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The ongoing evolution of proteomics

in malignancy
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The complementary fields of genomics and proteomics offer insights into the molecular mechanisms of
diseases. While genomics seeks to define our genetic substrate, proteomics explores the structure and

function of proteins, which are the end effectors of our genes. Proteomics has been revolutionized in the
past decade by the application of techniques such as protein arrays, two-dimensional gel electrophoresis,
and mass spectrometry. These techniques have tremendous potential for biomarker development, target
validation, diagnosis, prognosis, and optimization of treatment in medical care, especially in the field of
clinical oncology. We will discuss innovations in proteomic technologies and highlight their

prospective applications to patient care.

Introduction
Human disease often occurs as a result of disruptions in the DNA-
mRNA-protein axis that underlies normal cellular physiology.
Either inherited or spontaneous genetic mutations can lead to
alterations in mRNA expression or protein function and trigger a
disease state. An understanding of the molecular basis of disease
often requires a multidisciplinary approach that elucidates the
genetic anomaly as well as its functional consequences. The sequen-
cing of the human genome in 2003 was a revolutionary step in the
understanding of our genetic blueprint [1]. However, our phenotype
is a manifestation of the proteome, the full complement of gene
products, which execute the biological processes of the cell.
Proteomics is the study of protein structure and function. Unlike
the relatively static nature of the genome, protein expression and
function is dynamically regulated in health and dysregulation may
result in disease. The genome contains 35 000 genes [1], but the
proteome consists of greater than 1 million distinct protein species
because of variations in splicing, processing, and post-translational
modifications. Genetic polymorphisms [2] and high-throughput
mRNA arrays [3] have been applied for prognostic and classification
purposes of disease states. However, these methods cannot effec-
tively identify disruptions in turnover rates, expression patterns,
subcellular localization, quaternary structure, and post-transla-
tional modification states of proteins. Furthermore, each tissue of
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the body expresses a functionally distinct proteome that is uniquely
regulated. High-throughput proteomic approaches have been used
to develop biomarkers of disease, discover therapeutic targets, and
provide diagnostic and prognostic information that may eventually
guide treatment decisions, heralding a new era of personalized
medicine. Proteomic technology is now used to elucidate the
mechanistic bases of disease and predict response to treatment in
clinical trials [4], with burgeoning potential for eventual clinical use
[5]. Proteomic techniques and principles have been applied to
widely disparate clinical disciplines. We will review recent advances
in proteomics research and explore applications of these technol-
ogies primarily in the field of clinical oncology.

The proteomics toolbox

Proteomic technologies are varied and continuously evolving.
Several low-throughput and high-throughput techniques have
emerged on the forefront of proteomics research and are in various
stages of clinical application. Traditional proteomic methods,
such as immunohistochemistry (IHC), western blotting, immu-
noprecipitation, and ELISA, are regularly applied in the research
arena and often used in the clinic for diagnostic purposes. The
basic principles of the aforementioned techniques have been
applied to more recent high-throughput proteomics methods.
Tissue microarrays are created by formalin-fixation and paraffin
embedding (FFPE) of slices of tissue cores onto a slide, which are
then investigated by IHC techniques [6,7]. Minimal antibody is
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required and hundreds of samples on the same slide can be
compared to each other, because of uniformity of antibody incu-
bation conditions and washes. Separation techniques, including
laser capture microdissection (LCM) [8,9] can be used to enrich for
tissues of interest before analysis.

Other powerful high-throughput techniques for proteomic ana-
lysis include forward-phase and reverse-phase protein microarrays,
depicted in Figure 1. Forward-phase arrays consist of antibodies
that are immobilized on a slide in order to detect multiple proteins
from a single patient. For example, antibodies that are specific for
molecular players in key signaling cascades can be used to assay a
tumor lysate. Conversely, with reverse-phase arrays, small
amounts of many clinical samples are immobilized onto a slide
and are then probed by an antibody specific for a protein of
interest. Tight quality control and antibody validation and opti-
mization are required for successful application of microarrays.
Clinical implementation of these techniques could involve

samples from already existing tissue banks. For example, Becker
et al. have developed a protein extraction method to analyze
proteins in FFPE tissues, a potentially rich source of information
that was previously unavailable for molecular characterization [7].

The above techniques all require a target-driven approach,
focusing on particular proteins or molecular pathways of interest.
By contrast, two techniques, two-dimensional gel electrophoresis
(2DGE) and mass spectrometry (MS), have revolutionized proteo-
mic research. These techniques do not require pre-conceived
assumptions about the identity or number of proteins character-
istic for a particular disease. 2DGE, first developed in 1975, sepa-
rates proteins initially according to charge and then by molecular
weight in the second dimension [10]. This low-throughput tech-
nique is limited by the requirement of large amounts of starting
material and poor sensitivity for low-abundance and low-mole-
cular weight proteins and peptides [11]. 2DGE can be used to
identify potential biomarkers, drug targets, or crucial mediators of
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FIGURE 1

Schematic of forward phase and reverse phase tissue microarrays. (A) Forward phase protein microarrays utilize an antibody species that is immobilized onto a
membrane or slide that can detect a specific protein in the tissue lysate. (B) Reverse phase protein microarrays consist of multiple tissue lysates that are
immobilized onto a surface and then probed with an antibody in order to detect a specific protein of interest.
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disease by comparing spot intensities between diseased and nor-
mal states. Peptides and proteins of interest can then be excised
from the gel and identified. Further refinements in 2DGE technol-
ogy, such as immobilized pH gradients, have allowed standardiza-
tion of this technique across laboratories [12]. Also, in order to
quantify differences in protein expression, samples can be pre-
labeled with a unique fluorophore, mixed with other samples, and
then run on the same gel [13,14]. This allows relative quantifica-
tion of protein levels from different samples and avoids variability
across multiple gels. 2DGE has served as a successful pre-clinical
research tool to discover biomarkers of disease but because of its
slow, labor-intensive process, it may be impractical for everyday
clinical use.

Perhaps the most promising tool for proteomics research is mass
spectrometry (MS). In MS, proteins and peptides are ionized, travel
through an electric or magnetic field, and the mass-to-charge (m/z)
ratios of the sample components are plotted [15] (see Figure 2).
This technique serves as an extremely accurate scale for determin-
ing the molecular weight of individual peptides in complex pro-

tein mixtures. Mass spectrometers vary widely with respect to the
means of sample introduction, ionization source, and resolution.
Nevertheless, all mass spectrometers generate mass spectra of ions,
consisting of the m/z ratio plotted on the x-axis and ion intensity
on the y-axis. MS can be applied as a discovery tool to find
differences in expression of individual proteins or profiles of
proteins between diseased and healthy states. Alternatively, MS
can be utilized to investigate the identity of proteins and peptides
by comparing mass spectra with databases of known proteins. MS
has the capability of identifying thousands of unique peptides
from dozens of samples in the matter of hours. Because of the
exquisite mass sensitivity of MS, small post-translational modifi-
cations, such as changes in phosphorylation state or disulfide
bonding, can be accurately measured [16].

Before introduction into the MS, samples frequently are frac-
tionated in order to enrich for proteins of interest in the analyte. In
liquid chromatography mass spectrometry (LC-MS), complex clin-
ical samples are separated by liquid chromatography and then
introduced to the MS using electrospray technology [17]. An
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FIGURE 2

Schematic of SELDI-TOF-MS. Serum or plasma is collected from a patient and fractionated on a protein chip. Bound proteins are crystallized with organic acids and
are then ionized by a laser. lonized proteins and peptides travel through a time of flight tube and are separated by their mass-to-charge (m/z) ratio.
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increasingly popular and easy-to-use MS platform is matrix-
assisted laser desorption and ionization (MALDI), in which com-
plex protein samples are spotted onto chips concurrently with an
acidic organic matrix [18]. When a laser is fired at a sample spot on
a plate, matrix molecules absorb the energy from the laser and
prevent fragmentation of proteins and peptides during the ioniza-
tion process. A variant of this technique, surface-enhanced laser
desorption and ionization (SELDI), popularized by Ciphergen
(Fremont, CA), allows for on-chip fractionation before interroga-
tion by mass spectrometer [19] (see Figure 2). For example, if one is
interested in studying negatively charged proteins in serum, such
as albumin and its associated peptides, strong anion exchanger
chips are used in order to selectively bind these proteins. Addi-
tional protein chips, including cation exchange, hydrophobic,
and immobilized metal affinity capture can be implemented
depending on the appropriate clinical application.

The SELDI-TOF-MS platform is conducive to clinical applica-
tion because of the ease of sample preparation and potential for
high-throughput automation; however, novel diagnostic biomar-
kers have yet to be discovered with this technique [20,21]. Most
peaks of interest have been found to be isoforms and fragments of
acute phase reactants, which may have limited specificity for a
particular disease. Further, the mass spectrum is exquisitely sensi-
tive to changes in pre-analytical and experimental variables,
which may confound data analysis. SELDI-MS has intrinsically
poor resolution in the high molecular weight range and is also not
able to identify proteins that are less than 1 pg/ml in blood.
Importantly, this technology does not have the resolution to
identify potentially diagnostic low abundance low-molecular
weight (LMW) peptides. It has been hypothesized that low abun-
dance, LMW peptides in serum, a rich resource that has not been
mined in depth, may contain diagnostic information [22]. In order
to study this ‘peptidome’, high resolution mass spectrometers and
novel fractionation techniques are required. Some laboratories
have removed high-abundance proteins in order to study the
remaining peptides for biomarker development [23]. Alterna-
tively, other laboratories have hypothesized that high-abundance
proteins serve as carrier molecules for small diagnostic peptides. In
this approach, carrier proteins (including albumin and immuno-
globulins) are concentrated and then LMW peptides are separated
from the carrier molecule and analyzed [24]. Several alternative
approaches, including the use of C18 magnetic beads and nano-
porous surfaces may also have the potential to concentrate diag-
nostic carrier-bound peptides [25].

Mass spectrometry technology is continually evolving, with
ongoing improvements in resolution, scanning speed, and ease
of use [15,26]. Biomarker discovery may be improved by high-
resolution instruments that have the ability to quantify differences
in protein abundance from multiple samples using isotopic label-
ing [26]. These high-throughput proteomic technologies may
eventually have vast potential for clinical use. The following
sections will illustrate preliminary applications of these technol-
ogies for screening, diagnosis, and treatment of disease.

Applying proteomics for screening and diagnosis of
disease

Considerable effort has been devoted to employ proteomic tech-
nologies in the development of disease biomarkers [27]. Abiomarker

is a quantifiable indicator that may be utilized to (1) detect early
disease, (2) diagnose orrule outdisease, (3) establish prognosis, or (4)
follow treatment response. Unfortunately, development of single
biomarkers has been hampered by insufficient sensitivity and spe-
cificity. For example, prostate-specific antigen (PSA) is routinely
used in the clinic for early diagnosis of prostate cancer despite its
poor sensitivity and specificity [28]. Other biomarkers, such as CEA,
CA125, CA19-9, and others are most successfully applied for recur-
rence monitoring in patients with known disease. CA125 has been
approved by the US Food and Drug Administration for use in
monitoring response to treatment in women with epithelial ovarian
cancer [29]. The poor specificity of biomarkers may lead to invasive,
potentially harmful interventions while poor sensitivity can result
in missed diagnoses.

It is increasingly recognized that identification of a single
biomarker of disease may not be possible and that identifying
panels of markers may be a more clinically useful paradigm. MS
and 2DGE allow the screening of thousands of potential biomar-
kers at one time. The study of proteomic patterns, which is
essentially a panel of dozens to hundreds of mass spectrometry
peaks, has been applied to screen for disease states [5,30-32].
Proteomic signatures or patterns in breast [33], prostate [31],
and ovarian cancers [30] among others, have been described using
MS and 2DGE. Although diagnostic information has been
obtained from proteomic patterns, critics may charge that differ-
ences between normal and disease states may be due to incidental
differences caused by sample processing or, more importantly,
overfitting of data instead of bona fide protein differences parti-
cular to the disease state [34,35]. For these reasons, scientists must
validate their bioinformatic algorithms with independent, blinded
patients sets and may attempt to determine the identity of diag-
nostic ions (Figure 3).

Biofluids, such as blood, urine, cerebrospinal fluid, nipple aspi-
rate fluid, and others are rich sources of biomarkers of disease
[33,34]. Clearly, a direct biopsy of an affected area is most likely to
contain the needed diagnostic information but may also carry risk
for patient complications. Biofluids in close proximity to the
disease state may carry robust proteomic information with less
risk to the patient.

Considerable attention has been focused on the analysis of the
blood proteome, which may most accurately reflect the patient’s
overall physiological state, because the circulatory system is in
constant contact with all tissues of the body. Acquisition of
blood is minimally invasive and easily done, but study of blood
proteins does pose several challenges. Plasma proteins span
concentration gradients up to 10 orders of magnitude, while
the dynamic range of current proteomic tools only spans 2-3
orders of magnitude [36]. Furthermore, about 20 proteins,
including albumin, transferrins, and immunoglobulins, account
for 99% of the protein content in blood [36]. It is postulated that
biomarker information may be found in the remaining 1% of
plasma protein content. Alternatively, others maintain that
modified forms of abundant proteins may be excellent markers
of disease. Furthermore, the plasma/serum proteome can rapidly
change because of systemic effects that are unrelated to the
disease of interest. Similar to initiatives to sequence the human
genome, the Human Proteome Organization (HUPO) has
embarked on cataloging components of human plasma [37-

www.drugdiscoverytoday.com 703

=
]
w
o
(9}
"
=4
w
=
|
O

&

2
2

>

o
o2




wo>Aepoifianodsipbnip'mmm 0o/

N33HUDS OL INID - sMaInAaYy

Proteomic patterns from MS or 2DGE

Train :
healthy cancer b.emgn Training set
model normal disease
Develop simplest
discriminatory model
: Apply training algorithm to
. proteomic patterns from independent validation set
Validate unknown samples

model B

' Sufficient sensitivity and

specificity?

Develop pattern-based *Purify and identify biomarkers
clinical biomarker assay = *Develop and validate
clinical biomarker assay

FIGURE 3
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39]. Secreted and transmembrane proteins from tissues have
been found in the plasma proteome [40] and similarly, proteins
from apoptotic and necrotic tissue would be expected to be found
in the bloodstream as well. Nevertheless, finding tissue-specific
proteins and peptides is especially difficult because of a tremen-
dous dilution effect from the site of disease.

The first application of serum proteomics for MS based biomar-
ker pattern development was by Petricoin et al. [30]. This ground-
breaking and controversial paper used SELDI-TOF-MS to develop a
bioinformatics algorithm that would differentiate serum collected
from patients with ovarian cancer and from healthy unaffected
women. This algorithm was then validated on an independent set
of 116 patients with a sensitivity of 100% and a specificity of 95%.
This approach has subsequently been used to develop putative
diagnostics for other malignancies, including pancreatic [41], lung
[42], liver [43], head and neck [6], and prostate cancer [31]. As
described earlier, current PSA-based serum-screening tests for
prostate cancer lack specificity and often result in invasive and
often equivocal biopsies to rule out malignant processes. Several
groups have used SELDI-TOF-MS and bioinformatics algorithms to
develop serum proteomic profiles to distinguish prostate cancer
from benign conditions, especially where the PSA is in the inde-
terminate range of 4-10 ng/ml [31,44]. Ornstein et al. refined this
approach using a combination of high resolution mass spectro-
metry and a trained bioinformatics algorithm to discriminate
prostate cancer from benign disease from an independent group
of men (blinded to the investigators) with moderately elevated PSA
levels [45]. Wang et al. [46] used a novel approach to develop a
diagnostic test based on a protein microarray that screened for
autoantibodies for prostate cancer [40]. The application of auto-
antibodies as a diagnostic tool for other cancers is ongoing [47].

Critics of pattern based serum proteomics charged that the
identification of diagnostic MS peaks was required in order to
assess their biological plausibility and to rule out artifactual con-
founders [34]. Using SELDI-TOF-MS, along with protein identifi-
cation methods, several biomarkers, including haptoglobin [1],
transferrin, transthyretin isoforms, apolipoprotein A1, inter-alpha
trypsin inhibitor heavy chain 4 [40], and ferritin light chain [48]
have been found to be associated with malignancies, though they
have not been validated for widespread clinical utility or their
specificity for a single cancer confirmed. Interestingly, diagnostic
specificity may be obtained by studying the multiple isoforms or
proteolytic fragments of a parent protein [40] that may be due to
an underlying disease process. Although MS proteomic profiling
may be a powerful tool in the screening of disease, more traditional
assays should not be overlooked. Mor et al. developed a four-panel
ELISA directed against four serum proteins, leptin, prolactin,
osteopontin, and insulin-like growth factor-II that together had
a sensitivity and specificity of 95% for detecting ovarian cancer
[49]. This biomarker panel is being evaluated in a large prospective
study. The limitation of the ELISA technique is that antibodies that
are specific to multiple isoforms or proteolytic fragments of a
protein are often not available. In this scenario, the exquisite
sensitivity of antibodies and the mass sensitivity of MS can be
combined in the technique, immunoaffinity-MS [50]. Antibodies
are used to enrich for biomarkers of interest, which are then
interrogated by MS in order to resolve the multiple isoforms of
the protein of interest.

Considerable effort has focused on analysis of the blood pro-
teome for disease screening and diagnosis. However, other bio-
fluids that are proximal to the locus of disease have also been
utilized for similar purposes. For example, urine collection is a safe
non-invasive source of biomarker information for diseases of the
kidney, bladder [51], and prostate [52,53]. Several groups have
attempted to characterize the urine proteome by using 2DGE and
MS identification of peptides [54,55]. Theodorescu et al. exam-
ined urine proteomic patterns utilizing capillary-electrophoresis-
coupled MS for patients with urothelial cancer [56]. The authors
initially developed a model to predict cancer based on 46 patients
with urothelial carcinoma and 33 healthy volunteers. This algo-
rithm was further refined using 366 urine samples from patients
with urological malignancies, non-cancerous genitourinary (GU)
disease, and healthy volunteers. Their diagnostic algorithm
showed nearly 100% sensitivity and specificity for urothelial
carcinoma. Furthermore, the authors discovered that fibrinopep-
tide A, a protein also associated with gastric and ovarian cancers,
was one of the peptides in their diagnostic algorithm. Cerebrosp-
inal fluid (CSF) is in direct contact with the central nervous
system, and proteomic analysis has been applied to patients with
neurodegenerative diseases [40], cancers of the CNS [57], and
mental diseases [8,58]. Similarly, bronchoalveolar lavage fluid
[59], synovial fluid [60], amniotic fluid [61], sputum [62], nipple
aspirate fluid [63], and tears [64] have been interrogated for
biomarker information.

In addition to screening for disease states, proteomic methods
may also aid the clinician by providing crucial diagnostic and
prognostic information. Pathologists render diagnoses after exam-
ining tissue samples using a combination of objective and sub-
jective findings. Proteomic tools may provide more objective tools
for tumor diagnosis as well as provide molecular characterization
of the tumor that may guide treatment decisions.

In studying CNS tumors, Okamato et al. used a combination of
tissue microdissection, 2DGE, and LC-MS to determine proteomic
profiles of meningioma subtypes to aid in accurate grading of these
tumors and subsequent identification of proteins of interest [65].
This study elegantly described the process of narrowing down the
vague concept of a proteomic profile to specific markers of disease
that can be applied to the clinic for diagnostics.

Oncologists have aggressively applied proteomic technologies
to aid in cancer diagnosis and prognosis, but other fields are also
benefiting from the burgeoning field of protein research. In the
realm of infectious disease, tuberculosis is a highly prevalent but
treatable disease that lies latent in one-third of the world’s popula-
tion. Death due to tuberculosis infection is avoidable if disease is
diagnosed and treated early. Serum proteomic profiling using
SELDI-TOF-MS was used to develop a proteomic fingerprint asso-
ciated with TB infection, with a sensitivity and specificity of 93.5%
and 95%, respectively [32]. Both the use of proteomic technologies
of this study and the thoroughness of its design are worth noting.
First, cases and controls were collected from multiple sites, mini-
mizing the effects of institutional bias. Second, controls with a
number of inflammatory conditions with symptoms that overlap
with TB were also enrolled in order to develop a more discrimi-
native diagnostic algorithm. After the diagnostic algorithm for
serum was developed, it was then applied and validated on an
independent blinded dataset.
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Disease prognosis

Early knowledge of disease prognosis can guide informed decisions
regarding treatment options for the patient. This is especially
relevant in the field of oncology in which treatment for disease
can be particularly onerous because of side effects. Goncalves et al.
conducted SELDI-TOF-MS analysis of serum from women with
breast cancer to develop a predictive algorithm for presence of
metastasis [33]. Their model segregated patients with a good or
poor prognosis and correctly predicted metastasis 83% of the time.
Jacquemier et al. developed a model that predicted breast cancer
prognosis using IHC with tissue microarrays from 552 patients
[66]. In this target-driven approach, 21 proteins were able to
separate patients with good versus poor prognosis in an indepen-
dently validated set of 184 patients. Rakha et al. have studied a
high-risk group of breast cancer patients that are hormone-recep-
tor and HER2 negative in order to search for additional factors that
would stratify patients with more aggressive tumors [67]. The
authors examined samples from 1944 patients with invasive breast
cancer who have been followed long term. Eleven proteins were
assayed by tissue and several other factors, including age, patho-
logical features, lymph node status, and histological grade were
also studied. Basal cytokeratin expression found with tissue micro-
array analysis was an important prognostic factor in lymph node
negative patients. Yanagisawa et al. examined tumor samples from
patients with non-small cell lung cancer that were indistinguish-
able on the basis of clinical and pathological data [68]. The authors
used tissue MALDI to develop proteomic profiles to provide prog-
nostic information for these patients. Their bioinformatics algo-
rithm successfully segregated patients with a mean survival time of
6 months from patients with a mean survival time of 33 months.
In solid organ transplantation, Clarke et al. used SELDI-MS for
proteomic profiling of urine to develop a non-invasive method for
renal allograft prognostication with 83% sensitivity and 100%
specificity [69]. Altogether, these techniques may allow modified
dosing of therapy to maximize therapeutic potential and minimize
side effects.

The application of proteomics for patient treatment

Understanding prognostic implications from proteomic technol-
ogies is an initial step in the development of personalized med-
icine, which is based on the particular molecular characterization
of one’s specific disease. Newer, target-driven chemotherapeutic
agents have improved on older agents by modulating specific
protein pathways instead of killing cells non-specifically. How-
ever, patients may respond to the same therapy in different ways.
Proteomic techniques are being applied to fine-tune treatment and
predict a patient’s response to therapy or potential adverse events.
At the NIH intramural research program, two phase II clinical
trials were recently completed to evaluate the effect of targeted
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