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Breast Cancer Management:

Are We There Yet?

Felipe Correa Geyer, MD, and Jorge Sergio Reis-Filho, MD, PhD, FRCPath

Breast cancer is a heterogeneous disease, encompass-
ing several histological types and clinical behaviors.
Current histopathological classification systems are
based on descriptive entities with prognostic signifi-
cance. Few prognostic and predictive markers beyond
those offered by histopathological analysis are available.
High-throughput molecular technologies are reshaping
our understanding of breast cancer, of which microarray-
based gene expression has received most attention.
This method has been used to derive a molecular
taxonomy for breast cancer, which has provided inter-
esting insights into the biology of the disease. Class

prediction studies have generated a multitude of
prognostic/predictive signatures, which herald the
promise for an improvement in treatment decision
making. However, most of the signatures developed to
date seem to have discriminatory power almost
restricted to estrogen receptor—positive disease. This
review addresses the contribution of gene expression
profiling to our understanding of breast cancer and its
clinical management.
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reast cancer is a heterogeneous disease
B encompassing a multitude of pathological

entities that are reported to have distinct clin-
ical behaviors.'"? The complexity of breast cancer
has long been acknowledged by histopathologists,
who have endeavored to devise classification sys-
tems to account for its diversity. However, current
classification systems are largely descriptive and are
based on morphological entities that have been
shown to harbor prognostic implications usually on
retrospective analysis. With the boom of high-
throughput technologies and the availability of
humanized antibodies against known oncogenes and
hundreds of small molecule inhibitors (most of
which are still confined to the realm of preclinical
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studies), novel challenges have emerged. In particu-
lar, pathologists have been asked to provide addi-
tional predictive information and to develop robust
and reliable companion diagnostics. It should not
come as a surprise, therefore, that for the success of
targeted therapies and individualized medicine, a
predictive rather than purely prognostic classifica-
tion system is required.

Despite the translational research efforts of the
1980s and 1990s, which were largely focused on the
study of single proteins or genes at a time, only 3
biomarkers have become part of the armamentarium
of breast pathologists and are routinely used to
determine breast cancer therapy: estrogen receptor
(ER), progesterone receptor (PR), and HER2.
Interestingly, all of these biomarkers have optimal
negative predictive values (ie, patients with ER-
negative breast cancer are highly unlikely to respond
to endocrine therapy; HER2-negative breast cancers
fail to respond to humanized monoclonal antibodies
against HER2). However, the positive predictive
value of these biomarkers is rather limited, with a
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substantial proportion of patients with HER2-
positive disease either harboring de novo resistance
or developing resistance to trastuzumab over time.’
Therefore, new biomarkers and therapeutic targets
are urgently needed to improve breast cancer patient
management.

The entire field of cancer taxonomy, biomarker
development, and identification of prognostic and
predictive markers started to change with the advent
of high-throughput technologies, of which microarray-
based gene expression profiling has been the most
extensively used. A molecular taxonomy pioneered
by the Stanford group*’ has been reasonably repro-
ducible in different cohorts.*” Although this taxon-
omy should be perceived as a draft, it has been
progressively adopted as a working model for a molec-
ular classification by independent groups. Several
prognostic and/or predictive signatures (collection
of genes that taken together can classify tumors in
different prognostic/predictive groups) have been
developed.®** Not surprisingly, these signatures have
attracted enormous attention, given that they are
usually described as capable of predicting relapse more
accurately than algorithms based on traditional
clinicopathological parameters (eg, Adjuvant!Online).
Some scientists and clinicians have even described
current pathology methods as unsophisticated and
obsolete and compared them to ritual practices by
ancient tribes.”

The contribution of gene expression profiling to
our understanding of breast cancer biology is unde-
niable, and it is becoming increasingly evident that
this approach may lead to the identification of bio-
markers and mechanisms of response/resistance to
therapy.**® One could argue, however, that the main
contribution of microarrays so far has been the redis-
covery of breast cancer heterogeneity and the oppor-
tunity to devise a systematic way of classifying breast
cancer into biologically and clinically meaningful
subgroups. In fact, the impact of these findings has
been such that clinical trials are being designed in
ways that can account for this diversity,*> and thera-
peutic approaches are being tested in specific sub-
groups rather than the entire population of breast
cancer patients.” Therefore, it should not come as a
surprise if in the not-so-distant future, microarray-
based expression profiling, or most likely one of its
derivatives, is incorporated into breast pathology
practice. However, several issues must be resolved
before this technique can be translated to routine
clinical use. The initial enthusiasm has been tempered

recently by critical analyses of the conclusions we
can draw from these studies.?*?* Furthermore, meta-
analyses of microarray signatures have demon-
strated that we have not progressed much beyond
ER, PR, HER2, and proliferation.** In this review we
address the contribution of gene expression profiling
to breast cancer management.

Molecular Portraits of Breast Cancer:
Getting Beyond Pretty Pictures

Microarray-based gene expression profiling studies
can be performed in multiple ways. The initial
approaches focused on the use of unsupervised meth-
ods to test whether microarrays would provide biolog-
ically and/or clinically meaningful information about
breast cancer diversity. These studies, pioneered by
the Stanford group,*” were largely based on hierar-
chical clustering analysis of relatively small cohorts of
breast cancers. Unsupervised hierarchical clustering
using an “intrinsic gene list” led to the identification
of 5 molecular groups according to their expression
pattern, namely luminal A, luminal B, HER2, basal-
like, and normal breast-like (Figure 1).

The most obvious distinction observed by micro-
array analysis is between the transcriptomes of ER-
positive and ER-negative breast cancers (Figure 1).
Luminal tumors are described as those that show
expression patterns reminiscent of normal luminal
epithelial cells of the mammary gland, including
consistent expression of low molecular weight cytok-
eratins 8/18, ER, and genes associated with an
active ER pathway.*>73>3¢ At least 2 subgroups of
luminal tumors have been identified: luminal A
tumors, which are usually of low histological grade,
have an excellent prognosis, and show high levels of
expression of ER-activated genes; and luminal B
tumors, which are more often of higher histologi-
cal grade and have higher proliferation rates and
a significantly worse prognosis than luminal A
tumors.*>"*3¢ Normal breast-like cancers are rather
poorly characterized; one of the defining features of
these tumors is that they consistently cluster
together with samples of fibroadenomas and normal
breast. The clinical significance of normal breast-
like tumors is yet to be determined,*>”*3¢ and some
have suggested that this subgroup may be a mere
artifact of expression profiling (ie, disproportionally
high content of stromal cells), given that identification
of this group of tumors by microarrays is less stable
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Figure 1. Molecular subgroups of breast cancer. °Most suitable. *Not lobular morphology. Basal markers: EGFR, CKs 5/6, 14,

and 17. ER, estrogen receptor; PR, progesterone receptor; AR, androgen receptor; CK, cytokeratin; IDC-NST, E-cad, e-cadherin

invasive ductal carcinoma of no special type.

when fine needle aspiration biopsies are used®” or
when microdissected samples are subjected to expres-
sion array analysis (J. S. Reis-Filho and R. Natrajan,
unpublished observations). HER2 tumors are usu-
ally ER negative and characterized by overexpression
of HER2 and genes associated with HER2 pathway
and/or HER2 amplicon on 17q12. HER2 cancers
have very aggressive clinical behavior; however, they
are amenable to novel tailored therapies using either
humanized monoclonal antibodies against HER2 or
HER2 tyrosine kinase inhibitors.*>73>3¢3842 Although
the vast majority (>80%) of HER2 cancers as defined
by microarrays harbor HER2 gene amplification or
HER2 3+ immunohistochemical expression,***” not
all tumors that are HER2 amplified fall into the
HER2 cluster by expression arrays analysis. There is

also evidence to suggest that some HER2-amplified,
ER-positive cancers fall within the luminal B sub-
type rather than the HER2-microarray subtype.’
Basal-like cancers, another group of predominantly
ER-negative cancers, are so named because the neo-
plastic cells of this tumor type consistently express
genes usually found in normal basal/myoepithelial
cells of the breast, including high molecular weight
cytokeratins (5/6, 14, and 17), P-cadherin, caveolins
1 and 2,"*7% nestin,’’ and epidermal growth factor
receptor (EGFR)* and, in a minority of cases, harbor
EGFR gene amplification®® or aneusomy.’> These
tumors are usually of high histological grade and
characterized by high mitotic indices, the presence
of central necrotic zones, pushing borders, con-
spicuous lymphocytic infiltrate, and typical/atypical
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medullary features.”®>* In addition, metaplastic ele-
ments are not uncommon.>> The morphological and
immunohistochemical features of basal-like cancers
are remarkably similar to those described for tumors
arising in BRCAI germline mutation carriers,* and
there is a growing body of evidence to suggest that
BRCA1 pathway is dysfunctional in sporadic basal-
like cancers.’® In fact, engineered mouse models
targeting Brcal and Trp53 genes in luminal or basal
cells of the mouse mammary gland resulted in the
development of tumors displaying morphological and
immunohistochemical features that recapitulate those
seen in human basal-like breast carcinomas.’”®
Although basal-like breast cancers have only
made it to the forefront of breast cancer research in
the last decade after their rediscovery by microarray
analysis, the existence of a subgroup of aggressive
breast carcinomas harboring features of myoepithe-
lial/basal differentiation was first documented more
than 40 years ago,**** and studies demonstrating
that these tumors more often express the immunohis-
tochemical features now known to be characteristic
of basal-like cancers were first published in the last
decade.”® Basal-like breast cancers are typically
ER negative, PR negative, and HER2 negative (triple-
negative); however, the terms basal-like and triple-
negative are not synonymous. Although the vast
majority of triple-negative cancers are of basal-like
phenotype®**® and the vast majority of tumors
expressing “basal” markers are triple-negative,*>*"7°
there is a significant number of triple-negative can-
cers that do not express basal markers and a small but
still significant subgroup of basal-like cancers that
express either hormone receptors or HER2.37:6>:67:6972
Bertucci et al®” addressed this issue directly and con-
firmed that not all triple-negative tumors when ana-
lyzed by gene expression profiling were classified as
basal-like cancers (ie, only 71% were of basal-like
phenotype) and not all basal-like breast carcinomas
classified by expression arrays displayed a triple-negative
phenotype (ie, 77% were of triple-negative pheno-
type). Taken together, these results are in accord with
the concept that the triple-negative phenotype is not
an ideal surrogate marker for basal-like breast can-
cers.*®®”73 Furthermore, there are several lines of evi-
dence to suggest that the group of triple-negative
cancers is substantially more heterogeneous than the
group encompassed by basal-like breast cancers.®*
This concept is particularly important when results of
clinical trials on triple-negative cancers are inter-
preted®’; we would argue that a subgroup analysis of

the core basal subgroup of triple-negative cancers
(ie, triple-negative cancers that express basal mark-
ers) should be systematically performed. Basal
marker—positive triple-negative cancers have been
shown in retrospective studies to have a more aggres-
sive clinical behavior®® and to have more consistent
dysfunction of BRCAI pathway than triple-negative,
basal marker—negative cancers.*">

Although this molecular classification has cap-
tured the attention of the scientific and medical
communities, its introduction in the clinic is still a
work in progress. Surrogate markers for the intrinsic
gene list molecular taxonomy are being developed.
Quantitative reverse transcriptase polymerase chain
reaction (QRT-PCR)-based methods have already
been generated and validated in archival, formalin-
fixed, paraffin-embedded tissue samples.”*’¢ Nielsen
et al*’ described an immunohistochemical panel of
4 markers (ER, HER2, EGFR, and cytokeratins 5/6)
that identifies basal-like cancers with 100% speci-
ficity and 76% sensitivity and has been further con-
firmed to be of prognostic significance.®® However,
other clinically meaningful subgroups may emerge
from further class discovery studies. For instance, a
“molecular apocrine” subgroup, which shares some
features with the HER2 subtype,”” and a “claudin-
low” subgroup, which comprises tumors that have
transcriptomic features suggestive of a stem cell-
like phenotype, have been recently described™
(Figure 1). However, whether claudin-low tumors
constitute a separate molecular group of breast can-
cers or are a mere subgroup of basal-like cancers
remains to be determined.

Class discovery studies performed to date have
preferentially analyzed samples of invasive ductal car-
cinomas of no special type (IDC-NST) and a limited
number of invasive lobular carcinomas.*” Until very
recently, special types of breast cancer had largely
been systematically ignored. This issue was recently
addressed by Weigelt et al,”” who performed a detailed
expression profiling analysis of special types of breast
cancer and demonstrated that some special types of
breast cancer pertain to a single molecular sub-
group. For example, medullary and adenoid cystic
carcinomas were consistently of basal-like phenotype.
Micropapillary carcinomas clustered together in a
distinct branch within the ER-positive tumors, con-
firming that this histological type is a distinct entity, a
feature that is also supported by genetic analysis
based on array comparative genomic hybridization.*
Tubular carcinomas showed remarkable similarities
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Table 1.

Correlation Between Molecular Subtypes and Histological Special Types
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77-79,83

Histological Special Type Luminal HER2+/ER—

Basal-like Molecular Apocrine Claudin-low

Tubular carcinoma
Cribriform carcinoma
Mucinous carcinoma
Micropapillary carcinoma
Neuroendocrine carcinoma
IDC osteoclast

Classic ILC

Pleomorphic ILC
Apocrine carcinoma
Adenoid cystic carcinoma
Medullary carcinoma
Metaplastic carcinoma

P I i i

X
X
X Xt

NOTES: ER = estrogen receptor; IDC osteoclast = invasive ductal carcinoma with osteoclastic giant cells; ILC = invasive lobular

carcinoma.

*A minority. THypothetical.

to lobular carcinomas at the transcriptome level, sup-
porting the concept of a “low-grade breast neoplasia
family” previously described.?"** A novel neuroen-
docrine cluster composed by neuroendocrine and
mucinous carcinomas has been found; its significance,
however, remains to be determined. Metaplastic
carcinomas have consistently been shown to fall into
the basal-like cluster by immunohistochemical®
and gene expression profiling studies”** (Table 1).
However, a recent study undertaking pathway
analysis revealed that PTEN, topoisomerase 1o, and
DNA repair pathways, including BRCA1 pathway,
are significantly more down-regulated in metaplastic
carcinomas compared with basal-like IDCs, which
may at least in part explain their reported poor
responses to chemotherapy.®

Although not yet comprehensively studied by
gene expression profiling, a special type of cancer that
is an obvious example of genotypic-phenotypic corre-
lation in breast cancer is the secretory carcinoma.
These tumors have been shown to consistently harbor
a t(13;15)(p13;q24) chromosomal translocation,®*
involving the genes ETV6 and NTRK3.*** Subse-
quent studies have shown that this translocation in
breast cancer is specific to secretory breast carcino-
mas and that even tumors once thought to be variants
of this special type (ie, acinic cell carcinomas of the
breast) do not harbor this translocation.®®

As expected, most special types have been shown
to be more homogeneous at the molecular level than
IDC-NSTs, and some do constitute different
entities. Further large-scale studies that include all
histological types and preferentially incorporate
gene expression and genetic analyses are still needed

to comprehensively evaluate the molecular features
of breast cancer. However, it is anticipated that by
combining morphological, immunohistochemical,
and molecular techniques, a more biologically and
clinically meaningful classification of breast cancer,
similar to that adopted for the diagnosis and manage-
ment of leukemias and lymphomas, will emerge.

Prognostic Signatures: Sound
Improvement or Noisy Overstatement?

Adjuvant!Online (www.adjuvantonline.com), Not-
tingham Prognostic Index,* St Gallen guidelines,”
and National Institutes of Health (NIH) criteria®'
are the tools and algorithms often used by oncolo-
gists to decide which patients should receive
chemotherapy. These algorithms are based on clini-
copathological parameters including tumor size, his-
tological grade, ER status, vascular invasion, and
presence of lymph node metastasis. However, oncol-
ogists, pathologists, and surgeons have already come
to terms with the concept that these parameters are
not sufficient to capture the complexity of breast
cancer and to tailor therapy for individual patients.
Furthermore, the actual proportion of patients who
actually benefit from adjuvant chemotherapy regi-
mens is rather limited.

Although numerous studies using a candidate
approach have identified potential prognostic markers
(eg, p53, Mib1, MUCI, to name but a few), none of
these has been translated into clinical practice. Given
the need for better prognostic factors for breast
cancer, it is not surprising that microarrays have been
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tested as a method to identify novel prognostic factors.
Studies designed to devise gene expression—based
multivariate function (referred to as predictors or
gene signatures) are called class prediction analyses.
The aim of this type of studies is to devise a gene
signature that accurately predicts the class member-
ship of a new sample on the basis of the expression
levels of key genes. Such predictors can be used for
many types of clinical decision making, including
diagnosis, prediction, and, most often, prognostica-
tion. Using this supervised approach, investigators
have developed numerous microarray-based prog-
nostic gene signatures.®'”?%?* Unlike conventional
immunohistochemical prognostic markers, these are
multigene predictors of outcome. As with any type of
multidimensional data where multiple comparisons
are made, the risk of data overfitting is high, and
several of the prognostic signatures have been shown
not to perform as well in validation series, when
compared with the original data sets from which
they were derived.

The first breast cancer prognostic signature
described was the 70-gene signature from the
Amsterdam group.?* This classifier was derived from
the analysis of 78 frozen samples from small (<5 c¢m)
lymph node—negative breast cancers from patients
younger than 55 years treated at the Netherlands
Cancer Institute. By comparing the expression pro-
files of tumors from patients who developed distant
metastasis within 5 years with those who did not, the
authors identified a multigene prognostic signature
comprising 70 genes. This signature could accurately
identify the patients who did not develop metastasis
within 5 years (good prognosis) and those who
relapsed within 5 years (poor prognosis). In subse-
quent studies, the signature was validated in larger
cohorts, with node-positive and node-negative
patients, and statistical analyses have shown that it
outperforms traditional systems based on clinical and
histological parameters in predicting disease out-
come.””” The major strength of the signature is its
high accuracy in identifying low-risk patients who
could be spared adjuvant aggressive chemotherapy.
However, this signature has a negligible discrimina-
tory power in ER-negative breast cancers, with <4% of
patients with ER-negative breast cancer being consid-
ered as having good prognosis. Despite the multiple
issues raised in relation to the applicability of the 70-
gene signature (aka, MammaPrint) and to its limited
value in ER-negative disease, this predictor is cur-

rently being tested in the MINDACT (Microarray In

Node-negative Disease may Avoid ChemoTherapy), a
prospective randomized study comparing the 70-gene
signature with the common clinicopathological crite-
ria in selecting patients for adjuvant chemotherapy in
node-negative breast cancer. The design of this clinical
trial has been subjected to numerous amendments; in
its latest format, it will require 6000 patients, and
only patients with discordant results between the 70-
gene signature and clinicopathological parameters
will be randomized.”® Although this trial has the
potential to settle once and for all the validity of this
prognostic signature, it will take years to be comple-
ted and it is possible that by the time of its comple-
tion, this approach will have already been rendered
obsolete. In fact, 13 months after the activation of
the trial, only 265 participants had been accrued
(http://www.breastinternationalgroup.org/BI1G/
Clinical_Trials/Active_trials/BIG__304_MINDACT_
EORTC_10041.aspx).

A slightly different approach has been undertaken
by Wang et al,** who first identified 16 and 60 genes
associated with relapse in ER-positive and ER-negative
breast carcinomas, respectively, and assembled them
into a 76-gene prognostic signature. Multicenter
studies have further validated this predictor in larger
cohorts.””*® Like the 70-gene signature, this classifier
was more accurate than the St Gallen” and NIH*!
methods. However, it has been observed that this
76-gene predictor is strongly time dependent” and
that its 16-gene component had no predictive power
when applied to a series of 71 ER-negative patients.”

Chang et al’ studied the genomic response of
fibroblasts to serum exposure and created the wound-
response signature. These authors observed that the
expression of the genes belonging to the signature in
a proportion of breast, gastric, and lung carcinomas
predicted poor overall survival and increased risk of
metastasis. The authors then validated their findings
using the database of 295 breast cancer patients
that had previously been used to create and validate
the 70-gene signature.'” The wound-response sig-
nature could identify 90% of the patients who devel-
oped metastasis and could theoretically have spared
30% of women, who did not develop metastasis,
from chemotherapy.'®

In breast cancer, cells with high expression of
CD44 and no or undetectable expression of CD24
have been purported to have high tumorigenic capa-
city.'”! Liu et al,"* driven by the growing body of evi-
dence which suggests that only a minority population
of cancer cells within a tumor are actually tumorigenic,
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compared the gene expression profile of CD44%/
CD247" breast cancer cells with that of normal
breast epithelium and generated a 186-gene “invasive-
ness” signature. This signature was an independent
prognostic factor and, again, outperformed St Gallen®
and NIH”' criteria in identifying patients who
would not benefit from adjuvant systemic therapy.
Interestingly, the invasiveness gene signature was
also associated with prognosis in medulloblastoma,
lung cancer, and prostate cancer.'*

The promise for improvement in treatment deci-
sion making attracted great attention to these signa-
tures. Several additional classifiers have been published
and are currently being developed (Table 2). However,
many doubts regarding the reliability and repro-
ducibility of this approach have arisen.?*3%'%2 Sub-
sequent statistical analyses have called into question
the actual contribution of these signatures to breast
cancer patient management.***"!* One of the reasons
for this apparent failure of microarrays in realizing
their potential stems from the disparate paces of
microarray technology development and the develop-
ment of bioinformatics and statistics applied to
microarray analysis. For instance, in the beginning of
this century, data overfitting was a poorly understood
concept and methods for power calculation for
microarray analysis were yet to be described.'*
Fortunately, this field is maturing very rapidly and
there are clear guidelines as to how a therapeutically
significant gene signature should be developed and
validated.'”'*® Unfortunately, none of the microarray-
based signatures described to date fulfills all criteria
required. In addition, although microarrays are quite
reproducible and can certainly be applied to class dis-
covery studies and preclinical analysis, their accuracy
and reproducibility may not be sufficient for clinical
use. For instance, up to 15% of error in qualitative
assessment of gene expression has been demonstrated
when the optimal samples were analyzed with the
same platform and protocols in different laborato-
197 Furthermore, the applicability of microarrays to
readily available, formalin-fixed, paraffin-embedded
material is limited, given that this technology has been
shown to perform suboptimally when RNA extracted
from this type of sample is used.'” Although Illumina
(http://www.illumina.com/) has recently provided a
method for microarray-based gene expression analysis
of formalin-fixed paraffin-embedded samples (DASL
gene expression), which has been shown to produce
reasonable results when applied to matched frozen
and formalin-fixed paraffin-embedded specimens,'”

ries.

the above signatures are yet to be converted into a
platform that is compatible with those samples.
Given the difficulty of implementing RNA-
preserving tissue collection in the clinical practice,
qRT-PCR-based signatures'® and immunohisto-
chemical panels'® suitable for the analysis of formalin-
fixed paraffin-embedded samples have been developed
as alternative methods for expression profiling
analysis. The prototype of this approach is Oncotype
DX,'® which has been developed to be applied in
early-stage, endocrine-responsive, tamoxifen-treated
patients. The assay is based on the messenger RNA
(mRNA) expression levels of 21 genes (16 cancer-
related genes and 5 reference genes). These 16
genes comprise components of ER pathway, prolif-
eration, HER2 amplicon, and invasion. The expres-
sion levels of these genes as defined by qRT-PCR are
subjected to a mathematical algorithm and provide
the recurrence score. Patients with a high recur-
rence score in material from previously performed
clinical trials have been shown to benefit from
chemotherapy. Intermediate and low scores are
assembled under the good prognosis group, and
chemotherapy would be of limited value. The results
have been validated in different cohorts,"'*!''" includ-
ing node-positive patients.''? Although some have
argued that this predictor only recapitulates the
information provided by grade, ER, HER2, and
MIBIL,'"" that the influence of the proportion of
stromal cells in the final result of the test needs to
be thoroughly examined, and that the reproducibil-
ity of this assay in a large cohort of samples is yet to
be fully characterized, this predictor has gained wide
acceptance by the oncology community, and major
medical insurance providers in North America have
already adopted Oncotype DX as a means to identify
which patients with ER-positive cancers should
receive chemotherapy. According to the Genomic
Health Web site, to date 7500 physicians have
ordered the Oncotype DX for more than 65000
patients. As the 70-gene signature, it has reached
the final step in prospective testing. The TAILORx
(Trial Assigning Individualized Options for Treatment
[Rx]) trial, which is currently being run in the United
States and is led by the North American Breast
Cancer Intergroup, has been designed to test the
clinical impact of Oncotype DX in a prospective
fashion.!'*'"® The trial developers plan to enroll more
than 10000'" node-negative, ER-positive, HER2-
negative patients. Patients with high recurrence
scores will receive hormone therapy and chemotherapy,
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Table 2. Summary of Gene Signatures and Their Application in Breast Cancer Patient Management
No. Commercial
Biological Sample of Status/
Signature Hypothesis Method Platform Conditions Genes Indication®  Manufacturer References
70-gene/ Clinical Microarray  Agilent Fresh 70 ER+ On the 22,92-96
MammaPrint outcome (oligonucleotides) frozen market/
Agendia BV
76-gene Clinical Microarray  Affimetrix Fresh 76 ER+ Not 23, 97-99
outcome (oligonucleotides) frozen commercially
available
Wound Wound Microarray ~ ¢cDNA Fresh 512 ER+ Not 9, 88
response healing (custom made) frozen commercially
available
Invasiveness Tumorigenic Microarray  Affimetrix Fresh 186 ER+ Not 14
gene cells CD44+/ (oligonucleotides) frozen commercially
signature CD24—/low available
Recurrence Clinical qRT-PCR TagMan FFPE 21 ER+ On the 18,
score/ outcome market/ 110-114,
Oncotype DX Genomic 116
Health
Mammostrat Clinical IHC IHC FFPE 5 ER+ On the 19
outcome market/Applied
Genomics
Genetic grade Histological Microarray ~ Affimetrix Fresh 97 ER+ Not 20, 123
index grade (oligonucleotides) frozen commercially
available
5-gene Histological Microarray  Affimetrix Fresh 5 ER+ Not 16
molecular grade (oligonucleotides)/ frozen/ commercially
grade index TaqMan FFPET available
6-gene grade Histological Microarray  Affimetrix Fresh 6 ER+ Not 12
signature grade (oligonucleotides) frozen commercially
available
2-gene ratio Response Microarray — Agilent Fresh 2 ER+ Not 16, 17,
to tamoxifen (oligonucleotides)/ frozen/ commercially 127-129
TagMant FFPEt available
181-gene Response Microarray  Affimetrix Fresh 181 ER+ Not 15
signature to tamoxifen (oligonucleotides) frozen commercially
available
Pharmacogenomic  Response to Microarray  Affimetrix Fresh 26 ER+ and Not 11
predictor chemotherapy (oligonucleotides) frozen ER- commercially
available
DTF/SFT Fibroblastic Microarray ~ ¢cDNA Fresh 786 ER+ Not 24, 141
signature reaction frozen commercially
patterns available
Stroma-derived Epithelial- Microarray  Agilent Fresh 26 ER+ and Not 10
prognostic mesenchymal (oligonucleotides) frozen ER- commercially
predictor interaction available
Extracellular Epithelial- Microarray  Agilent Fresh 278 ER+ Not 8
matrix mesenchymal (oligonucleotides) frozen commercially
signature interaction available
7-gene immune Clinical Microarray ~ Multiple Fresh 7 ER—- Not 21, 155
response outcome frozen commercially
module available

NOTES: ER = estrogen receptor; cDNA = complementary DNA; gRT-PCR = quantitative reverse transcriptase polymerase chain
reaction; FFPE = formalin-fixed paraffin-embedded; IHC = immunohistochemistry; DTF = desmoids-type fibromatosis; SFT =
solitary fibrous tumor.
* Most applicable. TDerived from microarray data and later validated in a qRT-PCR format.

whereas patients with low scores will be treated with
hormone therapy alone. Those with intermediate
scores will be randomized to hormone therapy or
hormone therapy plus chemotherapy. The results of

this trial are eagerly awaited because a recent study
showed that about half of the patients referred to
undergo the test in real life were considered to be at
intermediate risk.'"
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Genomic Grading: The End of
Nottingham Grade?

It has been demonstrated that histological grade,
more than any other clinicopathological parameter or
tumor intrinsic characteristic, is associated with the
type, pattern, and complexity of molecular changes
seen in breast cancer and its precursors."” This con-
cept stems not only from comparative genomic
hybridization studies but also from microarray-based
expression profiling analysis. Molecular genetic
analysis has demonstrated remarkably distinct pat-
terns of genetic aberrations in grade I and grade III
breast cancers. In particular, deletions of 16q, the
most prevalent numerical aberration in grade I breast
cancers, is seen in <20% of grade III breast carcino-
mas, suggesting that progression from low-grade
to high-grade breast cancer is uncommon.>''"!'"
Furthermore, Ma et al'?° analyzed matched normal,
pre-invasive, and invasive breast lesions of different
grades by means of expression profiling analysis
and observed that samples preferentially clustered
according to histological grade rather than stage.

Histological grading of breast cancer has long
been used as an important parameter for treatment
decision making. Currently, it is performed by
histopathological analysis using the modified Bloom
and Richardson method,'*' also known as Nottingham
grade. Despite the importance of this grading sys-
tem, concordance between pathologists has been
reported to be suboptimal.'* In fact, intra-observer
and interobserver agreement ranges from 50% to
86%. Although the clinical significance of grade I
and grade III is well defined, approximately 50% of
the tumors are classified as of grade II, a grade
group whose interobserver reproducibility is clearly
suboptimal and whose clinical significance remains
equivocal.

Sotiriou et al*® have undertaken a hypothesis-
driven approach with the aim of refining the current
grading system and defining the molecular basis of
histological grade. Histologically defined grade I and
grade III ER-positive breast carcinomas were sub-
jected to microarray-based gene expression profiling,
and using a class prediction approach, the investiga-
tors devised a 97-gene expression grade index (GGI).
The GGI identified breast cancers classified as his-
tological grade I and grade III tumors in the valida-
tion set with an accuracy of ~90% and was more
strongly associated with relapse-free survival than
histological grade. Importantly, GGI could stratify

histological grade II tumors into GGI low-grade and
GGI high-grade categories and could show that
these groups were of prognostic significance: histo-
logical grade II GGI low tumors had outcomes sim-
ilar to GGI low cancers, whereas histological grade
II GGI high tumors had outcomes similar to GGI
high cancers. GGI was subsequently validated in an
independent data set by the same group.'*

Two independent groups used analogous
approaches and achieved similar results.'*'® Ivshina
et al'* and Ma et al'® identified a 6 grade—associated
gene signature and a 5-gene molecular grade index,
respectively. The latter has been converted into a
qRT-PCR assay suitable for formalin-fixed, paraffin-
embedded, archival patient material, which may
expedite its incorporation into clinical decision
making for breast cancer patients.'® It has also been
proposed that grading signatures could replace
histological grade in currently used prognostic mod-
els such as Adjuvant!Online and the Nottingham
Prognostic Index.'>'**'*> Iyshina et al'? described
that when the 6-gene grade signature rather than
histological grade was used in the Nottingham
Prognostic Index, some patients classified as having
poor prognosis shifted to the good prognosis group.
Hence, the use of microarray-based genomic signa-
tures to assess tumor grade may improve the iden-
tification of patients who could be spared toxic
adjuvant systemic therapy.'

Although there is great enthusiasm about
genomic grading, additional independent validation
of the above genomic grade signatures is still required,
and their discriminatory power in ER-negative
disease has been shown to be rather limited.**'*
Therefore, despite the issues related to repro-
ducibility of Nottingham histological grade, histo-
logical grade

remains a useful and less expensive tool to help
tailor the therapy of breast cancer patients. These
results confirm the importance of histological grading
and should stimulate pathologists to improve intra-
observer and interobserver reproducibility.

Response to Therapy: More Signatures!

Despite intense research in the last decades, only
3 biomarkers are mandatory to be tested for ade-
quate breast cancer treatment: ER, PR, and HER2.
Molecular studies have confirmed the extreme
importance of these biomarkers, and several lines of
evidence suggest that breast cancer comprises at
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least 2 distinct diseases (ER-positive and ER-
negative). Investigators aiming to identify new bio-
markers and therapeutic targets and/or evaluate
response to therapy should take into account the
distinctive molecular features of the different
subtypes or risk underestimating or overestimating
their performance.***® Biological pathways might be
important in one particular molecular subtype, such
as TP53 mutation in ER-positive chemotherapy-
resistant tumors,* whereas the impact of TP53 muta-
tion in ER-negative disease may differ.

Tamoxifen is one of the few successful examples
of targeted therapy in breast cancer. It is the most
frequently prescribed endocrine therapy for women
with ER-positive breast cancer in both early-stage
and advanced disease. However, a substantial pro-
portion of patients relapse because of intrinsic or
acquired resistance to tamoxifen. The identification
of these patients has been a major goal in breast
cancer research. Many groups have tried to iden-
tify reliable predictive factors and signatures by
means of gene expression profiling in the context
of tamoxifen treatment, such as the Oncotype DX
and the 2-gene ratio."”

Ma et al'” analyzed the gene expression profile of
60 early-stage tamoxifen-treated patients and identi-
fied 3 genes associated with outcome: HOXBI3,
IL17BR, and CHDH. High levels of HOXB13 mRNA
and low levels of IL17BR mRNA were shown to be
associated with recurrence. A simple 2-gene ratio
HOXB13:IL17BR was then proposed as a novel bio-
marker to predict recurrence in tamoxifen-treated
patients. This group developed a qRT-PCR assay and
achieved comparable results. Although initial valida-
tion studies failed to demonstrate the predictive
power of this 2-gene signature,'*” subsequent studies
validated the results in 2 different cohorts and
showed that the ratio has prognostic power and is pre-
dictive of tamoxifen response.'”*'* However, this
ratio is only predictive in patients with node-negative,
ER-positive cancers,'**'?* which explains its lack of
predictive value in the study by Reid et al.'*’
Interestingly, further analyses have suggested that the
HOXB13:IL17BR ratio may have complementary
prognostic value when combined with the 5-gene
molecular grade index described above.'®

By analyzing a large series of ER-positive breast
cancer patients treated with tamoxifen in the adju-
vant setting, Loi et al"® developed a signature com-
prising 181 genes that were derived from 13 gene
clusters. The classifier was subsequently validated in

3 independent series; however, it was not accurate
when applied to a data set of women who had
received tamoxifen in the advanced setting. The
authors concluded that their signature was mainly
prognostic, arguably reflecting the aggressiveness of
the tumors. In fact, determining whether a bio-
marker predicts prognosis or response to therapy is
not a simple task. Samples from an advanced breast
cancer trial in which patients were randomized to
receive tamoxifen or placebo would be required to
accurately define the prognostic or predictive nature
of this 181-gene signature."

Pre operative and postoperative samples from
patients treated with neoadjuvant systemic therapy
have recently been subjected to microarray-based
expression profiling'"'3*'*} and comparative genomic
hybridization'** analyses. Analysis of matched sam-
ples provides an excellent opportunity to identify
genes whose expression levels change attributable to
the systemic therapy.?* Furthermore, expression pro-
filing analyses of samples from patients achieving
pathologic complete response, the best although not
ideal surrogate for overall survival in the neoadjuvant
setting,'”> can be compared with the analyses of
those who did not respond, and predictive signatures
for specific drugs or regimens can be devised. In fact,
studies based on the above rationale have led to the
development of a multigene signature predictive of
pathologic complete response to sequential paclitaxel
and anthracycline therapy.'""*° Similar studies using
microarray-based or RT-PCR techniques have con-
tributed to our understanding of the mechanisms of
response to chemotherapy.'?'"**13613% Although sub-
stantial validation is still needed before these predic-
tors can be incorporated in the clinic, one could
argue that in the future, gene expression profiles may
help guide the selection of the most appropriate
drugs to the correct patients and avoid toxic and
ineffective chemotherapy.

Tumor Microenvironment
and Stromal Signatures

Apart from the wound-response signature, most of
the analyses described above were focused on the
epithelial cancer cells. The studies were performed
using whole tissue samples, and the samples with
insufficient tumor epithelial cell content were gener-
ally excluded. Thus, the specific contribution of
epithelial and stromal cells to these tumor classifiers
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is unknown. However, Cleator et al'* clearly demon-

strated that varying proportions of stromal compo-
nents may influence the accuracy of gene predictors.
Lately, attention has been given to the tumor
microenvironment and the epithelial-mesenchymal
interactions in breast cancer.*'***"*1%*  Compre-
hensive gene expression profiling of each cell type has
demonstrated that at the transcriptome level, changes
occur in epithelial, myoepithelial, and stromal cells
that are already evident at the in situ carcinoma
stage.'* Given the concepts described here, it is
perhaps not surprising that prognostic signatures
derived from the profiles of stromal cells have been
developed and that many genes of the current predic-
tors are predominantly expressed by stromal cells.

By comparing the transcriptome of 2 fibroblastic
neoplasia, desmoid-type fibromatosis (DTF) and
solitary fibrous tumor, West et al** successfully
stratified breast cancers into at least 2 prognostically
significant subgroups that were independent of tra-
ditional clinicopathological factors, suggesting there
might be distinct fibroblastic reaction patterns in
breast cancer. The cluster, which was enriched for
DTF genes, had a significantly better prognosis.
Further analyses have confirmed the finding of a
good-outcome DTF subgroup in different data sets.'*!
Interestingly, at the protein level, breast cancers
with strong expression of 1 single gene (SPARC) of
the DTF cluster in the stromal cells showed a trend
for increased survival.'"*' However, epithelial cells
might express stromal markers, and a study demon-
strated that SPARC expression in epithelial cells in
a large consecutive series of breast cancers was asso-
ciated with poor prognosis.'*

More recently, Finak et al' isolated tumor
stroma and matched normal stroma from breast
tumors and derived a 26-gene signature strongly
associated with outcome called the stroma-derived
prognostic predictor (SDPP). SDPP predicted prog-
nosis with greater accuracy than the 70-gene signa-
ture, stratified several published whole-tumor
derived data sets into clinically meaningful sub-
groups, and was independent of grade, age, lymph
node involvement, chemotherapy, hormonal therapy,
and ER and HER2 status. The poor-outcome cluster
showed markers of hypoxic and angiogenic responses,
whereas the good-outcome cluster overexpressed
immune-response genes.

Using a different approach, Bergamaschi et al®
grossly dissected 28 breast cancers and by an unsu-
pervised hierarchical clustering method classified

the samples into 4 different groups according to the
expression of 278 selected extracellular matrix-
related genes. Interestingly, in the validation set, the
authors found a strong association between one of
the groups (group 1) and the basal-like subgroup
previously defined. This group 1 was characterized
by high histological grade, lack of ER expression,
TP53 mutations, and poor outcome. Furthermore, 3
of the 278 genes were shown to be prognostically
relevant: tumors harboring high expression levels
of MARCO and low levels of PUNC and SPARC
displayed a significantly worse outcome.®

The expression levels of 6 genes pertaining to the
extracellular matrix gene cluster (FN1, LOX, SPARC,
TIMP3, TNC, COL1A1), which was previously shown
to be associated with outcome of breast cancer
patients, was analyzed by means of qRT-PCR in a
series of 1286 breast cancer patients."* It was
observed that in a cohort of 680 lymph node—negative
patients who did not receive any systemic adjuvant
therapy, high levels of FNI, LOX, and SPARC were
associated with shorter metastasis-free survival,
whereas high levels of TIMP3 were associated with
prolonged metastasis-free survival. TNC expression
levels were not associated with prognosis in these
untreated patients; however, high TNC expression
was associated with a shorter metastasis-free survival
after adjuvant tamoxifen treatment in 139 patients
and a shorter progression-free survival in 240 patients
whose relapse was treated with first-line tamoxifen
monotherapy. These tantalizing results warrant
further studies to determine the prognostic and
predictive power of these genes. However, one could
entertain the hypothesis of testing these genes as
potential therapeutic targets of breast cancer.

Signatures Everywhere: Which
One Should We Trust?

Apart from the technical issues related to microarray
reproducibility and bioinformatic analysis, one issue
that has hampered the translation of microarray
signatures from interesting scientific observations
to clinical tools is the fact that despite the similar
prognostic impact of many signatures, the overlap
between the gene lists is negligible.'*” For example,
only a 3-gene overlap was identified between the
76-gene and 70-gene signatures.”* As a consequence,
both pathologists and clinicians face the challenge of
which signature should be used and in what context.
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Questions such as whether a single signature would
outperform the others and whether combining dif-
ferent signatures would improve the accuracy have
been recurrently raised.

Fan and colleagues'*® were the first group under-
taking a study to address the concordance between
different signatures. These investigators applied
multiple classifiers (70-gene signature, 21-gene recur-
rence score, 2-gene ratio, wound-response signature,
and intrinsic gene list) to the same cohort of breast
cancer patients and concluded that most of these
classifiers showed significant agreement in their
outcome prediction for the individual samples.
Disappointingly, a model combining different signa-
tures did not perform better than did each one sepa-
rately. Despite the disparity in their gene lists and the
fact that the signatures were developed using differ-
ent approaches, platforms, and statistical tools, the
signatures reflect a common set of phenotypic traits
and biological pathways, which are represented in the
diverse gene sets. Paraphrasing Massagué,'* these
prognostic signatures “may be regarded as different
pictures of the same beast”, page 296.

More recently, extensive meta-analyses incorporat-
ing publicly available data from several institu-
tions** 126147011 have validated the observations
made by Fan et al.'"* Wirapati et al** confirmed not
only that different prognostic signatures identify simi-
lar groups of breast cancer patients but also that the
assignment of patients into good or poor prognosis is
largely dependent on the expression levels of genes
pertaining to the “proliferation cluster.” Another
conclusion drawn from these analyses is that the prog-
nostic power of most classifiers is limited to the
ER-positive/HER2-negative subgroup.’*'#° It has been
demonstrated that the proliferation cluster is the
strongest parameter predicting clinical outcome only
in this subtype.'*® Hence, the signatures are essentially
detecting as low risk the low-proliferation subset of
ER-positive/HER2-negative tumors.**'** In fact, Fan
et al'*® had already shown that within the luminal A
subtype defined by the intrinsic gene list** there was
variability in the outcome predicted by the 4 signa-
tures compared in the study, whereas almost all
basal-like, HER2, and luminal B tumors were classi-
fied as having a poor outcome. These studies have also
demonstrated that some signatures performed even
better when only the proliferation-related genes were
used to predict prognosis.** Thus, some genes might
be only introducing noise into the microarray data and
may be detrimental to the signatures’ performance.

Another recent study compared 13 risk prediction
methods, including the expression of a single prolifer-
ation gene (AURKA), in a training and validation
set.””! Complex signatures consistently failed to out-
perform the single gene model in the validation set.
Therefore, the dramatic increase in variables being
tested in parallel by microarrays may not necessarily
lead to better predictions. These results challenge
once again the approaches used to analyze data gener-
ated with high-throughput technologies for the devel-
opment and validation of breast cancer prognostic and
predictive factors. New and more reliable bioinfor-
matic approaches are urgently needed that can extract
meaningful statistical and biological information from
the large amount of high-dimensional data generated
by microarrays in studies characterized by many more
interconnected variables (thousands of genes) than
samples analyzed (up to hundreds).

Desmedt et al'** demonstrated that the biologi-
cal processes that determine the outcome of
untreated breast cancer patients vary according to
the immunoprofile of the cancers. In ER-positive/
HER2-negative cancers, the strongest predictors of
outcome are age, size, lymph node metastasis, pro-
liferation as defined by Aurora A expression, and
angiogenesis as defined by vascular endothelial growth
factor (VEGF) expression, whereas in ER-negative/
HER2-negative cancers only immune response as
defined by signal transducer and activator of tran-
scription 1 (STAT1) expression is significant (grade,
size, and lymph node metastasis are not significant).
In HER2 positive cancers, lymph node metastasis,
angiogenesis as defined by VEGF expression, tumor
invasion as defined by plasminogen activator uroki-
nase expression, and immune response as defined by
STAT1 expression are significantly associated to out-
come.'?* These results provide even further evidence
that the heterogeneity of breast cancer has not only
biological implications (ie, breast cancer encom-
passes multiple diseases that are governed by the
expression of different genes and activation/inactiva-
tion of distinct pathways) but also clinical relevance.

Estrogen Receptor-negative Disease:
Is There a Marker of Good Outcome?

As emphasized above, given the dependence on the
expression of genes related to proliferation, the prog-
nostic value of current gene signatures is limited in ER-
negative tumors, which wusually display a high
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proliferation rate.**'** Thus, to predict prognosis in
ER-negative disease, classifiers that rely in other gene
modules are needed. One of the stromal signatures
described above'® may have the ability to stratify ER-
negative tumors into good and poor prognosis groups.
This is in part attributed to enrichment for immune-
related genes in the good outcome cluster. Multiple
studies have suggested that a lymphocyte-associated
gene cluster may identify a group of patients with ER-
negative breast cancers who have a good out-
come.?M12412155 A recent meta-analysis integrating data
of more than 2100 breast cancer patients identified an
immune response module as significantly associated
with prognosis of ER-negative/ HER2-negative tumors,
whereas in HER2-positive tumors an invasion module
was also shown to add prognostic information.'*

Teschendorff et al'® first identified a 7-gene
immune response module that was associated with
good outcome in a cohort of 186 ER-negative breast
cancer patients. Surprisingly, this was not related to
either the extent of lymphocytic infiltration, medullary
carcinomas, or BRCA 1 mutation status. Recently, based
on these 7 genes and using a complex mathematical
algorithm, the same group generated a classifier and
validated it in 6 independent ER-negative cohorts.*!
The negative predictive value was >85%; hence, the
authors argued, this classifier could be used to identify
high-grade ER-negative patients who may benefit
from less aggressive systemic therapy.

Conclusion

High throughput molecular techniques have led to a
paradigm shift in the way breast cancer is perceived
and how breast cancer research is carried out.
Although these technologies have proven incredibly
useful in basic and translational research studies,
their clinical applications are still limited. In this era
of tailored therapies, the development of taxonomies
that are more predictive is of paramount importance.
It is anticipated that by combining morphological,
immunohistochemical, and molecular techniques, a
more biologically and clinically meaningful classifica-
tion of breast cancer will emerge. Despite the hype of
microarrays and their undeniable contribution to our
understanding of breast cancer, important challenges
must be met before this methodology is implemented
in the clinical setting. The only prospective study in
which a microarray-based signature (ie, 70-gene
signature) was used to define which patients should
receive chemotherapy (ie, MicroarRAy PrognoSTics
in Breast CancER [RASTER] study) led to somewhat

disconcerting results. First, of 585 eligible patients,
31.6% of patients (n = 158) were excluded because of
sampling failure (n = 128) and incorrect procedure
(n = 30). Second, it is, therefore, perhaps ironic that
although the 70-gene signature was devised to
increase the number of patients who could be safely
spared the cytotoxic effects of chemotherapy, adju-
vant chemotherapy was more often administered to
patients whose therapy was guided by the results of
the prognostic signature than to patients who were
managed solely according to the Dutch CBO clinico-
pathological guidelines.”

With the pace of technology development and the
introduction of next-generation sequencers,”*"*®
which can provide more accurate, genome-wide, and
unbiased, quantitative, and qualitative data on RNA
and DNA, it is unlikely that microarrays themselves
will ever become one of the main tools for making
decisions about treatment for breast cancer patients.
Furthermore, the compelling evidence in support of
histological grade and proliferation as robust prog-
nostic factors in ER-positive/HER2-negative breast
cancers should motivate pathologists to improve the
rates of intra-observer and interobserver agreement.
Pathologists should not forget that, as emphasized by
Rosai,"” microscopy remains a cornerstone of our
specialty; we would go one step further and suggest
that histopathology remains a cornerstone of breast
cancer patient decision making. However, in this era
of tailored therapies and individualized medicine, if
we are ever to guide the oncologist’s hands as we have
been guiding the surgeon’s hands, as a community we
should strive to play a central role in the implementa-
tion and validation of novel molecular techniques for
the diagnosis and management of cancer patients.
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