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Abstract

The development of microarray-based technologies for characterising tumours, both at the genomic and proteomic levels, has 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. Protein microarray technologies, such as reverse-phase protein arrays, provide the unique op-

portunity to profile tissues and assess the activity of signalling pathways within isolated cell populations. This technology can be used

to identify patients likely to benefit from specific treatment modalities and also to monitor therapeutic response in samples obtained

during and after treatment. Routine application of genomic and proteomic microarray technologies in clinical practice will require

significant efforts to standardise the techniques, controls and reference standards, and analytical tools used. Extensive, independent

validation using large, statistically-powered datasets will also be necessary. Inclusion of concomitant genomic and proteomic-based

molecular profiling techniques into clinical trial protocols will bring us closer to the reality of patient-tailored therapy.

Published by Elsevier Ltd.
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1. Introduction

The past decade has seen a revolution in technolo-

gies surrounding the field of molecular profiling in

disease research. These developments have clearly had

a most significant impact in the field of oncology. The

complex genetic and proteomic alterations that lead to

cancer progression and result in significant clinical
heterogeneity among individual tumours and patients

are difficult to measure by traditional pathological

classification methods based on morphology, degree of

differentiation, and the presence or absence of metas-

tases. Microarray technologies used to profile tumours

at the DNA, RNA and protein levels have led to the
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discoveries of disease susceptibility genes, therapeutic

targets and expression profiles related to disease out-

comes and drug sensitivity and resistance [1–8]. De-

tailed molecular classification of individual patient

tumours will provide a means for clinicians to select

therapies suited to each patient based on their molec-

ular profiles and promises to change the way medicine

is practiced [9].
At a functional level, cancer is both a proteomic

and genomic disease. At the genetic level, certain

chromosomal deletions, rearrangements, and gene

mutations are selected out during cancer progression

because these defect(s) ultimately alter protein signal-

ling networks and generate a survival advantage for

the cancer cell [10–12]. The function of proteins is

closely tied to their cellular, tissue and physiological
contexts and the protein–protein interactions that

drive biological outcomes can be characterised as a
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fluctuating information flow within the cell and or-

ganism through protein pathways and networks. De-

fective, hyperactive or dominating signal pathways

drive cancer growth, survival, invasion and metastasis

[13]. A comprehensive analysis of the molecular basis
of cancer requires integration of the distinct, but

complementary, fields of genomics and proteomics. In

the future, if physicians are to individualise therapy to

each patient, they will need to be provided with ge-

nomic and proteomic data regarding the diagnosis and

prognosis of the disease. In this review, we will ex-

amine recent work in the genomic and proteomic

profiling of cancer that is bringing medicine closer to
the reality of personalised medicine and discuss what

limitations still must be addressed if this goal is to be

realised.
Fig. 1. Gene microarray format for transcriptional profiling. Oligo-

nucleotide arrays consist of a series of short segments of DNA, which

are complementary to the RNA transcript for the gene of interest. To

use the arrays, RNA is extracted from tumour tissue, amplified, and

labelled with a fluorescent or radioactive probe and hybridised with the

chip. The spot intensity reflects the abundance of its matching mRNA

species and hence reflects the expression level for its gene. With ap-

propriate pattern recognition software, it is then possible to identify

groups of genes whose expression varies in similar ways. Specialised

cancer arrays have been developed (e.g. the lymphoid ‘‘lympho-chip’’

[27]).
2. Applications of gene expression profiling

Evidence is emerging to support the concept that
each patient’s cancer might have a unique complement

of pathogenic molecular derangements. Consequently,

a given class of therapy might be effective for only a

subset of patients who harbour tumours with suscep-

tible molecular alterations. This provides strong justi-

fication to develop strategies for selection from a menu

of treatment choices or treatment combinations that

best match the individual molecular profile of a tumour
[9,13–23]. One of the first steps and a major focus

along the path to individualised therapeutics for cancer

has been the large-scale analysis of gene expression

using DNA array technology [3,24]. This powerful

technology is being used to study many biological

processes. The experimental and clinical goals stem-

ming from gene expression profiling technologies range

from insights into pathogenesis, cancer diagnosis and
prediction of clinical outcome to identification of

therapeutic targets. The technology and experimental

approach used may be different depending on which

goal is being sought. Typically, a DNA array consists

of rows and rows of oligonucleotide strands, or com-

plementary DNAs (cDNAs), lined up in dots on a

miniature silicon chip or glass slide (Fig. 1). Today,

arrays for gene expression profiling can accommodate
over 30 000 oligonucleotides or cDNAs. Expression

levels can be compared across many samples, normal

and pathological. Pattern recognition software and

clustering algorithms allow identification of groups of

genes whose expression varies in similar ways or tu-

mour tissue specimens with similar repertoires of ex-

pressed genes. These analysis tools are powerful

because they can reveal hidden patterns of relation-
ships that transcend the histological appearance of a

tumour and lead to hypotheses about gene function

and tumour pathology.
2.1. Gene discovery, tumour classification and clinical

outcome correlation

Ultimately, our ability to identify individuals at high-
risk of developing cancer and to rationally design new

drugs and treatment strategies to effectively treat the

disease will require a much more detailed understanding

of the complex interactions and disruptions that occur

at the genetic and protein levels which lead to neoplastic

transformation and tumour progression. Genetic and

array-based gene expression profiling has been used to

identify a number of genes involved in an inherited
predisposition to disease, such as BRCA1/2 and APC,

and to elucidate the pathways these gene products

operate within to lead to disease [5]. Cluster analysis of

metastatic and non-metastatic medulloblastomas pin-

pointed the platelet-derived growth factor receptor

(PDGFRa) and the Ras/metogen-activated protein

kinase (MAPK) pathway for involvement in cell adhe-

sion and motility [12]. Gene expression profiling studies
in melanoma have led to the discovery of Wnt5a as a

molecule that is highly correlated with metastatic

potential in cutaneous melanoma [25].

Many studies have been published recently showing

how DNA microarrays can be applied to the analysis

and classification of cancer tissues. The pioneering
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studies demonstrating that gene expression profiling

could be used to predict and discern tumour classes and

clinical outcomes of disease were performed in leukae-

mias and lymphomas [26,27]. The first report identified a

set of 50 genes that was able to distinguish acute mye-
logenous leukaemia (AML) from acute lymphocytic

leukaemia (ALL). This cluster of genes was able to

distinguish between these two tumour types in an inde-

pendent set of patient samples [26]. The second study

used gene expression profiling to classify diffuse large-

B-cell lymphomas [27] (Fig. 1). Profiling segregated the

tumours into two large groups, one representing profiles

similar to germinal centre B-cells and the other con-
taining profiles reminiscent of in vitro-activated B-cells.

Interestingly, these groupings correlated strongly with

the clinical outcome of this disease, with patients har-

bouring the germinal centre B-cell-like lymphoma pro-

files having longer overall survival.

Subsequently, many other groups have successfully

applied gene expression profiling to tumour classifica-

tion and outcome prediction in various types of tumours
[4,9,25,28–44]. In one impressive recent study, van ’t

Veer and colleagues used a cohort of breast tumours

from young patients diagnosed with lymph node-nega-

tive disease to identify a gene expression signature pre-

dictive of poor prognosis [36]. The authors found that

tumours not normally predicted to have poor outcomes

based on clinical parameters could in fact display the

‘‘poor prognosis’’ signature, indicating that metastatic
phenotypes may be programmed at early stages of tu-

mour progression. Consensus guidelines based on clin-

ical and histological parameters suggest that as many as

90% of node-negative, young breast cancer patients are

candidates for adjuvant systemic chemotherapy. How-

ever, most of these women would not develop metastatic

disease, even without treatment, and thus they poten-

tially suffer the side-effects of therapy without any real
benefit. A comparison of the efficacy of the microarray

classifier with the current consensus criteria for adjuvant

systemic therapy demonstrated that the ‘‘poor progno-

sis’’ profile was as effective at selecting patients at high

risk for metastatic disease and also reduced the number

of patients unnecessarily treated. This study provides a

clear example of how gene expression profiling could

potentially impact treatment decisions, and, ultimately,
disease outcome.

2.2. Targeted therapeutics, drug sensitivity and resistance

profiling

Beyond using genomic profiling for diagnostic and

prognostic purposes, researchers also employ this

technology to drug development and drug sensitivity
and resistance profiling. Expression profiling has led to

the identification of new therapeutic targets, and the

development and approval of a number of targeted
therapeutic agents for the treatment of cancer, such as

trastuzumab (HerceptinTM) for the treatment of

ErbB2-overexpressing breast and ovarian tumours,

iniatinib mesylate (GleevecTM), targeted against the

Bcr-Abl fusion and c-Kit kinases for treatment of
chronic myelogenous leukaemia and ALLs and gas-

trointestinal stromal tumours (GIST), and gefitinib

(IressaTM, 2D1839) a tyrosine kinase inhibitor that

targets the epidermal growth factor receptor, which is

important in a number of epithelial cancers [45]. These

therapeutic agents represent the beginning of a new

era in rational drug design in which specific molecular

targets drive the drug development process. This new
era presents challenges for clinicians to readily identify

those patients whose tumours have the appropriate

molecular signatures to benefit from these therapies.

The availability of the human genome sequence has

recently permitted more large-scale analysis of the

complex genetic contributions to drug sensitivity and

response [46]. Great benefits will be gained by the

identification and analysis of how single-nucleotide
polymorphisms (SNPs) contribute to individual drug

response [45,47–49]. Expression microarrays have been

used to profile chemosensitivity in transformed cell

lines in vitro [50], animal models [51,52], as well as in

human tissues. Profiling studies correlating drug re-

sponse to clinical outcome in oesophageal cancer fol-

lowing adjuvant therapy identified a battery of 52

genes correlated with prognosis and possibly, by ex-
tension, drug sensitivity or resistance [53]. A small

study comparing pre- and post-treatment biopsy

specimens from breast tumours identified distinguish-

ing profiles between patients responding to systemic

therapy and non-responders [32]. Another recent study

of breast tumours by Chang and colleagues identified

92 genes with differential expression that correlated

with therapeutic response to docetaxel [54]. While very
intriguing, it should be taken into consideration that

these studies were small and carried out limited inde-

pendent validation, so it remains unclear whether these

predictors truly reflect sensitivity to treatment or more

fundamental facets of tumour biology related to dis-

ease progression.

2.3. Challenges of routine genomic profiling

The value of applying gene expression profiling to

disease classification and prognosis is clear. However,

there are several limitations and issues that must be

addressed before these techniques can be applied rou-

tinely in the clinic. An assessment of the current DNA

microarray literature found that there is little stan-

dardisation in the field with regard to the methods,
analysis and controls used, and also data validation [55].

Small study sets currently limit the statistical signifi-

cance of many molecular classifiers. Another issue
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constantly faced in research using human tissues is small

tumour size and limited availability of specimens for

study. While techniques such as laser capture microdis-

section (LCM) and RNA amplification allow one to

utilise biopsy specimens and small tumours for study, it
will be important that future clinical trials incorporate

tissue accrual components to allow for evaluation by

molecular techniques. Finally, incorporation of genomic

profiling into the realm of patient treatment will require

the complete standardisation and development of

straightforward techniques that can be incorporated

into clinical laboratory testing.
3. Clinical applications of proteomic profiling

Molecular profiling using gene arrays has shown

considerable potential for the classification of patient

populations according to disease stage or survival out-

come. Nevertheless, transcript profiling, by itself, pro-

vides an incomplete picture, because gene transcript
levels often do not correlate with the phosphorylated or

otherwise functional state of the encoded proteins.

Moreover, gene transcripts provide little information

about protein–protein interactions and the state of the

cellular circuitry [11,56–59]. Consequently, the applica-

tion of molecular profiling to select the appropriate

treatment strategy should include direct proteomic

pathway analysis of patient material.
Proteomic technologies such as mass spectrometry

(MS), 2-dimensional electrophoresis (2-DE), bead cap-

ture and micro-ensyme-linked immunosorbent assays

(ELISA) are currently successfully employed for drug

discovery and biomarker identification [58,60–62].

However, despite their sophistication, these technologies

have substantial limitations when they are applied to

tissue and blood samples. Discovery platforms, such as
2D gels, isotope-coded affinity tagging (ICAT), multi-

dimensional liquid chromatography–MS platforms and

antibody arrays, require large cellular input samples that

are orders of magnitude greater than those procured

during a clinical biopsy [63–73]. Clinical specimens

might contain only a few hundred cells as the starting

point for analysis, rendering many proteomic tools in-

consequential. The use of clinical trial material for
proteomic analysis requires the development of new

technologies that can utilise these small amounts of

cellular material for discovery and profiling, and, ulti-

mately, validation of potential targets in patients. A

second limitation of the newer proteomic technologies is

a requirement for denatured proteins. As denaturation

will break protein complexes apart and destroy the

three-dimensional protein conformation, these methods
might not adequately probe the state of the cellular

circuitry mediated by protein–protein interactions.
Most current therapeutics are directed at protein

targets. Because cultured cell lines cannot fully model

human disease, source material for the identification of

new protein targets has shifted away from in vitro

models to the use of actual diseased human tissue. While
tissues are heterogeneous and often composed of hun-

dreds of interacting cell populations, they provide the

opportunity for the discovery of changes in the cellular

proteome dependent on the cellular microenvironment.

LCM has made it possible to analyse diseased cells in

the tissue section itself [74], or to physically separate the

desired cells directly from the surrounding contaminat-

ing cells. This technology has been applied to discover
dozens of new protein targets that are either a cause

or a consequence of the disease process in human tissues

[75–84].
3.1. Protein microarrays

Realignment of the concepts and techniques from

genomic profiling and applying them to proteomics has
led to the development of protein microarrays. Protein

microarrays represent an emerging technology that ex-

amines protein-protein recognition events in a global,

high-throughput manner, can be used to profile the

working state of cellular signal pathways in a manner

not possible with gene arrays [9,85–95]. In the simplest

sense, protein microarrays are immobilised protein spots

[9,89,95,96]. The spots may be homogeneous or heter-
ogeneous and may consist of a bait molecule, such as an

antibody, a cell or phage lysate, a nucleic acid, drug or a

recombinant protein or peptide (Fig. 2) [88,90,92,93,

95,97–101]. Protein microarrays may be used for drug

discovery, biomarker identification and molecular

profiling of cellular material.

The post-translational modifications of protein net-

works can be profiled employing protein microarrays by
comparing the proportion of total (activated and non-

activated) protein to the phosphorylated (activated)

protein. This information, in general, reflects the state of

information flow through a protein network. Monitor-

ing the total and phosphorylated proteins over time,

before and after treatment, or between disease and non-

disease states may allow us to infer the activity levels of

the proteins in a particular pathway in real-time
[13,102]. The utility of protein microarrays lies in their

ability to provide a map of known cell signalling pro-

teins. Identification of critical nodes, or interactions,

within the network is a potential starting point for drug

development and/or the design of individual therapy

regimens [13,102].
3.1.1. Reverse-phase protein microarrays

A new type of protein array, the reverse-phase protein

array [92,103,104], has demonstrated a unique ability to



Fig. 2. Protein microarray formats. Protein microarrays consist of an array of protein samples, or protein baits, immobilised on a solid phase. The

array can be queried with a mixture of labelled proteins containing analytes of interest. The analyte proteins are captured and can be detected using

colorimetric, fluorescent, or chemiluminescent means.

J. Wulfkuhle et al. / European Journal of Cancer 40 (2004) 2623–2632 2627
analyse signalling pathways using small numbers of hu-
man tissue cells that were microdissected from biopsy

specimens procured during clinical trials. Employing this

approach, LCM-procured pure cell populations are ta-

ken from human biopsy specimens, and a protein lysate is

arrayed onto nitrocellulose slides (Fig. 3). Key techno-

logical components of this method offer unique advan-

tages over tissue arrays [105] or antibody arrays

[71,72,83]. First, the reverse-phase array can use dena-
tured lysates, so that antigen retrieval, which is a large
Fig. 3. Reverse-phase protein arrays. A new class of protein array is the re

analysed. Lysates are prepared from cultured cells or microdissected tissue

contained in the sample is detected by a separate labelled probe (e.g., antibo

sensitive and requires no labelling of the sample proteins.
limitation for tissue arrays, is not problematic. Protein
microarrays can also consist of non-denatured lysates

derived directly from LCM-procured tissue cells, so that

protein–protein, protein–DNA and/or protein–RNA

complexes can be detected and characterised. During

printing, each patient sample is arrayed in a miniature

dilution curve, providing an internal standard curve. This

allows for direct quantitative measurement once anti-

body dilutions are determined to be in the linear range of
detection. Finally, reverse-phase protein microarrays do
verse-phase array, which immobilises the cellular lysate sample to be

s and are arrayed in miniature dilution curves. The analyte molecule

dy) applied to the surface of the array. This array is highly linear, very
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not require direct tagging of the protein as a readout for

the assay, which allows a marked improvement in re-

producibility, sensitivity and robustness of the assay over

other techniques [106].

3.1.2. Potential of reverse-phase arrays in clinical re-

search

The reverse-phase array platform was employed to

address the basic question of whether premalignant

transformation is caused by an increase in the cell

growth rate through the activation of mitogenic growth

pathways or by a decrease in the cell death rate through

activation of apoptosis-inhibiting prosurvival signalling
pathways [92]. Analysis of LCM-procured patient-

matched normal epithelial, premalignant and invasive

prostate carcinoma cell study sets revealed that phos-

phorylation and activation of Akt occurred as a critical

early step in the progression of cancer. Thus, the accu-

mulation of cells that is seen during early-stage prostate

cancer (prostatic intraepithelial neoplasia) is caused by

an alteration of the cellular turnover by a decrease in the
death rate and not induction of the growth rate. Con-

sequently, inhibition of Akt activity through molecular

targeted therapeutics may have a profound impact

on the treatment and prevention of prostate cancer

progression.

Our laboratory has also utilised reverse-phase arrays

for more global signal transduction profiling in large

tumour sets [103,104]. In one study, we arrayed micro-
dissected cell lysates from a number of ovarian cancers

to determine if the activation state of key molecules

involved in pro-survival and mitogenic signalling in

ovarian cancers correlate with the tumour histotype or

disease stage [104]. Profiles of the levels of phosphory-
Fig. 4. (a) Reverse-phase arrays stained with ERK1/2 antibodies. Identical ar

antibodies as indicated. Each dilution curve represents an individual tumou

image of phospho ERK 1/2 T202/Y204 antibody staining. (b) Comparisons

values for phospho ERK 1/2 antibody staining were averaged among tumou

Error bars, standard deviation (SD) from the mean; E, endometrioid; PD, p
lated ERK1/2 did not vary significantly with tumour

histotype or disease stage and strongly suggested that

pathway activation profiles in ovarian tumours may be

patient-specific (Fig. 4). In another small study of

prostate tissue, pathway profiling of microdissected cells
from normal, stroma and prostate tumour revealed the

preliminary finding that activation of protein kinase Ca
PKCa is down-modulated in prostate disease. If vali-

dated, this finding could have profound effects on the

rationale behind some current therapies. A randomised

phase II trial of antisense oligonucleotides, ISIS 3521,

directed to PKCa, examined the effects of these drugs on

patients with hormone-refractory prostate cancer
(HRPC) [107]. Based on our findings, knocking out the

expression of PKCa for prostate cancer would not be

effective. In fact, this is exactly what was seen; 31 pa-

tients with HRPC were randomised to receive the

compound and no partial or complete responders were

noted in this study. This illustrates the importance of

proteomic technology coupled to signal pathway pro-

filing in providing new and unexpected insights into
cellular processes. Furthermore, it highlights the po-

tential advantage of the reverse phase protein array

technology for examining the status of multiple signal-

ling events simultaneously in patients prior to initiating

molecular-targeted therapies.

3.2. Current challenges of protein microarray technologies

Gene transcript profiling was catalysed by the ease

and throughput of manufacturing probes with known,

specific, and predictable affinity constants. In contrast,

the probes (e.g., antibodies, aptamers, ligands, drugs)

for protein microarrays cannot be manufactured with
rays of lysates from microdissected ovarian tumours were stained with

r. Left panel: image of total ERK 1/2 antibody staining. Right panel:

of phospho ERK 1/2 levels in ovarian tumours. Normalised intensity

rs of the same histotype (upper panel) or disease stage (lower panel):

oorly differentiated; SP, serous papillary.
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predictable affinity and specificity. The availability of

high quality, specific antibodies or suitable protein

binding ligands is the limiting factor, and starting point,

for the successful utilisation of this technology [97]. In

addition, prior to use on any array format, the antibody
specificity must be thoroughly validated (e.g., single,

appropriate-sized band on a Western blot) using a

complex biological sample similar to that applied and

analysed on the array. Post-translational modifications

or protein–protein interactions of an individual protein

will contain critical biological meaning that cannot be

ascertained merely by measuring the total concentration

of the analyte. Consequently, a significant challenge for
protein microarrays is the need for antibodies or similar

detection probes, that are specific for the modification or

activation state of the target protein. Sets of high-

quality, modification state-specific antibodies are now

available commercially. Unfortunately, high-quality

antibodies are currently available for only a small per-

centage of the known proteins involved in signal net-

works and gene regulation. A significant challenge for
cooperative groups, funding agencies, and international

consortia is the generation of large comprehensive li-

braries of fully characterised specific antibodies, ligands

and probes. A major initiative of Human Proteome

Organization (HUPO) is the production and qualifica-

tion of antibody libraries that will be made available to

the scientific community [108,109].
4. The future of individualised therapy

At present, cancer therapy has been directed at a

single molecular target. In the future, we can imagine

targeting an entire set of nodes all along the pathogenic

signalling pathway. Such an approach could achieve,

theoretically, a higher efficacy with a lower toxicity.
Combinatorial therapy, an alternative approach to sin-

gle-agent therapy, offers the promise of higher specificity

at lower treatment doses [110–112]. It is possible that a

correctly chosen series of inhibitors, acting at several

points along a signalling pathway, could be used at

lower concentrations than would be required for single

agent therapy, and yet still result in a complete shut-

down of the pathway. The advantage is realised because
the inhibitors work in series at different points along the

pathway. This means that output of one node in the

pathway is inhibited before it reaches the next node.

Consequently, a lower concentration of inhibitor is re-

quired at each successive level [113]. With this concept in

mind, a redefined goal of molecular profiling is to map

the cellular circuit so as to define the optimal set of in-

terconnected drug targets. The use of combinatorial
therapy for increased efficacy could also yield a decrease

in unwanted toxic side-effects, as each drug can now be

given at a lower treatment dose. However, this will need
to be proved, and will require a higher degree of

vigilance during the implementation of the regime to

monitor the combined toxic effects of the drugs on

normal cell populations. So, the use of clinical proteo-

mic tools, such as whole-body protein arrays [113],
becomes even more relevant to this emerging era of

patient-tailored molecular medicine, and could aid in

the analysis of desired drug effects on target pathways

and unwanted toxic effects on the circuitry within

normal cell populations.

We can envision a future in medicine that routinely

employs technologies to map the state of gene expres-

sion and protein signalling pathways within biopsy
samples [13,102]. Functional maps of the state of key

pathways within that patient’s tumour cells will become

the starting point for personalised therapy. Under this

scenario, therapy can be tailored to the individual tu-

mour’s molecular defect. Moreover, it should be feasible

to administer combination therapy targeting multiple

interdependent points along a pathogenic pathway, or

targeting separate pathways. Following rebiopsy or
molecular imaging, the effect of the treatment can be

monitored in real-time [13,102,106]. On-going clinical

trials at the National Cancer Institute have currently

incorporated reverse-phase microarray technology for

evaluation of the sample procurement and processing

technologies, as well as a means to elucidate hypotheses

concerning treatment effects on cell signalling networks.

As more cell signalling information is gleaned from
protein microarrays, we envision an enhanced ability to

develop/identify new combinatorial therapies or tar-

geted therapies. The ability to discern treatment effec-

tiveness, via protein microarrays, at an early time point

during treatment can lead to early intervention and

positive patient outcomes.
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