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Breast cancer as an example of tumour heterogeneity and

tumour cell plasticity during malignant progression
Fabiana Lüönd1, Stefanie Tiede1 and Gerhard Christofori 1

Heterogeneity within a tumour increases its ability to adapt to constantly changing constraints, but adversely affects a patient’s

prognosis, therapy response and clinical outcome. Intratumoural heterogeneity results from a combination of extrinsic factors from

the tumour microenvironment and intrinsic parameters from the cancer cells themselves, including their genetic, epigenetic and

transcriptomic traits, their ability to proliferate, migrate and invade, and their stemness and plasticity attributes. Cell plasticity

constitutes the ability of cancer cells to rapidly reprogramme their gene expression repertoire, to change their behaviour and

identities, and to adapt to microenvironmental cues. These features also directly contribute to tumour heterogeneity and are critical

for malignant tumour progression. In this article, we use breast cancer as an example of the origins of tumour heterogeneity (in

particular, the mutational spectrum and clonal evolution of progressing tumours) and of tumour cell plasticity (in particular, that

shown by tumour cells undergoing epithelial-to-mesenchymal transition), as well as considering interclonal cooperativity and cell

plasticity as sources of cancer cell heterogeneity. We review current knowledge on the functional contribution of cell plasticity and

tumour heterogeneity to malignant tumour progression, metastasis formation and therapy resistance.

British Journal of Cancer (2021) 125:164–175; https://doi.org/10.1038/s41416-021-01328-7

BACKGROUND
Breast cancer is a highly heterogeneous disease that can be
caused by a variety of distinct genetic alterations in mammary
epithelial cells, leading to vastly different disease manifestations in
individual patients. A combinatorial evaluation of the histopathol-
ogy of the primary tumour and of the expression pattern of
hormone receptors (oestrogen and/or progesterone receptors; ER/
PR) and epidermal growth factor receptor 2 (HER2/Neu), together
with further genomic and transcriptomic profiling, classifies breast
cancer as one of the following molecular subtypes: normal breast-
like, luminal A (ER+/PR+ and Ki67-low), luminal B (ER+/PR+ and
HER2+ or HER2–, and Ki67-high), HER2-enriched (HER2+), basal-
like and claudin-low.1–8 These patient-to-patient differences,
which constitute ‘intertumoural heterogeneity’, largely affect
patient prognosis and treatment options.9 Alongside these
patient-to-patient differences, enormous diversity can exist in
tumour cell subpopulations within a patient’s primary tumour and
individual metastases—this is referred to as ‘intratumoural
heterogeneity’.
Generally speaking, inter- and intra-tumoural heterogeneity are

a consequence of differences in a number of cancer-cell-intrinsic
parameters, such as genetic profile, interplay between the
genome, epigenome/transcriptome and proteome, migration
and invasion capabilities, proliferation, stemness and intrinsic cell
plasticity (Fig. 1). As well as these cell-autonomous traits, extrinsic,
microenvironmental factors also contribute to tumour hetero-
geneity. These factors include tumour hypoxia and the extent of

vascularisation, interactions of cancer cells with cells of the tumour
stroma, such as endothelial cells, pericytes, fibroblasts, and the
contribution of a variety of tumour-infiltrating cells of the innate
and the adaptive immune systems. These complex interactions
between cells and the extracellular matrix (ECM) were first
conceptualised as dynamic reciprocity in 1982 by Bissell et al.10

These bidirectional interactions induce stochastic and dynamic
changes during malignant cancer progression and, therefore,
require cancer cells to constantly adapt to new environmental
cues and challenges. The ability to rapidly react by genetic and
epigenetic reprogramming appears to involve a cellular status of
high plasticity, as will be described below.2,11–15

In addition to opening up new avenues for the reconstruction
of the temporal and spatial evolution of cancer, genome
sequencing has also provided novel insights into heterogeneity
between tumours, even of the same pathological subtype.
Additional technological advances in novel whole omics profiling
also offer the opportunity to better comprehend the enormous
complexity and interplay of the genetic, epigenetic, transcriptomic
and proteomic variations that ultimately cause phenotypic
heterogeneity (Fig. 1).13,16 In 2000, DNA microarray profiling
demonstrated for the first time distinctive gene expression
patterns for normal breast, luminal-like, HER2+ and basal-like
subtypes, thus already highlighting the presence of considerable
intertumoural heterogeneity;6 a claudin-low subtype that specifi-
cally expresses markers of epithelial-to-mesenchymal transition
(EMT) and stemness, as well as stromal and immune-related
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signatures, was subsequently added to this classification.7,8 In
2002, microarray gene expression analysis of 117 breast tumours
identified three expression signatures that were predictive of
therapy response: a signature indicative of poor prognosis
consisting of genes important for cell-cycle progression, invasion,
metastasis and angiogenesis; an ER signature; and a signature that
identifies carriers of BRCA1 mutations.17

Around 2010, a research goal has been to simultaneously
sequence the genome and the transcriptome of human breast
cancer samples, including single-cell sequencing.18,19 For example,
Curtis and colleagues have described the genomic and transcrip-
tomic landscape of 2000 human breast cancer samples by using
an integrated analysis of copy number variations and gene
expression patterns and they have identified additional subtypes

of breast cancer.20 A similar analysis of triple-negative breast
cancers (TNBC) have revealed a high heterogeneity within this one
type of breast cancer, indicating that patients need to be analysed
at an individual level.21 At around the same time, the Cancer
Genome Atlas Network combined various methods to draw the
molecular portraits of human breast cancers in a more holistic
way, revealing a tremendous amount of variation even within
individual breast cancer subtypes.22 In 2017, an analysis of somatic
copy number alterations led to a newer classification of breast
cancers into integrative clusters associated with prototypical
patterns of single-nucleotide variants and distinct clinical out-
come.23 Clinically relevant, these molecular classifications are
associated with patient prognosis and possible treatment options.
Hence, the genomic and transcriptomic analysis has to be refined
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Fig. 1 Intratumoural heterogeneity as a consequence of cancer-cell-intrinsic and cancer-cell-extrinsic factors. Individual cancer cells can
differ with respect to a large number of capabilities, which are regulated at different levels by cell-intrinsic cues, including genetic, epigenetic
and proteomic changes. The major intrinsic causes of intratumoural heterogeneity include cancer cell migration and invasion, genetic
instability, epigenomic/transcriptomic and proteomic regulation, the degree of epithelial-to-mesenchymal transition (EMT) and cell plasticity,
and the extent of stemness. Extrinsic factors in the tumour microenvironment (TME), such as the tumour vasculature and residing and
infiltrating cells of the immune system, also contribute to intratumoural heterogeneity through cell–cell interactions and paracrine signalling.
Intratumoural heterogeneity evolves in time and space, changes in response to therapy and the development of resistance, and varies
between different patients (adapted from ref. 13).
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for individual patients to match the observed high heterogeneity
between tumours of individual patients even within one specific
breast cancer subtype.
In this review, we summarise recent progress in the identifica-

tion of the molecular and cellular determinants of tumour
heterogeneity with a focus not only on genetic aberrations, but
rather on epigenetic and transcriptomic differences defining
specific tumour cell phenotypes and their functional contribution
to malignant tumour progression. A major focus is given to the
role of EMT and cell plasticity in generating intratumoural
heterogeneity and the varying contributions to tumour cell
invasion, metastasis formation and the development of therapy
resistance.

TUMOUR HETEROGENEITY AND CLONAL EVOLUTION
Whole genome and exome sequencing of human tumour samples
has unveiled the existence of extensive intratumoural genetic
heterogeneity (Fig. 1).9,21,22,24 This somatic heterogeneity ulti-
mately results in the formation of subclones with different
biological capabilities, which will follow Darwin’s principle of
‘survival of the fittest’. As early as 1976, Peter Nowell described the
concept of clonal evolution, whereby subclones of cells with a
growth advantage in a certain ecosystem will persist, survive and
ultimately expand, whereas less fit subclones are unable to
compete against the others and become extinct.25,26

Temporal evolution of cell-intrinsic traits
Advances in DNA sequencing technologies eventually made it
possible to infer the evolution of human tumours based on
genomic alterations. For example, multi-region DNA sequencing
of primary and metastatic pancreatic tumour samples allowed the
reconstruction of distinct phylogenetic trees that describe clonal
evolution in this type of cancer.27,28 Similarly, Nik-Zainal and co-
workers reconstructed the evolutionary tracks of 21 breast cancer
cases,29,30 demonstrating that, due to the early occurrence of
driver mutations and alterations in cancer genes, genetic variation
arises, selective pressures are shifted, and various subclones
expand. Along these lines, DNA barcoding and massive parallel
sequencing of samples from xenograft transplantation mouse
models of human breast cancer confirmed the complex hetero-
geneity of clonal subpopulations: some subclones remain stable,
some expand, and others vanish over time. As a result, dramatic
changes in clone numbers and sizes and in the emergence of new
subclones within and between primary and secondary tumours
occur during breast cancer progression.31–33 Barcoding experi-
ments have also revealed that the dominant clones of primary
tumours do not necessarily contribute to tumour metastasis,
distinguishing the cells that are shed from primary tumours but
that do not yet form metastasis (shedders) from actual metastasis-
seeding cells (seeders), indicating that therapeutic strategies need
to target selected subpopulations.34,35

Data obtained from a variety of genomic profiling experiments
of cancer cells from primary tumours and from distant sites
subsequently allowed three distinct evolutionary patterns of
primary tumour and metastasis to be inferred: a simple linear
evolution model; a parallel evolution model with early metastatic
spread; and a model assuming late seeding from either a single or
multiple subclone(s) within the primary tumour.36,37 In addition, a
more recent study based on topographical genomic copy number
profiling of 1293 single cells from ten breast cancer patients with
ductal carcinoma in situ has led to the proposal of a fourth, so-
called ‘multi-clonal invasion’, model.38 Here, genomic evolution
within the mammary ducts gives rise to multiple tumour
subpopulations, which subsequently co-migrate into the under-
lying tissue to form an invasive carcinoma. Regardless of the
evolutionary path, a tumour might take, genetic heterogeneity
and subclonal diversification enhance a primary tumour’s

robustness and ultimately complicate patient prognosis, therapy
response and clinical outcome.

Spatial evolution of cell-intrinsic traits
Cell-intrinsic traits not only evolve temporally throughout tumour
progression, but also spatially within a primary tumour and its
secondary lesions (Fig. 1).39 To investigate the topographical
distribution of subclones, Yates and colleagues representatively
sampled surgically excised invasive primary breast tumours in a
multiple biopsy approach41. Most of the tumours exhibited at least
one mutation that was confined to one to three neighbouring
tissue regions, indicating a locally constrained expansion of
subclones. Only a few tumours displayed clonal intermingling
throughout the whole tumour tissue.40 In a similar study, when
multifocal breast cancer lesions with comparable tumour grades
and ER and HER2 status were subjected to whole genome and
targeted sequencing,41 genetically similar lesions were topogra-
phically located closer to each other than genetically distinct
lesions, indicating a process of clonal evolutionary outgrowth.
Interestingly, despite histopathological homogeneity, consider-
able inter-lesion heterogeneity was found in one-third of the
patients for oncogenic mutations in PIK3CA, TP53, GATA3 and
PTEN, the most frequent driver mutations in breast cancer.41 These
results already indicate that the simple genomic analysis of a
sample taken from an undefined topographical position might not
adequately molecularly characterise a tumour.

CELL PLASTICITY AS A SOURCE OF TUMOUR HETEROGENEITY
The genetic, epigenetic, transcriptomic and proteomic traits of a
cell are not fixed determinants. Triggered by stimuli from the
microenvironment and by stochastic changes in gene expression,
cancer cells can transition between phenotypic states through cell
plasticity. This condition of cellular phenotypic uncertainty, yet
high reactivity to external and internal cues, is often referred to as
a state of high cell plasticity. It greatly contributes to tumour
heterogeneity. The functional and molecular definition of cellular
plasticity is context-dependent, yet cell plasticity is a broadly
acceptable explanation of various biological and cancer-related
processes.42–44

Hybrid EMT states
EMT and its reverse process, mesenchymal-to-epithelial transition
(MET), constitute particularly well-studied programmes of high cell
plasticity, occurring, for example, during fundamental processes
such as embryonic development.45 During EMT in cancer
progression, epithelial cancer cells lose their cell–cell adhesions,
dedifferentiate and acquire a migratory and invasive mesenchy-
mal phenotype. This process has been associated with metastasis
and drug resistance. Rather than being a binary switch, however,
EMT/MET allows cells to transition between a spectrum of
phenotypic hybrid states,45–47 although little is known about this
heterogeneous spectrum, the stability of these cell states or their
functional characteristics. Pastushenko and colleagues charac-
terised six populations of distinct EMT states in transgenic mouse
models of skin squamous cell carcinoma and of breast cancer.48

These EMT states exhibited different functional characteristics
regarding migration, invasion, metastasis and stemness, although
they all showed a similar tumour-propagating cell capacity.
Interestingly, they also presented with different degrees of
intrinsic cell plasticity, exemplified by their potential to sponta-
neously transition to another EMT state when subcutaneously
transplanted or intravenously injected into mice. Notably, whereas
only transitions between EMT hybrid states occurred in the
subcutaneously transplanted primary tumours, cells in the lung
could also revert back to an epithelial state,48 indicating that
cancer cell plasticity is determined both by cell-intrinsic char-
acteristics and the microenvironment.
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Lineage-tracing studies in vivo and 3D imaging have provided a
first glimpse into EMT dynamics during early and late stages of
malignant tumour progression.48,49 A diverse selection of EMT
markers is often used to assess EMT/MET in tumour progression
and metastasis formation.50,51 However, although EMT markers
and EMT transcription factors can be useful when adjusted to a
specific cancer model, they have fallen short in capturing the
dynamic nature of hybrid EMT states.52 Indeed, EMT is a process
that is potentially inducible in different cell types and also
differentiation stages.45 For instance, triple-negative breast cancer
(TNBC) is considered to exemplify a highly de-differentiated,
mesenchymal cellular phenotype, but TNBC cells can also undergo
EMT-like changes and transiently enhance cellular plasticity,
which, in turn, contributes to metastasis and drug resistance.53,54

Thus, a mesenchymal cancer cell can also be triggered to undergo
further EMT-like changes, thereby displaying phenotypic plasticity.
These observations raise the question of how hybrid, intermediate
stages of EMT and a linear transition process of EMT can be
reconciled. Can we identify a plasticity signature and capture a
plasticity moment induced or manifested by reiterated processes
of EMT and MET, and are these processes not linear at all?
Another source of tumour heterogeneity lies in the various

degrees of cell plasticity that might be driven by the extent of (de)
differentiation of cancer cells. The cancer stem cell (CSC) model
proposes that tumour growth and progression are driven by CSCs,
which have the ability to self-renew and differentiate, thereby
fostering the bulk of tumour cells. Mounting evidence supports
the idea that CSCs might dynamically arise by the dedifferentia-
tion of ‘regular’ cancer cells. In particular, EMT has been linked to
the generation of breast CSCs.55–58 However, stemness is not a
unique feature of the mesenchymal phenotype and plasticity
between differentiated epithelial cancer cells and epithelial CSCs
has also been observed.59,60 Similarly, breast cancer cells can
transition between luminal, basal and progenitor-like cell
states,59,61–63 further underscoring the potential of cell plasticity
to affect cancer cell phenotype and malignancy and thus also
increasing the complexity of clinical care.

What causes intrinsic cell plasticity?
The roots of intrinsic cell plasticity are poorly understood. Studies
of breast cancer indicate that the extent to which cancer cells
undergo EMT might be dependent on the mutational landscape.
For example, larger numbers of tumour cells that had undergone
EMT were found in MMTV-Myc-driven mammary tumours as
compared with MMTV-PyMT-driven or MMTV-Neu-driven mam-
mary tumours. This increased number might be due to
the pleiotropic oncogenic functions of c-Myc as compared with
the single pathway activations by polyoma middle T (PyMT) or the
Neu oncogene;64 indeed, similar to c-Myc the introduction of an
oncogenic PIK3CA mutation into mammary epithelial cells of basal
or luminal lineage induced multipotency and led to the formation
of heterogeneous multi-lineage tumours.62,63 However, the
tumours were phenotypically different, depending on whether
they originated from a basal or a luminal cell: transformed basal
cells mainly formed benign differentiated tumours, whereas
transformation of luminal cells induced aggressive tumours.62,63

These data indicate that the epigenetic landscape of the
originating cancer cell might have a long-lasting effect on its
(de)differentiation potential and plasticity.

INTRATUMOUR HETEROGENEITY AND CELLULAR
INTERACTIONS
A heterogeneous population of cells facilitates the interaction of
diverse subpopulations of cancer cells with each other—
predominantly through interclonal cooperativity rather than
competition—and with cells in the tumour microenvironment
(TME) by physical interaction or via paracrine signalling networks

to drive cancer progression and metastasis. The studies described
below offer a glimpse into the interclonal cooperativity that occurs
between breast cancer subclones as well as between breast
cancer cells and stromal cells and the TME, and the impact of
these interactions on malignant breast cancer progression.
However, many more critical interactions of cancer cells exist—
for instance, with other types of immune cell and cells of the
vascular system that contribute to tumour progression; these
interactions have been reviewed elsewhere (Fig. 1).65

Interclonal cooperativity
Tumour heterogeneity is frequently manifested by interclonal
cooperativity or dependency. For example, in a transgenic mouse
model of Wnt1-driven mammary tumorigenesis (MMTV-Wnt1), a
heterogenous mixture of basal and luminal cancer cells demon-
strates interclonal cooperation to support their own tumour
growth. Despite the initial expression of Wnt1 by bipotent
progenitor cells, these produce basal and luminal cells with
luminal tumour cells expressing Wnt1, while basal and luminal
cells gained HRas mutations. The cancer-driving HRas-mutant
basal cells were deficient for Wnt signalling, but recruited the
HRas-wildtype luminal cells to secrete Wnt1 to drive biclonal
primary tumour growth.66,67 However, breast cancer subclones
can cooperate not only with neighbouring clones in the same
primary tumour, but also with cancer cells in metastatic lesions.
Kim et al.68 identified a bidirectional spread of metastatic cancer
cells from the primary tumour to the metastatic sites as well as
from the metastatic lesions back to the primary tumour. This so-
called ‘self-seeding’ does not require further adaptation by the
tumour cells and appears to be directed by the interleukin (IL)-6/8-
mediated attraction of circulating tumour cells (CTCs) from
primary tumours and metastases back to primary tumours. It
might promote tumour growth, angiogenesis and stromal
recruitment.68 Similarly, whole genome sequencing of matched
primary and metastatic prostate cancer samples has revealed
interclonal cooperation between subpopulations of cells of
primary tumours and metastatic lesions and the polyclonality of
metastatic lesions at different metastatic sites,69 i.e. metastasis
may also present high tumour heterogeneity and interclonal
cooperativity within a metastatic lesion. As further described
below, breast cancer cells with luminal and basal epithelial
phenotypes, and possibly epithelial/mesenchymal features, might
disseminate collectively, giving rise to polyclonal metastases.70,71

Tumour–stroma interactions
As well as homotypic interactions between cancer cells them-
selves, extensive heterotypic cooperation of cancer cells with
various types of cell in the TME, including endothelial cells,
fibroblasts and cells of the immune system, occurs. These
interactions jointly dictate the pace of tumour progression, the
occurrence of metastasis and a patient’s therapy response
(Fig. 1).72–76 Conversely, even a minor subpopulation of cancer
cells might drive tumour growth by inducing microenvironmental
changes77—for example, by activating angiogenesis or by
recruiting fibroblasts or cells of the immune system to the primary
TME or by changing the composition and/or the physicochemical
consistency of the TME. These bidirectional heterotypic interac-
tions between cancer cells and the cells of the TME are critical for
tumour progression.73

In particular, interactions between cancer cells and cancer-
associated fibroblasts (CAFs) during breast cancer metastasis have
been well studied. For example, fibroblast-derived caveolin-1
causes increased fibroblast contraction, matrix alignment and
stiffening of the microenvironment, which, in turn, promotes
breast cancer cell elongation, directional migration, and metas-
tasis.78 As further discussed below, fibroblasts might also act as
leaders in cancer cell migration and invasion.79–81 Finally,
cooperation between fibroblasts and breast cancer cells might
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contribute to metastatic colonisation.82 Here, infiltrating CSCs
induce fibroblasts to secrete periostin, an ECM protein, which
promotes metastatic colonisation by enhancing Wnt signalling in
the tumour cells.
Tumour-associated macrophages (TAMs) have also been shown

to contribute to malignant tumour progression at multiple levels.
Macrophages are, for example, recruited by the chemokine ligand
2 (CCL2) secreted by cancer cells and, once at the tumour site,
they are reprogrammed from an M1 anti-tumour phenotype to an
M2 pro-tumorigenic phenotype, which promotes the secretion of
pro-angiogenic, pro-invasive and immunosuppressive factors.83–85

TAMs can also induce early dissemination from the primary
tumour by producing Wnt186 and play a critical role in guiding the
intravasation of invasive cancer cells into the bloodstream87

(Fig. 2).
In addition to the importance of the cooperativity of breast

cancer cells with fibroblasts, their interaction with neutrophils has
been shown critical for the formation of metastasis. RNA
sequencing analysis of polyclonal metastatic breast tumours
revealed that cancer cell subclones expressing IL-11 and vascular
endothelial growth factor (VEGF)-D systemically prime pulmonary
stromal cells to secrete neutrophil-stimulating factors. This leads
to the attraction of pro-tumorigenic neutrophils, which enhance
the ability of breast cancer cells to disseminate.88,89 Interestingly,

the physical association of neutrophils and breast cancer cells in
heterotypic CTC clusters drives cell-cycle progression in the
circulation and enhances metastatic seeding.90 Thus, the interac-
tion of breast cancer cells and neutrophils contributes to the
metastatic process at multiple stages (Fig. 2).
Major progress has been made in investigating how cancer cells

escape immune surveillance during malignant progression. In fact,
it appears that programmes underlying cancer cell malignancy,
such as EMT, also include various molecular changes that support
immune tolerance, an observation that is important for improving
current immunotherapies91,92 Notably, in some tumours there is
an increase in immune cell infiltrations (‘hot tumours’), while in
others immune cells are actively repressed from infiltrating the
TME (‘cold tumours’) by the downregulation of immune cell-
attracting cues and homing receptor systems. Most importantly,
tumours might escape immunosurveillance by activating check-
point blockades by the expression of PD1, PD-L1, CTLA4 and
others by tumour cells and immune cells to prevent the activation
of cytotoxic T cells for tumour cell killing. These molecules are the
targets of current immunotherapies.93 Finally, non-cellular cues
from the TME, including tumour hypoxia or changes in the
stiffness of the ECM, critically affect cancer cell behaviour and
phenotypes. These changes in the physicochemical parameters of
the TME have been repeatedly shown to support malignant
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tumour progression and to play a critical role in increasing cell
plasticity during malignancy and thus in tumour heterogeneity.94

TUMOUR HETEROGENEITY AND METASTASIS FORMATION
Whole omics approaches have been increasingly employed to
investigate the functional implications of tumour heterogeneity in
malignant progression and metastasis. A comparison of gene
expression profiles of primary tumours and secondary lesions from
different metastatic sites revealed tremendous heterogeneity,
which was linked to organotropism. In vivo selection and
transcriptomic analysis of bone- and lung-homing breast cancer
cell lines have identified numerous genes that are crucial for
specific organotropism and site-specific outgrowth in bone, lung
and other organs.95,96 Similarly, single-cell analysis of early and
late metastatic breast cancer cells has revealed dramatic
differences in gene expression: whereas early metastatic cells
presented with a basal/stem cell-like signature and expressed
genes associated with a de-differentiated, EMT-like phenotype,
cells in established metastases showed a more differentiated,
luminal-like and proliferative signature.53 Whole exome sequen-
cing of matched primary tumour and metastasis from individual
patients with a variety of cancer types, including of the breast,
revealed that polyclonal seeding occurs frequently in untreated
patients, while it is rare in therapy-treated patients. Hence, specific
mutations that might already exist in early primary tumours
appear to be selected for in metastasis by therapy, although they
might not contribute to metastatic dissemination and outgrowth
as such97 and might instead be associated with drug resistance
(see below).
Obradovic and colleagues98 undertook transcriptomic, proteo-

mic and phospho-proteomic profiling of primary tumours and
their corresponding metastases in transgenic mouse models of
breast cancer. Their data revealed an increase in stress hormones
during tumour progression, which resulted in the activation of the
glucocorticoid receptor specifically at metastatic sites—this
heterogenic expression of glucocorticoid receptor increased
tumour heterogeneity and was critical for metastatic
colonisation.98

Considered to be the precursors of metastases, CTCs have
become a major focus of cancer research for the study of tumour
heterogeneity and plasticity. Notably, CTC clusters transpire to be
more efficient in metastatic seeding and outgrowth than do single
CTCs.99 Whole genome bisulphite sequencing in combination with
RNA sequencing has revealed differences in the epigenetic
landscape of single CTCs versus CTC clusters. Of note, CTC clusters
exhibited active (hypomethylated) transcriptional binding sites in
embryonic stem cell genes, which probably contributes to their
enhanced metastatic potential.100

Taken together, the emergence of whole omics techniques has
led to an increasing understanding of tumour heterogeneity and
its functional implications, especially in metastasis. However,
other, non-genomic, factors are also likely to contribute to
metastasis, and more sophisticated combinations of genomic,
epigenomic, transcriptomic and proteomic analyses at the single-
cell level will be required to further delineate the functional
implications of tumour heterogeneity during the metastatic
process.

CELL PLASTICITY DURING THE METASTATIC PROCESS
Whereas malignant transformation and tumour progression
critically depend on somatic mutations, metastasis appears to
largely be driven by reversible epigenetic changes. Throughout
the invasion-metastasis cascade, cancer cells need to adapt to
their ever-changing microenvironment, indicating that cell plas-
ticity is essential for metastasis formation. In this context,
epithelial-to-mesenchymal plasticity has been particularly well-

studied, and it has been established that EMT promotes tumour-
cell dissemination while MET is critical for reinitiating proliferation
at the distant site and for promoting metastatic outgrowth.101,102

However, a more complex picture of cell plasticity and metastasis
is emerging on the basis of experimental evidence, although the
molecular details of how cell plasticity is defined and how specific
pathways and factors contribute to EMT, cell plasticity and thus to
metastasis remain to be functionally characterised (Fig. 2). The
delineation of these pathways will be critical for the design of
novel therapeutic strategies.

Invasion and dissemination
Depending on the microenvironment at the primary tumour site,
cancer cells migrate and invade as single cells or as cell
collectives.103 Full EMT generates highly invasive cells that are
capable of degrading the ECM by secreting proteases. These cells
can disseminate as individual cells or—if multiple cells undergo
EMT—as a multicellular stream. Single cells can also invade in an
EMT- and protease-independent manner by amoeboid migration
(Fig. 2). On the other hand, collective cell migration and invasion is
characterised by the coordinated movement of cohesive groups
of cells with intact cell–cell junctions.103 Frequently, mesenchymal
leader cells at the tip of these cell collectives direct the movement
and mediate degradation of the ECM. Activated stromal fibroblasts
can also remodel the ECM and interact with epithelial cancer cells
to facilitate invasion.79–81 Of note, experimental evidence suggests
that activation of a partial EMT programme allows cancer cells to
become motile while retaining cell–cell adhesion, thereby driving
collective migration.104–107 Cheung and colleagues have also
reported the activation of a basal epithelial programme in leader
cells of collectively migrating breast cancer cells.70,71 These cells
express E-cadherin and the basal epithelial marker cytokeratin 14
(K14) but none of the conventional mesenchymal cell markers.
However, interconversion between K14– and K14+ epithelial cell
states has been observed,70 and these leader cells have been
shown to exhibit a hybrid epithelial/mesenchymal rather than a
full mesenchymal phenotype.108 Together with insights into the
hybrid states of EMT in cancer cells, it has been concluded that
specific reversible stages of the EMT continuum might confer the
cell plasticity required for tumour cell dissemination and thus for
metastasis formation (discussed in ref. 47) However, direct
evidence for reversible epigenetic changes during the metastatic
process in patients remains to be shown.

Intravasation and survival in the circulation
Migratory cancer cells can eventually actively invade the blood or
lymphatic vasculature as individual cells or as multicellular
clusters, although, as the neovasculature of the developing
tumour is abnormally permeable, a considerable number of
cancer cells might also be passively shed into the circulation
(Fig. 2).109 Once in the circulation, CTCs comprising cancer cells
that have actively invaded as well as those that have been
passively shed represent a heterogeneous population of cancer
cells. Single CTCs expressing EMT markers have been widely
observed in breast cancer patients and, in particular, the presence
of CTCs with hybrid EMT phenotypes correlated with poor
prognosis.51,110,111 Lineage labelling of cancer cells in breast and
squamous cell carcinoma mouse models revealed a dramatic
enrichment of cells that have undergone EMT in CTCs compared
with primary tumours, indicating a strong contribution of EMT to
metastatic dissemination.48,112,113 Intriguingly, CTC clusters also
consisted of a diverse spectrum of hybrid EMT stage cancer cells
as well as fully epithelial and mesenchymal cancer cells, thus
supporting a role of the EMT continuum in collective cell
invasion.111

Compared with single CTCs, multicellular CTC clusters were
reported to show an up to 50-fold increased metastatic
potential.99 This increase might be due to the physical advantage
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conferred by a larger size in surviving shear stress and
possibly immunosurveillance in the circulation. In addition,
however, CTC clusters are also able to seed polyclonal metastases,
and critical molecular interactions within the cluster can
define distinct cell states that are associated with the dissemina-
tion of CTC clusters.114 For example, hypomethylation of the
promoters of the stemness regulators OCT4, NANOG, SOX2 and
SIN3A was observed in breast cancer CTC clusters, suggesting
increased stemness of cancer cells that travel the circulation in
clusters.100

Metastatic outgrowth
Metastatic colonisation (Fig. 2), which involves metastatic seeding
and outgrowth in distant organs, is a bottleneck for metastasis
formation and requires stem cell properties. As discussed
above, stemness is not a stable feature but can be acquired or
lost due to cell plasticity. A plethora of studies have confirmed the
crucial requirement of MET for outgrowth at the metastatic
site.101,102,115–117 However, the plasticity and stemness associated
with distinct EMT and MET states is poorly understood. To date,
observations from breast, prostate and squamous cell carcinoma
indicate a particularly high degree of plasticity in the intermediate
EMT states, which is reflected by efficient metastatic dissemination
and outgrowth.48,118 Notably, in a mouse model of colorectal
cancer, the majority of disseminated cells in the circulation did not
express Lgr5, a marker of cancer stem cells, but formed distant
metastases in which Lgr5-positive cells were subsequently
detected. Thus, although the cell plasticity required for metastatic
dissemination does not appear to rely on cancer cell stemness,
metastatic outgrowth does.119

In light of these findings, the spatial and temporal aspects of
cell plasticity during colonisation warrant further investigation. In
particular, the relationship between cancer cell plasticity and
tumour dormancy is of great interest. Cells in less plastic EMT
states can persist at the metastatic site for an extended period of
time before eventually undergoing MET and growing out as a
macrometastasis. Consistent with this notion, experimental
evidence linking tumour dormancy and mesenchymal CSCs is
increasing,120 yet needs to be further investigated, since the actual
phenotypic state of dormant tumour cells still remains enigmatic.
Similarly, the association of distinct EMT hybrid states and
metastatic organotropism should be further explored. For
instance, Reichert et al. reported that mesenchymal pancreatic
ductal adenocarcinoma cells might preferentially form lung
metastases over liver metastases when prevented from under-
going MET.121

THE RELEVANCE OF EMT IN METASTASIS AND THERAPY
RESISTANCE
Even though EMT/MET can contribute to various aspects of the
invasion-metastasis cascade, the relevance of EMT in cancer
metastasis is still debated. In order to track the fate of cancer
cells that have undergone EMT, cell-specific lineage-tracing
systems have been developed; these are based on the
expression of Cre recombinase under the control of promoters
of the mesenchymal marker genes fibroblast-specific protein
(Fsp), vimentin (Vim) or α-smooth muscle actin (αSMA; Acta2) in
combination with a tdTomato-to-GFP colour-switching repor-
ter.122,123 Such lineage-tracing systems, combined with a variety
of conditional transgenic mouse models of cancer, have been
used to study the contribution of EMT to metastasis in a
whole organism context (Table 1 and reviewed in ref. 124)
Although lineage-traced mesenchymal cancer cells have been
reported to be highly enriched in CTCs compared with primary
tumours,123 only a minority of metastatic lesions were observed
to be derived from cells that had undergone EMT.51,122,123

Furthermore, although the experimental induction of reversible

EMT has been clearly demonstrated to be sufficient for
promoting metastasis,102,115 the inhibition of EMT by tumour-
cell-specific knockout of the key EMT transcription factors Snail1,
Zeb1 or Twist1 in various carcinoma models has led to
conflicting results.50,51,125,126 These inconsistencies might be
explained by tissue-specific functions and overlapping, yet
distinct, roles for these EMT-inducing transcription factors, thus
precluding the complete inhibition of the EMT programme by
the elimination of only one factor.127

What is clear from these experiments is that cancer cells that
have undergone EMT are more refractory to conventional
chemotherapies and, thus, are enriched in treated primary
tumours and metastasis—indeed, EMT-traced tumour cells were
highly enriched in tumours of mice treated with conventional
chemotherapies.51,123 Based on these observations a discussion
had been started whether EMT is dispensable for metastasis
formation, but critical for the development of therapy resistance.
However, these early studies are limited by the use of Fsp, Vim and
αSMA as EMT markers—these are markers of late EMT and are not
universally expressed during EMT, as well as also being expressed
by and thus tracing CAFs.113,124,128 Most importantly, cells in an
early, partial EMT state have not been marked by lineage tracing in
these experiments and, thus, have not been monitored and
analysed. Furthermore, it is possible that cells that have under-
gone (partial) EMT contribute to the metastasis of epithelial cells,
perhaps by leading collective invasion strands or by promoting
ECM degradation, without themselves disseminating or surviving
at the metastatic site.
Based on current knowledge, the contribution of EMT to

metastasis is likely to be context-dependent. Although EMT is
sufficient to induce cancer cell dissemination, epithelial cells and
cells undergoing partial EMT—especially when travelling as
clusters—might establish metastases more efficiently than fully
mesenchymal cancer cells. Consistent with this, it has been shown
that the loss of E-cadherin—a hallmark of full EMT—promotes
local dissemination but at the same time reduces proliferation,
survival, metastatic colonisation and metastatic outgrowth.129 This
important result is consistent with the notion that EMT is required
for local cancer cell invasion, but that MET is required for
metastatic outgrowth at the distant site.47,101,102

In summary, we need to consider that microenvironmental
factors at distinct steps of the metastatic cascade could select for
certain EMT states and modes of dissemination. At the same time,
cell plasticity allows cancer cells to transition between EMT states.
The contribution of a partial or full EMT programme to the
metastatic burden might therefore critically depend on micro-
environmental and cancer-cell-intrinsic factors and could dynami-
cally change during tumour progression or during the course of
therapy. Indeed, the contribution of EMT to therapy resistance has
been amply demonstrated in various experimental systems
(summarised in ref. 52) and is consistent with the observation
that therapy-resistant tumours in patients frequently exhibit
highly aggressive phenotypes. To dissect the molecular details
that might distinguish the impact of EMT on metastasis from that
on therapy resistance, we need to better understand the
functional characteristics of distinct EMT states and dynamics of
the transition between them. In other words, we need to define
the type of cell plasticity that enables metastasis formation or
therapy resistance at a molecular or omics level to identify novel
therapeutic targets for preventing metastasis and/or therapy
resistance.

THE CLINICAL CONSEQUENCES OF BREAST CANCER
HETEROGENEITY
The heterogeneous nature of breast cancer increases a tumour’s
ability to adapt to constantly changing constraints and is a
significant hurdle for diagnosis and therapy.2,39 Due to the
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existence of spatial and temporal heterogeneity, it is important to
mitigate the risk of sampling bias and to monitor the evolution of
the disease at the entire tumour level at initial diagnosis as well as
upon relapse. The comparison of multiple, spatially separated
breast tumour sections together with the non-invasive analysis of
CTCs and the evaluation of individual metastatic lesions through-
out tumour progression will increase our understanding of
intratumoural heterogeneity and hopefully improve patient
diagnosis and treatment.2,11,13,16,39,130 This idea should be
approached from various angles, most importantly by integrating
genetic, epigenetic, transcriptomic, proteomic and other -omic
analyses, to ultimately develop treatment strategies that can be
tailored to the individual patient.131–135

Therapeutic regimens can target either the cancer cells
themselves or the TME.74,136,137 Targeted therapy aimed at cancer
cells carries the risk of drug resistance due to the presence of cells
that do not rely on the specified target or due to adaptation
processes driven by the high mutational rate or the high cell
plasticity of cancer cells. By contrast, stromal cells are genetically
and epigenetically more stable, which might decrease the risk of
resistance and recurrence.75,76,138 However, due to the extensive
cooperation of different subclones of cancer cells between each
other and with stromal cells, the eradication of distinct cell
populations or inhibition of specific cell–cell interactions might
lead to unwanted adjustments in the microenvironment that
could drive therapy resistance. Examples of the development of

such resistance also include metabolic changes and fundamental
adaptations to overcome cell death and/or immune
surveillance.139,140

Beyond cancer-cell-intrinsic changes, the interplay between
cancer cells and cells of the TME during the development of
therapy resistance has just started to be addressed, and
identification of adaptations in such interactions offers the
opportunity to delineate the molecular pathways and processes
that are critical for the survival of therapy-resistant cancer cells.
The identification of an Achilles heel of therapy-resistant cancer
cells is the aim of so-called synthetic lethal interference therapies,
which are designed to kill only therapy-resistant cancer cells, not
non-transformed cell in the body, in combination therapies.
Hence, a more comprehensive understanding of the interactions
between all cells within the TME and of the critical pathophysio-
logical, biochemical and molecular parameters during malignant
tumour progression and therapy response is required to develop
efficacious combinatorial treatment regimens for individual
patients in a personalised approach.12,13

The attainment of high cell plasticity enables an individual
cancer cell to phenotypically adapt to microenvironmental
constraints, which, in turn, fuels tumour heterogeneity and also
fosters therapy resistance. Numerous studies have associated EMT
with drug resistance. However, the relationships between distinct
EMT states, cell plasticity and therapy resistance remain
unknown.46 Ishay-Ronen and colleagues54 have exploited the

Table 1. Evidence for and against a contribution of EMT to metastasis in mouse models.

Cancer Approach Contribution of EMT to metastasis 

BC
113 Inducible overexpression 

& cKO (Snai1) 
yes Essential for metastasis but needs to be reversible. 

SCC
101 Inducible overexpression 

(Twist1) 
yes Sufficient for metastasis but needs to be reversible. 

PNET,

PDAC
122

cKO (miR200, miR200 

binding site of Zeb1) 
yes Contributes to metastasis 

BC
123

cKO (Twist1) yes Essential for metastasis 

PDAC
50

cKO (Zeb1) yes Essential for metastasis 

PDAC
51

cKO (Twist1, Snai1) no Dispensable for metastasis 

PDAC
120 cKO (p120 catenin) + 

cancer cell lineage tracer 
maybe 

Epithelial phenotype is essential for liver but not lung 

metastasis formation. 

PDAC
106

Cancer cell lineage tracer maybe 
Partial EMT cells migrate as single cells or clusters, complete 

EMT cells migrate as single cells 

BC
111 Cancer cell lineage tracer 

+ acute EMT-marker 
maybe 

60% of single cell metastases are mesenchymal. 

Macrometastases are epithelial. 

SCC,
48

BC
Cancer cell lineage tracer maybe Early EMT states have the highest metastatic capabilities 

PC
116 Acute mesenchymal cell 

tracer 
maybe 

Partial EMT but not fully mesenchymal cells may establish 

macrometastases 

BC
126 Mesenchymal lineage 

tracer 
no No evidence for significant contribution to metastasis 

PDAC
125 Mesenchymal lineage 

tracer 
no No evidence for contribution to metastasis 

BC breast cancer, cKO conditional knockout, PC prostate cancer, PDAC pancreatic ductal adenocarcinoma, PNET pancreatic neuroendocrine tumour, SCC

squamous cell carcinoma.
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plasticity associated with hybrid EMT states to transdifferentiate
highly aggressive and metastatic breast cancer cells into bona fide
post-mitotic adipocytes, which, in turn, resulted in a reduction of
primary tumour invasion and lung metastasis formation.54

This study points towards the intriguing possibility of directly
targeting cell plasticity for the purpose of overcoming therapy
resistance. However, a better understanding of the mechanisms
associated with cancer cell plasticity and its impact on tumour
progression is warranted to further develop these novel treatment
strategies.

CONCLUSIONS
Despite advances in various sequencing techniques, we are still far
away from translating our increasing functional and molecular
understanding of tumour heterogeneity and cancer cell plasticity
into clinical practice. In 2018, more than 620,000 women lost their
lives to breast cancer, mostly due to the presence of tumour
heterogeneity and its consequences emerging as metastasis
formation and therapy resistance.141 This sobering concept
exemplifies the clinical need to gain an in-depth understanding
of tumour heterogeneity and cell plasticity during cancer
progression to ultimately develop novel therapeutic strategies
tailored to individual patients. In this article, we have described
tumour heterogeneity at the level of the tumour cells themselves,
at the level of the varying cell types which in addition to tumour
cells infiltrate and constitute tumours, and at the level of the TME
which, of course, is defined by the factors and molecules secreted
by the cells within tumours. These multiple levels of tumour
heterogeneity obviously have clinical consequences. The
described polyclonal nature of breast cancer in time and space
should be taken into consideration throughout clinical decision-
making, particularly for patient diagnosis and treatment
selection. To reduce the risk of sampling bias and to stratify
patients to receive the correct therapeutic regimen, tumour
heterogeneity should be evaluated by all available omics
technologies by the analysis of primary tumours, of CTCs and,
whenever possible, by biopsies of secondary lesions. Of course, it
is currently not possible to predict how this type of comprehen-
sive data collection will ultimately facilitate an adequate choice of
therapy and improve the clinical outcome for an individual
patient. However, in the course of current efforts to use available
technologies for the comprehensive analysis of individual patients
(frequently referred to as Personalised Health Oncology), it is
important to evaluate these opportunities and to assess whether
an individually selected combination therapy will finally improve
patient care.
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