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Introduction 

Colorectal cancer (CRC) is a major disorder in the Western world 
1
. Treatment of 

CRC, although improved in the last decade, is not very successful, and therefore much 

research effort is aimed at prevention and early detection. In the development of CRC both 

genetic predisposition and environmental factors are important 
2
. The general goal of the 

studies described in this thesis was to evaluate the effect of 5-aminosalicylic acid (5-ASA), a 

non-steriodal anti-inflammatory drug used in the treatment of IBD with structural similarities 

to aspirin, on the development of CRC. In addition, the feasibility of introducing 5-ASA as a 

potential (neo-)adjuvant therapy for CRC patients was evaluated. Based on the observations 

from these studies the type and clinical significance of apoptosis in CRC was further 

investigated.  

The major findings reported in this thesis are summarized in Figure 1.  
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Figure 1: Summary of the results obtained in the studies as described in this thesis. 
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Impact of apoptosis in colorectal cancer 

The study on the impact of epithelial and stromal apoptosis in the tumour tissue on the 

clinical outcome of CRC patients is described in chapter 2. The total caspase-3 activity in the 

tumour was found to correlate with disease progression. This was mainly due to stromal 

apoptosis, as represented by a reduction in stromal apototic cells in the upper panel of Figure 

1. In addition, stromal apoptosis was the most predictive apoptotic factor in CRC, in contrast 

to epithelial apoptosis, and independent of other factors, like disease stage, gender or age. 

Many other studies already described the importance of the stromal compartent in CRC 
3-6

. 

Our study showed that stromal cell apoptosis can be added to the important signalling 

pathways in the cancer-associated stroma. The importance of stromal apoptosis in CRC might 

also explain why not all studies investigating apoptosis in CRC report similar results 
7
, as 

detection techniques for apoptotis can differ in specificity for stromal and/or epithelial cells 
8
.  

The significance of cell death products in the circulation of CRC patients was also 

investigated, as described in chapter 3. Cytokeratin18 (CK18) and M30 antigen levels, the 

caspase-generated breakdown product of CK18, were determined in the plasma of CRC 

patients by specific ELISAs. and were most likely elevated by the presence of the tumour. In 

addition, M30 antigen and CK18 levels were significantly higher in patients with progressed 

disease (Dukes’ C and D compared with Dukes’ A and B), indicated by the apoptotic 

products in the circulation in the upper panel of Figure 1. Moreover, M30 antigen levels in 

the circulation were of significance for the patient’s disease-free survival. Also the 

M30/CK18 ratio in the circulation of CRC patients, indicative of the balance between 

apoptosis and necrosis, was found to be of prognostic significance for the patient’s disease-

free survival. Low ratios, indicating more necrosis over apoptosis, might be indicative of 

hypoxic conditions within the tumour and were associated with a worse prognosis. Since 

hypoxic tumours are generally more resistant to most treatments, the M30/CK18 ratio might 

be used to select patients for specific treatment. The post-operative levels of M30 antigen and 

M30/CK18 ratios in the plasma of CRC patients, i.e., after surgical resection of the tumour, 

were also of prognostic significance for the patient’s disease-free survival, without being 

affected by treatment. Therefore, the detection of M30 and CK18 levels in the circulation of 

CRC patients might be useful for the selection of treatment and for the patient’s follow-up 

after surgery, although larger studies are needed to confirm this hypothesis.  
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The effects of 5-ASA on CRC apoptosis and cell death  

The effect of 5-ASA on CRC cell proliferation and growth was investigated as 

reported in chapter 4. 5-ASA was found to reduce proliferation of several CRC cell lines in 

vitro by interfering in the cell cycle progression. As a consequence CRC cells died via 

apoptotic processes and mitotic catastrophe at later time-points. The induction of apoptosis 

was determined by M30-immunohistochemistry, M30 and CK18 ELISAs and Annexin V/PI 

flow cytometry analysis. 5-ASA was also found to cause necrotic death of CRC cells at high 

concentrations. The effects of 5-ASA were found not only to be dependent on the 

concentration but also on the dosage, i.e., the amount, of 5-ASA per cell, which might be 

very relevant for the extrapolation of the data to the in vivo situation. Further studies with 

additional techniques, as described in chapter 5, revealed that 5-ASA can induce cell death 

in a both caspase and caspase-independent manner in vitro, indicating both apoptotic and 

non-apoptotic cell death. Moreover, we found that 5-ASA has the ability to induce apoptosis 

in CRC cells in vivo, as determined by an increase in caspase-3 activity on CRC biopsy 

material before and after 14 days of 5-ASA enema treatment. The increase of caspase-3 

activity was not accompanied by an increase of M30 antigen, indicating that there was an 

increase of total apoptosis in the CRC biopsies but not in epithelial apoptosis, suggesting 

induction of stromal cell apoptosis. Immunohistochemistry with the M30 antibody on 

formalin-fixed paraffin imbedded tissue of the CRC biopsies of these patients to confirm 

absence of epithelial apoptosis, unfortunately did not give results to really quantify the level 

of apoptosis in these biopsies, as reported by others 
9
. The M30 staining did perform well, 

however, on formalin-fixed paraffin imbedded resected CRC tissues (chapter 2, Figure 1). 

The simultaneous decrease in CK18 levels in post-5-ASA biopsies, implicating a loss of 

epithelial cell content due to 5-ASA treatment, could well be the result of a fast induction of 

epithelial cell apoptosis, or the induction of other cell death pathways, like necrosis or mitotic 

catastrophe, as described to be induced by 5-ASA treatment of CRC cells in vitro. All these 

effects of 5-ASA treatment are indicated by the upper right panel of Figure 1. These results 

are somewhat different from earlier work of our group on the apoptosis inducing effects by 5-

ASA in CRC in vivo, showing a specific induction of tumour epithelial apoptosis by 5-ASA 

10
. Actually, the biopsies of the same patients as described in the earlier study were also 

included in the assessments as described in chapter 5 but showed no obvious increase in 

M30 antigen expression. Apoptotic stromal cells could also have been mistakenly identified 

as apoptotic epithelial cells in the earlier study, since we have found an induction of apoptosis 

most likely to be initiated in the stromal compartment. Moreover, if we extrapolate the 
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induction of mitotic catastrophe by 5-ASA in CRC cells in vitro to the in vivo experiments, 

these mitotic catastrophy cells could have been present in the biopsy material after 5-ASA 

treatment and easily been mistaken for apoptotic cells, thereby responsible for the 

discrepancies found between the studies. Nevertheless, altogether these studies show an anti-

cancer effect of 5-ASA treatment in vivo, i.e., the induction of CRC cell death, which was the 

primary aim of the studies. 

 

Other anti-CRC effects of 5-ASA 

The transforming growth factor-β (TGF-β) pathway plays a dualistic role in cancer, 

being both tumour suppressor and tumour promotor 
11

. Therefore, the regulatory effects of 5-

ASA on this important TGF-β pathway in CRC was also evaluated, as reported in chapter 6. 

Hyperactivation of the TGF-β pathway, by mutations in important genes, and overexpression 

of TGF-β, contributes to the progression of CRC and therefore the treatment of CRC, and 

cancer in general, with TGF-β inhibitors is believed to hold a great promise 
12

. 5-ASA was 

found to exert an inhibitory effect on the TGF-β pathway in CRC cell lines, as well as in 

normal colorectal and CRC-associated fibroblast cultures, when stimulated by the addition of 

exogenous TGF-β1. 5-ASA treatment had no effect on the basal TGF-β1 signalling of these 

cells. 5-ASA also reduced the TGF-β-induced trans-differentiation of fibroblasts into 

myofibroblasts, as indicated by a reduced myofibroblast content in the tumour in the upper 

right panel of Figure 1. The inhibitory effects of 5-ASA were only found on the 

(over)stimulated TGF-β signalling, simulating a progressing CRC, and at a relatively high 5-

ASA concentration (≥ 20 mM), which is only achieved in the lumen of the colorectal area 

upon treatment with coated tablets and/or enemas. Moreover, the effect was specific as there 

was virtually no effect on the (over)stimulated and closely related bone morphogenetic 

protein (BMP) pathway. Treatment of CRC patients with 5-ASA could therefore be a very 

good strategy to inhibit TGF-β signalling in CRC, thereby inhibiting tumour progression. The 

effects of 5-ASA on the TGF-β pathway in the CRC patients still need to be confirmed in 

CRC patients in vivo. We tried to evaluate the activity of the TGF-β pathway in the CRC 

tissue of the patients described in chapter 5, but unfortunately it was too difficult to evaluate 

the immunohistochemical staining for PAI-1 or phosphorylated Smad 3 in the biopsies 

obtained before and after 5-ASA treatment. Both stromal and epithelial cells can express 

PAI-1 in CRC 
13, 14

, and therefore the total levels of PAI-1 are influenced by the composition 

of the different cell types within the biopsy. The results of that study strongly suggest that 5-
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ASA altered the make-up of the cells within the tumour. Therefore, determination of PAI-1 

levels in the biopsy homogenates by ELISA, could not be used to conclude anything about 

the effects of 5-ASA on the TGF-β pathway in vivo.  

 

5-ASA is a chemopreventive agent in colitis-associated colorectal cancer 

As a proof of concept study animal experiments were performed aimed at determining 

the chemopreventive effect of 5-ASA, i.e., the ability to prevent the development of CRC, the 

results of which are described in chapter 7. This has been studied before by others in the 

Apc
min

 mouse model 
15, 16

, which is not a really good model because these animals  mainly 

develop adenomas in the small intestine and very early in life, and almost no CRC. The 

generation of a novel sporadic CRC mouse model by Cre-Lox technology: 

FabplCre;Apc
15lox/+ 

(Robanus-Maandag et al., manuscript in preparation), allowed us to 

investigate 5-ASA chemoprevention in a proper animal model. Remarkably, 5-ASA was not 

able to prevent the development of sporadic CRC in these FabplCre;Apc
15lox/+ 

mice. However, 

introduction of colonic inflammation in these FabplCre;Apc
15lox/+ 

mice, by the administration 

of DSS in the drinking water, accelerated colorectal tumorigenesis creating a well suited 

colitis-associated CRC model. Impressively, 5-ASA was able to reduce the development of 

these colitis-associated colorectal tumors by 50 %, confirming epidemiological data of human 

studies on IBD-related CRC (chapter 1). The reduction of colitis-associated colorectal 

tumours was accompanied by a reduction of proliferation in these tumours. In contrast,  no 

effect was seen on apoptosis or on proliferation of sporadic colorectal tumours in these 

FabplCre;Apc
15lox/+ 

mice, quite unexpected, when compared with our in vitro and human in 

vivo experiments. The absence of effect on cell proliferation and apoptosis in these sporadic 

tumours correlated well with the lack of effect on the number of these tumours. Perhaps a 

longer 5-ASA treatment on larger/more progressed tumours in these FabplCre;Apc
15lox/+

 mice 

could have had an anti-proliferative and/or apoptosis, but that was not studied. These mouse 

experiments did show and confirm, however, that chronic 5-ASA treatment interferes in the 

colitis-induced colorectal carcinogenesis, in line with the epidemiological data in 

inflammatory bowel disease 
17

.  

 

Potential of 5-ASA as neo-adjuvant drug 

Based on the compelling evidence of inhibitory proliferation and apoptosis/cell death 

inducing effects, in combination with the inhibitory effects on the CRC-progression TGF-β 

pathway (chapters 4, 5 and 6), there might be a rationale for CRC treatment with 5-ASA. 



Summarizing discussion 

 165 

The feasibility of treating CRC patients with 5-ASA medication largely depends on the 

interference of the 5-ASA treatment with conventional treatment strategies, with proven 

efficacy, that are already applied to the patients, e.g, radiation therapy (RT). Therefore the 

influence of 5-ASA treatment on the effect of RT on CRC cells in vitro was investigated. 5-

ASA treatment shortly before or during RT was found to have an inhibitory effect on the 

ability of RT to reduce CRC cell survival (chapter 8). These findings indicate that 5-ASA 

acts as a radio-protector and should not be applied to the patient during or shortly before RT. 

Because of the observation that the radio-protective effect of 5-ASA treatment is lost when 

CRC cells are left untreated for 24 hours and then exposed to RT, 5-ASA medication could 

potentially be used in a neoadjuvant treatment strategy for CRC, although within a limited 

time-frame.  

 

Conclusions 

The animal model described in this thesis shows that chronic administration of 5-ASA 

has the ability to prevent colitis-associated colorectal cancer development, confirming 

epidemiological data on 5-ASA medication in IBD patients. The diverse studies on human 

cells and tissues illustrate that 5-ASA holds a great promise for the treatment of colorectal 

cancer, by exerting cancer cell growth inhibition, anti-tumour progression and cell death 

inducing effects, and thus deserves to be considered for implemention in a future treatment 

strategy for CRC. Furthermore, determination of cell death products in tumour tissue and the 

circulation of CRC patients, and the assessment of stromal apoptosis within the tumour, 

might constitute relevant selection criteria for additional treatment and follow-up of CRC 

patients. 
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