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Abstract

Cancer development is driven by the accumulation of DNA changes in the approximately 40 000 chromosomal genes. In solid
tumours, chromosomal numerical/structural aberrations are common. DNA repair defects may lead to genome-wide genetic
instability, which can drive further cancer progression. The genes code the actual players in the cellular processes, the 100 000-10
million proteins, which in (pre)malignant cells can also be altered in a variety of ways. Over the past decade, our knowledge of the
human genome and Genomics (the study of the human genome) in (pre)malignancies has increased enormously and Proteomics (the
analysis of the protein complement of the genome) has taken off as well. Both will play an increasingly important role. In this article,
a short description of the essential molecular biological cell processes is given. Important genomic and proteomic research methods
are described and illustrated. Applications are still limited, but the evidence so far is exciting. Will genomics replace classical diag-
nostic or prognostic procedures? In breast cancers, the gene expression array is stronger than classical criteria, but in endometrial
hyperplasia, quantitative morphological features are more cost-effective than genetic testing. It is still too early to make strong
statements, the more so because it is expected that genomics and proteomics will expand rapidly. However, it is likely that they will
take a central place in the understanding, diagnosis, monitoring and treatment of (pre)cancers of many different sites.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction of the protein complement of the genome) play a major

role in the understanding, diagnosis, prognosis and poten-

Cancer development is driven by the accumulation of
DNA changes in some of the approximately 40000
chromosomal genes. In solid tumours (90% of all
human malignancies), chromosomal numerical/struc-
tural aberrations are common. DNA repair defects may
lead to genome-wide genetic instability, which can drive
further cancer progression. The genes are the code for
the actual players in the cellular processes, the 100 000—
10 million proteins, which in (pre)malignant cells can
also be altered in a variety of ways. Over the past dec-
ade, our knowledge of the human genome in (pre)-
malignancies has increased enormously. Genomics (the
study of the human genome) and proteomics (the analysis
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tially also treatment of cancer. In this article, a summary of
both will be given. We start with a short description of the
essential molecular biological processes and then describe
important genomic and proteomic research methods.
Applications will be given as illustration.

2. Essential molecular biological processes
2.1. Altering the genetic message—type of events

Altering the genetic message is essential for cancer
development and can be caused by (1) DNA mutations;
(2) Chromosomal aberrations; (3) Epigenetic modifi-
cation; (4) Protein—protein interaction.

DNA mutations can lead to increased or decreased
gene function. There are oncogenes (that increase pro-
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liferation) and suppressor genes (that decrease pro-
liferation). Gain of an oncogene function can change
the gene product; for example, it can result in an
enzyme with a higher affinity for its ligand, or a lower
degradation susceptibility. Alternatively, the gene reg-
ulatory properties may change and more actively
express functional proteins. Such mutations are often
base pair-substitutions. In contrast, inactivating tumour
suppressor gene mutations often are base pair-deletions
leading to a shift in the open-reading-frame of a gene.
This causes a premature stop codon. Base pair-sub-
stitutions can also directly cause a stop codon. As a
result, the gene is only partly transcribed and functional
protein production terminated.

DNA modification, mutations and viral genome inte-
gration can give chromosomal instability. Chromosomal
aberrations themselves can lead to altered genes or gene
expression; both genetic instabilities exist and are inter-
related. Tumours can be near-diploid (around 46 chro-
mosomes), or aneuploid (often 60-90 chromosomes in
solid tumours). Already in 1933, DNA ploidy could be
measured by cytometry [1], a method still clinically use-
ful in specific areas. Individual chromosomes can also
show structural changes, e.g. partial deletions or dupli-
cations, inversions, unbalanced and reciprocal translo-
cations and amplifications. Balanced, reciprocal
translocations are common in haematological malig-
nancies, while in solid tumours virtually all rearrange-
ments are unbalanced resulting in losses/gains of
chromosome parts. Numerical changes of specific chro-
mosomal regions have been correlated with expression
levels of genes in these regions. By screening many
tumours, recurrent losses and gains can be identified
and subsequent investigation of regions of overlap can
reveal the genes involved.

Gene expression can be silenced by epigenetic modifi-
cation (which does not change the DNA code, but the
accessibility of DNA for transcription). This occurs
mainly through DNA methylation, which can directly
silence genes by interfering with the binding of tran-
scription factors to the recognition elements of genes, or
indirectly by changing the chromatin structure around
the gene. Although the genome of cancer cells compared
with normal cells is globally hypomethylated, some
sequences are hypermethylated, such as CpG islands,
which lie around the transcription-start sites of
approximately half of all human genes. For example,
pl6 is hypermethylated and silenced in many cancers
[2]. DNA hypomethylation correlates with chromosome
instability. DNA methylation may regulate histone
acetylation and methylation, which in turn changes
chromatin structure [3]. Chromatin architecture remod-
elling is essential for gene-transcription, and thus gene
expression [4], explaining the prognostic significance of
quantitative chromatin changes [5-7]. Proteins can be
directly inactivated by chemicals (e.g. cytostatics) or by

complexing with other proteins. For example, Human
Papilloma Virus (HPV) and Epstein—Barr Virus (EBV)
oncoproteins binding with tumour suppressor p53 or
the retinoblastoma gene result in rapid loss of their key
function of cell-cycle regulation and genome integrity
maintenance.

2.2. The multistep tumorigenesis hypothesis—how many
events are necessary?

The number of gene defects (=hits) necessary for a
normal cell to become neoplastic is tumour-dependent.
Leukaemia cells are relatively stable, frequently
characterised by a single, non-random reciprocal
chromosomal translocation [8] and not affected by
general random genome instability often seen in solid
tumours [9]. An example of juxtaposition is the t(8;14)
translocation, resulting in c-myc overexpression in
Burkitt’s lymphoma. A gene-fusion example is the
t(9;22) translocation (Philadelphia chromosome),
resulting in the BCR-ABL chimeric protein in chronic
myeloid leukaemia.

Knudson [10] proposed that two genetic events are
required for tumour formation in hereditary retino-
blastoma; one the inherited gene defect and the second
being the inactivation of the remaining normal allele.
Characterisation of the retinoblastoma and other genes
involved in inherited cancer predispositions has led to
the definition of tumour suppressor genes. Usually one
allele is inactivated by deletion and the other by muta-
tion. The best-known tumour suppressor gene is p33,
involved in a variety of solid tumours. Kinzler and
Vogelstein refined this model by dividing tumour sup-
pressor genes into caretakers and gatekeepers [11].
Caretakers are DNA repair genes involved in genome
integrity maintenance; failure leads to genome hyper-
mutability. Chromosomal instability accelerates cancer
progression and is reflected in the young age of cancer
onset in patients with hereditary DNA repair genes
defects. Gatekeepers (or checkpoints) guard the diverse
processes of the cell cycle. Defects in gatekeepers are
rate-limiting for tumour growth, and fwo inactivating
hits are required for tumour initiation. Without a
proper gatekeeper function, DNA mutations or chro-
mosome misdivisions may pass uncorrected to the
daughter cells. Defects in caretakers lead to an increase
in genetic alterations, and can accelerate cancer devel-
opment via accumulation of hits in oncogenes and/or
gatekeepers. In the caretaker pathway, at least three or
more hits are necessary. Two or three genetic events still
do not seem to fit the general observation in sporadic
solid tumours that cancer incidence is correlated with
increasing age. This observation, in combination with
the natural rate of mutation, predicts that six or more
genetic hits are required for tumour formation [12]. In
addition, many solid cancers are known to have pre-
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cursor lesions that show increased proliferation com-
bined with abnormal differentiation, but stay within the
original tissue boundaries. This has led to the idea of a
sequence of progression steps from normal tissue, via (a
number of) intermediate stages to cancer and finally to
metastasis: the multistep hypothesis. Using colorectal
tumours, a sequence model of molecular genetic chan-
ges leading to adenocarcinoma was proposed [13]. In
this model, K-ras mutation and loss of heterozygosity
(LOH) on chromosome 5q (the adenomatous polyposis
coli (APC) tumour suppressor gene locus) are early
genetic changes, whereas LOH of 18q (where initially
deleted in colon cancer (DCC) was thought to be the
gene involved, now Smad4 is the candidate gene) and
17p (p53) were considered late events. Such a model has
also been proposed for other solid tumours. For head
and neck squamous cell carcinoma, LOH on 9p21, the
locus of the cell-cycle inhibitor p/6, would be the pri-
mary event, followed by LOH on 17p13 (the p53 locus)
and 3p21, and subsequent LOH on 11q13, 13q21, and
14932 in an undetermined order [14].

Even these more elaborate multistep models are still
simplifications of reality. Further studies are needed to
provide more insight into the ways in which critical cell
biological functions like proliferation, differentiation,
apoptosis and invasion are affected by genetic changes,
and how they contribute to tumour progression.

2.3. Early or late events?

Some genetic changes occur early (tumour-initiating
hits) and others late in tumour development (progres-
sion-related events). Inactivation of tumour suppressors
at the protein level by viral oncoproteins is an early
event. Indeed, HPV-DNA has been detected in the
earliest premalignant lesions. Continuous expression of
the viral oncoproteins E6 and E7 seems necessary for
cervical carcinoma development [15]. However, the long
latency period between viral infection and the formation
of invasive cancer indicates that additional genetic
events are required for malignant transformation. In
addition, gene expression modification by DNA
methylation is an early event. It has been suggested that
hypomethylation may lead to chromosome deconden-
sation and mitotic nondisjunction, eventually leading to
gain and loss of (parts of) chromosomes [14]. In colo-
rectal cancers, very early lesions known as Aberrant
Crypt Foci show aberrant gene methylation [16]. Acti-
vating oncogenes mutations have been implicated in all
stages of solid tumour development [17]. Inactivation of
a tumour suppressor gene requires two hits, suggesting
that these events occur later in tumorigenesis. However,
in colorectal cancer, APC tumour suppressor inactiva-
tion is the earliest factor causing the development of
adenomas [18]. Mutation of p53 is regarded as a late
event in the progression of colorectal tumours, whereas

p53 inactivation seems to be an early event in head and
neck carcinomas.

Chromosomal abnormalities are common in virtually
all late-stage solid tumours but, historically, it was dif-
ficult to appreciate the meaning of recurrent and
tumour-specific chromosomal changes against a back-
ground of a multitude of alterations [19,20]. Some
researchers believed they were merely side-effects of
genetic instability driven by preceding gene mutations.
This controversy was maintained for a long time,
mainly because data on chromosomal aberrations in
early, pre-invasive tumours were scarce. However,
Comparative Genomic Hybridisation (CGH) [21], has
made clear that chromosomal abnormalities also occur
in early premalignant stages [18,22-26]. It has recently
been demonstrated that a single copy gain of a certain
gene can have a strong effect on the downstream
expression levels [27] showing that chromosomal chan-
ges are not merely side-effects of tumour progression.

2.4. Mechanisms of genomic/chromosomal instability

2.4.1. Hereditary caretaker and gatekeeper defects

A number of hereditary genomic instability syn-
dromes due to caretaker defects are known. Most are
very rare. Some cause genomic instability at the DNA
level, some at the chromosome level, and some both.
Examples are the Bloom’s Syndrome 28], Xeroderma Pig-
mentosum (XP) [29], Fanconi Anemia (FA [30]) and Her-
editary Non-Polyposis Coli Cancer (HNPCC [31)).
Retinoblastoma is an example of a hereditary genomic
instability syndrome due to gatekeeper abnormality [32].
Other examples are the Li—Fraumeni syndrome [33],
familial melanoma [34] and familial breast cancer [35].

2.4.2. Genomic instability in sporadic tumours
Chromosomal instability is a genome-wide phenom-
enon. According to one theory, chromosomal aberra-
tions result from specific oncogenes mutations (like ras,
myc, p53) [36], but it is unlikely that they would be
solely responsible. Another theory suggests that a mis-
division of a certain chromosome gives rise to a daugh-
ter-cell with a growth advantage and abnormal chro-
mosomal number, which then would cause further
chromosomal instability [37]. Perhaps chromosomal
instability can be compared with microsatellite instabil-
ity, which also causes genome-wide occurrence of
genetic events [20]. As microsatellite instability is the
result of a mutation in a mismatch repair gene, likewise
chromosomal instability could be caused by a chromo-
some-stability gene mutation. It has been proposed that
APC could be such a gene [38,39]. However, some colon
cell lines with 4 PC mutations have maintained a stable
chromosome complement over thousands of cell divi-
sions in vitro [40,41]. Moreover, around 70% of human
colorectal adenomas carry APC mutations, whereas
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only 5% of all adenomas ever progress to invasive can-
cer. Other candidate genes comprise those involved in
the mitotic-spindle checkpoint and sister-chromatid
separation pathways [20,42,43].

2.5. Molecular DNA techniques

2.5.1. LOH, MSI

One strategy for screening the genome in breast cancer
used a panel of 150 polymorphic microsatellite markers
from throughout the whole genome (with Loss of Het-
erozygozity (LOH)) [44]. This allowed the identification
of several chromosomal regions where allelic losses
occurred more often. Correlation with clin-
icopathological factors showed that four specific loci
correlated with lymph-node metastasis (11q23-24,
13q12, 17p13.3 and 22ql13). By using microsatellites,
one can also check the ability of cells to repair DNA
replication errors. In tumours with microsatellite
instability (MSI), both genetic and epigenetic modifi-
cations of mismatch repair genes were identified. Some
cases harboured mutations or polymorphisms (= natural
variation between different humans in their genetic codes)
in hMSH2 and hMLHI mismatch repair genes, others
exhibited hypermethylation in the promoter region of
hMLH]I. These results suggest that both genetic and epi-
genetic alterations of AMSH?2, and especially of AMLHI,
contribute to genomic instability and tumorigenesis in
sporadic breast cancer [45] prognosis.

2.5.2. Conventional karyotyping

Already in 1890 Hansemann [46] observed asymmetric
mitoses in tumour cells and considered the imbalance as
the cause of malignant growth. In 1956, the number of
46 human chromosomes was established [47]. The
development in 1969 of chromosome banding tech-
niques was a breakthrough as all chromosomes could be
individually recognised (= conventional karyotyping,
Fig. 1) and chromosomal rearrangements characterised.
The first of these was the Philadelphia chromosome in
chronic myeloid leukaemia [48].

2.5.3. Fluorescence in situ hybridisation (FISH)

FISH was developed in the 1980s, and rapidly became a
powerful technique [49]. A small DNA fragment of known
origin (a probe) is fluorescently labelled and hybridised to
a metaphase chromosome spread or interphase nuclei. The
probe binds to homologous sequences within the chromo-
somes, and this can be visualised by fluorescence micro-
scopy. FISH can identify whole chromosomes,
centromeres, telomeres, specific regions or genes, or
aberrations in interphase tumour nuclei (Fig. 2).

2.54. CGH
CGH [21] provides in one experiment information on
the number of copies of chromosome parts throughout

Fig. 1. Representative Q-banded karyogram of tumour cell line scc040
showing chromosomes 3, 12 and 18 with structural rearrangements,
and chromosomes 9 and X with copy number abnormality (trisomy
and monosomy, respectively).

the whole tumour genome. A considerable number of
CGH studies have been performed on many types of
solid tumours, also with clinical follow-up, enabling the
identification of genetic changes that are related to
prognosis [50,51]. The resolution of chromosome CGH
is limited to approximately 10 million base pairs (Mbp).
After washing and detection with the antibodies avidin-
fluorescein isothiocyanate (FITC) (green fluorescent)
and sheep-antidigoxigenin-tetramethyl rhodamine iso-
thiocyanate (TRITC) (red fluorescent), the green to red
fluorescence ratio along the chromosomes is measured by
digital image analysis using dedicated software (Fig. 3). A
gain or amplification in the tumour genome will be visua-
lised by an excess of the green signal (and a fluorescence
ratio > 1.0), whereas a deletion or loss in the tumour gen-
ome is seen by an excess of red signal (and a fluorescence
ratio < 1.0).

2.5.5. Array CGH

Array CGH does not require karyotyping, the resolu-
tion can be 0.5 Mbp or better and it has a higher sensi-
tivity than conventional CGH [52,53]. Rather than
using metaphase spreads, an array of very small spots of
genomic DNA (BAC clones, representing different
genes or chromosome locations) is used as the target for
hybridisation (Fig. 4). Fig. 5 shows the results of chro-
mosome and array CGH of the same chromosome
combined in one figure. Chromosome CGH detected a
low level gain of chromosome arm 20q (the non-hor-
izontal lines, arrows, indicate the mean fluorescence
ratio with 95% Confidence Limits (CL)), while array
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Diploid

Aneuploid

Fig. 2. Fluorescence in situ hybridisation (FISH) examples. Top (a), Interphase cytogenetics. Normal diploid (two spots per chromosome) and
malignant (right, several spots per chromosome, indicating its aneuploidy) urothelial cells from a urinary bladder washing hybridised with cen-
tromere probes to chromosomes 3 (red), 7 (green) and 17 (white), and a locus-specific probe for p16 at 9p21 (yellow). Bottom (b) FISH using whole
chromosome X and chromosome 3 probe on tumour cell line scc040, showing that a part of chromosome X is attached to chromosome 12, and
showing that the addition on chromosome 3 is in fact other chromosome 3 material.

CGH revealed a narrow high level amplification, 800
kbp wide [54]. Recently, an array CGH has been pre-
sented carrying 2400 FISH- and radiation hybrid map-
ped BAC-clones, covering the whole human genome
with an average spacing of 0.8—1.4 Mbp [55]. Applied to
tumour cell line scc040, chromosome CGH detected a
gain at 3qter, the Xq material on chromosome 12, and it
detected a gain of 8q, which must represent the extra
material on chromosome 18. Using the genome-wide
array, the same gains and losses were detected, but now
the breakpoint positions of unbalanced translocations
could be more accurately pinpointed at 3q24, 8q22,
1823 and Xg21.1. Combined CGH and ¢cDNA micro-
arrays detected that a set of 270 genes was statistically
attributable to gene amplification, and a high-resolution
map of 24 amplicons was provided [56]. Characterisation
of a novel amplicon at 17q21.3 implicated amplification
and overexpression of the HOXB7 gene in breast cancer
including its association with poor patient outcome.

2.5.6. Spectral karyotyping (SKY)

SKY [57] gives all chromosomes a unique fluorescent
colour by hybridising with chromosome-specific probes
each labelled with a different combination of fluoro-
chromes. SKY is therefore especially useful for the gen-
ome-wide detection of structural chromosomal changes

(contrasting CGH, which yields numerical data only).
Tumour metaphase slides are hybridised simultaneously
with 24 probes, and digital images of the metaphases are
captured with a fluorescent microscope using a special
camera, coupled with a spectral colour analysis system
that scans the spectrum from 450 to 750 nm for each
pixel in the image. With dedicated image analysis software
a final image is created showing all chromosomes with
their unique colour, allowing easy identification of struc-
tural changes. Translocations are readily visible (Fig. 6).
In contrast to analyses of structural chromosomal rear-
rangements by polymerase chain reaction (PCR) and
FISH, SKY can screen genome-wide, and does not
require prior knowledge of chromosomal breakpoints.

2.5.7. Gene expression (cDNA) arrays

The straightforward gene approaches described above
have been very successful. An integrated, genome-wide
picture of changing gene function has proved more elu-
sive. This is partly due to the limited number of genes
studied, even in detailed analyses, and interpretive
problems in assessing the level of gene activity in iso-
lated gene reports from multiple laboratories using
variable methodologies. One solution to this problem is
to increase the number of genes analysed in common
tissues. This is now possible with high-density oligo-
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Fig. 3. Schematic view of the comparative genomic hybridisation technique (CGH) (top), with an example of a hybridisation of green-labelled
neuroblastoma DNA and red-labelled normal reference DNA onto normal metaphase chromosomes (bottom). Copy number changes can be seen at
chromosomes 3q, 5p, 8, 9, 16,17q, 18q, 20q, 22p and X. FITC, fluorescein isothiocyanate. TRITC, tetramethyl rhodamine isothiocyanate.

nucleotide cDNA microarrays technology, which mea-
sures in parallel many thousands of gene-specific
mRNAs in a single tissue sample. The principle of Gene
Expression Arrays is comparable to Array CGH (apart
from using oligonucleotides). The Affymetrix GeneChip
arrays are most popular [58]. Large-scale gene expres-
sion analysis has proved to be a valid strategy for
developing gene expression profiles, or ‘signatures’,
which are useful in classifying tissues according to
pathological or prognostic subgroups. Although each
gene may be considered or evaluated in isolation, the
unique quality of these datasets resides in their ability to

define coordinate expression patterns capable of repre-
senting a large number of relevant variables, and high
degree of interaction. A sobering indication of the
downstream effects referable to a single gene may be
obtained by observing expression alterations caused by
controlled changes in the gene of interest, as was done
for ¢-myc in human cells [59]. cDNA arrays have been
used to classify pathological subgroups of leukaemias
[60] and potentially prognostic subgroups of melanomas
[61,62] by relative expression levels of a panel of genes.
Constructing and displaying models, which incorporate
dozens or hundreds of interacting quantitative vari-
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Fig. 4. Schematic view of the array CGH technique (a); example of a hybridisation of green labelled tumour DNA and red labelled normal reference
DNA onto an array of 2400 BAC clones representing the whole genome with an average spacing of 1 Mbp (b). DNA copy number information per
chromosome is presented horizontally; shown is a complete normal chromosome (Chr.) 8 with an amplification of the c-myc region (c).
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Fig. 5. Example of the higher sensitivity and resolution of array CGH over chromosome CGH: chromosome CGH detected a low level gain of a
large part of chromosome arm 20q; array CGH identified a narrow high level amplification in band 20q13.2. The line with the arrow is the green,
red/green. Fluorescence intensity ratio, the dotted arrows show the 95% confidence interval.

ables, is a new challenge for most biologists and requires
special statistical analyses to avoid incidental sig-
nificances [63]. In collaboration with Dr. G. L. Matter,
Harvard Medical School, Boston, MA, USA, we have
used the Permax test [64] using a program that is avail-
able free on-line [65]. The ¢-statistics have a tendency to
preferentially select genes with very small intragroup
variances. After determining the most significant genes
from the ¢-statistics (Permax <0.5), those genes with

absolute differences between means > 100, and ratios of
means >3 were identified. This selection process pro-
vides a conservative determination of genes whose
expression levels are changed in different conditions.
The top upregulated and downregulated r-test-ranked
genes are identified. LocusLink ID [66] gene identifiers
and synonyms can be used as search terms to retrieve
citations of selected genes from PubMed [67,68]. An
example is given in Table 1. Gene expression array
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Fig. 6. Spectral karyotyping (SKY) karyogram of tumour cell line scc040. For every pixel in the image, the spectrum from 450 to 750 nm is mea-
sured, and with this spectral information the unique colour combination of each chromosome is identified. The addition on chromosome 3 is com-
posed of chromosome 3 material, the addition on chromosome 12 comes from a part of chromosome X, and the addition on chromosome 18
consists of chromosome 8 material (the third chromosome 9 is lying in overlap with chromosome 4).

technology has been used to study neoplastic transfor-
mation in endometrial (pre)cancer [64]. Figs. 7 and 8
show the initial selection results of genes which char-
acterise carcinoma. We found that 100 genes, which are
hormonally regulated in normal tissues, are expressed in
a disordered and heterogeneous fashion in cancers, with
tumours resembling proliferative more than secretory
endometrium. Fifty genes that distinguish normal from
malignant endometrium were assigned to functional cate-
gories based on literature citations. A total of 16620 lit-
erature citations were recovered for the 50 genes, and 233
of these mention endometrium somewhere in the abstract
or title. Table 1 gives an excerpt of these 50 genes.

In breast cancer, tumours with distinct gene expres-
sion patterns were termed ‘basal type’ (ER +, Erb-B2—,
good outcome) and ‘luminal type’ (ER—, Erb-B2+,
worse outcome [69]). cDNAs have also been used to
distinguish cancers with BRCAI/BRCA2 mutations
[70,71], to determine oestrogen-receptor status [72],
lymph-node status [73,74] and prognostic subgroups in
node-negative breast cancers [75]. So cDNA-micro-
arrays can potentially be used in clinical practice.
Unfortunately, it requires fresh tissue.

3. Proteomics
3.1. Background

Less than 2% of diseases are monogenic (caused by
the mutation of a single gene), 98% of major diseases
involve multiple genes (polygenic). Revealing the disease
pathways depends heavily on human proteins (= pro-
teome) analysis. Proteomics encompasses knowledge of
the structure, function and expression of all proteins as
a function of time, age, state and external factors [76—
78]. The “Human Protein Index” was developed in the
late 1970s [79] to enumerate proteins by separation on
two-dimensional (2D) gels and define their genes from
the protein end. Today, only a small percentage of the
approximately 100 000—10 000 000 proteins have been well
described. So, the task ahead to elucidate the structure of
all these proteins, their function, post-translational modi-
fications and interactions with other proteins/protein
complexes/DNA/RNA/small molecules is enormous.
However, it should at least be possible to understand the
structure and basic function of each protein. This is not
enough to understand cell and organ function, but it
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Table 1

Example of the use of LocusLink and PerMax in the discrimination of normal and malignant endometrium by gene expressions arrays

GeneCode LocusLink ABREV Gene class/name

Normal Tumour Fold diff. Permax

Cell cycle

x3265 894 CCND2 Cyclin D2 1766 175 10.1 0.468
x4985 1875 E2F5 E2F transcription factor 5, p130-binding 33 146 4.4 0.2448
Cell-cell interaction

X723 3956 LGALSI1 Lectin, galactoside-binding, soluble, 1 (galectin 1) 8915 1537 5.8 0.2478
x6986 6387 SDF1 Stromal cell-derived factor 1 677 49 13.8 0.3417
Cytoskeleton/adhesion

x3120 1009 CDHI11 Cadherin 11 (OB-cadherin, osteoblast) 504 57 8.8 0.5
x3108 1742 DLG4 Discs, large (Drosophila) homologue 4 278 20 13.9 0.028
Extracellular matrix

x879 4811 NID Nidogen (enactin) 1204 54 22.3 0.2458
Hormone response/pathway

x671 1909 EDNRA Endothelin receptor type A 656 58 11.3 0.446
x2670 5047 PAEP(alt2) Progestagen-assoc. endometrial prot.: Alt. Splice 2 4998 32 156.2 0.2478
Metabolism, amino acid

x197 3931 LCAT Lecithin-cholesterol acyltransferase 873 20 43.7 0.035
Miscellaneous

x2797 2072 ERCC4 Excision repair cross-complementing rodent repair deficiency 20 509 25.5 0.0959
x2719 3452 IFNA21 Interferon, alpha 21 236 30 7.9 0.2108
x6197 3660 IRF2 Interferon regulatory factor 2 208 20 10.4 0.1808
Oncogene/tumour suppressor

x2035 8045 CI11ORF13 Chromosome 11 open reading frame 13 20 918 45.9 0.2727
x5442 3479 IGF1 Insulin-like growth factor 1 (somatomedin C) 1490 35 42.6 0.1618
x6701 5156 PDGFRA  Platelet-derived growth factor receptor, alpha polypeptide 1167 65 18.0 0.3077
x4880 51352 WIT-1 Wilms’ tumour-associated protein 260 20 13.0 0.038
Toxin scavenger/activator

x1629 1545 CYPIBI Cytochrome P450, subfamily I, polypeptide 1 179 20 9.0 0.2038
Vesicle/synapse associated

x4516 10991 G17 G17 transporter protein 20 781 39.1 0.3247
x4495 10578 GNLY Granulysin 3585 64 56.0 0.2218
x881 3176 HNMT Histamine N-methyltransferase 205 20 10.3 0.0599

assoc., associated; prot., protein; Alt., alternative; diff., difference. This is an excerpt from Table 2 in Ref. [64], p. 182, and serves as an illustration

only of the technique used.

would be a step forward and provide new molecular-bio-
logical insights, tumour markers and drugs.

3.2. Proteomics techniques

3.2.1. 2D-PAGE

2D poly-acrylamide gel electrophoresis (2D-
PAGE=2DE) [16] is a powerful technique for protein
separation, first according to pH (isoelectric point) and
then according to size (molecular weight). Electrophor-
esis gels are stained with colloidal Coomassie Brilliant
Blue G, silver stain or a fluorescent stain. Commonly
between 500 and 2000 spots can be detected on large
gels. The digestion of spots, obtained by gel excision,
directly in the gel makes it possible to further analyse
proteins with Mass Spectrometry (MS). Peptide spectra
obtained in this way can be used to search protein
sequence databases (for example, NCBI, SWISSPROT,
HGMP, Biobase/Celis database, OWL and others, see

end of Reference list for Internet addresses) for identifi-
cation. Since the technique has been used for over 20
years, there is potentially a vast amount of information
on proteins in different databases, but exploitation is
hampered by difficulties with large-scale data analysis
(Fig. 9). Comparison of the results of only two experi-
ments for a differential expression profile can be difficult
and not all membrane and other hydrophobic proteins
enter 2D-gels effectively. In addition, the sensitivity is
never below the micromolar (107°) range, unless more
material is applied (which can be clinically impossible),
or enriched by Laser Capture Microdissection (which
requires minimally 50000 cells [80]). Yet, 2D gel elec-
trophoresis is still the best option for large-scale protein
separation. Gels with normal and malignant breast
samples expressed growth factor protein receptors only
in malignant samples, whereas Maspin expression was
more intense in benign breast samples [81]. Nipple
aspiration fluid from both breasts of patients with uni-
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Fig. 7. Permax selected genes which discriminate normal from malig-
nant endometrium. Scatter plot of 753 expressed genes (crosses) in
normal (x axis, mean of four samples) and malignant (y axis, mean of
10 samples) endometrial tissues in which the means of normal and
tumour tissues are separated by a minimum of 100 expression units
and have a ratio difference=3. ¢-Statistics calculated from the non-
permuted dataset were compared with the cumulative frequency dis-
tribution of the permuted z-statistics to assign a probability of error
(Permax). Solid circles indicate 50 selected genes with Permax values
less than 0.50. From Ref. [64], p. 181. Diff, difference.

lateral breast cancer showed substantial qualitative
differences in the protein expression pattern [82].

3.2.2. Other methods

For protein identification/characterisation, there is a
wide scope of techniques such as MS, High Perfor-
mance Liquid Chromatography (HPLC), Capillary
Array (CA), Matrix Associated Laser Desorption/Ioni-
sation (MALDI) and a growing range of modifications
of these techniques (MALDI-Time Of Flight (TOF)-
MS, MALDI-ion trap-TOF-MS, ESI (electro-spray
ionisation) tandem MS, Quadrupole). These allow the
mass fingerprinting to be immediately followed by tan-
dem MS of peptide ions. High sensitivity (into the
femtomolar = 10~!3 range) and specificity are combined
by a high flow throughput. Internal labelled markers
make it possible to give semi-quantitative results, but
accurate quantitation remains a problem. In addition,
sample preparation is extensive and background signals
from organic and inorganic compounds can be a problem.

3.2.3. Functional proteomics techniques

For functional proteomics other techniques exist. The
most important are the yeast two-hybrid system, protein
microarrays, Fluorescence Resonance Energy Transfer
(FRET), Surface-Enhanced Laser Desorption/Ionisa-
tion and tissue microarray.

3.2.4. Yeast two-hybrid system

Since the development of the yeast two-hybrid system
(Y2HS) [83], it has become one of the most popular
tools in biology [84]. As its name implies, yeast cells are
used as biochemical reaction ‘vessels’ involving two
hybrid fusion proteins. Attaching the target protein to
the DNA-binding domain of a yeast transcription factor
(usually Gal4) creates a so-called ‘bait protein’. This
protein is then expressed in appropriate reporter yeast
cells (lacking functional Gal4 but containing Gal4-
dependent growth selection genes) together with a
library of genes or gene fragments fused to the activa-
tion domain of Gal4. Interaction between the bait pro-
tein and a corresponding library protein reconstitutes a
functional Gal4 transcription factor and leads to growth
of this yeast cell on the selection plate. With this
method, 1440 distinct proteins could be identified within
232 large multiprotein complexes, of which 231 were
previously uncharacterised proteins [85]. The two-
hybrid system can generate vast amounts of new data,
but each and every complex has to be tested and con-
firmed separately afterwards. A recent Y2HS study of
specific protein interaction data (Ran and cyclin-B)
suggested that pKI-67 is a participant and regulator
within the cell cycle, influencing reformation of the
nucleolus after mitosis and anchoring of chromosomes
to the inner side of the nuclear lamina [86].

3.2.5. Protein microarrays

Most protein microarrays are affinity-based. In a
sandwich immunoassay [87], capture antibodies are
immobilised on the solid support, and bound proteins
are detected using a second, labelled detection antibody.
In an antigen capture assay [88], immobilised antibodies
similarly capture proteins, but the captured proteins are
usually detected directly by chemically labelling the
complex protein mixture before applying them to the
array. In the two-colour version, two samples are label-
led independently with distinguishable fluorophores and
mixed before applying them to the array. In a direct
assay [89], the complex mixture of proteins is itself
immobilised on the solid support, and specific proteins
in that mixture are visualised using labelled detection
antibodies. Although powerful, these techniques have
several drawbacks: lack of available antibodies, lack of
purified recombinant proteins and cross reactivity with
affinity agents.

3.2.6. Fluorescence resonance energy transfer (FRET)
FRET is a powerful method to monitor macro-
molecular interactions and to resolve the spatial and
temporal dynamics of protein—protein interactions in
the living cell. The basis of the method is a phenomenon
that occurs between two fluorophores in close proximity
(usually <10 A, Fig. 10), if the emission curve of one of
them (the energy donor) overlaps with the excitation
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(bottom). From Ref. [64].

spectrum of the other one (the acceptor). Illumination
at the excitation wavelength of the donor results in the
transfer of energy to the acceptor in a non-radiation
manner. This energy transfer leads to a decrease in
emission from the donor and an increase in fluorescence
at the emission wavelength of the acceptor (called sen-
sitised emission). The altered ratio of donor:acceptor
fluorescence at the excitation wavelength of the donor
can be measured with digital imaging and the signal
crosstalk from non-FRET fluorescence can be elimi-
nated by control samples containing just one fluoro-
phore and calculation of correction factors (3-filter
method of FRET microscopy; for review see Ref. [90]).
As FRET is a non-destructive spectroscopic method, it

can be performed in living cells (Fig. 11), but, in princi-
ple, it can also be applied to tissue sections of fixed
material and the state and interactions of many different
molecules can be analysed.

3.2.7. Surface-enhanced laser desorption/ionisation
(SELDI)

SELDI is an affinity based mass spectometry method
in which proteins (<20 kD) are selectively absorbed to
a chemically modified surface, and impurities are
removed by washing with buffer. The use of several
chromatographic arrays and wash conditions enables
high-speed, high-resolution chromatographic separa-
tions [91]. The technique has been successfully used to
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Sample Source
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Experimental
protocol,
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Spot location, Mr, pl, expression
level, post-translational modifications,
specific labeling.

Differential expression across multiple gels.

Protein Characterization and Function

Protein Identification
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sequence, annotations,
citations.

Mass Spectrometry
Machine running conditions,
spectra, spectra selection,
peak list generation.
MALDI peptide fingerprinting,
database search.
MSI/MS, spectra selection.
Sequence generation and
database search.

Sample Selection, Preparation
Protein spot selection, excision,
Enzymatic digestion, solid phase
extraction.

Material, progress tracking.

Fig. 9. Summary of variables important for input into different databases, bioinformatics will become even more important for result comparison.
MS, mass spectrometry; Mr, molecular weight; P, isoelectric point; lab, laboratory; MALDI, Matrix Associated Laser Desorption lonisation.
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Fig. 10. Schematic illustration of fluorescence resonance energy
transfer (FRET): excitation of a donor fluorophore results in energy
transfer to an acceptor leading to a decrease in donor emission and an
increase in acceptor fluorescence (at the donor excitation wavelength).

detect several disease-associated proteins in complex
biological specimens such as cell lysates and serum [92—
95].

3.2.8. Tissue microarrays (TMA)

TMAs consist of hundreds of small core (0.6-2.0 mm)
tissue sections arrayed on a glass slide. The arrays can
be used for Immunohistochemistry (IHC), In Situ
Hybridisation ((ISH) DNA, RNA) and are useful for
the evaluation of new antibodies and large-scale out-

come studies. The disadvantage is that evaluation and
scoring of all tissue-spots is rather time-consuming,
but theoretically this can be automated. It has been
argued that the results may not always be very
reproducible, but TMAs gave a reliable impression of
the whole tumour [96,97]. Staining results can be
correlated with e.g. clinical outcome. By combining
THC and ISH in TMASs of 611 breast cancers, increased
expression levels of the telomerase core components,
hTERT and hTR appeared to be associated with a
lower overall survival [98]. Recently, automated analy-
sis of TMAs could discern subtle staining differences
better and 30-50 times faster than pathologists [99].

4. Clinical genomic and proteomic applications

Cancer cytogenetics is largely restricted to haemato-
logical malignancies and soft-tissue tumours; many can
be classified by typifying translocations (Table 2). The
discovery of t(9;22) translocation in chronic myelogen-
ous leukaemia (CML), their cell biological function and
the characteristics of the BCR-ABL fusion protein,
made it possible to develop a very specific inhibitor
(STI-571), which has transformed CML therapy [100].
The number of solid tumour types that can be classified
by chromosomal aberrations is limited (see Table 3,
after Ref. [101]), partly because they have been much
less studied. However, two examples are that HER2/neu
amplification occurs in 15-30% of breast carcinomas
and is associated with a poor prognosis, and FISH-
screening could be used to select patients with an
improved response to trastuzumab (Herceptin) [102].
Combined centromere probes for chromosomes 3, 7 and
17, and a locus-specific probe for pi6 at 9p21, detect



J.P.A. Baak et al. | European Journal of Cancer 39 (2003) 1199-1215 1211

Fig. 11. Example of FRET microscopy using the three-filter method: a corrected FRET image is shown for a negative (left) and a positive (right)
control sample. These corrected images were obtained after subtraction of non-FRET fluorescence from the FRET-filter channel (as reviewed in

Ref. [90]).

Table 2
Characterising cytogenetic features in haematological tumours

Chromosome change

Non-Hodgkin’s lymphoma
Lymphoplasmacytoid lymphoma
Follicular lymphoma
Mucosa-associated lymphoid tissue lymphoma

Mantle cell lymphoma

Burkitt’s lymphoma
T-cell anaplastic large cell lymphoma

Leukaemia
Acute myeloid leukaemia (AML)

Acute lymphoblastic leukaemia (ALL)

Acute promyelocytic leukaemia (APL)
T-cell prolymphocytic leukaemia (T-PLL)
Chronic myeloid leukaemia (CML)

Atypical chronic myeloid leukaemia
Myelodysplastic syndrome (MDS)

1(9;14)(p13;932)

(9;14)(p13;q32)

t(11;18)(q21;q21)

t(1:14)(p22;q32)

t(11:14)(q13;q32)

(8;14)(q24:932), t(2:8)(p12;q24), 1(8:22)(q24;q11)
(2;5)(p23;935)

MLL gene on 11q23 with different partners:
4q21, 19p13.3, 9p22, 22q13, 1q21,

TEL gene on 12p13 with different partners:

5q33, 9934, 22q11

C-MYC on 8q34 with different partners:

14qq32, 2pl2, 22ql1

TCR-alpha/delta on 14q11 with different partners:
8q24, 11pl5, 11p13

TCR-beta on 7q34 with different partners:

1p32, 9934, 19p13

RAR-alpha on 17q21 with different partners:
15921, 11923

TCR-alpha/delta on 14q11 with different partners:
14q32.1, Xq28

1(9:22)(q34;q11)

(9;12)(q34:p13)

(3;21)(q26;q22), t(12;22)(p13;q11), t(7;11)(p15;p15)

urothelial carcinomas with a higher sensitivity than with
cytology, with comparable specificities [103]. These
examples illustrate that a better understanding of chro-
mosomal abnormalities in solid tumours can result in
improved classification and targeted therapies. In breast
cancers, a gene-expression profile array of 70 genes pre-
dicted prognosis better than grade, stage, and nodal
status [75]. Recently, chromosome 3q gain by CGH
predicted disease-specific survival much more accurately
than classical and proliferation features [51].

What can we expect from proteomics in the near
future? For detection, diagnosing and monitoring can-
cer, a combination of markers will be necessary. Such
fingerprints will require high throughput and proteomic
profiling, and sophisticated bio-informatics tools for
complex data analysis and pattern recognition. Cluster
analysis-identified patterns of protein expression in
2-DE maps, enabled grouping of breast cancer cell lines
according to in vitro morphology [104]. Li and collea-
gues [105] used a proteomic and bioinformatic approach
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Table 3
Characterising cytogenetic features in a number of solid tumours

Chromosome change

Bone and soft-tissue tumours
Liposarcoma, myxoid and round cell
Liposarcoma, well differentiated
Synovial sarcoma
Rhabdomyosarcoma

Extraskeletal myxoid chondrosarcoma
Clear cell sarcoma
Ewing’s sarcoma/Askin’s tumour/peripheral neuroepithelioma

Desmoplastic small round cell tumour

Epithelial tumours

Renal cell adenoma

Renal cell carcinoma

Bladder carcinoma

Thyroid adenoma

Thyroid papillary carcinoma

Salivary gland:
Pleomorphic adenoma
Adenocarcinoma
Adenoid cystic carcinoma
Mucoepidermoid carcinoma

t(12;16)(q13;pl1)
r(12)
t(X;18)(pll;qll)
t(2;13)(q35;q14)
t(1;13)(p36;q14)
1(9;22)(q22;q12)
t(12;22)(q13;q14)
t(11;22)(q24;q12)
t(21;22)(q22;q12)
t(7;22)(p22;q12)
t(11;22)(p13;q12)

+7, +17, =Y
del(3p), der(3p), t(X;)(pl1;q21)
-9

+5, +7, +12

inv(10)(q11q21)

Rearrangements of 3p21, 8q12 and 12ql5
del(6q)

1(6;9)(q21-23;p13-22)

del(6q), t(11;19)(q14-21;p12-13)

to identify serum biomarkers to detect breast cancer
with SELDI-TOF-MS. This led to three discriminatory
biomarkers with high sensitivity (93%) and specificity
(91%). Another proteoma study detected ovarian cancer
[106] very accurately. Application to archival cytology
material tried to identify fingerprints for diagnostic pur-
poses [107]. Specific protein patterns could be obtained
for melanoma, clear cell sarcoma, renal carcinoma and
reactive effusions. Automated TMA [108] could be the
ideal method for this. In breast cells with ErbB-2 over-
expression, two protein samples with a differentially
labelled lysine residue (Cy3 and Cy5) were mixed and
analysed on one gel, thereby facilitating the detection
and quantitation of differences [109].

Genomic and proteomic data may complement one
another, as the following very elegant study shows [110].
Analysing several purified cell membrane preparations
from breast cancer cell lines (oestrogen-positive and
Epidermal Growth Factor-Receptor positive) with
MALDI-TOF and tandem mass spectrometry, 501 dis-
tinct proteins could be identified. Of these, 27% were
either hypothetical (proteins predicted from the tran-
scriptome) or of unknown function and cell localisation.
Three of these unknown/hypothetical ‘breast cancer
membrane proteins’ (BCMP) were analysed further using
bioinformatics to obtain the full open reading frame. After
cloning and C-terminal tagging with green SuperGlo™
autofluorescent protein (AFP) and immunocytochemistry,
the cellular localisation was determined. A Y2HS revealed
the different interacting proteins. Antibodies were then

raised and used in an immunohistochemical analysis to
determine the expression of the different BCMPs in nor-
mal and breast cancer tissues. Real-time quantitative
reverse transcriptase (RT)-PCR was used to compare
expression levels of mRNA and immunohistochemical
staining. The end result of this study was a complete
description, characterisation, function and localisation of
three new BCMPs. The potential of such a large-scale
multidimensional approach is enormous and shows that
with the expansion of proteomic research, genomic
research remains essential, not only for diagnostic, but
also potentially for therapeutic targets. However, ade-
quate multicentre reproducibility and validation studies
are required before genomics and proteomics tests can
be adopted into clinical routine [111].

Will genomics and proteomics replace classical diag-
nostic or prognostic procedures? The abovementioned
gene expression array results in breast cancer suggest this
[75]. The same holds for the prognostic chromosome 3q
gains [51]. In endometrial hyperplasia, comparison of the
diagnoses of four expert gynaeco-pathologists and
molecular genetic clonality showed a poor correlation.
However, a multivariate function called D-Score with
strong prognostic value as to cancer progression was
not only more reproducible than the pathologists’ clas-
sification, but also correlated much more strongly with
clonality. Nearly all cases with DS>1 are polyclonal,
whereas many (but not all) cases with DS<1 are
monoclonal. Some of the apparent ‘polyclonal’ cases
with DS <1 can be attributed to technical error in clon-
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ality assessment, where contaminating polyclonal nor-
mal tissues obscured the monoclonal nature of the tes-
ted samples. As the measurements required for the D-
Score can be done on standard tissue sections, take only
20-25 min per case and are highly cost-effective, it is
currently much easier to use the quantitative image
analysis prognostic criteria than genetic testing for can-
cer progression prediction [112].

Thus, it is simply too early to make decisive state-
ments about the future relative clinical significance of
classical pathology, quantitative molecular pathology,
genomics and proteomics, as validation and reproduci-
bility tests have yet to be carried out. Certainly, genomic
and proteomics research will expand rapidly. It seems
probable that they will get a central place in the
research, understanding, diagnosis, monitoring and
treatment of (pre)cancers of many different sites.
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