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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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AHHOTaUuA

Jlokanu3oBaHHble 1 MeTacTaTUYeckue omnyxonu nNpuBoaaT K 06pas3oBaHMO LUPKYNUPYOLUX Onyxone-
BbIX KIETOK, KOTOpble OOHapyXMBalTCA B KPOBU. B HacTosilllee BpeMsi OTMEYEH MOBBLILLEHHbIA UHTEPEC K
N3YYEHUI0 MOMEKYNSIPHO-OMONOrMYECcKMX XapakTeEPUCTUK LIMPKYMMPYIOLLMX OMyXOneBbIX KNeTok. HenaBHue
UccnefoBaHMs nokasanu Hanuune pasnuyHbiX Nonynsaumin LUPKYNIMPYHOLLMX OMYXONEBbIX KIETOK B KPOBU Y
OHKOMOrnYecknx 6obHbIX. YacTb KNETOK ABMNAOTCS CTBOMOBbLIMY OMYXONEBLIMU KIETKAMM, YacTb OMyXONeBbIX
KneTok HaxogaTcs B cocTosiHum EMT (epithelial-mesenhimal transition), n 6onbluas YacTb LMPKYNUPYHOLLIMX
OMyXOrneBbIX KNETOK HE UMEIT Npu3HakoB cTeonosoctu 1 EMT. Llenblo nccnepgoBaHusa siBUnach oueHka
NATUNETHe 6e3aMeTacTaTM4ecKon BbKMBAEMOCTU Y GOMbHbLIX C UHBA3WBHOW KapLMHOMOI MOSIOYHOW Xenesbl
B 3aBUCMMOCTU OT HanMuus pasnnyHbIX NONYNSLUA LMPKYNIMPYHOLLMX OMYyXONeBbIX KNETOK B KPOBW [0 Ha-
yana neveHunsi. Matepuan n metoabl. B npocnektnBHoe nccnegoBaHme Brto4eHo 47 60MbHbIX C BepBblie
OMarHoCTMpPOBaHHLIM MHBA3MBHbBIM pakoM MoriodHou xxenesbl T1-4N0-3MO ctaguu, B Bo3pacTte ot 31 4o 69
net, noctynueLLMx Ha nevenve B HAW oHkonorum, Tomckmin HAMLL. B kpoBr 6onbHbIX 40 Havana nevyexHus
C MOMOLLIbH MEYEHHbIX PasnnYHbIMU OIIFOOPOXPOMaMM MOHOKIOHanbHbIX aHTuTen k EpCam, CD45, CD44,
CD24 n N-Cadherin onpegensanu Hanuune pasnuyHbix nonynsaumin LIOK meTtogqom MHOroLBETHOW NPOTOYHOM
untomeTpumn Ha annapate BDFACSCanto. MNatuneTHolo 6e3meTactaTmyeckyto BbXKMBaEMOCTb OLIEeHBanu
metogom KannaHa—Menepa. Pasnuuunsa cuMtanucb AOCTOBEPHbIMU Npy ypoBHe 3Hadmmoctu p<0,05. Pe-
3ynbTaTthbl. [lonyyeHHble pe3ynbsraThl MoKasanu, YTo Hanuune LMPKYUPYOLLMX ONyXOmneBbIX KMeToK C npu-
3Hakamy EMT kak CTBONOBLIX, Tak U HECTBOSOBbLIX C peHoTunamu Epcam+CD45-CD44-CD24-Ncadherin+,
Epcam+CD45-CD44+CD24-Ncadherin+ n Epcam(m)-CD45-CD44+CD24-Ncadherin+ B KpoBu y 00MnbHbIX
PMXX 0o neyeHnss CHUXaeT NATUNETHIOW Ge3aMeTacTaTUYecKyto BbPKMBAEMOCTb. 3aknoyeHue. Takum o6-
pasoM, LMPKyNMpyoLLne onyxorneBble KNeTkv ¢ npusHakamv EMT aBnsitotcsa nHpopmaTBHbIM 06GbEKTOM Ans
XXMOKOCTHOM BMOoNCKm C LEenbio OLEHKN PUCKa reMaToreHHoro MetTacTa3npoBaHMs U MOTyT paccMaTpuBaThbCs
Kak MyLLeHW s nogdopa nepcoHNULUMPOBaHHON XMMMOTEpPanuu.

KnroyeBble cnoBa: pakK MOJOYHOM Xene3bl, rereporeHHoCTb LIOK, naTuneTHss 6e3ameTacTtaTmyeckas
BbDKMBaeMOCTb, LMPKYIMpyKLine CTBOJTOBbIE€ ONyXoJieBble KIeTKM, anuTenuanbHO-Me3eHXUMarnbHbIN
nepexon, XnakoctHas Guoncus.

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
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CTCs in 1L of blood (erythrocytes — 10'%; granulo-
cytes — 10°-10'%; lymphocytes — 10°, 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 ALDHI1 enzyme (aldehyde dehydrogenase 1),
ABC transport proteins (ABCG2, ABCB5Y), 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 (T1-4N0-3MO0), 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:

(CTC1 - Epcam+CD45-CD44-CD24-
Ncadherin-;

CTC2 - Epcam+CD45-CD44-CD24-
Ncadherin+t;

CTC3 - Epcam+CD45-CD44+CD24-
Ncadherin+t;

CTC4 — Epcam+CD45-CD44+CD24-
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,
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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 °C 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 y* 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
p<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-Ncadherint+; 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 § 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 (Epcam (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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M HeT remaToreHHbIx MeTacTazos/Hematogenous metastases NO

EcTb remaTtoreHHble meTtacTasbl/Hematogenous metastases YES

37,50%

Owet LOK1/CTC-1 NO

@ ectb LLOK1/CTC-1 YES

R
A N

Puc. 1. Yactora Bctpevaemoctu nonynsauum LIOK1 y 6onbHbIx pa-
KOM MOIOYHOW ene3bl C BbISIBNEHHbIMW reMaToreHHbIMU MeTacTta-

3amu. TouHbI kpuTepuin Puwepa (aByctopoHHuin)=0,700, p>0,05.
Mpumeyanue: LLIOK1 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-

M HeT rematoreHHbIX MeTacTazos/Hematogenous metastases NO

EcTb remaToreHHble meTacTasbl/Hematogenous metastases YES

S
QAN %3\\ \ \\\\g\
R R “\& R \ O Het LLOK2/CTC-2 NO
A &\
RN \ SRS \“““Q \\
RN N
A N % ectb LIOK2/CTC-2 YES
0MMIUanae
\\\\ T 3 \\\‘k\\\ \\§,\\\§\\\‘
3 \Q = o \ ‘k e,
- 3 % N S
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Puc. 2. Yactota Bctpevaemoctu nonynsuum LIOK2 y 6onbHbIX
pPaKkoM MOJOYHOW Kereabl C reMaToreHHbIMU MeTacTasamu.
TouHbI kpuTepun duwepa (aByctopoHHuin)=0,00014, p<0,05.
Mpumeyanune: LLIOK2 — 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+

M HeT remaToreHHbIX meTactazoB/Hematogenous metastases NO

EcTb remaToreHHble meTactasbl/Hematogenous metastases YES

37,50%

O Het LIOK3/CTC-3 NO

= ectb LLOK3/CTC-3 YES

M HeT rematoreHHbIx MeTacTtazos/Hematogenous metastases NO

EcTb remaToreHHble meTtacTasbl/Hematogenous metastases YES

50,00% O HeT LIOK4/CTC-4 NO

= ecTb LLOK4/CTC-4 YES

Puc. 3. YacTota BcTpeyaemocTy nonynsumm LIOK3 y 6onbHbIx
paKkoM MOIOYHOW Xenesbl C reMaToreHHbIMY MeTacTasamu. Tou-
HbI KpuTepun Puwepa (ABycTOpOoHHMIA)=0,089, p>0,05.
Mpumeyanue: LIOK3 — 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+
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Puc. 4. YactoTa BcTpeyaemocT nonynsaumm LIOK4 y 6onbHbIx
pakoM MOIOYHOW >Xenesbl C reMaToreHHbIMY MeTactazamu. Tou-
HbI KpuTepun Puiepa (aBycTopoHHMN)=0,707, p>0,05.
Mpumeyanue: LIOK4 — 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 Epcam(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

M HeT remaTtoreHHbIX MeTacTazos/Hematogenous metastases NO

EcTb remaToreHHble meTtacTasbl/Hematogenous metastases YES

O HeT LLOK5/CTC-5 NO

® ectb LLOK5/CTC-5 YES

Puc. 5. YacTota BcTpeyaemocTu nonynsiumm LIOKS y 6onbHbIx
paKkoM MOIOYHOW Kerneabl C reMaToreHHbIMM MeTacTazamu. Touy-
HbI KpuTepuii dPuepa (aBycTopoHHMiA)=1,000, p>0,05.
Mpumeyanme: LIOK5 — 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-
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M HeT remaTtoreHHbIX meTactasos/Hematogenous metastases NO

EcTb remaToreHHble meTacTtasbl/Hematogenous metastases YES

12,50%

O Het LIOK6/CTC-6 NO

® ectb LLOK6/CTC-6 YES

Puc. 6. YacTtoTa BcTpeyaemoct nonynsumm LIOK6 y 6onbHbIx
pPaKoOM MOIOYHOM Xerneabl C reMaToreHHbIMM MeTacTazamu. Toy-
HbI KpuTepuii dPuepa (aBycTOpoHHMIT)=0,00473, p<0,05.
Mpumeyanue: LLOK6 — Epcam (m)-CD45-CD44+CD24-Ncadherin+
Fig. 6. Frequency of CTC®6 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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Puc. 7. BeameTtactatnyeckas BbKMBAaEMOCTb Y 60MbHbIX UHBA3WBHOW KapLIMHOMOW MOJIOYHOM Xeresbl
B 3aBMCMMOCTM OT Hanmums pasnuyHbix nonynsumi LIOK B kpoBu go neyeHus:
A) 6eameTacTatuyeckas BbxMBaeMocTb Y 60nbHbIx PMXK B 3aBucumMoctu ot Hanuums/otcyteteus LJOK1 — Epcam+CD45-CD44-CD24-
Ncadherin-, Log-rank test p=0,755; B) 6e3meTactatuyeckasi BbxmBaeMocTb Y 60onbHbIx PMXX B 3aBUCMMOCTU OT Hanuumns/oTcyTCTBUS
LIOK2 — Epcam+CD45-CD44-CD24-Ncadherin+, Log-rank p=0,0016; B) BeametactaTtuyeckasi BbkmBaeMocTb y 6onbHbix PMXX B 3aBu-
cumocTu oT Hanuums/oteyteTus LIOK3 — Epcam+CD45-CD44+CD24-Ncadherin+, Log-rank p= 0,0172; I') 6e3ameTactatnyeckas BbiXu-
BaeMocTb y 60nbHbIx PMXK B 3aBucuMocTu oT Hanuuusi/otcyteTeust LIOK4 — Epcam+CD45-CD44+CD24-Ncadherin-, Log-rank p=0,649;
[1) 6eameTacTaTunyeckas BbbkuBaeMocTb y 6orbHbIx PMXK B 3aBucumMocTu ot Hanuuusi/otcyteteus LIOKS — Epcam (m)-CD45-CD44+CD24-
Ncadherin-, Log-rank p=0,813; E) 6e3ameTacTtatnyeckasi BbXkMBaemMocTb Y 60nbHbix PMXX B 3aBUCHMOCTU OT Hanuyunsi/oTcyTcTBUS
LIOK6 — Epcam (m)-CD45-CD44+CD24-Ncadherin+, Log-rank p=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 p=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 p=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 p=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 p=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 p=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 p=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].

JINTEPATYPA/REFERENCES

1. Kanpun A.J1., Cmapunckuii B.B., [Tempoga I B. 3n0ka4ecTBECHHbIC
omyxosu B Poccuu B 2018 1. (3aboneBaeMocTs 1 cMepTHOCTB). M., 2019.
250 c. [Kaprin A.D., Starinskiy V.V., Petrova G.V. Malignant neoplasms
in Russia in 2018 (morbidity and mortality). Moscow, 2019. 250 p. (in
Russian)].

2. Yang M.H., Imrali A., Heeschen C. Circulating cancer stem cells:
the importance to select. Chin J Cancer Res. 2015 Oct; 27(5): 437-49. doi:
10.3978/j.issn.1000-9604.2015.04.08.

3. Stoecklein N.H., Fischer J.C., Niederacher D., Terstappen L.W.
Challenges for CTC-based liquid biopsies: low CTC frequency and diag-
nostic leukapheresis as a potential solution. Expert Rev Mol Diagn. 2016;
16(2): 147-164. doi:10.1586/14737159.2016.1123095.

4. Zhe X., Cher M.L., Bonfil R.D. Circulating tumor cells: finding the
needle in the haystack. Am J Cancer Res. 2011; 1(6): 740-751.

5. Giordano A., Gao H., Anfossi S., Cohen E., Mego M., Lee B.N.,
Tin S., De Laurentiis M., Parker C.A., Alvarez R.H., Valero V., Ueno N.T.,
De Placido S., Mani S.A., Esteva F.J., Cristofanilli M., Reuben J.M.
Epithelial-mesenchymal transition and stem cell markers in patients with
HER2-positive metastatic breast cancer. Mol Cancer Ther. 2012 Nov;
11(11): 2526-34. doi: 10.1158/1535-7163.MCT-12-0460.

6. Katieopooosa E. B. LIupKyIHpYIOIIHE OITyXOJIEBbIe KICTKH: KIINHHU-
4eCKOE 3HaYEHME IPU PaKe MOJIOUHOH xere3bl (0030p mTeparypsl). Bect-

CUBUPCKIY OHKONOTMYECKWW XXYPHAT. 2020; 19(6): 57-65

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.

HUK Poccuiickoli akajeMuy MeAMIMHCKUX Hayk. 2017; 72(6): 450-457.
[Kaigorodova E.V. Circulating tumor cells: clinical significance in breast
cancer (Review). Herald of the Russian Academy of Medical Sciences.
2017; 72(6): 450—457. (in Russian.)]. doi: 10.15690/vramn833.

7. Kaigorodova E.V., Tarabanovskaya N.A., Staheeva M.N., Saveli-
eva O.E., Tashireva L.A., Denisov E.V., Perelmuter V.M. Effect of minor
and major surgical injury on the level of different populations of circulat-
ing tumor cells in the blood of breast cancer patients. Neoplasma. 2017;
64(3): 437-443. doi: 10.4149/ne0_2017_315.

8. Theodoropoulos P.A., Polioudaki H., Agelaki S., Kallergi G.,
Saridaki Z., Mavroudis D., Georgoulias V. Circulating tumor cells with a
putative stem cell phenotype in peripheral blood of patients with breast
cancer. Cancer Lett. 2010 Feb 1; 288(1): 99-106. doi: 10.1016/j.can-
1€t.2009.06.027.

9. Kasimir-Bauer S., Hoffinann 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 Jan 20; 14(1): R15. doi: 10.1186/bcr3099.

10. Reuben J.M., Lee B.N., Gao H., Cohen E.N., Mego M., Giordano A.,
Wang X., Lodhi A., Krishnamurthy S., Hortobagyi G.N., Cristofanilli M.,
Lucci A., Woodward W.A. Primary breast cancer patients with high
risk clinicopathologic features have high percentages of bone marrow
epithelial cells with ALDH activity and CD44-CD24lo cancer stem cell

63



LABORATORY AND EXPERIMENTAL STUDIES

phenotype. Eur J Cancer. 2011 Jul; 47(10): 1527-36. doi: 10.1016/].
ejca.2011.01.011.

11. Armstrong A.J., Marengo M.S., Oltean S., Kemeny G., Bitting R.L.,
Turnbull J.D., Herold C.I., Marcom PK., George D.J., Garcia-Blanco M.A.
Circulating tumor cells from patients with advanced prostate and breast
cancer display both epithelial and mesenchymal markers. Mol Cancer Res.
2011; 9(8): 997-1007. doi: 10.1158/1541-7786.MCR-10-0490.

12. Al-Hajj M., Wicha M.S., Benito-Hernandez A., Morrison S.J.,
Clarke M.F. Prospective identification of tumorigenic breast cancer cells.
Proc Natl Acad Sci USA. 2003 Apr 1; 100(7): 3983-8. doi: 10.1073/
pnas.0530291100.

13. Kaigorodova E.V., Savelieva O.E., Tashireva L.A., Tarabanov-
skaya N.A., Simolina E.I., Denisov E.V., Slonimskaya E.M., Choynzo-
nov E.L., Perelmuter V.M. Heterogeneity of Circulating Tumor Cells in
Neoadjuvant Chemotherapy of Breast Cancer. Molecules. 2018 Mar 22;
23(4): 727. doi: 10.3390/molecules23040727.

14. Zavyalova M.V, Denisov E.V., Tashireva L.A., Savelieva O.E.,
Kaigorodova E.V., Krakhmal N.V., Perelmuter V.M. Intravasation as a Key
Step in Cancer Metastasis. Biochemistry (Mosc). 2019; 84(7): 762-72.
doi: 10.1134/S0006297919070071.

15. Kim M.Y., Oskarsson T., Acharyya S., Nguyen D.X., Zhang X.H.,
Norton L., Massague J. Tumor self-seeding by circulating cancer cells.
Cell. 2009; 139: 1315-26. doi: 10.1016/j.cell.2009.11.025

16. Scatena R., Bottoni P, Giardina B. Circulating tumour cells and
cancer stem cells: a role for proteomics in defining the interrelationships

between function, phenotype and differentiation with potential clinical ap-
plications. Biochim Biophys Acta. 2013; 1835(2): 129-143. doi: 10.1016/].
bbcan.2012.12.002.

17. Asiedu M.K., Ingle J.N., Behrens M.D., Radisky D.C., Knut-
son K.L. TGFbeta/TNF(alpha)-mediated epithelial-mesenchymal tran-
sition generates breast cancer stem cells with a claudin-low phenotype.
Cancer Res. 2011 Jul 1; 71(13): 4707-19. doi: 10.1158/0008-5472.CAN-
10-4554.

18. Mani S.A., Guo W., Liao M.J., Eaton E.N., Ayyanan A., Zhou A.Y.,
Brooks M., Reinhard F., Zhang C.C., Shipitsin M., Campbell L.L., Polyak K.,
Brisken C., Yang J., Weinberg R.A. The epithelial-mesenchymal transition
generates cells with properties of stem cells. Cell. 2008; 133(4): 704-15.
doi: 10.1016/j.cell.2008.03.027.

19. Mego M., Gao H., Lee B. N., Cohen E. N., Tin S., Giordano A.,
Wu Q., Liu P, Nieto Y., Champlin R.E., Hortobagyi G.N., Cristofanilli M.,
Ueno N.T., Reuben J.M. Prognostic value of EMT-circulating tumor cells
in metastatic breast cancer patients undergoing high-dose chemotherapy
with autologous hematopoietic stem cell transplantation. J Cancer. 2012;
3:369-80. doi: 10.7150/jca.5111.

20. 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(4): R46. doi: 10.1186/
ber2333

IMocrymuna/Received 18.06.2020
TIpunsra B newars/Accepted 26.09.2020

CBEJEHUA OB ABTOPAX

Kaiiroponosa EBrenust BUKTOpOBHA, TOKTOp MEIUIIMHCKUX HAyK, OLIEHT, BEAYIUI HAyYHBII COTPYAHUK OTAEICHHUS 0011el 1 Moe-
KyJIsIpHOM naronoruu, HayuHo-uccnenoBarenbCKuii HHCTUTYT OHKOJIOTUH, TOMCKMI HallMOHAJIBHBIN UCCIEN0BATENbCKUI MEUIIMHCKUN
uentp Poccuiickoit akanemMun Hayk; mpodeccop Kaeapbl OHOXUMHUN B MOJIEKYJIsipHON Ononorun, CHOMPCKHUI TOCYIapCTBEHHbINH Me-
munuHeknid yausepeurtet (T. Tomck, Poccust). SPIN-kox: 8286-3757. Researcher ID (WOS): A-5400-2014. ORCID: 0000-0003-4378-
6915. Author ID (Scopus): 24778286000.

Tapabanosckasi Haraiabsa AHaTo/IbeBHA, KAaHIUIAT MEAUIIMHCKUX HAayK, HAYYHBIA COTPYIHHUK OTAETICHUs 0011eil onkonoruu, Hayuno-
HCCIIEI0BATENbCKUN HHCTUTYT OHKOJIOTMH, TOMCKHI HallMOHAIbHBIN HCCIIE0BATENbCKUI MEAULIMHCKUHN LeHTp Poccuiickoit akaneMun
Hayk (r. Tomck, Pocenst). SPIN-kox: 7481-2159. Researcher ID (WOS): A-5400-2014. ORCID: 0000-0003-4378-6915.

Cypkosa Ilosimna BanepueBHa, KaHIUAAT MEIUIMHCKUX HAyK, HAYYHbBIH COTPYAHUK OTIEJICHHS JTy4eBOW AMarHoctuku, HayuHo-
HCCIE0BATENbCKUN HHCTUTYT OHKOJIOTMH, TOMCKHI HallMOHAIbHBIN UCCIIE0BATENbCKUI MEAUIIMHCKUIN LeHTp Poccuiickoit akaneMun
Hayk (r. Tomck, Pocenst). SPIN-koz: 3647-5354. Researcher ID (WOS): C-8976-2012. ORCID: 0000-0001-6845-6037.

3eabuan Poman BiaagumMupoBH4, KaHAMIAT MEJUIMHCKUX HAyK, CTApPIINN HAyYHBIH COTPYAHMK OTAEICHHS PaJHOHYKIHTHOU
JIMarHoCTUKH, HayyHo-uccie10BaTenbCKuii ”HCTUTYT OHKOJIOTMH, TOMCKHIA HAllMOHAJIbHBINA HCCIIE10BATEIbCKUI METUIIMHCKUMA LIEHTP
Poccuiickoii akanemun Hayk (T. Tomck, Poccnst). SPIN-kox: 2255-5282. Researcher ID (WOS): C-8597-2012. ORCID: 0000-0002-4568-
1781. Author ID (Scopus): 56901332100.

I'apOykoB EBrennii FOppeBuyY, KaHI11aT MEAUIIMHCKUX HAyK, CTAPIINI HAYYHbIH COTPYAHUK OTAEICHUS 0011ei onkoiaoruu, Hayuno-
HCCIIE0BATENbCKUN HHCTUTYT OHKOJIOTMH, TOMCKHI HALlMOHAIbHBIN HCCIIE0BATENbCKUI MEAULIMHCKUHN LeHTp Poccuiickoil akaneMun
Hayk (T. Tomck, Poccust). SPIN-koa: 3630-2324. Researcher ID (WOS): C-8299-2012. ORCID: 0000-0002-2917-8158. Author 1D
(Scopus): 6504255124.

BKNAQ ABTOPOB

Kaﬁroponosa EBrenns BﬂKTOpOBHa: pa3pa60TKa KOHIICIIIHUU U Z[H3alea Hcclie0BaHus, MPOBEACHUE WCCIICIOBAHUN U aHATU3 JIaH-
HbIX, HATUCAHUE PYKOIHCHU CTATbH.

Tapaﬁanoscxaﬂ Haraabst AHaTO/IbeBHA: IIpOBEACHUE HCCHCHOBaHHﬁ, aHaJIn3 JaHHbIX, TUarHOCTHUKAa, MOHUTOPUHI" U JICHCHUE 00J1b-
HBIX.

CypKOBa IMonuna Ba.nepneBHa: JAUArHoCTUKa, MOHUTOPUHT U JICUHCHUEC OOJIbHBIX.

3eapuan Poman B.]'Ia)ll/lMP[pOB](l'-lZ JUArHoCTUKa, MOHUTOPUHT U JICUCHUEC OOJIbHBIX.

l"apﬁylcos EBrennii IOpLeBPl‘-I: MIPpOBCACHUE PICCJ'IC,HOBaHPIﬁ, aHaJIu3 JaHHBIX, AMarHOCTUKA, MOHUTOPUHT U JICUCHUEC OOJIbHBIX.

QDunancuposanue

Hccnedosanue evinonneno npu ¢unancosoi noodepocxe epauma Illpezudenma PO MJ]-544.2018,
MJ[-2017.2020.7.

Kongpnuxkm unmepecos

Aemopbl 00bA61A10M, YMO Y HUX HEM KOHGAUKMA UHMEPECcOs.

bnazooapnocmu

Asmopbi svipadicaiom 61a200apHOCmb pyKosooumento omoenenus oouel u moiexyiaprou namonroeuu HUN
onkonozuu Tomcxoeo HUMIL] o.m.u. C.B. Bmopywuny, npogh. B.M. Ilepervmymepy, 0.m.n. M.H. Cmaxeegoii,
npog. H.B. Yepovinyesotl, npog. B.U. Yepnosy, npogh. U.I. @ponosoti.

64 SIBERIAN JOURNAL OF ONCOLOGY. 2020; 19(6): 57-65



JIABOPATOPHbBIE U 3KCMNEPUMEHTAJIbHbLIE UCCJIIEOAOBAHUA

ABOUT THE AUTHORS

Evgeniya V. Kaigorodova, MD, DSc, Leading researcher, Department of General and Molecular Pathology, Cancer Research Insti-
tute, Tomsk National Research Medical Center, Russian Academy of Sciences; Professor, Department of Biochemistry and Molecular
Biology with a Course in Clinical Laboratory Diagnostics, Siberian State Medical University (Tomsk, Russia). Researcher ID (WOS):
A-5400-2014. ORCID: 0000-0003-4378-6915. Author ID (Scopus): 24778286000.

Nataliya A. Tarabanovskaya, MD, PhD, Researcher, Department of General Oncology, Cancer Research Institute, Tomsk National
Research Medical Center, Russian Academy of Sciences (Tomsk, Russia). Researcher ID (WOS): A-5400-2014. ORCID: 0000-0003-
4378-6915.

Polina V. Surkova, MD, PhD, Researcher, Department of Radiation Diagnostics, Cancer Research Institute, Tomsk National Research
Medical Center, Russian Academy of Sciences (Tomsk, Russia). Researcher ID (WOS): C-8976-2012. ORCID: 0000-0001-6845-
6037.

Roman V. Zelchan, MD, PhD, Senior Researcher, Department of Radionuclide Diagnostics, Cancer Research Institute, Tomsk National
Research Medical Center, Russian Academy of Sciences (Tomsk, Russia). Researcher ID (WOS): C-8597-2012. ORCID: 0000-0002-
4568-1781. Author ID (Scopus): 56901332100.

Evgenii Y. Garbukov, MD, PhD, Senior Researcher, Department of General Oncology, Cancer Research Institute, Tomsk National
Research Medical Center, Russian Academy of Sciences (Tomsk, Russia). Researcher ID (WOS): C-8299-2012. ORCID: 0000-0002-
2917-8158. Author ID (Scopus): 6504255124.

AUTHOR CONTRIBUTION

Evgeniya V. Kaigorodova: study design and conception, data collection and statistical analysis, drafting of the manuscript.
Nataliya A. Tarabanovskaya: performed the diagnosis, monitoring, and treatment of breast-cancer patients.

Polina V. Surkova: performed the diagnosis and monitoring of breast-cancer patients.

Roman V. Zelchan: performed the diagnosis and monitoring of breast-cancer patients.

Evgenii Y. Garbukov: performed the diagnosis, monitoring, and treatment of breast-cancer patients.

Funding

The study was supported by the grant of the President of the Russian Federation MD-544.2018,
MD-2017.2020.7.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgements

The authors would like to thank Prof. S.V. Vtorushin, Head of the Department of General and Molecular
Pathology, Cancer Research Institute, Tomsk National Research Medical Center, Prof. V.M. Perelmuter,
M.N. Stakheeva, and Prof. N.V. Cherdyntseva.

CUBMPCKUM OHKOMOTUYECKWNI XKYPHATT. 2020; 19(6): 57-65 65



