
© 2002 Nature Publishing Group

R E V I EW S

NATURE REVIEWS | DRUG DISCOVERY VOLUME 1 | SEPTEMBER 2002 | 683

Molecular medicine is moving beyond genomics to
proteomics. Although the aim of proteomics is often
viewed as the creation of a ‘master list’ of all proteins
and their possible post-translational modifications, the
effort expended in preparing such a list might not be
rewarded by immediate new levels of functional insight,
because the function of proteins is closely tied to their
cellular, tissue and physiological context. So, the ulti-
mate goal of proteomics should be to characterize the
information flow within the cell and the organism
through protein pathways and networks1–6.

The information flow is mediated by protein–protein
interactions (FIG. 1) — proteins ‘deliver’ packets of infor-
mation by modifying a protein-binding partner; for
example, by phosphorylation, cleavage or alteration of
its conformation. The goal is to be able to access and
visualize entire interconnecting circuits of proteins —
both inside and outside a cell — as they coalesce after a
stimulus and then disperse when the stimulus ceases.
Completion of such a detailed ‘protein-wiring diagram’,
even for only a subset of the key physiological processes,
could have a profound effect on functional biology, the
understanding of disease mechanisms and the rational
design of targeted therapeutics.

This review describes early-stage technology designed
to study the state of proteins that act as key sensors, gates

or amplifiers. Profiling the level of activation of protein
circuit elements under the influence of a disease process
can highlight disease-related circuit derangements that
could be the drug targets of the future.

Cancer as an example

Cancer, although often classified as a genetic disease,
is, in a functional sense, a proteomic disease —
genetic mutations can modify protein signalling path-
ways and thereby create a survival advantage for the
cell because they force it to ignore negative inhibitory
signals, or perpetually send it false positive signals.
The pathogenic signalling pathways are not confined
to the cancer cell, but extend to the tumour–host
interface7 (FIG. 2), and recognition that cancer is a
product of the proteomic tissue microenvironment
has important implications. First, it shifts the empha-
sis away from therapeutic targets being individual
molecules — it might make more sense to target all of
the deranged signalling pathways, both inside and
outside the cancer cell. Second, the tumour–host
communication system might involve enzymatic
events and sharing of growth factors, so the micro-
environment of the tumour–host interaction could
be a source for biomarkers that could ultimately be
shed into the serum proteome. In this article, we use
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METASTASIS

The movement or spreading of

cancer cells from one organ or

tissue to another. Cancer cells

usually spread through the

bloodstream or lymph system.

PERITONEAL CAVITY

The peritoneum is the thin

membrane that lines the

abdominal cavity.
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(stage I), conventional therapy produces a high rate
(95%) of five-year survival9–13. So, early detection of ovar-
ian cancer, by itself, could have a profound effect on the
successful treatment of this disease. Unfortunately, early-
stage ovarian cancer lacks a specific symptom and a
specific biomarker, and accurate and reliable diagnostic,
non-invasive modalities. Proteomics offers a new app-
roach to the discovery of early cancer biomarkers, and
because of the great clinical need, a principal focus of
marker discovery has been ovarian cancer.

An effective, clinically useful biomarker should be
measurable in a readily accessible body fluid, such as
serum, urine or saliva. The field of clinical proteomics is
especially well suited to discovering such biomarkers, as
serum is a protein-rich information reservoir that con-
tains the traces of what has been encountered by the
blood during its constant perfusion and percolation
throughout the body. However, until now, the search for
cancer-related biomarkers for early disease detection has
been a ‘one-at-a-time’ approach, which has looked for
overexpressed proteins in blood that are shed into the
circulation as a consequence of the disease process14–18.
Unfortunately, this method is laborious and time con-
suming, as there are potentially thousands of intact and
cleaved proteins in the human serum proteome. Finding
a single disease-related protein is like searching for a
needle in a haystack, requiring the separation and iden-
tification of these entities individually.

Recently, serum-based proteomic pattern analysis, a
new method in diagnostics and disease detection, has
been described19. The diagnostic end point for the detec-
tion of ovarian cancer was a pattern that comprised
many individual proteins, none of which could inde-
pendently differentiate diseased from healthy individu-
als. These patterns reflect the blood proteome without
knowledge of what the proteins are. The blood proteome
is changing constantly as a consequence of perfusion of
the diseased organ. These disease-related differences in
protein levels could be the result of proteins being over-
expressed and/or abnormally shed and added to the
serum proteome, clipped or modified as a consequence
of the disease process, or subtracted from the proteome
owing to abnormal activation of the proteolytic degrada-
tion pathway. Quaternary effects due to disease-related
protein–protein interactions and protein-complex for-
mation can also modify and subtly change the serum
proteome.

Using this method, one microlitre of raw, unfrac-
tionated serum from patients is analysed by surface-
enhanced laser-desorption ionization time-of-flight
spectrometry (SELDI-TOF) to give a proteomic signa-
ture of the serum (FIG. 3). The experimenter applies
unfractionated serum directly to the surface of a treated
metal bar. A subset of the proteins in the serum binds to
the surface of the bar, and the unbound proteins are
washed away. The adherent proteins are treated with
acid (so that they become ionized by the laser energy)
and are then dried down onto the bar surface. The bar
containing the individual, captured serum protein
samples as a row of spots (FIG. 3) is then inserted into a
vacuum chamber, and a laser beam is fired at each spot.

cancer as an example to describe proteomic technol-
ogies that are being developed to diagnose disease earlier,
to discover new therapeutic targets and biomarkers,
and to facilitate individualized therapy.

Application of proteomics to early diagnosis 

Unfortunately, in many cases, cancer is diagnosed and
treated too late, when the cancer cells have already
invaded and METASTASIZED throughout the body. More
than 60% of patients with breast, lung, colon and
ovarian cancer already have hidden or overt metastatic
colonies. At this stage, therapeutic modalities are limited
in their success. Detecting cancers at their earliest stages,
even in the premalignant state, means that current or
future treatment modalities might have a higher likeli-
hood of a true cure.

Ovarian cancer is a prime example of this clinical
dilemma. More than two-thirds of cases of ovarian can-
cer are detected at an advanced stage, when the ovarian
cancer cells have spread away from the ovary surface and
have disseminated throughout the PERITONEAL CAVITY

8.
Although the disease at this stage is advanced, it rarely
produces specific or diagnostic symptoms. Consequently,
ovarian cancer is usually treated when it is at an advanced
stage9. The resulting five-year survival rate is 35–40% for
late-stage patients who receive the best possible surgical
and chemotherapeutic intervention. By contrast, if ovar-
ian cancer is detected when it is still confined to the ovary

Figure 1 | Example of a protein signalling pathway. Protein signalling pathways and networks

consist of protein complexes that assemble in response to a stimulus. Information transfer occurs

through post-translational modification (for example, phosphorylation) of protein-binding partners.

Example components of the ERBB1/2 pathway are shown. This pathway is a target for treatment

with Herceptin, an antibody that recognizes ERBB2. AKT, v-akt murine thymoma viral oncogene

homologue; ELK, member of the ETS family of transcription factors; ERBB, avian erythroblastic

leukaemia viral oncogene homologue; ERK, extracellular-signal-regulated kinase; MYC, avian 

v-myc myelocytomatosis viral oncogene homologue; p70SK, 70 kDa ribosomal protein S6 kinase;

STAT, signal transducer and activator of transcription.
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of outcome or classification. Example approaches are
k-means nearest-neighbour analysis, Euclidean dis-
tance-based nonlinear methods, fuzzy-pattern match-
ing methods and self-organizing mapping (SOM)28–30.
The problem, however, is the same for either type of sys-
tem: finding optimal feature sets or, in this instance,
proteins, in a large, unbounded information archive
that is unknown at this time. A typical SELDI-TOF pro-
teomic profile will have up to 15,500 data points repre-
senting m/z values between 500 and 20,000. Artificial
intelligence (AI)-based systems that learn, adapt and
gain experience over time are uniquely suited to pro-
teomic data analysis because of the huge dimensionality
of the proteome itself. The application of these AI sys-
tems to analysing mass-spectral data derived from the
serum proteome has given rise to a new analytical para-
digm: proteomic pattern diagnostics (BOX 1).

As each new patient is validated through pathological
diagnosis using retrospective or prospective study sets,
the input data from the patient can be added to an ever-
expanding training set. The AI tool learns, adapts and
gains experience through constant vigilant retraining.

The laser energy desorbs the ionized proteins, and the
launched proteins fly down the vacuum tube towards an
oppositely charged electrode. Each ion that strikes the
electrode registers as a component of the data spectrum
that emerges from the analysis. The mass-to-charge
ratio (m/z) of each ion can be estimated by the time it
takes for the launched ion to reach the electrode —
small ions travel faster. So, the spectrum provides a ‘time
of flight’ (TOF) bar code of ions ordered by size. This
serum proteomic bar code consists of thousands of pro-
tein ion signatures, which require highly ordered data-
mining operations for analysis.

Many bioinformatics data-mining systems are being
developed, but most fall into two main types of
approach. The first approach involves supervised sys-
tems that require a corpus of knowledge or data for
which the outcome or classification is known ahead of
time to TRAIN on. Examples of such approaches are linear-
regression models, nonlinear feedforward neural net-
works (NLFN) and genetic algorithms (GAs)20–27. The
second type of approach involves unsupervised systems
that cluster or group records without previous knowledge

TRAINING

A process in which a computer-

driven system is provided data

from a training set in which the

outcome is known and is

unblinded.

Figure 2 | Tumour–host interaction. Cancer is a disease of the tissue microenvironment. Interactions between the cancer cell

and the host (cellular and extracellular matrix) promote tumour-cell growth, invasion, angiogenesis and survival. Examples include

the exchange of growth factors, degradative enzymes and motility-stimulating molecules. AKT, v-akt murine thymoma viral

oncogene homologue; CDC42, cell-division cycle 42; c-MET, MET proto-oncogene; EGF, epidermal growth factor; EGFR, EGF

receptor; ERK, extracellular-signal-regulated kinase; FAK, focal adhesion kinase; MLCK, myosin light-chain kinase; MMP, matrix

metalloproteinase; MT-1, metallothionein 1; PI3K, phosphatidylinositol 3-kinase; RAC, a member of the RAS superfamily of small 

G proteins; RGD, Arg-Gly-Asp motif; RHO, a member of the RAS superfamily of small G proteins; SF/HGF, scatter

factor/hepatocyte growth factor; TGF-β, transforming growth factor-β; TGF-βR, TGF-β receptor; uPA, urokinase plasminogen

activator; uPAR, uPA receptor; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor. 
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Whole portfolios of drug targets, imaging markers
and early-detection biomarkers will arise from hypoth-
esis-generating, discovery-based proteomic platforms.
Two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) has traditionally been the gold-standard 
discovery-based tool for proteomics40–41. Unfortu-
nately, even with the advent of ‘zoom gels’, which use
ultra-narrow pI GRADIENTS, only a small percentage of the
entire proteome can be visualized by 2D-PAGE. Now,
newer technologies that can access much more of the
lower-abundance region of the proteome are being
developed. Multiplexed, in-line liquid-chromatographic
separation systems coupled directly to mass spec-
trometry (LC–LC–LC–MS/MS) to analyse affinity-
tagged cellular lysates and protein mixtures are being
developed43–49, and could someday replace gel-based
systems, such as 2D-PAGE. Nevertheless, 2D-PAGE
remains a standard and reliable separation technology,
especially for the larger-molecular-mass region of the
proteome (a region that cannot be adequately resolved
and analysed by even the more advanced liquid separa-
tion systems and mass spectrometers). As it is a key
and complementary proteomic technology, 2D-PAGE
methodology is now being adapted to higher-throughput
and higher-sensitivity applications and modifications.
One such adaptation uses the same CY3/CY5 dual-dye
labelling strategy that has been used so successfully for
complementary DNA and oligonucleotide arrays50. In
this format, LCM-based cellular lysates from patient-
matched-control and tumour epithelium are differen-
tially labelled, each with a different fluorophore, and
the lysates mixed together after labelling and run
together on one gel (FIG. 4). As both lysates are run con-
comitantly on the same gel, a direct comparison
between the two samples can be carried out more easily
and in a reproducible manner. Furthermore, as fluo-
rescence has a large, quantitative dynamic range com-
pared with colorimetric base-staining systems, small
but important changes in the relative abundances of
each protein isoform can be determined. This system
has distinct advantages over established methodology,

In fact, it is possible to generate not just one, but multiple
combinations of proteomic patterns from a single mass-
spectral training set, each pattern combination re-
adjusting as the models improve in the adaptive mode.
This is exactly what has been observed with the
expanding set of sera from ovarian cancer patients,
which has given rise to multiple combinations of pro-
teomic patterns that are more than 98% sensitive and
specific. The initial and reported discriminatory pattern
had a sensitivity of 100% and a specificity of 95% for
ovarian cancer at all stages19. One of the newer discrimin-
atory patterns, which has key discriminatory values at
m/z ratios of 554, 601, 834, 5,134 and 16,292, was
shown to be 100% sensitive and specific in a blinded set
of 52 healthy individuals and 92 cancer patients (with
stage I, II or III ovarian cancer), including 15 patients
with stage I ovarian cancer. These new spectra are
posted on the web site of the Clinical Proteomics
Program Databank.

Disease-tailored therapeutic targets

Most current therapeutics are directed at protein tar-
gets. The source material for the identification of new
protein targets is shifting away from tissue-culture cells
to the discovery of proteins that change in actual dis-
eased human tissue. The cellular proteome is constantly
fluctuating depending on the cellular microenviron-
ment. Consequently, proteomic changes in cell lines
might not fully model human disease. Moreover, tissues
are heterogeneous; they are composed of hundreds of
interacting cell populations. New technology has now
made it possible to analyse diseased cells in the tissue
section itself31, or to physically separate the desired cells
directly from the surrounding contaminating cells.
Laser-capture microdissection (LCM) is a technology
that allows the researcher to procure pure cell popula-
tions from heterogeneous tissue sections under direct
microscopic visualization32. 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 the actual tissue32–39 (BOX 2).

2D-PAGE

A method for separating

proteins by mass and charge.

pI GRADIENTS

Isoelectric gradients are formed

by subjecting a defined set of

small molecules with specific

net charges to an electric

current, which allows the

separation of proteins within

the gradient, even if the proteins

only differ in charge by one-

thousandth of a pH unit.

CY3/CY5 

Cy3 and Cy5 are water-soluble

cyanine dyes that can be used as

fluorescent labels for proteins

and modified oligonucleotides.

Figure 3 | SELDI mass spectrometry. Surface-enhanced laser-desorption ionization (SELDI) is a class of mass spectrometry that

is useful for high-throughput proteomic fingerprinting of serum. Using a robotic sample dispenser, one microlitre of serum is

applied to the surface of a protein-binding chip. A subset of the proteins in the sample bind to the surface of the chip. The bound

proteins are treated with a MALDI (matrix-assisted laser-desorption ionization) matrix, and are then washed and dried. The chip,

which contains several patient samples, is inserted into a vacuum chamber, where it is irradiated with a laser. The laser desorbs

the adherent proteins, causing them to be launched as ions. The ‘time of flight’ (TOF) of the ion before detection by an electrode is

a measure of the mass-to-charge ratio (m/z) of the ion. The ion spectrum can be analysed by computer-assisted tools to classify

a subset of the spectrum by characteristic patterns of relative intensity. WCX2, weak cation-exchange surface.
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REMATING

A computer-driven data-analysis

process that is performed by

combining solutions to select

and retain the best elements of

each solution, and discard those

elements that do not solve the

problem.

SELECTIVE PRESSURE

The ability of a computer-driven

data-analysis process to restrict

the solution output to those that

pass a fixed criteria — in this

case, the ability to distinguish

normal from cancerous samples.

Box 1 | Proteomic pattern diagnostics  

Proteomic pattern analysis begins with artificial intelligence (AI)-based computer searching of mass-spectrometry data 

to find the ‘most-fit’combination of proteins through the use of a training set and a blinded test set (panel A). The training

sets comprise serum from individuals who are healthy or have active disease at the time of serum collection. The AI engine

first uses a genetic algorithm to search though the 15,500 data points by parsing the data into ‘data packets’ that contain

5–20 m/z (protein ion mass-to-charge ratio) values. The engine then searches through combinations of protein signatures

within the training set until it finds the best combination of 5–20 proteins with combined relative abundances that are

different in the disease cohort relative to the healthy population. Much of the mass spectrum is background noise, so iden-

tifying true protein ion signatures requires a system that can rapidly and iteratively search through the decision space. The

parsing of data into packages of 5–20 values creates 15,500 × 105–15,500 × 1020 combinations, or about 1.5 × 109–1.5 × 1024

patterns. If each of these combinations was explored one at a time, it would take a computer performing 1 × 109 operations

per second more than 47 million years to find the optimal discriminatory pattern. Genetic algorithms can find near-

optimal solutions to these massive sets in only a few days through iterative searching, REMATING and recombination of the

data packets, and applying ‘SELECTIVE PRESSURE’. The systems use a fitness test, such as an unsupervised self-organizing

mapping (SOM)-based  adaptive clustering program.

Clusters are formed in fifth-to-twentieth-dimensional space by the vector plots of the Euclidean distance values

obtained by the combined relative peak intensities that are selected at the m/z values chosen by the genetic algorithm

(panel B). Once an optimal combination pattern has been found, incoming (blinded) data are analysed rapidly by the

software, simply by plotting in the fifth-to-twentieth-dimensional vector space the combined relative amplitudes of the

subset of the key discriminatory proteins and finding whether they fall into the clusters formed by the training set.

If the blinded spectral plot falls within an existing cluster that contains only cancer patients, then the sample is

classified as cancerous; if it falls into an existing cluster that contains only healthy patients, it is classified as normal. If the 

n-dimensional vector plot falls outside any cluster, it forms its own new cluster, and the model adapts on the basis of the

unblinded classification.
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for analysis. The use of clinical-trial material for pro-
teomic analysis requires the development of new tech-
nologies that can use these small amounts of cellular
material as a starting point for discovery and profiling,
and which can then be used for validation of potential
targets in patients. A second limitation of the newer
technologies is a requirement for denatured proteins.
As denaturation will break protein complexes apart
and destroy the three-dimensional protein conforma-
tion, these methods might not adequately probe the
state of the cellular circuitry mediated by protein–protein
interactions. Consequently, new microproteomic 

which requires two separate 2D-gel runs and compli-
cated alignment and warping procedures to minim-
imize between-run variability.

Despite their sophistication, the new proteomic
technologies have substantial limitations when they are
applied to tissue and blood samples. Discovery plat-
forms, such as 2D gels, isotope-coded affinity tagging
(ICAT) multidimensional LC–MS platforms and anti-
body arrays, require large cellular input samples that
are orders of magnitude greater than those procured
during a clinical biopsy43–53. Clinical specimens might
contain only a few hundred cells as the starting point

ICAT

A method in which proteins are

labelled using isotope-coded

affinity tags, which allows them

to be systematically identified

and quantified.

Box 2 | Laser-capture microdissection  

Laser-capture microdissection (LCM) is a technology for procuring pure cell populations from a stained tissue section

under direct microscopic visualization. Tissues contain heterogeneous cellular populations (for example, epithelium,

cancer cells, fibroblasts, endothelium and immune cells). The diseased cellular population of interest usually comprises

only a small percentage of the tissue volume. LCM directly procures the subpopulation of cells selected for study, while

leaving behind all of the contaminating cells.

A stained section of the heterogeneous tissue is mounted on a glass microscope slide and viewed under high

magnification (panel a). The experimenter selects the individual cell(s) to be studied using a joystick. The chosen cells

are lifted out of the tissue by the action of a laser pulse. The infrared laser, mounted in the optical axis of the microscope,

locally expands a thermoplastic polymer to reach down and capture the cell beneath the laser pulse. When the film is

lifted from the tissue section, only the pure cells for study are excised from the heterogeneous cellular population

(panel b). The DNA, RNA and proteins of the captured cells remain intact and unperturbed. Using LCM, one to several

thousand tissue cells can be captured in less than five minutes.

Using appropriate buffers, the cellular constituents are solubilized and subjected to microanalysis methods. Proteins

from all compartments of the cell can be readily procured. Protein conformation and enzymatic activity is retained if the

tissues are frozen or fixed in ethanol before sectioning. The extracted proteins can be analysed by any method that has

sufficient sensitivity. An example is shown for surface-enhanced laser-desorption ionization (SELDI) fingerprinting of

microdissected cancer cells83 (panel c). Each histological type of cancer has a characteristic ion spectrum. The character

of the spectra might reflect cancer-specific differences in proteomic composition. EP, epithelium; LU, lumen.
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biopsy specimens, and a protein lysate is arrayed onto
nitrocellulose slides. Key technological components of
this method offer unique advantages over tissue arrays56

or antibody arrays38,50,51. First, the reverse-phase array
can use denatured lysates, so that antigen retrieval,
which is a large limitation for tissue arrays, is not prob-
lematic. Second, the arrays can 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 character-
ized. Third, each patient sample is arrayed in a minia-
ture dilution curve, providing an internal standard curve.
Direct quantitative measurements can be ascertained,

technologies need to be developed, so that clinical scien-
tists can gain access to the information content of the
cellular-circuit networks that could be targeted for
therapeutic intervention.

Protein microarrays represent the first new technol-
ogy that can actually profile the state of a signalling-
pathway target even after the cell has lysed54,55 (FIG. 5).
A new type of protein array, the reverse-phase protein
array, has shown a unique ability to analyse signalling
pathways using small numbers of human tissue cells
microdissected from biopsy specimens procured during
clinical trials55 (FIG. 6A). Using this approach, LCM-
procured, pure cell populations are taken from human

Figure 5 | Protein microarray. Protein microarrays consist of an array of protein samples, or protein baits, immobilized on a solid

phase. The array is queried with a mixture of labelled proteins containing analytes of interest. The analyte proteins are captured and

can be detected using fluorescence, colorimetric or chemiluminescence means.

Figure 4 | Two-colour 2D-gel methodology. Protein lysates are prepared from laser-capture microdissected (LCM) cellular

populations derived from two pathological states (for example, carcinoma and normal epithelium). Each lysate is labelled with a

fluorescent dye of a different colour (Cy3, green; Cy5, red). The labelled samples are mixed and run together on a two-dimensional

(2D) gel. The gel is illuminated at two wavelengths, each being specific for a particular dye. The resulting relative intensity of the spots

can then be correlated with the disease state, each state serving as a control for the other. The spots representing proteins that are

augmented or reduced can be cut out of the gel, further purified by chromatography and identified by sequencing using mass

spectrometry (MS).
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Figure 6 | Reverse-phase arrays. A | A new class of protein array is the reverse-phase array, which immobilizes the cellular lysate

sample to be analysed. Lysates are prepared from cultured cells or microdissected tissues and arrayed in miniature dilution curves.

The analyte molecule that is contained in the sample is then detected by a separate labelled probe (for example, an antibody),

which is applied to the surface of the array. This array is highly linear and sensitive, and requires no labelling of the sample proteins.

B | Signal-pathway profiling using reverse-phase arrays. a | Arrays comprising miniature dilution curves of hundreds of patient

specimens can be placed on one array. b | Laser-capture microdissection (LCM)-procured, patient-matched normal, premalignant,

invasive cancer and stromal cells from prostate cancer patients are analysed for ERK and AKT signalling using phosphospecific

antibody reactivity. Normalization to the total cognate protein allows detailed molecular analysis. c | Adjusted levels of

phosphorylated ERK (pERK) and AKT (pAKT) reveal an increasing activation of AKT and a concomitant decrease in the activation of

ERK as the cancer cell progresses. AKT, v-akt murine thymoma viral oncogene homologue; ERK, extracellular-signal-regulated

kinase; N, normal; P, pre-malignant; S, stroma; T, tumour.
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crucial early step in the progression of cancer55 (FIG. 6B).
So, the increase in the build-up of cells that is seen dur-
ing early-stage prostate cancer (prostatic intra-epithelial
neoplasia) is caused by an alteration of the cellular
turnover due to a decrease in the death rate, not by
induction of the growth rate. Consequently, inhibition
of AKT activity through molecular-targeted therapeutics
could have a profound impact in treating and prevent-
ing the progression of prostate cancer.

Moreover, the arrays can now be manufactured in a
sectored-array format, in which dozens of analytes can
be queried simultaneously on one slide, thereby increas-
ing the throughput and ease of data analysis. We are
now attempting to use this technology at the National
Cancer Institute to record the phosphorylation status of
hundreds of nodes in the cellular circuitry of cancer
cells both before and after therapy, to normalize each of
these outcomes against the total self-protein (for
example, phospho-ERK/total ERK, phospho-aurora 2/
total aurora 2) and to analyse the data through cluster-
ing analysis. This will yield a true picture of the coordi-
nation of signalling events as they change and flux in
response to targeted therapy. Reverse-phase technology
is applicable to the identification and characterization of
targets that could be candidates for T-cell-mediated

as at any given point in the dilution curve, the measure-
ment is within the linear dynamic range of the anti-
body–analyte interaction. Fourth, reverse-protein
microarrays do not require direct tagging of the protein
as a readout for the assay, which allows a marked
improvement in reproducibility, sensitivity and robust-
ness of the assay over other techniques.

Reverse-phase arrays can now be used to study key
‘nodes’ in the cellular circuitry and to profile the func-
tional state of protein pathways and signalling events
within the cells that are contained in biopsy samples.
Recently, this platform was used to address the basic, but
previously unanswered, question of whether premalig-
nant transformation is caused by an increase in the cell
growth rate through the activation of mitogenic growth
pathways (for example, phosphorylation of extracellu-
lar-signal-regulated protein kinases (ERKs)), or whether
early cancer is driven by a decrease in the cell death rate
through the activation of apoptosis-inhibiting, pro-
survival signalling pathways (for example, phosphoryla-
tion of AKT (also known as protein kinase B; PKB))55.
Reverse-phase analysis of study sets of LCM-procured,
patient-matched, normal epithelial cells, premalignant
cells and invasive prostate-carcinoma cells showed that
phosphorylation and activation of AKT occurred as a

Figure 7 | Whole-body array. a | An extension of reverse-phase arrays is designed to profile protein samples that are derived from

pure, microdissected human-organ-specific cells. Each array can directly compare cancer-cell lysates with lysates derived from all the

main vital body organs. b | Specificity of body arrays. Organ-cell proteomic discrimination is shown using analytes that are specific for

each organ type. GFAP, glial fibrillary acidic protein; PSA, prostate-specific antigen, RFU, relative fluorescent units.
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for brain, heart and prostate parenchymal cells, respec-
tively (FIG. 7). The ideal vaccine candidate should have
high abundance in the cancer cells, but low abundance
in the cells of vital organs. Organ arrays offer a high-
throughput means to screen and assign priority to
vaccine candidates. Probes for ideal vaccine targets,
when applied to the array, should preferentially recog-
nize the immobilized cancer cell proteins, but should
not bind to the array sectors derived from the normal
organs. Protein-array formats could also be applied to
monitor and assess the efficacy of gene-therapy-based
applications in which modification of stem cells or cancer
cells is attempted57,58. However, important limitations to
protein-array-based technologies are the constraints
that are imposed by the fidelity, specificity and affinity of
the antibodies or bait molecules that are used. So,
broad-based clinical-proteomics efforts need to use
these profiling tools concomitantly with discovery-
based approaches, such as 2D-PAGE and expression
profiling by means of mass spectrometry.

Personalized medicine

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 sub-
set of patients who harbour tumours with susceptible
molecular derangements. So, there is a strong justifica-
tion to develop a strategy that could select from a menu
of treatment choices, or treatment combinations, those
that best match the individual molecular profile of a
tumour59–67. Molecular profiling using gene arrays has
shown considerable potential for the classification of
patient populations according to disease stage or survival
outcome23,24,68. Nevertheless, transcript profiling, by
itself, might provide an incomplete picture, because
gene-transcript level might bear no relationship to the
phosphorylated or otherwise functional state of the
encoded protein. Moreover, gene transcripts provide
little information about protein–protein interactions
and the state of the cellular circuitry. So, the application
of molecular profiling to select the appropriate treat-
ment strategy should include direct proteomic-pathway
analysis of the biopsy material.

At present, cancer therapy has been directed at a sin-
gle molecular target. In the future, we can imagine
targeting an entire set of nodes all along the pathogenic
signalling pathway (FIG. 8). Such an approach could, the-
oretically, achieve a higher efficacy with a lower toxicity.

Protein kinases are the key molecules that make up
these nodes in the cellular circuitry, and their aberrant
function is often at the centre of many diseases, includ-
ing cancer69–74. The new focus of narrowly focused
molecular-targeted therapeutics addresses this con-
cept. STI-571 (Gleevec, imatinib mesylate) is a key
example. Treatment with Gleevec targets the dominant
activity of the ABL protein kinase by binding to and
blocking its ATP-binding domain. Although this path-
ogenic proteomic circuit has a genetic underpinning —
in this case, a chromosomal translocation — it is the
deranged proteomic function that dictates the biological

vaccines. At present, if an investigator feels that he/she
has discovered a protein that is overexpressed in a cancer
cell and warrants evaluation as a potential vaccine can-
didate, it is necessary for the expression status of that
protein to be measured in all other normal cell types, so
that immune-mediated toxicities are reduced or elimi-
nated altogether. We are now developing microdissec-
tion-based vital-organ and whole-body arrays using the
reverse-phase format to curate proteins that are specifi-
cally overexpressed in premalignant and cancer cells
(FIG. 7). This array incorporates LCM-procured normal
cell populations derived from patient-matched, normal-
organ specimens. An organ-profiling array can be devel-
oped that represents the protein composition of cells
from the brain, heart, lung, liver, kidney, testes, ovaries,
prostate, uterus and so on, while containing cells from
candidate cancer-biopsy sets. Specificity can be demon-
strated through the use of antibodies against organ-
specific antigens, such as glial fibrillary acidic protein
(GFAP), myoglobin and prostate-specific antigen (PSA)

Figure 8 | Combinatorial therapy. A generic signalling cascade is depicted. a | To effectively shut

off 90% of the deranged signalling emanating from the activated node, a high dose of a single drug

(filled green circle) is required to shut down that one node and the pathway. b | By contrast,

targeting with a combination of drugs, each shutting off unique but interconnected nodes

(coloured circles) within the pathway that flows from the single derangement can achieve the same

efficacy with a lower dose of each drug. 
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the drug might be in the dose range that produces
unwanted toxic side effects.

Combinatorial therapy, an alternative approach to
single-agent therapy, offers the promise of higher speci-
ficity at lower treatment doses80–82. A correctly chosen
series of inhibitors that act at several points along the
signalling pathway can be used at low concentrations,
yet the result can be a complete shutdown of the path-
way. The advantage is realized because the inhibitors
work in series at different points along the pathway. This
means that output of one node in the pathway is inhib-
ited before it reaches the next node. Consequently, a
lower concentration of inhibitor is required at each suc-
cessive level. 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 interconnected 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 treat-
ment dose. However, this will need to be proved, and
will require a higher degree of vigilance during imple-
mentation of the regime to monitor the combined toxic
effects of the drugs on normal cell populations.

outcome75,76. More than half of the estimated 1,000
kinases in the human proteome have yet to be identi-
fied, and their central roles in cellular signalling have
not been defined. Drug discovery efforts that centre on
the development of small-molecular-mass compounds
and protein drugs that can specifically block kinases
are an intense focus of the biotechnology and pharma-
ceutical industries owing to their key roles as ‘gate-
keepers’ of the cellular circuitry77. However, other
classes of molecules might also be useful targets, espe-
cially for T-cell vaccine-based therapy. At present, four
molecules that block kinase activity are being investi-
gated in Phase III trials, and as many as 30 kinase
inhibitors are being evaluated in Phase I/II trials78,79.

Proteomic signalling pathways consist of an amplifi-
cation cascade of enzymatic events. The stages of the
pathway can be ordered from upstream to downstream
events (FIGS 1 and 8). The conventional pharmacological
approach has been to select a single upstream target as
the drug target. To completely shut down the entire
pathway, it is necessary to treat the upstream target at a
drug concentration that blocks the target with a high
degree of efficiency (>85%). At this high concentration,

Figure 9 | Proteomic technology applied to cancer-patient management. Proteomic pattern analysis of serum has the

potential to detect early-stage disease, toxicity or recurrence. Once the disease has been diagnosed and biopsied, protein

microarrays coupled with laser-capture microdissection (LCM) offer a means to profile the individual signal pathways that are

deranged in the tumour cells of the patient. In this manner, the combinatorial therapy can be tailored to, and monitored in, the

individual patient.
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The future of clinical proteomics 

Clinical proteomics can have important direct ‘bedside’
applications. We can foresee a future in which the phys-
ician will use these different proteomic analyses at many
points of disease management. The paradigm shift will
directly affect clinical practice owing to its effects on all
of the following crucial elements of patient care and
management (FIG. 9): early detection of the disease using
proteomic patterns of body-fluid samples; diagnosis
based on proteomic signatures as a complement to
histopathology; individualized selection of therapeutic
combinations that best target the entire disease-specific
protein network of a patient; real-time assessment of
therapeutic efficacy and toxicity; and rational redirec-
tion of therapy on the basis of changes in the diseased
protein network that are associated with drug resistance.

So, the use of clinical-proteomic tools, such as
whole-body protein arrays, becomes even more rele-
vant to this emerging era of patient-tailored molecular
medicine, and — a priori — could aid in the analysis of
desired drug effects on target pathways and unwanted
toxic effects on the circuitry within normal cell popu-
lations. Furthermore, serum proteomic pattern analy-
sis can be used to monitor patterns associated with
occult drug-induced toxicity. Proteomic pattern analy-
sis can also be used in the lead-optimization and pre-
clincial phases of drug development, in which serum
proteomic patterns that are associated with known
drug-induced toxicities can be matched against the
experimental therapeutic and predictive correlates to
guide and select which compounds should be taken
forward or shelved.
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