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Abstract. Platelet-derived microRNAs (miRNAs) are regarded as diagnostic biomarkers as well as 
potent regulators of cancer development. The expression of miR-21, a vital miRNA, is elevated in the 
tumor tissues of osteosarcoma (OS) patients. However, platelet-derived miR-21 in OS is unknown. 
Here, we found that the level of miR-21 is increased in the serum of OS patients. The miR-21 level 
is associated with advanced tumor stages and poorer clinical outcomes in OS patients. Moreover, 
platelet-derived microvesicles (PMVs) from OS patients (OS-PMVs) significantly enhanced the 
miR-21 profile in MG63 OS cells. Functional assays revealed that the proliferation and migration of 
MG63 cells were promoted by OS-PMV incubation or the transfection of miR-21 mimics, whereas 
the sensitivity of MG63 cells to methotrexate (MTX), doxorubicin (ADM), and cisplatin (DDP) was 
reduced. However, inhibiting miR-21 partially reversed the OS-PMV-mediated effects. Furthermore, 
programmed cell death 4 (PDCD4) was identified as a potential target of miR-21 in OS. miR-21 
considerably inhibited PDCD4 expression in MG63 cells and reversed the antitumor effects mediated 
by PDCD4 overexpression. In conclusion, our results suggest that platelet-rich miR-21 may promote 
the development of OS by targeting PDCD4.
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Introduction

There is a significant increasing trend in the incidence of 
malignant neoplasms of bone and articular cartilage (MN-
BAC) worldwide. In 2021, 91,375.1 (73,780.4–102,469.7) 
incident cases of MNBAC were predicted, and the number 
of deaths was 66,114.3 (53,305.4–74,466.9) (Lai et al. 2021). 
Recently, a global burden of disease (GBD) analysis indicated 
that adolescent and elderly populations share the heaviest 
disease burden of MNBAC (Zeng et al. 2025). Osteosarcoma 
(OS), chondrosarcoma, Ewing’s sarcoma, and chordoma ac-
count for most MANBAC cases. The incidence in children 
under 15 years of age is 5.5 per million, with OS (2.8) and 
Ewing sarcoma (2.6) accounting for the majority (Kaatsch 
et al. 2016). Among multiple bone cancers, OS is one of the 
most common primary bone tumors among teenagers. In 
a recent retrospective analysis of 3446 OS patients, 26.9% 
were stage IIA, 38.0% were stage IIB, and 20.6% were stage 
III according to the Enneking staging system. Three percent 
of patients had nodal metastasis, and 19% had distant me-
tastasis (Ogura et al. 2025). OS has a high incidence of lung 
metastases in patients, which occur in approximately 15–20% 
of osteosarcoma patients at diagnosis, considerably affecting 
the 5-year survival rate of patients (Luo et al. 2025). Resection 
and adjuvant chemotherapy are commonly used therapeutic 
methods in the clinic and have increased the overall 5-year 
survival rate of nonmetastatic patients to 60–70% (Mirabello 
et al. 2009). Complete surgical resection for OS remains es-
sential for patient survival. However, excessive estimation 
of the tumor margin results in unwarranted tissue excision 
and substantial functional impairment postsurgery, whereas 
inadequate assessment of the boundary may lead to tumor 
recurrence (Meltzer et al. 2021; Zeng et al. 2024). The most 
effective regimens include the combination of high-dose 
methotrexate, doxorubicin, and cisplatin. However, the 
combination of other biologic agents or cytotoxic chemo-
therapy agents cannot definitively improve the survival of OS 
patients (Isakoff et al. 2015). Overall, 30–50% of OS patients 
experience recurrence, mostly 2–3 years after prospective 
treatment, with a recurrence rate of less than 30% (Whelan 
et al. 2018). Patients can survive for more than five years, 
and the 5-year survival rate after metastasis is less than 20% 
(Shoaib et al. 2022). Therefore, there is an urgent need to 
develop new treatment strategies to reduce metastasis in OS 
patients and improve overall survival rates.

Platelets are multipotent cells that not only play a role in 
hemostasis/coagulation and the inflammatory response but 

also promote the malignant progression of tumors (Franco 
et al. 2015). During the progression of OS, platelets can pro-
tect tumor cells from shear forces and immune cell attacks, 
improving the survival rate of tumors during metastasis 
(Shi et al. 2024). For example, platelets undergo significant 
activation and release large amounts of lysophosphatidic 
acid (LPA) under the induction of OS. LPA or platelet-
released fluid can cause morphological changes and increase 
the invasiveness of OS cells (Takagi et al. 2021). After the 
interaction between platelets and OS cells, platelets release 
platelet-derived growth factor (PDGF), which can promote 
the proliferation of OS cells (Takagi et al. 2014). Therefore, 
the interaction between platelets and OS cells has become 
an important factor promoting the malignant progression 
of tumors. However, the mechanism of platelet involvement 
in OS metastasis needs to be further explored.

MicroRNAs (miRNAs) are a  type of endogenous non-
coding RNA widely present in eukaryotes that can regulate 
gene expression and are approximately 21 to 23 nucleotides 
in length. By interacting with complementary sequences in 
the 3’-untranslated region (3’-UTR) of target gene mRNAs, 
mRNA attenuation and translation inhibition are induced 
(Ali et al. 2020). miRNAs can regulate tumor progression by 
modulating tumor proliferation, metastasis, angiogenesis, 
stem cell characteristics, and chemotherapy resistance (Bertoli 
et al. 2015). Platelets contain various nucleic acids, such as 
miRNAs, long noncoding RNAs (lncRNAs), and messenger 
RNAs (mRNAs). Platelet microbubbles contain fully func-
tional miRNA processors that can transport their miRNAs 
to neighboring cells and regulate their gene expression (Leng 
et al. 2022). Interestingly, platelet miRNA profiles in cancer 
patients are abnormal and tumor specific. miRNAs enriched in 
platelets can regulate tumor proliferation, metastasis, tumor-
associated immunity, tumor-associated thrombosis, and 
antitumor therapy. Therefore, miRNAs derived from platelets 
can directly affect tumor progression (Miao et al. 2021). miR-
21 is one of the earliest discovered microRNAs and is located 
at the vacuolar membrane protein 1 locus on chromosome 
17 (Lagos-Quintana et al. 2001). Interestingly, the levels of 
extracellular vesicle miR-21 in human serum and plasma are 
altered in OS patients compared with healthy people (Wang 
et al. 2020). miR-21 is upregulated in OS and promotes its 
progression (Ziyan et al. 2011; Li et al. 2021). Hence, platelet 
miR-21 may play an important role in OS progression.

On the basis of previous findings, we speculate that miR-
NAs derived from platelets are key molecules involved in OS 
progression. In this study, we found a considerable increase 
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in the number of platelet-derived microvesicles (PMVs) in 
OS patients (OS-PMVs). OS-PMVs enhanced the prolif-
eration and metastasis ability of OS cells. We speculate that 
miR-21 derived from platelets promotes the progression of 
OS and affects its sensitivity to chemotherapy. Furthermore, 
the molecular mechanism of miR-21 was investigated. In 
summary, this study could provide new diagnostic and 
therapeutic targets for OS.

Materials and Methods

Clinical samples

For this study, we enrolled a total of 30 children and adolescent 
patients diagnosed with OS at Huangshi Central Hospital from 
1 January 2022 to 30 June 2022. All patients were diagnosed for 
the first time through imaging, pathology, and other examina-
tions. All patients had normal liver and kidney function, no 
other malignant lesions, and no preoperative radiotherapy or 
chemotherapy. Ten age- and sex-matched healthy individu-
als were recruited as the healthy control group. The baseline 
characteristics of the patients are shown in Table 1. The 30 OS 
patients included 17 males (56.7%) and 13 females (43.3%). The 
average age was 16.6 ± 3.8 years, and the median maximum 
tumor diameter was 15.2 cm. According to the Enneking sur-
gical staging criteria, 19 patients (63.3%) were in stages I–II, 
and 11 patients (36.7%) were in stage III. Distant metastasis 
occurred in 13 patients (43.3%). Before any treatment, a sam-
ple of 5 ml of venous blood was taken and promptly spun 
at 1500×g for 15 min at 4°C. The resulting serum was then 
preserved in 1.5-ml RNase-free tubes at −80°C. The isolation 
of platelets and PMVs was performed according to a previous 
study (Tutuian et al. 2024). Briefly, platelet-rich plasma was 
isolated from 5 ml of whole blood by centrifugation (200×g, 
20 min) at room temperature (RT). Washed platelets were 
isolated from the platelet-rich plasma (PRP) by centrifugation 
(800×g, 12 min) at RT. The platelets were subsequently resus-
pended in Tyrode’s buffer (0.5 mM MgCl2, 5.6 mM glucose, 
5 mM HEPES, 0.55 mM NaH2PO4, 7 mM NaHCO3, 150 mM 
NaCl, and 2.7 mM KCl). Following activation with thrombin 
(0.1 U/ml) for 60 min, the platelets were pelleted via centrifu-
gation at 3200×g (22°C, 10 min), and the PMVs were isolated 
via centrifugation at 20,000×g for 90 min at 18°C and then 
resuspended in Tyrode’s buffer. Approval for this study was 
granted by the Ethics Committee at Huangshi Central Hospital 
(Approval No. Lunkuaishen (2023) Ke No. 3). The experiments 
were conducted in strict adherence to the Helsinki Declaration.

Cell culture

MG63 (No. CRL-1427) and U2OS (No. HTB-96), two hu-
man OS cell lines collected from the ATCC, were purchased 

from Wuhan Procell Life Technology Co., Ltd. (Wuhan, 
China). The Cat. No. of MG63 is CL-0157, and the Cat. 
No. of U2OS is CL-0236. MG63 cells were cultured in 
MEM (PM150410B, Wuhan Procell, China) supplemented 
with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, 
USA), 100 U/ml penicillin, and 100 mg/ml streptomycin 
(Invitrogen, Carlsbad, USA). U2OS cells were cultured in 
McCoy’s 5A medium (CM-0236, Wuhan Procell, China) 
supplemented with 10% FBS (Invitrogen, Carlsbad, USA), 
100 U/ml penicillin, and 100 mg/ml streptomycin (Invitro-
gen, Carlsbad, USA). The two cell lines were then cultured 
in a constant-temperature incubator at 37°C, 5% CO2, and 
saturated humidity.

Cell transfection

MG63 and U2OS cells in the logarithmic growth phase 
were dispersed in a  6-well plate (5×106 cells/well). After 
stable growth, miR-21 mimics (miR1000076-1-5, RIBOBIO, 
Guangzhou, China) or miR-21 inhibitors (miR20000076-1-5, 
RIBOBIO, Guangzhou, China) were transfected into 
MG63 cells via LipofectamineTM 2000 (11668030, Thermo, 
Waltham, US) according to the manufacturer’s instructions. 
Twenty-four hours after transfection, the cells were collected. 
qRT-PCR was conducted to detect the miR-21 level, and the 
transfection efficiency was confirmed.

Cell treatment

MG63 and U2OS cells were transfected with a miR-21 inhibi-
tor, treated with serum-free (SF) media plus vehicle (PBS), 
SF media plus PMVs from healthy donors (H-PMVs), or SF 
media plus OS-PMVs, and then inoculated into a 96-well 
plate (1×103/well). Increasing concentrations of MTX (0, 
100, 200, 400, 800, and 1600 ng/ml) (Luo et al. 2023), ADM 
(0, 1.25, 2.5, 5, 10, and 20 μM) (Salzillo et al. 2021), and DDP 
(0, 3.75, 7.5, 15, 30, and 60 μM) (Zheng et al. 2024) were 
added for treatment. The drug sources used were as follows: 
cisplatin (DDP) (HY-17394, MCE, NJ, US), methotrexate 
(MTX) (HY-14519, MCE, NJ, US), and doxorubicin (ADM) 
(HY-15142, MCE, NJ, US).

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted from MG63 cells using TRIzol 
reagent (15596026CN, Thermo, Waltham, US), and its purity 
and concentration were detected. For microRNA qRT-PCR, 
a miRScript II RT kit (Qiagen) was used for reverse tran-
scription, and a miRScript SYBR Green PCR kit (Qiagen) 
and a QuantStudio 6 Flex PCR instrument (Thermo Fisher 
Scientific, MA) were used for qRT-PCR. For the qRT-PCR of 
PDCD4, cDNA reverse transcription was performed using 
an iScript cDNA synthesis kit (Bio-Rad), and SsoAdvanced 
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Universal SYBR Green Super Mix (Bio-Rad) was used 
for qRT-PCR. The internal reference gene of PDCD4 was 
GAPDH. The serum miR-21 levels were normalized to those 
of U6. The relative expression level was calculated using the 
2−∆∆Ct method, and the experiment was repeated three times. 
The sequences of the primers used were as follows: PDCD4: 
positive, 5’-CGACAGTGGAGTGACGCCCTTA-3’; reverse, 
5’-CGACACCTTGCCTCCTGACC-3’; GAPDH: positive, 
5’-GCACGTCAAGTGAGAAC-3’; reverse, 5’-TGGTGAA-
GACGCAGTGGA-3’; miR-21: 5’-GTGCAGGGTCCGAG-
GT-3’; reverse, 5’-GCCGTAGCTTTATCAGACTGATGT-3’; 
U6: positive, 5’-TGCGGGGTGCTCGCTTCGCGC-3’; 
reverse, 5’-CCAGTGCAGGGTCCGAGGT-3’.

Cell Counting Kit-8 (CCK8) assay

MG63 and U2OS cells were seeded into a  96-well plate 
(5×103/well) and subsequently cultured. The cells were mixed 
with 10 μl of CCK-8 solution (CK04, Dojindo, Kumamoto, 
Japan) at 24 h, 48 h, and 72 h and then incubated at 37°C for 
2 h. A microplate reader (A51119500C, Thermo, Waltham, 
US) was used to measure the absorbance at 450 nm.

EdU staining assay

A BeyoClick™ EdU- 488 Cell Proliferation Detection Kit 
(C0071S, Beyotime, Shanghai, China) was used to detect 
cell proliferation. EdU (10 mM) was diluted with cell culture 
medium (1:500) to obtain the 2X EdU working solution 
(20  μM). Then, the preheated 2X EdU working solution 
(20 μM) was mixed at 37°C with the culture medium at a 1:1 
ratio and cocultured for 2 h in a 6-well plate. The cells were 
fixed, washed, and permeabilized according to the instruc-
tions. Then, Hoechst 33342 (C1029, Beyotime, Shanghai, 
China) was used for nuclear staining for 5 min. The cells 
were observed and counted using a fluorescence microscope 
(Evos Flauto, Life Technologies, USA), and cell counting was 
performed via ImageJ software.

Transwell assay

MG63 and U2OS cells were digested and dispersed with 
0.25% trypsin (40126ES60, Yisheng Biotechnology (Shang-
hai) Co., Ltd., Shanghai, China). The cells were subsequently 
resuspended in serum-free MEM, and 1×105 cells per well 
were inoculated into the upper chamber of a Transwell sys-
tem (3464, 8 μm, 24-well format; Corning, New York, US). 
Next, 500 μl of culture medium containing 10% FBS was 
added to the lower chamber. After incubation at 37°C for 
24 h, the cells that failed to migrate from the upper chamber 
were removed. Transwell membranes were fixed at room 
temperature with 4% paraformaldehyde (P1110, Solarbio, 

Beijing, China) for 10‒15 min and then stained with 0.5% 
crystal violet dye (C8470, Solarbio, Beijing, China) for 
15 min. After the samples were rinsed with tap water, they 
were counted under a microscope. All the experiments were 
conducted in triplicate and repeated three times.

Colony formation assay

MG63 and U2OS cells in the logarithmic growth phase were 
digested with 0.25% trypsin (40126ES60, Yisheng Biotech-
nology Co., Ltd., Shanghai, China), and the resulting cell 
suspension was seeded into a 6-well plate with 1000 cells per 
well. After the cells were spread evenly, they were cultured at 
37°C in a 5% CO2 incubator until visible clones formed. The 
medium was changed every 3 days during this period. After 
10 days, the cells were washed three times with phosphate-
buffered saline (PBS) (ST447-1 L; Beyotime, Shanghai, 
China) and then fixed with 4% paraformaldehyde (P1110; 
Solarbio, Beijing, China) for 30 min. After the samples were 
washed again, they were stained with 0.5% crystal violet dye 
(C8470, Solarbio, Beijing, China) for 15 min. The samples 
were photographed and counted after washing and drying.

Western blotting

After cell collection via low-speed centrifugation, the cells 
were lysed with RIPA buffer (P0013B, Beyotime, Shanghai, 
China) supplemented with 1% PMSF, and the total protein 
was extracted. A Bradford protein concentration assay kit 
(P0006, Beyotime, Shanghai, China) was used to measure the 
protein concentration. Equal-quality proteins were separated 
via SDS-PAGE (Hefei, China, Delf-18044), and the separated 
proteins were transferred to PVDF membranes, which were 
then blocked with 5% skim milk at room temperature for 
1 h. The membranes were incubated with an anti-PDCD4 
antibody (1:500, A01105-3) or an anti-GAPDH antibody 
(1:2000, BM3874) purchased from Wuhan Doctoral In-
stitute. The membranes were incubated overnight at 4°C. 
The membranes were washed 3–5 times with TBST buffer 
(T1081, Solarbio, Beijing, China) and then incubated with 
an HRP-labeled anti-rabbit IgG (1:2000, BA1061) purchased 
from Wuhan Doctoral. The mixture was incubated at room 
temperature for 1 h. After the membranes were washed three 
times, the protein bands were visualized using an enhanced 
chemiluminescence (ECL) kit (Millipore, Bedford, MA, 
USA) and imaged using a scanning instrument.

Dual-luciferase reporter gene assay

To verify the direct binding of miR-21 to PDCD4 mRNA, 
a  dual-luciferase reporter gene assay was performed. The 
wild-type (WT) and mutant (MUT) binding sites of miR-21 
in the PDCD4 3’-UTR sequence were inserted into the pmir-
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GLO dual-luciferase vector, and the insertion was confirmed 
by sequencing. PDCD4-WT or PDCD4-MUT plasmids were 
transfected into MG63 cells along with miR-21 mimics or 
negative control miRNA. Forty-eight hours later, a  dual-
luciferase reporter gene assay was performed (Promega, WI, 
USA). All the experiments were conducted in triplicate and 
repeated three times.

Bioinformatic analysis

The LinkedOmics platform serves as an open-access reposi-
tory encompassing multiomics datasets across all 32 cancer 
types documented in the TCGA project (Vasaikar et al. 
2018). This online tool was employed to analyze miRNAs 
that are significantly associated with sarcoma histological 
subtypes. To identify osteosarcoma-related overall survival 
(OS)-associated genes, the GeneCards database was queried 
using “osteosarcoma” as the search term, with protein-coding 
genes scoring > 2 included in the analysis (Stelzer et al. 
2016). The Gene Expression Omnibus (GEO) functions as 
an international public archive for high-throughput micro-
array and next-generation sequencing functional genomic 
datasets contributed by the research community. ENCORI 
(https://rnasysu.com/encori/), an extensive interactive atlas, 
integrates precise RNA interaction data identified via the 
innovative rbsSeeker and rriScan algorithms developed 
by Li et al. (2014), which were utilized to predict targets 
of miR-21. The Database for anotation, visualization, and 
integrated discovery (DAVID) (https://david.ncifcrf.gov/
home.jsp) provides comprehensive functional annotation 
tools to decipher the biological significance of large gene 
lists (Sherman et al. 2022). Venn diagrams were used to 
intersect potential miR-21 target genes with OS-associated 
genes, and core targets were subjected to enrichment analysis 
via Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analyses using 
DAVID. The online K-M plotter tool (https://kmplot.com/
analysis/) was used to assess overall survival outcomes in 
sarcoma patients (Győrffy et al. 2024).

Subcutaneous xenograft model in nude mice

BALB/c male nude mice, weighing 18‒22  g  and aged 
6 weeks, were procured from Vitalstar Biotechnology Co., 
Ltd., located in Beijing, China. These mice were housed in 
an environment where the temperature was maintained at 
22 ± 2°C, the relative humidity was 55 ± 5%, and a 12 h light/
dark cycle was used. They were provided unrestricted access 
to sterile food and water. Following a 1-week acclimation 
period, the mice were randomly assigned to two groups of 
ten mice each, in accordance with the principle of complete 
randomization. MG63 cells were incubated in either serum-
free (SF) medium or SF medium supplemented with OS-

PMVs for 24 h. Subsequently, 100 μl of the cell suspension, 
containing approximately 5×10⁶ cells, was injected into the 
right lateral hindlimb on the back of each nude mouse. The 
tumor volume was calculated using the following formula: 
V  = (length×width2)/2. Thirty days after inoculation, the 
tumors were collected and weighed. The tumor tissues 
were then excised, measured for mass, and preserved. All 
animal experimental procedures were approved by the Eth-
ics Committee of Huangshi Central Hospital (approval No. 
Lunkuaishen (2023) Ke No. 3).

Data analysis

Statistical calculations were carried out using SPSS (SPSS, 
Chicago, IL, USA) and GraphPad Prism version 8.10 
(GraphPad Software, La Jolla, CA, USA). Categorical vari-
ables are displayed as percentages and were assessed using 
a chi-square test, Wilcoxon rank-sum test, and Fisher’s ex-
act probability. Differences in means were examined using 
Student’s t-test or analysis of variance (ANOVA), followed by 
Tukey’s multiple comparisons test. A p value less than 0.05 
was considered to indicate a significant difference.

Figure 1. Altered miR-21 levels in OS patients. qRT-PCR was per-
formed to determine the miR-21 level in the serum of OS patients. 
A. miR-21 levels in non-OS controls and OS patients. miR-21 
alterations in OS patients with different tumor sizes (B), distant 
metastases (C), and differentiated states (D). Differences between 
means were analyzed by Student’s t test. The error bars represent 
the standard deviation (SD).

A

C D

B

https://rnasysu.com/encori/
https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
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Figure 3. Role of OS-PMVs in the growth of MG63 cells in vivo. MG63 cells were incubated in either serum-free (SF) medium or SF 
medium supplemented with OS-PMVs for 24 h. One hundred microliters of the cell suspension (5×10⁶ cells) was injected into the right 
lateral hindlimb on the back of each nude mouse. A. Tumor tissues were then excised 30 days later, and images of the tumors are shown. 
B. The tumor volume was calculated. C. Tumor weights were measured. Each group included 5 mice (n = 5). The error bars represent 
the standard deviation (SD). Differences between means were analyzed by ANOVA followed by Tukey’s post hoc test. NS p > 0.05, * p < 
0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

A B C

Results

Identification of platelet-associated miRNAs in OS patients

The online database LinkedOmics was used to analyze the 
miRNAs significantly associated with sarcoma histological 
types (p < 0.01) (Fig. S1A in Supplementary material). The 
differentially expressed (DE) miRNAs were analyzed in two 
GEO datasets, GSE28423 and GSE65071 (Fig. S1B,C). We 
identified PLT-associated miRNAs (PLT-miRs) via Gene-
Cards using the search term “platelet miRNA”. Ten miRNAs 
were identified, as shown by the Venn diagram (Fig. S1D). 
The online K-M plotter tool (https://kmplot.com/analysis/) 
was used to analyze the overall survival of sarcoma patients 
with high or low levels of 10 miRNAs. The results revealed 
that several elevated miRNAs, including hsa-mir-21 (p = 
0.057), hsa-mir-15a (p = 0.075), hsa-mir-182 (p = 0.0043), 
hsa-mir-181d (p  = 0.079), hsa-mir-183 (p  = 0.0019), 
hsa-mir-130b (p = 0.00061), hsa-mir-501 (p = 0.025, hsa-
mir-361 (p  = 0.00053) and hsa-mir-502 (p  = 0.13), are 
associated with poor prognosis in sarcoma patients (Fig. 
S2A–D and 2SF–J). A decrease in hsa-mir-22 levels was 
correlated with poor prognosis in sarcoma patients (p = 
0.07, Fig. S2E).

Expression features of miR-21 in OS patients

qRT-PCR was conducted to detect the miR-21 levels in the 
serum of OS patients. The results revealed that miR-21 levels 
in OS patients were significantly elevated compared with 
those in non-OS controls (p = 0.0082, Fig. 1A). Next, the 
miR-21 levels in OS patients with different clinical features 
were analyzed (Fig. 1A‒F, Table 2). High or low miR-21 lev-
els were defined by the median split. Patients with tumors 
larger than 5 cm had increased serum miR-21 levels (p = 

0.0015, Fig. 1B). OS patients with distant metastasis (p = 
0.0129, Fig. 1C) and higher Enneking stages also had higher 
miR-21 levels (p = 0.0156, IIa vs. IIIa, Fig. 1D). In addition, 
the miR-21 levels in OS patients with extremities or nonex-
tremities (p = 0.5215, Fig. S3A) or with poorly differentiated 
or well-differentiated states (p = 0.1481, Fig. S3B) were not 
significantly different.

miR-21 in OS-PMV-mediated oncogenic effects in OS cells

To confirm the effects of platelet-derived miR-21 on OS, 
MG63 and U2OS cells were transfected with miR-21 
inhibitors or mimics and then treated with H-PMVs or 
OS-PMVs. qRT-PCR revealed that the miR-21 level was 
increased in MG63 and U2OS cells after OS-PMV treat-
ment. The miR-21 inhibitor significantly attenuated the 
miR-21 level in OS cells (vs. the OS-PMV+miR-NC group, 
Fig. 2A,B). A CCK8 assay was used to test the viability of 
MG63 and U2OS cells. OS-OMV treatment increased cell 
viability, which was inhibited by miR-21 inhibitor transfec-
tion. In addition, miR-21 mimic transfection promoted cell 
viability, whereas the miR-21 inhibitor had the opposite 
effects (Fig. 2C,D). EdU staining and colony formation 
assays were performed to detect cell proliferation. The 
percentage of EdU-positive cells was significantly greater 
after OS-PMV treatment or miR-21 mimic transfection, 
whereas the miR-21 inhibitor mostly reversed the OS-
PMV-mediated effects (Fig. 2E‒I). The migration of OS 
cells was examined. OS-PMV treatment increased cell 
migration, and the miR-21 inhibitor attenuated cell migra-
tion (Fig. 2J‒K). To further confirm the role of OS-PMVs 
in tumor growth, a  subcutaneous xenograft model was 
established in nude mice. Compared with those in the SF 
group, the MG63 cells in the OS-PMV group had significant 
growth ability (Fig. 3A‒C).

https://kmplot.com/analysis/
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Figure 4. Effects of miR-21 and OS-PMVs on the chemical drug sensitivity of OS cells. MG63 OS cells were transfected with miR-21 
inhibitors and then treated with OS-PMV and different doses of MTX (0–1600 ng/ml), ADM (0–20 μM), or DDP (0–60 μM). A–C. 
A CCK8 assay was used to detect cell viability. NS p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. the MTX, ADM or 
DDP groups; NS p > 0.05, & p < 0.05, && p < 0.01, &&& p < 0.001, &&&& p < 0.0001 vs. the OS-PMV, ADM+OS-PMV or DDP+OS-PMV 
groups. D. The IC50 values of these chemical drugs in MG63 cells were calculated. E. A colony formation assay was used to determine 
the colony formation ability of the cells. The number of cell colonies was counted. All the experiments were biologically repeated three 
times (n = 3). The error bars represent the standard deviation (SD). Differences between means were analyzed by Student’s t test. The 
error bars represent the standard deviation (SD). ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 
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Inhibiting miR-21 enhances the chemical drug sensitivity of 
OS cells.

To test the effects of OS-PMVs on the chemosensitivity of 
OS cells, MG63 cells were transfected with miR-21 inhibi-
tors or miR-21 mimics and then treated with OS-PMVs 
and various doses of MTX, ADM, or DDP. As shown by 
the results of the CCK8 assay, OS-PMVs significantly at-
tenuated the MTX-, ADM- and DDP-induced decrease 
in cell viability and increased the IC50 of these chemical 
drugs. However, the miR-21 inhibitor reversed most OS-
PMV-mediated effects (Fig. 4A‒D). Compared with the 
MTX, ADM or DDP groups, the OS-PMV treatment group 
presented increased colony formation ability. Inhibiting 
miR-21 attenuated the colony formation ability of the cells 
(Fig. 4E).

Analysis of miR-21 targets in OS

The GeneCards website was used to analyze OS-associated 
genes. Those protein-coding genes with a  score >2 were 
included. The miR-21 targets were analyzed using ENCORI. 
The Venn diagram revealed 83 common genes that might 
be targets of miR-21 (Fig. S4A). The miR-21-gene network 
is shown in Figure S4B. We conducted gene set enrichment 
analysis (GSEA) and found that 83 genes were enriched in 
mediating multiple processes, such as focal adhesion (Fig. 
S4C). KEGG pathways, such as “microRNAs in cancer”, “pro-
teoglycans in cancer”, and other cancer-associated pathways, 
were enriched (Fig. S4D).

miR-21 targeted and inhibited PDCD4 mRNA expression in 
MG63 cells.

As predicted by ENCORI (https://rnasysu.com/encori/), the 
base-binding relationships between miR-21 and PDCD4 
mRNA are shown in Figure 5A. We conducted a  dual-
luciferase reporter gene assay to confirm the binding rela-
tionship between miR-21 and PDCD4 mRNA. The results 
revealed that the miR-21 mimics significantly attenuated the 
luciferase activity of MG63 cells transfected with PDCD4-wt, 
but no significant difference was detected in PDCD4-mut-
transfected cells (Fig. 5B). MG63 cells were transfected 
with miR-21 mimics or inhibitors. The mRNA and protein 
levels of PDCD4 were detected. The results revealed that the 
miR-21 mimic significantly attenuated PDCD4 mRNA and 
protein expression, whereas the miR-21 inhibitor markedly 
promoted PDCD4 mRNA and protein expression (Fig. 5E). 
The association of PDCD4 levels with the overall survival of 
sarcoma patients was analyzed using K-M plotter (https://
kmplot.com/analysis/), a  public database, which revealed 
that lower PDCD4 levels were associated with poorer overall 
survival in sarcoma patients (Fig. 5F). Next, we conducted 

functional assays to confirm the potential role of miR-
21-PDCD4 in OS. A PDCD4-overexpressing (PDCD4-OE) 
cell model was established in MG63 cells, followed by miR-21 
mimic transfection or OS-PMV treatment. Compared with 
the vector group, the PDCD4-OE group presented a lower 
percentage of EdU-positive cells (Fig. 5G), fewer cell colonies 
(Fig. 5I,J), and decreased cell migration ability (Fig. 5K,L). 
However, miR-21 mimics transfection, and OS-PMV treat-
ment could reverse these repressive alterations (Fig. 5G‒L). 
Western blotting data confirmed that the PDCD4-OE group 
had increased PDCD4 expression, miR-21 mimics transfec-
tion, and OS-PMV treatment contributed to reduced PDCD4 
expression (Fig. 5M).

Discussion

Tumor-educated platelets (TEPs) are the main diagnostic 
markers for human cancers (Bravaccini et al. 2024; Karp et 
al. 2024). Platelets can ingest and release RNA, proteins, cy-
tokines and growth factors. Thus, platelets can interact with 
the tumor microenvironment and mediate tumor progres-
sion (Mendoza-Almanza et al. 2020). Here, we found that 
the miR-21 level was greater in the serum of OS patients. 
Platelet-derived miR-21 from OS patients promoted the 
proliferation and migration of OS cells and attenuated the 
sensitivity of OS cells to chemical drugs. We believe that 
platelet-derived miR-21 is a  novel diagnostic marker and 
therapeutic target in patients with OS.

Serum miRNAs are considered potential diagnostic 
biomarkers for OS (Gao et al. 2020). For example, Araki 
Y. and colleagues reported that several miRNAs, including 
miR-487b-3p, miR-146a-5p, miR-1260b, miR-1260a, and 
miR-4758-3p, are considerably elevated and that these 
miRNAs are associated with an increased survival rate in 
OS patients. In particular, higher serum miR-1260a levels 
can predict better overall survival, metastasis-free survival, 
and disease-free survival in OS patients (Araki et al. 2023). 
Chen et al. (2022) identified a group of 166 differentially 
expressed (DE) miRNAs in the serum of OS patients using 
the GEO database. Among these miRNAs, hsa-miR-326 and 
hsa-miR-338-3p are significantly associated with tumor-
infiltrating immune cells and have high diagnostic potential 
for OS. Platelets are considered the major source of serum 
miRNAs, and miRNA profiles can reflect the conditions 
and functions of platelets (Wakabayashi et al. 2021; Wicik 
et al. 2022). Notably, platelet-derived miRNAs play essen-
tial roles in affecting tumor development. For example, 
miR-126-3p derived from platelets can enter tumor cells 
through microvesicles. miR-126-3p directly targets AKT2 
and inhibits the proliferation and invasion of breast cancer 
cells, thus playing an antitumor role (Sibilano et al. 2022). 
Platelet particles contain high levels of miR-939, which 

https://rnasysu.com/encori/
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can be transported to ovarian cancer cells. miR-939 can 
promote the transition of the epithelial-like phenotype to 
the mesenchymal-like phenotype in ovarian cancer cells 
and promote the proliferation and migration of tumor cells 
(Tang et al. 2017).

miR-21 is a  key oncogene that is highly expressed in 
most cancers. For example, overexpression of miR-21 can 
lead to a pre-B malignant lymphoid phenotype, and when 
miR-21 is inactivated, the tumor completely regresses 
within a few days, partially due to apoptosis (Medina et al. 
2010). Compared with MCF-7 and SK-BR-3 breast cancer 
cells, MDA-MB-231 cells presented the highest expression 
level of miR-21. After miR-21 was knocked out, the epithe-
lial‒mesenchymal transition (EMT) in MDA-MB-231 cells 
was downregulated. Wnt-11 is a key target of miR-21, and 
the Wnt-11-related signaling axis is altered in stable miR-
21 knockout cells (Arisan et al. 2021). Studies have shown 
that extracellular vesicles derived from platelets are rich in 
miR-21 (Liao et al. 2023). After incubation with platelet-rich 
plasma (PRP), the osteogenic differentiation of mesenchymal 
stem cells (MSCs) is enhanced, accompanied by a significant 
increase in miR-21 levels, indicating that miR-21 derived 
from platelets is involved in MSC differentiation (Darabi et 
al. 2023). In this study, we found that serum miR-21 levels 
are significantly higher in OS patients than in healthy con-
trols. Higher miR-21 levels were found in OS patients with 
larger tumor sizes, distant metastasis, and higher Enneking 
stages. These results indicate that serum miR-21 is a potential 
diagnostic marker in OS.

Circulating miRNAs can directly regulate the malignancy 
of tumor cells (Wu et al. 2024). For example, decreased 
serum miR-491 levels are associated with poorer clinical 
outcomes in OS patients, as reflected by lung metastasis, 
poorer chemotherapy responses, and a lower survival rate. 
miR-491 suppression contributes to aggravated lung me-
tastasis and DDP resistance in OS cells (Wang et al. 2017). 
High levels of exosomal miR-184 and miR-3913-5p in the 
peripheral blood of non-small cell lung cancer patients can 
predict osimertinib resistance (Li et al. 2021). In this study, 
we found that OS-PMVs could promote the proliferation 
and migration of OS cells by delivering miR-21 into tumor 
cells. Moreover, OS cells treated with OS-PMVs presented 
reduced sensitivity to MTX, ADM, and DDP, the three ma-
jor chemical drugs used to treat OS (Hattinger et al. 2021). 
However, inhibiting the miR-21 level can not only repress 
the proliferation and migration of OS cells but also partially 
reverse the OS-PMV-mediated decrease in chemical drug 
sensitivity. Thus, we believe that targeting serum miR-21 
can reverse chemoresistance in OS patients.

Programmed cell death 4 (PDCD4) is a tumor suppres-
sor gene involved in the regulation of cell proliferation, 
apoptosis, and metastasis (Luo et al. 2022; Liu et al. 2024). 
Dysregulation of PDCD4 has been implicated in OS, con-

tributing to tumor development, progression, and invasion 
(Yang et al. 2017; Zhang et al. 2017). Moreover, reduced 
PDCD4 expression can affect chemoresistance via multiple 
pathways. For example, PDCD4 plays a role in doxorubicin 
chemoresistance in breast cancer cells by interacting with 
eukaryotic initiation factor-4A (eIF4A) (González-Ortiz 
et al. 2022). Interestingly, several studies have revealed that 
miRNAs can affect the development of cancers by targeting 
PDCD4. For example, oral squamous cell carcinoma (OSCC) 
cells with chemoresistance can produce exosomes enriched 
with miR-21, which can decrease DNA damage signaling in 
response to cisplatin. PDCD4 has been identified as a direct 
target of miR-21 (Liu et al. 2017). In this study, we found 
that PDCD4 is not only a therapeutic target in OS but also 
a direct target of miR-21. Lower levels of PDCD4 can predict 
poorer overall survival in sarcoma patients. MiR-21 inhib-
its PDCD4 expression by directing the 3’-UTR of PDCD4 
mRNA. Moreover, functional assays confirmed that PDCD4 
overexpression inhibited the proliferation and migration of 
OS cells, and these effects were significantly reversed by miR-
21 mimics. Therefore, platelet-derived miR-21 likely affects 
the development of OS by targeting PDCD4.

Conclusion

In summary, the present study revealed that serum miR-21 
is a potential diagnostic marker for OS patients. Platelet-
derived miR-21 can regulate the proliferation, metastasis, and 
chemotherapy resistance of OS cells. This study highlights 
the important role of platelet-derived miR-21 in diagnosing 
OS and enhancing the therapeutic effects of chemical drugs.
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