BRIEFINGS IN FUNCTIONAL GENOMICS. VOL 2. NO 5. 391-396 doi:10.1093/bfgp/elt019

Genomic approaches in breast cancer
research

Henry J. Donahue and Damian C. Genetos

Advance Access publication date 20 June 2013

Abstract

Microarray technologies provide high-throughput analysis of genes that are differentially expressed in humans and
other species, and thereby provide a means to measure how biological systems are altered during development or
disease states. Within, we review how high-throughput genomic technologies have increased our understanding
about the molecular complexity of breast cancer, identified distinct molecular phenotypes and how they can be

used to increase the accuracy of predicted clinical outcome.

Keywords: breast cancer; microarray; genomics; tumor; histology

INTRODUCTION

Breast cancer (BCa) is the most frequently diagnosed
cancer and leading cause of cancer death in women
and accounted for an estimated 1380 000 new diag-
noses and 450000 deaths in 2008. It is currently
recognized as a clinically heterogeneous and com-
plex disease, and that histological classifications do
not fully correlate to clinical course and outcome
[1-3].

BCa is well-documented throughout world his-
tory, with fascinating theories and various resulting
clinical approaches over the course of 5 millennia.
The earliest record comes from the Egyptian
Imhotep circa 2650 BCE who envisioned no ther-
apy for BCa patients [4,5]. Two millennia later,
Hippocrates, Herodotus and Galen suggested that
black bile (melan cholos) [6], one of the four humors,
accumulated during hematosis to cause BCa [7]; sur-
gical approaches were perceived of limited value,
owing to poor results and belief in the persistent
systemic nature of BCa, which would simply
return due to remaining imbalances in black bile
[6]. Scientific advances in the 17th and 18th
centuries, such as development of the microscope

from a systemic disease to a localized disease which
warranted surgical intervention, and hypotheses as to
the cause of BCa ranged from frequency or vigor of
sexual activity [8] to drinking curdled milk [9]. In the
1900s, Halstead’s radical mastectomy approach—
involving removal of the breast, axillary nodes and
both chest muscles—persisted as the surgical ap-
proach de rigueur until the 1930s and 1940s as the
introduction of radio- and chemotherapy, as well
as re-examining BCa as a systemic disease, suggested
that alternate approaches could provide better clin-
ical outcomes [9].

Prior to the advent of genomic analysis, BCa was
classified based on histopathological appearance,
tumor grade and tumor staging. Multiple strategies
for grading BCa have been adopted over the last
century. Currently, the Nottingham (Elston—Ellis)
modification of Scarft-Bloom—Richardson grading
system (NGS) [1-5,10,11] is used by the World
Health Organization and other organizations to
assign tumor stage and is based on the classification
of primary tumor, regional nodes and metastasis
(TMN). Histologic grading in general has demon-
strated prognostic relevance [11,12], but problems

and the cell theory, saw a paradigm shift in BCa  exist with  histologic  grading—interobserver
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variation and the degree of heterogeneity from
tumor to tumor and even within a tumor sample
[13]—indicating that classification using these par-
ameters is insufficient for determining individual
therapy [11,14].

The sequencing of the human and mouse
genome, the high throughput of genomic
approaches and decreasing cost of these technologies
have enhanced BCa research, from basic research to
translational studies. As an example of how genomic
approaches have been successfully applied to BCa
research, we will review how genomic approaches
have defined molecular subtypes, enhanced the pre-
dictive power of histologic grading and identified
cellular signaling pathways within tumor types that
could be targeted pharmacologically.

GENOMIC CLASSIFICATION OF BCA
Despite correlations between BCa classification and
clinical prognosis, BCa is a heterogeneous disease
that cannot be fully classified for diagnostic or thera-
peutic purposes based on grade, stage and histopath-
ology alone [13]. Immunohistochemistry allowed for
the separation of BCa tumors into estrogen receptor
(ER) positive or negative subgroups, which enabled
decision making upon whether endocrine therapy
would be of benefit. Discovery of in situ hybridiza-
tion enabled discrimination between HER2/ERBB2
amplified and non-amplified disease [15], and later,
the relative risk of recurrence. Linkage analysis iden-
tified the first genes involved in BCa susceptibility,
BRCA1 [16] and BRCA2 [17]; mutations in these
genes (which encode for proteins involved in DNA
damage repair [18]) are rare in the general popula-
tion, but greatly increase the susceptibility to both
breast and ovarian cancer [19]. Other genes impli-
cated in susceptibility, such as TP53 or PTEN, were
individually implicated in risk for BCa. Yet, such
techniques allowed examination of generally one
gene at a time. The introduction of genomic analysis,
and the high-throughput they provide, enabled ana-
lysis of entire cohorts of BCa tumor samples.

Perou etal. [20] hypothesized that the phenotypic
diversity observed in BCa resulted from multiple
genomic differences from tumor to tumor. To test
this, they examined 65 BCa tissues from 42 individ-
uals and 17 BCa cell lines for expression of 8102
genes. Hierarchical clustering algorithms demon-
strated that greatest differences in gene expression
were observed between tumor samples: multiple

samples from the same individual, acquired before
or after chemotherapy or surgical intervention,
were most closely related to each other. Those
genes that showed little variance between repeated
sampling of the same tumor, and which showed high
variance from tumor to tumor, were termed
‘intrinsic’ genes and revealed four distinct molecular
phenotypes of BCa—Iluminal-like, basal-like,
normal-like and ERBB2-/HERZ2-enriched (ERB2/
HER2™"). Later studies [21,22] using additional data
sets and tumor samples validated these molecular
subtypes and also indicated further subsets of the
luminal-like phenotype, luminal A and luminal B
subtypes. Luminal A are generally ER- or progester-
one receptor (PR)-positive, HER2-negative and are
associated with better disease-free and overall sur-
vival, whereas luminal B subtypes express low
levels of ER/PR and have HER2 amplification,
although there remains some skepticism whether lu-
minal tumors can be reliably subclassified [15].

This early approach enabled identification of a
series of genes that could be used to classity BCa
into various molecular subtypes, but does so without
incorporating the clinical outcome of patients who
provided the tumor samples. Nonetheless, Sorlie
et al. [21] compared subtypes with overall survival
and relapse-free survival. They found significant dif-
ferences in overall survival among the subtypes, with
shortest overall and relapse-free survival time for
those classified into basal-like and ERBB2*/
HER2™" subtypes. Further studies demonstrated dif-
ferent responsiveness to chemotherapy, as basal-like
and ERBB2 show greater chemosensitivity than lu-
minal types [21,23,24].

The approaches discussed above by Perou et al.,
Sorlie et al. and others demonstrated that patterns of
gene expression could be used to identify distinct
molecular subtypes of BCa. These approaches used
unsupervised molecular class discovery methods,
wherein gene expression patterns alone defined mo-
lecular subtypes and then stratified samples into
molecular subtypes. Other criteria, such as relapse-
free survival and clinical outcome, were not included
in generating the subtypes [1,11,14]. An alternate
strategy incorporates such endpoints as overall or
relapse-free survival; this strategy, termed supervised
classification or class prediction, assigns tumor sam-
ples from known clinical outcome (i.e. recurrence or
not) to identify which gene differences or signatures
(predictors) are present in one outcome (recurrence)
versus another (no recurrence). As a result, class
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prediction is able to more accurately predict, not
correlate (as in unsupervised class discovery), clinical
outcome [13,15]. This has led to the generation of
prognostic gene signatures that are used in clinical
practice [3,15].

GENE EXPRESSION PROFILING
AND HISTOLOGIC GRADING
Genomic profiling identified distinct molecular sub-
types of BCa and suggested different therapeutic
approaches or clinical outcomes [22], yet if or how
these subtypes related to previously defined histo-
pathologic methods of grading tumors, resultant
treatment strategy and predicted outcomes, remained
inconclusive.

Histologic grading of BCa incorporates morpho-
logic and cytologic features of tumor samples, exam-
ining the extent of tubule formation, nuclear
pleomorphism and mitotic index to ultimately
assign a histologic grade of 1, 2 or 3 [25]. Analysis
of large patient cohorts has demonstrated that histo-
logic grade is a highly relevant indicator of disease
recurrence and patient death: Gl-scored patients
have a 95% survival rate at 5 years which decreases
to 75% and 50% in those with scores of G2 and G3,
respectively. Yet, concerns regarding inconsistent
grading between multiple pathologists or institutions
suggest that histologic grade does not sufficiently
assist clinicians in deciding upon a therapeutic
approach. Additionally, a high frequency (30-60%)
of BCa are defined as histologic grade 2, which
provides little prognostic information in terms of
risk of recurrence [13,25]. Genomic profiling has
the potential to address these concerns and
discrepancies.

The potential of genomic profiling was first
revealed through genetic analyses of BCa develop-
ment. BCa development is thought to involve the
progression from premalignant atypical ductal hyper-
plasia (ADH) to preinvasive ductal stage in situ
(DCIS) to potentially lethal invasive ductal carcin-
oma (IDC) [26], yet the molecular mechanisms in
BCa tumorigenesis remain elusive. In 2003, Ma etal.
used laser capture microdissection, RINA amplifica-
tion and ¢cDNA microarrays to identify changes in
gene expression in BCa progression. Of note, they
did not observe a pattern for differential gene expres-
sion across the three pathologic stages (ADH, DCIS
and IDC) as initially hypothesized, but instead found
discrete differences in gene expression among the

three histologic grades, with clear reciprocal demar-
cation between G1 gene signatures and G3 gene
signatures, and G2 samples demonstrating a hybrid
of histologic G1 and G3 gene signatures. These data
provided the first evidence that different tumor
histologic grades had distinct gene expression profiles
[26].

Utilizing multiple large patient cohorts, Sotiriou
etal. [13] undertook gene expression profiling to de-
termine whether it could improve stratification of
Elston—Ellis histologic G2 tumors into lower or
higher risk tumors. They identified 97 genes, prin-
cipally involved in cell cycle regulation, proliferation
and difterentiation, which were differentially
expressed between ER-positive histologic G1 and
G3 tumors. From these histologic G1 and G3
tumors, gene expression grade was defined as gene
expression grade of 1 (from histologic G1 tumors) or
3 (histologic G3 tumors); this enabled generation of a
gene expression grade index (GGI), which summar-
izes the similarity between gene expression and
histologic grade. GGI strongly associated with histo-
logic G1 and G3 tumors, but GGI from histologic
G2 tumors spanned GGI from histologic G1 and G3
tumors, similar to the finding by Ma et al. [26], sug-
gesting that either histologic G2 gene expression is
intermediate between G1 and G3 or is a heteroge-
neous mixture of G1 and G3 tumors.

GGI was able to identify differences in relapse-
free survival among histologic G2 tumors. Histologic
G2 tumors with a gene expression profile more simi-
lar to gene expression grade 1 (i.e. gene expression
profile more like that from histologic G1 tumors)
had significantly longer relapse-free survival com-
pared with histologic G2 tumors with gene expres-
sion grade 3. Ultimately, these data indicate that GGI
is a better predictor of clinical outcome than histo-
logic grading in systemically untreated patients [13].
Additionally, they were also able to identify two
subtypes of ER-positive tumors, comparable with
luminal A and B [20], with distinct clinical outcomes
in both untreated and tamoxifen-treated patients
[27].

Similar to the GGI generated by Sotiriou ef al.
[13], Ivshina et al. [25] sought to determine whether
histologic grade 2 diagnosis could be improved by
genomic analysis and better define prognosis and
responsiveness to clinical treatment. Genomic class
prediction used both prediction analysis of micro-
array and statistically weighted syndromes. Similar
to Sotiriou ef al. they observed distinct sets of gene
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expression from G1 (histologic grade 1) compared
with G3 samples, indicating that both prediction
techniques could successfully distinguish between
histologic grade on the basis of differential gene
expression. There were high misclassification error
rates when comparing histologic G1 to G2, and
G2 to G3, suggesting, as noted by Sotiriou et al.
that G2 tumors are not genomically distinct from
G1 or G3 tumors. Instead, they were able to genet-
ically separate histologic G2 tumors into low- (G2a)
or high-grade-like (G2b) classes. Survival curve ana-
lysis of G1 and G2a gene grade demonstrated no
statistical difference between the two grades and no
difference between G2b and G3. Survival curves
were statistically different between G2a and G2b
gene grades in the absence of any therapy, including
endocrine therapy, chemotherapy or endocrine and
chemotherapy. Similar results were observed when
examining disease recurrence, wherein gene expres-
sion grade was significantly associated with disease
recurrence and also performed at predicted survival
better than other grading schemes, such as lymph
node status or tumor size. These data demonstrate
that gene expression grade is a better prognosticator
than histologic grading for disease-free and overall
survival, and also better at identifying which patients
should be excluded from adjuvant therapy because it
would be ineffective.

GGI has also been shown to predict relapses in
response to tamoxifen or aromatase inhibitors [28].
Tamoxifen is effective at prolonging disease-free and
overall survival in postmenopausal women with early
stage BCa [29], yet there remains a significant risk of
relapse, and it is associated with adverse effects such
as endometrial cancer and thromboembolism
[29,30]. Aromatase inhibitors, such as letrozole, are
an alternate adjuvant to tamoxifen in women and are
effective as second-line treatment of metastatic
BCa [31]. Desmedt ef al. [28] examined whether
GGI could predict relapses in post-menopausal
women with hormone-positive BCa treated with
tamoxifen or letrozole from the BIG 1-98 study, in
which patients were followed for 5 years of treat-
ment with tamoxifen, letrozole, tamoxifen followed
by letrozole or letrozole followed by tamoxifen [28].
They observed no statistical difference in risk of
relapse  between samples with high or low
GGI, and 4.8-fold greater incidence of relapse in
patients who received letrozole and had a high
GGI compared with those patients who received
letrozole and had a low GGI. Thus, CGI has the

potential to responsiveness to at least some
chemotherapies.

PATHWAY-BASED PROFILING

OF BCa

Genomic profiling, such as GGI, of BCa tumors used
both unsupervised (i.e. classifying solely on changes
in gene expression) and supervised analysis (i.e.
incorporating factors such as clinical outcome) to
identify gene signatures that classify the molecular
subtype, associated or predicted clinical outcome
and suggested therapeutic outcomes. While clearly
important in understanding the molecular nature of
BCa and how that may translate into a clinical out-
come, these studies were limited insofar as genomic
analysis does not accurately relate to activation or de-
activation of signaling pathways implicated in onco-
genesis. To begin to address this, Bild et al. used
adenoviral techniques to individually activate onco-
genic pathways in otherwise quiescent cells (human
primary mammary epithelial cell cultures), isolated
RNA and used hierarchical clustering to create
gene expression signatures associated with activation
of a given cell signaling pathway. Doing so enabled
generation of microarray-based oncogenic pathway
signatures, which were then used to identify patterns
of pathway dysregulation in tumor samples as well as
clinically relevant associations with disease outcome
[32].

Applying this strategy, Gatza et al. [33] identified
oncogenic and tumor suppressor pathway dysregula-
tion in 1143 BCa tumor specimens. They identified
18 cancer subgroups (signatures; Table 1) with dis-
tinct pathway activation as well as Pearson correl-
ation to identify clusters of pathways that were
statistically found to be co-activated. A subset of
these pathways recapitulated co-activation as found
in previous work (ER/PR/p53 and IFNa/IFNy
[34]), but also revealed novel pathways that were
co-activated such as PI3K and E2F1 with B-catenin,
Akt/p63/Src and EGFR/TGE-p.

Table I: Pathways activated in BCa subgroups by
Gatza et al. [33]

ER B-Catenin Myc IFNy Src TGFB
PR E2FI Ras Akt Her2 STAT3
p53 PI3K IFN« pé3 EGFR TNFo
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Previous genomic analysis work defined intrinsic
subtypes; within this work, the authors compared
their pathway-defined subgroups with intrinsic sub-
types and found multiple relationships between path-
way-defined subgroups and intrinsic subtypes
originally identified by Perou efal. Intrinsic subtypes
also showed distinct patterns of pathway activation:
basal subgroups had low ER and PR activity but
elevated Myc and Ras, whereas luminal subgroups
had an inverse pattern for these pathways. Using this
approach, the authors were able to further stratify
intrinsic subtypes by Kaplan—Meier survival analysis.
Basal-like tumors in subgroups 2 and 5 had low
EGFR activity, whereas EGFR activity was higher
in subgroup 8, and this correlated to difterences in
overall survival: the median survival in subgroup 8
was >130 months, whereas median survival in sub-
group 5 was 80.6 months. Similar results observed in
Luminal A subgroups 15 versus 11. The benefit of
predicted pathway-based subgroupings is that it
matches a rational, pharmaceutically targetable path-
way with patients whose tumors have distinct biolo-
gical properties, and thereby enables rationale design
for a therapeutic regimen.

CONCLUDING REMARKS

Genomic approaches to studying BCa have enabled
tremendous advances in the past decade since first
applied to understand the complex heterogeneity
of BCa, and the studies described above are but an
example of how genomic approaches have been
used. The studies described within have highlighted
how gene expression profiling has contributed to the
identification of molecular subtypes with correlation
to clinical outcomes and responsiveness to adjuvant
therapy, as well as expanded our understanding of
the molecular basis for BCa development and
progression. Numerous other approaches exist for
using genomics in BCa research, including identify-
ing: (1) how structural variation (such as copy
number variation, chromosomal translocations, in-
sertions and deletions) contributes to development
and disease, gene amplification during evolution
and generation of cellular diversity [35]; (2) how
many genes are involved in BCa tumorigenesis
[36,37] and (3) to what extent BCa evolves within
a patient, in the absence or presence of treatment
[38—40]. These, and future studies, have positioned
genomic analysis as a requisite component of BCa
research.

Key Points

e Transcriptome-wide analyses have defined distinct molecular
subtypes of BCa with varying clinical outcome.

e Genomic approaches have enhanced the predictive power of
histologic grading.

e Genomic analysis of BCa has used both unsupervised and super-
vised approaches.

e Gene expression-based predictors are used clinically to provide
prognostic information and identify those who could be spared
chemotherapy.
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