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Abstract
The current model of human breast cancer progression proposes a linear multistep process which
initiates as flat epithelial atypia (FEA), progresses to atypical ductal hyperplasia (ADH), evolves
into DCIS, and culminates in the potentially lethal stage of invasive ductal carcinoma. For several
decades a major challenge to human breast cancer research has been the identification of the
molecular alterations associated with the different stages of breast cancer progression. Until
recently, progress in attaining this goal has been hampered by technical limitations associated with
applying advanced molecular technologies to the microscopic preinvasive stages of breast
tumorigenesis. Recent advances in comprehensive, high-throughput genetic, transcriptomic and
epigenetic technologies in combination with advanced microdissection and ex vivo isolation
techniques have provided for a more complete understanding of the complex molecular genetic
and molecular biological inter-relationship of the different stages of human breast cancer
evolution. Here we review the molecular biological data that suggest breast cancer develops and
evolves along two distinct molecular genetic pathways. We also briefly review gene expression
and epigenetic data that support the view of the tumor microenvironment as an important
coconspirator rather than a passive bystander during human breast tumorigenesis.
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Introduction
Breast cancer is the most frequent carcinoma in females, and the second most common
cause of cancer related mortality in women. Approximately 54,000 and 207,000 new cases
of in situ and invasive breast carcinoma, respectively, are expected to be diagnosed in 2010
in the United States. Within this same period, breast cancer will account for an estimated
39,500 deaths among US women [1]. Over the past two decades, encouraging trends in both
breast cancer incidence and mortality have been observed. Overall, breast cancer incidence
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rates have leveled off since 1990 with a decrease of 3.5 percent per year from 2001 to 2004
[2–4]. Most notably, during this same time period, breast cancer mortality rates have
declined 24% with the largest impact among young women and women with estrogen
receptor (ER)-positive disease [5,6]. The decline in breast cancer mortality has been
attributed to the combination of early detection with screening programs and the advent of
more efficacious adjuvant systemic therapy. Continued advances in our understanding of the
molecular biology of breast cancer progression have aided in the discovery of novel
pathway-specific targeted therapeutics, and the emergence of such effective therapeutics is
currently driving the need for molecular-based, “patient–tailored” treatment planning.
Knowledge gained from studying the molecular pathology of human breast cancer
progression, and integration and implementation of this knowledge in the clinical setting
promises to further reduce breast cancer morbidity and mortality.

Proposed models of human breast cancer progression
The ductal and lobular subtypes constitute the majority of all breast cancers worldwide with
the ductal subtype accounting for 40–75% of all diagnosed cases [7,8]. Epidemiologic and
morphologic observations led to the formulation of several linear models of breast cancer
initiation, transformation and progression as depicted in Figure 1. For the ductal subtype,
two models have been proposed. The first “ductal” model, put forth by Wellings and
colleagues, recognizes flat epithelial atypia (FEA), atypical ductal hyperplasia (ADH) and
ductal carcinoma in situ (DCIS) as the non-obligate precursors of invasive and metastatic
ductal carcinoma [9–13]. The second “ductal” model, supported by epidemiological studies,
proposed usual epithelial ductal hyperplasia (UDH) as an intermediate stage of progression
between FEA and DCIS [14,15]. Immunohistochemical [16–18] and recent molecular
biological evidence (as described below) strongly suggests that UDH is not a precursor to
ADH and that this second model of progression is likely invalid. For the lobular subtype, the
progression scheme recognizes atypical lobular hyperplasia (ALH) and lobular carcinoma in
situ (LCIS) as the non-obligate precursor lesions to invasive lobular carcinoma.

The cell of origin of breast cancer: the clonal and stem cell hypotheses
The two leading models accounting for breast carcinogenesis are the sporadic clonal
evolution model and the cancer stem cell (cSC) model [19–21]. According to the sporadic
clonal evolution hypothesis, any breast epithelial cell can be the target of random mutations.
The cells with advantageous genetic and epigenetic alterations are selected over time to
contribute to tumor progression. The alternative cSC model postulates that only stem and
progenitor cells, (representing a small fraction of the tumor cells within the cancer), can
initiate and maintain tumor progression. These three hypotheses are not mutually exclusive
and it has been suggested that stem cells might undergo clonal evolution providing a
dynamic link between the two models [22,23]. In the remainder of this section, we will
provide a concise overview of normal breast stem cells and a review of recent evidence
supporting the stem cell hypothesis as it relates to the origin of the different molecular
subtypes of human breast cancer.

Normal breast stem cells (nBSC) are long-lived tissue resident cells capable of self-renewal
activity and multilineage differentiation that can recapitulate the breast tubulo-lobular
architecture that is composed of luminal and myoepithelial cells [24–30]. Normal breast
stem cells can be identified and isolated based on their immunophenotypic, and functional
features and are generally characterized by low expression of heat stable antigen (CD24),
high level expression of the hyaluronic acid receptor (CD44), and expression of aldehyde
dehydrogenase (ALDH1) [31–34] Furthermore, nBSCs lack of expression of epithelial cell
adhesion molecule (EpCAM), hematopoietic and endothelial markers as well as the estrogen
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and progesterone receptors. nBSCs mostly reside in ducts in the suprabasal position and are
surrounded by proliferating progenitor cells and nBSCs represent a small fraction (estimated
at 1:2000 epithelial cells) of mammary gland cells in the human breast [28,30,35]. Until
recently, maintenance of the BSC population has been poorly understood. Independently,
two groups recently provided evidence that progesterone indirectly controls the number and
activity of nBSCs through paracrine signaling from the RANK ligand secreted by
neighboring PR-positive breast epithelial cells [36,37]. These findings will likely accelerate
our understanding of steroid-hormone control of normal breast development, and provide for
a novel mechanism by which steroid hormones can modulate the development of breast
cancer.

As normal breast cancer stem cells are long-time tissue residents, it has been proposed that
such cells are candidates for accumulating genetic and epigenetic modifications. It has been
further proposed that such molecular alterations result in deregulation of normal self-
renewal leading to the development of a cancer stem cell (cSC). It is believed that the cSC
undergoes asymmetric division maintaining the stem cell population while at the same time
differentiating into committed progenitor(s) cells that give rise to the different breast cancer
subtypes [21,38,39]. A second scenario as it relates to breast cancer development, is one in
which the cancer initiating cells are derived from committed progenitor cells that spawn
different breast cancer subtypes (Figure 2). In support of the latter scenario, Lim et al. in a
series of elegant experiments provide functional and molecular evidence that progenitor
cells within the luminal compartment of the human breast represent a cancer initiating
population in BRCA1 mutation carriers and possibly other basal subtype breast tumors [40].
Most recently, data from a pre-clinical mouse model of BRCA1 deficiency provide further
evidence that sporadic basal-like and BRCA-1 tumors originate from luminal rather than
resident normal breast stem cells [41]. Data from this latter study suggest a third possible
model of breast cancer tumorigenesis in which the inherent plasticity of stem and progenitor
cells during tumorigenesis contributes to the final tumor phenotype beyond that of “cell of
orgin” alone [41].

Molecular analysis of the different stages of breast cancer progression
Worldwide, nearly 80% of all diagnosed preinvasive invasive breast cancers are of the
ductal subtype. With this in mind, the next two sections of this review will center on a
discussion of the genomic and transcriptomic data resulting from the interrogation of the
ductal subtype, followed by a discussion of similar molecular data derived from the lobular
subtype. A discussion of the less common, special types of breast carcinoma is beyond the
scope of this review and a review of the different histological subtypes can be found
elsewhere [42].

Invasive breast cancer: genomic and transcriptomic alterations
Over the past decade, the molecular interrogation of invasive human breast cancer at the
genomic and transcriptomic (gene expression) levels has been one of the most commonly
studied disease entities in all of cancer biology. Data generated from this vast body of work
serves as the logical reference point for the subsequent discussion of molecular analysis of
the earlier preinvasive stages of breast cancer progression.

Invasive ductal carcinoma (IDC) is characterized by profound heterogeneity at the
histomorphologic and clinical levels. As histological grade is closely related to the clinical
behavior of tumors, early molecular studies of IDC focused on the relationship of tumor
genomic alterations with tumor grade, and such comparisons have contributed significantly
to understanding of breast cancer progression [43–45]. Several groups demonstrated that
that low-grade IDCs displayed fewer overall chromosomal aberrations as compared with
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high grade IDCs, and that these quantitative differences are also associated with unique
qualitative differences [46–48]. More specifically, low-grade tumors IDCs display frequent
recurrent chromosomal loss of 16q and gains of 1q,16p and 8q, whereas high-grade tumors
exhibit recurrent losses of 8p,11q,13q, 1p and 18q, recurrent gains of 8q,17q,20q and 16p,
and frequent high-level amplifications of 17q12 and 11q13 [47,48]. Intermediate-grade
IDCs display a combination of low-grade and high-grade genomic alterations suggesting
that this group of tumors consists of a mixture of “low-grade-like” and “high-grade-like”
IDCs [49]. The most important finding emerging from this work as it relates to breast cancer
classification and breast cancer progression is the frequent versus infrequent loss of
chromosome 16q in low-grade and high-grade IDCs, respectively. This unique pattern of
chromosomal loss strongly argues against the epidemiological- and pathological-based
hypothesis that most of low-grade IDCs progress to high-grade IDCs through various steps
of dedifferentiation [50,51].

Numerous transcriptional (gene expression) profiling studies have further contributed to not
only our understanding of biological and clinical heterogeneity of IDC, but also to our
understanding of breast cancer progression. In an effort to understand breast cancer
heterogeneity at a molecular level Perou and colleagues performed gene expression profiling
that resulted in at least four distinct “intrinsic” subtypes that include two ER positive
(luminal A and luminal B) and two ER negative (ERBB2 and basal subtypes) [52–56]. The
luminal A and luminal B are the most common subtypes usually representing low to
intermediate grade tumors characterized by the expression of genes that are commonly
expressed by normal ductal epithelial cells. Luminal A tumors show high expression of ER
and PR-related genes, GATA binding protein 3, low expression of proliferation-associated
genes, and lack expression of Her-2 [52,53,57,58], while luminal B tumors show decreased
expression of ER, overexpression of HER2, and a higher expression of proliferation-related
genes [59]; since the original classification by Perou and colleagues, results from several
studies suggest that the two luminal subtypes lie on a biological continuum represented by
ER expression and proliferation [60–62]. The ERRB2 tumor subtype usually represent high
grade tumors, and is characterized by expression of HER2 and other genes on the ERBB2
amplicon such as GRB7, by lack of expression of ER and PR. The basal subtype usually
represents high grade tumors displaying necrosis, prominent lymphocytic infiltrate and
pushing border. Basal IDCs express cytokeratins and other factors associated with basal/
myoepithelial cells and such tumors are most commonly characterized by the lack of
expression of ER, PR and HER2 expression. In addition to the luminal, basal and HER2
molecular subtypes, the molecular apocrine subtype has been identified by Farmer et al., and
is estimated to represent 8–14% in published microarray cohorts [63]. Molecular apocrine
carcinomas are characterized by the presence and absence of the androgen receptor (AR)
and the estrogen receptor (ER), respectively, and such tumors represent most ER negative
tumors found outside the basal subgroup. Notably, in multiple retrospective-based studies,
the gene expression signatures associated with the intrinsic subtypes of IDCs, as well as
molecular apocrine carcinoma, were shown to have significant clinical prognostic power
[53,55,56,63–65] (reviewed in ref. 65). Until recently, the robustness of the “intrinsic”
molecular subtype classification system for human breast cancer samples has been relatively
unquestioned. Studies published by several group, including that of Weigelt and colleagues,
demonstrate that the molecular breast cancer subtypes (luminal A, luminal B and HER2),
with the exception of the basal subtype, are not highly reproducible and that subtle variation
in classification methodologies exert a significant effect on classification assignments for
individual breast cancer patients [60,62]. The results of these studies highlight the urgent
need for standardization of analytical methods for microarray-based breast cancer
classification systems before such stratification schemes are implemented in clinical trials
and in clinical practice.
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Since the original Perou et al. report [52], multiple transcriptional profiling-based studies
have identified other unique gene expression signatures that predict breast cancer outcome
in a similar manner to that of the intrinsic subsets [65–69]. Curiously, although these
different gene expression signatures consisted of fairly unique gene sets, they all shared the
ability to predict breast cancer outcome in a similar manner, suggesting that these signature
are tracking with a common biological principle. Data presented from the comparative
breast cancer gene expression study by Fan et al. strongly suggested this common biological
principle involved molecular pathways centered on tumor grade and cell proliferation [70].
Several subsequent comparative gene expression studies have provided significant evidence
in support of this view by demonstrating that simple tumor grade-/proliferation-based gene
expression biomarkers possess prognostic equivalence to more complex multigene
expression signatures [61,71–75]. Most notably, these tumor grade-based gene expression
studies provide strong evidence that most IDCs can be stratified into either low grade-like
(indolent) or high grade-like (aggressive) clinical outcome categories. This recent gene
expression data in conjunction with aforementioned genomic data suggest that tumor grade
may reflect two divergent evolutionary, biological and clinical behavior pathways.

Regarding invasive lobular carcinomas (ILC) which represent about 10–14% of all invasive
breast cancers, conventional cytogenetic and CGH analysis have shown, not surprisingly,
that classic ILCs harbor recurrent loss of chromosome 16q, the genetic hallmark of the low-
grade ductal carcinomas [76–80]. These data support the concept that classic ILCs share a
common evolutionary genetic pathway with low grade IDCs [81]. In a most recent study by
Weigelt and colleagues, comparative gene expression analysis of ILCs to grade- and
molecular subtype-matched IDCs has revealed that ILCs possess a unique transcriptional
profile [82]. This unique ILC gene expression signature is characterized by genes associated
cell adhesion, cell-to-cell signaling and actin cytoskeletal signaling, and is consistent with a
pattern one might expect in ILCs cells that characteristically display loss of cell-cell
cohesion and loss of e-cadherin protein expression. Although several studies have shown
that pleomorphic ILCs share genetic changes with both classic ILCs and high-grade IDCs
(in the form of loss of 16q, and gain of 1q, and 17q12 amplification, respectively [83,84]),
the studies by Weigelt et al. also demonstrated that classic ILCs and pleomorphic ILCs
possess highly similar gene expression patterns (<0.1% of all gene were differentially
expressed between the two subtypes) [82]. Thus, consistent with previously observations by
Allred et al., this gene expression data support the concept that pleomorphic ILC represents
tumor grade progression within a genetic pathway shared by ILC and IDC [85].

Preinvasive stages of breast cancer: genomic and transcriptomic alterations
In the past, our inability to easily and accurately interrogate the preinvasive stages of breast
cancer has created a significant impediment to our understanding of breast cancer
progression. However, a number of advances in microdissection, ex vivo cellular purification
and high-throughput microgenomic technologies have reshaped our view of breast cancer
progression. As described in the section below, noteworthy similarities exist between
preinvasive and invasive breast cancer.

Morphological, epidemiological and immunohistochemical data support the hypothesis that
FEA, ADH and low-grade DCIS represent an evolutionary continuum [11,86,87].
Additional support for this hypothesis is provided by several genomic- and transcriptomic-
based studies. Similar to that observed for IDC, several comparative genomic-based studies
have revealed that DCIS is a genetically advanced process and that distinct patterns of
genomic alterations in DCIS are associated with tumor grade. More specifically, using
comparative genomic hybridization (CGH), Buerger et al. demonstrated frequent loss of 16q
in low-grade DCIS and complex genomic alterations that include 13q loss and high level
amplifications of 17q12 and 11q13 in high grade DCIS [88]. Interestingly, CGH analysis of
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synchronous and metachronous IDC and DCIS, revealed a near identical pattern of genomic
alterations supporting a molecular continuum between DCIS and IDC [48,49,88]. With
regard to ADH and FEA, several loss-of-heterozygosity (LOH)- and CGH-based studies
have shed light on the molecular alterations associated with these lesions as they relate to
DCIS and IDC. Several LOH-based studies including a comprehensive study performed by
O’Connell et al. identified loss of 16q as a hot spot in ADH and revealed that this alteration
is most frequently shared with low-grade rather than high grade DCIS [89]. Similarly,
Moinfar and colleagues reported a particularly high rate of LOH at chromosome 16q in FEA
[90]. Lastly, a recent comprehensive CGH-based study by Simpson and colleagues further
strengthened the previous observations by demonstrating that FEA exhibits recurrent
chromosomal aberrations (including 16q loss) that have significant overlap with ADH, low
grade DCIS and low grade IDC [91]. Notably, this common pattern of genomic alterations is
not observed in usual ductal hyperplasia (UDH), a lesion that displays rare and randomly
distributed chromosomal alterations that are highly similar to those observed in normal
breast tissue [89,92–94]. Until recently, identification of the precursor lesion of high grade
DCIS remained elusive. Immunohistochemical- and CGH-based data by two independent
groups support the notion that a subset of microglandular adenosis lesions may represent a
precursor to a subset of triple negative, high-grade, DCIS lesions [95,96]. Together, these
studies provide evidence that: 1) DCIS, like IDC, consists of two distinct genetic pathways
correlating with tumor grade and that DCIS is direct precursor to IDC, 2) ADH is a
precursor to low-grade DCIS, 3) FEA is genetically related to ADH and is likely a precursor
to ADH, 4) at the genomic level UDH is most similar to normal breast epithelium and is not
a precursor to ADH, and 5) microglandular adenosis may represent a precursor lesion to a
subset of high grade DCIS lesions.

Comparative gene expression analysis of the ADH and DCIS further support the concept
that low-grade and high-grade DCIS likely arise from two distinct evolutionary pathways
and that ADH is the precursor to low-grade DCIS. In one of the earliest and most
comprehensive gene expression studies of breast cancer progression, Ma et al. unexpectedly
demonstrated that no consistent major transcriptional changes occurred between the
preinvasive and invasive stages of breast cancer [97]. Most notably, this study demonstrated
that the transition from preinvasive disease to invasive disease is associated with
quantitative, rather than qualitative, differences in gene expression, and that this quantative
relationship is most prominent in high grade lesions. Furthermore, Ma and colleagues also
demonstrated for the first time that unique gene expression signatures are associated with
different tumor grades, irrespective of tumor stage. More specifically, ADH and low-grade
DCIS (as well as low-grade IDC) share a near identical gene expression profile populated by
genes that are associated with the estrogen receptor phenotype, whereas high-grade DCIS
(as well as high grade IDC) possesses a uniquely different gene expression profile populated
with genes associated mitotic-activity and cell cycle processes. Several breast cancer gene
expression profiling studies have confirmed these observations [98–100]. Collectively these
studies suggest that breast cancer progression may be more intricate than predicted by the
traditional model of molecular progression of activation and inactivation of oncogenes and
tumor suppressor genes, respectively, and that progression may be reliant upon such
contingencies as quantitative and temporal expression of genes.

As compared with DCIS, few studies have focused on the genomic alterations associated
with lobular carcinoma in situ [80,101–103]. Most notably, akin to that observed for classic
ILC, these studies demonstrated a consistent and common loss of chromosome 16q
providing evidence that LCIS is a direct precursor to ILC, and that conventional LCIS likely
shares a common genetic evolutionary pathway with low-grade DCIS and low-grade IDC.
Early CGH-based analysis of ALH and LCIS identified frequent loss of chromosomal
material from 16q and 16p in both lesions and observed no statistically significant
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differences in genomic alterations between ALH and LCIS. More recently, work performed
by Mastracci et al. and Morandi et al. demonstrated the common loss of chromosome 16q in
ALH, LCIS and ILC supporting an evolutionary link among the three lesions [102,103].
Lastly, gene expression profiles generated from classic LCIS were remarkably similar to
those generated from low-grade IDC. These data are consistent with aforementioned
genomic observations and suggest a common evolutionary pathway of progression.

Molecular analysis of the non-epithelial components of the breast cancer
microenvironment

Over the past several decades, the major focus of breast cancer research has centered on the
breast epithelial cell itself, while the role of the non-neoplastic cells of the tumor
microenvironment has been largely unexplored. The non-neoplastic cells of the tumor
microenvironment include the myoepithelial and inflammatory cells of the preinvasive
stages of breast cancer progression and the fibroblasts, myofibroblasts, adipocytes,
inflammatory cells and endothelial cells of the invasive stage of progression. By and large,
non-epithelial cells have been considered silent or reactive bystanders. However, emerging
in vitro- and in vivo-based data suggest that breast cancer progression results from an
orchestrated series of bidirectional signaling between non-epithelial cells and malignant
epithelial cell in the tumor microenvironment [104–107].

In an effort to analyze the molecular alterations in cells composing the tumor
microenvironment in an unbiased manner, several groups have performed high-throughput
genomic and transcriptomic comparative analysis of the different tissue and cellular
compartments in the various intramammary stages of breast cancer progression. Using ex
vivo purification techniques, Polyak and colleagues characterized the gene expression and
genetic profiles of all major cell types in the microenvironment of normal breast tissue and
in both in situ and invasive breast cancer [108]. The results of this comprehensive study
demonstrated that clonally restricted genetic changes are restricted to the neoplastic
epithelial cells and that gene expression changes occur in all cell types during progression.
Intriguingly, the comparison of DCIS-associated myoepithelial cells with normal
myoepithelial cells yielded the highest number of differentially expressed genes, and a
number of such genes encoded for secreted proteins and cell surface receptors that have
been implicated in autocrine/paracrine regulatory loops and in invasion and migration
processes. Independent studies by Ma et al. combining tissue microdissection with
oligonucleotide microarrays tissue microdissection approach reached similar conclusions, as
they revealed significant gene expression changes in both the epithelial and non-epithelial
compartments of the different stages of breast cancer progression [100]. Notably, unlike the
epithelial compartment that demonstrates no or rare gene expression changes at the
transition from in situ to invasive carcinoma, the stromal compartment demonstrates
significant gene expression changes that include genes encoding for extracellular matrix
proteins and matrix metalloproteases [100]. These data in conjunction with previous
findings by Hu et al. support the notion that matrix proteases may play an important
functional role in driving the DCIS to IDC transition [109].

Significant alterations in gene expression patterns in the non-epithelial compartment of the
tumor microenvironment in conjunction with lack of clonally restricted genetic changes in
the same cells suggest that epigenetic modifications may be responsible for such gene
expression patterns. In fact, a follow up study by Polyak’s group utilizing methylation-
specific digital karyotyping identified modified epigenetic patterns not only in tumor
epithelial cells but also in tumor-associated stromal cells and in situ-carcinoma-associated
myoepithelial cells [110]. Independently, Fiegl and colleagues have confirmed the
observation that tumor-associated stroma cells display epigenetic alterations and that the
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frequency of such epigenetic modifications is greater in HER2 positive than in HER2
negative tumors [111]. Future studies aimed at studying posttranslational modifications of
histone proteins of the different stages of breast cancer promise to shed new light on the
epigenetic regulatory control of gene expression during breast tumorigenesis.

A Divergent Molecular Model of Human Breast Cancer Progression
As put forth previously [112,113], the numerous genetic and transcriptomic analyses of the
different phenotypic stages of breast cancer strongly suggest that breast cancer evolves
along two divergent molecular pathways of progression (Fig. 3). These two pathways are
defined at the genetic level by either the presence or absence of chromosome 1q, 16q, 13q,
gain of chromosomal region 11q13 and amplification of the 17q12, and these pathways also
strongly correlate with the transcriptomic equivalent of tumor grade/proliferation. The first
pathway, designated the “low-grade-like” pathway is characterized by gain of 1q, loss 16q,
infrequent amplification of 17q12 and a gene expression signature that is predominantly
populated with genes associated with the estrogen receptor phenotype. In general, this
pathway consists of neoplastic lesions predominantly of the low to intermediate tumor grade
phenotype. However, recent data indicate that a small subset (~9%) of morphologically-
defined high grade tumors can evolve from low grade counterparts [85]. Although these data
appear inconsistent with a simple two-pathway model, recent array CGH data by Natrajan
may provide a unifying corollary [114]. More specifically, Natrajan and colleagues revealed
an increased frequency of 16q loss in high grade tumors of the luminal subtype as compared
with the basal and HER2 subtypes, suggesting that the progression of a low-grade tumor to a
high grade tumor may preferentially occur in breast cancers of the luminal phenotype [114].
The second pathway, designated the “high-grade-like” pathway is most commonly
characterized by loss of 13q, gain of chromosomal region 11q13, amplification of 17q12 and
by a gene expression signature populated by genes associated with cellular proliferation and
cell cycle processes. The high-grade-like pathway consists predominantly of
morphologically-defined intermediate and high grade tumors.

Although the genomic and transcriptomic data presented in this review support the divergent
model of breast cancer progression, our clinical experience indicates that tumors within each
pathway are still fairly heterogeneous with respect to clinical outcome suggesting that even
this advanced molecular progression scheme is oversimplified. Recent data suggest that
intratumoral genetic heterogeneity that is rarely accounted for in diagnosis and treatment of
human malignancies may be responsible for the variable clinical behavior of a number of
different malignancies [115–117]. With regard to intratumoral genetic heterogeneity in
breast cancer, Reis-Filho and colleagues performed genetic analysis of distinct
morphological components within a series of metaplastic breast carcinomas [118]. The
results of this array-CGH-based study demonstrate that some breast cancers are composed of
different “non-modal” clones that possess distinct genetic alterations and that these
alterations may underpin morphological heterogeneity within a tumor [118]. In addition to
the CGH-based approach by Reis-Filho’s group, two independent groups have recently
employed massively parallel sequencing technologies as a means to screen the entire
genomes for genetic changes associated with tumor progression [119,120]. Both groups
identified somatic coding mutations in primary breast cancer as compared with patient-
matched normal, and each group identified a wide range of mutation frequencies within the
primary tumor samples suggesting that considerable genetic heterogeneity exists in the
primary tumor [119,120]. Although most of the original mutations present in the primary
tumor are carried forward during progression, additional somatic coding changes were
identified in patient-matched metastatic breast cancer samples in both studies [119,120].
Altogether these studies support the clonal evolution model in which the acquisition of
genetic alterations under selective pressure is associated with progression from invasive to
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metastatic breast cancer. The future application of massively parallel sequencing
technologies to the preinvasive stages of breast cancer will assist in assessing intratumoral
heterogeneity during the transition from preinvasive to invasive breast cancer, and may
assist in identifying early tumor initiating genetic events.

Summary
Over the past decade the integration of numerous genomic and transcriptomic analyses of
the various stages of breast cancer has generated multiple novel insights in the complex
process of breast cancer progression. First, human breast cancer appears to progress along
two distinct molecular genetic pathways that strongly associate with tumor grade. Second, in
the epithelial and non-epithelial components of the tumor microenvironment, the greatest
molecular alterations (at the gene expression level) occur prior to local invasion. Third, in
the epithelial compartment, no major additional gene expression changes occur between the
preinvasive and invasive stages of breast cancer. Fourth, the non-epithelial compartment of
the tumor micromilieu undergoes dramatic epigenetic and gene expression alterations occur
during the transition form preinvasive to invasive disease. Despite these significant
advances, we have only begun to scratch the surface of this multifaceted biological process.
With the advent of additional novel high-throughput genetic, epigenetic and proteomic
technologies, it is anticipated that the next decade of breast cancer research will gain an
equally paralleled appreciation for the complexity breast cancer progression. It is with great
hope that knowledge gained from such studies will provide for more effective strategies to
not only treat, but also prevent breast cancer.
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Figure 1.
Models of breast cancer progression. (A) The classic model of breast cancer progression of
the ductal type proposes neoplastic evolution initiates in normal epithelium (normal),
progresses to flat epithelial atypia (FEA), advances to atypical ductal hyperplasia (ADH),
evolves to ductal carcinoma in situ (DCIS) and culminates as invasive ductal carcinoma
(IDC). Immunohistochemical, genomic and transcriptomic data strongly support the
evidence of a continuum from FEA to ADH, DCIS and IDC, indicating FEA as the potential
non-obligate precursor of ADH. In contrast, the alternative model of breast ductal cancer
progression (B), which was mostly based on epidemiologic and morphologic observations,
proposes usual ductal hyperplasia (UDH) instead of FEA as direct precursor to ADH.
However recent studies have shown that UDH has a distinct immunohistochemical and
molecular profile from FEA and probably represents a biologic dead end. (C) The model of
lobular neoplasia proposes a multistep progression from normal epithelium to atypical
lobular hyperplasia, lobular carcinoma in situ (LCIS) and invasive lobular carcinoma (ILC).
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Figure 2.
Schematic of the hierarchy of normal breast epithelial development with possible links to the
tumor-initiating cells of the different molecular cancer subtypes and to the role of steroid
hormones in the control of the mammary stem and progenitor cells. The breast stem cell
(BSC) with intrinsic self-renewal potential (curved block arrow) differentiates into a
common progenitor that gives rise to committed myoepithelial and luminal progenitors that
ultimately differentiate into myoepithelial, luminal and ductal epithelial cells (left hand
side). The subpopulations of normal cells show a gene signatures that are similar to that of
previously described cancer molecular subtypes (right hand side) providing evidence of a
link (bold arrows) between the two. While the luminal progenitor subpopulation is enriched
in the HER2 (HER2+) and basal-like cancers (HER2−), the more differentiated ductal
epithelial cell subpopulation is enriched in the luminal (A/B) tumors. Mammary stem cells
and potentially progenitor cells subpopulations are indirectly profoundly responsive to
steroid hormone signaling despite their estrogen and progesterone receptors negative (ER−
and PR−) phenotype. During the reproductive cycle and pregnancy the surge of
progesterone stimulates the differentiated ductal epithelial cells to release the RANK Ligand
that elicits expansion of the stem cell population, via paracrine signaling (blue arrows).
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Figure 3.
Divergent evolutionary pathways of breast cancer progression. Genomic and transcriptomic
data in combination with morphological and immunohistochemical data stratify the majority
of breast cancers into a “low-grade-like” molecular pathway and a “high-grade-like”
molecular pathway. The low-grade-like pathway (left hand side) is characterized by
recurrent chromosomal loss of 16q, gains of 1q, a low-grade-like gene expression signature,
and the expression of estrogen and progesterone receptors (ER+ and PR+). The progression
(vertical arrows) along this pathway (green rectangles) culminates with the formation of low
and intermediate grade invasive ductal, (LG IDC and IG IDC) and invasive lobular
carcinomas including both the classic (ILC) and the pleomorphic variant (pILC). The tumors
arising from the low grade pathway are classified as luminal consisting of a continuum of
gene expression frequently associated with the absence (luminal A) or presence of HER2
expression (luminal B). The vast majority of ILCs and pILCs and their precursors cluster
together within the luminal subtype. The high grade-like gene expression molecular pathway
(right hand side) is characterized by recurrent gain of 11q13 (+11q13), loss of 13q (13q−),
expression of a high-grade-like gene expression signature, amplification of 17q12
(17q12AMP), and lack of estrogen and progesterone receptors expression (ER− and PR−).
The progression along this pathway (red rectangles) includes intermediate and high grade
ductal carcinomas that are stratified as HER2, or basal-like, depending on the expression/
amplification of HER2. The molecular apocrine subtype, characterized by the lack of ER
expression and presence of AR expression, arises from the high grade pathway. The model
also depicts intra-pathway tumor grade progression (horizontal arrows). Abbreviations:
ALH (atypical lobular hyperplasia), LCIS (lobular carcinoma in situ), pALH (pleomorphic
atypical lobular hyperplasia), pLCIS (pleomorphic lobular carcinoma in situ), FEA (flat
epithelial atypia), ADH (atypical ductal hyperplasia), Basal (basal-like), mApocrine
(molecular Apocrine). +/− HER2 in which the “–”sign is bold indicates that the majority of
tumors in the pathway lack HER2 overexpression. (This figure is adapted from [112] ).
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