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Abstract

Although the field of mass spectrometry-based proteomics is still in its infancy, recent developments
in targeted proteomic techniques have left the field poised to impact the clinical protein biomarker
pipeline now more than at any other time in history. For proteomics to meet its potential for finding
biomarkers, clinicians, statisticians, epidemiologists and chemists must work together in an
interdisciplinary approach. These interdisciplinary efforts will have the greatest chance for success
if participants from each discipline have a basic working knowledge of the other disciplines. To that
end, the purpose of this review is to provide a nontechnical overview of the emerging/evolving roles
that mass spectrometry (especially targeted modes of mass spectrometry) can play in the biomarker
pipeline, in hope of making the technology more accessible to the broader community for biomarker
discovery efforts. Additionally, the technologies discussed are broadly applicable to proteomic
studies, and are not restricted to biomarker discovery.
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Introduction

Biomarkers have proven to be invaluable in guiding our delivery of medical care to cancer
patients.! For example, biomarkers allow us to diagnose cancer early,? to subtype within a
disease category to prognosticate3 or to predict response to targeted therapies*:® and to monitor
patients for response to therapy or recurrent disease.8:” Given the tremendous potential for
protein biomarkers to improve our care of cancer patients, it comes as no surprise that there
was tremendous hype in both the lay and scientific communities in 2002 when a landmark
study was published that claimed to have discovered a novel approach using protein
fingerprints in serum to diagnose ovarian cancer with a sensitivity of 100%, specificity of 95%
and positive predictive value of 94%.8 Unfortunately, this initial hype was followed by a
comparable level of disappointment when the results of this study were later determined to be
due to an artifact,%14 and the utility of the entire approach that had been described was called
into serious question.15:16 This shaky beginning left the nascent field of mass spectrometry-
based clinical proteomics reeling for the next few years, struggling to identify a productive
application of its promising technologies to the biomarker field in the backdrop of acommunity

©2009 Landes Bioscience

"Correspondence to: Amanda G. Paulovich; Fred Hutchinson Cancer Research Center; Assistant Member; Clinical Research Division;
1100 Fairview Avenue N., LE-360; PO Box 19024; Seattle, WA 98109-1024 USA; Tel.: 206.667.1912; Fax: 206.667.2277;
apaulovi@fhcrc.org .

The authors declare no competing interests.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 2

left disgruntled and questioning whether there was any value of mass spectrometry to the
biomarker field.1” This review article will focus on the evolving role of mass spectrometry in
the development of novel protein biomarkers, highlighting tremendous progress in a field that
is still in its infancy but that now appears to have righted itself and is on a path to make
significant contributions to the clinical translation of novel biomarkers.

The Need for New Technologies in Cancer Biomarker Discovery

Historically, cancer protein biomarkers have been discovered in body fluids and tumor tissues
(or cell lines) using 2d gel separations or by identifying immunogenic antigens on cancer cells.
18 Conventional approaches have successfully produced nine FDA-approved, blood-based
cancer biomarkers to date, most of which are used to monitor treatment.19 The number of new
protein biomarkers achieving FDA approval has trended downwards for the past decade to a
point where only 0-3 new markers are being approved per year (across all diseases).20:21 This
disappointing downward trend suggests that conventional approaches have contributed what
they can and that we now need to implement new approaches and new technologies to discover
novel protein biomarkers of clinical relevance.18

Biomarkers in Tissue and Plasma

Protein biomarkers are measured either directly in tissues (by immunohistochemistry) or in
plasma (by ELISA). Plasma biomarkers are highly desirable because they can be measured
noninvasively and because they can be used to screen the general population for early disease
detection. In contrast, measurement of tissue biomarkers is only useful once a potential cancer
has been identified and a biopsy has been obtained. Both types of biomarkers have important
roles to play during the natural history of the disease. Although this review will focus on plasma
biomarkers, the emerging technologies described herein should apply equally to the
development of novel tissue-based biomarkers.

The discovery of highly specific tumor-derived biomarkers by direct analysis of plasma
presents an enormous analytical challenge: the 20 most abundant plasma proteins constitute
99% of the total protein mass in plasma,?2 and the presence of these very high abundance
proteins interferes with our ability to detect rare proteins that are shed or secreted into the
circulation by tumor cells. For example, the most abundant plasma protein is albumin, which
is present in plasma at a concentration of ~50 mg per milliliter. In contrast, known cancer-
derived proteins in the circulation are present at a few nanograms per milliliter, 10 million
times less abundant than albumin! Because of the very low abundance of cancer-derived
proteins in the bloodstream, it is impossible to detect them using mass spectrometry unless the
plasma sample is extensively fractionated, typically using biochemical methods. These
extensive fractionation workflows severely reduce sample through put and introduce
significant pre-analytical variation, severely crippling plasma-based biomarker discovery.

Using Tissues and Proximal Fluids to Discover Candidate Biomarkers

Despite these severe limitations, mass spectrometry can be used to identify circulating cancer
biomarkers, albeit indirectly. This can be accomplished through the analysis of tumor tissues
or proximal fluids (i.e., cerebrospinal fluid, urine, saliva, tumor interstitial fluid, etc.),23725
from which protein biomarkers may be secreted, shed or leaked into the bloodstream. In tumor
tissues and proximal fluids tumor-derived proteins are present at high enough local
concentration that they can be detected by conventional mass spectrometers. Under this
strategy, candidate biomarkers are first discovered in the tumors or proximal fluids and then
subsequently measured out in the plasma using highly sensitive, targeted assay technologies
(see below).26:27
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A major advantage to using tumor tissue for the discovery of candidate circulating biomarkers
is that genomic technologies such as gene expression profiling can also contribute candidates
to the discovery process and may provide corroborating information with proteomic data to
increase our confidence in a particular candidate. A second advantage is that tissue-based
discovery datasets provide a rich source of tissue biomarker candidates in addition to potential
circulating biomarker candidates. A disadvantage of this approach is that we currently do not
know how to predict which proteins identified in tumor tissues or proximal fluids will
ultimately access the plasma and have a long enough half-life to accumulate to measurable
levels. Currently, it is assumed that proteins predicted to be either secreted or localized to the
cell surface (and hence potentially shed) will have the highest probability of reaching the
plasma; 26 indeed there has been early success using this strategy in an animal model.27
Additional studies are currently testing the use of tumor cell line cultures23:28 or xenograft
mouse models?® for the discovery of candidate plasma biomarkers, and these approaches may
also have utility.23

Bottleneck in the Biomarker Pipeline

Atypical protein biomarker pipeline is shown in Figure 1.29:30 As discussed above, application
of genomic and proteomic technologies results in the identification of many hundreds to
thousands of biomarker candidates for each disease. Each individual candidate must then be
followed up in small-scale verification studies, followed by large-scale clinical validation trials.
Verification and validation studies require a quantitative assay to measure the levels of each
candidate biomarker in clinical plasma specimens. Only rarely is a quantitative assay available
for a candidate of interest; more typically a novel quantitative assay must be developed de novo
for every candidate biomarker that will be subjected to follow-up studies.

Traditionally, immunoassays (e.g., Enzyme-Linked Immuno-Sorbent Assay, also called
ELISA) have been developed to measure the levels of each candidate protein in clinical samples
(e.g., plasma, serum) from cases and controls. Because of the high expense ($100,000’s—
$1,000,000’s) and long lead time (1-2 years) for ELISA development, candidates are
prioritized for follow-up, and only a small fraction of the total candidates are actually pursued.
Once assays are developed, early pilot studies (termed verification) are conducted to confirm
that candidates are differentially present on average in cases vs. controls. Only the most
promising few candidates are subsequently advanced into validation studies where the utility
of the putative biomarker is tested in the targeted clinical application looking at thousands of
individual patients.

Due to the high cost and long lead time associated with ELISA development, our ability to
discover promising biomarker candidates far outstrips our ability to test each of those
candidates for clinical utility, and this conundrum currently represents the most significant
obstacle to translating novel protein biomarkers into clinical use.21:31 Although conventional
proteomic technologies are far from being able to perform global protein biomarker discovery,
they are brilliantly poised to relieve the most severe bottleneck in the biomarker pipeline:
development of targeted assays to test individual candidate biomarkers.

The remainder of this review article will: (1) review the difference between commonly used
untargeted mass spectrometry and emerging targeted mass spectrometry methods, (2) discuss
current capabilities of targeted mass spectrometry methods and their potential in biomarker
discovery, and (3) speculate regarding the use of integrative genomics to improve our ability
to prioritize candidate biomarkers for testing.
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Different Modes of Mass Spectrometry

The basics of mass spectrometry are presented in Technical Box 1. In this review we will
largely focus on bottom up proteomics, in which proteins are digested to predictable peptide
fragments using proteases such as trypsin. Tryptic digests of biological proteomes (e.g., tissue-
or plasma-derived proteins) can be analyzed using different modes of mass spectrometry
(Technical Box 1 and Table 1), depending on the desired application. For example, untargeted
modes of mass spectrometry (i.e., MS fingerprinting, shotgun MS/MS) are used for de novo
discovery of biomarker candidates such as from tumor tissues or proximal fluids. In contrast,
targeted modes of mass spectrometry allow us to “tune” the instruments specifically to look
for peptides (and hence proteins) of interest in clinical specimens; these targeted modes of mass
spectrometry can be very useful for determining whether biomarker candidates discovered in
tissues or proximal fluids are present (and elevated) in plasma from cancer patients compared
to controls (Fig. 2). The remainder of this review will focus on the emerging use of targeted
proteomic methods for testing candidate biomarkers in plasma.

Emerging Use of Targeted Proteomic Methods for Testing Candidate
Biomarkers in Plasma

Once candidate protein biomarkers have been discovered in tissues or proximal fluids, the next
steps are to determine: (1) whether the candidate protein can be detected in the plasma (i.e., is
it there?), and (2) whether the candidate protein is elevated in the plasma of cases compared
to healthy controls. Two separate forms of targeted mass spectrometry can be used to answer
these questions, as summarized below.

Can the Candidate Protein Biomarker be Detected in Plasma?

Recall that untargeted MS/MS analysis of plasma is extremely challenging, and the probability
of identifying cancer-specific markers is low due to a cadre of high abundance proteins that
interfere with detection of low abundance tumor-derived proteins. Hence, as discussed above,
even if we are looking for a plasma-based biomarker, it makes the most sense to do our initial
biomarker candidate discovery in tissues or proximal fluids where tumor-derived proteins can
be detected using conventional mass spectrometers in an untargeted mode (and/or using
genomics-based analyses). Once candidate biomarkers have been identified in tissues or
proximal fluids, we must next determine whether each of the candidate proteins can be detected
in plasma. In this situation, a targeted form of mass spectrometry called accurate inclusion
mass screening (AIMS)32734 is of great utility. In AIMS analysis (Techinical Box 1 and Table
1), the instrument is programmed to specifically “look at” peptides derived from candidate
protein biomarkers; this is possible because if we know the candidate of interest, we can predict
the mass to charge ratio (m/z) of each of the peptides the candidate will release upon digestion
with trypsin. Each m/z of interest can be added to an inclusion list programmed into the
instrument, which directs the instrument only to spend time analyzing peptides of interest while
ignoring all other peptides. This effectively gives the instrument added sensitivity for detecting
lower abundance proteins in plasma by reducing the undersampling effect in untargeted
analyses (see Technical Box 1). To further facilitate our sensitivity for detecting low abundance
proteins during AIMS analysis, a pool of plasma from cancer patients can be subjected to
depletion of abundant proteins followed by trypsin digestion and strong cation exchange
chromatography, producing 10-20 individual fractions that can be separately analyzed. Several
thousand proteins can be comprehensively searched for in fractionated plasma within one
month using a single dedicated instrument.
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Once candidate protein biomarkers are confirmed to be detectable in plasma using AIMS, the
next step is to determine whether the candidate is at a higher concentration in plasma from
cases compared to healthy controls. A highly sensitive and specific quantitative assay is
required for each candidate biomarker protein to determine its concentration in plasma from
cancer patients and healthy controls. As discussed above, the immunoassay (e.g., ELISA) has
been the mainstay for measuring candidate biomarkers. However, the high cost and long lead
time for development of each immunoassay is prohibitive and presents a major bottleneck in
the biomarker pipeline.

A second mode of targeted mass spectrometry, selected reaction monitoring (SRM), can be
used to relieve this bottleneck. The sensitivity and specificity of SRM-MS are well-established
in the measurement of small molecules; clinical reference laboratories employ this technique
to measure drug metabolites and metabolites that accumulate in inborn errors of metabolism.
35,36 The SRM-MS technology has recently been adapted to measure the concentration of
candidate protein biomarkers, using proteotypic peptides as specific stoichiometric surrogates
(Technical Box 2).27:37740 Accurate calibration is achieved by spiking digested samples with
known quantities of synthetic stable isotope-labeled peptides as internal standards. Without
enrichment of the target peptides, SRM-MS alone is able to measure proteins present in the
100-1,000 nanograms per milliliter concentration range from small volumes (1-10 microliters)
of plasma.*!

Technical Box 1

Mass spectrometers consist of an ionization source, a mass analyzer, and a detector (panel
A). Although there are a variety of ionization sources (e.g. electrospray and matrix assisted
laser desorption ionization) and mass analyzers (e.g. quadrupoles, time-of-flight,
quadrupole ion traps, and ion cyclotron resonance), all MS instruments have these basic
features in common. In a typical analysis of a biological sample, proteins or peptides are
introduced into the ionization source where they are converted to gas-phase charged
particles (ionized) and passed to the mass analyzer. In the mass analyzer, the ions are
separated (using electric and magnetic fields) based on their mass-to-charge (m/z) ratios.
The detector electrically detects the beam of ions passing through the machine (i.e. the ion
current) and amplifies the signal, which is recorded in the form of a mass spectrum

Typically, a mass spectrometer is coupled with a separation technique such as high
performance liquid chromatography (HPLC). The sum of mass spectra accumulated over
time as a sample is separated produces a total ion chromatogram (panel B). In this form of
analysis, the sequences of peptides are not determined; rather the output consists of the ion
currents at the m/z for each peptide or protein component detected in the specimen over the
entire chromatographic elution period (i.e. a “fingerprint”). In an early application of mass
spectrometry to cancer biomarker discovery, fingerprints generated from plasma samples
from cancer patients and healthy controls were compared and differences were labeled as
potential biomarkers. However, although there was a great deal of initial enthusiasm for the
use of proteomic fingerprints to diagnose cancer, this approach has not produced any
validated biomarkers due to a variety of issues, and this approach has been abandoned by
the mainstream proteomic community.

Many instruments are capable of tandem mass spectrometry (i.e. MS/MS), which can be
used to infer the sequence of the peptide being detected. During MS/MS, a desired analyte
is isolated based on its m/z ratio (panel C) and fragmented (i.e. breaking peptide bonds
within the peptides), producing a series of fragment ions that are detected as a MS/MS
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spectrum (panel D). The fragmentation pattern is compared to the theoretical fragmentation
pattern for every peptide in the genome to find the closest match. In this way the sequence
of the peptide ion is inferred from its fragmentation pattern.

A major limitation of conventional MS instruments is that they can neither detect nor
fragment every peptide in a typical biospecimen; hence the proteome is significantly
“undersampled.” There are two predominant reasons for undersampling. First, the
ionization process is incomplete and many peptides do not become ionized and therefore
cannot be detected by the instrument. Second, there is an impedance mismatch between the
mass spectrometer and complex biological proteomes; the speed of the instrument is such
that only a fraction of the peptide ions in the instrument can be selected for fragmentation.
In a typical “data dependent acquisition” (i.e. “shotgun MS/MS” analysis), a MS spectrum
isacquired and the five most abundant peptide ions are selected and sequentially fragmented
by the instrument. This cycle is repeated for the duration of the sample analysis. Sampling
a few of the most abundant ions in this way permits only a small sampling of the total
diversity of the typical biospecimen. These issues are partially alleviated by increasing the
separation of the complex peptide mixture. For instance, biological proteomes are
frequently subjected to biochemical fractionation upstream of LC-MS to further reduce the
complexity of the sample. Nonetheless, although these online and offline separations
achieve some improvement in sampling, the vast majority of peptides (and hence proteins)
in a typical complex proteome go undetected. Furthermore, there is a bias towards the
detection of the most abundant peptides at the expense of lower abundance peptides, making
direct discovery of low abundance cancer biomarkers directly in plasma an extremely
challenging task. An alternative to data-dependent acquisition, targeted MS/MS can be used
when one is asking if a protein of interest is present in the biospecimen. During targeted
MS/MS, the instrument is programmed to fragment only peptides with a pre-selected m/z
ratio. As a result, peptides of interest that might not otherwise have been targeted for
fragmentation (due to more abundant interfering ions) can now be selected and identified.

For candidates present at lower concentrations in plasma, an enrichment step is added. For
example, previous studies have demonstrated the success of using limited SCX
fractionation42 or glycopeptide enrichment#3 to analyze low abundance analytes.
Alternatively, targeted enrichment can be performed using a technology called SISCAPA
(stable isotope standards and capture by anti-peptide antibodies).*4=47 As shown in Technical
Box 3, SISCAPA uses anti-peptide antibodies to enrich peptides of interest from plasma prior
to SRM-MS analysis, increasing the sensitivity of the assay. Coupling SISCAPA to SRM-MS,
it is possible to measure candidate protein biomarkers present in the plasma down to
concentrations of 100 pg per milliliter (Whiteaker et al.).

SISCAPA coupled to SRM-MS has great potential for relieving the assay bottleneck in the
biomarker pipeline because protein assays can be generated relatively rapidly (it takes
approximately 20 w to produce a new affinity-purified anti-peptide polyclonal antibody) and
cheaper (<$5,000 in reagents costs per protein) compared to the traditional ELISA assay,
thereby allowing a far higher number of candidates to undergo testing.2® Furthermore,
SISCAPA-SRM assays also have several analytic advantages over traditional immunoassays.
For example, while it is difficult to multiplex large numbers of ELISA assays, it should be
possible to multiplex hundreds of SISCAPA assays using microliter quantities of plasma.
Additionally, the presence of autoantibodies or anti-heterophile antibodies can interfere with
ELISA assays.48752 In contrast, interfering antibodies are digested for SISCAPA and the
perfect specificity of the mass spectrometer as the detector circumvents these issues in
SISCAPA-SRM assays.
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Prioritizing Candidate Biomarkers for Assay Development

Until off-the-shelf assays are available for all candidate biomarkers,3! it will be necessary to
prioritize for follow-up a subset of the several thousand candidate biomarkers that can be
discovered for any given cancer. The AIMS analysis described above provides one level of
prioritization by confirming which candidates are present in the circulation. We will then need
a strategy for further prioritizing those markers detected in the plasma. Until sufficient flux
has been established through the biomarker discovery pipeline to teach us paradigms about
how to prioritize candidate biomarkers for ultimate clinical success, we are forced to rely upon
clinical and theoretical biological considerations.

Clinical considerations for prioritizing candidate biomarkers

If we are to invest years of time and thousands of dollars in testing a given candidate biomarker,
it is prudent to stack the deck in favor of choosing markers that will be of clinical utility. It is
not sufficient that a candidate protein biomarker be at a higher average concentration in plasma
of cancer patients compared to controls. In addition to being elevated in the plasma of cancer
patients, the performance characteristics of candidate protein biomarkers (e.g., sensitivity,

specificity, preclinical duration, etc.) must meet certain minimal requirements for clinical and
economic acceptability in a given clinical application.2® Because the minimal requirements of
acceptability will vary from one clinical setting to the next, it is essential that the desired clinical
application be clearly defined at the outset of the biomarker discovery efforts so that every

effort can be made to prioritize markers likely to have acceptable performance characteristics.

For example, if the goal is to identify a biomarker for screening for breast cancer, it is important
to avoid overdiagnosis.2:53 Overdiagnosis occurs when we diagnose a patient with disease that
in reality presents no risk to his or her life but in practice we are compelled to treat, thereby
exposing patients to unnecessary emotional turmoil and treatment-related morbidity and costs.
To avoid this, we might consider cross-referencing our candidates derived from the AIMS
analysis with publicly available genomic data sets that identify genes whose expression
correlates with clinical outcome.>* By prioritizing for follow-up our candidates that correlate
with poor outcome we may avoid developing biomarkers that diagnose indolent disease.

Biological considerations for prioritizing candidate biomarkers: integrating genomic and
proteomic data

In theory, proteomic biomarkers will provide more direct answers to clinical and
pharmacological questions than genomic data, as the majority of known molecular markers
and pharmaceutical targets are proteins,®® and the proteome provides a real time readout of
physiology. On the other hand, because proteins are extremely dynamic, their changes are more
difficult to fully monitor compared to genomic profiling. Despite rapid advances in the past
decade, protein identification and quantification technologies still lag considerably behind
those used to determine DNA sequence and mRNA expression levels on a genome-wide scale.
56 Table 2 summarizes the strengths and weakness of different genomics/proteomics data types
for protein biomarker discovery.

In human cancer studies, strong concordance between mRNA and protein expression levels is
rarely observed or is only observed for a small subset of the proteins.>:5"=59 This suggests
that genomic and proteomic changes provide complementary information, as human tumors
are complex and heterogeneous, and are caused by defects in numerous pathways and factors
that operate at many levels.%8 Thus, there is a pressing need to integrate data at multiple levels
encompassing both proteomics and genomics in current biomarker studies.
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As discussed above, targeted modes of MS can now be used to facilitate candidate biomarker
testing. The simplest usage of genomic information is to provide corroborating information to
help prioritize proteins implicated by proteomic studies. This helps to reduce the rate of false
positive findings due to experimental errors (assuming independent errors in different high
throughput experiments). Moreover, to date there have been more genomics experiments than
proteomics experiments carried out in large scale clinical studies. Thus, including these
genomics data sets in the candidate database helps us to better incorporate clinical information
(e.g., disease outcomes) in the discovery stage. Many other benefits for carrying out an
integrative-omics approach in biomarker studies stem from the more comprehensive genome
coverage achieved by gene profiling than protein profiling (Table 2). Functional information
learned from genomic studies provides a more global picture of the regulatory network, which
helps to identify important protein groups and shed light on the “missing” measurements in
proteomics experiments (see more discussion regarding the usage of networks in the next
section). In summary, it is critical that we make use of every piece of information to improve
biomarker identification, which can be best accomplished by an integrative approach using
multiple “-omics” data sets.

Using interaction networks to refine biomarker candidate selection

As a “systems disease”, cancer cannot be understood by studying individual components only.
This raises the challenge of reconciling the search for individual markers with a systems-level
understanding, which may be especially useful to the rational design of putative biomarker
panels. Protein-protein interaction networks and gene regulatory networks provide essential
resources for characterizing the “system-level” behavior of genes and proteins. Some
pioneering work has been done along this direction. For example, in a few recent breast cancer
studies,60-52 expression profiles and protein interaction information were integrated and
protein interaction subnetworks with coherent expression patters were identified. These
subnetworks (interactome/modular) were then shown to be predictive of breast cancer
prognosis. The merit of network-based analysis has also been recognized in a colon cancer
study,52 in which the authors searched for protein interaction sub-networks enriched for
proteins associated with colon cancer progression, and then successfully identified protein
panels highly discriminative of stage D colon cancer versus control.

What are the basic approaches for us to use protein/gene interaction network information to
further improve biomarker identification and prioritization? Intuitively, we can look for
subnetworks (Fig. 3) enriched with nodes (molecules) and edges (molecular interactions)
showing significant association with disease outcomes. Such subnetworks may represent
functional molecular groups that play important roles in the disease process. This approach is
in the same spirit as the “gene set” analysis, a common tool in the microarray community.54~
70 Gene set analysis scores known pathways by the coherency of expression changes among
their member genes regarding the association with disease phenotypes. By borrowing strength
across the gene-set, there is potential for increased statistical power to identify disease
association. In addition, signatures of gene-sets are more robust to biological and technical
variability compared to the signatures of individual markers.

Although “gene set” analysis is believed to be a more effective means of marker identification,
aremaining hurdle is that the majority of human genes have not yet been assigned to definitive
pathways. Moreover, a biological “pathway” seldom holds a simple “chain” shape. Instead,
components of the same “pathway” always have very complex “net” interactions (Fig. 3).
Obviously, totally ignoring the topology of the interacting patterns among pathway
components makes the analysis much less efficient. Thus, it is beneficial to use the interaction
networks directly and seek subnetworks showing strong association with disease outcomes.
The subnetworks enriched with both differentially expressed proteins and differentially
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expressed genes are very likely to contain good biomarkers to discriminate tumors from
normals. In addition, this strategy helps us to recover viable candidates not identified in
biomarker discovery experiments; a marker not observed in discovery experiments could be
identified as a biomarker if it connects with many other proteins showing strong association
with disease phenotypes. In the end, since interaction/regulatory networks usually contain rich
information about markers’ functionality, they can also be used to facilitate the selection of a
panel of markers covering a diverse set of biological pathways.

Future Directions and Unmet Needs

As described above, the role of mass spectrometry in the biomarker pipeline has evolved
substantially since the first reports that claimed to identify proteomic fingerprints in serum that
were diagnostic of cancer. Emerging technologies in mass spectrometry-based proteomics,
especially targeted MS/MS, now offer extraordinary promise for hypothesis-driven testing of
candidate protein biomarkers by relieving the severe bottleneck of assay generation in the
biomarker pipeline.

A strength of using mass spectrometry for biomarker discovery is the ability to discern
structural modifications to proteins (e.g., post-translational modifications). To date, mass
spectrometry has been useful in profiling changes in the proteome such as phosphorylation and
glycosylation.”1=73 As these proteomic techniques improve there will likely be an increase in
the flux of these modifications as biomarker candidates. Targeted mass spectrometry can be
equally applied for testing these candidates, whereas it is difficult to build conventional assays
to such targets.

Although targeted mass spectrometry methods in their current form will undoubtedly have a
positive impact on biomarker testing, there is still tremendous room for improvement. For
example, the sensitivity as well as the selectivity of SRM-based assays can be improved.
Instrument vendors are actively working to build instruments with better ionization, enhanced
iontransmission, and improved mass accuracy. Better ionization and ion transmission promises
to lower our limits of quantitation and the hope is that someday we may achieve protein
detection in plasma at comparable or better sensitivity than the immunoassay. Improved mass
accuracy is also important because endogenous interferences emanating from analytes other
than the peptide being targeted (i.e., matrix interference) can produce nonspecific signals in
the channels being monitored during SRM-MS.”* Additionally, accurate quantitation by SRM-
MS depends upon stoichiometric digestion of the plasma sample by the protease (e.g., trypsin).
It is well-known that some proteins are resistant to proteolytic digestion and that the presence
of post-translational modifications can also affect cleavage. Hence, there is a need for the
development of standards and metrics for quality control of trypsin digestion of biospecimens
prior to quantitative mass spectrometry.

Until mass spectrometers evolve to the point that they can detect very low abundance proteins
in plasma (i.e., <ng/ml), it will be necessary to perform an upstream enrichment step for the
protein of interest. As discussed above, the SISCAPA technology has shown great promise,
with the best antibodies providing limits of quantitation in the hundreds of picograms of target
protein per milliliter in plasma. Although these assays are far cheaper and faster to develop
than the traditional ELISA, it still takes approximately 5 mo and a few thousands dollars per
peptide to develop the required affinity purified polyclonal antibody. Hence, the assay
bottleneck in the biomarker pipeline can be substantially relieved, but not yet eliminated.
Biomarker testing could be greatly accelerated if there were more affordable affinity reagents
as well as faster protocols for generating them. Alternatively, biomarker testing would be
greatly facilitated if assays (and the required reagents) had already been assembled and
validated and were available to any biomarker study.3!
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Figure 1.

Biomarker Pipeline. Candidate biomarkers are identified by compiling data from genomics,
proteomics, and other sources. Because modern “-omics” experiments are capable of producing
thousands of candidate biomarkers, the list must be prioritized. Furthermore, because these
candidates come from a variety of experiments, they must be verified for their intended purpose
(e.g., plasma-based diagnostic marker) and proven to show sufficient sensitivity and specificity
in a large number of clinical samples (validation). Verification and validation efforts require
a quantitative assay for each candidate biomarker, creating a large bottleneck in the pipeline
(due to a lack of and high expense for developing such assays). Alleviating the bottleneck will
allow evaluation of more candidates and thus inform the discovery and prioritization steps of
those candidates most likely to reach success.
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Figure 2.

Staged use of untargeted and targeted modes of mass spectrometry. Untargeted mass
spectrometry is used in a discovery setting where identification of all potential biomarkers is
desired. Untargeted discovery of biomarkers is conducted in a variety of biological specimens
including tissues and proximal fluids. The resulting list of candidate biomarkers form a list of
“hypotheses” which are interrogated using targeted mass spectrometry. Because candidates
come from a variety of sources, initial targeted experiments are used to verify the presence of
the candidate in plasma. Further studies are aimed at validating the effectiveness of the
biomarker in discriminating cancer samples using a targeted mass spectrometry technique
called selection reaction monitoring (SRM).

Cancer Biol Ther. Author manuscript; available in PMC 2010 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 16

Chki2 —
GADD45  ——  CDK1

—
PCNA —  CDK4 Cant
—

Figure 3.

Genes in one pathway have complex “net” interactions, which should be taken into
consideration when analyzing proteomics/genomic data. Generally, in pathway analysis, each
pathway is deemed as a set of genes, and the goal is often to detect associations between the
overall activities of the genes in the pathway and a phenotype of interest (e.g., disease
outcomes). However, simplifying “pathways” into “sets” of genes results in the loss of
information—the interaction relationships among genes within the same pathway or across
different pathways. This figure illustrates the gene-gene interaction patterns for part of the cell
cycle pathway. The topology of the network is from the KEGG database;
www.genome.ad.jp/kegg/pathway.html. Each gene in this network interacts with different
neighbors and thus plays its unique role in maintaining the pathway function.
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Basics of Mass Spectrometry
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minutes from the HPLC separation.

m/z

718

Relative
Intensity

0. I

400 600 800 1000

TAEF;M—IH;SSYGAAK

1200 1400 1600

MS/MS spectrum

(m/z 687.9)

Tandem mass spectrum (MS/MS spectrum)
generated by fragmentation of the parent ion

shown in panel C.

N G §

o
3

|- 1059
1116
1203

200 400 600 800
m/z

1000 1200

Technical Box 1.

Cancer Biol Ther. Author manuscript; available in PMC 2010 October 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Wang et al.

Page 18

Targeted Mass Spectrometry
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The most targeted (hypothesis-driven) form of LC-MS is typically performed using specialized mass spectrometers called triple
quadrupole (QqQ or Q3) instruments operated in a mode called selected reaction monitoring (SRM). A triple quadrupole
instrument has three separate quadrupole mass analyzers (Q1, Q2, Q3) (Panel A). Q1 and Q3 act as m/z filters whereas Q2
serves to fragment the peptide ions. In an SRM experiment, parent ions of selected m/z are isolated in the first quadrupole (Q1),
fragmented in the second quadrupole (Q2), and fragment ions of selected m/z are monitored in the third quadrupole (Q3). The
combination of selected parent ion m/z and selected fragment ion m/z is termed a ‘transition,” and is chosen to maximize the
sensitivity and specificity for monitoring the target. Because the instrument is programmed to select peptides and peptide
fragments of interest, ignoring interfering peptides and fragments, the sensitivity of the method for detecting analytes of interest
(e.g. peptides derived from protein biomarker candidates) is high. Synthetic stable isotope-labeled versions of peptides (or in
some cases, proteins) of interest can be spiked into the biospecimen at a known concentration prior to SRM-MS analysis;
because the instrument is able to distinguish the spiked standard from the endogenous version of the peptide (due to their mass
differences), the concentration of the endogenous peptide can be determined (relative to the spiked standard).

Using SRM for analysis of peptides improves the sensitivity of mass spectrometry for targeted analysis. In the experiment shown
below, the peptide GDSLAYGLR from mouse Spp1 (Osteopontin) was spiked into a standard plasma sample. The plasma was
digested and diluted to load approximately 0.3 micrograms plasma containing 100 femtomole spiked peptide. The total ion
chromatogram (TIC) shows a complex sample with many components (Panel B). Extracting the signal from m/z 476.5, the
doubly-charged ion of the targeted peptide of interest, shows all components in the mixture that have the same parent ion m/z as
our peptide of interest (Panel C). The SRMs corresponding to two transitions from the targeted peptide are plotted in Panel D.
Note the improvement in signal-to-noise in monitoring the SRM transitions. The full MS/MS spectrum (Panel E) can be used to
identify the optimum fragment ions for SRM analysis, and can be used to confirm the identity of the peptide.
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Enzyme-Linked ImmunoSorbent Assay (ELISA). In a
“sandwich ELISA,” two antibodies are generated to
different epitopes in the target protein. The first (capture)
antibody (Ab°) is immobilized on a solid support and used
to capture the target protein out of the biospecimen. The
second (detection) antibody (Ab®) is then allowed to bind;
its binding can be monitored via any one of a variety of
chemical moieties conjugated to the antibody to generate
a measurable signal (e.g. fluorescence). (octagon, target
protein; star, chemical label on detection antibody)
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Stable Isotope Standards with Capture by Anti-Peptide Antibody (SISCAPA). Anti-peptide antibodies are
immobilized on magnetic microparticles and used to enrich the endogenous as well as the spiked-in stable isotope
labeled peptides simultaneously from the biospecimen. This automatable capture step results in significant
enrichment of the analyte of interest, as shown below.
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Wang et al.

Table 2

Multiple technologies can be used to discover candidate protein biomarkers

Discovery technologies Advantages Disadvantages

RNA transcript (microarray) global; quantitative; no protein level information;
provides real time measurement of physiology applied to cells, not plasma

DNA copy number (CGH) global; quantitative no protein level information;

reveals information about DNA blueprint
but not real time information on physiology

DNA sequence potentially global no protein level information;
reveals information about DNA blueprint
but not real time information on physiology

Proteomic data (untargeted MS/MS) protein level data; not global; semi-quantitative at best
provides real time measurement of physiology
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Because these technologies have complementary strengths and weaknesses, it is beneficial to integrate data from a variety of experiments and

approaches to prioritize the candidates most qualified for follow-up studies.
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