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'The only real voyage of discovery

consists not in seeking new landscapes

but in having new eyes.'

- Marcel Proust



General introduction       8

        

Predictive and prognostic markers for the outcome of     

chemotherapy in advanced colorectal cancer, a retrospective  

analysis of the phase III randomized CAIRO study    26

        

A review on the use of molecular markers of cytotoxic     

therapy for colorectal cancer, what have we learned?    42

        

Mismatch repair status and BRAF mutation status in    

metastatic colorectal cancer patients: a pooled  

analysis of the CAIRO, CAIRO2, COIN, and FOCUS studies   68

        

EMAST is associated with a poor prognosis in      

microsatellite instable metastatic colorectal cancer   84

        

 

1

2

3

4

5

6

TABLE OF CONTENT 

Eur J Cancer 2009;45:1999-2006

Eur J Cancer 2009;45:1935-49 

Clin Cancer Res 2014;20:5322-30 

colorectal cancer PLoS One 2015;10:e0124538



Mitochondrial microsatellite instability in patients with 

metastatic colorectal cancer      100

        

Prognostic value of resection of primary tumor in patients with     

stage IV colorectal cancer: retrospective analysis of two  

randomized studies and a review of the literature    116

        

 

Outcome of first line systemic treatment in elderly      

compared to younger patients with metastatic  

colorectal cancer: A retrospective analysis of the CAIRO and  

CAIRO2 studies of the Dutch Colorectal Cancer Group (DCCG)  132

        

Summary and general discussion      148

        

Contribution of authors       160

List of publications       164 

PhD portfolio        168

Dankwoord        172 

Curriculum Vitae        176 

 

         7

6

7

8

9

Virchows Archiv 2015;466:495-502

Ann Surg Oncol 2011;18:3252-60

Acta Oncol 2012;51:831-9

TABLE OF CONTENT





1
GENERAL INTRODUCTION

Sabine Venderbosch



GENERAL INTRODUCTION

MOLECULAR MECHANISMS OF COLORECTAL CANCER CARCINOGENESIS

Colorectal cancer (CRC) is one of the most common cancers and will occur in approximately 5% of the 

population in the western world. Approximately 40-50% of all CRC patients develop metastatic disease 

leading to a high mortality rate, which accounts for more than 10% of all cancer mortalities.1 CRC is tradi-

tionally divided into sporadic and familial (hereditary) cases, approximately 75-80% is of sporadic origin. 

CRC develop from apparently normal mucosa into a benign precursor stage and can finally progress to in-

vasive disease and eventually metastatic cancer, this was first described by Dukes in the 1930s.2 Today, the 

staging of CRC is still based on the description by Dukes.2 This staging consists of the depth of penetration 

through the bowel wall and the presence of metastatic tumor in the lymph nodes or distant sites. There has 

been a gradual shift from using Dukes’ classification to using the TNM classification system, defined by the 

American Joint Committee on Cancer (AJCC), as this is thought to represent a more accurate, independent 

description of the primary tumor and its spread.3 

 In 1988, Fearon and Vogelstein were the first to unravel the molecular background of CRC, which is 

now being considered as the classic tumor progression model. In this ‘traditional pathway’, or the so called 

adenoma-carcinoma sequence, they proposed that tubular, villous and tubulovillous adenomas had the po-

tential to progress to invasive adenocarcinoma.4 Since 1988, the understanding of the molecular carcino-

genesis has evolved considerably. Nowadays it is recognized that serrated polyps, including sessile serrated 

adenomas and traditional serrated adenomas also have the potential for malignant transformation.5,6 This 

alternative pathway is the so called ‘serrated pathway’, and concerns the development of premalignant 

serrated polyps in the proximal colon. Serrated polyps carry often a BRAF mutation and are associated with 

microsatellite instability (MSI) and aberrant methylation at CpG islands.6,7 

 A hallmark feature of colorectal carcinogenesis is the multistep process of acquired genetic and epi-

genetic instabilities.8 In CRC at least three well defined molecular patterns have been described: chromo-

somal instability (CIN), MSI, and CpG island methylator phenotype (CIMP), with the latter having substantial 

overlap with the first two patterns. 

 The CIN pathway, or the ‘suppressor pathway’ or the ‘canonical pathway’, is the most important 

pathway in colorectal carcinogenesis and it is found in approximately 80-85% of CRCs.9 CIN, which can be 

recognized by the presence of aneuploidy, is defined as the presence of numerical chromosome changes or 

multiple structural aberrations.10-12 The earliest identifiable lesion in this pathway is probably the dysplastic 

aberrant crypt focus (ACF), a microscopic mucosal lesion, that precedes the development of a macro-

scopic polyp.13 The CIN pathway is characterized by biallelic inactivation of the adenomatous polyposis 

coli (APC) tumor-suppressor gene, mutations of the KRAS proto-oncogene, loss of 18q, which contains the 

tumor suppressor gene deleted in colorectal cancer (DCC) and finally deletion of 17p, which contains the 

important tumor suppressor gene p53.14  

The MSI pathway, or ‘mutator pathway’, is the other principal mechanism for genomic instability in CRC. MSI 

tumors account for approximately 15-20% of CRCs and are generally regarded as being mutually exclusive 
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of CIN tumors because the display a normal karyotype and exhibit unique genetic features. However there 

is a subset of tumors that show both CIN and MSI.15 MSI is a hypermutable phenotype, caused by the loss 

of mismatch repair (MMR) activity. There are at least seven genes in the MMR system: MLH1, MLH3, MSH2, 

MSH3, MSH6, PMS1 and PMS2, which associate with specific partners to form functional heterodimers (Fig-

ure 1).16 MSH2 forms a heterodimer with MSH6 or MSH3, giving rise to MutSα or MutSα, respectively.17 

MutSα recognizes single base-pair mismatches and small insertion-deletion loops (IDLs), whereas MutSα 

preferentially recognizes larger mismatches and IDLs. Furthermore, MLH1 and PMS2 form MutLα, which 

acts as a molecular matchmaker. MLH1 forms a heterodimer with PMS1 or MLH3, giving rise to MutLα or 

MutLα, respectively, of which the function in human is unknown.18 In addition to the primary MMR defect, 

secondary losses of MMR protein can occur as a consequence of MSH3 and MSH6 frame shift mutations 

promoted by MLH1 inactivation19,20 or because of MSH3 and MSH6 protein degradation in tumors not 

expressing the heterodimeric partner MSH221,22. As a result, single or combined defects of MMR subunits 

(MutSα, MutSα and MutL) can variably underlie the genetic instability of deficient MMR (dMMR) tumors. 

Microsatellites are short, repetitive DNA sequences that are found throughout the genome and are prone 

to mutations. These microsatellites are commonly located in introns of genes, but they are also found in 

promoters, untranslated terminal regions and in the coding exons.9 The most frequent errors associated 

with microsatellites are base-base mismatches, and insertion/deletions in DNA coding regions producing 

frame shift mutations that can lead to protein truncations. Germ line mutations in one of human MMR 

genes, MLH1, MSH2, MSH6, and PMS2 are the cause of Lynch syndrome, one of the most common cancer 

syndromes in humans. In contrast, sporadic MSI CRC tumors most often have loss of MMR activity as the 

result of silencing of the MLH1 promoter by aberrant methylation.23-25 It is also now recognized that sporadic 

MSI tumors are associated with the ‘serrated pathway’ and frequently carry BRAF mutations, while tumors 

resulting from germ line mutations in MMR genes (Lynch syndrome) do not have BRAF mutations. Thus, the 

presence of a BRAF mutation in an MSI tumor effectively excludes the possibility of Lynch syndrome.26,27  

 More recently, a distinct form of MSI was observed in CRC and was called ‘elevated microsatellite 

alterations at selected tetra nucleotide repeats’ (EMAST).28-30 So far EMAST has not been linked to ma-

jor defects in DNA MMR, but it might be associated with heterogeneous and reduced protein expression 

of MSH3.28-30 MSI has also been found in mitochondria, so called mitochondrial microsatellite instability  

(mtMSI), which can be defined as change in length in mitochondrial DNA (mtDNA) microsatellite sequence. 

It has been reported that mtDNA is more susceptible to mutations than nuclear DNA, due to poor protection 

of mtDNA because of the lack of histones, paucity of introns, inefficient mtDNA repair mechanisms and a 

higher exposure to reactive oxygen species produced by ATP synthesis.31,32 Thus far the underlying mech-

anism of mtMSI is unknown. 

 The methylator pathway is characterized by both hypermethylation of gene promoters that contain 

CpG islands, and global DNA hypomethylation. CIMP was first proposed in 1999 to describe a subset of 

colorectal tumors with an exceptionally high frequency of methylation of ‘Type C’ loci, which were defined as 

loci methylated in cancer, but not in normal tissues.33 In carcinogenesis, epigenetic silencing of gene tran-
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scription by CpG island methylation is biologically equivalent to acquiring an inactivating mutation. Mech-

anisms that give rise to CIMP are not yet clear. There is a strong association between BRAF mutations and 

CIMP in CRC and it is suggested that there is a role for activated BRAF in the pathogenesis of CIMP. In CRC 

CIMP is associated with methylation and frequent silencing of MLH1 which results in MSI.34,35 The clinical 

utility of CIMP is hindered by lack of a universally accepted definition of the methylator phenotype. A global 

DNA hypomethylation has been identified in many CRCs and is tightly associated with CIN tumors.36,37

     

Figure 1  

MSH2 forms a heterodimer with MSH6 or MSH3, giving rise to MutSα or MutSβ.  MutSα recognizes single base-pair mismatches 

and small insertion-deletion loops (IDLs), whereas MutSβ recognize larger mismatches and IDLs.  

MLH1 and PMS2 form MutLα which acts as a molecular matchmaker.

ROLE OF SIGNAL PATHWAY DEREGULATION     

Genomic instability is a critical factor in carcinogenesis and without it, the gain of new mutations 

would occur far too slowly for a cancer to develop during a person’s lifetime.38 However, mutations in 

specific genes and the resulting deregulation of specific signaling pathways are presumably incredibly 

important in the behavior of cancers as they result in altered cell proliferation, differentiation, apopto-

sis, angiogenesis, and invasion (Figure 2). The best-studied pathways that are deregulated in CRC are 

the WNT-α-catenin signaling pathway, which is negatively regulated by the APC gene, the transform-

ing growth factor α (TGFα) signaling pathway, a tumor suppressor pathway, the epidermal growth 
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factor receptor (EGFR)-MAPK pathway, with KRAS and BRAF as most important determinants, 

and the phosphatidylinositol 3-kinase (PI3K) pathway, with PIK3CA and PTEN as most important  

determinants.15,39         

 Mutations in the APC gene occur in approximately 70% of sporadic CRCs, but are also found in germ 

line mutated tumors as they are the cause of familial adenomatous polyposis (FAP) cancer predisposi-

tion syndrome. APC mutations are found at the earliest stages of neoplasia and are associated with the 

‘traditional pathway’ and CIN cancers.4,40 The APC gene negatively regulates WNT signaling via α-catenin. 

Tumors with activating mutations in the α-catenin gene (CTNNB1) are found more frequently in adenomas 

than invasive carcinoma.41 Deregulation of TGFα signaling occurs in the majority of CRCs and is considered 

a tumor-suppressor pathway.42 Inactivating mutations have been observed in receptor genes (TGFBR2 and 

TGFBR1), post-receptor signaling genes (SMAD2, SMAD4) and TGFα super family member (ACVR2).9 TGFBR2 

mutations are most common in MSI tumors.43  

 The KRAS proto-oncogene is the most frequently mutated gene in human cancer and currently the 

most clinically important oncogene in CRC. The KRAS protein is a downstream effector of EGFR that sig-

nals through BRAF to activate the mitogen activated kinase (MAPK) pathway and promote cell growth 

and survival. KRAS mutations occur after APC mutations in the adenoma-carcinoma sequence. Mutations 

in codon 12 or 13 occur in approximately 40% of CRCs.44 The BRAF gene is mutated in approximately 10-

15% of CRCs and encodes a protein kinase that is the direct downstream effector of KRAS. The majority 

of BRAF mutations are single base changes resulting in the substation of glutamic acid for valine at codon 

600 (V600E). KRAS and BRAF mutations are mutually exclusive events in CRC.45 BRAF mutations are more 

often found in MSI tumors, compared to microsatellite stable (MSS) tumors and are linked to CIMP cancers 

and the ‘serrated pathway’.46    

 Mutations in PI3K pathway genes are observed in up to 40% of CRC and are nearly mutually exclu-

sive of one another.47 The most frequent mutation of the PI3K pathway occur at the p110α subunit PIK3CA, 

which may promote transition from adenoma to carcinoma.48 Mutations are also observed in PTEN, a tumor 

suppressor gene that negatively regulates PI3K signaling. PTEN mutations are found in 30% of MSI tumors 

and 9% of CIN tumors.49 The PI3K pathway is modulated by EGFR signaling in part via KRAS activation. 

 The tumor suppressor gene TP53 and the cytogenetic alteration loss of the long arm of chromosome 

18 (18q loss of heterozygosity (LOH)) are not necessarily restricted to one of the pathways and may also 

play an important role in the carcinogenesis of CRC.

TREATMENT OF COLORECTAL CANCER

Over the past decades, significant progress has been achieved in the treatment of CRC by advances in 

surgery, radiotherapy, and systemic therapy. Surgery is the most important treatment modality to achieve 

cure in localized (stage I-III) CRC, and in case of colon cancer in combination with chemotherapy in patients 

with stage III and selected patients with stage II disease. 

 A small percentage of patients with metastatic CRC (mCRC) present with resectable metastases 
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in the liver, and these patients have a 5-year survival of 40-50%.50 In patients with unresectable metas-

tases, systemic therapy improves median survival, may decrease symptoms and improve quality of life. In 

a small subset of these patients, systemic treatment may downsize (mostly) single-organ metastases to 

resectability.51,52 This latter situation is the only chance for cure in patients with initially unresectable distant 

metastases. 

 The role of surgery of the primary tumor in mCRC is still under debate, especially when the tumor 

is asymptomatic. According to the guidelines provided by the National Comprehensive Cancer Network, 

resection of a primary tumor is recommended only if patients present with symptoms such as obstruction, 

bleeding, and perforation while combination chemotherapy is suggested if there are no symptoms. Argu-

ments in favor of a resection include the prevention of local symptoms such as obstruction, which may 

avoid emergency surgery with is associated with more complications compared with elective surgery.53-57 

Furthermore, potential side effects, such as weight loss, pain, malnutrition due to obstruction, an anemia 

caused by bleeding, may be prevented.57 An additional advantage of surgery is a more accurate tumor stag-

ing of the abdominal cavity.58 Lastly, decreasing the tumor burden may maximize the benefit of systemic 

treatment.54 On the other hand, arguments against surgery concern the morbidity and mortality associated 

with surgery, and the fact that systemic treatment with proven survival benefit is postponed.59-61 The only 

way to properly assess the prognostic role of surgery of the primary tumor in synchronous mCRC are pro-

spective randomized studies, and these are currently ongoing.

 In the overall population of mCRC patients, the 5-year overall survival has increased from less than 

5% to currently close to 3 years with the more frequent use of resection of metastases as well as the 

availability of more efficacious drugs.62,63 Median overall survival times of around 30 months are currently 

Figure 2

The CIN pathway (or the ‘suppressor pathway’ or the ‘canonical pathway’) and the involved signaling pathways

14



being achieved in prospective randomised trials.64,65 5FU can be substituted by capecitabine in combi-

nation schedules.66,67 Most benefit in OS is reached when all three effective cytotoxic drugs (5FU, oxal-

iplatin and irinotecan) are made available to patients.68 Several targeted drugs have shown efficacy in 

mCRC, and include bevacizumab (monoclonal antibody against VEGF), cetuximab (chimeric monoclonal 

antibody against EGFR), panitumumab (human monoclonal antibody against EGFR), aflibercept (human 

recombinant fusion protein against VEGF) and regorafenib (multikinase inhibitor).62,69-73 Cetuximab and 

panitumumab are only indicated in patients with a RAS wild-type tumor.74 However, cytotoxic chemotherapy 

remains the backbone of treatment in mCRC.  

 CRC is predominantly a disease of the elderly, and many patients are ≥70 years of age. However, 

only limited data are available on the risks and benefits of specific cancer-treatment regimens in the elder-

ly.75-78 Elderly patients with cancer receive chemotherapy or radiotherapy less often than younger patients, 

regardless of the disease site or stage at diagnosis79-81 and many elderly patients do not receive what is 

currently considered as standard systemic therapy.79,82 Elderly patients with early stage colon cancer and 

mCRC receive adjuvant chemotherapy less frequently than younger patients.83-87 This is due to a variety 

of reasons, including existing co morbidity, fear of toxic effects, declining functional and mental status, and 

lack of social support. However, most people older than 75 years have a life expectancy without cancer of 

10 to 12 years. Furthermore in early-stage and mCRC studies it was demonstrated that older patients may 

derive the same benefit from systemic treatment compared with younger patients.86,88-90 Thus, current data 

suggest that elderly but fit patients should receive similar cancer care as younger patients. A complicating 

factor is that older patients are under-represented in clinical trials, and the results therefore cannot be 

extrapolated to the general elderly population.91 Study designs such as implemented in the FOCUS2 trial 

demonstrate that elderly and frail patients can participate to a randomized controlled trial.92

 Unfortunately, despite all these improvements in the treatment of CRC, still only a subset of patients 

will respond to treatment. With the exception of RAS mutation status in relation to anti-EGFR therapy, no 

predictive factors are available that allow to individualize therapy. This implies that many patients are un-

necessarily exposed to the toxic effects (and costs) of systemic agents. Obviously, such predictive factors 

are urgently needed.

PROGNOSTIC MARKERS IN CRC

Biomarkers correlating with outcome are categorized as either prognostic or predictive markers. Prognos-

tic biomarkers identify patients with different disease outcomes regardless of treatment and may provide 

specific insights into their disease biology.93

 In mCRC several key enzymes involved in the 5FU pathway might be candidate prognostic bio-

markers, such as dihydropyrimidine dehydrogenase (DPD), orotate phosphoribosyl transferase (OPRT), 

uridine phosphorylase (UP), thymidine phosphorylase (TP) and thymidylate synthase (TS). However the 

only protein which has been described in literature as potential prognostic marker is TS protein expression. 

An association between low TS and improved survival was found in a few studies.94-96 

 While the prognostic role of the mutation status of KRAS genes is still controversial, the BRAF V600E 
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mutation has been validated independently as prognostic for overall survival.97,98 The prognostic value of 

several other markers (CIN, 18q deletion/LOH, PIK3CA, p53, PTEN, micro RNAs) has not been confirmed. 

 Many factors may influence response to drug therapy, including age, sex, tumor subtype, disease 

stage, co morbid diseases, overall performance status and pharmacokinetic, pharmacodynamic and 

pharmacogenetic factors. It is increasingly recognized among clinicians that disease progression and can-

cer-specific survival are not solely determined by the intrinsic characteristics of the tumor but also by 

patient characteristics. Thus, patient-related factors should be considered as important predictive and prog-

nostic biomarkers in CRC as well.       

      

PREDICTIVE MARKERS IN CRC

Predictive biomarkers help to identify patients who are most likely to benefit, or not, from a specific treat-

ment and can assist in guiding therapeutic decisions.93 

 In mCRC, in line with results found in early stage CRC, TS is the only protein designated as potential 

predictive marker. And the results of the majority of studies in mCRC demonstrated that low levels of TS 

were correlated with better response to 5FU.99,100 Due to inconsistent results and inadequate design of 

validation studies, the use of TS assays is not recommended for clinical use. Topoisomerase 1 (Topo1) 

might be a predictive marker for the response to irinotecan, since irinotecan is a Topo1 inhibitor. Results of 

a large randomized trial showed a correlation between higher expression of Topo1 and responsiveness to 

irinotecan.101 These results need to be confirmed in other trials. A potential predictive biomarker in oxalipla-

tin-based chemotherapy is excision repair cross-complementing rodent repair deficiency, complementation 

group 1 (ERCC1). However, in the largest study to date, ERCC1 levels did not interact with the effect of 

adding oxaliplatin to 5FU treatment on time to treatment failure.101 

 A KRAS mutation (codon 12 or 13 in exon 2), which is present in approximately 40% of mCRC 

patients, is a predictive marker for resistance to EGFR-targeted antibodies, such as cetuximab and pani-

tumumab.102-105 However, based on retrospective analyses a subgroup of patients with a p.G13D KRAS 

mutation appeared also to benefit from anti-EGFR treatment.106 A more recent publication did not confirm 

these results.107 Activating mutations in RAS (KRAS or NRAS) in addition to KRAS mutations in exon 2 have 

been suggested as negative predictive biomarkers for anti-EGFR therapy. These additional RAS mutations 

predicted a lack of response in mCRC patients who received anti-EGRF treatment.108 RAS mutation testing 

is now included in the Dutch guideline for the treatment of colorectal cancer, and is used in daily clinical 

practice to predict resistance to anti-EGFR antibody therapy. BRAF mutations are not clearly predictive of 

treatment effect with anti-EGFR agents in patients with mCRC.97,109-111 The low prevalence of these muta-

tions makes it difficult to properly assess their predictive potential. 

 Since the PI3K pathways is stimulated by EGFR, other markers involved in the PI3K pathway have 

also been tested.112 However the relationship with alterations in the PI3K pathway and cetuximab and 

panitumumab is less clear. Only in small studies PIK3CA mutations and loss of PTEN have been associated 

with lack of response to cetuximab.113,114 For the EGFR gene itself no consistent relationship with mutations 
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or amplifications and response to treatment has been found.115   

 There is currently no validated predictive biomarker to predict response to anti-angiogenic treat-

ment.116 Efforts in the search for predictive biomarkers for anti-vascular endothelial growth factor (VEGF) 

agents have focused on tissue and/or circulating VEGF isoforms, soluble receptors and VEGF polymor-

phisms, as well as other circulating angiogenesis pathway molecules. Some data suggest that high tissue 

expression of VEGF-D in mCRC tumors predicts resistance to bevacizumab and may also be predictive of 

PFS and OS.117 Preliminary analyses of bevacizumab studies have identified selected polymorphisms that 

affect components of the VEGF pathway and may have some predictive value for bevacizumab benefit.116 

Lastly, it is proposed that high serum LDH concentrations (especially LDH-5) identify tumors that are more 

dependent on abnormal angiogenesis and are more susceptible to VEGF inhibition. However, in one study 

no correlation between the effect of bevacizumab and LDH in mCRC was observed.118

OUTLINE OF THE THESIS

Although for the majority of patients with mCRC there are no curative options, a significant benefit in 

median OS can be achieved with palliative systemic treatment. Effective cytotoxic drugs are the fluoropy-

rimidines (5FU, capecitabine), oxaliplatin and irinotecan, and effective targeted drugs are bevacizumab, 

panitumumab, cetuximab, aflibercept, and regorafenib. The 5-year overall survival for patients who are 

diagnosed with distant metastases currently approaches 20%. The median OS is improved when patients 

are being exposed to all available effective drugs during the course of their disease. As only a subset of 

patients will respond to systemic treatment, there is a strong need for predictive and prognostic markers 

that allow the selection of patients who may have the optimal benefit of available treatments.  

 The research described in this thesis focuses on the search for specific prognostic and predictive 

biomarkers in patients with mCRC who participated in the phase III studies of the Dutch Colorectal Cancer 

Group (DCCG): CAIRO119 and CAIRO120. The primary objective was to obtain parameters that would aid in 

individualized treatment decision-making in clinical practice. In Chapter 2 we present the analysis of sev-

eral biomarkers (DPD, OPRT, TP, TS and ERCC1) for their prognostic and predictive value in relation to the 

outcome of 5FU based chemotherapy in tumor tissues of mCRC patients.  Chapter 3 concerns a review on 

the use of potential prognostic and/or predictive markers for cytotoxic therapy in patients with mCRC.  

 Next to establishing prognostic and predictive factors for 5FU-based chemotherapy, it is also highly 

relevant to find prognostic and predictive molecular markers involved in one of the molecular pathways 

of CRC carcinogenesis. We selected the MSI pathway, since this is one of the principal mechanisms for 

genomic instability in CRC. We performed a pooled analysis of four randomized prospective phase III stud-

ies on the role of dMMR and the BRAF mutation in patients with mCRC (Chapter 4). Besides ‘classic’ MSI, 

alternative forms have also been described in CRC. Therefore we analyzed two alternative forms of MSI 

in patients with mCRC, namely EMAST and mtMSI, which are described in Chapter 5 and 6, respectively.  

 To guide individualized treatment decision making in clinical practice, patient and treatment-related 

factors might be important prognostic and/or predictive factors in mCRC. Therefore we analyzed the prog-
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nostic value of resection of the primary tumor in patients with stage IV CRC, as presented in Chapter 7. 

Finally, in Chapter 8 the outcome of first line systemic treatment in elderly compared to younger patients 

with mCRC is described. 
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ABSTRACT

We have tested several biomarkers [dihydropyrimidine dehydrogenase (DPD), orotate phosphoribosyl 

transferase (OPRT), thymidine phosphorylase (TP), thymidylate synthase (TS) and excision cross-comple-

menting gene (ERCC1)] for their prognostic and predictive value in relation to the outcome of chemothera-

py in tumour tissues of 556 advanced colorectal cancer (ACC) patients who were randomised between se-

quential treatment and combination treatment in the CApecitabine, IRinotecan, Oxaliplatin (CAIRO) study.  

 DPD expression showed a statistically significant predictive value for combination treatment with 

capecitabine plus irinotecan with low versus high values resulting in an improved median progression-free 

survival (PFS) and median overall survival (OS) of 8.9 (95% confidence interval (CI) 8.3–9.9) versus 7.2 

months (95% CI 6.5–8.1, p = 0.006), and 21.5 months (95% CI 17.9–26.5) versus 16.9 months (95% CI 

13.0–19.1, p = 0.04), respectively. In the overall patient population a high OPRT expression in stromal cells 

was a favourable prognostic parameter for OS, with 21.5 months (95% CI 17.9–27.3) versus 17.2 months 

(95% CI 15.1–18.6, p = 0.036), respectively. A similar effect was observed for PFS. In a multivariate anal-

ysis that included known prognostic factors these results remained significant and also showed that a high 

OPRT expression in tumour cells was an unfavourable prognostic parameter for PFS and OS.  

 In conclusion, in this largest study on capecitabine with or without irinotecan to date we found a 

predictive value of DPD expression. Our results on the prognostic value of OPRT expression warrant further 

studies on the role of stromal cells in the outcome of treatments.

 The divergent results of ours and previous studies underscore the complexity of these biomarkers 

and currently prevent the routine use of these markers in daily clinical practice.
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INTRODUCTION

In recent years, the outcome of patients with advanced colorectal cancer (ACC) has improved significantly, 

mainly because of the availability of new drugs such as oxaliplatin, irinotecan and targeted drugs. With 

chemotherapy, consisting of fluoropyrimidines (5-fluorouracil or capecitabine), irinotecan and oxaliplatin, a 

median overall survival (OS) of up to 20 months can be achieved.1 However, despite the many therapeutic 

options in ACC, only a subset of patients will respond to cytotoxic treatment. This implies that many patients 

are unnecessarily exposed to its toxic effects, which also affects healthcare budgets. In order to reduce 

toxicity and costs, there is a strong need for early, fast and accurate tests to predict which patients will 

benefit from a specific type of treatment.

 Biomarkers correlating with outcome are categorised as either prognostic or predictive markers.2 

In other words, prognostic biomarkers correlate with outcome independent of treatment, and predictive 

markers correlate with the impact of specific treatment on outcome. 

 Several biomarkers have been tested in ACC patients treated with cytotoxic treatment, including enzymes 

involved in the metabolism of fluoropyrimidines such as dihydropyrimidine dehydrogenase (DPD), orotate phos-

phoribosyl transferase (OPRT), thymidine phosphorylase (TP) and thymidylate synthase (TS) (Figure 1). 

PREDICTIVE AND PROGNOSTIC MARKERS FOR CRC

 

Figure 1

Fluoropyrimidine metabolism in blood, liver and tumour cells 

Promising correlations with outcome were found especially for TS.3-6 Excision cross-complementing gene 

(ERCC1) is an excision nuclease within the nucleotide excision repair (NER) pathway and is involved in 

the oxaliplatin metabolism.7 Only few studies, using different techniques, investigated the role of ERCC1 

in the outcome of ACC treatment, and conflicting results were reported.8-10 An important limitation of all 

these studies is the low number of patients. Furthermore data on biomarkers involved in treatment with 
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capecitabine are sparse.3 We performed a retrospective study on the protein expression of DPD, OPRT, TP, 

TS and ERCC1 in ACC patients treated within the CApecitabine, IRinotecan, Oxaliplatin (CAIRO) trial in 

order to investigate the prognostic and the predictive value of these markers on outcome of treatment. In 

this phase III study, we showed that, in contrast to common belief, combination treatment with all available 

standard cytotoxic drugs was not superior to sequential treatment in terms of OS.11 To our knowledge this 

is the largest study reported to date in which the prognostic and predictive role of these biomarkers is 

investigated in patients with ACC.

MATERIAL AND METHODS

PATIENTS AND TREATMENT

Tumour tissue was obtained from patients enrolled in a randomised phase III study, the CAIRO study 

of the Dutch Colorectal Cancer Group (DCCG), registered with ClinicalTrials.gov with the number 

NCT00312000.11 In the CAIRO study patients were randomised between sequential treatment (first-line: 

capecitabine, second-line: irinotecan and third-line: oxaliplatin plus capecitabine, arm A) and combination 

treatment (first-line: irinotecan plus capecitabine, second-line: oxaliplatin + capecitabine, arm B) (Figure 2). 

Assessment of tumour response was scheduled every 3 cycles (9 weeks) according to RECIST criteria.12 

Follow-up after completion of treatment was done every 3 months until death. The study was registered at 

ClinicalTrials.gov with the number NCT00312000, approved by the Central Committee of Human-related 

Research and by the local ethics committees of all participating centres. Written informed consent was 

required from all patients before study entry including consent for collecting paraffin-embedded blocks of 

patients’ material. Further details of the study have been previously reported.11 All eligible patients were 

considered evaluable for this analysis. The progression-free survival (PFS) was calculated for first-line 

treatment from the date of randomisation to the first observation of disease progression or death from 

any cause reported after first-line treatment. For this study formalin-fixed paraffin-embedded material of 

the primary tumour and normal tissue was obtained from 556 patients of 803 eligible patients. No tissue 

material was obtained in 247 patients because a resection of the primary tumour was not performed or 

there was insufficient or non-available material. 

STATISTICS

To investigate the prognostic value of the biomarkers, the grade of expression in the total group of pa-

tients was correlated with PFS and OS. Because first-line treatment of both treatment arms consisted of 

capecitabine, we could only assess the predictive value of the biomarkers on the outcome of the addition 

of irinotecan to capecitabine. OS and PFS curves were estimated using the Kaplan-Meier method and 

were compared using the log-rank test. Multivariate analysis of survival was performed by means of a Cox 

proportional hazard model (Cox PH model). For overall consistency (univariate and multivariable analyses) 

missing values of the protein expression variables were imputed using the simultaneous maximum gener-
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alised variance method, restricted to the four stratification factors (serum LDH, World Health Organization 

(WHO) performance score (PS), predominant localisation of metastases and prior adjuvant therapy), age 

and the protein parameters.13 Sensitivity to imputation of the prognostic and predictive value of each factor 

was assessed by comparing the strength of association in univariate Cox PH models. DPD and ERCC1 had, 

respectively, 11% and 9% missing values. For these variables, results of patient data both with and with-

out imputed data are reported wherever relevant. A two-stage backward stepwise elimination procedure 

was performed on a multivariate Cox model containing all variables and their interactions with treatment. 

During the first stage, interaction terms were excluded in order of greatest p value of the chi-square statis-

tic. Interactions with significance at the 0.05 level were retained. The second stage repeated this stepwise 

backward procedure on the terms that did not have a significant interaction. 

All data received before July 2008 is included in this report. All analyses were performed using SAS 9.1 

and S-plus 6.2 software. 

IMMUNOHISTOCHEMISTRY

Of each tissue a 2mm punch was taken to assemble tissue micro arrays (TMAs) as previously described.14 

From each TMA five 4 µm sections were mounted on glass, deparaffined and rehydrated using xylene and 

ethanol. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, and slides were washed 

with water. Afterwards heat-induced epitope retrieval was performed in citrate buffer. The following pri-

mary antibodies were used: DPD antibody (rat, Roche Diagnostics, clone 2H9-1b, 1:100), OPRT antibody 

(mouse, Abnova, clone 2F5, 1:10.000), TP antibody (mouse, Labvision MAB, clone PGF.44C, 1:5000), TS 

antibody (mouse, MoAb ZYMED® Laboratories, clone TS-106, 1:2) and ERCC1 antibody (mouse, Neo-

markers, clone 8F1, 1:50). 

For visualisation of the primary antibody complexes, the avidin–biotin immunoperoxidase method (Vec-

tastaine Elite, Vector Laboratories Inc.) and Powervision® (undiluted) were used. Immunostaining was 

Figure 2 

CAIRO study design
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performed by first applying 3,30-diaminobenzidine tetrahydrochloride (DAB, Sigma, USA) and second 

applying copper-sulphate. Sections were counterstained in Mayer’s Haematoxylin and mounted with Per-

mount® (Fischer Scientific). 

 The slide scoring was performed by two observers and if the slide scoring was divergent, the opin-

ion of a third observer (pathologist JvK) was final. Liver tissue present on each TMA was used as positive 

control. The expression of the different enzymes was evaluated using the normal epithelial, stromal and 

inflammatory cells as internal control. Low expression of TS was defined as score 0–1 and of DPD, OPRT 

and TP as scores 0–2. High expression of TS as scores 2–3 and of DPD, OPRT and TP as scores 3–4 (Table 

1). ERCC1 protein expression was scored by percentages of positive tumour nuclei, and a score of 0 was 

chosen for separating ERCC1-positive tumours from ERCC1-negative tumours (Table 1). Missing data 

were imputed as described in the statistical section. 

RESULTS

PATIENT CHARACTERISTICS

Paraffin-embedded tumour blocks of 556 of 803 eligible randomised patients (69%) were available for 

protein expression, of which 273 in arm A and 283 in arm B. At a median follow-up of 43 months, 548 

patients (99%) had progressed and 489 patients (88%) had died. Of the different markers on TMA, DPD 

was available in 494 patients, OPRT in 536, TP in 549, TS in 532 and ERCC1 in 506 patients. The number 

of patients with high versus low expression of the different markers is shown in Table 2. 

 Baseline characteristics including age, gender, location, histology and grade of differentiation of the 

primary tumour, synchronous/metachronous disease, number of sites involved, predominant site of me-

tastases, performance status, prior adjuvant therapy, serum LDH and randomised treatment, were equally 

distributed among patients tested for each biomarker (data not shown). 

Table 1 

Visual immunohistochemical scoring system for the different enzymes
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Expression of TS Expression of DPD, OPRT and TP Expression of ERCC1 

0 = 0 to sporadic 0 = no staining negative =  0 

1 = more than sporadic to 10� 1 = low staining positive =  > 0 

2 = 10 to 25� 2 = moderate low staining  

3 =  >25� 3 = moderate high staining  

 4 = high staining  

* 
bold lines indicate the separation between the groups in low versus high staining 



PROTEIN EXPRESSION AND PROGNOSTIC VALUE ASSESSED BY UNIVARIATE ANALYSES

None of the protein expressions showed any significant prognostic value with respect to PFS or OS, except 

for OPRT in stromal cells. Patients with a high expression of OPRT in stromal cells (16%) had a better medi-

an OS than patients with a low expression, 21.5 months (95% confidence interval (CI) 17.9–27.3) versus 

17.2 months (95% CI 15.1–18.6), respectively (imputed p = 0.036; non-imputed p = 0.031). A similar 

effect was observed with respect to PFS. A low DPD expression showed a trend towards a better outcome 

with respect to PFS in the non-imputed series (DPD in tumour cells, p = 0.044) but this significance was 

lost after imputing (p = 0.140). 

 ERCC1 expression was not prognostic for PFS or OS in patients treated in third- (sequential treat-

ment arm) and second-line treatment (combination treatment arm) (data not shown).

PROTEIN EXPRESSION AND PREDICTIVE VALUE ASSESSED BY UNIVARIATE ANALYSES

For all protein markers, a low expression was more favourable for the outcome of combination chemo-

therapy (Figure 3). However, only DPD in tumour cells showed a statistically significant predictive value 

Table 2

Number of patients with high versus low expression of biomarkers 

Variable Levels 
Sequential treatment 

(n=273) 
Combination treatment 

(n=283) 

in tumour cells 

DPD tumour high 159 (58%) 167 (61%) 

 low 114 (40%) 116 (41%) 

OPRT tumour high 56 (21%) 69 (25%) 

 low 217 (77%) 214 (76%) 

TP tumour high 25 (9%) 39 (14%) 

 low 248 (88%) 244 (86%) 

TS tumour high 99 (36%) 103 (38%) 

 low 174 (61%) 180 (64%) 

ERCC1 negative 109 (40%) 115 (42%) 

 positive 164 (58%) 168 (59%) 

in stromal cells 

DPD stromal 
high 77 (28%) 87 (32%) 

 low 196 (69%) 196 (69%) 

OPRT stromal high 40 (15%) 49 (18%) 

 low 233 (82%) 234 (83%) 

TP stromal high 165 (60%) 185 (68%) 

 low 108 (38%) 98 (35%) 
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in respect to PFS and OS. The effect of DPD in tumour cells showed a trend towards significance in the 

non-imputed analysis (PFS p = 0.087; OS p = 0.053) but this became more prominent in the imputed 

series (PFS p = 0.021; OS p = 0.010). Figures 4 and 5 show the Kaplan-Meier curves of the expression 

of DPD in tumour cells and treatment for PFS and OS, respectively. Patients receiving combination therapy 

had a better prognosis when the DPD expression was low versus high, with a median PFS of 8.9 (95% CI 

8.3–9.9) versus 7.2 months (95% CI 6.5–8.1), respectively (p = 0.006). In the sequential treatment arm 

the median PFS was 5.6 (95% CI 4.90–6.38) and 6.1 months (95% CI 4.57–6.64) for the low and high 

DPD expression groups, respectively (p = 0.531). Median OS in the combination treatment arm was 21.5 

months (95% CI 17.9–26.5) for the low compared to 16.9 months (95% CI 13.0–19.1) for the high DPD 

expression group (p = 0.013), and in the sequential treatment arm 14.4 months (95% CI 12.5–17.8) 

compared to 18.1 months (95% CI 16.0–20.1), respectively (p = 0.217). 

 ERCC1 expression showed no interaction with treatment in relation to PFS in second- or third-line 

treatment or OS (data not shown). 

Figure 3

Predictive value of protein markers with respect to OS (univariate analysis)
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Figure 4

DPD expression of the tumour in respect to PFS per treatment arm

Figure 5

DPD expression in tumour cells in respect to OS per treatment arm

Legend: 

seq low: patients in the sequential treatment arm with low DPD expression

seq high: patients in the sequential treatment arm with high DPD expression

combi low: patients in the combination treatment arm with low DPD expression

combi high: patients in the combination treatment arm with high DPD expression

The difference between combi low and combi high was statistically significant (p=0.021)

Legend: 

seq low: patients in the sequential treatment arm with low DPD expression

seq high: patients in the sequential treatment arm with high DPD expression

combi low: patients in the combination treatment arm with low DPD expression

combi high: patients in the combination treatment arm with high DPD expression

The difference between combi low and combi high was statistically significant (p=0.0095)
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MULTIVARIATE ANALYSIS IN OVERALL STUDY POPULATION 

All markers were analysed in a multivariate analysis together with the following covariates: prior adjuvant 

treatment, predominant localisation of metastases, serum LDH, WHO PS and age. 

 In the model assessing PFS, DPD expression in tumour cells was predictive for the outcome of com-

bination treatment. The expression of OPRT had an opposite significant prognostic effect on outcome in 

stromal cells than in tumour cells. A significant prognostic effect on PFS was also observed for serum LDH. 

In the model assessing OS (Figure 6) there was a significant predictive value of DPD expression. In addition, 

the expression of OPRT in tumour cells compared to that in stromal cells also showed an opposite signif-

icant, prognostic effect on outcome without an interaction of treatment. Other factors with a significant 

prognostic effect on OS were WHO PS and serum LDH.

Legend:

To show possible interactions with treatment, the upper figure is adjusted for the  

combination therapy, while the lower figure is adjusted for the sequential therapy. In 

general, Hazard ratios < 1 are favourable with respect to OS

Figure 6 

Hazard ratios and multilevel confidence bars for effects of predictive and prognostic factors 

of OS in the Cox proportional hazards models

36



DISCUSSION

In this largest tissue-based study on biomarkers in ACC patients treated with capecitabine-based sched-

ules to date, we have tested several biomarkers for their prognostic and predictive value in relation to the 

outcome of chemotherapy in order to identify subgroups of patients who may benefit from either sequential 

or combination treatment in ACC patients who participated in a randomised study. 

 We found that a low DPD expression predicts the outcome of treatment with respect to PFS and to 

OS. This effect was most strongly observed in irinotecan-treated patients. A high OPRT expression in tu-

mour cells was an unfavourable prognostic parameter for PFS and OS. In contrast, a high OPRT expression 

in stromal cells was a favourable prognostic factor for PFS and OS. 

 DPD is a key enzyme in the fluoropyrimidine pathway and therefore a potential predictive marker 

for response to fluoropyrimidines. A low DPD expression results in a higher intracellular 5FU concentration 

and may thus lead to a better response to fluoropyrimidines, as was shown in cell lines15 and in several, 

mostly adjuvant, clinical trials.16-20 We observed a prognostic value of DPD in the overall patient popula-

tion, and again this effect was most strongly observed in the subgroup of patients treated with irinotecan. 

Because capecitabine was part of the first-line treatment in both study arms, we could only assess the 

predictive value of DPD for the addition of irinotecan to capecitabine. We observed a predictive value for 

a low DPD expression in patients treated with capecitabine plus irinotecan. A possible explanation for this 

unexpected finding may be related to the synergistic effect between fluoropyrimidines in combination with 

irinotecan.21-23 However, this has not been correlated to the expression of DPD. In a phase II study with 67 

patients DPD was not found to be predictive for response to capecitabine and irinotecan.3 These results 

in combination with the absence of a prognostic value of DPD for capecitabine monotherapy in our study 

question the role of DPD as a predictive marker in this setting. 

 Our results on the prognostic value of OPRT expression in tumour and in stromal cells with an oppo-

site effect on outcome are interesting and theoretically unexpected. OPRT is involved in the conversion of 

5FU to the active metabolite fluorouridine monophosphate (FUMP). A high OPRT expression may therefore 

be a potential predictive factor for response to 5FU-based chemotherapy. Thus far this has been tested 

in only a few studies, of which the results were inconsistent.6,24 In our study a high OPRT expression in 

stromal cells is correlated with a better outcome, but a significantly worse outcome is observed in patients 

with a high OPRT expression in tumour cells. The interaction between stromal and tumour cells has been 

established.25-27 Our results suggest a diverse role for these compartments in relation to the outcome of 

treatment in ACC patients, of which the mechanism is yet unknown. 

 The other biomarkers that we tested did not show a significant predictive or prognostic value in the 

multivariate models assessing PFS and OS. These markers have been tested in the previous clinical studies 

with varying results.4-6,10,20,28 This variety may be explained by differences in methods, lack of power due to 

small numbers of patients, lack of multivariate testing and/or the use of different treatment schedules. Our 

study is the largest study to date in which the role of these biomarkers is investigated in patients treated 

with capecitabine with or without irinotecan. We did not confirm the predictive value of TP as was shown 
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by others in a much smaller study.3 TP is involved early in the capecitabine pathway in the conversion of 

5’-DFUR to the active compound 5FU. TP and possibly UP are the only known limiting enzymes in this 

conversion.29 TP is also involved in the conversion of 5FU to FdUMP, which finally leads to DNA damage. In 

this role a high TP expression is associated with a better response to 5FU and capecitabine. However, TP is 

also known as platelet-derived endothelial cell growth factor (PD-ECGF), which has angiogenic properties 

although the precise mechanism of action has not been fully elucidated.30 The biochemical sense of the 

reaction catalysed by TP is mainly towards catabolism (i.e. from nucleotide down to base). This may imply a 

poor outcome for patients with tumours containing high TP levels since in that case all FUrd is degraded to 

inactive 5FU. This dual and apparently opposite effect of TP illustrates the complexity of this and probably 

other markers as well.  

 In conclusion, in this analysis of several biomarkers in ACC patients treated in a large randomised 

study we found a predictive role for DPD expression and a prognostic role for OPRT expression, for which 

no obvious explanations are available. However, even if confirmed the magnitude of this effect appears to 

be clinically modest, and therefore its clinical relevance is unclear. Our results warrant further studies on 

the role of stromal cells in the outcome of treatments. The divergent results of ours and previous studies 

underscore the complexity of these biomarkers and currently prevent the routine use of these markers in 

daily practice.31,32 It seems doubtful if further retrospective testing of these biomarkers will provide valid 

decision models for the use of chemotherapy in ACC patients. More robust data on their predictive role may 

only be expected from prospective studies, which despite their complex design are of essential value. 
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ABSTRACT

PURPOSE

Over the past decade, significant progress has been achieved in the cytotoxic treatment of colorectal 

cancer (CRC) by the use of fluoropyrimidines, irinotecan, and oxaliplatin. However, as not all patients do 

respond to chemotherapy, there is a need for predictive and prognostic factors in order to optimize the 

treatment for individual patients. Although many potential molecular markers have been studied, none of 

these have been implemented in the standard of care for colorectal cancer patients. 

MATERIAL AND METHODS

We performed a review of the data on the prognostic and/or predictive value of molecular markers for 

cytotoxic drugs in CRC. The following markers were included: dihydropyrimidine dehydrogenase, orotate 

phosphoribosyl transferase, thymidine phosphorylase, thymidylate synthase, mismatch repair deficiency, 

topoisomerase 1, excision cross-complementing gene, and carboxylesterases. 

RESULTS

With the exception of mismatch repair deficiency, these molecular markers showed divergent and incon-

sistent results on their prognostic and/or predictive value. This underscores the complexity of the role of 

these molecular markers.

CONCLUSIONS

We conclude that further retrospective testing of these markers is unlikely to add clinically useful results. 

More definite results may only be expected when these markers are included in the design of prospective 

randomised studies. 
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INTRODUCTION

Over the past decade, significant progress has been achieved in the treatment of colorectal cancer (CRC) 

by advances in surgery, radiotherapy, and systemic therapy. The most important prognostic factor in CRC 

is the stage at diagnosis as defined by the American Joint Committee on Cancer (AJCC). With increasing 

stage I to IV the 5-year overall survival declines from greater than 90% to less than 10%.1 

 Surgery with curative intent is the treatment of choice in stage I-III colon cancer. Adjuvant chemo-

therapy significantly improves the overall- and disease-free survival in stage III and possibly high-risk stage 

II patients.2 Initially, adjuvant therapy consisted of 5-fluorouracil (5FU), 5FU plus levamisole, or 5FU plus 

leucovorin.2-4 This benefit can also be achieved by capecitabine monotherapy.5 The combination of a fluoro-

pyrimidine with oxaliplatin further increased the three year disease-free survival with approximately 6%.6,7 

The survival benefit of adjuvant treatment in the overall population with stage II disease is generally not 

considered as clinically relevant.6,8

In resectable rectal cancer, neoadjuvant radiotherapy with or without chemotherapy followed by TME sur-

gery is the treatment of choice.9 The value of adjuvant chemotherapy is still a subject of debate.10,11 

 For patients with distant irresectable metastatic CRC there are no curative treatment options and 

5FU has been the standard care for decades, resulting in a survival benefit of more than 6 months.12,13 Oral 

fluoropyrimidines like capecitabine and UFT resulted in comparable efficacy with less toxicity compared to 

intravenous 5FU/LV.14,15 Oxaliplatin and irinotecan have become available for first and second-line treat-

ment of advanced CRC, which further extended the overall survival to approximately 14-20 months.16,17 

There is no optimal sequence for the use of irinotecan and oxaliplatin in terms of efficacy, a preference may 

be based on the difference in toxicity pattern between these cytotoxics.18 A retrospective analysis showed 

that the overall survival is increased when all three effective cytotoxic drugs are made available to pa-

tients.19 Two recently published studies prospectively investigated the use of sequential versus combination 

chemotherapy with the use of a fluoropyrimidine, irinotecan, and oxaliplatin.20,21 Both studies showed no OS 

benefit for combination chemotherapy as compared to sequential chemotherapy. 

 The development of new targeted drugs, such as vascular endothelial growth factor (VEGF)- and 

epidermal growth factor receptor (EGFR)-antibodies, have added further clinical benefit to patients with 

metastatic CRC.12,22,23 However, cytotoxic chemotherapy remains the backbone of treatment. 

Two important conclusions can be drawn from the published results on chemotherapy in metastatic CRC. 

First, there is no single regimen that is clearly superior. This implies that several options are available which 

should be discussed between doctor and patient. Second, not all patients will benefit from treatment. This 

implies that many patients are unnecessarily exposed to the toxic and sometimes lethal effects of chemo-

therapy. 

 Although clinical characteristics may be used to select patients for treatment, there is an urgent 

need for the development of prognostic and predictive markers. Biomarkers correlating with outcome 

are categorized as either prognostic or predictive markers.24 Prognostic biomarkers correlate with out-

come independent of treatment, and predictive markers correlate with the impact of specific treatment on  

REVIEW ON THE USE OF MOLECULAR MARKERS FOR CRC

45

13



outcome. With the increased knowledge on the molecular pathways by which cytotoxic drugs exert their 

effects, it became possible to study the role of various key enzymes and targets involved. 

 We performed a review of the published data on the prognostic and predictive value of molecular 

markers for cytotoxic drugs that are used in the standard treatment of CRC. For a better understanding, a 

short overview of the metabolism and mechanisms of action of these drugs is also presented.

MATERIAL AND METHODS

We reviewed the literature on the prognostic and/or predictive value of molecular markers in relation to 

outcome on standard cytotoxic chemotherapy of patients with colorectal cancer in all stages of disease. 

The primary outcomes of interest were overall survival (OS), disease free survival (DFS), progression free 

survival (PFS), and response rate (RR). 

 A search was conducted of Medline from January 1980 to July 2008 with an English language 

restriction. The search strategy included the following keywords (MESH terms) in different combinations: 

colorectal cancer, biomarkers, predictive, prognostic, outcome, survival, response fluoropyrimidines, irino-

tecan, oxaliplatin, immunohistochemistry (IHC), RNA analysis, protein expression, and paraffin embedded 

material. Individual markers were also included in searches. Only clinical studies were included, and in case 

of duplicate publications the latest and most complete study was included. Studies published in abstract 

form only or articles published in non-peer reviewed journals were excluded. Because of the widely dis-

parate endpoints and methods of the studies, formal meta-analytic techniques could not be used. We will 

discuss the following chemotherapeutic drugs: 5-fluorouracil (5FU), capecitabine, irinotecan, oxaliplatin, 

and the following biomarkers: dihydropyrimidine dehydrogenase (DPD), orotate phosphoribosyl transfer-

ase (OPRT) thymidine phosphorylase (TP), thymidylate synthase (TS), mismatch repair deficiency (dMMR), 

topoisomerase 1 (topo-I),  excision cross-complementing gene (ERCC1), and carboxylesterases (CES). 

RESULTS

FLUOROPYRIMIDINES

5-Fluorouracil (5FU)

5FU belongs to the class of antimetabolite drugs and is administered intravenously. 5FU is an analogue of 

uracil using the same facilitated transport mechanism for entering the cell.25,26 Uracil, which is incorporated 

into RNA and methylated to generate thymidine for DNA production, is preferentially used by cancer cells 

and a fluorinated analogue of this base might selectively alter cancer cell metabolism. The pathway of 5FU 

metabolism is shown in Figure 1.26-35 

 An alternative route of metabolism of 5FU is mediated by the inhibition of thymidylate synthase (TS). 

Thymidylate can be salvaged from thymidine through the action of thymidine kinase (TK), thereby allevi-

ating the effects of TS deficiency. This salvage pathway represents a potential mechanism of resistance to 

5-FU.26,36 More than 80% of the administered 5FU is primarily catabolized in the liver, in which organ the 

enzyme dihydropyrimidine dehydrogenase (DPD) is expressed.30,37 DPD mediates 5FU catabolism, which 
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results in the formation of inactive dihydrofluorouracil (DHFU) that is further degraded to fluoroureidopro-

pionate (FUPA) and the inactive fluoro-β-alanine (F-BAL), which is excreted in urine. DPD is the rate-limit-

ing enzyme in the 5FU catabolism.26 

Capecitabine 

Capecitabine is an oral fluoropyrimidine, and is absorbed through the intestine as a prodrug.27 Capecit-

abine is converted to 5FU by a three step enzymatic process (Figure 2).26 Conversion to 5’-deoxy-5-flu-

orocytidine (5’-DFCR) by carboxylesterases in the liver is followed by conversion to 5’-DFUR by cytidine 

deaminase which is highly expressed in the liver.38 Subsequently thymidine phosphorylase (TP) and/or 

uridine phosphorylase (UP) enables the conversion to the active 5FU compound.39 This final step occurs 

in tumour as well as in normal tissue, although TP expression is higher in tumour tissue as compared to 

normal tissue. In terms of efficacy, this gives capecitabine at least a theoretical advantage compared to 

5FU.40-43 After transformation of capecitabine to the active 5FU compound, metabolism will further pro-

ceed along the 5FU pathway (Figure 1). 

MOLECULAR MARKERS AND OUTCOME OF TREATMENT ON FLUOROPYRIMIDINES

The expression of several key enzymes in the 5FU pathway has been studied to investigate a possible 

correlation with the outcome of treatment. The result of our search on fluoropyrimidines and biomarkers 

is presented in Table 1. The content of this table is derived from a search in which clinical studies in CRC 

patients were selected in which the expression of DPD and/or OPRT and/or TP and/or TS were examined 

by immunohistochemistry (IHC) and/or RT-PCR analysis on paraffin embedded material of the primary 

tumour and/or metastases.  

Figure 1

 The metabolism of fluoropyrimidines26,27,29-35
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Table 1 

Studies in which the expression of DPD, TP, TS and OPRT was correlated to the outcome of 5FU-based chemotherapy

 

      Number 
of 

patients 
 

Longer overall 
Survival 

 

Longer disease-free or 

progression-free survival 

Better response  
to 5FU based 

chemotherapy Author 

 

Date of 
Publication 

 

Treatment 
Setting 

 

Lesion 
Tested 

 

  
Method 

 DPD TP TS OPRT DPD TP TS OPRT DPD TP TS OPRT 

Leichman et al
161

 1997 Advanced Metastasis RT-PCR 42   low        low  

                   

Lenz et al
162

 1998 Advanced NS RT-PCR 36   low        low  

                   

Aschele et al
163

  1999 Advanced Metastasis IHC 48   low    low    low  

                   

Triest van et al
29

 2000 Adjuvant
h
 Primary IHC 32  ~ ~   low ~      

                   

Shirota et al
a,145

  2001 Advanced Metastasis RT-PCR 50   low        low  

                   

Edler et al
164

 2002 Adjuvant
h
 Primary IHC 862   low    low      

                   

Allegra et al
165

 2002 Adjuvant
h
 Primary IHC 465   ~    ~      

                  

Allegra et al
69

 2003 Adjuvant
h
 Primary IHC 691   low    low      

                   

Johnston et al
166

 2003 Advanced Primary IHC 219   ~        ~  

                  

Paradiso et al
b,120

 2004 Advanced Primary IHC 108   ~        low  

                   

Oi et al
49

 2004 Adjuvant
sf
 Primary IHC 64     low        

                   

Westra et al
51
 2005 Adjuvant

h
 Primary IHC 391     ~  ~      

                   

Bendardaf et al
b,167

 2005 Advanced Primary IHC 86   low        low  

                   

Tokunaga et al
56

 2005 Advanced Primary IHC 150 low low           

                   

Meropol et al
c,52

 2006 Advanced Both Both 67  high    high   ~ high ~  

                   

Ciaparrone et al
45

 2006 Adjuvant
sf
 Primary IHC 62 low ~ low  low ~ low      

                   

Lassmann et al
48

 2006 Adjuvant
h
 Primary RT-PCR 102     low ~ ~      

                   

Popat et al
168

 2006 Adjuvant
h
 Primary IHC 967   ~          

                   

Vallböhmer et al
b,122

 2006 Advanced Primary RT-PCR 54 ~  ~      ~  ~  

                   

Yanagisawa et al
b,53

 2007 Advanced Primary RT-PCR 21 low ~ ~ ~     ~ ~ low ~ 

                   

Tokunaga et al
55

 2007 Both Primary IHC 150 low   high         

                  

Vallböhmer et al
d,58

 2007 Advanced Primary RT-PCR 37     low ~ ~  low ~ ~  

                  

Soong et al
50

 2008 Adjuvant Primary IHC 945 ~ ~ ~          

                  

Koopman et al
e,59

 2009 Advanced Primary IHC 556 low ~ ~ low low ~ ~ low     

                   

a: based on 5-FU and oxaliplatin as second-line therapy, b: based on 5-FU and irinotecan as first-line therapy, c: based on capecitabine plus 

irinotecan as first-line therapy, d: based on capecitabine as first-line therapy, e: based on capecitabine vs capecitabine plus irinotecan as 

first-line therapy, sf: surgery and post-operative fluorouracil, h heterogenous group of therapies given, ~ not significant

Dihydropyrimidine dehydrogenase (DPD)

Low DPD expression theoretically leads to a decreased catabolism of 5FU and thus to a more effective in-

tracellular 5FU concentration. In vitro, DPD activity in tumour cells has indeed shown to be an independent 

48



factor related to 5FU sensitivity.44 In vivo, several studies in the adjuvant45-51 or metastatic52,53 setting have 

investigated the relation between DPD expression and the outcome of 5FU-based treatment (Table 1).  

These studies used different methods, patient populations, and techniques. Takenoue et al.54 compared 

different techniques of determining DPD expression (IHC and mRNA) with the DPD protein level measured 

by western blot, and found that IHC expression correlated better with protein level than mRNA expression.  

Studies on DPD expression in primary tumours as determined by IHC and/or RT-PCR with the use of 

fluoropyrimidines in the adjuvant setting found a significant correlation between a low DPD expression 

and prolonged overall survival45,55, and disease-free survival45,48,49, while others found only a trend50 or no 

correlation at all.51 In the metastatic setting six studies with small number of patients52,53,55-58 and only one 

larger study59 were performed with conflicting results. In this largest study on capecitabine with or without 

irinotecan to date we found a predictive value of DPD expression.

Orotate phosphoribosyl transferase (OPRT) and uridine phosphorylase (UP)

OPRT is responsible for the conversion of 5FU to the active metabolite fluorouridine monophosphate 

(FUMP). A high OPRT expression could therefore be a predictive factor for response to 5FU-based che-

motherapy. Thus far, this has been tested in only three studies (Table 1). Tokunaga et al.55 found that a high 

OPRT expression (IHC) in stage II-IV disease was correlated with a better overall survival, which was not 

observed in a smaller study using RT-PCR.53 A prognostic value of OPRT expression in both tumour and 

stromal cells but each with an opposite effect on outcome was an unexpected finding in a retrospective 

analysis of a large phase III trial.59

Figure 2

The metabolism of capecitabine26,27,156-160
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 The low interest for OPRT as a prognostic marker may be explained by the fact that the route of 

uridine phosphorylase (UP), which bypasses OPRT, has been suggested as the most important step in 

the fluoropyrimidine pathway (Figure 1). This may be especially true for capecitabine, since UP may con-

tribute to the conversion of capecitabine to active 5FU (Figure 1,2).39,60 In colon cancer cell lines UP was 

predictive for the cytotoxicity of 5-FU,61 however in vivo there are no data on the correlation between UP 

expression and the outcome of treatment. 

Thymidine phosphorylase (TP)

One of the first steps in the capecitabine pathway is the conversion of 5’-DFUR to the active compound 

5FU (Figure 2). TP and possibly UP are the only known enzymes that constitute the rate-limiting step in this 

conversion. In addition, TP is involved in the conversion of 5FU to FdUMP, which finally leads to DNA dam-

age (Figure 1). Therefore a high TP expression may predict a good response to fluoropyrimidine treatment. 

 TP is also known as platelet-derived endothelial cell growth factor (PD-ECGF), and this enzyme is be-

lieved to have angiogenic properties. The precise mechanisms through which it promotes neoangiogenesis 

are still not fully elucidated.62 Neovascularization is necessary for tumour growth and metastases,63 and a 

positive correlation between TP expression and microvessel density (MVD) has been reported.40,64-67 This 

suggests that a high TP expression may rather predict a poor outcome. 

 This dual role of TP may underlie the contradictory results of studies examining the relationship 

between TP expression and clinical outcome in patients treated with fluoropyrimidines.29,45,52,53,59,62 The two 

studies in which capecitabine was used also showed contradictory results.52,59

 Additional complications in interpreting the results of TP expression involve the use of different tech-

niques as well as its measurement at different sites. Although TP expression appeared comparable in tissue 

from the primary tumour versus metastases, its association with clinical activity was most pronounced in 

metastases. Furthermore the predictive value for response to treatment of IHC TP expression was better 

than for TP gene expression by RT-PCR.52 TP is expressed at higher levels in tumour cells and in tumour 

infiltrating stromal cells compared with normal tissue.27 This suggests a specific role of stroma in the pro-

duction of angiogenic factors such as TP.29,68  

Thymidylate Synthase (TS)

TS is the rate-limiting enzyme in the ‘de novo’ synthesis of 2’deoxy-thymidine-5’-monophosphate (dTMP), 

which is required for DNA synthesis and repair (Figure 1). Therefore TS is the primary target of fluoropy-

rimidines. Low levels of TS may lead to more DNA damage. However, as tumour cells are more proliferative 

compared to normal cells and proliferation requires DNA synthesis, a low TS expression may lead to less 

synthesis of dUMP and thus to less DNA synthesis. These low TS-containing tumours are less proliferative 

and may therefore be associated with a more favourable prognosis. Therefore a low TS expression may 

rather be a prognostic than a predictive factor of outcome of fluoropyrimidines.69 In vitro, TS is a determi-

nant of the sensitivity to fluoropyrimidines.70,71 Studies which have focussed on the role of TS expression in 
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vivo have used different detection methods (IHC, mRNA), and material (metastases or primary tumours). 

The results of these studies are therefore difficult to compare, as was already concluded in the meta-anal-

ysis of Popat et al.72 In this analysis patients with tumours expressing high levels of TS appeared to have 

a worse overall survival compared with tumours expressing low levels. However, the heterogeneity of the 

studies and a possible publication bias do not allow a straightforward conclusion. Conflicting results have 

also been published on TS expression in metastases versus the primary tumour.52,73,74 Therefore, additional 

studies with consistent methodology are needed to define the precise prognostic value of TS.72 However, 

a prognostic value of TS was not observed in one of the largest retrospective analyses to date59, and 

therefore it may be questioned whether further retrospective testing of this marker will provide useful data.  

Mismatch repair deficiency (dMMR)

One of the first indications that molecular characteristics might impact the results of treatment came from 

patients with a mismatch repair deficiency (dMMR).75-79 The MMR system is responsible for reparation of 

insertions and deletions in microsatellite regions of DNA. dMMR is probably involved in fluoropyrimidine 

resistance. dMMR allows tumour cells to tolerate DNA damage and replicate, instead of undergoing cell 

cycle arrest or death.80 

 dMMR is relatively common in CRC, as part of a hereditary non polyposis CRC syndrome (Lynch 

syndrome 0.8-5%), as well as a sporadic finding in 10-20% of patients, which is largely due to MLH1-pro-

moter hypermethylation.81-85 Patients with dMMR tumours have a better prognosis compared to patients 

with an intact MMR system.77,78,86-88 Several studies investigated if chemosensitivity is implied in the better 

prognosis of patients with a dMMR tumour. In vitro studies have shown dMMR cell lines to be resistant to 

5FU89,90, but not to oxaliplatin91,92 or irinotecan.93 In vivo, most studies have been performed in the adjuvant 

setting, probably because the incidence of dMMR in metastatic patients is low.94 Retrospective studies 

in stage II-III CRC patients reported conflicting results on the correlation between dMMR and outcome 

on treatment.75,76,79,95 However, in most of these studies a low sensitivity of dMMR tumours to 5FU was 

observed, which was confirmed by a recent pooled reanalysis of randomized chemotherapy trials.96 The 

ASCO 2006 and European 2007 guidelines do not recommend the use of dMMR as a prognostic and/or 

predictive marker in this setting97,98, but most likely this will happen in the near future. Furthermore, dMMR 

as a predictive marker is feasible, as dMMR detected by IHC for MLH1 and MSH2 has been shown to 

provide a rapid, cost-effective, sensitive (92.3%), and specific (100%) method for screening for DNA MMR 

defects in colorectal tumours.99 

IRINOTECAN 

Irinotecan is a topoisomerase 1 (topo-I) inhibitor. It acts as a prodrug of SN-38 (7-ethyl-10-hydroxycamp-

tothecin), which is 100-1000-fold more cytotoxic than the parent drug100, and is most cytotoxic to cells in 

the S-phase (Figure 3).101 Irinotecan associates with the DNA-topo-I complex, and upon stabilization single 

stranded breaks are induced. Because of the high reversibility the single strand DNA breaks alone do not 
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result in cell death. Irreversible DNA damage occurs when DNA synthesis is ongoing and the replication fork 

enters a cleavable complex, resulting in double stranded breaks and ultimately cell death.102  

 Irinotecan is metabolized in blood to the active metabolite SN-38 by butyrylcholinesterases.103 Irino-

tecan and SN-38 are present in two distinguishable forms with a pH-dependent equilibrium: an active 

α-hydroxy-δ-lactone ring and an inactive carboxylate structure. In blood, irinotecan is predominantly pres-

ent in the inactive carboxylate form, while SN-38 exists predominantly in the active lactone form.104,105 The 

lactone forms of irinotecan and SN-38 are taken up by intestinal epithelial cells and colon carcinoma cells 

Figure 3

The metabolism of irinotecan107,116,117,169-173
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by passive diffusion. The carboxylate form is absorbed by an active pH-dependent transport mechanism.106

 In blood, 80% of irinotecan is bound to erythrocytes, whereas SN-38 is almost completely bound to 

albumin and lymphocytes.107,108 In the presence of albumin, the lactone forms of irinotecan and SN-38 are 

more stable and available in higher amounts.109  

 SN-38 is transported from the blood to the liver by the organic anion-transporting polypeptide 

(OATP1B1),110 with preliminary evidence for the bidirectional transport of OATP1B1 in vitro. Irinotecan is 

converted in the liver to SN-38 by two carboxylesterases, human carboxylesterase-1 (CES1) and CES2, 

of which the latter is the most relevant enzyme in this process.111,112 Carboxylesterases are categorized 

as phase-I drug-metabolizing enzymes, which are able to hydrolyze a variety of ester-containing drugs and 

prodrugs.113

 The conversion of SN-38 to inactive SN-38 glucuronide (SN-38G) is mediated by the uridine diphos-

phoglucuronosyltransferase (UGT) family, mainly by UGT1A1, UGT1A6 and UGT1A9.114,115 Irinotecan can 

also be converted to the inactive forms APC and NPC, which is mediated by cytochrome P-450 isoform 

3A (CYP3A4) and CYP3A5, although this latter enzyme shows only weak catalytic activity.116 Interestingly, 

CES1 and CES2 are able to convert the inactive NPC metabolite to active SN-38 by hydrolysis.104,117

 Irinotecan, SN-38 and SN-38G are transported from bile to the intestine by transporters belonging 

to the ATP-Binding Cassette (ABC) genes which are expressed in a wide variety of normal tissue. The ABC 

transporters play a role in the development of multi-drug resistance by cancer cells, of which the ABCB1, 

ABCC2, and ABCG2 genes are involved in the transport of irinotecan, SN-38G, and SN-38.118  

MOLECULAR MARKERS FOR THE OUTCOME OF TREATMENT OF IRINOTECAN

Topoisomerase I (topo-I)

Topo-I plays an essential role in DNA replication by relaxing the super-coiled helix with single-stranded 

DNA breaks. The cytotoxic effect of irinotecan is based on inhibiting topo-I by stabilizing the DNA-topo-I 

complex, leading to replication arrest and apoptosis. Topo-I is overexpressed in CRC in 43% to 51%.119,120  

In cell lines a positive correlation between irinotecan sensitivity and topo-I activity was found.121 This was 

not confirmed in small nonrandomized clinical studies.120,122 However, in a recent large randomized study 

in patients with advanced CRC, topo-I expression was identified as both a predictive marker associated 

with the benefit of either irinotecan or oxaliplatin, and a prognostic marker associated with outcomes with 

5FU therapy alone.123 Further studies are needed to establish the definite role of topo-I expression and the 

outcome on irinotecan in CRC. 

Carboxylesterases (CES1 and CES2)

Carboxylesterases (CES) are involved in the hydrolysis of irinotecan (Figure 3). CES1 and CES2 are ex-

pressed in normal liver tissue but also in colon cancer cells, and may therefore have a role in the conversion 

of irinotecan to SN-38 in tumour cells.124-126 A high expression of CES in tumour cells may be correlated 

with a better response to irinotecan chemotherapy. To date, no data on the correlation of the expression of 

CES in tumour tissue in relation to the response to irinotecan are available. 
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OXALIPLATIN 

Oxaliplatin (trans-l-diaminocyclohexane oxalatoplatinum) is a third-generation platinum compound, which was 

selected for further investigations based on its water solubility (about eight-fold more soluble than cisplatin), less 

toxic side effects, promising antitumour activity on the L1210 cell line, and lack of cross-resistance with 

cisplatin.127,128 Oxaliplatin showed in vitro and in vivo antitumour activities in CRC, where other platinum 

compounds, cisplatin and carboplatin, failed to show any activity.80 Moreover, oxaliplatin proved to be syn-

ergistic with other anticancer agents, including 5FU and irinotecan.129 

 The metabolism of oxaliplatin is shown in Figure 4. The oxaliplatin molecular structure consists of a 

central platinum atom (Pt), surrounded by a 1,2- diaminocyclohexane group (DACH) and a bidentate oxa-

Figure 4

The metabolism of oxaliplatin128,134,174-179
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late ligand.130 Oxaliplatin binds irreversibly to erythrocytes and/or forms complexes with albumin and other 

plasma proteins. The remaining free fraction of oxaliplatin is biotransformed non-enzymatically and subse-

quently forms complexes with chloride, glutathione, methionine, and cysteine.131-133 The main mechanism of 

action is mediated through the formation of DNA adducts, which is thought to be related to the anti-tumour 

effects of oxaliplatin.130,134 An important factor is the induction of apoptosis by the primary DNA-Pt lesions, 

which is possibly enhanced by a contribution of targets other than DNA.135 

 Cellular uptake and efflux determine the concentration of oxaliplatin in the intracellular fluid. In plasma, 

extracellular conjugation of oxaliplatin to plasma proteins (mainly albumin) results in renal excretion of inac-

tive drug species. Once inside the cell the oxaliplatin prodrug is activated by the conversion to monochloro, 

dichloro and diaquo compounds by non-enzymatic hydrolysis and displacement of the oxalate group, which 

leads to the formation of DNA adducts. The kinetics of hydrolysis differ among platinum compounds, being 

slower for oxaliplatin than for cisplatin. Intracellular conjugation to glutathione effectively inactivates these 

highly reactive oxaliplatin species before DNA damage occurs, which is followed by cellular excretion into 

plasma. DNA damage is repaired by nucleotide excision repair (NER), base excision repair (BER), and rep-

licative bypass.130 Sensitivity to oxaliplatin can be induced by five different pathways: a decrease in cellular 

uptake, an increase in cellular efflux, inactivation of the cytotoxic form of drug by L-methionine, L-cysteine, 

and glutathione (GSH), inactivation of the monoadducts by L-methionine, L-cysteine, and glutathione (GSH), 

and an increase of the nuclear excision repair (NER) pathway.128,136 Only recently several influx and efflux 

transporters like organic cation transporters (OCT) 1, 2 and 3 (SLC22A1, SLC22A2 and SLC22A3)137,138, 

copper efflux transporters, P-type ATPases, ATP7A and ATP7B139,140 have been identified, which may play 

an important role in determining tumour sensitivity and/or resistance to anticancer agents. The mismatch 

repair complex seems not to be involved in resistance to oxaliplatin, although it is an important resistance 

mechanism to other platinum drugs.91 

MOLECULAR MARKERS FOR THE OUTCOME OF TREATMENT OF OXALIPLATIN

Excision cross-complementing gene (ERCC1)

ERCC1 is an excision nuclease within the NER pathway which plays a major role in repairing plat-

inum-induced DNA adducts. ERCC1 forms a heterodimer with xeroderma pigmentosum group F 

(XPF), which stabilizes this endonuclease. As a unit, they execute the 5’ incision into the DNA strand 

relative to the site of DNA damage in the NER process, thereby removing the modified nucleotides.141  

This DNA repair is involved in the sensitivity/resistance to platinum-based chemotherapy in vitro142 and 

in vivo143,144 Based on the pathway of oxaliplatin a low ERCC1 expression may lead to a decrease in DNA 

repair, which is a positive feature for the induced apoptosis. 

 ERCC1 expression as a predictive factor for response has been investigated in only a small number 

of studies. A low ERCC1 gene expression was associated with a better overall survival in advanced CRC 

patients treated with oxaliplatin based chemotherapy.145 In a phase III trial ERCC1 protein expression was 

investigated in 506 patients, and was not prognostic for outcome in patients treated with capecitabine 
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plus oxaliplatin in third- and second-line treatment.59 Others found an association between a high ERCC1 

expression and a good response to irinotecan-based chemotherapy.122 This was explained as that a high 

ERCC1 expression represented increased DNA repair which would make these cells more vulnerable to 

topo-I inhibitors. Taken together, the role of ERCC1 as a predictive factor for the response to chemotherapy 

is still uncertain. 

CONCLUSIONS

We reviewed the potentially prognostic and/or predictive markers of currently used cytotoxic drugs in the 

treatment of CRC. These markers were selected based on the molecular mechanism of action of these 

drugs. Only one marker, dMMR, was recently confirmed as relevant in clinical decision making.96 For all oth-

er markers negative or, at best, inconsistent results have been published, as shown in this review. Several 

comments can be made on this disappointing outcome.

 It should be noted that among studies there is no consistent use of the definitions of the prognostic 

versus predictive role of biomarkers24, which hampers cross-study comparisons. 

Furthermore, the majority of the published studies concern a retrospective analysis of data which are 

derived from mostly non-randomized and relatively small-sized and therefore underpowered studies. The 

comparison between different studies is further hampered by the fact that different techniques have been 

used to examine the expression of biomarkers, such as protein levels, IHC, and RT-PCR. Studies comparing 

these techniques have revealed conflicting results.52,54,146,147 Also, since CRC may arise through different 

molecular pathways, it is questionable whether a single biomarker may play a relevant role in all patients 

with this disease. Analysis of proteins in tumour tissue is hampered by the fact that there is only a limited 

standardization of pre-analytical procedures and that the most commonly used methods are semi-quan-

titative at best. 

 Another possible confounding factor is that in most biomarker studies the primary tumour was used 

as the source of investigation. However, conflicting results have been published on the expression of these 

biomarkers in primary tumour versus distant metastases.52,73,148,149 Therefore the results of studies with 

advanced CRC patients should be interpreted with caution. It may also be questioned whether the testing 

of biomarkers should be limited to tumour tissue given the increasing awareness that surrounding stromal 

tissue and tumour infiltrating stromal cells play an important role in angiogenesis and immune response 

and therefore prognosis.150-152 Our own findings on the role of OPRT stress the importance of the role of 

stroma in CRC.59

  Finally, Kyzas et al.153 have noted that the majority of studies on predictive/prognostic molecular 

markers highlight statistically significant results. In the rare articles where no prognostic markers are pre-

sented as significant, authors often have other (non-prognostic) statistically significant analyses to show, 

they expand on the importance of non-significant trends, or defend the importance of the cancer marker 

with other arguments. Eventually, totally ‘negative’ articles on prognostic cancer markers represent less 

than 1.5% of this literature that is served by a wide variety of journals. Under strong reporting bias, statis-
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tical significance loses its discriminating ability for the importance of prognostic markers. 

 What have we learned from all these studies? The often divergent and inconsistent results of the 

studies presented to date underscore the complexity of these biomarkers. International guidelines for the 

design of biomarker studies and the validation of their results should be developed.24,154,155 We conclude 

that further retrospective testing of predictive molecular markers of cytotoxic treatment is unlikely to pro-

vide clinically relevant and useful results. This may only be expected when these markers are tested in a 

prospective manner. Such studies will however be more difficult to perform due to their complex design. 
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ABSTRACT

PURPOSE

To determine the prevalence and prognostic value of mismatch repair (MMR) status and its relation to BRAF 

mutation (BRAFMT) status in metastatic colorectal cancer (mCRC).

MATERIAL AND METHODS

 A pooled analysis of four phase III studies in first-line treatment of mCRC (CAIRO, CAIRO2, COIN and FO-

CUS) was performed. Primary outcome parameter was the hazard ratio (HR) for median progression-free 

survival (PFS) and overall survival (OS) in relation to MMR and BRAF. For the pooled analysis, Cox regres-

sion analysis was performed on individual patient data. 

RESULTS

The primary tumors of 3063 patients were analyzed, of which 153 (5.0%) exhibited deficient MMR 

(dMMR) and 250 (8.2%) a BRAFMT. BRAFMT was observed in 53 (34.6%) of patients with dMMR tumors 

compared with 197 (6.8%) of patients with proficient MMR (pMMR) tumors (p < 0.001). In the pooled 

data set, median PFS and OS were significantly worse for patients with dMMR compared to pMMR tumors 

(HR 1.33, 95% CI 1.12-1.57 and HR 1.35, 95% CI 1.13-1.61, respectively), and for patients with BRAFMT 

compared with BRAF wild-type (BRAFWT) tumors (HR 1.34, 95% CI 1.17-1.54 and HR 1.91, 95% CI 1.66-

2.19, respectively). PFS and OS were significantly decreased for patients with BRAFMT within the group of 

patients with pMMR, but not for BRAF status within dMMR, or MMR status within BRAFWT or BRAFMT. 

CONCLUSION

Prevalence of dMMR and BRAF in mCRC patients is low and both biomarkers confer an inferior prognosis. 

Our data suggest that the poor prognosis of dMMR is driven by BRAFMT status. 
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INTRODUCTION

Colorectal cancer (CRC) is a heterogeneous disease arising through different pathways.1,2 Three molecular 

pathways are well known to be involved in the multistep process of colorectal carcinogenesis, including the 

chromosomal instability (CIN) pathway, the mutator pathway (microsatellite instability (MSI)), and the epi-

genetic instability pathway or CpG island Methylator Phenotype (CIMP), the latter of which has substantial 

overlap with the other two.

 MSI is the result of a deficient DNA mismatch repair (dMMR) system. A germ line mutation in one 

of the mismatch repair genes, most often MLH1 or MSH2, is the cause of dMMR in patients with Lynch 

syndrome, which comprises 0.8 to 5% of all CRCs.3 dMMR is also observed in 10 to 20% of patients with 

sporadic CRC, of which the majority of dMMR tumors are due to inactivation of MLH1 (~95%), caused 

by hypermethylation of the gene promoter, with MSH2 and MSH6 accounting for a smaller percentage.3-5 

These dMMR tumors have distinct features, such as origin in the proximal colon, prominent lymphocytic 

infiltrate, poorly differentiated morphology, mucinous or signet ring differentiation6 and association with 

a favorable prognosis in early stage CRC7. In metastatic CRC (mCRC) the prevalence of dMMR is low 

(3.5%).8,9 This supports the hypothesis that dMMR tumors have a reduced metastatic potential.10,11 Because 

of its lower frequency the prognostic role of dMMR in mCRC has not been properly evaluated thus far. 

The presence of a BRAF mutation (BRAFMT) in a dMMR tumor indicates a sporadic origin, and essentially 

excludes a diagnosis of Lynch syndrome.12,13  In colorectal cancer, the overall prevalence of BRAFMT is ap-

proximately 10%.14 BRAFMT has a negative prognostic impact, although this may be restricted to patients 

with proficient MMR (pMMR) tumors.15,16 Data on the role of BRAF in relation to MMR status in mCRC are 

scarce and are derived from small subsets of selected patients.   

 The current study was initiated to assess the role of MMR in relation to the BRAFMT status in respect to 

prevalence and outcome in patients with mCRC who participated in four large prospective phase III studies: 

CAIRO17, CAIRO218, COIN19,20 and FOCUS21.  

MATERIAL AND METHODS

PATIENTS AND TREATMENT

Data were derived from patients with mCRC included in four large phase III studies in first-line treatment: 

CAIRO (ClinicalStudys.gov NCT00312000), CAIRO2 (ClinicalStudys.gov NCT00208546), COIN (ISRCTN 

27286448) and FOCUS (ISRCTN 79877428), of which the results have been published previously.17-21 

Collection of formalin-fixed paraffin-embedded material (FFPE) of the primary tumor was part of the initial 

protocol in all four studies. 

MMR STATUS

For samples of both CAIRO studies, immunohistochemistry (IHC) was performed on FFPE tissue with 

antibodies against MMR proteins hMLH1, hMSH2, hMSH6 and hPMS2. In addition, MSI analysis was per-

formed where there was an absence of MMR protein expression or equivocal IHC results. dMMR status 
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was determined using two microsatellite markers (BAT 25 and BAT 26). If only one of these markers 

showed instability, the analysis was extended with four additional markers (BAT 40, D2S123, D5S346, and 

D17S250). A tumor was defined as dMMR if at least two of the six markers showed instability or pMMR 

if none of the markers showed instability. Tumors with only one of the markers showing instability were 

defined as dMMR-low and included in the pMMR category. For samples from the COIN study, dMMR status 

was assessed using two microsatellite markers (BAT25 and BAT26). If only one of these markers showed 

instability the tumor was defined as dMMR, and as pMMR if no instability was observed. For samples from 

the FOCUS study, dMMR status was based on loss of MLH1 and MSH2 protein expression, assessed by 

IHC. If either protein showed loss of expression, the tumor was defined as dMMR, and pMMR if no loss of 

expression was observed.  

HYPERMETHYLATION STATUS OF THE MLH1 GENE PROMOTER

Hypermethylation of the MLH1 gene promoter in patients with a dMMR tumor was analyzed in samples from 

the CAIRO and CAIRO2 studies only and therefore not included in the pooled analysis. The DNA methylation 

status of the MLH1 promoter region was determined after bisulphite treatment of the DNA using the EZ DNA 

methylation KIT, ZYMO Research (Orange, CA, USA), as described previously.8

BRAF MUTATION STATUS

The BRAF V600E mutation status was assessed in duplicate by high resolution melting (HRM) sequencing 

analysis for tumor material in the CAIRO study22 and by direct sequencing analysis in the CAIRO2 study23. 

For samples of the COIN and FOCUS studies, the BRAF V600E mutation status was determined by Py-

rosequencing (and Sequenom in COIN), and verified by Sanger sequencing as described previously.19,24 

Non-V600E BRAF mutations detected by these assays (n = 19) were not included in the current analyses 

on outcome.

STATISTICAL METHODS 

Individual patient data were included in the pooled analysis. Progression free survival (PFS) was defined as 

the time from the date of randomization to first progression or death, whichever came first. Overall survival 

(OS) was defined as the time from randomization to the date of death. The primary outcome measure was 

the hazard ratio (HR) for PFS and OS in relation to MMR and BRAF mutation status. For PFS and OS all 

studies were included in a Cox regression model (proportional hazard model) by using the study as a factor 

in the model. In this way, dependence of the hazard on study could be modeled. The HR was corrected for 

study effect. Survival curves were plotted and log-rank tests were performed to compare survival for the 

different groups defined. A statistical interaction analysis for survival data of dMMR and BRAF status was 

performed. All analyses were conducted using the SAS system version 9.2; p < 0.05 was considered as 

statistically significant. 
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RESULTS

STUDY POPULATION AND MMR / BRAF MUTATION STATUS

Tumor and normal samples from 3063 out of 6155 randomized mCRC patients were available and suit-

able for analysis of both MMR and BRAF mutation status. Of these 3063 patients, 322 patients participated 

in the CAIRO study, 516 patients in the CAIRO2 study, 1461 patients in the COIN study and 764 patients 

in the FOCUS study.          

 The prevalence of MMR status and BRAF mutation status and their correlation are presented in Table 

1 and 2, respectively. dMMR was found in tumors of 153 (5.0%) patients and 250 (8.2%) patients had 

a BRAFMT (Table 1). There was no evidence of heterogeneity for the prevalence of dMMR and BRAFMT in 

the four studies; p = 0.614 and p = 0.943, respectively (Table 1). A BRAFMT was observed in 53 (34.6%) 

of patients with dMMR tumors compared with 197 (6.8%) of patients with pMMR tumors (p < 0.001) 

(Table 2). There was heterogeneity for the prevalence of combined MMR and BRAFMT status between 

the four studies. In the CAIRO study, there were significantly more patients with a combined dMMR and 

BRAFMT (dMMR / BRAFMT) tumor compared to the other three studies (p = 0.002) (Table 2).  

 Patient and tumor characteristics (sex, age, location of the primary tumor, performance status, 

number of metastatic sites involved) for the different subgroups defined by the combined MMR and BRAF 

mutation status are summarized in Supplemental Table S1. Hypermethylation of MLH1 was the main cause 

of dMMR in both CAIRO and CAIRO2 studies (30 out of 45 patients), this was associated with a high fre-

quency of BRAFMT (73%) compared with tumors without MLH1 hypermethylation (7%).

SURVIVAL DATA 

The survival data of the individual studies, the pooled data set and the pooled analysis for patients with 

dMMR, pMMR, BRAFMT and BRAF wild-type (BRAFWT) tumors are presented in Table 3. The median PFS and 

OS were significantly worse for patients with dMMR compared with pMMR tumors (PFS: 6.2 versus 7.6 

months, respectively; HR, 1.33; 95% confidence interval (CI) 1.12-1.57; p = 0.001; OS: 13.6 versus. 16.8 

Table 1 

Prevalence of MMR and BRAF mutation status in patients with mCRC subdivided by study

             

  dMMR  pMMR  Total BRAF
MT

 BRAF
WT

 Total 

CAIRO 18 (5.6%) 304 (94.4%) 322 25 (7.8%) 297 (92.2%) 322 

CAIRO2 29 (5.6%) 487 (94.4%) 516 45 (8.7%) 471 (91.3%) 516 

COIN 65 (4.4%) 1396 (95.6%) 1461 120 (8.2%) 1341 (91.8%) 1461 

FOCUS 41 (5.4%) 723 (94.6%) 764 60 (7.9%) 704 (92.1%) 764 

Pooled data set 153 (5.0%) 2910 (95.0%) 3063 250 (8.2%) 2813 (91.8%) 3063 

              

p     0.614     0.943 

p values represent heterogeneity between the four studies 

Abbreviations: mt, mutant tumors, wt, wild-type tumors 
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Figure 1

PFS (A) and OS (B) curves of all patients included in the pooled data set comparing patients with dMMR 

/ BRAFMT tumors, dMMR / BRAFWT tumors, pMMR / BRAFMT tumors and pMMR / BRAFWT tumors

Table  3

Individual study data, pooled data set and pooled analysis of survival data in relation to 

MMR and BRAF mutation status

      dMMR  pMMR  BRAF
MT

  BRAF
WT

      

    number of patients 18 304 25 297     

CAIRO  

PFS 
mo. (95% CI) 5.7 (4.2-8.8) 6.9 (6.2-7.9) 5.1 (4.1-7.7) 7.0 (6.3-8.2)     

HR (95%�CI) 1.34 (0.81-2.22) 1.57 (1.03-2.38)     

OS 
mo. (95% CI) 14.8 (12.0-26.0) 17.9 (16.1-19.2) 11.3 (8.3-15.0) 18.1 (16.2-19.4)     

HR (95% CI) 1.26 (0.74-2.16) 2.20 (1.43-3.38)     

    number of patients 29 487 45 471     

CAIRO2 

PFS 
mo. (95% CI) 7.5 (6.4-10.5) 10.5 (9.6-11.4) 6.9 (6.2-8.5) 10.6 (9.7-11.8)     

HR (95% CI) 1.66 (1.13-2.45) 2.03 (1.48-2.79)     

OS 
mo. (95% CI) 15.6 (12.9-22.3) 22.0 (20.3-24.1) 13.1 (10.7-16.5) 22.4 (21.0-24.9)     

HR (95% CI) 1.60 (1.07-2.40) 2.30 (1.65-3.20)     

    number of patients 65 1396 120 1341     

COIN 

PFS 
mo. (95% CI) 5.7 (5.4-6.1) 6.5 (6.2-6.8) 5.8 (5.6-6.2) 6.5 (6.3-6.9)     

HR (95% CI) 1.56 (1.20-2.02) 1.38 (1.14-1.68)     

OS 
mo. (95% CI) 10.7 (9.3-13.0) 16.0 (15.0-16.9) 10.2 (9.0-11.7) 16.5 (15.3-17.1)     

HR (95% CI) 1.80 (1.37-2.37) 2.02 (1.65-2.48)     

    number of patients 41 723 60 704     

FOCUS 

PFS 
mo. (95% CI) 8.1 (6.5-9.1) 8.0 (7.4-8.3) 8.1 (6.8-8.9) 8.0 (7.4-8.3)     

HR (95% CI) 0.98 (0.71-1.35) 0.98 (0.74-1.28)     

OS 
mo. (95% CI) 16.6 (13.6-21.7) 15.5 (14.5-16.6) 12.3 (10.5-14.8) 15.7 (14.8-17.0)     

HR (95% CI) 0.90 (0.64-1.27) 1.52 (1.15-2.00)     

    number of patients 153 2910 250 2813     

Pooled data set 

PFS 
mo. (95% CI) 6.2 (5.9-7.0) 7.6 (7.3-8.0) 6.2 (6.0-6.8) 7.7 (7.4-8.0)     

HR (95% CI) 1.33 (1.12-1.57) 1.34 (1.17-1.54)     

OS 
mo. (95% CI) 13.6 (12.4-15.6) 16.8 (16.3-17.5) 11.4 (10.5-12.4) 17.2 (16.7-18.0)     

HR (95% CI) 1.35 (1.13-1.61) 1.91 (1.66-2.19)     

NOTE: Statistically significant results are set in bold.     

Abbreviations: mo. = median PFS and OS time in months; mt, mutant tumor, wt, wild-type tumor     

 
    

 
    

 



months, respectively; HR, 1.35; 95% CI, 1.13-1.61; p = 0.001). Median PFS and OS were also significantly 

worse for patients with BRAFMT compared with BRAFWT tumors (PFS: 6.2 versus 7.7 months, respectively; 

HR, 1.34; 95% CI, 1.17-1.54; p < 0.001; OS: 11.4 versus 17.2 months, respectively; HR, 1.91; 95% CI 

1.66-2.19; p < 0.001).  

 To determine a possible interaction between MMR and BRAF status, with respect to the survival, a 

Cox regression was performed by using the study as a factor in the model. For PFS and OS all studies were 

included in a Cox regression model (proportional hazard model) by using the study as a factor in the model. 

Results are presented for MMR status in a BRAFMT and BRAFWT background, and vice versa for BRAF status 

in a dMMR and pMMR background in Table 4. Survival curves, as estimated by the Cox regression, are pre-

sented in Figure 1. In BRAFMT tumors stratified by MMR status, there was no significant survival difference 

for patients with dMMR compared with pMMR tumors (PFS; 6.1 versus 6.2 months, respectively; HR 0.95; 

95% CI, 0.62-1.46; p = 1.000; OS; 11.7 versus 11.3 months, respectively; HR, 1.05; 95% CI, 0.68-1.63; 

p = 1.000). Also in BRAFWT tumors stratified by MMR status, there was no significant survival difference for 

patients with dMMR compared with pMMR tumors (PFS: 6.3 versus 7.8 months, respectively; HR, 1.32; 

95% CI, 1.00-1.75; p = 0.051; OS: 15.0 versus 17.3 months, respectively; HR, 1.22; 95% CI, 0.91-1.65, 

p = 0.463).  In dMMR tumors stratified by BRAF status, there was no significant survival difference for pa-

tients with BRAFMT compared with BRAFWT tumors (PFS: 6.1 versus 6.3 months, respectively; HR, 1.07, 95% 

CI, 0.67-1.70; p = 1.000; OS: 11.7 versus 15.0 months, respectively; HR, 1.51; 95% CI, 0.93-2.46; p = 

0.155). In pMMR tumors stratified by BRAF status, there was a significantly decreased median PFS and OS 

for patients with BRAFMT compared with BRAFWT tumors (PFS: 6.2 versus 7.8 months, respectively; HR, 1.34; 

95% CI, 1.10-1.64; p < 0.001; OS: 11.3 versus 17.3 months, respectively; HR, 1.94; 95% CI, 1.57-2.40; 

p < 0.001) The test for interaction between dMMR and BRAFMT was statistically not significant (PFS: HR, 

0.79; 95% CI, 0.54-1.16; p = 0.234; OS: HR, 0.78; 95% CI, 0.52-1.15; p = 0.211). 

DISCUSSION

This study presents the largest data set on the role of tumor MMR status and BRAFMT status in respect 

to prevalence and outcome in a population of patients (n = 3063) with mCRC who participated in four 

prospective phase III studies. We found that dMMR and BRAFMT in mCRC each have a low prevalence (5% 

and 8.2%, respectively), and that both biomarkers indicate a poor prognosis. Given the absence of a sta-

tistically significant interaction between BRAFMT and dMMR, our data suggest that the poor prognostic value 

of dMMR is driven by the BRAFMT status. 

 Several aspects of our study warrant further discussion. In this pooled analysis different methods 

for detecting dMMR were applied, which, however, have all been validated for the detection of dMMR in 

colorectal cancer. In both CAIRO studies, an approach based on test methods described in the Bethesda 

criteria, used for standard clinical practice for patients suspected for Lynch syndrome, has been applied.25 

The COIN study analyzed the BAT25 and BAT26 mononucleotide markers, which have a high sensitivity 

(94%) and specificity (98%), and the use of these two markers alone identifies 97% of MSI tumors.26 The 
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FOCUS study evaluated MLH1 and MSH2 protein expression by IHC, which is a sensitive (92.3%) and 

specific (100%) method for screening for dMMR.27 

 We acknowledge that the difference in MMR detection methods represents a weakness of our study; 

however, the comparable prevalence of the dMMR status among the four studies in this pooled analysis, 

ranging from 4.4% to 5.6%, argues against this. The results from the individual studies show that the 

patient population with dMMR tumors is heterogeneous. The observed difference in the prevalence of a 

BRAFMT in dMMR tumors suggests a possible difference in the origin of dMMR, sporadic versus hereditary. 

Unfortunately, data on the hypermethylation status of the MLH1 gene promoter, which could differentiate 

between these two groups, are not available of all four studies.  

Furthermore, different methods for detecting the BRAF V600E mutation were applied. HRM sequencing, 

Sanger sequencing and Pyrosequencing have all shown to be reliable methods22,28. Data from systematic 

studies to assess the test accuracy or reproducibility of the different techniques used for BRAFMT testing are 

not available. 

 Another issue is the difference in availability of tumor samples among the trials. This is part-

ly caused by nonavailability of an extra paraffin-embedded block for DNA analysis, and partly due to 

nonresected primary tumors in patients with synchronous disease. In these patients, often only a diag-

nostic biopsy was performed, which does not provide sufficient material for further molecular analy-

sis for research purposes. This is an important, underexposed issue that may introduce a sample/case 

bias not only in our analysis, but in other translational studies in mCRC as well.    

 The low prevalence of dMMR in mCRC can be explained by the reduced potential of stage I-III dMMR 

tumors to metastasize.10,11 However the underlying mechanisms of this low metastatic potential are yet to 

be elucidated. It has been suggested that a greater immunoreactivity of dMMR tumors29,30 or decreased 

tumor cell viability due to excessive DNA damage31 may play a role. In mCRC, data about the prevalence of 

BRAFMT in dMMR tumors are scarce, but in line with our results.32,33 The strong inter-relationship between 

BRAFMT and dMMR is well established in early stage CRC14,34, however, the etiology of both alterations still 

needs to be elucidated. 

 We observed a higher prevalence of BRAFMT in mCRC dMMR tumors (34.6%) than reported for 

early-stage dMMR colorectal cancer tumors (24%).16 Patients with early-stage dMMR in general have 

a better prognosis compared to patient with early-stage pMMR; however, within the group of dMMR, pa-

tients with BRAFMT tumors have a worse prognosis.35 Subsequently, this may lead to a shift in the dMMR 

/ BRAFMT ratio in mCRC patients. There is increasing evidence identifying BRAFMT as a significant poor 

prognostic factor in early stage and mCRC.18,36-38 BRAF is an oncogene and it is known that the muta-

tions constitutively activate the MAPK pathway for cell growth, in the absence of extracellular stimuli.  

However, by itself BRAF is not sufficient for cancer and must cooperate with other processes to induce 

the fully cancerous state.39 Another explanation for the inferior prognosis of BRAFMT tumors might be their 

distinct pattern of metastatic spread. Previous studies have demonstrated a significantly increased rate of 

peritoneal and distant lymph node metastases and a decreased rate of lung metastases compared with 

78



BRAFWT tumors.9,40 

 It has been speculated that the worse prognostic value of dMMR tumors in mCRC may be related 

to a difference in metastatic spread. Earlier studies showed a reduced rate of liver metastases for dMMR 

tumors in mCRC40, and a higher incidence of peritoneal metastases; these factors are known to be related 

to prognosis.41,42 This was confirmed by a previous analysis of the COIN study9, but these data are not 

available from the other studies of our analysis. 

  Finally, due to the different treatment regimens among the four studies of this pooled analysis, the 

predictive role of dMMR and BRAFMT in mCRC could not be addressed. 

 In conclusion, dMMR and BRAFMT each have a low prevalence in mCRC, and both biomarkers confer a 

poor prognosis. Our data suggest that the poor prognosis of dMMR is driven by the BRAFMT status. However, 

we caution against a firm conclusion on this issue since our study was not sufficiently powered to test this 

interaction.
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ABSTRACT

PURPOSE

To determine the frequency and prognostic value of elevated microsatellite alterations at selected tetra-

nucleotide repeats (EMAST) in metastatic colorectal cancer (mCRC) patients in relation to microsatellite 

instability (MSI) status and MSH3 protein expression. 

MATERIAL AND METHODS

The frequency of EMAST was evaluated in mCRC patients with MSI tumors and microsatellite stable (MSS) 

tumors. A literature overview was performed to compare the frequency of EMAST in our study with existing 

data. Immunohistochemistry for MSH3 was compared with EMAST status. Outcome was studied in terms 

of overall survival (OS) of mCRC patients with MSI and MSS tumors. 

RESULTS

EMAST was evaluated in 89 patients with MSI tumors (including 39 patients with Lynch syndrome) and 94 

patients with MSS tumors. EMAST was observed in 45.9% (84 out of 183) of patients, with an increased 

frequency in MSI tumors (79.8% versus 13.8%, p < 0.001). We found no correlation between EMAST and 

MSH3 protein expression. There was no effect of EMAST on prognosis in patients with MSS tumors, but 

patients with MSI / non-EMAST tumors had a significantly better prognosis than patients with MSI / EMAST 

tumors (OS: HR 3.22, 95% CI 1.25-8.30). 

CONCLUSION

Frequency of EMAST was increased in mCRC patients with MSI tumors, compared to MSS tumors. Our 

data suggest that the presence of EMAST correlates with worse OS in these patients. There was no effect 

of EMAST on the prognosis of patients with MSS tumors. A limitation of our study is the small number of 

patients in our subgroup analysis. 

86



INTRODUCTION

Colorectal cancer (CRC) carcinogenesis is a multistep process in which different pathways are involved, 

among which microsatellite instability (MSI) is important.1-3 MSI is characterized by a deficient mismatch 

repair system, which leads to cancer development through the accumulation of unrepaired frame shift 

mutations in simple repeat sequences or microsatellites.4 To date several mismatch repair (MMR) pro-

teins have been identified in humans: MSH2, MSH3, MSH6, MLH1 and PMS2. MSH2 forms a heterodimer 

with MSH6 or MSH3, giving rise to MutSα or MutSβ, respectively.5 MutSα recognizes single base-pair 

mismatches and small insertion-deletion loops (IDLs), whereas MutSβ preferentially recognizes larger mis-

matches and IDLs. Furthermore, MLH1 and PMS2 form MutLα, which acts as a molecular matchmaker. 

In addition to the primary MMR defect, secondary loss of MMR proteins can occur as a consequence of 

MSH3 and MSH6 frame shift mutations promoted by MLH1 inactivation6,7 or because of MSH3 and MSH6 

protein degradation in tumors not expressing their heterodimeric partner MSH28,9. As a result, single or 

combined defects of MMR subunits (MutSα, MutSβ and MutL) can variably underlie the genetic instability 

of MSI tumors. Germline alterations of MMR genes are the cause of MSI in Lynch syndrome patients.10 

MSI is also observed in 10-20% of patients with sporadic CRC, usually due to promoter hypermethylation 

of the MLH1 gene.11,12 MSI tumors have distinctive features, such as location in the proximal colon, a high 

incidence of lymphocytic infiltrate, a poorly differentiated, mucinous or signet ring histology.13  MSI tumors 

are associated with a favorable prognosis in early stage colon cancer.14   

 A distinct form of MSI is observed in several types of cancers and is called ‘elevated microsatellite al-

terations at selected tetranucleotide repeats’ (EMAST) in contrast to mono-, and dinucleotide based insta-

bility in common MSI.15-20 Only a few studies describe this subtype in a small number of CRC patients.21-24 

EMAST has not been linked to major defects in DNA mismatch repair. Heterogeneous and reduced protein 

expression of MSH3 was observed in association with EMAST in CRC.21-24 More recent reports suggest 

that MSH3 deficiency is the cause of EMAST in human CRC cells.25,26 The link between MSH3 and EMAST 

suggests an acquired effect, as no germ line mutation in MSH3 has ever been demonstrated.4 There is a 

broad range in the prevalence of EMAST is CRC and the biological significance of EMAST in CRC is not 

clear. Only one article described an association with outcome for stage II/III CRC patients.27

 Only limited data is available regarding EMAST or MSH3 expression in CRC patients. In the current 

study we evaluated the frequency of EMAST in MSI and microsatellite stable (MSS) CRC tumors. In addition, 

we assessed in an exploratory analysis the role of EMAST as a prognostic biomarker in metastatic CRC 

(mCRC) patients.  

MATERIAL AND METHODS

PATIENT POPULATIONS

Data were derived from mCRC patients included in two large phase III studies: CAIRO (ClinicalTrials.

gov NCT00312000) (n = 820) and CAIRO2 (n = 755) (ClinicalTrials.gov NCT00208546), of which 

the results have been published previously.28,29 Collection of formalin-fixed paraffin-embedded (FFPE)  
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material of the primary tumor was part of the initial protocol in both studies. To determine the frequency 

and prognostic value of EMAST in mCRC patients with MSI tumors we selected 50 mCRC patients with 

MSI tumors treated in both CAIRO studies. Since MSI is relatively rare in mCRC we combined the patients 

of the CAIRO (n = 19) and the CAIRO2 (n = 31) study. No validation cohort could be selected for MSI pa-

tients. To further evaluate the relation between EMAST and MSI, we retrieved 39 tumors from CRC patients 

(anonymous samples) with known Lynch syndrome (stage I-IV) from our own database (that has been set 

up conform the guidelines of the local medical ethical committee (Commissie Mensgebonden Onderzoek 

Radboudumc) with written informed consent of the patients, from which use of tissue is approved for this 

study). To determine the frequency and prognostic value of EMAST in mCRC patients with MSS tumors we 

selected 54 patients of the CAIRO study with comparable characteristics (test group). Patients within the 

test group were all treated with first-line capecitabine monotherapy for at least 3 cycles, localization of the 

primary tumor in colon or recto- sigmoid which was resected, WHO performance score 0, normal baseline 

serum lactate dehydrogenase (LDH) concentration, and had not received prior adjuvant chemotherapy. In 

addition, we randomly selected 40 additional mCRC patients with MSS tumors treated in the same CAIRO 

study as a validation group. (Figure 1)
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Figure 1

Flowchart of selected CRC patients to determine the frequency and prognostic value of EMAST



EMAST ANALYSIS

Genomic DNA was extracted from four to eight manually microdissected 30 µm section of FFPE tissue 

of the primary tumors. Areas containing >50% tumor cells were selected by microscopic evaluation on 

a reference slide stained with H&E. Genomic DNA from microdissected tissues was isolated using the 

QIAamp DNA micro kit (Qiagen, Valencia, CA) following the manufacturer’s instructions. DNA concentration 

was determined at 260 nm using the Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, 

Inc., Wilmington, DE, USA). EMAST analysis was performed in duplicate on normal and tumor DNA of the 

selected patients. EMAST status was determined by PCR and GeneScan analysis using five tetranucleotide 

markers: MYCL1, D8S321, D9S242, D20S82 and D20S85 (Supplemental Table).23 A tumor was defined 

EMAST if at least two of the five markers showed instability and non-EMAST if only one or none of the 

markers showed instability.22 

 Patients were analyzed for the frequency and prognostic value in four different groups: patients with 

combined MSI and EMAST tumors (MSI / EMAST), patients with combined MSI and non-EMAST tumors 

(MSI / non-EMAST), patients with combined MSS and EMAST tumors (MSS / EMAST) and patients with 

combined MSS and non-EMAST tumors (MSS / non-EMAST). The frequency of EMAST was compared for 

patients with MSI and MSS tumors. The outcome was analyzed within the group of patients with MSI tumors 

(excluding the Lynch syndrome patients) for EMAST compared to non-EMAST tumors and within the group 

of patients with MSS tumors for EMAST compared to non-EMAST tumors. 

IMMUNOHISTOCHEMISTRY MSH3

Immunohistochemistry (IHC) was performed on tissue microarrays (TMA) of the primary tumors of 549 

eligible randomized patients in the CAIRO study as previously described.30 4 µm slides were cut of every 

TMA and mounted on glass. Xylene and ethanol were used for deparaffinization and dehydration of the 

TMA slides. Water and phosphate-buffered saline (PBS) were used for washing of the slides. Endogenous 

peroxidase activity was blocked with 3% hydrogen peroxide in PBS for 30 min and slides were washed 

with water, after which heat-induced epitope retrieval was performed. The slides were stained with a mono-

clonal antibody against MSH3 (clone ERP4334; Epitomics – an Abcam company, Burlingame, CA, USA), 

dilution 1:5000. Two independent investigators performed the scoring, and if the slide scoring was not 

unambiguous, the opinion of a third investigator (pathologist IDN) was final. Staining pattern of the MSH3 

protein was evaluated by using the normal epithelial, stromal and inflammatory cells as internal control. Low 

MSH3 protein expression was defined as <85% brown staining of cell cores in tumor cells and high MSH3 

protein expression was defined as ≥85% brown staining of cell cores in tumor cells and not applicable if 

neither tumor nor stromal cells showed MSH3 protein expression.21

MSI, HYPERMETHYLATION OF THE MLH1 GENE PROMOTER AND BRAF STATUS

For samples of both CAIRO studies, immunohistochemistry (IHC) was performed on FFPE tissue with 

antibodies against MLH1, MSH2, MSH6 and PMS2. In addition, MSI analysis was performed where there 
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was an absence of MMR protein expression or equivocal IHC results. MSI status was determined using two 

microsatellite markers (BAT 25 and BAT 26). If only one of these markers showed instability, the analysis 

was extended with four additional markers (BAT 40, D2S123, D5S346, and D17S250). A tumor was 

defined as MSI if at least two of the six markers showed instability or MSS if none of the markers showed 

instability. Tumors with only one of the markers showing instability were defined as MSI-low and included 

in the MSS category.30 Hypermethylation status of the MLH1 gene promoter and the BRAF V600E mutation 

status, was assessed as described previously.30-32 

STATISTICAL ANALYSIS

For the EMAST analysis, patients were divided into two categories: EMAST and non-EMAST tumors. The 

association between EMAST and MSH3 protein expression was investigated with a logistic regression 

model with independent factors group and MSH3 expression. OS was defined as the time from the date 

of randomization to the date of death from any cause. OS curves were estimated using the Kaplan–Meier 

method and compared using a Cox proportional hazard model. All tests were two-sided and p < 0.05 was 

considered as statistically significant. All analyses were conducted using the SAS system version 9.2. 

LITERATURE SEARCH STRATEGY, INCLUSION CRITERIA, AND DATA EXTRACTION

We reviewed the literature on the frequency of EMAST in CRC patients with MSI and MSS tumors. A search 

was conducted of Medline, PubMed, and the Cochrane Library from January 1990 to April 2014 with an 

English-language restriction, using the following search terms: EMAST, tetranucleotide repeat, in combina-

tion with colon cancer and colorectal cancer. Original publications were selected if the abstract contained 

data for patients with EMAST. In case of duplicate publications, the most recent and/or most complete study 

was included. Publications were excluded if frequency of EMAST was limited to either patients with MSI or 

MSS tumors. 

RESULTS

PREVALENCE OF EMAST 

Overall, EMAST was observed among 45.9% of a total of 183 tumors (Table 1). Frequency of EMAST was 

significantly higher among patients with MSI tumors compared to MSS tumors: 79.8% compared to 13.8% 

(p < 0.001).  

 In patients with MSS / EMAST tumors instability was generally shown at 2 EMAST loci (69.2%, 9 

out of 13), whereas in patients with MSI / EMAST tumors instability was frequently shown at 4 (33.8%, 

24 out of 71), or 5 (50.7%, 36 out of 71) EMAST loci (Figure 2A). The highest frequency of instability in 

EMAST tumors was demonstrated at the D20S82 locus (91.7%, 77 out of 84), followed by the MYCL1 

locus (86.9%, 73 out of 84), the D9S242 locus (84.5%, 71 out of 84), the D8S321 locus (72.6%, 61 out 

of 84) and the D20S85 locus (65.5%, 55 out of 84) (Figure 2B). 
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Table 1 

Prevalence of EMAST and non-EMAST tumors in the different patient groups

Figure 2

Frequency of instable EMAST markers (A) and frequency of affected EMAST loci 

(B), subdivided by patients with MSI and MSS tumors 

p value represent heterogeneity between groups                                                                                                                               

Abbreviations: EMAST = elevated microsatellite alterations at selected tetranucleotide repeats,MSI = microsatellite 

instability, MSS = microsatellite stability

    EMAST 
  

non-EMAST 
  

Total number p 
value 
      of patients 

  Patients with MSI tumors           
  mCRC patients   84.0% 16.0% 50   
  Lynch syndrome patients    74.4% 25.6% 39 0.113 
  Total   79.8% 20.2% 89   
  Patients with MSS tumors           

  Test group of patients   11.1% 88.9% 54   
  Validation group of patients   17.5% 82.5% 40 0.160 
  Total   13.8% 86.2% 94   
All patients Total   45.9% 54.1% 183   
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EMAST AND MSH3 

The majority of mCRC patients (n = 381, 69.4%) had a high expression of MSH3 in tumor cells (Figure 3). 

21.1% of tumors demonstrated nuclear heterogeneity by expression of both positive and negative nuclei 

upon MSH3 IHC staining (Figure 3A-C). Both MSH3 expression and EMAST status was known in 139 

patients. Heterogeneous or high MSH3 protein expression was not correlated to EMAST status (p = 0.088 

and p = 0.856, respectively). 

OUTCOME OF PATIENTS WITH MSI TUMORS

Patients with MSI / EMAST tumors were mostly female (52% versus 22%, respectively, p = 0.038) (Table 

2). Moreover, EMAST tumors were more frequently located in the colon (93% versus 63%, p = 0.006).

Median OS was significantly worse for patients with MSI / EMAST compared to MSI / non-EMAST tumors 

treated in both CAIRO studies (11.4 versus 39.4 months, respectively, HR 3.22, 95% CI 1.25-8.30) (Table 

3).

MSI / EMAST AND THE RELATION TO MMR PROTEINS 

The distribution of loss of MMR proteins in mCRC tumors is summarized in Figure 4A. Most patients with 

MSI tumors showed loss of MLH1 and/or PMS2 protein expression (72.0%, 36 out of 50 patients). Loss 

of MSH2 and/or MSH6 protein expression was found in 18.0% (9 out of 50) of patients. These patients 

are likely Lynch or Lynch-like syndrome patients. Only 7.1% (3 out of 42) of patients with a MSI / EMAST 

tumor showed loss of expression of the MSH6 protein, compared to 62.5% (5 out of 8) of patients with 

MSI / non-EMAST tumors.

 Hypermethylation of the MLH1 gene promoter (32 out of 40 patients) and BRAF mutations (24 out of 

40 patients) were limited to the patients with a MSI / EMAST tumor (p <  0.001 and p = 0.004 respectively). 
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Figure 3

Staining pattern of MSH3 protein expression. Heterogeneous MSH3 protein expression (A), demonstrated by expression 

of both brown (positive) and blue (negative) nuclei upon MSH3 IHC staining. Low MSH3 protein expression was defined 

as <85% brown staining of cell cores in tumor cells (B) and high MSH3 protein expression was defined as ≥85% brown 

staining of cell cores in tumor cells (C)



Table 2

Baseline patient and tumor characteristics of patients with MSI and MSS tumors, 

subdivide by EMAST and non-EMAST tumors

Figure 4

Percentage of mCRC patients with MSI tumors and loss of MLH1 and/or PMS2 (MLH1 / PMS2) and MSH2 and/or MSH6, 

(MSH2 and MSH6) subdivided in patients with MSI / EMAST tumors and patients with MSI / non-EMAST tumors (A). Percen-

tage of patients with known Lynch syndrome and germ line mutation of the different MSI genes, subdivided in patients with 

MSI / EMAST tumors and patients with MSI / non-EMAST tumors (B)

 

  Patients with MSI tumors Patients with MSS tumors 

    Test group Validation group  

 

EMAST non-EMAST   EMAST non-EMAST   EMAST non-EMAST   

  
n=42 n=8 

p 
value 

n=6 n=48 
p 
value 

n=7 n=33 
p 
value 

Median age (range) 68 (34-84) 59 (37-73) 0.131 72 (47-77) 66 (34-79) 0.749 71 (58-76) 67 (39-81) 0.161 

Sex                    

male 20 (48%) 7 (88%) 0.038 5 (83%) 31 (65%) 0.651 5 (71%) 22 (67%) 0.338 

female 22 (52%) 1 (22%)   1 (17%) 17 (35%)   2 (29%) 11 (33%)   

WHO performance status                   

PS0 26 (62%) 4 (50%) 0.156 6 (100%) 48 (100%) - 3 (42%) 22 (67%) 0.045 

PS1 14 (33%) 4 (50%)   - -   3 (42%) 11 (33%)   

PS2 2 (5%) -   - -   1 (16%) -   

Serum LDH                    

normal 32 (76%) 4 (50%) 0.110 6 (100%) 48 (100%) - 5 (71%) 23 (70%) 0.348 

abnormal 10 (24%) 4 (50%)   - -   2 (29%) 10 (30%)   

Previous adjuvant therapy                   

yes 5 (12%) 2 (25%) 0.239 - - - 3 (42%) 5 (15%) 0.108 

no 37 (88%) 6 (75%)   6 (100%) 48 (100%)   4 (58%) 28 (85%)   
Localization of the primary tumor                   

colon 93 (93%) 5 (63%) 0.006 5 (83%) 42 (88%) 0.416 3 (42%) 20 (61%) 0.869 

recto sigmoid - 2 (25%)   1 (17%) 6 (12%)   - 1 (3%)   

rectum 2 (5%) 1 (12%)   - -   4 (58%) 11 (33%)   

multiple tumor       - -   - 1 (3%)   

unknown 1 (2%) -               

Histology of the primary tumor                   

adenocarcinoma 22 (52%) 5 (63%) 0.144 5 (83%) 35 (73%) 0.183 7 (100%) 24 (73%) 0.141 

mucinous adenocarcinoma (>50� WHO) 16 (38%) 2 (25%)   1 (17%) 4 (8%)   - 4 (12%)   

adenocarcinoma + mucinous component 4 (10%) -   - 6 (13%)   - 4 (12%)   

other - 1 (12%)   - 3 (6%)   - 1 (3%)   

BRAF mutation status                   

mutation 24 (57%) - 0.004 - 5 (11%) 0.590 - - 0.677 

wild-type 16 (38%) 7 (88%)   6 (100%) 40 (83%)   7 (100%) 31 (94%)   

unknown 2 (5%) 1 (12%)   - 3 (6%)   - 2 (6%)   

          
NOTE: Statistically significant results are set in                                                                                                                                                                                      
Abbreviations: MSI = microsatellite instability, MSS = microsatellite stability, EMAST = elevated microsatellite instability at selected tetranucleotide repeats 
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EMAST IN PATIENTS WITH LYNCH SYNDROME 

In order to further analyze the relation of MSI and EMAST we selected 39 patients with known Lynch syn-

drome (with germ line mutations in MSH2 gene (n = 11), MLH1 gene (n = 10), MSH6 gene (n = 10) and 

PMS2 gene (n = 8)). The majority of this population showed EMAST (29 out of 39 patients). None of the 

patients showed hypermethylation of the MLH1 gene promoter, and all tumors were BRAF wild-type. Nine out 

of 10 patients presenting with non-EMAST tumors had a germline mutation in MSH6 (Figure 4B).  

OUTCOME OF PATIENTS WITH MSS TUMORS

Baseline patient and tumor characteristics for patients with MSS tumors (test group and validation group), 

subdivided by EMAST and non-EMAST tumors are presented in Table 2. There was no significant difference 

in outcome for patients with EMAST compared to patients with non-EMAST tumors (Table 3).
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Table 3 

Overall survival of patients with MSI and MSS tumors, subdivided by EMAST and 

non-EMAST tumors
 

 
EMAST non-EMAST   HR  

p value 
 

(months (95% CI)) (months (95% CI))   (95% CI) 

MSI tumors 
n=42 n=8       

11.4 (7.3-15.6) 39.4 (8.0-NE) 
  

3.22 (1.25-8.30) 0.010 
  

Test group (MSS tumors) 
n=6 n=48       

22.4 (22.4-NE) 19.1 (14.4-23.7) 
  

0.33 (0.10-1.07) 0.053 
  

Validation group (MSS tumors) 
n=7 n=33       

19.3 (8.4-38.6) 18.2 (14.6-21.9) 
  

1.14 (0.50-2.61) 0.759 
  

NOTE: statistically significant results are set in bold                                                                                                                                                       
Abbreviations: EMAST = elevated microsatellite instability at selected tetranucleotide repeats, MSI = microsatellite instability, MSS = 
microsatellite stability, CI = confidence interval, HR = hazard ratio, NE = not estimable 

 

Figure 5

Forest plot for the association of prevalence of EMAST in patients with MSI compared to 

MSS tumors in stage I-IV CRC



REVIEW OF THE LITERATURE 

The literature search identified 7 studies in which EMAST was described in stage I-IV CRC patients with MSI 

and MSS tumors21-24,27,33,34. Two studies were excluded: one study described the same population23 and one 

study assessed the prevalence of EMAST solely in patients with MSS tumors27. Three studies had limited 

numbers of MSI tumors. Figure 5 summarizes a forest plot of the 5 published studies and the current study 

on the prevalence of EMAST in stage I-IV CRC patients with MSI and MSS tumors. EMAST is significantly 

more frequent in tumors with MSI (148/174) (RR 4.80, 95% confidence interval 3.90-5.91). Significant 

heterogeneity was observed.

DISCUSSION

This study presents the analysis on the frequency and prognostic value of EMAST in mCRC patients. 

Although EMAST was observed in 45.9% of all mCRC patients, it was most pronounced in MSI tumors 

(79.8%). The frequency of EMAST among MSS tumors (13.8%) was much lower in our study compared to 

most studies in stage I-IV CRC.21-24,27,34 The broad range of frequency (0.54-60.2%) of EMAST among MSS 

tumors described in literature21-24,27,33,34 might be due the fact that there is no consensus on the definition 

of EMAST and the panel required for its diagnosis. Because of the polymorphic nature of tetranucleotide 

repeats in the current study we used stringent criteria for the definition of EMAST: at least two of the five 

tetranucleotide markers should show instability.  

 Despite the fact that several small studies (n = 3 to n = 56)21-24,33,34 demonstrated that MSI invariably 

is associated with EMAST, the correlation between EMAST and MSI is not widely accepted. We found a high 

frequency of EMAST in MSI tumors, which was confirmed in a analysis of the existing literature in stage I-IV 

CRC (Figure 5). Only a small subset of patients with MSI tumors is non-EMAST. Interestingly, the majority 

of patients with MSI / non-EMAST tumors showed loss of MSH6. This is in line with the fact that MSH6 

is only involved in mononucleotide mismatch repair.35,36 Patients with MSI / non-EMAST tumors are more 

Supplemental Table 1

Tetranucleotide microsatellite PCR primer sequences

 
Primers 

Sequence Annealing temperature Product size (bp) 

MYCL1 Fwd: TGG CGA GAC TCC ATC AAA G 56.0 181 

  Rev: CCT TTT AAG CTG CAA CAA TTT C 56.0 181 

D20S82 Fwd: GCC TTG ATC ACA CCA CTA CA 59.0 249 

  Rev: GTG GTC ACT AAA GTT TCT GCT 59.0 249 

D20S85 Fwd: GAG TAT CCA GAG AGC TAT TA 56.0 146 

  Rev: ATT ACA GTG TGA GAC CCT G 56.0 146 

D8S321 Fwd: GAT GAA AGA ATG ATA GAT TAC AG 53.0 237 

  Rev: ATC TTC TCA TGC CAT ATC TGC 53.0 237 

D9S242 Fwd: GTG AGA GTT CCT TCT GGC 56.0 178 

  Rev: ACT CCA GTA CAA GAC TCT G 56.0 178 

Abbreviations: bp = base pair, fwd = forward primer, rev = reverse primer 
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often male and tumors developed more frequently in the rectum, these characteristics are comparable to 

patients with MSH6 germline mutations.37 In our population of MSI tumors the presence of EMAST is cor-

related with MLH1 deficiency, which causes a total DNA mismatch repair defect, both in Lynch syndrome as 

well as in the sporadic setting, confirming earlier observations.21,27

 Data about the EMAST phenotype in CRC are scarce and underlying mechanism(s) remain unclear. 

The earliest reports suggested that EMAST might be associated with mutations in the TP53 gene16,17 or 

that environmental carcinogens may exacerbate this phenotype38 in cancers other than CRC. Later on, 

an association was made between loss of MSH3 and EMAST in CRC.21 Due to the fact that MutSβ has a 

strong affinity for recognizing more than two unpaired nucleotides and genetic complementation of MSH3 

deficiency in human cells increased stability at loci containing dinucleotide and tetranucleotide repeats39, it 

was argued that that loss of MutSβ due to MSH3 inactivation may result in MSI not only at loci containing 

dinucleotide repeats, but also at loci with tetranucleotide repeats, such as EMAST.21 Recent studies confirm 

the association between loss of MSH3 and EMAST in CRC, however the exact underlying mechanism re-

mains unknown.25,26 We failed to demonstrate a correlation between MSH3 protein expression and EMAST. 

Actually, we did find the heterogeneous expression pattern of MSH3 in 21.1% of patients as described 

by others, although this was not correlated to EMAST. However our study had a small number of patients. 

Another possible explanation for the difference between our study and previous studies might be a po-

tential undersampeling bias since we used one TMA specimen per tumor instead of full tumor slides. 

 We demonstrate that patients with MSI / non-EMAST tumors had a significantly better prognosis 

compared to patients with MSI / EMAST tumors. The addition of EMAST to MSI tumors seems to worsen 

overall prognosis and survival. The MSI / non-EMAST group would be expected to be enriched for MSH6 

deficiency since EMAST would be identified with a total DNA mismatch repair defect, such as with MLH1 or 

MSH2 deficiency. Our results on the correlation of EMAST with clinical outcome should be interpreted with 

caution due to the small number of patients in the different subgroups.    

 In summary, the frequency of EMAST among mCRC patients with MSS tumors is low compared to 

patients with MSI tumors. There was no correlation between EMAST and MSH3 protein expression. We did 

find a clear link between MSI and EMAST, and outcome was significantly better for mCRC patients with 

MSI / non-EMAST tumors. Further studies are warranted to elucidate the molecular basis for EMAST and 

to show whether the tetranucleotide alterations observed in EMAST tumors may have a functional impact 

by themselves or just represent bystander alterations in a subset of tumors with specific defects in DNA 

replication and repair.
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ABSTRACT

PURPOSE

Mitochondrial microsatellite instability (mtMSI), a change in length in mtDNA microsatellite sequences be-

tween normal and tumor tissue, has been described as a frequent occurrence in colorectal cancer (CRC). 

We evaluated the prevalence and prognostic value of mtMSI and its relation to nuclear microsatellite insta-

bility (MSI) in patients with metastatic CRC (mCRC). 

MATERIAL AND METHODS

At six loci (D310, D514, D16184, ND1, ND5 and COX1) the mitochondrial DNA sequence was analyzed in 

normal and tumor tissue and the mtMSI status was determined. We evaluated the prevalence and outcome 

in terms of overall survival (OS) in 83 CRC patients with a MSI tumor (including 39 patients with Lynch syn-

drome) and in 99 mCRC patients with a microsatellite stable (MSS) tumor. A meta-analysis was performed 

to compare our findings with existing data.

 

RESULTS

mtMSI at the D-loop region was found in 54.4% (99 out of 182) of all patients. Prevalence of mtMSI was 

most pronounced at the D310 locus (50.5%). Prevalence of mtMSI at the D-loop region was not different 

among patients with MSI compared to MSS tumors. There was no effect of mtMSI on prognosis in patients 

with MSI or MSS tumors.

CONCLUSION

Prevalence of mtMSI was high in mCRC patients with both MSI and MSS tumors, but there was no correla-

tion with prognosis. mtMSI was particularly present at the D310 locus. 
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INTRODUCTION

Colorectal cancer (CRC) carcinogenesis is a multistep process involving the accumulation of genetic 

changes. CRC research is largely focused at activation of oncogenes, inactivation of tumor suppressor 

genes and defects of mismatch repair genes in nuclear DNA. However, there are still many aspects that 

cannot be explained by these genetic changes.

 More than half a century ago, Otto Warburg was the first to describe that mitochondria may play a 

role in carcinogenesis.1 A mitochondrion is a membrane-enclosed intracellular organelle present in many 

copies per cell, which contains its own genetic system for replication, transcription and translation.2 Mito-

chondria generate most of the cell’s supply of adenosine triphosphate (ATP), the major energy source of 

the cell, and are therefore involved in cell signaling, cellular differentiation, apoptosis, control of the cell cycle 

and cell growth.

 The mitochondrial DNA is a 16,569 base pairs, double-stranded, circular DNA composed of genes 

and a noncoding region, the displacement loop (D-loop), which contains essential transcription and repli-

cation elements.3,4 The genes encodes for both a small (12S) and a large (16S) ribosomal RNA gene, 22 

transfer RNAs and 13 proteins.

 The genetics of mitochondria differ from genetics of the nuclear genome in 3 major characteristics: 

maternal inheritance, heteroplasmy, and mitotic segregation.5 Initially, it was assumed that mitochondrial 

DNA is homoplasmic in normal cells, that is, all of the mitochondrial DNA copies are identical not only in an 

individual cell but also among cells. However, new sequencing techniques revealed that heteroplasmy is not 

restricted to cancer cells but can also be present in normal tissue.6

 It has been reported that mitochondrial DNA is more susceptible to mutations than nuclear DNA, 

due to the lack of histones and chromatin structure, paucity of introns, inefficient mitochondrial DNA repair 

mechanisms and a higher exposure to reactive oxygen species (ROS) produced by ATP synthesis.7,8 Sever-

al hotspots of mitochondrial DNA mutations have been described in tumor tissue. A major target was found 

at the D310 sequence (CnTC6) in the non-coding D-loop.9 In CRC somatic mutations were also found at 

the D514 and D16184 sequence in the non-coding D-loop, rRNA genes, NADH dehydrogenase subunits 

(ND1, ND4L and ND5), Cytochrome b and Cytochrome Oxidase subunits (COX1, COX2 and COX3). The 

majority of mutations were nucleotide substitutions or single base pair insertions. However, only few studies 

have sequenced the entire mitochondrial genome6,10, most studies focused only on a few regions or exclu-

sively at the D-loop region in CRC.11-18 Data about mitochondrial DNA mutations are therefore scarce and 

inconsistent. 

 Mitochondrial microsatellite instability (mtMSI) has been defined as change in length in short base 

repetitive sequences of mitochondrial DNA (mtDNA) between normal and tumor tissue. mtMSI has been 

described as a frequent occurrence in human cancers19,20 and also in CRC21-23. Several studies have eval-

uated the relation of nuclear MSI with mtMSI, but results are inconclusive. The association between mtMSI 

and other clinical factors was also analyzed. In stage III CRC cancers the presence of mtMSI at the D-loop 

is associated with poor prognosis and resistance to fluorouracil-based adjuvant chemotherapy.24 

MITOCHONDRIAL MICROSATELLITE INSTABILITY IN METASTATIC CRC
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To date, no data are available regarding the prevalence or prognostic value of mtMSI in metastatic CRC 

(mCRC) patients. We hypothesize that the presence of mtMSI might confer a worse prognosis in mCRC, 

as seen in stage III CRC. We therefore assessed the role of mtMSI in respect to prevalence and outcome in 

patients with mCRC with either MSI or microsatellite stable (MSS) tumors. 

MATERIAL AND METHODS

CLINICAL SAMPLES

Data were derived from mCRC patients included in two large phase III studies: CAIRO (Clinicaltrials.gov 

NCT00312000) and CAIRO2 (Clinicaltrials.gov NCT00208546), of which the results have been pub-

lished previously25,26. Collection of formalin-fixed paraffin-embedded (FFPE) material of the primary tumor 

was part of the initial protocol in both studies. To check that the normal colon tissue of CRC patients has a 

constant sequence pattern we selected 10 patients from our hospital database for which we could obtain 

normal tissue from proximal and distal locations relative to the tumor.    

 In order to analyze the prevalence and relation between nuclear MSI and mtMSI we selected 44 

mCRC patients with MSI tumors from the CAIRO studies (CAIRO27; n = 19 and CAIRO226; n = 25) and 39 

CRC patients with a known Lynch syndrome from our own database. Furthermore, we selected 56 mCRC 

patients with MSS tumors treated in the CAIRO study who were matched for known prognostic factors 

(the ‘test group’); all patients were treated with first-line capecitabine monotherapy for at least 3 cycles, 

had a resection of the primary tumor, WHO performance score 0, normal serum lactate dehydrogenase 

(LDH) concentrations, localization of the primary tumor in colon or rectosigmoid, and had not received prior 

adjuvant chemotherapy. In order to validate the results found in the test group we randomly selected 43 

patients with MSS tumors treated in the CAIRO study as a validation group. 

MITOCHONDRIAL MICROSATELLITE INSTABILITY (MTMSI) ANALYSIS

 Genomic DNA was extracted from four to eight manually microdissected 30 µm sections of FFPE 

tissue. Areas containing >50% tumor cells were selected by microscopic evaluation on a reference slide 

stained with H&E. Genomic DNA from microdissected tissues was isolated using the QIAamp® DNA micro 

kit (Qiagen, Valencia, CA) following the manufacturer’s instructions. DNA concentration was determined at 

260 nm using the Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Inc., Wilmington, DE, 

USA). The sequence of mutational hotspot regions was determined by PCR and Sanger sequencing using 

six primer sets: D-loop 310 (C8TC6), D-loop 514 (CA5), D-loop 16184 (C12), ND1 (C6), ND5 (C6A8) and 

COX1 (A7) (Supplemental Table 1).28-31 The fragments were analyzed for length variations in tumor tissue 

compared to normal tissue (instability). We read the electropherograms manually to identify variable se-

quence length present at low level and to determine if there was coexistence of different subpopulations of 

the mononucleotide tracts in tumor tissue and normal tissue (heteroplasmy). Heteroplasmy makes analysis 

with GeneScan, which is used for nuclear MSI, difficult. Some samples revealed a different proportion of 

mtDNA subpopulation between normal and tumor tissue. Such a difference can occur due to changes in 
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the proportion of mtDNA subpopulations during mitochondrial segregation or due to mutations, and we 

also classified these as instable. The analyses were performed in duplicate on normal and tumor DNA of the 

selected patients. The results were independently scored by two observers. In case of inconsistent results, 

the entire mtMSI experiment was repeated and the final conclusion was based on two similar results. Due 

to technical failure only 152 instead of 182 patients were analyzed for ND5.

STATISTICAL ANALYSIS 

Patients were analyzed for the prevalence and prognostic value in four different groups: patients with 

combined MSI and mtMSI tumors (MSI / mtMSI), patients with combined MSI and mtMSS tumors (MSI 

/ mtMSS), patients with combined MMS and mtMSI tumors (MSS / mtMSI) and patients with combined 

MSS and mtMSS tumors (MSS / mtMSS). The prevalence of mtMSI was compared for patients with MSI 

and MSS tumors. The outcome was analyzed within the group of patients with MSI tumors (excluding the 

Lynch syndrome patients) for mtMSI compared to mtMSS tumors and within the group of patients with 

MSS tumors for mtMSI compared to mtMSS tumors. 

 For the mtMSI analysis of the D-loop region (D310 locus, D514 locus and D16184 locus) and per 

loci, patients were divided into 2 groups: stable versus instable tumors. The comparison of the prevalence 

of mtMSI between groups (MSI versus MSS) was performed by chi-square or Fisher’s exact tests, where 

appropriate. OS was defined as the time from randomization until death from any cause. OS curves were 

estimated using the Kaplan–Meier method and compared using a Cox proportional hazard model. All tests 

were two-sided and p < 0.05 was considered as statistically significant. All analyses were conducted using 

the SAS system version 9.2. 

LITERATURE SEARCH STRATEGY, INCLUSION CRITERIA, AND DATA EXTRACTION

We reviewed the literature on the prevalence of mtMSI in stage I-IV CRC patients. The primary outcome of 

Supplemental Table 1

Primer sequences of used mtMSI primers

Name primer  Primer  Size  

Repeat sequence amplicon 

D-loop 310 ACA GCC GCT TTC CAC ACA GAC ATC ATA ACA AAA AAT TTC CAC CAA ACC CCC CCC TCC CCC CGC TTC  133 

C8TC6 TGG CCA CAG CAC TTA AAC ACA TCT CTG CCA AAC CCC AAA AAC AAA GAA CCC TAA CAC CAG CCT AAC CA    

D-loop 514 CCC ATA CTA CTA ATC TCA TCA ATA CAA CCC CCG CCC ATC CTA CCC AGC ACA CAC ACA CCG CTG CTA  89 

CA5 ACC CCA TAC CCC GAA CCA ACC AAA    

D-loop 16184 CTT GAC CAC CTG TAG TAC ATA AAA ACC CAA CCC ACA TCA AAC CCC CCC CCC CCA TGC TTA CAA 110 

C12 GCA AGT ACA GCA ATC AAC CTT CAA CTA TCA CAC ATC AAC TGC AAC TCC    

ND1 CCG ACC TTA GCT CTC ACC ATC GCT CTT CTA CTA TGA ACC CCC CTC CCC ATA CCC AAC  88 

C6 CCC CTG GTC AAC CTC AAC CTA GGC CTC CTA TT   

ND5 CAC CCT AAC CCT GAC TTC CCT AAT TCC CCC CAT CCT TAC CAC CCT CGT TAA CCC TAA CAA AAA AAA  105 

C6A8 CTC ATA CCC CCA TTA TGT AAA ATC CAT TGT CGC ATC CAC C    

COX1 CCT ACC AGG CTT CGG AAT AAT CTC CCA TAT TGT AAC TTA CTA CTC CGG AAA AAA AGA  89 

A7 ACC ATT TGG ATA CAT AGG TAT GGT CTG AGC TAT    

Bold: forward and reverse primer, underlined: repeat   
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interest was prevalence of mtMSI. A search was conducted of Medline, PubMed, and the Cochrane Library 

from January 1998 (year of the first publication of mtMSI in CRC) to January 2014 with an English-lan-

guage restriction using the following search terms: mitochondrial microsatellite instability, mitochondrial 

mutations, mitochondrial alterations, in combination with colon cancer and colorectal cancer. Original pub-

lications were selected if the abstract contained data for patients with mtMSI. In case of duplicate publica-

tions, the most recent and/or most complete study was included. We excluded publications of patients with 

colon cancer and CRC in which only mutations in the mitochondrial genome were described. 
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Supplemental Table 2

mtMSI analysis of ten patients for which we have two normal samples

Figure 1

Electropherograms obtained by direct sequencing of the mitochondrial D310 region of 

matched normal (A) and tumor (B) tissue. The (C)n status of the major population differ in the 

samples. Panel A shows C
6
TC

8
 and panel B C

6
TC

7
. This is an example of mtMSI.

   D310 locus D514 locus 
Case Tumor Normal distal Normal proximal mtMSI status Tumor Normal distal Normal proximal mtMSI status 
1 C7TC6 C7TC6 C7TC6 MSS C4 C4 C4 MSS 
2 C7TC6 C7TC6 C7TC6 MSS C5 C5 C5 MSS 
3 C7TC6 C7TC6 C7TC6 MSS C5 C5 C5 MSS 
4 C7TC6 C7TC6 C7TC6 MSS C5 C5 C5 MSS 
5 C7TC6 C7TC6 C7TC6 MSS C5 C5 C5 MSS 
6 C5TC6 + C10TC6 C7TC6 C7TC6 MSI C5 C5 C5 MSS 
7 C7TC6 C8TC6 C8TC6 MSI C5 C5 C5 MSS 
8 C7TC6 + C9TC6 C7TC6 C7TC6 MSI C4 C4 C4 MSS 
9 C8TC6 C7TC6 + C8TC6 C7TC6 + C8TC6 MSI C5 C5 C5 MSS 
10 C8TC6  + C9TC6 C7TC6 + C8TC6 C7TC6 + C8TC6 MSI C5 C5 C5 MSS 



Figure 2 

Prevalence of mtMSI at the D310 locus (50.5%) (A), at the D514 locus (4.9%) 

(B) and at the D18164 locus (1.6%) (C) of all patients

Figure 3

Prevalence of mtMSI at the D310 locus at the D-loop (B) in stage I-IV colorectal cancer 

patients among different studies

Figure 4

Forest plot of the association of prevalence of mtMSI at the D310 locus in 

stage I-IV CRC patients with MSI compared to MSS tumors
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Table 1

Baseline patient and tumor characteristics of all patients treated in the CAIRO 

studies, subdivided by patients with MSI and MSS tumors

  Patients with MSI tumors Patients with MSS tumors 

   
Test group Validation group 

  (n=44) (n=56) (n=43) 

Median age (range) 68 (34-78) 66 (34-79) 68 (39-81) 

Sex  
   

male 24 (55%) 37 (66%) 28 (65%) 

female 20 (45%) 19 (34%) 15 (35%) 

WHO performance status    
PS0 28 (64%) 56 (100%) 26 (61%) 

PS1 14 (32%) - 16 (37%) 

PS2 2 (4%) - 1 (2%) 

Serum LDH 
   

normal 32 (73%) 56 (100%) 29 (67%) 

abnormal 12 (27%) - 14 (33%) 

Localization of the primary tumor 
   

colon 38 (86%) 48 (86%) 26 (61%) 

recto sigmoid 2 (4%) 8 (14%) 1 (2%) 

rectum 3 (7%) - 15 (35%) 

multiple tumor 1 (3%) - 1 (2%) 

Metastatic sites involved 

 
  

median 2 2 1 

1 16 (36%) 26 (46%) 22 (51%) 

>2 26 (60%) 30 (54%) 21 (49%) 

unknown 2 (4%) - - 

Predominant localization of metastases 
 

  
liver 14 (32%) 40 (71%) 27 (63%) 

liver + other 13 (30%) - - 

extra-hepatic 16 (36%) 15 (27%) 16 (37%) 

unknown 1 (2%) 1 (2%) - 

Histology of the primary tumor 
   

mucinous (>50� WHO) 16 (36%) 5 (9%) 4 (9%) 

adenocarcinoma with mucinous component 4 (9%) 6 (11%) 4 (9%) 

adenocarcinoma 23 (52%) 41 (73%) 34 (80%) 

unknown 1 (3%) 4 (7%) 1 (2%) 

        

Abbreviations: MSI = microsatellite instability, MSS = microsatellite stable     

 

      D-loop region   

      mtMSS mtMSI 
 

MSI tumors 

  number of patients 17 27 
 

OS 
mo. (95% CI) 16.2 (8.5-19.8) 13.1 (7.3-19.8) 

 
HR (95% CI) 0.96 (0.50-1.84) 

 

Test group (MSS tumors) 

  number of patients 30 26 
 

OS 
mo. (95% CI) 19.1 (17.1-28.6) 20.1 (13.6-26.2) 

 
HR (95% CI) 1.20 (0.67-2.12) 

 

Validation group (MSS tumors) 

  number of patients 18 25 
 

OS 
mo. (95% CI) 16.3 (12.5-27.3) 18.3 (12.9-21.0) 

 
HR (95% CI) 1.23 (0.64-2.35) 

 
Abbreviations: OS = overall survival, mo. = months, HR = hazard ratio   
 

Table 2

Survival data of the patients with MSI and MSS tumors in relation to the mtMSI 

status of the D-loop region (D310 locus + D514 locus + D16184 locus)



RESULTS

PREVALENCE OF MTMSI AT THE D-LOOP

mtMSI has been defined as change in length in short base repetitive sequences of mtDNA between normal 

and tumor tissue. This assumes that the normal colon tissue of CRC patients has a constant sequence 

pattern. This was checked for the D310 and D514 region in 10 patients from our hospital database for 

which we could obtain normal tissue from proximal and distal locations relative to the tumor. We analyzed 

the mtDNA with PCR and Sanger sequencing. In these 10 patients we did not observe a difference in the 

normal tissues, but in five patients the tumor did show an altered fragment length at the D310 region 

(Supplemental Table 2). This result confirms that mtMSI is a tumor specific event, and that the comparison 

of one tumor and one normal tissue block per patient should be sufficient to assess mtMSI. 

 Figure 1 illustrates an example of mtMSI analyzed by direct sequencing. Analyses were done in 

duplicate. Overall, 54.4% (99 out of 182) of all patients showed mtMSI at the D-loop region (D310 locus 

+ D514 locus + D16184 locus). The majority of all patients showed mtMSI at the D310 locus (50.5%), 

whereas instability at the D514 locus was found in 4.9% of all patients, and instability at the D18164 locus 

in 1.6% of all patients (Figure 2). mtMSI at the D-loop region was most often found at only one of the three 

D-loop loci (94 out of 99). 

 Five patients showed instability at two loci, with the following combinations: D310 and D514 (n = 

2), D310 and D16184 (n = 2) and D514 and D16184 (n = 1). Patients with MSI tumors showed slightly 

more often mtMSI at the D-loop region compared to patients with MSS tumors; 57.8% versus 51.5%, p = 

0.083.

PREVALENCE OF MTMSI AT ND1, ND5 AND COX1

Instability at the NADH Dehydrogenase subunits ND1 and ND5 was rare. Only 1.1% of patients (2 out of 

182) showed instability at the ND1 locus and 4.6% (7 out of 153) of patients showed instability at the 

ND5 locus. None of the patients showed instability at the Cytochrome oxidase subunit COX1. 

PROGNOSIS OF MTMSI AT THE D-LOOP REGION      

Baseline patient and tumor characteristics of all patients are summarized in Table 1. Survival data for mtMSI 

at the D-loop region (D310 locus + D514 locus + D16184 locus) are presented in Table 2. There was 

no correlation of OS with mtMSI at the D-loop region, when analyzing the three D-loop loci separately or 

together. 

REVIEW OF THE LITERATURE 

The literature search identified 10 retrospective, non-randomized, single center studies in stage I-IV CRC 

(Figure 3).21,24,29,31-37 All studies analyzed the same loci and the same repeat, however the definition of 

mtMSI was different among studies. Some studies used the same definition of mtMSI as we used in the 

current study.21,29,31,34,35 While other studies describe insertion and deletions of C nucleotides in the mono-
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nucleotide repeat as mutations or alterations.24,32,33,36,37 Two studies used band-shifting21,35, while all the 

other studies used Direct sequencing to detect mtMSI. All studies evaluated the D310 locus separately. 

Prevalence of mtMSI at the D310 locus ranged from 24.1% to 44.4% (Figure 3). Only one study evaluated 

the prevalence at other regions (D514 and D16184) of the D-loop and they found mtMSI at the D16184 

locus in 18.6% of patient and at the D514 locus in 7.4% of patients.31 Prevalence of mtMSI at the ND1 and 

ND5 locus was low and ranged from 1.2% to 6.8%.21,29,33  

 In Figure 4 the different studies comparing the prevalence of mtMSI in stage I-IV CRC patients with 

MSI and MSS tumors are summarized in a forest plot.24,29,33-35 mtMSI was not significantly more frequent in 

tumors with MSI (RR 1.07, 95% CI 0.88-1.30). 

DISCUSSION

In the current study we demonstrate a high prevalence of mtMSI in mCRC patients with both MSI and MSS 

tumors. mtMSI was particularly present at the D310 locus. There was no correlation with prognosis. 

 The D-loop is a triple stranded structure and its attachment to the nuclear membrane with the sub-

sequent exposure to lipid peroxides formed in the inner mitochondrial membrane makes this region prone 

for mutations in cancer cells (in particular the D310 region38). It is the most variable region in mtDNA and 

alterations, such as point mutations, insertions, deletions and mtMSI are common events.39 This is in line 

with the high prevalence of instability found at the D310 locus in the current study and previous published 

studies in stage I-IV CRC (Figure 2A).21,24,29,31-37 In our study the prevalence of instability at the D-loop (and 

the D310 locus) is even higher compared to previous published studies.19,24,26-33 The high prevalence might 

be caused by our selection of patients with metastatic disease, since some studies demonstrated a link be-

tween mtMSI with poor prognosis24 and advanced stage of disease40,41. Alternatively, the variation of prev-

alence of instability at the D-loop might be caused by differences in the applied definitions and diagnostic 

panels. There are multiple potential pitfalls in the detection methodology.42 Direct sequencing has a limited 

detection level and is hardly quantitative. The heteroplasmy make it hard to determine whether an alteration 

results from genuine mutation or simply reflect changes in the proportion of mtDNA subpopulations during 

mitochondrial segregation. For future research, next generation sequencing and analyses of larger cohorts 

will be useful.     

 Instability at the ND1 and ND5 genes, subunits of the NADH dehydrogenase complex, is rare in 

CRC21,29 and only occurs in combination with instability at the D310 locus. This suggests that these 

might be secondary effects, similar to those observed in nuclear MSI.43 The current study and previ-

ous studies on the correlation between nuclear MSI and mtMSI in CRC showed that nuclear MSI and 

mtMSI are independent events, suggesting that MMR enzymes are not involved in the correction of 

mtDNA base mispairing.24,29,33-35 This is consistent with the fact that nuclear MMR proteins do not have 

any mitochondrial localization signal and cannot be detected in mitochondria by immunohistochem-

ical analysis.44 Furthermore it was shown that in mitochondria YB-1 mediates strong MMR activity, 

which is unrelated to nuclear MMR proteins.45,46      
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 Important questions that still remains unanswered are: what are the functional consequences of 

mtMSI, is mtMSI a cause or a consequence of tumorigenesis, and especially does mtMSI have prognostic 

value? The D-loop region is a crucial site for replication and expression of the mitochondrial genome be-

cause it contains essential transcription and replication elements.3,4 For that reason, one may speculate 

that sequence variations in this region can alter mtDNA replication and transcription and thus mitochon-

drial function. Then again, most of the variations are in the polymorphic length range and thus unlikely to 

lead to functional impairment of the mitochondria.47 The prognostic value of mtMSI was only analyzed in 

four other studies in stage I-IV CRC patients and results were inconsistent.24,29,34,37 One study found an 

association between alteration in the D-loop and poor prognosis in stage III CRC patients.24 However this 

was not confirmed in a subsequent study.29 Also, in our study there was no correlation with prognosis. Taken 

together, mtMSI at the D310 locus is frequent in CRC patients, but the prognostic value is still unclear.
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ABSTRACT

PURPOSE

In patients with metastatic colorectal cancer (mCRC) with an asymptomatic primary tumor there is 

no consensus on the indication for resection of the primary tumor.

METHODS

A retrospective analysis was performed on the outcome of stage IV CRC patients with or without resection 

of the primary tumor treated in the phase III CAIRO and CAIRO2 studies. A review of the literature was 

performed.

RESULTS

In the CAIRO and CAIRO2 studies, 258 and 289 patients had undergone a primary tumor resection and 

141 and 159 patients had not, respectively. In the CAIRO study, a significantly better median overall surviv-

al (OS) and progression free survival (PFS) was observed for the resection compared to the non-resection 

group, with 16.7 versus 11.4 months (p < 0.0001, hazard ratio (HR) 0.61), and 6.7 versus 5.9 months (p 

= 0.004; HR 0.74), respectively. In the CAIRO2 study, median overall survival and progression-free survival 

were also significantly better for the resection compared to the nonresection group, with 20.7 versus 13.4 

months (p < 0.0001; HR 0.65) and 10.5 versus 7.8 months (p = 0.014; HR 0.78), respectively. These 

differences remained significant in multivariate analyses. Our review identified 22 non-randomized studies 

of which the majority showed improved survival for mCRC patients who underwent resection of the pri-

mary tumor. 

CONCLUSION

Our results as well as data from literature indicate that resection of the primary tumor is a prognostic factor 

for survival in stage IV CRC patients. The potential bias of these results warrants prospective studies on the 

value of resection of the primary tumor in this setting, such studies are currently being planned. 
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INTRODUCTION

For most patients with metastatic colorectal cancer (mCRC) there are no curative options, but a benefit in 

median overall survival (OS) can be achieved with palliative systemic treatment.1 This treatment currently 

consists of cytotoxic chemotherapy and targeted therapy. The 5-year OS for patients who are diagnosed 

with distant metastases ranges from 10-20%.2-4 The median OS is improved when patients are being 

exposed to all available cytotoxic drugs during the course of their disease.5 Because the disease of only 

a subset of patients will respond to systemic treatment, we need predictive and prognostic markers that 

will permit us to select patients who may experience the optimal benefit of available treatments. Currently 

available biomarkers are not predictive for the efficacy of chemotherapy6, and for targeted therapy only 

KRAS mutation status is predictive for response to anti-EGFR therapy7 with BRAF mutation status being a 

candidate prognostic marker.8 

 Patients with colorectal cancer (CRC) with stage IV disease may manifest various symptoms of 

their primary tumor and/or metastases, and a palliative resection of the primary tumor before the initiation 

of systemic treatment is frequently performed.9 This indication is obvious in patients with a symptomatic 

primary. However in patients with few or absent symptoms the indication for resection is under debate, and 

its effect on survival and quality of life is still uncertain.10-12 The possible influence of a palliative resection of 

the primary tumor on survival has never been properly assessed,13 and most randomized studies in mCRC 

do not even report whether a resection of the primary tumor has been performed.14 

 We here report a retrospective analysis of two phase III studies on the prognostic and predictive 

value of resection of the primary tumor in stage IV mCRC patients.15,16 Data on the toxicity of systemic 

treatment in resected versus nonresected patients are presented. We reviewed the literature on this issue 

and discuss our data in relation to the results of this review.  

METHODS

CAIRO STUDIES

Data of metastatic CRC patients included in two phase III studies (CAIRO and CAIRO2) of the Dutch 

Colorectal Cancer Group (DCCG) were used (ClinicalTrials.gov NCT00312000 and ClinicalTrials.gov 

NCT00208546). Details of these studies have been published elsewhere.15-18 

 Patients with stage IV disease (metastatic disease at diagnosis) were classified as having undergone 

a resection (resection group) or no resection (nonresection group) of the primary tumor prior to random-

ization in the study. Patients who had undergone a resection of the primary tumor after randomization and 

patients who had an incomplete resection of the primary tumor before randomization were included in the 

nonresection group. To assess the prognostic value of resection, we analyzed the total group of patients in 

each study with stage IV disease and compared the outcome of the resection group with the nonresection 

group. To assess the predictive value of resection, we analyzed the interaction of resection with the out-

come of first-line treatment per treatment arm in each study. Toxicity was scored according to US National 

Cancer Institute Common Toxicity Criteria, version 2.0. 
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STATISTICAL METHODS

Ineligible patients were excluded from the analysis. The progression-free survival (PFS) was calculated from 

the date of randomization to the first observation of disease progression or death from any cause. OS and 

PFS curves were estimated by the Kaplan-Meier method and compared by the log-rank test. Multivariate 

analysis of survival was performed by the Cox proportional hazard model. The comparison of factors be-

tween groups (resection versus nonresection) was performed by chi-square, Fisher’s exact or Mann-Whit-

ney tests, where appropriate. All tests were two-sided and p values of less than 0.05 were considered 

statistically significant. All analyses were performed by SAS 9.1 and S-plus 6.2 software.

LITERATURE SEARCH STRATEGY, INCLUSION CRITERIA AND DATA EXTRACTION 

We reviewed the literature on the prognostic and/or predictive value of resection of the primary tumor in 

mCRC patients with unresectable distant metastases. The primary outcomes of interest were OS, toxicity 

and morbidity. A search was conducted of Medline, PubMed and the Cochrane Library from January 1980 

to December 2010 with an English-language restriction. 

 Original publications were selected if the abstract contained safety and efficacy data for patients 

with and without resection of the primary tumor. In case of duplicate publications, the most recent and/or 

most complete study was included. We excluded cohorts of patients with mCRC who were candidates for 

potentially curative metastasectomy, and publications that included only rectal cancer or merely focused on 

the surgical procedure. 

RESULTS

CAIRO STUDY

Patient characteristics

Of the 803 eligible patients with advanced CRC disease in the CAIRO study, 399 patients had stage IV 

disease at inclusion. Of these patients, 258 qualified for the resection group and 141 patients for the 

nonresection group. Patients in the nonresection group had more often abnormal baseline serum lactate 

dehydrogenase (LDH), more often had predominant extrahepatic metastases, more often had a primary 

tumor located in rectosigmoid or rectum, and received fewer cycles of chemotherapy (Table 1). At baseline 

none of the patients had grade 3-4 nausea, vomiting, or ileus toxicity. Only two patients in the nonresection 

group had grade 3-4 diarrhea toxicity at presentation (p = 0.060). 

Prognostic value of resection of the primary tumor

A significantly better median OS and PFS was observed for patients in the resection versus the nonre-

section group, with 16.7 versus 11.4 months (p < 0.0001; hazard ratio (HR) 0.61, 95% CI 0.49-0.76) 

(Figure 1), and 6.7 versus 5.9 months (p = 0.004; HR 0.74, 95% CI 0.60-0.91), respectively. A multivar-

iate analysis was performed that included baseline serum LDH, predominant localization of metastases,  

performance status, localization of the primary tumor and chemotherapy schedule. Resection of the prima-

120



Table 1

Characteristics of stage IV CRC patients of the CAIRO2 study with resection and 

non-resection of their primary tumor

  Stage IV disease (n=448) 

        

  Resection group  Nonresection group p value 

  (n=289)  (n=159)   

Sex     0.011 

male  155 (54%) 105 (66%)   

female 134 (46%) 54 (34%)   

Age     0.008 

median 62.2 59.5   

(range) (34.7 - 80.0) (31.4 - 77.7)   

LDH serum     <0.0001 

normal 172(60%) 44 (28%)   

abnormal 115 (40%) 115 (72%)   

Performance status     0.001 

PS0 184 (64%) 76 (48%)   

PS1 104 (36%) 83 (52%)   

Localization of metastases     0.001 

liver 114 (39%) 51 (32%)   

liver + other 138 (48%) 99 (62%)   

extrahepatic 34 (12%) 4 (3%)   

locally advanced 0 (0%) 2 (1%)   

unknown 3 (1%) 3 (2%)   

Localization of the primary tumor     0.121 

colon 128 (51%) 71 (48%)   

rectosigmoid 76 (31%) 37 (25%)   

rectum 45 (18%) 39 (27%)   

Metastatic sites involved     0.011 

1 132 (46%) 52 (34%)   

>2 153 (54%) 102 (66%)   

Treatment arm     0.787 

CB 142 (49%) 76 (48%)   

CBC 147 (51%) 83 (52%)   

Number of cycles     0.410 

median (range) 9 (0-76) 9 (1-52)   

 
Abbreviations: LDH = lactate dehydrogenase, PS = performance status, CB = chemotherapy + bevacizumab 
(arm A), CBC = chemotherapy + bevacizumab + cetuximab (arm B) 

 
 

 Figure 1

Overall survival (months) for resection versus non-resection of the primary 

tumor in the CAIRO study
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ry tumor was prognostic for OS and borderline prognostic for PFS in patients with only one metastatic site 

(p = 0.016, HR 0.63, 95% CI 0.43-0.92, and p = 0.069, HR 0.57, 95% CI 0.30-1.25), but not in patients 

with two or more metastatic sites (p = 0.276, HR 0.88, 95% CI 0.70-1.11 and p = 0.444, HR 1.10, 95% 

CI 0.87-1.38). 

Predictive value of resection of the primary tumor 

The primary objective of the CAIRO study was to evaluate sequential versus combination chemotherapy. No 

significant interaction with sequential versus combination treatment in respect to median OS was observed 

for patients in the resection group (16.2, 95% CI 13.5-29.4 versus 17.6 months, 95% CI 14.8-20.1) and 

the nonresection group (9.8, 95% CI 7.9-11.8 versus 14.9 months, 95% CI 10.8-16.4) (p = 0.769). 

Toxicity

We assessed a possible interaction for patient symptoms that may have been related to the presence of the 

primary tumor – that is, nausea, vomiting, ileus, diarrhea and fatigue. 

 In first line treatment, none of the instances of grade 3-4 toxicity occurred significantly more fre-

quently in the nonresection group compared to the resection group. When all treatment lines were consid-

ered, the incidence of grade 3-4 vomiting and ileus in the overall study population occurred significantly 

more frequently in the nonresection compared to the resection group, with 11% versus 5% for vomiting (p 

= 0.053) and 7% versus 2% for ileus (p = 0.019), respectively. In the sequential treatment arm nausea and 

fatigue occurred significantly more frequently in the nonresection compared to the resection group; 13% 

versus 5% (p = 0.054) and 33% vs. 18% (p = 0.014), respectively. In the combination treatment arm, only 

grade 3-4 ileus occurred significantly more frequently in the nonresection compared to the resection group, 

10% versus 3% (p = 0.029).

CAIRO2 STUDY

Patient characteristics 

Of the 736 eligible mCRC patients in the CAIRO2 study, 448 patients had stage IV disease at inclusion. Of 

these patients, 289 were assigned to the resection group and 159 patients for the nonresection group. 

Patients in the nonresection group were more often men, were younger, more often had abnormal baseline 

serum LDH, had a worse performance status, and more often had liver plus other metastases and a larger 

number of metastatic sites compared to the resection group (Table 2). At baseline, none of the patients 

presented with grade 3-4 nausea, vomiting or ileus toxicity. Only one patient in the nonresection group had 

grade 3-4 diarrhea toxicity at presentation (p = 0.178). 

Prognostic value of resection of the primary tumor

A significantly better median OS and PFS were observed for patients in the resection versus the nonresec-

tion group, with 20.7 versus 13.4 months (p < 0.0001; HR 0.65, 95% CI 0.52-0.80) (Figure 2), and 10.5 
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Table 2 

Characteristics of 488 stage IV CRC patients on the CAIRO2 study with resection 

and nonresection of primary tumor

Figure 2

OS (months) for resection vs. nonresection of the primary tumor in the CAIRO2 study

 

  Stage IV disease (n=448) 

        

  Resection group  Nonresection group p value 

  (n=289)  (n=159)   

Sex     0.011 

male  155 (54%) 105 (66%)   

female 134 (46%) 54 (34%)   

Age     0.008 

median 62.2 59.5   

(range) (34.7 - 80.0) (31.4 - 77.7)   

LDH serum     <0.0001 

normal 172(60%) 44 (28%)   

abnormal 115 (40%) 115 (72%)   

Performance status     0.001 

PS0 184 (64%) 76 (48%)   

PS1 104 (36%) 83 (52%)   

Localization of metastases     0.001 

liver 114 (39%) 51 (32%)   

liver + other 138 (48%) 99 (62%)   

extrahepatic 34 (12%) 4 (3%)   

locally advanced 0 (0%) 2 (1%)   

unknown 3 (1%) 3 (2%)   

Localization of the primary tumor     0.121 

colon 128 (51%) 71 (48%)   

rectosigmoid 76 (31%) 37 (25%)   

rectum 45 (18%) 39 (27%)   

Metastatic sites involved     0.011 

1 132 (46%) 52 (34%)   

>2 153 (54%) 102 (66%)   

Treatment arm     0.787 

CB 142 (49%) 76 (48%)   

CBC 147 (51%) 83 (52%)   

Number of cycles     0.410 

median (range) 9 (0-76) 9 (1-52)   

        

Abbreviations: LDH = lactate dehydrogenase, PS = performance status, CB = chemotherapy + bevacizumab 
(arm A), CBC = chemotherapy + bevacizumab + cetuximab (arm B) 
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versus 7.8 months (p = 0.015; HR 0.78, 95% CI 0.64-0.95), respectively. 

 In the multivariate analysis that included sex, age, baseline serum LDH, performance status, localiza-

tion of metastases, localization of primary tumor, number of metastatic sites involved, and treatment arm, 

resection of the primary tumor remained an independent prognostic factor for median OS (p = 0.010; HR 

0.73, 95% CI 0.58-0.93), but not for PFS (p = 0.130; HR 0.84, 95% CI 0.68-1.05).  

Predictive value of resection of the primary tumor 

The primary objective of the CAIRO2 study was to evaluate the addition of cetuximab to capecitabine, ox-

aliplatin, and bevacizumab. No significant interaction with treatment was observed in respect to median OS 

for patients in the resection group (21.6, 95% CI 17.6-27.8 versus 20.2 months, 95% CI 17.1-22.2) and 

the nonresection group (13.4, 95% CI 11.7-18.4 versus 13.8 months, 95% CI 10.9-17.8) (p = 0.612).  

Toxicity

We assessed a possible interaction for patient symptoms that may have been related to the presence of the 

primary tumor – that is, nausea, vomiting, ileus, diarrhea and fatigue. 

 For the overall study population grade 3-4 nausea, vomiting, ileus and fatigue toxicity occurred sig-

nificantly more frequently in the nonresection compared to the resection group, 9% versus 3% for nausea 

(p=0.004), 9% versus 4% for vomiting (p = 0.043), 8% versus 3% for ileus (p = 0.019), and 23% versus 

13% for fatigue (p = 0.004), respectively.  

 In the treatment arm without cetuximab, grade 3-4 nausea, vomiting and fatigue occurred signifi-

cantly more frequently in the nonresection group compared to the resection group, 13% versus 4% for 

nausea (p = 0.015), 15% versus 4% for vomiting (p = 0.003), and 21% versus 11% (p = 0.046) for fa-

tigue, respectively. In the treatment arm with cetuximab, only grade 3-4 fatigue occurred significantly more 

frequently in the nonresection group compared to the resection group; 25% versus 14% (p = 0.042). 

REVIEW OF THE LITERATURE

The literature search identified 22 nonrandomized, single-center, studies (Table 3 and 4). Twenty-one stud-

ies were retrospective13,19-38, and one study concerned a case-matched cohort analysis.39 Two studies were 

restricted to patients without symptoms of their primary tumor.23,25 

 Definition of nonresection was defined either as surgical intervention without resection (group 1; 12 

studies; Table 3) or as no surgical intervention (group 2; 12 studies; Table 4). In both groups, resection was 

defined as a resection of the primary tumor. Two studies used both definitions for nonresection24,29, and 

therefore we present the results of these studies in the analysis of both groups. 

 In group 1 the median OS was significantly better in resected versus nonresected patients in 8 of 12 

studies.13,19,21,27,28,35,37,38 The conclusion of most of these studies was that resection should be performed if 

feasible, in particular in symptomatic patients (Table 3).13,21,27,29,30,32,35,37 Two studies presented a subgroup 

analysis in asymptomatic patients, and although patients with a resection had a significantly better median 
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OS compared to patients without a resection, both studies suggested that nonresection of the primary tu-

mor is a valid treatment choice in this setting.35,37 This was supported in one study by a multivariate analysis 

that identified chemotherapy as the only prognostic factor for OS in asymptomatic patients37, and in the 

other by the fact that the advantages of primary tumor resection in asymptomatic patients are outweighed 

by perioperative mortality.35 The postoperative mortality was higher in the nonresection group (0-36%) 

compared to the resection group (3-16%) in 5 of 12 studies. The incidence of postoperative morbidity 

ranged from 3-50% in the resection group versus 0-38% in the nonresection group.

 In group 2, 6 of 12 studies demonstrated an improved median OS in the resection compared to 

the nonresection group (Table 4).20,22,25,26,29,33 The postoperative mortality ranged from 0-16%, and the 

Table 3

Studies in which resection was defined as resection of the primary tumor and nonresection was 

defined as surgical intervention without resection (i.e., enterostomy, bypass, stenting)

Author 
Years of 

study 
  

Number of 
patients 

OS (months) 

p value 

Post operative 
mortality (% ) 

p value 

Morbidity (% ) 
p 

value 

Chemo- 
therapy (% ) 

Makela
26

  1974-1983 
resection 66 15 NS 5 - 24 - in total 22 

nonresection 30 7   17   23     

Liu
25

 1986-1991 
resection 57 11 NS 9 - 10 - - 

nonresection 6 3   17   NS     

Konyalian
23

  1991-2002 
resection 62 13 <.0001 5 - 19 - 58 

nonresection 47
*
 5   6   6   42 

Beham
17
 1993-2003 

resection 46 18 <.001 4 - 7 - 85 

nonresection 21 8   0   0   38 

Costi
13
 1994-2003 

resection 83 9 <.001
**
 8 0.397 29 0.366 0 

nonresection 47 4   15   38     

Law
24

  1996-1999 
resection 150 7 <0.001 7 0.01 18 - 14 

nonresection 30 3   21    in total   in total 

Mik
28

 1996-2000 
resection 52 21 NS - - 50 0.041 53.8 

nonresection 82 14   -   23.1   35.4 

Stelzner
31
  1995-2001 

resection 128 11.4 <.0001 12 0.784 NS - in total 99 

non-resection 58
***

 4.6   10   NS     

asymptomatic only           resection 82 11.7 0.0002 9 0.401 NS - in total 99 

    nonresection 25 5.2   4   NS     

Yun
33

  1994-2004 
resection 283 15.3 <0.001mv 3 - 3 - in total 56 

non-resection 93 5.3             

asymptomatic only          resection 95 15.1 0.072 mv - - NS - in total 55
****

 

    nonresection 36 6.1       NS     

Evans
20

 1999-2006 
resection 45 11 0.2056 16 - NS - - 

nonresection 52 7   36   NS     

Aslam
15
 1998-2007 

resection 366 14.5 <0.005 7.6 - 32 - 63 

nonresection 281***** 5.83   NS   NS   36 

Frago
34

 2004-2008   
resection        12 39.1****** 0.008 8.3 - 41.6 - 100 

nonresection 43 1.0******   6.1   11.1   86 

                      
* 
including 24 patients without intervention 

**
 for pts with only technical resectable disease in both groups, also significant 

***
 including 16 patients without intervention 

**** 
only chemotherapy was prognostic for OS in the asymptomatic group of patients 

***** 168 patients received symptomatic and supportive treatment and 128 required surgical intervention 

****** overall 2 year survival rate 

mv = multivariate analysis 

Bold: studies which concluded that resection should be performed if feasible 
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postoperative morbidity from 10-34.7% (Table 4). In 8 of 12 studies, both the resected and non-resected 

groups received chemotherapy.20,22,23,25,26,31,36,39 Tebbutt et al.36 suggested that most patients who do not 

require surgical intervention for complications of their primary tumor at the time of diagnosis can be safely 

treated with chemotherapy because no increase of intestinal complications was observed.

DISCUSSION

To our knowledge this is the first retrospective analysis of two phase III studies investigating the prognostic 

and predictive value of resection of the primary tumor in patients with stage IV CRC treated with systemic 

therapy. We identified resection of the primary tumor as a prognostic factor for OS. Resection was not pre-

dictive in relation to the outcome of treatment that was used in these studies. We observed a significantly 

higher incidence of toxicity in the nonresected group, in particular in the CAIRO2 study.
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Table 4

Studies in which resection was defined as resection of primary tumor and 

nonresection was defined as no intervention

Author 
Years of 

study 
  

Number of 
patients 

OS  (months) 

p value 

Post operative 
mortality (% ) 

p value 

Morbidity (% ) 

p value 

Chemo- 
therapy (% ) 

Liu
25

  1986-1991 
resection 57 11 n.a. 9 - 10 - - 

nonresection 5 2   n.a.   n.a.     

Ruo
29

  1996-1999 
resection 127

*
 16 <0.001 2 - 21 - - 

nonresection 103 9   n.a.   n.a.   83 

Kaufman
22

 1998-2003 
resection 115 22 <0.0001 n.a. - n.a. - 51 

nonresection 69 3           30 

Scoggins
30

 1985-1997 
resection 66 14.5 0.59 5 - 30 - - 

nonresection 23
*
 16.6   n.a.   n.a.   100 

Tebbutt
32

  1990-1999 
resection 280 14 0.08 mv n.a. - 13

***
 - 100 

nonresection 82 8.2   n.a.   13
***

   all in trials 

Michel
27

  1996-1999 
resection 31 21 0.718 0 - n.a. - 97 

nonresection 23 14   n.a.   n.a.   100 

Benoist
35

   1997-2002 
resection 32 23 n.a. 0 - 19 - 100* 

nonresection 27
*
 22   n.a.   15

***
   100

**
 

Galizia
21
  1995-2005 

resection 42 15.2 0.03 0 - 21.4 - 100 

nonresection 23 12.3           100 

Bajwa
16
 1999-2005 

resection 32 14 0.005 3 - 25 - 100 

nonresection 35 6           100 

Chan
18
 2000-2002 

resection 286 14 <0.001 - - - - 61 

nonresection 125 6   -   -   58 

Evans
20

 1999-2006 
resection 45 11 <0.0001 16 - n.a. - - 

nonresection 57 2   n.a.   n.a.     

Seo
19
 2001-2008 

resection 144 22 0.076mv 0 - 34.7 - 100 

nonresection 83 14           100 

 *
 asymptomatic patients  

**
 no differences in toxicity 

***
 obstruction primary tumour 

mv = multivariate analysis 

Bold: studies which concluded that resection should be performed if feasible 

 



 It seems plausible that a resection was performed or at least attempted in patients who had symp-

toms that demanded urgent surgical treatment. However, a major limitation of our study is that the deci-

sion to resect the primary tumor was made prior to study entry, and thus we have no information about 

the reasons for nonresection, such as irresectability of the primary tumor, poor condition of the patient, 

symptomatic metastases requiring priority for systemic treatment, or absence of symptoms of the primary 

tumor. Obviously, these concern arguments of a highly different nature and may define different patient 

populations. For instance, the fact that patients in the nonresection group more often had an elevated 

serum LDH and a larger number of metastatic sites may have shifted the decision of the treating physician 

towards nonresection. However, when these variables were included in a multivariate analysis, resection 

of the primary tumor remained a significant prognostic factor in the CAIRO2 study and in the subgroup of 

patients with one metastatic site in the CAIRO study. 

 What can we learn from our review on this subject? The studies that we identified were of nonran-

domized design, performed in a single center, and retrospective of nature with only one exception. Taken 

together, the data were in favor of a resection of the primary tumor in patients with symptomatic lesions. 

In asymptomatic patients the results are less clear, although the median OS was improved in resected 

patients in most studies. An important limitation of these studies is that few if any data on the use of sys-

temic therapy were presented, which, given its impact on survival, makes it difficult to assess the relative 

contribution of resection to outcome. 

 The two main objectives in the management of patients presenting with irresectable mCRC are to 

improve or maintain the quality of life and to prolong survival. The treatment strategy in patients with stage 

IV disease and a symptomatic primary tumor usually consists of initial resection of this tumor, followed by 

palliative systemic treatment. In patients with few or absent symptoms of the primary tumor, arguments 

both in favor and against initial resection have been presented. The most dominant argument in favor of 

initial resection is the prevention of complications of the primary tumor with subsequent prolongation of 

symptom-free and OS.29,40,41 Furthermore, Stillwell et al. found that patients initially managed with chemo-

therapy were 7.3 times more likely to have a complication from the primary tumor42 and, when operated 

for such complications, they were more likely to have a poor postoperative outcome.33,39 

 In the United States, most patients with mCRC undergo a resection of the primary tumor.9 This 

is in contrast to the situation in The Netherlands, where a trend towards a nonresection approach has 

been observed.43 This trend might be due to the availability of new active drugs and to a more adequate 

selection of patients for surgery.44 Another argument in favor of resection of the primary tumor is the 

more accurate staging of disease25,31, because extrahepatic metastases may be better identified by visual 

exploration of the peritoneal cavity.31 Circumstantial evidence comes from data that show an increased 

growth rate of liver metastases on resection of the primary tumor, as determined by an increased vascular 

density, proliferation rate, and metabolic growth rate.45-47 These data suggest that the outgrowth of meta-

static disease may at least partly be controlled by the primary tumor. However, clinical data to support this  

concept are lacking. The most important argument against an initial resection of the primary tumor is that 
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the survival benefit of resection has not been demonstrated, and that the morbidity and mortality associ-

ated with surgery should therefore be avoided.28,34,48 Poultsides et al.49 concluded that most patients with 

synchronous advanced CRC who receive up-front systemic therapy never require palliative surgery for their 

primary tumor, and that systemic therapy can be safely administered to these patients. We challenge their 

conclusion for two reasons. First, the median OS in their patient population with intact primary was only 

13 months, while median OS times of 22-24 months are currently achieved for unselected mCRC patients. 

Second, we observed a higher incidence of toxicity in the nonresection group compared to the resection 

group, especially in the CAIRO2 study. Patients in the nonresection group experienced more nausea, vom-

iting and ileus, which might be related to the primary tumor. 

 Scheer et al.50 concluded that for patients with synchronous metastatic disease and an asymptomat-

ic primary tumor, initial chemotherapy was the treatment of choice because resection of the primary tumor 

provides only minimal palliative benefit, can give rise to major morbidity and mortality, and therefore may 

delay potentially beneficial chemotherapy.50 

 This possible detrimental effect of a delay in systemic treatment caused by initial resection is not 

supported by the survival benefit as shown in the CAIRO studies. However, a selection bias in this respect 

cannot be excluded because patients experiencing serious morbidity after resection obviously did not qual-

ify for the CAIRO entry criteria and were therefore not included.  

 Taken together, the fact that the CAIRO results are derived from clinical studies with predefined in-

clusion criteria, treatment regimens, and follow-up schedules in our opinion provides stronger evidence for 

the prognostic value of resection of the primary tumor in CRC patients with stage IV disease compared with 

the data from the studies as presented in our review. However, in all studies presented to date, a selection 

bias cannot be excluded. Therefore, prospective studies on this topic are warranted; these are currently 

being planned.

128



REFERENCES

1 Golfinopoulos V, Salanti G, Pavlidis N, Ioannidis JP. Survival and disease-progression benefits with  

 treatment regimens for advanced colorectal cancer: a meta-analysis. Lancet Oncol 2007; 8:898-911.

2 Kopetz S, Chang GJ, Overman MJ, et. al. Improved survival in metastatic colorectal cancer is associated  

 with adoption of hepatic resection and improved chemotherapy. J Clin Oncol 2009; 27:3677-83.

3  O’Connell JB, Maggard MA, Ko CY. Colon cancer survival rates with the new American Joint Committee on  

 Cancer sixth edition staging. J Natl Cancer Inst 2004; 96:1420-5.

4  Sanoff HK, Sargent DJ, Campbell ME, et. al. Five-year data and prognostic factor analysis of oxaliplatin and  

 irinotecan combinations for advanced colorectal cancer: N9741. J Clin Oncol 2008; 26:5721-7.

5  Grothey A, Sargent D, Goldberg RM, Schmoll HJ. Survival of patients with advanced colorectal cancer  

 improves with the availability of fluorouracil-leucovorin, irinotecan, and oxaliplatin in the course of  

 treatment. J Clin Oncol 2004; 22:1209-14.

6 Koopman M, Venderbosch S, Nagtegaal ID, van Krieken JH, Punt CJ. A review on the use of molecular  

 markers of cytotoxic therapy for colorectal cancer, what have we learned? Eur J Cancer 2009; 45:1935-49. 

7  Lievre A, Bachet JB, Boige V, et. al. KRAS mutations as an independent prognostic factor in patients with  

 advanced colorectal cancer treated with cetuximab. J Clin Oncol 2008; 26:374-9.

8  Tol J, Nagtegaal ID, Punt CJ. BRAF mutation in metastatic colorectal cancer. N Engl J Med 2009; 361:98-9. 

9  Cook AD, Single R, McCahill LE. Surgical resection of primary tumors in patients who present with stage IV  

 colorectal cancer: an analysis of surveillance, epidemiology, and end results data, 1988 to 2000. Ann Surg  

 Oncol 2005; 12:637-45.

10 Joffe J, Gordon PH. Palliative resection for colorectal carcinoma. Dis Colon Rectum 1981; 24:355-60.

11 Stearns MW, Jr., Binkley GE. Palliative surgery for cancer of the rectum and colon. Cancer 1954; 7:1016-9.

12  Modlin J, Walker HS. Palliative resections in cancer of the colon and rectum. Cancer 1949; 2:767-76.

13  Costi R, Mazzeo A, Di Mauro D., et. al. Palliative resection of colorectal cancer: does it prolong survival? Ann  

 Surg Oncol 2007; 14:2567-76.

14  Sorbye H, Kohne CH, Sargent DJ, Glimelius B. Patient characteristics and stratification in medical  

 treatment studies for metastatic colorectal cancer: a proposal for standardization of patient characteristic  

 reporting and stratification. Ann Oncol 2007; 18:1666-72.

15  Koopman M, Antonini NF, Douma J, et. al. Sequential versus combination chemotherapy with capecitabine,  

 irinotecan, and oxaliplatin in advanced colorectal cancer (CAIRO): a phase III randomised controlled trial.  

 Lancet 2007; 370:135-42.

16  Tol J, Koopman M, Cats A, et. al. Chemotherapy, bevacizumab, and cetuximab in metastatic colorectal  

 cancer. N Engl J Med 2009; 360:563-72.

17 Koopman M, Antonini NF, Douma J, et. al. Randomised study of sequential versus combination  

 chemotherapy with capecitabine, irinotecan and oxaliplatin in advanced colorectal cancer, an interim safety  

 analysis. A Dutch Colorectal Cancer Group (DCCG) phase III study. Ann Oncol 2006; 17:1523-8.

18  Tol J, Koopman M, Rodenburg CJ, Cats A, et. al. A randomised phase III study on capecitabine, oxaliplatin  

 and bevacizumab with or without cetuximab in first-line advanced colorectal cancer, the CAIRO2 study of  

 the Dutch Colorectal Cancer Group (DCCG). An interim analysis of toxicity. Ann Oncol 2008; 19:734-8.

129

7

RESECTION OF THE PRIMARY TUMOR IN METASTATIC CRC



19  Aslam MI, Kelkar A, Sharpe D, Jameson JS. Ten years experience of managing the primary tumours in  

 patients with stage IV colorectal cancers. Int J Surg 2010; 8:305-13.

20  Bajwa A, Blunt N, Vyas S, et. al. Primary tumour resection and survival in the palliative management of  

 metastatic colorectal cancer. Eur J Surg Oncol 2009; 35:164-7.

21  Beham A, Rentsch M, Pullmann K, Mantouvalou L, Spatz H, Schlitt HJ, Obed A. Survival benefit in patients  

 after palliative resection vs non-resection colon cancer surgery. World J Gastroenterol 2006; 12:6634-8.

22  Chan TW, Brown C, Ho CC, Gill S. Primary tumor resection in patients presenting with metastatic colorectal  

 cancer: analysis of a provincial population-based cohort. Am J Clin Oncol 2010; 33:52-5.

23  Seo GJ, Park JW, Yoo SB, et. al. Intestinal complications after palliative treatment for asymptomatic patients  

 with unresectable stage IV colorectal cancer. J Surg Oncol 2010; 102:94-9.

24  Evans MD, Escofet X, Karandikar SS, Stamatakis JD. Outcomes of resection and non-resection strategies 

  in management of patients with advanced colorectal cancer. World J Surg Oncol 2009; 7:28.

25  Galizia G, Lieto E, Orditura M, Castellano P, Imperatore V, Pinto M, Zamboli A. First-line chemotherapy vs  

 bowel tumor resection plus chemotherapy for patients with unresectable synchronous colorectal hepatic  

 metastases. Arch Surg 2008; 143:352-8.

26 Kaufman MS, Radhakrishnan N, Roy R, et. al. Influence of palliative surgical resection on overall survival in  

 patients with advanced colorectal cancer: a retrospective single institutional study. Colorectal Dis 2008;  

 10:498-502.

27 Konyalian VR, Rosing DK, Haukoos JS, et. al. The role of primary tumour resection in patients with stage IV  

 colorectal cancer. Colorectal Dis 2007; 9:430-7.

28 Law WL, Chan WF, Lee YM, Chu KW. Non-curative surgery for colorectal cancer: critical appraisal of out 

 comes. Int J Colorectal Dis 2004; 19:197-202.

29 Liu SK, Church JM, Lavery IC, Fazio VW. Operation in patients with incurable colon cancer--is it worthwhile?  

 Dis Colon Rectum 1997; 40:11-4.

30 Makela J, Haukipuro K, Laitinen S, Kairaluoma MI. Palliative operations for colorectal cancer. Dis Colon  

 Rectum 1990; 33:846-50.

31 Michel P, Roque I, Di Fiore F., Langlois S, Scotte M, Teniere P, Paillot B. Colorectal cancer with non- 

 resectable synchronous metastases: should the primary tumor be resected? Gastroenterol Clin Biol 2004;  

 28:434-7.

32  Mik M, Dziki L, Galbfach P, Trzcinski R, Sygut A, Dziki A. Resection of the primary tumour or other palliative  

 procedures in incurable stage IV colorectal cancer patients? Colorectal Dis 2010; 12:e61-e67.

33 Ruo L, Gougoutas C, Paty PB, Guillem JG, Cohen AM, Wong WD. Elective bowel resection for incurable  

 stage IV colorectal cancer: prognostic variables for asymptomatic patients. J Am Coll Surg 2003; 196:722-8. 

34 Scoggins CR, Meszoely IM, Blanke CD, Beauchamp RD, Leach SD. Nonoperative management of primary  

 colorectal cancer in patients with stage IV disease. Ann Surg Oncol 1999; 6:651-7.

35  Stelzner S, Hellmich G, Koch R, Ludwig K. Factors predicting survival in stage IV colorectal carcinoma  

 patients after palliative treatment: a multivariate analysis. J Surg Oncol 2005; 89:211-7.

36 Tebbutt NC, Norman AR, Cunningham D, et. al. Intestinal complications after chemotherapy for patients  

 with unresected primary colorectal cancer and synchronous metastases. Gut 2003; 52:568-73.

130



37  Yun HR, Lee WY, Lee WS, Cho YB, Yun SH, Chun HK. The prognostic factors of stage IV colorectal cancer  

 and assessment of proper treatment according to the patient’s status. Int J Colorectal Dis 2007; 22:1301-10. 

38  Frago R, Kreisler E, Biondo S, Salazar R, Dominguez J, Escalante E. Outcomes in the management of  

 obstructive unresectable stage IV colorectal cancer. Eur J Surg Oncol 2010; 36:1187-94.

39 Benoist S, Pautrat K, Mitry E, Rougier P, Penna C, Nordlinger B. Treatment strategy for patients with  

 colorectal cancer and synchronous irresectable liver metastases. Br J Surg 2005; 92:1155-60.

40 Rosen SA, Buell JF, Yoshida A, et. al. Initial presentation with stage IV colorectal cancer: how aggressive  

 should we be? Arch Surg 2000; 135:530-4.

41 Kuo LJ, Leu SY, Liu MC, Jian JJ, Hongiun CS, Chen CM. How aggressive should we be in patients with stage  

 IV colorectal cancer? Dis Colon Rectum 2003; 46:1646-52.

42  Stillwell AP, Buettner PG, Ho YH. Meta-analysis of survival of patients with stage IV colorectal cancer  

 managed with surgical resection versus chemotherapy alone. World J Surg 2010; 34:797-807.

43 van Steenbergen LN, Elferink MA, Krijnen P, et. al. Improved survival of colon cancer due to improved  

 treatment and detection: a nationwide population-based study in The Netherlands 1989-2006. Ann Oncol  

 2010; 21:2206-12.

44 Meulenbeld HJ, van Steenbergen LN, Janssen-Heijnen ML, Lemmens VE, Creemers GJ. Significant  

 improvement in survival of patients presenting with metastatic colon cancer in the south of The  

 Netherlands from 1990 to 2004. Ann Oncol 2008; 19:1600-4.

45 Peeters CF, Westphal JR, de Waal RM, Ruiter DJ, Wobbes T, Ruers TJ. Vascular density in colorectal liver  

 metastases increases after removal of the primary tumor in human cancer patients. Int J Cancer 2004;  

 112:554-9.

46  Peeters CF, de Waal RM, Wobbes T, Westphal JR, Ruers TJ. Outgrowth of human liver metastases after  

 resection of the primary colorectal tumor: a shift in the balance between apoptosis and proliferation. Int J  

 Cancer 2006; 119:1249-53.

47 Scheer MG, Stollman TH, Vogel WV, Boerman OC, Oyen WJ, Ruers TJ. Increased metabolic activity of  

 indolent liver metastases after resection of a primary colorectal tumor. J Nucl Med 2008; 49:887-91.

48 Sarela AI, Guthrie JA, Seymour MT, Ride E, Guillou PJ, O’Riordain DS. Non-operative management of the  

 primary tumour in patients with incurable stage IV colorectal cancer. Br J Surg 2001; 88:1352-6.

49 Poultsides GA, Servais EL, Saltz LB, et. al. Outcome of primary tumor in patients with synchronous stage  

 IV colorectal cancer receiving combination chemotherapy without surgery as initial treatment. J Clin Oncol  

 2009; 27:3379-84.

50 Scheer MG, Sloots CE, van der Wilt GJ, Ruers TJ. Management of patients with asymptomatic colorectal  

 cancer and synchronous irresectable metastases. Ann Oncol 2008; 19:1829-35.

131

7

RESECTION OF THE PRIMARY TUMOR IN METASTATIC CRC





8

OUTCOME OF FIRST LINE SYSTEMIC TREATMENT 

 IN ELDERLY COMPARED TO YOUNGER PATIENTS 

WITH METASTATIC COLORECTAL  

CANCER: A RETROSPECTIVE ANALYSIS OF THE 

CAIRO AND CAIRO2 STUDIES OF THE DUTCH 

COLORECTAL CANCER GROUP (DCCG)

ACTA ONCOLOGICA 2012;51:831-9

Sabine Venderbosch, Johan Doornebal, 

Steven Teerenstra, Wim Lemmens, Cornelis J Punt, Miriam Koopman

 



ABSTRACT

PURPOSE

Metastatic colorectal cancer (CRC) is predominantly a disease of the elderly. Therefore the current stan-

dards should be evaluated in this population.  

MATERIAL AND METHODS

We evaluated in different age groups the outcome in terms of median overall and progression-free survival, 

response rate, disease control rate, relative dose intensity (RDI), tolerability, and global quality of life (QoL) 

of first-line capecitabine monotherapy (CAP) versus capecitabine + irinotecan (CAPIRI,) and capecitabine 

+ oxaliplatin + bevacizumab (CAPOX + BEV) in the CAIRO and CAIRO2 study, respectively. Patients were 

categorized into three age groups: age >75, 70-75 and <70 years.    

RESULTS

Clinical outcomes were not significantly different among age groups, with the exception of a higher re-

sponse rate from CAP treatment in the elderly. Elderly patients treated with CAPOX + BEV showed a trend 

towards a worse median overall survival compared to younger patients. Only treatment with CAP resulted 

in a higher incidence of grade 3-4 toxicity and a lower RDI in elderly versus younger patients. Treatment 

with CAP and CAPOX + BEV in elderly patients was significantly more often discontinued due to toxicity in-

stead of progression to disease compared to younger patients. The increase in global QoL was comparable 

for the three age groups for each treatment regimen.

CONCLUSION

We did not observe significant differences in survival outcomes between elderly and younger metastatic 

CRC patients with three different first-line systemic treatment regimens. Our data suggest that initial dose 

reduction of CAP monotherapy may be indicated in elderly patients.     
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INTRODUCTION

The incidence of colorectal cancer (CRC) increases with each decade of life. In the European Union, 40% 

of patients diagnosed with CRC are older than 74 years.1 With the expected increasing age of the popula-

tion in the next decades, the number of elderly patients with CRC will increase. Although CRC is mainly a 

disease of the elderly, this age group is underrepresented in clinical trials, and usually does not represent 

more than 25%-30% of the total study population.2 Therefore it is not clear if the overall study results also 

apply to elderly patients. Concerns about co morbidity, increased toxicity or deterioration of quality of life 

(QoL) may result in an under treatment of elderly patients.   

 The current standard of care for patients with irresectable metastatic CRC consists of chemotherapy 

(a fluoropyrimidine with or without oxaliplatin or irinotecan3) and targeted therapy4. Retrospective anal-

yses have shown that elderly patients derive similar benefits compared with younger patients in terms of 

response rate (RR) and overall survival (OS), and have comparable tolerability to first line oxaliplatin-5 and 

irinotecan-based6 chemotherapy and to systemic treatment with bevacizumab7.

 These studies mainly focused on the efficacy and tolerability of drugs. Data comparing relative dose 

intensity, number of cycles in first line and reasons for end of treatment for elderly patients compared to 

younger patients are scarce. Furthermore no data have been published about QoL in elderly compared to 

younger patients with metastatic CRC. This latter aspect is important because elderly patients may be less 

willing to accept the burden of palliative treatments.8 

 Here we present a retrospective analysis of the efficacy, drug administration, tolerability, and global 

QoL of capecitabine, capecitabine + irinotecan (CAIRO study9,10) and capecitabine + oxaliplatin + beva-

cizumab (CAIRO2 study11,12) in elderly (70-75 years and >75 years) compared to younger patients (<70 

years) with metastatic CRC.   

MATERIAL AND METHODS

STUDY POPULATIONS 

Between January 2003 and December 2004, 820 metastatic CRC patients were randomized in the 

CAIRO study of the Dutch Colorectal Cancer Group (DCCG) (ClinicalTrials.gov NCT00312000) between 

first-line treatment with capecitabine (CAP), second-line irinotecan, and third-line capecitabine plus oxal-

iplatin (sequential treatment arm) or first-line treatment with capecitabine plus irinotecan (CAPIRI) and in 

second-line capecitabine plus oxaliplatin (combination treatment arm). The primary endpoint was median 

OS, and secondary endpoints included median progression free survival (PFS) and response rate (RR).10 

This study, in which the use of capecitabine, irinotecan, and oxaliplatin was prospectively evaluated in a 

sequential versus a combination use of administration, demonstrated that first-line combination treatment 

does not result in a significant OS benefit compared to first-line fluoropyrimidine monotherapy. We re-

stricted this analysis to the first-line treatments of this study, CAP and CAPIRI. Between June 2005 and 

December 2006, 755 mCRC patients were randomized in the CAIRO2 study of the DCCG (ClinicalTrials.

gov NCT00208546), to receive capecitabine + oxaliplatin + bevacizumab (CAPOX+BEV) or the same 
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regimen plus weekly cetuximab. The primary endpoint of this study was median PFS, and secondary end-

points were median OS and RR.12 Since the outcome of the cetuximab-containing arm was significantly 

worse compared to the control arm and therefore the combination of chemotherapy plus bevacizumab and 

cetuximab cannot be recommended for clinical practice13, we restricted the analysis of the CAIRO2 study 

to patients treated with CAPOX + BEV. 

 There is consensus that the elderly patient population is defined by age 70 years and older.14 There-

fore, patients of both studies were categorized into three age groups: >75, 70-75 (elderly patients), and  

<70 years (younger patients). 

TREATMENT EFFICACY, DRUG ADMINISTRATION, ADVERSE EVENTS AND QUALITY OF LIFE  

The primary objectives were to investigate the treatment efficacy (first-line), drug administration (first line), 

adverse events (grade 3-4) and QoL in elderly patients (aged 70-75 years and >75 years) compared to 

younger patients (aged <70 years). In both studies all treatment cycles were administered at three weekly 

intervals. To evaluate the drug administration, the median number of cycles, the relative dose intensity (RDI) 

with RDI as ratio of the dose administered to the planned dose and reasons for end of treatment were 

analyzed. Assessment of tumour response was performed every three cycles (9 weeks) and evaluated 

according to Response Evaluation Criteria for Solid Tumours (RECIST).15 Both the overall RR (partial re-

sponse, PR, + complete response, CR) and disease control rate (DCR) (PR + CR + stable disease, SD) were 

assessed. Adverse events were scored according to US National Cancer Institute Common Toxicity Criteria, 

version 2.0 (CAIRO) and version 3.0 (CAIRO2). QoL was assessed according to the European Organization 

for Research and Treatment of Cancer (EORTC) Quality of Life Questionnaire (QLQ-C30) version 3.0.16 

Patients were asked to complete the QoL questionnaire at baseline (within 2 weeks before randomization) 

and after every three cycles of chemotherapy until the end of the study treatment. Patients who completed 

at least the baseline and one follow-up QoL questionnaires were included in the analysis. We evaluated a 

10 point-change in global QoL since this has been reported as a relevant outcome of QoL evaluation.17

STATISTICAL METHODS 

In the current analysis, the χ² and Kruskall-Wallis test were used to investigate the association between 

age and categorical or numerical baseline population characteristics, respectively. Median OS and PFS 

curves were estimated with the Kaplan-Meier method and the association between age and OS and PFS 

was evaluated by a log rank-test. The χ² test was used to detect statistical differences in RDI, RR, DCR 

and the occurrence of adverse events between the three age groups. For the QoL, the global health status 

was assessed16 and compared between age groups using the Kruskall-Wallis test. The percentage of pa-

tients having a clinically relevant change of QoL (difference of 10 points increase of QoL)17 was compared 

between groups using the χ² test. All tests were two-sided and p-values below 0.05 were considered as 

statistically significant. All analyzes were performed using SAS 9.2.
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RESULTS

PATIENT CHARACTERISTICS

CAIRO study

Of the 803 eligible metastatic CRC patients in the CAIRO study, 401 patients were treated with CAP and 

402 patients were treated with CAPIRI. In the CAP treatment arm 37 patients were aged >75 years, 67 

patients were aged 70-75 years and 297 patients were aged <70 years. Elderly patients were more often 

male (p = 0.040) and had more often metachronous disease (p < 0.0001) (Table 1).  In the CAPIRI treat-

ment arm 18 patients were aged >75 years, 77 patients were aged 70-75 years and 307 patients were 

aged <70 years. Elderly patients had more often a worse performance status (p = 0.023), more metastatic 

sites involved (p = 0.012) and had more often metachronous disease (p = 0.047) (Table 1). 

Table 1 

Characteristic of patients of the CAIRO study subdivided in three age groups; >75, 70-75 and <70 

years receiving the CAP regimen or the CAPIRI regimen

  CAP regimen CAPIRI regimen 

  >75 yrs 70-75 yrs <70 yrs  >75 yrs 70-75 yrs <70 yrs  

  n=37 n=67 n=297 p value n=18 n=77 n=307 p value 

Median age (range) 77 (76-81) 72 (70-75) 60 (31-69)  77 (76-84) 72 (70-75) 60 (27-69)  

Sex     0.040    0.479 

male 30 (81%) 38 (57%) 184 (62%)  13 (72%) 52 (68%) 190 (62%)  

female 7 (19%) 29 (43%) 113 (38%)  5 (28%) 25 (32%) 117 (38%)  

Performance status    0.377    0.023 

PS0 22 (60%) 44 (66%) 191 (64%)  9 (50%) 42 (55%) 193 (63%)  

PS1 13 (35%) 23 (34%) 90 (30%)  6 (33%) 30 (39%) 106 (34%)  

PS2 2 (5%) 0 (0%) 16 (6%)  3 (17%) 5 (6%) 8 (3%)  

Metastatic sites involved    0.932    0.012 

1 17 (46%) 26 (39%) 125 (42%)  8 (44%) 40 (53%) 138 (45%)  

2 14 (38%) 28 (42%) 110 (37%)  5 (28%) 20 (26%) 110 (36%)  

>2 6 (16%) 13 (19%) 58 (20%)  5 (28%) 13 (17%) 57 (19%)  

unknown 0 (0%) 0 (0%) 3 (1%)  0 (0%) 3 (4%) 0 (0%)  

Site of primary tumour    0.710    0.402 

colon 27 (73%) 42 (64%) 182 (61%)  9 (50%) 48 (62%) 170 (55%)  

recto sigmoid 3 (8%) 3 (4%) 22 (7%)  1 (6%) 2 (3%) 29 (9%)  

rectum 7 (19%) 21 (32%) 91 (31%)  8 (44%) 26 (34%) 107 (35%)  

multiple tumour 0 (0%) 0 (0%) 2 (1%)  0 (0%) 1 (1%) 1 (1%)  

LDH serum     0.927    0.649 

normal 24 (65%) 44 (66%) 188 (63%)  13 (72%) 51 (66%) 193 (63%)  

abnormal 13 (35%) 23 (34%) 109 (37%)  5 (28%) 26 (34%) 114 (37%)  

Prior adjuvant therapy    0.128    0.176 

yes 3 (8%) 14 (21%) 38 (13%)  0 (0%) 13 (17%) 43 (14%)  

no 34 (92%) 53 (79%) 259 (87%)  18 (100%) 64 (83%) 264 (86%)  

Resection primary tumour    0.218    0.344 

yes 32 (86%) 55 (82%) 225 (76%)  15 (83%) 66 (86%) 241 (78%)  

no 5 (14%) 12 (18%) 72 (24%)  3 (17%) 11 (14%) 66 (22%)  

Time of metastases     <0.0001    0.047 

metachronous (>6 months) 22 (59%) 39 (58%) 107 (36%)  7 (39%) 42 (55%) 120 (39%)  

synchronous (<6 months) 15 (41%) 28 (42%) 190 (64%)  11 (61%) 35 (45%) 187 (61%)  
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CAIRO2 study

Of the 732 eligible metastatic CRC patients in the CAIRO2 study, 368 patients were treated with CAPOX 

+ BEV. Seventeen patients were aged >75 years, 64 patients were aged 70-75 years and 287 patients 

were aged <70 years. The patient characteristics were well balanced for the three age groups (Table 2).

TREATMENT EFFICACY

CAIRO study

Table 3 summarizes the treatment efficacy for the three age groups (>75 years, 70-75 years and <70 

years). In the CAP treatment arm, elderly patients had a higher RR compared to younger patients (31% 

versus 27% versus 16%, respectively, p = 0.025). DCR was not different for the three age groups (78% 

versus 71% versus 71%, respectively, p = 0.715). PFS and median OS were not significantly different 

between the three age groups (PFS: 7.8 versus 6.1 versus 5.5 months, respectively, p = 0.198 and median 

OS: 18.2 versus 17.5 versus 16.0 months, respectively, p = 0.576 (Figure 1A)).    
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Table 2 

Characteristic of patients of the CAIRO2 study subdivided in three age groups; >75, 70-

75 and <70 years receiving the CAPOX + BEV regimen

  CAPOX + BEV regimen 

  >75 yrs 70-75 yrs <70 yrs  

  n=17 n=64 n=287 p value 

Median age (range) 77 (76-80) 72 (70-75) 
59 (33-
69) 

 

Sex     0.526 

male 10 (59%) 32 (50%) 165 (58%)  

female 7 (41%) 33 (50%) 122 (42%)  

Performance status    0.617 

PS0 12 (71%) 37 (58%) 169 (59%)  

PS1 5 (29%) 27 (42%) 118 (41%)  

Metastatic sites involved    0.854 

1 8 (47%) 30 (48%) 116 (41%)  

2 6 (35%) 19 (30%) 103 (37%)  

>2 3 (18%) 14 (22%) 63 (22%)  

Site of primary tumour    0.165 

colon 10 (66%) 26 (46%) 106 (41%)  

recto sigmoid 4 (27%) 16 (29%) 65 (25%)  

rectum 1 (7%) 14 (25%) 86 (33%)  

LDH serum     0.317 

normal 8 (47%) 41 (64%) 158 (55%)  

abnormal 9 (53%) 23 (36%) 129 (45%)  

Prior adjuvant therapy    0.584 

yes 1 (6%) 10 (16%) 41 (14%)  

no 16 (94%) 54 (84%) 246 (86%)  

Resection primary tumour    0.095 

yes 13 (76%) 57 (89%) 220 (77%)  

no 4 (24%) 7 (11%) 66 (23%)  

Time of metastases     0.256 

metachronous (>6 months) 8 (47%) 20 (31%) 82 (28%)  

synchronous (<6 months) 9 (53%) 44 (69%) 205 (72%)  

 



In the CAPIRI treatment arm no differences were observed for RR, DCR, PFS and OS between the three 

age groups (RR: 38% versus 32% versus 36%, respectively, p = 0.818; DCR: 63% versus 74% versus 

79%, respectively, p = 0.274; PFS: 7.2 versus 7.2 versus 7.8 months, respectively, p = 0.843 and median 

OS: 17.1 versus 20.0 versus 16.8 months, respectively, p = 0.542 (Figure 1B)). 

CAIRO2 study

Table 4 summarizes the treatment efficacy for the three aged groups (>75 years, 70-75 years and <70 

years). In the CAPOX + BEV treatment arm RR, DCR and PFS were comparable for the three age groups 

(RR; 38% versus 39% versus 48%, p = 0.335 and DCR; 100% versus 89% versus 93%, p = 0.313 and 

PFS; 13.5 versus 9.6 versus 10.6 months, p = 0.908). Elderly patients showed a non-significant trend 

towards a worse median OS compared to younger patients (13.1 versus 17.6 versus 20.3, p = 0.063 

(Figure 2)). 

Table 3

Treatment efficacy of patients of the CAIRO study subdivided in three age groups; >75, 70-

75 and <70 years receiving the CAP regimen or the CAPIRI regimen

Figure 1

 Median overall survival of patients treated in the CAIRO study. (A) CAP treatment 

and (B) CAPIRI treatment

  CAP regimen CAPIRI regimen 

  >75 yrs 70-75 yrs <70 yrs p value >75 yrs 70-75 yrs <70 yrs p value 

  n=37 n=67 n=297  n=18 n=77 n=307  

Response rates - first line         

number of patients 36 66 290  16 74 298  

ORR (overall response rate) 11 (31%) 18 (27%) 47 (16%) 0.025 6 (38%) 24 (32%) 108 (36%) 0.818 

DCR (disease control rate) 28 (78%) 47 (71%) 207 (71%) 0.715 10 (63%) 55 (74%) 234 (79%) 0.274 

Survival (months)         

Progression free survival 7.8 (5.9-9.3) 6.1 (4.5-7.3) 5.5 (4.6-6.1) 0.198 7.2 (4.5-10.2) 7.2 (6.3-8.4) 7.8 (6.9-8.3) 0.843 

HR (95%CI) - univariate analysis 0.76 (0.54-1.07) 0.87 (0.66-1.13)   1.10 (0.68-1.77) 0.95 (0.74-1.23)   

Overall survival 18.2 (11.5-22.3) 17.5 (12.6-21.7) 16.0 (14.0-17.7) 0.576 17.1 (7.3-22.3) 20.0 (12.7-22.4) 16.8 (14.9-18.3) 0.542 

HR (95%CI) - univariate analysis 1.05 (0.74-1.49) 0.87 (0.66-1.15)   1.16 (0.70-1.93) 0.88  (0.76-1.15)   
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DRUG ADMINISTRATION

CAIRO study

In the CAP treatment arm the median number of cycles was not significantly different for the three age 

groups. The RDI for CAP was significantly lower for elderly patients compared to younger patients (88.9 

versus 93.4 versus 97.0, p < 0.0001) (Table 5), this was mainly caused by dose reduction of capecitabine 

due to toxicity. Elderly patients significantly more often discontinued first line treatment due to toxicity 

instead of progression to disease compared to younger patients (p = 0.002) (Table 5). In the CAPIRI treat-

ment arm elderly patients received less cycles chemotherapy (3 versus 6 versus 8, respectively, p = 0.096) 

140

Table 4

Treatment efficacy of patients of the CAIRO2 study subdivided in three age 

groups; >75, 70-75 and <70 years receiving the CAPOX + BEV regimen

Figure 2 

Median overall survival of patients treated in the CAIRO2 study (CAPOX + BEV)

 

  CAPOX + BEV regimen 

  >75 yrs 70-75 yrs <70 yrs P value 

  n=17 n=61 n=276  

Response rates - first line     

number of patients 16 54 262  

ORR (overall response rate) 6 (38%) 21 (39%) 127 (48%) 0.335 

DCR (disease control rate) 16 (100%) 48 (89%) 243 (93%) 0.313 

Survival (months)     

Progression free survival 13.5 (4.7-16.8) 9.6 (7.5-12.1) 10.6 (9.1-11.7) 0.908 

HR (95%CI) - univariate analysis 1.15 (0.52-2.51) 0.94 (0.69-1.26)   

Overall survival 13.1 (6.1-25.4) 17.6 (13.1-25.8) 20.3 (17.9-24.3) 0.063 

HR (95%CI) - univariate analysis 1.36 (0.64-2.88) 1.15 (0.84-1.56)   



The RDI of CAPIRI was not significantly different for the three age groups. In elderly patients there was a 

trend towards a more often discontinuation of treatment due to toxicity instead of progression to disease 

compared to younger patients (p = 0.065) (Table 5). 

CAIRO2 study

Elderly patients received significantly less median number of cycles of first line CAPOX + BEV compared to 

younger patients (6 versus 8.5 versus 10 cycles, respectively, p = 0.036). For CAPOX, no difference in RDI 

for the three age groups were found. In elderly patients treatment with CAPOX + BEV was discontinued 

significantly more often due to toxicity instead of progression to disease compared to younger patients  

(p = 0.005) (Table 6). 

ADVERSE EVENTS 

CAIRO study

In the CAP treatment arm the incidence of overall grade 3-4 toxicity was significantly worse for elderly 

patients compared to younger patients (51% versus 48% versus 28%, respectively, p<0.0001). This dif-

ference concerned grade 3-4 febrile neutropenia, anaemia, muscositis/stomatitis, nausea, diarrhoea and 

hand foot syndrome (HFS). 

Elderly patients experienced more thrombosis/embolism, although this was only a trend (14% versus 10% 

versus 5%, respectively, p = 0.089). In the CAPIRI treatment arm the incidence of grade 3-4 toxicity was 

not significantly different for the three age groups (50% versus 50% versus 49%, respectively, p = 0.976). 

Table 5

Drug administration and reason for end of treatment first-line chemotherapy of 

patients of the CAIRO study subdivided in three age groups; >75, 70-75 and  <70 

years receiving the CAP regimen or the CAPIRI regimen

    

  CAP regimen CAPIRI regimen 

  
>75 yrs 70-75 yrs <70 yrs p value >75 yrs 70-75 yrs <70 yrs 

p 
value 

First line treatment                 

number of patients 36 67 294  17 76 306  

median number of cycles 8 (0-18) 8 (1-40) 6 (0-53) 0.422 3 (0-18) 6 (0-49) 8 (0-45) 0.096 

RDI capecitabine 88.9 (55.5-102.4) 93.4 (66.8-102.1) 97.0 (19.3-112.2) <0.0001 93.9 (76.1-102.3) 96.3 (21.4-130.3) 95.7 (22.0-160.4) 0.925 

RDI irinotecan     99.5 (76.7-102.3) 98.6 (60.8-106.7) 99.7 (54.9-137.4) 0.120 

Reason end of first line 
treatment 

        

number of patients 36 67 290  17 76 302  

progression 17 (47%) 48 (72%) 215 (74%) 0.002 6 (35%) 25 (33%) 137 (45%) 0.065 

unacceptable toxicity 7 (20%) 2 (3%) 30 (10%)  5 (30%) 21 (28%) 46 (15%)  

other 12 (33%) 17 (25%) 45 (16%)  6 (35%) 30 (39%) 119 (40%)  
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CAIRO2 study

In the CAPOX + BEV treatment arm the incidence of grade 3-4 toxicity was comparable for the three age 

groups (82% versus 72% versus 75%, respectively, p = 0.656).

QUALITY OF LIFE

CAIRO study

In the CAP and the CAPIRI treatment arm, the percentage of patients having a 10 point increase in global 

QoL did not significantly differ between the groups >75, 70-75, and <70 years of age (CAP 38% versus 

32% versus 19%, respectively, p = 0.173, and CAPIRI 25% versus 5% versus 21%, respectively, p = 

0.248). 

CAIRO2 study

Again, the percentage of patients having a 10 point increase in global QoL did not significantly differ be-

tween the three age groups (33% versus 15% versus 17%, respectively, p = 0.588). 

DISCUSSION

CRC is predominantly a disease of the elderly. The higher incidence of frailty and co morbidity in elderly 

versus younger patients with metastatic CRC provides a challenge in respect to the use of systemic treat-

ment. However, elderly patients are underrepresented in clinical trials2, and therefore there are limited data 

that may guide the treatment selection for this age group. We provide data on currently used standard 
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Table 6

Drug administration and reason for end of treatment first line systemic treatment of 

patients of the CAIRO2 study subdivided in three age groups; >75, 70-75 and  <70 years 

receiving the CAPOX + BEV regimen

   

  CAPOX + BEV regimen 

  
>75 yrs 70-75 yrs <70 yrs 

p 
value 

First line treatment         

number of patients 17 62 288  

median number of cycles 6 (1-21) 8.5 (0-61) 10 (1-76) 0.036 

RDI capecitabine 93 (45.1-105.3) 90 (21.3-104) 90 (17.2-109) 0.880 

RDI oxaliplatin 98 (81.3-102.6) 99 (70-104) 99.4 (60.5-112.1) 0.742 

Reason end of first line treatment     

number of patients 17 60 275  

progression 8 (47%) 23 (38%) 168 (61%) 0.005 

unacceptable toxicity 6 (35%) 24 (40%) 52 (19%)  

other 3 (18%) 13 (22%) 55 (20%)  

     

 



regimens in the treatment of metastatic CRC in elderly patients. In line with previous data, the number of 

patients with age >75 years in our study is small. Our main finding is that clinical outcome in terms of overall 

and progression-free survival does not differ among the specified age groups, although we did observe 

a non-significant trend towards an inferior overall survival in elderly patients treated with CAPOX + BEV. 

Possibly this is related to the decreased number of treatment cycles that these patients received. Previous 

studies have shown a similar benefit for adding BEV to chemotherapy in all age groups7,18, but a reduced 

benefit in elderly patients has been reported19. 

 We observed a significantly better response rate and a lower RDI of CAP in elderly versus younger 

patients. This may imply that using standard CAP dosing criteria, elderly patients are being treated above 

their maximal tolerated dose. This is supported by results from a large randomized controlled trial, in which 

CAP was administered at 80% of the standard licensed dose in elderly and frail patients without apparently 

compromising results on response rate and PFS.5 

 An increased toxicity of CAP monotherapy in elderly patients may be explained by the impaired renal 

function and decreased hepatic volume and hepatic blood flow that occurs with aging.20,21 As a result, drug 

metabolism and elimination may be slowed, potentially exposing patients to higher drug concentrations for 

longer periods of time. Indeed, a higher incidence of grade 3 or 4 toxicity by CAP monotherapy has been 

observed in patients with moderate renal impairment.22 Furthermore gastrointestinal changes that occur 

in elderly patients, such as decreased intestinal motility, mucosal atrophy and reduced digestive enzyme 

secretion, may contribute to an increased toxicity. The fact that we did not observe a similar result in elderly 

patients treated with CAPIRI may be explained by the lower dose of CAP that is used in combination che-

motherapy regimens. 

 Our analysis shows that the increase in the global QoL was comparable for the three age groups for 

all three treatment regimens. Outcomes of QoL assessment may specifically be of importance to elderly 

patients since, compared to younger patients, they may be less inclined to trade a potential survival benefit 

for a decrease in QoL.8 Some even suggest that maintaining QoL should be the primary objective in the 

treatment of elderly patients with cancer.23 

 Decision making when considering systemic therapy in elderly patients with metastatic cancer is 

complex, since clinical trials usually include only elderly patients with good performance status and low 

co morbidity. Furthermore, data on the outcome in elderly patients are almost invariably derived from 

retrospective subset analyses. This prevents the applicability of trial results to the general elderly patient 

population. The use of a ‘comprehensive geriatric assessment’ may be a useful tool in the selection of 

elderly patients for palliative cancer treatment. This tool provides information about patient’s functional 

status, co-morbidity, socioeconomic conditions, nutritional status, psychological status, cognitive status and 

pharmacy.24 This test should be further validated before it can be implemented in general practice. 

 In conclusion, our data suggest that initial dose reduction of CAP monotherapy may be indicated 

in elderly patients. Elderly patients derived similar clinical benefits from three different first-line systemic 

treatment regimens compared to younger patients. Obviously, the elderly trial population concerns a se-
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lected population. Therefore, similar results can only be expected in general practice when trial eligibility 

criteria are applied, as has been shown for the overall population of the CAIRO study.25 Prospective trials in 

patients compromised in various ways and that are more similar to those forming the majority of patients 

with metastatic CRC in routine care are urgently warranted. Chronological age is not necessarily the most 

important factor in this context.    
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SUMMARY AND GENERAL DISCUSSION 



SUMMARY

Colorectal cancer (CRC) is one of the most frequent cancers in developed countries, and incidence rates 

are increasing. Approximately half of patients with localized CRC develop metastatic disease, which is asso-

ciated with a high mortality rate. New developments in medical and surgical modalities have improved the 

5-year survival rate of patients with metastatic CRC (mCRC) to nearly 20%. Unfortunately the subset of 

patients in whom this result can be achieved cannot be predicted. Therefore we need to identify predictive 

and prognostic markers that allow the selection of patients who may have the optimal benefit of available 

treatments. 

In Chapter 1 we review the molecular mechanisms involved in carcinogenesis, the role of deregulation of dif-

ferent signaling pathways in carcinogenesis, treatment modalities, and possible prognostic and predictive 

biomarkers of mCRC as an introduction to the studies performed and described in this thesis.

In Chapter 2 we analyse several biomarkers (dihydropyrimidine dehydrogenase (DPD), orotate phos-

phoribosyl transferase (OPRT), thymidine phosphorylase (TP), thymidylate synthase (TS) and excision 

cross-complementing gene (ERCC1)) for their prognostic and predictive value in relation to the outcome 

of chemotherapy in tumor tissues of 556 advanced colorectal cancer (ACC) patients who were random-

ized between sequential treatment and combination treatment in the CApecitabine, IRinotecan, Oxaliplatin 

(CAIRO) study. A low DPD expression significantly correlated with an improved median progression-free 

survival (PFS) and overall survival (OS) of combination treatment with capecitabine plus irinotecan. In the 

overall patient population a high OPRT expression in stromal cells was a favorable prognostic parameter 

for PFS and OS. In a multivariate analysis that included known prognostic factors these results remained 

significant and also showed that a high OPRT expression in tumor cells was an unfavorable prognostic 

parameter for PFS and OS. In this largest study to date on the use of capecitabine with or without irinote-

can to date we found a predictive value of DPD expression. Our results on the prognostic value of OPRT 

expression warrant further studies on the role of stromal cells in the outcome of treatments. The divergent 

results of our and previous studies underscore the complexity of these biomarkers and currently prevent 

the routine use of these markers in daily clinical practice.

In Chapter 3 we describe the results of a review on the prognostic and/or predictive value of molecular 

markers (DPD, OPRT, TP, TS, deficient mismatch repair system (dMMR), topoisomerase 1 (Topo1), exci-

sion crosscomplementing gene (ERCC1) and carboxylesterases) for cytotoxic drugs in mCRC. We found, 

with the exception of dMMR, that these molecular markers show divergent and inconsistent results on 

their prognostic and/or predictive value. This underscores the complexity of the role of these markers. 

We conclude that further retrospective testing of these markers is unlikely to add clinically useful results. 

Better and more definite results may only be expected when these markers are included in the design of 

prospective randomized studies.
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In Chapter 4 we present a pooled analysis of four randomized phase III studies (CAIRO, CAIRO2, COIN and 

FOCUS) in mCRC. The primary outcome measure was the hazard ratio (HR) for PFS and OS in relation to 

mismatch repair (MMR) and BRAF status. For the  pooled analysis a Cox regression analysis was performed 

on individual patient data. This is the largest study to date in which the role of deficient MMR (dMMR) and 

BRAF mutation is investigated in mCRC patients. The primary tumors of 3078 patients were analyzed, of 

which 153 (5.0%) exhibited dMMR and 250 (8.2%) a BRAF mutation. A BRAF mutation was observed 

more often in patients with dMMR tumors (34.6%) compared to proficient MMR (pMMR) tumors (6.8%). 

The outcome was significantly worse for patients with dMMR versus pMMR tumors, and for patients with 

BRAF mutant versus BRAF wild-type tumors. We observed a higher incidence of BRAF mutation in dMMR 

tumors, and this might explain the poor prognostic value of dMMR in mCRC. 

In Chapter 5 we present the results of a retrospective analysis on the prevalence and prognostic value (OS) 

of elevated microsatellite alterations at selected tetranucleotide repeats (EMAST), an alternative form of 

microsatellite instability (MSI), in mCRC patients with MSI and microsatellite stable (MSS) tumors and its 

association with MSH3 protein expression. EMAST was observed in 45.9% (84 out of 183) of all patients. 

Prevalence of EMAST was high in patients with MSI tumors (79.8%) and low in patients with MSS tumors 

(13.8%). We found no correlation between EMAST and MSH3 protein expression. There was no effect of 

EMAST on prognosis in patients with MSS tumors, but patients with MSI / non-EMAST tumors had a sig-

nificantly better prognosis than patients with MSI / EMAST tumors. In conclusion, the prevalence of EMAST 

was high among CRC patients with MSI tumors. We suggest that the presence of EMAST was correlated 

with worse OS in these patients. Further studies are warranted to elucidate the molecular basis for EMAST.

In Chapter 6 we evaluate the prevalence and prognostic value of mitochondrial microsatellite instability 

(mtMSI) and heteroplasmy and its relation to MSI in patients with CRC. mtMSI and heteroplasmy was 

assessed at six mitochondrial loci; three at the non-coding D-loop (D310, D514 and D16184) and three 

at the coding region (ND1, ND5 and COXI). A meta-analysis was performed to compare our findings with 

existing data. Prevalence of mtMSI at one of the six loci was found in 54.4% (99 out of 182) of all patients. 

The prevalence of mtMSI was most pronounced at the D310 locus (50.5%). Prevalence of mtMSI at the 

D-loop region was not different among patients with MSI compared to MSS tumors. There was no effect 

of mtMSI on prognosis in patients with MSI or MSS tumors. mtMSI was particularly present at the D310 

locus, a highly polymorphic non-coding region. In conclusion the prevalence of mtMSI was high in mCRC 

patients with both MSI and MSS tumors, but there was no correlation with prognosis. The role of mtMSI in 

tumorigenesis is still controversial, mainly due to multiple potential pitfalls in methodology. Therefore, strin-

gent and uniform laboratory strategy guidelines should be considered as a prerequisite for this complicated 

line of research. 

SUMMARY AND GENERAL DISCUSSION 

151

19



In Chapter 7 we present the results of a retrospective analysis on the outcome of stage IV mCRC patients 

with or without resection of the primary tumor treated in the phase III CAIRO and CAIRO2 studies. In addi-

tion, we performed a review of the literature on this topic. In the CAIRO and CAIRO2 studies, 258 and 289 

patients had undergone a primary tumor resection and 141 and 159 patients had not, respectively. In the 

CAIRO study, a significantly better median OS and PFS was observed for patients with resection compared 

to patients without resection of the primary tumor. In the CAIRO2 study, median OS and PFS were also sig-

nificantly better for the resected compared to the non-resected group. These differences remained signif-

icant in multivariate analyses. Our review identified 22 non-randomized studies, single-center studies, and 

with the exception of one study retrospective of nature, most of which showed improved survival for mCRC 

patients who underwent resection of the primary tumor. Our results as well as data from literature indicate 

that resection of the primary tumor highly prognostic for survival in stage IV mCRC patients. Resection 

was not predictive in relation to the outcome of treatment that was used in these studies. The potential 

selection bias (the decision to resect the primary tumor was made before study entry, and thus we have no 

information about the reasons for non-resection) of these results warrants prospective studies on the value 

of resection of primary tumor in this setting; such studies are currently ongoing.

In Chapter 8 we evaluate in different age groups the outcome in terms of median OS and PFS, response 

rate (RR), disease control rate (DCR), relative dose intensity (RDI), tolerability, and global quality of life 

(QoL) of first-line capecitabine monotherapy (CAP) versus capecitabine + irinotecan (CAPIRI) and capecit-

abine + oxaliplatin + bevacizumab (CAPOX + BEV) of mCRC patients, who participated in the CAIRO and 

CAIRO2 study, respectively. Patients were categorized into three age groups: age >75, 70-75 and <70 

years. Clinical outcomes were not significantly different among age groups, with the exception of a higher 

RR from CAP treatment in the elderly. Elderly patients treated with CAPOX + BEV showed a trend towards 

a worse median overall survival compared to younger patients. Only treatment with CAP resulted in a high-

er incidence of grade 3-4 toxicity and a lower RDI in elderly versus younger patients. Treatment with CAP 

and CAPOX + BEV in elderly patients was significantly more often discontinued due to toxicity instead of 

progression to disease compared to younger patients. The increase in global QoL was comparable for the 

three age groups for each treatment regimen. We conclude that no significant differences were observed 

in survival outcomes between elderly and younger mCRC patients with three different first-line systemic 

treatment regimens. Obviously, these results only apply to patients who did meet the entry criteria of our 

clinical studies. Our data suggest that initial dose reduction of CAP monotherapy may be indicated in elderly 

patients.

GENERAL DISCUSSION

Systemic therapy for metastatic colorectal cancer (mCRC) improves the overall survival, the progres-

sion-free survival, and response rates, Furthermore it may decrease symptoms and improve the quality of 

life. For more than 40 years, 5-fluorouracil/leucovorin (5-FU/LV) was the standard of care for patients with 
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mCRC. Over the past 10 years, 5-FU/LV, or the oral fluoropyrimidine capecitabine, became the backbone 

for combination with the next generation of chemotherapy agents, oxaliplatin and irinotecan. Furthermore 

new targeted drugs such as bevacizumab, cetuximab and panitumumab, became available which further 

improved patient outcomes. However, these improvements in survival are associated with increased tox-

icity as well as substantial increases in healthcare costs. Thus, an optimal selection of patients for specific 

treatments is important. 

 After more than 40 years, there are still no predictive biomarkers for response to fluoropyrimidines 

in patients with mCRC. The inconsistent results found in our large study compared to previous studies un-

derscore the complexity of these biomarkers. 

 Our review on the use of molecular markers of cytotoxic therapy in CRC revealed that, with the 

exception of microsatellite instability (MSI), these molecular markers have divergent and inconsistent re-

sults as to their prognostic and/or predictive value. MSI was the only relevant biomarker in clinical decision 

making in the adjuvant setting. The role of MSI status as a predictive marker for adjuvant chemotherapy 

efficacy still awaits prospective validation.

 MSI is detected in about 15% of all CRCs; ~3% of these are associated with Lynch syndrome and 

the other ~12% are caused by sporadic, acquired hypermethylation of the MLH1 gene promoter. The prev-

alence of a BRAF mutation is higher among deficient mismatch repair (dMMR) tumors, and essentially 

excludes a diagnosis of Lynch syndrome. Data on the role of BRAF in relation to MMR status in mCRC are 

scarce and the association between BRAF mutation and dMMR status remains inconclusive. Therefore we 

performed a pooled analysis of four large phase III studies and showed that dMMR and BRAF mutation sta-

tus are both poor prognostic markers in mCRC patients. This was unexpected, since dMMR is a favorable 

prognostic factor in early stage CRC. We hypothesized that the poor prognostic value might be due to the 

presence of a BRAF mutation, since the prevalence of this mutation is high among mCRC patients with 

dMMR (~35%) compared to proficient mismatch repair (pMMR) tumors (~7%). We therefore suggest that 

the poor prognosis of dMMR is driven by BRAF mutation status.

 The heterogeneity of the MSI tumors makes it difficult to determine which factors contribute to the 

worse prognosis in mCRC patients. Alternative forms of MSI, such as elevated microsatellite alteration at 

selected tetranucleotide repeats (EMAST) or mitochondrial MSI (mtMSI), may play a role in the differential 

response to 5-FU. We demonstrated that EMAST is associated with a poor prognosis in mCRC patients 

with MSI tumors, which again underscores the heterogeneity of MSI tumors. In early stage CRC the pres-

ence of mtMSI at the D-loop region is associated with poor prognosis and resistance to 5FU-based adju-

vant chemotherapy. We could not confirm the poor prognostic value of mtMSI in mCRC patients, however 

the number of patients in our study may be too small for definite conclusions. 

 As to clinical factors involved in the prognosis of mCRC, we addressed the issues of resection of the 

primary tumor in stage IV disease as well as age. An issue which needs further research is the question 

whether to resect or not the primary tumor in asymptomatic patients with synchronous mCRC. Our retro-

spective analysis shows that resection of the primary tumor is a prognostic factor for survival in stage IV 
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CRC patients. The potential bias of these results warrants prospective studies on the value of resection of 

primary tumor in this setting, which are currently ongoing. Since mCRC is predominately a disease of the 

elderly, who are usually underrepresented in clinical trials, it is important to specifically assess the benefits 

and risks of treatment in the elderly patient population. We demonstrated that elderly mCRC patients, who 

met the eligibility criteria of our studies, derived similar clinical benefits from three different first-line sys-

temic treatment regimens compared to younger mCRC patients. Currently available geriatric assessments 

do not provide practical support on this topic.       

     

In conclusion, progress on the use of clinical and biomarkers in CRC that may predict the outcome of 

disease and systemic treatment has been slow. More robust prognostic and predictive markers are war-

ranted to select patients with mCRC for the available treatment options. The technology is now available 

to conduct high-throughput analyses of tumor cells in comparison to normal cells of the same patient, 

in order to differentiate germline from somatic alterations. Genome-wide sequencing or single-nucleotide 

polymorphism (SNPs) platform analyses for point mutations / insertions / deletions / SNPs, micro RNAs, 

gene mRNA or protein expression, and gene copy number and DNA ploidy, can each be determined from 

FFPE samples rapidly and reproducibly. The biological relevance of these genetic changes still needs to be 

determined. However in future perspective, these novel technologies and associated computer software 

programs provide the tools to unravel the complexities of CRC biology and facilitate the development of 

personalized CRC care.  
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SAMENVATTING

Dikke – en endeldarm kanker (colorectaal carcinoom, CRC) is één van de meest voorkomende vormen van 

kanker in de westerse wereld, en de incidentie ervan neemt toe. Ongeveer 50% van alle patiënten met een 

CRC ontwikkelt in de loop van de ziekte uitzaaiingen (metastasen), voor welke situatie meestal geen ge-

nezing meer mogelijk is. Nieuwe ontwikkelingen op het gebied van medicamenteuze therapie en chirurgie 

hebben de 5-jaars overleving van patiënten met een gemetastaseerd CRC verbeterd tot bijna 20%. Helaas 

reageert slechts een gedeelte van deze patiënten op medicamenteuze therapie, hetgeen vooraf niet te 

voorspellen is. Daarom is het belangrijk op zoek te gaan naar prognostische en predictieve factoren bij pa-

tiënten met een gemetastaseerd CRC. Op die manier kunnen patiënten geselecteerd worden die optimaal 

profiteren van de beschikbare behandelingen. Prognostische factoren geven informatie over het ziektebe-

loop welke onafhankelijk is van de behandeling die wordt gegeven, en predictieve factoren voorspellen hoe 

een tumor op een bepaalde behandeling reageert. 

In Hoofdstuk 1 geven we een overzicht van de moleculaire mechanismen en de verschillende signalerings-

routes die betrokken zijn bij de carcinogenese van het CRC (de wijze waarop tumoren ontstaan, groeien en 

uitzaaien). Daarnaast gaan we in op de verschillende behandelmogelijkheden en mogelijke prognostische 

en predictieve factoren van het gemetastaseerd CRC.  

In Hoofdstuk 2 hebben we verschillende biomarkers geanalyseerd die betrokken zijn bij het werkingsme-

chanisme van fluorouracil (5FU), te weten; dihydropyrimidine dehydrogenase (DPD), orotate phosphoribo-

syl transferase (OPRT), thymidine phosphorylase (TP), thymidylate synthase (TS) en excision cross-com-

plementing gene (ERCC1). De mogelijk predictieve en prognostische rol van deze biomarkers hebben we 

onderzocht bij 556 patiënten met een gemetastaseerd CRC die zijn geïncludeerd in de CApecitabine IRi-

notecan Oxaliplatin (CAIRO) studie van de Dutch Colorectal Cancer Group (DCCG). In deze studie werd de 

sequentiële versus de gecombineerde toediening van chemotherapie met een fluoropyrimidine (capecita-

bine), irinotecan en oxaliplatin bij patiënten met een gemetastaseerd CRC onderzocht. Wij hebben gevon-

den dat een lage expressie van DPD significant correleert met een verbeterde progressie-vrije en totale 

overleving bij patiënten die worden behandeld met de combinatie capecitabine en irinotecan. Daarnaast 

bleek bij de totale groep patiënten dat een hoge expressie van OPRT in stroma cellen een gunstige invloed 

heeft op de progressie-vrije en totale overleving. In een multivariabele analyse, waarbij gecorrigeerd werd 

voor bekende prognostische factoren, werden onze resultaten bevestigd. Bovendien bleek uit deze analyse 

dat een hoge expressie van OPRT in tumor cellen een ongunstig effect had op de progressie-vrije en totale 

overleving. Concluderend vonden wij een predictieve waarde voor DPD expressie in deze tot nog toe groot-

ste studie van capecitabine met of zonder irinotecan. Onze resultaten van de prognostische waarde van de 

expressie van OPRT geven aanleiding om de rol van stroma cellen in de respons op een behandeling verder 

te onderzoeken. De uiteenlopende resultaten van onze en eerder gepubliceerde studies benadrukken de 

complexiteit van deze biomarkers en laten daardoor een routinematig gebruik in de klinische dagelijkse 

praktijk niet toe. 
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In Hoofdstuk 3 geven wij een overzicht van de gepubliceerde data over de prognostische en/of predictieve 

waarde van de moleculaire markers voor de behandeling met chemotherapie van het CRC. Het betreft 

de volgende markers: DPD, OPRT, TP, TS, ‘deficient mismatch repair system’ (dMMR), topoisomerase 1 

(Topo1), ‘excision crosscomplementing gene’ (ERCC1) and carboxylesterases. Wij hebben gevonden dat 

deze moleculaire markers, met uitzondering van dMMR, uiteenlopende en inconsistente resultaten laten 

zien ten aanzien van hun prognostische en predictieve waarde. Dit benadrukt wederom de complexiteit 

van de rol van deze markers. Voorts concluderen wij dat verder retrospectief onderzoek naar de markers 

waarschijnlijk niet zal leiden tot klinische relevante resultaten. Bruikbare resultaten mogen slechts verwacht 

worden wanneer deze markers geïncludeerd worden in prospectieve, gerandomiseerde studies. 

In Hoofdstuk 4 laten wij de resultaten zien van een gezamenlijke analyse van vier gerandomiseerde fase 

III studies (CAIRO, CAIRO2, COIN en FOCUS) uitgevoerd bij patiënten met een gemetastaseerd CRC. De 

primaire uitkomstmaat van de studie was de hazard ratio voor progressie-vrije en totale overleving in re-

latie tot ‘mismatch repair’ (MMR) en BRAF status. Voor de gepoolde analyse hebben we een Cox regressie 

analyse uitgevoerd op individuele patiënt data. Dit is de grootste studie tot nog toe waarin de rol van dMMR 

en de BRAF mutatie is onderzocht bij patiënten met een gemetastaseerd CRC. De primaire tumoren van 

3078 patiënten werden geanalyseerd, waarvan er 153 (5.0%) dMMR lieten zien en 250 (8.2%) een BRAF 

mutatie. Een BRAF mutatie werd vaker gevonden bij patiënten met een dMMR tumor (34.6%) in vergelijking 

tot patiënten met een ‘proficient’ MMR (pMMR) tumor (6.8%). Wij hebben gevonden dat de overleving 

significant slechter was voor patiënten met een dMMR tumor in vergelijking tot patiënten met een pMMR 

tumor. Daarnaast hebben wij aangetoond dat de overleving significant slechter was voor patiënten met een 

BRAF mutant tumor in vergelijking tot patiënten met een BRAF wildtype tumor. Wij concluderen dat de hoge-

re incidentie van de BRAF mutatie in dMMR tumoren de verklaring is voor de slechte prognose van dMMR 

tumoren bij patiënten met een gemetastaseerd CRC. 

In Hoofdstuk 5 laten wij de resultaten zien van een retrospectieve analyse naar de prevalentie en prognos-

tische waarde van “elevated microsatellite alterations at selected tetranucleotide repeats” (EMAST), een 

alternatieve vorm van microsatelliet instabiliteit (MSI), bij patiënten met het gemetastaseerd CRC die ofwel 

een MSI tumor ofwel een microsatelliet stabiele (MSS) tumor hebben. Daarnaast hebben we gekeken naar 

de correlatie tussen EMAST en MSH3 eiwit expressie. EMAST werd gevonden in 45.9% (84 van de 183) 

van alle patiënten. De prevalentie van EMAST was hoog in patiënten met MSI tumoren (79.8%) en laag in 

patiënten met MSS tumoren (13.8%). We vonden geen correlatie tussen EMAST en MSH3 eiwit expressie. 

We vonden geen effect van EMAST op de prognose in patiënten met MSS tumoren, maar wel in patiënten 

met MSI tumoren. Patiënten met MSI tumoren zonder EMAST hadden een significant betere overleving dan 

patiënten met MSI / EMAST tumoren. Wij concluderen dat de prevalentie van EMAST hoog is in CRC patiën-

ten met een MSI tumor. Daarnaast suggereren onze resultaten dat de aanwezigheid van EMAST correleert 

met een slechtere overleving in deze groep patiënten. Toekomstig onderzoek zal moeten uitwijzen wat de 

moleculaire basis is van EMAST. 
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In Hoofdstuk 6 onderzoeken wij de prevalentie en prognostische waarde van mitochondriaal microsatel-

liet instabiliteit (mtMSI) en heteroplasmie en de relatie met MSI in patiënten met CRC. Wij hebben mtMSI 

en heteroplasmie onderzocht op zes verschillende mitochondriële loci; drie in de niet-coderende D-loop 

(D310, D514 and D16184) en drie in de coderende regio (ND1, ND5 and COXI). Daarnaast hebben we 

een meta-analyse uitgevoerd van reeds gepubliceerde studies, zodat we deze kunnen vergelijken met onze 

studie. De prevalentie van mtMSI, waarbij tenminste één loci is aangedaan, was 54.5% (99 van de 182) 

van de totale groep patiënten. De prevalentie was het meest geprononceerd op de D310 locus (50.5%). De 

prevalentie van mtMSI was niet verschillend voor patiënten met MSI in vergelijking tot patiënten met MSS 

tumoren. Wij vonden geen effect van mtMSI op de prognose in patiënten met MSI of MSS tumoren. mtMSI 

was met name gelokaliseerd op de D310 locus, een sterk polymorfe, niet-coderende regio. Wij concluderen 

dat de prevalentie van mtMSI hoog is in patiënten met MSI en MSS tumoren, maar dat er geen correlatie is 

met de prognose. De rol van mtMSI in het ontstaan van tumoren is controversieel, met name door mogelijke 

valkuilen in de methodologie. Wij adviseren om strikte en uniforme laboratorium richtlijnen te hanteren bij 

dit onderzoek.  

In Hoofdstuk 7 presenteren wij de resultaten van een retrospectieve analyse ten aanzien van de overleving 

van patiënten uit de CAIRO en CAIRO2 studie die zich bij de eerste diagnose al presenteerden met meta-

stasen (stadium IV) van een CRC ten aanzien van het feit of zij wel of geen resectie van de primaire tumor 

hadden ondergaan. Tevens hebben wij de gepubliceerde literatuurgegevens over dit onderwerp onder-

zocht. In de CAIRO en CAIRO2 studies hadden respectievelijk 258 en 289 patiënten wel een resectie,  en 

respectievelijk 141 en 159 patiënten geen resectie van de primaire tumor ondergaan. In de CAIRO studie 

vonden wij een significant betere progressie-vrije en totale overleving voor de patiënten die een resectie 

hadden ondergaan in vergelijking tot de patiënten die geen resectie hadden ondergaan. Hetzelfde resultaat 

werd, zelfs nog meer uitgesproken, in de CAIRO2 studie gevonden. In een multivariabele analyse werd de 

prognostische rol van resectie van de primaire tumor bevestigd. In ons literatuuroverzicht hebben wij 22 

niet-gerandomiseerde en meestal retrospectieve, ‘single-center’ studies geïdentificeerd, waarvan de meer-

derheid een langere overleving vond voor patiënten met een gemetastaseerd CRC die een resectie van de 

primaire tumor hadden ondergaan. Samengevat suggereren onze resultaten en die van eerdere studies 

dat resectie van de primaire tumor waarschijnlijk een belangrijke prognostische factor is voor overleving 

in stadium IV CRC patiënten. Resectie van de primaire tumor was geen predictieve factor. De belangrijkste 

beperking van onze studie is dat de beslissing om al of niet tot een resectie van de primaire tumor over 

te gaan voor aanvang van de studie is gemaakt, en daarmee hebben wij geen informatie over de reden 

waarom een resectie wel of niet is uitgevoerd. Dit kan een zogenaamde selectiebias introduceren. De prog-

nostische waarde van resectie van de primaire tumor dient daarom uitgezocht te worden in prospectieve 

studies, en deze zijn momenteel gaande. 

In Hoofdstuk 8 evalueren wij in verschillende leeftijdsgroepen de overleving (progressie-vrije en totale 
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overleving), de ‘respons rate’ (RR), de ‘disease control rate’ (DCR), ‘relative dose intensity’ (RDI), mate van 

tolerantie en ‘global quality of life’ (QoL) van eerste lijn capecitabine monotherapie (CAP) in vergelijking 

tot capecitabine + irinotecan (CAPIRI) en capecitabine + oxaliplatin + bevacizumab (CAPOX + BEV) bij 

patiënten met een gemetastaseerd CRC, die deelnamen aan de CAIRO en CAIRO2 studies. Wij hebben de 

patiënten in 3 leeftijdsgroepen ingedeeld, te weten >75, 70-75 en <70 jaar. Klinische uitkomst parameters 

waren niet significant verschillend voor de verschillende leeftijdsgroepen, met uitzondering van een hoge-

re RR van CAP behandeling in de oudere patiënten groep. Oudere patiënten die werden behandeld met 

CAPOX + BEV hadden mogelijk een slechtere totale overleving in vergelijking tot de jongere patiënten. De 

behandeling met CAP resulteerde bij oudere patiënten in een hogere incidentie van graad 3-4 toxiciteit en 

een lagere RDI in vergelijking tot jongere patiënten. De behandeling met CAP en CAPOX + BEV in oudere 

patiënten resulteerde significant vaker in het staken van de behandeling vanwege toxiciteit in plaats van 

progressie van ziekte in vergelijking tot jongere patiënten. De toename in de globale QoL was vergelijkbaar 

voor de drie leeftijdsgroepen, voor elk soort behandeling dat werd gegeven. Wij concluderen dat er geen 

significante verschillen zijn in overleving tussen oudere en jongere patiënten met het gemetastaseerd CRC 

voor de drie verschillende eerstelijns behandelingen. Onze resultaten suggereren dat initiële dosisreductie 

van CAP monotherapie geïndiceerd is bij oudere patiënten. 

ALGEMENE DISCUSSIE

In dit proefschrift ligt het focus op mogelijke prognostische en predictieve factoren die van waarde kunnen 

zijn bij patiënten met een gemetastaseerd CRC. We hebben meerdere moleculaire markers, die betrokken 

zijn bij het metabolisme en de werkzaamheid van 5FU, op hun prognostische en predictieve waarde getest 

en vonden uiteenlopende en inconsistente resultaten. Dit benadrukt de complexiteit van deze biomarkers 

en laat een routinematige gebruik in de klinische dagelijkse praktijk niet toe. De prevalentie van dMMR en 

BRAF mutaties is laag in patiënten met het gemetastaseerd CRC. Daarom hebben wij een gezamenlijke 

analyse van vier grote, gerandomiseerde fase III studies bij patiënten met een gemetastaseerd CRC uitge-

voerd. Wij hebben laten zien dat zowel dMMR als de BRAF mutatie onafhankelijke ongunstige prognosti-

sche markers zijn. De onafhankelijkheid van beide biomarkers is een onverwachte bevinding, aangezien de 

meeste patiënten met een dMMR tumor ook een BRAF mutatie hebben. Dit laat wederom de complexiteit 

van biomarkers zien die betrokken zijn bij het CRC. Wij hebben ook twee alternatieve vormen van MSI 

onderzocht, te weten EMAST en mtMSI. De gesuggereerde ongunstige prognostische waarde van EMAST 

in patiënten met MSI tumoren moet met enige voorzichtigheid geïnterpreteerd worden gezien het kleine 

aantal patiënten dat we geanalyseerd hebben in onze studie. mtMSI is niet gecorreleerd aan overleving 

in patiënten met het gemetastaseerd CRC. Resectie van de primaire tumor werd geïdentificeerd als een 

potentiële prognostische factor voor overleving in stadium IV CRC patiënten. Prospectieve studies over 

dit onderwerp zijn momenteel aan de gang. Tenslotte hebben wij laten zien dat oudere patiënten met een 

gemetastaseerd CRC evenveel baat hebben bij drie verschillende eerstelijns behandelingen met chemothe-

rapie in vergelijking tot jongere patiënten met deze ziekte. 
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- European Multidisciplinary Colorectal Cancer 
Congress at Berlin 

 

 2008 

 

 0.25 
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2. Teaching 

 Year Workload 
(Hours/ECTS) 

Lecturing 

-  None 

 

  

 

 

Tutoring, Mentoring 

- Mentoring, student Medicine 

- Mentoring, student Technical Medicine 

 

2011 

2011 

 

1 

1 

Supervising  

-  None 

 

  

 

  

Other 

-  None 

 

  

 

  

 
 
 
 
3. Parameters of Esteem 

 Year 

Grants 

-  None 

 

  

Awards and Prizes 

-  Best poster award at Pathologen dagen at Zeist 

 

 2011 

 





DANKWOORD



DANKWOORD

Dit proefschrift zou natuurlijk niet tot stand zijn gekomen zonder de bijdrage van velen. Ik wil iedereen hier-

voor van harte bedanken, maar een aantal mensen wil ik in het bijzonder noemen.

Allereerst bedank ik alle patiënten die deelgenomen hebben aan de CAIRO en CAIRO2 studie. Zonder hen 

was er überhaupt geen onderzoek mogelijk geweest.  

Prof. dr. C.J.A. Punt (promotor), beste Kees, jij gaf mij een kans om dit prachtige onderzoek te doen onder 

jouw hoede. Het was voor mij een waardevolle en leerzame ervaring. De wekelijkse CAIRO besprekingen in 

het Radboudumc waren een bron van inspiratie voor verder onderzoek. Je heldere, kritische kijk op onder-

zoek hebben mij veel opgeleverd. Hartelijk dank voor de mogelijkheden die je me geboden hebt!

Prof. dr. I.D. Nagtegaal (promotor), beste Iris, wij moesten in het begin wat wennen aan elkaar. Het was 

aftasten waar we allebei stonden en wat we konden verwachten van elkaar. Ik ben blij dat we gedurende de 

laatste fase van mijn onderzoek nader tot elkaar zijn gekomen. Je was een kritische sparringpartner voor 

mijn Engelse schrijfkunst en je stimuleerde mij om zelf mijn onderzoek op te zetten. Dit waardeer ik enorm. 

Ik heb veel van je geleerd, dank daarvoor!

Dr. M. Koopman (co-promotor), beste Miriam, jij hebt mij samen met Kees de kans de geboden om dit pro-

motie onderzoek te starten. In het begin hebben we intensief contact gehad. Na je vertrek uit Nijmegen is 

dat minder frequent geworden. Maar tijdens onze telefonische overleg momenten was er altijd je enthousi-

asme en je scherpe, kritische blik die mij stimuleerde, motiveerde en ook scherp hield. Je hebt mij ook leren 

kennis maken met de kliniek, waardoor ik uiteindelijk de stap heb durven zetten om Geneeskunde te gaan 

studeren. Dank voor je vertrouwen!

De leden van de promotiecommissie wil ik hartelijk bedanken voor het kritisch doorlezen en beoordelen 

van mijn proefschrift: prof. dr. M.J. van de Vijver, dr. P.J. Tanis, prof. dr. E. Dekker, prof. dr. G.J.M. Meijer, en prof. 

dr. H.M.W. Verheul.

Jeroen Dijkstra, Shannon van Vliet en Elisa Vink-Börger (research-analisten), beste allen, jullie waren on-

misbaar voor dit proefschrift. Jullie hebben mij weg wijs gemaakt in het laboratorium en ik heb veel van jul-

lie geleerd. Daarnaast hebben jullie ontzettend veel werk voor mij verzet. Bedankt voor jullie enthousiasme, 

geduld, het meedenken en de gezelligheid!

Steven Teerenstra en Ton de Haan, beste statistici, hartelijk dank voor jullie ondersteuning op het gebied van 

de statistiek. Ik heb veel van jullie geleerd.
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Collega’s van het voormalig CAIRO team, en dan met name Leonie Mekenkamp, Lieke Simkens en Nikki 

Knijn, bedankt voor de collegialiteit en gezelligheid.

Collega’s van het immuno-lab, de moleculaire diagnostiek, en de overige pathologie laboratoria in het Rad-

boudumc, bedankt voor de plezierige samenwerking.

Mede-auteurs van de verschillende artikelen, hartelijk dank voor uw hulp waar nodig, suggesties,

opmerkingen en de prettige samenwerking.

Ellen Rotman, dank voor het ontwerp van mijn uitnodiging. Ik ben erg blij met het resultaat.

Lieve zusjes, jullie hadden altijd een luisterend oor voor mij. Na een stressvolle periode hielpen jullie mij 

weer relativeren. Bedankt voor jullie vertrouwen en onvoorwaardelijke steun! Fijn dat jullie mijn paranimfen 

willen zijn.

Lieve ouders, dankzij jullie ben ik wie ik ben. Het geeft een ontzettend goed gevoel om altijd op jullie onvoor-

waardelijke steun en liefde te kunnen rekenen. Jullie aanmoedigingen waren onmisbaar. Dank daarvoor!

Liefste Nadine, door jouw komst in mijn leven waren de laatste loodjes van mijn promotie traject een stuk 

minder zwaar. Je maakt me elke dag intens gelukkig! 

Daarnaast wil ik je bedanken voor het ontwerp van de lay-out en de omslag van mijn proefschrift. Het is 

prachtig geworden.

DANKWOORD
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CURRICULUM VITAE

Sabine Venderbosch werd op 23 maart 1984 geboren te Warnsveld. In 2002 behaalde zij haar VWO di-

ploma aan het Staring College te Lochem. Vanaf 2002 studeerde zij Medische Biologie aan de Katholieke 

Universiteit Nijmegen (thans Radboudumc). Na het behalen van de Bachelor of Science is zij in 2005 ge-

start met de studie Biomedische Wetenschappen. Na het behalen van de Master of Science is zij in 2008 

gestart met de studie Geneeskunde. Tijdens deze studie heeft zij als student-assistent werkzaamheden 

verricht op de afdeling pathologie, o.a. ten behoeve van de CAIRO studies van de Dutch Colorectal Cancer 

Group (DCCG). In 2008 werd zij door de DCCG aangenomen als onderzoeker, en werkte zij op de afdeling 

Pathologie in het Radboudumc aan het onderzoek dat in dit proefschrift is beschreven. Zij deed onderzoek 

onder begeleiding van prof. dr. C.J.A. Punt (afdeling Medische Oncologie en later AMC Amsterdam), prof. 

dr. I.D. Nagtegaal (afdeling Pathologie) en dr. M. Koopman (afdeling Medische Oncologie en later UMC 

Utrecht). Na het behalen van het arts examen in 2013 startte zij aan de opleiding tot huisarts aan het 

Radboudumc te Nijmegen. 
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