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Abstract

Osteosarcoma (OS) is the most common primary malignant neoplasm of the bone.
Recent studies have indicated that the inhibitory effects of microRNA (miR)-324-3p
could affect the development of numerous cancers. However, its biological roles and
underlying mechanisms in OS progression remain unexplored. In this study, miR-
324-3p expression was markedly reduced in OS cell lines and tissues. Functionally,
miR-324-3p overexpression suppressed OS progression and was involved in the
Warburg effect. Mechanistically, miR-324-3p negatively regulated phosphoglycerate
mutase 1 (PGAM1) expression by targeting its 3'-UTR. Moreover, high expression of
PGAM1 promoted OS progression and aerobic glycolysis, which were associated with
inferior overall survival in patients with OS. Notably, the tumor suppressor functions
of miR-324-3p were partially recovered by PGAM1 overexpression. In summary, the
miR-324-3p/PGAM1 axis plays an important role in regulating OS progression by con-
trolling the Warburg effect. Our results provide mechanistic insights into the function
of miR-324-3p in glucose metabolism and subsequently on the progression of OS.
Targeting the miR-324-3p/PGAM1 axis could be a promising molecular strategy for
the treatment of OS.
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1 | INTRODUCTION

Osteosarcoma is recognized as the most common form of bone
cancer and has a great propensity for pulmonary metastasis.!
Osteosarcoma presents most frequently in children and adoles-
cents.? Notably, in patients with localized OS, long-term survival
rates have reached 60% due to the application of neoadjuvant che-
motherapy and surgical resection.>* However, there has been no
major improvement in the overall survival rates of such patients in
the past three decades.’ Therefore, a better understanding of the
potential molecular mechanisms of OS is essential to identify thera-
peutic targets for targeted therapy.

MicroRNAs are evolutionarily conserved noncoding RNAs that
promote mRNA degradation or translational inhibition at the post-
transcriptional level.>” There is considerable evidence that miR-
NAs and their biogenesis machinery are involved in tumor growth,
metastasis, angiogenesis, and immune evasion.®™*® Furthermore,
accumulating evidence has established that deregulated miRNAs
act as tumor suppressors or oncogenic factors, and some of them
have the potential to become novel diagnostic and prognostic bio-
markers.!12 |n particular, miR-324-3p, a 23-nt-long miRNA, is lo-
cated on chromosome 17p13.1. Recent studies have reported that
miR-324-3p acts as a tumor suppressor and affects the progression
of numerous tumors. For example, upregulation of miR-324-3p en-
hanced ferroptosis of non-small-cell lung cancer cells by inhibiting
GPX4 directly.®® Another study reported that miR-324-3p has the
potential to become a novel therapeutic target by targeting WNT2B
in nasopharyngeal carcinomas.* However, whether miR-324-3p
regulates OS progression and its regulatory mechanisms remains
largely unknown.

The Warburg effect - considered as a key metabolic hallmark
of cancer - is a metabolic alteration stimulated by aerobic glycol-
ysis that suppresses oxidative phosphorylation.15 This metabolic
reprogramming phenomenon is present in multiple cancers, and it
markedly facilitates cancer proliferation, aggressiveness, and ther-
apeutic resistance.**8 According to a previous study, this effect is
also a characteristic of OS that could be targeted therapeutically.'?
Additionally, miRNAs have been suggested to be the important
regulators of aerobic glycolysis and tumorigenesis in various can-
cers. Moreover, Fong et al. reported that miR-122 overexpression
suppresses breast cancer progression by regulating glucose utiliza-
tion.?° Guo et al. reported that miR-199a-5p regulates cancer prolif-
eration and glucose metabolism by targeting HK2 in liver cancer.?!
However, whether miR-324-3p participates in glycolysis and energy
metabolism in OS remains unclear.

In the present study, we found that miR-324-3p was expressed
at low levels in OS and that its overexpression hindered OS pro-
gression by inhibiting aerobic glycolysis. Mechanistically, we
discovered that PGAM1, a critical glycolytic coding gene, was sup-
pressed by miR-324-3p, which inhibited aerobic glycolysis. Briefly,
these findings indicate that targeting the miR-324-3p/PGAM1
axis could provide a promising molecular strategy for the
treatment of OS.

2 | MATERIALS AND METHODS

2.1 | Cellculture

The human OS cell lines U-20S, 143B, MG63, and MNNG-HOS
and the human osteoblast cell line hFOB1.19 were obtained from
the Cell Bank of the Chinese Academy of Sciences. Osteosarcoma
cells were incubated at 37°C in humidified air containing 5% CO,,
whereas hFOB1.19 cells were maintained at 34.5°C with 5% CO, ina
humidified atmosphere. All cells were cultured in a medium contain-
ing 10% FBS and 1% penicillin-streptomycin.

2.2 | Quantitative real-time PCR analysis

Total RNA was isolated from different cell lines and reversed tran-
scribed to cDNA according to the manufacturer's instructions
(Vazyme). The gRT-PCR analysis was carried out as previously de-
scribed.?? 185 and U48 small nuclear RNAs were used as internal
controls for mRNA normalization. Their relative expressions were

calculated using the 2742 method.

2.3 | Transfection assay

For siRNA transfection, PGAM1 siRNA and negative control siRNA
were synthesized by GenePharma. Furthermore, the cells were
transiently transfected using jetPRIME (Polyplus Transfection) ac-
cording to the manufacturer's instructions. The target sequences
for PGAM1 siRNAs are as follows: si-PGAM-1, 5'-GUCCUGUCCAA
GUGUAUCUTT-3" (sense), 5-AGAUACACUUGGACAGGACTT-3'
(antisense); and si-PGAM-2, 5'-CCACAUCUGUAGACAUCUUTT-3'
(sense), 5'-~AAGAUGUCUACAGAUGUGGTT-3’ (antisense).

Plasmids containing miR-324-3p or PGAM1 and the nega-
tive control plasmids were purchased from OBiIO Technology.
Furthermore, the constructed plasmids were packaged with the
lentivirus expression system using HEK 293T cells, and viral titers
were determined. To obtain stable miR-324-3p-overexpressing or
PGAM1-overexpressing cells, target cells were seeded on 6-well
plates and coinfected with 1x 10° lentivirus-transducing and poly-
brene (Sigma). After 72h, the infected cells were screened using
2.5 pg/mL puromycin. Furthermore, western blotting and gRT-PCR

were undertaken to evaluate the transfection efficiency.

2.4 | Western blot assay

Western blotting was carried out as previously described.?? Briefly,
the supernatant was collected after centrifugation at 12,000g.
Subsequently, the protein samples were mixed with protein loading
buffer, separated using gel electrophoresis, and then transferred to
the membrane. The membranes were incubated at 4°C overnight with
primary Abs; subsequently, they were incubated with secondary Abs
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at room temperature for 1 h. The bands were visualized by enhanced
chemiluminescence. Antibodies against B-actin (1:10000, ab8226;
Abcam), PGAM1 (1:2000, ab129191; Abcam), Bcl-2 (1:1000, #4223;
CST), Bax (1:1000, #5023; CST), caspase-3 (1:1000, 19,677-1-AP;
Proteintech), and cleaved caspase-3 (1:1000, A11021; Abclonal)
were used.

2.5 | Cell counting and colony formation assays

Cell viability was measured using a CCK-8 assay kit (Share-bio) ac-
cording to the vendor's instructions. Subsequently, the transfected
cells were seeded into 96-well plates (3% 108 cells/well). Finally, the
absorbance was measured at 450 nm using a microplate reader (Bio-
Rad Laboratories) at 0, 24, 48, 72, 96, and 120h.

For colony formation assays, the cells subjected to various treat-
ments were seeded into a 6-well plate at a concentration of 1000
cells/well and incubated for 2weeks. After washing with ice-cold
PBS, these cells were fixed with 4% paraformaldehyde. Finally, cell

colonies were imaged and counted after staining with crystal violet.

2.6 | Migration and invasion assays

Cell migration and invasion ability were assessed using Transwell as-
says. For the migration assay, 3x10* cells treated with U-20S and
143B were added to the upper chamber with serum-free medium. The
medium supplemented with 10% FBS was then added to the lower
chamber as a chemoattractant. For the invasion assay, Transwell in-
serts (24-well inserts, 8-um pore size; Corning) were coated with di-
luted Matrigel (BD Biosciences). After incubating for 48h, the cells
were fixed with 4% formaldehyde. Finally, cells that had migrated or
invaded across the membrane were counted and imaged using an in-

verted microscope (Olympus) after staining with 0.1% crystal violet.

2.7 | Mouse xenograft model

All animal experiments were approved by the IACUC of Jiangsu
Science Standard Medical Testing Co., Ltd (IACUC22-0098). Female
BALB/C nude mice were subcutaneously injected with 1.5%10°
transfected cells at the age of 5weeks (n = 5 mice in each group).
Tumor sizes were estimated every 5 days with caliper measurements
and calculated using the following formula: width?xlengthx0.5.
After 20days of OS cell injections, all mice were killed, and tumors

were isolated and weighed.

2.8 | Immunohistochemistry staining

The IHC assay was carried out as previously described.’ To detect
cell proliferation of xenograft tumor tissues, IHC staining was under-
taken with Abs of Ki-67 (GB13030; Servicebio), at 1:200 dilutions.

Furthermore, cell apoptosis of xenograft tumor was evaluated
using a TUNEL kit (Roche). All images were visualized using a fluo-

rescence microscope (Carl Zeiss).

2.9 | Fluorescence in situ hybridization

A microarray of tissues from 40 patients with OS was obtained from
Alena Biotechnology Co., Ltd. The OS tissue sections were hybrid-
ized with the miR-324-3p and PGAM1 probes (Servicebio) and FISH
was carried out as previously described.”

2.10 | Metabolic assays

The extracellular acidification rate and oxygen consumption rate
were measured using an XF96 metabolic flux analyzer (Seahorse
Biosciences) as previously described.?? Cellular ATP levels were
quantified using an ATP assay kit (Promega), and extracellular lactate
levels were determined using a lactate assay kit (BioVision) accord-

ing to the vendor's instructions.

2.11 | Flow cytometry
Apoptosis was evaluated using the annexin V-FITC/propidium io-
dide apoptosis assay kit (Share-bio). Cells were harvested after 72h
of transfection and were processed according to the manufacturer's
instructions. Apoptosis was determined by flow cytometry using a
BD Biosciences flow cytometer.

2.12 | Luciferase activity assays

Wild-type and mutant PGAM1 were created and cloned into the
pmiR vector and cotransfected into OS cells using Lipofectamine
2000 (Invitrogen). Cells were collected after 48 h of transfection, and
luciferase activities were measured using the Dual-Glo Luciferase

Assay System (Promega).

2.13 | Database analysis

Data regarding potential miR-324-3p-target genes were obtained
from the online software StarBase (http://starbase.sysu.edu.cn) and
miRDB (http://www.mirdb.org).

2.14 | Bioinformatic analysis and survival analysis

The gene expression microarray data from the GSE65071 dataset
were directly obtained from GEO (http://www.ncbi.nlm.nih.gov/
geo/), comprising 20 OS samples (10 localized and 10 metastatic)
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and 15 normal samples. Gene expressions were normalized by the
quantile normalization method using the normalizeBetweenAr-
rays function in the limma package from BioConductor in R soft-
ware version 4.2.1 (R Development Core Team, Vienna, Austria).
Differential expression was determined in R using the limma and
DESeq2 packages from BioConductor (https://www.bioconduct
or.org/).

The gene expression data and survival information of 85 pa-
tients with OS in the TARGET-OS database (https://portal.gdc.
cancer.gov/projects/ TARGET-OS) were generated using the UCSC
Xena platform (https://xena.ucsc.edu/). Patients were classified
into two groups according to the median gene expression: high
and low expression groups. Kaplan-Meier survival curves were
generated using the survfit and survdiff functions of the R sur-
vival package and visualized using the ggsurvplot function in the
R package survminer. Statistical significance was calculated using
the log-rank test.

2.15 | Statistical analyses

All statistical results are presented as means=+SD. Statistical analy-
ses were undertaken using two-tailed Student's t-test for compari-
son of different groups (GraphPad Prism, version 9.3.1 for Windows).
A p value of less than 0.05 was considered to indicate statistically

significant difference.

3 | RESULTS

3.1 | MicroRNA-324-3p is significantly
downregulated in OS

To identify differentially expressed miRNA in OS, the miRNA ex-
pression profiles of GSE65071 from the GEO database were ana-
lyzed using the R package. As shown in a heatmap and volcano
plot (Figure 1A,B), differentially expressed miRNAs between the
OS and normal tissues were identified using R package limma
(logFC >1 and adjusted p value <0.05). Among these miRNAs, miR-
324-3p was significantly downregulated in OS samples compared
with normal samples (Figure 1C). To further validate these results,
we evaluated the expression level of miR-324-3p in tissue samples
using FISH with a specific miR-324-3p probe on the microarray
of OS tissues (n = 40). The results indicated that the miR-324-3p
expression was negatively correlated with advanced pathological
staging in OS (Figure 1D,E). Furthermore, the expression of miR-
324-3p in hFOB1.19 cells and OS cell lines (143B, U-20S, MG63,
and MNNG-HOS) was determined using qRT-PCR. As shown in
Figure 1F, the expression of miR-324-3p was markedly lower in
OS cell lines than in hFOB1.19 cells, especially in U-20S and 143B
cells. Briefly, these results confirmed that miR-324-3p expression
was low in OS tissues and cells, and this might be related to the
progression of OS.

3.2 | MicroRNA-324-3p significantly inhibited
progression of OS in vitro

To further explore the roles of miR-324-3p in OS, stable cell lines
overexpressing miR-324-3p were established, and the efficiency
of overexpression was determined using qRT-PCR (Figure S1A).
As shown in Figure 2A-D, miR-324-3p overexpression remarkably
attenuated OS cell viability and colony formation. In addition, the
results of Transwell assays revealed that miR-324-3p overexpres-
sion remarkably decreased cell migration (Figures 2E and S1B) and
invasion (Figures 2F and S1C) in OS cells. Moreover, miR-324-3p
overexpression significantly augmented apoptosis of OS cells
(Figure 2G,H). To explore the potential mechanisms underlying ap-
optosis due to miR-324-3p overexpression, western blotting was
used to determine the protein levels of several apoptosis-related
molecules. The results indicated that the expression of proapoptotic
proteins Bax and cleaved caspase-3 was upregulated, whereas that
of an antiapoptotic protein, Bcl-2, was downregulated (Figure S1D).
Briefly, these data highlight the crucial role of miR-324-3p in pro-
moting apoptosis and inhibiting the proliferation, migration, and in-

vasion of OS cells.

3.3 | MicroRNA-324-3p is related to
regulation of the Warburg effect in OS cells

The Warburg effect is a well-known tumor-related phenomenon
that regulates tumor promotion and progression.23 In particular,
we aimed to determine whether miR-324-3p was related to this
in OS. Thus, XF96 metabolic flux analyzer was used to explore
its role in reprogramming glucose metabolism in OS. As shown in
Figure 3A,B, miR-324-3p overexpression clearly suppressed the
glycolytic capacity of OS cells, but it simultaneously enhanced
their oxidative phosphorylation capacity (Figure 3C,D). Moreover,
miR-324-3p overexpression inhibited the production of lactic
acid, the end product of glycolysis (Figure 3E). Furthermore, miR-
324-3p overexpression increased the amount of ATP produced by
oxidative phosphorylation (Figure 3F). Thus, these findings indi-
cated that miR-324-3p is an essential regulator of the Warburg
effect in OS cells.

3.4 | Phosphoglycerate mutase 1 is a direct
target of miR-324-3p

To explore the potential mechanism by which miR-324-3p regu-
lated aerobic glycolysis in OS, we used two target gene prediction
algorithms, StarBase and miRDB, to identify miR-324-3p target
mRNA candidates. It was found that only PGAM1 and SLC25A10
were related to aerobic glycolysis (Figure 4A). We also found that
miR-324-3p overexpression remarkably suppressed PGAM1 ex-
pression in OS cells, but the expression of SLC25A10 was not al-
tered significantly (Figures 4B,C). Furthermore, we examined the
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FIGURE 1 Expression of microRNA (miR)-324-3p is decreased in osteosarcoma (OS). (A) Volcano plot illustrating the differentially
expressed miRNA in GEO datasets (GSE65071). (B) Heatmap showing the differentially expressed miRNA in GSE65071 obtained from

the GEO database. (C) Expression of miR-324-3p in normal and OS samples of GSE65071 dataset. (D) Representative FISH images of the
expression patterns of miR-324-3p in human OS tissues. Scale bar, 50 um. (E) Statistical analysis of FISH results based on the expression
level of miR-324-3p in T1 (h = 9) and T2 (n = 31) stages in OS tissues. (F) miR-324-3p mRNA levels of U-20S, 143B, MG63, and MNNG-HOS
relative to hFOB1.19 cells were determined using quantitative real-time PCR. Results are presented as mean+SD. *p <0.05, ***p<0.001.
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prognostic significance of PGAM1 expression in overall survival
using the TARGET-OS dataset. As shown in Figure 4D, higher lev-
els of PGAM1 expression were positively correlated with an ad-
verse prognosis (p = 0.037), whereas SLC25A10 expression had
no significant correlation with survival (p = 0.678) in patients with
OS (Figure S2). The potential target site on PGAM1 3’-UTR for
miR-324-3p is shown in Figure 4E. To demonstrate the relation-
ship between miR-324-3p and PGAM1, luciferase reporter assays
were used. As shown in Figure 4F,G, miR-324-3p markedly re-
duced the luciferase activity of the PGAM1-3’-UTR WT reporter
but not of the PGAM1-3'-UTR mutation reporter. Overall, these
findings indicated that miR-324-3p directly targets PGAM1 ex-

pression in OS.

3.5 | Phosphoglycerate mutase 1 accelerates OS
cell progression by regulating the Warburg effect

As a key metabolic enzyme in glycolysis, PGAM1 has been widely
known to be involved in various aspects of tumor progression.
However, further studies are required to clarify whether and how
PGAM1 contributes to OS progression. We initially knocked down
PGAM1 by siRNA-mediated gene silencing, and the efficiency
of knockdown was evaluated using western blotting (Figure 5A).
Based on CCK-8 assays, PGAM1 silencing significantly attenuated
OS cell proliferation (Figure 5B,C). Consistently, PGAM1 silenc-
ing substantially reduced the colony formation ability of OS cells
(Figures 5D and S3A). Transwell assays revealed that PGAM1 si-
lencing suppressed migration and invasion in OS cells (Figures 5E,F
and S3B,C). In addition, as shown in Figures 5G,H and S3D, knock-
down of PGAM1 specifically promoted cell apoptosis and effec-
tively modulated the expression of the apoptosis-related markers
in OS cells. Moreover, downregulated expression of PGAM1 led to
decreased glycolytic capacity and increased oxidative phospho-
rylation capacity compared with control cells (Figure 51,)). These
findings further suggested that PGAM1 inhibited apoptosis and
accelerated progression in OS cells, at least in part, by regulating
the Warburg effect.

3.6 | MicroRNA-324-3p suppresses OS progression
through PGAM1-mediated glycolysis

Figure 2 shows that miR-324-3p overexpression inhibits OS
cell progression. To investigate whether it exerts these effects
by targeting PGAM1, we cotransfected OS cells with PGAM1
overexpression lentivirus. We then verified the overexpression
efficiency by western blotting (Figure 6A). The CCK-8 assays
indicated that PGAM1 overexpression can partially reverse this
inhibited effect on OS cell proliferation mediated by increased
miR-324-3p expression levels in vitro (Figure 6B,C). Moreover,
similar results were observed in the colony formation assays
(Figures 6D and S4A). In addition, PGAM1 overexpression

dramatically attenuated the stimulatory effect of miR-324-3p
on OS cell apoptosis, and inhibitory effect on cell migration and
invasion (Figures 6E-G and S4B-E). Moreover, upregulation of
PGAML1 expression in OS cells can partially recover the inhibition
of the Warburg effect after enforced expression of miR-324-3p
(Figure 6H-K). These results further indicate that miR-324-3p
attenuated OS cell proliferation, migration, and invasion by

regulating PGAM1-mediated glycolysis.

3.7 | MicroRNA-324-3p attenuates OS growth
through targeting PGAML1 in vivo

To confirm whether miR-324-3p stimulates OS cell proliferation in
vivo, xenograft models of OS were established in nude mice by sub-
cutaneously injecting OS in established stable cell lines. As shown
in Figures 7A,B and S5A,B, the miR-324-3p-overexpressing group
showed markedly reduced tumor burden and inhibited growth of
xenograft tumors compared with the control group. Nevertheless,
antitumorigenic effects of miR-324-3p could be partially recovered
by reintroduction of PGAM1. Subsequently, apoptosis and prolif-
eration of cells in xenograft tumor was analyzed by Ki-67 staining
and TUNEL assay, respectively. As shown in Figures 7C and S5C,D,
miR-324-3p overexpression led to a significant reduction in cell
proliferation and induced apoptosis in vivo, whereas PGAM1 over-
expression restored this tumor-suppressor effect. Furthermore,
the expression patterns of miR-324-3p and PGAM1 were estab-
lished using FISH and IF staining in xenograft tumors (Figure 7D).
In addition, a negative correlation between the expression pattern
of miR-324-3p and PGAM1 was validated by FISH and IF analysis
in OS samples of tissue microarrays (Figure 7E,F). These results
further validated that miR-324-3p suppressed OS cell growth by
targeting PGAML1 in vivo.

4 | DISCUSSION

In relevant published works, many studies have reported that
miR-324-3p is involved in cell proliferation, apoptosis, migration,
and invasion in several cancers.?*"?? For example, upregulation
of miR-324-3p inhibits ovarian cancer proliferation and metasta-
sis by negatively regulating LY6K.2® Moreover, previous reports
have determined that the upregulation of miR-324-3p can inhibit
pancreatic cancer cell growth and invasion.! In the present study,
bioinformatics analysis revealed that miR-324-3p expression was
reduced in the OS group compared with the normal group from
the GEO dataset. Consistently, in vitro and in vivo experiments
confirmed that miR-324-3p was downregulated in OS cells and
tissues. Moreover, miR-324-3p suppressed cell proliferation, mi-
gration, and invasion in vitro. The findings of the present study
indicated that miR-324-3p acts as a tumor suppressor and plays a
crucial role in the progression of OS. Furthermore, we elucidated
the role of miR-324-3p in metabolic alterations in OS cells. We
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Silencing efficacy of PGAM1 siRNA in OS cells determined by western blotting. (B, C) CCK-8 and (D) colony formation assays show

that silencing of PGAM1 significantly suppressed OS cell proliferation. (E, F) Transwell assay results revealed that PGAM1 knockdown
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found that the overexpression of miR-324-3p significantly in-
creases mitochondrial respiration and reduces aerobic glycolysis
in OS cells.

Notably, the reprogramming of cellular metabolism to maintain
deregulated proliferation is a hallmark of cancer cells.®? To sustain
rapid growth and proliferation, cancer cells preferentially show much
higher glucose uptake and produce a large amount of lactate through
enhanced aerobic glycolysis.>*** Hence, targeting aerobic glycolysis
has recently been reported to improve tumor growth control and an-
ticancer therapy.35 Previous studies have revealed that the Warburg
effect is crucial for OS proliferation, aggressiveness, and drug resis-
tance.3% Shen et al. reported that CircECE1 regulates the Warburg
effect to promote OS growth and metastasis through the c-Myc/
TXNIP axis.*® In addition, KCNQ1OT1 promotes OS growth and aer-
obic glycolysis by functioning as an miR-34c-5p sponge to upregulate
aldolase A (ALDOA) expression.%’
(PKM2), a rate-limiting component of the glycolytic pathway, is cru-

Moreover, pyruvate kinase M2

cial for OS cell proliferation, invasion, and migration.40 In the present
study, we identified PGAM1 as a direct and functional target of miR-
324-3p, which targets the 3"-UTR of PGAM1.

Phosphoglycerate mutase 1 is a critical enzyme for glycolysis
and biosynthesis that converts 3-PG into 2-PG, two key interme-
diate products in glycolysis.41 A previous study suggested that
PGAM1 plays a vital role in regulating the Warburg effect and ana-
bolic reactions.*? Furthermore, PGAM1 inhibition significantly de-
creases glycolysis in cancer cells and reduces tumor growth.*3-4°
Accumulating evidence indicates that PGAM1 is normally upregu-
lated in many types of cancers.**°C In addition, PGAM1 has been

reported to be involved in the Warburg effect in non-small-cell

lung cancers.’* Moreover, Song et al. revealed that NUDT7 KO af-
fects the glycolytic pathway through the upregulation of PGAM1
expression in articular chondrocytes.52 Shen et al. reported that
S1P/S1PR3 signaling activated aerobic glycolysis in OS cells by tar-
geting PGAM1.22 The present study provided compelling evidence
regarding the possibility that PGAM1 contributes directly to OS
tumorigenesis and progression. Furthermore, silencing of PGAM1
potently inhibited glucose metabolism in OS cells. In addition,
PGAM1 overexpression restored the tumor-suppressor effect
of miR-324-3p. This finding was further validated in a xenograft
model of OS. Accordingly, the findings of the present study led to
the speculation that miR-324-3p modulates OS progression and
aerobic glycolysis through its inhibitory effects on PGAM1 in vitro
and in vivo (Figure 8).

In conclusion, the findings of our study confirm that miR-324-3p
is poorly expressed in OS cells and tissues and that miR-324-3p
overexpression suppresses OS progression both in vitro and in vivo.
Mechanistic studies have revealed that miR-324-3p acts by downreg-
ulating PGAM1 and that miR-324-3p inhibits OS progression through
PGAM1-mediated aerobic glycolysis. These results offer new insight
into the underlying molecular mechanisms of OS and highlight the
therapeutic potential of targeting miR-324-3p and PGAM1.
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