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What should physicians look for in evaluating
prognostic gene-expression signatures?

Jyothi Subramanian and Richard Simon

Abstract | Most cancer treatments benefit only a minority of patients. This has led to a widespread interest in the
identification of gene-expression-based prognostic signatures. Well-developed and validated genomic signatures
can lead to personalized treatment decisions resulting in improved patient management. However, the pace of
acceptance of these signatures in clinical practice has been slow. This is because many of the signatures have
been developed without clear focus on the intended clinical use, and proper independent validation studies
establishing their medical utility have rarely been performed. The practicing physician and the patient are thus
left in doubt about the reliability and medical utility of the signatures. We aim to provide guidance to physicians

in critically evaluating published studies on prognostic gene-expression signatures so that they are better
equipped to decide which signatures, if any, have sufficient merit for use, in conjunction with other factors in
helping their patients to make good treatment decisions. A discussion of the lessons to be learned from the
successful development of the Oncotype DX® genetic test for breast cancer is presented and contrasted with a
review of the current status of prognostic gene-expression signatures in non-small-cell lung cancer.
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Introduction

A biomarker is formally defined as ‘a characteristic that
is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes,
or pharmacologic responses to a therapeutic inter-
vention’' Biomarkers are biological measurements that
may be used for a diverse range of medical purposes; for
example, diagnostic, prognostic, predictive, pharmaco-
dynamic or a surrogate end point. Effective development
and validation of biomarkers depends critically on the
intended use of the marker. A gene-expression signature
is a biomarker in which the expression levels of multiple
genes are combined in a defined manner to provide
either a continuous score or a categorical classifier.
Continuous scores are usually converted to classes for
ease of therapeutic decision making. Two common appli-
cations for gene-expression signatures are as prognostic
or predictive biomarkers.

Prognostic signatures are baseline measurements that
provide information about the long-term outcome for
untreated patients or those receiving standard treat-
ment. The motivation for studying untreated patients
is to understand the biology of the disease unperturbed
by treatment. Since cancer patients are usually treated,
studying completely untreated patients is usually not
an option. Prognostic signatures developed by studying
cancer patients undergoing a defined standard treatment
can be used to identify patients with a poor prognosis
who receive that treatment and hence require more-
aggressive treatment. Alternatively, prognostic signatures
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can also be used to identify patients with sufficiently good
prognosis with the standard treatment that they would
not require additional treatment. Prognostic signatures,
however, need to be developed and validated with a
defined intent of use to be useful for therapeutic deci-
sion making. For example, the Oncotype DX® (Genomic
Health, Redwood City, CA) recurrence score was vali-
dated on node-negative breast cancer patients with estro-
gen receptor (ER)-positive tumors who received only
hormonal therapy in order to identify patients whose
prognosis was sufficiently good that they may not require
chemotherapy in addition to hormonal therapy.?

Predictive signatures are baseline measurements that
identify patients who are likely or unlikely to benefit
from a specific treatment. For example, HER2 amplifi-
cation is a predictive signature for benefit from trastu-
zumab (Herceptin®, Genentech Inc. South San Francisco,
CA) and perhaps also from doxorubicin® and paclitaxel.*
A predictive signature could also be used to identify
patients who are poor candidates for a particular drug;
for example, colorectal cancer patients whose tumors
have KRAS mutations seem to be poor candidates for
treatment with EGFR inhibitors.’

When validated, prognostic and predictive signa-
tures can guide personalized treatment decisions for
the individual patient. This results in a better balance
between therapeutic efficacy and toxic side-effects, which
leads to improved patient outcomes. There is substan-
tial literature on the process of developing prognostic
classifiers based on high-dimensional gene-expression
data,*!'* which is beyond the scope of this Review.
Analysis of high-dimensional data requires the careful
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Key points

= Though many gene-expression-based prognostic signatures have been reported
in the literature, very few are used in clinical practice

= Developmental studies on prognostic signatures should be designed and
analyzed to address a clearly defined, medically important use for such
signatures to become useful for improving patient treatment decisions

= Prognostic signatures should be evaluated in independent validation studies
before use in clinical practice

= Validation studies should be prospectively planned focused evaluations of
whether a previously defined signature improves patient outcome by informing
therapeutic decision making compared with use of current practice standards

= The gold standard for establishing clinical utility of a prognostic signature is
its validation in a prospective clinical trial to evaluate the medical utility of the

proposed signature

= In some cases, focused analysis using archived specimens from multiple
suitable clinical trials, if performed under strict conditions, can provide a high
level of evidence of clinical utility

usage of sophisticated statistical techniques, includ-
ing adequate control for false-positive differentially
expressed genes, unbiased estimation of the prediction
accuracy and use of appropriate statistical tests to evalu-
ate the improvement in prediction accuracy relative to
standard covariates. The review by Dupuy and Simon
presents a list of common flaws found in publications
of gene-expression profiles related to clinical outcomes
and provides a set of guidelines for the statistical analy-
sis and reporting of microarray studies for clinical out-
comes.'! The BRB-Array Tools software (Biometric
Research Branch, National Cancer Institute, Bethesda,
MD) provides extensive resources for development of a
wide range of classifiers based on gene-expression data,'
and can be downloaded."” In this Review, we focus on
guidelines that physicians could refer to when evaluat-
ing studies on prognostic gene-expression signatures. For
ease of reference, a checklist of the key points addressed
in this article is summarized in Box 1.

A developmental or a validation study

In assessing reports on prognostic signatures, it is very
important to distinguish developmental studies from
validation studies. A developmental study is one that
develops a signature; it is analogous to a phase II clini-
cal trial. A validation study is analogous to a phase III
clinical trial where a completely specified signature,
developed previously, is tested in a prospective manner
under conditions that simulate clinical application of the
signature to determine whether the use of the signature
results in patient benefit. The majority of the published
studies on gene-expression signatures are developmental
studies. Since appropriately designed validation studies
are expensive to conduct in terms of time and resources,
an important objective of a developmental study is to
provide unbiased evidence to help decide whether the
signature seems sufficiently promising to justify initiat-
ing further validation studies. Although to some extent
developmental studies can be exploratory in nature,
validation studies need to be more focused. Below,
we highlight key requirements for developmental and

validation studies of prognostic signatures that can serve
as a guide for physicians to better evaluate publications
on such signatures.

Key points for developmental studies

Most developmental studies of prognostic signatures are
retrospective studies conducted on a convenience sample
of patients with available tissue. Although a develop-
mental study will generally utilize tissues from patients
previously diagnosed, treated and followed, the develop-
mental study should itself be ‘prospectively designed’ to
address a clearly defined, medically important intended
use; the patient selection criteria, sample size and the
analysis plan should be driven by the intended use of
the signature. Moreover, the study should report a com-
pletely specified signature and provide an unbiased
estimate of the prognostic power of the new signature.
These points are elaborated further below. The absence
of prospective planning for an intended use has been
one of the most common and serious deficiencies in the
literature of prognostic markers. The development of
Oncotype DX®, however, provides an illustration of the
benefits of focused prospective planning.

Addressing a clinically relevant intended use
Standard guidelines for treatment selection are normally
based on easily measurable clinico-pathological factors.
For a new prognostic signature to be accepted and widely
used it should provide therapeutically relevant informa-
tion beyond what could be obtained using these prac-
tice standards. For example, in the case of non-small-cell
lung cancer (NSCLC), post-resection adjuvant treatment
decisions are based on tumor stage. For patients with
completely resected stage IA NSCLC, adjuvant chemo-
therapy is considered only in the presence of risk factors
that include poor differentiation, vascular invasion,
wedge resection and minimal margins.™* Disease relapse
rates, however, are as high as 30% even for these patients
with early-stage disease. Hence, a clinically useful objec-
tive would be the discovery of gene-expression-based
prognostic signatures that could reliably identify high-
risk stage IA patients who would benefit from adjuvant
chemotherapy.” It is also possible that subsets of patients
with stage IB and II disease exist who are at a low risk of
recurrence so that adjuvant chemotherapy could be with-
held. Hence, a second clinically useful objective would
be the discovery of gene-expression-based prognostic
signatures that identify stage IB or stage II patients who
would not require aggressive chemotherapy.

Appropriate patient selection and sample size

Inclusion/exclusion criteria for selecting patients for
the gene-expression study and defining the sample size
of the study should be carefully planned based on the
intended use of the prognostic signature. The princi-
pal reason that new signatures are not being used in
clinical practice is that most developmental studies on
gene-expression signatures are conducted based on a con-
venience sample of patients with available tissue without
adequate emphasis on selecting patients appropriate for

2 | ADVANCE ONLINE PUBLICATION

www.nature.com/nrclinonc

© 2010 Macmillan Publishers Limited. All rights reserved



the intended use. As a result, these studies often include
a heterogeneous mix of patients. For example, in a review
of prognostic gene-expression studies in NSCLC, most of
the studies were found to include patients from stage I up
to stage IIT with the consequence that some studies had
a mixed patient population who did and did not receive
adjuvant treatments.'® Showing that a new signature is
prognostic for such a heterogeneous group is unlikely
to have value for therapeutic decision making and such
signatures are rarely used in practice.'” It is thus highly
desirable even for developmental studies to use only
patients from a single clinical trial who are homogeneous
with respect to treatment received. The sample size for
the developmental study should be planned so that there
is sufficient number of patients for both developing the
classifier and for obtaining precise unbiased estimates of
its predictive accuracy.'®

Unbiased internal validation of signatures

An important objective of a developmental study is to
provide an estimate of whether the signature is promis-
ing enough to warrant a validation study. Hence, inter-
nal validation of the signature is required even in the
developmental phase. In order to obtain an unbiased
estimate of the prediction accuracy of a signature from
gene-expression studies, where typically one deals with
high-dimensional data (that is, the number of genes
[variables] is much larger than the number of patients
[samples]), it is necessary to separate the data used for
developing the signature (training set) from the data used
for estimating its predictive accuracy (validation set)."
Estimates of prediction accuracy computed on the same
training set that was used to develop the signature are
called ‘resubstitution estimates. In high-dimensional set-
tings, the model can be optimized so as to fit the training
set perfectly, but with poor ability to predict for new data.
Hence resubstitution estimates of prediction accuracy are
highly optimistically biased and should not be reported
in publications.

Unbiased estimates of prediction accuracy can be
obtained using the methods of split-sample or cross-
validation.? In the split-sample method, the data in
the developmental study is randomly partitioned into
training and validation sets. The training set is used
for developing the signature. After a single completely
specified signature is developed using the training
set, it is applied to the cases in the validation set and
the prediction accuracy is estimated. In contrast to
this simple approach, cross-validation methods utilize
the available data more efficiently. In cross-validation, the
available data is partitioned into K subsets. Each subset
is in turn left out during training. The model is trained
on the union of the remaining K minus one subsets and
predictions are obtained for the left out subset. After
the Krounds of training and testing are complete, all the
test set predictions are used to estimate the accuracy. In
cross-validation, it is imperative that for each training-
test partition, the model is developed from scratch based
only on the training set, otherwise, again, considerable
optimistic bias will be introduced.' In particular, it is

© FOCUS ON BIOMARKERS

Box 1 | Guidelines for reports on prognostic signatures

Objectives
= |s the study a developmental or validation study?

= Does the study address a clinically important intended use?

Patient selection
= |s the patient selection and sample size appropriate for the study objectives?

= |s the number of appropriate patients sufficient to provide narrow confidence
limits for the predicted outcome in risk groups?

Developmental studies
= Has the signature been internally validated in an unbiased manner?

1. Does the study state explicitly that internal validation was conducted using
either split-sample or complete cross-validation?

2. If the study uses cross-validation, does the study explicitly state that the model
was built from scratch for each training set, including gene selection?

3. If split-sample is used for internal validation, is there sufficient number of
patients in the validation set to give narrow confidence intervals for the
predicted outcomes within risk groups?

= Does the study report P-values from an appropriate statistical test to
demonstrate that the prediction accuracy for the signature is better than chance?

= Does the signature demonstrate significantly better prediction accuracy than
standard risk factors using separation of Kaplan—Meier curves within each level
of standard prognostic factors?

= Does the study provide a completely specified signature for others to
independently validate?

Validation studies

= |s the assay standardized and analytically validated?

= |s the validation conducted using a prospective clinical trial? If yes, is the design
of the trial appropriate and efficient?

= |s the validation conducted using specimens archived from a clinical trial? If yes,
is the study carried out under strict conditions listed in Box 27?

invalid to select the genes beforehand using all the data
and then to simply cross-validate the model-building
process for that restricted set of genes. Proper application
of these techniques gives a nearly unbiased estimate of
the prediction accuracy and only these estimates should
be reported in publications.

Demonstrating improvement in prediction accuracy
Standard adjuvant treatment guidelines are based on
easily measurable clinico-pathological prognostic factors.
New genomic signatures are best used in conjunction
with prognostic factors that represent the standard of
care, and developmental studies should establish that
the new signature substantially improves the predictive
accuracy compared with the use of standard prognostic
factors alone. Hazard ratios and statistical significance of
regression coefficients in a multivariate analysis do not
accomplish this objective because they do not adequately
measure predictive accuracy.?! The P-values correspond-
ing to a test of significance of hazard ratios essentially test
whether the hazard ratio is equal to 1 and not whether
the signature improves upon the prediction obtained
through standard prognostic factors.?

To demonstrate that the new signature has signifi-
cantly better prediction accuracy than standard prog-
nostic factors, Kaplan-Meier survival curves showing
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the separation of the risk groups predicted by the new
signature within each level of the standard prognostic
factors should be calculated. The prediction accuracy
required to justify validation studies for a new signature
depends on the standard of care for the disease and the
intended use of the signature. For example, in the case
of node-negative, ER-positive breast cancer patients,
the standard of care following resection and radiation
is chemotherapy and hormonal therapy and a clinically
important use for a new genomic signature is the identi-
fication of subsets of these patients who could be spared
cytotoxic chemotherapy. In such situations, even demon-
strating a statistically significant separation of the risk
groups is not sufficient for indicating that the predicted
risk of recurrence for the low-risk group is sufficiently
small to justify withholding cytotoxic chemotherapy. The
recurrence rate for the low-risk group should be suffi-
ciently small in absolute terms and precisely determined
for the signature to be useful for this purpose.

If a combination of standard risk factors is available,
the change in the area under the receiver operating
characteristic (ROC) curve (denoted by AUC) can be
analyzed to test whether the new signature has statistic-
ally significantly better prediction accuracy than the
combination of standard prognostic factors.?? The ROC
curve is a graph of the sensitivity of a test versus one
minus the specificity of that test as a function of the
threshold for positivity of the test. ROC curves are fre-
quently used with binary clinical outcome data to avoid
having to pre-select positivity thresholds for the two
prognostic tests compared. Larger AUCs imply better
predictions. For survival data, the change in the area
under the time-dependent ROC curve can be used as a
measure of improvement in prediction accuracy.” AUCs
evaluated at various time points can used to estimate the
predictive accuracy of the signature over time.

Is the reported signature completely specified?

Even if internal validation in a developmental study
shows that the new gene-expression signature has excel-
lent predictive accuracy, this is not sufficient evidence for
its clinical application. This is in part because develop-
mental studies are often conducted on patients available
at a small number of centers and the assay is typically
performed at one time in one research laboratory. As a
result of this, many sources of variation occurring in the
clinical setting due to differences in sample collection,
tissue handling and assay performance that may influ-
ence the predictive accuracy of a signature classifier are
not taken into account in the internal validation.* Hence,
an independent validation study that simulates the appli-
cation of the signature in a clinical trial setting should
follow a successful developmental phase. Developmental
studies also typically demonstrate that a signature is prog-
nostic, but a validation study is necessary to demonstrate
that it is actionable and results in patient benefit. That
is, developmental studies demonstrate ‘clinical valid-
ity’ but not ‘medical utility’ Consequently, validation
studies should always follow a successful development.
To enable independent validation of a new signature

by other investigators, the developmental study should
report a completely specified signature-based ‘classifier’
that translates the gene-expression profile to risk groups.
Complete specification of the signature includes not just
the list of significant genes, but also the mathematical
form used to combine expression levels for the genes
used in the signature, weights for relative importance of
genes, and cut-off values for forming the risk groups.

Key points for validation studies

The ASCO Tumor Markers Guidelines Committee
recommended five levels of evidence (LOE) that could
be used to evaluate a tumor marker.”® The levels range
from I to V with level I (LOE I) being definitive evidence.
Level I evidence for establishing the clinical utility of a
new signature is obtained through compelling results
from a prospective clinical trial that is specifically
designed to test the signature. In this article, we discuss
trial designs for prognostic signatures. For a thorough
discussion on trial designs for predictive signatures,
readers can refer to two published reviews.?>?” Before
the initiation of validation studies the assay should be
standardized and undergo analytical validation. Also,
the signature should be completely specified and should
not be one of many signatures to be evaluated in an
exploratory analysis.

Prospective trials for validation of sighatures

The marker strategy design is a direct, though often
inefficient design for prospectively validating the medical
utility of a prognostic signature.”® In this trial design,
patients are randomized to be tested using the signature
or not. For patients who are not tested, treatment deci-
sions are made using standard prognostic factors and
practice guidelines. For patients who are assigned to be
tested, the signature is used, in conjunction with stan-
dard prognostic factors for treatment decisions. The trial
is evaluated by comparing outcomes overall for the two
randomization groups.

The marker strategy design, however, is often very
inefficient. Since many patients may receive the same
treatment regardless of the randomization group to
which they are assigned, a huge sample size may be
needed to allow adequate statistical power to detect dif-
ferences in outcome for the subset of patients for whom
treatment assignment is changed by use of the signa-
ture.?® Outcomes for that subset cannot be evaluated
directly using the marker strategy design because the
signature is not measured for the standard of care group.
Moreover, if the analysis is to demonstrate that withhold-
ing chemotherapy for patients predicted to be low-risk by
the signature is not inferior to adding chemotherapy, this
inefficiency is amplified, and even with a huge sample
size, the results are not likely to be convincing. The
marker strategy design can also be poorly informative in
cases where the treatment implications of the marker are
complex because subset analyses are not possible since
the signature is not measured for the controls.

A modified marker strategy design can be used to
avoid the deficiencies of the marker strategy design. In
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this modified design the signature is measured in all
patients and patients are only randomized when the treat-
ment assignment that is based on the signature differs
from treatment assignment that is based on the standard
of care. To illustrate this strategy, consider the case of
NSCLC where the standard of care for stage IA patients
is to withhold chemotherapy. To validate a prognostic
signature for stage IA NSCLC, a trial may be designed
in the following manner: The signature is measured in
all eligible stage IA NSCLC patients. Patients predicted
to be low-risk by the signature are taken off the study.
Patients predicted to be high-risk are randomly assigned
to receive either chemotherapy or no chemotherapy and
outcomes are compared. This design presumes, however,
that the standard of care, as a function of standard prog-
nostic variables, is determined. This strategy of testing
all patients up-front is used by the Trial Assigning
Individualized Options for Treatment (Rx) (TAILORx)
study for evaluating the Oncotype DX® recurrence score
in patients with breast cancer.”

A primary objective of the TAILORx study is to deter-
mine whether adjuvant hormonal therapy alone is not
inferior to adjuvant chemotherapy and hormonal therapy
in women who meet established clinical guidelines
for adjuvant chemotherapy and have an intermediate
Oncotype DX® recurrence score of 11-25. A second
objective of the trial is to determine the long-term prog-
nosis and efficacy of hormonal therapy alone in the
low-recurrence group (recurrence score <11). The recur-
rence score ranges used in the initial validation studies
of Oncotype DX® were: low-risk (<18), intermediate-risk
(18-30), and high-risk (=31). The ranges for defining
the groups for the TAILORx trial were lowered (low-risk
[<11], intermediate-risk [11-25], and high-risk [>25])
to minimize the potential for undertreatment in both
the intermediate-risk and the high-risk groups.? The
new cutoffs were pre-specified in the trial protocol and
would not be changed in an exploratory manner during
the trial. The design of this trial is based on a modified
marker strategy design and all eligible patients are tested
for the signature upfront. Patients with low predicted risk
are assigned to hormonal therapy alone and patients
with high predicted risk are assigned to chemotherapy
and hormonal therapy. Patients with intermediate pre-
dicted risk are randomized to either hormonal therapy
or chemotherapy and hormonal therapy. If the recur-
rence score is accurate, the relapse rate for the low-risk
group would be very low and hence the potential benefit
of adding chemotherapy would be very small. For the
intermediate risk group, an absolute 3% decrease in
the 5-year disease-free survival (DFS) rate from 90% with
chemotherapy to 87.0% or lower on hormonal therapy
alone would be considered unacceptable.?’

A second clinical trial that uses the modified marker
strategy design is the MINDACT (Microarray in Node-
Negative Disease May Avoid Chemotherapy) trial, which
is designed to prospectively evaluate MammaPrint®
(Agendia, Amsterdam, The Netherlands), a 70-gene
prognostic signature for guiding adjuvant treatment
decisions in node-negative breast cancer patients.*
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Box 2 | Conditions to be satisfied by studies on archived specimens

= The prospective clinical trial with archived specimens that serves as the basis
of the validation study should have essentially the same eligibility criteria and
structure as would have been used if it were prospectively designed to evaluate
the prognostic signature. The number of patients included will, however, in

many cases be less.

= The validation study should evaluate a single completely specified signature.
If any of the parameters for the signature are optimized during validation, the
study is no longer a proper validation study unless special analysis methods

are utilized to adjust for the optimization.

= The assay should be analytically validated for use with archived tissue.
Variation due to both pre-analytical factors, such as tissue collection,
processing, storage, and preparation, as well as analytical factors, such as
reagent choice, incubation time and conditions, and method of readout should

be minimized.

= The number of patients in each clinical trial used for the evaluation should
be large and specimens should be available on a large predominance of the

patients in the clinical trial.

= The archived tissues should not be assayed until a new protocol has been
written that focuses on the evaluation of the new signature with a completely

specified statistical analysis plan.
= The assay should be performed blinded to the clinical data.

= Two or more individually adequate clinical trials should be available for
evaluation of archived specimens in the manner described above.

Signature validation using archived specimens
Although the gold standard for establishing the clinical
utility of a new signature is through compelling results
from one or more prospective clinical trials, such trials
may not always be feasible because they may sometimes
involve withholding standard therapy. This situation
arises, for example, if the objective is to identify low-risk,
stage II breast cancer patients for whom the standard of
care chemotherapy could be withheld. Prospective clini-
cal trials also require many thousands of patients, can
take many years to conduct and can be quite expensive.
The TAILORx study, for example, opened in 2006 and
the results of this trial are expected to be reported only by
2013.% Hence there is a real possibility that other develop-
ments might make the test being evaluated obsolete by the
time the trial is completed.

In cases where uniformly collected specimens are avail-
able for patients on multiple large appropriately designed
clinical trials, non-exploratory focused analysis of those
trials with regard to an analytically validated assay for a
single prospectively (before analysis) defined signature
using the archived specimens can sometimes provide
the same high level of evidence of clinical utility and can
speed up the incorporation of signatures into clinical
practice. A refinement to the previously published LOE
scale has been recently proposed that sets the require-
ment criteria for the design and analysis of validation
studies using archived specimens.?* To avoid any form
of bias, these studies need to be conducted under strict
conditions as outlined in Box 2.

The results from a validation study using archived
specimens should be confirmed using specimens from
a second study based on archived tissue from a differ-
ent trial designed, conducted, and analyzed in a manner
similar or identical to the initial one. Both validation
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Box 3 | Key points of the development of the Oncotype DX® assay

Focus on an important intended clinical use

Identification of ER-positive, node-negative breast cancer patients receiving
endocrine therapy for whom the risk of recurrence is sufficiently low that
chemotherapy can be avoided.

Analytical validation of the assay

The analytical properties of the Oncotype DX® assay were investigated and it
was concluded that the operational performance specifications defined for the
Oncotype DX® assay allow reporting of quantitative recurrence score values for
individual patients with a standard deviation within two recurrence score units
on a 100-unit scale. Furthermore, an analysis of study design showed the assay
imprecision contributed by instrument, operator, reagent, and day-to-day baseline
variation to be low.*°

Validation on a large, therapeutically relevant, separate group of patients than
those used for developing the signature

The 21-gene signature was validated on 668 ER-positive, node-negative patients
from the tamoxifen arm of the NSABP B-14 trial. The results of this validation
study showed that the Kaplan—-Meier estimate for the proportion of patients free
of distant recurrence at 10 years was 93.2% and 69.5% for the predicted low-risk
and high-risk groups, respectively (P<0.001), demonstrating the prognostic value

of the signature.** The recurrence rate for the low-risk group (93.2%) was low
enough to make the signature therapeutically relevant.

Convenience

The assay requires only formalin-fixed paraffin-embedded tissue specimens
making its use practical in standard practice.

Prospective validation

Oncotype DX® is being further prospectively evaluated in the ongoing TAILORX
clinical trial to determine whether adjuvant hormonal therapy alone is as effective
as adjuvant chemohormonal therapy in women who meet established clinical
guidelines for adjuvant chemotherapy and have a low or intermediate Oncotype
DX® recurrence score.?®

studies need to be performed using the same or similar
assay, should address the same end point and the end
point should reflect medical utility. In order to reach
the level of evidence required to change clinical practice, the
results of both validation studies must be consistent and
provide equally compelling results. If the results of the
validation studies are inconsistent, it can be at the most
considered only level IT evidence for the signature.

A validation study using specimens archived from the
SWOG-8814 trial was recently conducted to determine
if the Oncotype DX® recurrence score could also be used
to identify ER-positive breast cancer patients with node-
positive disease, for whom chemotherapy offered little
benefit.*! The results of this study showed that women
with low recurrence scores got little or no benefit when
anthracycline-based chemotherapy was added to tamoxi-
fen, while those with higher scores derived a substantial
benefit, independent of the number of positive nodes. A
prospective randomized clinical trial for a validation study
in this situation would have been very difficult as it would
involve withholding standard of care chemotherapy for
some node-positive breast cancer patients.

Prognostic signatures in NSCLC

Current guidelines for treatment decisions in NSCLC
are based on the TNM staging system and certain addi-
tional clinico-histopathological parameters.'**? As out-
lined earlier, a new gene-expression-based prognostic

signature for NSCLC might be considered clinically
useful in the following circumstances: first, if it is more
effective than standard risk factors in identifying high
risk, completely resected stage IA patients who might
benefit from adjuvant chemotherapy or, second, it iden-
tifies stage IB or stage II patients who have low risk of
recurrence without chemotherapy.

We recently conducted a review to critically evaluate
studies reporting the development and/or validation of
prognostic gene-expression signatures in NSCLC.'¢ The
objective of the review was to determine whether the
studies were planned and conducted in a manner that
provided evidence of clinical utility for the reported sig-
nature beyond that obtained by standard practice guide-
lines. For this purpose, the studies were evaluated on the
basis of criteria representing the various points presented
in the previous sections discussed above. The three major
criteria used for the evaluation were: appropriateness of
the study protocol, statistical validation of the prog-
nostic models and presentation of results, and finally
demonstration of medical utility for the signature.

All the studies reviewed were developmental studies
reporting a new prognostic signature. It was evident
from the review that most of the studies failed to place
adequate importance to either patient selection or sample
size planning. More than 50% of the studies presented
biased resubstitution results where the same data used to
develop the prognostic signature was used to evaluate the
accuracy of the predictions. Also, most studies failed to
report completely specified models that would facilitate
further independent validation of the signatures. Most
importantly, although most studies presented validation
results on data not used for developing the prognostic
signatures, these validation attempts failed to present suf-
ficient evidence for the usefulness of the new signature in
making improved treatment decisions in NSCLC disease
stages IA, IB or II, and failed to establish the usefulness
of the gene-expression signatures over and above known
risk factors.

Thus far, no prognostic signature for NSCLC has
demonstrated sufficient medical utility to be incorpo-
rated into standard treatment guidelines. Recently, a
prospective clinical trial, CALGB-30506, was launched
to compare adjuvant chemotherapy versus observation
in treating patients with stage I NSCLC. The lung meta-
gene signature will be used as a stratification factor in
this trial to evaluate the potential utility of this signature
for identifying stage I patients who benefit from adjuvant
chemotherapy.?**

Lessons learned from Oncotype DX°®

Oncotype DX® is a diagnostic test comprised of a 21-gene
assay applied to formalin-fixed, paraffin-embedded
breast cancer tissue. The result of this assay is expressed
as a recurrence score. Following development, the
assay was analytically validated for reproducibility and
robustness on paraffin preserved tissue and clinically
validated on an independent set of ER-positive, node-
negative patients from the tamoxifen arm of the NSABP
B-14 trial. 3¢
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Oncotype DX® is currently being prospectively evaluated
in the TAILORKX trial. Key considerations that went into
selecting Oncotype DX® for evaluation in this trial were as
follows: first, the assay was analytically validated, second,
the assay only required formalin-fixed paraffin-embedded
tissue specimens routinely processed in clinical patho-
logy laboratories, third, the assay was developed for and
validated in breast cancer patients with hormone-receptor
positive, node-negative disease receiving tamoxifen, who
represented a clinically important group. Finally, initial
validation results indicated that the risk of recurrence of
patients with a low recurrence score was sufficiently low
to be used for informing treatment decisions.>*

Numerous prognostic signatures have been developed
for breast cancer and four signatures (MammaPrint®,
Oncotype DX®, Theros Breast Cancer Index®™ [Bio-
Theranostics, San Diego, CA] and MapQuant Dx™
[Ipsogen, Marseilles, France and New Haven, CT, USA])
are commercially available.’” In a comparative study
of gene signatures in breast cancer, Fan et al.*® found
that although the signatures had little overlap in terms
of gene identity, there was a high concordance in their
outcome predictions for individual patients. Wirapati
et al.*® conducted a meta-analysis involving 2,833 breast
tumors from several publicly available breast cancer gene-
expression studies. The results of this study showed that
all nine prognostic signatures that were compared exhibi-
ted similar prognostic performance in this large dataset
and that their prognostic capabilities were mostly driven
by proliferation-related genes.

All signatures currently commercially available for
breast cancer have been shown to correlate with prog-
nosis and the laboratories that perform the assays are
CLIA (Clinical Laboratory Improvement Amendments)
certified.’® The MammaPrint® signature has also been
cleared by the US FDA as a class 2, $510(k) product.*
However, ASCO recommends only the Oncotype DX®
signature to predict risk of recurrence in node-negative,
estrogen receptor-positive breast cancer patients treated
with tamoxifen, as they believe that establishing clinical
utility for a clearly defined intended use for the other sig-
natures need further investigation.* The Oncotype DX®
assay only requires formalin-fixed paraffin-embedded
tissue specimens making its use practical in standard
clinical practice, compared with MammaPrint®, which
requires snap-frozen tissue. The key points to be learned
from the successful development of Oncotype DX® are
important for any gene-expression signature study and
are further elaborated in Box 3.
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Conclusions
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