
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Sharon R. Pine,
University of Colorado Anschutz Medical
Campus, United States

REVIEWED BY

Ahmet Acar,
Middle East Technical University, Türkiye
Serena Lucotti,
NewYork-Presbyterian, United States

*CORRESPONDENCE

Osamu Ohneda

oohneda@md.tsukuba.ac.jp

RECEIVED 29 November 2023
ACCEPTED 22 February 2024

PUBLISHED 07 March 2024

CITATION

Nguyen H-NT, Vuong C-K, Fukushige M,
Usuda M, Takagi LK, Yamashita T,
Obata-Yasuoka M, Hamada H, Osaka M,
Tsukada T, Hiramatsu Y and Ohneda O (2024)
Extracellular vesicles derived from
SARS-CoV-2 M-protein-induced triple
negative breast cancer cells promoted
the ability of tissue stem cells
supporting cancer progression.
Front. Oncol. 14:1346312.
doi: 10.3389/fonc.2024.1346312

COPYRIGHT

© 2024 Nguyen, Vuong, Fukushige, Usuda,
Takagi, Yamashita, Obata-Yasuoka, Hamada,
Osaka, Tsukada, Hiramatsu and Ohneda. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 07 March 2024

DOI 10.3389/fonc.2024.1346312
Extracellular vesicles derived
from SARS-CoV-2 M-protein-
induced triple negative breast
cancer cells promoted the ability
of tissue stem cells supporting
cancer progression
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Momoko Usuda1, Liora Kaho Takagi1, Toshiharu Yamashita1,
Mana Obata-Yasuoka2, Hiromi Hamada2, Motoo Osaka3,
Toru Tsukada3, Yuji Hiramatsu3 and Osamu Ohneda1*

1Laboratory of Regenerative Medicine and Stem Cell Biology, Graduate School of Comprehensive
Human Science, University of Tsukuba, Tsukuba, Japan, 2Department of Obstetrics and Gynecology,
University of Tsukuba, Tsukuba, Japan, 3Department of Cardiovascular Surgery, University of Tsukuba,
Tsukuba, Japan
Introduction: SARS-CoV-2 infection increases the risk of worse outcomes in

cancer patients, including those with breast cancer. Our previous study reported

that the SARS-CoV-2 membrane protein (M-protein) promotes the malignant

transformation of triple-negative breast cancer cells (triple-negative BCC).

Methods: In the present study, the effects of M-protein on the ability of extracellular

vesicles (EV) derived from triple-negative BCC to regulate the functions of tissue

stem cells facilitating the tumor microenvironment were examined.

Results: Our results showed that EV derived from M-protein-induced triple-

negative BCC (MpEV) significantly induced the paracrine effects of adipose tissue-

derived mesenchymal stem cells (ATMSC) on non-aggressive BCC, promoting the

migration, stemness phenotypes, and in vivo metastasis of BCC, which is related to

PGE2/IL1 signaling pathways, in comparison to EV derived from normal triple-

negative BCC (nEV). In addition to ATMSC, the effects of MpEV on endothelial

progenitor cells (EPC), another type of tissue stem cells, were examined. Our data

suggested that EPC uptaking MpEV acquired a tumor endothelial cell-like

phenotype, with increasing angiogenesis and the ability to support the

aggressiveness and metastasis of non-aggressive BCC.

Discussion: Taken together, our findings suggest the role of SARS-CoV-2M-protein

in altering the cellular communication between cancer cells and other non-cancer

cells inside the tumormicroenvironment via EV. Specifically, M-proteins induced the

ability of EV derived from triple-negative BCC to promote the functions of non-

cancer cells, such as tissue stem cells, in tumorigenesis.
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Introduction

In the coronavirus disease 2019 (COVID-19) pandemic, cancer

patients have the increased SARS-CoV-2 incidences and become

more vulnerable to SARS-CoV-2 infection, according to previous

pan-cancer studies (1, 2). Among cancer patients, those with breast

cancer patients show high expression of TMPRSS2, a SARS-CoV-2

infection-associated gene and have poor prognosis prediction (3).

In addition, breast cancer patients with COVID-19 have a

significant increase in serum cancer biomarker levels, suggesting

the influence of SARS-CoV-2 infection on tumorigenesis (4–6).

Numerous studies suggested a high risk of worse outcomes in breast

cancer patients with COVID-19 due to systemic inflammatory

cytokine storms (7–11) and the increased malignancy of cancer

cells, resulting in new metastasis, progress and death (5, 6, 12, 13).

Although the COVID-19 pandemic has been controlled, the long-

term post-COVID-19 syndrome still causes many concerns for

patients with cancer, including breast cancer. After recovery from

COVID-19, SARS-CoV-2 viral proteins can be detected in patient

sera (14–17); therefore, the effects of SARS-CoV-2 proteins on cancer

cells and the tumor microenvironment (TME), which support the

development of tumors, should be studied. We previously reported

that the SARS-CoV-2 membrane protein (M-protein) promotes the

malignancy of triple-negative BCC (6). However, whether M-protein-

induced triple-negative BCC show altered behaviors in regulating

non-cancer cells inside the TME remains obscure.

In the TME, cellular communication is performed by both direct

cell-cell contact and classical paracrine signals, in which extracellular

vesicles (EV) are a crucial means of communication (18). EV are lipid

bilayer-bound vehicles secreted from the cell membrane, and their

contents reflect the original cell, including signaling proteins, RNA,

and DNA (18). Cancer cells constantly produce and release EV into

the extracellular space, which transmits information to surrounding

cells and even distant target cells (18, 19). EV facilitate specific cell-

cell interactions and stimulate signaling pathways in their target cells

(18) to support tumor development (20, 21). Notably, previous

studies have suggested that the functions of cancer cell-derived EV

in the TME are associated with the aggressiveness of parental cancer

cells. For instance, breast cancer cells with oncogene overexpression

altered their EV content toward a malignant phenotype (22, 23).

Although many studies have reported the effects of SARS-CoV-2

proteins on cancer cells, its effects on EV derived from cancer cells

remain obscure.

The TME consists of cancer and non-cancer cells, including

fibroblast, immune cells, endothelial cells and tissue stem cells such

as mesenchymal stem cells (MSC) and endothelial progenitor cells

(EPC) (19, 24). We previously reported the abilities of MSC derived

from adipose tissues to support the metastasis of triple negative

BCC (25). In addition, previous studies reported that adapting to

cancer signals in the TME, MSC change their behavior and

synergize with cancer cells (26, 27). MSC can differentiate into

cancer-associated fibroblasts or evolve into tumor-associated

mesenchymal stem cells (TA-MSC) under the control of local

factors in the TME (28, 29). However, up to date the effects of

SARS-CoV-2 proteins on the breast cancer signals regulating MSC

are still obscured.
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Another type of tissue stem cells involved in tumor

microenvironment besides MSC is EPC, which belong to

endothelial lineage cells (30). EPC are recruited toward tumors

from the blood by signals from cancer cells and contribute to

tumor growth and angiogenesis, thereby transporting nutrients to

the tumor core and maintaining metabolic homeostasis (31–33). In

addition, the loose cell-cell connections inside blood vessels formed in

the tumor facilitates the intravasation of circulating cancer cells,

which initiates the process of metastasis (24). Moreover, in the TME,

EPC differentiate into tumor endothelial cells (TEC) (34), which form

new blood vessels and produce cytokines and growth factors for

tumor growth and invasion (35). Notably, tumor angiogenesis in EPC

and other endothelial lineage cells is strongly supported by MSC

located inside the tumor microenvironment (26, 28).

In the present study, we examined the effects of the SARS-CoV-

2 M-protein on the ability of EV derived from triple-negative BCC

to regulate the characteristics and tumorigenic functions of tissue

stem cells, including MSC and EPC.
Results

EV derived from M-protein-induced triple-
negative BCC increased the cancer-
supporting gene expression of ATMSC but
did not alter their features

Breast tumors are mainly surrounded by mammary adipose

tissue and merge with a repertoire of MSC, which interact mutually

with cancer cells (36). In the TME, MSC derived from adipose

tissues (ATMSC) receive stimulation signals from BCC to evolve

into tumor-associated mesenchymal stem cells (TA-MSC) or to

differentiate into cancer-associated fibroblasts (22, 28, 29). In

addition, our previous study reported the ability of ATMSC

inducing the metastasis of BCC. Therefore, we first examined the

effects of M-protein on the ability of EV derived from triple-

negative BCC to regulate ATMSC. EV were isolated from the

conditioned medium of original triple-negative BCC, MDA-MB-

231 cells, (nEV) and those induced with the SARS-CoV-2 M-

protein (MpEV) by ultracentrifugation. The size of nEV and

MpEV were measured by dynamic light scattering and the

expression of markers were examined by Western Blotting. Both

nEV and MpEV were nanosized, ranging from 60 to 500 nm

(Supplementary Figure 1A) and showed the expression of CD63,

TSG101 , a nd t h e n e g a t i v e e xp r e s s i o n o f APOA1

(Supplementary Figure 1B).

Next, ATMSC were incubated with PKH26-labeled nEV or

MpEV to mediate the uptake. The percentage of ATMSC uptaking

of PKH26-labeled nEV or MpEV was 90%, examined by flow

cytometry (Supplementary Figure 1C). Characterization of

ATMSC post-uptaking EV showed that the uptake of either nEV

or MpEV to ATMSC did not affect their morphology (Figure 1A)

and proliferation (Figure 1B). Meanwhile, in comparison to the

original ATMSC, those uptaking nEV or MpEV showed the

induced migratory ability (Figure 1C). However, no different

effects between nEV and MpEV on the migratory ability of
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ATMSC were observed (Figure 1C). In addition, the effects of nEV

or MpEV on the abilities of ATMSC to differentiate to adipocytes

and osteoblasts were assessed. The formation of adipocytes and

osteoblasts was examined by staining with Oil red O and Alizarin

red, respectively. As a result, the uptake of either nEV or MpEV to

ATMSC did not affect their ability to differentiate into osteoblasts
Frontiers in Oncology 03
and adipocytes (Figure 1D). Next, the effects of MpEV on the

cancer-associated fibroblast differentiation of ATMSC were

examined by analyzing the gene expression of cancer-associated

fibroblast markers in these cells. ATMSC which uptook either nEV

(nEV-ATMSC) or MpEV (MpEV-ATMSC) showed no significant

changes in the expression of cancer-associated fibroblast markers
B

C

D

E

F

G

A

FIGURE 1

Effects of MpEV secreted from M-protein-induced triple negative BCC on ATMSC. (A) Morphology of ATMSC, nEV-ATMSC, MpEV-ATMSC (The scale
bars indicate 500 µm). (B) Proliferation of ATMSC, nEV-ATMSC, MpEV-ATMSC. (C) Migration of ATMSC, nEV-ATMSC, MpEV-ATMSC (The scale bars
indicate 500 µm). (D) Adipocyte and osteocyte differentiation of ATMSC, nEV-ATMSC, MpEV-ATMSC (The scale bars indicate 200 µm). (E) The
cancer-associated fibroblasts marker expression of ATMSC, nEV-ATMSC, MpEV-ATMSC. (F) Characterized MSC markers of ATMSC, nEV-ATMSC,
MpEV-ATMSC. (G) The cancer supporting gene expression of ATMSC, nEV-ATMSC, MpEV-ATMSC. The value represents the mean ± SD of triplicate
experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01).
frontiersin.org

https://doi.org/10.3389/fonc.2024.1346312
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Nguyen et al. 10.3389/fonc.2024.1346312
(e.g., FAP, FSP, Vimentin) (Figure 1E). In addition, neither nEV nor

MpEV affected the expression of MSC markers (Figure 1F).

In the breast TME, ATMSC support the progression of breast

tumors via paracrine effects. The secretion of a spectrum of pro-

tumorigenic factors from ATMSC promotes the growth and

metastasis of cancer cells (37). Therefore, we next examined the

effects of nEV and MpEV on the expression of growth factors and

cytokines that support cancer. As shown in Figure 1G, in

comparison to the original ATMSC and nEV-ATMSC, MpEV-

ATMSC showed the significant upregulation of genes related to the

invasion, metastasis, and drug resistance of breast cancer and

angiogenesis, including IL6, IL8, bFGF, PDGF, SDF1, ANG1,

VEGF, and CXCL7 (38–42).

Taken together, these results suggest that neither nEV nor

MpEV altered the phenotypes of ATMSC, including their

morphology, differentiation ability, and marker expression.

However, MpEV-ATMSC showed the increased expression of

cancer-related growth factors and cytokines, suggesting their

ability to support tumor growth.
Frontiers in Oncology 04
MpEV-ATMSC induced the metastasis of
non-aggressive BCC via paracrine effects

We previously reported the induced metastasis of BCC treated

with conditioned medium (CM) from ATMSC (25). Therefore, in

order to examine the ability of MpEV-ATMSC to support breast

cancer, CM from MpEV-ATMSC (MpEV-ATMSC-CM) was

collected and used to culture non-aggressive BCC (MCF7). The

results of a scratch assay showed that non-aggressive BCC treated

with ATMSC-CM showed a significantly increased migratory

ability in comparison to those cultured in normal medium

(Figure 2A). Notably, non-aggressive BCC treated with MpEV-

ATMSC-CM showed higher promotion of migration in comparison

to those treated with CM derived from ATMSC or nEV-ATMSC

(Figure 2A). Meanwhile, MpEV-ATMSC-CM reduced the

proliferation of non-aggressive BCC after 48-hour treatment

(Figure 2B) in comparison to those cultured under normal

conditions. These data suggested that the higher percentage of

gap closure in non-aggressive BCC treated with MpEV-ATMSC-
B

C

A

FIGURE 2

Paracrine effects of MpEV-ATMSC on BCC. (A) Migration of MCF7 cells treated with ATMSC, nEV-ATMSC, MpEV-ATMSC-derived CM (The scale bars
indicate 500 µm). (B) Proliferation of MCF7 cells treated with ATMSC, nEV-ATMSC, MpEV-ATMSC-derived CM. (C) In vivo lung metastasis of MCF7
cells treated by CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC: HE staining of lung tissue (The arrows indicate tumors, the scale bars indicate
200 µm), number of tumor foci, and size of each tumor foci (each dot represents each tumor foci, each column represents each mouse). Each value
represents the mean ± SD of triplicate experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
frontiersin.org

https://doi.org/10.3389/fonc.2024.1346312
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Nguyen et al. 10.3389/fonc.2024.1346312
CM was not due to the increased proliferation of these cells

(Figure 2A). A similar tendency was observed in MDA-MB-231

triple-negative BCC, in which the migratory ability of MDA-MB-

231 cells was also promoted by MpEV-ATMSC-CM, whereas their

proliferation was reduced (Supplementary Figures 2A, B).

Next, the effects of MpEV-ATMSC-CM on in vivometastasis of

non-aggressive BCC were examined using a lung metastatic mouse

model, in which mice were injected with non-aggressive BCC

treated with CM from different ATMSC via tail vein. Mice

injected with non-aggressive BCC treated with MpEV-ATMSC-

CM showed a significantly higher number of tumor foci in the lungs

in comparison to those injected with non-aggressive BCC treated

with nEV-ATMSC-CM (Figure 2C). In addition, non-aggressive

BCC treated with MpEV-ATMSC-CM showed the ability to form

larger tumors in mouse lungs in comparison to those treated with

nEV-ATMSC-CM (Figure 2C).

Taken together, these results suggested that MpEV significantly

induced the ability of ATMSC to promote the migration of non-

aggressive BCC in vitro and metastasis in vivo.
PGE2/IL1 signaling pathway was involved
in the induced tumorigenic ability of
ATMSC by MpEV

Next, we examined the stemness potency of non-aggressive BCC

in response to CM from ATMSC by colony formation and

mammosphere formation assays. Sphere formation assay generates

colony-forming units in 3D aggregates under a serum-free,

nutritionally deficient and anchorage-independent culture

conditions; therefore, cancer cells undergo apoptosis, while cancer

stem cells still survive and proliferate. Meanwhile, colony formation

assay examines the ability of single cells to initiate and growth into

full colonies in very low density seeding in monolayer culture. The

results showed that, in comparison to the original ATMSC-CM

and nEV-ATMSC-CM, MpEV-ATMSC-CM significantly promoted

colony formation (1.44 and 1.3 times, Figure 3A) and mammosphere

formation (1.44 and 1.43 times, Figure 3B) of non-aggressive BCC,

which implied their increased clonogenicity. The similar results,

which the colony and mammosphere formation was induced in

MDA-MB-231 triple-negative BCC-treated with MpEV-ATMSC-

CM, were also observed (Supplementary Figures 2C, D).

Previous reports demonstrated that the interaction loop between

MSC and cancer cells promoting cancer stemness is involved in the

PGE2/IL1 signaling pathway (43). Therefore, we next examined the

expression of PGE2 in MpEV-ATMSC. As shown in Figure 3C, in

comparison to the control group without any treatment and the

group treated with nEV, those treated with MpEV significantly

increased the gene expression of PTGES2 and COX2, which are

responsible for the production of PGE2 in ATMSC. Next the effects of

MpEV on the secretion of PGE2 from ATMSC was examined by

using an ELISA kit to measure the concentration of PGE2 in EV-free

conditioned medium derived from ATMSC treated with MpEV. As a

result, MpEV-ATMSC showed a higher secretion of PGE2, in

comparison to nEV-ATMSC and the control ATMSC without any

EV treatment (PGE2 concentration, Control ATMSC without any
Frontiers in Oncology 05
treatment: 40.85 ± 1.46 pg/mL, nEV-ATMSC: 46 ± 0.42 pg/mL,

MpEV-ATMSC: 53.08 ± 0.05 pg/mL, Figure 3D).

PGE2 production was reported to be induced in ATMSC

following their interaction with IL1 signaling in cancer cells. The

secreted PGE2 and cytokines amplify the expression of cytokines

(e.g., IL1, IL6, and IL8) in cancer cells, thereby activating their

stemness (43). Therefore, we examined the expression of these

cytokines in BCC. Consistent with the upregulation of PGE2 in

MpEV-ATMSC, non-aggressive BCC treated with MpEV-ATMSC-

CM showed the upregulation of IL1a, IL6, and IL8 in response to

the stimulation signal from PGE2 in comparison to those treated

with ATMSC-CM or nEV-ATMSC-CM (Figure 3E). This

interaction was confirmed using the PGE2 inhibitor, pranoprofen.

Non-aggressive BCC induced by CM from Pranoprofen-treated

MpEV-ATMSC showed significantly reduced IL1, IL6, IL8 cytokine

expression levels (Figure 3F), migratory ability (Figure 3G), and

colony formation (Figure 3H), in comparison to non-aggressive

BCC induced by CM from MpEV-ATMSC.

Taken together, these data suggest the role of the PGE2/IL1

signaling pathway in the interaction between MpEV-ATMSC and

BCC to support the stemness of BCC.
MpEV altered the characteristics of EPC

We next examined whether MpEV show any effects on another

type of tissue stem cells related to TME, in addition to ATMSC. In the

breast TME, besides ATMSC, EPC is another type of tissue stem cells

possessing the ability to differentiate into TEC, form new blood

vessels, and secrete signals to promote cancer cells, thereby

contributing to tumor growth (4). Therefore, we next incubated

EPC with PKH-labeled nEV or MpEV to mediate the uptake of EV

and examined the effects of MpEV on the functions of EPC in tumor

development. The EV uptake by EPC was confirmed by a flow

cytometry which showed that over 90% of EPC uptaking either nEV

or MpEV (Supplementary Figure 3A). Next, the effects of MpEV on

the proliferation of EPC were examined which showed that EPC

uptaking MpEV (MpEV-EPC) exhibited a slightly reduced

proliferation in comparison to the original EPC or those uptaking

nEV (nEV-EPC) (Figure 4A). In addition, the results of the transwell

migration assay showed a significantly increased migratory ability

toward BCC in MpEV-EPC and nEV-EPC, in comparison to the

original EPC (Figure 4B). Notably, MpEV-EPC showed a higher

migratory ability toward BCC than nEV-EPC (Figure 4B).

Next, the effects of MpEV on the angiogenic ability of EPC were

examined using a tube formation assay. EPC was seeded in the

Matrigel-coated wells of a 24-well plate and the formation of tubes

was observed and quantification after three and six hours.

Intriguingly, the results showed that after 6 hours MpEV-EPC

had an increased ability to form tubes, suggesting an increased

angiogenetic ability, in comparison to nEV-EPC and the original

EPC (1.18 and 1.07 times, respectively; Figure 4C). Moreover, in

MpEV-EPC, the expression of genes related to angiogenesis (e.g.,

CXCR7, CXCR4, VEGF and IL8) was significantly induced in

comparison to nEV-EPC and the original EPC (Figure 4D).
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In addition, the effects of MpEV on endothelial cells (EC), the

differentiated cells from EPC, were examined. After incubating with

either nEV or MpEV and confirming the uptake of EV by EC

(Supplementary Figure 3B), the migration, proliferation and tube

formation ability of these EC were examined. Similar to the effects

on EPC, MpEV promoted EC migration toward BCC signals in

comparison to nEV (Supplementary Figure 3C). However, in

contrast to the effects on EPC, MpEV promoted proliferation

(Supplementary Figure 3C) and showed no effects on the

angiogenic ability (Supplementary Figure 3D) of EC, in

comparison to nEV. These results suggest different responses of

stem cells and differentiated cells to MpEV signaling.

Taken together, these results suggest that the ability of EPC to

migrate toward tumors and differentiate and incorporate themselves
Frontiers in Oncology 06
into newly formed blood vessels was strengthened by the induction of

EV secreted from M-protein-induced triple-negative BCC.
MpEV-EPC acquired
TEC-like characteristics

Among non-cancer cells in the TME, TEC—which originate from

EC or EPC—show the notable capability of supporting cancer cells (8).

Therefore, we next examined the effects ofMpEV on the ability of EPC

to acquire TEC-like phenotypes by checking the expression of TEC

markers in MpEV-EPC. The results showed that MpEV-EPC

exhibited the significantly upregulated expression of vWF, SNAIL,

VE-Cadherin, FAP, and ALDH (TEC markers found in breast
B C

D E
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G H

A

FIGURE 3

PGE2/IL1 signaling pathway was involved in the induced ability of MpEV-ATMSC to support cancer stemness. (A) Colony formation of MCF7 cells
treated with CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC. (B) Mammosphere formation of MCF7 cells treated with CM derived from
ATMSC, nEV-ATMSC, MpEV-ATMSC. (C) The expression of PTGES2 and COX2 in CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC. (D)
Concentration of PGE2 in CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC measured by ELISA assay. (E) The expression of cytokines in MCF7
cells treated with CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC. (F) The expression of cytokines in MCF7 cells treated with CM derived from
MpEV-ATMSC cultured in the presence of an inhibitor of PGE2 production. (G) Migration of MCF7 cells treated with CM derived from MpEV-ATMSC
cultured in the presence of an inhibitor of PGE2 production. (H) Colony formation of MCF7 cells treated with CM derived from MpEV-ATMSC
cultured in the presence of an inhibitor of PGE2 production. Each value represents the mean ± SD of triplicate experiments. (ns, no significance;
p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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tumors) (44–48) in comparison to nEV-EPC or the original EPC

(Figure 5A). Next, the ability to form tubes without serum, a specific

feature of TEC, was examined in MpEV-EPC. EPC was seeded in

medium free serum in a Matrigel-coated well plate to induce the

forming of capillary like structures (49). As shown in Figure 5B, while

the control groups, including normal EC and EPC, hardly formed

tubes, the uptake of nEV or MpEV induced tube formation in EPC

under serum-depleted conditions. Notably, MpEV induced EPC tube

formation in comparison to nEV (1.18 times, Figure 5B).

Next, to examine the characteristics of EPC under the

effects of M-protein or MpEV in tumor microenvironment, we

performed an in vitro 3D spheroid model which mimic the tumor

microenvironment, reported by a recent study (50). Briefly,

spheroids were developed by coculturing of PKH26-labeled BCC

and CFSE-labeled EPC under the presence of M-protein for 5 days

(Figure 5C). After that, the CFSE-labeled EPC was isolated by cell

sorting, then the expression of TEC markers and the angiogenic

ability in serum-free conditions of these EPC were accessed. The

results showed that EPC isolated from spheroids with M-protein-

treatment showed the induced gene expression of TEC markers

(Figure 5D) and the promoted angiogenic ability under serum-

depleted conditions (Figure 5E).

Next, the ability of MpEV-EPC to support non-aggressive BCC

was examined by treating BCC with CM derived from EPC. As a
Frontiers in Oncology 07
result, non-aggressive BCC treated with CM derived from MpEV-

EPC (MpEV-EPC-CM) showed significantly enhanced migratory

ability (2.27-, 2.19 and 1.56 times, Figure 5E) and colony formation

(3.04-, 2.03 and 1.38 times, Figure 5F), in comparison to the original

non-aggressive BCC or non-aggressive BCC treated with CM derived

from EPC or nEV-EPC. Furthermore, the effects of MpEV-EPC-CM

on the in vivo metastasis of non-aggressive BCC were examined in

lungmetastatic mouse model. The results showed that non-aggressive

BCC treated with MpEV-EPC-CM showed significantly enhanced

metastatic ability to the lungs of mice in comparison to the original

non-aggressive BCC or those treated with CM derived from nEV-

EPC, as demonstrated by the increased number and size of tumor foci

in the mouse lung tissues (Figure 5G).

In addition, the effects of MpEV-EPC-CM on MDA-MB-

231 triple-negative BCC line were examined as a type of

aggressive BCC. The results differed from the impact on non-

aggressive BCC, in which MpEV-EPC-CM stimulated migration

(Supplementary,32] ?> Figure 4A) but showed no effects on the

proliferation (Supplementary Figure 4B) and colony formation

(Supplementary Figure 4C) of MDA-MB-231 cells.

Taken together, EV derived from M-protein-induced triple-

negative BCC altered the phenotypes of EPC, which acquired TEC-

like characteristics, and induced the ability of EPC to promote

metastasis of non-aggressive BCC.
B

C

D

A

FIGURE 4

Effects of MpEV secreted from M-protein-induced triple negative BCC on EPC. (A) Proliferation of EPC, nEV-EPC, MpEV-EPC. (B) Transwell migration of
EPC, nEV-EPC, MpEV-EPC. (C) Tube formation of EPC, nEV-EPC, MpEV-EPC. (D) The angiogenesis-related gene expression of EPC, nEV-EPC, MpEV-EPC.
The scale bars indicate 200 µm. Each value represents the mean ± SD of triplicate experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01).
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FIGURE 5

MpEV-EPC acquired TEC-like characteristics to support breast cancer cell progression. (A) The TEC-related gene expression of EPC, nEV-EPC,
MpEV-EPC. (B) Tube formation in no-serum condition of EPC, nEV-EPC, MpEV-EPC (the scale bars indicate 200 µm). (C) 5-day spheroid culture of
PKH26-labeled MDA-MB-231 cells and CFSE-labeled EPC (the scale bars indicate 500 µm, MDA: MDA-MB-231, M-MDA: M-protein-induced MDA-
MB-231, Green: CFSE, Red: PHK26). (D) Tube formation of EPC isolated from spheroid (the scale bars indicate 200 µm, MDA: MDA-MB-231, M-
MDA: M-protein-induced MDA-MB-231). (E) TEC-related gene expression of EPC isolated from spheroid (MDA: MDA-MB-231, M-MDA: M-protein-
induced MDA-MB-231). (F) Migration of MCF7 treated with CM derived from EPC, nEV-EPC, MpEV-EPC (the scale bars indicate 500 µm). (G) Colony
formation of MCF7 treated with CM derived from EPC, nEV-EPC, MpEV-EPC. (H) In vivo lung metastasis of MCF7 cells treated by CM derived from
EPC, nEV-EPC, MpEV-EPC: HE staining of lung tissue (The arrows indicate tumors, the scale bars indicate 200 µm), number of tumor foci, and size
of each tumor foci (each dot represents each tumor foci, each column represents each mouse). Each value represents the mean ± SD of triplicate
experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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MpEV-ATMSC supported the angiogenesis
of EPC

In addition to the ability to support cancer cells, ATMSC also have

the ability to support the functions of EPC and TEC in a paracrine

manner via their secreted factors (51–53). As MpEV-ATMSC showed

the upregulation of angiogenic factors, such as bFGF, SDF1, PDGF,

ANG1, VEGF, and CXCL7 (Figure 1G), we next investigated the

ability of MpEV-ATMSC to support the angiogenic ability of EPC by

a tube formation assay. EPC were treated with CM derived from

MpEV-ATMSC (MpEV-ATMSC-CM) and their angiogenic abilities

were examined by a tube formation assay using a Matrigel-coated 24-

well plate. The results showed that EPC treated with MpEV-ATMSC-

CM exhibited significantly increased tube formation ability in

comparison to those treated with nEV-ATMSC-CM (1.59-fold

increased, Figure 6A).

In addition, the effects of MpEV-ATMSC-CM on the migration

of EPC toward signals from BCC were examined using a transwell

insert system. Treatment with MpEV-ATMSC-CM significantly

promoted the migration of EPC toward BCC, while ATMSC-CM

and nEV-ATMSC-CM showed no effect (Figure 6B). Consistent

with the induced angiogenic and migratory abilities, EPC treated

with MpEV-ATMSC-CM showed a significant upregulation of

genes related to angiogenesis and migration, such as CXCR7,

CXCR4, and VEGF, in comparison to the original EPC and those

treated with ATMSC-CM or nEV-ATMSC-CM (Figure 6C).

Moreover, the effects of MpEV-ATMSC-CM on the gene

expression of TEC markers and the tube formation of EPC under

free serum condition were examined. The results showed that

treatment with MpEV-ATMSC-CM showed no significant effects

to induce the gene expression of TEC markers in EPC (Figure 6D)

and the tube formation ability of EPC in serum-depleted condition,

in comparison to nEV-ATMSC-CM (Figure 6E).

Moreover, to examine the contribution of ATMSC in the

signaling network of BCC and EPC under the effects of M-

protein, an in vitro 3D spheroid triculture of PKH26-labeled

BCC, ATMSC and CFSE-labeled EPC was performed

(Supplementary Figure 5). After 5 days, spheroids formed in the

presence of ATMSC showed an increased condensation with

smaller sizes than those without ATMSC, suggesting that ATMSC

might promote the aggregation of cells inside the spheroids

(Figure 6F). Next, the CFSE-labeled EPC was isolated from

spheroids by cell sorting and the characteristics of TEC were

accessed. As a result, compared to EPC isolated from spheroids

without M-protein treatment, those isolated from spheroids with

M-protein-treatment showed the induced gene expression of TEC

markers (Figure 6G) and tube formation ability under serum-

depleted conditions (Figure 6H). Notably, among the M-protein-

treated groups, EPC isolated from spheroids with the presence of

ATMSC showed the comparable gene expression of TEC markers

(Figure 6G), but higher tube formation ability under serum-

depleted condition, in comparison to those isolated from

spheroids without ATMSC (Figure 6H). These data suggested that

ATMSC did not change the phenotypes of EPC to TEC but

supported the tube formation ability of EPC under a tumor

microenvironment mimic condition.
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Taken together, these results suggest that the uptake of MpEV

induces the paracrine effects of ATMSC, supporting the migration

of EPC toward tumor sites and the angiogenic ability of EPC.
Discussion

Our present study demonstrated that M-protein induced the

ability of triple-negative BCC-derived EV promoting the functions

of breast tissue stem cells including ATMSC and EPC in

tumorigenesis. ATMSC uptaking of EV derived from M-protein-

induced triple-negative BCC (MpEV) showed the induced

paracrine effects on the malignancy of non-aggressive BCC,

including migration, metastasis, and stemness potency, which was

involved in the increased secretion of PGE2. Meanwhile, EPC

uptaking of MpEV acquired tumor endothelial cell-like

phenotype, with promoted abilities in angiogenesis and

facilitating the metastasis and stemness characteristics of non-

aggressive BCC (Figure 7).

Numerous studies have suggested that COVID19 increases the

risk of accelerated cancer progression, metastasis, and death in

cancer patients in general and in breast cancer patients in particular

(5, 12, 13, 54, 55). Indeed, our previous study reported the induced

effects of the SARS-CoV-2 M-protein on the migratory ability and

metastasis of BCC, suggesting that it promoted aggressiveness in

BCC (6). Several studies have reported the effects of SARS-CoV-2

infection on the TME, mainly focusing on acute inflammation and

immune reactions. In addition, cancer cells have also been observed

to be affected by the virus. In lung cancer, the abundant appearance

of whole SARS-CoV-2 proteins has been shown to disrupt the

immune system, cause cytokine storms, and alter metabolism in the

TME, resulting in increased tumor growth (56). Moreover, a report

on breast cancer and melanoma showed alterations in the immune

response of the TME by direct injection of inactivated SARS-CoV-2

(57, 58). However, to date, the effects of SARS-CoV-2 infection and

its proteins on the interactions between cancer cells and other cells

in the TME after SARS-CoV-2 infection have not been discussed.

To gain and maintain a suitable surrounding environment,

cancer cells actively contact and control the activities of

neighboring cells in numerous ways, including the secretion of

extracellular vesicles (EV) (30). EV derived from cancer cells were

uptaken by the surrounding cells and regulate their behaviors to

support tumor development. Although the effects of SARS-CoV-2

proteins on cancer cells have been widely reported, whether these

proteins also affect EV derived from cancer cells are still obscured.

Based on our previous findings of the induced malignancy of triple

negative BCC by SARS-CoV-2 membrane protein (M-protein) (6),

we expanded the study to examined the effects of M-protein on EV

derived from triple negative BCC. We firstly isolated EV from the

original triple negative BCC (nEV) and those with M-protein

treatment (MpEV), then compared their effects on the triple

negative BCC which received no treatment of M-protein. The

results showed that in comparison to nEV, MpEV showed no

different effects on the migration of BCC in a scratch assay

(Supplementary Figure 6A) and the colony formation of BCC

(Supplementary Figure 6B). However, MpEV induced a higher
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proliferation (Supplementary Figure 6C), cytokine gene expression

such as IL6, IL8 and TNFa (Supplementary Figure 6D) and HIF1a
(Supplementary Figure 6E) in BCC, in comparison to nEV. These

data suggested the different effects of MpEV on the recipient cells in

comparison to nEV, which confirmed the hypothesis that M-

protein also affects the functions of EV derived from BCC.
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TME consists of numerous types of cells including cancer cells,

tissue stem cells and the other non-cancerous cells. We previously

reported the ability of ATMSC, a type of tissue stem cells,

supporting the metastasis of triple negative BCC via a paracrine

effect. Therefore, in this study, we questioned whether MpEV affects

the abilities of ATMSC supporting BCC. Although previous studies
B
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FIGURE 6

MpEV-ATMSC supported angiogenesis of EPC. (A) Tube formation of EPC treated by CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC (The
scale bars indicate 200 µm). (B) Transwell migration of EPC treated by CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC. (C) Angiogenesis-
related gene expression of EPC treated by CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC. (D) TEC-related gene expression of EPC treated by
CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC. (E) Tube formation of EPC treated by CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC
(The scale bars indicate 200 µm). (F) 5-day spheroid culture of PKH26-labeled MDA-MB-231 cells, CFSE-labeled EPC and ATMSC (the scale bars
indicate 500 µm, MDA: MDA-MB-231, M-MDA: M-protein-induced MDA-MB-231, Green: CFSE, Red: PHK26). (G) TEC-related gene expression of
EPC isolated from spheroid (MDA: MDA-MB-231, M-MDA: M-protein-induced MDA-MB-231). (H) Tube formation of EPC isolated from spheroid (The
scale bars indicate 200 µm, MDA: MDA-MB-231, M-MDA: M-protein-induced MDA-MB-231). Each value represents the mean ± SD of triplicate
experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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have reported that human MSC lack ACE2 and TMPRSS2

expression and are resistant to SARS-CoV-2 infection (46, 47), in

the present study, our data showed that the M-protein indirectly

affected the gene expression of ATMSC via MpEV derived from M-

protein-induced triple-negative BCC. The uptake of MpEV by

ATMSC upregulated the expression of several genes involved in

tumor development (Figure 1G). Consistently, nonaggressive BCC

treated with conditioned medium derived from MpEV-ATMSC

showed the induced migration (Figure 2A), in vivo metastasis

(Figure 2C) and stemness potency (Figures 3A, B) while reduced

the proliferation (Figure 2B). Although proliferation is necessary for

the initiation of primary tumors, growth inhibition plays an

important role for the survival of tumor cells in the circulation

and invasion to secondary organs, resulting to a malignant

phenotype (59, 60). Therefore, it is worthy for a further study to

examine the correlation between the reduced proliferation and

malignant phenotypes of non-aggressive BCC treated with

conditioned medium from MpEV-ATMSC by clarifying the

signaling pathways regulating proliferation of these cells.

Notably, MpEV-ATMSC showed the upregulation of PTGES2

and COX2 (Figure 3C), two factors responsible for PGE2

production, and the secretion of PGE2 (Figure 3D) which are

known to be involved in the interaction between TA-MSC and

cancer cells (59). A previous study reported that the PGE2/IL1

cytokine network mediates the interaction between TA-MSC and

colon cancer cells, in which PGE2 and cytokines derived from

cancer-educated MSC enhance IL1, IL6, and IL8 production in

cancer cells, which in turn enriches the cancer stem cell population

(43). In our study, the treatment of non-aggressive BCC with CM

derived from MpEV-ATMSC induced the expression of IL6, IL8,

and IL1a in these BCC (Figures 3E, F), suggesting the involvement

of the PGE2 signaling pathway in the ability of MpEV-ATMSC to

induce cancer stemness.

MSC have flexible fate determination controlled by cancer cells

(26, 61). Previous studies reported that BCC recruits MSC to the

TME and educates them to transform them into MSC (TA-MSC) or
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cancer-associated fibroblasts (CAF) (62–66). In our study, MpEV-

ATMSC showed no upregulation of CAF markers, while expressed

MSC typical markers and differentiation ability to adipocytes and

fibroblast (Figures 1D, F). These data suggested that MpEV-

ATMSC retained the phenotypes of MSC but exhibited a higher

ability to induce tumorigenesis in non-aggressive BCC, in

comparison to the original ATMSC or those internalized with

nEV. Meanwhile, in comparison to naïve MSC, TA-MSC possess

a higher ability to promote the development of tumors; for instance,

a study reported that gastric TA-MSC co-injected with gastric

cancer cells highly increased tumor growth (67) in comparison to

non-cancerous MSC such as bone marrow MSC or MSC derived

from adjacent tissues (68). In addition, previous studies have

reported that TA-MSC secreted bFGF, PDGF, and SDF1 to

recruit more naive MSC into the TME (69, 70); and IL6 to

enhance tumor cell growth (71). In our study, MpEV-ATMSC

showed the upregulation of IL6, bFGF, PDGF, and SDF1

(Figure 1G) and the induced abilities to promote the malignancy

of BCC, suggesting that MpEV-ATMSC might acquire TA-MSC-

like characteristics.

In addition to ATMSC, we also examined the effects of MpEV on

the behaviors of EPC, another type of tissue stem cell involved in

tumor tissues and angiogenesis (30, 72, 73). Angiogenesis of tumors

can be initiated when EPC are recruited to the TME by signaling

factors from cancer cells and educated to differentiate into TEC and

form new blood vessels, which ultimately allow a better supply of

nutrients to the tumor and promote its development (33). In our

study, after uptake of MpEV, angiogenic ability and migration toward

BCC was induced in EPC (Figures 4B, C). In contrast, MpEV did not

affect the angiogenic ability of EC (Supplementary Figure 3C). These

results suggest that the flexibility of stem cells to be educated by

cancer cells is greater than that of their mature counterparts. In

comparison to normal EC, TEC show the higher expression of several

specific genes that are considered to be tumor endothelial markers

(74). Interestingly, our data showed that MpEV-EPC showed the

upregulation of vWF, SNAIL, VE-Cadherin, FAP, and ALDH
FIGURE 7

Proposed model: In TME, SARS-CoV-2 M-protein-induced BCC recruit and control the activity of ATMSC and EPC via EV which facilitate the
development and metastasis of breast tumors.
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(Figure 5A), which are tumor endothelial markers associated with

breast TEC (44–48). In addition, our data in Figure 5B show that

MpEV-EPC exhibited breast TEC-like behavior with increased tube

formation ability in vitro in the absence of serum, as reported in a

previous study (47, 75). Notably, MpEV-EPC significantly induced

aggressive phenotypes and in vivometastasis of BCC (Figures 5F–H),

which correlated with the increased expression of IL8, CXCR7,

CXCR4, and VEGF (Figure 4D). IL8 from TEC was reported to

play a mediating role in prostate cancer progression (76); meanwhile,

CXCR7, CXCR4, and VEGF are angiocrine factors TEC stimulate

angiogenesis and enhance survival of TEC in an autocrine manner

(35, 77), thus supporting tumor progression and metastasis (78).

Moreover, chemokine receptors CXCR7 and CXCR4 from TEC

facilitate lymphoma and BCC transendothelial migration under the

control of TEC (79).

In addition to signals from cancer cells, EPC and their

angiogenesis in the TME are also affected by TA-MSC. TA-MSC

in the TME have the ability to direct tumor angiogenesis by

secreting angiogenic factors (26, 28, 80). In breast cancer, TA-

MSC recruit EPC by secreting SDF1 and promoting the growth of

tumor blood vessels (81). In our study, MpEV-ATMSC showed

upregulation of growth factors and cytokines, including bFGF,

PDGF, SDF1, and IL6 (Figure 1G), all of which contribute to the

recruitment of EPC and driving angiogenesis (26, 40, 65).

Consistently, conditioned medium derived from MpEV-ATMSC

promoted tube formation, cancer-directed migration ability, and

the expression of angiogenic genes in EPC, but showed no effects on

the altered phenotypes of EPC to TEC-like cells (Figures 6A–E).

Of note, the contribution of ATMSC to the signaling network of

M-protein-induced BCC and EPC was examined by a 3D spheroid

triculture. After 5 days of triculture with M-protein-induced BCC,

although EPC isolated from spheroids containing ATMSC showed

no upregulation of TEC marker expression (Figure 6G), these cells

exhibited the higher tube formation ability in serum free conditions

(Figure 6H), in comparison to EPC isolated from spheroids without

ATMSC. To directly examine the effects of MpEV under in vitro

TME-mimic conditions, the spheroid triculture of BCC, EPC

and ATMSC was performed with the addition of MpEV

(Supplementary Figure 7A). Similarly, the results EPC isolated

from spheroids with MpEV treatment showed the upregulation of

TEC marker gene expression (Supplementary Figure 7B) and tube

formation ability in serum free conditions (Supplementary

Figure 7C), in comparison to those isolated from spheroids

without MpEV treatment. Of note, the presence of ATMSC in the

spheroid triculture did not induce the gene expression of TEC

markers but promoted the tube formation ability of EPC in serum

free conditions (Supplementary Figure 7). These data suggested that

although showed no effects to alter EPC phenotype, ATMSC might

contribute to promoting the angiogenic ability of EPC in the TME.

In addition, MpEV induced the paracrine effects of ATMSC in both

BCC and other non-cancer cells that are involved in facilitating the

TME which is worthy for a further in vivo study.

In the TME, aside of tissue stem cells, cancer cells are supported

by the other non-cancerous neighboring cells, such as cancer-

associated fibroblasts (CAFs) and immune cells that supply

nutrients, growth factors, cytokine signals, and blood vessel
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systems (26). In addition, a previous study showed that cancer

cells with high malignancy tend to manipulate the surrounding cells

more efficiently (27). Therefore, it is implied that BCC induced by

the SARS-CoV-2 M-protein might possess a greater capability to

regulate their TME. Indeed, our present study showed that MpEV

derived from BCC induced by M-protein promoted the abilities of

ATMSC and EPC to support cancer metastasis and malignancy.

Therefore, it is worthy for a further study to examine the effects of

MpEV on the other cell types in the TME such as CAFs and

immune cells.
Conclusion

In this study, we examined how SARS-CoV-2 M-protein

modulates the tissue stem cells involved in breast TME by

altering the functions of EV derived from triple-negative BCC.

Our findings suggest that triple-negative BCC induced by M-

protein produced EV with a higher ability to promote the

functions of tissue stem cells, such as ATMSC and EPC,

supporting cancer growth and aggressiveness (Figure 7). Our

study suggests that SARS-CoV-2 infection in breast cancer

patients not only promotes the aggressiveness of BCC themselves,

but also the ability of BCC to manipulate the surrounding TME. By

understanding the specific interactions between BCC and non-

cancer cells, as well as the underlying mechanisms governing

these interactions that occur during COVID-19, appropriate

management of both medical conditions can be addressed, as well

as identifying possible ways to prevent the exacerbation of breast

cancer cells and their metastasis. Targeting the TME, especially

tissue stem cells such as ATMSC, EPC, and their derivatives, should

be considered as cancer therapeutic agents for cancer patients with

COVID-19 infection.
Materials and methods

Breast cancer cell culture and induction
with SARS-CoV-2 M-protein

MDA-MB-231 (ATCC HTB-26) cells (a triple-negative BCC

line) and MCF-7 cells (a Luminal A BCC line [ATCC HTB-22])

were cultured in a culture dish containing Iscove’s modified

Dulbecco’s medium (IMDM) (Gibco, Waltham, MA, USA) with

1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham,

MA, USA) and 5% fetal bovine serum (FBS) (Sigma-Aldrich, St.

Louis, MO, USA). The cell medium was changed every two days

and the cells were kept in a humidified incubator at 37°C under 5%

CO2. The cells were subcultured to obtain 3.8×104 cells/ml of

medium per dish via trypsinization upon reaching 80% confluence.

MDA-MB-231 cells (5×105 cells/ml) were treated with 60 pmol/

ml SARS-CoV-2 M-protein (Miltenyi Biotec, Cologne, Germany) in

EV-depleted FBS-containing medium for collecting EV in 5 days to

collect CM and isolate EV. EV-depleted FBS-containing medium

for collecting EV was prepared by ultracentrifugation using an

Optima L-XP ultracentrifuge (Beckman Coulter, Inc. Brea, CA,
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United States), as previously described (82). Briefly, 40 ml of

IMDM containing 5% FBS and 1% penicillin/streptomycin was

ultracentrifuged at 140,000×g for 18 h at 4°C using a Beckman

Coulter Type 70 Ti Rotor. Then, 30 ml of supernatant was collected

and used as the culture medium to collect EV.
Collection of EV

The CM of M-protein-treated and untreated BCC MDA-MB-

231 cells was collected and centrifuged at 300×g for 5 min, followed

by 1200×g for 20 min. The supernatant was ultracentrifuged at

140,000×g for 70 min at 4°C using an Optima XE-100

ultracentrifuge to collect the EV pellet. EV pellets were collected

in 100 mL of PBS; these were considered to be isolated EV. The EV

collected from the M-protein-treated BCC were called MpEV, and

the EV collected from the untreated breast cancer cells were called

nEV. For PKH26 labeling of EV, of 120 μg was resuspended in 250

μL of Diluent C (Sigma-Aldrich) and mixed with 250 μL of Diluent

C containing 1 μL of PKH26 (Sigma-Aldrich). The mixture was

then incubated in the dark for 5 min and neutralized by adding 40

ml of PBS containing 0.25% FBS. The solution was then

ultracentrifuged at 140,000×g for 70 min at 4°C to collect stained

EV pellet, then resuspended in 100 μL PBS and stored at -80°C. The

protein concentration of EV was measured using a Bradford assay

(Bio-Rad, Hercules, CA, USA) and was considered to be the EV

concentration. The size of collected EV was measured by dynamic

light scattering (Zetasizer Nano ZS, Melvern Instruments,

United Kingdom). EV markers expression was characterized by

Western Blotting.
Culturing of ATMSC, EPC, and EC

ATMSC were isolated from human adipose tissues with

permission from the ethics authorities at the University of

Tsukuba [previously described by Kimura et al. (83)] and

cultured in a culture dish containing IMDM with 10% FBS, 2 mg/

ml L-glutamine (Invitrogen, Waltham, MA, US), 100 units/ml

penicillin, and 5 ng/ml bFGF (Peprotech, Rocky Hill, NJ, USA).

EPC were isolated from umbilical cord blood [previously

described (84)] and cultured in a dish containing IMDM with

10% FBS, 2 mg/ml L-glutamine (Invitrogen, Waltham, MA, US),

100 units/ml penicillin, and 5 ng/ml bFGF (Peprotech, Rocky Hill,

NJ, USA).

For EC culture, human umbilical vein endothelial cells

(HUVEC) were purchased from ATCC and cultured in a culture

dish containing IMDM with 10% FBS, 100 units/ml penicillin/

streptomycin, 0.2 μl/ml bFGF, and 0.5 μl/ml VEGF (Peprotech,

Rocky Hill, NJ, USA). All cells were maintained in the incubator,

the medium was changed every 2 days, and the cells were

subcultured upon reaching 80% confluence, to obtain 3.8×104

cells/ml of medium/dish.
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EV treatment for ATMSC, EPC and EC

ATMSC were seeded at a density of 1×105 cells/ml in a 24-well

culture plate, then treated with PKH26-labeled EV at an amount of

25 μg cultured for 4 days, followed by medium changing and

another EV treatment for the next 4 days before examination.

EPC or EC were seeded at a density of 1×105 cells/ml in a 24-well

culture plate and then treated with 10 μg or 5 μg PKH26-labeled EV,

respectively (which ensured over 90% uptake, Supplementary

Figures 3A, B) cultured for 2 days before examination. The

uptake of PKH26-labeled EV to target cells was examined by a

flow cytometer (BD LSRFortessa X-20; BD Biosciences).
Collection of ATMSC- and EPC-derived CM

After EV treatment, ATMSC and EPC were washed with PBS

before changing to a new corresponding medium without EV. After

48 h, the medium was collected and centrifuged at 300 g for 5 min,

followed by 1200xg for 20 min (both at 4°C) to collect the

supernatant. The collected CM was stored at -30°C.
CM treatment of MDA-MB-231 and
MCF7 BCC

MDA-MB-231 and MCF7 cells were seeded at a density of

1×105 cells/ml in a 24-well culture plate for 2 h, and then the

medium was replaced with ATMSC- or EPC-derived CM and

cultured for 2 days before examination.
Differentiation of ATMSC to adipocytes
and osteoblasts

ATMSC was seeded at a number of 1×105cells/well in a 4-well

plate in MSC culture medium. After getting 100% confluency, the

culture medium was changed to adipogenic or osteogenic

differentiation medium. The culture medium was changed twice

per week for 3 weeks. Adipogenic differentiation medium consisted

of IMDM supplemented with 10% FBS, 0.1 mM dexamethasone

(Sigma-Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-

Aldrich), 2 mg/mL insulin (Wako), and 0.1 mM indomethacine

(Sigma-Aldrich). The formation of adipocytes was examined by

staining with Oil Red O solution (Muto Pure Chemicals, Tokyo,

Japan). For quantification, cells were dissolved with 4% IGPAL

CA630 (Sigma-Aldrich) in isopropanol, and the absorbance at

492 nm was measured. Osteogenic differentiation medium

consisted of IMDM supplemented with 1% FBS, 0.1 mM

dexamethasone (Sigma-Aldrich), 10 mM b-glycerol-2-phosphate
(Sigma-Aldrich), 0.2 mM ascorbic acid (Sigma-Aldrich), and

50 ng/mL human EGF (Wako). The formation of mineralized

matrix was examined by staining with Alizarin Red S (Kodak,
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Rochester, NY). For quantification, cells were dissolved with 0.2 N

HCl (Wako) and 5% sodium dodecyl sulfate, then the absorbance at

480 nm was measured.
Analysis of MSC marker expression by
flow cytometry

A number of 1×105 ATMSC was collected in 200 mL PBS

containing 2% FBS. After that, ATMSC were incubated with

antibodies for 30 minutes at 4°C, including FITC-labeled anti-

CD90 (BioLegend, San Diego, CA; 328107), PE-labeled anti-CD105

(BioLegend; 323206), PE-labeled anti-CD73 (BD Biosciences, San

Diego, CA, 550257), FITC-labeled anti-CD31 (BioLegend; 303103),

FITC–labeled anti-CD45 (BD Biosciences; 560976) and PE-labeled

anti-CD34 (BD Biosciences; 560941). Cells stained with PE-labeled

anti-IgG1 (555749; BD Biosciences), and FITC-labeled anti-IgG1

(555748; BD Biosciences) were used as the isotype controls. After

that, cells were washed with PBS and resuspended in 300 mL PBS

containing 2% FBS. The expression of MSC markers was analyzed

by a flow cytometer (BD LSRFortessa X-20; BD Biosciences).
ELISA for PGE2 quantification

CM from ATMSC was collected as described above. PGE2

concentration in CM was measured using ELISA kit Parameter

Prostaglandin E2 assay (Biotechne R& D system, Mineapolis, USA).

In short, CM and PGE2 standard with serial two-fold diluted

concentration from 2500 pg/ml to 39 pg/ml were incubated in

96-well microplate together with primary antibody in 1 hour. The

mixtures were then incubated with PGE2 conjugate in 2 hours and

removed. After washing, the wells were incubated with substrate

solution in 30 minutes, then reaction was stopped with acidic stop

solution. Optical density at 450nm and 570nm (OD450nm and

OD570nm) was measured using microplate reader. OD value of

each sample was calculated as follows:

OD sample =  average (OD450nm sample −OD570nm sample)

−  average (OD450nm blank −OD570nm blank)

PGE2 concentration of each sample was calculated based on

linear regression of OD value of standard curve in Microsoft Excel.
Migration assay

ATMSC, MDA-MB-231, or MCF7 cells (2×105 cells/400 μL/well)

were seeded into 24-well plates in their respective culture medium

and incubated for 24 h. Mitomycin C solution (Nacalai Tesque,

Kyoto, Japan) was added at a concentration of 10 mg/ml and

incubated for 1 h prior to creating a single scratch through the

seeded cells using a 100 μl micropipette tip. The medium was

removed and replaced with IMDM containing 0.25% FBS. Images
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of the scratch were taken immediately after the scratch and at 6-hour

intervals up to 30 h or until closed using the Keyence BZ-XY710

microscope system (Keyence Corporation, Osaka, Japan). The gap

closure percentage was analysis using ImageJ (NIH, Bethesda, MD).
Proliferation assay

After treatment, ATMSC, EPC, HUVEC, MDA-MB-231 cells,

andMCF7 cells were seeded into a 96-well plate to obtain 1×104 cells/

100 μl medium in each well. At 24 and 48 h, the absorbance at 450

nm (OD450nm) was measured after an hour of adding Cell Counting

Kit-8 (Dojindo Molecular Technologies, Kumamoto, Japan).
Transwell migration assay

MCF7 cells (5×104 cells/600 μL of medium) were seeded into

the wells of a 24-well plate for 48 h. After treatment, EPC or

HUVEC (2×105 cells/ml medium) were transferred into 8.0-μm

pore cell transwell culture inserts (BD Falcon), which were then

placed into the wells seeded with MCF7 cells. The cells were

incubated for 6 h before staining. The cells were fixed with 4%

paraformaldehyde before removing the cells on the membrane

surface inside the transwells using a cotton swab. The remaining

cells were permeabilized with methanol for 10 min, stained with a

2% crystal violet dye solution for 5 min, and then washed with

distilled deionized water. Images of the transwell membrane were

taken under a dissecting microscope, and the number of cells on the

membrane was counted in 39 random areas on a created grid to

calculate the estimated number of cells on the membrane.
Mammosphere formation assay

MDA-MB-231 and MCF7 cells pretreated with CM were mixed

in MammoCult Basal medium (StemCell Technologies Inc.,

Vancouver , Canada) supplemented with heparin and

hydrocortisone to obtain a ratio of 9.5×103 cells/2 ml. This

suspension was cultured for 5 days on an ultra-low attachment

surface in a 6-well plate (Corning, Corning, NY, USA). The

mammosphere (diameter ≥100 μm) forming efficiency (MSFE)

was calculated using the following equation:

MSFE (%) = number of mammospheres × 100/number of

seeded cells.
Colony formation assay

MDA-MB-231 andMCF7 cells pretreated with CM were seeded

in 6-well plates at a ratio of 100 cells/well. The cells were incubated

for 1 week before being fixed with 4% paraformaldehyde and then

stained with 5% w/v crystal violet. The colonies were analyzed and

counted via macroscopic observations.
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Spheroid culture

MDA-MB-231 cells were treated with M-protein (3 pmol/mL)

48 hours before being collected and stained with PKH26 (Sigma).

EPC were collected and stained with CSFE (Dojindo, Japan).

Spheroid culture was conducted based on the protocol of

Dahndapani et al, 2023 (50), including monoculture, diculture

and triculture. Briefly, 100 mL of a mixture of 6x104 cells

suspension were seeded into PrimeSurfaceU 96-well plate

(Sumibe, Japan). Diculture spheroids consisted of a mixture of

MDA-MB-231 cells and EPC with a ratio of 3x104 cells:3x104 cells.

Triculture spheroids consisted of a mixture of MDA-MB-231 cells,

EPC and ATMSC with a ratio of 2x104 cells:2x104cells:2x104 cells.

After 1 week, spheroids were trypsinized to collected single

cells. CFSE-labeled EPC were sorted using a flow cytometer

(MoFlo XDP, Beckman Coulter) for a further analysis of TEC

marker gene expression and tube formation.
Tube formation assay

EPC and HUVEC were treated for 48 h as described above.

Matrigel (300 μL; Corning) was used to coat each well in the 4-well
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plates and incubated for 30 min before seeding 7.5×104 cells/500 μl

medium of the treated EPC and HUVEC. Images of tube formation

were taken in nine random areas of the well at 3 h and 6 h after

seeding. The lengths of the tubes formed were analyzed using the

angiogenesis program in ImageJ.
Quantitative reverse transcription (qRT)
PCR gene expression analyses

ATMSC, EPC, HUVEC, MDA-MB-231 cells, and MCF7 cells

were treated with EV or CM as described above. Sepasol-RNA

Super G (Nacalai Tesque) was added according to the

manufacturer’s instructions to isolate the total RNA, followed by

reverse transcription into cDNA using a ReverTra Ace qPCR RT kit

(Toyobo, Kita, Osaka, Japan). Two microliters of the cDNA were

amplified with the THUNDERBIRD SYB qPCR Mix (Toyobo) via

the Real-time PCR system QuantStudio 5 (Thermo Fisher

Scientific). The samples were denatured for 10 min at 95°C

followed by 15 s cycles of denaturation at 95°C. Finally, 30 s of

annealing and extension was performed at 60°C. The level of gene

expression in each sample was analyzed using the DDCt method
TABLE 1 Primers used for quantitative polymerase chain reaction.

Gene Forward sequence Reverse sequence

b-Actin CTCGCCTTTGCCGATCC TCTCCATGTCGTCCCAGTTG

FAP TGTCTGCCAGTCTTCCGTGAAG GGAAGTGCCTGTTCCAGCAATG

FSP CAGAACTAAAGGAGCTGCTGACC CTTGGAAGTCCACCTCGTTGTC

Vimentin AGGCAAAGCAGGAGTCCACTGA ATCTGGCGTTCCAGGGACTCAT

IL6 ACAAGAGTAACATGTGTGAAAGCAG TATACCTCAAACTCCAAAAGACCAG

IL8 GAGAGTGATTGAGAGTGGACCAC CACAACCCTCTGCACCCAGTTT

CXCL7 CTGGCTTCCTCCACCAAAGG GACTTGGTTGCAATGGGTTCC

bFGF CAGAGTGTTGCTGTGACCAG GATCGAGCTCACTGTGGAGT

PDGFa ATCAATCAGCCCAGATGGAC TTCACGGGCAGAAAGGTACT

SDF1 TGAGAGCTCGCTTTGAGTGA CACCAGGACCTTCTGTGGAT

ANG1 GCCTGATCTTACACGGTGCT GGCCACAAGCATCAAACCAC

VEGF CAAGACAAGAAAATCCCTGTGG CCTCGGCTTGTCACATCTG

IL1a TGTGACTGCCCAAGATGAAG AAGTTTGGATGGGCAACTGA

PTGES2 ACCTCTATGAGGCTGCTGACAAGT CATACACCGCCAAATCAGCGAGAT

COX2 CCCTTGGGTGTCAAAGGTAA GCCCTCGCTTATGATCTGTC

CXCR7 TCGGCAGCATTTTCTTCCTC GCAGTCGGTCTCATTGTTGGAC

CXCR4 CCAAGGAAAGCATAGAGGATGGGGTTC CTGTGACCGCTTCTACCCCAATGACTT

vWF ATGCCCCTGGAGAAACAGTG CCGAAAGGTCCCAGGGTTAC

SNAIL AACTACAGCGAGCTGCAGGACTCTAA CCTTTCCCACTGTCCTCATCTGACA

VE-Cadherin CAGAGTACCACCTCACTGCTGTCATT CCACTGCTGTCACAGAGATGACTGA

ALDH GGAGTGTTGAGCGGGCTAAGAAGTA CATTAGAGAACACTGTGGGCTGGAC
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(formula 2-DDCT) and normalized to ACTB (b-actin) gene

expression. The primers were listed in Table 1.
In vivo metastasis assay

All experimental procedures were approved by the University of

Tsukuba Institute of Animal Care and Use Committee. Female

C57BL/6J mice were bred under specific pathogen-free (SPF)

conditions. MCF-7 cells after treatment with ATMSC- or EPC-

derived CM were collected and resuspended in PBS. Cells with a

density of 2×105 cells/300 μl were injected intravenously via the tail

vein, followed by a daily injection of cyclosporin-A (Sigma –

Aldrich) for the initial week. For the second week, cyclosporine

was administered on alternating days. Mice were sacrificed by

cervical dislocation after 14 days. The lungs were harvested, fixed

with 4% paraformaldehyde (Wako Pure Chemical), frozen, and

stained with hematoxylin and eosin. The cross-sections were

observed under a microscope using 40x magnification to identify

and capture tumor foci. The tumor foci areas are defined as the

areas with high cell density, which are dense masses contains cells

with epithelial morphology and high nuclear density (purple

stained areas), while lung tissue areas have porous structure with

low nuclear density (pink stained areas). All sections from one lung

sample were observed in the order of cutting, so the tumor foci

appeared at the same place in continuous sections would be

considered as the same tumors. The size of a certain tumor was

defined based on the largest focus of that tumor observed among

continuous sections. Images were analyzed using the ImageJ

software program.
Western blotting

Total protein was extracted from EV using RIPA buffer

(Nacalai, Kyoto, Japan) and the concentration was measured by

a Bradford assay (Bio-Rad). An amount of 50mg of extracted

protein was separated by electrophoresis in 7.5% SDS-

polyacrylamide gels. The proteins were transferred to a

polyvinylidene difluoride membrane (Millipore). After that

membranes were blocked with 5% skim milk in Tris-buffered

saline containing 0.1% Tween 20 (TBST) for an hour at room

temperature. Membranes were then incubated with primary

antibodies, including rabbit anti-CD63 (GTX17441; GeneTex),

rabbit anti-TSG101 (GTX118736; GeneTex), and rabbit

apolipoprotein A1 (APOA1, GTX40453; GeneTex) at 1:1000

dilution overnight at 4°C. Membranes were washed with TBST,

then incubated with HRP-conjugated goat anti-rabbit IgG

(Thermo Fisher Scientific) at 1:10,000 dilution. The positive

signals were analyzed by a luminescence imager (Image Quant

LAS4000; GE Health Care, Little Chalfont, United Kingdom)

using chemiluminescence reagents (Merck Millipore).
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Statistical analyses

The results are presented as mean± standard deviation (SD).

The t-test of the Microsoft Excel software program was used to

calculate and analyze differences. P values of<0.05 were considered

to indicate statistical significance.
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SUPPLEMENTARY FIGURE 1

Characteristics of EV derived from triple-negative BCC. (A) Size distribution of
nEV and MpEV. (B) The marker expression of nEV and MpEV. (C) Uptake of

PKH26-labeled EV by ATMSC, examined by flow cytometry.

SUPPLEMENTARY FIGURE 2

Response of MDA-MB-231 cells to CM derived from EV-ATMSC. (A)Migration

of MDA-MB-231 cells treated with CM derived from ATMSC, nEV-ATMSC,

MpEV-ATMSC. (B) Proliferation of MDA-MB-231 cells treated with CM derived
from ATMSC, nEV-ATMSC, MpEV-ATMSC. (C)Colony formation of MDA-MB-
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231 cells treated with CM derived from ATMSC, nEV-ATMSC, MpEV-ATMSC.
(D) Mammosphere formation of MDA-MB-231 cells treated with CM derived

from ATMSC, nEV-ATMSC, MpEV-ATMSC.

SUPPLEMENTARY FIGURE 3

Uptake of nEV and MpEV by EPC, EC, and effects of MpEV secreted from M-
protein-induced triple negative BCC on EC. (A) Uptake of PKH26-labeled EV

by EPC, examined by flow cytometry. (B) Uptake of PKH26-labeled EV by EC,

examined by flow cytometry. (C) Proliferation of HUVEC uptaking EV. (D)
Transwell migration of HUVEC uptaking EV. (E) Tube formation of HUVEC

uptaking EV.

SUPPLEMENTARY FIGURE 4

Response of MDA-MB-231 cells to CM derived from EPC, nEV- EPC, MpEV-
EPC. (A) Migration of MDA-MB-231 cells treated with CM derived from EPC,

nEV- EPC, MpEV-EPC (the scale bars indicate 500 µm). (B) Proliferation of
MDA-MB-231 cells treated with CM derived from EPC, nEV- EPC, MpEV-EPC.

(C) Colony formation of MDA-MB-231 cells treated with CM derived from

EPC, nEV- EPC, MpEV-EPC. (D) Mammosphere formation of MDA-MB-231
cells treated with CM derived from EPC, nEV- EPC, MpEV-EPC.

SUPPLEMENTARY FIGURE 5

Spheroid culture of PKH26-labeled MDA-MB-231 cells, CFSE-labeled EPC
and ATMSC (the scale bars indicate 500 µm, MDA: MDA-MB-231, M-MDA: M-

protein-induced MDA-MB-231).

SUPPLEMENTARY FIGURE 6

Effects of MpEV and nEV on MDA-MB-231 cells. (A) Migration of MDA-MB-
231 uptaking EV. (B) Proliferation of MDA-MB-231 uptaking EV. (C) Colony
formation of MDA-MB-231 uptaking EV. (D) Cytokine gene expression of
MDA-MB-231 uptaking EV. (E) EMT-related gene expression of MDA-MB-231

uptaking EV.

SUPPLEMENTARY FIGURE 7

Effects of MpEV on spheroid culture. (A) Spheroid culture of PKH26-labeled
MDA-MB-231 cells, CFSE-labeled EPC and ATMSC (the scale bars indicate

500 µm). (B) TEC-related gene expression of EPC isolated from spheroid. (C)
Tube formation of EPC isolated from spheroid (The scale bars indicate

500 µm).
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