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Abstract

expression of those cytoskeletal proteins in CTCs.

aggressive disease.

Background: Circulating tumor cells (CTCs) are the major players in the metastatic process. A potential mechanism
of cell migration and invasion is the formation of microtentacles in tumor cells. These structures are supported by
a-tubulin (TUB), detyrosinated a-tubulin (GLU), and vimentin (VIM). In the current study, we evaluated the

Methods: Forty patients with breast cancer (BC) (16 early and 24 metastatic) were enrolled in the study. CTCs were
isolated using the ISET platform and stained with the following combinations of antibodies: pancytokeratin (CK)/VIM/
TUB and CKMVIM/GLU. Samples were analyzed with the ARIOL platform and confocal laser scanning microscopy.

Results: Fluorescence quantification revealed that the ratios CK/TUB, CK/VIM, and CK/GLU were statistically increased in
MCF7 compared with more aggressive cell lines (SKBR3 and MDA-MB-231). In addition, all of these ratios were statistically
increased in MCF7 cells compared with metastatic BC patients’ CTCs (p=0.0001, p =0.0001, and p = 0.003, respectively).
Interestingly, intercellular connections among CTCs and between CTCs and blood cells through cytoskeleton bridges were
revealed, whereas microtentacles were increased in patients with CTC clusters. These intercellular connections were
supported by TUB, VIM, and GLU. Quantification of the examined molecules revealed that the median intensity of TUB,
GLU, and VIM was significantly increased in patients with metastatic BC compared with those with early disease (TUB, 62.27
vs 115, p=00001; GLU, 6.99 vs 529, p = 0.029; and VIM, 824 vs 5.38, p = 0.0001, respectively).

Conclusions: CTCs from patients with BC aggregate to each other and to blood cells through cytoskeletal protrusions,
supported by VIM, TUB, and GLU. Quantification of these molecules could potentially identify CTCs related to more
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Background

Metastasis, rather than the primary tumor, is mainly re-
sponsible for cancer-related death. The metastatic process
is associated with the presence of circulating tumor cells
(CTCs) and disseminated tumor cells in peripheral blood
and bone marrow, respectively [1, 2]. CTCs hold stem and
epithelial-to-mesenchymal transition (EMT) properties,
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which are difficult to target with common chemotherapeu-
tic agents [3-5]. The malignant nature of CTCs is sup-
ported by the presence of chromosomal alterations and by
xenograft mouse models [6—9]. However, some of them are
dormant or apoptotic [10, 11], and it seems that only a
small proportion of CTCs are capable of forming overt
tumor deposits [12].

CTCs are an extremely heterogeneous population;
therefore, it is crucial to isolate and effectively characterize
CTCs according to their tumorigenic capacity [12]. We
have reported that CTCs express growth factor receptors
and activated signaling kinases such as epidermal growth
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factor receptor, human epidermal growth factor receptor
2 (HER2), phosphorylated phosphatidylinositol 3-kinase,
p-AKT, and p-FAK [13, 14]. However, it has been shown
that there are important phenotypic and biological
discrepancies between CTCs and patients’ primary tu-
mors, implying that it is crucial to characterize these cells
and use them as potential targets for cancer treatment
[13, 15-17]. To this end, we have reported that it is
possible to improve patients’ outcomes by targeting CTCs
rather than primary tumors and prevent tumor cell
spreading [18].

A mechanism for metastatic dissemination is the forma-
tion of microtentacles. These cytoskeletal structures are
supported by a-tubulin (TUB) and associated with the
EMT pathways [19, 20]. Vimentin (VIM), Twist, and Snail
are particularly upregulated in microtentacle-expressing
cells. Furthermore, cancer cells with the capacity for cell
migration and invasion are characterized by stem cell
phenotype and microtentacle protrusions [19-24]. Detyro-
sinated a-tubulin (GLU) is another interesting characteris-
tic of these cytoskeletal structures, considering the fact that
GLU is a poor prognostic factor for patients with positive
primary tumors [25].

Recent evidence indicates that common chemothera-
peutic agents such as taxanes cause shedding of CTCs
into the bloodstream, which can dramatically increase
cancer spread and relapse [26, 27]. Taxanes can also in-
crease microtentacles, promoting tumor cell reattach-
ment [28]. However, other drugs such as kinesin
inhibitors or curcumin can diminish microtentacles and
inhibit tumor cell dissemination [22, 29].

The characterization of the microtentacles’ structural
proteins in isolated CTCs from patients with breast can-
cer (BC) has not been extensively addressed so far. The
goal of the current study was to identify these molecules
on isolated CTCs and to explore their potential interfer-
ence with the metastatic process. Finally, we investigated
possible implications of microtentacles in inter-CTC
communication and in CTC-to-blood cell crosstalk.

Methods

Cell cultures

Three different BC cell lines, representative of distinct sub-
types, were used to create an expression pattern of the
assessed molecules: MCF7 (hormone receptor-positive
[HR*]), SKBR3 (HER2"), and MDA-MB-231 (basal-like). All
cell lines were obtained from the American Type Culture
Collection (Manassas, VA, USA). The MCF7 cells were
cultured in 1:1 (vol/vol) DMEM/Ham’s F-12 medium (Life
Technologies, Carlsbad, CA, USA) supplemented with 10%
EBS (Life Technologies), 2 mM L-glutamine (Life Technolo-
gies) 30 mM NaHCOBsg, 16 ng/ml insulin, and 50 mg/ml
penicillin/streptomycin (Life Technologies). SKBR3 cells
were cultured in McCoys medium (Life Technologies)
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enriched with 10% FBS and 2 mM L-glutamine sup-
plemented with 50 mg/ml penicillin/streptomycin.
MDA-MB-231 cells were cultured in high-glucose
DMEM (Life Technologies) with 10% FBS and 2 mM L-gluta-
mine supplemented with 50 mg/ml penicillin/streptomycin.
Cells were maintained in a humidified atmosphere of 5%
CO,/95% air. Subcultivation for all cell lines was performed
with 0.25% trypsin and 5 mM ethylenediaminetetraacetic
acid (EDTA). All experiments were performed during the
logarithmic growth phase. For spiking experiments, various
dilutions (10 cells/ml, 100 cells/ml, and 1000 cells/ml of
blood) of cells from three cell lines were spiked in 10 ml of
blood obtained from healthy blood volunteers.

Patients’ blood samples

Peripheral blood (10 ml in EDTA) was obtained from 16
chemotherapy-naive patients with early BC and 24
patients with metastatic disease, before the initiation of
any line of treatment, according to the design of a previ-
ous study [30]. Patients without evidence of metastatic
disease (stages I-II) were considered to have early BC,
whereas patients with stage IV disease were included in
the metastatic group. Most of the patients were post-
menopausal (62.5% early and 58.3% metastatic) in both
cohorts. The HR" type comprised 75% of adjuvant and
62.5% of metastatic subjects. Triple-negative tumors
(HR"HER2") were represented in 6.3% of the patients
with early disease and in 25% with metastatic disease.
Sixteen patients from the metastatic group were initially
diagnosed with early and operable disease, and seven
other patients were diagnosed with metastatic disease
from the beginning of the study. All the patients’ charac-
teristics are shown in Table 1.

Blood samples were collected at the middle of vein
puncture after the first 5 ml of blood were discarded in
order to avoid contamination of the blood sample with
epithelial cells from the skin during sample collection.
This protocol was approved by the ethics and scientific
committees of our institution, and all patients and
healthy blood donors gave their informed consent to
participate in the study.

ISET system isolation of circulating tumor cells

CTCs were isolated using the ISET (Isolation by SizE of
Tumor cells) platform (Rarecells Diagnostics, Paris,
France) according to the manufacturer’s instructions.
This isolation system was chosen because in a previous
study it was shown that the ISET platform has a high re-
covery rate of tumor cells, regardless of the BC subtype
[31]. Briefly, 10 ml of peripheral blood were diluted in
1:10 ISET buffer (Rarecells Diagnostics) for 10 min at
room temperature (RT), and 100 ml of the diluted
sample was filtered using a depression tab adjusted at
-10 kPa. The membrane was dried for 2 h at RT and
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Table 1 Patients’ characteristics
Early disease (16 patients) Metastatic disease (24 patients)
Age, yr, median (range) 53 (33-77) Age, yr, median (range) 58 (39-70)
No. (%) No. (%)
Menopausal status Menopausal status
Premenopausal 4 (25%) Premenopausal 7 (29.2%)
Postmenopausal 10 (62.5%) Postmenopausal 14 (58.3%)
Unknown 2 (12.5%) Unknown 3 (12.5%)
Tumor size Tumor size
pT1 9 (56.3%) pT1 4 (16.7%)
pr2 5 (31.3%) pT2 12 (50%)
pT3 0 (0%) pT3 4 (16.7%)
Unknown 2 (12.5%) Unknown 4 (16.7%)
Lymph node status Lymph node status
Node-negative 4 (25%) Node-negative 9 (37.5%)
Node-positive 11 (68.8%) Node-positive 10 (41.7%)
Unknown 1 (6.3%) Unknown 5 (20.8%)
Histologic grade Histologic grade
Grade 1 0 (0%) Grade 1 0 (0%)
Grade 2 10 (62.5%) Grade 2 12 (50%)
Grade 3 3 (18.8%) Grade 3 9 (37.5%)
Grade 4 Grade 4 3 (12.5%)
Unknown 3 (18.8%) Unknown 0 (0%)
Histologic subtype Histologic subtype
Ductal 12 (75%) Ductal 17 (70.8)
Lobular 1 (6.3%) Lobular 2 (8.3%)
Other 3 (18.8%) Other 5 (20.8%)
ER/PR tumor status ER/PR tumor status
Positive 12 (75%) Positive 15 (62.5%)
Negative 2 (12.5%) Negative 6 (25%)
Unknown 2 (12.5%) Unknown 3 (12.5%)
HER2 tumor status HER2 tumor status
Positive® 7 (43.8%) Positive® 3 (12.5%)
Negative 6 (37.5%) Negative 18 (75%)
Unknown 3 (18.8%) Unknown 3 (12.5%)
HR*/HER2™ 5(31.3%) HR*/HER2™ 12 (50%)
HR*/HER2* 6 (37.5%) HR*/HER2* 3 (12.5%)
HR™/HER2* 1(6.3%) HR™/HER2+ 0 (0%)
HR™/HER2™ 1 (6.3%) HR/HER2™ 6 (25%)
Unknown combination 3 (18.8%) Unknown combination 3 (12.5%)
Disease sites
1 8 (33.3%)
2 11 (45.8%)
23 4 (16.6%)
Unknown 1 (4.2%)

Predominantly visceral disease
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Table 1 Patients’ characteristics (Continued)
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Early disease (16 patients)

Metastatic disease (24 patients)

Yes 15 (62.5%)
No 7 (29.1%)
Unknown 2 (8.3%)

Primary breast cancer

Adjuvant 16 (66.7%)
Metastatic 7 (29.2%)
Unknown 1 (4.2%)
Line of treatment

First 8 (333%)
Second 8 (33.3%)
Third 3 (12.5%)
Fourth or later 5 (20.8%)

Abbreviations: ER Estrogen receptor, PR Progesterone receptor, HR Hormone receptor, HER2 Human epidermal growth factor receptor 2
positive were considered all the patients with HER2 score +3 in immunohistochemistry staining or +2 with positive FISH

stored at —20 °C. Each membrane spot was used for iden-
tification of CTCs after immunostaining and fluorescence
microscopy analysis.

Confocal laser scanning and Ariol system microscopy

The presence of CTCs on ISET spots was evaluated
using A45-B/B3 mouse antibody (Micromet, Munich,
Germany) detecting CK8, CK18, and CK19, along with
CD45 antibody (common leukocyte antigen), in order to
exclude possible ectopic expression of cytokeratins by
hematopoietic cells. A patient was considered as
CTC-positive only if she harvested CK'/CD45  cells
(Fig. 2d). In addition, the cytomorphological criteria
followed by Meng et al. were also used in order to
characterize a cell as CTCs [9].

Consequently, patients were analyzed for the expres-
sion of TUB, GLU, and VIM. Triple-staining experi-
ments were performed with the following combinations
of antibodies: CK/TUB/VIM and CK/GLU/VIM. The
samples were subsequently evaluated using the Ariol
system (Leica Biosystems, Buffalo Grove, IL, USA) and
confocal laser scanning microscopy.

For CK/TUB/VIM immunofluorescence staining,
spots were incubated with PBS for 5 min, and then
cells were permeabilized with 2% Triton X-100 for
10 min. After 1 h blocking with PBS/10% FBS, cells
were incubated with VIM antirabbit antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), followed
by Alexa Fluor 633 antirabbit secondary antibody
(Life Technologies). Subsequently, samples were
stained with TUB antimouse antibody (Sigma-Aldrich,
Taufkirchen, Germany) and Alexa Fluor 555 anti-
mouse secondary antibody (Life Technologies) for
45 min Zenon technology (fluorescein

isothiocyanate-conjugated immunoglobulin G1 [IgG1]
antibody; Molecular Probes, Eugene, OR, USA) was
used for CK detection with the A45-B/B3 antibody.
Zenon antibodies were prepared within 30 min before
use [16].

For triple-staining of CK/GLU/VIM, the same
blocking and permeabilization procedures were
followed, and the membranes were incubated with
A45-B/B3 mouse antibody for 1 h. Consequently,
after incubation for 45 min with the secondary anti-
body (Alexa Fluor 488 antimouse; Life Technologies),
cells were stained with GLU antirabbit antibody
(Abcam, Cambridge, MA, USA) overnight. Subse-
quently, cells were incubated with Alexa Fluor 633
antirabbit antibody. Finally, Zenon technology (Alexa
Fluor 555-conjugated IgGl antibody) was used for
VIM staining (Santa Cruz Biotechnology). Positive
controls were also included in each experiment, using
the aforementioned cell lines spiked in healthy volun-
teers’ blood, whereas negative controls were prepared
by omitting the corresponding primary antibodies and
incubating the cells with the matching IgG isotype
bound to the corresponding fluorochrome. Each
patient with at least one CTC belonging to a distinct
phenotype was considered as positive for this
phenotype.

Statistical analysis

The criteria for the evaluation of objective response rate
(ORR) were according to RECIST 1.1 (Response Evalu-
ation Criteria In Solid Tumors): tumor size, lymph node
status, lesion number, and so forth [32]. Overall survival
(OS) was defined as the time from entrance into the
study until death from any cause. Progression-free sur-
vival (PES) was defined as extending from study
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enrollment until disease relapse or death, whichever oc-
curred first. Kaplan-Meier curves and Cox regression
analysis for PFS and OS were compared using the
log-rank test to provide a univariate assessment of the
prognostic value of selected clinical risk factors.
Variables that were found to be significant in univariate
analysis were then entered in a stepwise multivariate
Cox proportional hazards regression model to identify
those with independent prognostic value. All statis-
tical tests were performed at the 5% level of signifi-
cance. IBM SPSS Statistics version 22 software (IBM,
Armonk, NY, USA) was used for the analysis.

Results

Evaluation of TUB, GLU, and VIM in BC cell lines

The expression of TUB, GLU, and VIM in MCF?7,
SKBR3, and MDA-MB-231 cell lines was initially
assessed with spiking experiments followed by ISET sys-
tem isolation. Triple-staining experiments revealed that
the ratios CK/TUB, CK/GLU, and CK/VIM were signifi-
cantly increased in the well-differentiated HR* MCF7
cells compared with the more aggressive cell lines, such
as SKBR3 and MDA-MB-231 (Table 2).

TUB intensity did not differ significantly among the
cell lines. The highest GLU expression was observed
in SKBR3 cells, where it was significantly different
from MCF7 and MDA-MB-231 cells. VIM was ex-
tremely high in MDA-MB-231 cells compared with
MCE7 and SKBR3 cells.

Microtentacles were observed mainly in MDA-MB-231
cells. We also noticed that coincubation of cancer cells with
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blood samples resulted in the appearance of cytoskeletal
bridges between cancer and blood cells. This communication
was observed mainly in SKBR3 and MDA-MB-231 spiked
samples (Additional file 1: Figure S1).

Evaluation of TUB and CK/TUB ratio in CTCs isolated from
patients with early and metastatic BC

CTCs were detected in 11 of 16 (68.8%) and 16 of 24
(66.7%) patients with early and metastatic BC, respect-
ively. The mean and median numbers of CTCs per patient
were 4.6 and 1 (range, 0-37), respectively, for early BC,
whereas in metastatic subjects, the corresponding num-
bers were 59.5 and 1.5 (range, 0-1062). Triple-staining ex-
periments (TUB/VIM/CK) and confocal laser scanning
analysis revealed that CTCs contacted each other through
cytoskeletal bridges (Fig. 1a—d, white arrows). In addition,
they communicated with microtentacle connections with
nearby blood cells. These inter-CTC bridges supported by
TUB, VIM, and cytokeratin (Fig. 1a—d). However, micro-
tentacles that connected CTCs to blood cells (Fig. le-h,
white arrows) were mostly supported by TUB and VIM.
Each patient with at least one TUB*VIM*CK" cell is con-
sidered as positive for this phenotype.

Ariol system analysis revealed that the phenotype
(TUB*VIM'CK") prevailed in CTCs from patients with
metastatic disease (8 of 16 CK" patients; 50%) compared
with patients with early disease (2 of 11 CK" patients;
18.2%) (p = 0.058) (Fig. 2a). Conversely, the incidence of
the TUB"VIM CK" phenotype was not changed between
the two groups (18.75% and 18.2%, respectively). The

Table 2 Expression of a-tubulin, detyrosinated a-tubulin, and vimentin in cell lines and circulating tumor cells

Ratio CK/TUB Tubulin Ratio CK/GLU GLU Ratio CKNVIM Vimentin
MCF7 54607 308+35 2041+06 9.08+03 4222+28 427+05
SKBR3 149+0.7 2937 £66 124909 1289+0.7 31.34+£24 494 +04
MDA-MB 231 3.09+04 26.19£3.1 11.225+0.7 8.045+02 346+08 2887+3.7
CTCs in patients with early breast cancer 458+04 11.50+£04 15506 529+06 1433+£06 538+03
CTCs in patients with metastatic breast cancer 1.75+04 62.27 +18.7 1528+28 6.99+ 04 805+19 824+1
t tests p values
MCF7 vs MD-MB231 0.002 0307 0.0001 0.0001 0.002 0.001
MCF7 vs SKBR3 0.0001 0463 0.0001 0.005 0.011 0.235
MCF7 vs CTCs early 0.038 0.0001 0.185 0.0001 0.002 0.022
MCF7 vs CTCs metastatic 0.0001 0.0001 0.0001 0.0001 0.003 0.000
MDA-MB231 vs SKBR3 0.032 0.344 0446 0.001 0.0001 0.0001
MDA-MB231 vs CTCs early 0.332 0.0001 0.001 0.0001 0.0001 0.0001
MDA-MB231 vs CTCs metastatic 0.0001 0.0001 0.000 0.124 0.000 0.0001
SKBR3 vs CTCs early 0.036 0.010 0.001 0.0001 0.001 0429
SKBR3 vs CTCs metastatic 0.282 0.0001 0.002 0.0001 0.0001 0.0001
CTCs early vs CTCs metastatic 0.0001 0.0001 0937 0.029 0.007 0.0001

Abbreviations: CK Cytokeratin, TUB a-Tubulin, GLU Detyrosinated a-tubulin, VIM Vimentin, CTCs Circulating tumor cells
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Vimentin

(red), and VIM (blue), whereas blood cells are positive for VIM and TUB

Fig. 1 Expression of cytokeratin (CK), vimentin (VIM), and a-tubulin (TUB) in patients’ CTCs. Patients’ samples were stained with pancytokeratin
(A45-B/B3) (green), vimentin (blue), a-tubulin antibodies (red), and 4'6-diamidino-2-phenylindole (DAPI) (not shown). a—d Representative confocal
laser scanning micrographs of patients’ CTCs (x 40). White arrow indicates the cytoskeleton bridges between CTCs supported by TUB, VIM, and
CK. e-h Intercellular connections (white arrows) between a patient CTC and a blood cell (x 60). CTCs were positively stained for CK (green), TUB

alpha-Tubulin Overalay

absolute number of CTCs per patient for each distinct
phenotype is shown in Table 3.

Quantification of TUB expression revealed statistically
increased intensity in CTCs derived from patients with
metastatic BC compared with all the examined cell lines
(Table 2). Moreover, the intensity of TUB was statisti-
cally (p = 0.0001) lower in CTCs from patients with early
BC (11.5 £ 0.4) compared with that observed in patients
with metastatic disease (62.27 + 18.7) (Table 2, Fig. 2b).
Furthermore, the ratio CK/TUB was statistically lower
(p= 0.0001) in metastatic patients’ samples (1.75 + 0.4)
compared with the MCF7 (5.46 + 0.7) and MDA-MB-231
(3.09 + 0.4) cell lines (Table 2).

The ratio of CK/TUB was significantly higher in CTCs
detected in patients with early BC compared with that
observed in CTCs from patients with metastatic disease
(4.58 + 0.4 vs 1.75 + 0.4; p = 0.0001) (Table 2; Fig. 2c).

The distribution of all the CTCs regarding TUB intensity
and CK/TUB ratio in both groups compared with MCF7,
SKBR3, and MDA-MB-231 is shown in Additional files 2
and 3: Figures S2a, b and S3a, b, respectively.

Evaluation of GLU and CK/GLU ratio in patients with early
and metastatic BC

Our results revealed that GLU participates in inter-
cellular connections among patients’ CTCs (Fig. 3).

GLU was expressed in a high percentages of patients
with early and metastatic BC. The GLU"VIM*'CK"
phenotype could be identified in 54.5% (6 of 11) of
patients with early BC and in 62.5% of patients with
metastatic disease (10 of 16) (Fig. 2a). In addition,
GLU"VIM™CK") CTCs could be detected in both
patients with early BC (2 of 11 patients; 18.2%) and
patients with metastatic disease (6 of 16 patients;
37.5%) (p= 0.69). Conversely, the phenotypes with-
out GLU expression prevailed in an adjuvant setting
compared with metastatic BC (GLU VIM'CK")
(27.3% [3 of 11] vs 13% [2 of 16; p= 0.357). In
addition, the GLU VIM CK" phenotype was detected
in 36.36% (4 of 11) of patients with early BC and in
13.33% (2 of 16) with metastatic disease (p = 0.357)
(Fig. 2a).

The ratio CK/GLU was significantly higher in MCF7
cells (20.41 £ 0.6; p = 0.0001) than in CTCs from patients
with metastatic BC (15.28 + 2.8) (Table 2). Median inten-
sity of GLU per patient was significantly increased in pa-
tients with metastatic BC compared with patients with
early disease (5.29 £0.6 in early vs 6.99 + 0.4 in meta-
static setting; p = 0.029) (Fig. 2b); however, the ratio of
CK/GLU (Fig. 2¢) did not reach statistical significance
(15.5+ 0.6 vs 15.28 + 2.8; p = 0.937). The distribution of
all the CTCs regarding GLU intensity and CK/GLU



Kallergi et al. Breast Cancer Research (2018) 20:67

Page 7 of 13

a % Patients per phenotype
70 62,5
g 60 50 54,
g% 37,5 36,36
%5 40
@ 18,75 27,3
30 113,180 182 182 333  HADIUVANT
< 20 !
S . W METASTATIC
o 10
a
0
& & © o
o o & & N
& R [ ©
C

Ratios of Intensity

Ratio CK/TUB

Ratio CK/GLU Ration CK/Vim

®ADJUVANT m METASTATIC

(hematopoietic cell marker, blue) antibody

Fig. 2 Quantification of cytokeratin (CK), a-tubulin (TUB), detyrosinated a-tubulin (GLU), and vimentin (VIM) in patients with early and metastatic
breast cancer. a Percentage of the corresponding circulating tumor cell (CTC) phenotypes in patients’ blood. Each patient was considered as
positive for a distinct phenotype if she harvested at least on CTC in her blood with this phenotype. b Quantification of TUB, GLU, and VIM
intensity in CTCs derived from patients with early and metastatic breast cancer. ¢ Quantification of CK/TUB, CK/GLU, and CK/VIM ratios in CTCs
derived from patients with early and metastatic breast cancer. d Patient CTCs stained with pancytokeratin (A45-B/B3, green) antibody and CD45
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ratio is shown in Additional files 2 and 3: Figures
S2¢, d and S3c, d.

Evaluation of VIM and CK/VIM ratio in patients with early
and metastatic BC

The intensity of VIM in CTCs detected in patients with
metastatic BC (8.24 + 1) was statistically higher than in
MCF7 (4.27 £0.5; p= 0.0001) and SKBR3 (4.94 + 0.4;
p = 0.0001) cells (Table 2). In addition, the intensity
of VIM in patients with early (5.38+0.3; p= 0.022)
and metastatic disease (8.24 +1; p = 0.0001) was also
significantly higher than in MCF7 cells (Table 2).
Mann-Whitney analysis also revealed significantly in-
creased VIM expression in CTCs from patients with
metastatic BC (8.24 + 1) compared with early disease
(5.38 £0.3) (p = 0.0001) (Fig. 2b).

CK/VIM ratio was lower in CTCs, regardless of dis-
ease stage, than in MCF7 cells (Table 2). In addition, the
CK/VIM ratio was significantly lower (Fig. 2¢) in pa-
tients with metastatic BC (8.05 + 1.9) than in those with
early disease (14.33 £ 0.6, p = 0.007).

There was also a positive correlation between the CK/
TUB and CK/GLU ratios in CTCs (Spearman’s correlation

analysis; p = 0.011). In addition, there was a positive cor-
relation between CTC phenotypes TUB"VIM*CK" and
GLU'VIM'CK" (p= 0.001) in patients with metastatic
BC. Moreover, as shown in Table 3, only one patient with
metastatic BC and one in the early BC group harvested
both GLU"VIM'CK" and GLU VIM*CK" CTCs in their
blood. Conversely, in the rest of the patients, all the CTCs
were either positive or negative for these phenotypes. The
distribution of all the CTCs regarding VIM intensity and
CK/VIM ratio identified in both settings is shown in
Additional file 2: Figure S2e and f and Figure S4e and f).

Evaluation of TUB, GLU, and VIM in sequential samples
from a patient with BC

During this study, one patient with early BC relapsed
and developed metastatic disease. Therefore, it was pos-
sible to analyze two different blood draws during the
course of the disease. The first blood sample was ob-
tained before any clinical or imaging evidence of relapse,
whereas the second corresponded to the time of docu-
mentation of metastatic disease. In accordance with our
previous observations, TUB’s intensity in CTCs was sta-
tistically increased in the metastatic sample (p = 0.002)
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Table 3 Number of circulating tumor cells per phenotype in each patient
Patients TUB*VIM*CK* TUB*VIM™CK* GLUVIM*CK* GLU™VIM*CK* GLUVIM~CK* GLU™VIM™CK*

Patients with early breast cancer

1 0 13 8 0 16 0
2 0 0 0 0 0 0
3 0 0 0 0 0 0
4 1 0 12 0 4 0
5 1 0 1 0 0 0
6 0 0 0 2 0 0
7 0 0 1 0 0 3
8 0 1 0 0 0 1
9 0 0 0 1 0 0
10 0 0 0 0 0 1
11 0 0 0 0 0 0
12 0 0 0 0 0 0
13 0 0 0 0 0 1
14 0 0 1 0 0 0
15 0 0 0 0 0 0
16 0 0 1 5 0 0
Patients with metastatic breast cancer

1 531 531 0 0 0
2 3 2 2 9 0 0
3 193 0 35 0 19 0
4 0 5 0 0 0 8
5 0 0 0 0 0 0
6 0 3 7 0 3 0
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0 0 0 0 0 0
10 0 0 0 0 1 0
11 1 0 0 0 0 0
12 0 0 6 0 0 0
13 1 0 2 0 0 0
14 7 0 7 0 0

15 0 0 0 0 0 0
16 0 0 0 0 0 0
17 16 0 7 0 7

18 0 0 0 0 1 0
19 0 0 0 0 0 0
20 0 0 0 1 0 0
21 0 0 0 0 0 0
22 0 0 3 0 0 0
23 0 0 13 0 2 0
24 1 0 0 0 0 1

Abbreviations: CK Cytokeratin, TUB a-Tubulin, GLU Detyrosinated a-tubulin, VIM Vimentin
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GLU-Tubulin

cell from a patient sample

Fig. 3 Expression of cytokeratin (CK), vimentin (VIM), and detyrosinated a-tubulin (GLU) in patients’ circulating tumor cells (CTCs). Patients’ samples
were stained with pancytokeratin (A45-B/B3, green), detyrosinated tubulin (blue), and vimentin antibodies (red) and 4',6-diamidino-2-phenylindole
(DAPI, not shown). a-d Representative confocal laser scanning micrographs of patients’ CTCs (x 60) stained with pancytokeratin (A45-B/B3), vimentin,
and GLU antibodies. Intercellular connections through cytoskeletal bridges (white arrows) were observed between CTCs. These microtentacles were
supported by GLU, VIM, and CK. e-h CK, VIM, and GLU expression on a patient’s CTC (x 60), which is in contact with a peripheral blood mononuclear

Vimentin Overlay

J

(Fig. 4Ia). In addition, the CK/TUB ratio was progres-
sively statistically reduced (p = 0.003) (Fig. 4Id). Simi-
larly, the intensity of GLU expression in CTCs was
statistically increased (p = 0.002) between baseline and
the time of relapse (Fig. 4Ib). The ratio CK/GLU was not
significantly altered (p = 0.076) (Fig. 4le). Finally, there
was also a statistical increase in VIM expression in
CTCs (p= 0.011) when the patient’s BC became meta-
static (Fig. 4Ic). The CK/VIM ratio was also statistically
decreased (p = 0.01), between the first and the second
sample draws (Fig. 41If).

CTC phenotypic profile and clinical outcome

Although this study was a small pilot study and the
results regarding clinical outcome are only exploratory,
we analyzed the available clinical data from 22 of 24
patients with metastatic BC enrolled in this study. After
a median follow-up of 8 months (range, 0-21), six
patients (25%) had died. Three of them presented with
overt metastasis at the time of initial diagnosis, whereas
the rest presented with early BC. Patients who died during
the follow-up harbored more CTCs (mean, 15; median, 9.5;
range, 0-54) than survivors (mean, 2.31; median, 1; range,
0-15); however, survival analysis for total CTCs per patient
(Cox regression p = 0.142, Kaplan-Meier p =0.124) did not
show statistical differences in patient outcomes. On the

other hand, survival analysis regarding distinct phenotypes
revealed that median PFS was 3.0 months for the patients
with detectable GLU"VIM*CK"-expressing CTCs compared
with 7.5 months for patients who did not have detectable
CTCs with this phenotype (p = 0.004) (Fig. 41la). Similarly,
patients with detectable GLU VIM'CK"-expressing CTCs
had a median PFS of 1.0 month compared with 7.0 months
for patients who did not have detectable CTCs with this
phenotype (p = 0.007) (Fig. 41Ib).

Finally, the ORR was significantly lower in patients with
TUB'VIM'CK"-expressing CTCs compared with patients
without CTCs bearing this phenotype (p = 0.046). More-
over, the ORR was significantly lower in patients with meta-
static disease who had CTCs with high numbers of
microtentacles (5 of 16 patients with CK*) (p = 0.019). The
criteria for the evaluation of ORR were according to
RECIST 1.1: tumor size, lymph node status, lesion number,
and so forth [32].

Discussion

It is widely accepted that although CTCs hold a crucial
role in the metastatic process, the changes occurring
during disease evolution on these cells are not fully
characterized yet. CTCs hold significant prognostic value
for patients with both early and metastatic BC [33-35].
It is also well known that microtentacles are increased in
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Fig. 4 Progression-free survival (PFS) of patients with metastatic breast cancer. (I) Sequential samples from a patient with breast cancer.
Quantification of a-tubulin (TUB) intensity (a), detyrosinated a-tubulin (GLU) intensity (b), vimentin (VIM) intensity (c), cytokeratin (CK)/TUB ratio
(d), CK/GLU ratio (), and CK/VIM ratio (f). (Il) (@) PFS in patients with CK*GLUVIM*-expressing CTCs (p = 0.004). (b) PFS in patients with
CK*GLU™VIM*-expressing CTCs (p = 0.007)

aggressive BC cells compared with less invasive pheno-
types [19]. Microtentacles are supported by TUB, GLU,
and VIM [19, 20]. In the current study, we investigated
the presence of those filamentous protrusions in CTCs
isolated from early and metastatic patients with BC.
Moreover, the expression of the implicated molecules
was quantified, and their association with the patients’
clinical outcomes was assessed.

Our experiments revealed that microtentacles supported
by TUB could be detected in patients early BC but mainly
in those with metastatic BC. Interestingly, patients with in-
creased numbers of microtentacle-presenting CTCs experi-
enced a significantly lower ORR than patients with a low
number of microtentacles (p = 0.019), suggesting that their
tumors were more resistant to treatment. Furthermore, the
results of the current study demonstrated that CTCs could
contact each other (Figs. 1 and 3, white arrows) with fila-
mentous protrusions supported by TUB, VIM, and GLU.
These protrusions were also observed to connect CTCs
with blood cells; however, in such junctions, only TUB and
VIM were present, whereas CK expression was limited
(Figs. 1 and 3). These findings are in agreement with previ-
ous observations in two other studies in which researchers
reported that CTCs could be accompanied in the vessels by
blood cells (giant macrophages) that seem to be associated

with an unfavorable clinical outcome [36, 37]. Therefore,
our results could potentially explain how CTCs may travel
in the bloodstream next to blood cells.

In our quantification of the ratios CK/TUB, CK/GLU,
and CK/VIM in three representative subtypes of BC
(MCE7 [HR'], SKBR3 [HER2'], and MDA-MB-231
[basal-like]), we observed that these ratios were statisti-
cally increased in MCF7 compared with SKBR3 and
MDA-MB-231 cells. This suggests that they can be used
as distinct markers to characterize less aggressive tumor
cells, such as the HR" subtype from more invasive
phenotypes. In addition, microtentacles were observed
mostly in MDA-MB-231 cells (Additional file 1: Figure S1).
These findings support previous studies in that basal-like
cell lines have increased numbers of microtentacles [38].
Furthermore, MDA-MB-231 cells have significantly higher
levels of VIM intensity (28.87 +3.7) than other cell lines
(Additional file 2: Figure S2, Table 2), in accordance with
previously published data [39].

Characterization of CTCs on the basis of these
markers clearly indicated that CK/TUB and TUB inten-
sity were statistically different in early BC compared
with the metastatic setting (Table 2), implying that dur-
ing disease evolution, the level of TUB increases relative
to cytokeratin intensity. This observation could be a
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useful tool for the characterization of CTCs with more
aggressive features, mostly in patients with early BC,
where the cells are very heterogeneous [12]. The analysis
of sequential samples from a patient with BC during the
early and metastatic stages of the disease confirmed the
previous observations. Indeed, during the course of the
disease, the expression of TUB was significantly in-
creased (Fig. 4a), whereas the CK/TUB ratio was de-
creased (Fig. 4d). These results strongly suggest that
follow-up samples regarding TUB expression in CTCs
could potentially give useful information about disease
relapse before the appearance of clinical and laboratory
findings of overt metastasis.

VIM intensity was also statistically increased in the
basal-like cell line MDA-MB-231 compared with HR"
MCF?7 cells (Table 2). Consequently, the ratio of CK/
VIM was also decreased in the aggressive cell line com-
pared with HR" cells (Table 2). These results imply that
VIM is also characteristic of more aggressive pheno-
types, in accordance with previous studies [39]. These
observations were confirmed in patients’ samples, indi-
cating that VIM intensity was statistically increased in
metastatic (p =0.0001) compared with early disease,
whereas the CK/VIM ratio was significantly decreased
(p =0.007) in patients with advanced BC (Table 2).

Furthermore, although the CK/GLU ratio did not
reach statistical significance between early and meta-
static disease (Table 2), the intensity of GLU was signifi-
cantly higher (p = 0.029) in patients with metastatic BC
than in those with early BC (Table 2). These findings
strongly suggest that GLU can also be a marker charac-
terizing invasive subpopulations. In accordance with this,
the presence of the CK*GLU"VIM" phenotype in pa-
tients’ blood was associated with worse PFS (p = 0.004),
suggesting that both markers (GLU and VIM) could rep-
resent poor prognosis factors when coexpressed in pa-
tients’ CTCs. Interestingly, the total number of CTCs
did not correlate with prognosis in patients with meta-
static BC, implying that the characterization of distinct
phenotypes is critical for disease outcome, as we have
previously shown [16]. This assumption is in line with
previous studies regarding GLU expression in primary
tumors [25]. However, this is a pilot study with a small
number of patients; therefore, our results are only ex-
ploratory. A larger study with an increased number of
patients is needed to confirm our observations.

It was also interesting that Spearman’s correlation ana-
lysis revealed a correlation between CK/TUB and CK/
GLU ratios (p = 0.005) in CTCs. In addition, CK/GLU
ratio was also significantly correlated to CK/VIM ratio
(p = 0.011), implying that all these markers can be used
concomitantly to underline an aggressive signature of
CTCs in patients with BC. Finally, it is noteworthy that
all these molecules were present in the junctions among
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CTCs, mostly in patients with CTC clusters, and it is of
interest that these patients have a 50-fold increased risk
of relapse [40].

Conclusions

Microtentacles observed in CTCs isolated from patients
with BC participate in the communication among CTCs
and the interaction between CTCs and blood cells. The
proteins that support these protrusions (TUB, VIM, and
GLU) potentially represent markers for the identification
of CTCs with a more aggressive phenotype in patients
with BC; however, a study with a larger group of patients
is necessary to further confirm the clinical relevance of
these findings.

Additional files

Additional file 1: Figure S1. Expression of cytokeratin, vimentin, and
a-tubulin on MCF7, SKBR3, and MDA-MB 231 cells spiked in normal
blood and isolated with the ISET system. Representative confocal laser
scanning micrographs of MCF7 (x 60), SKBR3 (x 40), and MDA-MB 231
(x 40) cells, triple-stained with pancytokeratin (A45-B/B3), vimentin, and
a-tubulin antibodies. (JPG 117 kb)

Additional file 2: Figure S2. Single CTC distribution regarding TUB, VIM,
and GLU intensity. TUB expression in CTCs obtained from patients with
(a) early and (b) metastatic breast cancer. Each dot represents the
intensity of one CTC. GLU expression in CTCs obtained from patients
with (c) early and (d) metastatic breast cancer. Each dot represents the
intensity of one CTC. VIM expression in CTCs obtained from patients with
(e) early and (f) metastatic breast cancer. Each dot represents the
intensity of one CTC. (JPG 122 kb)

Additional file 3: Single CTC distribution regarding CK/TUB, CKVIM, and
CK/GLU ratios. CK/TUB ratio in CTCs obtained from patients with (a) early and
(b) metastatic breast cancer. Each dot represents the intensity of one CTC. CK/
GLU ratio in CTCs obtained from patients with (c) early and (d) metastatic
breast cancer. Each dot represents the intensity of one CTC. CK/VIM ratio in
CTCs obtained from patients with (e) early and (f) metastatic breast cancer.
Each dot represents the intensity of one CTC. JPG 130 kb)
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