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n 2005, cancer exceeded
cardiovascular disease as the
leading cause of mortality in
people younger than age 85 in

the United States (Dalton 2006). In
2006, approximately 500,000 U.S.
cancer patients died from their dis-
ease. Moreover, beyond cardiovas-
cular and infectious diseases, cancer
is the third leading cause of disease
burden worldwide. Advances in our
understanding of how biological
processes interact — thus enabling
such technologies as genomics,
proteomics, and metabolomics —
combined with drug discovery and
development, high-throughput
screening, and in silico drug devel-
opment, place science on the
threshold of innovative cancer
management. This innovation is
predicated on the development of
biomarkers that enable cancer pre-
vention, diagnosis, and treatment
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CANCER BIOMARKERS
Where Medicine, Business, 
And Public Policy Intersect

Molecular biomarkers are emerging as key indices for the management
of patients with cancer and other significant diseases, but their 

potential has yet to be fully realized. Is there enough 
collaboration in place to optimize this care revolution?
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in both individual patients and in
general populations.

Biomarkers are characteristics
that can be objectively measured
and evaluated. They provide infor-
mation about normal or patho-
physiological processes to detect or
define disease progression or to pre-
dict or quantify therapeutic re-
sponses. Traditional biomarkers
have encompassed surrogate physi-
ological measurements (such as
heart rate, blood pressure, and per-
formance status), imaging (such as
chest X-rays and mammograms),
and individual protein molecules
(such as prostate-specific antigen
[PSA] and carcinoembryonic anti-
gen [CEA]).

Mapping the human genome in
conjunction with rapid nucleic acid
and protein analytic technologies
have brought a new generation of
molecular biomarker technologies
within reach. These advancements
include single nucleotide polymor-
phism (SNP) analysis, genomic and
proteomic profiling, epigenetic pro-
filing, and gene expression profil-
ing. They carry the promise of in-
creased disease-specific sensitivity
and specificity coupled with higher
dimensional complexity to provide
a greater level of individualized dis-
ease management.

The potential of the molecular
revolution has stimulated a new
generation of biotechnology entre-
preneurs who are attempting to
capitalize on the inherent impor-
tance of biomarkers to both indi-
vidualized and population-based
medicine. That potential, however,
has yet to be fully realized either
clinically or commercially, reflect-
ing the asynchronous develop-
ment of discovery technologies and
paradigms for their analytic valida-

tion, clinical qualification, and ap-
plication. This asynchrony and the
associated paucity of validation of
highly complex biomarkers have
engendered previously unrecog-
nized issues surrounding approval
and marketing by regulatory agen-
cies. The evolution in regulation
and the emergence of requirements
for robust analytic validation and
clinical qualification, along with the
attendant patient- and capital-
intensive resources necessary to
support these activities, have re-
sulted in the development of new
partnerships. Federal agencies,
academia, and the pharmaceutical
and biotechnology industries are
now optimally poised to explore the
full potential of molecular bio-
markers.

INDIVIDUALIZED MEDICINE
The individualization of disease

management is predicated on de-
veloping biomarkers that subserve
specific clinical domains. Preventive
biomarkers prospectively identify in-
dividuals at increased risk for de-
veloping disease. For example, pa-
tients with mutations in the genes
encoding BRCA1 and BRCA2 are at
risk for developing breast and ovar-
ian cancer. Identification of these
mutations mandates aggressive dis-
ease surveillance and genetic coun-
seling for risk reduction in a pa-
tient’s extended family, and may
suggest prophylactic mastectomy
for disease prevention (Meijers-
Heijboer 2001). Diagnostic biomarkers
identify the presence of disease at
the earliest stage, before clinical
manifestation. Serum PSA discov-
ers patients who might harbor oc-
cult prostate cancer (Sidransky
2002), genomic stool screening
identifies those with subclinical

colon cancer (Imperiale 2004), and
mammography seeks out occult
breast cancer. Prognostic biomark-
ers stratify the risk of disease pro-
gression in patients undergoing de-
finitive therapy. Gene mutation
profiling in patients with estrogen
receptor-positive lymph node-
negative breast cancer identifies
those at increased risk for develop-
ing recurrent disease (Paik 2004),
and the loss of heterozygosity of
specific genes or microsatellite sta-
bility identifies patients with lymph
node-negative colon cancer who
are at an increased risk for develop-
ing recurrent disease (Sidransky
2002). 

Predictive biomarkers identify
patients who are most likely to re-
spond to a specific therapy. Quan-
tification of HER2 expression iden-
tifies patients with breast cancer
who overexpress this receptor and
thus are likely to be particularly re-
sponsive to treatment with hu-
manized monoclonal antibodies to
HER2 (Wilson 2006). Therapeutic
biomarkers provide a quantifiable
measure of therapy response in pa-
tients undergoing treatment. Eval-
uation of minimal residual disease
in patients with chronic myelo-
genous leukemia (CML), employing
polymerase chain reaction (PCR)
technology to detect the Philadel-
phia chromosome, quantifies the
efficacy of therapy (Faderl 2004).
Lastly, biomarkers identify patients
at risk for the development of ad-
verse reactions to specific thera-
peutics. Individuals with particular
mutations in the catabolic enzyme
thiopurine methyltransferase do
not efficiently metabolize mercap-
topurines, which can induce life-
threatening myelosuppression in
those patients treated for leukemia
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(Marshall 2003). Similarly, patients
with mutations in one isoform of
the detoxifying enzyme uridine
diphosphate glucuronosyltrans-
ferase are slow metabolizers of
irinotecan (Camptosar) and can de-
velop severe diarrhea and neu-
tropenia in the absence of dose ad-
justments (Iyer 1998).

TECHNOLOGICAL ADVANCES
Motivated by the concerted ef-

fort to define the human genome,
the creation of rapid analytic tech-
nologies for evaluating nucleic
acids and proteins has pro-
vided the technological “push”
for the development of mole-
cular cancer biomarkers. In
contrast, conceptual advances
in elucidating the molecular
mechanisms underlying
tumorigenesis and the evolv-
ing concepts of tumor sup-
pressors and oncogenes have
yielded diverse and complex targets
to satisfy clinical needs for the indi-
vidualization of medical manage-
ment, providing the associated
“pull” for biomarker development.
Initially, molecular cancer bio-
markers evolved in the model of
classical protein markers, like PSA
in prostate cancer and CEA in colon
cancer, and early genetic markers,
like the Philadelphia chromosome
for CML, as single elements related
to the presence of disease. These
new molecular markers emanated
from discovery efforts that focused
on the molecular basis of cancer,
defining mutations in individual
genes causally related to tumorige-
nesis. Their clinical application was
potentiated by the development of
rapid nucleic acid sequencing tech-
nology coupled with mutation-
specific PCR for high-throughput
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analyses. Individual prognostic
markers employed to assess cancer
risk include mutations in adeno-
matous polyposis coli, associated
with development of familial ade-
nomatous polyposis and colorec-
tal cancer, and those in DNA mis-
match repair genes MLH1 and
MSH2, associated with micro-
satellite instability and hereditary
non-polyposis colon cancer
(Sidransky 2002, Matloff 2004).
Similarly, the detection of viral
genes, including the human papil-

loma virus and the Epstein-Barr
virus, can assess risk for cervical
and nasopharyngeal cancer, re-
spectively (Sidransky 2002). Prog-
nostic information also can be de-
rived from defining mutations in
key signaling mechanisms dys-
regulated in tumors, including
mutations in tumor protein 53 and
Ras (Sidransky 2002).

These initial linear approaches
using single-molecule biomarkers
have dramatically evolved to cap-
ture the richness of biosystemwide
changes underlying pathophysi-
ology. In its simplest form, panels of
genetic markers and their disease-
specific mutations are catalogued,
and their cumulative prognostic or
predictive value are established. Be-
yond panels of individual genes, the
entire transcriptome can be as-
sessed, distinguishing tumors from

normal tissues or from those tu-
mors with different risk profiles.
Distinct patterns of gene expression
in tumors and normal tissues have
been elucidated in the breast and
colon (Sjoblom 2006), and gene ex-
pression profiling can stratify risk
in patients with lymphoma (Glas
2005). Similar approaches are being
examined that employ patterns of
disease-specific SNPs and epi-
genetic changes associated with
DNA methylation (Sidransky 2002).
Most recently, profiling the serum

proteome through the use of
mass spectrometry has distin-
guished patients with ovarian
cancer (Petricoin 2002).

UNMET PROMISE
Although molecular bio-

markers represent the envi-
sioned future for individualized
medicine, their potential has yet
to be realized, reflecting issues

of technique, study design, and
pathophysiology (Dalton 2006,
Wilson 2006). The molecular tech-
nologies from which these mark-
ers emanate have been prolific as
discovery engines, but have not
been systematically transitioned to
generate robust assay performance
consistent with requirements for
routine clinical laboratories in the
form of analytic validation, and de-
fined disease management value in
the form of clinical qualification. In
that context, it is not unusual for
biomarkers to be assessed by using
so-called home brew assays in indi-
vidual laboratories that have not
undergone rigorous analytic vali-
dation to define performance met-
rics, such as reproducibility, sensi-
tivity, and precision (Dalton 2006,
Hudson 2006b). Additionally, mol-
ecular analytes may be evaluated
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key definitive endpoints.



using different technical
platforms whose perfor-
mances have not been cross-
validated. The absence of
assay performance standards
that reflect rigorous analytic
validation and standardiza-
tion across laboratories and
platforms underlies issues of
irreproducibility (Dalton
2006).

Additionally, quantitative
and qualitative relationships
between analytes and dis-
ease management have not
undergone rigorous clinical
qualification, and the eviden-
tiary proof linking a bio-
marker with biology and
clinical endpoints may not be
readily available (Wagner
2007, Williams 2006). These
relationships, which de-
scribe the marker’s clinical
utility, should be assessed 
in appropriately designed
and powered prospective,
blinded, randomized clinical trials,
then validated in follow-up trials.
Without this rigorous approach, a
biomarker’s clinical value can be
overestimated, reflecting bias and
chance resulting from overfitting.
This occurs when statistical models
are employed to fit too many pre-
dictive variables to an insufficient
number of study participants (Wil-
son 2006).

A biomarker also may perform
analytically and clinically, yet not
alter the ultimate clinical outcome
for patients (Miller 2006). A Japan-
ese screening program for neuro-
blastoma that employed urinary
biomarker testing successfully iden-
tified more cases of early-stage dis-
ease, but there were no changes in
the number of late-stage cases or
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mortality (Honjo 2003). Indeed, the
biomarker screening program iden-
tified cases that were normally in-
dolent and, in fact, remained occult,
ultimately regressing without caus-
ing morbidity and mortality. Here,
biomarker screening provided over-
diagnosis, creating pseudodisease
that provided no real contribution
to patient management (Miller
2006). This case illustrates that, ul-
timately, the value of a biomarker to
patient management must be quali-
fied in an appropriately designed
clinical trial with key definitive end-
points.

BIOMARKER 
COMMERCIALIZATION

Molecular biomarkers have the
potential to influence critical clini-

cal decision making, substantially
affecting healthcare economics.
Preventive tests that screen for ge-
netic mutations identify patients at
risk for developing breast and colon
cancer, who will thus become new
customers to the healthcare system.
Prognostic tests define the risk of
breast cancer recurrence in those
patients who may not benefit from
expensive chemotherapy, while
those tests that examine stool bio-
markers distinguish patients who
require further clinical evaluation
with expensive endoscopic proce-
dures. Predictive tests that examine
the overexpression of HER2 recep-
tors in breast tumors establish the
suitability of patients to receive ex-
pensive monoclonal antibody ther-
apy directed toward that target. The
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impact on clinical outcomes and
the associated allocation of limited
healthcare dollars have been em-
ployed to justify high price points
for molecular diagnostics along the
lines of those traditionally seen for
therapeutics (Licking 2006).

The emergence of molecu-
lar diagnostics as high-cost,
high-profit products has
therefore spurred biotechnol-
ogy entrepreneurs and ven-
ture capitalists to launch a
number of new companies
that are focused on the devel-
opment of molecular bio-
markers in cancer and other
diseases. Success depends on
whether their products ad-
dress substantial markets, and
provide direction in critical
clinical decision making re-
garding expensive, complex,
or dangerous therapeutic in-
terventions (Licking 2006). At
stake is a $5 billion market that is
growing at an annual rate of 25 per-
cent (Pollack 2006).

Historically, the paradigm in the
diagnostics business was to obtain
approval from the U.S. Food and
Drug Administration for the mar-
keting of test kits that would then be
sold to local clinical laboratories. In
the new paradigm, molecular bio-
marker tests forgo FDA approval
and distribution to local laborato-
ries and instead are run in central
laboratories (Licking 2006). Offer-
ing diagnostic tests from a central
laboratory and abrogating the need
for FDA approval permits a shorter
and less costly development time-
line from discovery to marketplace.
However, savings in money and
time can reflect the absence of de-
finitive studies analytically validat-
ing and clinically qualifying the bio-
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marker steps typically mandated by
the FDA for marketing approval. In-
deed, it is precisely this failure to
provide definitive validation and
qualification of the biomarker’s
value that has contributed to the rel-
atively slow integration of molecu-

lar biomarkers into mainstream pa-
tient management paradigms
(Dalton 2006, Williams 2006, Wil-
son 2006).

TESTING AND OVERSIGHT
As molecular biomarkers rapidly

emerge as key indices for manag-
ing patients with cancer and many
other diseases, oversight and regu-
lation of their safety and validity has
lagged. Today, approximately 1,000
biomarkers are available as diag-
nostic tests, almost universally mar-
keted as home brew tests without
FDA approval, conducted in one
central laboratory (Hudson 2006a,
Hudson 2006b). The FDA does not
regulate, certify, or provide over-
sight for these tests, nor does it
guarantee their analytic validity or
clinical qualification. Rather, deci-
sions about the validity, utility, and

clinical interpretation of tests are
relegated to individual laboratory
directors. In 1988, Congress enacted
the Clinical Laboratory Improve-
ment Amendments (CLIA), which
required certification of any labo-
ratory that performed testing on

human specimens and report-
ing of patient-specific results.
Under CLIA provisions, certifi-
cation require laboratories to
adhere to general requirements
for quality control standards,
personnel qualifications, and
documentation and validation
procedures. Moreover, labora-
tories that conduct high-com-
plexity testing must enroll in a
specialty area that provides for
proficiency testing that directly
correlates with the quality of of-
fered testing services. In that re-
gard, it is noteworthy that there
is no specialty area identified for
molecular and genetic testing,

nor are there any specific quality
control, personnel qualification, or
proficiency testing requirements for
these diagnostics (Hudson 2006b).
The Centers for Medicare and Medi-
caid Services is generally responsi-
ble for the quality of clinical labo-
ratory testing, and specifically for
CLIA-approved laboratories. Al-
though physicians, patients, and
laboratory directors have lobbied
for proficiency testing standards for
those laboratories that provide
high-complexity molecular and ge-
netic testing services, CMS asserts
that these issues lack sufficient ur-
gency to warrant further regulation,
and can be best considered in the
context of existing CLIA regulations
(Hudson 2006a). With at least a 33
percent failure rate of CLIA-
certified laboratories that perform
genetic testing to participate in
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proficiency testing, and the inverse
relationship between errors in di-
agnostic analyses and proficiency
testing, the current regulatory po-
sition may be cause for concern
(Hudson 2006b).

The FDA has not had a consis-
tent position regarding jurisdiction
over laboratory-developed genetic
tests. It has authority to regulate
them, but has exercised enforce-
ment discretion. In September
2006, the FDA issued a draft guid-
ance extending regulatory en-
forcement authority to a sub-
set of home brew molecular
tests known as in vitro diag-
nostic multivariate index as-
says (IVDMIAs) (FDA 2006).
MIAs measure multiple ana-
lytes in the context of other
clinical information and ana-
lyze the data with algorithms
or software programs. The
FDA targeted IVDMIAs for
regulation because the algo-
rithms often are proprietary,
resulting in a physician’s in-
ability to interpret the results. It is
anticipated that most IVDMIAs
will require some level of FDA re-
view before marketplace entry. It is
noteworthy, however, that the FDA
has not developed an overarching
position regarding oversight of
home brew assays as a class.

POOLING RESOURCES
Discovery, validation, qualifica-

tion, and implementation of mole-
cular biomarkers for the manage-
ment of diseases, including cancer,
will require dramatic changes in the
practice of science, pharmaceutical
and biotechnology development,
and federal regulation, and will ne-
cessitate cooperation and collabo-
ration on an unprecedented scale.
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These changes represent a cultural
realignment in a direction that has,
until recently, been anathema to
constituents. To maximize produc-
tivity in the field of molecular bio-
markers for cancer — the dividends
of which accrue directly to im-
proved disease-free survival for pa-
tients — large comprehensive and
relational databases will be re-
quired. These should involve tens
of thousands of patients followed
longitudinally so that individual

molecular (e.g., genomic, prote-
omic, metabolic) profiles can be
compared to clinical characteristics
of patients and pathologic charac-
teristics of tumors (Dalton 2006).
In this model, standardized meth-
ods will be used for database con-
struction, common statistical algo-
rithms will be employed for
analyses, universally accepted trial
designs will be implemented, and
standardized analytical platforms
will be applied. To extend this
model, these relational databases
ultimately could be adapted for use
by practicing community physi-
cians to truly individualize patient
therapy. An integrated grid of
molecular biomarkers could be
used to define disease prognosis,

predict responsiveness to specific
targeted therapies, and anticipate
and avoid patient-specific adverse
reactions (Dalton 2006).

These considerations suggest
that collaboration and cooperation
between stakeholders involved in
biomarker development, applica-
tion, and regulation may be the
most expeditious path toward the
translation of laboratory discovery
into patient management. The cul-
tural hurdles to this level of coop-

eration are significant in the
context of the historically op-
positional missions of academia
and industry. Moreover, patient
confidentiality, privacy rights,
and the fear of discriminatory
misuse of molecular data are
fixed obstacles to the full im-
plementation of this model
(Dalton 2006).

To that end, the Pharmaceu-
tical Research and Manufactur-
ers of America (PhRMA) and
the FDA have taken the first
bold step in implementing this

broad collaboration by creating a
consortium for the development of
biomarkers (Wagner 2007). The
PhRMA/FDA Biomarker Consor-
tium, established under the Foun-
dation for the National Institutes of
Health, was launched in October
2006. Other stakeholders include
the NIH, CMS, academic institu-
tions, and representatives from the
private sector, including pharma-
ceutical, biotechnology, and diag-
nostics companies. The consortium
will be open to institutions in the
public and private sectors and will
manage biomarker programs to en-
sure scientific rigor, appropriate pri-
oritization and funding, and com-
pliance with relevant statutes. The
consortium will centralize activi-
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ties focused on identifying, validat-
ing, and qualifying biomarkers that
will be integrated into the clinical
application of both new and previ-
ously approved marketed drugs.
This represents one confident —
but necessary — step toward real-
izing the goal of biomarker-based
prognostic and predictive individu-
alized medicine through requisite
cooperation and collaboration.

CONCLUSION
Molecular biomarkers offer a

clear path from the current cura-
tive model of clinical care to the de-
velopment and implementation of
preemptive prognostic and predic-
tive medicine. Their evolution into
mainstream clinical practice, how-
ever, is predicated on the develop-
ment of strict paradigms centered
on analytic validation and clinical
qualification. In that regard, bio-
marker development and clinical
application should have a firmly es-
tablished basis of preclinical and
clinical evidence, reflecting solid
clinical trial design, analytical
methodologies, and statistical rigor.
Moreover, there may be benefits in
centralizing federal regulatory over-
sight of these activities, including
approval, marketing, and quality
control in application, in the FDA
and/or CMS. The recent establish-
ment of the Biomarker Consortium
is a necessary first step to pooling
resources, standardizing ap-
proaches, and instituting collabo-
rations across public and private
sectors. This enterprise will facili-
tate the discovery and application of
biomarkers that will support the de-
velopment of new molecularly tar-
geted therapeutics to achieve a truly
individualized approach to patient
care. BH
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