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CHAPTER 1 

General introduction 
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Rectal cancer 

 

Epidemiology, incidence of CRC 

Colorectal cancer (CRC) is one of the leading causes of death and accounts for 

approximately 300,000 new cases per year in Europe and the USA (1). Approximately 25% 

of these cases are rectal cancers. However, the incidence of adenomas, the benign 

precursors of carcinomas, is far higher; by the age of 70, approximately 50% of the western 

population will have developed an adenoma (2). About one in ten of these adenomas will 

ultimately progress to cancer, leading to a population risk of approximately 5% (3). Based 

on these figures, colorectal cancer is the third most common cancer in the western world.  

 

Pathology 

The normal colorectum consists of several distinct tissue layers: the mucosa, 

muscularis mucosae, submucosa, muscularis propria, subserosal fat and serosa, although in 

the rectum a serosal layer is absent (Figure 1).  Through a series of well-defined 

histopathological changes, colorectal cancer develops from an adenoma into a carcinoma. 

Adenomas are intramucosal neoplasms and can be stratified according to architectural 

characteristics: tubular, tubulovillous, and villous (4). Furthermore, adenomas can be flat, 

pedunculated, or sessile. Most tubular adenomas are small and pedunculated, and most 

villous adenomas are large and sessile. The risk of progression to a carcinoma is correlated 

with three characteristics: size, histological architecture, and severity of dysplasia. Thus, 

malignant risk is highest in flat and sessile adenomas with high-grade dysplasia and a 

diameter > 2 cm. (5). Aside from these classic polyps or adenomas, other types can be 

recognized: hyperplastic polyps; mixed polyps; serrated adenomas; sessile hyperplastic 

polyps; inflammatory polyps and hamartomatous polyps such as juvenile polyps; Peutz-

Jeghers polyps; Cowden polyps; etc. Hyperplastic polyps have a serrated epithelial 

architecture covered by nondysplastic epithelium. Traditionally, hyperplastic lesions have 

been considered as harmless, but recent evidence suggests that they can also be precursors 

of CRC, especially when located along the right side of the colon (6).  

 

 
Figure 1. Pathologic staging of colorectal cancer. Staging is based on the depth of tumor invasion.* The 

serosa is not present in the rectum 
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If a tumor penetrates through the muscularis mucosa, the resultant carcinoma is a  

malignant tumor with metastatic potential. The most important prognostic indicator of 

colorectal carcinoma is the extent of the tumor at the time of diagnosis. Formerly, the 

Dukes’ classification system was used; at present, the TNM classification is more standard. 

This system is based upon the degree of tumor penetration, lymph node metastasis, and 

distant metastases (Figure 1) (4). To a certain degree, this system can predict local 

recurrence, distant metastases, and survival rates. However, for a correct classification of 

colorectal cancer it is essential that the system continues to be critically evaluated and 

improved by evidence from clinical practice (7). 

  

Treatment of rectal cancer: TME 

For treatment of rectal cancer that invades at least the submucosa, total mesorectal excision 

(TME) with autonomic nerve preservation is the gold standard in The Netherlands. After a 

short course of preoperative radiotherapy (5*5 Gy), a low anterior resection or an 

abdominal peritoneal rectum amputation is performed according to the TME approach (8). 

Formerly, local recurrence was a major problem in rectal cancer, but with the introduction 

of this standardized treatment recurrence rates have declined to 2.4% two years after 

treatment (8). A drawback of TME surgery and radiotherapy is the associated functional 

morbidity, including sexual dysfunction, urologic dysfunction, and permanent colonostomy 

(9).  Radiotherapy is only beneficial to reduce local recurrence and should therefore only be 

administrated to patients with high risk of local recurrence. Patients with superficial rectal 

cancer (T1 or T2) might be cured by surgery alone. However, current pre-treatment 

modalities are incapable of accurately identifying patients at high risk for local recurrence.  

 

Treatment of rectal adenoma and early rectal cancer: TEM 

Several treatment options are available for rectal adenomas. Small pedunculated adenomas 

can be removed by snare excision, while large sessile adenomas can be cured by transanal 

endoscopic microsurgery (TEM) (10). The TEM technique is an innovative technique for 

the local resection of rectal adenomas and has a minimal mortality and morbidity rate (10-

12) (Figure 2). However, an invasive carcinoma (beyond the muscularis mucosae) is found 

after local excision in a large proportion of presumed benign tumors. After TEM for 

carcinomas, recurrence rates range from 0-14% for T1 carcinomas and 0-50% to 14-67% 

for T2 and T3 carcinomas, respectively (13). Since TEM involves superficial removal of 

the tumor, it is not possible to assess lymph node status. Hence, only those lesions with a 

low probability of nodal involvement should be selected for TEM treatment. The risk for 

lymph node metastasis varied from 10% for T1 carcinomas to 40% for T2 carcinomas (13). 

After an unexpected carcinoma, the patient may opt for a “wait and see” procedure with 

regular follow-up.  
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Figure 2. Illustrations of endoscopic view during TEM. The margin of excision is marked (a), after which 

the tumor is resected (b). The defect is closed transversally using a running suture (c). Adapted from de 

Graaf et al. (11), with permission. 

 

However, in the case of recurrence after TEM, immediate radical TME surgery should 

follow, and the patient must be treated a second time. Although this has not yet been 

proven, T1 rectal carcinomas may be good candidates for TEM without compromising 

oncological outcome. For safe treatment of T1 carcinomas by TEM, low-risk criteria were 

established: well or moderately differentiated, no blood or lymphatic-vessel invasion, and 

no mucinous component. Nevertheless, the risk of lymph node metastasis is still 7% in 

these low-risk T1 carcinomas (11).  

 

 

Preoperative staging/imaging 

To make the optimal treatment choice for a rectal tumor, correct preoperative staging is 

essential. Previously, in presumably benign large rectal lesions, definite histopathology 

after operation revealed carcinomas (T1 or more) in up to 34% of tumors (14, 15), while 

preoperative biopsy findings were negative for carcinoma.  

Modern imaging techniques have greatly improved the preoperative staging of rectal 

tumors, with endorectal ultrasound (ERUS), computed tomography (CT), and magnetic 

resonance imaging (MRI) as the most commonly used. For more advanced tumors, CT or 

MRI is able to assess accurately tumor invasion in other pelvic structures. ERUS seems the 

most suitable to assess the T stage accurately in superficial lesions (16, 17). ERUS proved 

able to discriminate rectal adenomas from invasive carcinomas and T1 from T2 stages. 

However, ERUS is not feasible in all rectal tumors and a serious problem of ERUS is over-

staging (18). 

Correct preoperative assessment of nodal status is still problematic. MRI with the use 

of ultrasmall superparamagnetic iron oxide (USPIO) contrast agents has shown promising 

results for staging lymph node metastasis (19). Up to now, only small studies involving 
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rectal cancer have been performed and the results need to be confirmed in other studies 

(20).  

 

Colorectal cancer biology  

 

Progression model for colorectal carcinogenesis 

The progressive histological steps in colorectal carcinogenesis are accompanied by specific 

genetic changes. These are summarized in the genetic model for colorectal tumorigenesis 

by Fearon and Vogelstein (21) (Figure 3). In this model, normal epithelial tissue progresses 

via an adenoma to a carcinoma accompanied by mutations in APC, KRAS2, SMAD4 (DPC), 

P53, epigenetic changes (methylation), and genetic instability. Since the model’s inception 

in 1990, more molecules have been added, including mismatch repair genes, PI3K, receptor 

tyrosine kinases, PTEN, TGF-β-RII, and E-cadherin (reviewed in (22)). 

 The first steps in colorectal tumorigenesis are loss of function mutations and loss of 

heterozygosity (LOH) at the APC tumor suppressor gene, which are observed in over 80% 

of colorectal tumors (23, 24). APC’s main tumor suppressor activity lies in regulating 

intracellular levels of β-catenin, a key member of the Wnt signal transduction pathway (25, 

26). When APC is mutated, β-catenin accumulates and translocates to the nucleus where it 

modulates transcription of a broad spectrum of downstream target genes via Tcf/Lef 

transcription factors. The crucial role of APC in the colon is illustrated by inactivating 

mutations in APC that cause familial adenomatous polyposis coli (FAP), a disease 

characterized by hundreds to thousands of adenomas appearing in the second or third 

decade of life (27). 

 Another early event in colorectal tumorigenesis is activation of the KRAS2 proto-

oncogene. KRAS2-activating mutations (mainly in codons 12 and 13) are found in 50% of 

large adenomas and carcinomas (28, 29). KRAS2 plays a role in the RAS-RAF-MAPK 

signaling pathway, which is essential for cell proliferation and differentiation (30).  

 Allelic deletions of chromosome 17p and 18q occur later in tumorigenesis and mark 

the transition from a benign adenoma to a malignant carcinoma. Originally, the DCC gene 

was indicated as the target gene of 18q loss, but more recently the SMAD2 and SMAD4 

genes were identified for their tumor suppressor role (31, 32). The SMAD genes are  

 

 
Figure 3. Adenoma-carcinoma sequence. 
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components of the TGF-β pathway, and inactivation affects TGF-β pathway functions like 

angiogenesis, cell proliferation, and differentiation (33). Most carcinomas are also 

characterized by the loss of p53, the tumor suppressor gene on 17p. The p53 protein is 

considered the “guardian of the genome” because of its capacity to monitor the integrity of 

DNA (34). 

 

Genetic instability 

In addition to specific molecular changes, genetic instability is an essential requirement for 

cancer formation, as this leads to the higher mutation rates necessary for tumor initiation 

and progression. Two forms of genetic instability have been described in colorectal cancers: 

1) instability at the chromosomal level (CIN); and 2) instability at the nucleotide sequence 

level (microsatellite instability (MSI)) (35).  

 CIN is characterized by gross chromosomal segregation abnormalities and is 

commonly detected as aneuploidy. Physical loss or gain of genetic material at specific 

chromosomal regions and loss of heterozygosity (LOH) both result in altered allele ratios. 

In addition to LOH through physical loss, copy number neutral LOH is also frequently 

observed at tumor suppressor loci. In this case, the wild-type allele is usually lost, whereas 

the mutated allele is duplicated, a process called homologous recombination. Genes 

involved in CIN are the p53 tumor suppressor gene, mitotic checkpoint genes (e.g. Bub1), 

DNA damage checkpoints genes (ATM), and others (36). A role for APC in chromosomal 

instability was also suggested (37). The majority of colorectal cancers (75-85%) are CIN 

tumors and show aneuploidy; rectal cancer, especially, exhibits this main characteristic 

(38).  

 MSI tumors are characterized by the inactivation of the DNA mismatch repair 

(MMR) system, which causes mutation rates 2-3 fold higher than in MMR-proficient cells 

(2). This can be observed at short repeated sequences (microsatellites) scattered throughout 

the genome. Germline mutations in the same DNA MMR genes (MLH1, MSH2, MSH6, 

PMS2) are responsible for hereditary non-polyposis colorectal cancer (HNPCC or Lynch 

syndrome) (39). Accordingly, the majority of HNPCC tumors exhibit MSI (40). MSI also 

occurs in 10-15% of sporadic colorectal tumors, mainly in right-sided colon tumors by 

somatic inactivation of MLH1 through promoter methylation (41). 

 CIN and MSI appear to be alternative pathways and generally do not occur together 

(42). In most colorectal cancers, one type of genetic instability is involved, but not the 

other. However, some studies showed subsets of MSI-stable carcinomas with diploid DNA 

content and no LOH. Those tumors were early-onset cases and were mostly located in the 

distal colon (43).  
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Methylation 

The methylation status of DNA is important for gene expression and gene activity. In 

cancer, two aberrant methylation states are described: global hypomethylation and region-

specific hypermethylation. Examination of DNA from adenomas revealed that 

approximately one-third of the DNA regions studied had lost methyl groups (44, 45). This 

global hypomethylation was suggested to contribute to chromosomal instability in cancers 

(46).  

 On the other hand, hypermethylation of CpG islands in promoter regions has been 

described (47). This leads to transcriptional silencing of tumor suppressor genes (48, 49). 

Hypermethylation has been increasingly associated with sporadic colorectal cancer 

exhibiting MSI, especially at the MLH1 gene locus (49).  

 

Differences between colon and rectum cancer 

Various studies indicate differences in etiology, pathological features, and genetic 

abnormalities between colon and rectum cancer, or right-sided and left-sided CRC (50-54). 

Right-sided tumors are more often mucinous and diploid, and exhibit MSI and 

hypermethylation. Left-sided or rectal cancers have a higher frequency of CIN, 17p and 18q 

allelic loss, and p53 mutations. A literature review reveals conflicting evidence concerning 

the prognostic significance of genes commonly implicated in the pathogenesis of colorectal 

carcinoma (55). One cause is the heterogeneity of study populations, in terms of both 

disease stage and tumor location. Although this limitation has been recognized in multiple 

studies, present-day sample collections are often heterogeneous.  

 

Array profiling for classification of rectal tumors 

 

Expression microarrays are a valuable tool for high-throughput analysis of the expression 

of thousands of genes in a single experiment. Genome-wide profiling has the potential for 

the classification and staging of cancers, a better understanding of the underlying biology, 

and the tracking of therapeutic improvement. A plethora of microarray studies have been 

performed to classify different tumor types including colorectal malignancies (56-59). One 

of the first successes in gene expression profiling for prognostic purposes was a study by 

Van‘t Veer et al. that established a 70-gene prognostic signature-predicting outcome in 

lymph node-negative breast cancer (60). This signature was later validated in independent 

studies (61, 62); the first clinical tests based on this research are now becoming available 

(63, 64). 
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Gene expression profiling of colorectal cancer  

The first gene expression profiling study for colorectal cancer showed that gene expression 

patterns can discriminate between cancerous and normal tissues (56). Since then, gene 

expression signatures have been published for colorectal cancers to discriminate adenomas 

from carcinomas (65, 66), colon from rectum samples (67-69), and lymph node-positive 

cases from lymph node-negative cases (67, 70). Table 1 provides a selection of profiling 

studies related to tumor stage and survival. Most studies compare carcinomas with normal 

tissues and usually encompass a mixture of colon and rectum samples.  

 In the gene expression studies performed so far, the genes identified belong to a 

variety of pathways, including proliferation, cell adhesion, transcription, cell signalling, and 

many others. However, the overlap between studies is relatively small. Two recent reviews 

summarized all of the colorectal cancer microarray studies and concluded that despite the 

abundance of data, there is little overlap among the gene lists associated with specific 

clinical or biological phenotypes (71, 72). Tumor heterogeneity, limited cohort sizes, and 

methodological differences in experimental and bioinformatic approaches pose severe 

limitations to the comparison of different studies. So far, none of the identified classifiers 

for CRC have been validated in independent series or have led to a clinical application.  

 

Genomic profiling 

In contrast to gene expression studies, genomic profiling studies of colorectal cancer show 

more consistent results. To date, conventional CGH and array CGH studies describe 

specific genomic alterations related to various stages of colorectal cancer (73-76). A 

comprehensive meta-analysis of these studies, comprising a total of 859 cancers, allowed 

for the assignment of specific gain and loss events to specific tumor progression and 

Dukes’ stages (77). In general, losses of chromosomes 17p and 18, and gains of 8q, 13q, 

and 20, occur at early stages in the transition from adenoma to carcinoma, whereas losses of 

4p and 8p, and gains of 7p and 17q, are associated with the transition from primary tumor 

to metastases. Late events also include the loss of 14q and gains of 1q, 11, 12p, and 19 (77).  

 In addition, other studies have established chromosomal instability patterns in 

adenomas, or related specific aberrations to adenoma carcinoma progression. Several 

studies found a high incidence of chromosomal aberrations in adenomas (73-76). Hermsen 

et al. found that adenomas that have progressed to carcinomas already show many 

carcinoma-related chromosomal aberrations in the adenoma fractions. Leslie et al. found 

that the chromosomal loss of 17p and 18q, and the gain of 20 were related to high-grade 

dysplasia.  
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Integrative studies 

Three studies integrate gene expression profiles and genomic alterations in CRC (78-80). 

Tsafrir et al. showed a good correlation between both data types and suggested a direct 

effect of copy number changes on gene expression (80). Particular chromosomal regions 

are frequently gained and over-expressed (e.g., 7p, 8q, 13q, and 20q) or lost and under-

expressed (e.g., 1p, 4, 5q, 8p, 14q, 15q, and 18) in primary colon tumors. Furthermore, 

these aberrations are absent in normal colon mucosa, appear in benign adenomas (albeit 

only in a small fraction of samples), become more frequent as the disease advances, and are 

found in the majority of metastatic samples. Similarly, Habermann et al. (79) correlated 

gene expression, genomic profiles, and proteomic profiles with different tumor stages.  

 

SNP arrays for copy number and LOH analysis 

Single nucleotide polymorphism (SNP) arrays allow high-resolution genome-wide 

genotyping for various applications, including linkage and association studies (81, 82). In 

addition to genotyping, these arrays can also be used to detect genomic abnormalities, such 

as copy number changes and LOH, the latter of which cannot be detected by (array) CGH 

analysis (83, 84). Beroukhim et al. used SNP arrays in different tumor types, revealing that 

80% of all LOH events are caused by copy-neutral or copy-gain events (85). For colorectal 

cancer, Andersen et al. showed that half of the identified LOH regions had no evidence of 

reduced copy number (86). The distribution of these structures was non-random, and 

primarily involved 8q, 13q, and 20q. However, a major obstacle in the use of SNP arrays is 

the requirement of most platforms for high-quality DNA from freshly frozen tissue or 

leukocytes; often, these are not available for large retrospective tumor series.  

 

 



 

Table 1. List of published studies showing expression profiling data for CRC progression stages and recurrence. 

Study Comparison Location Sample size  Platform Identified genes and Conclusions 

Normal vs. Adenoma       

Lin et al. (65) normal vs.  adenoma colon 9 adenomas,  cDNA 51 genes up-regulated, 376 down-regulated in both types of tumors vs.normal  

  adenoma vs. carcinoma   11 carcinomas   50 genes significantly different between adenomas and carcinomas  

Notterman et al. (66) normal vs. adenoma colon 18 carc, 4 ad Affymetrix 19 transcripts higher, 47 lower compared to normal 

  normal vs. carcinoma       Hierarchical clustering separated adenoma from carcinoma and normal 

Normal vs. Carcinoma (different stages)         

Agrawal et al. (87) normal vs. carcinoma,  unspecified 60 samples  Affymetrix 300 tumor markers, 100 progression markers 

 metastatic vs. non-metastatic   (ad, car, liver met)  Osteopontin identified as progression marker 

 carcinoma (liver metastasis)   samples pooled   

Alon et al. (56) normal vs. carcinoma colon 40 tumors Affymetrix Two way clustering revealed co-regulated families of genes (i.e., ribosomal proteins) 

          Clustering separated cancerous from non-cancerous and cell lines from in vivo tissues 

Birkenkamp-Demtroder el al. (68)  normal vs. carcinoma Caecum, 45 dukes B and C  Affymetrix 58 genes relating to specific colonic location (i.e.pS2, S100P, sialyltransferase) 

 right-vs. left sided CRC rectosigmoid,    A total of 118 and 186 genes were different between normal and tumor 

  sigmoid   30 genes different between normal and tumor, including matrix metalloproteinases.  

     Side specific differences in tumor expression: keratins, carbonic anhydrases, and COX2  

Groene et al. (88) UICC II vs. III colon and rectum 36 UICC II and III  Affymetrix 45 probe sets different between UICC stage II and III .  

          The most distinctive elements were GSPT2 and HOXA9.  

          No substantial differential expression of genes in cancer-related pathways 

Takemasa et al. (89) normal vs. carcinoma unspecified 16 samples cDNA Colonochip generated containing 4608 cDNA clones and 170 genes 

          59 genes showed twofold differential expression between cancer and normal mucosa.  

Lymph node metastasis           

Bertucci et al. (67) normal vs. carcinoma colon and rectum 22 samples cDNA nylon  Clustering was able to distinguish normal vs. cancer tissues  

 metastatic vs. non-metastatic carcinoma   membrame and metastatic vs. nonmetastatic tumors 

 lymph node positive vs. negative    Supervised analyses segregated tumors on basis of histology,  

 MSI vs. MSS carcinoma    LN metastastasis, genetic instability, location, and different 5-year survival  

 left vs. right carcinoma    NM23 was validated on a tissue array, showing down regulation in poor prognosis 

Koehler et al. (70) normal vs. carcinoma,  colon and rectum 24 carcinomas cDNA nylon  40 genes related to malignancy, 23 to high stage (T4, LN) 

  lymph node positive vs. negative   14 liver metastasis membrame The 23 gene set may represent important targets in colorectal carcinogenesis  

  (low stage vs. high stage (T4 and LN))       and might provide useful clinicopathological tools 

Recurrence      

Arango et al. (90) recurrence in Dukes' C unspecified 25 samples Affymetrix Clustering reveals several groups of patients,  

          RHOA was validated by tissue microarray and associated with survival 

          gene expression profiling can predict recurrence in Dukes'C patients. 

Barrier et al. (91) recurrence in Dukes' B and C right and left  18 samples Affymetrix 30 gene set based on tumor tissue, 70 gene set based on normal mucosa 

  
sided colon 

cancer 
  Accurate prognosis predictor can be build on gene expression measurements 

Wang et al. (92) recurrence in Dukes' B  colon 74 samples Affymetrix 23-gene signature predict recurrence, accuracy was 78%, validated in 36 patients 

          Our data highlight the feasiblity of a prognostic assay that could  

          focus more intensive treatment for localized colon cancer.  
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Aims of the study and outline of this thesis 

 

Aim of the study 

Accurate staging of rectal tumors is essential for choosing the correct treatment. Therefore, 

the identification of preoperative parameters to correctly assess aggressive tumor behavior 

is essential.  

 The aim of this thesis is to identify molecular differences between rectal tumors of 

different stages using genomic analysis and gene expression profiling. Ultimately, these 

differences should lead to a clear distinction between benign adenomas and adenomas 

containing a small invasive focus, and between carcinomas without lymph node metastasis 

and those with lymph node metastasis. Those molecular differences could hopefully be 

applied as markers for better preoperative diagnosis of rectal tumors. For such a clinical 

application, it is important that the methodology is applicable to formalin-fixed, paraffin-

embedded (FFPE) material: the limited amount of material obtained in biopsies can then be 

used for molecular analysis as well as standard histopathology and immunohistochemistry.  

 

Outline of this thesis 

Chapters 2 and 3 are dedicated to the development of protocols and algorithms for a newly 

developed SNP array platform. In Chapter 2, genotyping and LOH analysis of FFPE tissue 

is tested with these SNP arrays and data from FFPE and frozen tumor samples are 

compared. In Chapter 3, new software algorithms for the Illumina SNP array platform for 

copy number analysis are developed and applied to a well-characterized set of colorectal 

tumors.  

 In Chapter 4, frozen tissue and FFPE fractions of TEM and TME-treated rectal 

samples of various tumor stages are analyzed for LOH and copy number changes using 

SNP arrays. Furthermore, adenoma and carcinoma fractions of single cases are compared. 

In Chapter 5, the latter series is extended. This series consists of early carcinomas treated 

by TEM which are not recognized preoperatively as carcinomas. In addition, intra-tumor 

heterogeneity is assessed in three different ex vivo biopsies per patient. In Chapter 6, gene 

expression array studies are performed on the same samples as the profiling genomic study 

(Chapter 4) and the chromosomal instability patterns are integrated with the gene 

expression array data. Data of the expression array experiments are validated by other 

methods. Finally, Chapter 7 contains concluding remarks and implications for further 

research.  
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