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Abstract
In metastatic breast cancer the role of circulat-
ing tumor cells (CTCs) enumeration for pre-
dicting clinical outcome is supported by many 
studies, most of them dealing with strictly epi-
thelial cells. However, it is becoming clear 
that CTCs are a heterogeneous cell population 
characterized by plasticity and including also 
cells which have lost the epithelial phenotype. 
Here we review literature data on CTC hetero-
geneity both at phenotype and at molecular 
level and discuss the possible contribute of 
single cell analyses in precision medicine. We 
conclude with some remarks about the steps 
still necessary to achieve clinical validity and 
utility when considering also CTC phenotypic 
and molecular heterogeneity beyond a simple 
enumeration.
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6.1  Introduction

Metastasis is the leading cause of death in cancer 
patients, but still the biology of tumor dissemina-
tion and metastases formation is poorly under-
stood. Contrary to what initially thought, tumor 
cell dissemination leading to the formation of 
clinically overt metastases is a process that starts 
early [1, 2]. Cells giving origin to metastases 
improve their fitness for invasion and coloniza-
tion by acquiring new characteristic either in par-
allel to the primary tumor or within the primary 
tumors as progression occurs giving raise to late 
dissemination. In particular, metastatic cells lose 
drug sensitivity respect to the primary tumor [3]. 
Moreover, in metastatic disease, the primary 
tumor itself is characterized by increasing hetero-
geneity due to its own evolution and to the reseed-
ing of cancer cells among different sites [4].

Circulating Tumor Cells (CTCs) are the seeds 
of metastases and their study is instrumental for 
understanding the metastatic process and tumor 
complexity. In fact, CTCs originate from estab-
lished tumor masses, either primary or metastatic 
foci, migrate into the bloodstream, and acquire 
the potential to change their fate by undergoing 
different phenomena driven by epigenetic events, 
but also by interaction with other cells in the 
blood such as platelets that enable them to seed 
metastases [5]. The capacity to lose the lineage 
commitment for acquiring different features and 
to direct cell fate by switching to another 
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 differentiated cell type is defined as “plasticity”. 
CTC plasticity includes different programs 
affecting invasion, survival and proliferation, and 
is to a certain extent mirrored by the typical het-
erogeneity of cancer [6, 7]. Moreover, CTCs 
reflect in part the spectrum of mutations present 
in either the primary and/or metastatic tumor [4].

Heterogeneity is a hallmark of cancer that is 
responsible for its complexity, tracks its develop-
ment and is regarded as a main culprit for the fail-
ure of cancer therapies [3]. CTCs in particular are 
characterized by different types of heterogeneity: 
an extrinsic and an intrinsic one. The extrinsic 
heterogeneity of CTCs is linked to the tumor of 
origin, and is therefore due to the tumor type and 
to its specific tumor driver mutations. All these 
factors give rise to different tumor cell phenotype 
even within the same tissue. Intrinsic heterogene-
ity of CTCs instead deals with mechanisms of 
adaptation occurring during the metastatization 
process that are instrumental for tumor spread, 
and includes conversions between cellular phe-
notypes [6].

The main mechanisms by which CTCs 
develop intrinsic heterogeneity is the epithelial- 
to- mesenchymal transition (EMT) that is influ-
enced by the type of tumor, the tissue of origin, 
the local microenvironment of cancer cells and 
by the treatment. Later, before the colonization 
step, the disseminated cancer cells undergo an 
inverted process called mesenchymal-to- 
epithelial transition (MET) that allows their set-
tlement in metastatic foci. The EMT core network 
controls feedback loops between the two extreme 
fates (epithelial and mesenchymal phenotype). 
Those however, are not binary processes, accord-
ingly cells retaining a hybrid epithelial/mesen-
chymal phenotype are often observed and can 
promote multicellular aggregate migrations 
thanks to their mixed traits. Thus, genes regulat-
ing the EMT phenotype are differently expressed 
in distinct CTC populations, promoting their 
intrinsic heterogeneity and influencing drug 
resistance and tumor dormancy. Importantly, 
intermediate states could also induce cells to 
exhibit stemness traits, although, the acquisition 
of mesenchymal and stemness traits can be 
uncoupled [4, 7, 8].

In such a scenario, the key question is how to 
better understand and possibly best classify CTC 
heterogeneity in order to obtain a biomarker or a 
set of biomarkers useful for clinical applications 
in metastatic patients. It is in fact important to 
establish which approaches are more suitable for 
defining CTC features that have a direct impact 
on prognosis, treatment response prediction and 
that are able to inform the clinical decision by 
also taking into account intra-patient heterogene-
ity, both in space and time.

In this chapter, the CTC heterogeneity issue 
will be reviewed limiting to Metastatic Breast 
Cancer (MBC).

6.2  CTC Phenotypic 
Heterogeneity

CTCs can be isolated from patients’ peripheral 
blood and are used to monitor tumor cell popula-
tions during disease progression and in response 
to therapies. Many CTC isolation technologies 
have been developed, but only the CellSearch® 
system was warranted FDA-approval. It is based 
on enrichment of CTCs by epithelial markers 
(EpCAM) and subsequent software-assisted 
manual enumeration of CTCs defined as nucle-
ated cells expressing cytokeratins and not 
expressing the pan-leukocyte antigen CD45 [9].

The role of CTC detection by CellSearch® as a 
survival predictive biomarker in MBC has been 
extensively tested by Cristofanilli et al. [10]. In 
patients with measurable metastatic disease, the 
detection of ≥5 CTC/7.5  mL of blood before 
treatment was demonstrated to represent an inde-
pendent predictor of both progression-free sur-
vival (PFS) and overall survival (OS). In a later 
study, Cristofanilli et al. followed CTCs enumer-
ation in serial samples collected at different 
times, showing that their detection before first- 
line therapy and after 4 weeks of treatment was 
significantly predictive of PFS and 
OS.  Persistence of CTCs at restaging time was 
also significantly associated with worst prognosis 
[11].

In a pooled analysis including 51 centers 
across Europe, Bidard et al. reported the clinical 
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validity of CTCs changes during treatment and 
showed that addition of CTC enumeration to 
prognostic model including currently used clini-
copathological variables improves prognostica-
tion by adding significant independent 
information [12]. In keeping with this, in a recent 
retrospective study pooled analysis including 
almost 2500 MBC patients, CTC enumeration 
proved to be able to stratify patients based on 
their disease aggressiveness (indolent vs aggres-
sive) supporting the introduction of CTC to 
improve staging in MBC [13].

To improve CTC enumeration by the 
CellSearch® system, de Wit et al. studied the rel-
evance of EpCAMlow-expressing cells, which are 
considered as EpCAM-negative cells by the 
CellSearch® system and discarded. EpCAMlow- 
CTCs were collected on microfilters from the 
blood fraction discarded after CellSearch® CTC- 
enrichment, were fluorescently labeled and 
scored for enumeration using the classic 
CellSearch® critera. The authors analyzed the 
presence of these cells in the blood of castration- 
resistant prostate cancer and MBC patients. In 
both tumor types the number of patients with 
positive detection of CTCs increased when both 
EpCAMhigh and EpCAMlow CTCs were consid-
ered. However, the presence of EpCAMlow CTCs 
was not associated with survival, and it deserves 
to be further investigated [14]. These cells may in 
fact be a different subpopulation of CTCs, how-
ever, although their epithelial origin is proven by 
the expression of cytokeratin (CK), no direct evi-
dence exist for their malignant nature. Only 
genetic analysis could provide direct evidence 
and help clarifying specific features of such cells.

Despite the success of CellSearch® in predict-
ing risk in MBC, concerns arise on the possible 
clinical role of CTC subpopulations that do not 
strictly meet CellSearch® criteria and that are 
missed by such method. Therefore, studies aim-
ing at selecting and identifying all CTC subpopu-
lations have been done using marker-independent 
approaches for CTC-enrichment such as mag-
netic beads selection (AdnaTest, Myilteni 
Biotec), filters (ScreenCell), gradient centrifuga-
tion (Oncoquick®), size and deformability selec-

tion (Parsortix™) and exploiting dielectrophoretic 
properties (DEPArray™ System) [15, 16].

The DETECT study run a direct head-to-head 
comparison between CellSearch® and the 
AdnaTest on a prospective series of 254 women 
with MBC. Fifty percent of patients were defined 
as CTC-positive by the CellSearch® system ver-
sus 40% by the AdnaTest, which employs mag-
netic beads functionalized with antibodies against 
EpCAM and MUC1 for CTC-enrichment and a 
multiplex PCR assessing EPCAM, MUC1 and 
HER2 expression for CTC detection. Overall the 
concordance rate between the two assays was 
64%, but no data on the direction of discordances 
were reported. The association between CTC 
positivity by CellSearch® and shorter PFS and 
OS was confirmed, whereas no statistically sig-
nificant associations were observed between 
AdnaTest CTC–positivity and clinical outcome 
[17].

To better investigate the impact of CTC detec-
tion methods, also Aaltonen et al. studied CTCs 
from MBC patients in parallel by CellSearch® 
and AdnaTest. They used a new developed kit for 
CTC capture, the EMT2, which adds antibodies 
against HER2 and EGFR to the CTC-enrichment 
antibody cocktail to improve the capture effi-
ciency compared to the traditional AdnaTest 
(EMT1). Enriched samples from AdnaTest 
EMT1 and EMT2 were then analyzed by multi-
plex qPCR for 38 genes associated with cancer. 
Evaluating CTC-positivity, a number of patients 
was positive by both methods, whereas some 
patients resulted as positive only by CellSearch® 
or AdnaTest. In addition, some of the samples 
defined as CTC-negative by both the CellSearch® 
and the classic AdnaTest (based on transcripts for 
EPCAM, HER2, MUC1), did instead express 
KRT19 or ERBB2 questioning their negativity 
[18]. These results, although lacking strong clini-
cal evidence, definitely highlight the potential of 
combining different markers to improve circulat-
ing cells classification and possibly their associa-
tion with clinical outcome.

Using the AdnaTest only, Aktas et al. investi-
gated expression of EMT markers (Akt-2, Twist1 
and PI3Kα) and of ALDH1 (marker for stem cell) 
in different MBC patients undergoing different 
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types of palliative therapy. Treatment response 
was evaluated according to RECIST criteria. 
Only 10% of responders were CTC-positive, 
respect to 71% among non-responder group. 
Interestingly, in 81% of CTC-positive patients, at 
least one of EMT markers, ALDH1 or both, were 
expressed. Conversely EMT and stem-cell mark-
ers were expressed in only 11% of CTC-negative 
samples. Such data suggest that beside the pres-
ence of CTCs themselves, also their specific tran-
scriptomic program needs to be considered in 
order identify CTC subpopulations and under-
stand clinical associations [19].

Overall, the conclusions of the above described 
studies lead us to the exploration of circulating 
cells exhibiting mesenchymal traits.

The presence of mesenchymal and intermedi-
ate epithelial/mesenchymal cells in blood sam-
ples enriched for CTCs in MBC patients was 
investigated in a landmark study by Yu et al. [20]. 
These authors investigated the presence of cells 
exhibiting mesenchymal traits both in primary 
tumor and in blood samples and reported only 
rare mixed epithelial/mesenchymal cells within 
the primary tumors whereas mixed phenotype 
cells were frequently present among CTCs. 
Blood samples were enriched for CTC with the 
microfluidic herringbone-chip using epithelial 
and tumor-specific antibodies (EpCAM, EGFR, 
HER2) and studied at single cell level with in situ 
approaches. Based on the results of RNA-ISH 
analysis that evaluated a series of epithelial 
(KRT5, 7, 8, 18, 19; EpCAM, CDH1) and mes-
enchymal (FN1, CDH2, SERPINE/PAI1) mark-
ers five categories of CTCs were defined: 
exclusively epithelial cells (E), 3 categories of 
intermediate cells (E > M, E = M, E < M), and 
exclusively mesenchymal cells (M). Using a cut-
off of 5 CTCs/3 ml 41% of MBC, at various treat-
ment stages, scored positive for CTCs, and EMT 
features were different between lobular and duc-
tal histotypes. Also when comparing pre- and 
post-treatment blood samples (n = 10), different 
CTCs features were found. In post-treatment 
samples from patients who responded to therapy 
(n  =  5), the absolute CTC numbers decreased 
and/or the proportion of M-CTCs decreased. 
Conversely, in patients who experienced progres-

sion while on therapy (n  =  5), the number of 
M-CTCs increased in the post-treatment samples 
supporting a role of EMT in treatment sensitivity 
[20].

To understand the prognostic relevance of sin-
gle CTCs with specific phenotypes, Papadaki 
et al. detected and characterized CTCs pre- and 
post-treatment in patients with MBC. They iden-
tified four different CTCs subpopulations by per-
forming triple immunofluorescence on cytospin 
preparations of peripheral blood mononuclear 
cell (PBMC) with antibodies against CK8, CK18 
and CK19 (epithelial markers), ALDH1 and 
TWIST1. In patients not responding to the treat-
ment, the number of samples with CTCs showing 
stem and partial EMT features increased. 
Conversely, positivity percentages slightly 
decreased after treatment for the other types of 
CTCs (i.e., CTC showing stem but lacking partial 
EMT features, and CTCs lacking stem features 
and/or positive or negative for EMT features). In 
keeping with this, only the presence of CTCs 
with stem and partial EMT features was associ-
ated to shorter PFS and OS.  This finding was 
interpreted by the authors as a suggestion that 
partial EMT increases the chance of the cells to 
subsequently undergo mesenchymal-epithelial 
transition (MET), a step necessary to allow colo-
nization at the metastatic site [21].

The importance of such mixed-phenotype 
CTCs is also supported by other studies. Using 
CD45 MicroBeads for depletion of leukocytes 
and the DEPArray™ system, Bulfoni et al. iden-
tified four different CTC subtypes: epithelial 
CTCs (E-CTC) expressing only epithelial mark-
ers (EpCAM, E-cadherin), CTCs undergoing 
EMT (EM CTC) co-expressing epithelial and 
mesenchymal markers (CD44, CD146, 
N-cadherin), putative mesenchymal cells (MES) 
expressing only mesenchymal markers, and neg-
ative cells (NEG) not expressing the tested mark-
ers. Some associations were highlighted between 
CTC subpopulations and breast cancer molecular 
subtype, proliferative rates and metastatic local-
ization, however only the EM-CTCs were signifi-
cantly associated with shorter PFS and OS [22].

The identification of the so far described CTC- 
subpopulations is strongly influenced by the type 
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of CTC-enrichment. In such a context, to avoid 
underestimation of CTC subpopulations, the 
Parsortix™ system that selects CTCs in an 
epitope- independent way, exploiting size and 
deformability as selection criteria appears to be 
particularly promising [23]. In our laboratory we 
combined the Parsortix™ with the DEPArray™ 
system. Thanks to the presence of a fluorescent 
microscope equipped with a camera, and to a 
microfluidic chip exploiting dielectrophoresis to 
entrap single cells, the DEPAarray™ allows visu-
alization of cells labeled for epithelial, leukocyte, 
mesenchymal or other type of markers, coupled 
with the selection and recovery by the operator of 
the cells of interest [24]. Using this system, we 
were able to observe the presence of specific 
CTCs subpopulations in all blood samples 
(n  =  14) from women who underwent mastec-
tomy for early triple negative breast cancer 
(TNBC), collected at the time of imaging-proven 
distant site relapse. Our data support the concept 
that CTCs identification cannot rely on a single 
CTC phenotype, but should rather broaden the 
phenotypic criteria used for selection and include 
direct molecular evidence for the malignant 
nature of the selected cells. In fact, using antibod-
ies against epithelial (EpCAM, panCK, EGFR) 
and leukocyte (CD45, CD14, CD16) markers, we 
succeeded in distinguishing two different CTCs 
subpopulations: epithelial CTCs (eCTCs), and 
non-conventional “putative” CTCs (ncCTCs), 
i.e. cells lacking both leukocyte and epithelial 
(tumoral) but with malignant genotype. We there-
fore suggest that besides mixed CTC (epithelial 
and mesenchymal phenotype) a third CTC sub-
population characterized by the lack of expres-
sion of epithelial and leukocyte markers, but with 
confirmed aberrant genotypes is detectable in the 
blood collected at the time of imaging- 
documented relapse, of women who underwent 
mastectomy for early TNBC (manuscript under 
preparation).

Whereas many studies have addressed both 
technical aspects involved in isolation of CTC 
subpopulations and the clinical role of CTC sub-
populations, few studies are instead available on 
the mechanisms involved in induction of mesen-

chymal traits in CTCs. Interaction with platelets 
and secretion of TGFβ have been described as a 
possible mechanism for induction of EMT [5] and 
some heterogeneity in methylation of genes 
involved in EMT has been reported for single 
CTCs [25] thus suggesting an epigenetic control.

Recently a different mechanism has been sug-
gested as possibly causally involved in promot-
ing CTC heterogeneity and in the generation of 
specific CTC subpopulations, i.e. heterotypic cell 
fusion between epithelial cells and blood cells, in 
particular with macrophages [26]. Such a mecha-
nism, so far experimentally investigated in pre-
clinical models but poorly validated in clinical 
samples, deserves further attention as it may 
open the way to the identification of even more 
CTC subpopulations and possibly also to new 
pharmaceutical targets for interfering with tumor 
dissemination.

All the above reported data emphasize that 
studies evaluating the role of circulating cells in 
cancer evolution should not be limited to circu-
lating cells expressing epithelial and lacking leu-
kocyte markers, but must be broadened to include 
other phenotypes. Unfortunately, at the moment 
clinical data available on CTC subpopulations 
are not impressive and often limited to small 
studies lacking statistical power: nonetheless the 
field appears as very promising. However, we 
must underline the lack of both clearly defined 
criteria for selection and of a proof of the malig-
nant nature of the various CTC subpopulations.

6.3  CTC Molecular 
Characterization

Discrepancies between different methods for 
CTC-identification by phenotypic features sug-
gest the need for more accurate criteria for CTCs 
classification. In fact, as described above the phe-
notype alone is not sufficient to classify a single 
cell as a bona-fide CTC and thus in the case of 
ncCTCs (i.e. CTCs lacking the conventional 
identification markers) only a characterization of 
the genotype can definitely ascertain the actual 
malignant nature.
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A possible approach to test for the malignant 
nature is performing an analysis of copy number 
alterations (CNA) at a single cell level. By run-
ning a low-coverage whole genome sequencing it 
is in fact possible to obtain CNA profiles for each 
cell, indicating if the genome is diploid and thus 
presents a flat CNA profile as expected for nor-
mal cells or if, as expected for a bona-fide CTC, 
it contains regions characterized by genomic 
gains and losses. This approach, which leads to a 
molecular proof of tumor origin for each single- 
cell, is particularly important for cells where the 
phenotype does not allow a clear distinction.

Molecular characterization however, does 
offer much more than simply ascertaining the 
malignant nature, as it contains the information 
on the clonal origin of each analyzed cell.

In current practice tissue biopsies are used to 
test tumors for actionable genomic abnormalities 
despite well-known limitations dealing with spa-
tial and temporal heterogeneity. In the metastatic 
setting, limitations affecting tissue profiling are 
even greater, since the tumor cells are homed in 
different anatomical sites and might have evolved 
in distinct ways. In this context, the analysis of 
CTCs deriving from both primary tumor and 
metastatic lesions would instead provide a com-
prehensive molecular portrait of the entire tumor 
burden just by a single blood test. In principle, 
obtaining a molecular profile of CTCs could 
therefore facilitate individual patient treatment 
management thus helping to reach the ambitious 
aim of achieving a true precision medicine. 
However, although this approach appears prom-
ising from a theoretical point of view, it still has 
many limitations. Accordingly, revision of the 
literature data mostly shows results obtained on 
very few patients and by different technical 
approaches that limit comparability. Still some 
general messages can be derived.

Among the first in assessing the feasibility of 
mutational analysis on single CTCs isolated with 
the DEPArray™, Mu et  al. investigated muta-
tions in CTCs isolated from one woman with 
inflammatory MBC. CTCs were enriched by an 
unbiased method based on size selection, using 
ScreenCell filters, and were thereafter analyzed 
with the DEPArray™ to select and isolate single 

CTCs. After whole genome amplification (WGA) 
using Ampli1™ WGA kit, mutational analysis on 
amplified DNA from 7 CTCs was performed by 
Sanger sequencing, in order to investigate the 
presence of a specific TP53 mutation which had 
been previously identified in the primary tumor: 
the TP53 exon 6 p.R248W missense point muta-
tion. The same mutation was investigated both in 
single and pooled CTCs. Heterozygous TP53 
mutation was found in 1 single cell and 1 pool of 
3 CTCs, and homozygous TP53 mutation was 
instead detected in 1 single CTCs and 1 pool of 2 
CTCs. The mutation was not present in one WBC 
analyzed as control [27]. These results show the 
feasibility of a molecular approach to investigate 
relevant mutations in CTCs, and suggest that 
mutations identified in the tissue can also be 
traced in single or pooled CTCs, which might 
therefore be regarded as representative of the tis-
sue of origin. No information is however pro-
vided on the possible presence of CTC-private 
mutations that may have resulted from tumor 
clonal evolution, as has instead been reported in 
other clinical settings [28].

CTC private mutations, if identified with reli-
able methods, are very interesting since they pro-
vide a genomic/clonal tracking of the disease 
evolution. In the case of MBC, searching for 
CTC private mutations in the ESR1 is particularly 
promising, since those mutations (some of them 
directly involved in endocrine treatment resis-
tance) are rarely detected prior to treatment start 
and only appear with the onset of treatment resis-
tance [29, 30]. This represents therefore a typical 
clinical scenario where CTCs molecular analysis 
would be useful to dissect time-related heteroge-
neity. Moreover, CTCs represent the ideal bio-
logical sample for tracking in real-time the onset 
of endocrine resistance, since they potentially 
allow evaluating at the same time both mutations 
as well as splicing variants. Nonetheless, a recent 
study planned to evaluate ESR1 mutations and 
splice variants in CellSearch-enriched bulk CTCs 
before start of endocrine therapy and at the time 
of progression, failed to detect an enrichment for 
ESR1 mutations at progression [31]. Such muta-
tions were instead found to be enriched in 
ctDNA. These results, which apparently rule out 
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a role for CTCs in monitoring the onset of endo-
crine resistance, as suggested by the authors 
themselves, can be instead interpreted as an indi-
cation of the need to perform CTC molecular 
analyses on single isolated cells rather than on 
bulk samples, albeit enriched for CTCs. Indeed, 
only by considering the genotype of each single 
CTC we may be able to capture their message on 
heterogeneity and evolution of the disease. This 
poses technical problems that can be overcome as 
reported above, but also challenges in the inter-
pretation of results.

In a study to assess the possibility of detecting 
mutations in CTCs, Paolillo et  al. investigated 
ESR1 mutations by Sanger sequencing in single 
CTCs from MBC patients. They analyzed 40 
CTCs recovered combining CellSearch® and 
DEPArray™ platforms from 3 ER-positive MBC 
patients. Their protocol was technically robust 
since 12 white blood cells (WBCs) analyzed as 
controls were all correctly classified as wild-type 
for ESR1. The first investigated patient presented 
5 CTCs, all wild-type for ESR1. The second 
patient carried a single ESR1 activating mutation 
(Y537S) in exon 8  in heterozygosis in 3 CTCs, 
and the same mutation in homozygosis in 1 CTC, 
the last CTC was instead wild-type for the same 
mutation. In this patient, CTCs’ molecular het-
erogeneity and the detection of activating muta-
tions were in keeping with the observed treatment 
failure. For the third patient, serial samples col-
lected during treatment at different time points 
were available. In the first sample, the authors 
could study 12 CTCs, all wild-type for ESR1 
mutations, thus suggesting that the patient was 
still endocrine sensitive. In the second blood 
sample, the authors detected high heterogeneity: 
8 CTCs were negative for estrogen receptor (ER) 
expression and wild-type for ESR1 mutation, 4 
CTCs were positive for ER expression and wild- 
type for ESR1 mutation, 3 CTCs were positive 
for ER expression and carried the mutation Y537s 
in heterozygosis, and 1 CTCs was positive for ER 
expression and carried 2 different mutation in 
exon 8 of ESR1 in homozygosis [32]. In this lat-
ter patient too, the appearance of ESR1 mutations 
in CTCs was mirrored by failure to respond to 
conventional endocrine treatment. Overall, these 

results, although still anecdotal, show that CTC 
characterization might be more informative than 
tissue, giving new hints on resistance mecha-
nisms to endocrine therapy in ER-positive MBC 
patients.

In the clinical management of MBC the most 
frequently used treatment-predictive biomarkers, 
such as ER and HER2, are evaluated at protein 
level on the primary tumor. Thus, besides molec-
ular characterization at genomic level, also tran-
scriptomic analysis of single CTC should be 
useful to guide treatment and to inform on possi-
ble changes of the molecular phenotype with 
respect to the primary tumor. Such studies would 
indeed provide hints on the heterogeneity of typi-
cal treatment targets.

In a recent study, the status of the therapeutic 
biomarkers ER and HER2 was examined in 
CTCs isolated from 105 women with 
MBC.  Immune enrichments for EpCAM and 
FACS analysis were used for isolation of single 
cells prior to performing genome wide CNA by 
aCGH and transcription analysis of 64 genes by 
low-density array qPCR.  Combined transcrip-
tional and genomic profiling showed presence of 
different CTCs subpopulations at different fre-
quencies (26% ESR1  −  ERBB2−, 47% 
ESR1  +  ERBB2−, and 27% ERBB2+). Serial 
testing of longitudinally collected samples 
showed that ERBB2 status was more stable over 
time compared to ESR1 status. Moreover, discor-
dance in ESR1/ER (27%) and ERBB2/HER2 
(23%) status between CTCs and matched pri-
mary tumors emerged by comparative analysis 
[33]. Based on the results it was concluded that 
CTC molecular analysis has the potential to help 
treatment decision in a clinical setting of a pro-
gressing disease, but the clinical utility of CTC- 
biomarkers is far from being demonstrated.

All studies listed above are concordant about 
the concept that CTC molecular analysis could 
improve clinical practice, although so far they 
only demonstrate the technical feasibility. The 
reported results underline a high level of intra- 
patient heterogeneity indirectly suggesting that 
currently used criteria for patients’ stratification 
could in some cases not represent the patients’ 
real tumor “status”. Patients classified as similar 
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at tissue level could instead display differences at 
molecular level, therefore molecular approaches 
represent an opportunity for more accurate 
patients’ profiling for personalized medicine.

In the meantime a new scenario is slowly 
appearing, where liquid biopsy can improve 
understanding of metastatization processes 
bringing out different characteristics between the 
primary tumor and the circulating tumor ele-
ments and elucidating the extrinsic heterogeneity 
of the tumor. Single-cell analysis may also help 
to rebuild the origin of detected variants, under-
standing if they coexist in a single cell or derive 
from distinct clones.

Using the CellSearch® system for CTC enrich-
ment, the DEPArray™ for single cell isolation 
and next generation sequencing (NGS), De Luca 
et  al. investigated mutations in single CTCs in 
patient with MBC. In this study, the authors could 
compare CTCs and primary tissue (limiting to 
the variants found in the single CTCs) in 3 
patients, and they found correspondence only for 
a benign PDGFRA variant (1 patient) and a del-
eterious somatic mutation in TP53. For all the 
other variants discovered in CTCs, there was no 
correspondence in primary tissue [34]. After ana-
lyzing 14 CTCs derived from 4 patients, for 51 
sequence variants in 25 genes, it was observed 
that almost all mutations were present in only one 
single CTC. This represents an interesting result, 
which might highlight the importance of single 
cell analyses for studying heterogeneity, but it 
also poses technical questions. The mandatory 
step in single-cell analyses of performing a WGA 
might have been responsible for the introduction 
of technical artifacts and, despite the fact that 
high coverage increases the confidence of vari-
ants called in each single cell, DNA polymerase 
fidelity still represents a concern. However, also 
given the technical reliability of the data, can 
such result be considered robust enough for a 
clinical decision? This is at the moment the main 
issue, questioning the application of single cell 
NGS in the clinics. Nonetheless, this is also pos-
sibly its strength, due to the ability to potentially 
suggest new biologically/clinically relevant vari-

ants as it is illustrated by the example reported 
below.

Paoletti et  al. investigated the possibility of 
obtaining paired information from CTCs and tis-
sue metastases by NGS in 12 patients. For this 
purpose the authors processed whole blood from 
MBC patients using the CellSearch® system, iso-
lated single cells with the DEPArray™ system 
and applied Ampli1™ protocol for DNA isolation 
and analysis. Targeted NGS was performed using 
the Oncomine Comprehensive Assay, and 
selected mutations were confirmed by Sanger 
Sequencing. In parallel, frozen tissue from pri-
mary tumor and fresh tissue from metastatic 
biopsies were used to generate exome libraries to 
be processed for Whole Exome Sequencing 
(WES). High concordance (85%) between CTCs 
and fresh metastatic tissue was found, in term of 
genomic alterations. However, private alterations 
were detected both in tissue and in CTCs, though 
at low frequencies [35]. Since potentially clini-
cally informative/actionable mutations may 
either be exclusively present in metastatic tissue 
or in CTCs, the authors suggest performing 
genomic profiling of both, since results may be 
considered as complementary in order to achieve 
a true clinical impact.

Within the same study, in one single patient 
with endocrine treatment refractory disease, 32 
individual CTCs and CTC-pool samples were 
recovered and analyzed by comprehensive NGS 
revealing the presence of a well-known ESR1 
mutation associated with endocrine resistance, 
the ESR1p.Y537S. However, in one single CTC 
such mutation was not detected, and a new het-
erozygous ESR1 mutation (ESR1p.A569S) was 
instead detected and confirmed by ddPCR (drop-
let digital PCR). To assess its role, Paoletti et al. 
stably overexpressed the ESR1p.A569S mutation 
by lentivirus-mediated infection in the endocrine 
sensitive MCF7 cells showing increased estradiol 
and tamoxifen-induced growth, thus validating 
its role in conferring a modest treatment resis-
tance. In this case, a specific somatic variant 
detected in a single CTC allowed increasing our 
knowledge on endocrine resistance mechanisms.
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With the exception of specific cases as the one 
reported by Paoletti et al. detection of a somatic 
mutations in one single CTC is still of question-
able biological or clinical utility. In a study run 
on 112 women with MBC, CTCs were enumer-
ated by CellSearch®, and 5 patients with CTC 
counts ≥100 were chosen for performing targeted 
NGS (Custom Cancer Hot Spot panel V2), glob-
ally analyzing 40 CTCs. Mutational heterogene-
ity was observed among CTCs, and it was 
reflected by ctDNA analysis run in matched sam-
ples. Minor subclonal mutations, likely acquired 
during tumor progression, were observed only in 
liquid biopsy and were undetectable at tissue 
level. These data suggest that ctDNA mutational 
profile can reflect the CTC heterogeneity in 
patients with high CTC counts, however no data 
are provided on patients with low CTC counts. It 
may be concluded that, despite the good correla-
tion with ctDNA, still the occurrence of a new 
somatic variant in one single CTC remains diffi-
cult to interpret [36].

6.4  Conclusions and Future 
Perspectives

Since the original observation of the presence of 
tumoral cell in the blood of patients with solid 
tumors, enormous progresses have been made. In 
last two decades, thanks to efforts in technical 
standardization, enumeration of epithelial-CTCs 
has become a widely used tool for prognostica-
tion and treatment monitoring across many tumor 
types. Indeed, in MBC CTC enumeration with 
the CellSearch® is technically and clinically valid 
[12] and has been proposed as useful for clinical 
staging of MBC [13].

Now, thanks to new technical refinements 
both in CTC enrichment and in CTC molecular 
characterization, the possibility of using CTCs 
for a real-time assessment of the disease and of 
its evolution at molecular level is becoming real-
ity. However, there are still many aspects that 
need to be better investigated. Among those, 
although we know that CTC are present as phe-

Fig. 6.1 Schematic representation of the steps in the vali-
dation of CTC as a biomarker. Vertical bars represent the 
consecutive steps in the path towards the development of 
a biomarker: technical validity, clinical validity and clini-
cal utility. Arrows represent the current achievements and 

dots represent future steps necessary for considering 
CTC-enumeration, CTC-phenotypic characterization, 
CTC-molecular characterization and CTC-functional 
characterization as a biomarker

6 Circulating Tumor Cells (CTCs) Heterogeneity in Metastatic Breast Cancer: Different Approaches…
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notypically distinct subpopulations, and we have 
achieved at least a technical validation of the 
methods used for detection of CTC subpopula-
tions, we still ignore the role of each subpopula-
tion and are thus far from having obtained a 
clinical validation for each CTC phenotype.

In addition, molecular characterization of sin-
gle CTCs is technically feasible both at genotype 
and at transcriptional level. So far results are defi-
nitely suggestive of a possible role of CTC as tis-
sue surrogate, and as a means to capture and to 
overcome tumor heterogeneity, but again we are 
far from having reached a clinical validation and 
still confused about the possible future clinical 
utility. We are however confident on the fact that 
further advances in methods that not only facili-
tate CTC isolation and characterization, but also 
allow their functional characterization, will bring 
us closer to achieve clinical utility (Fig. 6.1).
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