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Abstract 

	  

ABSTRACT 

 

olorectal cancer (CRC) is a global ‘killer’ and every year more than 1.2 million new individuals 
are affected and approximately 600 000 succumb to the disorder. Several mechanisms such as 

inactivation of tumor suppressor genes, activation of oncogenes and dysregulation of cell fate 
determinating pathways e.g. Wnt and Notch can initiate a cancerous cell growth and promote colorectal 
tumorigenesis. In addition, most tumors are exposed to an inflammatory environment, which together 
with the presence of mitogenic and angiogenic signals may sustain several hallmarks of cancer. Genetic 
alterations in inflammatory genes are associated with chronic inflammatory bowel disease, which is a 
strong risk factor of developing CRC. Scientists have for a long time looked for ‘the Key’ that would 
unlock the ‘cancer door’ but more likely cancer should be considered as not one but many diseases 
where almost every single patient is genetically and clinically unique. Hence recent research has turned 
to identify such inter-individual discrepancies and to find disease markers and strategies for guiding 
clinicians when tailoring individual management and optimized therapy. A deeper understanding of the 
regulation and genetic variation of inflammation and intestinal-homeostasis associated genes is pivotal 
to find potential targets for future therapies. 

The present thesis focuses on genetic variation and alterations in inflammatory 
genes as well as genes specifically involved in maintaining intestinal homeostasis. The most common 
anti-inflammatory drugs, NSAIDs, inhibit the prostanoid-generating COX-enzymes and are associated 
with decreased CRC risk when administered for a long time. Unfortunately, continuous NSAID 
treatment may lead to severe side-effects such as gastrointestinal bleeding, possibly through the 
ablation of non-PGE2 prostanoids. Therefore, a more specific inhibition of PGE2 has been suggested to 
be superior to classical NSAIDs. In papers I and II, the terminal PGE2 generating enzyme mPGES1 was 
studied in the context of intestinal cancer. Unexpectedly, ApcMin/+ mice with a targeted deletion of the 
mPGES1 encoding gene displayed significantly more and larger intestinal adenomas as compared to 
their wilde-type (wt) littermates. Probably this was due to the redirected generation of PGE2 towards 
non-PGE2 prostanoids seen in the murine tumors, resulting in enhanced pro-tumorigenic activity of 
these transmitter substances. Next, with a battery of functional and descriptive assays we investigated 
whether the outcome of mPGES1 expression and activity could depend on the genetic profile of the 
tumor e.g. the Apc mutational status. Indeed, high expression of mPGES1 was associated with the 
presence of wt-Apc, both in vitro and in vivo, most likely depending on mPGES1 mRNA stabilization 
rather than upregulation through β–catenin/Lef/Tcf4 signaling. 

NFκB is a major regulator of inflammation e.g. through the production of 
inflammatory cytokines. Variations in genes controlling inflammation and angiogenesis could 
potentially be used as biomarkers to identify patients with increased risk of CRC development, and/or 
to identify those with high risk of a rapidly progressing disease. Further, such analyzes have been 
suggested to select patients, which may benefit from specific anti-inflammatory or anti-angiogenic 
therapies. In paper III, genetic alterations in NFκB associated genes were studied among CRC patients 
and healthy controls. The NFκB negative regulator TNFAIP3 was found to exert tumor suppressive 
functions in CRC and moreover, homozygous mutant TNFAIP3 (rs6920220), homozygous mutant 
NFκB -94 ATTG ins/del and heterozygous NLRP3 (Q705K) were identified as prognostic markers for 
identifying CRC patients with a high risk of rapid progression. Further studies, which focus on the 
potential to treat such patients with anti-inflammatory IL-1β targeting therapies, are warranted.  

In the intestinal epithelium, Notch and Wnt signaling function in synergy to 
maintain homeostasis and together these pathways promote stem cell renewal and drive proliferation. 
Thus, dysregulation and/or overactivation of one of the two pathways could potentially lead to 
simultaneous activation of the other. While the genetic mechanisms explaining aberrant Wnt signaling 
in CRC are well-known, the reasons for the Notch pathway activation are less so. Further, relatively 

C 



Abstract 

	   	  

little is known about the mechanisms linking the two pathways in CRC. In paper IV, we addressed this 
question with a set of experimental in vitro assays, hereby identifying Notch2 together with several 
additional genes classically belonging to the Notch pathway, as putative targets for canonical and non-
canonical Wnt signaling. We therefore suggest that aberrant Notch signaling in colon cancer cells may 
be the result of dysregulated Wnt signaling. 

In summary, the results here presented add a couple of pieces to the immensely complex jigsaw puzzle 
connecting intestinal homeostasis, inflammation and CRC. These results may aid in identifying future 
biomarkers or potential drug targets that could take us to the next level in the war against cancer. 
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 är ett foster utvecklas och växer regleras en mängd viktiga processer av ett fåtal evolutionärt 

bevarade biologiska signalvägar. Dessa signalvägar styr celldelning såväl som cellmognad och 

cellspecialisering. Även i den vuxna individen spelar dessa signalvägar en viktig roll, framför allt i 

vävnader som ständigt förnyas, till exempel tarmslemhinnan och blodbildande organ. Det är viktigt att 

dessa mekanismer är i balans eftersom en överaktivering av signalvägarna kan leda till okontrollerad 

celltillväxt och så småningom utveckling av cancer. Mekanismerna som ligger till grund för 

överaktiveringen kan variera men vanliga bakomliggande orsaker är genetiska förändringar, s.k. 

mutationer, i, eller en felaktig reglering av, de gener som ingår i signalvägen. Även ett kroniskt 

inflammatoriskt tillstånd i en vävnad kan bidra till utveckling och tillväxt av cancer. Detta kan låta lite 

märkligt då akut inflammation vanligtvis är en skyddsmekanism som exempelvis bekämpar infektioner 

och påskyndar läkeprocessen i en vävnad. Om inflammationen inte regleras på ett korrekt sätt kan den 

bli kronisk och samma mekanismer som vanligtvis syftar till att återuppbygga skadad vävnad kan 

istället ”slå över” och få celler att dela på sig ohämmat för att till slut bidra till bildandet av en elakartad 

tumör. Detta är tydligt hos individer med kroniska inflammatoriska tarmsjukdomar vilka lider en 

förhöjd risk att drabbas av tjock– och ändtarmscancer (kolorektal cancer, CRC). I denna avhandling 

undersöks hur vissa gener och signalvägar som normalt är inblandade i inflammation och tarmens 

cellulära balans, homeostasen, påverkar uppkomst och utveckling av CRC.  

Delarbete I och II fokuserar på genen mPGES1 och dess proteinprodukt. Forskning har länge visat att 

ett långvarigt intag av s.k. NSAIDs, vilket är en familj av de anti-inflammatoriska ämnen som finns i 

t.ex. Ipren, minskar risken för CRC-insjuknande genom hämning av ett enzym (COX2) som är viktigt 

för produktionen av prostaglandiner, ämnen som är viktiga vid ett flertal cellulära processer. Dessa 

ämnen har dock många livsnödvändiga effekter varför långvarigt NSAID-användande kan leda till 

bieffekter så som blödning i mag- och tarmkanalen. Genom att hämma mPGES1, vilket ingår i samma 

signalväg som COX2, skulle eventuellt CRC-risken kunna minskas effektivt utan biverkningarna som 

följd. I vår studie användes en musmodell som har en mutation i den tumörhämmande genen Apc och 

därför spontant utvecklar tumörer i tunntarmen. Något oväntat fick möss där vi genetiskt tagit bort 

mPGES1 fler och större tumörer än de möss som hade genen intakt. Möjligen berodde detta på en ökad 

produktion av andra tumördrivande prostaglandiner samt den genetiska profilen i de celler som 

tumörerna utvecklats från. I enlighet med denna teori såg vi i cellodlingsförsök att produktionen av 

mPGES1 var beroende av mutationer i Apc-genen. Celler med intakt Apc hade stabiliserade mPGES1 

nivåer, något som också kunde bekräftas i humana CRC-tumörer.  
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Alla människor löper inte samma risk att drabbas av cancer under livet och väl drabbade svarar vi olika 

bra på olika behandlingar. Denna skillnad kan ibland förklaras av den normala genetiska variation 

(polymorfier) som skiljer människor i en population åt, men för att förstå vilken roll dessa spelar för 

uppkomst och, om möjligt, behandlingsprediktion, är det viktigt att dessa studeras noggrant; inte bara i 

cellsystem på laboratorier utan också hos verkliga patienter/individer. I delarbete III undersöks hur 

genetisk variation i gener viktiga för tumörrelaterad inflammation påverkar uppkomst och utveckling 

av CRC. Tre genetiska varianter i tre gener viktiga för produktionen av inflammatoriska 

signalmolekyler associerades med sämre överlevnad hos patienter diagnostiserade med avancerad CRC. 

Våra resultat tyder också på att en av de, av inflammation negativt reglerande generna, verkar 

tumörhämmande i CRC. Terapier för att hämma dessa inflammatoriska signaler används kliniskt vid 

kroniska inflammatoriska sjukdomar t.ex. reumatoid artrit. Från våra och andras resultat vore det 

ytterst intressant att studera om de kan vara effektiva komplement även vid cancerbehandling.  

I denna avhandling har också interaktionen mellan två av de embryonalt viktiga signalvägarna, Wnt– 

och Notch-signaleringsvägarna, samt genetiska förändringar i dessa studerats i CRC. Båda 

signalvägarna är ofta aktiverade i CRC och där mutationer i Apc är en vanlig orsak till Wnt-

aktiveringen är den bakomliggande orsaken till det höga Notch-uttrycket okänt. I delarbete IV 

undersökte vi om Wnt-signalering skulle kunna styra gener i Notch-signaleringsvägen samt om de två 

signalvägarnas samspel påverkar uppkomst och utveckling av CRC. I stora drag visar resultaten från 

studien att Wnt-signalering kan binda till och reglera flera gener i Notch-vägen, bland annat Notch2. 

Notch2 har, tillsammans med Notch1, visat sig ha stor betydelse för hur tarmens celler delar sig och 

utvecklas och därför skulle en störning i någon av dessa två gener kunna ha stor betydelse för 

tumörutveckling i tarmen. Resultaten från vår studie tyder på att det finns ett samspel mellan Notch- 

och Wnt-signaleringsvägarna i tarmceller och att detta samspel skulle kunna vara viktig för 

uppkomsten och utvecklingen av tumörer i tarmen. 

Sammantaget bidrar denna avhandling med viktig kunskap om hur gener involverade i 

tarminflammation och cellulär balans samverkar vid uppkomst och utveckling av CRC-tumörer. 

Hämning av dessa signalvägar med nya läkemedel som påverkar inflammation eller 

celltillväxt/cellbalans skulle kunna vara ett effektivt komplement till dagens terapier. Våra och andras 

resultat är emellertid inte helt entydiga och sannolikt finns det viktiga biologiska och kliniska skillnader 

mellan olika individer och patientgrupper. Resultaten i denna avhandling bidrar till ökad förståelse för 

de komplexa signalsystem som driver cancerutvecklingen och kan förhoppningsvis utgöra startpunkten 

för ytterligare studier som kombinerar cellbiologisk och genetisk kunskap med undersökningar av 

klinisk cancerbehandling. 
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INTRODUCTION 

 

linical, pathological and experimental studies of cancer have been among the most intensively 

investigated areas during the last hundred years of biomedical research. For a long time, 

physicians and scientists searched for ´the Key´ that would solve the cancer problem once and for all. 

Though, the more we learnt the more we understood that there was not one locked ‘cancer door’ but 

rather a lobby of hundreds or thousands of doors, each with its certain key. In spite of the incremental 

knowledge regarding the genetic and molecular mechanisms behind cancer, the optimal management of 

the single patient´s disease is still difficult to establish, and far from all patients can be successfully 

treated even in the most developed Western countries. Although the diagnostic tools and treatment 

opportunities continuously develop, clinicians still often have to rely on a ´trial-and-error´ strategy 

when treating individual patients, pointing to the need for a deeper knowledge not at least in the 

borderland between cancer genetics, molecular biology and clinical ‘real life’. 

The oldest description of cancer (although the term ‘cancer’ was not used at that time) comes from 

Egypt and dates back to approximately 1600 B.C. Evidence for cancer has been found among fossilized 

bone and the removal of breast tumors has been described in ancient papyrus scrolls. The Greek 

physician Hippocrates (460-370 B.C) was the first to use the word karkinos, the greek word for ‘crab’, 

which was later translated to the Latin word ‘cancer’ [6, 7]. 

Cancer is one of the most common disorders in the Western world and in 2020 20 million new cases and 

12 million deaths are predicted worldwide. The increased human lifespan in Western countries, in 

combination with life style and environmental factors, constitute plausible reasons for the increase of 

incidence rate that is observed for many tumors. On the other hand, many cancers may be preventable 

by reducing common risk factors including cigarette smoking, high fat- and alcohol intake [8]. Cancer 

is an extremely complex genetic disorder rising from a series of genetic changes in the DNA of a cell, 

leading to a neoplastic transformation and uncontrolled cell growth [9]. Additional mutations will 

accumulate due to the increased growth rate and frequently defective DNA repair machinery. The 

disorders also commonly involve disturbances in important cell signaling pathways like Wnt and 

Notch, which regulate processes such as development, proliferation and differentiation	  [10, 11]. These 

pathways are not only critical during embryonic development but also play a pivotal role in tissues that 

have a high self-renewal rate e.g. the intestinal epithelium. Not surprisingly, such tissues are those 

where cancer most often appears.  

In addition to the inactivation of tumor suppressor genes, activation of oncogenes and dysregulation of 

embryonically important signaling pathways, most tumors are exposed to inflammatory signals and are 
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heavily infiltrated and surrounded by immune cells [12, 13]. It has been said that ‘genetic damage is the 

match that lights the fire and inflammation the fuel that feeds it’. Recently, Hanahan and Weinberg 

proposed tumor-promoting inflammation as an enabling characteristic of tumors in addition to their 

famous ‘Hallmarks of Cancer’ nowadays frequently recited and described in most cancer textbooks [14, 

15].  

Tumor inflammation is extremely complex and can span from hardly detectable to gross inflammations 

involving a plethora of genes, signaling pathways and cell types. In the present thesis, we have analyzed 

genes and genetic variations in genes involved in inflammation and intestinal homeostasis and their 

association to colorectal cancer (CRC). Papers I and II address the mPGES1 gene in the development of 

CRC, as well as its relation to the Wnt signaling pathway including the in, CRC commonly mutated, 

Apc tumor suppressor gene. One central factor in tumor-promoting inflammation is the NFκB pathway. 

Paper III investigates genetic variation in NFκB signaling pathway genes and their association to CRC 

susceptibility and survival. Paper IV examines the relationship between the Wnt and Notch pathways in 

CRC and suggests how genetic alterations in one pathway could affect another leading to dysregulated 

intestinal homeostasis and accelerated cell growth. 

 

A BRIEF INTRODUCTION TO COLORECTAL CANCER 

Cellular structure of the gastrointestinal tract 

The gastrointestinal (GI) tract consists of the stomach, duodenum, jejunum, ileum, colon and 

rectum/anus, and continuously undergoes self-reneweal within two to seven days. The GI tract is a 

complex organ system, where specialized epithelial cells carry out functions such as absorption and 

secretion of mucus or digestive enzymes. A majority of the digested nutrients are absorbed in the small 

intestine via the epithelium that is organized into finger-like villi and adjacent crypts of Lieberkühn, 

providing its immense absorptive area. Colon contains crypt invaginations but consists mostly of a flat 

surface epithelium where water and salts are absorbed. In the small intestine, the crypt compartment 

contains the undifferentiated and partly differentiated stem cells, while the villus consists of terminally 

differentiated cells. The pluripotent stem cells are hypothesized to be found close to or in the crypt 

bottom residing in between Paneth cells	   [16]. These give rise to so called transit-amplifying cells, 

which are rapidly dividing into intermediate cells that differentiate into one of four cell types: 

enterocytes, goblet, enteroendocrine and Paneth cells [17].  

Clinical features of colorectal cancer 

Colorectal cancer is one of the most common malignancies world wide with more than 1.2 million new 

cases and 600 000 deaths each year, despite important advances in treatment [18]. It is predominantly a 
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disease of industrialized countries and epidemiological studies suggest several risk factors connected to 

a Western lifestyle, e.g. high intake of fat, red meat, alcohol, obesity, physical inactivity and cigarette 

smoking [19, 20]. Early diagnosis is of uttermost importance since patient 5-year survival of patients 

diagnosed with Duke’s stage A is 90%, but only 5% if diagnosed with Duke’s stage D [21]. Duke’s 

staging is an older form of CRC classification where A represents partly tumor invasion of the intestinal 

mucosa and D is the most severe denoting heavy tumor infiltration and distant metastasis. Today 

Duke’s grading is commonly replaced by the TNM (tumor, node, metastasis) classification system, but 

in older cohorts Duke’s staging is still used. About 10-20% of the CRC cases arise in families, which 

carry highly penetrant mutations in single genes, giving rise to hereditary syndromes like familial 

adenomatous polyposis (FAP) or hereditary non-polyposis colorectal cancer (HNPCC) [22]. Regarding 

both hereditary and sporadic cancers of colorectum, it has been suggested that in total 4-6 genetic 

defects in tumor suppressor genes (e.g. p53) and proto-oncogenes (e.g. K-ras) are required during the 

development of the neoplasm [3]. In 1990, Fearon and Vogelstein proposed this as the adenoma-

carcinoma sequence [3] (Fig. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1: The adenoma-carcinoma sequence in sporadic and colitis-associated 

colorectal cancer. Sporadic tumors are characterized by a sequence of oncogenic and 

tumor suppressive mutational events, ultimately leading to a metastasizing cancer. 

Colitis-associated cancer is rather preceded by chronic intestinal inflammation and a 

vicious cycle of epithelial injury and repair, evoking DNA alterations and tumor 

formation [3] (adapted from Fearon et al. [3] and Terzic et al. [5]). 
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CRC springs from epithelial cells in the large bowel and the rectum, and the first ‘hit’ in the sequence is 

often inactivation of the adenomatous polyposis coli (Apc) tumor suppressor gene [23, 24], which leads 

to the formation of benign polyps in the epithelium. These polyps can in turn acquire additional genetic 

alterations forming the final malignant tumors. This ‘sequence’ of events is also known as the 

chromosomal instability pathway, but there are also tumors that develop through inactivation of DNA 

mismatch repair (MMR) proteins, which leads to microsatellite instability (MSI), a hallmark of 

HNPCC-associated tumors. These tumors show very little sign of chromosomal instability and often 

maintain their diplod genome. In addition to genetic differences, MSI tumors often show different 

pathological features as well as a more favorable patient prognosis as compared to chromosomal 

instable tumors [21, 25]. 
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INFLAMMATION AND CANCER 

In addition to endogenous factors such as gene mutations and chromosomal instability several 

exogenous stimuli also affect tumor development and progression. One such factor intimately linked to 

cancer is tumor-promoting inflammation. While the oldest notion of cancer comes from ancient Egypt, 

the first description of inflammation is almost equally old. The term ‘inflammation’ is derived from the 

latin word inflammare, which means ‘to set on fire’ and was first described approximately two thousand 

years ago by the Roman physician Aulus Celsus. He described the first four characteristics of 

inflammation: calor (heat), dolor (pain), rubor (redness) and tumor (swelling) and later, a fifth characterstic 

function laesa (loss of function), was included. The purpose of the immune response is to clear infections, 

remove debris and promote healing of injured tissue. Inflammation is tightly linked to the organism’s 

immune system that recognizes and ‘remembers’ microorganisms and foreign material, which may 

infect and threaten the integrity and the normal homeostasis of the host’s cells, tissues and organs. A 

possible link between inflammation and cancer was discovered almost 150 years ago, when Virchow 

noted immune cells in tumor materials and hypothesized that chronic inflammation could lead to tissue 

injury and increased cell proliferation	  [26]. Thus, a link between inflammation and cancer has been 

suspected for a long time and it has indeed been verified that tumors are infiltrated by cells of both the 

innate and adaptive immune system (e.g. tumor-associated macrophages (TAMs) and T-cells, 

respectively) [12, 13]. The mechanisms behind this interaction were for a long time poorly elucidated. 

In 2000, Hanahan and Weinberg suggested the six ‘Hallmarks of cancer’, involving self-sufficiency in 

growth signals, insensitivity to anti-growth signals, evasion of apoptosis, the potential of limitless 

replication, sustained angiogenesis, and the ability to invade tissues and metastasize, which today are 

considered as corner-stones in tumor biology [14]. These ‘Hallmarks’ were recently revised in a new 

publication from 2011 [15], where they proposed tumor-promoting inflammation, together with 

genome instability and mutations as enabling characteristics in addition to their hallmarks. 

Furthermore, deregulation of cellular energetics and the escape of tumor cells from immune destruction 

are proposed as new emerging hallmarks. Interestingly, these are all properties involving angiogenic 

and inflammation-mediated genes like hypoxia inducible factor1 (Hif1), vascular endothelial growth factor 

(VEGF), cyclooxygenase (COX) and nuclear factor (NF) κB, which are discussed below.  

Contrasting the most often host-protective acute inflammatory response, chronic inflammation rather 

results in tissue injury and may contribute to neoplastic transformation. There is much evidence of such 

inflammation being linked to cancer development. For instance, pathogen infections like Helicobacter 

pylori and Human papilloma virus increase the risk of gastric and cervical cancer, respectively [26], 

while chronic inflammatory bowel diseases (IBDs), e.g Crohn’s disease (CD) and ulcerative colitis (UC), 

increase the risk of colitis-associated cancer (CAC) [5]. Furthermore, chemical irritants like tobacco 
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smoke increase the risk of lung cancer [27], whilst systemic chronic inflammations caused by obesity 

and high BMI are hypothesized to increase the risk of tumor development in general [28, 29]. Not all 

chronic inflammatory diseases increase the risk of cancer and some, like for instance psoriasis may even 

reduce it. The mechanism behind this is not very well elucidated but could reflect differences in tissue 

specific environmental factor exposure [30]. 

Tumor-promoting inflammation does not always precede tumor formation but the fact that most 

cancers contain infiltrative immune cells indicates that the cancer process itself can upregulate an 

inflammatory response. In this scenario, mutational activation of oncogenes like K-ras, inactivation of 

tumor supressors (e.g. p53 and von Hippel Lindau (VHL) factor) or dysregulation of signaling pathways 

like Wnt, Notch and NFκB, could lead to upregulation of inflammatory genes in the precancerous cells, 

which stimulate the release of inflammatory cytokines and chemokines in the tumor microenvironment	  
[13, 31]. This leads to recruitment of ‘tumor supporting’ cells into the stroma e.g. VEGF production 

leading to endothelial cell recruitment (Fig. 2). Moreover, cell debris released from cells in the hypoxic 

tumor core attracts inflammatory cells like TAMs. The activated immune cells provide the tumor with 

mitogenic signals through upregulation of inflammatory genes e.g. NFκB, making tumor-promoting 

inflammation a crucial factor in almost every step of the tumorigenesis (Fig. 2) [13]. A high tumor 

infiltration by TAMs has been associated with poor prognosis of cancer patients [32], but rather than 

the actual composition of infiltrating immune cells, it may be the cytokine and chemokine profile in the 

tumor microenvironment that is of importance for the tumor progression. In specific contexts, the 

tumor-immune cell crosstalk leads to NFκB activation and a pro-tumorigenic cytokine profile,	  but in 

contrast, the immune cells may under the right conditions also produce anti-tumorigenic cytokines, 

which would lead to tumor cell death [33]. 
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Figure 2: A model of how chronic intestinal inflammation contributes to colorectal cancer. 

Exogenous or endogenous stimuli may trigger a chronic inflammatory response and tumor 

development. Initially, chronic tissue injury attracts immune cells and creates an inflammatory state at 

the injured site, which leads to formation of an intestinal lesion. Chronic inflammation then contributes 

to carcinogenesis through release of pro-inflammatory cytokines, recruitment of pro-inflammatory cells 

and activation of transcription factors such as NFκB. This stimulates cytokine and growth factor 

release and subsequent tumor cell survival, proliferation, angiogenesis, invasion and metastasis. In 

sporadic CRC, tumor formation precedes chronic inflammation. Tumor necrosis and hypoxia can lead 

to activation of angiogenic and inflammatory pathways e.g. NFκB, which will start the vicious cylce of  

inflammation and tumor growth.  
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In a second scenario, where tissue inflammation precedes tumor formation (i.e. CAC), it is hypothesized 

that constant irritation of mucosa or parenchyma by chemical or microbic agents leads to repeated 

cycles of tissue damage and repair. Inflammation-promoting immune cells are recruited to the injured 

tissue where they release cytokines (e.g. interleukin (IL)-1β and IL-6) and reactive oxygen or nitrogen 

species (RONS) in the tumor microenvironment. This leads to activation of NFκB, signal transducer 

and activator of transcription3 (STAT3), activator protein1 (AP1) and mothers against decapentaplegic 

(SMAD) and subsequent cell proliferation, survival, transformation and later also tumor angiogenesis 

[13, 34, 35]. Additionally, cellular exposure to RONS can lead to DNA damage and mutations in tumor 

suppressor or DNA-repair genes, which further stimulate cellular growth. The damaged epithelial cells 

could then in turn release even more pro-inflammatory cytokines, chemokines and RONS, leading to 

further cell damage and recruitment of inflammatory cells and thereby activation of a vicious positive 

feedback loop. This combination of mutagenic potential and cycles of tissue injury and cytokine-induced 

proliferation is considered to initiate tumorigenesis in chronic inflammatory conditions. 

The incremental evidence for the implication of inflammatory genes in tumorigenesis, both the complex 

crosstalk between the inflammatory genes and ’classical’ cancer genes, their role in altering the tumor 

microenvironment as well as in tumor angiogenesis make them attractive targets for cancer therapy. 

Classic cancer therapies target the tumor cells per se, which actually could trigger a strong immune 

reaction as a result of the massive cell death and the subsequent wound-healing, thereby obstructing the 

treatment [36]. A combinatorial strategy of classical cancer therapies and drugs targeting cancer-

associated inflammation, will hypothetically target the entire tumor mass, i.e. the malignant cells as well 

as the inflammatory compartments. Such holistic strategies, leading to a better patient survival, have 

been successfully tested, for instance anti-VEGF targeting therapy in combination with classical 

chemotherapy [37-40]. These strategies could possibly also include anti-inflammatory drugs like IL-1β 

blockers for improved efficiency. In fact, blockade of IL-1β signaling with IL-1 receptor antagonist 

reduces tumor growth and metastasis in murine cancer models and has effectively been used in 

thousands of patients with chronic inflammatory disorders (reviewed in	  [41]). A different but possibly 

equally effective approach could involve the attempt to trigger the ’good’ immune response, which 

would act anti-tumorigenic, since it is evident that chronic inflammation is sometimes protective [30]. 

The mechanism behind this is not entirely clear but likely involves a shift towards an anti-tumorigenic 

cytokine profile. However, this requires a better understanding of the tumor-promoting inflammation 

and the genes that regulate this before such approach can be carried out effectively. 
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PATHWAYS AND GENES INVESTIGATED IN THE PRESENT THESIS 

NFκB, the ‘Holy Grail’ in tumor inflammation? 

Constitutive NFκB activation is commonly observed in CRC and is associated with most cancer 

hallmarks as well as resistance to chemotherapy. Many tumor-promoting cytokines are activated via 

NFκB in tumor-infiltrating immune cells or in the tumor cells themselves. Following secretion, these 

cytokines bind to and activate receptors on epithelial cells, thereby upregulating downstream oncogenic 

or inflammatory signaling pathways that promote cell proliferation, apoptosis-inhibition, angiogenesis, 

tumor formation and metastasis as well as an incremental inflammatory response	   [42]. Given this 

variety of functions and the essential role NFκB plays in innate and acquired immunity, the pathway 

provides a strong potential link between inflammation and cancer. It is often considered as the ‘Holy 

Grail’ for new anti-inflammatory drugs, and inhibition or modulation of the NFκB pathway has been 

suggested as an attractive strategy for future cancer therapies. Like many signaling pathways and 

potential drug targets, the NFκB system appears to be a double-edged sword where the loss of NFκB 

actually may promote tumor formation under certain circumstances, possibly through an imbalanced 

cytokine profile [43]. Hence, the need for studies on the molecular compartments and the spatio-

temporal cirumstances by which NFκB activation will accelerate or impede cancer development cannot 

be overestimated. To say the least, NFκB signaling is highly complex. The usage of the term ´NFκB 

signaling’ may in fact be far too simplistic. Since the optional upstream and downstream events that 

evoke or follow biological activity of the NFκB proteins are numerous and extremely diverse, or even 

counteract each other, the term ‘NFκB pathway’ may be more adequate. The transcription factor (TF) 

NFκB is a dimer comprising one or two out of five subunit family members [44], with each combination 

being involved in the regulation of different genes. Generally, homodimers are involved in gene 

repression while heterodimers are transcriptional activators. Together the fact that there are hundreds 

of activators with differential but cell-specific gene expression patterns [45], the number of contexts 

where NFκB is involved is vast. 

The most well-described pathway where NFκB orchestrates cancer-related inflammation is the 

canonical (or classical) NFκB pathway (Fig. 3), in which heterodimers of p50 (NFκB1)/RelA, c-Rel or 

RelB form transcriptional activating complexes	   [46]. Major activators of the canonical pathway in 

epithelial cells are exposure to inflammatory cytokines such as TNFα or IL-1, LPS 

(lipopolysaccharides)-binding as well as bacterial infections [47], which activate the Toll-

like/interleukin-1 receptor family-Myd88 complex and the TNF receptor	   [48]. Moreover, NFκB is 

activated by a wide range of carcinogens e.g. tobacco, dietary agents, alcohol, obesity etc. Briefly, the 

receptor binding and subsequent pathway signaling leads to activation of the inhibitor of κB (IκB) 
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kinase (IKK) complex comprising IKKγ/NEMO, IKKα and IKKβ. The activated complex 

phosphorylates IκBs, which targets them for ubiquitination and proteasomal degradation. This liberates 

the NFκB dimer and allows subsequent translocation to the nucleus where it regulates transcription of a 

battery of inflammation and tumor growth-related genes e.g. those encoding IL-1β, IL-6, COX2, 

mPGES1, MMPs, VEGF, cyclin D1, etc. (Fig. 3) [31, 43, 49, 50]. This implies a role for NFκB and 

inflammation in every step of the tumorigenic process, from initiation to metastasis. IL-1β further 

accelerates NFκB signaling and subsequent inflammation through a positive feedback-system [47]. IL-

6, another potent pro-inflammatory and tumor-promoting cytokine, is widely expressed in cancer 

tissues and, not surprisingly, its presence is linked to poor patient survival among CRC patients [50].  

 

 

Figure 3: An overview of the canonical NFκB pathway and the NLRP3 inflammasome 

production of mature and bioactive IL-1β. 
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The role of inflammation and NFκB signaling in the pathogenesis of colorectal cancer 

Approximately 1-5% of the CRC cases are so called colitis-associated cancers (CACs), a possible 

complication of IBD [5, 51-53] where tumor formation can be initiated by the sustained chronic 

inflammation in the gut/bowel. However, most CRCs are sporadic and the tumor formation is believed 

to precede an inflammatory response, whereas the role of inflammation is relatively poorly understood. 

Thus, the etiology of sporadic CRC differs to some extent from CAC (Fig. 1). It has for long been 

known from epidemiological studies that long term use of non-steroidal anti-inflammatory drugs 

(NSAIDs), which inhibits e.g. COX enzymes in the prostanoid-synthesizing pathway (discussed below), 

may prevent intestinal tumor formation, both in herditary syndromes as well as in sporadic cases [54-

57], indicating the importance of chronic inflammation in CRC.  

The intestinal microflora is an important contributing factor to intestinal homeostasis and a disturbance 

of this may not only lead to the development of colitis, but also of intestinal tumors. ApcMin/+ mice, 

which spontaneously develop multiple intestinal neoplasisas, born under germ-free conditions are 

significantly more resistant to azoxymethane-induced mutations (AOM; a chemical that induces O6-

methylguanine adducts in DNA leading to G to A transitions and subsequently to tumorigenesis in the 

colon of laboratory animals) and subsequent epithelial cell transformation, as compared to mice with 

intact microbiota [58]. A shift in the microbiota may lead to a more pro-inflammatory intestinal milieu, 

overactivating pattern recognition receptors such as Toll-like receptors (TLRs) and ‘nucleotide-

binding-domain-and-leucine-rich-repeat-containing-gene-family-of-receptors’ (NLRs), major activators 

of NFκB and cytokine signaling, on epithelial and infiltritative immune cells. The role of NFκB in 

intestinal tumorigenesis cannot be underestimated. The activation of TLRs and its adaptor protein 

Myd88 leads to NFκB nuclear accumulation and subsequent cytokine and chemokine production. NLRs 

are also involved in the activation of specific cytokines, which could contribute to the positive feedback 

loop of inflammatory cell recruitment, pro-tumorigenic cytokine upregulation and tumor growth [31, 

43, 48, 49] (Fig. 2).	  Deletion of Myd88 in ApcMin/+ mice reduces the growth of intestinal tumors and 

increases animal survival [59] and overexpression of Myd88 or TLR4 has been associated with poor 

survival of CRC patients [60]. Dextrate sulfate sodium (DSS) is commonly used as a trigger of 

intestinal inflammation and used in combination with AOM in mice it leads to an intestinal condition 

effectively mimicking the human CAC phenotype where intestinal inflammation causes epithelial injury 

and subsequent intestinal tumor formation	   [61]. Conditional knockout of the direct NFκB activator 

IKKβ in murine intestinal epithelial cells and subsequent DSS/AOM treatment significantly reduce 

intestinal tumor multiplicity without reducing tumor size as compared to AOM/DSS treated mice with 

the gene intact, even though the loss of intestinal barrier function was found to be accelerated in the 

IKKβ deficient animals. However, deletion of IKKβ in the myeloid cell compartment significantly 
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reduced tumor size without affecting tumor cell apoptosis [52]. Speculatively, the main tumor-

promoting effect of NFκB in premalignant and colonic tumor cells may be to upregulate anti-apoptotic 

genes e.g. Bcl2, Bcl-xL and cFLIP while NFκB activation in infiltrative immune cells leads to the 

production of pro-inflammatory factors further driving tumorigenesis. Regardless of the molecular 

mechanism, NFκB activation in both tumor and infiltrative immune cells stimulates tumor cell survival, 

growth and progression, and high levels of NFκB are, together with the subsequently activated 

cytokine IL-6, found in primary and metastatic CRC where they associate with poor patient survival 

[50, 62]. The high IL-6 levels may just reflect increased IL-1β levels and overactivated NFκB 

signaling, but IL-6 produced by myeloid cells is crucial for tumor growth in CAC models, which further 

strengthens the importance of the cytokine profile in the tumor microenvironment [63]. Despite the 

important role of NFκB-regulated inflammatory networks in tumorigenesis [50, 52, 62], descriptions of 

genetic mechanisms behind CRC-associated NFκB activation are currently sparse. However, in two 

separate studies, individuals carrying the deletion allele of the functional ATTG -94 insertion/deletion 

(ins/del) polymorphism in the promoter region of NFκB were found to carry an increased risk of CRC 

in Swedish	  [64] and Danish	  [65] populations. Somewhat contrasting these findings, the deletion allele 

has been associated with lower expression of the gene [66], implying the need for more functional and 

epidemiological studies. 

The activation of NFκB in colorectal tumor cells, like in many other malignancies, supplies several 

cancer hallmarks [5] and must therefore be held under strict molecular control during normal/healthy 

conditions. Two recently described negative regulators of multiple NFκB signaling pathways are the 

caspase recruitment domain8 (CARD8)	  [67] and tumor necrosis factor α inducible protein3 (TNFAIP3) 

proteins [48, 68, 69]. Genetic variation and alterations in both genes are investigated in this thesis. 

TNFAIP3, an important regulator of NFκB signaling 

Many of the protein-protein interactions in NFκB signaling are regulated by ubiquitinating and/or 

deubiquitinating enzymes. Ubiquitin is a small protein that exists in all eukaryotic cells and can be 

covalently linked to proteins in order to determine their cellular fate. The most well-studied forms of 

ubiquitination are lysine (K)-48- and K63-linked polyubiquitin chains, which, when attached to a 

protein, in general target it for proteasomal degradation (K48) or alter binding properties, cellular 

localization or activity of proteins (K63). Monoubiquitination, on the other hand, is often involved in 

transport and fate determination of transmembrane proteins, where this modification often leads to 

lysosomal destruction. Protein ubiquitination is carried out in a three-step process by the ubiquitin 

enzymes E1-E3 [48, 68]. 
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An ubiquitin-editing enzyme involved in the regulation of NFκB signaling and thereby important in 

inflammation and tumor biology is the TNFAIP3 (also known as A20). The TNFAIP3 gene is located 

on chromosome 6q23.3 and encodes a 790 amino acids large ubiquitin-editing enzyme [70]. The term 

‘ubiquitin-editing’ comes from the dual catalytical role of TNFAIP3 where it via its N-terminal ovarian 

tumor (OTU) domain removes ubiquitin moieties and mediates E3 ligase activity via its seven zinc 

finger domains (ZnFs), of which ZnF4 seems to be of most importance [71]. TNFAIP3 is crucially 

involved in several cellular mechanisms, but one of its most important roles is negative regulation of 

inflammation through termination of the NFκB pathway on multiple levels, both in the TNFα and 

TLR/ILR dependent pathways. The actions of TNFAIP3 in NFκB signaling are complex and consist of 

series of ubiquitination and deubiquitination steps of several pathway proteins ultimately leading to 

NFκB inhibition (Fig. 3). To briefly summarize, TNFAIP3 removes K63-linked polyubiquitin chains 

from Receptor-Interacting Protein1 (RIP1), promotes K48-linked polyubiquitination, which targets 

RIP1 for proteasomal degradation, and targets TNF receptor associated factor2 (TRAF2) for lysosomal 

degradation, thereby disrupting the interaction with cellular inhibitor of apoptosis2 (cIAP2) and Ubc13. 

It is also involved in ubiquitin editing of mucosa-associated lymphoid tissue lymphoma translocation 

protein1 (MALT1), TRAF6 and NEMO. Similary, several additional proteins are affected by the 

TNFAIP3-mediated inhibition of NFκB [48, 68, 69]. Interestingly, TNFAIP3 is also transcriptionally 

regulated by NFκB through direct binding to the TNFAIP3 promoter, effectively regulating NFκB 

signaling via a negative feedback loop [72]. Its exstensive role in inflammation was discovered in 2000 

by Lee et al. [73], where they showed that TNFAIP3-/- mice die shortly after birth due to severe 

inflammation in multiple organs, including the intestine. The inhibition of NFκB signaling by 

TNFAIP3 was mainly attributed to a TNF activated pathway, since the TNFAIP3-/- mice were 

hypersensitive to TNF or LPS injection while NFκB activity was found to increase and decrease 

normally in mouse embryonic fibroblasts from these mice, when treated with IL-1β [73]. Due to its 

crucial involvement in inhibition of the inflammatory response it is not surprising that dysregulation of 

TNFAIP3 in humans can lead to chronic inflammatory disorders like IBD, rheumatoid arthritis (RA), 

diabetes, psoriasis, atherosclerosis and cancer [68, 74]. Moreover, several SNPs in TNFAIP3 or its 

regulatory regions have been associated with increased risk of these disorders [75-79]. 

The implication of TNFAIP3 in cancer is somewhat contradictory and is most likely dependent on the 

cellular context. Undifferentiated head and neck squamous cell carcinomas,	  nasopharyngeal carcinomas 

[80], estrogen receptor negative breast cancer [81] and glioblastoma stem cells [82] show 

overexpression of TNFAIP3, indicating a tumor promoting role in these cancer forms. Contrasting this, 

TNFAIP3 is suggested to function as a tumor suppressor in several lymphomas, in which the gene is 

commonly deleted or inactivated through biallelic mutations [83-86].  
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Speculatively, minor genetic variations in TNFAIP3 may predispose to chronic inflammatory disorders, 

whereas larger genetic deficiencies may be a driving factor in the initiation and/or progression of 

specific cancer forms, thus providing a critical link between inflammation and cancer. 

In the intestine, TNFAIP3 most likely plays an important role in the homeostatic balance. Mice with 

intestinal epithelial-specific TNFAIP3 ablation do not show any signs of spontaneous intestinal 

inflammation but are hypersensitive to DSS-induced colitis [87]. However, mice that globally lack the 

TNFAIP3 gene develop severe NFκB-mediated inflammation in multiple organs including the 

intestines [73]. The discrepencies seen between the two different models may very well reflect the 

crosstalk between intestinal immune and epithelial cells. Whereas TNFAIP3 deficiency in unchallenged 

epithelial cells it may be insufficient for intestinal inflammation activation, loss of TNFAIP3 in both 

immune and epithelial cells may activate the positive NFκB and cytokine driven feedback loop, leading 

to tissue injury and inflammation. [88, 89]. TNFAIP3 deficienct animals also have poorer intestinal 

epithelial barrier integrity compared to wt-mice due to loss of tight junction proteins expressed on the 

intestinal epithelial cells [90], resulting in increased infection risk. A disturbance in the intestinal 

microflora or an inflamed and weakened intestinal barrier may lead to infection and bacterial/LPS-

mediated activation of TLRs, which subsequently evokes NFκB signaling (Fig. 3). Radical antibiotic-

treated TNFAIP3 knockout or TNFAIP3/Myd88 double deficient mice show a much less dramatic 

inflammation and survive longer as compared to wt-mice further supporting the role of TNFAIP3 in 

NFκB-mediated intestinal inflammation. TNFAIP3’s negative regulation of NFκB leads to lower levels 

of IL-1β that ultimately is processed into its bioactive and mature proinflammatory form by caspase1 

and the NLRP3 inflammasome. 
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The NLRP3 inflammasome in intestinal homeostasis and colorectal cancer 

The term ‘inflammasome’ was coined in 2002 by Tschopp and co-workes (Martinon et al.) and describes 

a multiprotein complex responsible for the protelytic maturation of caspase1, leading to the activation 

and secretion of the bioactive IL-1β and IL-18 (Fig. 3) [91]. Even though several inflammasomes exist, 

the most well studied and perhaps most important for intestinal epithelial homeostasis is the NLRP3 

inflammasome [92]. The inflammasome activity is most prominent in macrophages and dendritic cells, 

but is also present in the intestinal epithelium [93]. Upon activation, as a response to changes in the 

cellular mileu caused by pathogen or danger-associated molecular patterns, the platform protein 

NLRP3 is activated and associates with apoptosis_speck_like_protein_containing_a_CARD (ASC), pro-

caspase1 and possibly CARD8, which results in maturation of caspase1 [94, 95] (Fig. 3). Whether or 

not CARD8 is a part of the complex is debated, but its role in interleukin production and inflammation 

is undisputed, where it inhibits caspase1 dependent IL-1β generation [96] and negatively regulates 

NFκB signaling	  [67, 97].  

The NLRP3 inflammasome plays a crucial and most likely protective role in colitis and CAC. Several 

studies have shown that mice deficient in NLRP3, ASC or caspase1, in comparison to mice with these 

genes intact, are much more prone to develop colitis and CAC when treated with DSS and/or AOM 

[98-100]. The increased inflammatory response and tumor burden in these mice have been proposed to 

be derived from inflammasome deficiency in either the hematopoetic compartment [98] or in the 

epithelial cells [100], where the apoptotic effects of caspase1 has been proposed as a third protective 

factor [99]. The combined functions of the inflammasome in epithelial cells and the surrounding 

immune cells are probably what are required to maintain intestinal homeostasis. Since IL-1β is a pro-

inflammatory cytokine that serves to promote NFκB signaling, the protective effects of the 

inflammasome have rather been attributed to IL-18, which is important in epithelial wound repair in the 

acute inflammatory phase. IL-18 also prevents proliferation in the chronic stage, possibly via induction 

of interferon-γ and subsequently STAT1 [92, 101].  

Germline mutations in different proteins of the inflammasome have been associated with various 

inflammatory diseases. NLRP3 Q705K is a missense functional polymorphism in exon 3, which is 

associated with increased IL-1β levels and inflammatory symptoms [102]. SNPs in the NLRP3 gene 

and a nonsense polymorphism (cysteine to stop; C10X) in CARD8 have also been associated with 

susceptibility to CD [103]. Almost all coding NLRP3 mutations, including Q705K (unpublished data of 

our laboratory), confer gain-of-function leading to elevated IL-1β and subsequently increased IL-6 

levels [104]. Moreover, CARD8 functions as an inhibitor of apoptosis by blocking pro-caspase9 [105]. 

The C10X truncated form of CARD8 may have lost its ability to inhibit NFκB, which also would result 
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in an increased production of proIL-1β, a substrate for the NLRP3 inflammasome. However, if these 

genetic alterations predispose for sporadic CRC is currently not known. 

Although the NFκB pathway and the genes regulating it are of uttermost importance in CRC, it is not 

the only mechanism involved in chronic intestinal inflammation and tumorigenesis. However, it is most 

likely linked to the signaling and regulation of other inflammatory pathways i.e. the prostaglandin-

synthesizing pathway. 
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The prostanoid-synthesizing pathway and its role in tumorigenesis 
It is well-established that a regular use of NSAIDs, a class of anti-inflammatory compounds e.g. aspirin 

and ibuprofen, over a 10-15 year period reduces the relative risk of developing CRC by approximately 

40-50%. Their mechanism of action i.e. disruption of the prostaglandin (PG) synthesis through 

inhibition of the cyclooxygenase (COX) enzymes, was discovered in the early 1970s by Sir John Vane 

[106]. PGs are members of the prostanoid family and the even larger eicosanoid family (oxygenated C20 

fatty acids). The production of prostaglandins and other eicosanoids starts with the liberation of 

arachidonic acid (AA) from phospholipids in the plasma membrane, mediated by phospholipase (PL) A2 

enzymes (Fig. 4). Arachidonic acid can be metabolized into the biologically active eicosanoid via the 

action of three separate groups of enzymes: cyclooxygenases (COX) (prostanoid production), 

lipoxygenases (LOX) (leukotriene production) and cytochrome P450 epoxygenases (epoxyeicosatrienoic 

acid production). The COX enzymes convert AA to PGH2, with PGG2 as an unstable intermediate and 

specific PG synthases then metabolize PGH2 into one of five major prostanoids (a subgroup of 

eicosanoids consisting of prostaglandins, prostacyclin and thromboxans): PGD2, PGE2, PGF2α, PGI2 

(prostacyclin) and thromboxane (TX) A2. Upon production, the prostanoids are immediately released 

extracellulary where they exert a great variety of functions in the immune system, the central nervous 

system, vascular regulation, reproductive physiology and cancer biology, through binding to specific 

prostanoid receptors in an autocrine or paracrine way [1, 107-109]. 

Three different COX enzymes (COX1, 2 and 3) have been identified to date; COX3 being a splice 

variant of COX1 [110]. Whereas COX1 is constitutively expressed in most tissues, COX2 is 

upregulated as a cellular response to inflammation	   [111]. In fact, COX2 is upregulated in 

approximately 80-90% of all colorectal neoplasms [112]. Deletion of the COX2 gene has been shown to 

attenuate and cause regression of intestinal polyps in murine models [113], while selective COX2 

inhibitors have given similar anti-tumor effects in mice and humans	  [113-115]. 

Several factors contribute to the activation of COX2 in intestinal malignancies, including NFκB 

pathway dysregulation and activation of canonical or non-canonical Wnt signaling [116-118]. The 

expression of COX2 in CRC has also been shown to depend on the mutational status of the Apc gene, 

which is commonly mutated in CRC [116, 119, 120]. 
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PGE2 is subsequently and terminally produced by the PGE2 synthases (PGES) from the COX-derived 

PGH2 and is the most prominent prostanoid in inflammation and cancer [107]. It is most well-

characterized in IBD where secreted PGE2 stimulates the invasion of neutrophils and other immune 

cells into the colonic tissue, thereby contributing to the shift towards the production of pro-

inflammatory cytokines [121]. In the progression of colonic tumors, PGE2 is the most abundant and 

best-studied prostanoid [122]. It sustains several cancer hallmarks and promotes inflammation through 

binding to four G-protein coupled cell surface receptors, EP1-4 [1]. Of these, EP2 seems to be the most 

prominent at least in murine FAP models [123]. PGE2 most likely promotes proliferation and survival 

 

Figure 4: The prostanoid synthesizing pathway. PGE2 are, together with the 

other prostanoids, synthesized from phospholipids in the plasma membrane via 

arachidonic acid (AA). The COX enzymes generate the intermediate PGH2, 

which subsequently is catalyzed into the mature prostanoids by the terminal 

PG/TX synthases, including mPGES1 (adapted from Chell et al. [1] and Wang 

et al.	  [2]). 
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of CRC cells by activation of β-catenin [124], Ras-Erk [125], PI3K-Akt [126] and NFκB signaling 

[127]. Furthermore, PGE2, TXA2 and PGI2 may stimulate endothelial cell migration contributing to 

the vascularization of hypoxic tumors [128] e.g. through regulation of VEGF pathway components 

[129]. The role of other prostanoids in cancer is debated, but several studies have suggested pro-

tumorigenic effects of TXA2, PGI2 and PGF2α in CRC [130-136]. 

Today, COX-inhibition is an efficient but unspecific method of clinically blocking the prostanoid 

synthesis, however prolonged treatment of COX-inhibitors can lead to severe side-effects like gastritis, 

peptic ulcers, kidney failure liver failure and gastrointestinal bleeding [137]. In the US more people die 

from long term NSAID-related complications than from AIDS and in a study from 2005, Graham et al. 

[138] showed that 71% of the individuals exposed to various NSAIDs for more than 90 days had visible 

injuries to their small intestines as compared to only 10% in the control group. These side-effects have 

mostly been attributed to the inhibition of COX1, and more selective COX2 inhibitors display less 

severe intestinal side-effects	  [1] although still disrupting the coagulation system, possibly leading to 

cardiovascular effects e.g. haemorragies [139]. The importance of PGE2 in intestinal cancers makes it 

the most attractive target for cancer therapy in the prostanoid-synthesizing pathway. However, since 

inhibition of COX2 disturbs the balance between other prostanoids, the PGE2 synthases and/or 

receptors are putative targets for novel anti-inflammatory and anti-cancer therapies. Previously, such 

strategies were supposed to specificially blunt the PGE2 activity without influencing other eicosanoids. 

These suggestions may however be too simplistic since several recent publications point to secondary 

effects altering the concentrations and balance and activity of PGE2 ‘siblings’ (i.e. PGI2, PGF2, TXA2, 

PGD2) downstream COX1/COX2 [130-136]. 

mPGES1, a potential target in cancer therapy? 

Microsomal prostaglandin E synthase1 (mPGES1) is one of at least three enzymes responsible for the 

terminal synthesis of PGE2. mPGES1 is an inducible protein believed to be functionally coupled with 

COX2 in inflammation and cancer (Fig. 4). Simultaneous induction of COX2 and mPGES1 by LPS, 

TNFα and IL-1β leads to a higher PGE2 production and faster cell growth as compared to expression of 

any of them alone [140]. This induction causes the activation of TLR4/Myd88/NF-IL-6 and MAPK 

signaling	  [141, 142], and subsequent activation of the transcription factors Egr1 and NFκB. Egr1 binds 

a proximal GC-box in the Ptges (mPGES1 encoding gene) promoter, which is essential for 

transcriptional activation of the gene	  [143]. NFκB transcriptionally regulates the production of COX2 

[43] and there is at least one functional NFκB binding site in the Ptges promoter [144, 145], which in 

part can explain the upregulation of prostaglandin signaling seen in chronic inflammation. 
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Associated with increased PGE2 production, several studies have found elevated mPGES1 levels in a 

variety of human cancers (summarized in [146]), CRC included, where high mPGES1 levels have been 

associated with poor prognosis	  [147, 148]. Furthermore, Seo et al. [148] found that COX2 on its own 

did not correlate with patient survival and that mPGES1 and COX2 are differentially expressed in 

colorectal tumors. These results may indicate that mPGES1, rather than COX2, is the rate limiting 

enzyme in the production of PGE2 in CRC, making it a putative future target for cancer chemotherapy, 

which also hopefully avoids the pitfalls with standard NSAID-treatment. 
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Notch and Wnt, arbiters of cell fate in intestinal homeostasis 
A chronic intestinal inflammatory state mediated by the inflammatory genes and pathways described 

above is an example of a shifted balance in intestinal homeostasis. Intestinal homeostasis is normally 

regulated by a few but evolutionary highly conserved pathways, of which the Wnt and Notch signaling 

pathways, and their interacting networks, are of crucial importance. 

A brief overview of the Wnt pathway 

The canonical Wnt signaling pathway is a critical regulator of embryonic development, and the 

expression of pathway components in progenitor cells of the growth zone and proliferating tissues 

implicates that Wnt signaling is important for the body plan of vertebrates as well as of several 

invertebrates. It was also the first embryonically important pathway discovered to be essential for 

intestinal crypt cell proliferation and homeostasis [149-155]. 	  

Until now, about 20 Wnt signaling proteins have been identified in humans [156], initiating Wnt 

signaling upon their binding to a receptor complex consisting of proteins from the Frizzled family and a 

member of the low-density lipoprotein receptor family (Lrp5/6). This activates the proteins from the 

Dishevelled family, which inhibits the axin/glycogen synthase kinase3 (GSK3)/Apc destruction 

complex that in its turn regulates the stability of the cytoplasmic protein β-catenin via phosphorylation 

and ubiquitination, thereby targeting it for proteasomal degradation [157]. Active Wnt signaling 

renders in stabilized β-catenin, which translocates to the nucleus where it interacts with TFs belonging 

to the lymphoid enhancer factor/T-cell transcription factor (Lef/Tcf) family of proteins [11]. These 

proteins bind the DNA consensus sequence 5’-(A/T)(A/T)CAA(A/T)G-3’	  [158] and in absence of β-

catenin they function as transcriptional repressors together with co-repressors such as Groucho [11]. 

Upon β-catenin binding to the complex transcription of Wnt target genes e.g. cyclin D1 and c-myc is 

initiated [159] (Fig. 5). In CRC, Apc is sometimes considered as ‘the gene’ and is found mutated in more 

than 50% of the cases [159]. Most mutations are found between codons 1286 and 1513 in the so-called 

mutation cluster region [160, 161], leading to a truncated protein and destabilization of the β-catenin 

destruction complex, and constitutive activation of the β-catenin/Lef/Tcf4 gene taget program. In 

some CRC cases where Apc is not mutated/inactivated, activating mutations in the β-catenin encoding 

gene CTNNB1 [162] or genetic alterations in axin2 [163] can be found. When the Wnt pathway is 

mutationally activated and intestinal adenomas have formed from the proliferative compartment, the 

adenoma cells maintain their proliferative progenitor properties, which allow them to persist for several 

years. Given enough time, this leads to additional genetic alterations and, most likely, the formation of 

more advanced tumors, which eventually, and if unattended, may progress to a malignant cancer. 

Moreover, the existence of β-catenin-independent Wnt pathways leads to a plethora of signaling 
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outcomes, involved in a number of cellular functions, making it a very important pathway in both 

development and disease [164]. 

 

 

 

Figure 5: Overview of the canonical Wnt signaling pathway. Upon Wnt ligand binding to the 

Lrp/Frizzled receptor complex, the β-catenin destruction complex is disrupted and β-catenin translocates 

to the nucleus where it transactivates the LEF1/TCF gene target program. In CRC, Wnt signaling is 

often constitutively activated through Apc inactiavting or β-catenin activating mutations. 
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The canonical Notch pathway 

The canonical Notch signaling pathway was first identified in the context of lateral inhibition of the 

peripheral nervous system of insects, and is, like Wnt, important for the body plan during development 

[165]. It is an evolutionary conserved pathway, being crucially involved in cell fate decision, 

proliferation, development, adult homeostasis and stem cell maintenance [166-170]. The pathway is 

named after its core components, the Notch receptors, which are transcribed and translated as 210-300 

kDa large precursor molecules that ultimately function as TFs (Fig. 6). A series of post-translational 

modifications are required in order for the precursors to acquire their active forms. The intact precursor 

molecules are glycosylated in the endoplasmic reticulum by O-fucosyletransferase1 [171, 172], which 

adds fucose to serine or threonine sites on specific epidermal growth factor (EGF)-like repeats [173-

175]. The glycosylated precursors are then cleaved in the trans-Golgi network into two subunits by 

furin-like proteases (S1-cleavage). This cleavage converts the precursor molecule into the noncovalently 

linked Notch extracellular domain (NECD) and the transmembrane-Notch intracellular domain (TM–

NICD) complex, which is then further glycosylated by enzymes of the Fringe family. In mammals, three 

Fringe genes have been identified: Lunatic fringe (Lfng), Radical fringe (Rfng) and Maniac fringe (Mfng) 

[176]. Fringe proteins add N-acetylglucosamines moieties to already existing O-fucose molecules on 

the EGF-like repeats [172, 173, 177-179]. This modification in the Notch ligand-binding domain seems 

to alter the responsiveness of the receptor to different ligand interactions or enhances S2-mediated 

cleavage of the receptor [180]. The effects of Fringe-dependent modification of Notch are complex and 

the outcome of the signaling largely seems to be dependent on the combination of receptor, Fringe 

family member and ligand [10, 181, 182]. 

The mature Notch receptor is translocated to the cell surface and is, via its EGF-like repeats, activated 

upon binding to one of its ligands, which are expressed on neighboring cells [183]. In mammals, five 

different Notch ligands have been identified, three belonging to the Delta-like family (Dll1, 3 and 4) and 

two to the Jagged family (Jagged1 and 2)	  [10, 181]. 

The receptor-ligand binding results in a conformational change of Notch and exposure of an 

extracellular metalloprotease site (S2). S2 cleavage of the NECD is controlled by the ADAM/TACE (a 

desintegrin and metallopeptidase/TNFα converting enzyme) family of transmembrane proteases [184-

186], resulting in an active membrane-anchored Notch. This Notch form is then cleaved within the TD 

close to the cytoplasmic border by the γ-secretase complex (S3), a four-protein complex consisting of the 

catalytic component presenilin and the three co-factors, nicastrin, aneterior pharynx defective1 (Aph1) 

and presenilin enhancer2 (Pen2) [187-191]. It is this S3 cleavage, targeted by the class of compounds 

called γ-secretase inhibitors (GSIs) that effectively abrogates all Notch signaling. 
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Following the multi-step cleavage of Notch and liberation of NICD from the inner membrane, activated 

NICD is translocated into the nucleus through endocytosis and endosomal trafficking. In the nucleus, 

NICD normally binds to the transcriptional repressor Rbp-jκ	  via its Rbp-jκ associated molecule (RAM) 

domain which, together with co-activators belonging to the Mastermind-like family (Maml1-3) of 

proteins,	   forms a transcriptional activation complex [192, 193] (Fig. 6). The complex further recruits 

different co-regulators e.g. the histone acetyltransferase p300 and other chromatin remodelling factors, 

together with the cyclin-dependent kinase8 (CDK8) [194, 195]. Recruitment of CDK8 leads to 

phosphorylation of NICD and thereby subsequent proteasomal degradation of the complex through E3-

ligase FBW7 (Cdc4)-mediated ubiquitination of the transactivation domain (TAD) and PEST 

(polypeptide rich in proline, glutamate, serine and threonine) domains [196-198], thereby terminating 

active Notch signaling.  

Other important regulators of Notch signaling are the Numb and Numb-like proteins that act upstream 

of S3 cleavage to antagonize Notch signaling	   through direct interaction via Notch ankyrin (ANK)-

repeats	  [199-201] or Deltex, which inhibits transactivation of Rbp-jκ	  by	  NICD [202]. It is also likely 

that NICD can act in an Rbp-jκ-independent non-canonical manner and therby interact with several 

other components in the nucleus e.g. Hif1α, NFκB and β-catenin. Some of the best-known target genes 

of Notch belong to the Hes/Hey (Hairy Enhancer of Split/Hairy Enhancer of Split related) family, which 

are basic helix-loop-helix (bHLH) transcriptional repressors important in development, proliferation, 

differentiation and cell fate decision. Besides bHLH TFs, several other genes like the protooncogene c-

myc [203] and the cell cycle regulators p27KIP1 and cyclin D1 have been identified as Notch targets	  [204, 

205]. 
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How does Notch signaling contribute to colorectal cancer? 

Notch signaling is a key factor in tumorigenesis and affects tumor development, progression and 

epithelial-mesenchymal transition (EMT), which is a prerequisite for the formation of metastases [206]. 

Activated Notch signaling leads to upregulation of the Hes/Hey family of genes, including Hes1, which is 

a known repressor of the bHLH TF Hath1 (human homolog of mouse Math1 and Drosophila Atonal) 

[207]. Activation of Notch upregulates Hes1 and represses transcription of Math1, leading to an 

expansion of the population of proliferating intestinal progenitors [208] and if Math1 is deleted in the 

 

Figure 6: The canonical Notch signaling pathway. The Notch receptors are activated upon cell-cell 

contact and the intracellular domain is then released in a two-step enzymatic cleaving. Following this, 

the Notch intracellular domain translocates to the nucleus where it transactivates the transcriptional 

repressor Rbp-jκ and target genes e.g. Hes/Hey, are activated. 
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mouse intestine this results in depletion of the three secretory cell lineages (Paneth, goblet and 

enteroendocrine cells) and yields a dominating enterocytic phenotype	  [209]. Similar results were seen 

in the ApcMin/+ mouse when Notch signaling was inhibited through GSI treatment [210]. Later, Riccio 

et al. [205] showed that knockdown of either Notch1 or Notch2 not is sufficient for a crypt progenitor 

cell differentiation into post-mitotic goblet cells, i.e. they have redundant roles in the intestinal crypts. 

This ‘back-up system’ further proves the key role of active Notch signaling in maintaining the cells in 

the crypts in an undifferentiated proliferative state.	  The essential roles of the canonical Wnt pathway in 

intestinal development and cell renewal are undisputed and strongly supported by numerous studies 

(reviewed in [11] and [211]). Furthermore, during recent years incremental results enlighten the 

importance of Notch signaling in the GI tract [205, 208, 210, 212], and now, the literature supports an 

intimate and finely tuned crosstalk between both Wnt and Notch pathways, which controls the 

proliferation and differentiation of intestinal cells. In the intestinal crypt compartment both pathways 

are crucial for the proliferative cell phenotype, and upon Notch inactivation, the proliferative cells starts 

to differentiate into Paneth cells, absorptive, enteroendocrine and goblet cells, all of which have Wnt 

signaling inactivated (Fig. 7). 

 
Figure 7: The role of Notch signaling and its interaction with Wnt in intestinal epithelial cell 

proliferation and differentiation. Active Notch and Wnt signaling keep the crypt cells in a proliferative 

state. Inactivation of Notch signaling results in upregulation of Hath1 and renders in a secretory cell fate 

(modified from Nakamura [4]). 
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In CRC, and especially in colorectal adenomas, several Notch pathway components are overexpressed 

[212, 213], indicating increased Notch signaling in the development of colorectal malignancies. The 

reasons for this overactivation in CRCs are poorly elucidated, although mutations in human Cdc4 

(hCdc4), leading to stabilization of NICD, have been observed in a minority of hereditary and sporadic 

CRCs [214, 215]. Unlike ‘classical’ oncogenes, the Notch genes per se do not seem to contain activating 

mutations in solid malignancies [216] and may therefore represent a new paradigm in ongogenic 

signaling pathways. Upregulated Notch signaling in colon adenocarcinomas leads to increased 

expression of Hes1 and thereby repression of Hath1 levels [207]. Hath1 is important for the terminal 

cellular differentiation in the intestinal epithelium and downregulation leads to increased proliferation 

and contributes to tumorigenesis [207]. Although goblet cells normally constitute the major secretory 

cell lineage in the intestinal tract, only a few goblet cells are present in intestinal adenomas [217-219]. 

Inhibition of Notch signaling through GSI treatment does not only have profound effects on 

proliferative crypt cells [210] but also significantly reduces the number of intestinal adenomas in 

ApcMin/+ mice. The treatment turns the proliferative cells to post-mitotic goblet cells [220] and increases 

Math1 induction [210], suggesting the Notch pathway as a possible therapeutic target in CRC.  

Furthermore, mutational inactivation of Apc renders active canonical Wnt pathway through 

stabilization and nuclear translocation of β-catenin, which together with members of the Lef/Tcf family 

activates downstream target genes [221]. Recently, both Jagged1 [222] and Hes1 [223] were 

discovered as direct transcriptional targets of canonical Wnt signaling. High levels of Jagged1 

correlates with high levels of activated Notch1 and 2 [222], implicating that active Notch signaling 

plays a significant role in the development of Apc-deficient tumors. However, to further increase the 

complexity of Notch signaling in CRC, Notch2 has been hypothesized to function as a tumor suppressor 

in this context, since decreased mRNA and protein levels have been found in colorectal tumors as 

compared to adjacent non-neoplastic mucosa, and that increased Notch2 levels have been correlated 

with colon cancer cell differentiation and increased patient survival [224, 225]. The notion that Notch1 

and Notch2 have opposite effects in tumorigenesis is not new and has previously been indicated in 

embryonal brain tumor growth, where Notch2 was found to be a promoter of proliferation and Notch1 

an inhibitor within the same context [226]. Notch signaling also interacts with other pathways and 

proteins important for colorectal tumorigenesis, such as Hedgehog [227-230], Ras [231], p53	  [232], 

c-myc [203, 233, 234] and NFκB [235].  

Notch is involved in the regulation of tumor angiogenesis and inflammation 

A process that is intimately linked to tumor-promoting inflammation is tumor angiogenesis. The 

induction of a tumor vasculature from a pre-existing vasculature is called the ‘angiogenic switch’, and in 

order for a benign neoplasm to grow larger than a couple of cubic millimeters, and to form a larger 
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tumor and finally a metastasizing malignancy, it is crucial for the growing tumor mass to sustain a 

supply of nutrients and oxygen for its cells but also to remove toxic waste products. This event is in fact 

so critical that the tumor angiogenesis is considered one of the cancer hallmarks [14]. In normal 

angiogenesis (most prominent during physical activity, in wound-healing and in the reproduction cycle 

[236]), there is a balance between the pro– and anti-angiogenic factors. However, in growing tumors 

this balance is shifted towards the pro-angiogenic state, and the tumor vasculature is therefore often 

leaky and hemorrhagic [237].  

Hypoxia has several effects on tumorigenesis in addition to the formation of a tumor vasculature. Under 

hypoxic conditions, tumor cells turn to glycolysis as the primary energy source (the Warburg effect), 

which is associated with cellular transformation [238, 239]. Moreover, hypoxia can lead to cellular 

immortalization [240] and chromosome instability [241].  

In addition to the already mentioned role of Notch signaling in tumorigenesis, this pathway is also 

involved in tumor angiogenesis and inflammation, where, at least, Notch1 interacts with several 

inflammatory-mediated players e.g. NFκB and VEGF [242]. In the angiogenic process Notch1, as well 

as the ligand Dll4, have been shown to interact with VEGF and Hif1α (reviewed in [243]). The Notch1 

and Dll4 genes are direct targets of VEGF in endothelial cells [244]. Via a negative feedback loop, 

Notch signaling also serves to downregulate VEGF signaling through Hey1-mediated repression of 

VEGFR2 [245]. The Notch signaling pathway is also important for stabilization of the vasculature, 

especially in arteries and the microvasculature [246, 247]. This pathway is also involved in the 

regulation of other inflammation-mediated genes, where one of the most important targets is NFκB. 

Notch is believed to induce transcription of NFκB pathway components and NICD may directly interact 

with the IKK complex, thereby contributing to the activation of NFκB [248, 249]. Notch signaling is 

also directly involved in prostaglandin-mediated inflammation, in which N1ICD/Rbp-jκ	   complex 

directly binds to the Ptgs2 promoter, resulting in increased gene transcription and subsequent PGE2 

generation	  [250]. 

Molecular interactions between the Notch and Wnt signaling pathways 

Notch and Wnt signaling, and their common interactions, are intimately linked to cell fate decisions, 

proliferation and differentiation [251, 252], and a skewed crosstalk may result in severe developmental 

or medical conditions. Wnt signaling is often placed upstream of Notch and may activate the expression 

of Notch ligands [207, 213, 222, 253-258] but an opposite mechanism has also been proposed, in which 

Notch signaling negatively regulates the canonical Wnt pathway through upregulation of known 

inhibitors or by promoting degradation of β-catenin [259-263]. Furthermore, NICD may also directly 
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interact with β-catenin [264-266] or function as a co-activator for Lef1 [267], conferring increased 

transcription of Notch- or Wnt target genes.  

The impact of these mechanisms in tumorigenesis is not fully elucidated, but hypothetically, Wnt and 

Notch-related signals may either act synergistically or counteractive depending on the local of the 

neoplasm, cell and tissue context, as well as the genetic profile of the tumor. In the skin, Wnt signaling 

promotes stem cell renewal and proliferation and has clearly oncogenic properties [11], while Notch1 

functions as a tumor suppressor and promotes differentiation in this cellular context [263]. However, 

gain-of-function mutations in both pathways promote cancer in certain contexts, indicating that 

overactivation of both Wnt and Notch pathways could be of importance for proliferation. In the 

intestine, the two pathways separetly influences cellular differentiation since blockage of Wnt signaling 

leads to complete loss of secretory cells and inhibition of Notch renders a goblet cell crypt phenotype 

[4]. However, a mutual pathway activity is required for stem cell renewal, crypt cell proliferation 

without differentiation and possibly also tumor formation [4, 213, 268] (Fig. 7). There are implications 

that a crosstalk between the pathways also could be of importance in breast cancer [254] and 

hepatocellular carcinoma	   [269]. It is likely that these pathways and the networks they form play a 

pivotal role in several cancer forms where the role of their interactions still remains to be discovered. 
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AIMS 

	  

he overall aim of the present thesis is to investigate genes and genetic variations related to 

intestinal inflammation and intestinal epithelial cell homeostasis within the context of colorectal 

cancer. The specific aims are: 

I. To study the role of mPGES1 in CRC, and to investigate molecular genetic alterations of the 

Wnt pathway and their possible relation with mPGES1 overexpression in CRC cells (papers I-II). 

II. To investigate genetic variations in NFκB pathway associated genes and their relation to gene 

expression in vivo, CRC susceptibility, survival and clinicopathological characteristics (paper III). 

III. To investigate molecular interactions, in particular on the transcriptional level, between the 

Notch and Wnt signaling pathways in CRC and to elucidate the possible effects of genetic 

alterations in Apc/β-catenin with regard to Notch pathway genes and proteins (paper IV). 
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MATERIALS AND METHODS 

	  

TISSUE SPECIMENS AND CELL LINES 

Cell lines and cell cultivation 

uman colon cancer cell lines HT29 and HCT116 were employed for studying the regulation of 

mPGES1 (paper II) and the Notch pathway (paper IV) in vitro. HT29 cells lack the expression of 

wt-Apc, in contrast to HCT116 cells, which instead have activating mutations in the β-catenin gene 

(CTNNB1) [270]. In general, the cells were cultivated in McCoy´s 5A media supplemented with 10% 

fetal bovine serum at 37ºC in 5% CO2. In paper II and IV, HT29 cells harboring a vector, with a 

metallothionin-driven promoter coupled to the wt-Apc gene, kindly provided by Dr. Bert Vogelstein 

(John Hopkins University, Baltimore, US [271]), were used. Stimulation of these cells with zinc results 

in expression of wt-Apc and β-catenin degradation. On the other hand, β-catenin was silenced in naïve 

HT29 cells and Notch pathway gene expression could be studied further. HT29 and HCT116 were also 

used for luciferase assays and DNA binding experiments. 

Murine intestinal adenomas 

In 1990, Moser et al. [272] identified a mouse carrying multiple intestinal neoplasias (Min) in a colony 

of animals treated with the mutagen ethylnitrosurea. Two years later, the responsible genetic event was 

identified as a germline truncating mutation at codon 850 in one of the Apc alleles, and the mutant 

mouse was named ApcMin/+	  [273]. Ever since, the ApcMin/+ mouse has become one of the most widely 

used animal models for studies on intestinal cancer. Mice with a homozygous mutation die in utero while 

heterozygous mice are born normally. However, due to a ‘second-hit’ in the other Apc allele, in average 

30-40 small intestinal polyps develop after 4 months of age	   [274]. In paper I, ApcMin/+ mice on the 

C57BL/6 background were crossed with mice with a targeted deletion of the mPGES1 encoding gene 

Ptges, previously generated by Uematsu et al [141]. Mice of ApcMin/+mPGES1+/+, ApcMin/+mPGES1+/- and 

ApcMin/+mPGES1-/- were generated through subsequent breeding. Intestines and tumors were examined 

and isolated for further downstream analyzes. In paper IV, tumor and non-tumor intestinal mucosa were 

collected from ApcMin/+ and RNA was isolated for gene expression analyzes of mNotch1, mNotch2 and 

mHes1. All animal experiments were approved by the Animal Care and Use Committee at Linköping 

University. 

Human material 

Colorectal tumor biopsies, normal intestinal mucosal biopsies taken approximately 10 cm from the 

tumor, as well as normal blood samples, were collected from 344 patients at the County Hospital Ryhov, 

H 
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Jönköping and Linköping University Hospital, Linköping, Sweden, between the years of 1998-2005. 

Clinical information regarding age and gender of the patient, tumor localization and staging, as well as 

pathological growth pattern, were obtained from clinical records. Tissue samples were snap frozen 

immediately on resection, and stored at -80ºC until further handling, including isolation of protein, 

RNA and DNA. In this thesis the patient material was used in papers II and III. As controls, 793 

randomly selected individuals collected within the same geographical area as the CRCs were used. All 

studies involving human material were approved by the Research Ethics Committee at Linköping 

University. 

EXPERIMENTAL PROCEDURES 

Analysis of DNA and RNA 

DNA-binding assays 

Electrophoretic mobility-shift assay (EMSA), also known as bandshift assay, is a technique used to 

study protein-nucleic acid interactions in vitro [275]. The assay is commonly used to study TF binding 

to gene promoter regions. The assay utilizes electrophoretic separation of the DNA- or RNA-protein 

mixture on a polyacrylamide- or agarose gel, where an applied voltage separates the complexes 

according to size, charge and, to some extent, shape. Thus, a DNA strand bound to a protein will 

migrate more slowly through the gel than an unbound DNA fragment alone. Commonly, an antibody, 

that specifically recognizes the bound protein is added to the mixture, creating an even larger complex 

that will migrate even slower through the gel. This approach is referred to as a supershift assay, and is 

used to unambiguously identify a protein present in the protein-nucleic acid complex. For visualization 

purposes, the nucleic acid fragment usually carries a radioactive, fluorescent or biotin-streptavidin label 

and will be detected through exposion to radio- or lightsensitive films. However, there are limitations 

with EMSA as a technique for studying DNA-protein interactions as there are several factors affecting 

the binding, including chromatin structure, that will be unaccounted for in vitro. 

Chromatin immunoprecipitation (ChIP) was discovered independently by two groups during the 1980s 

[276-279] and is a method that makes it possible to analyze actual protein-DNA-interactions from 

living cells and tissues. In principle, DNA-binding proteins in cells or a tissue are reversibly cross-

linked to the DNA, usually with formaldehyde. Following the crosslinking, cells are lysed, the DNA, 

protected by DNA-binding proteins, is sonicated into 0.2-1 kb fragments and the protein-DNA 

complexes are immunoprecipitated with a protein-specific antibody. After immunoprecipitation the 

crosslinking is reversed with heat and the identity and quantity of the isolated DNA fragments can be 

determined by PCR. 
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In paper IV, a variant of competitive EMSA together with ChIP were employed to study Lef1/Tcf4-

DNA interactions in Notch pathway gene promoters with special emphasis on Notch2. In the EMSA 

experiments, double-stranded (ds) hybridization of radioactive labeled gene-specific probes was poor 

and instead the LEF1/TCF binding probe CD1TOP, containing two copies of the binding site 5’-

CCTTTGATC-3’ [280], was end-labeled using [γ-32P] ATP. An excess of double-stranded cold gene 

specific or a cold mutated consensus oligonucleotide competed for binding to the DNA-binding factor 

Lef1, which was in vitro-translated from a full-length Lef1 expression vector (a kind gift from professor 

B.O Williams (Van Andel Institute, Michigan, US). ChIP was used to study a potential interaction of 

Lef1 and Tcf4 with the Notch2 promoter in HT29 and HCT116 colon cancer cells. 

Luciferase reporter assays 

Luciferase is the generic term for the class of oxidative enzymes used in bioluminiscence. Naturally 

occurring luciferase enzymes are produced by a variety of species but the best-studied, and also most 

commonly used in biomedicine, are found in fireflies	  [281] and the sea pansy Renilla reniformis [282].	  
The luciferase genes were cloned in the middle of the 1980s and early 1990s even though the proteins 

were purified and characterized 20-30 years earlier [283]. The property that all luciferases have in 

common is the ability to emit light upon the oxidation of their substrates, i.e. luciferins. In biomedical 

studies, luciferase activity is often used as a reporter to assess transcriptional activity in cells that have 

been transfected with a vector containing the luciferase gene under the control of a promoter construct 

of interest [284]. In paper II, HT29 colon cancer cells were transfected with a luciferase reporter vector 

containing the -1455/+70 nucleotides (or a series of deletion constructs of this) of the mPGES1 

promoter. The luciferase activity was then assessed in HT29 with and without the induction of wt-Apc 

and normalized to the activity of the β-galactosidase control vector. In paper IV, HT29 and HCT116 

colon cancer cells were transfected with a TATA-box containing firefly luciferase reporter vector [285] 

with constructs covering three different regions of the Notch2 promoter, each containing a putative 

LEF1/TCF site. To investigate the influence of β-catenin on the Notch2 promoter, constructs were co-

transfected with a vector expressing mutated β-catenin, Lef1 or Tcf4, and the relative luciferase activity 

was measured. 

Mutation analysis 

In paper III, the TNFAIP3 gene was screened for mutations using single stranded conformation analysis 

(SSCA). Since the publications by Orita et al. in 1989 [286, 287] SSCA has become widely used as a 

rapid and sensitive method for the detection of DNA point mutations. Most often, PCR is used to 

amplify a DNA fragment of interest. In a secondary reaction, the fragments are radiolabeled, heat-

denatured and electrophoretically separated on a gel, usually of polyacrylamide, under non-denaturing 
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conditions. The denatured single-stranded DNA will form specific secondary structures, dependent on 

the nucleotide sequence, i.e. presence of mutation or not. The secondary structures yield distinct 

migration patterns on the gel, making it possible to detect a mutation with as little as a single 

nucleotide’s difference in a 300 bp fragment. Final detection and interpretation is performed upon the 

exposure of the gels to radiosensitive films.  

Quantitative real-time PCR 

Quantitative real-time PCR (qPCR) has today mostly outcompeted older and more time-consuming 

techniques for gene expression and SNP genotyping, since it is possible to monitor the progress of a 

PCR-reaction in real-time and to quantify the PCR-product. Two common methods for detection of 

products in qPCR are either through non-specific fluorescent dyes like SYBR® Green or sequence-

specific DNA binding probes labeled with a fluorescent reporter. The first approach is more unspecific 

and will render detection of all dsDNA, regardless of miss-priming, while the second is more specific 

since both primers and the reporter probe need to bind correctly. A quencher and a reporter fluorophore 

is linked to the probe and upon PCR amplification, once the DNA polymerase has reached the site 

where the probe has hybridized, it cleaves the probe through its 5’-3’ exonuclease activity. Cleaving of 

the probe releases the fluorophore from the quencher, resulting in a detectable fluorescent signal. In 

papers I, II, III and IV, qPCR was utilized to measure gene expression using the sequence-specific probe 

approach. The mRNA is first reversely transcribed into dsDNA, which is then used as the input in the 

qPCR-reaction. The results need to be normalized to one or, preferably, several endogenous control 

genes, which controls for variations in amplification efficiency, extraction yield, RNA quality and 

efficiency of the cDNA-synthesis. Moreover, normalization of the expression data e.g. using standard 

curves or ΔΔCt calculations, makes it possible to compare gene expression across different samples. 

In paper III, qPCR was used for TaqMan allele discrimination. In this approach, two probes, each 

specific for one allele, is labeled for detection with the reporter dyes FAM or VIC and quenched with a 

DNA minor groove binder. Specific annealing of the primers and a probe that hybridizes to the 

polymorphic site and the subsequent PCR amplification results in a fast, simple and reliable approach 

for one-step SNP genotyping. 

RNAi 

RNA interference (RNAi) is a gene silencing mechanism initiated by short dsRNA molecules in a cell’s 

cytoplasm, leading to degradation of the corresponding mRNAs. RNAi was first observed in transgenic 

plants in the middle of the 1980s [288] but the molecular mechanisms remained unknown.	  The term 

RNAi was first used in 1998 by Andrew Fire and co-workers [289] and the discovery resulted in a 

Nobel Prize in 2006. Today, RNAi is not only known as a natural process by which cells regulate gene 
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expression, but also as a quick and robust method for gene silencing in molecular biology research 

[290]. Upon introduction of short dsRNA oligonucleotides, complementary host mRNA is cleaved by 

endonucleases in a cytoplasmic process controlled by the RNA induced silencing complex [291]. RNAi 

may not completely suppress gene expression, and unless expressed by a stably transfected vector, the 

effects will diminish over time.  

In papers II and IV, RNAi was performed in vitro by transfecting the HT29 colon cancer cell line with 

small inhibitory RNA oligonucleotides (siRNA) against β-catenin or Apc. The attenuated expression of 

the targets was confirmed at protein level using Western blot and through expression analysis of the 

downstream target gene cyclin D1.  

Analysis of proteins and lipids 

Enzyme-linked immunosorbent assay (ELISA) 

In ELISA, an unknown amount of antigen (indirect ELISA) or a capture antibody (sandwich ELISA), is 

coated onto the surface of a microtiter well over which a specific antibody is washed and therby binds 

the antigen. In papers I and II, predesigned ELISA kits (Cayman Chemical) were used to determine the 

amounts of PGE2, PGF2α, PGI2, PGD2 and TXA2, or their stable metabolites, in tumor and normal 

intestinal samples from mice or cultivated cell medium. These kits are based on a third method called 

competitive ELISA, where the antigen competes with a tracer substance for the primary antibody, 

which binds to a pre-coated secondary antibody. The amounts of free prostaglandins will be inversely 

proportional to the bound tracer substance. Prior to the ELISA analyzes, tissue samples were 

homogenized with an indomethacin-containing buffer, blocking all COX activity. The absorbance was 

measured and converted to a concentration unit by the use of a standard curve. 

Immunohistochemistry (IHC) 

Since the discovery of immunhistochemical staining (IHC) in 1941, it has become one of the most widely 

used methods for the detection of proteins in situ	  [292]. An advantage with the method is that fixation 

of fresh tissue, with a fixative like formaldehyde, and subsequent paraffin embedding preserves the cells 

and tissue, making it possible to detect proteins in archived material. The fixation process can, however, 

mask the antigens and therefore antigen retrieval is necessary. Other problems could unspecific 

background staining and antibody cross-reactivity. In paper II, paraffin embedded slides from colorectal 

tumors were stained for mPGES1. Before incubation with the primary polyclonal antibody, antigen 

retrieval was carried out through boiling the slides in citrate buffer. The secondary antibody was 

conjugated with horseradish peroxidase (HRP), and visual detection followed the oxidation of the 

substrate (DAB+). Finally, the slides were counterstained with hematoxylin, staining the cell nuclei. 
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Western blot 

Western blot was first described in the late 1970s [293-295], and has become one of the most widely 

used techniques for detection and quantification of specific proteins, from both tissue and cell extracts. It 

utilizes the ability to separate native or denatured proteins by the length of the polypeptide (under 

denaturing conditions), the 3D structure of the protein (native conditions), the isoelectric point, the 

electric charge, or a combination of these in gel electrophoresis. Following transfer to a nitrocellulose or 

polyvinylidene fluoride membrane (PVDF), the target protein is detected with specific antibodies. In 

papers II and IV, denatured protein lysates from HT29 colon cancer cell line were separated on 

polyacrylamide gels. Electroblotting to PVDF membranes was then performed, followed by incubation 

in primary and secondary antibody solutions, respectively. Secondary antibodies were linked to 

horseradish peroxidase (HRP), enabling detection with enhanced chemiluminiscence and a digital 

camera. 

Bioinformatics and statistics 

Bioinformatics 

Bioinformatics is the application of information technology to the field of molecular biology and now 

entails the creation and advancement of databases, algorithms, computational and statistical techniques 

and theory to solve problems arising from biological data. The location of nucleotide patterns in 

sequence data analysis, i.e. the identification and analysis of gene promoters and the regulatory 

sequences within, is one of the most widely used applications. In paper IV, identification of potential 

promoter regions in Notch and Wnt pathway genes as well as the analysis of putative TF binding 

sequences were performed with Genomatix software (http://www.genomatix.de, Genomatix Software 

GmbH, Munich, Germany). The Gene2Promoter software was used to retrieve and identify promoters 

while the MatInspector	   [296] software was utilized for determination of putative TF binding sites. 

MatInspector utilizes a large library of matrix descriptions for TF binding sites to locate matches in a 

DNA sequence.  

Statistics 

Group comparisons for quantitative variables were compared with the Student’s t-test or Mann-

Whitney U-test (in case of non-normal distributed data) and expressed as means ± standard error of the 

mean (SEM) or median values ± interquartile range. Categorical variables, such as genotypes, were 

analyzed with Yates-corrected χ2-test, Fischer’s exact test or in the case of combined SNP analyses, 

multiple logistic regression, and the odds ratios and 95% confidence intervals were determined. 

For the survival analyzes in paper III, Kaplan-Meier curves were generated and significance tested by 

the log-rank test. Overall survival was the time elapsed from diagnosis of CRC to the date of death, 
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while CRC-specific survival was the time elapsed from diagnosis to the date of death from CRC. Cox 

proportional hazard models was used to estimate hazard ratios and corresponding P-values, associated 

with the polymorphisms.  

All statistical calculations were performed with SPSS Statistics (IBM Corporation, Somers, NY, USA), 

Graphpad Prism 5 (GraphPad Software Inc., San Diego, CA, USA) or Stata 11 (StataCorp LP, Lakeway 

Drive, Texas, USA). P-values < 0.05 were considered as statistically significant.
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RESULT SUMMARY 

	  
his thesis comprises four papers examining a variety of inflammation and homeostasis-associated 

genes and genetic variation and their roles in colorectal tumorigenesis. Below follows a brief 

summary of the key findings in each paper. 

Papers I and II 

Chemoprevention with NSAIDs is an effective but crude method to prevent the biosynthesis of PGE2 

and other prostanoids through inhibition of the COX-enzymes. NSAIDs effectively reduce the risk of 

developing CRC by 40-50% over a 15-year period but are also associated with severe side-effects, 

potentially through the abrogated production of the non-PGE2 prostanoids in addition to PGE2. A 

target such as the inducible terminal PGE2 synthase mPGES1 has been suggested to be to be an equally 

efficient but more specific target for PGE2 inhibition per se. 

In paper I, we sought to assess the role of mPGES1 in intestinal carcinogenesis. Mice with a 

homozygous deletion of the mPGES1 encoding gene, Ptges, were intercrossed with ApcMin/+ mice on the 

C57BL/6 background to generate intestinal tumors lacking mPGES1 expression. Since previous 

literature has mostly focused on the key role of PGE2 in tumorigenesis, we were somewhat surprised by 

the finding that ApcMin/+mPGES1+/- and ApcMin/+mPGES1-/- displayed an approximately 2-fold and dose-

dependent increase in tumor frequency in the small intestine. Furthermore, mice lacking the mPGES1 

gene developed significantly larger tumors. As expected, tumors from ApcMin/+mPGES1+/+ mice showed 

nearly 3-fold elevated levels of PGE2, as compared to paired non-neoplastic intestinal mucosa, but the 

levels were barely detectable in mPGES1 knockout mice. Interstingly, these mice had a shifted balance 

towards non-PGE2 prostanoids of which many have been attributed strong pro-tumorigenic effects in 

very recent studies (see below for further discussion on this topic). Expression of additional genes in the 

pathway was also examined but no significant differences between mPGES1 wild-type and knockout 

mice were detected, but over all mPGES2, 15-PGDH, EP1, EP2 and EP3 all displayed significantly 

lower expression in tumors vs. normal non-neoplastic intestinal mucosa, while COX2 mRNA was, as 

expected, upregulated. 

In paper II, we analyzed the expression of Ptges in vitro in HT29 and HCT116 CRC cell lines as well as 

in vivo to assess a potential association between the Wnt signaling pathway, Apc mutational status and 

the levels of mPGES1 mRNA and protein. Upon induction of wt-Apc in HT29 cells, mPGES1 as well as 

PGE2 mRNA and protein were upregulated 6-24 h post induction. Simultaneously, COX2 protein, but 

not mRNA, was downregulated over the same time period, indicating that Wnt signaling affects the 

T 
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COX2 protein rather than mRNA. These results were further supported by anti-Apc-siRNA 

experiments in HCT116 cells, which natively expresses wt-Apc.  

Next, the relationship between Apc mutational status and Ptges expression was investigated in a pilot 

including 37 human CRCs. In general, tumors displayed significantly higher expression as compared to 

normal intestinal tissue, and a strong tendency towards increased mRNA levels in tumors with wt-Apc 

as compared to mutated tumors was found. Immunohistochemical staining verified that mPGES1 

expression essentially was limited to the tumor epithelial cells. Luciferase assays in HT29 cells of a 

1525-bp fragment of the Ptges promoter, containing four putative LEF1/TCF binding sites, as well as 

anti-β-catenin-siRNA experiments, indicated no direct Ptges promoter regulation by canonical Wnt 

signaling. Actinomycin D-treatment of HT29, leading to a general transcription blockade resulted in a 

more pronounced mPGES1 degradation in cells lacking wt-Apc. These results suggest that Apc 

influences Ptges mRNA stability rather than the transcriptional activity and indicate that Wnt/Ptges 

interaction occurs through a non-canonical Wnt pathway signaling. 

Taken together, the results of papers I and II verify but simultaneously make the picture more complex 

regarding the importance of mPGES1 and PGE2 in colorectal tumorigenesis. The deletion of the Ptges 

gene may lead to an increased tumor burden through the higher generation of non-PGE2 prostanoids, 

questioning the rationale for the suggested ‘specific’ effect on PGE2 with the present methodology. 

Whether the same problems with secondary effects on other eicosanoids may occur when administering 

a drug which blocks mPGES1 remains to be answered, but this is of course an important issue for 

further scientific dissection. Moreover, our results reveal an association between Apc mutational status 

and Ptges mRNA stability in CRC cells, which occurs through a non-canonical Wnt mechanism. While 

the molecular details and outcome of this interaction need additional investigation, the results add 

further pieces to the understanding of the Wnt-prostanoid cross-talk.   
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Paper III  

All cancers arise as a result of changes in the DNA sequence. Some mutations represent ‘mountains’ in 

the genomic landscape of cancer, whereas the vast majority are less frequent events. Even common 

genetic variations of the human genome, shared by normal healthy individuals, often increase the risk of 

developing cancer or, sometimes, alter the fate of affected individuals.  

Paper III investigated the association between genetic alterations and variations in NFκB pathway 

genes or regulatory regions, and CRC susceptibility and survival. Seven polymorphisms in the NFκB, 

TNFAIP3, NLRP3, CARD8 and TLR4 encoding genes and their regulatory regions were investigated 

but only NFκB -94 ATTG (ins/del) showed any significant association with the risk of developing CRC 

(OR = 1.6, 95% CI 1.2-2.1, P = 0.003). However, carriers of the NLRP3 (rs10733113) AA genotype or a 

combination of NLRP3 (Q705K) and CARD8 (C10X) showed a tendency of increased CRC susceptibility 

(OR = 2.2, 95% CI 1.0-5.2, P = 0.07 and OR = 1.6, 95% CI 1.0-2.6, P = 0.08, respectively). No 

differences in CRC-specific or overall survival for the investigated SNP genotypes were detected. 

However, stratification for Duke’s stages A+B vs. C+D revealed poorer survival for patients with 

advanced tumors (Duke’s stage C+D) carrying either homozygous mutant NFκB -94 ATTG (ins/del), 

heterozygous NLRP3 (Q705K), or heterozygous or mutant homozygous TNFAIP3 (rs6920220), even 

after adjustment for age, gender and polypoid/ulcerative phenotype. Thus, we propose that a panel of 

these three polymorphisms can be used as a prognostic marker to identify a subgroup of CRC patients 

at a high risk of rapid CRC progression and poor survival, and who possibly could benefit from IL-1β or 

NFκB targeting therapies. An interesting subfinding in the study is that patients diagnosed with 

ulcerative tumors have a significantly poorer survival as compared to those diagnosed with polypoid 

tumors (cHR = 1.9, 95% CI 1.1-3.4, P = 0.03). To further elucidate a potential tumor suppressive role of 

TNFAIP3 in CRC, mRNA expression analysis was carried out. Significantly lower TNFAIP3 mRNA 

levels were found in the tumors compared to non-neoplastic intestinal tissue (Mann-Whitney U-test, P 

< 0.0001). TNFAIP3 expression levels were also found associated with genotype status of the 

TNFAIP3 (rs6920220) polymorphism in non-neoplastic intestinal tissue. Individuals carrying the 

TNFAIP3 (rs6920220) mutated A-allele had a significantly lower expression compared to wt-carriers 

(Mann-Whitney U-test, P = 0.016).  Moreover, loss-of-heterozygosity (LOH) of the chromosomal 

region 6q23.3, where TNFAIP3 is located, was detected in 17% of the investigated tumors and also 

correlated with lower expression of the gene (Mann-Whitney U-test, P = 0.0033). The TNFAIP3 

promoter was also found to be frequently methylated but in contrast to the LOH analysis no significant 

association with the mRNA levels was detected. Mutational analyzes of TNFAIP3 revealed inactivating 

mutations in 2.5% of the CRC cases. Altogether, these results suggest TNFAIP3 as a potential tumor 

suppressor in CRC. 
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Paper IV 

A balance of highly conserved regulatory pathways maintains intestinal homeostasis. Two of the most 

important pathways for intestinal cell fate, believed to interact at several levels, are the Wnt and Notch 

pathways, which, if dysregulated, can contribute to colorectal tumorigenesis. If mutational activation, 

through inactivating mutations in Apc or activating mutations in the β-catenin encoding gene, represent 

‘classical’ cancer promoting events, overactivation of the Notch signaling pathway rather represents a 

new paradigm in oncogenic signaling. Here, other factors than mutational activation of the pathway per 

se seem to contribute to overactive signaling and subsequent increased cellular proliferation. The 

underlying factors for overactive Notch signaling are largely unknown, but a disturbance in the 

crosstalk with other regulating pathways has been hypothesized as contributing factors.  

In paper IV, we investigated the transcriptional interactions between the canonical Notch and Wnt 

signaling pathways at the level of transcription in HT29 and HCT116 CRC cell lines, as well as in 

ApcMin/+ mice. Twenty-five of the investigated gene promoters in the Notch pathway were found to 

contain putative LEF1/TCF consensus binding sites in silico, and of these Notch2, Jagged1, Maml1, Hes1, 

Rfng, Numb, Lfng and Numbl all showed binding of at least one LEF1/TCF site in their identified 

promoter regions to in vitro translated Lef1/β-catenin in a competitive EMSA study. Upon activation of 

wt-Apc in HT29 cells, Notch2, Maml1, Hes1, Hes7, Rfng, Lfng, Numb and Numbl all displayed a 

downregulation at the mRNA level, while the Hes1 negatively regulated gene Hath1 was clearly 

transcriptionally upregulated. To further elucidate whether the genes are under direct control of β-

catenin, a pool of anti-β-catenin siRNAs was used for gene silencing. In general, the downregulation of 

the Notch pathway genes was shown to be less significant as compared to canonical Wnt pathway 

inactivation through wt-Apc induction. To confirm the effects of Notch2 mRNA downregulation in 

HT29, Notch2 was also analyzed with Western blot, revealing attenuated protein levels 18-24 h post 

wt-Apc induction. To test more long-term effects of deregulated Wnt signaling in intestinal epithelium 

and early adenomas, we analyzed Notch1, Notch2 and Hes1 mRNA expression levels in ApcMin/+ mice. 

The levels of Hes1 mRNA were significantly upregulated and Notch2 displayed a similar tendency, 

suggesting overactive Notch signaling in murine intestinal adenomas.  

Of the four LEF1/TCF sites investigated in the competitive EMSA experiment (-2261, -869, -689 and -

110 relative to translational start site) at least -110 showed binding to in vitro translated Lef1, which 

also was verified in a ChIP assay. A luciferase assay conducted in HCT116 cells revealed a 13-fold 

enhanced promoter activity of the Notch2 promoter-construct containing all four LEF1/TCF sites, but 

only a 1.7-fold increase for the -110 LEF1/TCF-construct. Co-transfection of the luciferase vector-

constructs with high expression vectors containing Lef1, Tcf4 or β-catenin, significantly increased the 

promoter activity suggesting direct transcriptional activation of the Notch2 promoter by canonical Wnt 
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signaling. Contrasting the EMSA and ChIP findings, however, site-directed mutagenesis of -110 failed 

to displace the interaction with Lef1, Tcf4 or β-catenin obscuring the exact regulatory mechanism. 

Altogether, our results suggest that Notch2 is a target of canonical Wnt signaling in CRC cells and 

these findings support the theory that Wnt signaling may affect the Notch pathway at several levels. 
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DISCUSSION 
 

he process of neoplastic transformation is classically attributed to the accumulation of genetic 

alterations, which on their part are the results of both hereditary and environmental factors. 

These genetic changes involve activation of proto-oncogenes, as well as inactivation of tumor 

suppressor and DNA-repair genes, granting the cell the possibility to transform and subsequently to 

form a benign tumor and later a malignant cancer. Alterations in the DNA sequence, e.g. mutations, 

genomic instability as well as epigenetic changes of the DNA molecule, are considered to be the 

necessary, albeit not the exclusive background to many of or even all classical ‘hallmarks of cancer’. 

These hallmarks suggested by Hanahan and Weinberg consist of 1) self-sufficiency in growth signals, 2) 

insensitivity to anti-growth signals, 3) evasion of apoptosis, 4) the potential of limitless replication, 5) 

sustained angiogenesis, 6) deregulation of cellular energetics, 7) avoidance of immune destruction and 8) 

the ability to invade tissues and metastasize [15]. However, the acquisition of these hallmarks are not 

exclusively dependent of genetic and epigenetic alterations of the tumor cells per se, but rather the 

common outcome of such alterations in combination with the tumor-associated inflammation involving 

infiltrating immune cells and stromal compartments. The finding of the inflammatory/stromal 

compartment was observed in histological stainings of tumors more than a century ago, even though 

the functional importance of this finding was for long poorly elucidated [26]. 

A chronic inflammatory response may initiate and sustain several biological reactions commonly 

observed in both malignancies and inflammatory conditions due to infection or other stresses. It 

supplies the microenvironment of a growing tumor or a pre-neoplastic lesion with transmitter 

substances, which promote cell growth, survival and neoangiogenesis, as well as extracellular matrix-

modifying enzymes and mutagenic agents like RONS [15]. Moreover, the genetic changes and 

variations in the tumor per se lead to the upregulation of pro-inflammatory genes and secretion of pro-

inflammatory cytokines and chemokines into the microenvironment, resulting in recruitment of 

additional inflammatory cells. The interaction between inflammatory and tumor cells leads to a vicious 

cycle of inflammatory agent release, additional recruitment of inflammatory cells, and damage to the 

tumor cells. 

The relation between chronic inflammatory disorders and the strong risk increase of cancer 

development [28, 29] is described in many organs and tissues. The best-characterized example may be 

in patients with IBD, who suffer an approximately 10-20% (CD and UC, respectively) risk of developing 

CRC over a 30-year time period [5, 51-53]. Hypothetically, this inflammation-to-cancer multistage 

process may be the result of genetic susceptibility in combination with environmental stressors, e.g. 

T 
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those being included in the western-life style with a high intake of fat food, alcohol and cigarette abuse. 

Beside a well-characterized subgroup of traditional highly penetrant hereditary colon cancers, i.e. FAP, 

HNPCC, etc., less penetrant variations in numerous genes controling cell growth, apoptosis, 

angiogenesis, cell recruitment etc., are believed to modify the impact of environmental stressors and 

influence the development of so called sporadic cancers. 

The present thesis focuses on genes and genetic alterations involved in the regulation of pathways 

controling intestinal homeostasis and tumor-associated inflammation in the development of colorectal 

cancer. 

 

mPGES1 expression and effects in intestinal tumor cells are dependent on Apc 
mutational status 
Papers I and II investigate the role of the PGE2 synthesizing inducible mPGES1 encoding gene in CRC. 

To date, blockade of the COX-enzymes has been the only way of inhibiting the production of PGE2 

clinically. This, however, cause a risk of severe systemic and/or gastrointestinal side-effects, likely due 

to the inhibition of non-PGE2 prostanoids, and therefore mPGES1 has been suggested as a more 

specific target in the PGE2 synthesizing pathway. Indeed, some interesting results were found in paper I, 

raising the concern of a somewhat more careful approach to specific inhibition of terminal PGE2 

synthesis. We found that deletion of the mPGES1 gene in ApcMin/+ mice gives an increased intestinal 

tumor burden, possibly due to a shifted balance of non-PGE2 prostanoids. Even though PGE2 is the 

most prominent prostanoid in colorectal tumorigenesis	   and the non-PGE2 prostanoids traditionally 

have been attributed less impact in the pro-inflammatory response, several studies indicate that this 

view may need revision [1, 107, 122, 130-136]. Inhibition of TXA2 has been shown to reduce tumor 

growth and angiogenesis [130], as well as the formation of liver metastasis in CRC models [132]. 

Moreover, elevated levels of TX synthase and TXA2 have been detected in CRC [131], prostate cancer 

[297], non-small cell lung cancer [298], thyroid cancer [299] and invasive bladder cancer [300], and 

are in these cancer forms often associated with poor survival. PGF2α has been shown to promote 

invasion and cell mobility in in vitro CRC models [133], and could, in the right context, possibly 

contribute to growth of intestinal malignancies in vivo. Regarding the roles of PGI2 and PGD2 in 

tumorigenesis, conflicting data exists. While the prostacyclin PGI2 has anti-apoptotic functions and may 

stimulate colon epithelial cell survival [134, 135], it has also been attributed anti-tumorigenic functions	  

[130], possibly via modulation of the peroxisome proliferator-activated receptor δ (PPAR δ), which 

activates and/or represses a plethora of downstream target genes e.g. PTEN, associated with gut 

development as well as tissue repair, cell survival and growth inhibition of cancer cells [134, 301, 302]. 

Modulation of PPAR activity could possibly also explain the discrepancies in PGD2’s functions, which 
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may not only exert its effects via the DP receptor but also through binding to PPARγ [303]. Deletion 

of the PGD2-synthesizing enzyme H-PGDS accelerates intestinal tumorigenesis in vivo [304], but 

contrasting this, deletion of the PGD2 receptor in post-colitis rats reduced their susceptibility to 

aberrant crypt foci formation indicating a tumor promoting role for PGD2 in CAC [136]. All in all, 

these results support the notion that a redirected prostanoid synthesis in the absence of mPGES1 may 

accelerate tumor development and growth in vivo, as we show in our study. For future studies on the 

prostanoid field, we suggest that irrespective of the gene/protein of interest, the investigator should 

serioulsy consider the possibility of (wanted or unwanted) secondary effects on ‘siblings’ in the 

prostanoid family before drawing major conclusions on the importance of one single gene/protein. 

Speculatively, maybe the best ‘anti-prostanoid therapy’ would be a substance, which balances the 

concentrations of all biologically active derivates below COX. 

Our findings in paper I contrast several recent studies, where targeted deletion of mPGES1 was shown 

to suppress the development of intestinal cancer in other murine models without any major influence on 

the expression/concentration of non-PGE2 prostanoids [305-307]. In accordance with the data 

supporting a pro-tumorigenic role in the intestine, Seo et al.	  [148] found increased levels of mPGES1 in 

human colorectal tumors and that high levels correlated with a poorer patient survival. While a 

majority of studies suggest a pro-tumorigenic effect of mPGES1/PGE2 in CRC, the diverging results 

may be explained by differences in the investigated animal models and the outcome of interest. We 

utilized the ApcMin/+ mouse a with a truncating Apc mutation at codon 850, whereas the other studies 

mainly included chemically AOM-treated mPGES1 deficient mice or mice with Apc mutations 

truncating the protein very early in the sequence. The differences may be explained, at least partly, by 

the Apc mutational status and location of the intestinal tumors. Apc-deficent mice predominantly 

develop about 30-40 premalignant adenomas in the small intestine and five in colon; tumors that rarely 

develop into invasive or metastatic adenocarcinomas. AOM-treated mice preferentially develop 

adenocarcinomas in colon and rectum and show similar histopatological characteristics as humans, and 

tumors from these mice often have microsatellite instability, as well as K-ras and β-catenin mutations. 

However, like neoplasms from ApcMin/+, they metastasize poorly	   [274]. The position of the Apc 

mutation is clearly of crucial importance. While a truncating mutation at codon 716 results in more 

than 300 intestinal tumors in mice, a truncating mutation at codon 1638 only results in very few 

intestinal tumors, but the histopathology of the tumors from these two models are very similar [308]. 

Possibly, mice with a less truncated Apc gene maintain a lower canonical Wnt pathway activity in the 

mutated intestinal cells, explaining the fewer intestinal tumors seen in these animals	  [308, 309]. It is 

well-known that human tumors of different parts of the GI tract exhibit remarkable differences with 

regard to e.g. histopathology, growth manner, genetic and molecular characteristics, overall prognosis 
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and response to treatment. Maybe the general interpretation of ‘intestinal tumors’ in various animal 

models has been too simplistic and more concern should be ascribed the anatomical, pathological and 

molecular biological differencies between different murine models of GI tract tumors.  

The influence of Apc gene mutational status on mPGES1 expression is further elucidated in paper II. 

Information regarding transcriptional regulation of the Ptges is relatively sparse, but NFκB is a direct 

regulator of Ptges as well as Ptgs2 transcriptional activity [144, 145]. Moreover, NFκB overexpression 

also increases expression of Egr1, which then can co-operate with NFκB for increased mPGES1 mRNA 

levels [145]. These findings further reflect the orchestrating role of NFκB in the inflammation-

mediated response in tumorigenesis. Since the COX2 encoding gene has been shown to be directly 

regulated by canonical Wnt signaling [116], and possibly is dependent on Apc mutational status [119, 

120], we hypothesized that a similar regulatory function of Ptges could be of importance in colorectal 

tumorigenesis. Interestingly, mPGES1 mRNA and protein levels were found elevated upon induction of 

wt-Apc in HT29 CRC cells, whereas COX2 protein but not mRNA were found to be downregulated, 

confirming that COX2 may be regulated by Wnt on a translational rather than transcriptional level 

[120]. The increased levels of mPGES1 was also followed by a slight but significant increase in PGE2 

levels, suggesting that mPGES1 rather than COX2 is the rate-limiting step in PGE2 synthesis, at least 

in this model. The notion that mPGES1 levels are dependent on Apc mutational status in CRC was 

further supported in vivo, where tumors with an intact Apc gene showed a strong tendency towards 

increased Ptges mRNA levels as compared to tumors with mutated Apc (P = 0.059). Luciferase, anti-β-

catenin-siRNA and actinomycin D assays revealed that Wnt signaling regulates the stability of Ptges 

mRNA rather than on a promoter level. Taken together, papers I and II confirm that mPGES1 is crucial 

for the production of PGE2 in CRC cells and that the prostanoid synthesis is probably influenced by 

Wnt signaling and Apc mutational status. The HT29 cell line contains truncating Apc mutation in 

codons 853 and 1556 and is, as shown, associated with lower mPGES1 expression. The mutated codon 

853 is close to the site in ApcMin/+ mice, where the increased tumor burden in mPGES1 deficient mice 

could be related to the specific Apc mutation. There is substantial evidence supporting the notion of a 

tumor-promoting role for mPGES1 in CRC, and likely this is the case in general. However, our results 

raise the possibility that the outcome of mPGES1-targeted therapy could be dependent on unwanted 

‘side-effects’ on other tumor-promoting mediators of the eicosanoid family and be dependent on the 

genetic profile of the tumor. Whether this would be the truth or not in a hypothetical situation in which 

a specific mPGES/PGE2-targeting drug is administered to human CRC patients is of course difficult to 

predict with the current available data from our and other laboratories. Needless to mention, many 

questions need to be solved before today’s knowledge will render clinical impact.  
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Polymorphisms in NFκB pathway genes are prognostic factors in patients 
diagnosed with advanced colorectal cancer 
While exogenous carcinogens like cigarette smoke and UV-light, as well as experimental ‘treatments’ 

with chemicals or above-mentioned gene-modifying exposures, introduce major mutations in the DNA 

sequence in the pre-cancer/cancer cells thereby enabling and contributing to the cancer hallmarks in 

situ, inherited genetic alterations, i.e. polymorphisms or germline mutations, ‘globally’ affect all cells of 

all organs of the host organism. While some rather uncommon germ-line mutations are highly 

penetrant and tightly connected to typical phenotypes, e.g. p53 mutations and Li-Fraumeni syndrome, 

Rb mutations and retinoblastoma, Apc and FAP, the vast majority of germ line variations are frequent in 

the general population and not tightly connected to defined phenotypes, but rather influence traits or 

disease risks in a more subtle way. Alone, these polymorphic variants may contribute to a limited risk 

increase, but combined with other polymorphisms or certain environmental factors they may confer a 

substantial cancer risk increase. Indeed, the genetic variation in the human genome is immense. The 

SNPs represent the most frequent genetic variations in the human DNA, occurring every 100 to 300 

nucleotide along the 3-billion-base human genome. During recent decades, a high expectation has arised 

regarding the potential of utilizing such genomic variations in identifying risk individuals or 

categorizing patients for tailored clinical and therapeutic strategies. While early studies often were 

focused on single polymorphisms, there is a trend towards more compound analyzes of many 

polymorphisms, or even ‘whole genome scannings’. The reasons for this development are probably both 

the new methodological possibilities with rapid high-throughput, large-scale analyzes as well as our 

deepened knowledge regarding the, probably, strong impact of combined polymorphisms/haplotypes, 

rather than the earlier simplistic beliefs of finding one polymorphism being responsible for one 

disease/outcome. In the present thesis we hypothesize that polymorphisms in inflammation-associated 

genes may aid in identifying patients with a high risk of developing CRC and/or a rapid disease 

progression. Speculatively, the identification of such individuals may confer future possibilities to tailor 

individual multi-modal therapies including both ‘classical’ anti-cancer therapy and novel anti-

angiogenesis and anti-inflammatory drugs. Anti-angiogenic VEGF-targeting therapy is already 

commonly used in combination with standard chemotherapy for metastatic CRC, although the selection 

of candidate patients within therapeutic reach apparently needs optimization. Many patients do not 

respond to the drugs while others respond but have to stop therapy due to side-effects. Regarding anti-

inflammatory therapy regimes, NSAIDs are known to decrease the risk of CRC, although their role in 

standard anti-cancer therapies has not been established. Here, both novel drugs and novel methods for 

identifying patient groups of interest need to be developed. We also want to raise the possibility that 

additional anti-inflammatory treatment strategies, possibly targeting NFκB signaling, effectively could 

be used. 
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In paper III, polymorphisms in NFκB signaling-pathway-associated genes and the risk of CRC 

development and patient survival were investigated. The results from this study imply that 

polymorphisms in NFκB, TNFAIP3 and NLRP3 may be used as prognostic markers to identify CRC 

patients with increased risk of a rapid CRC progression. Potentially, such patients may benefit from IL-

1β blocking therapy. Today, therapies targeting IL-1 are used in the treatment of rheumatoid disorders 

and IBD, while their role and potential in cancer therapy looks promising in animal models but are still 

mostly speculative [41]. The notion that polymorphisms in inflammatory genes may modulate the CRC 

risk is not new. For instance, polymorphisms in COX2, NFκB, TNF and interleukin-encoding genes 

have been associated with both CRC susceptibility and survival [64, 65, 310-314]. The rs6920220, 

rs10733113, rs35829419 and rs2043211 SNPs in the NLRP3 inflammasome or TNFAIP3-encoding 

genes investigated in the study have not been elucidated in a CRC context, but have been associated 

with various chronic inflammatory disorders, including IBD	   [75, 77, 78, 103, 315]. The absence of 

significant associations implies that the investigated polymorphisms do not modulate the CRC 

susceptibility. However, mutant NFκB -94 ATTG (ins/del) (rs28362491), heterozygous NLRP3 

(Q705K) (rs35829419), and heterozygous or mutant TNFAIP3 (rs6920220) were associated with poor 

survival in patients with advanced tumors (Duke’s stage C+D). Unpublished experiments from our lab 

suggest that the mutant NLRP3 (Q705K) allele leads to increased IL-1β production in vitro. The 

mutated NFκB -94 ATTG del allele has been associated with lower NFκB expression in vitro [66], but 

possibly, the function in tumor cells in vivo is different. Greten et al. [316] unexpectedly discovered that 

NFκB also could function as a negative regulator of IL-1β secretion in a caspase1-independent manner, 

suggesting that lower NFκB expression could contribute to higher IL-1β levels and increased 

inflammation. Regardless, as tumors evolve, mutations in pivotal pathways and a constant exposure to 

pro-inflammatory cytokines result in an overactive NFκB pathway. Furthermore, the polymorphisms 

described above also serve to overactivate NFκB and subsequently induce the secretion of IL-1β, which 

further stimulates the chronic inflammatory response. These genetic variants may not be able to initiate 

carcinogenesis, but once started, they can contribute to a ‘snow-ball-effect’ leading to the NFκB 

overactivation seen in advanced and metastasizing CRC [62]. 

The NLRP3 inflammasome has been ascribed a protective role of the intestinal barrier function in mice 

challenged with AOM and DSS [92, 98, 99], a function most likely attributed to the production of the 

inflammatory cytokine IL-18 [100]. The NLRP3 inflammasome is, however, also the main activator of 

biomature IL-1β, which serves to activate multiple inflammatory responses both via autocrine 

mechanisms and via paracrine secretion to neighboring epithelial and inflammatory cells. Therefore, the 

mutant variant of the NLRP3 (Q705K), which gives increased IL-1β levels in monocytes (unpublished 

data), could contribute to the poorer patient survival seen in the Duke’s C+D patients. These results 
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suggest that, even though the NLRP3 inflammasome has a protective function in the acute 

inflammatory phase during carcinogenesis, overactivation could in the long run still lead to chronic 

inflammation and subsequent cellular damage and a more rapid tumorigenesis. Moreover, in 

combination with the CARD8 (C10X) mutated allele, it could serve to further dysregulate NFκB 

signaling, explaining the tendency towards increased CRC susceptibility seen in patients with this 

combination. Regardless whether CARD8 is part of the inflammasome complex or not, it still serves as 

an inhibitor of NFκB signaling [97] and caspase1-dependent IL-1β production [96]. These functions 

are frequently lost when hypomorphic mutations of the CARD8 gene occur. Both overactivation of the 

NLRP3 inflammasome as well as downregulation of TNFAIP3 lead to increased IL-1β and subsequent 

IL-6 production and possibly a worse outcome for the CRC patient. Therefore, as a complement to 

standard treatment, TNF, IL-1β or IL-6-blocking therapy could hypothetically be used to alleviate 

inflammation and tumor progression in advanced CRC. Since TNFAIP3s inhibition of NFκB signaling 

mainly has been attributed to TNF and not IL-1β activation of the pathway in TNFAIP3 deficient mice 

[73], understanding of the genetic profile of the tumor may be crucial to effectively select the optimal 

therapy. Further studies, both experimental animal and/or in vitro investigations as well as clinical 

trials, will answer such questions. An interesting subfinding in paper III was that individuals with an 

ulcerative (flat) intestinal tumor phenotype have a slightly but significantly shorter survival as 

compared to individuals with polypoid tumors. The genetic differences between ulcerative and polypoid 

tumors are not very well investigated, but ulcerative tumors have been associated with poor patient 

survival and tumor invasiveness [317, 318], corroborating our finding. Moreover, it is not completely 

known whether ulcerative tumors develop de novo or from pre-existing pedunculated dysplasias. Flat 

CRC tumors are more frequently reported in Japan as compared to Western countries, which could 

reflect differences in genetics, exposure to environmental factors or classification. Previous results from 

our group support genetic differences between the tumor phenotypes. The mutant genotype of the 

coding C1772 SNP in Hif1α was significantly associated with ulcerative growth [319], which may 

imply a greater role of angiogenic and inflammatory signals in these cases.  

 

TNFAIP3 is a novel tumor suppressor in colorectal cancer? 

Since TNFAIP3 is a regulator of NFκB signaling, it is not surprising to find it involved in several 

cancer forms. Its involvement in cancer is however contradictory and has been attributed both 

oncogenic and tumor suppressive functions [80-84]. Few studies regarding the role of TNFAIP3 in 

CRC exist. A study from 2009 by Horst et al. [320] found increased TNFAIP3 expression at the 

invasive front of the tumor in comparison to the tumor center, but no significant differences in 

expression between the tumor center and surrounding normal mucosa. These differences found may 
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reflect the increased NFκB signaling as a result of the interaction between tumor epithelial cells and the 

surrounding stroma with irritating agents and inflammatory cells. Whether the actual function of 

TNFAIP3 in CRC is oncogenic or tumor suppressive has, to our knowledge, previously not been 

established.  

The poorer survival seen in patients with the TNFAIP3 (rs6920220) mutant variant, as well as the 

lower expression in tumors vs. adjacent non-neoplastic mucosa, suggest a tumor suppressive function of 

TNFAIP3 in CRC. Moreover, LOH of 6q23, where TNFAIP3 is located, was found in 17% of the CRC 

cases, which also was associated with significant lower gene expression, at least partly, explaining the 

decreased TNFAIP3 mRNA levels seen in the tumors. These results are in close agreement with 

Arenescu et al. [74] who found significantly lower TNFAIP3 levels in patients suffering from CD, 

further strengthening the importance of TNFAIP3 in normal and pathological intestinal conditions. In 

two out of 79 CRC cases, one TNFAIP3 allele was found to be mutationally inactivated, which might be 

an important event in these specific cases, but most likely plays minor significance in the general 

pathogenesis of CRC. The chromosomal location 6q23.3 contains several other genes involved in the 

tumor suppression and inflammation, e.g. BCLAF1, MAP3K5, IL-22Rα2, and IFNγR1, and loss of these 

genes could also be of significance in CRC. To prove the hypothesis that TNFAIP3 is a tumor 

suppressor regulating NFκB, and that a hypomorphic TNFAIP3 leads to nuclear accumulation of NFκB 

in CRC, the expression of TNFAIP3 would need to be correlated to nuclear NFκB levels. However, this 

issue is complicated by the fact that NFκB directly regulates TNFAIP3 expression, and even regardless 

of an initially hypomorphic TNFAIP3, high nuclear NFκB levels lead to increased TNFAIP3 levels. 

This would serve to terminate NFκB expression but may not be a sufficient negative signal in the 

chronic inflammatory state to abrogate the out-of-control NFκB signaling. Further in vitro and in vivo 

studies where TNFAIP3 is deleted or overexpressed are required to accurately evaluate its role as a 

tumor suppressor in CRC. 

 

Wnt regulates Notch signaling in colorectal cancer cells 
Another view of chronic inflammation in the intestinal mucosa may be described as a result of an 

imbalance of the intestinal homeostasis. A few but highly evolutionary conserved signaling pathways 

are concerting intestinal homeostatis, and of these, the Notch and the Wnt signaling pathways have 

attained most interest during recent decades. Active signaling from both pathways is required to keep 

the proliferative crypt cells in their undifferentiated and proliferative state, and it is therefore not very 

surprising that proliferating neoplastic epithelial cells can develop as a result of overactive signaling 

through these pathways. While the genetic alterations explaining aberrant Wnt signaling in CRC are 
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well-known, the reasons for the overactive Notch signaling seen in colorectal tumors and many other 

solid malignancies [206, 243, 321] are not well-understood. Even though Notch signaling plays a 

tumor suppressive role in some tissues [206, 322, 323], overactive Notch signaling stimulates 

proliferation and cell survival in the colon and is therefore most likely oncogenic in this cellular context 

[206]. 

Signaling through either Notch1 or Notch2 is essential for maintaining an undifferentiated crypt 

compartment and only simultaneous inactivation of the genes/proteins results in complete pathway 

abrogation and a goblet cell phenotype indicating redundant roles in the intestine [205]. High levels of 

Notch1 and an overactive pathway are associated with poor CRC patient survival [225, 324]. To add 

further complexity to the understanding of Notch signaling in a CRC context, Chu et al. recently 

demonstrated that Notch2 mRNA as well as protein levels are decreased in CRC as compared to 

adjacent normal mucosa, and that high levels correlate with good prognosis	  [224, 225]. Despite the 

results from Chu et al., the Notch pathway is often transcriptionally upregulated in CRC, but the 

knowledge of transcriptional regulation of the included genes, and especially of the Notch receptors, is 

sparse. Although incremental evidence suggests a crosstalk between the Notch and the Wnt pathways 

[253-257, 259, 264-266], information about their transcriptional interactions in the intestinal tract has 

hitherto been scarce. This kind of crosstalk would be of no less importance in colonic epithelium and 

CRC, where Notch and Wnt signaling can function in synergy and together promote stem cell renewal 

and drive proliferation [213, 268]. Thus, dysregulation and overactivation of one of the pathways could 

potentially lead to simultaneous activation of the other, giving rise to upregulation of target genes such 

as NFκB, COX2, cyclin D1 and c-myc, increased proliferation and ultimately tumor formation and 

metastasis. 

In paper IV, we identified Notch2 in addition to several other genes classically belonging to the Notch 

pathway, as putative targets for canonical and non-canonical Wnt signaling. Our results are in line with 

the findings of several studies in which Notch signaling has been placed downstream Wnt in a CRC 

context [222, 223], but partly contrast the results presented by Chu et al. who proposed Notch2 as a 

tumor suppressor. Possibly, the role of Notch2 in the transformation of intestinal epithelium is stage- 

and context-dependent, whereas it may function as a tumor promoter in early carcinogenesis but is 

deleted in more advanced tumor stages. Important, human Notch2 is located on chromosome 1p, which 

contains several genes associated with DNA-repair, the Wnt signaling pathway and tumor suppression, 

and is frequently lost in CRC [325]. Loss of Notch2 may speculatively therefore only be a passenger 

event in advanced CRC.  

To further complicate the interaction between the two signaling pathways, Wnt is placed downstream 

Notch in some contexts [260, 261, 263] and indeed, RBP-Jκ sites can be found in several promoters of 
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Wnt pathway genes. However, upon Notch pathway inhibition in HT29 cells with the γ-secretase 

inhibitor DAPT, we did not observe any effects on β-catenin or cyclin D1 gene expression. Our results 

are in close agreement with a study by Fre et al. [208] in which the expression of Tcf4 and Lef1 were 

found to be unaffected by Notch activation in mouse intestine. Based on ours and others’ data, we 

suggest that a complex and far from fully elucidated crosstalk between the Wnt and Notch pathways 

occurs, and this may be a crucial mechanism by which normal intestinal homeostasis is maintained. On 

the other hand, disruption of one pathway will probably influence the entire Wnt/Notch network and 

precede and/or promote the development of colorectal adenomas and cancers. 

The role of Notch signaling in the context of intestinal inflammation is not very well investigated, and 

is outside the scope of this thesis, but nevertheless, Notch signaling is a major regulator of several genes 

and pathways herein investigated, NFκB included [244, 248-250]. Hence, a shifted homeostatic balance 

in which dysregulated Notch signaling drives cellular transformation may precede and/or be the 

consequence of intestinal inflammation. Speculatively, Notch could therefore contribute to intestinal 

tumorigenesis in more than one way, both through increased epithelial cell proliferation and 

upregulation of inflammatory genes and the subsequent inflammatory response.  

The dysregulation of the genes and cellular mechanisms involved in tumor-promoting inflammation 

and intestinal homeostasis, which ultimately lead to the development of intestinal malignancies are far 

from fully understood. Pathways/networks related to the genes investigated in this thesis, namely 

NFκB, mPGES1 and Notch, are here suggested to be crucial players in the development, growth and 

progression of CRC. A deeper understanding about genetic mechanisms regulating these processes is 

pivotal in order to find efficient future therapies with novel targets of action. The results here presented 

add some pieces to the immensely complex jigsaw puzzle, which will form the complete (utopian) 

description of genes and signals shifting a normal colonic epithelium into an aggressive and life-

threatening tumor. 
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CONCLUDING REMARKS AND FUTURE PERSPECTIVE 

 

ncremental evidence suggests that inflammation- and homeostasis-associated genes play major 

roles in the development and progression of colorectal cancer. Anti-inflammatory drugs and/or 

drugs interfering with homeostasis-tuning pathways, together with classical treatment strategies, have 

been considered as being efficient weapons in the future war against cancer. However, novel biomarkers 

are needed in order to find optimal treatment targets within these signaling networks, and to efficiently 

identify individuals with increased cancer risk and those with the potential to benefit from such 

therapies. In the present thesis, gene-regulatory mechanisms and variation of genes associated with 

chronic inflammation and intestinal homeostasis have been investigated. Specifically we conclude: 

ü Under certain circumstances, deletion of mPGES1 may promote rather than inhibit 

intestinal tumorigenesis, possibly through an indirect mechanism via elevated levels of biologically 

active non-PGE2 prostanoids (paper I). 

ü The levels of mPGES1 depend on the Apc mutational status in vitro and in vivo, likely 

through an mRNA stabilizing mechanism. Potentially, these findings imply that the effects of 

mPGES1 targeting drugs could be dependent on the genetic profile of the tumor (paper II). 

ü Within genes encoding key proteins in the NFκB inflammatory pathway, we have 

identified TNFAIP3 as a possible novel tumor suppressor in CRC, and the SNPs rs6920220 in 

TNFAIP3, Q705K in NLRP3 (rs35829419) and NFκB -94 ATTG ins/del (rs28362491) 

polymorphisms are potential prognostic markers when identifying patients with high risk of rapid 

CRC progression or poor survival (paper III). Future studies will reveal whether such subgroups of 

patients may respond to NFκB or IL-1β targeting drugs.  

ü Several potential target genes of Wnt/β-catenin signaling were identified among genes 

traditionally classified as belonging to the Notch pathway. A battery of functional in vitro assays 

suggested that Notch2 is a novel Wnt target, activated by β-catenin and Wnt signalling in colon 

cancer cells (paper IV). 

Even though our understanding of environmental and genetic risk factors for CRC increases by the 

hour, we are still far away from once and for all finding a ‘cure’. More advanced techniques like whole-

genome-sequencing, genome-wide gene-expression arrays and more advanced proteomic methods may 

hopefully, in a not too distant future, lead to more effective and better individualized treatment 

strategies. Today, prognostic factors identifying patients benefitting from specific therapies or 

combinations thereof, are only just emerging in the clinic. Information about genetic variation in, and 

I 
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regulation of, inflammatory and intestinal homeostasis-mediated genes may contribute to the 

understanding of the process of malignancy and may help identifying patients at high CRC risk, and 

maybe more importantly, patients benefitting from putative/future therapies modulating these 

processes. Treatment strategies such as anti-angiogenic therapy, Notch inhibition through GSI 

treatment or Notch-specific antibodies and/or blockade of inflammatory genes and processes, e.g. PGE2 

synthesizing enzymes, TNFα, NFκB, IL-1β or IL-6, may be the next step(s) in the war against cancer. 

Blockade of IL-1β or TNFα are commonly and very efficiently used in patients with chronic 

inflammatory disorders like RA, while IL-6 is a promising target with few side-effects and it would 

therefore be of uttermost interest to clinically test the effects of these therapies in CRC patients, 

especially in those cases where dysregulation of inflammatory occurs, those with poor survival and 

those where traditional treatment options fail. However, as in the case with mPGES1, the outcome of 

such therapy may depend on the genetic and pathological profile and stage of the tumor, suggesting the 

need of further functional and epidemiological studies. In particular, translational studies combining the 

rapid progress on the experimental research field with clinical experiences and randomized trials are 

required. The results here presented, together with recent publications of other laboratories, may be 

relevant starting points for such studies.  
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