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Summary
Colorectal cancer (CRC) is one of the most frequent malignancies in the world and affects 
both men and women in high rates. Survival depends on the tumor stage at diagnosis; 
5-years survival rates range from 90% for stage I colorectal cancer to ~20%1,2 for stage IV 
colorectal cancer. 

A major reason for the high death rate of CRC is that early lesions most of the time do 
not give symptoms, so the majority of CRC patients still present with tumors that have 
spread to lymph nodes or distant organs (stage III or IV), a stage at which only a minority 
of patients still can be cured. Secondary prevention, e.g. screening, is the most realistic 
way to decrease the number of deaths from CRC. The benefit of screening using the 
non-invasive fecal occult blood test (FOBT) has been demonstrated3-5, yet a substantial 
number of individuals that do harbor a colorectal tumor is still being missed (~30% of 
CRCs and ~70% of advanced adenomas)6,7. 

A further challenge is the fact that systemic treatment and other therapies do improve 
survival in patients with metastatic disease (stage IV), but still cannot provide a cure 
in the vast majority of patients. The basis of chemotherapy for metastatic CRC is 
5-fluorouracil-based therapy in combination with oxaliplatin or irinotecan8. Most patients 
with metastatic disease receive the same regiment of chemotherapies and the course of 
treatment depends more or less on trial and error. However, a large proportion of patients 
does not benefit from the treatment, meaning that those patients unnecessarily suffer 
from toxicity. So far it is not possible to discriminate a priori between those patients that 
will benefit from a specific treatment and those that don’t.

Improving these two important aspects of CRC care, i.e. early detection and treatment 
of advanced disease will definitively reduce the high death rate from CRC. The studies in 
the present thesis were performed based on the paradigm that biology drives disease 
phenotype, and therefore may provide clues for both early detection of colorectal cancer 
and better selection of patients with metastatic disease that will benefit from systemic 
therapy. The main focus in these studies was on (epi)genetic alterations as determinants 
of disease biology and their potential as biomarkers for the early detection of CRC and 
predicting therapy response.

Molecular markers for early detection of CRC

Chapter 2 presents an overview of the literature concerning molecular markers in stool 
and blood for the early detection of CRC. Most research has explored the value of DNA 
and proteins as markers, for which stool-based markers seem to outperform blood-based 
markers. However, the use of stool samples for marker detection (e.g. sample collection, 
storage and handling) is not standardized, and therefore the performance of different 
markers is difficult to compare. Overall, there is a trend to move from a single marker to 
a panel of markers to improve sensitivity. DNA tests have, for example, been improved by 
combining mutation detection with a DNA integrity test plus DNA methylation markers. 
So far, no protein-based fecal test has proved better than fecal immunochemical tests 
for hemoglobin. RNA-based approaches are still emerging. Finally, no marker or panel 
of markers has yet been evaluated in large unbiased population studies to assess 
performance across all stages of neoplasia and in all practical settings.
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In chapter 3 we explored the technical possibilities of detecting DNA methylation 
markers in stool. DNA methylation markers are promising for stool-based tests, but test 
characteristics such as analytical sensitivity and the rate of DNA degradation in stool 
over time have not widely been explored. In this chapter, we mimicked the situation of 
shed tumor cells in stool by spiking increasing numbers of tumor cells into stools from 
healthy individuals. We found that -in our hands- detecting DNA methylation was ~20-
fold more sensitive compared to detecting DNA mutations. The analytical sensitivity of 
DNA methylation detection in stool was 3000 cells per gram, which we considered highly 
sensitive, knowing that stool is a complex matter and contains ~100 billion bacteria per 
gram stool9. We also observed that stool samples can be stored at room temperature 
for at least three days without loss of signal, as long as a conservation buffer was used. 
Finally, we showed the feasibility of detecting cancer-specific DNA methylation in Fecal 
Immunochemical Test (FIT) fluid, which demonstrates the opportunity to combine 
testing for occult blood as well as DNA methylation in the same collection device. This is 
particularly interesting, because the combination of FIT and a DNA methylation marker 
has potential to increase the sensitivity to detect colorectal tumors, which we show in 
chapter 4. 

In chapter 4 we present a novel hypermethylated gene in CRC, Phosphatase and Actin 
Regulator 3 (PHACTR3), which performs well as a biomarker in stool for detecting early 
CRC. PHACTR3 hypermethylation was initially identified in a bioinformatics approach 
based on expression levels in CRCs in comparison to adenomas. Genes that were 
downregulated in carcinomas compared with adenomas were predicted to be prone 
for cancer-specific methylation. Experimental validation by quantitative methylation 
specific PCR (QMSP) indeed showed that PHACTR3 DNA methylation levels were highly 
increased (>70-fold) in advanced adenoma and CRC tissues compared to normal colon 
tissue. In two retrospective stool series, PHACTR3 methylation was 32% sensitive for 
the detection of advanced adenoma and 55-66% sensitive for the detection of CRC at 
a specificity of 95-100%, making PHACTR3 one of the best performing stool-based DNA 
methylation markers described so far. In search for further improvement of performance, 
we investigated the combination of PHACTR3 methylation with FIT. PHACTR3 methylation 
and FIT as separate markers showed equal test performances, but when combined, 
there was an increase of 15% in sensitivity for CRC. 

The data in chapter 5 show the discovery of promising candidate protein markers that 
also have potential to improve FIT for early CRC detection. We set out to identify novel 
protein biomarkers that may outperform or complement hemoglobin in detecting CRC. 
For this purpose we applied in-depth proteomics (LC-MS/MS) directly on stool samples 
from CRC patients and individuals without any signs of colorectal neoplasia (controls). 
With a total of 830 identified human proteins, including 134 that were significantly 
enriched in CRC stool samples compared to controls, the data presented in this chapter 
represent the most comprehensive overview of the human stool proteome to date.  
A high-priority list of 33 candidate biomarkers was selected for further validation by 
filtering for proteins that were significantly enriched in FIT-negative CRC stool samples 
compared to controls, had a potential epithelial origin, and were recovered in a 
verification experiment. Targeted mass spectrometry (SRM) on a first selection of 13 
proteins confirmed that this approach can be used for large scale validation without the 
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need for antibody-based assays at this stage. Furthermore, it validated the presence 
of proteins in stool, like C4B, GPI, PRTN3 and A2M, which could discriminate advanced 
adenoma and/or CRC patients on one hand from controls and on the other hand from 
non-advanced adenomas patients.

Molecular markers for predicting therapy response 

In chapter 6 we describe the identification of a novel hypermethylated gene in CRC, Decoy 
Receptor 1 (DCR1), which predicts response to treatment with irinotecan in patients with 
metastatic CRC. The study was conducted using primary CRC tissues samples from a sub-
set of patients from the Dutch CApecitabine, IRinotecan and OXaliplatin (CAIRO) study10. 
Patients randomized in arm A received as first-line therapy capecitabine alone versus 
the combination of capecitabine and irinotecan in arm B, which provided an excellent 
opportunity to evaluate predictive markers for irinotecan. Of a selection of initially 22 
candidate genes, DCR1 methylation was identified as being significantly correlated with 
progression free survival in patients treated with capecitabine and irinotecan, but not 
in patients treated with capecitabine alone. Patients with methylated tumor DCR1 did 
not benefit from the addition of irinotecan to capecitabine, in contrast to patients with 
unmethylated tumor DCR1. This finding was observed in both a discovery set (n=185) 
and a validation set (n=166) of CRCs. These results indicate that DCR1 methylation 
status may guide the selection of advanced CRC patients for irinotecan-based therapy. 
The association between DNA methylation and reduced mRNA expression lend further 
support for this finding. Moreover, because the frequency of DCR1 methylation was 
around 46%, this finding could be relevant for a large number of patients. 

Interplay of genetic and epigenetic alterations in CRC

It is obvious that cancer is not only a genetic disease, but that epigenetic alterations 
have at least an equally important contribution. These alterations likely do not 
occur as independent mechanisms in a tumor cell but rather are influenced by, or 
related to one another. In chapter 7 and 8 we investigated the relation between two 
aberrations that frequently occur in colorectal carcinogenesis; chromosomal instability, 
which includes gains and losses of (parts) of chromosomes, and gene promoter 
hypermethylation.

In chapter 7 we studied genetic and epigenetic targeting of (candidate) tumor suppressor 
genes located on chromosome 18q21, a chromosomal region frequently lost in colorectal 
carcinogenesis. We therefore analyzed DNA copy number, DNA hypermethylation and 
histone-tail modifications of 5 (candidate) tumor suppressor genes, MBD1, CXXC1, 
SMAD4, DCC and MBD2, which are closely located on a 4 Mb region on 18q21. DCC 
showed promoter hypermethylation in CRC cell lines and carcinoma tissues, while 
MBD1, CXXC1, SMAD4 and MBD2 were unmethylated in their promoters. DCC promoter 
methylation was associated with reduced gene expression, which was independent of 
18q21 loss. Reduced gene expression of CXXC1, SMAD4 and MBD2 correlated with 18q21 
loss in CRC cell lines. Treatment with the demethylating agent 5-aza-2’deoxyxitidine 
(DAC), but not with the histone deacetylase inhibitor Trichostatin A (TSA) exclusively 
restored DCC expression in CRC cell lines. In addition, the DCC promoter was marked 
with repressive histone-tail marks K3K9me3 and H3K27me3, whereas the active histone-
tail mark H3K4me3 was absent. Only active histone-tail marks were detected for MBD1, 
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CXXC1, SMAD4 and MBD2. Thereby the data presented in this chapter demonstrates that 
while chromosomal loss of 18q21 frequently involved the entire chromosomal region 
tested, epigenetic silencing specifically targets DCC without affecting nearby genes on 
chromosomal region 18q21.

In the study presented in chapter 8 we set out to test the hypothesis that DNA promoter 
hypermethylation is involved in controlling the expression of genes located at regions 
of chromosomal gain. To this end we integrated genome-wide DNA methylation, DNA 
copy number and mRNA expression data of 9 CRC cell lines. We observed that areas 
with gains/amplifications had a significantly higher percentage of methylated genes 
compared to areas with loss or neutral DNA copy number status and that expressed 
genes (in CRC cell lines) were targeted in a higher rate than non-expressed genes. A 
selection of 286 genes that were significantly enriched for promoter methylation 
in gains/amplification was studied in more detail. The majority of these genes had a 
stable expression with increasing DNA copy number. In addition, a significantly higher 
proportion of genes showed a negative trend between RNA expression and DNA copy 
number level, as compared to genes that were not enriched for promoter methylation in 
gains/amplification. Of these 286 genes, 18 were recognized as tumor suppressor genes. 
In addition, pathway analysis revealed that the 286 genes enriched for methylation in 
gains/amplification are involved in cellular integrity, developmental processes as well 
as cancer processes, suggesting that genes for which a dosage effect could actually 
have a tumor suppressive effect may be controlled by DNA methylation, Although 
more dedicated studies are needed to fully prove the proposed hypothesis, the study 
presented in this chapter adds to the sparse literature that DNA methylation may indeed 
be an extra layer of control for expression of genes at loci with DNA copy number gain 
in cancer. 

General discussion
Colorectal cancer (CRC) is a heterogeneous disease and the underlying biology is probably 
highly related to the phenotype and clinical behavior of the lesions, such as morphology 
(e.g. polypoid or non-polypoid), progression capacity (e.g. only ~5% of adenomas will 
eventually become an adenocarcinoma) and response to treatment (e.g. KRAS mutated 
tumors are insensitive to cetuximab or panitumumab). Hence, molecular markers, 
which reflect biology, have great potential to improve currently used clinicopathological 
parameters for e.g. (early) diagnosis, prognosis and treatment of CRC. The studies in this 
thesis have identified novel candidate molecular markers that have high potential to 
improve current non-invasive tests for detecting early CRC (e.g. PHACTR3 methylation 
and proteins like C4B, GPI, A2M and PRTN3), or to predict response to treatment with 
irinotecan in patients with metastatic CRC (i.e. DCR1 methylation).

Molecular markers for early detection of CRC

The majority of CRC screening programs operational world-wide use fecal occult blood 
tests as primary screening tool, which is also recommended by the Council of the 
European Union11,12. Fecal occult blood tests, while simple and increasing the likelihood 
of neoplasia being present when positive, detect a phenotype that is not common to 
all colorectal tumors and not specific for cancer, namely bleeding. Molecular markers 
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derived from the neoplastic cells themselves have great potential to be more sensitive (i.e. 
continuous shedding of tumor cells in stool) and more cancer-specific. 

Stool is most probably the preferred sample type for early CRC detection by molecular 
markers. In contrast to e.g. blood, stool is in direct contact with the neoplastic cells (high 
sensitivity) and potential tumor markers from organs other than the intestinal tract will 
not be retrieved from stool (high specificity). Although stool is a complex sample type 
to detect molecular markers in, testing e.g. DNA mutation revealed a higher sensitivity 
in stool (92%) than in plasma (50%) when sampled from the same CRC patients13. Not 
only the sample type matters, but also the type of marker that is analyzed influences 
the success of a molecular test. This is exemplified by the findings in chapter 3 of this 
thesis, in which we showed that testing for DNA methylation is ~20-fold more sensitive 
compared to testing for DNA mutations.  In line with this observation, there indeed is a 
trend to move away from mutation markers in favor of methylation markers, as discussed 
in the literature review in chapter 2 of this thesis.

Because not only test accuracy, but also the participation rates (i.e. the acceptance of a 
test by the target population) and costs influence the success of a screening test14, stool 
collection and handling are important issues. Most studies with stool-based DNA tests 
collect whole stool specimens, which is a logistic hurdle for the individual that provides 
the sample as well as for the researcher that needs to process, store and analyze the 
sample. Detecting markers in smaller samples volumes are therefore preferred for large-
scale screening programs. To this end, a pilot study was performed (described in chapter 
3 of this thesis) that showed the feasibility of detecting DNA methylation in the ~2 ml 
fluid from FITs that were sampled from stools from CRC patients. Although technically 
challenging, these results demonstrated that the use of (much) smaller samples volumes 
should be possible, especially in the view of ongoing technical innovations that will 
provide methods with higher analytical sensitivities than the method used in chapter 3 
of this thesis.

Molecular markers might detect a different neoplasia-dependent biology than FIT and 
hence could return a different subgroup of tumors. This is demonstrated in chapters 4 
and 5 of this thesis by the complementary values of PHACTR3 methylation and proteins 
like C4B to FIT and vice versa. In addition, with the different molecular pathways of 
oncogenesis, some molecular markers might be pathway specific. So, to reliably detect 
the full range of colorectal tumors, a panel of molecular markers may well be needed15. 
Indeed, results from a very recent study on a multi-target stool DNA-based test 
(comprising DNA markers (methylated BMP3 and NDRG4, mutant KRAS (7 mutations, 
codons 12, 13), plus β-actin) and fecal hemoglobin) revealed sensitivities of 98% for 
CRC (91/93), 57% for adenomas ≥1 cm (65/114) and 86% for adenomas with high grade 
dysplasia (12/14), at a specificity of 90% (79/796 controls including non-advanced 
adenomas)16. These numbers are highly encouraging and demonstrate the potential of 
combining molecular markers for colorectal cancer screening. 

Yet, increasing sensitivity to the level that a test detects more adenomas, including 
those with little propensity to progress to cancer, does not necessarily provide added 
value. The broadly accepted definition of a high-risk adenoma in literature is called an 
“advanced adenoma”, which is more often defined by size (≥1 cm), and less often by 
presence of high grade dysplasia and/or presence of villous architecture17. However, the 
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vast majority of advanced adenomas will not progress to cancer either17, and a proportion 
on non-advanced adenomas might well have potential to progress. A screening test that 
is validated on an intermediate endpoint that is based on tumor biology behind this 
progression therefore holds most promise.

Molecular markers for predicting therapy response 

The diverse biology of colorectal cancer forms the basis of personalized medicine with 
treatment selection being customized for individual cancer patients18. An important 
element in personalized medicine is reducing unnecessary treatment and adverse effects 
for patients that do not benefit from a given pharmaceutical treatment. Predictive 
biomarkers are highly suitable for this purpose. The main drugs used for treating 
metastasized CRC (mCRC) are fluoropyrimidines (5-fluorouracil (5-FU); capecitabine) in 
combination with either irinotecan or oxaliplatin8. The overall response rates of <40%19 
illustrate the urgent need for predictive biomarkers. 

Many potential biomarker candidates for chemotherapy treatment of mCRC have been 
identified, however, only one has reached the clinic so far, i.e. KRAS mutation status, 
which predicts response to EGFR-targeted therapy20. The main reason for this is the lack 
of reproducibility and reliability among the many retrospective studies of predictive 
markers. Firstly, the definitions of prognostic versus predictive role of biomarkers are 
not consistently being used hence the predictive or prognostic roles are not always 
well evaluated21,22. Since predictive biomarkers may also have prognostic value and 
vice versa, it is therefore required to include a control group when studying predictive 
biomarkers23. Secondly, the majority of the published biomarkers have been identified 
on small sample sizes, often in (retrospective) non-experimental, non-randomized 
studies21. To circumvent these issues, the use of archival material from well-documented 
clinical trials for treatment efficacy, like we have done in chapter 6 of this thesis, 
provides a great platform to evaluate predictive biomarkers with sufficient level of 
evidence24. 

Epigenetic aberrations are interesting candidates as predictive biomarkers, since they are 
reversible through specific drugs like DNA methyltransferase inhibitors (e.g. 5-azacytidine) 
or histone deacetylase inhibitors (HDACs)25. Epigenetic drug have antitumor activity 
themselves, but can also sensitize tumors to conventional chemotherapy25,26. DCR1 
methylation (chapter 6 of this thesis), which was identified as predictive marker for lack 
of response to irinotecan and negatively correlated with gene expression, is therefore 
an interesting finding. Although these findings indicate a role for DCR1 in response to 
irinotecan, further studies into a causal relationship are needed to strengthen a potential 
clinical relevance. Indeed, markers that are closely associated with the cellular process 
of response are clinically most useful, again illustrated by the role of KRAS mutations that 
leads to resistance to EGFR-targeted therapy20. 

Finally, many studies for predictive markers use isolated molecular targets. Genome-
wide approaches, like methylation profiling (e.g. by MethylCap-sequencing), DNA 
copy number profiling (e.g. by array comparative genomic hybridization (aCGH)), and 
NextGen RNA or DNA sequencing will allow a more thorough analysis of the biological 
heterogeneity and the relation with clinical outcome27-29. Furthermore, with the growing 
number of therapeutic options, especially in the field of targeted therapy, genome-wide 
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molecular profiling of tumors will increase the chances of finding targets to a priori 
select treatments for patients with metastatic disease, and change the clinical outcome 
for an individual patient30. 

Interplay of genetic and epigenetic alterations in CRC

Colorectal cancer is characterized by different types of biologic alterations, of which 
chromosomal instability (CIN) and DNA promoter hypermethylation are two prominent 
examples. High frequencies of promoter hypermethylation, often referred to as the 
CpG island methylator phenotype (CIMP), are associated to microsatellite instability31-33. 
However, promoter hypermethylation is not exclusively linked to MSI, and has even 
been associated with specific patterns of chromosomal changes34. Chapter 7 and 8 in 
this thesis describe the relationship between DNA promoter hypermethylation and DNA 
copy number loss (chapter 7) and between DNA promoter hypermethylation and DNA 
copy number gain (chapter 8). The former would fit in Knudson’s two-hit hypothesis35,  in 
which both alleles in a diploid cell, or more hits in case of a polyploid model36, need to be 
dysfunctional for full inactivation of a tumor suppressor gene (TSG). The latter would fit 
in the hypothesis that DNA methylation is involved in controlling the expression of genes 
located at regions of chromosomal gain. 

It turned out that gene promoter hypermethylation appears to target specific genes in 
regions of chromosomal loss, rather than exerting a more generic effect. For example, 
18q21 is a chromosomal region frequently lost in colorectal carcinogenesis37,38. From 5 
(candidate) tumor suppressor genes closely linked on a 4 MB region on 18q21, only DCC was 
specifically targeted by promoter methylation and H3K9me3- and H3K27me3-mediated 
epigenetic silencing. The DCC locus was affected by methylation and/or deletion in 90% 
of CRC, of which 27% was affected by both mechanisms. Thus, whereas chromosomal 
losses frequently involve the entire chromosomal region, promoter hypermethylation 
and H3K9me3- and H3K27me3-mediated epigenetic silencing can specifically target 
individual genes, and this can occur in a concerted manner.

In contrast to a role of promoter hypermethylation in combination with chromosomal 
losses, a role for promoter hypermethylation in combination with DNA copy number 
gain may seem counterintuitive. However, DNA copy number gains in cancer often 
have sizes in the megabase range containing multiple genes38. While a dosage effect 
of a substantial part of these genes may contribute to the selection advantage, for a 
subset of genes a dosage effect could actually have a tumor suppressive effect. Down 
regulation of the expression of these genes during cancer development therefore 
would be plausible, and promoter hypermethylation could be a possible mechanism. 
The data presented in chapter 8 are consistent with the hypothesis that one of the 
mechanisms to control gene expression affected by DNA copy number gains is DNA 
promoter hypermethylation. Similar to the findings described in chapter 7, promoter 
hypermethylation in chromosomal gains seems to specifically target individual genes, 
which is in concordance with two recent studies that have reported on hypermethylated 
genes in gains that would suggest a non-random effect39,40. 

Promoter hypermethylation of genes in chromosomal gains or amplifications would be of 
special interest when thinking in terms of biomarkers. Both promoter hypermethylation 
and DNA copy number gain are abnormal events that are linked to neoplastic cells. This 
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combination provides the opportunity to detect tumors with DNA copy number gains 
or amplification by looking for the associated promoter hypermethylation of specific 
genes. For example, PHACTR3 (chapter 4) and GATA541 are located on chromosome 
20q, which is frequently gained in CRC38, and can be used as biomarkers for CRC 
screening. 

Conclusions and future perspective
This thesis presents novel candidate molecular markers that can be used for early 
detection of CRC in stool (e.g. PHACTR3 methylation), and for response-prediction 
of metastasized CRC patients to treatment with irinotecan (e.g. DCR1 methylation). 
In addition, we provide insight into the complex interactions of CRC genetics and 
epigenetics, which will help us to better understand the disease and hence to develop 
novel clinical applications.

Bringing candidate bio markers from proof of concept to full implementations in clinical 
practice, takes much additional efforts, such as (prospective) validation in multiple 
independent studies and cost-effectiveness studies. For the markers described in this 
thesis, these steps are currently being taken within the Decrease Colorectal Cancer 
Death (DeCoDe) project in the context of the Center for Translational Molecular 
Medicine (CTMM) (http://www.ctmm.nl). In addition, population screening for CRC 
in the Netherlands, which will start next year, will provide the ultimate platform for 
validating molecular screening markers in an actual screening setting.

Finally, translation of basic biomedical research into safe and effective clinical applications 
remains a slow, difficult and expensive process. This is exemplified by the much higher 
rate at which biomarkers are discovered than at which that information is translated 
to clinical applications. This slow translation is in part due to studies on small sample 
sizes and/or highly selected samples, and publications showing positive results only 
(and/or leaving out negative results). Well designed and conducted studies and accurate 
reporting is needed to reveal biomarkers that show reproducible results. Besides, 
for translational research to be effective and fruitful, a multidisciplinary approach is 
required. Hence, increased collaborative efforts of different disciplines within academia 
and industry are needed to ultimately develop biomarkers that truly lead to clinical 
practice and ultimately to improve patient care.
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