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Abstract

Biomarker discovery and proteomics have become synonymous with mass
spectrometry in recent years. Although this conflation is an injustice to the
many essential biomolecular techniques widely used in biomarker-discovery
platforms, it underscores the power and potential of contemporary mass
spectrometry. Numerous novel and powerful technologies have been devel-
oped around mass spectrometry, proteomics, and biomarker discovery over
the past 20 years to globally study complex proteomes (e.g., plasma). How-
ever, very few large-scale longitudinal studies have been carried out using
these platforms to establish the analytical variability relative to true biolog-
ical variability. The purpose of this review is not to cover exhaustively the
applications of mass spectrometry to biomarker discovery, but rather to dis-
cuss the analytical methods and strategies that have been developed for mass
spectrometry—based biomarker-discovery platforms and to place them in the
context of the many challenges and opportunities yet to be addressed.
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Biomarker: a
quantifiable
characteristic
associated with an
expressed trait such as
a normal biological
state, a pathological
process, or a
pharmacological
response to disease
treatment

MS: mass
spectrometry

Plasma: 55% v/v
liquid component of
blood. Differs from
serum in that clotting
is arrested by the
addition of an
anticoagulant

MS-based
biomarker-discovery
platform: a
complement of
bioanalytical
technologies (e.g., gel
electrophoresis, liquid
chromatography,
chemical
derivatization, and
bioinformatics) that
are adapted and
directed toward
plasma protein
identification and
quantification by MS
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1. INTRODUCTION

The term biomarker has been broadly defined as “a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention” (1, p. 91). These processes encompass physical symptoms
such as fever, weight loss, cough, sore throat, and heart arrhythmia and biological factors such
as electrolyte concentration and composition (e.g., Nat, K*, and Ca’*), glucose concentration,
cholesterol concentration and composition, mutated DNA and RNA, and protein concentration
and composition (e.g., Troponin, B-type natriuretic peptide, CA-125, prostate-specific antigen).
Analytical instrumentation, including mass spectrometry (MS), has played an increasingly im-
portant role during the latter half of the twentieth century in measuring molecular species for
clinical diagnosis (2-5). As the molecular specificity and sensitivity of analytical techniques have
increased, so too has our awareness of the magnitude of biological complexity and its implica-
tions for discovering new molecular biomarkers of disease. This is especially true with regard to
protein biomarker discovery in accessible human fluids such as urine and plasma, the latter of
which represents one of the most formidable analytical challenges with regard to sample complex-
ity, preparation, variability, and dynamic range (6). The profound changes in MS over the past
20 years have brought new technology platforms and new technologists (e.g., analytical chemists)
into the fields of protein biomarker discovery and clinical chemistry. As these distinct yet interre-
lated fields continue to merge, new analytical techniques are being used to study well-established
biological issues in ways that will require more extensive experimental designs and improved col-
laboration among classically trained chemists, clinical chemists, biotechnologists, statisticians, and
health care providers (7-13).

A paradigm shift in protein biomarker—discovery efforts occurred with the introduction of elec-
trospray ionization (ESI) (14) and matrix-assisted laser desorption/ionization (MALDI)-MS (15).
Until the late 1980s, only ~50 plasma proteins had been identified using a combination of one- and
two-dimensional gel electrophoresis and protein sequencers (6). However, since the completion
of the human genome project and the integration of protein-separation techniques with MS (16)
just under 20 years ago, the number of unique plasma proteins identified has increased more than
tenfold (6). The combination of novel mass spectrometric technologies with the completion of the
human genome project spawned the term proteome (17) and the field of proteomics. Proteomics
is a broad term based on the concepts described by Anderson and coworkers (18) of the Human
Protein Index and is typically defined as the field of study that determines the identities, quanti-
ties, structures, and biochemical and cellular functions of all proteins in an organism, organ, or
organelle and how these functions vary in space, time, and physiological state. Proteomics involves
the study of proteins that are specifically or nonspecifically cleaved, posttranslationally modified
(e.g., phosphorylated and glycosylated), and derived from alternatively spliced gene sequences. In
the context of protein biomarker discovery, the terms biomarker, proteomics, and MS are often
used interchangeably, as shown in Figure 1. The multidisciplinary nature of protein biomarker
discovery has created an enormous body of literature, which will continue to expand as bioana-
lytical technologies are improved and made accessible to increasingly diversified researchers.

Several recent reviews have described this expanding landscape from both global and disease-
specific perspectives. These reviews have discussed cardiovascular disease (19-21), cancer in gen-
eral (22, 23), breast cancer (24-26), ovarian cancer (27-30), lung cancer (31), and neurodegener-
ative disorders (e.g., Alzheimer’ disease) (32, 33). In this review, we do not focus on biomarker
discovery as it relates to specific diseases, given the enormousness of the literature (>16,000 papers
available through Web of Science 2008, http://apps.isiknowledge.com). Instead, we cover many
of the contemporary MS-based biomarker-discovery platforms that are being utilized to differen-
tiate healthy and diseased individuals, then place these analytical approaches and their inherent
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Number of publications as a function of publication year (1994-2007) found through the Web of Science
database using the search terms biomarker AND mass spectrometry and proteomics OR proteome AND
mass spectrometry. Geometric growth in this field can be clearly attributed to the introduction of
matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI).

variabilities in the context of established issues of biological variability. As the novelty of identi-
fying hundreds of plasma proteins by MS fades, and as proteomics researchers come up short in
the search for novel protein biomarkers, it becomes important to revisit many of the challenges
that have preoccupied researchers for over 100 years (7-13, 34-37).

2. MASS SPECTROMETRY-BASED
BIOMARKER-DISCOVERY PLATFORMS

The search for protein biomarkers involves multiple technologies and research disciplines.
Figure 2 provides an overview of some common MS-based biomarker-discovery workflows. In
general, these workflows involve sample collection, fractionation, mass spectral analysis, data
analysis and biological filtering (bioinformatics), and ultimately validation. The samples, includ-
ing plasma, serum, cerebral spinal fluid, and urine, are collected from a population of presenting
individuals defined in varying degrees of detail as either healthy or diseased. Although the work-
flows shown in Figure 2 are applicable to all of these biological fluids, we restrict our discussion to
plasma, given its prominence in biomarker discovery. Itis important to note that typically only one
sample per individual is collected. Regardless of downstream processing and analysis, the results
only reflect a very narrow snapshot of an individual’s proteome over his or her entire lifetime (38).
This fact is of critical importance, as is discussed in more detail below.

Once the samples have been procured, they are typically processed to remove abundant pro-
teins, to isolate certain protein classes (according to, e.g., molecular weight, pI, hydrophobicity,
posttranslational modifications), or to fractionate the sample into more manageable sizes. Most
workflows fall into the “bottom-up” (39-41) category, where the plasma proteins are proteolytically
digested into peptides that are more amenable to contemporary separation and MS technologies.
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‘Typical workflows for mass spectrometry—based biomarker discovery and validation. Abbreviations: FTMS,
Fourier transform mass spectrometry; HPLC, high-performance liquid chromatography; ICAT,
isotope-coded affinity tag; IMAC, immobilized metal affinity chromatography; ITRAQ), isotopic tag for
relative and absolute quantification; LTQ, linear trap quadrupole; MS/MS, tandem mass spectrometry; RP,
reverse-phase liquid chromatography; SCX, strong cation-exchange liquid chromatography; TOEF, time of
flight.
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The “top-down” (42—44) approach analyzes intact plasma proteins, which is far more challenging
due to the difficulty of separating and mass spectrally analyzing intact proteins. Thus, the latter
approach has not yet become routine. Although some workflows are more commonly used than
others (e.g., bottom-up versus top-down), no single approach has proved to be better than the
others, as is evident from the dearth of validated MS-discovered biomarkers.

Following processing, the plasma samples are directed to one or more MS systems for protein
identification and relative quantification. Discovery-based proteomics requires instruments that
can provide both accurate intact masses and their subsequent fragment masses for confident iden-
tification. The proteins that are differentially expressed in the diseased samples versus the healthy
samples can then be evaluated on the basis of their relevance to the particular disease. Ultimately,
the proteins that fit these criteria are further studied via targeted assays across large numbers of
patient samples using either enzyme-linked immunosorbent assay (ELISA) or selected reaction
monitoring (SRM). This overview is intended to illustrate the importance of analytical chemistry
in several aspects of MS-based biomarker-discovery platforms (i.e., from discovery-based global
proteomics to target-based validation).

The analytical instrumentation used in these multistep workflows includes ultraviolet—visible
absorption (e.g., total protein), fluorescence spectroscopy (e.g., gel imaging), liquid chromatog-
raphy, and MS. Thus, if the ultimate goal is to identify a protein (or set of proteins) that is up- or
downregulated in diseased versus healthy patients, then one must attempt to determine the overall
analytical variability of the measurement. Given the multitude of workflows and instruments that
are used in biomarker discovery, one can expect the analytical variability to be large (much larger
than in single-analyte assays) when considering hundreds of proteins measured from a single sam-
ple. The box at the bottom of Figure 2 is a small sampling of individual contributions to analytical
variability. As discussed below, estimating analytical variability is important when determining bi-
ological variability. MS-based biomarker-discovery workflows, as delineated in Figure 2, have yet
to separate these two forms of variability such that true candidate biomarkers can be identified
within patient populations.

3. THE INDEX OF INDIVIDUALITY AND GLOBAL PROTEOMICS
3.1. Healthy Versus Diseased

The unqualified use of the terms normal and healthy in describing one set of plasma samples
relative to a diseased set of samples is widespread in MS-based protein biomarker—discovery
efforts. Samples are generally collected at the point of presentation, and they constitute single
time points in each individual’s life (Figure 2). Misuse of the terms normal and healthy can be
attributed to many factors including (#) an unawareness of the issues of normality (e.g., index of
individuality), (9) a need to define the analytical limits of measuring multiple proteins (>100) at
once, and (¢) an inability to define a normal plasma proteome by MS-based biomarker-discovery
platforms due to a lack of resources such as skilled personnel, sample access, and instrument time
(see sidebar, Time Demands on MS-Based Biomarker-Discovery Efforts).

These points echo many of the issues described by Anderson and colleagues (6, 45) and R.L.
Lundblad, who writes: “Somewhat remarkable is that the above studies, including references 49,
53, and 58 [index of individuality], are not cited or considered to a greater extent in the bur-
geoning literature on clinical proteomics” (12, p. 268). Although it is easy to find fault with many
of the approaches used in contemporary biomarker-discovery efforts (our laboratory included),
new technologies always involve growing pains as technologists skilled in developing instrumen-
tation are thrust into the realm of biological uncertainty. The limits of these technologies must

www.annualyeviews.org  MS-Based Biomarker Discovery

Analytical variability:
the total variance (sum
of the variances
associated with each
analytical technique)
of a measurement

Index of
individuality: the
ratio of the
intraindividual
coefficient of variation
for an analyte
(including the
analytical coefficient of
variation) to the
interindividual
concentration
coefficient of variation
for an analyte
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TIME DEMANDS ON MS-BASED BIOMARKER-DISCOVERY EFFORTS

For a study involving 100 individuals (50 healthy and 50 diseased):

1. Plasma-collection time is 1 to 3 years, depending on disease prevalence.

2. Plasma fractionation (pre-MS) takes longer than 1 month.

3. LC-MS/MS analysis time (90 min) per plasma sample (assuming 10 fractions per plasma
sample) with three technical replicates is 45 h.

4. Total LC-MS/MS time for 100 samples with three technical replicates is 187.5 days, or
approximately half a year (45 h x 100 individuals = 187.5 days).

5. Total LC-MS/MS time for five time points from 100 individuals with three technical repli-
cates is 937.5 days, or roughly 2.5 years.

6. The time required for protein identification and bioinformatics is unlimited.

Intraindividual
biological variability:
the variance (square of
the standard deviation)
of a specific
constituent that is
measured over a
period of time in the
same person

Interindividual
biological variability:
the variance of a
specific constituent
that is measured in a

be explored and defined before meaningtully applying them to large-scale biomarker-discovery
efforts. Nonetheless, as the technology matures and as a critical mass of skilled personnel emerges,
we should revisit the immense clinical chemistry literature regarding biological normality in the
context of contemporary MS and how experimental designs must change.

The variation of biochemical constituents in blood both within and between healthy individuals
has been recognized for more than 50 years (46-61). Several books on this topic cover the immense
body of literature in great detail (4, 5, 46-49). R.J. Williams was one of the first scientists to discuss
in great detail the “need in human biology and medicine for more attention to variability and
individuality at the physiological and biochemical levels” (49, p. ix). Subsequent research brought
more analytical and statistical rigor to defining biochemically what constitutes a normal or healthy
individual.

An important series of papers published in the early 1970s studied the levels of biochemical
constituents from 68 normal subjects, whose blood was collected every day for 12 weeks (52-56).
The biochemical constituents included Na, Ca, K, Cl, CO,, glucose, total protein, and albumin. By
making measurements of longitudinally procured samples over a period where the subjects were

defined lati
cimed popuiation assumed to remain in a state of homeostasis, the authors determined intraindividual variability
for each of these biochemical constituents. They then compared these intraindividual variabilities
to the interindividual variability from the group for each constituent. These studies culminated
in the formulation of the index of individuality (see sidebar, Index of Individuality) (58), which is
INDEX OF INDIVIDUALITY

The importance of the intraindividual and interindividual variability of biological analytes has long been appreciated
in the field of clinical chemistry. In 1974, Eugene K. Harris (58) defined the index of individuality as

JCVE + CV?
| P A

CVg ’

where CV,, CV,, and CVy are the analytical, within-subject (intraindividual), and between-subject (interindividual)
coefficients of variation, respectively. In some cases, CV,y <« CVyy and is therefore omitted. The magnitude of CVy
versus CVyy for a given protein measured by MS from multiple samples collected over a period of time is unknown.
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(@) Hypothetical changes in the concentration of four different proteins (labeled A through D) in one healthy
individual and one diseased individual as a function of time. Each protein is either up- or downregulated in
relation to aging (protein A), infection (protein B), circadian rhythm (protein C), and biomarker/onset of
disease (protein D). (b) The ratio of the protein concentration of the healthy individual to that of the
diseased individual as a function of when the sample was collected. Typical biomarker-discovery
experimental designs commonly utilize interindividual comparisons; however, intraindividual comparisons
should also be an integral part of biomarker-discovery experimental designs.

the ratio of intraindividual to interindividual variability (CVy/CVg) that allows one to set cutoff
values for the importance of analyte levels in classifying an individual as normal or diseased.
Figure 34 shows the hypothetical levels of four proteins (A, B, C, and D) for both a healthy
individual and a diseased individual as a function of time. If we assume that the biological function(s)
of the protein is unknown (at least with respect to the disease being studied), any of these proteins
could be considered a potential biomarker, depending on the time of sample collection. A typical
experiment thatemploys a workflow from Figure 2 involves collecting plasma from two individuals
ata single time point, as illustrated in Figure 3. Figure 3b illustrates the hypothetical data output
(assuming the analytical variability is small or constant) for all four proteins at each of three time
points (t;, t;, and t3). Analysis of the data at t; shows that protein B is downregulated in the diseased
individual relative to the healthy individual, suggesting that it may be a potential biomarker.

www.annualyeviews.org © MS-Based Biomarker Discovery
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However, if the plasma samples were collected at t,, proteins C and D could be interpreted
as potential biomarkers. At time point t;, proteins B and D are upregulated, and protein C is
downregulated in the diseased individual relative to the healthy individual.

The scenarios described above clearly underscore the inherent variability of plasma proteins
that occurs in both healthy and diseased individuals. However, much of this variability is unrelated
to the disease being studied. This becomes increasingly acute when one considers that contempo-
rary MS-based biomarker-discovery workflows can identify between 100 and 1000 plasma proteins.
The likelihood that 100 proteins for a given individual at any time point fall within a 95% refer-
ence range is less than 1% (0.95'%° x 100%), and for 1000 proteins, the likelihood is less than
1 x 1072°%. One can increase the number of patients studied such that outlier protein levels
can be statistically tested and removed from consideration. However, this would not address the
issue of intraindividual variability for a particular protein (even proteins that bioinformatically do
not register with a given disease), which in some disease states could be extremely valuable. If the
intraindividual variation is very small for a given protein in an individual, an increase or decrease
of that protein outside of the intraindividual variation yet still inside of interindividual variation
may prove significant. In MS-based biomarker discovery, we often assume that we can accurately
measure the plasma proteome for individuals in a given state, when in fact we cannot even quantify
the analytical and intraindividual variability contributing to the protein levels we are measuring.
Establishing these fundamental figures of merit for a given workflow (Figure 2) should be a pri-
ority in biomarker-discovery efforts so that MS-based platforms can attain the analytic robustness
necessary for identifying clinical biomarkers.

3.2. Toward a Global Proteome Index of Individuality

Levels of biochemical constituents, including proteins, can fluctuate dramatically within individ-
uals regardless of their state of health. Factors that can impact fluctuations in blood constituents
include posture, stress, diet, exercise, circadian rhythm, menstrual cycle, drug use, ambient tem-
perature, and altitude (5, 46). Posture, for example, can increase or decrease the total volume
of blood in the body by as much as 10% (62). There is a genuine need to procure longitudinal
samples from subjects to establish the analytical and global proteome intraindividual variability
for contemporary MS-based proteomics platforms. This would provide a means to calculate, us-
ing quantitative MS methods, a global proteome index of individuality (GPII). Figure 4 shows a

Figure 4

Hypothetical data illustrating the power of longitudinal studies with both intra- and interindividual
comparisons. (#) The blue shaded boxes represent the intersample-comparison plasma sets, and the red
boxes represent the intrasample-comparison plasma sets. Subject a is the healthy control, subject b is the
“case” (i.e., has the disease of interest), and subject c is the disease control (i.e., has a disease other than the
one of interest). () In the first plot (zop), the ratios of the ith +1 to the ith protein levels (Ap, ;1 1/Ay, ;) for
subject b are plotted as a function of sample-collection time points. The data show two upregulated proteins
(upper trendlines) and three downregulated proteins (Jower trendlines) relative to five proteins (center; no
trendlines) that do not change significantly (highlighted in orange). Thus, there are five candidate markers for
the case. (Center plot) The ratios of protein levels between subject b and a healthy patient (subject a) plotted
as a function of sample-collection time points. The same two proteins remain upregulated, but two of the
previously downregulated proteins cancel one another, thus falling into the insignificant region (highlighted
in orange). One protein spikes downward during the time range of the study, suggesting a temporary
environmental condition (e.g., infection, stress, diet, etc.). There are now three candidate biomarkers.
(Bottom plot) The ratios of protein levels between subjects b and ¢ plotted as a function of sample-collection
time points. One of the upregulated proteins cancels, and the spike protein also cancels. There are now only
two protein biomarker candidates that appear to track the onset and progression of the disease of interest.
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hypothetical longitudinal experiment in which plasma is collected from multiple subjects over
several time points. We believe that longitudinal studies that include diseased patients, dis-
ease controls, and healthy controls from well-defined biospecimen-collection protocols, along

with technical replicates, will be critical to making global biomarker discovery a highly fruitful

endeavor.
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4. SUMMARY

Analytical chemists continue to work with clinical chemists, biotechnologists, clinicians, and statis-
ticians to identify predictive biomarkers for diseases of all types. The past 10 to 15 years of MS-
based biomarker-discovery efforts have witnessed the development of robust technologies that
have allowed researchers to measure hundreds of plasma proteins per patient sample. However,
scientists have neglected to develop experimental designs that would allow for the determination
of baseline parameters such as analytical, intraindividual, and interindividual variability of these
hundreds of proteins in the context of MS-based biomarker-discovery platforms. As a conse-
quence, the proteomics community has been unable to determine what constitutes normal versus
disease-specific regulation of these hundreds of proteins. Current technology will allow us to en-
gage in research on defining a GPIL, which in turn should serve the scientific community for years
to come in biomarker-discovery research. Williams stated more than five decades ago (49, p. 6)
that “[t]he development of the area of biochemical individuality is made urgent by the foregoing
considerations. It is made possible because of the introduction of new techniques and tools. Many
of the facts related to biochemical individuality which are present in the later chapters of this book
could not have been brought to light if it were not for some of the newer tools: chromatography,
isotopic techniques, and physical methods of analysis and separation. The collection of data in the
area of individuality is in its infancy, and newer techniques will make possible the collection of
vastly more pertinent and satisfactory information than is available at present. Many of the data
which are now available have been collected by investigators who appear to have no particular
interest in variation as such or concern with its possible significance.”

SUMMARY POINTS

1. MS has revolutionized biomarker discovery with its ability to globally identify and com-
paratively quantify proteins from accessible complex mixtures such as plasma.

2. The multitude of MS-based biomarker-discovery platforms has made differentiating
analytical from biological variability between laboratories very difficult, if not impossible.

3. Quantitative MS strategies including label and label-free methods for comparative pro-
teomic investigations of plasma are still in their infancy, but they offer great promise and
opportunity for further advances.

4. More detailed annotated protein databases that include alternative splicing, point mu-
tations, and polymorphisms are needed to improve the effectiveness of MS to globally
identify biomarkers.

5. Careful use and systematic development of prefractionation methods for plasma have
been and will continue to be essential for MS-based biomarker-discovery efforts.

6. The significant variability of analytes in healthy individuals, observed both within and
between subjects, has been acknowledged for more than 50 years, yet contemporary
MS-based biomarker-discovery efforts have largely failed to address this critical issue in
experimental designs.

7. Longitudinal comparative studies of statistically significant numbers of humans or ani-
mals performed using MS-based proteomics technology will be critical in defining the
relationship among analytical, within-subject, and between-subject variability in the con-
text of global proteomics technology (i.e., the GPII).
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FUTURE ISSUES
1. It is necessary to perform a comprehensive assessment of the analytical figures of merit

and implications in biomarker discovery for multiple MS-based biomarker-discovery
platforms.

2. We must address the chromatographic issue of sample-to-sample carry over of peptides
and proteins.

3. Synthesizing stable isotope-labeled internal standards at the protein level with site- and
structure-specific posttranslational modifications (e.g., glycosylation) will be critical for
quantitative SRM/multiple reaction monitoring analysis and validation.
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