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ABSTRACT

Osteosarcoma is a highly metastatic, aggressive bone cancer that occurs in children and young adults worldwide.
Circular RNAs (circRNAs) are crucial molecules for osteosarcoma progression. In this study, we aimed to
investigate the impact of circMRPS35 overexpression and its interaction with FOXO1 via evaluating apoptosis, cell
cycle, and bioinformatic analyses on the malignant development of osteosarcoma in MG63 and MNNG/HOS cells.
We found that circMRPS35 overexpression reduced osteosarcoma cell viability and inhibited tumor growth
invivo. It increased the apoptosis rate and induced cell cycle arrest in osteosarcoma cells. We identified a
potential interaction between circMRPS35 and FOXO1 with miR-105-5p using bioinformatics analysis.
Overexpression of circMRPS35 decreased miR-105-5p expression, whereas miR-105-5p mimic treatment increased
its expression. This mimic also suppressed the luciferase activity of circMRPS35 and FOXO1 and reduced FOXO1
expression. Overexpression of circMRPS35 elevated FOXO1 protein levels, but this effect was reversed by co-
treatment with the miR-105-5p mimic. We demonstrated that inhibiting miR-105-5p decreased viability and
induced apoptosis. Overexpression of FOXO1 or treatment with a miR-105-5p inhibitor could counteract the
effects of circMRPS35 on viability and apoptosis in osteosarcoma cells. Therefore, we concluded that circMRPS35
suppressed the malignant progression of osteosarcoma via targeting the miR-105-5p/FOXO1 axis.

INTRODUCTION proliferation, growth, differentiation, and other
processes [4]. Post-translational modifications, such
Osteosarcoma (OS) is an aggressive bone cancer that as phosphorylation by AKT and FOXO1 acetylation
occurs in children and young adults worldwide [1]. significantly modulate biological functions including
Treatment primarily consists of surgical resection and autophagy and apoptosis [5, 6]. A previous study
radiotherapy, which can achieve a 5-year survival suggested that histone deacetylase inhibitors induced
rate of over 70% in patients without metastatic disease autophagy via the FOXO1 signaling pathway in OS [7].
[2]. However, approximately 20% of patients with
advanced disease exhibit an unsatisfactory response to Over the past decades, noncoding RNAs have been
standard therapies [2, 3]. This underscores the urgency widely reported to play roles in regulating gene
of developing new therapeutic strategies. expression and cell functions, including autophagy
and OS progression [8, 9]. Circular RNAs (circRNAS)
The forkhead box protein 1 (FOXO1), a transcription are a type of noncoding RNA characterized by a
factor, is involved in gene regulation during cell unique covalently closed RNA structure; their aberrant
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levels are closely correlated with cancer development,
including that of OS [10-13]. Mechanistically,
circRNAs mainly regulate gene expression via acting
as competitive RNAs for microRNAs (miRNAs)
or directly forming complexes with proteins [14].
For instance, circTADA2A promotes the survival,
migration, and invasion of OS cells via regulating
miR-203a-3p to upregulate CREB3 levels [15].

As a newly identified tumor suppressor in gastric
cancer cells, circMRPS35 has been reported to
directly regulate the histone modification of FOXO1
and FOXO3a via recruiting lysine acetyltransferase
KAT7 [16]. In this study, we aimed to determine the
role of circMRPS35 in OS progression. We found that
circMRPS35 modulated the growth and apoptosis of OS
cells via sponging miR-105-5p and activating FOXO1
expression. This work provides a novel therapeutic
target for OS treatment.

RESULTS

Overexpression of circMRPS35 inhibits OS cell
proliferation in vitro and in vivo

To investigate the effect of circMRPS35 on OS, MG63
and MNNG/HOS cells were treated with a circMRPS35
overexpression plasmid. Successful overexpression of
CircMRPS35 in MG63 and MNNG/HOS cells was
confirmed (Figure 1A, 1B), and it was found to diminish
the viability of both MG63 and MNNG/HOS cells

A MG63 B MNNG/HOS
o 20 4 v 10+
« (3]
& g >k
4 4 I
3 154 kol ns: 8
= o
£ | £ |
s 5 @
5 8
s i s
s S 5 2
2 2
§ olmmmm o 5 o
o Control circMRPS35 & Control circMRPS35
E F
1500
£
£
~~ 1000 1
Control GE’
=
[¢]
> 500 4
-
[o]
€
circMRPS35 s

(Figure 1C, 1D). It also significantly inhibited tumor
growth in OS cells in vivo (Figure 1E-1G).

CircMRPS35 contributes to apoptosis and regulates
OS cell cycle

We investigated the role of circMRPS35 in modulating
apoptosis and cell cycle in MG63 and MNNG/HOS
cells. Overexpression of circMRPS35 increased the
apoptosis rate in both MG63 and MNNG/HOS cells
(Figure 2A-2D). Concurrently, it also resulted in an
increased proportion of MG63 and MNNG/HOS cells in
the GO/G1 phase, whereas the S phase cell population
was reduced (Figure 2E, 2F).

CircMRPS35 serves as a miR-105-5p sponge in OS
cells

We identified a potential interaction between
circMRPS35 and miR-105-5p via bioinformatics
analysis (Figure 3A). Overexpression of circMRPS35
decreased miR-105-5p expression (Figure 3B), whereas
treatment with a miR-105-5p mimic increased its
expression (Figure 3C). Additionally, the luciferase
activity of circMRPS35 was suppressed by the miR-105-
5p mimic in MG63 and MNNG/HOS cells (Figure 3D).

miR-105-5p targets FOXO1 in OS cells

Subsequently, we explored the potential interaction
between FOXO1 and miR-105-5p via bioinformatics
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Figure 1. The overexpression of circMRPS35 inhibits cell proliferation of osteosarcoma in vitro and in vivo. (A-D) The MG63
and MNNG/HOS cells were treated with circMRPS35 overexpressing plasmid. (A, B) The expression of circMRPS35 was detected by gPCR.
(C, D) The cell viability was measured by CCK-8 assay. (E-G) The tumorigenesis analysis was performed in nude mice injected with MG63

cells treated with circMRPS35 overexpressing plasmid. **P < 0.01.
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analysis (Figure 3E). Treatment with miR-105-5p mimic
induced miR-105-5p (Figure 3F) expression, whereas it
repressed FOXOL1 expression (Figure 3G). In MG63 and
MNNG/HOS cells, the luciferase activity associated
with FOXO1 was suppressed by the miR-105-5p mimic
(Figure 3H). Overexpression of circMRPS35 enhanced
FOXOL1 protein levels, but this effect was reversed by
co-treatment with the miR-105-5p mimic in both MG63
and MNNG/HOS cells (Figure 3I).

Inhibition of miR-105-5p reduces viability and
induces apoptosis of OS cells

We subsequently evaluated the role of miR-105-5p in
regulating the viability and apoptosis of OS cells. We
found that the miR-105-5p inhibitor reduced the viability
of MG63 and MNNG/HOS cells (Supplementary Figure
1A, 1B). Additionally, apoptosis induction in MG63
and MNNG/HOS cells was promoted by the inhibitor
(Supplementary Figure 1C-1F).
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OS cell viability and apoptosis are modulated by
circMRPS35 via targeting miR-105-5p/FOXOL1 axis

We identified that circMRPS35 overexpression suppressed
MG63 and MNNG/HOS cell viability; however, this effect
was reversed by either FOXOL1 inhibition or the miR-105-
5p mimic (Figure 4A, 4B). Additionally, circMRPS35
induced apoptosis in MG63 and MNNG/HOS cells,
an effect that was obstructed by FOXO1 knockdown or
the miR-105-5p mimic (Figure 4C, 4D).

DISCUSSION

OS is a highly metastatic, aggressive bone cancer
that occurs in children and young adults worldwide.
CircRNAs have been identified as crucial molecules in
OS progression. However, the function of the circular
RNA circMRPS35 in OS remains elusive. Here, we
uncovered the effect of circMRPS35 on the malignant
development of OS.
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Figure 2. CircMRPS35 contributes to apoptosis and regulates cell cycle of osteosarcoma cells. (A-F) The MG63 and MNNG/HOS
cells were treated with circMRPS35 overexpressing plasmid. (A—D) The cell apoptosis was analyzed by flow cytometry analysis. (E, F) The

cell cycle was determined by flow cytometry analysis. **P < 0.01.
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Figure 3. CircMRPS35 serves as a sponge of miR-105-5p to promote FOXO1 expression in osteosarcoma cells. (A) The
interaction of circMRPS35 and miR-105-5p was predicted in ENCORI database. (B) The expression of miR-105-5p was measured by gPCR in
MG63 and MNNG/HOS cells treated with circMRPS35 overexpressing plasmid. (C, D) The MG63 and MNNG/HOS cells were transfected with
miR-105-5p mimic. (C) The expression of miR-105-5p was measured by gPCR. (D) The luciferase activity of circMRPS35 was analyzed by
luciferase reporter gene assay. (E) The interaction of FOXO1 and miR-105-5p was predicted in ENCORI database. (F-H) The MG63 and
MNNG/HOS cells were transfected with miR-105-5p mimic. (F) The expression of miR-105-5p was measured by gPCR. (G) The expression of
FOXO01 was detected by gPCR. (H) The luciferase activity of FOXO1 3’UTR was analyzed by luciferase reporter gene assay. (I) The expression
of FOXO1 was detected by Western blot analysis in MG63 and MNNG/HOS cells treated with circMRPS35 overexpressing plasmid and miR-
105-5p mimic. **P < 0.01.
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Multiple circRNAs have been identified as modulators
of OS progression. Circular RNA hsa_circ_0005909 has
been reported to regulate OS progression through the
miR-936/HMGBL signaling pathway [17]. Circular RNA
circ_0000337 promotes OS via a miR-4458/BACH1
axis [18]. Circular RNA circ_0032462 contributes to
OS development via enhancing KIF3B expression [19].
Circular RNA circTADA2A facilitates OS progression
and metastasis through the miR-203a-3p/CREB3
axis [15]. These findings including the effects of
circMRPS35 overexpression observed in this study
suggest that circMRPS35 suppresses the malignant
progression of OS, providing new evidence regarding
the function of circMRPS35 in this disease.

Furthermore, miRNAs play a role in modulating OS.
The miRNA-188-5p has been shown to suppress OS
progression via targeting CCNT2 [20]. The miRNA-
744 promotes OS cell proliferation via inhibiting
PTEN [21], whereas miRNA-206 decreases OS
metastasis via targeting Notch3 [22]. The LncRNA
SNHG3/miRNA-151a-3p/RAB22A signaling pathway

modulates OS cell invasion and migration [23].
Additionally, FOXO1 has been found to inhibit onco-
genesis in OS through Wnt/B-catenin signaling [24]. In
our study, we identified a potential interaction between
circMRPS35 and miR-105-5p, wherein circMRPS35
overexpression reduced miR-105-5p expression, while
miR-105-5p mimic treatment increased its expression.
A similar potential interaction was observed between
FOXO1 and miR-105-5p. We confirmed that inhibiting
miR-105-5p reduced viability and induced apoptosis
in OS cells. Overexpression of FOXO1 or treatment
with a miR-105-5p inhibitor could counteract the
effects of circMRPS35 on viability and apoptosis in
OS cells. The clinical correlation between circMRPS35,
miR-105-5p, and FOXO1 hence warrants further
investigation.

We concluded that the circular RNA circMRPS35
inhibited the malignant progression of OS via targeting
the miR-105-5p/FOXO01 axis. Therefore, circMRPS35,
miR-105-5p, and FOXO1 could serve as potential
therapeutic targets in OS treatment.
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Figure 4. CircMRPS35 regulates viability and apoptosis of osteosarcoma cells by targeting miR-105-5p/FOXO1 axis. (A-D)
The MG63 and MNNG/HOS cells were treated with circMRPS35 overexpressing plasmid, or co-treated with circMRPS35 overexpressing
plasmid and miR-105-5p mimic or FOXO1 siRNA. (A, B) The cell viability was analyzed by CCK-8 assay. (C, D) The cell apoptosis was

measured by flow cytometry analysis. **P < 0.01.
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MATERIALS AND METHODS
Cell lines

The human OS cell lines U20S and MNHG/HOS were
obtained from the American Type Culture Collection
(ATCC, VA, USA). Cells were cultured in minimum
essential medium (Hyclone, UT, USA) containing 10%
fetal bovine serum (Gibco, Thermo Fisher Scientific,
MA, USA) and 1% penicillin-streptomycin (Gibco) in a
humidified atmosphere at 37°C with 5% carbon dioxide.

Cell transfection

Overexpression plasmid pCMV-circMRPS35, miR-105-
5p mimics and inhibitors, siRNA targeting FOXO1
(si-FOXQ01), and the corresponding negative control
(NC), were purchased from Gene Pharma (Shanghai,
China). U20S and MNHG/HOS cells were seeded
into six-well plates for cell transfection. Lipofectamine
2000 (Invitrogen, CA, USA) was used to introduce
oligonucleotides into the cells as per manufacturer’s
instructions. Cells were harvested 48 h post-transfection
for subsequent experiments.

Cell counting kit 8 (CCK-8 assay)

Cell proliferation was assessed using CCK-8
(Beyotime, Shanghai, China) as per manufacturer’s
instructions. Briefly, U20S and MNHG/HOS cells
(5 x 108 cells/well) were seeded in 96-well plates with
the specified oligonucleotides following transfection.
Cells were incubated for 24, 48, and 72 h, after which
10 ul of CCK-8 reagent was added to each well and
incubated for an additional hour. Absorbance at 450
nm was measured using a microplate spectrometer
(Thermo Fisher Scientific).

Cell apoptosis

The Annexin V-FITC/propidium iodide (Pl) apoptosis
detection kit (Beyotime) was used to assess cell
apoptosis. After transfection, cells were collected,
suspended in binding buffer, and stained with 5 pl
Annexin V-FITC and 5 pl PI, followed by a 30-min
incubation. Apoptotic cells were then immediately
detected using flow cytometry (BD Biosciences, NJ,
USA).

Cell cycle

To evaluate the cell cycle, cells were collected post-
transfection, fixed in 75% ethanol overnight, and
subsequently incubated with PI reagent (Beyotime) for
30 min in the dark. The samples were then analyzed
using a flow cytometer (BD Biosciences).

Quantitative real-time polymerase chain reaction

TRIzol reagent (Thermo Fisher Scientific) was utilized
to extract RNA from cells post-transfection, as per
manufacturer’s protocol. The RNA was reverse-
transcribed to cDNA using a First Strand synthesis
kit (Takara Bio Inc., Shiga, Japan). The expression
levels of circMRPS35, miR-105-5p, and FOXO1 were
detected using SYBR Green gPCR Master Mix
(Takara), employing the 2-22¢t method, and normalized
to U6 and GAPDH, respectively.

Western blotting

U20S and MNHG/HOS cells were lysed with ice-cold
RIPA buffer (Beyotime) to extract total proteins. The
proteins were quantified using a BCA kit (Beyotime),
separated using sodium dodecyl-sulfate polyacrylamide
gel electrophoresis, and transferred to polyvinylidene
difluoride membranes. The membranes were blocked
with 5% skim milk and then incubated with specific
primary antibodies against FOXO1 and GAPDH (Abcam,
Cambridge, UK) overnight at 4°C. The following day, the
proteins were incubated with the corresponding secondary
anti-rabbit antibody (Abcam) at room temperature
for 2 h. Proteins were detected using an enhanced
chemiluminescence reagent (Millipore, MA, USA).

Xenograft mice model

Male BALB/c SCID mice, aged six weeks, were obtained
from Charles River Laboratories (Beijing, China). U20S
cells (2 x 10° per mouse) were suspended in 50 ul Matrigel
(Corning, NY, USA) and subcutaneously injected into fat
pads of the mice. Tumor volumes were measured every
three days and calculated as follows: width (mm)? x
length (mm)/2. All experiments were approved by the
Animal Care and Use Committee of Yanbian University.

Luciferase reporter gene assay

The circMRPS35 and the FOXO1 3'UTR sequences
were cloned into the pmirGLO vector to generate wild-
type vectors. Vectors containing the mutated sequences
were also produced. Cells were seeded in 12-well plates
and transfected with either the wild-type or mutated
sequence vectors, including the miR-105-5p mimics.
The pRL-TK vectors served as an internal reference
for normalization. After a 24-h incubation, luciferase
activity was measured using the Dual-Luciferase
Reporter Assay System (Promega, WI, USA).

Statistics

Data are presented as means = SEM of three replicates
and were analyzed using GraphPad Prism 7.0 software
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(CA, USA). The student’s t-test or one-way analysis
of variance was performed to determine statistical
significance between two or more groups. P-values
< 0.05 were considered statistically significant.
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Supplementary Figure 1. The inhibition of miR-105-5p reduces viability and induces apoptosis of osteosarcoma cells. (A-F)

The MG63 and MNNG/HOS cells were treated with miR-105-5p inhibitor. (A, B) The cell viability was measured by CCK-8 assay. (C—F) The
cell apoptosis was analyzed by flow cytometry analysis. **P < 0.01.
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