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Abstract
Background  Osteosarcoma (OS) is the most common primary malignant bone neoplasm. Growing researches have 
highlighted the tumor promoting role of miR-615-3p in various cancers. Notwithstanding, the biological function and 
underlying mechanisms of miR-615-3p in OS development still unclear.

Methods  Quantitative Real-Time PCR analysis (qRT-PCR) and RNA fluorescence in situ hybridization (FISH) staining 
were performed to measure miR-615-3p expression in OS. CCK-8 assay, colony formation assay and EdU assay were 
applied to analyze the OS cell proliferation activity. Cell metastasis abilities were evaluated using Transwell assays. 
Analysis of apoptosis was performed based on flow cytometric detection. The potential mechanisms of miR-615-3p in 
OS progression were investigated through RNA immunoprecipitation (RIP) assays, dual-luciferase reporter assays, qRT-
PCR and western blotting. In vivo experiments, mouse xenograft model was carried out to assess the tumorigenicity 
of miR-615-3p.

Results  This study demonstrated a significant upregulation of miR-615-3p in OS. In addition, miR-615-3p knockdown 
suppressed OS proliferation, invasion, metastasis and EMT. Mechanistically, miR-615-3p regulated sestrin 2 (SESN2) 
expression negatively by targeting its 3’UTR. Moreover, silencing SESN2 facilitated OS progression and activated 
mTOR pathway. Noteworthy, the anticancer functions of miR-615-3p knockdown were partially recovered by SESN2 
silencing. Taken together, the miR-615-3p/SESN2/mTOR pathway is critical for regulating OS progression.

Conclusion  Our results revealed that miR-615-3p modulated mTOR signaling, thus influencing the progression of OS. 
For OS treatment, molecular strategies that target the miR-615-3p/SESN2/mTOR pathway is promising.
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Introduction
Osteosarcoma (OS) is the most prevalent and aggressive 
bone tumor that usually arises in children and adoles-
cents [1]. Originating from interstitial tissue, OS is char-
acterized by heterogeneity, rapid progression and early 
metastasis, primarily to the lungs [2]. Due to the develop-
ment of various therapeutic strategies, including surgery, 
neoadjuvant radiotherapy and chemotherapy, the 5-year 
survival rate of patients without metastasis has reached 
60%[3, 4]. However, the molecular mechanisms driving 
OS pathogenesis are not yet fully understood. Hence, 
there is an urgent need to explore the underlying mecha-
nism and develop new effective targets for OS treatment.

MicroRNAs (miRNAs), evolutionarily conserved non-
coding RNAs, exert their biological functions via accel-
erating mRNA degradation or translational inhibition 
posttranscriptionally [5]. Substantial evidence indicates 
that miRNAs and their biogenesis machinery play a cru-
cial role in cancer development [6–8]. Accumulating 
studies has showed that several miRNAs may be used as 
diagnostic and prognostic biomarkers in the future [9–
12]. miR-615-3p situates within the intron of the Hoxc5 
gene at human chromosome 12q13.13[13]. As reported, 
miR-615-3p affects the progression of numerous tumors 
as an oncogene. miR-615-3p is highly expressed and leads 
to an inferior prognosis in prostate cancer [14]. Another 
study demonstrated that aberrant highly expressed miR-
615-3p facilitated proliferation and metastasis of gastric 
cancer via targeting CELF2[15]. Nevertheless, whether 
miR-615-3p is involved in osteosarcoma procession 
and the underlying regulatory mechanisms are not well 
known.

The activation of mTOR often occurs in various dis-
eases, including cancers [16, 17]. mTOR influences 
protein synthesis, cell growth and metabolism by phos-
phorylating 70S6K and 4E-BP1[10–20]. Notably, in addi-
tion to enhancing cell proliferation, Numerous reports 
indicate that the mTOR pathway can promotes metas-
tasis of cancers through activating and maintaining the 
epithelial-mesenchymal transition (EMT) progression 
[21–23]. EMT, which is a crucial mechanism resulting in 
tumor metastasis, is a phenomenon in which epithelial 
cells transform into mesenchymal cells through a com-
plex process. During EMT, a lower expression of E-cad-
herin, which is an epithelial marker, was measured, while 
the expression of mesenchymal markers (N-cadherin and 
vimentin) increase [24]. It is reported that EMT attenu-
ated the interaction of tumor cells, thus contributing to 
distant metastasis [25, 26].

In this study, our data elucidated that miR-615-3p was 
upmodulated in OS and inhibition of miR-615-3p hin-
dered OS development via suppressing mTOR pathway. 
Mechanistically, we found that SESN2, involved in the 
mTOR pathway as a key regulator, was suppressed by 

miR-615-3p, thereby leading to the activation of mTOR. 
Collectively, our study indicated that molecular strategy 
targeting the miR-615-3p/SESN2/mTOR pathway may be 
hopeful for OS treatment.

Materials and methods
Cell culture
The human OS cell lines U-2OS, 143B, MG63, and 
MNNG-HOS, as well as the human osteoblast cell line 
hFOB1.19, were obtained from the Cell Bank of the Chi-
nese Academy of Sciences. Incubating OS cells at 37 °C in 
humidified air with 5% CO2, while maintaining hFOB1.19 
cells at 34.5 °C with 5% CO2 humidified air. All cells were 
grown in a medium consisting of 10% fetal bovine serum 
(FBS) along with 1% penicillin-streptomycin.

Cell transfection
Control inhibitor and miR-615-3p inhibitor, obtained 
from Gene-Pharma (Shanghai, China), were introduced 
into the OS cells using Lipofectamine 3000 (Invitrogen). 
Transfection was performed meticulously following the 
detailed instructions provided by the supplier to ensure 
optimal delivery and functioning of the inhibitors within 
the cellular environment. Lentiviral vector to knockdown 
SESN2 was purchased from Sigma (catalog numbers: 
TRCN0000087791). Each lentiviral vector and packaging 
plasmids were introduced into HEK293T cells with Lipo-
fectamine 3000. Cell supernatants gathered at 24, 48, and 
72  h following transfection, filtered (0.45  μm) and then 
introduced to the target cells along with 4 µg/µl of poly-
brene. Plasmids, including SESN2 and negative controls, 
were provided by OBiO Technology (Shanghai, China). 
SESN2-overexpressing cell lines were constructed via 
the plasmids constructed above. Puromycin was used to 
select infected cells after 72  h. qRT-PCR were used for 
verification of transfection efficiency.

Quantitative real-time PCR analysis (qRT-PCR)
Total RNA was meticulously extracted from all cell lines. 
This process was followed by the reverse transcription of 
the isolated RNA into cDNA. All operations were per-
formed following the instructions provided by manufac-
turer (Vazyme, Nanjing, China). qRT‒PCR analysis was 
performed as outlined in earlier studies. Normalization 
was achieved using β-Actin and U6 expression.

Cell proliferation assays and cell apoptosis assay
Cell counting kit-8 (CCK-8) assays, colony formation 
assays and cell apoptosis assays were executed following 
the established protocols [27].

Western blotting
We used RIPA buffer (Sigma, USA) to extract protein, 
which contained protease inhibitors (Roche, Mannheim, 
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Germany). Electrophoresis was carried out with 12% 
SDS–PAGE gels to separate proteins. Following transfer, 
primary antibodies were incubated overnight at 4 °C fol-
lowing a blocking step with 5% skim milk for 1 h. TBST 
was used to wash the membranes before secondary anti-
bodies were added. The membranes were then washed 
once more in TBST, and luminescence was measured 
with an ECL detection kit (Share-bio, Shanghai, China).

EdU assay
Assays of cell proliferation were performed using a EdU 
kit (Beyotime, Shanghai, China). Briefly, target cells were 
placed in 12-well chambers and treated with 200 µl EdU 
each well for 2  h. Next, the cells were fixed using 4% 
paraformaldehyde and treated with 0.3% Triton X-100 
to allow for permeabilization. Following washing, each 
well received 5 µg/ml of Hoechst 33,342, which was then 
incubated for 30  min. Images were acquired under the 
inverted microscope (Olympus).

Migration and invasion assays
Transwell assays were applied for cell metastasis abil-
ity assessment. In the migration assay, 3 × 104 treated OS 
cells were placed in the upper chamber filled with serum-
free medium, while the lower chamber was supplied 
with medium containing 10% FBS to serve as a chemo-
attractant. For invasion assay, diluted Matrigel (BD Bio-
sciences, USA) was used to coat transwell inserts (8-µm 
pore size, 24-well inserts; Corning, NY, USA). 4% formal-
dehyde was used to fix the cells after 48 h of incubation. 
After staining with crystal violet, inverted microscope 
(Olympus) was used to count and photograph the cells 
that passed through the membrane.

Mouse xenograft model
Approval for all animal experiments was granted by the 
Animal Protection and Use Committee of the Affili-
ated Hospital of Nanjing Medical University. 5-week-old 
female BALB/C nude mice received subcutaneous injec-
tions of 1.5 × 106 transfected cells (n = 5 per group). We 
assessed tumor volume every five days and calculated 
them as follows: Width2 × Length × 0.5. All mice were 
euthanized after 20 days, and then tumors were isolated 
and weighed.

Immunohistochemistry (IHC) staining
Cell proliferation was tested by the anti-Ki67 antibody 
(GB13030; Servicebio, Wuhan, China). Tunel kit (Roche, 
Basel, Switzerland) was employed for cell apoptosis of 
xenograft tumor tissues assessment. Fluorescence images 
were captured using a microscope.

Fluorescence in situ hybridization (FISH)
Alena Biotechnology Co., Ltd. (Xi’an, China) provide 
the OS tissue microarray (n = 40). The miR-615-3p and 
SESN2 probes were used to hybridize OS tissue sections 
(Servicebio, Wuhan, China). FISH assay was executed as 
mentioned previously [28].

Luciferase activity assays
The dual-luciferase reporter assays were executed to 
verify the association between miR-615-3p and SESN2 as 
previously described [29].

Database analysis
Potential target genes of miR-615-3p were examined 
through the online tools StarBase ​(​​​h​t​t​p​:​/​/​s​t​a​r​b​a​s​e​.​s​y​s​u​.​e​d​
u​.​c​n​​​​​) and TargetScan (http://www.targetscan.org/).

Bioinformatic Analysis
Data from the GSE28423 microarray dataset, which 
includes 18 disease samples and 3 healthy controls, was 
sourced from Gene Expression Omnibus (GEO) ​(​​​h​t​​t​p​:​​/​/​
w​w​​w​.​​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​o​/​​​​​)​. The ​n​o​r​m​a​l​i​z​e​B​e​t​w​e​e​n​A​r​r​a​
y​s function in ‘limma’ package of R was used to normalize 
the gene expression. The analysis of differential expres-
sion was conducted in R employing both the limma as 
well as DESeq2 packages.

Survival analysis
Metastasisfree survival analysis of 88 OS patients was 
performed via Kaplan-Meier method by the online data-
base (http://hgserver1.amc.nl).

Statistical analyses
All statistical results are presented as means ± SD. Two-
tailed Student’s t-test was performed to compare differ-
ences between groups (GraphPad Prism, version 9.3.1). A 
p value of < 0.05 was regarded as indicative of a statisti-
cally significant difference.

Results
Mir-615-3p is remarkably upregulated in OS
To identify the miRNAs that are differentially expressed 
in OS, we applied the R package to dissect the miRNA 
expression profiles of GSE28423 from GEO database. 
As depicted in volcano plot and heatmap (Fig.  1A, B), 
differential expression miRNAs between normal tis-
sues and OS were generated using R package limma 
(logFC > 1 and adj.P.Value < 0.05). Among these differ-
entially expressed miRNAs, we noted that miR-615-3p 
was obviously upregulated in OS (Fig.  1C). To further 
verify these results, we assessed miR-615-3p expression 
by FISH assay using a specific miR-615-3p-probe on OS 
tissue microarray (n = 40). A positive correlation between 
miR-615-3p expression and OS pathological staging was 

http://starbase.sysu.edu.cn
http://starbase.sysu.edu.cn
http://www.targetscan.org/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://hgserver1.amc.nl
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Fig. 1  miR-615-3p was upregulated in OS cells and tissue. A. Volcano plot representing the differentially expressed genes in GEO datasets (GSE28423). B. 
Heatmap showed the differentially expressed genes in GSE28423 downloaded from the GEO database. C. The expression of miR-615-3p in normal and 
osteosarcoma samples of GSE28423 dataset. D. Representative FISH photographs of the expression patterns of miR-615-3p in human OS tissues. Scale 
bars = 20 μm. E. Statistical analysis of FISH results based on the expression level of miR-615-3p in T1 stage (n = 9) and T2 stage (n = 31) OS tissues. F. Rela-
tive miR-615-3p mRNA levels of MG63, MNNG-HOS, U-2OS and 143B relative to hFOB1.19 cells were determined using qRT-PCR. Results are displayed as 
mean ± SD, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001
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found (Fig.  1D, E). Moreover, miR-615-3p expression 
in hFOB1.19 cells and in OS cell lines (MG63, U-2OS, 
MNNG-HOS and 143B) was detected through qRT-PCR. 
As presented in Fig. 1F, miR-615-3p was obviously upreg-
ulated in OS, especially in 143B and MNNG-HOS cells. 
In conclusion, our data elucidated that miR-615-3p was 
high-expression in OS and may be associated with osteo-
sarcoma progression.

Mir-615-3p promotes proliferation and suppresses 
apoptosis in OS cell
To investigate the function of miR-615-3p in OS, we 
silenced miR-615-3p in MNNG-HOS and 143B cells. 
Silencing efficiency of miR-615-3p was measured using 
qRT-PCR (Fig. 2A). As detected by CCK-8 assay, knock-
down of miR-615-3p remarkably attenuated OS cell pro-
liferative capacity (Fig. 2B, C). Meanwhile, the number of 
clones significantly reduced in miR-615-3p knockdown 
group (Fig.  2D). Subsequently, we performed the EdU 
assay and got the same result (Fig. 2E, F). Furthermore, 
we found that miR-615-3p silencing greatly stimulated 
OS cell apoptosis (Fig. 2G-I). In general, these data clearly 
clarified that miR-615-3p stimulated OS cell proliferation 
and weakened cell apoptosis.

MiR-615-3p facilitates OS cell metastasis through 
stimulating EMT in vitro
Next, we examined the effect of miR-615-3p on OS cell 
metastasis by transwell assays. As shown in Fig.  3A-D, 
the migration and invasion abilities of OS cell were sub-
stantially suppressed due to the inhibition of miR-615-3p.

Recently, growing researches demonstrated that EMT 
exerts a crucial function in tumor metastasis. There-
fore, we carried out western blotting to measure EMT 
markers expression. The results demonstrated that miR-
615-3p knockdown led to an increase in E-cadherin 
expression, which was a marker of epithelial phenotype, 
while the expression of mesenchymal markers was sig-
nificantly inhibited after miR-615-3p silencing (Fig.  3E). 
To further validate the above results, we carried out 
Immunofluorescence assay. We found that inhibition of 
miR-615-3p induced a sharp decline in the fluorescence 
intensity of E-cadherin, while a significant increase in the 
fluorescence intensity of N-cadherin and Vimentin was 
observed in miR-615-3p knockdown group (Fig.  3F, G). 
Together, our research revealed that miR-615-3p acceler-
ated metastasis of OS via stimulating EMT.

Mir-615-3p directly targets SESN2 in OS cells
Growing studies reported that the mTOR pathway 
exerted a crucial impact on proliferation, EMT process 
and distant metastasis [30, 31]. Therefore, we sought 
to explore whether miR-615-3p exerts its biological 

function in OS as an oncogene by stimulating the mTOR 
pathway.

Afterwards, western blotting was performed to clar-
ify the connection between miR-615-3p and the mTOR 
pathway in OS cells. We found that the phosphorylation 
degree of mTOR markedly decreased after interfering 
with miR-615-3p (Fig. 4A).

To elucidate the underlying mechanisms of miR-615-3p 
in regulating mTOR pathway in OS, potential miR-
615-3p target mRNA candidates were identified through 
two target gene prediction algorithms (StarBase and Tar-
getScan). We found that only SESN2, RPTOR, CASTOR1 
and ATP6V0E1 were related to both miR-615-3p and 
mTOR pathway (Fig.  4B). Subsequently, we discovered 
that the miR-615-3p inhibition stimulated SESN2 expres-
sion remarkably in OS cells, while no noticeable changes 
in the expression of RPTOR, CASTOR1 and ATP6V0E1 
were observed (Fig. 4C, D). Moreover, an assessment of 
the connection between SESN2 expression and the prog-
nosis in OS was carried out via R2 database. As shown in 
Fig. S1A, low SESN2 expression predicts a poor prognosis 
for OS patients. (p = 0.020). The potential binding site of 
miR-615-3p on SESN2 was displayed in Fig. 4E. To verify 
in depth the interaction between miR-615-3p and SESN2, 
luciferase reporter assays were carried out. As expected, 
the miR-615-3p knockdown induced a visible enhance-
ment in the luciferase activity of SESN2-3’-UTR-wildtype 
reporter, while the luciferase intensity of SESN2-3’-UTR-
mutation reporter did not change obviously (Fig.  4F, 
G). In addition, the RNA immunoprecipitation (RIP) 
assay illustrated that inhibition of miR-615-3p led to a 
lower enrichment level of SESN2 in the anti-Argonaute2 
(Ago2) group (Fig. 4H, I). Collectively, our data demon-
strated that miR-615-3p interacts directly with SESN2, 
thus regulating SESN2 expression in OS.

SESN2 attenuates OS cell progression through activating 
the mTOR pathway
SESN2, a key regulator of mTORC1, exerts its biological 
function by mediating AMPK activation [32, 33]. It has 
been reported that SESN2 was involved in processes of 
numerous cancers [34, 35]. Nevertheless, the function of 
SESN2 in OS progression requires further exploration. 
We firstly overexpressed SESN2 in OS cells and overex-
pression efficiency was detected through western blotting 
(Fig.  5A). Additionally, western blotting analysis indi-
cated that SESN2 substantially suppressed the activation 
of mTOR pathway as well as the expression of mesenchy-
mal markers (Fig. 5A). As a result, CCK-8 assays revealed 
that the proliferative activity of OS cells was remarkably 
suppressed in the SESN2 overexpression group (Fig. 5B, 
C). The same results were observed in colony forma-
tion assays (Fig. 5D and Fig. S2A). Meanwhile, the tran-
swell assays confirmed that SESN2 notably reduced the 
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Fig. 2  miR-615-3p promotes proliferation and inhibited apoptosis in OS cell. A. Interference efficacy of sh-RNA targeting of miR-615-3p in 143B and 
MNNG-HOS cells was determined by qRT-PCR. B and C. Knockdown of miR-615-3p suppressed proliferation capability of 143B and MNNG-HOS cells using 
the CCK-8 assay. D. Knockdown of miR-615-3p suppressed the proliferation of OS cells (143B and MNNG-HOS) using the colony formation assay. E. miR-
615-3p inhibitor decreased the percentage of EdU-positive OS cells. F. Representative photographs of the EdU incorporation assay. Scale bars = 20 μm. 
G-I. The knockdown of miR-615-3p significantly induces apoptosis of 143B and MNNG-HOS cells. Results are displayed as mean ± SD, * indicates p < 0.05, 
** indicates p < 0.01, *** indicates p < 0.001
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Fig. 3  miR-615-3p promotes OS cell metastasis via stimulating EMT in vitro. A. Cell migration ability was detected in OS cells with miR-615-3p knockdown 
or not. Scale bars = 50 μm. B. Quantification of the cell migration ability from the Fig. 3A. C. Cell invasion ability was detected in OS cells with miR-615-3p 
knockdown or not. Scale bars = 50 μm. D. Quantification of the cell invasion ability from the Fig. 3C. E. Protein levels of EMT markers was determined in 
different groups (anti-NC and anti-miR-615-3p). F and G. Immunofluorescence staining showed the changes in the expression of EMT markers (green) 
in OS cells. Nuclei were counterstained with DAPI (blue). Scale bars = 20 μm. Results are displayed as mean ± SD, * indicates p < 0.05, ** indicates p < 0.01, 
*** indicates p < 0.001
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Fig. 4 (See legend on next page.)
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metastasis capacity of OS cells (Fig.  5E, F and Fig. S2B, 
C). Additionally, a higher apoptosis rate of OS cells was 
induced by the overexpression of SESN2 (Fig. 5G, H and 
Fig. S2D). These observations suggested that SESN2, at 
least to some extent, inhibited OS progression via regu-
lating mTOR pathway.

Mir-615-3p promotes OS development via SESN2-
mediated mTOR pathway
To assess whether miR-615-3p is involved in OS devel-
opment via SESN2-mediated mTOR pathway in depth, 
a set of rescue experiments were conducted. We treated 
OS cells using miR-615-3p inhibitors plus sh-SESN2. As 
shown in Fig. 6A, the influence of silencing miR-615-3p 
on SESN2, p-AMPK, p-mTOR and EMT biomarkers 
was partly reversed by SESN2 knockdown. Next, CCK-8 
assays demonstrated that miR-615-3p knockdown mark-
edly suppressed OS cell proliferation, which was partially 
restored through downregulating SESN2 (Fig. 6B, C). The 
same results were confirmed by colony formation assays 
(Fig.  6D and Fig. S3A). Meanwhile, the results of apop-
tosis revealed that silencing SESN2 dramatically weaken 
the positive impact of miR-615-3p knockdown on apop-
tosis (Fig.  6E and Fig. S3B, C). Additionally, we found 
that the inhibition of migration and invasion abilities 
was partly rescued in the miR-615-3p knockdown group 
after SESN2 silencing (Fig. 6F, G and Fig.S3D, E). These 
data demonstrated that miR-615-3p exerted its tumor-
promoting function by regulating the activity of SESN2-
mediated mTOR pathway.

MiR-615-3p promotes OS development by modulating 
SESN2 in vivo
Next, to investigate whether miR-615-3p promotes the 
viability of OS cells in vivo, we constructed xenograft 
models by performing subcutaneous injections with 
treated cells in nude mice. As displayed in Fig.  7A-D, 
compared to the control conditions, miR-615-3p knock-
down greatly diminished the tumor load and suppressed 
the development of xenograft tumors. However, the par-
tial restoration of the tumor suppressor effect from miR-
615-3p silencing was achieved by inhibition of SESN2. 
Afterwards, we used Ki67 staining and TUNEL assay to 
assess proliferation and apoptosis of xenograft tumor, 
respectively. As a result of miR-615-3p knockdown, 
cell viability decreased and apoptosis was activated in 

vivo (Fig.  7E, F). This effect can be reversed, however, 
by SESN2 silencing. FISH and IF staining were used to 
establish the expression patterns of miR-615-3p as well 
as SESN2 in xenograft tumors (Fig.  7G). Our data were 
further confirmed in OS samples (Fig. 7H). The negative 
relation between miR-615-3p and SESN2 was apparent 
(Fig. 7I). In summary, our data clarified that miR-615-3p 
stimulated OS development through targeting SESN2 in 
vivo.

Discussion
So far, the treatment of OS remains a huge clinical chal-
lenge. Emerging researches have indicated that many 
microRNAs are related to the development of multitu-
dinous tumors including OS. miRNAs exert a vital role 
in a series of biological processes through regulating 
downstream genes expression [36, 37]. Liang et al. dem-
onstrated that miR-744-5p could regulate MAPK signal-
ing by targeting TGF-β1, thus inhibiting the growth and 
metastasis of OS [38]. Liu et al. revealed that miR-140 
negatively modulated OS proliferation and metastasis 
via USP22/LSD1/p21 axis [39]. Liang et al. clarified that 
miR-23b-3p, which was upmodulated in OS, activated 
the PI3K/AKT pathway by interacting with the 3’-UTR 
of VEPH1, thus promoting OS progression [40]. Through 
our analysis of data from GEO database, we discovered 
an increase in miR-615-3p expression was observed in 
OS compared to control group. Previous study revealed 
that miR-615-3p exerted tumor-promoting effect in vari-
ous cancers. Lei et al. found that miR-615-3p facilitated 
the metastasis via PICK1/TGFBRI axis mediated EMT 
in breast cancer [41]. Another report clarified that miR-
615-3p, which is upmodulated in prostate cancer, may 
serve as a prognostic biomarker [42]. In this study, our 
results revealed that miR-615-3p, which was upregulated 
in OS, enhanced OS proliferative activity and migration 
ability and suppressed apoptosis of OS.

SESN2, which belongs to the sestrin family, is induced 
by various stress signals and is highly conserved in most 
eukaryotes [43]. SESN2 executes its biological function 
as a key inhibitor of mTORC1. The effect of SESN2 on 
mTORC1 activity can be mediated by phosphorylation 
of AMPK [44]. Growing evidences reported that SESN2/
AMPK/mTOR pathway was associated with the develop-
ment of different diseases. According to previous report, 
SESN2 played a crucial role in protecting hair cells from 

(See figure on previous page.)
Fig. 4  miR-615-3p directly targets SESN2 in OS cells. A. Protein levels of total and phosphorylated mTOR in different groups (anti-NC and anti-miR-
615-3p). B. Venn diagram showing the predicted mTORC1-related target genes of miR-615-3p obtained from StarBase databases. C and D. The mRNA 
expression patterns of the predicted target genes in different groups (anti-NC and anti-miR-615-3p). E. The wild-type and the mutated sequences of the 
SESN2 mRNA 3’-UTR (mutation site: red). F and G. The luciferase activity of the OS cells (143B and MNNG-HOS) in luciferase reporter plasmid containing 
wild-type SESN2 3’-UTR (SESN2-WT) and mutant SESN2 3’-UTR (SESN2-MUT) co-transfected with miR-615b-3p inhibitors or negative control was as-
sessed. H and I. RIP assays using antibodies against AGO2 or IgG were performed in cellular lysates from 143B and MNNG-HOS cells. qRT-PCR showed 
the relative enrichment of SESN2 in different groups (anti-NC and anti-miR-615-3p). Results are displayed as mean ± SD, * indicates p < 0.05, ** indicates 
p < 0.01, *** indicates p < 0.001
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Fig. 5  SESN2 attenuates OS cell progression through activating the mTOR pathway. A. Protein levels of SESN2, total and phosphorylated AMPK, total and 
phosphorylated mTOR and EMT markers in 143B and MNNG-HOS cells transfected with SESN2 plasmid or negative control. B and C. SESN2 overexpression 
suppressed the cell viability of 143B and MNNG-HOS cells using the CCK- 8 assay. D. SESN2 overexpression suppressed the colony formation capability 
of OS cells (143B and MNNG-HOS). E and F. SESN2 overexpression suppressed the cell migration and invasion ability of 143B and MNNG-HOS cells. G and 
I. SESN2 overexpression induced the apoptosis of OS cells (143B and MNNG-HOS). Results are displayed as mean ± SD, * indicates p < 0.05, ** indicates 
p < 0.01, *** indicates p < 0.001
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gentamicin [45]. Han et al. indicated that hepatic SESN2, 
which was upregulated during cholestatic liver injury, 
ameliorated bile acid-induced ER stress via AMPK/
mTOR pathway, thus preventing liver damage [46]. In 
addition, SESN2 mediated anti-tumor effect has been 

reported. Liang et al. revealed that SESN2 inhibited the 
growth of bladder cancer by activating autophagy [35]. 
Shin et al. found that low-expressed SESN2 could stimu-
late endometrial cancer progression via activating mTOR 
pathway [47]. It was reported that Tanshinone IIA (TIIA) 

Fig. 6  miR-615-3p promotes OS development via SESN2-mediated mTOR pathway. A. Protein levels of SESN2, total and phosphorylated AMPK, total and 
phosphorylated mTOR and EMT markers in 143B and MNNG-HOS cells transfected with miR-615b-3p inhibitor, sh-SESN2, or negative control. B and C. 
SESN2-knockdown partly reversed the suppressed effects of miR-615-3p-knockdown on the cell viability of 143B and MNNG-HOS cells using the CCK- 8 
assay. D. SESN2-knockdown partly reversed the suppressed effects of miR-615-3p-knockdown on the colony formation capability of 143B and MNNG-
HOS cells. E. SESN2-knockdown partly reversed the induced effect of miR-615-3p-knockdown on the apoptosis of OS cells (143B and MNNG-HOS).  F 
and G. SESN2-knockdown partly reversed the suppressed effects of miR-615-3p-knockdown on the cell migration and invasion ability of OS cells (143B 
or MNNG-HOS) in different groups (anti-NC, anti-miR-615-3p and anti-miR-615-3p + sh-SESN2). Results are displayed as mean ± SD, * indicates p < 0.05, ** 
indicates p < 0.01, *** indicates p < 0.001
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Fig. 7 (See legend on next page.)
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exerted its anti-cancer effect by SESN2-induced autoph-
agy in OS [48]. In our study, we elucidated that SESN2 
could enhance apoptosis and attenuate viability and 
metastasis of OS. Furthermore, miR-615-3p repressed 
SESN2 expression through interacting with the 3’-UTR 
of SESN2, therefore promoting OS progression.

EMT is a process which plays a vital part in progression 
of various tumors [49]. Interestingly, growing reports 
illuminated that mTOR pathway was involved in the acti-
vation of the EMT. Luo et al. found that YTHDF1 pro-
moted metastasis of hepatocellular carcinoma via PI3K/
AKT/mTOR-mediated EMT [50]. Wang et al. demon-
strated that APOC2-induced mTOR activation promoted 
cell metastasis by enhancing the EMT process in gastric 
cancer [30]. Our research elucidated that miR-615-3p 
facilitated EMT through SESN2/AMPK/mTOR pathway, 
thus promoting metastasis of OS.

Conclusion
Generally, these findings demonstrated that miR-615-3p 
is highly expressed in OS. Silencing miR-615-3p inhib-
its OS development in vitro and in vivo. Subsequent 
researches indicated that miR-615-3p functioned as an 
oncogene by SESN2/AMPK/mTOR axis. These findings 
underscore the prospect of focusing on miR-615-3p and 
SESN2 as targets for OS treatment.
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