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5.1 Introduction

Breast cancer is the most frequently diagnosed cancer, the
second leading cause of cancer-related death in women
worldwide, and the leading cause of cancer-related death
in less developed countries [1]. Overall prognosis is favor-
able with 85% survival chances in developed countries [2].
Most of the remaining 15% of patients succumb to sequelae
of metastasis, the spread of cancer from one part of the
body to another (Dictionary of Cancer Terms, NCI), as
their disease becomes drug resistant. In poorer countries,
women are more likely to die of their metastases because
they are diagnosed at later stages of the disease and have
less access to costly treatments [3-5].

In general, breast cancer cells that escape from the pri-
mary tumor take the lymphatic and/or venous route and
home most frequently to the bones, the lungs, the brain, and
the liver. The WHO distinguishes more than 20 different
histologic subtypes [6], and global gene expression profil-
ing has revealed at least 5 molecular subtypes of breast can-
cer [7-9]. Some of these subtypes have distinct clinical
features and show different metastatic behaviors. Luminal/
estrogen receptor-positive (ER*) tumors disseminate more
frequently to the bones than TN tumors do, and human epi-
dermal growth factor receptor 2-positive (HER2*) and TN
tumors have a predilection for the brain [10]. Lobular car-
cinomas typically metastasize to the peritoneum and the
ovaries [11].

Metastasis is a complex pathological process, and seven
distinct steps have been defined at the cellular level. It begins
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with increased cell motility and cell migration followed by
stromal invasion. Subsequently, tumor cells intravasate into
lymphatic and/or blood vessels; they adapt to survive in the
circulation; they extravasate, colonize distant organs, and
eventually, sometimes after many years of dormancy, grow
to overt metastases [12—15].

For decades, most research efforts concentrated on the
cancer cell-intrinsic factors that drive this process. In recent
years, the tumor microenvironment (TME) defined as the
normal cells, molecules, and blood vessels that surround
and feed a carcinoma (Dictionary of Cancer Terms, NCI)
has moved to the center of attention. Both at the primary and
at the metastatic sites, numerous noncancerous cells, cancer-
associated specialized cell types, and matrix molecules
interact with the tumor cells and affect their biological prop-
erties [16—18]. Heterotypic cell contacts, exosomes, cyto-
kines, and other soluble factors produced by cancer and
stromal cells are now known to support tumor initiation,
progression, and metastatic spread [19]. In conventional
breast cancer xenograft models, breast cancer cell lines are
typically injected either subcutaneously or orthotopically in
the mammary fat pad of immunocompromised mice [20].
Intriguingly, the site of injection affects metastatic capabil-
ity with increased metastasis observed upon orthotopic
engraftment [21, 22].

Throughout the multistep metastatic process, tumor cells
rely on epithelial-mesenchymal transition (EMT) [12, 23].
This well-characterized process is repeatedly required dur-
ing development as for the formation of the mesoderm from
epithelial epiblasts during gastrulation, neural crest forma-
tion, and formation of muscle cell precursors from epithelial
somite walls. In adulthood, it has a role in wound healing
[12,24-27]. All these processes have in common that epithe-
lial cells dedifferentiate, lose cell adhesion, become more
migratory, and acquire stem cell properties. Cancer cells
hijack this developmental program to detach from the epithe-
lial tissues of which they are part, to reach vessels, and to

39

U. Veronesi et al. (eds.), Breast Cancer, DOI 10.1007/978-3-319-48848-6_5


mailto:cathrin.brisken@epfl.ch

40

G. Sflomos and C. Brisken

acquire the self-renewal properties and the cellular plasticity
important in the metastatic process [28]. At the distant organ,
the reverse process called the mesenchymal-to-epithelial
transition (MET) is commonly found at metastases [27, 29].
Intriguingly, recent in vivo studies of murine tumors are
arguing for a role of EMT and MET transitions in breast can-
cer drug resistance [30].

Here, we review how the cancer microenvironment
affects the spread of cancer cells to distant sites and
discuss how the microenvironment at the distant sites
contributes to colonization and to the growth of the metas-
tases. The important role of the normal tissue microenvi-
ronment as a barrier to tumorigenesis has been extensively
described elsewhere [31]. Most of our insights into the
metastatic process stem from experimental models, which
do not distinguish between different clinical subtypes.
Hence, wherever possible, we refer to clinical observa-
tions that provide clues of subtype-specific properties.

Cancer Cell: Nonautonomous Traits
and Breast Tumor Microenvironment

5.2

Cancer-associated stromal cells react to the morphological
and molecular changes the tumor cells undergo by epigenetic
changes and alterations of their secretome [32]. The released
factors can affect tumor progression directly and/or indi-
rectly through recruitment of other cells, nonindigenous to
the breast tissue. Examples are bone marrow-derived, mes-
enchymal stem cells and innate and specific immune cells,
which in turn participate in stimulating a vicious cycle of
cell-to-cell and factor-to-cell interactions.

5.2.1 Cell Types and Secreted Factors

5.2.1.1 Fibroblasts and Mesenchymal Stem Cells
The fibroblasts are the most abundant cell type in the breast
stroma [33] and can both inhibit [31, 34] and promote
tumor growth [31, 33-36]. During tumor progression,
fibroblasts are converted cells to activated fibroblasts or
cancer-associated fibroblasts (CAFs) by transforming
growth factor f1 (TGFP1) [37], Wnt7a, and other factors
secreted by the tumor cells [33, 38, 39]. CAFs are charac-
terized by high-level expression of fibroblast-specific pro-
tein 1 (FSP1), fibroblast-activating protein (FAP),
alpha-smooth muscle actin (a-SMA), and TGFp1 [40].
They orchestrate and promote the metastatic process in two
ways; first, they induce EMT through activation of TGF-f3
receptor signaling and extracellular matrix (ECM) remod-
eling [34]. Second, they recruit innate and specific immune
cells to the TME and subsequently activate them. The acti-
vated immune cells, in turn, stimulate the metastatic poten-

tial of cancer cells [18, 33, 35]. More specifically, CAFs
release immune-modulatory molecules including interleu-
kins, interferons, and tumor necrosis factor a (TNFa) to
attract macrophages. The tumor-associated macrophages
(TAMs) are the dominant portion of the leukocyte popula-
tion within the tumor [41]. They can modify the cancer cell
phenotype generally leading to a more aggressive behavior
in breast cancer, through factors that have not been clearly
identified yet, but hypoxia has been implicated [42]. TAMs
in turn, at least in models of skin carcinoma, support tumor
angiogenesis [39]. Moreover, CAFs recruit regulatory T
cells (Tregs) through the secretion of various chemokines
including CCLS5, as shown in GEMMs of mammary carci-
nogenesis [43].

Experiments in the TN MDA-MB-231 xenograft model
showed that CAFs control organ specificity of metastases by
secreting two cytokines that are mainly expressed by stromal
cells in the bone marrow, the stromal cell-derived factor 1
(SDF1/CXCL12) and the insulin-like growth factor 1 (IGF-
1) [44, 45]. Activation of the cognate receptor, CXCR4, on
the cancer cells activates AKT thereby increasing tumor cell
survival in the bone [46]. Bioinformatic analysis of primary
tumor gene expression profiles revealed that Src activity cor-
related with late bone metastasis, and Src activity was shown
in the MDA-MB-231 model to indeed enhance tumor cell
survival in the bone by facilitating CXCL12-CXCR4-AKT
signaling and by increasing resistance to TRAIL-induced
cell death [46].

Mesenchymal stem cells (MSCs) are recruited to dam-
aged and ischemic tissues. More recently, they were also
shown to be drafted to the TME following calls by numer-
ous factors such as growth and angiogenic factors as well as
chemokines and ECM proteases, all released by cancer and
stromal cells as reviewed in [47, 48]. The MSCs present in
invasive human breast carcinomas can be differentiated
into various cell types including fibroblasts and pericytes,
and their effects on tumor growth are complex. They were
shown to promote tumor growth and angiogenesis through
elevated SDF1 secretion [49]. Experiments in subcutane-
ous breast xenografts showed that once recruited to the
TME, MSCs in turn secrete the chemokine CCLS5, which
increases the motility and invasiveness of the cancer cells,
which express the cognate receptor CCRS, and promote
lung colonization [50].

5.2.1.2 Adipocytes

Another prevailing cell type in the TME is the adipocyte that
also interacts in different ways with the tumor cells [51, 52].
Analyses of human clinical samples and in vivo experiments
with mice have shown that adipocytes are frequently found
at the invasive front of human breast tumors. Here a dia-
logue between the cancer cells and adipocytes occurs; the
invading tumor cells are able to modify the adipocytes,



5 Breast Cancer Microenvironment and the Metastatic Process

4

which in turn stimulate cancer cells to a more aggressive
phenotype [53].

Furthermore, the fat cells promote tumor progression
through systemic effects by secreting hormones, such as
oestradiol (E2) and prolactin, as well as paracrine factors
like the major fat tissue-derived adipokines such as leptin
and adiponectin which promote breast cancer progression
through activation of proliferation and survival [54-56]. A
series of in vitro coculture and in vivo experiments suggest
that secretion of interleukin-6 (IL-6) by adipocytes makes
tumor cells more invasive and increases their metastatic
potential [53]. Similarly adipocytes promote breast cancer
progression through secretion of pro-inflammatory cyto-
kines such as TNFa, which increase stem cell numbers and
enhance metastasis in cell coculture and animal models
[57, 58].

In this regard, the tumor-promoting effects of obesity,
which are observed in postmenopausal women, relate to
increased levels of E2 and of pro-inflammatory cytokines
released by the adipose tissue [59, 60]. Elevated systemic
E2 levels result from increased aromatase activity not only
the adipocytes of the TME but in various fat depots in the
body. To what extent these effects are important for the met-
astatic process systemically versus locally remains to be
teased apart experimentally. Interestingly, when human
breast adipocytes from obese patients were grafted to immu-
nocompromised mice to model the inflammatory environ-
ment of the human breast, the mouse tumors were enriched
with adipocytes secreting CCL2/IL-1p. This recruited mac-
rophages, which in turn stimulated CCL2-associated angio-
genesis [61].

5.2.1.3 Vasculature

The vasculature in the TME is another key player in the insti-
gation of metastasis. It consists of an inner layer of endothe-
lial cells, pericytes that wrap around the endothelial cells,
and, in the case of larger vessels, smooth muscle cells.
During tumor progression, the normally quiescent vascula-
ture is activated by VEGF released by tumor and stromal
cells, and new vessels sprout to sustain tumor growth [12,
62]. Critical to the metastatic process is vessel integrity,
which deters cancer cell migration and prevents tumor spread
into the circulation. Pericytes are responsible for vessel
integrity. Consistently, many studies in mouse models have
shown that low pericyte coverage is associated with invasive
breast cancer, decreased survival, and lung metastasis
[63-65].

5.2.1.4 Immune Cells

It was realized a long time ago that the white blood cells,
which constantly patrol normal breast tissue, also closely
interact with breast tumor cells [66]. Their role is ambiguous;
frequently, differentiated tumor-infiltrating immune cells and

“tumor-educated” macrophages further the multistep meta-
static cascade by promoting tumor cell invasion, intravasa-
tion, and their survival in the bloodstream. They also assist in
tumor cell arrest, extravasation, and overt growth at meta-
static sites [67]. In specific clinical scenarios, however, an
immune cell infiltrate is indicative of a good prognosis [68].

Studies with the MMTV-Erbb2-transgenic mouse mam-
mary carcinoma model [43] showed that tumor-infiltrating
regulatory T cells promoted lung metastasis through expres-
sion of the receptor activator of nuclear factor kappa-B
ligand (RANKL), a protein implicated in epithelial cell pro-
liferation of the normal breast [69]. Consistently, RANKL
overexpression stimulated the metastatic progression of
RANK-expressing and HER2-overexpressing mammary
tumors [43, 67].

Recent studies in a mouse model of invasive lobular car-
cinoma generated by targeted deletion of E-cadherin and
p53 in the mammary epithelium indicate that neutrophils
induce the release of several cytokines in the TME that
increase lung metastasis without affecting primary tumor
growth [70, 71]. Moreover, neutrophils support lung coloni-
zation of metastasis-initiating tumor cells in the metastatic
MMTV-polyoma middle T antigen (PyMT) mammary tumor
mouse model [72].

Initially, macrophages were implicated in the antitumor
immune reaction [73, 74]. However, recent studies indicate
that TAMs promote angiogenesis, cell migration, invasion,
and intravasation, thereby increasing the propensity of the
cells to leave the primary site [75]. In the PyMT mammary
tumor model, macrophage infiltration is seen early during
tumor development when hyperplasias are present [76]. The
recruitment of TAMs into TME is principally regulated by
cytokines, chemokines, and growth factors secreted by both
tumor and stromal cells [77]. In breast cancer patients, TAMs
abundantly produce the chemokine CCLI18, and its expres-
sion in cancer stroma and blood is associated with increased
metastasis and reduced patient survival [78]. Mechanistically,
CCL18 promotes the invasiveness of cancer cells by trigger-
ing integrin clustering and enhancing their adherence to
extracellular matrix [78].

Breast Tumors in Transient
and Metastatic Microenvironments

5.3

Breast cancer cells enter the lymph vessel in the TME and
ultimately reach the blood vessels. Anytime after intravasation
in the bloodstream, they may encounter antitumor immune
cells and metabolic and oxidative stress and be exposed to
extensive shear forces in the bloodstream. Once in the vessels,
circulating tumor cells (CTCs) need to exit from the lumen of
blood and/or lymphatic vessels and penetrate to the distant tis-
sue. This process is highly inefficient with an estimated 1 out
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of 10,000 cells successfully extravasating and homing to a dis-
tant site [16, 79, 80]. Many different cell types can be found in
the blood including immune cells, fibroblasts, and platelets
with important roles in the metastatic process [32].

5.3.1 Platelets

Platelets have emerged as essential “protective” escort of the
carcinoma cells on the move; they appear to constitute a spe-
cial type of mobile “local” microenvironment [81, 82].
Physiologically, platelets are activated when the continuity
of the endothelial layer is disrupted and the underlying sub-
endothelial matrix is exposed [83]. In the breast tumor set-
ting, they can be activated through physical contact with
tumor cells [84]. At the primary site, platelets along with
macrophages and MSCs contribute to EMT of the cancer
cells. In the bloodstream, platelets have dual role in the fit-
ness of disseminated breast tumor cells both through direct
physical contact and through secretion of paracrine factors
both of which increase tumor cell survival and extravasation
by maintaining or/and inducing an EMT status [84]. In vivo
experimental evidence indicates that the paracrine effects
can be ascribed to the secretion of bioactive growth factors
stored in a-granules, such as EGF, PDGF, TGFp, and VEGF,
as well as inflammatory cytokines and chemokines also
stored in a-granules [84, 85]. Within the peripheral tissues,
activated platelets contribute to the recruitment of monocytes
and granulocytes thereby helping to establish pro-metastatic
and metastatic niches [83, 85, 86].

5.3.2 Metastatic TME (MTME)

Metastatic sites are generally considered inhospitable micro-
environments and present a challenge to cancer cell fitness
and survival [16]. Consistently, many of the CTCs that suc-
cessfully extravasated from the bloodstream to a distant tissue
remain dormant for months or, in the case of ER* tumors,
even decades. Only some get reactivated and go on to form
clinically apparent tumors. Several lines of evidence indicate
that secreted factors, produced by tumor and stromal cells in
the TME, promote the progression of tumor-specific organ
colonization. Heparanase endoglycosidase secretion by pri-
mary breast tumors promotes bone resorption in a GEMM
model [87]. Furthermore, tumor cell-derived exosomes may
represent the postal code on a letter and lead to distinct organ
colonization depending on the integrins they carry [88].
Noteworthy, the microenvironment at the distant site can
induce epigenetic changes that enhance proliferation and
reduce apoptosis of the metastatic cancer cells as was ele-
gantly illustrated by xenograft mouse models [89].
Intriguingly, metastatic breast cancer cells that have lost
phosphatase and tensin homolog (PTEN) are primed for the
brain most probable through the induction of the chemokine

(C-C motif) ligand 2 (CCL2) [89]. Moreover, immunohisto-
chemical analysis of clinical samples for PTEN and CCL2
revealed significantly higher CCL2 expression in brain metas-
tases than in matched primary tumors. Mechanistically, epi-
genetic regulation is implicated; astrocytes secrete exosomes
that cause adaptive PTEN cancer cell loss [89]. Moreover,
metastatic cancer cells can directly interact with stromal cells.
This heterotypic dialogue with the distant stroma can provide
support to the cancer cells at the early steps of colonization
and promote metastasis as nicely illustrated experiments in a
xenograft model of intrailiac artery injection [90]. In this
model, the ER* breast cancer cells, MCF7, colonized effi-
ciently the bones and made physical contacts with osteogenic
stromal cells through adherens junctions. This led to increased
cell proliferation of cancer cells and growth of metastasis
through the activation of mTOR pathway [90]. On the other
hand, cancer cells activate bone cells. For example, bone met-
astatic breast cancer cells promote osteolytic lesions by stim-
ulating the formation and activity of osteoclasts via production
of colony stimulating factor 1 (CSF1) as well as parathyroid
hormone-related protein (PTHRP) and tumor necrosis
factor-o (TNFa) [91]. The secretion of these cytokines and
hormones activates the RANK pathway and inhibits the syn-
thesis of the osteoprotegerin, thereby increasing the number
and activity of osteoclasts. Finally, xenograft experiments
have revealed ER* breast cancer-mediated systemic instiga-
tion by supplying circulating platelets with pro-inflammatory
and pro-angiogenic proteins, supporting outgrowth of dor-
mant metastatic foci [92].

5.3.3 Hypoxic Conditions in the TME

As tumors grow, lack of adequate oxygen supply leads to
hypoxia. Hypoxic breast cancer cells are more prone to
invade and metastasize, and they also respond less efficiently
to drug treatment [93]. Central in the cellular response to
hypoxia is the transcription factor hypoxia-inducible factor
la (HIF1a); it upregulates cytokines, extracellular matrix
proteins, and secreted proteins such as lysyl oxidase (LOX).

The HIFla target LOX is highly expressed in primary
breast tumors and is significantly associated with metastasis
in ER™ patients [94]. Moreover, LOX is a critical mediator of
bone marrow cell recruitment during the formation of the pre-
metastatic niche [95]. HIF1« facilitates the initiation of EMT
by inducing the expression of the master mesenchymal regu-
lator, the transcription factor TWIST [96]. Hypoxia also trig-
gers the release of exosomes. Studies using the 4 TI-BALB/c
syngeneic animal model of metastatic mammary carcinoma
showed that LOX activates normal bone-constituent cells
called osteoclasts, which in turn enhance bone breakdown,
favoring the formation of a pre-metastatic niche where dis-
seminated circulating breast cancer cells find the appropriate
microenvironment to form metastasis [94]. Preparation of the
niche [97] is a key regulator of angiogenesis [98].
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5.4 Cancer Cell-Autonomous Traits

5.4.1 Genetic Aberrations
Tumor cell-intrinsic factors that contribute to metastasis
include genetic and epigenetic alterations with the ensuing
changes in gene expression and biological properties.
Numerous somatic mutations, gene fusions, gene amplifica-
tions, and cancer predisposing single-nucleotide polymor-
phisms are well documented in breast cancer [55, 99—102].
Some of these are thought to drive tumorigenesis by bestow-
ing essential tumor cell properties on normal cells [12].
However, despite many efforts to identify mutations specific
to metastases that could trigger a metastatic switch, evidence
for such failed to come forward. Hence a model began to
prevail in which the ability to metastasize is inherent to the
primary breast tumor. In line with this view, gene expression
signatures were identified in primary tumors that are associ-
ated with higher likelihood to metastasize [14, 103—105].
Recent findings, however, have challenged this view.
Advances in sequencing technology have led to the realiza-
tion that tumors can be composed of a myriad of different
subclones [106], and xenograft models combined with DNA
bar coding technology have revealed unexpected dynamics
during tumor evolution [107]. With the in-depth comparisons
of DNA sequences from primary tumors and their matched
metastases, examples of metastasis-specific mutations are
beginning to emerge. The most prominent example is muta-
tions in the estrogen receptor o (ESR1). They were originally
identified two decades ago by S. Fuqua and colleagues who
screened metastatic samples for ESRI mutations [108] but
largely dismissed as a very rare event. This changed when
deep sequencing revealed that they occur in as many as 32%
of metastases [109] and in as many as 42% of circulating
tumor DNA (ctDNA) samples from women with metastatic
ER* disease who had been treated with aromatase inhibitors
for their metastatic disease [102]. In primary breast carcino-
mas, these mutations either failed to be detected at all or were
found in less than 0.6% only [102, 109, 110]. Most of the
mutations are found at the C-terminus in the ligand-binding/
AF2 domain and lead to estrogen-independent growth in vitro
[111]. This suggests that metastatic cells require constitu-
tively active ER signaling for the survival and growth in the
metastatic microenvironments in the absence of estrogens.
Recently, whole-exome sequencing of 86 brain metasta-
ses and matched primary tumors including 21 breast tumor
samples identified metastasis-specific mutations [112].
Specifically, analysis of breast cancer brain metastases
revealed that 47% of genetic aberrations were not detected
in the same patient’s primary tumor. Patients with HER2-
amplified breast cancer who developed brain metastasis
under trastuzumab showed amplification and activating
point mutations in epidermal growth factor receptor (EGFR)
(L858R) and fibroblast growth factor receptor (FGFRI)
amplification specifically in the metastatic sample but not in

the primary tumor DNA. The findings from this study are of
important clinical implications, as both the EGFR and the
FGFR mutations are druggable. The mutations that appear
only in the metastatic sites may relate to the therapeutic
responses and the way the cancer cells interact with the
TME [113].

Mutations in GATA binding protein 3 (GATA3) interfere
with its DNA-binding ability, reducing or diminishing its
binding, and are commonly found in NST luminal-like
molecular subtype in human breast cancers [100] with high
frequency (13%) [99, 114]. Moreover, loss of GATA3
expression in breast tumors has been linked to aggressive
tumor development, poor patient survival, and increased
metastatic potential [115-119]. In a spontaneous metastasis
experimental model using the LM?2 lung-tropic breast cancer
cells that were derived from MDAMB231, increased expres-
sion of GATA3 specifically inhibited metastasis to the lungs
without affecting extravasation [116]. Mechanistically,
GATA3 induces microRNA-29b expression, which in turn
inhibits metastasis by targeting a network of pro-metastatic
regulators involved in angiogenesis [115].

Mutations  in  phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA) are found in 40%
of ER* breast cancers. A study of 292 clinical samples derived
from independent international cohorts analyzed for the pres-
ence of mutations showed that they are correlated with lymph
node metastasis suggesting that PI3K/AKT activation may
enhance invasion of cancer cells to lymph nodes [120]. Of
note, BRCAI germline mutations, which typically lead to
aggressive breast cancers, have been linked to increased prob-
ability of cerebral metastases [121]. In particular, 67% (n=15)
of BRCA I mutation carriers were found to develop metastases
in the brain compared to 0 and 6% of BRCA2 mutation carriers
(n = 12) and noncarriers (n = 58), respectively.

Mutations in genes that are implicated in metabolic pro-
cesses have recently been identified and amplification of
genes encoding for metabolic enzymes has been found in
breast cancers. An example is the gene encoding phospho-
glycerate dehydrogenase, which is frequently amplified in
TN breast cancers and increases flux through the metabolic
pathway of serine/glycine synthesis thereby providing advan-
tages for bone metastatic breast cancer cells because cell pro-
liferation is stimulated and osteoclastogenesis enhanced [122,
123]. Moreover, the proto-oncogene Neu product (ERBB2)
stimulates glycolysis by AKTI-dependent and AKTI-
independent pathways. Interestingly, in many breast cancer
cell lines, overexpression of ERBB2, a hallmark of HER2*
tumors, leads to increased glucose uptake and lactate produc-
tion and decreased oxygen consumption [124]. Whether this
contributes to the increased propensity of HER2* tumors to
metastasize to the brain remains to be explored. It remains
also to be seen how metabolic changes are related to metasta-
sis and which are the exact molecular mechanisms that give
advantages to the cancer cells to access vessels and survive in
the bloodstream and establish metastases.



44

G. Sflomos and C. Brisken

5.4.2 Noncoding RNAs (ncRNAs)

Over the past years, ncRNAs have emerged as important medi-
ators in the crosstalk between breast cancer cells and their
microenvironment [125]. During breast cancer progression,
expression of particular small, (miRNAs) is deregulated.
When human breast cancer cell lines were injected into the tail
vein of immunocompromised mice, seven miRNAs, miR-335,
miR-126, miR-34a, miR-31, let-7, miR-200 s, and miR-29b,
suppressed —whereas miR-10b, miR-373/520c, miR-200 s,
miR-21, miR-9, and miR-103/107 promoted —several steps of
the metastatic process [125, 126]. In particular, loss of expres-
sion of tumor suppressor miRNAs through epigenetic silenc-
ing lead to increased brain and lung metastases [126, 127].
Mechanistically, silencing and/or overexpression of specific
miRNAs affects the expression of numerous genes, including
genes involved in EMT, endothelial recruitment, anoikis resis-
tance, invasion, and colonization. For example, silencing of

Cancer Cell

Platelet

Adipocyte
Fig.5.1 Interactions of
breast cancer cells with
stromal cells and molecular
factors of the tumor ECM
microenvironment: a Cells
and molecular factors found .
at the primary breast tumor Myoepithelial
microenvironment and their
heterotypic interactions, b
Circulating tumor cells
(CTCs) that have detached
from the primary tumor travel MSCs
in the bloodstream and °®
constitute potential ““seeds” o ®
for metastases, ¢ Breast Exosomes
cancer cells that escape from
the primary tumor and survive 395,
in the bloodstream frequently Hormones,

colonize and potentially can Cytokines and
form metastases to distant Growth Eactors
organs L — - — a

o

miR-200 s triggers EMT via ZEB1/2-dependent repression of
E-cadherin upregulation or miR-21 upregulation which is cor-
related with active mTOR and STAT3 signaling and increased
invasion, tumor growth, and survival. miR-29, which inhibits
breast cancer metastasis, for example, targets genes with
established roles in collagen remodeling and angiogenesis
such as VEGFA, LOX, MMP2, ANGPTL4, and
PDGF. Interestingly, micro-vesicles secreted by tumor cells
are enriched for miR-9 and have a direct impact on stromal
cells through the regulation of the endothelial cell migration.

5.5 Conclusions and Future Perspectives

In vitro and in vivo studies have significantly advanced our
understanding of the metastatic process and identified
numerous pathways and molecular mechanisms that control
it (Fig. 5.1). However, some limitations of the models need
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to be considered as we try to extrapolate the experimental
findings to the clinical situation. The widely used animal
models fail to fully reflect the heterogeneity of breast cancer
with its many different histopathological and molecular sub-
types. It cannot be excluded that some of the factors impli-
cated in xenograft models and GEMMs of a particular
subtype may have different roles in different breast cancer
subtypes. In particular, a lot may remain to be learned about
the hormone-dependent tumors because there are few pre-
clinical models for the ER* subtypes [128]. GEMMs are
mostly ER negative, and few ER* breast cancer cell lines
grow as xenografts. We also need to consider that widely
used xenograft models, in which large numbers of cells are
injected either subcutaneously, directly into the bloodstream,
or to a distal organ, create artifacts that affect the interpreta-
tion of the results, and they fail to recapitulate the complete
metastatic process. The few ER* cell lines that grow in vivo
need to be provided with exogenous E2 [129]. This creates a
nonphysiological systemic environment, which in turn
impinges on the local microenvironments. A study with
mice that had been xenotransplanted with MCF7 cells and
were first hormone depleted by ovariectomy and subse-
quently hormonally stimulated suggests that ER* micro-
metastases are exquisitely sensitive to E2 and progesterone
[130]. We have recently demonstrated that the microenvi-
ronment is a determinant of the luminal phenotype; ER+
tumor cells grow well in the absence of exogenous hormones
when they are engrafted into the milk ducts. Interestingly, in
this model MCF-7 cells metastasize to the bones as well as
lungs and brain [131]. As such it will be interestign to study
the metastatic process in this new model.

Hence more complex models are necessary to improve
our knowledge on heterotypic interactions and paracrine
signaling and elucidate the role of numerous significant fac-
tors such as ECM stiffness and mechanical forces in the
TME. 2D coculture, 3D coculture, organotypic slice culture,
and in vivo findings need to ultimately be validated in
patients.

Acknowledgments The authors thank Ozden Yalgin Ozuysal of Izmir
Institute of Technology and Maryse Fiche of University Hospital of
Lausanne for critical comments. The research leading to these results
has received support from the Innovative Medicines Initiative Joint
Undertaking (grant agreement n°115188) for the PREDECT consor-
tium (www.predect.eu) resources composed of financial contribution
from EU-FP7 and EFPIA companies in kind contribution. The web
address of the Innovative Medicines Initiative is http://www.imi.
europa.eu/.

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A
(2015) Global cancer statistics, 2012. CA Cancer J Clin
65:87-108

2. Early Breast Cancer Trialists’ Collaborative, G (2005) Effects of
chemotherapy and hormonal therapy for early breast cancer on

10.

11.

12.

13.

14.

16.

17.

18.

19

20.

21.

22.

23.

24.

25.

recurrence and 15-year survival: an overview of the randomised
trials. Lancet 365:1687-1717

. Bazargani YT, de Boer A, Schellens JH, Leufkens HG, Mantel-

Teeuwisse AK (2015) Essential medicines for breast cancer in low
and middle income countries. BMC Cancer 15:591

. Cardoso F, Costa A, Norton L, Senkus E, Aapro M, Andre F,

Barrios CH, Bergh J, Biganzoli L, Blackwell KL et al (2014)
ESO-ESMO 2nd international consensus guidelines for advanced
breast cancer (ABC2). Breast 23:489-502

. El Saghir NS, Adebamowo CA, Anderson BO, Carlson RW, Bird

PA, Corbex M, Badwe RA, Bushnag MA, Eniu A, Gralow JR et al
(2011) Breast cancer management in low resource countries
(LRCs): consensus statement from the Breast Health Global
Initiative. Breast 20(Suppl 2):S3-11

. Lakhani SR, Ellis IO, Schnitt SJ, Tan PH, van de Vijver MJ (2012)

WHO classification of tumours of the breast, 4th edn. IARC Press,
France, pp 13-59

. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees

CA, Pollack JR, Ross DT, Johnsen H, Akslen LA et al (2000)
Molecular portraits of human breast tumours. Nature
406:747-752

. Sinn HP, Kreipe H (2013) A brief overview of the WHO classifica-

tion of breast tumors, 4th edition, focusing on issues and updates
from the 3rd edition. Breast Care 8:149-154

. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H,

Hastie T, Eisen MB, van de Rijn M, Jeffrey SS et al (2001) Gene
expression patterns of breast carcinomas distinguish tumor sub-
classes with clinical implications. Proc Natl Acad Sci USA
98:10869-10874

Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D,
Speers CH, Nielsen TO, Gelmon K (2010) Metastatic
behavior of breast cancer subtypes. J Clin Oncol
28:3271-3277

Arpino G, Bardou VJ, Clark GM, Elledge RM (2004) Infiltrating
lobular carcinoma of the breast: tumor characteristics and clinical
outcome. Breast Cancer Res 6:R149-R156

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next
generation. Cell 144:646-674

Valastyan S, Weinberg RA (2011) Tumor metastasis: molecular
insights and evolving paradigms. Cell 147:275-292

Vanharanta S, Massague J (2013) Origins of metastatic traits.
Cancer Cell 24:410-421

. Zardavas D, Baselga J, Piccart M (2013) Emerging targeted

agents in metastatic breast cancer. Nat Rev Clin Oncol 10:
191-210

Joyce JA, Pollard JW (2009) Microenvironmental regulation of
metastasis. Nat Rev Cancer 9:239-252

Pein M, Oskarsson T (2015) Microenvironment in metastasis:
roadblocks and supportive niches. Am J Physiol Cell Physiol
309:C627-C638

Place AE, Jin Huh S, Polyak K (2011) The microenvironment in
breast cancer progression: biology and implications for treatment.
Breast Cancer Res 13:227

. Massague J, Obenauf AC (2016) Metastatic colonization by circu-

lating tumour cells. Nature 529:298-306

Proia DA, Kuperwasser C (2006) Reconstruction of human mam-
mary tissues in a mouse model. Nat Protoc 1:206-214

Kocaturk B, Versteeg HH (2015) Orthotopic injection of breast
cancer cells into the mammary fat pad of mice to study tumor
growth. J Vis Exp. doi:10.3791/51967

Neville MC, Medina D, Monks J, Hovey RC (1998) The mam-
mary fat pad. ] Mammary Gland Biol Neoplasia 3:109-116
Nieto MA (2011) The ins and outs of the epithelial to mesenchy-
mal transition in health and disease. Annu Rev Cell Dev Biol
27:347-376

Hay ED (1995) An overview of epithelio-mesenchymal transfor-
mation. Acta Anat 154:8-20

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY,
Brooks M, Reinhard F, Zhang CC, Shipitsin M et al (2008) The


http://www.predect.eu
http://www.imi.europa.eu/
http://www.imi.europa.eu/
http://dx.doi.org/10.3791/51967

46

G. Sflomos and C. Brisken

26.

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

epithelial-mesenchymal transition generates cells with properties
of stem cells. Cell 133:704-715

Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A
(2008) Generation of breast cancer stem cells through epithelial-
mesenchymal transition. PLoS One 3:e2888

. Polyak K, Weinberg RA (2009) Transitions between epithelial and

mesenchymal states: acquisition of malignant and stem cell traits.
Nat Rev Cancer 9:265-273

Thiery JP (2002) Epithelial-mesenchymal transitions in tumour
progression. Nat Rev Cancer 2:442-454

Lawson DA, Bhakta NR, Kessenbrock K, Prummel KD, Yu Y,
Takai K, Zhou A, Eyob H, Balakrishnan S, Wang CY et al (2015)
Single-cell analysis reveals a stem-cell program in human meta-
static breast cancer cells. Nature 526:131-135

Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong ST, Choi H,
El Rayes T, Ryu S, Troeger J et al (2015) Epithelial-to-
mesenchymal transition is not required for lung metastasis but
contributes to chemoresistance. Nature 527:472-476

Bissell MJ, Hines WC (2011) Why don’t we get more cancer? A
proposed role of the microenvironment in restraining cancer pro-
gression. Nat Med 17:320-329

Quail DF, Joyce JA (2013) Microenvironmental regulation of
tumor progression and metastasis. Nat Med 19:1423-1437
Kalluri R, Zeisberg M (2006) Fibroblasts in cancer. Nat Rev
Cancer 6:392-401

Dumont N, Liu B, Defilippis RA, Chang H, Rabban JT, Karnezis
AN, Tjoe JA, Marx J, Parvin B, Tlsty TD (2013) Breast fibroblasts
modulate early dissemination, tumorigenesis, and metastasis
through alteration of extracellular matrix characteristics.
Neoplasia 15:249-262

Bhowmick NA, Neilson EG, Moses HL (2004) Stromal fibro-
blasts in cancer initiation and progression. Nature 432:332-337
Kuperwasser C, Chavarria T, Wu M, Magrane G, Gray JW, Carey
L, Richardson A, Weinberg RA (2004) Reconstruction of func-
tionally normal and malignant human breast tissues in mice. Proc
Natl Acad Sci USA 101:4966-4971

Ronnov-Jessen L, Petersen OW (1993) Induction of alpha-smooth
muscle actin by transforming growth factor-beta 1 in quiescent
human breast gland fibroblasts. Implications for myofibroblast
generation in breast neoplasia. Lab Invest 68:696-707
Avgustinova A, Iravani M, Robertson D, Fearns A, Gao Q,
Klingbeil P, Hanby AM, Speirs V, Sahai E, Calvo F, Isacke CM
(2016) Tumour cell-derived Wnt7a recruits and activates fibro-
blasts to promote tumour aggressiveness. Nat Commun 7:10305
Erez N, Truitt M, Olson P, Arron ST, Hanahan D (2010) Cancer-
associated fibroblasts are activated in incipient neoplasia to
orchestrate tumor-promoting inflammation in an NF-kappaB-
dependent manner. Cancer Cell 17:135-147

Kojima Y, Acar A, Eaton EN, Mellody KT, Scheel C, Ben-Porath I,
Onder TT, Wang ZC, Richardson AL, Weinberg RA, Orimo A
(2010) Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-
1) signaling drives the evolution of tumor-promoting mammary stro-
mal myofibroblasts. Proc Natl Acad Sci USA 107:20009-20014
Mantovani A, Sozzani S, Locati M, Allavena P, Sica A (2002)
Macrophage polarization: tumor-associated macrophages as a
paradigm for polarized M2 mononuclear phagocytes. Trends
Immunol 23:549-555

Knowles HJ, Harris AL (2001) Hypoxia and oxidative stress in
breast cancer. Hypoxia and tumourigenesis. Breast Cancer Res
3:318-322

Tan W, Zhang W, Strasner A, Grivennikov S, Cheng JQ, Hoffman
RM, Karin M (2011) Tumour-infiltrating regulatory T cells stimu-
late mammary cancer metastasis through RANKL-RANK signal-
ling. Nature 470:548-553

Oskarsson T, Batlle E, Massague J (2014) Metastatic stem cells:
sources, niches, and vital pathways. Cell Stem Cell 14:306-321

45

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

. Zhang XH, Jin X, Malladi S, Zou Y, Wen YH, Brogi E, Smid M,

Foekens JA, Massague J (2013) Selection of bone metastasis
seeds by mesenchymal signals in the primary tumor stroma. Cell
154:1060-1073

Zhang XH, Wang Q, Gerald W, Hudis CA, Norton L, Smid M,
Foekens JA, Massague J (2009) Latent bone metastasis in breast
cancer tied to Src-dependent survival signals. Cancer Cell
16:67-78

Bergfeld SA, DeClerck YA (2010) Bone marrow-derived mesen-
chymal stem cells and the tumor microenvironment. Cancer
Metastasis Rev 29:249-261

Fox JM, Chamberlain G, Ashton BA, Middleton J (2007) Recent
advances into the understanding of mesenchymal stem cell traf-
ficking. Br J Haematol 137:491-502

Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay
T, Naecem R, Carey VIJ, Richardson AL, Weinberg RA (2005)
Stromal fibroblasts present in invasive human breast carcinomas
promote tumor growth and angiogenesis through elevated SDF-1/
CXCL12 secretion. Cell 121:335-348

Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell GW,
Richardson AL, Polyak K, Tubo R, Weinberg RA (2007)
Mesenchymal stem cells within tumour stroma promote breast
cancer metastasis. Nature 449:557-563

Trujillo ME, Scherer PE (2006) Adipose tissue-derived factors:
impact on health and disease. Endocr Rev 27:762-778

Wang YY, Lehuede C, Laurent V, Dirat B, Dauvillier S, Bochet L,
Le Gonidec S, Escourrou G, Valet P, Muller C (2012) Adipose tis-
sue and breast epithelial cells: a dangerous dynamic duo in breast
cancer. Cancer Lett 324:142-151

Dirat B, Bochet L, Dabek M, Daviaud D, Dauvillier S, Majed B,
Wang YY, Meulle A, Salles B, Le Gonidec S et al (2011) Cancer-
associated adipocytes exhibit an activated phenotype and contrib-
ute to breast cancer invasion. Cancer Res 71:2455-2465
Brandebourg T, Hugo E, Ben-Jonathan N (2007) Adipocyte pro-
lactin: regulation of release and putative functions. Diabetes Obes
Metab 9:464-476

Ma CX, Reinert T, Chmielewska I, Ellis MJ (2015) Mechanisms
of aromatase inhibitor resistance. Nat Rev Cancer 15:261-275
Surmacz E (2013) Leptin and adiponectin: emerging therapeutic
targets in breast cancer. J Mammary Gland Biol Neoplasia
18:321-332

Bochet L, Meulle A, Imbert S, Salles B, Valet P, Muller C (2011)
Cancer-associated adipocytes promotes breast tumor radioresis-
tance. Biochem Biophys Res Commun 411:102-106

Picon-Ruiz M, Pan C, Drews-Elger K, Jang K, Besser AH, Zhao
D, Morata-Tarifa C, Kim M, Ince TA, Azzam DJ et al (2016)
Interactions between adipocytes and breast cancer cells stimulate
cytokine production and drive Src/Sox2/miR-302b-mediated
malignant progression. Cancer Res 76:491-504

Arendt LM, Kuperwasser C (2015) Working stiff: how obesity
boosts cancer risk. Sci Transl Med 7:301fs334

Seo BR, Bhardwaj P, Choi S, Gonzalez J, Andresen Eguiluz RC,
Wang K, Mohanan S, Morris PG, Du B, Zhou XK et al (2015)
Obesity-dependent changes in interstitial ECM mechanics pro-
mote breast tumorigenesis. Science Transl Med 7:301ral130
Arendt LM, McCready J, Keller PJ, Baker DD, Naber SP, Seewaldt
V, Kuperwasser C (2013) Obesity promotes breast cancer by
CCL2-mediated macrophage recruitment and angiogenesis.
Cancer Res 73:6080-6093

Hanahan D, Folkman J (1996) Patterns and emerging mechanisms
of the angiogenic switch during tumorigenesis. Cell 86:353-364
Cooke VG, LeBleu VS, Keskin D, Khan Z, O’Connell JT, Teng Y,
Duncan MB, Xie L, Maeda G, Vong S et al (2012) Pericyte deple-
tion results in hypoxia-associated epithelial-to-mesenchymal tran-
sition and metastasis mediated by met signaling pathway. Cancer
Cell 21:66-81



5 Breast Cancer Microenvironment and the Metastatic Process

47

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

71.

78

79.

80.

81.

82.

83

84.

85.

Hanahan D, Coussens LM (2012) Accessories to the crime: func-
tions of cells recruited to the tumor microenvironment. Cancer
Cell 21:309-322

Keskin D, Kim J, Cooke VG, Wu CC, Sugimoto H, Gu C, De
Palma M, Kalluri R, LeBleu VS (2015) Targeting vascular peri-
cytes in hypoxic tumors increases lung metastasis via angiopoi-
etin-2. Cell Rep 10:1066-1081

Ehrlich P (1909) Uber den jetzigen stand der karzinomforschung.
Ned Tijdschr Geneeskd

Kitamura T, Qian BZ, Pollard JW (2015) Immune cell promotion
of metastasis. Nat Rev Immunol 15:73-86

Gajewski TF, Schreiber H, Fu YX (2013) Innate and adaptive
immune cells in the tumor microenvironment. Nat Immunol
14:1014-1022

Tanos T, Sflomos G, Echeverria PC, Ayyanan A, Gutierrez M,
Delaloye JF, Raffoul W, Fiche M, Dougall W, Schneider P et al
(2013) Progesterone/RANKL is a major regulatory axis in the
human breast. Sci Transl Med 5:182ral55

Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau
CS, Verstegen NJ, Ciampricotti M, Hawinkels LJ, Jonkers J, de
Visser KE (2015) IL-17-producing gammadelta T cells and neu-
trophils conspire to promote breast cancer metastasis. Nature
522:345-348

. Leliefeld PH, Koenderman L, Pillay J (2015) How neutrophils

shape adaptive immune responses. Front Immunol 6:471

Weulek SK, Malanchi I (2015) Neutrophils support lung coloni-
zation of metastasis-initiating breast cancer cells. Nature
528(7582):413-417

Mosser DM, Edwards JP (2008) Exploring the full spectrum of
macrophage activation. Nat Rev Immunol 8:958-969

Wynn TA, Chawla A, Pollard JW (2013) Macrophage biology in
development, homeostasis and disease. Nature 496:445-455

De Palma M, Lewis CE (2013) Macrophage regulation of tumor
responses to anticancer therapies. Cancer Cell 23:277-286

Lin EY, Jones JG, Li P, Zhu L, Whitney KD, Muller WJ, Pollard
JW (2003) Progression to malignancy in the polyoma middle T
oncoprotein mouse breast cancer model provides a reliable model
for human diseases. Am J Pathol 163:2113-2126

Qian BZ, Pollard JW (2010) Macrophage diversity enhances
tumor progression and metastasis. Cell 141:39-51

. ChenJ, Yao Y, Gong C, Yu F, Su S, Chen J, Liu B, Deng H, Wang

F, Lin L et al (2011) CCL18 from tumor-associated macrophages
promotes breast cancer metastasis via PITPNM3. Cancer Cell
19:541-555

Cameron MD, Schmidt EE, Kerkvliet N, Nadkarni KV, Morris
VL, Groom AC, Chambers AF, MacDonald IC (2000) Temporal
progression of metastasis in lung: cell survival, dormancy, and
location dependence of metastatic inefficiency. Cancer Res
60:2541-2546

Malanchi I, Santamaria-Martinez A, Susanto E, Peng H, Lehr HA,
Delaloye JF, Huelsken J (2012) Interactions between cancer stem
cells and their niche govern metastatic colonization. Nature
481:85-89

Gay LJ, Felding-Habermann B (2011) Contribution of platelets to
tumour metastasis. Nat Rev Cancer 11:123-134

Nieswandt B, Hafner M, Echtenacher B, Mannel DN (1999) Lysis
of tumor cells by natural killer cells in mice is impeded by plate-
lets. Cancer Res 59:1295-1300

. Tesfamariam B (2016) Involvement of platelets in tumor cell

metastasis. Pharmacol Ther 157:112-119

Labelle M, Begum S, Hynes RO (2011) Direct signaling between
platelets and cancer cells induces an epithelial-mesenchymal-like
transition and promotes metastasis. Cancer Cell 20(5):576-590
Mitrugno A, Williams D, Kerrigan SW, Moran N (2014) A novel
and essential role for FcgammaRIla in cancer cell-induced platelet
activation. Blood 123:249-260

86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

. Tesfamariam B (2015) Involvement of platelets in tumor cell

metastasis. Pharmacol Ther 157:112-119

Kelly T, Suva LJ, Huang Y, Macleod V, Miao HQ, Walker RC,
Sanderson RD (2005) Expression of heparanase by primary breast
tumors promotes bone resorption in the absence of detectable
bone metastases. Cancer Res 65:5778-5784

Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A,
Tesic Mark M, Molina H, Kohsaka S, Di Giannatale A, Ceder S
et al (2015) Tumour exosome integrins determine organotropic
metastasis. Nature 527:329-335

Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q, Huang WC, Li P,
Li M, Wang X, Zhang C et al (2015) Microenvironment-induced
PTEN loss by exosomal microRNA primes brain metastasis out-
growth. Nature 527:100-104

Wang H, Yu C, Gao X, Welte T, Muscarella AM, Tian L, Zhao H,
Zhao Z, Du S, Tao J et al (2015) The osteogenic niche promotes
early-stage bone colonization of disseminated breast cancer cells.
Cancer Cell 27:193-210

Langley RR, Fidler 1J (2007) Tumor cell-organ microenvironment
interactions in the pathogenesis of cancer metastasis. Endocr Rev
28:297-321

Kuznetsov HS, Marsh T, Markens BA, Castano Z, Greene-Colozzi
A, Hay SA, Brown VE, Richardson AL, Signoretti S, Battinelli
EM, McAllister SS (2012) Identification of luminal breast cancers
that establish a tumor-supportive macroenvironment defined by
proangiogenic platelets and bone marrow-derived cells. Cancer
Discov 2:1150-1165

Chan DA, Giaccia AJ (2007) Hypoxia, gene expression, and
metastasis. Cancer Metastasis Rev 26:333-339

Cox TR, Rumney RM, Schoof EM, Perryman L, Hoye AM,
Agrawal A, Bird D, Latif NA, Forrest H, Evans HR et al (2015)
The hypoxic cancer secretome induces pre-metastatic bone lesions
through lysyl oxidase. Nature 522:106—110

Erler JT, Bennewith KL, Cox TR, Lang G, Bird D, Koong A, Le
QT, Giaccia AJ (2009) Hypoxia-induced lysyl oxidase is a critical
mediator of bone marrow cell recruitment to form the premeta-
static niche. Cancer Cell 15:35-44

Yang MH, Wu KJ (2008) TWIST activation by hypoxia inducible
factor-1 (HIF-1): implications in metastasis and development.
Cell Cycle 7:2090-2096

King HW, Michael MZ, Gleadle JM (2012) Hypoxic enhancement
of exosome release by breast cancer cells. BMC Cancer 12:421
Liao D, Johnson RS (2007) Hypoxia: a key regulator of angiogen-
esis in cancer. Cancer Metastasis Rev 26:281-290

Cancer Genome Atlas N (2012) Comprehensive molecular por-
traits of human breast tumours. Nature 490:61-70

Ciriello G, Gatza ML, Beck AH, Wilkerson MD, Rhie SK, Pastore
A, Zhang H, McLellan M, Yau C, Kandoth C et al (2015)
Comprehensive molecular portraits of invasive lobular breast can-
cer. Cell 163:506-519

Cowper-Sal lari R, Zhang X, Wright JB, Bailey SD, Cole MD,
Eeckhoute J, Moore JH, Lupien M (2012) Breast cancer risk-
associated SNPs modulate the affinity of chromatin for FOXA1
and alter gene expression. Nat Genet 44:1191-1198

Schiavon G, Hrebien S, Garcia-Murillas I, Cutts RJ, Pearson A,
Tarazona N, Fenwick K, Kozarewa I, Lopez-Knowles E, Ribas R
et al (2015) Analysis of ESR1 mutation in circulating tumor DNA
demonstrates evolution during therapy for metastatic breast can-
cer. Sci Transl Med 7:313ral82

Bos PD, Zhang XH, Nadal C, Shu W, Gomis RR, Nguyen DX,
Minn AJ, van de Vijver MJ, Gerald WL, Foekens JA, Massague
J (2009) Genes that mediate breast cancer metastasis to the brain.
Nature 459:1005-1009

Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, Viale A,
Olshen AB, Gerald WL, Massague J (2005) Genes that mediate
breast cancer metastasis to lung. Nature 436:518-524



48

G. Sflomos and C. Brisken

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Weilbaecher KN, Guise TA, McCauley LK (2011) Cancer to
bone: a fatal attraction. Nat Rev Cancer 11:411-425

Ng CK, Martelotto LG, Gauthier A, Wen HC, Piscuoglio S, Lim
RS, Cowell CF, Wilkerson PM, Wai P, Rodrigues DN et al (2015)
Intra-tumor genetic heterogeneity and alternative driver genetic
alterations in breast cancers with heterogeneous HER2 gene
amplification. Genome Biol 16:107

Nguyen LV, Cox CL, Eirew P, Knapp DJ, Pellacani D, Kannan N,
Carles A, Moksa M, Balani S, Shah S et al (2014) DNA barcoding
reveals diverse growth kinetics of human breast tumour subclones
in serially passaged xenografts. Nat Commun 5:5871

Zhang QX, Borg A, Wolf DM, Oesterreich S, Fuqua SA (1997) An
estrogen receptor mutant with strong hormone-independent activity
from a metastatic breast cancer. Cancer Res 57:1244—1249
Robinson DR, Wu YM, Vats P, Su F, Lonigro RJ, Cao X, Kalyana-
Sundaram S, Wang R, Ning Y, Hodges L et al (2013) Activating
ESR1 mutations in hormone-resistant metastatic breast cancer.
Nat Genet 45:1446-1451

Toy W, Shen Y, Won H, Green B, Sakr RA, Will M, Li Z, Gala K,
Fanning S, King TA et al (2013) ESR1 ligand-binding domain
mutations in hormone-resistant breast cancer. Nat Genet
45:1439-1445

Li S, Shen D, Shao J, Crowder R, Liu W, Prat A, He X, Liu S,
Hoog J, Lu C et al (2013) Endocrine-therapy-resistant ESR1 vari-
ants revealed by genomic characterization of breast-cancer-
derived xenografts. Cell Rep 4:1116-1130

Brastianos PK, Carter SL, Santagata S, Cahill DP, Taylor-Weiner
A, Jones RT, Van Allen EM, Lawrence MS, Horowitz PM,
Cibulskis K et al (2015) Genomic characterization of brain metas-
tases reveals branched evolution and potential therapeutic targets.
Cancer Discov 5:1164-1177

Klemm F, Joyce JA (2015) Microenvironmental regulation of
therapeutic response in cancer. Trends Cell Biol 25:198-213
Usary J, Llaca V, Karaca G, Presswala S, Karaca M, He X,
Langerod A, Karesen R, Oh DS, Dressler LG et al (2004) Mutation
of GATA3 in human breast tumors. Oncogene 23:7669-7678
Chou J, Lin JH, Brenot A, Kim JW, Provot S, Werb Z (2013)
GATA3 suppresses metastasis and modulates the tumour microen-
vironment by regulating microRNA-29b expression. Nat Cell Biol
15:201-213

Dydensborg AB, Rose AA, Wilson BJ, Grote D, Paquet M,
Giguere V, Siegel PM, Bouchard M (2009) GATA3 inhibits breast
cancer growth and pulmonary breast cancer metastasis. Oncogene
28:2634-2642

Magnani L, Eeckhoute J, Lupien M (2011) Pioneer factors: direct-
ing transcriptional regulators within the chromatin environment.
Trends Genet 27:465-474

Yan W, Cao QJ, Arenas RB, Bentley B, Shao R (2010) GATA3
inhibits breast cancer metastasis through the reversal of epithelial-
mesenchymal transition. J Biol Chem 285:14042-14051

Yoon NK, Maresh EL, Shen D, Elshimali Y, Apple S, Horvath S,
Mah V, Bose S, Chia D, Chang HR, Goodglick L (2010) Higher

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

levels of GATA3 predict better survival in women with breast can-
cer. Hum Pathol 41:1794-1801

Saal LH, Holm K, Maurer M, Memeo L, Su T, Wang X, Yu JS,
Malmstrom PO, Mansukhani M, Enoksson J et al (2005) PIK3CA
mutations correlate with hormone receptors, node metastasis, and
ERBB?2, and are mutually exclusive with PTEN loss in human
breast carcinoma. Cancer Res 65:2554-2559

Albiges L, Andre F, Balleyguier C, Gomez-Abuin G, Chompret A,
Delaloge S (2005) Spectrum of breast cancer metastasis in
BRCA1 mutation carriers: highly increased incidence of brain
metastases. Ann Oncol 16:1846-1847

Pollari S, Kakonen SM, Edgren H, Wolf M, Kohonen P, Sara H,
Guise T, Nees M, Kallioniemi O (2011) Enhanced serine produc-
tion by bone metastatic breast cancer cells stimulates osteoclasto-
genesis. Breast Cancer Res Treat 125:421-430

Possemato R, Marks KM, Shaul YD, Pacold ME, Kim D, Birsoy
K, Sethumadhavan S, Woo HK, Jang HG, Jha AK et al (2011)
Functional genomics reveal that the serine synthesis pathway is
essential in breast cancer. Nature 476:346-350

Zhao YH, Zhou M, Liu H, Ding Y, Khong HT, Yu D, Fodstad O,
Tan M (2009) Upregulation of lactate dehydrogenase A by ErbB2
through heat shock factor 1 promotes breast cancer cell glycolysis
and growth. Oncogene 28:3689-3701

Pencheva N, Tavazoie SF (2013) Control of metastatic progres-
sion by microRNA regulatory networks. Nat Cell Biol
15:546-554

Tavazoie SF, Alarcon C, Oskarsson T, Padua D, Wang Q, Bos
PD, Gerald WL, Massague J (2008) Endogenous human microR-
NAs that suppress breast cancer metastasis. Nature
451:147-152

Lujambio A, Calin GA, Villanueva A, Ropero S, Sanchez-
Cespedes M, Blanco D, Montuenga LM, Rossi S, Nicoloso MS,
Faller WJ et al (2008) A microRNA DNA methylation signature
for human cancer metastasis. Proc Natl Acad Sci USA
105:13556-13561

Hidalgo M, Amant F, Biankin AV, Budinska E, Byrne AT, Caldas
C, Clarke RB, de Jong S, Jonkers J, Maelandsmo GM et al (2014)
Patient-derived xenograft models: an emerging platform for trans-
lational cancer research. Cancer Discov 4:998-1013
Vargo-Gogola T, Rosen JM (2007) Modelling breast cancer: one
size does not fit all. Nat Rev Cancer 7:659-672

Ogba N, Manning NG, Bliesner BS, Ambler SK, Haughian
JM, Pinto MP, Jedlicka P, Joensuu K, Heikkila P, Horwitz KB
(2014) Luminal breast cancer metastases and tumor arousal
from dormancy are promoted by direct actions of estradiol
and progesterone on the malignant cells. Breast Cancer Res
16:489

Sflomos G, Dormoy V, Metsalu T, Jeitziner R, Battista L, Scabia V,
Raffoul W, Delaloye JF, Treboux A, Fiche M, Vilo J, Ayyanan A,
Brisken C (2016) A preclinical model for ERa-positive breast can-
cer points to the epithelial microenvironment as determinant of
luminal phenotype and hormone response. Cancer Cell
29:407-422



	5: Breast Cancer Microenvironment and the Metastatic Process
	5.1	 Introduction
	5.2	 Cancer Cell: Nonautonomous Traits and Breast Tumor Microenvironment
	5.2.1	 Cell Types and Secreted Factors
	5.2.1.1	 Fibroblasts and Mesenchymal Stem Cells
	5.2.1.2	 Adipocytes
	5.2.1.3	 Vasculature
	5.2.1.4	 Immune Cells


	5.3	 Breast Tumors in Transient and Metastatic Microenvironments
	5.3.1	 Platelets
	5.3.2	 Metastatic TME (MTME)
	5.3.3	 Hypoxic Conditions in the TME

	5.4	 Cancer Cell-Autonomous Traits
	5.4.1	 Genetic Aberrations
	5.4.2	 Noncoding RNAs (ncRNAs)

	5.5	 Conclusions and Future Perspectives
	References


