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Abstract
Background: Emerging evidence has revealed that tumor-associated macrophages
(TAMs) and exosomes play a crucial role in the microenvironment for tumor growth.
However, the mechanisms through which exosomal miRNAs modulate TAMs and
tumor development in breast cancer are not fully understood.
Methods: We constructed a macrophage model and an indirect coculture system con-
sist of breast cancer cells and macrophages. Exosomes were isolated from BC cells cul-
ture supernatant and identified by transmission electron microscopy, Western blot and
Nanosight LM10 system. The expression of miR-148b-3p in exosomes was determined
by qRT-PCR and the effect of exosomal miR-148b-3p on macrophage polarization was
measured using qRT-PCR and ELISA. The proliferation, migration and invasion of BC
cells were estimated by EdU, wound healing assay and transwell assay. We employed
bioinformatics, luciferase reporter assay and Western blot to identify the target gene of
miR-148b-3p. Western blot was used to clarify the mechanism of exosomal miR-148b-
3p mediated the crosstalk between BC cells and M2 macrophages.
Results: Cancer-derived exosomes could induce M2 polarization of macrophages, which
promoted the migration and invasion of breast cancer cells. We found that exosomal
miR-148b-3p was overexpressed in breast cancer cell-derived exosomes and correlated
with lymph node metastasis, late tumor stage and worse prognosis. Upregulated miR-
148b-3p expression in exosomes modulated macrophage polarization by targeting TSC2,
which promoted the proliferation and might affect migration and invasion of breast can-
cer cells. Interestingly, we found that exosomal miR-148b-3p could induce M2 macro-
phage polarization via the TSC2/mTORC1 signaling pathway in breast cancer.
Conclusion: Overall, our study elucidated that miR-148b-3p could be transported by
exosomes from breast cancer cells to surrounding macrophages and induced M2
polarization by targeting TSC2, providing novel insights for breast cancer therapy.
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INTRODUCTION

Breast cancer (BC) is the most prevalent cancer in women
and one of the leading causes of cancer deaths globally.1

Triple-negative breast cancer (TNBC) is the most severe
molecular subtype, with a dismal five-year overall survival

rate of only 64.97%.2 As a result, establishing efficient thera-
pies in BC study requires a comprehensive understanding
mechanisms of tumor progression.

Exosomes are 30–150 nm extracellular vesicles that can be
released by several cell types and have been documented in
numerous body fluids, such as blood, urine, saliva, and so on.3

Received: 25 February 2023 Accepted: 27 March 2023

DOI: 10.1111/1759-7714.14891

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd.

Thorac Cancer. 2023;14:1477–1491. wileyonlinelibrary.com/journal/tca 1477

https://orcid.org/0000-0003-2814-608X
mailto:zhangbg@wfmc.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/tca


Exosomes include many signaling molecules, like proteins and
nucleic acids, facilitating intercellular communication.4,5 In
addition, the genetic material in exosomes can be protected by
cell membranes and shielded from enzyme degradation in the
circulation, which is essential for transmitting important infor-
mation to other cells.6 There is an increasing consensus that
exosomes play a key role in tumorigenesis and cancer progres-
sion in the tumor microenvironment and distant metastases,
participating in immune escape, angiogenesis, spreading of
cancer cells and invasion.7–9 MicroRNAs (miRNAs) are a cat-
egory of small endogenous noncoding RNAs, which can be
packed into exosomes, conveying important information to
neighboring or distant cells, thus subsequently modulating
recipient cells.10 As a negative regulator, miRNAs usually bind
to the 3’ UTR regions of target mRNAs, thus contributing to
the progression of various cancers.11,12 Therefore, exosomal
miRNA secretion provides novel insights into communication
between tumor-associated macrophages and cancer cells.13

Tumor-associated macrophages (TAMs) are one type of
immune cells that participate in the formation of the tumor
microenvironment. It is well-established that TAMs can
promote tumor invasion and migration by immunosuppres-
sion, promoting tumor angiogenesis and remodeling the
extracellular matrix.14 Macrophages can be divided into two
functional subtypes: classically activated M1 macrophages
and alternatively activated M2 macrophages.15 M1 macro-
phages are capable of promoting inflammation and exert
antitumor effects, which are marked by cytokines expres-
sion, including TNF-α, IL-1β and the inducible type of nitric
oxide synthase (iNOS). M2 macrophages exert anti-
inflammatory effects and promote tumorigenesis and devel-
opment, featured by CD206, CD163, IL-10 and arginase-1
expression.16–18 Meanwhile, tuberous sclerosis complex2
(TSC2) has been shown to negatively regulate the mTORC1
signaling pathway, which is widely thought to drive the
polarization of M2 phenotype TAM that promotes cancer
progression.19–21 However, the regulation of exosomal
miRNA induces the polarization of TAMs, and whether
TSC2 affects the function of macrophage polarization in
breast cancer, remains largely unclear.

Herein, we provide preliminary evidence that BC cell-
derived exosomal miR-148b-3p can stimulate cancer cell
migration and invasion in vitro. In addition, miR-148b-3p
can stimulate M2 macrophage polarization by targeting
TSC2 and activating the mTORC1 pathway.

METHODS

Cell culture

Human BC cell line MDA-MB-231, human breast epithelial
cell line MCF-10A and human leukemic cell line THP-1
were all acquired from American Type Culture Collection
(ATCC). MDA-MB-231 and THP-1 cells were cultivated in
RPMI-1640 medium containing 10% FBS. MCF-10A cell
was cultivated in MCF-10A special medium (Procell). All

cells were incubated over a humidified 5% CO2 atmosphere
with 95% air at 37�C. THP-1 cells (1 � 106) were supple-
mented with 100 ng/mL PMA (Sigma-Aldrich) for 24 h to
stimulate differentiation into M0 macrophages. As for exo-
some isolation, MDA-MB-231 and MCF-10A cells were
supplemented with exosome-depleted FBS medium (SBI).

Cell coculture

THP-1 cells (1 � 106) were supplemented with 100 ng/mL
PMA for 24 h to stimulate differentiation into macrophages.
PMA-stimulated macrophages were cocultured with MDA-
MB-231 cells-derived exosomes or not for 24 h. Coculture
of macrophages and breast cancer cells was performed in a
24-well Boyden chamber (Corning). The upper chamber
was seeded with MDA-MB-231 cells (5 � 104) suspended in
serum-free media, while the lower well was planted with
preconditioned THP-1 cells (1 � 104) in media containing
10% FBS at 37�C in a 5% CO2 humidified atmosphere
for 24 h.

Exosome isolation and identification

Following instructions outlined in the exosome isolation
and purification kit (cat. no: UR52121, Umibio), exosomes
were isolated from the cell culture supernatant. The mor-
phology of exosomes was examined by transmission electron
microscope, stained with 1% uranyl-oxalate, dried and
imaged. Their size and concentration were estimated using
the Nanosight LM10 system (Navato). The isolated exo-
somes were kept at �80�C for future studies. The obtained
exosomes were verified by the expression of specific markers
CD9, CD81 and TSG101 by western blotting.

Exosome labeling and tracking

After extraction and tagging with Vybrant DiL cell-labeling
solution (cat. no.: V-22885, Molecular Probes), exosomes
that had been separated from the culture medium were used
according to the manufacturer’s experimental protocols.
THP-1 cells (2 � 105) were supplemented with 100 ng/mL
PMA for 24 h to stimulate differentiation into macrophages.
Next, 20 μL tagged exosome sediment was resuspended and
incubated with macrophages for the exosome uptake experi-
ment. Cells were incubated for 30 min, 2 h, or 12 h at 37�C
and were examined under fluorescence microscopy.

RNA extraction and real-time quantitative PCR

The trizol kit was utilized to isolate total RNA (Invitrogen),
and cDNA synthesis was carried out utilizing a reverse tran-
scriptase qPCR RT kit (Toyobo) according to the manufac-
turer’s instructions. miRNA cDNA was synthesized utilizing
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miRNA cDNA synthesis reagents (Cwbio). miRNA plus
Poly(A) tail reaction solution was mixed and incubated at
37�C for 15 min, and the first strand of modified miRNA
cDNA was synthesized at 42�C for 50 min and 85�C for
5 min. qRT-PCR for mRNA was conducted using the SYBR
Green rt-PCR Master Mix (Toyobo), while RT- PCR for
miRNA was performed using the miRNA qPCR assay
(Cwbio). U6 and GAPDH were utilized as internalized con-
trols for mRNA and miRNA expression data. Relative gene
expressions were measured using the 2�ΔΔCt technique.22

The primer sequences used in qPCR are displayed in
Table S1.

Western blotting analysis

Total soluble proteins were extracted from cultivated cells using
RIPA buffer, and the protein concentration was assessed by a
BCA protein assay kit (P0012S, Beyotime Biotechnology). The
proteins were boiled at 100�C for 15 min and then stored at
�20�C. The proteins were separated utilizing SDS-PAGE gel,
which included 5% stacking gel and 10% or 15% separating gel,
and 25 μg protein was loaded into each well of the gel. After
running the electrophoresis, the gel bands were transferred to
PVDF membranes. The membranes were blocked with 5%
skim milk powder at room temperature for 1 h. After blocking,
the membranes were incubated with various primary antibodies
at 4�C overnight. The membranes were then washed three
times with TBST at 90 rpm and incubated with corresponding
secondary antibodies for 1 h at room temperature. After wash-
ing three times with TBST, ECL solutions were added to the
membranes to observe the luminescence. Primary antibodies
utilized in WB experiments were: CD9 (sc-13 118, Santa Cruz),
CD81 (sc-166 029, Santa Cruz), CD206 (sc-376 108, Santa
Cruz), TSC2 (no. 4308, Cell Signaling Technology), p-S6
(Ser235/236, no. 4858, Cell Signaling Technology), S6
(no. 2217, Cell Signaling Technology), TSG101 (ab125011,
Abcam), ACO1 (ab183721, Abcam), β-actin (A5441, Sigma),
Histone H3 (no. 4499, Cell Signaling Technology), Alix (sc-
53 540, Santa Cruz), GAPDH (no. 5174, Cell Signaling Tech-
nology). The secondary antibodies used in this study were as
follows: anti-mouse IgG, HRP-linked Antibody (no. 7076, Cell
Signaling Technology) and anti-rabbit IgG, HRP-linked Anti-
body (no. 7074, Cell Signaling Technology).

RNA immunoprecipitation (RIP) experiment

RNA immunopreciptation (RIP) assay was performed using
the Magna RIP kit (Millipore) according to the manufacturer’s
instructions. Cells were lysed by adding lysates containing pro-
tease inhibitors and RNase inhibitors. The lysates from cells or
exosomes were saved as input. The cell extracts were incu-
bated with RIP buffer containing protein A/G magnetic beads
coated with anti-ACO1 antibody (ab183721, Abcam) or anti-
IgG antibody (negative control) (no. 8726, Cell Signaling
Technology). The RNA binding protein-RNA complexes were
then immunoprecipitated. After washing the beads with ice-

cold buffer, the RNA binding proteins were digested with pro-
teinase K. The RNA in the coimmunoprecipitant complex was
isolated using Trizol reagent, reverse transcribed and enrich-
ment levels of miR-148b-3p was measured by qRT-PCR,
which was performed as described above. The enrichment
levels of miR-148b-3p in the coimmunoprecipitant complex
was presented as percent input sample (% input).

Luciferase reporter assay

The 30UTR region (50-GGGGCCCUCCCUCCUGCACUGG-30)
of TSC2 targeted by miR-148b-3p was predicted by Tar-
getScan7.1 software (http://www.targetscan.org). The
reporter genes containing 3’UTR terminal wildtype and
mutant vector were established from GenePharma. 293 T
cells were seeded in a 96-well plate and then cotransfected
with luciferase reporters and miR-148b-3p mimics or con-
trol as per lipofectamine 2000 instructions (Invitrogen).
The cells were then grown for 48 h at 37�C. The reporter
gene luciferase activities were measured upon transfection
using a dual-luciferase reporter assay system (Promega). It
was normalized to Renilla luciferase activity.

Cell transfection

The Cy3 labeling miR-148b-3p mimics or inhibitors and the
TSC2 siRNA or negative control were purchased from by
RiboBio (Guangzhou). Lipofectamine 2000 (Invitrogen) was
utilized to transfect macrophages with 100 nM miRNA
mimics or inhibitors according to the manufacturer’s
instructions. The plasmid expressing TSC2 was a gift from
Brendan Manning (Addgene plasmid no. 14129; http://n2t.
net/addgene:14129; RRID: Addgene 14 129).23 Cells were
transfected with plasmids using lipofectamine 2000 accord-
ing to the manufacturer’s protocol. Transfection siRNA
against human ACO1, SFRS13A and TSC2 were purchased
from ThermoFisher.

Cell viability

The cell viability was determined by cell counting kit-8
(CCK-8) assay. Cancer cells (5 � 103) were seeded in the
96-well plates and we waited for cell adherence. The
medium was then changed to a different conditioned
medium from macrophages for 1–3 days and refreshed
every 2 days. When the culture was terminated, 10 μL
CCK-8 solution was added to each well for 2 h incubation at
37�C. The absorbance values were measured at 450 nm.

Cell proliferation, migration and invasion

An EdU assay kit (C10310, RiboBio) was utilized to evaluate
the proliferation ability of BC cells based on the manufacturer’s
protocol. Briefly, cells (1 � 105) were plated into 24-well plates
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and treated with 50 uM EdU solution at 37�C for 2 h. The cells
were fixed with 4% paraformaldehyde for 30 min at room tem-
perature and 50 μL of 2 mg/mL glycine for 5 min, 100 μL
0.5% TritonX-100 for 10 min. After washing with PBS, the
cells were incubated with 100 μL Apollo solution for 30 min
and stained with Hoechst 33342 solution for 30 min. The
images were taken using an Olympus microscope, and the pos-
itive cells were counted under dark conditions.

A wound healing assay was conducted to evaluate BC
cell migration status. Cells (1 � 105) were plated into six-
well plates and allowed to reach 90% confluency. Notably,
confluent cells were treated with 10 μg/mL mitomycin C for
2 h to block cell proliferation. Next, a mechanical wound
was created by scratching the bottom of cells with a cell
scraper (1.2 mm width). Cells were washed with PBS and
the complete medium was replaced with low serum medium
(FBS <2%) to continue the cell culture in order to reduce
the influence of cell proliferation. The images were captured
using a phase-contrast microscope at 0, 48, and 72 h.

Transwell invasion assay was carried out to evaluate BC cell
invasion utilizing 24 well-plates and a Boyden chamber (8 μm
pore size) covered with Matrigel (Corning). The upper chamber
was seeded with MDA-MB-231 cells (5 � 104) suspended in
serum-free media, and the lower chamber was seeded with pre-
conditioned THP-1 cells (1 � 104) in media containing 10%
FBS. After incubation at 37�C in a 5% CO2 humidified atmo-
sphere for 24 h, the uninvaded cells were wiped off using a cot-
ton swab from the upper surface of the chamber filter.
Subsequently, the invaded cells on the bottom of the membrane
were fixed with 4% paraformaldehyde for 30 min and stained
with 0.1% crystal violet for 30 min. As for the transwell migra-
tion assay, the insert chambers were devoid of Matrigel before
seeding the cells in the upper chamber. After incubation for
24 h at 37�C, migrated cells were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet dye. The number of
migrated or invaded cells was counted under a microscope.

Bioinformatic analysis

To explore the differential miRNA expression profiles between
MDA-MB-231-exo and MCF-10A-exo, we downloaded
the GEO DataSet (GSE50429) from the NCBI website (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE50429).24

Heatmaps were generated using R software. The target miR-
NAs of TSC2 were predicted by Targetscan7.1 software. A
Venn plot was generated by Venny version 2.1 (http://
bioinfogp.cnb.csic.es/tools/venny/). Moreover, patient survival
information analysis was performed using the UALCAN data-
base, an online tool for performing gene expression profiling
analyses in cancer and adjacent tissues based on TCGA.25

Kaplan–Meier survival analysis was assessed by the online
resource Kaplan–Meier plotter (http://kmplot.com/analysis/
index.php?p=service&cancer=breast_mirna).26 The RNA-
Binding Protein DataBase (RBPDB, http://rbpdb.ccbr.utoronto.
ca/) was retrieved for specific interactions between miR-148b-
3p sequence and motifs of RNA binding proteins (RBPs) with a
threshold of 0.7. The correlation between TSC2 expression and

macrophage cell abundance in BRCA was calculated using the
TISIDB database (http://cis.hku.hk/TISIDB/).27

Statistical analysis

The results are expressed as mean ± SD. The Student’s t-test
or one-way ANOVA test was adopted to assess the statistical
significance of differences. All statistical analyses were ana-
lyzed and visualized using GraphPad Prism 8 software. A p-
value <0.05 was statistically significant.

RESULTS

Breast cancer-derived exosomes induce
polarization of M2 macrophages

After 48 h, exosomes were extracted from the MDA-MB-
231 cell culture supernatant and were observed under elec-
tron microscopy. The isolated exosomes were spherical and
had a diameter of approximately 30 to 150 nm, exhibiting
typical exosome structures (Figure 1a,b). Western blotting
(WB) was utilized to detect the presence of exosomal protein
markers, including CD9, CD81 and tumor susceptibility
gene 101 (TSG-101), which confirmed the successful extrac-
tion of exosomes from BC cells (Figure 1c). Since it has been
reported that tumor-derived exosomes can directly affect
M2 macrophage polarization,28 we explored whether exo-
somes derived from BC cells account for this effect. As
depicted in Figure 1d,e, we cultured human THP-1 mono-
cytes with phorbol 12-myristate 13-acetate (PMA) and
THP-1 cells were transformed into macrophages. PMA-
stimulated macrophages changed from suspended round
cells to adherent and transparent cells, which is character-
ized by CD68 expression (Figure 1e). It has been reported
that tumor cell-derived exosomes induced macrophages to
express M2 phenotype, resulting in a favorable niche for
metastasis.18 Next, the impact of BC cell-derived exosomes
on macrophage polarization was uncovered. MDA-MB-231
cell-derived exosomes labeled with DiL could be internalized
by the macrophages when cocultured with macrophages for
48 h, which was analyzed by immunofluorescence
(Figure 1f). The expression of M2 macrophage-related genes
(CD163, CD206, IL-10 and arginase-1) was upregulated
while M1 macrophage-associated genes (IL-1β, iNOS) were
unaltered after coculture with MDA-MB-231 cell-derived
exosomes (Figure 1g). These findings suggested that BC exo-
somes can induce M2 macrophage polarization.

Breast cancer-derived exosomes promote breast
cancer cell migration and invasion depending
on M2 macrophage polarization

An increasing body of evidence suggests that the tumor-
associated M2 macrophage contributes to tumor growth and
promotes tumor progression.29–31 In this study, MDA-MB-231
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cells were cultured with macrophages treated with cancer-
derived exosomes using the indirect coculture system
in vitro (Figure 2a). We used the CCK-8 assay to evaluate
the cell viability. The results showed that macrophages pre-
treated with MDA-MB-231-exo promoted cell viability of
MDA-MB-231 cells compared to the control group at 48–
72 h (Figure S1). ELISA assay was used to assess IL-10 and
TNF-α secretion in macrophage supernatants (Figure 2b).
Compared to the PBS group, the MDA-MB-231-exo group
displayed significantly increased IL-10 secretion in macro-
phages and decreased TNF-α secretion. BC migration and
invasion were estimated by transwell assay, suggesting that
MDA-MB-231-exo treated macrophages significantly
increased the migration and invasion in BC cells
(Figure 2c,d). Collectively, these functional assays demon-
strated that BC cell-derived exosomes could trigger M2

macrophages polarization and promote BC cell migration
and invasion in vitro.

miR-148b-3p is highly expressed in breast
cancer cell-derived exosomes and can be
encapsulated in exosomes

Current evidence suggests that exosomal miRNAs mediate
the intercellular connection between tumor cells and their
microenvironments.32 The tuberous sclerosis complex
(TSC) gene encodes tumor suppressors TSC1 and TSC2,
which can work synergistically to reduce TORC1 activity.33

Previous studies have reported that the tuberous sclerosis
complex2 (TSC2) is an mTOR upstream negative regulator,
and mTORC1 could contribute to regulating macrophage

F I G U R E 1 Breast cancer-derived
exosomes induce polarization of M2
macrophages. (a) Image of exosomes
extracted from the conditioned medium of
MDA-MB-231 cells was taken by electron
microscopy. (b) The particle size distribution
and concentration were estimated by the
Nanosight LM10 system. (c) Exosomal
markers (CD9, CD81 and TSG101) were
evaluated by western blot (WB) assay in
MDA-MB-231-derived exosomes and cells.
(d) THP-1 cells were pretreated with PMA
(100 ng/mL) for 24 h to generate M0
macrophages. Representative images of the
two groups (THP-1, THP-1 + PMA) are
shown. (e) qRT-PCR was utilized to reveal
macrophage marker CD68 expression. (f)
Representative immunofluorescence images
indicate the process of DiL-labeled-exosomes
isolated from MDA-MB-231 internalized by
macrophages. Scale bar, 50 μm. Original
magnification �200. (g) The M0
macrophages were incubated with PBS
(control) or MDA-MB-231-derived
exosomes. qRT-PCR was used to evaluate M2
markers (CD163, CD206, IL-10, arginase-1)
and M1 markers (IL-1β, iNOS) expression
levels. The Student’s t-test was adopted to
analyze the statistical significance of the
difference between two groups, and one-way
ANOVA test was utilized to analyze multiple
groups (*p < 0.05, **p < 0.01, ***p < 0.001).
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polarization by inactivating TSC2.19,34–36 Therefore, we
assessed the significance of TSC2 in macrophage polariza-
tion. The differential analysis between BC cell-derived exo-
somes (MDA-MB-231-exo) and normal mammary
epithelial cell-derived exosomes (MCF-10A-exo) allowed the
identification of dysregulated miRNAs based on the GEO
Dataset (GSE50429). A heatmap was generated to visualize
the distinct expression profiles of these miRNAs (Figure 3a).
In total, 101 upregulated and 84 downregulated miRNAs
were screened using the threshold of FDR corrected p-value
<0.05. The target miRNAs of TSC2 were predicted by
Targetscan 7.1 software. After analysis by Venny V.2.1
(http://bioinfogp.cnb.csic.es/tools/venny/), four potential
miRNAs were obtained (Figure 3b), and their expression in
MDA-MB-231-exo and MCF-10A-exo was validated by

qRT-PCR. It was discovered that miR-148b-3p expression in
MDA-MB-231-exo was the most upregulated miRNA com-
pared to MCF-10A-exo (p < 0.05) (Figure 3c). According to
TCGA dataset from UALCAN, miR-148b-3p expression
was higher in BC relative to their corresponding nontumor
tissues (Figure S2).25 Moreover, the correlation between
miR-148b-3p expression level and lymph node metastasis or
tumor stage was statistically significant (Figure 3d,e). Most
importantly, Kaplan–Meier survival analysis revealed signifi-
cantly poorer overall survival (OS) in BC patients with miR-
148b overexpression (n = 1062, p = 0.0017) (Figure 3f).26

Furthermore, miR-148b-3p expression treated with RNase A
in conditioned medium (CM) of MDA-MB-231 cells
remained unchanged, unlike with RNase A plus Triton X-
100 treatment (Figure 3g), imposing miR-148b-3p presence

F I G U R E 2 Breast cancer exosomes
promote migration and invasion by inducing
M2 macrophage polarization in breast cancer.
(a) Schematic diagram of the indirect
coculture system in vitro. (b) The M0
macrophages were incubated with PBS
(control) or MDA-MB-231-derived
exosomes. After 72 h, supernatants were
harvested to detect the release of IL-10 and
TNF-α via ELISA. “M + MDA-MB-231 exo”
refers to “macrophages treated with MDA-
MB-231 exo”. (c) Migration and invasion
abilities of breast cancer cells cocultured with
macrophages treated with or without
exosomes were estimated by transwell assay.
Illustrative images of migrated or invasive
cells are shown. Scale bar, 50 μm. Original
magnification �200. (d) The number of
invaded or migrated cells on the membrane
coated with or without Matrigel was counted.
The Student’s t-test was adopted to analyze
the statistical significance of the difference
between two groups, and one-way ANOVA
test was utilized to analyze multiple groups
(*p < 0.05, **p < 0.01).

1482 HAO ET AL.

http://bioinfogp.cnb.csic.es/tools/venny/


was encapsulated in a double-layer membrane and could
not be directly secreted. Further observation revealed that
miR-148b-3p expression in MDA-MB-231 cell-derived exo-
somes and CM was comparable, while the treatments with
GW4869 (an exosome secretion inhibitor) or exosome-
depleted CM (ultracentrifugation depletion) could signifi-
cantly reduce miR-148b-3p (Figure 3h,i). These results
showed that the miR-148b-3p was significantly upregulated
among BC cell-derived exosomes and was encapsulated in
BC cell-derived exosomes.

Overexpression of miR-148b-3p in exosomes
modulates macrophage polarization and
stimulates proliferation, migration and invasion
of BC cells

It has been reported that miR-148b-3p could promote blad-
der and prostate cancer progression, while inhibiting gastric
cancer, lung adenocarcinoma and retinoblastoma.37–41

Nonetheless, the exact role of miR-148b-3p in BC remains
obscure. We next examined the relationship between

F I G U R E 3 miR-148b-3p is
upregulated in breast cancer cell-
derived exosomes. (a) Heatmap of
differential miRNA expression
between MDA-MB-231-exo and
MCF-10A-exo based on GEO Dataset
(GSE50429, FDR corrected p-value
<0.05). (b) Venn diagram of
upregulated miRNAs from GSE50429
and the target miRNAs of TSC2
predicted by Targetscan 7.1 software,
which was calculated using Venny 2.1
software. (c) Expression levels of four
potential upregulated miRNAs in
exosomes derived from MDA-MB-
231 were evaluated by qRT-PCR. (d,
e) Correlations between miR-148b-3p
expression levels and lymph node
metastasis and tumor stage in
primary BRCA samples based on
TCGA dataset from UALCAN. (f)
The Kaplan–Meier survival curves of
BC patients are shown according to
the expression levels of serum
exosomal miR-148b-3p (p = 0.0017
by log-rank analysis). (g) qRT-PCR
was utilized to evaluate the miR-
148b-3p expression in the
conditioned medium of MDA-MB-
231 cells pretreated with control
medium or RNase A (2 mg/mL) alone
or in combination with Triton X-100
(0.1%) for 0.5 h. (h, i) qRT-PCR was
utilized to detect miR-148b-3p
expression in the conditioned
medium of MDA-MB-231 cells
pretreated with GW4869 or depleted
exosomes by ultracentrifugation. The
Student’s t-test was adopted to
analyze the statistical significance of
the difference between two groups,
and one-way ANOVA test was
utilized to analyze multiple groups
(*p < 0.05, **p < 0.01, ***p < 0.001).
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F I G U R E 4 The overexpression of exosomal miR-148b-3p modulates macrophage polarization and promotes proliferation, migration and invasion of
breast cancer cells. (a) Macrophages were transfected with miRNA-nc, miR-148b-3p mimic or miR-148b-3p inhibitor. After 48 h, qRT-PCR was applied to
detect the expression of M2 markers (CD163, CD206, IL-10, arginase-1) and M1 markers (IL-1β, iNOS). (b) The identical method used in (a) was applied to
macrophages. The different conditioned macrophage supernatants were harvested to detect the release of IL-10 and TNF-α by ELISA. (c) Scratch experiment.
Notably, we used mitomycin C (10 μg/mL) to treat MDA-MB-231 cells for 2 h before conducting the scratch assay. After scratching, the cells were washed
with PBS and replaced with conditioned medium from macrophages transfected with miR-nc, miR-148b-3p mimic or not. Images were taken at 0 and 48 h
(scale bar, 100 μm). Original magnification �100. “M+ miR-148b-3p” refers to “macrophages treated with miR-148b-3p mimic”. (d, e) Transwell assay was
performed to evaluate the migration and invasion of MDA-MB-231 cells. Macrophages transfected with miR-nc, miR-148b-3p mimic and then cultured with
MDA-MB-231 cells in the indirect coculture system in vitro. The control group was not transfected with any exogenous miRNA. After incubation for 24 h,
MDA-MB-231 cells were detached from the upper chamber, and the migration and invasion ability of MDA-MB-231 cells was detected. Illustrative images of
migratory or invasive cells and quantifications are shown. Scale bar, 100 μm. Original magnification �100. (f, g) EdU assay was performed to evaluate the
proliferation of MDA-MB-231 cells. MDA-MB-231 cells were cocultured with conditioned macrophages as described in (a) for 48 h, and the positive cell
ratio is shown. Scale bar, 50 μm. Original magnification �200. The student’s t-test was adopted to analyze the statistical significance of the difference between
two groups, and one-way ANOVA test was utilized to analyze multiple groups (*p < 0.05, **p < 0.01, ***p < 0.001).
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miR-148b-3p function and macrophage polarization. Mac-
rophages were transfected with either a miR-148b-3p mimic,
miR-148b-3p inhibitor, or miR-148b-3p-nc. After 48 h, the
stable phenotype was determined by qRT-PCR (Figure S3).
Interestingly, we found that the miR-148b-3p mimic upre-
gulated M2 macrophage-related genes, including CD163,
CD206, IL-10, and arginase-1, while downregulating M1
macrophage-related genes, like IL-1β and iNOS. At the same
time, the miR-148b-3p inhibitor yielded the opposite effect
(Figure 4a). Furthermore, the ELISA assay indicated that
miR-148b-3p mimics increased IL-10 secretion and
decreased TNF-α secretion, while miR-148b-3p inhibitor
yielded the opposite effect (Figure 4b). We further investi-
gated the impact of M2 macrophages transfected with miR-
148b-3p mimic on MDA-MB-231 cell proliferation, migra-
tion and invasion utilizing a coculture approach in vitro.
The CCK-8 assay showed that macrophages transfected with
miR-148b-3p mimic promoted the viability of MDA-MB-
231 cells compared to the miR-nc group at 48-72 h
(Figure S4). Notably, we used mitomycin C to suppress cell
proliferation before conducting the would-healing assay. It
was found that overexpression of miR-148b-3p increased

cell migration at 48 h, and the scratched blank area healed
faster than the control group (Figure 4c). In addition, trans-
well assays revealed that miR-148b-3p mimics significantly
stimulated MDA-MB-231 cell migration and invasion capa-
bility (p < 0.05) (Figure 4d,e). Additionally, an EdU assay
was performed to evaluate the proliferation of MDA-MB-
231 cells. MDA-MB-231 cells were cocultured with the con-
ditioned medium from macrophages for 48 h, and the
results demonstrated that EdU-positive cells were dramati-
cally increased among miR-148b-3p-overexpressing macro-
phages (Figure 4f,g). Overall, these results suggest that miR-
148b-3p was involved in M2 macrophage polarization,
which facilitated BC cell proliferation, and may affect migra-
tion and invasion.

ACO1 mediates the transportation of exosomal
miR-148b-3p to macrophages

Recent research has revealed that exosomal RNAs secretion
is highly selective among different cell types requiring a spe-
cific RNA-binding protein for transportation.42 We next

F I G U R E 5 ACO1 is a mediator of
exosomal miR-148b-3p delivery to
macrophages. (a) RBPDB analysis was
utilized to anticipate precise interaction
between the miR-148b-3p sequence and RBP
motifs (threshold 0.7). (b, c) ACO1 and
SFRS13A were knocked down with specific
siRNAs in MDA-MB-231 cells and exosomes
respectively, and qRT-PCR was used to
evaluate miR-148b-3p expression level in cells
and exosomes. (d) The miRNA pulldown
assay of interactions between miR-148b-3p or
mutated miR-148b-3p and ACO1 in the
nucleus, cytoplasm and exosomes. Biotin-
poly (G) was used for negative control.
(e) Anti-ACO1 antibody and IgG as a
negative control were used for the RIP assay.
qRT-PCR was used to detect miR-148b-3p
levels in lysates from cells or exosomes of
MDA-MB-231. The lysates from cells or
exosomes were saved as input. The
enrichment levels of miR-148b-3p in the
coimmunoprecipitant complex are presented
as percent input sample (% input). The
Student’s t-test was adopted to analyze the
statistical significance of the difference
between two groups, and one-way ANOVA
test was utilized to analyze multiple groups
(*p < 0.05, **p < 0.01).
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sought to investigate whether specific regulators mediated
the transport of exosomal miR-148b-3p to macrophages.
We retrieved the RBPDB database for specific interactions
between miR-148b-3p sequence and motifs of RNA binding
proteins (RBPs) with a threshold of 0.7. The results showed
that aconitase 1 (ACO1) and serine and arginine rich splic-
ing factor 10 (SFRS13A, also named SRSF10) motifs had
putative miR-148b-3p binding sites (Figure 5a). To validate
the targeting interactions between miR-148b-3p and their
binding proteins, we knocked down ACO1 and SFRS13A
with specific siRNAs in MDA-MB-231 cells (Figure S5,
S6). The results revealed that ACO1 suppression signifi-
cantly inhibited exosomal miR-148b-3p expression,
whereas cellular miR-148b-3p level was generally unaf-
fected (Figure 5b,c), suggesting that exosomal miR-148b-
3p is regulated by ACO1 to some extent. ACO1 is a cyto-
solic, RNA-binding protein that participates in the trans-
portation and translation of mRNAs encoding proteins.43

Furthermore, the miRNA pulldown assay showed that
exosome marker Alix and cytoplasmic marker β-actin
were expressed, but not the nuclear marker Histone H3.
These findings corroborated that the interactions between
ACO1 and miR-148b-3p occurred in the cytoplasm and

exosomes. Nevertheless, this binding ability might be com-
promised by modifying the miR-148b-3p sequence
(CAGUGC) (Figure 5d). Additionally, RNA immunopre-
cipitation (RIP) experiments revealed miR-148b-3p was
significantly enriched in anti-ACO1 antibody group rela-
tive to the anti-IgG group both in BC cells and their exo-
some lysates (p < 0.05) (Figure 5e). Overall, we provided
preliminary evidence that ACO1 could assist in packaging
miR-148b-3p into exosomes of BC cells by binding a spe-
cific motif (CAGUGC) of miR-148b-3p.

TSC2 is the direct target of miR-148b-3p in
macrophages

As an mTOR upstream negative regulator, TSC2 has been
reported to be associated with macrophage polarization.21

Based on the Targetscan7.1 software, the target miRNAs of
TSC2 includes miR-148b-3p. Given that miRNAs can
inversely regulate the expression of their target mRNAs,
TSC2 was hypothesized to be a direct target of miR-148b-3p
and responsible for M2 macrophage polarization. qRT-PCR
and WB assays were conducted to assess TSC2 expression

F I G U R E 6 TSC2 is the direct target of
miR-148b-3p in macrophages. (a, b) qRT-
PCR and WB assays were carried out to
evaluate TSC2 expression in macrophages
after incubated with ectopic miR-148b-3p
mimic or inhibitor. (c, d) qRT-PCR and
western blot assays were done to determine
TSC2 expression in macrophages after
incubated with TSC2-overexpression
plasmids. “TSC2-OE” refers to “macrophages
transfected with TSC2-overexpression
plasmids”. (e) Sequencing of the wild-type
and mutant target sites in 30UTR of TSC2
mRNA. (f) Luciferase reporter activity was
measured to verify the target association
between miR-148b-3p and TSC2. The
student’s t-test was adopted to analyze the
statistical significance of the difference
between two groups, and one-way ANOVA
test was utilized to analyze multiple groups
(*p < 0.05, **p < 0.01, ***p < 0.001).
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throughout the macrophage-like cell line THP-1 following
supplementation with ectopic miR-148b-3p mimic and
inhibitor (Figure 6a,b). Results showed that TSC2 in macro-
phages was significantly downregulated by miR-148b-3p
overexpression at both mRNA and protein levels. In con-
trast, the opposite results were observed when miR-148b-3p
was inhibited. To further investigate the effects of miR-
148b-3p on TSC2 expression, a mutant plasmid for upregu-
lating TSC2 expression was transfected into macrophages.
Likewise, TSC2 overexpression could be partially inhibited
by miR-148b-3p mimic (Figure 6c,d). The luciferase reporter
verified that the miR-148b-3p potential binding site across
the 3’UTR sequence of TSC2 corresponded to the prediction
made by the online bioinformatics tool TargetScan Human
7.2 database (Figure 6e,f). We further assessed the relation-
ship between TSC2 expression and macrophage cell

abundance in BRCA by the TISIDB database. In 1100 BRCA
samples, TSC2 was negatively correlated with infiltration of
macrophages (r = �0.249, p = 6.7e-17, Figure S7). These
data suggested that miR-148b-3p could specifically target
TSC2 and suppress TSC2 expression at both protein and
mRNA levels via binding to its 3’UTR region.

Exosomal miR-148b-3p regulates macrophage
polarization by inhibiting TSC2 and promotes
breast cancer by activating the mTORC1
signaling pathway

To explore the mechanisms associated with TSC2 in macro-
phage polarization, small interfering RNAs were transfected
into macrophages to downregulate TSC2 expression

F I G U R E 7 Exosomal miR-148b-3p
regulates macrophage polarization by
inhibiting TSC2, thus promoting breast
cancer migration and invasion. (a) qRT-PCR
was used to evaluate M2 markers (CD163, IL-
10 and arginase-1) expression in
macrophages transfected with small
interfering RNAs (si-TSC2) for
downregulating TSC2 expression. “M + si-
TSC2” refers to “macrophages transfected
with si-TSC2”. (b) The identical method used
in (a) was applied to macrophages. The
different conditioned macrophage
supernatants were harvested to detect the
release of IL-10 and TNF-α by ELISA. (c, d)
The identical method used in (a) was applied
to macrophages, and an EdU assay was
performed to evaluate the proliferation of
MDA-MB-231 cells. MDA-MB-231 cells were
cocultured with the conditioned medium
from macrophages for 48 h, and the positive
cell ratio is shown. Scale bar, 50 μm. Original
magnification �200. (e, f) The identical
method used in A was applied to
macrophages, which were subsequently
cultured with MDA-MB-231 cells in the
indirect coculture system in vitro. After
incubation for 24 h, MDA-MB-231 cells were
detached from the upper chamber, and the
migration and invasion ability of MDA-MB-
231 cells was detected by transwell aasay.
Representative pictures of migratory or
invasive cells and quantifications are shown.
Scale bar, 100 μm. Original magnification
�100. The Student’s t-test was adopted to
analyze the statistical significance of the
difference between two groups, and one-way
ANOVA test was utilized to analyze multiple
groups (*p < 0.05, **p < 0.01).
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(si-TSC2). As shown in Figure 7a, knockdown of TSC2 sig-
nificantly enhanced the expression of M2 macrophage
markers (CD163, IL-10 and arginase-1) (Figure 7a). Consis-
tent results were observed during ELISA assay, knockdown
of TSC2 significantly increased IL-10 secretion and
decreased TNF-α secretion (Figure 7b). Overall, our findings
revealed that miR-148b-3p induces polarization of M2 mac-
rophages by inhibiting TSC2. Next, we explored whether
knocking down TSC2 in macrophages could enhance BC
progression in the coculture system. When we treated the
macrophages with si-TSC2, BC proliferation was enhanced
using the EdU assay (Figure 7c,d). Similarly, the transwell
assay showed that TSC2 knockdown could significantly
enhance BC migration and invasion after treated with si-
TSC2 in the coculture system (Figure 7e,f). Taken together,

these results suggested that knockdown of TSC2 in macro-
phages was significantly associated with BC proliferation,
migration and invasion.

An increasing body of evidence suggests that TSC2 is an
mTOR-negative upstreaming regulator, and mTORC1 may
be crucial in regulating macrophage polarization by the
inactivation of TSC2.19,34–36 Thus, we hypothesized that
exosomal miR-148b-3p could induce M2 macrophage polar-
ization through the TSC2/mTORC1 signaling pathway.
Considering that mTORC1 activity in macrophages can be
determined through S6 ribosomal protein phosphorylation
(p-S6),20 mTORC1 activity was evaluated under different
macrophage-polarizing conditions. We found that BC cell-
derived exosomes upregulated the expression of phosphory-
lated S6 and M2-related gene CD206 (Figure 8a). In

F I G U R E 8 Exosomal miR-148b-3p regulates
macrophage polarization by inhibiting TSC2 and
activating the mTORC1 signaling pathway.
(a) Western blot (WB) analysis of mTORC1
activity markers (p-S6, S6) and M2-related gene
CD206 expression in M0 macrophages treated
with PBS, MDA-MB-231-CM, MDA-MB-231-exo
or (b) miR-NC, miR-148b-3p mimic, miR-148b-3p
inhibitor. (c) WB assay of mTORC1 activity
markers (p-S6, S6), TSC2 and M2-related gene
CD206 expression in M0 macrophages treated
with si-NC as control, si-TSC2#1 and si-TSC2#2
for downregulating TSC2 expression. (d) WB
analysis of mTORC1 activity markers (p-S6, S6)
and M2-related gene CD206 expression in M0
macrophages treated with the indicated treatment.
Each experiment was conducted at least three
times. (e) Schematic diagram of exosomal miR-
148b-3p promoted M2 macrophage polarization
via the TSC2/mTORC1 signaling pathway was
drawn using Figdraw.
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addition, miR-148b-3p overexpression or TSC2 knockdown
enhanced phosphorylated S6 and CD206 expression while
miR-148b-3p inhibitor exhibited the opposite effect
(Figure 8b,c). Meanwhile, TSC2 overexpression suppressed
phosphorylated S6 and CD206 expression. In particular,
WB assay indicated that TSC2 overexpression could be par-
tially mitigated by overexpression of miR-148b-3p
(Figure 8d). Taken together, our data indicated that BC cell-
derived exosomal miR-148b-3p could induce M2 macro-
phage polarization by targeting TSC2-mTORC1 signaling
pathway in macrophages (Figure 8e).

DISCUSSION

Triple-negative breast cancer is well-established as the most
aggressive molecular subtype of BC. It is widely thought that
the interactions between BC cells and the microenvironment
could reprogram macrophages into different phenotypes,
enabling tumor cells to maintain tumor progression and dis-
tant metastasis.44 In addition, exosomes play a crucial role
in activating M2-type macrophages, which are well-
recognized as important participants in cancer progres-
sion.28 In this study, we discovered that cancer-derived exo-
somes induced M2 macrophage polarization, which
promote the migration and invasion of breast cancer cells.
Interestingly, exosomal miR-148b-3p was overexpressed in
breast cancer cell-derived exosomes and was positively cor-
related with lymph node metastasis, late tumor stage and
worse prognosis, which suggested that exosomal miR-148b-
3p may function as an oncogene in BC and might be har-
nessed as a biomarker in the future.

Exosomes are microscopic vesicles released by numerous
cell types, especially tumor cells, which have been documen-
ted in cancer patients’ blood.3 Emerging evidence suggests
that exosomes can act as transportation cargos, facilitating
the connection between cells and allowing tumor cells to
send signals to surrounding stromal cells, which promotes
carcinogenesis.8,9 Our results showed BC cell-derived exo-
somes could be internalized by macrophages when cocul-
tured with macrophages, thus stimulating M2 macrophage
polarization and further inducing BC cell migration and
invasion in vitro. Our results verified that the exosomes act
as an important messenger between tumor cells and the
microenvironment.

MicroRNAs are an endogenous type of short noncoding
RNAs found in exosomes and can be taken by neighboring
or distant cells, thereby regulating recipient cells.10 As a neg-
ative regulator, miRNAs usually bind to 3’UTR regions of
target mRNAs, thus contributing to the progression of vari-
ous cancers.11,12 It has been reported that miR-148b-3p
could promote tumor progression in bladder cancer, pros-
tate cancer and inhibit gastric cancer, lung adenocarcinoma
and retinoblastoma.37–41 In early stages of BC, plasma
expression level of miR-148b-3p was significantly higher in
breast cancer cases than the healthy group, and miR-148b
was secreted from breast cancer cell lines.45 In an in vitro
experiment, miR-148b-3p mimics significantly promoted

the proliferation and migration of breast cancer cell
lines,46–48 suggesting the tumor-promoting role of miR-
148b-3p in breast cancer. In contrast, miR-148b-3p could
increase adriamycin sensitivity by directly targeting SPIN1
in breast cancer cells in vitro.49 In addition, human umbili-
cal cord mesenchymal stem cells (HUCMSCs) derived exo-
somal miR-148b-3p could inhibit cell proliferation, invasion
and migration in breast cancer by downregulating
TRIM59.50 Therefore, the impact of miR-148b-3p on BC
cells remains unclear. Our study aimed to explore the role of
exosomal miR-148b-3p from BC cells on macrophage polar-
ization. Additionally, we demonstrated that miR-148b-3p
was highly concentrated in BC cell exosomes and could be
transported from BC cells to macrophages by binding par-
ticular regulator ACO1, thus inducing M2 polarization. Sub-
sequently, polarized M2 macrophages could influence the
biological behaviors of MDA-MB-231 cells. miR-148b-3p
overexpressed in exosomes induced BC cell proliferation
and may affect migration and invasion. Furthermore, miR-
148b-3p overexpression was significantly related to a worse
prognosis in BC patients. These results suggested that exoso-
mal miR-148b-3p may play an important role in tumor cells
and the microenvironment.

Tuberous sclerosis complex 2 (TSC2) is a tumor suppres-
sor gene that is mutated in the tuberous sclerosis complex
(TSC) tumor syndrome and is associated with TSC1 forming
a functional complex to reduce TORC1 activity specifically.33

There are several studies available substantiating that TSC2 is
an mTOR upstream negative regulator, and mTORC1 could
play an important function in regulating macrophage polari-
zation by the inactivation of TSC2.19,34–36 Although Chen
et al. confirmed that the TSC2-mTOR pathway could induce
monocyte differentiation into M2 macrophages, contributing
to tumor angiogenesis,21 its specific roles in breast cancer
remain largely unknown. Our study corroborated that TSC2
expression was decreased by miR-148b-3p overexpression at
both mRNA and protein levels in macrophages. Utilizing bio-
informatic analysis and luciferase reporter, TSC2 was found
to be a miR-148b-3p target gene. Moreover, high expression
of TSC2 was positively correlated with overall survival in BC
patients and negatively with HER2-positive and TNBC sub-
classes of BRCA samples (Figure S8). Additionally, we
revealed that miR-148b-3p could induce macrophage polari-
zation by suppressing TSC2 and stimulating the mTORC1
signaling pathway, thereby facilitating BC progression. More-
over, we demonstrated that TSC2 knockdown promoted M2
macrophage polarization. Accordingly, knockdown of TSC2
could promote tumor cell proliferation, invasion, and migra-
tion abilities. Since phosphorylation of S6 ribosomal protein
(p-S6) is a mTORC1 activation hallmark,20 mTORC1 activity
was evaluated in different macrophage-polarizing conditions.
We uncovered that exosomes derived from BC cells pro-
moted p-S6 and M2-related gene CD206 expression. miR-
148b-3p overexpression or TSC2 knockdown also enhanced
p-S6 and CD206 expression whereas miR-148b-3p inhibitor
yielded the opposite effect. Our findings validated that exoso-
mal miR-148b-3p could induce M2 macrophage polarization
by targeting the TSC2-mTORC1 signaling pathway in
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macrophages. These findings lay the groundwork for future
research on breast cancer therapy. However, a limitation of
the present study is that we did not conduct more experi-
ments to validate the function of this miRNA in vivo and in
clinical samples. Therefore, further studies are required to
elucidate the effect of this miRNA on the progression of
breast cancer.

When comparing our results with previous reports, there
are similarities as well as distinct differences. Multiple studies
have shown that exosomal miRNAs play direct and indirect
roles between breast cancer cells and TAMs. Overexpression of
miR-130 and miR-33 in exosomes of MDA-MB-231 cells
increased the expression of M1 macrophages related genes.
The conditioned medium from miRNA mimic-treated macro-
phage was coincubated with tumor cells, which reduced the
invasion and migration ability of tumor cells. It is suggested
that upregulated miR-130 and miR-33 in breast cancer cells
can transform macrophage polarization from M2 type to M1
type, which is crucial for inhibiting the occurrence and metas-
tasis of breast cancer.51 Our study found that exogenic miR-
148b-3p can induce M2-type polarization of macrophages and
enhance the invasion and migration ability of breast cancer.
Studies have found that TAMs promote the invasion and
metastasis of breast cancer possibly through macrophage-
secreted exosomes, which could deliver invasive miRNAs to
breast cancer cells. They cocultured TAMs with breast cancer
cells and found that miR-233 was elevated in exosomes
released by macrophages, and the expression of this miRNA
was also significantly upregulated in cocultured MDA-MB-231
cells. After inhibiting miR-233 expression in TAMs, the inva-
siveness of cocultured breast cancer cells was also reduced. It is
suggested that macrophages enhance the invasive ability of
breast cancer through miR-233,52 whereas we focused on the
effect of exosomes secreted from breast cancer cells on tumor
microenvironment, especially TAMs. The breast cancer-
derived exosomes could induce the polarization of TAMs and
enhance tumor invasion and migration ability. Moreover,
miR-183-5p can be transported from mouse breast cancer cells
4 T1 to TAMs via exosomes and promote the secretion of
proinflammatory cytokines by inhibiting the expression of
PPP2CA protein, thus promoting the progression of breast
cancer.53 That study was aimed at mouse breast cancer cells,
while we studied human triple negative breast cancer cells.

In summary, we explored the molecular mechanism by
which tumor-derived exosomal miRNA regulated the cross-
talk between MDA-MB-231 cells and M2 macrophages. We
revealed that miR-148b-3p was upregulated in BC cell-
derived exosomes and could stimulate M2 macrophage
polarization through inhibition of TSC2 and stimulation of
the mTORC1 signaling pathway, which promoted BC prolif-
eration, migration and invasion. According to these find-
ings, miR-148b-3p may serve as a possible diagnostic
marker and therapeutic target for BC therapy.
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