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Abstract

Breast cancer (BC) displays striking clinical, morphological,
and behavioural diversity within a single tumour and be-
tween tumours. Currently, mounting evidence indicates that
the morphological heterogeneity of BC reflects an underly-
ing spectrum of genetic and epigenetic portraits that control
BC behaviour. Further understanding of BC heterogeneity
will have an impact, not only on the routine diagnostic prac-
tices but also on patients’ management decisions. Phenom-
ena like diagnostic inconsistencies and therapeutic resis-
tance, both primary and acquired, could be attributed, at
least in part, to tumour heterogeneity within the same can-
cer and between the primary disease and subsequent recur-
rences. From a practical standpoint, and to minimise the im-
pact of BC intratumoral heterogeneity, pragmatic approach-
es for adequate tumour sampling have been suggested in
translational biomarker discovery and validation research

studies and in the clinical setting. Here, we provide a brief
overview of BC heterogeneity, with an emphasis on the clin-
ical consequences of intratumoral heterogeneity.

© 2018 S. Karger AG, Basel

Introduction

Breast cancer (BC) is characterised by a remarkable
degree of morphological and molecular heterogeneity,
not only between tumours (intertumoral heterogeneity)
but also among the same tumours (intratumoral hetero-
geneity). At the level of an individual patient’s tumours,
heterogeneity can also be classified into “spatial” and
“temporal.” Temporal heterogeneity is particularly im-
portant when comparing the features of the primary tu-
mour and metastatic or recurrent lesions, and pre-inva-
sive and invasive disease in the same tumours. There is
sufficient evidence to indicate considerable differences
between the primary tumour and local or distant recur-
rences that may have an impact on the treatment deci-
sions for patients with recurrent disease [1-3]. Heteroge-
neity in BC is the result of a co-ordinated interplay be-
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tween the tumour cells themselves and also between the
tumour cells and the different stromal elements. Under-
standing this complex interplay is a fundamental requi-
site to address how the tumour progresses and why some
therapeutic regimens are initially or subsequently ineffec-
tive. In this review, we discuss BC heterogeneity within
the context of tumour evolution and progression, taking
into account the impact on disease diagnosis and research
studies for biomarker identification. In parallel, the im-
portance of the tumour microenvironment (TME) and
the contribution of rapidly developing next-generation
sequencing (NGS) in deciphering the origin and conse-
quences of heterogeneity are discussed. The impact of
molecular heterogeneity on the response to the develop-
ment of targeted therapy as well as efficacy and resistance
will also be addressed.

Heterogeneity: Notions from Morphology

Although genetic and molecular heterogeneity in BC
has largely been dissected in studies based on single-cell
analysis, morphology is often neglected. Morphological
features including histological type and grade vary among
BC patients, with three grades and >20 histological types
having been described; these are known to impact on BC
patient outcome [4, 5].

Tubule formation, cytonuclear pleomorphism, and
mitotic counts, the 3 components of histological grade,
often vary in different areas of the tumour. Grading is
based on the overall percentage of tubule formation com-
bined with the highest mitotic count and highest degree
of cytonuclear pleomorphism [6]. The heterogeneous
“mixed” histotypes constitute up to 20% of cases, featur-
ing some characteristic special-type areas together with
areas showing no special features. In the subtyping of BC,
the presence of a minor component of a specific tumour
type in <10% of the tumour does not change tumour typ-
ing, and the tumour remains in the “pure” category. Some
histological types such as tubular or invasive cribriform
carcinomas are associated with an excellent prognosis,
and can be treated by endocrine therapy alone when pres-
ent as pure forms [7, 8]; however, if these tumours con-
tain a component of another histotype, their excellent
prognosis may change and the therapeutic approach
should then be remodelled according to the worse bio-
logical features. Metaplastic breast carcinoma (MBC), a
rare entity of BC (1-2%), is an obvious illustration of in-
tratumoral morphological phenotypic heterogeneity.
MBC can feature squamous epithelium or mesenchymal
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components in pure or mixed forms and in variable pro-
portions, with or without conventional adenocarcinoma-
tous elements [9]. In their proof-of-principle study, Gey-
er etal. [10], who micro-dissected phenotypically distinct
tumour zones from six MBCs, demonstrated diversity be-
tween the genetic profiles and morphology of the differ-
ent components within the same tumours. Morphologi-
cally distinct components from each case were clonal and
harboured remarkably similar genetic profiles; however,
in two cases, morphologically distinct components har-
boured additional genetic aberrations specific to certain
tumour types. Therefore, the intratumoral phenotypic di-
versity could have resulted from distinct genetic aberra-
tions in the morphologically distinct clones, or resulted
from other mechanisms such as epigenetic events or al-
terations in certain pathways in genetically similar areas.

Mammary glandular cells show a high degree of phe-
notypic plasticity, which can be appreciated in both be-
nign and malignant conditions [11-13]. These phenotyp-
ic alterations represent the expression of genotypic and
molecular properties not present in normal mammary
glandular cells, and in benign as well as some malignant
conditions they are likely to be the result of de-repression
of the normally coded molecular mechanisms responsi-
ble for the epithelial phenotype rather than histogenesis
[11-13]. In support of this, some authors have demon-
strated that basal-like BC may arise from luminal pro-
genitor cells [14]. Metaplastic trans-differentiation has
been demonstrated, not only in the in-situ and invasive
lesions but also at distant metastatic sites [12]. The phe-
nomenon of epithelial-mesenchymal transition is well-
documented in BC where malignant epithelial cells lose
their junctional structures, express mesenchymal pro-
teins, and remodel their extracellular matrix (ECM).
These phenotypic alterations can be observed in the
whole tumour, but, not infrequently, they are present
focally and therefore contribute to intratumoral hetero-
geneity. Finally, other morphological features of BC also
differ, including the presence and extent of associated
duct carcinoma in situ (DCIS), lymphovascular invasion,
the degree of tumour-infiltrating inflammatory cells, and
the nature of tumour-associated stroma.

Heterogeneity in the Sequencing Era:
Proposed Origin

The analysis of BC samples and single-cell analysis by
NGS, as identified by whole-genome and exome sequenc-
ing, have advanced our understanding of the disease and
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portrayal of the genetic and epigenetic landscapes [15].
NGS has provided further evidence to suggest that intra-
tumoral genetic heterogeneity likely plays a fundamental
role in the phenotypic heterogeneity observed in BC [15].
Two theories have been currently adopted to explain tu-
mour heterogeneity, namely the cancer stem-cell (CSC)
hypothesis [16] and the clonal evolution and selection
model [17]. It is widely accepted that these concepts are
complementary rather than being mutually exclusive
[18]. The tumour microenvironment also poses internal
selective pressure which could fuel cellular heterogeneity.
In the CSChypothesis model, only a small fraction of cells
can initiate and drive tumour progression, while in the
clonal evolution model, initiation and progression follow
a Darwinian-like evolutionary pattern where cellular
clones that would be able to progress emerge over time.
Both models suggest the existence of cells with different
genetic profiles within the tumour, aside from the differ-
ence in the mechanisms that are assumed to be at work.
In the CSC model, some tumour features such as therapy
resistance could be an inherent trait, but in the clonal-
evolution model, features of aggressiveness including re-
sistance to therapy are considered as an emerging time-
dependent cumulative attribute [19, 20].

BC Heterogeneity at the Molecular Level

Different authorities have studied the heterogeneity of
BC at the molecular level. For instance, Park et al. [21],
evaluating the genomic imbalance assessed by fluores-
cence in situ hybridisation (FISH) in different cell immu-
notypes in both in situ and invasive tumours, demon-
strated a high degree of genetic heterogeneity within and
between distinct tumour cell populations, based on cel-
lular phenotype markers, including stem-cell-like charac-
teristics. The degree of diversity correlated with clinically
relevant BC subtypes. Using sector-ploidy profiling of
isolated nuclei obtained from different areas of the tu-
mour, Navin et al. [2] demonstrated the existence of mo-
nogenomic and polygenomic breast cancers. They also
studied clonality on the basis of copy-number alterations
by single-cell sequencing of tumour sectors. Results
showed that monogenomic tumours may have a single
clonal expansion in primary and liver metastasis whereas
polygenomic tumours may show up to three distinct
clonal subpopulations, probably representing sequential
clonal expansions. In addition, they defined an abundant
subpopulation of genetically diverse “pseudodiploid”
cells that do not travel to the metastatic site.

Breast Cancer Heterogeneity

Molecular Heterogeneity at the Gene
Expression Level

In the last decade, with the advances in BC profiling
using high-throughput gene expression microarrays,
multiple molecular subtypes of BC have been identified
[22-24]. These subtypes, defined by their distinct tran-
scriptional signatures, resulted in a dramatic paradigm
shift in our understanding of BC heterogeneity [25]. The
different subtypes identified showed prognostic value
independent of tumour morphological features and also
some tumours with variable morphology clustered to-
gether in certain molecular classes or intrinsic subtypes
[26]. They also showed a significant degree of genetic
heterogeneity, with different patterns of inter- and intra-
chromosomal rearrangements and DNA mutational
landscapes. Using different approaches such as integrated
gene-expression profilingand DNA copy number [27], or
tissue microarrays (TMA) and large panels of immuno-
histochemical markers [28-30], similar molecular sub-
types were identified with distinct clinical outcomes as
well as response to therapies. However, heterogeneity still
exists within the most of these defined classes. The lumi-
nal type, principally enriched for oestrogen receptor (ER)
and ER-regulated genes, could be subdivided into at least
two subclasses, luminal A and B, with a difference in the
level of expression of certain genes including ER-related
genes, proliferation genes, and HER2 [31]. The basal-like
subtype generally, but not perfectly, corresponds to the
triple-negative BC (negative for ER, progesterone recep-
tor [PR], and HER2) [43, 33]. This subtype features sub-
stantial heterogeneity where some specific molecular
subtypes have been characterised, including the claudin-
low subtype (with poor outcome) and the molecular apo-
crine subtype (exhibiting positivity for androgen receptor
and its downstream signalling), as reviewed in [34]. More
diverse sub-classification has been reported; for instance
Lehmann et al. [35] described six distinct groups exhibit-
ing significantly different signatures for genes controlling
proliferation, DNA damage response genes, androgen re-
ceptor signalling, and epithelial-mesenchymal transition,
with variable responses to different therapies. It is note-
worthy that, as gene expression profiling-derived sub-
types have arisen from bulk tumour assays using cluster-
ing analysis, these represent the average gene expression
values for the tumour cells under investigation. Although
individual tumours likely display a multitude of features,
whether due to intratumoral heterogeneity or to a mixed
histotype of the component cells [36], clinical evidence
indicates that this does not preclude precise microarray-
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based predictions of tumour behaviour or clinical out-
come in BC patients [37].

BC and Tumour Microenvironment (TME)

The TME is the cellular environment within which the
tumour exists including the surrounding blood vessels,
either pre-existing or newly formed, immune cells in-
cluding lymphocytes, macrophages, and other inflamma-
tory cells, fibroblasts, and the ECM. Cumulative evidence
has demonstrated that disease outcome is dependent on
the intrinsic features of tumour cells, but the TME also
actively contributes (94-100 cases). Varying combina-
tions of the different cell types as well as cross-talk cues
between them and the tumour cells further modulates the
tumour and its surrounding TME, adding more complex-
ity to the heterogeneity and, subsequently, the disease
outcome. These tumour-TME interactions are proposed
to contribute to early tumorigenesis as well as disease pro-
gression [38] and response to therapies [39]. It is well-
acknowledged that cancer-associated fibroblasts, im-
mune cells, and vascular/lymphatic endothelial cells (as
well as ECM) are known to vary in number and distribu-
tion across different tumours and within the same tu-
mour. For instance, increased numbers of tumour-
associated macrophages (a highly heterogeneous cellular
infiltrate) are associated with a poor prognosis [40], re-
flecting their ability to enhance BC cell growth [41], an-
giogenesis [42],and invasion [43]. Angiogenesis, as quan-
tified by microvessel density, is a crucial requisite for tu-
mour growth and is generally accepted as a BC prognostic
factor [32, 33]. However, microvessel density has been
reported to have compartment variability of vessel den-
sity within the tumour, highlighting the propensity of an
invasive front to link to an active process of angiogenesis
[44]. In their recent study, Natrajan et al. [45] reported
that high microenvironmental diversity was strikingly as-
sociated with poor prognosis that could not be explained
by tumour size, genomics, or any other data type. This
was achieved through their developed quantitative mea-
sure of microenvironmental heterogeneity along a 3-spa-
tial-dimensions ecosystem diversity index (EDI) using
fully automated histology image analysis. Interestingly, in
their study, the prognostic value of EDI was superior to
the known prognostic factors, and was further enhanced
by the addition of TP53 mutation status, which further
supports the integrative cross-talk between the tumour
and TME elements. Accordingly, the wide range of differ-
ent TME components and responses further enhances the
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heterogeneity of BC, and is a fundamental determinant
for the disease course and subsequently the response to
different therapeutic regimens.

At the morphological level, there are different types of
stroma associated with BC. Some tumours are associated
with a florid desmoplastic reaction such as basal-like car-
cinoma, while other tumours, such as lobular carcinoma,
do not initiate a stromal response. Even the desmoplastic
stroma associated with BC is different across various tu-
mour types and grades. Low-grade ductal, tubular, and
adeno-squamous carcinoma are associated with a desmo-
plastic, fibrous stromal reaction, which is different from
that seen in high-grade tumours such as high-grade duc-
tal/no special type (NST) and basal-like BC. This likely
represents different mechanisms of tumour stromal in-
teraction with high-grade, rapidly proliferating tumours
associated with hypoxia and tumour necrosis, while low-
grade tumours are slow-growing with no significant hy-
poxia effect. However, to render the phenomenon of BC
heterogeneity even more complex, medullary carcinomas
(that are typically high-grade tumours), unlike other
high-grade ductal BC, are seldom associated with a stro-
mal desmoplastic response but rather with prominent
lymphoid infiltrates.

Intratumoral Heterogeneity and DCIS

Multiple authorities have reported on the existence of
intratumoral heterogeneity in DCIS, the well-known
non-obligate precursor of invasive BC [46-48]. It has been
proposed that a clonal-selection model of progression
similar to that reported in invasive disease takes place in
DCIS, and may be responsible for its progression into an
overtly invasive tumour despite the conservation of the
genomic patterns. For instance, Hernandez et al. [49], us-
ing array comparative genomic hybridisation (CGH),
FISH, and Sequenom analysis on a subset of DCIS and
adjacent invasive cancer showed that both DCIS and the
invasive component had strikingly similar genomic pro-
files; these results were confirmed by other authors [50,
51]. On the other hand, by detecting the patterns of gains
and losses using FISH analysis in single cells microdis-
sected from matched DCIS and invasive BC samples, a
high level of intratumoral genetic heterogeneity was ob-
served in the two components [52]. Accordingly, al-
though DCIS exhibits genomic patterns that are similar
to its matched invasive counterpart, they are non-identi-
cal. In addition to the founder genetic aberrations shared
by both components, DCIS is proposed to contain a mo-
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saic of tumour cells attaining additional mutations, and a
progression from in situ to invasive disease occurs in a
Darwinian-like clonal selection [49, 53]. It is noteworthy,
however, that there are currently no single morphological
or genetic criteria that could be reliably used to predict
that a recently diagnosed DCIS case, by, e.g., core-needle
biopsy, would progress to invasive disease. Therefore, us-
ing a matched case of DCIS and its invasive counterpart
is recommended, in order to depict the genetic differenc-
es, especially the additional mutational events which may
have governed the progression to invasive disease. More-
over, tissue-based assessment of genomic imbalances
(like gains and/or losses) appears to be significantly im-
portant to map the genetic lesion to the morphology of
both the DICS and the invasive components. Important-
ly, the efficient utilisation of the rapidly advancing, mas-
sively parallel sequencing technologies, using dissected
tissues and single tumour cells, is important to decipher
the molecular pathways and genomic alterations respon-
sible for the evolution of invasive disease from its pre-
invasive ancestor.

Temporal Heterogeneity and Phenotype Conversion

It is well recognised that recurrences of BC at regional
or distant metastatic sites may display contrasting char-
acteristics to those found in the primary tumour, mani-
festing as additional genomic changes [54-56]. For in-
stance, Ellsworth et al. [57] reported genomic discor-
dance between regional metastases and their matched
primaries, which was associated with a less favourable
outcome. Discordance rates ranging from 13 to 54% have
been reported for ER status and from 0 to 32% for HER2
status [58]. Moreover, Kurbasic et al. [59] showed that the
expression of a large number of glycosylated proteins im-
portant in cellular pathways, such as cell adhesion, migra-
tion pathways, and immune response, changed between
primary tumours and matched lymph node metastases
and distant metastases. Although these discrepancies
could be attributed to technical issues pertaining to sam-
ple preparation/testing, intratumoral heterogeneity is a
strong rationale to explain them. The current models of
tumour heterogeneity propose that tumour metastases
arise from subclones of cells spatially distributed within
the primary tumour, which are not necessarily represen-
tative of the entire tumour genetic profile. The same phe-
nomenon is observed following neoadjuvant therapy,
when the remaining tumour is compared to the primary
tumour or pre-treatment core biopsies. This immuno-

Breast Cancer Heterogeneity

phenotype drift poses important clinical questions, espe-
cially when the phenotype converts from positive to neg-
ative (the most frequent scenario), at least for the hor-
mone receptors [60]. Some studies report that receptor
conversion by immunohistochemistry (IHC) in non-
bone distant BC metastases is relatively uncommon for
ER and HER2, and more frequent for PR, especially in
brain, liver, and gastro-intestinal metastases [61]. It is
therefore recommended that the management protocol
in these cases should be amended based on the status of
the emerging metastatic deposits.

Heterogeneity and Tumour Sampling

There is compelling evidence indicating the usefulness
of TMA, the tissue platform commonly used in transla-
tional biomarker discovery/validation studies, in a large-
scale population-based study assessing molecular mark-
ers, with a high agreement rate between TMA and full-
face sections (FFS) [62]. Using TMA, several groups
including ours have reported extensively on the molecu-
lar profiling of BC as well as assessing the prognostic/
predictive value of a variety of biomarkers [63, 64]. How-
ever, it is important to recognise the limitations of this
technique, particularly the spatial intratumoral heteroge-
neity, to avoid misinterpretation of the results. In previ-
ous studies, we assessed the expression of different mark-
ers including ER, PR (120 cases [63]), the proliferation
marker Ki67 (200 cases) [65], and the hypoxia-related
marker carbonic anhydrase IX (CAIX) (100 cases [66]),
on both TMA and FFS. We noticed that TMA is more
likely to produce discrepant results than FFS. Figure 1
shows Ki67 staining of the same case using FFS and TMA.
In all the studied markers, the majority of discordant cas-
es were false negative on TMA rather than false positive
[63, 67, 68]. It is worth mentioning that, although these
discrepancies between TMA and FFS did not significant-
ly alter the overall association of biomarkers like ER and
PR with the other prognostic variables, different associa-
tions were noted in the case of markers related to cell pro-
liferation and tissue hypoxia, e.g., Ki67 and CAIX, which
are more heterogeneous phenomena. Therefore, proper
testing of the expression pattern of candidate biomarkers
on FFS is highly recommended prior to TMA application.
In a case of substantial heterogeneity, FFS would be the
recommended platform or at least multiple cores are rec-
ommended to minimise the impact of tumour heteroge-
neity on tissue sampling [69]. Acquiring multiple cores
from multiple histologically distinct tumour zones is po-
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Fig. 1. Immunohistochemical expression of Ki67 in invasive breast cancer. a-c Ki67 expression in different fields
from the same case. d Expression of Ki67 on a tissue microarray core biopsy from the same case.

tentially more effective than increasing the diameter of a
single TMA core [70].

From a practical standpoint, it is also important to
note that heterogeneity can affect the representation of
the whole tumour when it is assessed from the preopera-
tive core biopsies. Not only morphological variables, such
as tumour type, grade, and lymphovascular invasion, but
also molecular profiles and stroma-related markers such
as tumour-infiltrating lymphocytes may be different
when compared to surgical excision specimens [71]. Re-
garding the assessment of biomarkers, there is evidence
to indicate the reliability of core biopsies for the assess-
ment of ER and HER2, and, to a lesser extent, PR [71, 72].
It is clear that the representation of core biopsies similar
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to TMA cores is related to the pattern of biomarker ex-
pression, with the homogeneously expressed biomarkers
being the most reliable and the least reliability occurring
in the heterogeneously expressed biomarkers. The reli-
ability of using core biopsies or TMA for the assessment
of ER status to determine the use of hormone therapy is
excellent, as ER is typically homogeneous in expression
and the cut-off for positivity is very low (1%) [73]. How-
ever, in very exceptional situations, an ER-positive clone
constituting a minority of BC cells could be detected
(Fig. 2). On the other hand, heterogeneously expressed
markers such as E-cadherin, PR, Ki67, and hypoxia-relat-
ed marker [74, 75] could be less reliably assessed using
TMA or core biopsies.
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Fig. 2. Immunohistochemical expression of the oestrogen receptor in a case of invasive BC, showing an ER-pos-
itive clone forming a minority of cells within the vast majority of ER-negative BC cells. Inset x10. BC, breast
cancer; ER, oestrogen receptor.

Heterogeneity and Circulating Tumour Cells

Novel tumour-sampling techniques such as analysis of
circulating tumour cells (CTCs) or circulating tumour
DNA, may allow a more comprehensive analysis of the
clonal composition of BC provided that cancer cells are
shed into the circulation proportional to their clonal fre-
quency in the primary. CTC can also reflect the existence
of temporal heterogeneity [76]. In general, CTCs show a
considerable intrapatient heterogeneity, which may re-
flect the temporal evolution of tumour cell subclones over
time [77] or an expansion of treatment-resistant cells that
escaped systemic therapy effects [76]. It has been suggest-
ed that CTCs might provide a more biological and clinical
description of heterogeneity of the entire tumour burden
within a particular patient versus bulk biopsies from the
primary tumour or individual metastatic lesions. Reliable
and accurate measurement and molecular characterisa-
tion of CTCs utilising a variety of detection techniques for
multiple protein biomarkers including ER, HER2 expres-
sion, Ki67, BCL2, and HER2 amplification status have
been reported [78-81]. Although CTCs are regarded as a
powerful marker for the prediction of early metastatic

Breast Cancer Heterogeneity

disease [82-84], currently, sound evidence of the utility
of assessed biomarkers utilising CTC to predict clinical
response or patients’ outcome is still lacking. For in-
stance, it has been reported that HER2 positivity in CTCs
was not predictive to the response to lapatinib [85]. More-
over, the occurrence of genetic switches within some tu-
mour cells sub-clones, e.g., epithelial-mesenchymal tran-
sition, could potentially explain why the molecular fea-
tures of CTCs may not be fully representative of the
heterogeneous genetic/molecular portrait and its subse-
quent impact on disease outcome.

Heterogeneity and the Efficacy of Targeted Therapy

Significant intratumoral genetic heterogeneity is likely
to limit the efficacy of targeted therapies even prior to the
acquisition of drug resistance. For instance, the Darwin-
ian-like selection [86] of pre-existing drug-resistant cell
clones could contribute to the initial therapeutic resis-
tance, and could also explain the emergence of such
clones, due to genomic instability over the course of
time in the progression of a tumour [87]. Resistance to
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poly(ADP) ribose polymerase inhibitors (PARP inhibi-
tors) and platinum-based chemotherapeutic regimens in
BC patients harbouring a BRCAI or BRCA2 germline
mutation was reported to be mediated in a proportion of
cases through the acquisition of revertant mutations or
intragenic deletions that restore the open reading frame
of BRCA1 or BRCA2 genes [88]. However, based on cur-
rently available data, these secondary somatic genetic
events affecting BRCA1 or BRCA2 might have preceded
the therapeutic intervention [89]. Whether these therapy-
resistance-causing mutations occurred prior to or during
the course of therapy, they reflect significant intratumor-
al genetic heterogeneity which subsequently resulted in
targeted therapy failure.

Elimination of sensitive tumour cell clones and/or
their adaptation in response to therapeutic agents will not
only explain the acquired resistance but also fuel intra-
tumoral heterogeneity [90]. Therefore, studies on the ge-
netic landscape of cancer and biomarker discovery/vali-
dation as well as therapy planning for individual patients
may be compromised by using a single tumour biopsy
specimen, with the potential to overlook or at least under-
estimate the burden of heterogeneous tumours [91].

Heterogeneity may represent a major issue in the neo-
adjuvant setting where core biopsies of large lesions are
studied to plan pre-surgery therapy. In this scenario, mul-
tiple biopsies are suggested to avoid improper sampling
and to properly assess morphological and, more impor-
tantly, immunophenotypical features [92]. Among the 4
routinely tested predictive markers, ER is reported to be
the least heterogeneous, being expressed either at high or
very low levels [93]; the current cut-off of ER immuno-
histochemical positivity is set at a low level (1%), which
makes core biopsy a sensitive and specific method for its
assessment. Although PR expression can be heteroge-
neous [94], it is unlikely to affect treatment decisions
since it is ER-dependent and the ER-negative PR-positive
phenotype is rare. Ki67 is another marker of clinical rel-
evance that suffers from intratumoral heterogeneity [95].

Recently, we evaluated the expression of Ki67 in mul-
tiple areas from a subset of primary invasive BC and in
the corresponding lymph node metastasis [96], and found
a high degree of variation in the expression across the ar-
eas on the slide from the same tumour block as well as
between slides from different tumour blocks. Interesting-
ly, the highest scores of Ki67 in primary tumours coin-
cided with those in the nodal metastatic deposits (Fig. 3).
Our findings demonstrated the spatial heterogeneity,
shown in the intra- and interslide variable Ki67 expres-
sion, as well as temporal heterogeneity, shown in nodal
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deposits that could represent the clonal expansion of the
highly proliferative primary tumour subclones.

By definition, HER?2 positivity is heterogeneous, since
a 10% cut-off is considered to assign samples to distinct
score categories using IHC [97]; scores of 0 and 3+ are
more homogeneous in staining and 2+ carcinomas show
higher variability [98]. HER2 heterogeneity is known to
feature either 2 clearly distinct tumour clones or scattered
HER2-positive cells within a substantially negative tu-
mour cell population [99]. Recently, the mutational land-
scape of HER2 heterogeneous carcinomas with 2 separate
clones was analysed, and distinct driver genetic altera-
tions in the different components were demonstrated,
suggesting that HER2-negative clones are likely driven
by genetic alterations not present in the HER2-positive
clones, including the BRF2 and DSN1 amplification and
the HER2 1767M somatic mutations [98]. Accordingly,
biological marker heterogeneity suggests that multiple
cores should be obtained for using TMA procedure in the
routine and research settings to represent all the possible
variability of expression [100].

Methods to Quantify Spatial Intratumoral
Heterogeneity

In studies evaluating intratumoral heterogeneity, in-
vestigators typically record the relative abundance of
different cell populations within a tumour. Based on the
distribution of different cell populations, a variety of
approaches can be employed to measure the extent of
heterogeneity. The choice of approach to measure intra-
tumoral heterogeneity can be somewhat confusing, but is
crucial as it can directly impact study results [99]. The
choice of the appropriate methodology depends on 3 fac-
tors: (i) the importance given to rare cell populations ver-
sus abundant cell populations, (ii) whether similarities
exist across different cell populations, and (iii) the spatial
scale(s) at which heterogeneity is quantified. Ecologists
have studied diversity within biological systems for de-
cades, resulting in the development of a number of diver-
sity measures; these measures were adapted to quantify
genetic [21], molecular [99, 101, 102], and microenviron-
mental [45] heterogeneity within breast tumours. The
most cited measures are the Shannon entropy [103], the
Simpson index [104], and the Rao quadratic entropy
[105]. The Shannon entropy and the Simpson index have
been shown to belong to the same family of diversity mea-
sures, differing only in their sensitivity to rare popula-
tions [106]. Measures that are more sensitive to rare pop-
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Fig. 3. Immunohistochemical heterogeneity of Ki67 in breast cancer. a, b Variable expression of Ki67 in different
tumour blocks from the same case. ¢, d Another example of variable expression of Ki67 in full-face sections from
different primary tumour sections. Inset Ki67 expression in an axillary node from the same case.

ulation of cells, such as the Shannon entropy, are particu- ITHC score is 50% negative (0) and 50% 3+ is arguably
larly relevant in the context of evaluating the impact of more heterogeneous than a tumour whose HER2 THC
intratumoral heterogeneity on the efficacy of targeted scoreis 50% 2+ and 50% 3+ because 2+ and 3+ tumour
therapies because treatment resistance is thought to orig-  cells are more similar than 0 and 3+ tumour cells. The
inate from small colonies of resistant cells. In contrast, the  Shannon entropy and the Simpson index, along with
confounding effect of intratumoral heterogeneity on di- affiliated measures, do not properly account for poten-
agnosis is thought to rather be caused by the presence of tial similarities between cell types, and the examples cit-
large cell populations that are not adequately reflected by ed above would be considered by those measures as
tumour sampling [99]. equally heterogeneous. Provided that similarities be-

Another important factor to consider when quanti- tween cell types can be explicitly specified, a more rel-
fying heterogeneity is whether similarities exist be- evant heterogeneity measure can be obtained by using
tween different cell populations within the total tumour the Rao quadratic entropy which would appropriately
cell population. For instance, a tumour whose HER2 reflect the similarities.
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Finally, intratumoral heterogeneity can be quantified
at various spatial scales. Potts et al. [99] observed that
global HER2 expression heterogeneity at the tumour lev-
el affects agreement between pathologists but that local
heterogeneity between cells that are in close proximity
does not. This suggests that local heterogeneity quantifi-
cation may not be relevant when studying the impact of
intratumoral heterogeneity on diagnosis. Interestingly,
they also found that global HER2 expression heterogene-
ity is not correlated with local HER2 heterogeneity, indi-
cating that global heterogeneity and local heterogeneity
arise from distinct mechanisms. This suggests that, at
least in the case of HER2 expression, local heterogeneity
may be an aspect of tumour biology, with distinct impli-
cations for the efficacy of targeted therapies, but this re-
mains to be demonstrated.

Taken together, the whole panorama of morphologi-
cal, immunophenotypical, and molecular features de-
scribed here for accurately assessing the extent and clini-
cal impact of heterogeneity in BC should be taken into
account when high-throughput molecular studies are

From a practical standpoint, whether in the standard
routine practice or research setting, we suggest that:

- histomorphological heterogeneity is not a rare event
in BC and it may influence patient prognosis and re-
sponse to treatment;

- examination of >1 section of tumour by means of H&E
staining is mandatory prior to assessing biomarker ex-
pression known or proved to be heterogeneous;

- IHC assessment of prognostic/predictive markers
should be performed on the more heterogeneous
section at the H&E examination;

- when defining neoadjuvant chemotherapy protocols,
>1 core biopsy should be taken to adequately assess
predictive marker status for guiding therapy;

- PR and Ki67 are heterogeneously expressed, and
should be assessed on whole sections to avoid mis-
leading results which could arise from suboptimal
sampling (e.g., in TMA);

- molecular studies that plan to report on heterogeneity
should attentively consider morphological and immu-
nophenotypical heterogeneity in the experimental de-

performed. sign and the interpretation of results.
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