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Abstract

Background Breast cancer (BC) is the most common type of cancer in women and the second cause of cancer-related mortality
world-wide. The majority of BC-related deaths is due to metastasis. Bone, lung, brain and liver are the primary target sites of BC
metastasis. The clinical implications and mechanisms underlying bone metastasis have been reviewed before. Given the fact that
BC lung metastasis (BCLM) usually produces symptoms only after the lungs have been vastly occupied with metastatic tumor
masses, it is of paramount importance for diagnostic and prognostic, as well as therapeutic purposes to comprehend the molecular
and cellular mechanisms underlying BCLM. Here, we review current insights into the organ-specificity of BC metastasis,
including the role of cancer stem cells in triggering BC spread, the traveling of tumor cells in the blood stream and their migration
across endothelial barriers, their adaptation to the lung microenvironment and the initiation of metastatic colonization within the
lung.

Conclusions Detailed understanding of the mechanisms underlying BCLM will shed a new light on the identification of novel
molecular targets to impede daunting pulmonary metastases in patients with breast cancer.

Keywords Breastcancer - Lung metastasis - Epithelial-mesenchymal transition - Cancer stem cell - Pulmonary vasculature - Lung
micro-environment

1 Introduction responsible for more than 40,000 deaths in the USA per year,

representing 6.8% of all cancer-related deaths [1]. The major-

Breast cancer is the most common type of cancer in women
with over 252,000 new diagnoses per year in the USA alone,
accounting for about 15% of all new cancer cases. It is the
second cause of cancer-related death in women and
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ity of breast cancer-related deaths is due to the occurrence of
metastases. Up to 50% of the patients with breast cancer will
develop metastases, often decades after the primary tumor is
diagnosed, which seriously hampers disease management and
eradication. Usually, metastatic breast cancer has a poor prog-
nosis, with an overall 5-year survival rate of about 27%
[2-5].

It has been reported that several factors may influence the
prognosis of breast cancer. Tumors at higher stages and with
higher grades have an unfavorable prognosis and exhibit
higher recurrence risks [6]. Tumor size and lymph node status
represent other prognostic factors, i.e., tumors with a size >
5 cm or positive axillary or internal mammary lymph nodes
are more likely to metastasize to distant organs [6]. It has also
been reported that patients under 35 years of age tend to have
more aggressive and higher grade tumors and to exhibit higher
recurrence risks [6], indicative of a relatively poor overall
prognosis. In addition, various histological and molecular
characteristics have been found to exhibit prognostic and/or
therapeutic relevance. For instance, triple-negative breast
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cancers (i.e., estrogen receptor (ER)-, progesterone receptor
(PR)- and human epidermal growth factor receptor 2
(HER2)-negative) are at the highest risk of metastasis forma-
tion and they do not respond to hormone therapy and/or
trastuzumab [7]. Conversely, it has been found that ER*/
HER2 /Ki67"" breast cancer subtypes exhibit relatively high
median overall survival rates [8].

Overt metastasis, which contributes to about 90% of
cancer-related deaths, is an inevitable manifestation of most
high grade human tumors [9]. Metastasis formation is usually
parsed into interrelated steps, beginning with local invasion,
intravasation and subsequent dissemination via circulatory
and/or lymphatic systems [10, 11]. Next, the disseminated
tumor cells may extravasate into the parenchyma of distant
organs, which finally leads to the formation of micro-
metastases and subsequently the formation of full-fledged sec-
ondary tumors [12]. Different primary tumors have a procliv-
ity to metastasize to distinct organs. For instance, bones and
lungs are the most frequent sites of breast cancer metastasis
[13, 14]. Usually, lung metastases elicit little or no symptoms
until the lungs are vastly replaced by metastatic tumor masses.
This implies that lung metastasis is a substantial problem in
patients with breast cancer and, therefore, heralds serious con-
sideration. Current therapeutic options mostly include chemo-
therapy, radiotherapy and/or surgical resection, but their long-
term impact on survival (especially when more than one pul-
monary metastasis exists) is still dismal and not effective
enough to prevent relapse [15, 16]. It is anticipated that a
further in-depth insight into the molecular and cellular mech-
anisms underlying breast cancer lung metastasis (BCLM) will
provide novel leads for the design of (targeted) therapeutic
interventions. Here we review known and emerging concepts
of BCLM, which may be instrumental for the identification of
new molecular targets for impending lung metastases in breast
cancer patients.

2 Organ-specific metastasis of breast cancer

The pattern of cancer spread by which primary tumors tend to
metastasize to distinct organs is usually referred to as organ-
specific metastasis [17]. Based on organ-selective evolution,
metastatic localization does not occur random but rather at
preferred sites under the control of a multitude of micro-envi-
ronmental, cellular and molecular factors. In the past, two
prevailing hypotheses have been put forward to explain these
metastatic patterns [18]. One hypothesis states that circulation
patterns determine which organs are likely to host circulating
tumor cells (CTCs), and that these CTCs may be mechanically
arrested in the capillary networks they encounter [19].
However, although circulation patterns do affect non-random
metastatic organ-specificity, the fact that some organs receive
similar blood volumes but show different metastatic patterns
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indicate that this so-called “mechanical arrest” may not fully
explain the organ-specific patterns of metastases that are ob-
served in most human cancers [9, 20-23]. Along this line,
breast cancers have a propensity to metastasize to bone (50—
65%), lung (17%), brain (16%) and liver (6%), while metas-
tases to other organs such as spleen, kidney or uterus, are
relatively rare [13]. These observations led Stephen Paget to
suggest an alternative hypothesis, i.e., the “seed-and-soil
hypothesis” [24]. According to this hypothesis, cancer cells
or “seeds” shedding from primary tumors and welcoming
microenvironments or “soils” are both necessary for organ-
specific metastasis formation [18]. This hypothesis implicates
that metastasis formation depends on intrinsic properties of
distinct cancer types, the architecture of the vascular or lym-
phatic system, the role of chemo-attractants, and the ability of
cancer cells to interact with host cells and/or other micro-
environmental factors present within distinct tissues/organs
[9]. It appears, however, that the two processes mentioned
are not mutually exclusive, but rather act cooperatively to
generate organ-specific metastases, i.e., both mechanical pro-
cesses and molecular characteristics of tumor cells and their
interactions with target tissues may determine the propensity
of disseminated cancer cells to spread to specific organs [25].

Breast tumors can be classified into basal-like, Her2-ampli-
fied, luminal A, luminal B and normal breast-like subtypes
based on both their histologic and intrinsic genomic/
transcriptomic profiles [26]. Retrospective analyses have indi-
cated that the histologic/molecular characteristics of breast
cancers affect their organ-specific metastasis patterns, i.e.,
lung relapses were found to be most abundant among the
basal-like subtype, whereas bone relapses were found to be
primarily associated with the luminal subtypes [27, 28]. In
recent years, attention has been focused on the molecular de-
terminants that play critical roles in the organ-specific metas-
tasis of breast cancer cells and the cross-talks between various
cell types and stromal factors that underlie this organ-specific-
ity. These cross-talks have been found to involve cell-cell and
cell-extracellular matrix (ECM) interactions, signaling mole-
cules and adhesion molecules, cytokines and growth factors,
as well as their mediators, inhibitors and receptors [4, 29].
Also, various genes have been identified that are specifically
and temporally expressed by breast cancer cells and its micro-
environmental components and that they, as such, may confer
prerequisites for organ-specific metastasis. The genes that un-
derlie the various steps of metastasis have been classified into
distinct classes, commonly denoted as metastasis initiation,
metastasis progression and metastasis virulence genes
(Table 1) [29]. The metastasis initiation genes comprise a sub-
set of genes that initiate tumor outgrowth and angiogenesis
and, thereby, facilitate the entrance of tumor cells into the
circulation. The metastasis progression genes are those that
carry out stimulatory functions in primary tumors and at
(pre)metastatic sites. The metastasis virulence genes are those
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Table 1 Basic steps in the process of breast cancer metastasis and genes involved in each step
Process Functions Genes Ref.
Metastasis initiation ~ Local invasion Metastasis initiation genes
Angiogenesis N Homeobox B7 (HOXB?7) and Six1 [30]
Ep(‘gf}%l'mesen"hymal transition Lysyl oxidase-like 2 (LOXL2) [31]
Intravasation Inhibitor of differentiation (ID1 and ID3) [32]
X-box binding proteinl (XBP1) [33]
Anterior gradient 2 (AGR2) [34]
Metastasis Circulation Metastasis progression genes
progression Extravasation ) Epiregulin (EREG) [35]
Immune recruitment Prostaglandin endoperoxide synthase 2/cyclo-oxygenase 11 [35,36]
(PTGS2/COX2)
Matrix metalloproteinases (MMP-1, -2, -3 and -10) [35,37]
CCLs (CCL2, 3, 5, 17, 21 and 22) [38,39]
Angiopoietin-like 4 (ANGPTLA4) [35,40]
Angiopoietin 2 (Angpt2) [37]
Metadherin (MTDH) [41]
CXCLI12-CXCR4 [42,43]
CXCL1 [44]
Osteopontin (OPN) [45]
Kruppel-like factor 17 (KLF17) [46]
Interleukin-13 decoy receptor (IL13R«2) [35,47]
Epidermal growth factor (EGF) [48]
Vascular cell adhesion molecule 1 (VCAMI1) [35]
VEGFR1, CCR2, and CX3CR1 [49]
Metastasis virulence ~ Survival at distance Metastasis virulence genes
Tumor optgrowth ) Secreted protein, acidic, cysteine-rich/osteonectin (SPARC) [50,51]
Metastatic colonization Lysyl oxidase (LOX) [52]
Vascular cell adhesion molecule 1 (VCAMI1) [53]
Colony stimulating factor 1 (CSF-1) [54]
CXCL12-CXCR4 [55,56]
Matrix metalloproteinases (MMP-2) [57]
Tenascin-C (TNC) [58]
VLA-4 (x4 1 integrin) [59, 60]

that confer advantages to tumor cells at distant sites rather than
at primary sites and, as such, enable metastatic tumor cells to
establish macro-metastases. These genes act to promote me-
tastasis formation after locally aggressive tumor cell popula-
tions have been established [29, 61]. Although individual
genes have been related to organ-specific metastasis, they
should be considered holistically, i.e., as components of a
complex, dynamic and interactive network that governs com-
plex mechanisms underlying the tissue-tropism of metastatic
breast cancer cells [3, 62]. Minn et al. [35] identified a lung
metastasis signature in the metastatic breast cancer cell line
LM2, consisting of 48 up-regulated and 47 down-regulated
genes. Several of these genes were found to be strongly asso-
ciated with tumor invasiveness and aggressiveness, rather than
with functions in the lung microenvironment. In the following
sections, recently identified gene expression profiles as well as

cellular and molecular mechanisms underlying breast cancer
dissemination and metastasis to the lung are described.

3 Metastasis initiating and promoting factors:
role of epithelial-mesenchymal transition
and cancer stem cells

Metastasis initiating genes are defined as genes that facilitate
tumor outgrowth, local invasion, intravasation and dissemina-
tion to distant sites. Human anterior gradient 2 (AGR?2), one of
the many targets of the estrogen receptor (ER), was first dis-
covered as a gene that is over-expressed in ER-positive breast
cancer cells [63]. It has subsequently been found that AGR2
may promote BCLM through the (de)regulation of tumor cell
adhesion and dissemination. AGR2-induced lung metastases
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were identified in a rat breast cancer model over-expressing
AGR?2, apparently through both blood-borne and lymphatic
routes, thereby providing in vivo evidence that AGR2 overex-
pression alone may be sufficient to induce metastases [34].
Next to AGR2, many other genes and molecules have been
found to be involved in the initiation of breast cancer metas-
tasis, most of which affect epithelial-mesenchymal transition
(EMT) and the formation of cancer stem cells (CSCs).
Therefore, in this section, we will focus on cellular and mo-
lecular mechanisms underlying EMT in breast cancer and dis-
cuss how CSCs may contribute to its metastasis.

3.1 Role of epithelial-mesenchymal transition

EMT is an evolutionary-conserved process that can be activated
in cancer cells and is linked to their dissociation from the pri-
mary tumor mass and their intravasation into blood vessels
[64]. Tumor cells simulate this developmental process to
transdifferentiate into mesenchymal-like cells during which
they acquire motile and invasive capacities and detach from
epithelial cell sheets [65]. As such, EMT represents a critical
step in the initiation of metastasis. Several genes are known to
be involved in the signaling pathways that stimulate EMT [66],
including the Wnt, Notch and TGF-[3 pathways, of which the
TGF-3 pathway has been studied most extensively [67-71].
Binding of TGF-f3 to its receptor results in phosphorylation
and activation of Smad2 and Smad3, which can subsequently
form trimers with Smad4 and translocate to the nucleus to reg-
ulate the expression of TGF-f3 target genes and, by doing so,
affect EMT [72]. Recently, several novel factors have been
identified that participate in TGF-3-induced EMT through var-
ious mechanisms. Some of these factors have been found to
affect the expression of proteins involved in the TGF-3 path-
way, thereby facilitating EMT. In breast cancer cells it has for
instance been found that HOXB7 and SIX1 can directly bind to
the promoters of TGF-2 and the TGF-f3 type I receptor
(TRRI), respectively [30]. It has also been found that SIX1
can shift the TGF-f3 function in breast cancer cells from pro-
metastatic to tumor-suppressive states [73]. Nuclear receptor
NR4A1, on the other hand, has been found to stimulate
TGF-f3 signaling through facilitating the degradation of
Smad7, whereas inflammation-induced NR4A1 has been found
to trigger TGF-[3-induced breast cancer cell invasion [74].

It has been frequently reported that the zinc-finger transcrip-
tion factors Snaill and Snail2, the zinc finger E-box binding
proteins (ZEB)2 and ZEBI1, and Twist act as master regulators
of EMT [75]. These transcription factors can repress the epithe-
lial marker E-cadherin, which results in a lack of adherent junc-
tions between tumor cells and, thus, their detachment from epi-
thelial cell sheets [76]. Loss of E-cadherin also results in the
accumulation and translocation of (3-catenin to the nucleus,
where it can bind to LEF/TCF and, thereby, activate the expres-
sion of mesenchymal markers including N-cadherin, x-SMA
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and vimentin (Fig. 1) [77, 78]. It has been suggested that
microRNA miR-374a, which directly targets multiple regulators
of the (3-catenin signaling cascade including WIF1 and PTEN,
may act as an important stimulator of EMT both in vitro and
in vivo [79]. MiR-374a up-regulation in breast cancer has been
found to be associated with a poor prognosis and the occurrence
of lung metastases, and it has been suggested that its targeting
may represent a therapeutic option for metastatic breast cancer
[79]. It has also been shown that increased matrix stiffness may
induce miR-18a expression which, in turn, may directly or indi-
rectly decrease the expression of PTEN through the targeting of
HOXA9 [63]. Metadherin (MTDH) has been found to drive
EMT by promoting the expression of TWIST1, a transcription
factor that is known to be critical for the induction of cancer cell
stemness and metastasis [80]. KLF17 may act as a negative
regulator of EMT and down-regulation of KLF17 has been
found to promote EMT and metastasis of breast cancer cells to
the lung [46]. Transcription factor Fos-related antigen-1 (Fra-1)
represents another factor that is required for the motility and
invasion of breast cancer cells. Several in vivo and in vitro stud-
ies have indicated that Fra-1 may impede the expression and sub-
cellular localization of E-cadherin [81], positively regulate the
expression of several pro-EMT microRNAs [82] as well as other
pro-EMT factors [83] and, thereby, promote the EMT program.
These findings suggest that Fra-1 may serve as a tool for the
stratification of patients with breast cancer and for predicting
disease recurrence. In line with these studies, Desmet et al. [84]
assessed the potential of Fra-1 as a novel in vivo therapeutic
target for lung metastasis using rodent xenograft models and
found that RNAi-induced silencing of Fra-1 strongly suppressed
the occurrence of BCLM. Furthermore, by using a synthetic
lethal drug screen, they found that pharmacologic blockade of
the adenosine receptor A2B (ADORAZ2B) is toxic to breast tu-
mor cells expressing Fra-1, suggesting that Fra-1 expression pre-
dicts responsiveness to targeted breast cancer metastasis therapy
[84]. Tt has recently been reported that human X-box binding
protein-1 (XBP1) may act as a novel EMT regulator, i.e.,
XBP1 over-expression was found to be associated with cancer
progression through Snail induction and EMT stimulation [33].
Over-expression and accumulation of lysyl oxidase-like 2
(LOXL2) in the endoplasmic reticulum (ER) results in its inter-
action with HSPAS, which leads to activation of the inositol
requiring enzyme 1o (IRE1)-XBP1 signaling pathway. This ac-
tivation has been found to lead to up-regulation of several EMT
transcription factors, including Snaill, Snail2, ZEB2 and TCF3,
all of which are direct transcriptional targets of XBP1 [31].

It has also been reported that microRNAs may regulate
EMT. As such, miR-374a up-regulation has already been
mentioned above as being indicative of a poor prognosis in
breast cancer. Also, miR-115 and miR-9 have been found to
be up-regulated in invasive breast cancers [85]. Specifically,
miR-9 has been found to promote breast cancer progression
through targeting CDH1 [86]. MiR-206 has been reported to
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Fig. 1 Molecular mechanisms of
EMT and MET underlying
BCLM. In the primary tumor
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inhibit Smad2 and Neuropilin-1 (NRP1) in ER-positive breast
cancers [87], whereas miR-155 has been found to target
CCAAT/enhancer binding protein 3 (C/EBPf3) and to stimu-
late TGF-3-mediated EMT in breast cancer cells as well [88].
Mir-122 acts as a tumor suppressor and has been found to
inhibit breast cancer development through targeting IGF1R
and, by doing so, (de)regulating the PI3K/Akt pathway [89].
It has also been reported that miR-26a may suppress tumor
growth and metastasis by down-regulating MTDH in triple-
negative breast cancers [90]. Also, miR-320a has been found
to inhibit breast cancer-associated lung cancer metastasis by
targeting MTDH [91]. The role of miR-200 in breast cancer
progression and lung metastasis has so far remained contro-
versial, but some studies indicate that miR-200 can suppress
EMT through targeting ZEB1/2 [92]. Others have found that
miR-22 may promote the metastatic potential of breast cancer
cells through direct targeting of the TET (ten-eleven

translocation) family of methylcytosine dioxygenases, thereby
inhibiting demethylation of the miR-200 promoter [93]. Other
studies indicate, however, that miR-200 expression confers
lung-tropic properties to breast cancer cells, i.e., in addition
to targeting E-cadherin, miR-200 may promote lung coloniza-
tion by suppressing SEC23A (Sec23 homolog A) which, in
turn, regulates the secretion of IGF binding protein 4
(IGFBP4) and tubule-interstitial nephritis antigen-like 1
(TINAGLT1) [94]. The miRNAs that have so far been reported
to be involved in BCLM are listed in Table 2.

3.2 Role of cancer stem cells
As stated above, EMT is linked to the acquisition of stem
cell-like characteristics [97]. EMT was first proposed as a

mechanism through which cancer cells acquire stemness
properties and disseminate to form tumors at secondary
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Table 2 MiRNA deregulation and putative targets involved in breast
cancer lung metastasis

MiRNA Expression status  Putative target Ref.
miR-374a  Up-regulated WIF1 and PTEN [79]
miR-18a Up-regulated PTEN [63]
miR-115 Up-regulated EMT [85]
miR-9 Up-regulated CDH1 [85, 86]
miR-206 Down-regulated Smad?2 and neuropilin-1  [87]
miR-155 Up-regulated C/EBPf3 [88]
miR-200 Down-regulated ZEB1/2 [92]
Up-regulated SEC23A [94]
miR-22 Up-regulated TET [93]
miR-26a Down-regulated MTDH [90]
miR-320a Down-regulated MTDH [91]
miR-302a Down-regulated CXCR4 [95]
miR-17/20  Downregulated CXCL1, IL-8, and CK8  [44]
miR-122 Down-regulated IGFIR [89]
Up-regulated Glucose metabolism [96]

sites [23, 98]. The cancer stem cell (CSC) hypothesis
posits that most primary tumors harbor rare subpopula-
tions of stem-like cells with self-renewal and differentia-
tion properties, from which metastatic cells are derived
and seed new tumors at distant sites [99]. According to
Al-Hajj et al. [100] and Ginestier et al. [101], the identi-
fication of breast cancer stem cells (BCSCs) from pleural
effusions, primary breast tumors and breast cancer cell
lines is mainly based on ALDH*/CD44%/CD24 """ phe-
notypes. These BCSCs are postulated to be highly capable
of establishing tumors both in vitro and in vivo [102-104]
and to differentiate into cell populations that comprise the
entire tumor and, thus, to recapitulate tumor heterogeneity
[105, 106]. It has for instance been shown that as few as
20 BCSCs injected into NOD/SCID mice can give rise to
tumors that exhibit phenotypic heterogeneities similar to
those of the tumors from which they were derived, while
tens of thousands of non stem-like cells from a given
tumor were found to fail to give rise to tumors in these
mice [101]. Interestingly, a positive correlation has been
noted between the proportion of BCSCs present in breast
tumors and a poor prognosis of the corresponding pa-
tients, confirming a role of BCSCs in the metastatic pro-
ficiency of these tumors, as well as their resistance to
radiation therapy and chemotherapy [107]. The chemo-
resistance observed in CSCs results from the quiescent
nature of these cells and their arrest in the G, phase of
the cell cycle, thereby negating the effectiveness of che-
motherapeutic agents that target proliferating cells [108].
For BCSCs, it has been reported that a high expression of
the breast cancer resistance protein-1 (BCRP1), which is a
cell surface efflux pump that expels chemotherapeutic
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agents out of cells, and a high expression of ALDH,
which metabolizes chemotherapeutic agents such as cy-
clophosphamide and some anti-apoptotic molecules, con-
tribute to chemo-resistance. As a result of chemotherapy,
however, new subpopulations of refractory tumor cells
may develop through clonal expansion [108—111].

The contribution of CSCs in organ-specific metastasis is an
emerging field in cancer research. Already, several studies
have been aimed at resolving the role of BCSCs in the organ
tropism of breast cancer. As stated above, bone, lung, brain
and liver are the preferred sites of breast cancer metastasis,
whereas metastasis to other organs is rarely seen [19]. One
possible factor in this organ-specificity is the expression of
CD44 on the surface of BCSCs, since hyaluronan and osteo-
pontin (OPN), which are common CD44 ligands, are highly
expressed in these organs and have been found to arrest breast
CTCs [112]. Moreover, breast cancers have been shown to
express high levels of the chemokine receptor CXCR4, which
seems to be proportional to the presence of BCSC popula-
tions. This expression may help these cells to specifically tar-
get bone, lung and brain tissues where the CXCR4 ligand
CXCL12/SDF-1 is abundantly present (Fig. 1) [42, 43].
MiR-302a, which has been found to be down-regulated in
metastatic breast cancers, is thought to target CXCR4, thereby
inhibiting breast cancer metastasis [95]. Thus, besides confer-
ring a high motility and resistance to apoptosis, BCSCs may
contribute to organ-specific metastasis through interaction
with the microenvironment in distant organs and the induction
of pre-metastatic niche formation. In the context of EMT, it
has been shown that inhibitor of differentiation 1 (ID1) is
commonly expressed in triple-negative breast cancers and, in
association with its closely related family member ID3, can
facilitate metastatic colonization after infiltration of metastatic
tumor cells into the lung parenchyma [113]. ID1 up-regulation
is known to be mediated by TGF-f3 and to result in the induc-
tion of mesenchymal-epithelial transition (MET) at metastatic
sites through antagonizing Twistl (Fig. 1), but not at primary
sites where the mesenchymal state is maintained by the zinc
finger protein Snaill [32]. In a xenograft model it has been
found that ID1 knockdown in metastatic cells prevents MET
and, consequently, suppresses lung colonization [32]. EMT
also causes stromal matrix degradation, which is mediated
mainly through up-regulation of matrix metalloproteinases
(MMPs) and plasminogen activator (PA), which confers a
more aggressive phenotype to mesenchymal-like BCSCs
[114, 115]. In addition, it has been found that EMT contributes
to increased angiogenesis through the induction of pro-
angiogenic factors, including vascular endothelial growth fac-
tor A (VEGF-A), resulting in an excessive vascularization of
the primary tumor [116].

In support of the EMT hypothesis, Gupta et al. [117] found
that various subpopulations of the human breast cancer-
derived cell lines SUM149 and SUM159, purified on basis
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of their phenotypic states, were able to return to equilibrium
proportions of stem-like, basal and luminal cell populations
over time. This finding indicates that stochastic processes
governing single cell behavior can give rise to a phenotypic
equilibrium in a cell population and, thus, that BCSCs arise de
novo from non stem-like cells. In addition, it has been found
that EMT-induced cells can form 10-fold more
mammospheres than non-induced cancer cells, supporting a
significant increased tumorigenic capacity of cells that have
undergone EMT [98]. Some recent studies are, however, chal-
lenging the EMT paradigm by suggesting that EMT may be
dispensable for cancer metastasis. Using animal models of
pancreatic and breast cancer, Zheng et al. [118, 119] and
Fischer et al. [116] showed that EMT may not be exclusively
involved in cancer dissemination. So, since EMT may not be
the only mechanism underlying CSC formation, there may be
additional mechanisms conferring stem-like or aggressive
phenotypes to cancer cells facilitating their dissemination to
distant organs.

4 Metastasis progression factors: role
of the tumor microenvironment, tumor cell
circulation and extravasation

Metastasis progression factors are those that carry out several
stimulatory functions in both primary tumors and at metastatic
sites. Among these functions, the formation of a favorable
tumor microenvironment, i.e., an environment for tumor cell
proliferation and outgrowth, is of paramount importance.
After entering the circulation tumor cells may disperse to var-
ious directions, but the subsequent extravasation appears to be
organ-specific. In this section, various steps and factors in-
volved in breast cancer metastasis progression will be
discussed.

4.1 Role of the tumor microenvironment

Mesenchymal stem cells (MSCs) are emerging as important
components of the tumor microenvironment. Recently, it was
demonstrated that MSCs may regulate tumor metastasis
through crosstalk with TGF- [120]. It was found that
TGF-3 can down-regulate CXCL12 expression and, subse-
quently, restrict tumor progression and metastasis.
Simultaneous knock-down of TGFBR2 and CXCL12 expres-
sion in MSCs was found to reverse the lung-tropic effect of
MSC:s that are unresponsive to TGF-{3, indicating the signif-
icance of the TGF-3-CXCL12 axis in tumor progression and
lung metastasis [120]. CXCL12-mediated regulation of me-
tastasis in 4 T1 mouse breast cancer cells was found to be
related to its regulation of CXCR7, and CXCR7 blockade
was found to suppresses its metastasis. So, MSCs produce
CXCL12, which in turn suppresses the metastasis of breast

cancer cells through inhibition of CXCR7 expression.
TGF-f3 signaling may abrogate the restriction of MSC-
induced CXCL12 expression in tumor cells [120].

Many human cancers undergo (local) hypoxia due to in-
creased cell numbers resulting from deregulated proliferation.
Hypoxia activates HIF-1 and HIF-2, which in turn may acti-
vate the expression of genes required for cancer progression
[121]. The roles of HIFs in the various steps of breast cancer
development include the stimulation of lysyl oxidase (LOX)
and ECM-remodeling enzymes and the recruitment of bone
marrow-derived cells (BMDCs) to pre-metastatic niches
(Table 3) [52]. HIF-1 acts as a master regulator of cancer
progression [26], regulating HGF to MET and RHOA to
ROCKI signaling to promote cancer cell motility [26]. HIF-
la triggers EMT through modulation of NOTCH and
integrin-linked kinase signaling and, indirectly, MMP and
urokinase-type plasminogen activator receptor (UPAR) ex-
pression, which may affect ECM remodeling [67]. HIF-
dependent ECM remodeling may also be brought about
through stimulation of collagen cross-linking, which may re-
sult from over-expression of procollagen prolyl-4-
hydroxylases (PAHA1 and P4HA?2), lysyl hydroxylases
(PLODI1 and PLOD?2) and lysyl oxidases (LOX, LOXL2,
and LOXL4), which is required for breast cancer invasion
and metastasis [26]. HIF-dependent expression of VEGF has
been found to stimulate angiogenesis and to increase vascular
permeability, thereby stimulating the extravasation of breast
cancer cells [122]. Zhang et al. [123] found that loss of HIF-1
activity in triple-negative breast cancer MDA-MB-231 cells
was associated with a decreased primary tumor growth and a
dramatic reduction in the metastasis of these cells to the lung.
In addition, they found that HIF-1o and HIF-2¢ may stimu-
late L1 cell adhesion molecule (L1CAM) expression in hyp-
oxic breast cancer cells, which mediates their interaction with
pulmonary endothelial cells and facilitates their extravasation
[123]. Ectopic expression or inhibition of miR-18a in an
orthotopic metastatic breast cancer xenograft model revealed
that this microRNA may inhibit HIF-1« activity and, concom-
itantly, lung metastasis, thereby underscoring the role of HIF-
l o in breast cancer lung metastasis [124].

4.2 Role of circulating tumor cells

The analysis of circulating tumor cells (CTCs) provides a
unique opportunity to gain insight into mechanisms of cancer
cell dissemination and metastasis [125]. CTCs may travel ei-
ther as single cells or as clusters of cells (tumor emboli).
Recently, it has been found that mesenchymal markers
representing EMT may be expressed by CTCs [126]. Using
mouse models Aceto et al. [127] revealed that, compared to
individual CTCs, CTC clusters are derived from oligoclonal
clumps of primary tumor cells and constitute a rare but very
metastasis-competent subset of CTCs. These CTC clusters
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Table 3 HIF-1 activated genes

that control metastatic processes Metastatic process

Genes Ref.

MSC/M Cooptation®
Migration/Invasion

Microvesicle Formation
Margination
Extravasation
Prometastatic Niche

Formation
Cancer Stem Cell

Specification

CXCR3, CCRS, CXCL16, PGF, CSF1
RAB22A, RHOA, ROCK1, MET,
PTK6, PAHA1, P4HA2, PLOD2

L1ICAM
ANGPTL4
LOX, LOXL2, LOXL4

[26, 52, 57, 122]

WWTRI, SIAHI

*MSC-mediated macrophage regulation

were found to be more resistant to apoptosis than single CTCs
following dissemination to the lung. CTC clusters thus exhibit
a greater metastatic potential than single CTCs and act as more
flourishing seeds to form micro-metastases. The formation
and metastatic potential of CTC clusters may be related to
their gene expression profiles. RNA sequencing of human
breast cancer-derived CTC clusters revealed, for example, that
plakoglobin may act as a key mediator of CTC clustering, i.e.,
plakoglobin expression knockdown resulted in a suppression
of CTC cluster formation and a reduction of metastatic spread
in mouse models [127]. As such, plakoglobin may serve as a
novel prognostic factor and therapeutic target in patients with
breast cancer [ 128]. A recent study on breast cancer CTCs has
suggested that EpCAM, CD44, CD47 and MET co-
expression may serve as a signature for CTC subsets with an
increased metastatic capacity [129]. Also, Chemokine (CXC
Motif) Ligand-1 (CXCL1) cytokines have been reported to be
involved in the formation of lung metastases the by CTCs
[130], and miR-17/20 has been found to suppress breast can-
cer cell migration and invasion by altering the secretion of
CXCLI, IL-8 and CK8 [44].

4.3 Role of extravasation factors

In lung metastasis, one rate-limiting step is the penetration of
breast cancer cells through the lung vasculature. Embolus for-
mation (see above) is facilitated by leukocytes and platelets
that form complexes with tumor cells through P- and L-
selectins [131]. Up-regulation of selectin ligands has been
shown to be associated with a poor prognosis and enhanced
metastasis formation [132], and inflammation-induced up-
regulation of E-selectin has been found to mediate BCLM in
mouse models [133]. The local vascular structure is one of the
factors determining organ-specificity of human cancers, espe-
cially breast cancers [13]. Unlike bone marrow and liver,
which have fenestrated vasculatures with lower physical bar-
riers, the pulmonary vasculature is surrounded by a basement
membrane and adjacent alveolar cells, which trammel cancer
cells to penetrate freely into the lung parenchyma. Therefore,
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lung-tropic cancer cells require additional specialized proper-
ties to breach the pulmonary vasculature and infiltrate into the
lung parenchyma [134]. It has been suggested that TGF-f3
may act as a major cytokine priming the metastasis of breast
cancer cells to the lung [40, 135, 136]. TGF-f3 has been shown
to exhibit different roles during breast cancer progression. By
inhibiting the proliferation of normal mammary epithelial
cells, TGF-f3 usually suppresses breast cancer initiation, while
it enhances the malignancy of late-stage breast cancers [137].
Tian et al. [138] showed that inhibition of the TGF-f3 down-
stream effectors Smad2/3 strongly suppressed the metastases
of aggressive mammary carcinoma cells to the lung. Dankort
et al. [139] used mouse mammary tumor virus (MMTV) trans-
genic mice expressing oncogenic Neu coupled to the adaptor
proteins Grb-2 [Neu(YB)] or Shc [Neu(YD)] to dissect Neu-
induced signaling pathways involved in breast cancer metas-
tasis. They found that (MMTYV)/Neu(YB) animals developed
mammary tumors with a high propensity to metastasize to the
lung, while MMTV/Neu(YD) mice exhibited a reduced inci-
dence of pulmonary metastases. Siegel et al. [140] generated
Neu-induced MMTYV animals expressing activated TGF-f3
type I receptor (T3RI) or dominant negative TGF-f3 type II
receptor (TBRII) to dissect the role of TGF-f3 signaling on the
metastasis of Neu-induced mammary carcinomas. They found
that, when crossed with Neu(YB) or Neu(YD) mice, the Neu-
induced carcinomas in activated TRRI mice showed an in-
creased propensity to extravasate to lung parenchyma, while
the dominant negative TBRRII mice exhibited an impaired
Neu-induced tumor growth and a decreased pulmonary me-
tastasis rate. Padua et al. [40] found that TGF-f3 in the breast
tumor microenvironment primes lung metastasis through in-
duction of angiopoietin-like 4 (ANGPTL4) in cancer cells that
are about to enter the circulation. ANGPTL4 induction is one
of the factors resulting in the disruption of lung vascular en-
dothelial lining and in inducing hyperpermeability of capil-
laries, leading to the establishment of pulmonary metastases
[40]. Huang et al. [37] found that TGF-{3-mediated up-
regulation of angiopoietin 2 (Angpt2), matrix metalloprotein-
ase (MMP)-3 and MMP-10 in primary B16/F10 tumors
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destabilized the pulmonary vasculature and facilitated the for-
mation of lung metastases. Using murine TGF-f3 1-pretreated
4 T1 mammary carcinoma cells injected into mammary fat
pads of BALB/c mice, Ye et al. [141] found that during the
pre-metastatic phase, TGF-3 induced pulmonary vascular
hyper-permeability resulting in a pulmonary microenviron-
ment that facilitated extravasation of CTCs and dose-
dependently increased the survival and proliferation of meta-
static tumor cells. Therefore, TGF-{3 inhibition may be an
efficient approach to treat at least a subset of late-stage breast
cancers [142].

It has also been shown that lung-tropic breast cancer cells
may express other specific mediators such as secreted protein
acidic and cysteine-rich/OPN (SPARC) [50], secreted C-
terminal fibrinogen-like domain of angiopoietin-like 4
(cANGPTLA4), vascular cell adhesion molecule 1 (VCAM1),
MMP-1 and MMP-2, interleukin-13 (IL-13) decoy receptor
IL13R«2, epidermal growth factor (EGF), EGF receptor li-
gand epiregulin (EREG) and cytochrome ¢ oxidase polypep-
tide II (COX2), and thereby debilitate cell-cell junctions be-
tween pulmonary endothelial cells [35, 36, 40, 143]. It has
been found that depletion of IL13R«2 in metastatic breast
cancer cells suppresses lung metastasis formation in vivo
and that IL13R«2 knockdown and IL-13 treatment coopera-
tively up-regulate the metastasis suppressor tumor protein 63
(TP63) in a STAT6-dependent manner. So, the STAT6-TP63
pathway appears to be involved in impairing metastatic dis-
semination of breast cancer cells to the lungs [47]. Other fac-
tors mediating the infiltration of metastatic breast cancer cells
into the lung parenchyma and its homing in metastatic niches
include the chemokine receptors CXCR4 and CCR7, which
interact with their respective ligands CXCL12/SDF-1 and
CCL21 [144], MTDH, which binds to a receptor expressed
by the lung endothelium [41] and «634 integrin, which inter-
acts with the chloride channel protein CLCA12 on lung vas-
cular endothelial cells [145]. Moreover, it has been reported
that in a rat breast cancer model the assembly of fibronectin on
the surface of breast cancer cells and their interaction with
dipeptidyl peptidase IV (DPP IV) on the pulmonary endothe-
lial cells may facilitate the targeting of the lung vasculature by
metastatic breast cancer cells (Fig. 2) [146]. Interestingly,
most of the factors mentioned are already up-regulated early
in primary breast cancers, indicating that the cellular tools
required for metastasis to the lungs are already present at these
stages [147] and, thus, that targeting these factors in primary
tumors may be instrumental for impeding lung metastasis.

4.4 Role of tumor-associated macrophages

Other key drivers of breast cancer progression and metastasis
that have been intensively studied are tumor-associated mac-
rophages (TAMs) [148—150]. It has been found that TAMs
may induce growth and angiogenesis, as well as migration

and invasion of breast tumor cells, and participate in the for-
mation of their metastatic niches [151]. TAMs may direct
tumor cells to intravasate and to travel to distant sites includ-
ing lung and bone [149]. The emerging roles of TAMs in
angiogenesis and lymphangiogenesis are becoming increas-
ingly apparent. It has been found that TAMs secrete several
pro-angiogenic growth factors including EGF, VEGF, PLGF,
MIF, TNF-&, TGF-f3, IL-8, IL-1{3, thymidine phosphorylase
and the chemokines CCL2 and CXCLS [48]. These factors
modulate the vasculature for the dissemination of tumor cells
and the balance between vasculature and capillary densities.
Hiratsuka et al. [38] reported that primary breast tumors could
promote hyper-permeability sites in E0071 and 3LL mice
bearing metastatic lung tumors through modulation of the
toll-like receptor 4 (TLR4) and its co-receptor MD-2, resulting
in the regulation of serum amyloid A3 (SAA3), S100AS8,
VEGF, CCL2 and TNF«x. Metastatic breast cancer cells have
also been shown to emit CCL2, which may recruit inflamma-
tory monocytes expressing CCR2 early during pulmonary
metastasis. These monocytes can, in turn, differentiate into
TAMs that secrete EGF that can bind to the EGFR on breast
cancer cells. This feedback loop between TAMs and metasta-
tic breast cancer cells is crucial for the process of breast cancer
metastasis. The CCL2-CCR2 interaction enhances extravasa-
tion of metastatic cells mainly through targeted delivery of
vascular endothelial growth factor (VEGF), which is known
to promote extravasation [152]. TAMs within the microenvi-
ronment at metastatic sites express receptors different from
those interacting with primary breast tumors [149]. The former
ones express VEGFR1, CCR2 and CX3CR1, but not surface
Tie2 or CXCR4, indicating that these TAMs are different from
other pro-angiogenic macrophages [49]. Others have shown
that CCR2 can trigger a pro-metastatic chemokine cascade in-
volving the production of CCL3 by TAMs. CCL3 may subse-
quently signal via CCRI1, thereby promoting metastatic pro-
gression [39]. In a recently published study Guerriero et al.
[153, 154] showed that reprogramming of monocytes and mac-
rophages by TMP195, a novel class Ila histone deacetylase
(HDAC) inhibitor, may lead to the inhibition of breast cancer
metastasis through anti-tumor macrophages.

5 Metastasis virulence factors: adaptation
to the lung microenvironment and metastatic
colonization

Recent work has revealed an important role of the pro-
metastatic microenvironment in organ-specific metastasis,
even before the arrival of tumor cells [59]. After extravasation
into the lung parenchyma, metastatic tumor cells confront an-
other rate-limiting step: survival and adaptation to a new mi-
croenvironment. This adaptation includes the evasion from
apoptotic signals in the new microenvironment and the
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Fig. 2 Extravasation of metastatic tumor cells from the pulmonary
vasculature. Breast cancer cells in circulation recruit monocytes or
macrophages enabling them to evade apoptotic signals. Subsequent
interactions of lung-tropic breast cancer cells with pulmonary vascular
endothelial cells is followed by embolus formation, which is facilitated by
selectins, immune cells and surface molecules. Tumor cells secrete

formation of a de novo niche that favors the proliferation of
metastatic tumor cells [12]. Unlike dissemination via circula-
tion, which is a frequent event, only a small percentage of
tumor cells can survive at distant sites and form metastases
[9]. This inefficiency of metastatic colonization has been doc-
umented for various human cancers [147, 155]. It has for
example been found that most intravenously injected cancer
cells that lodge in the lung will die within 2 days [156], which
may be mainly attributed to immune attacks by leukocytes
[157]. In addition, it has been found that the early growth of
B16F10 tumor cells injected to target mouse lungs was unaf-
fected by the site of extravasation, but that subsequent metas-
tasis formation was enriched along the lung surface and
around arterial and venous vessels [158].

5.1 Distant microenvironment creation
in the pre-metastatic phase

It has been reported that communication between primary
tumors and their prospective metastatic sites already starts
before the arrival of circulating tumor cells. This so-called
“pre-metastatic phase” represents a crucial step in the
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various molecules that directly prime endothelial retardation and
extravasation. Tumor cells also secrete CCL2, which may recruit CCR2
expressing inflammatory monocytes. CCL2-CCR2 interactions may
enhance the extravasation of metastatic breast cancer cells mainly
through the targeted delivery of VEGF which, in turn, promotes
vascular permeability

establishment of metastases. During the pre-metastatic
phase, various primary tumor-derived systemic mediators,
including growth factors, cytokines, extracellular matrix
(ECM)-remodeling enzymes and exosomes, can modify
the pulmonary parenchyma and create a hospitable micro-
environment for the seeding, survival and proliferation of
tumor cells [159, 160]. Exosomes are small vesicles that
are shed from various cell types, including tumor cells
[161]. These so called “tumor-derived exosomes’ have
the ability to alter tissue microenvironments via fusion
with the plasma membranes of target cells and, by doing
so, to deliver their cargo. Hoshino et al. [162] found that
exosomes derived from lung-tropic breast cancer cells
fuse preferentially with lung fibroblasts and epithelial
cells, and that this organ-specific exosome uptake
“educates” the pre-metastatic niche. They further found
that specific exosomal integrins, such as «6p34 and
a6 1, may interact with cell-associated ECM components
and, thereby, mediate exosome uptake at specific target
sites within the lung. This exosomal integrin uptake was
subsequently found to activate Src phosphorylation and
pro-inflammatory S100 gene expression. Through
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proteomic profiling, Maji et al. [163] have recently found
that the Annexin II levels in exosomes derived from met-
astatic breast cancer cells were significantly higher than in
those derived from normal breast cells. They also found
that tumor-derived exo-Anx II promotes tPA-dependent
angiogenesis and, at the same time, the establishment of
a pre-metastatic niche. Anx Il-depleted exosomes were
found to reduce the occurrence of brain and lung metas-
tases. After careful evaluation, they found that exo-Anx II
increases the secretion of IL-6 and TNF«x, as well as
macrophage-dependent stimulation of the p38MAPK,
NF-kB and STAT3 pathways. It has also been found that
breast cancer cell-derived exosomes may recruit myeloid-
derived suppressor cells, thereby creating an immunosup-
pressive and pro-metastatic lung niche. Colony stimulat-
ing factor 1-receptor (CSFIR) is a master regulator of
myeloid cells, and CSF-1 over-expression has been found
to be associated with an increased number of metastatic
niches in several cancers, including breast cancer [54].
The lysyl oxidase (LOX) family comprises to a group of
factors that are critical to the formation of pre-metastatic
niches before the arrival of breast cancer cells [164]. Erler
et al. [57] found that hypoxic breast cancer cells secrete
LOX, which subsequently accumulates at prospective pre-
metastatic sites and cross-links collagen IV in the lung base-
ment membrane, thereby generating a suitable ECM that fa-
cilitates the recruitment of CD11b + myeloid cells. These my-
eloid cells produce MMP-2 which cleaves collagen, thereby
enhancing the invasion and recruitment of bone marrow-
derived cells (BMDCs) [57]. So, through this process
BMDCs are mobilized by the primary tumor and directed to
the pulmonary microenvironment prior to the arrival of tumor
cells [60]. BMDCs share common markers with hematopoi-
etic progenitor cells (HPCs), including CD34, CD133 and
VEGFRI, and interact with fibronectin in the pre-metastatic
niche through the expression of VLA-4 (o431 integrin). The
recruited BMDCs secrete MMPs that digest the ECM and, by
doing so, release matrix-bound VEGF [59, 60]. BMDCs also
mediate primary tumor-directed systemic instigation of indo-
lent tumor cells and micro-metastases through the secretion of
OPN. OPN is required for the activation and incorporation of
BMDC:s into the stroma of distant indolent tumors. So, indo-
lent metastatic breast cancer cells need OPN-mediated BMDC
activation in order to initiate their proliferation [45]. Other
components within the lung microenvironment, such as neu-
trophils, may contribute to the colonization of metastatic
breast cancer cells through inflammatory signals. It has recent-
ly been reported that neutrophil-derived leukotrienes support
lung colonization by selectively enriching the sub-pool of
cancer cells that exhibits a high metastatic potential [165].
Inhibition of arachidonate 5-lipoxygenase (Alox5) as a
leukotriene-generating enzyme has been found to abrogate
the pro-metastatic activity of neutrophils and to reduce the

occurrence of pulmonary metastases, which suggests that this
enzyme may serve as a potential therapeutic target in the lung
microenvironment [165].

5.2 Evasion from apoptosis in the pulmonary
microenvironment

To evade apoptosis in a leukocyte-rich microenvironment,
such as the lung, metastatic breast cancer cells highly express
VCAMI, which tethers macrophages to cancer cells via
counter-receptor x4-integrins [53]. In xenograft model sys-
tems it has been shown that this interaction triggers the acti-
vation of Ezrin, which subsequently activates PI3K-AKT sig-
naling in cancer cells, thereby increasing their survival (Fig. 3)
[53]. Using 4 T1 as a highly metastatic breast cancer model,
Olkhanud et al. [166] found that only a sub-set of the tumor
cells expressing CCR4 can metastasize to the lung. In addi-
tion, they found that primary tumor cells can activate the ex-
pression of TARC/CCL17 and MDC/CCL22 in lungs. These
chemokines act through CCR4 and attract both tumor and
immune cells (i.e., CCR4+ regulatory T cells (Tregs)) that
can directly kill natural killer (NK) cells using (3-
galactoside-binding protein, thereby preventing metastatic tu-
mor cells from undergoing apoptosis [166]. So, metastatic
breast cancer cells induce the recruitment and expansion of
Tregs in order to help them escape from host protective im-
mune cells [166]. Further studies have revealed that a unique
subset of regulatory B cells, designated tumor-evoked Bregs
(tBregs), can promote pulmonary breast cancer metastasis
through TGF-3-dependent conversion of resting CD4+ T cells
to Foxp3+ Tregs (Fig. 3) [167]. Targeting tBregs may have
therapeutic potential via interrupting breast cancer-induced
immunosuppressive events crucial for lung metastasis. It has
also been found that metastatic tumor cells have to prevail
antagonistic bone morphogenetic protein (BMP)-mediated
signals, which have been shown to promote the differentiation
of breast cancer cells in the lung in allograft models [168].

5.3 De novo formation of pre-metastatic niches

After evasion from apoptosis, metastatic tumor cells
“educate” stromal cells in lung parenchyma to facilitate their
proliferation and the formation of de novo niches that support
the expansion process. In this respect, it has been found that
metastatic breast cancer cells can stimulate lung fibroblasts to
express the extracellular matrix (ECM) component periostin
(POSTN) via the secretion of TGF-33 [169]. POSTN can, in
turn, recruit Wnt ligands and stimulate Wnt signaling in can-
cer cells, which may help them to maintain their stemness
properties and, consequently, to enhance their lung colonizing
capacity (Fig. 3) [169]. It has been found that the Wnt signal-
ing inhibitor DKK, which serves as a serological marker of
organ-specific breast cancer metastasis, can inhibit the
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ligands

Fibroblast Lung cell

Fig. 3 Adaptation of metastatic tumor cells to the lung parenchyma. To
evade apoptosis in the lung parenchyma, breast cancer cells abundantly
express VCAM1, which tethers them to macrophages. This interaction
triggers activation of Ezrin which, consequently, activates PI3K-AKT
signaling in the breast cancer cells and increases their survival. Another
apoptosis-evading mechanism is mediated through CCL17 and CCL22,
which are expressed by primary tumor cells and travel to the lung to form
a pre-metastatic microenvironment. These chemokines act through
CCR4 on the surface of Foxp3+ Tregs and induces them to directly kill
NK cells using (3-galactoside-binding protein. It has been shown that
Foxp3+ Tregs originate from resting CD4+ T cells through a recently
recognized subset of regulatory B cells, designated tumor-evoked Bregs
(tBregs). These tBregs are thought to originate from B cells mediated by

formation of lung metastases. DKK1 can suppresses PTGS2-
induced macrophage and neutrophil recruitment in lung me-
tastases by antagonizing non-canonical Wnt/PCP-RACI1-JNK
signaling in the cancer cells [170]. POSTN promotes the in-
corporation of hexameric glycoprotein tenascin-C (TNC) into
the ECM and, by doing so, organizes an ECM meshwork
needed for adaptation of the ECM architecture to mechanical
forces within the microenvironment [171]. Interestingly, TNC
over-expression has been found to be associated with the oc-
currence of lung metastases [58]. Specifically, it was found
that TNC expression by metastatic tumor cells may enhance
the expression of stemness-maintaining components, includ-
ing musashi homolog 1 (MSI1), which is a positive regulator
of NOTCH signaling and, thus, protect this signaling pathway
from suppression by signal transducer and activator of tran-
scription 5 (STATS) [58]. TNC has also been found to enhance
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tumor cells. Metastatic tumor cells also prevail antagonistic BMP-
mediated signals from lung resident cells by the secretion of Coco.
After evading from apoptosis, metastatic tumor cells stimulate lung
fibroblasts to express POSTN. POSTN, in turn, may recruit Wnt
ligands and stimulate Wnt signaling in breast cancer cells enabling
them to form macro-metastases. POSTN also promotes the
incorporation of TNC into the ECM to generate an ECM meshwork
required for adaptation of the ECM architecture within a mechanical
environment. TNC expression by metastatic tumor cells enhances the
expression of stemness-maintaining components, including MSII,
which is a positive regulator of NOTCH signaling and, thus, protects
this signaling pathway from suppression by STATS

the expression of leucine-rich repeat-containing G protein-
coupled receptor 5 (LGRS), which is a target of the Wnt path-
way [58]. Ye et al. [141] found that TGF-3 can promote the
formation of a pre-metastatic microenvironment through the
modulation of certain inflammatory chemo-attractants and
growth factors, including SI00AS, S100A9, Angpt2 and
VEGF. It has been shown that SI00A8 and S100A9 may
contribute to pre-metastatic niche formation through the re-
cruitment of CD11b + myeloid cells to the lung microenviron-
ment (see above) and the activation of toll-like receptor-4
(TLR-4)-dependent nuclear factor-kB (NF-kB), which may
result in the survival of metastatic breast cancer cells [172,
173]. NF-kB is a transcription factor that is activated in a
variety of human cancers and that acts mainly through inflam-
matory responses and the protection of transformed cells from
apoptosis [174]. TGF-f3-mediated NF-kB activation has been
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reported to be involved in lung metastasis [175]. Huber et al.
[176] used an in vitro/in vivo model of mammary carcinogen-
esis that is dependent on both TGF-3 and H-Ras activation.
They found that inhibition of NF-kB activity prevented the
acquisition of a mesenchymal phenotype and the formation of
lung metastases by H-Ras-transformed epithelial cells, where-
as TGF-p-dependent activation of the NF-kB pathway in-
duced EMT. Their data suggest that NF-kB plays a crucial
role in the progression and metastasis of breast cancer cells
and that the lung-seeking role of the H-Ras- and TGF-f3-
dependent signaling pathways primarily depends on the
NF-kB pathway. Therefore, TGF-3 inhibition may not only
be an attractive strategy to inhibit EMT and the extravasation
of breast cancer cells, but also to efficiently impede the sur-
vival of metastatic breast cancer cells in the lung parenchyma.

It has been found that up-regulation of miR-122 may serve
as another metastasis-promoting mechanism through
reprogramming glucose metabolism and, consequently, in-
creasing the nutrient availability at metastatic sites [96]. It
has recently been found that up-regulation of tartrate-
resistant acid phosphatase (TRACP), which belongs to the
family of metalloproteinases, may lead to modulation of breast
cancer pre-metastatic niches. TRACP has been found to create
pre-metastatic conditions through cell adhesion/angiogenesis
signaling alterations and, by doing so, to promote cancer cell
invasion and lung metastasis, whereas TRACP knockdown
has been found to inhibit these processes. Therefore,
TRACP targeting may also serve as a plausible strategy to
combat breast cancer metastasis [177].

6 Concluding remarks and future perspectives

Lung metastasis is a pernicious outcome of breast cancer.
Current treatment strategies, including chemotherapy, radio-
therapy and/or surgical resection, are palliative rather than
curative. Therefore, targeted therapies have recently come into
the limelight. These therapies are based on the identification
of molecules and cellular signaling pathways underlying
BCLM. CSC formation is an early event resulting in organ-
specific metastasis of breast cancer cells to bones and lungs.
Therefore, targeting CSCs and EMT may be considered as
pivotal strategies to treat breast cancer metastasis. Interaction
of breast cancer cells with the pulmonary vasculature is an-
other critical determinant of BCLM formation. Therefore,
molecules involved in the extravasation of breast cancer cells
to the lung parenchyma, such as ANGPTL4, may serve as
novel targets for impeding BCLM. Of note, TGF-[3 signaling
has been found to be of paramount importance in all steps of
BCLM and thus the targeting of this pathway, which results in
the impediment of various downstream signaling cascades,
may be of particular significance for the treatment of
BCLM. Breast cancer cells exhibit sophisticated intrinsic

capacities to evade apoptosis and to prosper in lung microen-
vironments. Blocking of major components within these sup-
portive microenvironments including HIFs and their target
genes, may serve as another attractive approach to impede
BCLM formation. These approaches may target micro-
metastases before their development into overt metastases
and, as such, they warrant evaluation in pre-clinical (animal)
studies and, ultimately, clinical trials.
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