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1. Introduction

Proteomics holds great promise in personalized medicine for cancer in the post-genomic era.

In the past decade, clinical proteomics has significantly evolved in terms of technology

development, optimization, and standardization, as well as in advanced bioinformatics data

integration and analysis. Great strides have been made for characterizing a large number of

proteins qualitatively and quantitatively in a proteome, including the use of sample

fractionation, protein microarrays, and mass spectrometry (MS). It is believed that

differential proteomic analysis of high-quality clinical biospecimen (tissue and biofluids)

can potentially reveal protein/peptide biomarkers responsible for cancer by means of their

altered levels of expression and/or post-translational modifications (PTMs). Multiple

Reaction Monitoring (MRM-MS), a multiplexed platform using stable isotope dilution mass

spectrometry (SID-MS) with sensitivity and reproducibility approaching that of traditional

enzyme-linked immunosorbent assays (ELISAs) commonly used in the clinical setting, has

emerged as a potentially promising technique for next-generation high-throughput protein

biomarker measurements for diagnostics and therapeutics.

2. The role of protein biomarkers in medicine

According to the Food and Drug Administration (FDA), a biomarker is a characteristic that

is objectively measured and evaluated as an indicator of normal biologic or pathogenic

processes or pharmacological responses to a therapeutic intervention. [1–2]. From a
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biochemical point of view, a biomarker is often a protein, or a panel of proteins and their

PTMs, the presence or quantitative characteristics of which are measured commonly using

methods based on antibodies. To have a protein classified as an ideal biomarker, several

criteria have to be met in order to enable unbiased diagnosis, particularly in patients without

specific symptoms. First, it has to be highly specific towards the given disease (i. e., low

false positives) and highly sensitive (i. e., low false negatives). Second, the assay for the

biomarker should be easily performed and standardized by trained healthcare professionals.

Last, readability of the test results should be transparent and clear for clinicians. All of these

factors will affect the biomarker’s performance in the clinical settings. Unfortunately, many

of these requirements are not being fulfilled by most approved and currently-used

biomarkers [3]. Theoretically, every disease may be uncovered and characterized by its

unique diagnostic biomarkers, which can be viewed as a specific protein undergoing

changes or a panel of up- and down-regulated proteins and/or proteins with altered PTMs

due to disease [4–5]. Prognostic and predictive biomarkers are additional types of

biomarkers. The distinction between prognostic and predictive biomarkers lies in the fact

that a prognostic marker is a single molecular trait or signature of traits that separate

different patient populations with respect to the risk of a disease in the absence of treatment

(e. g., risk for cancer recurrence), whereas a predictive biomarker is the one that

distinguishes patient populations with respect to the risk of a disease in response to a

particular (targeted) treatment (e. g., Gefitinib for non-small cell lung cancer).

The protein biomarker panels for cancer diagnostics and therapeutics are currently of

considerable interest in biomedicine [6–8]. The discovery of proteins and peptides “leaked”

by tumors into clinically-accessible body fluids such as blood has led to the possibility of

diagnosing cancer at an early stage, predicting cancer progression or monitoring response to

therapy by testing for the presence of cancer-relevant biomarkers in these biofluids via non-

invasive procedures. However, clinical proteomic studies without proper study design and

implementation of robust analytical techniques would significantly hamper the efforts and

success in discovering new biomarkers for diagnostic and therapeutic use. To fully realize

the potential of biomarkers in medicine, a well-designed biomarker development pipeline

needs to take into account all aspects involved in such a complex project, ranging from pre-

analytical quality biospecimens and analytical platforms, to the proper design of clinical

trials. Recently, issues related to biospecimen quality in clinical proteomics have been

raised, including the lack of accessibility and type of high quality biological matrix under

study, unbiased sample collection, and consensus quality control (QC) protocols for sample

processing and storage. Blood as a source of cancer biomarkers, has advantages over other

bodily fluids (e. g., nipple aspirate fluids) because: (1) it is easily accessible; (2) its

collection is minimally invasive, low risk and economical; and (3) there are routine practices

for processing crude blood to plasma in clinical laboratories. However, blood for biomarker

discovery poses a great analytical challenge due to its having the widest dynamic range

(approximately 1012) of cellular protein species in the body, requiring many additional

proteomic approaches such as fractionation. Furthermore, analytical technologies and

platforms currently being developed must demonstrate their robustness and reproducibility

within and across laboratories in order to identify and verify “true” molecular signatures due

to the disease rather than experimental fluctuations arising from instruments, operators and
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environmental factors. Lastly, clinical qualification of a biomarker or a panel of biomarkers

as defined by the FDA and demonstrated in a clinical trial must satisfy all analytical

requirements for its intended use [9].

3. The need to reconstruct the current biomarker development pipeline

During the last 10 to 15 years, proteomic technology development has developed to

accommodate the growing demand for biomarker research using biospecimens collected

from tissue, blood and other biofluids [10–17]. Innovative approaches including protein

microarrays, aptamer arrays, bead-based flow cytometry and MS to identify and sequence

proteins in a high-throughput and quantitative manner have furthered our understanding in

molecular mechanisms involved in diseases. Furthermore, depletion of high-abundance

proteins from plasma and/or multi-dimensional chromatographic fractionation coupled with

MS has expanded the dynamic range of detection for low abundance proteins in serum and

plasma, two major sources for biomarkers [12].

In the context of this review, biomarker qualification refers to the process and acceptance of

a biomarker for marketing by the FDA [9], while analytical validation refers to the process

of validating a device or platform for precise and accurate measurement of target analytes.

The term “verification” (Figure 1), strongly advocated by The Office of Cancer Clinical

Proteomics Research at the National Cancer Institute (NCI) for biomarker research, is

defined as an intermediary step between discovery and qualification for a protein biomarker

(see additional information in Section 4.2). Currently, we do not suffer from a lack of

protein biomarker candidates. To date, there are over 1,000 cancer-relevant protein

biomarker candidates described in the scientific literature [18]. However, the rate of

introduction of new protein analytes approved by the FDA for marketing has remained

relatively flat over the past 15 years, averaging 1.5 new biomarkers per year (median of 1

per year) [19]. This discrepancy points to a gap between protein biomarker discovery and

qualification, which are commonly performed by MS and immunoassays, respectively, in

the current biomarker development pipeline. Several factors at every stage of the pipeline

contribute to this discrepancy: (1) pre-analytical (biospecimen collection, processing and

storage) variability; (2) analytical variability or the lack of analytical validation of platforms;

(3) lack of standardization of technologies and data analysis format for method and result

comparison; (4) the lack of a statistically-powered number of patient samples to represent

the entire patient population; and (5) the lack of knowledge in the proteomics community on

the evaluation criteria required for these distinct processes in the biomarker development

pipeline. Furthermore, the high cost and length of time associated with the development of

an ELISA have prevented some or most of these published biomarker candidates from

moving beyond the discovery phase. These factors have hampered meaningful interpretation

of real biological differences associated with diseases [20–22]. Recognizing these principal

obstacles in biomarker research, numerous efforts have been made by the proteomics

community to alleviate the bottleneck in translational research and biomarker development.
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4. Leading efforts to standardize proteomic technologies

4.1. The Association for Biomolecular Research Facilities (ABRF) and the Human
Proteome Organization (HUPO)

ABRF and HUPO have taken initial steps to assess experimental variability in proteomic

research and attempted to set standards for the community. In 2002, ABRF initiated

Proteomics Research Group (PRG) studies (www.abrf.org/prg) on a yearly basis, where the

PRG sends out samples processed at a centralized location to voluntary study participants

and compiles data collected using a wide variety of techniques. The study topics ranged

from the identification of components in a protein mixture, phosphorylation site mapping of

a protein, de novo peptide sequencing to advanced quantitative proteomics and relative

protein quantification in a clinical matrix. ABRF has published the results of several studies

presenting the challenges that the proteomics community faces in terms of comparability of

data collected using different methods/platforms and reproducibility of results [23–25].

Additionally, in 2009, HUPO (www.hupo.org) conducted an inter-laboratory study to assess

the common problems encountered in proteomics research by distributing a test sample

comprising of 20 recombinant human proteins at equivalent molarities to 27 study

participants [26]. Centralized data analysis demonstrated that a major contributing factor to

erroneous data reporting was attributable to databases and search engines.

4.2. NCI-Clinical Proteomic Technologies for Cancer (NCI-CPTC)

The NCI-CPTC initiative was created in 2006 (http://proteomics.cancer.gov) to

systematically address irreproducibility issues due to the lack of standardization in common

proteomics practices. During the past 4 years, it has made significant contributions essential

for setting the standards for proteomic research. First, “verification” has been incorporated

into the CPTC biomarker development pipeline (Figure 1). In this pipeline, biomarker

discovery is the initial step for comprehensively analyzing the protein content (including

splice variants, PTMs, single nucleotide polymorphisms [SNPs], etc.) in biospecimens, and

to select and prioritize disease-related proteins for verification. Verification, the bridge

between discovery and qualification, is the process of credentialing prioritized biomarker

candidates using analytically robust, reproducible and quantitative assays on statistically-

powered number of samples with clinical relevance. Credentialed proteins successfully

passing this stage are considered verified biomarkers, which potentially are of high value for

translating into clinical qualification studies. Although verification stage is not limited to a

particular analytical platform, in the CPTC network, it currently centers on the application of

multiplexed MRM-MS proteomic platform. Second, efforts to reduce pre-analytical and

analytical variability on different instrument platforms within and across laboratories using

metrics, Standard Operating Procedures (SOPs) and reference materials have produced

promising results [11, 27]. Additionally, high quality reagents, including well-characterized

antibodies, for the cancer community have been generated and are publicly accessible.

Finally, collaborations with other organizations have resulted in successful partnerships.

These include the interaction with the FDA to understand the regulatory science involved in

diagnostic assay clearance and approval, with the National Institute on Standards and

Technology on the development of Standard Reference Materials, and with the American

Association of Clinical Chemistry for quality control and assay validation in clinical labs.
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The interaction with the FDA has already resulted in the publication of two mock 510(k)

pre-submission documents based on multiplexed immunoaffinity MRM-MS assay

(PepCa10) for the quantification of 10 peptides corresponding to 5 proteins and for

multiplexed immunoaffinity arrays for the quantification of multiple glycoprotein isoforms,

both used for the detection of breast cancer [28–29] (for FDA’s classification of In Vitro

Diagnostic Medical Devices and the regulatory routes [premarket notification or 510(k),

and/or premarket approval mechanisms] for device marketing, please visit http://

www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/IVDRegulatoryAssistance/

ucm123682.htm). These detailed review documents represent an important step forward in

applying quantitative proteomic technologies to cancer biomarker research to in order to

deliver a clinically-useful product which will meet the review criteria of the Office of In

Vitro Diagnostics of the FDA, and which will ultimately have a positive impact on patient

outcome.

5. Development of MRM-MS proteomic platform for biomarker verification

The biomarker verification stage of current NCI-CPTC pipeline currently utilizes a recently-

renewed technology called Selected Reaction Monitoring (SRM) or MRM-MS on triple

quadrupole mass spectrometers (QQQ-MS) that generates unique fragment ions associated

with their corresponding precursor ions which can be quantified even in a very complicated

matrix. Specifically, the MRM technique relies on selecting specific precursor-product ion

pairs, or transitions. The first quadrupole (Q1) is set to transmit only a particular precursor

peptide ion into the second quadrupole (Q2) where collisionally-induced dissociation (CID)

yields fragment ions. A signature fragment ion of particular mass-to-charge ratio (m/z) value

or several fragment ions is then allowed into the third quadrupole (Q3) and subsequently

measured by the detector. The quantitation of peptides is achieved by measuring the

intensity of the fragment ions. The general components of MRM-MS-based approaches for

targeted peptide quantitation is shown in Figure 2A, where a few of the most abundant

fragment ions detected in Q3, as a result of CID in Q2, are used as signature transitions to

quantify their corresponding precursor ion intensities.

Although the use of SRM/MRM-MS to quantify biomolecules (e. g., drugs and metabolites)

was widely adopted in research laboratories and pharmaceutical industry (hormones, drugs,

metabolites) many years ago, it has only been recently applied, in combination with SID-

MS, to quantify peptides and proteins. SID-MRM-MS for protein assays is predicated on the

measurement of signature proteotypic tryptic peptides that uniquely and stoichiometrically

represent the protein candidates of interest. MRM-based assay development usually starts

with a selection of 3–5 peptides per protein [16] to improve specificity of the assay for

targeted analytes (i. e., proteins in this case). In addition, synthetic-stable isotope-labeled

versions of each peptide (or heavy peptides), chemically identical to their endogenous,

analyte peptide counterparts with the exception of their masses (typically 6–10 Da more,

depending on the label used), are used as internal standards. Specific fragment ion signals

derived from the endogenous unlabeled species are measured and compared to those from

the exogenously labeled peptides. The ratio of these values provides a precise measure of the

concentration of the corresponding protein. As illustrated in Figure 2B, the MRM plots for a

target peptide composed of 9 amino acids and its stable isotope-labeled internal standard (*)
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using a single transition yield quantitative information based on the ratio of the peak areas of

both fragment ions labeled in blue (unlabeled) and red (labeled). The specificity of such

quantitative measurements increases as the number of monitored peptides corresponding to a

protein and the number of transitions for each peptide selected for monitoring increase [20].

This technique is ideal for sensitive and specific quantitation in a multiplex fashion (i. e., a

single assay measures multiple analytes simultaneously in a single liquid chromatography-

MS/MS [LC-MS/MS] run).

The typical steps involved in developing an MRM-MS protein assay are as follows: (1)

selection of surrogate or signature peptides diagnostic for each protein; (2) protein extraction

from biological matrices; (3) proteolytic digestion of proteins usually with trypsin; (4)

iterative testing of synthetic peptides and transitions by liquid chromatography LC-MRM-

MS (including the heavy isotopically labeled internal standard peptides); (5) assay validation

on biological samples; and (6) assay testing SOP/method documentation. Since MRM-MS

sensitivity on QQQ-MS/MS is critically dependent on ionization conditions and tuning of

instrument parameters, such as collision energy and cone voltage, for the generation of

maximal product ion signal, step (4) is an important part of the assay process. It would be

very helpful to build spectral fragmentation libraries of proteotypic peptides for the

proteomics community to aid in future MRM-based assay development. Additionally,

scheduling MRM-MS scans on target analytes based on their different chromatographic

retention time can certainly aid in ensuring quantification on desired ions when background

interferences are significant (e. g., matrix effects from complex biological samples such as

blood and urine). It allows precursor/product ion pairs to be monitored in a single analysis,

thus increasing throughput. However, this requires superb system stability of LC pumps and

columns, thus putting high demands on the quality control aspects of LC systems and factors

which affect LC performance such as ambient temperature. Another component to this

analysis is bioinformatics which allows user-friendly, customized planning of analysis on

target analytes. One such software suite called Skyline developed in MacCoss’s group is

currently downloadable from https://brendanx-uw1.gs.washington.edu/labkey/project/home/

software/Skyline/begin.view [30]. Once the ratio of peak area under the monitored fragment

ions of light (native) to that of heavy (its internal standard) peptides is measured, the

concentration of that protein can be determined [16].

For this technology to be suitable for use in pre-clinical studies where large numbers of

candidate protein biomarkers (i. e., hundreds of patient samples) must be rapidly screened

(verification), it must be demonstrated that protein quantification can be achieved

reproducibly within and across laboratories on different instrument platforms. In 2009, the

NCI-CPTC network spearheaded a first-of-its-kind inter-laboratory study composed of 3

sub-studies (Figure 3A) designed to increase the level of difficulty in sample preparation (i.

e., more sources of variability) at 8 individual sites [11]. Intra-laboratory variability and

reproducibility in all 3 sub-studies were evaluated by comparing the measured

concentrations of 7 target proteins to the actual concentrations across the range of spiked-in

analytes (9 concentration points down to the limit of quantitation [LOQ] at 2.92 nM), and by

determining the coefficients of variation (CVs) for these quantitative measurements (Figure

3B). The results showed that the reproducibility and precision of these quantitative

measurements for 9 of 10 peptides tested across 8 laboratories ranged from 4 to 14%, 4 to
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13% and 10 to 23% inter-laboratory CVs at or near the estimated LOQ of 2.92 nM for

studies I, II and III, respectively when SOPs were adopted. Intra-laboratory CVs were

usually <15% and <25% at the identical concentration for studies I/II and III. The

progressive increases in CVs from studies I to III clearly indicate that sample handling

contributes more to assay variability than instrumental variability, further highlighting the

high data quality obtainable from MRM-MS. Although the current MRM assay performance

under real biomarker conditions (study III) is below that generally stated for clinical assays

using ELISAs (CVs typically <10 to 15%), the performance achieved here is sufficient for

the pre-clinical verification stage (bridge) of candidate biomarkers present at more than ∼2

to 6 µg/mL in plasma with a linear dynamic range spanning three orders of magnitude.

Furthermore, inter-laboratory and intra-laboratory CVs improved with increasing analyte

concentration in all cases, whether by spiking in more analytes or by enrichment techniques.

Many biomarkers of current clinical importance, such as prostate-specific antigen (PSA),

carcinoembryonic antigen (CEA), and the troponins (Tns), are present in the mid-pg/mL to

low ng/mL range in plasma [31]. To use MRM assays for protein biomarkers clinically, this

technology still has to improve its sensitivity for detection and quantitation. Several

approaches have been developed in this direction. One such approach has demonstrated that

a combination of abundant protein depletion with minimal fractionation of tryptic peptides

by strong cation exchange (SCX) prior to SID-MRM-MS provides LOQ signal-to-noise

ratios of >10 in the 1–20 ng/mL range with CVs of 10%-20% at the LOQs for proteins in

plasma [32]. This includes the development of assays for a number of known markers of

cardiovascular disease [16], providing additional proof of the power of MRM approaches for

configuring assays for proteins for which antibodies are unavailable. An additional approach

called SISCAPA (Stable Isotope Standards and Capture by Anti-Peptide Antibodies) can

significantly increase the sensitivity of detection and quantitation of proteins in plasma by

target peptide enrichment [33] and has been deployed in clinical setting [34]. Using several

anti-peptide antibodies against protein targets to enrich for the peptides subsequently

subjected to MRM-MS analysis, >1000-fold increase in sensitivity has been achieved. QQQ-

MS provide greater sensitivity, wider dynamic range quantitation and detailed, sequence-

based characterization of multiple peptides digested from several proteins (unlike the lower-

specificity optical or electrochemical signals generated as surrogates for the analytes in

conventional immunoassay) [16, 29]. Moreover, the capability for simultaneous

measurement and characterization of targeted analytes allows three important advances in

protein assays, on which the mock 510(k) PepCa10 test is based [29]: (1) it permits facile

multiplexed measurement of many molecular species without significant interference; (2) it

facilitates the use of analyte-identical internal standards of same structure with different m/z

to control all aspects of the assay workflow; (3) it results in reduced sample handling, high

sensitivity and wide dynamic range; and (4) it allows site-specific quantification of post-

translationally modified peptides (phosphopeptides [35], glycopeptides [36], etc.) as

important biomarker candidates. These advantages constitute a step forward in assay quality

control, potentially shifting some of the performance and reliability burden from technical

standardization of reagents and instruments to real-time observation and evaluation of the

analytes themselves. Future SISCAPA inter-laboratory studies within the NCI-CPTC

network will be underway shortly, using metrics, SOPs, high quality reagents and reference
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materials. While SISCAPA is usually done with elution, followed by LC/MRM-MS

detection, elution followed by MALDI/MRM-MS is also possible. A similar technique,

without elution of the analytes, is immunoMALDI (iMALDI), where beads are placed

directly on a MALDI target, with the affinity-bound peptides still attached [37–38]. The

MALDI matrix solvent elutes the peptides from the beads. The presence of the peptide, and

its peak height or peak area, is then determined from an MS spectrum for quantitation in the

MS mode, while peptide identities are confirmed with MS/MS. In principle, iMALDI can be

performed with only a MALDI-MS instrument, but it can also be used “in the “MRM mode

on a MALDI-MS/MS instrument”.

One important factor to consider using enrichment strategies is the percentage of analytical

recovery of peptides in biological matrices such as human serum or plasma. To address this,

a calibration curve made in an appropriate matrix and included with each batch of samples

to compensate for this loss would permit the signal of each peptide in each sample to reflect

an actual concentration in a multiplexed fashion. Additionally, incomplete digestion due to

the high concentration of matrix proteins likely plays a large role in the reduced yield of

peptides. Proteolytic digestion variability in different samples also complicates the

measurements, and PTMs, single nucleotide polymorphisms (SNP), and other protein

modifications can potentially affect the quantitation by shifting the peptide masses.

Interferences from other proteins can also affect the final results [39]. In both cases, spiking

in an exogenous protein, preferably the properly-folded, stable isotope-labeled version of the

native protein of interest, to each sample becomes very important in order to gauge and

normalize digestion efficiencies. However, the high cost and extensive efforts associated

with the development of high quality reagents, including heavy isotope versions of target

proteins and internal standard peptides, as well as anti-protein and anti-peptide antibodies,

could limit the broad use of these internal standards for quality control purposes.

6. Future Perspectives

With recent advances in protein-based technologies, it is expected that clinical proteomics,

in the near future, will focus on developing highly multiplexed and automated technologies

for more accurate quantification of proteins and their isoforms, as well as differences in

PTMs between normal and diseased states in a statistically robust manner (i. e., a sufficient

number of biospecimen), in order to understand the disease at the molecular level,

incorporating known genomic information whenever available.

The first step in biomarker research that needs to be considered is the development and

improvement of biospecimen science. Careful studies on the stability of proteins in

biological matrices using different methods of collection, processing, storage and

distribution need to be carried out. Standardized technologies along with protocols aimed at

preserving sample integrity and minimizing pre-analytical variation will need to improve

rapidly in order to meet the increasing demand for proteomics-based screening for cancer,

especially with the vast amount of knowledge on genetic aberrations identified in cancer that

continues to be accumulated.
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Currently, proteomic technologies for protein and PTM identification and quantification

using MS are still dominated by bottom-up proteomics where peptides are analyzed after

proteolysis and pierced together like a jigsaw puzzle. Relative quantification using label-free

or isotopic labeling techniques including iTRAQ, 18O, and SILAC for comparative analyses

between control and diseased states is still prevalent in biomarker research [40–44].

Although useful and semi-quantitative, these techniques still belong to the biomarker

discovery stage because they are non-targeted and do not quantitatively measure the

absolute concentrations of specific protein biomarkers present in a biological matrix, which

are commonly used by clinicians for diagnosis, prognosis and selection of treatment options.

MRM-MS/SISCAPA/iMALDI platforms solve this problem by introducing known amounts

of chemically identical, isotopically-labeled heavy peptide counterparts to their target

analytes. For quantitation, however, lack of reproducibility and efficiency in proteolysis to

generate these native peptides creates uncertainties in the accurate measurements of proteins

in complex biological matrices as previously discussed. In this aspect, top-down mass

spectrometric approaches especially with sequencing information in addition to molecular

weight information to study intact proteins and their PTMs would seem to have the

advantage of requiring less sample processing, possibly shortening assay time and yielding

more accurate quantification of proteins in biological matrices such as plasma and tissue

over bottom-up proteomics. Realistically, however, it is not trivial to characterize intact

proteins especially those with high molecular weight (∼>100 kDa), membrane and/or low

abundance proteins using MS due to the inherent difficulties associated with the analysis.

Such difficulties include, but are not limited to, poor ionization efficiency of proteins

lacking basic amino acids; insolubility of membrane proteins; the lack of high quality anti-

protein or anti-PTM antibodies for affinity enrichment; difficulty and high cost associated

with generating pure proteins and their PTMs as internal standards with high incorporation

rate of heavy isotopes. Top-down mass spectrometric approaches at its current stage still

need to be developed and optimized for quantitative measurements in a high-throughput

manner, ideally with automated workflows to minimize sample handling variation when

used in pre-clinical and clinical settings.

Current immunological approaches (e. g., sandwich ELISAs) for intact protein

quantification certainly are more commonly used than mass spectrometric methods in

clinical laboratories, especially when coupled with automation and multiplexing capability.

However, ELISAs have certain inherent problems: including lack of concordance across

platforms, antibody availability, and the Hook effect [39]. MS has the unique ability to

measure m/z, which are characteristic of each protein and its proteolytic peptides, its

isoforms and modifications, potentially providing high specificity for these measurements

(retention time, precursor ion m/z and fragment ion m/z values), overcoming many of the

problems inherent with ELISA-based methods, and holding the potential to be routinely

used in a clinical setting. With the emergence of new technologies such as nano-pores and

nano-wires [45–47], it is conceivable that the sensitivity of detection and quantitation of

proteins, as well as sample throughput capability will increase tremendously. It is

anticipated that proteomics will continue to evolve into a more reliable, quantitative science

by developing, improving and standardizing new and current multiplexing technologies/
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platforms, minimizing sample handling, and decreasing the complexity of use and

dependency on expert operators through automation.

In order for proteomics research to successfully translate to real clinical utility, several

developments need to occur. These include addressing the current roadblocks in biomarker

research, utilization of rigorously-assessed and standardized technologies for quantitative

protein research, and capitalizing on deep genomic sequencing efforts by the medical

research community. A summary of these roadblocks is given below:

6.1. Addressing the roadblocks in biomarker research

• Lack of standardization and uniformity in proteomic research at the analytical level

– The proteomics community including ABRF, HUPO and NCI-CPTC has

been making strides in standardizing analytical platforms to generate

reproducible proteomics data.

– The adoption of NCI-CPTC program achievements including the SOPs,

metrics and reference materials by the community will take time.

• Lack of proper biospecimen quality assessment (QA) and QC

– The NCI Office of Biorepositories and Biospecimen Research (OBBR)

was established in 2005 in recognition of the critical role that

biospecimens play in cancer research. OBBR is responsible for developing

a common biorepository infrastructure that promotes resource sharing and

team science in order to facilitate multi-institutional, high-throughput

genomic and proteomic studies.

♦ There is a considerable lack of scientific data for assessing

the effects of specimen-handling variables on molecular

testing of human tissues. New research in Biospecimen

Science will define the precise relationships between

biospecimen handling and the quality and reproducibility of

data for cancer research. The NCI Biospecimen Research

Network was initiated to systematically address the impact

of specific variables in individual specimen types on

molecular data from given analysis platforms.

• Lack of proper study design encompassing a meaningful biological/clinical

question in mind (why and how)

• Lack of statistically robust number of high quality biospecimen for biomarker

“verification”

• Lack of high-quality reagents and standards at a reasonable cost

• Lack of low-cost automated, easy-to-use instruments/platforms
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6.2. Realizing the great potential of clinical proteomics in cancer biomarker research

• High-throughput, large-scale genomic studies to characterize genomic aberration

typical of cancer are ongoing, and represent unique opportunities for the cancer

community to investigate protein expression profiles of wild-type and aberrant

proteins and PTMs which are associated with this disease at a functional level.

• Currently-available proteomic technologies such as sample fractionation coupled

with shotgun analyses, multiplexed MRM-MS combined with affinity enrichment,

and immunoaffinity arrays, can be optimized and standardized in the cancer

proteomics community for biomarker development.

• Assays which combine MRM-MS analysis with affinity enrichment are sensitive

and specific with high-throughput capability, which provides analyte verification in

a large number of samples prior to costly and time-consuming clinical

qualification.

• Technology standardization efforts, as demonstrated by the NCI-CPTC initiative

and others to break down analytical barriers in proteomics, have laid the foundation

for future endeavors into understanding the molecular basis of cancer development

and progression.

6.3. Focusing on key points for future proteomic biomarker research

• Develop and improve biospecimen science by proteomics-QA and QC.

• Emphasize technology/platform optimization and standardization for data

reproducibility/transportability for analytical validation.

• Continue new technology development in order to improve protein analysis and to

increase sample throughput (i. e., lower analysis cost per sample), improved

sensitivity and dynamic range.

• Advocate and support multi-disciplinary approaches to biomarker development.

• Integrate with cancer genomics and other scientific disciplines to create a “systems

biology” approach to elucidate pathways/functions implicated in cancer etiology:

– During the past decade, several groundbreaking discoveries in life science

were made including the successful completion of the human genome

sequencing project, which represents a true milestone in biomedicine [48].

This has provided an important knowledge base, enabling rapid

development in life science-oriented research in areas such as diagnostics,

gene therapy, new drug targets discovery and development of personalized

therapies [49–51]. The completion of the human genome project now

presents an even more challenging task for scientists: the characterization

of the human proteome. Large-scale multi-disciplinary, team science-

based initiatives in characterizing disease genomes are already underway

in order to understand diseases at a molecular level. The Cancer Genome

Atlas (TCGA) [52–54] and The International Cancer Genome Consortium

(ICGC) [55] are characterizing cancer genomes in order to understand
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different cancers at the genetic level. To date, these initiatives have

characterized several different tumor types along with their subtypes using

high-throughput sequencing technologies and statistically-meaningful sets

of clinical samples carefully collected using SOPs. As a result, genetic

alterations associated with cancer including copy number aberration,

mutation, microdeletion and others have been discovered through the use

of multi-dimensional datasets and high level integrative analysis. The next

logical step is to characterize, to the best of our abilities, proteins, their

altered forms and PTMs, as well as protein-protein interaction/networks.

This endeavor will, for the first time, either corroborate or complement the

data on genetic aberrations detected in these tumors, providing a deeper

understanding of cancer in the context of biology and clinical utility.

– A step towards realizing this goal is by incorporating cancer genomics and

cancer biology-based concepts from the research community using

metrics-driven technologies/platforms to identify and quantify proteins

from tissues and biofluids, followed by large-scale, high-throughput

proteomic analyses at two clearly distinct stages: (1) biomarker discovery;

and (2) biomarker verification; both of which require a statistically-

powered number of clinical samples with clinical relevance prior to the

costly and time-consuming biomarker qualification stage.

– It is anticipated that these combined approaches will aid in ultimately

translating proteomics into the clinic by:

♦ developing “verified” cancer biomarkers that can be

translated into products by other initiatives and activities

involved in clinical qualification studies;

♦ creating human cancer protein maps from large-scale, high-

quality data and biospecimens corroborating, or

complementing genomic findings, if available; and creating

protein pathways/networks involved in oncogenesis,

metastasis, etc.;

♦ producing a high-quality, publically-accessible database to

store and organize all datasets;

♦ developing analytically robust, multiplexed, quantitative

assays for peptide/PTM targets with all reagents being

publicly available.

7. Concluding Remarks

• A foundation for successful biomarker research through careful experimental

design and technology standardization is starting to be established. Progress has

been made in making the scientific community aware of the need for

standardization of technologies/platforms and data analysis.
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• MRM-MS (+/− affinity enrichment) as a multiplexed, sensitive, reproducible and

quantitative “verification” platform to rigorously test target analytes in pre-clinical

studies holds great promise. It has the potential to produce comparable quantitative

results to current clinical tests with optimization/standardization, but additional

technology optimization is still needed for routine use.

• Novel technologies still need to be developed in order to improve protein analysis,

sample throughput, sensitivity and dynamic range.

• Looking into the future, a systems biology approach has great potential for

integrating knowledge on cancer biology.
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Figure 1. The Envisioned NCI-CPTC Biomarker Development Pipeline from Biomarker
Discovery to Biomarker Qualification
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Figure 2. Selected/Multiple Reaction Monitoring Mass Spectrometry (SRM/MRM-MS)
(A). A schematic of a triple quadrupole mass spectrometer (TQMS) commonly used for

MRM/SRM-MS analysis. Q1 and Q3 represent two quadrupoles as mass filters in a TQMS.

CID is collisionally-induced dissociation during MS/MS in Q2. RF refers to radiofrequency;

(B). MRM plots for a target peptide (9 amino acids, no asterisk) and its stable isotope-

labeled internal standard (labeled with a red asterisk) using a single transition to yield

quantitative information (ratio of the peak areas of both in red and blue, depicted at the

bottom of the figure).
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Figure 3. Robustness of an MRM-MS Platform, an NCI-CPTC inter-laboratory study11

(A). The design of three MRM-MS experiments (I, II, III) with increasing complexity of

sample preparation performed by NCI-CPTC network teams in 2009; (B). Reproducibility

of MRM-MS measurements of peptide HRP-SSD (SSDLVALSGGHTFGK) from horse

radish peroxidase. Intralaboratory assay coefficients of variation (CVs) for studies I-III

shown in the left panel illustrates experimentally determined log concentration (y axis)

versus theoretical (spike-in) concentration (x axis) at the limit of quantitation (LOQ) in

plasma. Interlaboratory CVs (y-axis) for peptide HRP-SSD versus theoretical (spike-in)

concentration (x-axis) at LOQ for studies I-III are shown in the right panel (adopted from

Ref. 11: Addona et. al. 2009). Actual intralaboratory CV values for individual laboratories
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are shown with color-coded markers within each box plot. The CV values are calculated

based on the single best performing transition (lowest combined CV) for all studies.
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