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Abstract
Proteomics allows characterization of protein structure and function, protein-protein interactions,
and peptide modifications. It has given us insight into the perturbations of signaling pathways
within tumor cells and has improved the discovery of new therapeutic targets and possible
indicators of response to and duration of therapy. The discovery, verification, and validation of
novel biomarkers are critical in streamlining clinical development of targeted compounds, and
directing rational treatments for patients whose tumors are dependent upon select signaling
pathways. Studies are now underway in many diseases to examine the immune or inflammatory
proteome, vascular proteome, cancer or disease proteome, and other subsets of the specific
pathology microenvironment. Successful assay verification and biological validation of such
biomarkers will speed development of potential agents to targetable dominant pathways and lead
to selection of individuals most likely to benefit. Reconsideration of analytical and clinical trials
methods for acquisition, examination, and translation of proteomics data must occur before we
march further into future of drug development.
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Introduction
Advances in biotechnology and improved understanding of cancer and disease biology have
shifted the treatment paradigm to targeted therapy. We have enhanced our ability to guide
application of new and existing treatments with development, assay verification, biological
validation and application of biomarkers. However, to be successful, we need a thorough
understanding of the relationship between putative biomarkers and treatment effects. We
must consider new clinical trial designs that may consist of randomized cohorts,
prospectively planned endpoints, and/or post-hoc analyses. These strategies will succeed if
reliable, adequately powered, biologically validated biomarkers are identified and
appropriately applied for prospective patient selection via clinical trials. Continued inclusion
of preplanned biological correlates will allow ongoing optimization of targeted therapy.
These events will guide future directions of proteomics, affecting how we integrate
proteomic information into the selection of therapy for advanced and recurrent cancers, and
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other diseases. For the purposes of this discussion, most examples will emanate from the
oncology literature, where these issues and advances are at the forefront of current
controversy.

Definitions of a biomarker and proteomics
A biomarker is defined by Atkinson et al in the US Food and Drug Administration (FDA)
Biomarker Definitions Working Group as “a characteristic that is objectively measured and
evaluated as an indicator of normal biologic processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention”1. Those characteristics that are
informative for clinical outcome can be categorized broadly as prognostic or predictive
biomarkers. Prognostic biomarkers classify patients into subgroups with distinct expected
clinical outcomes, such as progression or death, but they do not inform the choice of
therapy. Conversely, predictive biomarkers should identify subgroups of patients whose
tumors are likely to have therapeutic sensitivity or resistance based upon marker status 2, 3.

For example, breast cancers with either HER2 amplification, or triple negative status
(negative for estrogen receptor, progesterone receptor, and HER2 amplification), are
recognized as poor-risk subgroups and those designations are thereby negative prognostic
biomarkers 4, 5. HER2 amplification also functions as a positive predictive biomarker. HER2
amplification defines a subgroup of breast cancer patients for whom trastuzumab and other
anti-HER2 interventions have high likelihood of providing benefit, positively predicting
outcome to agent(s) 6. Conversely, excision repair cross-complementation group 1 (ERCC1)
is both a positive prognostic and a negative predictive marker in non-small cell lung cancer
(NSCLC)7. The International Adjuvant Lung Cancer Trial showed that high ERCC1 protein
expression was associated with improved survival in patients who did not receive
chemotherapy. But, the benefit of adjuvant cisplatin-based chemotherapy was more
profound in patients with low ERCC1 expression due to reduced platinum-DNA adduct
repair8910. Lastly, in advanced colorectal cancer, the benefit of the anti-EGFR monoclonal
antibody, cetuximab, appears limited to patients with tumors with wild-type KRAS
genotype 11. This indicates that KRAS wild type status could and should be used to select
patients for cetuximab therapy. Thus, knowledge of molecular and protein events will
enlighten clinical decision making from different points of view.

Proteomics is a tool with which to characterize protein structure, function, protein-protein
interactions, and associated protein modifications. These protein characteristics collaborate
to form complex signaling networks mediating the active cellular proteome. Proteomics
output, patterns or individual endpoints, also can be evaluated as biomarkers. Understanding
the active proteome is critical for development of effective predictive and prognostic
biomarkers. Once identified, key potential events in the proteome can be exploited for the
development of targeted cancer treatments. This reinforces the need for application of high
throughput, accurate, precise, sensitive, and specific tests for discovery and endpoints
validation, followed by rapid translation for patient stratification.

Proteomics technologies
Technologies exploring the proteome for biomarker discovery range from classical
immunohistochemistry and immunoassays for single or small sets of proteins, to mass
spectrometry (MS) and other high throughput approaches to examine millions of peptides.
Early MS use evaluated differential patterns of protein and peptide expression in patient
serum and other biospecimens12, 13. While preliminary data using the pattern approach was
initially promising, the field has moved forward to sequence peptides and proteins, with
secondary individual entity validation as the diagnostic discriminant. Sequence information
permits both development of biomarkers and/or therapeutic targets, and application of
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proteomic knowledge to advance understanding of underlying pathophysiology. Studies are
now underway in many diseases to examine selectively the immune or inflammatory
proteome, vascular proteome, cancer proteome, and other subsets of the disease-specific
microenvironment.

Mass spectrometry techniques such as nanoflow liquid chromatography-tandem mass
spectrometry (nanoLC-MS/MS) and matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) along with other techniques such as
immunocapture platforms have enabled high-throughput analysis of a proteome or
functional subsets of the proteome. Reverse phase protein assays (RPPA) have been applied
more recently as biased examinations of tissue proteins in formats wherein protein lysates
are arrayed on a solid surface. Arrayed proteins are interrogated with standardized
antibodies specific for total and activated protein targets allowing for investigation of pre-
selected functional signaling outputs14, 15.

These techniques have been applied to oncology tissue samples, leading to the discovery of
potential pathway biomarkers to detect disease and monitor established cancer through the
course of treatment16. Carey et al examined 80 validated proteins from signaling pathways
in advanced-stage, high-grade serous ovarian carcinoma cases via RPPA to identify
expressed proteins associated with response to primary chemotherapy17. Normalization of
CA125, an established biomarker, by the 3rd cycle of platinum-based chemotherapy was
chosen as the primary outcome measure of response; TGF-β pathway signaling correlated
strongly with chemoresistance in this study. RPPA were also used in head and neck
squamous cell carcinoma (HNSCC) to examine 60 protein endpoints in matched tumor and
nonmalignant biopsy specimens from 23 patients. This paired analysis approach identified
18 differentially elevated proteins including PKCι 18. PKCι is overexpressed in 70% of
squamous cell NSCLC with amplification of 3q26, which harbors PKCι and PIK3CA, the
p110 α catalytic phosphoinositide-3-kinase (PI3K) subunit gene19. This is an example of a
discovery-based RPPA application that also has yielded information that can be considered
for future clinical benefit.

Components of validation for biomarkers in drug development
The FDA began the Critical Path Initiative in 2004, aiming to improve discovery, validation,
and production of current therapeutics by focusing on selected areas. It defined 6 focused
topics in 2006, identifying biomarker development as one of the two most important
necessary advances. This key area addresses creation of improved tools, such as biomarkers,
for evaluation of clinical therapies. The recommendation for co-development of a drug and a
selective biomarker was first described in a draft FDA guidance in 2005. Co-development
implies generation of processes and guidelines describing analytical (technical) test
validation (also known as verification), clinical test validation (demonstration of biological
validation), and clinical utility (Table 1)20. This marked the FDA’s first step toward
integrating rapidly evolving biology of cancer and other diseases into existing regulatory
processes; it is anticipated that this mandate will be applied to targeted drug development for
many medical needs. Currently, the FDA recommends application of a verified and
validated biomarker for the identification of the target clinical subpopulation when
employing the use of a drug for which subpopulation targeting is identified as part of drug
registration. For example, the Table of Valid Genomic Biomarkers in the Context of
Approved Drug Labels, available on the FDA website
(http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/
ucm083378.htm) details trastuzumab and the required indications for treating patients with
HER-2 amplified tumor. The initial test identifying the HER-2 amplified subpopulation was
required for FDA approval before trastuzumab received approval for adjuvant treatment of
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women with lymph node-positive, HER-2 over-expressing breast cancer21. Incorporation of
predictive biomarkers into clinical trials during the drug development process will translate
into greater accuracy in selecting target patient subgroups.

Both verification and validation of biomarkers is necessary for their appropriate application
for targeted therapeutics selection and their use as drug response marker(s) in clinical
practice. The interpretation of validation is broad and most often has been described as the
process of linking a biomarker to clinical or behavioral endpoints. The broad concept of
validation includes “efforts to confirm the accuracy, precision, and effectiveness of results
and can be defined as analytical and clinical validation”22. Analytical (technical) validation
is now called verification. Analytic method verification is the process of confirming the
assay, its performance characteristics, and the required optimal conditions to generate
reproducibility and accuracy of the assay22–24. Clinical or biological validation is related to
how a certain marker behaves in a population and between populations, depending on
biological variability within the population22. Both clinical and analytical validation need to
be incorporated into clinical correlative studies for biomarker and drug development25

although ultimately they may fall to different review and registration paradigms. To date,
most putative biomarkers have fallen short of adequate biological validation even where
verification has been confirmed through FDA review. The integration of verified and
validated proteomic biomarkers into clinical drug development programs will expedite
pipeline decision-making process by adding critical information about the pharmacologic
and/or pharmacodynamic mechanism(s) and efficacy of a potential therapeutic agent as
shown in the cartoon in (Figure 1).

Approaches for the identification of potential therapeutic targets and
biomarkers

What is the best approach with which to identify and characterize a biomarker for drug
selection? One is a biomarker-forward, focused, target-associated view specifically
addressing biomarkers emanating from the drug development hypothesis to select patients
for therapy prospectively. Alternatively, an agnostic, trial-backwards, view would apply
biased selection retrospectively with biological validation of translational endpoints against
patient outcome in targeted agents’ trials (Figure 2).

The first approach requires definition, verification, and validation of biomarkers selected for
their defined target modulation, and is an immediate and logical extension of the drug
development process. This approach would lead rapidly to patient stratification prior to
therapy if clinically successful; this requires the discriminant to be “spot-on”. The recent
success of selective b-Raf inhibitors for V600E BRAF mutant melanoma is an example of a
biomarker-forward selection where prior knowledge of BRAF mutations was required 26.
This is illustrated also in treatment of HER-2 overexpressing breast, gastric, and other
cancers, where the requirement for >2 copies of HER2 by FISH or a 3+ IHC stain are
required and have been shown to predict clinical potential for trastuzumab and other HER2-
directed treatments27. The biomarker-forward approach is limited in that it leaves little room
for unanticipated on-target effects and may miss important off-target outcomes.

The trial-backwards approach allows investigation, identification, and examination of
potential biomarkers in the context of molecular therapeutic clinical investigation. This
identification approach includes evaluation of initially unanticipated events and has the
capacity to uncover important off-target events. Examination of prospectively collected
biospecimens either within the trial design or post-hoc analysis may yield broader results
than the narrow trial-forward approach. The stratification of benefit to cetuximab as a
function of EGFR mutation, overexpression, and downstream pathway activation, was
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studied retrospectively in advanced colorectal cancer. Here, mutational activation of KRAS
was shown to be a negative predictive biomarker for outcome11. This was unexpected, but
scientifically logical when considered in the context of the biochemical pathways involved.

Retrospective analysis of candidate biomarkers in cancer clinical trials has been the most
common early biomarker approach used to date. Unfortunately, many reports are
exploratory and correlative and only a very small number of putative biomarkers move
forward to full verification and validation. This is the basis for arguments for prospectively
planned proteomic and genetic biomarker profiling pre- and post/during treatment, with
tissue acquisition following clear standard operating procedures, and powered for definitive
analysis. Applying biomarker-backwards approaches for discovery followed by powered
prospective biomarker-forward studies for biological validation and confirmation may
reduce the primary problem of indiscriminate application of targeted agents in many
diseases expediting an expensive and time consuming drug development process.

Challenges and opportunities for biomarkers for targeted therapies
Recent high-throughput molecular proteomic technologies have yielded potential in both
identification and development of biomarkers and therapeutic targets. Treatment of patients
with advanced NSCLC with EGFR tyrosine kinase inhibitors (TKIs) is established for first-
line, maintenance, and subsequent treatment in patients with EGFR mutations28,29–31.
Although EGFR mutation is a validated predictive marker for first-line therapy in patients
with advanced NSCLC, only 70% to 75% of patients will respond and all the patients will
eventually develop resistance to the therapy. Thus, it is a continuing challenge to optimize
predictive biomarkers with which to pre-select patients with EGFR mutations who will not
benefit from EGFR TKI treatment. These biomarkers are likely also to provide insight into
the biology of the treatment resistance.

The insulin like growth factor receptor (IGFR) pathway interacts with the EGFR pathway,
and plays an important role as a resistant mechanism to EGFR TKI treatment. Signaling
through the IGF-1R is required for neoplastic transformation by a number of oncogenes, and
therefore makes IGF-1R an attractive target for anticancer treatment 32. Figitumumab, a
neutralizing IGF-1R antibody, has been examined in a NSCLC phase III study 33. Both
tissue- and serum-based IGF-1 pathway-related proteins, including IGF-I and IGF-I binding
proteins, are included for study as potential biomarkers for resistance to EGFR TKIs and
sensitivity to IGF-1R inhibitors. Matei et al examined b-Raf and ERK in ovarian cancers,
and phosphorylated (p)-ERK in peripheral blood lymphocyte (PBL) to evaluate response
prediction for sorafenib, a drug targeting c-Raf and VEGFR2. Protein quantities of the
logical downstream or related targets, ERK and b-Raf and pretreatment pERK in PBLs,
were not associated with tumor response or survival. But, high on-treatment pERK levels on
RPPA were associated with better tumor response and lower risk of tumor progression in
treated patients. This is exploratory evidence that these could be applied as surrogate
markers of sorafenib activity 34. Our group independently demonstrated that sorafenib
reduced pERK quantity in tumor tissue from solid tumor patients taking sorafenib. We
showed this was associated with improved clinical benefit; other descriptive biomarkers
related to the activity of sorafenib were identified (Azad and Kohn35, and manuscript in
preparation). Thus, examination of the biology of the drug resistance would offer the
opportunity of new insights of the biology of treatment resistance for future clinical benefit.

Identification of biomarkers as therapeutic targets
Identification of biomarkers and potential drug targets has been approached via both an
unbiased high throughput and selective protein analyses. High throughput MS with serum
and tissues yielded high sensitivity and specificity in identification of multiple diagnostic
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protein signatures 36. Bateman et al analyzed microdissected cancer epithelial cells derived
from 25 breast cancer patients using liquid chromatography (LC)-/MS. Comparative
analysis of stage 0 and stage III patients revealed 113 proteins that significantly
differentiated between these groups. Known factors associated with disease pathogenesis,
such as CDH1 and CTNNB1, as well as those previously implicated in breast cancer, such
as TSP-1, were identified 37. These data uncovered new protein candidates indicative of
disease stage and recurrence in breast cancer warranting further investigation for diagnostic
utility and as potential targets. An example where this progression of events has occurred is
the development of mesothelin as a screening diagnostic, a biomarker, and as a molecular
target for successful drug development. Mesothelin is overexpressed in mesothelioma, and
pancreatic, lung, and ovarian cancers38. Although mesothelin was initially identified through
global gene profiling, all subsequent studies were done in selective proteome-based
methods, as an immunohistochemical marker in tumors, and with serum mesothelin
measured in ELISA or bead based immunoassay39. It has been demonstrated to be positively
interactive with CA125 in the diagnostics of ovarian cancer 40, and shown recently to be a
biological binding partner of CA125 41. Mesothelin was subsequently examined as a
potential druggable target, resulting in the successful development of an anti-mesothelin
immunotoxin, SS1P 42, and a neutralizing monoclonal antibody, amatuximab
(MORAb009) 43. Therapeutic benefit has been reported for both as treatment for patients
with mesothelin-expressing tumors.

Introduction of targeted therapies, also called biological therapies or biologics, into cancer
therapy and therapy of other diseases, such as psoriasis and rheumatoid arthritis (RA), are
the result of focused drug development derived from new understanding of the underlying
pathophysiology. Agents used in biological therapy include biological products that regulate
the immune system, e.g. vaccines are now termed immunotherapies. In many situations, it
has meant a markedly different approach to treatment, displacing traditional cytotoxic
chemotherapy in cancer, and steroids, anti-malarials, and gold in RA. However, early
application of these biologics has not been promising in all clinical venues, including in
treatment of some solid tumors. This may be due to indiscriminant application of biologics
to all patients with a general cancer subtype diagnosis. We now know, as with the many
types of arthritis, that there are phenotypically similar cancers belong to different molecular
subsets of disease. The cancers in the different subsets may have different driving molecular
events. This could lead to an under-appreciation of potentially beneficial agents when the
agents are applied indiscriminately across all subtypes. Further development of biomarker
application in trial design may improve clinical outcome, require fewer patients for analysis,
and perhaps yield stronger results.

Criteria for development of validated therapeutic targets in clinical trials
Discovery, verification, and validation of reliable biomarkers are necessary in this time of
ever more complex disease in order to optimally qualify drugs and their targets. Four criteria
should be realized in clinical credentialing of a target (Table 2) in order to result in
successful targeted therapy where the biological drive is known. Simply, these include
demonstration of target against which the drug is focused, documentation that the target is
active, that the agent affects its target, and that this translates into clinical benefit. For
example, if a pro-inflammatory driving event is defined to due to activation of the TNFα
protein signaling network, neutralizing antibodies to the TNFα axis should be
successful 44, 45. In clinic, infliximab and other monoclonal antibodies targeting TNFα have
shown efficacy in inducing and maintaining remission in patients with Crohn's disease 44.
This example shows where the application of proteomics aided in the elucidation of disease
of mechanism can be translated into clinical application. Incorporation of mechanism
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criteria into development and design will maintain focus on identification of clinically useful
targets and biomarkers and should improve lead agent selection and clinical advancement.

Oncology is one of the most active new areas of targeted drug and biomarker development.
HER2 is a successful target where all four criteria are satisfied by three FDA-approved
agents, trastuzumab, pertuzumab, and lapatinib 6, 46. Here, it is proven that when HER2 is
amplified in most cases, it also is activated. The agents inhibit this activation and have been
shown to be clinically valuable. However, few trials are being conducted to evaluate
selective targets or general proteomic profiling to date. Additional trials are necessary to
develop the knowledge required to optimally direct biomarker and therapeutic development.
While HER2 is regarded as perhaps the most successful of the molecular targets, there are
many biochemical signaling events waiting to be mined in the tumor microenvironment.

There are also examples in oncology for which the criteria of presence and activation of
target are fulfilled, but no clinical activity of a therapeutic target was observed. Evaluation
of the criteria using proteomics in prospectively collected clinical samples allowed
examination of why targeted therapies have not result in clinical benefit. EGFR is
overexpressed in approximately 50% of ovarian cancer 47 and some studies showed over-
expression of EGFR correlated with poor prognosis in advanced stage ovarian cancer
patients 48–50. However, targeted inhibition of the prognostic factor, EGFR, has not resulted
in patient benefit. This is an example where prognostic factors may be neither predictive nor
sufficient for therapeutic targeting. Posadas et al reported that treatment with the EGFR
inhibitor, gefitinib, lacked clinical benefit in ovarian cancer 51. RPPA evaluation of paired
biopsies obtained prior to gefitinib treatment and after one month demonstrated drug-
associated reduction of phosphorylation of c-kit and EGFR, and these changes correlated
with treatment-induced GI toxicity, indicating a pharamcodynamic link 52. A follow-on
phase II clinical trial of vandetanib, an inhibitor of both EGFR and VEGFR2 also was
negative53. It was designed to examine on-target effects of both EGFR and VEGFR2. RPPA
analysis of paired biopsies again showed EGFR activation was inhibited, but inhibition of
VEGFR activation was not observed. The clinical pharmacodynamic effects also indicated
EGFR inhibition without activity against VEGFR2. These data reinforced the lack of a
therapeutically important EGFR drive in ovarian cancer. Further proteomic examination of
the tissue could identify other activated signaling events for subsequent targeting.

Angiogenesis is a targetable event of particular interest 54. A dose escalation and proof of
mechanism study in patients with solid tumors tested the combination of sorafenib, a c-Raf
kinase inhibitor, with the neutralizing anti-VEGF monoclonal antibody, bevacizumab. This
phase I study incorporated a novel design for drug exposure and acquisition of tumor
samples for proteomic endpoint analysis. Patients were randomized to receive monotherapy
for the first month, bracketed by collection of tumor tissue and blood and functional
imaging; combination therapy was initiated with the second month and included an
additional biopsy and set of imaging. RPPA was used to examine tissue protein endpoints.
The results indicated on-target effects for both drugs when used alone: reduction in activated
ERK by sorafenib, and angiogenesis inhibition by bevacizumab (Azad and Kohn35,55, and
manuscript in preparation). This study showed the molecularly targeted combination of
sorafenib and bevacizumab is biologically active in an on-target fashion with promising
clinical activity in recurrent epithelial ovarian cancer patients 56. The exploratory imaging
endpoints will be examined as predictive biomarkers and the proteomic endpoints confirmed
in a second. An understanding of the effects of targeted therapeutics on signaling networks
and correlated biomarkers is essential in order to guide subsequent steps and registration
trial design. Proteomics can yield a breadth of information from which to assess a given
candidate target. A key advance would be the ability to detect presence or stage of disease
and/or response to targeted therapy through validated surrogate in blood or tissue
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biomarkers. The presence of such a bridge can rapidly triage a lengthy list of lead biologic
target candidates prior to investing excess amount of time, money and hope of patients on
the development of new drugs suitable for use in cancer therapy.

Biomarkers and targeted therapy in clinical trials for drug development
Drug development is typically divided into segments of lead compound identification,
preclinical development, and clinical development. The entire process can cost billions of
dollars and is a narrow pyramid where few drugs make it to market. Strategies for patient
stratification and personalized medicine must be developed, verified, and validated during
the preclinical and clinical development phases. Early consideration of the biomarker /
outcome / patient stratification relationship may shorten time to the clinic and improve cost
and time of drug development by allowing focused application of agent where they are most
likely to succeed. Biomarker validation needs to be incorporated into optimal trial design,
with appropriate statistical power for those endpoints as well. Retrospective biomarker
analyses may be fraught with suboptimal power to discern an effect because of unavailable
patient specimens or inconsistent quality control of available biospecimens. Conversely, if
marker-based analyses were planned prospectively pre- and during/post-treatment, and
tissue specimens were available on all or most patients, adequate statistical power may
remain with which to compare the clinical outcome against the biomarker(s). The benefit of
this approach is the ability to obtain new knowledge with increasing likelihood of success.

Current clinical trials using proteomics for biomarker discovery and/or evaluation are
ongoing in many types of cancers and other diseases. Recent technologies employing protein
microarrays such as RPPA has allowed for quantification of multiple endpoints in a high-
throughput fashion. These endpoints include expression levels of key proteins and their
activated forms that compose critical signaling nodes involved in proliferation, survival, and
angiogenesis. For example, the PI3K pathway has been shown to be a driving pathway in
subsets of serous ovarian cancer due to a common somatic gain-of-function mutation on
chromosome 3p in PI3KCA, described above for lung cancer and occurring commonly in a
variety of solid tumors. Molecular activation of PI3K drives the Akt pathway, yielding a
strong survival signal 57. Agents against PI3K itself and its protein effectors Akt and mTOR
are now in clinical investigation in ovarian and other cancers58, 59. Proteomic assays are
being applied to evaluate modulation of PI3K/AKT/mTOR pathway 60–62.

There are other pathways downstream of receptor tyrosine kinase (RTK)s, in addition to the
PI3K/AKT pathway, for which therapeutics have been developed and proteomic endpoints
can be analyzed. Most are downstream signals from RTKs and integrins via the Src/Ras/Raf/
MEK pathway. The mitogen-activated protein kinase, MEK, and its effector, ERK, is one
such RTK downstream target. Knowledge of these downstream pathway protein targets also
facilitates agent selection. Application of pathway dissection has led to an ongoing phase II
collaborative study of the MEK inhibitor, AZD6244, in multiple myeloma (NCT00551070).
Annunziata et al demonstrated MAF oncogene upregulation in 30% of multiple myeloma
cases occurring through MEK-ERK regulation of MAF transcription. Subsequent MEK
inhibition induced apoptosis selectively in MAF-expressing myelomas 63. This study
provided the proof of concept of MEK/ERK/MAF as a target for therapeutic intervention in
multiple myeloma 64 leading to the present trial. Genomic analysis of MAF may not be
necessary if activation of MEK and ERK is demonstrated to be predictive for response.
These studies hint at a promise that proteomic markers can be identified and used to guide
selecting and developing drugs in cancer.
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Linking proteomics and genomics data for drug development
Several validated molecular tests performed in tumor tissue or assessing the patient’s
genome are now part of standard therapeutic decision making in breast, colorectal, and lung
cancers 6, 11, 28. Another successful example of biomarkers by genomics is the development
of imatinib mesylate. Imatinib inhibits the BCR-ABL fusion protein translocation, c-KIT
mutation, and platelet derived growth factor receptor (PDGFR). This molecular-targeted
drug is highly efficacious in chronic myeloid leukemia 6566 and gastrointestinal stromal
tumor 67. These genomic changes provided both a predictive biomarker and a therapeutic
target for this rationally designed small molecule. Many genetic events translate into
definable proteomic changes; linking genomic and proteomic data for biomarker and a
therapeutic target at the protein level is ongoing in many fields. These proteomics analyses
will provide predictive molecular marker(s) for the targeted drug to apply to therapeutic
decision-making. Clinical trials are underway at multiple institutions analyzing the value of
proteomics data in clinical decisions 68.

A recently presented phase II study 69, BATTLE (biomarker-integrated approaches of
targeted therapy for lung cancer elimination; NCT00409968), demonstrated that biomarker
tailored targeted lung cancer treatments may improve patient outcome. This study identified
subgroups of patients with advanced NSCLC who were more likely to benefit from a
specific agent(s) based on biomarker analyses done using fresh tissue biopsies. Overall, it
did not yield a dramatic clinical benefit, 46% of patients had stable disease or partial
response after 8 weeks of treatment with a median overall survival 9 months compared with
30% on traditional chemotherapy for advanced NSCLC. However, this example
demonstrates progress has been made in stratifying patients based on biomarkers who will
benefit from the biomarker-defined drugs. Thus, comprehensive proteomic and genomic
profiling for advanced cancers shows promise in addressing the goals of predictive
biomarkers for effective and targeted patient and therapy selections.

Future direction of biomarker, proteomics for drug development
Incorporating proteomics and biomarkers into clinical trials remains an important direction
for drug development. Assay verification and biological validation remain critical for
confidence in application of biomarkers and new target identification. Rigorous peer
reviewed data and approval should be required for best patient safety and benefit, and cost/
benefit, minimizing general application of assays. Verification and validation of tests will be
a key step in maximizing the clinical and commercial success of a biomarker. Such validated
biomarkers may yield clean selection criteria for defined subsets of patients susceptible to
specific targeted therapies. In the future, proteomics can be applied to identify optimally
targeted agent(s) and biologically effective dose(s) for each patient's disease, allowing for
the monitoring of response and relapse, and engineering of new drugs and strategies to
circumvent resistance mechanisms. Comprehensive systems biology proteomic approaches
applied to cancers will both help the patient and tumor community. This also will create a
comprehensive database of information pairing genomic change with proteomic expression
with agents that may successfully target that proteomic drive. Organized studies are needed
in order to initiate this direction.

Such is the biomarker strategy-based prospective clinical trial design conducted by Mills
and colleagues. The “T9” (Ten Thousand Tumors Ten Thousand Tests Ten Thousand
Therapies) project will test with genomic and proteomic technologies the tumors of 10,000
patients with relapsed refractory cancer for whom are at high risk for recurrence with no
therapeutic standard of care. These results will be applied towards identification of best
treatment considerations. This trial was designed prospectively to develop an atlas of
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mutation and co-mutations in patients entering clinical trials and to develop cohorts of
patients with rare gene aberrations. It will help associate these mutations and co-mutations
with clinical outcomes and allow evaluation of molecular evolution in metastases and due to
treatment. Unlike other foundation or commercial approaches that are available, this is
designed as a prospective clinical trial, presenting the investigative component and
optimizing informed consent. This example project is positioned on the backbone of
genomic change; the findings to be applied clinically are those that alter the protein target
and the protein signaling pathway and are organized to evaluate the reliability of
individualized treatment decision making.

Conclusions
Emerging proteomic technology is being applied to help select patients who may be more
likely to benefit from targeted therapies and will bring to reality the clinical adoption of
molecular proteomic stratification. Comprehensive proteomic profiling and trial-focused
endpoint profiling will be critical for development of biomarkers and potential drug targets.
Proteomics will help dissect these protein signaling pathways to define the preferable targets
of molecular therapy. Incorporating translational endpoints of preplanned biologic correlates
in a prospective validation study remains an important method to guide future direction of
proteomics. The discovery of novel, validated biomarker signatures will broaden our
understanding of the disease and will lead to development of new potential drugs for more
effective targeted therapy in recurrent cancers. These events will guide future directions of
proteomics as a tool of new biomarker and drug discovery in cancer and other diseases.
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Figure 1. The decision-making process of drug development incorporating proteomics
Proteomic profiling has been applied for identification of predictive markers and therapeutic
targets through retrospective analyses. The discovery and validation of biomarkers would
lead to development of new potential drugs via prospective clinical trials stratified by
biomarker for more effective targeted therapy in recurrent cancers.
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Figure 2. Prospective and retrospective approaches for identification of potential biomarkers
A biomarker-forward, focused, target-associated prospective approach specifically address
biomarkers to select patients for therapy. Alternatively, an agnostic, trial-backwards,
retrospective approach would apply biased selection with biological validation of
translational endpoints against patient outcome in targeted agents’ trials.
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Table 1

Components of validation for biomarkers in clinical trials for drug development.

Analytical validation
(also known as
verification)

Clinical validation Clinical utility

Accuracy Sensitivity: true positive designation Evaluation of risk and benefit of diagnosis and consequent treatment
resulting from the test

Precision

Reproducibility Specificity: true negative designation

Intrinsic measurements
of error

Behavior of biomarker in a population as
a function of biological variability

Positive and negative predictive value
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Table 2

Four criteria and examples for credentialing therapeutic targets.

Criteria Examples

The target was present. Rheumatoid arthritis70

TNFα overexpression was present and was etiologic in driving local
inflammation and tissue destruction

The target was activated. Crohn’s disease44

TNFα overexpression was a driving event.

The target was altered by the intervention. Ovarian cancer34

Ras/Raf/ERK pathway was altered by sorafenib, a c-RAF kinase inhibitor.

The target alteration was associated with the clinical outcome. Breast cancer 6

HER2 amplification was associated with improved survival by trastuzumab,
an anti-HER2 neutralizing antibody.
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