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Abstract. Although the benefits of adjuvant chemotherapy are not controversial, the absolute effect of

such therapy is small. Therefore, there is a need to identify biomarkers that can help select patients with

localized breast cancer for treatment. Despite intense research in this field, no biomarker has been

shown to be useful to predict benefit of adjuvant chemotherapy in daily practice. This can partially be

explained by the fact that breast cancer is composed of several distinct subclasses, as shown by large-

scale genomic analyses. In this review, we discuss why the current research approach based on a single

biomarker is limited by the heterogeneity of cancer among patients. We then propose three solutions to

improve the research strategies in this field: investigate one biomarker in a single homogeneous subclass

to improve its predictive value; study the predictive value of multibiomarker assays in larger

populations; and use functional pathways to predict the efficacy of a given drug.
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INTRODUCTION

Three generations of drugs have been undisputedly
shown to improve breast cancer outcome, and several other
drugs are being considered. The three generations of chemo-
therapy regimen that have been evaluated are the cyclophos-
phamide, methotrexate, and 5-fluorouracil (CMF) regimen,
the anthracycline-based regimens, and the taxane-based
regimens. The CMF regimen was initially evaluated during
the 1980s. Meta-analysis of randomized trials has shown that
this regimen decreased the annual breast cancer death rate by
34% in women younger than 50 years and by 10% in women
aged 50Y69 years (1). Anthracycline-based regimens were
evaluated during the 1990s. Seventeen trials with a combined
patient population of 14,470 patients directly compared a
CMF-based regimen with anthracycline-based chemotherapy.
A meta-analysis of these trials showed that anthracycline-
based regimens decreased the breast cancer death rate by
16%. Long-term toxicities included secondary leukemia and
left ventricular dysfunction.

More recently, taxane-based regimens have reportedly
improved breast cancer outcome (2,3). Although long-term
toxicities are not well established, neurotoxicity could be a
limiting toxicity (2,3).

Several other drugs will be evaluated soon in an adjuvant
setting. Of these, platinum-based chemotherapy regimens and
5-fluorouracil oral derivatives are the most promising (4,5).

When discussing the optimal drug regimen for each
patient, two important points need to be emphasized. First,
although some trials have investigated the combination of
drugs, most of the regimens use drugs sequentially to deliver
optimal drug dosage and to limit toxicities. Second, it has been
shown that each drug exhibits antitumor activity in patients
who are refractory for another drug. For example, paclitaxel
offers an approximate 20% response rate in patients whose
breast cancer is refractory to anthracycline treatment (6).

These data suggest that each chemotherapeutic drug
provides a small benefit to the overall population with early
breast cancer but induces long-term toxicity and potentially
delays the administration of effective drugs for refractory
tumors. We need to be able to identify patients who benefit
most from each chemotherapy regimen, to deliver the effective
drug at the right time and for an optimal duration, and to limit
long-term toxicity.

Before to go forward in the discussion about how to
discover relevant predictive biomarkers, some considerations
related to methodology should be reported. One commonly
used approach to predictive marker discovery is to identify
candidate biomarkers in prospective neoadjuvant trials when
chemotherapy is given preoperatively and the pathologic
response rates can be directly measured. In this clinical setting,
it is usual to compare the pathologic complete response rates
according to the biomarker status using a chi-square test.
When several studies report concordant results, for example
significantly higher pathologic complete response rates in a
marker-positive subset of patients, it is reasonable to assume
that the same biomarker will also predict benefit in the

1951 0724-8741/06/0900-1951/0 # 2006 Springer Science + Business Media, Inc.

Pharmaceutical Research, Vol. 23, No. 9, Septembet 2006 (# 2006)
DOI: 10.1007/s11095-006-9075-5

1 Department of Breast Medical Oncology, Unit 1354, The Univer-

sity of Texas M. D. Anderson Cancer Center, 1515 Holcombe

Boulevard, Houston, Texas 77030, USA.
2 To whom correspondence should be addressed. (e-mail: fandre@

mdanderson.org)

ABBREVIATIONS: CMF, cyclophosphamide, methotrexate, and

5-fluorouracil; ER, estrogen receptor.



adjuvant treatment setting when (the same) chemotherapy is
given postoperatively. Another approach to biomarker discov-
ery relies on retrospective analysis of tissues obtained from
adjuvant treatment trials. In this process, the candidate
biomarker is evaluated using data from randomized trials and
its predictive value is assessed by a statistical test for interaction
(comparison of hazard ratios). Although this interaction test
helps to determine which biomarker is Bsignificantly pre-
dictive,^ it does not address the issue of clinical usefulness. A
biomarker may be clinically useful by identifying patients who
can avoid unnecessary treatment. This involves showing
statistical equivalency of outcome between treated and untreat-
ed groups of marker-positive patients. This is best proven
through an adequately designed prospective randomized clin-
ical trial. Alternatively, one could perform pooled retrospective
analysis of randomized trial data. However, it should be noted
that validation of Black of benefit^ markers is challenging on
two accounts. Falsely ascertaining lack of benefit from therapy
for a subset of patients, while a in fact there is a small benefit,
could have a significant impact in terms of public health given
the high incidence of breast cancer. Also, patients often have
low threshold to accept potentially curative adjuvant chemo-
therapy. Another potential clinical use of a biomarker is to
identify a subgroup of patients with significantly higher than
average benefit from treatment.

Until recently, the research strategy was to identify a single
biomarker that could be used for the overall population. In this
review, we discuss how this approach is limited by the heteroge-
neity of breast cancer and suggest three ways to improve the
research strategies in this field: (a) investigate a biomarker only in
a single homogeneous subclass of patients to improve predictive
value; (b) study the predictive value of multi-gene markers in
larger populations; and (c) use a priory defined functional
pathways to predict the efficacy of pathway-specific drugs.

BREAST CANCER: A GROUP OF MULTIPLE
SUBCLASSES

Evidence of Inter-tumor Heterogeneity of Breast Cancer

Breast cancer characteristics have been known for a long
time to differ among patients (7) and these characteristics
include estrogen receptor (ER) expression, tumor grade,
patient age, and prognosis. Recent data derived from DNA
microarray analyses have confirmed these findings by show-
ing that breast cancer actually consists of at least 3Y6
subclasses including Her2-overexpressing breast cancer; bas-
al-like breast cancers; luminal-type A, B, and C breast
cancers; and normal-like breast cancer (8Y10).

Further, the clinical and pathological characteristics vary
among these subclasses. For example, luminal-type breast
cancer is characterized by ER expression and low- or inter-
mediate-grade malignancy, whereas basal-like breast cancer is
characterized by a lack of ER expression and high-grade
malignancy. BRCA1-mutated and p53-mutated tumors usual-
ly have the same molecular and clinical characteristics as those
seen in basal-like cancer (8,11). Luminal and basal-like
cancers probably rise from different normal cells, i.e., luminal
and myoepithelial cells (9).

Efforts have been made to distinguish among these tumor
subclasses on the basis of immunohistochemical character-

istics (12Y14). Such analyses have shown that luminal-type
breast cancers typically express ER and cytokeratin 18,
whereas basal-like tumors express cytokeratin 5/6, c-kit, and
EGFR but not ER.

Although the relevance of the proposed subclasses of breast
cancer, as well as the ability to detect these molecular subclasses
at the individual level, is controversial, there is a consensus that
large scale gene expression differences exist among breast cancer.

In addition to between-patient heterogeneity, breast
cancers may also show intratumoral molecular heterogeneity,
meaning that the expression of particular genes could differ at
different locations within the same tumor. DNA microarray
experiments failed to show large scale gene expression differ-
ences within different regions of the same cancer or even
between primary tumors and lymph node or distant metasta-
sis. However, smaller scale differences that may affect dozens
or hundreds of genes can and likely to exist. Discovery and
validation of markers whose expression shows large regional
variation within a cancer is difficult because of unavoidable
sampling error that will affect the results of any such study.
Not surprisingly, for most current biomarkers, even if variably
expressed, a single representative biopsy or tissue section is
sufficient to determine marker status.

Do Breast Cancer Molecular Subclasses Exhibit Differential
Chemotherapy Sensitivity?

In this section, we provide answers to the following two
questions: (1) Are the proteins involved in the cellular
response to chemotherapy different among the breast cancer
subclasses? and (2) Is the efficacy of chemotherapy different
among the breast cancer subclasses?

In considering how the molecular heterogeneity of breast
cancer could affect current research regarding predictive
biomarkers, it is first important to determine whether the
proteins involved in the cellular response to chemotherapy are
different among the breast cancer subclasses. In this regard,
Troester et al. (15) showed that the gene expression profile
induced by cellular exposure to anthracyclines is clearly
different according to cell origin (luminal- versus basal-like).
Although the observations of these researchers were limited
to four cell lines, their findings show that a single protein
does not necessarily mediate resistance or sensitivity across
all subclasses of breast cancer. Similarly, Rouzier et al. (16)
observed in a series of patients with breast cancer treated
with neoadjuvant chemotherapy that the biomarkers associ-
ated with pathological complete response were different
between basal-like and Her2-overexpressing tumors. Al-
though these data are limited, they support the hypothesis
that the biomarkers responsible for resistance to a given drug
differ among the breast cancer subclasses.

With regard to the differential efficacy of chemotherapy
among the different subclasses, one study (16) showed that
the rates of pathological complete response to neoadjuvant
chemotherapy were indeed different according to the molec-
ular subclass shown by genomic profiling. These rates were
45% in patients with Her2-overexpressing or basal-like
tumors, 7% in patients with luminal-type tumors, and 0% in
patients with normal-like tumors. Although no study specif-
ically focused on the predictive value of breast cancer
molecular subclassification regarding adjuvant chemothera-
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py, some reports have suggested a differential effect of
chemotherapy according to ER status (17,18). Furthermore,
several reports have suggested that adjuvant anthracycline-
based chemotherapy is more effective in patients with Her2-
overexpressing breast cancer than in patients with other
subclasses of breast cancer (19Y21).

Although the concept of breast cancer molecular subclas-
sification and cancer heterogeneity among patients is recent and
controversial, data previously reported suggest that the mech-
anism of action and the efficacy of cytotoxic agents differ among
the breast cancer molecular subclasses. These data would
suggest that predictive biomarkers for the efficacy of chemo-
therapy probably differ among tumor subclasses. In the next
sections we discuss how this latter finding has an impact on
future research strategies for finding predictive biomarkers.

LIMITATIONS OF RESEARCH BASED ON A SINGLE
PREDICTIVE BIOMARKER IN OVERALL BREAST
CANCER CASES

It has been suggested that the cellular response to drugs
differs among subclasses; thus, we can speculate that a single
biomarker for drug resistance will have different predictive
values depending on the breast cancer molecular subclass.
Therefore, because of breast cancer heterogeneity, research
that focuses on a single biomarker in the overall population is
suboptimal for the following reasons: first, since we hypothesize
that a single biomarker has predictive value in only a subset of
patients, by extension, the biomarker has less predictive value in
the other patient subsets. Second, since most biomarkers are
associated with a particular cancer subclass, their predictive
value usually reflects the differential efficacy of chemotherapy
among breast tumor subclasses (Table I). Finally, this latter
argument suggests a need for a reproducible percentage of
breast cancer subclasses in order to be able to compare studies.

Although biomarkers of drug resistance have been evalu-
ated in patients with breast cancer, to date, none have been
adopted into clinical use because of their ultimate inability to
predict response to treatment. To illustrate how tumor hetero-
geneity is responsible for this, we focus on two frequently
investigated biomarkers: p53 and topoisomerase IIa.

p53 is a protein involved in the cellular response to
anthracyclines (22). Although in vitro studies have clearly
shown that the mutated form of p53 confers resistance to
anthracyclines, translational research studies in humans have
generated large amounts of non-concordant data. When discus-
sing about predictive value of p53 mutations, it is important to
emphasize that (a) p53 mutations are associated with a basal-
like phenotype (11), a subclass highly sensitive to anthracyclines
(16), (b) molecular pathways for cell death have been reported

to be p53-dependant in BRCA1 wild type cell lines and p53-
independent in BRCA1-mutated cell lines (27). From these two
considerations emerges the hypothesis that p53 mutations could
have a differential predictive value between basal-like tumors
(BRCA1-mutated) and non-basal tumors.

Several reports have shown that mutated p53 correlated
with resistance to anthracyclines (23Y25), whereas other data
have suggested that the mutated form correlated closely with
the efficacy of anthracyclines-based chemotherapy (26). A
more in-depth analysis of the findings of Geisler et al. (25)
and Bertheau et al. (26), however, showed that the distribu-
tion of breast molecular subclasses was different between the
two studies. That is, in the Geisler et al. study, most patients
(72%) presented with low- or intermediate-grade tumors,
whereas in the Bertheau et al. study, most patients had ERj

and high-grade tumors. Putting these clinical data into the
current knowledge of breast cancer subclasses suggest that
p53 could be associated with resistance in luminal like tumor
(low grade) and is associated with efficacy in basal-like
tumors (ERj and high grade).

These findings, while only used as an illustration and not
yet validated in large studies, could illustrate how a single
biomarker that is usually linked to a single breast cancer
subclass could have a differential predictive value in each
cancer subclass; and thus investigates how the predictive value
of a single biomarker in the overall population of breast cancer
is suboptimal. Recent advances in the field of molecular
classification further underscore the importance of consider-
ing the predictive value of a single biomarker in single
homogeneous subclasses instead of the overall population.

Topoisomerase IIa, a cellular target of anthracyclines,
could also illustrate this point. As with studies of p53, studies
of preoperative chemotherapy, although more reproducible
than those focused on p53, have generated contradictory
results regarding the predictive value of topoisomerase IIa
(28Y30). Thus it is not clear whether topoisomerase IIa has
predictive value in the overall population of patients with
breast cancer. However, in considering the expression of
topoIIa in each molecular subclass, it appears that the
TOPO2A gene is coamplified with the Her2 gene (31) and
that the topoIIa subunit is primarily expressed in patients
with Her2-overexpressing breast cancer (32).

These data could give rise to the hypothesis that the
predictive value of topoIIa in the overall population is actually
linked to the Her2 status and that topoIIa could have very
good predictive value in the Her2-overexpressing subgroup,
while its predictive value is less in overall breast cancer.

We have highlighted the fact that the expression of most of
the previously reported biomarkers for drug resistance is
actually associated with a specific subclass of breast cancer

Table I. Correlation Between Biomarkers for Drug Resistance and Breast Tumor Subclasses

Biomarker Predicted effect Molecular subclasses (percent of expression for each biomarker)

p53 mutations (11) Anthracycline resistance

or sensitivity according

to studies

Her2-overexpressing

subclass 71%

Basal-like subclass 81% Luminal-like subclass 13%

(luminal A)

Topoisomerase IIa
gene amplification (35)

Anthracycline sensitivity Her2-gene amplified 50% Her2-gene non amplified 0%

Bcl2 expression (49) Taxane resistance ER-negative disease 59% ER-positive disease 85%

Tau expression (50) Paclitaxel resistance Correlates with ER+ status (multiple regression analyses, p = 0.06)
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and could present a differential predictive value among
subclasses. This consideration limits the power of a single
biomarker to predict, with a high level of accuracy, those
patients who will benefit from adjuvant chemotherapy in the
overall population of patients with breast cancer. Although the
investigation related to single biomarkers in the overall
population is underpowered by the heterogeneity of cancer, it
must be emphasized that these researches have the major
advantage to be statistically feasible. Indeed, the populations
are large and the probabilities of false-positive results are low.

In the next section we discuss three possible ways to
circumvent the difficulties inherent to investigating bio-
markers in a disease composed by multiple entities.

WHAT RESEARCH STRATEGIES COULD BE
PROPOSED FACING AN INTER-TUMOR
HETEROGENEITY

As the foregoing discussion has shown, research to
identify biomarkers that can predict the benefit of adjuvant
chemotherapy should focus on one or more of the following:
investigating one biomarker in a single homogeneous sub-
class; studying the predictive value of multibiomarkers in
larger populations; and using functional pathways to predict
the efficacy of a given drug.

Research Focusing on Specific Molecular Subclasses

The fact that most biomarkers of drug resistance are linked
to a specific molecular subclass of breast cancer provides the
rationale for studies investigating a given biomarker only in a
specific subclass. This would improve the biomarker’s predic-
tive value and decrease the Bbackground noise^ from non-
relevant subclasses. This approach requires a priori definition of
both the molecular subclass and the biomarker. As illustration
of what kind of study design can be done to address this
hypothesis, Di Leo et al. (33) investigated the predictive value
of the combination of Her2 and the topoIIa subunit. An
interesting finding was that Her2 and TOPO2A gene co-
amplification was associated with beneficial anthracycline-
based chemotherapy, compared with the amplification of the
Her2 gene alone. Since these data were generated in a small
subset of patients, this study can just be considered as an
illustration for the proposed research strategy, and cannot
validate the hypothesis that this research approach works
better than the conventional one. Further studies have
confirmed the link between topoII and Her2 gene amplifica-
tions (31,32). On the basis of these data, the BCIR group (34)
retrospectively looked at the predictive value of topoisomerase
IIa gene amplification in patients with Her2-overexpressing
breast cancer in a randomized trial that compared anthracy-
cline-based chemotherapy with taxane-based chemotherapy.
The analysis, although preliminary, trend to report a higher
benefit for anthracyclines in Her2+/TOPO2A amplified gene.

Although the predictive value of topoIIa gene amplifi-
cation in the context of adjuvant anthracycline-based chemo-
therapy in patients with Her2-overexpressing tumors needs
to be confirmed and although reported studies are considered
only as hypothesis-generating studies, there are converging
arguments suggesting that the predictive value of topoIIa is

more relevant to the Her2-overexpressing subclass of tumors
than to the other subclasses.

Although looking at the predictive value of a single
biomarker in a homogeneous subclass is biologically relevant,
this approach presents has two major limitations: first, since
each molecular subclass is represented relatively infrequently,
focusing on each subclass would require that several thousand
patients be screened. Second, even in a homogeneous subclass,
a single biomarker may not accurately predict the entire
benefit of a given drug. Therefore, although research focusing
on the predictive value of a single biomarker in the context of
homogeneous subclasses can show the biomarker has greater
predictive value than in other subclasses, this research approach
is limited by the number of patients and by the relatively poor
power of such a study. For these reasons, investigating a
combination of several biomarkers has been proposed.

Multigene Assay to Select Patients for Chemotherapy

Because of the limitations of research focusing on a single
biomarker assay (Table II), multigene assays have been
developed. A multi-marker assay may have a greater ability to
predict a clinical outcome because it uses information from a
large number of genes each with some but limited predictive
value. It is assumed that the combination will perform better
than any individual marker. Large-scale genomic analyses that
make use of DNA microarray technology illustrate how multi-
biomarker assays work. In microarray studies, a very large
number of genes are compared individually between two groups
of patients using some form of signal-to-noise ranking, usually a
t-test. A drawback to this approach is that t-tests primarily
evaluate differences in averages of expression between two
groups and the P value depends on both the between group
and within group variation. This is an important consideration
particularly if one accepts the hypothesis that breast cancer is
not a single disease but a collection of molecularly distinct
neoplastic diseases. One could assume that in some instances a
predictive marker is restricted to only one particular molecular
subset of cancers, whereas in another molecular subset within
the same outcome group a different predictor may be useful.
Under such circumstances global t-tests may be of limited
power to identify truly valuable but molecular class-specific
predictors. However, in theory combination of several genes in
a single assay could measure both molecular class as well as
class-specific marker status.

Several gene signatures that predict the efficacy of neo-
adjuvant chemotherapy have been identified during the past few
years in small pilot studies (35Y37). For example, we developed
a multigene signature (35) that included 74 genes associated
with pathological complete response after neoadjuvant pacli-
taxel/FAC. This signature was generated from a 24-patient
discovery set and assessed in an 18-patient validation set. An
extension of this study was recently completed which included
133 patients (38). Predictive signatures for other regimens have
also been reported (36,37). The clinical validation of these
signatures in independent studies has not yet been performed.
However, a recurring criticism is that many different prognostic
and predictive signatures were proposed often for the same
purpose but with very little overlap in the predictive genes
(39,40). In fact several different but equally good predictive
signatures can be defined from the same data set for the same

1954 Andre and Pusztai



T
a

b
le

II
.

T
h

e
o

re
ti

ca
l

A
d

v
a

n
ta

g
e

s
a

n
d

L
im

it
at

io
n

s
o

f
R

es
e

a
rc

h
S

tr
a

te
g

ie
s

fo
r

P
re

d
ic

ti
v

e
B

io
m

a
rk

e
rs

R
e

se
a

rc
h

a
p

p
ro

a
ch

A
d

va
n

ta
g

e
s

L
im

it
a

ti
o

n
s

P
ro

p
o

se
d

so
lu

ti
o

n
s

fo
r

im
p

ro
v

e
m

en
ts

Il
lu

st
ra

ti
o

n

S
in

gl
e

b
io

m
ar

k
e

r
in

o
v

e
ra

ll
p

a
ti

e
n

ts
&L

o
w

fa
ls

e-
d

is
co

ve
ry

ra
te

&S
u

b
o

p
ti

m
a

l
re

su
lt

s

d
u

e
to

tu
m

o
r

h
e

te
ro

g
e

n
ei

ty

&G
o

to
a

p
p

ro
a

ch
e

s
2

,
3

,

a
n

d
4

P
re

d
ic

ti
v

e
v

a
lu

e

o
f

p
5

3
m

u
ta

ti
o

n
s

&R
e

su
lt

s
a

n
d

te
ch

n
iq

u
e

s
re

p
ro

d
u

ci
b

le

if
st

u
d

ie
s

a
re

p
e

rf
o

rm
ed

in
si

m
il

a
r

p
o

p
u

la
ti

o
n

s

&U
su

a
ll

y
re

fl
e

ct
s

im
b

a
la

n
ce

o
f

e
x

p
re

ss
io

n
b

e
tw

ee
n

su
b

cl
as

se
s

&C
u

rr
e

n
t

si
ze

o
f

ti
ss

u
e

co
ll

e
ct

io
n

s
a

d
ap

te
d

&N
ee

d
p

re
e

x
is

ti
n

g
ra

ti
o

n
a

le

a
n

d
id

e
n

ti
fi

ca
ti

o
n

S
in

gl
e

b
io

m
ar

k
e

r
in

h
o

m
o

ge
n

e
o

u
s

d
is

e
a

se
su

b
cl

as
se

s

&L
o

w
fa

ls
e-

d
is

co
ve

ry
ra

te
&C

u
rr

e
n

t
ti

ss
u

e
co

ll
e

ct
io

n
s

n
o

t
a

d
a

p
te

d
fo

r
th

is
p

u
rp

o
se

(n
ee

d
in

cr
e

a
se

d
n

u
m

b
e

r
o

f
p

a
ti

e
n

ts
)

&C
o

m
b

in
e

ti
ss

u
e

co
ll

e
ct

io
n

s

P
re

d
ic

ti
v

e
v

a
lu

e
o

f
to

p
o

II
a

g
e

n
e

a
m

p
li

fi
ca

ti
o

n
in

th
e

H
e

r2
-

o
v

e
re

x
p

re
ss

in
g

su
b

cl
a

ss

&R
e

su
lt

s
a

n
d

te
ch

n
iq

u
e

s
re

p
ro

d
u

ci
b

le
&N

ee
d

p
re

e
x

is
ti

n
g

ra
ti

o
n

a
le

a
n

d
id

e
n

ti
fi

ca
ti

o
n

&R
e

su
lt

s
m

o
re

o
p

ti
m

al
th

a
n

a
p

p
ro

a
ch

1
(h

o
m

o
g

e
n

e
o

u
s

d
is

e
a

se
)

M
u

lt
ib

io
m

a
rk

e
r

a
ss

a
y

&R
e

su
lt

s
m

o
re

o
p

ti
m

al
th

a
n

a
p

p
ro

a
ch

1
:

a
.

C
o

m
b

in
a

ti
o

n
o

f
b

io
m

ar
k

er
s

p
re

d
ic

ti
v

e
fo

r
e

a
ch

su
b

cl
a

ss

b
.

N
o

n
e

e
d

fo
r

p
re

v
io

u
s

ra
ti

o
n

a
le

o
r

id
e

n
ti

fi
ca

ti
o

n

&H
ig

h
e

r
ra

te
o

f
fa

ls
e

-d
is

co
v

e
ry

ra
te

s

th
a

n
a

p
p

ro
a

ch
e

s
1

a
n

d
2

&C
o

m
b

in
e

ti
ss

u
e

co
ll

e
ct

io
n

s

G
e

n
e

si
g

n
a

tu
re

s

&S
tr

a
te

g
y

fo
r

g
e

n
e

se
le

ct
io

n
n

o
t

a
d

a
p

te
d

to
h

e
te

ro
ge

n
e

o
u

s
tu

m
o

rs
(t

-t
e

st
)

&S
e

le
ct

b
io

m
ar

k
er

s
b

a
se

d
o

n

fr
e

q
u

e
n

cy
a

n
d

n
o

t
a

v
e

ra
g

e

o
f

e
x

p
re

ss
io

n

&
A

v
a

il
a

b
le

ti
ss

u
e

co
ll

e
ct

io
n

s
u

n
d

e
rp

o
w

e
re

d

fo
r

v
a

li
d

a
ti

o
n

p
u

rp
o

se
(g

e
n

e
a

rr
a

y
s)

&S
e

le
ct

b
io

m
ar

k
er

s
in

h
o

m
o

g
e

n
e

o
u

s
d

is
e

a
se

F
u

n
ct

io
n

a
l

p
a

th
w

a
y

&R
e

su
lt

s
m

o
re

o
p

ti
m

al
th

a
n

a
p

p
ro

a
ch

1

(c
o

m
b

in
a

ti
o

n
o

f
b

io
m

a
rk

er
s

w
it

h
co

m
m

o
n

p
a

th
w

a
y

)

&V
er

y
e

a
rl

y
st

e
p

o
f

d
e

v
e

lo
p

m
e

n
t

S
B

IM
E

so
ft

w
a

re
,

g
e

n
e

se
t

e
n

ri
ch

m
e

n
t

a
n

a
ly

si
s

&L
o

w
fa

ls
e-

d
is

co
ve

ry
ra

te
s

1955Patient Selection for Adjuvant Chemotherapy



purpose. This is due to the large number of genes whose
expression is correlated with each other and the large number
of genes whose expression is associated with a particular
outcome. Within- and between-laboratory reproducibility of
gene expression data has extensively been studied and recent
reports indicate high reproducibility in well-trained laborato-
ries particularly when the same platform and standard
operating procedures are used (41Y43 also http://www.fda.
gov/nctr/science/centers/toxicoinformatics/maqc). One of the
most important limitations of this approach is false-positive
results. Indeed, the investigation of numerous genes with
conservative P values generates some false-positive results
due to hazard. For example, using an alpha level at 0.05, when
1,000 genes are studied, 50 are expected to predict events which
they are not associated with (false positive). It must be
emphasized that other methods like, as example, Metagene
analysis are sometimes used to report cDNA array data (44).

As previously reported, a specific problem linked to inter-
tumor heterogeneity is the fact that genes with high predictive
values that are expressed in a very small subset of cases will not
be readily detected by t-statistics. To circumvent this limitation,
therefore, some investigators have selected genes separately
from different relatively homogeneous molecular groups and
have combined these into a single signature for the entire
population. For example, Wang et al. (45) generated a
signature for breast cancer prognosis by selecting 76 genes
associated with ERj (16 genes) or ER+ (60 genes) phenotype.
By using this approach, they found that the molecular signature-
based prognosis had a hazard ratio of 5.5 (range, 2.46Y12.5) for
all cases (ERj/+) combined. Other multibiomarker scoring
systems are being investigated, primarily as a means of predicting
prognosis. The most popular is the Oncotype DX (46). This
combination of 16 genes has been strongly associated with
breast cancer prognosis in ER+ cases treated with tamoxifen. In
the context of new molecular classification, this multigene assay
is interesting because it integrates both biomarkers associated
with breast cancer molecular heterogeneity (Her2, ER) and
biomarkers previously reported to be associated with prognosis
(e.g., survivin, Ki67, MMP11).

Although a multibiomarker assay is probably a more
interesting approach than a single-biomarker assay in the context
of heterogeneous diseases such as breast cancer, its power
remains hampered by the fact that optimal gene signatures
probably differ among the various breast cancer subclasses and
because biomarkers are initially filtered on the basis of a P value
for the overall population, which do not represent the combined
results from highly relevant genes with infrequent expression.

Other strategies that combine the multigene assay approach
and decrease the limitations due to tumor heterogeneity could
improve the results. These approaches would focus not on the
genes by themselves but on their functional pathways. Indeed,
although genes involved with the cellular response to chemo-
therapy are different among subclasses, we can speculate that
only a few functional pathways are involved in the bioactivity of
a given drug.

Functional Pathways to Predict Treatment Efficacy:
A Promising Tool in the Context of Heterogeneous Disease

As previously reported, the specific genes involved in the
cellular response to a given drug are different among the breast

cancer molecular subclasses. Although multibiomarker assays
could partially reverse this problem by combining genes, this
approach has limitations, as previously reported. The major
limitations are related to the difficulties to extract relevant
information at a single gene level due to the technology-related
noise. In addition, looking at single or a limited number of genes
miss important information regarding the physiological effect of
genes-network. Based on these considerations, several teams
have developed functional pathways analyses to overcome
these limitations. Considering that the functional pathways
involved in the cellular response to a given drug could be
common to different molecular subclasses, analysis of such
pathways to predict the efficacy of a given drug is of particular
interest. The principle of this approach is to cluster genes into a
single functional pathway to predict the benefit of a given drug.
The approach consists in clustering the genes according to
molecular functions or biological processes, as it refers for
example in the Gene Ontology database (47). Several distinct
approaches have been developed to analyze functional path-
ways. The gene set enrichment analyses (GSEA) (48) is an
example. In this analysis, the gene sets are defined based on
prior biological knowledge, e.g., published information about
biochemical pathways or coexpression in previous experiments.
The goal of GSEA is to determine to which extent members of
a determined gene set are differentially expressed between two
distinct outcome groups. This approach is currently being used
to analyze what molecular pathways may be involved in
determining response or resistance to chemotherapy. A similar
concept, while different in the methodology, is provided by
SBIME analysis. The main difference between this and GSEA
is that SBIME analyze the whole dataset without initial
filtration of genes. This approach could therefore take into
account genes with moderate variations that could be of
importance in a functional pathway but not at single gene
level. This software has been recently shown to detect
functional pathways associated with docetaxel resistance in
patients with locally advanced breast cancer (Kauffman et al.,
submitted). Although conventional analysis has failed to detect
such a pathway, the authors used the SBIME software to
identify the oxidoreduction pathway as a major pathway for
predicting docetaxel resistance. Considering our incomplete
understanding of molecular pathways, analysis of the whole
unfiltered data set is of interest and may allow one to discover
previously unsuspected associations.

CONCLUSIONS

In this review, we have discussed how the heterogeneity
of breast cancer among patients could affect research strate-
gies focused on predicting drug efficacy. First, knowledge of
the breast cancer molecular subclasses, along with use of
biomarkers, could help us determine breast cancer prognosis
and thereby help select patients to avoid adjuvant chemother-
apy. Second, considering that proteins involved in the cellular
response to a given drug are different among breast cancer
subclasses, and given the fact that most of the biomarkers for
drug resistance are linked to a specific subclass, research
focusing on a single biomarker in the overall population may
not generate optimal results. To circumvent the problems
posed by this heterogeneity, we propose looking at biomarkers
in homogeneous subclasses. Finally, functional approaches that
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aim at clustering unfiltered genes into a single pathway are of
particular interest in the context of heterogeneous disease.
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