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Abstract

Localized and metastatic tumors are known to lead to the formation of circulating tumor cell (CTC) clusters 
in the blood. Currently, there is a heightened interest in the study of molecular and biological characteristics 
of CTCs. Recent studies have shown the presence of different populations of CTCs in the blood of cancer 
patients. Some cells are cancer stem cells, some tumor cells undergo epithelial-mesenchymal transition (EMT), 
and most CTCs do not have features of either stem cells or EMT. The aim of the study was to evaluate the 
five-year metastasis-free survival rate in patients with invasive breast carcinoma, depending on the presence 
of various populations of circulating tumor cells in the blood before treatment. Material and Methods. A 
prospective study included 47 patients with newly diagnosed invasive breast cancer (T1–4N0–3M0), who 
were treated at Cancer Research Institute, Tomsk National Research Medical Center. The patients aged 31 
to 69 years. The presence of different populations of CTCs in the blood of patients before treatment was 
determined by multicolor flow cytometry on the BD FACS Canto system, using different fluorochrome-labeled 
monoclonal antibodies to EpCam, CD45, CD44, CD24, and N-cadherin. Five-year metastasis-free survival 
was evaluated by the Kaplan–Meier method. The differences were considered significant at p<0.05. Results. 
The results obtained demonstrated that the presence of both stem-like and non-stem CTCs showing signs of 
EMT with Epcam+CD45-CD44-CD24-Ncadherin+, Epcam+CD45-CD44+CD24-Ncadherin+, and Epcam(m)-
CD45-CD44+CD24-Ncadherin+ phenotypes in the blood of breast cancer patients before treatment reduced 
the five-year metastasis-free survival rate (p=0.0016, p=0.017 and p=0.011, respectively). Conclusion. Thus, 
CTCs in the EMT state are informative for liquid biopsy to assess the risk of hematogenous metastasis and 
can be considered as targets for selection of personalized chemotherapy.

Key words: breast cancer, CTC heterogeneity, five-year metastasis-free survival, circulating cancer stem 
cells, epithelial-mesenchymal transition, liquid biopsy.
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Аннотация

Локализованные и метастатические опухоли приводят к образованию циркулирующих опухоле-
вых клеток, которые обнаруживаются в крови. В настоящее время отмечен повышенный интерес к 
изучению молекулярно-биологических характеристик циркулирующих опухолевых клеток. Недавние 
исследования показали наличие различных популяций циркулирующих опухолевых клеток в крови у 
онкологических больных. Часть клеток являются стволовыми опухолевыми клетками, часть опухолевых 
клеток находятся в состоянии EMT (epithelial-mesenhimal transition), и большая часть циркулирующих 
опухолевых клеток не имеют признаков стволовости и EMT. Целью исследования явилась оценка 
пятилетней безметастатической выживаемости у больных с инвазивной карциномой молочной железы 
в зависимости от наличия различных популяций циркулирующих опухолевых клеток в крови до на-
чала лечения. Материал и методы. В проспективное исследование включено 47 больных с впервые 
диагностированным инвазивным раком молочной железы T1–4N0–3M0 стадии, в возрасте от 31 до 69 
лет, поступивших на лечение в НИИ онкологии, Томский НИМЦ. В крови больных до начала лечения 
с помощью меченных различными флюорохромами моноклональных антител к EpCam, СD45, CD44, 
CD24 и N-Cadherin определяли наличие различных популяций ЦОК методом многоцветной проточной 
цитометрии на аппарате BDFACSCanto. Пятилетнюю безметастатическую выживаемость оценивали 
методом Каплана–Мейера. Различия считались достоверными при уровне значимости р<0,05. Ре-
зультаты. Полученные результаты показали, что наличие циркулирующих опухолевых клеток с при-
знаками ЕМТ как стволовых, так и нестволовых с фенотипами Epcam+CD45-CD44-CD24-Ncadherin+, 
Epcam+CD45-CD44+CD24-Ncadherin+ и Epcam(м)-CD45-CD44+CD24-Ncadherin+ в крови у больных 
РМЖ до лечения снижает пятилетнюю безметастатическую выживаемость. Заключение. Таким об-
разом, циркулирующие опухолевые клетки с признаками ЕМТ являются информативным объектом для 
жидкостной биопсии с целью оценки риска гематогенного метастазирования и могут рассматриваться 
как мишени для подбора персонифицированной химиотерапии.

Ключевые слова: рак молочной железы, гетерогенность ЦОК, пятилетняя безметастатическая 
выживаемость, циркулирующие стволовые опухолевые клетки, эпителиально-мезенхимальный 
переход, жидкостная биопсия.

Introduction
Breast cancer (BC) is the most common cancer in 

women (20.9 %) and is the leading cause of cancer-re-
lated death (17.0 %) in women. Approximately 60,000 
new cases of breast cancer are diagnosed annually, 
with approximately 23,000 deaths from it [1].

Hematogenous metastasis is the major cause of 
cancer mortality. Currently, it is believed that circu-
lating tumor cells (CTCs) are a population of tumor 
cells that enter the bloodstream. It has been shown 
that even localized tumors without clinical evidence 
of metastases are sources of CTCs [2]. However, 
CTCs are a rare population of cells. The number of 

CTCs in 1L of blood (erythrocytes – 1012; granulo-
cytes – 109–1010; lymphocytes – 109, etc.) is 1–107 
cells. Besides, CTCs are quite heterogeneous in size 
and density, which creates great difficulties for their 
complete isolation [3]. Not more than 0.01 % of all 
CTCs initiate metastases [4].

Today, there is a heightened interest in studying the 
molecular and biological characteristics of circulating 
tumor cells. CTCs are a heterogeneous population: 
some cells are cancer stem cells, some of them un-
dergo epithelial-mesenchymal transition (EMT), and 
most CTCs do not have features of either stem cells 
or EMT [5–7].
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Circulating cancer stem cells may have specific 
features that allow them to survive in the bloodstream 
and cause metastatic lesions. Cancer stem cell 
populations have a number of molecular markers, 
which include antigens CD44, CD24, CD133, CD166, 
the ALDH1 enzyme (aldehyde dehydrogenase 1), 
ABC transport proteins (ABCG2, ABCB5), and the 
epithelial cell adhesion molecule (EpCam) [8–11].

In 2003, M. Al-Hajj et al., using breast cancer as 
an example, for the first time proved the existence of 
cancer stem cells in solid tumors. They showed that 
only cells with a specific phenotype – CD44 + CD24-/
low Epcam + – were able to induce human breast 
cancer in immunodeficient mice models. It should be 
noted that the tumor developed with the introduction 
of only 200 such cells, while the introduction of even 
several tens of thousands of breast cancer cells without 
this phenotype did not induce tumor development 
[12].

The aim of this study was to evaluate five-year 
metastasis-free survival in patients with invasive breast 
carcinoma, depending on the presence of various 
populations of circulating tumor cells in the blood 
before treatment.

Material and Methods
A prospective study included 47 patients with newly 

diagnosed invasive breast cancer (T1–4N0–3M0), who 
were treated at the Cancer Research Institute, Tomsk 
National Research Medical Center between 2013 and 
2016. The patients aged 31 to 69 years. Venous blood 
in a volume of 5 ml taken before treatment was the 
material of the study. The study was approved by the 
local Ethics Committee of Cancer Research Institute, 
Tomsk National Research Medical Center (protocol 
No 2, 14.02.2014).

Different populations of CTCs were evaluated 
by flow cytometry on the BD FACS Canto system 
(Becton, Dickinson and Company (BD), USA) using 
BD FACSDiva and NovoExpress software:

( C T C 1  –  E p c a m + C D 4 5 - C D 4 4 - C D 2 4 -
Ncadherin-;

C T C 2  –  E p c a m + C D 4 5 - C D 4 4 - C D 2 4 -
Ncadherin+;

C T C 3  –  E p c a m + C D 4 5 - C D 4 4 + C D 2 4 -
Ncadherin+;

C T C 4  –  E p c a m + C D 4 5 - C D 4 4 + C D 2 4 -
Ncadherin-;

CTC5 – Epcam (m)-CD45-CD44+CD24-
Ncadherin-;

CTC6 – Epcam (m)-CD45-CD44+CD24-
Ncadherin+).

For this procedure, venous blood was incubated 
with different fluorochrome-labeled monoclonal 
antibodies to CD45 (clone HI30, APC/Cy7) (Biole-
gend, USA), EpCAM (clone 9C4, PE) (Biolegend, 
USA), CD44 (clone BJ18, FITC) (Biolegend, USA), 
CD24 (clone ML5, PE/Cy7) (Biolegend, USA), and 
N-cadherin (clone 8C11, PerCP/Cy5.5) (Biolegend, 

USA). Then erythrocytes were lysed in a lysis solution 
(BD FACS lysing solution) and washed twice with 
the CellWash buffer. The cell pellet was resuspended 
in 1 ml BD Flow buffer. All samples were stored in 
the dark at 4 °С and analyzed using flow cytometry 
within 1 hour. To exclude autofluorescence, unstained 
samples were used.

The data obtained were processed using the Sta-
tistica 10.0 software package (StatSoft Inc., USA). 
The significance of differences was assessed using 
Pearson’s χ2 test and Fisher’s exact test. The five-
year metastasis-free survival rate was assessed by the 
Kaplan-Meier method and Log-rank (Mantel-Cox) 
test. The differences were considered significant at 
р<0.05.

Results
The presence of CTCs (CTC1 and/or CTC2-CTC6) 

in the blood of breast cancer patients before treatment 
was observed in 77 % of cases (36/47), while 23 % 
(11/47) of breast cancer patients were CTC-negative. 
In the group of patients with CTCs, hematogenous 
metastases were detected in 17 % (8/47) of cases; no 
evidence of hematogenous metastases were found in 
60 % of cases. In the group of CTC-negative patients, 
no hematogenous metastases were observed.

Division of CTCs into 6 phenotypes (CTC1 – 
Epcam+CD45-CD44-CD24-Ncadherin-; CTC2 – 
Epcam+CD45-CD44-CD24-Ncadherin+; CTC3 – 
Epcam+CD45-CD44+CD24-Ncadherin+; CTC4 – 
Epcam+CD45-CD44+CD24-Ncadherin-; CTC5 – 
Epcam (m)-CD45-CD44+CD24-Ncadherin-; CTC6 – 
Epcam (m)-CD45-CD44+CD24-Ncadherin+) showed 
that CTCs without stemness and EMT features (CTC1) 
were observed in 51 % of cases. In the group of breast 
cancer patients with hematogenous metastases, the 
frequency of presence and absence of CTC1 was sta-
tistically insignificant (Fig. 1).

Non-stem CTCs showing signs of EMT (CTC2) 
were observed in 38% of cases. We observed CTC2 
significantly more often in the group of patients with 
hematogenous metastases (p<0.05) (Fig. 2). Stem-like 
CTCs showing signs of EMT (CTC3) were observed 
in 32 % of patients with breast cancer. In the group 
of patients with hematogenous metastases of breast 
cancer, CTC3 population was found in 5 of 8 patients. 
In 3 of 8 patients, no CTC3 cells were detected (Fig. 
3). Stem-like CTCs showing no signs of EMT (CTC4) 
were detected in 43 % of patients. In the group of pa-
tients with hematogenous metastases, the frequency 
of presence and absence of CTC4 was statistically 
insignificant (Fig. 4).

Stem-like CTCs without expression of Epcam 
on the membrane (Еpcam (m)-CD45-CD44+CD24-
Ncadherin-) were observed in 57.45 % of cases. In 
retrospective studies we showed that CTCs with this 
phenotype were citokeratin-7-positive and they dem-
onstrated expression of Epcam in the cytoplasm [13]. 
Their frequency in the blood of breast cancer patients 
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Рис. 1. Частота встречаемости популяции ЦОК1 у больных ра-
ком молочной железы с выявленными гематогенными метаста-
зами. Точный критерий Фишера (двусторонний)=0,700, p>0,05. 

Примечание: ЦОК1  Epcam+CD45-CD44-CD24-Ncadherin-
Fig. 1. Frequency of CTC1 population in group of breast can-
cer patients with hematogenous metastases. Fisher’s exact 

test=0.700, p>0.05. 
Note: CTC1 – Epcam+CD45-CD44-CD24-Ncadherin-

Рис. 2. Частота встречаемости популяции ЦОК2 у больных 
раком молочной железы с гематогенными метастазами. 

Точный критерий Фишера (двусторонний)=0,00014, p<0,05. 
Примечание: ЦОК2 – Epcam+CD45-CD44-CD24-Ncadherin+
Fig. 2. Frequency of CTC2 population in group of breast can-
cer patients with hematogenous metastases. Fisher’s exact 

test=0.00014, p<0.05.
Note: CTC2 – Epcam+CD45-CD44-CD24-Ncadherin+

Рис. 3. Частота встречаемости популяции ЦОК3 у больных 
раком молочной железы с гематогенными метастазами. Точ-

ный критерий Фишера (двусторонний)=0,089, p>0,05. 
Примечание: ЦОК3 – Epcam+CD45-CD44+CD24-Ncadherin+
Fig. 3. Frequency of CTC3 population in group of breast can-
cer patients with hematogenous metastases. Fisher’s exact 

test=0.089, p>0.05.
Note: CTC3 – Epcam+CD45-CD44+CD24-Ncadherin+

Рис. 4. Частота встречаемости популяции ЦОК4 у больных 
раком молочной железы с гематогенными метастазами. Точ-

ный критерий Фишера (двусторонний)=0,707, p>0,05.
Примечание: ЦОК4 – Epcam+CD45-CD44+CD24-Ncadherin-.
Fig. 4. Frequency of CTC4 population in group of breast can-
cer patients with hematogenous metastases. Fisher’s exact 

test=0.707, p>0.05.
Note: CTC4 – Epcam+CD45-CD44+CD24-Ncadherin-
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with and without hematogenous metastases before 
treatment showed no statistically differences (Fig. 5). 
On the other hand, CTCs with the Еpcam(m)-CD45-
CD44+CD24-Ncadherin+ phenotype were detected 
in the blood of 7 out of 8 patients breast cancer with 
hematogenous metastases; these CTCs were absent in 
other patient (p=0.002) (Fig. 6).

Evaluation of the five-year metastasis-free survival 
rate in breast cancer patients with different CTC popu-
lations in the blood before treatment showed that a 
statistically significant decrease in the metastasis-free 
survival was observed in the presence of non-stem 
CTCs showing signs of EMT (CTC2) (p=0.0016), 
in stem-like CTCs showing signs of EMT (CTC3) 
(p=0.0172), and in CTCs with stemness and EMT 
features and without expression of Epcam on the 
membrane (CTC6) (p=0.0112) (Fig. 7).

Discussion
The number of tumor cells in the peripheral blood 

is the result of three processes: recruitment and in-
travasation in the tumor, destruction in the blood, 
and extravasation in distant organs. To predict the 
hematogenous spread of cancer, it is important to find 
out which of the mechanisms is characteristic of each 
of the studied subpopulations.

Intravasation is a key stage in the metastasis of 
malignant neoplasms, during which tumor cells enter 
the circulation, passing through the vascular wall, and 
become circulating tumor cells and potential metastatic 
seeds. There are several types of intravasation: asso-

ciated with invasion; associated with macrophages; 
TMEM (Tumor Micro Environment of Metastasis) – 
mediated tumor cell intravasation; intravasation of 
tumor cells not related to invasion (metastasis by clus-
ters of tumor cells); and intravasation in conditions of 
vasculogenic mimicry of tumor cells [14].

The existence of various types of intravasation 
(associated and not associated with invasion) partly 
explains the presence of various forms of CTCs in the 
bloodstream (single CTCs, clusters of CTCs, CTCs 
showing signs of EMT, CTCs showing no signs of 
EMT, atypical/hybrid forms of CTCs). A large per-
centage of CTC-positive breast cancer patients in the 
group of patients without hematogenous spread of the 
disease (60 %), as opposed to the group of patients with 
detected hematogenous metastases (17 %), confirms 
the hypothesis that not all CTCs are capable of seeding. 
The presence of CTCs is not a determining factor in 
the development of hematogenous metastases. It can 
be assumed that hematogenous metastases develop 
both in the presence of CTCs capable of seeding 
and in conditions favorable for the formation of pre-
metastatic niches.

The findings of the study showed that non-stem 
CTCs showing signs of EMT (CTC2) and stem-like 
CTCs showing signs of EMT (CTC3 and CTC6) sig-
nificantly reduced the metastasis-free survival. A com-
mon feature of these cells is the presence of EMT signs. 
The obtained results show that the ability of CTCs to 
undergo EMT is a predetermining characteristic for 
their acquisition of the seed properties. The results 

Рис. 5. Частота встречаемости популяции ЦОК5 у больных 
раком молочной железы с гематогенными метастазами. Точ-

ный критерий Фишера (двусторонний)=1,000, p>0,05. 
Примечание: ЦОК5 – Epcam (m)-CD45-CD44+CD24-Ncadherin-
Fig. 5. Frequency of CTC5 in group of breast cancer patients with 

hematogenous metastases. Fisher’s exact test=1.000, p>0.05. 
Note: CTC5 – Epcam (m)-CD45-CD44+CD24-Ncadherin-

Рис. 6. Частота встречаемости популяции ЦОК6 у больных 
раком молочной железы с гематогенными метастазами. Точ-

ный критерий Фишера (двусторонний)=0,00473, p<0,05. 
Примечание: ЦОК6 – Epcam (m)-CD45-CD44+CD24-Ncadherin+
Fig. 6. Frequency of CTC6 in group of breast cancer patients with 
hematogenous metastases. Fisher’s exact test=0.00473, p<0.05. 

Note: CTC6 – Epcam (m)-CD45-CD44+CD24-Ncadherin+
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Рис. 7. Безметастатическая выживаемость у больных инвазивной карциномой молочной железы 
в зависимости от наличия различных популяций ЦОК в крови до лечения: 

A) безметастатическая выживаемость у больных РМЖ в зависимости от наличия/отсутствия  ЦОК1 – Epcam+CD45-CD44-CD24-
Ncadherin-, Log-rank test р=0,755; Б) безметастатическая выживаемость у больных РМЖ в зависимости от наличия/отсутствия  
ЦОК2 – Epcam+CD45-CD44-CD24-Ncadherin+, Log-rank р=0,0016; В) Безметастатическая выживаемость у больных РМЖ в зави-
симости от наличия/отсутствия ЦОК3 – Epcam+CD45-CD44+CD24-Ncadherin+, Log-rank р= 0,0172; Г) безметастатическая выжи-
ваемость у больных РМЖ в зависимости от наличия/отсутствия  ЦОК4 – Epcam+CD45-CD44+CD24-Ncadherin-, Log-rank р=0,649; 
Д) безметастатическая выживаемость у больных РМЖ в зависимости от наличия/отсутствия  ЦОК5 – Epcam (м)-CD45-CD44+CD24-
Ncadherin-, Log-rank р=0,813; Е) безметастатическая выживаемость у больных РМЖ в зависимости от наличия/отсутствия                 
ЦОК6 – Epcam (м)-CD45-CD44+CD24-Ncadherin+, Log-rank р=0,0112

Fig. 7. Five-year metastasis-free survival rate in patients with invasive breast carcinoma, 
depending on the presence of different CTC populations in the blood before treatment.  

A) Metastasis-free survival rate in patients with invasive breast carcinoma, depending on the presence of CTC1 – Epcam+CD45-CD44-
CD24-Ncadherin-, log-rank test р=0.755; B) Metastasis-free survival rate in patients with invasive breast carcinoma, depending on the 
presence of CTC2 – Epcam+CD45-CD44-CD24-Ncadherin+, log-rank test р=0.0016; C) Metastasis-free survival rate in patients with 
invasive breast carcinoma, depending on the presence of CTC3 – Epcam+CD45-CD44+CD24-Ncadherin+, log-rank test р=0.0172;
D) Metastasis-free survival rate in patients with invasive breast carcinoma, depending on the presence of CTC4 – Epcam+CD45-CD44+CD24-
Ncadherin-, log-rank test р=0.649; E) Metastasis-free survival rate in patients with invasive breast carcinoma, depending on the presence of 
CTC5 – Epcam (m)-CD45-CD44+CD24-Ncadherin-, log-rank test р=0.813; F) Metastasis-free survival rate in patients with invasive breast 
carcinoma, depending on the presence of CTC6 – Epcam (m)-CD45-CD44+CD24-Ncadherin+, log-rank test р=0.0112
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are consistent with the literature data. Thus, in breast 
cancer, a direct relationship was established between 
the EMT markers in primary and disseminated bone 
marrow tumor cells and aggressive clinical behavior 
of the tumor [15].

It is known that cancer stem cells are chemore-
sistant [8]. During EMT, cells change their epithelial 
phenotype (partially or completely) to the mesen-
chymal one [16]. This process, which is involved 
in organogenesis and wound healing, is intensively 
studied in relation to CTCs. It has been suggested 
that the epithelial-mesenchymal transition is associ-
ated with cancer aggressiveness and may increase 
cell migration [9]. It was shown that in tumor cells 
that hyperexpress RAS or HER2, a stem-like CD44+/
CD24-subpopulation had an increased potential for 
EMT [10]. It was also found that in CD44+/CD24− / 
low breast cancer cells, a subtype with the claudin-low 
phenotype was determined, which was characterized 
by the expression of many EMT-associated genes, such 
as FoxC2, Zeb, and N-cadherin [17].

It is worth noting that EMT inducers can cause the 
emergence of stemness features in cells. S.A. Mani et 
al. showed for the first time that EMT can lead to the 
formation of a population of cells with oncogenic and 
metastatic properties [18]. It should be stressed that 
EMT does not occur spontaneously; it is regulated 
by microenvironment signals. The control of EMT 
plasticity most likely depends on normal cells of the 
tumor microenvironment, including tumor-associated 
stromal cells, such as immune cells, fibroblasts, and 
endothelial cells. It has also been shown that tumor 
cells that undergo EMT are often able to survive geno-
toxic and other influences, and, as a rule, are resistant 
to chemotherapy and radiation therapy. M. Mego et al. 
(2012) demonstrated that CTCs showing signs of EMT 
can be detected in 26 % of patients with metastatic 
breast cancer. High expression of EMT markers pre-
dicted short metastasis-free survival in these patients 
[19]. Cells undergoing EMT were detected in the blood 
of 7 % of CTC-negative patients [20].

Similar findings for primary breast cancer were 
presented by S. Kasimir-Bauer et al. (2012), who 
showed that EMT markers can be detected in 72 % 
of CTC-positive and 18 % of CTC-negative patients, 
respectively [9]. These data indicate that, in addition 
to CTCs expressing epithelial antigens, a CTC fraction 
with an exclusively mesenchymal phenotype may 
exist, and, therefore, they remain invisible for tests 
based on epithelial markers of these cells.

Our studies identified CTCs with negative 
Epcam expression on the membrane and showed 
their relationship with five-year metastasis-free 
survival in breast cancer patients. The results indicate 
the advantages of multicolor flow cytometry for 
assessing blood CTCs in cancer patients as opposed 
to the CellSearch system, which is based on the 
use of magnetic particles coated with anti-Epcam 
antibodies and does not take into account Epcam-
negative CTCs. It was shown that the presence of 
both stem-like and non-stem CTCs showing signs 
of EMT with the Epcam+CD45-CD44-CD24-
Ncadherin+, Epcam+CD45-CD44+CD24-Ncadherin+, 
and Epcam(m)-CD45-CD44+CD24-Ncadherin+ 
phenotypes in the blood of patients with breast cancer 
before treatment reduced the five-year metastasis-free 
survival rate.

Conclusion
Our results suggest that a heterogenous population 

of CTCs includes cells showing signs of EMT, cells 
with stemness features, cells with both signs of EMT 
and stemness, and CTCs showing no stemness or 
EMT signs. CTCs are the best objects for isolation of 
tumor cells with seed properties and cells contributing 
to adaptation of seeds in sites where hematogenous 
metastases develop. CTCs showing signs of EMT 
(both stem-like and non-stem cells) are informative for 
liquid biopsy for assessing the risk of hematogenous 
metastases and can be considered as targets for 
personalized therapy.
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