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We are beginning to see the first signs of fundamental change in protein-based
cancer diagnostics.* The field has long been dominated by the search for highly

predictive, single biomarkers that could reveal the state of the patient’s health, much as
hCG can indicate pregnancy or the detection of viral DNA or RNA can reveal the pres-
ence of certain pathogens. The difficulty of the search is complicated by the breadth and
subtlety of the clinical questions that arise in the management of cancer patients: Does
this asymptomatic patient have ovarian cancer? How aggressive is it? Are there distant me-
tastases? What is the preferred treatment? Has the cancer recurred? Not surprisingly, the
search for individual proteins with sufficient information content to answer these types
of questions has generally been frustrating. Although immunohistochemical analysis of
tumor proteins is common, and serum biomarkers are used in a number of cancers (Table
1),1 performance is not always adequate, and significant unmet needs remain, particularly
in the areas of screening and post-treatment surveillance.

There is general agreement that earlier detection is preferable, since it is associated
with improved survival (Figure 1).2 Unfortunately, early detection is the exception for
most cancers. For example, patients diagnosed with localized nonsmall-cell lung cancer
(NSCLC) are approximately 20 times more likely to survive five years than patients whose
disease is diagnosed with distant metastases (50.5 percent survival vs. 2.6 percent). Fewer
than 20 percent of NSCLC cases are diagnosed at the localized stage. Certainly, there is
the potential for lead-time bias, and some cancers that are diagnosed at later stages are
very aggressive — earlier detection will not always improve survival. Nevertheless, the
magnitude of the survival benefit associated with earlier-stage diagnosis is striking and
presents an extraordinary opportunity. Recognition of the potential impact of early de-
tection has led to the establishment of the NCI’s Early Detection Research Network
(EDRN)3,4 and a proposal for the appropriate development processes for early-detection
biomarkers.5 The current debate over screening for breast and prostate cancers is really
about the quality of the available screening methodologies, rather than the merits of
screening per se.

For the patient who has been treated for cancer, the need for improved surveillance
tools is profound. While tracking PSA is highly informative for the patient who has un-
dergone prostatectomy (prostate cells should not be present in a such a patient), the tools
are quite limited for other cancers. For women who have been treated for breast cancer,
recommended surveillance and follow-up procedures include periodic histories and physi-
cal exams; mammography; and pelvic exams (for women taking tamoxifen who have not
undergone hysterectomy). Routine measurement of biomarkers is not recommended.1

Not surprisingly, patients and physicians turn to tools without proven value in the des-
perate hope of detecting recurrences or metastases earlier. One study found that ap-
proximately 62 percent of surveillance costs for breast cancer survivors were attributable
to “excess testing” that exceeded recommendations and was unlikely to be effective.6 A
separate study found that only 22.6 percent of recurrences were detected at scheduled
follow-up surveillance, and that symptoms were the primary indicator of relapse for 57.6
percent of cases.7
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The single-marker approach has neglected the fact that
tumors, particularly early in their development, differ from
related normal cells in many subtle ways rather than in a few
large ways. Moreover, tumors induce a variety of changes in
their environment, including inflammation and angiogenesis.
The challenge for next-generation cancer diagnostics is to
measure a broad range of potential biomarkers and combine
their information content to reach clinically meaningful con-
clusions. Genomics, protein microarrays and bioinformatics
are providing the foundation for such an approach, and these
technologies are driving a new approach to diagnostics.

Driver No.1: Genomics
The release of the first-drafts of the human genome8,9 has
drawn attention to the fact that current therapeutics and di-
agnostics address only a tiny proportion of the range of avail-
able targets. The two genomes (one provided by the Human
Genome Project, the other by Celera) are said to describe
about 35,000 genes, though the total number is likely to be
greater. Given that many proteins exist as stable isoforms
that result from molecular events, such as alternative tran-
scriptional initiation and termination, alternative translational
initiation and termination, alternative mRNA splicing and
post-translational modifications (e.g., phosphorylation,
glycosylation, sulfation), the number of distinct potential pro-
tein analytes almost certainly exceeds 100,000. Obviously,
we are today drawing on only a minimal proportion of the
information that the organism makes available to us. For ex-
ample, the Abbott AxSYM and IMx systems (Abbott Labo-

ratories, Abbott Park, IL) offer five and six cancer-specific
assays, respectively.10

Genetic analyses are already assuming an important role
in clinical practice. Examples include the assessment of the
Bcr-Abl oncogene in leukemias,11,12 Her2/neu gene amplifi-
cation in breast tumors,13 and the analysis of CFTR muta-
tions in cystic fibrosis.14 In addition to these diagnostic and
prognostic applications, genetic analyses can provide an in-
dication of disease risk and provide an important input to
clinical decision making (e.g., BRCA-1 and BRCA-2 muta-
tions in the case of breast and ovarian cancers). Beyond these
and other emerging applications, genomics is creating the
potential for new diagnostic approaches by providing the
“parts list” of proteins that might be usefully measured, as
well as an ever-increasing sense (through gene expression
studies) of proteins that might (or might not) go up or down
with disease15,16  (see Table 1, p.14).

Despite the value of genetic analyses and gene expression
studies, in many clinical settings they face substantial limita-
tions that protein-based tools can address. Particularly for
screening and surveillance, gene expression analyses present
the challenge of sample acquisition, since mRNA must be
obtained from the cells of interest. Routine ovarian biopsies
certainly would not be acceptable and would be unlikely to
yield material from a comparatively small tumor. The prob-
lem is the same for post-treatment surveillance for recur-
rence. Beyond a few exceptions such as colorectal cancer17

and hematological malignancies, the challenge of sample ac-
quisition can be a significant barrier to effective screening

and surveillance. Moreover, the measurement of proteins
should be preferred in many cases, since these molecules are
generally the effectors of physiology and pathophysiology
and since the correlation between mRNA levels and the con-
centrations of the corresponding proteins is far from per-
fect.18,19 In addition, tumor-associated necrosis and possibly
apoptosis can be detected through protein analyses, but not
genetic analyses. This is the concept behind Matritech’s
(Newton, MA) use of nuclear matrix proteins as markers for
the detection of cancer, including an FDA-approved test for
bladder cancer.20 Finally, to the extent that many genetic
analyses reflect disease risk, they cannot detect the actual
onset of disease.

The genomic “parts list” will provide the foundation for
recombinant protein expression and purification, and the
subsequent development of specific “capture agents” such as
antibodies, antibody mimics,21 affibodies22 and aptamers.23,24

These capture agents will allow highly sensitive and specific
measurements that, when combined in multiplexed formats,
will provide unprecedented information and serve as the ba-
sis for an entire generation of new tests.
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For selected major cancers, relative survival benefit was plotted against the
percentage of cancers diagnosed at an early stage. The area of each bubble is
proportional to the number of projected diagnoses in the U.S. in 2002.

Relative survival benefit is defined as 5-year survival rate for diagnosis at early
stage (local except for prostate, which is local/regional) divided by 5-year survival
rate for diagnosis at distant stage. For example, a patient diagnosed with local-
stage NSCLC is approximately 20 times more likely to survive than a patient first
diagnosed with distant-stage disease.

Continues on page 12

In addition to diagnostic and prognostic
applications, genetic analyses can

provide an indication of disease risk
and provide an important input to

clinical decision making.

Figure 1
Relative survival benefit of early diagnosis
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Driver No. 2: Multiplexed protein measurements
Tumors are accompanied by myriad subtle changes at the
molecular level. The clinician, patient and laboratorian need
tools for examining a large number of potentially relevant
proteins with sufficient resolution to detect even minor
changes reproducibly. Today, tools such as two-dimensional
polyacrylamide gel electrophoresis with mass spectroscopy
analysis (2-D PAGE-MS) meet the throughput needs em-
bodied in the former criterion, while quantitative tools in
routine laboratory use, such as ELISAs, meet the latter.
Multiplexed protein measurements, defined here as the si-
multaneous quantitative measurement of 10 or more analytes
(ultimately, hundreds or thousands), will combine the best
qualities of both of these technologies.

Early proteomics work using tools such as 2-D PAGE-
MS has demonstrated the potential of multiplexed measure-
ments for distinguishing relevant health states. In this ap-
proach, two-dimensional gel electrophoresis is used to
separate proteins on the basis of size and charge. Features
that are differentially present in two samples of interest can
then be annotated as individual proteins using mass spec-
troscopy information. Typically, in analyses of approximately
2,000 features, 50-300 might be identified that are uniquely
or differentially expressed.25 A significant number of studies
based on 2-D PAGE have investigated the proteomes of dif-
ferent cancers.26-33 Some studies have used laser capture
microdissection (LCM) to enrich disease-specific material
and enhance the probability of discovering biomarkers.34,35

Limitations of 2-D PAGE include poor sensitivity for the
analysis of low- and medium-abundance proteins;36 few re-
searchers have used the technique for quantitative analyses.37

Alternative approaches for separating proteins prior to mass
spectroscopic analysis include single-dimensional and multi-
dimensional high-pressure liquid chromatography (HPLC)38,39

and surface-enhanced laser desorption and ionization (SELDI)
mass spectroscopy. SELDI has been used to identify novel
biomarkers and signatures for ovarian cancer, 40 and prostate
cancer.41,42 In these cases, the protein biomarkers are essen-
tially differential peaks observed on mass spectrograms.

In the clinical laboratory, antibody-based assays — such
as ELISAs — set the standard for protein analysis. They can
provide both low limits of detection and high specificity in
distinguishing closely related proteins. In order to develop a
more complete picture of cancer at the molecular level, we
want the performance of ELISAs, but in multiplexed formats.
Low limits of detection are particularly important if tumors
are to be detected when they are relatively small. The sys-
tem must be scalable, since the accuracy of diagnostic tests
— and the breadth of the testing menu — will improve as
more markers are included in each analysis. The number of
companies (Table 2) and academics developing multiplexed
systems for protein analysis has grown enormously.21,22,44-59

Some products are already available, and compelling papers
are appearing. Almost all work has utilized antibodies as cap-
ture agents, relying on either fluorescent analytes or second-
ary antibodies for detection.

Photoaptamers are the basis for a different approach that
may enable superior limits of quantitation and scalability.60

Continues on page 14
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to screen for ovarian cancer in high-risk women.61 The com-
ing change in protein-based diagnostics will extend the cur-
rent paradigm and rely on tens of proteins to reach any given
clinical conclusion, increasing the statistical power substan-
tially.62 When one considers the number of possible states of
the patient, it becomes clear that hundreds of proteins are likely
to be involved in the complete work-up of a case.

Conceptually, the development of multiplexed assays is
straightforward. Using multiplexed protein measurements, we
can rapidly compare any two populations of interest (e.g., indi-
viduals with and without cancer; aggressive and indolent can-
cers, therapy responders and nonresponders) across a large num-
ber of protein parameters and identify the best predictors of the
clinical state of interest. These protein measurements can be
combined into protein signatures, validated, and used to assess
the unknown patient. Although validation of the biomarkers and
signatures is critical,5 a full understanding of the underlying bi-
ology is not. As Qu, et al. have observed (in the context of
SELDI), improved knowledge about the markers does not, in
itself, enhance the performance of a signature.41

Of course, such analyses need not be limited exclusively
to protein measurements. They can explicitly consider other
variables, such as genetic risk factors, age, and clinical signs
and symptoms. Protein-based diagnostics thus becomes the
driver for an approach that provides new tools for integrat-

ing the available data,
rather than relying solely
on the pattern-recognition
skills of the individual prac-
titioner. This approach will
place the laboratorian in a
more central role in man-

aging the cancer patient, alongside the physician.
Evidence for the potential of multiparameter signatures is

emerging rapidly. An algorithm combining five serum tumor
markers for ovarian cancer achieved substantially better per-
formance than can be achieved with CA-125 alone.63 Using
only protein analysis, SELDI-based work has led to multivari-
able signatures with improved performance for ovarian and
prostate cancers.40-42,64 Urocor Labs (Oklahoma City, OK) of-
fers its UroScore as a multivariable tool (Gleason score and
pattern, number of positive cores, tumor location, average
percent tumor involvement, PSA and patient age) for predict-
ing organ confinement in prostate cancer.65 Hematopathology

Using multiplexed protein measurements,
we can rapidly compare any two populations
of interest  across a large number of protein
parameters and identify the best predictors

of the clinical state of interest.

Because photoaptamers do not require the use of a second
(detection) capture agent, they avoid the challenges of iden-
tifying secondary antibodies and screening antibody pairs for
compatibility.56 More importantly for scaling, they obviate
the reported challenges of maintaining large numbers of sec-
ondary reagents in solution and the potential for cross talk.43,47

(If a protein is labeled with a secondary antibody, it will gen-
erate a signal whether it has bound to its intended primary
antibody or interacted nonspecifically with another antibody.)
Finally, because photoaptamers are covalently bound to their
target analytes before signal detection, vigorous washing can
be used to remove background proteins, yielding superior
signal-to-noise ratios and lower limits of quantitation.

We believe that analyte density is the key to the coming
change of paradigm, though this multiplexing must be based
on the quality of the individual analyte assays, particularly in
terms of reproducibility and the limits of quantitation. Of
course, if underlying cancer biology is more like pregnancy
and infectious disease, and a single marker can address each
clinical question, then small-scale multiplexing will suffice
— 20 multiplexed ELISAs could answer 20 distinct clinical
questions. Given the complexity of the disease and its man-
agement, this seems unlikely. If we need more information
regarding tumor staging, potential drug responsiveness,
metastases, likely aggressiveness of the tumor, etc., we will
need very large multi-
plexed arrays just for can-
cer, without even consider-
ing diagnostic tools for
other major diseases.

Driver No. 3: Bioinformatics
The new, bioinformatics-driven approach to diagnostics will
rely on the integration of multiple biomarkers, which indi-
vidually have only modest information content. We can state
the obvious without recourse to mathematics: The use of mul-
tiple independent markers can yield diagnostics with mark-
edly improved performance. An individual with an elevated
PSA level and an enlarged, irregular prostate is more likely to
have prostate cancer than a patient with only one of these signs,
and is much more likely to have prostate cancer than a patient
with neither of these signs. Similar thinking underlies the sug-
gestion that measurement of the serum tumor antigen CA-125,
when combined with transvaginal ultrasonography, can be used

Table 1: CCN recommendations on the use of tumor markers in common malignances1

SITE ANALYTES SCREENING        DIAGNOSIS AND PROGNOSIS        TREATMENT SELECTION AND MONITORING        SURVEILLANCE

Acute myelogenous leukemia Immunophenotyping markers
Bladder NMP-22, BTA, M344
Breast Her-2/neu

Colorectal CEA
Esophagus

NSCLC
Ovarian CA-125

Pancreas CA 19-9
Prostate PSA

SCLC
Stomach

       Recommended in NCCN practice guidelines             Marker in development (no current consensus on utility) or used in investigational settings
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uses flow cytometry to examine potentially large numbers of
cell surface and intracellular antigens and has become a criti-
cal technique in the diagnosis, prognosis, management and
surveillance of leukemias and lymphomas.66-69

Physicians and patients will certainly want clear reporting
of the integrated data, as well as clinically relevant conclu-
sions. Analyses will likely include summary statements of some
kind: “with a 95 percent likelihood, the patient has breast car-
cinoma, with a 93 percent likelihood she has no distant me-
tastases, and with a 90 percent likelihood she has no lymph
node involvement.” Such a report would give the physician
and the patient a sound basis upon which to discuss treatment
strategies. UroScore patient reports indicate the probability
associated with each possible patient state: organ-confined
prostate cancer, capsular penetration, or advanced disease.65

Early applications
While applications will emerge across the continuum of care
that extends from detection through diagnosis, prognosis,
therapeutic choice, monitoring and surveillance, perhaps the
greatest unmet needs lie at the ends of this continuum.

Early applications of protein signatures will probably fo-
cus on relatively tractable problems. We are likely to see sur-
veillance of individuals at high risk of disease before screen-

Continues on page 16
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ing tests are introduced. Applications might include moni-
toring for recurrence after treatment or surveillance of indi-
viduals predisposed to disease (e.g., women with BRCA mu-
tations for ovarian cancer or smokers for lung cancer). Based
on large, statistically powerful data sets, general population
screening will follow when the accuracy of the diagnostic call
for apparently healthy people reaches a high enough level to
be useful for diseases of a given prevalence. Ultimately,
screening will be demanded by the ultimate beneficiaries of
our healthcare system — the patients.

The recent work by Petricoin, et al. provides a practical
illustration of how tests might evolve. The serum protein sig-
nature that they used provided sensitivity and specificity of
100 percent and 95 percent, respectively, for distinguishing
ovarian cancer from benign ovarian disease. For the sample
set, the positive-predictive value (PPV) was 94 percent versus
35 percent for CA 125, based on testing of the same samples.
The authors noted, however, that the test did not provide ac-
ceptable performance for population-based screening,40 and
it has been suggested that the PPV in such a context would be
less than 1 percent.64 Continued research to identify markers
and the associated patterns may ultimately lead to tests with
PPVs that are appropriate for use with the general popula-
tion. Petricoin and colleagues have already reported a second-
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generation ovarian cancer signature with sensitivity and speci-
ficity of 97 percent and 100 percent, respectively64 (99 per-
cent specificity would yield a 3.7 percent PPV for the general
population while 99.9 percent specificity would yield a 28 per-
cent PPV, based on the researchers’ prevalence estimates).
Moving from research into the clinic, multiplexed arrays us-
ing specific capture agents represent an alternative approach
for measuring these same markers, and it has been suggested
that such assays would be the preferred approach if SELDI
profiling is not developed as a clinical tool.41

The near future
Although today’s clinicians are overwhelmed by data, a lack of
relevant information continues to be a hallmark of cancer
management. There are few reliable tests for assessing whether
the asymptomatic patient might have cancer; prognosis re-
mains difficult, and treatment choices are complicated; and
finally, patients must live with the dread of recurrence.

New assays, enabled by genomics, multiplexed protein
measurements and bioinformatics will change this situation
dramatically and are already having an impact. As new appli-
cations become available, laboratorians will answer the ques-
tions that are most relevant to clinicians and their patients.
Patient management will continue to improve, and early de-
tection will allow us to use our most effective tools — particu-

larly surgery — when their impact is the greatest. Longer term,
suppressive therapies may be indicated. For patients, there will
be greater confidence in the selection of treatment options
and less anxiety as the quality of clinical information improves.
Note: In this article, the term “diagnostics” is used broadly to
include screening, diagnosis, prognosis, therapy selection, and sur-
veillance based on clinical testing. �
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Table 2:  Selected companies commercializing
microarrays for protein measurements

COMPANY TECHNOLOGY FOCUS

Affibody (Stockholm, Sweden) Affibody capture agents
Beckman-Coulter (Fullerton, CA) Multiplexed arrays printed in individual

wells of 96-well microtiter plates
Becton-Dickinson Clontech Ab Two-color (nonquantitative) system for
Microarrays (Franklin, Lakes, NJ) comparing quantities of prelabeled

protein from two samples (378 analytes)
Biacore (Uppsala, Sweden) Surface plasmon resonance detection
Bio-Rad Laboratories (Hercules, CA) Bead-based multiplexing of ELISA-format

assays; technology licensed from Luminex
Biosite (San Diego, CA) Arrays derived from current point-of-care

technology
Dyax (Cambridge, MA) Antibody development
HTS (Hopkinton, MA) Surface plasmon resonance detection
Luminex (Austin, TX) Bead-based multiplexing of ELISA-format

assays (instruments and bead sets); multi-
plexed kits available through multiple vendors

Metrigenix (Gaithersburg, MD) Flow-through chips
Milagen (Richmond, CA) Polyclonal antibody arrays
Molecular Staging (New Haven, CT) Detection based on rolling-circle

amplification technology (RCAT)
Packard BioChip Technologies Hydrogel coated slides for protein arrays
(Billerica, MA)
Phylos (Lexington, MA) Antibody mimics based on PROfusion

technology
Pierce Endogen (Woburn, MA) Multiplexed ELISA arrays printed in individual

wells of 96-well microtiter plates
Randox (Crumlin, UK) ELISA arrays for clinical diagnostic

applications
SomaLogic (Boulder, CO) Aptamer and photoaptamer capture agents
SurroMed (Mountain View, CA) Bead-based multiplexing of ELISA-format

assays and multiparameter flow cytometry
Zyomyx (Hayward, CA) Integrated protein array platform
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