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Preface

Over the past 20 years or so, there have been tremendous advances
in our understanding of how normal cells transform to cancer and the
importance of signaling pathways in cancer initiation and progression.
This progress in scientific knowledge has resulted in the devel-
opment of many drugs that target specific pathways with much
wider therapeutic windows. In addition, technologic advances and the
use of high-throughput approaches, particularly in the last 5 years,
are beginning to impact the diagnosis and treatment of cancer.
Microarray chips, for example, allow for global analysis of gene
signatures in tumor and normal tissues; while proteomic approaches
(functional—expression) allow for the evaluation of protein abundance
and posttranslational modifications that are important in cancer devel-
opment and progression. Thus genomics and proteomics approaches
provide major opportunities in tumor diagnosis, in rational drug
discovery and individualization of therapy for cancer patients. In spite
of these advances in our knowledge and technical capabilities, there
has not been a substantial decrease in overall death rate due to cancer.
This is because too many cancers are diagnosed in late stage in the
course of the disease. Therefore, we need an approach that will allow
for early detection and proper diagnosis of the disease so it can be
treated properly. For example, there is a need for proper use of human
serum and other body fluids such as urine and sputum in early detection
of cancer. Analyses of body fluids proteins by advanced proteomic
profiling strategies allow for great opportunity for improved diagnostic
and screening tests for early cancer. Furthermore, most pharmaco-
logical targets are proteins or DNA, not RNA. Any pharmacologist,
given a chance, would choose information on protein expression over
that RNA expression, so that is where we chose to start.

This book provides the reader with broad perspectives and breadth of
knowledge on current topics related to the use of proteomic strategies
in cancer therapy as well as anticipated challenges that may arise from
its application in daily practice. The book is divided into four parts.
The first part begins with the current technologies used in proteomics
that allow for protein profiling and for the identification of druggable
targets in human samples. Mass spectrometry-based protein charac-
terization and protein microarrays hold great promise of predicting
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vi Preface

response to specific drugs in cancer therapy. The second part deals with
the use proteomics in cell signaling. At present, the pharmaceutical and
biotechnology industries have many potentially useful small molecule
inhibitors of many pathways important in cancer that have yet to be
taken to clinical trials. Understanding protein–protein interaction and
posttranslational modifications through proteomics will likely make
it much more feasible to do effective clinical trials of these small
molecules alone and in combinations to overcome drug resistance and
improve patient care. The third part of the book moves from signaling
to actual clinical applications of proteomics in cancer therapy. Case
studies in many tumor types are provided to show the feasibility
of generating the critical information needed for individualization of
therapy in cancer patients. The final part of the book provides in-depth
information on annotating the human proteome and the role of Food
and Drug Administration (FDA) in regulating the use of proteomics
in cancer therapy. To functionally annotate the human proteome, the
Swiss Institute for Bioinformatics (SIB) and the European Bioinfor-
matics Institute (EBI) initiated a major effort to distribute to the
scientific community highly integrated information on human protein
sequences. This initiative, which is called the Human Proteomics
Initiative (HPI), aims to provide for each known human protein a
wealth of information including the description of its function, domain
and protein family classification, subcellular location, posttranslational
modifications, variants and similarities to other proteins. Integration of
bioinformatics into clinical application of proteomics in cancer therapy
is outlined as well as regulations and policy of commercial application
of proteomics in patient care.

The chapters in this book collectively provide the current status of
proteomics in cancer therapy. While the editor regularly expresses the
sentiment that “proteomics holds great promise in individualization
of medicine in cancer patients”, the examples provided herein are
testament to the fact that this promise has many challenges. Proteomics
technologies must be improved for more global analysis of protein
content of cells, tissues and body fluids, as well as the posttranslational
modifications. Clinical proteomics studies require a large team effort.
This team includes basic scientists, translational scientists, clinicians
and computer scientists, and this has many challenges in our academic
world. Finally, with the large volume of data generated, advances
in informatics and data mining will be necessary to realize the full
potential of proteomics in cancer detection, prognosis, diagnosis and
therapy.
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1 Current and Emerging
Mass Spectrometry
Instrumentation
and Methods for
Proteomic Analyses

Belinda Willard, Suma Kaveti,
and Michael T. Kinter

CONTENTS

1 Introduction and Scope

2 New Mass Spectrometry

Instrumentation

3 New Ion Fragmentation

Methods

4 New Protein Analysis Methods

that Use Mass Spectrometry

Summary

The dynamic nature of the mass spectrometry (MS) experiment
creates many opportunities for innovation and advance. The new ion
generation methods that merited the Nobel Prize were especially
revolutionary examples, but mass analyzer design, ion chemistry, ion
detection, and data analysis have all seen significant performance
advances. In the area of proteomics, the key moment for any of
these innovations and advances comes when they are transferred
from MS laboratory to the biomedical research laboratory. Indeed,
the past 5 or so years have seen key aspects of electrospray and
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4 Part I / Proteomics Technologies

matrix-assisted laser desorption/ionization mature to the point that
MS is now ubiqitous part of life science research and experiments
that were once cutting edge have become routine. Similarly, the new
methods described in this chapter are also beginning to pass this
transfer test to produce unique results in a variety of biological systems.

Key Words: Mass spectrometry; Ion Fragmentation; Prote-
omics; mass analysis.

1. INTRODUCTION AND SCOPE

Over the course of the 1990s, the use of mass spectrometry (MS)
to sequence and identify proteins exploded (Figure line) in terms of
both the utility of the techniques and the frequency of their application
has created a new field of biological research termed “proteomics.”
In 2002, the scientific community’s recognition of the importance
of proteomics culminated in the awarding of the 2002 Nobel Prize
in Chemistry to John Fenn of Virginia Commonwealth University
in Richmond, Virginia, and Koichi Tanaka of Shimadzu Corporation
in Kyoto, Japan, “for their development of soft desorption ionisation
methods for MS analyses of biological macromolecules” (1).

The primary proteomics experiment of 2002 followed a relatively
straight-forward in-gel digestion to MS analysis to database search
protocol that remains very effective today. A personal observation
would be that the majority of mass spectrometer systems dedicated to
this identification experiment in 2002 continue to carry it out effec-
tively today and at the same or greater rate (samples per day). In
fact, one can extend this observation and predict that the majority
of instruments carrying out the gel band identification experiment
today will still be running the experiment effectively in 2010. This
prediction is based on the quality of the mass spectrometer systems that
the manufacturers provide, the skills of the individuals operating the
systems, and the unique utility of the band identification experiment
in biomedical research.

The power of the band identification experiment, however, has
provided a strong base for the continued development of protein
analysis by MS. In many ways, the continued evolution of MS
has become linked to advances in proteomics—advances in MS
create new methods for proteomic experiments while new challenges
in proteomics drive the development of new instruments and new
techniques in MS.

The purpose of this chapter is to review the advances in MS,
for application in proteomics, which have occurred since the 2002
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Nobel Prizes were awarded, and go beyond this standard gel band
identification experiment. The focus will be on three main areas of
advancement: new MS systems, new ion fragmentation methods, and
new experimental methods for protein analysis that use this growing
set of MS tools. Our approach to this chapter is focused on introducing
these selected topics to the reader, with key references to the literature,
and putting them in the context of the experiments described in the
rest of the chapters. This chapter is not intended to be a comprehensive
review of all papers published in this time frame.

2. NEW MASS SPECTROMETRY INSTRUMENTATION

During the growth phase of proteomics, the primary MS systems
used were electrospray ionization-ion trap or electrospray ionization-
quadrupole-time-of-flight (Q-TOF) instruments for the protein
sequencing experiments that used tandem MS and matrix-assisted
laser desorption/ionization-time-of-flight (MALDI-TOF) systems for
peptide mass mapping experiments. As the different instrument
systems move forward, key parameters in the operation of a MS
system continue to be sensitivity, resolution, mass accuracy, mass
range, and scan speed. Sensitivity is an integral part of the power of
MS. In the proteomics experiment, sensitivity translates into a combi-
nation of reduced sample requirements for the routine protein analysis
experiments and/or the ability to see lower abundance proteins when
given the same amount of sample. Resolution and mass accuracy
improvements translate into more accurate (or more confident) identi-
fications with fewer peptides. This ability can be particularly important
as various experimental conditions, such as the analysis of complex
mixtures, make the identification of proteins with only one peptide
desirable and needed. Expanded mass ranges, in turn, have opened
the sequencing experiment to larger peptides, including the technique
of top-down sequencing where proteins are introduced into the mass
spectrometer intact (without digestion) and fragmented in the gas phase
for sequencing. Finally, increases in scan speed of the newer instru-
ments, linked partly to their sensitivity, allow more high-quality spectra
to be acquired in a single experiment which gives corresponding
increases in the amount of information that is acquired.

The new instrumental approaches discussed below cover recent
advances in mass spectrometer systems that have been incorporated
into proteomic experiments. The specific systems covered are linear
ion traps (LIT), Fourier transform (FT) instruments including both ion
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cyclotron resonance (ICR) and Orbitrap designs, and MALDI-tandem
MS systems.

2.1. Linear-Ion Trap
Since their introduction in the late 1990s, ion trap mass spectrom-

eters have arguably been the most widely used instrument system in
proteomics (2,3). The attractiveness of the ion trap is due to several
factors: the sensitivity in the collision-induced dissociation (CID)
mode, the ability to perform MSn experiments, the ease of use, and
the low cost of the instruments compared to other high-performance
tandem MSn systems. Other instrument features like data-dependent
acquisition, in which ions for CID analysis are automatically selected
in real-time by the instrument, also added to the power of these original
ion trap systems.

The first generation ion trap systems use a trapping region located
between a ring electrode and two capping electrodes. The shape of
this region is evolved from quadrupole mass filters such that the
instruments are now referred to as quadrupole ion traps (QIT) or three-
dimensional ion traps, to distinguish them from the second generation
LIT. The key difference between linear and QIT is the larger size of
the trapping region and the larger number of ions that can be contained
in a linear trap. This advantage is related to the need for ion traps
to control the total number of ions entering the trapping region in
order to limit the undesirable consequences of space charge effects
that occur when too many ions are stored in a small area. These effects
can lead to a distortion of the ion cloud and its movement within the
mass spectrometer that can ultimately result in a loss of resolution,
shifts in the measured m/z to give poor mass accuracy, and problems
with sensitivity and dynamic range. A process known as automatic
gain control measures and limits the number of ions put in a trap to
avoid space charge effects, but has the deleterious practical effect of
discarding ions and limiting the sensitivity of the experiment.

The performance advantages of the LIT are based on the increased
storage capacity of the trap due to the increased volume, increased
efficiency of ion transfer from the external ion source into the trap,
and increased trapping efficiency (4). These advantages result in an
overall increase in sensitivity and dynamic range for the LIT compared
to the conventional QIT system. For example, one group compared
the detection limit between the two types of ion traps for a series
of standard peptides and found the detection limit for the LIT to be
approximately 600-fold better than the QIT (∼500 zmol vs. ∼300
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amol) (5). A second benefit involves the improvement of dynamic
range. The MS dynamic range of the LIT was found to be approx-
imately 40 times greater than that found for the QIT (6), similar
increases in dynamic range have also been reported for MS/MS
spectra (5).

Although it is difficult to argue against the importance of increased
sensitivity in any MS experiment, it is possible that the most practi-
cally useful advantage of the LIT operation is the faster scan rates
that it supports. The faster scan rate is a direct result of the ability to
place more ions in the trap and the improved counting statistics those
additional ions provides. The increased scan rate is especially useful
for so-called shotgun or Mudpit proteomic experiments that directly
characterize complex mixture of proteins. The shotgun sequencing
experiment begins with the tryptic digestion of a complete protein
mixture (i.e., a whole cell homogenate) with direct Liquid Chromatog-
raphy (LC)-tandem MS analysis (7). The Mudpit experiment adds
multi-dimensional chromatography by incorporating some element of
chromatographic fractionation of this complex protein digest before the
LC-tandem MS experiment (8). Each experiment uses data-dependent
acquisition, and the success of these approaches relies heavily on
the ability of the mass spectrometer to isolate and fragment as many
peptide ions as possible over the course of the LC separation. One
systematic comparison of the QIT and LIT instruments is in analyzing
a complex peptide mixture from Jurkat T leukemia cells (5). The
authors found that the LIT was able to identify fourfold to sixfold more
peptides and proteins in the complex mixture under identical experi-
mental conditions. In addition, these investigators found that 70% of
the doubly and triply protonated peptides gave better quality fragmen-
tation spectra in the LIT compared to QIT, as measure by the Sequest
correlation scores. In another comparative study, results obtained with
a LIT instrument were compared to those from a Q-TOF instrument in
an analysis of the yeast proteome (9). When the different instruments
were operated in a way that acquired the same number of CID spectra,
the LIT was found to produce 21% more matched peptide spectra than
the Q-TOF instrument, although no increase in protein identification
was observed. However, when the scan speed advantage of the LIT
was utilized, the instrument recorded more CID spectra, matched more
peptides, and identified more proteins than the Q-TOF instrument.
Several additional shotgun proteomic studies have been successfully
carried out using LIT technology (10,11).
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Another major area of interest in proteomic studies is the identifi-
cation of post-translational modifications. Several studies involving the
identification of protein modifications have been performed utilizing
the improved sensitivity and scan rates of the LIT instrument (6–14).
One study took advantage of the fast scan rates of the LIT in order
to determine both the in vitro and in vivo phosphorylation sites of
NFATc2 (12). The LIT was operated under conditions to take 100
MS/MS scans per minute. The fast scanning rate of the instrument
allowed the investigators to predict possible phosphorylation sites and
to use selected ion fragmentation approaches to probe the sample
digest for these phosphopeptides. In these experiments, an MS scan
was followed by 30 MS/MS scans resulting in the identification of
six in vitro phosphorylation sites in a single experiment. The investi-
gators were also able to utilize the high sensitivity of the experiment
to identify five in vivo phosphorylation sites within the same protein.
In addition to the identification of phosphorylation sites, LIT instru-
ments have been successfully used to identify other post-translational
modifications including S-nitrosylation sites (13), methylation (6),
acetylation (14), and nitration and chlorination (15).

A final feature of the LIT is the simple existence of two ends
to the ion-trapping region. While less obvious then the performance
aspects noted above, this new feature of the ion trap geometry may
ultimately be appreciated as the most significant. Ions must always
be injected from the ion source located at one end of the LIT, but
the other end has been incorporated into at least two novel uses. The
first use is to allow alternative ion excitation methods, like electron
transfer dissociation (ETD) (16), that are described in greater detail
in Section 3 of this chapter. The second use is in hybrid instru-
ments that add unique scan functions and high-resolution capabilities
to the strengths of the ion trap system. The Q-Trap instrument, for
example, combines the capabilities of the triple quadrupole instrument
with the LIT (the term Q-Trap is a trademarked name for a specific
hybrid triple quadrupole-LIT instrument from MDS Sciex) (17). These
instruments have three quadrupole regions. The first two are regions
containing conventional quadrupoles that can be operated as mass
filters or as collision cells. The final quadrupole can be operated as
either a conventional quadrupole mass filter or a LIT. The use of these
instruments in proteomic studies have utilized unique scanning capabil-
ities that allow the identification of specific fragmentation patterns that
are observed for phosphopeptides and glycosylated peptides (18,19).
Other hybrid instruments are coupling the LIT to high-mass resolution
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instrument such as a Fourier transform-ion cyclotron resonance (FT-
ICR) or Orbitrap mass spectrometers (20,21). These hybrid instruments
add a high-resolution mass analyzer to the system, which signifi-
cantly enhances the mass accuracy of the experiment. The FT-ICR and
Orbitrap instruments are discussed in greater detail in the following
sections.

2.2. Fourier Transform-Ion Cyclotron Resonance
The FT-ICR instrument (also often referred to generically as FT-

MS) is a traditional, although sophisticated and expensive, mass
spectrometer system used for protein analysis. Indeed, some of the
earlier applications of protein sequencing with tandem MS used FT-
ICR experiments (22). FT-ICR MS has always been an exciting topic
in field of MS instrumentation because the sensitivity, resolution, and
mass accuracy in these instruments is the highest available among all
the various instrument configurations.

The principle of ICR has been known since the late 1940s and was
refined significantly in 1960s (23,24). In the 1970s, FT technology
was combined with ICR to begin to utilize the complete potential of
the ICR technique (25). ICR works on the relatively simple principle
that ions in a strong magnetic field are constrained to circular orbits
perpendicular to the field. To be trapped in this field and retained in
the instrument, an ion must move in a manner in which the outward
centrifugal force balances the inward magnetic force. As the outward
centrifugal force of an ion is determined by a combination of mass,
charge, and frequency of the rotation, all trapped ions with a given
m/z must have a characteristic cyclotron frequency. In a simplified
view, this frequency is recorded as an image current and converted to
the m/z value. Because the recording of the image current is a non-
destructive detection method, signal-to-noise ratio can be enhanced by
averaging many cycles before the ions are lost from the cell. Finally,
the geometry of the instrument does not place any specific molecular
weight limit on the analyte ions. The net effect of the ICR approach is
a unique combination of wide molecular weight range, high-sensitivity
detection, and high m/z resolution (26).

FT-ICR systems have several functional problems that have tradi-
tionally limited their use to a modest number of more advanced MS
laboratories. One set of problems has been due to the large size of
the instruments and the complexity of operating the high-field magnet.
These problems were “solved” partly by the availability of actively
shielded magnets, but mostly by the growing value of MS in protein
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analyses and the undisputed power of FT-ICR in those experiments.
In other words, the benefits of these high performance systems have
simply begun to outweigh the problems enough to lead more labora-
tories to their use. More difficult functional problems, however, have
included the inter-related problems of space-charge effects and slow
scan speeds. Specifically, to achieve the high m/z resolution, few ions
are introduced into the ICR cell in order to avoid any space-charge
effects. This small number of ions, in turn, requires longer acquisition
times to achieve appropriate signals giving slow scan speeds. As a
result, these problems are particularly difficult for experiments using
liquid chromatography as a sample inlet due to the need to operate
on the chromatographic time scale and the more variable amount of
sample that is introduced into the mass spectrometer.

One approach to minimize these issues has been the development
of hybrid systems that trap the ions prior to entry into the ICR cell.
This approach began with various configurations of quadrupoles and
has now been extended by placing a LIT in front of the ICR cell. This
hybrid LIT-FT-ICR systems adds several intriguing capabilities to the
FT-MS analysis. First, the ion trap provides the needed means for
ion accumulation and control outside of the ICR that enhances sensi-
tivity and helps manage space charge problems. Using this technology,
routine femtomolar sensitivities of standalone FT-ICR instrument are
improved to zeptomolar sensitivities in some cases (6). Second, the
high resolution–high mass accuracy of components of the FT-MS can
be combined with the rapid scan rates in CID experiments of the LIT
in a single experiment to give scientists an overall system with unique
analytical power. For example, complex scan functions have been used
to take advantage of the strength of both mass spectrometers simulta-
neously during a single LC-MS experiment (Fig. 1). A typical complex
scan function would begin with a basic data-dependent approach. A
survey scan is carried out to determine the ions seen at that point in
the chromatogram. Data in the survey scan are then used to direct
subsequent functions in both the FT-ICR and LIT areas. For example,
(Fig. 1A), the FT-ICR can be directed to record narrow m/z range,
high-resolution scans that measure the peptide molecular weights with
accuracy in the parts-per-million (ppm) range while the LIT area is
used to record the corresponding CID spectra. Other variations on
this simultaneous use of both instrument components have also been
reported (20,27). Ultimately, each CID spectrum is combined with a
high accuracy molecular weight measurement that is used to constrain
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Fig. 1. Examples of possible scan functions that utilize both components of hybrid
ion trap-high resolution mass spectrometry (MS) systems in a single analysis.
The overall goal of these experiments is to acquire as many collision-induced
dissociation spectra and the corresponding accurate peptides mass as possible
on the chromatographic time scale. Panels A and B are based on descriptions
given for combined linear ion trap-Fourier transform-MS (LIT-FT-MS) instru-
ments (adapted from refs 20,27). Panel C is based on a description given for
a combined LIT-Orbitrap instrument (adapted from ref. 21). The cross-hatched
block represents time used for ion accumulation and automatic gain control. CID,
collision-induced dissociation.

the database searches and increase the confidence of the protein identi-
fication (27).

The power of the accurate peptide molecular weight determination
can be seen in the development of accurate mass tag (AMT) methods
to quickly characterize proteomes (28,29). In this method, conven-
tional HPLC-tandem MS methods are used to collect the sequence
information of peptides and record their corresponding LC retention
times. These peptides are considered as possible mass and time (PMT)
tags. Their theoretical masses are calculated and confirmed on high-
resolution FT-ICR by retaining the same sample preparation and liquid
chromatographic conditions. Peptides that matched with the theoretical
molecular masses are categorized as AMTs and are added to the PMT



12 Part I / Proteomics Technologies

database. Subsequent analysis of such samples on the LC-FT-ICR
system with searches of the PMT database, with stringent parameters,
enables quick and confident identification of the source proteins.

2.3. Orbitrap
The Orbitrap mass spectrometer is based on the orbital trapping

mass analysis concepts introduced by Kingdon in 1923 (The Orbitrap
mass spectrometer is a trademarked name for a specific hybrid
mass spectrometer from Thermo Fisher Corporation) (30). This mass
analysis technique utilizes two concentric electrodes, an inner electrode
and outer electrode, on which voltages are applied to create a complex
electrostatic field. When ions are injected into this field, they have two
components to their movements—a rotation around the inner electrode
that traps them in the device and an oscillation along the length of the
trap at a frequency that is m/z dependent. As is the case in FT-ICR,
the frequency of this oscillation is recorded as an image current and
transformed from the time domain to the frequency domain to produce
the mass spectrum. Key characteristics of these spectra are high mass
resolution, in the range of 150,000, with correspondingly high mass
accuracy, in the low ppm range (31,32). One positive attribute of the
Orbitrap, relative to FT-ICR, is a greater trap capacity before space
charge effects become apparent. This capacity allows faster scan speeds
in the high-resolution mode.

Like other trapping mass analyzers, ions are injected into the
Orbitrap in pulses, trapped within the mass spectrometer, and detected.
Unlike other trapping instruments, ion injection must occur in a very
short time scale (<1 ms) due to high ion velocities and the absence
of collisional cooling within the Orbitrap. In order to couple the
Orbitrap mass spectrometer to a continuous ion source like electro-
spray ionization, additional ion storage and isolation steps must be
used prior to this ion injection process. The first designs for the ion
injection system used an rf-only quadrupole to accomplish this task
with variable results. The most recent version uses a combination of
a LIT and a C-trap prior to the Orbitrap (33). The C-trap device is a
type of rf-only quadrupole with curved rods that enhances the ability
to accumulate and stores ions. The addition of the C-trap, combined
with the use of a lock mass for mass calibration, has produced mass
accuracies that are consistently better than 2 ppm (34). As with the
FT-ICR instruments noted above, this utilization of a LIT as part of the
ion injection optics for the Orbitrap mass analyzer has also produced a
hybrid mass spectrometer system in which complex scan functions can
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take advantage of ion dissociation in the LIT, and high resolution, high
mass accuracy m/z measurements are made in the Orbitrap (Fig. 1).

The performance of the hybrid LIT-Orbitrap mass spectrometer in
proteomic experiments was evaluated in the analysis of digested saliva
samples (21). For these experiments, the complex peptide mixture
produced by the digestion of unfractionated salivary protein mixtures
was analyzed by a shotgun approach that involved the direct LC-
MS/MS analysis with the LIT-Orbitrap instrument. The LIT and
Orbitrap mass analyzers can be used either simultaneously or indepen-
dently. The experimental method involved a high-resolution mass scan
on the Orbitrap mass analyzer portion of the instrument followed by
three tandem mass spectrometry scans in the LIT mass analyzer and
one spectrum where the MS/MS fragment ions are analyzed at high
resolution in the Orbitrap analyzer. The authors reported a mean mass
accuracy of 1.5 ppm over the course of the experiment. The authors
were also able to compare the fragmentation spectra obtained in the LIT
and Orbitrap analyzers and found that ion abundances were similar and
that there appears to be no loss of fragment ions in the transfer process
between the LIT and Orbitrap. The high mass accuracy measurements
made on the LIT-Orbitrap instrument will lessen the likelihood of false
positives in protein and peptide identification experiments.

2.4. MALDI-Tandem MS
One constant issue in proteomics, indeed in all analytical methods,

is the speed of the experiment. In proteomics, applications like the
comprehensive mapping of 2D gels can produce several hundred
samples from a single experiment in a short period of time. In other
situations, small numbers of samples from many different experiments
can also produce high sample loads for analysis. One approach to
increasing sample throughput, the traditional idea of automation, is a
key part of improving the capacity of mass spectrometric analyses. The
automation of liquid chromatography, for example, has a long history
and is continually improving. In many ways, the relatively advanced
state of LC automation has kept the LC-ESI-tandem MS experiment
in the lead in proteomics field. It should be noted, however, that this
type of automation does not actually increase the speed of the analysis
but rather helps operate the instrument for longer periods of time.

MALDI analysis, on the other hand, is a fundamentally rapid
experiment because the LC separation is either eliminated or greatly
simplified (i.e., simple sample preparation methods like ZipTip
cleanup). A basic mass mapping experiment with MALDI can be
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completed in a minute or two, as opposed to the hour needed for a
standard LC-MS experiment. The problem with MALDI, however, has
been the limitation of the mass mapping experiment, particularly as
the interest in mixture analysis has grown. In fact, the appreciation
that even simple samples tend to contain multiple proteins has hurt
the utility of the mass mapping experiment. Simply put, scientists
are either unhappy with the lack of fundamental amino acid data or
require that data for other reasons. As a result, new MALDI instru-
ments are using tandem MS approaches to acquire CID spectra for the
peptide sequence analysis. These instruments range from the simple
use of MALDI as an ion source for ion trap or Q-TOF instruments
to the design of specific mass analyzer systems, like the TOF-TOF
instrument, for use with MALDI sources.

The first versions of MALDI-Tandem MS experiments were
published in the mid-1990s soon after the power of MALDI was
appreciated (35–37). These first applications used ion trap and FT-
ICR mass spectrometers. One advantage cited in these first papers was
the speed of the analysis, although the 5–10 samples per day is not
rapid by current standards it was significantly faster than the one or
two samples per day capacity of the LC-tandem MS experiments of
the time (38). These authors also recognized another advantage of the
MALDI approaches, the very low sample consumption per laser shot
(35) and the extended sample interrogation times this feature allows.

A significant problem for the first generation MALDI-tandem MS
instruments was the relatively poor fragmentation characteristics of
the singly charged ions produced by MALDI. This limited amount
of sequence information is fundamentally related to the way peptides
fragment under low-energy CID conditions and can be appreciated if
one considers Wysocki’s mobile proton theory of peptide fragmen-
tation (39,40). In this model, the single proton attached to MALDI-
generated ions would have limited mobility because of its expected
localization on strongly basic amino acids like arginine and a corre-
spondingly limited ability to promote fragmentation. One approach
to enhancing the sequence information that can be obtained from
MALDI-generated peptide ions was to design the TOF-TOF instrument
and use high energy collision conditions to induce the dissoci-
ation reactions (41). The high-energy CID appears to promote more
extensive fragmentation of the singly charged ions, producing more
extensive peptide sequence information. In fact, de novo sequencing
of MALDI-TOF-TOF spectra has been reported (42). This more
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informative type of MALDI-Tandem MS experiment has been incor-
porated into effective protein identification routines (43).

3. NEW ION FRAGMENTATION METHODS

A critical part of the protein identification experiment is the ability
to fragment peptide ions in a way that reveals the amino acid sequence
of that peptide. As with nearly all tandem MS experiments, this
fragmentation has generally been accomplished by CID. Advantages
of CID certainly include the ease of incorporating the technique into
the tandem MS instruments for high-sensitivity experiments, but the
highly informative pattern of fragmentation seen with peptide ions
should also be appreciated. In fact, the uniquely informative fragmen-
tation seen in the CID spectra of doubly charged peptide ions that are
common in tryptic digests was recognized in the earliest examples of
protein sequencing with electrospray ionization (44).

Recently, two applications have re-energized the interest in
improved methods to activate peptide ions and induce fragmentation—
the characterization of post-translation modifications (particularly
phosphorylation) and the direct sequencing of larger peptides including
intact proteins (so-called top-down sequencing). Phosphorylated
peptides represent a type of peptide ion that does not fragment in an
optimum manner in a CID experiment. Other problematic peptides
include glycosylated peptides and some peptides modified by small
molecules like drugs or xenobiotic species.

The collisional activation of CID utilizes energy transfer pathways
that operate through a slow distribution of the kinetic energy of the
collision into vibrational energy in the ion. The rate (so-called slow
heating) and extent of this distribution gives an element of preference
for the more easily cleaved bonds. In most peptides, this preference
is seen in wide variation in the abundance of the product ions in the
CID spectrum, including high abundance fragment ions and fragment
ions that are not observed. In general, this range of abundance is not
a problem because sufficient sequence information is still present in
the spectrum, combined with other peptides in the analysis, so that the
database search programs can still effectively identify the proteins.

In the case of modified peptides, however, the amino acid side chain
becomes a highly preferred fragmentation site such that the peptide
ions tend to lose specific neutral species in a reaction that consumes
all of the internal energy imparted by the collision. In these analyses,
the CID spectra show a limited number of high abundance ions from
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the facile loss of that species, but no or limited ions that reveal the
amino acid sequence. In the case of phosphopeptides, this behavior
leads the a prominent loss of H3PO4 and a fragmentation pattern in
which it is clear that a peptide is phosphorylated. Unfortunately, the
underlying amino acid sequence information can be so limited that
it is not possible to assign the peptide to a protein and/or determine
the exact site of the modification. When attempting to fragment larger
ions, including the direct analysis of intact proteins, the problem is
slightly different and relates to basic limitations in adding sufficient
energy to the ion to give effective fragmentation. Specifically, the
collisional activation process for large ions creates a scenario where a
large object is colliding with a small object. In this situation, a center-
of-mass problem is created that limits the transfer of collision energy
into the large ion. The second contributor to the problem is the larger
number of bonds that must be broken. Ultimately, CID of large ions
is plagued by a limited energy transfer going into too large a number
of degrees of freedom and limited fragmentation is observed.

These problems have lead to two alternative types of ion
activation—electron capture dissociation (ECD) (45–47) and ETD
(16,48) that are rapidly being incorporated into commercially available
systems. The key characteristic of these dissociation methods is the
more direct activation of the amide bonds that produce a rapid fragmen-
tation reaction at that site.

3.1. Electron Capture Dissociation
ECD was developed and described by Zubarev, McLafferty and co-

workers in a pair of papers that appeared in the late 1990s (45,46). The
current excitement about this new ion dissociation technique relates
the superior performance of ECD relative to CID, in these two problem
experiments, the characterization of post-translational modifications
and the direct sequencing of intact proteins.

The method of ECD uses the reaction of thermal electrons with
positively charged species that are trapped in the ICR cell of an FT-
MS system. For this experiment, electrons are produced by a filament
or cathode, thermalized, and directed into the ICR cell. In the case
of proteins and peptides, the recombination of the electron and the
positive charge is modestly exothermic and produces an odd-electron
ion that rapidly fragments through a reaction that breaks the N-�C
bond, that is bond between the amide nitrogen and the alpha carbon of
the peptide backbone (Fig. 2). This fragmentation reaction is unique,
producing c- and z-ions, rather than the b- and y-ions seen in CID
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Fig. 2. A summary of the fragmentation pathways for electron capture dissociation
(ECD) and electron transfer dissociation (ETD) vs. collision-induced dissociation
(CID).

spectra based on breaking the carbonyl C–N bond. A key part of
the electron capture reaction is that the fragmentation reaction occurs
rapidly without redistribution of the energy. This trait produces a
pattern of fragmentation that occurs only at the site of the recombi-
nation reaction. McLafferty refers to this as a non-ergotic process to
reflect the fact that equilibration of the energy does not occur (45). One
result of this non-ergotic behavior is that ECD tends to not break side
chain bonds, preserving post-translational modifications and leading
to the enhanced utility for these types of studies. The second result
of the non-ergotic behavior is that the direction of the fragmentation
reaction is based on the site of the charges, such that the extent of
fragmentation is not limited by the size of the ion. In fact, the multiple
charging seen in electrospray ionization of proteins actually facilitates
a more complete fragmentation by ECD.

The application of ECD is in relatively early stages of development,
especially compared to the 40+ year history of CID. In addition,
the development has been limited to some degree by the lack of
commercial devices until approximately 2004. The applications that
have been reported, however, clearly illustrate the potential of the
technique. Initial published examples in the area of post-translational
modifications have focused on the localization of phosphorylation
sites (49,50). These reports utilized the unique properties of ECD to
generate product ion spectra without little or no side chain fragmen-
tation, including no observable loss of H3PO4 from either the molecular
ion or any of the fragment ions (Fig. 3). In addition, the utility for other
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Fig. 3. A comparison of electron capture dissociation (ECD) and collision-
induced dissociation (CID) spectra for a representative phosphopeptide. Repre-
sentative spectra for the fragmentation of the hypothetical phosphopeptide
RLSpPDLVSTIK (Sp denotes phosphoseriine). The CID spectrum is dominated
by a doubly charged ion from the loss of H3PO4, seen as a loss of 49 Da from
the doubly charged molecular ion. Limited additional fragmentation in the form
of b- and y-ions is observed. The clarity of these data is diminished further by the
confounding loss of H3PO4 from these fragment ions as well. The ECD spectrum,
on the other hand, gives a clear set of c- and z- ions that reveal nearly the entire
peptide sequence. No loss of H3PO4 is seen. The most abundant ion in the ECD
spectrum is the unfragmented molecular ion.

types of modifications, including glycosylation (51,52), carboxylation
(53), deamidation (54), and sumylation (55), have also been success-
fully determined. The other primary application, top-down sequencing,
is described in greater detail below.

As the power of ECD is recognized, new fundamental studies are
enhancing our understanding of the process (56–58). Results of these
fundamental studies will surely be an enhancement of the process, as
exemplified by the design of multistep activation schemes to enhance
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the amount of sequence information (59), and the improvement of
ECD-based instruments (60,61), as exemplified by the reports of the
use of ECD on ion trap instruments (62,63). Finally, it is notable
that the more complete fragmentation characteristics of ECD are also
being applied to the “standard” peptide sequencing experiment (64).
Recently, advances in the speed of the ECD process have allowed
its incorporation into data-dependent experiments used for the routine
protein identification experiment (65).

3.2. Electron Transfer Dissociation
ETD was introduced by Hunt and Co-workers in 2004 (16,48).

The electron transfer method is closely related to the electron capture
method. Indeed, all of the downstream actions of the process relating
to how the protein and peptide ions fragment are seemingly identical
to those described above for electron capture.

The key difference between electron transfer and electron capture is,
as implied by the names, how the electron is placed on the ion that is
being dissociated. In the electron transfer process, this process begins
with a reagent ion that is reminiscent of chemical ionization reagent
ions. In fact, in the first description of ETD, the reagent ion, a mixture
of anthracene anions, was produced in a chemical ionization source
with methane and anthracene (16). These reagent ions are then injected
into an ion trap mass spectrometer to react with the m/z-selected ion
of interest and the product ion spectrum recorded in a standard tandem
MS experiment.

As is the case with ECD, the ion/ion reaction of ETD is exothermic
and the excess energy is used by the peptide or protein ion to break
the backbone N–�C bond between the amide nitrogen and the alpha
carbon of the peptide backbone to produce are c- and z-ions (Fig. 2).
Again, no distribution of the energy takes place, so the site of the
fragmentation is determined by site of the charge. Because these sites
tend to be randomly distributed in electron ionization, a population
of ions tend to have all sites charged to at least some extent, and an
extensive series of the c- and z-type product ions is produced.

A key distinction between ETD and ECD is the types of instruments
on which the experiments can be performed. The electron capture
process is not suitable for instruments that use rf fields, like ion trap
instruments, because of problems with the inability to trap thermal
electrons in these fields and the overall residency time of the ions in
the trap. As a result, ECD is best suited to ICR instruments. In contrast,
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the negative ions used in ETD can be trapped in LIT instruments by
taking advantage of the two entrance points and the multiple segments
in these mass analysers (16).

4. NEW PROTEIN ANALYSIS METHODS THAT USE
MASS SPECTROMETRY

With the combination of new mass analyzers, new ion excitation
methods, and the continued strengths of the traditional systems, inves-
tigators have been able to devote considerable energy extending the
uses of MS in proteomics to go well beyond the standard protein
identification experiment. Three directions merit particular attention:
the continued development of the direct analysis approaches (shotgun
sequencing) that broadly identify specific subclasses of proteins, the
development of quantitative methods, and the development of methods
that work directly with intact proteins in the mass spectrometer.
The shotgun sequencing experiments are a group of direct analysis
techniques that are used in situations where the power of the mass
spectrometer adds sensitivity, dynamic range, and/or speed to an exper-
iment to create a more comprehensive experiment. These types of
experiments began with the Mudpit experiments noted above (8),
but also include experiments that retain some sample clean-up or
separation by gel electrophoresis separation (so-called GeLC exper-
iments) (66,67). A notable new application of the shotgun exper-
iment is in the area of phosphoproteomics. In quantitative analyses,
new methods are being reported that utilize the inherent relationship
between the strength of a MS signal and the amount of analyte present
in the sample. Many of the approaches use different types of labeling
techniques [i.e., metabolic labeling, isotope-coded affinity tag (ICAT),
and iTRAQ], but label-free methods are also being reported. Finally,
new MS experiments are using ECD and ETD described above to
directly sequence proteins. These top-down sequencing experiments
are a very promising development, partly because of the simple power
of a more direct analysis (i.e., no gel and no digestion) and partly
because they can provide new information about aspects of the protein
structure that are not predicted based on the gene sequence (i.e., post-
translational modification, post-translational processing, and splice
variants). As a group, these new techniques promise to add significant
new capabilities to the next generation of proteomic experiments.
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4.1. Phosphoproteomics
Protein phosphorylation is one of most physiologically important

post-translational modifications due to its role in the signaling cascades
that regulate many biological processes. First generation experiments
were focused on individual target proteins and sought to characterize
the sites of phosophorylation so that subsequent experiments could
methodically address the significance of each site using techniques
like site-directed mutagenesis. For this approach, the protein of interest
is typically expressed in a tagged form (e.g., FLAG- or myc-tagged),
pulled from the expression system with immobilized antibodies to
the tag, digested with a protease, and analyzed by data-dependent
LC-tandem MS methods (68). The expression system is generally
treated with phosphatase inhibitors and may be either stimulated
or have the candidate kinase co-expressed to enhance the amount
of phosphorylation. A few important factors make the characteri-
zation of phosphorylation site significantly more difficult than the
identification experiment: the low frequency of the modification (a
stoichiometry problem), limitations in the amount of sequence infor-
mation obtained from the target protein (a coverage problem), and
issues with the sequence information given in a CID spectrum (the
neutral loss problem). Nonetheless, this standard approach has been
very productive and will continue to add to our basic understanding
of protein phosphorylation. At the same time, this target-by-target,
site-by-site approach has distinct limitations. Not only is the pace of
progress relatively slow, but the isolated approach does not recognize
the breadth of these pathways, their inter-connected nature, and the
need to include quantitative information. As a result, new phospho-
proteomic experiments are beginning to use shotgun approaches, with
quantitation, to address these issues.

The most difficult part of characterizing protein phosphorylation
is the initial step of finding the relevant ions in complex data sets.
These datasets contain what literally amounts to tens of thousands
of the detected ions. Furthermore, the abundance-based logic used in
data-dependent analyses is distinctly biased against the low abundance
signals of which the phosphopeptides are a component. Therefore,
the most rational approach to solving this problem is to enrich the
digest in phosphopeptides. The two main approaches being used are
immobilized metal affinity chromatography (IMAC) and strong cation
exchange (SCX).

The oldest approach, IMAC, uses the affinity of the phosphate
group for certain metal ions as a way to pull the phosphopeptides
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out of a mixture (69). Traditionally, Fe3+ was used for this purpose
but other reports with Ga3+, Ni2+, and Cu2+ have also been made. In
some instances, enhanced selectivity of certain metal ions has been
demonstrated. For example, Ga3+ IMAC was used in combination
with phosphatase treatments to detect several phosphorylation sites in
c-Jun NH−

2 terminal kinase (JNK)-interacting protein 1 (70). Overall,
however, the general success of IMAC technology has been incon-
sistent and of relatively limited value for most users trying to study
isolated proteins.

The IMAC experiment, however, has appeared significantly more
robust when applied to mixtures in broader phosphoproteome exper-
iments. The first report came from the laboratory of Hunt and co-
workers (71). This experiment used an Fe3+ IMAC column to isolated
phosphopeptides from a yeast protein preparation. A key alteration
of the standard IMAC protocol was the inclusion of a methylation
step that esterified the acidic amino acids and reduced non-specific
binding of peptides containing aspartate and glutamate residues (71).
This modification also gave an opportunity to add a stable-isotope label
(D3-methyl) for quantitative analyses. This initial report of phospho-
proteome analysis described the detection of 216 phosphopeptides
and with specific assignment of 383 phosphorylation sites in the
yeast proteome (71). In a subsequent set of experiments, this same
technique was used in a human system, sperm cells (72). This IMAC-
based phosphoproteome approach has also been refined to specifi-
cally target tyrosine phosphorylation (73,74). These experiments use
anti-phosphotyrosine antibodies to immunopreciptate this sub-class of
proteins. The precipitate is digested, the peptides methylated, and the
phosphorylated peptides isolated from the mixture with either Ga3+

or Fe3+ IMAC columns. An initial report identified over 70 tyrosine-
phosphorylated peptides in a single analysis (74).

The second approach, SCX, takes advantage of the fundamental
acidity of phosphopeptides to separate these peptides from the larger
pool of unmodified peptides. The first report by Gygi and co-workers
used an SCX system to characterize the phosphoproteome of human
cells in culture (Hela cells) (75). In this analysis, the proteins were
digested with trypsin, the digest applied to the SCX column, and
the phosphopeptides eluted in the early part of an NaCl gradient.
The elution order was multiply phophorylated peptides eluting first,
the singly phosphorylated peptides eluting second, and the unphos-
phorylated peptides eluting last. A total of 967 phosphoproteins
were identified through the characterization of 2002 phosphorylation
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sites (75). Similar experiments were used to extend the method to
animal tissues with equally impressive results (76).

The success of these phosphoproteome experiments, whether based
on IMAC or SCX, has produced a quantum leap forward in the number
phosphorylation sites that are now known. As a group, it is interesting
to consider the amount of information that is present in this series
of just three papers in human systems—the identification of several
thousand phosphorylation sites (ignoring for the sake of argument the
likely overlap between parts of the datasets) (72,74,75). The most direct
utilization of these data is the larger scale evaluation of phosphorylation
motifs (77). It should be remembered, however, that these data also
represent unique resources for the functional studies of each protein
in the dataset. Not only do they provide new information about the
sites of the phosphorylation, but they would also give useful practical
information about the LC-MS characteristics of the specific peptides.
Finally, as discussed below, these phosphoproteome methods are also
being combined with quantitative methods to more completely address
the dynamics of these systems.

4.2. Quantitative Techniques
A key piece in the continued development of new proteomic

methods has been the introduction of viable approaches to making
quantitative determinations. As a group, these methods build on the
traditional role of MS for quantitative analyses in studies of small
molecules like drugs and metabolites. Although the intensity of mass
spectrometer signal is proportional to the amount of analyte present in a
sample, the exact details of this proportionality are always complex and
can be affected by many experimental factors, including the chemical
characteristics of the analyte, variations in the sample preparation
procedure, and daily (or even hourly) differences in instrument perfor-
mance. As a result, quantitative methods that use MS generally incor-
porate some kind of internal standard against which the analyte signal
is normalized. For small molecule analyses, these internal standards
tend to be analogs of the analyte that have either a different molecular
weight or different chromatographic retention time that allows the
internal standard signal to be recorded independently of the analyte
signal.

In proteomic applications, an issue for internal standard design is
the protein digestion step and the dramatic changes the characteristics
of the analyte (i.e., from a protein to a series of peptides) that it
produces. The effect of this change is to create a challenging question
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of how best to incorporate an internal standard into the analysis? A
second, unique aspect of quantitative analyses in proteomic experi-
ments is that the absolute amount of a given protein analyte is usually
far less important then any change in the amounts between two or
more states. As a result, the quantitative methods used in proteomics
have largely focused on comparative analyses for the specific task
of finding proteins with either increasing or decreasing expression
between different experimental conditions, but little interest in the
amount of unchanged proteins. The approaches to these comparative
analyses can be broadly classified as either labeling methods, that add
a distinguishing label to the proteins and peptides from each source, or
label-free methods, that take this relative quantity information directly
from the MS dataset. A variety of methods exist and these methods are
described in more detail below. It is important to note that all of these
methods have been used by different investigators to study complex
biological systems with good results. It is fair to observe, however,
that while this range of quantitative methods gives one a useful set
of options from which to choose, no method has distinguished itself
as far superior to the others. An interesting conceptual question, as
one considers use of the various labeling versus label-free methods, is
“what is the role of the proteomic experiment in the overall investi-
gation of a biological system?” A personal opinion would be that if the
results are intended to be evaluated and presented as a “stand-alone
result”, then the labeling methods may be preferable because they give
clear, numerical results that lend themselves to the types of statis-
tical evaluation that generally accompanies quantitative analysis. If,
on the other hand, the results are used in a discovery context in which
additional levels of experimentation will be done, such as Western
blot analysis or ELISA, then the label-free methods may be preferable
because they are easier and less expensive to carry out, yet still provide
effective leads to direct those subsequent experiments.

4.2.1. Labeling Methods

The incorporation of differentiating labels into proteins and peptides
is accomplished in two general ways—either by metabolic labeling of
the protein prior to isolation and digestion or by chemical derivatization
of the peptides after protein isolation and digestion (Fig. 4).

The first metabolic labeling method was an adaptation of the
15N-labeling method used by structural biologists to label proteins
for nuclear magnetic resonance (NMR) (78,79). Separate cultures of
yeast were grown in media that contained either 14N or 15N in the
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Fig. 4. A summary of labeling methods used for quantitative proteomic exper-
iments. Examples of two general approaches are shown. (A) For the metabolic
labeling of the proteins, cultured cells are grown in the presence of a suitable
labeling reagent (i.e., 15N-ammonium or D6-arginine) which is incorporated into
cellular protein as it is synthesized during cell growth over several passages. The
labeled cells are then treated and processed to isolate the protein, and aliquots of
protein from each source are mixed. The mixed protein samples are the digested for
analysis. It may be advantageous to separate the protein mixture by electrophoresis
prior to the digestion. (B) For the chemical labeling of peptides, cells are grown
and treated under standard culture conditions. The proteins from each source
are isolated and digested separately, before labeling with the respective labeling
reagents. After labeling, aliquots of the digest from each source are mixed and
analyzed.

available nitrogen sources, such that the respective isotopic forms of
the nitrogen were uniformly incorporated to label all the proteins in
that culture as either light (14N-containing) or heavy (15N-containing),
respectively. After exposing one of the cultures to the treatment being
studied, each culture (control and treated) was harvested, mixed in
equal proportions, and the mixed set of proteins run in a 2D gel (78)
or by shotgun methods (79). For each protein that was identified, the
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detected peptide or peptides also reflected the abundance of the parent
protein in the ratio of the heavy form of the peptide to the light form.
These experiments are somewhat restricted by the ability to limit the
nitrogen source to suitable pure 14N or pure 15N reagents, for example,
isotopically pure ammonium sulfate (79). As a result, the published
applications have tended to be in yeast, although whole animal labeling
of rats has also been reported (80).

A more recent approach with wider applicability, including
mammalian cell culture systems, is known as stable isotope labeling
by amino acids in culture (SILAC) (81). The SILAC experiments uses
isotopically labeled essential amino acids as the labeling source. The
original report, for example, used leucine in either the unlabeled (D0) or
deuterium-labeled (D3) form (81), but more recent applications appear
to favor various labeled lysine or arginines (82,83). In all cases, the
basic rationale of the approach and experimental design is identical to
that described above for the 14N/15N labeling. Specifically, different
cultures of cells are maintained in either the light or heavy isotope,
treated, harvested, and mixed to give a sample in which the heavy-to-
light ratio reflects the relative amount of the protein. An interesting
expansion of the metabolic labeling strategy that the SILAC method
allows is the ability to make multiple comparisons through the use
of multiple labels. For example, a SILAC approach with unlabeled
arginine (Arg0), arginine labeled to be +6 Da (Arg6), and arginine
labeled to be +10Da (Arg10) was used to compare protein expression in
stem cells treated with either platelet-derived growth factor (PDGF) or
epidermal growth factor (EGF) (82). The three labels allowed multiple
comparisons, including EGF treatment to PDGF treatment and each
treatment to the untreated control. Overall, a survey of the literature
reveals a far more extensive use of the SILAC method, compared to
the 14N/15N metabolic labeling method.

The first of the peptide derivatization methods was the ICAT method
of Aebersold and co-workers (84). The original ICAT reagent was a
pair of either D0- or D8-labeled cysteine-reactive reagents that labeled
all cysteine-containing peptides in a digest. The key feature of the
ICAT reagent was that it also included a biotin group, so that the
labeled peptides incorporated both isotope-labeling and an affinity for
avidin-type columns. As the method was intended for use in shotgun
identification experiments in complex mixtures, this affinity function-
ality gave an effective means for simplifying the mixture and, ideally,
increasing the number of different proteins that could be sampled.
The biotin-containing peptides (also containing the isotope-coding)
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are bound to a strepavidin column to separate them from the large
pool of unlabeled peptides. Again, each pair of peptides detected
carries two pieces of information about the parent protein—the identity,
based on the CID spectrum, and the relative amounts in the two
systems, based on the D8/D0 ratio. A subsequent version of the ICAT
reagent added 13C-labeling and a cleavable biotin moiety (85). These
changes were incorporated to enhance the performance of the ICAT
method by eliminating the chromatographic separation of the heavy-
and light-labeled peptides that can be observed with highly deuterated
species, and improving the identification process by eliminating the
undesirable effects on the CID spectrum of the large biotin-containing
side group. The elegance and power of the ICAT method has inspired
a number of alternative approaches to incorporating isotope codes
into peptides. These methods include other cysteine-specific labels,
N-terminal labels, and C-terminal labels (86–88).

One of the newer methods to peptide labeling that has attracted
considerable attention is the amine-reactive isobaric-tagging reagents
of Pappin and co-workers (marketed as iTRAQ reagents) (89). The
molecular design of these reagents has three parts, an succinimide head
group for facile addition to amines, an isotope-coded reporter group
at the tail that provides the relative quantity information, and a central
mass balance region that compensates for the variable mass of the
report and equalize to overall mass of a labeled peptide. Indeed, the
key to the reagent is this combined effect of the isotope-coded reporter
region and the mass balance region. When added to a peptide, these
reagent parts give a common addition of 145 Da, regardless of the
respective isotope-coded reporter region. When fragmented, however,
the isotope coding is seen in the low m/z region of the CID spectrum.
The elegance of the method is the way that the different reporter groups
are incorporated without adding to the complexity of the initial peptide
complex, because each peptide remains at a single molecular weight.
A total of four reagents are currently available, with reporter groups
for m/z 114, 115, 116, and 117, to accommodate experimental designs
needing multiple comparisons.

4.2.2. Label-Free Methods

Investigators are also realizing that sufficient quantitative infor-
mation can be obtained directly from the LC-MS experiment, without
the additional effort or expense of the peptide labeling steps. These
so-called label-free methods use a bioinformatic approach to compare
elements of raw LC-MS datasets, such as signal strength or the number
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of characterized peptides from a given protein, to make informative
comparisons between samples.

As noted above, a key barrier to quantitation with MS involves the
fact that while the intensity of an ion does reflect its abundance, correc-
tions must be made for differences in mass spectrometer response,
sample loading, and ionization efficient that can occur between exper-
iments. The foundation of most label-free methods is the recognition
that most complex samples have a large group of unchanging species
that can be used as the source of normalizing factors (Fig. 5). These
normalizing factors are used to correct the sample-to-sample and

Fig. 5. The general approach to label-free quantitative analyses. The experiment
begins with the selection of appropriate peptides representative of each protein
of interest in the analysis. This selection process includes the selection of a
suitable reference protein with unchanging expression to be used as a “loading
control.” All signals are normalized to this control and changes in expression
determined based on the normalized response for each protein monitored. It may
be advantageous to use several peptides per protein if possible. These data may
be taken from raw LC-mass spectrometry datasets or selectively acquired using
techniques like selected reaction monitoring.
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run-to-run variation in signal intensities for the species of interest.
This normalization approach has been validated in at least two studies;
by spiking in known amounts of myoglobin in human plasma and
by adding various biomarkers to human serum (90,91). Both of these
studies showed a linear response in ion intensity with increasing
concentration of the analytes in a reproducible fashion.

Two approaches to label-free quantitation have been used; a signal
intensity approach and a spectrum counting approach. The most
common method for determining signal intensity for a given analyte is
to integrate the chromatographic peak area in an LC-MS experiment
(92). One challenge to this process is the variability in retention time
that is seen in most low flow systems used for proteomic analysis.
Several reports have used computer programs to analyze the LC-MS
chromatograms to match up the elution profiles prior to peak area
determination (93,94). Once the peak areas are determined, a reference
is chosen and each peak area is expressed as a ratio to the reference
sample. It has been found that the results are independent of the
choice of the reference sample. A recent report studied several different
complex proteomes including rat kidneys, human plasma, and colon
tumor cell lines. Multiple LC-MS runs were performed and the results
indicate that peptide elution profiles and signal intensities were highly
reproducible, and this is reflected in 90% of the peptide ion ratios
deviated less than 20% from the average (93).

The second type of quantitation involves relating protein abundance
directly to the number of peptide CID spectra obtained in the LC-
MS/MS experiment. This approach is based on work in yeast that
showed that the probability of a protein being identified is related
to its abundance (95). The more abundant proteins resulted in more
fragmentation spectra than lower abundance proteins. The authors used
the number of spectra acquired for each protein, termed spectral count,
as a measure of its relative abundance. A correlation between spectral
counts and abundance was observed with high linearity (95). A compar-
ative study of peak intensity measurements and spectral count measure-
ments for protein quantitation has been performed (96). Both the peak
intensity and spectral count measurements resulted in both linearity
and reproducibility using standard proteins, and both methods were
validated with independent measurements using gel staining followed
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Indeed,
these authors noted that the two techniques were complementary
with spectral counting method being more sensitive because the same
peptides did not need to be observed in each LC-MS dataset, but
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the peak ion intensity methods being more accurate because signal
intensity is more directly related to amount of analyte (96).

As with the peptide-labeling methods above, label-free methods
have also been effectively applied to quantitative analysis of post-
translational modifications. In its simplest form, the quantitation of post-
translational modifications can be performed by normalizing the peak
areas of modified peptides to the peak areas of another, unmodified
peptide from the protein being studied (97,98). The usefulness of this
technique is dependence of the proper selection of a reference peptide
that is not being modified. To lessen this issue, methods that use multiple
peptides for the normalization have also been reported (99).

4.3. Top-Down Sequencing
As noted above, new ion activation methods like ECD and ETD

give an effective means of fragmenting larger ions, including intact
proteins. This new capability has lead to the new term of “top-down
sequencing” that distinguishes these experiments from the peptide-
based sequencing or “bottom-up” experiments. One possible advantage
of a top-down approach would be that the more direct analyses are
generally easier and faster to carry out, because of fewer manipulations
and no digestion. However, this advantage is unlikely to apply in the
case of routine protein identification by top-down analysis because the
bottom-up approach is simply too effective. Instead, the real advantage
of top-down sequencing is the important types of new information that
preserved and accessible in an intact protein. In particular, any variation
between the database sequence that is based on DNA sequencing
and the translated form that exists in vivo. This information may
indeed exist in the digested protein sample, but the complexity of these
datasets and the reliance of the data analysis tools (the search programs)
on comparing the data to the DNA sequence-derived database sequence
means this information is either missed or ignored. As a result, top-
down sequencing is particularly valuable in studies of post-translational
processing of proteins, including post-translational modification and
proteolytic processing.

The top-down experiment works because the fragmentation process
in ECD and ETD is directed by the sites of charge recombination
reactions between the protonated molecular ions and thermal electrons.
As noted above, these reactions give rapid, local energy transfer that
drive an amide bond fragmentation reaction that is less limited by
the size of the ion being fragmented and is more evenly distributed
throughout the structure of the ion. The products of the fragmentation
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reactions are still highly charged, so the high resolution of the FT-ICR
instruments that supports the electron capture process is also needed
to reveal the charge state of each fragement ion and give interpretable
ECD spectra.

In the original top-down experiment, the [M+11H]11+ ion of ubiqutin
was fragmented by ECD to cleave 50 of 75 amide bonds (45). Other
examples in this initial report included 40 of 103 amide bonds in the
[M+15H]15+ ion of cytochrome C and 33 of >250 amide bonds in
the [M+21H]21+ ion of carbonic anhydrase. Interestingly, this carbonic
anhydrase example also illustrated one on the limits in top-down
sequencing, because ECD of the [M+34H]34+ ion gave only lower
charge state molecular ions but no fragment ions (45). One explanation
for the more limited fragmentation of the larger proteins was the effect
of intramolecular non-covalent interactions that increase in complexity
as protein size increases. These effects were lessened by adding colli-
sional activation to the ECD process and produces more than threefold
increases in the amounts of sequence information obtained in the
analysis of proteins up to approximately 40 kDa (59). This series of
papers ultimately lead to the use of ECD to obtain other detailed struc-
tural information from an intact protein, including the absence of an
N-terminal Met and disulfide bond formation by top-down analysis
of a series of proteins with molecular weights up to 42 kDa (100).
Since that time, the use of top-down analysis to do more than identify
proteins has gone is many directions, including the characterization of
post-translational modification and splice variation (101–104). These
types of experiments will likely be the most significant contribution
of the top-down approach to proteomic analyses.
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Summary

The discovery of the human genome and subsequent expansion
of proteomics research combined with emerging technologies such
as sophisticated computational biology are producing unprecedented
changes in our understanding of the role of tumor suppressors in
cell signaling. p53, a key tumor suppressor gene, is mutated in the
majority of human cancers. Successful outcome of chemotherapy
and radiotherapy, in many cases, depends on functional p53.
Therefore, elucidation of the function, regulation, and molecular
interactions of p53 with its targets is of great importance for devel-
oping successful cancer therapy. Because p53 is a transcription factor
with an expanded repertoire of genes that are known to be directly
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or indirectly under its control, global analysis of gene expression
profiles represents the best approach for studying the p53 response to
chemotherapeutic agents. Our laboratory and others have used gene
expression profiling with microarrays to isolate p53 target genes
in an attempt to understand the molecular signaling of p53 and to
determine the molecular consequences that follow from treatment of
cancer cells with chemotherapeutic agents. Although these attempts
have been successful in isolating novel genes, gene expression
profiling alone at the transcription level is not sufficient. Most of
pharmacological targets are proteins or DNA, not RNA. Therefore,
we need an approach that focuses on the molecular profiling of
cancer cells at the DNA, RNA, and proteins. In this chapter, key
findings on the current genomics and proteomics approaches for
isolating p53 targets and their functional analysis are reviewed,
and perspective is provided on the potential of integrating both
approaches in the molecular pharmacology of p53 signaling.

Key Words: Pharmacogenomics; proteomics; p53; S100A4;
RB18A; colon cancer

1. INTRODUCTION

The discovery of the human genome (1,2) and subsequent expansion
of proteomics research with emerging technologies such as sophis-
ticated computational biology are producing unprecedented changes
in our understanding of systems biology. The measurement of genes
and proteins has gained increasing acceptance as means by which to
study the response of an organism to stressful conditions, whether they
are environmental, genetic, pharmacological, or toxicological. In the
context of pharmacology, these measurements referred are to as pharma-
cogenomics and proteomics, which undoubtedly have provided new
biological insight that was not attainable a decade ago. They have
also been impacting on our future direction in drug discovery and
individualization of therapy. Nonetheless, integration of information
obtained from genomics and proteomics is desirable as it links the
individual biological elements together to provide a more complete
understanding of dynamic biological processes. In addition to devel-
oping new data mining methods (bioinformatics) to extract further
details from each of the multidimensional datasets produced by many
genomic and proteomic approaches, effort is also being expanded
to improve statistical analysis, as indicated in our recent genomics
study (3), searchable databases (4,5), annotations, and molecular
interaction mapping (6) to maximize our learning of cell signaling. Thus,
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integration of information obtained from genomics and proteomics
study would also provide many significant types of scientific resources
absent from the typical hypothesis-driven study such as new method-
ology, a database resource, and a hypothesis generator (7).

There are several recent examples, in both mammalian and non-
mammalian systems, in which genes and proteins have been integrated
using either biology- or data-driven strategies (8–11). However, this
chapter addresses the evolving field of genomics, proteomics, and
bioinformatics in dissecting p53 signaling for molecular targeting
discovery. The p53 protein is a central transcription factor activated
in response to a variety of cellular stresses, including DNA damage,
mitotic spindle damage, heat shock, metabolic changes, hypoxia, viral
infection, and oncogene activation (12,13). p53 can induce growth
arrest and apoptosis, events that prevent the survival of damaged cells.
The transactivation function of p53 is mediated through sequence-
specific binding of its central domain to cis-acting elements within
the promoters or introns of responsive genes. Many genes are known
be activated by p53, most of them in growth arrest or apoptotic
pathways (14). Consequently, the downstream effects of activating p53
are complex, and no single pathway mediates the full range of functions
of p53. Indeed, recent observations regarding the existence of alternate
splice variants of p53 (15), the complexity of p53 regulation (16), and
the existence of allelic variants of p53 and its regulators with distinct
functionality (17) make the situation even more complex. Thus, newer
strategies including analysis of the expression of downstream targets
of p53 using integrated approaches of genomics and proteomics may
provide more robust measures of the p53 signaling pathway.

2. GENOMICS OF P53 SIGNALING

In the past decade, numerous efforts were made to identify p53
target genes through various gene expression techniques, including
microarrays expression analysis and integrative genomic assays.
However, these technologies have provided limited coverage for
p53 bindings due to the unavailability of the full sequences of the
human genome. Following the discovery of the human genome,
many novel p53 target genes were identified due to the scien-
tific advancement in genomic methodologies coupled with the avail-
ability of many sophisticated molecular database resources. To date,
additional p53 responsive genes are identified mostly based on the
chromatin immunoprecipitation (ChIP) DNA fragment pool, including
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ChIP-quantitative polymerase chain reaction (ChIP-qPCR), ChIP-
microarrays chip (ChIP-on-chip), ChIP paired-end ditag (ChIP-PET),
serial analysis of binding elements (SABE), serial analysis of gene
expression (SAGE), and RNA interference (RNAi) knockdown. The
following is the review on the current status of these methodologies
and their use in the identification of p53 target genes. Some perspec-
tives for their use in analyzing the p53 signaling pathway are also
discussed.

2.1. Microarray-Based Transcript Profiling
Microarray technology represents a rapid, semiquantitative system

for gene expression profiling. In the context of p53 signaling, many
laboratories have used genomic microarrays for the identification
of p53 primary and secondary target genes under inducible condi-
tions of p53 protein (18–20). To analyze the p53 dependence of
molecular events after stressful response such as DNA damage, we
compared gene expression changes in a p53 wild-type human colon
carcinoma cell line, HCT-116 (p53+/+), with those in an isogenic p53
knockout (p53–/–) after treatment with the topoisomerase I inhibitor
topotecan (3). To simultaneously study the effects of p53 status and
topotecan treatment at different concentrations and time points, we
developed a new experimental design for microarray studies. We term
it a cross-referenced network design (Fig. 1). The most frequently used
design for two-color microarray experiments simply compares each
sample with a single internal reference sample by cohybridization. Our
network design used internal reference sample, but it also provided the
additional global set of comparison indicated in Fig. 1. Based on this
design we were able to analyze the entire network of data by multiple
regression in an approximately weighted fashion to increase the statis-
tical reliability of the results and conclusions in terms of the statistical
consistency test. This approach led to the selection of 167 genes based
on both p53 and treatment dependence. The data were displayed using
a novel two-dimensional visualization map called gene expression map
(GEM). The GEM (Fig. 2) shows how the 167 differentially expressed
genes can be grouped on the basis of treatment effect and p53 effect.
By analogy with cartographic depictions of the world, the roles of
longitude and latitude are played by p53 effect and treatment effect,
respectively. Genes found in a particular region of the map have similar
expression profiles and may also be associated in a more fundamental,
physiological way, perhaps in some cases occurring in a common
pathway. For example, four genes in the transforming growth factor-�
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Fig. 1. Cross-referenced network. Total RNA from p53 wild-type (positive) cells
[p, HCT-116 (p53+/+)] and p53 knockout (minus) cells [m, HCT-116 (p53–/–)]
were collected at the beginning of treatment (t = 0) or at the indicated time point
(t = 1.5, 3, or 6 h) after 1 h of treatment with either a low (LD = 0.1 μM) or
higher concentration (HD = 1 μM) of topotecan. As indicated by arrows, pairs
of conditions were directly compared by labeling test samples with Cy3 or Cy5
and reference samples with Cy5 or Cy3 and by cohybridization equal amounts
of the product to a single array slide. The arrows are double-headed to indicate
that hybridizations were done in pairs with reversal of the colors to eliminate
any dye-related bias. Initially, all times and doses were compared with the t = 0
samples. Cell types (p, m) were then compared at t = 0, 3, and 6 h at HD. The
network of comparisons was used mathematically (by weighted multiple linear
least-squares regression) to calculate the relative expression differences between
all pairs of conditions, not just those cohybridized on the same array. Expression
was assessed relative to m0 for subsequent analysis. [Reproduced with permission
from Daoud et al. 2006 (3), copyright 2003, Cancer Research].

(TGF-�) signaling pathway appeared in the NE quadrant of the GEM
(Fig. 2). The up-regulation of these genes was p53 dependent. This
induction of the TGF-� pathway provides an example of the indirect
effects of p53 on gene transcription by activation of other transcription
factors. The assignment of S100A4 transcript in far Eastern region
(E) of the GEM provides a testable hypothesis that the expression of
S100A4 transcript is associated with the expression of p53 in cells.
The p53 dependency for S100A4 gene expression in colorectal p53+/+
was also confirmed by other laboratory (21). The role of S100A4 in
p53 signaling is further discussed in section that outlines the use of
integrated proteomics in p53 signaling.

2.2. Chromatin Immunoprecipitation-Based Assays
The complete sequence of the human genome has allowed us to

identify many of the binding sites for a specific transcription factor.
ChIP assay has been successfully used for this purpose. It is a technique
that extracts DNA fragments to which a transcription factor is bound.



44 Part II / Cell Signaling Proteomics

MYC

S100A4

CHD3

PHKG1

SFRS3

PPM1D

PRNP

HLA-DQA1 ERBB3

MYC

PLAB

MADH6

PIG3

ATF3

JUNB

CFLAR

DKFZP5

KIAA08

HS3ST1

HSPA1A

MAP2K5

CDKN1A

MOX2

HSPA10

HSPA1A

FOSB

HSPA1L

SELP

JUNB

TNFRSF PLAB
SIVA

JUNB

HSPA1L

MGST2

MDM2

ATF3

MSH2

CSNK1G

BCL3

HNRPK

GBP1

MAT2A

CSF3R

ABCB2

HDAC2

TMSB4X

TP53
TP53

TRIO

HMG17

TAGLN2

SLC7A5 ENO1

CTSW

PMAIP1

JUNB

–0.2

–0.1

0

0.1

0.2

0.3

–0.5 0 0.5 1 1.5

T
re

at
m

en
t 

E
ff

ec
t

P53 Effect

WW EE

NN

SS SESE

NENENWNW

SWSW

DGS1

ARPC1B

GRAVI N

Fig. 2. Gene expression map (GEM). Genes were mapped according to the effects
of p53 status (horizontal axis; longitude) and treatment (vertical axis; latitude)
on their expression levels with reference to untreated p53 cells. The origin point
(0,0) corresponds, therefore, to a gene whose expression is unaffected by p53
status or treatment. Each axis shows log10 of the contribution of each effect to the
observed overall response (expression difference). For example, a gene located
at X = +0.3, Y = +0.3 is expressed at twofold higher level in p53+/+ cells than
in p53–/– cells and an additional twofold higher level in response to treatment
with topotecan. This result is about a fourfold increase when treated p53+/+ cells
are compared with untreated p53–/– cells. The GEM is divided into eight regions
containing genes with roughly the same qualitative behavior in terms of p53
status and treatment response. For convenience, regions are labeled according
to compass directions (N, NE, E, SE, S, SW, W, and NW). [Reproduced with
permission from Daoud et al. 2006 (3), copyright 2003, Cancer Research].

One approach to identify these fragments is to hybridize them to
microarrays (ChIP-on-chip), which has been successfully used in yeast
(22) but mammalian genome proved to be too large for this approach.
Alternatively, the fragments can be sequenced, but this has proved
cumbersome for mammalian genomes, and only a few chromosomes
have been studied in any one screen (23,24). To scan the entire genome
for binding sites, a new sequencing approach that is based on ChIP
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assay called ChIP-PET was introduced (25). To identify p53-binding
sites, the authors used the PET sequencing approach. In this method,
after cloning the precipitated fragments with ChIP, the 5´ and 3´ ends
of several clones are concatenated for efficient sequencing. Each pair
ends are then mapped to the genome to identify a potential binding
site. As with our previous study (3), the authors here used the wild-
type HCT-116 human colon carcinoma cells and an isogenic p53
knockout counterpart after treatment with 5-fluorouracil to activate
p53 expression. After a comparison with expression data, the authors
of this study identified 98 novel genes that are direct targets of p53
and 24 previously identified genes. They also found a difference in
the position of the binding site between genes that were up-regulated
and down-regulated and even identified a second p53-binding site in
the promoter of a well-known p53-target gene, CDKN1A (aka p21,
Cip1). In fact, our genomics study (3) identified this gene, and its
expression is influenced by both p53 and drug treatment as shown in
the NE region of the GEM (Fig. 2). Several of the newly identified
p53 targets such as S100A2 are involved in cell motility, which is
interesting as p53 is involved in suppressing tumor metastasis. Absent,
however, is the identification of S100A4 previously identified by our
study? This may indicate that S100A4 gene is not a direct target for p53
and that there is no p53-binding site in the promoter of S100A4 gene.
Therefore, additional studies with ChIP-PET on other samples using
different DNA damaging agents such as IR or �-radiations may show
how these studies are different in dissecting p53 signaling. However,
ChIP-PET might prove to be an important development both in cancer
genomics and in genome biology in general.

2.3. Serial Analysis of Binding Elements
SABE is another genomic technology for globally identifying

binding sites of mammalian transcription factors in vivo. It involved
subtractive hybridization of ChIP-enriched DNA fragments followed
by the generation and analysis of concatamerized sequence tags.
Recently, this approach was applied to search for p53 target genes in
the human genome (26). The authors have identified several previ-
ously described p53 targets in addition to numerous potentially novel
targets, including the DNA mismatch repair genes MLH1 (mutL
homolog 1) and PMS2 (postmeiotic segregation increased 2). Both of
these genes were determined to be responsive to DNA damage and p53
activation in normal human fibroblasts and have p53-response elements
within their first intron. These two genes may serve as a sensor in DNA
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repair mechanisms and a critical determinant for the decision between
cell-cycle arrest and apoptosis. The identification of MLH1 and PMS2
as direct targets for p53 defines a signaling pathway that couples two
important cellular guardian pathways, growth arrest, and apoptosis.
This approach is similar in concept to the genome-wide mapping
technique described by Roh et al. (27), which was used to localize
hyperacetylated histone H3 protein on the Saccharomyces cerevisiae
genome.

2.4. Serial Analysis of Gene Expression
Immunoprecipitated DNA fragments from ChIP experiments can

be cloned and sequenced. However, because a significant amount of
background DNA will still be present in the immunoprecipitated DNA
material, it is difficult to distinguish between genuine binding sites
and noise without further molecular validation. In order to enhance the
coverage of the genuine binding sites, SAGE is another sequencing
strategy, which was originally developed for counting transcripts and
was also recently applied to genome scanning for transcription-factor
binding sites and histone modification.

SAGE is based on high-throughput sequencing of concatamerized
tags derived from target DNA enriched by ChIP. SAGE was first
used in yeast to confirm that RNA polymerase III genes are the
most prominent targets of the TATA-box binding protein. Then it
was used to identify several previously unknown binding targets of
human transcription factor E2F4 that was independently validated by
promoter-specific PCR and microarray hybridization. SAGE provides
a means of identifying the chromosomal targets of DNA-associated
proteins in any sequenced genome (28). SAGE experiments were
also carried out to complement proteomics data. Although it is not
possible to deduce quantitative protein expression profiles from mRNA
analysis, SAGE provides an overview of gene expression, which
can be compared qualitatively to the proteomics result. Recently,
this approach was described by de Souza et al. 2006 (29). These
authors reported the differential expression of genes and the differential
accumulation of proteins in murine melanoma model. The reactive
oxygen species was validated to cause DNA damage and to trigger
p53-dependent apoptosis.

2.5. RNA Interference Knockdown
The RNAi technology was also used to identify p53 target

genes (30). The authors used RNAi to identify new genes that regulate
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apoptosis in Caenorhabditis elegans germ line. They reported that
germ line apoptosis depends on the caspase CED-3 and that the
expression of CEP-1 gene (a p53 homolog) is blocked by Bcl-2-like
protein, CED-9, and by p21-like checkpoint gene, HUS-1. The study
further indicated that the loss of function of both CEP-1 and HUS-1
would completely suppress the germ line apoptosis phenotype of all but
five genes, suggesting that p53 (CEP-1) may be a key sensor of germ
line cell stress in C. elegans and many RNAi candidates indirectly
affect germ cell apoptosis through the activation of quality control
checkpoint pathways. In many cases, RNAi knockdown approaches do
not faithfully reproduce the known loss of function phenotypes; thus,
genetic mutations should be employed to confirm the RNAi results.
RNAi screens have been used to determine new gene functions and
subsequently could be used to provide useful genetic entry points into
the study of cellular mechanisms that control the cell survival, genomic
stability, and genetic network that regulates p53 signaling.

3. PROTEOMICS AND P53 TARGET IDENTIFICATION

Proteomics is an emerging discipline in the post-genomic era of
biomedical research. While genomic approaches have been utilized
to establish the “blue-prints” of p53 signaling and its target genes,
proteomics has become a necessary tool to validate such information.
Although the data obtained from functional genomics may explain
more about p53 signaling, several other mechanisms involved are not
gene mediated. In addition, information obtained from such study
is limited, especially when post-transcriptional and post-translational
modifications occur. The level of p53 can be modified by several
different products or proteins, which directly determine differential
cellular functions and responses. Therefore, integration of genomics
and proteomics information with respect to one gene is important to
develop gene(s)-specific testable hypothesis, as outlined in Fig. 3.

To date, there have been only few studies that applied the proteomic
approach to p53 signaling, and all of them dealt mainly with
inducible systems to identify the downstream targets. By comparing the
proteome of human colorectal cancer cells transfected with inducible
p53 (DLD-1.p53) with that of the control DLD-1 cell line using
amino acid-coded mass tagging (AACT)-assisted mass spectrometry
(MS), Gu et al. (31) identified proteins that are up-regulated at
the execution stage of the p53-mediated apoptosis. Differentially
expressed proteins induced by p53 overexpression were quantitated by
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Fig. 3. Flow diagram for generating a specific testable hypothesis using
genomics and proteomics approaches. Arrows indicate the sequence of events
to reach a testable hypothesis in addition to the literature search. The
techniques used are listed in normal letters. ChIP, chromatin immunoprecipitation;
Co-IP, Co-immunoprecipitation; ELISA, enzyme linked immunosorbent assay;
mRNA, messenger RNA; RIA, radioimmunoassay; RT-PCR, reverse transcription
followed by polymerase chain reaction; SABE, serial analysis of binding elements;
SAGE, serial analysis of gene expression.

comparing the intensity of an AACT peptide with that of its unlabeled
counterpart. Using complementary AACT-LC-MS/MS and matrix-
assisted laser desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF MS) approaches, the authors found 81 proteins that were
up-regulated and 23 proteins that were down-regulated in response
to p53 overexpression. The regulated proteins were associated with
cell cycle arrest, p53-binding protein chaperones, plasma membrane
dynamics, stress response, antioxidant proteins, and glycolysis and
ATP generation/transport. Thus, the authors of this study were able
to identify many proteins that are involved in multiple pathways
controlled by p53.

Mutations of p53 are the most common genetic alterations found
in human tumors. Most pathogenetic modifications are missense
mutations that abolish the p53 DNA-binding function. To study the
effect of these mutations on p53 regulation of cell function such as
transformation, Paron and his group (32) analyzed the proteomes of the
rat thyroid epithelial cell line PC CI3, its derivative PC CI3 V143A and
PC CI3 S392A. Introduction of the V143A mutant p53 allele, which
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abolishes the p53 DNA-binding function, modified the expression of
23.6% of total proteins, while that of PC CI3 S392A mutant cells with
mutation located outside the DNA-binding domain showed changes
only in 14.0% of the total protein components. Thus, these authors were
able to show that mutations of p53 DNA-binding domain have more
impact on p53 signaling than that located outside the DNA-binding
domain.

It is well known that proteomics analysis using two-dimensional
polyacrylamide gel electrophoresis has some limitations including
the labor-intensive nature of the technique, its low sensitivity, and
a significant bias against proteins with extreme molecular weights
or isoelectric points. Thus, isotopic-coded affinity tag reagents and
high-throughput MS were used to study p53-dependent cell death
processes that occur in the primary mouse wild-type (p53+/+) cortical
neurons after DNA damage response with camptothecin, a topoiso-
merase I inhibitor (33). A total of 191 peptides corresponding to
150 proteins prepared from control and camptothecin-treated wild-
type postnatal mouse cortical neurons were identified and quantitated.
The results indicated that 65% of proteins derived from camptothecin-
treated neurons showed no significant change in their abundance levels.
Several proteins involved in energy production and oxidative stress
were up-regulated after DNA damage. However, DNA damage caused
a p53-dependent decrease in the expression of many members of the
protein kinase A signaling pathway. This could be due to the shutdown
of the cell’s transcriptional machinery by camptothecin.

4. INTEGRATION OF PROTEOMICS IN P53 SIGNALING

The most striking observation of our genomics study (3) is
that S100A4 gene has the most intensely p53-dependent expression
(>25-fold) as shown in the E region of the GEM (Fig. 2). Differential
expression of S100A was confirmed by immunoblots, which demon-
strated a strong signal in the p53+/+ cells and no detectable signal
in p53–/– cells. Others have also supported these observations (34).
These findings suggest a close association between S100A4 expression
and p53 function. S100A4/mst1 is a Mr 11,000 protein that belongs to
the S100 family of Ca2+-binding proteins, different members of which
have diverse cellular functions (35). Calcium binding induces confor-
mational changes in the S100 protein structure, allowing interaction
with target proteins including p53 (21,36). Although no p53-binding
sites were identified in the promoter of the S100A4 gene (25), the
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expression of S100A4 protein is abundant in cells with wild-type
p53. Additionally, S100A4 protein binds to the tetramerization domain
of p53 that also contains PKC phosphorylation site located at the
C terminus of p53 protein (21) resulting in the inhibition of p53
phosphorylation, although the interaction between p53 and S100A4
may result in the promotion of tumor metastasis (37). Thus, S100A4
might directly contribute in p53 signaling. The extent to which reduced
expression of S100A in p53–/– cells would alter the interaction
of S100A4 with other interacting proteins was further investigated.
For this purpose, we used functional proteomics approach. In this
study, we performed immunoprecipitation assays on cell lysates from
control and topotecan-treated p53+/+ and p53–/– HCT116 cells using
antibodies against S100A4 protein. The immunoprecipitated proteins
from each cell lysates were subjected to denaturing gel electrophoresis,
and differentially expressed proteins in each cell line were subjected
to mass fingerprinting with MALDI-TOF MS, as we have previ-
ously reported (38). Figure 4 shows a Coomassie blue-stained
gel of protein co-immunoprecipitated with S100A4 antibody from
each cell line following treatment with topotecan. It is clearly observed

180
130
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73
54

48

35

24
16

p53(-/-) p53(+/+)

MW (kD) - -+ +

Fig. 4. Coomassie blue-stained gel of proteins co-immunoprecipitated with
S100A4 monoclonal antibody from isogenic colorectal cancer cells. Two
independent co-immunoprecipitated samples from untreated control (–) and cells
treated with 1 μM topotecan (+) were loaded. The gels were stained with
Coomassie blue. Molecular masses of protein size markers are indicated (kDa).
The arrowhead indicates the band of stained proteins excised for enzymatic
digestion by trypsin and subsequent mass fingerprinting with matrix-assisted laser
desorption ionization-time-of-flight mass spectrometry.
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in Fig. 4 that there are three (3)distinct bands detectable in p53–/–
cells, whereas these bands are completely absent in p53+/+ cells. The
three bands were excised and subjected to in-gel digestion by trypsin.
Figure 5A illustrates the MALDI mass spectrum acquired from the
peptide mixture resultant from in-gel digestion of the 180-kDa band
marked with an arrow head, as shown in Fig. 4. On average, 15
peptide masses were identified in this spectrum (Fig. 5A) that agreed
with the expected peptide masses within a mass tolerance of window
of +/– 0.24 Daltons. The probability-based MOWSE score resultant
from the MOSCOT database search (http://www.matrixscience.com)
for this 180-kDa band indicated RB18A was the only protein that
was identified within the scoring region where the probability of a
match has less than a 5% chance of being a random event (Fig. 5C).
The protein coverage of peptides for RB18A covered 13.2% of the
protein sequence (Fig. 5B). Furthermore, these results were repeated
with multiple co-immunoprecipitation (co-IP) experiments that all
resulted in the identification of RB18A as a new protein-binding
partner to S100A4, especially in HCT-116 (p53–/–) cells. RB18A
protein is recognized by various monoclonal antibodies to p53 and
shares identical properties with p53 such as DNA binding and tetramer-
ization, despite no significant homologies with p53 protein at the
sequence level (39). The interaction of S100A4 protein with RB18A
was confirmed by reversed co-IP using antibodies to TRAP-220, a
protein that is almost identical to RB18A, as shown in Fig. 6. RB18A

IP : S100A4  

WB: TRAP220

A

B
IP : TRAP220

WB: S100A4

p53 (+/+) p53(-/-)
- +  - +

- +   - +
p53 (+/+) p53( -/- )

Fig. 6. Confirmation of protein interactions between S100A4 and RB18A in
isogenic colorectal cells. The cell lysates (500 μg) from both p53+/+ and
p53–/– cells untreated (–) and cells treated with 1 μM topotecan (+) were
immunoprecipitated separately with 1 μg of primary antibodies specific to
S100A4 (A) and TRAP-220 (B). The immunoprecipitated proteins were subjected
to immunoblotting with antibodies to interacting partner after separating by
denaturing gel electrophoresis (4–15% gradient gel). The primary antibody was
detected with species-specific secondary antibody conjugated to IR dyes using
LI-COR odyssey™ detection system.
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shares 98% nucleotide sequence identity and functional properties with
TRAP-220 and DRIP-205 (40). It was shown that both TRAP-220 and
DRIP-205 interact with distinct hormone-activated nuclear receptor.
RB18A induces the expression of Mdm-2 protein by binding to Mdm-
2 promoter resulting in decreased levels of p53 wild-type protein due
to Mdm-2-mediated proteasomal degradation of p53 (41). However,
RB18A binds with mutant p53 and inhibits Mdm-2 promoter transacti-
vation resulting in increased expression of mutant p53. Based on these
functional roles of RB18A and the fact that its interaction with p53
involves Mdm-2, we also observed that Mdm-2 transcript expression
was elevated in p53–/– cells (3). These observations were confirmed
by immunoblotting analysis shown in Fig. 7. In light of these results
and the fact that Mdm-2, p53, and RB18A are proteins that could
be localized to cell nucleus, it is plausible to explore further the role

(A)

S100A4

TRAP220

Mdm2

β-actin

C        1.5        3        6

p53(-/-)

hr

(B)

Fig. 7. Expression of S100A4, RB18A, and Mdm-2 proteins in isogenic colorectal
cancer cells. The cell lysates (50 μg) from both (A) p53(+/+) and (B) p53(–/–) cells
untreated and treated with 1 μM topotecan for 1.5, 3, and 6 h were subjected to
denaturing gel electrophoresis (4–15% gradient gel) followed by immunoblotting
with antibodies to the indicated protein. The primary antibody was detected by
species-specific secondary antibody conjugated to IR dyes as described in Fig. 6.
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of S100A4 protein and its interaction with RB18A protein in p53–/–
cells. As p53–/– cells express higher level of Mdm-2 transcript and
protein compared to p53+/+ cells, we can certainly test the hypothesis
that novel interaction of S100A4 protein with RB18A in the nucleus
results in induced expression of Mdm2 in p53–/– cells. Therefore, the
use of genomic results followed by proteomic studies could be very
well provide a paradigm in the molecular regulation of p53 protein
signaling.

5. CONCLUSIONS

Advances in technology and methodology of high-throughput exper-
imental approaches, such as genomics, proteomics, and bioinformatics,
provide an opportunity to dissect the regulatory aspects of many tumor
suppressor proteins such as p53. These technologies provide a limited
catalog of p53 target genes, but the application of additional experimental
approaches, including the use of model organisms, may eventually
allow the construction of a complete “p53 molecular interaction map.”
The ability to construct such a map is already contributing to our
understanding of certain aspects of the basic biology of p53. This
integrated understanding of p53 signaling will allow more complete
characterization of the role of p53 as a “guardian of the genome.” The
identification as well as the catalogs of p53 target genes is the first
step toward the establishment of the p53 molecular interaction map.
Genomics and proteomics studies involving genes such as S100A4
will provide new information on genes that lack p53-binding sites in
their promoters and yet are abundantly expressed in p53-containing
cells. This would generate a new hypothesis to identify unique sets of
transcription factors that modulate S100A4 expression. Our integrated
approach of S100A4 and p53 proved that instead of focusing only on
genes or proteins that are regulated by p53, applying an integrative
approach seems to be the ideal way for future understanding of the role
of tumor suppressors such as p53 and its presently unknown downstream
mediators, which eventually will contribute to our ability for developing
better selective therapy for tumor metastasis of many cancers.
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kinase-targeted therapy has brought new technical challenges in
profiling protein kinase genes and proteins as surrogate clinical
biomarkers, particularly in light of clinical data correlating specific
mutations in PTKs with either sensitivity or resistance to targeted
therapy. This chapter discusses the impact of mutations on protein
conformation, protein phosphorylation, and drug response and the
utility of proteomic technology to mine the phosphoproteome for
PTK profiling and prediction of response to targeted therapies.

Key Words: Cancer; protein tyrosine kinases; targeted therapy;
proteomics

1. INTRODUCTION

Protein kinases, including protein tyrosine kinases (PTKs) and
serine/threonine kinases, are one of the largest classes of proteins
and are implicated in a number of human diseases, including
cancer, leukemia, diabetes, and congenital syndromes (summarized
in http://www.sdsc.edu/Kinases/). With the completion of the human
genome project, the protein kinase family has expanded to include 20
subfamilies of over 90 tyrosine kinases, 10 subfamilies of over 32 non-
receptor kinases, and over 2000 protein serine/threonine kinases (1)
(Fig. 1).

In addition to being attractive targets for drug development,
PTKs and their substrates are emerging as potential biomarkers
with invaluable applications for molecular classifications, prediction
of clinical outcome and monitoring response to treatment. Several
successful agents that target protein kinases, particularly in the context
of cancer therapeutics, have reached clinical trials or have been
clinically approved. These include herceptin (trastuzumab) which
targets the ErbB-2/Her-2 receptor for metastatic breast cancer, Gleevec
(imatinib mesylate) which targets Bcr-Abl for chronic myelogenous
leukemia (CML) and gastrointestinal stroma tumors, iressa (gefitinib)
for chemotherapy-recalcifiant non-small cell lung carcinoma, avastin
which targets vascular endothelial growth factor (VEGF) for colorectal
cancer, VEGF trap for non-Hodgkins lymphoma, and others (reviewed
in ref. 2). With this exciting move toward kinase-targeted therapy
comes new technical challenges in profiling protein kinase genes and
proteins as surrogate clinical biomarkers. This is of particular interest
in light of recent clinical data showing that specific mutations in PTK
(Section 3) can predict either sensitivity or resistance to a specific
targeted therapy.
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Fig. 1. A phylogenetic analysis of the human protein kinase families from the
identified human kinome. The dendrogram was kindly revised by Dr. Michael
Melnick and Dr. Dave Comb and reproduced with permission from Cell Signaling
Technology Inc. (Danvers, MA). CAMK, calcium/calmodulin-dependent protein
kinases; CKI, cyclin-dependent kinase inhibitors; STE, serine/threonine kinases;
TK, tyrosine kinases; TKL, tyrosine kinase-like group. AGC family of protein
kinases comprise cAMP-dependent protein kinase (PKA), Protein kinase G, and
Protein kinase C. The GMGC kinases comprise cyclin-dependent kinases (CDKs),
mitogen-activated protein kinases (MAPKs), glycogen synthase kinases (GSKs),
and CDK-like kinases(CLKs), which are collectively termed the CMGC group.
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This chapter interfaces current knowledge on PTKs as therapeutic
targets and the utility of proteomic profiling as a tool to screen
for surrogate pharmacological biomarkers to predict responses and
relapses. The review is not meant to be comprehensive; aspects related
to tyrosine kinase signaling, targeting, ongoing clinical trials with
kinase inhibitors, and detailed proteomic instrumentation are not dealt
with extensively in this review. However, we refer the reviewer to
excellent reviews that provide coverage of these topics and to the
accompanying chapters.

2. PROTEIN TYROSINE KINASES: VERSATILE TARGETS
FOR HUMAN CANCER

2.1. Tyrosine Kinase Receptor Activation
PTK receptors contain highly conserved catalytic domains with

unique subdomain motifs such as adapter or signaling domains [e.g.,
Src homology (SH)2, SH3, or PH domains] that distinguish them from
similar catalytic domains found in serine/threonine and dual-specificity
kinases (3). In addition to the catalytic domain, PTK receptors contain
a transmembrane domain and an extracellular binding domain. In some
of the non-receptor PTKs, such as Src, the protein contains a myris-
toylation site at the N-terminal domain of the protein that is required
for membrane localization.

The first step in PTK receptor activation is the interaction of the
receptor with its growth factor ligand leading to receptor phosphory-
lation. Although receptor ligands are diverse and many can induce a
similar level of overall receptor phosphorylation, the specific tyrosine
residues phosphorylated within each receptor can differ with each
growth factor, which contributes to signaling specificity. In addition,
interaction between the ligand and the receptor can be modulated
independently by unrelated receptors and factors (4).

Ligand-induced homo- and hetero-dimerization is a recurring and
less understood theme in PTK receptor function. Some growth factors
such as the Epidermal Growth Factor (EGF)-like ligand are suggested
to be bivalent by virtue of the existence of two separate regions, one
that binds to a primary ErbB receptor with high affinity and narrow
specificity and the other binds to a dimerizing receptor with lower
affinity and broader specificity (reviewed in refs 5,6). Other growth
factors such as platelet-derived growth factor, a member of cysteine
knot-containing proteins, are dimeric and their receptor encodes a
single ligand-binding domain. As a result, two receptors bind to each
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monomer of the ligand resulting in dimerization of the receptors.
Growth factors such as the fibroblast growth factor (FGF) has two
binding sites for the receptor within a single molecule of FGF, and each
receptor molecule also has two binding sites for the ligand (7–9). As a
result, the ligand–receptor complex consists of two molecules of FGF;
the high affinity binding of FGF to its receptor requires heparan sulfate
proteoglycans, which spatially organize the ligands to functionally
associate with the receptor. In contrast to the above examples, the
insulin receptor is a dimer even before the binding of monomeric
insulin. Another complex and controversial situation that is gaining
wider acceptance is the ligand-induced receptor aggregation and the
existence of preformed receptor aggregates. For instance, formation of
tetramers or high order oligomers has been suggested from molecular
modeling studies of the kinase domain of EGFR and ErbB-2 (10).

2.2. Receptor Phosphorylation
In general, activation of a PTK receptor involves the reconfig-

uration of various domains, including the activation loop and the
orientation of upper and lower lobes of the kinase (11). Tyrosine
kinases are often phosphorylated in the activation loops contributing
to the conformational changes that lead to activation of the kinase.
Ligand-induced dimerization can bring the kinase domains into close
proximity and facilitates transphosphorylation at the activation loop
tyrosines (12,13). Each receptor subunit within the dimeric complex in
turn cross-phosphorylates tyrosine residues in the activation loop (A-
loop) region of the kinase domain of its neighbor, removing a physical
constraint and enhancing kinase activity. Receptor subunits then cross-
phosphorylate each other on specific tyrosine residues responsible
for recruitment and activation of signaling molecules. This process
is crucial for receptor transactivation and phosphorylation, particu-
larly for orphan receptors such as ErbB-2, which can be activated by
transphosphorylation by other members of this receptor family.

Receptor phosphorylation involves direct transfer of �-phosphate
from ATP to tyrosyl 4´-hydroxyls, resulting in the creation of
phospho-tyrosyl residues within the substrate proteins. Once formed,
phospho-tyrosine residues provide critical functionality needed for
recognition/association by pTyr-binding molecules that lead to the
formation of multiprotein complexes responsible for further signal
propagation. Among these are SH2 domains and phosphotyrosyl-
binding (PTB) domains.
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Tyrosine kinase phosphorylation is modulated by tyrosine
phosphatases, which have the capability to functionally terminate the
kinase activity by dephosphorylating tyrosine residues involved in
catalytic function. Several protein tyrosine phosphatases (PTPs) are
capable of dephosphorylating tyrosine by removing pTyr phosphoryl
groups and returning tyrosyl residues to their nonphosphorylated state.
PTPs often function as downregulators of PTK-depending pathways,
but they can also serve in positive signaling roles by neutralizing
inhibitory pTyr residues (14); the inappropriate activation of pTyr
residues has been associated with many diseases, including cancer (15).
The prevelance of mutations in PTPs can be quite high, such as in the
case of colorectal cancer where over 50% of tumors carry mutations in
PTPs (16). In addition to phosphatases, non-phosphatase proteins may
contribute to the prevention of PTK receptor activation. An interesting
example is the transmembrane protein Kek that has been shown to
interact with the Drosophila EGFR and antagonize its activity (17).

2.3. Tyrosine Kinase Signaling Diversity
PTK receptors are coupled to multiple signal transduction cascades

that are regulated by a multitude of feedback loops and a high level of
cross-talks between distinct pathways shared by many receptors from
different families. This diversity of signaling networks create alter-
native compensatory mechanisms to overcome therapeutic activity of
targeted agents as well as cytotoxics. In general, receptor activation
and tyrosine phosphorylation lead to recruitment of multiple specific
signaling molecules (18–20). The Ras, PI-3-K, PKC, JAK-STAT, and
cytokine pathways are well characterized. Many of these signaling
molecules are increasingly appreciated as a family of enzymes instead
of single entities and mutations in some of these molecules occur in
cancer, adding to the complexity of PTK pathways both in size and
in scope. An example of such complexity is provided by a study by
Schulze and colleagues (21) who reported an exhaustive computational
mapping of molecular interactions involving ErbB phosphotyrosine
kinases. Each of these interactions can provide additional framework
and insight into the fundamental need of using protein array and
phosphoproteomic profiling as a tool to study surrogate pharmaco-
logical biomarkers for cancer therapeutics.
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3. GENOMIC AND STRUCTURAL FEATURES
OF PROTEIN KINASES IN CANCER: DIVERSE

MUTATIONAL PATTERNS AND IMPACT
ON TARGETED THERAPY

Cancer cells accumulate assorted mutations in many tyrosine kinase
receptors (22); useful information on somatic mutations in PTK is
found in http://www.sanger.ac.uk/cosmicin), often resulting in dereg-
ulation of signals responsible for transducing extracellular signals into
modulation of gene transcription. Most mutations render a specific
kinase pathway overactive while very few can lead to the inhibition of
kinase activity. As a consequence, deregulated PTK and other kinases
represent the hallmark of many cancers, making those placed in key
positions in the signaling network attractive targets for drug devel-
opment. Two relevant examples are provided—Bcr-Abl and c-Kit, and
ErbB receptors.

The Bcr-Abl oncogenic kinase results from a translocation between
chromosome 9 and 22 that leads to the formation of the constitutively
active Bcr-Abl kinase (cytologically expressed as the Philadelphia
chromosome). This reciprocal translocation, found in over 90% of
CML patients, involves a replacement of the first exon of c-Abl with
sequences from the bcr gene. The fusion Bcr-Abl kinase activates
several pro-survival pathways including Ras-MAPK, JAK-STAT, and
PI-3-K-AKT pathways (23).

The discovery of Gleevec (imatinib mesylate), a selective inhibitor
of Bcr-Abl kinase and a drug that has greatly changed the management
of CML (24,25), augurs well in that the target of this agent is recog-
nized to be important for the maintenance and/or progression of the
disease. Therefore, for the drug to be successful, the target must be
present. However and as seen with most anticancer drugs, molecular
remission with Gleevec is seen in a small proportion of patients
(estimated about 5–10% of cases) despite the presence of the target,
and even in these cases, it has been postulated that Bcr-Abl cells might
be present below the detection level of current laboratory assays used
to detect the Bcr-Abl kinase. Relapses may appear when preexisting
pool of cells with Bcr-Abl become predominant. Also, over 50% of
CML patients with relapses have reactivation of the Bcr-Abl kinase due
to mutations in the kinase domain or occasionally gene amplification
(26–29). Many of the mutations in the Abl tyrosine kinase found
in patients affect the conformation of the kinase domain, preventing
binding to Gleevec. Interestingly, it has been reported that these
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mutations can be present in a small population of cells even before
treatment with Gleevec (30,31), and hence, new high resolution and
sensitive proteomic/genomic technologies may represent the remedy to
detect such a small population of cells. Gleevec also targets Kit kinase
that is activated in gastrointestinal stromal tumors (GISTs), where 90%
of GISTs carry activating mutations in the Kit gene. These mutations
are usually in exon 9 or 11 and, interestingly, the best clinical responses
are reported in patients who carry mutations in exon 11 (32,33).

In the case of ErbB/Her tyrosine kinases, aberrant expression, ampli-
fication, and activation of members of this receptor family is common
in many cancers, particularly with ErbB-2. In many instances, this
has been correlated with poor prognosis (34). The presence of such
a target that is overexpressed and amplified in cancer cells has led
to the development of the first humanized antibody for metastatic
breast cancer, herceptin/trastuzumab. Herceptin, particularly in combi-
nation with chemotherapy, significantly improves the overall response
rate, time to progression, duration of response, and survival time
compared to chemotherapy alone (35,36). In addition to herceptin,
several antibodies and small molecules have been developed to target
not only EGFR and ErbB-2 but also multiple ErbB receptors (2,37),
based on the assumption that distinct ErbB receptors cooperate through
heterodimerization and transphosphorylation for disease progression.
As seen with Gleevec, relapses occur in almost all patients who respond
to initial anti-ErbB therapy. EGFR gene profiling has identified several
deletions and point mutations that can result in increased TK catalytic
activity of the receptor. The most prevalent of these mutations is found
to be EGFRvIII, an EGFR deletion mutant that lacks exons 2–7, which
can arise from gene rearragement or alternative splicing (38). Also,
10% of patients with non-small cell lung cancer (NSCLC) harbor
specific mutations in EGFR. Small deletions in amino acids 747–750 of
EGFR or point mutations (mostly a replacement of leucine by arginine
at codon 858) have been proposed to increase sensitivity of NSCLC
to gefitinib (Iressa) via repositioning of critical residues surrounding
the ATP-binding cleft of the EGFR tyrosine kinase, thereby stabilizing
their interaction with both ATP and its competitive inhibitors (39,40).
Patients who have a better overall response to gefitinib in clinical trials
have a higher frequency of the responsive mutations than American
patients (40). In contrast, resistance to gefitinib is reported to involve
at least a point mutation resulting in a replacement of threonine by
methionine at codon 790 of EGFR (41). Such somatic mutational
profiles are now found to occur in a large number of protein kinase



Chapter 3 / Proteomic Profiling of Tyrosine Kinases 67

genes (42) and could account for resistance or sensitivity to many
targeted agents (43).

Most tyrosine kinase inhibitors are ATP competitive in nature
(44,45), but successful agents that target other sites are emerging, in
particular therapeutic antibodies that target the extracellular domain
of TK receptors. In the case of ATP site, PTK-catalyzed transfer of
phosphate is bisubstrate, with ATP serving as the phosphoryl donor to
Tyr-containing peptide acceptors. Binding affinity is dictated by pTyr
residues, which present a defining phosphoryl group that provides an
array of geometrically spaced heteroatoms bearing a net (–2) charge at
physiological pH, as well as amino acid residues surrounding the pTyr
residue. The availability of X-ray crystal structures of SH2 domains,
PTB domains, and PTPs in complex with pTyr-bearing peptides has
clarified the roles of these various structural features in binding.
Mutations in these regions can affect their conformation and hence their
affinity to TK inhibitors, or the pathway that is either regulated by or
that regulates the kinase. For example, Bardelli et al. (46) demonstrate
the prevelance of non-synonomous mutations in several TKs involved
in colorectal cancer. The missense T315I mutation identified in the Bcr-
Abl from relapsed patients treated with imatinib mesylate alters both
the 3-D structure of the protein-binding site and other protein–drug
interactions, thus decreasing the protein sensitivity to the drug (47) .
Mutations in the Bcr oligomerization domain can change orientation
specificity and lead to the formation of higher order oligomers (48). On
the other hand, constitutive activity of Asp816Val mutant Kit tyrosine
kinase can lead to resistance to Gleevec (49).

Recalling clinical observation with Gleevec, overall mutations
have been identified in more than 20 different positions within the
Abl kinase domain and confer various levels of Gleevec resistance
(reviewed in 50,51), and mutations in the kinase domain of Bcr-Abl that
impair Gleevec binding occur in over 50% of patients with acquired
resistance to this drug (52–55). Therapeutic outcome is not solely
dependent on the targeted kinase, but also the context in which the
mutation occurs. For instance, blast phase CML has far more hetero-
geneous karyotypes compared to chronic phase CML. This suggests
that although p210Bcr-Abl is critical for the inception of the leuke-
mogenic process, further mutations are involved in blast phase CML.
Therefore, the success of clinical pharmacoproteomics in exploiting
the impact of mutations on protein conformation, phosphorylation,
and downstream protein circuits hinges on the development of novel
methods for surveying the TK landscape in greater detail.
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4. PROTEOMIC PROFILING OF TYROSINE KINASES

Genotyping patients for specific mutations is currently the only
feasible technology for large-scale analysis of PTK. However, it is
unlikely that genotyping alone is sufficient in fully predicting resistance
or sensitivity. In particular, the existence of complex and unexpected
crosstalk between signaling pathways may influence TK activity
(56–59), suggesting that secondary PTKs could be involved. In fact,
resistance or sensitivity due to specific mutations of the receptors
would be expected to be secondary from downstream components that
are either regulators or effectors of phosphorylated and dephosphory-
lated circuitry. Here, phosphoproteomic analysis provides an additional
tool in mutational profiling. Several approaches have been reported
for phosphoprotein studies such as stable isotope labeling (60), stable
isotope labeling by amino acids in culture (61,62), the use of antiphos-
photyrosine antibodies to enrich for tyrosine-phosphorylated proteins
(63), high resolution 2D-MS (64) , high-throughput antibody/protein
chip, aptamer technology (65), and peptide arrays (66). Details of some
examples of data acquired using these techniques are given in Table 1.

With the advent of proteomic arrays, alternative technologies are
emerging with the potential of developing into routine applications. In
the majority of cases, allele-specific PCR has been used. However, in
cases where protein-level information is required, phosphoproteomic
data are needed. Clinical phosphoproteomics then becomes highly
relevant in the emerging era of patient-tailored molecular medicine
and could aid in identifying patients susceptible to drug treatment or
to relapse.

4.1. Highlights in Phosphoproteomic Analysis of Tyrosine
Kinase Activity

In cases where protein-level information is required, phosphopro-
teomic becomes essential. Advances in proteomic technology have
been used to mine the phosphoproteome for cancer biomarkers. For
example, Zhang et al. (67) used proteomic techniques to study the
expression of proteins in six frozen tissues from breast cancer patients.
Three of the six patients were positive for ErbB-2, which suggests
that defects in tyrosine kinase activity were involved. Using laser-
capture microdisseciton, two-dimensional gel electrophoresis (2D-GE)
and matrix-assisted laser desorption and ionization coupled with time-
of-flight mass spectrometry (MALDI-TOF-MS), the authors deter-
mined that cyclekeratin-19 was upregulated in ErbB2-positive patients.
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However, the use of 2D gel electrophoresis and MALDI-TOF mass
spectrometry is not amenable to detailed phosphoproteomic analysis.
Therefore, 2D-GE-based analysis is of limited use for phosphopro-
teomic analysis although it has been used effectively as a preliminary
screen when supplemented with antibody-based techniques by using
antibodies for both phosphorylated and non-phosphorylated forms of
TKs (68).

A more promising approach is the use of automated gel-free
approaches to proteomic analysis. For example, the role of lasp-1
(lin, actin, and SH3-binding protein) was investigated by using multi-
dimensional protein identification technology (MudPIT) analysis of
pseudopodia in NIH 3T3 cells (69). MudPIT analysis, which is an
automated proteomic technique that greatly increases sensitivity and
speed compared to 2D-GE analysis, allowed identification of several
cytoskeletal and signal proteins in pseudopodia and allowed the deter-
mination that Lasp-1 was phosphorylated by Abl, albeit with the aid
of traditional immunological techniques.

Increasingly, a more complete picture of phosphotyrosine circuitry is
emerging as several powerful phosphoproteomic techniques are being
coupled and applied to the study of both cell culture and patient-
derived samples. The combination of two powerful techniques, tandem
affinity purification (TAP) and MudPIT, has been successfully used to
study the proteomic network of the protein 14-3-3� (70). Expression
of this regulatory protein has been found to both increase (71,72) and
decrease in various cancers (73), which supports the notion that a more
complete analysis of the phosphoproteomic status of each component in
the protein circuits is required to fully understand cancer progression.
The simple determination of protein upregulation or downregulation,
while informative, is not sufficient to determine what downstream
effects are occurring. Nevertheless, the TAP-MudPIT approach was
able to identify interactions between 14-3-3� and several kinases
involved in mitogenic signaling (A-RAF1, B-RAF, c-RAF, MEKK2b,
TNK1, MARK1, and MARK2). Another powerful approach is the use
of immunoaffinity enrichment of phosphotyrosine-containing peptides
and LC-MS/MS for proteomic profiling. When applied to Jurkat cells,
this technique allowed for the identification of 194 phosphotyrosine
sites, including 13 TK phosphorylation sites in p21cdc42Hs, anaplastic
lymphoma kinase, and Janus kinase 3 (74). Several TK substrates,
specifically 10 adaptor proteins, were also determined using this
technique.
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4.2. Protein Microarrays
Once PTKs and other components of phosphotyrosine circuitry

are identified using techniques such as MudPIT, their validation
requires an increased level of throughput, sensitivity, and quantitation
accuracy. This goal may potentially be achieved through the use of
protein microarrays, a rapidly developing technology spawned from
the success of cDNA microarrays (reviewed in ref. 75). Unfortu-
nately, the difficulties in producing functional proteins and the differ-
ences in experimental conditions required for protein binding currently
preclude the development of whole-proteome microarrays. However,
when performed in a targeted manner, protein microarrays can be a
very powerful technique for probing protein expression. For example,
Hudelist et al. (76) used a commercial antibody array consisting of 378
monoclonal antibodies to probe protein expression in breast cancer.
Several kinases, including MAPKK 7, MAPKK 2, MAPKK 3, and
ErbB2, were found to be upregulated in the malignant tissue relative to
normal tissue, both of which were obtained from during a mastectomy
procedure for a patient suffering from early breast cancer. Although
the upregulation of these proteins is an important contribution to the
proteomic events involved in breast cancer, the phosphorylation status
of the proteins studied is conspicuously absent. For example, the use of
the protein microarray did not reveal upregulation of bcl-2, despite the
fact that its phosphorylation is known to be involved in taxol-induced
apoptosis (77). Therefore, the potential of antibody arrays will require
the ability to detect not only the amount of protein present but also the
changes in phosphorylation status.

Our intention in describing some recent advances in proteomic and
phosphoproteomic analysis is to introduce the reader to the potential
of these techniques and to elucidate their role in studying tyrosine
kinase circuitry. Although these powerful techniques have provided
many novel findings and improved our understanding of TKs, they
are still techniques under development. In particular, no method for
determination of the phosphorylation status of each component in TK
circuitry currently exists. However, great strides toward this goal have
been made and, on a targeted level, several intriguing observations
have been made using a combination of novel proteomic technologies
and more traditional techniques such as anti-pY antibodies.

4.3. Clinical Phosphoproteomics of PTKs
Insights gained from the clinical experiences with tyrosine kinase-

targeted agents have helped to forsee the utility, difficulties, and
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challenges that might be expected to arise when using targeted
therapies. Several seminal studies have established the connection
between some types of mutations and the susceptibility or resistance
to targeted therapies. Clinical proteomics is becoming highly relevant
to the emerging era of patient-tailored molecular medicine and could
aid in identifying protein features that better predict patient‘s response
and relapse to targeted agents. An interesting example described
above is the use of high-throughput sequencing technologies combined
with bioinformatics to systematically analyze the tyrosine kinome in
colorectal cancer (46). Furthermore, proteomic techniques could be
critical in defining the initial phosphoproteomic state of tumors in
patients enrolled in clinical trials with kinase inhibitors. Additionally,
for current TK-targeted therapies, phosphoproteomic status may be
important in establishing those patients that are likely to respond.
Detecting the phosphorylation status of a particular protein has been
shown to be clinically relevant; the phosphorylation status of survivin,
a substrate of p34cdc2 kinase, has been shown to affect the efficacy
of chemotherapy (78). The availability of a wide range of specific
phosphoantibodies may help expand these observations into clinical
applications.

Yet, immediate challenges that remain to be solved are how to
deal with tissue sampling, tissue heterogeneity, and how to standarize
proteomic technology for routine use.
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1. INTRODUCTION

Oncoproteomics is the term used for application of proteomic
technologies in oncology, and this chapter will discuss the role it plays
in the development of personalized medicine, which simply means
selection of therapy best suited for an individual patient (1). Pharma-
cogenomics (application of genomics to drug discovery and devel-
opment), pharmacogenetics (influence of genetic factors on action of
drugs), and pharmacoproteomics (application of proteomics to drug
discovery and development) play an important role in this process
(2). However, metabolomics (study of metabolites) and environmental
factors also need to be taken into consideration. Management of
cancer has been unsatisfactory in the past, but an understanding of
the molecular, genetic, genomic, and proteomic aspects of cancer
is accelerating progress in cancer therapy. A major improvement in
cancer therapy is the introduction of the concept of personalization.
Personalized medicine requires a better understanding of the molecular
biology of the disease, improved diagnosis for early detection as well as
monitoring the course of the disease, and rational therapeutics, which
may be combined with appropriate diagnostics. The role of proteomics
in the development of personalized therapy for cancer is shown in
Fig. 1.

This chapter will describe the use of proteomics for developing
personalized therapies for cancer. Proteomic technologies have been
described in detail elsewhere (3). Selected proteomic technologies will
facilitate the development of personalized medicine as follows:

• a better understanding of cancer molecular pathology of cancer;
• improving the molecular diagnosis of cancer;
• improved classification of cancer;
• cancer biomarkers discovered by proteomics can be used for diagnosis

as well as drug targets, thus facilitating the integration of diagnostics
and therapeutics;

• toxicoproteomics, by identifying toxic effects of anticancer drugs at an
early stage, will help in the development of safer therapies for cancer.
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Fig. 1. Role of proteomics in development of personalized therapy for cancer.

2. ROLE OF PROTEOMICS IN DISCOVERY
OF BIOMARKERS OF CANCER

Any measurable specific molecular alteration of a cancer cell
on either DNA, RNA, or protein level can be referred to as a
biomarker, for example, oncoproteins are biomarkers for cancer.
In recent years, the discovery of cancer biomarkers has become a
major focus of cancer research. The widespread use of prostate-
specific antigen (PSA) in prostate cancer screening has motivated
researchers to identify suitable markers for screening different types
of cancer. Biomarkers are also useful for diagnosis, monitoring cancer
progression, predicting recurrence, and assessing efficacy of treatment.
The advent of targeted therapies such as imatinib (Novartis’ Gleevec),
trastuzumab (Roche’s Herceptin), and rituximab (Roche’s Mabthera),
where a causal relationship has been established between drug target
and therapy, drives the need for biomarkers for selecting the patients
for a given therapy as well as for predicting drug resistance. Biomarkers
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are thus important for the development of personalized medicine.
Proteins may be actively secreted or released by the tumor cells as a
result of necrosis or apoptosis and released into the circulation. They
change the protein profile. The difference in signal intensities may be
detected by comparison with sera from normal individuals. Examples
of cancer assays based on proteins and enzymes are (1) P53 sequencing
and functional assays; (2) measurement of telomerase activity; (3)
prognostic assay based on survivin (inhibitor of apoptosis protein).
Proteomic technologies used for the discovery of cancer biomarkers
are listed in Table 1.

2.1. Antibody Microarrays
The use of antibody microarrays continues to grow rapidly due to

the recent advances in proteomics and automation and the opportunity
this combination creates for high-throughput multiplexed analysis of
protein biomarkers. However, a primary limitation of this technology
is the lack of polymerase chain reaction-like amplification methods for
proteins. Therefore to realize the full potential of array-based protein
biomarker screening, it is necessary to construct assays that can detect
and quantify protein biomarkers with very high sensitivity, in the
femtomolar range and from limited sample quantities. Ultramicroarrays
(BioForce Nanosciences Inc) combine the advantages of microarraying
including multiplexing capabilities, higher throughput and cost savings,
with the ability to screen very small sample volumes (4). Antibody
ultramicroarrays for the detection of interleukin-6 and PSA, a widely

Table 1
Proteomic Technologies Used for the Discovery of Cancer Biomarkers

Proteomic technologies
Antibody microarrays
Aptamer-based technology for protein signatures of cancer cells
CellCarta (Caprion Pharmaceuticals)
Detection of circulating nucleosomes in serum
eTag assay system for cancer biomarkers
Gel electrophoresis: 2D PAGE
Laser capture microdissection
Tissue proteomics: molecular histopathology of cancer
ProteinChip technology
Surface-enhanced laser desorption ionization time-of-flight mass

spectrometry

2D Page, two-dimensional polyacrylamide gel electrophoresis.
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used biomarker for prostate cancer screening, were constructed. These
ultramicroarrays were found to have a high specificity and sensitivity
with detection levels using purified proteins in the attomole range.
Ultramicroarrays have enabled detection of PSA secreted from just
four cells in 24 h. Cellular PSA could also be detected from the lysate
of an average of just six cells. This strategy should enable proteomic
analysis of materials that are available in very limited quantities such
as those collected by laser capture microdissection (LCM).

2.2. Two-dimensional PAGE
Two-dimensional polyacrylamide gel electrophoresis (2D PAGE)

followed by protein identification using mass spectrometry (MS)
has been the primary technique for biomarker discovery in conven-
tional proteomic analyses. This technique is uniquely suited for direct
comparisons of protein expression and has been used to identify
proteins that are differentially expressed between normal and tumor
tissues in various cancers, such as liver, bladder, lung, esophageal,
prostate, and breast. Advantages of 2D PAGE for discovery of
biomarkers are that (1) it is a tested and reliable method; (2) it can
identify markers directly; (3) it is reproducible and quantitative when
combined with fluorescent dyes. Disadvantages of the use of 2D PAGE
for this purpose are that (1) it requires a large amount of protein as
starting material making it unreliable for detecting and identifying
low-abundance proteins; (2) early stage cancers are often small and
contamination from surrounding stromal tissue that is present in the
specimen can confound the detection of tumor-specific markers; (3)
low sensitivity. The sensitivity can be improved by LCM.

2.3. SELDI-TOF MS
Surface-enhanced laser desorption ionization time-of-flight (SELDI-

TOF) MS is an important tool for the rapid identification of cancer-
specific biomarkers and proteomic patterns in the proteomes of both
tissues and body fluids. It is useful in high-throughput proteomic
fingerprinting of cell lysates and body fluids that uses on-chip
protein fractionation coupled to TOF separation. Within minutes, sub-
proteomes of a complex milieu such as serum can be visualized as a
proteomic fingerprint or “bar-code.” SELDI technology has significant
advantages over other proteomic technologies in that the amounts of
input material required for analysis are miniscule compared with more
traditional 2D PAGE approaches (5). A number of studies have used
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SELDI technology to identify single-disease-related biomarkers for
several types of cancer. For example, a modified, quantitative SELDI
approach has been used to show that the levels of serum prostate-
specific membrane antigen are significantly higher in patients with
prostate cancer than in those with benign disease.

2.4. Detection of Tumor Markers with ProteinChip
Technology

The ProteinChip Biomarker System (Ciphergen) was developed for
the Expression Difference Mapping™ of several hundreds of samples
per day in a single uncomplicated platform with software support for
the construction of multi-marker predictive models. The Interaction
Discovery Mapping™ platform was next introduced for the investi-
gation of protein-binding partners of possible importance in diagnosis
and therapy. SELDI-based ProteinChip technology has been used for
the detection of tumor biomarkers (6). The multimarker system has
been shown to be superior over the single-marker strategy and is faster.
This system has been used for the detection of biomarkers of cancers
of several organs including the prostate, ovary, breast, and lungs.

SELDI-TOF-MS of platelet extracts for proteomic profiling shows
increased amounts of angiogenic regulatory proteins such as vascular
endothelial growth factor and endostatin in platelet but not in plasma.
This is a selective sequestration process and not a simple association
with the platelet surface. This novel property of platelets detects human
cancers of a microscopic size undetectable by any presently available
diagnostic method. This is more inclusive than a single biomarker
because it candetect awide rangeof tumor typesand tumorsizes.Relative
changes in the platelet angiogenic profile permit the tracking of a tumor
throughout its development, beginning from an early in situ cancer.

2.5. Tissue Proteomics for Discovery of Cancer Biomarkers
The molecular complexity of tissue and the in vivo inaccessi-

bility of cells within solid tumors hinder efforts to discover new
diagnostic biomarkers useful for noninvasive tumor-specific molecular
imaging. Scientists at the Sidney Kimmel Cancer Center (San Diego,
CA), using a sub-cellular fractionation of tissue, subtractive proteomic
analysis, bioinformatics, and expression profiling, have identified
several biomarkers induced in solid tumors at the tissue–blood
interface that are accessible to agents injected intravenously. Molecular
imaging validates immunotargeting and penetration of single organs
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and solid tumors within an hour. These markers are expressed on
vascular endothelium and its specialized transport vesicles (caveolae)
in multiple human and rodent tumors including primary and metastatic
lesions found in the liver, brain, breast, kidney, lung, intestine,
and prostate. Mapping tissue- and disease-modulated endothelial
cell surface and caveolar proteins reveals promising biomarkers for
imaging and therapy of solid tumors.

2.6. eTag Assay System for Cancer Biomarkers
The eTag assay system (Monogram Biosciences) is a high perfor-

mance, high-throughput system for the study of tens to hundreds of
genes, proteins, and cell-based antigens across thousands of samples.
The system makes it possible for researchers to adopt a systems biology
approach toward studies of gene expression, protein expression,
and for applications such as cell signaling and pathway activation,
protein–protein interaction, and cell receptor binding. The system uses
Monogram Biosciences proprietary eTag reporters to multiplex the
analysis of genes and/or proteins from the same sample. Specific
molecular binding events result in the release of electrophoretically
distinct eTag reporters, which are then resolved to provide precise,
sensitive quantification of multiple analytes directly from cell lysates.

The eTag assay system is ideally suited to analysis of complex
biology and medicine, such as that seen in oncology. These unique
assays can precisely measure many types of pathway biomarkers
simultaneously using small samples, such as those obtained from
standard tumor biopsies. Monogram Biosciences collaborating with
Norris Comprehensive Cancer Center at the University of Southern
California, Los Angeles to identify and characterize novel clinical
biomarkers for breast cancer. These biomarkers could be used to
correlate disease type and progression, resulting in improved treatment.
Novel eTag assays for unique protein biomarkers such as receptor
complexes and phosphorylation events will be developed to focus on
profiling epidermal growth factor receptor (EGFR) family signal trans-
duction pathways. Further research will be aimed at applying eTag
assays to retrospective analysis of patient samples for validation and
diagnostic development. Knowledge gained from these studies will
improve the prognosis of cancer patients by better understanding of
treatments that will effect disease progression in specific patients. It
is expected that these innovative eTag assays will enable the devel-
opment of a broad range of biomarker-based personalized medicines
to improve treatment for cancer.
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2.7. Detection of Circulating Nucleosomes in Serum
of Cancer Patients

In the nucleus of eukaryotic cells, DNA is associated with several
protein components and forms complexes known as nucleosomes.
During cell death, particularly during apoptosis, endonucleases are
activated that cleave the chromatin into multiple oligonucleosomes
and mononucleosomes. Subsequently, these nucleosomes are packed
into apoptotic bodies and are engulfed by macrophages or neighboring
cells. In cases of high rates of cellular turnover and cell death, they
also are released into the circulation and can be detected in serum
or plasma by Cell Death Detection-ELISAplus (CDDE) from Roche
Diagnostics (Mannheim, Germany). As enhanced cell death occurs
under various pathologic conditions, elevated amounts of circulating
nucleosomes are not specific for any benign or malignant disorder.
However, the course of change in the nucleosomal levels in circulation
of patients with malignant tumors during chemotherapy or radiotherapy
is associated with the clinical outcome and can be useful for the thera-
peutic monitoring and the prediction of the therapeutic efficacy.

2.8. Detection of Tumor-Specific Marker Glycoproteins
Gels prepared by biomolecular imprinting using lectin and antibody

molecules as ligands have been used for recognition for tumor-specific
marker glycoproteins (7). The glycoprotein-imprinted gels prepared
with minute amounts of cross-linkers can dynamically recognize
tumor-specific marker glycoproteins by lectin and antibody ligands and
induce volume changes according to the glycoprotein concentration.
The glycoprotein-imprinted gels shrink in response to a target glyco-
protein but nonimprinted gels expand. The glycoprotein-responsive
shrinking of the imprinted gel is caused by formation of lectin–
glycoprotein–antibody complexes that act as reversible cross-linking
points. Glycoprotein-imprinted gels only shrink when both lectin and
antibody in the gels simultaneously recognize the saccharide and
peptide chains of the target glycoprotein. As shrinking behavior of
biomolecularly imprinted gels in response to glycoproteins enables the
accurate detection and recognition of tumor-specific marker glycopro-
teins, they have many potential applications as smart devices in sensing
systems and for molecular diagnostics of cancer.
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3. APPLICATION OF PROTEOMICS IN ONCOLOGY

Currently, one of the most popular applications of proteomics is in
the area of cancer research. Study of relevant proteins is useful for
gaining an understanding of the pathology and progression of cancer.
Proteomics-based approaches, which enable the quantitative investi-
gation of both cellular protein expression levels and protein–protein
interactions involved in signaling networks, promise to define the
molecules controlling the processes involved in cancer. Proteomics-
based profiling uniquely allows delineation of global changes in
protein expression patterns resulting from transcriptional and post-
transcriptional control, post-translational modifications, and shifts in
proteins between different cellular compartments. Given that compre-
hensive expression profiles obtained using genomics and proteomics
are highly complementary, a combined approach to profiling may well
uncover expression patterns that could not be predicted using a single
approach. Some of the proteomics technologies used in cancer that are
relevant to personalized medicine will be described here.

3.1. Application of CellCarta Technology for Oncology
CellCarta™ (Caprion) is used to identify entire protein complement

of organelles under normal and diseased conditions. It can deliver
drug targets and functional insights unattainable by other proteomics
approaches. Whereas the conventional approaches provide only incom-
plete protein identification showing abundant proteins only with no
information on protein location, the CellCarta Cell Maps provide
comprehensive protein identification including low abundance proteins
with their location and orientation. Protein trafficking events are
identified and there is reliable protein expression profiling. Mass
intensity profiling system (MIPS) measures the intensity of peptide
ions derived from a specific protein as a relative measure of protein
abundance and generates comprehensive protein expression profile for
each sample linked with protein identification. Advantages of MIPS
include automation, comprehensive protein coverage, and amenability
to “gel-free” analyses. Practical applications in drug discovery include
target validation, determination of mechanism of action of leads,
and toxicity profiling. CellCarta has been applied in areas of special
pharmaceutical interest for tumor antigen discovery, protein biomarker
discovery, pharmacoproteomics, and protein phosphorylation. Appli-
cations in oncology are the most extensive. Isolation of purified
membrane proteins from resected tumors is followed by differential
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analysis of protein abundance. High value protein targets are identified.
Examples of applications in oncology are in lung and colon cancer.

3.2. Phage Display Technology
Phage display technology utilizes combinatorial libraries of proteins

expressed on phage particles that can be selected for specific binding
to cancer cells (8). Such cancer-specific molecules can be used
in a variety of applications, including identification of cell-specific
targeting molecules, identification of cell surface biomarkers, profiling
of specimens obtained from individual cancer patients, and the design
of peptide-based anticancer therapeutics for personalized treatments.
Peptide phage display strategies can target cell surfaces because many
biomarkers important in cancer are differentially expressed molecules
located on the outside of the cell membranes.

A novel method called ADEPPT (accentuation of differentially
expressed proteins using phage technology) can identify proteins that
are produced in different amounts in diseased tissue compared with
healthy tissue (9). The study used a large “library” with thousands
of strains of the bacteriophage known as M13. Each strain of M13
makes a different peptide, which binds to a specific protein. By using
a large bacteriophage library, the researchers had the best possible
chance of detecting all the proteins that were produced at varying
levels in different tissue samples. This technique can rapidly determine
differences between lung cancer tissue and normal lung tissue by
measuring subtle variations in the proteins they produce. ADEPPT can
pick up proteins in lung cancer that are overlooked by more conven-
tional methods of protein profiling. This method may ultimately enable
researchers to detect proteins responsible for all types of cancer and
potentially assist them in finding better drug targets to treat various
diseases. This information could also be used for early detection of
cancers, for example, by testing for elevated levels of proteins in
the blood, which could potentially improve the chance of successful
treatment. Further development of the ADEPPT method is needed, but
initial indications are that it may complement existing methods such
as 2D gel electrophoresis by detecting less abundant proteins.

3.3. Proteomic Analysis of Cancer Cell Mitochondria
Mitochondria are essential organelles for cellular homeostasis.

Mutations in mitochondrial DNA have been frequently reported in
cancer cells. Proteomics-based methods have been applied not only to
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the analysis of protein function in the organelle but also to identify
biomarkers for diagnosis and therapeutic targets of specific pathologies
associated with mitochondria (10). Role of proteomics in the study of
mitochondrial proteome in cancer is the following:

• Identification of abnormally expressed mitochondrial proteins in cancer
cells is possible by mitochondrial functional proteomics.

• Proteomics can identify new markers for early detection and risk
assessment, as well as targets for therapeutic intervention.

3.4. Id Proteins as Targets for Cancer Therapy
Id (inhibitor of DNA binding) proteins represent attractive targets

for cancer therapy. Their involvement in the progression of human
cancer is now established, based on the analysis of tumor cell cultures,
human cancer biopsies, and animal tumor models. Id proteins within
invasive and progressive cancers have distinctive expression patterns
that are potential specific diagnostic and/or prognostic markers (11).

Multiple strategies can now be used to target the functional activities
of intracellular proteins for cancer therapy. These include antisense
oligonucleotides, siRNA, anti-gene or ribozyme gene transfer, and
small molecules or peptides. However, each of these strategies has
potential advantages and disadvantages. Even though numerous genes
that are regulated by Id gene expression in cancer cells have been
identified, much work must be done to link these associated genes to
downstream functional activities.

3.5. Cancer Tissue Proteomics for Assessment of Therapy
Cancer tissue proteomics implies direct tissue profiling and use of

imaging MALDI MS to provide a molecular assessment of numerous
expressed proteins within a tissue sample. Analysis of thin tissue
sections results in the visualization of 500–1000 individual protein
signals in the molecular weight range from 2000 to over 200,000 (12).
LCM, in combination with MS, enables acquisition of protein signa-
tures from a single cell type within a heterogeneous sample. These
signals directly correlate with protein distribution within a specific
region of the tissue sample. The systematic investigation of the section
allows the construction of ion density maps, or specific molecular
images, for virtually every signal detected in the analysis.

MALDI TOF MS can be used to generate protein spectra directly
from frozen tissue sections from surgically resected cancer specimens.
Profiling MALDI MS has been used to monitor alterations in protein
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expression associated with tumor progression and metastases. Current
data suggest that MALDI MS will be superior to immunohistochemical
stains and electron microscopy in identifying the site of origin for
tumors currently labeled as “tumor of unknown primary.” Another
application in surgical pathology would be the rapid evaluation of
margins of surgical excision of a tumor. Routine analysis of surgical
margins by frozen section is very difficult because some cancers invade
in a single cell fashion without producing a grossly identifiable mass.
Sensitivity of MS enables detection of even a few tumor cells within
a significantly larger portion of tissue.

The capability of MALDI MS to measure susceptibility and response
to therapeutic agents in tumor and surrounding tissues is particularly
useful in personalized management of cancer. The original protein
profile obtained from the primary tumor can be used to influence
the selection of therapeutic agents. Levels of chemotherapeutic agents
can be measured directly from a tissue biopsy to assess adequacy of
delivery to a particular organ site. It will also help in detecting alter-
ations in specific molecular pathways directly modulated or indirectly
affected by the anticancer agent. Finally, it could be used to monitor
chemotherapy effects on the tumor.

3.6. Morphoproteomics
Morphoproteomics combines histopathology, molecular biology,

and proteomics to depict the protein circuitry in diseased cells
for uncovering molecular targets amenable to specific intervention,
thereby facilitating personalized therapy (13). Such an approach can
uncover or confirm potential molecular targets that may be essential
to the growth, integrity, and histogenesis of a particular tumor type
and that are amenable to specific therapeutic interventions. Directions
for future research should focus on points of convergence in signal
transduction pathways and consider integration of morphoproteomic
with genomic and pharmacoproteomic as well as protein-function
microarray data.

3.7. Application of Nanobiotechnology in Oncoproteomics
Nanotechnology is the creation and utilization of materials, devices,

and systems through the control of matter on the nanometer-length
scale, that is, at the level of atoms, molecules, and supramolecular
structures. It is the popular term for the construction and utilization
of functional structures with at least one characteristic dimension
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measured in nanometers,? a nanometer is one billionth of a meter
(10−9 m). Various nanobiotechnologies and their applications are
described elsewhere (14).

Nanoproteomics—application of nanobiotechnology to proteomics
—improves on most current protocols including protein purifi-
cation/display and automated identification schemes that yield
unacceptably low recoveries with reduced sensitivity and speed while
requiring more starting material. Low abundant proteins and proteins
that can only be isolated from limited source material (e.g., biopsies
of tumors) can be subjected to nanoscale protein analysis, that is,
nano-capture of specific proteins and complexes, and optimization
of all subsequent sample handling steps leading to mass analysis of
peptide fragments. This is a focused approach, also termed targeted
proteomics, and involves examination of subsets of the proteome, for
example, those proteins that are either specifically modified or bind
to a particular DNA sequence or exist as members of higher order
complexes or any combination thereof.

An ion mobility technology—high-field asymmetric waveform ion
mobility mass spectrometry (FAIMS)—has been introduced as online
ion selection methods compatible with electrospray ionization. FAIMS
uses ion separation to improve detection limits of peptide ions when
used in conjunction with electrospray and nanoelectrospray MS. This
facilitates the identification of low abundance peptide ions often
present at ppm levels in complex proteolytic digests and expand
the sensitivity and selectivity of nanoLC–MS analyses in global and
targeted proteomics approaches. This functionality likely will play
an important role in drug discovery and biomarker programs for
monitoring of disease progression and drug efficacy (15). It can be
applied to cancer.

4. ROLE OF PROTEOMICS IN CLINICAL TRIALS
OF PERSONALIZED ANTICANCER DRUGS

Therapeutics combined with companion diagnostics is considered
to be a part of personalized medicine. Some of the proteomics-based
diagnostics as well as therapeutics may be tested in clinical trials.

Biomarkers can aid in patient stratification (risk assessment), in
treatment response identification (surrogate markers), or in differ-
ential diagnosis (identifying individuals who are likely to respond to
specific drugs). To be clinically useful, a marker must favorably affect
clinical outcomes such as decreased toxicity, increased overall and/or
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disease-free survival, or improved quality of life. Once the methods
for assessment of the biomarker are established and the initial results
show promise with regard to the predictive ability of a marker, it may
be possible to achieve the goal of “predictive oncology.”

5. ROLE OF PROTEOMICS IN MANAGEMENT
OF VARIOUS CANCERS

Proteomics has an impact on both the diagnosis and treatment of
cancer of various organs. Some examples are given here.

5.1. HER-2/neu Oncoprotein as Biomarkers for Breast
Cancer

HER-2/neu oncoprotein has been widely studied for many years
and has been shown to play a pivotal role in the development and
progression of breast cancer. HER-2/neu has been shown to be an
indicator of poor prognosis with patients exhibiting aggressive disease,
decreased overall survival, and a higher probability of recurrence of
disease. As evidenced by numerous published studies, elevated levels
of HER-2/neu (also referred to as overexpression) are found in about
30% of women with breast cancer. Determination of a patient’s HER-
2/neu status may be valuable in identifying whether that patient has
a more aggressive disease and would, thus, derive substantial benefit
from more intensive or alternative therapy regimens. Elevated levels of
HER-2/neu are found not only in breast cancer but also in several other
tumor types including prostate, lung, pancreatic, colon, and ovarian
cancers.

Some studies suggest that in certain breast cancer patients, persis-
tently rising HER-2/neu values may be associated with aggressive
cancer and poor response to therapy, while decreasing HER-2/neu
levels may be indicative of effective therapy. The clinical utility of the
serum test as a prognostic indicator has not yet been fully established
but is under investigation.

Traditional HER-2/neu testing is generally limited to tissue from
primary breast cancer and does not provide information regarding
the HER-2/neu status in women with recurrent, metastatic breast
cancer. The introduction of microtiter plate ELISA HER-2/neu testing
(Bayer Diagnostics) using a serum sample now offers a less invasive
diagnostic tool and provides a current assessment of a woman’s HER-
2/neu status over the course of disease.
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Immunohistochemistry (IHC) analysis of HER2/neu in breast
carcinoma is a useful predictor of response to therapy with trastuzumab
when strongly positive. Negative immunostaining is highly concordant
with a lack of gene amplification by FISH. Most weakly positive
overexpressors are false positives on testing with FISH. Thus,
screening of breast carcinomas with IHC and confirmation of weakly
positive IHC results by FISH is an effective evolving strategy for
testing HER2/neu as a predictor of response to targeted therapy.

Breast cancers show variable sensitivity to paclitaxel. Tubulin
polymerization assay was used to show that low tau expression renders
microtubules that are more vulnerable to paclitaxel and makes breast
cancer cells hypersensitive to this drug (16). Low tau expression,
therefore, may be used as a marker to select patients for paclitaxel
therapy. Inhibition of tau function by RNAi might be exploited as a
therapeutic strategy to increase sensitivity to paclitaxel.

5.2. Personalized Management of Lung Cancer
The tyrosine kinase inhibitor gefitinib (Iressa), which targets the

EGFR, is approved for late cases of non-small-cell lung cancer
(NSCLC) as a last resort treatment. Most of NSCLC patients do not
respond to gefitinib, but about 10% of patients have a rapid and
often dramatic clinical response. The molecular mechanisms under-
lying sensitivity to gefitinib are unknown. It was considered to be a
targeted therapy based on the idea that lung cancer might make excess
EGFR, and blocking it might slow growth with less toxicity than
standard chemotherapy. This growth protein contains a little pocket
to capture ATP. Gefitinib apparently targets that pocket, and when
the protein is mutated, gefitinib fits inside the pocket much better,
blocking ATP and thus inhibiting cancer cell growth. A study from the
Massachusetts General Hospital/Dana Farber Cancer Institute (Boston,
MA) indicates that response of lung cancer patients to gefitinib is
determined by a certain mutation in the EGFR gene (17). Eight of nine
patients who responded to gefitinib had mutation-containing tumors;
seven patients not helped by gefitinib did not. Patients with lung cancer
who respond to gefitinib have been reported to have somatic mutations
consisting of deletions in exon 19 and in exon 21 of the EGFR gene.
In addition, a mutation in exon 20 is also associated with acquired
resistance to gefitinib in initially gefitinib-sensitive patients.

Laboratory studies of cancer cells show that the mutated receptors
are 10 times more sensitive to gefitinib than were normal receptors. The
mutations are more common in women, people who had never or not
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recently smoked, and people who had a subtype called bronchoalveolar
cancer. Similar results were obtained in another study where receptor
tyrosine kinase genes were sequenced in NSCLC and matched normal
tissue (18). EGFR mutations were found in additional lung cancer
samples from patients who responded to gefitinib (Eli Lilly & Co’s
Iressa) therapy and in a lung adenocarcinoma cell line that was
hypersensitive to growth inhibition by gefitinib, but not in gefitinib-
insensitive tumors or cell lines. These results suggest that EGFR
mutations may predict sensitivity to gefitinib. Increased EGFR gene
copy number based on FISH analysis is a good predictive marker for
response to EGFR inhibitors, stable disease, time to progression, and
survival in NSCLC (19). These findings are important as they would
enable the development of personalized treatment of cancer. The EGFR
Mutation Assay (Genzyme Corporation) detects EGFR mutations in
patients with NSCLC that correlate with clinical response to Tarceva®
(erlotinib) and IRESSA® (gefitinib). This would enable treatment of
responders and even at an earlier stage than the current practice of
using it as a last resort. Prospective large-scale clinical studies must
identify the most optimal paradigm for selection of patients.

Another drug targeting the EGFR receptor is erlotinib (Tarceva; OSI
Pharmaceuticals/Pfizer). A randomized, placebo-controlled, double-
blind trial was conducted to determine whether erlotinib prolongs
survival in NSCLC after the failure of first-line or second-line
chemotherapy (20). Presence or absence of EGFR mutation was
not taken into consideration. The results show that erlotinib can
prolong survival in patients with NSCLC after first-line or second-
line chemotherapy. A clinical trial has compared responsiveness to
erlotinib with a placebo for NSLC using tumor biopsy samples from
participants in this trial to evaluate EGFR expression immunohisto-
chemically (21). The results indicate that among patients with NSCLC
who receive erlotinib, the presence of an EGFR mutation may increase
responsiveness to the agent, but it is not indicative of a survival benefit.

5.3. Personalized Management of Prostate Cancer
Currently, measurement of serum PSA is the most useful biomarker

for early detection, clinical staging, and monitoring of therapy.
However, although on average, men with prostate cancer have higher
levels of PSA than healthy men or those with benign prostate
diseases, there is a wide variation in levels throughout the population,
which leads to false positives and unnecessary biopsies. There is
need for a better method of diagnosis and monitoring the course
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of disease. Improvement in understanding of molecular pathology,
earlier diagnosis, and ability to monitor the course of disease in
response to treatment would facilitate the development of personalized
management of cancer of the prostate.

Significant and widespread differences in gene expression patterns
exist between benign and malignant growth of the prostate gland.
Gene expression analysis of prostate tissues should help to disclose
the molecular mechanisms underlying prostate malignant growth and
identify molecular markers for diagnostic, prognostic, and therapeutic
use. Alternative proteomic-based approaches including use of LCM
enable the identification of protein markers in the actual premalignant
and frankly malignant epithelium. Quantitative as well as qualitative
proteomic measurement of normal and neoplastic prostate cells is an
important approach that will complement genomic DNA and gene
expression analyses. The National Cancer Institute Prostate Group has
been studying protein profiles of prostate cancer using tissue microdis-
section and two protein analysis methods: 2D PAGE and SELDI
ProteinChip MS technology. A protein fingerprinting technique can be
used on serum samples to help accurately distinguish between cancer
of the prostate, benign prostate hyperplasia, and healthy tissue.

Id protein family, a group of basic helix-loop-helix transcription
factors, has been shown to be involved in carcinogenesis and a
prognostic marker in several types of human cancers. A study has
examined the expressions of four Id proteins, Id-1, Id-2, Id-3, and Id-4,
in clinical prostate cancer specimens as well as nodular hyperplasia
specimens by IHC (22). The results indicate that these Id proteins may
play a positive role in the development of prostate cancer. Differential
Id protein expressions may be a useful marker for poor prognosis, and
Id-4 may be a potential prognostic marker for distant metastasis.

Although molecular profiling of cancer at the transcript level has
become routine, large-scale analysis of proteomic alterations during
cancer progression is been a more daunting task. High-throughput
immunoblotting has been used to interrogate tissue extracts derived
from prostate cancer (23). This approach has identified numerous
proteins that are altered in prostate cancer relative to benign prostate.
An integrative analysis of this compendium of proteomic alterations
and transcriptomic data revealed only 48–64% concordance between
protein and transcript levels. However, differential proteomic alter-
ations between metastatic and clinically localized prostate cancer
served as predictors of clinical outcome in prostate cancer.



98 Part III / Tumor Proteomics

5.4. Proteomics of Brain Cancer
Protein biomarkers of brain tumors have potential clinical usefulness

for predicting efficacy of anticancer agents. In one proteomic
study, surgical samples of human gliomas were analyzed with
two-dimensional gel electrophoresis (2DE) and MS, and in vitro
chemosensitivities to various anticancer agents (e.g., cyclophos-
phamide, nimustine, cisplatin, cytosine arabinoside, mitomycin C,
adriamycin, etoposide, vincristine, and paclitaxel) were measured by
flow cytometric detection of apoptosis (24). Proteins that significantly
affected the in vitro chemosensitivity to each category of anticancer
agents were identified. Many of the proteins that correlated with
chemoresistance were categorized into the signal transduction proteins
including the G-proteins. This study showed that the proteome analysis
using 2DE could provide a list of proteins that may be the potential
predictive markers for chemosensitivity in human gliomas. They can
also be direct and rational targets for anticancer therapy and be used
for sensitization to the conventional chemotherapeutic regimens.

6. CONCLUSIONS

Proteomic technologies have contributed considerably to an under-
standing of molecular biology of cancer. Discovery of biomarkers will
be the basis of tests for early diagnosis of cancer and monitoring of
therapy. Proteomics is facilitating the integration of diagnostics and
therapeutics and fulfilling many of the requirements for personalized
therapy of cancer, which is already gaining clinical recognition. Several
new technologies such as nanobiotechnologies are contributing to the
development of oncoproteomics and will facilitate the development of
personalized management of cancer.
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Summary

Proteomics embodies a diverse set of platforms devoted to the
study of protein structure and function. Mass spectrometry and
protein microarrays enable detailed analysis of a diverse set of
proteins and their isoforms at the molecular level. These new, high-
throughput, and comprehensive proteomic studies can be useful in
advancing our understanding of disease processes and have wide
potential for integration within clinical trials. Clinical trials incor-
porating proteomic-based endpoints are geared toward biomarker
development, pathway discovery, and target validation. Screening
the proteome has the potential to discover a protein biomarker or
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a signature of markers to predict disease presence, and we have
initiated a multi-center clinical trial with the goal of defining a
proteomic signature that can predict relapse of ovarian cancer. Serum
and tissue proteomics reflect information from the tumor as well
as from the tumor microenvironment, as demonstrated in our two
recent clinical trials employing these analyses to evaluate effects of
targeted agents. Proteomic techniques strengthen the link between
bench and bedside by testing existing hypotheses about a disease
state or treatment and validating them in the clinical setting. Defining
signaling pathways and protein regulatory events in the clinical
venue may thus lead to generation of new hypotheses and subse-
quently to novel treatment strategies.

Key Words: Proteomics; clinical trial; solid tumor; mass
spectrometry; tissue microarray

1. INTRODUCTION

The field of proteomics embodies a diverse set of platforms devoted
to the study of protein structure and function. These techniques
possess the capacity to capture the complexity of the human proteome,
which has been approximated to contain at least 10,000,000 unique
peptides as a result of alternative splicing, genomic amplification,
and intra-/extra-cellular cleavage events (1) While the study of
single-nucleotide polymorphisms (2) and mRNA patterns via cDNA
microarrays (3) have been shown to be useful in the prediction
of disease outcomes, a mere understanding of the genome and
transcriptome do not fully unravel the mechanisms underlying patho-
logical processes. It has been approximated that the correlation between
mRNA and protein expression is often no greater than 40% (3).
Furthermore, information regarding quaternary structure, secretory
patterns, and post-translational modifications such as phosphorylation
cannot be derived from knowledge of amino acid sequences alone (4).

Proteomic studies are thus crucial to the understanding of disease
processes and have enormous potential for integration within clinical
trials. Modern proteomic techniques have been employed to charac-
terize many diverse pathologic states including cardiac hypertrophy (5),
transplantation rejection (6), diabetic nephropathy/retinopathy (7,8),
growth hormone disorders (9), as well as tumor biology of the prostate,
gastrointestinal system, breast, head/neck, and ovary (10–18).

Proteomic-based clinical trials are involved in biomarker devel-
opment, pathway discovery, and target validation. The massive influx
of proteomics data into clinically oriented literature in recent years
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has generated excitement within the scientific community and has
rejuvenated interest in translational science. Clinical trials incorpo-
rating proteomic-based endpoints are useful for biomarker devel-
opment, pathway discovery, and target validation. The need for
biomarker discovery using proteomic techniques cannot be under-
stated. Biomarkers have the potential to improve detection of disease,
classify histologic subtypes, predict progression, and forecast respon-
siveness to a particular treatment (19,20). There are currently only eight
Food and Drug Administration-approved serum tumor markers for the
detection and monitoring of malignancies (21). Unfortunately, these
markers all perform with sensitivities and specificities suboptimal for
detecting new cancers in the general population. For example, serum
CA-125 has been approved for monitoring treatment or recurrence in
a woman with previously diagnosed ovarian cancer, but an elevated
serum CA-125 (>35 U/ml) is detectable in only 50–60% of patients
with newly diagnosed stage I ovarian cancer and may be influenced
by benign ovarian and other processes (22). Similar problems exist
with carcinoembryonic antigen for colorectal cancer, prostate-specific
antigen for prostate cancer, CA 15-3 and CA-27.9 for breast cancer,
CA 19.9 for pancreatic cancer, alpha fetoprotein for liver cancer, and
nuclear matrix protein 22 for bladder cancer (23). The majority of
human diseases still have no identifiable biomarkers. Recent efforts
have concentrated on applying proteomic techniques to identify novel
serum biomarkers (24–26), correlate kinase pathway activation with
prognosis (27), and to distinguish tumor from normal tissue (28).

Proteomic-based studies to identify aberrancies of molecular
pathways in disease states are also critical to the development of novel
pharmaceuticals. Presently, the mechanistic basis of therapeutic agents
is surprisingly homogenous, with guanine nucleotide protein-coupled
receptors constituting nearly 45% of all protein targets. Even if only
1–2% of all proteins were found to be useful as loci for intervention,
an additional 5000–10,000 candidates remain unexploited (29). The
identification of signaling nodes representative of interaction points
between molecular pathways is vital to the development of a more
intricate comprehension of signal transduction. It is crucial to target
these sites in signaling communication wherein the clinically optimal
interruption can occur. The importance of knowing the complexities
of these communications is highlighted by the fact that targeted agents
are not uniformly focused in their actual actions in vivo. Sorafenib,
for example, was designed to target Raf kinase, but shows clinically
relevant activity against vascular endothelial growth factor receptor-2
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Fig. 1. Combinatorial therapies targeting multiple points within the same pathway
have the potential to induce therapeutic synergism and reduce single-agent
toxicities. Illustrated here is the proposed serial inhibition by bevacizumab and
sorafenib.

(VEGFR-2) as well. Elucidation of compound pathways has fueled
an interest in the design of combinatorial therapies that would target
different points within the same pathway in order to induce therapeutic
synergism and reduce single-agent toxicity (Fig. 1).

Finally, proteomic applications are essential for validation of a
drug’s effect on its designated target. Such validation is achieved when
a compound selective for a disease target shows efficacy in the affected
population as a result of specific changes in the intended molecular
endpoints (30). Currently, a number of monoclonal antibodies and
small molecule therapies have entered this stage of development at
the level of single-agent or combinatorial therapy (31), exemplified
by bevacizumab (anti-VEGF) (32), cetuximab [anti-epidermal growth
factor receptor, (EGFR)] (33,34), trastuzumab (anti-her2) (35,36),
gefitinib (EGFR tyrosine kinase inhibitor) (37–40), and imatinib
(abl/c-kit receptor tyrosine kinase inhibitor) (41–43).

2. MOLECULAR PROTEOMIC TECHNIQUES FOR
CLINICAL TRIALS

2.1. Overview
The understanding of protein structure and function has evolved

substantially over the past 30 years, catalyzed in part by advances
in molecular biology at the genomic level (44). Recently, technical
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innovations have focused largely on two main areas: first, increasing
the sensitivity of protein detection (1) to thereby reduce sample
volumes required for meaningful protein analysis, and second, accel-
erating instrumentation for high-throughput processing. Techniques
available for the study of protein chemistry in the clinical setting have
thus evolved to fall under two broad headings: targeted analyses and
high-throughput analyses.

2.2. Targeted Analyses
2.2.1. Immunohistochemistry

Immunohistochemistry (IHC) predated the era of proteomics but
emphasizes the importance of protein analysis in the clinical setting.
IHC is a technique for the visualization of specific antigens in situ,
first reported by Coons and colleagues in 1942. Sample integrity is
preserved through sample flash freezing or fixation, the latter done
most commonly with neutral-buffered formalin followed by paraffin
embedding. Antigen retrieval is accomplished through heating or
enzymatic treatment prior to interrogation with a chromagenically or
fluorescently labeled antibody. The greatest strength of IHC lies in
its preserved tissue organization, allowing cellular and subcellular
localization of proteins. Unfortunately, it is relatively low-throughput,
requires individual optimization for each antibody of interest, and has
day-to-day variation that may alter intensity of stain that is assessed
by many investigators. Additionally, formalin fixation results in cross-
linkage of antigens that may mask some protein epitopes (45). IHC
has broad clinical applications including diagnostics and assessment of
prognostic markers. For example, the presence of hormone receptors
in breast cancer suggests responsiveness to anti-hormone treatment,
or the level of mutated c-kit in gastrointestinal stromal tumor allows
treatment with imatinib.

2.2.2. Gel Electrophoresis and Immunoblotting

Also a prelude to the proteomic era, one-dimensional denaturing gel
electrophoresis has been a standard technique for the semi-quantitative
study of protein expression since its introduction more than 30 years
ago by Laemmli (46). Proteins are resolved on the basis of charge
in isoelectric focusing and molecular weight in standard approaches.
Proteins transferred to a nitrocellulose or polyvinylidene fluoride
membrane can be identified by immunoblot analysis with specific
antibody probes. Two-dimensional gel electrophoresis (2DE) uses
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separation in both directions; differential in-gel electrophoresis repre-
sents a further refinement in which samples are tagged with fluorescent
labels prior to electrophoretic processing. Differential expression from
the same gel allows individual proteins of interest to be removed from
the gel and subjected to identification by mass spectrometry (MS) and
protein sequencing (47).

Protein electrophoresis as described cannot be applied to very small
clinical samples, cannot resolve proteins which are present in minute
concentrations, and cannot adequately identify very low molecular
weight proteins, under the range of 5–6 KDa (48). 2DE has been
applied to archived samples from past clinical trials involving the study
of neurologic disorders (49), atherosclerosis (50), and ovarian cancer
(51). While a typical 2DE analysis is capable of separating 3000 spots
per experiment (12), the technique remains labor-intensive and not
applicable to small clinical samples or high-throughput analysis.

2.3. High-Throughput Analyses
2.3.1. Protein Arrays

Two broad protein microarray platforms currently exist: reverse
phase and forward phase. The reverse-phase array (Fig. 2A) was
described initially by Liotta and colleagues (52). Cells taken from
culture or extracted from tissues of interest, often through laser capture
microdissection (53), are lysed and arrayed on a nitrocellulose-coated
slide. Printed arrays are probed with immunoblot-validated antibodies,
subjected to a signal amplification process, and detected using a colori-
metric or fluorescent dye. Signal intensities representative of protein
concentration are quantified in pixels and used for comparison across
samples. In the forward-phase array (Fig. 2B), antibodies are pre-bound
to nitrocellulose as bait for cellular lysates, which are then detected
through the application of a labeled antibody (54,55). Alternatively, the
forward-phase array may be performed with lysates labeled with biotin
and then detected with avidin-coupled fluorescent reagent, or the lysate
may be directly labeled with the fluorescent (Cy3 or Cy5) dye (56).

Advantages of the protein microarray are twofold. First, protein
microarrays attain enhanced sensitivity for protein detection relative
to IHC or immunoblot, thus reducing sample volume required from
patient biopsies. Secondly, they generate data in a high-throughput
manner as commercially available arrayers now have the capacity to
create protein chips containing more than 13,000 spots per standard
microscope slide. Development of this technology continues; results
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Fig. 2. Illustration of reverse-phase (A) and forward-phase (B) protein microarray
formats.

may be complicated by intra- and inter-run variability and there
remains a need to improve and standardize the algorithms available for
the analysis of the resultant data. We have optimized quality control of
tissue handling, removing one source of variability. Ongoing quality
control studies at our institution and others are rapidly improving the
sensitivity, specificity, reliability, and validity of this technique with
the use of clinical samples.

Both forward- and reverse-phase tissue lysate arrays have been
applied retrospectively to patient samples. Protein microarrays have
been used to identify up- or down-regulation of proteins in hepato-
cellular carcinoma versus normal liver (57), characterize the influence
of microenvironment on the differential characteristics of primary
colorectal tumors versus their hepatic metastases (28), describe changes
in Ak mouse thymoma (AKT) signaling with progression of prostate
cancer (52), and examine phosphorylation pathways in metastatic
ovarian carcinoma (58). Studies at our institution have now progressed
to incorporate reverse-phase arrays in prospective trials in an effort to
advance the era of personalized molecular medicine.
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2.3.2. Mass Spectrometry

MS was developed in the early 1900s as a tool for the identification
of proteins. This technology had remained relatively dormant in the
clinical literature until the recent availability of high-resolution mass
spectrometers and the sequencing of the human genome. In matrix-
assisted laser desorption/ionization time of flight (MALDI-TOF) MS,
biological analytes, purified of inorganic salts and other contaminants
by chromatographic or electrophoretic means, are prepared in a light-
absorbent matrix and then deposited on a solid surface. The laser-
applied energy produces a phase transition from solid to gas wherein
proteins are ionized into peptide fragments. The peptides are then
subjected to an electric field under vacuum, which separates compo-
nents on the basis of mass. The resultant output is displayed as a
spectrum of peaks plotted by intensity versus mass-to-charge (m/z)
ratio.

Surface-enhanced laser desorption/ionization (SELDI)-TOF is a
refinement of MALDI introduced in 1993 by Hutchens and Yip in
which solid-phase purification is accomplished on a chip selective for
proteins based on chemical affinities (59). Samples may be analyzed
on multiple chip surfaces and the data compared or compiled, adding
complexity but potentially more information. Relative to MALDI,
this platform is less expensive and less labor-intensive, and allows
the analysis of whole proteins rather than peptide fragments, though
SELDI-TOF spectra generally demonstrate lower resolution (Fig. 3).

MS techniques have potential for use in clinical trials by offering
a high-throughput algorithm with detection limits in the femtomolar
range. MS platforms are ideal for the global analysis of protein content
in biological specimens, and there is growing interest in using MS to
explore the low molecular weight range of the proteome (<20 kDa) as
a source of novel biomarkers (24). Like all technologies, MS analyses
can suffer from the biases of day-to-day instrument variation obviated
by frequent calibration, normalization of peak intensities, and the use
of internal standards (48). The study of low abundance proteins may
be confounded by the presence of dominant species such as albumin,
transferrin, and immunoglobulins which represent as much as 80% of
serum proteins. On the other hand, such proteins may be exploited
as carriers to amplify low abundance proteins to a level detectable
by MS (60).

Many groups have focused on the development of serum-based
screening tests for occult cancers. In addition to the initial and
sometimes controversial report of its use in ovarian cancer (24), MS
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Fig. 3. Sensitivity of mass spectroscopic output is greatly influenced by sample
preparation and ionization platform. Spectra obtained from samples enriched for
albumin-bound peptides as analyzed by matrix-assisted laser desorption/ionization
time of flight (MALDI-TOF) and non-enriched samples analyzed by surfaced-
enhanced laser desorption/ionization time-of-flight (SELDI-TOF) are shown in
panels A and B, respectively. Normalized signal intensity and mass to charge
ratio (m/z) are represented on y-axis and x-axis, respectively.

techniques have yielded panels of proteins that discriminate non-
invasive prostate cancer from benign prostatic hypertrophy (61) and
detect breast and ovarian cancers with reported specificities and sensi-
tivities of 90–100% (62–64). MS data from solid tissue samples have
been developed toward discrimination of benign and malignant breast
disease (12), as well as cervical cancer from normal cervix tissue (65).
MS analyses have been employed to examine differences in protein
expression between germ-line BRCA-1 mutation-positive women who
do and do not develop cancer (66) and to identify candidate biomarkers
for pancreatic cancer such as annexin A2 (62). MS has also been
performed on fluids other than serum, such as ascites (67) and urine
(63). Treatment-induced changes in urinary SELDI profiles have been
observed in a phase I study of intravesical suramin for transitional cell
bladder cancer (68).



110 Part III / Tumor Proteomics

Among the challenges of molecular clinical proteomics are the
complexity of a dynamic proteome. Though the methods have
generated excitement in the area of clinical proteomics, progress has
been met with justified skepticism for a number of reasons. First, the
techniques and instrumentation for clinical proteomics are continu-
ously evolving, making rigorous quality control and quality assurance
difficult to achieve (69,70). The scientific community is beginning
to address this responsibility by establishing formal guidelines for
the identification and study of tumor markers as has been done for
the use and reporting of gene expression arrays (71). Second, the
large datasets generated from assaying the proteome require sophisti-
cated analytical algorithms for processing (69), leading to questions
of prospectively determining sample size based upon statistical power.
Our initial work in ovarian cancer was powered with a dataset of
50 cases which gave 96% power at the alpha = 0·05 level to reject
an 80% sensitivity or specificity in favor of a true value of 95%,
using an exact test for single proportions, with cut-off points for
rejection based on the cumulative binomial distribution (24). This
small number and limited statistical power was selected for proof of
concept. More stringent power is needed in order to develop confi-
dence for clinical application. Statistical overfitting is a concern that
must be considered in powering these types of studies. The large
data streams obtained from each case leaves a risk of statistical
inaccuracy by overfitting if >1000 potential markers are analyzed
simultaneously (70). Many current MS biomarker studies are designed
simply to characterize samples, with the hopes of uncovering signif-
icant and applicable trends, rather than planned and powered for
a defined hypothesis. Third, the human proteome is dynamic and
exquisitely sensitive to inflammatory processes, age, trauma, diurnal
variations, fasting versus non-fasting states, quality of sample acqui-
sition and processing, and other unidentified variables (72). Clinical
specimens consist of thousands of proteins, some of which may have
several isoforms (73) and may be altered by collection methodology.
These variables are further complicated by collection variables, making
quality control and standard operating procedure definitions critical
to any sample collection. The variability in reproducing endpoints is
likely due to this complexity of biological materials.

Serum and tissue proteomics reflect information from the tumor
as well as from the tumor microenvironment. Tumor specimens are
heterogeneous tissues containing red blood cells, inflammatory cells,
parenchymal cells of non-tumor origin clonal variants, and areas of
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necrosis, and like serum must be handled in careful and consistent
ways to minimize collection bias and sample degradation. Thus, it is
clear that the integration and cross-validation of the various proteomic
techniques will be required to strengthen proteomics-based research.
The scientific community may then move to replace skepticism
surrounding proteomic conclusions with an interest in adequate quality
control and novel clinical trial design.

3. INCORPORATION OF MOLECULAR PROTEOMICS
INTO CLINICAL TRIALS

3.1. Clinical Trial Endpoints
Traditional endpoints of a drug or intervention in clinical trials

are toxicity (Phase I), efficacy (Phase II), and survival (Phase III).
The introduction of proteomic investigations into the trial(s) may
allow greater depth of analysis into the cause and effect relationship
between the drug and observed outcomes. Rather than simply answer
the question of drug effect, proteomics may allow the exploration of
multiple parameters surrounding the effect or lack thereof, for example:

• Did the drug affect its intended target or other off-targets?
• Did it act in the tumor itself or the surrounding stroma?
• Are downstream pathways of the intended target intact or deranged in

the tumor or stroma?
• Is the magnitude of targeted effect adequate at a level below maximum-

tolerated dose?

Proteomic investigations extend translational inquiry to a broader
scale, by exploring a large fraction of a patient’s expressed proteins.
Both target validation and biomarker discovery are potential uses of
these high-throughput methods. Proteomic investigations are therefore
applicable to treatment trials and screening trials alike.

3.2. Clinical Trial Design
3.2.1. Screening Trials: Biomarker Discovery

Screening the proteome has the potential to discover a protein
biomarker or a signature of markers to predict disease presence. For a
biomarker or signature to be of value, it should have sufficient sensi-
tivity and specificity, come from an easily sampled source such as
blood, and trigger an effective intervention. The sensitivity and speci-
ficity of a defined biomarker is determined by two sets of patients.
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Those without active disease—either in remission, at risk of developing
the disease, or unaffected—provide a negative control for specificity.
The second group, those affected by the disease, determines the sensi-
tivity of the defined biomarker. From both groups, the predictive
values of the biomarker can be calculated. Power of the study is
critical and depends upon the stringency of the anticipated sensitivity
and specificity as well as the complexity of the biomarker. A single
biomarker of disease could theoretically exist and would reveal itself
at the time of disease occurrence or relapse. More likely, however, a
disease will cause a series of alterations in serum proteins. A signature
of cancer might be evident upon comparing the composition of the
serum proteome at the time of illness with that in the remission state
or in unaffected patients. Proteomic technology has been applied to
serum samples from patients with prostate cancer (25), colon cancer
(74), and ovarian cancer (75) to detect proteomic signatures that distin-
guish patients with cancer from those without cancer. A biomarker
containing many features coming from a large data stream, such as
those identified using MS technologies described above, requires a
higher power because of the risk of overfitting.

A clinical trial design for proteomic-based screening incorporates
quality-controlled sample acquisition and storage. Sampling times must
be logical and useful against the objective of the study such that they
identify changes in target events during the period of observation. In
a screening trial, no detectable tumor may exist; serial sampling of
patients’ serum is required in such cases. Serial physical examinations
and/or imaging are the classical tools for diagnosing the presence of
disease. These methods are inefficient screening tools due to low sensi-
tivity and high cost. Ideally, a serum proteomic approach to diagnosis
might be easier and more cost effective if it is sensitive enough to
detect disease at an early time point and specific enough to differentiate
benign from malignant conditions.

Consistent and reliable disease identification should also lead to a
clinical intervention that, in the long run, should make a difference in
intervention and outcome. For example, screening for cervix cancer
identifies premalignant disease that when treated improves survival by
preventing progression to advanced incurable disease.

We have initiated a multi-center clinical trial with the goal of
defining a proteomic signature that can predict relapse of ovarian
cancer. This objective was designed in part to develop a signature
of minimal residual disease. It is hypothesized that this minimal
residual disease signature might also be applicable to early diagnosis
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and will be applied to serum samples of unaffected or high-risk
patients in an exploratory fashion. Our trial is enrolling women in
first clinical remission from treatment for newly diagnosed stage III
or IV ovarian cancer. They are eligible to enroll within 3 months of
completing adjuvant chemotherapy. Women will be followed clinically
with physical examination and blood work every 3 months, and CT
scan every 6 months while on study. Serum samples will be collected
every 3 months for later proteomic analysis. The primary endpoint
of the clinical trial is to identify a proteomic signature in the serum
that can predict relapse of ovarian cancer before the recurrent tumor
becomes evident on physical exam or imaging study. The study is
powered at 300 patients using the same statistical argument described
above for the training set of 50 recurrences and 50 patients with no
evidence of disease. The remainder of the cohort will yield at least
another 50 affected and 50 remitted patients for independent validation
of the signature sets developed by those using this repository resource
to develop proteomic signatures.

3.2.2. Treatment Trials: Target Validation

In a clinical trial aimed at cancer treatment, the ideal tissue
to analyze for a drug’s targeted effect is the tumor itself and its
surrounding stroma. Skin or buccal mucosa have been considered for
use as surrogate tissues when examining a specific effect of an inves-
tigational agent but have not proven to reflect accurately the results in
the tumor itself (76). Tumor biopsies, therefore, should be performed
within a clinical trial when feasible and safe. Serum samples can extend
analysis to the secreted proteome and can provide further validation
of pharmacologic outcome as well as new target discovery.

We recently completed two clinical trials applying tissue and serum
proteomics to evaluate effects of targeted agents. The first clinical
trial assessed the targeted activity of the EGFR inhibitor gefitinib
in 24 patients with ovarian cancer. Percutaneous 16- to 18-g core
needle tumor biopsies were obtained prior to beginning therapy and
after 4 weeks of gefitinib treatment. Tumor and stromal cells were
separated using laser capture microdissection and analyzed separately
by tissue lysate arrays. Arrayed samples were analyzed for the levels of
EGFR and its activated (phosphorylated) forms, as well as downstream
signaling molecules AKT and ERK, and their activated forms. Results
confirmed gefitinib’s effectiveness at inhibiting its intended target and
downstream signaling. No clinical benefit was seen, suggesting that
target inhibition was present but not essential for tumor growth, the
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level of inhibition was insufficient to completely prevent receptor
signaling, and/or the receptor function was unrelated to the malignancy
at this advanced and recurrent state of disease. Sample statistics from
the gefitinib study show a relationship for signaling parameter and
clinical toxicity by grade and by trend of toxicity. Increasing EGFR,
AKT, p-ERK, and p-EGFR moieties in tumor after treatment were
statistically significantly associated with increasing overall toxicity
(p ≤ 0.05), gastrointestinal toxicity (p < 0.05), and skin toxicity
(p = 0.029) (77). We also studied the signal transduction inhibitor,
imatinib, in women with relapsed ovarian cancer. Using a similar
biopsy and array paradigm, we found association of biochemical
modulation of c-kit and EGFR expression with phospho-c-kit and
EGFR correlating with nausea and vomiting, and post-treatment levels
of EGFR and PDGFR linked to fatigue (78). A surprising number
of patients, approximately 80%, had evidence of c-kit and p-c-kit
expression in their tumor and/or stroma, compared with the 12%
predicted by IHC (79,80). This illustrates the strength of the tissue
lysate array. These clinical trials demonstrated the ability to incor-
porate invasive sample collection and detailed biochemical analysis to
confirm target modulation and to correlate the biochemical proteomic
events with clinical and toxicity events.

3.2.3. Combination Therapy, Individual Effects

Therapy targeted at sequential points in a pathway critical for cell
survival has the potential to effectively eliminate the cancer cell.
Knowledge of signaling pathways in vivo gained from proteomic
investigations can inspire logical combinations of targeted agents.
When agents are combined, individual effects may be assessed if the
clinical trial is designed to randomize start with single-agent therapy
for the first cycle followed by combination therapy beginning with
the subsequent cycle. We are currently treating patients on a clinical
trial evaluating the combination of bevacizumab and sorafenib, two
agents directed at VEGFR-2 signaling. The complexity of the dual
signal interruption is difficult to analyze using traditional endpoints.
We are again using prospectively planned serial biopsies to allow a
broad biochemical assessment of target modulation by the agents. In
addition to the focused endpoints, the requirement for small amounts of
tissue for the lysate array leaves additional remaining biopsy material
that may be applied to further array biochemical endpoints or cut for
more traditional immunohistochemical studies to complement the array
results.
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4. CONCLUSIONS

Proteomics increases the capacity of clinical inquiry to answer
specific biochemical questions regarding disease etiology and effects
of clinical intervention. Advances in serum proteomics are allowing a
detailed analysis of the vast secreted and circulating proteome. Data
mining from this resource has the potential to reveal many disease-
specific peptide combination signatures. Tissue proteomics permits in
vivo confirmation of an intervention’s specific intended effects and
exploration of related downstream events. It can be used for discovery
and proof of concept studies. The high throughput nature of both types
of proteomics technologies is ideal for the rapid analytic platforms.
Furthermore, MS technology is currently used in many clinical arenas
and is ready to be applied in the clinical trial setting. These techniques
strengthen the link between bench and bedside by testing existing
hypotheses about a disease state or treatment and validating them in
the clinical setting. Defining signaling pathways and protein regulatory
events in the clinical venue may thus lead to generation of new
hypotheses and subsequently to novel treatment strategies.
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Summary

Several efforts are today focused on studying the most wide
form of tumor affecting human kidney, renal cell carcinoma (RCC),
because of our inability to diagnose and treat this very aggressive
neoplasia. Different complementary approaches based on genomic
and proteomic tools are used to highlight its altered molecular
processes, and new developed methods and techniques are imple-
mented in the search of possible biomarkers. However, notwith-
standing the great work done by several groups and the enormous
amount of information present in literature, knowledge about its
pathogenesis is still incomplete, and several markers of RCC are
proposed but not yet validated.
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1. WHAT IS RENAL CELL CARCINOMA

Renal cell carcinoma (RCC) is the most common renal cancer
affecting the kidney that accounts for 3% of all human adult tumors
and represents about 90% of renal cancer (1,2).

A range of biological and clinical behaviors characterizes RCC.
Owing to the absence of early clinical symptoms, kidney cancer is often
diagnosed in advanced stages in patients with flank pain, hematuria,
or a palpable abdominal mass. Approximately 25% of these patients
have metastatic disease. At present, incidental tumor discovery during
investigations for other disorders by diagnostic imaging techniques
increases RCC diagnosis at the early stages (2,3). The onset of most
RCC is sporadic, while the inherited form is less frequent.

Traditionally, radical nephrectomy is the treatment of choice for
localized RCC. In the last years, a laparoscopic approach has been
introduced for early stage disease, with evident benefits for patients
in the postoperative period. Partial nephrectomy or nephron-sparing
surgery is indicated in selected cases, including solitary kidney,
bilateral RCC, renal failure, and hereditary forms of RCC (4). Although
metastatic RCC has a poor prognosis, also due to chemotherapy and
radiotherapy resistance, radical nephrectomy and surgical excision of
isolated metastasis are also recommended (5). The presence of sponta-
neous regressions of RCC suggests the possibility to stimulate the
immune system through cytokines. Currently, immunotherapy with
interleukin 2 (IL-2) and interferon � is respectively approved in United
States and in Europe for treatment in advanced RCC, but this thera-
peutic approach provides positive outcomes only in a minority of
patients, due to dissimilar responses related to different tumor types (6).

RCC is a heterogeneous group of cancers, arising from epithelial
cells of renal tubules, classified into specific carcinoma cell subtypes:
clear cell (70% of all cases), papillary (10–15%), chromophobe (5%),
and collecting duct (1%) (7). In addition, mixed subtypes in the same
tumor are relatively frequent.

Conventional prognostic factors such as stage and grade, with
sub-classifications according to the tumor location, lymph node
involvement, and presence of metastases, are used in patient
management. The most important prognostic factor for RCC is the
tumor, node, and metastasis (TNM) staging system, modified in 1997
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by the Union International Contre le Cancer (UICC) and the American
Joint Committee on Cancer (AJCC) (8).

The variety and heterogeneity concerning histological subtypes,
chromosomal aberrations, gene mutations, gene transcription, and gene
products is the cause of the enormous variability of the antigenic
pattern of individual RCC and absence of molecular markers for
early detection, prognostic information, and treatment guides. Several
substances connected with cell cycle, apoptosis, cell regulation, and
cell–cell interaction have been evaluated as RCC markers. These are
ferritin, nuclear matrix protein 22, neopterin, ki-67, p21, cyclin D,
tissue polypeptide antigen, bcl-2, erythropoietin, and fibrinogen, but
unfortunately, none of them is qualified as an ideal marker (9).

The need to improve patient outcomes with renal cancer have shifted
attention toward gaining more knowledge in the study of renal cancer
with new strategies, which employ and combine different genomic,
transcriptomic, and proteomic tools to achieve biomarkers for clinical
management of RCC.

2. GENOMIC CONTRIBUTION

In the last 10 years, several studies focused on the identification
of cancer specific karyotypes and gene alterations for tumors that
originate within the kidney (10). The contribution of genetic data
with phenotypic and histological observations revealed several
distinctive subtypes (7,11). Therefore, a reliable classification based
on correlation between chromosomal alterations and histological
subtypes has been proposed: (1) deletion of chromosome 3p or
addition of chromosome 5q combined with deletion of two or more
of chromosomes 6q, 8p, 9p, or 14q for clear-cell RCCs (12); (2)
a gain of two or more of chromosomes 3q, 7, 8, 12, 16, 17, or
20 and no 3p loss for papillary RCCs; (3) loss of two or more of
chromosomes 1, 2, 6, 10, 13, or 17 for chromophobe RCCs (13,14).
The widespread use of DNA microarray technology has generated
a large amount of data from various cells and tissues providing the
tissue–gene relationship by identification of genes in given tissues.
This relationship has been also studied in the screening of different
RCC subtypes with diagnostic aims. Recently, one of these studies has
shown that inactivation of the tumor suppressor von Hippel–Lindau
(VHL) located on chromosome 3p25 is associated with sporadic
RCC (15). VHL protein forms a complex with other proteins such as
elongin C and B and cul-2 protein (Fig. 1). This tumor suppressor
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Fig. 1. Illustration of the von Hippel–Lindau pathway.

gene down-regulates the alpha subunits of the hypoxia inducible
factors (HIF-1� and HIF-2�), which promote several gene
expressions [glucose transport, vascular endothelial growth factor
(VEGF), epidermal growth factor, and transforming growth factor-
alpha (TGF-�)] (16). The cDNA microarray analysis of more
than 7000 genes has shown a down-regulation of mitochon-
drial and distal nephron genes and overexpression of vimentin,
class II major histocompatibility complex (MHC)-related molecules
in conventional RCC, while paravalbumin and galectin-3 are
found up-regulated in chromophobe RCC/oncocytoma tissues (17).
Beginning from 2001, the number of genes studied has increased
from 60,000 to 100,000 using Affimetrix microarray techniques
(17–19). About 170 genes belonging to the families of cell adhesion,
signal transduction, and nucleotide metabolism have been found up-
regulated in RCC, whilst 150 genes playing a role in ion homeostasis,
oxygen and radical metabolism, and small molecule transport have
been observed to be down-regulated. The list of new genes with altered
expression discovered using genomic array approaches is continu-
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ously increasing, and some of those already identified with modified
expression are confirmed by recent publications (20–24). An inter-
esting study shows an overexpression of 230 genes in clear cell RCC
including those for VEGF, glucose transporter 1 and 3 (SLC2A1 and
SLC2A3), endothelin 1, and insulin-like growth factor binding protein,
which are all strictly regulated by HIF-1� as already mentioned.
Genes overexpressed in papillary RCC include alpha-methylacyl-CoA
racemase, the two oncogenes GRO1 and GRO2, while in chromo-
phobe and oncocytoma they include nicotinamide nucleotide transhy-
drogenase, fumarate hydratase, solute carrier family 25 members and
genes encoding for mitochondrial proteins. Overexpressed are also
genes involved in cell adhesion and transport such as laminin A3,
fibrinonectin 1, fibrinonectin receptor alpha subunit, vWF, and BIGH3
(25) and particularly in aggressive clear cell RCCs the genes IL-8 and
survivin (26). Hypermethylation has been evaluated as one of causes
of gene alteration, and evidences of the diagnostic potential of DNA
methylation-based markers are growing (27–29). Moreover, a signif-
icant association between promoter methylation and pathological stage
in renal tumors has been shown (30).

Moreover, this relationship has been also studied in RCC subtypes
with prognostic value by tissue array constructed for Ki67, p53,
gelsolin, carbonic anhydrase (CA)9, CA12, PTEN (phosphatase and
tensin homolog deleted on chromosome 10), epithelial cell adhesion
molecule, vimentin, S-100, and cyclin B1 (31–35). Current efforts
are to integrate molecular information from tissue microarrays with
genomic data to generate a molecular integrated staging system.

3. WHY PROTEOMICS

Even so, to date, the ability to predict the outcome of RCC
after surgical or systemic therapy is limited and needs to implement
new strategies, making the most of proteomic tools and combining
genomic, transcriptomic, and proteomic data. Currently, the old but
open question “what is a gene?” (36) has emphasized the great
weight of proteomic studies even if complete identification of DNA
coding sequences is now available. Therefore, the proteomic aspects
of RCC must be studied first because protein alterations of the living
system homeostasis can be better visualized at the proteome level.
Additionally, recent studies have demonstrated a lack of correlation
between the transcriptional profiles and the actual protein levels in
cells (37). As a consequence, abundant protein alterations cannot be
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predicted based on mRNA levels enforcing the attention to proteome.
Moreover, final structure of normal or modified proteins cannot be
predicted by the DNA or RNA sequence. Alternative splicing, prote-
olytic processing, post-translational modification (PTM), trafficking,
and protein interaction can modify the chemical structure and/or the
biological functions. A valid example is the chaperone Hsp27 found
in RCC significantly different in expression and isoform numbers
with a 4.5–5.9 pI range and 18–29 kDa Mr range (38). The large
number of isoforms in RCC due to the phosphorylation of Hsp27 has
been studied by two-dimensional gel electrophoresis (2-DE) Western
blot and subsequently by mass spectrometry (MS) analysis. The
MS analysis performed by low picomole amounts of phosphopep-
tides using home-made nanoLC column and ESI-MS/MS analysis has
confirmed three phosphorylated protein species of the Hsp27 never
directly identified before (39). As the phosphorylation is known to
be associated with a decrease of the aggregation state, this suggests
modified modulation of Hsp27 functions in the cancer cells. Increased
phosphorylation has been demonstrated also for proteins such as
moesin and radixin, but using phosphospecific antibodies not directly
by MS analysis (40). The phosphorylation of these three proteins plays
an important role in the regulation of actin organization. Therefore,
evaluation of PTM of proteins within cells or tissues and their variation
of content by proteomic approaches can represent a key to identify new
diagnostic biomarkers or targets for therapeutic purposes. Moreover,
these alterations occurring inside the cells are expected to be reflected
in biological fluids (blood and urine) where it is supposed that they
may be detected by proteomic techniques. The several proteomic
techniques based on the search of differences in tissues, cells, or
fluids can be combined with MS: pre-fractionation by depletion of
the most abundant proteins; separation by surface-enhanced laser
desorption/ionization mass spectrometry (SELDI MS), OFF-GEL, Free
Flow, ClinProt technique; labelling by biotin reagents (ICAT) or by
fluorophores can be employed before 2-DE (41,42); or fractionation
by liquid chromatography.

4. WHAT IS NOW KNOWN
ABOUT THE RCC PROTEOME

Various groups are working in the RCC proteome field, and at
present, a number of tumor-correlated proteins, mostly downexpressed,
have been identified by protein profile comparison between cancer
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and non-malignant biological samples. Traditionally, proteomics starts
with cataloging and developing lists of the cellular protein repertoire
of a given tissue that are the base line for the evaluation of differ-
ences (43,44). Diverse strategies have been applied for the analysis
of renal tissues, primary cell cultures, and culture cell lines, with
results that are just beginning. This research involves also biological
fluids such as plasma and urine, where potential biomarkers may be
quantitatively detected. From the analysis of tissues and cell lines,
the majority of identified proteins are housekeeping belonging to the
various intracellular compartments such as cytosol, mitochondria, and
nucleus (38,45–49). These proteins may be chiefly grouped in three
functional classes: (1) enzymes involved in glycolysis and tricarboxylic
acid cycles; (2) enzymes that play a role in the mitochondrial respi-
ratory chain; (3) proteins that protect cells from oxidative radicals, in
agreement to some data previously reported in the literature. Among the
mitochondrial proteins, manganese superoxide dismutase, as well as
aconitate hydratase, and proteins involved in the propanate metabolism
are more abundant in RCC (Fig. 2). Proteins involved in hypoxia
pathway correlated to VHL gene mutations that play an essential role
in angiogenesis, glycolysis, and apoptosis show modified expression in
RCC, including HIF-1�, CA IX, VEGF, and other important members
of the hypoxia-induced gene family such as the septin family members
particularly SEPT2, moesin, and fascin that are up-regulated (Fig. 1)
(40). Increased levels of Hsp27, lactate dehydrogenase, aldolase A
and C, pyruvate kinase M2, thymidine phosphorylase, vimentin, and
members of annexin family have been also specifically correlated
with RCC, and a number of these alterations have been confirmed by
immunohistochemistry (38,40,50).

The search of RCC biomarkers involves also studies to target
specific tumor antigens presented by surface MHC class II molecules to
prepare a specific vaccine-induced T-cell response (51). One strategy to
discovering tumor antigens employs in vivo sensitized tumor-reactive
T cells from individual cancer patients, whilst another approach is
based on epitope prediction by gene product profiles. The condi-
tions required for defining T-cell-recognized tumor antigens, such as
stable T-cell lines and established tumor cell lines, are very difficult
to satisfy. Therefore, new methodologies termed SEREX (serological
screening of recombinant cDNA expression libraries) (52) and SERPA
(serological proteome analysis) have been otherwise applied to
analyze B-cell response to already known tumor antigens (53–55).
SERPA is a proteomic approach that allows to determine the global
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Fig. 2. Image of silver-stained two-dimensional gel electrophoresis gel obtained
from renal cell carcinoma tissue showing some of the modified proteins: 1–6,
vimentin; 7, manganese superoxide dismutase; 8, alpha crystalline B chain;
9–10 and 16–17, actin fragments; 11–12, fibrinogen beta chain precursor; 13,
cytochrome b5 isofrom2; 14, enoil CoA hydratase; 15, beta 2 microglobulin
precursor; 18, lamin A/C; 19, Hsp27; 20, major vault protein; 21, triosephosphate
isomerse; 22, aconitate hydratase; and 23–24, thioredoxin.

immunoreactivity of patient sera toward tumor proteins separated by
2-DE from tumor tissues. This method has highlighted a relatively low
number of tumor-associated antigens in RCC such as aldose reductase,
superoxide dismutase 1, thioredoxin, enoyl-CoA hydratase, members
of the cytoskeletal family (56), major vault protein, thymidine phospho-
rylase, annexins I and IV, manganese superoxide dismutase (50) and
transgelin, and other six proteins involved in cell contractile function
(54,57). In the last months, by applying a differential MS technique for
immuno-proteomic analysis of MHC class I ligands in RCC peptide
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mixtures, Flad and colleagues (58) have identified two peptides arising
from heme oxygenase-1, a protein involved in apoptosis resistance,
immunosuppression, and angiogenesis. In the differential MS strategy,
pools of pre-fractionated MHC class I peptides from normal kidney
and RCC have been labeled respectively with light and heavy nicotinic
acid reagent reacting with the N-terminus, epsilon amino groups of
lysine and phenolic groups of tyrosine, and finally, a relative quantifi-
cation of labeled peptides has been obtained. This method could be a
molecular key to identify tumor-specific antigens arising from splicing
before their MHC presentation including the PTM not predictable by
mRNA analysis (59).

Although after about a decade several tumor antigens have been
recovered by these proteomic methodologies, a common specific
antigen for RCC has not yet been discovered; only about 70% of patient
sera has been found to be responsive against one or two antigens.
However, the limits of these methods are in relation with the hetero-
geneity of RCC. Infact, antibodies against tumor antigens are demon-
strated not to be associated with histological type of RCC, and each
of them is common only to a restricted number of RCC patients.

5. ADVANCES IN BIOMARKER DISCOVERY

The biomarker story is still in the discovery era, therefore, data
have to be improved in light of new technologies and strategies to
overcome several difficulties. The major pitfall is the heterogeneity
of kidney tissue containing several cell types, and tumor tissue with
cells showing a miscellanea of chromosomal aberrations, gene modifi-
cations, gene expression, and gene products. Therefore, contamination
from surrounding cells present in the renal tissue can conceal marker
detection in RCC epithelial cells. To improve the homogeneity and
consistency of normal and RCC tissue samples, magnetic microbeads
coated with specific epithelial cell antibodies have been utilized and
the number of epithelial cells increased (60). Successively, results
show about 30 proteins differentially expressed in RCC. Most of
these are downexpressed in agreement with the chromosomal aberra-
tions occurring in the neoplastic cells confirming the known data.
Moreover, 11 of the identified proteins have mitochondrial location,
and 6 are surface and secreted proteins. The differential expression
of mitochondrial proteins is in agreement with mitochondrial morpho-
logical changes pointed out in RCC by histopathology. Of the overex-
pressed proteins, annexin A1 (ANXA1) is now evaluated by Western
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blot with specific antibodies to confirm overexpression in a large
number of RCC cases. The ANXA1 is a calcium/phospholipid-binding
protein which promotes membrane fusion and is involved in exocytosis
and regulates phospholipase A2 activity.

To overcome variability in conventional 2-DE due to running condi-
tions and stain detection, we have introduced 2-D DIGE using two
diverse fluorochromes (Cy2, Cy3), two diverse populations, and an
internal standard by a third Cy (Cy5) in the same gel. After differ-
ential analysis by DeCyder dedicated software, 12/53 spots are found
common to those pointed out by conventional 2-DE. These proteins
are now being identified by MS and specific antibodies.

Several different analytical approaches have been developed in
order to overcome some of the well-known limitations of the classical
proteomics strategies. Among these approaches, 2-D DIGE can
be applied to improve detection of surface proteins (61,62). The
samples can also be enriched in surface proteins through labeling
with biotinylated reagents and separation by sepharose-streptavidin
affinity column, (63–67). Another old and still most valid method
can be subcellular fractionation of membrane proteins that permit to
reduce sample complexity and enrich plasma membrane fractions in
hydrophobic proteins (68). New 2-DE techniques have been developed
in which the first dimension, conventionally based on an immobi-
lized pH gradient isoelectrofocusing, has been substituted by alter-
native separations to resolve highly hydrophobic proteins including
bidimensional blue native/sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE), double SDS–PAGE, and two-
dimensional BAC/SDS electrophoresis (69–71). At present, the appli-
cation of these new methods has not yet produced useful results for
RCC.

Another strategy employs primary cell cultures (40,72). The in vitro
culture method offers more homogeneous and enriched cytological
material, ability to perform multiple and repeated experiments over
long intervals, and the possibility to study metabolic events in viable
cells. Examination of specific proteins, SODM, Hsp 27, and results
of proteomic and transcriptomic studies provided by real-time PCR
gene expression analysis, 2-DE and MS, indicate that primary cell
cultures retain, at the first passages, the proteomic differential profile
of corresponding tissues.

An attractive alternative in identifying biomarkers for RCC is
focused on detection of molecules in different sources from tissues
such as serum or plasma (73) and urine that are collected noninvasively
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in large amounts. Different methods and technologies have been
employed to separate and identify proteins from urine: 2-DE (74);
liquid chromatography applied directly for urine (75) or for isolated
urinary vesicles, the exosomes (76); and SELDI or ClinProt analysis
combined to nano-LC/ESI-MS/MS. To date, few results concerning
identification of specific biomarkers have been obtained by analysis
of the urine from RCC patients. Cannon et al. (77) have evidenced
that using high-throughput fluorescent microplate activity assay the
measure of elevated levels of matrix metalloproteinases by degradation
of collagen IV is not useful for diagnosis of RCC in contrast with
previous results, because most of the normal urine samples had the
ability to degrade collagen IV. It is true that urine is an easily collected
sample, but the time of collection, the storage, and handling are critical
in relation with protein degradation and result reproducibility. The
application of standardized protocols in the pre-analytical phase should
facilitate the discovery of biomarkers in urine by the new technologies.

6. FUTURE IMPLICATIONS

The task and dream is to use the fruits of results obtained by
proteomic strategies to create diagnostic platforms readily applicable
in clinical management. The means used to derive from proteomic
results a set of candidate biomarkers can be estimated in terms of
selectivity and specificity by the traditional ELISA test for screening.
Connections between the several markers have to be carefully observed
and understood by bioinformatics that allow to analyze a huge amount
of gene and protein data across the functional pathways in a short time.

The early detection of tumor for timely therapeutic intervention
is always a relevant problem in clinical management. The molecular
modifications characterizing early stages are still a mystery, and
therefore, large-scale screening is impossible. The contribution of
proteomic analysis can favor the comprehension of the mechanisms
involved in tumorigenesis. It is now known that multiple gene
mutations are at the basis of carcinogenesis and determine protein
alterations. As the mRNA levels do not always correlate with protein
expression, proteomic profiles become crucial for unraveling the
behavior of these proteins and of their pathways. An important aid
in better understanding these mechanisms is offered by housekeeping
proteins that are often found to be differentially expressed in cancer.

Moreover, the biomarkers applied by clinicians to control tumor
progression during follow-up do not have a sensitivity and specificity
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useful for wide application. The numerous proteomic and genomic
studies on RCC have produced a great amount of dispersive and not
well-correlated data making the interpretation difficult. Furthermore,
only a small number of cases have been observed thus far, and the
potential markers have not been identified in all, highlighting the high
biological variability. To overcome this, it is necessary to subdivide
biological markers into clusters which identify specific subgroups of
patients. New possibilities toward this goal are offered by platform
technologies such as chip technology, SELDI, and so on.

Another obstacle in the search for new RCC biomarkers is repre-
sented by the complexity of the tumoral microenvironment. However,
the identification of autoantibodies directed toward tumoral antigens
has allowed to improve the detection of markers in low concen-
tration and to widen the knowledge concerning the specific immune
response to the tumor. The identification of these antigens has favored
the development of anticancer vaccines obtained exchanging whole
tumoral cells with specific antigens. The clinical response of RCC
patients to this treatment that utilizes dendritic cells conjugated to
tumoral antigens seems to be encouraging and non-toxic. Furthermore,
proteomic tools can provide a valid help in studying the effects of drug
treatments to characterize the mechanisms involved in toxic reactions
and to identify sensible targets. Additionally, the study of PTM in the
diverse phases of the disease, or due to a specific treatment, can be
the starting point for specific individual therapeutic strategies.
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Summary

Four main histologic types of lung carcinoma usually are
distinguished: squamous cell, undifferentiated small cell, undif-
ferentiated large cell and adenocarcinoma. Proteomics studies are
useful complement to histopathology to elucidate the mechanisms
that determine clinical phenotype. Several proteomics expression
studies have been reported. (1) two-dimensional polyacrylamide
gel electrophoresis studies have established the protein profiles
of normal, metaplasia, dysplasia and carcinoma tissues of human
bronchial epithelia. (2) surface-enhanced laser desorption/ionization-
time of flight and gel-free mass spectrometry profiling systems
were applied to the discovery of lung cancer biomarkers in serum
or plasma. Some innovative proteomics approaches have been
proposed in lung cancer cancer. (3) Disease-related volatile organic
compounds that might be helpful for the early detection of bronchio-
genic cancer were detected in human breath. (4) Proteins were
profiled in malignant pleural effusion. Functional studies have
highlighted modifications of several kinases and cell cycle proteins
in lung cancer, some of them might have therapeutic potential. These
studies have also suggested additional cellular processes that were
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not previously known in lung cancer and have identified tumor-
associated antigens. Proteomics techniques have been applied for
identifying responders to cisplatinum-based chemotherapy. Protein
expression profiles have been shown to predict the outcome of
patients with early stage lung cancer. It is expected that proteomics
technologies have a great potential for clinical progress in lung
cancer.

Key Words: Lung cancer; proteomics; hnRNP; cytokeratins;
LCM

1. INTRODUCTION

Lung cancer is the leading cause worldwide of cancer-related death
among males and the second among females. Cigarette smoking
accounts for over 90% of cases in men and about 70% in women, with
a strong dose–response relationship and regression of incidence after
quitting. A dose–response relationship with smoking has been shown
in the three commonest types of lung cancer: squamous cell, small cell
and adenocarcinoma. A small proportion of lung cancers is related to
occupational agents, often overlapping with smoking.

Clinical manifestations of lung cancer depend on tumor localization
and type of spread. Cough is usually present. In patients with chronic
bronchitis, increased intensity and intractability of pre-existing cough
suggest a neoplasm. The principal sources of diagnostic information
are the patient history and the chest X-ray. X-ray patterns depend on
the site of involvement. There is no effective early detection method
available, due to lack of screening test. This is unfortunate because
about 80% patients in early stage (UICC stage I) could be cured.

Four histologic types of lung carcinoma usually are distinguished
(Table 1): (1) squamous cell, frequently arising in the larger bronchi;
(2) undifferentiated small cell lung carcinoma (SCLC), producing
early hematogeneous metastases; (3) undifferentiated large cell; and
(4) adenocarcinoma, usually peripheral. Eighty percent of lung cancer
cases are non-small cell lung cancer (NSCLC), and 20% are SCLC.
Regardless of subtype, the 5-year survival rate for lung cancer is among
the lowest of all cancers at 10–15%.

It is expected that advances in the molecular classification of lung
cancer and the identification of causative genetic alterations will lead
to improvements in diagnosing and treating patients. Numerous gene
expression studies have been published in lung cancer [reviewed in
ref. (1)], involving numerous translational research technologies.
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Table 1
World Health Organization Lung Cancer Classification

I. Epithelial tumors
A. Benign

1. Papillomas
2. Adenomas

B. Dysplasia/carcinoma in situ
C. Malignant

1. Squamous cell carcinoma
a. Spindle cell variant

2. Small cell carcinoma
a. Oat cell carcinoma
b. Intermediate cell type
c. Combined oat cell carcinoma

3. Adenocarcinoma
a. Acinar
b. Papillary
c. Bronchioalveolar
d. Solid carcinoma with mucin formation

4. Large cell carcinoma
a. Giant cell carcinoma
b. Clear cell carcinoma

5. Adenosquamous carcinoma
6. Carcinoid tumor
7. Bronchial gland carcinoma
8. Others

II. Soft tissue tumors
III. Mesothelial tumors

A. Benign
B. Malignant

IV. Miscellaneous tumors
A. Benign
B. Malignant

V. Secondary tumors
VI. Unclassified tumors
VII. Tumor-like lesions

Adapted from ref. (52).

In lung cancer, the relationship between gene expression measured at
the mRNA level and the corresponding protein level is complex. When
mRNA and protein expression was compared for a cohort of genes in
the 76 lung adenocarcinomas and 9 non-neoplastic lung tissues, only
17% of the 165 protein spots and 21.4% of 98 genes had a statisti-
cally significant correlation between protein and mRNA expression.
Correlation coefficient values were not related to protein abundance.
Furthermore, no significant correlation between mRNA and protein
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expression was found if the average levels of mRNA or protein
among all samples were applied across all protein spots or genes.
The mRNA/protein correlation coefficient also varied among proteins
with multiple isoforms, indicating potentially separate isoform-specific
mechanisms for the regulation of protein abundance.

The observations above underscore the need for translational studies
combining transcriptomics and proteomics tools. Moreover, transcrip-
tomics technologies do not allow the determination of the tridimen-
sional structure of molecules, so that they cannot give an accurate
picture of the functional proteins in the cell. Finaly, post-translational
modification of proteins—like phosphorylation or cleavage—is a
common feature in normal lung tissue as well as in cancer and cannot
be directly detected by genetic studies.

2. EXPRESSION PROTEOMICS STUDIES

The proteome is defined as the total set of proteins expressed by
a given cell at a given point of time. Direct separation and quantifi-
cation of the proteome of human lung cancer cells and paired normal
bronchial or alveolar epithelial tissue is a valuable approach for identi-
fication of proteins differentially expressed in lung carcinogenesis, for
establishing a human lung cancer proteome database and for screening
biomarker of disease. As detailed below, expression proteomics studies
have proven that substantial heterogeneity in lung cancer is resulting
from post-translational modifications. As some findings correlate with
patient survival and other clinical parameters, they underscore the
critical importance of proteomics studies as a complement for genomic
studies in clinical cancer research.

2.1. Squamous Carcinoma
Differential proteome profiles of human lung squamous carcinoma

tissue compared to paired tumor-adjacent normal bronchial epithelial
tissue were established and analyzed by two-dimensional polyacry-
lamide gel electrophoresis (2D-PAGE) and matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometry
(MS). Forty-three differential proteins were characterized: some
proteins were related to oncogenes, and others involved in the
regulation of cell cycle and signal transduction (2,3). To get a better
insight into the complex multiple-stage process of carcinogenesis of
human lung squamous carcinoma, 2D-PAGE profiles of 32 normal,
metaplasia, dysplasia and carcinoma tissues of human bronchial
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epithelia were established. The protein patterns were compared and
showed significant differences in the number of average protein
spots among the four groups. Twenty-three protein spots selected
from dysplasia and invasive carcinoma groups were fingerprinted by
MALDI-TOF MS, and database search identified various kinases,
kinase inhibitors, metalloproteinase receptors and tumor antigens.
Indeed, these proteins might be related to carcinogenesis, and these
results provide a fundamental basis for further studies (4).

Another study in early tumor stages and premalignant bronchial
lesions has involved the use of surface-enhanced laser
desorption/ionization (SELDI) TOF MS. Bronchoscopic biopsies of
normal lung, atypical adenomatous hyperplasia and malignant tumors
were taken from patients participating in a screening program in
Florida. After processing these biopsies with laser capture microdis-
section (LCM) to obtain pure cell populations, SELDI MS was used
to generate protein profiles in each epithelial cell type. Three protein
peaks at 17–23 kDa mass from tumor cells were markedly increased
compared with normal cells, one of them was not detected in any
of the normal cells, but was present at low levels in the atypical
cell samples. The authors concluded that these “malignant” protein
signatures might allow the identification of populations at high risk
for lung cancer (5).

Heterogeneous nuclear ribonucleoprotein (hnRNP) B1 is a RNA-
binding protein of 37 kDa and is specifically overexpressed in the
nuclei of human lung cancer cells, particularly in squamous cell
carcinoma (6). hnRNP is also overexpressed in roentgenographically
occult cancers of the lungs and premalignant lesions, such as bronchial
dysplasia (7). Overexpression of hnRNP B1 protein was observed in
100% of stage I lung cancer tissues, but it was not found in normal
bronchial epithelium. Squamous cell carcinoma of the lungs showed
stronger staining than other histological types, and elevation of hnRNP
B1 was found in both roentgenographically occult lung cancers and
bronchial dysplasia. Furthermore, cytological examination with anti-
hnRNP B1 antibody detected cancer cells in sputum, suggesting the
potential of hnRNP B1 protein as a new biomarker in the early stage of
lung cancer. Because strong staining of hnRNP B1 was also observed
in various squamous cell carcinomas of oral and esophageal tissues,
overexpression of hnRNP B1 seems to be a common event in the
carcinogenic processes of squamous cell carcinoma (8).
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2.2. Lung Adenocarcinoma
2D-PAGE and MS were used to identify proteins showing increased

expression in lung adenocarcinoma. A series of 93 lung adenocarcinomas
(64 UICC stage I and 29 stage III) and 10 uninvolved lung samples
were examined for quantitative differences in protein expression using
2D-PAGE and MALDI-TOF MS or peptide sequencing. Nine proteins
isoforms found to be overexpressed in the lung tumors were identified as
antioxidant enzyme AOE372, ATP synthase subunit d (ATP5D), beta1,
4 galactosyltransferase, cytosolic inorganic pyrophosphatase, glucose-
regulated M(r) 58,000 protein, glutathione-S-transferase M4, prolyl
4-hydroxylase beta subunit, triosephosphate isomerase and ubiquitin
thiolesterase (UCHL1) (9).

Keratins were the object of a specific proteomics study in lung
adenocarcinoma. Cytokeratins (CK) are intermediate filaments whose
expression is often altered in epithelial cancer. Systematic identifi-
cation of lung adenocarcinoma proteins using 2D-PAGE and MS has
uncovered numerous CK isoforms. In 93 lung adenocarcinomas (64
stage I and 29 stage III) and 10 uninvolved lung samples, 14 of
21 isoforms of CK 7, 8, 18 and 19 occurred at significantly higher
levels in tumors compared to uninvolved adjacent tissue. Specific
isoforms of the four types of CK identified correlated with either
clinical outcome or individual clinical pathological parameters. All
five of the CK7 isoforms associated with patient survival repre-
sented cleavage products. Two of five CK7 isoforms, one of eight
CK8 isoforms (no. 439) and one of three CK19 isoforms (no. 1955)
were associated with survival and significantly correlated to their
mRNA levels, suggesting that transcription underlies overexpression
of these CK isoforms (10). These data indicate that specific isoforms
of individual CK may have utility as diagnostic or predictive markers
in lung adenocarcinomas.

2.3. Lung Cancer Cell Lines
Thirty lung cancer cell lines with three different histological

backgrounds (squamous cell carcinoma, SCLC and adenocarcinoma)
were subjected to two-dimensional difference gel electrophoresis
to elucidate the mechanisms that determine histological phenotype.
Hierarchical clustering analysis and principal component analysis
divided the cell lines according to their original histology. Spot ranking
analysis using a support vector machine algorithm and unsupervised
classification methods identified 32 protein spots essential for the
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classification. The proteins corresponding to the spots were identified
by MS. Next, lung cancer cells isolated from tumor tissue by laser
microdissection (Section 2.4.) were classified on the basis of the
expression pattern of these 32 protein spots. Based on the expression
profile of the 32 spots, the isolated cancer cells were categorized
into three histological groups: the squamous cell carcinoma group,
the adenocarcinoma group and a group of carcinomas with other
histological types, demonstrating the utility of quantitative proteomic
analysis for molecular diagnosis and classification of lung cancer
cells (11).

2.4. Sample Preparation
The quality and reproducibility of translational studies depend

largely on adequate sample selection and preparation. For example,
accurate molecular profiling of a squamous cancer would require
comparison with bronchial mucosa obtained in the neighborhood,
whereas adenocarcinoma would require lung parenchyma as a control
tissue. As lung cancer usually develops in patients suffering chronic
bronchitis, obtaining normal control tissue might represent a particular
challenge. In any case, sample heterogeneity and in particular tumor
tissue heterogeneity needs to be carefully addressed before analysis.

In lung cancer, most proteomics studies available have been
performed using whole tissue biopsies. The reliability of results
derived from whole-tissue samples depends on the proportion of the
various cell populations (epithelial, endothelial, inflammatory cells,
etc). Proteomics studies require relatively large samples, so that the risk
of analyzing a mixture of normal cells, pathological cells, stromal cells
and connective tissue should not be underestimated. Several technical
solutions for this problem such as LCM (12) and successful purifi-
cation of epithelial cells using antibody-coated magnetic beads (13)
have been recently described. However, with one exception (14), they
have not been applied in lung cancer proteomics studies so far.

An alternative, novel approach for the evaluation of changes in
the lung proteome is the direct evaluation tissue biopsies by imaging
MS (15). MALDI-TOF MS was applied directly to 1-mm regions
of single frozen tissue section for profiling of protein expression in
79 lung tumors and 14 normal lung tissues, and more than 1600 protein
peaks were obtained. A class prediction model was developed with
the proteomic patterns in a training cohort of 42 lung tumors and
eight normal lung samples. Then, this predictive model was applied
to a blinded test cohort, including 37 lung tumors and 6 normal lung
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samples. It was possible to classify lung cancer histologies, distin-
guish primary tumors from metastases to the lung from other sites and
classify nodal involvement with 85% accuracy in the training cohort.
This model nearly perfectly classified samples in the independent
blinded test cohort.

2.5. Protein Preparation
After obtaining samples, the cells or tissue contents must be entirely

solubilized in order to extract a representative pool of the proteome.
In practice, this represents a critical problem: extraction of membrane
proteins represents a particular challenge in proteomics research, due
to their low solubility (16). In lung cancer, improved deoxycholate-
trichloroaetic acid (DOC-TCA) precipitation was used to extract and
purify the total proteins of bronchial epithelial samples. When 2D-
PAGE was repeated for three times, the average matching rate was
89.3%, an outstanding value, and protein spots in the three gels had
a good reproducibility. The average position deviation of matched
spots in different gels was low both in the first (isoelectric focusing)
and in the second [sodium dodecyl sulfate (SDS)–PAGE] direction
(17). Improved DOC-TCA precipitation appears to be so far the only
method for protein sample preparation that has been specifically tested
in bronchial epithelial tissues.

2.6. Proteomics of Body Fluids
Proteomics technologies were also applied for the analysis of body

fluids in lung cancer patients, in particular for the analysis of plasma,
serum pleural effusions. Plasma is the most abundant source of proteins
in the human body, and is also one of the easiest to collect, leading to
its broad use in proteomics research as well as in clinical diagnostics.
However, the plasma proteome is also the most difficult version of
the human proteome: low abundance biomarkers are obscured by the
presence of ubiquitous proteins—the 10 most abundant proteins in
plasma account for about 90% of the total proteome. Moreover, the
protein content of body fluids is influenced by a large number of
different factors, such as protein turnover, dilution, oxydation or degra-
dation and, in pleural effusions, by the influx of plasma proteins.

2.7. Serum
Gradient polyacrylamide gel (SDS–PAGE) was applied to inves-

tigate if serum proteins pattern is capable to discriminate lung cancer
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patients from healthy persons. Serum samples obtained from 66 lung
cancer patients and from 44 healthy donors were compared, and
different proteins bands were found with increased frequency and/or
intensity in both patients and controls. Unfortunately, peptides of
interest were not identified (18).

Novel technologies such as SELDI TOF MS ProteinChip system
and other protein arrays are now available and have boosted serum
protein analysis. In lung cancer, a total of 208 serum samples, including
158 lung cancer patients and 50 healthy individuals, were analyzed by
SELDI technology [weak cation exchange (WCX2) chips]. Five protein
peaks were automatically chosen as a biomarker pattern in a training
set and, when the peptide pattern was tested with the blinded test set,
it yielded a sensitivity of 87% and a specificity of 80%. These first
results suggested that serum SELDI protein profiling can distinguish
lung cancer patients, especially NSCLC patients, from normal subjects
with relatively high sensitivity and specificity. However, the identity
of the peaks of interest has not been published so far (19). In another
study involving 28 serum samples from patients with NSCLC and 12
from normal individuals, two biomarkers were up-regulated while three
biomarkers were down-regulated in the serum samples from NSCLC
patients (20). This finding is innovative as it would imply that cancer
might be detected by the absence of genuine proteins—the opposite of
tumor-associated antigens! We would like to note here that we have
done similar observations in gastric cancer (21).

Analysis of serum proteins in lung cancer is also possible without
gel separation, by coupling for example a two-dimensional microflow
liquid chromatography with a tandem MS (2D microLC-MS/MS).
A research group incorporated a linear ion-trap mass spectrometer
into the microLC-MS/MS system in order to obtain highly improved
sensitivity and resolution in MS/MS acquisition and analyzed the
proteome of albumin or immunoglobulin-depleted plasma samples
from healthy individuals and lung adenocarcinoma patients. Over 100
different proteins were detected, and protein identification datasets of
both healthy and adenocarcinoma groups revealed that several proteins
could be candidate disease markers (22).

2.8. Pleural Effusion
Pleural effusion, an accumulation of pleural fluid, contains proteins

originated from plasma filtrate and, especially when tissues are
damaged, parenchyma interstitial spaces of lungs and/or other organs.
Because it allows to short coming the problems of overwhelming
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abundant proteins in serum, the use of proteomics analysis of human
pleural fluid for the search of new lung cancer marker proteins, and
for their simultaneous display and analysis in patients suffering from
lung disorders, is an interesting approach. Two proteomics studies of
pleural effusion have been published almost simultaneously.
In the first study, two-dimensional nano-high performance liquid
chromatography electrospray ionization tandem MS allowed the identi-
fication of 124 proteins, some proteins having not been reported in
plasma (23). In the second study, a composite sample was prepared
by pooling pleural effusions from seven lung adenocarcinoma patients
and analyzed with 2D-PAGE and LC-tandem MS. Forty-four proteins
were identified, out of which 7 proteins, retinoblastoma binding protein
7, synaptic vesicle membrane protein, corticosteroid-binding globulin
precursor, the positive regulatory (PR)-domain containing protein 11,
envelope glycoprotein, MSIP043 protein and titin may be specifically
present in pleural effusion (24).

2.9. Bronchoalveolar Lavage Fluid
Bronchoalveolar lavage fluid (BALF) is presently the most common

way of sampling the components of the epithelial lining fluid and
the most faithful reflect of the protein composition of the pulmonary
airways. Proteomics studies of BALF have already been published
and contribute both to a better knowledge of the lung structure at the
molecular level and to the study of lung disorders at the clinical level
(25). 2D-PAGE offers the possibility to simultaneously display and
analyze proteins contained in BALF. Protein content of BALF displays
a remarkably high complexity, not only due to the wide variety of
the proteins it contains but also because of the great diversity of their
cellular origins (26).

Early proteome investigations of BALF done to investigate alveolar
proteinosis resulted in a 2D-PAGE database of normal BALF published
in 1979 (27). Technological advances and development of web
databases such as SWISS-2D-PAGE database containing compiled
maps of human BALF (28–30) boasted advances in the proteomic
analysis of BALF. A 2D-PAGE protein database of BALF samples
has been developed with a listing of the proteins already identified
and of their level and/or post-translational alterations in lung disorders
(31). The current master gel of BALF proteins encompasses greater
than 1200 spots visualized by silver staining.
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2.10. Exhaled Air
BALF is invasive and therefore cannot be routinely employed for

probe sampling for screening populations. Based on the hypothesis
that aerosol particles excreted in human breath reflect the compo-
sition of the BALF, experiments were performed to concentrate and
analyze these aerosols directly using a noninvasive technique. As
early as 1993, the first 2D-PAGE study was published that analyzed
condensates of exhaled air, but MS technology was not available to
further develop these first data (32). Results obtained in the meantime
suggest that disease-related volatile organic compounds found in
human breath could be a very useful diagnostic tool for the early
detection of bronchogenic carcinoma. So-called electronic noses are
routinely used in commercial applications, including detection and
analysis of volatile organic compounds in the food industry. In a
discovery study applying electronic noses in lung cancer research,
exhaled breath of 14 individuals with bronchiogenic carcinoma and 45
control subjects was analyzed. Principal components and discriminant
analysis of the sensor data were used to determine whether exhaled
gases could distinguish between cancer and noncancer, and a classi-
fication model developed. Then, this predictive model was applied
prospectively in a separate group of individuals with and without
cancer. In the validation study, the electronic nose had 71% sensitivity
and 92% specificity for detecting lung cancer. The results provide
feasibility to the concept of using the electronic nose for managing
and detecting lung cancer (33).

A similar approach has applied solid-phase microextraction (SPME)
and gas chromatography-MS (GC-MS) for investigation of lung
cancer volatile biomarkers. Headspace SPME conditions (fiber coating,
extraction temperature and extraction time) and desorption conditions
were optimized and applied to determination of volatiles in human
blood. To find the biomarkers of lung cancer, volatile compounds
were investigated in blood of lung cancer patients and controls. Blood
concentrations of hexanal and heptanal in lung cancer patients were
found to be much higher than those in controls. These preliminary
results show that SPME/GC-MS might be a method suitable for inves-
tigation of volatile lung cancer markers in human blood (34).

In a third study, breath samples were analyzed by GC and MS
to determine alveolar gradients (i.e., the abundance in breath minus
the abundance in room air) of volatile organic compounds (C4–C20
alkanes and monomethylated alkanes). Alkanes and monomethylated
alkanes are oxidative stress products that are excreted in the breath, the
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Table 2
TNM Classification of Lung Cancer

Primary tumor (T)
TX Primary tumor cannot be assessed, or tumor proven by the presence of

malignant cells in sputum or bronchial washings but not visualized by
imaging or bronchoscopy

T0 No evidence of primary tumor
Tis Carcinoma in situ
T1 Tumor 3 cm in greatest dimension, surrounded by lung or visceral pleura,

without bronchoscopic evidence of invasion more proximal than the lobar
bronchus (i.e., not in the main bronchus)a

T2 Tumor with any of the following features of size or extent:
• >3 cm in greatest dimension
• involves main bronchus, 2 cm distal to the carina
• invades the visceral pleura
• associated with atelectasis or obstructive pneumonitis that extends to the

hilar region but does not involve the entire lung
T3 Tumor of any size that directly invades any of the following: chest wall

(including superior sulcus tumors), diaphragm, mediastinal pleura, parietal
pericardium; or tumor in the main bronchus, 2 cm distal to the carina but
without involvement of the carina; or associated atelectasis or obstructive
pneumonitis of the entire lung

T4 Tumor of any size that invades any of the following: mediastinum, heart, great
vessels, trachea, esophagus, vertebral body, carina; or tumor with a malignant
pleural or pericar dial effusion,b or with satellite tumor nodule(s) within the
ipsilateral primary tumor lobe of the lung

Regional lymph nodes (N)
NX Regional lymph nodes cannot be assessed
N0 No regional lymph node metastasis
N1 Metastasis to ipsilateral peribronchial and/or ipsilateral hilar lymph nodes, and

intrapulmonary nodes involved by direct extension of the primary tumor
N2 Metastasis to ipsilateral mediastinal and/or subcarinal lymph node(s)
N3 Metastasis to contralateral mediastinal, contralateral hilar, ipsilateral, or

contralateral scalene, or supraclavicular lymph node(s)

Distant metastasis (M)
MX Presence of distant metastasis cannot be assessed
M0 No distant metastasis
M1 Distant metastasis presentc

a The uncommon superficial tumor of any size with its invasive component limited
to the bronchial wall, which may extend proximal to the main bronchus, is also
classified T1.

b Most pleural effusions associated with lung cancer are due to tumor. However,
there are a few patients in whom multiple cytopathologic examinations of pleural fluid
show no tumor. In these cases, the fluid is nonbloody and is not an exudate. When
these elements and clinical judgment dictate that the effusion is not related to the tumor,
the effusion should be excluded as a staging element, and the patient’s disease should
be staged T1, T2 or T3. Pericardial effusion is classified according to the same rules.

c Separate metastatic tumor nodule(s) in the ipsilateral nonprimary tumor lobe(s) of
the lung also is classified M1.
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catabolism of which may be accelerated by polymorphic cytochrome
p450-mixed oxidase enzymes that are induced in patients with lung
cancer. Eighty-seven lung cancer patients and 41 healthy volunteers
were compared. A predictive model employing nine volatile organic
compounds identified primary lung cancer patients with a sensitivity
of 90% and a specificity of 83%. The stratification of patients by
tobacco smoking status, histologic type of cancer and tumor, node,
and metastasis (TNM) stage of cancer (Table 2) revealed no marked
effects. Thus, abnormal breath test findings might achieve sufficient
sensitivity and specificity to be considered as a screen for lung cancer
in a high-risk population such as adult smokers (35).

3. FUNCTIONAL PROTEOMICS STUDIES

For being interpreted correctly, expression proteomics studies need
to be complemented by functional investigations. In contrast to the
genome, the proteome is a dynamic entity: not only the proteome
of a lung cancer cell is different from its normal control, but it is
changing over time. Thus, better than genomic studies, proteomics
studies allow the investigation of environmental factors over time,
and can be used for synthetic analysis of signalling pathways, and
of complex protein networks (e.g., the redox system). In the human
patient, proteomics technologies can be used for responder profiling
studies and for toxicological investigations.

3.1. Signaling Pathways
As seen above, expression proteomics studies have repeatedly

highlighted modifications of several kinases and cell cycle proteins
in lung cancer. Proteomics studies have been applied to evaluate
specifically the degree of phosphorylation of selected proteins in lung
cancer. For example, three phosphorylated forms and one unphos-
phorylated form of the oncoprotein 18 (Op18) were identified and
found to be overexpressed in a large group of lung adenocarcinomas
as compared with uninvolved lung samples, using quantitative 2D-
PAGE analysis with confirmation by MS and two-dimensional Western
blot analysis expression. The percentage of phosphorylated to total
Op18 protein isoforms increased from 3.2% in normal lung to 7.9%
in lung tumors. Both the phosphorylated and unphosphorylated Op18
proteins were significantly increased in poorly differentiated tumors
as compared with moderately or well-differentiated lung adenocarci-
nomas (p < 0.03), suggesting that up-regulated expression of Op18
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reflects a poor differentiation status and higher cell proliferation rates.
The increased expression of Op18 protein was significantly corre-
lated with its mRNA level indicating that increased transcription likely
underlies elevated expression of Op18. Indeed, the overexpression of
Op18 proteins in poorly differentiated lung adenocarcinomas and the
elevated expression of the phosphorylated forms of Op18 might offer
a new target for drug-directed therapy (36).

The C-CRK gene, cellular homolog of the avian v-crk oncogene,
encodes two alternatively spliced adaptor signaling proteins, CRKI
(28 kDa) and CRKII (40 kDa). Both CRKI and CRKII have been
shown to activate kinase signaling and anchorage-independent growth
in vitro, and CRKI transformed cells readily form tumors in nude mice.
In lung adenocarcinoma, C-CRK mRNA expression was increased in
more advanced, larger and poorly differentiated tumors and in tumors
from patients demonstrating poor survival. A significant increase in
levels of the CRKI oncoprotein and the phosphorylated isoform of
CRKII was observed in tumors. No difference in protein level was
evident between stages. Concordant with mRNA expression, CRKI and
CRKII were increased in poorly differentiated tumors (p < 0.05). CRK
immunohistochemical analysis of tumor tissue arrays using the same
tumor series also demonstrated increased abundance of nuclear and
cytoplasmic CRK in more proliferative tumors. This study provided
the first quantitative analysis of discrete CRKI and CRKII protein
isoforms in human lung tumors and provided evidence that the C-
CRK proto-oncogene may foment a more aggressive phenotype in lung
cancers (37).

3.2. Redox System
Alterations of the biology of nitric oxide (NO) metabolites and

nitration of proteins may contribute to the mutagenic processes and
promote carcinogenesis. Cellular pro-oxidant state promotes cells to
neoplastic growth, in part, because of modification of proteins and
their functions. Reactive nitrogen species formed from NO or its
metabolites can lead to protein tyrosine nitration, which is elevated
in over 50 diseases, including lung cancer. Protein nitration may
be unique among post-translational modifications in its dependency
on reactivity of tyrosine residues in the protein target instead of
specific sequence motifs or protein–protein interactions. Tyrosine
nitration can cause either gain or loss of protein function (38). In
lung cancer, proteomics studies (2D-PAGE, MS) allowed to identify
more than 25 proteins modified (degree of nitration and alteration
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of the protein nitration). These modified proteins included metabolic
enzymes, structural proteins and proteins involved in prevention of
oxidative damage (39).

3.3. Toxicology Studies
Particulate pollutants, such as diesel exhaust particles (DEPs), may

lead to a worsening of various lung diseases, in particular the asthmatic
condition. When RAW 264.7 cell lines were treated with DEP chemicals,
the induction of oxidative stress was accompanied by 53 newly expressed
proteins including antioxidant enzymes, pro-inflammatory components
and products of intermediary metabolism. Utilizing 2D-PAGE, anti-
nitrotyrosine immunoblotting, and MS led to the identification of
an additional 10 nitrotyrosine modified proteins, including oxidative
stress proteins involved in intermediary metabolism (e.g., GAPDH and
enolase), antioxidant defense (e.g., MnSOD) and inhibition of proteo-
somal activity (e.g., Hsp 90alpha) (40).

3.4. Responder Profiling
Responder profiling may be useful in tailoring chemotherapeutic

protocols to individual tumors. Cisplatin-based chemotherapy (CDDP)
is the established adjuvant treatment after surgery for NSCLC and was
reported to yield 5–15% improvement in 5-year survival compared to
surgery alone, but can only be achieved with substantial toxic effects.
Thus, preselection of good responders would be very helpful for
allowing individualized therapeutic strategies. Proteomics techniques
(2D-PAGE) have been applied for identifying responders to CDDP
therapy. Protein expression intensity was compared between parent
strains (H69 and PC14 lung cancer cultured cells) and resistant
strains against CDDP, and differentially expressed polypeptides were
identified as reticulocalbin (RCN) and glutathione-S-transferase-pi
(GST-pi). When the relationship between protein expression associated
with CDDP resistance and the clinical effects of platinum-based
postoperative adjuvant chemotherapy was tested on 126 surgically
resected NCLC materials, RCN-positive cases showed a statistically
significant better disease-free survival only in the cases receiving
postoperative CDDP chemotherapy after curative resection (p = 0.007)
(41). Interestingly, response to CDDP chemotherapy was known for
10 years to be significantly related to expression of GST-pi in NSCLC
patients (42–44) so that the present example can serve as a proof of
concept for applying proteomics technologies for responder profiling.
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3.5. Discovery of Novel Cellular Processes and Networks
In lung adenocarcinoma, using oligonucleotide arrays, correlation

between mRNA expression levels of vascular endothelial growth
factor (VEGF) and all other genes (n = 4966) was used to identify
other biologic processes that may be associated with increased VEGF
expression. VEGF and IGFBP3 mRNA were found to be overex-
pressed in bronchial-derived lung adenocarcinomas, and expression
was decreased in well-differentiated lung adenocarcinomas. 2D-PAGE
was used to analyze the protein expression profiles of VEGF and
IGFBP3 isoforms and revealed several protein isoforms. Forty genes
were identified as the most significantly associated with VEGF
expression, 17 of which were also associated with IGFBP3 and 12
were known to be induced through the HIF1 pathway. Among other
highly correlated genes, several, including bradykinin receptor B2,
suggest additional cellular processes that were not previously known
to be associated with VEGF expression in lung adenocarcinoma (45).

3.6. Identification of Tumor-Associated Antigens
The identification of circulating tumor antigens or their related

autoantibodies provides a means for early cancer diagnosis as well
as leads for therapy. Research over the past decade has resulted in
some reports on the presence of autoantibodies against disease-related
proteins such as annexins I and II (46), recoverin (47) and protein gene
product 9.5 (48) in the sera of patients with lung cancer. Comparsion of
2D-PAGE/Western blot/electrochemi-luminescence (ECL) detection
revealed distinct distributions of antibodies in the sera of lung
adenocarcinoma, tuberculosis and healthy subjects and allowed the
detection of 16 protein spots in cancer patients, including alpha-
enolase, chaperonin and others. An antibody against alpha-enolase was
observed in three of five patients with adenocarcinoma, but not in
patients with tuberculosis and not in healthy subjects, suggesting some
specificity of alpha-enolase as a marker of lung adenocarcinoma (49).

Peroxiredoxin-I (Prx-I) autoantibody and circulating antigen might
be potential biomarkers for use in serological diagnosis of NSCLC. In
eukaryotic cells, peroxiredoxins are both antioxidants and regulators of
H2O2-mediated signaling. Prx-I is overexpressed in NSCLC tissue, and,
using Western blotting, it was found that 47% of NSCLC patients tested
had circulating autoantibodies against Prx-I, whereas such activity was
detected in 8% of healthy subjects. Prx-I itself was detected in the sera
from 34% of NSCLC patients but in only 2% of controls. Moreover,
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17% of NSCLC sera were positive to both Prx-I antibody and antigen
but none in control sera (50).

3.7. Correlation with Clinical Outcome
Morphologic assessment of lung tumors is informative but insuf-

ficient to adequately predict patient outcome. Prognosis is currently
defined by determining the extension of disease at time of diagnosis,
and the internationally accepted TNM classification (Table 2) serves
as a basis for prognostic assessment and therapy recommendations.
However, this classification does not include data from molecular
profiling, which might be useful to better predict prognosis. In lung
cancer, protein profiling was shown to predict survival in UICC stage
I tumor patients: out of total of 682 individual protein spots detected
in 90 lung adenocarcinoma, 90 proteins were quantified, and 20 were
selected by Cox modeling as survival-associated proteins. Thirty-
three survival-associated proteins could be identified by MS, and
expression of 12 candidate proteins was confirmed as tumor derived
with immunohistochemical analysis and tissue microarrays. Oligonu-
cleotide microarray results from both the same tumors and from an
independent study showed mRNAs associated with survival for 11
of 27 encoded genes. Combined analysis of protein and mRNA data
revealed 11 components of the glycolysis pathway as associated with
poor survival. Among these candidates, phosphoglycerate kinase 1 was
associated with survival in the protein study, in both mRNA studies and
an independent validation set of 117 adenocarcinomas and squamous
lung tumors using tissue microarrays. Elevated levels of phosphoglyc-
erate kinase 1 in the serum were also significantly correlated with
poor outcome in a validation set of 107 patients with lung adenocar-
cinomas using ELISA analysis. These proteomics studies identified
new prognostic biomarkers in lung adenocarcinoma and indicated that
protein expression profiles can predict the outcome of early stage
tumors (51).

MS peptide fingerprints obtained directly from small amounts of
fresh frozen lung tumor tissue (51) could be used to accurately distin-
guish between patients who had poor prognosis (median survival 6
months, n = 25) and those who had good prognosis (median survival 33
months, n = 41, p < 0.0001) after surgical resection in curative intent
(52). Taken together, these studies suggest that proteomic patterns
obtained with 2D-PAGE or directly from fresh frozen lung tumor tissue
could be used to accurately predict survival in resected NSCLC.
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4. CONCLUSION

Proteomics technologies are increasingly applied in translational
lung cancer research. Although they are not in use for long, promising
results have already been achieved in the diagnostic, prognostic as well
as in the therapeutic areas. Proteomics is a rapidly evolving field, and
novel developments, in particular technological improvements such
as gel-free MS, but also the recent publication of the first results
of the collaborative effort of the Human Plasma Proteome Project,
might increase significantly the pace of research in the coming years.
However, careful sample preparation techniques, analysis of sufficient
numbers of samples and a close link between bench and bedside will
remain limiting factors in translating technological progress into useful
diagnostic and therapeutic tools.
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Summary

Acute myeloid leukemia (AML) is an aggressive hematological
malignancy characterized by accumulating myeloid precursor cells
in the bone marrow, with approximately 2–3 months of 50% survival
if left untreated. If current treatment modalities are employed,
the 5-year overall survival hardly exceeds 50%. Cytogenetics and
molecular diagnostics guide the clinician to individualized therapy
in a minority of AML, achieving long-term survival above 70% of
these cases. However, approximately half of the AML patients have
no risk stratifying features, and early reports indicate that proteomic
approaches may be utilized for disease classification as well as
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development of novel biomarkers related to prognosis, diagnosis
and choice of therapeutic regimes. Proteomics, here defined as the
analysis of all proteins in a cell, in a cell compartment or in a
signaling pathway, has probably its greatest potential in directly
investigating pathways that are targeted by small molecules or thera-
peutic antibodies. The major methodological challenges include
detection sensitivity in a limited clinical material. In this chapter,
we will discuss pharmacoproteomic studies of drugs regulating
epigenetics, gene transcription, protein degradation and signal trans-
duction. Proteomic strategies may be feasible to elucidate mecha-
nisms of drug resistance and the cause of disease relapses. An
important emerging field is the use of proteomics in monitoring
biological therapeutical modalities like hematopoietic stem cell
transplantation and its graft-versus-leukemia effect and the graft-
versus-host reactions. These proteomic applications indicate new
avenues in AML diagnostics, individualized therapy design and
therapy response monitoring for the clinician

Key Words: Biomarkers; pharmacoproteomics; all-trans retinoic
acid; tyrosine kinase inhibitors; histone deacetylase inhibitors;
proteasome inhibitors

1. INTRODUCTION

Development of acute leukemia involves block in differentiation
of the hematopoietic progenitors. This incomplete maturation of
leukemic blasts is usually accompanied with extensive cell prolif-
eration, resulting in cell accumulation in bone marrow, peripheral
blood, and eventually at ectopic locations like in the liver, in the
spleen and in the central nervous system (1). The acute leukemias are
grossly divided into acute lymphoblastic leukemia (ALL) and acute
myeloid leukemia (AML) according to the cell lineage of origin. A
recent WHO classification. of myeloid malignancies is classifying
AML based on the presence of recurrent chromosomal transloca-
tions and on morphological features of the leukemia cells if these
translocations are missing (2). Importantly—and with few excep-
tions in contrast to the morphological classification—these recurrent
genetic aberrations appear predictive for the prognosis of patients who
receive chemotherapy (3). Gene expression analysis appears to reflect
the WHO classification and may additionally provide an ability to
risk stratify patients without known genetic aberrancies (4–6). Recent
reports indicate that a proteomic approach may also reproduce the
WHO disease classification (7).
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Conventional induction therapy of acute leukemia is chemotherapy
and in selected cases hematopoietic stem cell transplantation in first
remission (1,8). Overall, 5-year survival in large study materials of
AML hardly exceeds 50%, and for patients above 60 years of age,
the long-term survival is drastically lower. The majority of AML
patients is in these older age groups and is usually excluded for
the intensive therapy due to increased risk for fatal toxicities. The
potential of individualization of chemotherapy is illustrated by thera-
peutic use of all-trans retinoic acid (ATRA) in AML with altered
retinoic acid receptor (RAR) (9). ATRA combined with conventional
chemotherapy has improved long-term survival from approximately
50–70% in patients with fusion proteins of the RAR�. The concept of
targeted therapy is elegantly demonstrated in chronic myeloid leukemia
(CML), a myeloid stem cell disease characterized by fusion protein
of the serine/threonine kinase Bcr (Breakpoint cluster region) and
the Abelson tyrosine kinase (Bcr-Abl chimeric protein). The selective
kinase inhibitor imatinib mesylate has been successful in disease
control of CML, but does probably not cure the majority of patients
due to development of Abelson kinase (Abl) point mutations (10).
Motivated by the need of novel therapeutic approaches in AML, we
will in the following sections discuss the potential use of proteomics in
development of individualized therapy in AML, illustrated by protein
studies of hematological malignancies.

2. PROTEOMICS

All the proteins involved in a particular signaling pathway,
organelle, cell, tissue, organ or organism are considered as proteomes
(11–13), and proteomics can be defined as comprehensive identifi-
cation, quantification and characterization of the multiple proteins
in proteomes. Gene expression studies with DNA microarrays do
not necessarily reflect the number of proteins in a cell, or different
posttranslational modifications present in a protein (14). Consequently,
determination of protein expression levels and protein modifications
appear to be necessary and complimentary techniques to mRNA studies
to obtain a more complete picture of a cancer cell (15). Technological
improvements during the last decade allow the biomedical researcher
to study the numerous proteins in a proteome. Because of the huge
amount of data available in a proteome, selection of important proteins
may be necessary to obtain useful information.
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2.1. Separation of Proteins and Peptides
Proteomics methodology depends on separation of complex protein

mixtures from lysed cells (16). A frequently used method is two-
dimensional polyacrylamide gel electrophoresis (2DE), separating the
proteins based on molecular charge and molecular weight (17,18). An
advantage of comparative 2DE analysis is its capability to visualize
differences in protein patterns due to charge shifts (e.g., due to
phosphorylation or acetylation) and changes in molecular weight (e.g.,
due to cleavage or adduction) of distinct protein spots. Critically,
dynamic range, detection limits, protein weight discrimination and
protein solubility are issues that limit the utilization of 2DE. Capillary
separation methodologies eliminate some of the problems encoun-
tered in 2DE, and multidimensional liquid chromatography (LC) is
increasingly employed as protein and peptide separation techniques in
proteomics (19–21). The high-pressure liquid chromatography (HPLC)
system used most commonly for peptide separation inline with electro-
spray ionization mass spectrometry (MS) is reverse-phase liquid
chromatography. Both proteins and peptides can also be separated by
size exclusion chromatography, capillary electrophoresis, isoelectric
focusing and ion exchange chromatography (19–21).

2.2. Mass Spectrometric Technology
Proteins separated by 2DE gels or by LC fractionation are identified

by MS. MS rapidly and accurately measures the molecular weight
of peptides and proteins (16). The ionization source of a mass
spectrometer converts and transfers molecules (analytes) into gas-
phase ions (22,23). On the basis of variations in the mass/charge
ratio (m/z), these ions migrate with differences in time-of-flight as
measured by a detector. In the resulting MS spectra, each peak repre-
sents one molecule with a specific m/z. Proteins can be digested with a
protease with specific sequence demands, and consequently, the size of
the resulting peptides and the corresponding peptide mass fingerprint
(PMF) spectra can be predicted. As a result of the Human Genome
Project and easily accessible protein sequence databases, researchers
can compare obtained PMF spectra with predicted spectra of proteins in
the databases. Consequently, when PMFs are matched, the protein can
be identified. When performing MS/MS, the peptide ion of a certain
peak is further fragmented, and by the resulting fragment spectrum,
the amino acid sequence of a peptide can be predicted.

MS can also be used to quantify peptide abundances through
comparing peak intensities in peptide profiles, a field in proteomics
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that has evolved considerably during the last years (24). Proteins or
peptides from different samples are modified with specific isotopes or
linker molecules with different mass. Prior to LC-MS/MS analyses,
the labeled samples (for instance treated and untreated) are pooled.
Examples of different MS-based methods to compare relative ratios
of peptide quantities are isotope-coded affinity tag (25), isobaric tags
for relative and absolute quantification (26), 18O-incorporation (27)
and stable isotope labeling with amino acids in cell culture (SILAC)
(28). Peptides represented in two samples are differently labeled
before analysis under identical conditions for HPLC and MS. Due to
labeling with different isotopes, identical peptides are represented as
double peaks in the MS spectra representing small shifts in m/z ratio.
Comparing signal strengths of shifted MS peaks in all of these methods
allow relative quantification of peptides to be identified by MS/MS.
Another MS-based method for absolute quantification (AQUA) has
also been established (29,30). The AQUA method relies on synthetic
internal standard peptides that are introduced at a known concentration
to cell lysates during digestion.

An alternative commercialized option for protein profiling analysis
is the surface-enhanced laser desorption/ionization (SELDI) approach
(16). SELDI analyses are run with an adsorptive surface chemistry,
for example, cation/anion exchange material or hydrophobic surface;
thereafter, relatively small proteins captured by matrix solution are
profiled by MS-based technology (31–35). SELDI is most effective on
small proteins (<30 kDa) and typically function as a biomarker method
as the protein identification can be difficult and time consuming.

2.3. Multiplexed Protein Assays in Cell Extracts
or Intact Cells

Identification of a specific protein through proteomic screens may
be exploited in development of more time and cost saving method-
ology, in particular for further testing in numerous patient materials
(36). Techniques based on antibody recognition of known proteins in
cell extracts, for instance in immunoblots, are frequently utilized as
quantitative protein assays. Multiplexed immunoassays can be used
both as screening methods and to verify results from other screening
methods in quantitative proteomics. A constantly increasing number of
antibodies are commercially available, and to systemize the increasing
amount of antibody-related information, a HUPO-supported database,
Human Protein Atlas (http://www.proteinatlas.org/), has been estab-
lished to give a complete overview of all available antibodies binding
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to human proteins. Multiplex analysis of proteins can be performed in
intact cells or in cell extracts. Because multiplexed protein assays with
standardized procedures are flexible, rapid and require small sample
volumes, these techniques might be an increasing part of leukemia
diagnostics in the future.

Intact cells can be analyzed in multiplex antibody based flow
cytometry assays, successfully performed on AML patients material
where the phosphorylated form of several proteins (Stat-1, Stat-3,
Stat-5, Stat-6, p38 and Erk1/2) was studied before and 15 min
after growth factor stimulation (15). These signaling nodes are part
of signal transduction pathways that modulate gene expression of
proteins involved in cell death regulation and proliferation, and
the activation state of these nodes may therefore reflect mecha-
nisms involved in chemoresistance. Automated machine learning
was applied to make signaling profiles achieving to determine
signaling maps from individual patient samples (37). Multiplexed
flow cytometry may allow efficient analysis of a limited sample
material. However, a limitation is the availability of verified antibodies
that are compatible with flow cytometry, but these numbers are
expected to rapidly increase (37). An important advantage of flow
cytometry-based protein analysis on intact cells may include infor-
mation about various cancer cell clones in the sample. This may
be particularly important in hematological malignancies where it
is suggested that a subset of leukemia stem cells are chemore-
sistant and unavailable for effective eradication by conventional
therapy (38).

Enzyme-linked immunoabsorbant assay (ELISA) has been the
standard method to measure protein quantities in solutions. In its most
common form, a plate-bound antibody captures a specific protein in
the sample solution. A second antibody recognizes another epitope
on the protein, forming a sandwich. The secondary antibody can be
directly linked to an enzyme or a fluorescence dye, or it can be recog-
nized by a third antibody that is linked to an enzyme or a fluorescence
dye. The colorimetric or chemiluminescence product of the enzyme
or fluorescence intensity from dye can be measured to quantify the
amount of captured proteins. Traditionally, ELISAs are performed on
96-well plates, testing the same antibody on one plate. However, with
novel methodology, several antibodies can be spotted in the same
well, and multiple sample proteins can be quantified on the same
plate (39).
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Simultaneous analysis of multiple proteins in cellular extracts or
biological fluids can be performed in a system using microbeads coated
with specific antibodies and run through a flow cytometer system
(40). The usefulness of this rapid and sensitive method has been
demonstrated in a study of phosphoproteomic profiles in lymphoid cell
lines (41), using multiplex suspension arrays to investigate phospho-
rylation dynamics and kinetics in signal transduction pathways. The
specificity of the method was well demonstrated by analysis of two
phosphorylated kinases, Zap-70 and Syk. High phosphorylation levels
of Zap-70 was detected in Jurkat but not in Burkitt lymphoma Ramos
B cells, which correlates with high protein expression of Zap-70 in
B-cell Ramos Chronic Lymphocytic Leukemia (CLL) patients and
a more aggressive disease (42) while phosphorylation levels of Syk
were elevated in Ramos B cells. These findings were confirmed
by complementary techniques like immunoaffinity purification and
Western blots.

Protein arrays are a developing technology for quantification and
functional analysis in proteomic research (32,43–47). Depending on the
field of application, protein arrays can be classified into two categories:
(1) arrays for expression proteomics and (2) arrays for functional
studies (32,44). In functional studies, the analysis of protein–protein,
enzyme–substrate, protein–DNA, protein–oligosaccharide and protein–
drug interactions has been described. For expression studies, the protein
abundance in a sample has been quantitatively determined by different
high-affinity protein-binding techniques; most frequently antibodies
are arrayed at high spatial density on a solid support. In contrast
to high-density DNA arrays, which facilitate a global view of the
transcriptome, current antibody arrays permit the expression analysis
of only a limited number of proteins. However, providing only a small
number of parameters need to be analyzed; today’s protein arrays are an
excellent solution for protein profiling approaches. Interestingly, Belov
et al. (48) have made microarrays of novel monoclonal antibodies for
binding to T, B and myeloid leukemia cells. Using an array containing
82 antibodies directed against various leukocyte surface molecules,
the immunophenotype was achieved in normal peripheral blood cells
and leukemia. The method has been improved by making an array
containing 498 monoclonal antibodies to further differentiate the leuko-
cytes (49). This method may be used for clustering analysis, and
compared with conventional flow cytometry or immunohistochemistry,
more data are collected with the use of less patient material.
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3. ANALYSIS OF CLINICAL SAMPLES

A growing number of studies are applying proteomics on clinical
samples from leukemia patients (7,50–54). Obviously, sample prepa-
ration is critical to the success of proteomic analysis of patient
material (55), and the study design must take into consideration exper-
imental variation originating from sample collection procedures and
normal biological variability. In general, low abundance proteins with
regulatory functions may fall below the detection limit of current
proteomic methodology; this is complicating the use of proteomics in
clinical studies where the sample material may be limited (56).

Enrichment protocols may increase the relative representation of
low abundance proteins in the samples to be analyzed. Two approaches
of protein enrichment are subcellular fractionation and protein prefrac-
tionation. Prefractionation of posttranslationally modified proteins
such as phosphorylated, acetylated and ubiquitinated proteins can
be performed by affinity chromatography (57–59) and/or immuno-
precipitation (58,60,61). Subcellular fractionations are advantageous
as specific low abundance proteins can be predominantly present in
a cell compartment. Proteomics comparison of various subcellular
compartments make it possible to assign cellular localization of a
particular protein of interest and thus monitor intracellular protein
trafficking (62). The potential of studying differentially expressed
proteins in specified cellular compartments is also a major advantage
of proteomics in contrast to gene expression studies.

In human plasma, the most abundant protein, albumin, constitute
approximately 50% of the total protein mass, and immunoglobulins
represent 20–25% of the total protein mass. One strategy to extend the
dynamic range of proteome detection is through depletion of major
proteins in the sample to be studied. The introduction of affinity
chromatography now allows for the selective removal of albumin and
immunoglobulins, extending the dynamic range and increasing the
coverage and diversity of proteins to be identified in plasma proteomics
studies (63). Even if commercially available columns may be imperfect
regarding efficiency and specificity, increased protein diversity has
been demonstrated by applying chromatography depletion techniques
on plasma samples (64). Therefore, we suggest that depletion strategy
should be considered when measuring biomarkers in plasma samples
of leukemia.

Most clinical samples will contain a mixture of normal cells and
cancer cells, and within the cancer cell, heterogeneity will be present.
In analysis on total cell extract, this heterogeneity of cell populations
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may exert significant effects on the results. In AML, the putative
leukemia stem cell is present only in low numbers (65–67), whereas
current diagnostics are based on karyotypic analysis of relatively
unselected leukocytes from the bone marrow or peripheral blood (2). It
is currently not known whether risk stratification may be improved if
leukemia stem cells were used as the diagnostic basis. An apparent cell
clone independence in the karyotypic analysis is supported by gene
expression analysis of AML cells collected from peripheral blood or
bone marrow, demonstrating similar capacities in determination of risk
stratification (5). These results are in contrast to the observable differ-
ences in surface molecule expression in bone marrow and peripheral
blood (68,69). Similarly, cell population heterogeneity is indicated in
signaling node responses of AML (15), which indicates that more
detailed prognostics may be obtained by analysis of leukemia cell
subsets. Still, AML appear homogenous enough to give clinical useful
information from standard cell sampling and total cell extracts. With
the availability of patients and relatively easily accessible cancer cell
sampling, leukemia may be considered a good model for applying
novel methodologies in the study of biological mechanisms of cancer.

4. AML DIAGNOSTICS

Karyotyping, cytochemistry and immunophenotypic analyses are
diagnostic methods that distinguish between the different leukemias
and subclasses. The recent WHO classification set the criteria for AML
to cytological detection of more than 20% myeloid blasts in bone
marrow, or presence of recurrent karyotypic aberrancies in myeloid
cells of bone marrow or peripheral blood (2).

As early as in 1988, acute leukemia that could not be distin-
guished by light microscopy and morphological criteria was clustered
by immunophenotyping and DNA analysis (70). Immunophenotypi-
cally, approximately 60% of acute leukemia samples expressed one
or two myeloid antigens, whereas remaining cases had a complex
phenotype with expression of both myeloid and lymphoid antigens.
The diagnostic specificity in acute leukemia is almost 100% when
immunological markers are included (71).

Cytogenetic diagnostics (karyotyping) of AML have lead to the
development of therapeutic improvements, including guidance in the
use of high risk therapeutic regimen in addition to molecular targeting
therapeutics, for example, ATRA and imatinib mesylate (described
below). However, more than half of patients will have no informative
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karyotype, and hope is that improved risk stratification of these patients
will be obtained by the use of novel molecular methods (5,15). A
more detailed subclassification of AML can possibly be performed by
proteomic profiling, but its role in future routine diagnostics is still
unclear. However, work is in progress in this field which may lead
to a better understanding of the protein network and protein specific
diagnosis (7,15).

4.1. Proteomics on Cell Extracts in AML Classification
Subgroups of leukemia patients can be profiled by comparing

expression of protein biomarkers. As overviewed in Table 1, several
comparative proteomics studies of leukemia have been published
and several diagnostic biomarkers have been suggested. In an ideal
research design, differential protein expression profiles in patient cells
and in normal cell counterparts are compared. However, relevant
normal myeloid progenitor cells may be difficult to isolate in amounts
necessary to allow a proteomic comparison with leukemic blasts.

Kwak and coworkers (50) searched for serum biomarkers in 2DE
protein profiles from 12 AML patients and healthy controls. Eight
proteins predominantly expressed in the AML group were found
(Table 1). In a study using total cell extract, 61 patient samples of
acute leukemia blasts were analyzed by 2DE and MS identification (7)
(Table 1). This resulted in identification of 23 differentially expressed
proteins between the AML subgroups, of which seven proteins were
highly expressed in AML M2 and/or AML M3, for example, human
heparin-binding protein, and azurocidin. AML differentiation was
correlated with elevated expression levels of myeloid-related proteins
8 and 14 and myeloperoxidase that is currently used in cytochemical
diagnostics of AML (72,73). In the same study, heat shock protein
27 and Op18 were highly expressed in ALL but not in AML. In a
study comparing ALL and AML patients by 2DE, expression levels
of the protein Op18 is most prominent in ALL (52) (Table 1). Op18
stimulates increased proliferation and downregulates differentiation by
destabilizing the microtubules in vitro (74). Antisense inhibition of
Op18 expression in leukemia results in growth retardation, and Op18
has been proposed as a potential new target for anti-leukemic inter-
ventions (52).

SELDI-based experiments have been performed to compare protein
expression between three childhood leukemia cell lines (ALL cell
lines 697 and REH, biphenotypic myelomonocytic cell line MV 4–11)
and the Kasumi AML cell line (75). A 8.3-kDa peak identified as
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C-terminal truncated ubiquitin (Ub) (76) was found to be a marker
of the ALL cell lines (Table 1). Interestingly, as detected by SELDI
technology, high cytosolic levels of Ub were recently reported to be
associated with good prognosis in breast cancer (77).

The identification of leukemia antigens that elicit an autoantibody
response may have utility in cancer screening, both for diagnosis
and prognosis. A 2DE approach has been applied to detect antigens
that induce a humoral immune response (51). Leukemia patients (16
AML and 5 ALL) were diagnosed according to the French-American-
British classification, and samples were derived from bone marrow
aspirates prior to chemotherapy. Sera from these patients in addition
to 20 patients with solid tumors and 22 non-cancer controls were
analyzed for autoantibody-based reactivity by incubating with blotted
filters of proteins obtained from leukemia patients and separated on a
2DE gel. Among six autoantibody activities preferentially detected in
the leukemia patients, an autoantibody against Rho GDP dissociation
inhibitor 2 (Table 1) was found in sera from 71% of the leukemia
patients compared to approximately 5% in patients with solid tumors
and in healthy controls.

Stem cells from 13 patients of various leukemic subtypes have been
isolated and screened with a 2DE approach to map differences in
protein expression (53). Eleven spots showed a significant difference in
abundance between leukemia samples where NuMa, a nuclear protein
that associates with the mitotic apparatus, was significantly related to
the number of abnormal chromosomes in the leukemic blasts.

4.2. AML Stratification by Single-Cell Analysis
of Signaling Responses

In a study by Irish and coworkers (15), leukemia cell lines
and primary AML cells were stimulated by growth factors and
cytokines known to be involved in cell cycle regulation and cell death
modulation. Granulocyte macrophage-colony stimulating factor (GM-
CSF), granulocyte-colony stimulating factor (G-CSF), Flt3 ligand,
interleukin-3 and interferon-� act by activating their specific receptor,
which is autophosphorylated and then leads to recruitment of adaptor
proteins that propagate the signal by phosphorylation to the detected
signal nodes. Activation of these signaling nodes reflects important
pathways involved in chemoresistance. The phosphorylation level
of Stat-1, Stat-3, Stat-5, Stat-6, p38 and Erk1/2 was determined in
patient AML cells by single-cell flow cytometric analysis, generating
cytokine-stimulated cancer network profiles (15). Interestingly, this
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study illustrated that AML patients could be clustered in accordance to
their pattern of potentiated signaling response to cytokines that corre-
lated with genetics and disease outcome. This principle, examining the
dynamics involved in signaling network profiles following cytokine
stimulation, could be relevant to the revelation of diagnostic subgroups
and novel therapeutic targets.

5. PHARMACOPROTEOMICS IN AML

Proteomics in drug discovery and development has been termed
pharmacoproteomics. Even with the limitation of few pharmaco-
proteomic studies in leukemia, the examples below still serve
to demonstrate that proteomics can be used to characterize the
complex molecular mechanisms behind the clinical effects of current
chemotherapy. Leukemic cells can relatively easily be sampled from
patients for proteomics analysis in a time course analysis of therapy
protocols. Recently, as a proof of principle, this was demonstrated in
a study of p53 isoform signature changes during induction therapy
of AML (78). Both primary target proteins of therapeutics and
the cascade pathways indirectly involved can be studied through
proteomics. Consequently, biological mechanisms of drug toxicity and
development of therapeutic resistance may be unveiled leading to the
development of improved therapeutics in particular subclasses of AML.

5.1. All-Trans Retinoic Acid
Acute promyelocytic leukemia (APL) is associated with chromo-

somal translocations with a break point in the RAR� gene on
chromosome 17 (79) most commonly fused with the PML gene on
chromosome 15. The PML-RAR� fusion protein acts as a dominant
negative inhibitor of retinoid-dependent DNA transcription, which
results in a differentiation arrest of the myeloid cells (80). ATRA,
a derivative of vitamin A, induces differentiation of APL cells
to neutrophile granulocytes (81). Treatment with ATRA in combi-
nation with anthracycline-based induction therapy and in postrem-
ission therapy leads to complete remission in at least 70% of APL
patients (82). ATRA binds to PML-RAR� leading to degradation
of the fusion protein and reactivation of target genes which signal
diverse biological effects such as cell maturation, apoptosis and growth
suppression (83). Cellular effects of ATRA are studied to further reveal
the regular mechanisms of inducing cell differentiation and silencing
cell proliferation.
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A number of proteomics studies show quantitative changes induced
by ATRA therapy on leukemia cells (for review, see ref. 16). These
studies are based on methodology showing quantitative protein changes
in overall proteins demanding relatively small sample amounts, in
contrast to the in vitro studies on posttranslationally modified proteins
as discussed below; still, most of these studies are performed on
leukemia-derived cell lines instead of clinical samples (16,84–88). A
study on patient samples showed the protein BTG1 (B-cell translo-
cation gene 1) to be induced in patients with complete remission after
ATRA therapy, but not in non-remission patients (54). Experimentally,
this was supported by the observation that ATRA-induced differenti-
ation of the HL-60 cell line highly induces the BTG1 level (54).

5.2. Tyrosine Kinase Inhibitors
Approximately 100 different kinases in human cells phospho-

rylate proteins on tyrosine residues, regulating cell signaling with
consequences on cellular functions like cell growth, proliferation,
differentiation and apoptosis (89). Mutational variants of several
tyrosine kinases like the Abl, Platelet-Derived Growth Factor Receptor-
(beta) (PDGFR-�), c-Kit, Flt-3 and others have been reported
in leukemia (90). Based on these observations, a wide range of
small molecule kinase inhibitors has been developed to disrupt
signaling pathways that promote cell proliferation and survival of
cancer cells.

The kinase inhibitor imatinib mesylate (STI571, Gleevec) targets
the cytoplasmic Abl tyrosine protein kinase, as well as the the Bcr-
Abl fusion protein pathogenic for CML (10,91–94). However, imatinib
has so far proven limited effect in bcr-abl-positive ALL (95), under-
scoring the hypothesis that multiple mutations and gene aberrations
lay behind proliferation of acute leukemia blasts. Like most kinase
inhibitors, imatinib has limited specificity and inhibits also c-Kit and
the PDGFR in therapeutic concentrations. This is illustrated by the
therapeutic benefit of imatinib in gastrointestinal stromal tumors with
activating mutations of c-Kit or PDGFR-� (96). The type of mutations
of c-Kit or PDGFR predicts the therapeutic effect, and resistance
develops mostly through secondary point mutations in the kinase
genes. Likewise, imatinib is effective in the myeloproliferative disease
hypereosinophilic syndrome, a disease that harbors a PDGFR gene
rearrangement (97). The c-Kit-positive AML patients in general do
not respond to imatinib, whereas PDGF-�-positive AML patients may
respond (98,99), Even if imatinib demonstrates limited effect when
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used as a single agent in AML, it may be effective in combination
with conventional therapeutics. However, selecting the AML patients
who will respond on imatinib cotreatment will probably be crucial for
its success. Determination of signal transduction responses in AML
blasts may be a functional approach to identify pathways that may
be targeted by kinase inhibitors (15), and the first use of single-cell
analysis of signaling nodes in AML patients in clinical trials may
indicate its promising potential (100).

Various experimental strategies have been used to determine the
effect of imatinib and similar compounds on cellular signal trans-
duction proteins. The effect of imatinib on the tyrosine phosphopro-
teome in bcr-abl-positive leukemia cell lines has been examined by
immunoaffinity purification, multidimensional LC and MS (60) and
resulted in identification of 64 sites of tyrosine phosphorylation corre-
sponding to 32 different proteins. Among these, imatinib inhibited
phosphorylation of several residues in Abl and Bcr.

Inhibitors belonging to the pyrido(2,3-d)pyrimidine class of
compounds are effective against most of the imatinib-resistant bcr-abl
variants isolated from CML. An immobilized pyrido(2,3-d)pyrimidine
derivative was used to identify binding protein kinases through affinity
column chromatography and MS-based identification of the eluted
proteins (101). Demonstrating the fact that pyrido(2,3-d)pyrimidine is
a kinase inhibitor with low specificity, more than 30 human protein
kinases were isolated and identified by the immobilized compound.
A similar methodological approach was applied to study p38 kinase
inhibitor SB203580 (101,102), demonstrating that cyclin G-associated
kinase and CK1 were almost as potently inhibited as p38�and RICK
(Rip-like interacting caspase like apoptosis regulatory protein kinase)
was even more sensitive to SB203580 than the original p38 target.

MS-based proteomics has been used to compare tyrosine-
phosphorylated proteins in response to the receptor tyrosine kinase
ligands Epidermal Growth Factor (EGF) and PDGF in differentation of
human mesenchymal stem cells (103). Differentiation of mesenchymal
stem cells into bone-forming cells was stimulated by EGF but not
PDGF; more than 90% of the tyrosine-phosphorylated signaling proteins
were regulated by both ligands, whereas the phosphatidylinositol 3-
kinase pathway was exclusively activated by PDGF. This method-
ological approach, using SILAC combined with modification-based
affinity purification, could be relevant when mapping quantitative
changes in protein phosphorylation in regulation of signaling networks in
hematological stem cells and development of leukemia blasts (104–106).
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About 30% of all human proteins can be modified by phosphory-
lation, while only 0.05% of the phosphorylated residues are tyrosine
(107). Therefore, detection levels and methodological sensitivity are
limiting tyrosine kinase regulation studies. For all studies as mentioned
here, cell lines have been used as models to study cellular mechanisms.
Hopefully, with improved technologies, in even more ideal studies,
researchers can measure effects on the phosphor proteome in patient
samples during future clinical studies.

5.3. Histone Deacetylase Inhibitors
Lysine acetylation is another important posttranslational modifi-

cation involved in regulation of protein activities in the human cell,
suggested to be involved in leukemogenesis (108). Acetyl groups
on histone are removed by histone deacetylase (HDAC), resulting
in a closed heterochromatin structure, which affects the accessibility
of transcription factors to the DNA. Therapeutic HDAC inhibitors
(HDACIs) upregulate acetylation of the chromatin structure thereby
activating gene transcription and differentiation of cells (109). Several
myeloid transcription regulators regulate gene expression, at least in
part, through their interactions with histone acetylase and deacetylase
(92). One example of particular relevance is the PML-RAR� fusion
gene product that binds to RAR target genes and then recruits HDAC
complexes and transcription silencing (80). A more frequent genetic
abnormality in AML involves the genes encoding CBP/p300 histone
acetylases, acting on histones and important intracellular regulators,
that is, the antioncogene product p53.

Agents that inhibit HDACs are proposed to have therapeutic
effects in AML and myelodysplasia (110–113). Interestingly, leukemia
patients expressing a second RAR� fusion protein, PLZF-RAR�,
show poor response to ATRA therapy, whereas HDACIs exhibit
anti-leukemic effects in patients expressing both types of RAR�
fusion proteins (114). The HDACIs investigated in clinical studies
of leukemia are butyrate derivatives, valproic acid and depsipeptide
(DDP), and their limited but distinct effect has suggested further studies
on HDACI in combination with other drugs (108).

Methodologically relevant for future clinical studies, a LC-MS-
based method has been developed to measure differential expression of
histone posttranslational modifications prior to treatment with different
HDACIs in several leukemia cell lines (115). This study, which showed
a general increase in acetylated forms of histone H4 after HDAC
inhibition, also established an efficient and sensitive technique toward
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monitoring of histone modification in patients undergoing clinical
treatment with HDACIs. In a recent study, the effects of trichostatin-A
and DDP in mouse lymphosarcoma cells were studied, and acety-
lation pattern of histone H4 was established (116). Flow cytometry
represents another interesting technique for multiparameter analysis of
histone acetylation to monitor HDACI efficacy (117). This is a relevant
biomarker study as the technique is established on patient samples in
clinical trials.

Secondary effects of the HDACI butyrate have been tested in the
human colon cancer cell lines HCT-116 and HT-29 utilizing 2DE
and matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) MS (118). Various components of the Ub-proteasome system
were altered, indicating that butyrate may regulate the level of key
proteins involved in the control of cell cycle, apoptosis and differen-
tiation. Protein expression subsequent to treatment with the HDACI
trichostatin-A has been studied in pancreas ductual carcinoma cell
lines using 2DE and MALDI-TOF MS (119). Trichostatin-A appears
to upregulate proteins which promote cell death and downregulate
proteins that favor cell growth.

Valproic acid in combination with ATRA and theophyllamin is
recently reported to attenuate phosphoprotein signaling nodes, deter-
mined by flow cytometric analysis of patient cells up to 10 days after
start of therapy. Upregulation in phosphosignaling was accompanied
by increased maturation of the cells and demonstrate the promising
application of single-cell phosphoproteomic analysis as cancer cell
biomarkers in development of new therapy (100). However, this study
describes one patient, and a more extended analysis of more patients
is needed to determine if HDACIs may be used to indirectly target
potentiated signaling in cancer cells.

5.4. Proteasome Inhibitors
Cellular protein degradation is implicating a highly conserved

76-aminoacid Ub polypeptide that is conjugated to lysine residues,
targeting the protein for proteasomal destruction (120). The initial Ub
modification may be followed by chain formation through ligation
of additional Ub molecules to the first, forming di-, tri-, tetra- or
poly-Ub. The proteasome is involved in degradation of up to 80% of
the proteins in a cell, including many of the key regulatory proteins
involved in the cell cycle (121). Inhibition of the proteasome has
been established as a new therapeutic principle, involving anti-tumor
mechanisms as growth inhibition and apoptosis induction through
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molecular mechanisms that are not completely understood (122–127).
Many actively proliferating malignant cells appear more sensitive to
proteasome blockade compared to normal cells (128). In some cancer
cells, like in human leukemic cells, proteasomes have been reported
to be abnormally highly expressed (124), and studies have suggested
that proteasome inhibitors may effectively target leukemic stem
cells (38).

Several classes of drugs have been developed to selectively inhibit the
proteasome such as bortezomib (129), peptide aldehydes (e.g., MG132)
(130), dipeptidyl boronic acids (e.g., PS-341) (131), vinyl sulfone tripep-
tides (e.g., NLVS) (132), and natural products for example, lacta-
cystin, eponomycin and epoxomicin (133) as well as derivatives of
epoxomicin, like PR-171 (134). Epoxomicin was developed in an anti-
tumor screen against murine B16 melanoma tumor (135). Identification
of the molecular targets of epoximicin was performed through MS/MS
and Edman degradation from a cell extract of proteins after affinity
chromatography with biotinylated epoximicin (136).

The mechanisms responsible for the therapeutic efficacy of
proteasome inhibition and of the mechanism behind sensitivity in
certain cell types are unclear and remain to be identified. Method-
ological difficulties have been encountered in elucidation of the Ub
system (137) as ubiquitinated forms of a specific protein are charac-
terized by heterogeneous Molecular Weights (MW) and pI related to
the ubiquitinated state (mono, multi and poly). Enrichment strategies
and multidimensional chromatography, which separate independently
of various MW and pI, should be chosen prior to MS-based identifi-
cation of ubiquitinated proteins. Also, Ub-labeled proteins with short
half-life and rapid turnover are often present in quantities too small to
be detected by MS analysis (138).

However, some studies have been performed on the ubiquitinated
proteome according to treatment with proteasome inhibitors. Ubiqui-
tinated proteins have been isolated from human breast cancer cell line
by immunoaffinity purification after treatment with MG132 (58). In
another study, the general effect of the proteasome inhibitors, MG132
and lactacystin, on leukemia-derived cell lines has been analyzed by
2DE and MS (139). A total of 39 protein spots were affected by
proteasome inhibitors, including 11 new apoptosis-associated proteins.
In particular, the accumulation of unmodified eIF-5A appeared to
play important roles in apoptosis induced by these therapeutics (139).
Further studies should be performed in the future to elucidate biological
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consequences of treatment with novel proteasome inhibitors, that is,
bortezomib and PR-171.

5.5. Drug Resistance
Another relevant field for pharmacoproteomic applications in AML

research is elucidating the biological mechanisms of drug resistance.
In drug resistant cells, alternative protein(s) forms are developed
avoiding drug binding in active sites and/or executing signaling effects
independent of the regulated native protein forms. Searching for drug
resistance protein forms, proteomics seem a highly relevant method-
ology to pursue.

2DE analysis has been applied to resolve the mechanisms of vinca
alkaloid-induced drug resistance in both ALL cell lines and NOD/SCID
mouse xenograft models of ALL (140,141). Not surprisingly, as the
vinca alkaloids act on �-tubulin, several of the differentially expressed
proteins in resistant ALL cells were associated with tubulin and/or actin
cytoskeletons (140). Proteomics studies comparing multidrug-resistant
cell line HL-60/DOX and drug-sensitive HL-60 revealed proteins like
protein disulfide isomerase precursor and proteasome �1 to be differ-
entially expressed (142).

Studying secondary effects of the HDAC inhibitor, butyrate, in the
human colon cancer cell lines HCT-116 and HT-29 (118), an upreg-
ulation of both antiapoptotic and proapoptotic proteins was observed
in the HT-29 cell line, whereas in HCT-116 cells, the upregulation of
proapoptotic proteins dominated. These results may explain the higher
efficiency of butyrate treatment in HCT-116 compared to HT-29 (118)
and consequently may be relevant to the appreciation of diverse effects
in future AML trials.

5.6. Graft-Versus-Host Proteomics in Leukemia
Allogeneic hematopoietic stem cell transplantation (alloSCT) is

an effective consolidation therapy in AML (8), involving a T-cell
graft-versus-leukemia effect that is important for persisting remission.
However, a serious complication of alloSCT is when the donor T
cells attack host tissues like skin, liver, stomach and/or intestine in
a graft-versus-host disease. Potential use of proteomics in alloSCT is
exemplified by an interesting study for identifying difficult manageable
patients disposed to devastating graft-versus-host reactions (143). In
this clinical study, urine samples from 40 patients were collected at
several time points after transplantation and peptides were separated
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and fractionated by capillary electrophoresis and HPLC. More than
1000 peptides were characterized and more than 1000 signal intensity
(MS) spectra were collected for each sample, and software was
specially developed to process the enormous amount of data generated.
Polypeptide patterns excreted in the urine of patients were significantly
different from those of healthy volunteers. No significant differences
were detected comparing different conditioning regimens. Eighteen
patients developed graft-versus-host disease after alloSCT. Sixteen
differentially expressed polypeptides formed a pattern indicating graft-
versus-host disease at an early stage. Sequencing the polypeptides
allowed identification of leukotriene A4 hydrolase and serum albumin
(143). This study indicates that proteomics may allow diagnostics
in easy collectible body fluids for complicated immunology-related
diseases that need close follow-up.

6. CONCLUDING REMARKS

Proteomics studies are utilized to search for novel biomarkers to
improve the diagnostic risk stratification of AML and to identify
future therapeutic targets in more individualized therapy. This impli-
cates design of therapy that is well tolerated in elderly patients. One
major challenge in proteomics is its limitations in protein detection
sensitivities. This is a major problem as many of the pivotal proteins
for therapy response are suggested to be low abundant regulatory
proteins. However, proteomic technologies are developing and sensi-
tivities are increasing. The first reports on single-cell phosphoprotein
examination indicate that this approach is useful in risk stratification as
well as monitoring the effect of new therapy in AML patients. Ongoing
and future proteomics studies will probably contribute to open new
avenues of tailor-made molecular therapy, reducing today’s limitations
of treatment toxicity and efficiency.
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1. INTRODUCTION

Broadly defined, a tumour biomarker is a tool aiding the clinician to
answer clinically relevant questions regarding cancerous disease (1).
However, a more specific definition characterizes a tumor biomarker
as a molecule, a process or a substance that is altered quantitatively
or qualitatively in pre-cancerous or cancerous conditions (2). The
alteration can be provoked by the tumor itself or by the surrounding
stroma and is detectable by means of an established assay (2). Thus,
a tumor biomarker is a molecule produced by a tumor or by the
body in response to a tumor and which aids cancer detection and/or
management of a patient with cancer. The tumor biomarker can be
protein, mRNA, DNA or a biologic process (e.g., apoptosis, angio-
genesis and proliferation), and the detection assay can accordingly be
of different formats ranging from complex gene arrays to immunohis-
tochemical tests.

Regarding utility, tumor biomarkers can be divided into detection,
diagnostic, prognostic, predictive and monitoring markers (2).
Obviously, a detection tumor biomarker is used for the detection of
malignant disease in an individual and can be designated as a screening
marker if used in larger asymptomatic populations. Preferably, such
a detection biomarker should be tissue specific, be measurable in a
readily available body fluid and be uninfluenced by benign diseases of
the tissue/organ in question. Unfortunately, such an ideal marker does
not exist for cancer.

A prognostic tumor biomarker enables the clinician to assess the risk
of recurrence and subsequent death of the individual patient following
intended curative surgery of the primary tumor. Hereby, it may be
used to decide whether a patient should receive adjuvant therapy or
can be spared of the adverse effects hereof. A therapy predictive
biomarker will aid in estimating the likelihood of obtaining an objective
response to a specific form of anti-cancer therapy and hereby aid in
the selection of treatment strategies for the individual cancer patient.
Finally, a monitoring tumor marker may be used in the post-operative
surveillance of the cancer patient as it levels in blood may increase prior
to the clinical detection of recurrent disease. However, to be of clinical
value, the monitoring marker should alert the clinician at a time point
when the recurrent cancer is still sensitive to available interventions.
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An additional use of a monitoring marker is the evaluation of treatment
response. The potential to use tumor biomarkers to determine treatment
efficacy before information on objective response can be obtained
opens up for the possibility to change or stop ongoing treatment if it
shows to be ineffective. Such an approach will not only give the patient
the option to receive second-line treatment at an earlier time point
but will also have economical impact in saved expenses to otherwise
ineffective treatment.

The field of tumor biomarkers has expanded widely since the identi-
fication of the Bence–Jones protein (immunoglobulin light chain) in
urine from patients with multiple myeloma (1). Current examples of
tumor biomarkers in clinical use are manifold: prostate-specific antigen
for early detection of prostate cancer in asymptomatic individuals,
alpha-fetoprotein for the detection of tumors of the liver, testis or
other germ cell line tumors, steroid hormone receptors (estrogen
and progesterone receptors) for predicting response to treatment with
endocrine therapy in breast cancer, immunostaining or Fluoresence
In Situ Hybridization (FISH) for c-erbB2 for selecting for response
to herceptin in breast cancer, Carcino Embryonic Antigen (CEA) for
monitoring of colorectal cancer (CRC) and CA-125 for monitoring of
ovarian cancer patients. Concurrently, with the identification of many
new potential tumor biomarkers, the need for internationally accepted
consensus guidelines for the establishment and validation of these new
markers has become increasingly apparent. It is well known that strict
guidelines are internationally defined and accepted for the introduction
of new pharmacologic agents into the market. Similarly, introduction of
new tumor biomarkers into the clinical management of cancer patients
should be adhered to similar well-defined and internationally accepted
conditions. Suggestions for such guidelines have been made by an
expert panel convened by the American Society of Clinical Oncology
(ASCO) defining potential specific uses of tumor biomarkers, specific
requirements for the technical development as well as requirements
for clinical trials to be fulfilled prior to implementation into the clinic
(2). The guidelines included a framework—the tumor marker utility
grading system (TMUGS)—for the evaluation of already published
tumor marker studies. By the use of the TMUGS, the available data
on a potential tumor marker can be evaluated, and a certain level
of evidence (LOE) can be assigned with which the marker can be
considered for clinical use if found to be at a sufficiently LOE. These
LOEs range from V to I, where V refers to small pilot studies, IV
and III refer to retrospective studies of smaller (IV) or larger (III)
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size, II refers to prospective studies with marker testing as a secondary
aim and I refers to either high-powered prospective studies with the
primary aim of biological marker testing or meta-analyses of (several)
studies at lower LOE stages of the marker in question. In general, most
existing studies of tumor markers are of LOE IV or III.

In this respect, it is worthwhile to learn about the aims of the
European Organization for Research and Treatment of Cancer (EORTC),
Brussels, Belgium. The EORTC is a European Cancer Organization
with the aim to develop, conduct, coordinate and stimulate laboratory
and clinical cancer research to improve the management of cancer
and related problems. This task can best be accomplished through the
multidisciplinary, multinational efforts of clinical and basic research
scientists and clinicians (3). As the ultimate goal of the EORTC is to
improve the standard of cancer treatment through the development of
innovative drugs and more effective therapeutic strategies including
surgery and radiotherapy, scientists and clinicians willing to participate
in EORTC research are organized in clinical and laboratory groups.
In cooperation with the clinical groups or task forces, the EORTC
Laboratory Research Division, encompassing the Pharmacology and
Molecular Mechanisms Group and the PathoBiology Group of the
EORTC, focusesonpre-clinical testingofnewdrugs, functional imaging,
pharmacology and pathology and on the assessment of tumor-associated
biomarkers. Whereas the Pharmacology and Molecular Mechanisms
Group centers on pharmacology, pharmacogenetics, pharmacoge-
nomics, pharmacodynamics and the molecular mechanisms of anticancer
drug effects/drug-related molecular pathology, the PathoBiology Group
aims at reviewing tumor tissue specimens from cancer patients included
in EORTC clinical trials, and as a translational aspect, conducting
research and teaching in the life sciences focusing on detection,
characterization, determination, and potential clinical application of
tumor tissue markers and blood markers, associated with cancer
disease progression and cancer metastasis. Thereby, attention is on
biomarker development and implementation, accompanied by high-level
quality assurance programs and the setting up of standard operating
procedures for different pre-analytical, analytical, and post-analytical
steps in biomarker development and implementation (4,5).

The present review focuses on guidelines and practicalities with
regard to development, validation and introduction of new tumor
biomarkers for clinical management of cancer patients. In order to
ease the reading, this chapter has been divided into sections dealing
with pre-analytical, analytical and post-analytical aspects of biomarker
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assessment followed by chapters describing markers for early detection
of cancer, prognostic evaluation, prediction of therapy response,
postoperative surveillance and monitoring of therapy.

2. PRE-ANALYTICAL, ANALYTICAL
AND POST-ANALYTICAL ASPECTS OF BIOMARKER

ASSESSMENT

Although new biomarkers are being introduced for clinical decision
making, a fundamental understanding of their clinical use and their
underlying biological process is often lacking. The specifications
of a test must address the clinical application. Remarkably, while
biomarkers are often used in the clinical setting to provide additional
information that will influence clinical decision making, only few
guidelines (clinical and analytical) have been established to inform
about how a biomarker should be clinically used for a certain type of
cancer.

Biomarker assay results often are heterogeneous, depending on the
composition of the specimen, method of specimen processing, and
design and specificity of an assay. In addition, different statistical
tests used to analyze the data may contribute to variation. It is clear
that the development of common assay protocols, validation trials and
proper quality control is highly needed before introduction of any new
biological marker into the clinical routine.

Validation of an immuno(metric) assay method should include the
following steps (see also ref. 6):

1. Selection of the appropriate test (based on literature data, experience,
performance and availability);

2. Definition of performance requirements (specimen type, sample size,
analytical range, precision, accuracy, sensitivity, specificity, recovery
and interference); and

3. Statistical evaluation of data by state-of-the-art statistics.

In addition, the performance of an assay must be monitored by
proper QA procedures aimed to achieve the desired high quality level
of performance

2.1. Pre-analytical Aspects
Before a tumor specimen or blood sample enters the process of

analyte quantification, several crucial steps have occurred outside the
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laboratory. The piece of tumor used for analysis should be as represen-
tative as possible of the whole tumor with regard to content of tumor
cells, non-malignant cells, extracellular matrix, fat and necrotic spots.
Because of the heterogeneity of a tumor (subclonal diversity), sampling
bias may occur leading to different assay results if different areas of
a tumor are analyzed. The size of a tissue specimen is thus important,
and therefore, results from a tumor removed in toto by surgery may
differ from those obtained assessing a fine needle aspirate. Transport
of the tissue from the operation theatre to the laboratory should be
done in a standard manner (on ice) and as quick as possible. Upon
receipt of the tumor specimen by the laboratory, the material should
be processed or snap frozen. Long-term storage should be in low
temperature-controlled containers. Disintegration/extraction of tissue
samples should be according to internationally accepted protocols.
Biomarkers may occur in different molecular forms, and the molecular
forms present in the different subcellular fractions may vary between
different tumors. This variation will even be greater when different
extraction methods are employed, for example, including or excluding
non-ionic detergents. A histological confirmation on presence of tumor
tissue in the sample should always occur. Needless to say that error in
this phase of evaluation is crucial and would lead to low integrity of
data. Unfortunately, these steps fall beyond the evaluable QA processes
performed in the laboratory (vide infra). Blood samples should be
collected under standardized conditions (fasting, position, time of day
and use of turnequet). Factors such as gender and age, menopausal
status, race and so on should also be taken into consideration, as
tumor marker levels may vary according to such biological variables.
Preferably, plasma should be separate from blood cells immediately
following blood withdrawal and frozen to avoid lysis of thrombocytes
and/or biomarker degradation. Also, serum should be processed within
a short time after collection. In this regard, centrifugation speed may
influence tumor marker levels in the final sample preparation.

2.2. Analytical Aspects
An inherent problem of immuno(metric)assays is that different test

kits may generate different test results, mainly because of differences
in antibody specificity and/or affinity used in different test kits and
because of use of different standards and reference materials provided
with the kits. Prior to producing test results, a laboratory must verify or
establish performance specifications for each method before its intro-
duction to the laboratory. In particular, assays not yet in widespread
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use but showing promising clinical data must be validated carefully.
The analytical specifications described in the following section should
be assessed.

2.2.1. Standard/Calibrator

Standards are used to relate the reading of an assay to the quantity
of analyte to be measured. When a compound can be completely
defined by physicochemical means, concentrations can be expressed
in molar units. Protein analytes, however, may exist in different
molecular forms, often exhibiting differences in their biological activ-
ities. Analytes extracted from tumor tissue or fluids may even be more
different in nature from those present in the peripheral circulation of
a patient. Assays should use well-defined and characterized standards,
with as high purity as possible.

2.2.2. Recovery

When the standard of the assay is chemically different in nature
from the analyte or when interactions of the analyte with the matrix
or other compounds are involved, different biomarker concentration
may be observed when the tumor specimen is analyzed at different
dilutions. The addition of a fixed amount of known standard provides
information on the identity of the analyte vs. standard and/or on any
interfering process.

2.2.3. Accuracy

The accuracy of an assay is defined as the agreement between the
best estimate of a quantity and its true value. Only for analytes for
which a reference method is available are such comparison is possible.
For most biomarkers, however, the true value does not exist, as no
reference method has been established.

2.2.4. Precision

The precision of an assay is defined as the agreement between
replicate measurements. The precision of a biomarker determination
varies depending on whether duplicate determinations are performed
in one sample, different samples in the same batch or in different
batches and so on. For validation of an assay, the intra-sample, intra-
assay precision performance is the minimum required. A thumb rule
is that between assays Coefficient of Variation (CVs) below 10% is
acceptable.
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2.2.5. Sensitivity

The limit of detection is defined by the lowest concentration detected
that is significantly different from zero (also called analytical sensi-
tivity). The limit of quantification is the lowest concentration at which
a test result can be reliably measured with a CV of <20% (also
called functional sensitivity). Laboratories should not report below the
functional sensitivity limit. As lower amounts of tumor tissues are
becoming available, the need for higher sensitivity assays is required.
Defining such low thresholds requires a high degree of reproducibility
of assay results.

2.2.6. Specificity

The specificity of immunoassays strongly depends on antibody
characteristics. Polyclonal or monoclonal antibodies or mixtures of
both are applied in different test kits. In general, polyclonal antibodies
have higher sensitivity but also increased chance that one of these
antibodies will recognize an epitope on a different antigen, resulting
in cross-reactivity and thereby decreasing specificity. In contrast,
monoclonal antibodies have increased specificity. In order to avoid
false-positive test results, all assays should be checked for cross-
reacting compounds.

2.2.7. Linearity

Some assay procedures demand that samples are diluted to within a
specified range of protein content prior to the assay. Values multiplied
by the dilution factor should give the same results, irrespective of
extent of dilution. Such experiments are often referred to as parallelism
studies because dilution of samples should parallel the standard curve.
Linearity studies are used to assess the working range of an assay.

2.2.8. Interferences

Blood of patients may contain heterophilic antibodies that may
interfere in sandwich assays leading to false-positive or false-negative
test results. One example is induction of human anti-mouse (7). Assays
designed for measurement of biomarkers in tumor tissue cytosols or
tumor tissue extracts should not be used to test plasma or serum
samples without checking whether these assays have been adequately
tested (see above) in these sample types.

The above-mentioned assay characteristics should be assessed by
the investigator when a new assay is introduced into the laboratory. It



Chapter 9 / New Tumor Biomarkers 197

has to be considered, however, that there are day-to-day, performer-
to-performer and batch-to-batch differences in assay performance. For
daily consistency, use of controls for testing between assay precision
and participation in external quality assurance programs is mandatory.

2.3. Post-Analytical Aspects
After an assay has been performed, the read-outs should be

processed and interpolated in the standard curves. It has been shown
that recalculation of raw data of a participant of an international QC
trial by a common computer program reduced the between-laboratory
variation (8). It is preferable that Standard Statistical Procedures are
in place before the assay results are available.

2.4. Quality Assessment
Within Europe, a multitude of translational multi-center cancer

studies have been coordinated by the EORTC. Within this consortium,
the PathoBiology Group was established to research and advice on
common, or equivalent, methodologies for tumor biomarker assays and
to ensure that appropriate external quality assessment (EQA) schemes
are applied to all laboratories measuring biomarkers in biopsies from
patients entering EORTC-conducted studies/trials. For the past 20
years, large-scale EQA trials have been carried out organized by the
central QA laboratory of the PathoBiology Group (9–11).

Defined protocols for internal and external QA should be part of
routine practice in the laboratory, and new assays should be thoroughly
validated upon first use. Every assay consists of a measurement
procedure to determine analyte levels of a certain biomarker and
a control procedure in which by measurement of control samples
the validity of the measurement of the samples can be checked.
Control samples, and comparison of its values against control limits,
should always be an integral part of the assay procedure. For
internal QC (IQC) purposes, the laboratory must include samples of
different concentrations of control material. This opens the way for
multirule/decision control procedures (12). Repeated measurement of
control samples allows determination of the imprecision of the assay
system. In addition to the use of IQC for day-to-day assay monitoring,
the long-term trend in assay performance should be regularly checked
in order to detect any shift or drift. For external QC purposes, prepa-
rations distributed by a reference laboratory should be included. These
EQA programs serve to monitor long-term assay performance within
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a laboratory. Moreover, they provide comparison of assay results
between laboratories. Based on our EORTC QA studies, enduring inter-
laboratory consistencies were achieved after agreement was reached on
the best method of assay and as soon as external QA was available (13).

3. BIOMARKERS FOR THE EARLY DETECTION
OF CANCER

For many cancer types, it is believed that early detection increases
the chance of cure. Thus, requirement for a screening test is that
it detects early stages and thereby potentially curable disease. An
alternative to the development of new treatment modalities is thus the
development of test methods for early detection of cancer.

The optimal tumor detection marker is one that can detect the
cancer disease in a population of asymptomatic individuals. Such a
tumor biological marker is named a screening marker. The challenges
of detection or screening tests lie in obtaining a high specificity,
high sensitivity and high compliance. Receiver operating character-
istics curves are often used to graphically demonstrate the relationships
between specificity and sensitivity of a particular tumor biological
marker. The curve is produced based on tumor marker values obtained
from diseased as well as non-diseased individuals. Specificity of
a screening test describes the number of non-diseased individuals
who are correctly defined as non-diseased. Sensitivity describes the
percentage of diseased individuals who are correctly identified by
the test. Compliance describes the percentage of individuals who are
willing to take the test. The level of specificity required for a particular
test very much depends on the subsequent procedures needed. For
example, a screening marker for breast cancer could be considered
as a “pre-mammography” test, and the requirements for specificity
would be low. This is only true if the sensitivity at the same time was
approaching 100%. Thus, in the screened positive population, all the
breast cancer patients would be present (sensitivity of 100%), while in
the screened negative population (the size of this population depends
on the specificity), the women would avoid mammography. If the test
was a simple blood test, a proportion of women who would otherwise
be subjected to the expensive and time-consuming mammography with
its discomfort and potential risk of irradiation-induced cancers would
not be in need of the mammography.

One example is prostate-specific antigen (PSA), which is a
serological tumor biological marker that is being used to screen asymp-
tomatic men for the presence of prostate cancer. An elevated PSA level
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results in subsequent biopsy of the prostate to verify the diagnosis
of cancer. This test has a rather low specificity (many false-positive
cases), while the sensitivity is not accurately defined due to lack of
studies in which all PSA-tested individuals are biopsied.

Another example of a screening test is the fecal occult blood
testing (FOBT) in which stool is being analyzed for the presence of
hemoglobin. The FOBT has clearly shown an increase in number of
patients diagnosed with early stage CRC and that early detection trans-
lates into increased survival of screened patients (14–16). However,
the FOBT is unacceptable for many individuals and therefore the
compliance to FOBT is relatively low (approximately 30–50%). When
calculating “clinical sensitivity” which is sensitivity multiplied with
compliance, the FOBT is severely hampered by very low values
(20–30%) for this important end point.

4. PROGNOSTIC TUMOR BIOMARKERS

Prognostic factors or markers provide information related to the
risk of disease relapse or death, independent of therapy (17). Strictly
defined, prognostic factors predict the natural history of patients who
receive no adjuvant systemic therapy. Prognostic factors are mostly
used to justify the administration of adjuvant therapy. Although these
factors may also be used to withhold therapy (i.e., if they indicate risk
of relapse is minimal), they are rarely used for such purposes (17).

However in early stage cancer patients, it may be relevant to gain
information on the individual patients’ risk of recurrence and subse-
quent disease-related death. Such information can be used to select
early stage “high-risk” patients for systemic anti-cancer therapy, while
early stage “low-risk” patients may be spared, the unnecessary side
effects of a treatment that is not needed. Furthermore, the use of
prognostic markers in this patient category would also have a major
impact on the economic health system in savings of expenses related to
otherwise unnecessary treatment. Two good examples are derived from
breast cancer and from colon cancer, respectively. In breast cancer, the
majority of stage I patients are categorized as “high-risk” patients with
a recurrence rate of approximately 30% over 5 years. These patients
are offered systemic treatment knowing that 70% of these are already
cured by the primary surgery. This is the reason for an intense scientific
activity aiming at identifying new and robust prognostic factors for this
patient category. Especially transcriptional profiling has added a novel
dimension to cancer diagnostics and prognosis, identifying molecular
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markers (gene signatures) capable of differentiating tumors and disease
outcome beyond the discriminatory power of histopathologic evalu-
ation and established prognostic factors (18). In colon cancer, which
is a disease that mainly affects the older population, it is known
that patients with stage II disease have a 5-year risk of recurrence
and subsequent death of approximately 30%. In contrast to stage I
breast cancer patients, where the recurrence numbers are the same as
for stage II colon cancer, the colon cancer patients are not offered
systemic therapy. A prognostic marker, that would identify the “high-
risk” patients among the stage II colon cancer patients, would allow
for focused therapy of this patient group (19). It is also noteworthy that
in future clinical trials with adjuvant treatment of early stage cancer
patients then inclusion of a prognostic marker would allow selection
of “high-risk” patients for the study. Such an approach would be due
to increased percentage of events lower than the number of patients
needed in the study (patients already cured by the primary surgery are
excluded) and also lower than the post-treatment observation time.

Although a large number of putative prognostic factors have been
described for cancer (for review, see refs 20,21), few have been clini-
cally validated. Amongst the best-validated prognostic biomarkers are
urokinase plasminogen activator (uPA) and Plasminogen Activator
Inhibitor-1 (PAI-1) in breast cancer. Based on both a randomized
prospective trial (22) and a pooled analysis (23), both these factors
were shown to be independent predictors of outcome in patients with
lymph node-negative breast cancer.

Axillary node-negative patients with low levels of uPA and PAI-1
have a low probability of developing recurrent disease and thus may
be candidates for being able to avoid the side effects and costs of
adjuvant chemotherapy (22,23). On the other hand, axillary node-
negative patients with high levels of uPA and/or PAI-1 have a relatively
high risk of progression, that is, approximately similar to women with
three positive lymph nodes (24). Consequently, these patients should
receive adjuvant chemotherapy, especially as patients with increased
levels of uPA and PAI-1 show an enhanced benefit from adjuvant
chemotherapy (23,24).

In evaluation new prognostic biomarkers, it is important to avoid
bias in patient/sample selection. Consequently, prognostic biomarkers
are best validated in a prospective study. Provided bias can be elimi-
nated; samples from retrospective collections, however, may also
provide reliable data. The advantage of using prospectively collected
samples is that patients follow-up information may be available, thus
shortening the length of the study.
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Irrespective of whether a retrospective or prospective evaluation
is performed, validation of results is essential. Different types of
validation have been described (25). Initially, internal validation should
be performed. This may be performed either by splitting the data into
two groups with one group used for training the model and the other
for testing the model or by a form of cross-validation that is based
on repeated model development and testing on random data parti-
tions (26). Prior to clinical use, independent validation in an external
institute is necessary (25).

5. PREDICTIVE TUMOR BIOMARKERS

The first therapy predictive markers to be described were the
estrogen and progesterone receptors. By measuring these receptors
in breast cancer tissue, patients with receptor-positive tumors can
be selected for endocrine therapy, while patients with receptor-
negative tumors can be offered another treatment modality because the
likelihood of responding to endocrine treatment in a receptor-negative
breast cancer patients is close to zero. Recently, with the appearance
of targeted therapy, new predictive tests have been developed and
validated in clinical studies. For example, measurement of Human
Epidermal Growth Factor-2 (HER2) in breast cancer tissue is being
used to guide the physicians when selecting breast cancer patients for
herceptin treatment, and measurements of c-kit and Platelet Derived
Growth Factor receptor (PDGFr) are being used to select patients for
treatment with Glivec (27).

It is likely that future types of targeted therapy will be accom-
panied with assay platforms to determine the presence of the target in
question and thereby be of significant helping in future management
of cancer patients. Thus, it is clear that predictive molecular assays
should be established before initiation of clinical trials for new targeted
anticancer agents if the specificity and usefulness of these drugs are
to be meaningfully evaluated in the population of patients most likely
to benefit from the treatment.

At present, there is no test in routine use to determine whether a
cancer patient will benefit from conventional chemotherapy in its broad
sense or to individual types of conventional chemotherapy. If such a
test existed, it would allow for a tailor-made approach resulting in
individualized treatment. This would also imply that for those patients
having resistant tumors, such an approach would not only spare a
large number of these patients from side effects induced by ineffective
chemotherapy, but would also have major impact on the economic
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health system in savings of expenses related to otherwise ineffective
treatment. The field of cancer drug discovery clearly needs to turn
greater attention to the problem of identifying responsive/resistant
subsets of patients early in the development process and needs to
utilize the knowledge obtained through molecular and cellular studies
of cancer biology.

When validating new predictive markers for clinical use, the pivotal
clinical trial will have to be randomized and compare marker-guided
treatment against unguided treatment and then use objective response
rate, time to progression and overall survival as end points. The
EORTC is at present planning such trials. In addition, these trials
include prospective standard operative procedure-guided tissue and
blood sampling.

6. MONITORING TUMOR BIOMARKERS

6.1. Postoperative Surveillance
Following curative resection for primary cancer, it is now a common

practice to follow-up patients at regular intervals. The main aim of this
surveillance is to detect recurrent/metastatic disease at an early stage,
the assumption being that the early detection of disease progression
followed by the initiation of therapy enhances patient outcome
compared to initiating therapy when the patient is symptomatic.

For most cancers, however, there is little evidence that intensive
follow-up improves prognosis. An exception, however, is CEA for
the surveillance of patients who have undergone curative resection
for CRC. Four independent meta-analyses have compared outcome
in CRC patients undergoing intensive follow-up (with regular CEA
determinations) versus those with minimal or no regular follow-up
(28–31). All these meta-analyses concluded that the use of an intensive
follow-up regime resulted in a modest but statistically significant better
outcome than either no or minimal follow-up (28–31). Another malig-
nancy in which follow-up with serial determinations of tumor markers
is mandatory is in non-seminomatous germ cell tumors. In this situation,
regular measurement of Alfa Fetp-Protein (AFP) and Human Chorionic
Gonadotrophin (HCG) is now standard practice (32).

In order to use a tumor marker in surveillance, it is first necessary to
define the extent of elevation in marker levels that constitutes a signif-
icant increase. Over the years, various empirical definitions of tumor
marker increases have been proposed including a doubling in marker
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level or increases of 25–30%. According to Tuxen et al. (33), this alter-
ation should be based on both the analytical variation of the assay used
and the normal background intra-individual biological variation of the
marker. Thus, in order for a change in marker concentrations to be
significant (p <0.05), the change must exceed random fluctuations due
to both analytical and biological variations. Based on this definition,
it has been calculated that successive PSA levels must change by at
least 50% to be significant (34).

Having established the magnitude of alteration that constitutes a
significant increase in marker concentration, it is necessary to clinically
validate this increment, that is, show that by using this increase, one can
detect recurrent/metastatic disease earlier than with the use of standard
clinical or radiological criteria. Assuming that serial determinations of
marker provides a lead-time vis-à-vis standard procedures, the next
step is to demonstrate that the initiation of therapy based on this
tumor marker lead-time enhances patient disease-free survival, overall
survival, quality of life or reduced costs of care. Ideally, the answer
to this question should be addressed in a prospective randomized trial.
Such a trial would randomize asymptomatic subjects into two groups
as follows. One group would undergo treatment following a confirmed
marker increase while the other would start therapy when recurrence is
detected using standard criteria. An example of such a trial is currently
underway investigating the potential value of CA 125 for the early
detection of recurrent ovarian cancer (35).

6.2. Monitoring Therapy
Most anti-cancer therapies are effective in only a proportion of

treated patients, and most patients undergoing systemic therapy suffer
from toxic side effects of the treatment. It is therefore important
to know as quickly as possible if patients are benefiting from the
administered therapy. Although there are exceptions, most patients
responding to treatment show decreasing levels of markers while those
with progressive disease usually exhibit increasing levels. As with
markers in surveillance, only a small number of markers have been
validated for monitoring therapy in advanced cancer.

One of the best examples is CA 125 for monitoring treatment in
patients with ovarian cancer. Based on initial pilot studies, Rustin
et al. (36) proposed the following definitions for determining response
of ovarian cancer to chemotherapy. Response according to CA 125
occurred if there was either a 50% or a 75% reduction in CA 125
levels (37). These definitions have been retrospectively tested in 19
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phase 2 clinical trials investigating 14 different cytotoxic drugs for
recurrent ovarian cancer (36–38). Overall, responses based on CA 125
were similar to those based on standard criteria, leading Rustin and
colleagues (36–38) to suggest that the 50 and 75% response criteria
could substitute for standard responses in phase 2 clinical trials evalu-
ating new treatments for ovarian cancer. As assessable disease is found
in only a minority of patients with cancer of the ovary following
debulking surgery, use of these definitions would increase the number
of patients participating in clinical trials (35).

Currently, for determining response to therapy in advanced cancer,
criteria such as Union International Contra Cancer (UICC) or Response
Evaluation Criteria in Solid Tumors (RECIST) (39) are used. If tumor
markers are to be used, they must be at least as accurate as these criteria.
As with surveillance, a prospective randomized trial is necessary in
order to validate a marker for monitoring therapy in patients with
advanced malignancy. Such a trial would randomize patients with
advanced disease into two groups as follows. In one group, disease
progression would be defined by a confirmed increase in marker level
and in the other based on standard methods. End points should include
quality of life, cost of care and overall survival.

7. CONCLUSION

New biomarkers should not be included in large clinical studies
unless the assay methods are carefully evaluated and common assay
protocols, common standards and reference preparations allowing
proper EQA are available. Although considerable progress has been
made, forces must be combined to assure that best technology is
applied in the evaluation of biomarkers. Only the stringent application
of QA systems enables a consistent assessment of the clinical value
of biomarkers. Also, any introduction of biomarkers in the clinical
management of cancer patients should be preceded by a prospective
clinical study that unequivocally demonstrates the clinical benefit of
using the marker. Such clinical studies can either be performed in
conjunction with a therapy study or as a study with the primary goal
of validating the biomarker. The EORTC-PathoBiology Group, the
National Cancer Institute, Bethesda, MD, USA and the ASCO are
organizing annual international meetings where most of the above-
mentioned aspects are being discussed.
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interrogation of gene function on genome, transcriptome and

From: Cancer Drug Discovery and Development
Cancer Proteomics: From Bench to Bedside

Edited by: S. S. Daoud © Humana Press Inc., Totowa, NJ

211



212 Part IV / Bioinformatics and Regulatory Aspects of Proteomics

proteome level. Methodological and technological advancements
particularly in mass spectrometry-based proteomics have fostered
the development of tools to determine the proteomic signature of
various human cells in health and disease, through the construction of
comprehensive protein expression and protein modification profiles
as well as protein interaction and protein localization maps. Studying
gene function on protein level is vital to the understanding of
molecular mechanisms underlying pathological conditions including
cancer as variations in protein isoforms and protein quantity under-
lying a disease phenotype can often not be deduced from sequence or
transcript level genomics alone. Besides providing a greater under-
standing of carcinogenesis, proteomics also holds the promise of
identifying new targets for diagnostics, prognosis and therapeutics.

Key Words: Human, proteomics, functional annotation, data
integration, data standardization

1. INTRODUCTION

Twenty years ago, Renato Dulbecco viewed the sequencing of the
human genome as ‘a turning point in cancer research’ (1). However,
any genome is only as valuable as its annotation (2), and the immense
task of adding value to the human genome sequence through identi-
fication of its functional elements including protein coding genes
and elucidation of their function has only just begun. When the first
draft of the human genome sequence was published in 2001 (3,4),
the number of protein coding genes was estimated to be around
30,000–40,000. With the availability of the near finished sequence
of the human euchromatic genome (5), along with expanded cDNA
libraries, genomes of other organisms and improved computational
methods for gene prediction, this number has been adjusted to 20,000–
25,000 protein coding genes. Although this number is lower than
initially anticipated, the classical reductionist approach to function
determination is no longer sufficient. With the availability of the
genome sequence an array of ‘omics’ technologies to probe the
function of many or all genes and their products in a single experiment
has emerged. The field of proteomics has produced tools to systemat-
ically study proteins including their identification in complex protein
mixtures, measure changes in their abundance, distribution, and modifi-
cations, study protein–protein interactions, determine protein structure
and subcellular localization as well as characterize their biochemical
activity. Each approach individually produces valuable information;
however, eventually only an integrated analysis of data from different
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‘omics’ domains will permit a system level understanding of how cells,
tissues and organisms perform their function and what the changes
underlying pathological conditions including cancer are. To this end,
it is important to establish standards for data capturing, storage and
exchange to allow straightforward access and integration of available
information (Fig. 1).

Fig. 1. From the parts list to the system. Information on diverse aspects of
protein function under normal and pathological conditions is generated using a
wide range of proteomics technologies. Data from different proteomics domains
are gathered in public repositories. Data standards assure seamless data import,
export and exchange; minimum reporting requirements for experiments enable
a meaningful data (re-)analysis by third parties; and the use of ontologies and
controlled vocabularies facilitates data comparison and integration, a prerequisite
for studies on the system level.
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This chapter discusses current approaches to interrogate protein
function as well as efforts to coordinate and standardize proteomics
data generation, capturing, exchange and integration.

2. DEFINING THE PROTEOME IN HEALTH
AND DISEASE

The relatively low number of human genes suggests that complexity
of human biology is achieved through regulation on the transcriptional,
post-transcriptional and post-translational level. Alternative splicing
and translation (6) and post-translational modification (PTM), such
as phosphorylation, glycosylation and proteolytic cleavage, result in
a ‘proteomic stratification’ generating a protein population of a size
several magnitudes larger than the number of genes encoding them.
It has been estimated that the human proteome comprises up to
1,000,000 different protein species (7). Annotating the ‘normal’ human
proteome and detecting alterations correlating with pathogenesis that
could potentially serve as biomarkers for diseases, thus, seems to be a
daunting task. However, through the rapid advancements of available
technologies as well as coordination of global proteomics efforts, this
goal might be achieved earlier than anticipated.

2.1. Splice Variants
Alternative splicing modulates subcellular localization, and activity

of proteins through insertion or deletion of functional domains,
subcellular sorting signals or transmembrane regions (8–10) has
been implicated in a wide range of physiological and pathophysio-
logical processes. Recent studies suggest that between 42 and 74%
of human multi-exon genes are alternatively spliced (10–12), and it
has been estimated that 15% of point mutations that cause human
genetic disease affect splicing (13). Full-length cDNA sequencing
projects provide gold-standard definitions of transcripts and are making
substantial progress towards characterization of splice isoforms. The
H-Invitational database (H-InvDB) (14) integrates human transcript
information from six high-throughput cDNA sequencing projects
comprising annotation of 56,419 full-length cDNAs grouped into
25,585 cDNA clusters. Sequencing based approaches are labour-
intense and expensive. A technology more amenable to high-
throughput analysis are exon junction arrays that have been used
successfully to monitor splicing events of approximately 10000 multi-
exon genes across diverse tissues (12). Alternative splicing events
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derived from computational approaches are provided by the Alternative
Splicing Database (ASD) (15). The database also contains information
curated from the literature.

2.2. Post-Translational Modification
PTM of proteins plays a critical role in the regulation of biological

processes by affecting various aspects of protein behaviour such as
activity, turnover, localization and molecular interactions. The number
of documented protein co-translational modification and PTM has now
exceeded 400. The most common modifications include phosphory-
lation, glycosylation, methylation, acetylation, nitration, sulphation,
lipidation, ubiquitination and proteolytic cleavage. Large-scale studies
of PTM are currently focused on phosphorylation and glycosylation.

2.2.1. Phosphorylation

Phosphorylation is a reversible PTM involved in the regulation
of enzyme activity, signalling cascades and modulation of molecular
interactions. Deregulation of phosphorylation in signalling pathways
controlling cell proliferation and apoptosis is a feature of many types
of cancers, and drugs targeting these pathways represent promising
therapeutic tools.

There are a number of experimental approaches to map phospho-
rylation in protein mixtures. Methods based on two-dimensional (2D)
gel electrophoresis detect phosphorylated proteins by anti-phospho-
amino-acid antibodies, metabolic labelling or phosphatase treatment.
Protein spots are then identified by mass spectrometry. Alternatively
phosphorylated proteins can be identified in complex mixtures by LC
MS/MS (16,17) either with or without prior affinity purification. In
the latter case, fragmentation spectra that could not be assigned to
proteins in a database of unmodified sequences are used in a second
search iteration allowing for modification. Another approach to map
phosphorylation sites is the proteolysis of proteins by phospho-specific
cleavage, followed by mass spectrometry and deduction of phospho-
rylation sites from the cleavage pattern (18). Protein microarrays are
an emerging technology that will play an important role in phosphory-
lation profiling as well (19,20); however, prior knowledge of targets is
required here. More recently, quantitative mass spectrometry methods
have been incorporated into phosphoproteomics (21–24).

PhosphoSite (25) and Phospho.ELM (26) are two bioinformatics
resources that provide curated information on in vivo phosphorylation
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sites of human and mouse proteins while the protein kinase resource
(27) and the kinase pathway database (28) provide annotation of at
least 518 putative protein kinases encoded in the human genome (29).

2.2.2. Glycosylation

Glycosylation PTM through transfer of glycans or carbohydrates
to proteins is a complex process requiring the concerted action of a
series of glycosyl transferases each catalyzing a specific step in the
pathway. Evolution of this complicated process suggests important
functions of glycoproteins which are, however, poorly understood.
Nearly half of all proteins are potentially glycosylated (30), and
oligosaccharides are implicated in the regulation of protein folding,
Endoplasmic Reticulum (ER) to Golgi transport, cell–cell communi-
cation and immune response. There is also growing evidence for the
implication of glycans in tumor growth and metastasis (31–34).

Due to the non-template-driven nature of glycosylation, a direct
study of function is difficult as it is not possible to knock out specific
structures to evaluate their effect on the phenotype. A number of
different technologies are employed to study glycosylation including
mass spectrometry (35–38), Nuclear Magnetic Resonance (NMR) (39)
and liquid chromatography for glycan ‘sequencing’ (40,41). Glycan
microarrays are used for glycan–protein interaction profiling (42), and
new techniques to fluorescently label glycans have enabled quantifi-
cation of glycan species on the array (43) while the carbohydrate-
binding specificity of lectins is exploited to measure protein glycosy-
lation states using lectin microarrays (44–46).

Resources providing databases and bioinformatics tools for
glycobiology include the KEGG Glycan database (47) and
http://www.glycosciences.de hosted by the German Cancer Research
Centre. Several standards for the representation of glycan structures
have emerged to facilitate exchange and comparison of glycomics data
(48–50).

2.2.3. Proteolytic Processing

Proteolytic cleavage is an important non-eversible PTM controlling
the fate of proteins by influencing their subcellular localization and
activity. Proteolysis can also give rise to proteins, so-called cryptic
neoproteins with functions different from the parent protein it was
derived from. It has become evident that proteolysis is a highly
selective and regulated process playing a role in cellular processes
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going beyond catabolism, including DNA replication, cell prolifer-
ation, cell cycle, differentiation, migration and apoptosis (51–53).
Given the functional relevance of proteolysis, it is not surprising that
a mis-regulation of protease activity underlies several pathological
conditions including cancer (52,53). The human genome encodes 561
proteases and protease homologues (54) on which information is
available from the MEROPS database (55). The resource provides
summaries on each protease and its inhibitors and is cross-referenced
with UniProt Knowledgebase (UniProtKB). As it is not possible to
predict peptidase cleavage sites computationally at present because
substrate structure plays an important role, and thus, these sites have
to be determined experimentally. Several proteomics studies based on
isotope-coded affinity tag (ICAT) labelling or 2D gel electrophoresis
followed by MS/MS, and yeast two-hybrid screens have been dedicated
to the discovery of new protease targets and have lead to the identi-
fication, for example, of new potential metalloproteinase (56,57) and
caspase substrates (58).

2.3. Subcellular Localization
Eukaryotic cells and especially mammalian cells are highly compart-

mentalized. The function of a protein, therefore, is often strongly corre-
lated with its localization, and it has been shown that aberrations in
protein localization influence tumour progression (59). Development
of methods to systematically green fluoresce protein (GFP) tag proteins
using full-length cDNA libraries (60) in combination with microscope-
based high-throughput visual screening (61) has enabled analysis of
protein localization on a genome-wide scale. In mammalian cells, a
large-scale analysis of protein localization is complicated by splice
variants (10) and the wealth of different cell types. Thus, resolving the
human ‘localizome’ is currently limited to only a fraction of proteins
encoded in the human genome. As part of a large-scale project to
systematically analyse protein function, the German Cancer Research
Centre in collaboration with EMBL Heidelberg has determined the
localization of approximately 1000 proteins encoded by full-length
cDNAs generated by the German cDNA Consortium focusing on novel
proteins with completely unknown function. Data are made public
through the LIFEdb database (62) and the GFP-cDNA localization
project (http://gfp-cdna.embl.de).

Classical subcellular fractionation methods from cell biology,
followed by 2D gel electrophoresis and mass spectrometry, are applied
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in organelle proteomics to catalogue the protein cons tituents of cellular
compartments and components. Several proteomics
studies have analysed human organelles and other cellular structures
including nucleus (63,64), nuclear membrane (65), GR-Golgi inter-
mediate compartment (ERGIC) (66), Golgi (67), exosomes (68,69),
centrosome (70), mitotic spindle (71) and mitochondria (72).

Organelle DB (73) is a database of protein localization compiling
information on known protein constituents of organelles as well
as subcellular structures and protein complexes including manually
curated localization data from several subcellular proteomic studies.
Currently, the database contains localization information for more then
3900 human genes. Other resources are dedicated to specific organelle
proteomes such as MitoRes (74) and Mitomap (75), databases of
mitochondrial proteins, the Nuclear Protein Database (76) and NMP-
db of nuclear proteins (77) or the Hera database (78) of human proteins
located in the endoplasmic reticulum.

2.4. Tissue Expression
While comprehensive information of tissue expression is available

on the transcript level (79), establishment of a similar resource
for protein expression proves to be much more challenging due to
the requirement of unique binding reagents specific to individual
proteins. Large-scale projects are now underway to raise antibodies
against each and every human protein with the aim to interrogate
tissue expression on the protein level (80,81). The Swedish Human
Protein Atlas (HPA) (82) has been set up to explore the human
proteome using antibody-based proteomics. Antibodies against human
proteins are systematically raised and then used in high-throughput
immunohistochemistry screens (83) on tissue microarrays (84) for
expression profiling in normal and cancer tissue. Images are electron-
ically captured and annotated.

Bioinformatics is employed to select epitopes used as antigens for
antibody selection taking into account information on protein families
and domains (85). HPA generates so-called monospecific antibodies
(msAbs) (86) through immunization of rabbits and subsequent affinity
purification of the polyclonal immunoglobulins from immune sera.
msAbs are potentially more versatile then monoclonal antibodies as
the mixture of different antibodies recognizing the denatured as well as
native form of the protein enables their use in immunohistochemistry,
Western blots and pull down experiments (86). Currently, expression
information for more than 700 proteins in 48 different normal tissue
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types and 20 different types of cancer is accessible through the HPR
web page (http://www.proteinatlas.org).

2.5. Abundance
Changes in gene expression involved in tumorigenesis have been

studied extensively on mRNA level in recent years. However,
the collective phenotypic endpoint of mechanisms regulating gene
expression is protein abundance, which due to post-transcriptional
mechanisms to regulate gene expression such as control of trans-
lation rate and mRNA stability cannot be deduced from mRNA
expression data (87). Methods to quantify protein expression are
based on 2D gel electrophoresis, mass spectrometry or protein
arrays. Quantification by conventional 2D gel electrophoresis involves
matching of equivalent spots on gels used to separate protein samples
from different experimental conditions, determination of differen-
tially expressed proteins by comparing spot intensities and their
identification by mass spectrometry. Two-dimensional fluorescence-
difference gel electrophoresis (DIGE) (88) allows running two samples
on the same gel by labelling them with different fluorescent dyes in
vitro. This permits an accurate overlay of the two samples increasing
the confidence and sensitivity with which differential expression
is detected by overcoming the problem of inter-gel variability.
Furthermore, the dynamic range of DIGE of 10−4 enables the detection
of proteins expressed at relatively low levels.

A disadvantage of gel-based method is the bias against membrane
proteins and low abundance proteins. Gel-free methods for protein
expression profiling involve differential labelling of sample and control
with stable isotopes. The relative ratio of heavy and light peptides
derived from tryptic digest of labelled protein samples is then measured
by mass spectrometry. Labelling can be performed in vitro after protein
purification by chemical derivatization as well as in vivo by metabolic
labelling. The prototype of expression profiling based on differential
labelling is ICAT-based quantification (89), which is based on in vitro
tagging of purified proteins with a reagent consisting of a reactive
group directed against cysteine, a polyether linker region labelled with
deuterium, and biotin. Pooled and digested samples are then subjected
to cation and avidin chromatography to reduce sample complexity
followed by quantification of 2H/1H ratios by mass spectrometry. A
range of other methods targeting different functional groups of the
polypeptide chain or using different labels have been developed (90).
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The above approaches represent methods to measure relative protein
abundance between two or more samples. Absolute protein quantifi-
cation can be achieved by introducing isotopically labelled peptide
standards of known quantity into a sample, usually during or after
protein digestion. Application of this strategy on a global level has been
limited by the requirement to synthesize suitable peptide standards on
a larger scale. Recently, a method was introduced to produce peptide
standards by de novo design of a gene encoding an artificial protein
that is a concatemer of tryptic peptides (91). The stable isotope is incor-
porated metabolically during heterologous expression of the protein.

A relatively recent approach to measure protein abundance is
based on protein microarrays. There are two types of abundance-
based microarrays. The first type, capture arrays, is produced by
spotting analyte-specific capture molecules, for example, antibodies or
affibodies on the array surface (92). The sample is then applied onto
the chip for target detection. The second type, reverse phase protein
blots, is created by spotting the samples themselves on a slide and then
probe with the analyte-specific reagent (93,94). Analytes are detected
either by direct labelling of the sample with a detectable marker or
by using a labelled analyte-specific reagent. Protein microarrays have
been used for protein profiling in cancer research (94–97).

2.6. Protein–Protein Interaction
Identification of potential interaction partners of proteins involved

in cancer will help understand their biological role in the context of
functional modules and pathways and ultimately help to discover novel,
therapeutic targets. As protein interaction mapping reveals relation-
ships between proteins, it can also help to understand the effects a
therapeutic intervention will have on cellular processes and the overall
function of a cell. While genome-scale interaction is available for
several model organisms since some time (98–101), large-scale human
interaction data sets have become available only recently (102,103),
although covering only a subset of the proteome. Besides these large-
scale data sets, previous studies have investigated interactions in the
context of specific biological processes such as tumor necrosis factor
(TNF)-alpha/NF-kappa B signal transduction (104), the Hsp90 inter-
actome (105), EGF signaling (106) or the SMAD signalling pathway
(107). All but the later study which is based on yeast two-hybrid
have used affinity tagging and purification to detect complex compo-
nents. Interaction information obtained by this approach is less error
prone but not suitable to detect transient interactions likely to play an
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important role in signalling pathways (108). Recently, a luminescence-
based method has been employed to monitor transient interactions
under physiological conditions (109) overcoming the drawback of
yeast two-hybrid screens detecting interactions in an artificial milieu.

A number of databases capturing information on protein–protein
interaction have been established in recent years. Resources curating
human interaction data include IntAct (110), BIND (111), MINT (112),
DIP (113) and BioGrid (114).

3. THE NEED FOR STANDARDS: DATA
DISSEMINATION, EXCHANGE AND ACCESS

The success of genomics was made possible by large-scale collabo-
rative projects sequencing the same clones many times and sharing the
data by releasing the data in standardized form into public databases.
In this way, the genome and cDNA projects led not only to scientific
breakthroughs like deciphering genomes and the transcript landscape
but also created community resources. These community resources
enabled other scientists to harvest already in an early stage the fruits
of the investments in these projects too.

Proteomics is currently still dominated by single-lab contributions;
most experiments, especially the large-scale ones, are due to its costs
rarely repeated, and the data end in various formats in various places.

To realize the power of proteomics, it is necessary to learn
from genomics. Money in large-scale proteomics will be only worth
spending if the return on investment will lead to community resources
such as large data collections usable by and of interest for all life
scientists or large scientific communities like the cancer community.
To achieve this, many technical obstacles need tackling, especially
because the rate of production of proteomics data continues to increase
as high-throughput approaches become commonplace; the complexity
of these data sets is also increasing as both workflows and instru-
mentation evolve. This creates two linked problems; to handle this
volume of data would in itself present logistical challenges, but that
these data are both voluminous and complex mandates sophisticated
data handling techniques. A corollary of the commercial origin of
much of the technology deployed in proteomics is that the data are
not just complex and voluminous, they are frequently in proprietary
formats; computational access to these is often contingent on the avail-
ability of a particular vendor’s software. To enable the harvesting of
proteomics data directly at the source of production in a common
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format is a prerequisite towards systematic data capturing, an area
where proteomics still lags significantly behind.

Guidelines on what to report as part of a proteomics publication
are being developed (115), and formats on how to represent the data
in a standardized manner are emerging (116,117). Other efforts in
establishing data standardization largely centre on the increasing use of
controlled vocabularies and ontologies to standardize the way metadata
and annotations are provided in data files. The most established and
widely used ontology is probably the Gene Ontology (GO) (118) to
describe attributes of gene products developed and maintained by the
GO consortium. Other efforts in this field include the development of
ontologies to more accurately describe expression data, for example,
the work of the eVOC group (119), and the developing Sequence
Ontology (120) aimed at describing biological sequences.

Proteomics data are being produced on a large scale, and being
lost on a large scale. Long lists of identifications are either published
directly with the article, resulting in a voluminous and rather tedious
read, or are included on the publisher’s website as supplementary
information. Genomics at today’s scale would have to be conducted
very differently if genomics data were not centrally archived and
the requirement for data deposition prior to publication stipulated by
scientific publishers and funding agencies. A number of proteomics
databases exist among them, PRIDE (121), GPM (122), OPD (123),
PEDRo (124) and PeptideAtlas (125). All of these repositories capture
proteomics data and make it publicly available. Each of them, however,
captures a different subset of data and provides it currently in a different
form. Thus, accessing all proteomics data available in public databases
still requires an enormous effort. To overcome this fragmentation of
proteomics data and to establish a network of stable, synchronized
proteomics resources, the ProteomExchange group was formed with
the aim to establish a regular data exchange between major proteomics
repositories.

Standardized, comprehensive deposition of proteomics data in
public repositories will facilitate scientific collaboration and in large-
scale collaborative projects, for example, in joint analysis of the same
samples. This is particularly valuable in proteomics, where no single
laboratory currently can elucidate the full proteome of a given system.
The combination of different specialist proteomics technologies is
essential to fully analyse a given system. Only the sharing of many
different data sets created by diverse proteomics technologies will
allow research on the system level.
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While the global advantages of proteomics data standardization
and deposition in public repositories are quite obvious, individual
researchers might not consider them to be of immediate benefit. Data
submission will engender a certain amount of extra effort, and easy
public availability of the data might not always be seen as an advantage
by the individual researcher. To minimize the effort for standardized
data submission, it is necessary to engage commercial and open-
source proteomics tool providers who will implement the standard data
outputs in their products, thus minimizing the necessary effort for data
conversion and submission. The participation of scientific publishers in
such a process is also mandatory to ensure that the developed standards,
tools and repositories meet the requirements of the publication process
and will in turn promote the application of these standards by their
authors, thus increasing the transparency, quality and public value of
proteomics publications.

4. CONNECTING THE DATA:
THE UNIPROT KNOWLEDGEBASE AND ITS HUMAN

PROTEOMICS INITIATIVE, AND INTEGR8

Protein sequence information is generated in a highly redundant
fashion resulting in sequence data corresponding to a single protein
coming from many different sources such as genome projects, full-
length cDNAs or less frequently protein sequencing. UniProt (126), a
resource unifying the Swiss-Prot (127), TrEMBL (127) and PIR (128)
databases, was created with the aim to provide a central database where
sequences relating to the same protein are merged into a unique entry
which describes all unique protein products of an individual gene.
The UniProtKB provides extensive curated information on proteins,
including functional annotation, classification and cross-references to
external databases.

Sequence annotation provided in UniProtKB/Swiss-Prot, the
manually curated branch of UniProtKB, comprises splice variants,
polymorphisms, potential and experimentally confirmed sites of PTM,
active sites, domains, cofactors and structure. Furthermore, infor-
mation on biological pathways, catalytic activity, cofactors, regulation
mechanisms, subcellular localization, tissue and developmental stage-
specific expression of the protein and so on is provided. Extensive and
increasing use of controlled vocabularies and ontologies such as the
GO (118) and eVOC (119) improves data integration and program-
matic data access.
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UniProtKB/Swiss-Prot is supplemented by UniProtKB/TrEMBL
containing protein sequences resulting from translation of nucleotide
sequences in the EMBL sequence database, which are electronically
annotated based on similarity to sequences in UniProtKB/Swiss-
Prot. The UniProtKB contains a set of approximately 74,000 human
sequences; however, this will include many splice variants, which will
eventually be merged into a single entry within UniProtKB/Swiss-
Prot. Currently, an average of about five nucleotide entries are used

Fig. 2. Data integration. The Integr8 web portal offers easy access to integrated
information on protein, transcript and genome level. The screen shot shows infor-
mation on different isoforms of the tumour antigen p53 as provided by Integr8
including functional annotation based on Gene Ontology and InterPro cross-
references, links to primary sequence databases, as well as various proteomics
data repositories such as PRIDE, SWISS-2D-PAGE and IntAct.
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to create one human UniProtKB/Swiss-Prot entry. These sequences
can be further confirmed by protein sequencing either implicitly
by the classical Edman sequencing technique or explicitly by mass
spectrometry methods. Currently, more than 16% of the human entries
contain such data.

UniProt has launched the Human Proteome Initiative (HPI) (129) a
major project to annotate all known human sequences according to the
Swiss-Prot quality standards. To date, 14,328 human protein records
have been fully manually annotated with an additional 7887 splice
variants being identified within these entries.

Strength of the UniProtKB is the extensive cross-referencing made
to other, more specialized databases, offering a protein-centric way to
move from an UniProtKB record to these different databases. Another
approach to integrate many of these resources is to allow navigation
from genome to gene to transcript to protein or the other way around.
The Integr8 project (130) has been developed, as a joint effort between
different European data providers, to attempt this. The Integr8 web
portal provides easy access to integrated information about deciphered
genomes and their corresponding transcripts and proteins. Available
data include DNA sequences (from databases including the EMBL
nucleotide sequence database, Genome Reviews and Ensembl); protein
sequences (from databases including the UniProtKB and IPI); statis-
tical genome and proteome analysis (performed using InterPro, CluSTr
and GOA) and information about orthology, paralogy and synteny.
Additional structural data are also available based on information
derived from the Protein Data Bank and HSSP (131). Figure 2 shows a
screen shot of information on p53 as provided by the Integr8 website.
Users can also configure their own analyses using interactive inter-
faces. The underlying data can be accessed for download via FTP and
BioMart, a development of the EnsMart data warehousing system (132).

5. CONCLUSION

We are still a long way from a full understanding of the human
proteome, in particular of the specific role each molecule plays in the
cellular context, but our knowledge is growing daily with increasing
speed due to large-scale proteomics approaches and coordination of
efforts through consortia and initiatives following the path shown by
the Human Genome Project. A wealth of data are being generated
on diverse aspects of protein function and made publicly accessible
through an array of interlinked databases (See Table 1). Existing
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and emerging data standards will facilitate access and exchange of
these disperse data. This is a major prerequisite for the next stage in
post-genome research, the integration of data from different ‘omics’
domains to enable studies
on the systems level which will eventually facilitate the discovery of
new targets for cancer therapy, and provide a better understanding of
the implications therapeutic intervention will have on the system as a
whole.
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reliable laboratory measurement, using robust clinical study designs
with representative patient populations and effective controls,
and addressing issues of biological validations and potential bias
associated with predictive biomarker validation.

Key Words: Cancer; proteomics; target; therapy; validation;
regulation

1. INTRODUCTION

The completion of the human genome project in parallel with the
advent of new developments in diagnostic technology has clearly
revolutionized modern laboratory medicine. It is now quite feasible to
utilize patient-specific genomic or proteomic information to allow for
refined treatment decision making. In particular, introduction of the
protein chip, refined methods for use of mass spectroscopy, information
systems to allow for pattern recognition, large-scale protein identi-
fication, novel data processing, and bioinformatics analysis systems
have brought the search for proteomic markers to the forefront.

The introduction of both genomic and proteomic markers has
been accompanied by a marked shift in the traditional paradigm
applied to the search for new biomarkers. Traditionally, biomarker
discovery has been hypothesis driven. Research activities were largely
directed to one particular issue at a time, focused on testing a specific
hypothesis derived using clinical observation, limited experimental
data, or informed modeling. With the delineation of the human genomic
map, multiple potential drug targets can be identified at one time, and
the search for new drug targets has evolved increasingly toward use
of empiric database-driven markers (1). This enables the generation of
large numbers of potential targets without specific working hypotheses
or concrete mechanistic insights in a relatively short time (2,3). The
new approach is providing opportunities for new biomarker discovery,
although interpretation of the data generated remains a challenge to
biomedical researchers.

In the context of oncology drug development, biomarkers can be
categorized into those used to confirm pharmacological mechanisms
of action, to demonstrate biological mechanisms of action, and/or to
predict clinical outcome. Use of protein biomarkers in the laboratory
can produce unique challenges. Unlike nucleic acids, proteins are
difficult to manipulate in a laboratory setting due to the fact that
they cannot be fully duplicated even with a DNA template. Mass
spectrometry coupled with separation technology and informatics has
dramatically improved our capability to study and use proteins in
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new biomarker and target discovery (4,5). Recent work with targeted
therapy has shown that measurement of the genetic variations of a
molecular target can predict treatment responses in specific subsets
of patient populations (6). In addition, developments in the area of
functional proteomics are expected to aid in understanding the mecha-
nisms of drug resistance. Protein biomarkers may be particularly
valuable in guiding targeted therapeutics because in most cases they
may identify direct targets of the drug actions with the requisite post-
translational modifications required for appropriate functions.

It becomes evident that the high dimensionality of proteomics data
poses a challenge in statistical analysis to assure the biological verifi-
cation and validation of a new biomarker (7,8). For instance, particular
care is needed to control the false discovery rate inherent in use of
the supervised machine learning methods when applied to a large pool
of candidate biomarkers with limited patient samples. Careful and
creative design is needed to assure that the fundamental performance
of a new marker is robust and reproducible rather than artifactual.
In addition, the study design needs to further demonstrate that the
biomarker provides added values to existing diagnostic modalities
and therefore has clinical utility. High dimensionality in data presents
unique study challenges, especially when the dimensionality of the
biomarker pool greatly exceeds the number of samples studied. But
this high dimensionality is likely to be of unique value in allowing a
diagnostic to move from the limited information provided by unique
markers to the use of a more nuanced and sophisticated approach
based on the systemic biology of the diseases being studied. Given
the biological complexity of cancers, this approach seems particularly
appropriate.

From the FDA’s perspective, new proteomic technology, like any
new technology, is based on the generation of good scientific infor-
mation collected using good laboratory practices and applied using
good manufacturing systems consistent with FDA’s quality system
regulations (Title 21 Code of Federal Regulations FDA, Subchapter H,
Part 820 Quality Systems Regulations). Ideally, the analytes should
be specific, with unique tissue or organ distribution, be clinically
relevant to patient outcome, and the measurement be standardized and
reproducible. Analytical and clinical data should be transparent and
scientifically and clinically verifiable (9–12).

Proteomics is an evolving science. While FDA has experience
in regulating cancer biomarkers, its experience in regulating the
proteomic cancer biomarkers and their applications in targeted cancer
therapy are limited. It is our hope that by working together with cancer
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researchers, industry, and oncologists, we will be able to facilitate the
rapid transfer of new technology from the research bench to the patient
bedside. In this chapter, we will provide a brief description of current
framework and regulatory pathways for in vitro diagnostic devices
(IVD) devices, more commonly referred to as laboratory tests, and
point out some critical issues with regulatory implications pertinent
to diagnostic proteomics in predicting the safety and effectiveness of
cancer therapeutics.

2. THE REGULATORY PATHWAYS TO MARKET

FDA has regulatory oversight over all Medical Devices, which
include IVDs. FDA regulates tests or test systems for use in clinical
laboratories, physician offices, or other point of care settings.

Tests regulated by FDA are categorized into one of three classes
(class I, II, and III). FDA exerts its lowest level of oversight to class I
devices, medium oversight to class II devices, and its highest level of
oversight to class III devices. Manufacturers desiring to commercially
market a laboratory test seek pre-market approval (PMA) for class III
or pre-market notification (510K) for class II from FDA.

The most commonly used route is the pre-market notification,
described in section 510, subpart k of the Federal Food, Drug, and
Cosmetic Act. This submission is commonly referred to as a 510(k).
The new test kit or system can be provided in a variety of configura-
tions and may include hardware, software, reagents, and/or other acces-
sories along with instructions for use and clear labeling as appropriate.
Most commonly, new 510(k) submissions are reviewed by comparing
to an existing device which was on the market at the time of the 1976
Medical Device Amendments or has been cleared since 1976 as being
equivalent to one of these on the market in 1976 (predicate device).

The new device must be shown to be substantially equivalent to
the identified predicate device. FDA is allotted a 90-day review time
and attempts to work interactively with the sponsor or manufacturer
to meet this goal.

A second route for FDA to bring a new product to market is the
PMA Application (PMA). PMAs are associated with tests for which
there is a high risk to the patient from the laboratory results, or where
little is known about the test. These are considered class III devices,
and FDA uses the term pre-market approval to describe its process for
these applications. These products are not studied in comparison to a
predicate device, but instead are shown to be safe and effective using
appropriate clinical and/or laboratory data.
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Safety is focused on assuring the benefits of use outweigh the
risks. Effectiveness is focused on assuring a new device provides
clinically significant results. The PMA review process allows for a
180-day review timeline. For novel or complex technology, FDA often
holds formal advisory committee meetings to assure outside scien-
tific expertise is applied to its review process and that a public and
transparent discussion and review of the technology is effected.

In spite of differing administrative and scientific regulatory
thresholds applied to these two types of submissions, there is varying
overlap in the core information that may be required to complete pre-
market review. Performance data for both submission types should
demonstrate the accuracy of test performance when compared to a
predicate device or appropriate clinical and/or laboratory data. In
addition, test precision, analytical specificity, and, when appropriate,
other aspects of detection or measurement are also reviewed.

While there is no single path for demonstrating clinical perfor-
mance of an assay, roadmaps for this type of analysis have been
published (10,13,14). In addition, numerous voluntary standards
(http://www.clsi.org) and FDA guidances (http://www.fda.gov/cdrh/
oivd/regulatory-guidance.html) provide insight into this activity.
Sponsors can provide information either based on their own clinical
studies of the intended use population or in some cases may cite relevant
published clinical studies or utilize data derived from other external
sources.

In addition as part of the PMA review process, the manufacturing
site for the new device must pass an inspection by FDA. The inspection
is to assure that the manufacturer can consistently produce the product
to meet its own written specifications. The FDA inspects the test
manufacturer’s facility and manufacturing specifications, as well as
records generated by the manufacturer in the production of lots or
batches of the test or test system. Again, the intent is to ensure that a
manufacturing system is in place to provide for consistent production
of the product over time in conformance with product claims and
labeling.

FDA pre-market work is performed in a highly transparent manner.
FDA device reviews for cleared IVD 510(k) submissions are posted
on the Office of In Vitro Diagnostic Device (OIVD) web page
(http://www.fda.gov/cdrh/oivd) using a standardized review template.
A summary of safety and effectiveness for approved PMA submissions
is posted as well.



242 Part IV / Bioinformatics and Regulatory Aspects of Proteomics

3. THE CLASSIFICATION OF TUMOR MARKERS

FDA began regulating tumor-associated antigen test systems in
1973. Because false-positive and false-negative results could result in
major errors in treatment, tumor-associated antigens were originally
considered high-risk products and designated class III devices subject
to review as PMA submissions. Although the menu of tests approved
for market was small (carcinoembryonic antigen, alpha fetoprotein,
and prostate-specific antigen), more then two dozen applications were
approved for market over the next 25 years. In 1999, FDA received a
petition to down-classify IVDs used to monitor cancer patients from
class III to class II devices. This petition was based on the argument
that monitoring tests provided a lower risk than screening tests because
the patient had already received a cancer diagnosis. It was also based
on the belief that after 25 years of common use, these monitoring tests
and the possibility of false-positive and false-negative results were well
understood by health care professionals treating cancer. As a result,
IVDs for use in testing for cancer were divided into high risk class III
screening and diagnostic devices and moderate risk class II monitoring
devices.

4. FDA OUTREACH ACTIVITIES

In an effort to better understand new technologies like genomics and
proteomics, the agency has established several outreach activities. The
term “informal” is used to designate submissions that are voluntarily
submitted to the agency, primarily for educational purposes. These
submissions are not used to obtain regulatory decisions, but serve as a
means of communication between the agency and industry.

The Center for Drug Evaluation and Review (CDER) utilizes
a process referred to as the Voluntary Genomic Data Submission
(VGDS) to allow for early and informal review of data generated during
drug studies. A formal guidance has been developed to describe this
process (http://www.fda.gov/cder/guidance/6400fnl.htm). Although
the guidance does not address proteomics specifically, the principles
of the guidance can be used as a model for proteomic submissions.
These voluntary submissions are reviewed, not by a reviewing division,
for example, the Division of Oncology Drug Products in CDER, but
by a separate group, the Interdisciplinary Pharmacogenomic Review
Group (IPRG) (http://www.fda.gov/cder/genomics/IPRG.htm). To
date, VGDS are primarily submitted by pharmaceutical firms. If the
firm is international in nature, and markets its products in Europe,
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the European Medicines Agency (EMEA) may also be asked to
provide input as members of the IPRG (http://www.fda.gov/oia/ pilot-
program0904.html). The guidance further defines the VGDS and
the IPRG.

Included in the VGDS guidance is a discussion of analytical
biomarkers. Three types of analytical biomarkers are described: known
valid, probably valid, and exploratory biomarkers. Examples of known
valid biomarkers include the enzyme biomarkers cytochrome P450
(2D6 and C19), thiopurine methyltransferase, and UGT1A1 (15). This
is a rapidly developing area and to date over two dozen informal
submissions have been submitted with a broad variety of goals and
with varying informal but beneficial educational and informational
outcomes.

As part of a CDER outreach activity, the agency has developed
a Cooperative Research & Development Agreement (CRADA) with
Novartis Institutes for Biomedical Research. It is expected that the
results of the CRADA, “Criteria for validation of genomic biomarkers
of safety,” will set criteria for the analytical validation of genomic
biomarkers.

As part of CDRH outreach activity, the agency has sponsored
over 100 visits by stakeholders with an area in molecular diagnostics
including representatives of industry, academia, and other government
agencies working in the areas of genomics, proteomics, and cancer
biology. In addition, both CDER and CDRH have participated jointly
in more than a half a dozen workshops on topics related to genomic
test development and use.

5. SOME CRITICAL ISSUES WITH REGULATORY
IMPLICATIONS FOR PROTEOMIC CANCER

BIOMARKERS

The Human Genome Project is likely to provide many potential
molecular targets with biologic plausibility for future drug devel-
opment (16). However, despite the research efforts and money being
spent over the past decades and growing interest in biomarkers and
their use in drug development, drug approval has not increased in
recent years (17).

Cancerous cells use many signaling pathways such as angiogenesis,
proliferation, apoptosis, and metastasis with great biological robustness
(18). Cancer phenotype consists of a set of parameters of which
the presentation is probably context dependent (19). It is likely



244 Part IV / Bioinformatics and Regulatory Aspects of Proteomics

therefore that, for treatment success, multiple pathways may have to
be targeted. However, delineating the drug targets at the molecular
level and assigning physiological functions remain a formidable task.
Moreover, validation of new biomarkers requires careful planning and
consideration of all relevant scientific and regulatory issues. In this
section, we will attempt to outline some important issues in the assay
development of cancer proteomic biomarkers for oncology-targeted
therapy. Because several articles have already been published on the
regulatory perspective for biomarker development (20–26), we will be
focusing only on some of the critical issues related to proteomic cancer
biomarker assay development.

5.1. Target Characterization
Characterization of a new proteomic biomarker assay is best

performed in the context of planned intended use (27). A causal
relationship between the potential target and outcome is also
essential (28). For example, it has been known that the type II topoi-
somerase is a possible drug target for anthracycline (29). It has been
identified as a putative target for anthracyclines (30,31), which function
as a topoisomerase poison. Topoisomerase IIa (TOP2A) gene aberra-
tions have been detected in about 23% of the breast cancers by the
fluorescence in situ hybridization method (32). However, the gene
amplification and deletion of TOP2A do not correlate well with the
topoisomerase expression in tissue (33). The increase of the enzyme
in tissue detected by immunohistochemical (IHC) staining on breast
cancer tissue section does not appear to change in parallel with
the gene dosage. The topoisomerase II� is affected by other factors
such as p53 (34) and c-myb oncogene (35) that could modify the
TOP2A gene expression. Therefore, the measurement of the target
molecule at the DNA level does not seem to reflect the topoisomerase
expression in the tissue (36). It is uncertain whether testing of ampli-
fication of the TOP2A or topoisomerase itself will make for a better
predictive marker for chemosensitivity of anthracycline. Similarly,
HER2/neu is also thought to be a useful biomarker for patient triage
and predicting treatment outcomes of the anthracycline-based adjuvant
chemotherapy (37). It is closely located on the same amplicon on
chromosome 17q12-21 (38). But in this case, the biological plausi-
bility is less evident. In addition, there are also at least 22 other genes
showing significant over-expression in breast cancer, including gain of
chromosome 17q12-23 (39), without clear-cut biological functions. In
theory, they could be the potential drug targets of the anthracycline as
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well. Therefore, unequivocal causal correlation of an intended analyte
as a potential drug target to outcomes and reliable measurements may
be important factors in biomarker development.

It should be desirable to verify and validate the intended drug
target by a second alternative approach. If an antibody is available,
Western blots or IHC staining are valuable in validating molecular
target identified by the mechanism-based drug discovery. To date,
proteomics has played a limited role in both disease diagnosis and
drug target discovery (2). However, mass spectrometry is a promising
technology to allow for direct tissue profiling (40). The technology
may be useful in future drug target validation especially for novel
therapeutic targets for which antibody is not available. A drug target
can be validated in another experimental system such as a cell-based
model system at the transcription level or in an animal model at the
systemic level (41). In this case, the operational or case definition of
the disease phenotype and measurability of the related target analytes
and their relationship to the drug target should be clearly determined
(42,43). Recent development in short-interfering RNA (siRNA)-based
techniques showed siRNA could be effective in modifying disease
phenotypes (2) that could be useful for target characterization.

5.2. Intended Use and Indication for Use
Intended use describes how the device is to be used including infor-

mation on the analyte to be measured. This includes the nature of the
test (quantitative or qualitative, specimen type and matrix, as well as
condition for use, i.e., prescription use or over the counter). Indications
for use describe the condition or disease to be screened, diagnosed,
monitored, or treated, the target patient population, and the frequency
of use. FDA requests different types of data and statistical analyses in
pre-market applications for commercial distribution of IVD devices.
Specific claims for using the device must be supported by appropriate
performance characteristics data. The type of data required depends
on the intended use, indication for use, technological characteristics of
the device, and on other claims made by the manufacturer.

In most of the drug development process, it is highly desirable
to have assays to assess the efficacy and toxicity of the lead agents
(44–46). Ideally, the assays for early phase drug targets could be
developed into clinical laboratory tests to triage patients and to predict
treatment outcome. The predictive cancer biomarker could be the same
drug target or could be derived from the molecules associated with the
same or related signal transduction pathways (47). The marker assays
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must be shown to be both analytically valid (e.g., have acceptable
accuracy and reproducibility) for the drug developed and clinically
valid (e.g., have acceptable diagnostic accuracy for the disease state or
drug response of interest) for patient therapy choices. A laboratory test
that will be used for a predictive marker to triage patients to receive
specific therapy is unique in the sense that one needs to consider
potential risks of the device to patients based on the proposed intended
use and indication for use. The risks are gauged in terms of whether the
testing can correctly identify the subset of the target patient population
likely to respond to the target therapy, as well as how inaccurate test
results (false-positive and false-negative results) will adversely affect
patient outcomes. Other considerations include the extent of correlation
of the cancer biomarker with clinically relevant patient endpoints and
the balance between treatment benefit and potential drug toxicity.

The generalizability of the study results is an important characteristic
indicative of external validity of a study (48). It is important that the
intended target patient population is reflected in the validation study.
The study subjects should be representative of the future target patient
population, and all subgroups of a target population should be included.

5.3. Method and Operation Standardization
The Human Proteomic Organization (HUPO) has initiated a

standardization project on biomarker discovery and validation through
the HUPO plasma proteome project (49,50). It has laid the groundwork
for future method standardization by identifying sources of variation
of the mass spectrometry platforms for serum biomarker validation
(51). Method and operational standardization in proteomics on mass
spectrometry platforms are critical in target validation especially in
the pre-analytical phase of mass spectrometry measurement where
activities such as sample handling and processing steps are prone to
systemic bias (52,53). It cannot be overemphasized that the laboratory
operation of mass spectrometry should be standardized because the
pre-analytical and analytical phases of testing have the potential to
introduce significant systemic biases into mass spectrometry results.

Effective validation requires a priori acceptance criteria (8). There
are other important factors in analytical and post-analytical phases that
could also significantly affect data quality of mass spectrometry. These
are calibration, baseline subtraction or normalization, peak alignment,
feature extraction and selection, quality controls, and quality assurance
procedures for raw data acquisition and processing (54–56). All steps
in performing an assay under study should be standardized before
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initiating a study using appropriate reference materials, clearly written
standard operating procedures and well-trained testing personnel. By
building quality into the performance of studies, inter-laboratory, cross-
platform, and inter-technologist variability can be minimized.

5.4. Machine Learning Algorithm
Proteomics studies of mass spectrometry will be compared to a

reference (“gold”) standard, most likely clinical diagnosis or patient
outcomes. The initial (internal) evaluations will probably use banked
specimens in a case control study using a supervised machine learning
algorithm (57,58). In recent years, it has become generally accepted
that cross-validation with an external and independent sample set is
essential in the multiplex biomarker evaluation to prevent underesti-
mation of false-positive and false-negative error rates (59,60).

Data variability can be significantly affected by the readout format
of the mass spectrometry signals. For mass spectrometry methods that
do not employ stable isotope as an internal standard, one usually
measures peak height in determining signal intensity at a particular
mass/charge ratio (m/z). It has been reported that the coefficient
of variation of peak height signal intensity could be as high as
50–60% (61). Some researchers have therefore converted the peak
altitude to a binary outcome to facilitate further data processing
(61). However, such readout formats are not amenable to quanti-
tative measurements. For this reason, stable isotopes are still used in
quantitative mass spectrometry (62). The internal standard with stable
isotope-labeled analog offers a relative measurement for the unknown
concentration of a specific analyte. It also avoids the systemic biases
due to ion suppression imposed by matrix effects (63) or abundance
proteins (64). A new method to quantify protein and metabolites
by mass spectrometry without isotopic labeling or spiked standards
has been reported (65) that may lead to further method develop-
ments in biomarker discovery and validation. Post-instrumentation
data processing, such as normalization, and peak alignment could also
significantly change the data structure (52–55).

Some of the co-variables in multiplex testing may be derived from
the same signaling pathway, thereby being highly correlated. The
variables that are closely related in a multivariate model may be selec-
tively reduced based on their underlying biology in facilitating further
data processing and analysis (66). It is also important to examine
the data distribution prior to selecting a machine learning algorithm
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that is appropriate for model fitting, and to check whether the model
assumptions hold (8).

It is uncertain at present how to biologically validate the machine
learning algorithms, and what would be the appropriate quality control
procedure for the derived proteomic multiplex testing. These are signif-
icant issues of both scientific and regulatory concern.

5.5. Study Design
5.5.1. Internal and External Validation

Proteomic tumor markers should demonstrate that they are signif-
icant predictors of changing clinical status when used alone or in
combination with other diagnostic modalities. This can be demon-
strated by testing appropriate clinical samples in different development
phases (59,67,68). The model building and internal validation needed
to demonstrate proof of concept may use a split sample design of a
training set and a testing set with appropriate controls (59). Validation
is not expected to be as robust when using an internal testing set
as when using an external testing set because the characteristics of
the samples in the former will likely be very similar to those in the
training set.

The validity of the cancer biomarker can be checked initially
in an internal validation study as described above evaluating the
accuracy of the marker in a case-control study. Ultimately, however, a
randomized double-blinded prospective cohort study with independent
sample sets, in conjunction with other known clinical or diagnostic co-
variables such as age, gender, disease stage, remission, and recurrence
(68–72), may be needed to establish performance. In some cases,
samples banked during prospective clinical trials can be used to
replicate a prospective study. In review of data in this circumstance,
attention needs to be paid to two key issues: stability of the analyte
during storage and assurance that sample selection bias does not impact
study results.

A standardized data gathering system and format for efficient
clinical data collection including chart review, laboratory reports,
pathology reports, and imaging modalities should be in place before the
study begins (73). Researchers are required to systematically document
all protocols and provide data to support all diagnostic claims.

External validation should use an independent sample set (58,59).
The confounding effects of the multiple co-variables in an assay
system should be controlled primarily in the study design stage (74).
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Randomization of the treatment assignment and testing order of the
samples from different classes (e.g., diseased and non-diseased, drug
responders, and non-responders) is probably the best approach to
control multiple unknown co-variables and selection bias, which may
confound data interpretation (52,75,76). Statistical adjustment may be
made but are not a substitute for a robust study design. The clinical
trials on predictive markers will need a marker-based or marker by
treatment interaction design (76). Sample size calculation will need
to assume higher event rates to achieve the same statistical power
of a conventional clinical study when size of the treatment effect is
evaluated alone (70). The calculation made from studies should include
strategies for dealing with missing data or sample attrition. Methods
to compensate or correct for potential sampling bias and confounding
factors are appropriate whenever such bias and confounding factors are
unavoidable or becomes apparent a posteriori. The predictive marker
may have to be approved concurrently with a targeted drug or together
with the drug as a combination product or co-developed product (25).

5.5.2. Patient Outcome and Surrogate Endpoints

Clinical endpoints and patient outcome measures should be appro-
priate to the claims on indications of use. Primary patient outcomes
for evaluating a predictive cancer biomarker are overall survival and
progression-free survival (77,78). A surrogate endpoint is a biomarker
intended to substitute or predict the patient outcomes (79,80). Devel-
opment of criteria for statistical validation of surrogate endpoints
continues to be a fervent area of research (81–86). The research
includes joint modeling of the clinical outcome (e.g., time to death
or progression) with repeated measurements of the putative surrogate
over time (87). To be clinically useful in predicting patient outcomes, a
candidate biomarker should demonstrate strong and consistent associ-
ation with the natural history of the disease and the primary patient
outcomes. It should be specific in tissue distribution, free from
interference of matrix effects. Also its time course of concentration
changes should occur in parallel with stage of disease progression
and regression in exposing to therapeutics interventions in a dose-
responsiveness manner (79,80,88,89).

Objective clinical evidence of disease status such as symptoms and
signs indicative of disease progression and regression, biopsy-derived
histology, and/or imaging modalities could also be used as reference
standards in validating tumor biomarker assays (90–93). As new targeted
agents are likely to be cytostatic rather than cytotoxic (94), the objective
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or measurable treatment response may not be feasible in evaluation
of targeted therapy. Under such circumstances, a composite reference
standard may be constructed from clinical impression of physicians,
imaging, and laboratory data (93,95). A mechanism-based biological
endpoint could also be used if its association can be demonstrated to
be consistent with the patient outcomes (96–99). A subjective, intan-
gible, or multidimensional study endpoint such as health-related quality-
of-life would be difficult to interpret (92,95). Moreover, intermediate
endpoints such as toxicity and treatment response may not be suitable
in the evaluation of predictive markers (91). A caution is that some
of the intermediate outcome measures such as time-to-progression and
time-to-recurrence or even tumor response may be difficult to interpret
because their relationships to survival are largely undetermined (92,96).
Nonetheless, it is expected that new science-based biological surrogate
endpoints could be useful in future clinical studies (97–100).

The criteria for intermediate endpoints such as disease progression
and treatment response should be specified or defined clearly prior to the
study. For example, identification of the length of a favorable treatment
response that can be counted as a meaningful disease remission or the
extent of a mass shrinkage detected by imaging could be considered as
an acceptable response to therapy.

5.5.3. Sample Size and Power

The study should be sufficiently powered to detect differences of
desirable clinically significance effects. The sample size will have to
be sufficiently large to accommodate all covariates for the study and
sample attrition. The calculation of the sample size needs to factor in the
biomarker prevalence (101). It has been reported that as many as four
times the number of events may be required for a marker by treatment
study design to achieve the same statistical power in evaluating the same
effect size as a regular intervention study (70).

5.5.4. Statistical Modeling

The joint distribution of the biomarker in samples from healthy and
disease subjects and the underlying assumptions of the statistical model
are critical to the fitting of an appropriate statistical model to the data. It
is important to examine joint distribution of the putative biomarkers and
the assumptions underlying parametric models (8,66). Although a distri-
bution is not assumed for nonparametric methods, all other underlying
assumptions of the multivariate model need to be met satisfactorily (8).
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In dealing with studies involving multiple endpoints, the Bonferroni
correction can be used to adjust the probability of a false significance
or Type I error (�) to control the chance of false-positive results at
most � (88,89,102). In the case of the highly correlated endpoints, the
Bonferroni correction will be conservative (103). In this case, p value
resampling (104) or other methods (60) can be used to obtain a less
severe yet still valid correction for multiplicity. Practical approaches
using weighted parameters for developing a composite score based on
biological evidence of the disease phenotype’s modulation or other
empirical methods may also be considered (105,106). Also, the impli-
cation of a positive result for some particular analytes in the multi-
variate model to overall predictive power of the multiplex assay should
be considered.

5.5.5. Supportive Evidence

Reproducibility of test results is critical for the validity of a laboratory
test. For continuous valued tests, the coefficient of variation is useful
for quantifying variation of the test result in sample replicates over
days, operators, reagent lots, devices, and other conditions. For a high-
dimensional laboratory test, a single study is insufficient to fully validate
the clinical utility of the device. With proteomics data, the dimension
of the candidate biomarker pool from which the test was developed
often exceeds by many fold the number of samples studied. Conse-
quently, over-fitting of the test results to the samples is an easy mistake to
make, resulting in a substantial underestimation of test error rates. Cross-
validation can be attempted to provide unbiased estimates of the error
rates. But this can be done appropriately only if the machine learning
algorithm for developing the test can be automated (107). In reality, the
process by which a test is developed is often not automated, but includes
subjective biological considerations. Therefore, in most cases, a separate
study would be needed for proper validation of a high-dimensional test.

Published literature using the same study device with similar design
and data collection format could be admissible as part of supportive
evidence for effectiveness and safety claim. A well-performed meta-
analysis of all published clinical data pertinent to the analytes or device
could be particularly useful in supplementing the validation data in a
regulatory submission. When this is not possible, systemic reviews and
other typesofdataanalysismightbeconsidered tosupportnewbiomarker
submissions.
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6. CONCLUSION

We have reviewed some of the relevant issues in cancer biomarker
development and validation by proteomics for targeted cancer thera-
peutics. We have emphasized the importance of developing a clearly
stated intended use and indication for use of the device, establishing
a reliable laboratory measurement before initiating validation studies,
addressing theneedforbiologicalvalidationofbiomarkers resultingfrom
machine learning algorithms, and using robust clinical study designs
with representative patient populations and effective controls. It is clear
that the regulation of devices based on large-scale protein science will
continue to evolve and that many of the issues in regulation of predictive
cancer biomarkers are currently inadequately defined. FDA is engaging
all stakeholders in seeking input on determining appropriate validation
criteria and a pre-market review process that is credible but meets the
intent and spirit of The Food and Drug Administration Modernization
Act, which calls on regulatory scientists to provide a “least burdensome”
regulatory pathway and to focus on the critical regulatory thresholds
involved in the pre-market review process. By working together, we hope
to be partners rather then obstacles in the journey to transform the vast
amount of the human genome data into patient-useful knowledge and to
translate that knowledge into treatment benefits for cancer patients.
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