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Chapter 1

Introduction
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COLORECTAL CANCER

Colorectal adenocarcinoma is the third most common cancer and the fourth most fre-

quent cause of death due to cancer worldwide. Yearly almost one million new cases 

occur global, with 492000 related deaths.[1] In developed countries it is the second 

most common tumour, with a lifetime risk of 5%, but its incidence and mortality are

currently decreasing.[2;3] Surgery is the cornerstone of therapy when the disease is 

confi ned to the bowel wall. This results in 70 to 80% of patients who can be resected

with curative intent.[4] After curative surgery the fi ve-year survival rate for patients 

with localised disease is 90%, decreasing to 65% in case of metastised disease in the 

lymph nodes. Adjuvant radiation therapy, chemotherapy, or both are benefi cial in

selected patients. For colorectal cancer the TNM staging system remains the gold

standard for prognostication of the disease relying entirely on morphological and 

histopathological appearance of the tumour. Classifi cation of tumours into these

TNM stages with distinct clinical courses enables clinicians to defi ne treatment. How-

ever, tumours with similar histopathological characteristics may have different clini-

cal outcome and responsiveness to therapy.[5] Therefore, a detailed diagnosis would 

allow a more individualised treatment that may avoid unnecessary morbidity and 

increase survival. Despite these optimised treatment strategies for colorectal cancer 

patients, early detection of colorectal cancer will increase survival most. Colorectal 

cancer is optimal to employ early detection, as precancerous and early cancerous 

lesions are well defi ned in a multistep sequence of genetic alterations that result in 

the transformation of normal mucosa to a precursor adenoma and ultimately to car-

cinoma. Thus, given the natural history of the malignancy, early diagnosis appears to 

be the most appropriate tool to reduce disease-related mortality.[6-8]

BIOMARKERS IN COLORECTAL CANCER

Biomarkers are molecules that indicate the presence of cancer in the body. Most

biomarkers are based on abnormal presence, absence or alterations in genes, RNA,

proteins and metabolites. Since the molecular changes that occur during tumour de-

velopment can take place over a number of years, some biomarkers may be used to 

detect colorectal cancer early. Furthermore, they might be used to predict prognosis,

monitor disease progression and therapeutic response. Gion et al. classifi ed different

circulating biomarkers according to their clinical application.[9] These candidate bio-

markers however, are frequently found in relatively low concentrations amid a sea 

of other biomolecules, so biomarker research and possible diagnostic tests depend

critically on the ability to make high sensitive and accurate biochemical measure-
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ments. Ideally, biomarkers should be specifi c for the disease and easy accessible, 

such as serum, plasma or urine, to increase their clinical applicability.

Carcinoembryonic antigen (CEA) is the best-characterised serologic tumour marker 

for monitoring colorectal cancer. However, its use as a population based screening 

tool for early detection and diagnosis of the disease is hindered by its low sensitivity 

and specifi city. Fletcher showed that for screening purposes in a normal population, 

a cut-off concentration of 2.5 μg/L CEA would yield a sensitivity of 30-40%. Based

on these data he calculated that there would be 250 false positive tests for every true

positive test, i.e. a patient with cancer. Furthermore, 60% of the cancers would not

be detected.[10-13]

Faecal occult-blood testing (FOBT) is another biomarker for which clinical trials 

have shown evidence of a decreased risk of death correlated with increased detec-

tion of the disease. This approach is a non-invasive option that limits the need

for follow-up colonoscopy to patients with evidence of bleeding. Neoplasms bleed

intermittently, however, allowing some to escape detection with faecal occult-blood 

testing. Annual retesting is therefore necessary but is still insuffi cient, detecting only 

25 to 50% of colorectal cancers and 10% of adenomas. The specifi city of FOBT is also 

limited by frequent false positive reactions to dietary compounds, medications, and 

gastrointestinal bleeding from causes other than colorectal cancer.[14-17] However, 

population screening for colorectal cancer based on FOBT is already implemented 

in several countries, including a trial in the Netherlands. The expectation is that

even though the techniques still has its fl aws, a population screening for colorectal 

cancer will decrease mortality with 15-20%.[14] This can be attributed to the fact

that colorectal cancer develops as a multistep sequence of precancerous and early 

cancerous lesions over a relatively long period of time. However, these early stages 

of the disease can only be detected by screening. Furthermore, scientifi c evidence

clearly shows that, in the case of CRC, early detection and treatment leads to more 

benefi t than treatment that has started later. These reasons among other Wilson and 

Jungner’s criteria, that also apply for colorectal cancer, are explain that a population

based screening trial has started in the Netherlands, although the technique still has

some limitations.[18] 

BREAST CANCER

With over 1 million new cases in the world each year, breast cancer is the com-

monest malignancy in women and comprises 18% of all female cancers.[19] In 2005,

breast cancer caused 502,000 deaths (7% of cancer deaths; almost 1% of all deaths) 

worldwide. The most recent data from the Surveillance, Epidemiology, and End
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Results (SEER) program of the National Cancer Institute indicate that the lifetime 

probability of developing invasive breast cancer is one in nine.[20] Despite increas-

ing incidence rates, annual mortality rates from breast cancer have decreased over 

the last decade (2.3% per year from 1990 to 2002).[21] The effect of reduction due

to early diagnosis of breast cancer has been outlined with patients’ data by the

Surveillance, Epidemiology, and End Results program in a competing-risk analysis 

calculating probabilities of death from breast cancer and other causes according 

tot stage, race and age at diagnosis.[22] Reasons for the decline in mortality rates

in western Europe, Australia and the Americas include widespread mammography 

screening, precise diagnosis, and increased number of women receiving tailor made

treatment- including extensive use of tamoxifen and the use of chemotherapy.

[23] There are many risk factors for breast cancer, including age and gender, race, 

lifestyle and dietary factors, reproductive and hormonal factors, family history and 

genetic factors, exposure to ionizing radiation and environmental factors. Although 

many epidemiological risk factors have been identifi ed, the cause of any individual

breast cancer is often unknown. In other words, epidemiological research informs 

the patterns of breast cancer incidence across certain populations, but often not in 

a given individual.

Once the diagnosis of breast cancer is established, the choice of initial treatment

depends upon the stage or extent of disease. Although initial treatment decisions

are made on the size and appearance of the primary tumour and the presence

of palpable axillary nodes, the surgical and pathological fi ndings are used to de-

termine the pathologic disease stage, which dictates the prognosis and need for

adjuvant systemic therapy. The most important are the status of the draining axillary 

lymph nodes, tumour size, whether the tumour expresses hormone receptors and/

or the protein HER2, and a woman’s age or menopausal status. Up to one-third of 

women with non-palpable axillary lymph nodes will be found to harbour metastases, 

while one-third of those with palpable nodes will be pathologically free of nodal 

involvement. In women with breast cancer who are younger than 50 years of age,

chemotherapy increases their 15-year survival rate by 10%; in older women the 

increase is 3%.[24] However, chemotherapy has a wide range of acute and long-term 

side effects that substantially affect the patient’s quality of life.[25] As it is not pos-

sible to accurately predict the risk of metastasis development in individual patients, 

nowadays more than 80% of them receive adjuvant chemotherapy, although only 

approximately 40% of the patients relapse and ultimately die of metastatic breast

cancer. Therefore, many women who would be cured by local treatment alone, 

which includes surgery and radiotherapy, will be ‘over-treated’ and suffer the toxic

side effects of chemotherapy needlessly.[26]
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Women who have oestrogen sensitive (ER positive) tumours receive some form

of hormonal therapy to block the cancer-promoting effect of oestrogen.[27] The use 

of tamoxifen was shown to signifi cantly reduce the risk of recurrence and increase

ten year survival in women with ER positive and ER unknown status tumours and its 

gradual widespread use is one of the main factors associated with the dramatic fall 

in mortality during the late twentieth century.[28;29] Most postmenopausal women 

receive tamoxifen for fi ve years. Trials are ongoing to establish even more effective

drugs and regimens for pre- and postmenopausal patients, taking into account side-

effects as well as survival times. The ATAC trial recently reported its early results

comparing anastrazole alone, anastrazole plus tamoxifen, and tamoxifen alone for 

postmenopausal women and has shown the benefi ts of anastrozole over tamoxifen

in disease-free survival in early breast cancer.[30] In premenopausal women oestro-

gen production may be stopped by surgery (removing the ovaries), radiotherapy or 

drugs that reversibly suppress the ovaries (LHRH analogues).

In a recent meta-analysis, a mortality reduction of 38% (age <50 years) and 20% (age

50-69 years) with chemotherapy is shown, followed by a further reduction of 31%

from tamoxifen. When combined together, the fi nal mortality reductions would be 57%

and 45%, respectively 57% reduction for women younger than 50 years of age and for 

those of age 50–69 years.[24] Moreover, breast cancer patients with the same stage of 

disease can have markedly different treatment responses and overall outcome.

DIAGNOSIS AND BIOMARKERS IN BREAST CANCER

The procedures most commonly used in breast-cancer diagnosis is mammography,

and to a lesser extent ultrasonography, MRI, and PET. In addition, physical examina-

tion remains important because a certain proportion (11%) of breast cancers is not

seen on mammography.[31] Mammography remains the most important diagnostic

tool in women with breast tissue that is not dense and is used in many coun-

tries as a population based screening in woman older than 50 years. The effect of 

breast screening in terms of breast cancer mortality reduction persists after long-term

follow-up. A recent meta-analysis of seven randomised trials – concluded that there

was a 15-20% reduction in risk of death from breast cancer in women attending

mammography.[32] The effect of mammography screening is age-dependent and the 

highest effect is seen in women aged 55-69 years. This effect was not seen in woman 

under the age of 50, probably because of the higher density of the breast tissue.

[33] Thus, after menopause, mammography is generally the best method to discover 

tiny, non-palpable lesions. By contrast, ultrasonography is the most effective pro-

cedure to diagnose small tumours in women with dense breast and to differentiate
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solid lesions from cystic lesions.[34] Although mammography can identify suspicious 

micro calcifi cations, it is not good at distinguishing between breast densities and

has diffi culty in identifying certain lobular invasive carcinomas, Paget’s disease of 

the nipple, infl ammatory carcinoma, and particularly peripheral, small carcinomas.

[35] MRI is mainly used as a problem-solving method after conventional diagnostic 

procedures. The technique is highly sensitive and mainly used for the screening of 

high-risk, BRCA-positive patients. It is also useful for identifi cation of primary foci in

non-palpable lesions and axillary metastases with no evidence of a primary focus, 

and for assessment of response to neoadjuvant chemotherapy.[36] Although MRI 

has good diagnostic accuracy, the rate of false-positive cases is still high and MRI 

fi ndings cannot be a sole indication for breast surgery.[37] PET is presently used to

discover undetected metastatic foci in any distant organ and can assess the status of 

axillary nodes in the preoperative staging process.[38]

Currently, mammography remains the most important diagnostic tool since serum 

tumour markers play no role of importance in the diagnosis of breast cancer due to

a lack of sensitivity and specifi city. Consequently, a major focus of present research 

is the identifi cation of new biomarkers and drug targets to improve (early) detec-

tion and treatment; since early detection and more individualised treatment would 

benefi t the individual patient and avoid unnecessary morbidity.

A NEW DIAGNOSTIC PARADIGM: CLINICAL PROTEOMICS

Proteomics is the large-scale study of proteins, particularly their presence, structure

and functions. The term ‘proteomics’ was coined to make an analogy with genomics, 

the study of the genes. Proteomics is often considered the next step in the study of 

biological systems, after genomics. It is more complicated than genomics, mostly 

because while an organism’s genome is rather constant, a proteome differs from cell

to cell and constantly changes through its biochemical interactions with the genome

and the environment. However, this functional state of a cell is very interesting for

research goals and especially in oncogenesis. Clinical proteomics is referred to as

mass spectrometry based proteomics using easy accessible body fl uids.

Mass spectrometry is an analytical technique used to measure the mass-to-charge

ratio of ions. It is most generally used to fi nd the composition of a physical sample

by generating a mass spectrum representing the masses of sample components. The

mass spectrum is measured by a mass spectrometer. Matrix-assisted laser desorption/

ionisation (MALDI) is a soft ionisation technique used in mass spectrometry, allowing

the analysis of biomolecules which tend to be fragile and fragment when ionised by 

more conventional ionisation methods. The ionisation is triggered by a laser beam
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(normally a nitrogen laser). A matrix is used to protect the biomolecule from being

destroyed by direct laser beam and to facilitate vaporization and ionisation. The type

of a mass spectrometer most widely used with MALDI is the TOF (time-of-fl ight mass

spectrometer), mainly due to its large mass range. These mass spectrometers use an 

electric fi eld to accelerate the ions through the same potential, and then measures 

the time they take to reach the detector. If the particles all have the same charge,

then their kinetic energies will be identical, and their velocities will depend only on 

their masses. Lighter ions will reach the detector fi rst, as shown in fi gure 1. The TOF 

measurement procedure is also ideally suited to the MALDI ionisation process since 

the pulsed laser takes individual ‘shots’ rather than working in continuous operation.

MALDI-TOF instruments are typically equipped with an “ion mirror”, defl ecting ions

with an electric fi eld, thereby doubling the ion fl ight path and increasing the resolu-

tion. First, a sample has to be introduced into the ionisation source of the instrument. 

Once inside the ionisation source, the sample molecules are ionised, because ions 

are easier to manipulate than neutral molecules. These ions are extracted into the

analyzer region of the mass spectrometer where they are separated according to 

their mass-to-charge ratios (m/z). The separated ions are detected and this signal 

is sent to a data system where the m/z ratios are stored together with their relative 

abundance for presentation in the format of an m/z spectrum.

Proteomic pattern diagnostics is a recent and potentially revolutionary approach

for early disease detection, prognostication, and monitoring in oncology. The use of 

proteomic technologies might benefi t biomarker discovery and treatment modalities:

serum protein profi ling for early disease detection and molecular signal mapping to

instigate pharmocoproteomic therapeutic interventions.[39] Thus, several authors hy-

pothesised that proteomic patterns generated with mass spectrometry are correlated

to biological events occurring in the entire organism and are likely to change in the

 

Figure 1. Schematic version of MALDI-TOF mass spectrometry principle.

Sample molecules are ionised with a laser source. Then an electric fi eld is used to accelerate the ions in a fl ight tube. The detector measures their

fl ight time. If the particles all have the same charge, then their kinetic energies will be identical, and their velocities will depend only on their

masses. The smaller ones (red) will reach the detector earlier than the heavier ones (green).
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presence of disease. New types of bioinformatic pattern recognition algorithms were 

used to identify patterns of protein changes in order to discriminate cancer patients

from healthy individuals with promising results. 

Petricoin and his co-workers were the fi rst to state that fi nding a single disease-

related biomarker is like searching for a needle in a haystack; each entity has to be 

separated and identifi ed individually.[40;41] Moreover, they postulated that the blood

proteome constantly changes as a consequence of the perfusion of the diseased

organ adding, subtracting, or modifying the circulating proteome. These differences

might be the result of proteins being abnormally produced or shed and added to 

the serum proteome, clipped or modifi ed as a consequence of the disease process, 

or subtracted from the proteome owing to disease-related proteolytic degradation 

pathways. Therefore, protein pattern diagnostics would provide an easy and reliable 

tool for detection of cancer. The advantages of the proteomic pattern approach were 

stressed in several papers. In addition to the high sensitivity and specifi city, cost-

effectiveness, easy accessibility of body fl uid and especially the high-throughput, 

ultimately allowing application in future screening studies, were mentioned.[42;43] 

Next to these hopeful voices, soon critical notes were made on analytical reproduc-

ibility and the use of the so-called black box approach, lacking identifi cation of 

discriminating proteins.[44]

CLINICAL PROTEOMICS IN ONCOLOGY

Cancer is known to be the consequence of genetic alterations. A gene, however, 

is only potential information that must be put into a functional form. The DNA is 

transcribed into RNA before translation into protein, the functional manifestation 

of the genetic code. During the transformation of a healthy cell into a neoplastic

cell, including alterations in expression, activity, localization and differential protein

modifi cation, changes also occur in the protein level. Identifying and understanding

these changes is the underlying theme in cancer proteomics.[45]

In 2002 several studies discriminated patients with various cancers from healthy 

subjects on the basis of presence/absence of multiple low-molecular-weight serum

proteins using SELDI-TOF mass spectrometry technologies.[42;46-48] The authors

hypothesised that proteomic patterns are correlated with biological events occurring 

in the entire organism and are likely to change in the presence of disease. New 

types of bioinformatic pattern recognition algorithms were used to identify patterns

of protein changes in order to discriminate cancer patients from healthy individuals

with promising results. Several studies have shown that biomarkers can be identi-

fi ed on the basis of the presence/absence of multiple low-molecular-weight serum
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proteins.[41;42;46-49] Furthermore, different profi les may be associated with varying 

responses to therapeutics and other clinically relevant parameters and may also serve

as prediction for treatment outcome.

Although serum protein patterns showed high sensitivity and specifi city as an

early diagnostic tool in several studies, critical notes have been made on biological

variation, pre-analytical conditions and analytical reproducibility of serum protein

profi les that would make it diffi cult to differentiate a normal from a pathological

and/or malignant status.[50] In addition, the reproducibility of serum protein profi les 

has been questioned, which however relates more to the bioinformatical analysis of 

the measured protein profi les than the capturing and measuring techniques itself.

[51-53] Thus, if proteomics spectra are ultimately to be applied in a routine clinical

setting, collection and processing of the data will need to be subject to stringent

quality control procedures.[54] 

OUTLINE OF THIS THESIS

Given the natural history of colorectal and breast cancer, early diagnosis appears to 

be the most appropriate tool to reduce disease-related mortality.[6;7] Currently, there

is no early diagnostic test with high sensitivity, specifi city and positive predictive

value, which can be used as a routine screening tool. Therefore, there is a need for 

new biomarkers for both types of cancer that can improve early diagnosis, monitor-

ing of disease progression and therapeutic response and detect disease recurrence.

Proteomic expression profi les generated with mass spectrometry have been suggest-

ed as potential tools for the early diagnosis of cancer and other diseases. Because it 

is still in its infancy, many problems have to be overcome before clinical proteomics 

can be transferred form bench to bedside. Chapter 2 gives an insight in the differ-

ent fi elds of translational research in colorectal cancer by our group. In chapter 3

reliability of human serum protein profi ling using MALDI-TOF mass spectrometry 

is analysed. We present a pipeline for pre-processing, statistical data analysis and

presentation of MALDI-TOF spectra. This novel analysis method was used to assess 

the effect of variable pre-analytical conditions on human serum protein profi les, and

their effect on reproducibility. In line with the logistic conditions in a routine clinical 

setting, the effects of sample handling and storage, and also circadian rhythm factors

on the serum protein profi les were analysed. In chapter 4 and 5 the feasibility of 

mass spectrometry based protein profi ling for the discrimination of colorectal cancer 

patients from healthy individuals was assessed. In addition to standardizing technical

factors and biological variations, we performed blinded tests and employed a ran-

domised block design experimentation to minimize impact of potential confounding 



Introduction 19

factors and to avoid bias. Especially, validation of our classifi er, as a possible pitfall, 

was given much attention. Therefore, we performed a linear discriminant analy-

sis with double cross-validation to separate cancer patients from healthy subjects.

Chapter 6 reports on results from an identical designed protein profi ling study for 

the detection of breast cancer. In chapter 7 a fi rst validated study on the detection 

of breast cancer based on mass spectrometry generated protein profi les is described. 

In this study the same randomised blocked design and double cross validation is

used, however the classifi er was validated in an independent set of new patients

and controls. Finally, the results and conclusions of all above mentioned studies 

and especially the current status of clinical proteomics in cancer are discussed in 

chapter 8.

A Dutch summary of this thesis is written in chapter 9.
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