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MCS                                                Mast cells 
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Introduction 

Cancer is an ancient disease, with the earliest records dating to ancient Egypt 
(circa 3000 BC). The Greek physician Hippocrates (460-375 BC) first described 
the growth of cancer as a crab attaching to the surrounded tissue by its claws. 
Later, the Roman physician Celsus (25 BC-50 AD), who created the Latin 
language of medicine, translated the word Crab to Cancer [1]. Cancer became 
defined as abnormal cell growth, invading surrounding tissues and able to 
metastasize to other parts of the body. Cancer treatment has improved from 
surgery in the 19th century to today’s use of adjuvant chemotherapy and 
radiotherapy. Although progress in cancer treatment is ongoing, it remains a major 
cause of death worldwide [2]. Various factors, such as chemical carcinogens, 
ionizing radiation and viruses, can cause non-inherited cancer by inducing genetic 
damage, leading to the identification of genes that are essential in cancer 
development. In the 1970s, these genes were classified into two families: proto-
oncogenes and tumor suppressor genes. Accumulation of mutations in these genes 
is believed to cause cellular alterations, and subsequently lead to cancer 
development [3]. The essential cellular alterations required for neoplastic 
transformation, referred to as the hallmarks of cancer, include replicative ability, 
sustained proliferative, evasion of growth suppression and cell death, and 
induction of angiogenesis and invasion/metastasis [4]. More recently, evasion of 
immune destruction and reprogramming of energy metabolism have emerged as 
new hallmarks of cancer. The inflammatory milieu has also been appreciated as 
one of these hallmarks [5]. Inflammation, particularly chronic inflammation such 
as in inflammatory bowel disease (IBD), has been established as a connection 
between inflammatory disease and colorectal cancer [6]. In colon cancer, mutation 
of oncogenes and tumor suppressor genes leads to activation of several oncogenic 
pathways and deactivates tumor suppressor pathways [7]. Overexpression of 
cyclooxygenase-2 (COX-2), which has been shown in the majority of cancers,  
especially colorectal tumors [8], leads to overproduction of prostaglandin E2, a 
proinflammatory lipid mediator,  which induces proliferation, neovascularization, 
inhibition of cell death and motility of tumor cells [9]. 15-hydroxyprostaglandin 
dehydrogenase (15-PGDH) is the catabolic enzyme that leads to degradation of the 
prostaglandins [10]. It is considered a tumor suppressor gene and is known to be 
downregulated in colorectal cancer [11].  
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Here, we investigated the possible mechanisms regulating 15-PGDH in colon 
cancer cells, and we found that WNT-5A and its mimicking peptide Foxy-5 can 
induce 15-PGDH expression in colon cancer by activating the JNK/AP-1 pathway 
and inhibiting the β-catenin pathway. We also found that the proinflammatory 
mediator LTC4 could induce the expression of 15-PGDH through CysLTR2 by 
activating the JNK pathway. However, the presence of mast cells in colon cancer 
patient material is associated with good prognosis for colon cancer patients. 
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Background 

The intestinal tract and its function 

The intestinal tract is one of the most complex and regenerative organs, and it is 
the largest immunological organ in the human body [12]. It is divided into the 
small intestine and large intestine. The small intestine is divided into three parts: 
the duodenum, jejunum and ileum, whereas the large intestine is subdivided into 
the cecum, ascending, transverse, descending and sigmoid colon (Figure 1). 

 

Figure 1: Schematic illustration of colorectal anatomy 

The intestinal wall is composed of three layers. The outermost layer is the 
muscular layer, which consists of smooth muscles, the middle layer is a layer of 
stromal tissue, and the innermost layer is the mucosal layer, which is composed of 
epithelial cells. Epithelial cells of the intestine are simple, non-ciliated columnar 
cells, arranged in a layer, that form the luminal surface. Due to the presence of 

Transverse
colon

Ascending
colon

Cecum

Appendix
Rectum

Descending
colon

Sigmoid 
colon
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“gut-friendly” bacteria, the human intestine is normally exposed to a low degree of 
inflammation [13]. The intestinal epithelium is protected from external pathogens 
and microorganisms by cells in the lamina propria, which contains many types of 
immune cells; it is rich in macrophages, lymphoid cells, and dendritic cells, 
making it the primary location for immune reactions (Figure 2, 3) [14]. Other 
intestinal defense mechanisms come from the intestine’s own immune system, 
known as gut-associated lymphoid tissue (GALT). Impairment of this system leads 
to unbalanced inflammatory responses in the gut and predisposes people to 
inflammatory bowel disease (IBD) [15]. The absorptive surface of the small 
intestine is increased because of the presence of the villi, invaginations into the 
submucosal layer and the crypt of Lieberkun [16]. The epithelial surface of the 
large intestine is flat, as it lacks villi and contains only crypts (Figure 2). 

 

Figure 2: Comparison of histology between small and large intestine, adepted from Abreu,Maria T, et al., 2010 [17] 

There are four types of differentiated cells in the intestine. Enterocytes, which are 
the majority, are absorptive in nature, having brush border microvilli on their 
apical surface. Goblet cells and Paneth cells secrete mucus and antimicrobial 
proteins, respectively, providing a substantial physical and biochemical barrier. 
Enteroendocrine cells secrete hormones such as secretin and pancreozymin. 
Intestinal epithelial homeostasis is maintained by three mechanisms. First, cell 
production by the division of the crypt progenitors every 12 h produces 200 cells 
per crypt. Second, all epithelial cells move continuously upward and reach the top 
of the villus in approximately 5 days, except for the Paneth cells, which escape the 
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movement upward. Third, proliferation dictated by the crypt niche is maintained as 
cells move along the crypt-villus axis [16, 18]. The epithelial cell renewal process 
within the intestine appears to be totally dependent on a limited number of long-
lived intestinal multipotent stem or progenitor cells. Intestinal stem cells (ISC) 
have the following two properties: the capacity to maintain themselves for long 
periods of time (self-renewal) and the ability to generate all differentiated cell 
types, including enterocytes, entero-endocrine, and Paneth cells [19]. 

 

Figure 3: Representative intestinal mucosal surface, adapted from Eberl, Gerard, et al., 2005 [20] 

Inflammation and cancer 

In 1863, Virchow reported the presence of leukocyte infiltration in cancer tissue; 
he hypothesized that chronic inflammation can lead to cancer. Now, the 
understanding of the inflammatory microenvironment of cancer tissue supports 
Virchow’s findings [21]. Tissue injury and inflammation lead to increased cell 
proliferation; although, it is clear now that proliferation of the cell alone cannot 
cause cancer. However, DNA damage and sustained cell proliferation in an 
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inflammatory milieu rich in inflammatory cells and growth factors can promote 
cancer [22]. The hallmarks of cancer include evading growth suppressors, 
sustaining proliferative signaling, resisting cell death, enabling explicative 
immortality, including angiogenesis, and activating invasion and metastasis. In 
addition, inflammation and genome instability have recently been established as 
hallmarks of cancer [5] (Figure 4).  

 

 

Figure 4: Hallmark capability of cancer, adapted from Hanahan, et al., 2011 [5] 
 
 



19 

Inflammatory bowel disease and colitis associated colon 
cancer 

Inflammatory bowel disease (IBD) defined as chronic intestinal disorder caused by 
a number of factors that contribute to the development of mucosal inflammation, 
including environmental and genetic factors as well as a dysregulated immune 
response [23]. IBD includes Crohn’s disease, which affects any part of the 
gastrointestinal tract from the mouth to the anus in a irregular pattern, and 
ulcerative colitis (UC), which affects the rectum and may involve part or all of the 
colon in a continuous pattern [24]. The inflammation in Crohn's disease is often 
transmural, whereas it is typically confined to the mucosa in UC [25]. The risk of 
developing colon cancer is highly increased among these patients, perhaps due to 
prolonged exposure to inflammation in the bowel. Colitis-associated cancer (CAC) 
is colon cancer occurs in patients with clinically detectable inflammatory bowel 
disease [26-29]. The increased risk of developing cancer in IBD patients depends 
on many factors, such as disease duration and severity and the effectiveness of 
treatment [30-32]. Treatment of IBD patients with anti-inflammatory drugs such as 
5 aminosalicylic acid (5-ASA) has been linked to a decreased risk of developing 
CAC [33-35], as has a tumor necrosis factor-α (TNF-α) antagonist [36]. In animal 
studies, treatment with 5-ASA in an AOM/DSS mouse model of CAC shows 
reduction in dysplastic colon lesions in treated mice [37] 

Colon cancer 

Colorectal cancer is the second most common cancer in women and the third most 
common cancer in men worldwide, and the fourth leading cause of cancer-related 
deaths [38, 39]. Etiological factors of colon cancer include a low fiber and high fat 
diet and high alcohol intake [40] [41]. Genetic alteration can lead to the activation 
of oncogenes as BRAF and KRAS, which are mutated in approximately 50% of 
CRC [42], inactivation of tumor suppressor genes, such as APC and P53 [43, 44]. 
The majority (approximately 65-85%) of colon cancer is sporadic; hereditary 
colon cancer, a genetic disorder and the occurrence of CRC in first- and second-
degree relatives, accounts for approximately 10-30% [45, 46]. Familial 
adenomatous polyposis (FAP) is an autosomal dominant disease characterized by 
the presence of countless adenomatous polyps throughout the colon and rectum. If 
not treated, the polyps can progress to cancer at a young age [47, 48]. FAP patients 
have a germ line mutation in the tumor suppressor gene APC; however, 70% of 
sporadic colon cancers have somatic mutations in the APC gene [49-51]. APC is a 
multifunctional protein that participates in many cellular processes, including cell-
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cell adhesion, cell migration, and apoptosis; it also regulates β-catenin degradation 
[52, 53] (Figure 5).  

 

Figure 5: β-catenin destruction complex, adapted from Li, Vivian, et al., 2012 [54] 

Adenoma-carcinoma sequence 

Adenomas are important precursor lesions for carcinomas. The adenoma-
carcinoma sequence describes the stepwise progression from normal to dysplastic 
epithelium to carcinoma, with the accumulation of specific mutations at specific 
stages [55]. These mutations affect genes and pathways that are important for the 
regulation of cell growth and differentiation [56]. APC mutations occur early 
during the progression from adenoma to carcinoma [57, 58]. KRAS mutations also 
occur early in the adenoma-carcinoma sequence; however, KRAS mutations are 
less common in small adenomas. P53, SMAD2, and SMAD4 are tumor 
suppressors; mutations in these genes can lead to colon cancer progression [55]. 
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Colon cancer classification and staging 

In general, cancer staging provides critical information about the extent of the 
disease, helping in treatment decisions and prognosis determination. In 1932, 
Dukes proposed a classification of colorectal cancer based on the extent of the 
disease, which is evaluated by the degree of the tumor infiltration through the wall 
of the bowel and the presence or absence of lymph node involvement [59]. In 
1987, the American Joint Committee on Cancer (AJCC) and the International 
Union Against Cancer introduced the cancer staging system based on the size and 
the extent of the tumor (T), number and degree of lymph node involvement (N), 
and presence or absence of distant metastasis (M) [60] (Table 1). This staging 
system of CRC was updated in 2009 and is the most common staging system used 
in clinical practice [61, 62].  

Tumor, node, metastasis (TNM) staging of colorectal 
cancer 

T - primary tumor  

TX - primary tumor cannot be assessed 

T0 - No evidence of primary tumor 

Tis - Carcinoma in situ: intraepithelial or invasion of lamina propria 

T1 - Tumor invades the submucosa 

T2 - Tumor invades the muscularis propria  

T3 - Tumor invades through the muscularis propria into the subserosa or non- 
peritonealized pericolic or perirectal tissues  

T4 - Tumor directly invades other organs or structures and/or perforated visceral 
peritoneum 

N - regional lymph nodes 

NX - Regional lymph node cannot be assessed 

N0 - No regional lymph node metastasis 

N1 - Metastasis in one to three regional lymph nodes 
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N2 - Metastasis in four or more regional lymph nodes 

M- distant metastasis 

MX - Distant metastasis cannot be assessed 

M0 - No distant metastasis 

M1 - Distant metastasis 

Table 1. Comparison of TNM and Duckes classification 

TNM Classification American Joint Committee on Cancer (AJCC)          Duckes staging 

Stages          T          N         M         Stages 

Stage 0          Tis           N0          M0              - 

Stage I 

 

         T1 

         T2 

          N0 

          N0 

         M0 

         M0 

            A 

            A 

Stage II          T3 

         T4 

          N0 

          N0 

         M0 

         M0 

            B 

            B 

Stage III       T1, T2 

      T3, T4 

    N1 or N2 

    N1 or N2 

         M0 

         M0 

            C 

            C 

Stage IV      Any T      Any N          M1              - 

 

Treatment of colorectal cancer 

In general, CRC treatment depends on many factors, such as the age of the patient 
and disease stage. The four key approaches currently used for CRC treatment are 
surgery, which is the main approach, chemotherapy, radiotherapy, which is mostly 
for rectal cancer, and targeted therapies [63]. To reduce symptoms and increase 
survival in metastatic CRC, chemotherapy and targeted therapies are given [64]. 
The most commonly used chemotherapy is 5-fluorouracil (5-FU); antibodies 
targeting EGFR (epithelial growth factor receptor) or VEGF (vascular endothelial 
growth factor) are commonly used [65]. Colorectal cancer patients with mutant 
KRAS have no benefit with anti-EGFR therapy, which make it a promising 
predictive biomarker for personalized treatment [66].  
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Signaling pathways in colon cancer 

Wnt signaling pathway 

Wnt proteins are a family of secreted cysteine-rich glycoproteins approximately 40 
kDa in size [67]. The name Wnt is derived from a fusion of wingless, which is a 
Drosophila segment polarity gene, and integrated or int-1, the vertebrate homolog 
[68, 69]. Wnt protein signaling pathways play an important role in many cellular 
processes, including cell fate, cell polarity, cell motility, primary axis formation 
and organogenesis; most recently, this pathway has been shown to play a role in 
stem cell renewal [70, 71]. 

To induce and regulate intracellular transduction signaling, Wnt proteins bind to 
cell surface G protein coupled receptors, called frizzled receptors (FZ), in the 
presence or absence of the co-receptors LRP 5/6, ROR or RYK [72-75]. Wnt 
malformation can lead to various diseases, including cancer and degenerative 
diseases [76]. The Wnt signaling pathway can be divided into the canonical 
signaling pathway (Wnt/β-catenin) and the non-canonical signaling pathways 
(Wnt/Ca+2 signaling, planar cell polarity (PCP)) [74, 77]. 

In canonical Wnt/β-catenin signaling, in the absence of a Wnt ligand, such as 
Wnt1 and Wnt3a, the free cytoplasmic β-catenin binds to a destruction complex 
consisting of Axin, APC (adenomatous polyposis coli), and GSK-3β (glycogen 
synthase kinase-3β-catenin), leading to β-catenin phosphorylation, ubiquitination 
and degradation by proteasomes. Thus, the Wnt/β-catenin target genes remain 
inactive (Figure 6a). When Wnt ligand binds to frizzled receptors, a cascade of 
events involving Dishevelled (Dvl) leads to the phosphorylation of the co-receptor 
LRP5/6 and the recruitment of Axin complex to the receptor. These events lead to 
the inhibition of Axin-mediated β-catenin phosphorylation, whereby β-catenin is 
stabilized, accumulates in the cytoplasm and translocates to the nucleus where it 
activates Wnt target genes, such as COX-2, C-myc and Cyclin-D1 (Figure 6b) [78-
80].  
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Figure 6: β-catenin destruction complex, adapted from McNeill, H, et al., 2012 [81] 

Non-canonical Wnt signaling (β-catenin independent Wnt signaling) is an 
umbrella term for all β-catenin independent pathways. In contrast to the canonical 
Wnts, non-canonical Wnts, such as Wnt-4, Wnt-11 and WNT5A, are non-
transforming, and they are involved in processes such as polarized cellular 
movements [82-84]. 

The Wnt/Ca2+ pathway, a non-canonical Wnt signaling pathway, involves the 
binding of ligands, such as Wnt5a and Wnt-11, to the FZ receptor, a G-protein 
coupled receptor, leading to activation of phospholipase C (PCL), which 
subsequently triggers the intracellular release of calcium ions [85, 86]. Calcium 
activates protein kinase C (PKC) [87], which regulates cellular processes such as 
cell adhesion and tissue separation during gastrulation via Cdc42. Intracellular 
accumulation of Ca2+ also activates calmodulin-dependent protein kinase II [88], 
which in turn can antagonize canonical Wnt signaling by activating TAK1 (TGFβ 
activated kinase) and NLK (Nemo-like kinase) [89, 90].  

The planar cell polarity pathway (PCP) is another non-canonical pathway, first 
described in Drosophila, that regulates cytoskeletal polarization. The Wnt/jun N-
terminal Kinase (JNK) pathway in vertebrates is similar to the PCP pathway in 
Drosophila. Binding of a non-canonical Wnt ligand, such as Wnt-11, to the FZ 
receptor activates Dvl, which mediates cytoskeletal rearrangements through 
activation of small GTPases, such as Rho and Rac [84, 91].  
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WNT5A 

WNT5A is one of the most extensively studied non-canonical Wnts, and it is a 
representative of β-catenin-independent, non-canonical Wnt signaling. WNT5A 
plays essential roles in organ development, cell proliferation, tissue orientation and 
cell migration [92]. In addition to signaling through non-canonical pathways [82, 
93], WNT5A can also activate or inhibit canonical Wnt signaling depending on the 
presence or absence of certain receptors/co-receptors [89, 94, 95]. Recent studies 
have shown that any misregulation of WNT5A signaling results in cancerous 
growth of certain tissues, but it is debatable whether WNT5A has a tumor 
suppressor or tumor promoting effect; this depends on the type of tissue and 
additional factors, regulators and receptors available [82, 93]. In many studies, 
Wnt5a has a tumor suppressor effect, as it is downregulated in many cancers, 
including colorectal cancer [96], invasive ductal breast carcinomas [97, 98], 
neuroblastoma [99], hepatocellular carcinoma and leukemia [100, 101]. In colon 
cancer, loss of WNT5A is associated with poor outcomes in stage Dukes B colon 
cancer patients [96]. 

Eicosanoids 

Eicosanoids are a class of lipid mediators derived from 20-carbon polyunsaturated 
fatty acids (the Greek word eicosa means 20). The main eicosanoid precursor in 
the mammalian system is arachidonic acid (AA), which belongs to the ω-6 family 
of polyunsaturated fatty acids [102]. Three main enzymatic pathways metabolize 
arachidonic acid. Eicosanoids and prostanoids (prostaglandins and thromboxanes) 
are synthesized via the COX pathway, leukotrienes and hydroxyl eicosatetraenoic 
acids (HETEs) are generated via the lipoxygenase (LOX) pathway, and epoxides 
are generated via the cytochrome P-450 epoxygenase pathway [103] (Figure 7). 

In the 1930s, the vasodepressor and smooth muscle-stimulating activities of 
prostaglandins were discovered, although the origin and the structures of these 
compounds were not yet reported. In 1982, Samuelson and Bergström 
demonstrated the 5-LOX pathway and the discovery of cysteinyl leukotrienes as 
the slow-reacting substance (SRS) of anaphylaxis. These mediators were 
responsible for the contraction of the smooth muscles of the guinea pig lung after 
treatment with cobra venom. They were also found to be mediators in asthma and 
other immediate hypersensitivity reactions [104, 105]. In addition to their role in 
acute systemic inflammation [103], the role of eicosanoids in the maintenance of 
the hemostasis of the intestine [106] and their dysregulated functions in 
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pathological conditions, such as chronic inflammation and cancer, are well 
established [107, 108]. 

 

Figure 7: Arachidonic acid metabolism and cysteinyl leukotriene signaling. Adapted from Savari et al., 2014 [109] 

The COX pathway 

Cyclooxygenase (COX) is the key enzyme required to convert AA to prostanoid. 
The prostanoid-synthesizing enzyme COX exists in two isoforms, COX-1 and 
COX-2. 

COX-1, which is expressed by most cells, is considered to have a housekeeping 
function in cells via the production of homeostatic prostanoids. COX-2, which is 
induced by stress and cytokines, is the source of prostanoid formation in 
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inflammation and cancer [110]. Prostanoids include prostaglandins and 
thromboxane A2. In addition to their role in inflammation, prostaglandins are 
involved in many physiological functions, including blood clotting, bone 
metabolism, wound healing kidney function and immune response [111]. 
Prostaglandins include PGE2, PGF2α, PGD2 and PGI2, which mediate their action 
via the activation of receptors, including EP1-4 for PGE2, prostaglandin receptor 
F2α for PGF2α, DP1 and DP2 for PGD2, and prostaglandin I2 (IP receptor) for PGI2 
[112]. Thromboxane A2 is an activating and recruiting mediator for platelets, 
mediating its action through the specific G-protein coupled receptor TBXA2R 
[113].  

Elevated levels of COX-2 have been identified in colon [114, 115], breast  

[116], lung [117], pancreatic, esophageal and ovarian cancers [118-120]. PGE2 is 
the most common prostaglandin found in many human malignancies, including 
colon and breast cancer, and it is associated with poor prognosis [107]. COX-2 
produces PGE2, the only prostanoid demonstrated to induce proliferation, 
angiogenesis, cell death inhibition and motility of tumor cells [9, 121], and more 
recently, to expand the number of colon cancer stem cells [122]. 15-
Hydroxyprostaglandin dehydrogenase (15-PGDH) is the enzyme responsible for 
the degradation of PGE2, converting it into its inactive metabolites [123]. 15-
PGDH is highly expressed in normal colon mucosa but is lost in many CRCs 
[124], and its decreased expression has also been implicated in many other 
cancers, such as lung, bladder, pancreatic and gastric cancer [125-128]. Deletion 
of the 15-PGDH gene increases colonic PGE2 levels and enhances tumorigenesis 
in vivo [124], while treatment of colon cancer cells with indomethacin (NSAID) 
decreases the expression of COX-2 and induces 15-PGDH up-regulation in colon 
cancer cells [129]. 

The 5-Lipoxygenase pathway (5-LOX)  

Leukotrienes (LTs) 
In contrast to prostaglandins, which are produced by most cells, LTs are mainly 
produced by leukocytes, such as mast cells, macrophages, basophils and 
eosinophils. The term leuko- is given according to the cell type (leukocytes) where 
they were originally identified, and triene refers to the presence of three 
conjugated double bonds [130]. The 5-LOX pathway is involved in the 
biosynthesis of leukotrienes, it interacts with 5-LOX activating protein (FLAP) 
converting AA to LTA4. Thereafter, LTA4 is metabolized to biologically active 
LTB4 or to cysteinyl leukotrienes (CysLTs): LTC4, LTD4 and LTE4 [107, 109] 
(Figure 7). In addition to its role in inflammatory diseases such as asthma [131], 
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LTB4 has chemotactic activity and pro-tumorigenic effects in breast cancer and 
melanoma [132, 133]. 

Leukotrienes, particularly, CysLTs, mediate their actions through the following 
two cysteinyl leukotriene receptors (CysLTRs): CysLTR1, which is sensitive to 
classical antagonists, and CysLTR2, which is not inhibited by classical 
antagonists. Both receptors belong to the G-protein coupled receptor (GPCR) 
family [134, 135]. Binding of CysLT ligand to the receptor induces 
conformational changes leading to G-protein activation, converting GDP to GTP; 
GTP hydrolysis and many intracellular events occur, such as increased 
concentrations of Ca2+ in the cytosol [135]. CysLTR1 is the high affinity CysLT 
receptor and has a higher affinity for LTD4 than LTC4 [136], whereas CysLTR2 
has a lower overall affinity but an equal affinity for LTD4 and LTC4 [137]. The 
link between alteration of CysLTRs and cancer has been documented. High 
expression of CysLTR1 has been reported in many cancers, including the brain, 
bladder, prostate, breast, and colon [138-141]. High expression of CysLTR1 is 
associated with poor prognosis of breast and CRC patients. Patients expressing 
low CysLTR1 and high CysLTR2 have a good prognosis, which is linked to 
higher survival of CRC patients [142]. CysLTR1 has been shown to induce the 
accumulation of free β-catenin through LTD4, thereby inducing proliferation and 
migration by activating target genes associated with carcinogenesis, such as 
CyclinD1, C-myc and COX-2 [143]. Moreover, we found that LTD4 and PGE2 can 
induce the promotion of cancer stem cells in both colon cancer cells and xenograft 
mouse models [144, 145]. In contrast, a CysLTR1 antagonist can prevent the 
growth of colon cancer xenograft via reducing proliferation and inducing 
apoptosis of tumor cells [146]. Cysltr1-/- mice have significantly reduced tumor 
formation compared to wild type mice, which indicates the role of CysLTR1 in 
tumorigenesis [147]. However, LTC4 acting through CysLTR2 does not induce 
proliferation of colon cancer cells; it is involved in the terminal differentiation of 
colon cancer cells, implicating the anti-tumorigenic activity of CysLTR2 
compared to CysLTR1 [148]. 

Inflammatory cells and colorectal cancer 

Colorectal cancers, like other solid tumors, are infiltrated by different types of 
immune cells. Innate immune cells, such as mast cells, macrophages, natural killer 
cells, neutrophils and dendritic cells, have been found in these tumors [149]. 
Adaptive immune system cells, such as T-lymphocytes, are also detected in 
colorectal tumors, where they are either pro- or antitumorigenic. T cells are 
important for inflammation, cancer development and progression, and also for 
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anticancer immunity [150-152]. Macrophages, especially tumor-associated 
macrophages (TAM), are also found in solid tumors and are believed to have an 
M2-like phenotype [153]. In colon cancer, we found that TAMs promote colon 
cancer cell migration and subsequent metastasis [154]. In my thesis, I have 
focused on the role of mast cells in colon cancer.  

Mast cells (MCs) 

Mast cells (MCs) were first discovered by the German scientist Ehrlich in 1878, 
who observed connective tissue cells that appeared “well fed”, referring to the 
presence of filled secretory granules that he called “Mastzellen” [155]. However, 
Kitamura and co-workers reported that MCs are long-lived, hematopoietic cells 
derived from pluripotent precursors of the bone marrow [156, 157]. MCs are 
divided into mucosal and connective tissue mast cells. They normally leave the 
bone marrow as immature cells that circulate through vascular system as immature 
progenitors; they complete their development either within mucosal or connective 
tissues [157]. MC granules contain different types of mediators, such as histamine, 
serotonin, tryptase, chymase and tumor necrosis factor (TNF-α) [158]. In humans, 
MCs have been categorized into two groups depending on their protease content; 
one mainly contains tryptase or (more rarely) chymase, and the other group has 
both proteases. In mice, MCs are divided into connective tissue mast cells, which 
contain heparin, histamine, tryptase and chymase in their granules, and mucosal 
mast cells, which contain chymase and small amounts of histamine [159] (Figure 
8).  

In general, MCs are best known for their involvement in allergic reactions. When 
mast cells are activated, either through recognition receptors or associated with 
IgE receptor, they degranulate and release their contents into the 
microenvironment [160] (Figure 8). Activating MCs can also produce 
inflammatory mediators de novo, including cysteinyl leukotrienes (LTC4, LTD4 
and LTE4) [161]. In addition to their role in allergy and anaphylaxis, MCs also 
have a role in tissue remodeling, angiogenesis and immune modulation [162].  
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Figure 8: Mast cell population and patterns of functional activation. Adapted from Galli et al. 2011 [159] 

The role of MCs in cancer is debatable, including whether they have tumor 
suppressor effects or tumor promoting effects [163]. MCs are long-lived cells; 
therefore, they can influence the microenvironment for a long time. Many studies 
have reported the correlation of the presence of MCs and tumor development with 
poor patient outcome [164]. High MC density (MCD) together with angiogenesis 
was associated with poor prognosis in patients with colon [165-167], lung [168] 
and pancreatic cancer [169]. However, many other studies have shown a protective 
role of MCs in human cancers. A multivariate analysis of colorectal cancer 
patients, including Dukes stage, sex, age, perioperative blood transfusion, tumor 
location, and counts of MCs, predicted good survival [163]. MCs activate nuclear 
peroxisome proliferator-activated receptor-γ (PPAR-γ), which is associated with 
better clinical outcome in colon cancer [170]. Low MC density is associated with 
worse prognosis in non-small lung cancer patients [171, 172]. A positive 
correlation between MC density and better clinical outcomes in prostate cancer has 
been documented [173]. In our study, we have also shown that high MCD is 
associated with good prognosis in colon cancer patients [174]. 
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Aim 

The general aim of the thesis is to evaluate the clinical significance of various 
tumor suppressors in colon cancer patients. Additionally, we investigated the 
underlying mechanisms or signaling triggered by these tumor suppressors in colon 
cancer cells, and whether the re-expression of these tumor suppressors could be an 
attractive therapeutic strategy for the treatment of colon cancer patients. 

1. To explore the relevance of mast cells for the overall survival of colon 
cancer patients and a colitis-associated colon cancer mouse model 

2. To investigate the effect of WNT-5A and its mimicking peptide Foxy-5 on 
15-PGDH expression in colon cancer  

3. To investigate the effect of LTC4, through its receptor CysLT2, on 15-
PGDH expression in colon cancer cell lines and colon cancer tissue 
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Methodology 

Cell lines 

All cell lines used in my projects were from ATCC. HT-29 colon cancer cells 
(ATCC# HTB-38™), grown in McCoy’s 5A medium with glutamine, have a wild-
type KRAS gene and mutant carboxy-truncated APC gene. Caco-2 colon cancer 
cells (ATCC# HTB-37™) have a wild-type KRAS gene, wild-type BRAF gene and 
mutated APC gene. MDA-MB-468 (ATCC# HTB-132) breast cancer cells, grown 
in DMEM, have mutated P53 and BR1 genes. The media was supplemented with 
10% fetal bovine serum and 100 μg/ml penicillin/streptomycin. Cells were 
maintained at 37°C in a humidified atmosphere containing 5% CO2. The cells 
were routinely screened for the absence of mycoplasma contamination.  

Western blotting and cell fractionation 

After washing the cells twice with ice-cold PBS, whole cell lysates were prepared 
with lysing in lysis buffer. The resulting lysates were homogenized by 10 passages 
through a syringe and then centrifuged at 10,000 × g for 10 min at 4°C. The 
supernatant was considered to represent the whole cell lysate. For nuclear 
fractions, a nuclear extraction kit from Thermo Scientific was used according to 
the manufacturer’s instructions. Laemmle buffer (4X) was added to the samples. 
The samples were adjusted to contain equal amounts of protein and boiled for 10 
min in sample buffer (0.5 M Tris-base, 10% SDS, glycerol, bromophenol blue, 15 
mg/ml DTT) before being loaded onto 10% SDS polyacrylamide gels and 
analyzed by electrophoresis (SDS-PAGE). After separation, the proteins were 
transferred to a PVDF membrane (Bio-Rad, Hercules, CA, USA). The membranes 
were blocked for 1 h with 3% BSA/PBS at room temperature, followed by 
incubation with a primary antibody overnight at 4°C. The membranes were 
washed extensively and incubated with the corresponding secondary antibody for 
1 h at RT. The membranes were washed and incubated with ImmobilonTM Western 
Chemiluminescent HRP Substrate (ImmobilonTM Western, Merck Millipore, 
Billerica, MA, USA), and the proteins were detected using the Bio-Rad ChemiDoc 
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XRS+ system. The densitometric analyses were conducted using Image Lab 3.0 
software.  

Patients 

All patients underwent surgery for colorectal cancer at Malmö hospital in 1990. 
The tumor material was retrospectively collected, and no matching or stratification 
was performed. All patients had a pathologically confirmed diagnosis of 
adenocarcinoma before surgery. All tumors with available slides or paraffin blocks 
were histologically re-evaluated on hematoxylin and eosin (H&E) stained slides. 
Clinical and histopathological data were retrieved from patient charts and 
pathology records. Tumors were staged according to TNM classification for 
malignant tumors, and tumor grade was determined as high, medium or low. The 
follow up started at the time of diagnosis and ended at death, emigration or 
December 31, 2000. The study was approved by the ethical committee of Lund 
University. In project II, tumor tissues and corresponding mucosa from 23 colon 
cancer patients were from the Department of Clinical Science, Sahlgrenska 
Academy, Gothenburg, Sweden. Tumors and large bowel tissue samples were 
collected down to the serosa level, kept fresh frozen in liquid nitrogen, and stored 
at -80°C until analysis. A certified pathologist staged all tumors. Tumor samples 
contained approximately 70-80% tumor cells based on visual inspection [175]. 

Tumor tissue microarray (TMA) and 
immunohistochemistry 

From the tumor tissue, two to three 1.5 mm tissue cores were placed in a new 
paraffin block using an automated Beecher Micro-Arrayer (Beecher 
Instruments,Sun Prairie, WI,USA). The normal areas were chosen from the distal 
parts of the safe margins. Immunohistochemical staining was performed as 
previously described [142]. Briefly, the formalin-fixed and paraffin-embedded 
sections were cut into 1 μm sections, dried, de-paraffinized and rehydrated, then 
stained with H&E for re-evaluation by a pathologist (RE). Tumor sections were 
then stained for 15-PGDH or WNT5A, as previously described. All 
immunohistochemical procedures were performed using a Dako automatic slide 
stainer (Dako) according to the manufacturer’s instructions. 
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Real-time qPCR  

 Total RNA from the different cell samples was isolated using Qiagen RNeasy 
Plus Mini Kits (Qiagen GmbH, Hilden, Germany). The cDNA synthesis was 
performed using RevertAid H Minus M-MuLV reverse transcriptase 
(ThermoFisher Scientific, USA). The following primers were used: HPRT1 
(HS99999909), HPGD (15-PGDH) HS00168359_m1), SI (SI, HS00356112_m1), 
MUC2 (mucin-2, HS00159374_m1) and CCND1 (cyclin D1, Hs00765553_m1). 
Amplifications were performed in an Mx3005P system (Agilent Technologies, 
Inc., CA, USA). The reactions were normalized to the housekeeping gene HPRT1 
and analyzed with MxPro qPCR software (Agilent Technologies, Santa Clara, CA, 
USA). 

Luciferase assay 

A Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) was 
used. 15-PGDH promoter plasmids [141] (a gift from Professor Birgit Gellersen, 
University of Hamburg, Germany) at a final concentration of 1 μg/ml, together 
with a control Renilla luciferase reporter plasmid of 50 ng/ml, were used for the 
transfections. The DNA plasmids were allowed to form complexes with PolyFect 
Transfection Reagent (Qiagen) (ratio 4:1) in Opti-MEM (Gibco/Thermo Fisher 
Scientific, Waltham, MA, USA), and the cells were treated with the DNA-
PolyFect mixture at 37°C for 24 h. The medium was changed to a serum-
containing medium, and the cells were allowed to recover for 24 h. Thereafter, the 
cells were incubated for 2 h with a serum-free medium before treatments. The 
cells were washed twice with PBS and lysed by the addition of the passive lysis 
buffer from the Dual-Luciferase Reporter Assay System. The lysed samples were 
cleared by centrifugation at 1000 x g for 5 min according to the manufacturer’s 
instructions. Firefly and the control Renilla luminescence were measured on a 
MiniLumat LB 9506 luminometer (Berthold Technologies GmbH, Dusseldorf, 
Germany) according to the protocol, and the ratio was calculated. Triplicate 
samples were prepared in every set of experiments. 

Immunofluorescence 

In project II, cells were seeded to grow on coverslips for three days, washed with 
PBS, and fixed in 4% paraformaldehyde for 15 min. Next, cells were washed with 
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PBS, permeabilized in 0.1% Triton X-100 in PBS for 5 min, and washed six times 
in PBS. Cells were thereafter incubated at RT in 3% goat serum in PBS for 45 min 
and washed, followed by 1 h incubation with anti-β-catenin antibody (1:500) in 
1% goat serum/PBS. Cells were then stained with DAPI for 3 min (1:1000). The 
coverslips were washed and mounted in Zeiss fluorescent mounting medium. 
Fluorescent images were taken using the Zeiss LMS 700 confocal microscope 
(Carl Zeiss Microscopy GmbH, Jena, Germany). In project III, cells were cultured 
on coverslips for 3 days. Then, cells were fixed and permeabilized in 
methanol/acetone (1:1; -20o C for 4 min). Cells were washed with PBS and 
incubated for 30 min in PBS staining buffer (PBS, 1% FCS, 0.5% BSA) to prevent 
non-specific antibody binding. Cells were incubated 1 h with primary antibody, 
washed, and incubated 1 h with Alexa 480 or Alexa 568 secondary antibody 
(Invitrogen). Cover slips were washed and mounted on glass slides with a 
fluorescent mounting medium. Fluorescence images were captured using a Zeiss 
LSM 700 confocal microscope (Carl Zeiss). 

Colitis-associated colon cancer (CAC) mouse model 

The chemically induced CAC model was generated using 6- to 8-week-old female 
mice during a 90-day period (n=5 mice/genotype). The CAC model was generated 
through an intraperitoneal injection of the carcinogen azoxymethane (10 mg/kg 
body weight), followed by three cycles of the irritant dextran sodium sulfate in the 
drinking water, provided ad libitum, for five days. Mice with a targeted Cysltr1 
gene disruption (Cysltr1-/-) on the C57BL/6N background were a kind gift from 
Professor Frank Austen (Harvard Medical School, Brigham and Women’s 
Hospital, Boston, MA, USA) [176]. Cysltr1−/− mice and their control littermates 
were bred and maintained at Lund University Animal Facility in Malmö according 
to ethical permit M262-12, which was approved by the Regional Ethical 
Committee for Animal Research at Lund University, Sweden. The breeding 
colony was genotyped for the presence of the Cysltr1 allele by PCR assays using 
the following three primers: Cysltr1 sense: 5’-
AAAACAATGACGTGCACTATAAAG-3’, Cysltr1 antisense: 5’-
AATCATGTATACTTGGAAGAAGGCTGA-3’, and Neo antisense: 5’-
ATCTTGTTCAATGGCCGATCCCAT-3’, generating a product of 284 bp for the 
wild type and 333 bp for the null Cysltr1 allele. 

All mouse colons were first rinsed with a physiological salt solution and 
subsequently fixed in formalin using the “swiss roll” method, followed by 
embedding in paraffin. 
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MDA-MB-468 cell xenografts 

The generation of MDA-MB-468 breast cancer cells stably expressing a WNT5A 
vector or an empty control vector was previously described by Prasad et al [177]. 
Four- to five-week-old female athymic nude mice were purchased from Harlan 
Laboratories Inc. (Boxmeer, Netherlands). The cells (2 x 106 cells in 100 µl of 
serum-free medium) were inoculated subcutaneously into both flanks of the mice. 
The animals were sacrificed 24 days after they had been inoculated, and the 
tumors were removed, measured and weighed. The primary tumors were dissected, 
fixed in 4% paraformaldehyde and embedded in paraffin. Sections (4 µm) were 
cut and subsequently stained with the 15-PGDH-specific antibody. The stained 
tissue sections were scanned with the Scanscope CS System (Aperio, Bristol, UK) 
and analyzed with the Aperio Image Scope software. These animal experiments 
were performed at Pharmatest Services Ltd (Turku, Finland) under the ethical 
permission no. 3257/04.10.07/2014.   

Statistical analysis 

GraphPad Prism software 5.0 (San Diego, CA, USA) was used for the statistical 
analyses. The differences between groups of data were considered statistically 
significant if P ≤ 0.05 by the two-tailed Student’s t-test. All means were calculated 
based on data from at least three different experiments. Overall survival (OS) was 
the primary endpoint. Kaplan-Meier estimates were used to illustrate survival, and 
log rank test was used to assess for the equality of survival curves. Hazard ratios 
were estimated using a Cox proportional hazards model for OS in uni- and 
multivariate analyses. SPSS version 19.0 (SPSS, IBM, Armonk, NY, USA) was 
used for the statistical analyses of all the immunostaining data.  
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Results and discussion 

Paper I 

Chronic inflammation is a risk factor for colon cancer. The key players in the 
inflammation–neoplasia relationship are the immune cells and the products 
released by the innate immune system. Chronic inflammation is dominated by the 
presence of cells, macrophages and MCs at the site of inflammation [178]. MCs 
induce T-lymphocyte activation and recruitment through the production of 
chemotactic cytokines such as C-C motif chemokine ligand 5 (CCL5), which bind 
to G-protein coupled receptor C-C chemokine receptor type 5 (CCR5). MCs, 
eosinophils and basophils also produce cytokines such as interleukin 4 (IL-4), 
which induce the apoptosis of tumor cells. Macrophages and MCs secrete tumor 
necrosis factor α (TNF-α), which induces both tumor cell death and leukocyte 
infiltration [179]. MCs are a primary source of intratumoral prostaglandin D2 
(PGD2), which limits tumor growth through the suppression of angiogenesis and 
proliferation and promotes apoptosis [107]. Although MCs have a clear role in 
inflammation and allergic reaction, their role in cancer is not yet clear. Several 
studies have shown that MCs can promote tumor development and progression. 
MCs have been shown to play a role in primary breast cancer angiogenesis [180] 
and lung cancer angiogenesis [181]. Furthermore, other studies have shown that 
high MCD was correlated with low overall survival of colon cancer patients [165, 
167]. In contrast, still other studies have reported the correlation between high 
MCD and longer survival of colon cancer patients [163, 166, 182]. The aim of my 
study was to explore the relevance of mast cells in CRC. 

In our study, tumor samples from 72 colon cancer patients were evaluated for the 
presence of MCs by immunohistochemistry in normal and cancer tissues using 
anti-tryptase and anti-chymase antibodies. MCD was evaluated in normal and 
cancer tissue. We found that in normal tissue, the mean MCD±SEM was 15±1.6 
for tryptase-positive MCs and 101±11.5 for chymase-positive MCs; in cancer 
tissue, the mean MCD was 8±1.1 tryptase-positive and 52±7.4 chymase-positive 
MCs. For both tryptase- and chymase-positive cells, the MCD was significantly 
higher in normal tissue compared to cancer tissue (P=<0.001). For survival 
analysis, we found that colon cancer patients with high MCD have significantly 
longer survival (n=70, P=0.031). We observed the same result in patients without 
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distant metastasis at the time of diagnosis (n=56, P=0.004) and in a subgroup of 
patients younger than 75 years (n=33, P=0.015). We preformed univariate and 
multivariate Cox regression analysis. In univariate analysis, we found that high 
MCD in cancer tissue significantly reduced the risk of death by 46% (HR 0.539; 
95% CI 0.302-0.961); in multivariate analysis, our data showed that MCD was 
independently associated with longer overall survival in colon cancer patients (HR 
0.380; 95% CI 0.202-0.713). Previously, we have shown that patients with few 
M2 macrophages in their cancer tissues have a better prognosis[154]; here, we 
found that patients having low M2 and high MCD in cancer tissue had statistically 
significantly longer survival compared to patients with high M2 and low MCD.  

We have previously shown that low CysLTR1 expression in CRC patients is 
associated with better overall survival [142]. In this study, we investigated the 
correlation between MCs and cytoplasmic CysLTR1. We found a significant 
negative correlation between the number of MCs in cancer tissue and CysLTR1 
expression (Pearson’s correlation, r = 0.3; P = 0.028). Based on this result, we 
investigated the presence of MCs in normal and tumor tissue of wild type and 
Cysltr1-/- mice in a colitis associated colon cancer (CAC) model, a model known to 
have fewer polyps/tumors [147]. Our result showed that Cysltr1-/- mice had a 
significantly higher number of tryptase-positive MCs in polyps/tumors compared 
with wild-type mice (P = < 0.05). Taken together, these results indicate that mast 
cells have an anti-tumor effect, possibly by creating an anti-tumor environment in 
colon cancer [174].  

Paper II 

PGE2 plays an important role in cancer, especially colorectal cancer, where its 
levels are elevated [183], and can influence many of the hallmarks of cancer [5, 
107] (see figure 4). This elevated level of PGE2 is due to the up-regulation of 
COX-2, the enzyme responsible for converting arachidonic acid into PGH2, which 
is subsequently converted to prostaglandins via prostaglandin synthase [184]. In 
normal tissue, PGE2 is degraded by 15-hydroxyprostaglandin dehydrogenase (15-
PGDH) by converting it into a biologically less active metabolite. 15-PGDH is 
downregulated in colon cancer, which suggests that 15-PGDH could be a tumor 
suppressor gene [185]. Elevated levels of PGE2 were previously attributed to COX-
2 up-regulation, but more recently to the down-regulation of 15-PGDH. The WNT 
signaling pathway plays an important role in the homeostasis of the intestinal 
epithelium, and it is activated in 90% of sporadic CRC [186]. Canonical Wnt/β-
catenin signaling has been shown to interact with the 15-PGDH promoter and 
repress 15-PGDH expression in colon cancer [123]. The aim of the present study 
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was to investigate the effect of non-canonical Wnt/β-catenin signaling, via 
WNT5A, on the expression of 15-PGDH. 

We have investigated the expression of both 15-PGDH and WNT5A using tissue 
microarrays (TMA) with human colon cancer tissues and matched normal tissues. 
The paired samples were stained with both 15-PGDH and WNT5A specific 
antibodies. Both proteins were expressed at high levels in normal mucosa and 
significantly downregulated in cancer tissues. For further analysis, tumor samples 
from 84 patients with primary colon cancer were used to generate TMAs, which 
were stained with 15-PGDH for immunohistochemical evaluation. Out of 84 
patients, 74 (88%) had low expression and 10 (12%) had high expression of 15-
PGDH. Of the 84 patient samples analyzed for 15-PGDH, 66 were analyzed for 
the expression of WNT5A, and our results showed 26 (39%) of these samples 
have no or low expression of WNT5A, based on the positive correlation found 
between 15-PGDH and WNT-5A (Pearson correlation r = 0.3; P = 0.027). Kaplan-
Meier survival analysis shows that patients with high levels of 15-PGDH tended to 
have better survival compared to those expressing low levels (P = 0.08). For 
WNT5A, patients expressing high levels of WNT5A had statistically significantly 
better survival compared to the patients with low expression levels (P = 0.002). 
All 26 patients with low expression WNT5A levels also had low expression of 15-
PGDH, indicating that loss of WNT5A protein expression in CRC correlated with 
loss of 15-PGDH protein expression. Moreover, patients expressing low levels of 
both proteins had reduced overall survival compared to patients with high levels of 
both proteins (P = 0.005).  

We next investigated whether WNT5A signaling can lead to re-expression of 15-
PGDH protein in colon cancer cells (HT-29 and Caco-2) that are negative for 
WNT5A. After treating cells with either recombinant WNT5A or its mimicking 
peptide Foxy-5, the cells showed significantly increased expression of 15-PGDH 
at both the protein and mRNA levels. To investigate the signaling pathway by 
which WNT5A mediates 15-PGDH expression, we analyzed the c-jun N-terminal 
kinase (JNK) pathway, a well-studied target of WNT5A signaling. We observed 
an up-regulation of phospho-JNK after stimulating the cells with Foxy-5. We also 
observed down-regulation of 15-PGDH promoter activity in the presence of a JNK 
inhibitor after stimulation with both rWNT5A or Foxy-5 in cells transfected with 
the 15-PGDH promoter. Furthermore, we also found that JNK inhibition down-
regulates 15-PGDH mRNA levels. These results indicate that WNT5A mediates 
15-PGDH expression through the JNK pathway. We further investigated whether 
WNT5A suppressed canonical Wnt/β-catenin signaling, and whether that 
suppression could affect the expression of 15-PGDH. We found that rWNT5A or 
Foxy-5 reduced the non-phospho-active form of β-catenin and induced the 
phosphorylation of β-catenin, which reduced the total level of β-catenin in both 
HT-29 and Caco-2 colon cancer cell lines. Moreover, we investigated whether 
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inhibition of canonical Wnt/β-catenin signaling could influence 15-PGDH 
expression. To this end, we used XAV-939, an inhibitor of Wnt/β-catenin 
signaling that stabilizes axin, leading to increased degradation of β-catenin. Our 
results showed that XAV-939 can induce 15-PGDH expression and reduce non-
phospho-active β-catenin and the total level of β-catenin to a similar level as 
rWNT5A. We also observed that in the presence of rWNT5A and XAV-939, the 
increase of 15-PGDH expression and reduction of active form or total β-catenin 
were more pronounced. Our finding showed that non-canonical WNT5A can 
inhibit canonical Wnt/β-catenin signaling, and as a result, an up-regulation of 15-
PGDH was observed. In breast cancer cells, we noticed the up-regulation of 15-
PGDH after stimulating MDA-MB-468 cells with rWNT5A or Foxy-5. In mice, 
we injected WNT5A-transfected MDA-MB-468 cells into mice flanks; as a 
control, we injected MDA-MB-468 cells transfected with empty vector (control). 
We found a significant reduction in tumor growth and tumor volume in mice with 
WNT5A-transfected cells compared to the control mice. The tumors were 
immunostained with anti-15-PGDH antibody, and we observed a significant 
increase in 15-PGDH intensity in tumors with WNT5A-transfected cells compared 
to the control. These results confirm our previous finding that WNT5A induces the 
expression of 15-PGDH in both colon and breast cancer cells in vivo and in vitro. 
Cancer cells are proliferative cells in their nature, and they are poorly 
differentiated. To investigate whether our finding could affect the differentiation 
of colon cancer cells, we studied the effect of WNT5A on differentiation by 
measuring the level of two differentiation markers, mucin-2 (Muc-2) and sucrose 
isomaltase (SI). A significant up-regulation in both markers was observed in both 
cell lines after treatment with WNT5A and Foxy-5. This up-regulation could be 
inhibited in the presence of both a JNK inhibitor and the GSK-3β inhibitor (CHIR-
99021), indicating that WNT5A could induce differentiation in colon cancer cells 
via activating the JNK pathway and inhibiting Wnt/β-catenin signaling. We 
believe that this could be due to the ability of WNT5A to induce 15-PGDH 
expression. 

In conclusion, our findings reveal a novel interaction between two tumor 
suppressor proteins, 15-PGDH and WNT5A, through two different pathways. The 
benefit of this finding is that the level of 15-PGDH in tumor tissue could be used 
as biomarker in future clinical studies with WNT5A-mimicking peptide Foxy-5 
[187]. 
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Paper III 

We previously showed that high expression of CysLTR2 in colon cancer patients 
is associated with better prognosis, which indicates that CysLTR2 has an anti-
tumor effect [148]. Based on these data, the aim of this study was to investigate 
the effect of LTC4, via CysLTR2, on the tumor suppressor 15-PGDH. We found 
that tumor tissue from 23 colon cancer patients expressed low levels of both 
CysLTR2 and 15-PGDH. Next, we examined whether LTC4 through CysLTR2 
can induce the expression of 15-PGDH. Our results showed that after treatment 
with LTC4, a significant induction of 15-PGDH expression was observed in HT-29 
and Caco-2 cells. This up-regulation was inhibited by pretreatment with CysLTR2 
antagonist. Our results showed that LTC4 via CysLTR2 could induce the 
expression of 15-PGDH. The 15-PGDH promoter has binding sites for AP-1 
[188]. Therefore, we elucidated whether LTC4 can induce AP-1 activity, and 
which pathway is involved in this process. We transfected HT-29 cells with a 15-
PGDH promoter construct with different binding sites for AP-1. The cells were 
pretreated with different pathway inhibitors, including MAPK inhibitor, PI3K 
inhibitor, JNK1 inhibitor and CysLTR2 antagonist. We found that LTC4 induced 
15-PGDH promoter activation, which was inhibited by the CysLTR2 antagonist. 
We also found that except for the JNK1 inhibitor, none of the other inhibitors 
could inhibit the promoter activity of 15-PGDH. Furthermore, phosphorylation of 
JNK by LTC4 was detected by Western blot in HT-29 cells. We speculated that 
LTC4, via CysLTR2, acted through JNK/AP-1 pathway to induce the expression of 
15-PGDH in colon cancer cells. 

Independently, both CysLTR2 and 15-PGDH were previously shown to inhibit the 
proliferation of colon cancer cells [148, 189], but their role in inducing the 
differentiation of colon cancer cells is not clear. Here, we investigated their effect 
on differentiation by studying two differentiation markers, sucrase isomaltase (SI) 
and mucin-2 (Muc-2). After stimulating the cells with LTC4, we found significant 
up-regulation of Muc-2 mRNA levels. This up-regulation was inhibited in the 
presence of both the CysLTR2 antagonist and the JNK1 inhibitor. Furthermore, we 
confirmed the results by confocal microscopy. We also observed a significant up-
regulation of SI at the protein and mRNA levels. These results indicated that LTC4 
signaling through a CysLTR2/JNK dependent pathway could induce 
differentiation of colon cancer cells.  
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Conclusions 

The conclusions of my thesis are as follows: 

• The presence of mast cells in the tumor microenvironment is associated 
with longer survival of CRC patients by creating an antitumor 
microenvironment  

 

• Re-expression of the tumor suppressor gene 15-PGDH by WNT5A or its 
mimicking peptide Foxy-5 leads to better and longer survival of CRC 
patients  

 

• CysLTR2 shows antitumor effects by re-expressing 15-PGDH in 
combination with a more differentiated colon cancer cell 

 

• These findings provide an important clue to better understand the tumor 
microenvironment and the tumor suppressor genes in colon cancer, and 
can help to identify new therapeutic targets for colon cancer patients 
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Popularized summary 

Cancer is uncontrolled cell growth with the ability to invade or spread to other 
parts of the body. Colorectal cancer (CRC) is cancer of colon and rectum. CRC is 
the third most common cancer and the fourth leading cause of cancer-related 
deaths worldwide. CRC is a multifactorial disease, with environmental causes 
such as excessive consumption of alcohol, diets rich in red meat or low in fiber, 
and low physical activity, as well as genetic causes, which involve either the 
activation of oncogenes, the genes that have the potential to cause cancer, or the 
inhibition of the tumor suppressor genes, the genes that protect the cell from 
cancer. CRC is closely linked to chronic inflammation. Patients with inflammatory 
bowel disease (IBD) have an increased risk of developing CRC. Many studies 
have shown that host immune cells that have infiltrated the tumor can enforce a 
massive inflammatory response that can kill tumor cells and inhibit growth of the 
tumor . The milieu which contains cellular infiltration surrounding the tumor is 
called the tumor microenvironment. 

The aim of this thesis was to evaluate the clinical significance of the tumor 
microenvironment, including mast cells (MCs), and tumor suppressor genes, 
including 15-hydroxyprostaglandin dehydrogenase (15-PGDH) and WNT5A, in 
colon cancer, and whether the re-expression of these tumor suppressors could be 
an attractive therapeutic strategy for the treatment of colon cancer patients. 

Mast cells (MCs) are immune cells derived from bone marrow. They are well 
known in allergic reactions, but their role in cancers, including colon cancer, is 
still under debate. Past studies have shown that MCs in the tumor 
microenvironment could have tumor promoting effects, whereas other studies 
showed that MCs have tumor suppressor effects. In our study, we found that the 
presence of MCs in the tumor microenvironment is beneficial for colon cancer 
patients; patients with more MCs have a better prognosis and longer survival, 
indicating that MCs have an antitumor effect. 

15-PGDH is a tumor suppressor known to be downregulated in colon cancer. In 
our study, we found that colon cancer patients expressing higher levels of 15-
PGDH have good prognosis compared to those who have low expression. We also 
found that WNT5A, another tumor suppressor, interacts with 15-PGDH. Patients 
expressing high levels of both proteins have even better prognosis and longer 
survival than patients expressing low levels of both proteins. We also found that 
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WNT5A and its mimicking peptide, Foxy-5, can suppress β-catenin, which is 
often mutated in colon cancer. We also found that the eicosanoid LTC4, which is 
an inflammatory mediator present in the tumor microenvironment, has an anti-
tumor effect by inducing the expression of 15-PGDH and inducing the 
differentiation of colon cancer cells by changing the phenotype of cancer cells to 
more normal-like cells. 

In summary, these new findings provide a better understanding of both the tumor 
microenvironment and tumor suppressor genes and may help to identify new 
therapeutic targets for colon cancer treatment. 
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Populärvetenskaplig sammanfattning 

Cancer kan definieras som okontrollerad celltillväxt med förmågan att invadera 
eller spridas till andra delar av kroppen. Kolorektalcancer är cancer i tjocktarmen 
eller ändtarmen. Tjocktarmscancer är den tredje vanligaste cancerformen och den 
fjärde ledande orsaken till cancerrelaterade dödsfall i världen. Tjocktarmscancer är 
en multifaktoriell sjukdom, med miljömässiga orsaker som överdriven konsumtion 
av alkohol, kost rik på rött kött eller låg i fiber, låg fysisk aktivitet, liksom 
genetiska orsaker, som innebär antingen aktivering av onkogener, de gener som 
har potential att orsaka cancer, eller hämning av tumörundertryckande gener 
(tumorsuppressorgener), de gener som skyddar cellen från cancer. 
Tjocktarmscancer är nära kopplad till kronisk inflammation i tarmen. Patienter 
med inflammatorisk tarmsjukdom har en ökad risk att utveckla tjocktarmscancer. 
Många studier har också visat att värdimmunceller som har infiltrerat tumören kan 
ge en massiv inflammatorisk respons som kan döda tumörceller och hämma 
tillväxt av tumören. Den miljö som innehåller cellulär infiltration kring tumören 
kallas tumörens mikromiljö. 

Syftet med min avhandling var att utvärdera den kliniska betydelsen av tumörens 
omgivande miljö, som mastceller, och tumörsuppressorgener, som 15-
hydroxyprostaglandin dehydrogenas (15-PGDH) och WNT5A i tjocktarmscancer, 
och om re-expression av dessa tumörsuppressorer skulle kunna vara en attraktiv 
terapeutisk strategi för behandling av tjocktarmscancer. 

Mastceller är immunceller som produceras i benmärgen. De är välkända i 
allergiska reaktioner, men deras roll i cancer, inklusive koloncancer, är fortfarande 
inte klarlagda. Tidigare studier har visat att mastceller i tumörens mikromiljö kan 
ha tumörbefrämjande effekterna, medan andra studier visade att mastceller har 
tumörhämmande effekter. I vår studie fann vi att närvaron av mastceller i tumören 
mikromiljön är fördelaktigt för koloncancerpatienter; patienter med fler mastceller 
har en bättre prognos och längre överlevnad, vilket indikerar att mastceller har en 
antitumöreffekt. 

15-PGDH är en tumörsuppressor som ofta är nedreglerad i tjocktarmscancer. I vår 
studie fann vi att tjocktarmscancerpatienter som uttrycker högre nivåer av 15-
PGDH har god prognos jämfört med patienter som har lågt uttryck. Vi fann också 
att WNT5A en annan tumörsuppressor, interagerar med 15-PGDH. Patienter som 
uttrycker höga nivåer av båda proteinerna har ännu bättre prognos och längre 
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överlevnad än patienter som uttrycker låga nivåer av dessa proteiner. Vi fann 
också att WNT5A eller dess peptid, Foxy-5, kan undertrycka β-catenin, som ofta 
är förändrad i tjocktarmscancer. Vi fann också att  leukotrien C4, som är en 
inflammatorisk mediator som finns i tumörens mikromiljö, har en anti-tumöreffekt 
genom att öka mängden av tumörsuppressor proteinet 15-PGDH samt att inducera 
differentiering av koloncancerceller genom att ändra fenotypen av cancerceller till 
en mer ”normal-liknande cell”. 

Sammanfattningsvis, kan dessa nya rön ge en bättre förståelse för både tumörens 
mikromiljö och tumörsuppressor proteinerna 15-PGDH och WNT5A som kan 
bidra till att identifiera nya terapeutiska mål för behandling av tjocktarmscancer. 
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و  دور الجينات الكابحة لسرطان القولون، آليات
 فرص العلاج

ن السرطان ھو نمو الخلايا غير المنضبط مع القدرة على الغزو أو الإنتشار إلى أجزاء أخرى م
يات الجسم. سرطان القولون ھو ثالث أكثر أنواع السرطان شيوعاً و رابع سبب رئيسي للوف

اب جميع أنحاء العالم،  و ھو مرض متعدد العوامل و الأسباب، منھا أسبالمرتبطة بالسرطان في 
لألياف، بيئية مثل الإستھلاك المفرط للكحول، و الوجبات الغنية باللحوم الحمراء أو منخفضة ا
على تفعيل  بالإضافة إلى انخفاض النشاط البدني، فضلاً عن الأسباب الوراثية، والتي تنطوي إما

كابحة للورم. و ھي الجينات التي يمكن أن تسبب السرطان، أو تثبيط الجينات ال الجينات المسرطنة
  ويرتبط سرطان القولون ارتباطا وثيقاً بالإلتھابات المزمنة

طان كما أن المرضى الذين يعانون من التھابات القولون المزمنة يزيد لديھم خطر الاصابة بسر
ت الأورام السرطانية تحتوي على خلايا مناعية ذاالقولون. وقد أظھرت العديد من الدراسات أن 

ى الخلايا تأثير التھابي واسع النطاق مع خاصية منع أي نمو غير طبيعي والقدرة على القضاء عل
 السرطانية

لورم، بغية وكان الھدف من ھذه الرسالة تقييم الأھمية السريرية للخلايا المناعية و الجينات الكابحة ل
يجية علاجية لمرضى سرطان القولون مستقبلاً استخدامھا كاسترات  

القولون  توصلت الدراسة إلى أن وجود ھذه الخلايا المناعية والجينات الكابحة مفيد لمرضى سرطان
اة مدة أطول. من الناحية السريرية فھي ذات تأثير مضاد للورم. مما يعزز فرص البقاء على قيد الحي

كابحة للورم  و منحنا فھماً أفضلاً للخلايا المناعية و الجينات الوباختصار، فإن ھذه النتائج الجديدة ت
 يمكن  لذلك أن يساعد على تحديد أھداف علاجية جديدة لعلاج سرطان القولون
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