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ABSTRACT

Objective: To investigate the role of macrophages in regulating 

breast cancer cell migration and its related mechanisms.

Methods: Human leukemia monocytic cell line THP-1-secreted 

exosomes were isolated using multi-step ultracentrifugation and 

verified using nanoparticle tracking analysis. Differentially expressed 

miRNAs were identified using RNA sequencing. Overexpression of 

inhibitors of hsa-miR-101-3p in breast cancer MDA-MB-231 cells 

was performed by infecting their lentiviral constructs. The luciferase 

reporter assay was used to evaluate the interaction of DLG5 and 

miR-101. DGL5 expression was detected using qRT-PCR and 

Western blot analyses. 

Results: The migration of breast cancer cells was significantly 

inhibited after addition of exosomes. RNA sequencing results 

showed that miR-101-3p expression was significantly upregulated. 

Targetscan analysis predicted that miR-101-3p could target DLG5, 

and this prediction was verified using the luciferase assay. The 

addition of the miR-101-3p precursor significantly increased the 

expression of miR-101-3p, and the mRNA and protein levels of 

DLG5 were suppressed. In contrast, inhibiting the expression of 

miR-101-3p increased the mRNA and protein levels of DLG5. 

Furthermore, the scratch assay showed that inhibiting miR-101-3p 

could promote the migration of MDA-MB-231 cells.

Conclusions: Macrophage exosomes can inhibit the migration of 

breast cancer cells, and increasing the expression of miR-101-3p to 

inhibit DLG5 expression may play an important role in this process, 

which needs further investigation.

KEYWORDS: Micro-RNA; Tumor-associated macrophages; 
Exosomes; Breast cancer; DLG5

1. Introduction

  Breast cancer is a common malignancy primarily affecting women, 
with more than two million new cases diagnosed annually[1]. Breast 
cancer has become the leading cancer worldwide, with lung cancer 
the second most common. In cases of advanced breast cancer, 
there is no effective therapy[2]. Cancer recurrence and metastasis 
are the main causes of mortality[3-5]. Non-coding RNAs [such as 
microRNA (miR)] have been found to promote or inhibit tumor 
progression[6]. The mature hsa-miR-101 is 21 nucleotides (nt) long 
and is generated via the Dicer enzyme from its precursor, which 
is a stem-loop structure of about 75 nt pre-miR-101-1 and 79 nt 
pre-miR-101-2 in length, respectively. Both miR-101-1 and miR-
101-2 are highly conserved between different species[7]. miR-101 
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Significance

Exosomes, as an important component of tumor microenvironment, 
participate in intercellular signal transduction and tumor formation 
and deterioration. The present study shows that M2 macrophage-
secreted exosomes can inhibit the migration of MDA-MB-231 cells 
by regulating the miR-101-3p/DLG5 axis.
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expression is downregulated in several cancers, such as liver cancer, 
osteosarcoma, lung cancer, ovarian cancer, colorectal cancer, and 
other malignant tumors, suggesting the importance of miR-101 in 
tumorigenesis and cancer development[8].
  Tumor-associated macrophages (TAMs) are important cells that 
interact with tumor cells and surrounding stroma cells in the tumor 
microenvironment (TME)[9]. The TME is closely related to the 
initiation and progression of cancer, especially cancer invasion, and 
metastasis. The most abundant infiltrating immune cells in the TME 
are macrophages that are polarized and classified as two primary 
phenotypes: classically activated macrophages (or M1) that respond 
to interferon-γ (IFN-γ) and alternately activated macrophages (or 
M2) that are further classified into several subgroups based on their 
responses to different stimuli[10].
  TAMs that mainly consist of M2 macrophages are abundant in 
the TME, accounting for approximately 30%-50% of stromal cells. 
Other important factors in the TME include exosomes that belong 
to the smallest extracellular vesicles released from cells (~30-200 
nm) and are composed of a lipid bilayer, including transmembrane 
proteins and different nucleic acids (including miRs). These 
exosomes can affect TME remodeling and tumor metastasis[11]. 
Lipid-free proteins and lipid-based carriers of extracellular miRs are 
additional TME factors that are involved in the regulation of gene 
expression and cell-to-cell transfer. The exosome-carrying miRs 
can be absorbed by adjacent or distant cells, thereby taking part in 
the metabolism or functions of recipient cells[12]. An imbalance of 
exosome-mediated miR could affect interactions between cancer 
cells and the TME[13].
  Discs large homolog 5 (DLG5) belongs to the membrane-
associated guanylate kinase family and plays an important role in 
the formation of epithelial tubes and cell polarity. DLG5 expression 
is dysregulated in a variety of malignancies and correlated with 
malignant behaviors of subpopulations of breast cancer cells, such as 
proliferation and migration. However, it is not clear whether TAMs 
affect mammary tumorigenesis and breast cancer development[14,15]. 
This study aimed to investigate the effect of M2 macrophage-
secreted exosomes to identify new targets for treating triple-negative 
breast cancer.

2. Materials and methods

2.1. Cell lines 

  The human leukemia monocytic cell line THP-1 and human 
breast cancer cell line MDA-MB-231 were provided by American 
Type Culture Collection (ATCC). THP-1 and MDA-MB-231 
cells were maintained in RPMI 1640 medium (Corning) and 
Dulbecco’s Modified Eagle’s Medium (Corning), respectively, and 
supplemented with 10% fetal bovine serum (FBS; non-heated from 

Invitrogen or heated from Ausbian) and 1% penicillin/streptomycin, 
with/without 4 500 mg/L glucose, 2 mM L-glutamine, 10 mM 
4-(2-hydroxyerhyl) piperazine-1-erhanesulfonic acid (HEPES), and 
0.05 mM β-mercaptoethanol. Cells were maintained at 37 曟 and 5% 
CO2. 

2.2. Isolation and identification of THP-1 cell-released 
exosomes

  The THP-1 cells were stimulated with phorbol-12-myristate-13-
acetate (PMA, 500 ng/mL) for 48 h and then the culture medium 
was collected and centrifuged at 120 000 ×g at 4 曟 for 2 h to obtain 
the pellet, which was dissolved in chilled phosphate buffered saline 
(PBS). After ultracentrifugation under the same conditions as above, 
the pellet containing exosomes was resuspended in 200 µL pre-
chilled PBS and used for nanoparticle tracking analysis.

2.3. Construction of stable cell lines

  According to an established lentivirus transfection protocol, cells 
with good growth status were selected 24 h prior to transfection. The 
cell density was adjusted to approximately 5 × 106 cells/15 mL in 
the medium containing 10% serum under normal culture conditions. 
After 24 h, when the cell fusion rate reached 70%-90%, the old 
culture medium was removed and 0.5 mL of lentivirus (5-8 mg/L) 
was added to each well. To establish cell lines stably expressing hsa-
miR-101, we purchased an hsa-miR-101-1 overexpression-lentiviral 
vector (GV309-hU6-MCS-Ubiquitin-EGFP-IRES-puromycin) and 
hsa-miR-101-3p-interfering lentiviral vector (GV280-hU6-MCS-
Ubiquitin-EGFP-IRES-puromycin) from Shanghai Genechem Co., 
Ltd. MDA-MB-231 cells were co-transfected with miR-101-1 or 
miR-101-3p vector and the helper plasmids (Helper 1.0 and Helper 
2.0) for 6 h. The old culture media were replaced with fresh media 
and cells were incubated for 72 h post-transfection. The collected 
supernatant was used to isolate viral particles by centrifugation at 
25 000 ×g at 4 曟 for 2 h. The pellet was preserved and dissolved in 
a virus-preservation solution. After centrifugation at 10 000 rpm at 
4 曟 for 5 min, the supernatant was aliquoted for further construction 
of stable cell lines. Parts of the aliquoted viruses were used to 
determine virus titers using fluorescence.

2.4. Western blot analysis

  Cells in different treatment groups were collected and then lysed in 
RIPA buffer with 1 mM phenylmethanesulfonyl fluoride (PMSF) on 
ice for 10-15 min, followed by sonication as follows: 20 times at 40 
W, 1 s each at 2 s apart, and centrifugation at 12 000 ×g for 15 min 
at 4 曟. The protein concentration of the collected supernatant was 
measured using the BCA Protein Assay Kit (Biyuntian). The protein 
concentration of all samples was adjusted to 2 µg/µL, and then 1/5 
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volume of 6× loading buffer was added, mixed well, heated in a 
100 曟 metal bath for 10 min, and centrifuged briefly for further use. 
After separation on a 10% SDS-PAGE gel, proteins were transferred 
onto a PVDF membrane, followed by incubation with 5% non-fat 
milk/Tween-Tris buffered saline for 1 h and incubation with primary 
antibodies (DLG5, 15687-1-AP, 1꞉500; GAPDH, sc-32233, 1꞉2 000) 
at 4 曟 overnight. On the following day, the membranes were washed 
and further incubated with horseradish peroxidase-labeled secondary 
antibodies: anti-rabbit IgG (1꞉3 000) or anti-mouse IgG (1꞉3 000) 
at room temperature for 1 h. The target bands were detected using 
an ECL agent and visualized using X-ray film, with GAPDH as an 
internal reference. All antibodies were purchased from Abcam Inc. 
(Cambridge, USA).

2.5. Quantitative real-time PCR (qRT-PCR)

  Trizol reagent (Shanghai Pufei) was used to isolate total RNA. 
The M-MLV Reverse Transcription Kit (Promega) was used 
for synthesis of cDNA from the isolated RNA. An miRNA 
Reverse PCR kit (Guangzhou RiboBio) was used for reverse 
transcription of miRNAs. qRT-PCR was used to quantify both 
mRNA and miRNA expression using a SYBR Green kit (Takara) 
and LightCycler 480 II (ROCHE). The 2−ΔΔCt method was used to 
quantify the relative expression levels of mRNA and miRNA, in 
which target mRNA was normalized to GAPDH and target miRNA 
was normalized to U6. The primer sequences were as follows:  
miR-101-1: forward 5’-CGATGAAGCTGAGCGTAGA-3’, 
r e v e r s e  5 ’ - T G C G A A G C T G A A G C G T G A G - 3 ’ ;  D L G 5 : 
f o r w a r d  5 ’ - A C G G A A G T T G T A G A G T T C G A - 3 ’ , 
reverse  5’-ATTCTCAGCAGCCAGTCATT-3’ ;  GAPDH : 
f o r w a r d  5 ’ - T G A C T T C A A C A G C G A C A C C C A - 3 ’ , 
r eve r se  5 ’ -CACCC TGTTGCTGTAGCCAAA-3’ ;  U6 : 
fo rward  5 ’ -GAATCGAACGCTGATGCCA-3’ ,  r everse 
5’-ATCGAGCCGATGAGGCTA-3’.

2.6. Detection of differentially expressed miRNAs

  NanoDrop 2000 was used to measure RNA concentration and 
the Agilent Bioanalyzer 2100 was used to determine the quality of 
the purified RNA. The RNA samples were used in the GeneChip™ 

miRNA 4.0 Array, and the results were utilized in bioinformatics 
analysis of miR expression between the control group and the PMA-
treated group to identify differentially expressed target genes.

2.7. Scratch assay

  Cells were split, placed in a 96-well plate, and grown overnight. A 
scratch was created by gently disrupting the cell layer along a line in 
the central part of a 96-well plate using a scratch instrument. After 
washing twice and adding fresh culture medium containing 1% FBS, 

cells were continually cultured for 24 h. The migrated cells within 
the scratch area were observed and calculated at 0 h and 24 h.

2.8. Exosome endocytosis assay

  The exosome endocytosis assay was performed in a 96-well plate, 
in which 2 000 cells were plated per well. The exosomes secreted by 
TAMs were collected and added to the working solution containing 
2 µM of PKH26, a lipophilic dye that stably integrates into the cell 
membrane without disturbing the expression of surface markers. 
The exosomes and dye were mixed for 5 min at room temperature. 
The mixed dye solution was filtered through a 0.22 µm filter, and 
the filtrate was added to the cultured cells (20 µL/well). Finally, the 
stained cells were counted at 0 h, 3 h, and 6 h.

2.9. Transwell migration assay 

  The migration ability of the cancer cells in the different treatment 
groups was compared. A drug-free medium was added to the control 
group, while a medium containing 400 µg/mL of the PKH26 cell 
linker kit labeled exosomes was added to the experimental group. 
After 48 h, the MDA-MB-231 cells were split into a Transwell 
chamber (Corning) at a density of 105 cells per well, and 600 µL 
of 30% FBS medium was added to the lower chamber. The cells 
were cultured for 16 h and the cells that migrated into the lower 
chamber were fixed with 4% paraformaldehyde (Sinopharm Group) 
at room temperature for 30 min and then stained with 0.5% crystal 
violet (Shanghai source). The number of stained migrated cells was 
determined under a microscope (XDS-100 Leaf organisms, R20755).

2.10. Dual luciferase reporter assay

  Bioinformatics software was used to predict the binding sites of 
miR-101 and DLG5. The 3’UTR sequences of DLG5 and its mutants 
were cloned into the luciferase reporter plasmid GV272 vector 
(Genechem) to construct wild-type and mutant recombinant dual 
luciferase reporter plasmids, respectively. PCR and gene sequence 
analysis were used to verify the construction of dual luciferase 
reporter plasmid. Cells were randomly divided into 6 groups and 
transfected with 1) DLG5-3’UTR-NC plus miR-101-1-NC, 2) 
DLG5-3’UTR-NC plus miR-101-1, 3) DLG5-3’UTR plus miR-
101-1-NC, 4) DLG5-3’UTR plus miR-101-1, 5) DLG5-3’UTR-M 
plus miR-101-1-NC (mutant), 6) DLG5-3’UTR-M plus miR-
101-1 (mutant). The Dual-Luciferase® Reporter Assay System 
(PROMEGA) was used to determine luciferase reporter activity in 
the transfected cells. 

2.11. Statistical analysis

  All data are expressed as mean ± standard deviation. SPSS 17.0 
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Figure 1. (A) Normal THP-1 cells and M2 macrophages are induced by 500 ng/mL PMA for 48 h. M2 macrophage-secreted exosomes are identified using 
nanoparticle tracking analysis. (B) Observation of endocytic exosomes in MDA-MB-231 cells (magnification: 100×). PMA: phorbol-12-myristate-13-acetate; 
EXO: exosome; NC: negative control.
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Figure 2. Effect of M2 macrophage-secreted exosomes on the migration of MDA-MB-231 cells using (A-B) scratch assay and (C) Transwell assay 
(magnification: 100×). *P<0.05 and **P<0.01 vs. the negative control (NC) group.

software (SPSS, Inc., USA) was used for statistical analysis. 
Differences between groups were analyzed using one-way analysis 
of variance, and P<0.05 was considered significantly different.

3. Results

3.1. Inhibitory effect of M2 macrophage-secreted exosomes 
on breast cancer cell migration

  For sequential experiments, stimulation of THP-1 cells with PMA 
(500 ng/mL) for 48 h resulted in M2 macrophage-secreted exosomes 
that were identified using nanoparticle tracking analysis (Figure 1A). 
The M2 macrophage-secreted exosomes were labeled with PKH26, 
a lipophilic dye to detect endocytosis in MDA-MB-231 cells. 

Exosomes entered the cell cytoplasm 3 h after incubation with the 
labeled exosomes and reached a significant enrichment at 6 h (Figure 
1B). The concentration of exosomes used for wound healing and 
Transwell assays (24 h) in MDA-MB-231 cells was 400 µg/mL, and 
the untreated cells were used as controls. As shown in Figure 2, M2 
macrophage-secreted exosomes significantly inhibited the migration 
of MDA-MB-231 cells in the scratch assay and Transwell chamber 
assay, compared with the control group.

3.2. RNA sequencing of exosomes secreted by PMA-treated 
THP-1 cells 

  We next used miRNA sequencing to identify RNAs that play 
a major role in exosomes. RNA sequencing data of the M2 
macrophage-secreted exosomes were analyzed using R software. 
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Sequencing identified 741 differentially expressed miRNAs, 
including 35 upregulated miRNAs and 706 downregulated miRNAs. 
Upregulated or downregulated differentially expressed genes based 
on padj < 0.05 AND log2FC > 0.5 or log2FC < −0.5 are shown 
in Figure 3. RNA sequencing results showed that miR-101-3p 
expression was significantly upregulated. Targetscan predicted that 
miR-101-3p could target DLG5 (Figure 4A). The dual luciferase 
reporter assay showed that reporter activity was significantly reduced 
in the DLG5 wild type group compared to the DLG5 mutant group 
(P<0.001), indicating that miR-101-3p and DLG5 expression are 
correlated (Figure 4B) and miR-101-3p could bind to the 3’UTR of 
DLG5 mRNA to suppress its expression.
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Figure 3. GeneChip™ miRNA 4.0 Array analysis of significant differentially 
expressed genes after treatment with exosomes. Volcano map shows the 
differential expression of microRNA. The threshold of screening is > 2 fold 
change and P<0.001. microRNA-101 is screened out and its expression 
is upregulated. Downregulated microRNAs are shown in blue color, and 
upregulated microRNA is demonstrated in orange color.

3.3. miR-101 can regulate DLG5 expression in breast cancer 
cells

  The miR-101-3p was stably expressed in MDA-MB-231 cells, and 
cells with miR-101-3p knockdown were established by infecting the 
corresponding lentiviral constructs (Figure 5A). The mRNA level 
of DLG5 was determined in the no-load vector group and the miR-
101 knockdown group and untreated MDA-MB-231 cells (NC). We 
found that the DLG5 mRNA level was increased in the miR-101-
3p knockdown group compared to the NC group (Figure 5B). The 
upregulating effect of miR-101-3p knockdown on DLG5 protein 
expression was also confirmed using Western blot analysis (Figure 
5C-D). As shown in Figure 6, miR-101-3p inhibition significantly 
increased the migration of MDA-MB-231 cells in the scratch assay 
(Figure 6A-B). 

4. Discussion

  Breast cancer is a common female malignancy that has 
been associated with changes in estrogen levels, lifestyle, and 
environmental factors[16]. Many breast cancer patients have 
metastasized lesions before diagnosis, which significantly impacts 
treatment and prognosis. Therefore, there is an urgent need to 
understand the key mechanism of breast cancer development and 
metastasis. miRNA plays a vital important role in the development 
of tumor cells and endothelial-to-mesenchymal transition (EMT). 
miRNA can regulate the EMT process mediated by oncogenes 
or tumor suppressor genes, thus promoting tumor occurrence, 
development, and distant metastasis. miR-101-3p is a member of 
the miR-101 family. As an important member, miR-101-3p has 
anti-tumor effects in many cancers and could become a potential 
therapeutic target[17,18]. miR-101-3p expression was low in prostate 
cancer tissues, and overexpression of miR-101-3p was shown to 
inhibit the proliferation, metastasis, and invasion of prostate cancer 
cells, thus playing an anti-tumor role[19]. Wang et al. found that 
miR-101-3p was downregulated in colorectal cancer tissues, and 
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the increased expression of miR-101-3p inhibited the proliferation, 
migration, and invasion of colorectal cancer cells[20]. However, 
the effects of miR-101-3p and its target gene on tumor invasion 
and migration are not fully investigated yet. For example, tumor-
associated fibroblasts promoted the secretion of vascular endothelial 
growth factor A mediated by miR-101-3p, and the AKT/eNOS 
pathway mediated the migration and invasion of non-small cell 
lung cancer cells[21]. In gallbladder cancer, miR-101-3p regulates 
the MAPK/Erk and Smad pathways by targeting zinc finger protein 
X-linked (ZFX), thus inhibiting the proliferation and apoptosis of 
tumor cells[22]. However, the role of miR-101-3p in breast cancer 
and the mechanism by which it influences the invasion and migration 
of cancer cells via DLG5 remain unclear. 
  DLG5 overexpression was detected in normal tissues as well 
as low-grade cancer tissues and cells, while in high-grade cancer 
tissues and cells, DLG5 expression was decreased or absent. As 
a primary target of progesterone, DLG5 overexpression was also 
detected in luminal breast cancer[23] and was associated with 
development, progression, and prognosis of breast cancer. Thus, 
DLG5 participation in multiple biological functions has been 
reported, including cell migration and invasion, epithelial polarity, 
and EMT, which might explain in part the inhibitory effects of M2 

macrophage-secreted exosomes on breast cancer cell migration.
  Our RNA sequencing analysis showed that miR-101-3p expression 
was upregulated in breast cancer MDA-MB-231 cells treated with 
exosomes. M2 macrophage-secreted exosomes exerted inhibitory 
effects on MDA-MB-231 cell migration. The binding site between 
miR-101-3p and DLG5 was identified using Targetscan software. 
Our dual-luciferase reporter assay showed that DLG5 expression 
could be regulated by miR-101 via binding to DLG5 mRNA 3’-UTR. 
Moreover, upregulated miR-101-3p can inhibit DLG5 mRNA and 
protein expression. 
  In conclusion, this study suggests that exosomes derived from 
TAMs play an important role in the migration of breast cancer cells. 
Our findings further indicate that exogenous miR-101-3p from 
TAMs may inhibit the migration of breast cancer cells by regulating 
the expression of DLG5, which provides the necessary experimental 
basis for further research on exogenous exosomes of TAMs. 
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Figure 6. Effect of miR-101-3p inhibition on the migration of MDA-MB-231 cells at 0 h and 24 h in scratch assay (magnification: 100×). *P<0.05 vs. the NC 
group.
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