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General Introduction

1.

General introduction to Colorectal Cancer

Epidemiology and incidence
Worldwide, annually more than 1 million patients develop colorectal cancer and over 600.000
patients die from it each year. Colorectal cancer is the third most common cause of cancer
related death after lung (1.3 million deaths/year) and gastric cancer (803 000 deaths/year)
(www.who.int). In the Netherlands in 2007, 11824 patients were diagnosed with colorectal
cancer and 4828 colorectal cancer related deaths occurred. Two-thirds of all colorectal cancers arise in the colon and one third in the rectum (www.ikcnet.nl). The incidence of colorectal
cancer is relatively high in the western world and steadily increasing.1 In the general population, the life time risk of developing sporadic colorectal cancer is 5-6%.2 Population screening
for sporadic colorectal cancer, mostly based on faecal blood tests, is planned or implemented
in many European countries.3-6 Optimizing population screening with e.g. colonoscopy, CT
colonography, or DNA-based stool tests is currently under investigation.7-9
Approximately 80% of colorectal cancers are sporadic tumors, 15% occur on a familial basis
without a known underlying genetic event and 5% of all colorectal cancers develop as part of
rare hereditary syndromes.10,11 These hereditary syndromes include hereditary non-polyposis
colorectal cancer (HNPCC or Lynch syndrome), familial adenomatous polyposis syndrome
(FAP) and even more rare, hamartomatous polyposis syndromes including Peutz-Jeghers,
Juvenile Polyposis and Cowden Syndrome.10,12 Patients with FAP are almost certain to develop colorectal cancer before the age of 40. Therefore, prophylactic subtotal colectomy with
ileorectal anastomosis or total proctocolectomy with ileoanal pouch reconstruction at young
age is advocated in most FAP patients. Patients with HNPCC have a 70-80% life-time risk of
colorectal cancer and intensive screening or preventive surgery is indicated.10
This thesis focuses on sporadic colorectal cancer patients.

1.2

Carcinogenesis

The adenoma-carcinoma sequence underlies colorectal cancer development (Figure 1).13,14
Colorectal cancer arises in epithelial cells lining the interior of the large intestine.15 It takes
many years for colorectal cancer to develop. Cancer is caused by changes in gene function
– usually acquired during life rather than being inherited – which tend to disrupt the normal
functions of the cells in question. During the process of neoplasia, these cells can acquire
cancer cell characteristics, such as the potential for unregulated growth, invasion and destruction of surrounding tissues, and metastasis. In the course of this process there is a protracted
phase during which the cells exhibit autonomous growth but are – as yet – incapable of invasive growth and metastasis. This results in a benign tumor known as an adenoma.
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Figure 1 The adenoma-carcinoma sequence: Colorectal cancer arise form areas of hyper-proliferative
epithelium through early, intermediate and finally late adenomas.

Autopsy studies have shown that adenomas of the colon are quite common, occurring in
about 30 per cent of those over 60 years of age. Those adenomas that do go on to become
malignant, generally take many years to do so. It is estimated that only five per cent of all
adenomas actually become malignant. The problem is that so far, it is not possible to predict
which adenomas will become malignant and which will not, when they are left in situ. In practice, advanced adenomas, defined as adenomas ≥ 10 millimeters in size, adenomas with high
grade dysplasia, or adenomas containing > 25 per cent of villous tissue, are considered high
risk lesions.16,17 Variants of pre-malignant colorectal lesions have been described such as flat
adenomas18,19 and serrated adenomas.20

1.2.1

Oncogenes and Tumor suppressor genes

One of the key mechanisms in cancer development is activation of oncogenes and inactivation of tumor suppressor genes (TSG’s). Oncogenes are genes whose transcription products
promote tumor growth while transcription products of tumor suppressor genes inhibit tumor
growth. Consequently cancers, including colorectal cancer, show frequent upregulation of
oncogenes and loss of function of tumor suppressor genes. Oncogenes are present in normal
cells as proto-oncogenes, of which four types can be discerned; growth factors, growth factor
receptors, signal transduction factors and transcription factors.21 KRAS, BRAF, PI3KCA and
EGFR are examples of oncogenes known to be involved in colorectal cancer.22 For inactivation
of TSG’s, both alleles must be affected before gene function is lost, which means that two
hits are needed.23,24 Examples of TSG’s involved in colorectal are APC, PTEN, TP53, TGFβ and
SMAD.22
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For long, somatic mutations in TSG’s and oncogenes followed by clonal selection were thought
to be sufficient for malignant transformation.25 Nowadays it is clear that also other genetic
and epigenetic mechanisms such as DNA copy number changes, rearrangements, CpG island
promoter hypermethylation and other epigenetic phenomena’s such and histon modification
as well as miRNAs play important roles in the regulation of oncogenes and TSG’s.26-28

1.2.2 Biological processes and pathways in colorectal carcinogenesis
Despite the fact that numerous genes are involved in carcinogenesis, it would now appear
that these affect only a limited number of pathways.29-33 Several analyses have identified biological processes and pathways that are frequently altered during malignant transformation
of cancer (Figure2). Hanahan and Weinberg et al postulated that six essential cellular processes should be disrupted before transformation to cancer is established.34 Cancer cells need to
become self-sufficient in growth signals, insensitive to anti-growth signals, resistant to apoptosis, limitless replication potential, self supporting in angiogenesis, able to invade tissue and
disseminate. Recent genome wide analyses of sequence alterations, copy number changes
and gene expression in colorectal cancer have shown that indeed only a limited number of
cellular processes underly tumorigenesis.31,32,35,36

Figure 2 Multiple genetic and epigenetic events accumulate during carcinogenesis and are responsible
for dysregulated biological pathways.

The challenge ahead is to interrogate tumor samples of individual patients for biological changes present that affect these pathways. High throughput assays at the DNA, RNA or protein
level can serve as read out for this purpose.
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1.2.3

Genetic instability

Pathogenesis of colorectal cancer is associated with accumulation of multiple genetic alterations. Normally, genomes of human cells are protected against accumulation of such changes
by several mechanisms that aim to maintain stability of the genome. A key step in malignant
progression of colorectal neoplasia therefore is disruption of genomic stability, of which two
distinct patterns occur in colorectal carcinogenesis: i.e. chromosomal instability (CIN) and
micro satellite instability (MSI). Approximately 85% of sporadic colorectal cancers develop
through the CIN pathway and 15% through the MSI pathway.11 Both pathways are not completely mutually exclusive and MSI tumors exhibit also some form of CIN.37,38
Chromosomal instability
Twenty-three pairs of chromosomes are present in the nucleus of normal cells and this number is stable during normal cell division and mitosis. Normal human cells are diploid, sometimes tetraploid but not aneuploid. Almost all solid tumors are characterized by gains and
losses of (parts of) chromosomes as well as by structural rearrangements (Figure 3).39,40 In
1888 Bovari already postulated that chromosomal aberrations are linked to carcinogenesis.41
While for a long time chromosomal changes were merely considered as a side effect of cancer, recently their role as a driving force of cancer has gained support.40,42 Changes in number
and structure of chromosomes will further unbalance oncogenes and TSG’s, triggering cellular instability and further chromosomal disruption. Once aneuploidy, an abnormal number
of chromosomes, is established, additional de-arrangements of the chromosomes will occur,
which will further unbalance the genome driving further tumor progression.

(A)

(B)				

Figure 3 Chromosomes of (A) a normal diploid cell. Twenty-three pairs of chromosome are seen. (B) a
tumor cell with chromosomal instable pattern displaying deletions, gains, inversion and translocations of
the chromosomes. Most tumor cells are aneuploid. (from: Duesberg P. Chromosomal chaos and cancer.
Sci.Am. 2007;296:52-9)

Although the exact mechanism responsible for chromosomal instability in colorectal cancer
remains to be unravelled, a number of different biological processes are being considered for
their role in colorectal cancer pathogenesis.43,44
14
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Maintenance of DNA integrity is crucial for genomic stability. During cell division DNA doublestrand breaks (DSB) occur. Normal cells immediately respond to defects in the DNA double
helix and initiate DNA repair before cell division, preventing accumulation of genomic errors.
Repair mechanisms such as non homologues end-joining (NHEJ) and homologous recombination (HR) are involved in DNA DSB repair.39,45 Genes as ATM and ATR play a central role in
DNA DSB repair with assistance from the NBS1/MRE11/RAD50 complex.43 Genes like BRCA1,
BRCA2, RAD51, H2AX, KU70, Ku80, MCM are involved in DNA damage surveillance and repair.
A defect in the repair mechanisms of DNA DSB can lead to large rearrangements and cause
chromosomal instability.43,44
Cell cycle checkpoints are essential for maintenance of genomic stability. It is of crucial importance to prevent cells with DNA damage from further dividing and to ascertain that DNA
copies will distribute equally between daughter cells. Cell cycle checkpoints halt cell division
to repair DNA defects or to initiate apoptosis. In general, cell cycle genes such as CCNB2,
CCNB1, CDK’s, CDC2, Wee1, CHEK1, CHEK2, Geminin, KIF20A and genes of BUB family are
involved and dysfunction of these cell cycles checkpoints can cause CIN.44
Normal bipolar mitotic spindles are necessary for chromosomal stability. A core component of
the mitotic spindle is the centrosome. Abnormalities in function and number of centrosomes
leads to unequal segregation or distribution of chromosomes during cell division, leading to
chromosomal instability, which accelerates tumor progression. Mutations in genes involved in
centrosome function can directly induce chromosomal instability by disrupting normal chromosome segregation. Amongst others, genes as AURKA, PRC1, PLK2, TPX2 and NEK2a are
involved.46-48
Telomere dysfunction may contribute to chromosomal instability. When telomere protection
at the end of chromosomes is compromised, end-to-end fusion or breakage will occur, leading
to chromosomal rearrangements that drive early carcinogenesis.49 During later stages cancer
cells can maintain telomeres of sufficient length, by up regulating telomerase activity, which
confer immortality to the tumor cells.44
In colorectal cancer chromosomal aberrations have been studied and recurrent patterns of
gains and losses have been recognized, including large scale aberrations and small focal aberrations. Chromosomal imbalances on 4, 8p, 17p, 18q losses and gains on 7, 8q, 13q and
20 are frequently found, but heterogeneity between individual tumors and stages exists.50-53
ERBB2 (HER2/NEU), CCND1, CCNE1, EGFR, FGFR2, IRS2 and MYC are genes that can be
amplified in colorectal cancer, whereas PTEN, CDKN2A, TP53, SMAD4 are located on chromosomal regions that frequently are deleted.
The challenge to any analysis of somatic DNA copy number changes is to distinguish alterations that drive carcinogenesis from those that accumulate randomly. Furthermore, to pinpoint actual cancer genes or targets within the copy number remains difficult.26,54 It is known
that DNA copy number changes affect gene expression. Several chromosomal regions in
colorectal cancer frequently show gain combined with over-expression (e.g. 7p, 8q, 13q and
20q) or decreased expression of genes at loci with losses (1p, 4, 5q, 14q, 15q and 18).55
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Micro satellite instability
A second mechanism of genomic instability is micro satellite instability (MSI), which accounts
for 15% of sporadic colorectal cancer. It is also the underlying mechanism for colorectal cancer development in Lynch syndrome, also known as HNPCC.56,57 This instability is caused by
a defect in DNA mismatch repair (MMR). Normally, errors such as frame shift mutations and
base-pair substitutions in repetitive nucleotide sequences (=micro satellites) are repaired by
the DNA mismatch repair system. Failing DNA MMR genes leads to accumulation of mutations
in coding genes as well as errors in the repetitive DNA sequences. The latter can easily be
detected with a PCR assay that is used as a test for presence of MSI in tumor tissue. In Lynch
syndrome, germ-line mutations of MLH1, MSH2, MSH6 or PHS2 are responsible for dysfunction of the DNA MMR system. In sporadic MSI tumors, epigenetic silencing of MHL1 by CpG
island hypermethylation of the promoter region of MHL1 is responsible for failing DNA MMR
and consequently development of colorectal cancer.56,57

1.2.4.

Epigenetic changes and miRNAs

In addition to genetic alterations, epigenetic changes such as methylation, histon modification, and post-transcriptional gene regulation by microRNAs (miRNAs) also contribute to
colorectal cancer development.58
DNA hypermethylation at CpG islands (repetitive CG sequences) in promoter regions is associated with loss of gene expression. This epigenetic silencing of genes has been recognized
as an alternative mechanism of inactivation of TSG’s in colorectal cancer.58 Although hypermethylation is seen as a mechanism in cancer development, it also occurs in normal epithelium
as a result of aging.59 In colorectal cancer distinct DNA methylation patterns of gene clusters
have been recognized, which give rise to a different phenotype (the CpG island methylator
phenotype or CIMP) with specific prognostic, pathological and clinical features.60 Designation
of CIMP is based on methylation of a panel of genes such as RUNX3, CACNA1G, IGF2, MINT1,
CDKN2A.61 Methylated tumor DNA can also be detected in stool and blood and serve as a biomarker for early detection of colorectal cancer.62-64
Histon modification is another epigenetic phenomenon in colorectal cancer development. Normally, DNA is packed around histon proteins which are assembled into nucleosomes. This
plays a role in regulating transcription. Four different histon proteins exist, H2A, H2B, H3 and
H4. Modification of histon proteins by acetylation, methylation or phosphorylation can affect
chromatin structure and influence gene expression, leading to inactivation of TSG’s.65 Furthermore, histons are known to be important for the DNA damage response, thereby contributing
to genomic stability.66 The reversal of epigenetic changes by chromatin-modifying drugs provides potential and promising new therapeutic options.67 Histone deacetylase (HDAC) inhibitors
such as SBHA and MS275 are being tested in colorectal cancer treatment, and interestingly,
HDAC inhibitors show potent synergistic interaction with 5-FU.68
Recently miRNAs, small non-coding RNAs, have been discovered. miRNAs regulate gene expression at the posttranscriptional level by cleavage of mRNA or inhibition of protein synthesis.69 It has been predicted that 30% of the protein-coding genes are regulated by miRNAs.
miRNAs are frequently located at genomic regions with DNA copy number changes.70 miRNAs
16
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can function as oncogenes or TSG’s and can promote malignant tumor behaviour.71 Specific
miRNA signatures have been associated with clinical and biological phenotypes of tumors.
In colorectal cancer, expression levels of miR-143 and miR-145 are frequently reduced and
miRNA-19a, miRNA17-92 and miRNA-21 levels are often increased.69,72,73,74

1.3
1.3.1

Treatment
Surgery

Radical surgical resection of the primary tumor with en-bloc resection of draining lymph nodes
is still the main treatment for colorectal cancer (Figure 4). All patients with a colorectal tumor
without distant spread are considered for surgery. En bloc resection of invaded adjacent organs in case of T4 tumors may be needed to obtain an R0 (microscopically radical) resection.11
Surgical resection of the rectum should include total mesorectal excision (TME) with adequate
circumferential and distal margins. TME resection is associated with a reduced risk of local
recurrence.75

Figure 4 Surgical resection of a primary left-sided colon tumor with
en-bloc resection of draining lymph
nodes. (from: Ludwig et al. Operative Techniques in General Surgery,
2003;5:199-213)

Laparoscopic or open resection, with fast track modalities have gained wide spread acceptance for safe resection and fast recovery. Reduced hospital stay, less postoperative pain and
shorter duration of post-operative ileus have been demonstrated in favour of laparoscopic
surgery for colon cancer. Long term oncological results for laparoscopic surgery are similar to
open approaches.76-79 Similar 3-year local recurrence rates in open versus laparoscopic rectal
cancer surgery have been shown, although functional outcomes remain to be investigated in
more detail.80
In patients with resectable oligometastatic liver or lung metastasis, 5 and 10 years survival
rates have improved by metastasectomy. 5 year survival rates after well selected resectable
liver and lung metastasis are 36-58% and 27-41%, respectively.81,82
17
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1.3.2

Chemotherapy and Radiotherapy

Multi modality treatment of patients with colorectal cancer has gained support over recent
years. (Neo)adjuvant treatments with chemotherapy and/or radiotherapy in combination with
surgical resection have increased the number of R0 resections and have improved oncological
outcome. Adjuvant chemotherapy should be offered to all patients with lymph node metastasis (stage III colon cancer) after resection of the primary tumor, because disease-free survival
may be improved by 10-15%.83 Fluorouracil-based chemotherapy schedules combined with
Leucoverin and Oxaliplatin have been established. Fluorouracil as a continuous infusion or
Capecitabine (Xeloda), an oral fluorouracil pro-drug, show similar effects.84 Irinotecan and
new targeted drugs such as Cetuximab (Erbitux, a antibody against EGFR) and Bevacizumab
(Avastin, a antibody against VEGF) are under investigation but not prescribed in routine clinical practise for curable disease.85
Palliative chemotherapy for patients with unresectable metastatic colorectal cancer can improve survival and reduce symptoms. Progress is made with new regimens, and survival rates
have improved from 12 months with Fluorouracil based therapies regimens alone to roughly
2 years with addition of Irinotecan, Oxaliplatin and targeted drugs. KRAS mutation status is
a predictor of tumor response to EGFR directed antibodies such as Cetuximab (Erbitux) and
Panitumumab (Vectibix).86 Patients with mutant KRAS tumors will generally not benefit from
these drugs, and EGFR directed drugs therefore are therefore offered to the wild type KRAS
subgroup only.11
No randomized clinical trial or retrospective analysis of pooled data has demonstrated a survival benefit for adjuvant therapy for stage II colon cancer.87 However, a marginal survival benefit of adjuvant chemotherapy for stage II colon cancer was seen in some other studies.88,89
Today, routine chemotherapy for stage II colon cancer is not recommended. Only in case of
high risk stage II colon cancer (T4-tumors, obstructing presentation, poor differentiation,
extramural vascular invasions, fewer than 10-12 lymph nodes harvested, indeterminate or
positive resection margins, perforation) adjuvant chemotherapy should be offered.87,90,91
Pre-operative radiation for local control of rectal cancer is standard in most countries. Local
recurrence is mostly predicted by involvement of the circumferential resection margin and
lymph node status. For patients with clinical stage III or node positive rectal tumors long
course radiation (28x2 Gray) with addition of chemotherapy (Fluorouracil or Capecitabine) is
given preoperatively. Compared to adjuvant radiotherapy, a lower incidence of recurrences
and toxicity has been reported for neo-adjuvant radiotherapy.92 Short course radiation (5x5
Gray) or no preoperative treatment is given to patients with small rectal tumors when resection margins are likely to be negative.93 Choice of treatment depends on preoperative MRI
evaluation of circumferential tumor margin, distance form anal verge and patients characteristics.94-96

1.3

Prognostic factors

Five year survival rates of colorectal cancer are around 60%, but depend on treatment-, patient- and tumor-related variables. Currently, most colorectal cancer patients receive a similar
treatment (“one-size fits all”), despite the fact that considerable heterogeneity exists among
patients and tumors. Adjuvant therapy is given to all stage III colon cancers, and not offered
to stage II colon cancer patients. However, some stage III colon cancer patients won’t benefit
18

General Introduction

from chemotherapy whereas approximately 25% of stage II patients are under treated. Most
rectal cancer patients are treated with preoperative (chemo-)radiation to reduce local recurrence rates. However, benefit of (chemo-) radiation depends on stage of tumor, distance from
anal verge and EGFR receptor status. Adverse effects of radiation such as poor wound healing, sacral abscesses and fistula’s, and long term effects like faecal incontinence, can impair
quality of life considerably.97 Therefore, personalized medicine, the most effective treatment
with the least adverse effects based on individual patient and tumor characteristics, would be
of great help to optimize individual colorectal cancer treatment.
This thesis focuses on tumor and patient prognostic factors in colorectal cancer patients.

1.4.1

Prognostic versus predictive markers

Prognostic markers give information about clinical outcome independent of treatment. Predictive markers indicate the likelihood of benefit from treatment. Examples of established
predictive markers in colorectal cancer are KRAS mutation status correlated with resistance
to EGFR targeted drugs, and Thymidylate synthase expression with response to Fluorouracil.
Prognostic markers are described in more detail below.

1.4.2.
1.4.2.1

Tumor related prognostic factors
Histopathological prognostic factors

Traditionally, assessment of prognosis of colorectal cancer is based on histopathological features of the tumor. The TNM classification system is an internationally accepted classification
system based on local spread of tumor (T), lymph node metastasis (N) and distant metastasis
(M).98 Prognosis and therapeutic decisions are based on the TNM system. However, tumors
with the same stage can have rather different clinical outcomes and these systems perform
sub-optimally in predicting long-term oncological outcome in individual patients. Apart from
TNM staging, numerous prognostic histopathological factors have been described. Isolated tumor deposits,99 less than 10 lymph nodes assessed,100 poor tumor differentiation, extramural
vascular (venous) invasion, perforation, and margin involvement (tumor or inflammatory) are
all related to worse prognosis in colorectal cancer.
Irrespective of other prognostic markers, no adjuvant therapies for patients with stage I colon
cancer are recommended, and all patients with stage III colon cancer are offered adjuvant
therapy. Adjuvant therapy is not given routinely to patients with stage II colon cancer, but
could be considered in a subset of patients with a high risk stage II colon tumor as described
before. However, histopathological high risk factors are not always recognized or documented
in medical reports, and a need exists for additional markers that translate tumor biology into
diagnostically relevant information.

101
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1.4.2.2.

Molecular prognostic factors

Tumor profiling and micro arrays
Based on the concept that clinical phenotype is driven by underlying biological mechanisms of
disease, molecular characterisation of tumors has been advocated to predict prognosis more
accurately in individual patients. Single markers have been studied for their prognostic value.
Tumor profiling, which means measuring large numbers of different markers in a large cohort,
is now being investigated for objective classification of patients. With advancing technologies,
such as micro array based experiments, it has become possible to measure numerous molecular markers in one single experiment.39,102 It has been used to identify new drug targets,
analyze oncogenic mechanisms, evaluate response to therapy, and predict prognosis and
tailored therapy.39,103-105 Profiling of colorectal cancers can be based on DNA, RNA, protein or
epigenetic changes.
DNA copy number changes and Comparative genomic hybridization
For analysis of DNA copy number changes FISH, MLPA, and LOH assays can be used. However
these tests can only study a few markers at a time. In 1992, Kallioniemi developed Comparative Genomic Hybridization (CGH) which allows analysis of chromosomal aberrations at a
genome-wide scale in a single experiment.106 To improve resolution, array CGH was developed.107 The first in house customized BAC (Bacterial Artificial Chromosomes) arrays were used
with resolutions around 1.4 Megabyte (Mb). Oligonucleotide array CGH platforms became
commercially available, consisting of arrays with oligonucleotide DNA probes.108-110 Today,
resolution of oligonucleotide array CGH platforms has already expanded to 1 million Mb. This
means that 1 million spots representing coding and non-coding human sequences can be present on one array. The technical aspects of CGH analysis have remained basically the same.111
DNA from test (i.e. tumor) tissue and reference tissue is labelled with different coloured fluorescent dyes (usually Cy3 and Cy5). Labelled DNA is hybridized on a slide with metaphase
chromosomes, spotted BACs (classic CGH) or oligonucleotides (arrayCGH). After competitive
attachment of DNA probes to the spots, the relative amount of tumor DNA to reference DNA
can be measured and graphically expressed (Figure 5). Since the genomic locus of all spots
is known, DNA copy number changes can be allocated to specific genomic loci at a gene level
resolution. CGH analysis cannot detect mosaics, balanced chromosomal translocations, inversions, or whole-genome ploidy changes. Single channel platforms can detect single nucleotide
polymorphism (SNP array), which provide information of loss of heterozygosity (LOH).
Because biologic heterogeneity of colorectal tumors is reflected for an important part by differences in chromosomal patterns, prognostic value of DNA copy number changes in colorectal
cancer has extensively been studied. In general, aneuploidy is associated with worse prognosis112 and with advancing stage of disease more chromosomal aberrations arise.51 Specific
chromosomal patterns have been linked to specific stages of disease, prognosis and response
to therapy in colorectal cancer.113-118 Gain of 8q, 13q, 20q, and loss of 17p and 18q seem to be
early events53,119 and multiple oncogenes at 20q amplicon contribute to progression from adenoma to carcinoma.120 Simultaneous deletion of 18q, 8p, 4p and 15q appears to have a poor
prognosis.121 In particular loss of heterozygosity at 18q had unfavourable outcome in stage II
colorectal cancer.122-124 An important advantage of array CGH as approach for tumor profiling,
unlike mRNA based profiling, is that it can be performed on formaldehyde fixed, paraffin embedded material, which is the standard method used in routine diagnostic settings.
20
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(A)

(B)

Figure 5 (A) Principles of array CGH. Schematic overview of the micro array CGH technique. Tumor and reference
DNA are labelled with Cy3 en Cy5 respectively, and hybridized on a micro array slide containing DNA fragments of
the genomes. Image of fluorescent signals are obtained by scanning and green-tot-red signal ratios are digitally
quantified for each target (from:Weiss et al.J Clin Pathol, 1999;52:243-251). (B) Graphically overview of DNA copy
number changes of a colon tumor analyzed with 44K oligo nucleotide array CGH. Y-axis displays DNA copy number
gains and losses. X- axis displays chromosome ordered from 1 to 23.

1.4.3.

Patient related prognostic factors

Patient characteristics may influence early and late clinical outcome in colorectal cancer treatment. While tumor related factors influence mainly disease-free survival, patients related features have effect on post-operative outcome and over-all survival rates. Obesity,125 male gender,126 symptoms at presentation,127 alcohol abuse, dietary fiber intake, smoking, race, low social
class and deprivation,128 have been associated with poor short and long term clinical outcome.
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Age is often considered as a detrimental prognostic factor in oncology and older patients may
have a worse clinical outcome than younger patients. In most randomized clinical trials older
patients are excluded, and patients over 75 often do not receive chemotherapy.129 This may
seem appropriate when only average life expectancy is taken into account.130 Recently, however, it has been shown that general health, performance index and co-morbidity are more
important factors for colorectal cancer prognosis than age alone.131-134
Patient co-morbidity determinates to a large extent clinical outcome.130 The highest postoperative mortality rates occur in a small subgroup of patients with a poor condition.135 Poor
patient condition, dehydration, malnutrition, poor oxygenation and septic state at time of
operation predict the post-operative course directly. Also, overall survival rates are lower in
patients with co-morbidity compared to patients without important co-morbidity.131 In particular, cardiovascular and pulmonary co-morbidity influence outcome. However diabetes, connective tissue disease, renal disease, leukaemia, neurological defects also have a negative
effect on outcome. Although many patient-related factors cannot be influenced at the time of
colorectal cancer diagnosis, preoperative resuscitation or particular pre-operative measurements can be taken to improve patients outcome.

1.4.4

Treatment related prognostic factors

Lastly, prognosis of colorectal cancer patients also depends on various treatment aspects.
The only treatment that can cure patients from colorectal cancer currently is radical resection
of the tumor. Many studies have analyzed the mode of surgical management and outcome. In
volume/outcome studies, case-load and volume of surgery have been analyzed in relation to
patient prognosis. Higher case-loads, surgical specialization and multidisciplinary approaches
may be associated with better outcome.136,137 Fast track modalities such as early feeding,
short periods with drains and nasogastric tubes, adequate pre- and postoperative fluid management, acute or elective surgery, open versus laparoscopic resection, protecting ileostomy
in low rectal tumors, mode of incision and operation time all can affect clinical outcome. Also
other factors, including per-operative blood transfusion, pre-operative colonic lavage, preoperative imaging and staging and (neo-) adjuvant treatments, influence clinical outcome.

1.5

Risk Scoring systems

Risk-scoring systems, that take into account treatment, tumor and patient related prognostic
factors, exist for predicting postoperative mortality or morbidity in individual colorectal cancer
patients. A large number of scoring systems, assessing a patient’s risk of mortality or morbidity, have been developed in recent years. These risk scoring systems can also be used to
classify patient cohorts and to compare outcomes between surgeons, hospital or nations.138,139
Comparative audit has become an integral part of current practice in surgery. However, comparison of outcome is meaningless and even dangerous without proper risk-stratification of
patients and their co-morbidity, extent of the disease and complexity of treatment. Therefore,
these systems must be interpreted with care and should be corrected for case-mix if used for
comparison of quality of surgical care.
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2.

Aims and outline of thesis

Part I of this thesis focuses on tumor profiling of patients with stage II colon cancer. Chapter
2-4 describe experiments and results of array CGH analysis of stage II colon cancer patients
using a high-resolution genome-wide oligo-nucleotide CGH platform. High resolution CGH can
detect small focal chromosomal aberrations, which facilitates driver gene identification. The
clinical value of these focal aberrations in stage II colon cancer is not known. In chapter 2
focal genomic aberrations in stage II colon cancer were evaluated for their potential to predict
clinical outcome. In addition, we attempted to identify candidate driver genes within focal
aberrations by integrated analysis of focal copy number changes with mutations analysis and
gene expression.
In chapter 3 differences in larger chromosomal aberrations in tumors of stage II colon cancer patients with and without relapse of tumor were investigated at a genome wide scale.
Chromosomal changes were analyzed separately for CIN and MSI tumors, and related to
prognosis.
CGH methods have continuously been optimized since their introduction in 1992, and oligonucleotide array’s instead of BAC array’s are used nowadays. However interpretation and
further optimizing array CGH data remains crucial. Many high resolution array CGH profiles
contain technical artefacts that e.g. cause waves in the plots. This makes accurate detection
of breakpoints in such profiles more difficult. In chapter 4 an algorithm for correction of wave
artefacts in CGH profiles is introduced, tailored to cancer specific profiles.
Next to tumor profiling by DNA copy number changes, profiling can be done at the protein
level. With tissue micro arrays, biomarkers can be studied easily in large patients cohorts,
when suitable antibodies are available. Cell cycle proteins are essential for preservation of
cellular serenity. Cancer cells have become insensitive to anti-proliferative signals from cell
cycle regulators, allowing continuous proliferation. In chapter 5 the prognostic role of cell
cycle proteins in stage II and III colon cancer is studied
Although tumor characteristics remain of crucial importance for predicting oncological outcome and disease-free survival of colorectal cancer patients, patient factors determine clinical
outcome and over-all survival. Outcome of colorectal cancer treatment must be monitored
and outcomes will be increasingly available for the public. However, comparing outcome of
colorectal surgery between nations, hospitals and individual surgeons is not straight forward,
and patient characteristics have to be taken into account. Several scorings systems used in
general and colorectal surgery, incorporating tumor, patient and treatment related factors
exist, and are reviewed in chapter 6. Co-morbidity and patient condition influence short and
long term outcome of colorectal cancer treatment. In chapter 7 patient’s condition at time
of operation, expressed in the physiologic POSSUM score, is related to long term outcome in
colorectal cancer patients.
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Abstract
Background: Chromosomal instable colorectal cancer is marked by specific large chromosomal copy number aberrations. Recently, focal aberrations of 3Mb or smaller have been identified as a common phenomenon in cancer. Inherent to their limited size, these aberrations
harbour one or few genes. The aim of this study was to identify recurrent focal chromosomal
aberrations and their candidate driver genes in a well-defined series of stage II colon cancers
and assess their potential clinical relevance.
Methods: High-resolution DNA copy number profiles were obtained from 38 formalin-fixed,
paraffin-embedded colon cancer samples with matched normal mucosa as a reference using
array comparative genomic hybridization.
Results: In total, 81 focal chromosomal aberrations were identified that harboured 177 genes. Statistical validation of focal aberrations and identification of candidate driver genes were
performed by enrichment analysis and mapping copy number and mutation data of colorectal,
breast, and pancreatic cancer and glioblastomas to loci of focal aberrations in stage II colon
cancer. This analysis demonstrated a significant overlap with previously identified focal amplifications in colorectal cancer, but not with cancers from other sites. In contrast, focal deletions seemed less tumor type-specific since they also showed significant overlap with focal
deletions of other sites. Focal deletions detected were significantly enriched for cancer genes
and genes frequently mutated in colorectal cancer. The mRNA expression of these genes was
significantly correlated with DNA copy number status, supporting the relevance of focal aberrations. Loss of 5q34 and gain of 13q22.1 were identified as independent prognostic factors
of survival in this series of patients.
Conclusion: Focal chromosomal copy number aberrations in stage II colon cancer are enriched in cancer genes that contribute to and drive the process of colorectal cancer development. DNA copy number status of these genes correlates with mRNA expression and some
are associated with clinical outcome.
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Introduction
Colorectal cancer results from alterations in the genome including mutations and chromosomal aberrations that affect oncogenes and tumor suppressor genes.1 Array comparative genomic hybridization (array CGH) allows to study chromosomal aberrations at a genome-wide
level and a high spatial resolution in large series of tumours.2 Many of these aberrations concern large chromosomal regions, which makes it difficult to identify actual driver genes.3 Increased resolution has led to the detection of focal chromosomal aberrations, defined as 3Mb
or smaller in size.4-8 Inherent to their size, focal aberrations contain a small number of genes,
facilitating driver gene identification.6,9 Frequently, identification of candidate driver genes is
accomplished by integrating chromosomal copy numbers with genome-wide expression array
data.3,10 An alternative approach for identifying candidate cancer genes at loci of genomic alterations is to analyse chromosomal copy numbers in conjunction with mutations, consistent
with Knudson’s two hit model.6 Specific chromosomal copy number aberrations have been
linked to specific (sub-) types of cancers, well-defined disease stages and clinical outcome.11
It has recently been demonstrated that specific chromosomal copy number aberrations correlate with progression from colorectal adenoma to adenocarcinoma and response to therapy
in advanced colorectal cancer (CRC).3,12 However, the relevance of focal chromosomal aberrations and their potential prognostic value in CRC has remained largely unexplored.
In the Netherlands, 40% of all colon cancer patients present with stage II disease, according
to the TNM system.13 Stage II colon cancer patients are primarily treated by resection of their
tumor. About 20-30% of stage II colon cancer patients will relapse, but standard adjuvant
therapy is not recommended. A better understanding of disease biology could help to identify
stage II CRC patients at high risk of relapse who may benefit from closer follow up or additional therapy.
The present study aims to identify focal chromosomal aberrations in a series of stage II FFPE
colon cancer samples and evaluate their potential clinical value.

Methods
Patients and tumor material
Forty-six patients operated between 1990 and 2000 for stage II colon cancer (pT3 or pT4,
pN0, pM0, R0 TNM classification, fifth edition13 were selected for this study, 20 with and 26
without relapse. Patient and tumor characteristics are listed in Table 1. Twenty-one patients
underwent resection of their primary tumor at the John Goligher Colorectal Unit, Leeds General Infirmary (UK) and 25 patients at the Zaans Medical Center (The Netherlands). The
medical records of all patients were reviewed retrospectively to obtain clinical data, patient
characteristics, and follow-up data. None of the patients received postoperative chemotherapy or radiotherapy. Tumor relapse was defined as the occurrence of distant metastasis,
confirmed by ultrasound, CT scan and/or histology within 36 months. Histopathological classification included TNM staging13, grade of differentiation and number of nodes assessed. From
one additional patient with colon cancer, both a fresh frozen sample and an FFPE sample were
included for technical validation purposes.
All samples were used in compliance with the respective institutional ethical regulations for
surplus material, and use of material from Leeds General Infirmary (UK) was approved by the
Leeds (West) Research Ethics Committee, unique identifier CA02/014.
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Table 1. Patient and tumor characteristics of 46 stage II colon cancers
Mean Age (years) (range)

74.5 (48.5-91.3)

Mean number of nodes assessed (range)

8.2 (1-22)

Sex
Female

26

Male

20

MSI status
MSI

14

MSS

32

Tumor location
Right sided*

31

Left sided*

15

Depth of tumor invasion (pT)
T3

43

T4

3

Differentiation
Poor

6

Moderate

40

* Right –sited includes the caecum, ascending colon and transverse colon; left-sited includes splenic flexure, descending colon and sigmoid colon. No rectum included.

DNA isolations
DNA was isolated from 46 stage II CRC FFPE samples as previously described.14,15 For each
tumor an area containing at least 70% tumor cells was selected for DNA extraction and marked on an haematoxylin and eosin (H&E) -stained section. Four to six 10µm adjacent sections
were cut, deparaffinized, and macro-dissected. DNA was extracted using a column based method (QIAamp Microkit; Qiagen, Hilden, Germany).14 For all FFPE samples, reference DNA was
extracted from resection margins or normal colon mucosa of the same patient at least 1 cm
distance from the tumor (matched normal). Normality was confirmed for each reference by
comparison with the array signals of pooled DNA samples isolated from blood obtained of 18
healthy males.16 DNA from the frozen tissue sample was isolated using the Wizard® Genomic
DNA Purification Kit (Promega, Benelux, Leiden, The Netherlands). This sample was hybridized against a blood-derived pooled reference DNA as previously described.16
MSI status
Samples were analyzed for microsatellite instability using the MSI Analysis System, Version 1.1 (Promega, Madison, USA). PCR products were separated by capillary electrophoresis
using ABI PRISM® 3130 Sequencer and output data were analyzed using GeneScan 3100 (Applied Biosystems, Foster City, CA, USA). Samples with instability in two or more markers were
classified as microsatellite instable (MSI) and samples with either no or one instability marker
were classified as microsatellite stable (MSS).
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DNA copy number analysis by array CGH
Labelling was performed as previously described16 and was identical for FFPE and frozen samples, as well as Agilent and Nimblegen array platforms. CGH arrays for the 46 stage II samples contained 45 220 in situ synthesized 60-mer oligonucleotides representing 42 494 unique
chromosomal locations evenly distributed over the genome (4x44k array, AMADID number
014950, Agilent Technologies, Palo Alto, CA, USA).
Technical validation
Technical validation of the performance of array CGH on FFPE was performed in two ways.
First, DNA of one FFPE case that showed multiple focal aberrations on the Agilent platform was
also analyzed on a 135K Nimblegen array (12x135k WG-T array) containing 134 937 unique
in situ synthesized 60-mer oligonucleotides (Roche Nimblegen, Madison, USA). Second, for an
additional case of which both fresh frozen and FFPE tissue was available, DNA of both samples
was hybridized on 105K Agilent arrays (2x105k array, AMADID number 019015) containing
over 99 000 unique in situ synthesized 60-mer oligonucleotides. Hybridizations were performed according to the manufacturer’s protocols for respectively Agilent or Nimblegen. Images
of the arrays were acquired using a G2505B microarray scanner (Agilent technologies).
Gene expression microarrays
For 19 stage II patients (six relapse, 11 no relapse, and two unknown), fresh tumor tissue
was available and used for RNA isolation (Ambion Inc., Austin, Texas, USA). Synthesis and
cDNA labelling was performed according to manufacturers recommendations including QC
(Agilent Technologies). Hybridization was performed on single 44K formatted expression arrays containing 41 675 60-mer oligonucleotides representing over 27 000 well characterised
full length or partial human genes and expressed sequence tag clusters (G4112A, Agilent
Technologies).
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Statistical analysis
Array CGH data analysis
Image analysis was performed using feature extraction software version 9.1 for the Agilent
arrays and NimbleScan version 2.5 for the Nimblegen array. Oligonucleotides were mapped according to the human genome build NCBI36 (March 2006). Quality assessment of array CGH profiles was based on the median-absolute deviation (MAD) of the log2 ratio of a
chromosome without breakpoints 14. Profiles with MAD values ≥ 0.20 were classified as poor
quality and excluded from further analysis. Of the 46 stage II samples, 38 array CGH profiles
passed this quality control (18 with and 20 without relapse). Data is made publicly available
in GEO (accession number GSE17047). Downstream analysis was done using the statistical
computing language R, version 2.6.1 (http://www.r-project.org). Chromosomal copy number
aberrations were identified using the package CGHcall17 with cellularity set to 0.7 and median
normalization. Focal chromosomal aberrations were defined as regions less than 3 Mb, as previously defined.6-9,18 Furthermore, only those focal deletions that were detected two or more
times and focal amplifications if they spanned three or more probes are taken into account.
The reason for using different criteria for focal deletions and focal amplifications, lies in the
fact that these have different characteristics. Theoretically deletions can measure two copies
whereas amplification can be much higher. In the present series, the average DNA copy number ratio for focal deletions was -0.67, while for the focal amplifications the average amplitude
was more than twice as high, at 1.46.
Statistical validation of focal aberrations and putative driver gene identification
To validate the focal aberrations, we tested whether they were enriched for loci of previously
published focal aberrations in colorectal, breast, and pancreatic cancer and glioblastoma.5-7
To this end, enrichment analysis19 was implemented whereby 10 000 sets of simulated focal
aberrations were randomly generated throughout the genome, with the same amount and
length as the stage II focals, and at least one Agilent probe mapping within the region. Overlap was determined of either the randomly selected regions or the stage II focal aberrations,
with the published focal aberrations and significance of enrichment expressed as a p value.
Identification of candidate driver genes was carried out using the same enrichment calculations. Enrichment of stage II focal aberrations or the randomly selected focal aberrations was
calculated for published recurrent mutations5,7,20 or genes of the Cancer Census list.21 Statistical significance of enrichment19 of overlap with these driver genes was again expressed as
a p value.
The UCSC table browser data retrieval tool was used to obtain the list of overlapping UCSC
genes within the experimental and simulated sets of focal aberrations.22 Where necessary the
Batch Coordinate Conversion (liftOver) tool from the UCSC Genome Bioinformatics resource (http://genome.ucsc.edu/cgi-bin/hgLiftOver) was used to remap regions to the NCBI36
March 2006 freeze.23,24
Correlation of focal aberrations with clinical data
The relationship between any of the recurrent stage II focal aberrations, clinical variables; age
greater or less than 70 years, right or left-side tumor localization, T-stage, number of nodes
assessed (less or greater than 10), differentiation grade, MSI status and gender with either
overall survival (OS) or disease-free survival (DFS) was calculated using univariate survival
analysis with log rank statistics. To determine the independent effects of clinical variables
and recurrent focal aberrations, multivariate Cox proportional hazard analysis was performed
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including only the significant variables from the univariate survival analysis. To determine the
association of DNA copy number alterations at loci of focal aberrations with survival or clinical
variables, DNA copy number changes due to either focal aberrations or large chromosomal
copy number aberrations overlapping with loci of focal aberrations were included. OS and
DFS were defined as time from surgery to date of death due to any cause or to date until
relapse of tumor, respectively. Survival analysis was performed using Statistical Package for
Social Sciences version 15.0 (SPSS, Inc., Chicago, IL, USA).
Gene expression in focal chromosomal aberrations
Scanning and feature extraction of the expression arrays were performed using scanner version G2505B and feature extraction version A.7.5.1 (Agilent Technologies). Data is made
publicly available in GEO (accession number GSE17047).
The R-package LIMMA was used for background correction according to the Edward method25
and within array Lowess and between array quantile normalization according to Smyth and
Speed.26 Expression values of candidate driver genes in or overlapping with the loci of focal
aberrations were compared between tumors with and without DNA copy number aberrations
of these genes. Of the 177 candidate driver genes in focal aberrations (Tables 2 and 3) 103
could be directly matched by name to the gene names of the Agilent expression arrays and
were included in this analysis. The log 2 mRNA expression ratio in a focal aberrant region was
rescaled from 0 to 100 per gene and statistical significance of difference in average expression of these 103 genes between cases with normal copy number status and losses or gains,
respectively, was calculated using a Wilcoxon rank test.

Results
Chromosomal copy number aberrations in FFPE stage II CRC samples
An overview of large (> 3Mb) and focal chromosomal copy number aberrations in the 38 stage
II colon cancer samples is shown in Figure 1A. The most frequent aberrant regions were gains
of chromosome 7, 8q, 13, 20 and deletions of chromosome 8p, 15, 17p and 18q, which is
consistent with earlier observations.3,27
Focal chromosomal copy number aberrations in stage II CRC patients
Array CGH of 38 tumors yielded high-quality DNA copy number profiles that allowed for reliably detecting focal aberrations, typical examples of which are given in Figure 2. In total, 176
focal chromosomal aberrations were detected in 81 genomic loci, comprising 47 deletions and
34 amplifications regions spread across the genome (Figure 1B and Tables 2 and 3).
On average, tumors showed 3.7 focal deletions (range 0-19), containing on average 17 genes (range 1-130). The frequency of focal amplifications was considerably lower than that of
focal deletions. Tumors had on average 0.95 (range 0-9) focal amplifications, containing on
average 13 genes (range 1-50).
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(A)

(B)

Figure 1. Frequency plots of large-scale and focal chromosomal aberrations in 38 stage II colon cancers. On the horizontal axis, chromosomes are plotted as alternating white and grey bands. Centromeres
are shown as dotted grey vertical lines. On the vertical axis, frequencies of aberrations are shown, and
MSI and MSS tumors are depicted separately; dark colours are MSI, grey colours MSS. (A) Frequency
of the combined large-scale and focal chromosomal aberrations; (B) frequency of focal chromosomal
aberrations, defined as 3Mb or less in size
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0.7

0.8

0.4
1.0
0.9

0.8

0.3
0.9
0.5
0.8
0.4
0.5
0.7
0.8
0.2
0.06
0.06
0.2
0.2
0.7

0.3

0.6

0.4
1.0
0.9

10,11

5
7,10

10

11
12

11

11

11
6,13

Overlap of stage II
LogSize No of
Freq
Log-rank amplifications with
Start (Kb) End (Kb)
Freq
rank
(Kb) genes
expr
OS*
published focals data
DFS*
#§¶

Minimal affected
region

Table 3. Focal amplifications in stage II colon cancer patients and candidate driver genes therein. (part 1 of 2)

MLLT614 PCGF24 LASP114 CACNB11 STAC23
ERBB210,11,14 PSMD33

ANK12 MYST33,4 IKBKB2 HOOK32
POP12 OSR24 COX6C14 RGS222,4
KCNQ32,4
IGF24
MTL52 MRGPRD3 CCND111,14
PARP114 CCND214 AKAP31
CHD44 ACRBP4
DACH12
KLF51,3
MYH1114
PHKB1,2 ABCC114
CYLD14 CHD92,4
ACACA1

PROSC4 GPR1241,11 DDHD21 WHSC1L114
FGFR114

EZH21 ZNF4252 KIAA18624 RARRES23
REPIN13 GIMAP82,4 GIMAP73 GIMAP12,4
GIMAP54 ABP12 NOS31,4 ABCB82

PPBP4
WBSCR282 ELN3,14 RFC24
ZNHIT11

Candidate driver genes at focal
amplifications §,¶
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35428
39578
1604
10957
15824
16681
21091
22453
29352
29793
31569
45720
51177
61992

35763
39928
1868
11428
16680
17402
22316
23763
29773
30526
31659
47163
51994
62135

335.3
350.5
263.7
470.5
856
721
1225.6
1309.7
421
733.6
90.1
1443.4
817.1
142.8

13
16
1
1
4
2
10
23
13
18
1
10
5
10

1
1
1
1
1
1
1
1
1
1
1
1
2
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.5
0.5
0.9
0.6
0.6
0.8
0.7
0.7
0.2
0.1
0.2
0.2
0.2
0.09

0.8
0.8
0.9
0.5
0.5
0.7
0.7
0.7
0.2
0.1
0.2
0.2
0.2
0.1

SNRPB21
OTOR4 PCSK21,3,4
NKX2-23
FOXA24 CST42
HM132,10 BCL2L14
1
TPX2 DUSP153 XKR72 HCK3 TM9SF43,4
CBFA2T23
2,3
SULF2 PREX13 ARFGEF22 CSE1L1
ZNF2171

6

10

10,12
10
10

RAPGEFL14 WIRE3 RARA14
SLC4A14

10

Chr.= Chromosomal band; OS= Overall Survival; DFS=Disease-free survival. Freq = number of focal aberrations in the entire dataset; Freq = number of expression arrays ran for with that aberration.
*Log-rank statistic, P-values not corrected for multiple testing.
#Overlap with focal copy number data, found in published datasets, indicated by number.
§ Focal chromosomal aberrations and candidate driver genes identified by:
1:Mutated genes CRC20 ;2: Mutated genes breast cancer20; 3: Mutated genes pancreatic cancer5;4: Mutated genes in glioblastoma7;5: Homozygous deletions
in CRC6;6: Homozygous deletions in breast cancer6; 7: Homozygous deletions in pancreatic cancer5;8: Homozygous deletions in glioblastoma7;9: Homozygous
deletions in human cancers29; 10: Amplifications in CRC6 ;11: Amplifications in breast cancer6;12: Amplifications in pancreatic cancer5 ; 13: Amplifications in glioblastoma7; 14: Cancer Census genes21; 15: Single gene located within focal aberration. ¶ Genes and numbers in bold have been described in CRC.

17q21.2
17q21.31
20p13
20p12.2
20p13
20p12.1
20p11.22
20p11.21
20q11.21
20q11.21
20q11.22
20q13.12
20q13.2
20q13.33

Table 3. Focal amplifications in stage II colon cancer patients and candidate driver genes therein. (part 2 of 2)
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Technical validation of focal aberrations in FFPE samples
Technical validation of focal aberrations in the FFPE samples was performed in two ways. First,
for one of the 38 stage II colon cancers (sample 26), DNA isolated from the FFPE sample was
also hybridised on an array CGH platform of an independent manufacturer with a completely
different probe design, i.e. the Nimblegen 135K array. In Figure 2, chromosome 17 is shown
with multiple large and focal chromosomal aberrations. Five of 7 focal aberrations were detected on both platforms. Focal deletion 2d, containing p53, was detected only by the Agilent
platform; focal amplification 2j, containing gene NPEPPS, was detected only by the Nimblegen platform. The discrepancy can be explained by the lack of probes on either platform for
the particular chromosomal locations; i.e. no p53 probes are present on the Nimblegen 135K
platform and only one probe was present for NPEPPS on the Agilent 44K platform.
Secondly, for one additional colon cancer DNA was isolated separately from both an archival
FFPE tissue block and corresponding fresh frozen tissue. Both DNA samples were hybridised
to the same type of array CGH to verify if particularly the focal aberrations detected in the
FFPE sample would also be detected in the frozen sample, and not just be artefacts.28 In fact,
large and focal aberrations detected with DNA isolated form the fresh sample were identical
to those observed with the DNA from the FFPE samples. A representative example of a focal
deletion detected with either procedure is given in Figure 2.
Statistical validation of focal aberrations using independent datasets
Focal aberrations have previously been published for colorectal, breast, and pancreatic cancer, and glioblastoma.5-7 In addition, driver mutations have been mapped for these tumors by
massively parallel sequencing.5,7,20 Finally, a list of human oncogenes and tumor suppressor
genes has been published, and designated the Cancer Census gene list.21
Of the 47 focal deletions in stage II colon cancer, 12 overlapped with published focal deletions in colorectal, breast, and pancreatic cancer, and glioblastoma,5-7,29 five of which overlapped with homozygous deletions previously reported in CRC.6 Of the 34 focal amplifications,
14 overlapped with published focal amplifications found of which eight have previously been
described for CRC.6 To validate focal chromosomal aberrations detected in stage II colon
cancer, we statistically tested if they were enriched for published focal aberrations (Table
4). The focal deletions identified in stage II colon cancer displayed a significant overlap with
the homozygous deletions identified in CRC by Leary et al.6 (p = 0.007). They also showed
significant overlap with those identified in glioblastoma (p = 0.04) and pancreatic cancers (p
= 0.03), and showed a trend to overlap with focal deletions identified in breast cancer (p =
0.06). Overlap of focal deletions identified in stage II colon cancers with amplifications in CRC
reported in published datasets was not significant (p =0.3) (Table 4), thereby functioning as a
negative internal control of the enrichment calculations. Focal amplifications seem to be much
more tumor type-specific compared to focal deletions, since a high and significant overlap was
observed with the amplifications published for the CRC dataset (p-value <0.001), but not with
the other tumor sites.
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Table 4. Significance of enrichment of focal chromosomal aberrations identified
in 38 stage II colon cancers with published focal deletions and amplifications for
colon, breast, lung, and pancreatic cancer and glioblastoma; genes of the Cancer
Census list and homozygous deletions of the Cancer Genome project. Significance
of enrichment is expressed in p-value.

Focal
deletions

Focal
amplifications

0.01

0.05

<0.001
0.03
0.04
0.001

0.2
0.2
0.7
0.7

0.007
0.06
0.03
0.04
0.004

0.8
0.8
0.8
1.0
1.0

0.3
0.2
0.7
1.0

<0.001
0.4
0.5
0.8

Published data §
Cancer Census list2
Mutations
Colorectal20
Breast20
Pancreas5
Glioblastoma7
Homozygous deletions
Colorectal6
Breast6
Pancreas5
Glioblastoma7
Cancer Genome project29
Amplifications
Colorectal6
Breast6
Pancreas5
Glioblastoma7

§ Significant correlations are in bold, see Materials and methods section for
calculations of the p value

Known tumor suppressors genes, such as PTEN (Figure 2, c), TP53 (Figure 2, e), SMAD4
and OMA1 were located within the focal deletions detected. A focal deletion at chromosome
6p22.2 was most frequent, occurring in 12 of 38 (31%) patients, harbouring a cluster of
HIST1H genes. Recurrent mutations of HIST1H genes have been described for colorectal,
breast and pancreatic cancer5,20 and are included in the Cancer Census list.21 The next most
common focal deletion was identified at 16p13.3, occurring in nine of 38 (24%) patients.
This focal deletion harbours one single gene, i.e. Ataxin-2-binding-protein-1 (A2BP1) (Figure
2, a). Other, less frequent focal deletions also contained only one gene, like those at the loci
of MGMT, WWOX, ZMAT4, STAM and USP32 (Table 2). Focal amplifications were identified in
genomic regions containing genes known to be involved in tumorigenesis, like FGFR1, CCND1,
CCND2 and ERBB2 (Figure 2, h). The two most frequent focal amplifications occurred in two of
38 patients (5%); one at 13q22.1 which harboured one single gene, KLF5 and one at 20q13.2
which harboured 5 genes, TSHZ2, AK056432, LOC391257, BCAS1 and ZNF217 (Table 3).
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Figure 2. Representative examples of focal chromosomal aberrations of four stage II colon cancer
patients. All array data are available in the GEO database. Sample 4, chromosome 16 has two focal
deletions (a) containing A2BP1 and (b) containing ZFHX3. Sample 18, chromosome 10 has one focal
deletion (c) containing PTEN. Sample 26, chromosome 17 has five focal aberrations; two focal deletions
(d, e) containing TP53 (d) and MAP2k3 (e), and three amplifications (g-i) containing ACACA (g), ERBB2
(h), and SLC4A1 (i), respectively. Sample 26 was performed on two different array CGH platforms, i.e.;
Agilent and Nimblegen; f was not recognized on the Agilent platform as a focal amplification and j was
not recognized by the Agilent platform by CGHcall for reasons explained by the technical design of the
arrays (see text).17 Focal deletion b and e occurred only once in this dataset, they were thus not counted as recurrent deletions and hence are not listed in Table 1. Sample 50 is an additional colon cancer
from which both frozen and FFPE sourced DNA was hybridised to Agilent arrays. This case had one focal
deletion on chromosome 4 (k) containing FAM190A that was detected in both the fresh and the FFPE
sample. On the Y-axis the log2 tumor to normal ratio and on the X-axis the chromosomal position in bp.
Centromeres are visualized as dotted grey vertical lines and chromosomal ideograms are displayed in
the top of the graphs.
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To validate that focal aberrations in stage II colon cancer are enriched for frequently mutated
genes or genes in the Cancer Census list5-7,21,29 we again performed enrichment analysis.19
These calculations showed a significant overlap of genes located in focal deletion of stage II colon cancer with published driver mutations in CRC (p < 0.001) and other cancer types, as well
as with genes in the Cancer Census list (p = 0.01) (Table 4). Finally, a trend towards overlap of
amplifications with genes in the Cancer Census list was observed (p = 0.05), emphasizing the
significance of focal amplifications in cancer development and progression (Table 4).
Biological validation of focal aberrations
Alterations in expression of one or few genes impose selection advantage for DNA copy number changes in tumours.6 Gene dosage effects can therefore be used for biological validation
of focal aberrations. To this end, RNA expression microarray analysis was performed for those
samples of which fresh frozen material was available. For reasons of statistical power, gene
dosage effects of focal aberrations were not evaluated for individual genes, but data were
pooled for 103 genes. The expression of each of these genes was scaled from 1 to 100 to
achieve normalization across genes. Tumors with DNA copy number loss at loci of focal deletions had significantly lower mRNA expression of the genes involved than tumors with normal
DNA copy number (Figure 3, p= 0.008). Similarly, tumors with DNA copy number gains at loci
of focal amplifications had significantly higher mRNA expression of the genes involved than
tumors with normal DNA copy number (Figure 3, p< 0.001).

Figure 3. Box plot of mRNA expression values of
candidate driver genes on regions with focal deletions,
focal amplifications, and normal DNA copy number
status. On the Y-axis rescaled mRNA expression levels
are given from 0 to 100 and on the X-axis, the status
of the focal aberrations.

Focal aberrations have implications for survival
Because detailed clinical follow-up was available for all patients, the clinical relevance of focal aberrations could be assessed. This analysis identified 7 focal deletions at 1q21.2, 5q34,
9p13.1, 12q11.2, 17q11.2, 20p13 and one focal amplification at 13q22.1 to be significantly
associated with poor overall survival (OS). These focal deletions were also significantly related
to disease-free survival (DFS), except the focal amplification at 13q22.1 (Tables 2 and 3). No
significant associations with overall or disease free survival were observed for any of the clinical variables. Cox proportional hazard analysis showed that both the focal deletion at 5q34
and the amplification at 13q22.1 were independently associated with poor OS in this series
of patients (p = 0.02 with hazard ratio 4.7 and p = 0.05 and hazard ratio 3.1, respectively),
the 5q34 deletion was also independently associated with poor DFS (p = 0.009 and hazard
ratio 5.5).
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Discussion
One hundred and seventy-six focal chromosomal aberrations spread over 81 genomic loci
were identified in 38 stage II colon cancer patient samples. The use of matched normal DNA
ensured that array CGH profiles were devoid of germ-line copy number variations,30 so that
the focal events detected were genuine somatic aberrations. All focal aberrations were called
as such by the CGHcall algorithm17 and stood out in the individual profiles on visual inspection.
Technical as well as statistical validation by enrichment analysis,19 using previously published focal copy number aberrations in colorectal and other cancers, practically excluded that
these findings would be due to noise. The previously published data sets form an independent
source of focal aberrations, since they were generated using different methods, namely single
channel SNP array analysis and digital karyotyping, performed at a different time, and place,
on different samples by different research groups.5-7 The overlap of focal aberrations in stage
II colon cancer was most significant with previously reported focal aberrations in CRC. Focal
deletions also showed significant overlap with focal deletions previously detected in glioblastoma, breast and pancreatic cancers, but amplifications seemed more tumor type-specific.
No distinction between homozygous and heterozygous focal aberrations was made in the present study since tumor tissue samples, rather than cultured tumor cells,6 were used for the
experiments. Culturing cells, prior to DNA isolation, ensures that the isolates will be devoid of
normal cells, crucial for the distinguishing heterozygous and homozygous deletions. On the
other hand, using DNA from FFPE tumor tissue from large archives allowed for the selection
of a stage II colon cancer series with extensive clinical follow up. The use of optimized DNA
isolation protocols and strict quality criteria for array CGH data facilitated detection of focal
aberrations that had gone undetected with previous platforms such as BAC arrays.3,6
One hypothesis at the outset of this study was that focal aberrations could point to driver
genes in chromosomal regions that so far mainly had been found to show larger gains or
losses in colon cancer, complicating the identification of driver genes. Indeed, in the present
study focal deletions were highly enriched for genes frequently mutated in CRC, glioblastoma,
breast, and pancreatic cancers. In part, focal aberrations were confirmatory in this respect,
e.g. focal aberrations containing TP53, SMAD4 or ERBB2. On the other hand, for a number of
chromosomal regions that commonly show losses (e.g. 10p, 14q, 15q) or gains (e.g. 20q), focal aberrations certainly yielded candidate driver genes. Examples are PTEN on 10p and other
genes listed in Table 2. In addition, mRNA expression of these candidate driver genes was
significantly associated with DNA copy number status, underlining the biological relevance of
these aberrations.
Moreover, some of these focal aberrations were correlated to clinical outcome in the setting
of stage II colon cancer. In this series of patients, 5q34 was an independent prognostic factor
for poor OS and DFS. This chromosomal regions was previously found to correlate with worse
prognosis in CRC31, and two independent studies reported deletion of 5q in stage II CRC to be
associated with liver metastasis.32,33
In conclusion, part of the relevant DNA copy number changes in stage II colon cancer are in
the order of focal chromosomal aberrations, affecting mRNA expression of well known cancer
genes at these loci, which consequently are candidates for driving these focal aberrations,
but perhaps also for driving larger chromosomal aberrations commonly observed in colon
cancer.
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Abstract
Background: Around 30% of all stage II colon cancer patients will relapse and die of their
disease. At present no objective parameters to identify high-risk stage II colon cancer patients, who will benefit from adjuvant chemotherapy, have been established. With traditional
histopathological features definition of high-risk stage II colon cancer patients is inaccurate.
Therefore more objective and robust markers for prediction of relapse are needed. DNA copy
number aberrations have proven to be robust prognostic markers, but have not yet been
investigated for this specific group of patients. The aim of the present study was to identify
chromosomal aberrations that can predict relapse of tumor in patients with stage II colon
cancer.
Methods: DNA was isolated from 40 formaldehyde fixed paraffin embedded stage II colon
cancer samples with extensive clinicopathological data. Samples were hybridized using Comparative Genomic Hybridization (CGH) arrays to determine DNA copy number changes and
microsatellite stability was determined by PCR. To analyze differences between stage II colon
cancer patients with and without relapse of tumor a Wilcoxon rank-sum test was implemented
with multiple testing correction.
Results: Stage II colon cancers of patients who had relapse of disease showed significantly
more losses of chromosomes 4, 5, 15q, 17q and 18q. In the microsatellite stable (MSS)
subgroup (n = 28), only loss of chromosome 4q22.1-4q35.2 was significantly associated
with disease relapse (P<0.05, FDR<0.15). No differences in clinicopathological characteristics
between patients with and without relapse were observed.
Conclusion: In the present series of MSS stage II colon cancer patients losses on 4q22.14q35.2 were associated with worse outcome and these genomic alterations may aid in selecting patients for adjuvant therapy.
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Introduction
Worldwide, colorectal cancer (CRC) is the third most common cancer affecting more than
940,000 patients annually. Nearly 500,000 patients die from the consequences of CRC each
year (www.who.int).1 In the Netherlands in 2006, 11231 patients were diagnosed with CRC
and 4709 CRC related deaths occurred.2 The incidence of CRC is relatively high in the western
world and steadily increases each year.2 Two thirds of all CRCs occur in the colon and one
third is located in the rectum. Patients with colon tumors are treated differently and have a
different prognosis compared to rectal cancer patients.
Staging is traditionally based on pathologist’s evaluation of tumor extent, lymph nodes and
distant metastasis, all included in the TNM classification3 and therapeutic decisions are based
on this system. Upon resection of the primary tumor, some 40% of all colon cancers appear to
be stage Il (TNM/UICC).3 Of patients with stage II colon cancer 20-30% will relapse, i.e. develop distant metastasis, and these patients will die of their disease. Five-year survival rates
for stage II colon vary between 50% and 90%. Patients with stage III colon cancer will face
relapse of tumor during follow-up in 60% of cases and chemotherapy can reduce recurrence
rates with 31-41%.4 Although postoperative chemotherapy is standard for stage III colon
cancer it is not for stage II colon cancer.5,6 Nevertheless, it has been shown that subgroups
of patients with stage II colon cancer can benefit from adjuvant chemotherapy.7 In fact, high
risk stage II colorectal cancer patients have a worse prognosis than single node positive stage
III colorectal cancer patients.8 Better prediction of relapse as an indication for the need of
adjuvant chemotherapy is thus required for stage II colorectal cancer.5 Histopathological and
clinical variables are most frequently used for identifying high risk stage II colon cancers.
Peritoneal involvement, extramural vascular invasion, tumor perforation, male gender, bowel
obstruction, number of nodes harvested and presence of lymph node micro metastasis have
all been identified as negative prognostic factors in stage II colon cancer.9-11 Notwithstanding
this extensive body of work, these histopathological factors have not yet provided an established basis for accurately identifying patients at high risk for relapse in a clinical setting. Molecular markers can help to select stage II colon cancer patients with worse prognosis. Gene
expression profiles have been able to identify stage II colon cancer patients at high risk for
relapse.12,13 However, RNA is an instable molecule and its expression subject to environmental
and circadian rhythms. In contrast, DNA is more stable and can be obtained for copy number
analysis from formalin fixed paraffin embedded (FFPE) material which is frequently the only
material available in routine clinical practice. DNA copy number aberrations are a hallmark of
cancer. These chromosomal aberrations are less frequent in micro satellite instable (MSI) tumors compared to micro satellite stable (MSS) tumors. The latter group is also referred to as
Chromosomal Instable (CIN) and accounts for 85% of all colorectal tumors. MSS CRCs have
a worse outcome than MSI CRCs.14
In CRC, chromosomal aberrations, important for tumor progression and prognosis, have been
studied,15-21 but to which extent specific chromosomal changes have prognostic value specifically in stage II colon cancer patients has only been analyzed in limited detail. Therefore,
the present study analyzed genome wide DNA copy number changes using high resolution
oligonucleotide based array CGH for identifying chromosomal aberrations that may be used
as prognostic markers for patients with stage II colon cancer.
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Materials and Methods
Patient and sample selection
Forty patients operated between 1990 and 2000 for stage II colon cancer (pT3 or pT4, pN0,
pM0, R0 TNM classification, fifth edition3) were selected for this study, 16 with and 24 without relapse. Seventeen patients underwent resection of their primary tumor at the John
Goligher Colorectal Unit, Leeds General Infirmary (UK) and 23 patients at the Zaans Medical
Centre (NL). Medical records of all patients were reviewed retrospectively to obtain clinical
data, patient characteristics and follow-up data. None of the patients received postoperative
chemotherapy or radiotherapy. Tumor relapse was defined as the occurrence of distant metastasis, confirmed by ultrasound, CT scan and/or histology within 36 months. Haematoxylin
& eosin (H&E) stained sections were reviewed by a pathologist for TNM tumor stage,3 differentiation grade, number of nodes assessed, tumor perforation, extramural vascular invasion
(EMVI) and peritoneal involvement. All samples were used in compliance with the respective
institutional ethical regulations for surplus material and use of material from Leeds General
Infirmary (UK) was approved by the Leeds (West) research ethics committee, unique identifier CA02/014.
DNA isolation from formalin-fixed and paraffin-embedded (FFPE) tissue blocks
DNA was isolated from FFPE colon cancer tissue of 40 samples. Corresponding normal mucosa
DNA was isolated from 37 of the samples as a reference and was obtained from the resection
margins or at least 1cm distance from the tumor. For 3 cases no normal mucosa was available and a pool of reference DNA isolated from blood obtained from eighteen healthy males
was used. For each tumor an area containing at least 70% of tumor cells was marked on the
slides. Of the FFPE blocks 4 to 6 10µm section were cut, deparaffinized and macro dissected.
Isolation of DNA was performed as previously described,22 including incubation with sodium
thiocyanate (1 M, CNNaS), proteinase K treatment and purification using a column based method (QIAamp microkit; Qiagen, Hilden, Germany).
Microsatellite stability
All samples were analyzed for Microsatellite instability (MSI) using MSI Analysis System, Version 1.1 according to manufacturer’s instructions (Promega, Madison, USA). This PCR based
assay is using 5 mononucleotide markers to determined MSI status. PCR product were separated by capillary electrophoresis using ABI 3130 DNA sequencer and output data were analyzed using the accompanying package GeneScan 3100 (Applied Biosystems, Foster City. CA,
USA). Tumors were classified as micro satellite instable (MSI) when instability of two or more
markers was seen. When a single or no instable markers were seen, tumors were considered
as micro satellite stable (MSS).
Chromosomal copy number analysis by array comparative genomic hybridization
(array CGH)
Labeling and hybridization was done as previously described.23 Briefly, 500 ng of genomic
DNA of tumor and reference was labeled with either Cyanine 3-UTP (Cy3) or Cyanine 5-UTP
(Cy5) nucleotide mixture, respectively, according to manufacturer’s instructions. (CGH labelling Kit for Oligo Arrays, Enzo Life Sciences, Farmingdale, NY, USA ) and purified using the
QIAquick PCR Purification Kit (Qiagen, Westburg, Leusden, NL). Labeled tumor and (matched)
reference DNAs were mixed prior to hybridization onto Agilent 4x44K oligonucleotide arrays
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(Agilent Technologies, Palo Alto, USA). Each slide consists of 4 arrays, each containing 45220
in-situ synthesized 60-mer oligonucleotides representing 42494 unique biological features
distributed over the genome. Immediately after hybridization the slides were scanned using
microarray scanner G2505B (Agilent technologies, Palo Alto, USA) and image analysis was
performed using feature extraction software (version 9.1, Agilent Technologies, Palo Alto,
USA). The Agilent CGH-v4_91 protocol was applied using default settings. Oligonucleotides
were mapped according to the human genome build NCBI 36 (May 2006). Of both Cy3 and
Cy5 channels, local background was subtracted from the median intensities. The log2 tumor
to normal intensity ratio was calculated for each spot and normalized against the median of
the ratios of all autosomes.
Statistical analysis of genomic profiles
Analysis of array CGH data was done in the statistical computing language R, version 2.6.1
(http://www.r-project.org). Chromosomal copy number losses and gains were identified
using the package CGHcall

24

with cellularity set to 0.7 and median normalization. To reduce

the dimension of the array CGH data set without loss of information, regions were defined as
previously described.25
To calculate significance of DNA copy number differences between patients who did and did
not relapse, a Wilcoxon-Mann-Whitney two sample test was used, implemented in the software package CGHmultiarray, that provides multiple comparison correction.26 Differences
were analyzed for all patients and for MSS colon cancer patients separately. P-values of
< 0.05 and false discovery rates, i.e. the expected proportion of false positives among the
DNA copy numbers claimed to be correlated with outcome, of < 0.15 were considered to be
statistical significant.27
Statistical analysis of associations with histopathological and clinical variables was performed
using SPSS software (SPPS for Windows, version 15.0, SPSS Inc.Chicago, IL, USA). MannWhitney U test and Chi-square test were used for analyzing differences in continuous or categorical variables, respectively. For correlations with overall survival (OS) and disease free
survival (DFS) univariate survival analysis with log rank statistics was used and Kaplan-Meier
curves were constructed. To determine independent effects of clinical variables and DNA copy
number changes, multivariate Cox proportional hazard analysis was performed. OS and DFS
were defined as time from surgery to date of death due to all causes or to date of first evidence of distant metastasis. P-values <0.05 were considered as statistical significant.

Results
Patient and tumor characteristics
Patient and tumor characteristics of 40 stage II colon cancer patients are listed in Table 1.
Twenty-eight tumors were MSS and 12 MSI. Relapse of tumor occurred in 14 MSS patients
and 2 MSI patients (P=0.05). No significant differences in age, gender, number of nodes assessed, differentiation grade, T-stage and other histopathological variables between patients
who relapsed and who did not were seen (Table 1).
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Table 1 Patients and tumor characteristics of stage II colon cancers (N=40)
No Relapse

Relapse

P-value

(n=24)

(n=16)

Mean Age (years)
(range)

72 (49-91)

73 (54-90)

Mean number of
nodes assessed
(range)

8.5 (3-17)

7.7 (1-22)

ns$

Female

12

10

ns§

Male

12

6

18

10

6

6

23

15

1

1

2

3

22

13

Yes

0

0

No

24

16

Yes

1

1

No

23

15

Yes

2

2

No

9

4

13

10

10

2

14

14

ns$

Gender

Location
Right -sided*
Left -sided#
T-stage
T3
T4

ns§

ns§

Differentiation
Poor
Moderate

ns§

Tumor perforation
ns§

Peritoneal
involvement
ns§

EMVI

Unknown
MSI Yes
No

ns§

0.05§

*Right (caecum, ascending colon, transverse colon, hepatic flexure)# Left ( splenic flexure,
descending colon, sigmoid colon)
EMVI= Extramural vascular invasion.Ns= not significant. $ Mann-Whitney U-test; §Chi-square

Mean follow-up time for all patients was 73 months (range 2-155). A trend was seen for DFS
of MSI patients being better compared to MSS patients, although this was not significant (5year DFS 80% versus 50%, P = 0.06) (Figure 1). Survival time for MSS patients with (n = 14)
or without (n = 14) relapse was 23 months (range 2-59) versus 104 months (range 5-155),
respectively.
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Figure 1. Kaplan-Meier analysis
of disease-free survival for 40
stage II colon cancer patients
stratified by MSI / MSS status.
MSI colon tumors showed a trend
towards better disease-free survival compared to MSS patients
(P=0.06).

DNA copy numbers aberrations in MSS and MSI stage II colon cancer patients
CGH profiles of 40 stage II colon cancers patients showed copy number aberrations consistent
with those reported in literature.28-32 The mean fraction of the genome altered was 15.3 %
(range 0-44%), and was significantly higher for MSS tumors (19.4%, range 0-44%) compared to MSI tumors (5.9%, range 0-18%) (P< 0.001). The amount of losses versus gains was
balanced in the MSS tumors, but MSI tumors showed more gains than losses; gains 4.8% (016.2%) versus losses 1.1% (0-3.1%). Gains in MSI tumors predominately occurred at 8q24.3
(4 out of 12) and 9p21.3 (4 out of 12) and losses at 6p22.1 (4 out of 12), 16p13.2 (5 out of
12) and 17p13.1 (3 out of 12). For MSS tumors the highest frequency of aberrations (in more
than 12 out of 28 patients) were gains of chromosome 7p22-p11, 7q11, 7q22, whole chromosome 13 and 20 and losses of chromosome 8p23.1-p12, 15q13.3-q26.1, 17p13.2-p11.2
and 18p11.3-q22.3. DNA copy number changes of MSI and MSS tumors are summarized in
Figure 2A and 2B.
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(A)

(B)

Figure 2. Percentage of chromosomal gains and losses measured by array CGH in (A) 28 MSS and
(B) 12 MSI stage II colon cancers patients. X-axis displays 44,000 oligo-nucleotides in genomic order
(chromosomes 1-22). Y-axis displays percentage of tumor with gains (>0) or losses (<0). Boundaries of
chromosomes are indicated by black vertical lines and locations of centromeres are indicated by dotted
lines
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Differences in DNA copy numbers aberrations between stage II colon cancer patients with and without relapse
Overall, significant differences were observed between patients without or with relapse, with
11.2% versus 21.4% of the genome altered (P=0.005). This was primarily reflected in the
amount of losses which was 10.9% of the genome for the patients which relapsed versus 3.9%
for the patients which remained disease free (P=0.002). The chromosomal region(s) which
significantly differed between patients with or without relapse were losses on chromosome
4p16.1-p12 (30Mb), 4q12-q35.2 9 (127Mb), 5p14 (9Mb), 5q11.2-q14.2 (21Mb), 5q32-q34
(0.86Mb), 15q11.2-q26.1 (21Mb), 17q21.1 (0.48Mb), 18q12.1-q12.3 (15Mb) and 18q21.1q22.13 (6Mb). No significant difference was observed in the amount of gains, 7.3% of the genome altered for patients who did not relapse versus 10.5% for patients that did (P=0.11).
Also among the 28 MSS patients, more aberrations were observed in patients who relapsed
(P=0.03), being mainly losses. Loss of chromosome 4q22.1-4q35.2 (90.5Mb) was the only
significant aberration, being more frequently deleted in patients with relapse of tumor. Loss of
4q22.1-4q35.2 was seen in 43% to 50% (P=0.01 to P=0.004) of patients who relapsed, depending on which boundaries for the lost region were used. An overview of DNA copy number
changes in MSS patient who either relapsed or not, is presented in Figure 3. The number of
MSI patients was too small to further stratify and analyze differences between either or not
relapse occurred.

(A)
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(B)

Figure 3. Percentage of chromosomal gains and losses measured by array CGH in 28 MSS stage II colon
cancer patients without (A) and with (B) relapse of disease. X-axis displays 44,000 oligo-nucleotides
in genomic order (chromosomes 1-22). Y-axis displays percentage of tumor with gains (>0) or losses
(<0). Boundaries of chromosomes are indicated by black vertical lines and the location of centromeres
are indicated by dotted lines.

Both OS and DFS were significantly worse for patients with loss of chromosome 4q22.14q35.2 or part of that region. Considering any loss on chromosome 4q22.1-4q35.2 predicted
worse OS and DFS survival (5-year OS 70% versus 5%, P<0.001; 5-year DFS 75% versus
5%, P=0.004) (Figure 4). Cox proportional hazard model demonstrated that any loss on
chromosome 4q22.1-4q35.2 was an independent prognostic factor for worse DFS (HR=15.4,
P<0.001). Age > 72.5 year (HR=6.7, P=0.04) and any loss on chromosome 4q22.1-4q35.2
(HR=16.9, P<0.001) were independent prognostic factors for OS.

Figure 4. Kaplan-Meyer diseasefree survival plot of 28 MSS
stage II colon cancer patients
stratified for any loss of chromosome 4q22.1-q35.2. Stage
II colon tumors with any loss on
chromosome 4q22.1-q35.2 showed worse disease-free survival
than without losses on 4q22.1q35.2 (P=0.004).
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Discussion
A substantial part of stage II colon cancer patients currently develop distant metastasis after resection of their primary tumor and subsequently die of their disease. Nevertheless,
the American Society of Clinical Oncology (ASCO)5 and the National Comprehensive Cancer
Network (NCCN)33 independently recommended against routine administration of adjuvant
therapy in stage II disease, due to a lack of evidence for the benefit of survival.4-7,34 Notwithstanding, it has been suggested that subgroups of stage II patients will benefit from adjuvant
therapy. At present no objective parameters for selecting these patients are established.8,30
Hence, objective and robust prognostic markers are desirable to select and stratify stage II
colon cancer patients at high risk for relapse. The present study found in stage II colon cancer
patients deletion of chromosome 4q to be associated with relapse of disease. This conclusion
is consistent with literature15,17,35-38 and suggests that it could be worthwhile further exploring
whether patients with loss of chromosome 4q should be considered for adjuvant therapy.
Moreover, in the present study significantly more losses on chromosome 4, 5, 15q, 17q, and
18q were seen in tumors of patients who had cancer relapse.This observation is validated by
the results published by Sheffer et al who linked worse prognosis to a simultaneous deletion
of 4p,15q and 18q in colorectal cancer.21 Forty percent (12 of 40) of tumors were MSI and
had 5.9% of their genome altered, which were primarily gains (4.8%). This is in accordance
with results reported by Trautman et al. who reported 2.3% gain versus 0% loss in 23 MSI
and 17.2% gain versus 19.9% loss in 23 MSS sporadic colon cancers analyzed by BAC array
CGH.31
When MSS patients were analyzed, only losses in the region of 4q22.1-35.2 occurred significantly more frequent in patients who relapsed compared to those who did not. Losses of
4p, 5p, 5q, 15q, 17q, and 18q were associated but not significantly related to relapse when
only MSS patients were analyzed. A likely explanation for this could be a limited sample size
and hence lack of power to detect associations with e.g. 18q loss at a statistically significant
level. Loss of 18q as prognostic marker in stage II CRC have been reported previously based
on loss of heterozygosity analysis.39,40 As no aberrations on chromosome 4 were seen in MSI
tumors, loss of 4q appears particularly relevant for predicting relapse in patients with stage
II MSS colon tumors.
Numerous studies have analyzed the relation of DNA copy number changes and clinical outcome in colorectal cancer patients. In only a small number of studies the prognostic value of
chromosomal aberrations limited to patients with early stage colon cancer have been analyzed. In 70 stage I and II MSI and MSS colorectal cancer patients, loss of chromosome 4p
was an independent prognostic factor, and loss of chromosomes 4 and 14q were associated
with a worse prognosis.35 This study used BAC array CGH and reported minimally deleted
regions at 4q24-28 and 4q32-35, which is consistent with the findings in the present study.35
Additional detailed analysis of this group of patients using low resolution loss of heterozygosity (LOH) analysis showed that in particular loss of 4p16, 4q31.1 and 4q33.1 was related
to prognosis, further validating our findings.36 When chromosomal aberrations were studied
with CGH in stage I-IV colorectal tumors, loss of chromosome 4q resulted in shorter survival
times,38 loss of 4q32-34 was associated with metastasis37 and loss of 4q35 and 4q31.3 correlated with shorter disease-specific survival.17 A meta-analysis of 31 CGH studies encompassing copy number profiles of 373 colorectal tumors and 102 liver metastasis, showed loss of
chromosome 4 to be related to progression from primary tumor to distant metastasis.15 Loss
of chromosome 4q in relation to survival does not seem to be CRC specific, but has also been
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reported for other epithelial tumors; i.e. Bladder,41 head and neck,42 prostate43 and breast
cancer.44 Deletion of 4q has also been associated with micro metastasis in lung cancer.45
The critical region 4q22.1-35.1 encompasses 90.5 Mb of chromosomal region with 265 coding
genes. The size of the region thus makes it difficult to pin-point the candidate tumor suppressor genes or non-coding RNA. Integration of array CGH and gene expression array or extensive mutation analysis by next generation sequencing could possibly further narrow down the
number of candidate driver genes.
In summary, loss of chromosome 4q22.1-35.1 may predict relapse of disease on stage II
colon cancer patients. Chromosome 4q may thus have important prognostic value for patient
tailored therapy.

Acknowledgment
This work was financially supported by the Dutch Cancer Society, grant KWF 2007-3974

63

Chapter 3

References
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

64

Weitz J, Koch M, Debus J, Hohler T, Galle PR, Buchler MW. Colorectal cancer. Lancet 2005;365:153-65.
van Steenbergen LN, Lemmens VE, Louwman MJ, Straathof JW, Coebergh JW. Increasing incidence
and decreasing mortality of colorectal cancer due to marked cohort effects in southern Netherlands. Eur.J.Cancer Prev. 2009;18:145-52.
Sobin LH, Fleming ID. TNM Classification of Malignant Tumors, fifth edition (1997). Union Internationale Contre le Cancer and the American Joint Committee on Cancer. Cancer 1997;80:1803-4.
Wolpin BM, Meyerhardt JA, Mamon HJ, Mayer RJ. Adjuvant treatment of colorectal cancer. CA Cancer J.Clin. 2007;57:168-85.
Benson AB, III, Schrag D, Somerfield MR, Cohen AM, Figueredo AT, Flynn PJ, Krzyzanowska MK,
Maroun J, McAllister P, Van CE, et al. American Society of Clinical Oncology recommendations on
adjuvant chemotherapy for stage II colon cancer. J.Clin.Oncol. 2004;22:3408-19.
Figueredo A, Charette ML, Maroun J, Brouwers MC, Zuraw L. Adjuvant therapy for stage II colon
cancer: a systematic review from the Cancer Care Ontario Program in evidence-based care’s gastrointestinal cancer disease site group. J.Clin.Oncol. 2004;22:3395-407.
Mamounas E, Wieand S, Wolmark N, Bear HD, Atkins JN, Song K, Jones J, Rockette H. Comparative
efficacy of adjuvant chemotherapy in patients with Dukes’ B versus Dukes’ C colon cancer: results
from four National Surgical Adjuvant Breast and Bowel Project adjuvant studies (C-01, C-02, C-03,
and C-04). J.Clin.Oncol. 1999;17:1349-55.
Morris E, Maughan NJ, Forman D, Quirke P. Who to treat with adjuvant therapy in Dukes B/Stage
II colorectal cancer? - The need for high quality pathology. Gut 2007;56:1419-25
George S, Primrose J, Talbot R, Smith J, Mullee M, Bailey D, du BC, Jordan H. Will Rogers revisited:
prospective observational study of survival of 3592 patients with colorectal cancer according to
number of nodes examined by pathologists. Br.J.Cancer 2006;95:841-7.
Liefers GJ, Cleton-Jansen AM, van d, V, Hermans J, van Krieken JH, Cornelisse CJ, Tollenaar RA.
Micrometastases and survival in stage II colorectal cancer. N.Engl.J.Med. 1998;339:223-8.
Petersen VC, Baxter KJ, Love SB, Shepherd NA. Identification of objective pathological prognostic
determinants and models of prognosis in Dukes’ B colon cancer. Gut 2002;51:65-9.
Barrier A, Roser F, Boelle PY, Franc B, Tse C, Brault D, Lacaine F, Houry S, Callard P, Penna C, et al.
Prognosis of stage II colon cancer by non-neoplastic mucosa gene expression profiling. Oncogene
2007;26:2642-8.
Garman KS, Acharya CR, Edelman E, Grade M, Gaedcke J, Sud S, Barry W, Diehl AM, Provenzale
D, Ginsburg GS, et al. A genomic approach to colon cancer risk stratification yields biologic insights
into therapeutic opportunities. Proc.Natl.Acad.Sci.U.S.A 2008;105:19432-7.
Walther A, Houlston R, Tomlinson I. Association between chromosomal instability and prognosis in
colorectal cancer: a meta-analysis. Gut 2008;57:941-50.
Diep CB, Kleivi K, Ribeiro FR, Teixeira MR, Lindgjaerde OC, Lothe RA. The order of genetic events
associated with colorectal cancer progression inferred from meta-analysis of copy number changes. Genes Chromosomes.Cancer 2006;45:31-41.
Kim MY, Yim SH, Kwon MS, Kim TM, Shin SH, Kang HM, Lee C, Chung YJ. Recurrent genomic alterations with impact on survival in colorectal cancer identified by genome-wide array comparative
genomic hybridization. Gastroenterology 2006;131:1913-24.
Knosel T, Schluns K, Stein U, Schwabe H, Schlag PM, Dietel M, Petersen I. Genetic imbalances with
impact on survival in colorectal cancer patients. Histopathology 2003;43:323-31.
Kurashina K, Yamashita Y, Ueno T, Koinuma K, Ohashi J, Horie H, Miyakura Y, Hamada T, Haruta H,
Hatanaka H, et al. Chromosome copy number analysis in screening for prognosis-related genomic
regions in colorectal carcinoma. Cancer Sci. 2008;99:1835-40.
Liu XP, Kawauchi S, Oga A, Sato T, Ikemoto K, Ikeda E, Sasaki K. Chromosomal aberrations detected by comparative genomic hybridization predict outcome in patients with colorectal carcinoma.
Oncol.Rep. 2007;17:261-7.
Nakao K, Mehta KR, Fridlyand J, Moore DH, Jain AN, Lafuente A, Wiencke JW, Terdiman JP, Waldman FM. High-resolution analysis of DNA copy number alterations in colorectal cancer by arraybased comparative genomic hybridization. Carcinogenesis 2004;25:1345-57.
Sheffer M, Bacolod MD, Zuk O, Giardina SF, Pincas H, Barany F, Paty PB, Gerald WL, Notterman
DA, Domany E. Association of survival and disease progression with chromosomal instability: a
genomic exploration of colorectal cancer. Proc.Natl.Acad.Sci.U.S.A 2009;106:7131-6.
Weiss MM, Hermsen MA, Meijer GA, van Grieken NC, Baak JP, Kuipers EJ, van Diest PJ. Comparative genomic hybridisation. Mol.Pathol. 1999;52:243-51.
Buffart TE, Israeli D, Tijssen M, Vosse SJ, Mrsic A, Meijer GA, Ylstra B. Across array comparative
genomic hybridization: a strategy to reduce reference channel hybridizations. Genes Chromosomes.Cancer 2008;47:994-1004.
van de Wiel MA, Kim KI, Vosse SJ, van Wieringen WN, Wilting SM, Ylstra B. CGHcall: calling aberrations for array CGH tumor profiles. Bioinformatics. 2007;23:892-4.
van de Wiel MA, van Wieringen WN. CGHregions: Dimension Reduction for Array CGH Data with
Minimal Information Loss. Cancer Inform. 2007;3:55-63.
van de Wiel MA, Smeets SJ, Brakenhoff RH, Ylstra B. CGHMultiArray: exact P-values for multi-array
comparative genomic hybridization data. Bioinformatics. 2005;21:3193-4.
Dupuy A, Simon RM. Critical review of published microarray studies for cancer outcome and guidelines on statistical analysis and reporting. J.Natl.Cancer Inst. 2007;99:147-57.
Camps J, Grade M, Nguyen QT, Hormann P, Becker S, Hummon AB, Rodriguez V, Chandrasekharappa S, Chen Y, Difilippantonio MJ, et al. Chromosomal breakpoints in primary colon cancer cluster
at sites of structural variants in the genome. Cancer Res. 2008;68:1284-95.
Carvalho B, Postma C, Mongera S, Hopmans E, Diskin S, van de Wiel MA, van CW, Thas O, Matthai
A, Cuesta MA, et al. Multiple putative oncogenes at the chromosome 20q amplicon contribute to
colorectal adenoma to carcinoma progression. Gut 2009;58:79-89.

Deletion of chromosomal 4q in stage II colon cancer
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

Compton C, Fenoglio-Preiser CM, Pettigrew N, Fielding LP. American Joint Committee on Cancer
Prognostic Factors Consensus Conference: Colorectal Working Group. Cancer 2000;88:1739-57.
Trautmann K, Terdiman JP, French AJ, Roydasgupta R, Sein N, Kakar S, Fridlyand J, Snijders AM,
Albertson DG, Thibodeau SN, et al. Chromosomal instability in microsatellite-unstable and stable
colon cancer. Clin.Cancer Res. 2006;12:6379-85.
Tsafrir D, Bacolod M, Selvanayagam Z, Tsafrir I, Shia J, Zeng Z, Liu H, Krier C, Stengel RF, Barany
F, et al. Relationship of gene expression and chromosomal abnormalities in colorectal cancer. Cancer Res. 2006;66:2129-37.
Winn R, McClure J. The NCCN clinical practice guidelines in oncology. J Natl Comprehensive Cancer
Network 2003.
Gill S, Loprinzi CL, Sargent DJ, Thome SD, Alberts SR, Haller DG, Benedetti J, Francini G, Shepherd
LE, Francois SJ, et al. Pooled analysis of fluorouracil-based adjuvant therapy for stage II and III
colon cancer: who benefits and by how much? J.Clin.Oncol. 2004;22:1797-806.
Al-Mulla F, Behbehani AI, Bitar MS, Varadharaj G, Going JJ. Genetic profiling of stage I and II colorectal cancer may predict metastatic relapse. Mod.Pathol. 2006;19:648-58.
Al-Mulla F, AlFadhli S, Al-Hakim AH, Going JJ, Bitar MS. Metastatic recurrence of early-stage
colorectal cancer is linked to loss of heterozygosity on chromosomes 4 and 14q. J.Clin.Pathol.
2006;59:624-30.
Alcock HE, Stephenson TJ, Royds JA, Hammond DW. Analysis of colorectal tumor progression by microdissection and comparative genomic hybridization. Genes Chromosomes.Cancer 2003;37:369-80.
De Angelis PM, Stokke T, Beigi M, Mjaland O, Clausen OP. Prognostic significance of recurrent chromosomal aberrations detected by comparative genomic hybridization in sporadic colorectal cancer.
Int.J.Colorectal Dis. 2001;16:38-45.
Lanza G, Matteuzzi M, Gafa R, Orvieto E, Maestri I, Santini A, del SL. Chromosome 18q allelic loss
and prognosis in stage II and III colon cancer. Int.J.Cancer 1998;79:390-5.
Martinez-Lopez E, Abad A, Font A, Monzo M, Ojanguren I, Pifarre A, Sanchez JJ, Martin C, Rosell
R. Allelic loss on chromosome 18q as a prognostic marker in stage II colorectal cancer. Gastroenterology 1998;114:1180-7.
Polascik TJ, Cairns P, Chang WY, Schoenberg MP, Sidransky D. Distinct regions of allelic loss on
chromosome 4 in human primary bladder carcinoma. Cancer Res. 1995;55:5396-9.
Cetin E, Cengiz B, Gunduz E, Gunduz M, Nagatsuka H, Bekir-Beder L, Fukushima K, Pehlivan D,
MO N, Nishizaki K, et al. Deletion mapping of chromosome 4q22-35 and identification of four frequently deleted regions in head and neck cancers. Neoplasma 2008;55:299-304.
Matsui S, Laduca J, Rossi MR, Nowak NJ, Cowell JK. Molecular characterization of a consistent
4.5-megabase deletion at 4q28 in prostate cancer cells. Cancer Genet.Cytogenet. 2005;159:18-26.
Shivapurkar N, Sood S, Wistuba II, Virmani AK, Maitra A, Milchgrub S, Minna JD, Gazdar AF.
Multiple regions of chromosome 4 demonstrating allelic losses in breast carcinomas. Cancer Res.
1999;59:3576-80.
Wrage M, Ruosaari S, Eijk PP, Kaifi JT, Hollmen J, Yekebas EF, Izbicki JR, Brakenhoff RH, Streichert
T, Riethdorf S, et al. Genomic profiles associated with early micrometastasis in lung cancer: relevance of 4q deletion. Clin.Cancer Res. 2009;15:1566-74.

65

Chapter 4

Smoothing waves in array CGH tumor profiles
Bioinformatics 2009;25:1099-104

Mark A. van de Wiela, b, Rebecca Brosensc, Paul H.C. Eilersd, Candy Kumpsg, Gerrit A. Meijerc,
Björn Menteng, Erik Sistermansf, Frank Spelemang, Marieke E. Timmermane and Bauke Ylstrac

Department of Epidemiology & Biostatistics, VU University Medical Center,
Amsterdam, the Netherlands
b
Department of Mathematics, VU University, Amsterdam, the Netherlands
c
Department of Pathology, VU University Medical Center, Amsterdam, the Netherlands
d
Department of Methodology and Statistics, University of Utrecht, Utrecht, the Netherlands
f
Department of Clinical Genetics, VU University Medical Center, Amsterdam, the Netherlands
e
Heymans Institute of Psychology, DPMG, University of Groningen, the Netherlands
g
Center for Medical Genetics, Ghent University Hospital, Belgium
a

Smoothing waves in array CGH tumor profiles

Abstract
Motivation: Many high-resolution array comparative genomic hybridization tumor profiles
contain a wave bias, which makes accurate detection of breakpoints in such profiles more
difficult
Results: An efficient and highly effective algorithm that largely removes the wave bias from
tumor profiles by regressing the tumor profile data on data of profiles from the clinical genetics practice. Results are illustrated on two independent data sets. The algorithm is shown to
be robust against the presence of true copy number aberrations. Moreover, the smooted profiles are able to recapitulate the aberration location and signal for simulated tumor profiles.
Availability: Easy-to-use R scripts, user instructions and example data are available from
http://www.few.vu.nl/~mavdwiel/nowaves.html.
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1 Introduction
Array comparative genomic hybridization (array CGH) is mostly used for investigating changes in the DNA copy number of tumor samples and clinical genetics samples.1 Tumor samples
may contain copy number aberrations (CAN) of variable sizes, from small regions up to entire
chromosomes. In contrast, the majority of clinical genetics samples contain only focal CNAs or
copy number variations (CNV), which denote (tiny) aberrations, also called copy number polymorphisms when occurring in > 1% of a population.2 Hence, most clinical genetics samples
share the property that the chromosomal copy number is two for the majority of the genome
and aberrations tend to cover small pieces of chromosomes. We use profiles of these samples
for calibrating tumor profiles, and hence refer to these as ‘calibration’ profiles.

Figure 1. Tumor profile DT3 (top) and calibration profile DC12 (bottom). Normalized log2-ratios are
plotted for chromosomes 10 to 16 (grey) and the moving averages over 100 clones (black).

High-resolution (oligonucleotide) array CGH profiles may contain technical artefacts that appear as waves in plots (Figure 1). These waves potentially disrupt the breakpoint structure,
an important biological feature of these data. Algorithms for segmentation - a crucial preprocessing step - such as GLAD3 and DNAcopy4 make explicit use of the supposed breakpoint structure and hence result in too many segments when waves are present. The exact
source of the wave remains unclear. It is certainly correlated with the GC-content along the
genome, but this, in turn, is correlated with other genomic features.5 In our laboratories, different DNA isolation protocols, DNA quality parameters and labelling procedures (including
non-enzymatic labelling) did not affect the wave patterns. Moreover, it seems to be platform
independent.6 Hence, a satisfactory wet-lab solution is not available yet. Marioni et al.5 have
devised a smoothing algorithm, which was shown to be effective in removing waves in pro70
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files of normal individuals with no obvious CNAs thereby enhancing detection of CNVs in such
profiles. Their algorithm cannot be employed for removing waves in tumor profiles, because
large CNAs, which are common in such profiles, would be smoothed away. We observed that
waves in tumor profiles often correlate with those of one or more calibration profiles, indicating a similar source of the wave (Figure 1). It implies that a set of calibration profiles can
indeed be used as a template to remove the waves in the tumor profiles. However, we found
that every tumor profile correlates somewhat differently to the calibration profiles (Table 1).
For example, while tumor profiles DT1 and DT3 show rather similar correlations, tumor profile
DT2 correlates less to the calibration profiles than the other four and the strengths of the correlations of tumor profiles DT4 and DT5 with calibration profiles DC11 and DC12 are reversed.
Hence, we devised a correction that makes effective use of those calibration profiles to which
the particular tumor profile correlates most.

Table 1. Correlation coefficients between the uncorrected Dutch tumor profiles (DT1
to DT5) and 5 Dutch calibration profiles (DC11 to DC15)
DT1

DT2

DT3

DT4

DT5

DC11

0.260

-0.048

0.220

0.242

0.145

DC12

0.348

-0.101

0.325

0.159

0.284

DC13

0.166

0.017

0.230

0.231

0.108

DC14

0.202

-0.086

0.226

0.080

0.187

DC15

0.043

0.062

0.028

0.071

0.009

Our method does not make explicit use of the wave shape of the technical bias. In fact, it is
designed to remove any type of technical bias that spans more than only a few probes. We
will, however, refer to the bias as ‘wave bias’.
We show that our method, which is based on ridge regression,7 has several advantages.
Firstly, it is robust against error-in-variables due to measurement noise in the covariates (i.e.
calibration profiles). Second, the ridge penalty stabilizes the regression model, and hence the
correction, in the presence of collinearity between the covariates. Third, it is robust against
the presence of CNAs in tumors. The latter property is motivated mathematically and by studying the effects of including artificial CNAs. Finally, when introducing artificial aberrations
into calibration profiles the method results in smoothed profiles of which the locations and
signals of these aberrations are right on target.
The highly beneficial effect of the algorithm is illustrated on two independent data sets.
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2 Methods
2.1

Preprocessing

We consider all chromosomes 1-23. Since 23 is a sex chromosome, it may be ‘aberrated’ as a
whole in both calibration and tumor profiles. To prevent this impacting on the correction procedure, the probes on chromosome 23 are first centred around their median for each profile.
This median is added again after the correction.
The calibration samples may contain a few small focal aberrations. Obviously, one does not
want to introduce such signal into the tumor profiles. Therefore, we use a simple adjustment:
all (smoothed) calibration signals in absolute value > 3 SD (from the median) are set to zero
for the purpose of correcting the tumor profiles. Due to the small size of these focal aberrations this ‘zero-setting’ will hardly impact the regression [Equation (1)], while it will protect
against introducing local bias in the subtraction step [Equation (2)].
2.2

Ridge regression

We have t independent tumor profiles and n independent calibration profiles available, all containing the same s probes. The profiles are at least mode or median-normalized, such that the
non-aberrant state should correspond to levels close to zero. Probes are ordered according to
chromosomal and base pair position. Our method is applied separately to each tumor profile;
hence we will suppress the tumor index. Then, denote by Yj and Xij the normalized log2-ratio
of probe j on the tumor profile under study and the i-th calibration profile, respectively.
We use a regression model to remove the wave bias from Yj, using the fact that similar biases
are observed in Xj = (X1j,…, Xnj). First, note that one would prefer to ‘model’ Yj only for j є A0,
which denotes the set of non-aberrated probes. One might try to find A0 by means of a calling
algorithm, but this would confront us with a chicken-and-egg dilemma, since such algorithms
perform best when the data is properly smoothed. To overcome such worries, we show our
procedure to be robust against the presence of aberrations in Yj . Second, a direct regression
of Yj on Xj would imply that one needs to deal with the error-in-variables problem, because,
like Yj, Xj is measured with noise. Hence, one would need to use a suitable optimization criterion like total least squares,8 which demands somewhat more computational effort. More
importantly, one may run the risk of smoothing away small aberrations in the tumor profile
when correcting Yj by using Xij only. Instead we regress Yj on Zj = (Z1j , ….,Znj), where Zij is
an underlying smooth signal for Xij . This smooth signal is obtained by using the loess curve
software from Marioni et al.,5 setting the bandwidth to B = 20 probes for our 44K platform.
Section 3.6 discusses the choice of B. We observed that the results of the algorithm are rather
robust against the exact bandwidth, because the regression parameters in (1) partly adapt to
the amplitude of the signal. Moreover, the effect of any remaining error-in-variables is diminished by introduction of a ridge penalty on the parameters. This penalty is also an effective
measure against collinearity.9 Collinearity between the covariates is likely to be present due
to the tendency of the wave biases to occur at similar locations in the calibration profiles. The
regression model is
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where єj is mean zero error term. The parameters β = (β1,…., βn) are estimated by ridge regression together with the penalty parameter λ:

where λ minimizes the leave-one-out generalized cross-validation (GCV) error.7 So, essentially, the same model is used for all probes, in the sense that the parameters β are shared. The
proposed corrected tumor signal

is then obtained by subtracting the regression prediction

from the original profile:

To study the effect of potentially remaining noise in Zij , consider the expected squared residual error. The latter is an adaptation of the squared residual error when Zij is considered
random with mean zij and variance

:

which resembles (1). It shows that shrinkage is also beneficial for reducing the effect of errorin-variables. However, (1) will most likely impose a larger penalty, because the cross-validation accounts for the prediction error with respect to Y as well. In the software we propose
to search over
variances

= (1, 5, 10, 50, 100, 500, 1000) *

, where

is the mean of sample

i= 1,…, n. Then, the optimal λ is approximated by interpolating the correspon-

ding GCV errors and determining the minimum.
2.3

Robustness against presence of CNAs

We argue that the estimator β* is robust against the presence of CNAs in a tumor profile.
Denote Yj =
like to regress

- cj , where cj is the signal due to a potential aberration. In principle we would
on Zj . Suppose we know cj . Then,

73

Chapter 4

where constant C =

. It is reasonable to assume that the (experimental) bias signal Zij ,

which is obtained from the calibration profiles, is uncorrelated to the aberration signal cj in a
tumor. Since, after normalization, ∑j Zij ≈ 0, we expect the latter double sum to be very close
to zero for any β. This causes β* obtained from Yj to be close to the ‘optimal’ estimate from
the non-available Yj . Although our method is generally robust against the presence of CNAs,
it is preferable to exclude clearly aberrated probe sequences in a tumor profile before the
regression (1), so that these do not impact the β’s. These probes are included again before
the correction (2). We temporarily exclude probe sequences of length B with a mean larger
than threshold T = 2.5 times the noise standard deviation, which was estimated robustly by
considering the median of standard deviations (estimated as 1.48 times the median absolute
deviation) over intervals of 50 consecutive probes. Section 3.6 contains a sensitivity analysis
for the choice T. The robustness of β* is further corroborated by adding artificial signal to real
data in Section 3.3.

Results
3.1

Data

We applied our method to Agilent 44K oligonucleotide CGH profiles from two hospitals: the VU
University medical center, Amsterdam, The Netherlands and the Center for Medical Genetics,
Ghent University Hospital, Belgium. The Dutch data set consists of 29 calibration profiles and
5 unrelated tumor profiles, while the Belgian data set consists of 20 calibration profiles and 20
unrelated tumor profiles. Both sets of calibration profiles were available from human genetics
applications, which aim at detection of small focal aberrations. All data, including the probe
sets, are available from the author’s web site.
3.2

Correction leads to better segmented tumor profiles

To demonstrate the potential impact of the wave correction on further data processing the
raw and wave corrected profiles are segmented using DNAcopy with default settings.4 The
segmented profiles are shown for two representative samples from both tumor data sets.
Figure 2 shows the results for samples 1 and 2 in the Dutch data set. Considering sample 1,
we observe that the correction is highly beneficial, in particular for ‘wavy’ chromosomes 1, 11
and 12, which are exemplary for many samples in this data set. Also, the slight dip in chromosome 19 occurs frequently in both tumor and calibration profiles and this almost disappears
after correction. We observe that the raw profile 2 is of high quality. Therefore, the correction
procedure should hardly change this profile and this is indeed the case.

74

Smoothing waves in array CGH tumor profiles

(a) Dutch profile 1

(b) Dutch profile 2

Figure 2. Results of the wave correction procedure for Dutch tumor samples 1 (a) and 2 (b). Normalized
log2-ratios are plotted for chromosomes 1 to 23. Segments are plotted as horizontal lines. (a) Dutch
profile 1, uncorrected (top) and corrected (bottom) (b) Dutch profile 2, uncorrected (top) and corrected
(bottom)

Figure 3 shows the results for samples 11 and 19 in the Belgian data set. Here the effect of
the wave correction is striking, because several chromosomes show wave patterns in the raw
profiles. Clearly, the corrected profiles show fewer breakpoints than the raw ones. Note that
the presence of one very noisy calibration profile (nr 8; see Suppl. Fig. 3.8) had little impact
on the quality of the correction procedure, because the regression simply set β8 to a very
small value. Plots for all the profiles are available as Supplementary Information.

(a) Belgian profile 11

(b) Belgian profile 19

Figure 3. Results of the wave correction procedure for Belgian tumor samples 11 (a) and 19 (b). Normalized log2-ratios are plotted for chromosomes 1 to 23. Segments are plotted as horizontal lines. (a)
Belgian profile 11, uncorrected (top) and corrected (bottom) (b) Belgian profile 19, uncorrected (top)
and corrected (bottom)
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3.3

Robustness against presence of CNAs

We studied the robustness of the predicted wave

by adding artificial CNAs cj to

the tumor profiles. We assumed these cj ’s to cover 20% of the probes, occurring in 10 segments (consecutive probes) of variable lengths, randomly distributed over the genome. Seven
of these segments correspond to gains (or amplification), while the three others correspond
to losses. The signal sizes of cj were set to 1 (3 segments), 1.5 (5) and 2 (2) standard deviations, where the sizes were attributed randomly to the segments. Note that signals larger
than T = 2.5 would be eliminated by the thresholding, so these would not have an effect. The
entire randomization process was repeated B = 25 times. This resulted in B predicted waves
for each tumor, which were compared with the original predicted wave W.
Table 2 displays the 5% and 95% quantiles, as computed from the entire probe set, of the
pair-wise difference between Wb and W, averaged over the B repeats.

Table 2. Robustness of the predicted wave in tumors: 5% and 95% quantiles of the pairwise
log2-ratio difference between predicted wave for tumor profile with extra (random) artificial
CNAs and original predicted wave. Quantiles are averaged over 25 runs. ‘S’ denotes the
sample, ‘B’ and ‘D’ stand for Belgian and Dutch, respectively.
S

5%

95%

S

5%

95%

S

5%

95%

B1

-0.030

0.031

B11 -0.030

0.032

D1 -0.036

0.038

B2

-0.026

0.027

B12 -0.025

0.027

D2 -0.010

0.013

B3

-0.021

0.022

B13 -0.016

0.017

D3 -0.008

0.008

B4

-0.045

0.044

B14 -0.037

0.040

D4 -0.006

0.006

B5

-0.025

0.027

B15 -0.028

0.030

D4 -0.006

0.016

B6

-0.033

0.033

B16 -0.041

0.042

D5 -0.013

B7

-0.036

0.037

B17 -0.028

0.029

B8

-0.040

0.042

B18 -0.020

0.019

B9

-0.026

0.027

B19 -0.034

0.035

B10

-0.021

0.022

B20 -0.044

0.048

We observe from this table that for all samples at least 90% of the predicted probe values
from profiles with additional aberrations deviates 0.05 (log2-scale) or less from the original
predicted values. Note that here we added extra CNAs to tumor profiles, which are likely to
contain many CNAs already. When we add 20% aberrations to calibration profiles, the above
maximal deviation is only 0.02 (data not shown), due to the stabilizing effect of the large
proportion of non-aberrated probes. This supports our claim that the ridge regression is very
robust against presence of CNAs.
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3.4

Aberrations in artificial tumor profiles

Here, we assess the performance of the algorithm by simulating artificial tumor profiles where
we know the aberration locations and signals. The calibration profiles of the Belgian set are
used to generate these artificial tumor profiles. The artificial profiles contain the following simulated CNAs: gain of chromosomal arm 6q, loss of chromosomal arm 8p, focal loss of 100
consecutive clones on chromosome 11, and an amplification of 25 consecutive clones on 12.
The log2-ratios are 0.25,-0.25, -0.25 and 0.75, respectively, which are added to the values
of the corresponding probes of the calibration profiles. These added signals mimic those observed in heterozygous tumor profiles. Note that the original probe values should, apart from
noise and (wave) bias, be close to zero, because the calibration profiles are used. Therefore,
if our algorithm performs well, it should be able to recover the aforementioned added artificial signals. Then, for each artificial profile the set of non-corresponding calibration profiles
was used in the regression to correct the aberrated profile. Figure 4 displays the results of
two artificial profiles. We clearly observe the benefit of the algorithm in both cases. While the
amplification on chromosome 12 may be visible in both uncorrected profiles, the focal loss on
chromosome 11 appears as normal in uncorrected profile 10, while it is merged with a ‘wave
dip segment’ in profile 11. Moreover, the 6q and 8p arms contain too many segments in both
uncorrected profiles and the 8p loss is not easily recognized. On the contrary, both corrected
profiles show all four CNAs very clearly.
The Supplementary material contains all artificial profiles, including the original calibration
profiles. The benefit of the correction algorithm is clearly visible for all except profile 8, which
is extremely noisy.

(a) Artificial tumor profile 10

(b) Artificial tumor profile 11

Figure 4. Artificial tumor profiles 10 (a) and 11 (b). Normalized log2-ratios are plotted for chromosomes
6 to 12. Segments are plotted as horizontal lines. Artificially aberrated probes are highlighted in dark
grey.Artificial tumor profile 10, uncorrected (top) and corrected (bottom) Artificial tumor profile 11, uncorrected (top) and corrected (bottom)
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3.5 Log2-ratios are on target
One might be worried about damping of the true signal in the correction procedure. Serious
damping is unlikely, because as discussed before, the regression mainly fits the wave in the
tumor profiles to those in the calibration profiles. It is reassuring that the log2-ratios of the
artificially aberrated segments are indeed very close to the intended levels (0.25,-0.25, -0.25
and 0.75): means (standard deviations) as calculated from all artificial profiles except the extremely noisy profile 8 are 0.243 (0.018), -0.247 (0.019), -0.242 (0.027) and 0.751 (0.034),
respectively.
3.6 Choice of parameters B and T
For our platform, the bandwidth of the initial smoothing of the calibration profiles, B = 20
probes, corresponds to a median span of around 1Mb. The exact size distribution of CNVs is
unknown, but the majority should be smaller.2 Note that CNVs spanning more probes are likely to be removed by the preprocessing (Section 2.1). So, both small and large CNVs present
in the calibration profiles have little impact on the correction for tumor profiles. It is not wise
to use less than B = 20 probes, because one would lose the benefit of reducing the noise by
smoothing the calibration profile. For higher resolution platforms, our software adjusts B such
that the median span is approximately 1Mb.
Furthermore, we performed a sensitivity analysis of the correction results with respect to T,
using the Dutch tumor profiles. We computed the deviation in absolute value of the results for
T = 2, 3,∞ with respect to the results from our default setting, T = 2.5. T = ∞ corresponds
to the case in which no probes on the tumor profiles are temporarily excluded. Then, the
maximum deviation over all 44K probes and all 5 profiles was computed (log2-scale). These
maximum deviations equal 0.030, 0.023, 0.085 for T = 2, 3,∞, respectively. So, we observe
that the maximum deviation is extremely small for T≤ 3: Even for T = ∞, the maximum deviation is not very large, which shows that the algorithm is already rather robust in itself and
insensitive to the exact setting of T.

Discussion
The performance of the algorithm is demonstrated for the case where both tumor and calibration profiles are from the same resolution. Our scripts, however, also allow the user to regress
tumor profiles from a higher resolution on calibration profiles as long as the probe set in the
calibration profiles is largely contained in the tumor probe set. The prediction for a probe not
in the calibration probe set is then interpolated from its nearest neighbours that are a member
of the calibration probe set. Preliminary results for a small number of 105K and 244K Agilent
tumor profiles (using 44K Agilent calibration profiles) show a clear improvement on the raw
profiles, although slightly less striking as for the same resolution situation.
One might be concerned about CNVs present in the calibration profiles biasing the result for
tumor profiles. However, the proportion of CNVs in our calibration profiles is small (estimated to be smaller than 0.2%). Moreover, the correction is performed on multiple, smoothed
calibration profiles, which strongly diminished the effects of the CNVs, because these usually
span only a few probes. In fact, while our algorithm is specifically aiming for better detection
of tumor specific CNAs, it may also contribute to better detection of CNVs in tumor profiles.
Detection of such CNVs is only possible when the reference hybridization material is pooled
DNA (rather than DNA of non-tumor tissue of the same patient). The smoothing will largely
78

Smoothing waves in array CGH tumor profiles

prevent a tumor-CNV to cancel against the same CNV in the calibration profiles. Still, a minor
damping effect may occur for some CNVs in tumors.
A practical question is under which circumstances a true CAN might be removed by the correction. This is only possible when CNAs cover a large part of the tumor profile ànd these
CNAs follow the wave pattern closely, which is very unlikely under the reasonable assumption
that these phenomena are uncorrelated. A second practical issue is how many calibration
profiles are needed for the correction algorithm to work well. From our experience, the recommendation is to use at least 15 samples of which some contain clear wave patterns. Our software returns the correlation coefficients and the raw profile plots (similar to Figure 1) allowing
one to check the potential of the calibration profiles for the purpose of correcting the tumor
profiles. Our web site provides these calibration profiles, as well as links to calibration sets for
platforms other than Agilent. The calibration profiles can be used for any type of tumor and
tumor probe set as long as the intersection of the two probe sets covers the genome well,
using interpolation to correct the tumor probes not present in the calibration set. Computing
time is an important practical issue when processing high-resolution arrays. Our algorithm is
fast: roughly 5 seconds per 44K calibration profile and 10 seconds per 44K tumor profile on
a 1.73 GHz pc with 1 Gb internal RAM. Moreover, computing time is approximately linear in
the number of arrays and probes.
In conclusion, this new algorithm provides a practical solution to a problem that is recognized by many researchers working with high-resolution CGH arrays. The algorithm effectively
removes the wave bias from tumor profiles, thereby allowing for more accurate breakpoint
detection in those profiles.
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Cell cycle proteins in stage II and III colon cancer

Abstract
Purpose: Aim of the study was to investigate the prognostic value of multiple cell cycle associated proteins in a large series of stage II/III colon cancer.
Experimental Design: From formalin-fixed paraffin-embedded tumor samples of 386 patients with stage II/III colon cancer, DNA was isolated and tissue microarrays (TMAs) were
constructed. TMA slides were immunohistochemically stained for p21, p27, p53, Epidermal
Growth Factor Receptor (EGFR), Her2/Neu, β-catenin, cyclin D1, Ki-67, Thymidylate Synthase
and Aurora kinase A (AURKA). PCR based microsatellite instability analysis was performed to
allow for stratification of protein expression by MSI status.
Results: Overall, low p21, high p53, low cyclin D1, and high AURKA expression were significantly associated with recurrence (p=0.01, p<0.01, p=0.04, and p<0.01 respectively). In
stage II patients without adjuvant chemotherapy (n=190), significantly more recurrences
were observed in case of low p21 and high p53 expressing tumors (p<0.01 and p=0.03, respectively). In stage III patients without chemotherapy, high p53 expression was associated
with recurrence (p=0.02) and in patients with chemotherapy, high AURKA expression was
associated with relapse (p<0.01). In patients with microsatellite stable tumors, high levels
of p53 and AURKA were associated with recurrence (p=0.01 and p<0.01 resp.). Multivariate
analysis showed low p21 (p=0.04, Odds ratio (OR) 1.7, 95% Confidence interval (CI) 1.0-2.9)
and high AURKA expression (p=0.03, OR 2.1, 95% CI 1.1-4.0) to be independently associated with disease recurrence.
Conclusions: P21, p53, cyclin D1 and AURKA could possibly be used as prognostic markers
to identify colon cancer patients with high risk of disease recurrence.
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Introduction
Colorectal cancer (CRC) is the third most common form of cancer and the second leading
cause of cancer related death in the Western world, with more than 600,000 deaths worldwide
each year.1
Currently, the primary method for assessing prognosis for individual patients is the Tumor-Node-Metastasis (TNM) staging system, developed by the American Joint Committee on Cancer
(AJCC) and the International Union Against Cancer (UICC).2 This classification forms the basis
for therapeutic decision making in clinical practice, e.g. to decide who is eligible for adjuvant
chemotherapy. Adjuvant 5-fluorouracil (5-FU)-based chemotherapy has been found to increase median 5 year survival in stage III colon cancer patients from 51% to 64%.3 However, no
convincing evidence exists for a beneficial effect of postoperative adjuvant chemotherapy in
stage II CRC, while still 20-30% of these patients will develop recurrent disease after initial
resection of the primary tumor.4 Therefore, an evident need exists for identifying stage II CRC
patients with high risk of relapse. Molecular markers reflecting tumor biology may allow for
identifying subgroups of patients with high risk of disease recurrence, and may indicate who
will or will not benefit from adjuvant therapy.
Proliferation and cell cycle control are central processes in the biology of cancer. Analysing the
expression of multiple cell cycle associated proteins by means of immunohistochemistry provides a way for reading out these key features in tumor samples of large series of colon cancer patients. Yet, the exact prognostic value of cell cycle associated markers in colon cancer
remains unclear. Numerous studies on these markers have been published, but the majority
of these are based on relatively small, heterogeneous series of patients and lack multivariate
analysis, including variables like microsatellite instability (MSI) status, administration of adjuvant therapy and other.
The aim of the present study was to investigate the prognostic value of multiple cell cycle
associated proteins in a large series of stage II and III colon cancer patients with known MSI
status.
The panel of markers studied consisted of proteins regulating cell cycle arrest and checkpoint control (p21, p27, p53), transmembrane and intracellular signalling proteins (Epidermal
Growth Factor Receptor (EGFR), Her2/Neu, β-catenin), proteins involved in progression of
the cell cycle to M-phase (cyclin D1, Ki-67), and the proteins Thymidylate Synthase (TS) and
Aurora kinase A (AURKA).
P21 (Waf1/Cip1) is an inhibitor of cyclin-dependent kinase (CDK) activity and interacts with
proliferating cell nuclear antigen (PCNA) to block PCNA-dependent DNA replication, leading
to G1 cell cycle arrest.5 P27 (Kip1) protein is another member of the Cip/Kip family of CDK
inhibitors and mediates G1 arrest through the formation of a stable complex with cyclin E/
Cdk2, thus abrogating the activity of the latter. P27 is therefore directly involved in restriction
point control.6 P53 has various important functions in cellular integration, including response
to DNA damage, regulation of transcription and control of genomic stability, and has been
referred to as the “guardian of the genome”.7 Loss of P53 function is frequently observed in
CRC and leads to the loss of the cell cycle apoptotic control mechanism and is believed to be
one of the most important mechanisms of tumorigenesis in many human tumors.

8

EGFR and

Her2/Neu are members of the tyrosine kinase receptor family and consist of an intracellular
tyrosine kinase domain, a transmembrane lipophilic segment and an extracellular ligand binding domain. After binding its ligand, the tyrosine kinase domains are activated initiating an
intracellular signalling cascade that leads to cell differentiation, migration, adhesion, angiogenesis and inhibition of apoptosis.9
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β-catenin is a critical component of the highly conserved Wnt signalling pathway that regulates cell proliferation and differentiation. When the Wnt pathway is activated, β-catenin enters the nucleus where it complexes with transcription regulator proteins activating a number
of target genes.10 Cyclin D1 is one of the major regulators of the cell cycle progression and
complexes with cyclin dependent kinases in the G1 phase resulting in S-phase entry.11 Ki-67
is a large nuclear protein involved in cell cycle regulation.

12

It undergoes phosphorylation and

dephosphorylation during mitosis and its expression is regulated by proteolytic pathways.
Detection of Ki-67 has been frequently used as a measure of cell proliferation and is mainly
expressed during S-phase and G2/M-phase. TS is an enzyme responsible for the catalytic
methylation of deoxyuridylate to thymidylate, which is required for DNA synthesis and repair.
This enzyme has been the target of fluoropyrimidine class of chemotherapeutic agents including fluorouracil (FU) for over four decades. AURKA is a member of a family of mitotic serine/
threonine kinases and is associated with centrosome maturation and separation and thereby
regulates spindle assembly and stability.13

Patients and methods
Between 1996 en 2005, a total of 667 patients underwent surgical resection for colon cancer
at the Kennemer Gasthuis hospital in Haarlem, the Netherlands. Of these, 454 were classified
as TNM stage II (T3-4, N0, M0) or III (T1-4, N1-2, M0) according to the 4th edition of the TNM staging system by the AJCC and UICC.14
Data were collected from clinical reports and included: date of birth, date of surgery, location
of the primary tumor, i.e. right-sided (caecal, ascending, transverse) or left sided (descending, sigmoid, rectosigmoid), adjuvant chemotherapy, date and site of first disease recurrence, and cause of death, i.e. colon cancer-related or -unrelated cause of death. Disease
recurrence was defined as either local tumor recurrence or distant metastasis, diagnosed by
computed tomography imaging and/or histopathology.
From the histopathology reports information was retrieved about tumor size, tumor and nodal
stage, number of nodes examined, differentiation grade, ulceration, mucinous differentiation,
and angioinvasion of the primary tumor.
Patients with a previous history of colorectal malignancy (n=12) and those with irradical resections of the primary tumor (macroscopically or microscopically, n=9) were excluded from
this study. Also patients who were lost in follow up or died within 3 months after surgery (n=8
and n=39, resp.) were excluded.
The remaining study population consisted of 386 stage II and III colon cancer patients, of
which 203 males and 183 females with a mean age of 71 years and a median follow up period
of more than 57 months (table 1).
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Table 1. Clinical and pathological characteristics of total study population.Values in parentheses
are percentages unless stated otherwise
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Overall
(n=386)

Stage II
(n=226)

Stage III
(n=160)

Sex
Male
Female

203 (52.6)
183 (47.4)

114 (50.4)
112 (49.6)

89 (55.6)
71 (44.4)

Age (years)
Mean (s.d.)
Median (range)

71.0 (11.9)
73.0 (28.5-94.0)

71.6 (11.8)
73.4 (28.593.3)

70.1 (12.0)
72.4 (34.5-94.0)

Tumor location
Right sided
Left sided

173 (44.8)
213 (55.2)

99 (43.8)
127 (56.2)

74 (46.2)
86 (53.8)

Tumor size (mm)
Mean (s.d)

42.2 (19.4)

43.5 (20.6)

40.4 (17.6)

Tumor stage
T1
T2
T3
T4

4 (1.0)
19 (4.9)
325 (84.2)
38 (9.8)

201 (88.9)
25 (11.1)

4 (2.5)
19 (11.9)
124 (77.5)
13 (8.1)

Nodal stage
N0
N1
N2

226 (58.5)
111 (28.8)
49 (12.7)

226 (100)
-

111 (69.4)
49 (30.6)

No.of nodes examined
Mean (s.d.)

8.9 (5.2)

8.4 (5.4)

9.7 (4.8)

Microsatellite
stability status
(Failed samples excluded)
MSS
MSI

(Failed n=54)
267 (80.4)
65 (19.6)

(Failed n=41)
147 (79.5)
38 (20.5)

(Failed n=13)
120 (81.6)
27 (18.4)

Histological grade
Well
Moderate
Poor

24 (6.2)
302 (78.2)
60 (15.5)

18 (8.0)
180 (79.6)
28 (12.4)

6 (3.8)
122 (76.3)
32 (20.0)

Mucinous differentiation
Yes
No

82 (21.2)
304 (78.8)

48 (21.2)
178 (78.8)

34 (21.3)
126 (78.8)

Ulceration
Present
Absent

297 (76.9)
89 (23.1)

170 (75.2)
56 (24.8)

127 (79.4)
33 (20.6)

Angioinvasion
Present
Absent

78 (20.2)
308 (79.8)

24 (10.6)
202 (89.4)

54 (33.8)
106 (66.3)

Adjuvant chemotherapy
Yes
No

122 (31.6)
264 (68.4)

34 (15.0)
192 (85.0)

88 (55.0)
72 (45.0)

Recurrent disease
Yes
No

127 (32.9)
259 (67.1)

53 (23.5)
173 (76.5)

74 (46.3)
86 (53.8)

Follow up (months)
Median (range)

57.2 (3.0-148.6)

63.1 (5.3139.6)

46.9 (3.0-148.6)
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Tissue Microarray
Tissue microarrays (TMAs) were constructed from the 386 stage II and III colon cancer samples.15 Briefly, formalin-fixed paraffin-embedded (FFPE) tissue blocks of colon cancer resection
specimens were retrieved from the archives of the department of Pathology at the Kennemer
Gasthuis Hospital (Haarlem, The Netherlands) and used as donor blocks. Six tissue cylinders
(core biopsies) with a diameter of 0.6 mm were punched from morphologically representative
tissue areas of each donor block and transferred into the recipient TMA paraffin blocks.
Immunohistochemistry
Immunohistochemistry was performed on 4 μm thick sections from the TMA blocks. Tissue
sections were deparaffinised with xylene and rehydrated through a graded series of alcohol.
Endogenous peroxidase activity was quenched with 0,3% hydrogen peroxide in methanol.
For antigen retrieval, the samples were immersed in 10mM citrate buffer solution and heated in a microwave. Slides were incubated with antibodies specific for p21 (Waf1/Cip1, clone
SX118, Dako Belgium, dilution 1/25), p27 (Kip1, BD USA, dilution 1/2000), p53 (DO-7, Dako
Belgium, dilution 1/500), EGFR (EGFR. 113, Novocastra UK, dilution 1/25), Her2/Neu (SP-3,
Neomarkers USA, dilution 1/100), Ki-67 (MIB-1, Dako Belgium, dilution 1/200), cyclin D1
(Neomarkers USA, dilution 1/50), TS (TS polyclonal antibody, kindly provided by Dr. G.W.
Aherne, Sutton, UK, dilution 1/100), β-catenin (17C2, Menarini Italy, dilution 1/100), AURKA
(JLM-28, Novocastra UK, dilution 1/50).
Negative control slides were incubated with Antibody Diluent only. Next, antibody binding
was detected using Powervision Plus system (Immunologic, Netherlands) for p21, cyclin D1,
and β-catenin, EnVision system (Dako, Belgium) for TS and AURKA, and BondMax autostainer
(Menarini Diagnostics, The Netherlands) for p27, p53, EGFR, Her2/Neu and Ki-67. Diaminobenzidine was used as a chromagen followed by counterstaining with Mayer’s Haematoxylin.
Evaluation of protein expression
The immunohistochemically stained sections were automatically scanned with a digital (microscopic) Mirax slide Scanner system (3DHISTECH Ltd., Budapest, Hungary) equipped with a
20x objective with a numerical aperture of 0.75 (Carl Zeiss B.V., Sliedrecht, The Netherlands).
The accompanying Mirax Viewer software allows the user to navigate through the slide at any
given digital zoom up to 540x.
Immunoreactivity was evaluated on each core on the recipient TMA blocks. In general, nuclear
staining patterns were scored according to extent and intensity of staining. Extent of staining
was scored 0 to 4 according to the percentage of positively stained tumor cells: 0 = positive
staining in 0-1%; 1 = 1-10%; 2 = 11-25%; 3 = 26-50%; 4 = >50%. Staining intensity was
scored as 0 = no staining or any intensity in less than 10% of tumor cells; 1 = weak; 2 =
moderate; 3 = strong. For cytoplasmic immunoreactivity only staining intensity was scored.
For protein staining in which both percentage and intensity were assessed, scores were multiplied to produce a weighted score (0-12) for each TMA sample.16 Membranous staining was
scored 0 to 3, in analogy with to the scoring system used for membranous staining of Her2/
Neu approved by the US Food and Drug Administration.17
For p21, p27, p53 and cycline D1, percentage and intensity of nuclear staining were scored.
For Ki-67, β-catenin and AURKA, only the percentage of positively stained nuclei was assessed, because intensity was similar in all positive nuclei. For Her2/Neu membranous staining was scored, for EGFR both membranous and cytoplasmic, and for TS only cytoplasmic
staining was assessed.
For statistical analysis, for each patient the highest score of protein expression was used as87
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signed to the 6 tissue sections obtained by the core biopsies taken from each tumor sample.
Specimens were examined in a blinded fashion without knowledge of clinical and histopathological data at the time of assessment. To confirm reproducibility, 15% of all samples were
scored a second time by an independent observer.
Assessment of cut-off values
For statistical analysis, scores of protein expression were dichotomised in “low” and “high”.
Cut-off values for every protein were based on Receiver Operating Characteristics (ROC)
curve analysis and maximum predictive value.18 This analysis produced the following cut-off
values: high p21 if score ≥ 6, high p27 if score ≥ 6, high p53 if score = 12, high membranous
EGFR if score ≥ 1, high cytoplasmic EGFR if score = 3, high Her2/neu if score ≥ 1, high Ki-67
if score = 4, high cyclin D1 if score ≥ 8, high nuclear β-catenin if score ≥ 1, high TS if score
≥ 2 and high AURKA if score = 4.
DNA isolation
DNA was isolated from FFPE colon cancer tissues samples. For each tumor, areas with a tumor
cell contribution of at least 70% were marked on 4 μm sections. Adjacent serial sections of 10
µm were cut, and macro dissected. DNA was isolated as previously described (using QIAamp
microkit; Qiagen, Hilden, Germany).19 DNA concentrations were measured with a Nanodrop
-100 spectrophotometer (Isogen, De Meern, The Netherlands).
Microsatellite instability analysis
Tumor samples were analysed for microsatellite instability (MSI) using MSI Analysis System,
Version 1.2 according to the manufacturer’s instructions (Promega, Madison, USA). This PCRbased assay uses five mononucleotide repeat markers to determine MSI status. PCR products
were separated by capillary electrophoresis using ABI 3130 DNA sequencer and output data
were analysed using the accompanying package GeneScan 3100 (Applied Biosystems, Foster
City. CA, USA). Tumors were classified as microsatellite instable (MSI) when instability was
observed for two or more markers. When instability was observed for none or only one marker, tumors were considered to be microsatellite stable (MSS).
Statistical analysis
As a measure of agreement on scoring the immmunohistochemical protein expressions, Cohen’s kappa coefficient was used. Differences in proportions between groups were examined
using Pearson’s Chi-square test. Survival rates were displayed using the Kaplan-Meier method
and compared using the log rank test. Multivariate analysis was performed using backward
stepwise logistic regression. All reported p-values are two-sided and a significance level of
0,05 was used. Statistical analysis was performed with SPSS 17.0 for Windows, SPSS Inc.,
Chicago, Illinois, USA.
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Results
Clinicopathological features and disease recurrence
The clinicopathological characteristics of 386 stage II and III colon cancer patients are listed in table 1. Overall, disease recurrence rate was 32.9%. Stage II patients (n=226; 34
received adjuvant chemotherapy) had disease recurrence in 23.5% of cases, while of stage
III patients (n=160) 46.3% developed a recurrence (p<0.01). Fifty five percent of stage III
patients (n=88) received adjuvant chemotherapy with a recurrence rate of 47.7% (n=42),
compared to 44.4% recurrence in stage III patients without adjuvant chemotherapy (32 out
of 72; p=0.7).
MSI status could be determined in 332 cases, (i.e. 86% of tumor samples, while attempts
to characterize the remaining 14% failed due to insufficient quality of the FFPE-derived DNA
material). Of these, 267 were MSS (80.4%) and 65 MSI (19.6%). Recurrent disease developed in 36.3% of patients with MSS tumors, compared to 24.6% of MSI cases (p=0.07).
Considering only stage II patients of whom MSI status was determined (n=185), 41 out of
147 patients with MSS tumors showed recurrence, compared to 5 out of 38 patients with MSI
tumors (27.9% and 13.2% resp., p=0.06). For stage III patients with determined MSI status
(n=147), disease recurrence was observed in 56 of 120 patients with MSS tumors, compared
to 11 of 27 patients with MSI tumors (46.7% and 40.7% resp., p=0.6).
Cell cycle associated proteins and disease recurrence
A high level of agreement on immunohistochemical scores between the two observers was
achieved, resulting in a median (all proteins separately scored) Cohen’s weighted kappa value: Kw = 0.67 (range 0.49 – 0.84). The percentage of patients with high and low tumor
expression levels for each protein and the associations with disease recurrence are listed in
table 2.
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Table 2. Protein expression and recurrence rate in total study population.* For each protein
expression analysis, patients were excluded when insufficient amounts of tissue for evaluation
of protein expression was available: for p21 analysis 7 stage II (st-II) and 6 stage III (st-III)
patients (pts) were excluded, for p27 3 st-II and 4 st-III pts, for p53 5 st-II and 2 st-III pts, for
EGFR 6 st-II and 2 st-III pts, for Her2/neu 6 st-II and 4 st-III pts, for Ki-67 1 st-II and 1 st-III
pt, for cyclin D1 3 st-II and 4 st-III pts, for TS 1 st-II and 2 st-III pts, for β-catenin 7 st-II and 1
st-III pt and for AURKA 18 st-II and 15 st-III pts excluded.
All patients (n=386)*

Stage II (n=226)*

Stage III (n=160)*
n
(%)

Recurrence
rate (%)

0.01

37.7
62.3

41.4
47.9

0.43

22.3
28.1

0.38

71.8
28.2

43.8
47.7

0.65

44.3
55.7

28.6
20.3

0.15

49.4
50.6

55.1
36.3

0.02

0.69

75.9
24.1

24.0
24.5

0.93

73.4
26.6

44.8
47.6

0.76

32.5
34.1

0.76

66.4
33.6

25.3
21.6

0.54

59.5
40.5

43.6
48.4

0.55

29.3
70.7

27.3
34.6

0.17

29.1
70.9

21.9
23.7

0.77

29.5
70.5

34.8
50.0

0.08

Ki-67
high
low

69.5
30.5

31.8
35.0

0.54

69.8
30.2

21.7
27.9

0.31

69.2
30.8

46.4
44.9

0.86

Cyclin D1
high
low

44.3
55.7

26.8
36.5

0.04

45.3
54.7

17.8
27.9

0.08

42.9
57.1

40.3
48.3

0.32

high
low

58.2
41.8

28.7
37.5

0.07

62.7
37.3

22.7
23.8

0.85

51.9
48.1

39.0
52.6

0.09

β-catenin
(nuclear)
high
low

36.2
63.8

30.7
34.9

0.41

39.3
60.7

23.3
24.8

0.79

32.1
67.9

43.1
47.2

0.63

AURKA
high
low

74.8
25.2

36.0
19.1

<0.01

70.2
29.8

24.7
17.7

0.28

81.4
18.6

50.0
22.2

<0.01

n
(%)

Recurrence
rate (%)

0.01

43.8
56.2

15.6
30.1

30.9
36.6

0.30

74.4
25.6

46.4
53.6

40.3
26.6

<0.01

74.9
25.1

32.5
34.7

63.5
36.5

Her2/neu
high
low

P21

P27

P53

n
(%)

Recurrence
rate (%)

high
low

41.3
58.7

25.3
37.9

high
low

73.3
26.7

high
low

EGFR
membranous
high
low
EGFR
cytoplasmic
high
low

TS

P

P

P

In the total study population of stage II and III colon cancer patients (n=386), univariate
analysis showed low p21, low cyclin D1, high p53, and high AURKA expression to be
significantly associated with high disease recurrence rate (p=0.01, p=0.04, p<0.01, and
p<0.01 respectively; disease free survival (DFS) curves: figure 1A-D).
The expression of low levels of p21 was significantly associated with high p53 expression
(p=0.02) and low cyclin D1 expression (p<0.01) and a significant association was found
between high p53 and low cyclin D1 tumors (p<0.01).
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(G)

Figure 1: Disease free survival curves for stage
II+III colon cancer patients (n=386) according
to protein expression levels of p21 (fig 1A), cyclin
D1(fig 1B), p53 (fig 1C) and AURKA (fig 1D)
and disease free survival curves for only stage II
patients (n=226) according to expression levels of
p21 (fig 1E), cyclin D1 (fig 1F) and p53 (patients
with adjuvant chemotherapy excluded, fig 1G).
Note: For p21, assessment of expression failed in
7 stage II and 6 stage III patients, for p53 in 5
stage II and 2 stage III patients, for cyclin D1 in
3 stage II and 4 stage III patients and for AURKA
in 18 stage II and 15 stage III patients. Those
patients were excluded from this analysis.
Fig 1G

STAGE II PATIENtS
Considering only stage II patients (n=226), low p21 expression was significantly associated
with development of recurrence compared to high p21 expression (30.1% vs. 15.6% resp.;
p=0.01; DFS curve figure 1E) and a tendency towards higher recurrence rate was observed
for low cyclin D1 compared to high cyclin D1 expressing tumors (27.9% vs. 17.8% resp.;
p=0.08; DFS curve figure 1F).
When excluding patients who received adjuvant chemotherapy (n=34) from all stage II patients, a similar association was observed for p21 expression (32.4% recurrence for low p21
tumors vs. 12.8% for high p21 tumors, p<0.01) and cyclin D1 (29.0% recurrence for low
cyclin D1 vs. 18.0% for high cyclin D1 tumors, p=0.08). Furthermore, patients with high p53
tumors developed significantly more recurrences (32.1%) than patients with low p53 tumors
(18.3%, p=0.03; DFS curve figure 1G).

STAGE III PATIENTS
Focussing on stage III patients, high p53 and high AURKA expression were significantly associated with disease recurrence (p=0.02 and p<0.01 resp., DFS curves figure 2A resp. 2C).
For p53, the difference in disease recurrence rate was mainly attributable to stage III patients
who did not receive adjuvant chemotherapy (n=72) as recurrence rate for patients with high
p53 tumors was 59.4% compared to 30.8% for patients with low p53 tumors (p=0.02; DFS
curves are displayed in figure 2B). For patients with adjuvant chemotherapy (n=88) recurrence rate was 52.2% vs. 41.5% resp. (p=0.3, fig 2B).
For AURKA, difference in recurrence rate was mainly attributable to stage III patients who did
receive adjuvant chemotherapy as recurrence was observed in high AURKA tumors in 54.7%,
compared to 17.6% in low AURKA tumors (p<0.01), while recurrence rates were 44.4% and
30.0% resp. for patients without adjuvant chemotherapy (p=0.4; DFS curves are displayed
in figure 2D).
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(A)

(B)

(C)

(D)

Figure 2: Disease free survival curves for stage III colon cancer patients according to protein expression levels of p53 (fig 2A,B) and AURKA (fig 2C,D); Stratification to with or without adjuvant
chemotherapy treatment (“chemo” or “no chemo”) is displayed in figures 2B and 2D, resp. In patients without adjuvant chemotherapy treatment, disease free survival is significantly worse for patients with p53 high tumors (“p53 high, no chemo”) compared to p53 low tumors (“p53
low, no chemo”), log rank 4.0, p=0.05 (fig. 2B). In patients with adjuvant chemotherapy treatment, disease free survival is significantly worse for patients with AURKA high tumors (“AURKA high,
chemo”), compared to AURKA low tumors (AURKA low, chemo”), log rank 6.1, p=0.01 (fig. 2D).
Note: Of all stage III patients assessment of p53 expression failed in 2 patients and assessment of
AURKA expression failed in 15 patients. Those patients were excluded from this analysis.

In a multivariate analysis including all protein expression levels, disease stage, differentiation
grade, angioinvasive growth and adjuvant chemotherapy treatment, the following factors are
independently associated with disease recurrence: disease stage (p=0.02, Odds ratio (OR)
1.8, 95% confidence interval (CI) 1.1-3.0), angioinvasive growth (p<0.01, OR 3.9, 95% CI
2.1-7.1), low p21 (p=0.04, OR 1.7, 95% CI 1.0-2.9) and high AURKA expression (p=0.03, OR
2.1, 95% CI 1.1-4.0). When performing the same multivariate analysis including MSI status
as variable and excluding all patients without determined MSI status (n=54), statistical significance of association with disease recurrence was as following: disease stage: p=0.06, OR
1.7 (95% CI 1.0-2.9), angioinvasive growth: p<0.01, OR 3.4 (95% CI 1.8-6.3), p21: p=0.08,
OR 1.6, (95% CI 1.0-2.8) and AURKA: p=0.01, OR 2.6 (95% CI 1.3-5.3).
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Protein expression and disease recurrence stratified by MSI status
Low p21, high p27, high p53 and low cyclin D1 expression were observed in 63.7%, 77.4%,
52.1% and 91.6% of all (stage II+III) MSS tumors (n=267), respectively and expression
rates for these proteins were significantly different in MSI tumors, for which these rates were
32.3%, 58.5%, 24.2% and 67.2%, respectively (all p-values < 0.01).
In the total patient population with MSS tumors, univariate analysis showed high expression
of p53 and AURKA to be significantly associated with high disease recurrence rate (p=0.01
and p<0.01 resp., DFS curves in figures 3A and 3B).
STAGE II PATIENTS WITH MSS TUMORS
When excluding patients who received adjuvant chemotherapy (n=24) from all MSS stage II
patients (n=147), those with high p53 expressing tumors developed more recurrences than
patients with low p53 tumors, although statistical significance was not reached (36.7% vs.
21.3%, p=0.06). Those MSS stage II patients with low p21 tumors exhibited significantly
more recurrences than patients with high p21 tumors (36.0% vs. 15.9%, p=0.02). DFS curves are displayed in figure 3C and 3D, resp.

(A)

(B)

(C)

(D)

Figure 3: Disease free survival curves for MSS stage II+III (n=267) colon cancer patients according to
protein expression levels of p53 (fig 3A) and AURKA (fig 3B) and disease free survival curves for only
stage II MSS patients without adjuvant chemotherapy (n=123) according to expression levels of p53
(fig 3C), and p21 (fig 3D). Note: For p53, assessment of expression failed in 3 stage II and 1 stage III
patient, for AURKA in 13 stage II and 10 stage III patients and for p21 in 4 stage II patients. Those
patients were excluded from this analysis.
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STAGE III PATIENTS WITH MSS TUMORS
In MSS stage III patients (n=120), high p53 expression was associated with worse outcome
especially in patients who did not receive adjuvant chemotherapy (n=51) as high p53 patients
developed recurrence in 66.7% and low p53 in 25.9% (p<0.01). For MSS stage III patients
who did receive adjuvant chemotherapy (n=69), recurrence rates were 53.8% and 37.9%,
resp. (p=0.2). DFS curves are displayed in figure 4A.
For AURKA, difference in recurrence rates in stage III patients with MSS tumors was mainly
attributable to patients who did receive adjuvant chemotherapy. In this group, patients with
high AURKA tumors developed recurrence in 53.1% compared to 20.0% for patients with low
AURKA tumors (p=0.02), while recurrence rates were 47.4% and 25.0% resp. for patients
without adjuvant chemotherapy (p=0.2). DFS curves are displayed in figure 4B.
In a multivariate analysis of the population with MSS tumors, including all protein expression
levels, disease stage, differentiation grade, angioinvasive growth and adjuvant chemotherapy
treatment, angioinvasive growth (p<0.01, OR 3.4, 95% CI 1.8-6.5) and high AURKA expression (p=0.03, OR 2.3, 95% CI 1.1-4.9) remained independently associated with disease recurrence in patients with MSS tumors.

(A)

(B)

Figure 4: Disease free survival curves for stage III MSS patients according to protein expression levels of p53 and AURKA stratified to with or without adjuvant chemotherapy treatment (“chemo” or “no
chemo”), fig 4A and 4B, resp. In patients without adjuvant chemotherapy treatment, disease free survival is significantly worse for patients with p53 high tumors (“p53 high, no chemo”) compared to p53 low
tumors (“p53 low, no chemo”), log rank 7.8, p<0.01 (fig. 4A). In patients with adjuvant chemotherapy
treatment, disease free survival is significantly worse for patients with AURKA high tumors (“AURKA
high, chemo”) compared to AURKA low tumors (AURKA low, chemo”), log rank 4.3, p=0.04 (fig. 4B).
Note: Of all stage III MSS patients (n=120) assessment of p53 expression failed in 1 patient and assessment of AURKA expression failed in 10 patients. Those patients were excluded from this analysis.

PATIENTS WITH MSI TUMORS
In the total population (stage II/III) with MSI tumors (n=65), no significant associations were
found between protein expression and disease recurrence.
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Discussion
In the present study, we investigated the potential usefulness of multiple cell cycle associated
proteins as prognostic markers in stage II and III colon cancer patients. Low p21, low cyclin
D1, high p53 and high AURKA protein expression levels in primary tumor tissue were found
to be associated with worse outcome in the studied patient population.
P53, p21 and cyclin D1 are important cell cycle regulators and have been shown to play important roles in tumor development, including colorectal cancer.
As “guardian of the genome”, p53 functions as a tumor suppressor by inducing temporary cell
cycle arrest to facilitate repair mechanisms when DNA damage occurs or it can induce apoptosis when damage seems irreparable.7 Loss of these crucial functions leads to replication
of defective DNA, genomic instability and progression to cancer. Mutation of the p53 gene,
located on chromosome 17p13.1, occurs in over 50% of human tumors including sporadic
CRC.20-21 It should be noted that the short half-life of wild-type p53 protein normally renders
it undetectable by IHC, while mutated p53 protein is thought to cause protein-stabilising
conformational alteration, which makes nuclear accumulation and positive staining possible.22
Therefore, p53 IHC positivity is thought to be mainly “mutated p53” positivity. An extensive
systematic review on p53 abnormalities in CRC, underlines that in the vast literature on the
role of p53 expression and clinical outcome in CRC patients conflicting results are reported.23
Concluded was that overall, abnormal p53 has an adverse effect on outcome in patients with
better underlining prognosis and no effect on outcome in patients treated with 5FU-based
chemotherapy. The results of the present study are in line with these conclusions as we found
high (presumably mutated) p53 expression to be significantly associated with disease recurrence in stage II and stage III patients who did not receive adjuvant chemotherapy. We found
high p53 expression to be associated with MSS genotype and considering MSS patients only,
similar associations between p53 expression and relapse were observed.
The p21 gene is the primary mediator of p53-induced cell cycle arrest as p21 protein functions as inhibitor of G1 cyclin-dependent kinases (CDKs) and regulates entry of cells into S
phase.24 Cells lacking functional p53 express only low levels of p21. This is supported by the
present study showing a significant association between high, likely non-functional, p53 and
low p21 levels. Abnormal p21 protein levels have been documented in colon cancer patients,
but mostly in small and heterogeneous patient populations with contradictory conclusions
concerning patient outcome.25-28 In the present study of stage II and III colon cancer patients,
low p21 expression was independently associated with recurrent disease, mostly attributable
to stage II colon patients. We found low p21 expression to be associated with MSS genotype
and in the subgroup of MSS patients, the association between low p21 and relapse was present as well, but only statistically significant in stage II patients who did not receive adjuvant
chemotherapy.
Cyclin D1 plays a key role in cell cycle control, as it complexes with CDKs in the G1 phase
resulting in S-phase entry.11 Cyclin D1 activation by APC mutation/WNT signaling seems to
contribute to colon neoplasia initiation.29 Despite a well-established role of cyclin D1 in cell
cycle progression, previous data on cyclin D1 and clinical outcome in colon cancer have been
conflicting and most previous studies had limited samples sizes and heterogeneous study
populations. Although in two studies cyclin D1 overexpression has been associated with poor
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prognosis and in another two studies with good prognosis, most studies have shown no prognostic value of cyclin D1 overexpression.25, 28, 30-33 In the present large cohort study, we found
cyclin D1 overexpression to be associated with improved outcome in stage II/III colon cancer
patients, although it was not an independent predictor of recurrent disease. The biological
background of cyclin D1 overexpression being associated with fewer recurrences remains
subject of debate. Some tumors activate cyclin D1, whereas others do not. As suggested
previously, in order to acquire enhanced malignant characteristics, cyclin D1 negative cancers might have bypassed the necessity of cyclin D1 activation, resulting in more aggressive
behavior than cyclin D1-activated cancers.33 Previously, cyclin D1 has been described to be
overexpressed in MSI colorectal cancers34, like in the present study.
The aurora kinase family is a collection of highly related serine/threonine kinases that are key
regulators of mitosis. Aurora has evolved into three related kinases known as aurora kinase A,
-B and -C. The aurora kinase A protein (also named AURKA, STK15, BTAK, aurora-2, AIK1 or
ARK1) is a centrosome-associated protein and has been implicated in regulatory centrosome
function, spindle assembly, spindle maintenance, chromosome segregation and cytokinesis.
13

AURKA positively regulates the G2-to-M phase of the cell cycle and activation of AURKA in

late G2 is inhibited by DNA damage.13 Activation of AURKA in experimental systems confers
malignant phenotype by inducing centrosome amplification and genomic instability, indicating
AURKA as an oncogene.35 The gene for AURKA is located on chromosome 20q13.2, a region
commonly amplified in malignancies. Amplification of AURKA mRNA has been found in many
human tumors, including colorectal cancer.13, 36-37
Few studies are available addressing the association between AURKA protein expression and
clinical outcome in colorectal cancer patients. Two studies didn’t find a statistically significant
association between AURKA protein expression and survival.38-39 These studies described 517
and 200 tissue samples, respectively, both from heterogeneous populations of stage I to IV
colon as well as rectal cancer patients without including adjuvant chemotherapy and radiotherapy in the analysis.38 Another study showed worse survival for patients with high AURKA
expressing tumors, but the study population was small (n=55) and heterogeneous (stage I-IV
colon and rectal cancers).40
The present study showed high AURKA protein expression as independent factor to be significantly associated with high disease recurrence rate in a large, homogeneous population
stage II and III colon cancer patients. In MSS patients only, this significant association was
maintained. No association between expression level of AURKA and MSI status was found.
No significant association was found between disease recurrence and expression levels of
p27, Ki-67, EGFR, Her2/neu, TS, and (nuclear) β-catenin. Many studies have investigated
these proteins in colorectal cancer patients reporting conflicting results on the relation of protein expression levels with clinical outcome.28, 41-49
It should be mentioned that most studies describe heterogeneous patient populations without stratification for tumor localisation (colon vs. rectum), disease stage and MSI status and
mostly results lack multivariate analysis.
Methodological issues may be another possible cause of contradictory results of similar studies evaluating the same protein. One of these could be variations in immunohistochemical
techniques, including differences in antibodies used, variations in dilution and technique of
incubation and antigen fixation. Another factor that may largely be responsible for conflicting
results is lack of standardised scoring systems for evaluating immunoreactivity in colorectal
97

Chapter 5

cancer, which has led to a wide range of, mostly invalidated, scoring methods. The choice of
scoring method and the selection of cut-off values for positivity is rarely described. In the present study ROC curves were used to select cut-off values, since this is an established method
in clinical oncology to evaluate sensitivity and specificity of diagnostic tests and it has proven
to be useful in determining clinically relevant thresholds for immunohistochemical tumor positivity in biomarker studies.18, 50
Standardisation of immunohistochemical techniques and scoring methods of protein expression in colon cancer tissue is necessary to be able to compare studies on the same proteins
and make implementation of protein expression levels in staging systems possible.

Conclusions
Low p21, high p53, low cyclin D1 and high AURKA protein expression levels are associated
with increased disease recurrence rates in stage II and III colon cancer patients. These cell
cycle associated proteins could possibly be used as prognostic markers to identify patients
with high risk of recurrence after colon cancer resection and help to decide whether or not
adjuvant chemotherapy should be offered.
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Abstract
A large number of scoring systems, assessing a patient’s risk of mortality or morbidity, have
been developed over the recent years. Many scoring systems address general surgical practice. Recently scoring systems specific for colon and rectal surgery, adjusted for case-mix, have
been developed. Postoperative mortality is the main outcome studied, but other outcomes of
colorectal cancer surgery should also be taken into account when quality of surgical care is
assessed. Proper external validation is still needed for most models before reliable comparative audit is possible. Quantification of patient-risk is now a well-established research focus,
which in time will improve individualized surgical treatment and colorectal surgery outcomes
by means of proper comparative audit.
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Introduction
Surgical risk scoring systems are designed to quantify a patient’s risk of death or morbidity
and are usually based on severity of illness in combination with an assessment of physiological parameters.1,2 Risk assessment of outcome in individual patients, based on reproducible
scoring systems, would give the patient and the surgeon more reliable risk-adjusted information on post-operative prognosis. This could facilitate the process of informed consent but also
permit a more tailored approach to the patient. Comparative audit has become an essential
part of surgery in general and colorectal surgery in particular. Comparison of outcome between
surgeons, hospitals, regions and nations is difficult mainly because of problems associated
with case-mix differences. Scoring systems that incorporate patient characteristics as well as
disease related factors could provide a more meaningful tool for comparison of outcome. It is
however unclear if scoring systems for comparison on different levels should also possess different levels of information. In recent years several scoring systems for assessing a patient’s
risk of mortality, and to a lesser extent morbidity, after colorectal surgery have been developed.3,4 The aim of the present study was to review available scoring systems in colorectal
surgery with respect to their methods, measured outcomes, strengths and limitations.

Methods
A Medline literature search was performed up until august 2007 for articles describing ‘scoring
systems’, ‘surgery’, ‘colon and rectal’, ‘risk adjustment’ and ‘prediction of outcome’. Relevant
articles from reference lists of individual papers were also studied. All studies that introduced new scoring systems were identified. For each scoring system a general description
was made, measured outcomes were defined, and the methods of the scoring system were
summarized. In this review scoring systems specifically developed or used for prediction of
outcome in colon and/or rectal surgery were included but also some general scoring systems
that are relevant to colorectal surgery were analyzed.
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Results
An overview and summary of the scoring systems discussed below is given in tables1 and 2.

Scoring systems for colorectal surgery
Table 1. Scoring systems for colorectal surgery
Scoring
system

Year of
publication

Author

Outcomes

Validation

Area under the
ROC (%)

CR-POSSUM44

2004

Tekkis et
al.

In-hospital
mortality

External

68,46 78,50 7445

ACPGBI CRC
model54

2003

Tekkis et
al.

30-day
mortality

External

7046

CCF-CRC
model57

2004

Fazio et
al.

30-day
mortality

Internal

80

CCF-CLC
model59

2005

Tekkis et
al.

Laparoscopic
conversion rate
to open surgery

Internal

74

MBO model62

2004

Tekkis et
al.

In-hospital
mortality

Internal

80

Elderly CRC
model63

2006

Heriot et
al.

30-day
mortality

Internal

73

AFC64

2005

Alves et
al.

In-hospital
mortality

External,
adjustment
needed

8966

E-PASS67;70

1999

Haga et
al.

External

-

DD propensity
score71

2006

Aydin et
al.

Internal

93.9

Postoperative
complications
and mortality
Risk of Nonrestorative
procedures

CR-POSSUM: Colorectal Physiological and Operative Severity Score for the enUmeration of Mortality and
Morbidity; ACPGBI CRC: Association of Coloproctology of Great Britain and Ireland colorectal cancer;
CCF-CRC: Cleveland Clinic Foundation colorectal cancer; CCF-CLC: Cleveland Clinic Foundation colorectal laparoscopic conversion; MBO: Malignant Large Bowel obstruction; AFC: Association Française de
Chirurgie ; E-PASS: Estimation of physiologic ability and surgical stress; DD=Diverticular Disease, CRC=
Colorectal , ROC= Receiver Operator Characteristics.

Physiological and Operative Severity Score for the enUmeration of Mortality and
Morbidity, Portsmouth Modification of Physiological and Operative Severity Score
for the enUmeration of Mortality, Colorectal Physiological and Operative Severity
Score for the enUmeration of Mortality
The Physiological and Operative Severity Score for the enUmeration of Mortality and Morbidity
(POSSUM) was originally developed by Copeland et al5 using multivariate methods to predict
risk-adjusted 30-day mortality and morbidity rates in a general surgical population. Because
POSSUM over predicts mortality in the extremes of age groups and in low-risk procedures,
the Portsmouth-POSSUM for 30-day mortality (P-POSSUM) was developed.6,7 The two scoring systems use the same 12-factor, four grade physiologic score (PS) and a 6-factor, four
grade operative severity score (OSS), but use regression equations with different constants
and weighted values for PS and OSS. Furthermore, POSSUM uses exponential analysis while
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P-POSSUM uses linear analysis, but both system fail when using the incorrect analysis.8 POSSUM scoring systems have been applied to general surgery9,10 and specialized surgery such
as lung,11 vascular,12,13 colorectal,14 pancreatic,15,16 gynecological,17 upper gastrointestinal,18-20
head and neck,21 and emergency surgery22,23. Both scoring systems have been used to compare
individual surgeons,9,24,25 hospitals and countries.26 However, when POSSUM was applied to
patients undergoing emergency vascular procedures27 and upper gastrointestinal surgery,28,29
lack of calibration was seen and therefore dedicated POSSUM scores have been developed
for ruptured abdominal aortic aneurysm (RAAA-POSSUM),30 vascular surgery (V-POSSUM),31
esophagogastric surgery (O-POSSUM)28 and orthopedic surgery.32 POSSUM and P-POSSUM
adequately predict morbidity and mortality after colorectal and gastrointestinal surgery,14,24,33
reversal of Hartmann procedure following complicated diverticulitis,34 and operations for leftsided obstructing colorectal cancer.35 Lack of calibration, however, may be present at the
extremes of age, in emergency cases,36,37 in rectal cancer resection38 and colorectal cancer
resection,39 after laparoscopic colorectal resection,40,41 and after surgery for non-acute and
acute complicated diverticulitis.42,43 Therefore Tekkis et al. developed a dedicated colorectal
POSSUM (CR-POSSUM) score to predict in-hospital mortality after colorectal surgery.44 The
CR–POSSUM was developed on the basis of multiple logistic regression analyses of the PPOSSUM variables. Data on 6790 patients who underwent emergency or elective colorectal
surgery for curative, palliative or diagnostic purposes using general or regional anesthesia
were analyzed. The model was internally validated using a 60:40 per cent split-sample validation technique. Ultimately age, cardiac failure, systolic blood pressure, pulse rate, urea and
hemoglobin were included in the 6-factor physiological score. Operative severity, peritoneal
soiling, operative urgency and cancer staging were included in the operative severity score.
CR-POSSUM has been externally validated but with varying results. For colorectal cancer surgery in the United Kingdom and Australia, it showed better prediction than P-POSSUM and
POSSUM,45-48 but it over predicted mortality in other health care systems.49,50 In complicated
diverticular disease51 and in sigmoid resection for colon cancer or complicated diverticultis52
good prediction was seen. Despite the fact that CR-POSSUM over predicts mortality in laparoscopic colorectal surgery, it accurately predicts mortality in the conversion group.41 In addition, CR-POSSUM under predicts mortality in perforated colorectal cancer.53
Initially POSSUM was developed to aid surgical audit, rather than for clinical decision-making.
Due to the incorporation of operative data, which are often unpredictable, reliable preoperative prediction of postoperative mortality is often difficult with either POSSUM, P-POSSUM or
CR-POSSUM. Furthermore POSSUM-based scoring systems predict adjusted risk for groups of
patients, but for individual risk prediction it not accurate.
The Association of Coloproctology of Great Britain and Ireland Colorectal Cancer Model
In 2003 Tekkis et al. developed a colorectal cancer model using routinely collected clinical
variables from the database of the Association of Coloproctology of Great Britain and Ireland
(ACPGBI). The ACPGBI colorectal cancer model predicts 30-day mortality for an individual
patient after colorectal cancer surgery and is adjusted for standard risk factors.54 Some 8077
new patients suffering from colorectal cancer were prospectively identified during a 12 months
period and of these 7374 patients were included for analysis. Independent factors for 30-day
mortality were found using univariate and multivariate logistic regression analysis and these
factors were included in the model. Whilst the initial 60% of the patients were used for developing the ACPGBI colorectal cancer model its validity was internally tested on the remaining
40% of the patients. Age, ASA, Dukes’ stage, urgency of operation and cancer excision were
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included in the final model. The authors proposed the model as an aid to decision-making and
preoperative counseling of colorectal cancer patients. When enough colorectal units submit
data to the ACPGBI model it may well become the tool, in the United Kingdom, for comparative audit between hospitals and multidisciplinary teams caring for colorectal cancer patients.
In order to validate these prediction models Ferjani et al. calculated POSSUM, CR-POSSUM,
P-POSSUM and ACPGBI scores in a cohort of 618 patients who underwent surgery for colorectal cancer.46 Although the ACPGBI model predicted mortality most accurately for subgroups of
patients, for the group as a total, CR-POSSUM was superior. For emergency procedures CRPOSSUM and POSSUM were better predictors of mortality, whereas P-POSSUM and ACPBGI
under predicted mortality. This is consistent with a study in which the ACPGBI model was accurate in elective cases and underestimated mortality in emergency colorectal cancer cases.55
P-POSSUM was accurate in both settings in the last study. Under prediction of mortality in
emergency cases may be due to the fact that fecal peritonitis is not an independent factor in
the ACPGBI model. A review of the ACPGBI model, CR-POSSUM and the Malignant Bowel Obstruction model showed good performance of the three systems in prediction of postoperative
death.56
Cleveland Clinic Foundation Colorectal Cancer Model (CCF-CRC Model)
The CCF-CRC model was developed by Fazio et. al. in an attempt to predict 30-day mortality
after colorectal cancer surgery in individual patients.57 Multiple logistic regression analysis of
data obtained in 5034 patients who had undergone major colorectal cancer surgery revealed
six independent risk factors; Age, ASA, TNM stage, mode of presentation, cancer resection
and hematocrit level. The authors concluded that the Cleveland Clinic Foundation colorectal
cancer (CCF-CRC) model could be applied in everyday surgical practice. However Fichera has
commented that the model should only be used as an absolute measure of patient outcome
after external validation by further prospective multicenter studies.58 Further comments were
that the model was built in a highly specialized and high volume clinical setting, that no data
on nutritional, socio-economic status or immunologic status were included, and finally that
inclusion of patients covered a period of three decades. At this time, the CCF-CCR model is
still awaiting external validation.
Cleveland Clinic Foundation Colorectal Laparoscopic Conversion Model
Quality of surgical care may be defined by 30-day mortality but other outcomes, which may
be more difficult to define and/or measure, may be equally important. The Cleveland Clinic
Foundation Colorectal Laparoscopic Conversion (CCF-CLC) model attempts to quantify the
risk of laparoscopic conversion to open surgery in small and large bowel surgery.59 The model
was developed in a cohort of 1253 patient undergoing laparoscopic surgery for a variety of indications from 1991-2003. A two-level logistic regression analysis revealed significant factors
for conversion. Internal validation, using a split-sample technique, was performed and ASA
grade, body mass index, type of surgery, presence of intra-abdominal abscess or fistula and
surgeon seniority were included in the model. Conversion rate of laparoscopic surgery may
be used as a surrogate marker for surgical performance and quality of care. It is important
that this rate should be considered in conjunction with other outcomes such as post-operative
complications, duration of surgical procedures and readmission rates. The authors claim that
the model can be used in the pre-operative setting for counseling but also in audit. The model
however has not been externally validated and it may also be that a more multidimensional
assessment of laparoscopic surgery is needed. A further model for predicting the individual
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risk of conversion in patients undergoing laparoscopic colorectal resections was developed
by multiple logistic regression analysis of 367 laparoscopic colorectal resections. It included
three factors that were predictive of conversion to open surgery; diagnosis of malignancy,
surgeon experience (< 50 cases) and body weight.60 However, when the model was validated
prospectively experience of the surgeon was not identified as a predictive factor. Recalculated
conversion scores were needed to validate the model.61
ACPGBI Malignant Large Bowel Obstruction Model
This model, predicting in-hospital mortality of patients undergoing surgical treatment for malignant bowel obstruction (MBO), was developed in a cohort of 1046 patients using a 3-level
Bayesian logistic regression data-analysis.62 The multilevel model used the following independent risk factors to predict mortality: age, American Society of Anesthesiologists (ASA)
grade, Dukes’ staging, and mode of surgery. This model has not been subjected to external
validation.
Elderly Colorectal Cancer Model
Given that patients are getting older and the incidence of colorectal cancer increases with
age, a method to predict outcome after colorectal cancer treatment in the elderly is needed. Although elderly people may have the same benefits from colorectal cancer treatment,
surgical and medical, they are less likely to be offered surgical resection than their younger
counterparts. This is probably due to increased co-morbidity, more emergency presentations
and more advanced stage in elderly patients. To facilitate the decision-making process, by
providing patients and physicians with a proper risk estimate of major colorectal surgery,
Heriot et al. developed the elderly colorectal cancer model.63 Data of 2533 octogenarians undergoing surgery for colorectal cancer were used. When age, ASA classification, presence of
metastasis, urgency, resection, and bowel obstruction were incorporated in the model, it was
possible to accurately estimate 30-day mortality in individual patients. This model was developed using 50% of the population and was validated in the remaining 50%. Co-morbidity is of
major importance in elderly patients and it may be that more extensive data on pre-operative
health status could improve the model. The authors, acknowledging this, have doubted the
usefulness of this model in regions other than the United Kingdom.
Association Française de Chirurgie Score
Most surgical outcome scoring-systems have been developed in the UK and the USA. The Association Française de Chirurgie (AFC) score however was developed in a French prospective
multi-Center study, by multivariate analysis of data of 1421 patients undergoing colorectal
surgery for colorectal cancer or diverticular disease.64 Age over 70, urgent surgery, loss of
greater than 10% body weight, and neurological co-morbidity were independent prognostic
factors for postoperative in-hospital mortality. The AFC-index was compared with POSSUM
and P-POSSUM.65 The AFC-score accurately predicted mortality in the total population, but
was less accurate in patients undergoing elective surgery. The predictive value of the AFCindex was comparable with P-POSSUM, and better than POSSUM. The AFC-index was externally validated in an other population, and the same independent factors were found to be
predictive of mortality, although different absolute mortality-risks were calculated.66
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Estimation of Physiologic Ability and Surgical Stress
The estimation of physiologic ability and surgical stress (E-PASS) scoring system uses surgical
stress and the patient’s physiological ability to predict postoperative morbidity and mortality
of elective gastrointestinal surgery. The E-PASS was developed by multi-regression analysis
of 292 patients undergoing a variety of gastrointestinal procedures. It revealed 6 preoperative and 3 surgical factors predictive of postoperative complications and mortality.67 Using
these factors equations for preoperative risk score (PRS) and surgical stress score (SSS)
were computed. The PRS and the SSS were combined to obtain a comprehensive risk score
(CRS), which predicts the risk of postoperative complications, including mortality. The E-PASS
was externally validated in two sets of patients.67,68 Good correlation for postoperative complications, mortality rates and cost of hospital stay were shown. Furthermore a higher CRS
may also be associated with the severity of postoperative complications.69 In 2004 Haga et
al. developed two equations for estimating 30-day and in-hospital mortality rates. They used
the E-PASS variables in a cohort of 5212 patients.70 The usefulness of E-PASS was tested in
a cohort of 194 patients and compared with POSSUM and P-POSSUM. E-PASS was more accurate than POSSUM and P-POSSUM. It was concluded that E-PASS might not only be used
for surgical decision making but also for defining surgical quality.
Cleveland Clinic Diverticular Disease Propensity Score
Three-stage, two-stage or primary resections with anastomosis are surgical options to surgically treat simple diverticular disease and complicated diverticultis. The optimal decision may
be difficult to reach in individual patients, especially when clinicians need to select patients
who will benefit from non-restorative procedures for diverticular disease. The score was developed by comparing early outcomes of primary resection and anastomosis (n=731) with Hartmann’s procedure (n=123) for diverticular disease.71 Multifactor logistic regression was used
to develop a score for estimating the likelihood of performing a non-restorative procedure,
e.g. the formation of an end stoma. Body mass index ≥ 30 kg/m2, Mannheim peritonitis index
>10, operative urgency and Hinchey stage > II were found to be independent predictors for
Hartmann’s resection and these factors were used for the Cleveland Clinic Diverticular Disease
(DD) propensity score. The model was built on 70% of the study population and internally
validated on the remaining 30% of patients. The model was developed in a single institution.
The number of patients that needed emergency surgery was low, and therefore the number
of Hartmann’s procedures was also low. Furthermore long-term follow-up was not included in
the analysis. This model has not been validated externally.
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Other Risk-Scoring Systems Not Specific For CR Surgery
A multitude of risk scoring systems have been developed to assess patient-outcome, to classify patients, and for comparative auditing. Some have been specifically designed for surgical
patients while others may be applied to a wider range of patients. A selection of the most
current scorings system is listed below

Table 2. General risk scorings systems

Scoring
system

Year of
publication

Author

Outcomes
measured

Validation

POSSUM5

1991

Copeland et al.

30-day mortality
and morbidity

External

P-POSSUM7

1998

Prytherch et al.

30-day
mortality

External

ASA72

1961

Dripps et al.

-

External

APACHE I, II, II80-

1981, ’85,
‘91

Knaus et al.

Mortality

External

SAPS I, II91;92

1984, ‘93

Le Gall et al.

Mortality

External

VA Surgical
Risk study93

1995

Khuri et al.

30-day mortality
and morbidity

External

SRS77

2002

Sutton et al.

In-hospital
death

External

Charlson
comorbididty
index100

1987

Charlson et al.

Death

External

MPI104

1987

Linder et al.

Mortality

External

PPS78

2000

Biondo et al.

Mortality

External

Goldman
Cardiac risk109

1977

Goldman et al.

Cardiac
complications

External

82

POSSUM: Physiological and operative severity score for the enUmeration of Mortality and Morbidity;
ASA: American Society of Anaesthesiologists; APACHE: Acute Physiology and chronic Health Evaluation;
SAPS: Simplified Acute Physiology Score; VA: Veterans Affairs; SRS: Surgical Risk Score; MPI: Mannheim peritonitis Index; PPS: Peritonitis Severity Score.

American Society of Anesthesiologists Classification
In 1963 the American Society of Anesthesiologists (ASA) proposed a five-grade classification
of the pre-operative physical status of patients undergoing surgery.72,73 It is simple and requires no specific tests. The ASA classification was initially not designed to predict individual
risk of peri- or post operative morbidity or mortality, since many other factors such as the surgical procedure, severity of illness and variability of surgeons and equipment can also affect
patient-outcome. However the ASA classification gives an indication of patient-outcome in
general surgery,74 and predicts adverse effects75 and pulmonary complication76 after abdominal surgery and mortality after surgery for large bowel obstruction.62 The ASA classification
has been incorporated in several predictive scores.54,59,77-79 Because of its simplicity, practicality and reproducibility the ASA classification is, whilst being to some extent subjective, widely
used to classify patients pre-operatively.
112

Scoring systems in colon and rectal surgery

Acute Physiology And Chronic Health Evaluation And Simplified Acute Physiology Score
The Acute Physiology And Chronic Health Evaluation (APACHE) is extensively used to predict
outcome in the intensive care unit (ICU). In 1981 the initial APACHE score was introduced to
classify critical ill patients based on their severity of illness to provide information on patientoutcome.80 It was not possible to predict mortality in individual patients. The score used the
worst value of 34 variables obtained in the first 24hr of ICU admission. The APACHE II was a
modification and it used only 12 of the initial 34 variables. Scores for age and chronic health
were added and the score was modified for surgical patients undergoing elective or emergency surgery.81 APACHE III was a further modification and considers 18 physiologic variables
and chronic health condition.82 The APACHE systems have been applied mainly to ICU patients
and it is not known if these systems can predict outcome in patients undergoing elective
surgery. APACHE and POSSUM have both been shown to correlate with clinical outcome in
patients with acute intestinal ischemic disorders.83 APACHE-II was predictive in patients with
colonic perforation,84-86 emergency surgery for colorectal cancer,87 abdominal sepsis,88,89 and
perforated peritonitis.90 The Simplified Acute Physiology Score (SAPS) I91 and II92 are simplified variants of the APACHE scores and both have been used in mortality-prediction. APACHE
and SAPS have not been evaluated in elective colorectal surgery.
Veterans Affairs Surgical Risk Study
The Veterans Affairs (VA) Surgical Risk Study is the largest risk-adjustment program that
has been implemented in the US. The aim of the study was to develop a validated risk-adjusted model for prediction of surgical outcome and comparative assessment of quality of care
among different facilities. The study was conducted in 44 Veterans Affairs Medical Centers and
included 87,078 major non-cardiac operations performed under general, spinal or epidural
anesthesia between 1991 and 1993.93,94 The main outcome measures were 30-day operative
mortality and operative morbidity. In 1994 the National VA Surgical Quality Improvement
Program (NSQIP) was established and it is the first program in the USA to provide continuous
monitoring of surgical quality.95,96 Differences in mortality rates for colorectal cancer have
been found between races97 and hospitals.98 The major limitation of the VA study is that it
was built on a predominantly male population, middle aged to elderly, who were, in general,
socio-economically disadvantaged. Therefore VA models may not be applicable to non-VA
populations.
Surgical Risk Score
Sutton et al. aimed to simplify the process of comparative audit and risk-stratification and
developed the Surgical Risk Sale (SRS) to predict the risk of in-hospital death.77 Based on
their clinical experience only three variables were included; mode of presentation which was
graded by the Confidential Enquiry into Peri-operative Deaths (CEPOD), co-morbidity which
was graded by the ASA classification, and weight of the surgical procedure which was graded
by the British United Provident Association (BUPA) operative grade. A multivariate logistic
regression analysis of 3144 patients undergoing all kinds of surgery including emergency, pediatric and day-case procedures, determined the association of the three variables and death.
The SRS adds the risk value of each of the three variables. It was validated in a different
set of 2780 patients. The SRS accurately predicts mortality in high-risk surgical patients as
do POSSUM and P-POSSUM.99 It is also useful in urgent and emergency surgery.22 However
the SRS showed lack of calibration in patient undergoing surgery for complicated diverticular
disease.51
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Charlson Co-Morbidity Index Score
The Charlson-Age Co-morbidity index (CACI) was developed in 1987 by Mary Charlson for
estimating risk of death and is based on weighted co-morbid medical conditions and includes
a factor for age classified in decades.100 The CACI correlates well with peri-operative mortality,
length of hospital stay,101 post-operative complications102 and long-term survival103 in patient
undergoing colorectal cancer surgery.
Mannheim Peritonitis Index and Peritonitis Severity Score
Prognostic evaluation of patients with intra-abdominal peritonitis may be useful for predicting
mortality, and for comparing outcomes. It may also aid in selecting patient for a more or
indeed less aggressive surgical approach. The Mannheim Peritonitis Index (MPI)104,105 for patients with all-cause peritonitis and the Peritonitis Severity Score (PPS)78 specific for colonic
perforation peritonitis are well validated systems. MPI has been shown to be as predictive as
the APACHE score in intra-abdominal sepsis.88,106 MPI and PPS are good predictors of postoperative mortality in patients with colonic perforations.86, 107 MPI is also accurate in predicting
postoperative mortality in patients with perforated diverticultis.108 However, one study showed
that APACHE was more accurate than MPI in predicting mortality after colonic perforation.85
Risk Assessment of Cardiac, Pulmonary or Surgical Site Infection Complication.
Some scorings systems have been designed to predict the post-operative occurrence of a
specific type of morbidity. The Goldman Cardiac Risk Index predicts the risk of cardiac complications after non-cardiac surgery.109 Nine independent risk factors were considered and
the total scores were grouped into four risk classes. Lawrence et. al.110 produced a model of
four preoperative variables that were independently associated with postoperative respiratory
problems. No formalised score was proposed. The National Nosocomial Infections Surveillance
(NNIS) basis risk index for predicting the risk of surgical site infection (SSI) has successfully
been applied to a wide variety of procedures. However, the NNIS index needs modification
when it is applied to laparoscopic111 or digestive surgery.112
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Discussion
Scoring systems that accurately predict risk-adjusted surgical outcomes can be used as a tool
for individual risk assessment and audit of quality of surgical care. Prediction of postoperative
prognosis in a single patient, adjusted for pre-operative physiological status, may be helpful
to patients and clinicians to choose the most appropriate surgical treatment, including postoperative management, thereby facilitating and improving informed consent. A website has
been developed to allow surgeons to estimate risk of death of their patients, related to specific
surgical procedures, online.113
One has to have a clear view to which end a scoring system is developed or used. They can
be used to classify severity, to predict outcome and prognosis, to evaluate treatment, for
comparative audit, and evaluation of cost-effectiveness.2 When the quality of a scoring system
is assessed its reliability, validity, measurability, applicability, and clinical relevance need to
be tested.2 To this end, statistical tests of calibration and discrimination are used. The observed versus expected ratio can be used for testing the calibration of the model, and this is
indicative of the model’s ability to assign the correct probabilities of outcomes in individual
patients. Discrimination is the ability of the model to assign higher probabilities of an outcome
to patients who actually get the outcome. This is shown with Receiver Operator Characteristics (ROC). Values of the area under the ROC-curve >0.8 means good discrimination, 0.7- 0.8
reasonable and if the area under the curve approaches 0.5 the model has a predictive power
no better than flipping a coin. A scoring system developed in a specific population may not
be applicable to other populations. Only CR-POSSUM, the ACPGBI, the AFC score and the EPASS have been applied to other populations and indeed different predictive values of these
models were seen. Although POSSUM and ASA are not specifically developed for colorectal
cancer surgery, they have been externally validated and are currently the most widely used
scoring systems.
Because postoperative mortality is an objective and easily quantifiable outcome it is frequently used to measure quality of surgical care. Many colorectal scoring systems, such as
CR-POSSUM, ACPGBI model, CCF-CRC model and the elderly CRC model predict postoperative mortality. For major colorectal procedures postoperative mortality, as a surrogate marker
for total quality of surgical care, may be a meaningful outcome. Because it occurs frequently,
stable statistical estimates may be derived and this may make predictive models more robust.
Postoperative morbidity may also be used as a measure of surgical quality, but uniform definitions of, surgery specific, adverse events are still lacking. Currently no scoring system reliably predicts specific, and early, postoperative surgical complications after colorectal surgery.
This is also true for long-term survival, functional status, quality of life, patient-satisfaction,
postoperative length of stay, and cost of treatment. All late outcomes that have been used
as measure of quality of surgical care.114 Reliable risk prediction, using a scoring system,
depends on accurate procedure- and patient-information and validated predictive models. Administrative data are inexpensive and are an accessible source of information. In their current
form they are not ideal sources to audit outcome due to a lack of clinical variables for proper
risk adjustment, limitations in coding of surgical operations, and lack of standard definitions.
Clinical databases record more detailed information, but management of these sources is time
consuming and expensive. Central (online) data registration or collection of data by trained
data managers could give reliable and complete national data of surgical performance and
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outcomes. However administrative data are being used, increasingly, to monitor performances and recently risk prediction comparable to clinical database information was achieved.115
Today, scoring systems are en-vogue and have become a hot topic of research. When the ASA
classification was proposed in 1963, it was conceived as a practical way of classifying patients
and it relied on the experience i.e. gut-feeling of clinicians. It has done reasonably well as it is
still the best known and most practical scoring system. Still it is not without flaws and given
the specialisation wave it is not surprising that more dedicated scoring systems were needed.
A price had to be paid though, because more detailed predictive power needs more detailed
information and this makes scoring systems less practical. This is probably a crucial point in
analysing current scoring systems.
It is safe to say that most current scoring systems have not reached an optimal level of accuracy and this is likely due to problems in defining the primary goal of the scoring system.
Nevertheless quantification of patient-risk is now a well-established research focus, which in
time will improve individualised surgical treatment and will improve colorectal surgery in general by means of proper comparative audit.
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Abstract
Purpose: Poor condition at operation determined by physiologic POSSUM score is related to
postoperative mortality and morbidity of colorectal cancer surgery. The aim of this study was
to analyse the relation between condition of patients with colorectal cancer at operation, and
long-term overall survival
Methods: Five hundred forty two patients survived a radical resection for Stages I, II or III
colorectal cancer. Physiologic POSSUM score at surgery, exclusive of age, was calculated for
all patients. Mean physiologic POSSUM score was used as cut-off point to determine low-risk
and high-risk group patients. A Cox proportional hazard analysis was performed to study
the effect of low-risk and high-risk group on overall survival and to identify independent risk
factors.
Results: Five-years overall survival was significantly higher in low-risk group patients than
in high-risk group patients (Low-risk group 66.6 percent vs. high risk group 48.5 percent,
P<0·001). Differences in overall survival were also found when patients in Stages I, II and III
were analyzed separately. Risk factors for overall survival were advanced stage of disease,
poor tumor differentiation, mucinous adenocarcinoma, age over 70 years, and poor condition
of the patient at time of operation.
Conclusion: Poor condition at operation, as determined by physiologic POSSUM score is a
risk indicator for long-term overall survival in colorectal cancer patients.
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Introduction
Colorectal cancer (CRC) is the third leading cause of cancer related deaths in The Netherlands. The incidence of CRC was 9200 in 2002 and is still rising. Some 4300 CRC related
deaths occur each year in The Netherlands representing a mortality rate of 27 patients per
100.000 inhabitants. Since 80 percent of patients with CRC are over 60 years of age and 50
percent are septagenarians CRC must be considered a disease of the elderly.1 Older patients
suffer more comorbidity than younger aged patients do and it has been shown that comorbidity, independent from age, is a prognostic factor in overall survival of patients with CRC.2-5 In
recent years cancer classification systems have been supplanted with patient based variables
but this has not yet led to a valid and integrated classification system.6-11
Today comparative audit has become an important issue in health care. In oncology it remains
unclear to what extent audit should rely on TNM staging for patient classification. Should one
look at disease-free survival or overall survival? Since comorbidity is an independent factor
in overall survival of CRC patients the issue of case-mix is highly pertinent in audit. The Physiological and Operative Severity Score for the enUmeration of Mortality and Morbidity (POSSUM), including variations, has been well established as a stratification tool in surgical audit.12
Thirty-day mortality and morbidity are related to increased POSSUM scores, but to date no
relation between increased physiologic POSSUM score (PPS) and poor long-term survival after
CRC resection has been described.
The aim of this study was to analyze the relation between condition of patients with CRC at
operation, as determined by the PPS, and long-term overall survival

Patients and Methods
From 1990 to 2001 a consecutive series of 751 patients with primary colorectal adenocarcinoma were admitted for surgical treatment. Patients with Stage IV disease, nonradical resection or nonresectable tumor were excluded. Also patients who succumbed to their primary
operation, i.e. patients who died in hospital were excluded. In this retrospective cohort study
data were collected from medical and pathology records, operation notes and general practitioner notes.
The TNM/UICC staging system was used.13,14 Nonradical resection was defined as a resection
with tumor positive surgical margins on microscopic examination. Tumors were classified as
well, moderate or poorly differentiated. Histologic features like presence of signet cells, mucine producing tumors and mucinous tumors (>50 percent tumor cells producing mucine)
were retrieved from pathology records. Localisation of the tumor was classified as right-sided
(cecum, ascending colon, hepatic flexure and transverse colon), left-sided (splenic flexure,
descending colon, sigmoid) and rectum (rectosigmoid and rectum).
Adjuvant chemotherapy was given to patients with Stage III colon tumors according to the
MAYO schedule (5-Fluorouracil 425 mg/m2 and Leucovorin 20 mg/m2, day 1-5 each month
during 6 months). From 1997 onwards all patients with rectal tumors (>T1) received a short
course preoperative radiotherapy (25 Gy in 5 days) followed by surgery within 7 days. Before
1997 patients with positive margins received postoperative radiotherapy.
Follow-up was until mid-2003 and closely resembled the protocol recently described by the
American Society of Colon and Rectal Surgeons.15 The primary endpoint was overall-survival
(OS). Survival in months was defined as time elapsed between primary operation and death
or date of last contact. Cancer-related deaths were defined by death and objective evidence
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of recurrent colorectal cancer. Tumor recurrence and distant metastasis were confirmed by a
combination of CEA monitoring and sonography during routine follow-up. A combination of CT
scan, MRI scan, PET scan, colonoscopy, biopsy and autopsy provided further confirmation.
The PPS was calculated for all patients. Items of the PPS were cardiac signs, respiratory signs,
systolic blood pressure, pulse rate, Glasgow coma scale, serum urea, serum sodium, serum
potassium, haemoglobin, white cell count and electrocardiogram signs. Age was excluded
from the PPS and was used as an independent variable. Missing items of the physiologic
data were scored as 1 ( i.e. presumed to be normal).

12,16,17

Mean PPS was used as a cut-off

point to define a low-risk group (LRG) and a high-risk group (HRG) patients. Surgeons were
classified as high volume when they performed more than the mean number of procedures
per surgeon per year. Operations were scored as elective or acute (surgery <24 hours after
presentation).

Statistical analysis
Kaplan-Meier survival curves were stratified for LRG and HRG patients and were constructed
for the total group and for each separate stage. Log-rank tests were used to analyze differences in OS between LRG and HRG patients. A Cox’s proportional hazard model was used
to define independent risk factors for OS. The clinically selected variables were first studied
using univarible models and then all variables were put in a multivariable model. All statistical
analyses were performed using the Statistical Package for Social Sciences (SPSS, Chicago,
USA) version 11.5. Data were collected in a Microsoft SQL 2000-database from a custommade registration program written in Delphi 5.

Results
Between 1990-2001 a total of 751 patients underwent surgical resection of colorectal carcinoma. Details of 209 excluded patients are given in Table 1. The remaining 542 patients were
included in the study.

Table 1. Excluded Patients, n=209
Number of Patients (%)
Stage IV

138 (18.4)

Nonresectable tumor

41 (5.5)

Nonradical resection

49 (6.5)

In-hospital mortality

54 (7.2)
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The PPS data collection was complete in 96.1 percent of the patients. In 2 (0.37 percent)
patients 3 values were missing, in 25 (4.6 percent) patients 2 values were missing and in
176 (32.5 percent) patients one value was missing. Mean PPS, age excluded, was 16.6 years
(range 11-43, s.d.=5.4, median PPS was 15). Based on this mean that was used as cut-off
point, 344 patients were assigned to the LRG and 198 patients to the HRG. Significant differences between the LRG and HRG patients existed and these differences were related to age,
tumor Stage, tumor location, and mucin producing tumors (Table 2). Mean and median age
was 69.6 years and 71.2 years respectively (25-75 percentiles 61.0-78.9 years).

Table 2 Patients Characteristics

Sex
Age
Stage

Emergency
Location

Volume surgeon

Differentiation
Mucin

Mucin producing

Signet cells
Chemotherapy §
Radiotherapy ¶

LRG
patients

HRG
patients

P value*

Male

170

93

0·583

Female

174

105

0-70

194

50

>70

150

148

1

92

39

2

124

96

3

128

63

No

317

173

Yes

27

25

right

93

102

Left

128

52

Rectum

123

44

High

217

111

Low

127

87

Well/Moderate

299

167

Poor

45

31

No

335

194

Yes

9

4

No

312

166

Yes

32

32

No

340

197

yes

4

1

No

85

48

Yes

43

15

No

71

27

Yes

52

17

0·000
0·014

0·069
0·000

0·107

0·406
0·665

0·017

0·441
0·167
0·674

LRG, Low-risk group; HRG, High-risk group; * χ2-test; § 191 patients with Stage III
colorectal carcinoma
¶ 167 patients with rectum or rectosigmoid colorectal carcinoma
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Mean follow-up was 70.4 months (5-157, s.d.=37.7). Figure 1 shows the 5 year OS for LRG
and HRG. OS was significantly higher in LRG patients compared to HRG patients (OS: LRG vs.
HRG: 66.6 percent vs. 48.5 percent, P<0.001, log-rank). When OS in Stages I, II and III was
analyzed separately significant differences remained present between LRG and HRG patients.
5 years OS for Stage I was 83 percent in LRG vs. 60 percent in HRG patients, for Stage II
72 percent in LRG vs. 50 percent in HRG patients and for Stage III 49 percent in LRG vs. 41
percent in HRG patients.

Figure 1 Kaplan-Meier
analysis of overall survival.
Colorectal cancer patients
are stratified by low-risk
group (LRG) and high-risk
group (HRG) patients. P <
0·001 (log-rank test)

In this study an autopsy was performed in 4 percent of deceased patients. Local recurrence
for rectal carcinoma was 13.2 percent and was significantly lower after the introduction total
mesorectal excision and preoperative radiotherapy (3.8 percent). Local recurrence for colon
carcinoma was 5 percent. Of the 41 patients with local recurrences 22 were reoperated with
intention to cure. One hundred and three patients developed distant metastasis (19 percent).
Seventeen patients developed local recurrence and distant metastasis during follow-up. In
the LRG 137 patients of 344 (39.8 percent) died and in the HRG 119 patients of 198 (60.2
percent) died (Table 3). Table 4 shows the differences in cause of death between LRG and HRG
patients stratified for Stage. In Stages II and III, but not in Stage I, significantly more LRG
than HRG patients died of CRC.
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Table 3.Causes of death in low-risk group and high-risk group patients
LRG
patients

HRG
patients

P value

alive

207 (60·2%)

79
(39·8%)

0·000*

Deaths not related to CRC

59 (17·2%)

82
(41·4%)

0·000§

Cancer-related deaths

78 (22·7%)

37
(18·7%)

0·363¶

Total

344

198

* Deaths not related to CRC compared with patients alive; § Deaths not related to CRC
compared with cancer-related deaths
¶ Cancer related deaths compared with patients alive; LRG, Low-risk group; HRG, Highrisk group; CRC, colorectal cancer

Table 4. Colorectal cancer related deaths of low-risk group and high-risk group
patients. Patients alive are excluded in this analysis
Stage I
P=0·319*

Stage II
P=0·011*

Stage III
P=0·012*

All Stages
P=0·000*

LRG patients

32% (8/25)

48% (20/42)

71% (50/70)

57%
(78/137)

HRG patients

19% (4/21)

23% (13/56)

48% (20/42)

31%
(37/119)

LRG, Low-risk group; HRG, High-risk group; * χ2-test

Cox’s multivariate proportional hazard regression analysis showed that advanced stage of
disease, poor tumor differentiation, mucinous adenocarcinoma, age over 70 years, and poor
condition of the patient (HRG patients) at the primary operation were prognostic factors of
poor OS. In contrast sex, emergency operation, tumor-location, surgeon volume of procedures, mucin producing or signet cell histology were not significant factors (Table 5).
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Table 5. Prognostic factors for overall survival in patients undergoing resection for
Stage I, II or III Colorectal cancer. Cox multivariate proportional hazard analysis
for overall survival
No. of
patients
Sex

Age

Stage

Emergency

Location

Volume
surgeon
Risk group

Differentiation

Male

263

Female

279

0-70

244

>70

298

1

131

2

220

0.121

3

191

0.000

No

490

Yes

52

Mucin
producing
Signet cells

Chemotherapy

Radiotherapy

HR*

95% CI

1.0
0.174

0.84

0.65

1.08

1.88

3.40

1.35

0.92

1.96

2.65

1.84

3.83

0.75

1.78

1.0
0.000

2.53
1.0

1.0
0.501

1.16

Right

195

Left

180

0.148

0.79

0.58

1.09

Rectum

167

0.248

1.24

0.86

1.79

High

328

Low

214

0.83

1.42

LRG

344

HRG

198

1.10

1.89

Well/moderate

466

1.32

2.55

1.12

4.83

0.78

1.66

0.36

3.64

0.54

1.40

0.42

1.11

Poor
Mucin

P value

76

No

529

Yes

13

No

478

Yes

64

No

537

Yes

5

No

483

Yes

59

No

471

Yes

71

1.0

1.0
0.546

1.09
1.0

0.008

1.44
1.0

0.000

1.83
1.0

0.023

2.33
1.0

0.512

1.14
1.0

0.816

1.15
1.0

0.560

0.87
1.0

0.140

0.69

* HR, Hazard ratio, 95% CI, 95 per cent confidence intervals. LRG, Low-risk group;
HRG, High-risk group
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Discussion
This study has shown that poor preoperative condition, as determined by the physiologic
POSSUM score, is inversely related to overall survival of patients having undergone curative
resection for Stages I, II and III colorectal adenocarcinoma.
Cancer classification systems have traditionally been based on tumor data and TNM staging is
now universally accepted. Decisions concerning adjuvant chemotherapy after radical surgery
are largely based on TNM staging and histologic tumor characteristics. Nevertheless, TNM
staging remains relatively imprecise. Whether or not adjuvant chemotherapy is actually given
to the patient is a clinical decision. Age, comorbidity and preference of the patient play an
important, but poorly quantified role in this process.6,18,19 Recently data have been published
to quantify the effect of comorbidity as an independent prognostic factor for overall survival
in patients with CRC.2,4,5 Currently a challenge in cancer staging is to develop a classification
system incorporating patients based variables.
Although older patients suffer more comorbidity,20, 21 there is no linear relation between age
and comorbidity. This has to be taken into consideration when adjuvant chemotherapy is contemplated.18,22,23 There is evidence that older cancer patients may present in better condition
compared to older patients with nonneoplastic disease.3 Moreover, older patients may have
the same benefit of adjuvant chemotherapy without a significant increase in toxicity.24-27 Despite these facts older patients, even if they are healthy, are still underrepresented in cancertreatment trials.28-30
Apart from age, preoperative health status is an independent factor in OS of CRC patients.
This difference is caused by the fact that HRG patients more often die of noncancer- related
disease. For example in LRG patients more than half (57 percent) of deaths at 10 year followup are cancer related, whereas in HRG patients only one-third (31 percent) of deaths are
cancer-related (Table 4). Even in Stages I and II some patients will die of CRC. The absolute
number of patients dying from CRC is low in Stages I and II. However at 10 years follow-up
death related tot CRC is almost as likely an event as death from any other cause in LRG patients.
To quantify the preoperative health status of the patient several scoring methods exist. In recent years the POSSUM scoring system has attracted attention as a tool in predicting outcome
of surgical care. The POSSUM scoring system may predict outcome of surgical care better
than other scoring systems.17, 31-34 Jones and de Cossart have described different risk scoring
systems in surgery.31 The POSSUM score was deemed most appropriate. Also because most
variables can be found, even in retrospect, as clear routine data, an objective score is easy to
achieve. In this respect it may be more difficult to retrieve data retrospectively in other scoring systems. The POSSUM scoring, initially developed for general surgery, has been shown to
predict postoperative morbidity and mortality in colorectal surgery.36-38 Because POSSUM and
P-POSSUM scoring system may have a lack of calibration at extremes of age and high emergency workload in CRC surgery,39,40 recently a dedicated colorectal POSSUM (Cr-POSSUM)
was developed.41 Although it still overpredicts mortality for CR resections,35 the POSSUM is
suitable to stratify patients and base clinical and surgical decisions on predicted outcome.
Audit has become an integral part of surgery but it is meaningless and even dangerous without proper risk-stratification of patients. Audit is defined by the Royal College of Surgeons
of England as the “systematic appraisal of the implementation and outcome of any process in
the context of prescribed targets and standards”.42 Moreover, only if postoperative mortality
and morbidity incorporate an adjustment for case-mix a reliable comparison between nations,
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hospitals, units or individual surgeons can be made. For audit the POSSUM scoring system is
eminently suitable because it allows an objective risk-stratification of patients.12, 32 In spite
of its drawbacks the POSSUM has been widely used in clinical setting to compare outcome
measures of both general and specialist surgical care.37,43-48
Although the POSSUM may predict 30-day mortality, operative mortality only reflects surgical
performance in a crude way. However, other outcomes of surgical care are important when
comparison between hospitals and units is made.17,32 Long-term over-all survival, diseasespecific survival and quality of life are important, especially when oncologic care is evaluated. One study has investigated the relation between POSSUM scores and long-term overall
survival of cancer.9 Our study, a representative sample of the Dutch population1,49 has shown
that overall survival cannot be studied in terms of stratification of patients according tumor
characteristics only. Independent from age one should also stratify for comorbidity of the patient. Other, indirect, determinants of poor health status like Body Mass Index, social class,
insurance state and race affect survival after CRC surgery as has been shown by recent studies.50,51 The physiologic parameters of the POSSUM score are probably more direct measures
of preoperative health status. When patient-based variables are included routinely in cancer
registries, assessing quality of surgical cancer care can be more accurate. Audit and evaluation of new therapeutic treatments, outcomes of research and comparison of outcome between
hospitals will be more realistic.
The PPS may be helpful in this respect because it renders comorbidity quantifiable. Although
PPS and comorbidity are not equal, PPS reflects condition of patients. PPS is an objective and
quick tool to measure patient condition. All values of the PPS can be obtained during routine
preoperative work-up of patients, even in retrospect. The present study is the first to show
that PPS is an independent predictor of long-term overall survival after curative resection for
CRC. Future studies are needed to elucidate the role of the PPS, or adaptations of the PPS, in
cancer classification systems that incorporate patient characteristics.
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Summarizing discussion
Although heterogeneity in colorectal cancer, both at the tumor and patient level is well recognized, surgical and (neo-) adjuvant treatment, and consequently patient outcome remains
basically the same and is mainly based on TNM staging of the primary tumor and age of
patients. Classification of colorectal cancer based on current staging systems and histopathological features has so far been insufficient for further substantial improvement. Tumors
within the same TNM stage display substantial differences at the molecular level with different
clinical phenotypes. Specific profiles of chromosomal aberrations, sequence alterations, microsatellite instability, CpG island promoter hypermethylation, miRNAs and gene expression
have been found to be associated with prognosis and response to therapy.1-4 Therefore, profiling of tumors based on such genetic and epigenetic features has the potential to provide us
with more accurate tumor classification and subsequently a personalized approach for therapy
selection in patients with colorectal cancer.5-8
Beside tumor heterogeneity, patient heterogeneity may also influence surgical outcome, therapeutic decisions and oncological results.9-11 Different patients characteristics require different treatment strategies. Young, healthy, slim patients for instance need another surgical
approach compared to older, acutely submitted patients with colorectal cancer.
This thesis describes several aspects of tumor and patient profiling to predict clinical outcome
of patients with colorectal cancer.
Part I of this thesis focused mainly on tumor profiling of stage II colon cancer. Fifty percent
of all patients with colon cancer are stage II and thus mostly treated with surgical removal of
the tumor, without adjuvant therapy. Approximately 20-30% of these patients still will suffer
from a relapse. Histopathology, apart from some specific high risk factors (e.g. T4 tumors,
perforation, or poorly differentiated histology) is known to predict recurrent disease insufficiently. Colon cancer is characterized by chromosomal aberrations, which are associated
with biological diversity at the DNA level. Distinct chromosomal patterns of adenomas, early
stage colon cancers and advanced colonic tumors have been associated with specific clinical
outcome.12-15 Such chromosomal copy numbers can be measured on a genome wide scale
using comparative genomic hybridization (CGH).16 High resolution oligonucleotide array CGH
can detect very small aberrations, which harbour only a limited number of genes. Although
identification of candidate cancer genes in these small aberrations takes less effort than in
large chromosomal aberrations, it still remains a challenge to pinpoint the actual genes that
drive the carcinogenetic process. Nevertheless, even in the absence of final prove of such a
causative role, these DNA copy number aberrations may serve as new markers for prognosis
or as targets for therapy. To further narrow the number of potential cancer genes, mutation
analysis or gene expression can integrated with DNA copy number analysis.17 In chapter
2 focal chromosomal aberrations (<less 3mB) in patients with stage II colon cancer were
identified. Tumor tissue of 38 patients with stage II colon cancer was analysed with a highresolution oligonucleotide array CGH platform. First, it was demonstrated that small focal
aberrations could even be detected with array CGH in DNA derived from formaldehyde-fixed
and paraffin-embedded (FFPE) tissue. Indeed, array CGH with DNA derived from either FFPE
tissue or from fresh samples of the same tumor gave identical results. Similar results were
obtained when DNA of FFPE tumor tissue of the same patient, was hybridized on two different
platforms, namely a 44K Agilent and a 135K Nimblegen array CGH platform. In total 81 focal
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aberrations (deletions and amplifications) spread throughout the genome were found. These
focal aberrations could be validated in publicly available data on copy number changes found
in colorectal cancer, breast cancer, pancreatic cancer and glioblastoma. Interestingly, the
location of amplifications seemed to be rather colon specific, since they did not show overlap
with amplifications previously found in breast cancer, pancreatic cancer and glioblastoma.
For 177 candidate driver genes in 81 focal aberrations a correlation between mRNA expression and DNA copy number changes was found, which lends further support to the relevance
of focal aberrations. Focal loss of 5q34 and gain of 13q22.1 were independent predictors of
survival in patients with stage II colon cancer. Many known and new candidate cancer genes
were identified in these focal aberrations, several of which warrant further study.
Next to focal chromosomal aberrations, large scale chromosomal aberrations occur even more
often in colorectal cancer. The prognostic value of these large aberrations in colorectal cancer
had been studied previously, but not with high resolution array CGH in a homogenous group
of patients with stage II colon cancer, like in chapter 3. In this study loss of chromosome 4,
5, 15q, 17q and 18q was seen more frequently in patients who had a relapse compared to
those without recurrent disease. In MSS patients, loss of chromosome 4q22.1-4q35.2 was associated with poor outcome, but in MSI patients losses on chromosome 4q were not observed.
In addition, this study confirmed that in patients with MSI colon cancer DNA copy number
changes are not absent, but occur at a much lower frequency, and mainly concern gains.
Further validation of the prognostic value of 4q loss in an independent series of patients with
colon cancer is needed to establish the potential clinical value of these findings.
ArrayCGH analysis of tumor tissue comes with technical challenges. Wave artefacts in array CGH profiles hamper analysis of breakpoints and biological information may go lost.
In chapter 4 an algorithm is described that was designed to remove wave bias of CGH profiles. Script and instructions are available from http://www.few.vu.nl/~mavdwiel/nowaves.
Tumor biology can be read out at the DNA, RNA and protein level. In chapter 5 the prognostic
value of protein expression of p21, p27, p53, EGFR, Her2/Neu, Ki-67, Cyclin D1, TS, β-catenin
and AURKA was determined in a tissue micro-array experiment using immunohistochemistry.
Tumor tissue samples of 386 patients with stage II and III colon cancer were studied. Results
were analysed separately for patients with MSS and MSI tumors. Low p21, high p53, low cyclin D1 and high AURKA protein expression levels were associated with disease recurrence in
patients with stage II and III colon cancer.
In Part II of this thesis characteristics at the patient level in relation to clinical outcome in
colorectal cancer were studied. Patients’ characteristics, such as co-morbidity and general
health at time of operation, may be of crucial importance for short and long term clinical
outcome. Objective and reproducible classification and definition of patients’ physical condition remains complex. The Charlson co-morbidity index, the ASA classification, or laboratory
measurements provide more objective information of patients’ health. Scoring systems, including patient features could help to assess a patient’s risk of mortality or morbidity in colorectal
cancer surgery. Many scoring systems address general surgical practice.18,19 Scoring systems
specific for colon and rectal surgery have also been developed and are reviewed in chapter 6.
Postoperative mortality is the main outcome studied, but other outcomes of colorectal cancer
surgery should also be taken into account when quality of surgical care is assessed. Proper
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external validation is still needed for most models before reliable comparative audit is possible. In chapter 7 poor condition at time of operation was classified by the physiologic scores
of the POSSUM scoring system, which include cardiac signs, respiratory signs, systolic blood
pressure, pulse rate, Glasgow coma scale, serum urea, serum sodium, serum potassium,
haemoglobin, white cell count and electrocardiogram signs. The physiologic score was found
to be an independent risk factor for long-term overall survival in patients with stage I, II and
III colorectal cancer.

Future perspectives
Within the last decade the availability of a complete sequence based map of the Human Genome20 combined with the wide availability of high throughput profiling technologies has dramatically increased insights in the biology of colorectal cancer and other human solid tumors
and provided a basis for potential clinical applications of these findings.21,22 Recent landmark
studies of sequence analysis of all coding exons in breast, colorectal, pancreatic and brain
cancer have provided important new information in this context.23-26 According to these studies, the genomic landscape of many cancers shows a few ‘mountains‘ (genes mutated at high
frequency) and many small ‘hills’ (genes mutated at low frequencies). Many genes mutated at
high frequency occur across different tumor types (like PTEN and TP53). On the other hand,
tumor specific genes, such as APC in colorectal cancer, also occur. Technological advances now
also allow to analyze somatic DNA copy number alterations genome wide at high resolution.
One of the largest analyses currently available, containing 3131 high resolution DNA copy
number profiles of more than 24 cancer types, gives robust and comprehensive insights in the
landscape of somatic chromosomal aberrations in cancer.27 This study demonstrates that the
most prevalent copy number alterations in human cancers are either focal or have the size of
a whole chromosome (arm). Furthermore, studies that integrated DNA copy number and sequence alterations discovered many new genes that had not been implicated in tumorgenesis
previously. These analyses point at the fact that alterations at the level of pathways rather
than individual genes are key for our understanding of tumor biology and consequent clinical
implications like prognosis and response to therapy.
These recent studies provide just a first glimpse of the true biological complexity of human
cancers. Ongoing initiatives for systematic analysis of cancer genomes will yield many new
prognostic, predictive and therapeutic targets. This will eventually lead to a molecular based
taxonomy of human cancers. The challenge ahead is to translate these findings into meaningful clinical applications, both in the diagnostic and therapeutic domain, and all of this in a cost
effective way.

21

To achieve this goal, a joint effort from all (bio)medical disciplines involved is

required, as well as an efficient infrastructure with state of the art clinical trial management,
biobanking, data management and data analysis facilities. Only when these conditions are fulfilled, biomedical research will be able to fully benefit from these unprecedented opportunities
to innovate and improve treatment of cancer patients.28
Simultaneously, medical technologies have improved spectacularly over the last decades.
Specialized intensive care units, fast track approaches, image guide radiotherapy, laparoscopic, robot and microscopic surgery have expanded our abilities to cure colorectal cancer patients, with less post-operative morbidity and mortality. Technical innovations in treatment of
colorectal cancer patients will further develop, but optimizing patients based features at time
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of operation is also required. Pre-operative resuscitation and better post-operative monitoring
may further improve clinical outcome, especially in high risk patients with colorectal cancer.
At the same time, patients’ expectations of medical possibilities and oncological outcomes will
increase. Within the next years individual and hospital mortality and morbidity rates will become publicly available. It therefore is important that objective outcome indicators of care will
be available, and thorough evaluation of these outcome measures is mandatory. Factors like
patient health, mode of presentation and extent of disease should be included. When patientbased variables are included routinely in cancer registries, assessing quality of surgical cancer
care may be more accurate.
Ultimately integration of tumor and patient profiling will allow for a more precise prediction
of individual prognosis, tailor-made treatment and improved clinical outcome for each patient
with colorectal cancer.
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Nederlandse samenvatting
Er bestaan grote onderlinge verschillen tussen patiënten met darmkanker, oftewel colorectale
carcinomen zowel op het niveau van de patient als op het niveau van tumorbiologie. Ondanks
dit inzicht is de chirurgische en (neo-) adjuvante behandeling als mede de overleving van
patiënten met een colorectale tumor de laatste jaren nagenoeg hetzelfde gebleven. De behandeling en klinische uitkomsten zijn nog steeds voornamelijk gebaseerd op de stadiering
van de primaire tumor en de leeftijd van de patiënt.
Classificatie van colorectale carcinomen op basis van de huidige stagering systemen en histopathologische kenmerken lijkt onvoldoende nauwkeurig. Inmiddels is aangetoond dat tumoren binnen hetzelfde TNM stadium een grote mate van variatie kunnen vertonen op moleculair
niveau wat zich kan uiten in verschillend biologisch gedrag en klinische uitkomst. Specifieke
profielen van chromosomale veranderingen, gen mutaties, microsatelliet instabiliteit, CpG
promotor hypermethylatie, micro RNA´s en gen expressie blijken te zijn geassocieerd met
prognose en respons op therapie. Tumor profiling, dat wil zeggen een indeling van tumoren
gebaseerd op zulke genetische en epigenetische kenmerken, zou waarschijnlijk een nauwkeurigere tumor classificatie kunnen bieden en daarmee een meer individueel aangepaste
therapie voor patiënten met een colorectaal carcinoom mogelijk maken.
Naast de heterogeniteit van de tumor zelf, bestaat er uiteraard een grote diversiteit tussen
patiënten met colorectale tumoren, wat vanzelfsprekend de chirurgische uikomsten, therapie
keuze en oncologische resultaten beïnvloedt. Patiënten met verschillende eigenschappen vereisen een andere aanpak en behandel methode, zowel qua chirurgische interventie als qua
pre- en postoperatieve behandeling. Het moge duidelijk zijn dat een ander aanpak nodig is
voor jonge, gezonde, slanke patiënten, dan voor oudere, acuut opgenomen patiënten.
In dit proefschrift zijn diverse aspecten van tumor en patiënt profilering ter voorspelling van
de klinische uitkomsten bij patiënten met een colorectaal carcinoom bestudeerd.
Deel I van het proefschrift richt zich voornamelijk op profilering van Stadium II colon carcinomen. Ongeveer de helft van alle colon carcinomen wordt postoperatief gestadiëerd als
een stadium II colon carcinoom (T3-4N0M0, TNM classificatie, UICC) en dus voornamelijk
uitsluitend behandeld met een chirurgische resectie van de tumor zonder adjuvante therapie. Ongeveer 20-30% van deze patiënten krijgt toch te maken met een recidief van de
tumor, waaraan een groot deel van de patiënten komt te overlijden. Behalve enkele bekende
hoog risico factoren zoals T4 tumoren, tumor perforatie of slecht gedifferentieerde tumoren,
voorspelt de histopathologie van de tumor onvoldoende de recidief kans. Colon carcinomen
worden gekenmerkt door chromosomale veranderingen, welke zijn geassocieerd met de biologische diversiteit op DNA niveau. Specifieke chromosomale patronen van adenomen, colon
carcinomen in een vroeg stadium en gemetastaseerde carcinomen zijn gekoppeld aan specifieke klinische uitkomsten.
Deze chromosomale veranderingen kunnen worden gemeten op genoom wijde schaal met
behulp van Comparative Genomic Hybridization (CGH). CGH met een hoge resolutie, gebruik
makend van oligonucleotide probes, kan zeer kleine focale DNA veranderingen detecteren,
die slechts een paar genen bevatten. Hoewel het identificeren van kandidaat kanker genen
in deze kleine focale veranderingen overzichtelijker is dan in grote chromosomale veranderingen, blijft het nog steeds een grote uitdaging om precies aan te wijzen welke genen
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de drijvende kracht zijn achter het carcinogenetische proces. Zelfs wanneer het definitieve
bewijs van het oorzakelijke verband nog niet geleverd is, kunnen deze DNA veranderingen
desondanks al dienen als nieuwe markers voor prognose of als aangrijpingspunt voor therapie. Integratie van gen mutaties of gen expressie profielen met analyses van chromosomale
veranderingen, kan helpen om het aantal potentiële kanker genen te verkleinen. In hoofdstuk 2 zijn focale chromosomale veranderingen (<3 MB) bij patiënten met een stadium II
colon carcinomen bestudeerd. Tumor weefsel van 38 patiënten met een stadium II colon
carcinomen werd geanalyseerd met een hoge resolutie oligonucleotide array CGH platform.
Eerst werd aangetoond dat kleine focale chromosomale veranderingen zelfs konden worden
gedetecteerd met array CGH analyse in DNA dat uit paraffine gefixeerd tumor weefsel geïsoleerd was. Inderdaad werden identieke array CGH resultaten behaald met DNA geïsoleerd uit
vers tumor weefsel en uit paraffine gefixeerd tumor weefsel van eenzelfde patiënt. Eveneens
werden dezelfde resultaten behaald wanneer DNA uit paraffine gefixeerd weefsel van dezelfde
patiënt werd gehybridizeerd op twee verschillende platformen, namelijk een Agilent 44K en
een 135K Nimblegen array CGH platform. In totaal werden 81 focale chromosomale veranderingen (deleties en amplificaties) verspreid over het hele genoom gevonden. Deze focale
chromosomale veranderingen konden worden gevalideerd met publiek beschikbare data van
chromosomale veranderingen gevonden in colorectale, borst, pancreas carcinomen en glioblastomen. Opvallend was dat amplificaties meer colon specifiek leken, aangezien die minder
overlap vertoonden met amplificaties in andere tumoren.
Voor 177 kandidaat kanker genen gevonden in de 81 focale veranderingen werd een correlatie tussen mRNA expressie en DNA kopie status gevonden wat verder de relevantie van deze
focale veranderingen ondersteunt. Focale deletie van 5q34 en amplificatie van 13q22.1 waren
onafhankelijke voorspellers voor de overleving van patiënten met een Stadium II colon carcinoom. Vele bekende en nieuwe kandidaat kanker genen werden in deze focale chromosomale
veranderingen geïdentificeerd, waarvan een aantal nadere analyse motiveren.
Naast focale chromosomale veranderingen, komen grote chromosomale veranderingen zeer
frequent voor in colorectale carcinomen. De prognostische waarde van deze grote chromosomale veranderingen is eerder bestudeerd, maar niet met een hoge resolutie array CGH analyse in een homogene groep van stadium II colon carcinoom patiënten, zoals in hoofdstuk
3. In deze studie werden deleties van chromosoom 4, 5, 15q, 17q en 18q meer gezien in
tumoren van patiënten die recidief ziekte hadden vergeleken met patiënten die ziekte vrij bleven. Wanneer we alleen naar de microsatelliet stabiele tumoren keken was verlies van chromosoom 4q22.1-4q35.2 voorspellend voor een slechte prognose. Verlies van chromosoom 4
werd niet gezien in microsatelliet instabiele tumoren. Deze studie bevestigt dat MSI tumoren
ook chromosomale veranderingen ten toon spreiden, echter in een veel lagere frequentie en
vooral bestaande uit DNA amplificaties. Verdere validatie van de prognostische waarde van
4q deletie in een onafhankelijke serie van patiënten met een colon carcinoom is nodig om de
potentieel klinische waarde van de bevindingen te bevestigen.
Array CGH analyse van tumor weefsels gaat gepaard met technische uitdagingen. Golf artefacten in array CGH profielen verstoren de analyses van breekpunten en biologische informatie kan hierdoor verloren gaan. In hoofdstuk 4 is een algoritme beschreven dat ontworpen is
om golf artefacten in CGH profielen te verwijderen. Het script en instructies zijn beschikbaar
op de website http://www.few.vu.nl/~mavdwiel/nowaves.
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De biologie van tumoren kan uitgelezen worden op DNA, RNA en eiwit niveau. In hoofdstuk
5 werd de prognostische waarde van de eiwit expressie van p21, p27, p53, EGFR, Her2/NeuKi-67, Cycline D1, TS, β-catenin en AURKA bestudeerd in een tissue micro experiment met
immunohistochemie. Tumor weefsel van 386 stadium II and III colon carcinoom patiënten
werd bestudeerd. De resultaten werden eveneens apart geanalyseerd voor MSI en MSS tumoren. Lage p21, hoge p53, lage cycline D1 en hoge AURKA eiwit expressie waren geassocieerd
was met recidief ziekte in patiënten met stadium II en III colon carcinomen.
In deel II van dit proefschrift werden kenmerken van patiënten met colorectaal carcinoom
in relatie tot klinische uitkomsten bestudeerd. Patiënt kenmerken, zoals co-morbiditeit en de
algehele fysieke conditie ten tijde van de operatie zijn van cruciaal belang voor korte en lange
termijn uitkomsten. Objectieve en reproduceerbare classificatie en definitie van de fysieke
gesteldheid van een patiënt blijft complex. De Charlson co-morbiditeit index, de ASA classificatie en laboratorium waarden voorzien ten dele in objectieve informatie over de gezondheid
van een patiënt. Scorings systemen, die patiënt factoren incalculeren zouden kunnen helpen
om een reëel risico op postoperatieve mortaliteit en morbiditeit bij colorectale chirurgie in te
schatten. Vele chirurgische risico modellen zijn gericht op de algemeen chirurgische praktijk,
maar er zijn ook modellen specifiek ontwikkeld voor colorectale chirurgie. In hoofdstuk 6
werd een overzicht gegeven van de nu beschikbare scorings systemen voor de algemeen en
de colorectale chirurgische praktijk. De postoperatieve mortaliteit is nog steeds de belangrijkste gemeten uitkomst gemeten. Echter wanneer goede evaluatie van chirurgische zorg wordt
verricht, zouden ook andere uitkomsten mee genomen moeten worden, zoals morbiditeit,
lange termijn resultaten, en kwaliteit van leven. Externe validatie van veel scorings systemen
is vaak nog niet uitgevoerd, wat nodig is voordat deze modellen betrouwbaar gebruikt kunnen
worden om uitkomsten van zorg te vergelijken.
In hoofdstuk 7 is de conditie van de patiënt met een colorectaal carcinoom op moment
van operatie gedefinieerd met behulp van de fysiologische waarden van de POSSUM score,
welke cardiovasculaire en respiratoire symptomen, systolische bloed druk, hartfrequentie,
EMV score, ureum, kalium, hemoglobine, witte bloed cellen en ECG afwijkingen omvat. De
fysiologische score was een onafhankelijke voor speller voor de lange termijn overleving in
stadium I, II en III colorectale carcinomen.

Toekomst perspectieven
De laatste jaren is het inzicht in de biologie van colorectale carcinomen en andere humane
tumoren buitengewoon toegenomen, mede door het completeren van de volledige sequentie
van het menselijke genoom in de “Human Genome Project” en de toegenomen ontwikkeling
en beschikbaarheid van hoog resolutie technologische analyse methoden. Hiermee is een
basis verleend voor potentieel klinische toepassingen van deze bevindingen. Recente belangrijke studies van sequentie analyses van alle coderende exonen in borst, colorectale, pancreas
and hersenen tumoren hebben belangrijke nieuwe informatie in deze context verschaft. Deze
studies laten zien dat het genomische landschap van vele carcinomen bestaat uit een aantal
bergen (genen die gemuteerd zijn met een hoge frequentie) en vele kleine heuvels (genen
die gemuteerd zijn met een lage frequentie). Veel genen die gemuteerd zijn met een hoge
frequentie komen voor bij verschillende tumor typen, zoals PTEN en TP53. Aan de andere
kant komen tumor specifieke genen zoals het APC gen in colorectale carcinomen ook voor. De
technologische ontwikkelingen hebben het ook mogelijk gemaakt om somatische chromoso147

male veranderingen genoom wijd met een hoge resolutie te analyseren. Een van de grootste
momenteel beschikbare analyse van 3131 hoog resolutie CGH profielen van 24 verschillende
tumor typen geeft een stevig en veelomvattend inzicht het landschap van somatische chromosomale veranderingen in tumoren. Deze studie toont aan dat de meest voorkomende DNA
kopie veranderingen of de grootte hebben van focale chromosomale veranderingen of van een
heel chromosoom arm. Verdere studies, die de DNA kopie status en sequentie veranderingen
integreren hebben veel nieuwe genen ontdekt die nog niet eerder in relatie tot tumorgenese
waren geïmpliceerd. Deze analyses benadrukken het feit dat eerder veranderingen in bepaalde biologische processen dan individuele genen op zich de sleutel vormen voor het ontraffelen
van tumor biologie en aanknopingspunten kunnen zijn voor therapie .
Deze recente studies laten echter slechte een glimp zien van de biologische complexiteit van
humane tumoren. Voortgaande initiatieven om systematisch het kanker genoom te analyseren zal vele nieuwe prognostische, predictieve en therapeutisch targets opleveren. Uiteindelijk zal dit leiden tot een moleculair gebaseerde taxonomie ipv een histopathologische classificatie van tumoren .
De aankomende uitdaging is om deze ontdekkingen te vertalen in betekenisvolle nuttige klinische toepassingen, zowel voor de diagnostiek als therapie, en dit alles in een kosten effectieve manier. Om dit te bereiken, zal gemeenschappelijke inspanning van alle (bio-) medische
disciplines nodig zijn, evenals een efficiënte infrastructuren met goede klinische trial organisatie, biobanken, nauwkeurige en complete data verzameling, analyse en opslag. Alleen wanneer aan al deze voorwaarden is voldaan, zal de biomedische wetenschap optimaal kunnen
bijdragen aan het vernieuwen en verbeteren van de behandeling van patiënten met kanker.
Tegelijkertijd zijn de medisch technisch ontwikkelingen spectaculair verbeterd in de laatste
decennia. Gespecialiseerde intensive care afdelingen, fast-track benadering van postoperatieve patiënten, beeld geleide radiotherapie, laparoscopische, robot en microscopische chirurgie hebben de mogelijkheden om patiënten met een colorectaal carcinoom te genezen met
minder morbiditeit en mortaliteit uitgebreid. Technische vernieuwingen in de behandelingen
van colorectale patiënten zullen zich verder ontwikkelen, echter het optimaliseren van patiënt
gerelateerd factoren op moment van operatie is ook nodig om klinische uitkomsten te verbeteren. Preoperatieve optimalisatie en betere postoperatieve monitoring kunnen mogelijk de
klinische uitkomst, vooral bij hoog risico patiënten, verbeteren.
Echter verwachtingen van patiënten wat betreft de medische mogelijkheden en de oncologische uitkomsten nemen toe. Binnen een aantal jaar zullen mortaliteit en morbiditeit cijfers per
ziekenhuis en chirurg beschikbaar komen voor het grote publiek. Het is daarom van cruciaal
belang dat er objectieve indicators van de uitkomst van zorg komen, en dat goede evaluatie
van deze uitkomsten geschied. Factoren zoals de gezondheid van de patiënt, wijze van ziekte
presentatie en uitgebreidheid van ziekte moeten eveneens meegenomen worden. Wanneer
patiënt gerelateerde variabelen routinematig geincludeerd worden in bestaande kanker registratie systemen, zal kwaliteit van oncologische chirurgische zorg accurate geëvalueerd en
vergeleken kunnen worden
Volledige integratie van tumor en patiënt profielen zal het mogelijk maken om een nauwkeurigere voorspelling te doen van een individuele prognose, een op maat gemaakte therapie in
te stellen en klinische uitkomsten te verbeteren voor elke patiënt met een colorectaal carcinoom.
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Dankwoord
Het is af, het proefschrift is klaar, eindelijk. Het combineren van twee zo’n verschillende werelden, een opleiding tot chirurg en onderzoek op een fundamenteel moleculair biologisch
onderwerp was een bijzondere, interessante en grote uitdaging. De doortastende “pragmatische” actieve houding in de chirurgie met snelle beslissingen en zichtbare resultaten tegenover een meer beschouwende hypothetische houding in de onderzoekswereld, met tragere
maar onverwachte wonderlijke ontdekkingen, stonden soms lijn recht tegen over elkaar, wat
elkaar soms hielp, maar soms ook tegenwerkte. Echter, het opereren van patiënten met een
colorectaal carcinoom, de klinische uitkomsten, complicaties en survival vervolgen, een KWF
beurs aanvragen, de paraffine blokken met het weefsel en H&E coupes bekijken, DNA hieruit
isoleren, genetische afwijkingen met micro-array’s opsporen, data analyseren, dit koppelen
aan klinische gegevens en alles helder opschrijven in 3000 woorden, gaf een unieke kans om
translationeel onderzoek in alle facetten te ervaren. Zoals beschreven in het promotie reglement van de Vrije Universiteit te Amsterdam, is promoveren een “bewijs van bekwaamheid
tot het zelfstandig beoefenen van de wetenschap”. Hoewel dit inderdaad veel zelfdiscipline
en volharding vergt, zou dit onmogelijk zijn geweest zonder hulp en mogelijkheden geboden
door anderen.
Beste professor dr G.A. Meijer, beste Gerrit. In 2006 kwam ik bij jou langs kwam met een
“folder” van het KWF om een beurs aan te vragen, de Zaanse colorectale data base en interesse in translationeel onderzoek. Jij stond direct enthousiast open voor een heelkundepathologie samenwerking en wilde meteen hoog inzetten met micro-array studies. Het was
niet altijd makkelijk om de taal van fundamenteel onderzoek onder de knie te krijgen en het
“vliegwiel” draaiende te houden, maar ik heb alle ruimte, tijd en vertrouwen van jou gehad
dat het goed kwam. Ik bewonder hoe jij zo veel ballen in de lucht kunt houden: hoofd van
de pathologie, een laboratorium aansturen, je onvermoeibaar inzetten voor de wetenschap,
de tumor profiling en vroeg diagnostiek van colorectale carcinomen in Nederland en ook nog
eens inhoudelijk op de hoogte van het werk van je promovendi. Daarnaast waardeer ik je
toegankelijkheid en dat ik je zelfs tijdens het maken van sinterklaas gedichten even kon ik
bellen. Heel veel dank voor alle hulp, ideeën en visie die jij met translationeel onderzoek in
het algemeen hebt, en met mijn onderzoek in het bijzonder. En dank dat je een chirurg onder
je hoede wilde nemen.
Beste professor dr. M.A. Cuesta, toen ik bij u kwam met het voorstel om basaal wetenschappelijk onderzoek naar chromosomale afwijkingen bij colon carcinomen te gaan doen, stond u
daar direct positief tegenover. U gaf mij het boek the Double Helix: a personal account of the
dicovery of the structure of DNA, van Watson en Crick. Academischer en wetenschappelijker
kan bijna niet! Ondanks dat het basale onderzoek soms wat traag verliep en resultaten op
zich lieten wachten, heeft u steeds geloofd dat het zou lukken. De deur stond altijd open en u
bleef enthousiast en ook vooral heel menselijk. Mooi dat we een klein symposium hebben met
buitenlandse sprekers; het is allemaal wel heel professioneel geworden. En uw adviezen dat
je altijd een beetje kind moet blijven, niet alles te serieus moet nemen en moet blijven spelen
in het leven, zijn me ook veel waard! Dank voor alle support en vertrouwen.
Beste dr A.F. Engel, beste Alexander. Opleider en copromotor; zo dit waren me wel een paar
intensieve jaren! Een heelkunde opleiding en een promotie, voortgevloeid uit de mijn eerste
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AGNIO baan, is toch wel bijzonder. Dat het uiteindelijk allebei gelukt is, chirurg worden en
promoveren, heb ik zeker enorm aan jou te danken. De ruimte om dit te doen, een jaar ertussen uit te gaan, een stage in New York, al het materiaal en data uit Zaandam te gebruiken,
en heel veel colon’s opereren hebben mijn heelkunde opleiding een extra randje gegeven.
Jouw niet aflatende drive en ambitie om het beste uit jezelf te halen, jezelf te leren overwinnen en grenzen te verleggen, hebben mij gestimuleerd om door te zetten. Hoewel ik soms de
middenweg tussen idealisme en realisme moest vinden, bleef jij er altijd in geloven. En nog
steeds na 7 jaar, dat Engels van mij… Dank voor alles!
Beste dr Ylstra, beste Bauke, had je niet gedacht, hè?, dat een chirurgje ook micro-arrays
begon te snappen en zich kon verkneukelen over een microdeletie op chromosoom 16p13.3
met gen A2BP1. Dat de mooiste en belangrijkste ontdekking in het onderzoeksjaar niet van te
voren voorzien was, namelijk ‘de focals’, bewijst toch maar weer dat wetenschappelijke ontdekkingen juist niet van tevoren voorspeld kunnen worden. Deze onderzoekservaring heeft
mede mijn ogen geopend voor het belang van fundamenteel wetenschappelijk onderzoek. Je
enthousiasme, enorme kennis van de micro-arrays en weten hoe je deze moeilijke materie
moet overbrengen aan het grote publiek, werkte erg motiverend. Heel veel dank voor je hulp,
en zeker ook voor het vervolledigen van de manuscripten.
Beste leden van de lees commissie, professor dr J.H. Bonjer, professor dr I.H.M. Borel Rinkes,
mw dr P.M. Nederlof, mw dr N.C.T van Grieken, mw dr. I.D. Nagtegaal, wat een eer om zulke
goede leden in de commissie te hebben. Dank voor het lezen en becommentarieren van het
manuscript.
Dear prof P. Quirke and prof B.D. Young, I am honoured you’ve taken seat in the board considering my thesis and to have you over from Leeds and London May 27th. Thank you for your
time and comments on my thesis and hope you will enjoy Amsterdam during this day. Prof
Quirke and Heike Grabsch, thank you for the material and gene expression data of Stage II
colon cancer patients used for this thesis.
Beste chirurgen van de maatschap in Zaandam, ook al is dit boekje het resultaat van promotie
werk, ik zie het ook als afsluiting van de opleiding tot chirurg in Zaandam. Vanaf de eerste
dag, en dat is al lang geleden, heb ik me daar thuis gevoeld en ik ga het missen. Terugkijkend, vergt iemand opleiden van co-assistent tot chirurg, veel tijd, inzet en geduld. Opleiden
blijft toch Führen und wachsen lassen. Eindeloos knopen, hechten, snijden, knippen, boren,
tamponneren, familie gesprekken voeren, omgaan met complicaties, klachten, jongere assistenten superviseren, net zo lang tot het een tweede natuur wordt. De laatste jaren heb ik als
oudste assistent bij jullie enorm veel kunnen opereren, en ik heb ervan genoten! Daarnaast
waardeer ik de menselijkheid en gezelligheid van de maatschap. Ook in lastigere tijden, heb
ik ruimte en vertrouwen gekregen, waar ik erg dankbaar voor ben. Nu zal ik echt op eigen
benen moeten gaan staan en de vleugels moeten uit slaan. Dank voor alles.
Mimi, voordat ik lang geleden in Zaandam kwam had ik jouw proefschrift al gelezen. De
combinatie van vrouwelijkheid en doortastende chirurgische eigenschappen maken jou voor
mij tot een voorbeeld. En vaten opereren blijft prachtig! Paul, mocht ik ooit 10% van jouw
vaardigheden en snelheid behalen, dan mag ik blij zijn. Ik vond het erg leuk de laatste jaren
samen te opereren. Gaan we nog eens waterskien? En breezers drinken? Frank, gezien de differentiatie hebben we de laatste jaren veel samen geopereerd en heb ik veel van je geleerd.
Het was altijd gezellig aan de OK tafel en ik zal je hoorspelen, kopstootjes, ergernissen aan
158

Acknowledgements

erytrocyten en aan de bureaucratie missen. Dank voor je steun, adviezen en betrokkenheid
bij mijn opleiding en differentiatie. Hauwy, ik heb veel opgestoken van jouw pragmatische, efficiënte en snelle chirurgische aanpak, waardoor lastige problemen betrekkelijk overzichtelijk
werden. Jan-Willlem, gezien onze verschillende differentiatie hebben we de laatste jaren niet
veel samen geopereerd, maar ik heb veel van je geleerd. En de kleine bijsturing tijdens de
eerste jaren wat betreft de empathie zijn een juiste en onmisbare aanvulling geweest. Dank!
Beste Peter, top traumatoloog en chirurg in hart en nieren. Goed dat je bent neergestreken
in regio Amsterdam! Succes met alles en dank voor je support. Beste dr Oomen, ook al bent
u al weg uit Zaandam, u staat toch met uw enorme database van alle geopereerde patiënten
in Zaandam aan de basis van mijn en vele andere onderzoeken. Heel veel dank hiervoor. Dr
Cohen, dank voor de samenwerking tijdens mijn eerste opleidingsjaren.
Beste professor dr. Rauwerda, als opleider tijdens mijn VU tijd wil ik u ook bedanken voor de
steun die u hebt gegeven om een KWF onderzoeksjaar te kunnen doen. Beste chirurgen uit
VUMC, een ieder op zijn eigen wijze, dank voor mijn academische opleidingsjaren.
Beste mede-promovendi en alle anderen van de Tumor Profiling, de Mirco-array Facility en de
Pathologie. Ook al was ik een beetje een vreemde eend in de bijt en was mijn onderzoeksaanpak soms iets anders, het was een leuk en nuttig jaar. Ik heb veel geleerd en goed ervaren
hoe fundamenteel onderzoek werkt door zo tussen jullie op het lab te zitten. Wat een geduld
moet je hebben! En hoeveel werk is er nodig om een artikel af te ronden! Respect!
Lieve Josine, bioinformaticus en promovenda, wij hebben samen heel wat afgemaild en gebeld om dat focal stuk er door heen te krijgen. Dank voor je hulp bij vele analyses. En nu
afronden je boekje, hè?
Beste Eric, wat was ik blij dat daar nog een chirurgische zonderling een jaar lab werk ging
doen. Succes met de laatste loodjes! En we komen elkaar hopelijk nog vaak tegen, wanneer
we het weer eens wat rustiger krijgen.
De andere promovendi, Linda, Meike, Rinus, Anke en voorgangers, Tineke, Cindy, dank voor
de samenwerking en alle tips en tricks. Afronden, hè, die boekjes! De postdoc’s, Beatriz,
Remond, Begona, en alle anderen van de TP en microarray, Sandra, Jeroen, Francois, Pien,
Marianne, Mark, Pauline, heel veel dank voor alle hulp bij het leren van onderzoek doen, DNA
isoleren, de TMA’s maken, de CGH, de commissie uitnodigen en nog veel meer. Als er nog
eens materiaal of klinische gegevens nodig zijn, dan hoor ik het! Veel dank ook voor de afdeling pathologie van Zaandam, dat ik zomaar al het materiaal mocht gebruik.
Lieve assistenten in Zaandam, het is onmisbaar, en een noodzakelijke voorwaarde om een
goede en gezellige opleidingstijd te hebben, dat je omringd bent door assistenten zoals ik
in Zaandam altijd gehad heb. Er is ongelooflijk veel gelachen, samen geopereerd, stoom afgeblazen, grappen over bazen gemaakt, patiënten besproken en daarnaast zijn er ook veel
andere dingen van het leven met elkaar gedeeld. Lieve Irene en Igande: vanaf het eerste jaar
tot het laatste in Zaandam samengewerkt. Was bijzonder en mooi om jullie echte goede chirurgen te zien worden. Kunnen we nou echt niet die plannen voor een maatschap maken?
Lieve Christine, wat goed dat jij in de Zaanstreek bent neergedaald. Ik waardeer jouw fanatisme, eigenzinnigheid, lef en eerlijkheid. We zijn niet voor niks allebei Montessori kinderen!
Mocht je ooit uitgezonden worden als traumachirurg, dan vergezel ik je graag. Ze hebben vast
ook iemand nodig voor de weke delen!
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Lieve Sabine, eigenlijk had jij hier moeten staan. Ik weet zeker dat jij een top chirurg was
geworden. Helaas heeft het niet zo mogen zijn. We denken aan je.
Michiel, Xander, Paulien, Ellen, Marthe, Chloe, Eva, Surya, Kakkhee, Noor, Dorien, Lenneke,
Fabian, Annelie, Marieke, Evelyne, Mathijs en alle andere assistenten zowel in Zaandam als
in de VU, dank voor alle samenwerking en gezellige momenten. Ik heb ervan genoten .Maak
er wat van!
Lieve Tony, Jaq, Marjolein, Roos, secretaressen in Zaandam, wat een toppers zijn jullie. Nooit
was iets te veel, en alles was altijd binnen een dag geregeld. Wat zouden we zonder jullie moeten. Heel veel dank voor alle ondersteuning. Secretaressen van de VU, dank voor de hulp.
Ook vele anderen hebben direct of indirect bijgedragen aan de heelkunde opleiding en dit onderzoek. Alle OK verpleegkundigen, dank voor de hulp, vooral in begin voor het influisteren
van tips en geduld bij de eerste langdurige lap chollen! Alle verpleegkundigen van de zaal,
poli, SEH, POK in Zaandam en de VU, dank!
Rotterdamse clubgenoten van de RVSV, reunie de 27ste in Amsterdam?
Lieve vriendinnen uit Leuven, Danielle, Fanne, Merel, Monique, Floor, Eugenie, Petra, Erna,
Leonie, Evelien, Susan, Barbara, wat hebben we een top tijd in Leuven gehad. Na intensieve
en ongelooflijk gezellige top jaren in Leuven, zondagavond in de Ambi op de Oude Markt en
studerend voor de eerste zit, is de basis gelegd is. Dat we dit jaar nog met zijn allen op Curacao waren voor een subliem huwelijk, laat wel zien dat we het feesten nog niet verleerd zijn.
En mooi om te zien hoe goed iedereen terecht is gekomen.
Lieve vriendinnen, wat waren en zijn jullie onmisbaar al die jaren in mijn leven. De meesten
van jullie ken ik langer wel dan niet, en vele fasen in ons leven hebben we doorlopen: middelbare scholen, studeren, banen, buitenland, mannen, huwelijken, baby’s, en tussen door
veel feesten, reizen, telefoongesprekken en thee momenten. Zonder dit en jullie steun en
aanwezigheid was deze promotie en de opleiding niet gelukt. Dank voor alles, en ik beloof van
af nu weer iets meer tijd voor “leuke” dingen. Lieve Celine, Aline, Hester vanaf de middelbare
school!! En nog allemaal in Amsterdam. Ze zeggen wel eens dat Amsterdammers niet weg
willen uit deze inspirerende stad… Lieve Bernadette, samen in Leuven en naar Nepal. Mooie
tijden waren dat. Dank voor je vriendschap, dank voor het mooie cadeau in mijn leven 
Lieve paranimphen, lieve vriendinnen, top vrouwen, wat ben ik blij met jullie en trots op jullie.
Al meer dan 20 jaar in elkaars leven. Amicus certus in re incerta cernitur: Een echte vriend
wordt in onzekere tijden opgemerkt. Nou, dat hebben we geweten.
Marije, zit jij ook een 1A?:de eerste dag, van de eerste klas van het Ignatius Gymnasium.
Onze vriendschap begon met het tekenen van ons droomhuis toen we 12 waren en ondanks
dat we bij elkaar in de klas zaten schreven we brieven en belden we elke dag. Een deel van
de dromen zijn uit gekomen, andere (nog) niet maar ik ben trots om te zien hoe jij je leven
aanpakt en wat je hebt bereikt. En wat een mooie stoere mannetjes heb je thuis: Viggo en
Tijn, samen met Joris. Heel veel dank voor alle steun, je vriendschap en alle momenten op de
bank na een rondje race fietsen. Gelukkig kan ik nu langs fietsen zonder schuldgevoel dat er
nog iets geschreven moet worden. Heel fijn dat je me vandaag bij wilt staan.
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Lieve Paula, van Manilla tot Kaapstad, maar waar ter wereld je ook zat het maakte eigenlijk
nooit zo veel uit. Toen we 10 waren maakten we een ‘bosmuseum’, speelden we het dieren
nacht spel, doken we pingpong ballen in het zwembad op en scharrelden we dagen rond op
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