Fig 1) [17]. PGE, is produced by three different isoforms of PGE, synthase; cytosolic
PGE synthase (cPGES) and two membrane-bound synthases called microsomal PGE, synthase-
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INTRODUCTION

1(mPGES-1) and microsomal PGE, synthase-2 (mPGES-2). Microsomal PGES-1 is an inducible
form coupled to COX-2 preferentially compared to COX-1 [18, 19].
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Fig 1. Biosynthesis of prostanoids with corresponding enzymes and receptors. (Adapted by
permission from Nature Publishing Group: British Journal of Pharmacology [17], copyright
2000).

Prostanoids need to cross the cell membrane to exert some biological action. It is unclear how
this is performed in detail. Different theories are provided about PG transport to the extracellular
environment; diffusion driven by pH and the membrane potential, involvement of the multidrug
resistance-associated protein 4 (MRP4) and by prostaglandin transporter (PGT) [20-22].
However, prostanoids are chemically unstable molecules (PGG, PGH, PGI and TXA) with
approximate half-life of 30 s to a few minutes and even though other PGs are more stable they
are metabolized quickly. Therefore, prostanoids are thought to have mainly autocrine and
paracrine actions [16]. Metabolic clearance of prostanoids is assumed to be a two-step process
[23, 24]. First, prostanoids need to be transported across the cell membrane to be degraded,
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INTRODUCTION

which is an energy-dependent uptake performed by PGT [22]. PGT is broadly expressed in many
cell types and co-ordinately regulated with COX [25]. Then, degradation occur inside the cell by
the enzyme 15- hydroxyprostaglandin dehydrogenase (HPGD), which has little or no action in
human blood |20, 23].

Cyclooxygenase

There are two known genes located on different chromosomes that produce COX; PTGS7 on
chromosome 9 and PTGS2 on chromosome 1 [26]. The simple view of the two COX genes is
that PTGS'7 is constitutively transcribed to COX-1 and PTGS?2 is inducible transcribed to COX-
2. However, new findings imply a constitutive expression of COX-2 in brain and renal tissue as
well as a contribution to inflammation by COX-1 derived PGs [27]. The difference between the
transcription of the two genes depends on the promoter where PTGS2 (COX-2) is tightly
regulated by transcription factor response elements including a TATA-sequence, a NF-IL-6
motif, two AP-2 sites, three SP1 sites and two NF-»B sites, a CRE motif, and an E box that can
be stimulated by growth factors and cytokines [28-30]. The activation of intracellular signaling
pathways induces the recruitment of specific transcription factors to promoter elements which
trigger PTGS2 transcription. By contrast, the promoter for PTGS7 (COX-1) has similarities with
housekeeping genes, rich in guanine (G) and cytosine (C) [31].

There are several known polymorphisms in PTGS2, but most of them seem to have no effect on
transcription of the gene [32-35]. However, one known polymorphism (-765G>C) in the PTGS2
promoter region disrupts the binding site of stimulatory protein 1 (SP1) resulting in reduced
promoter activity with 30 % [36]. This polymorphism (-765G>C) has been reported to be over-
represented in patients with gastric adenocarcinoma [37]. Epigenetic and post-transcriptional
modulation as well as regulation at protein level may influence the expression of COX-2 [38].

Prostanoid receptors

Prostanoid receptors are G-protein coupled receptors (GPCR) that transverse the cell membrane
with a seven-transmembrane «-helix structure. Fach of the prostanoid receptor show selective
ligand-binding specificity, but the affinity varies [16]. Some cross-binding may occur. For
example, EP; receptor has the highest affinity for PGE, but could bind PGF,, as well as PGD,
[39]. Ligand binding to prostanoid receptors causes a conformational change in the GPCR that

allows it to act as a guanine nucleotide exchange factor, which activates G proteins by exchanging
GDP for GTP.

Different prostanoid receptors are associated with different G-proteins in their carboxy tail and
hence, activate different signaling pathways. Alternative splicing of the carboxy-terminal region
after the seventh transmembrane domain can occur and creates various receptor isoforms.
Today, eight human EP; receptor isoforms have been identified that differ only in their carboxy
tail and have almost identical ligand-binding specificities [40]. Alternative splicing may impact on
G-protein coupling specificity and thereby activation of signaling pathways [41]. The two main
signaling pathways activated by GPCRs are the cAMP and the Phosphatidylinositol (IP,/DAG)
signaling pathway [42].

12



INTRODUCTION

Derivates of prostanoids activate nuclear receptors called peroxisome proliferative receptors
(PPARs). Three subtypes have been identified; PPAR«, PPARy, and PPARS. These receptors are
ligand-activated transcription factors that act as heterodimers with 9-cis retinoic acid receptor
(RXR) and regulate transcription. The receptors are differently distributed among tissues, where
PPARYy is the main receptor in colon tissue [43]. PPARy is activated by a derivate of PGD,, 15-
deoxy-8'>"-PGJ,, and has a suggested role as a tumor suppressor in tumor progression [44].

Colon tissue

The primary physiological function of the colon is to store and concentrate fecal material before
defecation. The colon contains a lot of bacteria that metabolise undigested polysaccharides to
assist breakdown and fermentation. Colon tissue consists of four layers; mucosa, submucosa,
muscularis externa, and serosa. The mucosa contains crypts that enlarge the absorptive area and
secrete mucus and fluids with ions for osmotic absorptions of water. The crypts consist of a
single layer of epithelial cells such as colonocytes, goblet, Paneth, and endocrine cells [45]. The
lower third of the crypt constitutes of newly generated epithelial cells that undergo two or more
divisions when migrating towards the top. All epithelial cells in the crypt epithelium origin from
stem cells at the base of the crypt and have an approximate life span of five to six days [40].
Surrounding the crypts is lamina propria and beneath is a thin muscle layer, muscularis mucosae.
The lamina propria consists of connective tissue that is fibroblasts and extracellular matrix
(ECM), and small blood vessels (endothelial cells), nerve fibres, and various immune cells (like
macrophages and lymphocytes). In contrast to the rest of the digestive tract, the colon lamina
propria lacks lymphatic vessels [46]. The ECM is a mixture of fibrillar proteins (collagen, fibrin),
glycoproteins, proteoglycans, cytokines, and growth factors that support cell adhesion and
transmit signals [47]. It provides structural support as well as information to cells in response to
stimuli. The ECM adapts easily to various signals during developmental and pathological
processes such as cancer. The balance between ECM synthesis and remodeling is tightly
regulated and may be essential for maintenance of tissue integrity [1]. The submucosa is another
layer of connective tissue with a nerve network called submucous plexus. Followed by a circular
and a longitudinell muscle layer, muscularis externa [45]. The outer layer is the serosa, which
consists of an epithelium (the mesothelium), connective tissue, and ECM [406].

Wound healing and inflammation

Upon injury of tissue a set of complex biochemical events are activated to repair damage. The
repairing process can be divided into four overlapping phases; hemostasis, inflaimmation,
proliferation, and remodelling. The first phase involves platlet aggregation followed by removal
of bacteria and debris by inflammatory cells. In the proliferative phase angiogenesis, collagen
deposition, granulation tissue formation, and wound contraction occur, while the last phase
involves remodelling of collagen and apoptosis of cells that appear in excess [47]. Several
different cell types are activated during tissue repair with different mediators like cytokines,
chemokines, and prostanoids. For example, neutrophils and monocyte/macrophages are
important for wound cleaning. Fibroblasts make granulation tissue of fibronectin and collagen,
while endothelial cells re-vascularise the damaged area [47]. The tissue repair process has
similarities with tumor progression in many ways, such as re-vascularisation and migration of
inflammatory cells.
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Inflammation is a response to tissue damage or microbe invasion and is mediated by several
different cell types and mediators. In normal tissue innate immune cells, like macrophages and
mast cells, are present. At site of injury, those cells start to secrete factors to attract other cells.
Neutrophils are the first cells to migrate to an inflammatory site. During progress of
inflaimmation a signaling network is activated that attracts and activates lymphocytes, leukocytes,
and other inflammatory cells [48]. When the damage is removed, cells shift to a tissue repair
process and inflammatory cells execute apoptosis. Disruption of the regulation of the
inflammatory response can lead to chronic inflammation, which is dominated by macrophages,
lymphocytes, and plasma cells that secrete a great number of growth factors and cytokines as well
as reactive oxygen and nitrogen species that may cause DNA damage [49]. This may lead to
continuous tissue damage and subsequent neoplasia. Globally, about 15% of cancer cases are
related to infectious agents [50].

Colorectal cancer

Colorectal cancer (CRC) constitutes of two separate cancer types, colon cancer and rectal cancer,
which share several characteristics. There are three variants of CRC where two are hereditary;
familial adenomatous polyposis (FAP) and hereditary non-polyposis colon cancer (HNPCC).
Sporadic cancer is the third variant and counts for the majority of cases (about 80%) and is the
one considered in the present work. CRC is the third most common cancer type and the second
cause of cancer-related deaths worldwide. In Sweden there are more than 5000 new cases of CRC
every year and some risk factors for CRC include a diet high in fat and meat, obesity, sedentary
lifestyle, and tobacco smoking [51]. Also, there is a 10-fold greater risk of CRC when linked to
inflammation of the colon [48].

Progression of colorectal cancer

The cause of CRC is unclear and like all cancers it starts with growth due to failure in regulation
of cell proliferation. In proliferation each cell passes through the cell cycle, which consists of four
strictly regulated phases; G, S, G,, and M. Alterations in tumor growth, beyond cell cycle control,
is apoptosis which is disturbed in many cancers [52]. There are several ways that regulation of
proliferation and apoptosis can fail; however, these are not the only explanation for cancer.
Weinberg and Hanahan described the hallmarks of cancer as; self-sufficency in growth signals,
insensitivity to anti-growth signals, evading apoptosis, sustained angiogenesis, limitless replicative
potential, and tissue invasion and metastasis [53].

A model for describing the genetic tumor progression in CRC is the Vogelstein model (the
Vogelgram), which was introduced 1990 [54]. Mutation of the tumor suppressor APC that is a
key protein in the Wnt signaling pathway is suggested as the start of CRC (Fig 2). This mutation
is also assumed to be the reason behind the hereditary variant of CRC called FAP. Wild type
APC protein forms a complex with axin and GSK-38 (kinas) upon Wnt signaling. The protein
complex promotes degradation of -catenin, which is an intracellular signaling molecule. If not
degraded, B-catenin can enter the nucleus and bind to TCF/LEF transcription factors, which
starts transcription of genes such as MYC (c-Myc, a proto-oncogene) and possibly PTGS2 (COX-
2) [55-57]. Another way to disturb transcription of genes is methylation. Aberrant methylation of
CpG islands, regions rich in guanines (G) and cytosines (C), is an eartly event in cancer [58].
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Methylation is an important epigenetic silencing function maintained by DNA methyltransferases

(DNMTS) [59].

Transition from adenoma to dysplastic tissue may be caused by several genetic changes as well as
changes in the adenoma microenvironment. KRAS activation due to mutation is found in 40-
50% of adenomas and carcinomas and leads to a constant signal to the nucleus for division [60].
Another well-known mutation is in the DCC gene (deleted in colorectal carcinoma). The DCC
protein has a possible roll in cell-environment interactions [61]. A mutation that occurs in the
majority of CRC cases appears in the tumor suppressor p53 gene, which regulates phases of the
cell cycle at wild type [62].
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Fig 2. Transition from normal colon tissue to tumor tissue involves several different factors.
(Adapted by permission from Elsevier: Gastroenterology [63], copyright 2010).

The progression of CRC is not only a genetic event. Changes in tissue microenvironment and
expression of growth factors and other signaling factors are also of major importance [1, 4]. A
tumor is not dividing, mutated epithelial cells only. It also consists of the vascular, inflammatory,
and other activated stromal cell. Interactions among such cells with the stroma and soluble
molecules favour cell proliferation, movement, and differentiation [1]. Fibroblasts which are the
predominant cell in stroma are responsible for synthesis and remodelling of the stroma as well as
production of many paracrine growth factors that regulate cell proliferation, morphology, cell
survival, and cell death. In tumor tissue, fibroblasts have a disorganized growth pattern and
enhanced proliferation as well as high production of collagens, hyaluronates, and epithelial
growth factors. Recent data display that fibroblasts can promote neoplastic progression in
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combination with inflammatory cells [64]. However, this depends on the type of gene mutated in
adjacent epithelial cells [1]. In colon, deletions on chromosomes in stromal cells may predispose
to carcinogenic conditions [65]. Another important stroma interaction is the formation of blood
vessels, called angiogenesis. The tumor needs to stimulate angiogenesis to ensure influx of
nutrients and oxygen as well as efflux of waste products and carbon dioxide when it grows larger
than ~2 mm’ [66].

Stages of colorectal cancer

Classification according to Dukes was first proposed by Dr. C.E. Dukes in 1932 and describes
the stages of colorectal cancer as: A — tumor confined to intestinal wall, B — tumor invading
through the intestinal wall, C — with lymph node(s) involvement and D — with distant metastasis
[67]. The most common current staging system is TNM (Tumors/Nodes/Metastases) system
[68]. Dukes staging was used in the present work and can be converted to approximate TNM
staging (Table 1).

Table 1. Approximate relationships between Dukes staging and TNM classification.

Dukes TNM

'T1, NO, MO
T2/T3, NO, MO

T2/T3/T4, N1/N2, MO
T2/T3/T4, N1/N2, M1

o= >

Treatment of colorectal cancer

Screening may be performed by colonoscopy and detection of haemoglobin (F-Hb) in feces to
decrease CRC incidence and mortality. The curative treatment for CRC is surgery. By offering
neo-adjuvant chemotherapy or adjunct chemotherapy to patients with advanced tumor stages,
survival in CRC has increased. In rectal cancer, preoperative radiotherapy has reduced the risk for
local recurrence. An important observation in CRC research was that NSAIDs reduced death
rates from CRC [2]. There is now an accumulation of evidence that NSAIDs decrease tumor
growth in CRC and may prevent tumorigenesis [69-73]. NSAID acts through inhibition of COX
with some exceptions like sulindac sulfone [74]. However, the precise mechanism(s) by which
NSAIDs exert anti-carcinogenic actions remains unclear. Several different mechanisms and
targets have been suggested that can be divided into two groups; COX-dependent and COX-
independent. Indomethacin is a classic unspecific COX inhibitor that may act through decreased

angiogenesis, activation of PPARy, and inhibition of telomerase activity [75-77].

Several other agents are candidates for chemoprevention of CRC; targeting signal transduction,
epigenetic modulation, and anti-inflammation. Some well-known therapeutic agents for cancer
are used worldwide such as EGF receptor inhibitors (Erlotinib, Cetuximab) and anti-VEGFEF
antibodies (Bevacizumab) [78, 79]. Several other agents have effects on colon tumorigenesis in
animal models and are now in clinical trials; for example PPARy agonists (rosiglitazone and
pioglitazone) and anti-inflammatory agents directed towards EP,, (ONO-8711) and NF-xB
(Bortezomib, Curcumin, Tea polyphenols, Statins, NSAIDs) [79].
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AlM

Metabolites from arachidonic acid (AA) have many actions in pathological conditions ranging
from inflammation to tumor progression. Previous analyses at our laboratory indicated that
PGE, was a frequently changed metabolite in CRC from AA. One possibility to inhibit actions of
prostanoids is by blocking the rate limiting enzyme for synthesis of prostanoids, COX. However,
prostanoids are required in tissue for normal metabolism and complete inhibition may damage
barrier functions. Therefore, the general aim of this dissertation was to evaluate changes in
prostanoid receptors and enzymes expression in human CRC to find and suggest more specific
targets for interventions on prostanoid metabolism in progression of CRC.

Specific aims:

Paper I - To evaluate changes in PGE, receptors, PPARy and COX-1/COX-2 gene expression in
human colon cancer related to normal colon tissue, tumor progression, and pathological factors
such as differentiation and patient survival.

Paper II - To evaluate changes in PG receptor gene expression in human colon cancer related to
normal colon tissue, tumor progression, and pathological factors such as differentiation and
patient survival.

Paper III — To evaluate by short-term COX-inhibition the relationship between prostanoid
production and the expression of corresponding receptors and other genes that are dependent on

high PGE, in CRC.

Paper IV- To study expression of known transcription and external cell factors involved in COX-
2 induction and to evaluate if DNA methylation explains altered COX-2 expression in CRC.
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METHODOLOGICAL CONSIDERATIONS

Study design

Tumor and normal colon biopsies were continuously collected from patients operated for
primary CRC during various time petiods at three Swedish hospitals (1988-1990 Uppsala/Falun,
51 patients without collection of normal colon tissue), 1998-2002 in Uddevalla (150 patients,
tumor and normal colon tissue) and 2001-2004 in Gothenburg (23 patients, tumor and normal
colon tissue, preoperative indomethacin treatment). Tissue biopsies were taken immediately after
colon resection from the tumor and adjacent normal colon tissue (around 10 cm away from the
macroscopic tumor margin) and collected in a biobank. Exclusion criteria for patients were pre-
operative radiation and prescribed drugs that affects prostaglandin metabolism, such as
acetylsalicylic acid etc.

Paper |

All patients from Uppsala/Falun and every second patient from Uddevalla were selected from
the biobank for RNA extraction. All samples that showed degraded RNA were excluded from
further analysis, which was particularly true for normal colon tissue. Remaining 99 tumor biopsies
and 27 adjacent normal colon biopsies were analyzed with reverse transcription PCR (RT-PCR)
for COX-1, COX-2, EP receptors and PPARy receptor expression. Localization of protein
expression of EP receptors and COX were visualized by immunohistochemistry.

Paper Il

A total number of 62 patients were included in this study. The same patients that were used in
paper I were used when possible. In addition to the 48 patients from paper I the placebo treated
patients from paper III (14 patients) were included. Adjacent normal colon biopsies (29 from
Uddevalla and 14 from Gothenburg) as well as two well-differentiated human colon
adenocarcinoma cell lines (HT-29 and HCA-7) were used. Gene expression of prostanoid
receptors for PGD,, PGF,q, PGI, and TXA, were analyzed with quantitative realtime RT-PCR
(qPCR).

Paper Il

Twenty-three patients were randomized to receive either indomethacin (n = 9, Confortid, 50mg x
2 and 40 mg Nexium daily) or sham-treatment (n = 14, 40 mg Nexium daily) for three days
before surgery. All patients were operated at Sahlgrenska University Hospital, Gothenburg,
between 2001 and 2004. Two cell lines (HT-29 and HCA-7) were treated with indomethacin (8.4
uM) or saline for 14 days in vitro. Differences in gene expression after COX inhibition were
studied with microarrays. Pooled tumor RNA from 6 patients who received indomethacin
treatment was run against pooled tumor RNA from 6 patients who received placebo treatment.
Similar principles were used for normal colon tissue and HCA-7 cells. Prostanoid receptor
expression, mPGES-1, COX-1, COX-2, and HPGD gene expression were analyzed with qPCR.
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Paper IV

Microarrays were performed to evaluate differences in gene expression related to high versus low
prostaglandin expression. Twenty patients were selected based on COX-2 gene expression in
tumor tissue according to results from the 48 patients (Uddevalla) in paper I and II. The selection
was based on the degree of COX-2 gene expression in the tumor tissue and the material was
divided into two groups; 10 patients with high and 10 patients with low COX-2 gene expression.
Both tumor and adjacent normal colon tissue were used from the same patient. RNA from each
group was pooled and microarrays were run as follows:

Tumor tissue Normal colon High COX-2
tissue

High COX-2 Tumor tissue

Versus High COX-2 Versus

Low COX-2 Versus Normal colon

Low COX-2

tissue

DNA from tumor and normal colon tissue from the 20 patients were extracted and used for
methylation analysis of two areas of the COX-2 promoter region.

Cell lines
Two different human adenocarcinoma cell lines were used in paper I and III. HT-29 displayed
low intrinsic PGE, expression and HCA-7 showed high intrinsic PGE, expression. HCA-7 cells

expressed several prostanoid receptors (DP2, EP, ,, FP, TP) while HT-29 cells expressed only
some (DP2, EP, ,, FP, TP).

Gene expression analysis

The step between DNA and protein is RNA, which is transcribed from DNA and translated to
proteins. The transcription of DNA results in precursor mRNA which is processed into mRNA
by splicing. The mRNA molecule is comparatively unstable and may be degraded rapidly after
translation; halftime is 30 min in eukaryotes [80]. Measurement of mRNA expression in tissue
may be a means to measure the increase or decrease in protein production at specific conditions
and specific events such as tumor progression. There are some weaknesses in measurements of
mRNA expression to define the changes of a specific receptor / enzyme; first, mRNA is unstable
and easily degraded and second, post-translational modulation may occur. To partly overcome
these obstacles the quality of the mRINA has been rigorously checked and only RNA with a RNA
Integrity Number (RIN) above 6.0 (or ratio of 1.5 between 18S and 285 RNA) have been used.
Post-translational modulations are a bias that has to be considered.

Polymerase Chain Reaction

The polymerase chain reaction (PCR) technique was described in the mid 1980’s by Mullis et al.
and is used to amplify specific DNA sequences [81]. PCR is based on thermal cycling where a
cycle involves three steps; (1) denaturation of DNA/amplicons (PCR copies), (2) annealing of
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template and primers, (3) extension of DNA. Theoretically, 10’ copies of specific DNA
sequences have been produced after about 30 cycles of PCR. Two sequence specific
oligonucleotide primers are needed; one forward (P1) and one reverse (P2) to get the specific
amplification of the DNA sequence of interest. The primers bind to denatured DNA. Copies of
the DNA sequence are produced during extension in the presence of a heat-stable DNA
polymerase and deoxynucleoside triphosphates (ANTPs) (Fig. 3).
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Fig 3. The polymerase chain reaction with denaturation of double stranded DNA followed by
annealing with primers and extension.

Reverse transcriptase PCR (RT-PCR)

We mainly used reverse transcriptase PCR which is a method to detect the expression of specific
genes. The principle is the same as for PCR. However, a first separate step where mRNA are
transformed to cDNA is included. The RNA strand is converted to cDNA by the use of the
enzyme reverse transcriptase and oligo-dT primers that are mRNA selective by binding to the
poly A-tails. Primers are designed to generate products spanning over exon-exon boundaries as a
second step to ensure that it is only cDNA and not genomic DNA in the PCR.

The Agilent 2100 Bioanalyzer was used for size determination, quantification, and quality control
of RNA and DNA. It is a microfluid-based platform that is developed from capillary
electrophoresis. RNA/DNA samples are loaded to chips containing interconnected sets of
micro-channels that are used for electrophoretically driven separation of nucleic acid fragments.
The results are displayed in an electropherogram for each sample as well as in a gel-like image.
RIN is a computer based algorithm that is extracted from a number of characteristic features
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from the Bioanalyzer electropherogram and is used to ensure repeatability of experiments. RIN is
also a measurement of RNA quality in an ascending scale (1-10) [82].

Real-time PCR

Quantitative real-time PCR (qPCR) is a method were fluorescent molecules are incorporated to
or bind to the DNA strand. The fluorescence is measured for each cycle and the signal is
proportional to the initial amount of PCR product. Two different types of qPCR have been used
in this dissertation, Tagman® (ACt, paper III) and LightCyclet® 1.5 (relative standard curve,
paper I, II and III). Two methods can be used, either the standard curve method or the

comparative Ct (cycle threshold) method, to get a relative quantification of the results obtained by
qPCR.

A standard curve is prepared for each primer pair using serial dilutions of a calibrator cDNA
(standard) when using the standard curve method. The standard is used in every PCR run and all
samples are related to the amount of standard and the standard curve. In the comparative Ct
method, Ct is defined as the number of PCR cycles required for the fluorescent signal to cross
the treshold (i.e. exceed background level). Ct levels are inversely proportional to the amount of
target cDNA in the sample (low Ct = great amount of cDNA). A standard is also used in every
PCR run in the comparative Ct method, but no standard curve is produced. In contrast to the
relative standard method that is calculated by the LightCycler 1.5 software, the comparative Ct
method is calculated according to following:

Ct target gene — Ct reference gene = ACt normalized to reference gene
ACt sample — ACt standard = AACt normalized to standard
244¢ = expression level of gene

A reference gene (endogenous control) is used to normalize the input of amount of cDNA and
PCR efficiency. It is important that the reference gene has a constant expression level in the
tissue of interest. Usually the choice of reference gene is housekeeping genes, which has strong
promoters and are transcribed efficiently and continuously. We performed a test with Tagman
human endogenous control plate (Applied Biosystem) to find a suitable reference gene. Samples
from four different patients (Dukes A, B, C, and D), tumor and normal colon tissue, were used at
two plates (Fig. 4).

Glyceraldehyd-3-phosphate dehydrogenase (GAPDH) was used as reference gene, since its

expression was at almost the same level in tumor and in normal colon tissue and the standard
deviation between the samples were modestly different.
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Fig 4. Ct-values of reference genes in order at the diagram; IPC — internal positive control, 18S —
18 S tfRNA, PO - acidic ribosomal protein, BA — B-aktin , CYC - Cyclophilin, GAPDH -
glyceraldehyd-3-phosphate  dehydrogenase, PGK - Phosphoglycerokinase, B2m — 2
microglobulin, GUS — $-glucronidase, HPRT — Hypoxanthine ribosyl transferase, TBP — TATA
binding protein TfIID, and TR — transferring receptor.

Microarray Analysis

Microarray analysis was applied for assessment of the expression of several genes in parallel and
nowadays several different platforms have been created for applications within various areas of
research [83]. There are two major microarray techniques, one-color and two-color arrays. One-
color arrays are based on hybridization of one source of DNA/RNA while two-color arrays have
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two different sources of DNA/RNA. Two-color gene expression atrays from Agilent were used.
The principle of microarray technique is hybridization of fluorescence-labelled DNA/RNA (Cy 3
and Cy 5) to probes that are bound on a surface. The two different fluorescence-labelled
DNA/RNA samples are competing for the same probe. The fluorescence intensities atre
measured at each probe by laser emission. In the computer software program for image analysis
(Feature Extraction, Agilent Technologies), a grid is placed on the array to verify the location of
each probe. Thereafter, the ratios of fluorescence intensities among the probes are calculated. In
the software program Genespring (Agilent Technologies) normalization, quantification, and
further data analysis was performed.

DNA methylation analysis

Methylation in promoter regions of a gene is known to silence the gene expression. One of the
most common ways to analyze DNA methylation is the bisulfite-modified DNA technique,
which makes it possible to detect methylated cytosines with DNA sequencing [84]. This is
possible since bisulfite deaminates unmethylated cytosines into uracil while methylated cytosines
are protected. In a following PCR analysis unmethylated cytosines converted to uracils are
amplified as thymine while methylated cytosines are amplified as cytosine. PCR was performed
with primers without any preference for methylation and followed by DNA sequencing.

Immunohistochemistry

Immunohistochemistry (IHC) is a method to detect and localize protein expression in tissue and
in cells with specific antibodies. Thin sections of the tissue are exposed to specifically labelled
antibodies. Visualisation of the antibody can be accomplished in different ways. In this
dissertation, IHC was used to visualize the expression of COX and subtype EP, , receptors in
tumor and normal colon tissue (Paper I).

PGE, analysis

Prostaglandin B, [*I] assay system (Amersham LIFE SCIENCES) was used to measure the
amount of PGE, in tissue. In this assay PGE, is converted to the more stable methyl oximate
derivative by methoxyamine hydrochloride. The assay is based on competition between
unlabelled PGE, (methyl oximated) and a fixed quantity of '*I-labelled PGE, (methyl oximate
derivate) for binding sites on an antibody specific for methyl oximated PGE,. Separation of
bound and unbound PGE, is performed with a second antibody bound to magnetic polymer
particles and separated by centrifugation. The amount of radioactive ligand bound is inversely
proportional to the concentration of added non-radioactive ligand and is determined by
interpolation from a standard curve [85].

Statistical analysis

Survival analysis was used to check that our patients were representative for expected survival
among patients with CRC related to tumor stage according to the Kaplan-Meier curve. Statistical
testing was performed with the log rank technique and alive patients were censored. The gene
expression results from RT-PCR are presented as mean = SEM and p<0.05 was considered
statistically significant in two-tailed tests.
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In paper I it was assumed that sample means and proportions are observations from a Normal
distribution and that the calculated standard errors are good estimates of the standard deviations
of these Normal distributions since sample size is large [86]. Hence, parametric tests were used
on this material. Factorial ANOVA was used to compare the gene expression of prostanoid
receptors and enzymes at different variables, as Dukes stage and differentiation. Regression
analyses were used to study the relationship between variables such as gene expression, survival,
differentiation, etc. Multivariate regression analysis was performed according to standard
regression analysis in Statview 5.0.1 (SAS Institute Inc.) with disease-specific mortality as
dependent factor.

In paper II a moderate sample size was used; therefore, calculations of differences between
patameters were performed with non-parametric tests (U test / Kruskal-Wallis and Mann-
Whitney). The advantage is that the only assumption about the distribution of the data is that the
observations can be ranked. The disadvantage is less power with the risk of type-I error.

However, non-parametric testing is usually appropriate in moderate sample sizes.

In paper III the sample size required to detect any differences between indomethacin and
placebo treated patients was determined with test of power with significance level «=0.05 and 3
at 0.80, which represent 1 - probability of detecting a significant difference at the o level.

In paper IV the selection of patients to the two groups was done according to a graphical
distribution of COX-2 gene expression in a histogram with 48 patients. Statistical analysis of
microarray data was performed in Genespring GX7.3.1/GX9.0/GX10 (Agilent Technologies)
and a fold change 1.5 of log2 ratio was considered statistically significant.
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RESULTS AND DISCUSSION

Prostanoid synthesis is a pathway of major interest in prevention of CRC since its enzymes and
metabolites have aberrant expression in epithelial cancers [87]. Several studies have confirmed
actions of PGE, as well as other prostanoids in CRC progression [4, 6-14]. Indeed, our
investigations confirm that production of prostanoids as well as corresponding receptor signaling
in tumor tissue is critical for CRC progression. The production of prostanoids is rate limited by
COX-2, which has a scattered expression in tumor tissue that may represent different cell clones
or different local tissue conditions at the cellular level. Differences in the expression of genes
known to regulate COX-2 including transcriptional factors are seen among tumors with different
COX-2 expression (paper IV). Short-term treatment with a non-selective COX-inhibitor,
indomethacin, changed gene expression strikingly in CRC tumor tissue (FC 1.5: | 623, 1 541,
paper III). This suggests that prostanoid metabolism is complex in CRC and involves several
hundred genes and different cell types.

Prostanoids

Prostanoids in CRC became interesting with the report of reduced adenomas in patients on
NSAID medication [2]. Measurements of arachidonic acid metabolites in tumor tissue display an
imbalance in prostanoid production during tumor progression. The major metabolite of COX-2
is PGE,, which is increased in most CRC tumors and has been accredited to affect all the
hallmarks of cancer [4]. However, changes occur in concentrations of other prostanoids as well
[88, 89]. Elevated levels of PGD, and TXA, have been observed as well as reduced levels of
PGF,, and PGI, [90-92]. Most reports have focused on PGE, and have left remaining products
of COX without detailed considerations in CRC. Other prostanoids may exert some of the tumor
promoting actions performed by COX-2 metabolites even though PGE, is the major metabolite.
For example, TXA, is involved in angiogenesis and development of tumor metastases [93].
PGF,, may activate potentially oncogenic pathways such as the 3-catenin transcription and it also
promotes neoplastic epithelial proliferation [94, 95]. Contradictory, PGI, displays anti-
cancerogenic effect in a murine cell model [96]. Depending on which receptor PGD, may
activate it exerts different actions; DP1 anti-inflammatory, DP2 pro-inflammatory, and PPARYy is
tumor suppressing, and thereby has PGD, both anti- and pro-cancerogenic effects [97-99].

One of the other pathways derived from arachidonic acid, which is known to be involved in CRC
is via the enzyme 5-lipoxygenase (5-LOX), resulting in the leukotrienes (LTs). LTs are among
other mediators of acute inflammatory responses and are predominantly produced by
inflammatory cells. One possible action of LTs in CRC may be affecting the expression of
adhesion molecules needed for interactions between endothelial and inflammatory cells [100].
Compared to prostanoids much less is known about LTs in cancer. However, 5-LOX has
enhanced expression in human cancer tissue and there is evidence that LTs are involved in
regulation of apoptosis as well as promoting cell proliferation [30, 101]. Also, expression of a LT
receptor, CysL T, correlates negatively with patient survival and activation of the receptor leads
to increased production of PGE, [102].
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It can be assumed that PGE, is the main prostanoid involved in tumor progression since
mPGES-1 like COX-2 is up-regulated in most cancers [4]. There are many similarities in
activation of COX-2 and mPGES-1, but some differences in regulation seem to occur [19].
Transfection of mPGES-1 together with COX-2 results in faster growth, increased cell
aggregation, and abnormal cell morphology [103]. This indicates that induction of mPGES-1, i.e.
induction of PGE, production, may be driving PG-related inflammation and tumor progression.

Degradation and transportation of prostanoids are affected during tumor progression in addition
to changes in production. The enzyme responsible for degradation of prostanoids HPGD
showed overall lower expression in tumor tissue than normal colon tissue (paper I1I). This agrees
with findings by others reporting down-regulation of HPGD in CRC [104]. Moreover, the
proteins PGT and MRP4, believed to be responsible for transportation of prostanoids across the
cell membrane, show decreased and increased expression respectively in CRC [105]. This was not
observed in tumor tissue with high COX-2 where increased expression of PGT, but not of
MRP4, was detected (unpublished data, paper IV).

Cyclooxygenase

It seems that induction of COX-2 is a key-factor behind progression of epithelial cell
transformation to invasive cancer in colon mucosa. Indeed, an aberrant expression of COX-2 is
seen in most CRC even though it shows uneven expression and distribution in tumor tissue [1006,
107]. Therefore, it is of great relevance to determine what regulates the induction of aberrant
expression of COX-2 in specific cells. Little is known about initiating events that trigger COX-2
induction in cancer, although COX-2 is regulated by multiple signaling pathways and
transcription factors. A predominant role in COX-2 regulation has been assigned to RAS
transmitted signals via the RAS-RAF-MEK-ERK and RAS-AKT-MEKK1-JNKK-JNK cascades,
which activate the transcription factors PEA3, C/EPB and AP-1 [108].

Several factors and signaling pathways involved in COX-2 regulation were studied (Table 2, Fig
5). Some factors that elsewhere have been reported to affect COX-2 expression had no change in
gene expression among tumors with different COX-2 mRNA expression (paper 1V) [31, 109].
However, the cytokines IL-18 and IL-6, which play important roles in cancer development, were
increased at high COX-2 mRNA expression in tumors and in normal colon tissue. This supports
a role for PGE, in shifting the tumors immune response from anti-tumor Tyl to
immunosuppressive T},2 response resulting in down-regulation of TNF-«, IFN-y and IL.-2 as well
as up-regulation of IL-4, 1L.-10 and IL-6 [110]. Moreover, the receptor that mediates the
immunosuppressive signal of IL-10, IL-10 receptor «, is up-regulated at high COX-2 in tumors
(unpublished data, paper IV).

A major transcription factor complex that is changed at high COX-2 expression in tumors is the
activating protein-1 (AP-1) complex (Table 2). In response to stimuli AP-1 forms homo- or
heterodimers composed of members from the JUN and FOS families. AP-1 is related to the
transcription of genes exerting various biological effects whereas many are considered hallmarks
of cancer. KRAS mutations and the Wnt signaling pathway (APC or CTNNBT7 (B-catenin)
mutations) that are common in CRC can activate AP-1 [111]. RAS activation of AP-1 is mediated
via RAS-RAC-MEKKI1-JNKK-JNK signals [108]. Activated AP-1 (dimers of FOS and JUN
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family members) interacts with ATF and binds to the CRE motif in PTGS2 (COX-2) promoter
[30, 108]. In normal colon tissue the AP-1 complex is not changed as observed in tumor tissue
(Table 2). In agreement, it has been proposed that AP-1 is highly activated during late
progression of CRC in rats [112]. Furthermore, transcription of AP-1 components is regulated by
other transcription factors affected by COX-2 expression. For example, decrease of ELK-1 at
high COX-2 mRNA in tumor tissue (Table 2) may affect transcription of the AP-1 component
FOS [109].

Table 2. Changes in gene expression of factors involved in regulation of COX-2 gene expression
at high tissue intrinsic COX-2 (FC 1.5).

Factor Tumor tissue Normal colon tissue
ATF3 (AP-1) 1 )
C/EBP-8 1 )

c-FOS (AP-1) 1 ns

FOS-B (AP-1) 1 )

CREB ns 1

JDP1 (AP-1) ns )

JDP2 (AP-1) 1 ns

JUND (AP-1) 1 ns

c-MAF (AP-1) 1 ns

IxBa (NF-»B) 1 ns

TCF4 i ns
'DNA MTase 3A T ns
IL18 1 1

IL6 1 )

IL6 receptor 1 ns

iNOS ns )

Protein kinas C31 1 ns

TNF-a 1 ns
CAP2y L ns
B-ATF (AP-1) ns !

ELK-1 l ns

CDX2 l ns
NFATcl/NFAT2 ns !

p53 l ns
PEA3/ETV4 ! ns

PPARy ns !

Induction of COX-2 expression is mediated by growth factors, oncogenes, and cytokines that
partly act via protein kinase C (PKC) and RAS-mediated signaling (Fig 5) [109]. Transcription
factors activated by RAS-mediated signaling atre PEA3 and C/EPB-8 via ERK [108]. PKC and
C/EPB-8 gene expression were increased at high COX-2 gene expression while PEA3 gene
expression was decreased (Table 2). Several factors involved in RAS signaling were investigated
as well as HRAS and KRAS (unpublished data), but no difference in expression could be found
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between high and low COX-2 expressing tumors (paper IV). C/EBP transcription factors can in
response to IL-183 bind to NF-1L-6 element and PEA3 can be activated by Wnt signaling, which
activates TCF-4 as well [108, 113]. In contrast to PEA3, TCF-4 was increased at high COX-2

gene expression in tumors (Table 2).

Cytokine
receptor
(IFNy, IL-1)

—

-ca%r‘n/@

COX-2 promoter
Fig 5. Intracellular signaling pathways involved in the induction of COX-2 expression. The CRE

site in the promoter binds AP-1, which also can be components from the JUN and FOS families.
(Adapted by permission from Elsevier: The International Journal of Biochemistry & Cell Biology
[31], copyright 2000).

The COX-2 promoter has binding sites for several transcription factors. One well known in
breast cancer is AP-2y, which was reduced in CRC with high COX-2 gene expression (Table 2).
This transcription factor may function as a tumor suppressor since it up-regulates p21, involved
in cell cycle control [114, 115]. Another transcription factor with increased expression in normal
colon tissue with high COX-2 is CREB (Table 2), which is a central regulator of COX-2
expression and over-expression of CREB is linked to poor prognosis and metastases [31, 116].
The multi-component transcription factor NFAT regulates COX-2 gene expression in Jurkat
human leukemic T-cells and one of these factors, NFAT?2, was reduced in normal colon mucosa
with high COX-2 (Table 2) [109]. Yet, another transcription factor controlling COX-2 gene
expression is CDX-2, which is an intestine specific tumor suppressor that interacts with NF-»xB
and down-regulates COX-2 promoter activity [117]. As shown in table 2, it was reduced in tumor
tissue with high COX-2 expression. Gene expression of the regulatory transcription factor NF-
#B did not follow the gene expression of COX-2. The only NF-xB family member with changed
expression at high COX-2 was IxBa, which inhibits NF-»B (Table 2) [109].
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There is conflicting evidence about the quantity of COX-2 expression as well as its distribution in
CRC, possibly depending on different analytical techniques and investigated tissue. However, the
results differ on cells in tumor tissue that express COX-2 even when the same technique (IHC)
and the same tissue (CRC) are used [6-13, 89, 118]. Some reports indicate that COX-2 is mainly
visible in macrophages while we observed that COX-2 protein was visible in epithelial cells,
muscle layer, adipose tissue and submucosa (paper I) [7]. COX-2 as well as other growth factors
are expressed unevenly in tumor tissue with locally high concentrations recognized as ‘hot spots’
[107]. Some neoplastic cells do not express COX-2 at all (20-60%) and some patients showed
weak or absent COX-2 expression in tumor tissue [87, 119]. Yet, others have low levels with
constitutive COX-2 expression in normal colonic epithelium [120]. Apparently, the expression of
COX-2 is affected both intercellularly and individually.

Moreover, gene expression studies of COX-2 also differ in results [121] (paper I). The possible
explanation for this may be tumor localization since COX-2 distribution shows a pronounced
prevalence for rectum [122]. A common adjuvant treatment of rectum cancers is pre-operative
radiation and such patients were excluded from the study in paper I. Another explanation for the
divergent expression of COX-2 in paper I may be changes in the expression pattern in normal
colon mucosa [9]. This suggestion was supported by our findings in paper IV, where
transcription factors and expression of factors involved in COX-2 regulation were changed in
normal colon mucosa at high gene expression of COX-2 (Table 2).

In summary, the regulation of COX-2 transcription is complex and involves several different
genes and appears to be cell specific. COX-2 is expressed eatly on in tumorigenesis and factors
found in normal colon tissue with high COX-2 expression might therefore be more significant
for understanding the induction of COX-2 expression. There were several changes in
transcription factors known to regulate COX-2 expression, especially components of AP-1.
However, transcription factors are multifunctional since they transcribe several different genes
involved in several different processes and hence, might not be suitable as drug targets. A
strength of our study of COX-2 in human tumor tissue is the display of several different genes in
one experiment, which reduce technical and biological errors. More than 6000 genes (30867
3031]) showed different expression in tumors with high COX-2 compared to tumors with low
COX-2 gene expression. A limitation may be that our results were obtained from pooled tumor
respectively normal colon tissue with a lack of individual changes of the different factors. From
frozen tumor tissue selection of ‘hot spots’ of COX-2 expression is not possible. However, our
patients were grouped according to tumor expression of COX-2 that was individually checked by
PCR analyses (paper I) and should contain and reflect characteristics of the cells in COX-2

expression regions.

Prostanoid receptors

The specific action of different prostanoids in tumor tissue depends on different cell expression
of prostanoid receptors as well as on the specific production of prostanoids. Reports on the
expression of prostanoid receptors in human CRC are sparse in the literature, except for EP
receptors. Therefore, expression of all prostanoid receptors was studied to get a more complete
evaluation. Several prostanoid receptors showed changed expression in tumor tissue compared to
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normal colon tissue. In general, prostanoid receptors were decreased (Table 3). The exception
was TXA, receptor (TP) expression, which was increased (Table 3). Interestingely, TP receptor
expression was high in Dukes A and D, conceptually connected to angiogenesis and development
of tumor metastases [93]. On the contrary, in azoxymethane-induced (AOM) mouse model the
disruption of FP, IP, and TP receptors did not affect colon tumor formation, suggesting that
these receptors may not be involved in CRC appearance and progression [110]. Over-expression
or distuption of PGD, synthase in mice may reduce and accelerate tumor growth respectively,
indicating anti-tumor activity of PGD,. However, genetic disruption of DP1 receptor had no
effect on tumor growth [5, 110]. All our patients showed PGD, receptor down-regulation (DP1,
DP2, and PPARy, Table 3, paper I and 1I). The anti-tumoral effects of PGD, might be attributed
to PPARy that show decreased expression in CRC patients (paper I).

Table 3. Observed changes in prostanoid receptors gene expression in human colorectal tumors
(Dukes A-D) compared with normal colon tissue from the same patients.

Prostanoid )
Tumor tissue

receptor

DP1" !
DP2"* i}
EP1' ns
EP2' l
EP3' ns
EP4! !
FpY l
P" l
PPARy" |
Tp! 1

"N (0n=26), T (0n=99), ANOVA analysis
I'N (n=43), T (n=62), Mann-Whitney analysis
*Also known as CRTH2 and GPR44

The prostanoid receptor and transcription factor PPARy was decreased at high COX-2 in normal
colon tissue (Table 2) and showed reduced expression in tumor tissue compared to normal colon
tissue (Table 3). This agrees with the hypothesis that PPARy is recognized as tumor suppressor
and involved in transcription of regulators of the cell cycle as well as apoptosis. PPARy is
transcribed to three different mRNA transcripts that translate into the same protein [43]. Our
primers used in qPCR were designed to amplify all three transcripts. Reduction in PPARy
expression is associated with an increase in -catenin which increases the transcriptional activity
of TCF-4 and hence, the target genes of Wnt signaling such as +-MYC and CCND7 (cyclin D)
[56, 57]. This happens only when cells have two wild-type APC alleles, which is usually not the
case in CRC where both alleles of APC often is mutated [55]. It is therefore possible that PPARy
exerts its tumor suppressor activities by another pathway. A connection between Wnt signaling
and COX-2 may be PPARy. COX-2 may either regulate B-catenin via PPARy or 3-catenin may
regulate transcription of the COX-2 gene [123]. Another possible tumor suppressing activity of
PPARy could be down-regulation of PPARS expression [108]. There is evidence for involvement
of two additional PPAR receptors, PPARx and PPARS, in inflaimmation and CRC. In contrast to
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PPARy, PPARS seems to promote tumorigenesis [108]. Even though PPARa and PPARS are
mainly expressed in other tissues than colon [43] their expressions were decreased in tumor tissue
versus normal colon tissue at high COX-2 expression (unpublished data paper 1V). Effects of
PPARa and PPARS reduction on COX-2 were not evaluated, but a link is not yet described.

Intracellular
Ca# EP4

EREC rr::/ 1

Induction of
TNFa, cyelin D % E"“"l""“
=+ ¢
4 |EGFR Gene
=oes GSK-3f transcription

Angiogenesis Anti-apoptosis
iCell proliferation| f

f-Catenin

\

1 la Induction
e

Fig 6. Signaling pathways of the EP, , receptors. (Adapted by permission from Nature Publishing

Group: British Journal of Pharmacology [17], copyright 20006).

A major prostanoid promoting cell growth and survival signaling in CRC is PGE, that acts via
the four EP receptors [4]. Genetic deletion/inhibition and the use of antagonists/agonists in
mice demonstrated that EP,, EP, and EP,, but not EP5, reduced colon adenoma formation [124-
126]. On the other hand, mRNA expression studies in rats and mice displayed various changes in
expression level of the different receptors [126, 127]. It remains uncertain how experimental
animal results compare to human CRC [128]. We found no significant change in EP, , receptor
expression among tumors with either different stage according to Dukes, although EP, and EP,
receptor expression were significantly lower in tumor tissue compared to normal colon tissue
(Table 3). Decreased receptor expression could be due to increased ligand availability as well as
negative feedback mechanisms [16, 126]. Multivariate regression analysis with disease-specific
mortality as dependent factor indicated EP, as a negative predictor for survival even though EP,

31


http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=An external file that holds a picture, illustration, etc.Object name is 0706923f2.jpg [Object name is 0706923f2.jpg]&p=PMC3&id=2014644_0706923f2.jpg

RESULTS AND DISCUSSION

and EP, receptor expressions were decreased. One way that PGE, signaling, via EP, receptor,
can promote tumorigenesis is by increasing nuclear accumulation of 3-catenin and subsequently
the transcriptional activity [63] or that EP, may signal tumor promotion in some cells or tissue

compartments.

Regulation of prostanoid receptor expression was not evaluated. However, the promoters for the
different prostanoid receptors share common features with the COX-2 promoter such as the
TATA-box, SP-1 binding site, AP-2, and AP-1 binding sites [16]. More important, imbalance in
prostanoid receptor expression results in activation of different signaling pathways which may
contribute to tumor progression (Fig 6) [4, 17]. Another possibility that may impair prostanoid
signaling is genetic changes of the receptors, although genetic variability in prostanoid receptors
(EP,, EP,) is not regarded related to the risk of colorectal adenoma [129].

Immunohistochemistry was used to visualize where EP receptors were localized in tumor tissue.
EP, and EP, subtype receptor protein were highly present in tumor epithelial cells, with
considerably less staining in the stroma of tumor tissue. The opposite occurred for EP; and EP,
receptor protein that was mostly seen in the submucosa of tumors. The EP; receptor protein was
occasionally seen in tumor cells while the EP, receptor protein was almost not visible at all in
tumor cells (paper I). This expression pattern is different from that found in normal colon tissue
by Takafuji et al. who did not describe protein expression of EP; in colonocytes. EP, and EP;
receptors were found at epithelial cells and EP, receptor protein was found on mononuclear cells
scattered throughout the lamina propria. In addition, epithelial cells expressed EP, receptor
protein in a universal manner [130]. Perhaps there is plasticity also in EP receptor proteins

among different cell types at tumor progression.
g p prog

Table 4. Relative estimates of receptor expression in established tumor cell lines from CRC.

Prostanoid

HCA-7* HT-29"

receptor

Relative to CRC specimens
EP, 2% 433%
EP, 720% 0
EP, 14% 0
EP, 742%0 87%
DP1 0 0
DP2 4% 7%
FP 1% 1%
1P 0 0
TP 4% 3%

A= PGE; in cell medium at confluence 120 — 130 pg/ml
B=PGE; in cell medium at confluence <2.5 pg/ml

A strength of our study is that prostanoid receptor expression analyses were performed on

human CRC specimens achieved at operations for cure, while reported experiments are usually
performed on cultured cells that may be more or less selected. Also, there might be discrepancies
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between cultured cells and growing human tumors since cell cultures lack the important
interactions with stroma [64]. Accordingly, prostanoid receptors differ a lot between tumor tissue
and two common CRC cell lines (HT-29 and HCA-7, table 4), which displays individual
expression patterns.

Seen together, our findings suggest that prostanoid receptor subtypes play important roles in
intestinal tumorigenesis. Imbalances in receptor expression may mediate altered prostanoid
signals that could initiate metastatic spread, affect tumor angiogenesis, cell proliferation,
apoptosis and immune reactions [4]. Thus, alterations in prostanoid receptors are significant parts
of tumor progression and may offer therapeutical advantages over upstream treatment with COX
inhibitors for chemoprevention of CRC. However, it is presently not possible to point out
specific receptor profiles that could effectively attenuate tumor progression.

Wound healing and inflammation

Wound healing and inflammation have been implicated as initial steps of tumorigenesis. A
difference between malignant and benign conditions is that wound healing and inflammation are
self-limited [50]. Inflammation is limited by anti-inflammatory factors that are secreted closely
after onset of pro-inflaimmatory factors. However, cells that are initiated, i.e. with irreversible
DNA alterations as in tumors, can be promoted at exposure of factors released from the site of
wounding or chronic inflammation [49]. An increased incidence of tumor formation at the sites
of scar tissue and in areas of chronic damage has been found. Inflammatory responses are
present in both tissue repair processes and tumorigenesis and may establish a link between the
two [1].

The immune response in inflammation and tumors is supposed to oppose infection and tumor
growth. However, sometimes it may have the opposite effect [131]. Cytokines and chemokines
secreted at inflammation may influence survival, growth, mutation, differentiation, and mobility
of surrounding cells partly by controlling interactions and communications between cells [50].
Cytokines and chemokines attract immune cells like macrophages, dendritic cells, and
lymphocytes, which in turn induce production of additional cytokines and chemokines resulting
in recruitment and infiltration of more cells that are supposed to be a positive factor for the host
[50, 131]. Induction of cytokines and chemokines may also be stimulated by hypoxia, which is a
state of reduced oxygen tension [50]. Even though tumors recruit immune cells and the
production of cytokines and chemokines are high the immune response seems defect. The tumor
microenvironment contains many different factors that contribute to systemic inflaimmation
associated with cancer. T cells and macrophages are required for inflammation and perhaps
tumor progression, as well as for anti-cancer immunity. A paradox in tumors is that immune cells,
like activated macrophages that are supposed to protect from foreign cells, may instead promote
the action of tumor growth [63, 131]. Tumor cells, for instance, can use the same pathway for
invasion as immune cells may use for effects against tumors [50]. A pro-inflammatory cytokine
made by activated macrophages as well as by malignant cells is TNF-a, which was increased at
high COX-2 in tumor tissue (Table 2) [132]. TNF-a is a major mediator of inflammation with
dual actions as destruction of blood vessels and induction of angiogenic growth factors [50].
High TNF-a expression in tumor tissue may facilitate invasion and metastasis, two important
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features of tumor progression [133]. Other factors involved in inflaimmation and hypoxia,
characterized by increased expression at high COX-2, were inducible nitric oxide synthase
(iINOS2) and hypoxia inducible factor (HIF1a, unpublished results, paper IV).

Inflammatory cells play important parts in tumorigenesis. This is displayed by the efficiency of
anti-inflammatory therapy against tumorigenesis and by several chronic inflammatory conditions
that are associated with increased risk of tumor development. Also, tumors are dependent on
growth factors, activated stroma, and DNA alterations to be able to grow indefinitely [49]. A
common feature in inflammation and tumorigenesis is activation and aberrant expression of the
enzymes COX-2 and 5-LOX [30].

Colorectal cancer

Cancer is mainly known as a genetic disease which may be related to age, a well-known risk factor
of cancer. The most obvious feature is accumulation of genetic damage and epigenetic alterations
[134]. However, changes in the cellular microenvironment occur as well. Fibroblasts, the major
cell in ECM, increase collagen production and are related to the expression of matrix
metalloproteinases (MMPs) when tissues are ageing and fibroblasts enter senescence [1]. MMPs
are proteinases that digest components of ECM and extracellular proteins. In cancer, MMP may
affect the invasive activity of tumor cells as well as their ability to metastasize, which have been
observed in experimental animal models [135]. The MMP family consists of around 24 members;
whereof MMP1 and MMP7 were significantly increased in tumor tissue compared to normal
colon tissue (Paper IV). In comparison of high and low COX-2 gene expression in normal colon
tissue, MMP7 was decreased at high COX-2 levels (paper 1V). Moreover, MMPs are up-regulated
in almost all human tumors as well as in tumor cell lines [135].

Even though age is a risk factor, cancer is the most common reason of death before the age of 75
years [130]. For development of tumors it is necessary to elicit some kind of initiation, such as
mutation in APC, which results in different gene expression pattern; among others an aberrant
COX-2 expression and hence, a different microenvironment [137]. Accumulating evidence
suggests that increased prostanoid levels, mainly PGE,, are important for tumor progression via
expression of COX-2 [138].

Progression of colorectal cancer

The Vogelgram have been a widely accepted concept for tumor progression in CRC [54].
However, it is based on genetic progression and needs some additions regarding
microenvironmental changes (Fig 2). For instance, a well known tumor suppressor is p53 that
regulates cell cycle activity and is often inactivated in tumors either by mutation or by cytokines
[50]. Moreover, wild-type p53 inhibits the binding of TATA-binding protein (TBP) to the
promoter region of PTGS2 (COX-2) and may be a factor that reduce gene expression of COX-2
[139]. Indeed, in tumor tissue with high COX-2, expression of p53 was lower compared to tumor
tissue with low COX-2 content (Table 2). However, whether p53 detected by microarray was
wild-type or mutated is unclear. Mutations in p53 are seen in approximately 50% of human
cancers and mutant p53 may directly or indirectly induce COX-2 expression [140, 141]. In
assembly with mutations in genes like APC, K-RAS and p53 epigenetic abnormalities like DNA
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methylation drives the progression of CRC. Methylations are mediated by DNA
methyltransferases (DNMTs) where DNA MTase 3A showed increased expression at high COX-
2 in tumor tissue (Table 2). Several transcription factors known to transcribe COX-2 cannot bind
to the promoter region when DNA is methylated [134]. However, promoter methylation of
COX-2 did not seem to be the explanation for differences in COX-2 gene expression among our
patients (paper IV). Others found COX-2 methylations in 10-20% of CRC cases [134].

A classic view of tumors is that tumor cells produce and secrete many of the tissue factors
necessary for growth and invasion. However, a current view is also that many factors like COX-2
and MMPs are produced by the surrounding stroma, for example by fibroblasts and
inflammatory cells [135]. The importance of the stroma has been confirmed as related to patient
survival. Thus, tumors with more stroma than tumor cells may have significantly worse prognosis
overall than tumors with high proportion of tumor cells [142, 143].

Treatment of colorectal cancer

The only clear curative treatment for CRC is surgery, which is performed in approximately 80%
of patients whereas 40% will remain disease free in the long term [144]. Today, a promising way
to overall control cancer is to find ways to prevent significant tumor development by screening,
such as colonoscopy, for early diagnosis [145]. Treatments are multioptional since the cause and
pathology can be very different within a specific cancer type. In the case of CRC, non-steroid
anti-inflammatory drugs (NSAIDs) have provided hope to find effective and comparatively non-
toxic treatment. However, inhibition of COX enzymes may cause severe gastrointestinal side
effect. Hence, COX-2 inhibitors with a reduction in gastrointestinal events (from 4% to 2%), but
with maintained benefits of NSAIDs, were introduced worldwide for treatment of CRC.
Unfortunately, increased risk of adverse cardiovascular events like myocardial infarction and
stroke were linked to COX-2 inhibitors [27]. A more reasonable approach may be medication
with low doses of inhibitors of both COX-1 and COX-2. However, understanding the
contribution of individual prostanoids and leukotrienes in the pathogenesis of cancer could
enable identification of new and safer therapeutic and chemopreventive agents with benefits and
few side effects [110]. Also, the effects of COX inhibition on AA metabolism considering 5-LOX
and its metabolites is not fully evaluated and might be rewarding, just like combined COX and 5-
LOX inhibitors [30].

Although NSAIDs are still among the most promising chemopreventive agents for cancer,
cardiovascular and gastrointestinal side effects have dampened the enthusiasm for their use as
chemopreventive agents. Therefore, it is crucial to evaluate whether antagonists of PGE, and its
receptors have specificity for CRC prevention and treatment. Accordingly, preoperative short-
term treatment with indomethacin, a non-specific COX-inhibitor, caused several changes of gene
expression including prostanoid receptor expression (Table 5, paper I1I). The receptors for PGE,
showed no significantly changed expression at indomethacin treatment even though PGE, is a
dominating product of both COX enzymes and an important mediator of many of the actions of
prostanoids in cancer (Table 5) [4].
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Table 5. Gene expression of prostanoid receptors and enzymes in normal colon and tumor tissue
following preoperative indomethacin treatment.

Tissue Transcripts Changc? Of*
transcripts
Normal DP1 1
Normal DP2 )
Tumor 1P l
Normal 1P l
Tumor PPARy l
Normal PPARy l
Normal TP l
Tumor HPGD l
Normal HPGD l
Tumor mPGES-1 1
Normal mPGES-1 1

*Relative standard curve (units/units GAPDH),

versus placebo-treated in tumor respectively normal colon tissue

Other components of the PG pathway that were changed at short-term indomethacin treatment
were mPGES-1 and HPGD. mPGES-1 showed increased expression, while HPGD, the enzyme
responsible for prostanoid break-down, was decreased in tumor and normal colon tissue (Table
5). An explanation to these results could be positive feedback following indomethacin exposure
[126]. Specific inhibition of PGE, seems the most logic way to proceed in treatment of CRC
instead of inhibition of the entire prostanoid cascade. Therefore, it is important to define
pathways that are deregulated in tumor tissue leading to increased levels of PGE,.

One hypothetical method to avoid the cardiovascular side effects of COX-2 inhibition is
targeting only COX-derived PGE, signaling that mediates most of the tumor promoting effects
of COX-2. The enzyme that converts PGH, to PGE, is PGE synthase, which exist in an
inducible isoform called mPGES-1. In mice, deletion of mPGES-1 reduced inflammation and
pain perception. However, experimental data regarding cardiovascular side effects are
inconsistent and it is possible that mPGES-1 inhibition displays similar gastrointestinal side
effects as COX-2 inhibition [27]. In rheumatoid arthritis (RA) the expression of mPGES-1 is
markedly up-regulated, especially in inflaimmatory cells. However, treatment of patients with
recent biological agents as blockers of TNF-a, did not suppress mPGES-1 expression implying
that other mechanisms operate to sustain inflammation independently of TNF-a [19]. Other
specific treatments are directed towards the prostanoid receptors. Stimulation of the tumor
suppressor PPARy inhibits the formation of CRC in animal models and seems promising for
future treatment of CRC [79]. In other diseases than cancer specific EP receptor agonists or
antagonists are in use or have been tested [146]. Still several questions remain to be answered.
Hypothetically, it would be interesting to inhibit EP, receptor based on our result in paper I that
reduced EP, receptor expression was related to prolonged survival.
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Alterations in tumor tissue of gene expression following preoperative indomethacin treatment
were not entirely similar to alterations in normal colon tissue or to findings in cultured colon
cancer cells. EP receptors showed no significant change in tumor tissue at short-term
preoperative indomethacin treatment. However, others have found that indomethacin decreases
EP, prostanoid receptor expression in cultured colon cancer cells [147]. In tumor tissue HPGD
expression was reduced by indomethacin, while indomethacin treatment in cultured HCA-7 cells
rather increased HPGD expression (Fig 7). This and other observations point towards the
importance of tumor stroma [107].
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Fig 7. In tumor cells (HCA-7) expression of HPGD is increased at indomethacin treatment.

It may be possible that different medications act differently depending on the stage of cancer
since cancer development may progress through alterations in control. Evidence on treatment
with NSAIDs and COX-2 inhibitors support benefits of anti-inflammatory treatment at early
stages of neoplastic progression. Some benefits may also occur at activation of immune responses
(B and T lymphocytes) by NSAIDs at later tumor stages [1, 148]. Patients respond differently to
COX inhibition depending on the extent of COX-2 expression in the tumor, which makes sense.
A retrospective cohort study showed that aspirin (non-specific COX-inhibitor) specifically
reduced CRC risk in subgroup of patients with tumors that expressed high levels of COX-2. In
addition to prevention, regular aspirin use after diagnosis of CRC at stages I-I1I improved overall
survival, especially among individuals with tumors that over-expressed COX-2 [110, 119].
Nevertheless, while good evidence exists suggesting that COX-2/PGE, pathway inhibition may
be useful in the prevention of CRC, this may not be the case under all circumstances. Indeed,
COX-2/PGE, signaling is likely to act in concert with other important signaling pathways that
become deregulated in cancer, meaning that such pathways would also need to be targeted in
conjunction with the COX-2/PGE, pathway for efficient prevention and treatment of CRC.
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CONCLUDING REMARKS

Tumor tissue specimens of CRC achieved at operations were an excellent source for biological
analyses of COX and prostanoid metabolism with overall results that are not always in agreement
with previous published results from cell and animal experiments. Our present experiments
displayed reduced expression of prostanoid receptors, except TP, in human CRC. Also, a
relationship between EP, receptor and survival was demonstrated. COX-1 showed significantly
reduced expression in tumor tissue, while gene expression of COX-2 was overall not significantly
changed with a possible explanation of uneven distributions of COX-2 protein in tumor tissue
where 20-60% of all neoplastic cells did not express COX-2 at all as reported by others [87]. Our
results displayed changes in expression of several different transcription factors at high content
of COX-2 in both tumor and normal colon tissue. Indeed, the whole genome expression changed
markedly at preoperative inhibition of COX-1/COX-2 by indomethacin. Such changed genes are
involved in many different actions such as immunity, regulation of transcription, and cell
mobility. Seen together, our results indicated that gene expression of prostanoid receptors are
changed in tumor tissue and COX-2 expression in tumor cells is affected by several different
signaling pathways. It appears of great importance to understand the metabolism of prostanoids
and related signaling pathways, as well as the mechanism behind induced COX-2 expression in
tumor tissue for application of such information in clinical settings. A detailed understanding of
cross-talk between stroma and tumor cells and related signaling pathways behind increased PGE,
production in CRC is the next step to define future therapeutical targets in treatment of CRC.

38



ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS

I wish to express my sincere gratitude towards everyone that contributed to this thesis.
Particularly, I would like to thank:

My supervisor, Kent Lundholm, for guidance, support and introduction to the field of science.

My co-supervisors, Ulrika Smedh and Ulf Kressner, for assistance, material supply, and proof-
reading of my thesis.

Dick Delbro, for introducing me to Kir. Metabollab and research.
My co-authors; Elisabeth Hansson, Svante Nordgren, and Helena Carén, for nice collaboration.

My friends and colleagues, former and present, at Kir. Metabollab; Kristina Lagerstedt, for
support and help at every moment and every matter — you’re my “tow-boat”. Marianne
Andersson, for your great knowledge of laboratory work and nice collaboration. Christina
Lonnroth, for sharing your excellent knowledge in science and help with laborations. Britt-Marie
Iresjo, for always trying to answer my questions and solve my problems. Ann N and Anna, for
nice company and long walks in Botan. Lena E, Wenhua, Hans, Christian, Monica, Lena H,
Lilian, Anette, and Rigmor, for collaboration, nice coffee times, encouragement when needed,
and assistance with laboratory work.

Ulla Kérner, Anita Olsson, Agneta Sirén, Ingela Stave, and Ingela Apelman, for being kind and
helpful with data handling and practical issues.

Everyone at LLCR, Gast. Lab., and Transplantation for assistance, nice company and stimulating
environment. Especially Séren for all computer assistance.

There is more to life than work — so to all of my friends and last but not least, my family: Stefan,
Klara, Wilma, mamma, pappa, mormor, morfar, Annika and Leif — life wouldn’t be anything
without you, thanks for everything!

This work was performed at the Department of Surgery, Institute of Clinical Sciences and has
been supported by grants from the Swedish Cancer Society (2014), the Swedish Research Council
(08712), Assar Gabrielsson Foundation (AB Volvo), Jubileumskliniken Foundation, IngaBritt &
Arne Lundberg Research Foundation, Wilhelm & Martina Lundgren Foundation, Sahlgrenska
University Hospital Foundation, Swedish and Gothenburg Medical Societies and the Medical
Faculty, University of Gothenburg.

39



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

40

REFERENCES

Tlsty TD, Coussens LM: Tumor stroma and regulation of cancer development.
Annu Rev Pathol 2006, 1:119-150.

Thun MJ, Namboodiri MM, Heath CW, Jr.: Aspirin use and reduced risk of fatal
colon cancer. N Engl J Med 1991, 325(23):1593-1596.

Peterson HI: Effects of prostaglandin synthesis inhibitors on tumor growth and
vascularization. Experimental studies in the rat. Invasion Metastasis 1983,
3(3):151-159.

Greenhough A, Smartt HJ, Moore AE, Roberts HR, Williams AC, Paraskeva C, Kaidi
A: The COX-2/PGE2 pathway: key roles in the hallmarks of cancer and
adaptation to the tumour microenvironment. Carcinogenesis 2009, 30(3):377-386.
Waddell WR, Loughry RW: Sulindac for polyposis of the colon. J Surg Oncol 1983,
24(1):83-87.

Sato T, Yoshinaga K, Okabe S, Okawa T, Higuchi T, Enomoto M, Takizawa T,
Sugihara K: Cyclooxygenase-2 expression and its relationship with proliferation
of colorectal adenomas. Jpn J Clin Oncol 2003, 33(12):631-635.

Chapple KS, Cartwright EJ, Hawcroft G, Tisbury A, Bonifer C, Scott N, Windsor AC,
Guillou PJ, Markham AF, Coletta PL et al: Localization of cyclooxygenase-2 in
human sporadic colorectal adenomas. Am J Pathol 2000, 156(2):545-553.

Chapple KS, Scott N, Guillou PJ, Coletta PL, Hull MA: Analysis of cyclooxygenase
expression in human colorectal adenomas. Dis Colon Rectum 2002, 45(10):1316-
1324.

Chen LC, Hao CY, Chiu YS, Wong P, Melnick JS, Brotman M, Moretto J, Mendes F,
Smith AP, Bennington JL et al: Alteration of gene expression in normal-appearing
colon mucosa of APC(min) mice and human cancer patients. Cancer Res 2004,
64(10):3694-3700.

Wu AW, Gu J, Ji JF, Li ZF, Xu GW: Role of COX-2 in carcinogenesis of colorectal
cancer and its relationship with tumor biological characteristics and patients'
prognosis. World J Gastroenterol 2003, 9(9):1990-1994.

Masunaga R, Kohno H, Dhar DK, Ohno S, Shibakita M, Kinugasa S, Yoshimura H,
Tachibana M, Kubota H, Nagasue N: Cyclooxygenase-2 expression correlates with
tumor neovascularization and prognosis in human colorectal carcinoma patients.
Clin Cancer Res 2000, 6(10):4064-4068.

Zhang H, Sun XF: Overexpression of cyclooxygenase-2 correlates with advanced
stages of colorectal cancer. Am J Gastroenterol 2002, 97(4):1037-1041.

Hao X, Bishop AE, Wallace M, Wang H, Willcocks TC, Maclouf J, Polak JM, Knight
S, Talbot IC: Early expression of cyclo-oxygenase-2 during sporadic colorectal
carcinogenesis. J Pathol 1999, 187(3):295-301.

Sano H, Kawahito Y, Wilder RL, Hashiramoto A, Mukai S, Asai K, Kimura S, Kato
H, Kondo M, Hla T: Expression of cyclooxygenase-1 and -2 in human colorectal
cancer. Cancer Res 1995, 55(17):3785-3789.

Oates JA: The 1982 Nobel Prize in Physiology or Medicine. Science 1982,
218(4574):765-768.

Narumiya S, Sugimoto Y, Ushikubi F: Prostanoid receptors: structures, properties,
and functions. Physiol Rev 1999, 79(4):1193-1226.

Dey I, Lejeune M, Chadee K: Prostaglandin E2 receptor distribution and function
in the gastrointestinal tract. Br J Pharmacol 2006, 149(6):611-623.



REFERENCES

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kamei D, Murakami M, Nakatani Y, Ishikawa Y, Ishii T, Kudo I: Potential role of
microsomal prostaglandin E synthase-1 in tumorigenesis. J Biol Chem 2003,
278(21):19396-19405.

Samuelsson B, Morgenstern R, Jakobsson PJ: Membrane prostaglandin E synthase-
1: a novel therapeutic target. Pharmacol Rev 2007, 59(3):207-224.

Schuster VL: Prostaglandin transport. Prostaglandins Other Lipid Mediat 2002, 68-
69:633-647.

Banu SK, Arosh JA, Chapdelaine P, Fortier MA: Expression of prostaglandin
transporter in the bovine uterus and fetal membranes during pregnancy. Bio/
Reprod 2005, 73(2):230-236.

Chi Y, Khersonsky SM, Chang YT, Schuster VL: Identification of a new class of
prostaglandin transporter inhibitors and characterization of their biological
effects on prostaglandin E2 transport. J Pharmacol Exp Ther 2006, 316(3):1346-
1350.

Schuster VL: Molecular mechanisms of prostaglandin transport. Annu Rev Physiol
1998, 60:221-242.

Nomura T, Lu R, Pucci ML, Schuster VL: The two-step model of prostaglandin
signal termination: in vitro reconstitution with the prostaglandin transporter and
prostaglandin 15 dehydrogenase. Mol Pharmacol 2004, 65(4):973-978.

Kanai N, Lu R, Satriano JA, Bao Y, Wolkoff AW, Schuster VL: Identification and
characterization of a prostaglandin transporter. Science 1995, 268(5212):866-869.
Goppelt-Struebe M: Regulation of prostaglandin endoperoxide synthase
(cyclooxygenase) isozyme expression. Prostaglandins Leukot Essent Fatty Acids
1995, 52(4):213-222.

Timmers L, Pasterkamp G, de Kleijn DP: Microsomal prostaglandin E2 synthase: a
safer target than cyclooxygenases? Mol Interv 2007, 7(4):195-199, 180.

Kutchera W, Jones DA, Matsunami N, Groden J, McIntyre TM, Zimmerman GA,
White RL, Prescott SM: Prostaglandin H synthase 2 is expressed abnormally in
human colon cancer: evidence for a transcriptional effect. Proc Natl Acad Sci U S
A 1996, 93(10):4816-4820.

Copeland RA, Williams JM, Giannaras J, Nurnberg S, Covington M, Pinto D, Pick S,
Trzaskos JM: Mechanism of selective inhibition of the inducible isoform of
prostaglandin G/H synthase. Proc Natl Acad Sci U S A 1994, 91(23):11202-11206.
Romano M, Claria J: Cyclooxygenase-2 and 5-lipoxygenase converging functions
on cell proliferation and tumor angiogenesis: implications for cancer therapy.
FASEB J 2003, 17(14):1986-1995.

Tsatsanis C, Androulidaki A, Venihaki M, Margioris AN: Signalling networks
regulating cyclooxygenase-2. /nt J Biochem Cell Biol 2006, 38(10):1654-1661.
Thompson CL, Plummer SJ, Merkulova A, Cheng I, Tucker TC, Casey G, Li L: No
association between cyclooxygenase-2 and uridine diphosphate
glucuronosyltransferase 1A6 genetic polymorphisms and colon cancer risk. World
J Gastroenterol 2009, 15(18):2240-2244.

Goodman JE, Bowman ED, Chanock SJ, Alberg AJ, Harris CC: Arachidonate
lipoxygenase (ALOX) and cyclooxygenase (COX) polymorphisms and colon
cancer risk. Carcinogenesis 2004, 25(12):2467-2472.

Iglesias D, Nejda N, Azcoita MM, Schwartz S, Jr., Gonzalez-Aguilera JJ, Fernandez-
Peralta AM: Effect of COX2 -765G>C and ¢.3618A>G polymorphisms on the risk
and survival of sporadic colorectal cancer. Cancer Causes Control 2009,
20(8):1421-1429.

41



REFERENCES

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.
53.
54.

55.

42

Cox DG, Pontes C, Guino E, Navarro M, Osorio A, Canzian F, Moreno V:
Polymorphisms in prostaglandin synthase 2/cyclooxygenase 2 (PTGS2/COX2)
and risk of colorectal cancer. Br J Cancer 2004, 91(2):339-343.

Papafili A, Hill MR, Brull DJ, McAnulty RJ, Marshall RP, Humphries SE, Laurent
GJ: Common promoter variant in cyclooxygenase-2 represses gene expression:
evidence of role in acute-phase inflammatory response. Arterioscler Thromb Vasc
Biol 2002, 22(10):1631-1636.

Pereira C, Sousa H, Ferreira P, Fragoso M, Moreira-Dias L, Lopes C, Medeiros R,
Dinis-Ribeiro M: -765G > C COX-2 polymorphism may be a susceptibility marker
for gastric adenocarcinoma in patients with atrophy or intestinal metaplasia.
World J Gastroenterol 2006, 12(34):5473-5478.

Shao J, Sheng H, Inoue H, Morrow JD, DuBois RN: Regulation of constitutive
cyclooxygenase-2 expression in colon carcinoma cells. J Biol Chem 2000,
275(43):33951-33956.

Funk CD, Furci L, FitzGerald GA, Grygorczyk R, Rochette C, Bayne MA,
Abramovitz M, Adam M, Metters KM: Cloning and expression of a cDNA for the
human prostaglandin E receptor EP1 subtype. J Bio/ Chem 1993, 268(35):26767-
26772.

Kotani M, Tanaka I, Ogawa Y, Usui T, Tamura N, Mori K, Narumiya S, Yoshimi T,
Nakao K: Structural organization of the human prostaglandin EP3 receptor
subtype gene (PTGER3). Genomics 1997, 40(3):425-434.

Breyer RM, Bagdassarian CK, Myers SA, Breyer MD: Prostanoid receptors:
subtypes and signaling. Annu Rev Pharmacol Toxicol 2001, 41:661-690.

Gilman AG: G proteins: transducers of receptor-generated signals. Annu Rev
Biochem 1987, 56:615-649.

Gelman L, Fruchart JC, Auwerx J: An update on the mechanisms of action of the
peroxisome proliferator-activated receptors (PPARs) and their roles in
inflammation and cancer. Cell Mol Life Sci 1999, 55(6-7):932-943.

Park BH, Breyer B, He TC: Peroxisome proliferator-activated receptors: roles in
tumorigenesis and chemoprevention in human cancer. Curr Opin Oncol 2001,
13(1):78-83.

Vander, Sherman, Luciano: Human Physiology: the mechansim of body function,
8th edn. New York: McGraw Hill; 2001.

Ross MH, Romrell LJ, Kaye GI (eds.): Histology - a text and atlas, 3rd edn.
Baltimore: Williams & Wilkins; 1995.

Midwood KS, Williams LV, Schwarzbauer JE: Tissue repair and the dynamics of
the extracellular matrix. /nt J Biochem Cell Biol 2004, 36(6):1031-1037.

Lu H, Ouyang W, Huang C: Inflammation, a key event in cancer development. Mol
Cancer Res 2006, 4(4):221-233.

Coussens LM, Werb Z: Inflammation and cancer. Nature 2002, 420(6917):860-867.
Balkwill F, Mantovani A: Inflammation and cancer: back to Virchow? Lancet
2001, 357(9255):539-545.

Chan AT, Giovannucci EL: Primary prevention of colorectal cancer.
Gastroenterology 2010, 138(6):2029-2043 ¢2010.

Lowe SW, Lin AW: Apoptosis in cancer. Carcinogenesis 2000, 21(3):485-495.
Hanahan D, Weinberg RA: The hallmarks of cancer. Cel/ 2000, 100(1):57-70.
Fearon ER, Vogelstein B: A genetic model for colorectal tumorigenesis. Cell 1990,
61(5):759-767.

Polakis P: Wnt signaling and cancer. Genes Dev 2000, 14(15):1837-1851.



REFERENCES

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Polakis P: The oncogenic activation of beta-catenin. Curr Opin Genet Dev 1999,
9(1):15-21.

He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, Morin PJ,
Vogelstein B, Kinzler KW: Identification of ¢-MYC as a target of the APC
pathway. Science 1998, 281(5382):1509-1512.

Jones PA, Baylin SB: The fundamental role of epigenetic events in cancer. Nat Rev
Genet 2002, 3(6):415-428.

Egger G, Liang G, Aparicio A, Jones PA: Epigenetics in human disease and
prospects for epigenetic therapy. Nature 2004, 429(6990):457-463.

Andreyev HJ, Norman AR, Cunningham D, Oates JR, Clarke PA: Kirsten ras
mutations in patients with colorectal cancer: the multicenter "RASCAL" study. J
Natl Cancer Inst 1998, 90(9):675-684.

Cho KR, Fearon ER: DCC: linking tumour suppressor genes and altered cell
surface interactions in cancer? Eur J Cancer 1995, 31A(7-8):1055-1060.
Kahlenberg MS, Stoler DL, Basik M, Petrelli NJ, Rodriguez-Bigas M, Anderson GR:
pS53 tumor suppressor gene status and the degree of genomic instability in
sporadic colorectal cancers. J Natl Cancer Inst 1996, 88(22):1665-1670.

Terzic J, Grivennikov S, Karin E, Karin M: Inflammation and colon cancer.
Gastroenterology 2010, 138(6):2101-2114 €2105.

Tlsty TD: Stromal cells can contribute oncogenic signals. Semin Cancer Biol 2001,
11(2):97-104.

Jacoby RF, Schlack S, Cole CE, Skarbek M, Harris C, Meisner LF: A juvenile
polyposis tumor suppressor locus at 10g22 is deleted from nonepithelial cells in
the lamina propria. Gastroenterology 1997, 112(4):1398-1403.

Folkman J: Fundamental concepts of the angiogenic process. Curr Mol Med 2003,
3(7):643-651.

Haubrich WS: Dukes of the Dukes classification. Gastroenterology 2000,
118(5):828.

Sobin LH: TNM: evolution and relation to other prognostic factors. Semin Surg
Oncol 2003, 21(1):3-7.

Kune GA, Kune S, Watson LF: Colorectal cancer risk, chronic illnesses,
operations, and medications: case control results from the Melbourne Colorectal
Cancer Study. Cancer Res 1988, 48(15):4399-4404.

Muscat JE, Stellman SD, Wynder EL: Nonsteroidal antiinflammatory drugs and
colorectal cancer. Cancer 1994, 74(7):1847-1854.

Sandler RS, Halabi S, Baron JA, Budinger S, Paskett E, Keresztes R, Petrelli N, Pipas
JM, Karp DD, Loprinzi CL et al: A randomized trial of aspirin to prevent
colorectal adenomas in patients with previous colorectal cancer. N Engl J Med
2003, 348(10):883-890.

Baron JA, Sandler RS, Bresalier RS, Quan H, Riddell R, Lanas A, Bolognese JA,
Oxenius B, Horgan K, Loftus S et al: A randomized trial of rofecoxib for the
chemoprevention of colorectal adenomas. Gastroenterology 2006, 131(6):1674-
1682.

Arber N, Eagle CJ, Spicak J, Racz I, Dite P, Hajer J, Zavoral M, Lechuga MJ, Gerletti
P, Tang J et al: Celecoxib for the prevention of colorectal adenomatous polyps. N
Engl J Med 2006, 355(9):885-895.

Raz A: Is inhibition of cyclooxygenase required for the anti-tumorigenic effects of
nonsteroidal, anti-inflammatory drugs (NSAIDs)? In vitro versus in vivo results
and the relevance for the prevention and treatment of cancer. Biochem Pharmacol
2002, 63(3):343-347.

43



REFERENCES

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

44

Ogino M, Hisatomi H, Murata M, Hanazono M: Indomethacin suppresses the
growth of colon 26, Meth-A and FM3A tumors in mice by reducing the
prostaglandin E2 content and telomerase activity in tumor tissues. Jpn J Cancer
Res 1999, 90(7):758-764.

Lehmann JM, Lenhard JM, Oliver BB, Ringold GM, Kliewer SA: Peroxisome
proliferator-activated receptors alpha and gamma are activated by indomethacin
and other non-steroidal anti-inflammatory drugs. J Biol Chem 1997, 272(6):3406-
3410.

Lonnroth C, Andersson M, Lundholm K: Indomethacin and telomerase activity in
tumor growth retardation. /nt J Oncol 2001, 18(5):929-937.

Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W, Berlin
J, Baron A, Griffing S, Holmgren E ef al: Bevacizumab plus irinotecan,
fluorouracil, and leucovorin for metastatic colorectal cancer. N Engl J Med 2004,
350(23):2335-2342.

Takayama T, Goji T, Taniguchi T, Inoue A: Chemoprevention of colorectal cancer-
experimental and clinical aspects. J Med Invest 2009, 56(1-2):1-5.

Horton, Moran, Ochs, Rawn, Scrimgeour: Principles of Biochemistry, 2nd edn.
Upper Sadle River: Prentice-Hall, Inc.; 1996.

Mullis K, Faloona F, Scharf S, Saiki R, Horn G, Erlich H: Specific enzymatic
amplification of DNA in vitro: the polymerase chain reaction. Cold Spring Harb
Symp Quant Biol 1986, 51 Pt 1:263-273.

Imbeaud S, Graudens E, Boulanger V, Barlet X, Zaborski P, Eveno E, Mueller O,
Schroeder A, Auffray C: Towards standardization of RNA quality assessment
using user-independent classifiers of microcapillary electrophoresis traces.
Nucleic Acids Res 2005, 33(6):e56.

Schena M, Shalon D, Davis RW, Brown PO: Quantitative monitoring of gene
expression patterns with a complementary DNA microarray. Science 1995,
270(5235):467-470.

Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW, Molloy PL,
Paul CL: A genomic sequencing protocol that yields a positive display of 5-
methylcytosine residues in individual DNA strands. Proc Natl Acad Sci U S A
1992, 89(5):1827-1831.

Kelly RW, Graham BJ, O'Sullivan MJ: Measurement of PGE2 as the methyl oxime
by radioimmunoassay using a novel iodinated label. Prostaglandins Leukot Essent
Fatty Acids 1989, 37(3):187-191.

Bland M (ed.): An introduction to medical statistics, 3rd edn. Oxford: Oxford
University press; 2000.

Koki AT, Khan NK, Woerner BM, Seibert K, Harmon JL, Dannenberg AJ, Soslow
RA, Masferrer JL: Characterization of cyclooxygenase-2 (COX-2) during
tumorigenesis in human epithelial cancers: evidence for potential clinical utility
of COX-2 inhibitors in epithelial cancers. Prostaglandins Leukot Essent Fatty Acids
2002, 66(1):13-18.

Pugh S, Thomas GA: Patients with adenomatous polyps and carcinomas have
increased colonic mucosal prostaglandin E2. Gur 1994, 35(5):675-678.

Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S, DuBois RN: Up-
regulation of cyclooxygenase 2 gene expression in human colorectal adenomas
and adenocarcinomas. Gastroenterology 1994, 107(4):1183-1188.

Yang VW, Shields JM, Hamilton SR, Spannhake EW, Hubbard WC, Hylind LM,
Robinson CR, Giardiello FM: Size-dependent increase in prostanoid levels in



REFERENCES

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

adenomas of patients with familial adenomatous polyposis. Cancer Res 1998,
58(8):1750-1753.

Rigas B, Goldman IS, Levine L: Altered eicosanoid levels in human colon cancer. J
Lab Clin Med 1993, 122(5):518-523.

Pinto S, Gori L, Gallo O, Boccuzzi S, Paniccia R, Abbate R: Increased thromboxane
A2 production at primary tumor site in metastasizing squamous cell carcinoma
of the larynx. Prostaglandins Leukot Essent Fatty Acids 1993, 49(1):527-530.

Nie D, Lamberti M, Zacharek A, Li L, Szekeres K, Tang K, Chen Y, Honn KV:
Thromboxane A(2) regulation of endothelial cell migration, angiogenesis, and
tumor metastasis. Biochem Biophys Res Commun 2000, 267(1):245-251.

Fujino H, Regan JW: Prostanoid receptors and phosphatidylinositol 3-kinase: a
pathway to cancer? Trends Pharmacol Sci 2003, 24(7):335-340.

Sales KJ, Milne SA, Williams AR, Anderson RA, Jabbour HN: Expression,
localization, and signaling of prostaglandin F2 alpha receptor in human
endometrial adenocarcinoma: regulation of proliferation by activation of the
epidermal growth factor receptor and mitogen-activated protein kinase signaling
pathways. J Clin Endocrinol Metab 2004, 89(2):986-993.

Pradono P, Tazawa R, Maemondo M, Tanaka M, Usui K, Saijo Y, Hagiwara K,
Nukiwa T: Gene transfer of thromboxane A(2) synthase and prostaglandin I(2)
synthase antithetically altered tumor angiogenesis and tumor growth. Cancer Res
2002, 62(1):63-66.

Yoshimura-Uchiyama C, likura M, Yamaguchi M, Nagase H, Ishii A, Matsushima K,
Yamamoto K, Shichijo M, Bacon KB, Hirai K: Differential modulation of human
basophil functions through prostaglandin D2 receptors DP and chemoattractant
receptor-homologous molecule expressed on Th2 cells/DP2. Clin Exp Allergy 2004,
34(8):1283-1290.

Yoshida T, Ohki S, Kanazawa M, Mizunuma H, Kikuchi Y, Satoh H, Andoh Y,
Tsuchiya A, Abe R: Inhibitory effects of prostaglandin D2 against the
proliferation of human colon cancer cell lines and hepatic metastasis from
colorectal cancer. Surg Today 1998, 28(7):740-745.

Sporn MB, Suh N, Mangelsdorf DJ: Prospects for prevention and treatment of
cancer with selective PPARgamma modulators (SPARMS). Trends Mol Med 2001,
7(9):395-400.

Cuzzocrea S, Rossi A, Mazzon E, Di Paola R, Genovese T, Muia C, Caputi AP,
Sautebin L: 5-Lipoxygenase modulates colitis through the regulation of adhesion
molecule expression and neutrophil migration. Lab Invest 2005, 85(6):808-822.
Massoumi R, Sjolander A: The role of leukotriene receptor signaling in
inflammation and cancer. ScientificWorldJournal 2007, 7:1413-1421.

Ohd JF, Wikstrom K, Sjolander A: Leukotrienes induce cell-survival signaling in
intestinal epithelial cells. Gastroenterology 2000, 119(4):1007-1018.

Murakami M, Naraba H, Tanioka T, Semmyo N, Nakatani Y, Kojima F, Ikeda T,
Fueki M, Ueno A, Oh S et al: Regulation of prostaglandin E2 biosynthesis by
inducible membrane-associated prostaglandin E2 synthase that acts in concert
with cyclooxygenase-2. J Biol Chem 2000, 275(42):32783-32792.

Backlund MG, Mann JR, Holla VR, Buchanan FG, Tai HH, Musiek ES, Milne GL,
Katkuri S, DuBois RN: 15-Hydroxyprostaglandin dehydrogenase is down-
regulated in colorectal cancer. J Bio/ Chem 2005, 280(5):3217-3223.

Holla VR, Backlund MG, Yang P, Newman RA, DuBois RN: Regulation of
prostaglandin transporters in colorectal neoplasia. Cancer Prev Res (Phila Pa)
2008, 1(2):93-99.

45



REFERENCES

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

46

Williams CS, Smalley W, DuBois RN: Aspirin use and potential mechanisms for
colorectal cancer prevention. J Clin Invest 1997, 100(6):1325-1329.

Cahlin C, Lonnroth C, Arvidsson A, Nordgren S, Lundholm K: Growth associated
proteins in tumor cells and stroma related to disease progression of colon cancer
accounting for tumor tissue PGE2 content. /nt J Oncol 2008, 32(4):909-918.

Muller R: Crosstalk of oncogenic and prostanoid signaling pathways. J Cancer Res
Clin Oncol 2004, 130(8):429-444.

Chun KS, Surh YJ: Signal transduction pathways regulating cyclooxygenase-2
expression: potential molecular targets for chemoprevention. Biochem Pharmacol
2004, 68(6):1089-1100.

Wang D, Dubois RN: Eicosanoids and cancer. Nat Rev Cancer 2010, 10(3):181-193.
Ashida R, Tominaga K, Sasaki E, Watanabe T, Fujiwara Y, Oshitani N, Higuchi K,
Mitsuyama S, Iwao H, Arakawa T: AP-1 and colorectal cancer.
Inflammopharmacology 2005, 13(1-3):113-125.

Licato LL, Keku TO, Wurzelmann JI, Murray SC, Woosley JT, Sandler RS, Brenner
DA: In vivo activation of mitogen-activated protein kinases in rat intestinal
neoplasia. Gastroenterology 1997, 113(5):1589-1598.

Mukhopadhyay P, Ali MA, Nandi A, Carreon P, Choy H, Saha D: The cyclin-
dependent Kkinase 2 inhibitor down-regulates interleukin-1beta-mediated
induction of cyclooxygenase-2 expression in human lung carcinoma cells. Cancer
Res 2006, 66(3):1758-1766.

Woodfield GW, Horan AD, Chen Y, Weigel RJ: TFAP2C controls hormone
response in breast cancer cells through multiple pathways of estrogen signaling.
Cancer Res 2007, 67(18):8439-8443.

Li H, Goswami PC, Domann FE: AP-2gamma induces p21 expression, arrests cell
cycle, and inhibits the tumor growth of human carcinoma cells. Neoplasia 2006,
8(7):568-577.

Chhabra A, Fernando H, Watkins G, Mansel RE, Jiang WG: Expression of
transcription factor CREB1 in human breast cancer and its correlation with
prognosis. Oncol Rep 2007, 18(4):953-958.

Kim SP, Park JW, Lee SH, Lim JH, Jang BC, Jang IH, Freund JN, Suh SI, Mun KC,
Song DK ef al: Homeodomain protein CDX2 regulates COX-2 expression in
colorectal cancer. Biochem Biophys Res Commun 2004, 315(1):93-99.

Adegboyega PA, Ololade O, Saada J, Mifflin R, Di Mari JF, Powell DW:
Subepithelial myofibroblasts express cyclooxygenase-2 in colorectal tubular
adenomas. Clin Cancer Res 2004, 10(17):5870-5879.

Chan AT, Ogino S, Fuchs CS: Aspirin and the risk of colorectal cancer in relation
to the expression of COX-2. N Engl J Med 2007, 356(21):2131-2142.

Koki A, Khan NK, Woerner BM, Dannenberg AJ, Olson L, Seibert K, Edwards D,
Hardy M, Isakson P, Masferrer JL: Cyclooxygenase-2 in human pathological
disease. Adv Exp Med Biol 2002, 507:177-184.

Dimberg J, Samuelsson A, Hugander A, Soderkvist P: Gene expression of
cyclooxygenase-2, group II and cytosolic phospholipase A2 in human colorectal
cancer. Anticancer Res 1998, 18(5A):3283-3287.

Dimberg J, Samuelsson A, Hugander A, Soderkvist P: Differential expression of
cyclooxygenase 2 in human colorectal cancer. Gut 1999, 45(5):730-732.

Wong NA, Pignatelli M: Beta-catenin--a linchpin in colorectal carcinogenesis? Am
J Pathol 2002, 160(2):389-401.



REFERENCES

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Watanabe K, Kawamori T, Nakatsugi S, Ohta T, Ohuchida S, Yamamoto H,
Maruyama T, Kondo K, Ushikubi F, Narumiya S ef al: Role of the prostaglandin E
receptor subtype EP1 in colon carcinogenesis. Cancer Res 1999, 59(20):5093-5096.
Mutoh M, Watanabe K, Kitamura T, Shoji Y, Takahashi M, Kawamori T, Tani K,
Kobayashi M, Maruyama T, Kobayashi K et a/: Involvement of prostaglandin E
receptor subtype EP(4) in colon carcinogenesis. Cancer Res 2002, 62(1):28-32.
Sonoshita M, Takaku K, Sasaki N, Sugimoto Y, Ushikubi F, Narumiya S, Oshima M,
Taketo MM: Acceleration of intestinal polyposis through prostaglandin receptor
EP2 in Apc(Delta 716) knockout mice. Nat Med 2001, 7(9):1048-1051.

Kawamori T, Uchiya N, Kitamura T, Ohuchida S, Yamamoto H, Maruyama T,
Sugimura T, Wakabayashi K: Evaluation of a selective prostaglandin E receptor
EP1 antagonist for potential properties in colon carcinogenesis. Anticancer Res
2001, 21(6A):3865-3869.

Hull MA, Ko SC, Hawcroft G: Prostaglandin EP receptors: targets for treatment
and prevention of colorectal cancer? Mol Cancer Ther 2004, 3(8):1031-1039.

Poole EM, Hsu L, Xiao L, Kulmacz RJ, Carlson CS, Rabinovitch PS, Makar KW,
Potter JD, Ulrich CM: Genetic variation in prostaglandin E2 synthesis and
signaling, prostaglandin dehydrogenase, and the risk of colorectal adenoma.
Cancer Epidemiol Biomarkers Prev 2010, 19(2):547-557.

Takafuji V, Lublin D, Lynch K, Roche JK: Mucosal prostanoid receptors and
synthesis in familial adenomatous polyposis. Histochem Cell Biol 2001, 116(2):171-
181.

Marx J: Cancer research. Inflammation and cancer: the link grows stronger.
Science 2004, 306(5698):966-968.

Lonnroth C, Moldawer LL, Gelin J, Kindblom L, Sherry B, Lundholm K: Tumeor
necrosis factor-alpha and interleukin-1 alpha production in cachectic, tumor-
bearing mice. /nt J Cancer 1990, 46(5):889-896.

Szlosarek PW, Balkwill FR: Tumour necrosis factor alpha: a potential target for
the therapy of solid tumours. Lancet Oncol 2003, 4(9):565-573.

Kondo Y, Issa JP: Epigenetic changes in colorectal cancer. Cancer Metastasis Rev
2004, 23(1-2):29-39.

Coussens LM, Fingleton B, Matrisian LM: Matrix metalloproteinase inhibitors and
cancer: trials and tribulations. Science 2002, 295(5564):2387-2392.

Cancerfondens arsrapport 2009

Williams CS, Luongo C, Radhika A, Zhang T, Lamps LW, Nanney LB, Beauchamp
RD, DuBois RN: Elevated cyclooxygenase-2 levels in Min mouse adenomas.
Gastroenterology 1996, 111(4):1134-1140.

Prescott SM, Fitzpatrick FA: Cyclooxygenase-2 and carcinogenesis. Biochim
Biophys Acta 2000, 1470(2):M69-78.

Subbaramaiah K, Altorki N, Chung WJ, Mestre JR, Sampat A, Dannenberg AJ:
Inhibition of cyclooxygenase-2 gene expression by p53. J Biol Chem 1999,
274(16):10911-10915.

Harris CC: pS53: at the crossroads of molecular carcinogenesis and risk
assessment. Science 1993, 262(5142):1980-1981.

Cressey R, Pimpa S, Tontrong W, Watananupong O, Leartprasertsuke N: Expression
of cyclooxygenase-2 in colorectal adenocarcinoma is associated with p53
accumulation and hdm?2 overexpression. Cancer Lett 2006, 233(2):232-239.

Mesker WE, Junggeburt JM, Szuhai K, de Heer P, Morreau H, Tanke HJ, Tollenaar
RA: The carcinoma-stromal ratio of colon carcinoma is an independent factor for

47



REFERENCES

143.

144.

145.

146.

147.

148.

48

survival compared to lymph node status and tumor stage. Cell Oncol 2007,
29(5):387-398.

West NP, Dattani M, McShane P, Hutchins G, Grabsch J, Mueller W, Treanor D,
Quirke P, Grabsch H: The proportion of tumour cells is an independent predictor
for survival in colorectal cancer patients. Br J Cancer 2010, 102(10):1519-1523.
Wasan: The Cancer Handbook: Multidisciplinary Team Management of
Colorectal Cancer. In. Edited by Alison, 2nd edn: John Wiley & Sons, Ltd.; 2007.
Kashfi K, Rigas B: Non-COX-2 targets and cancer: expanding the molecular
target repertoire of chemoprevention. Biochem Pharmacol 2005, 70(7):969-986.
Rocca B: Targeting PGE2 receptor subtypes rather than cyclooxygenases: a
bridge over troubled water? Mol Interv 2006, 6(2):68-73, 58.

Fujino H, Chen XB, Regan JW, Murayama T: Indomethacin decreases EP2
prostanoid receptor expression in colon cancer cells. Biochem Biophys Res
Commun 2007, 359(3):568-573.

Lonnroth C, Andersson M, Arvidsson A, Nordgren S, Brevinge H, Lagerstedt K,
Lundholm K: Preoperative treatment with a non-steroidal anti-inflammatory
drug (NSAID) increases tumor tissue infiltration of seemingly activated immune
cells in colorectal cancer. Cancer Immun 2008, 8:5.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


