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EXPRESSION OF CHEMOKINE RECEPTORS CXCR4 AND CXCR7 IN CIRCULATING
TUMOR CELLS OF BREAST CANCER
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It is known that chemokine receptors CXCR4 and CXCR?7 in primary tumor cells are associated with tumor growth progression; however, the significance of their
expression in circulating tumor cells (CTCs) remains insufficiently studied. The objective of this study was to investigate the expression of chemokine receptors
CXCR4 and CXCRY in subpopulations of CTCs with positive (EpCAM*) and negative (EpCAM-) EpCAM expression in breast cancer patients, as well as assessed
their correlation with clinicopathological parameters and prognostic relevance.The study methods included protein expression analysis and transcriptome profiling
of CTCs obtained from peripheral blood. This study comprehensively characterized CXCR4 and CXCR7 expression across EpCAM* and EpCAM- CTC subsets
and assessed their clinical relevance through protein-level detection, transcriptomic profiling, and long-term patient follow-up. CXCR4 and CXCR?7 receptors
were predominantly expressed in EpCAM* CTCs, whereas EpCAM- cells were largely negative. Importantly, an increased number of EpCAM- CTCs, irrespective
of CXCR4/7 status, was associated with disease progression over a six-year period (o = 0,0007). Prognostic significance was specifically attributed to EpCAM-~
CXCR4/7- CTGCs, with counts exceeding 1.25 cells/ml predicting progression with high sensitivity and specificity. Distinct CTC subpopulations were further
characterized by stemness and epithelial-mesenchymal transition (EMT) markers, underscoring the aggressive phenotype of EpCAM- cells exhibiting EMT traits.
Transcriptomic analysis of EpCAM-CXCR4/7- CTCs revealed upregulation of genes involved in ferroptosis (p = 3.315 x 107) and androgen receptor signaling
pathways (o = 8.0 v 1075, alongside identification of progression-associated genes (HBB, IGLC2, and IGHM). Conversely, MALAT1 was overexpressed in patients
without progression, indicating a potential metastasis-suppressive function (p = 1.52 x 10-?). These findings highlight the pathogenetic importance of EpCAM-
CTCs in breast cancer progression and support a paradigm shift in CTC research towards this subpopulation. Further investigations are warranted to elucidate the
functional roles of these cells and their utility as prognostic biomarkers.
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OKCIMPECCHUA PELIEMTOPOB XEMOKMHOB CXCR4 N CXCR7 B LIMPKYJTUPYIOLLIMX OMYXOJIEBbIX

KNETKAX NMPU PAKE MOJIOYHOW XXENE3bl

E. C. louropeesa' ™=, 1. A. Tawupesa', O. E. Casenbesa?, M. B. 3asbsnosa’, H. B. YepabiHuesa', B. M. MepenbmyTtep’

' Hay4Ho-mccnenoBaTenbCKuin UHCTUTYT OHKONOM N, TOMCKMIA HaLMOHaNbHbIN MCCneaoBaTenbCKnin MeauLMHCKII LIeHTP Poccuiickoi akagemum Hayk, ToMmck, Poccurst
2 CaHkT-lNeTepbyprekuii rocyaapCTBEHHbIN NeamaTpnyeckuin MeguumHcknin yHnsepeunteT, CaHkT-NeTepbypr, Poccus

XemokunHosble peLientopbl CXCR4 n CXCR7 B kneTkax NepBuHHOM ONyxomn CBA3aHbl C Nporpeccueit onyxonesoro pocTta. Llens nccneposaHna — madyynTb
akcnpeccuto CXCR4 n CXCR7 B cybronynsuuax LIOK ¢ nonoxutensHoit (EpCAM?) 1 otpuatensHoin (EpCAMY) akcnpeccurein EpCAM y naumneHToB ¢ pakom
MosoYHOM xxenesbl (PMXK), a Takxe OUEeHUTb X CBSA3b C KIMHMKO-MATONOrMYeCKMI napamMeTpamn 1 MPOrHOCTUHECKOW 3HAYMMOCTBLIO. AHanma 6enkoBom
aKCnpeccun 1 TpaHckpunToMHoe npodunmpoBanne LIOK, nonydeHHbix 13 nepudepnyeckoin kposu, nokadanm, 4to CXCR4 n CXCR7 npenmMyLLeCTBEHHO
akcnpeccupoBannck B EpCAM* LIOK, Toraa kak EpCAM- kneTkn B 0CHOBHOM He umenn akcnpeccum CXCR4 n CXCR7 (p < 0,001). BaxkHo, 4TO yBennyeHvue
konnyectea EpCAM- LIOK, HesaBucrmo ot akcnpeccum CXCR4/7, 66110 CBsi3aHO C NporpeccnpoBaHnem 3abonesaHns B TeHeHWe LEeCTUETHEro neproaa
(p = 0,0007). MNMporHocTu4eckoe 3HadeHre nokadaHo ana EpCAM-CXCR4/7- LIOK, npu aToM Konm4ecTso, npesbiwatoLee 1,25 kn./mMn nepndepn4eckomn
KPOBM, NpeackasbiBano NporpeccupoBanmne 3abonesaHns ¢ HyBcTuTeNbHOCTEIO0 100% 1 cneumdmnyHocTeio 95,1%. OThensHble cybnonynsaummn LIOK 6binm
[OMNOSHATENBHO OXapakTePU30BaHbl MO Mapkepam CTBOSIOBOCTU U aNUTENMasIbHO-Me3eHXMMasbHOro nepexoaa (SMIMT), 4To nogHepK1BaET arpecCrBHbIA heHoTIN
EpCAM- kneTok, npossnsioLLyx npuaHaku M. TpaHckpynToMHbIn aHand EpCAM-CXCR4/7- LIOK BbiiBN NOBbILLEHHYIO SKCMPECCUIO MEHOB, YHaCTBYIOLLMX
B thepponTose (p = 3,315 x 107) 1 curHasbHbIX NyTAX aHAPOreHoBOro peuentopa (o = 8,0 x 107, a TakKe reHoB, acCoUMMPOBAHHBIX C MPOrPECCUPOBaHNEM
(HBB, IGLC2 n IGHM). Hanpotvis, MALATT Gblfl CBEPX3KCIPECCUPOBaH Y MaLMEHTOB 6e3 NPOrpecCcupoBaHms, YTO YKa3blBaET Ha MOTEHLWIANBHYIO MOAABSAOLLYIO
MeTacTasmpoBaHue yHkUMO (0 = 1,52 x 1072). Pe3ynbTrathl NoAYepKMBAIOT NaToreHeTnyeckyto 3Haqdumocts EpCAM- LIOK B nporpeccuposaHnm PMXK 1
NMOAAEPKMBAKOT CMEHY MapamrMbl B UccnefoBaHusx LIOK B CTOPOHyY sToi cybnonynsumm.

KntoueBble cnoea: LVPKYMPYIOLLME OMyXOoneBble KNETKW, XEMOKVHOBbIE PELenTOpbl, SMUTENaibHO-MEe3eHXMANbHBIA NEPEXOf, CTBOMIOBbIE KNETKW, TPaHC-
KPUMTOMMKA, MPOrPecCUMpOBaHmne paka MOSIOYHON Xenesbl
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Breast cancer (BC) remains one of the most significant
challenges in modern oncology due to its high prevalence,
substantial mortality rate, and frequent metastasis. The recent
advances in liquid biopsy techniques have opened new avenues
for developing approaches to better predict the clinical course of
the disease. Among the most promising targets for investigation
are circulating tumor cells (CTCs), which are tumor cells that have
detached from the primary tumor and circulate in the bloodstream.
Elevated levels of CTCs in the peripheral blood often correlate
with poor prognosis, making them a valuable tool for patient
stratification and optimizing treatment strategies [1]. However, the
clinical application of CTCs faces several challenges, including
their low concentration in blood and technical difficulties in their
detection [2]. Most studies on CTCs rely on EpCAM (epithelial
cell adhesion molecule)-based methods [3]. This preference is
largely due to the availability of commercially certified systems
designed to detect EpCAM-positive CTCs [4]. Although EpCAM-
expressing tumor cells have traditionally been considered the
primary drivers of metastasis, increasing evidence highlights the
important role of subpopulations lacking EpCAM expression [5].
The loss of membrane EpCAM expression is often associated
with epithelial-mesenchymal transition (EMT), a process in which
epithelial cells lose polarity and cell-cell adhesion, acquiring
mesenchymal traits such as enhanced motility and resistance
to apoptosis [6]. In tumor progression, EMT facilitates tumor
cell motility, invasion, intravasation, survival in circulation, and
the formation of metastases following extravasation into distant
organs [7]. Consequently, CTCs constitute a heterogeneous
population comprising cells with varying epithelial and
mesenchymal phenotypes, as well as stem cell-like properties,
which may underlie their metastatic potential.

In the context of investigating CTC heterogeneity, the
chemokine receptors CXCR4 and CXCR7, which are activated
by their common ligand SDF-1 (CXCL12), are of considerable
interest. The most well-characterized function of the CXCR4-
SDF-1 axis is to mediate the directed migration of bone marrow
progenitor cells and immune cells to sites of inflammation.
It is well established that CXCR4 and CXCR7 are frequently
overexpressed in tumor cells, and their interaction with SDF-1
plays a critical role in cancer progression and metastasis [8].
Tumor cells with elevated CXCR4 expression exhibit increased
proliferation, driven by activation of the MAPK and PI3K/Akt
signaling pathways, while enhanced levels of anti-apoptotic
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proteins and reduced expression of death receptors promote
cell survival [9]. Initially, CXCR7 was considered a decoy
receptor that sequesters CXCL12, thereby attenuating CXCR4
activity [10]. However, recent evidence reveals that CXCR7
can signal via the noncanonical B-arrestin pathway, leading to
activation of intracellular cascades including protein kinase B
(AKT) and JAK/STAT pathways, which further stimulate tumor
cell proliferation and migration [11]. According to the literature,
high CXCR4 expression correlates with an increased risk of
breast cancer metastasis to lymph nodes and distant organs,
as well as with reduced relapse-free and overall survival [12]. In
summary, while the expression patterns of CXCR4 and CXCR7
in primary breast tumors have been extensively characterized,
studies examining their expression in circulating tumor cells
remain very limited.

Thus, the aim of this study is to investigate the expression of
chemokine receptors CXCR4 and CXCRY in CTC subpopulations
with positive (EpCAM*) and negative (EpCAM-) EpCAM
expression in breast cancer patients, and to evaluate their
association with clinicopathological parameters and prognostic
significance.

METHODS
Patients

The study included 65 female patients with invasive breast
carcinoma of no special type, who were treated at the
Oncology Research Institute Clinic of the Tomsk National
Research Medical Center (Tables 1, 2). CTC analysis was
performed prior to any treatment. Patients received full
treatment according to the clinical guidelines of the Ministry
of Health of the Russian Federation. The follow-up period was
6 years.

Flow cytometry

Venous blood samples collected from breast cancer patients
was used for CTC detection. Cell concentrates were prepared
by sedimentation, followed by collection of the white cell layer
at the interface between the erythrocyte sediment and the
separated plasma, as well as the entire supernatant, according
to the method described by R. A. Pospelova [13].

Table 1. Clinicopathological characteristics of patients included in the study of CTC subpopulation composition

Parameter

Frequency, % (n)

<50 26.67% (12/45

Age

35.56% (16/45

)
> 50 73.33% (33/45)
)
)

Tumor size (cT) 2 60.00% (27/45
4 4.44% (2/45)
1A 28.89% (13/45)
1A 33.33% (15/45)
Stage
B 33.33% (15/45)
B 4.44% (2/45)
0 53.33% (24/45)
Lymph node status (cN)
1 46.67% (21/45)
Luminal A 26.67% (12/45)
)

Luminal B (HER2)

37.78% (17/45

Molecular subtype

Luminal B (HER2*)

20.00% (9/45)

Triple negative

6.67% (3/45)
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Table 2. Clinicopathological characteristics of patients included in the study of the transcriptional profile of circulating tumor cells

Parameter Frequency, % (n)
<50 30.0% (6/20)
Age
> 50 70.0% (14/20)
1 5.0% (1/40)
Tumor size (cT) 2 80.0% (15/40)
3 5.0% (1/20)
4 5.0% (3/20)
| 5.0% (1/20)
A 20.0% (5/20)
1B 40.0% (8/20)
Stage A 15.0% (3/20)
nB 10.0% (2/20)
nc 5.0% (1/20)
0 30.0% (6/20)
Lymph node status (cN)
1 70.0% (14/20)
Luminal A 10.0% (2/20)
Luminal B (HER2) 65.0% (13/20)
Molecular subtype Luminal B (HER2*) 10.0% (2/20)
Triple negative 5.0% (5/20)
HER2* 10.0% (1/20)

Samples for flow cytometry were prepared as follows. The
cell concentrate was washed by adding 1 ml of CellWASH
solution (BD Biosciences, USA) and centrifuged at 300 x g
for 10 minutes. To lyse erythrocytes, 500 pl of OptiLyse C
buffer (Beckman Coulter, France) was added, and the samples
were washed with 2 ml of Cel WASH solution for 10 minutes
at 300 x g, followed by removal of the supernatant. After
blocking nonspecific Fc receptor binding with Human TruStain
FcX™ Fc Receptor Blocking Solution (BioLegend, USA),
5 pl of the following monoclonal antibodies were added to the
cell concentrate: BV570 anti-human CD45 (clone HI30; Sony
Biotechnology, USA), BV650 anti-human CD326 (EpCAM)
(clone 9C4; Sony Biotechnology, USA), BV510 anti-human
CD44 (clone G44-26; BD Horizon, USA), PerCP/Cy5.5 anti-
human CD24 (clone ML5; Sony Biotechnology, USA), BV421
anti-human CXCR4 (clone 12G5; Sony Biotechnology, USA),
BV421 anti-human CXCR7 (clone 10D1; BD Biosciences;
USA) and PE/Cy7 anti-human N-Cadherin (clone 8C11; Sony
Biotechnology, USA). The samples were then incubated in the
dark at room temperature for 20 minutes.

Following incubation, probes were washed with 2 ml of
CellWASH solution for 10 minutes at 300 x g and removing the
supernatant. Forintracellular staining, 250 pl of BD Cytofix/Cytoperm
solution (BD Biosciences, USA) was added to each unstained
and stained sample, followed by incubation in the dark at 4 °C for
20 minutes. Samples were then washed twice in 1 ml of BD
Perm/Wash buffer (BD Biosciences, USA) by centrifugation at
300 x g for 6 minutes. Subsequently, 50 pl of BD Perm/Wash
buffer was added to each sample, along with 5 pl of the following
antibodies: AF647-anti-human CK7/8 (clone CAM5.2; BD
Pharmingen, USA), AF488-anti-human Snail1 (clone 20C8;
eBioscience, USA), and AF750-anti-human Vimentin (R&D Systems,
USA). The samples were incubated at 4 °C for 20 minutes.

Each sample was then washed in 1 ml of CelWASH buffer
(BD Biosciences; USA) by centrifugation at 300 g for 6 min. At
the final stage, 100 pl of Cell Staining Buffer (Sony Biotechnology;
USA) were added to the sediment and the sample was
resuspended.

Samples were analyzed on a Novocyte 3000 flow cytometer
(ACEA Biosciences; USA) using NovoExpress 1.3.0 (ACEA

Biosciences; USA). The concentration of circulating cells was
calculated per 1 ml of blood.

Statistical analysis was performed using the Prism 10.4.1
package (GraphPad Software; USA). The Kruskal-Wallis test
was used to analyze independent groups, and the Mann—
Whitney test was used to analyze two independent groups.
ROC analysis was used to assess the prognostic value of the
prediction accuracy. Differences were considered significant at
p < 0.05.

scRNA-seq analysis of CTCs

Public scRNA-seq data set from 20 BC patients (T1-4NO-3MO,
all molecular subtypes) generated in our previous study [14]
and available via BioProject under the accession number
PRJUNA776403 was used for investigation of transcriptional
profile of EPCAM-negative and EPCAM-positive CTCs.

The Seurat software package, version 4.0.4 [15], was
employed for quality control and analysis of single-cell
RNA sequencing data. Cell doublets were identified using
DoubletFinder [16] and subsequently removed from each
dataset. Integration of the 20 datasets with default parameters
was performed. The aggregated data underwent preprocessing,
involving the exclusion of cells with unique feature counts
less than 200 and mitochondrial percent exceeding 25. Raw
RNA UMI counts of the aggregated data were normalized,
followed by principal component analysis (PCA). The dataset
was visualized and explored using the uniform manifold
approximation and projection (UMAP) method, a nonlinear
dimensional reduction technique.

Spatial transcriptomics data analysis
of breast tumor tissue

Spatial transcriptomics dataset generated in our previous study
[17] and available via GEO Database under the accession
number GSE242311 was used to investigate gene expression
of EPCAM-negative and EPCAM-positive tumor cells in primary
tumor of five BC patients (invasive carcinoma of nonspecific
type, luminal A and B, stage I-lIA, grade 2-3). Samples
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Fig. 1. Number of EpCAM- (A) and EpCAM* (B) CTCs according to CXCR4/7 expression in breast cancer patients with tumor progression during the 6-year follow-up period

were filtered, excluding genes with nonzero expression in
fewer than 10 tissue spots and tissue spots with fewer than
200 filtered genes. The raw counts were normalized using the
SCTransform [18] function with default parameters. The uniform
manifold approximation and projection (UMAP) technique were
then applied to the SCTransform-normalized counts, utilizing
the first 30 principal components determined through principal
component analysis (PCA). The results were visualized using
the Seurat package.

RESULTS

Association between the Number of EpCAM* and EpCAM-
CTCs Expressing CXCR4 and CXCR7 and Clinical
Parameters in BC Patients

The number of EpCAM* and EpCAM- CTCs was evaluated
in the peripheral blood of breast cancer patients. EpCAM*
CTCs were defined as cells expressing EpCAM but lacking the
leukocyte common antigen CD45, irrespective of cytokeratin
7/8 expression. In contrast, EpCAM- CTCs were defined as
CD45-negative cells without EpCAM expression but positive
for cytokeratins 7/8. The analysis revealed that the number of
EpCAM* CTCs was significantly higher than that of EpCAM-
CTCs (p = 0.0237). The median counts of EpCAM* and
EpCAM- CTCs were 0.00 (0.00-1.25) and 0.83 (0.00-3.32)
cells/ml, respectively.

EpCAM* CTCs exhibited significantly higher expression of the
chemokine receptors CXCR4 and CXCR7 compared to EpCAM-
CTCs (25/45 vs. 6/45, p < 0.001). Specifically, CXCR4/7-positive
cells predominated among EpCAM* CTCs, whereas CXCR4/7-
negative cells were more common among EpCAM- CTCs. The
median number of CXCR4/7-positive cells was 0.83 (0.00-2.12)
cells/ml for EpCAM* CTCs and 0.00 (0.00-0.00) cells/ml for
EpCAM- CTCs. Conversely, the median number of CXCR4/7-
negative cells was 0.00 (0.00-0.00) cells/ml in EpCAM* CTCs
and 0.00 (0.00-0.83) cells/ml in EpCAM- CTCs.

Moreover, the number of CXCR4/7-expressing CTCs was
significantly higher among EpCAM* CTCs compared to EpCAM-
CTGCs (p < 0.001), with median values of 0.83 (0.00-2.12) cells/ml
and 0.00 (0.00-0.00) cells/ml, respectively.
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Analysis of the number of EpCAM* and EpCAM- CTCs
expressing CXCR4/7, in relation to clinicopathological parameters,
revealed no significant associations with clinical variables
(Supplementary, Fig. 1A-D).

During the 6-year follow-up period, disease progression
was observed in 3 patients: one experienced tumor recurrence,
while two developed distant metastases. These patients were
grouped as having tumor progression, whereas the remaining
patients were classified as without progression. Comparative
analysis of the number of EpCAM* and EpCAM- CTCs
expressing CXCR4 and CXCR7 demonstrated a significant
increase in the total population of EpCAM- CTCs, as well as in
both EpCAM-CXCR4/7+ and EpCAM-CXCR4/7- CTC subsets
in patients with progression (p = 0.0007, p = 0.0184, and
p = 0.0013, respectively) (Fig. 1A). No significant differences
were detected in the number of EpCAM+ CTCs, regardless
of CXCR4/7 expression, between patients with and without
signs of progression during the follow-up period (p > 0.05)
(Fig. 1B).

ROC analysis of EpCAM- CTC counts considering CXCR4/7
expression in patients with progression over a 6-year follow-
up demonstrated the prognostic value of both EpCAM- and
EpCAM-CXCR4/7- parameters (Fig. 2). An EpCAM- CTC count
> 2.23 cells/ml of peripheral blood predicted progression with
100.0% sensitivity and 95.1% specificity (AUC=0.96, 95% ClI:
0.91-1.00; p = 0.008). Similarly, an EpCAM-CXCR4/7-CTC
count >1.25 cells/ml predicted progression with 100.0%
sensitivity and 85.7% specificity (AUC = 0.96, 95% Cl: 0.89-1.00;
p = 0.009). These results indicate that the EpCAM-CXCR4/7-
CTC population has prognostic significance, whereas the
EpCAM-CXCR4/7+ cells do not (AUC = 0.80, 95% ClI: 0.47-1.00;
p = 0.089).

Analysis of stemness and EMT markers in EpCAM-CXCR4/7-
CTCs associated with tumor progression revealed the presence
of stemness features based on the expression of CD44/CD24,
CD133, and ALDH1A1. The number of EpCAM-CXCR4/7-
CD44+CD24-CD133*ALDH1A1* CTCs was significantly higher
in patients with progression during the observation period
compared to those without progression (o = 0.003). The median
count of CTCs exhibiting the CD44+CD24-CD133*ALDH1A1*
phenotype was 0.00 (0.00-0.00) cells/ml in patients without
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Fig. 2. ROC analysis of EpCAM* CTCs according to CXCR4/7 expression in breast cancer patients with tumor progression during the 6-year follow-up period

progression and 1.66 (0.00-1.68) cells/ml in patients with
progression.

The assessment features of EMT revealed the expression
of N-cadherin and Snail (p = 0.003). The median number
of CTCs with the N-cadherin+Snail+Vimentin— phenotype in
patients without and with the presence of signs of progression
was 0.00 (0.00-0.00) cells/ml and 2.24 (0.00-4.98) cells/ml,
respectively.

Association of chemokine receptor CXCR4 and CXCR7
expression with stemness traits among EpCAM* and
EpCAM- CTCs

To evaluate the association between stemness features and
the expression of chemokine receptors CXCR4 and CXCR?7,
the frequency and number of CTCs expressing stemness
markers CD44/CD24, CD133, and ALDH1 were analyzed
among EpCAM* and EpCAM- CTCs, considering CXCR4/7
expression. Among EpCAM* CTCs, the highest frequency
was observed in cells with the CD44+*CD24-CD133*ALDH1*
phenotype. Specifically, the frequency of these cells was 51.1%
(23/45) when CXCR4/7 was expressed, compared to 11.1%
(5/45) in its absence. Thus, the occurrence of CD44+CD24-
CD133*ALDH1* cells was significantly higher in EpCAM* CTCs
expressing CXCR4/7 chemokine receptors (o < 0.0001).

The greatest number of cells were also characterized by
the CD44+CD24-CD133*ALDH* phenotype, regardless of
CXCR4/7 expression (Fig. 3A). The number of cells with this
stem phenotype was higher among EpCAM*CXCR4/7+ CTCs

(o < 0.0001). The median CD44+CD24-CD133*ALDH* among
EpCAM*CXCR4/7+ CTCs was 0.56 (0.00-1.67) cells/ml and
0.00 (0.00-0.00) cells/ml among EpCAM+*CXCR4/7- CTCs. Among
EpCAM-CXCR4/7+ CTCs, the frequency of occurrence and the
number of cells with stemness variants did not differ (o > 0.05)
(Fig. 3B).

The frequency of EpCAM-CXCR4/7- CTCs was extremely
low. The most common phenotype among these cells was
CD44-CD24-CD133-ALDH-, observed in 12 out of 45 cases,
while the frequency of all other phenotypes did not exceed 2
out of 45 (p = 0.02). Additionally, the number of CD44-CD24-
CD133-ALDH- cells was significantly higher compared to other
phenotypes, with significance levels indicated in the figure
above. The median number of cells with this phenotype was
0.00 (0.00-0.70) cells/ml (Fig. 4B).

Evaluation of chemokine receptors CXCR4 and CXCR7
expression in EpCAM* CTCs with distinct stemness phenotypes
revealed that a significantly higher proportion of CD44+CD24-
CD133*ALDH1+ cells expressed CXCR4/7 (o < 0.0001) (Fig. 4A).
In contrast, the number of CTCs with or without CXCR4/7
expression did not differ significantly among cells exhibiting
other stemness phenotypes (p > 0.05).

Analysis of chemokine receptors CXCR4 and CXCR7
expression in EpCAM- CTCs, considering stemness characteristics,
showed no significant differences in CXCR4/7 expression
among stem-like CTCs (Fig. 4B). However, a significantly greater
number of cells lacking stemness features, characterized by
the CD44-CD24-CD133-ALDH- phenotype, were negative for
CXCR4/7 expression (o = 0.0011).
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Fig. 3. Number of EpCAM* (A) and EpCAM- (B) CTCs considering CXCR4/7 expression with stem features in breast cancer patients

Association of chemokine receptor CXCR4 and CXCR7
expression with EMT features among EpCAM* and
EpCAM- CTCs

In EpCAM* and EpCAM- CTCs, the expression of the early EMT
marker Snail, which represses epithelial markers and promotes
mesenchymal marker expression, was evaluated alongside late
EMT markers N-cadherin and vimentin. Among EpCAM*CXCR4/7+
CTCs, the highest frequency was observed in cells expressing the
late EMT markers N-cadherin and vimentin, accounting for 35.6%
(16/45). Furthermore, the number of N-cadherin*Snailvimentin*
cells was significantly higher compared to both N-cadherin*Snail-
vimentin- and N-cadherin-Snailvimentin- CTCs (o = 0.0003 and
p = 0.0009, respectively) (Fig. 5A). In contrast, among EpCAM*
CTCs lacking CXCR4/7 expression, the distribution of cells with
different EMT phenotypes did not differ significantly (o > 0.05). In
this case, N-cadherin*Snail-Vimentin* cells were practically not
found among CXCR4/7- CTCs; their number was higher among
CXCR4/7+ CTCs (p < 0.0001) (Fig. 5B).

Analysis of early and late EMT marker expression in EpCAM-
CTCs, considering CXCR4/7 expression, revealed no significant
differences (p > 0.05) (Fig. 6A). Notably, among EpCAM- CTCs
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expressing CXCR4/7, no cells were found to co-express all three
EMT markers analyzed.

Among EpCAM- CTCs lacking N-cadherin and expressing
Snail, regardless of vimentin status, a significantly greater number
of cells were negative for CXCR4/7 expression (p = 0.0061 and
p =0.0189, respectively) (Fig. 6B).

Expression of CXCR4 and CXCR7 genes in EPCAM*
and EPCAM- CTCs

In 20 BC patient samples analyzed, a total of 239 CTCs were
identified. EPCAM- CTCs were defined as cells lacking PTPRC
(CD45) and EPCAM gene expression but exhibiting positive
expression of cytokeratin genes (KRT7, KRT8, or KRT18).
Conversely, EPCAM+ CTCs were characterized as cells without
PTPRC (CD45) expression and with EPCAM gene expression
levels greater than zero, regardless of cytokeratins expression.
Consequently, the EPCAM* and EPCAM- CTC groups
comprised 11 and 228 cells, respectively. The frequency of SDF-1
chemokine receptor gene expression — CXCR4 or CXCR7 —
did not differ significantly between EPCAM* and EPCAM- CTCs,
being 54.5% (6/11) and 53.5% (122/228), respectively.
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Fig. 4. Comparison of the number of EpCAM- (A) and EpCAM* (B) CTCs with stemness properties according to CXCR4/7 expression in breast cancer

Differential gene expression analysis among EPCAM* cells
with and without CXCR4/7 expression revealed no significant
differences (p > 0.05). In contrast, comparison within EPCAM-
CTCs showed significant differences. The most overexpressed
genes in EPCAM- CXCR4/7+ CTCs included POSTN
(0 =6.63%x107), FNT (p =5.24 x 10, COL3AT (p =1.08 x 107"),
VIM (p = 2.33 x 107"9), STO0A6 (p = 4.60 x 10°), and CD74
(o = 1.11 x 107). According to the KEGG 2021 Human
database, the ribosome metabolism pathway showed the
highest enrichment of overexpressed genes (o = 2.365 x 107'%%),
while the MSigDB Hallmark 2020 database identified the Myc
Targets V1 pathway as the most upregulated in EPCAM-
CXCR4/7+ cells (p = 7.59 x 107"") (Supplementary, Fig. 2A).

In the EPCAM-CXCR4/7- CTC population, increased
expression of numerous genes was observed, with the most
significantly overexpressed being PF4 (p = 1.33 x 102%), PPBP
(o = 5.40 x 10%), and TUBBT1 (p = 1.62 x 107%°%). According
to the KEGG 2021 Human database, the largest group of
upregulated genes was associated with the ferroptosis pathway
(0 = 3.315 x 107), while the MSigDB Hallmark 2020 database
highlighted the androgen receptor signaling pathway as
significantly enriched (p = 8.0 x 105 (Supplementary, Fig. 2B).

Comparison of the transcriptional profiles between EPCAM*
and EPCAM- CTCs expressing CXCR4/7 revealed no significant
differences (p > 0.05).

During the observation period starting in 2020, disease
progression was observed in 4 out of 20 patients. Among these,

3 patients developed metastases to distant organs, while one
patient exhibited metastasis to regional lymph nodes. The
distribution of CTC subpopulations in individual patient samples
is summarized in the Supplementary, Table 1.

No significant differences were observed in the frequency
and number of EPCAM* and EPCAM- CTCs expressing
CXCR4/7 chemokine receptor genes between patients with
different treatment outcomes over the 6-year follow-up period
(o > 0.05). Additionally, differential gene expression analysis
was performed on EpCAM- CXCR4/7- cells from patients
with and without disease progression during the follow-up.
In the group of patients with tumor progression, three genes
showed significantly increased expression: HBB (o = 1.34 x 1079),
IGLC2 (p =7.49 x 10°%), and IGHM (p = 1.05 x 1079). In contrast,
among patients without progression, only one gene, MALATT,
was significantly overexpressed (p = 1.52 x 107?).

Spatial transcriptomic analysis of EPCAM* and EPCAM-
tumor cells in relation to CXCR4 and CXCR7 gene
expression

Manual annotation of spots in five BC samples was conducted
to identify those containing tumor cells. Spots exclusively
featuring stromal cells or spots where the number of stromal
cells surpassed that of tumor cells were excluded from the
analysis. Subsequently, employing the Gene Filter tool, all
spots were categorized into two groups based on EPCAM gene
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Fig. 5. Number of EpCAM* CTCs considering CXCR4/7 expression with EMT features in breast cancer patients

expression levels. Spots with EPCAM expression < 2 units were
designated as EPCAM-, spots with EPCAM expression > 3 units
were classified as EPCAM*. Within each group of EPCAM* and
EPCAM- spots, the expression of the chemokine receptor genes
CXCR4 and CXCR7 was assessed, leading to the identification
of clusters comprising spots negative for both genes (CXCR4/7)
and clusters containing spots expressing at least one of the
two genes (CXCR4/7+). The transcriptional profiles of EPCAM*
spots expressing CXCR4 and/or CXCR7 were compared to those
lacking CXCR4/7 expression. EPCAMCXCR4/7+ spots exhibited a
substantial number of differentially expressed genes, with the
top 100 listed in Supplementary, Table 3. Most upregulated genes
were associated with estrogen signaling pathways (o = 0.0039)
and cell-cell or cell-matrix adhesion processes (p = 0.0039)
(Supplementary, Fig. 3A). While, EPCAMCXCR4/7- spots showed
activation of endocytosis (p = 0.0359) and an early response to
estrogen (p = 1.435 x 107) (Supplementary, Fig. 3B). Comparison
of EPCAM- spots based on CXCR4/7 chemokine receptor gene
expression revealed significant activation of EMT (o = 1.6223 x 10°%)
and protein digestion and absorption pathway (o = 5.723 x 1071
in EPCAM-CXCR4/7+ tumor cells (Supplementary, Fig. 4A).
(Supplementary, Table 5). Additionally, in EPCAM-CXCR4/7+
tumor cells, the largest number of overexpressed genes were
associated with the early response to estrogen signature
(o = 1.442 x 107'%) (Supplementary, Fig. 4B).

We also compared the transcriptional profiles of EPCAM*
and EPCAM- tumor cells expressing CXCR4 and/or CXCR?7.
The analysis revealed activation of the G2-M checkpoint
signature in EPCAM* CXCR4/7+ tumor cells (p = 1.086 x 107¥)
(Supplementary, Fig. 5A).

In contrast, EPCAM-CXCR4/7+ tumor cells were characterized
by activation of the protein digestion and absorption signature
(0 =4.231x107") and EMT (p = 3.952 x 10-%) (Supplementary,
Fig. 5B).
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DISCUSSION

The findings of this study reveal a profound heterogeneity in
CTCs of BC patients, with distinct phenotypic and transcriptional
signatures that correlate with clinical outcomes. By integrating
flow cytometry and transcriptomic data, we provided a
comprehensive view of CTC subpopulations according
chemokine receptors CXCR4 and CXCR7 expression and their
functional implications.

There are relatively few studies in the literature focusing
on chemokine receptor expression in CTCs. Notably, Mego et
al. (2016) isolated CTCs from peripheral blood using CD45-
negative selection, followed by RT-PCR to evaluate the
expression of target genes [19]. The authors identified CTCs
expressing epithelial markers (KRT19) as well as mesenchymal
markers (TWIST1, SNAILT, SLUG, and ZEBT) and further
characterized the gene expression of various chemokine
receptors within these populations. Their findings demonstrated
that epithelial KRT19+* CTCs exhibited higher expression levels
of the CXCR4 receptor, and its ligand SDF-1 compared to
mesenchymal CTCs. In our study, flow cytometry analysis
demonstrated a clear dichotomy in CXCR4/7 expression
between different subpopulations of epithelial CTCs. While
CXCR4/7-positive cells were predominant among EpCAM*
CTGCs, the EpCAM- population was enriched for CXCR4/7-
negative cells. This segregation suggests that these markers
define distinct subpopulations of epithelial CTCs with different
biological behaviors.

It is important to note that tumor cells expressing CXCR4
are frequently associated with cancer stem cells in the
literature [20]. Indeed, CXCR4* tumor cells exhibit key stem cell
characteristics, including a high proliferation rate, resistance
to conventional therapies, and enhanced metastatic potential
[21]. However, our study did not find a correlation between
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Fig. 6. Number of EpCAM* CTCs considering CXCR4/7 expression with EMT features in breast cancer patients

stemness features and the expression of CXCR4/7 chemokine
receptors in either the EpCAM* or EpCAM- CTC populations.
However, stem cell features characteristic of the EpCAM* and
EpCAM- CTC subpopulations were identified. EpCAM* CTCs
were predominantly characterized by a stem cell phenotype
defined as CD44+*CD24-CD133*ALDH*, whereas EpCAM-
CTCs largely consisted of cells lacking stemness markers
(CD44-CD24-CD133-ALDH)).

Analysis of the expression of early (Snail) and late (N-cadherin
and vimentin) EMT markers revealed a correlation between
N-cadherin and vimentin expression and CXCR4/7 chemokine
receptor presence in EpCAM- CTCs. The N-cadherin*Snail-
vimentin® phenotype was predominantly observed in the
EpCAM- CXCR4/7+ CTC subpopulation. This finding aligns with
existing evidence indicating that activation of the CXCL12/CXCR4
signaling axis can induce EMT in breast cancer cells via stimulation
of the Wnt/~-catenin and mTOR signaling pathways [22].

Our findings highlight the necessity to move beyond EpCAM-
based CTC detection. Thus, the analysis of CXCR4/7 protein
expression in CTCs enabled the identification of an association
between EpCAM-CXCR4/7- CTCs and tumor progression,
suggesting the potential prognostic value of this subpopulation.
While EpCAM-expressing cells have traditionally been regarded
as the primary drivers of metastasis, accumulating evidence
highlights the importance of EpCAM- subpopulations [5]. Loss
of EpCAM expression is frequently linked to EMT, with the hybrid
EMT phenotype — characterized by the concurrent expression
of epithelial and mesenchymal markers — being considered
the most aggressive and metastatic [23]. Consistent with this,
the EpCAM-CXCR4/7- CTC population identified in our study

exhibited expression of EMT markers such as N-cadherin
and Snail. Surprisingly, the EpCAM-CXCR4/7- subset — rather
than the expected CXCR4/7+ population — emerged as the
most prognostically significant, indicating that metastatic
potential may not solely depend on chemokine receptor-driven
dissemination pathways.

The lack of prognostic value in EpCAM-CXCR4/7+ CTCs
(despite statistical significance in Mann-Whitney tests) raises
important questions. These cells may represent a transient or
dormant state, where CXCR4/7 signaling facilitates survival in
circulation but does not directly drive metastatic outgrowth.
In contrast, the EpCAM-CXCR4/7- subset may harbor more
aggressive, immune-evasive clones that bypass conventional
detection methods yet drive progression. Clarification of the
stem and EMT traits in the detected population of CTCs showed
that progression was associated with cells characterized by
stemness based on the expression of CD44/CD24, CD133
and ALDH1A1 markers, as well as those with the EMT
phenotype — N-cadherin*Snail*vimentin~. The obtained results
are consistent with the data of the world literature indicating a
high metastatic potential of tumor cells with signs of stemness
and EMT [24].

Transcriptomic analysis of CTCs uncovered striking
differences between subpopulations. EPCAM-CXCR4/7+ CTCs
exhibited marked overexpression of genes associated with
extracellular matrix (ECM) remodeling and stromal activation
(POSTN, FN1, COL3A1, VIM, S100A6, CD74), suggesting
a role in premetastatic niche formation. In contrast, EPCAM-
CXCR4/7- CTCs displayed upregulation of PF4, PPBP, and
TUBBH1, genes linked to platelet and microtubule dynamics,

BULLETIN OF RSMU | 6, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.064




potentially indicating alternative mechanisms of dissemination.
Notably, in patients with tumor progression, HBB, IGLC2, and
IGHM were significantly overexpressed, possibly reflecting
immune evasion or clonal selection, whereas MALAT1 was the
sole gene elevated in non-progressors, consistent with its known
role in tumor suppression. The HBB gene, which encodes beta-
globin — a key component of hemoglobin — exhibits a complex
and context-dependent role in breast cancer. Although HBB
expression is traditionally associated with erythrocytes, it has
also been detected in breast cancer cells, where its function
appears to be dualistic. Some studies report that elevated HBB
expression correlates with increased tumor aggressiveness,
enhanced metastatic potential, and poorer patient prognosis
[25]. Conversely, other research suggests that HBB may exert
tumor-suppressive effects under specific conditions in certain
cancer types [26]. Two others differentially expressed genes
identified are associated with immunoglobulin synthesis. The
IGLC2 gene encodes the constant region of the immunoglobulin
lambda light chain (Immunoglobulin lambda constant 2), which
is involved in antigen binding. To date, the only available study
linking IGLC2 expression to breast cancer indicates its role as a
predictor of a favorable clinical outcome in the triple-negative breast
cancer subtype [27]. In contrast, no data currently exist regarding
the association of IGHM expression, which encodes the constant
region of the immunoglobulin M heavy chain, with tumor growth or
progression. In the group of patients without signs of progression,
only one gene, MALAT1, was found to be overexpressed.
MALAT1 is a long non-coding RNA associated with metastasis
in lung adenocarcinoma. lts function is linked to the regulation
of cell motility and invasive potential [28]. Notably, MALAT1 has
also been reported to suppress breast cancer metastasis [29].
Specifically, the study demonstrated that MALAT1 can bind to
the pro-metastatic transcription factor TEAD, inactivating it and
thereby inhibiting tumor cell migration and invasion. Furthermore,
the authors observed that MALAT1 expression is frequently
reduced in more aggressive and metastatic breast cancer forms,
supporting its role as a metastasis suppressor.

Spatial transcriptomics (Visium 10X) of primary breast
tumors further corroborated these findings, revealing that
EPCAM-CXCR4/7+ regions were enriched for ECM-related
genes (COL1A1, COL3A1, FN1, POSTN, SPARC, BGN),
indicative of a fibrotic, immune-modulated microenvironment.
Conversely, EPCAM-CXCR4/7- regions overexpressed a wide
range of genes, among which STC2, TFF3, NPNT, and CD24
were the most functionally significant in our opinion, suggesting
features associated with an aggressive phenotype. Despite
the controversial association with the prognosis, recent data
show, that secreted STC2 functions as a ligand in an autocrine/
paracrine manner to promote cell survival by alleviating oxidative
stress [30]. Cancer tissue expression of Trefoil factor 3 (TFF3) are
identified as prognostic indicators of dormant ER* BC with TFF3
functioning as an epigenetically regulated driver of dormancy-
associated behaviors [31]. The experiment demonstrated that
knockdown of NPNT reduced the adhesion of cancer cells to
osteoblasts, confirming its role in bone metastasis in breast
cancer [32]. Several genes in the EpCAM-CXCR4/7- regions
(CDH1, CRABP2, THSD4, SERPINA1, SERPINA3, HSPB1,
KRT8, CD9, NUPR1, AZGP1) have been associated with
suppression of migration and invasion. However, considering
the existence of intravasation mechanisms that do not require
invasion, and in light of the data above, this may indicate
a functional metastatic phenotype characteristic of this
population. Probably, this phenotype is capable of withstanding
the effects of an aggressive environment while remaining
dormant, with the ability to adapt within a premetastatic niche.
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These results challenge the conventional view of CTC biology,
as the EpCAM- subset emerged as a key predictor of progression.
Notably, EpCAM-CXCR4/7+ CTCs exhibit mesenchymal and
extracellular matrix remodeling characteristics, whereas the
CXCR4/7- subset may harbor more aggressive clones. Further
functional studies are required to elucidate the mechanistic roles
of these CTC subsets in metastasis and therapy resistance.

Despite the significant findings, this study has several
important limitations. The primary objective was to characterize
CTCs based on chemokine receptor CXCR4 and CXCR7
expression and their role in receptor-driven dissemination
pathways. However, the prospective study design limited
patient recruitment, resulting in only three cases with disease
progression. While this small sample size precludes definitive
conclusions, the results provide a valuable foundation for
future research aimed at identifying pathogenetically relevant
CTC subpopulations. Notably, our reanalysis of single-cell
transcriptomic data confirmed the functional profiles of
CTCs associated with progression. Further support comes
from spatial transcriptomics data, which revealed CXCR4/7-
associated heterogeneity within the primary tumor, consistent
with our CTC findings and underscoring their biological relevance.
It is important to emphasize that this observational study identifies
associations between CTC phenotypes and clinical outcomes
that require mechanistic validation in vitro and in vivo. Additionally,
spatial transcriptomics, while informative about the tumor
microenvironment, has limited resolution (~55 pm), potentially
resulting in signal averaging across different cell types.

However, these limitations do not diminish the significance
of the findings and instead highlight the need for further studies
with larger cohorts, employing single-cell analysis and functional
experiments to validate the identified patterns. The current data
provide a solid foundation for expanded investigations into the
role of CXCR4/7-expressing CTCs in disease progression.

CONCLUSIONS

Taking into account the limitations of this study, particularly the
small sample size including patients with tumor progression
in follow-up period, several conclusions can be drawn. Tumor
progression, characterized by tumor cell dissemination to
distant organs, may not be directly associated with the presence
of CXCR4 and CXCRY receptors on CTCs. At the same time,
the EpCAM- CTC population appears to be pathogenetically
significant for tumor progression. The number of EpCAM-
CTCs, irrespective of CXCR4 and CXCR7 expression, was
higher in patients exhibiting progression during the follow-up
period. This finding underscores the need to shift the focus
of CTC research from EpCAM+ CTCs — which have shown
limited prognostic value in early breast cancer over more than
two decades — to the EpCAM- subpopulation. Transcriptomic
analysis of EPCAM-CXCR4/7- CTCs revealed distinct gene
expression profiles; however, their precise role in breast cancer
progression remains inadequately understood. Considering
both quantitative and qualitative alterations in these cells, it is
plausible that patients with poor prognosis are characterized
not only by an increased number of EPCAM-CXCR4/7-CTCs
but also by changes in their functional properties.

Data availability

The datasets analyzed in this study are available in the Gene
Expression Omnibus (GEO) Database under the accession
number GSE242311 and in the BioProject under the accession
number PRINA776408.
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