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CHAPTER 1

General introduction 
and outline of this thesis
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MOLECULAR AND BIOLOGICAL INTERACTIONS IN COLORECTAL CANCER

General introduction
Cancer of the large bowel (colorectal cancer) includes all cancer originating from the cecum to 
the anus. Colorectal cancer can be subdivided in colon cancer, which ranges from caecum to 
the sigmoid (approximately 15 cm above the anal verge), and rectal cancer, that ranges from the 
recto-sigmoid to the anus. Rectal cancer constitutes approximately 25% of all colorectal cancers. 
In the year 2000, colorectal cancer was ranked the third most common form of cancer world-
wide in terms of incidence. An estimated 300.000 new cases of colorectal cancer are diagnosed 
each year in Europe, accounting for 8% of all malignant tumors in adults1. In the Netherlands, 
yearly approximately 8600 new cases of colorectal cancer are diagnosed and colorectal cancer 
accounts for 4500 deaths each year2. High incidence rates are found in western world popula-
tions, i.e. Western Europe, North America, and Australia. The lowest rates of colorectal cancer 
are found in the sub-Saharan Africa, South America and Asia, but are increasing in countries 
adopting western life-style and dietary habits3.

Aetiology and risk factors
Colorectal cancer most commonly occurs sporadically and is inherited in only 5% of the cases. 
Studies on migrants suggest that colorectal cancer is determined largely by environmental ex-
posure4. Diet is the most important exogenous factor in the aetiology of colorectal cancer. The 
substantial differences in incidence of colorectal cancer between western world and developing 
countries can be explained by a high fiber and low fat containing diet in developing countries5,6 
compared with increasing intake of fat and alcohol in western countries7. 

Genetic background of colorectal cancer
The majority of colorectal cancers develop from benign pre-neoplastic lesions: the adenoma-
tous polyps or adenomas. Progression from a benign adenoma to a malignant carcinoma passes 
through a series of well-defined histological stages, which is referred to as the adenoma-carci-
noma sequence8.
Two major mechanisms of genomic instability have been identified that give rise to colorectal 
carcinoma development and progression: chromosomal instability (CIN) and microsatellite 
instability (MIN). CIN is associated with a series of genetic changes that involve the activation 
of oncogenes as k-ras and inactivation of tumor suppressor genes as p53, DCC/SMAD4 and 
APC9-11 and contributes predominantly to carcinogenesis in the distal segments of the colorec-
tum. Familial Adenomatous Polyposis represents the hereditary syndrome dealing with APC 
mutation12,13. Mutations in DNA mismatch repair (MMR) genes result in a failure to repair 
errors that occur during DNA replication in repetitive sequences (microsatellites), resulting 
in an accumulation of frameshift mutations in genes that contain microsatellites. This fail-
ure leads to MIN type of tumor and is the hallmark of hereditary non-polyposis colorectal 
cancer (HNPCC)14. MIN is also found in 12-15% of sporadic colorectal cancers. In addition 
to the genetic disparity of CIN and MIN, MIN tumors are more frequently right-sided and 
poorly differentiated, and more often display unusual histologic type (mucinous), and marked 
peritumoral and intratumoral lymphocytic infiltration15. Finally, MIN colorectal carcinomas 
have been associated with a more favorable clinical outcome and do not benefit from adjuvant 
chemotherapy16-18.
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GENERAL INTRODUCTION AND OUTLINE OF THIS THESIS

Treatment of colon and rectal cancer
The overall treatment strategy for colon cancer consists of surgical resection of the primary 
tumor and regional lymph nodes by a hemi-colectomy, comprising resection of a proportion 
of the colon and the surrounding mesocolon including the draining veins. Recently the use of 
laparoscopy in resection of colon cancer was successfully evaluated in a randomized clinical 
study19. Since the late 1980s the role of adjuvant chemotherapy has become increasingly im-
portant. A significant improvement in survival has been observed by the addition of 5-Fluoro-
Uracil with Leukovorin (5-FU/LV) to surgical resection20. Recently the addition of Oxaliplatin 
to 5FU-containing regimens has become the standard treatment of high risk stage II (patients 
without lymph node metastases, but with a tumor that invades the serosa of the bowel or ad-
jacent structures) and stage III (lymph node positive) colon cancer patients21. The addition of 
monoclonal antibodies as bevacizumab and cetuximab to adjuvant treatment is currently under 
investigation22,23.
The primary treatment of rectal cancer is surgical resection of the primary tumor by total 
mesorectal excision (TME). TME consists of sharp dissection of the mesorectum between vis-
ceral and parietal pelvic fascia, which generally allows tumor-free margins to be achieved and 
simultaneously allows the reduction of sexual and urinary dysfunction24. TME is now generally 
accepted as standard procedure, at least for lower rectal cancer, and is performed in the major-
ity of European countries. Several reports have been published showing a low local recurrence 
rate after TME surgery as compared to the blunt dissection for rectal cancer25-28. Due to their 
pelvic location, preoperative radiation therapy is indicated in rectal tumors leading to less lo-
cal recurrences29-31. The evidence that the addition of chemotherapy to preoperative radio-
therapy improves local control of tumor growth in locally advanced rectal cancer has recently 
been shown in two randomized studies32,33. Local recurrence was reduced from 17.1% to 8.7%, 
although in the first results no significant differences in overall 5-year survival were found33. 
Both trials demonstrated an increase in toxicity in the combined modality arm. It is therefore 
important to select only patients at risk for a positive resection margin for chemoradiotherapy 
as it is expected that only these patients will benefit.
As stated before, the introduction of TME surgery and the addition of preoperative (chemo-) 
radiotherapy has led to a drastic reduction in local recurrences in rectal cancer33-36. However, 
despite the improved local control, distant tumor recurrences still cause substantial mortality 
and overall survival has remained unaffected29. Several studies have been undertaken to in-
vestigate the role of systemic chemotherapy. Taal et al. randomized patients with stage II or III 
colorectal cancer between surgery followed by 5-FU/levamisole and surgery alone37. No benefi-
cial effect was found for the addition of chemotherapy in patients with rectal cancer. This was 
probably due to the high percentages of local recurrences (22%) in this study as patients were 
treated by conventional surgery instead of TME38. The addition of systemic chemotherapy to 
preoperative radiotherapy as treatment of rectal carcinoma is currently being investigated in 
several clinical trials. The effects of chemotherapy on distant recurrence and patient survival in 
rectal cancer have to be awaited.
When considering patients with colorectal cancer, oncologists and surgeons typically differ-
entiate colon from rectal tumors on the basis of their location within the peritoneal cavity and 
the pelvis, respectively. However, the transition of sigmoid colon into rectum, is not clearly 



4

MOLECULAR AND BIOLOGICAL INTERACTIONS IN COLORECTAL CANCER

defined. Distinction between colon and rectum is made on the basis of location of the organ to 
the level of the third sacral vertebra, 10 to 15 cm proximal of the anorectal line. Determination 
of the location of a tumor is made by coloscopy/MRI/clinical assessment. Due to the flexible 
and distensible nature of the bowel, determination of the location is notoriously imprecise. As 
described above, the clinical consequences of allocation of a tumor to the colon or the rectum 
are substantial as this will determine the type of surgery that is performed and whether or not 
preoperative (chemo) radiotherapy or adjuvant chemotherapy will be administered.

Biological markers in colorectal cancer
Currently, colorectal cancer is considered a relatively homogeneous disease, which should be 
treated according to tumor location in the bowel. However, recent advances in molecular bio-
logical studies to colorectal cancer may challenge this concept; from a molecular viewpoint, 
there is increasing evidence that tumors located in the distal colorectum represent a distinct 
entity, with specific clinical and pathological characteristics39. Tumors originating in the distal 
colorectum have been proposed to arise and progress by pathways distinct from the originating 
in the proximal colon. The molecular mechanisms giving rise to a tumor are likely to influence 
its clinical behavior40. Rather than focusing on tumor location and tumor staging to allocate 
patients to treatment, the current thesis investigates and describes molecular markers that in-
fluence the clinical behavior of colorectal cancers as local and distant recurrence of tumors and 
patient survival.
By assessing markers that influence cell motility (chapter 2), that allow tumor cells to escape 
apoptosis (chapter 3 and 4) and that allow unregulated production of growth-stimulating com-
pounds (chapter 5) we have set out to construct a model in which an accurate prediction of 
clinical behavior and response to treatment can be made. Ultimately, by combining tumor bio-
logical markers with characteristics that can be assessed by preoperative radiological imaging, 
as tumor location, circumferential margin41 and lymph node status42, clinical behavior of the 
tumor can be predicted enabling patients to receive a tailor-cut treatment suited to optimally 
treat their disease. Biological markers derived from molecular mechanisms of tumor growth 
that were studied in this thesis will now be discussed in more detail.

Regulation of cell motility
Invasion of cancer cells into surrounding tissues is an important denominator of clinical behav-
ior of cancers. The loss of adhesion of epithelial cells from its surrounding environment is an 
important step in promoting tumor cell migration, invasion and metastasis. Regulatory 
mechanisms of cell motility are critical in this process. Key factors are the non-receptor ki-
nase proteins. The non-receptor protein tyrosine focal adhesion kinase (FAK) is localized at 
integrin-enriched cell adhesion sites (focal adhesions) and acts as an integrator of several sig-
naling pathways regulating cell motility (illustrated in Figure 1)43. These signaling pathways 
include growth factor stimuli, and signaling through interaction between integrins and ex-
tracellular matrix proteins44. Autophosphorylation of FAK occurs in response to integrin or 
growth factor receptor engagement and creates a binding site for the Src family of protein 
tyrosine kinases45. The FAK-Src kinase complex subsequently mediates the phosphorylation of 
several focal adhesion-associated proteins including the scaffolding molecule paxillin46,47. Pax-
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illin recruits other signaling molecules to adhesion sites and, thereby, indirectly regulates the 
dynamic organization of the actin cytoskeleton during the process of cell migration48. FAK-, 
Src- and paxillin-transduced signals control cellular processes such as migration, invasion49,50 
and anchorage independent growth51. These processes are vital to cell motility and the ability 
of tumor cells to metastasize. The association between the molecules FAK, Src and paxillin 
and the impact of these molecules on the clinical behavior of colorectal cancer will be further 
dicussed in this thesis. 

Figure 1
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Apoptosis
Apoptosis, or programmed cell death, is important in maintaining homeostasis in tissues dur-
ing growth and development52. Deregulation of apoptosis is considered to be one of the funda-
mental hallmarks of cancer53. Under normal conditions processes as maturation and defects in 
several processes as DNA repair, DNA-damage checkpoint function, and telomere maintenance, 
may result in apoptosis. The induction of apoptosis in cells is closely regulated by pro-apoptotic 
(BAX, BAC) and anti-apoptotic proteins (Bcl-2, Survivin). Higher organisms have developed 
a second, extrinsic apoptosis pathway that is triggered by activation of the cell surface death 
receptor Fas by cytotoxic immune cells. Activation of the extrinsic pathway leads to cleavage 
and activation of initiator caspase 8 and 10, which in turn cleave and activate effector caspases 3, 
6, and 7, resulting in apoptosis. In the intrinsic (mitochondrial) pathway, proapoptotic proteins 
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results in a net increase of free cytosolic cytochrome c. Once released, cytochrome c interacts 
with apoptosis-activating factor-1 (Apaf-1), adenosine triphosphate, and procaspase 9 to form 
the apoptosome. The apoptosome activates caspase 9, which leads to caspases 3, 6, and 7 activ-
ity, thus stimulating apoptosis54,55. Both apoptosis pathways are visualized in figure 2. 

Figure 2
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Central to the regulation of apoptosis in colorectal cancer are the tumor suppressor proteins 
APC and p53. It is therefore not surprising that APC and p53 are inactivated in approximately 
80%56 of colorectal cancers, whereas genes involved in the suppression of apoptosis as Bcl-2 
and survivin are often highly expressed57. Many publications have evaluated the value of ap-
optosis-relevant genes in predicting clinical behavior and response to treatment in colorectal 
cancer, but no clear-cut pattern has emerged58. In the current thesis the reasons for the lack of 
a clear relationship between levels of proteins involved in apoptosis and clinical response will 
be further discussed.

COX-2
Multiple lines of evidence support a protective effect of non-steroidal anti-inflammatory drugs 
(NSAIDs, e.g., aspirin, indomethacin, ibuprofen, piroxicam, sulindac) against development 
and growth of colorectal cancer59,60. Extensive experimental and clinical research has provided 
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convincing data that NSAIDs and selective cyclooxygenase-2 (COX-2) inhibitors have sub-
stantial anti-carcinogenic effects in colorectal cancer61-65. Potential mechanisms by which the 
traditional NSAIDs are chemopreventive include: inhibition of procarcinogen activation and 
carcinogen formation66, tumor cell invasion and metastasis66, and tumor angiogenesis67, as well 
as the induction of tumor cell apoptosis68 and stimulation of immune surveillance69. 
NSAIDs are generally perceived to function by interfering with the cyclooxygenase pathway 
by temporarily blocking the attachment site for arachidonic acid (AA) on the COX enzyme 
(figure 3). Several COX isoforms exist. COX-1 is constitutively expressed in different cell types 
and is considered to be mainly associated with the production of prostaglandins (PGs) under 
normal physiological conditions. In contrast, COX-2 is induced by cytokines, growth factors 
and free radicals and is expressed in inflammatory cells. Both COX isoforms are responsible 
for the production of different types of PGs, tromboxane and  leukotriens70-72. A large body 
of evidence suggests that the antineoplastic activities of NSAIDs are independent of COX-1 or 
COX-2: NSAIDs sulindac and piroxicam decreased proliferation and increased apoptosis in 
colon cancer cell lines that have no detectable COX activity73. Aspirin has well-documented 
non-COX effects, including inducing of apoptosis by inhibition of nuclear factor κB (NF-κB) 
activation74. More recently, induction of apoptosis by sulindac has shown to be mediated by 
polyamines as PPARγ, demonstrating direct gene transcriptional effects75. The COX-2 inde-
pendent effects of NSAIDs and their potential value in the treatment of cancer will be further 
discussed in this thesis.
COX-2 activity is regulated by several mechanisms in human cancer. The COX-2 enzyme is 
induced in response to growth factors like tumor necrosis factor α (TNFα), endotoxins, cy-
tokines, products of oncogenes (β-catenin and the Wnt-signalling pathway76) interleukins (IL-
1β) and interferon γ (IFNγ)60,77,78. Upon binding of the previously mentioned factors to the 
promoter region of COX-2 the activation of I-κB kinases (IKKs) and subsequent activation of 
NF-κB79 is induced, leading to active transcription of the COX-2 gene and other pro-inflam-
matory genes80. Overexpression of the COX-2 protein occurs in approximately 70% of color-
ectal cancers81 and is likely to be mediated through a combination of the previously described 
mechanisms; however, the clinical consequences of overexpression of COX-2 and treatment of 
cancer with COX-2 inhibitors remain debated and will be discussed in this thesis.

COX-2 inhibition in the clinical practice
Preclinical data using COX-2 inhibitors for the prevention and treatment of cancer showed en-
couraging results60,82-84. The convincing epidemiological and preclinical data were followed by 
a chemoprevention trial. The effects of celecoxib 800mg per day were studied in a double blind, 
placebo-controlled study in patients with familial adenomatous polyposis (FAP). Patients in 
the celecoxib arm of the study had a significant reduction in the number of colorectal polyps 
after 6 months of treatment as compared to the placebo arm of the study85. This study led to the 
registration of celecoxib as an oral adjunct to the usual care of FAP. Several studies evaluating 
the long term beneficial effects of COX-2 inhibitors on the prevention of colorectal adenoma’s 
were started86,87. Two randomized, placebo-controlled phase III European trials were started 
evaluating the effectiveness of the COX-2 inhibitors rofecoxib (the VICTOR study: VIOXX in 
Colorectal Therapy, definition of Optimal Regime) and celecoxib (the ACTION study: Adju-
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vant Celecoxib Treatment in Oncology). The ACTION study was coordinated by the depart-
ment of Surgery of the Leiden University Medical Center. The trial was designed to randomize 
patients with a stage II or III colon cancer between celecoxib 800mg/day and placebo for three 
years to improve overall survival and decrease the number of new primary tumors and polyps 
in patients. The inclusion criteria were later narrowed to stage III patients after the decision to 
conduct the study through the EORTC (European Organisation for Research and Treatment of 
Cancer) datacenter and more specifically, the PETACC organisation (Pan-European Trials in 
Adjuvant Colon Cancer). The PETACC organisation was at that time conducting a study with 
stage II patients and did not allow competing trials. The VICTOR trial was conducted in Eng-
land and randomized patients with a stage II or III colorectal cancer to rofecoxib 25 or 50 mg 
daily or placebo. Both trials were, however, terminated before patient inclusion was completed. 
The reasons for termination of the trials will be extensively discussed in the discussion of chap-
ter 9 of this thesis. Though the ACTION trial was prematurely ended, supportive translational 
research to COX-2 led to a number of articles in the current thesis and will be discussed in the 
next chapters. 

Figure 3
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Outline of this thesis
The aim of the current thesis was to evaluate the impact of tumor biological markers on clinical 
behavior, in order to enable development of tailor-made treatment strategies. The thesis focuses 
specifically on regulators of cell motility (FAK, Src and paxillin), apoptosis (M30 and caspase-
3) and COX-2 pathways. In addition, the effects of the use of selective COX-2 inhibitors are 
studied in a rat model for colorectal cancer.
Chapter 2 describes the expression of regulators of cell motility in primary colorectal cancers 
and liver metastases. Several preclinical studies have implicated FAK, Src and paxillin to in-
crease the metastatic potential of colorectal cancer. This chapter provides, for the first time, 
information on the prognostic value of FAK, Src and paxillin in colorectal cancer.
A large body of evidence suggests that the development of rectal and colon cancers may in-
volve different mechanisms and results in different clinical behavior. Chapter 3 and Chapter 
4 describe the impact of tumor cell apoptosis on clinical tumor behavior in colorectal (Chap-
ter 3) and rectal cancer (Chapter 4) and show that patients can be selected by preoperative 
determination of the level of apoptosis in tumors in which preoperative radiotherapy may be 
redundant.
In Chapter 5 cyclooxygenase-2 (COX-2) expression in tumors of rectal cancer patients from the 
Dutch TME trial was evaluated. Results from this study indicated that upregulation of COX-2 
expression can occur after radiotherapy and this suggests that the addition of COX-2 inhibi-
tors to the treatment of rectal cancer could improve patient prognosis. Chapter 6 describes the 
results from an experimental study in which the effect of COX-2 inhibitors on a rat model for 
colorectal liver metastases was evaluated. Chapter 7 describes side effects of COX-2 inhibition 
when combined with tumor treatment by radio frequency ablation in the same rat model. An 
overall summary and discussion of the data presented in this thesis are provided in Chap-
ter  8.
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Abstract

The protein tyrosine kinase Focal Adhesion Kinase (FAK) and Src in association with phospho-
rylation of the adapter protein paxillin are essential in tumor metastasis formation. Elevated 
levels of FAK, Src and paxillin may increase the metastatic potential of primary colorectal tumor 
cells. The aim of the current study was to examine the expression of FAK, Src, and paxillin using 
immunohistochemistry in the context of disease progression and to evaluate its clinical signifi-
cance as a prognostic factor.
The impact of FAK, Src and paxillin levels on colorectal cancer progression was evaluated by 
immunohistochemistry in 104 primary colorectal cancer specimens with clinical follow up. In 
addition, FAK, Src and paxillin expression levels were quantified in 68 primary colorectal tumors 
and corresponding liver metastases.
FAK and paxillin expression individually did not significantly impact time to recurrence (p=0.09, 
and p=0.89 respectively). Src expression was associated with tumor recurrence p=0.03. However, 
tumors that expressed both high FAK and Src levels had a significant shorter time to recurrence 
(p=0.004, hazard ratio: 2.98, 95% CI 1.14-6.31). FAK, Src and paxillin showed equivalent levels in 
corresponding liver metastases compared to the primary tumors (p=0.67, p=0.28 and p=0.34 
respectively). 
These findings show that high levels of FAK and Src combined were predictive for recurrence 
of colorectal cancer. In addition, expression of FAK, Src and paxillin in primary colorectal cancer 
were maintained in corresponding distant metastases. 
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Introduction

Tumor cell metastasis involves several steps including detachment, migration and invasion. 
These processes are tightly regulated by protein tyrosine kinase activity downstream of in-
tegrin-mediated cell adhesion. The non-receptor protein tyrosine focal adhesion kinase (FAK) 
is localized at integrin-enriched cell adhesion sites (focal adhesions) and acts as an integrator 
of several signaling pathways regulating cell motility1. These signaling pathways include growth 
factor signaling, mechanical stimuli and biochemical signaling through interaction between 
integrins and extracellular matrix proteins2. Autophosphorylation of FAK occurs in response 
to integrin engagement and creates a binding site for the Src family of protein tyrosine kinases3. 
The FAK-Src kinase complex subsequently mediates the phosphorylation of several focal adhe-
sion-associated proteins including the scaffolding molecules paxillin4. Paxillin recruits other 
signaling molecules to adhesion sites and, thereby, indirectly regulates the dynamic organiza-
tion of the actin cytoskeleton during the process of cell migration5. FAK-, Src- and paxillin-
transduced signals control cellular processes such as migration, invasion6,7 and anchorage in-
dependent growth8, processes vital for cell motility and the ability of tumor cells to metastasize. 
Previous studies in laboratory animals indicate a direct role for both FAK and Src in tumor 
development as well as disease progression, i.e. metastasis formation6. 
Increased expression of FAK, Src and paxillin has been reported in several malignancies in-
cluding breast9,10, head and neck11, colorectal cancer12,13, and in colorectal liver metastases14. 
Elevated levels of FAK expression in metastases as compared to the primary tumor have been 
described13,15, but these observations are not consistent16,17. The prognostic value of FAK levels 
has been established in several malignancies18-21, but remains debated in colorectal cancer22. 
Increased Src expression is associated with malignant disease and poor patient prognosis in 
colorectal cancer23. Given the direct functional relationship between FAK, Src and downstream 
substrates such as paxillin, in the biological process of cell migration, the aim of the current 
study was to examine the clinical impact of FAK, Src and paxillin expression in colorectal can-
cer using immunohistochemistry.

Material and Methods

Patients and tumors
Randomly selected, formalin-fixed, paraffin-embedded archival tissue tumor samples were 
obtained from the tissue archives of the Leiden University Medical Center. Analyses were per-
formed in two separate groups of patients. The study population consisted of 2 panels of patho-
logical material: For survival analyses with FAK, Src and paxillin a randomly selected group of 
104 stage II and III patients with colorectal cancer was used. These patients underwent curative 
resection of their tumor with available clinical follow up. For analyses of FAK, Src and paxillin 
expression in matched tissue samples of primary colorectal tumors and corresponding syn-
chronous and metachronous liver metastases a group of 68 selected patients was used. All pa-
tients underwent surgery at Leiden University Medical Center between 1980 and 1992. Patient 
follow-up was derived from hospital files. Clinical follow-up included physical examination, 
chest X-ray, hematology, blood chemistry and screening for tumor marker CEA. Abdominal 
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and pelvic computed tomographic scans and colonoscopies were performed when indicated. 
The study was performed according to the Dutch medical ethical regulations for good clinical 
practice. Patients did not receive pre- or post operative chemo- or radiotherapy for their pri-
mary tumor or metastases.

Figure 1

A B

C

Figure 1  Immunohistochemical staining patterns 

of FAK, Src and paxillin. Tumor specimens were 

immunohistochemically stained with antibodies 

against FAK (Fig. 1A), Src (Fig 1B), or paxillin (Fig. 

1C.) as described in Materials and Methods. 

Pictures were taken at 40 times magnification.

Immunohistochemistry
Paraffin-embedded archival tissue sections of 4 µm were prepared on aminopropylethoxysilane 
(APES) coated slides, dried overnight at 37°C, deparaffinized in xylol and subsequently rinsed 
in ethanol. Endogenous peroxidase was blocked by 0.3% hydrogen peroxide in methanol for 
20 min. After immersion in alcohol the sections were rehydrated. Antigen retrieval was per-
formed for FAK and Src IHC stainings by boiling the sections in 10 mM EDTA solution (pH 
6.0) for 10 min, cooling them for 2 hr, and washing them in demiwater and PBS (pH 7.4). For 
paxillin staining antigen retrieval was performed by incubation for 30 min. in freshly prepared, 
preheated trypsin solution (0,5 gram 0.1% Trypsin (Sigma T-7409) with 0,5 gram CaCl2 (anhy-
drous) (pH: 7,4), demineralised water was added to a total volume of 500ml) at 37°C in water 
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bath, after which slides were thoroughly washed in demineralised water and transferred to PBS. 
Sections were incubated overnight at room temperature with monoclonal antibodies against 
human FAK (Mouse anti-FAK clone 77: 1:100, BD Biosciences, Alphen a/d Rijn, The Nether-
lands), Src (Mouse anti-Src clone GD11: 1:35, Upstate, Waltham, MA, USA) or paxillin (Mouse 
anti-paxillin clone 349: 1:25, BD Biosciences, Alphen a/d Rijn, The Netherlands) in PBS with 
1% BSA (PBS/BSA). After three washing steps in PBS, sections were incubated for 30 min with 
Envision (DAKO, Denmark). The sections were then washed in PBS, rinsed in 0.05M Tris/HCl-
buffer (ph 7.6) and developed in 3.3 diaminobenzidine tetrahydrochloride (DAB) with 0.002% 
hydrogen-peroxide for 10 min, which results in a brown signal. Sections were counterstained 
with haematoxylin, dehydrated with ethanol, cleared in xylene and mounted with pertex. To 
avoid inter-assay variability, all slides were stained in one batch.

Analysis of staining patterns
FAK, Src and paxillin staining was scored under light microscopy, blinded for tumor number 
and clinical outcome using a scoring system by Lark et al.17 that measured relative intensity of 
antibody expression: 0, none; 1, borderline/weak; 2, moderate; 3, strong expression. In addition, 
cellular localisation (cytoplasm and nucleus) and the percentage of positive cells was evaluated. 
All slides were double-blindly scored by an independent observer (M.K.) and the results were 
subsequently validated by an independent pathologist (H.M.). The degree of FAK, Src and pax-
illin expression in tumor specimens was determined by multiplying intensity of staining (0, 1, 2, 
or 3) with percentage of positive cells/100 resulting in a continuous score from 0 to 3. In order to 
assess the impact of FAK, Src and paxillin expression level on patient survival and tumor recur-
rence and for correlations with clinical parameters, the score of the degree of expression was 
empirically dichotomized at the median, comparing the survival of patients whose levels were 
above the median (high expression levels) to those below the median (low expression levels). 
Of the 104 primary tumor specimens stained for FAK, Src and paxillin expression respectively 
10, 3, and 9 tumors were not assessable. Of the 68 primary liver tumors and corresponding liver 
metastases stained for FAK, Src and paxillin expression respectively 3, 2 and 2 tumors were not 
assessable, due to technical failures, unavailability of tumor material or excessive tumor necro-
sis. One patient was lost to follow-up; due to relocation to another hospital where patient files 
were deleted after 10 years.

Statistical analyses
Statistical analysis between groups was performed using the Pearson’s 2 test and McNemar-
Bowker test. Correlations between continuous variables were evaluated using Spearman rank 
correlation test, one way anova, or student’s T-test. For survival analysis grouping with FAK, 
Src or paxillin expression, Kaplan-Meier analysis was used and differences between the survival 
curves were analysed using the log-rank test. Events for time to recurrence, disease-free and 
overall survival were defined as follows: time from surgical resection to disease relapse, time 
from surgical resection to disease relapse or death, and time from surgical resection to death 
respectively. 
To correct the univariate results for correlations with established risk factors in colorectal carci-
noma, a multivariate analysis was performed for the time to recurrence of all 104 patients (Cox 



20

MOLECULAR AND BIOLOGICAL INTERACTIONS IN COLORECTAL CANCER

proportional hazard model). All variables with a p-value<0.10 in the univariate analysis were 
selected for a forward selection procedure. The clinicopathological factors were entered into 
the model; molecular characteristics were then entered in a forward selection procedure.
The statistical package SPSS version 12.0 (SPSS Inc, Chicago, IL) was used to conduct statistical 
analyses. A p-value < 0.05 (two-tailed) was considered significant. P-values < 0.10 were consid-
ered near significant and included in the multivariate analysis.

Table 1  Clinicopathological characteristics of 104 randomly selected primary colorectal cancer specimens 

and their association with FAK, Src and paxillin expression levels and tumor recurrence

Clinicopathological 
Characteristics

n() FAK 
expression 
level**

Src 
expression 
level**

paxillin
expression 
level**

Association 
with tumor 
recurrence

Gender:
Female
Male

43 (41)
61 (59)

                 p=0.20
2.0
1.9

               
p=0.15
2.2
2.0

               
p=0.69
2.3
2.4

p=0.31

Pathological staging: 
II
III

51 (49)
53 (51)

                  
p=0.60
2.0
1.9

               
p=0.60
2.0
2.2

               
p=0.14
2.3
2.5

p=0.001

Tumor Location:
left of the L.F.*
right of the L.F.*

45 (43)
59 (57)

                 
p=0.05
1.78
2.0

               
p=0.01
1.9
2.2

               
p=0.45
2.3
2.4

p=0.95

Age:
0-50
>50

13 (12)
91 (88)

                  
p=0.60
2.0
1.9

               
p=0.82
2.1
2.1

               
p=0.18
2.6
2.3

p=0.09

Grade of 
differentiation:
-Undifferentiated
-Poorly
-Moderately
-Well
-Not assessable

2 (2)
57 (55)
24 (23)
17 (16)
4 (4)

                 p=0.71
1.8
2.0
1.9
1.9
1.8

               
p=0.22
1.1
2.1
2.2
2.1
1.6

               
p=0.66
2.8
2.4
2.3
2.4
2.1

p=0.39

*: Lienate Flexure
**: Expression score levels in Arbitrary Units (AU)
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Figure 2
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Figure 2  Immunohistochemical staining patterns of FAK, Src and paxillin expression in 68 primary 

colorectal cancers and corresponding liver metastases. Paired samples were stained with antibodies 

against FAK (Fig 2A1-A4), Src (Fig 2B1-B4) or paxillin (Fig 2C1-C4). Pictures were taken at 20 times 

magnification. Figures 2ABC: strong FAK (A), Src, (B) or paxillin (C) expression in primary tumor (1) and 

corresponding liver metastasis (2) and  weak FAK (A), Src, (B) and paxillin (C) expression in primary tumor 

(3) and corresponding liver metastasis (4).
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Results

Analysis of FAK, Src and paxillin expression in primary colorectal cancer specimens
Expression of FAK, Src and paxillin was immunohistochemically detected in a panel of color-
ectal tumors (Fig. 1A-C). Expression levels differed not only among tumors, but were also het-
erogeneously distributed throughout the whole tumor area. Therefore, the intensity of immu-
nohistochemical staining as well as the percentage of positive cells was determined in each 
tumor specimen. Variations in intensity of the immunohistochemical staining can be seen in 
figure 2. 
Next, we assessed the impact of various clinicopathological parameters on FAK, Src and paxil-
lin expression in 104 randomly selected, curatively resected colorectal carcinoma patients with 
clinical follow up. Patients were retrospectively followed up for a median of 5.9 years (range, 0.1-
18.6 years; SD, 5.2 years). An overview of tumor characteristics for all 104 patients is provided in 
table 1. None of the evaluated patient characteristics was associated with FAK, Src and paxillin 
expression, except that tumors with high FAK and high Src expression were significantly more 
often localized left of the lienate flexure (p=0.05 and p=0.01 respectively).
FAK and Src form a protein tyrosine complex that is involved in the regulation of focal adhesion 
turnover and cell motility. One of the protein targets of the FAK/Src complex is paxillin, and 
phosphorylation of the latter is important for cell migration processes. Because of this interrela-
tionship we anticipated that the expression levels of the individual proteins would be correlated 
in individual tumor specimens. Indeed, tumor expression levels of FAK significantly correlated 
with Src and paxillin expression levels (p=0.005 and p=0.006 respectively). In addition, Src ex-
pression levels were significantly correlated with paxillin expression (p=0.04) (Spearman rank 
correlation test). These results suggest a possible overlapping mechanism of regulation of FAK, 
Src and paxillin expression in colorectal carcinoma cells.

FAK and Src but not paxillin are prognostic markers for colorectal cancer progression 
We determined whether expression level of FAK and Src had an impact on the clinical behavior 
of colorectal cancer specimens. Moreover, we evaluated the prognostic impact of the FAK/Src 
downstream effector paxillin. High tumor expression levels of FAK were near significantly as-
sociated with a shorter TTR (p=0.09) (Fig. 3A). Patients with high expression of SRC showed a 
shorter TTR (p=0.03) (Fig. 3B), Paxillin expression was not associated with tumor recurrence 
(p=0.89) (Fig 3C). Because FAK and Src functionally act as protein kinase complex, we rea-
soned that the combined expression may predict colorectal cancer progression. Indeed, tumors 
with high levels of FAK as well as high levels of Src were highly significant associated with a 
shorter TTR (p=0.005, Fig 3D) as compared to all other tumors. This did not translate in a 
survival benefit DFS (p=0.34) and OS (p=0.50) for tumors with a high FAK and Src expression. 
Pathological stage III was significantly correlated with a shorter time to recurrence (p=0.001), 
DFS (p=0.05) and OS (p=0.06). Patient age, grade of differentiation, tumor location and gender 
were not associated with patient survival or tumor recurrence.
Next, all variables with a p-value<0.10 in the univariate analysis were selected for a forward se-
lection procedure (Cox proportional hazard model). First, the clinicopathological factors were 
entered into the model. Second, the molecular characteristics were entered in a forward selec-
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tion procedure. In the multivariate forward selection procedure high FAK and Src combined 
proved to be an independent prognostic factor for TTR (p=0.004, hazard ratio: 2.98, 95% CI 
1.14-6.31), when corrected for age (p=0.043, HR=0.38, 95% CI 0.15-0.97) and stage (p=0.004, 
HR=3.47, 95% CI 1.47-8.17). 

Figure 3  Predictive value of FAK, Src and paxillin expression for time to recurrence.

A B

C D

Figure 3A-D  Time to local or distant tumor recurrence in patients according to FAK, Src and paxillin 

expression levels. Patients with high (above median expression) versus patients with low (below median 

expression) level of FAK (3A), Src (3B) and paxillin (3C). Time to tumor recurrence of patients with high 

level of both FAK and Src expression is shown in figure 3D. P-values for significance of statistical difference 

between both groups in each figure are shown.
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Table 2 Clinicopathological characteristics of 68 patients with primary colorectal cancers and 

corresponding liver metastases and their correlation with FAK, Src and paxillin expression levels

Clinicopathological 
Characteristics

n() FAK expression 
level**

Src expression 
level**

paxillin
expression 
level**

Gender:
Male 
Female

22 (32)
46 (68)

p=0.69
1.3
1.6

p=0.50
2.2
2.0

p=0.30
2.2
2.3

Pathological staging: 
III
IV

41 (60)
27 (40)

p=0.36
1.5
1.7

p=0.88
2.1
2.1

p=0.84
2.1
2.2

Tumor Location:
left of the L.F.*
right of the L.F.*

55 (81)
13 (19)

p=0.72
1.7
1.6

p=0.59
2.2
2.1

p=0.48
2.3
2.4

Age:
0-50
>50

13 (12)
91 (88)

p=0.34
2.0
1.7

p=0.81
2.2
2.1

p=0.71
2.2
2.0

Grade of differentiation:
-Poorly
-Moderately
-Well

4 (8)
42 (84)
4 (8)

p=0.49
1.5
1.7
2.0

p=0.11
1.9
2.1
2.7

p=0.20
1.7
2.2
2.5

*: Lienate Flexure
**: Expression score levels in Arbitrary Units (AU)

Analysis of FAK, Src and paxillin expression in colorectal carcinomas and corresponding 
liver metastases 
FAK, Src and paxillin levels were quantified in a panel of 68 primary tumors and corresponding 
liver metastases. Patient characteristics are shown in table 2. IHC evaluation indicated that 
FAK, Src and paxillin showed equivalent levels in corresponding liver metastases compared to 
the primary tumors (Fig. 4). No significant differences in levels of expression of FAK, Src and 
paxillin between primary tumors and paired liver metastases were observed (p=0.67, p=0.28 
and p=0.34, respectively; paired t-test) (Fig 4).
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Figure 4
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Figure 4  Immunohistochemical analysis of levels of expression of FAK, Src and paxillin in 68 primary 

colorectal tumors (P) and corresponding liver metastases (LM). Box plots denote Mean, 25th and 75th 

percentiles and range of expression levels. Expression levels of FAK, Src and paxillin do not significantly 

differ between primary cancers and corresponding liver metastases (paired samples t-test), as p-values 

shown indicate.

Discussion

The major observation from the current study is that tumors expressing high FAK and Src levels 
showed higher recurrence rates. This finding suggests close interdependency of FAK and Src in 
determining clinical behavior. FAK interacts with Src and the latter kinase mediates the trans-
phosphorylation of FAK within the kinase domain activation loop, hereby promoting maximal 
FAK catalytic activation24. Combined targeting of FAK and Src may thus be beneficial for the 
outcome of colorectal cancer and may provide an opportunity for therapeutic intervention. 
This is supported by recent in vitro studies in which selective small molecular Src inhibitors 
and dominant negative deletion mutants of FAK act synergistically to promote colon tumor 
cell apoptosis6. Protein tyrosine kinases and related focal adhesion molecules have been as-
sociated with invasion and metastasis; however, the clinical relevance of elevated levels has 
been reported in only a small number of colorectal cancer cohort studies. Increased expres-
sion of FAK did not have an impact on patient survival when analysed in a recent study with 
80 colorectal patients using IHC22. Src, however, was found to be an independent prognostic 
factor for DFS and OS in 45 patients in a study using an immune complex kinase assay6. The 
FAK/Src tyrosine kinase complex phosphorylates downstream signaling proteins, including 
paxillin6. In our studies an elevated level of paxillin was not associated with increased ability 
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to metastasize, indicating that integration of signaling pathways by paxillin is not a significant 
factor in determining the clinical outcome of colorectal cancer. However, since the function 
of paxillin is regulated by tyrosine phosphorylation on tyrosine residues 31 and 118 by Src and 
FAK, it is well possible that instead of expression level, paxillin phosphorylation is prognostic 
for colorectal cancer progression.
The current study used IHC as quantification method, as we were keen to focus on post trans-
criptional and thus stable protein expression. In addition, IHC is a technique easily applicable 
and widely used in the clinical setting. However, there can be limitations in relation to i.e. 
staining variability, epitope stability, fixation and sample area for counting. We avoided most 
limitations by staining all tissue sections one batch, evaluating slides by an independent obser-
ver, and validating the scoring results by an independent pathologist. 
The equal expression levels of FAK, Src and paxillin in colorectal carcinomas compared to cor-
responding liver metastases in this study indicate that colorectal liver metastases recapitulate 
the organization of their primary tumors. The analysis provided the advantage of directly com-
paring levels of FAK, Src and paxillin levels in colorectal cancer cells in primary tumors and 
metastases of the same patient. To our knowledge this is the first time that Src expression was 
evaluated in primary colorectal cancer and corresponding liver metastases. The results with 
paxillin in our study were similar to those in a study by Ayaki et al17. However, our data on FAK 
contradict several studies in which FAK was found to be up-regulated13-16 or down-regulated17 
in the liver metastases, as compared to the primary tumor. As the aforementioned studies use 
different techniques for evaluation of FAK expression level, direct comparisons between results 
should be made with caution. The tumors in the current study were evaluated by IHC as IHC 
provides information about FAK, Src and paxillin expression on a cellular level and is sensitive 
to slight changes in expression levels, yielding an accurate evaluation. A recent study found FAK 
expression to be up-regulated in RT-PCR analysis in 17 patients, but no significant differences 
in FAK levels were detected when evaluated with IHC16. Ayaki et al.17 report down regulation 
of FAK expression level in liver metastases as compared to the primary tumor. However, both 
studies have as limitation that they include small sample sizes of respectively 17 and 10 patients. 
The present study provided robust evidence by utilizing the largest sample size up to date. 
Recently a model for cancer metastasis was proposed by Brabletz et al.25, that integrates both 
genetic alteration and the tumor environment as combined driving forces of malignant pro-
gression. This model proposes the existence of mobile cancer stem cells that transiently develop 
from stationary cancer cells by induction of epithelial to mesenchymal transition. The possibil-
ity exists that the comparable expression of FAK, Src and paxillin is indeed related to a mobile 
cancer stem cell population that is responsible for both the primary tumor growth as well as the 
formation of liver metastases. In summary, the present study showed that high levels of the non-
receptor protein tyrosine kinases FAK and Src in the primary tumor, but not paxillin, predict 
tumor recurrence in colorectal cancer patients. In addition, the levels of expression of FAK, Src 
as well as paxillin in colorectal cancer were maintained in corresponding distant metastases.
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Abstract

Radiotherapy followed by total mesorectal excision (TME) surgery has been shown to signifi-
cantly reduce local recurrence rates in rectal cancer patients. Radiotherapy, however, is associ-
ated with considerable morbidity. The present study evaluated the use of biochemical detection 
of enzymatic caspase-3 activity as preoperative marker for apoptosis to preselect patients that 
are unlikely to develop a local recurrence to spare these patients from overtreatment and the 
negative side effects of radiotherapy.
Non-irradiated freshly-frozen tissue samples from 117 stage III rectal cancer patients were col-
lected from a randomized clinical trial that evaluated preoperative radiotherapy in TME surgery. 
Additional frozen archival tissues from 47 preoperative biopsies and corresponding resected 
colorectal tumors were collected. Level of apoptosis was determined by measuring the enzy-
matic activity of caspase-3 in a biochemical assay.
Results: In tumor tissue, caspase-3 activity lower than the median were predictive of 5-year local 
recurrence (HR=7.4, 95%CI: 1.7-32.8; p=0.008), which was unaffected by adjustment for type of 
resection, tumor location and T status (adjusted HR=7.5, 95%CI 1.7-34.1; p=0.009). Caspase-3 ac-
tivity in preoperative biopsies was significantly correlated with caspase-3 activity in correspond-
ing resected tumors (r: 0.56, p<0.0001).
Detection of tumor apoptosis levels by measuring caspase-3 activity, for which a pre-operative 
biopsy can be used, accurately predicted local recurrence in rectal cancer patients. These find-
ings indicate that caspase-3 activity is an important denominator of local recurrence and should 
be evaluated prospectively to be added to the criteria to select rectal cancer patients in which 
radiotherapy is redundant.
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Introduction

Local recurrence is a major problem after rectal cancer surgery as it is the cause of severely 
disabling symptoms and is difficult to treat1,2. Local recurrence rates historically vary between 
15% and 45%2,6,7. The introduction of total mesorectal excision (TME) as treatment for pa-
tients with rectal cancer has led to an improved local control and survival when compared 
to historical controls2,6,7. In addition to improved surgery, the administration of preoperative 
radiation therapy has further decreased local recurrence rates in several randomized clinical 
trials8-12. Radiation therapy, however, is associated with considerable morbidity. Several studies 
have evaluated the short- and long term morbidity of radiation therapy; Preoperative radia-
tion therapy is associated with faecal incontinence, urgency and anal blood loss13. In addition 
to the general bowel dysfunction, an increase in venous thromboembolisms, pelvic fractures 
and sexual dysfunction have been reported14,15. These negative side-effects of radiation therapy 
emphasize the need for finding predictive factors for local recurrence to exclude patients with 
a very high probability for cure with surgery alone.
Among the predictive factors for survival and local tumor recurrence are lymph node me-
tastasis, stage of the disease and the presence of a tumor-positive circumferential margin12. 
Most criteria, however, can only be determined postoperatively. Several recent studies in rectal 
cancer have showed that tumors with high levels of apoptosis show low local recurrence rates 
and favourable prognosis16-19. These results indicate that only patients with low levels of apop-
tosis may benefit from radiation therapy with respect to the development of local recurrences. 
Therefore, the level of apoptosis in tumors may provide a criterion to select patients for radia-
tion therapy. The present study evaluated the use of biochemical detection of caspase-3 activity 
as a simple and quantitative technique to measure apoptosis in tissue samples and preoperative 
biopsies of rectal cancer to predict local recurrences in rectal cancer. The proapoptotic enzyme 
caspase-3 is activated at a point of convergence for the intrinsic and extrinsic apoptosis-induc-
tion pathways20, so its activity should give a reliable measure of on-going levels of apoptosis 
in tumor samples. The study was performed in stage III rectal cancer patients as these are the 
patients that are most likely to benefit from preoperative radiation therapy11,12.

Materials & Methods

Patients
The study population consisted of 2 sources of pathological material. 
The first consisted of stage III rectal cancer patients who participated in the Dutch TME trial. 
These were collected and analysed for caspase-3 activity in order to evaluate the prognostic 
value of caspase-3 activity. In the TME study patients were randomized to receive radiation 
therapy before undergoing surgery according to a standardized TME protocol12. Patients were 
selected from the trial-arm that did not receive preoperative radiation therapy. All stage III 
patients who complied with the eligibility criteria of the TME trial12 and of whom frozen tumor 
material was available were selected for this study, resulting in a study cohort of 117 patients. 
Frozen tissue samples of adjacent normal rectum tissue were available from 29 of the patients. 
A pathology review committee reviewed all tumors12. Any specimen that had tumor (i.e., pri-
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mary tumor or lymph node metastasis) ≤1 mm from the circumferential margin was recorded 
as having a positive resection margin21.
The second source consisted of 47 frozen biopsies and corresponding frozen rectal and recto-
sigmoideal, non-irradiated tumor tissues. These were collected and analysed for caspase-3 ac-
tivity in order to evaluate the feasibility of caspase-3 detection in biopsies and to assess whether 
caspase-3 activity in preoperative biopsies is representative for that of the primary tumor. As 
preoperative biopsies were not collected in the TME trial, biopsies and corresponding non-
irradiated tumor specimens were collected from the tissue archives of the Leiden University 
Medical Center. As these patients did not receive TME surgery and therefore have poor local 
control, they were not included in survival analyses.
The study was conducted following the regulations according to Dutch law for human material 
for research. Ethics board approval was obtained for gathering all study material and patient 
data in the current study.

Measurement of Caspase-3 Activity
The enzymatic activity of caspase-3 in tissue samples was measured as previously described22. 
Briefly, five 10-μM crysostat sections of tumor or normal tissue were suspended in a lysis buffer 
consisting of 10 mM HEPES, pH 7.0, 40mM β-glycerophosphate, 50 mM NaCl, 2 mM MgCl 
2, and 5 mM EGTA. After 10 min on ice, the cells were disrupted by 10 seconds of sonification 
followed by four cycles of freezing and thawing and stored at -80°C. Protein concentration was 
determined using the method described by Bradford23. For measurement of caspase-3 enzy-
matic activity, samples containing 15 μg protein were incubated with 2.5 nmol of the enzyme 
substrates DEVD-AMC (Bachem, Heidelberg, Germany) in a 100-mM HEPES buffer, pH 7.25, 
containing 10% (w/v) sucrose, 0.1% (v/v) Nonidet-P40, and 10 mM dithiothreitol. During in-
cubation at 37°C, fluorescent AMC was cleaved off by active caspases, corresponding with the 
level of caspase activity in the sample. The fluorescent AMC was monitored at an excitation of 
360 nm and emission of 460 nm using a Fluostar Optima plate reader (BMG Labtech gmbh, 
Offenburg, Germany). Calibration curves were constructed using free AMC. Caspase-3 activity 
was indicated in pmolAMC/min/mg protein.
Tumor sections and preoperative biopsies may contain various proportions of tumor epithe-
lium and tumor stroma. To assess whether caspase-3 activity depended on the ratio of tumor 
epithelium and tumor stroma in sections of the tumor tissues used for analysis, the percentage 
of tumor epithelium was assessed by two independent observers (R.I.J.M.A. and N.G.E.) in 
adjacent Hematoxylin-Eosin stained slides. 

Statistical analysis
Analysis was performed with SPSS statistical software (version 11.0 for Windows, SPSS Inc, 
Chicago, IL). Mann-Whitney U, Kruskal-Wallis, Wilcoxon Signed Rank and Spearmans’ Rho 
tests were used to compare continuous variables. The entry date for the recurrence analyses was 
the time of surgery of the primary tumor. To guarantee sufficient number of patients in both 
groups, the patients were dichotomized at the median level of apoptosis by caspase-3 activity. 
Kaplan-Meier analyses and log rank tests were performed to compare recurrence rates in pa-
tients from the high and low apoptotic groups. Cox’ regression analyses were used to calculate 
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Hazard Ratios (HR) with 95% confidence intervals (CI) for categorical variables. Variables with 
a p-value of ≤0.10 in the univariate analyses were subjected to a multivariate analysis. In order 
to enable comparisons of the outcome of caspase-3 data with recurrence rate of stage III rectal 
cancer patients treated with radiation therapy, Kaplan-Meier analysis was performed for these 
patients in the follow up data of the Dutch TME trial12. 

Results

Level of apoptosis in rectal cancer
We determined caspase-3 activity in rectal cancer specimens and adjacent normal tissue in a 
biochemical cleavage assay. Caspase-3 activity in the rectal tumor specimens was significantly 
higher than in the 29 normal tissue samples: median 15.2, interquartile range (IQR: 10.6-26.9) 
compared with 4.9 pmolAMC/min/mg protein (IQR: 3.4-10.5) (p<0.0001, Wilcoxon Signed 
Rank). There was no significant correlation between caspase-3 activity in tumor tissue and 
adjacent normal tissue (p=0.85; correlation coefficient 0.04, Spearmans’ Rho test).

Correlation between clinical parameters and apoptosis
The characteristics of the stage III rectal cancer patients included in this study are summarized 
in table 1. Patient characteristics and several markers that have an impact on disease recurrence 
in rectal cancer, or that can be used as diagnostic tool24-26, were evaluated for their association 
with level of apoptosis caspase-3 activity.
Mucinous type of carcinoma and tumors with tumor-positive circumferential margins were 
associated with lower caspase-3 activity (p=0.04 and p=0.04 respectively); all other variables 
were not significant (table 1). 

Predictive value of caspase-3 activity for local recurrence
In the current study, caspase-3 activity with the median as cut-off point was accurately predic-
tive for local tumor recurrence (p=0.002, log-rank test) (figure 1). After 5 years of follow-up the 
local recurrence rates were 28.1% in the tumors with caspase-3 activity below the median and 
5.9% in tumors with caspase-3 activity above the median. Caspase-3 activity below the median 
was also associated with high distant recurrence rates (69.0% vs. 42.2% in the group with high 
caspase-3 activity after 5 years, p=0.05, log-rank test), but did not have an impact on patient 
survival (p=0.10, log-rank test).

In order to evaluate the benefit of short-term radiotherapy for the above described recurrence 
rates of low and high levels of apoptosis, we calculated the 5-years local recurrence rate of  
all stage III rectal cancer patients treated with preoperative radiation therapy included in the 
Dutch TME trial (N=243). Stage III patients receiving preoperative radiation therapy had a 
5-years local recurrence rate of 11.4%. This percentage demonstrates that patients with high 
levels of apoptosis have sufficiently low recurrence rates (5.9%) to make preoperative radiation 
therapy redundant.
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Figure 1  Impact of level of caspase-3 activity on local recurrence

No. at risk:

Caspase-3
Activity
≤ median: 58 41 29 20 9
> median: 59 50 38 29 8

Recurrence rates since TME surgery for low (grey) and high (black, dotted) levels of apoptosis in tumors of 

117 rectal cancer patients. Levels of caspase-3 activity above the median was associated with significantly 

lower local recurrence rates (5-years risks: 5.9% vs. 28.1%; p=0.002) (log rank analysis). 

Univariate & Multivariate analysis
In order to assess the independent predictive value of caspase-3 activity on local recurrences, 
variables with a significant impact on local recurrence, shown in Table 2, were analysed in a 
multivariate analysis. Proximal location of the tumor from the anal verge (p=0.007), abdomi-
noperineal resection (p=0.06), T status (p=0.10) and high caspase-3 activity (p=0.008) proved 
to be associated with low local recurrence rates in stage III rectal cancer and were subjected to 
a multivariate analysis. In the multivariate Cox’ regression analysis (Table 3), caspase-3 levels 
below the median proved to be an independent predictor of a high risk of local recurrence in 
stage III rectal cancer (p=0.009, HR: 7.5, C.I.: 1.7-34.1), whereas type of operation, T status and 
distance of tumor from anal verge had no independent prognostic value with regard to this 
endpoint (table 3).
If the circumferential margin (p=0.13 in the univariate analysis) was included in the multivari-
ate analysis, caspase-3 levels below the median remained an independent predictor of a low risk 
of local recurrence in stage III rectal cancer (p=0.007, HR: 8.0, C.I.: 1.8-36.5)
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Table 1  Patient characteristics of the 117 included rectal cancer patients.

Patient Characteristic No. of patients 
(%)
N=117 (100%)

Caspase-3 activity 
(pmolAMC/min/mg protein)
Median  (IQR)

P-value

Gender
Male
Female

81(69)
36(31)

14.5 (9.8-26.6)
16.1 (13.1-27.2)

0.32

Age (median: 65, range: 26-85)
< median
> median

61 (52)
56 (48)

15.5 (5.8-26.5)
15.1 (5.2-27.2)

0..94

Preoperative CEA levels (median: 3.0, range: 2-41)
< median
> median

47 (40)
70 (60)

17.8 (12.2-30.4)
14.5 (9.5-23.6)

0.20

Maximum tumor diameter (median: 4.5, range: 
0-11)
< median
> median

51 (44)
64 (56)*

13.8 (9.3-22.7)
16.2 (12.7-31.5)

0.09

Distance of tumor from anal verge
10.1-15 cm
5.1-10 cm
≤ 5 cm

38(33)
49(42)
30(25)

15.3 (11.6-26.4)
15.0 (9.7-24.8)
16.3 (9.9-31.2)

0.73

Grade of differentiation
well 
moderate
poor

4(3)
79(68)
34(29)

13.7 (12.4-31.1)
16.0 (12.0-29.8)
13.3 (5.8-20.2)

0.12

WHO classification
adenocarcinoma
mucinous carcinoma

105(90)
12(10)

16.2 (10.4-28.6)
12.8 (11.2-14.0)

0.04

Number of positive lymph nodes
1-3
4 or more

71 (61)
46 (39)

16.0 (10.1-29.8)
14.2 (11.0-22.8)

0.64

T status
T1-T2
T3
T4

22 (19)
89 (76)
6 (5)

14.7 (8.5-27.9)
16.2 (11.0-27.1)
12.7 (9.9-22.7)

0.62

Circumferential margin
negative
positive

81(69)
36(31)

16.4 (11.8-30.1)
13.4 (9.5-17.6)

0.04

Type of resection 
Abdominoperineal
Low anterior

40 (34)
77 (66)

17.4 (12.2-26.8)
14.5 (9.4-27.1)

0.18

Adjuvant therapy
None
Chemotherapy
Radiation therapy
Chemoradiation therapy

83 
6
24
4

16.2 (12.0-29.8)
16.2 (10.4-22.1)
13.1 (19.4-17.6)
11.2 (6.1-55.6)

0.37

*  tumor diameter of 2 tumors was not determined

Table 1  Association of clinical and pathological parameters with caspase-3 activity as determined in the 

material and methods section. Significant associations are stated in bold.



38

MOLECULAR AND BIOLOGICAL INTERACTIONS IN COLORECTAL CANCER

Correction for percentage of tumor epithelium
Because the cleavage assay used in the current study did not discriminate between caspase-3 
activity in tumor epithelium and tumor stroma, we corrected the caspase-3 activity for the per-
centage tumor epithelium in order to evaluate the influence variety in the percentages of 
epithelium and stroma. Caspase-3 levels were compared to levels corrected for percentage tu-
mor epithelium. Median caspase-3 levels before and after adjustment were 15.2 (IQR: 10.6-26.9) 
and 17.3 (IQR: 10.4-38.3) pmolAMC/min/mg protein respectively.
All statistical analyses in the current study were repeated using caspase-3 levels adjusted for 
percentage tumor epithelium in the frozen tissue sections. Results were unaffected whether the 
original or adjusted levels were used (data not shown), indicating that caspase-3 activity can 
be assessed in tumor tissue specimens without previous knowledge of the tumor epithelium/
stroma ratio in the tissue specimen.

Evaluation of possible selection bias
A total of 271 stage III patients were included in the TME trial. To investigate whether the 
patients in the current study were subject to a selection bias, patient and tumor characteristics 
of the 117 included patients were compared to all remaining eligible non-irradiated stage III 
patients included in the TME trial (N=154). No significant differences in patient age (p=0.80) 
and gender (p=0.10) were found. No differences in tumor characteristics as T-stage (p=0.49), 
N-stage (p=0.30), grade of differentiation (p=0.22), localisation (p=0.72), WHO classification 
(p=0.65), CEA levels (p=0.07) or circumferential margins (p=0.43) were found. The maximum 
tumor diameters in the current study were significantly larger (5.0 cm vs 4.5 cm, p=0.02) than 
in non-included tumors. This can be explained by the fact that tumors with sufficient material 
for study tended to be large specimens. As tumor size was not of prognostic value in the current 
study we concluded that patients were not subject to a selection bias. 

Caspase-3 activity in preoperative biopsies and resected rectal tumors
Finally, we determined the feasibility of measuring caspase-3 activity in preoperative biopsies 
in archive samples of 47 fresh frozen preoperative biopsies and corresponding resected rectal 
tumors. Caspase-3 activity levels in preoperative biopsies and in tumor samples were highly 
correlated (correlation coefficient: 0.56, p<0.0001 Spearmans’ Rho test). Levels were signifi-
cantly higher in the tumor specimens (median [IQR] 31.4 pmolAMC/min/mg protein [15.1-
109.9] than in the preoperative biopsies (23.3 pmolAMC/min/mg protein [8.7-48.5]); p=0.002 
(Wilcoxon signed rank).
These results indicate that determination of levels of apoptosis by caspase-3 activity in preop-
erative biopsies can be used in predicting level of apoptosis in rectal tumors.
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Table 2 Univariate Cox regression analysis of the impact of clinical and pathological parameters on local 

recurrence rates in stage III rectal cancer 

Association with local recurrence 

Variable Hazard Ratio 95% CI p-value

Age (years) 1.0 0.98-1.03 0.50

Preoperative CEA levels  (ng/ml) 1.0 0.98-1.03 0.58

Maximum tumor diameter (cm) 0.91 0.77-1.10 0.26

Gender
Male
Female

1
0.73 0.42-1.25

0.24

Distance of tumor from anal verge
10.1-15 cm
5.1-10 cm
≤ 5 cm

1
3.7
2.3

1.6-8.7
1.0-5.3

0.007

Grade of differentiation
well 
moderate
poor

1
0.49
0.63

0.2-1.2
0.2-1.7

0.30

WHO classification:
adenocarcinoma
mucinous carcinoma

1
1.1 0.7-1.7

0.82

Number of positive lymph nodes
1-3
4 or more

1
1.1 0.6-1.9

0.68

T status
T1-T2
T3
T4

1
2.6
3.4

1.0-6.6
0.9-12.5

0.10

Circumferential margin:
negative
positive

1
1.6 0.9-2.7

0.13

Caspase-3 activity
> median
≤ median

1
7.4 1.7-32.8

0.008

Type of resection 
Abdominoperineal
Low anterior

1
1.7 1.0-3.0

0.06

Adjuvant therapy
No
Yes

1
1.9 0.7-5.2

0.24
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Table 3  Results of multivariate Cox regression analysis of local recurrence among 117 non-irradiated stage 

III rectal cancer patients.

Association with local recurrence  (Cox regression analysis)

Variable Hazard ratio 95% CI p-value

Caspase-3 activity
> median
≤ median

1
7.5 1.7-34.1

0.009

Type of resection 
Abdominoperineal
Low anterior

1
1.12 0.3-4.6

0.87

Distance of tumor from anal verge
10.1-15 cm
5.1-10 cm
≤ 5 cm

1
2.3
3.2

0.3-16.3
0.7-15.3

0.36

T status
T1-T2
T3
T4

1
4.4
5.7

0.2-72.1
0.7-39.7

0.11

Discussion

Preoperative radiation therapy has shown to be of benefit for the prevention local recurrence 
rates in rectal cancer patients11,12. Long-course preoperative chemoradiotherapy has been shown 
to be of benefit in stage T3/T4 rectal cancer patients and long-course preoperative chemoradia-
tion is the standard of care in the United States27. However, considering the extensive morbidity 
of preoperative radiation therapy13-15, it is of great importance to identify patients with a low 
risk of local recurrence in which radiation therapy is redundant. With this intention, the cur-
rent study was performed in patients with stage III rectal cancer, as these patients are at the 
highest risk for local recurrence12. Our results demonstrate that biochemical detection of cas-
pase-3 levels can be used as a marker to identify patients with a very high probability for local 
cure with surgery alone.
In order to select patients who can be refrained from preoperative radiation therapy, a marker 
should provide accurate prediction of clinical behaviour and it must be applicable in a pre-
treatment biopsy of the tumor. Several markers for prediction of radiation therapy efficacy 
have been suggested in previous studies including analysis of Ki-67, BAX, COX-2, survivin and 
M30 staining amongst others17-19,28-30. As the benefit of radiation therapy is, at least in part, 
mediated by the induction of tumor cell apoptosis and other forms of cell death20,31,32 it is not 
surprising that the majority of these markers involve pro-, or anti-apoptotic proteins. A recent 
study evaluated the predictive value of tumor cell apoptosis as quantified by immunohisto-
chemical staining of paraffin-embedded tumor tissue arrays with the M30 antibody in rectal 
cancer specimens from the Dutch TME trial19. In this study the number of M30-positive cells 
showed to be a significant predictor of local recurrence, however, with at much lower levels of 
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statistical significance than we found measuring caspase-3 activity. This may be due to limited 
accuracy of quantifying cells by immunohistochemical staining. Preoperative biopsies may 
yield a limited number of tumor cells16, thus further limiting the use of immunohistochemical 
markers like M30 to detect the number of apoptotic tumor cells to select patients for radiation 
therapy. By measuring enzymatic caspase-3 activity, apoptosis can be determined even before 
the phenotypic changes of these cells are clearly detectable. In addition, our study showed that 
only 10 µg of tumor-derived protein was necessary for a single assay, making biochemical detec-
tion of caspase-3 activity a feasible assay to determine apoptotic levels in preoperative biopsies 
of rectal tumors. 
Caspase-3 activity in the current study was evaluated in non-irradiated tumors as several stud-
ies have convincingly demonstrated that radiation therapy-induced apoptosis is not of prog-
nostic value17,19. Evaluation of enzymatic caspase-3 activity as an indicator of apoptotic cell 
death appeared in this study an accurate parameter for prediction of local recurrences. Preop-
erative biopsies are routinely taken for diagnosis in diseases of the large bowel. For biochemical 
quantification of caspase-3 activity, an additional biopsy can be taken and either processed 
immediately or freshly frozen for analysis later. 
A highly significant association between caspase-3 activity in the biopsies and corresponding 
tumor suggests that determining levels of caspase-3 activity in pre-treatment biopsies can be 
used in predicting level of apoptosis in tumors. It must be taken into account that caspase-
3 levels were significantly lower in adjacent normal tissue and a risk of misinterpretation of 
caspase-3 levels can be apparent if a biopsy contains normal tissue. Caspase-3 activity in the 
archival biopsies that we studied was significantly lower than in the corresponding resected 
tumor specimens, suggesting an effect of tumor resection on apoptosis. 
One of the factors predictive for local recurrences in rectal cancer is a positive circumferential 
resection margin33 and short-term preoperative radiation therapy is of limited effect in patients 
with a circumferential margin of ≤1mm21. In the non-irradiated stage III rectal cancer patients 
evaluated in this study, the presence of positive resection margins was not a prognostic factor. 
Apparently, other factors are of more importance in this subset of stage III patients. A possible 
explanation could be lymphatic spread beyond the surgical resection. In this study, a positive 
resection margin was associated with low caspase-3 activity in the residual tumor specimens, 
suggesting that tumors with low levels of apoptosis do not have a clear invasive front and, 
therefore, are difficult to resect completely. Several clinical and pathological factors as lymph 
node metastases and tumors located within 10 cm from anal verge are known to be predictors 
of local recurrence12,24,25,33. It has already been demonstrated that magnetic resonance imag-
ing can improve the selection of patients who may have a positive circumferential margin34. 
Preoperative detection of positive lymph nodes by magnetic resonance imaging in combination 
with ultra small particles of iron oxide (USPIO) is currently being reviewed and tested in clini-
cal studies34,35. This is likely to result in a better pre-operative staging of patients and this will 
enable accurate identification of stage III patients, which are candidates for preoperative radia-
tion therapy. In order to establish a caspase-3 activity level that can be generalized to a broader 
population of rectal cancer patients we are currently prospectively collecting preoperative rectal 
cancer biopsies for analyses of caspase-3 activity. Selection of patients who will not benefit from 



42

MOLECULAR AND BIOLOGICAL INTERACTIONS IN COLORECTAL CANCER

preoperative radiation therapy by determination of caspase-3 activity will drastically further 
decrease the number of patients who receive unnecessary preoperative radiation therapy. 
In conclusion, the present study demonstrates that caspase-3 activity is an important denomi-
nator of local recurrence in rectal cancer and suggests that identification of patients with a 
low risk of recurrence can be achieved by caspase-3 measurement in preoperative biopsies. 
If an independent study can confirm our results, determination of caspase-3 levels should be 
added to other selection criteria to select rectal cancer patients in whom radiation therapy is 
redundant.
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Abstract

To determine parameters that predict prognosis of colorectal cancer patients, this study evalu-
ated the correlation and prognostic value of apoptosis and microsatellite instability and color-
ectal cancer.
One hundred and four patients with sporadic colorectal cancer with a median clinical follow-
up of 5.9 years were evaluated immunohistochemically for presence of apoptotic tumor cells 
using a monoclonal antibody, M30 that recognizes a cleavage fragment of cytokeratin 18 (M30 
neoantigen) specific for apoptotic epithelial cells. Eight patients were excluded from evaluation 
as they had received preoperative radiotherapy. The number of apoptotic tumor cells was as-
sociated with clinicopathological parameters including tumor microsatellite stability. The latter 
was immunohistochemically determined by evaluation of nuclear PMS2 and MHL-1 expression. 
A negative nuclear staining for either PMS2 or MLH-1 was used to indicate microsatellite instabil-
ity (MSI), a positive staining to indicate microsatellite stable (MSS). 
A relatively high number of apoptotic tumor cells was significantly associated with unfavora-
ble prognosis (p=0.005). Of the patients evaluated, 14 tumors showed MSI, the other 82 MSS. 
Although MSI was not associated with an increase in number of apoptotic tumor cells (p=0.44), 
these patients showed better prognosis than MSS patients (p=0.05). Apoptosis proved to be an 
independent prognostic factor for disease free survival and tumor recurrence in the multivariate 
analysis (p=0.003, HR 2.2 CI: 1.32-3.94), and p=0.05, HR: 2.1 CI: 0.98-4.78 respectively). 
Our data indicate that apoptosis and microsatellite instability are independent mechanisms that 
determine patient outcome in colorectal cancer.
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Introduction

Apoptosis, or programmed cell death, is a subject of extensive research as it has been implicated 
in the development and progression of cancer. Abnormalities in apoptotic function contribute 
to both the pathogenesis of colorectal cancer, as to its resistance to chemotherapeutic drugs 
and radiotherapy1. Apoptosis results from activation of several closely regulated pathways that 
ultimately lead to chromatin condensation, membrane blebbing, and DNA and protein deg-
radation by downstream effector caspases2. The clinical significance of apoptosis on patient 
survival in colorectal cancer has extensively been studied. However, its role remains contradic-
tory as high levels of apoptosis of tumor cells has been associated with improved3,4 as well as 
impaired prognosis5-8.
Tumors of the colorectum originate from two main genetic pathways9. A subgroup of colorectal 
cancers are characterized by high levels of DNA microsatellite instability (MSI) and are associ-
ated with an improved prognosis and favorable prognostic characteristics as increased immune 
cell infiltration10. In general, the mutational burden MSI tumors is suspected to be detrimental 
to tumor growth and development, however an association with apoptosis remains unclear.
One of the principal problems of determining the impact of apoptosis on patient prognosis in 
colorectal cancer is that large inconsistencies exist in evaluation methods. This complicates 
direct comparisons between studies and restricts analysis of the independent prognostic value 
of apoptosis. To ensure adequate characterization of tumor cell apoptosis in the current study 
we evaluated apoptosis by immunohistochemical staining with the monoclonal antibody M30 
that recognizes a cleavage fragment of Cytokeratin 18 (M30 neoantigen) and is specific for 
apoptotic epithelial cells3.

Material and methods

Tumor specimens
The study comprised a random series of 104 consecutive sporadic colorectal carcinomas ob-
tained from the department of Pathology of the Leiden University Medical Center. Tumor sam-
ples were derived from patients who underwent curative surgery between 1980 and 1987 and 
from whom follow up information was available. Patients presenting with colon cancer received 
a hemicolectomy. Patients with a rectal cancer were operated by conventional blunt dissection 
of the cancer. Patient follow-up was completed until January 2003, with a median follow-up of 
5.4 years (range, 0.1-18.6 years; SD, 5.2 years). Patients with stage II and III colorectal cancer (as 
defined by American Joint committee on Cancer and Union Internationale Contre le Cancer-
criteria) were selected for this study. Patient data were collected retrospectively from hospital 
records. Patients with another primary malignancy, or patients who deceased within 30 days 
after surgery were not eligible for this study. Colon tumors were defined as those originating 
15 cm above the anal verge; rectal tumors were defined as those distal to this site. Right-sided 
tumors were defined as those originating proximal to the splenic flexure and left sided as those 
arising distal to splenic flexure. 
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Immunohistochemistry
Tissue sections were immunostained using antibodies against a caspase-cleaved product of 
cytokeratin 18, (clone M30, Roche diagnostics, Germany, 1:800)11. Staining of mismatch repair 
proteins was performed using anti-PMS2 (clone A16-4; 1:50; BD Biosciences) and MLH-1 anti-
bodies (1:50, Zymed laboratories, San Francisco, USA).
Paraffin sections (4 µm) were prepared on aminopropylethoxysilane (APES) coated slides, and 
dried overnight at 37°C. Tissue sections were deparaffinized in xylol and subsequently rinsed 
in ethanol. Endogenous peroxidase was blocked by 0.3% hydrogen peroxidase-methanol for 20 
min. After being immersed in alcohol the sections were rehydrated. Antigen retrieval was per-
formed by boiling the sections in 10mM citrate buffer (pH 6.0) for 10 min, after which the sec-
tions were allowed to cool down in this buffer for 2 hours at room temperature. Subsequently 
the sections were washed in demi water and phosphate buffered saline (PBS). Sections were 
incubated overnight at room temperature with the previously mentioned antibodies. All anti-
bodies were diluted in PBS with 1% Bovine Serum Albumin (PBS/BSA). After three washing 
steps of 5 minutes in PBS, sections were incubated for 30 minutes with SWaR/biotin or RaM/
biotin (1:400; DAKO, Glustrup, Denmark). The sections were washed in PBS, followed by 30-
minute incubation with Streptavidin-Biotin-Complex (SABC) (1:100; DAKO, Denmark). The 
sections were then washed in, rinsed in 0.05M Tris/HCl-buffer (ph 7.6) and developed in a 3.3 
diaminobenzidine tetrahydrochloride (DAB) with 0.002% hydrogen-peroxide for 10 minutes. 
Sections were counterstained with haematoxylin, dehydrated with ethanol, cleared in xylene 
and mounted with pertex. A negative control was included for each tumor sample by using 
PBS/BSA instead of the before mentioned antibodies in the overnight incubations. 

Quantification of Immunohistochemistry
PMS2 and MLH-1 immunohistochemical staining can be used to distinguish between MSI and 
MSS12. Nuclear PMS2 and MLH-1 analysis was done by a pathologist (H. M.). Tumor cells were 
scored as positive or negative for PMS2 MLH-1 on condition that the internal stromal control 
was positive. 
M30 immunoreativity on all slides was evaluated by two independent observers (N.G.E. and 
R.I.J.M.A.) as previously described3,8. In brief, the apoptotic index was documented as the 
number of M30-positive cells per square millimeter of tumor cells and was counted in ran-
domly chosen high-power fields (25 per tumor) at a 200x magnification. For survival analyses 
the median apoptotic index was used as a cut-off point for low and high number of apoptotic 
cells. All observers were blinded to clinical outcome.
Two tumors were not assessable after immunohistochemical staining, due to technical failures, 
unavailability of tumor material or excessive tumor necrosis.

Statistics
Of the 104 primary tumor specimens 8 patients received preoperative radiotherapy and were 
excluded from this study. Kruskal-Wallis, Mann-Whitney’s U-test and Spearman’s rho analyses 
were used to analyse correlation between number of apoptotic cells, clinicopathological fea-
tures, immunological parameters and mutational pathway. For survival analysis Kaplan-Meier 
analysis was used and differences between the survival curves were analysed using the log-rank 
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test. Events for time to recurrence, disease-free and overall survival were defined as follows: 
time from surgical resection to disease relapse, time from surgical resection to disease relapse 
or death, and time from surgical resection to death respectively. 
Cox’s stepwise proportional hazard regression models were used for multivariate analyses of 
apoptosis, MSI and clinicopathological features. The statistical package SPSS version 12.0 (SPSS 
Inc, Chicago, IL) was used to conduct statistical analyses. A p-value < 0.05 (two-tailed) was 
considered as indicating a statistical significant result.

Results

Patient and tumor characteristics
The patient and tumor characteristics are summarized in Table 1. Patients had a median follow-
up of 5.9 years (range, 0.1-18.6 years; SD, 5.2 years). Tumors in this study were obtained from a 
randomly selected group of 96 non-irradiated patients presenting with stage II and III color-
ectal carcinoma. The average age of the patients in this study was 66.9 years (range, 26.0-85.0 
years). In this study 14 of 96 were negative for PMS2 or MLH-1 and thus considered microsatel-
lite instable (MSI) the remaining 90 were considered to be microsatellite stable (MSS).

Figure 1

A B

C

Representative immunohistochemical staining 

of apoptotic tumor cells, and nuclear PMS2 

expression in colorectal cancer specimens. 

Figure 1A  Apoptotic tumor cells were detected 

with M30 monoclonal antibody. Arrows 

indicate examples of apoptotic epithelial cells. 

Arrowheads indicate apoptotic bodies, these 

were not counted. B  MSI colon adenocarcinoma 

with loss of PMS2 expression. Nuclear staining 

of non-epthelial cells serves as internal positive 

control. C  adenocarcinoma with normal nuclear 

PMS2 expression.
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Immunohistochemical analysis of apoptosis in colorectal cancer specimens and its rela-
tion to clinicopathological variables and survival
Figure 1A shows a representative tumor specimen after immunohsitochemical staining with 
the M30 monoclonal antibody. Cells from epithelial origin, positive for staining with the M30 
monoclonal antibody were clearly recognizable in the tumor tissue. These positive cells repre-
sent cells in the first part of the degradation phase of apoptosis (Fig 1.). The median number of 
apoptotic cells per square mm tumor epithelial cells was 4.2 cells/mm2.
To evaluate whether apoptosis and clinicopathological features were associated, the number of 
apoptotic cells was correlated to each feature. Number of apoptotic tumor cells was not associ-
ated with any of the clinicopathological variables (table 1).

Table 1  Patient characteristics and association with levels of apoptosis (94 patients)

No. of patients 
()

Number of apoptotic cells (cells/mm2)
Median  (IQR) p-value

Sex
Male
Female 

56(60)
38(40) 

4.8 (1.9-8.7)
3.9 (1.3-8.6)

0.81*

Age (median [range])
≤ median
> median

(67.5[26-85])
48 (50)
48 (50)

3.0 (1.6-8.8)
5.2 (2.6-8.6)

0.20*

Tumor location
colon 
rectum**

61(66)
33(34)

3.7 (1.6-9.6)
5.5 (2.4-7.9)

0.80*

Tumor stage
II
III

55(59)
39(41)

4.7 (2.0-9.6)
4.6 (1.7-8.5)

0.36*

Grade of differentiation
poor
moderate
well

54(57)
21(23)
19(16)

4.2 (1.7-8.6)
5.4 (1.3-8.4)
5.1 (1.7-21.7)

0.81†

MSI
MSI
MSS

13(15)
81(85)

4.2 (2.7-8.4)
4.6 (1.6-8.7)

0.53*

*Mann-Whitney,  †Kruscal-Wallis

Table 1  Characteristics of the patients 96 investigated in the present study. Apoptosis was defined as 

number of apoptotic cells/mm2, 2 patients were not evaluable after immunohistochemistry and excluded 

from further analyses. Apoptosis levels were evenly distributed amongst patient characteristics. 

Prognostic significance of tumor cell apoptosis and MSI status
We analysed the number of apoptotic tumor cells in relation with patient survival data. As is 
shown in figure 2, tumor specimens with a relatively high number of apoptotic cells were bor-
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derline significantly associated with high recurrence rates (p=0.09 figure 2A) and significantly 
associated with a poor disease free survival (p=0.005, figure 2B). MSI tumors were associated 
with low recurrence rates (p=0.05 figure 2C); this did however not translate into a survival 
benefit (p=0.59 figure 2D).
When separately analysed in the colon (n=63) and rectal (n=33) tumors, high number of ap-
optotic tumor cells were associated with a poor DFS in both colon (p=0.04) as well as in rectal 
(p=0.05) tumors (data not shown).

Figure 2A  Apoptosis,  TTR Figure 2B  Apoptosis,  DFS 
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Figure 2C  MSI,  TTR Figure 2D MSI,  DFS 
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Prognostic value of apoptosis and microsatellite instability on time to recurrence (TTR) and DFS in 96 

colorectal cancer patients. The continuous line represents a relative low number of apoptotic cells 

per square millimeter (≤ median), the dotted line a relative high number (>median). 2A: High levels of 

apoptosis was associated with increased recurrence rates in colorectal cancer (p=0.09). 2B: High levels 

of apoptosis was associated with a poor DFS in colorectal cancer specimens (p=0.005). 2C Microsatellite 

instability was associated with low recurrence rates in colorectal cancer (0.05). 2D Microsatellite instability 

did not have a significant impact of DFS in colorectal cancer (p=0.59) 
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All parameters with a p-value ≤0.10 in the univariate analysis were subjected to a multivariate 
analysis using a Cox proportional hazards model, to evaluate whether apoptosis showed prog-
nostic significance for tumor recurrence, independent of other factors. Tumor stage, tumor 
cells apoptosis and microsatellite stability status were included in the analysis. A relatively high 
number of apoptotic cells (p=0.05, HR: 2.1 CI: 0.98-4.78) and advanced tumor stage (p=0.006, 
HR 3.0 CI: 1.37-6.63) retained their strength as independent prognostic variables for tumor re-
currence (table 2). In addition apoptosis was an independent prognostic factor for disease free 
survival (p=0.003, HR 2.2 CI: 1.32-3.94). Therefore, these results indicate that the number of 
apoptotic cells in a tumor resection specimen is highly prognostic in colorectal cancer. 

Discussion

We demonstrate in the current study that colorectal tumors with a high number of apoptotic 
tumor cells show a poor prognosis. This negative impact of high number of apoptotic cells on 
patient survival is confirmed by several other studies5-7. A large number of studies have focused 
on the prognostic significance of the number of apoptotic cells in colorectal cancer, however, 
the results of these studies are often contradictory13. The inconsistencies in observed impact 
of apoptosis on clinical outcome can partly be explained by the different methods for detect-
ing apoptosis and partly by the differences between the evaluated patient populations. Several 
techniques are employed to detect apoptosis, including TUNEL assay14-16, flow cytometry6, 
pro- and anti-apoptotic protein activity5,17 or the measurement of caspase-3 activity in tumor 
lysates7. The limitation of most of these methods is that they reflect apoptosis of both stromal 
cells as well as tumor cells. The use of the monoclonal antibody M30 overcomes these limita-
tions as the antibody is directed against the apoptosis-induced cleavage product of cytokeratin 
18. This protein is only present in epithelial cells and allows a highly reproducible discrimina-
tion of apoptotic tumor cells from other cell types3,8. The evaluation of apoptosis with immu-
nohistochemical M30 expression provided information about apoptosis on a cellular level and 
is sensitive to slight changes in expression levels, thus yielding an accurate evaluation3,8.

Table 2  Cox proportional hazards model (first model) for Time to Recurrence (TTR)

DFS

Variables Categories HR 95% CI P-values

Microsatellite stability MSI/MSS 4.55 0.99-4.78 0.14

Tumor stage stage II/ stage III 3.0 1.37-6.63 p=0.006

Apoptosis ≤median/ >median 2.1 0.98-4.78 p=0.05

The type of treatment, including preoperative therapy and type of surgical resection, may a 
point that should also be taken into account when discussing the impact of the number of 
apoptotic tumor cells in a resection specimen. Considering the different studies, the prognos-
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tic value of apoptosis has been analysed in varying cohorts of patients, making it difficult to 
compare results. Much of the published literature has evaluated apoptosis in resected colorectal 
tumor specimens, regardless of adjuvant treatment or type of surgery. However, the introduc-
tion of new surgical techniques as the Total Mesorectal Excision17 and neoadjuvant treatment18 
has greatly improved the clinical outcome of colorectal cancer, but certainly will influence ap-
optosis in resected tumor material. Not only preoperative radiotherapy3, but also surgical re-
section has been shown to induce apoptosis as levels of apoptosis were significantly higher in 
resected tumors than in preoperative biopsies14. A recent study evaluated apoptosis in tumors 
of patients included in the Dutch TME trial and showed by M30 immunostaining that low 
numbers of apoptotic tumor cells in rectal cancer were associated with high local recurrence 
rates. Our study showed different clinical behavior for patients with high numbers of apoptotic 
tumor cells when operated with conventional surgery for rectal cancer as was used before TME 
surgery was introduced. In addition, the number of apoptotic cells after TME surgery was much 
higher than the number we found in the current study3,8. Together, these results indicate that 
type of surgery highly influences tumor cell apoptosis. Therefore, the clinical impact of tumor 
cells apoptosis should only be considered in the context of patient’s treatment.
The mechanism behind the negative impact of high number of apoptotic cells on DFS in the 
present study could be explained by disturbance in the structural cohesion of the tumor by the 
presence of apoptotic tumor cells. Disturbance in the structural cohesion may result in an in-
creased dissemination of tumor cells, and thus more tumor cells in blood and lymphatic vessels 
and thus a higher change of developing distant metastases7. 
The favorable clinical outcome of MSI tumors as seen in the current study has been reported 
previously20,21 and has been attributed to increased immune cell infiltration in such cancers 22. 
MSI in the current study was not associated with increased tumor cell apoptosis. This lack of as-
sociation was also apparent in a study evaluating apoptosis and tumor infiltrating lymphocytes 
in cancer specimens with defective MMR genes22. Although MSI tumors in several studies were 
associated with increased numbers of tumor infiltrating lymphocytes21, they also did not find 
increased numbers of apoptotic cells. These studies concluded that the level of apoptosis in MSI 
cancers is spontaneous in nature. Our study is in line with these data and shows that apoptosis 
reflects clinical tumor behavior. 
In conclusion, the current study demonstrates that high numbers of apoptotic tumor cells in 
resection specimens is a poor prognostic factor for patient survival in colorectal cancer and 
also that apoptosis and MSI are independent mechanisms that determine patient outcome. 
Furthermore, tumor cell apoptosis should be considered in the context of the preoperative and 
surgical treatment of the patient.
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Abstract

To determine the impact of cyclooxygenase-2 (COX-2) expression on clinical behavior in irradi-
ated and non-irradiated rectal carcinomas.
Tumor samples were collected from 1231 patients of the Dutch TME trial in which rectal cancer 
patients were treated with standardized surgery, and randomized for pre-operative short-term 
(5 times 5Gy) radiotherapy or no pre-operative radiotherapy. Tissue micro arrays were construct-
ed from primary tumor material and COX-2 expression was assessed by immunohistochemistry. 
Tumor cell apoptosis was determined by M30 immunostaining.
A high level of COX-2 expression after radiotherapy was associated with low levels of tumor cell 
apoptosis (p=0.001). COX-2 expression had no significant impact on patient survival or tumor 
recurrence in non-irradiated tumors. However, in patients receiving preoperative radiotherapy, 
high level of COX-2 expression was associated with higher incidence of distant recurrences 
(p=0.003, HR: 1.7, CI: 1.2-2.5), and shorter disease free survival (p=0.002, HR: 1.5 CI: 1.2-2.0) and 
overall survival (p=0.009, HR: 1.5, C.I.: 1.1-2.0), independent of patient age, tumor stage, tumor 
location or the presence of tumor cells in the circumferential resection margin.
A high level of COX-2 expression following preoperative radiotherapy in resection specimens 
is associated with apoptosis resistance, high distant recurrence rates and a poor prognosis in 
rectal cancer.
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Introduction

In recent years, the role of a key enzyme in prostaglandin synthesis, cyclooxygenase (COX)-2, 
has been appreciated in cancer development and progression. COX-2 is responsible for the 
conversion of arachidonic acid to prostaglandins and other eicosanoids. In addition to its well-
known role in inflammatory reactions, COX-2 plays a role in tumor progression, angiogenesis, 
metastatis, and abrogation of the antitumor immune response1-4. COX-2 prevents apoptosis 
by generation of antiapoptotic PGE25 and PGI26 and by removal of the proapoptotic substrate 
arachidonic acid7. PGE 2 induces transformations that result in increased Bcl-2 expression and 
prolong the cell cycle G1 phase with increased cyclin D1 expression8. Numerous epidemiologic 
studies have indicated that the use of nonsteroidal anti-inflammatory drugs, and COX-2 inhibi-
tors is associated with a significant decreased incidence and mortality rate in colorectal can-
cer9-12. In addition, selective COX-2 inhibitors have been shown to decrease COX-2 expression 
and COX-2 activity in gastrointestinal malignancies13. The clinical effect of COX-2 expression 
has been evaluated in a large number of studies in colorectal cancer and results have not been 
consistent12,14,15. Considering the distinct differences in tumor biology, treatment, recurrence 
rates, and metastatic behavior16, it is regrettable that most studies make no distinction between 
rectal and colon cancer. The purpose of the current study was to obtain a conclusive answer of 
the clinical relevance and prognostic value of immunohistochemically determined COX-2 ex-
pression in rectal cancer and to investigate the effects of radiation therapy on COX-2 expression 
and subsequent biological and clinical behavior. The investigated patients were included in the 
Dutch TME trial, a prospective multicenter trial, and were randomized between standardized 
preoperative radiotherapy treatment followed by TME surgery or TME surgery alone17.

Materials and Methods

Study population. 
Patients were obtained from the Dutch TME trial, a large multicenter trial in which 1,861 patients 
were included from January 1996 until December 1999. Patients with a respectable carcinoma of 
the rectum were included in this international multicenter clinical trial and were subsequently 
randomized for radiotherapy (5x5Gy) followed by TME surgery or for TME surgery alone with-
out preoperative radiotherapy17. Radiotherapeutic, surgical, and pathologic procedures were 
standardized and quality controlled17-19. Patients who complied with the eligibility criteria of 
the TME trial17 with sufficient paraffin-embedded tumor material were selected for this study. 
Archival tumor material was collected from the 1,530 Dutch patients who were included in the 
trial. Tumor material was available from 1,231 patients. For the evaluation of COX-2 expression, 
patients were only included if at least two of the three included punches on the tissue microar-
ray could be evaluated, leaving 1,038 eligible stages I to III rectal cancer patients for analyses of 
clinical effect of COX-2 expression.



62

MOLECULAR AND BIOLOGICAL INTERACTIONS IN COLORECTAL CANCER

Tissue microarray preparation. 
Tissue microarrays from formalin-fixed, paraffin-embedded tumors included in the Dutch 
TME trial were constructed with a custom-built precision tissue arrayer (Beecher Instruments) 
using a 2-mm-diameter punch as described previously20. 

Figure 1  Representative staining of COX-2 expression in tissue micro array cores from the 1231 rectal 

cancer specimens evaluated in this study.

A B 

C D

Representative stainings of COX-2 expression in tissue microarray cores from the 1231 rectal cancer 

specimens evaluated in this study. Figure 1A: COX-2 negative tumor (score 0). Figure 1B: weak diffuse 

cytoplasmatic staining (score 1). Figure 1C: moderate to strong granular cytoplasmatic staining (score 2). 

Figure 1D: strong intensity of the staining (score 3). 
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Immunohistochemistry. 
For the quantification of COX-2 expression, 4-Am sections of the tissue microarrays were 
stained with COX-2– specific mouse anti-human monoclonal antibodies (clone CX229, Cay-
man Chemical Co.). The immunohistochemical procedures were described in detail elsewhere21. 
Antigen retrieval was done by boiling the sections in 10 mmol/L citrate buffer (pH 6.0) for 10 
min. Sections were incubated overnight at room temperature with antibodies against human 
COX-2 (1:100). Specificity of the antibodies was confirmed in this study by staining randomly 
selected rectal cancer specimens with and without preabsorption of the primary antibody with 
human COX-2 antibody–blocking peptides (10 AL/mL; Cayman Chemical) for 1 h at room 
temperature before the staining procedure. All tumor specimens were stained simultaneously 
to avoid interassay variation. COX-2 immunostaining was assessed by two independent ob-
servers (P.H. and M.J.E.M.G.) in a blinded manner. For high-throughput analysis of the tissue 
microarrays, the scoring criteria proposed by Buskes et al.21 was used: score 0, no staining; score 
1, weak diffuse cytoplasmatic staining (may contain stronger intensity in <10% of the cancer 
cells); score 2, moderate to strong granular cytoplasmatic staining in 10–90% of the tumor 
cells; and score 3, >90% of the tumor cells stained with strong intensity. The three stained tis-
sue microarray punches taken from each tumor were scored independently. The median score 
of the punches was used for analysis. In case of disagreement, a consensus score was obtained. 
In the present study, COX-2 scores 0, 1, and 2 were defined as COX-2 low, and a score of 3 was 
defined as COX-2 high. Apoptosis levels had previously been characterized in this series of pa-
tients by immunohistochemical analysis of M30 expression20. Data on COX-2 expression and 
apoptosis was available in 1,024 patients. 

Statistical analyses. 
All analyses were done with SPSS statistical software (version 12.0 for Windows, SPSS Inc.). 
Paired samples t test, Mann-Whitney U, Kruskall-Wallis, and Spearman’s q tests were used to 
compare continuous variables. The χ2 test was used to compare categorical variables. Patient 
survival was estimated according to the Kaplan-Meier method and compared using the log-
rank test. The entry date for the survival analyses was the time of surgery of the primary tumor. 
Events for time to local recurrence, distant recurrence, disease free, and overall survival were 
defined as from the time of surgery to the time of local disease relapse, time of distant disease 
relapse, time of disease relapse or death, and time of death, respectively. COX regression analy-
ses were used to calculate hazard ratios (HR) with 95% confidence intervals (95% CI). Variables 
with a P value of V0.10 in the univariate analyses were subjected to a multivariate analysis. 
Interobserver variability was calculated by κ statistic as described by Landis and Koch: κ-values 
of 0.2 to 0.4 indicate fair; 0.4 to 0.6, moderate; and of > 0.6, excellent results22. 

Results 

COX-2 protein expression in rectal cancer tissue microarrays. 
The immunohistochemical COX-2 staining pattern exhibited a brown diffuse granular cyto-
plasmatic staining (Fig.1). No staining of COX-2 was observed in five tumors 0.5%; Fig. 1A). A 
weak diffuse, moderate, or strong staining was observed in respectively 114 (11.0%), 602 (58.0%), 
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and 317 (30.5%) of the tumors (Fig.1B-D). The interobserver κ -value score for evaluation of 
COX-2 expression was 0.62, indicating minimal interobserver variation. Ten randomly selected 
rectal cancer specimens were stained with COX-2 antibodies with or without blocking peptide. 
All tumor cell signals were blocked by this control procedure in all specimens. 

Table 1  Distribution of COX-2 expression in irradiated and non-irradiated rectal cancer specimens

Treatment group

TME RT+TME  Total

COX-2 0 3 (0.4%) 2 (0.6%) 5 (0.5%)

1 51(12.4%) 63 (9.7%) 114 (11.0%)

2 300 (59.2%) 302 (56.8%) 602 (58.0%)

3 174 (28.0%) 143 (33.0%) 317 (30.5%)

Total 528 (100%) 510 (100%) 1038 (100%)

Chi-square test: p=0.24

Figure 2  COX-2 expression and apoptosis in irradiated and non-irradiated rectal cancer specimens

COX-2 expression

highlow
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0

P=0.13
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Non-irradiated tumor

P=0.13

P=0.001

Dichotomized COX-2 expression is associated with decreased levels of apoptosis in irradiated 

tumor specimens with high levels of COX-2 expression. Black columns represent patients receiving 

preoperative radiotherapy (RT+) followed by TME surgery. Gray columns represent patients receiving TME 

surgery alone (RT-).
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COX-2 expression and clinicopathologic variables. 
Clinical data and conventional prognosis factors (tumor-node-metastasis stage, age, histology, 
localization) of the patients in the current study have been published previously17,20. COX-2 
expression did not significantly differ between irradiated and non-irradiated tumors (P = 0.27; 
Table 1) and were distributed evenly in non-irradiated and irradiated patients with regard to 
various clinical and pathologic variables, such as age, gender, tumor size, depth of invasion, 
lymph node involvement, tumor-node-metastasis stage, type of surgery, circumferential mar-
gin and distance from anal verge. All P values were not significant (data not shown). A poor 
grade of differentiation was borderline significantly associated with high COX-2 expression 
levels in non-irradiated tumors (P = 0.06). High levels of COX-2 expression were more often 
observed in adenocarcinomas (compared with tumors of the mucinous type) in irradiated and 
non-irradiated tumors (P = 0.05/0.04). 

COX-2 expression in relation to radiotherapy and apoptosis. 
COX-2 expression was not associated with apoptosis in resection specimens of non-irradiated 
rectal cancer tumors (P = 0.13) but was significantly associated with decreased levels of apop-
tosis (20) in irradiated tumors (P = 0.001, Mann-Whitney test). As can be seen in Fig.2, the 
analysis remained significant when COX-2 scores were dichotomized as scores 0 to 2 (COX-2 
low) versus score 3 (COX-2 high; P = 0.001, Mann-Whitney test). The median time period from 
completion of radiotherapy to surgery was 4 days (interquartile range, 3-6 days). No significant 
differences were observed between the levels of COX-2 expression with regard to the median 
time between radiotherapy and surgery (P = 0.06, Kruskall-Wallis test). 

COX-2 expression in relation to radiotherapy and tumor prognosis. 
Subsequently, we analysed the effect of COX-2 expression on tumor recurrence and patient 
survival. Figure 3A-C shows the effect of COX-2 expression in non-irradiated tumors on local 
recurrence rates, overall survival, and disease-free survival. COX-2 expression did not have 
an effect on local recurrence (P = 0.44; Fig. 3A), distant recurrences (P = 0.77; Fig. 4), overall 
survival (P = 0.61; Fig. 3B), or disease-free survival (P = 0.57; Fig.3C) in non-irradiated rectal 
cancer specimens. As can be seen in Fig.4, after radiotherapy, tumors with high levels of COX-2 
expression showed a significantly higher rate of distant recurrences (P = 0.005), but this was 
not observed in non-irradiated tumors. Figure 5A-C shows tumors with high levels of COX-
2 expression after radiotherapy to be associated with poor disease-free survival (P = 0.004) 
and overall survival (P = 0.006) but not with local recurrence rates (P = 0.92). Univariate and 
multivariate analyses in irradiated patients. Univariate COX regression analyses were done to 
identify prognostic factors for overall survival in irradiated patients. Advanced patient age (HR, 
1.03, 95% CI, 1.01-1.05; P <0.0001), advanced pathologic stage (HR, 1.75; 95% CI, 1.47-2.03; P 
< 0.0001), tumor-positive circumferential resection margins (HR, 2.46; 95% CI, 1.82-3.33; P 
<0.0001), distal location of the tumor (HR, 1.46; 95% CI, 1.01-2.06; P = 0.05) and high COX-2 
expression (HR, 1.48; 95% CI, 1.11-1.96; P = 0.006) proved to be significant in the univariate 
analyses and were subjected to COX multivariate analysis (Table 2). Patient age above the me-
dian, advanced pathologic stage, tumor-positive circumferential resection margins, and high 
COX-2 expression (HR, 1.46; 95% CI, 1.10-1.94; P = 0.009) retained their strength as independ-
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ent prognostic factors for overall survival (Table 2). In addition, COX-2 proved to be an inde-
pendent prognostic factor for high distant recurrence rates (P = 0.003; HR, 1.7; 95% CI, 1.2-2.5) 
and disease-free survival (P = 0.002; HR, 1.8; 95% CI, 1.2-2.5). 

Figure 3  Kaplan-Meijer survival estimates by COX-2 tumor epithelial staining 

in non-irradiated (RT-) rectal tumors
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Figure 3A-C Kaplan-Meijer survival estimates 

by dichotomized COX-2 tumor epithelial 

staining in non-irradiated (RT-) rectal tumors. 

Kaplan Meijer curves by COX-2 expression for 

local recurrence (A), overall survival (B) and 

disease free survival (C). Grey lines denote low 

levels of COX-2 and black lines high levels of 

COX-2 expression. 
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Figure 4  Kaplan-Meijer survival estimates by high and low COX-2 tumor epithelial 

staining in irradiated and non-irradiated rectal tumors.
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irradiated tumors (gray lines, p=0.77), but significantly impacts distant recurrences in irradiated tumors 

(black lines, p=0.005).

Discussion

The major observation in the current study is that increased COX-2 expression in irradiated rec-
tal cancer specimens is associated with reduced levels of apoptosis and poor prognosis. This in-
dicates that COX-2 expression can be used to identify a cohort of patients with a poor prognosis 
after radiotherapy. In several forms of cancer, radiation exposure is associated with an increase 
in eicosanoid production. Within hours after radiation, increased levels of prostaglandin’s and 
thromboxanes are detectable in most tissues, and increased levels may persist for several days 
or weeks23,24. In the current study, high COX-2 expressions after radiotherapy were associated 
with apoptosis resistance and can therefore lower levels of radiotherapy-induced apoptosis. 
Antiapoptotic proteins of the Bcl-2 family are able to suppress radiation-induced cell death24. 
COX-2 is known to induce Bcl-2 expression2 and is associated with apoptosis resistance8. De 
Bruin et al.20 showed, by immunohistochemical evaluation of M30, that intrinsic apoptosis is a 
prognostic factor for local recurrence in rectal cancer. However radiotherapy-induced apopto-
sis was not of prognostic value25. Because the current study found a prognostic effect of COX-
2 in irradiated patients only, whereas apoptotic rates were only prognostic in non-irradiated 
cases, our findings cannot provide a mechanistic explanation of our observations in relation 
with tumor cell apoptosis. A possible explanation for the clinical behavior of tumors with high 
levels of COX-2 expression after radiotherapy lies in the fact that COX-2 is an immediate early 
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response gene26. The interval between the short-term radiotherapy and surgery could be suffi-
cient for a change in COX-2 activity and subsequent prostaglandin production to influence the 
clinical behavior of the tumor8,24. Elevated COX-2 expression has shown to lead to alterations 
in the invasive and metastatic potential of cancer cells4. COX-2 expression and prostaglandin 
production induce cell-surface glysosyltransferases and type 1 sialyl Lewis antigens, leading to 
enhanced tumor cell adhesion to endothelial cells27,28. And animal studies reported that COX-2 
inhibition prevented the formation of distant metastases29. Moreover, the immunosuppressive 
effect of increased prostaglandin production1 may allow circulating tumor cells to escape the 
host antitumor response and metastasize. However, it is not very likely that these events will 
take place during the short interval between completion of radiation and surgery. It has been 
established in several animal models and clinical studies that COX-2 inhibitors synergize with 
radiotherapy and can be given safely30-33. COX-2 inhibitors could prevent the adverse effects 
of elevated COX-2 levels and subsequent increased prostaglandin production that can occur 
during radiotherapy. It is tempting to speculate that the addition of COX-2 inhibitors to preop-
erative radiotherapy may help to reduce distant recurrences and improve patient survival. In 
the current study, using patients from a trial that evaluated TME surgery with or without pr-
eoperative radiotherapy, COX-2 expression did not have any effect on local recurrence rates or 
prognosis in non-irradiated tumors. We have not studied pretreatment biopsies, but our results 
regarding non-irradiated tumors indicate that evaluation of COX-2 expression in non-irradi-
ated rectal cancer specimens or preradiation biopsies is not a useful discriminator for response 
to therapy or prognosis. The prognostic value of COX-2 expression has extensively been inves-
tigated in retrospective studies with colorectal cancer specimens (refs.14,15; reviewed in ref.12), 
but the independent prognostic value of COX-2 expression remains unclear. The disagreement 
on the prognostic value of COX-2 in colorectal cancer in previous studies might be due to the 
apparent lack of prognostic value of COX-2 expression in non-irradiated rectal cancer as seen 
in the current study, hereby confounding the results in studies that compile rectal and colon 
patients. The low numbers of COX-2 negative tumors in the current study (<1%) compared with 
the 10% to 30% negative tumors reported in studies evaluating COX-2 expression in colorectal 
cancer specimens34 suggest a biological difference in tumors originating from the proximal or 
distal large bowel. Whether this is due to a larger number of mismatch repair defective tumors 
(which show reduced COX-2 expression; refs.35,36) in right-sided tumors 37,38 or other factors 
is beyond the scope of the current study. However, the apparent differences in tumor biology 
do confound the evaluation of the clinical relevance of COX-2 expression in the large bowel 
and underscore the need for COX-2 assessment in well-defined, standardized, and uniformly 
treated patient groups as was done in the present study. 
In conclusion, in the current study we showed that high levels of COX-2 after radiotherapy are 
associated with diminished apoptosis and high distant recurrence rates. Our data indicate that 
evaluation of COX-2 expression after radiotherapy can be used to identify patients with a poor 
prognosis. These results suggest that the addition of COX-2 inhibitors to preoperative radio-
therapy may help to reduce distant recurrences and improve patient survival.
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Figure 5  Kaplan-Meijer survival estimates by high and low COX-2 tumor epithelial 

staining in irradiated (RT+) rectal tumors
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Kaplan-Meijer survival estimates by 

dichotomized COX-2 tumor epithelial staining 

in irradiated (RT+) rectal tumors. Kaplan Meijer 

curves by COX-2 expression for local recurrence 

(A), overall survival (B) and disease free survival 

(C). Grey lines denote low levels of COX-2 and 

black lines high levels of COX-2 expression. High 

COX-2 expression is a poor prognostic factor for 

disease free (p=0.004) and overall survival in 
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Table 2

variable Hazard ratio 95 CI p-value

Patient age
Below median
Above median

1
1.03 1.01-1.05

<0.0001

TNM stage
I
II
III

1
1.83
2.88

1.22-2.74
1.96-4.22

<0.0001

Circumferential margin
Negative
Positive

1
1.94 1.41-2.67

<0.0001

Distance of tumor from the anal verge
10.1-15 cm
5.1-10 cm
≤ 5 cm

1
1.48
1.44

1.03-2.13
1.01-2.03

0.07

COX-2 expression
Low
High

1
1.46 1.10-1.94

0.009

Results of multivariate Cox regression analysis of overall survival among 510 irradiated rectal cancer 

patients. A variable was included in the multivariate analysis if the p-value in the univariate analysis was 

less than 0.05. Patients with missing data were excluded from the analysis. CI denotes confidence interval.
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Abstract

In colorectal cancer 40% of patients will develop liver metastases. The present study was de-
signed to evaluate the inhibitory effects of the COX-2 inhibitor celecoxib on the growth of color-
ectal cancer liver metastases in a syngeneic rat model, CC531. The effects of celecoxib on cell 
viability in vitro were evaluated by treatment of CC531 tumor cell cultures with celecoxib. In vivo, 
Wag/Rij rats were inoculated with CC531 tumor cells at two sites in the liver and treated with 
celecoxib starting one week before, or directly after tumor inoculation. Control rats were inocu-
lated without treatment. Three weeks after tumor inoculation rats were sacrificed. Tumor size, 
immune cell infiltration and PGE2 and celecoxib levels were determined. 
CC531 tumors did not show COX-2 expression, tumor growth was significantly inhibited by 
celecoxib treatment in a dose dependent manner. Immune cell infiltration was decreased after 
celecoxib treatment, indicating that the immune system was not involved in preventing tumor 
growth. Celecoxib serum concentration starting at 0.84 µg/ml significantly inhibited the out-
growth of CC531 liver tumors. In contrast, in vitro concentrations of celecoxib of at least 12 µg/
ml were needed to affect tumor cell viability, suggesting that the effect of celecoxib on tumor 
growth in vivo was not a direct cytotoxic effect.
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Introduction

In colon cancer, surgical resection potentially offers cure of the disease. Prognosis is mainly 
dependent on the occurrence of local or distant metastases, which occur in approximately 40% 
of the patients1. Epidemiological studies have indicated a considerable reduction in risk of oc-
currence of colorectal carcinoma in patients with reported long-term Non Steroidal Inflamma-
tory Drugs (NSAID) use2. In addition to the chemoprophylactic potential, chemotherapeutic 
effects of NSAIDs have been suggested and evaluated in in vitro, animal and clinical studies3-5. 
The mechanism by which NSAIDs reduce the risk of colorectal carcinogenesis is generally at-
tributed to the inhibition of the arachidonic acid metabolism via the cyclooxygenase enzymes 
(COX). COX is a critical step in the synthesis of prostaglandins (PG) that affects cell prolifera-
tion, tumor growth and immune responsiveness6,7. Several isoforms of COX exist8. The isoform 
COX-2 is upregulated in many types of malignancies9 and is responsible for prostaglandin E2 
(PGE2) production by tumor cells. Several recent reports have suggested that COX-2 expression 
has an important role in haematogenous metastasis of colorectal carcinomas to the liver10,11, 
however, the effects of COX-2 inhibition on the growth of established liver metastases remains 
unknown. 
Tumor cells use various strategies to escape host immune surveillance, among others by impair-
ing the effectivity of the host immune response12. Overproduction of PG and specifically PGE2 
by tumor cells results in direct down regulation of effector cell cytotoxicity, but also creates an 
abnormal balance between the T helper (TH)-1 and TH-2 response favouring the TH-2, hereby 
functionally blunting the host anti-tumor cellular immune response13,14. 
A recent animal study suggested that the inhibitory effect of COX-2 inhibitors on tumor growth 
is immunological and is dependent on the presence of B or T lymphocytes15. Given the im-
munomodulating nature of PGE2 production by tumor cells via COX-2 it has been suggested 
that COX-2 inhibition can result in an increased anti-tumor immune response by facilitating 
infiltration14-16.
The aim of the present study was to investigate the effects of the COX-2 inhibitor celecoxib on 
the growth of established liver metastases by use of the CC531 rat tumor model17,18. In addition 
we evaluated the effects of celecoxib treatment on prostaglandin production, immune cell in-
filtration and apoptosis in the liver metastases. 

Material and Methods

Animals
Twenty Male Wag/Rij rats weighing approximately 245 g were used (Charles River, Zeist, The 
Netherlands). All animals were housed in the animal facility of the Leiden University Medical 
Center. The animals had free access to food and water. The weight of the animals was fol-
lowed throughout the experiment to monitor their general health state. Principles of laboratory 
animal care were followed and, according to Dutch law, the Animal Welfare Committee of the 
Leiden University Medical Center approved the study.
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Cell culture and liver metastasis model
The colon adenocarcinoma cell line CC531 (1,2-dimethylhydrazine-induced) which is mod-
erately differentiated and syngeneic to Wag/Rij rats19 was used for tumor inoculation. Briefly, 
tumor cells were cultured in RPMI 1640 supplemented with 2mM L-glutamine (Gibco, Grand 
Island, NY, USA), 10% heat-inactivated fetal calf serum, 100 U/ml penicillin and 0.1 mg/ml 
streptomycin sulphate (complete medium). Tumor cells were harvested with a solution of 0.25% 
(w/v) EDTA and 0.25% (w/v) trypsin in HBSS (Sigma, St. Louis, MO, USA), washed three times 
in 0.9% (w/v) NaCl solution buffered with 1.4 mM phosphate (PBS) and adjusted to a suspen-
sion containing 1 x 106 viable (trypan blue exclusion test) tumor cells per ml PBS. For local liver 
tumor induction, 5 x 104 viable tumor cells (in 50 µl suspension) per site were injected subcap-
sulary into the upper lobe of the liver at 2 sites. 

In vivo experimental design
Rats were randomly assigned to one of the following five groups: (1) control group, (2) celecoxib 
500ppm starting at tumor inoculation, (3) celecoxib 1000ppm starting at tumor inoculation, 
(4) celecoxib 1500ppm starting at tumor inoculation (5) celecoxib 1500ppm starting one week 
before tumor inoculation (Figure 1). Two tumors were inoculated as described above in the liver 
at day 0. Tumors were allowed to grow for 21 days after which rats were sacrificed. Abdominal 
organs were evaluated for signs of toxicity. Liver tumors were separately enucleated from the 
surrounding liver parenchyma and measured. Blood samples were taken from all rats by aortal 
punction at time of sacrifice. Blood samples were allowed to coagulate and were centrifuged for 
10 minutes at 13000 rpm (Beckman GS-6R centrifuge, Beckman Coulter, Fullerton, CA, USA); 
supernatants were collected and stored at -20°C until analysis. The cross sectional tumor area 
was used for analyses. This was determined using the formula: L x W x 0,25 x π in which L is 
maximum length and W is maximum width of the tumor20.

Figure 1  Design of experiment with celecoxib treatment of CC531 tumors in a rat liver metastases model 

for colorectal cancer

standard chow

Day:
-7 0 (inoculation) 7 14 21(sacrifice)

0, 500, 1000, 1500 ppm celecoxib (group 1-4)

1500 ppm celecoxib (group 5)

Groups of 4 male Wag/Rij rats were fed 0, 500, 1000, or 1500 ppm celecoxib starting 7 days before (group 5) 

or directly after subcapsular tumor cell inoculation in the liver on day 0 (group 1-4). Rats were followed up 

for 21 days, after which they were sacrificed. After sacrifice, rat serum was collected and rat tumors were 

enucleated from the liver.
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Medication
The COX-2 inhibitor celecoxib (SC-58635), obtained as a gift from Pfizer Pharmaceuticals, 
was incorporated into Altromin 1310 rat breeding diet by Altromin (Altromin Gesellschaft für 
Tierernährung mbH, Lage, Germany) at various concentrations. Rats were fed this diet accord-
ing to experimental design as indicated in Figure 1.

Analysis of celecoxib concentrations in serum 
A high-performance liquid chromatographic (HPLC) method was used and validated for the 
determination of celecoxib in serum. Ibuprofen was used as an internal standard. Blanc serum 
samples (250 µl) were spiked with celecoxib (range 80ng/ml - 6000 ng/ml) and Ibuprofen (2000 
ng/ml) and used as calibrators and quality control samples. The limit of quantification was 100 
ng/ml. Within-run and between-run precisions were less than 10 % and average accuracies were 
between 90 and 110 %. To 250 µl of serum, 50 µl internal standard work solution (10 µg/ml)21 
was added and the sample was mixed thoroughly. To precipitate the proteins, 1 ml of acetonitrile 
was added and the sample was vortexed again. After centrifugation, the supernatant was trans-
ferred to a glass tube and evaporated till dry. The residue was resuspended in 1 ml of the mobile 
phase21 and filtered over a 0.45 µm PVDF HPLC-filter (Acrodisc, Waters Corporation) for 
HPLC injection (40 µl).
Separation was achieved on a Symmetry 300 C18 column (25 cm x 4.6 mm, 5 µm) (Waters, 
Milford, USA) connected to a Luna C18 guard column (4 mm x 3 mm, 5 µm) (Phenomenex, 
Torrance, USA). The mobile phase, which was filtered through a 0,20 µm nylon filter before 
use, consisted of an acetonitrile-water-acetic acid-triethylamine (47 : 53 : 0,1 : 0,03) mixture and 
was pumped at a flow rate of 1 ml/min. Celecoxib and Ibuprofen were detected by fluorescence 
detection. Emission and excitation wavelengths of Celecoxib and Ibuprofen were 280/340 and 
253/300, respectively.

Analysis of PGE2 concentrations in liver metastases and serum
Tumor and serum levels of PGE2 were measured to analyse celecoxib activity in rats fed the con-
trol diets or diets supplemented with 500ppm, 1000ppm or 1500ppm. A competitive enzyme 
immunoassay (R&D Systems Inc., Minneapolis MM 55413, USA) was used for the determina-
tion of PGE2 in serum and tumor tissue. The sensitivity of the PGE2 assay was typically higher 
than 13 pg/ml. Each tissue sample (50-300 mg) was dried for surface moisture and accurately 
weighed. The sample was then homogenized in 1 ml of distilled water. After centrifugation, the 
supernatant was treated the same way as serum.

Immunohistochemical staining of CC531 liver metastases
Cryostat sections (Cryocut 3000, Leica, Nuss-loch, Germany) 5 µm thick were cut from the 
tumor tissue that was snap-frozen directly after resection, of the control group (group 1) and 
the group receiving celecoxib 1500ppm (group 4). Sections were air-dried for at least 16 hr at 
60 °C, then fixed in acetone for 10 min and washed twice in PBS. All dilutions of antibodies 
and conjugates were performed with PBS containing 1% (w/v) bovine serum albumin (BSA, 
Boehringer, Mannheim, Germany). Immunohistochemistry for detection of tumor cell COX-
2 expression was performed as described previously with a polyclonal anti-COX-2 antibody 
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(ALX-210-711, Alexis, San Diego, CA, USA, 1:30022). As negative controls sections were in-
cubated with PBS instead the primary antibody. Immunohistochemical analysis of immune 
cell infiltration was performed as follows: The tissue sections were incubated for 30 min with 
a previously determined optimal concentration of protein-A-purified primary antibody. The 
monoclonal antibody (MAb) 3.2.3 IgG1 (a gift from Dr. W.H. Chambers, University of Pitts-
burgh Cancer Institute, Pittsburgh, PA) was used for detection of CD161A (NKR-P1A+, Natu-
ral Killer cells) cells, the MAb R73, anti-rat T-cell receptor (TCR) (a gift from Dr. Th. Hünig, 
University of Würzburg, Germany), was used for the detection of T cells. After incubation with 
the primary antibody, the sections were washed in PBS 3 times for 5 min, followed by two 30-
min incubations with horseradish-peroxidase (HRP)-conjugated rabbit anti-mouse Ig (dilu-
tion 1:100) and HRP-conjugated swine anti-rabbit Ig (dilution 1:50, both obtained from DAKO, 
Glostrup, Denmark) and subsequent washes in PBS. Visualization of immune complexes was 
performed by a 10-min incubation with a 3,3’-diaminobenzidine (DAB) substrate containing 
1.8 x10E-3% (v/v) H2O2. A polyclonal rabbit anti-laminin antibody (Sigma-Aldrich) was used 
for the detection of laminin. After 3 wash steps with PBS, the sections were incubated for 30 min 
with HRP-conjugated swine anti-rabbit Ig (dilution 1:50, DAKO) for the detection of laminin. 
The immune complexes were visualized by a 12-min incubation step in a buffered TRIS-HCl 
(pH 7.6) solution containing, per 100 ml, (1) 40 mg 4-chloro-1-naphtol (Merck, Darmstadt, 
Germany) dissolved in 200 µl dimethylformamide (Baker, Deventer, The Netherlands) and 
300 µl ethanol (Merck) and (2) 100 µl of a 30% (v/v) H2O2 solution (Merck). The sections were 
slightly counterstained using methyl green (Klinipath) and mounted using Kaiser’s glycerine 
(Merck). Control sections (1 per tumor) were included in which both primary antibodies were 
omitted21.

Quantification of immunostaining
After immunohistochemical staining slides were directly coded in order to blind the observer 
for tumor number or treatment group of the tumors. The number of tumor infiltrating R73+ 
and 323+ cells in tumor epithelium were estimated using a scoring method described by Menon 
et al23. In brief, an ocular grid, with a total surface area of 38 mm2, was used at a 200x magnifica-
tion to count all leukocytes that were located intraepithelially in 25 different randomly chosen 
tumor fields of the tissue section. Laminin was used to distinguish between intraepithelially, 
that is, leukocytes in direct contact with tumor cells, and intrastromally located leukocytes (fig-
ure 3A-C). This tumor compartment-specific analysis made it possible to calculate the number 
of leukocytes per tumor cell area (leukocytes/mm2 tumor epithelium). The mean leukocyte 
infiltration of 25 fields per tumor section was calculated and defined as the intraepithelial leu-
kocyte infiltration. After evaluation, the slides were unblinded for treatment group for further 
analyses.

Effects of celecoxib on CC531 cell viability in vitro
The cell viability was assessed by the mitochondrial function, measured by 3-(4,5-dimethylthi-
azol-2-yl)-2,5-dipheniltetrazolium bromide (MTT) reduction activity as previously reported24. 
Briefly, cells were seeded in a 96-well plate and incubated with increasing concentrations of 
celecoxib (figure 4). After 72 hours, the cells were incubated with 0.5 mg/ml MTT (Sigma-
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Aldrich) for 4 hours at 37°C. Subsequently, 100 μl SDS (10% (v/v) in 0.01 M HCl) was added, af-
ter which the absorbance was read at 590 nm, using a microplate reader (Bio-Rad Laboratories, 
Veenendaal, The Netherlands). Stock solutions of the pure compound celecoxib were made in 
dimethyl sulphide (DMSO). A final DMSO concentration of 0.1% in medium was used in all in 
vitro experiments including control experiments.

Statistical analyses
Statistical analysis between groups was performed using the Fisher exact test. Correlations be-
tween variables were evaluated using Spearmans’ rank analysis, Mann-Whitney, Kruskal-Wal-
lis, or student’s T-test. Values with P<0.05 were considered statistically significant. The Statisti-
cal Package for Social Sciences (SPSS) version 12.0 was used for all statistical analyses.

Results

General condition of rats
The body weights of rats fed the control diet or the experimental diets containing various levels 
of celecoxib were comparable throughout the study. There was no difference in animal behavior 
between the treatment groups. Animals experienced a slight weight loss after laparotomy for 
inoculation of CC531 tumor cells in the liver, but no rats lost more than 5% body weight. The 
initial tumor induction was successful in all rats and no rats died before the end of the experi-
ment. After sacrifice of the animals no gross intra-abdominal changes were noted that would 
indicate toxicity.

Serum celecoxib levels
To establish if administration of celecoxib to rat diet resulted in adequate levels of celecoxib in 
rat serum, serum samples were collected after sacrifice. Increased dosage of celecoxib in the 
rat chow showed a corresponding increase in serum celecoxib levels (figure 2A). Rats in the 
control group who were fed regular chow had undetectable levels. Steady-state serum levels 
were as follows: celecoxib 500ppm (group 2): 0.84 ± 0.33 µg/ml, celecoxib 1000ppm (group 3): 
1.97 ± 0.77 µg/ml, celecoxib 1500ppm (group 4): 3.10 ± 1.44 µg/ml, celecoxib 1500ppm starting 
1 week pre inoculation (group 5): 3.07 ± 0.91 µg/ml (figure 2A). Serum celecoxib levels in the 
present study were comparable with the 0.1-5.0 μM concentrations in cancer patients treated 
with celecoxib4,25.

Effects of celecoxib treatment on liver metastasis growth
The effects of celecoxib administration on the tumor growth are summarised in figure 2B. Ad-
ministration of celecoxib resulted in a significant dose dependent reduction of tumor size when 
compared to the rats that were fed control diet (group 1): Celecoxib 500ppm (group 2): p=0.04, 
celecoxib 1000ppm (group 3): p=0.02, celecoxib 1500ppm (group 4): p=0.006, celecoxib 1500 
ppm starting one week before inoculation (group 5): p=0.007 (figure 2B) (Mann-Whitney). 
The administration of celecoxib 1 week before tumor cell inoculation did not significantly inhi-
bit tumor growth compared to administration after inoculation (group 4) (p=0.28)
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Figure 2
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Figure 2  Effects of 21 days of celecoxib treatment on CC531 liver metastases and 

PGE2 serum and tumor level. All treatment groups consisted of 4 rats in each of which 2 tumors were 

inoculated subcapsularly in the liver. Rats received control diet, or a diet containing: celecoxib 500 ppm, 

celecoxib 1000 ppm, celecoxib 1500 ppm, starting at tumor inoculation, or celecoxib 1500 ppm, starting 7 

days before tumor inoculation. Blood and tumors were obtained from rats after sacrifice. Serum celecoxib 

levels and serum and tumor PGE2 levels were measured as described in the material and methods section. 

Values represent the mean and standard error.  2A: Serum celecoxib concentrations. 2B: Effects of 

celecoxib on tumor size (cross sectional tumor areas). 2C: PGE2 concentrations in the tumors of the rats. 

2D: PGE2 concentrations in sera from the rats.

Effects of celecoxib treatment on serum and tumor PGE2 levels
The effects of celecoxib on tumor and serum PGE2 levels can be seen in figure 2C-D. No sig-
nificant differences were found in tumor and serum PGE2 levels between the treatment groups 
(p=0.32 and p=0.51 respectively, Kruskal-Wallis). 



83

CELECOXIB INHIBITS GROWTH OF COLORECTAL LIVER METASTASES IN A SYNGENEIC RAT MODEL

Figure 3  Fresh frozen tumor sections from CC531 stained with polyclonal rabbit antibodies against 

COX-2 (1:300) at 400x magnification. COX-2 expression is not visible in tumor epithelium. 

Surrounding tumor stroma shows light brown imunoreactivity. Infiltrating macrophages show positive 

COX-2 expression.

Tumor COX-2 expression
COX-2 expression in CC531 tumors is shown in figure 3: All CC531 tumor cells were negative for 
COX-2 expression. Surrounding tumor stroma showed light brown immunostaining, this was 
not affected by celecoxib treatment. Infiltrating macrofages showed to be positive for COX-2 
and thus served as internal positive control for the test. All negative controls showed no im-
munoreactivity. 

Effects of celecoxib treatment on infiltration of tumors by R73+ and 323+ cells
Previously, it was established that intraepithelial immune cells that are in direct contact with 
tumor target cells affect tumor growth30. Therefore, infiltration of intraepithelial immune cells 
in the tumor was evaluated. Figure 4A-D shows the effects of celecoxib treatment on the in-
traepithelial infiltration of R73+ (TCR-positive cells, T cells) and 323+ (CD161A-positive cells, 
Natural Killer cells) cells. Intraepithelial infiltration of R73+ and 323+ cells was significantly 
diminished in the 1500ppm celecoxib group (group 4) compared to the control group (group 
1) (p=0.01 and p=0.02 respectively). Infiltration with R73+ cells was positively correlated with 
323+ cell infiltration (p=0.03, Spearmans’ rank analysis).

Effects of Celecoxib administration on tumor cell viability in vitro
In the present study we observed that concentrations of 0.84 µg/ml were sufficient to reduce 
tumor growth. When CC531 cells were exposed to celecoxib concentrations equal to in vivo 
concentrations after 72 hours, no effect on cell viability was observed. In vitro, treatment with 
concentrations of at least 12 µg/ml or higher were needed to inhibit cell growth (mean % cell 
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viability 86.7 ± 11.5, p=0.10) and exposure to 24 µg/ml celecoxib resulted in a significant inhibi-
tion of cell viability as compared to the control group (mean % cell viability 43.0 ± 3.7, p<0.0001, 
one sample t-test).

Figure 4
Figure 4A  R73+ infiltration Figure 4B  3.2.3.+ infiltration

Figure 4C  R73+ infiltration after celecoxib treatment Figure 4C  3.2.3.+ infiltration after celecoxib 

treatment

A representative staining for T cell and NK cell infiltration of tumor sections from celecoxib-treated 

(1500ppm) and -untreated rats 21 days after tumor inoculation. Sections were double-stained with laminin 

and R73 (anti- TCR, 1:100, Fig. 4A, 4C) or 323 (anti-CD161A, 1:50, Fig. 4B, 4D) antibodies respectively. R73+ and 

323+ cells were stained brown, as revealed by immunohistochemistry (see material and methods). The 

matrix protein laminin was stained blue, blank spaces represent tumor nodules, delineated by a laminin-

containing basal-membrane-like structure. The majority of R73+ and 323+ cells were localized in the tumor 

stroma, few positive cells were found in the tumor nodules. (200x magnification)
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Discussion

The current study demonstrates that treatment of rats with levels of celecoxib equal to thera-
peutical levels in humans4,25, showed an inhibitory effect on the growth of liver metastases, 
even in a situation of low COX-2 activity. Recent RNA expression array data from a study by 
Germann et al. demonstrated that the CC531 cell line shows low COX-2 RNA expression27. The 
low COX-2 expression was confirmed in our study as tumor epithelium was negative for COX-
2 immunostaining. In addition, PGE2 serum and tumor levels were not affected by celecoxib 
treatment. Furthermore, the level of PGE2, assumed to reflect COX-2 activity, was very low as 
compared to a similar study using MC-26 cell line, that showed a 2000-fold higher PGE2 pro-
duction in untreated COX-2 positive tumors34. 
In our model, increasing levels of celecoxib were associated with a corresponding decrease in 
tumor size. Celecoxib is known to have direct cytotoxic effect on tumor cells as well as indirect 
effects, in which the immune system and angiogeneis is involved7. Treatment of CC531 cells in 
vitro for 36 hours with concentrations of up to12 µg/ml (32µM) did not have any significant 
effect on cell viability while in vivo already 0,84 µg/ml significantly inhibited tumor growth, 
suggesting no direct effect of celecoxib on tumor cell viability in vivo. These observations are 
supported by a study by Williams et al. 29 Celecoxib may create an unfavourable host envi-
ronment for tumor growth. Several environmental interactions that determine tumor growth 
have been described to be affected by celecoxib treatment, including the immune system30-33. 
Infiltration of cytotoxic T-cells, NK cells and leukocytes is associated with improved prognosis 
in several malignancies and tumor cells utilise various strategies to escape the host immune 
surveillance23,26,34. In vitro production of PGE2 by COX-2 prevents activation of natural killer 
cells and T-cell mediated anti-tumor response, impairs the function of DC’s and suppresses 
lymphocyte proliferation14,35-37. The before mentioned studies suggest that these effects can be 
reversed by selective COX-2 inhibition. A recent study indicates that, in addition to enhance-
ment of lymphocyte accumulation in tumors by COX-2 inhibition14,15, the anti-tumor effects 
of COX-2 inhibition are immunological and depend on the presence of lymphocytes in the 
tumor15. In the current study we quantified the immune cell infiltration: Surprisingly, we found 
a significant decrease in T-cell and NK-cell infiltration in tumors receiving celecoxib treat-
ment, showing that the effect of celecoxib on tumor growth in our model can not be attributed 
to immune effector cells. A decrease in infiltration after treatment with NSAIDs or COX-2 
inhibitors has been described in inflammatory processes as inflammatory bowel disease38 and 
rheumatoid arthritis39 and indicates that the effects of COX-2 inhibition on tumor growth is 
not mediated through an increased anti-tumor immune response. 
Most studies evaluating the immunological effects of COX-2 inhibition in tumor growth were 
performed with COX-2 overexpressing tumors. However it is estimated that 25-30% of human 
colorectal cancer does not express the COX-2 enzyme40. The results from the current study 
indicate that effects of COX-2 inhibitors on tumors with low COX-2 activity are still significant, 
but independent of immune effector mechanisms. 
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Abstract

Background: The present study evaluated the safety of treatment of colorectal liver metastases 
with Radio Frequency Ablation (RFA) in combination with high doses of the selective cyclooxy-
genase-2 inhibitor celecoxib.
Materials and Methods: The study was performed in the CC531 rat model for colorectal cancer. 
Rats were inoculated with CC531 tumor cells subcapsularly in the liver. Rats were randomized for 
treatment with celecoxib, RFA, or the combination thereof. Celecoxib treatment was started at 
tumor induction. At three weeks after tumor inoculation liver tumors were treated with RFA and 
the effects on rat health were monitored.
Results: Treatment that included RFA resulted in significantly (p=0.003) more deaths then sham-
operated rats. Treatment that included celecoxib resulted in significantly increased cutaneous 
wound abscess formation after surgery (p<0.0001). In addition, the combination of celecoxib 
treatment with RFA resulted in intra-abdominal abscess formation (p<0.0001). 
Conclusions: This study indicates that the use of high dose celecoxib in combination with RFA of 
liver metastases should be treated with caution when applied as anti-cancer treatment modality 
as additional side effects are induced.
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Introduction 

Epidemiological studies indicate that the long-term use of aspirin and other Non-Steroidal 
Anti-Inflammatory Drugs (NSAIDs) reduces the risk of colorectal cancer by 40-50 percent1. 
Treatment with cyclooxygenase-2 (COX-2) specific NSAIDs has been shown to reduce polyp 
size and polyp number in FAP patients with a predisposition to colorectal adenoma and can-
cer2. The use of selective inhibitors in combination with additional treatment modalities is 
being investigated in clinical trials in colorectal cancer patients. Patients with metastases of 
colorectal cancer confined to the liver can benefit from Radio Frequency Ablation (RFA) if 
metastases are not surgically resectable3. Peri-operative treatment with selective COX-2 inhibi-
tors is associated with impaired wound healing and anastomotic failure in animal models 4, but 
their effects in combination with RFA are unknown.
The aim of this in vivo study was to evaluate the effects and safety of celecoxib treatment in 
combination with RFA in an animal model. For this we used an in vivo colorectal cancer liver 
metastases rat model using the syngenic CC531 cell line 5.

Material and methods

In the present study principles of laboratory animal care according to Dutch law were followed. 
The Animal Welfare Committee of the Leiden University Medical Center approved the study.
Forty Wag/Rij rats (Charles River, Zeist, The Netherlands) were inoculated with CC531 tumor 
cells subcapsularly at two sites in the liver as previously described 6 and randomly assigned to 
celecoxib treatment, starting at the day of tumor inoculation, or no celecoxib treatment. For 
celecoxib treatment, celecoxib was mixed into standard chow at a concentration of 1500 mg/kg. 
In addition, in both groups rats were randomly assigned to treatment with RFA or a sham oper-
ation. RFA was performed on one of the two tumors in each rat at 21 days after tumor induction. 
This resulted in 4 treatment groups: 1, RFA + celecoxib; 2, sham + celecoxib; 3, RFA; 4, sham. 
RFA was applied using a RITA 1500x RF generator (RITA Medical Systems, Mountainview, CA, 
USA). A two cm expandable needle was inserted in the right tumor in the upper liver lobe and 
expanded to 1.5 cm, resulting in a lesion of 1.5 cm in diameter. Power output was set at 90 Watt, 
temperature was 90° Celsius and when this temperature was reached, an ablation of 2 minutes 
was performed. The tumor in the left liver lobe remained untreated as a negative control. All 
rats were operated under semi-sterile conditions. Sham operations were performed as a control. 
Weight of the rats and general health were monitored thrice weekly and rats were sacrificed on 
day 40 under general anesthesia. Data were entered into a statistical database (SPSS® version 
12·0; SPSS, Chicago, Illinois, USA). Descriptive statistics were used for operative outcomes. 
The Fisher’s exact test was used to test categorical variables. A P-value of < 0.05 was considered 
statistically significant.

Results

All rats were operated twice during the study. During the first operation tumors were inoculat-
ed subcapsularly in two separate liver lobes. Rats that were randomized for celecoxib treatment 
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received this drug in chow at a dose of 1500 mg per kg chow, this dose level was the highest used 
in a study by Reddy et al. and provided optimal inhibition of tumor growth 7. Treatment with 
RFA or sham operation was performed three weeks after tumor induction. The weights of the 
rats were followed during the whole study and did not significantly differ among the treatment 
groups (p=0.76). The clinical outcomes of both operations are summarized in table 1. 

Event of side 
effect

Rats per treatment group
(No. Of rats showing event/total no. Of rats)

Analysis of event occurrence

1. RFA + 
celecoxib

2. sham + 
celecoxib

3. RFA 4. sham p-value Likelihood 
Ratio

post RFA/sham 
deaths

5/10 0/10 3/10 0/10 0.003
(RFA versus sham)

13,1

p=0.01 
(RFA + celecoxib 
versus RFA)

13.95

rats developing 
cutaneous 
abscesses

10/10 10/10 0/10 0/10 <0.0001 
(celecoxib versus no 
celecoxib)

55. 5

rats developing 
intra-abdominal 
abscesses

10/10 0/10 0/10 0/10 <0.0001 (RFA + 
celecoxib versus any 
other treatment)

17.3

Table 1  Postoperative events registrated in rats randomized for liver tumor Radio Frequency Ablation 

or a sham operation, 3 weeks after induction of liver tumors as described in Material and Methods. Rats 

had previously been randomized to treatment with celecoxib 1500 mg/kg or no treatment that started 

immediately after tumor induction. None of the rats had died before RFA or sham treatment.

Cutaneous and intra-abdominal abscesses were also present in rats that died following the RFA treatment.

No deaths occurred after tumor inoculation. Eight rats (20%) died after the second opera-
tion, of which 5 (12,5%) rats receiving celecoxib. The treatment with RFA resulted in significant 
more deaths (8 rats, 20%) as compared to sham operation, regardless of celecoxib treatment (0 
rats)(p=0.003, Likelihood ratio: 13,1). There were significantly more deaths in the RFA-treated 
rats in the celecoxib group than in the groups that did not receive celecoxib (p=0.01, Likelihood 
ratio: 13.95). Rats in the celecoxib group developed intra-abdominal abscesses after RFA treat-
ment (p<0.0001 Likelihood ratio: 17.3)(figure 1a, table 1). Significantly more rats in the celecoxib 
group compared to the groups that did not receive celecoxib developed cutaneous abscesses 
after surgery (p<0.0001 Likelihood ratio: 55. 5) (figure 2, table 1).
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Figure 1a  Intra-abdominal abscess covered with 

omentum after RFA treatment of one of two liver 

tumors in combination with celecoxib treatment 

(arrow).

Figure 1b  Rudimentary liver lobe after RFA 

treatment in a rat in the control group (group 2) 

(arrow), untreated tumor is visible in upper liver lobe 

(arrowhead).

Discussion

The use of COX-2 inhibitors in the treatment of inflammation and pain has increased in recent 
years as they are expected to avoid many of the complications associated with regular NSAIDs8. 
Furthermore, they show a potential benefit in prevention and treatment of various malignan-
cies 9. Clinical studies have employed the use of high dose COX-2 inhibitors in combination 
with other treatment modalities as COX-2 inhibition could potentially enhance the effectivity 
of such treatment, minimize side effects and decrease development of postoperative microme-
tastases 9. However, recent studies showed that COX-2 inhibitors affect physiological processes 
at several levels, causing an increase in cardiovascular complications at high doses and affect-
ing wound and anastomosis healing 4,10. In this study treatment with celecoxib was associated 
with an increase in deaths after RFA treatment. Most notable in this study was the formation 
of cutaneous abscesses after surgery in all rats receiving celecoxib treatment and additional 
intra-abdominal abscess formation in rats that received celecoxib treatment in combination 
with RFA. RFA treatment has been associated with a complication rate of approximately 9%, 
including hepatic abscess formation3. The present study shows that the addition of celecoxib 
increases the incidence of complications following RFA treatment. Selective COX-2 inhibi-
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tors have anti-inflammatory and anti-angiogenic properties 9. Impairment of neovasculature 
of the post operative skin wounds and RFA lesions in combination with the suppression of an 
adequate immune response against opportunistic infections could be responsible for the side 
effects as seen in our study 4,9.
In summary, this study shows that use of high dose celecoxib in combination with surgery, and 
especially RFA of tumors, should be treated with great caution due to an increased risk of ad-
ditional side effects.

Figure 2  Presence of postoperative cutaneous abscesses in a rat that received celecoxib treatment.
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In the last decades major advances have been made in the treatment of colorectal cancer. The 
introduction of new surgical techniques and adjuvant and preoperative therapies has greatly 
improved clinical outcome of patients with colorectal cancer. Obviously, additional treatment 
to surgical resection may be of benefit for several patients, but will also lead to overtreatment 
in a large number of patients. A study by Moertel et al.1 that evaluated the use of adjuvant 5-
FU/LV for the treatment of colon cancer reported a survival benefit of 12% (49% in the treat-
ment arm versus 37% in the control arm). Although these numbers clearly demonstrated the 
benefit of adjuvant 5-FU/LV, it still means that 37% of the patients will have no benefit from the 
chemotherapy. Comparable analyses have been conducted for rectal cancer; among which the 
Dutch TME trial, in which patients with resectable carcinoma of the rectum were randomized 
between TME surgery alone or preoperative radiotherapy (5x5Gy) followed by TME surgery. 
This study demonstrated a significant reduction of local recurrence rates from 11.4% to 5.8% by 
the addition of preoperative radiotherapy as compared to surgery alone2. This is an important 
improvement, but these numbers indicate that when 100 patients are treated 5.8% will still get 
a local recurrence despite the radiotherapy and 88.6% would not have had a local recurrence 
at all. Only 5.6% (11.4%-5.8%) of the patients will benefit from this additional treatment. So in 
order to prevent 1 local recurrence, 17 patients (94.4/5.6) are treated unnecessarily.
Chemotherapy and radiation therapy are associated with considerable morbidity. Several stud-
ies have evaluated the short- and long term morbidity of radiation therapy. Preoperative radia-
tion therapy is associated with faecal incontinence, urgency and anal blood loss3. In addition to 
the general bowel dysfunction, an increase in venous thromboembolisms, pelvic fractures and 
sexual dysfunction have been reported4,5. The morbidity of adjuvant chemotherapy is equally 
considerable; general malaise, nausea, vomiting, diarrhea, temporary reduction in the produc-
tion of blood cells by the bone marrow resulting in anemia, risk of bruising or bleeding and an 
increased risk of infection are common side effects6. These issues emphasize the need for find-
ing predictive factors for tumor recurrence to exclude patients with a very high probability for 
cure with surgery alone from preoperative or adjuvant treatment. Equally, predictive factors are 
needed to distinguish patients who will respond to radiotherapy from those who will not.
A different situation is seen in colon cancers. At present, patients with a stage II colon cancer 
do not receive standard adjuvant treatment. Although a majority of patients will be cured by 
surgical resection alone, a significant minority (20%7) will ultimately relapse, suggesting the 
need to identify patients who may benefit from adjuvant therapy.
Currently, treatment allocation in colorectal cancer is based solely on tumor location and stage 
as these are so far the best prognostic factor at the time of surgery. However, tumor location is 
imprecise due to the distensible nature of the large bowel. Positive lymph nodes can easily be 
missed in routine HE- assessment In addition; patient outcome varies considerable within each 
stage. It is, therefore, of great importance to establish additional markers that are capable of 
predicting the clinical behavior of cancers of the large bowel to determine which treatment will 
optimally suit the patient. In the current thesis we have evaluated the use of tumor biological 
characteristics to predict clinical behavior in colorectal cancer as this may provide the possibil-
ity to adjust treatment, and accordingly provide patients with optimal therapeutic modalities. 
This will avoid both over treatment and unnecessary side effects in colorectal cancer patients.
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Tumorigenesis is a multistep proces towards the progressive transformation of human cells into 
highly malignant derivatives. It has been suggested that the large number of cancer genotypes 
is a manifestation of several essential alterations in cell physiology that collectively determine 
malignant growth8. This includes, amongst others: self sufficiency in growth signals, insensitiv-
ity to growth inhibitory signals, evasion of apoptosis, sustained angiogenesis, tissue invasion 
and metastasis and surviving environmental interactions, including the immune system. By 
evaluating several of these key processes in colorectal cancer, we aimed to predict the post 
treatment clinical behavior of tumors. We selected several markers with high potential for this 
purpose. As cell physiological processes on post-transcriptional level often determine clinical 
behavior, we focussed on biological marker at the level of protein expression and enzymatic 
activity in the tumor.

In Chapter 2 we investigated expression levels of key regulators in cell motility FAK, Src, and 
paxillin in primary colorectal cancers and corresponding liver metastases. In this study, el-
evated expression of the individual markers FAK and paxillin expression did not significantly 
influence recurrence rates. Src expression had a significant impact on recurrence rates, and 
tumors showing elevated levels of both FAK and Src expression showed very unfavorable re-
currence rates. Contrary to our expectations, the levels of expression of FAK and Src as well as 
paxillin in colon cancer were maintained in corresponding distant metastases. This indicates 
that colorectal liver metastases recapitulate the organization of their primary tumors and that 
the biological status of the primary tumor reflects its metastatic capacity.
The results from this study show that evaluating expression levels of markers that influence 
cell motility can be used to predict clinical behavior of tumors. This is supported by recent in 
vitro studies in which selective small molecular Src inhibitors and dominant negative deletion 
mutants of FAK act synergistically to promote colon tumor cell apoptosis9. Our study suggests 
that combined targeting of FAK and Src may be beneficial for the outcome of colon cancer and 
provide an opportunity for therapeutic intervention.

Apoptosis is at the convergence of several important pathways in the progression of colorectal 
cancer. In Chapter 3 and 4 we investigated the prognostic relevance of apoptosis in colorectal 
cancer. Apoptosis in Chapter 3 was evaluated in 104 stage II and III colorectal cancer specimens 
by M30 immunostaining and in Chapter 4 by biochemical detection of caspase-3 activity in 
117 stage III rectal cancer specimens from the Dutch TME trial and 47 preoperative biopsies 
with corresponding rectal cancer specimens. Colon and rectal cancer seem to have a different 
biologic behavior, at least with respect to apoptosis10-12, and micro satellite instability14. In ac-
cordance with previous studies, a high apoptotic index was associated with an unfavourable 
prognosis in a mixed group of colorectal cancer. However, in a group of rectal cancers only, a 
high apoptotic index was associated with a favourable prognosis and low local recurrence rates. 
In addition Chapter 3 showed that the prognostic value of apoptosis is independent of MSI sta-
tus of the tumor. The opposite effects of apoptosis on clinical behavior of tumors of the colon 
opposed to tumors of the rectum has been reported previously16. We hypothesize that the op-
posite impact of apoptosis on prognosis can be attributed to type of utilized surgical techniques. 
TME surgery versus blunt dissection of colon tumors and of rectal tumors pre-TME surgery era 
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results in differences in recurrence rates and clinical behavior and, therefore, could result from 
differences in induction of apoptosis. Further studies are required to investigate the biological 
mechanisms underlying the impact of apoptosis on clinical behaviour of colorectal cancer.
The clinical value of apoptosis detection was most apparent in rectal cancer; Chapter 4 showed 
that patients with high levels of apoptosis show very low local recurrence rates. The study dem-
onstrated that by evaluating apoptosis in preoperative biopsies, rectal cancer patients could be 
selected in which preoperative radiotherapy is redundant.

Chapter 5 evaluated the prognostic value of COX-2 expression in 1530 irradiated and non-ir-
radiated tumor specimens obtained from the Dutch TME trial, to investigate whether there is a 
clinical rationale for the use of COX-2 inhibitors in rectal cancer. The study showed that COX-
2 expression did not have an impact on survival or local recurrence rates in non-irradiated 
rectal cancers. However, preoperative radiotherapy was shown to change COX-2 expression 
and high COX-2 expression after irradiation was associated with apoptosis resistance and high 
distant recurrence rates. As COX-2 expression and subsequent prostaglandin production can 
be reduced by COX-2 inhibitors17 these data suggest that the addition of COX-2 inhibitors to 
preoperative radiotherapy may improve patient prognosis in rectal cancer.
Having shown a clinical rationale for COX-2 inhibitors to reduce distant recurrences in rectal 
cancer, we set out to investigate the effectiveness of COX-2 inhibitors to treat distant recur-
rences by the use of the CC531 rat colorectal liver metastases model. In Chapter 6 Wag/Rij rates 
were inoculated with two liver tumors by subcapsular injection of CC531 tumor cells and were 
treated with various doses of celecoxib, a selective COX-2 inhibitor starting one week before, 
or directly after inoculation. Control rats were inoculated without treatment. The COX-2 in-
hibitor reduced tumor growth in a dose dependent manner. Doses sufficient to reduce CC531 
growth in vivo, did not affect growth or induce apoptosis in CC531 cells in vitro. These results 
show that COX-2 inhibitors could be used to reduce growth of liver metastases of colorectal 
cancers. Secondly, these results suggest that COX-2 inhibition does not work by direct cytotox-
icity against tumor cells, but by creating an unfavourable environment for tumor growth.
In Chapter 7 treatment of liver metastases with celecoxib was combined with Radiofrequency 
Ablation (RFA), a surgical technique that is widely used in a clinical setting. In this study the 
safety of combining the two treatment modalities was evaluated. Rats were randomized for 
treatment with celecoxib, RFA, or the combination thereof. Celecoxib treatment was started at 
the time of tumor induction. At 3 weeks after tumor inoculation, the liver tumors were treated 
with RFA and the effects on rat health were monitored. Treatment that included celecoxib re-
sulted in significantly increased cutaneous wound abscess formation after surgery. In addition, 
the combination of celecoxib treatment with RFA resulted in intra-abdominal abscess forma-
tion. This study indicates that the use of celecoxib in combination with RFA of liver metastases 
should be treated with caution when applied as anti-cancer treatment modality as additional 
side effects are induced.
Since the 1990s, the pharmaceutical industry has been developing agents that specifically in-
hibit the COX-2 enzyme without affecting COX-1 activity. The selective targeting of COX-2 by 
these agents has increased the gastro-intestinal safety18,19 as compared to nonselective NSAIDs. 
However, the selective COX-2 inhibitors have been subject to scrutiny after an increase in the 
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risk of thrombotic events was demonstrated in long-term, high dose use of this medication in 
two large intestinal polyp prevention trials20,21. In addition, a recent study reported that an in-
crease in risk of myocardial infarction is apparent with short-term, low dose use of the COX-2 
inhibitor rofecoxib, but not with celecoxib22. The safety concerns of rofecoxib were so high that 
the drug was immediately removed from the market and numerous trials evaluating the effec-
tivity of COX-2 inhibitors in the treatment of colorectal cancer were terminated. The ACTION 
trial, mentioned in the introduction of this thesis, was among the trials that were terminated, 
although the investigators felt that the potential benefits of adjuvant celecoxib treatment out-
weighed the increase in cardiovascular events with long-term celecoxib use. First, it should be 
underlined that the increase in cardiovascular side effects is unacceptable in chemopreventive 
strategies for healthy individuals, which is in sharp contrast to the chemotherapeutic setting 
in patients with cancer. It must be taken into consideration that patients with stage III colon 
carcinoma have a 30% chance of disease recurrence in 3 years23 making an increase in cardio-
vascular events of 2.4%, as was reported with celecoxib24 use, acceptable in the adjuvant setting. 
Furthermore, the ACTION study excluded all patients with a history of cardiovascular disease, 
providing a patient selection that will optimally benefit from this treatment option. In addi-
tion, the well-known substantial cardiovascular risk of 5-FU is considered as acceptable, even 
in adjuvant setting. Also with bevacizumab/ avastin, a drug with considerable cardiovascular 
side effects, several trials for stage III CRC have recently been initiated. Recent reports suggest 
that the use of celecoxib at the relatively low doses of 200 or 400 mg daily seem to be fairly well 
tolerated and the results from a large polyp prevention trial using celecoxib apparently did not 
reveal any difference in thrombotic events between the placebo and 400mg per day treated 
group25. Recently published increased insights in the working mechanisms of COX-226,27 have 
shifted the attention from cardiovascular side effects and the following landslide of litigation, 
to the potential of COX-2 inhibitors as an addition to the treatment of colorectal cancer. Stud-
ies from the current thesis indicate a beneficial role for COX-2 inhibitors in the treatment of 
rectal cancer and liver metastases. We feel an intervention study adding COX-2 inhibitors to 
preoperative radiotherapy is desired in light of our findings (Chapter 5), but with caution as the 
results from our chapter 7 indicate that the addition of COX-2 inhibitors to surgical techniques 
can result in an increase in unwanted side effects.

Concluding remarks
From identifying prognostic biological markers to integrating such markers into the clinical 
practice is obviously a long way. A PubMed search using the search terms: “Biological marker 
AND colorectal cancer AND prognosis” came up with 1977 hits (March 2007). The clinical 
practice teaches us that exactly none of them are used on a daily basis in colorectal cancer to 
determine patient prognosis or response to therapy. The disappointing performance of markers 
that were initially shown to have a strong association with outcome may be in part because a 
marker that is strongly associated with outcome may not be effective for predicting those who 
are likely and those who are not likely to have the outcome28. In order to determine the clas-
sification ability of markers that have shown to be associated with clinical outcome, the issue of 
sensitivity and specificity needs to be addressed.
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Figure 1
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Figure 1  Receiver Operating Characteristic (ROC) curve of caspase-3 activity with regard to local 

recurrence rates. The area under the curve is 0.71.

The most powerful prognostic marker described in this thesis was caspase-3 activity in rectal 
cancer. Patients with a tumor with a low caspase-3 activity had a hazard ratio of 7.5 with regard 
to the risk for local recurrences (Chapter 4). We assessed whether determination of caspase-3 
activity can be used as a clinical test. The accuracy of a test depends on how well the test sepa-
rates the group being tested into those with and without the events in question. The accuracy of 
a test is measured by the area under the Receiver Operating Characteristic (ROC) curve. When 
evaluated as continuous variable in an ROC curve (figure 1) the predictive value of caspase-3 
activity is not impressive. The area under the curve was 0.71, which denotes a “fair” accuracy of 
the test (in the medical practice a test is usually accepted if the area under the curve is higher 
than 0.80). However, the ROC curve includes sensitivity and specificity, so we determined both 
(table 1); Determination of low caspase-3 activity (defined as activity below the median) showed 
to be a test with a low sensitivity (0.22), but with a very high specificity (0.97). This means that 
determination of caspase-3 is not a good test to predict whether patients will have a high risk of 
local recurrence, but a very good test to identify patients with a low risk of local recurrence. In 
order to exclude patients from treatment, which was the case with determination of caspase-3 
activity, a very high specificity is desirable.
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Table 1

Event (Positive) No event (Negative) Total

Low capase-3 activity (positive) 13 45 58

High capase-3 activity (negative) 2 57 59

Sensitivity:  
 positive  13
 —————  = ——
 total  58 = 0.22 Specificity:  

 negative  57
 —————  = ——
 total  59 = 0.97

Table 1  Sensitivity and specificity of caspase-3 activity with regard to local recurrence rates. 

Determination of low caspase-3 activity is not a sensitive test to predict local recurrences (0.22), but a 

highly specific test to identify patients with a low risk of local recurrence (0.97).

Previous studies have noted that a marker with a hazard ratio of as high as 3 will be a poor 
predictor of risk29. The focus of future studies should, therefore, not only be on determination 
of individual biological markers, but also on the integration of various individual markers with 
clinical and radiological parameters to ultimately construct a prognostic scoring system that 
incorporates clinical, clinicopathological and biological tumor features.
The advantages of assessing risk factors for local recurrence and poor survival by preopera-
tive imaging are increasingly recognised. Relevant predictive factors for survival and local re-
currences after rectal cancer surgery that can be accurately predicted with modern imaging 
techniques are tumor height (distance of the tumor from the anus), tumor stage, involved or 
threatened circumferential resection margin (CRM), and nodal disease. The advantage of an 
intrinsic high soft tissue contrast resolution combined with new technical developments (faster 
acquisitions, dedicated external coils, contrast agents etc.) has made magnetic resonance im-
aging (MRI) the most promising technique for local staging of rectal cancer30-33. The results 
of a systematic review of all published single center study data so far clearly shows that MRI 
performs very well in predicting the CRM in rectal cancer surgery34. Harisinghani et al. studied 
USPIO MRI in patients with resectable prostate cancer and the node-by-node analysis in 334 
lymph nodes showed a sensitivity of 91 % for USPIO MRI35,36.
Combination of prognostic biological markers with, for instance, preoperative radiological as-
sessment will improve the sensitivity and specificity to a level by which clinical decisions can be 
based on the prognostic profile of the patient. In order to be able to implement this model into 
the clinical practice, addional prospective studies will have to be conducted in the future.

Future directions
To preoperatively determine the biological profile of tumors, biopsies will have to be evalu-
ated. As these are taken routinely in a clinical workup they are ideal for routine assessment. 
In chapter 4 of the current thesis we have shown the feasibility of this approach. A next step 
in determining a prognostic profile based on biological and radiological markers should be 
the validation of the results in an independent study. Several studies in the current thesis were 
based on tumor material from the Dutch TME trial. Recently, a similar large international rectal 
cancer trial randomizing between TME surgery, short course preoperative radiotherapy fol-
lowed by TME surgery versus selective long course post-operative radiotherapy, completed pa-
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tient inclusion. This study, the MRC CR07, collected tumor material for translational research 
and included quality-controlled pre-operative imaging. Once sufficient follow-up data from 
this trial are available, it would provide the ideal data set to validate the results of the current 
thesis. The third and last step in implementing our findings in the clinical practice should be 
the prognostic evaluation of the clinical significance of biological and radiological markers. The 
departments of Radiology and Surgery of the University of Maastricht are currently conducting 
the MRI-RectUM study, a prognostic study in which patients will be allocated to short term pre-
operative radiotherapy, long term chemoradiation or no preoperative therapy, based on their 
profile as determined by radiological imaging. The study will use the TME study as control 
arm. Implementation of tumor biological parameters in this trial is feasible and is currently in 
preparation, as tumor material will be collected throughout the study. 
The current thesis has provided insight in the value of biological markers in colorectal cancer, 
and for some markers in particular, in determining patient prognosis and in selecting patients 
for preoperative therapy. More knowledge of biological mechanisms that control clinical tumor 
behavior is necessary to develop a model in which biological markers can be combined with 
sensitive clinical techniques like radiological imaging to accurately predict clinical behavior of 
tumors. We feel that this approach will lead to the treatment of the future for colorectal cancer 
patients: tailor-made treatment. 
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Nederlandse samenvatting

Het carcinoom van de dikke darm en endeldarm (colorectale carcinoom) is een veel voorko-
mende doodsoorzaak in westerse landen. In Nederland wordt de diagnose jaarlijks bij 8600 
mensen gesteld en overlijden er 4400 mensen aan de gevolgen van de ziekte.
Chirurgische verwijdering van de tumor met bijbehorende lymfeklieren en eventuele leverme-
tastasen is de belangrijkste pijler van de behandeling. De behandeling van het colorectale carci-
noom heeft de laatste decennia sterke ontwikkelingen doorgemaakt. De introductie van nieuwe 
chirurgische technieken (ondermeer de Totale Mesorectale Excisie (TME) bij rectumturmo-
ren), preoperatieve radiotherapie en adjuvante chemotherapie hebben gezorgd voor een grote 
verbetering in overleving. Echter, pre- en post-operatieve therapieën bij chirurgische resectie 
zijn werkzaam bij sommige, maar zal tot overbehandeling leiden bij de overgrote meerderheid 
van patiënten. Bovendien kunnen therapieën als radiotherapie en chemotherapie tot aanzien-
lijke bijwerkingen leiden. Preoperatieve radiotherapie, zoals die gegeven wordt bij het rectum 
carcinoom, kan leiden tot incontinentie, continue aandrang, anale bloedverlies en impotentie. 
Adjuvante chemotherapie kan ondermeer leiden tot misselijkheid, braken, diarree en tijdelijke 
afname van de productie van bloedcellen door het beenmerg. Deze bijwerkingen benadrukken 
het belang van het vinden van factoren die klinisch gedrag van tumor en patiënt kunnen voor-
spellen en die gebruikt kunnen worden in een beslismodel om patiënten te selecteren die baat 
hebben bij aanvullende therapieën bij chirurgie. 
Op het moment wordt er op basis van tumorstadiëring en locatie van de tumor in de darm 
beslist welke operatie een patiënt zal ondergaan en welke adjuvante therapie de patiënt krijgt 
toegewezen. Echter, vanwege de rekbaarheid van de darm, is de bepaling van tumorlocatie on-
nauwkeurig. Lymfeklieren worden na resectie van de tumor door een patholoog beoordeeld op 
de aanwezigheid van tumorcellen. Deze kunnen echter bij de beoordeling gemakkelijk worden 
gemist. Hierdoor lopen patiënten met hoog-stadium-tumoren, die onterecht als laag-stadium 
worden aangemerkt, kans niet adequaat behandeld te worden.
Dit proefschrift richt zich op het onderzoek naar biologische eigenschappen van de tumor om 
klinisch gedrag te kunnen voorspellen. Het voorspellen van klinisch gedrag verschaft de mo-
gelijkheid een op de patiënt toegespitste behandeling te kunnen bieden waardoor onderbehan-
deling enerzijds en onnodige bijwerkingen door overbehandeling anderzijds kunnen worden 
vermeden. 

Het ontstaan van een colorectale carcinoom is een stapsgewijs proces van maligne ontaarding 
van gezonde cellen tot carcinoom. Recent is gesuggereerd dat de grote hoeveelheid genetische 
veranderingen die betrokken zijn bij het ontstaan van kanker uitingen zijn van enkele essenti-
ele processen. Deze processen zijn onder meer: autonomie van groeisignalen, ongevoeligheid 
voor groeiremmende signalen, ongevoeligheid voor apoptose  (geprogrammeerde celdood), 
aanhoudende vaatnieuwvormingen, invasieve groei en ontduiking van beschermende afweer-
cellen. 
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Door het evalueren van enkele van deze belangrijke processen in maligne ontaarding van darm 
epitheel cellen proberen wij het klinische beloop van een patiënt na resectie van de primaire 
tumor te voorspellen. Hiertoe hebben wij enkele markers geselecteerd met een grote potentiële 
voorspellende waarde. 

In hoofdstuk 2 hebben wij de expressie van enkele belangrijke regulators van motiliteit van tu-
morcellen onderzocht in primaire tumoren en gepaarde levermetastasen: FAK, Src en paxillin. 
Deze zogenaamde receptorkinases zijn betrokken bij signaaltransductie van de extracellulaire 
matrix naar het intracellulaire cytoskelet. De expressie van deze markers verschilt van tumor tot 
tumor wat een verschil in functie en activiteit per tumor suggereert. In dit hoofdstuk beschrij-
ven wij dat de toegenomen expressie van FAK en paxillin in tumoren geen invloed heeft op de 
prognose van patiënten. Echter patiënten met hoge expressie van Src en een combinatie van 
FAK en Src hadden een zeer hoge kans op recidief van de tumor. Er was geen toename van FAK, 
Src of paxillin expressie in levermetastasen vergeleken met de primaire tumor. De resultaten 
van deze studie laten zien dat het evalueren van markers die celmotiliteit beïnvloeden, kunnen 
worden gebruikt om klinisch gedrag te voorspellen. Onze resultaten suggereren dat gecombi-
neerde aanpak van FAK en Src een gunstig effect zou kunnen hebben in de behandeling van 
het colorectale carcinoom. Dit wordt ondersteund door een recente studie in cellijnen waarbij 
remmers van Src en FAK synergistisch werken om apoptose in cellijnen te induceren.

In hoofdstuk 3 en 4 hebben wij de prognostische waarde van apoptose in colorectale tumoren 
onderzocht. Apoptose in hoofdstuk 3 werd onderzocht in 104 stadium II en III patiënten door 
middel van een immunohistochemische kleuring met M30 antilichamen. In hoofdstuk 4 werd 
apoptose bepaald door biochemische detectie van caspase-3 (een pre-apoptotisch enzym) in 
117 stadium III patiënten uit de Nederlandse TME studie en 47 preoperatieve biopsieën en de 
primaire tumor van gepaarde onbestraalde patiënten. De aanwezigheid van een hoog aantal 
apoptotische cellen in colorectale tumoren was geassocieerd met een slechte overleving van 
de patiënt. Echter in rectumtumoren uit de TME studie was veel apoptose juist geassocieerd 
met een laag lokaal recidief percentage en een goede overleving. Deze schijnbaar tegenstrij-
dige bevindingen zijn waarschijnlijk te verklaren door verschillen in operatiemethoden die in 
de patiëntgroepen in de twee hoofdstukken zijn gehanteerd. Patiënten in hoofdstuk 3 kregen 
een stompe dissectie voor hun rectumcarcinoom dat geassocieerd is met hoge lokaal recidief 
percentages, maar waarbij de operatie minder lang en ingrijpend is. Patiënten uit hoofdstuk 4 
waren geopereerd door middel van TME-chirurgie, wat een ander recidiefgedrag heeft, maar 
waarbij meer apoptose wordt geïnduceerd. Wij hypothetiseren dat de verschillen in de prog-
nostische betekenis van apoptose in de twee studies worden veroorzaakt door verschillen in 
operatiemethoden en daaruit voorkomende verschillen in inductie van celdood en recidiefge-
drag van de tumor. De klinische waarde van bepaling van apoptose was het meest duidelijk in 
hoofdstuk 4. Deze studie liet zien dat patiënten kunnen worden geselecteerd voor preoperatieve 
radiotherapie door middel van bepaling van caspase-3 activiteit in preoperatieve biopten.

Hoofdstuk 5 evalueert de prognostische waarde van een enzym dat betrokken is bij de pros-
taglandineproductie en maligne ontaarding van epitheliale cellen: COX-2. Wij onderzochten 
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1530 bestraalde en onbestraalde rectumtumoren op COX-2 expressie door middel van een im-
munohistochemische kleuring op tissue micro arrays. Om de effecten van radiotherapie op 
COX-2 expressie te beoordelen, evalueerden wij COX-2 expressie in 20 preoperatieve biopten 
en corresponderende bestraalde tumoren. COX-2 expressie had geen effect op overleving in 
onbestraalde patiënten. Wij zagen echter dat radiotherapie effect had of COX-2 expressie: na 
bestraling nam de COX-2 expressie gemiddeld toe. Hoge COX-2 expressie na bestraling bleek 
geassocieerd te zijn met resistentie tegen radiotherapiegeïnduceerde apoptose, met een toege-
nomen kans op afstandsmetastasen, slechtere overleving, maar niet met een lokaal recidief. Het 
gebruik van COX-2 remmers kan COX-2 expressie en daaropvolgende prostaglandineproduc-
tie in tumoren verlagen. Onze resultaten suggereren dat de toevoeging van COX-2 remmers aan 
de behandeling van het rectumcarcinoom de kans op afstandsmetastasen zou kunnen verklei-
nen en de overleving van deze patiënten verlengen. 

Gezien de aanwijzingen voor het gebruik van COX-2 remmers om afstandsmetastasen te voor-
komen, hebben wij in hoofdstuk 6 onderzocht of metastasen met COX-2 remmers effectief 
kunnen worden behandeld in een dierexperiment. Hierbij hebben wij gebruik gemaakt van 
een diermodel waarbij wij metastasen in levers van ratten induceerden door middel van injec-
tie van ratcolontumorcellen. Ratten werden behandeld met oplopende doseringen celecoxib, 
een selectieve COX-2 remmer, in hun voer. Als controle kreeg een groep ratten voer zonder 
medicatie. Groei van de metastasen werd geremd op een dosis- afhankelijke wijze, waarbij het 
niet uitmaakte of celecoxib vóór, of na injectie van de tumor werd gegeven. De doseringen die 
leidden tot reductie in tumorgroei in vivo waren niet voldoende om reductie van groei in vitro 
te induceren. Deze resultaten laten zien dat COX-2 remmers kunnen worden gebruikt om de 
groei van levermetastasen van colorectale tumoren te remmen. Bovendien werken COX-2 rem-
mers niet door directe cytotoxiciteit tegen tumorcellen, maar eerder door het creëren van een 
ongunstige omgeving voor tumorcellen om in te groeien.

In hoofdstuk 7 van dit proefschrift is het gebruik van COX-2 remmers in de behandeling van 
levermetastasen, gecombineerd met radio frequente ablatie (RFA). RFA wordt op grote schaal 
gebruikt in de kliniek bij het behandelen van levermetastasen. In dit experiment werd de vei-
ligheid van het combineren van de twee behandelingsmethoden onderzocht. Levermetastasen 
werden geïnduceerd door middel van injectie van ratcolontumorcellen, waarna direct werd 
gestart met celecoxib behandeling. Na 3 weken werden ratten geopereerd en behandeld met 
RFA, vervolgens werden de effecten op de gezondheid van de ratten geëvalueerd. Behandeling 
met celecoxib leidde tot wondabcessen in behandelde ratten. De combinatie van celecoxib en 
RFA leidde tot vorming van intra-abdominale abcessen en sterfte in ratten. Deze studie laat zien 
dat het gebruik van celecoxib in combinatie met RFA leidt tot ongewenste bijeffecten en met 
voorzichtigheid moet worden gebruikt in de behandeling van levermetastasen van colorectale 
tumoren.

De uitkomsten van de verschillende experimenten en onderzoeken worden samen besproken 
in hoofdstuk 8. De resultaten van onze studies laten zien dat onderzoek naar biologische ei-
genschappen van de tumor om klinisch gedrag te kunnen voorspellen haalbaar is en relevante 
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gegevens voor de behandeling van colorectale tumoren oplevert. Het voorspellen van klinisch 
gedrag verschaft de mogelijkheid een op de patiënt toegespitste behandeling te kunnen bieden. 
Toekomstig onderzoek zal zich richten op het uitbreiden van biologische markers en het vali-
deren van onze resultaten in onafhankelijke series. De combinatie van detectie van biologische 
markers met bestaande en experimentele klinische parameters zoals preoperatieve bepaling van 
lymfekliermetastasen en bepaling van tumorlocatie door MRI om klinisch gedrag van tumoren 
te voorspellen, zal de negatief- en positief voorspellende waarde van deze bepalingen sterk doen 
toenemen. De laatste stap in het implementeren van onze bevindingen in de klinische praktijk 
zal vervolgens prospectieve evaluatie van biologische markers moeten zijn. 
De resultaten van dit proefschrift wijzen erop dat de bepaling van tumor biologische markers 
een waardevolle bijdrage kan leveren aan het voorspellen van het klinische beloop van colorec-
tale tumoren en aan het voorspellen van respons op behandeling. De combinatie van tumorbi-
ologische markers met technieken zoals preoperatieve radiologische beeldvorming, verschaft 
de behandelende arts een hulpmiddel wat zal leiden tot de therapie van de toekomst voor colo-
rectale kankerpatiënten: een op maat gemaakte therapie.
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APC  Adenomatous Polyposis Coli
CI Confidence Interval
CIN Chromosomal Instability
COX Cyclooxygenase
DCC Deleted in colorectal cancer 
DFS Disease Free Survival
FAK Focal Adhesion Kinase
FAP Familial Adenomatous Polyposis
HR Hazard Ratio
MIN Microsatellite Instability
MMR Mismatch Repair
MRI Magnetic Resonance Imaging
MSI Micro Satellite Instability
NK cells Natural Killer cells
OS Overall Survival
PGE2 Prostaglandin E2
RFA Radiofrequency Ablation
SD Standard Deviation
SPSS Statistical Package for Social Sciences
TCR T cell receptor
TH cells T helper cells
TME Total Mesorectal Excision
5-FU/LV 5-Fluorouracil/Leukovorin
TNF Tumor Necrosis Factor
TNM Tumor Node Metastasis
TTR Time to Recurrence
USPIO Ultrasmall particles of iron oxide
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Chapter 2
Figure 1
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Figure 1  Immunohistochemical staining patterns 

of FAK, Src and paxillin. Tumor specimens were 

immunohistochemically stained with antibodies 

against FAK (Fig. 1A), Src (Fig 1B), or paxillin 

(Fig. 1C.) as described in Materials and Methods. 

Pictures were taken at 40 times magnification.
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Figure 2
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Figure 2  Immunohistochemical staining patterns of FAK, Src and paxillin expression in 68 primary 

colorectal cancers and corresponding liver metastases. Paired samples were stained with antibodies 

against FAK (Fig 2A1-A4), Src (Fig 2B1-B4) or paxillin (Fig 2C1-C4). Pictures were taken at 20 times 

magnification. Figures 2ABC: strong FAK (A), Src, (B) or paxillin (C) expression in primary tumor (1) and 

corresponding liver metastasis (2) and  weak FAK (A), Src, (B) and paxillin (C) expression in primary tumor 

(3) and corresponding liver metastasis (4).
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Figure 1

A B

C

Representative immunohistochemical staining 

of apoptotic tumor cells, and nuclear PMS2 

expression in colorectal cancer specimens. 

Figure 1A  Apoptotic tumor cells were detected 

with M30 monoclonal antibody. Arrows 

indicate examples of apoptotic epithelial cells. 

Arrowheads indicate apoptotic bodies, these 

were not counted. B  MSI colon adenocarcinoma 

with loss of PMS2 expression. Nuclear staining 

of non-epthelial cells serves as internal positive 

control. C  adenocarcinoma with normal nuclear 

PMS2 expression.
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Figure 1  Representative staining of COX-2 expression in tissue micro array cores from the 1231 rectal 

cancer specimens evaluated in this study.

A B

C D

Representative stainings of COX-2 expression in tissue microarray cores from the 1231 rectal cancer 

specimens evaluated in this study. Figure 1A: COX-2 negative tumor (score 0). Figure 1B: weak diffuse 

cytoplasmatic staining (score 1). Figure 1C: moderate to strong granular cytoplasmatic staining (score 2). 

Figure 1D: strong intensity of the staining (score 3). 
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Figure 3

Figure 3  Fresh frozen tumor sections from CC531 stained with polyclonal rabbit antibodies against 

COX-2 (1:300) at 400x magnification. COX-2 expression is not visible in tumor epithelium. 

Surrounding tumor stroma shows light brown imunoreactivity. Infiltrating macrophages show positive 

COX-2 expression.
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Figure 4

Figure 4A  R73+ infiltration Figure 4B  3.2.3.+ infiltration

Figure 4C  R73+ infiltration after celecoxib treatment Figure 4C  3.2.3.+ infiltration after celecoxib 

treatment

A representative staining for T cell and NK cell infiltration of tumor sections from celecoxib-treated 

(1500ppm) and -untreated rats 21 days after tumor inoculation.

Sections were double-stained with laminin and R73 (anti- TCR, 1:100, Fig. 4A, 4C) or 323 (anti-CD161A, 

1:50, Fig. 4B, 4D) antibodies respectively. R73+ and 323+ cells were stained brown, as revealed by 

immunohistochemistry (see material and methods). The matrix protein laminin was stained blue, blank 

spaces represent tumor nodules, delineated by a laminin-containing basal-membrane-like structure. 

The majority of R73+ and 323+ cells were localized in the tumor stroma, few positive cells were found in 

the tumor nodules. (200x magnification)
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Figure 1a  Intra-abdominal abscess covered with 

omentum after RFA treatment of one of two liver 

tumors in combination with celecoxib treatment 

(arrow).

Figure 1b  Rudimentary liver lobe after RFA 

treatment in a rat in the control group (group 2) 

(arrow), untreated tumor is visible in upper liver lobe 

(arrowhead).

Figure 2  Presence of postoperative cutaneous abscesses in a rat that received celecoxib treatment.


