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Abstract
Small extracellular vesicles (sEVs) are important mediators of intercellular communication between tumor cells and 
their surrounding environment. Furthermore, the mechanisms by which miRNAs carried in tumor sEVs regulate 
macrophage polarization remain largely unknown. To concentrate sEVs, we used the traditional ultracentrifugation 
method. Western blot, NanoSight, and transmission electron microscopy were used to identify sEVs. To determine 
the function of sEVs-miR-487a, we conducted in vivo and in vitro investigations. The intercellular communication 
mechanism between osteosarcoma cells and M2 macrophages, mediated by sEVs carrying miR-487a, was validated 
using luciferase reporter assays, transwell assays, and Western blot analysis. In vitro, sEVs enriched in miR-487a and 
delivered miR-487a to macrophages, promoting macrophage polarization toward an M2-like type, which promotes 
proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT) of osteosarcoma cells. In vivo, sEVs 
enriched in miR-487a facilitate lung metastasis of osteosarcoma. Moreover, plasma miR-487a in sEVs was shown to 
be a potential biomarker applicable for osteosarcoma diagnosis. In summary, miR-487a derived from osteosarcoma 
cells can be transferred to macrophages via sEVs, then promote macrophage polarization towards an M2-like 
type by targeting Notch2 and activating the GATA3 pathway. In a feedback loop, the activation of macrophages 
accelerates epithelial-mesenchymal transition (EMT), which in turn promotes the migration, invasion, and lung 
metastasis of osteosarcoma cells. This reciprocal interaction between activated macrophages and osteosarcoma 
cells contributes to the progression of the disease. Our data demonstrate a new mechanism that osteosarcoma 
tumor cells derived exosomal-miR-487a which is involved in osteosarcoma development by regulating macrophage 
polarization in tumor microenvironment (TME).
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Introduction
Primary osteosarcoma (OS) is one of the most preva-
lent bone tumors, with a particularly high incidence 
in children and adolescents [1]. Additionally, the pro-
pensity of osteosarcoma to undergo early-stage dis-
tant metastasis contributes to a poor prognosis for 
patients [2]. Epithelial mesenchymal transition (EMT) 
plays a crucial role in the process of tumor metastasis, 
which is associated with the communication between 
cancer cells and tumor microenvironment (TME) [3]. 
The tumor microenvironment (TME) is composed of 
a complex network that includes tumor-infiltrating 
immune cells, mesenchymal stem cells, cancer cells, 
and inflammatory mediators [4]. Tumor-associated 
macrophages (TAMs) are the predominant immune 
cells that infiltrate the tumor microenvironment [5]. 
They are essential phagocytes of the innate immune 
system and have been associated with the survival of 
patients with osteosarcoma [6]. Previous research has 
shown that inhibiting TAMs polarization prevents the 
formation of human osteosarcoma [7]. Specifically, 
under the influence of the local microenvironment, 
TAMs can differentiate into two distinct subsets: a 
tumor-destructive M1 phenotype and an M2-like pro-
tumoral phenotype [8]. M1 macrophages play a role in 
damaging tumor cells by producing pro-inflammatory 
chemical substances and cytokines, such as IL-12, 
iNOS, and TNF-α. They also support adaptive immune 
responses [9]. On the contrary, M2 macrophages play 
a detrimental role, promoting tumor metastasis and 
resulting in poor patient survival [10].

Previous studies have showed that the Notch path-
way plays an important role in EMT during tumor 
metastasis [11]. Notch 2 is a receptor belonging to 
the Notch family. It can be activated when it binds 
to its ligands, leading to the cleavage and release of 
the Notch2 intracellular domain (N2ICD) [12]. The 
N2ICD can translocate to the nucleus, where it inter-
acts with the transcription factor RBPJ. This interac-
tion triggers a series of activations of target genes that 
are involved in EMT [13]. Furthermore, the activation 
of the Notch pathway is necessary for GATA3-induced 
IL-4 secretion [14–16]. IL-4, in turn, can induce the 
polarization of macrophages towards the M2 phe-
notype. Additionally, the activated Notch pathway is 
associated with EMT and regulates the polarization 
of macrophages within the tumor microenvironment 
[17]. Accumulating studies support the functional 
crosstalk between the Notch pathway and EMT.

SEVs, cell-secreted < 200 nm vesicles, derived by vir-
tually all cell types and identified in various body fluids 
[18]. These sEVs contain various functional molecules 
and play a vital role in communication, signal trans-
duction, diagnosis, regulation of immune response, 

and drug delivery [19, 20]. SEVs were derived from 
tumor cells that could taken up by macrophages, and 
then regulated macrophage polarization. MicroRNAs 
(miRNAs) are indeed the cargoes carried by SEVs, 
and they can bind to the 3’UTR of target mRNA. This 
binding enables them to regulate the development of 
multiple tumors. For instance, colorectal cancer cell-
derived sEVs-miR-934 facilitates metastasis of tumor 
via inducing the polarization of macrophages to M2 
type [21]. Hypoxic pancreatic tumor cell-derived 
SEVs-miR-301a that promote macrophages toward to 
M2 phenotype. Numerous scholars have confirmed 
that miR-487a promotes the proliferation of cancer 
cells and is up-regulated in certain tumor tissues [20, 
22, 23]. However, it remains unclear whether osteo-
sarcoma cells derived from SEVs-miR-487a promote 
lung metastasis and EMT of osteosarcoma cells. Given 
that Notch2 was identified as a target of miR-487a, it 
was postulated that the miR-487a/Notch2/GATA3 axis 
regulates EMT and triggers IL-4 production in osteo-
sarcoma cells. Furthermore, elevated IL-4 levels have 
been demonstrated to promote macrophage polarisa-
tion towards the M2 phenotype.

The current study has identified that osteosarcoma 
cells produce sEVs-miR-487a, which can enhance mac-
rophage polarization towards M2-like polarization 
by targeting Notch2 via GTAT3-induced IL-4 release. 
This process has been shown to induce M2 macro-
phages, which in turn has increased osteosarcoma cell 
migration, invasion, EMT, and lung metastasis.

Materials and methods
Patients and tissue samples
The study collected osteosarcoma tissues and adja-
cent non-tumor tissues from patients at Taizhou Peo-
ple’s Hospital of Nanjing Medical University. Both the 
non-tumor tissues and tumor tissues were histologi-
cally confirmed. Tissue samples were cryopreserved 
in liquid nitrogen for storage. Peripheral blood sam-
ples were collected from healthy human volunteers. 
All experiments involving humans and animals were 
approved by the Ethics Committee of Taizhou Peo-
ple’s Hospital of Nanjing Medical University,  Jiangsu, 
China.

The isolation of peripheral blood macrophages
The Ficoll density gradient (Catalog #60-00092-11, 
PluriSelect, Germany) was used to extract periph-
eral blood mononuclear cells (PBMC) from healthy 
male volunteer blood. Then, the monocytes were iso-
lated with EasySep™ human monocyte isolation kit 
(Catalog #19059, Stemcell technologies, USA) as pro-
tocol. The adherent monocytes were cultured using 
RPMI-1640 which contained 10% FBS. The monocytes 
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differentiated into macrophages with the stimula-
tion of 50 ng/mL macrophages colony-stimulating 
factor (M-CSF). Flow cytometry was used to deter-
mine the percentage of monocytes by CD14 staining 
(purity ≥ 95%), as previously described in the article 
[24].

Cell culture
Human osteosarcoma cell lines (143-B, HOS, Saos-2, 
MG63, and U2OS) were obtained from the National 
Collection of Authenticated Cell Cultures (Shang-
hai, China). The American Type Culture Collection 
(ATCC, Manassas, USA) provided normal human 
osteoblast hFOB 1.19 cells, which were grown in 
DMEM/F12 (Gibco, Carlsbad, USA) media. MEM 
(Gibco, Carlsbad, USA) served to cultivate MG63 
and HOS cells, while McCoy’s 5 A (Invitrogen, Carls-
bad, CA, USA) was used to culture Saos-2, U2OS, 
and 143-B cells, all media contained 10% fetal bovine 
serum (FBS, Thermo, USA), 1% penicillin/streptomy-
cin. MiR-487a mimics miR-487a inhibitor vectors, and 
si-Nothc2, which were obtained from GenePharma 
(Shanghai, China). Cell transfections were carried on 
as per the manufacturer’s protocol.

Luciferase reporter assay
Macrophage cells (6 × 104) were collected and added 
to a 24-well plate. To create the luciferase construct, 
we co-transfected macrophages with Notch2-3’-UTR 
(wild-type or mutant) and miR-487a mimics or inhibi-
tors with lipofectamine 2000 reagent (Invitrogen, 
Carlsbad, CA, USA). After 48  h, the cells were col-
lected, and their luciferase activity was measured using 
a luciferase reporter gene assay kit (Promega, Madi-
son, Wisconsin, USA).

Reverse transcription-quantitative polymerase chain 
reaction
The method used to detect miRNA expression fol-
lowed the procedure previously reported in the article 
[25]. Total RNA was obtained using TRIzol (Thermo 
Fisher Scientific, San Jose, C, USA), and miRNA was 
extracted using the PureLinkTM miRNA Isolation Kit 
(Invitrogen, Carlsbad, CA, USA) as directed, and then 
identified using qRT-PCR. U6 and GAPDH served as 
the reference genes of miRNA and the other mRNA 
separately. The relative expression of genes was deter-
mined using 2− ΔΔCT, and the primes are shown in 
Table S1.

Separation, concentration, and identification of sEVs
The FBS was ultracentrifuged at 120,000  g for 18  h 
to eliminate sEVs at 4 ℃. SEVs were isolated and 
characterized as our previously reported [26]. The 

supernatant from 48-hour cell cultures was centri-
fuged at 4 °C for 300 g (10 min), 2000 g (10 min), and 
10,000  g (30  min) to isolate sEVs and remove debris 
and damaged cells. To obtain concentrated SEVs, the 
precipitates were resuspended in PBS after undergoing 
two rounds of ultracentrifugation at 120,000 g for two 
hours each. We used western blot analysis to evaluate 
the SEVs markers CD63, HSP70, and Alix. The mor-
phology of sEVs was investigated using transmission 
electron microscopy (TEM, Hitachi, Tokyo, Japan). 
The diameter and particle concentration of sEVs were 
examined using the NanoSight NS300 microscope 
(Malvern, UK). We used concentrated SEVs in every 
experiment.

Transwell migration and invasion assays
Tumor cells (MG-63 and HOS) were implanted into a 
12-well chamber (for migration) or a Matrigel cham-
ber (for invasion) plate (5,000 cells/well) following the 
manufacturer’s instructions (BD Bioscience, Bedford, 
MA, USA). Serum-free medium was used to dilute 
4 × 104 cells, which were then seeded in the top cham-
ber and the entire medium was poured into the lower 
chamber. The migration or invasion cells in the bottom 
compartment were stained with 0.1% crystal violet and 
preserved with methanol after 48 h.

Western blot assays
After collection, sEVs, cells, and tumor tissues were 
resuspended in lysis buffer (Sigma Aldrich, USA) and 
allowed to incubate for 30  min on ice. The superna-
tant was extracted for Western blotting following a 
20-minute centrifugation at 12,000  g. The Western 
blot was performed as previously mentioned. Pri-
mary antibodies used in the experiment included 
anti-GAPDH (#ab77109), anti-CD14 (#ab282377), 
anti-CD163 (#ab112384), Notch2 (#ab114827), GATA3 
(#ab199428) (1:1000, abcam, Cambridge, UK), anti-
Alix (#92880), Calnexin (#2679), IL-4 (#12227) (1:1000, 
CST), anti-E-cadherin, anti-N-cadherin, anti-Vimen-
tin (#AG3556), Twist (#AF8274), TSG101(#AF8259) 
(1:1000, Beyotime, Beijing, China).

Enzyme-linked immunosorbent assay (ELISA)
To investigate the impact of sEVs derived from MG-63 
and HOS cells on macrophage expression of iNOS, 
CD86, and CD163.ELISA was performed using a 
human Arg-1 (#EK1316, Multi Sciences, Hangzhou, 
China), Ym1 (#DY2599, R&D system, USA), CD163 
(#DC1630, R&D system), iNOS (#CB11694-Hu, Coibo 
Bio, Shanghai, China) and CD86 (#CB15455-Hu, Coibo 
Bio, Shanghai, China) ELISA kit as protocol. The 
absorbance of the samples was detected at 490 nm.
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The cell counting kit-8 (CCK-8) assay
The cells were seeded into 96-well plates at a concen-
tration of 5 × 104 cells/mL with 100 µL/well. They were 
then cultured at 37  °C with 5% CO2 for 24  h. Next, 
media, M-PBS, M-MG-63 sEVs, and M-HOS-63 sEVs 
were added to the respective wells with five replicate 
wells for each concentration. After 48 h of culture, cell 
viability was assessed using the CCK-8 kit according to 
the provided instructions.

Animal experiment
Using four-week-old male, specific pathogen-free 
BALB/c nude mice, we applied a lung metastasis par-
adigm to study the in vivo metastasis of sEVs gener-
ated from MG-63 cells 2 × 106 MG-63 cells mixed 
with pretreated macrophages (1:3) were transplanted 
into BALB/c mice via tail vein [27]. A total of 18 mice 
were randomly divided into three groups. All groups 
included MG-63 (control), MG-63 + macrophages pre-
treated with PBS (M-PBS), and MG-63 + macrophages 
pretreated with MG-Exos. After six weeks, the mice 
were sacrificed, and the lungs were removed for fur-
ther investigation.

Statistical analysis
The mean ± standard deviations (SD) were displayed 
for all the data. MiR-487a expression and clinico-
pathological features in patients with osteosarcoma 
were compared using the Pearson χ2test. The Student’s 
t-test or one-way ANOVA was used to examine the 
differences between the groups. A statistically signifi-
cant P value was defined as 0.05.

Results
MiR-487a is highly expressed in osteosarcoma
Initially, differential expression gene analyses were 
conducted on osteosarcoma patient tissues data-
set GSE65071 and cell lines dataset GSE28423. The 
top 15 miRNAs from the GSE65071 dataset with the 
most significant fold change were further examined, as 
demonstrated by the heatmaps (Fig.  1A). For the cell 
lines dataset GSE28423, we also focused on the top 15 
miRNAs with the largest fold changes (Fig.  1B). Sub-
sequently, Venn diagram analysis revealed 13 genes at 
the intersection (Figure S1). In osteosarcoma tissues 
and various osteosarcoma cell lines, miR-487a was dis-
covered to be an up-regulated miRNA (Fig. 1C and D). 
Thus, our research focused on miR-487a and explored 

Fig. 1  The miR-487a is highly expressed in osteosarcoma. (A) The top 15 miRNAs with the largest fold change from the GSE65071 dataset were shown 
as heatmaps. (B) The top 15 miRNAs with largest fold change from the GSE28423 dataset were showed as heatmaps. (C-D) miR-487a was found to be 
an up-expressed miRNA in osteosarcoma tissues and various osteosarcoma cell lines. (E) The expression level of miR-487a in osteosarcoma tissues and 
adjacent tissues was detected using qRT-PCR (*p<0.05; **p<0.01; ***p<0.001)
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its association with osteosarcoma. Furthermore, we 
found that osteosarcoma tissues expressed higher lev-
els of miR-487a than adjacent tissues. (Fig. 1E).

MiR-487a is contained in the osteosarcoma cell-derived 
sEVs
We measured the levels of miR-487a in the medium of 
five osteosarcoma cell lines and one normal bone cell 
line, hFOB1.19, to investigate the significance of miR-
487a in osteosarcoma patients. As shown in Fig.  2A, 
the expression level of miR-487a in the medium of 
MG-63 and HOS cells was significantly higher com-
pared to the medium of other cell lines. MiR-487a was 
found to be most abundant in the medium, followed 
by the cytoplasm, and least abundant in the nucleus. 
Furthermore, the expression level of miR-487a in the 
medium of osteosarcoma cells remained unchanged 
after treatment with RNase A alone. However, when 
treated with a combination of RNase A and Tri-
ton X-100, the levels of miR-487a were significantly 
reduced (Fig.  2C). This suggests that miR-487a is 
encapsulated within the sEVs and not secreted directly 
into the medium.

Next, sEVs were isolated from MG-63 (MG-63 
Exos) and HOS (HOS Exos) conditioned medium. To 
examine the morphology of sEVs, transmission elec-
tron microscopy (TEM) was employed. NTA was 
used to evaluate the concentration and size distribu-
tion of sEVs, and TEM indicated a spherical shape 
with a diameter between 30 and 150 nm (Fig. 2D and 
E). The markers of sEVs were identified using west-
ern blot analysis. The results showed the presence of 
CD63, TSG101, and Alix markers in the isolated sEVs 
(Fig. 2F). However, the endoplasmic reticulum marker 
calnexin was not detected in the isolated sEVs. These 
findings confirmed that the separated vesicles were 
sEVs. We used GW4869 to block the secretion of sEVs 
from osteosarcoma cells to determine if miR-487a 
was present. As seen by Fig. 2G, the miR-487a expres-
sion level in the GW4869 group was much lower than 
that in the sEVs group produced from osteosarcoma 
cells. Additionally, RT-qPCR was used to measure the 
expression level of miR-487a in sEVs from MG-63 and 
HOS. The expression pattern of miR-487a in sEVs vali-
dated the findings in Fig. 2B and C, as demonstrated in 
Fig.  2H. This suggested that the majority of the miR-
487a was present in sEVs produced from MG-63 and 
HOS cells.

Osteosarcoma cell-derived sEVs-miR-487a promotes the 
polarization of macrophages towards M2 subtype
In this study, the GSE33382 dataset was preprocessed 
and osteosarcoma samples were retained for further 
analysis. Immune infiltration analysis showed that 

macrophages constituted the highest percentage of 
immune cells in osteosarcoma samples (Fig. 3A). Using 
TargetScan, we analyzed the 129 target genes of miR-
487a and found that 53 of these genes were positively 
associated with M2 macrophages (Fig. 3B). Therefore, 
we hypothesize that miR-487a contained in the sEVs 
can facilitate tumor development by modulating the 
polarization of macrophages. As CD14 is the PBMC 
monocyte marker, the expression level of CD14 was 
determined with flow cytometry and our data sug-
gested that most of the isolated cells were positively 
expressed CD14 (Fig.  3C, **p < 0.01). The miR-487a 
mimics were transfected into macrophages to observe 
the impact of miR-487a on their polarization. As 
shown in Fig.  3D, the M2 markers (Arg-1, Ym1, and 
CD163) were remarkably elevated after treatment with 
miR-487a mimics, whereas the M1 markers (iNOS and 
CD86) remained unchanged. To investigate the impact 
of exosomal-miR-487a produced by OS cells on mac-
rophage polarization, we co-cultured macrophages 
with MG-63 and HOS sEVs. The expression levels of 
M2 markers CD163, were significantly increased after 
treatment with MG-63 sEVs and HOS sEVs (Fig.  3E). 
The RT-qPCR and ELISA expression levels of M2 
markers, including Arg-1, Ym1, and CD163, were sig-
nificantly increased after treatment with MG-63 sEVs 
and HOS sEVs (Fig. 3F and G). These findings suggest 
that the expression levels of M2 markers, including 
Arg-1, Ym1, and CD163, were elevated compared to 
the control group. Furthermore, in a more significant 
observation, we silenced miR-487a in osteosarcoma 
cells and subsequently isolated sEVs (MG-63 siR-487a 
Exos and HOS siR-487a Exos) for co-culture experi-
ments with macrophages. We found that the sEVs with 
silenced miR-487a lose the ability to polarize macro-
phages towards the M2-subtype (Fig.  3H and I). All 
the findings indicate that the levels of M2 makers were 
strikingly raised in macrophages after treatment with 
osteosarcoma cells derived from sEVs-miR-487a.

sEVs-miR-487a target Notch2 and induce M2 polarization 
by activating GATA3
We explored the underlying mechanisms of sEVs-
miR-487a that can polarize macrophages to M2 type. 
Based on the prediction from the TargetScan website, 
miR-487a has a specific binding region in Notch2 in its 
3’-UTR (Fig.  4A). To confirm whether miR-487a tar-
gets Notch2, we transfected macrophages with miR-
487a mimics or inhibitors and their respective empty 
vectors. To assess the effects, qRT-PCR and western 
blot analysis were conducted to measure the mRNA 
and protein expression levels of Notch2 (Fig.  4B and 
C). There is a possibility that miR-487a binds to the 
3’-UTR of Notch2 to regulate its function. The result 
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Fig. 2  miR-487a is contained in the osteosarcoma cell-derived sEVs. (A) qRT-PCR was used to identify the expression of miR-487a in various osteosarcoma 
cell media. (B) qRT-PCR was used to assess the expression of miR-487a in the cytoplasm, nucleus, and medium of MG-63 and HOS cells. (C) After co-cultur-
ing MG-63 and HOS cells with normal media, RNase A, or RNase A with Triton X-100, the expression of miR-487a was found. (D, E) TEM and NTA were used 
to determine the morphology, concentration, and size distribution of sEVs. (F) Western blotting revealed the presence of the sEVs Alix, CD63, and TSG101 
markers. (G) qRT-PCR was used to determine the expression of miR-487a in condition media, which is normal medium supplemented with sEVs inhibitor 
(GW4869). (H) qRT-PCR was used to identify the expression of miR-487a in hFOB1.19 cells, MG-63 sEVs, and HOS sEVs. (*p<0.05; **p<0.01; ***p<0.001)
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Fig. 3 (See legend on next page.)
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indicated that when miR-487a was overexpressed or 
silenced, Notch2’s mRNA and protein levels were 
either down- or up-regulated. Then, we isolated sEVs-
miR-487a from osteosarcoma cells (MG-63 sEVs 
and HOS sEVs). qRT-PCR (Fig.  4D) and western blot 
(Fig. 4F and Figure S2) results also confirmed that exo-
somal-miR-487a directly targets Notch2 and promotes 
the expression of Notch2 at mRNA and protein levels. 
Additionally, all results showed that sEVs-miR-487a 
binds to Notch2 and increases both its mRNA and 
protein expression.

To gain further insights into the role of Notch2 in 
macrophages, we investigated the expression of M2 
markers (Arg-1, Ym1, and CD163) in macrophages 
transfected with miR-487a mimics or miR-487a mim-
ics along with si-Notch2. MiR-487a mimics elevated 
the expression of Arg-1, Ym1, and CD163, as seen by 
the FCM (Fig.  4F). However, the effects of miR-487a 
on macrophage polarizations were somewhat miti-
gated by silencing Notch 2 (Fig.  4F and H and Figure 
S3). Additionally, we found that sEVs carrying miR-
487a can activate Notch2 in macrophages, as shown 
in Fig.  4I and J and Figure S4. The M2 macrophage 
marker CD163 was detected by flow cytometry, as 
illustrated in Fig.  4K. This finding supports the idea 
that sEVs-miR-487a, which targets Notch 2, induces 
the polarization of macrophages towards M2-like. 
Taken together, these data suggest that sEVs carrying 
miR-487a can activate the Notch 2/GATA 3 pathway, 
resulting in the production of IL-4. The increased lev-
els of IL-4 further promote the polarization of macro-
phages towards the M2 phenotype.

sEVs-miR-487a induces M2 macrophage polarization and 
facilitates the EMT of osteosarcoma
The role of sEVs-miR-487a- induced M2 macrophages 
on the migration and invasion of osteosarcoma cells 
was examined using the Transwell Assay (Fig. 5A). We 
collected the medium from pretreated macrophages 
with exogenous miR-487a mimics and then employed 
the medium to treat MG-63 cells and U2OS cells. As 
shown in Fig.  5B and C, exogenous miR-487a mimics 
increased the cells’ number of migration and inva-
sion. Moreover, we isolated sEVs from MG-63 and 
U2OS cells, and macrophages were cultured with 
MG-63 sEVs (30 µg/mL) or HOS sEVs (30 µg/mL) for 

24 h, then the condition medium was collected. Con-
sequently, MG-63 cells and U2OS cells were incu-
bated with the condition medium for 48 h. Migration 
and invasion results suggested that sEVs-miR-487a 
significantly promotes the development of osteo-
sarcoma (Fig.  5D and E). To further explore whether 
sEVs-miR-487a activation of M2 macrophages pro-
motes the EMT of osteosarcoma cells, we performed 
western blot analysis. The results (Fig.  5F and G and 
Figure S5-Figure S6) demonstrated that the expres-
sion level of E-cadherin protein was decreased upon 
treatment with sEVs carrying miR-487a. However, 
N-cadherin, Vimentin, and Twist showed opposite 
results, indicating an increase in their expression lev-
els after treatment with sEVs-miR-487a. Additionally, 
the cell proliferation results (Fig. 5H and I) shown that 
osteosarcoma cells secreted sEVs which stimulate the 
proliferation of osteosarcoma cells, compared with 
the control group (P < 0.01). Together, sEVs-miR-487a 
induces M2 macrophage polarization and facilitates 
the EMT of osteosarcoma cells.

sEVs-miR-487a induces the polarization of M2 macrophage 
to facilitate the lung metastasis of osteosarcoma cells
To further confirm the influence of sEVs-miR-487a 
on macrophage polarization, which regulates osteo-
sarcoma development in vivo. MG-63 cells and con-
ditioned macrophages (pretreated with MG-63 sEVs 
or PBS) were co-injected i.v. into BALB/c nude mice. 
After 7 weeks, the mice in the sEVs-treated group 
exhibited a higher number of lung metastatic nod-
ules that were also larger in size compared to the con-
trol group (Fig.  6A and B). Subsequently, the weight 
of mice in the control group was higher than that of 
the mice in the MG-63 sEVs pre-treated macrophages 
group (Fig.  6C). The results demonstrated that sEVs-
miR-487a promotes osteosarcoma lung metastasis in 
vivo.

MiR-487a is related to osteosarcoma lung metastasis in 
plasma sEVs
To determine the function of miR-487a in clinical sam-
ples, we measured its expression level in patients with 
lung metastases from osteosarcoma, using non-metas-
tasis individuals as a control group. Patients with lung 
metastases from osteosarcoma (n = 8) expressed more 

(See figure on previous page.)
Fig. 3  Osteosarcoma cell-derived exosomal-miR-487a promotes macrophages polarization toward to M2-like phenotype. (A) After prepro-
cessingGSE33382, only samples of osteosarcoma were retained. Analysis of osteosarcoma tissues using CIBERSORT, followed by determination of the 
percentage of macrophages in tumor tissues. (B) Correlation between miR-487a expression and distinct gene signatures of various immune cells. (C) FCM 
was used to identify the macrophage marker CD14. (D) qRT-PCR was used to assess the the expression of M2 macrophages markers. (E) FCM was used to 
measure the expression of the M2 macrophage marker (CD163) following treatment with MG-63 exosomes and HOS exosomes. (F) qRT-PCR and (G) ELISA 
were used to detect the expression of M2 markers (Arg-1, Ym1 and CD163) and M1 markers (CD86 and iNOS) following treatment with MG-63 exosomes 
and HOS exosomes. (H, I) The expression of M2 markers (Arg-1, Ym1 and CD163) and M1 markers (CD86 and iNOS) were detected after treated with MG-63 
anti-miR-487a exosomes and HOS anti-miR-487a exosomes with qRT-PCR (H) and ELISA (I) (*p<0.05; **p<0.01; ***p<0.001)
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miR-487a than patients in the control group (n = 8) 
(Fig.  6D). Consequently, to investigate whether sEVs 
carrying miR-487a are associated with osteosarcoma 
lung metastasis, we isolated sEVs from the plasma of 
different groups. Then miR-487a was detected with 
qRT-PCR. The results showed that the expression level 
of sEVs carrying miR-487a was higher in lung metas-
tases from osteosarcoma patients compared to other 
groups. It was significantly lower in patients without 
lung metastases from osteosarcoma, and the low-
est level was observed in healthy volunteers (Fig. 6E). 
Surprisingly, in those patients with lung metasta-
sis, the relative abundance of miR-487a was higher 
in the metastasis site than in the para-metastatic site 
(Fig.  6F). All these findings suggest that miR-487a is 
a key oncogenic miRNA that promotes osteosarcoma 
lung metastasis.

Discussion
Osteosarcoma is a form of aggressive bone tumor that 
constitutes one-fifth of all primary bone sarcomas. 
Osteosarcoma patients have a 5-year survival rate of 
only 20% due to the high risk of lung and bone metas-
tases [28]. As a result, it is crucial to explore the factors 
that underlie osteosarcoma growth and metastasis, as 
well as to improve the therapeutic efficacy of osteosar-
coma. In this study, our findings suggest that miR-487a 
can target Notch 2 and activate GATA 3-induced IL-4 
secretion. The increased production of IL-4, in turn, 
promotes the polarization of M2-type tumor-associ-
ated macrophages (TAMs) and contributes to the pro-
motion of lung metastasis in osteosarcoma.

TAMs are a subclass of immune cells that secrete 
cytokines to control the initiation and growth of 
tumor cells in the surrounding tissue [29]. Macro-
phages, which can exist as both alternatively activated 
M2 macrophages and classically activated M1 macro-
phages, are naturally malleable. The development and 
metastasis of tumours are accelerated by anti-inflam-
matory substances released by M2-type macrophages, 
which were involved in the poor prognosis of osteosar-
coma [8]. Recently, the crucial role of sEVs in regulat-
ing the polarization of macrophage into M1/M2 types 
has been reported [30, 31]. In the current study, mac-
rophages isolated from human blood were co-cultured 
with sEVs derived from osteosarcoma cells highly 
expressing miR-487a. As a result of this co-culture, the 
macrophages demonstrated M2-like characteristics. 
In TME, M2-polarised macrophages accelerate tumor 
EMT, growth, and metastasis [32]. Our results show 
that osteosarcoma cell-derived sEVs-miR-487a could 
facilitate the polarization of macrophages toward M2 
type, as evidenced by up-regulation of M2 markers 

(CD206, Arg-1, and IL-10), and do not influence the 
expression of M1 markers (iNOS and CD86).

Increased infiltration of M2 tumor-associated mac-
rophages (M2-TAMs) has been associated with osteo-
sarcoma metastasis. Epithelial-mesenchymal transition 
(EMT) is recognized as a key process in tumor metas-
tasis, including in the context of osteosarcoma [33], 
plays a vital role in osteosarcoma metastasis. It is nec-
essary to deeply explore the underlying mechanisms 
of EMT, macrophage polarization, and the diagnosis 
of osteosarcoma. We demonstrated a new anti-tumor 
mechanism by which sEVs induce macrophages toward 
M2-type, thereby promoting EMT, migration, and 
invasion of tumor cells. It was discovered that tumor 
cells secrete sEVs that can affect the function of their 
target cells by activating a specific signaling pathways 
[34]. Additionally, our study reported that sEVs carry-
ing miR-487a could enhance the progression of osteo-
sarcoma by affecting the interaction between TAMs 
and osteosarcoma cells. Furthermore, compared to 
individuals with lung metastases from osteosarcoma, 
those without lung metastases had considerably lower 
plasma levels of sEVs-miR-487a. This suggests that 
plasma sEVs-miR-487a may have clinical significance 
in predicting osteosarcoma lung metastases.

We identified the signaling pathway involved in 
macrophage polarization to confirm the mechanism 
of sEVs-miR-487a boosting tumor cell polarization. 
Notably, our data show that sEVs-miR-487a can target 
Notch2 and regulate GATA3 to modulate the activ-
ity of the Notch2/GATA3/IL-4 axis in macrophage. 
The polarization of macrophages was facilitated by 
GATA3-induced IL-4 production, which required the 
activation of the Notch pathway [35]. Generally, IL-4 
can trigger M2 polarization of macrophages [36]. 
Moreover, GATA3 is a transcription factor that partic-
ipate in the polarization of M2 macrophages [37], and 
shRNA knockout of GATA3 can suppress the polar-
ization of M2 macrophages [38]. Targeting Notch2 
and controlling GATA3-induced IL-4 secretion [35], 
as well as preventing CD4 + T cells from suppressing 
the production of IL-4 [14], have been shown to influ-
ence the polarization of macrophages. Th2 cells, which 
respond to the release of IL-4, IL-15, and IL-13, rely 
on the presence of GATA3 for their development [39]. 
STAT6 is activated and phosphorylated by IL-4, which 
allowed STAT6 to induce the M2 type of macrophage 
[40]. STAT6 can be activated by IL-4 as a transcrip-
tional repressor in macrophages [40].

sEVs, also known as extracellular vesicles, are mem-
branous structures produced by various cells. These 
vesicles play a crucial role in facilitating cell-to-cell 
communication between immune cells and cancer cells 
within the tumor microenvironment (TME). miRNAs 
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Fig. 4 (See legend on next page.)
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carried by sEVs are indeed delivered to target cells, 
where they have the ability to influence and modu-
late the progression of these cells. Previous studies 
have reported that tumor cells secrete sEVs-miRNA 
which could facilitate the polarization of macrophages 
toward the M2 type [21]. It has been shown that sEVs-
miR-221, produced from mammary epithelial cells, 
encourages macrophage polarization toward M1-type 
[41]. On the other hand, sEVs-miR-29a-3p, secreted 
by oral squamous cell carcinoma, mediates the polar-
ization of M2-type macrophages [42]. Furthermore, 
exosomal miR-92a-3p, derived from high-metastatic 
cancer cells, has been shown to promote the metas-
tasis and epithelial-mesenchymal transition (EMT) of 
low-metastatic cancer cells [43].

Furthermore, sEVs can be collected directly from 
patients’ bodily fluids, and sEVs miRNA may serve as 
a non-invasive biomarker to monitor a patient’s ill-
ness development. According to our research, patients 
with lung metastases from osteosarcoma exhibited 
the highest level of miR-487a expression. In contrast, 
patients without lung metastases had the lowest level 
of miR-487a expression, comparable to that observed 
in the group of healthy volunteers. These findings indi-
cate a significant correlation between lung metastasis 
in osteosarcoma and high expression of sEVs carry-
ing miR-487a. This suggests that miR-487a in plasma-
derived sEVs has the potential to serve as a predictive 
biomarker for the diagnosis of osteosarcoma.

Conclusion
In summary, our results demonstrate that miR-487a, 
derived from osteosarcoma cells, can be delivered 
to macrophages through sEVs. Subsequently, it pro-
motes the polarization of macrophages towards an 
M2-like phenotype by targeting Notch2 and activating 
the GATA3 pathway. The activation of macrophages 
promotes epithelial-mesenchymal transition (EMT), 
subsequently enhances the migration, invasion, and 
lung metastasis of osteosarcoma cells. In particular, 
our data reveal a novel mechanism in which osteosar-
coma cell-derived sEVs carrying miR-487a play a role 
in the development of osteosarcoma by modulating the 
polarization of macrophages towards an M2 pheno-
type within the tumor microenvironment (TME).

(See figure on previous page.)
Fig. 4  Exosomal-miR-487a targets Notch2 and induces M2 polarization by activating GATA3. (A) TargetScan is used for miR-487a target gene prediction. 
(B) Macrophages’ relative Notch2 mRNA expression. (C) Western blot was used to confirm the expression of Notch2 in macrophages was discovered fol-
lowing treatment with miR-487a mimics or inhibitor. (D) Expression of Notch2 in macrophages after treatment with MG-63 exosomes and HOS exosomes. 
(E) Expression of Notch2, GATA3, and IL-4 proteins in macrophages following treatment with MG-63 exosomes and HOS exosomes. (F-G) Macrophages 
were transfected either with miR-487a plus si-Notch2 or miR-487a mimics. The expression of M2 markers (Arg-1, Ym1, and CD163) was assessed using qRT-
PCR (F) and FCM (G). (H) Western blot analysis was used to identify components of the Notch2/GATA3 pathway. (I, J) MG-63 exosomes, MG-63 exosomes 
plus si-Notch2, HOS exosomes, or HOS exosomes plus si-Notch2 were applied to macrophages. (K) FCM was used to confirm the expression of CD163, 
an M2 marker (*p<0.05; **p<0.01; ***p<0.001)
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Fig. 5  Exosomal-miR-487a polarizes M2 macrophages to encourage the migration and invasion of osteosarcoma cells. (A) Diagrammatic representa-
tion of the in vitro indirect coculture system. (B-C) After MG-63/HOS cells were fed with macrophage media and transfected with miR-487a mimics, the 
transwell assay was used to assess cell migration and invasion. (D-G) Macrophages were treated with MG-63 exosomes and HOS exosomes (30 µg/mL), 
and then the conditioned medium was collected to co-culture with MG-63 and HOS cells. Migration and invasion were assessed using the transwell assay 
(D, E) and western blot analysis was used to determine the expression of invasion-related proteins (F, G). (H-I) The cell proliferation was performed with 
CCK-8 assay (*p<0.05; **p<0.01; ***p<0.001)
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Fig. 6 (See legend on next page.)
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