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Abstract: The study of circulating tumor cells (CTCs) has a huge clinical interest in advance and
metastatic breast cancer patients. However, many approaches are biased by the use of epithelial
markers, which underestimate non-epithelial CTCs phenotypes. CTCs enumeration provides valuable
prognostic information; however, molecular characterization could be the best option to monitor
patients throughout the disease since it may provide more relevant clinical information to the
physicians. In this work, we aimed at enumerating and performing a molecular characterization of
CTCs from a cohort of 20 patients with metastatic breast cancer (MBC), monitoring the disease at
different time points of the therapy, and at progression when it occurred. To this end, we used a
CTC negative enrichment protocol that allowed us to recover a higher variety of CTCs phenotypes.
With this strategy, we were able to obtain gene expression data from CTCs from all the patients.
In addition, we found that high expression levels of PALB2 and MYC were associated with a worse
outcome. Interestingly, we identified that CTCs with an EpCAMM8M VIMIOY ALDH1A1M8" signature
showed both shorter overall survival (OS) and progression-free survival (PFS), suggesting that CTCs
with epithelial-stem features had the most aggressive phenotype.

Keywords: CTCs; breast cancer; metastasis; gene expression; molecular/gene signature;
predictive biomarkers

1. Introduction

Breast cancer (BC) is the leading cancer-related cause of death in women [1], being the metastatic
disease responsible for most of these deaths [2]. It has been estimated that ~6% of patients have
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metastatic disease at the time of diagnosis, and ~20-50% of patients first diagnosed with primary breast
cancer (BC) will develop metastatic disease [3]. The characterization of BC molecular subtypes has
improved the disease management in last years; thus, this heterogeneous disease has been classified in
three basic therapeutic groups according to the expression of the progesterone (PR) and/or estrogen
(ER) receptors and the human epidermal growth factor receptor 2 (HER2). These molecular subtypes
include the luminal A or B subtype (PR and/or ER-positive), which represents around two thirds
of the total cases and is treated with endocrine therapy [4]; HER2 overexpressed subtype, whose
treatment should include anti-HER?2 therapy; and triple-negative BC (TNBC), which leads to a short
disease-specific survival and poor prognosis, being the recommended systemic chemotherapy [5-7].
This classification is normally performed based on the molecular characterization of the primary tumor.
However, once the metastatic setting is present, the molecular information from the primary tumor
might not represent the current status of the disease.

Circulating tumor cells (CTCs) are directly involved in the metastatic process, and their presence
in the blood is associated with poor prognosis [8]. In addition, CTCs can provide valuable information
for the clinical management of cancer patients in terms of cancer characterization and monitoring,
since peripheral blood sampling is safe and can be repeated when needed [9]. However, CTCs
detection is hampered by their molecular heterogeneity and low ratio in the peripheral blood.
Furthermore, the existence of tumor heterogeneity and the phenotypic changes promoted during the
epithelial-mesenchymal transition (EMT) process hinder the selection of appropriate CTCs markers.
The CellSearch®, which is the only FDA-approved method for CTC quantification, selects CTCs based
on the Epithelial Cell Adhesion Molecule (EpCAM) expression, constituting an obstacle to quantify
these cells in tumors with a more mesenchymal or stem phenotype [10]. Furthermore, although CTCs
enumeration has prognostic value, it is not enough for the identification of therapeutic targets or
resistance mechanisms [11]. Thus, understanding the biology of these cells through their molecular
characterization can help the stratification of patients.

The aim of this study was to approach the characterization of CTCs throughout the advance
BC disease, without any bias introduced by marker selection. This procedure allowed us to recover
different CTCs phenotypes and to link their gene expression profile with the clinical features of the
patients and CTCs account.

2. Results

2.1. EpCAM+ CTCs Enumeration Monitoring

For CTCs enumeration, 41 blood samples were collected and analyzed by CellSearch (at the
diagnosis of metastasis before chemotherapy, visit 1 or V1 = 20; after one month of treatment, visit
2 or V2 = 18 and after the clinical progression of the disease, visit 3 or V3 = 3). At the diagnosis of
metastasis (V1), 65% of the patients showed detection of CTCs (>1 CTCs), and 40% were classified as
bad prognosis based on the predefined cut off >5 CTCs/7 mL of blood (mean = 174.4, range = 9-445).
After the first cycle of treatment, at V2, the percentage of patients with >5 CTCs was 22% (mean = 160.5,
range = 18-484), and 10 out of the 11 CTC positive samples at V1 suffered a reduction on their CTCs
counting (Wilcoxon test, p = 0.041). At V3, two out of the three patients that progressed showed >5
CTCs, and one of the samples displayed a high increase in the CTCs account from 121 (V2) to 233 CTCs
(V3) (mean = 123.5, range = 2-233) (Figure 1A).
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Figure 1. (A) Longitudinal CTCs enumeration by CellSearch® on the BC patient cohort, (V1 mean =
69.85, range = 0-445, V2 mean = 35.9, range = 0484, V3 mean = 83, range = 2-233; Wilcoxon test,
p = 0.041). (B) Representation of CTCs enumeration across the different molecular subtypes of BC at V1
(Mann Whitney test, p = 0.032) with mean values: luminal A (99.5, range = 0-199), luminal B (131.6,
range = 0-445), HER2 over-expressed (37.7, range = 2-108), TNBC (20.5, range = 0-159) (C-D) Estimates
of probabilities for OS and PFS at V2 (49.5 days, p = 0.006 and 35.5 days, p = 0.025) in advanced and
metastatic BC patients with >5 CTCs or <5 CTCs per 7.5 mL of blood. CTC: circulating tumor cells, BC:
breast cancer, HER2: human epidermal growth factor receptor 2, TNBC: triple negative BC, OS: overall
survival, PFS: progression-free survival (* <0.05; ** <0.001; *** <0.0001).

To study if CTCs detection was more frequent in a specific subtype, we performed the analysis of
CTCs enumeration data by molecular subtypes. This analysis revealed that at baseline (V1), CTCs
detection by CellSearch® occurred mainly in luminal and HER2 patients, while CTCs detection in
TNBC patients was rare. Indeed, CTC detection between luminal B and TNBC at V1 was statistically
different (Figure 1B). In addition, patients with >5 CTCs regarding the different subtypes were 66.6%
of luminal patients, 12.5% TNBC patients, and 33% HER2 patients. At V2, luminal cases maintained
more CTCs than the other subtypes; however, no significant differences were detected.

Next, in order to examine the prognostic value of CTCs enumeration in our cohort, we performed
a survival analysis considering the cut off >5 CTCs. Patients with >5 CTCs at V1 showed a poorer
outcome, although significant differences were not found. Interestingly, at V2, after the first cycle of
therapy, patients with >5 CTCs had both shorter PFS and OS (Figure 1C,D). There were not enough
samples at the clinical progression time point (V3) to perform conclusive survival analysis. TNBC
patients showed a worse outcome when they had >5 CTCs for both visits (Figure S1).

2.2. Unbiased CTC Gene Expression For Advanced BC Patients Monitoring

Next, the gene expression of CTCs from each patient was calculated relative to the autologous
peripheral blood mononuclear cells (PBMCs) expression, minimizing the bias from unspecific isolation
of blood cells. For this analysis, we considered fold change >1.5 as positive expression, and we
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found that in all visits, at least one epithelial marker was detected in all patients, being CDH1 the
most commonly expressed gene in the analyzed patients (95%, 95%, and 100% in V1, V2, and V3,
respectively). Regarding the EMT markers, their expression was highly homogeneous between all the
visits, with SNAII the most frequently expressed (80%, 83%, and 64%, respectively, for V1, V2, and V3).
At least one BC-associated maker (ERBB2, ESR1, PALB2) was detected in 60% of the patients at V1, 72%
at V2, and 100% of the patients at V3 (Figure 2A).
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Figure 2. (A) Percentages of patients showing positive expression (fold change >1.5) for the epithelial,
EMT, stem, and BC-associated genes in the different time points of the disease. A white bar is showing
the percentage of patients expressing the total number of markers for each gene group analyzed.
(B) HER2 and ER expression evolution on the primary tumor and the CTCs at the different time
points of the disease. PT: primary tumor, V1: Visit 1, V2: Visit 2, V3: Visit 3 (positive expression in
green, negative in red, deceased or not available (NA) patients in white). EMT: epithelial-mesenchymal
transition, ER: estrogen receptor.

For HER?2 and ER expression (positive or negative) in the primary tumor, we checked the pathology
report to liken with the expression of ERBB2 and ESR1 in the CTCs at the three different visits. We found
concordance in the HER2 status in 70% of the patients at V1, 55.5% at V2, and 66% at V3 (Figure 2B).
Interestingly, four patients with HER2-tumors had ERBB2+ CTCs. Regarding ER expression, we
detected concordance with the primary tumor in 65% of the patients at V1, 66.6% at V2, and 100% at
V3. Just like ERBB2, ESR1 expression showed a changing profile of expression in the different time
points of the disease.
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2.3. CTC Detection By Cell Search and Gene Expression Profiles

To define high/low levels of each marker, the median expression values of each gene for every visit
were considered (above or below) and were associated with CellSearch® (Menarini, Silicon Biosystems
Inc, Bologna, Italy) enumeration.

The expression profile of CTCs at V1 that associates significantly with CTCs detection by
CellSearch® was defined by ERBB2 and EpCAM positive expression, regardless of CTCs accounts (>1
CTCs or 25 CTCs). Those cases without CTCs detected by CellSearch® (CTCs = 0) showed a more
stem/EMT profile (considering the high expression of at least one gene of the same functional group,
see Table S1). In addition, high expression levels of GDF15 and ESR1 were significantly associated
with CTCs detection by CellSearch (>1 CTCs). When considering the cut off >5 CTCs, this association
was also established with high expression levels of KRT19 (Table 1). Besides, 89% of the patients whose
CTCs enriched fraction lacked EpCAM expression were CTCs negative by CellSearch. However, we
found the expression of other epithelial markers in these samples (CDHI and KRT19). Furthermore,
after one cycle of treatment, at V2, the high expression of the cell cycle-related gene CCND1 (which
encodes Cyclin D1) was associated with the detection of >5 CTCs (p = 0.02).

Table 1. Patient’s classification by CTCs (circulating tumor cells) account and gene expression.

CTCs Gene Expression (ERRB2, EpCAM, ESR1, GDF15)
. p-Value
High Low
0 CTCs 1 6
>1 CTCs 9 4 0.019
Gene E.xpresswn (ERRB2, EpCAM, KRT19) p-Value
High Low
<5 CTCs 3 9
>5 CTCs 7 1 0.006

2.4. CTCs Expression Profile and Clinical Data

Compared with TNBC subtype, luminal tumors showed higher expression levels of KRT19 in
CTCs isolated from V1 (Kruskal-Wallis test, p = 0.005) and lower CDHI in V2 (p = 0.012). Interestingly,
the presence of estrogen receptor (ER+) was associated with low expression of RB1 (p = 0.025) and
high expression of KRT19 (p = 0.002) in V1, which was consistent with a higher expression of KRT19
in luminal subtypes. On the contrary, PR-patients showed a high expression of RB1 together with
BCL11A and KRT5 (p = 0.019) in CTCs from V1.

Patients diagnosed with more advanced tumor grades at metastases showed CTCs with high
expression levels of KRT5 and low expression of E2F4 (p = 0.024). CTCs from patients who had
undergone surgery were associated with high expression of KRT19, EpCAM, and ESR1 genes (p = 0.025).

Next, we studied if CTCs expression at V1 was associated with distal metastasis localization at
the diagnosis of metastasis. CTCs with low expression of VIM (p = 0.015) and CCND1 (p = 0.004)
were detected in patients with lung metastasis. Low expression of VIM and RB1 (p = 0.020) but
high ESR1 expression (p = 0.020) was identified in CTCs’ patients who had bone metastasis. Lastly,
high levels of PALB2 expression were associated with liver metastasis (p = 0.04) and lymph nodes
affectation (p = 0.005) (Figure S2). In addition, CDK4 expression in the primary tumor (formalin-fixed,
paraffin-embedded tissues (FFPA) samples, n = 8) was higher in those patients that did not respond to
therapy (p = 0.028).
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To identify markers with prognostic value, we performed survival analysis. On the CTCs enriched
fraction, results showed that, at V1, high expression levels of MYC and PALB2 were able to discriminate
patients with poor outcomes (Figure 3). Thereby, patients whose CTCs showed higher expression
levels of MYC and PALB2 were linked to shorter OS and PFS.
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Figure 3. Kaplan—-Meier plots for (A) OS based on the expression of MYC (144 days, p = 0.022); (B) PFS
based on the expression of MYC (83 days, p = 0.035); (C) OS based on the expression of PALB2 (135
days, p = 0.011); and (D) PFS based on the expression of PALB2 (74 days, p = 0.009) at V1.

Lastly, we performed a comparison among visits, finding that after 1 cycle of treatment, PALB2
expression on CTCs was increased (p = 0.03).

2.5. EpCAM"8"VIM!*" ALDH1A1"8" CTCs Signature Predicts Shorter Outcome

The isolation of CTCs was performed using a negative enrichment protocol in order to recover a
wider CTCs population. High expression levels of EpCAM at V1 showed a tendency to discriminate
patients with worse prognosis but without statistical significance. In addition, we found that high
expression of VIM, EMT-related gene, led to a better outcome in the patients analyzed, thus larger
OS (p = 0.011). Next, we established a signature considering both expression data, that is, high
expression of EpCAM combined with low expression of VIM. For this analysis, all the samples
collected at V1 were included, regardless of their CellSearch counting or their EpCAM expression
level. This EpCAMMENVIMIOW signature was able to predict a shorter OS (83 days, p = 0.016) at V1
(Figure 4A). However, it did not improve the significance of VIMI®" separately (135 days).

If we considered the CTCs with stem phenotype by including high ALDH1A1 expression in the
signature, EpCAMM8hVIMIOW ALDH1A1"8", we were able to discriminate those patients with poorer
outcome, improving the statistical power of the analysis (OS, 45 days, p < 0.0001 and PFES, 45 days,
p = 0.001) (Figure 4C,D). ALDH1A1 expression alone was not able to discriminate patients with poor
prognosis (OS and PFS p > 0.05).
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Figure 4. (A,B) Kaplan-Meier plot for OS and PFS based on the expression of EpCAMMghviplow
signature (83 days, p = 0.016 and 64 days, p = 0.089, respectively). (C,D) Kaplan-Meier plot for OS
and PFS of the EpCAMM8MVIMIOW ALDH1A1M8h signature (45 days, p < 0.0001 and 45 days, p = 0.001,
respectively).

3. Discussion

Through liquid biopsy, CTCs can be sampled and characterized over time during the metastatic
disease in order to monitor treatment response and disease progression. In addition, cancer cells in
circulation can complete the understanding of the metastatic cascade [12]. In this study, we used a
negative enrichment protocol to isolate CTCs from advanced and metastatic BC patients, allowing
the enrichment of CTCs from all phenotypes, including epithelial CTCs and also CTCs in a more
mesenchymal or stem state [13]. Furthermore, we enumerated the CTCs of each sample by CellSearch®.

Our results showed that patients with >5 CTCs showed a lower OS, although not reaching the
statistical significance considering the metastatic diagnosis time point (V1). These data differed with
previously described reports where patients with >5 CTCs were related to the worst prognosis [8].
We found that 40% of the analyzed patients showed >5 CTCs at V1 (counted by CellSearch®).
This was a slightly lower percentage than that previously described by Lianidou and colleagues
(50-70%) [14]. These discrepancies could be due to the differences in subtype proportions within
cohorts and the reduced number of cases. Specifically, our cohort included a high proportion of
TNBC cases, which usually present lower EpCAM+ CTCs counts due to their mesenchymal or stem
features [15]. Regarding the overall distribution of CTCs in different subtypes, a larger proportion of
patients in the luminal subset was CTCs+ by CellSearch®, compared with the other tumors subtypes,
as previously described by Giordano and colleagues [16]. Although the TNBC subtype lowered CTCs
counts, we found that the >5 CTCs cut off in TNBC patients was enough to predict poor OS.
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Interestingly, after one cycle of treatment (V2), the enumeration of >5 CTCs in patients was
also significantly associated with worse OS and PFS. Although, several studies have evaluated the
prognostic value of CTCs enumeration in BC patients [8,17,18], only a number of them have explored
the prognostic relevance of CTCs numbers before and after chemotherapy, supporting that the presence
of persisting CTCs after treatment is associated with worse outcome, and that a decrease in the CTCs
count is an early marker of individual response, during the follow-up [19,20].

Besides the prognostic impact of CTCs enumeration, the molecular characterization of these cells
offers new perspectives that can increase the understanding of CTCs biology and can enable better
clinical decisions, which nowadays are not possible through enumeration. In this sense, some studies
have explored CTCs in BC by using molecular methods [21-28]. However, only a few have evaluated
the characteristics of CTCs after therapy [19,26,29-31], and, to our knowledge, only one has used a
negative enrichment approach comparable with ours [32].

Compared with previous articles [23,25,32,33], we reported a higher detection rate of epithelial,
EMT, and stem markers expression on CTCs, probably due to the isolation method of choice. In addition,
compared to the study of Aaltonen and colleagues, we observed discordances in the ER expression
between the patient’s solid tumor and CTCs [34], emphasizing the dynamic nature of tumors and the
need for real-time monitoring in cancer patients.

Our molecular analyses revealed that the expression of specific epithelial (EpCAM, KRT19) or
BC-related genes (ERBB2) was associated with the presence of >5 CTCs at V1. These data showed that
the isolation of CTCs occurred in a specific manner and that the epithelial population isolated with the
CellSearch® approach was also harvested with this strategy. Furthermore, Bredemeier and colleagues
described KRT19 as a powerful marker to identify CTCs in metastatic breast cancer (MBC) [31]. We also
found that KRT19 was higher in luminal patients versus TNBC. These results could be explained by the
fact that KRT19 encodes for CK19 protein, an epithelial marker which can be downregulated during
the EMT process [35]; hence, it is lowly expressed in the TNBC subtype [36].

CCND1 oncogenic capacity has long been established in BC, and its overexpression in transgenic
mammary tissues has been linked with mammary hyperplasia and tumors [37]. Our results suggested
that those patients that did not respond to therapy (=5 CTCs in V2) showed a higher CCND1 gene
expression. Since Cyclin D1 plays a central role in the regulation of proliferation, these CTCs could be
linked with treatment failure and might be relevant for CDK4/6 inhibitor therapies.

Analyzing clinical data in a comprehensible manner, we found an association between higher
tumor grade at diagnosis and overexpression of KRT5 in CTCs at V1, which is the gene that encodes
CK5. CK5-positive BC cells have enhanced mammosphere forming potential and are endocrine and
chemotherapy-resistant in MBC [38]. However, KTR5 expression has not been reported yet on CTCs.
Although there is no conclusive data regarding keratin expression in CTCs, BC cells show a complex
pattern of keratin expression, and nowadays there is not a good candidate to identify CTCs. Our data
supported that, for immunophenotyping, the use of antibody cocktails instead of individual keratin
antibodies is recommended [39]. Interestingly, those patients who underwent surgery showed CTCs
with more epithelial phenotype (KRT19 and EpCAM), which might be explained by the presence of
cells that were shed from primary tumor in the intervention, in accordance with Alieva and colleagues,
who proposed a potential impact of invasive surgical procedures on primary tumor growth and
metastasis [40].

The expression of the progesterone receptor (PR) is highly estrogen-dependent and has, therefore,
been linked to endocrine therapy sensitivity prediction [41]. We found high expression levels of
RB1, BCL11A, and KRT5 in patients diagnosed with PR-negative tumors, which might suggest their
participation in endocrine resistance in some luminal cases. BCL11A has also been identified in
aggressive subtypes of BC, and its overexpression drives the development and progression of TNBC,
as seen by Khaled and colleagues [42] and Abreu and colleagues (unpublished data). Regarding
CKS5, Dairkee and colleagues reported for the first time the possible poor survival or early recurrence
associated with the expression of CK5 in tumor cells in 1987 [43] and, although the functional role
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of the CK, such as CK5, CK14, or CK17, is still unknown, their expression is clearly associated with
poor prognosis.

The low RB1 expression observed in CTCs from ER+ patients is in agreement with previous reports,
where RB functional status seems to be linked to response to endocrine therapy [44]. This supports
that RB is only infrequently lost in ER-positive breast cancer, and its loss decreases the expression
of ESR1 gene [45]. All these data have been reported in tissue, and no data regarding CTCs have
been published so far. In summary, we found that primary tumors with different hormonal receptor
characteristics led to CTCs with different expression profiles.

Our data remarked the potential of CTCs analysis for patients’ prognosis since different gene
expression profiles correlate with the patient’s outcome. MYC encodes the oncoprotein c-MYC, and its
overexpression is associated with poor clinical outcomes in BC patients [46]. Little is known regarding
its expression profile in MBC CTCs; nonetheless, MYC inhibitors have been proposed for targeting
cancer stem cells in drug-resistant TNBC [47]. In addition, MYC has been related to anti-estrogen
therapy resistance [48]. Here, we reported that the tracking of MYC expression in CTCs was feasible
and it might be of interest in BC patients, in agreement with Reinhardt and colleagues, who described
high MYC expression in CTCs’ differential phenotypes in BC [49]. Regarding PALB2 (Partner And
Localizer of Breast Cancer Type 2 susceptibility protein (BRCA2)), mutations in this gene have been
associated with increased risk of BC [50]. PALB2 acts as a tumor suppressor protein by mediating DNA
repair and thereby suppressing genome instability [51]. In addition, its overexpression in tissue has
recently been linked to a worse outcome in patients with MBC [52]. We found similar results on CTCs
concerning patients’ outcomes and found higher expression after one cycle of therapy, which might be
induced to promote DNA repair. These data allow real-time monitoring of PALB2 status in the patients
and efficacy prediction to Poly (ADP-ribose) Polymerases (PARPs) inhibitors, not described so far [53].

In our analysis, we found that low expression of VIM, a mesenchymal marker, was correlated
with a poorer outcome on the patients. In addition, an EpCAMM8NVIMIW signature could predict the
worst outcome with better significance than EpCAM expression alone. Polioudaki and colleagues
described that CTCs undergoing EMT acquired mesenchymal morphology, which was associated
with full or partial CK19 replacement by Vimentin [35]. The EMT status of CTCs has been a matter
of controversy, with some studies pointing to an association between tumor cells with partial EMT
state and a worse outcome, when compared with cells that have undergone complete EMT [54-57].
In addition, it has been postulated that EMT is not enough for metastasis in a number of cancer
types [58-60], and a recent publication by Padmanaban and colleagues described that E-Cadherin
was required for metastasis [61], reinforcing the role of epithelial markers in this process. Some of
the studies made on CTCs may be biased by the isolation method used, which is mostly based on a
selection marker or a combination of several markers. Interestingly, Markiewicz and colleagues, with a
negative enrichment approach based only on anti-CD45 magnetic beads, found that an EMT subtype
of CTCs did not have any significant impact on the survival of early BC patients [32]. Furthermore,
a recent study by de Wit and colleagues on breast and prostate cancer patients reported that the
presence of EpCAM!®" CTCs had no relation with OS [62]. Additionally, when we included ALDH1A1
expression in the signature, EpxCAMM8NVIMIOW ALDH1ATM8!, its outcome prediction potential power
was improved, remarking the need for the study of more cells markers besides EpCAM. In addition to
its association with therapy failure, ALDH1A1 expression in tissue samples has been related to poor
prognosis in different BC subtypes [63-66], and its expression in CTCs has also been linked with worse
outcome in BC patients [23,26,28,32,67]. Likewise, Keup and colleagues suggested that the use of novel
agents to attack BC stem cells, like salinomycin and a new synthetic curcumin analog against Aldehyde
Dehydrogenase 1 (ALDH1), could be promising in patients with ALDH1+ CTCs [27]. In addition, a
recent publication describes that EpCAM+ cells with stem phenotypes provide prognostic information
in early-stage breast cancer patients [68], reinforcing our findings.

We demonstrated that CTCs molecular characterization improved the clinical value of CTCs
enumeration; however, the transcriptome analysis of CTCs at a single cell level could allow the precise
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determination of the epithelial/mesenchymal/stem state of each cell, providing better insight into CTCs
heterogeneity and its significance in patients’ prognosis.

4. Materials and Methods

4.1. Patients

A cohort of 20 patients (median age 53 years) diagnosed of advance or metastatic BC at the Clinical
Hospital of Santiago de Compostela (Spain) was included in the study from August 2016 to July 2018
(Table S2). Patients were enrolled in the study after informed consent and following the approval and
recommendations of the Ethics Committee of Galicia (code: 2015/772). This cohort was distributed as
follows: 10% of the patients were luminal A, 35% were luminal B subtype, 40% were TNBC, and 15%
were HER2-overexpressed subtype.

Inclusion criteria comprised of patients with advanced breast cancer, of any subtype, with
indication to initiate first-line of palliative, endocrine, cytotoxic, and/or biological systemic treatment;
disease-free interval >12 months; age >18 years; informed consent dated and signed; followable
disease (measurable or not); ability and willingness to follow the study plan; PS-ECOG 0-3; and
adequate function of organs to receive antineoplastic treatment. Exclusion criteria were known
diagnosis of psychiatric illness that contraindicates antineoplastic treatment or prevents the patient
from understanding and accepting the conditions of the study; radiation therapy on follow-up injury
(if < than 6 months); current or malignant tumor in the last 5 years, except for basal cell carcinoma or
squamous cell carcinoma or carcinoma in situ of the cervix properly treated.

4.2. Clinical Samples

Two 10 mL tubes of peripheral blood in EDTA-coated vacutainers (Becton Dickinson, Franklin
Lanes, NJ, USA) were obtained for each patient at diagnosis of metastasis before chemotherapy (Visit
1, V1; n = 20), after one cycle of therapy (Visit 2, V2; n = 18; 2 patients deceased before V2 sample
collection) and after clinical progression (Visit 3, V3; n = 3). Blood samples were processed within two
hours after withdrawal. For CTCs enumeration purposes, one additional 10 mL CellSave Preservative
tube (Menarini-Silicon Biosystems, Bologna, Italy) was obtained in parallel at each withdrawal, and it
was analyzed at the Liquid Biopsy Analysis Unit of the Clinical Hospital of Santiago de Compostela
(Santiago de Compostela, Spain). In 8 patients, formalin-fixed paraffin-embedded (FFPE) samples
from normal tissue and the primary tumor were provided by the Pathology Service and the BioBank of
the Clinical Hospital of Santiago de Compostela (PT17/0015/0002), integrated into the Spanish National
Biobanks Network. All samples were anonymized and encoded before the analysis.

4.3. CTC Enumeration

Blood samples collected in CellSave tubes were analyzed for CTC enumeration by the CellSearch®
System, using CellSearch Epithelial Circulating Tumor Cell Kit (Menarini, Silicon Biosystems
Inc, Bologna, Italy). EpCAM-positive enriched cells were labeled with phycoerythrin-conjugated
anti-cytokeratins (8, 18, and 19) antibodies, allophycocyanin-conjugated anti-CD45 antibodies, and with
4,6-diamino-2-phenylindole (DAPI). The CellTracks Analyzer (Menarini-Silicon Biosystems, Bologna,
Italy) was used to acquire digital images of the 3 different fluorescent dyes, which were reviewed by
trained operators to determine the CTCs count.

4.4. Peripheral Blood Mononuclear Cells (PBMCs) Isolation and CTCs Enrichment

PBMCs isolation was performed from 10 mL of peripheral blood (collected using an EDTA tube)
by density gradient centrifugation protocol (LymphoprepTM, STEMCELL Technologies, Vancouver,
BC, Canada) in SepMate™ tubes (STEMCELL Technologies, Vancouver, BC, Canada) according
to manufacturer’s instructions. Another 10 mL of peripheral blood was used to collect CTCs by
negative selection using the RosetteSep™ CTC Enrichment Cocktail Containing Anti-CD56 (STEMCELL
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Technologies, Vancouver, BC, Canada) according to the manufacturer’s protocol. Enriched cells were
placed in RNAlaterTM Solution (Invitrogen, ThermoFisher Scientific, Carlsbad, CA, USA) and kept at
—80 °C until further analyses.

4.5. Nucleic Acid Extraction, cDNA Synthesis, Preamplification, and Quantitative Real-Time PCR (gPCR)

The extraction of RNA from the enriched tumor cells and the PBMCs was performed using
AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s protocol. RNA
from FFPE tissue sections was extracted with the miRNeasy FFPE kit (Qiagen, Valencia, CA, USA).
According to the manufacturer’s instructions, 11 pL of total RNA was retrotranscribed into cDNA using
the SuperScript III (Thermo Fisher Scientific, Carlsbad, CA, USA). Due to the low recovery of RNA,
samples were preamplified with Tagman Preamp Master Mix (Thermo Fisher Scientific, Carlsbad, CA,
USA). cDNA expression was analyzed on a LightCycler 480 II (Roche Diagnostics, Indianapolis, IN,
USA) with TagMan Gene Expression Master Mix and TagMan probes (Applied Biosystems, Carlsbad,
CA, USA) for a customized panel of 25 genes (Table 52). B2M was used as a reference gene, and, after
data normalization, gene expression from CTCs was relativized to the autologous PBMCs transcripts.
Primary tumor expression was relativized to the corresponding normal tissue.

4.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.01 software (GraphPad Software
Inc., La Jolla, CA, USA), IBM SPSS Statistical Software (version 10.0, IBM Corp, Chicago, IL, USA),
and R Studio (Version R-3.5.0, https://www.R-project.org/). The Wilcoxon signed-rank test was used
to compare CTCs longitudinal enumeration and Mann-Whitney test for comparison among visits.
Assuming PBMCs contamination in the enriched fraction of CTCs, the expression of the autologous
PBMCs was used as a normalizer. Differences in CTCs enumeration and expression among subtypes
were compared with the Kruskal-Wallis test. Fisher test and Mann-Whitney test were used to study
the association between enumeration and gene expression of the CTCs. Correlations between gene
expression and clinical data were tested by Fisher’s exact test. Progression-free survival (PFS) and
overall survival (OS) were visualized using Kaplan—-Meier plots and tested by the log-rank test. Only
p-values < 0.05 were considered statistically significant.

5. Conclusions

Our data suggested that an epithelial-stem state of the CTCs might give rise to a more aggressive
disease. In any case, when analyzing CTCs as bulk, the chosen detection method for the isolation of
CTCs is decisive, as some methods may underestimate or neglect certain subpopulations of CTCs with
putative relevant roles.

All in all, our promising results corroborated that CTCs phenotypes could provide clinically
important information regarding patients” survival and their stratification into specific clinical studies.
The CTCs population is a heterogeneous one with different subpopulations that could lead to different
prognosis throughout the disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/1941/s1,
Figure S1: Estimates of probabilities for OS and PFS at V1 (OS: 55 days, p = 0.008; PFS: 29 days, p = 0.008) and
V2 (OS: 17 days, p = 0.008; PFS: 17 days, p = 0.008) in TNBC patients with >5 CTCs or <5 CTCs per 7.5 mL of
blood. Figure S2: Representation of high or low expressed genes on the CTCs isolated fraction depending on the
metastasis site. Table S1: Gene Expression Custom Panel Assay for The Study of CTCs On the BC Patient’s Cohort.
Table S2: Clinical Parameters of The BC Patients Included in The Study.

Author Contributions: T.P-V. performed the experiments, data analysis, and manuscript preparation; M.M. was
responsible for statistical analysis; C.A. was involved in samples processing and recruitment; R.P., C.B., and V.C.
performed the database with clinical data from patients; ]J.C. and P.P. were in charge of patients recruitment;
LM.-R,, C.C, and R.L.-L. were involved in experimental design and funding acquisition. L.M.-R. and A.A. were
responsible for CTCs enumeration by CellSearch®; C.C. was also responsible for data analysis and original draft
preparation. All authors were involved in scientific discussion, writing, and draft editing.


https://www.R-project.org/
http://www.mdpi.com/2072-6694/11/12/1941/s1

Cancers 2019, 11, 1941 12 of 15

Funding: This research was funded by Roche-Chus Joint Unit (IN853B 2018/03) funded by GAIN, Conselleria de
Economia, Emprego e Industria.

Acknowledgments: We would like to thank the patients and their families for the blood samples, Ramén Lago
for all the technical support, and all the personnel of the Oncology Service of Clinical Hospital of Santiago de
Compostela for their help with patients and samples management.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

International Agency for Research on Cancer Breast Cancer Incidence and Mortality Statistics. Available
online: https://gco.iarc.fr/ (accessed on 20 October 2019).

Scully, O.].; Bay, B.-H.; Yip, G.; Yu, Y. Breast cancer metastasis. Cancer Genom. Proteom. 2012, 9, 311-320.

Lu, J.; Steeg, P.S.; Price, ].E.; Krishnamurthy, S.; Mani, S.A.; Reuben, J.; Cristofanilli, M.; Dontu, G.; Bidaut, L.;
Valero, V.; et al. Breast cancer metastasis: Challenges and opportunities. Proc. Cancer Res. 2009, 69, 4951-4953.
[CrossRef]

Ignatiadis, M.; Sotiriou, C. Luminal breast cancer: From biology to treatment. Nat. Rev. Clin. Oncol. 2013, 10,
494-506. [CrossRef] [PubMed]

Cejalvo, ].M.; Martinez de Duerias, E.; Galvan, P.; Garcia-Recio, S.; Burgués Gasion, O.; Paré, L.; Antolin, S.;
Martinello, R.; Blancas, I.; Adamo, B.; et al. Intrinsic Subtypes and Gene Expression Profiles in Primary and
Metastatic Breast Cancer. Cancer Res. 2017, 77,2213-2221. [CrossRef] [PubMed]

Cancer, T.; Atlas, G. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61.
Pantel, K.; Hayes, D.F. Disseminated breast tumour cells: Biological and clinical meaning. Nat. Rev. Clin.
Oncol. 2018, 15, 129-131. [CrossRef] [PubMed]

Cristofanilli, M.; Budd, G.T.; Ellis, M.].; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, ].M.; Doyle, G.V,;
Allard, WJ.; Terstappen, LW.M.M,; et al. Circulating tumor cells, disease progression, and survival in
metastatic breast cancer. N. Engl. |. Med. 2004, 351, 781-791. [CrossRef] [PubMed]

Alix-Panabieres, C.; Pantel, K. Circulating tumor cells: Liquid biopsy of cancer. Clin. Chem. 2013, 59, 110-118.
[CrossRef]

Andree, K.C.; van Dalum, G.; Terstappen, L.W.M.M. Challenges in circulating tumor cell detection by the
CellSearch system. Mol. Oncol. 2016, 10, 395-407. [CrossRef]

Lianidou, E.S.; Markou, A.; Strati, A. Molecular characterization of circulating tumor cells in breast cancer:
Challenges and promises for individualized cancer treatment. Cancer Metastasis Rev. 2012, 31, 663-671.
[CrossRef]

Boral, D.; Vishnoi, M.; Liu, H.N.; Yin, W.; Sprouse, M.L.; Scamardo, A.; Hong, D.S.; Tan, T.Z.; Thiery, ].P.;
Chang, J.C; et al. Molecular characterization of breast cancer CTCs associated with brain metastasis. Nat.
Commun. 2017, 8, 196. [CrossRef] [PubMed]

Liu, Z; Fusi, A.; Klopocki, E.; Schmittel, A.; Tinhofer, I.; Nonnenmacher, A.; Keilholz, U. Negative enrichment
by immunomagnetic nanobeads for unbiased characterization of circulating tumor cells from peripheral
blood of cancer patients. J. Transl. Med. 2011, 9, 70. [CrossRef] [PubMed]

Lianidou, E.S.; Markou, A. Circulating tumor cells as emerging tumor biomarkers in breast cancer. Clin.
Chem. Lab. Med. 2011, 49, 1579-1590.

Mego, M.; De Giorgi, U.; Dawood, S.; Wang, X.; Valero, V.; Andreopoulou, E.; Handy, B.; Ueno, N.T,;
Reuben, J.M.; Cristofanilli, M. Characterization of metastatic breast cancer patients with nondetectable
circulating tumor cells. Int. J. Cancer 2011, 129, 417-423. [CrossRef]

Giordano, A.; Giuliano, M.; De Laurentiis, M.; Arpino, G.; Jackson, S.; Handy, B.C.; Ueno, N.T,;
Andreopoulou, E.; Alvarez, RH.; Valero, V.; et al. Circulating tumor cells in immunohistochemical
subtypes of metastatic breast cancer: Lack of prediction in HER2-positive disease treated with targeted
therapy. Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2012, 23, 1144-1150. [CrossRef]

Pierga, J.Y.; Bidard, F.C.; Mathiot, C.; Brain, E.; Delaloge, S.; Giachetti, S.; De Cremoux, P.; Salmon, R.;
Vincent-Salomon, A.; Marty, M. Circulating tumor cell detection predicts early metastatic relapse after
neoadjuvant chemotherapy in large operable and locally advanced breast cancer in a phase II randomized
trial. Clin. Cancer Res. 2008, 14, 7004-7010. [CrossRef]


https://gco.iarc.fr/
http://dx.doi.org/10.1158/0008-5472.CAN-09-0099
http://dx.doi.org/10.1038/nrclinonc.2013.124
http://www.ncbi.nlm.nih.gov/pubmed/23881035
http://dx.doi.org/10.1158/0008-5472.CAN-16-2717
http://www.ncbi.nlm.nih.gov/pubmed/28249905
http://dx.doi.org/10.1038/nrclinonc.2017.174
http://www.ncbi.nlm.nih.gov/pubmed/29158590
http://dx.doi.org/10.1056/NEJMoa040766
http://www.ncbi.nlm.nih.gov/pubmed/15317891
http://dx.doi.org/10.1373/clinchem.2012.194258
http://dx.doi.org/10.1016/j.molonc.2015.12.002
http://dx.doi.org/10.1007/s10555-012-9366-8
http://dx.doi.org/10.1038/s41467-017-00196-1
http://www.ncbi.nlm.nih.gov/pubmed/28775303
http://dx.doi.org/10.1186/1479-5876-9-70
http://www.ncbi.nlm.nih.gov/pubmed/21595914
http://dx.doi.org/10.1002/ijc.25690
http://dx.doi.org/10.1093/annonc/mdr434
http://dx.doi.org/10.1158/1078-0432.CCR-08-0030

Cancers 2019, 11, 1941 13 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rack, B.; Schindlbeck, C.; Andergassen, U.; Lorenz, R.; Zwingers, T.; Schneeweiss, A.; Lichtenegger, W.;
Beckmann, M.W.; Sommer, H.; Pantel, K.; et al. Prognostic Relevance of Circulating Tumor Cells in the
Peripheral Blood of Primary Breast Cancer Patients. Cancer Res. 2010, 70, S5-56.

Rack, B.; Schindlbeck, C.; Jiickstock, J.; Andergassen, U.; Hepp, P.; Zwingers, T.; Friedl, T.W.P,; Lorenz, R.;
Tesch, H.; Fasching, P.A.; et al. Circulating tumor cells predict survival in early average-to-high risk breast
cancer patients. J. Natl. Cancer Inst. 2014, 106, dju066. [CrossRef]

Hayes, D.F; Cristofanilli, M.; Budd, G.T.; Ellis, M.].; Stopeck, A.; Miller, M.C.; Matera, J.; Allard, W.J.;
Doyle, G.V.; Terstappen, L. W.W.M. Circulating tumor cells at each follow-up time point during therapy of
metastatic breast cancer patients predict progression-free and overall survival. Clin. Cancer Res. 2006, 12,
4218-4224. [CrossRef]

Joosse, S.A.; Gorges, T.M.; Pantel, K. Biology, detection, and clinical implications of circulating tumor cells.
EMBO Mol. Med. 2015, 7, 1-11. [CrossRef]

Fehm, T.; Hoffmann, O.; Aktas, B.; Becker, S.; Solomayer, E.F.,; Wallwiener, D.; Kimmig, R.; Kasimir-Bauer, S.
Detection and characterization of circulating tumor cells in blood of primary breast cancer patients by
RT-PCR and comparison to status of bone marrow disseminated cells. Breast Cancer Res. 2009, 11, 1-9.
[CrossRef] [PubMed]

Kasimir-Bauer, S.; Hoffmann, O.; Wallwiener, D.; Kimmig, R.; Fehm, T. Expression of stem cell and
epithelial-mesenchymal transition markers in primary breast cancer patients with circulating tumor cells.
Breast Cancer Res. 2012, 14, R15. [CrossRef] [PubMed]

Barriere, G.; Riouallon, A.; Renaudie, J.; Tartary, M.; Rigaud, M. Mesenchymal characterization: Alternative
to simple CTC detection in two clinical trials. Anticancer Res. 2012, 32, 3363-3370. [PubMed]

Barriere, G.; Riouallon, A.; Renaudie, J.; Tartary, M.; Rigaud, M. Mesenchymal and stemness circulating
tumor cells in early breast cancer diagnosis. BMC Cancer 2012, 12, 114. [CrossRef]

Kasimir-Bauer, S.; Bittner, A.K.; Konig, L.; Reiter, K.; Keller, T.; Kimmig, R.; Hoffmann, O. Does primary
neoadjuvant systemic therapy eradicate minimal residual disease? Analysis of disseminated and circulating
tumor cells before and after therapy. Breast Cancer Res. 2016, 18, 20. [CrossRef]

Keup, C.; Mach, P.; Aktas, B.; Tewes, M.; Kolberg, H.C.; Hauch, S.; Sprenger-Haussels, M.; Kimmig, R.;
Kasimir-Bauer, S. RNA profiles of circulating tumor cells and extracellular vesicles for therapy stratification
of metastatic breast cancer patients. Clin. Chem. 2018, 64, 1054-1062. [CrossRef]

Aktas, B.; Tewes, M.; Fehm, T.; Hauch, S.; Kimmig, R.; Kasimir-Bauer, S. Stem cell and epithelial-mesenchymal
transition markers are frequently overexpressed in circulating tumor cells of metastatic breast cancer patients.
Breast Cancer Res. 2009, 11, R46. [CrossRef]

Xenidis, N.; Vlachonikolis, I.; Mavroudis, D.; Perraki, M.; Stathopoulou, A.; Malamos, N.; Kouroussis, C.;
Kakolyris, S.; Apostolaki, S.; Vardakis, N.; et al. Peripheral blood circulating cytokeratin-19 mRNA-positive
cells after the completion of adjuvant chemotherapy in patients with operable breast cancer. Ann. Oncol. Off.
J. Eur. Soc. Med. Oncol. 2003, 14, 849-855. [CrossRef]

Tewes, M.; Aktas, B.; Welt, A.; Mueller, S.; Hauch, S.; Kimmig, R.; Kasimir-Bauer, S. Molecular profiling and
predictive value of circulating tumor cells in patients with metastatic breast cancer: An option for monitoring
response to breast cancer related therapies. Breast Cancer Res. Treat. 2009, 115, 581-590. [CrossRef]
Bredemeier, M.; Edimiris, P.; Mach, P.; Kubista, M.; Sjoback, R.; Rohlova, E.; Kolostova, K.; Hauch, S.;
Aktas, B.; Tewes, M,; et al. Gene expression signatures in circulating tumor cells correlate with response to
therapy in metastatic breast cancer. Clin. Chem. 2017, 63, 1585-1593. [CrossRef]

Markiewicz, A.; Topa, J.; Nagel, A.; Skokowski, J.; Seroczynska, B.; Stokowy, T.; Welnicka-Jaskiewicz, M.;
Zaczek, A. Spectrum of Epithelial-Mesenchymal Transition Phenotypes in Circulating Tumour Cells from
Early Breast Cancer Patients. Cancers 2019, 11, 59. [CrossRef] [PubMed]

Bredemeier, M.; Edimiris, P.; Tewes, M.; Mach, P.; Aktas, B. Establishment of a multimarker qPCR panel
for the molecular characterization of circulating tumor cells in blood samples of metastatic breast cancer
patients during the course of palliative treatment. Oncotarget 2016, 7, 41677-41690. [CrossRef] [PubMed]
Aaltonen, K.E.; Novosadova, V.; Bendahl, P-O.; Graffman, C.; Larsson, A.-M.; Ryden, L. Molecular
characterization of circulating tumor cells from patients with metastatic breast cancer reflects evolutionary
changes in gene expression under the pressure of systemic therapy. Oncotarget 2017, 8, 45544—45565.
[CrossRef] [PubMed]


http://dx.doi.org/10.1093/jnci/dju066
http://dx.doi.org/10.1158/1078-0432.CCR-05-2821
http://dx.doi.org/10.15252/emmm.201303698
http://dx.doi.org/10.1186/bcr2349
http://www.ncbi.nlm.nih.gov/pubmed/19664291
http://dx.doi.org/10.1186/bcr3099
http://www.ncbi.nlm.nih.gov/pubmed/22264265
http://www.ncbi.nlm.nih.gov/pubmed/22843916
http://dx.doi.org/10.1186/1471-2407-12-114
http://dx.doi.org/10.1186/s13058-016-0679-3
http://dx.doi.org/10.1373/clinchem.2017.283531
http://dx.doi.org/10.1186/bcr2333
http://dx.doi.org/10.1093/annonc/mdg259
http://dx.doi.org/10.1007/s10549-008-0143-x
http://dx.doi.org/10.1373/clinchem.2016.269605
http://dx.doi.org/10.3390/cancers11010059
http://www.ncbi.nlm.nih.gov/pubmed/30634453
http://dx.doi.org/10.18632/oncotarget.9528
http://www.ncbi.nlm.nih.gov/pubmed/27223437
http://dx.doi.org/10.18632/oncotarget.17271
http://www.ncbi.nlm.nih.gov/pubmed/28489591

Cancers 2019, 11, 1941 14 of 15

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Polioudaki, H.; Agelaki, S.; Chiotaki, R.; Politaki, E.; Mavroudis, D.; Matikas, A.; Georgoulias, V.;
Theodoropoulos, P.A. Variable expression levels of keratin and vimentin reveal differential EMT status of
circulating tumor cells and correlation with clinical characteristics and outcome of patients with metastatic
breast cancer. BMC Cancer 2015, 15, 399. [CrossRef] [PubMed]

Fujisue, M.; Nishimura, R.; Okumura, Y.; Tashima, R.; Nishiyama, Y.; Osako, T.; Toyozumi, Y.; Arima, N.
Clinical Significance of CK19 Negative Breast Cancer. Cancers 2012, 5, 1-11. [CrossRef]

Han, EK.; Sgambato, A.; Jiang, W.; Zhang, Y.J.; Santella, RM.; Doki, Y.; Cacace, A.M.; Schieren, I;
Weinstein, I.B. Stable overexpression of cyclin D1 in a human mammary epithelial cell line prolongs the
S-phase and inhibits growth. Oncogene 1995, 10, 953-961.

Fettig, L.M.; McGinn, O.; Finlay-Schultz, ].; LaBarbera, D.V.; Nordeen, S.K.; Sartorius, C.A. Cross talk between
progesterone receptors and retinoic acid receptors in regulation of cytokeratin 5-positive breast cancer cells.
Oncogene 2017, 36, 6074—6084. [CrossRef]

Joosse, S.A.; Hannemann, J.; Spotter, ].; Bauche, A.; Andreas, A.; Miiller, V.; Pantel, K. Changes in keratin
expression during metastatic progression of breast cancer: Impact on the detection of circulating tumor cells.
Clin. Cancer Res. 2012, 18, 993-1003. [CrossRef]

Alieva, M.; van Rheenen, J.; Broekman, M.L.D. Potential impact of invasive surgical procedures on primary
tumor growth and metastasis. Clin. Exp. Metastasis 2018, 35, 319-331. [CrossRef]

Mosly, D.; Turnbull, A.; Sims, A.; Ward, C.; Langdon, S. Predictive markers of endocrine response in breast
cancer. World J. Exp. Med. 2018, 8, 1. [CrossRef]

Khaled, W.T.; Choon Lee, S.; Stingl, J.; Chen, X.; Raza Ali, H.; Rueda, O.M.; Hadi, F; Wang, J.; Yu, Y,;
Chin, S.-F; et al. BCL11A is a triple-negative breast cancer gene with critical functions in stem and progenitor
cells. Nat. Commun. 2015, 6, 5987. [CrossRef] [PubMed]

Dairkee, S.H.; Ljung, B.M.; Smith, H.; Hackett, A. Immunolocalization of a human basal epithelium specific
keratin in benign and malignant breast disease. Breast Cancer Res. Treat. 1987, 10, 11-20. [CrossRef] [PubMed]
Lehn, S.; Ferno, M.; Jirstrom, K.; Rydén, L.; Landberg, G. A non-functional retinoblastoma tumor suppressor
(RB) pathway in premenopausal breast cancer is associated with resistance to tamoxifen. Cell Cycle 2011, 10,
956-962. [CrossRef] [PubMed]

Caligiuri, I.; Toffoli, G.; Giordano, A.; Rizzolio, F. pRb controls estrogen receptor alpha protein stability and
activity. Oncotarget 2013, 4, 875-883. [CrossRef]

Wolfer, A.; Wittner, B.S.; Irimia, D.; Flavin, R.J.; Lupien, M.; Gunawardane, R.N.; Meyer, C.A ; Lightcap, E.S.;
Tamayo, P.; Mesirov, J.P.; et al. MYC regulation of a “poor-prognosis” metastatic cancer cell state. Proc. Natl.
Acad. Sci. USA 2010, 107, 3698-3703. [CrossRef]

Yang, A.; Qin, S.; Schulte, B.A.; Ethier, S.P.; Tew, K.D.; Wang, G.Y. MYC Inhibition Depletes Cancer Stem-like
Cells in Triple-Negative Breast Cancer. Cancer Res. 2017, 77, 6641-6650. [CrossRef]

McNeil, C.M.; Sergio, C.M.; Anderson, L.R.; Inman, C.K.; Eggleton, S.A.; Murphy, N.C.; Millar, EK.A.;
Crea, P;; Kench, ].G.; Alles, M.C,; et al. c-Myc overexpression and endocrine resistance in breast cancer.
J. Steroid Biochem. Mol. Biol. 2006, 102, 147-155. [CrossRef]

Reinhardt, F.; Franken, A.; Meier-Stiegen, F.; Driemel, C.; Stoecklein, N.H.; Fischer, J.C.; Niederacher, D.;
Ruckhaeberle, E.; Fehm, T.; Neubauer, H. Diagnostic leukapheresis enables reliable transcriptomic profiling
of single circulating tumor cells to characterize inter-cellular heterogeneity in terms of endocrine resistance.
Cancers 2019, 11, 903. [CrossRef]

Sheikh, A.; Hussain, S.A.; Ghori, Q.; Naeem, N.; Fazil, A.; Giri, S.; Sathian, B.; Mainali, P.; Al Tamimi, D.M.
The spectrum of genetic mutations in breast cancer. Asian Pac. ]. Cancer Prev. 2015, 16, 2177-2185. [CrossRef]
Park, ].Y.; Zhang, F.; Andreassen, PR. PALB2: The hub of a network of tumor suppressors involved in DNA
damage responses. Biochim. Biophys. Acta Rev. Cancer 2014, 1846, 263-275. [CrossRef]

Li, J.; Li, M.; Chen, P; Ba, Q. High expression of PALB2 predicts poor prognosis in patients with advanced
breast cancer. FEBS Open Bio. 2017, 8, 56—63. [CrossRef] [PubMed]

Nepomuceno, T.C.; De Gregoriis, G.; de Oliveira, FM.B.; Suarez-Kurtz, G.; Monteiro, A.N.; Carvalho, M.A.
The role of PALB2 in the DNA damage response and cancer predisposition. Int. J. Mol. Sci. 2017, 18, 1886.
[CrossRef] [PubMed]

Yu, M,; Bardia, A.; Wittner, B.S.; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, J.C.; Wells, M.N.;
Shah, A.M; et al. Circulating Breast Tumor Cells Exhibit Dynamic Changes in Epithelial and Mesenchymal
Composition. Science 2013, 339, 580-584. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s12885-015-1386-7
http://www.ncbi.nlm.nih.gov/pubmed/25962645
http://dx.doi.org/10.3390/cancers5010001
http://dx.doi.org/10.1038/onc.2017.204
http://dx.doi.org/10.1158/1078-0432.CCR-11-2100
http://dx.doi.org/10.1007/s10585-018-9896-8
http://dx.doi.org/10.5493/wjem.v8.i1.1
http://dx.doi.org/10.1038/ncomms6987
http://www.ncbi.nlm.nih.gov/pubmed/25574598
http://dx.doi.org/10.1007/BF01806130
http://www.ncbi.nlm.nih.gov/pubmed/2446682
http://dx.doi.org/10.4161/cc.10.6.15074
http://www.ncbi.nlm.nih.gov/pubmed/21358261
http://dx.doi.org/10.18632/oncotarget.1036
http://dx.doi.org/10.1073/pnas.0914203107
http://dx.doi.org/10.1158/0008-5472.CAN-16-3452
http://dx.doi.org/10.1016/j.jsbmb.2006.09.028
http://dx.doi.org/10.3390/cancers11070903
http://dx.doi.org/10.7314/APJCP.2015.16.6.2177
http://dx.doi.org/10.1016/j.bbcan.2014.06.003
http://dx.doi.org/10.1002/2211-5463.12356
http://www.ncbi.nlm.nih.gov/pubmed/29321957
http://dx.doi.org/10.3390/ijms18091886
http://www.ncbi.nlm.nih.gov/pubmed/28858227
http://dx.doi.org/10.1126/science.1228522
http://www.ncbi.nlm.nih.gov/pubmed/23372014

Cancers 2019, 11, 1941 15 of 15

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Pinto, C.A.; Widodo, E.; Waltham, M.; Thompson, E.W. Breast cancer stem cells and epithelial mesenchymal
plasticity-Implications for chemoresistance. Cancer Lett. 2013, 341, 56—62. [CrossRef]

Bulfoni, M.; Gerratana, L.; Del Ben, F.; Marzinotto, S.; Sorrentino, M.; Turetta, M.; Scoles, G.; Toffoletto, B.;
Isola, M.; Beltrami, C.A.; et al. In patients with metastatic breast cancer the identification of circulating tumor
cells in epithelial-to-mesenchymal transition is associated with a poor prognosis. Breast Cancer Res. 2016, 18,
30. [CrossRef]

Markiewicz, A.; Zaczek, A.J. The Landscape of Circulating Tumor Cell Research in the Context of
Epithelial-Mesenchymal Transition. Pathobiology 2017, 84, 264-283. [CrossRef]

Lou, Y.; Preobrazhenska, O.; auf dem Keller, U.; Sutcliffe, M.; Barclay, L.; McDonald, P.C.; Roskelley, C.;
Overall, C.M.; Dedhar, S. Epithelial-mesenchymal transition (EMT) is not sufficient for spontaneous murine
breast cancer metastasis. Dev. Dyn. 2008, 237, 2755-2768. [CrossRef]

Fischer, K.R.; Durrans, A.; Lee, S.; Sheng, ].; Li, E; Wong, S.T.C.; Choi, H.; El Rayes, T.; Ryu, S.; Troeger, J.; et al.
Epithelial-to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance.
Nature 2015, 527, 472-476. [CrossRef]

Jolly, M.K.; Ware, K.E.; Gilja, S.; Somarelli, ].A.; Levine, H. EMT and MET: Necessary or permissive for
metastasis? Mol. Oncol. 2017, 11, 755-769. [CrossRef]

Padmanaban, V.; Krol, I; Suhail, Y.; Szczerba, B.M.; Aceto, N.; Bader, ].S.; Ewald, A.J. E-cadherin is required
for metastasis in multiple models of breast cancer. Nature 2019, 573, 439-444. [CrossRef]

De Wit, S.; Manicone, M.; Rossi, E.; Lampignano, R.; Yang, L.; Zill, B.; Rengel-Puertas, A.; Ouhlen, M.;
Crespo, M.; Berghuis, AM.S.; et al. EpCAMhigh and EpCAMlow circulating tumour cells in metastatic
prostate and breast cancer patients. Oncotarget 2018, 9, 35705-35716. [CrossRef] [PubMed]

Charafe-Jauffret, E.; Ginestier, C.; Iovino, E; Tarpin, C.; Diebel, M.; Esterni, B.; Houvenaeghel, G.; Extra, ].-M.;
Bertucci, F.; Jacquemier, J.; et al. Aldehyde dehydrogenase 1-positive cancer stem cells mediate metastasis
and poor clinical outcome in inflammatory breast cancer. Clin. Cancer Res. 2010, 16, 45-55. [CrossRef]
[PubMed]

Ginestier, C.; Hur, M.H.; Charafe-Jauffret, E.; Monville, E; Dutcher, J.; Brown, M.; Jacquemier, J.; Viens, P;
Kleer, C.G.; Liu, S.; et al. ALDHI is a marker of normal and malignant human mammary stem cells and a
predictor of poor clinical outcome. Cell Stem Cell 2007, 1, 555-567. [CrossRef] [PubMed]

Ma, F; Li, H,; Li, Y;; Ding, X.; Wang, H.; Fan, Y.; Lin, C.; Qian, H.; Xu, B. Aldehyde dehydrogenase 1 (ALDH1)
expression is an independent prognostic factor in triple negative breast cancer (TNBC). Medicine 2017, 96,
e6561. [CrossRef]

Yao, J.; Jin, Q.; Wang, X.-D.; Zhu, H.-].; Ni, Q.-C. Aldehyde dehydrogenase 1 expression is correlated with
poor prognosis in breast cancer. Medicine 2017, 96, €7171. [CrossRef]

Raimondi, C.; Gradilone, A.; Naso, G.; Vincenzi, B. Epithelial-mesenchymal transition and stemness features
in circulating tumor cells from breast cancer patients. Breast Cancer Res. Treat. 2011, 130, 449-455. [CrossRef]
Strati, A.; Nikolaou, M.; Georgoulias, V.; Lianidou, E.S. Prognostic significance of TWIST1, CD24, CD44, and
ALDHI transcript quantification in EpCAM-positive circulating tumor cells from early stage breast cancer
patients. Cells 2019, 8, 652. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.canlet.2013.06.003
http://dx.doi.org/10.1186/s13058-016-0687-3
http://dx.doi.org/10.1159/000477812
http://dx.doi.org/10.1002/dvdy.21658
http://dx.doi.org/10.1038/nature15748
http://dx.doi.org/10.1002/1878-0261.12083
http://dx.doi.org/10.1038/s41586-019-1526-3
http://dx.doi.org/10.18632/oncotarget.26298
http://www.ncbi.nlm.nih.gov/pubmed/30479699
http://dx.doi.org/10.1158/1078-0432.CCR-09-1630
http://www.ncbi.nlm.nih.gov/pubmed/20028757
http://dx.doi.org/10.1016/j.stem.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/18371393
http://dx.doi.org/10.1097/MD.0000000000006561
http://dx.doi.org/10.1097/MD.0000000000007171
http://dx.doi.org/10.1007/s10549-011-1373-x
http://dx.doi.org/10.3390/cells8070652
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	EpCAM+ CTCs Enumeration Monitoring 
	Unbiased CTC Gene Expression For Advanced BC Patients Monitoring 
	CTC Detection By Cell Search and Gene Expression Profiles 
	CTCs Expression Profile and Clinical Data 
	EpCAMhighVIMlowALDH1A1high CTCs Signature Predicts Shorter Outcome 

	Discussion 
	Materials and Methods 
	Patients 
	Clinical Samples 
	CTC Enumeration 
	Peripheral Blood Mononuclear Cells (PBMCs) Isolation and CTCs Enrichment 
	Nucleic Acid Extraction, cDNA Synthesis, Preamplification, and Quantitative Real-Time PCR (qPCR) 
	Statistical Analysis 

	Conclusions 
	References

