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Breast cancer, rather than constituting a monolithic entity, comprises heterogeneous tumors with different clini-
cal characteristics, disease courses, and responses to specific treatments. Tumor-intrinsic features, including
classical histological and immunopathological classifications as well as more recently described molecular sub-
types, separate breast tumors into multiple groups. Tumor-extrinsic features, including microenvironmental
configuration, also have prognostic significance and further expand the list of tumor-defining variables. A better
understanding of the features underlying heterogeneity, as well as of the mechanisms and consequences of their
interactions, is essential to improve targeting of existing therapies and to develop novel agents addressing specific

combinations of features.

Normal architecture of the breast

To understand how such variation arises, it is instructive to exam-
ine the normal architecture of the breast environment (Figure 1A).
Each lobe arises from multiple lobules, which connect to a com-
mon terminal interlobular duct. These ducts then continue to their
outlet at the nipple. Histologically, lobules and ducts are lined by a
single layer of luminal epithelial cells, surrounded by transversely
oriented myoepithelial cells. These structures are separated from
the surrounding tissue, or stroma, by a basement membrane, the
breach of which distinguishes invasive carcinoma from carcinoma
in situ (1). The surrounding stroma comprises ECM, discrete cells
(e.g., fibroblasts, immune cells, and adipocytes), and organized
structures (e.g., blood vessels), each of which contributes to the
overall configuration of the local microenvironment.

Structural heterogeneity

Classical pathology has segregated breast tumors into multiple
categories, based on their overall morphology and structural orga-
nization. The most common type observed and reported is inva-
sive ductal carcinoma, not otherwise specified (IDC NOS; about
75% of cases), while invasive lobular carcinoma (ILC) represents
the next most frequent histologic type of breast tumor (about 10%
of cases) (2). Together, these two categories and combinations
thereof make up the vast majority (about 90%) of breast cancers,
while the remainder are categorized as medullary, neuroendocrine,
tubular, apocrine, metaplastic, mucinous (A and B), inflammatory,
comedo, adenoid cystic, and micropapillary types (2, 3). Interest-
ingly, histologic type is linked to prognosis. While IDC NOS, ILC,
apocrine, and medullary carcinomas have similar 10-year survival
rates, adenoid cystic, medullary, mucinous, and tubular carcino-
mas exhibit relatively better overall outcomes (4-6). However, the
rarity of specific non-ILC/non-IDC tumors (known as “special
types”) has resulted in a relative paucity of in-depth characteriza-
tion of larger cohorts of such cases, and thus the details of how
membership in these groups interacts with other factors contrib-
uting to tumor heterogeneity are not well understood.

Immunopathological classifications
The presence of specific markers in breast cancer has long been
recognized to both define subtypes with differential overall
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prognosis and to identify tumors susceptible to targeted treat-
ments. The chief markers assessed are estrogen receptor (ER),
progesterone receptor (PR), and human epidermal receptor 2
(HER2). Expression of the first two is assayed almost exclusively
by immunohistochemistry (IHC)-based methods, which report
levels of the corresponding proteins, while HER2 assays combine
IHC and FISH approaches. Ambiguous IHC-derived HER2 results
are subjected to FISH testing for genomic amplification of HER2;
cases in which the overall ratio of copies of the HER2 gene to those
of its chromosome is greater than 2.2 are reported as HER2* (7). ER
status is utilized to identify tumors that may respond to anti-estro-
gen (endocrine) therapy, including ER antagonists or aromatase
inhibitors, which target ER-dependent signaling (8, 9). PR status,
generally correlated with ER status, has less clinical significance.
PR status does not appear to predict relative benefit from specific
types of endocrine therapy (10, 11), and overall, ER*/PR" cases may
not receive additional benefit from endocrine therapy compared
with ER*/PR- cases (12-14). HER2" cases are treated with targeted
therapies such as the monoclonal antibody trastuzumab, which
binds to HER2, mediates antibody-dependent cytotoxicity, and
disrupts HER2-dependent signaling (15, 16). There is currently no
standard targeted therapy for cases assessed as ER- and HER" by
IHC, although this represents an intensive area of research.

Combinations of these markers allow for the assignment of
individual cases to specific categories, namely ER* (ER*/HER2"),
HER2" (ER"/HER2*), triple negative (TN; ER"/PR"/HER2"), and
triple positive (ER*/PR*/HER2"). From a prognostic viewpoint,
ER* tumors exhibit the best overall outcome. Following the advent
of HER2-targeted therapies, HER2* tumors, previously associated
with poor outcome, now exhibit an improved overall outcome
when treated with such therapies (17, 18). TN tumors, on the other
hand, are linked to the worst prognosis among the subtypes (19),
while triple-positive cases appeared to have a prognosis intermedi-
ate between those of ER* and HER2* cases prior to the introduc-
tion of HER2-targeted treatments (20).

Intratumoral heterogeneity

Itis important to note that heterogeneity within individual tumors
is significantly more prevalent than the status assignments by ER-,
PR-, and HER2-directed assays described above would indicate. For
example, ER" status is currently reported when the proportion of
ER* tumor cells within the tumor exceeds a 1% threshold (21), while
the IHC threshold for HER2 positivity is met when more than 30%
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Schematic depiction of normal breast architecture and breast tumor and surrounding stroma, illustrating some of the tumor-intrinsic and micro-
environmental variables contributing to disease heterogeneity. (A) Normal breast architecture. (B) Breast tumor and surrounding stroma. TAM,

tumor-associated macrophage.

of cells display strong membrane-associated HER2 expression.
These low thresholds necessarily imply that in many cases, the
majority of the tumor cells present display features inconsistent
with the overall status assigned. In addition, the clinical course of
disease may be governed by alterations occurring within relatively
small subsets of primary tumor cells. This is reflected by differences
between the primary tumor and metastatic lesions at the ER/HER2
status (22) and genomic (23) levels. In this context, it is important
to note that reporting thresholds vary over time and between labo-
ratories (e.g., the threshold for ER positivity has changed from 10%
to 1% of tumor cells exhibiting ER positivity in IHC analysis; ref. 24).
Thus, conclusions and correlations based on reported receptor sta-
tus from different studies may not be directly comparable (25).

Significant intratumoral heterogeneity also exists at the
genomic level. Investigation of discrete tumor regions by com-
parative genomic hybridization established that significant
genomic heterogeneity was present in more than half (5 of 9)
of all tumors examined (26). Studies of genomic alterations in
multiple single cells from individual tumors have revealed that
over half of the samples examined are polygenomic, containing
multiple clonal subpopulations that may be spatially separated
or intermixed (27, 28). Future studies will be required to address
the implication of these observations.
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Molecular heterogeneity at the gene expression level
Over the past decade, the advent of high-throughput/high-con-
tent microarray-based gene expression profiling technologies has
facilitated relatively large-scale studies of breast cancer cohorts,
leading to the identification of multiple molecular subtypes of
breast cancer. Studies by Perou and colleagues (29-32) described
molecular subtypes defined by distinct transcriptional signatures
that partially recapitulate the original immunopathological class-
es, while adding an additional level of detail. Two luminal subtypes
(A and B) contain principally ER" cases and are distinguished by
the presence of genes regulated by the ER signaling pathway. The
luminal A subtype is associated with higher levels of ESRI, ER, and
ER-regulated genes (32), decreased proliferation (29, 33, 34), and
improved overall outcome (29, 30, 32). Luminal B tumors appear
to exhibit decreased levels of ESRI, ER, and ER-regulated genes as
well as increased proliferation and relatively worse prognosis.
Other classification schemes have also been proposed, includ-
ing one that divides ER* disease into four subtypes that are
chiefly distinguished by differential expression of prolifera-
tion-related genes (35). Recent investigations suggest that the
distribution of luminal cases, rather than forming two distinct
categories, may be better modeled as a continuum along which
ER-regulated elements and proliferation are inversely related
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(36, 37). This model is further supported by the finding that
gene expression signatures designed to classify novel samples by
molecular subtype (29, 38, 39) exhibit substantial disagreement
for luminal cases (40, 41), implying that the luminal subtypes
are not as distinct as initially believed.

In the scheme proposed by Perou and colleagues, three subtypes
contain predominantly ER- cases (31). The molecular ERBB2*
subtype generally (but imperfectly) overlaps with IHC-defined
HER2* tumors (31), while the basal or basal-like subtype broadly
corresponds to the TN (ER"/PR/HER2") cohort (42, 43). A nor-
mal-like molecular subtype resembles normal epithelial tissue (44)
and may comprise cases in which samples contain large amounts
of non-tumor tissue (29, 39). In an alternate scheme, two ER~ sub-
types are defined by different expression levels of the androgen
receptor, while HER2* cases do not form a separate group, but
rather cluster according to their ER status (35). Other molecular
subtypes within the ER™ cohort have also been reported. These
include a claudin-low subtype (45) linked to metaplastic breast
cancer and poor outcome, which shows similarity to stem cell-
linked and epithelial-to-mesenchymal transition-linked (EMT-
linked) signatures, and the molecular apocrine class, enriched in
ER-/HER2* tumors and displaying positivity for androgen recep-
tor and downstream signaling (46).

TN breast cancers are necessarily defined by the absence of spe-
cific markers, suggesting that significant heterogeneity may exist
within this group. An investigation of expression profiles from
587 TN breast tumors further subdivided these into 6 groups (47).
These exhibited preferential responses to specific chemotherapeu-
tic regimens, as well as differential expression of basal-specific,
immunomodulatory, mesenchymal, mesenchymal stem-like, and
androgen receptor-related genes, likely reflecting several of the
classes discussed above.

Clustering by its nature leads to definitive assignments of
tumors to specific subtypes. However, individual tumors likely
display combinations of features of different subtypes, whether
due to intratumoral heterogeneity or to a mixed phenotype of
individual cells. Thus, the specific nature of a tumor may be bet-
ter defined by its location within a multidimensional continu-
um, in which the canonical subtype-defining signatures repre-
sent vertices, than by a single label. It is important to note that
gene expression profiles derived from bulk tumor by definition
must reflect an average value of the cells surveyed. The fact that
these profiles nevertheless significantly correlate with disease
course suggests that they may reflect the propensity of tumors
exhibiting distinct processes, e.g., proliferation, to give rise to
subpopulations capable of metastasis.

Genomic heterogeneity

The principal molecular subtypes were each found to be associated
with specific patterns of genomic alterations (48-53). Six genomic
subtypes have been identified in breast cancer. Four of these over-
lap with gene expression-defined groups (ERBB2*, basal-like,
luminal); however, the overall luminal cohort was imperfectly seg-
regated between luminal A and luminal B cases, while two genomic
classes (amplifier and mixed) contained tumors from multiple
gene expression-defined subtypes (54). These results further sug-
gest that gene expression-derived classifications may not fully
define the spectrum of diversity present across breast tumors. Cer-
tain genomic changes, e.g., amplification of the HER2-containing
amplicon, are clearly linked to the molecular features of the cor-
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responding tumor subtype. However, the extent to which genomic
alterations determine features of tumor subtype, or whether they
also partially reflect variations in mechanisms of genomic instabil-
ity between subtypes, remains an open question.

A new area for studying the behavior of breast cancers has arisen
with the discovery of microRNAs (miRNAs), short RNA molecules
(approximately 22 nucleotides) that play roles in transcriptional
and posttranscriptional regulation of gene expression (55, 56).
Analyses of miRNA profiles in breast cancer have determined
that many miRNAs display expression patterns linked to molecu-
lar subtype (57-60) as well as ER status, tumor grade (58), and
other tumor-related processes (61-63). Experimental evidence
has confirmed that miRNA levels can play a role in determining
disease course; for example, re-expression of miRNA-193b, down-
regulated in highly metastatic derivatives of the MDA-MB-231
cell line, significantly inhibited tumor growth and dissemina-
tion in a mouse xenograft model (64). Thus, integrated analysis
of miRNA and mRNA profiles in breast cancer constitutes an
important new frontier (60, 65).

While some changes in miRNA expression are correlated with
genomic changes or local alterations in primary transcription
rates, changes in overall miRNA biogenesis may also underlie
alterations of miRNA levels (58). Transcriptional levels of the
miRNA-processing elements AGO2 and DICERI correlate with ER
status, proliferation status, tumor molecular subtype, and disease
outcome (58, 66-68), while decreased levels of the miRNA proces-
sor Drosha are linked to HER2 positivity (67).

Many of the mRNA- and miRNA-level alterations observed
in breast cancer cannot be ascribed to genomic changes. These
are likely linked to epigenetic factors, including DNA methyla-
tion and histone modifications. DNA methylation within the
ESRI-containing CpG island was increased in ER™ breast cancer
samples compared with ER* samples (69-71), suggesting that
methylation-induced ESRI silencing may govern ER expression
in some cases. Recent studies including samples from different
molecular subtypes demonstrate that characteristic differential
DNA methylation profiles subdivide samples into multiple lumi-
nal A-enriched and basal-like/ERBB2*-enriched clusters (72, 73).
Interestingly, methylation cluster-specific survival differences
were observed within luminal A samples (73), suggesting that
additional information beyond molecular subtype alone is cap-
tured by methylation profiling.

Differences in cell of origin

The expression patterns of specific cytokeratins (CKs) in the lumi-
nal and basal molecular breast cancer subtypes resemble those of
normal luminal epithelial (CK8/18-expressing) and basal stem
(CKS5/6-expressing) cells of the breast, respectively. Therefore, it
has been proposed that these tumors arise from different cells
of origin, and that luminal tumors arise from luminal progeni-
tor cells, while basal tumors originate from the basal or stem cell
compartment (38, 74, 75). However, comparisons of the transcrip-
tional signatures of the molecular breast cancer subtypes with
gene expression profiles of cell subsets isolated from mammary
tissue suggest that different molecular subtypes of breast cancer
may arise from cells at various stages of differentiation along the
mammary epithelial hierarchy (76).

Claudin-low tumors display gene expression profiles similar to
those of mammary stem cells, while basal tumors resemble bipo-
tent or early luminal progenitors (77-79). ERBB2" tumors are
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most similar to late luminal progenitors, while luminal tumors
are closest to the differentiated luminal cell compartment (76).
This scheme is somewhat complicated by the possibility that
tumor cells may drift from their original configuration, los-
ing specific markers of the cell of origin and taking on others
(epithelial plasticity). A prime example of this is EMT, in which
transformed epithelial cells switch to a mesenchymal phenotype
whose expression profile resembles that of stem cells (80). EMT
is associated with increased motility and enhanced invasion.
However, once they reach a distant site, these cells can then revert
to an epithelial phenotype following interactions with the local
microenvironment (81-84).

Tumors of special types

The principal studies reporting the diversity of molecular
breast cancer subtypes were conducted using samples from the
most common histological subtypes, i.e., IDC and occasion-
ally ILC tumors. Tumors of special types, i.e., non-IDC NOS
cases, constitute 25% of breast tumors, generally display high
uniformity with respect to ER and HER2 status within each
type (85), and are commonly associated with good clinical out-
come (86). Microarray-based gene expression profiling of small
cohorts of breast tumors of special types category established
that special types tend to cluster within single subtypes (87),
while IDC NOS tumors display a variety of molecular subtypes.
For example, tubular carcinomas and standard ILC samples dis-
play similar gene expression patterns and fall into the luminal
category, while pleomorphic ILC samples group with apocrine
tumors as members of the non-luminal molecular apocrine
molecular subtype. However, ER* micropapillary and mucinous
tumors have gene expression profiles distinct from those ER*
IDC (NOS) samples (88-90). Neuroendocrine and mucinous A
and B samples, considered to be histologically distinct entities,
cluster together within the luminal subdivision (87), although
mucinous A tumors form a distinct subgroup (91). Interesting-
ly, other ER™ tumors, including members of the adenoid cystic,
medullary, and metaplastic histological subtypes, are highly
similar (87). In some cases, this homogeneity is likely due at
least partially to underlying common features; for example the
MYB-NFIB fusion was found in adenoid cystic carcinomas (4 of
4 cases) (92), while the extremely rare secretory carcinomas har-
bored an ETV6-NTRK3 gene fusion (12 of 13 cases) (93). These
findings suggest that the histological features defining members
of special types reflect specific underlying molecular configura-
tions, unlike what is seen in the case of IDC NOS tumors.

Microenvironmental heterogeneity

Recent studies have demonstrated that disease course is not
solely linked to tumor-intrinsic features, but that features of the
local microenvironment, or stroma, can strongly influence out-
come (94-100). Patient-specific variations in the abundance and
status of different stromal cell types, as well as communication
between and mutual modulation of each compartment (tumor
and stroma), induce additional levels of complexity and contrib-
ute to breast cancer heterogeneity and disease course (Figure 1B).
Stromal elements contributing to this heterogeneity include the
ECM itself, alterations of which have been proposed to contrib-
ute to tumorigenesis (101) and response to treatment (102).
A mouse model with increased stromal type I collagen exhib-
ited increased tumor formation and invasion (103), likely via a
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B1-integrin-dependent mechanism (104), while normal, but not
tumor-associated, myoepithelial cells reversed invasion in DCIS-
like cells via synthesis of laminin-1 (105). While myoepithelial
cells are commonly absent in breast tumors, the interactions
described above likely influence early stages of disease initiation
and progression to malignancy.

Immune cells, fibroblasts, and endothelial cells also vary in
number and type among different tumors. Increased numbers
of tumor-associated macrophages are associated with poor dis-
ease outcome (106), reflecting their ability to enhance tumor cell
invasion (107-108). This is mediated in part via a mutual para-
crine loop involving growth factors produced by macrophages
that influence tumor cell migration, such as epidermal growth
factor, and growth factors produced by tumor cells that attract
macrophages, such as colony stimulating factor 1 (109). Tumor-
associated T cells can have different effects, depending on activa-
tion status. Thl-type T cells are associated with good outcome
(99, 110-113), while immunosuppressive Tregs are associated with
tumor progression and poor prognosis (113-116), and response
to neoadjuvant therapy correlates with changes in Treg numbers
(117). In addition, microenvironmental factors, including T cell
status, may play a more prominent role in determining outcome
in ER- and HER2* tumors (99, 118), while tumor proliferation is
more closely correlated with outcome in ER" disease.

Carcinoma-associated fibroblasts (CAFs) are known to secrete
tumor-promoting factors, including the chemokine SDF-1/
CXCL12, which promotes tumor cell migration into the stro-
ma (119) and enhances angiogenesis through recruitment of
endothelial progenitor cells (120), as well as matrix metallopro-
teinases, which can mediate degradation of the ECM (121). Inter-
estingly, manipulation of stromal fibroblasts via specific ablation
of the tumor suppressor gene PTEN, which negatively regulates
the Akt kinase and cell survival and proliferation pathways, sup-
ports enhanced tumor development of a Neu/ErbB2-driven
tumor xenograft (122). In contrast, fibroblast-specific ablation of
the ETS2 transcription factor reduces Neu/ErbB2 tumor growth,
demonstrating the functional importance of fibroblast-dependent
interactions in disease outcome (122).

Angiogenesis is a necessary step for tumor growth, and microves-
sel density has weak prognostic value in breast cancer (123, 124),
demonstrating that this element is also heterogeneously distrib-
uted. Thus, a range of potential microenvironmental states and
responses further enhances the heterogeneity of breast cancer. The
full spectrum of these combinations, and the nature and extent of
their individual interactions with tumor-intrinsic determinants of
disease course, remains to be investigated.

Macroenvironmental heterogeneity

Beyond those features of the stroma that are specific to the local
tumor microenvironment, systemic factors may also contribute to
the range of behaviors evinced by breast tumors. These include fac-
tors such as age, menopausal status, and variations in body mass
index (the latter two affecting systemic estrogen and progesterone
levels; ref. 125), as well as overall immune status. For example, obe-
sity is associated with increased tumor recurrence and decreased
survival (126-128) as well as with a distinct tumor transcriptional
signature (129), potentially due to the influence of surrounding
adipocytes on tumor tissue (126). How these variables interact with
tumor-intrinsic and local microenvironmental features remains an
area for further study.
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Table 1
Selected elements contributing to breast tumor heterogeneity

Classifier
Histological

Classifications/variables

review series

IDC NOS, ILC, medullary, neuroendocrine, tubular, apocrine, metaplastic, mucinous (A and B),

inflammatory, comedo, adenoid cystic, micropapillary

Immunopathological

Transcriptional

Genomic

Genomic heterogeneity Monogenomic, polygenomic
miRNA-based Multiple

Epigenetic Multiple

Microenvironmental

ER status, PR status, HER2 status
Luminal A, luminal B, normal-like, basal/basal-like, HER2, claudin low, molecular apocrine
17q12, basal complex, luminal simple, luminal complex, amplifier, mixed

Presence/activation status of local immune cells (T cells, B cells, dendritic cells, macrophages),

fibroblast status, ECM composition, CAF status, angiogenesis, hypoxia

Macroenvironmental
Longitudinal
Other

Longitudinal heterogeneity — alterations in tumor
features during progression

It has long been recognized that recurrences of breast cancer in
the form of distant metastases may display characteristics that
do not match those of the primary tumor. At the genomic level,
metastases can present additional changes beyond those observed
in the primary tumor (130), while discordance rates ranging from
13% to 54% have been reported for ER status and from 0% to 32%
for HER2 status (22). Many of these discrepancies can be likely
be ascribed to technical variation in sample preparation and test-
ing or to sampling artifacts (since the entire primary lesion is not
assessed). However, the high rates observed suggest that, in agree-
ment with current models of tumor heterogeneity, metastases
arise from subsets of cells present within the primary tumor; these
subsets are not necessarily reflective of the overall tumor profile
as reported either by molecular or IHC-based approaches. Thus,
clinical management of disease must adapt to the changing and
evolving nature of the tumor over time.

Differential preference for sites of metastases
Associations between classical subtypes as defined by receptor sta-
tus and sites of distant metastasis have previously been reported
(131). ER- disease preferentially metastasizes to the soft tissues
and viscera (e.g., lungs, liver, brain), while distant recurrence of
ER" breast cancer is more commonly seen in bone, and HER2*
tumors exhibit an increased rate of brain metastases. The molecu-
lar breast tumor subtypes also display distinct spectra of preferred
metastatic sites. Brain metastases were relatively more common in
basal-like and ERBB2* disease, while recurrence in bone was more
often observed in luminal (both A and B) and, to a lesser extent,
ERBB2" tumors (132, 133). However, the HER2-targeting agent
trastuzumab is unable to effectively cross the blood-brain barrier
(134), potentially protecting HER2* brain lesions.

It has been suggested that similarities between pathways activat-
ed within specific subtypes and those ordinarily active within the
potential sites of metastasis may be important in determining pre-
ferred sites of distant spread (133), in accordance with the “seed-
and-soil” model originally proposed over a century ago (135). This
suggested that metastases do not randomly target distant organs,
but preferentially arise in those that offer the disseminated cancer
cell an appropriate environment in which to grow or that express
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Systemic hormone levels, BMI, overall immune status
CTC features, metastatic features
Intratumoral heterogeneity

molecules supporting tumor cell homing. Recent studies demon-
strate that the expression of specific molecules, including chemo-
kine receptors as well as claudin-2, CCN3, and tenascin-C, correlate
with and/or enhance metastasis to distinct sites (119, 136-138).
The chemokine CXCL12 is expressed in bone marrow, and expres-
sion of its cognate receptor CXCR4 on breast tumor cells is cor-
related with an increased risk of metastasis to bone (139). Interest-
ingly, cell lines selected for enhanced metastasis to bone display
a specific transcriptional signature (including elevated CXCR4)
that is also present in subsets of cells from the parental tumor cell
population (140), suggesting that subpopulations of cells capable
of metastasis to specific sites form part of the initial spectrum of
heterogeneity in the primary tumor.

The “seed-and-soil” model may also apply to the local environ-
ment of the primary tumor. Tumor self-seeding, in which cells
escaping from the primary tumor are hypothesized to later return
to the same anatomical site and to be concentrated at the outer
surface of the lesion (141-143), also leads to increased intratumor-
al heterogeneity and may contribute to the polygenomic nature
of many tumors. This model supports a view of cancer progres-
sion as a process dependent on multiple factors beyond the local
disease site. Support for this concept comes from a study demon-
strating that indolent tumors are induced to grow by the presence
of an actively proliferating tumor at an anatomically distinct site,
and that this occurs via osteopontin-mediated mobilization and
recruitment of bone marrow-derived cells into the stroma of the
previously indolent tumor (144). Similarly, circulating estrogen
can induce bone marrow-derived cell recruitment to the stroma of
ER" tumors in a mouse model, leading to the promotion of tumor
growth (145) — the recruitment of such cells further enhances het-
erogeneity in the tumor microenvironment.

Circulating tumor cells
In breast cancer, the majority of patients present with local disease,
and the primary lesions are generally removed by surgery prior to
the development of clinically detectable metastases. Therefore,
prognostic information obtained through studies of the primary
tumor must essentially reflect the relationship between features
of this tissue and the likelihood that cells with the potential to
proliferate at distant sites have already disseminated before pri-
mary tumor resection. In order to gain a better understanding of
Volume 121~ Number 10
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the elements governing recurrence, an intermediate between the
primary tumor and distant metastases must be sought. Circulat-
ing tumor cells (CTCs) represent cells that have already escaped
the primary tumor site and thus may be an appropriate candidate.
These cells have a high level of agreement (82%-89%) at the level of
HER2 status with the primary tumor (146, 147); however, concor-
dances for ER and PR status are lower (41% and 45%, respectively)
(148). These observations suggest that CTCs may act as a proxy for
the subset of cells within the primary tumor capable of leading to
disease recurrence. Interestingly, characterization of CTCs shows
that subpopulations of these cells are enriched for stem cell and
EMT markers (149, 150), suggesting that they arise from specific
subgroups within the tumor. Further investigations of the corre-
lation between markers of CTCs and those of distant metastases
are expected to clarify the origin of CTCs and how their features
influence disease course.

Conclusions and future directions

The identification of multiple sources of tumor heterogeneity at
both tumor-intrinsic and -extrinsic levels, as well as the changes
seen during progression (Table 1), suggests that an enhanced
understanding of the effect of this heterogeneity on the impact of
specific treatments represents an urgent clinical need. Therefore,
it is desirable that provision is made within large-scale clinical tri-
als for the collection of sufficient samples to assign tumors to spe-
cific combinations of classes. While markers for specific tumor-
intrinsic protein and transcript features either have already been
included in standard clinical practice (e.g., IHC-based assessment
of receptor status) or are beginning to approach standardization
(i.e., the 50-gene PAMSO classifier for assignment to molecular
subtypes), assays for microenvironmental features remain out-
side the realm of clinical use. Additional studies of large cohorts
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