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SPIKE PROTEIN OF SARS-COV-2 INCREASES
CXCR4 EXPRESSION AND MIGRATION
OF BREAST CANCER CELLS IN VITRO

Background. There are some data that viral respiratory infections facilitate metastasis of breast cancer (BC). However,
whether the coronavirus SARS-CoV-2 is a trigger for BC progression is not yet clear, as well as the possible mechanisms
of its involvement. Aim. The work aimed to study the effect of the SARS-Cov-2 spike protein (SP) on the expression pro-
file of components of the CXCL12/CXCR4 key signaling axis of BC, cell adhesion markers CD326, CD54, epithelial cells
cytokeratin-18 and f-catenin, and migratory activity in in vitro model system. Materials and Methods. The expression
profile of the studied markers was detected by flow cytometry after 48 h of incubation of MCF-7 and MDA-MB-231 cells
with SP. Marker expression was assessed by the number of positive cells (%) and the level of its expression (the relative
index of mean fluorescence intensity of cells, iMFI). Cell migration was analyzed by the scratch assay. Results. After SP
treatment, a significant increase in CXCR4 expression was detected in the cytoplasm of both MCF-7 and MDA-MB-231
cells. SP caused opposite effects on CXCL12 expression — an increase in the MDA-MB-231 cells and decrease in the
MCEF-7 cells. In addition, in MCF-7 cells, SP treatment resulted in a decrease in the number of CD54-positive cells, the
iMFI of CD326, cytokeratin-18, and a slight increase in the iMFI of 3-catenin, while in the MDA-MB-231 cell line, a sig-
nificant decrease in the iMFI of CD54 was observed. SP accelerated the migration activity of MDA-MB-231 and MCF-7
cells, the effect being more pronounced in MDA-MB-231 cells. Conclusion. The immunophenotypic changes in the
expression profile of several markers under the influence of SP may indicate the induction of the epithelial-mesenchymal
transition in the MCF-7 cells and increased migration activity in both cell lines.

Keywords: SARS-Cov-2, spike protein (SP), CXCR4, CXCL12, CD326 (EpCAM), CD54 (ICAM-1), cytokeratin-18,
migration activity, MDA-MB-231, MCF-7 cell lines.

Breast cancer (BC) is the most common cancer in | related mortality in Ukraine [1]. Given the rising
women in the world, including Ukraine. In 2021— | trend, it is expected that in 2050 there will be 3.2 mil-
2022, BC was detected in 22.2% of women with | lion new BC cases and 1.1 million BC-related deaths
cancer and accounted for 20.2% of female cancer- | per year in the world [2]. Metastasis is one of the
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most important problems in treatment of BC. Its
pathogenesis is complex. One of the factors, espe-
cially in triple-negative BC, is the CXCL12/CXCR4
interaction [3]. CXCL12 is the stromal cell-derived
alpha chemokine that binds to the CXCR4 receptor
and plays an important role in embryonic develop-
ment, hematopoiesis as well as tumor growth and
metastasis [4]. Under the influence of CXCL12, in-
tracellular pro-proliferative pathways in BC cells
are activated, and cell migration toward CXCL12-
rich metastatic sites is enhanced [5]. On the other
hand, there is evidence that the viral respiratory
infections may trigger an inflammation response
and promote BC metastasis [6]. After the pandem-
ic caused by coronavirus SARS-CoV-2 (severe
acute respiratory syndrome-related coronavirus 2),
some authors noted an increase in metastatic dis-
ease at presentation along with a higher histological
grade, more frequent lymphovascular invasion,
lower estrogen receptor positivity, and an increas-
ing frequency of invasive ductal histological sub-
type in women with BC as compared to prepan-
demic findings [7, 8]. First of all, this may be due
to the delays in the diagnosis and treatment of can-
cer patients because of the lockdown and increased
burden on the healthcare system, but the pro-on-
cogenic role of SARS-CoV-2 cannot be completely
excluded. In particular, it is known that SARS-
CoV-2 increases CXCR4 expression on neutrophils
and monocytes and enhances the production of
CXCL12 by bone marrow and endothelial cells [9,
10]. No data on SARS-CoV-2-associated changes
in the expression of CXCR4 and CXCL12 on tumor
cells, in particular BC cells, have been reported.
Thus, further studies are needed to evaluate the po-
tential effects of SARS-Cov-2 and its proteins on
BC. Cell lines are traditionally used to study phe-
notype, genetic, and potential treatment options of
BC. The aim of the work was to study the effects of
SARS-CoV-2 spike protein (SP) on the expression
profile of the BC cell lines of different molecular
subtypes (MDA-MB-231 and MCF-7) and their
migration ability.

Materials and Methods

Two BC cell lines were used: MCF-7, belonging to
the luminal molecular subtype, and MDA-MB-231,
representing triple negative subtype [11]. The cell
lines were obtained from the Bank of Cell Lines
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from Human and Animal Tissues of the R.E. Ka-
vetsky Institute of Experimental Pathology, Oncol-
ogy and Radiobiology of the NAS of Ukraine. De-
tails of cultivation and treatment of the cell lines
with the recombinant SP of SARS-CoV-2 (Sino Bio-
logical, N 40592-V08H121) at a concentration of
40 pmol/mL were described earlier [12].

Expression of CXCR4 and CXCL12 was deter-
mined using antibodies PA3-305 and 79018, re-
spectively (Thermo Fisher Scientific, USA) on
Beckman Coulter DXFLEX (Beckman Coulter,
USA) with CytExpert (DxFLEX Software). Addi-
tionally, the expression of some markers associated
with adhesion, migration, and epithelial-mesen-
chymal transition (EMT) was studied: CD326
(VulD9, IEPOR NASU), CD54 (1H4, IEPOR
NASU), B-catenin (12F7, Santa Cruz Biotechnol-
ogy Inc., USA), and cytokeratin 18 (C-04, IEPOR
NASU). FITC-conjugated rabbit anti-mouse poly-
clonal IgG (Dako Cytomation, USA) and donkey
anti-rabbit IgG Alexa Fluor 488 conjugate (Molec-
ular Probes, USA) were applied as secondary anti-
bodies. Expression of CD326 and CD54 was exam-
ined on the surface membrane of cell lines, while
of CXCR4, CXCL12, B-catenin, and cytokeratin
18 — in the cytoplasm. For cytoplasmic detection
of antigens, cells were previously pre-fixed with 2%
paraformaldehyde and then permeabilized with
0.2% Triton X-100. Each experiment was per-
formed triply. The percentage of positive cells
(M £ m) and the relative index of mean fluores-
cence intensity of cells (iMFI) were evaluated. iMFI
was calculated as the ratio of the MFI of cells react-
ing with antigen-specific mAbs to the MFI of cells
incubated with isotype antibodies.

Cell migration was studied by the scratch assay
according to Cory [13]. In particular, MCF-7 (13 x
x 10* cells/well) or MDA-MB-231 (10 x 10* cells/
well) cells were grown in 12-well plates until about
80% confluency in DMEM medium containing 10%
FBS, and then incubated for 6 h in DMEM medium
with 1% FBS. The scratch/wound was made with a
p200 pipette tip, after which the debris was removed,
and cells were washed once with 1 mL of the growth
medium. The width of the initial scratch (time point
0 h) was recorded immediately after the addition of
1.5 mL of standard cell culture medium to the con-
trol samples and an additional 40 pg/mL SP to the
experimental samples. An important requirement
was to select the initial scratches of the same width
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in all wells at the beginning of the experiment. The
width of the scratches was subsequently assessed af-
ter 20 and 28 h in MDA-MB-231 cells, and after 24,
48, and 72 h in MCEF-7 cells. The cell migration was
assessed using public-free Image] software (version
1.50i, National Institutes of Health, Bethesda, MD,
USA; https://imagej.net/ij/) by calculating the area
of the slit after the indicated period of time relative
to the area of the initial scratch.

The statistical analyses were performed with
SPSS software (version 17.0; SPSS, Inc., Chicago,
IL). All statistical tests were two-sided and consid-
ered to be statistically significant at p < 0.05.

Results and Discussion

Expression of selected markers (initial and after
SP exposure) in MDA-MB-231 and MCEF-7 cells
are presented in the Table and Fig. 1. It is already
known that the CXCR4 molecules undergo inter-
nalization upon interaction with the respective li-
gand and are primarily expressed in the cytoplasm
of BC cells [14, 15]. Similarly, the pattern of
CXCL12 expression in BC is nuclear/cytoplasmic
[16]. Cytoplasmic expression of CXCR4 and
CXCL12 was detected in both studied cell lines,
although the intensity of CXCL12 expression and
percentage of CXCR4-positive MDA-MB-231
cells was lower than in MCF-7. After SP treat-
ment, the number of CXCR4- and CXCL12-posi-
tive MDA-MB-231 cells as well as the levels of
CXCR4 and CXCL12 expression increased. The
number of CXCR4" and CXCL12* MCEF-7 cells
did not change, but a significant increase in
CXCR4 and a decrease in CXCL12 expression lev-
els were detected. In the vast majority of studies,
increased CXCR4 expression was associated with

a higher risk of metastases and poorer prognosis
of BC [17, 18]. At the same time, a decreased
CXCL12 expression is a negative prognostic factor
of BC (regarding tumor size, lymph node metas-
tasis, TNM stage, Her-2 positivity, and lower over-
all survival) [19—21]. There are data that the
CXCL12/CXCR4 axis mediates EMT in BC cells
[5]. Given the revealed dynamic changes in the
CXCR4 and CXCL12 expression under SP treat-
ment, we also examined the expression of some
markers associated with the motility, invasion,
and EMT of malignant cells.

Intact MDA-MB-231 and MCF-7 cells differed
significantly in the number of CD54-positive cells
and the level of CD54 surface expression (Table).
Similar results were obtained by Guo et al. [22],
who demonstrated that the CD54 surface density
ratio in MDA-MB-231 vs MCF-7 cells was
2,350,000 to 323,000 molecules/cell. In our study,
after SP-treatment, a decrease in the number of
CD54-positive MCEF-7 cells was noted. In contrast
to the MCF-7 cell line, the content of CD54-posi-
tive MDA-MB-231 cells did not change under SP
treatment, but the level of CD54 expression de-
creased. The evidence suggests that high CD54
(ICAM-1) expression promotes BC cell prolifera-
tion, EMT, migration, and resistance to apoptosis,
while ICAM-1-neutralizing antibody treatment
suppressed BC metastasis in the xenograft mouse
model [23, 24]. However, there are some opposite
data. In experimental models, ICAM-1-deficient
C57BL/6-derived E0771 BC cells developed larger
metastatic lesions than their control ICAM-1-pos-
itive counterparts, and BC patients with elevated
ICAM-1 expression on tumor cells had a longer
relapse-free periods and a higher overall survival,
especially in the luminal B subtypes [25].

Effect of SARS-CoV-2 SP on the expression of markers in BC cell lines

MDA-MB-231 MCE-7
Cell markers Control SP-treated control SP-treated
% iMFI % iMFI % iMFI % iMFI
CXCLI12 790+15 | 49+1.2 | 90.0+4.6* | 93+1.2% | 88.0+3.1 |123+1.0"° | 92.0+£2.6 6.3+0.1*
CD54 93.1+23|108+1.7 | 88.0+34 54+1.8%|24.0+20% | 21+£0.1% | 122+3.8° | 1.5+0.2
CD326 112+22 | 2508 | 120+14 22+07 | 920+3.3* | 246+£3.2% | 90.0£42 | 11.3+2.7*
[-catenin 97.7+23|122+02 | 98.0x14 | 124+£0.1 | 940+2.1 9.6+04% | 972+1.7 | 11.2+0.1
Cytokeratin 18 | 91.7+3.1 | 109+ 1.8 | 92.0+23 94+08 |920+2.1 |453+£32%|90.0+1.7 |3l.6+1.1%

Notes: "p < 0.05 compared to control; *p < 0.05 compared to MDA-MB-231 cells.
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Fig. 1. CXCR4 expression in BC cell lines. Cells were incubated with SP for 48 h. Expression of markers was analyzed by
flow cytometry: (a) percentage of positive cells, (b) level of expression (iMFI). “p < 0.05 compared to control

CD326 antigen, also known as epithelial cell ad-
hesion molecule (EpCAM), is involved in cellular
signaling, proliferation, migration, and differentia-
tion. Numerous data suggest that EpCAM overex-
pression was associated with poor disease-free and
overall survival in BC [26]. In contrast to clinical
data, the BC cell lines of more aggressive subtypes
reduced expression of EpCAM (namely, MDA-
MB-231, triple negative subtype) compared to the
cell lines derived from less aggressive subtypes
(MCF-7, luminal subtype). The decreased expres-
sion of EpCAM on BC cell lines may be associated
with EMT. According to the data by Brown et al.
[27], in EMT, EpCAM expression is downregulated
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Fig. 2. MDA-MB-231 cell migration upon treatment with
SP of SARS-CoV-2. A wound of cell monolayer was made
using a p200 pipette tip and registered at the initial time-
point (g, d). Cells were further incubated in growth medium
with or without 40 pg/mL SP. Cell migration was recorded
after 20 h (b — control samples, e — SP-treated samples)
and 28 h (c — control samples, f — SP-treated samples). The
percentage of gap area analyzed by the Image] program is
presented in a bar diagram showing mean values and stan-
dard deviations. The differences between control and SP-
treated cells are significant, * p < 0.05

by extracellular signal-regulated kinases and EMT
transcription factors, wherein membrane EpCAM
is cleaved, and its intracellular domain moves into
the nucleus, stimulating transcription factor genes
OCT4/POUS5F1, KLF4, and MYC, which promote
growth, cancer stem cell properties. At the same
time, some authors believe that the association of
EpCAM overexpression with poor prognosis in BC
is largely due to CD133 expression [28].

In our study, CD326 expression was detected on
the surface of the large fraction of MCF-7 cells, and
its expression level was significantly higher in
MCE-7 than in MDA-MB-231 cells. These data are
in accordance with data of other authors [29, 30].

ISSN 1812-9269. Experimental Oncology 47 (4). 2025
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f

After SP treatment, the number of the CD326-pos-
itive MCF-7 cells did not change, but iMFI for
CD326 decreased. In contrast, no changes in the
CD326 expression profile were noted in SP-treated
MDA-MB-231 cells.

Due to the abnormal activation of the Wnt path-
way, 3-catenin overexpression in BC cells is associ-
ated with a low overall survival of patients [31]. In
our study, B-catenin was found in the majority of
MCEF-7 and MDA-MB-231 cells with the same
moderate intensity of its expression level. SP did
not affect B-catenin expression profile in the cell
lines under study.

Cytokeratin 18 was expressed in both studied
cell lines, but the expression level was significantly
lower in MDA-MB-231 cells. This is in agreement
with data showing that cytokeratin 18 down-regu-
lation is associated with histologically poorly dif-
ferentiated BC, the loss of estrogen and progester-
one receptors (that is typical for MDA-MB-231
cells) [32]. The forced down-regulation of cytoker-
atin 18 in MDA-MB-231 cells enhanced the growth
of tumor xenografts in vivo and invasiveness in vi-
tro [33]. In our study, SP treatment reduced the
cytokeratin 18 expression level in MCF-7 but not
MDA-MB-231 cells.

Summarizing the obtained data, after SP treat-
ment of MDA-MB-231 cells, a significant increase
in the number of CXCR4- and CXCL12-positive
cells and the iMFI of CXCR4 and CXCL12 expres-
sion (with a more pronounced increase in CXCR4)
was detected, whereas the iMFI of CD54 de-
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Fig. 3. MCF-7 cell migration upon treatment with SP of
SARS-CoV-2. A wound of cell monolayer was made using a
P200 pipette tip and registered at the initial time-point (g, e).
Cells were further incubated in growth medium with or with-
out 40 pg/mL SP. Cell migration was recorded after 24 h (b —
control samples, f — SP-treated samples), 48 h (¢ — control
samples, ¢ — SP-treated samples), and 72 h (d — control
samples, h — SP-treated samples). The percentage of gap area
analyzed by the Image] program is presented in a bar diagram
showing mean values and standard deviations. * p < 0.05

creased. In SP-treated MCEF-7 cells, a significant
increase in CXCR4 expression, as well as a de-
crease in the number of CD54-positive cells, and
a decrease in the levels of CXCL12, CD326, and
cytokeratin 18 expression were observed. Thus,
the effect of SP on BC cell lines of different origins
was somewhat different.

The decreased CD326 and cytokeratin 18 ex-
pression in MCF-7 cells may indicate minor EMT-
associated changes evoked by SP. This is in line
with data by Lai et al. [34], demonstrating that SP
of SARS-CoV-2 induced EMT phenotypic chang-
es in immortal human normal mammary epithe-
lial cell lines (MCF10A and MCF12A) through
Snail upregulation. The level of CD326 and cyto-
keratin 18 expression in MDA-MB-231 cells was
initially significantly lower than in MCF-7 cells,
and no further decrease occurred under SP treat-
ment. This may be related to the different initial
EMT status of these two cell lines. Based on a
comprehensive assessment of cell morphology,
antigen expression, and motility, MCF-7 cells are
considered to possess the epithelial characteris-
tics, while MDA-MB-231 cells seem to have some
EMT features [35]. Serwaa et al. [36] also suggest-
ed a cell-type-specific manner of the action of
SARS-CoV-2. In particular, 22RV1 prostate can-
cer cells infected by SARS-CoV-2 had an in-
creased proliferative activity, increased expression
of Ki-67, BCL-2, vimentin, and the TNF-a, IL-,
and IL-8 genes, but down-regulated matrix metal-
lopeptidase 9. In contrast, the proliferative activ-
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ity of SARS-CoV-2-infected DLD-1 colorectal
cancer cells decreased simultaneously with a de-
creased expression of all above-mentioned mark-
ers; only increased expression of CXCL8 gene was
observed. The significance of down-regulation of
CD54 antigen and modulation of CXCL12 under
SP-treatment remain unclear.

Common to both studied cell lines was an in-
crease in the CXCR4 expression induced by SP. Since
this chemokine receptor is involved in the migration
of BC cells in vitro lines and BC metastasis [18, 37,
38], we examined the migratory activity of cells in a
scratch assay. The migration rate of MDA-MB-231
cells was higher than that of MCF-7 cells. The cell-
free gap in untreated MDA-MB-231 cells amounted
to 66.81 * 2.02% after 20 h and 54.67 + 2.06% after
28 h, compared to 92.0 + 0.98% after 24 h, 77.75 +
+ 2.54% after 48 h in MCF-7 cells. Even after 72 h,
the cell-free area of MCF-7 cells was 63.75 + 3.79%.
SP treatment accelerated the motility of both MDA-
MB-231 and MCF-7 cells. At the end-point of the
culture with SP, the wound closure area decreased by
27.5% in MDA-MB-231 cells and by 19.9% in
MCE-7 cells compared to the untreated cells (p =
=0.02 and p = 0.016, respectively) (Fig. 2, 3).

Earlier, we did not find any significant short-
term effect of SP on the proliferative activity of
MDA-MB-231 and MCF-7 cell lines [12]. Further-
more, the phenotype of MDA-MB-231 cells cul-
tured with SP changed toward a decrease in
CD105*CD90* subpopulation, which may exhib-
it a stronger migratory capacity compared to
CD1057/CD90" cells according to the data by
Wang et al. [39]. However, despite the reduction
of the CD105*CD90* subpopulation after SP
treatment, the migratory activity of MDA-MB-231
cells increased. We suggest that this may be due to
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! THCTUTYT eKCIiepuMeHTaIbHOI TIATOMOTT, OHKOJOTII i pafio6ioorii
im. P.€. KaBenpkoro HanjionanbHoi Akafemii Hayk Ykpainnm, Kuis, Ykpaina
2 HanjioHampHUI HayKOBMII LIEHTP pajlialliiiHOI MEAVIIVIHMA, T€MaTOJIOTii
Ta oHkororii HarjionanbHoi Akazgemii MeguaHux Hayk Ykpainu, Kuis, Ykpaina

CITAVIK BUTOK SARS-COV-2 ITIJIBUIITYE EKCITPECIIO CXCR4
TA MITPAIIIIO KJITUH PAKY MOJIOYHOT 3A/I03U IN VITRO

Cran nurtaHHA. BipycHi pecmipatopHsi iHdexil, 30kpema ciprunHeHi kopoHaBipycoM SARS-CoV-2, cripusoTs Me-
TacTasyBaHHIO paky Monmo4Hoi 3am03u (PM3). [IpoTe mocTeMeHHO He BUBYEHO MeXaHi3Mu 3anydeHHs SARS-CoV-2
y Ipoliec IpOrpecyBaHH:d IIbOr0 3aXBOPIOBaHH:A. MeTO0 1aHOTO JOCTiIKEeHHA 6y/I0 BUBYNTY BIUTUB CHaiiK 6inka (SP)
SARS-CoV-2 na npodinb excrpecii KOMIIOHEHTIiB OfHi€l 3 KJIIOYOBUX CUTHa/IbHUX MaHOK mpu PM3 CXCL12/CXCR4,
MapkepiB KiniTuHHOI afresii CD326, CD54, nutokepatuny-18, B—KaTeHiHy Ta Mirpaliio B MOZIeNbHIN cucTeMi in vitro.
Marepiamu Ta Metomu. IIpodinn excripecii focmimKyBaHNX MapKepiB BMBYa/IL METOLOM IIPOTOKOBOI IUTOMETpil Iic-
7151 KyIbTUBYBaHHA K1iTuH niHit MCF-7 Ta MDA-MB-231 i3 SP Bipopiosx 48 ropnH. Excripecito MapKepiB oLliHIOBaIn
3a MMOKAa3HVKOM KiJIbKOCTi O3UTHUBHMX KITHH (%) Ta piBHeM ixHboI excrpecii (iMFI). Mirpauito kit BuB4Yamm 3a
ZOTIOMOTO0 MeTORY “nmoppsnuun’ miciasa 20 i 28 rop KynbTuByBaHH A KaituH il MDA-MB-231 Ta micns 24, 48
i 72 ron xynpruByBaHHA A KnitvH ninil MCF-7 i3 SP. Pesynpraru. Ilicns 06po6xu kitus niniit PM3 SP BusiBieHo
nocrosipHe 3poctaHHA ekcnpecii CXCR4 sk y xmitunax MCF-7, tak i MDA-MB-231, Ta npoTunexxHi BifMiHHOCTI
B excipecii CXCL12, a came 3spoctanna excripecii CXCL12 y knitunax MDA-MB-231 i smenmensa B kinitunax MCE-7.
Oxpim nporo, y kinitunax ninii MCFE-7 micna Bsaemopii i3 SP BuABneHo sMenmenHsa uncia CD54-03UTUBHUX KITiTHH,
piBHA excrpecii CD326, untokeparuny-18 Ta He3HaYHe 3pOCTAaHHA PiBHA eKclpecii B-kaTeHiHy, y TOJ Yac AK y K-
tuHax niHil MDA-MB-231 — pocToBipHe 3MeHIIeHH: piBHA ekcnpecii CD54. BcTaHoBIeHO MifBUILeHHSA MirpamniitHoi
akTuBHOCTI KniTuH niniit MCF-7 ta MDA-MB-231 3a ymos fii SP, sixa B kiniTnnax MDA-MB-231 € gocToBipHO BuIIa,
aHDK y kiaitunax MCF-7. BucHoBok. Busineni iMyHodeHOTHITOBI 3MiHN TIPOdifst eKcIpecii psay MapKepiB Mif BIUIN-
BOM SP MOXXYTb CBifuMTM IIpO iHAYKIIiIO emiTeTiabHO-Me3eHXiManbHoro nepexony B KiaiTuHax MCF-7 Ta spocTaHHA
MirpaniifHoi akTMBHOCTi 000X KIITMHHMX JIiHiIL.

Kniouosi cnoBa: SARS-CoV-2, ciaiik 6inox (SP), CXCR4, CXCL12, CD326 (EpCAM), CD54, iutokepatus- 18, mirpa-
LiifHa aKTUBHICTbD, KaiTuHHI 1iHil MDA-MB-231, MCEF-7.
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