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Abstract. The availability of reference genomes for, amongst
others, man and mouse, coupled with the ability to manipulate
the expression of single genes/proteins in model organisms, has
fuelled a revolution in biomedical research. Non-invasive
diagnosis and treatment, disease prediction and personalised
medicine are all expected developments to result from the
genomics revolution. Building on this resource, we are now
able to employ high-throughput techniques for profiling the
expression of thousands of genes/proteins in tissues, body fluids
and even individual cells and have evolved a whole new
science-systems biology that seeks to reveal the biological
information in such data-rich studies. Given that proteins are
the ultimate biological effectors within the cell and, due to
various post-translational regulatory steps, are more varied and
numerous than the protein-encoding genes, researchers are
increasingly progressing from genome and gene transcript
analyses to powerful proteomics techniques that offer a more
complete picture of cell behaviour. Cancer research and
clinical oncology, in particular, have been at the forefront in
adapting and exploiting the new biology. The road map to
cancer is being described for many individual cancers, tumours
are profiled for prognostic and therapeutic purposes and
biomarkers are sought to help with early diagnosis and disease
monitoring. This review will focus on proteomics and its
application to cancer research and diagnosis.

Information flow in cell biology has long been appreciated,
though with the recent identification of small regulatory
RNAs, we may have to adjust our position somewhat.
Broadly, the genome is transcribed into mRNA and the
mRNA is subsequently translated into proteins. The human
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genome codes for only around 30,000 genes (less than twice
the number in nematode worms), but, due to alternative
splicing and other intermediate steps, these are transcribed
into at least twice that number of mRNAs, which in turn,
following translation and then post-translational
modifications (PTMs), direct the formation of an estimated
>100,000 proteins; at each level, many variations occur
making the system very complex.

The term "proteome" was first coined by Mark Wilkins
and colleagues (1, 2) and subsequently proteomics was
introduced as " the study of all the protein forms expressed
within an organism, as a function of time, age, state,
external factors, etc." (3). Given, that the cellular phenotype
is dictated by proteins, biologists across the disciplines have
long awaited techniques to allow the detailed description of
changes in cellular behaviour at the level of protein
expression. In particular, cancer researchers, already at the
forefront in applying post-genome era high-throughput
techniques such as gene arrays, have been quick to see the
potential of proteomics for providing a more complete
understanding of cellular behaviour (4). The Human
Genome Project has created great opportunities, but even
in genetic diseases such as cancer, it was clear that even a
complete description of a given cancer cell genome would
not allow a complete understanding of the disease. At a
simple level, not all genes are expressed in all cells and,
particularly when even in clonal diseases such as cancer,
aberrant patterns of gene expression may be inherited by
subsequent generations of cancer cells by epigenetic factors,
such as loss of imprinting and promoter methylation, which
are not detectable by genome sequencing. Moreover, even
when we directly profile gene expression, by measuring all
the mRNAs, in a cell (or more usually a group of cells or
tissue) this does not always accurately correlate with the
protein expression, because numerous factors operate after
preparation of the mRNA transcripts which all influence the
levels and even the final make-up of the proteins that are
produced. This is very relevant as proteins are the ultimate

253



CANCER GENOMICS & PROTEOMICS 3: 253-264 (2006)

arbiters of biological function. It must always be borne in
mind that regulation of key cellular behaviours including
growth, survival, replication and motility, by various
intracellular signalling pathways is mediated by the addition
or removal of phosphate groups from the tyrosine or
serine/threonine residues of various proteins — self-evidently
these can not be directly determined by looking at gene
expression (though indirectly the activation of such a
signalling pathway may be inferred by changes in gene
expression known to be regulated in this way). In fact, other
than phosphorylation, proteins can be present in many
modified forms, including ubiquitination, sumoylation,
prenylation, glycation and so on, all of which have major
effects on stability and level, activity and location. Each
post-translationally-modified protein is a different protein
because it has a different function/location. Hence, the
roughly 30,000 genes probably encode for over a million
functionally-different proteins. Therefore, to a large extent,
the tissue complexity within a given system and its responses
to changes can ultimately only be fully represented by
studying the proteins themselves. It is worth repeating again
that genetic mutations, giving rise to initiation and clonal
evolution of cancer, are actioned at the protein level,
involving aberrant protein expression, function and
information flow within the cancer cell and the tumour
microenvironment.

Therefore, proteomics can be considered as the missing
link between gene expression and diseases (5). In relation
to cancer, proteomics encompasses the identification and
quantification of proteins and the effect of their
modifications, movements, interactions, activities and
function, during the initiation and progression of cancer and
during treatment. Hopefully, in the future, proteomics may
be employed for screening (biomarkers) and disease
monitoring.

In this review, the current tools and techniques used in
proteomics are briefly outlined and some examples of their
application to cancer research are discussed.

Proteomic Tools and Techniques

Traditionally, proteomics has been divided into three
separate areas, namely expression proteomics, functional
proteomics and structural proteomics (Figure 1). Expression
proteomics focuses on the identification of total and
differentially-expressed proteins and aims to quantitatively
study protein expression and, ultimately, identify novel
proteins. Functional proteomics is mainly aimed at protein
interactions, by direct analysis of protein complexes, leading
to an understanding of the functional organizational levels
within a cell (6). Finally, structural proteomics focuses on
mapping out structural protein complexes in relation to
their localization within the cell (5§). Cancer proteomics
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mainly utilize expression and functional proteomics; for
example, using expression proteomics to study the
differential expression of various proteins in tissues or
serum may lead to the identification of disease markers and,
therefore, be important in early detection and diagnosis.
Functional proteomics, on the other hand, can provide
important information regarding protein networks and
complexes in relation to internal and external signals, thus
increasing our understanding of the biological processes
involved leading to cancer (7).

Several powerful analytical tools for proteomics have
been developed and optimised, offering an unprecedented
capability to analyse the expression of hundreds of proteins
in a single experiment. Moreover, as many of these are high-
throughput and readily automated, they offer unique
opportunities in the area of cancer screening and disease
monitoring. First, developments in the ionisation of larger
biomolecules have made possible the characterisation of
biomolecules including peptides and proteins (5) and,
second, the field of bioinformatics has provided proteomics
with invaluable tools. These include the analysis of protein
expression changes, processing of mass spectrometry (MS)
data and the creation of protein databases and programmes
that allow a variety of MS-generated datasets to be used in
the interrogation of the databases to identify the proteins
under investigation.

Two-dimensional gel electrophoresis (2DGE). It has been 30
years since O’Farrell (8) first described 2DGE.
Subsequently, this powerful technique for separating
individual proteins in two dimensions has evolved and is
proving invaluable across a wide range of research areas. In
2DGE, the first dimension consists of protein separation
according to the isoelectric point (pI) of each protein, using
isoelectric focusing (IEF) and usually performed on
immobilised pH gradient gel strips (9); whilst in the second
dimension, proteins are separated according to their size by
means of sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). One of the most important
factors for successful protein separation in 2DGE is the
sample preparation. When dealing with such a
heterogeneous solution, which includes proteins of widely
differing hydrophobicities and aggregates which result from
cell lysis, it is imperative to choose an appropriate
combination of buffers, which should include protease
inhibitors, detergents, reductants and denaturing agents
(10). Various factors such as pl, protein solubility and size
should also be considered in the selection of a suitable
sample bufffer. Good sample preparation is imperative to
ensure maximum protein solubility and homogeneity of the
starting material, resulting in significantly improved gel-to-
gel reproducibility. It may be necessary to reduce the
sample complexity through a combination of pre-
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Figure 1. Various areas of proteomics.

fractionation techniques in order to resolve single proteins.
2DGE has been successfully used in a significant number of
studies and, though the resolution and reproducibility
continue to improve with the introduction of a wider range
of immobilised pH gradients, wider applicabilities of
solubilising buffers and automated gel analysis software,
2DGE is still a laborious and time-consuming process,
which may prove to be an obstacle for its routine usage in
clinical research. Other factors which limit the applicability
of 2DGE for such studies include the limited availability of
clinical samples; sample to sample variability between
patients that may not be linked to the medical condition
under investigation; the fact that many sample sources may
not be amenable to 2DGE through their lack of solubility;
that a significant number of proteins have a pl that lies
outside the current range of commercial IEF strips; that
additional gels (and sample) are required to analyse
proteins of high or low molecular weight and the recurring
difficulty of identifying proteins present in very low
abundance. Nevertheless, for general research purposes it
remains an invaluable tool.

Protein detection and quantification following 2DGE is
a very important step in proteomic analysis. Protein
visualisation is usually achieved with the use of various dyes
such as Coomassie™ (ICI Ltd.) blue, silver and fluorescent
stains. The latter have proven to be most important in

protein quantification, because they are both sensitive and
provide a greater linear dynamic range (limit of detection
for SYPRO™ (Molecular Probes, Inc.) Ruby is 1 ng/band of
bovine serum albumin with a dynamic range of 10°)
compared to Coomassie™ blue or silver. This has been
particularly useful in differential gel electrophoresis (DiGE)
(11). Briefly, the protein samples to be compared are
covalently-labelled with various fluorescent dyes. There are
two approaches to DiGE, namely the ‘minimal’ and
‘saturation’ labelling approaches (12). The most commonly
used is the minimal approach, in which the ratio of protein
to dye is kept at high levels so that the proteins that are
visualised on the gel contain one single molecule of the dye
(13). Hence, there is a linear relationship between the
fluorescent dye and protein concentration, making
comparative quantification relatively accurate. The
advantage of this technique is reduced ambiguity with
regards to spot matching, since the samples for comparison
are present in the same gel. Nevertheless, gel-to-gel
variation can still be problematic with this approach, as
replicates of samples need to be performed. DiGE has been
successfully employed in a variety of cancer studies
including breast (14), colon (15) and lung cancer (16), to
profile protein expression.

In general, the number of proteins that can be resolved
using 2DGE is between 1000-3000 spots, depending on
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factors such as the sample preparation, strip length and pH
gradient used for the first dimension and the acrylamide/
crosslinker concentrations for the second dimension.

Following protein visualisation and sample comparison,
spots of interest are excised from the gels and subjected to
proteolytic digestion for identification by means of mass
spectrometry (Figure 2).

Biological mass spectrometry (MS). The mass spectrometer is
comprised of: a sample inlet; a source region which produces
ions from the sample; at least one mass analyser to separate
the various ions based on their mass-to-charge (m/z) ratio
and a detector for the ions emerging from the analyser (17).
Briefly, the protein and peptide molecules can be singly or
multiply protonated and the positively-charged ions are
extracted into the instrument prior to mass selection in the
analyser and ultimate detection. Although there are a variety
of ionisation techniques suitable for MS, the two most widely
used techniques for biological samples are electrospray
ionisation (ESI), where the sample is introduced as ionised
droplets into the mass spectrometer (18) and matrix-assisted
laser desorption ionisation (MALDI), where the analyte is
present in an involatile solid deposit and is prepared by the
co-crystallisation of the sample with a UV-absorbing
chemical matrix (19). The deposit is irradiated and both
sample and matrix ions are desorbed near the surface of the
deposit, forming a gaseous plume. The ions are then pulse-
extracted and focused through the instrument and into the
analyser. Once the ions have been produced, they are
separated according to their m/z ratio, detected and acquired
by the software. There are various types of mass analysers,
but some are not suitable for biological applications. The
following discussion is restricted to those most widely used
in proteomics applications.

Quadrupole mass analysers (20) consist of four parallel
rods. One set of opposite rods is at a positive electrical
potential and acts as a high mass filter, whilst the other set
is at a negative potential and acts as a low mass filter. When
a radio frequency (RF) and direct current (DC) is applied
to the pairs of rods, ions undergo an oscillating movement
as they traverse the quadrupole. Only ions of a certain m/z
will have a stable trajectory and will emerge from the mass
analyser. The remaining ions are destabilised and lost
through collisions with the quadrupole and the walls of the
chamber. A mass spectrum is collected by scanning the RF
using a fixed DC, thus enabling ions of a wide m/z range to
be detected.

A quadrupole ion trap (20) consists of hyperbolic
electrodes to which various potentials are applied, trapping
the pulsed incoming ions in a stable oscillating trajectory in
the centre. Gradual variation in the electrode potentials
allows ions of increasing m/z to be sequentially ejected from
the trap through to the detector.
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Figure 2. Schematic representation of a typical 2DGE experiment.

TOF analysers (21) can be integrated with both MALDI
and ESI ion sources. An acceleration pulse is applied to the
ions resulting in them having similar initial kinetic energies,
but differing m/z, as they enter a field free drift region. The
ions traverse a given distance with the lower m/z ions arriving
first at the detector. Peak broadening can occur due to
variations in the kinetic energy of ions of a discrete m/z,
resulting in their arrival at the detector in a distribution
rather than a narrow packet of ions. Incorporation of a post-
flight tube reflectron, consisting of a series of ring electrodes
which form a decelerating field for the ions, allows refocusing
of the ions. Those exhibiting higher kinetic energies penetrate
deeper into the reflectron before being turned around and
accelerated towards a slightly off-axis detector, resulting in a
narrower distribution of discrete m/z ions.

Fourier transform ion cyclotron
spectrometers, despite having excellent mass resolution and
sensitivity, require extensive infrastructure and expertise
and, as a result, are in use in only a small number of MS
facilities worldwide (22).

Some instruments combine several mass analysers in
sequence allowing tandem mass spectrometry (MS/MS)
experiments to be undertaken. In collisionally-induced
decomposition experiments (CID), a precursor ion is

resonance mass
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selected by one mass analyser and allowed into a collision
cell containing an inert gas (23). The resulting fragment
(product) ions formed from the collisions are then analysed
by another mass analyser and detected. Mass spectrometers
capable of trapping ions can perform these experiments by
ejecting every ion except the precursor, subsequent
fragmentation being achieved by a number of ion excitation
methods including CID with the product ions being ejected
and detected. Sequential fragmentation and ejection cycles
can be performed on a single component resulting in
comprehensive structural characterisation termed MS".

Protein identification by means of mass spectrometry. The
commercial development of MALDI and ESI, combined with
substantial improvements in the detection limits of modern
MS instrumentation (typically femto to attmole levels), has
revolutionised proteomics experiments. The ability to
accurately measure the molecular weight of proteins and
peptides (often within an error tolerances of tens of parts per
million) has facilitated the identification of millions of
proteins. Improvements in automation have increased the
throughput of proteomics experiments, meaning that the MS
analysis is often not the rate-limiting step.

While MS can analyse intact proteins and peptides, the
mass of intact proteins is of restricted use in protein
identification. Frequently, there are conflicts of amino acid
sequence in the protein databases resulting in a variety of
molecular weights. PTMs result in proteins with different
molecular weights to those predicted from the sequence.
Therefore, intact proteins are digested using proteolytic
enzymes and the identification is achieved on the analysis
of the resultant peptides.

Protein identification can be achieved by means of
peptide mass fingerprinting (PMF) and/or tandem mass
spectrometry. In PMF the mass spectrometer (usually
MALDI-MS) is used to measure the m/z ratios of the
generated peptides following proteolytic digestion of the
sample, usually with trypsin. The protein is subsequently
identified by matching the experimental peptide masses with
the theoretical peptide digests of established databases,
reviewed in (24). Although rapid and sensitive, PMF has a
number of limitations including: the requirement for the
sequence to be present in the database (or a close
homologue); the ambiguities of identifying a mixture of
proteins in one sample; proteins of low molecular mass
typically yielding few tryptic peptides; PTMs reducing the
number of identified peptides as the theoretical peptide
masses are generated solely from the amino acid sequence;
the fact that as protein databases increase in size, especially
those containing sequences from proteins of very high
molecular weight, the number of false-positives increases.

Tandem MS is utilised when PMF has failed to
unambiguously identify the protein under investigation. In

order to substantially increase the sensitivity of the analysis,
tandem MS experiments are usually performed using an in-
line capillary liquid chromatography (LC) separation step
prior to ESI-MS/MS. The tryptic peptides are partially or
fully resolved using a narrow bore (75 wm) C18 reverse
phase column with an increasing organic solvent gradient
prior to infusion into the instrument. The eluting peptides
are detected by the software and suitable precursor ions are
selected for CID experiments, in real time. Typically tens of
peptides will undergo CID during the course of one
chromatographic separation. The result of these
experiments is a list of precursor and product ion masses
from each peptide selected during the experiment.

Protein identification from tandem MS experiments can
be achieved by either interrogating a database with the
precursor-product ion list (an uninterpreted search) (25) or
interpreting the MS/MS spectrum and inferring an amino
acid sequence from it. The sequences can then be used in
homology searches using BLAST (26), if required to identify
homologous proteins, or the information can be used to
design primers for gene sequencing.

One of the most recent advances in MS, that has been
commercially developed and is rapidly gaining ground in
proteomics, is surface enhanced laser desorption ionisation
(SELDI) MS. This technique can utilise a variety of
chemical and biochemical surfaces or chips with MALDI-
TOF MS analysis. These surfaces have been engineered in
such as way that they allow the differential capture of
proteins from a mixture, based on the properties of the
proteins (27). There are surfaces that bind proteins
according to their chemical properties, such as
hydrophobicity, and metal affinity, or biological properties,
such as antibody affinity, antigen binding fragments efc.
(28). Solubilised cells/tissue or body fluids are directly
applied to the surface and, following several washes, the
remaining proteins that are bound are subsequently laser
desorped and ionised for MS analysis. The use of SELDI-
TOF MS is rapidly increasing because this technique is very
well suited for the detection of small molecules; it is
indicative that a simple search on Medline has produced
over 100 reports where SELDI-TOF MS has been utilized
in cancer research and, in particular, in biomarker discovery
in various types of cancer, including lung (29), ovarian (30),
prostate (31), gastric (32), breast (33), melanoma (34) and
lymphoma (35), to name but a few.

Liquid chromatography. A limitation of traditional 2DGE is
that there is poor representation of basic and hydrophobic
proteins and many proteins may precipitate at their pl.
Additionally, low abundance proteins are not very well
represented on 2D gels. While membrane proteins are of
immense interest in cancer research due to changes
observed on the cell surface proteins and receptors, low
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abundance proteins are also very important especially with
regard to searching for cancer biomarkers. Recent
developments in LC coupled with MS analysis have been
very promising.

An alternative to gel-based approaches is the use of in-
solution protein separation methods. These may include
initial chromatofocusing steps, followed by secondary
separations using reverse phase chromatography (36).
Commercial automated 2D-LC systems are available with
higher protein loading capacities than immobilised IEF
gradients, which should increase the protein available for MS-
based identification after chromatographic resolution. This
approach shows promise for the study of low abundance
proteins in complex systems and, in addition, proteins at the
extremes of pl can be collected for further analysis. Post-
separation the proteins are available for MS-based
characterisation by intact molecular mass analysis and tryptic
digestion with protein identification. Preliminary indications
are that the methodology may have an application in the
analysis of membrane-associated proteomes.

Multidimensional protein identification technology
(MudPIT) was first introduced in 1999 (37) and, since then,
it has proved to be most effective in investigating global
protein changes. MudPIT is used for the separation of
complex protein and peptide mixtures, and incorporates
high-pressure liquid chromatography (HPLC, LC/LC),
MS/MS and database searching. Briefly, MudPIT uses a
column that contains strong cation exchange (SCX)
gradients coupled to a column with reverse phase (RP)
chromatography, resulting in peptides being sequentially
eluted from the RP and then being analysed using MS/MS
(38). Usually the sample to be analysed is prepared in a
similar way as for 2DGE, i.e., tissue/cells are lysed but then
the resulting cell lysate is digested to obtain peptides, which
are then applied to the columns for concurrent separation
and analysis by MS/MS.

Recently, MudPIT has been successfully used to identify
proteins released from pancreatic cancer cells (39); this
study found that several proteoglycans, including versican
and syndecan 1 and 4, are released from the pancreatic
cancer cells — proteins that have never before been
associated with this type of cancer. These findings enforce
the view that one of the major advantages of using MudPIT
is that it combines high resolution techniques with a
decrease in sampling losses, while covering a wider range of
proteins that are ‘missed’ by 2DGE.

Isotope-coded affinity tags (ICAT™, Applied Biosystems)
technology is another technique that combines
chromatography with MS. ICAT™ is a protein profiling
technology that allows the identification and quantification
of proteins (40) that might not be detected using 2DGE,
especially if they are present in low abundance. In this
method, the ICAT™ reagent is used to label the samples to
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be compared. The reagent is composed of three elements,
an affinity biotin tag that is responsible for isolating the
labelled peptides; a linker that incorporates the stable
isotopes; and a reactive group with cysteinyl specificity. The
reagent exists in two forms, the heavy form that contains
eight deuteriums and the light form that does not have any
deuteriums. Briefly, the samples that are to be compared
are treated with isotopically heavy and light ICAT™
reagents and the ICAT™ reagent is covalently attached to
each cysteinyl residue in every protein. The samples are
then combined and fractionated, with the biotin-labelled
peptides being isolated using high performance liquid
chromatography (HPLC). Finally, the peptides are analysed
and identified using LC-MS/MS; the original amount of
proteins from each sample is maintained in the peptide
fragments and therefore quantification is achieved by
comparing the ratios of the peptide pairs (5, 14, 40).

The ICAT™ technology has been effectively used to study
protein expression in a variety of systems, including breast
carcinoma (reviewed in 41). ICAT™, coupled with laser
capture microdissection (LCM) and 2D-LC-MS/MS, was also
used for qualitative and quantitative analysis of
hepatocellular carcinoma (42); the study resulted in the
identification of up to 644 proteins, many of which were
involved in the cellular structure, apoptosis and transcription.

Despite the limitation regarding the number of proteins
identified using ICAT™ and the requirement for cysteine
residues in the proteins under investigation, when compared
with other methods such as 2DGE, this technique has
proven to be a very promising proteomic approach that has
the ability to provide high throughput with reproducibility.

The iTRAQ™ (Applied Biosystems) stable isotope
labelling approach for protein quantitation does not require
specific residues to be present in a protein sample. All N-
termini peptides from each sample are labelled using an
isobaric peptide tag with the ability to multiplex up to four
samples per experiment, with each identical peptide from
the four sources co-eluting as a single unresolved precursor
ion. Greater confidence in quantitation is achieved due to
the increased number of labelled peptides per sample, at the
expense of sample complexity. Unlike ICAT™, quantitation
is accomplished using diagnostic reporter ions in the
LC-MS/MS spectra from each of the samples (43).

Protein microarrays. One area that is of intense interest is
the development of protein microarrays, based on the same
principles used for gene arrays. This technology would have
the ability to provide us with information regarding protein
changes at pathway levels, and global protein expression
changes without the use of specialized equipment such as
MS-based proteomics. There are two basic designs, namely
forward phase arrays (FPA) and reverse phase arrays
(RPA) (44, 45). In the former (FPA), antibodies are arrayed
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and then probed with the cell lysate, while in the latter
(RPA), the reverse takes place, the cell lysate being arrayed
and then probed with antibodies. There are a variety of
surfaces where the proteins are arrayed such as solid
surfaces, capillary systems or immobilised beads. However,
despite the promising potential of this technique, there is
one main drawback, which is that proteins are less
structurally stable than nucleic acids and they display
extensive differences in biochemical properties. It is difficult
to preserve the proteins in their biologically active
conformational state prior to the analysis; also various
proteins display different affinities for the targets on the
arrays. Nevertheless, they have started appearing in clinical
studies (46-48). In particular, in a recent study on profiling
differentially-expressed proteins in normal and breast
cancer tissue (48), tissue microarrays in conjunction with
immunohistochemistry enabled the researchers to monitor
the expression of 26 selected proteins in more than 1600
cancer samples from 552 cancer patients. However, despite
a number of studies that have established the value of this
technique, its low sensitivity and high inconsistency, coupled
with the high costs involved in their production, indicate
that, at this stage, their use in biomedical research is still far
from being routine.
Post-translational ~ modifications ~ (PTM).  Following
translation, the function, destination and stability of a
cellular protein is governed by the influence of various
post-translational modifications, such as phosphorylation,
acetylation, alkylation, isoprenylation, glycosylation,
ubiquitination and sumoylation. It has long been
appreciated that the activity of most, if not all, proteins
involved in signal transduction is regulated by changes in
phosphorylation. It has become abundantly clear that other
modifications play a crucial role in all key cellular
functions. Particularly in cancer biology, key regulatory
steps in the cell division cycle are regulated not only by
regulation of the gene expression and then by
phosphorylation and de-phosphorylation of key proteins,
but also by the stability of the proteins — in this respect the
ubiquitination of regulatory proteins targets them for
degradation in the proteasome and is an essential part of
normal cell cycle regulation. In fact, all these modifications
play an important role and are essential for our
understanding of protein kinetics, regulation and function.
It is important to note that major changes in cellular
processes can take place without changes in gene
expression; thus, many cell cycle regulators, DNA damage
response proteins and others are ‘switched’ from active to
inactive states by changes in phosporylation and by changes
in stability of the protein; therefore, understanding the role
of such modifications is an essential part of understanding
the biology of protein pathways and networks.

The phosphorylation and dephosphorylation of proteins,
particularly on serine/threonine or tyrosine residues, is
regulated by serine/threonine and tyrosine kinases and
phosphatases, respectively. These events are critically
involved in cell signalling and, not surprisingly, in those
directly implicated in aberrant behaviour of the cancer cell.
Thus, the deregulated activities of receptor or non-receptor
tyrosine kinases are very common contributors to excessive
replication, angiogenesis and invasion and are useful disease
and prognostic markers, as well as targets for many of the
new specific cancer therapies, such as Gleevec™ (Novartis
Pharmaceuticals) and Herceptin® (Genentech, Inc.).
Various approaches have been employed to identify
aberrantly-phosphorylated proteins. These include genome
level screening for constitutively active mutant receptor and
non-receptor tyrosine kinases, such as Neu or Src,
respectively; Ras and regulators of the Ras pathway involved
in triggering the MAPkinase cascade and others or,
alternatively, transcriptional profiling for the presence of
gene expression patterns suggesting aberrant activity of
various signalling pathways. However, increasingly we will
be able to employ various direct analyses of the proteins
themselves using traditional techniques such as
immunochemistry and Western blotting (7, 49, 50) and, in
the future, also 2DGE and MS.

Laser capture microdissection (LCM). LCM is a relatively
new technique, yet it has been well established and widely
used in studies where tissue heterogeneity creates a problem
in terms of sample collection. It is a method of collecting
cells from specific regions of tissue placed on microscope
slides. LCM has proved to be invaluable, especially in
cancer studies where the diseased cells of interest, such as
precancerous cells, would have been impossible to isolate
within the heterogeneity of the tissue structure. Briefly, a
stained slide is placed under the microscope and, when the
desired area for isolation has been found, a laser beam
activates a specific transfer film that is applied to the surface
of the tissue section; this film then binds specifically to the
selected section and is lifted off, leaving the rest of the
unwanted tissue behind (7). LCM can successfully be
combined with 2DGE, MS and SELDI, despite the fact that
the number of cells needed is quite high (51-53).
Nevertheless, LCM may prove to be an invaluable tool in
the investigation of biomarkers in cancer research. This has
been demonstrated in the case of pancreatic ductal
adenocarcinoma (54) where LCM was successfully used to
enrich both the normal and malignant pancreatic ductal
epithelial samples. More recently, LCM was used to help
compare cells microdissected from normal ductal epithelium
and breast metastatic ductal carcinoma (55). Following
LC-ESI-MS/MS analysis, the study identified 76 proteins, such
as mitochondrial isocitrate dehydrogenase and 14-3-3 /9,
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found to be significantly up-regulated in breast cancer
tumour cells.

Applying Proteomics to Cancer

Diagnosis and treatment monitoring. Despite truly remarkable
progress in many areas of molecular medicine, genomics and
proteomics, cancer deaths have not declined significantly in
the last few decades, in striking contrast to the enormous
progress made in reducing cardiovascular diseases over the
same period. An important explanation may be that, in
general, we can not readily identify patients at risk of cancer
in order to prioritise preventative measures, and that
established cancers are detected rather late when surgery,
drug or other treatments are less likely to be effective. Early
detection represents one of the most promising approaches
to reducing the growing cancer burden (56), and has been
revolutionised with the advent of post-genome era
technologies that can identify cellular changes at the level of
the genome or proteome, including new developments in
data analyses and modelling. The ability to simultaneously
detect the expression of multiple genes or proteins offers
unparalleled opportunities for discovering novel biomarkers
that can be used not only to diagnose diseases, but also to
monitor therapeutic response and progression. Much of this
effort has been driven by the availability of microarray-based
and proteomics technologies able to identify changes in the
expressions of large numbers of genes/proteins within cancer
tissues. In fact, these technologies have had a significant
impact on the field of oncology; gene expression profiling of
various human tumour tissues has led to the identification of
expression patterns related to disease outcome and drug
resistance, as well as to the discovery of new therapeutic
targets and insights into disease pathogenesis (57-59).
However, as these approaches require removal of cancer
tissues, they are not ideal for achieving earlier diagnosis or
for general screening, except in cancers which have
identifiable potential precursor lesions that are readily
accessible, such as skin or oral cancer. For most cancers, a
local or systemic non-invasive test would have numerous
advantages. Therefore, considerable efforts are now directed
at finding ‘biomarkers’ in complex biological fluids, such as
the serum, plasma, urine, saliva and in nipple aspirate. These
types of sample can be obtained relatively non-invasively and
rapidly and could much more readily be employed in
screening large numbers of individuals (60, 61). Their role
could also be extended into surgical surveillance for
potentially operable disease and post-operative follow-up for
disease recurrence. In breast cancer, many autoantigens have
been cloned by immuno-screening cDNA expression libraries
with breast cancer sera or identified using proteomics
(reviewed in 62, 63). However, as with most cancers, with the
notable exception of the prostate specific antigen for prostate
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cancer, no biomarkers have been validated and incorporated
into clinical practice for the early diagnosis of breast cancer.
However, the recent application of genomics, proteomics and
array technologies has resulted in new potential biomarkers
being identified, and some of these are in the process of
being validated prospectively in large cohorts of patients with
breast cancer. Unfortunately, to date, these novel candidate
biomarkers have not been translated from bench to bedside,
but this will hopefully change in the future. Various
proteomics techniques are being adopted in order to identify
highly sensitive and specific biomarkers for early cancer
detection, disease stratification and monitoring. Several
studies have shown that the low molecular weight (LMW)
serum proteome may contain the information necessary to
achieve these goals (reviewed in 61, 64). Various techniques
have shown promise, but generating data of sufficient breadth
and depth remains elusive. Although to a degree the LMW
proteome can be described by modern MS techniques, it is
likely that further progress will be needed; it is hoped that
developments in nanotechnology for harvesting "biomarker-
containing materials" as well as higher sensitivity MS
techniques will further increase the power of this approach.
However, a number of techniques have been employed with
varying degrees of success. For instance, when tumour
samples of human gliomas of various grades were directly
analysed by MALDI-MS, protein patterns that correlated
with the tumour histology and patient survival were identified
(65). The use of SELDI-TOF has improved the ability to
identify serum biomarkers and to analyse small tumour
samples (63).

The use of activity-based protein profiling and
multidimensional protein identification technologies (ABPP-
MudPIT) for the streamlined analysis of human cancer
samples is also showing promise. In fact, in a recent paper in
Nature Methods (66), a novel approach using a rapid initial
phase, in which enzyme activity signatures are generated for
functional classification of samples is described. This was
followed by in-depth analysis of representative members from
each class and over 50 enzyme activities in human breast
tumours were identified, many of which had not previously
been characterized and, importantly, would not have been
recognised by mutational analyses.

Research. In response to the development of techniques, as
exemplified by gene microarrays and proteomics, which can
generate vast amounts of information from single
experiments, new disciplines have emerged to deal with these
data-rich sciences. Systems biology, and sub-disciplines such
as functional genomics, is a highly complex new area of
research interest which has been referred to as the "science of
collaboration", because progress depends on the coordinated
activity of multiple scientific disciplines, including
mathematics, statistics, informatics, genetics, physiology,
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structural biology, and molecular and cell biology. There has
been an explosion of published work in this area in cancer
biology, which has been ably reviewed elsewhere (64).

Proteomics studies have begun to illustrate the complexity
of many different human and animal models of cancer, but
have also helped identify some common features, including
the ability to identify specific individual gene mutations in
cancer on the basis of expression signatures derived from
global gene expression arrays and/or proteomics. Moreover,
several novel cancer-relevant genes/proteins have been
identified by employing these high-throughput techniques
and some have subsequently been validated as cancer-
relevant by functional studies using inhibitory RNAs in cell
lines in vitro, or by use of genetically-altered organisms in
vivo. For example, proteins involved in the oncogenic
potential or apoptotic activity of the oncoprotein ¢-MYC
have been identified by this means (reviewed in 67-69).

Conclusion and Future directions

There is a clear need to identify highly sensitive and specific
biomarkers for early cancer detection, disease stratification
and monitoring. However, with the notable exception of the
prostate specific antigen for prostate cancer, no novel
biomarkers have been validated and incorporated into
clinical practice. Recent developments in genomics,
proteomics and array technologies have identified numerous
novel biomarkers, many of which are in the process of being
validated prospectively in large cohorts of patients. It is
likely that further progress will result from developments in
nanotechnology for harvesting ‘biomarker-containing
materials’, as well as higher sensitivity MS techniques for
analysing small tissue samples. The discovery of disease
biomarkers has implications beyond diagnosis and disease
monitoring, because some of the molecules identified to
date have known roles in cell proliferation, DNA damage
responses and apoptosis and, thus, also provide clues as to
the pathoetiology of the relevant cancer. Moreover, if the
promise of "patient-tailored therapy" becomes a reality, then
one might anticipate that future therapies will be
individualised on the basis of the specific ‘cancer molecular
roadmap’ of each particular patient.
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