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Abstract

Breast cancer metastasis is a complex multistep 
process during which tumor cells undergo 
structural and functional changes that allow 
them to move away from the primary tumor 
and disseminate to distant organs and tissues. 
Despite the inefficiency of this process, some 
populations of circulating tumor cells (CTCs), 
which are those cells responsible of metastases 
formation, are able to survive in blood circula-
tion and grow into secondary tumors. Metastatic 
breast cancer remains an incurable disease, and 
the phenomenon of metastasis represents the 
larger cause of death in these patients. The 
application of liquid biopsy techniques and the 
advancements in the field have shown the prog-
nostic value of CTCs, suggesting the impor-
tance that CTCs analyses may have in the 
clinic. However, their implementation in rou-
tine clinic has not been yet achieved due to the 
yet small body of evidence showing their clini-
cal utility. This introductory chapter will revise 
the key aspects of breast cancer metastasis and 
discuss the importance of CTC analyses in the 
management of breast cancer patients.
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1.1  Breast Cancer Metastasis

Breast cancer (BC) is the most prevalent cancer 
among women worldwide. Surgical resection of 
the primary tumor has an elevated successful rate 
in early-stage BC, however 20–30% of patients 
will eventually develop disseminated disease or 
metastasis [1], resulting in the leading cause of 
cancer deaths. Despite advances in screening, 
diagnosis and treatment, a significant proportion 
of patients is diagnosed in advanced stages, with 
a median survival of ranging from 2 to 3 years for 
stage IV disease [2], depending on type and site 
of disease.

Breast cancer is divided into different sub-
types according to the molecular profile of the 
tumor; the estrogen receptor positive (ER+)/pro-
gesterone receptor positive (PR+) subtype, also 
known as luminal; the HER2+ (human epidermal 
growth factor receptor positive) subtype, and the 
triple-negative (TNBC) subtype, which lacks the 
expression of ER, PR and HER2. The different 
molecular subtypes have implications on the sys-
temic treatment planning. Thus, patients with 
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hormone receptor positive tumors would benefit 
from endocrine therapy targeting ER; patients 
with HER2+ tumors are treated with the targeted 
therapy trastuzumab or the receptor tyrosine 
kinase inhibitors lapatanib; and TNBC patients 
lack approved targeted therapies and they are 
commonly treated with systemic chemotherapy 
[3].

Breast carcinogenesis is a complex process in 
which epithelial cells acquire genetic alterations 
within a permissive microenvironment that 
allows them to progress to a malignant neoplasm 
and subsequently metastasize to distant organs 
[4]. This tumor shows a great molecular and phe-
notypic heterogeneity, both at an inter- and intra- 
tumoral level, mainly governed by Darwinian 
selection driving tumor evolution [5–8]. 
Moreover, evidence demonstrate that subclonal 
populations of cancer cells may exist across dif-
ferent geographical regions within the same 
tumor, known as “spatial heterogeneity”, and 
these populations may evolve over time differen-
tiating the primary tumor from subsequent local 
or distant recurrence, known as “temporal hetero-
geneity” [9]. This high heterogeneity bears 
important implication in BC therapeutics, par-
tially explaining the limited efficacy of targeted 
therapies in this tumor type.

Breast cancer metastasis is characterized by a 
multistep cascade which can be subdivided in 
different steps. (i) Detachment of tumor cells 
from the primary tumor, probably after undergo-
ing epithelial-mesenchymal transition (EMT); 
(ii) Migration and infiltration of tumor cells into 
adjacent tissue; (iii) Transendothelial migration 
of tumor cells into vessels (known as intravasa-
tion), entering the blood as circulating tumor 
cells (CTCs); (iv) Survival of CTCs in the circu-
latory system; (v) Arrest of CTCs at secondary 
sites and extravasation as disseminated tumor 
cells (DTCs); (vi) proliferation of DTCs in dis-
tant tissues allowing colonization and growth of 
metastases [10].

Despite of the large number of tumor cells that 
are shed daily into circulation, experimental data 
suggest that only a tiny fraction of these cells are 
able to form macroscopic metastases, indicating 
that metastasis is a very inefficient process [11]. 

It is widely assumed that the reason for that inef-
ficiency are the destruction of CTCs in the blood-
stream by shear stress forces and immune attack, 
as well as a slow rate of extravasation and prolif-
eration in the stroma at a secondary site [12]. 
Thus, only those cancer cells with the capability 
to survive in the bloodstream, adapt to the distant 
tissue and new microenvironment, and induce 
angiogenesis, will successfully seed metastases.

1.1.1  Escape from Primary Tumor 
and Infiltration 
of Neighboring Tissue

In the first steps of the metastasis breast tumor 
cells, either as individual cells or clusters, detach 
from the primary tumor invading into the sur-
rounding tissue. In order to do so, carcinoma 
cells of epithelial origin loss cell polarity and 
modify cell-to-cell adhesion and cell-matrix 
adhesion escaping anoikis, a form of apoptosis 
that occurs in anchorage-dependent cells when 
they detach from the surrounding extracellular 
matrix (ECM) [13]. Some of the adhesion mole-
cules involved in cell-to-cell interactions are cad-
herins, claudins, or plakoglobin. In particular, 
cadherins play an important role in mediating 
these interactions [14], as down-regulation of 
their expression is required to initiate metastatic 
outgrowth of BC [15]. The molecular and struc-
tural alterations needed for tumor cell invasion 
are mediated by a differentiation process known 
as epithelial-to-mesenchymal transition (EMT), 
consisting in a genetic reprograming of epithelial 
tumor cells by which they attained mesenchymal 
characteristics and characteristics resembling to 
those of cancer stem cells (CSCs) [16, 17]. 
Certain mesenchymal markers such as fibronec-
tin, vimentin, and N-cadherin are activated dur-
ing EMT, enhancing migration and favoring 
cell-to-stroma interactions [18, 19]. Under physi-
ological conditions, EMT can be triggered by 
paracrine signaling of TGF-beta, WNT, platelet- 
derived growth factors, or interleukin-6 (IL-6) 
[20]. Recent studies indicate that EMT is required 
for the dissemination of CTCs from breast 
tumors, however, EMT is not an on/off binary 
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switch, therefore resulting in hybrid or 
 intermediate phenotypes [21]. It is now believed 
that these diverse phenotypes provide tumor cells 
the ability to adapt to the different microenviron-
ments confronted along the metastatic process 
[22]. In addition to invasion of the surrounding 
tissue, the characteristics acquired by tumor cells 
trough EMT are also important for intravasation 
into the bloodstream and to induce the activation 
of proteases involved in the degradation of the 
ECM (including matrix metalloproteinases 
(MMPs)), thus EMT plays a major role in tumor 
progression [23]. However, there is evidence that 
EMT is not essential for metastasis [24, 25]. The 
importance of EMT in BC progression will be 
discussed in depth in a separate chapter of this 
book.

Once tumor cells are liberated from the origi-
nating tumor tissue and become motile, they can 
migrate either individually or collectively [26]. 
Main differences between these two forms of 
migration are the need for tumor cells to maintain 
stable cell-to-cell adhesion and multicellular 
coordinated movement in order to collectively 
migrate, whereas individual migration requires 
losing cell-to-cell adhesion [27]. While individ-
ual migration can be either of a mesenchymal or 
an amoeboid type of movement, collective migra-
tion may require leader cells exhibiting mesen-
chymal features and therefore mesenchymal 
migration [28]. Inner cells within these groups 
may retain an epithelial phenotype. In keeping 
with this, clusters of CTCs found in the blood of 
BC patients can show both epithelial- and 
mesenchymal- like phenotype [29]. An important 
feature of the collective migration is the protec-
tion of inner cells from insults such as immune 
attack and shear forces while in circulation.

In addition to this well described active migra-
tion, mobile tumor cells can also migrate through 
a passive mechanism by which they are “pushed” 
into blood circulation [12]. A hypothesis suggests 
that due to the effects of tumor growing, tumor 
cells can be shed into fragile and leaky tumor 
blood vessels that are being formed (by angio-
genesis), accidentally ending up in the circulation 
[30]. An indication for this is the fact that a large 
fraction of epithelial CTCs found in the blood of 

patients with advanced BC are apoptotic [31], 
although it is difficult to determine whether apop-
tosis takes place before or after intravasation.

A critical factor for the progression of ‘in situ’ 
BC to metastatic breast cancer (MBC) is the 
interplay between tumor cells and tumor micro-
environment [32]. This tumor microenvironment 
is comprised by many types of cells such as mac-
rophages, fibroblast, endothelial cells and 
immune cells, together with the ECM, and it may 
be determinant on tumor progression. Indeed, in 
BC, evidences support a role for cancer associ-
ated fibroblasts (CAFs) aiding tumor cells migra-
tion [33, 34], as well as a role for tumor associated 
macrophages (TAMs) on promoting tumor 
growth, angiogenesis and immune response sup-
pression [35].

1.1.2  Intravasation

Invading tumor cells have the ability to penetrate 
basement membranes and endothelial walls and 
lymphatic vessels, becoming CTCs, in order to 
spread to secondary sites for metastases forma-
tion. To complete this process, angiogenesis and/
or lymphangiogenesis are previously required 
[36], and tumor cells ought to disrupt the endo-
thelial wall by mechanisms common to both the 
intravasation and extravasation processes [37, 
38]. The vessels generated by tumor present 
weak cell-to-cell junctions which facilitate 
intravasation and the passive shedding of CTCs 
into the circulation [39]. However, active disrup-
tion of endothelial integrity increases the number 
of cells entering in blood or lymphatic vessels 
and therefore increasing metastasis [40]. In BC, 
dissemination can occur via the hematogenous 
and lymphatic systems. Lymphatic dissemination 
plays an important role in BC tumor cell spread 
[41]. Determining whether the cancer has spread 
to the regional lymph nodes is critical in staging 
a newly diagnosed patient, and the affectation of 
regional lymph nodes is considered to be a strong 
predictor of recurrences and survival [42]. Tumor 
cells disseminated to lymph nodes eventually exit 
via the efferent lymphatic vessels and make use 
of the hematogenous system that irrigates lymph 
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nodes to reach the blood circulation and dissemi-
nate to secondary organs.

1.1.3  Survival of CTCs in Circulation

As previously mentioned, during their transit in 
the circulation, CTCs encounter several obstacles 
such as shear forces, collisions with blood cells, 
attack of the immune system, and oxidative stress 
[43], which ultimately affect their survival and 
capacity to establish metastatic foci. The mechan-
ical forces experienced by CTCs in the vascula-
ture are a major interference with the survival of 
CTCs. Interestingly, experimental evidences 
show that CTCs which underwent EMT are more 
resistant against these insults than epithelial 
CTCs [44]. Moreover, CTCs have to resist anoi-
kis and survive in the circulation in the absence 
of cell-to-matrix interactions which provide pro-
liferation signals. In this regard, mesenchymal 
CTCs may have an advantage since they do not 
require these interactions for survival [10]. In 
support of this, it is the finding of CTCs with 
mesenchymal characteristics in the blood of 
patients with BC [29]. Also, some CTCs acquire 
anoikis resistance mechanisms such as the auto-
crine BCL2-dependent resistance mechanisms 
[45], or the activation of tropomyosin-related 
kinase B (TrkB), that enable cells to survive in 
suspension [13]. In addition, CTC clusters pre-
vent tumor cells from anoikis by maintaining 
strong cell-to-cell interactions, promoting their 
survival in the circulation system [46, 47]. 
Another obstacle faced by CTCs in the blood cir-
culation is the attack of the immune system, par-
ticularly from natural killer (NK) cells [48]. In 
order to evade the antitumoral surveillance, CTCs 
cooperate with platelets inducing their aggrega-
tion, what acts as a physical shield that protects 
CTCs [49, 50]. All these hurdles are responsible 
for the low survival rate of CTCs in the blood-
stream, making metastasis a very inefficient pro-
cess. It has been estimated that only <0.01% of 
CTCs with high metastatic potential give rise to 
distant metastasis [51], and that in BC, CTCs sur-
vive only a few hours in the circulation [52].

1.1.4  Extravasation to a Secondary 
Site to form Micrometastasis

CTCs must eventually extravasate and leave the 
circulation systems. In order to do so, CTCs slow 
down in small capillaries, attach to the endothe-
lium lining of blood vessels, and finally undergo 
transendothelial migration [53]. Two main mech-
anisms for CTC extravasations have been pro-
posed, (i) physical occlusion in capillaries of 
smaller diameter than CTCs, and (ii) cell adhe-
sion to the endothelium in capillaries of higher 
diameter thanks to the expression of ligands and 
receptors on both CTCs and endothelial cells 
[10].

Recent evidences indicate that shear forces 
play an important role in this process, determin-
ing the place in the body where CTCs will extrav-
asate from the blood [54]. Also platelet 
aggregation can aid CTCs by enhancing their 
adhesion to the vasculature, facilitating transmi-
gration trough the endothelial barrier [50, 55]. In 
addition, BC CTCs increase the permeability of 
the vasculature by secreting soluble factors, such 
as TGF-β-induced Angiopoietin-like 4 [56], 
Angiopoietin-2 [57], and VEGF [58].

Upon extravasation in secondary sites, and in 
order to re-gain proliferation, DTCs must undergo 
a mesenchymal-epithelial transition (MET) 
reverting to an epithelial phenotype [59]. They 
must also scape immune surveillance, mainly 
mediated by cytotoxic T cells and natural killer 
(NK) cells [60]. But mandatorily, DTCs must 
adapt to the new microenvironment. Although the 
factors determining the adaptation of tumor cells 
in secondary sites are not well understood, the 
interactions between them and the microenviron-
ment seem to be key [61]. The success of tumor 
cells in forming metastatic foci will be greatly 
determined by the microenvironmental niche, 
also known as metastatic niche. This metastatic 
niche represents a complex interplay among 
DTCs and resident cells (osteoblasts in the bone, 
hepatocytes in the liver, astrocytes in the brain, 
etc.), the ECM, and infiltrating cells such as 
immune cells [62]. But tumor cells have the 
capacity to establish a “premetastatic niche” [63] 
by which primary tumors release systemic  signals 
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(cytokines, exosomes, extracellular-matrix- 
remodeling enzymes) that allow a more permis-
sive and friendly microenvironment where DTCs 
can grow [43].

1.1.5  Breast Cancer Tropism 
and Dormancy

As already mentioned, in BC the initial dissemi-
nation of tumor cells is through the lymphatic 
system, reaching the sentinel lymph node from 
where they enter the blood circulation by exiting 
via the efferent lymphatic vessels. This tumor 
type metastasizes in an organ-specific manner 
preferentially to the bone and lungs and less fre-
quently to other organs such as the liver and brain 
(95). Specifically, 47–60% of breast cancers 
metastasize to bone [64], 19–20% to the liver 
[65], 16–34% to the lung [66], and 10–16% to the 
brain [67]. This pattern of dissemination or organ 
tropism is mainly explained by circulation pat-
terns that guide CTCs through the capillary bed 
where they arrest due to size restrictions of ves-
sels whose diameter is too small to allow their 
passage [68]. Nevertheless, some CTCs are able 
to bypass this initial filter to reach other organs 
through the arterial circulation [43]. However, 
some BC CTCs may show preferences for spe-
cific tissues that favor their trapping through 
ligand-receptor interactions [69]. Indeed, several 
genes mediating preferential metastasis of breast 
tumor cells to bone, lung and brain have been 
identified [66, 70, 71].

The detection of metastases can occur many 
years and even decades after surgical resection of 
the primary tumor, indicating that CTCs extrava-
sated in secondary organs as DTCs may remain 
in a dormant state. In BC, 20% of clinically 
disease- free patients relapse 7–25  years after 
mastectomy [72], suggesting the existence of a 
phenomena of early dissemination. Indeed, 
experimental evidences and clinical observations 
show that DTCs are detected in the bone marrow 
of people with no evidence of metastatic disease, 
in support of the idea that tumor cells can dis-
seminate early, even before primary tumors 
become overtly invasive [61] or before the tumor 

is diagnosed. Thus, DTCs may give rise to occult 
micrometastases which mandatorily will undergo 
a growth restriction, and although the mecha-
nisms of dormancy are still not clear, it is believed 
that tumor cells can survive in a quiescent state, 
in which they withdraw from the cell cycle, or by 
keeping a tight balance between cell proliferation 
at a slow rate and cell death [73]. The mecha-
nisms and clinical implication of BC dormancy 
will be discussed in depth in a separate chapter of 
this book. It is only in the presence of the appro-
priate signals that DTCs may reenter into a pro-
liferative state, colonize the secondary site, and 
eventually give rise to the formation of clinically 
relevant overt metastases [43].

1.2  CTCs Analyses, a Tool 
to Understand Breast Cancer 
Progression

Depending on the different subtypes, early-stage 
BC is amenable to curative tumor resection sur-
gery. However, detection of early disease at the 
pre-symptomatic stages is very challenging. 
Once the local disease is detected, diagnosis 
based on small tumor samples or biopsies may 
result incomplete or incorrect given the high 
degree of heterogeneity of this tumor, which will 
consequently turn into a treatment which may be 
directed against targets not expressed throughout 
the entire tumor [74–76]. Likewise, in the meta-
static setting, biopsies from metastatic lesion are 
usually not accessible, and therefore unable to 
guide therapy decision; and even when they are 
available, discordance between the primary 
tumor and recurrent metastasis in ER, PR and 
HER2 status has been shown [77, 78], with dis-
cordances of 6–40%, 21–41% and 1–43%, 
respectively [77]. Therefore, the study of CTCs 
through liquid biopsy techniques represents an 
optimal approach to address the heterogeneity of 
breast tumors, since they may represent the 
diverse molecular complexity of the tumors, and 
to limit the negative impact of heterogeneity in 
treatment selection. Moreover, CTC analysis will 
allow a more comprehensive understanding of 
the metastatic cascade, as they can originate 
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either from primary sites on route to metastatic 
niches, or from established metastases.

This is now possible thanks to the develop-
ment of highly sensitive technologies able to cap-
ture these cells from a simple blood drawn from a 
cancer patient, in a serial and non-invasive man-
ner. However, the detection of CTCs is not 
exempt of difficulties. CTCs are found in the 
bloodstream of patients but very rarely found in 
healthy individuals [79]. It has been estimated 
that there is 1–10 CTCs per mL of whole blood in 
patients with metastatic disease [80]. To date, 
more than 50 assays have been developed for the 
identification, enumeration, and even molecular 
characterization of CTCs. Apart from the very 
low frequency of CTCs, the main challenges that 
technologies face to detect tumor cells in blood-
stream are to distinguish them from the large 
background of blood cells, and the phenotypical 
and molecular heterogeneity of CTCs. In this 
regard different strategies for CTCs identification 
and enrichment have been adopted. Generally 
speaking, the strategies developed can classify 
CTC enrichment technologies in two main 
groups, the ones that take advantage of the bio-
logical properties of the cells (surface marker 
expression), or the ones that take advantage of 
physical properties of the cell (i.e. size and den-
sity) [81], although a growing number of newer 
technologies combine both strategies. The first 
group comprises immunoaffinity-based methods 
that exploit the positive recognition of protein 
markers in the surface of the CTCs (“positive 
selection”) by antibodies; being the most used 
marker the epithelial cell adhesion molecule 
(EpCAM). Among them, the CellSearch® system 
is the most frequently used for the isolation, 
enrichment and enumeration of CTCs in BC, and 
the only technology cleared by the U.S. FDA for 
clinical use in breast, prostate and colorectal can-
cer. All other technologies are available for clini-
cal research. However, the CellSearch® system, 
and all technologies based on EpCAM recogni-
tion, present a major drawback, the downregula-
tion or loss of expression of this epithelial marker 
during EMT [82], process that might be required 
for metastasis formation. The different technolo-
gies used for the isolation and enrichment of 

CTCs, together with the main advantages and 
disadvantages, will be discussed in a separate 
chapter.

Based on CTC counts provided by the 
CellSearch® system, CTCs are detectable in 
about 20–25% of patients with localized non- 
metastatic BC at the time of diagnosis [83], while 
these figures reach and even surpass a 65% in 
patients with MBC [84]. These numbers put on 
evidence the challenge that represents to detect 
CTCs in the blood of BC patients, and in particu-
lar at an early stage cancer, which would mean 
the possibility to monitor and even prevent can-
cer relapse. Despite this, the clinical validity of 
CTCs in BC has been clearly demonstrated, and 
CTC levels have been proven to be a valuable 
tool to predict prognosis in BC patients. Thus, in 
MBC a count ≥5 CTCs per 7.5 mL of blood is 
associated with significantly inferior progression- 
free survival (PFS) and overall survival (OS) 
[84]. Similarly, although with a lower threshold, 
in non-metastatic BC a CTC count ≥1 cells per 
7.5 mL of blood is associated with decreased PFS 
and OS [83]. In addition to the prognostic value, 
CTC counts also enable prediction of treatment 
efficacy in patients with MBC [85–87]. Therefore, 
CTC enumeration is an effective prognostic and 
predictive biomarker, allowing early detection of 
metastasis development and monitoring of thera-
pies efficacy. However, despite these clinical evi-
dences, CTCs have not been included yet into the 
clinical guidelines, and their clinical utility, 
meaning the capacity to guide therapy decision 
and improve patient outcomes, remains to be 
determined in clinical trials. This topic will be 
further discussed across different chapters of the 
book.

In addition to enumeration, CTCs isolated 
from the blood of cancer patients can be charac-
terized at the molecular and genomic level 
through the use of methods based on DNA, RNA, 
and protein analysis, either as a pool of cells or at 
single cell level. This characterization would 
enable the possibility to identify therapeutic tar-
gets and resistance mechanisms to targeted thera-
pies [88]. Furthermore, it would bring the 
opportunity to adapt therapeutic strategies and to 
improve treatment selection, which would lastly 
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translate into individualized treatments and a per-
sonalized medicine [89]. Interestingly, the char-
acterization of CTCs at protein, RNA and DNA 
level is already providing relevant information 
for the identification of therapeutic targets and 
resistance mechanisms in BC [90, 91].

In summary, CTC analyses have the potential 
to elucidate the dynamics of the progression from 
localized BC to MBCs, changing our understand-
ing about the metastatic process, and identifying 
the characteristics of the cells with the capacity to 
initiate cancer metastasis. Moreover, the analysis 
of CTCs bears a great potential to improve the 
management of BC patients, changing the land-
scape of BC treatment and even preventing the 
progression towards the metastatic disease. 
Specifically, it will be instrumental for the identi-
fication of new therapeutic targets in order to pre-
vent metastatic recurrence, and to monitor 
treatment and understand the mechanisms of 
drug resistance, hereby representing a key tool to 
achieve a more personalize management of breast 
cancer patients.
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