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Colorectal cancer

General

Worldwide colorectal cancer is one of the most common cancers and recent data(1) 

show an estimated number of one million cases and a half a million deaths every year. 

The incidence is highest in developed countries and might therefore be associated 

with differences in environmental circumstances, life style and consumption patterns. 

In the Netherlands about 6000 cases were diagnosed and 3400 deaths in the year 

2000(2). These numbers are estimated to increase to 9000 new cases and 4300 

deaths in 2015. Mean survival after 5 years is around 55% for all stages but ranges 

form 95% for Stage I to 4% for Stage IV(3). Although the improvement in the 

treatment of colorectal has led to a considerable increase in survival in the last 

decades the treatment options are still limited and can be improved.

Oncogenesis

Besides the role of environmental circumstances, life style and consumption patterns 

the carcinogenesis of colorectal cancer can also have a genetic background. Patients 

with familial adenomatous polyposis (FAP) and hereditary nonpolyposis colorectal 

cancer (HNPCC) are predisposed to develop colorectal cancer(4).

For the transformation of somatic cells to cancer cells a number of mutational changes 

have to occur that lead to genomic instability and subsequently the acquisition of 

limitless replicative potential, insensitiveness to growth inhibitory signals or evasion 

of programmed cell death or apoptosis(5). In the gut at the bottom of the crypts 

slowly cycling stem cells are located. The stem cells have self-renewal capacity and 

upon division a new stem cell and a more differentiated cell are formed. These more 

differentiated and more rapidly cycling transit-amplifying cells end up at the lumen 

at a fully differentiated stage. Since the stem cells in the crypts are slowly cycling 

and have a longer life span compared to their more differentiated progeny it is likely 

that these cells are more vulnerable to accumulate multiple mutations in pathways 

that regulate self renewal and differentiation. After transformation the resulting 

tumors consist of a mixed population of cells. Within this mixed population of cells 

a small number of cells exist that maintain the tumor and are called tumor initiating 

cells or cancer stem cells. Isolation or enrichment of these cancer stem cells and 

transplantation results in tumor formation composed of a similar mixture of cells as 

the original tumor from which the cells were isolated. This supports the hypothesis 

that cancer stem cells have properties similar to normal stem cells(6). Although 

cancer stem cells have similarities with normal stem cells it is also possible that 

they originate from more differentiated cells and acquired stem cell like properties 
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during transformation(6). The self renewal properties of cancer stem cells indicate 

that pathways as Wnt, Notch, Sonic Hedgehoc and BMI-1 are involved as in normal 

stem cells.

Pathways

The Wnt signaling pathway (Figure 1) is a critical regulator of stem cells and is 

frequently associated with development of cancer(7, 8). Central component of 

the Wnt pathway is β-catenin. Without binding of Wnt proteins to their receptor 

complex, consisting of members of the Frizzled and Lrp family of proteins, β-catenin 

is phosphorylated by GSK3 in a complex with APC and Axin and thereby targeted 

for proteosomal degradation. Upon binding of Wnt-ligands, phosphorylation of 

β-catenin is inhibited and results in accumulation of the protein and subsequently in 

translocation to the nucleus. In the nucleus it binds to the transcriptional activators 

Tcf/Lef and Wnt target gene expression. β-Catenin also binds to cadherins and plays a 

role in cell-cell adhesion. In colorectal cancer mutations in APC or Axin are frequently 

observed and cause deregulation of β-catenin stability and continuous activation of 

the Wnt signaling pathway(8). The subsequent expression of Wnt target genes as 

c-Myc and Cyclin D results in increased proliferation and together with additional 

mutations such as in K-Ras and p53 in malignant transformation(7). 

Figure 1. Wnt-signaling pathway

The Notch signaling pathway (Figure 2) is another pathway that is involved in fate 

determination and self renewal. Four Notch receptors (Notch 1-4) are identified 

together with five ligands (Delta-like 1, 3 & 4 and Jagged 1 & 2). Binding of Notch 

ligands, expressed on neighboring cells, to the Notch receptor is followed by proteolytic 

cleavage by γ-secretase of the intracellular domain (NICD). After translocation of 

NICD to the nucleus it binds to CSL/RBP-J which is thereby converted
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Figure 2. Notch signaling pathway

from a transcriptional repressor into a transcriptional activator(9). The role of Notch in 

intestinal cell fate has been demonstrated by use of γ-secretase inhibitors. Inhibition of 

γ-secretase and subsequent deactivation of the Notch pathway resulted in conversion 

of proliferating crypt cells into post-mitotic goblet cells(10). Furthermore it has been 

demonstrated that Notch signaling not only occurs in crypts as demonstrated by Hes1 

expression, but also in adenomas in APCmin mice demonstrating that, besides the 

Wnt patway, it might play a role in oncogenic transformation(10).

The third pathway that might be involved in colorectal cancer is the Sonic Hedgehog 

(Shh) pathway (Figure 3). Via binding of Shh to the transmembrane protein Patch 

(Ptch1) repression of the G-protein-coupled receptor component Smoothened (Smo) 

is relieved and downstream genes like Gli1 and 3 are activated. Overexpression of 

Gli1 in colorectal cancer is associated with proliferation and might be the result of 

inactivating mutations in Ptch1 or activating mutations in Smo (11)

Figure 3. Sonic Hedgehoc signaling pathway
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Figure 4. BMI-1 signaling pathway

The role of BMI-1 signaling pathway (Figure 4) in self renewal and cancer proliferation 

has been demonstrated in leukemia (12) but also in colon cancer it is frequently 

overexpressed(13). Activation of the BMI-1 pathway results in the inhibition of 

CDKN2A which codes for two cyclin dependent kinase inhibitors INK4A (p16) and ARF 

(p14). Inhibition of INK4a results in phosphorylation and inactivation of Rb by the 

CDK4/Cyclin D complex and subsequently the activation of E2F dependent expression 

of cell-cycle genes. Inhibition of ARF allows the inactivation of p53 and the p53 

dependent expression of pro-apoptotic genes by MDM2. Therefore inhibition of these 

pathways by BMI-1, promote cancer cell proliferation and escape of p53 dependent 

apoptosis. 

Pathological staging

The development stages of colorectal cancers are described using the Astler-Coller 

modification of Dukes’ classification (14) or the TNM classification (15, 16) and are 

related to the site and penetration of the tumor as shown in Figure 5 and Table 

1. Duke’s A stage (TNM Stage 0, I T1) tumors are restricted to the mucosa and 

sub mucosa layer and do not penetrate the muscle layers as found in the Duke’s 

B stage (Stage I T2, II A-B). In Duke’s C stage (Stage III A-C) the tumor has also 

metastasized to lymph nodes and when the tumor is further metastasized to other 

organs, predominantly to the liver, it will be classified as Duke’s D (Stage IV). 

Treatment and prognosis of colorectal cancer is depending on the stage at diagnosis. 
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Figure 5. Pathological staging

Table 1. TNM classification of colorectal cancer

TNM definitions AJCC stage grouping

Primary tumor (T) TX: Primary tumor cannot be assessed Stage 0 Tis, N0, M0

T0: No evidence of primary tumor Stage I T1, N0, M0

T2, N0, M0

Tis: Carcinoma in situ: intraepithelial or 
invasion of the lamina propia

Stage IIA T3, N0, M0

T1; Tumor invades submucosa Stage IIB T4, N0, M0

T2: Tumor invades muscularis propia StageIIIA T1, N1, M0

T2, N1, M0

T3: Tumor invades through the muscularis 
propia into the subserosa or into 
nonperitonealized pericolic or perirectal tissues

Stage IIIB T3, N1, M0

T4, N1, M0

T4: Tumor directly invades other organs 
or structures and/or perforates visceral 
peritoneum

Stage IIIC Any T, N2, M0

Regional lymph nodes (N) NX: Regional nodes cannot be assessed Stage IV Any T, Any N, M1

N0: No regional øymph node metastasis

N1: Metastasis in 1 to 3 regional lymph nodes

N2: Metastasis in 4 or more regional lymph 
nodes

Distant metastasis (M) MX: Distant metastasis cannot be assessed

M0: No distant metastasis

M1: Distant metastasis
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Treatment modalities

Primary treatment for colorectal cancer is surgical resection of the tumor. Dependent 

on the stage of the tumor the cure rate is about 95% for Duke’s A tumors but much 

less for Duke’s B, 60%, and Duke’s C tumors, 35%(17). To decrease the recurrence 

rate of about 50% after surgical resection patients are treated with adjuvant 

chemotherapy(18). 

Since its development in 1957 5-FU has become the backbone of chemotherapy(19) 

and after 5 decades treatment of colorectal cancer still consist of 5-FU usually in 

combination with Irinotecan, Oxaliplatin or more recent in combinations with 

Cetuximab or Bevacizumab. 

Development of 5-FU was based on the observation that cancer cells show increased 

incorporation of uracil into DNA as compared to normal cells(20, 21). This observation 

led to the first rational designed and targeted anticancer drugs and 5-FU was shown 

to be the most active compound(22). The mechanism of action of 5-FU as shown in 

Figure 6 is mainly based on inhibition, by its active metabolite FdUMP, of thymidylate 

synthase (TS) which results in depletion of thymidine triphosphate and subsequently 

in inhibition of DNA synthesis. Activation of 5-FU to FdUMP is mediated by the 

enzymes of the pyrimidine metabolic pathways but in contrast to uracil also orotate 

phoshoribosyltransferase was shown to be involved(23). Besides inhibition of TS, 

5-FU can be incorporated into RNA and into DNA which might also contribute to 

the antitumor effect. Incorporation into DNA and subsequent excision by the uracil 

DNA glycosylases UNG2, Smug1 or TDG results in formation of AP-sites and DNA 

strandbreaks which were associated with both sensitivity and resistance to 5-FU 

depending on downstream processing of the DNA strandbreaks(24-26). Cytotoxicity 

mediated by RNA incorporation might be mediated by incorporation into snRNA that 

affects splicing of pre-mRNA and processing of pre-rRNA(27-30).The activity is also 

dependent on the catabolic enzyme dihydopyrimidine dehydrogenase (DPD) which is 

responsible for the degradation of about 80% of the drug that enters the cells. The 

response rate after treatment with 5-FU alone is very poor, but addition of leucovorin 

(LV), increasing the cofactor levels for TS and thereby enhancing the binding of FdUMP 

to TS, improved the response rates and overall survival (31). Today 5-FU can be 

replaced by the oral 5-FU pro-drug Capecitabine (Xeloda). Capecitabine is activated 

to 5-FU in three enzymatic steps including thymidine phosphorylase (TP) which is 

frequently overexpressed in colorectal cancer. Capecitabine shows comparable 

response rates and survival as 5-FU/LV (32, 33). Another oral prodrug of 5-FU is 

Tegafur which is used in combination with Uracil (UFT) and LV or in combination with 

CDHP and Oxonic acid (S-1) (34, 35).
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Figure 6. Metabolism of 5-FU

Abbreviations: Enzymes:

ADP: adenosine-5’-diphosphate; 1. orotate phosphoribosyltransferase, 

E.C. 2.4.10;

ATP: adenosine-5’-triphosphate; 2. uridine phosphorylase, E.C. 2.4.2.3;

dTMP: 2’-deoxythymidine-5’-

monophosphate;

3. uridine kinase, E.C. 2.7.1.48;

dTDP: 2’-deoxythymidine-5’-diphosphate; 4. nucleoside monophosphate kinases, 

E.C. 2.7.4.4;

dTTP: 2’-deoxythymidine-5’-triphosphate; 5. nucleoside diphosphate kinases, 

E.C. 2.7.4.6;

dUMP: 2’-deoxyuridine-5’-monophosphate; 6. RNA polymerase E.C. 2.7.7.6;

FUMP: 5-fluorouridine-5’-monophosphate; 7. ribonucleotide reductase, E.C. 

1.17.4.1;

FUDP: 5-fluorouridine-5’-diphosphate; 8. thymidine phosphorylase E.C. 

2.4.2.4;

FUTP: 5-fluorouridine-5’-triphosphate; 9. thymidine kinase, E.C. 2.7.1.21;

FdUMP:      5-fluoro-2’-deoxyuridine-5’-

monophosphate;

10. DNA ploymerase, E.C. 2.7.7.7;

FdUDP:      5-fluoro-2’-deoxyuridine-5’-

diphosphate;

11. thymidylate synthase. E.C. 

2.1.1.45;

FdUTP: 5-fluoro-2’-deoxyuridine-5’-

triphosphate;

12. dihydropyrimidine dehydrogenase, 

E.C. 1.3.1.2;
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Abbreviations: Enzymes:

5FU: 5-fluorouracil; 13. dihydropyrimidinase. E.C. 3.5.2.2;

FUR: 5-fluorouridine; 14. ureidopropionase, E.C. 3.5.1.6;

FUdR: 5-fluoro-2’-deoxyridine 15. dihydrofolate reductase, E.C. 

1.5.1.3;

TdR: thymidine; 16. serine hydroxymethyl-transferase, 

E.C. 2.1.2.1;

THF: tetrahydrofolate; 17. UDP-glucose- and UDP-

N-acetylglucosamine-

pyrophosphorylases, E.C. 2.7.7.9, 

E.C. 2.7.7.23.

CH2-THF:   N5,N10-methylene-

tetrahydrofolate;

DHF: dihydrofolate;

gly: glycine;

ser: serine;

NADP+: nicotinamide adenine 

dinucleotidephosphate;

NADPH: reduced form of NADP+;

P: anorganic phosphate;

R-1-P: ribose-1-phosphate;

dR-1-P: deoxyribose-1-phosphate;

PPi: pyrophosphate;

PRPP: 5-phosphoribosyl-1-pyrophosphate;

F-DHU 5-fluoro-dihydrouracil;

F-UPA: α-fluoro-β-ureidopropionate;

F-BAL: α-fluoro-β-alanine.

Introduction of Irinotecan further improved 5-FU based regimens. Irinotecan is a 

camptothecin derivative that inhibits Topoisomerase I and results in DNA strandbreaks. 

In combination with 5-FU/LV it improved the overall survival from 14.1 months to 

17.4 months as compared to 5-FU/LV (36).

Oxaliplatin is a third generation platinum compound and shows activity in colorectal 

cancer in contrast to cisplatin. Formation of platinum DNA adducts is thought to 

mediate the activity of Oxaliplatin. The DNA adducts formed by oxaliplatin are similar 

to cisplatin and carboplatin but at equitoxic concentrations oxaliplatin forms less 

adducts(37). Since repair of cisplatin and oxaliplatin DNA adducts by the nucleotide 

excision repair system (NER) is similar for both drugs, this indicate that the lower 

degree of DNA adducts formation by oxaliplatin is not a result of NER(38). In 
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contrast to cisplatin, the oxaliplatin DNA adducts are not recognized by the mismatch 

repair system and therefore activity is not hampered by defects in the mismatch 

repair system as shown for cisplatin(39). This might explain activity of oxaliplatin 

in colorectal cancer. Other factors that might explain the activity of oxaliplatin in 

colorectal cancer are the recently described organic cation transporters (OCTs) which 

are highly expressed in colorectal cancer and involved in uptake of oxaliplatin(40, 

41).

Combinations of 5-FU and Oxaliplatin show comparable response rates and survival 

as 5-FU with Irinotecan (42, 43). In more recent trials the monoclonal antibodies 

cetuximab or bevacizumab have been combined with 5-FU. Cetuximab targets 

the epidermal growth factor receptor (EGFR) that is over expressed in 60-80% of 

colorectal cancers. Bevacizumab specifically binds to vascular endothelial growth 

factor (VEGF) and prevents VEGF signaling in endothelial cells resulting in inhibition 

of angiogenesis. Survival increased to around 24 month’s using these monoclonal 

antibodies in combination with standard therapy for colorectal cancer (44). However, 

in a recent CAIRO study it was shown that cetuximab should not be added to 

fluoropyrimidines, oxaliplatin and bevacizumab(45).

Thesis outline
In this thesis several (molecular) aspects of the anti cancer drugs 5-fluorouracil 

and Oxaliplatin are described. Today it is over 50 years ago that 5-fluorouracil was 

developed and it is still the main anti tumor agent for the treatment of colorectal 

cancer and is part of therapy for other cancers as well. Only in recent years novel 

compounds such as Oxaliplatin and Irinotecan were added to the spectrum of 

compounds that are now widely used for treatment of colorectal cancer but always 

in combination with a fluoropyrimidine (5-FU or a prodrug) and usually also with 

Leucovorin. Although 5-FU is used for decades there are still many questions on 

how the drug exerts its effects and on how it can be further improved. Especially 

knowledge about the incorporation of 5-FU into RNA and DNA of colorectal tumors 

during and after treatment is still limited. The role of the 5-FU incorporation in both 

RNA and DNA, extracted from tumor specimens, from patients in the overall anti 

tumor effect was further evaluated. Oxaliplatin is a novel third generation platinum 

compound which has many similarities with the classical platinum drug cisplatin. 

Since Oxaliplatin shows activity in the intrinsic cisplatin resistant colorectal cancer it 

is of great interest to study how its activity differs from cisplatin. It might be expected 

that resistance towards oxaliplatin has similarities with cisplatin but because of its 

activity in colorectal cancer different resistance mechanism as compared to cisplatin 
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may be expected.

After the general introduction (Chapter 1) this thesis has three chapters (Chapters 2-4) 

in which the development of methods to determine the incorporation of 5-fluorouracil 

into RNA (Chapter 2) and DNA (Chapter 3) is described and subsequently data on 

incorporation in tumor samples of colorectal cancer patients treated with different 

combinations of 5-fluorouracil with leucovorin is presented (Chapter 4). The role 

of 5-fluorouracil incorporation into RNA and DNA was put into perspective with 

the extensively studied mechanism of thymidylate synthase inhibition in the same 

samples.

In Chapter 5 the activity of oxaliplatin in a panel of selected and unselected cell lines 

is described together with some mechanisms that are involved in the activity of the 

drug. Cell lines were selected with different p53 status and different sensitivities 

towards cisplatin and studied for their sensitivity to Oxaliplatin compared to cisplatin. 

The sensitivity was related to formation of DNA adducts and the expression of 

transporters and of DNA repair genes.  

Reistance to Oxaliplatin was studied and described in Chapter 6. Colorectal and 

ovarian cancer cell lines with different p53 status were made resistant to Oxaliplatin 

with 2 schedules after which the mechanism of resistance was studied. Differences 

in accumulation of the drug as well as the formation of DNA adducts were compared 

to the parental cell lines. Furthermore transporter and DNA repair gene expression 

were measured which could explain the resistance to Oxaliplatin. Finally the resistant 

cell lines were subjected to array Comparative Genomic Hybridization and gene 

expression array to get more insight on changes at the genomic level and pathways 

that lead to a resistant phenotype.

The results of the above studies are summarized and discussed in Chapter 7 and put 

in perspective with possible future directions.



Chapter 1

20

References

1. Parkin, D. M., Bray, F., Ferlay, J., and Pisani, P. Global cancer statistics, 2002. 
CA Cancer J Clin, 55: 74-108, 2005.

2. Kanker in Nederland; Trends, prognosis en implicaties voor zorgvraag. 
Amsterdam: KWF Kankerbestrijding, 2004.

3. Visser, O. and van Leeuwen, F. E. Stage-specific survival of epithelial cancers 
in North-Holland/Flevoland, The Netherlands. Eur J Cancer, 41: 2321-2330, 
2005.

4. Rustgi, A. K. The genetics of hereditary colon cancer. Genes Dev, 21: 2525-
2538, 2007.

5. Hanahan, D. and Weinberg, R. A. The hallmarks of cancer. Cell, 100: 57-70, 
2000.

6. Pardal, R., Clarke, M. F., and Morrison, S. J. Applying the principles of stem-
cell biology to cancer. Nat Rev Cancer, 3: 895-902, 2003.

7. Bienz, M. and Clevers, H. Linking colorectal cancer to Wnt signaling. Cell, 
103: 311-320, 2000.

8. Reya, T. and Clevers, H. Wnt signalling in stem cells and cancer. Nature, 
434: 843-850, 2005.

9. Chiba, S. Notch signaling in stem cell systems. Stem Cells, 24: 2437-2447, 
2006.

10. van Es, J. H., van Gijn, M. E., Riccio, O., van den Born, M., Vooijs, M., 
Begthel, H., Cozijnsen, M., Robine, S., Winton, D. J., Radtke, F., and Clevers, 
H. Notch/gamma-secretase inhibition turns proliferative cells in intestinal 
crypts and adenomas into goblet cells. Nature, 435: 959-963, 2005.

11. Taipale, J., Chen, J. K., Cooper, M. K., Wang, B., Mann, R. K., Milenkovic, L., 
Scott, M. P., and Beachy, P. A. Effects of oncogenic mutations in Smoothened 
and Patched can be reversed by cyclopamine. Nature, 406: 1005-1009, 
2000.

12. Park, I. K., Qian, D., Kiel, M., Becker, M. W., Pihalja, M., Weissman, I. L., 
Morrison, S. J., and Clarke, M. F. Bmi-1 is required for maintenance of adult 
self-renewing haematopoietic stem cells. Nature, 423: 302-305, 2003.

13. Kim, J. H., Yoon, S. Y., Kim, C. N., Joo, J. H., Moon, S. K., Choe, I. S., 
Choe, Y. K., and Kim, J. W. The Bmi-1 oncoprotein is overexpressed in 
human colorectal cancer and correlates with the reduced p16INK4a/p14ARF 
proteins. Cancer Lett, 203: 217-224, 2004.

14. Astler, V. B. and Coller, F. A. The prognostic significance of direct extension 
of carcinoma of the colon and rectum. Ann Surg, 139: 846-852, 1954.

15. Colon and Rectum. American Joint Committee on Cancer: AJCC Cancer 
Staging Manual, 6th edition, p. 113-124. New York: Springer, 2002.

16. Compton, C. C. and Greene, F. L. The staging of colorectal cancer: 2004 and 
beyond. CA Cancer J Clin, 54: 295-308, 2004.

17. Williams NS, N. J., Arnott SJ, Jass JR Colorectal tumors. In: P. H. Peckham 
M, Veronesi U (ed.), Oxford textbook of oncology, Vol. 1, pp. 1133-1168: 
Oxford University press, 1995.

18. Gravalos, C., Garcia-Escobar, I., Garcia-Alfonso, P., Cassinello, J., Malon, D., 
and Carrato, A. Adjuvant chemotherapy for stages II, III and IV of colon 
cancer. Clin Transl Oncol, 11: 526-533, 2009.

19. Muggia, F. M., Peters, G. J., and Landolph, J. R., Jr. XIII International Charles 
Heidelberger Symposium and 50 Years of Fluoropyrimidines in Cancer 
Therapy Held on September 6 to 8, 2007 at New York University Cancer 
Institute, Smilow Conference Center. Mol Cancer Ther, 8: 992-999, 2009.



General introduction

21

1

20. Rutman, R. J., Cantarow, A., and Paschkis, K. E. The catabolism of uracil in 
vivo and in vitro. J Biol Chem, 210: 321-329, 1954.

21. Heidelberger, C., Leibman, K. C., Harbers, E., and Bhargava, P. M. The 
comparative utilization of uracil-2-C14 by liver, intestinal mucosa, and 
Flexner-Jobling carcinoma in the rat. Cancer Res, 17: 399-404, 1957.

22. Heidelberger, C., Chaudhuri, N. K., Danneberg, P., Mooren, D., Griesbach, 
L., Duschinsky, R., Schnitzer, R. J., Pleven, E., and Scheiner, J. Fluorinated 
pyrimidines, a new class of tumour-inhibitory compounds. Nature, 179: 
663-666, 1957.

23. Reyes, P. and Hall, T. C. Synthesis of 5-fluorouridine 5'-phosphate by a 
pyrimidine phosphoribosyltransferase of mammalian origin. II. Correlation 
between the tumor levels of the enzyme and the 5-fluorouracil-promoted 
increase in survival of tumor-bearing mice. Biochem Pharmacol, 18: 2587-
2590, 1969.

24. An, Q., Robins, P., Lindahl, T., and Barnes, D. E. 5-Fluorouracil incorporated 
into DNA is excised by the Smug1 DNA glycosylase to reduce drug 
cytotoxicity. Cancer Res, 67: 940-945, 2007.

25. Kunz, C., Focke, F., Saito, Y., Schuermann, D., Lettieri, T., Selfridge, J., and 
Schar, P. Base excision by thymine DNA glycosylase mediates DNA-directed 
cytotoxicity of 5-fluorouracil. PLoS Biol, 7: e91, 2009.

26. Caradonna, S. J. and Cheng, Y. C. The role of deoxyuridine triphosphate 
nucleotidohydrolase, uracil-DNA glycosylase, and DNA polymerase alpha in 
the metabolism of FUdR in human tumor cells. Mol Pharmacol, 18: 513-520, 
1980.

27. Lenz, H. J., Manno, D. J., Danenberg, K. D., and Danenberg, P. V. Incorporation 
of 5-fluorouracil into U2 and U6 snRNA inhibits mRNA precursor splicing. J 
Biol Chem, 269: 31962-31968, 1994.

28. Sierakowska, H., Shukla, R. R., Dominski, Z., and Kole, R. Inhibition of pre-
mRNA splicing by 5-fluoro-, 5-chloro-, and 5-bromouridine. J Biol Chem, 
264: 19185-19191, 1989.

29. Herrick, D. and Kufe, D. W. Lethality associated with incorporation of 
5-fluorouracil into preribosomal RNA. Mol Pharmacol, 26: 135-140, 1984.

30. Ghoshal, K. and Jacob, S. T. Specific inhibition of pre-ribosomal RNA processing 
in extracts from the lymphosarcoma cells treated with 5-fluorouracil. Cancer 
Res, 54: 632-636, 1994.

31. Thirion, P., Michiels, S., Pignon, J. P., Buyse, M., Braud, A. C., Carlson, R. 
W., O'Connell, M., Sargent, P., and Piedbois, P. Modulation of fluorouracil by 
leucovorin in patients with advanced colorectal cancer: an updated meta-
analysis. J Clin Oncol, 22: 3766-3775, 2004.

32. Hoff, P. M., Ansari, R., Batist, G., Cox, J., Kocha, W., Kuperminc, M., Maroun, 
J., Walde, D., Weaver, C., Harrison, E., Burger, H. U., Osterwalder, B., Wong, 
A. O., and Wong, R. Comparison of oral capecitabine versus intravenous 
fluorouracil plus leucovorin as first-line treatment in 605 patients with 
metastatic colorectal cancer: results of a randomized phase III study. J Clin 
Oncol, 19: 2282-2292, 2001.

33. Van Cutsem, E., Twelves, C., Cassidy, J., Allman, D., Bajetta, E., Boyer, M., 
Bugat, R., Findlay, M., Frings, S., Jahn, M., McKendrick, J., Osterwalder, 
B., Perez-Manga, G., Rosso, R., Rougier, P., Schmiegel, W. H., Seitz, J. F., 
Thompson, P., Vieitez, J. M., Weitzel, C., and Harper, P. Oral capecitabine 
compared with intravenous fluorouracil plus leucovorin in patients with 
metastatic colorectal cancer: results of a large phase III study. J Clin Oncol, 
19: 4097-4106, 2001.



Chapter 1

22

34. Borner, M. M., Schoffski, P., de Wit, R., Caponigro, F., Comella, G., Sulkes, 
A., Greim, G., Peters, G. J., van der Born, K., Wanders, J., de Boer, R. F., 
Martin, C., and Fumoleau, P. Patient preference and pharmacokinetics of oral 
modulated UFT versus intravenous fluorouracil and leucovorin: a randomised 
crossover trial in advanced colorectal cancer. Eur J Cancer, 38: 349-358, 
2002.

35. Hoff, P. M. The tegafur-based dihydropyrimidine dehydrogenase inhibitory 
fluoropyrimidines, UFT/leucovorin (ORZEL) and S-1: a review of their clinical 
development and therapeutic potential. Invest New Drugs, 18: 331-342, 
2000.

36. Douillard, J. Y., Cunningham, D., Roth, A. D., Navarro, M., James, R. D., 
Karasek, P., Jandik, P., Iveson, T., Carmichael, J., Alakl, M., Gruia, G., Awad, 
L., and Rougier, P. Irinotecan combined with fluorouracil compared with 
fluorouracil alone as first-line treatment for metastatic colorectal cancer: a 
multicentre randomised trial. Lancet, 355: 1041-1047, 2000.

37. Woynarowski, J. M., Faivre, S., Herzig, M. C., Arnett, B., Chapman, W. G., 
Trevino, A. V., Raymond, E., Chaney, S. G., Vaisman, A., Varchenko, M., and 
Juniewicz, P. E. Oxaliplatin-induced damage of cellular DNA. Mol Pharmacol, 
58: 920-927, 2000.

38. Reardon, J. T., Vaisman, A., Chaney, S. G., and Sancar, A. Efficient nucleotide 
excision repair of cisplatin, oxaliplatin, and Bis-aceto-ammine-dichloro-
cyclohexylamine-platinum(IV) (JM216) platinum intrastrand DNA diadducts. 
Cancer Res, 59: 3968-3971, 1999.

39. Vaisman, A., Varchenko, M., Umar, A., Kunkel, T. A., Risinger, J. I., Barrett, J. 
C., Hamilton, T. C., and Chaney, S. G. The role of hMLH1, hMSH3, and hMSH6 
defects in cisplatin and oxaliplatin resistance: correlation with replicative 
bypass of platinum-DNA adducts. Cancer Res, 58: 3579-3585, 1998.

40. Yokoo, S., Masuda, S., Yonezawa, A., Terada, T., Katsura, T., and Inui, K. 
Significance of organic cation transporter 3 (SLC22A3) expression for the 
cytotoxic effect of oxaliplatin in colorectal cancer. Drug Metab Dispos, 36: 
2299-2306, 2008.

41. Zhang, S., Lovejoy, K. S., Shima, J. E., Lagpacan, L. L., Shu, Y., Lapuk, A., 
Chen, Y., Komori, T., Gray, J. W., Chen, X., Lippard, S. J., and Giacomini, K. 
M. Organic Cation Transporters Are Determinants of Oxaliplatin Cytotoxicity. 
Cancer Res, 66: 8847-8857, 2006.

42. Goldberg, R. M., Sargent, D. J., Morton, R. F., Fuchs, C. S., Ramanathan, 
R. K., Williamson, S. K., Findlay, B. P., Pitot, H. C., and Alberts, S. R. A 
randomized controlled trial of fluorouracil plus leucovorin, irinotecan, and 
oxaliplatin combinations in patients with previously untreated metastatic 
colorectal cancer. J Clin Oncol, 22: 23-30, 2004.

43. Andre, T. and de Gramont, A. An overview of adjuvant systemic chemotherapy 
for colon cancer. Clin Colorectal Cancer, 4 Suppl 1: S22-28, 2004.

44. Rodriguez, J., Zarate, R., Bandres, E., Viudez, A., Chopitea, A., Garcia-
Foncillas, J., and Gil-Bazo, I. Combining chemotherapy and targeted 
therapies in metastatic colorectal cancer. World J Gastroenterol, 13: 5867-
5876, 2007.

45. Tol, J., Koopman, M., Cats, A., Rodenburg, C. J., Creemers, G. J., Schrama, 
J. G., Erdkamp, F. L., Vos, A. H., van Groeningen, C. J., Sinnige, H. A., Richel, 
D. J., Voest, E. E., Dijkstra, J. R., Vink-Borger, M. E., Antonini, N. F., Mol, L., 
van Krieken, J. H., Dalesio, O., and Punt, C. J. Chemotherapy, bevacizumab, 
and cetuximab in metastatic colorectal cancer. N Engl J Med, 360: 563-572, 
2009.



General introduction

23

1



24


