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Abstract

Background: In preclinical models there is a synergy between chemotherapy and recombinant 
human TNF-related apoptosis-inducing ligand (TRAIL), on apoptosis induction in tumour 
cells. Therefore, the prognostic relevance was analysed of the expression of TRAIL and its 
death receptors DR4 and DR5 on disease free survival and overall survival in stage III colon 
cancer patients treated with adjuvant chemotherapy.
Methods: Tissue microarrays were constructed of tumour tissue from 376 stage III colon 
cancer patients previously treated in a randomised fluorouracil-based adjuvant chemotherapy 
study and stained immunohistochemically for TRAIL, DR4 and DR5. Kaplan-Meier survival 
analysis and Cox proportional hazard analysis (with adjustment for treatment arm, sex and 
age) were performed.
Results: Median follow-up was 43 months. The majority of tumours showed high expression 
of TRAIL (82.8 % of cases), DR4 (91.8 %) and DR5 (87.1 %). High DR4 expression was 
associated with worse overall (OR (95 % CI) = 2.22 (1.03-4.81); p = 0.04) and disease free 
survival (OR = 2.19 (1.06-4.53); p = 0.03). Within patients who relapsed, time to recurrence 
was longer for those with high DR5 expression (p = 0.03) or high TRAIL expression (p = 
0.007) compared to those with low DR5 or TRAIL expression. 
Conclusion: High DR4 expression is associated with worse disease free survival and 
overall survival while high DR5 and TRAIL expression are associated with a longer time to 
recurrence in stage III adjuvant-treated colon cancer patients. Given the high expression 
of DR4 and DR5 in the majority of tumours, rhTRAIL or agonistic TRAIL death receptor 
antibodies may be considered an interesting constituent of adjuvant treatment of stage III 
colon cancer patients.

Introduction

Colorectal cancer is one of the leading causes of cancer-related death worldwide. 
Although over 80 % of colorectal carcinomas are macroscopically resectable at the time of 
diagnosis, 50 % of patients subsequently relapse, due to the presence of micrometastases. 
Adjuvant treatment aims to eliminate residual tumour cells and increases the proportion of 
patients achieving long-term disease-free and overall survival. In patients with established 
lymph-node metastasis (stage III), adjuvant 5-fluorouracil based chemotherapy following 
surgical resection has proven benefit 1. However, intrinsic as well as acquired resistance to 
chemotherapeutic drugs is a major problem in the treatment of this disease. Therefore, it 
is of great importance to identify prognostic factors that can help to develop new patient-
tailored treatment strategies for colorectal cancer patients.

Tumour suppressor gene p53 plays a key role in induction of the intrinsic apoptosis 
pathway in response to several chemotherapeutic agents. Most of the colorectal cancers 
have lost or inactivated p53 and this may limit the clinical efficacy of chemotherapeutic 
regimens 2-4. Data from our institution recently confirmed the importance of p53 mutations 
as a prognostic factor in adjuvant-treated stage III colon cancer patients 5. Tumour-necrosis-
factor-related-apoptosis-inducing-ligand (TRAIL) is a so-called death ligand of the tumour 
necrosis factor (TNF) family that induces apoptosis in tumour cells 6,7. Interestingly, in 
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contrast to most chemotherapeutic agents, recombinant human (rh)TRAIL can initiate 
apoptosis through a distinct (extrinsic) apoptosis pathway, independent of the p53 status of 
the tumour 4. Furthermore, chemotherapeutic agents cooperate with rhTRAIL and facilitate 
p53-independent apoptosis of colon cancer cells 4. RhTRAIL, alone or in combination with 
chemotherapy, has demonstrated an anti-tumour effect in pre-clinical studies without 
harming normal tissue 8-13. Therefore it harbours potential as a therapeutic agent.

TRAIL binds to four membrane receptors. Following binding to the death receptors DR4 
and DR5, TRAIL can trigger apoptosis in tumour cells. The other two receptors, DcR1 and 
DcR2, do not transfer an apoptosis signal because they either lack an intracellular domain or 
have a truncated intracellular domain, respectively. Therefore DcR1 and DcR2 are thought 
to act as decoy receptors (reviewed in 14-16). Expression patterns of DR4 and DR5 have already 
been described in normal colon, sporadic adenomas and sporadic carcinomas 17,18. Sträter 
et al suggested that DR4 expression might be an important prognostic factor for colorectal 
cancer 18. However, this study included both stage II and III patients. Interestingly, DR5 
was recently shown to be important for sensitivity to 5-fluorouracil 19. No data are available 
on the role of TRAIL, DR4 and DR5 expression in tumours of patients who receive adjuvant 
chemotherapy for stage III colon cancer. This would be of major interest because of the 
observed synergy between chemotherapy and rhTRAIL on apoptosis induction in tumour 
cells and the potential clinical application of rhTRAIL.

The aim of this study was to determine the DR4, DR5 and TRAIL expression pattern in 
stage III colon cancer and to correlate these expression patterns with disease-free survival 
and overall survival. Tissue microarrays of 376 tumours of patients with stage III colon 
cancer who participated in an adjuvant chemotherapy study were analysed. 

Materials and methods

Patients’ material

Formalin-fixed paraffin-embedded primary tumour tissue from 376 patients with stage 
III colon cancer included in a nation-wide randomised colon cancer trial (n = 500) was 
available. In the remaining 124 patients no primary tumour specimens or insufficient 
material were available. All patients had undergone surgical resection with histologically 
negative resection margins but positive lymph nodes and were treated adjuvantly with 5-
fluorouracil-based chemotherapy (5-fluorouracil /levamisole or 5-fluorouracil/levamisole/
leucovorin as described earlier) 20. The medical ethical committees of all participating 
hospitals approved the study. All patients gave written informed consent.

Clinical and tumor characteristics

For all patients clinical and tumour characteristics were derived from the clinical database 
maintained at the Comprehensive Cancer Centre North Netherlands. The mean age of the 
376 patients at time of randomisation was 58.8 years (ranging from 26.2-75.8 years), 201 
(53.5 %) were males. 173 tumours (46 %) were right-sided i.e. proximal of the splenic flexure. 
By histological classification according to the WHO criteria 21, the degree of differentiation 
was good in 16.2 %, moderate in 53.5 %, poor in 22.6 % and unknown in 7.7 % of tumours. 
Patients of the subset of 376 cases for this study were equally distributed between treatment 



Chapter 6

with 5-fluorouracil/levamisole (50.8 %) and 5-fluorouracil/leucovorin/levamisole (49.2 
%). The addition of leucovorin had no effect on overall survival or disease free survival. 
Therefore, no distinction was made between the treatment arms in further analysis. During 
a mean follow-up of 43 months, 160 deaths were observed in the cohort of 376 patients.

Tissue microarrays

The construction of tissue microarrays from this patient group was recently described 22. 
Briefly, representative tumour tissues were selected using haematoxylin and eosin stained 
slides and arrayed into 4 different tissue microarrays, according to standard protocols. 23 
Three 0.6 mm tissue cores were taken from three discrete representative regions of each 
tumour specimen using the manual tissue arrayer from Beecher Instruments (Sun Prairie, 
WI, USA) and put into a standard-size recipient paraffin block, the tissue microarray block. 
Each array contained 322 tissue cores, representing 94 tumour samples in triplicate and 20 
internal controls, i.e. the same on all arrays, in duplicate (10 normal tissues and 10 tumour 
tissues). Sections of 4 µm were taken from each array block using the paraffin tape-transfer 
system with adhesive-coated slides from Instrumedics (Hackensack, NJ, USA). 

Immunohistochemistry

The tissue microarrays were stained for DR4, DR5 and TRAIL. After deparaffinisation in 
xylene, blocking of endogenous peroxidase with 0.3 % hydrogen peroxide and incubation 
with avidin and biotin blocking solutions (Vector Laboratories, Burlingame, CA, USA) 
the primary antibodies were applied for 1 h at room temperature. Staining procedures 
for DR4, DR5 and TRAIL were performed as described previously 17. Briefly, slides were 
stained with a goat polyclonal IgG for TRAIL (1:25; clone K-18, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), a goat polyclonal IgG for DR4 (1:50; clone C-20, Santa Cruz) and 
a rabbit polyclonal IgG for DR5 (1:100; Oncogene Research, Cambridge, MA, USA). After 
washing with PBS, slides were incubated with a 1:300 dilution of a biotinylated rabbit-
anti-goat or swine-anti-rabbit antibody (DAKO, Glostrup, Denmark) respectively, followed 
by addition of streptavidin-conjugated peroxidase. Peroxidase activity was visualised with 
diaminobenzidine. Slides were counterstained with haematoxylin. Evaluation of staining 
was performed by light microscopy by two investigators, without knowledge of the clinical 
data of the patients and with re-evaluation under a multi-headed microscope if results did 
not agree. Cores containing less than 10 % tumour cells were not evaluated. The score was 
determined by the degree of staining seen in the majority of the tumour tissue core. If cores 
from one tumour differed in staining intensity, the median score of the three related cores 
determined the score of the tumour. The immunoreactivity was assessed using a grading 
system of four categories based on the intensity (0 = no expression, 1 = low expression, 2 
= moderate expression, 3 = strong expression). For statistical purposes, categories 0 and 1 
were considered as low and categories 2 and 3 as high expression.

Statistical analyses

Differences in distributions of categorical variables between groups were tested using 
Chi-square tests. Differences between groups in distributions of continuous variables were 
tested using t-tests or Mann-Whitney U-tests, as appropriate. Patients were categorised into 
‘low’ and ‘high’ expression levels of DR4, DR5 and TRAIL as described above. Differences 
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in disease free and overall survival according to expression of DR4, DR5 and TRAIL were 
analysed using Kaplan-Meier survival analysis using log-rank testing and Cox proportional 
hazard analysis. Cox proportional hazard analyses were performed to estimate the effect of 
high DR4, DR5 and TRAIL expression on disease free and overall survival with adjustment 
for the following potential confounders: treatment arm, age and sex. Since we have 
previously shown that p53 mutation status is predictive of disease-free survival, we repeated 
all Cox analyses with additional adjustment for p53 mutation status, for which data were 
obtained from the original report 5.

Disease free survival was defined as the period from the date of randomisation to the 
date of any documented relapse or the date of last contact without any documented relapse. 
Overall survival was defined as the time period from the date of randomisation to the 
date of documented death or to the date of last contact and documented alive. To analyse 
whether DR4, DR5 and TRAIL expression affected time to recurrence within those with 
relapse, we analysed the time till tumour recurrence, defined as the period from the date 
of randomisation to the date of documented tumour recurrence within those subjects with 
tumour recurrence, using Kaplan-Meier. Cox proportional hazard analysis was performed 
in order to estimate (Odds Ratio (OR), 95 % confidence interval (CI)) the effect of DR4, DR5 
and TRAIL expression on time till tumour recurrence within those subjects with tumour 
recurrence, with adjustment for the following potential confounders: treatment arm, age, 
sex and p53 mutation status. P values < 0.05 were considered significant. SPSS for Windows 
12.0 (SPSS Inc., Chicago, IL) was used for all statistical analysis.

Results

Expression of DR4, DR5 and TRAIL in stage III colon cancer

Immunohistochemistry for TRAIL, DR4 and DR5 was performed on all 376 tumours. 
Interpretable data were obtained for TRAIL in 314, for DR4 in 316 and for DR5 in 342 
tumours. DR4, DR5 and TRAIL staining was cytoplasmic and no apparent membranous 
staining was detected. Most tumours showed high expression of DR4, DR5 and TRAIL 
(Table 1, figure 1). Strong expression (staining intensity 2 and 3) of TRAIL receptors DR4 
and DR5 was observed in 91.8 % and 87.1 % of the tumours, respectively. When coupling 

Table 1. Staining results for DR4, DR5 and TRAIL in colon carcinomas.

DR4 expression

n (%)

DR5 expression

n (%)

TRAIL expression

n (%)

n 316 342 314

Staining intensity

0 1 (0.3) 1 (0.3) 6 (1.9)

1 25 (7.9) 43 (12.6) 48 (15.3)

2 190 (60.1) 221 (64.6) 199 (63.4)

3 100 (31.7) 77 (22.5) 61 (19.4)
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interpretable staining intensity data of DR4 and DR5 expression, we found that 8 of 291 
tumours showed low expression of both receptors; in all other cases expression of at least 
one receptor was high. TRAIL was high in 82.8 % of the tumours. There was no difference 
in DR4 and DR5 expression between tumours with high TRAIL expression versus those 
with low TRAIL expression. 

DR4, DR5 or TRAIL expression and disease free survival

Using Kaplan-Meier survival analysis, high DR4 expression was associated with a worse 
disease free survival compared to low DR4 expression with borderline significance (p = 0.06). 
We found no such association with disease free survival for DR5 and TRAIL expression. In 
Cox proportional hazard analyses high DR4 was associated with worse disease free survival 
(OR = 2.19 (1.06-4.53); p = 0.03), whereas DR5 and TRAIL expression were not.

Figure 1. DR4, DR5 and TRAIL expression in tissue microarrays of colon cancer tumors. Examples of 
immunohistochemical staining results for DR4 (A and B, low and high expression respectively), DR5 (C and 
D, low and high expression respectively) and TRAIL (E and F, low and high expression respectively).
See appendix for colour pictures.
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DR4, DR5 or TRAIL expression and overall survival

Kaplan-Meier survival analysis revealed a trend towards worse overall survival for indi-
viduals with high DR4 expression compared to those with low DR4 expression (p=0.06). In 
contrast, there was a trend towards better overall survival associated with high expression 
of DR5 (p = 0.07). Cox proportional hazard analyses showed that high DR4 expression was 
associated with a worse survival  (OR (95 % CI) = 2.22 (1.03-4.81); p = 0.04) while high DR5 
expression was borderline significant for a better survival  (OR = 0.65 (0.41-1.03); p = 0.07). 
High or low TRAIL expression was not associated with overall survival.
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Figure 2. Time to recurrence in patients with recurrent disease in adjuvant-treated stage III colon cancer 

patients according to DR4 (A), DR5 (B) and to TRAIL (C) expression.
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DR4, DR5 or TRAIL expression and time to recurrence

From the cohort of 376 patients, 168 (44.7 %) experienced recurrent disease during follow-
up. Kaplan-Meier survival curves in these 168 patients indicated a longer time to recurrence 
for high DR5 (p = 0.03) or high TRAIL (p = 0.007) expression compared to low DR5 or 
TRAIL expression levels (figures 2B and 2C). DR4 expression was not associated with time 
to recurrence (figure 2A). The distribution of time to recurrence according to high versus 
low DR4 expression did not allow for Cox proportional hazard analysis. Cox proportional 
hazard analyses confirmed that those patients with high DR5 and TRAIL expression were 
less likely to have early recurrence (OR = 0.60 (0.37-0.98); p = 0.04 and OR = 0.54 (0.32-
0.91); p = 0.02 respectively).

DR4, DR5 and TRAIL expression in relation to p53 mutation status

Given that DR4 and DR5 expression are reported to be at least in part p53 dependent 24,25, 
expression patterns of DR4 and DR5 were compared between tumours with p53 mutations 
and those with wild-type p53 (table 2). No significant differences were found between the 
two groups. We also found no differences between tumours with p53 mutations and those 
with wild-type p53 and expression patterns of TRAIL.

We repeated all Cox proportional hazard analyses in order to estimate the effect of DR4, 
DR5 and TRAIL expression on disease free survival, overall survival and time to tumour 
recurrence within those subjects with tumour recurrence, with additional adjustment for 
p53 mutation status. The above described effect estimates did not change substantially 
following adjustment for p53 mutation status.

Discussion

In the present study, the prognostic value of TRAIL and its death receptors DR4 and 
DR5 was studied in colon cancers of patients who received adjuvant chemotherapy. With 
the tissue microarray technique, 376 tumour samples of stage III colon cancer patients 
previously participating in a randomised adjuvant chemotherapy study were analysed. 
The majority of the tumours showed high expression of DR4, DR5 and TRAIL. High DR4 
expression was associated with worse overall and disease free survival. There was a trend 
towards better disease free survival with high DR5 expression as compared to low DR5 
expression. Furthermore, high expression of TRAIL and high expression of DR5 were 
associated with a longer time to recurrence of the disease.

Previous immunohistochemical studies have demonstrated that the pro-apoptotic 
TRAIL-receptors DR4 and DR5 are expressed in normal colon mucosa as well as colorectal 
adenomas and carcinomas 17,18. In contrast to our results, Sträter et al. demonstrated that high 
DR4 expression was associated with better disease-free survival rates in a heterogeneous 
group of 128 patients with colon cancer, including both stage II and III tumours 18. In 
their study  18.6 % of the patients received adjuvant chemotherapy. The strengths of our 
study are the high number of patients, the inclusion of only stage III colon cancer patients 
and the fact that all patients were treated with 5-fluorouracil based chemotherapy within a 
prospective clinical trial. This means that results obtained give a level II evidence for the 
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utility of the tumour marker studied 26. In our study high DR4 expression was associated 
with a shorter disease free and overall survival. This indicates that DR4 positive stage III 
colon cancers may have a growth advantage. Spierings et al speculated that a number of 
other signalling pathways, such as the ERK1/2 pathway, are activated by death receptors 
and that these might have a dominant protecting effect over the apoptotic signal from death 
receptors, stimulating cell proliferation 27. Increasingly it is thought that as an endpoint for 
treatment effects disease free survival with a follow up of at least 3 years is preferable over 
data obtained with overall survival 28. This makes also our findings for DR5 and TRAIL of 
interest.

High DR5 expression was associated with longer disease free survival with borderline 
significance and significantly associated with a longer time to recurrence. It has been 
demonstrated that in human colon cancer cell lines, in which the expression of DR5 was 
decreased using inducible RNA interference, silencing of DR5 in vivo led to accelerated 
growth of bioluminescent tumour xenografts. This study also showed that silencing of DR5 
conferred resistance of the tumour cells to the chemotherapeutic agent 5-fluorouracil 19. 
Tumour cells with DR5 expression may be more susceptible to TRAIL-induced apoptosis 
than DR4 positive tumour cells. Truneh et al have demonstrated that at physiological 
conditions TRAIL binds with a higher affinity to DR5 than to DR4 29. Additionally, in order 
to induce apoptosis, DR4 and DR5 have distinct cross-linking requirements. DR4 equally 
responds to cross-linked (e.g. membrane bound) TRAIL and non-cross-linked (soluble) 
rhTRAIL, whereas DR5 signals only in response to cross-linked rhTRAIL 30. Several 
studies have demonstrated that DR4 and DR5 can contribute differently to TRAIL-induced 
apoptosis 31,32. Furthermore, DR4 could be less expressed or non-functional in colon cancers 
due to mutations. Alterations or mutations in or near the ligand-binding domain of DR4 
have the potential to affect TRAIL binding to DR4 and are found in several cancers 33,34. 

Table 2. Patterns of DR4 and DR5 expression in tumors with wild-type p53 versus tumors with p53 mutations.

wild-type p53 (%) mutant p53 (%) p

DR4

Staining intensity

0/1 10 6

2 60 65 ns

3 30 29

DR5

Staining intensity

0/1 13 17

2 62 66 ns

3 25 17

ns: not significant
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Nevertheless, DR4 mutations in colorectal cancer have not been studied so far and no 
somatic DR5 mutations were found in 41 colorectal cancers 35.

Interestingly high TRAIL expression was associated with a longer time to recurrence 
of the disease. Previously, it has been demonstrated that high TRAIL mRNA expression 
levels in ovarian cancer were associated with longer survival (n = 120) 36. In accordance 
with this, another study reported that reduced TRAIL protein levels in tumours of ovarian 
cancer patients were associated with a poor prognosis 37. There are several indications 
that TRAIL expression is involved in immune surveillance 38,39. In agreement with this, 
TRAIL expression could contribute to the immune escape of tumour cells 40. In that case, 
it is expected that high expression of TRAIL would be associated with an unfavourable 
disease. However, elevated levels of cell-associated and secreted TRAIL can also contribute 
to apoptosis induction in cancer cells in autocrine or paracrine manners 41-43. In our study, 
tumours with high expression of TRAIL may have higher levels of autocrine or paracrine 
TRAIL-induced apoptosis compared to tumours with low TRAIL expression levels. All 
patients received adjuvant chemotherapy. Thus in tumour cells with high TRAIL expression 
the intrinsic (drug-induced) as well as the extrinsic (TRAIL interaction with DR5) pathway 
may have been activated, enhancing the levels of apoptosis in tumour cells and thus increase 
the time to recurrence.

A few other studies have investigated the prognostic value of TRAIL, DR4 and DR5 
expression. DR4 and DR5 expression in acute myelogenous leukemia patients (n = 29) 
showed no prognostic significance 44. Evaluation of DR4, DR5 and TRAIL expression in 
non-small cell lung cancer patients revealed that positive DR5 staining was associated with 
increased risk of death 27.

In colon cancer cells rhTRAIL induces apoptosis in vitro and in xenograft models 45,46, 
whereas normal human colon epithelium is resistant to TRAIL-induced apoptosis 47. In 
addition, anti-cancer drugs are known to increase DR4 and DR5 membrane expression 
on the cell surface and to enhance TRAIL-mediated apoptosis in colon cancer cells 45,48-50. 
Furthermore, the natural phytoalexin resveratrol was reported to enhance death receptor 
membrane expression, induce their redistribution into lipid rafts and to facilitate death 
ligand induced apoptosis 51. Combinations of these agents can enhance the anti-tumour effect 
of rhTRAIL. In vitro, the combination of 5-fluorouracil and rhTRAIL has an additive anti-
tumour effect in colon cancer cell lines 52. Administration of rhTRAIL showed no toxicity in 
animal models 8,13. Several clinical phase I-II studies with rhTRAIL and agonistic anti-DR4 
and anti-DR5 antibodies are ongoing 53,54. The fact that the majority of the tumours showed 
high expression levels of DR4 and DR5, independent of p53 mutations, and the finding that 
high TRAIL expression was associated with longer time to recurrence, supports the further 
development of rhTRAIL or TRAIL receptor agonistic antibodies as anti-cancer agents for 
stage III colon cancer patients.

In conclusion, high DR4 expression is associated with worse overall and disease free 
survival and both DR5 and TRAIL expression are associated with a longer time to recurrence 
in adjuvant-treated stage III colon cancer patients. The fact that the majority of the tumours 
showed high DR4 and DR5 expression indicates that rhTRAIL or agonistic antibodies may 
be interesting molecules for use in adjuvant treatment of stage III colon cancer patients.



TRAIL and its receptors and colon cancer survival

101

References
1.  Andre T, Boni C, Mounedji-Boudiaf L, et al. Oxaliplatin, fluorouracil, and leucovorin asadjuvant 

treatment for colon cancer. N Engl J Med 2004;350:2343-2351.

2.  Lowe SW, Ruley HE, Jacks T, Housman DE. p53-dependent apoptosis modulates the cytotoxicity of 
anticancer agents. Cell 1993;74:957-967.

3.  Lowe SW, Bodis S, McClatchey A, et al. p53 status and the efficacy of cancer therapy invivo. Science 
1994;266:807-810.

4.  Ravi R, Jain AJ, Schulick RD, et al. Elimination of hepatic metastases of colon cancer cells via p53-
independent cross-talk between irinotecan and Apo2 ligand/TRAIL. Cancer Res2004;64:9105-9114.

5.  Westra JL, Schaapveld M, Hollema H, et al. Determination of TP53 mutation is more relevant than 
microsatellite instability status for the prediction of disease-free survival inadjuvant-treated stage III 
colon cancer patients. J Clin Oncol 2005;23:5635-5643.

6.  Pitti RM, Marsters SA, Ruppert S, Donahue CJ, Moore A, Ashkenazi A. Induction of apoptosis by Apo-
2 ligand, a new member of the tumor necrosis factor cytokine family. J Biol Chem 1996;271:12687-
12690.

7.  Wiley SR, Schooley K, Smolak PJ, et al. Identification and characterization of a new member of the TNF 
family that induces apoptosis. Immunity. 1995;3:673-682.

8.  Ashkenazi A, Pai RC, Fong S, et al. Safety and antitumor activity of recombinant soluble Apo2 ligand. J 
Clin Invest 1999;104:155-162.

9.  Kelley SK, Harris LA, Xie D, et al. Preclinical studies to predict the disposition of Apo2L/tumor 
necrosis factor-related apoptosis-inducing ligand in humans: characterization of in vivo efficacy, 
pharmacokinetics, and safety. J Pharmacol Exp Ther 2001;299:31-38.

10.  Lawrence D, Shahrokh Z, Marsters S, et al. Differential hepatocyte toxicity of recombinant Apo2L/
TRAIL versions. Nat Med 2001;7:383-385.

11.  Mitsiades CS, Treon SP, Mitsiades N, et al. TRAIL/Apo2L ligand selectively induces apoptosis and 
overcomes drug resistance in multiple myeloma: therapeutic applications. Blood 2001;98:795-804.

12.  Nagane M, Pan G, Weddle JJ, Dixit VM, Cavenee WK, Huang HJ. Increased death receptor 5 expression 
by chemotherapeutic agents in human gliomas causes synergistic cytotoxicity with tumor necrosis 
factor-related apoptosis-inducing ligand in vitro and in vivo. Cancer Res 2000;60:847-853.

13.  Walczak H, Miller RE, Ariail K, et al. Tumoricidal activity of tumor necrosis factor related apoptosis 
inducing ligand in vivo. Nat Med 1999;5:157-163.

14.  Held J, Schulze-Osthoff K. Potential and caveats of TRAIL in cancer therapy. Drug ResistUpdat 
2001;4:243-252.

15.  Hengartner MO. The biochemistry of apoptosis. Nature 2000;407:770-776.

16.  Reed JC. Mechanisms of apoptosis. Am J Pathol 2000;157:1415-1430.

17.  Koornstra JJ, Kleibeuker JH, van Geelen CM, et al. Expression of TRAIL (TNF-related apoptosis-  
 inducing ligand) and its receptors in normal colonic mucosa, adenomas, and carcinomas. J Pathol   
 2003;200:327-335.

18  Sträter J, Hinz U, Walczak H, et al. Expression of TRAIL and TRAIL receptors in colon carcinoma: 
TRAIL-R1 is an independent prognostic parameter. Clin Cancer Res 2002;8:3734-3740.

19.  Wang S, El-Deiry WS. Inducible silencing of KILLER/DR5 in vivo promotes bioluminescent colon 
tumor xenograft growth and confers resistance to chemotherapeutic agent 5-fluorouracil. Cancer Res 
2004;64:6666-6672.



Chapter 6

102

20.  Bleeker WA, Mulder NH, Hermans J, Otter R, Plukker JT. The addition of low-dose leucovorin to the 
combination of 5-fluorouracil- levamisole does not improve survival in the adjuvant treatment of Dukes’ 
C colon cancer. IKN Colon Trial Group. Ann Oncol 2000;11:547-552.

21. Hamilton SR, Aaltonen LA (ed). WHO classification of tumours: pathology and genetics of tumours of 
digestive system. Geneva, Switzerland, WHO, 2000. 

22.  Westra JL, Hollema H, Schaapveld M, et al. Predictive value of thymidylate synthase and 
dihydropyrimidine dehydrogenase protein expression on survival in adjuvantly treated stage III colon 
cancer patients. Ann Oncol 2005;16:1646-1653.

23.  Hoos A, Cordon-Cardo C. Tissue microarray profiling of cancer specimens and cell lines opportunities 
and limitations. Lab Invest 2001;81:1331-1338.

24.  Takimoto R, El-Deiry WS. Wild-type p53 transactivates the KILLER/DR5 gene through an intronic 
sequence-specific DNA-binding site. Oncogene 2000;19:1735-1743.

25.  Liu X, Yue P, Khuri FR, Sun SY. p53 upregulates death receptor 4 expression through an intronic p53 
binding site. Cancer Res 2004;64:5078-5083.

26.  Hayes DF, Bast RC, Desch CE, et al. American Society of Clinical Oncology Tumor Markers Expert 
Panel. Tumor marker utility grading system: a framework to evaluate clinical utility of tumor markers. 
J Natl Cancer Inst 1996;88:1456-1466.

27.  Spierings DC, de Vries EG, Timens W, Groen HJ, Boezen HM, de Jong S. Expression of TRAIL and 
TRAIL death receptors in stage III non-small cell lung cancer tumors. Clin Cancer Res 2003;9:3397-
3405.

28.  Grem J. Adjuvant therapy for colon cancer: a historical perspective. J Natl Cancer Inst 2004;96:1116-
1117.

29.  Truneh A, Sharma S, Silverman C, et al. Temperature-sensitive differential affinity of TRAIL for its 
receptors. DR5 is the highest affinity receptor. J Biol Chem 2000;275:23319- 23325.

30.  Wajant H, Moosmayer D, Wuest T, et al. Differential activation of TRAIL-R1 and -2 by soluble and 
membrane TRAIL allows selective surface antigen-directed activation of TRAIL-2 by a soluble TRAIL 
derivative. Oncogene 2001;20:4101-4106.

31.  Kelley RF, Totpal K, Lindstrom SH, et al. Receptor-selective mutants of Apo2L/TRAIL reveal a greater 
contribution of DR5 than DR4 to apoptosis signaling. J Biol Chem 2005;280:2205-2212.

32.  Leverkus M, Sprick MR, Wachter T, et al. TRAIL-induced apoptosis and gene induction in HaCaT 
keratinocytes: differential contribution of TRAIL receptors 1 and 2. J Invest Dermatol 2003;121:149-
155.

33.  Dechant MJ, Fellenberg J, Scheuerpflug CG, Ewerbeck V, Debatin KM. Mutation analysis of the apoptotic 
“death-receptors” and the adaptors TRADD and FADD/MORT-1 in osteosarcoma tumor samples and 
osteosarcoma cell lines. Int J Cancer 2004;109:661-667.

34.  Fisher MJ, Virmani AK, Wu L, et al. Nucleotide substitution in the ectodomain of trail receptor DR4 is 
associated with lung cancer and head and neck cancer. Clin Cancer Res 2001;7:1688-1697.

35.  Arai T, Akiyama Y, Okabe S, Saito K, Iwai T, Yuasa Y. Genomic organization and mutation analyses of 
the DR5/TRAIL receptor 2 gene in colorectal carcinomas. Cancer Lett 1998;133:197-204.

36.  Lancaster JM, Sayer R, Blanchette C, et al. High expression of tumor necrosis factor-related apoptosis-
inducing ligand is associated with favorable ovarian cancer survival. Clin Cancer Res 2003;9:762-766.

37.  Arts HJ, de Jong S, Hollema H, ten Hoor K, van der Zee AG, de Vries EG. Chemotherapy induces death 
receptor 5 in epithelial ovarian carcinoma. Gynecol Oncol 2004;92:794-800.

38.  Corazza N, Brumatti G, Schaer C, Cima I, Wasem C, Brunner T. TRAIL and immunity: more than a 



TRAIL and its receptors and colon cancer survival

103

license to kill tumor cells. Cell Death Differ 2004;11 Suppl 2:S122-S125.

39.  Lee HO, Herndon JM, Barreiro R, Griffith TS, Ferguson TA. TRAIL: a mechanism of tumor surveillance 
in an immune privileged site. J Immunol 2002;169:4739-4744.

40.  Strebel A, Bachmann F, Wernli M, Erb P. Tumor necrosis factor-related, apoptosis inducing ligand 
supports growth of mouse mastocytoma tumors by killing tumor-infiltrating macrophages. Int J 
Cancer 2002;100:627-634.

41.  Abadie A, Wietzerbin J. Involvement of TNF-related apoptosis-inducing ligand (TRAIL) induction in 
interferon gamma-mediated apoptosis in Ewing tumor cells. Ann NYAcad Sci 2003;1010:117-120.

42.  Ludwig AT, Moore JM, Luo Y, et al. Tumor necrosis factor-related apoptosis-inducing ligand: a novel 
mechanism for Bacillus Calmette-Guerin-induced antitumor activity. Cancer Res 2004;64:3386-3390.

43.  Papageorgiou A, Lashinger L, Millikan R, et al. Role of tumor necrosis factor-related apoptosis-inducing 
ligand in interferon-induced apoptosis in human bladder cancer cells. Cancer Res 2004;64:8973-
8979.

44.  Min YJ, Lee JH, Choi SJ, et al. Prognostic significance of Fas (CD95) and TRAIL receptors (DR4/DR5) 
expression in acute myelogenous leukemia. Leuk Res 2004;28:359-365.

45. Naka T, Sugamura K, Hylander BL, Widmer MB, Rustum YM, Repasky EA. Effects of tumor necrosis 
factor-related apoptosis-inducing ligand alone and in combination with chemotherapeutic agents on 
patients’ colon tumors grown in SCID mice. Cancer Res 2002;62:5800-5806.

46.  Van Geelen CM, de Vries EG, Le TK, van Weeghel RP, de Jong S. Differential modulation of the TRAIL 
receptors and the CD95 receptor in colon carcinoma cell lines. Br J Cancer 2003;89:363-373.

47.  Sträter J, Walczak H, Pukrop T, et al. TRAIL and its receptors in the colonic epithelium: a putative role 
in the defense of viral infections. Gastroenterology 2002;122:659-666.

48.  He Q, Huang Y, Sheikh MS. Proteasome inhibitor MG132 upregulates death receptor 5 and cooperates 
with Apo2L/TRAIL to induce apoptosis in Bax-proficient and -deficient cells. Oncogene 2004;23:2554-
2558.

49.  Kim YH, Park JW, Lee JY, Kwon TK. Sodium butyrate sensitizes TRAIL-mediated apoptosis by induction 
of transcription from the DR5 gene promoter through Sp1 sites in colon cancer cells. Carcinogenesis 
2004;25:1813-1820.

50.  LeBlanc H, Lawrence D, Varfolomeev E, et al. Tumor-cell resistance to death receptor-induced apoptosis 
through mutational inactivation of the proapoptotic Bcl-2 homolog Bax. Nat Med 2002;8:274-281.

51.  Delmas D, Rebe C, Micheau O, et al. Redistribution of CD95, DR4 and DR5 in rafts accounts for 
the synergistic toxicity of resveratrol and death receptor ligands in colon carcinoma cells. Oncogene 
2004;23:8979-8986.

52. Shimoyama S, Mochizuki Y, Kusada O, Kaminishi M. Supra-additive antitumor activity of 5FU with 
tumor necrosis factor-related apoptosis-inducing ligand on gastric and colon cancers in vitro. Int J 
Oncol 2002;21:643-648.

53.  Pukac L, Kanakaraj, Humphreys R, et al. HGS-ETR1, a fully human TRAIL-receptor 1 monoclonal 
antibody, induces cell death in multiple tumour types in vitro and in vivo. Br J Cancer 2005;92:1430-
1441.

54.  Motoki K, Mori E, Matsumoto A, et al. Enhanced apoptosis and tumor regression induced by a direct 
agonist antibody to tumor necrosis factor-related apoptosis-inducing ligand receptor 2. Clin Cancer Res 
2005;11:3126-3135.






