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Preface 
In the management of cancer early diagnosis is of crucial importance 

for successful treatment. Unfortunately, in many cases patients present with 
advanced disease, limiting their therapeutic options. Therefore, screening of 
the general population for cancer will enhance earlier diagnosis and better 
treatment and decrease cancer mortality. Furthermore, close monitoring of 
patients enables early detection of relapse and more efficient treatment. 

For early detection and follow-up of cancer, methods are needed 
that are preferably non-invasive, easily performed and reliable. Colorectal 
cancer (CRC) is detected by visual inspection of the bowel by colonoscopy, 
which is an invasive and labour-intensive procedure. For renal cell cancer 
(RCC) no clear-cut means of detection is available apart from a renal biopsy, 
which is not acceptable as a method for screening apparently healthy 
persons. Hence, there is a need for new ways of cancer detection. 
Furthermore, easily performed tests can be routinely used for the follow-up 
of patients. 

The elucidation of the human genome has lead to an increasing 
interest in the use of molecular profiling for the management of cancer. 
Although genomic alterations are at the basis of the development of cancer, 
the genome alone does not reflect the actual state of an individual. Proteins 
are the cell’s effector molecules, and thus their abundance relates better to 
the real condition of a person. In addition, proteins are readily measurable in 
biological matrices such as blood and urine, and can thus excellently fulfil a 
role as biomarkers for cancer. Several proteins are already in use as cancer 
biomarkers, such as carcinoembryonic antigen (CEA) for CRC, but they have 
insufficient sensitivity and/or specificity to be used as single markers for 
cancer detection.   

The development of mass spectrometry has resulted in new 
techniques with which whole patterns or profiles of proteins can be 
evaluated with high throughput. One of these techniques is surface-
enhanced laser desorption ionisation - time of flight mass spectrometry 
(SELDI-TOF MS). Measurement of such profiles, instead of single proteins, 
could yield biomarker profiles for cancer with better sensitivity and specificity 
than single proteins. 

The objectives of this thesis were the evaluation and application of 
SELDI-TOF MS protein profiling in CRC and RCC in order to find serum and 
tissue protein profiles that could yield new biomarkers for these diseases. We 
first describe SELDI-TOF MS in relation to other proteomic technologies 
(Chapter 1). Subsequently we used this technique for protein profiling in CRC 
and RCC (Chapters 2 and 3), assessing technical issues and generating 
discriminating protein profiles for CRC and RCC. 
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Abstract 

Recently, the focus of cancer research has expanded from genetic 
information in the human genome to protein expression analyses. Because 
this ‘proteome’ reflects the state of a cell, tissue or organism more 
accurately, much is expected from proteomics to yield better tumour 
markers for disease diagnosis and therapy monitoring. Some current 
proteomic technologies are particularly suitable for protein profiling in the 
search for new biomarkers. Surface-enhanced laser desorption ionisation - 
time of flight mass spectrometry has been used frequently, highlighting 
many new proteins as biomarkers (e.g. for ovarian, breast, prostate and 
colorectal cancer). However, it is becoming increasingly recognised that 
reproducibility and validation of these biomarkers should be addressed 
carefully, as should their origin and identity. If these efforts are made, 
protein profiling can contribute to the better diagnosis of patients and the 
optimisation of their treatment. 
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Why proteomics? 

In recent years, there has been an enormous growth in the use of 
genome information in science. This genome information has greatly 
expanded the insight into the genetic basis of cancer. The advanced 
understanding, however, has also made it clear that gene analysis alone 
does not tell the whole story (1). Owing to the alternative splicing of both 
mRNA and proteins, combined with protein post-translational modifications, 
one gene can encode a considerable protein population. The proteome 
encompasses all proteins that result from the genome of cells, a tissue or an 
organism. It is not a static parameter, as is the genome, but a dynamic 
collection of proteins that reflects both the intrinsic genetic programme of 
the cell and the impact of its immediate environment. Compared with the 
genome, the proteome provides a more realistic view of a biological status 
and is, therefore, expected to be more useful than gene analysis for 
evaluating, for example, disease presence, progression and response to 
treatment. Thus, proteomics can bridge the gap between the genome 
sequence and cellular behaviour. 

The potential of proteomics has been discovered in various medical 
areas (e.g. infectious diseases (2), Alzheimer’s disease (3) and 
cardiovascular diseases (4)). The interest for proteomics within the oncology 
field is most obvious: cancer is a DNA disease that originates in mutated 
genes and leads to aberrant protein expression. The expectations were, 
therefore, that cancer proteomic studies might identify disease-related 
biomarkers for early cancer diagnosis and new surrogate biomarkers for 
therapy efficacy and toxicity, but also for guidance of optimal anticancer 
drug combinations, enabling tailor-made therapy. Furthermore, they could 
lead to new pharmacological targets. If these markers could be measured in 
a readily accessible body fluid such as serum, not requiring a tissue biopsy, 
it would have a major impact on future cancer diagnosis and treatment 
monitoring.  

Yet studying a whole proteome for new cancer biomarkers requires 
systematic analysis of the many and diverse properties of proteins, their 
structure, function and expression in biological systems during health and 
disease: an immense challenge. Recent advances in analytical technologies 
for protein analysis such as mass spectrometry (MS) (5) and protein 
microarrays (6) have brought such large-scale proteomic analyses within 
reach. In this article, we summarise several of these technologies and their 
usefulness in the search for new biomarkers. We focus on surface-enhanced 
laser desorption ionisation-time of flight (SELDI-TOF) MS because its 
introduction has led to a vast increase in the number of publications about 
new serum biomarkers for cancer. However, it has been the subject of 
strong debate. We highlight several of its applications in oncology and touch 
upon some crucial issues. 
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Proteomic technologies 

With proteomics defined as the study of all proteins in a biological 
system, it is obvious that much is demanded from the analytical technologies 
used. More than 500,000 proteins have been estimated to comprise the 
human proteome, compared with 40,000 genes in the human genome (1). 
These proteins are free or membrane-bound, sequestered in a specific 
cellular compartment or captured in a tight protein–protein interaction. The 
bulk of the easily accessible serum proteome consists of only a small 
number of abundant proteins such as albumin and immunoglobulins, which 
complicates the detection of the many low-abundant proteins. Thus, the 
major tasks are to separate and analyse the whole proteome and to process 
the massive amount of data into meaningful results using statistics and 
bioinformatics.  

Clinical proteomics is aimed at finding proteins for which altered 
behaviour in disease (with regard to structure, function, interaction or 
expression) forms a starting point for improvements in clinical care for that 
disease. Proteomic technologies for finding such proteins study the 
structure, function and interaction of a specific protein or class of proteins 
(e.g. kinases), so-called ‘functional proteomics’, or the global expression 
levels of a proteome: ‘expression proteomics’. Much effort has been made to 
develop high-throughput analyses, resulting in protein microarrays for 
functional and expression proteomics (6). These assays require, to a certain 
extent, the identities of proteins of interest for choosing suitable capture 
molecules. Capture is traditionally antibody based, requiring a specific 
antibody for each protein of interest. Therefore, new methodologies for the 
faster production of many distinct antibodies and other types of capture 
molecules are emerging (7). Functional proteomics assays and protein 
microarrays can reveal only changes in targeted proteins. However, a ‘blind’ 
search of the proteome for proteins that are present in aberrant abundance, 
called protein profiling, increases the chance of finding proteins with altered 
expression levels during disease development, progression or treatment. 
Additionally, protein profiling makes it possible to combine several of these 
proteins to a discriminative protein pattern. This profiling is most effective 
when done using protein expression assays in which a large part of the 
proteome can be analysed at once with high throughput of samples. 

Until recently, two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE) has dominated this field (8). A major disadvantage of this 
technique, however, is its lack of real high-throughput capability. Other 
techniques used for the expression analysis of proteins are matrix-assisted 
laser desorption ionisation-time of flight (MALDI-TOF) MS, SELDI-TOF MS, 
liquid chromatography combined with (tandem) MS (LC–MS/MS), and more 
quantitative techniques such as isotope-coded affinity tags (ICAT™) and 
isotope tags for relative and absolute quantification (iTRAQ™) (5;9-11). 
These MS techniques are particularly important for the low molecular weight 
fraction of the proteome because, in this part of the proteome, the use of 
immunological assays such as ELISA is limited owing to difficult antibody 
production for low molecular weight proteins. The advantages and 
disadvantages of these methods for large-scale protein profiling are 
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summarised in Table 1. The technologies are complementary in their 
applicability but they all suffer from a limited dynamic range for protein 
detection. That is, the abundance of serum proteins spans ten to twelve 
orders of magnitude (from albumin to the low-abundant interleukins) but 
these methods can, in most cases, detect proteins over only two to four 
orders of magnitude (12). This is why low-abundant proteins pose a 
challenge, especially without prior fractionation of samples. 

We focus on the ProteinChip array-based SELDI-TOF MS (13). 
Technically, it is a variant of MALDI-TOF but the on-chip purification is a 
great advantage. Twelve eight-spot chips are assembled in 96-well 
‘bioprocessors’, which enhances the expression analyses of many samples 
simultaneously. The fraction of the proteome bound to the chips can be 
analysed with MS on the same chip, resulting in a ‘pattern’ of proteins 
characterised by mass and charge [mass-to-charge ratio (m/z)] (Figure 1). 
Furthermore, the technique is especially suitable for analysing the low 
molecular weight proteome. Platforms for direct on-chip sequencing of 
detected biomarkers by quadrupole-time of flight MS have also become 
available, thus increasing the feasibility of the identification of discriminative 
proteins (14). Consequently, SELDI-TOF MS has excellent potential for 
protein profiling. 

 

SELDI-TOF MS applications in clinical oncology 

Many reports have described the application of SELDI-TOF MS in 
cancer and other diseases since the first use of this technique for early-stage 
ovarian cancer (15), and some of the discriminating proteins have been 
identified (Table 2). Although SELDI-TOF MS is equally useful for the 
analysis of cell lysates from tissue and cell lines, in clinical practice most is 
expected from its application to easily accessible body fluids such as serum. 
Therefore, we focus on the protein profiling of serum for several important 
cancer types. 

 
Ovarian cancer  

The early detection and treatment of ovarian cancer are crucial for 
long-term survival. Cancer antigen (CA) 125, which is a cell-surface 
glycoprotein that is abnormally produced and released by ovarian cancer 
cells, is a currently used serum marker. Unfortunately, its levels are also 
elevated in some other cancers and in certain benign conditions; therefore, 
it lacks sensitivity and specificity for diagnosis and is suitable only for 
treatment monitoring. Several reports have been published that mention a 
high sensitivity and specificity of ovarian cancer biomarkers discovered using 
SELDI-TOF MS e.g. (16-19). Criticism regarding the reproducibility of protein 
profiles and the identity of the proposed biomarkers (tumour-originating or 
due to epiphenomena) (20-24) has emphasised the importance of validation 
and reproducibility in multiple sample sets and in different laboratories, in 
addition to the need for biomarker identification. 
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Figure 1: Principles of SELDI-TOF MS using the ProteinChip® System. 
A) Protein profiling: 1. Application of microlitres of sample e.g. from diseased and healthy 
persons to an 8-spot array with hydrophilic, hydrophobic, cationic, anionic, or immobilised-metal 
affinity capture chromatography surface, 2. Addition of appropriate binding buffer, 3. On-chip 
sample purification using one or more wash buffers, 4. Application of energy-absorbing matrix 
(e.g. sinapinic acid) for absorption of laser energy. Laser irradiation desorbs bound proteins and 
positively ionises them. Due to the electric field they migrate in the time-of-flight MS, small 
proteins (c) faster than large ones (a), multiple-charged ones (b) faster than single-charged 
ones (a). Thus, they are separated. Time of flight (t) is proportional to protein mass per charge: 
mass-to-charge ratio (m/z) = constant * t2 
B) SELDI-TOF mass spectrum and the spectrum depicted in gel-view. On the x-axis the protein 
m/z is displayed and the y-axis depicts its abundance. Spectra are searched for differentially 
expressed protein m/z’s using the ProteinChip® bioinformatics software or other suitable 
statistics/bioinformatics. Computational algorithms are used to build models for classification of 
diseased and healthy samples with the discriminating m/z’s (e.g. a classification tree).  Here, 
expression differences are visible between ovarian cancer and control samples. A peak at 9.2 
kDa (no. 1, haptoglobin fragment) is overexpressed in ovarian cancer. Other upregulated peaks 
are visible at 4.1 and 4.5 kDa (no.'s 2 and 3), and a downregulated peak is seen at 2.7 kDa (no. 
4). (Own unpublished data). 
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Table 1: Advantages and disadvantages of selected proteomic technologies for protein profiling. 
Technology Principle Advantages Disadvantages 
2D-PAGE Separation on a gel of a 

sample’s protein content in 
two dimensions: according 
to mass and to charge.  
Gels are stained and spot 
intensities in samples 
compared among different 
gels.  

High separation 
(thousands of proteins 
per gel); access to 
PTM. 

Low throughput (one 
sample per gel); 
laborious, difficult to 
automate; between-gel 
irreproducibility; poor 
resolution for extreme 
masses and very acidic 
or basic proteins; no 
direct (on-line) protein 
identification; large 
amount of starting 
material (50-100 µg 
protein) compared with 
other techniques. 

DIGE 2D-PAGE measuring three 
samples per gel. Each of 
them is labeled with 
another fluorescent dye 
and the intensities of each 
gel spot for each sample is 
measured at a wavelength 
specific for the label.  

Direct comparison of 
samples on one gel, 
thus better 
reproducibility. 
See also 2D-PAGE. 

Low throughput (three 
samples per gel).  
See also 2D-PAGE. 

Protein 
microarrays 

Binding of a targeted 
protein (class) in one 
sample to spotted probes, 
e.g. antibodies, on a 
‘forward’ microarray. 
Conversely: binding of 
specific probes to a 
targeted protein (class) in 
spotted samples on a 
‘reverse’ microarray. 
Detection of bound 
proteins by direct 
(fluorescent) labeling, or by 
labeled secondary 
antibodies 

High throughput in 
number of probes per 
(forward) array or in 
number of samples per 
(reverse) array; 
biomarker identity or 
class readily known. 

Synthesis of many 
different probes 
necessary; identity or 
class of targeted 
proteins must be 
known; limited to 
detection of proteins 
targeted by the probes; 
cross-reactivity of 
probes; possible 
impaired binding of 
proteins with PTM. 

LC-MS/MS Separation of a mixture of 
peptides (resulting from 
protein digestion with 
trypsin) by one-, two-or 
three-dimensional liquid 
chromatography and 
(online) measurement of 
peptide masses by tandem 
MS.  

Direct identification of a 
few hundred to more 
than 1000 (for three- 
dimensional) proteins 
per sample by MS/MS 
of peptides; access to 
PTM. 
 

Low throughput (one 
sample per run); time-
consuming; detection 
by MS/MS often not 
comprehensive, thus 
complicating 
comparison of different 
samples. 

ICATTM 1) Chemical tagging of 
proteins on cysteine 
residues with a heavy or 
light stable isotopic label 
(for 2 different samples). 
After labeling samples are 
mixed, proteins digested 
with trypsin, and labeled 
peptides isolated by affinity 
chromatography. 
Subsequently both samples 
are analysed concomitantly 
by LC-MS/MS. 

Direct identification of 
biomarkers by tandem 
MS of peptides; relative 
quantitation; less 
sample complexity than 
with iTRAQ; only 
tandem MS of 
differentially expressed 
proteins. 

Low throughput (two 
samples per run); only 
tagging of cysteine-
containing peptides 
(possible PTM missed). 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 

 18 

iTRAQTM Chemical tagging of 
proteins on their amine 
groups with stable isotopic 
labels of identical mass 
(‘isobaric’). Four different 
labels are available for four 
different samples. After 
labeling samples are 
mixed, proteins digested 
with trypsin, and analysed 
concomitantly by LC-
MS/MS.  
Fragmentation during 
MS/MS will yield a unique 
‘signature ion’ for each 
sample, which is used for 
quantitation. 

Direct identification of 
biomarkers by tandem 
MS of peptides; due to 
isobaric labels selection 
for MS/MS of the same 
peptide in all four 
samples in the same 
single MS run; absolute 
quantitation when 
known quantity of 
reference peptide 
labeled with one of the 
labels in the kit. 
 

Low throughput (four 
samples per run); for 
generation of ‘signature 
ion’ MS/MS of all 
peptides in a sample is 
necessary (time-
consuming and sample-
intensive); PTM not 
isobaric and thus not 
selected in the same 
single MS run (possibly 
false attribution to 
down-regulation of the 
parent protein); high 
sample complexity and 
limited resolution of LC 
(even three-
dimensional), 
confounding by co-
eluting isobaric 
peptides.  

MALDI-TOF 
MS 

Application of a protein 
mixture onto a gold plate. 
Desorption of proteins from 
the plate by laser energy 
and measurement of the 
protein masses and their 
peak intensities by time of 
flight. Comparison of peak 
intensities between 
multiple samples.  

High throughput (up to 
1536 samples per 
plate); access to PTM. 

Need for (offline) 
sample fractionation of 
complex samples; more 
starting material 
needed for offline 
sample fractionation; 
unsuitable for high 
molecular weight 
proteins (>100 kDa) 

SELDI-TOF 
MS 

Variant of MALDI-TOF, in 
which a selective part of a 
protein mixture is bound to 
a specific chromatographic 
surface and the rest 
washed away.  

High throughput (up to 
96 samples per 
bioprocessor); direct 
application of whole 
sample (fast on-chip 
sample cleanup); 
access to PTM; small 
amount of starting 
material. 

Unsuitable for high 
molecular weight 
proteins (> 100 kDa); 
limited to detection of 
bound proteins; lower 
resolution and mass 
accuracy than for 
example MALDI-TOF. 

Abbreviations:  2D-PAGE : two-dimensional polyacrylamide gel electrophoresis, DIGE: difference 
gel electrophoresis, ICATTM: isotope-coded affinity tags, iTRAQTM: isotope tags for relative and 
absolute quantification,  LC: liquid chromatography, MS/(MS): (tandem) mass spectrometry, 
MALDI: matrix-assisted laser desorption ionisation, PTM: post-translational modifications, 
SELDI: surface-enhanced laser desorption ionisation. 
1) ICATTM and iTRAQTM are forms of stable isotope ratio mass spectrometry (SIRMS) that are 
generally used in proteomic research. Modifications of ICATTM consist of labeling of other 
residues, such as amine groups. Like with iTRAQTM, a completely labeled peptide sample is 
generated then. 
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In a multicentre study with cross-validation among 503 individuals 
from participating institutes, three biomarkers were identified (16) (Table 2). 
Thus, it was shown that these biomarkers are valid in different populations. 
However, results were obtained from only one laboratory, leaving the 
question of the inter-laboratory reproducibility of the biomarkers 
unanswered. Interestingly, protein masses corresponding to two of the three 
biomarkers were seen in an independent study that used different arrays. 
They were part of three biomarker patterns that, when combined, correctly 
classified 41 of 44 blinded ovarian cancer samples, of which ten were from 
patients with early-stage disease (19). Subsequently, these two biomarkers 
were identified as being the same proteins as in the first study (25). Their 
detection as biomarkers in another laboratory shows that these proteins are 
robust. 

The observed ovarian cancer biomarkers are all known serum 
proteins that are unlikely to originate from the tumour. This has frequently 
been posed as a limitation. Yet specific modifications could confer tumour 
specificity to such proteins. In a study assessing different isoforms (post-
translational modifications or splice products) of apolipoprotein A-I, 
transthyretin and inter-α-trypsin inhibitor heavy chain (ITIH)-4, different 
regulation across cancer types was observed (26). Specific enzymatic activity 
has been suggested to yield such isoforms. This was demonstrated by a 
haptoglobin-α fragment elevated in ovarian cancer sera (18) that was not 
detected in the mRNA and protein content of normal and malignant cell lines 
but that became apparent after incubation of labeled full-length haptoglobin 
with sera from cancer patients or controls. The level of haptoglobin-α 
fragment was at least twofold higher in sera from patients. However, the 
extent to which such enzymatic activity is specific for tumour types or even 
cancer in general remains to be established. 

 
Breast cancer 

Early detection can greatly reduce breast cancer-related mortality 
but, unfortunately, the current diagnostic methods (i.e. mammography and 
use of CA15.3) lack near-100% sensitivity and specificity. Identifying high-
risk patients, who are likely to benefit from adjuvant systemic 
chemotherapy, also remains a major challenge. Therefore, a serum protein 
profile that distinguishes between poor and good prognosis could guide 
patient-tailored therapy, thus improving treatment. A prognosis pattern that 
combines expression profiles on cDNA microarrays of 70 genes has already 
been described for breast cancer tissue (27). SELDI-TOF MS has been 
applied to breast cancer tissue (28), plasma (29;30), serum (31), nipple 
aspirate fluid (NAF) (32-34) and ductal lavage fluid (DLF) (34). NAF and DLF 
consist of secreted fluids from ducts in the breast that are collected by 
suction of the nipple and by lavage of the ducts with saline through a micro-
catheter in the nipple, respectively. A pattern of only three serum 
biomarkers distinguished patients from controls: two (8.1 kDa and 8.9 kDa) 
up-regulated and one (4.3 kDa) down-regulated in patients (31). Sensitivity 
and specificity were 93% and 91%, respectively, estimated by cross-
validation within the sample group (bootstrapping), iteratively using a 
random subset of the data to build the model and testing it with the 
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remaining data. However, a new population confirmed only the up-
regulation at 8.1 kDa and 8.9 kDa (35). Another group using the same assay 
for their breast cancer patients could not confirm the expression difference 
at 8.1 kDa (36). Furthermore, mass spectra in which the expression 
differences of m/z 4.3 kDa, 8.1 kDa and 8.9 kDa combined did not comply 
with previous results were defined as being ‘not informative’. Notably, these 
comprised 52–70% of all spectra. Although the authors (36) suggest that 
they validate previous results obtained for the 4.3-kDa and 8.9-kDa 
biomarkers, the many ‘not informative’ spectra imply that, in many samples, 
the simultaneous down-regulation at 4.3 kDa and up-regulation at 8.9 kDa 
could not be confirmed. 

Because a subgroup of breast cancer patients carries mutations in 
the BCRA gene, it is interesting to investigate whether these mutations are 
reflected in protein profiles. Differences were seen in cancer patients with 
and without the BRCA-1 mutation (sporadic breast cancer), one of which 
was the over-expression of a peak at 8.1 kDa (37). Because the identity of 
the peak is unknown, however, it remains unclear whether this protein is 
related to the BCRA gene. Only a small number of studies has been 
performed to investigate the role of serum protein profiling for therapy 
management, looking at (chemo)therapy-induced changes (29;38) or trying 
to identify patients benefiting from adjuvant tamoxifen therapy beforehand 
(39). Although promising, the potential of SELDI-TOF MS for this application 
has not yet been established. It is important to investigate, especially for 
chemotherapy-induced protein profiles, whether changed profiles reflect 
general cytotoxicity or a specific tumour response.  

 
Prostate cancer 

The tumour-associated serum protein marker prostate specific 
antigen (PSA) is useful for monitoring prostate cancer progression but it is 
insufficient for diagnosing primary cancers, mainly because of its limited 
specificity at the desired sensitivity. High performance levels (70–90% 
sensitivity and specificity) of SELDI-TOF serum protein patterns 
distinguishing prostate cancer and benign disease have been reported (40). 
The relationship between these patterns and tumour presence was 
demonstrated by the classification of seven cancer patients as non-
cancerous six weeks after surgery. Thus, the biomarkers might be tumour-
specific proteins; even if they were modified common serum proteins, such 
modification would also be specific for tumour presence. Interestingly, in this 
study (40), all of the benign cases that developed prostate cancer during a 
five-year follow-up had been classified as having cancer by the original 
pattern, indicating that latent disease might have been present. This implies 
that protein profiles could detect cancer at early, possibly even pre-
malignant, stages that would escape current clinical detection.  

Two studies using different bioinformatics on the same sample set 
illustrated that bioinformatics used for data analysis can influence which 
protein peaks come out as biomarkers (41;42). Two distinct protein patterns 
of 21 and nine biomarkers were obtained, both with high cross-validated 
sensitivities and specificities from 83% to 97%. However, only three m/z 
values were selected in both patterns. A third study that compared five 
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other bioinformatics methods on the same data produced eight similar m/z 
values (41;43). The m/z values in this study were repeatedly selected as 
biomarkers by the different methods used. Thus, confirming biomarkers 
using different bioinformatics provides another way of increasing confidence 
in the true performance of biomarkers, whereas different biomarkers with 
different bioinformatics could reflect bias in the data. Alternatively, many 
‘true’ biomarkers might exist and this diversity could become apparent with 
different bioinformatics. 

The up-regulation in prostate cancer of one of the biomarkers 
identified in all of these analyses was confirmed with SELDI-TOF MS in a 
new population (44). Subsequently identified as an apolipoprotein A-II 
isoform, a quantitative immunoassay based on SELDI-TOF MS showed 
serum levels that correlated with original peak intensities, indicating the 
quantitative nature of peak intensities in the observed concentration range. 
The levels of two other apolipoprotein A-II peaks (8.7 kDa and 8.8 kDa) did 
not differ between patients and controls, again implying a different 
regulation of distinct protein isoforms. Prostate cancer is the only cancer for 
which a systematic SELDI-TOF validation study has been set up that will 
assess the inter-laboratory reproducibility and validity of biomarkers across 
populations (45). Results show the reproducible detection of quality-control 
peaks and the correct classification of nearly all of the same 14 cancer and 
14 control samples at six different sites, based on discriminating peaks 
identified in these samples two years earlier (46). 

 
Colorectal cancer 

Currently, colonoscopy is the only reliable method for screening 
colorectal cancer. However, it is too laborious for large-scale population 
screening. Non-invasive methods such as the measurement of serum 
carcinoembryonic antigen (CEA) levels, faecal occult blood testing (FOBT) 
and faecal DNA analysis have low sensitivities and/or specificities. 
Discriminative serum protein patterns with around 90% sensitivity and 
specificity have been detected (47;48) that also correctly classified early-
stage cancers. Two discriminating masses were also found in an 
independent population (49). The detection of early-stage cancers is 
especially promising because CEA is of limited value in this respect. 

Recently, the detection of up-regulated α-defensins 1, 2 and 3 in 
colorectal cancer tissue was reported in two independent but similar 
analyses (50;51). In both studies, SELDI-TOF MS results in tissue correlated 
with serum levels that were determined using ELISA or SELDI-TOF MS. This 
provides an interesting approach for finding new serum markers, because 
biomarkers identified first in tissue could prove to be more specific. 
Unfortunately, α-defensin levels are also increased in serum during, for 
example, infection. 
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Table 2: Identified biomarker proteins discovered with SELDI-TOF MS. 
Sample 
type 

Biomarkers 
(Da) 

Biomarker identity Altered 
expressio

n in 
cancer 

Biology Refs. 

Ovarian cancer 
Serum  11700 Hpt α  fragment + Acute phase protein, 

haemoglobin binding  
(18) 

Serum  28043 
 

12828 
 
 

3272 

ApoA-I 
 
N-terminal 
truncated 
transthyretin  
ITIH4 fragment 

- 
 
- 
 
 

+ 

Acute phase protein lipid 
metabolism 
Thyroid hormone-binding 
protein 
 
Involved in acute phase 
reactions? 

(16) 

Serum 12.9*103 
 
 

13.9*103 
 

15.9*103 
28*103 

 
79*103 

N-terminally 
truncated 
Transthyretin 
Transthyretin 
 
Hgb-β chain 
ApoA-I 
 
Transferrin 

- 
 
 
- 
 

+ 
- 
 
- 

 
 
 
Thyroid hormone-binding 
protein 
Oxygen transport 
Acute-phase protein, lipid 
metabolism 
Iron binding/transport, cell 
proliferation 

(19;25) 

Serum  15.1*103 
15.8*103 

Hgb-α chain 
Hgb-β chain 

+ 
+ 

Oxygen transport 
Oxygen transport 

(53) 

Plasma  9.2*103 

 
54*103 

79*103 

Hpt fragment 
 
Ig heavy chain 
Transferrin  

+ 
 
- 
- 

Acute phase protein, 
haemoglobin binding  
 
Iron binding/transport, cell 
proliferation 

(17) 

Plasma  11520 
11681 

Des-R SAA-1 
SAA-1 

+ 
+ 

 
Acute phase protein 

(54) 

Breast cancer 
Nipple 
aspirate 
fluid 

8000 
15940 
31770 

[Hgb-β chain]2+ 
Hgb-β chain 
Dimer of Hgb-β 
chain 

+ 
+ 
+ 

Oxygen transport (32) 

Serum 8.1*103 
 
 

8.9*103 

C-terminal 
truncation of 
anaphylatoxin C3a 
Des-R 
anaphylatoxin C3a 

+ 
 
 

+ 

Activation of the 
complement 
immune system 

(35) 

Serum  7790 
 

9285 

High molecular 
weight kininogen 
ApoA-II isoform 

+ 
 

+ 

Blood coagulation, release 
of bradykinin 
Lipid metabolism 

(38) 

Prostate cancer 
Serum  8946 ApoA-II isoform + Lipid metabolism (44) 
Serum  11488 

11573 
11639 
11680 

SAA-1 and 
isoforms 

+ 
+ 
+ 
+ 

Acute phase protein (55) 

Colorectal  cancer 
Cell line 12*103 Prothymosin alpha + Immune function mediator  (56) 
Serum  3.1*103 

 
6.6*103 
28*103 

N-terminal 
fragment of 
albumin 
ApoC-I 
ApoA-I 

+ 
 
- 
- 

Transport protein 
 
Lipid metabolism 
Acute-phase protein, lipid 
Metabolism 

(49) 

Tissue, 3372 α-defensin/HNP-2 + Antibiotic, fungicide and (50;51) 
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serum 3443 
3486 

α-defensin/HNP-1 
α-defensin/HNP-3 

+ 
+ 

antiviral activities, 
concentration-dependent 
mediation of tumour lysis 

Liver  cancer 
Serum  8900 C-terminal 

fragment of 
vitronectin 
precursor 

+ Cell adhesion, tumour cell 
migration 

(57) 

Renal cell  cancer 
Serum  9200 

 
11144 
11432 
11518 
11683 

Hpt α -1 
 
Des-RSFF SAA-1 
Des-RS SAA-1 
Des-R SAA-1 
SAA-1 

+ 
 

+ 
+ 
+ 
+ 

Acute phase protein, 
haemoglobin binding  
 
 
 
Acute phase protein 

(58) 

Pancreatic  cancer 
Pancrea
tic juice 

16572 HIP/PAP-1 + Tumour cell adhesion, 
protection from apoptosis, 
cell growth 

(59) 

Head and neck  cancer 
Serum  10068 Metallopanstimulin-

1 
+ Ribosomal protein (60) 

Tissue  35893 Annexin V + Anticoagulant protein, 
tumour 
proliferation/metastases? 

(61) 

Nasopharyngeal cancer 
Serum  11.6*103 

11.8*103 
SAA-1 (isoform) 
SAA-1 (isoform) 

+ 
+ 

Acute phase protein (62) 

Endometrial cancer 
Tissue 10834 

 
 
 

10843 

Calgranulin A 
 
 
 
Chaperonin 10 

+ 
 
 
 

+ 

Calcium-binding protein, 
heterodimer with 
calgranulin B involved in 
inflammation 
Heat shock protein, 
intracellular chaperone 
protein 

(63;64) 

Follicular lymphoma 
Tissue 32.5*103 

 
11.8*103 

Cyclin D3 
 
Caspase 3 

+ 
 
- 

Cell cycle progression, 
growth promotion 
Apoptosis induction 

(65) 

Lymphoblastoid 
Cell line 4972 Thymosin-β + G-actin sequestering 

molecule, signalling 
molecule in wound healing, 
inflammation, 
haematopoiesis 

(66) 

Abbreviations: Apo, apolipoprotein; Des, devoid of; F, phenylalanine; Hgb, Haemoglobin; 
HIP/PAP, hepatocarcinoma–intestine–pancreas (also known as pancreatitis-associated protein); 
HNP, human neutrophil peptide; Hpt, haptoglobin; Ig, immunoglobulin; R, arginine; S, serine; 
SAA, serum amyloid α. 
 
Concluding remarks and future perspectives 

Although current results are promising, a step forward must be 
taken in the field of proteomics for new biomarkers to be of use in clinical 
practice. Increasingly, results are validated among institutes and 
populations. Such validation should always be undertaken to ascertain 
reproducibility and to prevent systematic bias and over-fitting of data. The 
debate about SELDI-TOF MS reproducibility has been particularly strong. 
Some conclusions about poor reproducibility seem to be unjust because data 
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sets are compared that are purposely generated using different assay 
procedures (23;52). In addition, the discussion is clouded by the lack of 
distinction between technical reproducibility and external validity. The latter 
could, in fact, prove to pose the real problem because results show that the 
same peaks can be detected across different laboratories but not always 
with the same expression difference in different populations. Therefore, as 
with the prostate cancer study, both should be assessed separately by 
measuring the same samples in different laboratories and by measuring 
samples from different populations in the same laboratory, always using 
identical assay procedures. 

Only a small number of SELDI-TOF biomarkers has been identified. 
This is indispensable because it both provides insight into the molecular 
mechanisms involved in disease and enables the development of specific 
assays for absolute quantification. The few identified serum proteins cannot 
be associated directly with tumour biochemistry but, instead, are isoforms of 
ubiquitous proteins that might originate from secondary tumour effects (e.g. 
altered enzymatic activity). The specificity of each protein isoform should be 
addressed because some isoforms seem to occur in several types of cancer. 
However, if protein isoforms are specific, MS has an added value for 
expression analysis because standard immunoassays do not reveal the 
masses of all bound isoforms and, thus, do not provide a complete picture.  

Proteomic technologies are now in place to examine simultaneously 
and comprehensively many protein expression differences that result from 
disease and treatment, with the ultimate payoff being the use of specific 
protein profiles for the early diagnosis of every patient and for patient-
tailored therapy. 
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Comparing the old and new generation SELDI-
TOF MS: implications for serum protein profiling 
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Abstract 

Although the PBS-IIc SELDI-TOF MS apparatus has been extensively 
used in the search for better biomarkers, issues have been raised concerning 
the semi-quantitative nature of the technique and its reproducibility. To 
overcome these limitations, a new SELDI-TOF MS instrument has been 
introduced: the PCS 4000 series. Changes in this apparatus compared to the 
older one are, among others, an increased dynamic range of the detector, 
an adjusted configuration of the detector sensitivity, a raster scan that 
ensures more complete desorption coverage and an improved detector 
attenuation mechanism. In the current study, we evaluated the performance 
of the old PBS-IIc and new PCS 4000 series generation SELDI-TOF MS 
apparatus. To this end, two different sample sets were profiled after which 
the same ProteinChip arrays were analysed successively by both 
instruments. Generated spectra were analysed by the associated software 
packages. The performance of both instruments was evaluated by 
assessment of the number of peaks detected in the two sample sets, the 
biomarker potential and reproducibility of generated peak clusters, and the 
number of peaks detected following serum fractionation. We could not 
confirm the claimed improved performance of the new PCS 4000 instrument, 
as assessed by the number of peaks detected, the biomarker potential and 
the reproducibility. However, the PCS 4000 instrument did prove to be of 
superior performance in peak detection following profiling of serum 
fractions. As serum fractionation facilitates detection of low abundant 
proteins through reduction of the dynamic range of serum proteins, it is now 
increasingly applied in the search for new potential biomarkers. Hence, 
although the new PCS 4000 instrument did not differ from the old PBS-IIc 
apparatus in the analysis of crude serum, its superior performance after 
serum fractionation does hold promise for improved biomarker detection and 
identification.  
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Introduction 

The development of mass spectrometry (MS) for the analysis of 
complex protein mixtures has greatly enhanced the possibility of large-scale 
protein profiling studies. Protein profiling studies are generally performed 
using a top-down approach starting with a mixture of intact proteins and 
peptides. After sample pre-fractionation, e.g. by two-dimensional 
polyacrylamide gel electrophoresis (2D-PAGE), proteins are identified either 
by peptide mass fingerprinting using tryptic digestion and/or tandem MS. 
Mass spectrometry for protein profiling is particularly important for the low-
molecular-weight fraction of the proteome, since the use of immunological 
assays is limited due to a lack of antibodies for these peptides. Up until 
recently, real high-throughput technologies for mass spectrometric protein 
profiling have been lacking. Two recent applications of matrix-assisted laser 
desorption ionisation-time of flight mass spectrometry (MALDI-TOF MS) 
combine sample pre-fractionation with MS, facilitating the analysis of many 
samples at the time. A magnetic beads-based assay using beads with 
different chromatographic affinities is available form Bruker Daltonics (1). 
Alternatively, surface-enhanced laser desorption ionisation-time of flight 
mass spectrometry (SELDI-TOF MS; Bio-Rad Laboratories, Hercules, CA) can 
be used to profile biological matrices on chips with different surface 
chemistries. 

The latter has been extensively used for the assessment of tissue, 
serum and plasma to find diagnostic, prognostic or therapy-predictive 
biomarkers for diseases, especially cancer (2-5). However, issues have been 
raised concerning the semi-quantitative nature of the technique and its 
reproducibility (6-8). The first generation SELDI-TOF MS instruments (PBS-II 
and PBS-IIc) generate spectra with a fixed maximum signal, which is set to 
100. Protein abundances exceeding this maximum saturate the detector and 
are cut off to 100, neglecting the excess abundance and leading to 
underestimated peak intensities for both the saturated peak and its following 
peak, as the detector remains saturated for some time (9). Furthermore, 
settings for laser intensity and detector sensitivity are not easily optimised to 
generate unsaturated spectra for all the samples to be measured. To 
overcome these limitations a new SELDI-TOF MS instrument has been 
introduced: the PCS 4000 series. Changes in this apparatus compared to the 
older ones are: 1) the increased dynamic range of the detector, so that 
saturation is less likely to occur, 2) the special configuration for sensitivity in 
the high mass range for better detection of proteins > 100 kDa, 3) a so-
called Synchronised Optical Laser Extraction, which scans each spot in a 
raster to ensure complete desorption coverage, 4) a detector attenuation 
mechanism, enabling signal reduction up to a specified mass and preventing 
saturation by matrix molecules. Furthermore, instead of using arbitrary 
units, peak intensities are scaled in µA, corresponding to the real electric 
current generated by the impact of ions onto the detector. Laser intensity 
settings are in nJ (10).  

These improvements should lead to better reproducibility of peak 
intensities and detection of more peaks. Yet, the ultimate gain would be that 
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this leads to more and better biomarker candidates. We chose to assess 
these claims by serum protein profiling of two different cohorts of cancer 
patients and matched controls on both the PBS-IIc and the PCS 4000 SELDI-
TOF MS. The data generated on each platform were analysed by the 
associated software packages. Furthermore, the PBS-IIc generated data 
were analysed by the software package associated with the PCS 4000 
apparatus, to assess the influence of the different software packages. The 
numbers of detected and significantly different peaks on both instruments 
were compared, as was the potential of each data set to yield a reliable 
classification of patients and controls. Furthermore, the reproducibilities of 
the instruments were compared. Lastly, we also profiled serum fractions and 
assessed the difference in number of peaks detected between the PBS-IIc 
and PCS 4000 instruments. 

 

Materials and methods 

Chemicals 
All used chemicals were obtained from Sigma, St. Louis, MO, USA, 

unless stated otherwise. 
 

Patient samples 
The performances of both apparatus were assessed with two distinct 

sample sets. A first set of 45 sera from colorectal cancer (CRC) patients and 
43 matched controls (CON) was prospectively collected between July 2003 
and October 2005 (referred to as the CRC set). The second set consisted of 
45 sera from breast cancer (BC) patients and 46 matched normal women 
(CON), collected between January 2003 and July 2005 (referred to as the BC 
set). Both sets were obtained at the Netherlands Cancer Institute, in 
Amsterdam, The Netherlands. Sample collection was performed with 
individuals' informed consent after approval by the institutional review 
boards. 

 
Serum fractionation 

Serum samples from three normal women were fractionated in 
duplicate on QhyperD beads with a strong anion exchange moiety (Bio-Rad 
Laboratories), according to manufacturer’s protocol. Sample fractionation 
was performed with a Biomek 3000 Laboratory Automation Workstation 
(Beckman Coulter Inc.). First, sera were denatured with 9 M urea and 2% 
3[(3-cholamidepropyl)-dimethylammonio]-propane sulfonate (CHAPS). After 
binding of denatured serum to the beads, the flow-through was collected 
and bound proteins were subsequently eluted with buffers with pH from 9 to 
3. Remaining proteins were finally eluted with an organic buffer.  

 
Protein profiling 

For profiling of whole serum each sample was analysed according to 
previously developed protocols (3). CRC samples and their matched controls 
were first denatured with 9 M urea/2% CHAPS/1% dithiotreitol. Then, each 
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sample was applied in triplicate on CM10 arrays (weak cation exchange 
chromatography) with 20 mM sodium phosphate pH 5/0.1% TritonX-100 as 
a binding buffer and 20 mM sodium phosphate pH 5 as a wash buffer. BC 
samples and their matched controls were denatured in 9 M urea/2% CHAPS, 
after which each sample was applied in duplicate on IMAC30 arrays 
(immobilised metal affinity capture chromatography). Prior to sample 
application, IMAC30 arrays were charged twice with 50 µL 100 mM nickel 
sulphate (Braun, Emmenbrucke, Germany), followed by three rinses with 
deionised water. Phosphate buffered saline (PBS; 0.01 M) pH 7.4/0.5 M 
sodium chloride/0.1% TritonX-100 was applied as a binding buffer and PBS 
pH 7.4/0.5 M sodium chloride as a wash buffer. For both sample sets, a 
50% sinapinic acid (SPA; Bio-Rad Laboratories) solution in 50% acetonitrile 
(ACN)/0.5% trifluoroacetic acid (TFA) was used as energy absorbing matrix. 

Profiling of fractionated serum was performed on both CM10 chips 
and IMAC30 arrays. Binding and wash buffers were 100 mM sodium acetate 
pH 4 and 50 mM HEPES buffer for CM10. For IMAC30, 100 mM copper 
sulphate was used as charging solution, 100 mM sodium acetate as 
neutralizing buffer and 100 mM sodium phosphate pH 7/0.5 M sodium 
chloride as binding and wash buffer (all: Bio-Rad Laboratories). A solution of 
50% SPA in 50% ACN/0.5% TFA was used as matrix. 

During all profiling experiments arrays were assembled in 96-well 
format bioprocessors (Bio-Rad Laboratories), which were placed on a 
platform shaker at 350 rpm. Arrays were equilibrated twice with 200 µL of 
binding buffer, incubated with denatured sample or QHyperD serum fraction 
for 30 min and, after binding, washed twice with binding buffer, followed by 
two washes with wash buffer. Lastly, arrays were rinsed with deionised 
water. After air-drying, two times 1 µL of matrix was applied to the array 
spots.  

SELDI-TOF MS analysis of all datasets was performed with both the 
PBS-IIc and the PCS 4000 ProteinChip Reader (Bio-Rad Laboratories). Data 
acquisition and processing were optimised for each sample set separately. 
Each spot was read twice, once with the PCS 4000 and once with the PBS-
IIc instrument. Measurement settings for each apparatus and sample set are 
summarised in Table 1. M/z values were calibrated externally with All-in-one 
peptide standard (Bio-Rad Laboratories).  

 
Statistics and bioinformatics 

To account for possible differences in data processing by the 
different software packages, data from the PBS-IIc were analysed with the 
ProteinChip Software, version 3.1 (Bio-Rad Laboratories) as well as with 
Ciphergen Express™ version 3.0.6. (Bio-Rad Laboratories). PCS 4000 data 
were only processed with the latter package. The PBS-IIc-generated spectra 
analysed by the ProteinChip Software and Ciphergen Express™ respectively 
will further be referred to as “data set 1a” and “data set 1b”. The PCS 4000-
generated spectra, analysed by Ciphergen Express will be referred to as 
“data set 2”.  

Spectra from the CRC and BC sets were analysed separately. 
Acquired spectra from each set were compiled and analysed as a whole. 
Empty spectra were removed before further analysis. Both the ProteinChip 
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and Ciphergen Express™ software spectra were baseline subtracted with the 
following settings: smooth before fitting baseline: 25 points, fitting width: 10 
times expected peak width. Filtering was “on” using an average width of 0.2 
times the expected peak width. The noise was calculated from 2000 or 1000 
to 200,000 Da for the CRC and BC set respectively. Spectra were normalised 
to the total ion current in the same m/z range. For peak clustering with the 
ProteinChip Software, the Biomarker Wizard (BMW; Bio-Rad Laboratories) 
application was used. For clustering with the Ciphergen Express™ software 
(Bio-Rad Laboratories), identical clustering conditions were defined (see 
Table 1). In each set, peaks were auto-detected starting from 2000 Da.  

For the CRC and BC set, peak intensities from the triplicate (CRC) 
and duplicate (BC) analyses were averaged and mean peak intensities 
between groups compared by the non-parametric Mann-Whitney U (MWU) 
test (p < 0.01 considered statistically significant). For the CRC set, the 
median coefficient of variation (CV) in each sample set was calculated from 
the CV’s of the triplicate analyses for all clustered peaks in each data set as 
well as for all common peaks present in each of the three data sets. For the 
BC set, Spearman’s rank correlation coefficient was calculated on peak 
intensities in each duplicate analysis for all three data sets. The majority of 
peaks (> 50%) detected spectrum wide in the three data sets are of 
relatively low average intensity (< 5), increasing the chance of finding 
potential biomarkers in the low intensity range. Hence, the reproducibility of 
peaks in the low intensity range is of special interest. However, correlation 
analyses are influenced by outliers (e.g. the few high intensity peaks 
detected), even when using non-parametric statistics. We therefore chose to 
assess the reproducibility in subsets of peaks, starting with inclusion of the 
10%, 20%, 30%, etc. of peaks with lowest intensity, and ending with 
inclusion of all peaks detected. Spearman’s rank correlation coefficient and 
corresponding p-values were subsequently plotted per subset of peaks. 

Classification performance of the data sets obtained with both 
apparatus was assessed by building classification trees with the Biomarker 
Patterns Software (BPS; Bio-Rad Laboratories). Trees were generated with 
the “gini” method and the minimal cost tree was chosen in both the CRC and 
BC sample set. A ten-fold cross validation was used to estimate the 
sensitivity and specificity for each tree.  

For the CM10 and IMAC30 serum fractionation sets, baseline 
correction and noise calculation was performed as described for the CRC and 
BC set. For each duplicate fraction, peaks were auto-detected by the 
ProteinChip software or Ciphergen Express by the settings described in 
Table 1. The number of peaks in each fraction was assessed, as well as the 
number of unique peaks across all fractions.  

 

Results 

Protein profiling CRC set 
Six spectra did not contain protein peaks and were thus not 

assessable (Table 1). For data set 1a normalisation factors as estimated by 
the apparatus-associated software of the assessable spectra were 0.67 to 
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3.39 (log -0.18 to 0.53) and for data set 1b 0.62 to 2.4 (log -0.21 to 0.38). 
For data set 2 values ranged from 0.33 to 4.8 (log -0.49 to 0.68). Since the 
spectra with aberrant normalisation factors (>2 SD from mean of log 
normalisation factor) were mostly not from the same samples for the two 
apparatus, none were excluded, to ensure an equal comparison of both 
machines. This concerned 13 and 11 spectra from data set 1a and 1b, and 
14 from data set 2.  

 
Table 1: Settings for protein profiling and data processing. 

CRC sample set BC sample set  
PBS-IIc PCS 4000 PBS-IIc PCS 4000 

SELDI analysis parameters 
Samples CRC: n = 45 

CON: n = 43 
BC: n = 45 

CON: n = 46 
Array type CM10 IMAC30 Ni 
Binding conditions 20 mM NaAc pH 5 PBS pH 7.4/0.5 M NaCl 
Replicates 3 2 
SELDI acquisition parameters 
M/z range 0-200 kDa 0-200 kDa 0-200 kDa 0-200 kDa 
Laser intensity 155 3500 nJ 155 3500 nJ 
Detector sensitivity 6 n.a. 5 n.a 
Deflector/detector 
attenuation 

2000 Da 2000 Da 1000 Da 1000 Da 

Laser shots kept 65 530 105 530 
Not-assessable spectra CRC: 2/135 

CON: 4/129 
BC: 4/90 

CON: 0/92 
Cluster settings:     
First pass S/N 5 Valley depth 5 S/N 5 Valley depth 5 
Second pass S/N 2 Valley depth 2 S/N 2 Valley depth 2 
Cluster mass window 0.3% 0.3% 0.3% 0.3% 
Present in  45% 45% 30% 30% 
Abbreviations: BC: breast cancer; CM10: weak cation exchange ProteinChip array; CON: 
control; CRC: colorectal cancer; IMAC30: immobilised metal affinity capture ProteinChip array; 
N.a.: not applicable; PBS: phospate buffered saline; S/N: signal to noise ratio. 

 
Comparing CRC vs. CON, 32 clusters were generated for data set 1a 

(Table 2). In contrast, despite similar settings for processing and the same 
spectra, only 27 clusters were generated for data set 1b. With the PCS 4000 
(data set 2) 48 clusters could be detected. Although the number of detected 
peaks was highest for data set 2, data set 1a yielded a similar number of 
significantly different peaks. Detailed peak cluster information can be found 
in Table 3. Overall, the significantly different peaks in all data sets were 
largely similar. 

Classification trees were built with all clustered peaks in each data 
set and with the subset of the 25 clusters that were detected in all three 
data sets (Table 4). The best tree was generated with data set 2, with m/z 
4446 as single classifier and sensitivity and specificity ≥ 80%. Since this 
peak was not detected in data set 1a and 1b, other peaks were used as 
classifiers in these sets, respectively m/z 15930 and 32308. The 
classification trees constructed on the subset of 25 common clusters in data 
sets 1a and 1b applied the same cluster (m/z 32308). The best classifier of 
data set 2 made use of apparently the same cluster (m/z 32394), and had a 
better performance as single classifier in this set than in set 1a, but a similar 
performance as in set 1b.  
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Table 2: Peak clustering results for the CRC and BC sample set. 

CRC set BC set Number of peaks detected in 
all p < 0.01 all p < 0.01 

Dataset 1a 32 19 81 47 
Also detected in data set 1b 31 13 30 22 
Also detected in data set 2 31 15 43 28 
Dataset 1b 27 14 31 22 
Also detected in data set 2 26 11 29 21 
Dataset 2 48 20 59 45 

Abbreviations: BC: breast cancer; CRC: colorectal cancer  
 

Protein profiling BC set  
Following array reading with both the PCS 4000 and PBS-IIc 

apparatus, two spectra did not contain protein peaks. Along with their 
duplicate reading, these spectra were excluded from further analyses (Table 
1). The normalisation factors for data set 1a were 0.52 to 2.15 (log -0.29 to 
0.33). Using Ciphergen Express software, normalisation factors of all spectra 
ranged from 0.51 to 2.25 (log -0.29 to 0.35) for the PBS-IIc-generated 
spectra (data set 1b) and from 0.44 to 2.69 (log -0.36 to 0.43) for the PCS 
4000-generated spectra (data set 2). In total, 9 and 8 spectra from data set 
1a and 1b respectively and 10 spectra from data set 2 had an aberrant 
normalisation factor (>2 SD from mean of log normalisation factor). As the 
majority of these spectra were from different samples for the 3 datasets, 
none were excluded, to ensure equal comparison of both apparatus. In data 
set 1a and 1b respectively, a total of 81 and 31 clusters were detected. The 
ProteinChip software detected 51 clusters that were not detected by 
Ciphergen Express in the same dataset. Except for one cluster (>100 kDa), 
these unique clusters were all < 10 kDa in mass and < 4 in intensity. In data 
set 2, a total of 59 peak clusters was detected. Fifteen of these clusters (all 
> 9 kDa) were not detected in either data set 1a or 1b. Tables 2 and 3, 
respectively, provide an overview of peak clustering results and detailed 
peak cluster information.  
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Table 3: Peak cluster information for CRC and BC sample set.  
CRC sample set clusters (Da) BC sample set clusters (Da) 

Data set 1a Data set 1b Data set 2 Data set 1a Data set 1b Data set 2 
2746* 2745* 2746* 2027  2028 

  3163 2146*  2146* 
  3406* 2154*   

3979*  3978* 2235*   
4160 4162 4159 2277*   
4179* 4181* 4182* 2647   
4290*  4287* 2675*   

  4303 2731*   
  4446* 2747   

4481 4474 4480 2760  2760* 
4605  4607 2775   

  4961 2794   
5723* 5724* 5719* 2888*   
5913*  5915* 2960*  2961* 
6443 6443 6442 2968*   
6459* 6460* 6458* 3091   
6641 6640 6643 3107   
6655* 6654* 6659* 3151*   

  6687 3168* 3165* 3164* 
6846   3282* 3281* 3281* 

 6860* 6865* 3296*   
7778 7779 7778 3431   
7982* 7982* 7990* 3451   
8079*  8074* 3689*  3683* 

  8159 3781*   
  8889 3824   

8968* 8962* 8962* 3891*  3891* 
9186 9187  3898   

  9210 3916*   
9307* 9307* 9315 3965* 3963* 3962* 

  9360 3980* 3980* 3979* 
  9409 3995* 3997* 3994* 
  9593 4078   
  10072* 4137  4138 
  12889 4155   

13779* 13778* 13796 4204*   
14077* 14077* 14053 4218* 4218* 4218* 
15121 15121 15168 4292* 4292* 4289* 
15930* 15919* 15982* 4308* 4308* 4304* 
16105* 16105* 16139* 4334*   

  16334* 4449* 4447* 4444* 
  18617* 4464* 4463* 4458* 

23426* 23426 23486 4484* 4484* 4482* 
28098* 28093 28216 4497*   
32308* 32308* 32394* 4513*   

  39727 4653 4652 4650 
51034 51006 51116 4669   
56408 56337 56685 4691   
67003 67003 67239 4798   
79100 79040 80075 5076  5078 

   5090   
   5274*   
   5348* 5348* 5348* 
   5363* 5364* 5360* 
   5554*  5549* 
   5815  5810 
   5916* 5917* 5915* 
   5932* 5932* 5929* 
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   6100* 6097*  
   6122* 6122* 6121* 
   6142*  6136* 
   6667  6676 
   6848   
   6965* 6972* 6966* 
   6990*   
   7482   
   7778 7778 7775 
   7939*   
   7985  7982 
   8155 8155 8150 
   8948* 8955* 8946* 
   9161*  9151* 
   9302 9303 9299 
     9526 
     11096* 
     11747* 
   13925* 13925* 13919* 
     14124* 
     22284* 
     28221 
     30502* 
   33475* 33583* 33490* 
     40059* 
   43108 43015 43098* 
     50704* 
   60776 60804 60889* 
   66702* 66711* 67142* 
   79724 79393 80323* 
     89750* 
     91037 
     93689* 
     104178* 
   109494  110344* 
   133447 133435  
     136611* 
    149723 149579* 
     177011 

Abbreviations: BC: breast cancer; CRC: colorectal cancer  
* MWU test; p < 0.01  

 
Classification trees were generated on all peaks detected in data set 

1a, 1b or 2, and on the subset of peaks detected across all three data sets 
(Table 5). All optimum decision trees constructed on data set 1a and 1b, 
using either all peaks detected or only the common peaks, applied m/z 3964 
as single classifier, with data set 1b yielding the best performance of about 
80%. The trees constructed on data set 2 made use of different clusters, 
either considering all peaks detected (m/z 9151 and m/z 5360) or the 
common peaks detected (m/z 3979 and m/z 4218). However, the tree 
constructed on data set 1b generally had the best performance.  

 
Reproducibility CRC set 

For each data set on each apparatus the inter-chip reproducibility 
was assessed by calculating the median CV across all samples from replicate 
peak intensities of all clustered peaks and of the subset of 25 common 
peaks in the three data sets. The median CV of all peaks and all common 
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peaks was lowest for data set 2 and highest for data set 1a (Table 6). 
Considering all peaks, the CV was significantly different for the data sets 
(Kruskall Wallis test; p = 0.012), but not when considering only the common 
peaks to each data set (Kruskall Wallis test; p  = 0.3). 

 
 

Table 4: Characteristics of the classification trees constructed on the CRC sample set.  
Tree characteristics Tree performance* 

Data 
set 

Clusters (#) Node 1 (m/z) Node 2 (m/z) Sens (%) Spec (%) 

1a All (32) 15930 ≤ 35.576 51034 ≤ 
1.372 

68.8 62.8 

 Common (25) 15930 ≤ 35.576 51034 ≤ 
1.372 

68.8 62.8 

1b All (27) 32308 ≤ 0.676 - - 75.6 73.8 
 Common (25) 32308 ≤ 0.676 - - 75.6 73.8 
2 All (48) 4446 ≤ 1.136 - - 82.2 90.5 
 Common (25) 32394 ≤ 0.149 - - 73.3 81.0 
* Tree performance as determined by 10-fold cross validation, sens: sensitivity, spec: specificity 

 
Table 5: Characteristics of the classification trees constructed on the BC sample set.  

Tree characteristics Tree performance* 
Data 
set 

Clusters (#) Node 1 (m/z) Node 2 (m/z) Sens (%) Spec 
(%) 

1a All (81) 3964 ≤ 4.010 - - 74.4 73.9 
 Common (28) 3964 ≤ 4.010 - - 74.4 73.9 
1b All (31) 3964 ≤ 3.855 - - 83.7 78.3 
 Common (28) 3964 ≤ 3.855 - - 83.7 78.3 
2 All (59) 9151 ≤ 1.614 5360 ≤ 17.856 72.1 78.3 
 Common (28) 3979 ≤ 32.163 4218 ≤ 4.648 62.8 71.7 
* Tree performance as determined by 10-fold cross validation, sens: sensitivity, spec: specificity 
 
Reproducibility BC set 

For the BC sample set, Spearman’s rank correlation coefficient was 
calculated on peak intensities in each duplicate analysis for successive 
subsets of peaks including the 10%, 20%, 30% to 100% of peaks with 
lowest intensity, for all three data sets. As depicted in Figure 1a, a 
correlation coefficient > 0.8 was only reached after inclusion of 80% of 
lowest peaks in data set 1a, while in the other two data sets, this coefficient 
was already reached at inclusion of < 20% of lowest peaks. Similar results 
were obtained when considering the significance of correlation (Figure 1a). 
However, when considering only the common peaks detected across all 
three data sets, results obtained were highly similar for the three data sets 
(Figure 1b).  

 
Table 6: Reproducibility of the CRC data sets.  

Median CV 
Peak clusters 

Data set 1a Data set 1b Data set 2 
All peaks 28.30% 22.61% 20.62% 

Common peaks 25.48% 23.06% 21.71% 
All peaks (CON) 28.52% 21.76% 18.50% 
All peaks (CRC) 27.68% 23.38% 23.33% 
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Serum fractionation 
The numbers of clusters detected on CM10 and IMAC arrays for 

each sample in each acquired fraction are summarised in Table 7. Some of 
the clusters are occurring in several fractions. Ignoring these overlapping 
clusters, on average twice as many peaks were detected in the PCS 4000-
generated spectra compared to the PBS-IIc-generated spectra (analysed 
either by the ProteinChip software or Ciphergen Express).    
 

Discussion 

Although the PBS-IIc SELDI-TOF MS apparatus has been extensively 
used in the search for better biomarkers, issues have been raised concerning 
the semi-quantitative nature of the technique and its reproducibility. To 
overcome these limitations, a new SELDI-TOF MS instrument has been 
introduced: the PCS 4000 series. In the current study, we compared the 
performances of the old PBS-IIc and new PCS 4000 series generation SELDI-
TOF MS apparatus, by analysis of two sample sets.   

For the CRC sample set, most peaks were detected with the new 
PCS 4000 series using the Ciphergen Express software, indicating a better 
sensitivity and less detector saturation of this apparatus. The latter allows 
for the application of increased laser intensities, after which proteins will 
desorb more comprehensively, resulting in detection of more peaks. 
However, for the BC sample set, most peaks were detected with the PBS-IIc 
instrument using the ProteinChip software, indicating the opposite. 
Interestingly, in both sample sets, fewer peaks were detected by Ciphergen 
Express than by the ProteinChip software in the spectra generated with the 
PBS-IIc, despite the fact that both software packages use the same 
algorithm with similar settings to generate peak clusters. Apparently, the 
spectrum processing algorithms underlying the visible settings are different 
for both software packages.  

 
 
In the BC set, all peaks detected in the PBS-IIc generated spectra by 

the ProteinChip software, but missed by Ciphergen Express were < 4 in 
intensity. As peaks are detected by means of their signal-to-noise ratio, 
detection of these low intensity peaks becomes critical when either the noise 
increases or the signal decreases due to over-estimation of the baseline. 
Conceivably, the algorithm for noise and/or baseline estimation between 
both software packages has been changed. Due to the detector attenuation 
of the PCS 4000 instrument, matrix blanking has improved compared to the 
PBS-IIc. Hence, less chemical noise is expected when measuring with the 
PCS 4000 instrument, to which the algorithm applied in noise calculation 
might have been adapted. As such, for spectra generated with the PBS-IIc 
(in which relatively more chemical noise is present), the Ciphergen Express 
software will estimate the noise too high or the signal too low, the latter 
being the consequence of the baseline being estimated too high. Either way 
results in fewer detected peaks.  
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The difference between peaks detected by either software package 
in the PBS-IIc-generated spectra was more pronounced in the BC set than in 
the CRC set. These two datasets differed in their deflector/detector 
attenuation settings (CRC: 2000 Da, BC: 1000 Da), but in both sets, the 
noise was calculated between 2 and 200 kDa. However, as matrix peaks are 
generally observed up to 2000 Da, their contribution to the noise will most 
likely increase with decreasing deflector settings. Hence, the difference in 
deflector settings could have caused higher noise estimation in the BC set 
compared to the CRC set. Combined with the probable noise overestimation 
by Ciphergen Express in PBS-IIc generated spectra, and the fact that 
relative to the CRC data sets, the BC data sets contained more low intensity 
peaks (30 and 70%, respectively), which were mainly present in the range 
<10 kDa, this might explain the more pronounced difference in number of 
peaks detected in the PBS-IIc-generated BC dataset by both software 
packages.  

The difference in deflector/detector attenuation settings might also 
explain why, contrary to the CRC set, in the BC set more peaks were 
detected by the ProteinChip software in the PBS-IIc spectra than by 
Ciphergen Express in the PCS 4000 spectra. Compared to the ProteinChip 
software, the noise calculation algorithm in Ciphergen Express apparently is 
more sensitive to the noise in the low molecular weight range. Due to the 
difference in detector attenuation settings, this low molecular weight range 
will contain a higher signal in the BC spectra than in the CRC spectra. 
Consequently, the noise is estimated higher and less peaks are detected. 
This hypothesis is supported by the observation that all peaks detected in 
the PBS-IIc spectra, but not in the PCS 4000 spectra were < 3 in intensity.  

One of the alleged improvements of the PCS 4000 compared to its 
PBS-IIc predecessor is its special configuration for sensitivity in the high 
mass range that allows detection of proteins above 100 kDa. Indeed, in the 
BC set, four peaks > 100 kDa were detected exclusively in the PCS 4000-
generated spectra, compared to two peaks in the PBS-IIc-generated spectra. 
Moreover, all peaks that were detected exclusively in the PCS 4000 spectra 
by Ciphergen Express   
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Figure 1: Plots of Spearman’s rank correlation coefficient and p-values (mean (red) and median (black) values) per subset of A) all peaks detected and  
B) common peaks detected across all three data sets of the BC sample  set. PBS: data set 1a (PBS-IIc generated data, analysed by ProteinChip 
software); PCS: data set 2 (PCS 4000 generated data, analysed by Ciphergen Express); PBS/PCS: data 
set 1b (PBS-IIc generated data, analysed by Ciphergen Express). 
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Table 7: Peak clustering results for the serum fractions profiled on CM10 and IMAC30 arrays. 
 

Serum sample 1 Serum sample 2 Serum sample 3 
CM10 IMAC30 CM10 IMAC30 CM10 IMAC30 

 
 

Dataset 1a 1b 2 1a 1b 2 1a 1b 2 1a 1b 2 1a 1b 2 1a 1b 2 
FT+pH9 43 24 60 23 22 52 59 23 57 28 22 43 29 19 47 24 15 47 

pH7 16 6 45 9 9 30 28 9 46 9 7 24 9 5 51 7 7 26 
pH5 42 19 51 15 15 32 37 16 49 24 16 29 21 15 56 17 11 28 
pH4 22 22 46 24 22 53 19 17 50 34 24 54 23 19 54 23 21 46 
pH3 20 20 46 16 14 42 10 8 48 16 13 36 19 16 58 18 13 38 

Organic 22 17 58 31 30 40 17 12 61 22 15 36 24 20 53 19 20 42 
Total 165 108 306 118 112 249 170 85 311 133 97 222 125 94 319 108 87 227 

Unique 103 78 167 85 82 158 106 61 162 82 72 135 82 71 163 67 53 128 
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were above 10 kDa. However, in none of the CRC data sets any proteins > 
100 kDa were detected, indicating no better sensitivity for proteins in the 
higher mass range for the PCS 4000 series. Most peaks detected only in data 
set 2 were in the 2-10 kDa range. The differences in detection of high 
molecular weight peaks could, however, be caused by the different array 
types used for the analyses of both sample sets. 

 As the ultimate gain of the improved performance of the PCS 4000 
instrument would be detection of more and better biomarker candidates, we 
also assessed the classification potential of the data sets generated by both 
machines. For the CRC set, the improved performance of the new 
instrument was indeed reflected in the classifiers constructed, as the best 
classification was obtained with the data set generated by the PCS 4000 
instrument, using the total number of peaks detected. When using the 
subset of peaks detected in all three datasets, the performance of the 
classifier build on dataset 1b and 2 was similar. For the BC data set, results 
were less unambiguous. While for data set 1a and 1b only one classifier was 
applied in the different optimum decision trees constructed, best 
performance was achieved in data set 1b. Apparently, the different spectrum 
processing algorithms underlying both software packages also contribute to 
the alleged improved performance of the PCS 4000 instrument. However, 
application of both the PCS 4000 and Ciphergen Express yielded no better 
classifiers. Hence, for the BC set, the superior performance of the PCS 4000 
instrument in providing better biomarker candidates could not be confirmed. 

For the CRC set, the reproducibility of peak intensities was largely 
similar across data sets, although a non-significant trend could be seen to a 
lower CV for data set 2 compared to 1a and 1b. Thus, the spot scanning in a 
raster and the less detector saturation with the PCS 4000 series does not 
seem to result in a significantly better reproducibility. The fact that 
significant differences in CV were seen when all peaks were considered 
indicates that the surplus of peaks detected in data set 2 consists of more 
robust peaks than the ones also detected in the other data sets, causing the 
median CV to drop. Reproducibility of the PCS 4000 instrument as measured 
by the CV has been stated to be < 20% using an external standard (10). It 
is not known to us in which m/z range this reproducibility was obtained and 
whether this was with manual or robotic sample handling. However, our 
observed median CV is well in concordance with this value, especially taking 
the manual sample handling into account.  

Reproducibility in the BC data sets was assessed by calculation of 
Spearman’s rank correlation coefficient on duplicate intensities of the 10 to 
100% peaks with lowest intensity. When all peaks detected were included in 
this calculation, usage of the PCS 4000 and Ciphergen Express software 
package led to a better performance, as statistically significantly (p < 0.05) 
good correlations (R > 0.8) were already achieved upon inclusion of only 
20% of lowest peaks, compared to the 80% of lowest peaks necessary to 
achieve comparable results in the PBS-IIc generated data set. However, 
when correcting for the excess of low intensity peaks detected in data set 1a 
relative to data set 2 by considering only the peaks detected across all three 
data sets, results obtained were highly similar for the three data sets. Thus, 
the improved features of the PCS 4000 instrument relative to the PBS-IIc 
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apparatus do not lead to an improved reproducibility, as already observed in 
the CRC data sets.  

Analysis of the PBS-IIc-generated spectra by Ciphergen Express 
generally yielded the lowest number of peaks detected. Hence, the 
performance of the PCS 4000 in serum fractionation is indeed superior 
compared to the PBS-IIc instrument, reflecting the improved spot coverage 
and increased detector sensitivity. These observations are highly similar to 
the results obtained following peak detection in the three CRC data sets.  

Although deflector/detector attenuation settings were different for 
the fractionation spectra on IMAC and CM10 chips, peak clustering results 
were highly similar for the two array types used, contrary to the results 
obtained in the CRC and BC sample sets. This could be due to the fact that 
these spectra have a higher noise level than spectra from crude serum (data 
not shown), limiting the influence of the different noise estimation between 
both software packages. Moreover, the number of peaks < 10 kDa is similar 
in the fractionation spectra from the IMAC and CM10 chips, contrary to the 
spectra from the CRC and BC set, which could also cause less influence of 
the noise estimation on peak detection.  

In conclusion, regarding the number of peaks detected, the 
biomarker potential and the reproducibility of the two sample sets 
investigated by both the old (PBS-IIc) and new (PCS 4000) generation 
SELDI-TOF MS apparatus, we could not confirm the alleged improved 
performance of the PCS 4000 instrument over the PBS-IIc apparatus. 
However, the PCS 4000 instrument did prove to be of superior performance 
in peak detection following profiling of serum fractions. Until now, the 
majority of studies in which SELDI-TOF MS was applied in crude serum 
protein profiling for biomarker discovery generally reported high abundant, 
non-disease-specific proteins as potential biomarkers. However, the large 
dynamic range of crude serum hampers detection of the allegedly high-
informative low abundant serum proteins. As serum fractionation facilitates 
detection of low abundant proteins through reduction of this dynamic range, 
it is increasingly applied in the search for new potential biomarkers. Hence, 
although the new PCS 4000 instrument did not differ from the old PBS-IIc 
apparatus in the analysis of crude serum, its superior performance of 
fractionated serum samples does hold promise for improved biomarker 
detection and identification.  

 

Acknowledgement 

The authors gratefully acknowledge Ciphergen Biosystems for use of 
the PCS 4000 SELDI-TOF MS, and the Department of Clinical Chemistry, 
University Hospital Maastricht for use of the Ciphergen Express software 
package. Wouter Meuleman is greatly acknowledged for help with data 
analysis.  

 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 45 

References 

(1) http://www bruker nl/daltonics/home_daltonics html 2007. 
(2) Adam BL, Qu Y, Davis JW, Ward MD, Clements MA, Cazares LH et al. Serum protein 
fingerprinting coupled with a pattern-matching algorithm distinguishes prostate cancer from 
benign prostate hyperplasia and healthy men. Cancer Res 2002; 62(13):3609-3614. 
(3) Engwegen JYMN, Helgason HH, Cats A, Harris N, Bonfrer JMG, Schellens JHM et al. 
Identification of serum proteins discriminating colorectal cancer patients and healthy controls 
using surface-enhanced laser desorption ionisation-time of flight mass spectrometry. World J 
Gastroenterol 2006; 12(10):1536-1544. 
(4) Li J, Zhao J, Yu X, Lange J, Kuerer H, Krishnamurthy S et al. Identification of biomarkers for 
breast cancer in nipple aspiration and ductal lavage fluid. Clin Cancer Res 2005; 11(23):8312-
8320. 
(5) Zhang Z, Bast RC, Jr., Yu Y, Li J, Sokoll LJ, Rai AJ et al. Three biomarkers identified from 
serum proteomic analysis for the detection of early stage ovarian cancer. Cancer Res 2004; 
64(16):5882-5890. 
(6) Diamandis EP. Point: Proteomic patterns in biological fluids: do they represent the future of 
cancer diagnostics? Clin Chem 2003; 49(8):1272-1275. 
(7) Baggerly KA, Morris JS, Coombes KR. Reproducibility of SELDI-TOF protein patterns in 
serum: comparing datasets from different experiments. Bioinformatics 2004; 20(5):777-785. 
(8) Ransohoff DF. Lessons from controversy: ovarian cancer screening and serum proteomics. J 
Natl Cancer Inst 2005; 97(4):315-319. 
(9) Malyarenko DI, Cooke WE, Adam BL, Malik G, Chen H, Tracy ER et al. Enhancement of 
sensitivity and resolution of surface-enhanced laser desorption/ionization time-of-flight mass 
spectrometric records for serum peptides using time-series analysis techniques. Clin Chem 
2005; 51(1):65-74. 
(10) ProteinChip System, Series 4000, Product Note. (www bio-rad com) 2005. 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 46 

Chapter 2.1 
 
 
Improving colorectal cancer management: the 

proteomics potential 
 

 
Submitted for publication 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Judith Y.M.N. Engwegen 
Annemieke Cats 

Marianne E. Smits 
Jan H.M. Schellens  

Jos H. Beijnen



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 47 

Abstract 

Colorectal cancer (CRC) is the third most common cancer worldwide. 
Successful treatment is heavily dependent on tumour stage at time of 
detection, but unfortunately, CRC is often only detected in advanced stages. 
Due to limitations in currently available non-invasive methods for CRC 
detection, tracking of the disease before malignant transformation still poses 
a challenge, especially if the general population is to be screened. 
Carcinoembryonic antigen (CEA) measurement is limited to use for follow-up 
of patients after surgery and during chemotherapy. New biomarkers in the 
form of genes or proteins that can be used for diagnosis, prognostication, 
follow-up, and treatment selection and monitoring could be of great benefit 
for the management of CRC. Furthermore, proteins could prove valuable 
new targets for therapy. Therefore, clinical proteomics has gained a lot of 
scientific interest in this regard. However, up until the introduction of high-
throughput mass spectrometry methods, protein profiling studies have been 
mainly performed with gel electrophoresis in small patient groups. It is 
therefore important to evaluate the results from all these studies to get an 
overall insight into the extent to which this research has contributed to a 
better management of CRC. In the current review we give a comprehensive 
overview of the results of proteomics research on CRC, focusing on 
expression proteomics i.e. protein profiling studies. Furthermore, we 
evaluate the potential of the discriminating proteins identified in this 
research for clinical use as biomarkers for (early) diagnosis, prognosis and 
follow-up of CRC or as targets for new therapeutic regimens.  
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Introduction 

Colorectal cancer (CRC) is the third most common cancer worldwide 
(1). Treatment success is heavily dependent on tumour stage at time of 
diagnosis and, unfortunately, this often is when the tumour has already 
spread to its loco-regional environment or other organs. The formation of 
CRC is a slow process, with accumulating genetic alterations resulting in the 
so-called adenoma-carcinoma sequence (2). Although the slow development 
of the disease would enable early intervention, the invasive and labour-
intensive nature of colonoscopy precludes screening of the general 
population. 

Available non-invasive methods for screening or diagnosing CRC, like 
measurement of serum carcinoembryonic antigen (CEA) levels, faecal occult 
blood testing (FOBT) and faecal DNA analysis, have inadequate sensitivities  
(generally  below 50%) and/or specificities (~50-95%) (3-7). Therefore, 
tracking the disease before malignant transformation has occurred still poses 
a challenge, especially if the general population is to be screened. Besides 
difficulties in early diagnosis of CRC, treatment of CRC by chemotherapy is 
limited by insensitivity of tumours at baseline or development of resistance 
during chemotherapy. CEA may be used for follow-up and monitoring of 
patients after surgery and during chemotherapy, but is not suitable for 
selection of patients benefiting from adjuvant therapy in advance (8;9). 
Several molecular markers have been proposed as predictors of response, 
but validation in prospective trials is still lacking (10;11).  

In the last years proteomics has gained much interest in 
translational research for its potential in finding new biomarkers for disease, 
as well as new potential therapeutic targets. In contrast to the genome, the 
proteome is a dynamic parameter. It reflects not only the presence of active 
or inactive (mutated) genes, but also their extent of expression at a specific 
time point. In addition, the proteome reflects all proteins and peptides that 
may rise from a single gene, such as different mRNA cleavage products and 
proteins with different post-translational modifications. Several techniques 
are available to assess protein function and expression, each with their 
specific advantages and disadvantages (12).  

Also for CRC much proteomics research has been done, with the 
ultimate goal of finding new biomarkers and therapeutic targets. As some 
studies, especially those using gel electrophoresis technologies, are 
performed on a limited number of patients, it is important to compare 
results across studies as a means of validation of the postulated biomarkers. 
Sagynaliev et al. attempted to construct a “data warehouse” on CRC 
transcriptomic and proteomic studies reported from 1990-2004, integrating 
their results (13). A disappointingly low overlap between different studies 
was seen in the genes and proteins found differentially expressed in CRC. 
Since then, new mass spectrometry (MS) platforms for protein profiling have 
been introduced, yielding several new biomarker candidates for CRC. 
However, the contribution of this proteomic research to CRC management 
has never been evaluated. In the current review we give a comprehensive 
overview of the results of gel- and MS-based proteomics research on CRC, 
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focusing on expression proteomics i.e. protein profiling studies. We discuss 
tissue and serum/plasma protein profiling studies. Moreover, we evaluate 
the potential of the discriminating proteins identified in this research for 
clinical use as biomarkers for (early) diagnosis, prognosis and follow-up of 
CRC or as targets for new therapeutic regimens.  

 

Protein profiling for the identification of CRC biomarkers 

Tissue protein profiling 
 
Gel-based protein profiling 

Proteomic research in CRC has mostly been performed on tissue, an 
obvious choice since tissue proteins reflect the earliest changes caused by 
accumulating genetic mutations that transform normal colorectal mucosa to 
adenomatous polyps and CRC. Two-dimensional gel electrophoresis (2D-GE) 
and its variant 2D-DIGE (two-dimensional difference gel electrophoresis) 
(14) are the most widely used methods for these kind of analyses and are 
often combined with matrix-assisted laser desorption ionisation – time of 
flight (tandem) mass spectrometry (MALDI-TOF MS/MS) or liquid 
chromatography with tandem MS (LC-MS/MS) (15) to identify discriminating 
proteins.  

Paired analysis of CRC and/or adenoma tissue with normal mucosa 
from a single patient is a prerequisite, since inter-individual variability in 2D-
GE is much larger than intra-individual variability (16). Furthermore, 
between-run reproducibility of 2D-GE is sometimes poor (e.g. only 47% 
protein spots matching between runs) (16). Especially for gel-based 
investigations, integration of results from several studies is important, as 
they usually assess small patient numbers (about 5-20) because of their 
laborious nature. Several pathways have been consistently implicated in CRC 
by independent studies, for example glucose metabolism. Mazzanti and co-
workers reported 32 proteins differentially expressed in all of eight CRC 
patients with at least a fourfold change in abundance compared to normal 
mucosa (17). These proteins provided molecular evidence for preferential 
aerobic metabolism of normal tissue compared to tumour, and the use of 
glycolysis as energy source in tumour cells. A similar result was observed by 
others, showing an elevated glycolysis and decreased gluconeogenesis, 
glucoronate metabolism and tricarboxylic acid cycle (Krebs cycle) in CRC 
tissue (18). This phenomenon has been described as the “Warburg effect”. 
Liver fatty acid binding protein (L-FABP), involved in intracellular lipid 
transport and also identified in the above studies, was found consistently 
decreased in CRC by an independent group, which was 
immunohistochemically confirmed in another 249 tissues from CRC and 38 
of adenomatous polyps (19). Poorly differentiated tumours showed less 
staining, as did larger adenomas, indicating that L-FABP may be a marker of 
CRC differentiation. Furthermore, loss of L-FABP already occurred at the 
adenoma stage of CRC development.  

Although the paired investigation of CRC or polyp tissue and 
adjacent normal mucosa is a generally accepted strategy to find differentially 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 50 

expressed proteins, it has been proposed that a so-called field effect of the 
tumour may also influence the surrounding ‘normal’ mucosa. This was 
addressed in a study comparing adjacent mucosa tissue from patients with 
adenoma or CRC to normal mucosa from healthy persons (20). Many 
differences were found between mucosa from the cancer and adenoma 
patients on one side and the healthy controls on the other side, which is 
indicative of a functional change in ‘normal’ mucosa in patients at risk for 
CRC. Obviously, also environmental and genetic inter-individual differences 
between patients and healthy controls could be the cause of these 
discrepancies.  

Pre-clinical experiments in cell lines or animals could be an 
alternative for human tissue profiling studies, since they enable ‘pure’ 
proteome comparisons without introducing interfering factors. Furthermore, 
they enhance assessment of proteomic changes resulting from (therapeutic) 
intervention. Nevertheless, for CRC these studies are few and diverse in 
their aims. Some have investigated cellular pathways involved in the 
development of CRC, (21-25), others assessed proteins implicated in the 
development of metastases (26-28). Also protein profiles reflecting 
sensitivity of CRC cells to therapeutic agents (29-31) or the effect of diet 
(32;33) and therapeutic compounds on colorectal cells (34;35) have been 
the subject of pre-clinical experiments. However, discrepancies between 
cells grown in vitro and in vivo exist, e.g. because of adaptation to cell 
culture conditions (36), as well as differences between animals and humans. 
Therefore, subsequent validation of these preclinical data in clinical samples 
is pivotal.  

 
Molecular staging 

A means by which protein expression profiling could contribute to 
CRC management is in molecular staging of patients. Firstly, the current 
TNM classification is based on depth of tumour invasion and presence of 
metastases, but this is not necessarily the best way of characterising 
tumours. For instance, of patients with stage-III disease treated with 
adjuvant chemotherapy, only 20% actually benefit from it. Secondly, it is 
currently not possible to reliably distinguish ‘innocent’ polyps from those 
with malignant potential. Criteria for distinction of potentially malignant 
polyps (advanced adenomatous polyps) include size > 1 cm, a villous 
component and higher grade dysplasia. Staging on the molecular level by 
protein profiling of these lesions could be more accurate. Studies assessing 
the potential of protein profiling for such molecular staging are few, 
however, and results are preliminary. In a survey on 60 tissue bank samples 
from subsequent stages of CRC (from normal to liver metastases) both RNA 
and protein were extracted from the same tissue block and assessed for 
differentially regulated genes and proteins (37). Normal and adenoma tissue 
were quite easily discernable from CRC tissue, both on the genome and 
proteome level. Proteins with elevated abundance in CRC included 
chaperone proteins such as glucose-regulated protein 78 kDa, heat shock 
protein (HSP) 60 and HSP 70 kDa protein 8 (see Table 1), which are 
common stress response proteins. Decreased proteins in CRC, aldehyde 
dehydrogenase family 1 member A1, phosphoglycerate dehydrogenase and 
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vimentin, represented various cellular pathways. CRC stages were not 
separated at the genome or proteome level, but unsupervised clustering, did 
show distinct subclasses of CRC, not related to the current staging system. 
Future investigations will have to reveal whether these molecular subclasses 
can indeed predict prognosis. 

In another study, normal, adenomatous, tumour and metastatic 
tissue from 15 patients with sporadic sigmoid cancer were compared, 
clustering results from the different tissues (38). Normal tissues clustered 
closely together and adenomatous polyps clustered next to them. However, 
two polyps with high grade dysplasia clustered more closely to the tumour 
tissues. Furthermore, primary tumours clustered separately from 
metastases, likely representing the invasive nature of the latter. These 
results indicate that malignant transformation can already become apparent 
in adenomas. Indeed, many proteins identified to be differentially expressed 
between CRC and normal mucosa have also shown these differences already 
at the adenoma stage (37;39-41) and thus could represent markers for 
discrimination of ‘innocent’ polyps from those with malignant potential. 
Although the polyp itself still has to be removed endoscopically to gather 
protein expression data, such information might help identifying patients 
who need more stringent follow-up.  

 
Correspondence of protein en gene expression profiling 

In order to investigate whether protein expression in CRC is altered 
at the mRNA or protein level results from genomic and proteomic studies 
have to be compared. Moreover, looking at mRNA could provide a means to 
validate results from protein profiling experiments. However, few studies 
describe the integration of genomic and proteomic data. Habermann et al. 
compared initial protein profiling results to those of cDNA microarray 
analyses (42). Seventy-two of 112 more than 2-fold altered proteins were 
identified, belonging to only 42 individual proteins. This suggests a high rate 
of post-translational modifications. From 27 of these proteins cDNA was 
probed on a microarray, showing only 12 with a similar, but not statistically 
significant, trend in expression changes as in the protein analysis. Another 
study yielded similar results, showing a poor overlap between gene and 
protein expression differences (37). For only 12 of 47 genes of which also a 
protein spot was detected, expression was significantly correlated with 
protein expression. Moreover, 13 proteins showed a negative correlation. 
These results exemplify, that mRNA analyses do not completely reflect the 
changes that occur in CRC and that post-translational modification of 
proteins is an important way by which cellular processes are regulated. 
Opposite results from gene and protein expression could reflect a negative 
feedback of decreased mRNA synthesis with increased protein levels and 
vice versa or a time lag between mRNA and protein synthesis or 
degradation.  

 
Mass spectrometric protein profiling 

Methods with higher throughput than 2D-GE, such as MALDI-TOF 
and SELDI-TOF MS (surface-enhanced laser desorption ionisation time-of-
flight mass spectrometry) enhance statistical power and (internal) validity of 
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protein profiling results. Because of the higher sensitivity compared to gel-
based approaches and thus the lower amount of starting material needed, 
the selective capture of a specific subset of cells by laser capture micro-
dissection (LCM) (43;44) has typically been advocated for MS-based tissue 
protein profiling. Many previous gel-based studies had used whole tissue 
(biopsies) to assess protein expression. Unfortunately, other cellular 
components in this tissue can complicate the search for true tumour-
originating biomarkers. Furthermore, differences in sub-cellular distribution 
of proteins might account for discrepancies between results from profiling 
experiments of a whole tissue biopsy and e.g. validation with 
immunohistochemistry (45). LCM provides a more homogenous sample, 
enriching for epithelial tumour proteins (43;46). Nevertheless, a high degree 
of similarity between LCM-procured tissue protein profiles and those from 
whole tissue has also been reported (43).  

LCM could prevent the detection of ‘biomarkers’ not originating from 
tumour tissue, but the downside is that a lot of potentially interesting 
information is lost. The micro-environment of the tumour can be effectively 
altered, demonstrating for example a change in stromal cells upon invasion 
of a tumour into other tissue (47;48). Also, discriminating proteins for CRC 
were found to be increased both in the epithelial tumour cells and the 
stroma, demonstrating the influence of the tumour on its microenvironment 
or vice versa (49). Furthermore, effects of LCM on protein expression have 
not yet been fully investigated and potential protein degradation during the 
procedure may influence results. Finally, the extra time and specialised 
knowledge needed for LCM must be weighed against the expected extent of 
enrichment of potential biomarker proteins.  

Newer technologies for MS-based tissue protein profiling include 
imaging mass spectrometry. Tissue sections or isolated cells are directly 
placed on a target plate for MS and the whole tissue area is scanned to yield 
protein profiles from the whole section (50). In this way, the spatial 
distribution of proteins across the tissue can be evaluated.  

 
Serum and plasma protein profiling 

Tissue proteomic profiling can be expected to reveal protein changes 
specific to the tumour tissue. However, as discussed below, the current 
overview demonstrates that in many cases the aberrantly expressed proteins 
define pathways that are generally distorted in several cancer types. 
Furthermore, for application to routine clinical measurements, tissue is not 
the matrix of choice, as it requires a biopsy, which is not feasible for 
population screening programmes. Therefore, blood could be a more 
suitable matrix, being easily accessible for both screening and monitoring of 
CRC, before, after and during treatment. The use of 2D-GE for protein 
profiling of blood is limited, due to its bias towards higher abundant 
proteins, reinforcing the influence of albumin. To reduce sample complexity 
before 2D-GE, the specific capture of N-glycosylated proteins from serum 
samples has been described. Several high-abundant proteins such as 
albumin are not glycosylated and thus separated from the rest (51). 
However, mass spectrometry is more suitable for serum/plasma protein 
profiling, due to its sensitivity to lower abundant proteins and availability in 
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platforms combining high-throughput sample fractionation and 
measurement. 

 
Mass spectrometric protein profiling 

In the search for CRC serum biomarkers two different approaches 
can be taken. Tissue protein profiling by mass spectrometry can be 
performed, after which any potential biomarker is identified and validated in 
blood using a quantitative procedure such as ELISA. This approach was 
taken by Roessler et al. in two separate studies in which respectively 
nicotinamide N-methyltransferase and proteasome activator complex subunit 
3 (PSME3) were identified as proteins increased in CRC tissue (52;53). This 
increase was then validated in serum samples of additional CRC patients and 
for PSME3 also in benign bowel disease and healthy controls. The area 
under the receiver-operator characteristics (ROC)–curve, a plot of 1-
specificity vs. sensitivity, was 0.84 for nicotinamide N-methyltransferase 
serum levels and 0.77 for PSME3 serum levels, compared to 0.76 for CEA 
(52;53). Also alpha-defensins 1 to 3 were increased in tissue from patients 
with CRC (54). Measurement by ELISA revealed a similar increase in serum 
concentration for these patients. Using a cut-off 14.8 ng/mL, sensitivity and 
specificity for the detection of CRC were 100 and 69% respectively (AUC 
ROC 0.77). A second, independent set of 42 serum samples was used to 
validate these results and resulted in 100% sensitivity and 65.2% specificity 
(AUC ROC 0.84) at a cut-off of 12.3 ng/mL. Albrethsen et al. described a 
similar increase in serum and tissue levels of α-defensins 1-3 in patients with 
CRC, thus providing an external validation for these results (55). As a follow-
up study, the same investigators performed an ELISA for quantitation of 
these proteins in EDTA plasma of other CRC patients (56). Mean levels for 
healthy controls were 96.6 ng/mL, whereas patient mean values ranged 
from 105.4 to 244.3 ng/mL with progressing stage. It was shown that only 
in Dukes’ D disease sufficient sensitivity and specificity for the discrimination 
of patients and controls could be obtained. The large inter-patient variability, 
as suggested by the extreme differences in alpha-defensin levels in the two 
above-mentioned studies, could pose a problem for their use as biomarkers. 
Alternatively, the different alpha-defensin levels in these two studies reflect 
a difference between serum and plasma levels, stressing the need for strict 
adherence to one type of blood collection. 

A second means for detection of serum/plasma biomarkers obviously 
is direct protein profiling of serum/plasma. Especially SELDI- and MALDI-
TOF MS have been used for this purpose. Although much information can be 
obtained from such profiling experiments, a limitation is the need for 
subsequent identification of low-mass, low abundant proteins. Either more 
sophisticated MS apparatus having the option of collision-induced 
dissociation (typically quadrupole-TOF, TOF-TOF or ion-trap instruments) are 
needed, or proteins will have to be purified and then enzymatically digested 
with e.g. trypsin to perform peptide mass fingerprinting. As a result, many of 
these profiling studies have reported discriminating mass-to-charge (m/z) 
ratio’s, but no protein identities (57-60). Exceptions are few, e.g. a SELDI-
TOF MS serum analysis of 62 CRC patients and 31 non-cancer subjects, in 
which complement C3a-des arginine (Arg), α1-antitrypsin and transferrin 
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were found to be increased in CRC patients and apolipoprotein C-1 and its 
N-terminally truncated form missing threonine and proline were decreased 
(61). The expression differences could be confirmed by ELISA for 
complement C3a levels and by Western blot for α1-antitrypsin but not for 
apolipoprotein C-1 and its fragment. An algorithm combining all proteins was 
able to correctly classify 95% of the patients and 91% of the controls, based 
on 10-fold cross validation. Complement C3a-des Arg was also the main 
discriminative protein in another profiling study, showing 96% sensitivity 
and specificity for CRC of ELISA-measured serum levels in a blinded test set 
(62). Also in 86% of adenomas increased serum levels were seen. In a 
similar study apolipoprotein C-1 as well as the doubly charged form was also 
found decreased in serum of CRC patients compared to healthy controls 
(63). A similar effect was seen for apolipoprotein A-1. These results were 
obtained in two separate sample sets, using one as training and the 
remaining as test set. Sensitivities and specificities of classification trees 
challenged with the test set varied from 66.7-83.3% and combination of 
discriminating protein masses with CEA levels improved classification. 
Furthermore, the decreases in apolipoprotein C-1 and A-1 were also 
observed in other cancer types, although of limited sample sizes.  

Although whole blood has more potential as a matrix for disease 
management than tissue, several limitations have to be borne in mind. It is 
has only recently been acknowledged that sample handling of serum and 
plasma can have a profound influence on protein profiles. Blood samples 
have been frequently stored in serum banks at -30°C, but this is insufficient 
for inhibition of ex vivo (proteolytic) degradation processes. One of our 
biomarker candidates for CRC, an N-terminal fragment of albumin, was 
correlated with sample age (63). In newly collected samples we found that 
this fragment was generated during storage at -30°C, but not at -70°C 
(Engwegen et al. manuscript in preparation). Furthermore, as serum is a 
matrix generated by coagulation, it is prone to the proteases involved in this 
cascade, as well as those involved in the complement system, which is also 
activated upon clotting (64). Differences in clotting time, sample tubes and 
clotting temperature can thus all exert an effect on serum protein profiles. 
Hence, comparisons of protein expression among studies using other sample 
handling protocols have to be made with caution.  

Studies investigating the potential of CRC (serum) protein profiling 
for detection of prognostic markers, markers for response prediction, or 
therapy monitoring are currently limited.  One study in a small group of 
patients assessed serum protein profiles before and during chemo-
radiotherapy and directly before surgery for rectal cancer (65). Several 
protein peaks of unknown identity were induced upon chemo-radiotherapy. 
Combination of 14 protein peaks from serum samples taken 24-48 after first 
treatment was able to predict response with 87.5% sensitivity and 80% 
specificity (cross-validation). Apparently, the induction of proteins after a 
first cycle of chemo-radiotherapy is an early indication of tumour sensitivity 
to the treatment. A second study in 42 CRC patients treated with first-line 
oxaliplatin-capecitabine chemotherapy showed the decline of a protein of 5.9 
kDa during chemotherapy in responsive patients (66). Further validation in 
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new populations will have to address if these peaks for response prediction 
will hold as tumour markers. 

 
Autoantibody screening 

Another option in the search for protein biomarkers in CRC is the 
investigation of patient serum for autoantibodies to tumour proteins. 
Immune reactions to tumour antigens in essence amplify the signal of 
tumour presence, demanding less sensitive detection methods. Furthermore, 
antibodies are stably present in serum for longer periods of time. Serological 
analysis of tumour antigens is performed by probing known proteins, e.g. 
resolved with 2D-GE, with CRC patient serum, called SEREX (67) or 
PROTEOMEX/ SERPA (67;68). An early study in 4 CRC patients showed 
autoantibodies against 48 distinct proteins (69). However, only 6 reacted 
exclusively with sera from CRC patients, among which mutated p53. Twenty 
of 29 sera from other CRC patients reacted with at least one of two CRC-
specific proteins, showing the sensitivity of this approach. Sera from patients 
with renal, lung and breast cancer revealed no reactivity with these proteins. 

Nam et al. (70) performed a survey of sera from 45 CRC cancer 
patients, 24 lung cancer patients, 15 patients with colon adenoma, 20 with 
inflammatory bowel disease and 15 healthy controls for autoantibodies to 
proteins isolated from a colon carcinoma cell line. Ubiquitin C-terminal 
hydrolase isoenzyme-3 was found in the fraction reactive to 9 of 15 CRC 
sera. Moreover, upon validation by Western blot analysis, this reactivity 
showed to be largely confined to CRC, with only 2/20 sera from 
inflammatory bowel disease showing reactivity. 

Although the use of autoantibodies for detection of CRC seems 
promising, generally only a subset of patients with a particular tumour type 
develops a humoral response to a tumour antigen (71). This likely depends 
on the extent of antigen presentation, which could be induced by increased 
expression of the antigenic protein or ectopic expression e.g. in the cell 
membrane instead of intra-cellularly. Possibly, combined patterns of 
autoantibodies will have better sensitivity for CRC detection. 

 
Protein profiling of stool 

Genuine protein profiling by 2D-(DI)GE or MS has not been 
performed on stool, possibly because blood is considered a more acceptable 
non-invasive matrix. Stool may, however, pose an interesting matrix, as 
colonocytes are continuously shed into the faeces, for CRC to a greater 
extent than for normal mucosa. This could yield potentially more specific 
biomarkers than serum-derived ones. Along the years several studies 
assessing selected faecal proteins as biomarkers have been reported (72-
77), but in general no promising biomarkers have been found other than 
haemoglobin, which is already known as part of faecal occult blood tests. 
The suggested increased levels of carbonic anhydrase in faeces could merely 
reflect the presence of erythrocytes, which is very likely considering the 
similar sensitivity and specificity found for testing faecal carbonic anhydrase 
II and an immunological faecal occult blood test (74). Also presence of 
alpha-1 antitrypsin in faeces is potentially related to blood loss (73). 
However, more recently faecal pyruvate kinase M2 has been described as an 
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interesting marker for CRC screening (75-77). This protein, which was found 
up-regulated in CRC in a tissue protein profiling study, was also found to 
have 73-92% sensitivity to detect CRC in stool, compared to ~50% for 
Guaiac FOBT (77). Furthermore, a correlation with tumour stage was 
reported (75;77). In contrast, a third study reported only 71% specificity 
compared to 92% for guaiac FOBT, which would be insufficient for 
population-based screening (76). This large difference with other reports 
was probably caused by inclusion of around 25% of patients with 
inflammatory bowel disease. Thus the value of M2 pyruvate kinase for 
screening purposes seems questionable.  

 

Potential for the clinic 

The fast development and improvement of proteomics techniques 
has led, also for CRC, to many studies looking for potential biomarkers in the 
protein content of tissue and blood. Although many have successfully 
reported discriminating proteins, their usefulness in clinical practice has 
received less attention. In the following paragraphs we discuss the potential 
of the discriminating proteins found in protein profiling studies as biomarkers 
for CRC in the clinic. 

 
Diagnostic markers 

Although it can be concluded from Table 1 that CRC protein profiling 
studies have shown some consistent results regarding the found 
discriminative proteins, a valid question is whether these proteins do not 
reflect general mechanisms of cell deregulation, also occurring in other types 
of cancer. In fact, several of the (tissue) proteins in Table 1 have also been 
implicated in breast, prostate and ovarian cancer (78;79). In a comparison 
of lysates from cell lines of 12 types of cancer, among which CRC, cluster 
analysis revealed that not the different tumour types, but interrelated 
proteins involved in the same signalling pathways clustered together (80). 
This demonstrates the great overlap in deregulated pathways across 
different cancers, and thus a lack of specificity for CRC. 

Also for proteins in blood an overlap in discriminating serum or 
plasma proteins with other cancers or even benign conditions can be seen. 
For haptoglobin, complement C3a des-Arg, α-defensins and apolipoprotein 
A-I serum expression profiles for other cancers have been similar 
(12;81;82). This might have been expected, because they are (fragments 
of) abundant serum proteins, most easily detectable in protein profiling 
experiments, reflecting acute phase reactivity. However, along the years, a 
new vision on tumour specificity of proteins has emerged. Whereas a few 
years ago researchers were expecting to find tumour-specific proteins 
synthesised in the tumour tissue and shed into the circulation, this paradigm 
has evolved to native blood proteins being proteolytically processed by the 
tumour resulting in tumour-specific protein fragments. A key investigation in 
that matter has been the study by Villanueva et al. (64), who showed that 
proteolytic fragments patterns of complement C3f, inter-alpha trypsin 
inhibitor heavy chain H4 and fibrinopeptide A, among others, can confer 
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specificity for cancer types. CRC was not investigated in this analysis, but an 
earlier study by Fung et al. in ovarian cancer showed an expression profile 
of native serum protein fragments and isoforms for this cancer type to be 
distinct from that of other cancers, including CRC (83). Although the lack of 
tumour-specificity of most full-length proteins in Table 1 precludes their use 
as single diagnostic tests, they might hold as biomarkers for treatment 
monitoring, prognosis, and follow-up. Clinical follow-up studies are needed 
to investigate this, as well as the suggested diagnostic potential of protein 
fragment patterns.  

 
Prognostic markers 

Although not all initiated by the results of earlier protein profiling 
studies, for a few discriminating proteins their utility as prognostic tumour 
markers has been investigated in the clinical setting (Table 2). Several 
proteins can be expected to have a role in metastasis and thus prognosis 
based on their function. Cathepsin D, an aspartic protease, is known to have 
a role in extra-cellular matrix degradation and thus could enhance local 
tumour invasion and the development of metastases. Its expression was 
correlated to tumour grade and depth of invasion, although no effect on 
survival was seen (84). A similar study in 254 invasive colorectal tumours 
found a positive correlation of cathepsin D expression in stromal cells with 
lymph node metastasis in a multivariate analysis (85). Also S100A4, which 
co-localises in the cell with cytoskeletal proteins such as f-actin and is thus 
proposed to have a role in cell motility, showed increased expression in later 
CRC stages in a retrospective analyses comprising over 700 CRC patients 
(86-88). Its expression was correlated with worse survival, independent of 
tumour stage and lymph node status (88) or even stronger than nodal 
status (86). Attempts have been made to assess S100A4 levels in serum and 
plasma, but measurements were highly influenced by presence of S100A4 in 
erythrocytes and mononuclear cells (89), so its potential use as a tumour 
marker seems to be restricted to immunohistochemical analysis of tissue. 
Loss of APAF-1, a protein involved in the activation of caspases regulating 
cell apoptosis, was found to be associated with advanced stage, vascular 
invasion and worse survival using a tissue microarray from over 1000 CRC 
tissues including mismatch repair proficient and MLH1-negative cancers 
(90). APAF-1 was also an independent predictor of tumour budding, a 
phenomenon consisting of clusters of dedifferentiated cells ahead of the 
invasive tumour front and associated with more aggressive tumours (91). 
The (cross-validated) sensitivity and specificity of a logistic regression model 
predictive for tumour budding, which also included decreased cadherin-E 
levels as predictor, were 70.3% and 48.2%. Subsequently it was shown that 
tumour budding, as well as APAF-1 loss, was an independent predictor of 
survival.  

For some proteins prognostic significance for CRC has been shown 
already in the adenoma stage. In a ~15-20% subset of adenomas an 
increase in fascin expression was already observed, which may indicate 
more malignant potential of these adenomas (92). Indeed, in a second study 
adenomatous fascin levels were also related to the extent of dysplasia (93). 
Fascin is an actin-bundling protein probably involved in the assembly of actin 
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filament bundles in exploratory cellular organelles, such as microspikes, 
which are required for cell motility and invasion. Also mortalin, a 
mitochondrial heat shock protein implicated in cell proliferation, was found 
increased in 10 low-grade tubular adenomas, even in adenomas as small as 
4 mm (94).  

Although for most proteins the results have been consistent 
regarding their prognostic behaviour, differences in cellular expression of 
proteins have to be taken into account. For maspin, inconsistent results on 
its prognostic value have been reported. Negative immunohistochemistry for 
maspin was associated with lymph node and distant metastasis, disease 
stage and shorter survival in one study (95), whereas an other study found 
that positive maspin expression in the nucleus was related to adverse 
prognosis (96). Heterogeneous nuclear ribonucleoprotein K (hnRNP K) is 
exclusively localised in the cell nucleus in normal tissues, but in progressively 
later disease stages of CRC, a gradual decrease of this protein in the nucleus 
was observed in favour of cytoplasmic expression (97). Thus, prognostic 
impact may depend on cellular distribution of the particular protein. 

In addition to altered expression levels, also the mere presence of a 
protein can have prognostic potential. The use of cytokeratin (CK) 19 and 
CK20 as prognostic markers for CRC is based on their tissue-specificity for 
gastro-intestinal epithelium. As such, their detection in blood or lymph node 
tissue can mark the presence of metastasised colorectal tumour cells (98-
100). In a large study investigating 2317 lymph nodes from 200 CRC 
patients stage I-III the number of CK20 positive lymph nodes by RT-PCR 
was an independent predictor of survival (101). Smaller studies also 
suggested a fast recurrence and worse survival in patients with (more) 
CK20-positive lymph nodes (102-104). Similarly, peripheral blood samples 
from 157 CRC patients with normal CEA levels post-surgery were analysed 
for CK19 and CK20 mRNA, of which the presence was found to be related to 
depth of tumour invasion, lymph node metastasis, disease stage, relapse 
and survival (99). CK7, on the other hand, is mostly absent in colonic tissue. 
This characteristic, together with the presence of CK20 has been used to 
discriminate lung metastasis originating from a colorectal primary tumour 
from those of e.g. primary breast or lung cancer (105;106). However, it has 
also been suggested that CK7 expression becomes apparent at later stages 
(107), in rectal cancers (108), and in serrated adenoma (adenoma with 
morphologically hyperplastic features and cytologically adenoma features) 
and cancers resulting from them (109). Thus, attributing metastasis to 
another than a primary colorectal tumour based on CK7 positivity should be 
done with caution. Despite the above-mentioned promising results, the use 
of CK19 and CK20 as tumour markers is hampered by false positive results 
in healthy controls. 

Measurement of p53 autoantibodies has received much attention, 
with some larger studies assessing its usefulness for prognostication, 
treatment monitoring and follow up (for review see (110)). Mutations in p53 
occur in about half of all cancers, but in only 20-40% this results in the 
synthesis of detectable p53 antibody levels. The specificity for cancer is 
however very high (> 95%) (110). Most studies have shown a correlation of 
p53 antibodies and shorter survival (111), as well as antibody titre 
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corresponding to response (112). The high specificity and good accordance 
of serum levels with response indicate strong potential as a biomarker for 
follow-up of CRC. Additionally, as p53 mutations are early events in cancer 
development, detection of p53 antibodies might detect patients at the very 
start of malignant transformation, before clinical manifestation of cancer. 
However, such examples thus far have only been reported for lung cancer 
(110), whereas for CRC detectable p53 antibody levels have been 
demonstrated only for later stages of disease (111;112). 

 
Markers for therapy management 

Clinical studies assessing the potential of proteins for therapy 
monitoring or selection of patients eligible to therapy are scarce. Some gene 
expression studies have yielded comparable results to protein profiling 
studies. For example, cyclophilin 40 and CK20 were reported as part of a 
gene expression profile predicting response to preoperative radiotherapy for 
rectal cancer. Increased CK40 and decreased CK20 expression were related 
to no response to radiotherapy (113). Anaemia, reflected by low 
haemoglobin levels, has been proposed as a predictor of poor response to 5-
FU-based first-line chemotherapy in 631 mostly advanced CRC patients from 
three institutions (114). In addition, also the above-mentioned prognostic 
value of maspin was useful in predicting benefit from 5-FU-based 
chemotherapy in CRC patients with positive nuclear maspin expression (96). 

 
New therapeutic targets 

The long time needed for successful development of targeted 
molecules is probably the cause of the limited number of discriminating 
proteins that have been clinically investigated as novel targets for CRC 
treatment. The most promising agent at the moment is bortezomib. This 
small molecule is an inhibitor of the 26S proteasome, which is involved in 
cellular degradation of proteins. It induces apoptosis and has been shown to 
enhance the apoptotic effect of, among others, irinotecan, gemcitabine and 
doxorubicin in vitro (115). It is currently registered for treatment of 
refractory multiple myeloma, but results of clinical studies with this agent in 
CRC have not yet shown objective responses as single agent or combined 
with irinotecan (116;117). Also bryostatin, an inhibitor of protein kinase C 
has been tested in phase II clinical trials. In patients with advanced CRC no 
response was observed however (115;118). The protein kinase C inhibitor 7-
hydroxystaurosporine (UCN-01) has been investigated in several clinical 
trials (119-122).  Although no objective responses have been observed in 
CRC so far, stable disease was seen in several patients (122). Furthermore, 
an inhibitor of thioredoxin is evaluated in a clinical phase I study (123;124). 
For several other protein targets new pharmacological agents have been 
proposed, e.g. for calmodulin (125), cathepsin D (126) and 5-lipoxygenase 
(127) but these have not yet been tested in clinical studies. As many of the 
discriminating proteins for CRC identified thus far reflect general 
mechanisms of cell deregulation in cancer, it seems that newly developed 
molecules targeted to these proteins could be useful to treat several types of 
cancers.  
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Conclusions and perspectives 

After more than a decade of proteomic research, we are still at the 
beginning of the clinical proteomics era. For CRC most protein profiling 
studies have thus far only addressed the utility of protein patterns for 
diagnosis of CRC. For some proteins their prognostic value has also been 
investigated, but research into protein profiling to yield biomarkers for 
follow-up of CRC, monitoring of patients under treatment and determining 
eligibility for chemotherapy is very limited. Overseeing the results up to now, 
we can conclude that several proteins, e.g. HSP 60, liver fatty acid binding 
protein, S100A8 and vimentin, have been consistently reported to be 
differentially expressed in CRC across several studies with different 
proteomic techniques. Possibly, these will also prove to be useful markers 
for prognosis, follow-up and treatment monitoring. However, with gel-based 
approaches using peptide mass fingerprinting after trypsin digestion for 
protein identification, no total protein masses are obtained and investigators 
must do with the mass resulting from the gel electrophoresis experiment. 
This means information about post-translational modifications is limited and 
that identified proteins across different studies might reflect different protein 
isoforms.  

The rationale for investigation of colorectal tissue still is the 
expectation that this will yield the most specific i.e. tissue-originating 
biomarkers for CRC. However, the current overview demonstrates that many 
of the identified proteins are in fact normal cellular proteins of which the 
expression is either increased or decreased. Furthermore, the deregulated 
cellular processes are largely similar across different types of cancer. Thus, 
the concept of tumour-specific proteins that are synthesised exclusively by 
tumour tissue has yet to be fulfilled. Yet, we must not rule out the possibility 
that such proteins do exist, but are among the least abundant proteins and 
as such not detected with the current proteomic technologies, either 
because they are below the detection limit, or because their amino acid 
sequence is not in any database and no effort is undertaken to sequence all 
these unknown proteins. In fact, in many gel- and MS-based protein 
profiling studies for CRC, a large part of discriminating protein spots/peaks 
remained unidentified. 

Besides the fact that it is questionable that tissue protein profiling 
will yield the most specific CRC biomarkers, for clinical purposes and 
especially screening and follow-up, blood is a far more suitable matrix. 
Again, also with blood it is not to be expected that tumour-originating 
proteins shed into the circulation are going to be detected with the current 
methods. Although new, full-length proteins with CRC biomarker potential 
may be found in blood, most hope is now set on proteolytic fragment 
patterns of normal blood proteins that represent a means for the detection 
of tumour-specific proteolytic processes. Whether this hope is realistic 
depends on the rigour of clinical studies investigating this. As these protein 
fragments are prone to sample handling variations, this poses a challenge to 
clinical logistics for sample handling and inter-institutional robustness. 
Furthermore, as yet this concept still has to be investigated for CRC in 
combination with other cancers and benign colorectal diseases. 
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For the future of clinical oncoproteomics in general we must 
anticipate a need for further development of MS profiling technologies. The 
biomarker potential of proteolytic protein patterns in serum so far relies on 
mathematical classification algorithms based on measured peak heights. As 
current profiling technologies are semi-quantitative in nature, this could pose 
a problem for clinical application when different apparatus are used in 
different institutes or even within one institute over time. Thus, quantitative 
measurements are preferable. However, simple ELISA methods will not 
suffice, because antibodies are usually generated against the full-length 
protein and can react with multiple fragments of this protein, abolishing 
correct quantitation of protein fragments. Alternatively, epitope-specific 
antibodies should be developed, or multiplex quantitative immuno-MS 
technologies which are able to discriminate between all the proteins bound 
to a single antibody. For the detection of (low abundant) tumour tissue-
specific tissue or serum proteins, if they exist, more extensive pre-
processing of samples is needed. Although a lot of effort is put into sample 
clean-up, e.g. depletion of the most abundant proteins in serum, cellular 
fractionation of tissue lysates etc., this has not yet resulted in the 
identification of new tumour proteins. Furthermore, many fractionation 
approaches are developed for LC-MS/MS purposes and are not available in a 
high-throughput format compatible with MALDI-TOF MS-based profiling 
techniques.  

An enormous contrast exists between the wealth of protein 
expression studies for CRC, coming up with potentially interesting, new 
biomarker candidates, and the subsequent paucity of clinical studies 
attempting to validate the results in larger populations. This is equally true 
for MS-based protein profiling studies, as for those involving 2D-(DI)GE. 
Both produce protein expression results on hundreds to thousands of protein 
peaks/spots, but due to the large number of detected proteins compared to 
the lower number of samples, especially for gel-based techniques with low 
sample throughput, there is a large risk of false-positive results. Accounting 
for multiple testing in protein profiling studies and subsequent validation of 
biomarker candidates by other methods and/or in new populations is thus of 
pivotal importance. Furthermore, the lack of follow-up after a protein 
profiling study to clinical studies for any CRC biomarker candidate precludes 
a potential benefit for the patient, which is in fact stated as the main goal of 
many protein profiling studies. Instead, different research groups are 
performing similar studies (with similar results) over and over.  

Only a fraction of the discriminating proteins mentioned in CRC 
protein profiling studies has actually been investigated in the clinic for their 
potential as (prognostic) CRC biomarkers. Although for some proteins results 
are promising considering the reasonable number of investigated samples, 
routine measurement of these proteins is not yet clinical practice. 
Considering the efforts that have been undertaken to assess the potential of 
CEA as a CRC marker since its discovery, we can envision an exponential 
increase in work-load to assess the clinical potential of all proteins coming 
up in protein profiling studies as potential markers. To streamline this, 
clinical oncoproteomics should be performed in a multidisciplinary 
environment in which translational research labs cooperate with clinicians 
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and bioinformaticians to pinpoint concise clinical hypotheses and produce 
reliable results that are validated in larger populations.  
 
Table 1: Discriminating proteins in CRC found by protein profiling studies 

Protein Association 
with CRC 
and/or 

adenoma 
(*) 

Matrix Techniqu
e 

References 

    Human 
studies 

Animal 
studies 

In vitro 
studies 

2’,3’-cyclic nucleotide 
3’-phosphodiesterase 

NR Tissue 2D-GE (38;42)   

Delta (3)-delta (2)-
trans-enoyl-CoA 
isomerase, 
mitochondrial 

+ Tissue 2D-GE (38;42)   

Delta (3,5)- delta 
(2,4)-dienoyl-CoA 
isomerase, 
mitochondrial 

+ Tissue 2D-GE  (35)  

Delta (3,5)- delta 
(2,4)-dienoyl-CoA 
isomerase, 
mitochondrial 

- Tissue 2D-GE (128)   

5-lipoxygenase + Tissue 2D-GE (38;42)   
NR Tissue 2D-GE (129)   11s regulator chain B 
- Cell line 2D-GE   (130) 

14-3-3 β/α protein + Tissue 2D-DIGE (131)   
14-3-3 β + Tissue 2D-GE (20)   
14-3-3 γ protein + Tissue 2D-DIGE (131)   
14-3-3 ε - Tissue 2D-GE (20)   

+ Tissue 2D-DIGE (131)   14-3-3 protein 
zeta/delta (protein 
kinase C inhibitor 
protein 1) 

- (*) Tissue 
Cell line 

2D-GE (20)  (31) 

+ Tissue 2D-GE   (23) 14-3-3 σ 
-(*) Tissue 2D-GE (40)   

60S acidic ribosomal 
protein P0 (L10E) 

+ Cell line 2D-GE   (21) 

Aconitase 2  - Tissue 2D-GE (18)   
Aconitate hydratase, 
mitochondrial 
precursor 

- Tissue 2D-GE (18)   

+ Tissue 2D-DIGE (131)   Actin fragment 
- Tissue 2D-DIGE (131)   

Actin α - Tissue 2D-GE (20;132)   
+ (*) Tissue 2D-GE (20)   
- (*) Tissue 2D-GE (38;40; 

42;132) 
  

Actin β 
 

NR Tissue 2D-GE (129) (133)  
Actin γ - (*) Tissue 2D-GE (38;40; 

42) 
  

Activator of 90 kDa 
heat shock protein 
ATPase homolog 1 

- Cell line 2D-DIGE   (34) 

+ Cell line 2D-DIGE   (33) Acyl-CoA 
dehydrogenase - Tissue 2D-GE (134)   
Adenosyl 
homocysteinase and 

+ Tissue 2D-DIGE (131)   
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eukaryotic initiation 
factor 4A-like 
Adenylyl cyclase-
associated protein 

+ Tissue 2D-GE (135)   

Albumin - Tissue 2D-GE (20;38; 
42), 

  

Albumin complex 
with myristic acid 

- Tissue 2D-GE (20)   

Albumin, N-terminal 
fragment 

+ Serum SELDI-TOF 
MS 

(63)   

Aldehyde 
dehydrogenase  
family 1 member A1 
(Aldehyde 
dehydrogenase 
cytosolic, class 
I/Retinal 
dehydrogenase 1) 

- Tissue 
Cell line 

2D-GE 
2D-DIGE 

(37;131; 
134) 

 
 

 (130) 

Aldoketoreductase 7 - Tissue 2D-GE (134)   
Aldolase A + Tissue 2D-GE (135)   
Aldolase C, fructose-
biphosphate 

+ Tissue 2D-GE  (35)  

+ Tissue 
Cell line 

2D-GE 
2D-DIGE 

(18)  (34) 

- Cell line 2D-GE   (34) 

Aldolase, Fructose-
biphosphate  

NR Tissue 2D-GE (129)   
+ (*) Tissue 

Serum 
2D-GE 
2D- DIGE 
SELDI-TOF 
MS 

(20;61; 
131) 

  Alpha-1 antitrypsin 
precursor 

- (*) Tissue 2D-GE 
2D-DIGE 

(20;131; 
136) 

  

Alpha 3 type VI 
collagen, isoform 2 
precursor 

+ Tissue 2D-GE (135)   

Alpha-1B-
glycoprotein 

- Tissue 2D-GE (132)   

Alpha(B)-crystallin - Tissue 2D-GE (134)   
Alpha-defensins 
(human neutrophil 
peptide) 1-3 

+ Tissue 
serum 

SELDI-TOF 
MS 

(54-56) 
 

  

Annexin I (A1) + Tissue 2D-GE  (35)  
Annexin I fragment + Tissue 2D-GE 

2D-DIGE 
(131)   

Annexin A2 (Annexin 
II) 

+ Tissue 
Cell line 

2D-GE (129;13
5), 

 (130;137
) 

Annexin III +(*) Tissue 
Cell line 

2D-GE 
2D-DIGE 

(41;131; 
134) 

 

 (34;137) 

+(*) Tissue 2D-GE 
2D-DIGE 

(37;41; 
131;136

) 

(35)  

- Cell line 
Tissue 

2D-GE   (32;130) 

Annexin IV 

NR Tissue 2D-GE 
 

(129)   

+ Tissue 2D-DIGE (131)   
- Tissue 2D-DIGE (136)   

Annexin V 

NR Tissue 2D-GE (38;42)   
+ Tissue 2D-GE (135)   Anterior gradient 2 
NR Tissue 2D-GE (129)   
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Antithrombin III - Glycosyla-
ted serum 
fraction 

SELDI-TOF 
MS 

(51)   

AP-3 complex delta 
subunit 

- Cell line 2D-DIGE   (34) 

+ Tissue 2D-GE (138)   
- Tissue 

Serum 
2D-GE 
SELDI-TOF 
MS 
2D-DIGE 

(20;63; 
131;132

) 

  
Apolipoprotein A-1 

NR Tissue 
 

2D-GE (129)   

Apolipoprotein C-I - Serum SELDI-TOF 
MS 

(61;63)   

Apoptotic peptidase-
activating factor-1 
(APAF-1) 

+ Tissue 2D-GE (17)   

ATP-dependent DNA 
helicase 2 subunit 1 
(70K thyroid antigen 
fragment) 

- Tissue 2D-GE (20)   

+ Tissue 2D-GE (132;13
5) 

  ATP synthase beta 
chain 

NR Tissue 2D-GE (38;42)   
ATP synthase D 
chain 

NR Tissue 2D-GE (38;42)   

Beta-2- glycoprotein - N-
glycosyla-
ted serum 
fraction 

SELDI-TOF 
MS 

(51)   

Biliverdin reductase 
A 

+ Tissue 2D-DIGE (131)   

Calmodulin 
complexed with 
calmodulin-binding 
peptide 

- Tissue 2D-GE (138)   

Calnexin + Tissue 2D-GE (37)   
Calpain + Tissue 2D-GE (20)   
Calponin 1  (H1, 
smooth muscle) 

- Tissue 2D-GE (134)   

Calponin-2 - Cell line 2D-DIGE   (34) 
+ Tissue 

Cell line 
2D-GE (135) (35) (24;137) 

- (*) Tissue 2D-GE  (25)  

Calreticulin 

NR Tissue 2D-GE (129)   
+ Tissue 2D-GE (135)   Carbonic anhydrase I 

- (*) Tissue 2D-GE 
2D-DIGE 

(41;131; 
134) 

(25)  

+ Tissue 2D-GE  (24)  Carbonic anhydrase 
II - Tissue 2D-GE (18)   
Carboxykinase, 
mitochondrial 
precursor 

- Tissue 2D-GE (18)   

Carboxypeptidase A3 + Cell line 2D-DIGE   (33) 
Carbonyl reductase + Tissue 2D-GE  (24)  
Caspase 3 + Tissue 2D-GE   (23) 
Caspase 4 precursor + Tissue 2D-GE   (32) 
Caspase-9 + Tissue 2D-GE (17)   
Catenin gamma 
(desmoplakin-
3/junction 

+ Cell line 2D-DIGE   (34) 
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plakoglobin) 
Cathepsin fragment + Tissue 2D-DIGE (131)   
Cathepsin D 
precursor 

+ Tissue 2D-GE   (32) 

Cell cycle protein 
Lysophospholipase  

+ Tissue 2D-GE (41)   

Cell division cycle 42 + Tissue 2D-GE (138)   
Chloride intracellular 
channel protein 1 

+ Tissue 
Cell line 

2D-GE (135)  (21) 

Clusterin 
(Apolipoprotein J) 

- N-
glycosyla-
ted serum 
fraction 

SELDI-TOF 
MS 

(51)   

Coagulation factor 
XIII 

- Tissue 2D-DIGE (131)   

Coagulation factor 
XIII B chain 

- N-
glycosyla-
ted serum 
fraction 

SELDI-TOF 
MS 

(51)   

Coatomer protein 
complex subunit 
bèta 

+ Tissue 2D-GE (37)   

Cofilin (non-muscle) + Tissue 
Cell line 

2D-GE (135)  (137) 

Collagen-binding 
protein 2 precursor 

- Cell line 2D-GE   (21) 

Complement C3a 
des-Arg 

+ Serum SELDI-TOF 
MS 

(61;62)   

COP9 complex 
subunit 4 

+ Tissue 2D-GE   (32) 

+ (*) Tissue 
(nuclear 
matrix 

fraction) 

2D-GE (139-
141) 

  Creatine kinase B 
(43 kDa) 

- Tissue 
Cell line 

2D-DIGE (20;131)  (34) 

Creatine kinase B 
chain and g-actin 

- Tissue 2D-DIGE (131)   

Creatine kinase 
mitochondrial 1 

+ Tissue 
(nuclear 
matrix 

fraction) 

2D-GE  (24)  

Crk-like protein - Cell line 2D-DIGE   (33) 
Cu/Zn-superoxide 
dismutase 

- Tissue 2D-GE (132)   

Cyclophilin 40 (40 
kDa peptidyl-prolyl 
cis-trans isomerase) 

- Cell line 2D-DIGE   (33) 

Cytochrome c 
oxidase polypeptide 
VIb 

+ Cell line 2D-DIGE   (33) 

Cytochrome C 
oxidase polypeptide 
Va 

- (*) Tissue 2D-GE (40)   

Cytochrome b5 outer 
mitochondrial 
membrane precursor 

+ Tissue 2D-GE (38;42)   

Cytochromes oxidase 
subunit II 

+ Tissue 2D-GE (17)   

Cytokeratin 7 - Tissue 2D-GE (38;42)   
Cytokeratin 8 + (*) Tissue 2D-GE (20;136)  (33) 
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Cell line 2D-DIGE 
- Tissue 2D-GE (38;42)   

NR Tissue 2D-GE (129)   
+ (*) Tissue 2D-GE (20)   Cytokeratin 9 

- Tissue 2D-GE (20)   
Cytokeratin 10 - Tissue 2D-GE (132)   
Cytokeratin 18 +(*) Tissue 2D-GE (38;41;4

2132;13
5) 

  

Cytokeratin 19 - Tissue 2D-GE (20;38; 
42) 

  

+ Tissue 2D-GE (20;38; 
42) 

  Cytokeratin 20 

- (*) Tissue 2D-GE (40)   
Deoxyuridine 5-
triphosphate 
nucleotidohydrolase 

- Cell line 2D-DIGE   (33) 

Desmin  - Tissue 2D-GE 
2D-DIGE 

(20;131; 
132) 

  

Desmoplakin  - Cell line 2D-DIGE   (34) 
Dihydrofolate 
reductase 

- Cell line 2D-DIGE   (33) 

DnaJ (heat shock 
protein 40) homolog 
subfamily A member 
2 

+ Tissue 2D-GE (38;42)   

DnaJ homolog 
subfamily B member 
11 

+ Tissue 2D-GE (38;42)   

DNA excision repair 
protein ERCC-1 

+ Tissue 2D-GE (17)   

DNA mismatch repair 
protein MSH2 

+ Tissue 2D-GE (17)   

+ Cell line 2D-DIGE   (33) Elongation factor 1-
alpha 1 (Elongation 
factor Tu) 

- Cell line 2D-DIGE   (34) 

Elongation factor 1-
delta 

+ Tissue 
Cell line 

2D-GE 
2D-DIGE 

(37;38;4
2131) 

 (28) 

Elongation factor-2 + Tissue 
Cell line 

2D-GE (41)  (137) 

+ Tissue 
Cell line 

2D-GE (37;38;4
2135) 

(133) (137) Endoplasmin 
precursor (tumour 
rejection 
antigen/GRP94/gp96 
homolog/Heat shock 
protein 90 kDa beta 
member 1) 

- Cell line 2D-DIGE   (34) 

+ Tissue 
Cell line 

2D-GE (18;37; 
135) 

 (137) 

- Cell line 2D-DIGE   (34) 

Enolase 1 

NR Tissue 2D-GE (129)   
Epidermal fatty acid 
binding protein 

+ Cell line 2D-GE   (31;137) 

Epidermal growth 
factor receptor 
substrate 15-like 1 
(Eps15-related 
protein) 

- Cell line 2D-DIGE   (34) 

Eukaryotic 
translation initiation 
factor 1 (Protein 

- Tissue 2D-GE (17)   
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translation factor 
SUI1 homolog) 
Eukaryotic 
translation initiation 
factor 4G isoform 1 

+ Tissue 2D-GE (38;42)   

Eukaryotic 
translation initiation 
factor 4H 

+ Tissue 2D-GE (135)   

Eukaryotic 
translation initiation 
factor 5A 

+ Tissue 2D-GE   (23) 

Elongation factor 1 
gamma 

+ Tissue 2D-DIGE (131)   

Eukaryotic 
translation initiation 
factor 4 

- Cell line 2D-GE 
2D-DIGE 

  (21;34) 

Eukaryotic 
translation initiation 
factor 4E 

- Tissue 
Cell line 

2D-GE 
2D DIGE 

(17)  (33) 

Eukaryotic 
translation initiation 
factor 5A 

- Cell line 2D-DIGE   (34) 

Eukaryotic 
translation initiation 
factor 6 

- Cell line 2D-GE   (21) 

Ezrin 
(p81/cytovillin/villin-
2) 

+ Tissue 
Cell line 

2D-GE (38;42)  (137) 

F0F1-ATPase β-
subunit 

- Tissue 2D-GE (17)   

F-actin capping 
protein alpha subunit 
(CapZ alpha-1) 

+ Tissue 2D-GE (38;42)   

F-actin capping 
protein beta subunit 

+ Tissue 2D-DIGE (131)   

Fascin + Tissue 
Cell line 

2D-GE  (35) (130) 

Ferritin light chain + Tissue 2D-GE (128)   
Fibrinogen fragment 
d, chain C 

NR Tissue 2D-GE (129)   

Fibrinogen gamma 
chain, isoform 
gamma-A precursor 

- (*) Tissue 2D-GE (20)   

Flavin reductase - Tissue 2D-GE (45)   
Galectin 1 + Tissue 2D-GE  (35)  
Galectin-3 - Cell line 2D-GE   (31) 
G protein pathway 
suppressor 

+ Tissue 2D-GE (17)   

G protein Gx α-
subunit 11 

+ Tissue 2D-GE (17)   

G protein Gx α-
subunit 14 

+ Tissue 2D-GE (17)   

Globin - Tissue 2D-GE (132)   
Glucosamine-6-
sulphatase 

+ Tissue 2D-GE (17)   

+ Tissue 
Cell line 

2D-GE (37;38;4
2132) 

 (137) Glucose-regulated 
protein 78 kDa (heat 
shock 70kDa protein 
5) 

- Cell line 2D-DIGE   (34) 

Glutathione-S-
transferase 

+ Tissue 2D-GE (129)   
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Glutathion S 
transferase M4 

- Tissue 2D-GE (17)   

Glutathione S-
transferase omega 1 

+ Cell line 2D-GE   (130) 

+ Tissue 2D-GE 
2D-DIGE 

(129;13
1;132) 

  Glutathione-S-
transferase pi 

- Cell line 2D-GE   (31) 
Glutathione-S-
transferase theta 
family member 

- (*) Tissue 2D-GE  (25)  

GADPH 
(Glyceraldehyde-3-
phosphate 
dehydrogenase) 

+ Tissue 
Cell line 

2D-GE (18)  (34) 

+ Tisseu 2D-DIGE (131)   Glycyl-rRNA 
synthetase - Tissue 2D-GE (20)   
GTP-binding protein 
(Ral) 

- Tissue 2D-GE (17)   

Guanine nucleotide-
binding protein G(s) 
subunit alpha 
alternative splice 
product 

+ Tissue 2D-GE (17)   

Haemoglobin beta - Tissue 2D-GE (45;132)
, 

  

Haemoglobin delta 
chain 

- Tissue 2D-GE (45)   

Haptoglobin + N-
glycosyla-
ted serum 
fraction 

SELDI-TOF 
MS 

(51)   

Haptoglobin- α and -
β subunit 

+ Plasma 2D-GE  (142)  

Heat-shock protein 
10  

+ Tissue SELDI-TOF 
MS 

(143)   

+ Tissue 
Cell line 

2D-GE (38;42; 
129) 

 (31;32;1
30) 

Heat shock protein 
27 

- Tissue 
Cell line 

2D-GE (132)  (21) 

+(*) Tissue 2D-GE (37;38;4
042;135

) 

  Heat shock protein 
60 
(chaperonin 1) 

- Tissue 2D-GE  (35)  
Heat shock 70-kDa 
protein 4 (Osmotic 
stress protein 
94/Heat shock 70-
related protein APG-
1) 

+ Tissue 
Cell line 

2D-GE (37)  (137) 

Heat shock 70 kDa 
protein 8 (heat 
shock cognate 
protein 71 kDa) 

+ Tissue 2D-GE (37;38;4
2135) 

 (137) 

Heat shock protein 
70 

+(*) Tissue 2D-GE (40)   

Heat-shock 70-kDa 
protein 1B (Heat 
shock 70 kDa protein 
7) 

+ Tissue 2D-GE (37)   

Heat shock protein 
HSP 90-beta (Hsp84) 

+ Cell line 2D-DIGE   (34) 
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Heat shock protein 
beta  (fragment) 

+ Tissue 2D-GE (128)   

+ Cell line 2D-GE   (21;33) Heterogenous 
nuclear 
ribonucleoprotein A1 

- Tissue 
Cell line 

2D-GE 
2D-DIGE 

(45)  (33) 

Heterogenous 
nuclear 
ribonucleoprotein 
A2/B1 

+ Tissue 
Cell line 

2D-GE (135)  (21) 

Heterogenous 
nuclear 
ribonucleoprotein A3 

+ Cell line 2D-DIGE   (34) 

Heterogenous 
nuclear 
ribonucleoprotein C-
1 

- Cell line 2D-DIGE   (34) 

+ Tissue 2D-GE (135)  (23) Heterogenous 
nuclear 
ribonucleoprotein C 
(C1/C2) 

- Tissue 2D-GE   (23) 

Heterogenous 
nuclear 
ribonucleoprotein 
core protein C-like 

- Cell line 2D-DIGE   (34) 

Heterogenous 
nuclear 
ribonucleoprotein F 
(45 kDa) 

+ (*) Tissue 
(nuclear 
matrix 

fraction) 

2D-GE (139;14
0;144) 

  

+ Tissue 
Cell line 

2D-GE 
2D-DIGE 

(37;97)  (23;33) Heterogenous 
nuclear 
ribonucleoprotein K 
(hnRNP K) 

- Tissue 2D-GE   (23) 

Hepatocellular 
carcinoma-
associated antigen 
66 

NR Tissue 2D-GE (38;42)   

High mobility group 
box 1 protein (58 
kDa) 

+ Tissue 
(nuclear 
matrix 

fraction) 
Cell line 

2D-GE (134;13
9;140;1

44) 

 (130) 

Hypoxia up-
regulated protein 1 
(ORP150) 

+ Tissue 
(nuclear 
matrix 

fraction) 
Cell line 

2D-GE   (137) 

+ (*) Tissue 2D-GE (20)   IgG Fc binding 
protein - Tissue 2D-GE (20)   
Immunoglobulin 
heavy chain 

NR Tissue 2D-GE (129)   

Inosine 
monophosphate 
dehydrogenase 

+ Cell line 2D-GE   (130) 

Inducible cAMP early 
repressor type 1 

- Tissue 2D-GE (17)   

Insulin-like peptide 5 - Tissue 2D-GE (17)   
Inter-alpha trypsin 
inhibitor heavy chain 

- N-
glycosyla-
ted serum 
fraction 

SELDI-TOF 
MS 

(51)   

Intestinal fatty acid - Tissue 2D-GE (132)   
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binding protein 
Intracellular 
adhesion molecule 1 

+ Cell line 2D-GE   (130) 

IQ motif containing 
GTPase-activating 
protein 1 

+ Tissue 2D-GE (37)   

Keratin 1  NR Tissue 2D-GE (129)   
L-lactate 
dehydrogenase A 
chain (LDH muscle 
subunit) 

+ Cell line 2D-GE   (21) 

L-lactate 
dehydrogenase B 
chain 

+ Cell line 2D-GE   (137) 

L-lactate 
dehydrogenase M 
chain 

+ Tissue 2D-GE (17;135)   

Lamin A/C + Tissue 2D-GE   (23) 
Lamin B1 + Tissue 2D-GE (37)   
Lamin B2 + Tissue 2D-GE (38;42)   
Leukocyte elastase 
inhibitor 

+ Tissue 2D-GE 
2D-DIGE 

(20;131)   

LIM/homeobox 
protein LHX2 

+ Tissue 2D-GE (17)   

+ Tissue 2D-GE (20)   Liver fatty acid 
binding protein - (*) Tissue 2D-GE (17;19;3

941;129
) 

  

Macrophage capping 
protein; gelsolin-like; 
actin regulatory 
protein 

+ Tissue 2D-DIGE (131)   

Malate 
dehydrogenase, 
mitochondrial 
precursor (Malate 
dehydrogenase 2) 

+ Tissue 2D-GE (18;135)   

Mannose-6-
phosphate isomerase 

- Tissue 2D-GE (20)   

Mannose-6-
phosphate receptor 
binding protein 1 

+ Tissue 2D-GE (53)   

Maspin + Tissue 2D-GE (20)   
+ Tissue 2D-DIGE (131)   Microtubule-

associated protein 
RP/EB 

- Cell line 2D-GE   (31) 

Mitochondrial 
transciption factor 1 

+ Tissue 2D-GE (17)   

Mortalin (glucose-
regulated protein 75 
kDa, mitochondrial 
heat shock protein 
70) 

+ Tissue 2D-GE (94;132)   

Myosin light chain 1 
(Myosin light chain 
alkali) 

+ Tissue 2D-GE (45)   

Myosin regulatory 
light chain 2 

- Tissue 2D-DIGE (131)   

Na+-K+ ATPase β1-
subunit 
 

- Tissue 2D-GE (17)   
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NADH-ubiquinone 
oxidoreductase 

- Tissue 2D-DIGE (131)   

NADH-ubiquinone 
oxidoreductase B18 
subunit 

- Tissue 2D-GE (17)   

NG, NG-
dimethylarginine 
dimethylaminohydrol
ase 1 

+(*) Tissue 2D-GE (41)   

Nicotinamide N-
methyltransferase 

+ Tissue, 
serum 

2D-GE (53)   

Nicotinamide 
phosphoribosyltransf
erase (pre-B cell 
enhancing factor) 

+ Cell line 2D-DIGE   (33) 

Nucleolin (protein 
C23) 

- Cell line 2D-DIGE   (34) 

Nm23H1G + Tissue 2D-GE (41)   
Nucleoside 
diphosphate kinase A 
(nm23-H1) 

+ Tissue 2D-GE 
2D-DIGE 

(20;53; 
131) 

 (23) 

+ Tissue 2D-GE (45)   Nucleoside 
diphosphate kinase B 
(NM23-H2) 

- Cell line 2D-DIGE   (33) 

Neurofibromatosis 
type-2 protein 
isoform Mer162 

+ Tissue 2D-GE (17)   

Nicotinate-nucleotide 
pyrophosphorylase 

- Cell line 2D-GE   (31) 

Non-metastatic cells 
1 protein 

+ Tissue 2D-GE (135)   

Non-metastatic cells 
2 protein 

+ Tissue 2D-GE (135)   

Nucleophosmin 
(Nucleolar 
phosphoprotein 
B23/numatrin) 

+(*) Tissue 2D-GE (37;40)  (23) 

Ornithine 
aminotransferase 

+ Cell line 2D-DIGE   (33) 

p28 B-cell activated 
protein 31 

+ Tissue 2D-GE (17)   

p53 Reactivity of 
auto-

antibodies in 
CRC 

Serum Auto-
antibody 
2D-GE 
assay 

(69)   

p53-induced protein 
stress-inducible 
protein 27 

+ Tissue 2D-GE (17)   

PAPS synthetase 2 + Tissue 2D-GE (38;42)   
Pituitary adenylate 
cyclase-activating 
polypeptide (PACAP) 

- Tissue 2D-GE (45)   

+ Tissue 
Cell line 

2D-GE 
2D-DIGE 

(41;45; 
135) 

 (34) Peptidyl-prolyl cis-
trans isomerase A1 
(PPIASE/cyclophilin 
A) 

- Cell line 2D-DIGE   (34) 

Peptidyl-prolyl cis-
trans isomerase A1 
(PPIASE/cyclophilin 
A) basic variant* 

+ (*) Tissue 2D-GE (41)   

Peroxiredoxin 1 + Tissue 2D-GE (135)  (21;34) 
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Cell line 
+ Tissue 2D-GE (20)   Peroxiredoxin 2 
- Tissue 2D-GE   (23) 

Peroxiredoxin 5 + Tissue 2D-GE (135)   
Peroxiredoxin 6 (1-
Cys-
peroxiredoxin/Antioxi
dant protein 2) 

+ Cell line 2D-GE   (21;32;1
37) 

Phenol-sulphating 
phenol 
sulphotransferase 1 
(Sulfotransferase 
1A1) 

- Tissue 2D-GE (128)   

Phosphatidylethanola
mine-binding protein 
(Raf kinase inhibitor 
protein) 

- Cell line 2D-DIGE   (33) 

Phosphatidylinositol 
transfer protein α 
isoform 

- Tissue 2D-GE (128)   

Phosphoenolpyruvat
e carboxykinase, 
mitochondrial 
precursor 

- Tissue 2D-GE (18)   

+ Tissue 2D-GE  (35)  Phosphoglycerate 
dehydrogenase - Tissue 2D-GE (37)   
Phosphogluconate 
dehydrogenase 

+ Tissue 2D-GE (128)   

Phosphoglycerate 
kinase 

+ Tissue 2D-GE (135)   

Phosphoserine 
aminotransferase 

+ Cell line 2D-GE   (31) 

Placental thrombin 
inhibitor 

- Tissue 2D-DIGE (131)   

Plasma retinol-
binding protein 

- Tissue 2D-GE (132)   

porin 31 HM/voltage-
dependent anion 
channel 1 

+ Tissue 2D-GE (135)   

Precursor 
manganese 
superoxide 
dismutase 

+ Tissue 2D-GE (41;135)   

Prefoldin subunit 1 - Tissue 2D-GE (17)   
+ Cell line 2D-GE   (31) Profilin-1 
- Cell line 2D-DIGE   (33) 

+(*) Tissue 2D-GE (41;132)   Prohibitin 
- Tissue 

Cell line 
2D-GE 
2D-DIGE 

(38;42)  (34) 

Proliferation-
associated protein 
2G4 (ErbB3-binding 
protein 1) 

+ Tissue 2D-GE (38;42)   

Prolyl-4-hydroxylase, 
beta subunit 

+ Tissue 2D-GE (135)   

Proteasome 26s 
subunit, ATPase 1 

+ Tissue 2D-GE (38;42)   

Proteasome 26S 
subunit ATPase 3 
(26S protease 
regulatory subunit 

+ Tissue 2D-GE   (23) 
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6A/(TAT-binding 
protein 1) 
Proteasome 26S 
subunit 11 

- Tissue 2D-GE   (32) 

Proteasome 26S 
subunit p40.5  

- Tissue 2D-GE   (32) 

Proteasome subunit, 
bèta type, 3 
(Proteasome chain 
13/Proteasome 
component C10-II) 

+ Tissue 2D-GE (37)   

Proteasome subunit 
alpha type 6 

+ Tissue 2D-DIGE (131)   

Proteasome subunit 
alpha type 7 

+ Cell line 2D-GE   (21;31) 

+ Tissue 
and serum 

2D-GE (52)   Proteasome activator 
complex subunit 
(PSME) 3 (11S 
regulator complex 
subunit 
gamma/Proteasome 
activator 28-gamma 
subunit/Ki 
autonuclear antigen) 

- Tissue 2D-GE (134)  (32) 

+ Tissue 2D-GE (38;42; 
135) 

  Protein disulphide 
isomerase 

- Tissue 2D-GE (20)   
Protein Sa kinase - Cell line 2D-DIGE   (34) 
Protein kinase C + Tissue 2D-GE (37)   
Purine nucleoside 
phosphorylase 
(PNPH) 

+ Tissue 2D-GE (53)   

Puromycin-sensitive 
aminopeptidase and 
vinculin 

- Tissue 2D-DIGE (131)   

Putative ATP-
dependent Clp 
protease 

+ Tissue 2D-GE (38;42)   

Pyridoxal kinase + Tissue 2D-DIGE (131)   
+ Tissue 2D-GE 

2D-DIGE 
(37;131; 

135) 
 (31) Pyrophosphatase 

(inorganic) 
- Cell line 2D-GE   (21) 

Pyruvate 
dehydrogenase beta 

+ Tissue 2D-GE (135)  (32) 

Pyruvate kinase M2 
isoenzyme 

+ Tissue 2D-GE (128;13
4;135) 

  

Replication factor C 
37-kDa subunit 
(Replication factor C 
subunit 4) 

- Tissue 2D-GE (17)   

Reticulocalbin 1 
precursor 

+ Tissue 2D-GE (38;42)   

Ribonuclease 6 
precursor 

- Tissue 2D-GE (138)   

+ Tissue 
Cell line 

2D-GE 
2D-DIGE 

(131) (21) (28) Rho GDP dissociation 
inhibitor 1 

- (*) Tissue 2D-GE (20)   
RNA-binding 
regulatory subunit 
oncogene DJ-1 

+ Tissue 2D-DIGE (131)   

S100A4 (Calvasculin) - (*) Tissue 2D-GE (20)   
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+ (*) Tissue 2D-GE 
Imaging 
MS 

(132) (145)  S100A6 (Calcyclin) 

- Tissue 2D-GE (132)   
S100A11 
(calgizzarin) 

+ (*) Tissue 2D-GE 
2D DIGE 
Imaging 
MS 
SELDI-TOF 
MS 

(20;37;3
941;45; 

146) 

(145)  

S100A8 (Calgranulin 
A) 

+ Tissue 2D-GE 
2D-DIGE 
Imaging 
MS 

(20;39; 
41) 

(145)  

S100A9 (Calgranulin 
B) 

+ Tissue 2D-GE 
2D-DIGE 
Imaging 
MS 

(39;41; 
131; 

147;148
) 

(145)  

SAR1a gene 
homolog 1 

+ Tissue 2D-GE (37)   

Sarcomeric 
tropomyosin kappa 

- Tissue 2D-GE (20)   

Secernin 2 - Tissue 2D-GE (20)   
Secretagogin - Tissue 2D-GE (128)   

+ Tissue 2D-GE (135)   Selenium-binding 
protein-1 - Tissue 2D-GE (131;13

4) 
  

Serine/threonine-
protein phosphatase 
PP1 

- Cell line 2D-DIGE   (33) 

Serine/threonine-
protein phosphatase 
2A (PP2A) 

- Tissue 2D-GE   (23) 

SET protein 
(phosphatase 2A 
inhibitor I2PP2A) 

- Cell line 2D-DIGE   (21;34) 

Smooth muscle 
myosin heavy chain 
11 isoform SM1 

+ Tissue 2D-GE (135)   

Soluble carrier family 
5 Na+-glucose 
cotransporter 
member 1 

- Tissue 2D-GE (17)   

Stathmin 
1/oncoprotein 18 

+ Tissue 2D-GE (20;135)   

+ Tissue 2D-GE (38;42)   Succinate 
dehydrogenase 
flavoprotein subunit, 
mitochondrial 

- Tissue 2D-DIGE (131)   

Succinyl-CoA 3-
ketoacid coenzyme A 
transferase 

- Tissue 2D-DIGE (131)   

Synovial sarcoma X5 
protein 

+ Tissue 2D-DIGE (136)   

+ Tissue 2D-GE (37)   T-complex protein 1 
beta subunit (TCP-1- 
beta/ Chaperonin 
containing TCP1 
subunit 2 
(CCT2)/CCT beta 

- Tissue 2D-GE (38;42)   

T-complex protein 1 + Tissue 2D-GE (37)   
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gamma subunit 
(Chaperonin 
containing TCP1 
subunit 3/CCT3) 
T-complex protein 1 
epsilon subunit 

+ Cell line 2D-DIGE   (34) 

T-complex protein 
(Chaperonin 
containing TCP1) 
subunit 8 

NR Tissue 2D-GE (129)   

T-complex protein 
(Chaperonin 
containing TCP1) 
subunit 6A 

- Tissue 2D-GE  (35)  

Thioredoxin + Tissue 2D-GE   (23) 
Transcription factor 
BTF3a 

+ Tissue 2D-GE  (35)  

+ Serum SELDI-TOF 
MS 

(61) (24)  Transferrin 

NR Tissue 2D-GE (129)   
Transforming growth 
factor beta-induced 
protein ig-h3 

+ Tissue 2D-GE (53)   

+ Tissue 2D-GE 
2D-DIGE 

(18;131) (24)  

- Tissue 2D-GE 
2D-DIGE 

(39;131; 
134) 

(133)  

Transgelin (Smooth 
muscle protein 22-
alpha/22 kDa actin-
binding protein) 

NR Tissue 2D-GE (129)   
+ Tissue 2D-GE (45;135)   Transgelin 2 

(Smooth muscle 
protein 22-alpha 
homolog) - (*) Tissue 2D-GE (20)   
Transitional 
endoplasmic 
reticulum ATPase 
(Valosin-containing 
protein) 

+ Tissue 2D-DIGE 
2D-GE 

(37;131)   

Transitional 
endoplasmic 
reticulum ATPase 

- Cell line 2D-DIGE   (34) 

Transthyretin 
complex with T4 

- Tissue 2D-GE (20)   

Triosephosphate 
isomerase 

+ Tissue 
Cell line 

2D-GE 
2D-DIGE 

(131;13
5) 

(24) (21;137) 

Tropomyosin isomers 
 

+ Tissue 2D-GE  (24)  

+ Tissue 2D-GE 
2D-DIGE 

(37;131; 
135) 

  Tropomyosin 1 
(alpha) 

- Tissue 
Cell line 

2D-GE 
2D-DIGE 

(38;42)  (34) 

Tropomyosin alpha 3 
chain 

- Cell line 2D-GE   (21) 

Tropomyosin α4 
chain 
 

+ Tissue 2D-GE 
2D-DIGE 

(20;131)   

Tropomyosin 2 
(beta) 
 

+ Tissue 2D-GE (135)   

Tropomyosin 4 + Tissue 2D-GE (37)   
Tryptase beta-1 - Tissue 2D-GE (134)   
Tryptophanyl-tRNA + Tissue 2D-GE (134)   
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synthetase - Tissue 2D-GE   (23) 
TS11 cell cycle 
control protein 
(Asparagine 
synthetase) 

+ Tissue 2D-GE   (32) 

Tubulin alpha + Tissue 2D-DIGE (131)   
Tubulin alpha 6/1 
chain 

NR Tissue 2D-GE (38;42)   

Tubulin alpha 6 
chain 

NR Tissue 2D-GE (38;42)   

+ Cell line 2D-GE 
2D-DIGE 

(38;42)  (34;137) 

- Tissue 2D-DIGE (131)   

Tubulin beta chain 
(Tubulin beta 5 
chain) 

NR Tissue 2D-GE (129)   
Tumor beta-1,4-
galactosyltransferase 
IV 

- Tissue 2D-DIGE (149)   

+ Tissue 2D-GE 
2D-DIGE 

(20;131)   Translationally-
controlled tumour 
protein (TPT1/p23) - Cell line 2D-GE   (21) 
Ubiquitin-conjugating 
enzyme 1 

+ Tissue 2D-GE (17)   

+ Tissue 2D-GE (20)   Ubiquitin carboxyl 
terminal hydrolase 
L1 (Ubiquitin 
thiolesterase) 

- Cell line 2D-GE   (31) 

Ubiquitin carboxyl -
terminal hydrolase 
isoenzyme 3 

+ reactivity 
of 

autoantibodi
es 

Serum Autoantibo
dy 2D-GE 
assay 

(70)   

UDP-glucose 6-
dehydrogenase 
(UGDH) 

- Tissue 2D-GE (18)   

UDP-glucose 
pyrophosphorylase 2 

- Tissue 2D-GE (18)   

+ Tissue 2D-GE (135;13
6) 

  

- Tissue 2D-GE 
2D-DIGE 

(20;37; 
128;131

; 
132) 

  

Vimentin 

NR Tissue 2D-GE 
2D-DIGE 

(38;42; 
129) 

  

Vinculin - Tissue 2D-GE (20)   
Vitamin D-binding 
protein 

- Tissue 2D-DIGE (20)   

Voltage-dependent 
anion channel 2 

+ Tissue 2D-GE (135)   

WD-repeat protein 1 
isoform 2 

- Tissue 2D-DIGE (131)   

Zn finger protein 272 
(partial sequence) 
(Zinc finger protein 
460) 

- Tissue 2D-GE (17)   
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Table 2: Discriminating proteins for CRC with prognostic potential 
Protein Protein function Study subjects References 
Apoptotic protease 
activating factor 1 
(APAF 

Caspase activation (role in 
apoptosis) 

1145 CRC stage I-IV (90;91) 

Carbonic anhydrase I 
and II 

Reversible hydration of 
carbon dioxide 

74 CRC stage II-III (150) 

Fascin Actin-bundling protein. 
Probably involved in the 
assembly of actin filament 
bundles present in 
microspikes, membrane 
ruffles, and stress fibers 

107 adenomatous 
polyps + 35 CRC 
stage I-IV 
22 adenomatous 
polyps + 91 CRC 
stage I-IV 
 

(92;93) 

Vimentin Filament protein part of 
the cellular cytoskeletal 
network 

142 CRC stage II/III (151) 

HSP70 Mediation of protein 
folding 

128 CRC patients (152) 

HSP60 and HSP10 Mediation of protein 
folding 

82 C2 CRC with 
661 lymph nodes 

(153) 

Thioredoxin  Cellular redox protein 
linked to tumour cell 
growth and apoptosis 
inhibition 

8 normal mucosa 
12 adenomatous 
polyps 12+37 CRC 
stage I-III 

(154) 

Maspin  Serine protease inhibitor 280 CRC tissues + 
80 adenomas + 60 
controls 
172 CRC stage III 

(95;96) 

Cathepsin D Aspartic protease 112 CRC stage II-IV 
254 invasive CRC 

(84;85) 

HSP 27  Involved in stress 
resistance and actin 
organization 

45 CRC N0 + 45 CRC 
N1-2 

(129) 

Annexin II Phospholipase A2 
inhibition 
Membrane-cytoskeletal 
linkage 

105 CRC stage I-IV 
270 CRC 

(155;156) 

Glutathione S-
transferase pi 

Conjugation of reduced 
glutathione to exogenous 
and endogenous 
hydrophobic electrophiles 

45 CRC N0 + 45 CRC 
N1-2 

(129) 

Liver fatty acid binding 
protein 

Cellular lipid transport 68 patients 
undergoing a hepatic 
resection of CRC 
metastases 
90 CRC stage III 

(157;158) 

Heterogenous nuclear 
ribonucleoprotein K 

Major pre-mRNA-binding 
protein 

CRC Dukes’ A- to C (97) 

Mortalin (glucose-
regulated protein 75 
kDa, mitochondrial heat 
shock protein 70)) 

Implicated in the control 
of cell proliferation and 
cellular aging. 

10 low-grade tubular 
adenomas 
264 
adenocarcinomas 

(94) 

Beta-1,4-
galactosyltransferase IV 

Synthesis of complex-type 
N-linked oligosaccharides 
in glycoproteins and 
carbohydrate moieties of 
glycolipids 

100 CRC (149) 

CK20 Cytoskeletal protein 2317 lymph nodes 
from 200 CRC 
157 CRC 

(99;101-
104;107;109) 
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286 CRC stage I-IV 
25 hyperplastic 
polyps + 44 serrated 
adenomas + 16 
tubular adenomas + 
4 tubulovillous 
adenomas + 48 CRC 

CK19 Cytoskeletal protein 157 CRC 
53 CRC stage I-IV 

(98;99)  

CK7 Cytoskeletal protein 10 CRC 
286 CRC stage I-IV 
35 rectal cancers + 7 
rectal adenomas 
25 hyperplastic 
polyps + 44 serrated 
adenomas + 16 
tubular adenomas + 
4 tubulovillous 
adenomas + 48 CRC 

(105-109) 

p53 autoantibodies Tumour suppressor 
protein 

998 CRC stage I-IV 
+ 211 polyps 
220 CRC stage I-III+ 
42 healthy controls 

(111;112) 

S100A4 Co-localises with 
cytoskeletal proteins such 
as f-actin; proposed to 
have a role in cell motility 

709 CRC stage I-IV 
54 CRC stage I-III 

(86-88) 

N0: no lymph node metastases; N1-2: lymph node metastases 
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Abstract 

The aim of the current study was to detect the new serum 
biomarkers for colorectal cancer (CRC) by serum protein profiling with 
surface-enhanced laser desorption ionisation-time of flight mass 
spectrometry (SELDI-TOF MS). Two independent serum sample sets were 
analysed separately with the ProteinChip technology (set A: 40 CRC + 49 
healthy controls; set B: 37 CRC + 31 healthy controls), using chips with a 
weak cation exchange moiety and buffer pH 5. Discriminative power of 
differentially expressed proteins was assessed with a classification tree 
algorithm. Sensitivities and specificities of the generated classification trees 
were obtained by blindly applying data from set A to the generated trees 
from set B and vice versa. CRC serum protein profiles were also compared 
with those from breast, ovarian, prostate, and non-small cell lung cancer. 
Mass-to-charge ratios (m/z) 3.1*103, 3.3*103, 4.5*103, 6.6*103 and 28*103 
were used as classifiers in the best-performing classification trees. Tree 
sensitivities and specificities were between 65% and 90%. Most of these 
discriminative m/z values were also different in the other tumour types 
investigated. M/z 3.3*103, main classifier in most trees, was a doubly 
charged form of the 6.6-kDa protein. The latter was identified as 
apolipoprotein C-I. M/z 3.1*103 was identified as an N-terminal fragment of 
albumin, and m/z 28*103 as apolipoprotein A-I. SELDI-TOF MS followed by 
classification tree pattern analysis is a suitable technique for finding new 
serum markers for CRC. Biomarkers can be identified and reproducibly 
detected in independent sample sets with high sensitivities and specificities. 
Although not specific for CRC, these biomarkers have a potential role in 
disease and treatment monitoring. 
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Introduction 

Colorectal cancer is the third most common cause of cancer-related 
death in both men and women, accounting for about 10% of all cancer 
deaths annually. When diagnosed and treated early, the overall 5-year 
survival rate is around 90%. However, most patients present with locally 
advanced or metastasised disease at the time of diagnosis, or develop 
metastasis during follow-up. Suitable tumour markers will facilitate colorectal 
cancer detection, determination of prognosis, and disease and therapy 
evaluation. 

However, currently used non-invasive methods, such as 
measurement of serum carcinoembryonic antigen (CEA) levels, faecal occult 
blood testing and faecal DNA analysis, have low sensitivities and/or 
specificities for colorectal cancer (1-4). Although CEA is currently the best 
available marker for follow-up of resected colorectal cancer and monitoring 
of chemotherapy, its use to determine eligibility for adjuvant therapy or its 
routine use as a single parameter for treatment monitoring has significant 
clinical limitations (5;6). Detection of so-called biomarker proteins in serum 
may lead to new and better tumour markers for colorectal cancer. The 
proteome, contrary to the genome, is not a static parameter: it reflects not 
only the presence of active or inactive (mutated) genes, but also their extent 
of expression at a specific time point. In addition, the proteome reflects all 
proteins and peptides that may rise from only one gene, i.e. different 
cleavage products and proteins with different post-translational 
modifications. Both characteristics allow a more detailed evaluation of a 
disease status using the human proteome.  

Protein profiling in complex biological matrices has become more 
easily achievable with the Surface-Enhanced Laser Desorption Ionisation 
(SELDI) ProteinChip technology in combination with a time of flight (TOF) 
mass spectrometer. This is a relatively new technique, which lacks the 
disadvantages of 2D-gel-electrophoresis for proteomic research in that it has 
high sensitivity in the low molecular weight range and high throughput 
capability, and proteins with extreme characteristics (highly hydrophobic, 
acidic or basic) can be analysed more easily (7;8). With this technique, 
whole serum is applied to protein chips with different chromatographic 
affinities in a suitable binding buffer. Selectively bound proteins are retained 
on the surface and non-selectively bound proteins are washed off. In the 
mass spectrometer, a laser desorbs the bound proteins from the chip 
surface, which are subsequently detected in the TOF analyser by their 
respective mass-to-charge ratios (m/z). Since a whole pattern of proteins is 
analysed, more than one biomarker can be detected. Combination of several 
of these biomarkers for the evaluation of a patient’s status may result in 
enhanced sensitivities and specificities. 

SELDI-TOF MS has already been applied to several forms of cancer, 
including breast, ovarian, prostate, and lung cancer (9-12). In the obtained 
protein profiles, proteins with high sensitivity and specificity for disease have 
been detected. For colorectal cancer, a discriminative protein of 12 kDa has 
been found in tumour cell lines, the identity of which was prothymosin-alpha 
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(13). Comparing epithelial colorectal carcinoma cells with normal tissue, 
3.48-, 3.55- and 3.60-kDa proteins were found to be increased in cancer 
tissue (14). In Asian patients with colorectal cancer and healthy controls, 
discriminating serum protein profiles have been recently reported, m/z 5911, 
8922, 8944 and 8817 being the most important biomarkers (15-18). These 
results were obtained in a single sample set and the reported sensitivities 
and specificities resulted from cross-validation within this single set. In 
addition, the identities of the reported biomarker proteins remain unknown. 

The objective of this study was to detect biomarker proteins for 
colorectal cancer in serum using SELDI-TOF MS, and to validate these with 
an independent sample set. In addition, we aimed at identifying any found 
biomarkers so that further insight into the pathological processes involved in 
colorectal cancer can be obtained. 

 

Materials and methods 

Patient samples 
Two independent serum sample sets were analysed for their protein 

profi les on different occasions. The first set consisted of samples from 40 
patients with colorectal cancer (all Dukes’ D) and 49 healthy controls. The 
second set consisted of samples from 37 patients with colorectal cancer (1 
Dukes’ A, 2 Dukes’ B, 12 Dukes’ C, 17 Dukes’ D, 5 unknown) and 31 healthy 
controls. For comparison of colorectal cancer protein profiles with those from 
other tumour types, a third sample set consisting of serum samples from 8 
non-small cell lung cancer (NSCLC) patients (stage III and IV), 10 breast 
cancer patients (stage II and III), 10 prostate cancer patients (stage I-IV), 
and 10 ovarian cancer patients (stage I-IV) was analysed. All serum samples 
were obtained from the serum bank at the Netherlands Cancer Institute, 
where they were stored at -30°C until analysis. Sample collection was 
performed after taking individuals’ informed consent under approval of the 
Institutional Review Board. Samples were drawn before surgery or 
chemotherapy was started, except for 9 patients with metastatic disease in 
sample set B who had already had surgery. 

 
Protein profiling 

Protein profiling was performed using SELDI-TOF MS (Ciphergen 
Biosystems Inc., Freemont, CA, USA). Several chromatographic chip surfaces 
and binding conditions were screened for discriminative m/z values between 
colorectal cancer patients and healthy controls. The most discriminating 
peaks were seen on CM10 chips, a weak cation exchange chip, which 
contains anionic carboxylate groups that bind positively charged proteins in 
serum. Best results were obtained using a sodium phosphate binding buffer 
(pH 5) and a 50% solution of sinapinic acid (SPA; Ciphergen Biosystems) in 
50% acetonitrile (ACN) + 0.5% trifluoracetic acid (TFA) as energy absorbing 
molecule. All serum samples were denatured by adding 180 µL of 9 M urea, 
2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 
1% dithiotreitol (DTT) (all from Sigma, St. Louis, MO, USA) to 20 µL of 
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serum. CM10 chips were assembled in a 96-well format bioprocessor 
(Ciphergen Biosystems) which can hold twelve 8-spot protein chips. During 
all steps of the protocol, the bioprocessor was placed on a platform shaker 
at 350 rpm. Chips were equilibrated twice with 200 µL of binding buffer 
consisting of 20 mM sodium phosphate (Sigma) buffer (pH 5) with 0.1% 
TritonX-100 (Sigma) for 5 min. Subsequently, 180 µL of binding buffer and 
20 µL of denatured sample were applied to the chip. Sample allocation was 
at random. Incubation was set to 30 min. After binding, the chips were 
washed twice for 5 min with binding buffer, followed by two 5-min washes 
with binding buffer without TritonX-100. Lastly, chips were rinsed with 
deionised water. After air-drying, two times 1 µL of the SPA was applied to 
the spots. 

Protein chips were analysed using the PBS-IIC ProteinChip Reader 
(Ciphergen Biosystems). Data were collected between 0 and 200000 Da. 
Data collection was optimised for detection of discriminating peaks, resulting 
in an average of 65 laser shots per spectrum at laser intensity 150 and 
detector sensitivity 8, and laser focusing at 3000 Da. M/z values for the 
detected proteins were calibrated externally with a standard peptide mixture 
(Ciphergen Biosystems) containing [Arg8] vasopressin (1084.3 Da), 
somatostatin (1637.9 Da), dynorphin (2147.5 Da), ACTH (2933.5 Da), 
insulin β-chain (bovine) (3495.9 Da), insulin (human recombinant) (5807.7 
Da), and hirudin (7033.6 Da). 

 
Statistics and bioinformatics 

Data were analysed with ProteinChip Software package, version 3.1 
(Ciphergen Biosystems). For each sample set, all acquired spectra were 
compiled and analysed as a whole. Spectra were baseline subtracted and 
normalised to the total ion current between 1500 and 200000 Da. For 
validation of either sample set, the normalisation factor from the training set 
was applied to the spectra of the validation set. The Biomarker Wizard 
(BMW) software application (Ciphergen Biosystems) was used to autodetect 
m/z peaks with a signal-to-noise ratio of at least 5. Peak clusters were 
completed with peaks with a signal-to-noise ratio of at least 2 in a 0.5% 
cluster mass window. For validation purposes, peak clusters of the training 
set were applied in the validation set. Group differences were calculated 
with the same application, comparing mean intensities of all detected peaks 
between groups with non-parametric statistical tests. P-values less than 0.01 
were considered statistically significant.   

Next, Biomarker Patterns Software (BPS; Ciphergen Biosystems) was 
used to generate classification trees from the BMW files. A classification tree 
is built of nodes with an m/z value and a cut-off value for the peak intensity. 
An example of such a tree is shown in Figure 1. When an analysed spectrum 
has a peak intensity at the specified m/z below the cut-off value, the sample 
is placed in the left tree branch. Otherwise, it is placed to the right and its 
peak intensity at the next m/z value is evaluated. Peaks that result in a 
maximum separation of the two groups, with a minimum of misclassification 
are chosen for the nodes. The branch consists of new nodes with an m/z 
value until a final classification can be made for the spectrum: originating 
from a colorectal cancer patient or from a healthy control. For every tree, 
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the BPS performs a ten-fold cross-validation in the tree building process, in 
which ten times another tenth of the data set is used for testing of the tree 
and these results are combined to yield a cross-validation sensitivity and 
specificity as a measure for the tree’s discriminative power. However, to 
obtain a more realistic sensitivity and specificity, classification trees built 
with one sample set as the training set were validated with the blinded data 
from the remaining set. In addition, both sample sets were combined to 
form a training set with two thirds of all samples keeping a random third 
behind in the tree building process for independent validation afterwards. 

 
Figure 1: Example of a BPS-generated classification tree distinguishing colorectal cancer 
patients and healthy controls. If the peak intensity of an analysed sample is below the cut-off 
value at the m/z in the node, the sample proceeds to the left. If not, it proceeds to the right, 
where its peak intensity at the next m/z is evaluated. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Biomarker purification and identification 
Biomarkers detected in the profiling experiments were purified by 

fractionation of denatured serum on QhyperD beads (Biosepra; Ciphergen 
Biosystems), a strong anion exchange surface, with decreasing buffer pH. 
Subsequently, fractions containing the markers were concentrated on 
microcon YM-50 filters (Millipore, Billerica, MA, USA) and eluted with 
increasing concentrations of ACN + TFA (1: 0.001, v/v). The purification 
process was monitored by profiling each fraction on NP20 chips, containing 
a non-selective, silica chromatographic surface. Relevant eluates were 
evaporated and redissolved in loading buffer for SDS-PAGE. Gel 
electrophoresis was performed on Novex NuPage gels (Invitrogen, San 
Diego, CA, USA). Gels were stained using colloidal Coomassie staining 
(Simply Blue; Invitrogen) and protein bands of interest were excised and 
collected for either passive elution, followed by in solution digestion or in-gel 
digestion with trypsin (Promega, Madison, WI, USA).  

For passive elution, bands were washed twice with 30% ACN + 100 
mM NH4HCO3 (Sigma), followed by dehydration in ACN. Samples were 
heated at 50°C and then eluted with 15 µL of formic acid/ACN/ 
isopropanol/deionised water (4.5:3:1:1.5, v/v) under sonification for 30 min. 
The eluate was left for 3 h at room temperature before profiling on NP20 
chips. Then, the eluate was left overnight. In-solution digests were obtained 
by evaporation of the supernatant in a SpeedVac, resuspending it in 20 
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mg/L trypsin in 10% ACN + 25 mM NH4HCO3 and incubation for 4 h at room 
temperature. 

In-gel digestion was performed after washing the excised band with 
methanol/acetic acid/deionised water (4:1:5, v/v) twice, followed by a wash 
with 30% ACN + 100 mM NH4HCO3. Samples were dried on a SpeedVac and 
immersed in a 20 mg/L-solution of trypsin in 100 mM NH4HCO3. Digestion 
was allowed for 12 h at room temperature. All tryptic digests were profiled 
on NP20 chips, using 1 µL 20% α-cyano-4-hydroxycinnamic acid (CHCA; 
Ciphergen Biosystems) solution in 50% ACN + 0.5% TFA as matrix. Peptides 
in the resulting digest were investigated with the MASCOT and ProFound 
search engines (http:// 
www.matrixscience.com;http://prowl.rockefeller.edu/profound_bin/WebProF
ound.exe), using the Swiss-Prot and NCBI databases, respectively. Data 
were searched against the Homo sapiens subset of the database, defining 
fixed modification of the cysteine residues with propionamide and variable 
modification of methionine residues (oxidation). Peptide mass tolerance of 
the average MH+ masses was 0.5 - 3 Da; the number of tryptic miscleavages 
allowed was 1 or 2. 

Identification of proteins was confirmed either by immunoassay on 
protein A beads (Biosepra; Ciphergen Biosystems) with an appropriate 
antibody (Abcam Ltd., Cambridge, UK), or by sequencing of the most 
important peptides in the tryptic digest with tandem MS on both a Q-TOF™ 
II, (Micromass Ltd., UK) and a QSTAR™ (AB/Sciex, Foster City, CA, USA), 
both equipped with a PCI 1000 interface (Ciphergen Biosystems). For the 
immunoassay, beads were loaded with antibody in phosphate-buffered 
saline (PBS, Sigma), and washed twice with PBS, followed by a 30-min 
incubation with whole serum, 5 subsequent washes with PBS and one with 
deionised water. Finally, bound proteins were eluted using 1 M acetic acid 
and the eluate was profiled on NP20 chips. 

 
Serum CRP, TRF and CEA quantification  

Serum CEA was quantified using an electrochemiluminiscence 
immunoassay on a Modular analytics E170 analyser (Roche Diagnostics, 
Mannheim, Germany). A cut-off value of 5 µg/L was employed. Levels of the 
acute phase reactants C-reactive protein (CRP) and transferrin (TRF) were 
assessed by a near infrared particle immunoassay and a turbidimetric 
immunoassay, respectively, using the Beckman Synchron LX20 analyser 
(Beckman-Coulter Inc., Fullerton, CA, USA). CRP levels below 8 mg/L were 
considered clinically normal, as are TRF levels between 2.1 and 3.8 g/L. All 
statistical analyses for these data were performed with SPSS, version 11.0 
(SPSS Inc., Chicago, IL, USA).  

 

Results 

Biomarker detection 
In the first and second sample set respectively, 15 and 6 proteins of 

which the expression differed in colorectal cancer patients compared to 
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healthy controls (p < 0.01) were detected with the BMW application. Peaks 
below 2000 Da were discarded, as they result mainly from the SPA matrix. 
In either sample set, m/z values of 3.2*103, 3.3*103, 6.4*103, 6.6*103, 
6.8*103, and 28*103 were differentially expressed. Expressions of m/z 
2.7*103, 3.1*103, 4.2*103, 4.3*103, 4.5*103, 8.0*103, 8.9*103, 14*103 and 
16*103 significantly differed only in sample set A. With the BPS several 
classification trees were built. Tree characteristics of the best-performing 
trees with accompanying sensitivities and specificities are described in Table 
1. Tree I and II were generated from sample set A, tree III and IV from 
sample set B, and tree V and VI from the combination of sample sets A and 
B. Tree sensitivities and specificities for trees I to IV were obtained using the 
second sample set as validation set. For trees V and VI, the sensitivity and 
specificity were calculated by randomly choosing one third of all data to be 
excluded from the tree building process for use as validation data 
afterwards. As shown in Table 1, m/z 3.3*103 was the most frequently 
observed classifier among these best trees. When removing this classifier 
from the tree-building model, equally- or better-performing trees were seen 
with m/z 28*103 as main classifier (trees II and VI). Other biomarkers used 
in the trees include m/z 3.1*103, 4.5×103, and 6.6×103. Of these, m/z 
3.1*103 and 4.5*103 were more abundant in colorectal cancer serum 
samples compared to healthy controls, whereas the others were less 
abundant. Parts of representative MS-spectra for patients and controls are 
shown in Figure 2. 

 
Biomarker selectivity 
To determine the selectivity of the observed protein profiles for colorectal 
cancer when compared to other cancer forms, additional samples from 
patients with other tumours were analysed. This third sample set was 
analysed concomitantly with 17 of the previously analysed samples from 
colorectal cancer patients (10 from sample set A, 7 from B) and 20 
previously analysed control samples (10 from either sample set) using the 
same assay procedures. When examining peak intensity differences between 
cancer patients and healthy controls by means of the Biomarker Wizard 
application, most of the biomarkers for colorectal cancer were found to be 
discriminative for other cancer forms as well (Table 2). Except for breast 
cancer samples, m/z 3.3*103, 6.6*103, and 28*103 were markedly less 
abundant in all types of cancer compared to the control samples (p < 0.01). 
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Table 1: Classification trees generated with the Biomarker Patterns Software. Sensitivities and 
specificities for trees I to IV were obtained by blinded testing with data from the remaining 
sample set. 
Tree Included m/z’s: cut-off intensity values and class 

assignment 
 Node 1 Node 2 Node 3 Node 4 

Sensitivity Specificit
y 

I 3.3 kDa ≤ 
15.035 
Colorectal 
cancer 

- - - 77.8% 73.3% 

II 28 kDa ≤ 
1.558 
Colorectal 
cancer 

4.5 kDa ≤ 
29.791 
To Node 3 

3.1 kDa ≤ 
9.866 
To Node 4 

6.6 kDa ≤ 
33.233 
Colorectal 
cancer 

77.8% 73.3% 

III 3.3 kDa ≤ 
12.757 
Colorectal 
cancer 

- - - 66.7% 83.3% 

IV 3.3 kDa ≤ 
12.757 
Colorectal 
cancer 

28 kDa ≤ 
1.285 
Colorectal 
cancer 

- - 75.0% 83.3% 

V 3.3 kDa ≤ 
12.981 
Colorectal 
cancer 

4.5 kDa ≤ 
28.599 
Healthy 
control 

- - 84.2% 83.3% 

VI 28 kDa ≤ 
1.529 
Colorectal 
cancer 

4.5 kDa ≤ 
28.577 
To Node 3 

6.6 kDa ≤ 
44.685 
Colorectal 
cancer 

- 89.5 % 88.9% 

 
For these tumour types, mean peak intensities were not significantly 
different from those for colorectal cancer, independent of patient 
characteristics (data not shown). There was a tendency for a significant 
increase of m/z 4.5*103 in ovarian and prostate cancer (p < 0.05). In breast 
cancer patients, no significance was reached for peak intensity differences of 
m/z 3.3*103, and 4.5*103 (p = 0.10 and p = 0.54, respectively). However, 
m/z 3.1*103 was found to be significantly increased only in breast cancer 
samples (p = 0.0011), but not in other cancer types. 

A decision tree combining data from all tumour types was built with 
the BPS. Although most of the earlier observed biomarkers were 
discriminative for all other cancer forms as well, 76% of samples from 
colorectal cancer patients could be correctly distinguished from those of 
other cancers based on a classifier peak at m/z 5.9*103. In samples from 
colorectal cancer, peak intensities for this m/z were slightly higher compared 
to the controls, whereas they were significantly lower than the controls in 
the other cancers (Table 2). In addition, data from the other tumour types 
were applied to the trees in Table 1. For all trees, more than 89% of 
patients with other cancers than colorectal cancer were classified as having 
colorectal cancer, except for tree VI, in which this was 78.4%. 

 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

96 

Figure 2: Spectra from patients (CRC) and controls. Biomarker proteins are boxed: 1: 3.1 kDa, 
2: 3.3 kDa, 3: 4.5 kDa, 4: 6.6 kDa; 5: 28 kDa.  

 

 
Biomarker purification and identification  
Fractionation of whole serum from colorectal cancer patients and controls 
resulted in elution of the 6.6-kDa marker mainly in the flowthrough (pH 9), 
and the 28-kDa marker in the pH 4 fraction. Following concentration on YM-
50 filters, 6.6-kDa marker was seen in the 20% and 30% ACN eluates 
mostly, more purified from surrounding masses in the latter. The 28-kDa 
marker was present in the filter wash (0.1% TFA). SDS-PAGE of selected 
eluates was performed on a 12% Bis-Tris gel for the 28-kDa marker and a 
18% Tris-glycine gel for the 6.6-kDa marker. For this marker, both the 20% 
and 30% ACN eluates were placed on gel. A clear band was seen for the 28-
kDa protein, which was divided in half for both passive elution and in-gel 
digestion. For the 6.6-kDa marker, a number of faint bands was seen in the 
6000-Da region, in both the 20% and 30% ACN eluates. All were excised. 
Bands from the 20% ACN eluate were subjected to passive elution, and from 
the 30% eluate to in-gel digestion. Profiling of gel eluates on NP20 
confirmed the masses to be indeed 6.6 and 28 kDa. 
Peptide mapping results revealed the identity of the 28-kDa marker to be 
apolipoprotein A-I. The theoretical mass of this protein is 28078.62 Da in the 
SwissProt database and its pI = 5.27. The apolipoprotein A-I identity was 
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confirmed by tandem MS of the 1299.62-, 1301.71-, 1612.83- and 1386.77-
Da peptides in the tryptic digest (Figure 3). The 6.6-kDa marker was 
identified as apolipoprotein C-I, with a theoretical mass of 6630.58 Da and 
pI = 7.93. Spectra of this identification are shown in Figure 4. Confirmation 
of the apolipoprotein C-I identity was performed on protein A beads using a 
goat apolipoprotein C-I polyclonal antibody. The eluate’s MS-spectrum 
clearly showed a large peak at 6.6 kDa and another prominent peak at 9.3 
kDa. The mass of the latter peak corresponded to that of apolipoprotein C-I 
precursor. In addition, the passive elution of the apolipoprotein C-I control 
(Figure 4A) showed a peak at 3.3 kDa. The 3.3-kDa biomarker found in our 
sample sets A and B, as well as the set combined with other tumour types, 
consistently showed a high correlation with the 6.6-kDa one: the ratio of 
their peak intensities was quite constantly ranging between 3.5 and 4.0 
(Table 2). This supports the fact that the observed 3.3-kDa marker is 
actually a doubly charged artefact of the 6.6-kDa protein. The 3.1-kDa 
protein was lost during the purification process and was therefore directly 
sequenced on-chip. It was identified as a 27-amino acid N-terminal fragment 
of albumin with sequence: DAHKSEVAHRFKDLGEENFKALVLIAF. The identity 
of the 4.5-kDa protein is still under investigation. 

 
Serum CRP, TRF and CEA levels 

Evaluation of the extent of a possible acute phase reaction was done 
by measurement of CRP and TRF levels. Mean TRF levels in the patient and 
control group were 2.37 g/L (range 1.20-3.60 g/L) and 2.59 g/L (range 
1.90-4.00 g/L), respectively (p = 0.037, non-parametric Mann-Whitney U 
test). Mean CRP levels in either group were 29.0 mg/L (range 0-213 mg/L) 
and 3.70 mg/L (range 0-29.2 mg/L) (p < 0.000, non-parametric Mann-
Whitney U test). Although there was a significant difference in the levels of 
these acute phase reactants in the patients and controls, the mere presence 
of an acute phase response was not a good predictor for colorectal cancer: 
the sensitivities of CRP and TRF were 51.9% (40/77) and 22.1% (17/77) 
respectively, using the clinical cut-off values (specificities 88.8% (71/80) and 
96.3% (77/80) respectively). In addition, CRP and TRF levels were included 
in the BMW data files for the tree-building process with the BPS, in order to 
evaluate their capability to distinguish colorectal cancer patients and healthy 
controls. Neither CRP, nor TRF concentrations were as good a classifier as 
the m/z values in the generated trees. 

Mean serum CEA in the colon group was significantly higher (mean 
326.2 µg/L, range < 1-9452) compared to the control group (mean 2.23 
µg/L, range < 1-18.98) (p < 0.001, non-parametric Mann-Whitney U test). 
Using a cut-off value of 5 µg/L, its sensitivity and specificity were found to 
be 75.3% and 95.0% respectively, for all samples combined. This sensitivity 
was lower than that for the proteins in the classification trees generated 
with all samples (V and VI), but the specificity of CEA in this population was 
higher. Assessing CEA sensitivity in the total sample set according to 
colorectal cancer stage, using the 5 µg/L cut-off, resulted in correct 
classification of 0 of 1 Dukes’ A, 0 of 2 Dukes’ B, 3 of 12 (25.0%) Dukes’ C, 
and 51 of 57 (89.5%) Dukes’ D. In comparison, using the total sample set 
and the trees generated with the sets (V and VI), 1 of 1 Dukes’ A, 1 of 2 
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Dukes’ B, 11 of 12 (91.7%) Dukes’ C, and 47 of 57 (82.5%) Dukes’ D were 
correctly classified. In addition, logistic regression was performed for CEA 
and the markers from tree V and VI, and receiver operating characteristic 
(ROC) curves were generated. As shown in Figure 5, combining the markers 
from each tree with log-transformed CEA values yielded a higher area under 
the ROC curve than for either alone. 

 
 

Figure 3: Peptide mapping of 28-kDa apolipoprotein A-I. MS spectrum of the 28-kDa in-gel 
tryptic digest. Results from the MASCOT search for protein identification include start and end 
positions of the found peptide sequence starting from the amino acid terminal of the whole 
protein, the observed m/z, transformed to its experimental mass [Mr(expt)], the calculated 
mass [Mr(calc)] from the matched peptide sequence, as well as their mass difference (Delta), 
the number of missed cleavage sites for trypsin (Miss) and the peptide sequence. Peptides in 
bold were sequenced with tandem MS using Q-TOF for confirmation. 
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Table 2: BMW expression differences of colorectal cancer biomarkers in other tumours. For each m/z value, mean peak intensities (SD) are given with 
their p-values for the intensity difference with healthy controls (HC).  

Group 3.1 kDa 3.3 kDa 4.5 kDa  6.6 kDa 28 kDa 5.9 kDa 
 Intensity  p Intensity  p Intensity  p Intensity  p Intensity  p Intensity  p 

HC 5.51 (2.4)  14.9 
(4.73) 

 20.6 
(9.16) 

 52.1 (7.4)  2.73 
(1.25) 

 7.26 (4.23) 

CRC 7.95 (4.64) 0.21 9.05 
(3.81) 

0.0011 25.5 
(5.99) 

0.012 37.6 
(9.17) 

0.000039  1.44 
(0.65) 

0.00080 10.84 (7.66) 0.16 

BC 8.87 (2.59) 0.0011 11.51 
(3.4) 

0.10 19.44 
(8.16) 

0.54 42.7 
(7.58) 

0.0056 1.44 
(0.59) 

0.0037 4.51 (2.55) 0.043 

NSCLC 5.00 (2.93) 0.51 7.93 
(3.38) 

0.0023 25.1 
(7.93) 

0.093 30.9 
(11.2) 

0.00021 0.942 
(0.45) 

0.00045 1.91 (2.13) 0.00031 

OC 7.29 (3.77) 0.22 9.89 
(2.52) 

0.0037 27.7 
(8.67) 

0.028 40.6 
(8.65) 

0.0021 1.31 
(0.45) 

0.00097 2.98 (1.47) 0.0013 

PC 7.65 (3.25) 0.13 9.59 
(4.35) 

0.0072 29.6 
(10.1) 

0.018 36.5 
(11.5) 

0.00097 1.26 
(0.56) 

0.0013 2.73 (2.01) 0.0019 

Abbreviations: BC: breast cancer; NSCLC: non-small cell lung cancer; OC: ovarian cancer; PC: prostate cancer. 
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Figure 4 Identification of apolipoprotein C-I. A) Parts of the MS spectra of the gel eluates of an 
apolipoprotein C-I control and the 6.6-kDa protein isolated from HC serum run on the same gel.  
B) Parts of the MS spectra of the in-gel digests of an apolipoprotein C-I control and the 6.6-kDa 
protein isolated from HC serum and the results of sequencing of these two peptides with 
tandem MS. C) Part of the MS spectrum of the eluate from the apolipoprotein C-I antibody. 
Apart from the expected peaks at 9.3 kDa, apolipoprotein C-I precursor, and 6.6 kDa, a 6.4-kDa 
peak is seen, which is a known fragment of apolipoprotein C-I missing two N-terminal amino 
acids. The mass at 7.8 kDa is unknown and does not correspond to any of the apolipoproteins 
with which antibody cross-reactivity can occur. It is possibly an intermediate splice form of the 
precursor protein.  
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Figure 5: ROC curves for biomarker proteins from trees V and VI with and without log(CEA). Areas under the curve (AUC) are given for each model. 
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Discussion 

In this study, five biomarker proteins were detected that were able 
to reliably distinguish colorectal cancer patients and healthy controls using 
the SELDI-TOF MS technique for protein profiling. Two of these were 
identified as apolipoprotein C-I (6.6 kDa) and apolipoprotein A-I (28 kDa). 
Using the ProteinChip Software, the 3.3-kDa protein could be identified as a 
doubly charged form of the 6.6-kDa apolipoprotein C-I, which was confirmed 
by its appearance in the MS spectrum of pure apolipoprotein C-I isolated 
from a gel. The m/z of 3.1*103 was found to be an N-terminal fragment of 
albumin. In addition, the detection of these biomarkers’ expression 
differences was shown to be reproducible on two separate occasions, 
considering the obtained classification tree sensitivity and specificity 
between 65% and 90% when using the second sample set as a blinded 
validation set. Such reproducible detection is imperative for any future use 
as a clinical tool. Sensitivities and specificities obtained with data from the 
blinded sample set were comparable to those obtained by cross-validation 
within one sample set (data not shown), which supports the fact that there 
was no additional misclassification of samples due to experimental variability 
between the two sample sets. 

Several reports have been made of differential expression of the 
same m/z values in colorectal cancer, even though different chip surfaces 
were used. Yu et al. (17) reported a 3329- and 6669-Da protein to be 
differentially expressed on a hydrophobic chip surface, that were not 
selected in the final diagnostic pattern. In the same study, a 4477-Da 
protein, which was a classifier in the final pattern, was also up-regulated in 
colorectal cancer patients (17;18). The 6.6- and 3.3-kDa proteins were 
detected by Yu et al. (17) but not identified. It is likely that these are 
apolipoprotein C-I and its doubly charged form, since this is a very 
hydrophobic protein and retention on a hydrophobic chip surface is very 
plausible. In fact, in our study population, these m/z values were also seen 
on hydrophobic chips (data not shown). This appearance of (likely) the same 
colorectal cancer biomarkers in different laboratories underlines their 
validity. Also, a 5.9-kDa protein was reported, which was an up-regulated 
biomarker in serum of colorectal cancer patients (17;18). Despite lack of 
significance in our study, there was a tendency for our 5.9-kDa protein to be 
higher in patients than controls, which is consistent with the result from Yu 
et al. (17) and indicates this may be the same protein. Data from a 
proteomic study by our group (19) on breast cancer patients have shown a 
5.9-kDa down-regulated protein in this cancer type, which is in concordance 
with the 5.9-kDa protein in the current study. The protein in the former 
study was identified as a fragment of fibrinogen alphaE chain. 

Apolipoprotein C-I is primarily synthesised in the liver and, to a 
minor degree, in the small intestine. Its function resides mainly in lipoprotein 
metabolism (20). It is originally formed as a pro-peptide of 9.3 kDa, which 
generates the mature protein upon cleavage during translation. To our 
knowledge, no previous reports about apolipoprotein C-I down-regulation in 
cancer have been made as yet. However, a 6.6-kDa protein was detected 
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and identified as apolipoprotein C-I in another SELDI-TOF MS study, being 
decreased in hemorrhagic versus ischemic stroke and hemorrhagic stroke 
versus controls on a strong anion exchange surface at pH 9 (21). 
Apolipoprotein A-I is synthesised both in the liver and small intestine and is 
a major constituent of HDL apolipoprotein. It is a known negative acute 
phase reactant, of which decreased expression has been described in 
several cancers, including a SELDI-TOF MS study on ovarian cancer (22-25). 
In the latter study an immunoassay was performed. In contrast to our data, 
the authors found no decreased apolipoprotein A-I levels in colorectal 
cancer. However, apolipoprotein A-I levels assessed by immunoassay may 
reflect concentrations of both bound pro-apolipoprotein A-I and 
apolipoprotein A-I. Increased expression of apolipoprotein A-I has been 
described in tissue of both liver metastases and, to a lesser extent, primary 
tumours of colorectal origin (26). The observed decrease in serum levels in 
our study thus may be due to decreased liver synthesis. Other human 
proteomics studies in which differential expression of apolipoprotein A-I has 
been described include a SELDI-TOF MS analysis of plasma from patients 
with diabetes, and several studies using 2D-gel electrophoresis in old versus 
young brain tissue, cerebrospinal fluid of patients with Alzheimer’s disease, 
serum during infection with hepatitis B virus, and plasma during acute 
coronary syndrome (27-31). In all these diseases, decreased levels of 
apolipoprotein A-I were observed. To our knowledge, the albumin fragment 
that was found in this study has not been described in the literature before. 
Albumin is synthesised with an 18-amino acid signal peptide and a 6-amino 
acid pro-peptide. Over-expression of this specific fragment may be caused 
by enhanced proteolytic activity, as increased proteolysis is common in 
cancer invasion and metastasis (32). However, for this fragment, a 
correlation with sample age was seen in the colorectal cancer group (data 
not shown). Thus, it cannot be ruled out that it is a product of protein 
degradation upon storage.  

Although the identification of apolipoprotein C-I and apolipoprotein 
A-I as biomarkers suggests an acute phase response, comparison with 
routine markers for establishing such a response, CRP and TRF, shows that 
our biomarkers are much more sensitive for colorectal cancer than these. 
The value of our biomarkers for detection of colorectal cancer was also 
evaluated by comparison with the predictive value of CEA. Sensitivity of our 
biomarkers was higher than that of CEA considering all samples. 
Stratification by Dukes’ stages showed a significantly better sensitivity of our 
classification trees (91.7%, 11/12) compared to CEA (25.0%, 3/12) in 
Dukes’ C colorectal cancer, although at stage D CEA performed better. 
Combining log-transformed CEA in a logistic regression model with the 
markers in the trees resulted in a higher AUC in the ROC curve than for 
either log(CEA) or the combined tree classifiers alone. This indicates that our 
markers provide additional information to CEA values. CEA sensitivity has 
been reported to be lower in earlier stages of colorectal cancer. Sensitivity 
has been reported to vary between 3% and 66.7% for Dukes’ A to D staged 
disease (2;18;33). No conclusions can be drawn on the performance of our 
classification trees at earlier stages of colorectal cancer due to limited 
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samples, but 2 of 3 patient samples from stage A and B were correctly 
classified by the trees and none when using the clinical cut-off for CEA. 

Our results showed that it is very important to compare any 
biomarkers found for a certain type of cancer with those for other tumour 
types. This is lacking in most of the SELDI-TOF MS studies published so far. 
We found that most of our biomarker proteins were differentially expressed 
in other cancers as well. Lack of a significant difference at m/z 3.3*103 and 
4.5*103 in breast cancer patients could be explained by the large proportion 
of early-stage disease (9 of 10 stage 2) in this group compared to the others 
(mainly stage 3 and 4). However, since m/z 3.3*103 is the doubly charged 
6.6-kDa protein, which was significantly less expressed in breast cancer, this 
lack of significance is more likely due to slight differences in ionisation of this 
protein in this group. The fact that the 3.1-kDa protein is not significantly 
different in ovarian and prostate cancer may result from the limited sample 
size, as for the smaller colorectal cancer group in this analysis with 
comparable mean peak intensity no significant difference at m/z 3.1*103 
was observed either, although in sample sets A and B it was.  

Even though most of our biomarkers are not specific for colorectal 
cancer, a potential role for them lies in therapy evaluation, disease 
surveillance or prognosis, possibly combined with CEA or other available 
markers. At present, CEA is recommended for monitoring chemotherapy, but 
no studies showing any benefit on survival, quality of life, or reduction of 
costs are available, although serial CEA testing may lead to earlier detection 
of progressive disease (5). In addition, specificity of CEA for treatment 
monitoring can be compromised by transient increases during treatment 
with various chemotherapeutic drugs, such as 5-flourouracil and levamisole 
(5). Since the expression profiles of our reported markers reliably reflect 
presence of cancer, be it colorectal cancer or not, changes in expression 
levels may correspond to response to therapy or disease progression and 
provide additional information to CEA levels. 

In conclusion, our results show that SELDI-TOF MS is a suitable 
technique to find new serum biomarkers for colorectal cancer. The markers 
we have found in this study reliably distinguish colorectal cancer patients 
from healthy persons. Although not specific for colorectal cancer, they have 
a potential role as markers in treatment monitoring, disease surveillance, or 
prognosis, possibly in combination with other available markers. To extend 
the study population and evaluate the ability of our biomarkers to detect 
early-stage tumours and polyps, a prospective study is currently ongoing. 
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Abstract 

Sample handling can have a profound effect on serum protein 
profiles, challenging results obtained with archived sera under non-
standardised sample collection. Here, we evaluate the influence of variations 
in sample handling on previous serum protein profiles for colorectal cancer 
(CRC) (1). Sera were prospectively obtained from individuals with an 
indication for colonoscopy (n=150: 65 controls (CON), 52 adenomatous 
polyps (AP), 29 CRC, 4 unknown), as well as from normal volunteers (n = 
8). Protein profiles were acquired by SELDI-TOF MS on CM10 chips at pH 5. 
We assessed the influence of storage temperature, type of collection tube, 
coagulation temperature and freeze-thaw cycles on the serum protein 
profile. Several peptides occurred only in samples stored at -20°C, indicating 
proteolytic degradation during storage. One was a previous CRC biomarker 
candidate, an N-terminal albumin fragment (m/z 3087), and two others 
complement C3f and a fragment thereof (m/z 2022 and 1863). Overall 
differences in protein profiles were also seen for different collection tubes, 
coagulation temperature and freeze-thaw cycles. However, three of five of 
our previously defined CRC biomarker candidates are stable to variations in 
the sample handling protocol, justifying their further validation in 
prospective studies.  
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Introduction 

Proteomics has gained increasing attention in the search for new 
biomarkers of disease. Being an exponent of the genome, the proteome 
encompasses alternative splice products of both mRNA and proteins, and 
protein post-translational modifications, making it a dynamic reflection of 
one’s physiological state. With the development of high-throughput 
technologies, such as antibody arrays and mass spectrometric approaches 
such as MALDI- and SELDI-TOF MS (2), analysis of more samples has 
become feasible, increasing statistical power. This has led to an enormous 
growth in clinical studies assessing the potential of protein profiles to yield 
new biomarker panels, e.g. in ovarian (3), prostate (4-6) and colorectal 
cancer (7-9). However, in many instances archived samples stored in serum 
banks for diverse research purposes have been used, for which sample 
collection has not occurred under standardised conditions.  

The biomarker candidates identified so far comprise, besides full-
length proteins, also proteolytic fragments thereof (2). Furthermore, also 
proteins involved in the blood coagulation cascade have been proposed as 
biomarkers (10;11). This has raised the question, whether these 
proteolytically-driven processes are not enormously influenced by sample 
handling conditions, such as the type of blood collection tubes, clotting 
procedure, and sample storage. As this potential problem is increasingly 
recognised, several studies have been performed to assess protein profile 
stability for different sample handling protocols (12-20). In the HUPO Plasma 
Proteome Project the differences in protein profiles of serum and EDTA, 
heparin and citrate plasma were evaluated and it was concluded that many 
of the low-molecular proteins detected in serum are in fact the result of ex-
vivo generation and are absent in plasma (12;16;21). Such peptides may 
interfere with endogenously produced ones upon analysis of the proteome. 
Alternatively it has been proposed that, although these peptides are the 
result of ex-vivo processes, they may still exhibit biomarker characteristics, 
being surrogate markers for differentially regulated protease activity (22). 
Furthermore, platelet-derived peptides were found in serum and plasma, 
probably because of activation of platelets at a centrifugation temperature of 
4°C (12;16). The same group has also assessed the influence of sample 
storage temperature on SELDI-TOF MS serum protein profiles during a 2-
month storage period and found no major differences in samples stored at -
20°C, -80°C or liquid nitrogen (12), similar to the result of two other studies 
(17;18). Serum protein profiles for clotting times up to 4 h at room 
temperature or 2-24 h at 4°C did not differ from those for clotting 4 h at 4°C 
(17;18). More than 8 h at room temperature did induce differences, 
however. Also other authors report differences between serum protein 
profiles for samples allowed to clot at room temperature for 1 h vs. 5 h (15). 
Conflicting data have been reported for the influence of freeze-thaw cycles, 
showing limited influence of up to twelve cycles (14;17-19;23), as well as 
differences already occurring after 4 cycles (15). Yet, an effect of freeze-
thaw cycles may be related to the type of sample processed, i.e. serum or 
plasma. Furthermore, haemolysis has been reported to cause the 
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appearance of many additional peaks below 7 kDa, but effects of 
centrifugation variation, fasting and diurnal cycle were limited 
(14;18;19;23). 

The serum protein profile stability studies thus far have been 
conducted with few samples (10-20), generally only in samples from healthy 
persons, which were stored for relatively short periods of time (1-3 months), 
whereas in most clinical proteomics studies samples are collected from 
patients and controls, possibly exerting different protease activity, over a 
period of years. We have previously identified discriminating proteins for 
colorectal cancer (CRC) for some of which a correlation with storage time 
was observed (1). In the past two years we have been collecting samples 
from a new population of CRC patients, patients with adenomatous polyps 
(AP), and (non-healthy) controls (CON), according to a strict sample 
handling protocol to validate our previous results. Furthermore, in a 
separate group of advanced CRC patients receiving chemotherapy, we are 
planning to assess time-series of serum protein profiles for chemotherapy-
induced changes. The latter analysis might be influenced by differences in 
storage duration of such samples. As the effects of variations in sample 
handling on our biomarker candidates for CRC are unknown, the aim of the 
current study was to evaluate variations in the sample handling protocol 
relevant to our clinical situation, in order to ascertain the ultimate selection 
of valid, stable biomarker candidates for CRC. 

 

Materials and methods 

 
Sample collection 

Serum samples were acquired from individuals with an indication for 
colonoscopy at the Slotervaart Hospital or at the Antoni van Leeuwenhoek 
Hospital, Amsterdam, The Netherlands. An informed consent was obtained 
from every patient and the study had been approved by the medical-ethics 
committees of both institutes. Patients were diagnosed by colonoscopy as 
patients with adenomatous polyps (AP) or patients with CRC. Those with no 
AP or CRC were defined to be controls (CON). These included, among 
others, patients with no gastrointestinal abnormalities, patients with 
diverticulosis and patients with a hereditary predisposition for CRC. We 
developed one parent protocol for sample handling that was used 
throughout the clinical study for all samples. Several variations in this 
protocol were tested for their influence on the observed serum protein 
profile. The parent protocol consisted of a venipuncture using glass BD 
Vacutainer SST™ 9.5-ml serum collection tubes with inert gel barrier and 
clot activator coating (#368510; BD Diagnostics, Breda, The Netherlands). 
Samples were then allowed to clot at room temperature for exactly 30 min 
(according to manufacturer’s instructions), centrifuged 15 min at 3000 rpm 
(900 g) at 20°C and immediately aliquotted and stored in eppendorf cups at 
-70°C. One aliquot of each patient was stored at -20°C for stability studies. 
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Protein profiling 
Serum samples were analysed on CM10 weak cation exchange chips 

according to a previously described protocol (1). Protein chips were analysed 
using the PBS-IIc ProteinChip Reader (Ciphergen Biosystems Inc., Freemont 
CA, USA). Data were collected between 0 and 200000 Da; optimised from 
2000 Daltons to 10000 Da (focus mass 6000 Da). The instrument settings 
for laser intensity and detector sensitivity were reoptimised to account for 
changes in laser performance over the measurement period. The mass 
deflector was set to 2000 Da. In each spectrum 105 laser shots were 
collected. Two warming shots per position at laser intensity +2 were not 
included in the final spectrum. Calibration was done externally with All-In-1 
Peptide Standard (Ciphergen Biosystems). 

Spectra were processed using the ProteinChip Software version 3.1 
(Ciphergen Biosystems), performing baseline subtraction (fitting width 10 
times expected peak width), normalisation to the total ion current (from 2-
200 kDa) and peak clustering with the Biomarker Wizard application using 
the following criteria: first pass signal-to-noise ratio (S/N) = 7, second pass 
S/N = 5, minimal peak threshold 10% of spectra, 0.3% cluster mass 
window. Spectra with an aberrant normalisation factor > 2.00 or < 0.50 
were removed before further analysis.  

 
Influence of storage temperature on serum protein profile 

The influence of storage temperature was investigated by direct 
comparison of the serum aliquots of the same patients stored at -20°C vs. -
70°C. Samples from all diagnostic groups were randomly selected and 
profiled in 4 different sample sets (a pilot sample set 1: 4 CRC + 4 CON, 
sample set 2: 11 CON, 19 AP, 17 CRC, sample set 3: 22 CON, 20 AP and 5 
CRC, sample set 4: 27 CON, 13 AP and 3 CRC) over a period of 3 months. 
Samples from sample set 3 and 4 were analysed in duplicate on CM10 chips. 
SELDI-TOF MS settings were 147 for laser intensity (149 for warming shots) 
and detector sensitivity 5. 

 
Influence of collection tube, coagulation temperature and freeze-thaw 
cycles on serum protein profile 

Two patients included in the clinical study agreed to provide multiple 
tubes for comparison of the sera resulting from different collection tubes. In 
addition two patients from another clinical study on breast cancer protein 
profiling provided multiple samples from different collection tubes. The tube 
from the parent protocol (glass BD Vacutainer SST™ 9.5 ml-tube,#368510) 
was compared with the newer, plastic BD Vacutainer SST™ II Advance 8.5-
ml tube with Hemogard closure (#367953) and the smaller BD Vacutainer 
SST™ Advance 4-ml glass tubes (#367783) with Hemogard closure (all BD 
Diagnostics). All samples were analysed in duplicate on CM10 chips. SELDI-
TOF MS settings were 145 for laser intensity (147 for warming shots) and 
detector sensitivity 5. 

To assess the influence of clotting temperature, samples from 8 
normal volunteers were drawn according to the parent protocol, but 
coagulated at different temperatures (Table 1). All samples were analysed in 
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duplicate on CM10 chips after about 70 days of storage at -70°C. Also for 
this analysis laser intensity was set to 145 (147 for warming shots) and 
detector sensitivity to 5. 

Sera of sample set 1 from the storage temperature experiment (-
20°C n = 8 and -70°C n = 8) were thawed on ice for 30 min, aliquotted into 
two portions and returned to -20°C or -70°C. This cycle was repeated four 
times, for a total of 2-5 freeze-thaw cycles per sample, including thawing for 
analysis. All samples were analysed on CM10 chips. Laser intensity was set 
to 145 (147 for warming shots) and detector sensitivity to 5. 
 
 
Table 1: Set-up of coagulation temperature experiment. Three serum samples from the same 
normal volunteers were coagulated and centrifuged at different temperatures. All other sample 
handling was identical to the parent protocol. 

 n = 8 n = 8 n = 8 
Coagulation temperature 4°C 20°C 37°C 

Centrifugation temperature 4°C 20°C 20°C 
 
 

Identification of discriminating proteins 
For identification purposes, serum peptides of interest were 

extracted from serum by reversed-phase C18 magnetic beads (Dynabeads 
RPC18, Invitrogen, Breda, The Netherlands) using a KingFisher 96 pipetting 
robot (Thermo Fisher Scientific, Waltham, MA, USA) and according to the 
optimal protocol  described in (24). Briefly, serum was pre-treated with 
0.15% n-octylglucoside/0.5% trifluoroacetic acid, peptides bound to the 
beads, washed with 0.1% TFA and eluted with 50% ACN. Of the eluate 1.5 
µl was directly mixed with 3 µl CHCA, and 0.7 µl mixture was spotted on a 
MALDI target. Analyses were performed on a 4800 MALDI-TOF/TOF mass 
spectrometer (Applied Biosystems, Foster City, CA, USA). Fragment ion 
spectra resulting from TOF/TOF analyses were taken to search the SwissProt 
52.4 Database (Homo sapiens: 16356 sequences) using the MASCOT search 
engine at http://www.matrixscience.com (Matrix Science Ltd., London, UK), 
with the following search parameters: monoisotopic precursor mass 
tolerance: 20 ppm, fragment mass tolerance: 1 Da, variable modifications: 
methionine oxidation, and no specified protease cleavage site.  

 
Statistical analysis 

Normalised intensities of acquired peak clusters were exported as 
comma-separated files, averaged for duplicate measurements and further 
analysed with SPSS version 12.0.1 (SPSS Inc., Chicago, IL, USA). Protein 
peak intensities (means of duplicates when applicable) between groups were 
compared with non-parametric tests. To account for multiple testing, only p 
≤ 0.001 was considered a statistically significant difference.  
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Results 

Influence of storage temperature on serum protein profile 
Data from the pilot sample set indicated differences between 

samples stored at -20°C and -70°C (data not shown). Therefore, we 
pursued this analysis with three larger sample sets. Mean, minimum and 
maximum storage duration for each sample set are presented in Table 2. 
Considering all sample sets and all diagnostic groups both separately and 
combined, we did not find any significant difference between samples stored 
at -20°C and -70°C for our previously detected CRC biomarker candidates, 
m/z 3.3, 4.5, 6.6 and 28 kDa (Figure 1).  

 
 

Table 2: Sample characteristics for sample sets analysed for effect of storage temperature. 
Since for each patient an aliquot has been stored both at -20°C and -70°C, storage duration is 
similar for both. N.A.: not applicable 

Sample group n Mean patient age 
(years ± SD) 

Storage duration 
(years) 

   Mean (SD) 
 

Range 

Sample set 1 total  
(single measurement) 
CON  
AP  
CRC 

 
8 
4 
0 
4 

 
71.02 ± 7.85 
64.93 ± 5.08 

N.A. 
76.36 ±5.62 

 
0.86 (0.20) 
0.82 (0.20) 

N.A. 
0.89 (0.21) 

 
0.59-1.17 
0.59-1.15 

N.A. 
0.65-1.17 

Sample set 2 total  
(single measurement) 
CON  
AP  
CRC 
(1 Unknown) 

 
48 
11 
19 
17 

 
66.15 ± 11.35 
61.88 ± 11.32 
67.49 ± 11.18 
67.42 ± 11.54 

 
0.70 (0.29) 
0.75 (0.25) 
0.65 (0.26) 
0.71 (0.34) 

 
0.24-1.35 
0.27-1.33 
0.24-1.35 
0.24-1.35 

Sample set 3 total 
 (duplicate measurement) 
CON  
AP  
CRC 
(1 Unknown) 

 
48 
22 
20 
5 
 

 
60.87 ± 11.93 
59.20 ± 12.83 
64.69 ± 9.89 
53.21 ± 13.39 

 
0.85 (0.39) 
0.90 (0.41) 
0.89 (0.35) 
0.53 (0.29) 

 
0.04-1.32 
0.04-1.32 
0.15-1.28 
0.14-0.96 

Sample set 4 total  
(duplicate measurement) 
CON  
AP  
CRC 
(3 Unknown) 

 
46 
27 
13 
3 

 
58.30 ± 15.87 
52.86 ± 13.77 
64.53 ± 16.93 
58.67 ± 8.59 

 
0.87 (0.39) 
0.94 (0.37) 
0.79 (0.42) 
0.76 (0.48) 

 
0.05-1.34 
0.13-1.34 
0.05-1.27 
0.22-1.10 

 
However, m/z 3087, corresponding to our previously identified N-

terminal albumin fragment of 3.1 kDa, was substantially increased in 
samples stored at -20°C, but absent in most samples stored at -70°C (p < 
0.001 in combined sample sets/diagnostic groups). The difference remained 
significant in the CON group separately (p < 0.001, n= 64), but not in the 
AP and CRC group (p = 0.036, n = 52 and 0.197, n = 29 respectively). 
Additionally, we found several other peaks to be increased upon storage at -
20°C compared to -70°C, namely m/z 1863, 2022, 2270, 2756, 2774, 3101, 
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4180, 4442, and 8940 (p < 0.001 in combined sample sets/diagnostic 
groups). For m/z 1863 and 2022 this discrepancy was also seen in all 
diagnostic groups and sample sets separately (p < 0.001 for CON, AP and 
CRC and p < 0.001 in batch 1, 2, 3 and 4).  

 
 

Figure 1: Boxplot of peak intensities for CRC biomarker candidates at different storage 
temperatures. No differences between storage at -20°C and -70°C were seen for our biomarker 
candidates. 

 
 
We subsequently investigated whether the intensity of these peaks 

for samples stored at -20°C was related to the storage duration. Figure 2 
shows that for m/z 1863, 2022, 2756, 2773 and 3101 a correlation exists of 
peak intensity with storage at -20°C in the combined sample sets. M/z 3087 
was only correlated with storage time in set 3 and 4. The peak intensities for 
m/z 2773 and 3087 at -20°C are comparable to those at -70°C to up to 0.4 
years of storage (about 5 months). After that, they become higher than 
those at -70°C. Furthermore, the peaks at 1863, 2022, 2773 and 3087 Da 
seem to be nearly absent in most of the samples stored at -70°C, whereas 
m/z 2756 and 3101 are also present in -70°C-stored samples. The 1863- 
and 2022-Da peaks are already present at the initiation of storage at -20°C.  

 
 
Influence of collection tube, coagulation temperature and freeze-thaw 
cycles on serum protein profile 

Of the patients that provided multiple tubes of serum, 1 was CON, 1 
was AP and the two from the breast cancer study both had histologically 
confirmed breast cancer. Comparing the serum protein profiles from 
different collection tubes of the same patient, no statistical differences at the 
0.001-level were observed for any of the clustered peaks, including our CRC 
biomarker candidates at 3.1, 3.3, 4.5, 6.6 and 28 kDa (Figure 3). This was 
true for the CON/AP samples, as well as for the breast cancer samples. 
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Figure 2: Correlation of peak intensity with storage duration at -20°C and -70°C for the total of 
all sample sets and for sample set 4 (m/z 3087). Regression lines and R2 are shown for storage 
at -20°C. 

 

Because of the small sample size and limited power to find 
statistically significant differences, also the ratios of the peak intensities in 
spectra from the alternative collection tubes compared to the standard ones 
were calculated. Taking into account the variation in peak intensity of this 
technique (generally 10-50% depending on the m/z), several peaks with an 
intensity ratio below 0.66 or above 1.50 and p < 0.05 were seen. M/z 3536, 
3976, 4283, 4301 and 5272 had higher peak intensities in the 4-ml tubes 
compared to the standard ones and m/z 3340 was higher in the standard 
tubes. M/z 1807, 1992, 2035, 3958 and were increased in the plastic tubes 
compared to the standard ones, whereas for m/z 8940 it was the opposite. 
This demonstrates a possible influence of the tube on the protein profile. 
Observed inter-tube differences were smaller than inter-patient differences 
within one tube (Figure 3).  
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Figure 3: Gel view of SELDI-TOF MS spectra from 2-11 kDa of serum from different collection 
tubes. Duplicate spectra per tube are shown for two different patients. Tube A: glass BD 
Vacutainer SST tube, 9.5 ml (standard); Tube B:  plastic BD Vacutainer SSTII Advance tube, 8.5 
ml, with Hemogard closure; Tube C: glass BD Vacutainer SST tube, 4 ml, with Hemogard 
closure. 

 
The temperature during coagulation of serum showed to have a 

profound influence on the serum protein profile. Although the effect of 
clotting at 37°C instead of 20°C was limited, marked differences were seen 
when coagulation was performed at 4°C instead of 20°C (Table 3). For 
several peaks (m/z 3536, 4474, 4495 and 8940) the relation with 
coagulation temperature was very straightforward, showing opposite effects 
on peak intensity for clotting at 4°C and 37°C compared to 20°C (Table 3). 
Others (m/z 4134, 4250) demonstrated a similar effect for clotting at 4°C 
and 37°C compared to 20°C. Some of our candidate CRC biomarkers were 
also influenced, i.e. peaks 4473 and 6629 Da, the first at both 4°C and 
37°C, the latter only when coagulation was performed at 4°C.  

The influence of freeze-thaw cycles on the serum protein profile was 
found to be limited. Neither for the samples stored at -70°C nor -20°C were 
any differences significant at the 0.001-level observed (Kruskal-Wallis test). 
The strongest influence was seen for samples stored at -20°C, especially for 
m/z 2144 (p = 0.004) 3958 (p = 0.008) and 1992 (p = 0.008). The impact 
of freeze-thaw cycles on samples stored at -70°C was less, showing only 
minor differences for m/z 66423 (p = 0.005). Additionally, a possible 
influence on m/z 3816 (p = 0.01), 3398 (p = 0.01), 2012 (p = 0.03) 28067 
(p = 0.04), 4301 (p = 0.04), 9289 (p = 0.04) was observed. For some of the 
proteins related to storage temperature a tendency to change with the 
number of freeze-thaw cycles was observed for samples stored at -20°C. 
M/z 8940 (p = 0.043), 3087 (p = 0.14) and 4180 (p = 0.18) all changed 
after 2-3 freeze-thaw cycles. In general, changes due to repeated freezing 
and thawing consisted of both increases and decreases of peak intensities 
and occurred already after two or three freeze-thaw cycles (Figure 4). 
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Table 3: Peaks influenced by temperature during coagulation. 
M/z  4°C vs. 20°C 37°C vs. 20°C 

 Proposed identity (1-3) Peak intensity 
ratio 

p-value Peak 
intensity 

ratio 

p-value 

2541  3.62 0.01 1.55 NS 
2742 Fibrinogen α fragment 2.09 0.001 1.07 NS 
2764 Fibrinogen α fragment 

Apolipoprotein A-IV fragment 
2.70 0.015 1.44 NS 

2953 Transthyretin fragment 0.47 0.01 0.78 NS 
3101 Fibrinogen α fragment 0.31 0.007 0.69 NS 
3192 Fibrinogen α fragment 0.30 0.001 0.65 NS 
3264 Fibrinogen α fragment 0.28 0.001 0.69 NS 
3318 [Apolipoprotein C-I] 2+ 1.57 0.005 1.10 NS 
3329 Transthyretin fragment 1.54 0.01 1.11 NS 
3340 Transthyretin fragment 2.18 0.001 0.77 NS 
3398  2.24 0.01 0.91 NS 
3420  1.92 0.003 1.04 NS 
3536  0.36 0.001 2.46 0.001 
3886  0.43 0.005 1.10 NS 
4074  0.35 0.001 0.89 NS 
4122  13.9 0.007 4.12 NS 
4134  3.14 0.007 3.11 < 0.000 
4250  0.31 < 0.000 0.58 0.002 
4442  5.98 0.005 0.46 NS 
4474  0.31 0.005 1.61 0.003 
4495  0.42 0.003 1.47 0.007 
4646  0.32 < 0.000 1.16 NS 
5133  0.53 0.005 1.01 NS 
5272  0.16 0.005 1.52 NS 
5337  0.20 0.002 0.83 NS 
5806  0.38 0.005 0.89 NS 
5905 Fibrinogen α fragment 0.44 0.005 0.93 NS 
6089  0.38 0.002 1.50 NS 
6111 m/z 5905 SPA adduct 0.38 0.01 0.80 NS 
6433 Apolipoprotein C-I des Thr-

Pro N-terminal fragment 
1.47 0.007 1.10 NS 

6631 Apolipoprotein C-I 1.46 0.01 1.05 NS 
6677  1.55 < 0.000 0.94 NS 
6837 m/z 6631 SPA adduct 1.56 0.005 1.11 NS 
7767 Platelet factor 4 0.17 < 0.000 108 NS 
7839  0.23 < 0.000 1.29 NS 
7973  0.55 0.007 1.06 NS 
8141 C3a truncated 0.34 < 0.000 1.10 NS 
8940 C3a des Arg N-terminal 

fragment 
0.49 NS 3.08 0.001 

9288  0.21 < 0.000 1.11 NS 
9497  0.20 < 0.000 1.11 NS 

10263 Apolipoprotein C-III 0.27 0.002 1.13 NS 
15117 Haemoglobin alpha chain 3.77 0.01 1.36 NS 
15859 Haemoglobin beta chain 3.11 0.005 1.56 NS 
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Figure 4: Peak intensity changes due to repeated freeze-thaw cycles. Mean values ± SD after 
each freeze-thaw cycle are shown for samples of 8 individuals stored at -20°C and -70°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Identification of discriminating proteins 

Due to the different chemistries used for serum peptide capture for 
SELDI-TOF MS (CM10) and MALDI-TOF MS (C18) and to the mass 
limitations for direct fragmentation, we were only able to elucidate the 
identity of three peptides that were shown to be influenced by more than 
one pre-analytical variable. M/z 2022 and 1863 were detected by MALDI-
TOF/TOF MS at m/z 2021.10 and 1865.03 respectively, and identified by 
MALDI-TOF/TOF MS/MS in conjunction with database searching (mass 
tolerance MS1: 2 ppm; MS2: 1.25 Da) using the search engine MASCOT as 
complement C3f and a fragment thereof with a MASCOT score of 53 (p < 
0.0005) and 63 (p < 6.4* 10-5) respectively.  

M/z 1863 was one amino acid shorter than m/z 2022, the sequences 
being SSKITHRIHWESASLL (theoretical mass 1865.12 Da) and 
SSKITHRIHWESASLLR (theoretical mass 2021.31 Da). M/z 2756 was 
detected by MALDI-TOF/TOF MS at m/z 2753.44 and identified by MS/MS as 
a fragment of albumin with sequence DAHKSEVAHRFKDLGEENFKALVL 
(theoretical mass 2754.10; mass tolerance MS1: 14 ppm; MS2: 0.25 Da), 
with a MASCOT score of 99 (p < 1.3 x10-7).  

Discussion 

In order to obtain valid, stable biomarker candidates for CRC, we 
investigated the influence of several variations in the pre-analytical phase of 
sample handling on the stability of the serum protein profile. We found that 
storage temperature, type of collection tube, coagulation temperature and 
freeze-thaw cycles can all influence the expression of one or more proteins. 
However, three out of five of our previously described CRC biomarker 
candidates showed to be stable to changes in the sample handling protocol. 
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The stability of apolipoprotein C-I (6.6 kDa, [3.3 kDa]2+ in our analyses) has 
also been confirmed by another investigation (20). 

The effect of storage temperature on the serum protein profile was 
most pronounced, showing the gradual increase of several peaks over an 
extended storage at -20°C compared to -70°C. Two of these peaks, m/z 
2022 and 1863 were identified as complement C3f and a fragment thereof. 
An other was not formally identified, but m/z 3087 was presumed to be the 
previously described CRC biomarker candidate, the N-terminal albumin 
fragment (theoretical mass 3085.51 Da) (1). Although mass and pI of this 
peak could also correspond to fibrinogen β-chain fragment (theoretical mass 
3089.49 Da) (25), the observed mass range of this peak (3085.7 to 3087.6 
Da) indeed points to the N-terminal albumin fragment. Furthermore, we 
confirmed the identity of m/z 2756 by MS/MS to be a fragment of serum 
albumin (theoretical pI/mass: 6.04/2754.10 Da). The sequence of the latter 
is actually a shorter form of the 3087-Da albumin fragment, making it, along 
with the observed binding to CM10 at pH 5, more likely that the observed 
3087-Da peak indeed concerns another albumin fragment. Thus, in contrast 
to other studies, we observed differences in serum protein profiles for 
samples stored at different temperatures. Most differences became evident 
after about 5 months of storage at -20°C, explaining why studies with 
samples stored for 1-3 months (12;17;18) did not show any differences 
between storage at -20°C or -80°C. The presence of albumin fragments as 
‘markers’ for sample degradation is not surprising, as proteolytic degradation 
will become easily apparent in this most abundant protein. 

Complement C3f is released by factors I and H and is a fragment of 
complement C3b, which in turn is a cleavage product of complement C3 
(26). It was reported that complement C3f was present in higher amount in 
serum than in plasma (22), indicating that coagulation causes the 
generation of the full-length peptide. As its subsequent proteolytic 
degradation when added to plasma was equal to that in serum, it was 
concluded that this resulted from exo-protease activity, independent of 
coagulation (22). In our samples, the peak at 1863 Da was already observed 
in samples stored < 1 month at -20°C, whereas it was absent in samples 
stored at -70°C. This is in accordance with the above findings (22), that this 
complement C3f fragment is the result of post-coagulation exo-protease 
activity, which is apparently inhibited at -70°C, but not at -20°C. However, 
also the abundance of the full-length peptide (m/z 2022) was higher for 
storage at -20°C than at -70°C, indicating that the protease activity resulting 
in its formation continues during storage at -20°C. Probably, also the peak 
at 3087 Da, an albumin fragment, results from such exo-protease activity, as 
it is absent in any samples stored at -70°C. In contrast, the 2756-Da peak 
also occurs to a minor extent in samples stored at -70°C, indicating a 
different degradation mechanism. Alternatively, there may be a peak overlap 
between the suggested albumin fragment of 2754 Da and apolipoprotein A-
IV fragment of 2756 Da accounting for this discrepancy. 

It has been suggested that ex-vivo formation of proteolytic 
fragments can be the result of cancer-specific protease activity (22). This 
would mean that the fragments we observed after storage at -20°C could 
still facilitate discrimination of our CRC and control groups. Indeed we found 
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a difference for -20°C samples between CON and CRC for m/z 1863 and 
3097 (p = 0.007 and p = 0.028; data not shown), the latter being consistent 
with our previous result (1). Possibly, a longer clotting time before storage 
at -70°C would enhance the formation of these proteolytic fragments ex-vivo 
en enable their use as CRC biomarkers in the future. 

Unlike Villanueva et al.. (15), we found few significant differences 
between the blood collection tubes. This might be due to the fact that we 
compared the relatively similar SST™, SST™ 4-ml and SST™ II Advance 
tubes and not the BD SST ‘red-top’ ones evaluated in (15), which lack an 
inert gel barrier. Yet, we found two masses showing a (non-significant) 
change between our three tested tubes corresponding to m/z 3195 and 
3266 reported to differ between collection tubes in (15) (data not shown). 
The (non-significant) peak differences in the smaller and larger tubes could 
be caused by the difference in stoppers, since the serum comes into contact 
with these stoppers by inverting the tubes before coagulation. The newer 
SST™ II Advance tubes have a different stopper, but also contain an acrylic- 
instead of polyester-based gel barrier, possibly accounting for observed 
differences. It has been reported that tube additives can be released into 
the blood sample, possibly distorting MS spectra (27).  

The temperature during coagulation was demonstrated to have an 
impact on some of our biomarker candidates (6629 and 4474 Da), although 
for the first only at 4°C. Higher clotting temperatures exerted an effect on 
some proteins, likely reflecting higher enzymatic activity at higher 
temperatures. Thus, coagulation in a non-temperature-controlled room may 
introduce differences in serum protein profiles. We also found many 
differences for other serum peaks at 4°C (Table 3). Processing at 4°C is not 
recommended for plasma as it can result in platelet activation 
(12;13;16;21). Also, the flow of the gel barrier is impeded by coagulation 
and centrifugation at 4°C. Temperature differences for clotting must be 
taken into account when comparing results from other serum protein 
profiling studies on CRC in which coagulation was performed at 4°C, e.g. 
(8). 

The effect of repeatedly freezing and thawing samples was limited 
and most obvious in samples stored at -20°C. However, this could be caused 
by the relatively small sample size. Although we expected to see an increase 
of proteolytic fragments with more freeze-thaw cycles, only three of the 
proteins which were related to storage temperature showed (non-significant) 
changes with more freeze-thaw cycles. For some of the proteins showing a 
change, an initial increase was followed by a decrease after more cycles of 
freezing and thawing. This indicates that apart from proteolytic degradation, 
resulting in new fragment proteins and decreases in the full-length ones, 
also protein loss by e.g. precipitation, peptide aggregation, or adsorption to 
the Eppendorf cup might be a detrimental effect of repeatedly freezing and 
thawing (15).  

In our current sample handling protocol, we maintained a clotting 
time of (exactly) 30 min, as instructed by the manufacturer. We did not 
want to introduce sample differences in time between sample collection and 
centrifugation, as it has been reported that marked changes in protein 
profiles can occur after 30-60 min of clotting (13;15;19). However, such a 
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strict protocol may be difficult to adhere to in a clinical situation and a longer 
clotting time may be more practical in the future, provided that it is exactly 
the same for all acquired samples. Since our standard protocol required 
immediate storage at -70°C or -20°C after centrifugation, we did not 
investigate the influence of protease inhibitors. As is shown in our studies on 
sample storage temperature and freeze-thaw cycles, proteolytic degradation 
during storage and freezing and thawing is limited when samples are stored 
at -70°C. Thus, the effect of protease inhibitors is likely to be minimal at this 
temperature. However, when samples are not immediately aliquotted and 
stored after centrifugation, the use of protease inhibitors may be beneficial, 
as could be the case for storage at -20°C and repeatedly freezing and 
thawing (28).   

Our previously described biomarker candidates for CRC show little 
influence of sample handling conditions, except for the N-terminal albumin 
fragment, which is generated by ex-vivo proteolysis after several months of 
storage. This casts doubt on the validity of this peptide as a potential 
biomarker for CRC. However, a longer clotting time may enhance the 
formation of this peptide ex-vivo. Provided that serum samples are 
measured directly after coagulation or are subsequently stored at -70°C, this 
fragment may still have discriminative power for CRC. Also the 4.5-kDa 
protein was dependent on coagulation temperature. However, in our 
previous study coagulation was also performed at room temperature in a 
controlled environment, so its validity as a potential CRC biomarker was 
likely not compromised. 

The current results justify further investigation of these biomarker 
candidates by a prospective validation of previous results. For any new CRC 
biomarker candidates coming up in this prospective analysis, their liability to 
sample handling must be considered. Bearing in mind that some effects may 
be protein-specific, we provide some general rules for handling of serum 
samples for protein profiling studies, whether with MALDI- or SELDI-TOF 
MS: We advise storage of serum at -70°C or lower if the study is expected 
to take longer than 5 months, the same collection tubes for all samples, 
coagulation at room temperature for a standardised period, and a minimum 
number of freeze-thaw cycles, preferably one. 
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Abstract 

Colorectal cancer (CRC) is the second most common cause of 
cancer-related death in Europe and its prognosis is largely dependent on 
stage at diagnosis. Currently, there are no suitable tumour markers for early 
detection of CRC. In a retrospective study we previously found discriminative 
CRC serum protein profiles with surface enhanced laser desorption ionisation 
- time of flight mass spectrometry (SELDI-TOF MS) (1). We now aimed at 
prospective validation of these profiles. Additionally, we assessed their 
applicability for follow-up after surgery and investigated tissue protein 
profiles of patients with CRC and adenomatous polyps (AP). Serum and 
tissue samples were collected from patients without known malignancy with 
an indication for colonoscopy and patients with AP and CRC during 
colonoscopy. Serum samples of controls (CON; n = 359), patients with AP (n 
= 177) and CRC (n = 73), as well as tissue samples from AP (n = 52) and 
CRC (n = 47) were analysed as described previously (1). Peak intensities 
were compared by non-parametric testing. Discriminative power of 
differentially expressed proteins was assessed with support vector machines 
(SVM). We confirmed the decreased serum levels of apolipoprotein C-1 in 
CRC in the current population. No differences were observed between CON 
and AP. Apolipoprotein C-I levels did not change significantly within 1 month 
post-surgery, although a gradual return to normal levels was observed. 
Several proteins differed between AP and CRC tissue, among which a peak 
with similar mass as apolipoprotein C-1. This peak was increased in CRC 
compared to AP. Although we prospectively validated the serum decrease of 
apolipoprotein C-1 in CRC, serum protein profiles did not yield SVM 
classifiers with suitable sensitivity and specificity for classification of our 
patient groups. 
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 Introduction 

Colorectal cancer (CRC) accounts for about 10% of cancer deaths 
annually and is thereby is the second most common cause of cancer-related 
death in both men and women in Europe (2). Upon diagnosis, most patients 
already have developed locally advanced or metastasised disease. Over 50% 
will develop metastasis during follow-up. When diagnosed and treated early, 
the overall 5-year survival rate is around 90%. Unfortunately, there are 
currently no suitable tumour markers for early diagnosis of CRC. Non-
invasive diagnostic methods that could be suitable for screening patients, 
such as measurement of serum carcinoembryonic antigen (CEA) levels, 
faecal occult blood testing and faecal DNA analysis, all have low sensitivities 
and/or specificities (3-6).  

Recently developed technologies like genomic and proteomic 
profiling provide new opportunities to search for diagnostic biomarkers. 
Microarray analyses have yielded highly predictive prognostic profiles for e.g. 
breast cancer (7). However, genomic analyses depend on the availability of 
tissue material to assess acquired genetic changes and are thus less suitable 
for screening large populations or follow-up of patients after surgery. In 
contrast, proteomic profiling can be done in easily-accessible body fluids like 
serum, which can be assessed before, during and after (treatment for) CRC. 
As tissue is constantly perfused by the blood, (tumour) tissue-originating 
proteins, but also tissue-processed endogenous proteins are represented in 
the blood and can reflect the actual state of an individual’s health. 

Several techniques can be used for protein profiling (for an overview 
see e.g. (8)). To assess large sample groups, a high throughput method that 
does not need much pre-analytical sample clean-up is preferable. We and 
others have previously searched for CRC serum protein profiles with surface-
enhanced laser desorption ionisation-time of flight mass spectrometry 
(SELDI-TOF MS) (1;9-13). Although much debate has surrounded this 
technology, several discriminating proteins in these studies overlapped, 
indicating inter-laboratory reproducibility and validity. However, in these 
studies most CRC patients had advanced disease and were compared to 
healthy controls. As the ultimate goal is to use protein profiling for early 
diagnosis, possibly even in pre-cancerous stages, prospective studies are 
needed in a more heterogeneous population of patients at risk. Furthermore, 
for protein profiles to be suitable for follow-up of CRC patients, their levels 
should be reflective of response to treatment or relapse.  

Comparison of tissue protein profiles can give more insight into the 
pathophysiological mechanisms underlying or accompanying CRC. 
Additionally, comparing tissue protein profiles of different stages along the 
so-called adenoma-carcinoma sequence can provide knowledge on the 
extent of transformation that has occurred in the different histologic 
subtypes of polyps. 

In the current study we aimed to prospectively validate our previous 
CRC serum protein profiles with SELDI-TOF MS in a new population of 
patients with an indication for colonoscopy. After colonoscopy patients were 
attributed to a control group, a group with adenomatous polyps or a group 
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with colorectal cancer. Serum protein profiles of these groups were 
compared for discriminating proteins. Additionally, serum protein profiles of 
patients with colorectal cancer at baseline were compared to those more 
than 3 weeks after surgical resection of the tumour. Lastly, tissue protein 
profiles were acquired from polyp and CRC tissues and compared. 

 

Materials and methods  

 
Patients and samples 

Patients above 18 years old with no history of malignancies 
(curatively treated melanoma and cervix carcinoma excluded) presenting 
with an indication for colonoscopy at the department of Gastroenterology 
and Hepatology or presenting for treatment of a colorectal tumour were 
asked for participation in this study. Patients were included in two hospitals: 
The Slotervaart Hospital or the Netherlands Cancer Institute/Antoni van 
Leeuwenhoek Hospital (both in Amsterdam, The Netherlands). The study 
was approved by the local medical ethics committees of both institutes and 
written informed consent of every patient was obtained. 

 
 

Figure 1: Study set-up. 

 
A serum sample was collected from each participant either before 

colonoscopy or, when applicable, before treatment of a colorectal tumour 
(Figure 1). Following colonoscopy, diagnosis was recorded for each 
individual. Three groups were defined: control (CON), adenomatous polyps 
(AP) and colorectal cancer (CRC). A second serum sample was collected 
from CRC patients at least 3 weeks after surgery In case of administration of 
adjuvant chemotherapy, a serum samples was obtained before adjuvant 
chemotherapy started. Serum collection was done following a strict protocol 
in which samples were collected in 9.5-ml BD Vacutainer® SST™ tubes 
(Becton Dickinson, Breda, The Netherlands) and allowed to clot for exactly 
30 min at room temperature, after which they were centrifuged at 1500 g 
for 15 min at room temperature. Samples were then immediately aliquotted 
and stored at -70°C.  

Tissue samples were collected from patients with adenomatous 
polyps > 0.5 cm or CRC. Tissue was collected dry and tissue sections snap 
frozen in liquid nitrogen immediately after collection at the department of 
Pathology. Tissues were stored in liquid nitrogen until analysis. 
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Preparation of tissue lysates 

Snap frozen tissue sections were disintegrated in deep frozen state 
by pulverisation with a Micro-dismembranator II (Sartorius AG, Göttingen, 
Germany) (14). First, tissues were cut into smaller blocks, placed into a pre-
cooled shaking flask with a stainless steel ball and then pulverised in three 
rounds of shaking (55 s) and cooling in liquid nitrogen (3 min). Ten mg of 
the resulting frozen tissue powder was then added to 100 µl of denaturation 
buffer consisting of 9 M urea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS) and 1% dithiotreitol (DTT) and stored at -70°C 
until analysis. For measurement of the protein concentration lysates were 
thawed on ice, centrifuged at 15000 rpm for 5 min and the supernatant 
collected for protein profiling. Protein concentration in the supernatants was 
determined using the 2D-Quant Kit (GE Healthcare, Diegem, Belgium) 
according to the manufacturer’s instructions.  

 
Protein profiling 

All serum samples were analysed with SELDI-TOF MS (Biorad 
Laboratories, Hercules, CA, USA) on CM10 chips as described previously (1). 
Sample processing was manual, therefore, all samples were randomly 
attributed to one of nine measurement series before analysis and each 
series was measured in duplicate on one day. Sample allocation to the chips 
was randomised, but duplicates were spotted on different chips to take into 
account inter-chip variability. Pre- and post-surgery sera of CRC patients 
were assessed similarly in a separate analysis. Tissue lysates were also 
analysed in duplicate in a separate series using the same procedures as for 
serum. The amount of lysate applied to the chips was adjusted to the 
protein concentration in each sample.  

Protein chips were read using the PBS-IIC ProteinChip Reader 
(Biorad Laboratories). Data were collected between 0 and 200 kDa. An 
average of 105 laser shots per spectrum at laser intensity 140 and detector 
sensitivity 6 was collected. The focus mass was set to 3000 Da. Settings for 
tissue analysis were optimised independently, resulting in an average of 105 
laser shots per spectrum at intensity 165 and detector sensitivity 6 and a 
focus mass at 6000 Da. Mass-to-charge (m/z) values were calibrated 
externally with the all-in-one peptide mixture (Biorad Laboratories). 

 
Statistics and bioinformatics 

Raw data from all acquired spectra was exported from the 
Ciphergen ProteinChip Software (Biorad Laboratories) after baseline 
correction. Normalisation, peak detection and peak clustering were 
performed using the MASDA R-package (http://bioinformatics.nki.nl). 
Individual spectra were normalised by centring around zero and dividing by 
the standard deviation. Peak detection and clustering was performed within 
a maximum window of 0.3% of the current m/z. All duplicate measurements 
were averaged and group differences between CON, AP and CRC serum or 
tissue and between pre- and post-surgery sera were assessed with non-
parametric statistical tests corrected for multiple testing using the Benjamini-



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 129 

Hochberg correction. A p-value < 0.01 was defined as a statistically 
significant difference.   

 
 

Table 1: Indications for colonoscopy of patients asked for participation in this study. 
Indication for colonoscopy n = 731 (100%) 

Rectal blood loss 98 (13.4%) 

Abdominal discomfort 101 (13.8%) 

Anaemia  34 (4.7%) 

Family history of AP or CRC  136 (18.6%) 

Follow-up after previous AP 96 (13.1%) 

Altered bowel habits/movements 124 (17.0%) 

Family history of AP or CRC and abdominal 
discomfort 

23 (3.1%) 

Family history of AP or CRC and rectal blood loss 14 (1.9%) 

Suspected malignancy (signs of bowel obstruction, 
suspect lesion by imaging) 

21 (2.9%) 

FAP gene mutation carrier 3 (0.4%) 

At risk for HNPCC  33 (4.5%) 

Confirmed HNPCC mutation carrier 12 (1.6%) 

Other/unknown 36 (4.9%) 

 
Classification models in the form of Support Vector Machines (SVM) 

were built for each pair wise combination of classes, i.e. CON vs. CRC, CON 
vs. AP and AP vs. CRC. A radial basis kernel was used for its generally good 
performance. A double-loop 10-fold cross-validation procedure was used to 
estimate parameters and to assess model performance (15). Optimisation of 
the cost parameter C and kernel parameter γ was done within the inner 
loop, whereas the outer loop was used to estimate the performance of a 
chosen model on an independent test set. To take into account the large 
prior probability of being classified as CON due to the much larger sample 
size of this group, performance was estimated using the mean of the true 
positive and true negative rate per class. The R-packages e1071 and 
svmpath were used in the model building process. All other statistical 
analyses were performed with SPSS version 15.0 (SPSS Inc. Chicago, IL, 
USA). 

Results 

Patients and samples 
In total, 731 patients with an indication for colonoscopy were asked 

for participation in this study (Table 1). One hundred and twenty-two 
patients had to be excluded from serum sample analysis: 41 were found 
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ineligible according to the inclusion criteria, 21 did not give written informed 
consent, 47 did not provide a serum sample for analysis and 13 did not 
show up for colonoscopy. The total number of patients evaluable for serum 
protein profiling was 609. The patients excluded for serum analyses did not 
significantly differ in gender, but were older (64.8 vs. 59.6 years, p = 0.01) 
and had slightly different indications for colonoscopy and diagnoses 
compared to evaluable patients. They comprised fewer patients with rectal 
blood loss (5.9 vs. 13.4%) and more patients with changes in defecation 
(22.8 vs. 17.0%). Also diagnoses were somewhat different for the excluded 
patients. There were fewer patients with AP (17.9 vs. 29.0%) and more 
patients with CRC (18.8 vs. 12.0%) in this group compared to the evaluable 
patients. Tissue was obtained from 118 individuals, of which 54 patients 
with CRC. The characteristics of all assessable patients are described in 
Tables 2 and 3. 

 
Table 2a: Characteristics of diagnostic groups evaluable for serum protein profiling 
 CON (n = 359) AP (n = 177) CRC (n = 73) 

Male sex 163 (45.4%) 89 (50.3%) 43 (58.9%) 

Mean age (years ± SD) 57.4 ± 13.0 61.0 ± 12.1 67.8 ± 12.0* 

Polyp histology    

Hyperplastic 65   

Tubular  120  

Tubulovillous  57  

Carcinoma in situ   12 

Mean polyp size (mm ± SD) 4 ± 2 8 ± 6 17 ± 6* 

Median CEA (µg/l) [range] N.A. N.A. 4.10 [0.2 – 1338] 

* p < 0.001; CON vs. AP vs. CRC 
N.A. not assessed 
 
Table 2b: Characteristics of diagnostic groups evaluable for tissue protein profiling 
 CON (n = 4) AP (n = 52) CRC (n = 47) 

Male sex 3 (75%) 25 (48.1%) 25 (53.2%) 

Mean age (years ± SD) 58.2 ± 8.43 60.4 ± 11.7 67.3 ± 11.9* 

Polyp histology    

Hyperplastic 4   

Tubular  13  

Tubulovillous  39  

Carcinoma in situ   12 

Mean polyp size (mm ± SD) 9.88 ± 4.29 14.51 ± 6.12 16.56 ± 7.52 

* p = 0.012; CON vs. AP vs. CRC  
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Figure 2: Tissue protein peak intensities in A) CON, AP and CRC and B) AP0, AP1, AP2, AP3. 
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CON, AP and CRC serum protein profiles 
We detected 28 significantly different peaks between CON, AP and CRC 
(Table 4). Most peaks differing between CON and CRC were also 
significantly different between AP and CRC. No significant differences were 
observed between CON and AP. Several of the significantly different peaks 
corresponded to the masses of apolipoprotein C-I and its fragment without 
the N-terminal threonine and proline (6.6 and 6.4 kDa; doubly charged 
molecules: 3.3 and 3.2 kDa). Previously identified biomarker candidates at 
3.1 and 28 kDa were not detected in the current analyses, and for m/z 4.5 
no expression difference was observed. No correlation with age or polyp size 
was observed for any of the discriminating peaks. All detected peaks, 
including the non-significantly different ones, were used for building an SVM 
classifier to distinguish the classes. However, no suitable model was 
obtained for the discrimination of CON, AP and CRC. The mean 10-fold 
cross-validation performances of the SVM classifiers for distinguishing CON 
from CRC, CON from AP and AP from CRC were 57.7%, 59.4% and 50.1% 
respectively. 

 
Pre- and post surgery serum protein profiles 

Pre- and post-surgery serum samples were available from 24 CRC 
patients (marked in Table 3). Post-surgery samples were drawn 26-201 days 
after surgery. No significant differences were observed between the pre- 
and post-surgery serum protein profiles. Sixteen of the 24 patients 
demonstrated an increase for m/z 3315 post-surgery, as well as 14 patients 
for m/z 6628. Post-surgery peak intensities for these peaks correlated with 
the time between surgery and the collection of the post-surgery serum 
sample (r = 0.4, p ≤ 0.05). 

 
 

CON, AP and CRC tissue protein profiles 
From 103 patients tissue protein profiles were evaluable (Table 2b). 

Tissues were classified according to their histology as CON (hyperplastic 
polyps, AP0), AP (tubular and tubulovillous polyps; AP1 and AP2 
respectively) and CRC (tumour tissue and polyps with carcinoma in situ 
(AP3)). We found 31 peaks that were significantly different between tissues 
(Table 5), many of which showed a gradual increase or decrease going from 
CON to AP to CRC (Figure 2A). Peaks with m/z 6.6 kDa were found that 
were increased in CRC compared to AP and CON and also across the 
different subtypes of polyps (Figure 2B). E.g., for m/z 6640 the peak 
intensities of polyps with carcinoma in situ largely overlapped with those for 
CRC tissue (compare Figure 2A and B), whereas peak intensities in tubular 
polyps (AP1) are closer to those of hyperplastic polyps (AP0). However, we 
were unable to classify patients with sufficiently good sensitivity and 
specificity based on these tissue protein profiles. Examples of tissue spectra 
are shown in Figure 3. A correlation with polyp size was observed for peaks 
6640 (r = 0.369; p = 0.003), 6713 (r = 0.419; p = 0.001), 11517 (r = 
0.382; p = 0.002) and 12705 Da (r = -0.390; p = 0.002).  
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Discussion 

In the current study we prospectively validated our previous serum 
protein profiles in CRC patients with advanced disease in a new population 
of patients with mostly early-stage CRC, adenomatous polyps and controls 
with an indication for colonoscopy. To our knowledge, this is the first large-
scale clinical study in which previously established CRC serum protein 
profiles are validated in a clinically relevant population of patients with an 
indication for colonoscopy.  

We confirmed the decreased expression of m/z 3.3 and 6.6 kDa, two 
ions of apolipoprotein C-I, in the current population of CRC patients. 
Recently, we have shown that one of our earlier biomarker candidates, an 
N-terminal albumin fragment of 3.1 kDa, is a product of proteolysis during 
storage at -20°C (Engwegen et al. manuscript submitted). Because our 
sample handling method now has been optimised, including storage of 
serum at -70°C, we did not observe this peak in the current analysis. The 
lack of an expression difference for peaks at 4472 Da and 28 kDa is likely 
related to the different patient characteristics or sample handling protocol 
compared to our previous study as well.  

 
Table 3: Tumour characteristics of evaluable CRC patients. 
Patient ID 
no 

pT pN pM Tumour 
location 

Patient 
ID no 

pT pN pM Tumour 
location 

050705351) 1 0 0 Sigmoid   06070187 3 0 0 Sigmoid  
050704782) 0 X X  070200871) 2 1 X Colon 

ascendens  
051001371) 2 0 0 Sigmoid   06050316 3 1 X Rectum 
06030371 X X 1 Rectum  06110117 3 1 0 Colon 

ascendens 
060304181) 2 0 0 Rectum  061101511) 2 2 X Rectum   
06050222 3 0 0 Rectum  07010024 3 1 X Rectum 
060800161) 4 2 1 Sigmoid  070201191) 2 0 X Rectosigmoid   
060900951) 2 0 X Sigmoid 06020194 3 1 1 Coecum/colon 

ascendens 
060903012) 0 X X Rectum  060402071) 3 1 X Coecum  
06110347 2 0 X Rectum 06050009 3 0 X Colon 
06120034 . . . Rectum 060501781) 3 1 X Sigmoid 
051002382) 0 X X Sigmoid 06070077 X X 1 Rectum 
060203282) 0 X X Sigmoid 06070325 3 0 0 Rectum 
060301531) 3 0 0 Colon 

transversum 
06120047 4 1 X Coecum/colon 

ascendens 
06030315 2 1 X Rectum  07030059 . . . Rectum 
06050013 3 0 0 Coecum  070301372) 0 X X Rectum 
060700091) 3 0 X Colon 

ascendens 
07030258 3 0 X Colon 

ascendens 
06070335 3 1 X Flexura 

hepatica 
07060033 3 0 X Colon 

transversum 
06070336 3 0 X Rectum  07060197 2 1 X Sigmoid 
06090220 3 1 0 Flexura 

hepatica 
051001381) 3 0 0 Rectosigmoid 

06120213 3 1 X Sigmoid 06070178 X X 1 Rectum 
07010234 X X 1 Sigmoid 06100105 2 1 X Rectum 
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07010316 3 1 X Sigmoid 061001151) 3 0 1 Rectum 
051203131,2) 1 0 X Rectum  07040138 2 0 X Rectum 
050800961) 3 0 0 Colon 

transversum 
070501731) 3 0 X Sigmoid 

060201622) 1 X X Sigmoid 07060014 3 0 X Colon 
060303552) 1 X X Sigmoid  07060037 3 . . Rectum 
06060392 3 1 X Sigmoïd 07060149 2 X X Sigmoid  
060700731) 3 0 X Coecum  07060162 2 0 0 Rectum  
070103971) 3 2 X Rectum  060601021) 3 0 X Sigmoid 
050902761) X 0 X Rectum  06080189 4 1 1 Appendix 
060102682) 0 X X Sigmoid 07060161 3 0 X Rectum 
060201951) 3 0 0 Coecum  07070078 3 1 X Rectum 
060203392) 0 X X Rectum 07070079 2 . X Rectum  
060401661) 3 0 0 Colon 

ascendens 
061100382) 0 X X Rectosigmoid 

060402131) 4 0 0 Sigmoid  070201942) 0 X X  
pT, pN, pM: pathologically determined tumour stage according to the TNM system. 
1) Also used in pre- vs. post-surgery comparison. 
2) Carcinoma in situ 

 
We did not find any significant differences between pre- and post-

surgery serum protein profiles. As apolipoprotein C-I is synthesised mainly 
by the liver and small intestine (16), it is plausible that resection of the 
tumour does not immediately influence the abundance of this protein. 
However, we observed a correlation between the post-surgery peak 
intensities of m/z 3.3 and 6.6 kDa and the time between surgery and serum 
collection, indicating that apolipoprotein C-I levels do return to normal, but 
with a time-lag of about 3 months after surgery (data not shown). Also for 
CEA a time-lag of 6 to 12 weeks levels after surgery is common before levels 
return to normal.  

We have compared polyp and CRC tissue in order to elucidate any 
sequential protein expression differences occurring during the adenoma-
carcinoma sequence. We found a protein peak of 6.6 kDa, which might 
represent apolipoprotein C-I, in tissue samples. Contrary to serum, these 
peaks exhibited a higher abundance in CRC than in AP and CON. However, 
serum protein levels do not necessarily reflect the processes occurring in 
tissue. For example, apolipoprotein A-I can be decreased in serum due to 
less synthesis in the liver, but increased in tissue due to local synthesis 
(1;17). A gradual increase of the 6.6-kDa peak and others was obvious 
looking only at the different histologic subtypes of polyps, indicating that 
these subtypes indeed reflect the extent of transformation of these polyps. 
Also, a relationship between peak intensity and polyp size was observed for 
some peaks, which underscores that polyp size is a surrogate measure for 
the extent of malignant transformation. Whether hyperplastic polyps are in 
fact pre-malignant stages of CRC, as is suggested by the hyperplastic 
polyposis syndrome (18), and not innocent polyps, remains to be established 
by direct comparison of hyperplastic polyp and normal tissue protein 
profiles.  

Several reports have described the increase of α-defensin 1-3 levels 
in CRC tissue (19;20). In the current study we also found peaks with masses 
corresponding to these proteins, namely m/z 3442, 3375 and 3493. Only the 
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first peak was also found increased in CRC compared to AP and CON in our 
study. In the pair-wise comparison of CON and CRC, we found m/z 3493 
borderline significantly increased in CRC (p = 0.019). 

 
Table 4: Significantly different peaks in serum protein profiles. (No significant differences 
between CON and AP were observed.) 

M/z (Da) Multiple testing-corrected p-values 

 CON vs. AP vs. CRC CON vs. CRC AP vs. CRC 

3215 0.01 0.002 0.001 

3314 0.0058 0.002 0.001 

3315 0.0045 0.007 0.002 

4279 NS 0.002 0.009 

4625 NS 0.007 0.001 

6427 NS 0.002 0.002 

6428 NS 0.002 0.002 

6625 0.0039 0.004 0.001 

6626 0.0039 0.005 0.002 

6634 0.0063 0.006 0.002 

7559 NS NS 0.004 

11615 NS 0.007 0.007 

11649 0.004 0.004 < 0.001 
11669 NS NS < 0.001 
13241 NS NS 0.009 
15091 NS NS 0.001 
15102 0.005 0.007 < 0.001 
15114 0.005 0.004 < 0.001 
15142 NS 0.007 < 0.001 
15202 NS NS < 0.001 
15303 0.007 NS < 0.001 
15327 NS NS 0.001 
18582 NS 0.008 NS 
66202 NS 0.007 NS 
66328 NS 0.007 NS 
66426 NS 0.007 NS 
66520 NS 0.008 NS 

NS: not significant 
 
The fact that we did not compare normal mucosa to CRC and used whole 
tumour tissue instead of microdissected tumour cells are likely the cause of 
the discrepancies with published reports. Whereas others have also reported 
the presence of these peptides in serum and suggested their potential as 
serum markers (19;20), we did not detect them in serum under the current 
binding conditions. The potential of the α-defensins as diagnostic biomarkers 
for CRC seems limited, as their serum levels are also increased in other 
cancers and several benign immunological conditions. Furthermore, our 
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tissue protein profiling results indicate that their expression is only increased 
in CRC and not yet in polyps, hampering their use for the identification of 
polyps with malignant potential. Yet, as suggested previously, they may be 
useful as markers for CRC prognosis and monitoring (21). Unlike Melle et al. 
(22;23) we did not observe a significant expression difference between AP 
and CRC at 10.84 or 12.0 kDa that could correspond to heat shock protein 
10 or calgizzarin. This may also be caused by the above-mentioned 
difference in tissue processing.  

Although we validated the serum decrease of apolipoprotein C-I in 
this group of patients with early-stage CRC, we could not use the acquired 
serum or tissue protein profiles as such for correct classification of CON, AP 
and CRC. We expected that the potential to classify patients by their serum 
protein profile would be lower in the current population, since we compared 
patients with early-stage disease to a control group which consisted of 
patients with abdominal complaints or at risk for AP and CRC, and therefore 
was essentially not ‘healthy’. 

 
Figure 3: Representative tissue protein profiles. M/z 6713 is shown in the box as an example of 
a protein differing between CON, AP and CRC. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Because of this, more background noise was introduced in this analysis. 
However, an analysis in this population is essential for assessment of the 
clinical utility of this type of mass spectrometric profiling. Importantly, we 
could not discern patients with AP from CON, which would be advantageous 
in establishing which patients need a colonoscopy for removal of AP. 
Possibly, small differences between evaluable and non-evaluable patients 
may have precluded the detection of more prominent differences between 
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CRC and CON. In this study, 88.3% of eligible patients were evaluable. The 
differences in age, indications and diagnoses for colonoscopy indicate that 
patients with the least and most severe diagnoses were most likely to be 
non-evaluable. That is, patients whose complaints disappeared were more 
likely to miss colonoscopy, whereas patients with CRC were more likely to 
give no consent because of their disease. Therefore, the patient groups 
differing the most were not assessed in this analysis. 

 
Table 5: Significantly different peaks in tissue protein profiles. (No significant differences 
between CON and AP or between CON and CRC were observed.) 

M/z (Da) Multiple testing corrected p-values 

 CON vs. AP vs. CRC AP vs. CRC 

3249 0.001 < 0.001 

3351 0.010 0.014 

3442 0.001 < 0.001 

4477 0.005 0.010 

4903 0.012 0.004 

5358 NS 0.010 

6622 0.002 0.001 

6640 0.004  0.005 

6713 0.004 0.006 

7669 0.006 0.002 

7955 0.001 < 0.001 

8568 NS 0.005 

8854 0.001 < 0.001 

9246 0.001 < 0.001 

10435 0.001 < 0.001 

11517 0.003 0.005 

11649 NS 0.006 

12705 NS 0.006 

13157 0.002 < 0.001 

15307 0.005 0.002 

16022 NS 0.006 

26150 0.005 0.004 

31090 0.005 0.002 

31922 0.001 < 0.001 

41879 0.006 0.002 
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Quantitative methods are needed to determine the actual 
differences in serum levels of apolipoprotein C-I between CON, AP and CRC. 
Then, suitable cut-off levels can be established for clinical use. Such an 
approach was taken e.g. by Habermann et al., who used an ELISA for 
quantitation of complement C3a des-Arg and validated their MS results (13). 
Although others have suggested serum protein profiles on a different chip 
surface with good sensitivity and specificity for the discrimination of AP and 
CRC (10), these results remain to be validated in larger patient groups. 
Therefore, the current serum protein profiles can as yet not replace 
endoscopic screening. In addition, regarding the specificity of apolipoprotein 
C-I for CRC, we must remark that a similar decrease of apolipoprotein C-I or 
protein peaks with similar mass has been described in several other types of 
cancer and benign disease (1;24;25). Hence, its potential usefulness for CRC 
seems confined to follow-up of patients. 

Concluding, we validated the decrease of apolipoprotein C-I serum 
levels in CRC in a large prospective study with SELDI-TOF MS. Yet, 
quantitative methods for apolipoprotein C-I measurement should be 
developed and used to establish reliable cut-off values for its clinical use.  

 

Acknowledgements 

We gratefully acknowledge the departments of Pathology and 
Clinical Chemistry from the Slotervaart Hospital and The Netherlands Cancer 
Institute/Antoni van Leeuwenhoek Hospital, Amsterdam, The Netherlands 
for help with collection, preparation and storage of serum and tissue 
samples. 

 

References 

(1) Engwegen JYMN, Helgason HH, Cats A, Harris N, Bonfrer JMG, Schellens JHM et al. 
Identification of serum proteins discriminating colorectal cancer patients and healthy controls 
using surface-enhanced laser desorption ionisation-time of flight mass spectrometry. World J 
Gastroenterol 2006; 12(10):1536-1544. 
(2) Ferlay J, Autier P, Boniol M, Heanue M, Colombet M, Boyle P. Estimates of the cancer 
incidence and mortality in Europe in 2006. Ann Oncol 2007; 18(3):581-592. 
(3) Imperiale TF, Ransohoff DF, Itzkowitz SH, Turnbull BA, Ross ME, the Colorectal Cancer 
Study Group. Fecal DNA versus fecal occult blood for colorectal-cancer screening in an average-
risk population. N Engl J Med 2004; 351(26):2704-2714. 
(4) Duffy MJ. Carcinoembryonic antigen as a marker for colorectal cancer: Is it clinically useful? 
Clin Chem 2001; 47(4):624-630. 
(5) Ahlquist DA, Wieand HS, Moertel CG, McGill DB, Loprinzi CL, O'Connell MJ et al. Accuracy of 
fecal occult blood screening for colorectal neoplasia. A prospective study using Hemoccult and 
HemoQuant tests. JAMA 1993; 269(10):1262-1267. 
(6) Greenberg PD, Bertario L, Gnauck R, Kronborg O, Hardcastle JD, Epstein MS et al. A 
prospective multicenter evaluation of new fecal occult blood tests in patients undergoing 
colonoscopy. Am J Gastroenterol 2000; 95(5):1331-1338. 
(7) Van 't Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA, Mao M et al. Gene expression 
profiling predicts clinical outcome of breast cancer. Nature 2002; 415(6871):530-536. 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 139 

(8) Engwegen JYMN, Gast MCW, Schellens JHM, Beijnen JH. Clinical proteomics: searching for 
better tumour markers with SELDI-TOF mass spectrometry. Trends Pharmacol Sci 2006; 
27(5):251-259. 
(9) Chen Yd, Zheng S, Yu Jk, Hu X. Artificial neural networks analysis of surface-enhanced laser 
desorption/ionization mass spectra of serum protein pattern distinguishes colorectal cancer 
from healthy population. Clin Cancer Res 2004; 10(24):8380-8385. 
(10) Yu JK, Chen YD, Zheng S. An integrated approach to the detection of colorectal cancer 
utilizing proteomics and bioinformatics. World J Gastroenterol 2004; 10(21):3127-3131. 
(11) Ward DG, Suggett N, Cheng Y, Wei W, Johnson H, Billingham LJ et al. Identification of 
serum biomarkers for colon cancer by proteomic analysis. Br J Cancer 2006; 94(12):1898-1905. 
(12) Liu XP, Shen J, Li ZF, Yan L, Gu J. A serum proteomic pattern for the detection of 
colorectal adenocarcinoma using surface enhanced laser desorption and ionization mass 
spectrometry. Cancer Invest 2006; 24(8):747-753. 
(13) Habermann JK, Roblick UJ, Luke BT, Prieto DA, Finlay WJ, Podust VN et al. Increased 
serum levels of complement C3a anaphylatoxin indicate the presence of colorectal tumors. 
Gastroenterology 2006; 131(4):1020-1029. 
(14) Schmitt M, Mengele K, Schueren E, Sweep FC, Foekens JA, Brunner N et al. European 
Organisation for Research and Treatment of Cancer (EORTC) Pathobiology Group standard 
operating procedure for the preparation of human tumour tissue extracts suited for the 
quantitative analysis of tissue-associated biomarkers. Eur J Cancer 2007; 43(5):835-844. 
(15) Wessels LFA, Reinders MJ, Hart AA, Veenman CJ, Dai H, He YD et al. A protocol for 
building and evaluating predictors of disease state based on microarray data. Bioinformatics 
2005; 21(19):3755-3762. 
(16) Jong MC, Hofker MH, Havekes LM. Role of ApoCs in Lipoprotein Metabolism : Functional 
Differences Between ApoC1, ApoC2, and ApoC3. Arterioscler Thromb Vasc Biol 1999; 
19(3):472-484. 
(17) Tachibana M, Ohkura Y, Kobayashi Y, Sakamoto H, Tanaka Y, Watanabe J et al. Expression 
of apolipoprotein A1 in colonic adenocarcinoma. Anticancer Res 2003; 23(5b):4161-4167. 
(18) Hyman NH, Anderson P, Blasyk H. Hyperplastic polyposis and the risk of colorectal cancer. 
Dis Colon Rectum 2004; 47(12):2101-2104. 
(19) Melle C, Ernst G, Schimmel B, Bleul A, Thieme H, Kaufmann R et al. Discovery and 
identification of alpha-defensins as low abundant, tumor-derived serum markers in colorectal 
cancer. Gastroenterology 2005; 129(1):66-73. 
(20) Albrethsen J, Bogebo R, Gammeltoft S, Olsen J, Winther B, Raskov H. Upregulated 
expression of human neutrophil peptides 1, 2 and 3 (HNP 1-3) in colon cancer serum and 
tumours: a biomarker study. BMC Cancer 2005; 5(1):8. doi:10.1186/1471-2407-5-8. 
http://www.biomedcentral.com/1471-2407/5/8 
(21) Albrethsen J, Moller CH, Olsen J, Raskov H, Gammeltoft S. Human neutrophil peptides 1, 2 
and 3 are biochemical markers for metastatic colorectal cancer. Eur J Cancer 2006; 
42(17):3057-3064. 
(22) Melle C, Bogumil R, Ernst G, Schimmel B, Bleul A, Von Eggeling F. Detection and 
identification of heat shock protein 10 as a biomarker in colorectal cancer by protein profiling. 
Proteomics 2006; 6(8):2600-2608. 
(23) Melle C, Ernst G, Schimmel B, Bleul A, Mothes H, Kaufmann R et al. Different expression of 
calgizzarin (S100A11) in normal colonic epithelium, adenoma and colorectal carcinoma. Int J 
Oncol 2006; 28(1):195-200. 
(24) Göbel T, Vorderwülbecke S, Hauck K, Fey H, Haussinger D, Erhardt A. New multi protein 
patterns differentiate liver fibrosis stages and hepatocellular carcinoma in chronic hepatitis C 
serum samples. World J Gastroenterol 2006; 12(47):7604-7612. 
(25) Pang RT, Poon TC, Chan KC, Lee NL, Chiu RW, Tong YK et al. Serum proteomic 
fingerprints of adult patients with severe acute respiratory syndrome. Clin Chem 2006; 
52(3):421-429. 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 140 

Chapter 3.1 
 
 

Biomarker discovery by protein profiling in 
kidney cancer: the current state of the art 

 
Submitted for publication 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Judith Y.M.N. Engwegen 
John B.A.G. Haanen  

Emile E. Voest  
Jan H.M. Schellens  

Jos H. Beijnen



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 
 

 141 

Abstract 

Renal cell carcinoma (RCC) is the urological cancer with the worst 
prognosis, exemplified by a 5-year survival rate of only about 10%. 
Unfortunately, a lack of clear clinical symptoms prevents diagnosis at early 
stages and one third of patients will eventually relapse after previous 
nephrectomy. In addition, despite novel targeted therapies, curative options 
for metastatic RCC are lacking. Hence, new biomarkers that can be used for 
early diagnosis, prognosis and follow-up of RCC are warranted. Proteomics 
can bridge the gap between genetic alterations and cellular behaviour. 
Because of recent technical advances high through-put proteomic analysis 
has now come within reach. In the current overview we highlight the state 
of the art of proteomic profiling for the discovery of biomarkers for RCC 
using these different technologies. Protein profiling of tissue, urine and 
serum has been performed in search of new (diagnostic) RCC biomarkers. 
Thus far, this has yielded insight into pathways of RCC development, 
potential new therapeutic targets and suggestions for prognostic biomarkers 
for RCC. However, aberrantly expressed proteins are also frequently found 
in other cancers, rendering these unsuitable for diagnosis of RCC specifically. 
Mass spectrometry is a suitable technology for detection of protein profiles 
that could serve as new RCC biomarkers. Likely, these profiles are best 
suited as a screening tool and discriminating protein peaks should 
subsequently be structurally identified and validated with quantitative 
technologies. 
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Introduction 

Renal cell carcinoma (RCC) is the urological cancer with the worst 
prognosis, exemplified by a 5-year survival rate of only about 10% (1). The 
vast majority of renal cell carcinomas are adenocarcinomas. Several 
subtypes can be distinguished, including clear cell, papillary and 
chromophobic RCC. Conventional chemotherapy is generally considered 
ineffective. Immunotherapy with interferon-α or interleukin-2 is only of value 
for about 15% of patients. Although recently approved drugs such as the 
multi-targeted kinase inhibitors sorafenib and sunitinib show a significant 
improvement in progression free survival, these treatments cannot cure 
advanced disease and are not void of side effects. Thus, early diagnosis and 
resection of localised disease remains the best option for treatment. 
Unfortunately, a lack of clear clinical symptoms prevents diagnosis at early 
stages and one third of patients will eventually relapse after previous 
nephrectomy (1;2). Hence, new biomarkers that can be used for early 
diagnosis, prognosis and follow-up of RCC are still warranted. 

The potential of the human genome and proteome to provide new 
biomarkers has been greatly acknowledged, according to the number of 
publications in this field, e.g. (3-9). Several forms of sporadic and non-
sporadic RCC are known to be the result of specific genetic abnormalities, 
the most prominent of which being mutations in the Von Hippel-Lindau 
tumour suppressor gene (2). Systematic assessment of such genetic 
aberrations can be useful in the search for new biomarkers of RCC. 
However, profiling of the human genome relies on the acquisition of biopsies 
to provide cellular (tumour) material whereas especially circulating proteins 
that are shed or proteolytically processed by tumour cells can be picked-up 
easily in accessible biological matrices such as urine, serum or plasma, 
making proteomics especially suitable for the search for new biomarkers. 
Furthermore, the genome is essentially a static parameter. In contrast, the 
proteome encompasses the cellular effector molecules and is a dynamic 
collection of proteins that reflects both the intrinsic genetic programme of 
the cell as well as the impact of its immediate environment. Thus, the 
proteome can give a more realistic view of a biological status, and is 
therefore expected to be more useful in evaluating e.g. disease presence, 
progression, and response to treatment than gene analysis. As such, 
proteomics can bridge the gap between the genome sequence and cellular 
behaviour.  

Recent advances in analytical technologies for protein analysis, such 
as mass spectrometry, have brought large-scale proteomic analyses within 
reach. The current proteomic ‘tool-box’ comprises gel-based, mass 
spectrometry (MS)-based and liquid chromatography (LC)-based methods 
that are complementary in their application to the search for new 
biomarkers (10). In the current overview we highlight the state of the art of 
proteomic profiling for the discovery of biomarkers for RCC using these 
different technologies. We will describe protein profiling of tissue, urine and 
serum and evaluate its contribution to the discovery of new RCC biomarkers 
thus far. 
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Protein profiling of tissue 

In-dept analysis of the proteome of tissue and cell lines has been 
the primary means of searching for new RCC biomarkers, traditionally with 
2-dimensional gel electrophoresis (2D-GE) (see e.g. (11) for an overview). 
Analysis of tissue can reveal tissue-specific, tumour-originating changes, 
which enables the detection of biomarkers most specific for RCC. 
Furthermore, tissue analysis can give an insight into cellular pathways 
leading to RCC. For example, Perroud et al. describe the application of 2D-
GE to the detection of discriminating proteins in clear cell RCC and adjacent 
normal tissue (Figure 1) (12). They identified significantly altered proteins in 
RCC that were involved in glycolysis, carbohydrate and amino acid 
metabolism. Subsequently, they searched for intermediate or end products 
of these proteins’ pathways in urine samples from 5 RCC patients and 5 
controls and demonstrated that sorbitol was 5.4-fold elevated in these RCC 
patients. Thus, the elucidation of cellular pathways involved in RCC yielded 
new biomarker candidates. 

Aberrantly expressed proteins within the tumour could represent 
new targets for tumour-targeted therapy. An elegant solution to detect 
tumour proteins that are accessible as therapeutic targets was used by 
Castronovo et al. (13). They perfused the renal artery of resected renal 
tissue ex vivo with a biotinylation reagent, resulting in the labeling of 
proteins in the vascular structure that are directly accessible from the blood 
stream. Proteins from normal and tumoural kidney portions were 
subsequently selected by binding to streptavidin and compared. 
Differentially expressed proteins were identified and their altered expression 
was validated by PCR analysis and immunohistochemistry. Amongst these 
was the protein periostin which was exclusively identified in the tumour and 
is thus a promising new target for tumour-targeted therapy. Proteomic study 
of the cellular membrane fraction can also lead to the identification of new 
target proteins. For example, CD70 levels were increased in RCC cell lines 
and CD70 was both expressed in primary and metastatic RCC (14). CD70 
was rapidly internalised upon binding to anti-CD70 antibodies, indicating 
such antibodies may be used to specifically target cytotoxic agents to renal 
tumours. 

RCC tissue protein profiling could also be used to enhance the 
distinction of benign and malignant renal tumours and of different RCC 
subtypes, or refine disease classification on a molecular basis instead of the 
gross classification of the TNM system. By 2D-GE, differential expression of 
various fatty acid binding proteins was found to be related to the type of 
RCC lesion, with for example higher levels of heart muscle and liver fatty 
acid binding protein in benign oncocytoma than in (malignant) clear cell 
carcinoma (15). Also the frequency of ubiquitin COOH-terminal hydrolase-1 
expression was different between the RCC subtypes and seemed correlated 
to tumour grade in clear cell and papillary carcinoma. Furthermore, its levels 
in RCC metastasis of the clear cell type were increased compared to the 
primary lesions (16). Kim et al. used custom tissue arrays with RCC from 
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318 patients that were stained for several proteins linked to cancer 
development, among which p53, gelsolin, vimentin and PTEN, to see if any 
of these had prognostic value (9). Combination of staging information and 
molecular markers proved significantly better for prediction of outcome than 
the TNM system. 

 
Figure 1: Proteomic analysis of RCC. 2-D gel electrophoresis shows proteins decreased or 
increased in clear cell RCC as compared to adjacent normal renal tissue. Numbers 101 – 110 
refer to the 10 internal standard spots used for normalization. Figure reproduced from (12) 
under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/2.0). 
 

 
 
 
 

Mass spectrometric profiling platforms such as surface-enhanced 
laser desorption ionisation-time of flight mass spectrometry (SELDI-TOF MS) 
and matrix-assisted laser desorption ionisation (MALDI)-TOF MS have 
enabled the investigation of lower mass (1-50 kDa) and lower abundant 
proteins compared to 2D-gel electrophoresis and within less time. 
Preliminary studies with few patients have described discriminating proteins 
in RCC tissue of  about 12 kDa (17) and the correct discrimination of RCC 
and melanoma tissues (18) (Table 1). A larger study comprised RCC and 
adjacent normal tissues of 37 patients and demonstrated that protein 
profiles generated in this group were suitable for the classification of 
patients in a test group (13 tumours, 11 normal) with 77 and 100% 
sensitivity and specificity (19).  

Although tissue protein profiling has yielded some promising results, 
it is limited by the heterogeneity of renal tissue, which requires adequate 
selection of predefined tissue material for protein profiling studies. 
Alternatively, RCC cell lines, representing purified cell types, could be used 
for the discovery of new RCC biomarker candidates. A large overlap in RCC 
protein expression differences between tissues and cell lines has been 
observed (20), suggesting that cell lines can be a suitable model system for 
biomarker discovery. Yet, differences between tissues and cell lines are also 
common, requiring validation of cell line results in tissue samples. Cell lines 
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are also suitable to investigate the effect of therapeutic agents (21) or 
genetic alterations (22) on protein expression levels. 

A second limitation of tissue profiling is that, although it is believed 
to yield tumour-specific biomarkers, this is not necessarily the case. A recent 
overview of proteins with aberrant expression in RCC compared to normal 
tissue (11) presents many proteins that are also altered in other cancers. For 
example, the enhanced glycolytic pathway in RCC (23), the so-called 
Warburg effect, is also common in colorectal cancer. Thus, tissue profiling 
studies have thus far given us an insight into pathways of RCC development, 
potential new therapeutic targets and suggestions for prognostic, but not 
diagnostic, biomarkers for RCC. 
 

Urinary protein profiling 

Because of its vicinity to the kidney, the urinary proteome is 
expected to be a good reflection of the kidney function and could harbour 
interesting new biomarkers for RCC. Collection of urine is not invasive and 
the sample complexity is lower than that of serum or plasma due to the 
glomerular filtration of only smaller proteins in healthy persons. However, 
protein profiling of urine in search for RCC biomarkers has received limited 
interest until now. Rogers et al. investigated technical issues involved in 
urinary protein profiling for RCC (24). They could accurately classify patients 
with RCC, with benign urological disease and normal controls with 81.8-
83.3% sensitivity and specificity using a blinded test set. However, with the 
same algorithm samples investigated 10 months later were classified with 
sensitivities and specificities of only 50-60%. This could be caused by 
variability of the technique or by sample instability. Differences in urine 
content can be the result of differences between first-void and midstream 
urine, haematuria and the dilution factor of urine, which depends on the 
fluid intake (25). As such, protein profiling of urine likely requires even more 
stringent sample collection procedures than that of blood samples, which 
may not always be achievable or controllable in clinical practice. Additionally, 
protein changes in urine are not easily interpretable, as they may result from 
altered renal production, altered glomerular filtration, or altered tubular re-
uptake. Urinary protein profiling by 2D-gel electrophoresis in a normal 
volunteer demonstrated that only 12% of the identified proteins were 
kidney-related, whereas 25% were known plasma proteins and 24% 
proteins from other tissues (26). Lastly, as proteinuria and haematuria are 
general indicators of renal disease, the question remains if protein profiling 
of urine is suitable for the identification of new biomarkers specific for RCC.  
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Table 1: Discriminating protein peaks in RCC detected with SELDI-TOF MS. 
Biological 
matrix 

Tumour 
stage 

Training 
 set 

Test  
set 

Discriminating  
protein masses 

Sensitivity in 
test  set 

Specificity in 
test  set 

Ref. 

Tissue 
lysate 

NR 8 Normal, peripheral 
and central RCC tissue  

- 11.95 kDa 
12.02 kDa 

- - (17) 

Tissue 
lysate 

NR 5 RCC 4 RCC NR - - (18) 

Tissue 
lysates 

NR 37 RCC 
37 Healthy 
 

13 RCC  
11 Healthy 
 

38844 Da 
26854 Da 
24329 Da 
23884 Da 
43907 Da 
11189 Da 
30782 Da 

76.9% 100% (19) 

Cell-line 
lysate 

NR 2 INF-α-resistant 
2 INF- α-susceptible 

- 8049 Da 
3157 Da 
5688 Da 
3993 Da 
1623 Da 
8959 Da 

- - (21) 

Urine T1 – T4 48 RCC 
38 Healthy 
20 Benign urological 
disease 

12 RCC 
11 Healthy 
 
 
 
36 RCC 
31 Healthy 

5071 Da 
16793 Da 
5276 Da 
4537 Da 
4957 Da 

83.3% 
 
 
 
 

61.1% 

81.8% 
 
 
 
 

54.8% 

(24) 
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Serum NR 3 RCC 

1 Healthy 
3 Non-cancer 

12 RCC 
5 Healthy 
12 Non-cancer 

3900 Da 
4107 Da 
4153 Da 
5352 Da 
5987 Da 

87% 
(RCC vs. nonCa 

and healthy) 
 

85% 
(RCC vs. nonCa 

and healthy) 

(31) 

Fractionated 
serum 

I-IV 21 RCC 
24 Healthy  

19 RCC  
5 Peyelo-
nephritis  
20 Healthy 

4151 Da 
8968 Da 

89.5% 80% 
(95% for healthy, 
20% for peyelo-

nephritis) 

(33) 

Serum NR 25 RCC 
26 Healthy 

- 9.2 Da 
10.85 Da 
11.4 Da (SAA-1 des 
Arg-Ser) 
11.5 Da (SAA-1 des 
Arg) 
11.68 Da (SAA-1) 
13.7 Da 
15.1 Da 
15.8 Da 
28.0 Da 

- - (34) 

Serum and 
fractionated 
serum 

IV 8 IL-2-treated RCC 
9 G-CSF-treated 
controls 

- 11.5 kDa 
11.7 kDa 
23.0 kDa 
6625 Da 
8680 Da 
13.8 kDa 
21.0 kDa 
28.0 kDa 

- - (37) 

Abbreviations: Arg: Arginine; IL: Interleukin; INF: interferon; G-CSF: granulocyte colony stimulating factor; NR: not reported; SAA: serum amyloid-
alpha; Ser: serine. 
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Serum protein profiling 

While tissue protein profiling has its specific advantages, it has the 
disadvantage that for discriminating proteins to be used as routine 
biomarkers, tissue is not an easily accessible matrix. One way to circumvent 
this is to search tissue for aberrantly expressed proteins and then 
subsequently attempt to measure these proteins in other matrices, such as 
serum or urine. As yet, this has not been done for RCC. A different approach 
in the search for serum markers is screening of serum for auto-antibodies 
against RCC antigens (27;28). Immune reactions to tumour antigens in 
essence amplify the signal of tumour presence, demanding less sensitivity of 
detection methods. Furthermore, antibodies are stably present in serum for 
longer times and could prove suitable serological markers for RCC. 
Autoantibody screening of patients with RCC revealed the presence of 
antibodies against smooth muscle protein 22-alpha (transgelin), which was 
present in tumour stroma, and carbonic anhydrase I (29). A second study 
found antibodies against cytokeratin 8 and vimentin in patient serum (30), 
the combination of which was suggested to be specific for the clear cell 
subtype of RCC. Although an interesting approach, the sensitivity of these 
analyses so far has been poor. Antibodies were detected only in a small 
subset of RCC patients (1 to 4 out of 8 in (30)). The specificity was generally 
high, with no antibodies detected in sera from healthy controls. However, 
comparisons with other cancer types are few. 

Serum can also be directly assessed for discriminating protein 
profiles. The use of 2D-GE for protein profiling of serum is limited, due to its 
bias towards higher abundant proteins and the large dynamic range of 
protein concentrations in serum. However, SELDI- and MALDI-TOF MS have 
facilitated high-throughput sample fractionation, increasing the interest in 
protein profiling of body fluids. Furthermore, because of the investigation of 
more samples at once, mathematical classification algorithms can be built 
which could provide suitable diagnostic models. A SELDI-TOF MS study in 15 
RCC patients, 15 patients with other urologic disease and 6 healthy controls 
described the generation of classification trees with 80-100% sensitivity and 
specificity for the detection of RCC (31). Although a merit of this study is the 
inclusion of patients with other urologic diseases, a significant drawback is 
the very low number of evaluated patients compared to the number of 
proteins needed to correctly classify patients (five). Mass spectrometric, but 
also gel-based protein profiles, are specifically prone to over-fitting of data. 
Because 100-1000 proteins are assessed simultaneously, bioinformatics 
approaches used to build algorithms can easily define a combination of 
proteins to correctly classify a small population of 20-50 individuals. As the 
above-mentioned protein profiles could not be validated in an independent 
analysis from another group with sample sets from other institutes (32), 
over-fitting was likely the case. To assess whether data are over-fitted, 
validation with an independent test set is important. Hara et al. validated 
initial results from a test set in an independent sample set, demonstrating 
the correct classification of 89.5% of RCC and 95% of controls based on 
peaks of 4151 and 8968 Da (33). 
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A third study using SELDI-TOF MS also described several aberrantly 
expressed proteins in RCC (34). Contrary to the previous ones, no attempt 
was made to generate a classification algorithm. Instead, the authors 
focused on the structural identification of the discriminating proteins and 
demonstrated that serum amyloid alpha (SAA) and several proteolytically 
processed forms of SAA were increased in a subgroup of patients with RCC. 
It was suggested that these protein fragments could be especially 
interesting regarding the disease-specificity of these potential biomarkers. 
Indeed, a key study in a group of other cancers revealed patterns of 
proteolytically processed serum proteins that were different for the several 
types of cancer that were investigated (35). The importance of such a 
proteolytic profile for RCC remains to be established, however.  

Studies searching for (serum) biomarkers for response prediction 
and treatment monitoring of RCC are limited. Solitary reports on protein 
patterns that can predict response to interleukin (IL)-2 have been published 
(36). Others have evaluated the changes in the serum proteome after IL-2 
treatment (37) and showed that SAA and its isoforms as well as C-reactive 
protein (CRP) were induced by IL-2 therapy. A correlation of this expression 
with response was not investigated, though. In a different study the same 
authors investigated the effect of IL-2 treatment in 16 RCC patients using 
protein microarrays with antibody probes for chemokines, cytokines, soluble 
cytokine receptors and cell surface molecules (38). Subgroups of patients 
could be identified with different amounts of cytokine in response to IL-2, 
suggesting the potential to separate responsive and non-responsive patients 
with these protein expression data. Furthermore, it was suggested that 
cytokine expression patterns could be related to toxic side-effects of 
treatment.  

Serum protein profiling by means of antibody screening or mass 
spectrometry has yielded several proteins which could be new biomarkers 
for RCC. Also for these, the diagnostic potential depends on their specificity 
for RCC, which has to be addressed in future studies. Especially in mass 
spectrometric profiling, elucidation of protein identities is essential for insight 
into pathways of RCC development and specificity for RCC. Furthermore, 
independent validation of results is pivotal. As serum is a suitable biological 
matrix for follow-up of RCC, more is to be expected from protein profiling for 
new RCC biomarkers for follow-up and response evaluation. 

 

Conclusions 

Although translational research has identified several molecular 
markers for RCC (39), thus far, none of them has proven sufficiently 
sensitive, selective and robust for early diagnosis of RCC. Most protein 
profiling studies have focused on the discovery of biomarkers suitable for 
the diagnosis of RCC. Because of the low incidence of RCC (12/100000 in 
men and 5/100000 in women in developed countries (1)) sensitivity and 
specificity of a new biomarker must be very high if it is to be used for 
screening for RCC. To overcome this, biomarkers for prostate, bladder, and 
renal cancers might be combined in a single screening test for the general 
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detection of a urological cancer. The use of MS serum protein profiles holds 
promise as a high-throughput screening tool for discovery of RCC 
biomarkers, but care should be taken to perform these discovery studies 
with adequate statistical power and technical rigour. 
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Abstract 

Currently, no suitable biomarker for the early detection or follow-up 
of renal cell carcinoma (RCC) is available. We aimed to validate previously 
reported potential serum biomarkers for RCC obtained with surface-
enhanced laser desorption ionisation-time of flight mass spectrometry 
(SELDI-TOF MS) in our laboratory using distinct patient populations. Two 
sets of sera from RCC patients and healthy controls (HC) were gathered 
from different institutes and analysed according to published procedures. 
The first set (40 RCC, 32 HC) consisted of mainly pre-surgery samples from 
patients with disease stages I–IV. The second set (26 RCC, 27 HC) were 
mostly sera from patients with stage-IV disease, drawn after nephrectomy. 
Only the increased expression of the previously found serum amyloid-α 
(SAA) peak cluster could be validated in a similar RCC patient subset in both 
our populations in two independent analyses. It was seen both in early- and 
late-stage disease and in pre- and post-surgery samples. These results were 
also confirmed by ELISA. Other previously identified biomarker candidates 
(mass-to-charge ratio’s (m/z) 3900, 4107, 4153, 5352 and 5987) proved 
difficult to reproduce upon duplicate analysis. Modification of the analytical 
protocol for these markers resulted in their detection, but we did not achieve 
satisfactory classification of patients and controls with these alleged 
biomarkers in any of our two sample sets. Instead, two new peaks (m/z 
4289 and 8151) were identified with better performance (sensitivity and 
specificity 65–90%) for separating patients from controls in the first sample 
set. Concluding, only the SAA peak cluster was validated as a robust RCC 
biomarker candidate, which is present in a specific subset of these patients, 
regardless of disease stage or nephrectomy status. In addition, two new 
peaks were seen which might prove useful as biomarkers, provided these 
are validated in new populations. 
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 Introduction 

Renal cell carcinoma (RCC) is difficult to diagnose at early stages 
due to a lack of clear clinical symptoms. When symptoms do occur, about 
30% of patients already have metastatic disease. In addition, a similar part 
of patients with resection of localised disease will have a recurrence (1). 
Therefore, a need remains for reliable markers for diagnosis and follow-up 
of RCC, preferably in easy-accessible body fluids. Surface-enhanced laser 
desorption ionisation-time of flight mass spectrometry (SELDI-TOF MS) (2;3) 
is being increasingly used to search for new and better tumour markers in 
(serum) protein profiles, for example, for ovarian (4), breast (5), prostate 
(6) and colorectal cancer (7). Its appeal lies in the ease with which a 
multitude of samples can be analysed with a minimum of sample 
preparation in a single SELDI-TOF MS analysis. Indeed, SELDI-TOF MS has 
also been performed to identify biomarker proteins for early detection of 
RCC. Two studies describe protein profiling of serum with SELDI-TOF MS 
(8;9). Tolson et al. (8) reported a peak cluster at a mass-to-charge ratio 
(m/z) of approximately 11000 from serum amyloid α-1 and variants, which 
was 100% specific for RCC compared to HC, although not very sensitive 
(detection in eight of 25 patients). Five m/z values of 3900, 4107, 4153, 
5352 and 5987 were reported by Won et al. (9) in a classification tree 
separating RCC from healthy and non-RCC urologic disease, with sensitivities 
and specificities ranging from 80 to 100%.  

Although these results are promising, concerns have risen regarding 
reproducibility of protein profiles and the nature of detected biomarkers (10-
17). For the same cancer types, different biomarkers have been found by 
different research groups (13;18). Yet, reproducible protein profiles can 
hardly be presumed when using different assay procedures or sample 
handling, or when samples from a patient population with other 
characteristics are used (19). To ensure that supposed biomarker proteins 
are not due to chance or bias and are robust enough for detection in 
different laboratories, validation with an independent sample set originating 
from a different institute, but handled using standard analytical procedures, 
is imperative. Yet, only few groups have performed such validation. 
Attempts to validate biomarker proteins for ovarian and breast cancer with 
samples from other institutes have been reported, although not all with 
similar success (4;20;21). For prostate cancer, a biomarker validation project 
is ongoing, (22;23) also standardising analyses among different laboratories. 

However, the RCC serum protein profiles in the two above-
mentioned studies have not been validated in other laboratories or with new 
populations, leaving the question of their validity and robustness. Thus, 
instead of starting a new search for RCC biomarkers using SELDI-TOF MS, 
we attempted to move forward and validate the ones postulated by previous 
studies. We applied the previously developed analytical protocols (8;9) to 
two distinct sample sets of patients and controls from two different institutes 
and assessed robustness and validity of reported RCC serum protein profiles. 
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Materials and methods 

Chemicals 
All used chemicals were obtained from Sigma, St Louis, MO, USA, 

unless stated otherwise. 
 

Patient samples 
Our first set of samples (set 1) consisted of sera from 40 patients 

with renal cell carcinoma and 32 healthy controls (HC) obtained from the 
Netherlands Cancer Institute, Amsterdam, The Netherlands. The second set 
(set 2) consisted of sera from 26 patients with renal cell carcinoma and 27 
HC obtained at the University Medical Centre in Utrecht. All serum samples 
originated from a serum bank, where they had been collected according to 
institutional protocols. Sample collection was performed with individuals’ 
informed consent after approval by the institutional review boards. 

 
Protein profiling 

The two serum sample sets were analysed at separate time points in 
our laboratory. Analyses for both sample sets were repeated after storage at 
-20°C for a year. A scheme of the experimental set-up is shown in Figure 1.  

 
 

Figure 1: Experimental set-up. Two separate samples sets were analysed according to two 
previously published methods. In addition, a modified version of one of the methods was used 
to yield better peaks (see Results section). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

For quality control, we analysed two separate pools of HC sera from set 1 
and set 2, respectively, on seven chips in each analysis. Assay procedures 
were identical to those reported, (8;9) using CM10 chips with a weak cation 
exchange chromatography and as matrix a 50% solution of sinapinic acid 
(SPA) for Tolson’s analysis and a saturated solution of α-cyano-4-
hydroxycinnamic acid (CHCA) for Won’s analysis. Only the albumin depletion 
for Tolson’s method was performed slightly different, using Cibacron Blue 
spin columns from a different manufacturer (Ciphergen Biosystems Inc., 
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Freemont, CA, USA). Briefly, serum was denatured and depleted from 
albumin according to manufacturer’s instructions. Equivalent quantities of 
denatured serum to Tolson’s were loaded onto these columns, taking into 
account the different binding capacity for albumin. Protein chips were 
analysed using the PBS-IIc ProteinChip Reader (Ciphergen Biosystems). 
Data acquisition parameters in our experiments were optimised for detection 
of the reported biomarkers. Using Tolson’s method, spectra were collected 
to 80 kDa with focus mass kept at 8000 Da according to reported 
procedures. M/z values for the detected proteins were calibrated externally 
with a standard peptide mixture (Ciphergen Biosystems) containing [Arg8] 
vasopressin (1084.3 Da), somatostatin (1637.9 Da), dynorphin (2147.5 Da), 
ACTH (2933.5 Da), insulin β-chain (bovine) (3495.9 Da), insulin (human 
recombinant) (5807.7 Da) and hirudin (7033.6 Da).  

 
Statistics and bioinformatics 

Data were analysed with the ProteinChip Software package, version 
3.1 (Ciphergen Biosystems). Per sample set, all acquired spectra were 
compiled and analysed as a whole. Spectra were baseline subtracted and 
normalised to the total ion current from 1500 Da to the spectrum’s end. 
Spectra with normalisation factors above 2.00 or lower than 0.50 were 
excluded from clustering. Biomarker Wizard (BMW) software (Ciphergen 
Biosystems) was used for peak clustering. Peaks were autodetected when 
occurring in at least 30% of spectra and with first and second pass signal-to-
noise (S/N) of 5 and 2, respectively, in a 0.3% cluster mass window. In case 
of no autodetection of peaks of interest, peak detection was performed 
manually and the BMW applied including these user-detected peaks. Mean 
peak intensities between groups were compared by nonparametric statistical 
tests with p < 0.01 defined as statistically significant. The mean coefficient 
of variation (CV) in each sample set was calculated with replicate peak 
intensities from the quality-control samples. Biomarker Patters Software 
(BPS; Ciphergen Biosystems) was used to generate classification trees for 
patients and controls. 

 
Protein identification 

The identity of proteins of interest was elucidated using 
immunocapture with appropriate antibodies. For confirmation of the 11-kDa 
peak identities, the same mouse monoclonal antibody to serum amyloid-α 
(SAA) was used as reported (Abcam Ltd., Cambridge, UK). In short, 
antibody was coupled to protein A ceramic HyperD beads (Pall/Biosepra, 
Saint-Germain-en-Laye, France) and washed thrice with phosphate-buffered 
saline (PBS). After a 30-min incubation of serum diluted in PBS, the unbound 
fraction was collected. Beads were washed five times with PBS and once 
with deionised water. Finally, bound proteins were eluted from the beads 
with 0.1 M acetic acid. Unbound fractions as well as eluates were profiled 
both on gold chips or NP20 chips and on the original CM10 chip surface.  

 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 158 

Measurement of serum SAA levels  
Results of protein profiling for SAA were validated by ELISA using a 

commercially available kit (Tridelta Development Ltd., Maynooth, Ireland). 
All sera were analysed in duplicate according to manufacturer’s instructions. 

 

Results 

Patient samples 
Patient and sample characteristics are summarised in Table 1. Two 

distinct patient populations were gathered: In our first sample set, most 
samples had been drawn before surgery and patients had mostly early-stage 
disease, as was the case for the samples in the published studies. In 
contrast, many samples from set 2 were from patients with metastatic 
stage-IV disease who had undergone nephrectomy. This enabled us to 
assess the abundance of the previous markers across several disease stages 
and the influence of primary tumour resection on their presence. No group 
of patients with other urological diseases was included in our analysis. 
Sample collection procedures differed between the institutes regarding 
clotting time and storage temperature (Table 1).  

 
Protein profiling: Tolson method 

In the first analysis, we obtained optimal spectra using laser 
intensity 142 and detector sensitivity 7, collecting an average of 165 laser 
shots per spot. For the second analysis a year later, acquisition parameters 
had to be re-optimised to laser intensity 155 and detector sensitivity 8, 
whereas other parameters were kept constant. On both occasions, protein 
patterns were highly reproducible within and between the sample sets and 
the two analyses. Mean peak CV’s for the quality-control sera from each 
sample set were 20% and 30% for set 1 and 2, respectively, based on the 
11 most prominent peaks common to both sample sets. Few samples had to 
be excluded due to aberrant normalisation factors (Table 2). Comparison of 
spectra from the duplicate analysis with the one from Tolson shows the 
presence of the same peaks (Figure 2). Results of the duplicate analysis 
were highly congruent, except for the 9.2-kDa peak, which was seen more 
frequently in the second analysis. The 11-kDa peaks were present in both 
our sample sets in a roughly similar patient subset as Tolson’s (Table 2). 
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Table 1: Patient and sample characteristics of sample sets 1 and 2 compared to those of Won and Tolson. Means (SD) for patient and sample age. 

 Sex Patient age 
(years) 

RCC stage Surgical 
status  

Sample handling Sample age 
(years) 

 RCC HC Non-RCC 
disease 

RCC HC    RCC HC 

Set 1 25 M 
15 F 

20 M 
12 F 

- 57.1 
(11.0) 

56.1 
(8.79) 

16 IV 
4 III 

16 I/II 
4 unknown 

33 pre-surgery 
5 post-surgery 
2 unknown 

30 min coagulation at RT. 
Centrifugation at 1900 g. 
Storage at –30°C. 

2.94 1) 
(0.56) 

1.90 
(0.034) 

Set 2 19 M 
7 F 

7 M 
20 F 

- 63.7 2) 
(10.2) 

42.9 
(11.1) 

24 IV 
2 II/III 

8 pre-surgery 
18 post-
surgery 

2-6 h coagulation at RT 
and overnight at 4°C. 
Centrifugation at 1500 g. 
Storage at –80°C. 

1.05 
(0.55) 

1.28 
(0.21) 

Tolson 15 M 
10 F 

26 
matched 

- 59.3 
(14.6) 

matched 6 IV 
1 III 
7 II 
11 I 

25 pre-surgery Overnight coagulation at 
4°C. Serum supernatant 
collected. Storage at –
70°C. 

NR NR 

Won 15 
M+F 

6 M+F 15 M+F NR NR NR 15 pre-surgery NR All collected in same 
period 

 
Abbreviations: F: female, HC: healthy control, M: male, NR: not reported, RCC: renal cell carcinoma, RT: room temperature.  
1) p < 0.000 independent samples t-test,  
2) p < 0.000 non-parametric Mann-Whitney U-test.  
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Figure 2: Spectra parts generated according to Tolson’s procedure. A) Samples from set 1 and 
set 2 are shown. The 11-kDa peaks are visible in a subset of the RCC sera (arrow), but not in 
those from HC. B) Comparison of one of our spectra with the one reported by Tolson et al. 
Nearly all peaks present in the Tolson spectrum were visible in our spectrum (arrows), although 
some with lower peak intensities, which is possibly due to the fact that the published spectrum 
was acquired with extra high laser intensity for peaks >10 kDa. Tolson spectrum reprinted by 
permission from Macmillan Publishers Ltd.: [Lab Invest], (8) copyright 2004. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In two healthy controls from set 1 and one from set 2 this peak was also 
visible, although with S/N < 2 (Figure 3). None of the excluded spectra 
showed the 11-kDa peaks. The peak at 10.85 kDa, also indicated as a 
potential biomarker by Tolson, was found in very few of our patients (Table 
2). The relative abundances of Tolson’s biomarkers in our patients in relation 
to their surgery status and disease stage are summarised in Table 3. Also for 
some other (non-biomarker) peaks, the frequencies we found were lower 
than reported, such as for the 9.2-kDa peak from haptoglobin in the first 
analysis and for the peaks at 15.8 and 15.1 kDa (β- and α-globin).  
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When applying the BMW application to these spectra, the 11-kDa 
peaks came up as most significantly different in both analyses and both 
sample sets (p < 0.000). However, as these peaks only occur in a subset of 
RCC patients, their sensitivity for RCC detection is limited. Therefore, we 
also evaluated other discriminating peaks that were present in all patients 
and/or controls. Peaks at 8.7, 14.1, 17.3 and 28 kDa were consistently 
decreased in patients in both analyses and both sample sets (p < 0.000, 
except for 14.1 kDa in set 2: p < 0.03). Classification trees were constructed 
with BPS, but none of the above-mentioned discriminatory peaks, nor any 
other peaks yielded trees with suitable sensitivity and specificity for both 
sample sets (data not shown). 
 
Table 2: Comparison of peak detection in Tolson's samples and in our set 1 and 2. Peaks were 
considered present when having a S/N ≥ 2. 
 Peak detection in number of patients/controls Peak identity  
 Sample set 1  

(max 40/32) 
Sample set 2  
(max 26/27) 

Sample set 
Tolson  
(max 

25/26)  

 

 1st 
analysis 

2nd 
analysis 

1st 
analysi

s 

2nd 
analysi

s 

  

Excluded 
from 
analysis 

0/1 4/1 2/2 1/0 N.A.  

9.2 kDa 4/2 1) 14/13 1/2 1) 14/13 15/12 Haptoglobin 1-α 
10.85 kDa 2) 1/0 3) 3/0 1/0 3) 1/0 16/6 Unknown 
11.4 kDa 2) 10/0 11/0 4/0 5/0 7/0 des-RS SAA-1  
11.5 kDa 2) 18/0 19/0 5/0 7/0 8/0 des-R SAA-1 
11.68 kDa 2) 18/1 20/1 6/0 7/0 8/0 SAA-1 
13.7 kDa 30/29 28/29 15/25 17/26 25/26 Transthyretin 
15.1 kDa 1/0 1/0 4) 1/5 0/0 4) 25/26 α-Globin 
15.8 kDa 19/14 13/11 11/16 14/11 25/26 β-Globin 
28.0 kDa 39/31 36/31 24/25 25/27 25/26 Apolipoprotein A-I 
Abbreviations: SAA-1: serum amyloid α-1; R: arginine; S: serine  
1) When using a cut-off of S/N >1, detected in 14 RCC patients and 9 controls from sample set 
1 and 18 patients and 17 controls from sample set 2, 
2) Tolson biomarker candidate,  
3) When using a cut-off of S/N >1, detected in 4 RCC patients in set 1 and 4 RCC patients in 
set 2, 
4) When using a cut-off of S/N >1, detected in 1 RCC patient and 2 HC in set 1 and 2 RCC 
patients and 1 HC in set 2. 

 
Protein profiling: Won method 

Figure 3 shows spectra from the optimisation of laser intensity and 
detector sensitivity for the Won peaks at 3.90, 4.10, 4.15, 5.35 and 5.99 
kDa. In the first analysis, we obtained optimal spectra using laser intensity 
135 and detector sensitivity 7, collecting an average of 165 laser shots per 
spot. Again, for the second analysis, re-optimisation of acquisition 
parameters was needed, resulting in laser intensity 128 and detector 
sensitivity 7 keeping other parameters constant. On both occasions, protein 
patterns were highly reproducible across the sample sets and the two 
analyses. However, many spectra were ‘empty’ and had to be excluded from 
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further data analysis (Table 4). We noted that this was related to the 
presence of a glassy layer on the chip spot for these samples. This layer is 
probably due to lack of a washing step with water in the procedure, leaving 
salt remnants on the chip that cause ion suppression. Owing to this, only 
two quality-control samples from set 1 and three from set 2 were 
assessable. Mean peak CVs of the seven most prominent peaks in these 
spectra common to both sample sets were 60 and 23% for set 1 and 2, 
respectively. Our peak intensities for the peaks of interest were markedly 
lower than the intensity values reported by Won, except for the peak at 4.10 
kDa (Table 5, original procedure and Figure 4).  

 
Figure 3: Detection of the 11-kDa cluster in healthy controls (HC) from sample sets 1 and 2. 
The straight line represents the noise level. 
 

 
 
 
 
 

 
 
 
 
 
 
Varying acquisition parameters did not result in higher intensities for 

these peaks. As a result, only the 4.10-kDa peak met the criterion of a S/N 
> 5 for clustering and the others had to be manually detected. Although the 
mean peak intensities from the two analyses were comparable, there were 
some differences between the first and second analysis regarding the group 
with the highest mean peak intensity and the observed p-values. None of 
the Won peaks was significantly different at the 0.01 level in our analyses 
(Table 5, original procedure). Some of the peaks did show a (non-
significant) expression difference between patients and controls, but this 
was only observed in one of the analyses (m/z 4097, 5348), or was 
discordant with the expression difference reported by Won (m/z 5350, 
5991). The lack of an expression difference in patients and controls for m/z 
4153 was in agreement with Won’s result, however (Figure 5). 

In an attempt to obtain better intensities for the peaks of interest, 
we also used a slightly modified assay for these samples (single analysis). 
Instead of 2% 2-mercaptoethanol in the denaturation solution, 2% 
dithiotreitol (DTT), a more effective reductant, was used and the protease 
inhibitor phenylmethanesulphonyl fluoride (PMSF) was left out. Instead of 
saturated CHCA, a 50% SPA solution in 50% acetonitrile (ACN) + 0.5% 
sinapinic acid (TFA) was used as energy-absorbing matrix. We have applied 
this matrix solution successfully for masses below 15 kDa in other 
experiments, among which the Tolson procedure. SELDI-TOF MS acquisition 
parameters were optimised for these conditions to laser intensity 142 and 
detector sensitivity 7. From Figure 6 it can be seen that with the modified 
method, the same samples yielded higher peak intensities for m/z 3901, 
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4107, 4153, 5352 and 5987, with reproducible spectra among sample sets 1 
and 2. In addition, many more peaks were present in the mass spectrum 
than with the original procedure, and few spectra did not meet normalisation 
criteria (Table 4). Two significant differences in agreement with Won’s result 
could now be seen at m/z 5996 and 3894 in set 1. However, the found 
increase in RCC patients of a peak at 4161 Da in set 2 (p = 0.004, Table 5, 
modified procedure) was not according to Won’s results.  

 
Table 3: Abundances of Tolson peaks (peak height “averages” of duplicate analysis and 
concentrations measured by ELISA) and patient characteristics. 

 Patient 
ID 

Abundance of peaks of interest Surgical 
status 

Disease 
stage 

  10.85 kDa 11-kDa 
cluster 

SAA 
concentration 

(µg/ml) 

  

Set 1 RCC 364 --- ++ 50.9 Pre-surgery II 
 RCC 367 +/- +++ 67.0 Pre-surgery IV 
 RCC 368 --- + 3.97 Pre-surgery I 
 RCC 369 +/- +++ 2.35 Pre-surgery IV 
 RCC372 - ++ 74.5 Pre-surgery IV 
 RCC 373 - +++ 75.6 Pre-surgery IV 
 RCC 374 ++ +++ 72.8 Pre-surgery IV 
 RCC 375 --- ++ 50.5 Pre-surgery IV 
 RCC 376 +/- ++ 49.2 Pre-surgery IV 
 RCC 377 -- +++ 36.7 Pre-surgery IV 
 RCC 378 +/- +++ 71.8 Pre-surgery I 
 RCC 379 +/- +++ 67.5 Pre-surgery I 
 RCC 381 - +++ 89.0 Pre-surgery II 
 RCC 387 +/- ++ 43.7 Pre-surgery I 
 RCC 388 --- + 15.2 Pre-surgery I 
 RCC 390 --- + 33.1 Unknown  IV 
 RCC 392 - +++ 61.0 Pre-surgery IV 
 RCC 393 --- ++ 9.59 Pre-surgery IV 
 RCC 397 --- + 36.3 Pre-surgery III 
 RCC 399 ++ --- 11.4 Post-surgery Unknown 
 RCC 403 + --- 7.50 Pre-surgery I 

Set 2 RCC 94 +/- +++ 3.24 Pre-surgery IV 
 RCC 96 --- +++ 61.1 Pre-surgery IV 
 RCC 99 --- + 44.9 Pre-surgery IV 
 RCC 100 ++ ++ 53.2 Post-surgery IV 
 RCC 109 -- ++ 50.9 Pre-surgery IV 
 RCC 114 --- + 7.61 Post-surgery IV 
 RCC 116 --- +++ 94.0 Pre-surgery IV 
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To assess whether the many patients who had undergone 
nephrectomy in sample set 2 could be the cause of the lack of significant 
expression differences, only data from the combined pre-surgery sera in set 
1 and 2 were analysed (41 RCC and 59 HC). After normalisation, 49 (22 
RCC, 27 HC) and 39 (15 RCC, 24 HC) spectra from the two analyses with the 
original procedure and 85 (35 RCC, 50 HC) spectra from the modified 
procedure were assessable. None of the peaks of interest were 
discriminative in the pre-surgery samples with the original procedure. Only 
in the second analysis we saw a slight difference at m/z 4159 (p = 0.09, 
intensity HC 3.89 vs. RCC 4.33), which was not in agreement with Won’s 
result, however. In data from the modified assay, the peak at 4097 Da was 
seen slightly, but significantly decreased in patients compared to controls 
(intensity 44.8 vs. 52.6, p = 0.003). Although an expression difference at 
m/z 5996 and 3894 was still present, significance was lost in this analysis (p 
= 0.11 and p = 0.12). 

Lastly, we looked for other discriminative peaks than those reported 
by Won. Few significant differences between the RCC and control groups 
were found using the original procedure. A significant peak at 8597 Da was 
observed, which was decreased in RCC patients (p < 0.000), both with the 
original and modified procedure using either the combined samples from set 
1 and 2, or only the pre-surgery ones. Considering the pre-surgery samples 
only, in both analyses following the original procedure, consistent expression 
differences were seen for m/z 2826 (p = 0.01 and p = 0.09, respectively) 
and 4291 (p = 0.04 and p = 0.01). However, with the modified procedure 
many more peaks differed significantly, notably m/z 4289, 3960, 8151, 
6198, 3163, 8707, 4303 and 6456 (p < 0.000 in the combined sample sets 
and in the pre-surgery samples).  

 
 Table 4: Spectra from the Won method included for data analysis. 
 Assessable RCC/total RCC Assessable HC/total HC 
 Set 1 Set 2 Set 1 Set 2 

Original procedure, 1st 
analysis 

20/40 18/26 12/32 17/27 

Original procedure, 2nd 
analysis 

13/40 11/26 14/32 13/27 

Modified procedure 33/40 25/26 26/32 24/27 
 
 
Generating classification trees, we found some with reasonably good 

classification of RCC and healthy persons. The (non-significant) Won peaks 
at 4097 and 5348 Da in the second original analysis did not come up as tree 
classifiers, nor did the significant m/z’s (5996 and 3894) in the data from the 
modified method (data not shown). Yet, from these data a tree could be 
built using m/z 4289 as single classifier with sensitivity 73.3% and specificity 
66.0% upon 10-fold cross-validation. Also, m/z 8151 showed promising 
performance as a single classifier (cross-validation sensitivity 90.6%, 
specificity 81.5%). However, these peaks were good classifiers only for 
sample set 1.  
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Table 5: Observed peak expression differences detected in our sample sets with Won’s method (original procedure) and a slightly modified procedure. 
Mean (SD) peak intensities for the RCC and HC groups are given. 

Reported by Won (9) Observed Set 1 1) Observed Set 2 1) 
m/z 
(Da) 

HC peak 
intensities 

RCC peak 
intensities 

m/z (Da) P 2) HC peak 
intensities 

RCC peak 
intensities 

m/z (Da) P 2) HC peak 
intensities 

RCC peak 
intensities 

   original procedure (duplicate) original procedure (duplicate) 
3901 22.9 

(5.38) 
14.4 (5.67) 3901 

3897 
0.186 
0.409 

1.24 (0.570) 
2.35 (2.35) 

1.08 (0.67) 
1.72 (2.24) 

3904 
3897 

0.792 
0.750 

2.13 (1.60) 
1.46 (1.47) 

1.84 (1.01) 
1.26 (0.650) 

4107 29.4 
(7.09) 

6.48 (7.40) 4100 
4101 

0.119 
0.409 

3.56 (2.34) 
13.7 (9.24) 

2.33 (1.97) 
17.4 (10.1) 

4104 
   4097 3) 

0.322 
0.052 

7.74 (6.39) 
13.7 (7.38) 

5.54 (4.95) 
8.32 (4.33) 

4153 9.19 
(6.75) 

8.44 (4.50)   4155 3) 
  4157 3) 

0.907 
0.072 

2.96 (3.09) 
4.29 (6.30) 

2.33 (1.58) 
4.22 (2.44) 

  4159 3) 
  4163 3) 

0.146 
0.339 

1.21 (1.11) 
1.96 (1.16) 

1.66 (1.17) 
1.68 (1.84) 

5352 16.5 
(3.65) 

12.2 (4.37) 5357 
5350 

0.559 
0.022 

0.962 (0.567) 
1.76 (1.46) 

0.892 (0.665) 
3.08 (1.45) 

5353 
   5348 3) 

0.291 
0.099 

1.64 (1.15) 
3.11 (2.34) 

2.43 (1.97) 
1.68 (1.36) 

5987 7.70 
(4.14) 

4.82 (4.93) 5983 
5996 

0.111 
0.593 

0.919 (0.480) 
1.17 (0.661) 

0.671 (0.488) 
1.15 (0.939) 

5991 
5991 

0.056 
0.750 

0.52 (0.489) 
1.53 (0.990) 

1.05 (0.951) 
1.38 (0.944) 

 Classification tree 
difference 

modified procedure modified procedure 

3901 � in RCC vs. non-RCC    3894 3) 5.19*10-05 9.01 (4.10) 4.81 (2.13) 3883 0.383 5.33 (2.57) 4.89 (1.70) 

4107 � in HC vs. RCC 4098 0.171 39.2 (11.5) 35.4 (13.8) 4098 0.226 59.0 (9.9) 56.4 (11.8) 

4153 � in non-RCC vs. RCC    4160 3) 0.543 9.99 (8.77) 8.10 (5.90) 4161 0.004 8.04 (3.70) 11.3 (3.6) 

5352 � in HC vs. non-RCC 5364 0.346 0.862 (0.635) 0.666 (0.658) 5361 0.803 1.95 (2.50) 1.39 (1.03) 

5987 � in non-RCC vs. RCC   5996 3) 3.49*10-05 1.60 (0.54) 0.961 (0.501) 5995 0.476 1.87 (1.10) 1.65 (0.81) 
1) Values for the first and second analysis respectively. 
2) Non-parametric Mann-Whitney U-test.  
3) Expression concordant with Won’s result. 
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Figure 4: Optimisation of SELDI-TOF MS acquisition parameters for detection of the Won peaks 
(1–5). Two RCC samples were used for optimisation (A and B). Both laser intensity and detector 
sensitivity were optimised separately. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We also investigated whether the significantly different 4097-Da 
peak in the pre-surgery serum samples using the modified procedure was a 
useful classifier. Ten-fold cross-validation with this m/z as single classifier 
yielded limited sensitivity and specificity of 62 and 59%. The other 
significant m/z’s we found by clustering were no classifiers or did not yield 
trees with reasonable sensitivity and specificity (data not shown). 

 
Protein identification 

The identity of the 11-kDa cluster was confirmed by using a serum 
amyloid-α mouse monoclonal antibody (Abcam Ltd., Cambridge, UK). A 
similar peak cluster as the one in the profiling experiment was seen in the 
bound fraction of this antibody, both on NP20 and on CM10 chips (Figure 7). 
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The identities of the discriminating peaks at 14.1 and 17.3 kDa in the Tolson 
analysis and that of 8597 Da in the Won analysis could be deduced from the 
protein profiling results and were confirmed by similar immunocapture 
experiments. Both these discriminating Tolson peaks were lost with the Won 
analysis. Although highly similar, these methods differ in the addition of a 
reducing agent to the denaturation buffer in the latter procedure. A peak 
cluster around 14 kDa has been described, identified as transthyretin and 
several isoforms, among which a glutathionylated form at 14.1 kDa (24).  
 
 
Figure 5: Classification tree reported by Won et al. The primary node includes the peak at 4107 
Da, which roughly separates between patients (left branch) and controls (right branch). 
Reprinted with permission from Wiley-VCH verlag GmbH & Co KG. 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 6: Spectra parts generated with Won’s original procedure (A) and with a slightly modified 
one (B). The same samples in set 1 and set 2 are shown for either assay. Peak intensities for 
the peaks of interest at 3901, 4107, 4153, 5352 and 5987 Da (peaks 1–5) are higher in the 
modified procedure. 
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Similarly, from the Swiss-Prot database (http://www.expasy.org/) it 
is known that a 17-kDa homodimer of apolipoprotein A-II is formed by 
disulphide linkage of two monomers. With the Won procedure, reduction 
would result in loss of the glutathione group for the 14.1-kDa peak to form a 
mass of 13.7 kDa and the formation of two 8.5-kDa monomers from the 17-
kDa dimeric protein, which was indeed the case in our results. Therefore, we 
performed immunocapture with a transthyretin rabbit polyclonal antibody 
(Abcam Ltd., Cambridge, UK) and an apolipoprotein A-II goat polyclonal 
antibody (Chemicon Europe Ltd., Hampshire, UK). Thus, the identity of 
glutathionylated transthyretin was confirmed, as was that of the 
apolipoprotein A-II fragment missing a terminal glutamine residue in one 
chain of the dimer (Tolson method, 17.3 kDa) and in the monomer (Won 
method, 8597 Da). 
 
 
Figure 7: Identification of the serum amyloid-α (SAA) peak cluster by immunocapture. The 
spectra parts successively show protein profiling on NP20 chip of the serum fraction that has 
not bound to the SAA-1 antibody, the fraction that has bound to this antibody on NP20 chip and 
on CM10 chip, the unbound serum fraction on CM10 chip and the original protein profile of 
whole serum on CM10 chip. Peaks 1–3 represent des-RS SAA-1 (11.4 kDa), des-R SAA-1 (11.5 
kDa) and SAA-1 (11.68 kDa), respectively. The peak at 11.9 kDa (4) may be another post-
translationally modified form of SAA-1. The fifth peak at 10.8 kDa may be the same as found by 
Tolson, although it was not reported to be a form of SAA-1. 
 
 

 
 
 
 
 
 
 
 
 
 

 
Measurement of serum SAA levels 

We observed good agreement between the results of SELDI-TOF MS 
protein profiling and ELISA regarding the abundance of SAA (Figure 8). It is 
also clear from this figure that protein profiling is less sensitive than ELISA 
for the detection of SAA. Similar to Tolson’s result, SAA levels below 20 
µg/ml were generally not detectable with SELDI-TOF MS in our analyses. 
However, in several RCC samples, the 11-kDa peaks were detectable despite 
a measured SAA concentration below 10 µg/ml (Table 3). Most HC had SAA 
levels below 10 µg/ml, except for 6 samples with levels between 10 and 25 
µg/ml. 
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Figure 8: Correlation of serum levels of SAA as measured by ELISA with peak intensities of the 
11.68-kDa peak from SELDI-TOF MS protein profiling. 
 
 

 
 

 

 

 

Discussion 

Serum protein profiling of RCC was performed to assess the validity 
and robustness of previously reported biomarker proteins for this type of 
cancer. We were able to detect the discriminating cluster of serum amyloid-
α peaks described by Tolson et al. in about the same subset of RCC patients 
in both sample sets. Furthermore, the protein profiling result was validated 
with an ELISA for SAA. The observed expression difference between patients 
and controls was detected despite differences in sample handling and 
patient characteristics compared to Tolson’s samples. Moreover, it was 
stably present a year after the first analysis. This indicates SAA is a robust 
biomarker candidate for RCC, which is also supported by the fact that we 
found it not only with the assay from Tolson, but also with both the original 
and modified assay from Won, implying that albumin depletion does not 
influence the presence of this peak cluster. However, for some other peaks, 
we found markedly lower frequencies in both analyses, such as for the 
postulated biomarker of 10.85 kDa. As we did detect it in some of the 
patients, it is unlikely that the lower frequency is due to the analytical 
procedure, but more probable, these differences reflect real biological 
variation in patients. The co-presence of this peak with the SAA peaks as 
reported by Tolson could not be confirmed in our populations. Furthermore, 
its postulated prognostic value suggested by its presence in four out of six 
patients with metastatic disease in Tolson’s population does not seem to 
hold, as most of our metastatic patients did not have this peak. 

As we found a similar number of patients with the SAA peak cluster 
as Tolson, that is, SAA levels > 20 µg/ml, this possibly represents a specific 
sub-population of RCC patients. As can be concluded from Table 3, disease 
stage or surgical status do not account for this distinction, nor seems the 
abundance of this peak correlated with disease stage. A study by Le et al. 
(25) described a high sensitivity and specificity for the presence of SAA and 
isoforms in prostate cancer patients suffering from bone metastases, but 
this does not explain the abundance of these peaks in some of our patients 
with early-stage disease. The cluster of SAA peaks has also been mentioned 
in several other reports. In a study in ovarian cancer it was found in about 
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half of the patients (26), and a study in nasopharyngeal cancer (27) showed 
an increase of SAA in about 70% of these patients and in about 40% of lung 
cancer patients. These peaks are thus not specific for RCC, but might reflect 
a process that occurs only in a subset of these cancer patients. Despite that 
we found some other expression differences in both sample sets, these were 
not large enough for good classification of patients and controls. 
Furthermore, both a decrease of a 17.3-kDa peak (possibly des-glutamine 
apolipoprotein A-II) and glutathionylated transthyretin have been described 
in the sera from patients with other cancers before (24;28-30) and thus they 
seem not specific for RCC either. Yet, these proteins might have a role as 
markers in disease or therapy monitoring. 

We experienced difficulties in the analysis with the Won procedure. 
Many spectra were not assessable, possibly because of ion suppression 
caused by salt remnants on the chip. Moreover, peak intensities for the 
peaks of interest were generally much lower than those reported, despite 
optimisation of MS acquisition parameters, and Won’s discriminating peaks 
were not readily detectable. Thus, this analytical protocol seems less robust 
than, for example, Tolson’s. Furthermore, only non-significant expression 
differences were observed with this procedure, but only in sample set 2, 
which was the least comparable to Won’s. The only similarity with Won’s 
data for this procedure was a lack of an expression difference for m/z 4153. 
A slightly modified method, including a better reductant and omission of 
protease inhibitor in the denaturation buffer, as well as a different energy-
absorbing matrix generally improved peak detection. Moreover, much fewer 
spectra suffered from ion suppression. Although also in this modified 
procedure a final washing step with water was lacking, the use of a different 
matrix might have precluded ion suppression effects. Using this method, the 
observed peak differences proved reflective of the patient characteristics: 
only in sample set 1, most comparable to Won’s, we found two of the 
previously described expression differences. Yet, in the combined pre-
surgery sera from set 1 and set 2, these expression differences became 
statistically insignificant. Possibly, other patient characteristics than 
nephrectomy status are responsible for this discrepancy, for example 
disease stage. Indeed, all pre-surgery sera in set 2 were from patients with 
metastatic disease, whereas in set 1 these included 20 patients with RCC 
stages I–III. In addition, with this modified method, only for the combined 
pre-surgery sera we found a peak at 4097 Da higher in controls compared to 
patients, as reported by Won. However, the difference in mean peak 
intensities between patients and controls was only slight, a marked 
difference compared to Won’s result. Therefore, despite the observed 
expression difference, this peak was not identified by the BPS as a main 
classifier for the classification tree, nor was it able to split patients and 
controls correctly when manually selected as the main classifier. Thus, we 
could not reproduce the classification performance of this peak that was 
suggested by Won’s classification tree. 

For a peak at 4161 Da, we found an expression difference in sample 
set 2 with the modified procedure, but not in set 1, nor in the combined pre-
surgery sera. This protein (increased in non-RCC disease vs. RCC according 
to Won’s classification tree) might be a specific inflammatory protein that is 
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neither deregulated in RCC nor in health, which is concordant with the 
similar mean peak intensities for patients and controls mentioned by Won 
(8.442 ± 4.496 and 9.192 ± 6.746, respectively (9)). The increase of this 
peak in RCC that we saw in sample set 2 might be due to differences in 
patient characteristics or sample handling compared to Won’s samples. 
Interestingly, a more recent report on serum protein profiling for RCC also 
describes the increase of a peak at m/z 4151 in RCC patients compared to 
controls (31). This peak was observed under similar assay conditions and 
thus may well be the same protein as Won’s. Its performance to detect RCC 
in stage I was reported lower than for later stages (31). This could explain 
why we only saw a significant difference in sample set 2 (mostly stage-IV 
disease) and not in set 1 or the pre-surgery sera (mainly early-stage 
samples), and, if Won and co-workers also evaluated earlier disease stages, 
why they did not find this difference.  

Altogether, some of Won’s postulated biomarkers seem prone to 
lack of reproducibility (at least with the original method) and lack of validity. 
Although differences with our results might be caused by different sample 
handling conditions or other disease stages, this at least stresses the 
necessity of careful control of these parameters if the Won proteins were to 
be used as biomarkers. Furthermore, the few assessable spectra with the 
original procedure may have hampered our power to detect the expression 
differences described previously. However, the 4107-Da peak splitting 
patients and controls in the first node of Won’s classification tree is only 
based on a total of six controls and 15 patients, which is even less than our 
assessable individuals. With the modified method, we could evaluate many 
more spectra, but the expression difference at m/z 4107 that we found for 
the pre-surgery samples was not large enough for correct classification of 
patients and controls. Thus, the classification tree reported by Won might 
well be the result of over-fitting of data. For, five peaks to fit a population of 
36 samples in three groups is a rather high number, as peaks in the lower 
branches of a classification tree are discriminative for successively lower 
numbers of samples, thus more likely influenced by outliers or artefacts in 
the data. Possibly, the other discriminative m/z’s at 4289 and 8151 that we 
found with this procedure have more potential as biomarkers for RCC. A 
decrease of a peak at 4289 Da has been mentioned for several other 
cancers (32;33), one group attributing this mass to a fragment of inter-α 
trypsin inhibitor heavy chain 4 (33). Also, peaks with an m/z similar to 8151 
have been reported as biomarker candidates (6;34). However, the 
consistent decrease of these peaks in RCC remains to be established in new 
sets of pre-surgery serum samples including patients with early-stage 
disease. In addition, their identity and their specificity for RCC or cancer in 
general must be addressed. 

Considering our goal to validate previously reported biomarkers for 
RCC, lack of robustness was the first hurdle to take, especially for the Won 
analysis. It is unlikely that chip characteristics, (manual) sample processing 
or instrument integrity were the cause of this, as the spectra that were 
assessable with both the original and modified analytical protocol from Won, 
and those from the Tolson protocol did show reproducible profiles across the 
sample sets and the duplicate analyses. More probably, critical steps in the 
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analytical protocol were the cause, such as the use of a good reductant 
(DTT) and suitable energy-absorbing matrix (SPA). Furthermore, duration of 
all steps might prove critical: as DTT reduces full-length haptoglobin, 
resulting in the release of the 9.2-kDa 1-α chain, the lack of detection of this 
peak in the first Tolson analysis may have been caused by incomplete 
reduction of the full-length protein. Because of this potential sensitivity of 
the technique to such subtle changes, the structural characterisation of any 
postulated biomarkers and development of more quantitative assays are 
needed for routine clinical analyses. The second hurdle in validation is 
related to the law of large numbers. Even when peaks are reproducibly 
detected, failure to validate expression differences between patients and 
controls may still occur as a result of limited sample size: too few samples 
could result in insufficient statistical power to identify a significant difference 
for the alleged biomarkers. Alternatively, statistically significant differences 
found previously could rather be the result of chance or bias, in which case 
former data were over-fitted. These problems seem likely to have occurred 
with Won’s result, which was based on very few samples. However, we 
cannot rule out that this was also the case for our data, as our sample size 
was still limited.  

It might be argued that the only expression difference we could 
validate was that of the acute phase protein SAA, and that this is due to the 
extreme increase of this protein during acute phase reactions, which makes 
detection with SELDI-TOF MS more feasible. However, the change in protein 
expression detectable with SELDI-TOF MS does not so much depend on the 
size of this change, as on the concentration range in which it occurs. As for 
all equilibrium reactions, the binding of proteins such as SAA to the 
chromatographic chip surface describes an S-curve. If an expression 
difference occurs in the linear range of this S-curve, a rather small increase 
can result in binding of much more protein and thus a large change in 
SELDI-TOF MS peak intensity. Alternatively, a small change in peak intensity 
might represent a large expression difference, when this happens in the 
plateau regions of this S-curve. Unfortunately, in complex matrices such as 
serum, one can never be sure when to be in the linear or plateau range, due 
to competition for binding sites from other proteins (which causes a shift of 
the S-curve to the right). Furthermore, the more abundant proteins, often 
acute phase proteins, compete and bind preferably to the chip, causing 
limited sensitivity of SELDI-TOF MS for less abundant proteins compared to 
antibody assays such as ELISA. Thus, the ability to detect expression 
differences with SELDI-TOF MS depends more on the abundance of the 
protein under investigation than on the extent of the expression difference. 

Concluding, we show that, depending on the analytical protocol, 
some of the alleged RCC biomarkers were difficult to reproduce. From the 
detectable candidate biomarkers, only the increased expression in RCC of 
SAA and variants could be unambiguously validated in our populations, with 
potential specificity for a certain subset of cancer patients. However, two 
newly identified biomarker candidates merit further evaluation in new 
sample sets.  
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Abstract 

Renal cell carcinoma (RCC) is the most lethal urological cancer, and 
survival is greatly dependent on early diagnosis. Therefore, reliable, new 
biomarkers for detection of RCC are warranted. Serum protein profiling with 
surface-enhanced laser desorption ionisation-time of flight mass 
spectrometry (SELDI-TOF MS) might yield such new biomarkers. We 
assessed serum protein profiles in two patient populations from two 
institutes with an optimised SELDI-TOF MS assay procedure. Sera from the 
two sample sets (set 1: 37 RCC + 32 healthy controls (HC), set 2: 20 RCC + 
25 HC) were analysed in duplicate on CM10 chips at pH 6. Mean peak 
intensities of detected proteins were compared between RCC and HC with 
non-parametric testing. Classification trees were built with discriminating 
peaks using one sample set as training set and the other as independent 
validation set. We found fifteen peaks significantly different (p < 0.01) 
between RCC and HC in the duplicate measurement. Two classification trees 
could be built with these peaks. Tree A (mass-to-charge ratio’s (m/z) 3891, 
10838 and 2743) achieved 75% sensitivity and 85% specificity for cross-
validation and 76% and 65% for independent validation. Tree B (m/z 16117 
and 4282) had 71% and 62% sensitivity and specificity for cross-validation 
and 83% and 82% for independent validation. Although two serum protein 
profiles comprising 5 protein peaks were found that could separate RCC 
from HC, the sensitivity and specificity is presently not sufficient to 
recommend large scale use. Upon structural identification and quantitative 
validation, however, these proteins might prove to be suitable tumour 
markers in the follow up of RCC patients.  
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Introduction 

Renal cell carcinoma (RCC) is the most lethal of all urological 
cancers, with a 5-year survival rate of only about 10% (1). Conventional 
chemotherapy and immunotherapy are generally considered ineffective for 
RCC. Recently approved drugs such as the multi-targeted kinase inhibitors 
sorafenib and sunitinib have significantly improved survival. However, these 
treatments can not cure advanced disease and are not void of side effects. 
Thus, early diagnosis and resection of localised disease remains the best 
option for treatment. Unfortunately, a lack of clear clinical symptoms 
prevents diagnosis at early stages and one third of patients will eventually 
relapse after previous nephrectomy (1;2). Although translational research 
has come up with several molecular markers for RCC (3;4), thus far, none of 
them has proven sufficiently effective. Therefore, reliable, new biomarkers 
that can be used for early diagnosis, prognosis and follow-up of RCC are still 
warranted.  

The potential of the human genome and proteome to provide new 
biomarkers has been greatly acknowledged, as witness the number of 
publications in this field, e.g. (5-11). Although gene expression profiling can 
yield new biomarkers as well (see e.g. (6)), it relies on the acquisition of 
biopsies to provide cellular (tumour) material. Circulating proteins that are 
shed or proteolytically processed by tumour cells can be easily picked-up in 
accessible biological matrices such as urine, serum or plasma, making 
proteomic analysis especially suitable for the search for new biomarkers. The 
introduction of Surface Enhanced Laser Desorption Ionisation-Time of Flight 
Mass Spectrometry (SELDI-TOF MS) (12;13) has facilitated gross analysis of 
the proteome, thereby adding to the search for new and better tumour 
markers. The technology enables the analysis of large sample cohorts at the 
time, with a minimum of sample preparation. Thus far, it has been used to 
find new diagnostic biomarkers for e.g. ovarian (14), breast (15),  prostate 
(16) and colorectal cancer (17).  

Although tissue profiling with SELDI-TOF MS has been performed for 
RCC in a few studies (18-20), the search for new (non-invasive) RCC 
biomarkers has concentrated around profiling of urine and serum/plasma 
(21-24). Collection of urine is not invasive and the sample complexity is 
lower than that of serum or plasma due to the glomerular filtration of only 
smaller proteins in healthy persons. However, the proteome of urine 
samples may suffer from more variation (23;25) and protein profiling of 
urine likely requires even more stringent sample collection procedures than 
that of blood samples, which may not always be achievable or controllable in 
clinical practice. In addition, albumin, which is not filtered into urine, can act 
as a carrier molecule for smaller proteins and protein fragments (26), and as 
such, profiling of urine will not take into account these potentially 
interesting, smaller proteins. Lastly, protein changes in urine are not easily 
interpretable, as they may result from altered production, altered glomerular 
filtration, or altered tubular re-uptake. However, previous RCC protein 
profiles obtained from serum have not all been validated, which is a 
prerequisite considering the potential problems with reproducibility or over-
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fitting of data (27-30). In fact, attempts by our group to validate some of 
these profiles with samples obtained from two other institutes had limited 
success. Only the increased expression of one protein was confirmed in our 
samples (31). Therefore, we assessed serum protein profiles for RCC with 
other assay conditions with which we have seen more discriminating peaks, 
in order to derive potentially better biomarker candidates for RCC. 

 

Materials and methods 

Chemicals 
All used chemicals were obtained from Sigma, St. Louis, MO, USA, 

unless stated otherwise.  
 

Patient samples 
Two independent serum sample sets (Table 1) were analysed at 

separate time-points in our laboratory using standardised analytical 
procedures. Set 1 consisted of samples from 37 patients with renal cell 
carcinoma and 32 healthy controls obtained at the Netherlands Cancer 
Institute, Amsterdam, The Netherlands. Set 2 consisted of samples from 20 
patients with renal cell carcinoma and 25 healthy controls (HC) obtained at 
the University Medical Centre Utrecht, Utrecht, The Netherlands. All serum 
samples originated from a serum bank, where they had been collected 
according to institutional protocols. Sample collection was performed with 
individuals' informed consent after approval by the institutional review 
boards. 

  
Protein profiling  

Protein profiling was performed using SELDI-TOF MS (Biorad 
Laboratories, Hercules, CA, USA). We screened Q10, CM10, H50 and IMAC-
Cu chip surfaces with suitable binding conditions for discriminative mass-to-
charge ratio’s (m/z) between patients with RCC and healthy controls. CM10 
chips (weak cation exchange moiety) were ultimately selected with a binding 
buffer containing 50 mM sodium phosphate and 0.05% TritonX-100 at pH 6. 
In brief, samples were denatured by adding 10 µL of 20 mM Tris-HCl pH 7.5, 
containing 9.5 M urea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) and 2% dithiotreitol (DTT) to 5 µL of serum. 
Chips were assembled in a 96-well bioprocessor (Biorad Laboratories). 
During all steps of the protocol, the bioprocessor was placed on a platform 
shaker at 350 rpm. Chips were equilibrated twice with 350 µL of binding 
buffer for 5 min. Following, 45 µl of binding buffer were added to 5 µL of 
denatured serum. After vortexing and centrifuging, the supernatant was 
applied to the chip for a 45-min incubation. Subsequently, chips were 
washed twice for 5 min with 350 µL binding buffer, followed by two 5-min 
washes with 350 µl of 1:20 diluted binding buffer. Chips were air-dried, after 
which 2 times 0.5 µl of a 50% solution of sinapinic acid (SPA) in 50% 
acetonitrile (ACN) and 0.5% trifluoroacetic acid (TFA) was applied to the 
spots. Protein chips were analysed using the PBS-IIc ProteinChip Reader 
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(Biorad Laboratories). Data were collected between 0 and 50 000 Da, 
optimising detection of discriminating peaks with an average of 65 laser 
shots per spectrum at laser intensity 147 and detector sensitivity 6.  

To ensure reproducibility of results, all samples were reanalysed on 
a separate occasion more than one year later with the same assay 
conditions. Quality control samples, consisting of a pooled sample from HC 
for each sample set, were included in this analysis to assess intra-assay 
reproducibility. M/z values for the detected proteins were calibrated 
externally with a standard peptide mixture (Biorad Laboratories) containing 
[Arg8] vasopressin (1084.3 Da), somatostatin (1637.9 Da), dynorphin 
(2147.5 Da), ACTH (2933.5 Da), insulin β-chain (bovine) (3495.9 Da), 
insulin (human recombinant) (5807.7 Da), and hirudin recombinant (6963.5 
Da). The complete analysis was replicated on a separate occasion to ensure 
robustness of detected expression differences. 
 
Table 1: Patient characteristics of analysed sample sets 

 Sample set 1 Sample set 2 
 RCC HC RCC HC 
Sex     
Female 14 12 5 19 
Male 23 20 15 6 
Mean age (years ± 
SD) 

56.7 ± 11.1 56.0 ± 8.8 63.9 ± 11.2 43.6 ± 10.7 1) 

RCC type     
Clear cell carcinoma 25  12  
Non-clear cell carcinoma 4  2  
Mixed papillary/clear cell 1  1  
No PA histology done 7  5  
AJCC stage     
1 1  0  
2 7  0  
3 3  0  
4 26  20  
Surgical status     
Pre-surgery/no surgery 33  7  
Surgery 4  13  
Sample handling 30 min coagulation at RT. 

Centrifugation at 1900 g. 
Storage at –30°C. 

2-6h coagulation at RT and 
overnight at 4°C. Centrifugation 

at 1500 g. Storage at –80°C. 
Sample storage 
duration (years± SD) 

2.99 ± 
0.55 

1.90 ± 0.03 
2) 

1.07 ± 0.55 1.35 ± 0.2 

1) p < 0.001 non-parametric Mann-Whitney U-test, for RCC vs. HC in set 2. 
2) p < 0.001 independent samples t-test, for RCC v. HC in set 1. 
RT: Room temperature 
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Statistics and bioinformatics 
Data were analysed with the ProteinChip Software package, version 

3.1 (Biorad Laboratories). Per sample set, all acquired spectra were 
compiled, baseline subtracted and normalised to the total ion current from 
1500 to 50000 Da. Spectra with normalisation factors higher than 2.00 or 
lower than 0.50 were excluded from further data analysis. We used the 
Biomarker Wizard (BMW) software application (Biorad Laboratories) to 
search for discriminative peaks. Peaks were autodetected when occurring in 
at least 5% of spectra and when having a signal-to-noise ratio (S/N) of at 
least 3. Peak clusters were completed with peaks with a S/N of at least 1.5 
in a 0.3% cluster mass window. Group differences were calculated 
comparing mean intensities of all detected peaks between groups with non-
parametric statistical tests. A p-value < 0.01 was considered statistically 
significant. Influence of patient characteristics on peak intensities were 
assessed similarly. Intra-assay reproducibility was evaluated by means of the 
peaks’ coefficient of variation (CV) in replicate measurements of the quality 
control samples. Another estimate of the reproducibility was made 
calculating the CV of the peak intensity ratios for RCC vs. HC of 
discriminating peaks across the first and second analysis. Biomarker Patterns 
Software (BPS; Biorad Laboratories) was used to generate classification 
trees from the BMW files. The method was set to “gini”, and the best tree 
within 1 standard error of the minimal cost tree was built. Performance was 
assessed by 10-fold cross validation or by usage of the remaining sample set 
as independent validation set. 

 
Tentative protein identification 

Tentative identities were based on protein mass and iso-electric 
point (pI) using the UniProtKB/Swiss-Prot and UniProtKB/TrEMBL database 
within the TagIdent option from www.expasy.org. Only identities of proteins 
known to be secreted in blood were considered. Protein pI was estimated by 
profiling on CM10 chips using identical procedures but binding buffers with 
successively higher pH, starting with the original binding condition, pH 6. 
Furthermore, protein profiles further acquired under similar conditions as the 
original ones where compared between samples reduced with DTT or not 
reduced and for spectra generated with SPA or CHCA (α-cyano-4-
hydroxycinnamic acid) as energy absorbing matrix. 

 

Results 

Patient samples 
Patient and sample characteristics are summarised in Table 1. The 

first sample set mainly consisted of samples from newly diagnosed patients 
prior to nephrectomy, whereas the second sample set comprised mostly 
relapsed patients with stage-IV disease. Also, sample handling conditions 
were different for set 1 and 2. However, the differences between set 1 and 
2 enabled the selection of protein expression changes robust to these 
differences. 
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Protein profiling 

Comparing the results from a pilot screening on Q10, CM10, H50 
and IMAC-Cu chip surfaces, we found the most peaks and best 
discriminating peaks on CM10 chips at pH 6. Therefore, subsequent analyses 
were performed with these conditions. Only one spectrum (from set 2) was 
not assessable due to an aberrant normalisation factor. Peaks below 2000 
Da were discarded, as in this region there was interference of the SPA 
matrix. To ensure that observed expression differences were reproducible, 
all samples were reanalysed on a separate occasion more than one year 
later, after storage of samples at -30°C, one additional freeze-thaw cycle 
and maintenance of the PBS-IIc mass spectrometer, including renewal of the 
laser. We only considered peaks that proved detectable and significantly 
different in the combined sample sets both in the first and second analysis 
for further evaluation (Table 2).  
 
Table 2: Discriminative peaks with reproducible expression differences. 

First analysis Second analysis Peak 
number 

 

M/z 
(Da) Expression 

ratio RCC 
vs.  HC set 1 

Expression 
ratio RCC 

vs.  HC set 
2 

Expression 
ratio RCC 

vs.  HC set 
1 

Expression 
ratio RCC 

vs.  HC set 
2 

p-value in 
set 1+2 

1 2743 0.50 0.68 0.43 0.65 2.61*10-7 
2 3774 0.047 0.082 0.17 0.58 2.01*10-6 
3 3891 0.46 0.60 0.56 0.54 7.61*10-8 
4 3920 0.72 0.90 0.65 1.06 1.47* 10-4 
5 4157 0.47 0.78 0.52 0.71 3.02 *10-7 
6 4282 0.03 0.004 0.49 0.06 1.48*10-8 
7 4677 0.60 0.83 0.83 0.94 3.93 *10-5 
8 7623 0.84 0.94 0.89 0.67 2.79*10-3 
9 7981 2.38 2.45 1.88 1.25 3.73*10-8 
10 8758 0.92 0.82 0.62 0.74 4.34*10-3 
11 10838 4.49 3.13 2.41 1.46 4.10*10-8 
12 13149 3.57 2.39 1.78 1.57 1.90*10-6 
13 15113 0.91 0.60 0.75 0.46 2.45*10-3 
14 15940 2.43 1.62 2.00 1.35 2.86*10-6 
15 16120 2.53 1.63 1.90 1.40 2.18*10-6 

 
M/z 2743, 3774, 3891, 3920, 4157, 4282, 4677, 7623, 7981, 8758, 

10838, 13149, 15113, 15940 and 16120 met these criteria. The mean peak 
intensities in patients and controls for these peaks were quite similar across 
the two sample sets, however, in HC, several significant differences between 
set 1 and 2 for peaks at m/z 3774, 3891, 4157, 4282 and 15113 were 
observed, as well as for m/z 4677 in RCC (Figure 1a; p < 0.01). In the 
second analysis, a similar discrepancy between the two sample sets in peak 
intensities for m/z 3744, 3891 and 7620 was apparent in HC (Figure 1b; p < 
0.001) and for m/z 4282 in RCC.  
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Figure 1: Mean peak intensities and SD in patients and controls from sample set 1 and 2. The 
result for the first and second analysis are shown in part A and B respectively. Several peaks 
show large differences between the sample sets of each institute (significant differences are 
marked with *. Numbers correspond to the peaks in Table 2. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

H
owever
, for 

most of these peaks the ratio of mean peak intensities for patients versus 
controls was roughly the same in both sample sets (Table 2). Intra-assay 
reproducibility of peak intensities calculated as the median CV of all 
clustered peaks in the quality control samples was 43%. The reproducibility 
of the peak intensity ratios (RCC/HC) of discriminating peaks across the first 
and second analysis was 31% for sample set 1 and 26% for set 2. For m/z 
3774, 4282, 7981, 8758, 10838 and 13149 intensity ratios differed between 
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the first and second analysis, generally to the same extent for sample set 1 
and 2. 

The significantly different peaks were used to generate classification 
trees. Two classification trees were obtained having a suitable sensitivity and 
specificity for both sample sets (Figure 2). For tree A cross-validation 
sensitivity and specificity were 75% and 85% and sensitivity and specificity 
for independent validation with set 2 respectively 76% and 65%. For tree B 
cross-validation sensitivity and specificity were 71% and 62% and for 
independent validation with set 1 respectively 83% and 82%. All RCC 
patients misclassified by tree A and B had stage–IV clear cell or non-clear 
cell RCC. Stage I-III patients were all correctly classified. Other classification 
trees that were built were only suitable for classification of one of the two 
sample sets. M/z 3774 was a good classifier in set 1 (sensitivity 91.7% and 
specificity 78.8%). Validating this tree with sample set 2 yielded similar 
sensitivity (96.2%), but unacceptable specificity (15.4%). A similar result 
was seen for a classification tree with m/z 3891 as a single classifier. For 
sample set 1 sensitivity and specificity were 80-90%, whereas the specificity 
dropped to 15% for sample set 2.  

 
 

Figure 2: Classification trees. Tree A was generated with set 1 as training and set 2 as 
validation set. Tree B was generated with set 2 as training and set 1 as validation set. 
 
 

 
 
 

 
 
 
 
 
 
 
 
Influence of patient characteristics 

We assessed whether differences in patient or sample characteristics 
between institutes influenced the observed peak intensities of the 
significantly different peaks (Figure 3). In set 1 a statistically non-significant 
increase in peak intensity was seen in patients without distant metastases 
for m/z 3891 (p = 0.074) and a statistically non-significant decrease for m/z 
7986 (p = 0.018), but also in these subgroups these peaks were still lower, 
respectively higher than in controls. We saw slightly lower peak intensities in 
RCC sera drawn after nephrectomy for m/z 4282 (p = 0.127 and 0.012 for 
sample set 1 and 2). However, all RCC peak intensities for m/z 4282, 
including those in patients before/without nephrectomy were around zero 
and well below those of healthy controls. As pre-surgery patients mostly had 
loco-regional disease (Pearson correlation r = 0.278, p = 0.036), we also 
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assessed whether m/z 4282 was different for metastasised and loco-regional 
disease. No difference was observed, however (p = 0.619; set 1). M/z 8758 
was associated with tumour stage in sample set 1 (p = 0.027; Kruskal-Wallis 
test), showing lower peak intensities with progressive stage. Peak intensities 
were similar for men and women and did not correlate with patients’ age or 
storage duration of samples.  

 
 

Figure 3: Influence of patient characteristics on peak intensities in RCC sera from both sample 
sets. (M0 no distant metastases, M1 distant metastases) 
 

 
 

 
Tentative protein identification 

Attempts to purify and collect biomarker candidates for identification 
by peptide mapping or MS/MS analysis were unsuccessful. M/z 16120 could 
not be readily separated from concomitant 15-kDa peaks and low 
abundance as well as mass limitations for direct MS/MS analysis hampered 
structural identification of the other peaks. Therefore, tentative identification 
was done by indirect methods. Protein pI’s were estimated for each of the 
biomarker peaks in the classification trees. Two samples with either high 
abundance or low abundance for m/z 2743, 3891, 4282, 10838 and 16120 
were profiled on CM10 chips using binding buffers with successively higher 
pH, starting with the original binding condition, pH 6. All peaks except m/z 
16120 bound to the CM10 chips up to pH 9, indicating a pI > 9. M/z 16120 
was present when profiled at pH 6, but did not bind at higher pH, indicating 
a pI between 6 and 7. When no DTT was used for denaturation, m/z 3891 
and 4288 remained present in the spectra, whereas m/z 2743, 16120 and 
concomitant 15-kDa peaks were not, implying that the latter peaks are 
generated by decomposition of a protein multimer. In addition, a change in 
mass of 57 Da was seen when CHCA was used as matrix instead of SPA 
(m/z 16120  16066), indicating that the peak was an adduct of SPA (mass 
206 Da) and protein. Using the TagIdent option from www.expasy.org, we 
postulated haemoglobin-β chain as the identity for this peak (m/z 15867 + 
206 = 16073).  

As m/z 2743 was generated by reduction with DTT, this protein is 
likely to result from a multimer. Fetuin A (α-2HS glycoprotein chain B) has a 
theoretical mass of 2740 Da and pI of 10.86. Furthermore, it is combined by 
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a disulphide bond with fetuin B. Therefore, we propose this identity for m/z 
2743. For m/z 4282 no database protein complied with our observed m/z 
and pI. In the literature a similar protein mass has been assigned to a 
fragment of inter-α trypsin inhibitor heavy chain 4 (32;33). The theoretical 
pI of this fragment, 11.42 as estimated with the “compute pI/molecular 
weight” tool from www.expasy.org, corresponded to our observed pI. The 
observed mass and pI of m/z 3891 correspond to that of islet amyloid 
polypeptide (amylin), but it cannot be excluded that this peak is a fragment 
of a larger protein. The only proteins with masses around 10838 Da and a pI 
> 9 in the Swiss-Prot and TrEMBL data bases, were immunoglobulin chains 
(Table 3). 

 
Table 3: Tentative protein identities 
Observe
d m/z 
(Da) 

Observed 
pI 

Tentative identity Theoretical 
mass (Da) 

Theoretical 
pI 

2743 > 9 Fetuin A/α-2HS glycoprotein 
chain B 

2740 10.86 

3891 > 9 Islet amyloid polypeptide 3906 8.90 
4282 > 9 Inter-α trypsin inhibitor heavy 

chain 4 (ITIH4) fragment  (4;5): 
QAGAAGSRMNFRPGVLSSRQL 
GLPGPPDVPDHAAYHPFRR 

4285 11.42 

10838 > 9 Ig heavy chain V-I region V35 
Ig heavy chain V-I region HG3 
Ig kappa chain V-II region MIL 

10880 
10803 
10825 

9.59 
9.23 
9.39 

16120 6-7 Haemoglobin-β chain SPA 
adduct 

15867+206 = 
16073 

6-7 

pI: iso-electric point 
SPA: sinapinic acid 
 

Discussion 

In the current study we analysed sera of patients with renal cell 
carcinoma in search of potential biomarker proteins discriminating them 
from healthy controls. Two sample sets from different institutes with 
different patient characteristics were used. Protein m/z’s 2743, 3891, 4282, 
10838 and 16120 were shown to be useful in classifying RCC and HC in 
classification trees with a sensitivity and specificity ranging from 62-85% 
(both independent validation and cross-validation). The intra-assay CV of 
our peak intensities, including the discriminating peaks, was higher than 
what is generally reported (~20-30%) (34;35). This might be caused by the 
manual instead of automated processing of the samples. However, we chose 
to report the CV of all detected peak clusters, and not only of a subset of 
peaks. The latter is commonly done and could account for a lower CV if only 
peaks with high intensities are selected. Despite the variability in absolute 
peak intensities, we found several peaks with reproducible expression 
differences in both sample sets upon duplicate analysis and were able to 
validate the classification from each tree with the remaining sample set. For 
some peaks the intensity ratios in sample set 1 and 2 were two- to ten-fold 
(e.g. for m/z 4282) different in the second analysis compared to the first, 
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indicating an effect of the extra freeze-thaw cycle, longer storage time, or 
technical variation in the second analysis.  

All patients with stage-I to -III RCC, although the minority, were 
classified correctly by a classification tree generated from stage-IV patients. 
This indicates that at least the peaks from tree B, m/z 16120 and 4282, can 
be useful for detection of early-stage RCC. As the two populations 
investigated were quite different according to surgical status, the proteins in 
these classification trees with suitable sensitivity and specificity for both 
sample sets are likely not influenced by previous surgery of the primary 
tumour and reflect a general presence of tumour load. In patients with 
distant metastases we found different peak intensities of m/z 3891 and 
7986, yet evaluation of their potential prognostic value by Cox regression 
analysis did not show a significant association with survival (data not 
shown). This was also the case for m/z 8758, which was related to tumour 
stage. For m/z 10838 we did see such an association (p < 0.001; data not 
shown), indicating a potential prognostic value, independent of the presence 
of distant metastasis.  

Although we saw reproducible expression differences between RCC 
and HC for m/z 3774 and 3891 in both sample sets and in the duplicate 
analyses, specificity of classification trees with these classifiers was limited 
when using the remaining sample set as independent validation set. This 
was caused by the discrepancies in mean intensities of these peaks in HC 
from the two samples sets. A suitable cut-off value for both sets could 
therefore not be established. It is unlikely that these differences are the 
result of discrepancies in sample handling between the institutes, between-
day technical variability, or differences in patient characteristics, since mean 
peak intensities were generally only different for the HC samples. Possibly, 
the healthy individuals differ in their characteristics, although we did not find 
a correlation of peak intensities with any of the known characteristics such 
as age. Protein identification and absolute, instead of relative, quantitation 
of these peaks in larger populations could define real, quantitative cut-offs 
for discrimination of patients and controls. Then, m/z 3774 and 3891 might 
also prove to be suitable biomarkers for RCC. 

Our observed expression differences concord with previous results in 
the literature. Changes in the abundance of ITIH4 fragments in cancer have 
been a common result of many SELDI-TOF MS serum profiling studies 
(32;33;36;37). In a quantitative SELDI-TOF MS immunoassay m/z 4283 was 
increased in breast cancer patients and decreased in patients with 
pancreatic cancer (33). The combined expression profile of all ITIH4 
fragments together differed between the four tested cancer types. Also in a 
previous RCC serum protein profile validation study we found a mass of 
4289 Da decreased in RCC in the same populations with other assay 
procedures (31). Since this specific ITIH4 fragment is aberrantly expressed 
in several cancers, its specificity for RCC will depend on its combined 
analysis with other RCC biomarkers and/or other ITIH4 fragments. 

With slightly different assay procedures Tolson et al.. showed an 
increase of an unknown protein at 10.84 kDa in RCC (22). The peak at 
10838 Da in the current study could represent the same protein. In the 
Tolson study a positive relationship of their 10.84-kDa peak with progressive 
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disease stage was suggested (22). Indeed, we saw a negative correlation of 
m/z 10838 with survival in a univariate Cox regression analysis (data not 
shown). Whether this prognostic value will hold in earlier disease stages has 
to be investigated further. We propose that this peak represents an 
immunoglobulin chain, although no previous reports on the increase of these 
specific chains in RCC have been made. Alternatively, this mass may 
represent a fragment of a different protein. 

The decrease of a peak at 3891 Da in RCC was also found in our 
previous validation study (31). A similar peak (m/z 3885) was reported to 
differ between pancreatic cancer patients and healthy controls, but it was 
not mentioned whether this was an increase or decrease (38). We suggest 
this protein to be islet amyloid polypeptide (amylin), which is synthesised by 
the beta cells of the pancreatic islets and subsequently co-secreted with 
insulin. This protein has been reported to be increased in pancreatic cancer 
patients with diabetes, but was not sensitive enough for detection of 
pancreatic cancer (39). Its levels are also increased in end-stage renal 
disease due to decreased renal clearance (40). Others have reported a 
decrease of islet amyloid polypeptide gene expression in patients with 
neuroendocrine tumours due to multiple endocrine neoplasia type 1 (41). 
However, no previous reports of any decreased expression in RCC or benign 
kidney disease have been made to our knowledge. 

M/z 2743 has been previously found to be decreased in serum of 
patients with renal failure undergoing haemodialysis (42). We propose fetuin 
A as this protein’s identity. It is a protease inhibitor produced by the liver 
and secreted into serum in high concentrations (0.5–1.0 g/l). By forming 
complexes with calcium and phosphate, it enhances their solubility and 
prevents vascular calcification. Fetuin A is known to be present in lower 
amounts in chronic kidney disease (43;44) and is decreased in the acute 
phase response (45). Other reports describe an increase of this protein in 
acute renal injury, however (46). 

The identity of m/z 16120 is likely a SPA adduct of the β-chain of 
haemoglobin. This same protein chain has also been found elevated in 
ovarian cancer patients compared to controls (47). In contrast to 
haemoglobin-β levels, haemoglobin-α levels (although not formally 
identified, the 15.1-kDa peak most likely represents this protein) were 
decreased in RCC. Low (total) haemoglobin levels are related to poor 
prognosis in RCC (48). The presence of free haemoglobin in serum suggests 
the haemolysis of erythrocytes, which could have occurred during serum 
collection. No overt haemolysis was visible in these samples, however. As 
the appearance of these haemoglobin chains in our mass spectra was the 
result of reduction of serum with DTT, they should reflect the abundance of 
the haemoglobin tetramer (of two α- and two β-chains) released into serum. 
It is therefore surprising that haemoglobin-α and -β show opposite 
regulation in RCC. We currently do not have a satisfactory explanation for 
this observation. 

In a similar study to ours, Hara et al.. found two peaks of m/z 4151 
and 8968 with SELDI-TOF MS serum protein profiling, which were increased 
in 21, mostly early-stage, RCC compared to 24 HC. The combined peaks had 
a sensitivity and specificity of 80-90% for detection of RCC upon validation 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 188 

in an independent population (29 RCC + 20 HC) (24). One of their masses is 
similar to our m/z 4157, but the expression difference opposite to our 
current results. However, as they performed anion exchange fractionation 
on serum, this peak may well represent a different protein than ours. We 
saw a small peak with mass 8968 Da incompletely separated from a larger 
peak at 8933 Da in our spectra, which was also increased in RCC when 
manually selected before clustering (data not shown). The fact that we did 
not perform serum fractionation has likely caused this protein to be 
overshadowed by the 8933-Da one.  

Concluding, we found two protein profiles that were able to 
reproducibly discriminate patients with RCC from healthy controls in two 
different RCC populations, each used as an independent validation set for 
the other population. The specificity of these profiles for RCC should be 
investigated further, comparing RCC profiles with those in benign kidney 
disease as well as other cancers. Although the current sensitivity and 
specificity of these profiles are insufficient for use in diagnostic screening, 
they might have a role in follow-up of RCC patients. Elucidation of the 
identities of the proteins in these profiles and subsequent absolute 
quantitation is needed before they can be further evaluated as biomarkers in 
large-scale clinical trials.  
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Abstract 

Approximately 30% of patients with renal cell cancer (RCC) present 
with metastasised disease and only 15-25% of patients respond to anti-
tumour treatment. Surface-enhanced laser desorption ionisation-time of 
flight mass spectrometry (SELDI-TOF MS) may identify protein signatures in 
the serum proteome of RCC patients that discriminate between poor and 
good prognosis patients. In this study we analysed protein profiles in the 
serum of 57 renal cancer patients (2% stage I, 12% stage II, 7% stage III 
and 79% stage IV patients according to the American Joint committee on 
Cancer) and 59 healthy controls. Denatured serum samples were incubated 
on CM10 ProteinChip arrays and analysed using the PBS-IIC ProteinChip 
Reader. Clinical data was collected and the extended Memorial Sloan-
Kettering Prognostic Factors Model for survival was calculated. Ratios 
discriminating between RCC cases and controls were selected to generate a 
predictive multi-protein model. Univariate and multivariate Cox Proportional 
Hazard analyses were performed. Protein masses were identified. In RCC 
serum samples we identified ion masses predictive for patient survival, and 
built a protein-model consisting of five signature peaks with m/z ratios of 
2944, 3331, 6457, 6654, and 9201 Da, that could correctly identify poor 
prognosis patients with sensitivity and specificity of 80% and 76% for 1-year 
survival. Cumulative 1-year survival was 93% for low-risk patients, 
compared to 48% for high-risk patients (p = 0.0001, Log-rank test). 
Multivariate analysis indicated that our model was an independent predictor 
of survival. SELDI-TOF MS can be used to assess the prognosis of RCC 
patients independent of present prognostic factor models.  
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Introduction 

Kidney cancer accounts for approximately 3% of all adult 
malignancies. Peak incidence of renal cell cancer (RCC) is from 50-70 years, 
with a male to female ratio of 6:1 (1). Kidney cancer can grow to very large 
sizes without causing any complaints, and when symptoms such as 
haematuria, abdominal pain or discomfort occur it is commonly associated 
with an advanced stage of the disease (2). Response rates in patients with 
metastatic RCC remain at 15-25% for immune based therapies, and 
approximately 2-40% for small molecules or antibodies, such as sorafenib, 
sunitinib, erlotinib and bevacizumab (3). RCC is currently the most lethal of 
all urological cancers with a corresponding 5-year survival rate of 9% in 
metastatic disease (4). 

Although treatment outcome is improving due to the development of 
various targeted therapies, adequate selection of patients for these 
treatment approaches is important. SELDI-based protein MS has mostly 
been limited to diagnostics (5-9), while many other potential 
implementations of SELDI-TOF MS in the oncology field are practically 
untried. Gene expression profiles of tumour tissues allow the possibility to 
select patients on a particular gene expression signature out of a 
homogenous population of cancer patients, whom would benefit from 
adjuvant treatment to gain complete remission or increase disease free 
survival (10;11). Subsequently, proteomic-based research evaluating protein 
expression in high-throughput tissue arrays originating from RCC tumour 
biopsies or resection material have identified new protein markers as 
independent predictors of survival together with established molecular and 
clinical predictors (12). Furthermore, experimental data in breast cancer cell 
lines using MALDI-TOF MS with artificial neural network (ANN) algorithms 
identified proteomic fingerprint patterns indicative for responsiveness or 
resistance to chemotherapy (13). Other studies have used mass 
spectrometry to identify protein patterns in tumour tissue which predict 
clinical outcome in patients with diverse cancers (14-16).  

Profiling of proteins in body fluids, such as urine, plasma or serum to 
predict patient outcome would be an attractive and non-invasive approach 
for utilisation in the clinic. An example that supports this concept is a 
proteomic study in the plasma of 31 neuroblastoma patients, where the 
authors demonstrated that high levels of the protein serum amyloid alpha-1 
strongly correlated with prognosis (17). Other recent reports demonstrate 
the feasibility to correctly assign progressors from non-progressors in 
melanoma patients after complete lymph node dissection (18) and to predict 
metastatic relapse and prognosis in post-operative high-risk breast cancer 
patients (19). These studies underscore the value of identifying proteomic 
fingerprints in patient blood to predict responsiveness to treatment and 
survival.  

In this study we performed SELDI-TOF mass spectrometry on 116 
serum samples from two different institutes. Here we report the 
identification of a multi-protein signature that can distinguish poor from 
good prognosis renal cancer patients, and is an independent predictor of 
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survival when assessed together with the Memorial Sloan-Kettering 
Prognostic Factors Model. Our results show the validity to use SELDI-TOF 
MS to identify high-risk RCC patients.  

 

Materials and methods 

Blood collection 
A pooled serum sample set was analysed from two different 

institutes in the Netherlands. The first set consisted of blood samples 
collected from 37 patients with RCC and 32 healthy controls from the 
Netherlands Cancer Institute, in Amsterdam (Institute 1). The second set 
consisted of 20 patients with RCC and 27 healthy controls from the 
University Medical Centre in Utrecht (Institute 2). The serum handling 
protocol differed between both institutes, as the Netherlands Cancer 
Institute had a 30-minute coagulation step, a 30-minute centrifugation step 
at 1900g and storage at -30°C, while University Medical Centre Utrecht had 
a 2-6 hours coagulation at room temperature followed by overnight 
coagulation at 4°C, centrifugation for 15 minutes at 1500g and storage at -
80°C. Inclusion of the first patient set was between January 2001 and April 
2003, the second set between April 2003 and October 2004. Samples were 
collected by approval of both institutional ethical boards, and informed 
consent was obtained from each subject before blood collection. 

 
Clinical characteristics 

Cancer patients included were untreated patients before 
nephrectomy or relapsed patients with metastatic disease. The following 
variables were obtained from the medical records of the 57 patients: sex, 
age, the 1997 classification of TNM stage, American Joint Committee on 
Cancer (AJCC) stage, Karnofsky performance status, time from diagnosis to 
treatment with interferon-α, prior radiotherapeutic treatment, presence of 
hepatic, lung and retroperitoneal nodal metastases, haemoglobin count, 
lactate dehydrogenase and serum calcium. The extended Memorial Sloan-
Kettering Prognostic Factors Model (extended Motzer criteria) for survival 
was calculated, and using these criteria, patients were classified into 3 risk 
categories based on the number of prognostic factors (20;21). Patient 
survival was assessed at 12 and 36 months after blood collection, after a 
median observation period of 31 months (inter-quartile range 19–41 
months).  

Protein profiling 

Assay procedures were based on those reported by Won et al. (9). 
In short, 2 µL of serum were denatured with 3 µL of 20 mM Tris-HCl, pH 7.5 
containing 9.5 M urea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), 2% dithiotreitol (DTT). After mixing, 45 µl of 50 
mM sodium acetate pH 4.0, containing 0.05% Triton X-100 (binding buffer) 
were added. CM10 chips were equilibrated twice with 350 µL of binding 
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buffer on a platform shaker for 5 min. Fifty µl of the diluted serum was 
added to each well and incubation performed for 1 h. The array was washed 
with 350 µl of binding buffer, rinsed with a 1:20 dilution of binding buffer 
and air dried. A 50% solution of sinapinic acid in 50% acetonitrile (ACN) + 
0.5% triflouroacetic acid (TFA) was used for energy absorbing matrix. Two 
times 0.5 µl of this solution was applied to the spots. All protein chips were 
analysed using the PBS-IIC ProteinChip Reader (Ciphergen Biosystems). M/z 
values were calibrated externally with a standard peptide mixture 
(Ciphergen Biosystems) containing [Arg8] vasopressin (1084.3 Da), 
somatostatin (1637.9 Da), dynorphin (2147.5 Da), ACTH (2933.5 Da), 
insulin β-chain (bovine) (3495.9 Da), insulin (human recombinant) (5807.7 
Da), and hirudin (7033.6 Da). 

 
Protein identification 

Tentative identities of proteins of interest were based on protein 
masses and further elucidated using immunocapture with appropriate 
antibodies. Fifty microliters of 0.1 µg/µl antibody in phosphate buffered 
saline (PBS) were coupled to 2 µL of protein A ceramic HyperD beads 
(Pall/Biosepra, Saint-Germain-en-Laye, France) for 30 min on a platform 
shaker. Beads were subsequently washed 3 times 5 min with 200 µL PBS. 
Ten µl of serum were diluted to 50 µl with PBS and applied to the beads for 
one hour. The unbound fraction was collected. The beads were then 
subjected to 5-min washes with, respectively, 200 µl PBS, five times a 200 
µl-mixture of 50 mM Tris pH 7.5/ 0.2% CHAPS/ 0.5 M NaCl, 200 µl PBS and 
deionised water. Finally, bound proteins were eluted from the beads for 10 
min with 15 µl 0.1 M acetic acid. Unbound fractions as well as eluates were 
profiled on gold chips or NP20 chips using two times 1 µl of a 50% SPA 
solution in 50% ACN + 0.5% TFA as energy absorbing matrix. In addition, 
whole serum, bound and unbound fractions were profiled on CM10 chips 
using the original assay procedures. Since no antibody for the α-chain of the 
haptoglobin molecule was available, indirect evidence for the identity of 
haptoglobin-α1 fragment was provided by haptoglobin phenotyping as 
described previously (22).  

 
Statistics and bioinformatics 

Data were analysed using the ProteinChip Software package, version 
3.1 (Ciphergen Biosystems) and SPSS software (version 12.0.1). P-values 
below 0.05 (two-sided) were considered significant. All acquired spectra 
were compiled and analysed as a whole. Spectra were baseline subtracted 
and normalised to the total ion current from 1500 Da to the spectrum's end. 
Spectra that had normalisation factors higher than 2.00 or lower than 0.50 
were excluded from analysis. Differences in peak intensities of m/z ratios 
between healthy controls and RCC patients, or between dichotomous clinical 
variables, were calculated using the non-parametric Mann-Whitney Test. For 
correlative testing of protein masses with clinical characteristics and the 
extended Memorial Sloan-Kettering Prognostic Factors Model the Spearman’s 
correlation coefficient was used. 

Univariate Cox Proportional Hazard Analysis was used to identify 
predictive m/z ratios in relation to survival (p < 0.05). For the generation of 
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a predictive multi-protein model, all m/z ratios were dichotomized and 
included by forward selection, starting with the strongest ratio. We 
minimised data fitting for our patient population by using the median 
intensity of all cancer patients to standardise dichotomisation of m/z ratios, 
instead of cut-offs based on maximum separability between two groups. The 
multi-protein model with highest predictive power contained five m/z ratios 
and was not improved by the addition of any of the other significant 
predictive ratios. The model was dichotomised in ‘low-risk’, defined as 0-3 
m/z ratios above the median intensity cut-off, and ‘high-risk’, defined as 4-5 
ratios above the cut-off value, based on the combination of the highest 
sensitivity and specificity as predictive factor for survival. Cox’s Proportional-
Hazard analysis was used to assess whether our proteomic model was an 
independent predictive model when compared to the extended Memorial 
Sloan-Kettering Prognostic Factors Model for survival. Life estimation was 
evaluated according to the method of Kaplan and Meier and Log-rank 
statistic was used for comparison of two survival curves.  

 

Results 

Baseline characteristics and differences between institutes 
Serum samples were collected from 57 renal cancer patients and 59 

control subjects, of which 38 (66.7%) and 27 (47.5%) were of male sex, 
respectively. Median age of the cancer patients was 59.3 years (range 22.8 
to 80.1 years) and volunteers 52.4 (range 22.4 to 71.5). The characteristics 
of the 57 patients included in this study are shown in Table 1. Most patients 
from Institute 1 were newly diagnosed patients prior to nephrectomy, while 
the patient population from Institute 2 consists of relapsed metastasised 
AJCC stage IV patients. There was no difference in patient survival between 
Institute 1 and 2 (p = 0.70). 

 
Protein profiles in patient sera correlate with prognostic factors model 
Mass spectra generated by the ProteinChip reader were first baseline 
subtracted and then normalised. Nineteen of the 116 serum profiles were 
excluded from analysis as they did not meet normalisation inclusion criteria. 
Protein profiling revealed 32 significantly decreased and 6 significantly 
increased m/z ratios in the remaining 48 renal cancer patients compared to 
the 49 healthy subjects (Table 2). This set of 38 m/z ratios was selected for 
further analysis with the Memorial Sloan-Kettering Prognostic Factors Model 
(also called the Motzer criteria (20), which were recently extended and 
validated by Mekhail et al. (21)). In short, the extended Motzer criteria were 
calculated by the presence or absence of seven validated prognostic factors, 
and patients were classified into 3 risk categories predictive for survival. We 
identified an association between 11 m/z ratios and the extended Motzer 
criteria, of which the strongest are m/z 6457, 6861, 6654 and 3331 (r = -
0.53 with p = 0.0001, r = -0.50 with p = 0.0003, r = -0.48 with p = 0.001 
and r = -0.44 with p = 0.002, respectively).  
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Table 1: Baseline characteristics of 57 untreated renal cancer patients 
Characteristics Institute 1 Institute 2 
Renal cell cancer 37 20 
  Clear-cell carcinoma 25 (68%) 12 (60%) 
  Non-clear cell 4 (11%) 2 (10%) 
  Mixed papillary/ clear-cell 1 (3%) 1 (5%) 
  No PA histology performed 7 (19%) 5 (25%) 
Primary tumour   
 No resection 33 (89%) 7 (35%) 
  Resection 4 (11%) 13 (65%) 
AJCC stage   
  1 1 (3%) 0 (0%) 
  2 7 (19%) 0 (0%) 
  3 3 (8%) 0 (0%) 
  4 26 (70%) 20 (100%) 
Metastasis   
  No 10 (27%) 0 (0%) 
  Yes 24 (65%) 20(100%) 
  Unknown 3 (8%) 0 (0%) 
Metastasis location   
  Bone  6 (16%) 2 (10%) 
  Liver 3 (8%) 4 (20%) 
  Lung 15 (41%) 13 (65%) 
  Lymph node 8 (22%) 3 (15%) 
  Mediastinal 2 (5%) 4 (20%) 
  Other 4 (11%) 6 (30%) 
Follow-up time   
  Median, months 38.7 13.3 
  Inter-quartile range 33.3-43.7 10.4-25.6 
Survival   
Median, months 24.1 15.4 
  Inter-quartile range 10.2-x 12.71-x 
 

 
The median intensity for m/z ratio 6457 was 24.4 with inter-quartile 

range 17.1-30.1 in favourable risk patients, 18.6 with inter-quartile range 
11.2-24.9 in intermediate risk patients, and 7.6 with inter-quartile range 4.3-
16.8 in poor risk patients according to the extended Motzer criteria. For 
patients with favourable, intermediate and poor risk respectively, the median 
intensities for m/z ratio 6861 were 7.5 with inter-quartile range 5.1-8.5, 4.8 
with inter-quartile range 3.7-7.7 and 2.9 with inter-quartile range 1.2-5.0; 
for m/z ratio 6654 the median intensities were 33.8 with inter-quartile range 
28.5-41.4, 29.5 with inter-quartile range 15.6 and 34.8, and 18.4 with inter-
quartile range 8.9-30.6, and for m/z ratio 3331 the median intensities were 
7.7 with inter-quartile range 6.3-10.2, 6.4 with inter-quartile range 2.5-9.7 
and 4.1 with inter-quartile range 3.4-6.5. 
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Table 2: Peaks (m/z) with discriminating power (p < 0.05) between cancer patients and 
controls.  
±: Increase or decrease in m/z ratio in cancer patients compared to controls. 

M/z (Da) ± p 
2745.9 - 0.0006 
2759.1 - 0.004 
2872.9 - 0.01 
2944.2 - 0.03 
2966.4 - 0.006 
3163.1 - 0.0001 
3221.7 - 0.01 
3321.8 - 0.01 
3330.9 - 0.01 
3786.3 - 0.04 
3889.7 - 0.04 
3897.0 - 0.02 
3941.1 - 0.03 
3960.5 - < 0.0001 
4077.9 - 0.009 
4097.6 - 0.02 
4276.3 - 0.009 
4289.3 - < 0.0001 
4303.4 - < 0.0001 
4320.2 - 0.005 
4602.6 + 0.01 
4705.0 + 0.004 
4798.0 + 0.02 
5072.5 - 0.0001 
6198.2 - 0.0001 
6441.0 - 0.008 
6456.7 - 0.0003 
6654.3 - 0.01 
6846.0 - 0.004 
6861.0 - 0.002 
8151.9 - < 0.0001 
8579.1 - < 0.0001 
8707.5 - 0.0003 
9200.9 + 0.02 
9426.2 + 0.01 
13733.7 - 0.002 
15136.4 - 0.04 
18384.2 + 0.002 
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Generation of a multi-protein signature model to predict survival 
We subsequently analysed whether any of the discriminatory m/z 

ratios between cancer patients and healthy subjects had an association with 
survival. By univariate Cox Proportional Hazards Analysis we identified 12 
ratios predictive of patient survival. To assess whether SELDI-TOF MS could 
be used to identify the patients with good or bad prognosis, a multi-protein 
model was built based on these 12 dichotomised ratios. Because of our 
relative sparse dataset, dichotomisation based on maximum separability 
between survivors and non-survivors could cause over-fitting our data. To 
minimise this problem we dichotomised ratios by taking the median intensity 
of all 48 cancer patients as cut-off value.  The multi-protein model with best 
predictive power for survival, generated using forward selection, contained 
five of the 12 m/z ratios (being m/z 2944, 3331, 6457, 6654 and 9201). 
Representative spectra of these ratios in our SELDI-TOF MS model are 
depicted for four patients with good or poor survival (Figure 1).  
 
Figure 1: MS-spectra of predictive SELDI-TOF MS model. Zoomed regions of the mass spectra 
are shown for five ion signals incorporated in the predictive model for two patients with long-
term survival (RCC 89 and 106) and two patients with poor survival (RCC 93 and 100). Ratios 
depicted are m/z 2944 (1), 3331 (2), 6457 (3), 6654 (4) and 9201 Da (5).   
 

 

A Receiver Operating Characteristic (ROC) was constructed by 
calculating the proportion of positive tests among those who died 
(sensitivity) and the proportion of positive tests among those who survived 
(specificity) for the continuous m/z ratio. By evaluating the area under the 
ROC (AUC ROC) as measure of predictive power, the AUC ROC of the five-
protein model was higher than the AUC ROC of all individual predictive 
continuous m/z ratios (data not shown). In the SELDI-TOF MS protein model 
for survival prediction, low-risk for death was defined as 0-3 m/z ratios 
above the median intensity, and high-risk as 4-5 m/z ratios above the 
median intensity.  

 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 200 

Serum protein profiles discriminate between good and poor prognosis 
RCC patients  

After a median follow-up period of 31 months after blood collection, 
28 of the 57 patients died due to cancer progression (of which 10 patients 
died within 12 months after inclusion), 1 patient had a non-tumour related 
death and 28 patients were alive. We assessed how well our multi-protein 
signature could identify patients with poor prognosis from a heterogeneous 
patient population.  Based on our proteome signature model, the AUC ROC 
for 1-year survival was 0.78 with p = 0.007 for identifying poor prognosis 
patients. The sensitivity, specificity, positive and negative predictive value of 
our signature was 80%, 76%, 47% and 94%, respectively. The 1-year 
survival for low-risk patients was 93%, compared to 48% for high-risk 
patients (Figure 2A; log rank 15.1, p = 0.0001).  
 
Figure 2: Kaplan-Meier plots of 1-year survival. Left: SELDI-TOF MS protein signature model, 
consisting of 5 signature peaks m/z 2944, 3331, 6457, 6654, and 9201 Da. Right: Extended 
Memorial Sloan-Kettering Prognostic Factors Model. 

 
Next, we assessed whether the protein-model could also predict 3-year 
survival. The AUC ROC, sensitivity, specificity, positive and negative 
predictive value of our protein-model was 0.69 with p = 0.03, 54%, 83%, 
77% and 65%, respectively. The 3-year survival for low and high-risk 
patients was 61% and 8%, respectively (Data not shown; log rank 18.42 
with p < 0.0001). Because the SELDI-TOF MS model was constructed on a 
pooled patient population from two independent institutes with different 
serum handling protocols, we had to validate whether our model was still 
predictive for survival when tested separately on patients from these two 
institutes. Using the SELDI-TOF MS predictive protein model it was possible 
to discriminate survivors from non-survivors, independent of institute (data 
not shown; Institute 1 cumulative 1-year survival for low and high-risk 
patients 90% and 40%, log rank 10.55 with p = 0.001; Institute 2 
cumulative 1-year survival for low and high-risk patients was 100% and 
57%, log rank 6.06 with p = 0.01). 
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Proteomic model is an independent predictor of survival 
In our patient dataset the extended Memorial Sloan-Kettering 

Prognostic Model and our predictive proteomic model were both significant 
predictors of 12-month survival by univariate analysis (Table 3). The 1-year 
survival plot according to the extended Motzer criteria is depicted in Figure 
2B (log rank 9.17 with p = 0.003).  

We evaluated whether our multi-protein model was an independent 
predictor of 1-year survival when tested together with the extended Motzer 
criteria in multivariate analysis. The multi-protein model was the only 
significant independent predictor of cancer-related death (Table 3). The 
hazard ratio (HR) of cancer-related death for the multi-protein model was 
10.0 (95% confidence interval (CI) from 1.85 to 54.21). When we assessed 
the multi-protein model for 3-year survival in multivariate analysis, our 
model also was the only significant independent predictor, with a HR of 4.77 
(95% CI of 1.95 to 11.69 with p = 0.001; data not shown). 

 
Table 3: Univariate and multivariate analysis for survival. 

 Univariate Multivariate 
Variable HR 95% CI p HR 95% CI p 
Extended Motzer 
criteria 

      

  Favourable risk 1.0 - - 1.0   
  Intermediate   risk1) 3.55 [0.85-14.86] 0.08 0.58 [0.09-3.79] 0.57 
  Poor risk1) 6.86 [1.71-27.56] 0.007 2.65 [0.57-

12.25] 
0.21 

Prognostic protein-
model 

12.04 [2.85-56.09] 0.002 10.03 [1.85-
54.21] 

0.007 

Abbreviations: CI: confidence interval; HR: Hazard ratio. 
1) Comparison with favourable risk patients (reference). 

 
Protein identification 

Based on protein masses, the respective tentative identities of peaks 
3331, 6654 and 6457 Da were doubly and singly charged apolipoprotein C-I 
and its (singly charged) fragment without the N-terminal threonine and 
proline. An immunocapture experiment with an apolipoprotein C-I 
monocolonal antibody (Abcam Ltd, Cambridge, UK) was performed to 
confirm these identities. For analysis, three sera from patients with high 
peaks at 3331, 6654 and 6457 Da were pooled (pool ‘high’), as well as three 
sera from patients with low peaks at these m/z’s (pool ‘low’). 
Immunodepleted serum showed lower peak intensities for these peaks than 
whole serum, although the binding capacity, especially in pool ‘high’ was not 
sufficient to remove all protein (Figure 3A and B). In the bound fraction, 
peaks at these m/z’s were readily visible, with higher intensities for ‘high’ 
than for ‘low’.  
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Figure 3: Protein identification. Identification of apolipoprotein C-I by immunocapture (panel A 
and B). A) Peaks at 6.4 and 6.6 kDa are decreased in the RCC sera of pool ‘high’ (about 20%) 
and ‘low’ (about 45%) after immunodepletion with apolipoprotein C-I antibody. These 
correspond to apolipoprotein C-I (6.6 kDa) and its fragment without the N-terminal Thr-Pro (6.4 
kDa). B) In the fractions of pool ‘high’ and ‘low’ bound to the antibody two peaks at 6.4 and 6.6 
kDa are visible (arrow). A very small peak from the doubly charged molecule (3.3 kDa) is also 
present. All spectra represent samples profiled on CM10 chips according to the original protocol. 
 

 
The tentative identity of the 9201-Da peak was haptoglobin-α1 

fragment. The mass at 4603 Da could correspond to a doubly charged 
haptoglobin-α1 molecule, since its peak intensity highly correlated with that 
at 9201 Da. No haptoglobin antibody for the α-fragment of the molecule was 
available, so indirect evidence for the identity of the 9201-Da peak was 
provided by phenotyping of haptoglobin. The haptoglobin protein exists in 
three phenotypes, all containing the haptoglobin-β chain. The difference lies 
in the linkage of this β chain by disulfide bridges with either two α1 chains 
(phenotype 1-1), or one α1 chain and a variable number of α2 chains 
(phenotype 1-2), or only a variable number of α2 chains (phenotype 2-2). If 
the postulated identity of haptoglobin- α1 fragment is correct, its peak 
intensities from SELDI-TOF MS should correlate with the phenotype. That is, 
there should be no peak at 9201 Da in patients with phenotype 2-2, and the 
peak should be highest in patients with phenotype 1-1. Firstly, a reduction 
experiment was performed to assess whether the appearance of the peaks 
at 4603 and 9201 could be explained by the presence of DTT in the 
denaturation buffer, as this reduces disulfide bridges between the β and α 
chains of haptoglobin (Figure 3C). Three sera from patients with high peaks 
were pooled (pool ‘high’), as well as three sera from patients with no peaks 
(pool ‘low’). Pooled samples were profiled on CM10 chips using the original 
procedure, but with or without DTT in the denaturation buffer. Without DTT, 
neither in the spectrum of the pool ‘high’, nor of the pool ‘low’ peaks at 4603 
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and 9201 Da was visible, contrary to the result with DTT. Subsequently, the 
same six samples were phenotyped separately, in addition to 3 samples with 
intermediate peak intensities for the m/z’s of interest. Patients with high 
peak intensities at 9201 and 4603 Da had phenotype 1-1, whereas patients 
with no peaks had phenotype 2-2. Some of the patients with intermediate 
peak intensities had phenotype 1-2 and some 2-2 (Figure 3D). Thus, 
haptoglobin phenotype correlated with peak intensities at 9201 and 4603 
Da. 

Discussion 

We have performed SELDI-TOF mass spectrometric analyses on 
serum samples of patients with renal cancer and characterized protein 
profiles that were able to predict their clinical outcome. Key ions in our 
model strongly correlated with established tumour prognostication factors. 
Using our proteomic signature, we could identify patients with a poor 1- and 
3-year survival out of a heterogeneous population of renal cancer patients. 
In our analysis the proteomic model was a strong and independent predictor 
of survival when tested against the extended Memorial Sloan-Kettering 
Prognostic Factors Model for survival. We therefore provided proof of 
concept that in renal cancer SELDI-TOF MS can generate a serum proteomic 
signature that may be used as a prognostication tool to distinguish poor 
prognosis patients from patients with long-term survival. 

Our predictive signature model contained five mass-to-charge ratios, 
with a strong predictive estimation of survival probabilities. Two of the three 
ions corresponding to apolipoprotein C-I, namely the doubly charged 
apolipoprotein C-I and its singly charged fragment without the N-terminal 
threonine and proline, were also significantly associated with established 
prognostic factors such as tumour size, nodal status, and the extended 
Motzer criteria. Mian et al. demonstrated the feasibility to correctly 
differentiate stage I from IV AJCC in 88 of 96 melanoma patients, based on 
the presence of serum fingerprint proteins (17).  In renal cancer, further 
assessment of serum fingerprint patterns with established prognostic factors 
will have to be evaluated prospectively in a large uniform population. 

Apolipoproteins A-I and II are decreased in the serum of patients 
with ovarian (23) and prostate cancer (24), respectively, and have been 
used in SELDI-based cancer diagnostics. However, few reports have 
demonstrated decreased expression of apolipoprotein C (apoC) in cancer 
(25;26). Here, we specifically find 2 variants of apoC-I with strong 
association with survival; decreased apoC-I is associated with worse tumour 
and nodal grade, and decreased survival. Another identified protein in our 
model is haptoglobin-α1 fragment, which is increased in a variety of human 
cancers (27;28). Haptoglobin is a glycoprotein mainly secreted by the liver 
and involved as haemoglobin scavenger, however it may also be produced 
by other tissues such as tumour cells. Haptoglobin is involved in immune 
suppression in cancer (29), facilitating cell migration (30) and angiogenesis 
(31). We now also implicate presence of a 9.2 kDa haptoglobin-α1 fragment 
in reduced survival of renal cancer patients. The last protein fragment in our 
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model, a 2.9 kDa fragment, has been described previously using SELDI-MS 
in serum (32), but has not yet been identified.  

Most SELDI-TOF MS studies have been directed at cancer diagnosis 
and not at predicting clinical outcome. Only a few reports have investigated 
whether proteomic MS can identify biomarkers predicting responsiveness to 
treatment, disease progression or survival. Three reports demonstrate the 
validity of finding predictive biomarkers in the blood of patients with cancer 
(17-19). In all three studies, samples and controls originated from one 
centre, therefore extrapolation to other institutes may not be possible. We 
have used pooled sample sets from two institutes with completely different 
sample handling protocols, and performed the analysis at different time 
points. When we evaluated our predictive model on patients of both 
institutes separately, we could still strongly distinguish survivors from non-
survivors. The ions strongly associated with clinical outcome in our non-
uniform sample set are most likely robust predictors of prognosis, as 
differences between the sampling procedures may have aided a more 
stringent selection of biomarkers with a broad applicability.   

Irrespective of differences in blood sampling, large variations in 
SELDI-based mass spectrometric results (between different research 
groups), are most likely attributable to different assay procedures (33). In 
our search for a prognostic profile of patients with RCC, we used two assay 
procedures previously reported for the detection of patients with renal 
cancer. The first procedure was a slight adaptation of the method used by 
Won et al. (9) and the second was identical to the one described by Tolson 
et al. (22). We could identify the strongest biomarkers of survival prediction 
using the first assay procedure, and there was no overlap in biomarkers 
found between the two procedures. One of the differences that may explain 
these findings was albumin-depletion prior to protein profiling in the 
procedure described by Tolson, which resulted also in depletion of some of 
the markers in our multi-protein model.  

In conclusion, we show that RCC patients’ blood contains an 
assortment of biomarker proteins that taken together can independently 
predict patient outcome. We are currently evaluating in a separate 
prospective study whether these m/z ratios are of prognostic value in renal 
cell cancer management.  
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Conclusions and perspectives 

The development of high-throughput mass spectrometric protein 
profiling approaches such as surface-enhanced laser desorption ionisation 
mass spectrometry (SELDI-TOF MS) has facilitated the comprehensive 
analysis of a large part of the proteome, without the need for extensive 
sample pre-processing. Thus, such techniques are extremely suitable to 
search for new cancer biomarkers in biological matrices such as human 
tissue and serum. In the present thesis, we describe the use of SELDI-TOF 
MS for protein profiling in search of new biomarkers for colorectal cancer 
(CRC) and renal cell cancer (RCC). We retrospectively detected 
discriminating serum protein patterns for CRC, structurally identified proteins 
of interest and prospectively validated the decreased serum levels in CRC of 
apolipoprotein C-I in a clinically relevant population of patients with an 
indication for colonoscopy. Furthermore, we showed that the results for 
apolipoprotein C-I were independent of sample handling. For RCC we 
assessed the reproducibility of published RCC serum protein profiles and 
validated the increase of serum amyloid alpha (SAA) in RCC patients from 
two different institutes. Lastly, we detected new diagnostic and prognostic 
serum protein profiles for RCC. Thus, the application of SELDI-TOF MS in 
clinical proteomics shows good potential for discovery of possible diagnostic 
and prognostic biomarkers for CRC and RCC. Yet, its successful application 
requires further consideration of important issues such as sample handling 
procedures, technical variability and external validation of results.  

 
CRC biomarker discovery with SELDI-TOF MS 

Early detection of CRC, which significantly improves prognosis, could 
be greatly enhanced if suitable biomarkers measurable in blood were 
available. In a retrospective study we first compared patients with advanced 
CRC to healthy controls and detected discriminating serum protein patterns 
for CRC (Chapter 2.2). Classification models in the form of decision trees 
were built for the distinction of patients and controls. As in this kind of 
analyses the number of assessed variables (protein peaks) far outnumbers 
the number of individuals in the study group, it is of crucial importance to 
prevent over-fitting of data. Especially when models are constructed with 
many input data, these can easily be ‘over-trained’. Cross-validation within 
the study population can ascertain that the model is not based on spurious 
results from a subset of the population and gives some indication of the 
generalisation capability of the model to new samples. However, 
independent validation with an additional set of samples is more reliable, at 
least when these have similar characteristics as the original study group. In 
our retrospective study we therefore assessed two independent sets of 
patient and controls and validated the classification models from each group 
with the data from the other group, demonstrating external validity of our 
results. 
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One of the requirements for successful application of MS techniques 
for protein profiling is the strict adherence to sample collection protocols. 
One of our serum biomarker candidates for CRC was in fact a product of 
proteolysis during storage at -20°C (Chapter 2.3) and was not observed in 
sera in our prospective study anymore (Chapter 2.4). Although such ex vivo 
generated proteins can also reflect intrinsic proteolytic activity differing 
between cancer and control patients and could thus be surrogate biomarkers 
of disease, their clinical use demands a similar adherence to the original 
sample collection protocols, which might prove not feasible in the long run. 

In our prospective study, we aimed to validate the protein profiles 
from our retrospective study in a clinically relevant population of patients 
with an indication for colonoscopy (Chapter 2.4), including patients with 
adenomatous polyps (AP) and CRC. The patient groups were less different in 
this study than in our retrospective study, since the control group was a 
non-healthy population of patients with abdominal complaints or at risk for 
AP and CRC, and the CRC group consisted of patients with mostly early-
stage disease. Still, we were able to validate the decrease of serum 
apolipoprotein C-I levels in CRC. Furthermore, we demonstrated expression 
differences in tissue of patients with AP and CRC and in different histological 
subtypes of AP. 

Many MS protein profiling studies have sought to derive protein 
profiles, instead of single proteins, that can be used as biomarkers as such. 
Although in our retrospective study we defined such profiles by classification 
trees with similar sensitivity and specificity in two independent sample sets, 
such a model purely based on MS peak intensities could not be derived in 
our prospective study anymore. This indicates that mass spectrometric, 
relative peak intensities can currently not be used as such as diagnostic 
classifiers. Alternatively, MS profiling techniques should be considered as a 
means of screening the proteome to identify protein patterns indicative of 
cancer. The proteins in these patterns then have to be measured with 
quantitative methods to establish reliable cut-off values. If suitable cut-off 
levels can be established for apolipoprotein C-I, this protein may have an 
additional value in the management of CRC.  

 
RCC biomarker discovery with SELDI-TOF MS 

To evaluate the reproducibility of published SELDI-TOF MS protein 
profiles for RCC, the same analytical assay was used for analysis of two 
independent sample sets from different institutes (Chapter 3.2). Similar 
protein profiles were obtained for RCC and controls as in one of the 
published studies, whereas the profiles from the other study could not be 
reproduced. In fact, to observe the same peaks the assay had to be re-
optimised. Hence, inadequate assay procedures can result in non-robust 
protein profiles. Furthermore, also the external validity was a problem in this 
study, as the published expression differences were not observed in our 
sample sets. This illustrates the problems to be expected when (very) small 
sample groups are analysed and cross-validation is the only means by which 
the generalisation capability of the protein profiles is investigated. New RCC 
serum protein profiles were therefore derived from the same sample sets 
with other analytical assays and the reproducibility of these profiles 
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ascertained in the two sample sets and over time (Chapter 3.3). 
Classification models were built with suitable sensitivity and specificity for 
both sample sets. However, it is also unlikely that these will be useful as 
such for classification of future serum samples, due to the sometimes high 
coefficient of variation of peak intensities. Therefore, elucidation of these 
proteins’ identities and subsequent absolute quantitation is needed before 
these profiles can be further evaluated as biomarkers in large-scale clinical 
trials.  

Besides these protein profiles for RCC detection, also a prognostic 
serum protein profile could be generated, which was actually better capable 
of predicting prognosis than the prognostic model currently in use (Chapter 
3.4). Although peak intensities were dichotomised to facilitate a more robust 
classification model, also this model needs validation with quantitative 
assays. 

 
Perspectives 

The current thesis illustrates the potential of SELDI-TOF MS for the 
discovery of discriminating serum and tissue protein profiles for CRC and 
RCC. Yet, there is a need for further development of such MS profiling 
technologies. Variability between measurements over time hampers the use 
of classification algorithms based on relative peak intensities for future 
samples. The ionisation process of these techniques depends on the energy 
released by the laser, the laser energy absorbed by the matrix molecules on 
the target plate and the distribution of proteins across the scanned region 
and/or the efficient scanning of the whole region in which proteins are 
present. Although the analytical procedures can be controlled, e.g. regular 
measurement and re-optimisation of laser performance, the ionisation 
process in itself is essentially incontrollable. Although the use of internal 
standards is a common way to correct for analytical variability, with complex 
mixtures such as serum and tissue, in which competition for binding to the 
target surface and for ionisation plays a prominent role, finding a suitable 
internal standard may not be that easy. Therefore, it is not to be expected 
that day-to-day differences can be completely abolished by analytical quality 
control procedures. Instead, efforts to develop bioinformatic/statistic 
procedures to correct for this variation should be made. Thus, quantitative 
measurements, instead of semi-quantitative ones, are currently still 
preferable for clinical use. Simple ELISA methods will not suffice, because 
antibodies are usually generated against the full-length protein and can 
react with multiple fragments of this protein, abolishing correct quantitation 
of protein fragments. Alternatively, fragment-specific antibodies should be 
developed, or multiplex quantitative immuno-MS technologies which are able 
to discriminate between all the proteins bound to a single antibody.  

Even tissue protein profiling, which is expected to yield the most 
specific biomarker candidates, has as yet not resulted in the identification of 
new oncoproteins. Aberrantly expressed proteins identified thus far are 
common to various cancer types and reflect distortion of known cellular 
pathways involved in cell growth and differentiation. Oncoproteins can be 
defined in different ways. Current oncoproteins, such as carcinoembryonic 
antigen (CEA), are proteins for which the genetic basis is present in all cells, 
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but which are (generally) only expressed in malignant tissue. Yet, as they 
can theoretically be expressed in any tissue, their specificity can be 
compromised, which is in fact the case for many of the current oncoproteins. 
‘Real’ oncoproteins, i.e. proteins that are the result of genetic mutations in 
the tumour leading to different amino acid sequences or post-translational 
modifications in proteins are likely to be more specific. For many proteins 
such isoforms are known, so it is likely that tumours can also generate 
protein isoforms that are not present in normal tissue.  

Whether the current technologies will be able to detect such 
oncoproteins, is questionable. To be detected in protein profiling studies, 
oncoproteins will have to have sufficiently other masses and physicochemical 
properties than the native ones. Although this is the case for post-
translational modifications, a few changes in amino acids do not necessarily 
alter the mass or iso-electric point of proteins greatly. With a mass accuracy 
of 50-300 ppm for high-throughput protein profiling platforms, a 12-kDa 
protein such as SAA will have a mass error of 0.6-1.8 Da. A substitution of 
glutamic acid (129.116 Da) by lysine (128.170 Da), (a known variant), may 
thus not be detectable. Alternatively, combinations of various amino acid 
substitutions may result in no net mass difference. More extensive gene 
mutations may also result in no protein expression at all, precluding the 
detection of any oncoprotein. Other problems for their detection are their 
inherent absence in protein databases and limited effort to sequence 
unknown discriminating proteins. Oncoproteins are also likely to be among 
the least abundant proteins and thus will suffer from the limited dynamic 
range of protein profiling technologies.  

For the detection of any low abundant oncoproteins, more extensive 
pre-processing of samples is needed, preferably in a high-throughput format 
compatible with MS-based profiling techniques. This can consist of sample 
fractionation on anion-exchange resins, or depletion of the most abundant 
proteins with a combination of antibodies against these proteins. These 
approaches have not yet resulted in the identification of oncoproteins, 
however. Furthermore, as they have generally only been developed for 
liquid chromatography purposes, they compromise the high-throughput 
capability of MS protein profiling. A possible solution would be to return to 
less complex matrices, such as (media from) cell lines. This also reduces the 
biological variability that is present in human samples. Although the latter 
could also be attained by using mouse models of cancer, a similar sample 
complexity of serum and tissue can be expected in mice as in humans. 

The current investigations in CRC and RCC need further follow-up in 
clinical studies. Quantitative assays for apolipoprotein C-I must be developed 
and used to validate its decrease in CRC. For RCC the proteins in the serum 
protein profiles must be identified and their expression assessed in larger 
and more diverse patient populations. Considering the efforts that have 
been undertaken to assess the potential of CEA as a CRC marker since its 
discovery, an exponential increase in work-load can be expected in order to 
assess the clinical potential of all biomarker candidates coming up in protein 
profiling studies. To streamline this, clinical oncoproteomics should be 
performed in a multidisciplinary environment in which translational research 
labs cooperate with clinicians and bioinformaticians to pinpoint concise 
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clinical hypotheses and produce reliable results that are validated in larger 
populations. 
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Summary 

In cancer management, early diagnosis is of crucial importance for 
successful treatment. Unfortunately, in many cases patients present with 
advanced disease, limiting their therapeutic options. Therefore, screening of 
the general population for cancer will enhance earlier diagnosis and better 
treatment, decreasing cancer mortality. Furthermore, close monitoring of 
patients enables early detection of relapse and more efficient treatment. For 
early detection and follow-up of cancer, methods are needed that are 
preferably non-invasive, easily performed and reliable. As proteins reflect the 
actual state of an organism and are readily measurable in biological matrices 
such as blood and urine, they can excellently fulfil a role as biomarkers for 
cancer.  

 
In the field of proteomics several techniques are available to assess 

the protein content of (clinical) samples. Chapter 1.1 presents an overview 
of these techniques. Especially the development of mass spectrometry has 
resulted in new techniques with which samples can be analysed fast and 
easily. Surface-enhanced laser desorption ionisation-time of flight mass 
spectrometry (SELDI-TOF MS) is one of these techniques. Its application to 
e.g. ovarian, breast, prostate and colorectal cancer has resulted in several 
new biomarker candidates, for which, however, validation and structural 
identification is needed. 

In chapter 1.2 the performance of the first and second generation 
SELDI-TOF MS apparatus is compared.  No differences between the 
instruments were observed in the number of detected peaks in whole 
serum, the biomarker potential of the detected peaks or the reproducibility 
of the analysis. However, when fractionated serum was analysed, the new 
SELDI-TOF MS was superior in detecting up to twice as many peaks as the 
older instrument. 

 
We applied the SELDI-TOF MS technique for the detection of new 

potential biomarkers for colorectal cancer (CRC; Chapter 2) and renal cell 
cancer (RCC; Chapter 3). Chapter 2.1 gives a comprehensive overview of 
the results of proteomics research on CRC, focusing on protein profiling 
studies with gel-based and mass-spectrometry-based techniques. This 
overview demonstrates that only a fraction of the discriminating proteins 
mentioned in CRC protein profiling studies has actually been investigated in 
the clinic for their potential as (prognostic) CRC biomarkers. Although for 
some proteins results are promising considering the reasonable number of 
investigated samples, routine measurement of these proteins is not yet 
clinical practice. 

In chapter 2.2 the identification of serum proteins discriminating 
patients with advanced CRC from healthy controls is described. In this 
retrospective study protein patterns comprising, among others, the protein 
apolipoprotein C-I demonstrated a suitable sensitivity and specificity for 
detecting CRC in two independent sample sets. Furthermore, combination of 



Clinical proteomics in colorectal and renal cell cancer                                  J.Y.M.N. Engwegen 
 

 213 

these protein patterns with the currently used marker CEA showed better 
performance than CEA alone.  

Yet, it is increasingly recognised that sample handling can have a 
profound influence on serum protein profiles. As in this retrospective study 
samples previously acquired without a rigid sample collection protocol were 
investigated, there was a need to assess the stability of these serum protein 
profiles to variations in sample handling. In chapter 2.3 is it shown, by 
means of new, prospectively collected samples, that three of five 
discriminative proteins were indeed stable to sample handling variations, 
justifying further investigation of these biomarker candidates in a 
prospective study. However, an identified N-terminal fragment of albumin 
was shown to result from proteolysis during storage at -20°C, casting doubt 
on its validity. 

Thus, a prospective study was set up to validate the results from our 
retrospective study in a new population of patients with mostly early-stage 
CRC, adenomatous polyps (AP) and controls with an indication for 
colonoscopy (Chapter 2.4). Additionally, the applicability of these serum 
protein profiles for follow-up after surgery was assessed and tissue protein 
profiles of patients with CRC and AP were investigated. The decrease of 
apolipoprotein C-I serum levels in CRC was validated, although suitable cut-
off levels to reliably discriminate these patients from the other groups could 
not be established just using semi-quantitative peak intensities. For this, 
quantitative methods need to be developed. The N-terminal fragment of 
albumin was indeed not observed in these samples stored at -70°C. 
Apolipoprotein C-I levels did not change immediately after surgery, but 
gradually within 3 months after surgery, comparable to CEA. In tissue, we 
found several proteins which were gradually changing in abundance 
between control, AP and CRC, or between the different histologic subtypes 
of AP. Among them was a protein peak with a similar mass to apolipoprotein 
C-I. Further structural identification of these proteins can provide insight into 
the pathophysiological mechanisms underlying or accompanying the 
development of CRC.  

 
The results of protein profiling studies in RCC are summarised in 

Chapter 3.1. Protein profiling of tissue, urine and serum has been performed 
in search of new (diagnostic) RCC biomarkers. Thus far, this has yielded 
insight into pathways of RCC development, potential new therapeutic targets 
and suggestions for prognostic biomarkers for RCC. However, aberrantly 
expressed proteins are also frequently found in other cancers, rendering 
these unsuitable for diagnosis of RCC specifically. The use of MS serum 
protein profiles holds promise as a high-throughput screening tool for 
discovery of RCC biomarkers, but care should be taken to perform these 
discovery studies with adequate statistical power and technical rigour. 

In Chapter 3.2 we describe the validation of SELDI-TOF MS serum 
protein profiles for RCC from other research groups in our laboratory using 
distinct patient populations. One of the proposed biomarker candidates for 
RCC, serum amyloid-α, was indeed validated in these two populations. Its 
peak intensity observed in the MS spectra correlated well with its absolute 
quantity as measured by ELISA. However, many of the other proposed RCC 
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biomarkers could not be validated in this study, exemplifying problems with 
reproducibility under the applied analytical protocols and statistical problems 
of data over-fitting. 

A new analytical protocol was therefore developed and used in the 
search for other biomarker candidates for RCC in the same patient 
populations (Chapter 3.3). Two protein profiles that were able to 
reproducibly discriminate patients with RCC from healthy controls in these 
two populations, each used as an independent validation set for the other 
population, were defined. Since sensitivity and specificity were 60-85%, 
these profiles are presently not suitable for use in diagnostic screening, 
although they might have a role in follow-up of RCC patients. The specificity 
of these profiles for RCC should also be investigated further, comparing RCC 
profiles with those in benign kidney disease as well as other cancers. 
Elucidation of the identities of the proteins in these profiles and subsequent 
absolute quantitation is needed before they can be evaluated as biomarkers 
in large-scale clinical trials.  

Besides diagnostic serum protein profiles, profiles for prognosis may 
also be of benefit in the management of RCC. Response rates in patients 
with metastatic RCC remain at 15-25% for immune-based therapies, and 
approximately 2-40% for small molecules or antibodies, such as sorafenib, 
sunitinib, erlotinib and bevacizumab. As such, accurate prognostic evaluation 
may enhance adequate selection of patients who will benefit of therapy and 
prevent over-treatment. In Chapter 3.4 the development of a serum protein 
profile for prognostication of RCC patients is described. A pattern of five 
proteins, among which haptoglobin α1 and apolipoprotein C-I, was derived, 
which was able to identify patients with a poor 1- and 3-year survival out of 
a heterogeneous population of RCC patients. This pattern was a strong and 
independent predictor of survival when tested against the extended 
Memorial Sloan-Kettering Prognostic Factors Model for survival. Although the 
model was generated from patient populations from two different institutes, 
a prospective validation in larger patient groups is necessary to confirm its 
clinical prognostic potential.  

 
Concluding, the development of high-throughput mass spectrometric 

protein profiling approaches such as SELDI-TOF MS has facilitated the 
comprehensive analysis of a large part of the proteome in clinical samples. 
Thus, this technique has shown to be very useful in the search for new 
biomarker candidates for CRC and RCC in human serum and tissue. Yet, 
there is a need for further development of these technologies i.e. in 
decreasing technical variability, enhancing the dynamic range of the analysis 
and facilitating more extensive, high-throughput sample fractionation. 
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Samenvatting 

Diagnose in een vroeg stadium is van cruciaal belang voor de 
succesvolle behandeling van kanker. Helaas wordt de diagnose bij de 
meeste patiënten pas gesteld in een vergevorderd stadium, hetgeen de 
mogelijkheden voor behandeling aanzienlijk beperkt. Bevolkingsonderzoek in 
de vorm van screeningsprogramma’s kan een vroegere diagnose en betere 
behandeling bewerkstelligen en daarmee een lagere sterfte. Daarnaast 
maakt het monitoren van kankerpatiënten tijdens en na behandeling eerdere 
ontdekking van een recidief en efficiëntere behandeling mogelijk. Voor 
vroege detectie en follow-up van kanker zijn methoden nodig die bij 
voorkeur niet-invasief, gemakkelijk uitvoerbaar en betrouwbaar zijn. Omdat 
de hoeveelheid en soort aanwezige eiwitten een goede weergave zijn van de 
staat waarin een organisme verkeert en omdat eiwitten eenvoudig meetbaar 
zijn in biologische monsters zoals bloed en urine, kunnen zij uitstekende 
biomarkers voor kanker zijn. 

 
In het proteomicsveld zijn er diverse technieken waarmee de 

eiwitsamenstelling van (klinische) monsters kan worden bepaald. In 
Hoofdstuk 1.1 wordt hier een overzicht van gegeven. Met name de 
ontwikkeling van massaspectrometrie heeft geresulteerd in nieuwe 
technieken waarmee monsters snel en gemakkelijk kunnen worden 
geanalyseerd. Eén van deze technieken is “Surface-enhanced laser 
desorption ionisation-time of flight mass spectrometry” (SELDI-TOF MS). De 
toepassing van deze techniek bij onder andere ovarium-, borst-, prostaat- en 
colorectaalkanker heeft een aantal nieuwe kandidaat-biomarkers opgeleverd. 
Echter, validatie en structurele identificatie van deze eiwitten is nodig.  

In Hoofdstuk 1.2 wordt de werking van de eerste en tweede 
generatie SELDI-TOF MS apparaten vergeleken. Er werden geen verschillen 
gezien tussen het aantal pieken dat werd gedetecteerd in totaal serum, de 
potentie van deze pieken als biomarker, of de reproduceerbaarheid van de 
analyse. Wel werden tot tweemaal zoveel pieken gezien met het nieuwe 
apparaat als met het oude wanneer gefractioneerd serum werd 
geanalyseerd. 

 
SELDI-TOF MS is vervolgens gebruikt voor de detectie van nieuwe 

potentiële biomarkers voor colorectaalkanker (CRC; Hoofdstuk 2) en 
niercelkanker (RCC; Hoofdstuk 3). Hoofdstuk 2.1 geeft een overzicht van de 
resultaten van proteomicsonderzoek bij CRC, toegespitst op zogenaamde 
“protein profiling” studies met gel-electrophorese of massaspectrometrie. Dit 
overzicht laat zien dat slechts een klein deel van de gevonden eiwitten die 
onderscheidend zijn voor CRC ook daadwerkelijk is onderzocht in de kliniek 
op hun waarde als (prognostische) biomarkers voor CRC. Hoewel voor 
sommige eiwitten de resultaten veelbelovend zijn, aangezien ze zijn 
bevestigd in voldoende groot aantal monsters, worden deze nog niet 
routinematig gebruikt in de klinische praktijk. 

In Hoofdstuk 2.2 wordt de identificatie beschreven van 
serumeiwitten die patiënten met gevorderd CRC kunnen onderscheiden van 
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gezonde controles. In deze retrospectieve studie zijn eiwitprofielen 
gevonden, bestaande uit o.a. apolipoproteïne C-I, met voldoende 
sensitiviteit en specificiteit voor detectie van CRC in twee onafhankelijke 
patiëntengroepen. Daarnaast was een combinatie van deze eiwitprofielen 
met de huidig gebruikte CRC biomarker, CEA, beter voor de detectie van 
CRC dan alleen CEA. 

Echter, het wordt steeds meer onderkend dat de manier waarop de 
monsters zijn verzameld een grote invloed kan hebben op het 
serumeiwitprofiel. Omdat in deze retrospectieve studie de monsters waren 
verzameld zonder een strikt protocol, was het noodzakelijk de stabiliteit van 
de serumeiwitprofielen vast te stellen bij variaties in het verzamelprotocol. 
In Hoofdstuk 2.3 wordt aangetoond in nieuw verzamelde monsters, dat drie 
van de vijf onderscheidende eiwitten inderdaad niet beïnvloed worden door 
variaties in het verzamelprotocol. Verder onderzoek van deze kandidaat-
biomarkers in prospectief onderzoek was dus gerechtvaardigd. Echter, een 
eerder gevonden N-terminaal fragment van albumine bleek het resultaat te 
zijn van proteolyse tijdens opslag op -20°C, wat vragen oproept over de 
validiteit van dit eiwit als biomarker. 

Daarom werd een prospectieve studie gestart om het resultaat van 
de retrospectieve studie te kunnen valideren in een nieuwe populatie van 
patiënten met vroege stadia van CRC, adenomateuze poliepen (AP) en 
controles, alle met een indicatie voor een coloscopie (Hoofdstuk 2.4). 
Daarnaast werd onderzocht in hoeverre deze serumeiwitprofielen toepasbaar 
zijn voor de follow-up na chirurgie. Ook werd gekeken naar 
weefseleiwitprofielen van patiënten met CRC en AP. De verlaagde spiegels 
van apolipoproteïne C-I in CRC werden bevestigd in deze studie. Echter, op 
basis van semi-kwantitatieve piekintensiteiten kon geen geschikte 
afkapwaarde worden vastgesteld om deze patiënten betrouwbaar te 
onderscheiden van de andere groepen. Hiervoor moet een kwantitatieve 
bepalingsmethode voor apolipoproteïne C-I worden ontwikkeld. In deze 
monsters, die op -70°C waren bewaard, werd het eerder genoemde 
albuminefragment inderdaad niet meer aangetroffen. De spiegels van 
apolipoproteïne C-I na chirurgie veranderden geleidelijk binnen 3 maanden 
na chirurgie, vergelijkbaar met die van CEA. In weefsel werden enkele 
eiwitten gezien die geleidelijk veranderden tussen controles, AP en CRC, of 
tussen de verschillende histologische subtypes van AP, waaronder een eiwit 
met een vergelijkbare massa als apolipoproteïne C-I. Structurele identificatie 
van deze eiwitten kan meer inzicht verschaffen in de pathofysiologische 
mechanismen die ten grondslag liggen aan of samengaan met de 
ontwikkeling van CRC. 

 
De resultaten van proteomicsstudies in RCC zijn samengevat in 

Hoofdstuk 3.1. Zowel weefsel, urine als serum zijn onderzocht in de 
zoektocht naar nieuwe (diagnostische) biomarkers voor RCC. Tot dusver 
heeft dit meer inzicht opgeleverd in de cellulaire paden die leiden tot 
ontwikkeling van RCC, als ook nieuwe aangrijpingspunten voor therapie en 
suggesties voor prognostische RCC biomarkers. Echter, eiwitten met 
veranderde expressie in RCC zijn ook vaak gevonden bij andere vormen van 
kanker, wat ze ongeschikt maakt voor de diagnose van specifiek RCC. Het 
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gebruik van massaspectrometrie- eiwitprofielen is veelbelovend als een 
snelle screeningsmethode voor het vinden van nieuwe RCC biomarkers, 
maar dit soort studies moet met voldoende statistische power en technische 
nauwkeurigheid worden uitgevoerd.  

In Hoofdstuk 3.2 wordt de validatie beschreven van SELDI-TOF MS 
serumeiwitprofielen voor RCC van andere onderzoeksgroepen in ons 
laboratorium in twee verschillende patiëntenpopulaties. Eén van de 
voorgestelde kandidaat-biomarkers voor RCC, serum amyloid-α, kon 
inderdaad worden gevalideerd in deze populaties. De piekintensiteit van 
deze piek in de spectra correleerde goed met de absolute hoeveelheid die 
was gemeten door middel van ELISA. Echter, veel van de andere 
voorgestelde pieken konden niet worden gevalideerd in deze studie; een 
illustratie van de problemen met reproduceerbaarheid bij een gebruikt 
analytisch protocol en van het statistische probleem van ‘data-overfitting’. 

Een nieuw analyseprotocol is daarom opgezet en gebruikt om 
andere kandidaat-biomarkers voor RCC te vinden in dezelfde populaties. 
(Hoofdstuk 3.3). Twee eiwitprofielen werden gedefinieerd die 
reproduceerbaar patiënten met RCC konden onderscheiden van gezonde 
controles in deze twee populaties, waarbij de ene groep werd gebruikt voor 
onafhankelijk validatie van de andere groep. Omdat de sensitiviteit en 
specificiteit slechts 60-85% waren, zijn deze profielen niet geschikt voor 
diagnostische screening, maar ze zouden een rol kunnen spelen in de follow-
up van RCC patiënten. De specificiteit van deze eiwitprofielen voor RCC 
moet verder worden onderzocht, waarbij ze moeten worden vergeleken met 
profielen in goedaardige nierziekten en andere vormen van kanker. 
Opheldering van de identiteit van de eiwitten in deze profielen en vervolgens 
kwantificering is nodig, voordat ze kunnen worden geëvalueerd als 
biomarkers in grote klinische studies. 

 
Naast diagnostische serumeiwitprofielen, kunnen prognostische 

eiwitprofielen ook van nut zijn in de behandeling van RCC. 
Responspercentages van patiënten met gemetastaseerde ziekte blijven 
steken op 15-25% voor immunotherapie en op ongeveer 2-40% voor de 
nieuwere “ small molecules” en antilichamen zoals sorafenib, sunitinib, 
erlotinib and bevacizumab. Daarom kan een nauwkeurige prognostische 
evaluatie helpen bij een goede selectie van patiënten die baat hebben bij 
therapie en overbehandeling voorkomen. In Hoofdstuk 3.4 wordt de 
ontwikkeling van een prognostisch serumeiwitprofiel voor RCC beschreven. 
Een profiel van vijf eiwitten werd gegenereerd, waaronder haptoglobine α1 
and apolipoproteïne C-I, waarmee patiënten met een slechte 1- en 3-
jaarsoverleving konden worden geïdentificeerd in een heterogene populatie 
van RCC patiënten. Dit profiel bleek een sterke, onafhankelijke voorspeller 
van overleving bij testen ten opzichte van het huidig gebruikte “Extended 
Memorial Sloan-Kettering Prognostic Factors Model” voor overleving. Hoewel 
dit eiwitprofiel is gegenereerd op basis van twee patiëntenpopulaties van 
twee verschillende instituten, is prospectieve validatie in een grote groep 
nodig om de prognostische waarde ervan te bevestigen. 
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Concluderend kan worden gesteld, dat de analyse van de 
eiwitsamenstelling van klinische monsters is vergemakkelijkt door de 
ontwikkeling van snelle, massaspectrometrische methodes voor 
proteomicsonderzoek zoals SELDI-TOF MS. Zo is deze techniek erg bruikbaar 
gebleken in de zoektocht naar nieuwe kandidaat-biomarkers voor CRC en 
RCC in humaan serum en weefsel. Dit soort technieken moet echter verder 
worden ontwikkeld, dat wil zeggen de technische variabiliteit verlaagd, de 
dynamische range verhoogd en de methodes voor uitgebreidere 
fractionering van monsters aangepast en aan deze massaspectrometrische 
technieken. 
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