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Background: Long non-coding RNA (lncRNA) RUSC1-AS1 has been found to modulate several cancers
development. In this study, we explored the role of RUSC1-AS1 on osteosarcoma (OS) progression.
Methods: Quantitative Real-time PCR (qRT-PCR) was conducted to test the relative expression of RUSC1-
AS1, Notch1 mRNA and miR-101-3p in OS tissues and adjacent normal tissues. Gain- or loss- of functional
assays were carried out to determine the roles of RUSC1-AS1 and miR-101-3p in OS progression both
in vitro and in vivo. The expression of E-cadherin, N-cadherin, Vimentin, Snail, Notch1, Ras and ERK
was determined by Western blot. Furthermore, the relationships between RUSC1-AS1 and miR-101-3p,
Notch1 and miR-101-3p were confirmed through RNA immunoprecipitation (RIP) and dual luciferase
reporter gene assay.
Results: RUSC1-AS1 and Notch1 were up-regulated in OS cells and tissues. Down-regulating RUSC1-AS1
significantly attenuated the proliferative, epithelial-mesenchymal transition (EMT), growth, lung metas-
tasis, migrative and invasive abilities of MG-63 and Saos-2 cells, and aggravated apoptosis, accompanied
with down-regulated Notch1-Ras-ERK1/2 in those cells both in vitro and in vivo, while overexpression of
RUSC1-AS1 exerted opposite effects. Overexpressing miR-101-3p in OS cells had similar effects as RUSC1-
AS1 inhibition. In addition, RUSC1-AS1 functioned as a competing endogenous RNA (ceRNA) to compet-
itively sponge miR-101-3p, thus upregulating Notch1 expression and mediating the malignant behaviors
of OS cells.
Conclusion: RUSC1-AS1 is a novel oncogenic lncRNA in OS through the miR-101-3p-Notch1-Ras-ERK
pathway, which might be a potential therapeutic target for OS.
� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteosarcoma (OS), as one widespread bone malignancy [1], has
high mortality among children and adolescents [2]. The high-dose
chemotherapy was introduced about 35 years ago, while the OS
survival rate has not improved since then [3]. Mounting researches
have proved that long non-coding RNA (lncRNA) exerts a crucial
effect in tumor occurrence and growth [4]. Therefore, the study
of the molecular mechanism in OS is expected to provide a new
therapeutic strategy.
Long non-coding RNAs (lncRNAs) have been proved to exert a
prominent effect in a variety of biological processes such as prolif-
eration, mobility, and apoptosis [5]. For example, lncRNA
BE503655 was overexpressed in OS cell lines and its knockdown
led to inhibitive ability of proliferation, invasion and migration
[6]. LncRNA ZEB2-AS1 was upregulated in OS tissues and affects
the proliferation, apoptosis, invasion, and metastasis of OS cells
dependently through miR-107-SALL4 axis [7]. LncRNA RUSC1-
AS1, a member of the lncRNA family, is located at 1q22 with a
length of 3436 bp. Studies have shown that it is overexpressed in
various cancers and is associated with worse prognosis. For
instance, a high abundance of RUSC1-AS1 has been found in breast
cancer (BCa) tissues. RUSC1-AS1 expression level was positively
correlated with tumor size and clinical grades, and negatively cor-
related with BCa patients’ overall survival. Silencing RUSC1-AS1
considerably inhibited the viability of MCF-7 and BT549 cells and
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induced apoptosis [8]. However, the effect of RUSC1-AS1 in OS
remains unknown.

MicroRNAs (miRNAs), as small non-coding RNAs, regulate gene
expression at post-transcriptional level by suppressing mRNA
translation or promoting mRNA degradation, and various physio-
logical processes and pathologies are highly dependent on miRNAs
[9,10]. miR-101-3p is a member of the miRNA family that regulates
tumor growth and chemosensitivity in various cancers, including
OS [11–13]. Interestingly, previous study revealed that miR-101-
3p was negatively regulated by lncRNA DSCAM-AS1, which func-
tioned as an oncogene in OS [14]. And lncRNA RUSC1-AS1 func-
tions as a competing endogenous RNA of microRNA-744 and
promotes tumorigenesis in cervical cancer [15]. However, little is
understood about the RUSC1-AS1-miR-101-3p axis in OS.

As a classical signalling pathway, the Notch family that includes
four Notch receptors (Notch 1, 2, 3, and 4) and five Notch ligands
(Delta-like 1, 3, and 4 and Jagged1 and 2) has been identified to
mediate multiple biological processes [16,17]. The Notch pathway
becomes activated when Notch receptors and ligands interact [18].
In recent decades, more and more studies have stated that Notch1
upregulation implements in the carcinogenic initiation and devel-
opment of various types of cancers. For example, downregulating
Notch1 in aggressive prostate cancer cells decreases proliferation,
invasion, tumorsphere formation and sensitizes prostate cancer
cells to antiandrogen therapies [19]. While in T-cell acute lym-
phoblastic leukemia (T-ALL), miR-101 significantly repressed the
proliferation and invasion, and induced potent apoptosis in Jurkat
cells dependently through Notch1 pathway [20]. Interestingly,
miR-139-5p functions as an anti-tumor gene in U2OS and MG63
cells by targeting the 30UTR of Notch1 [21]. However, the mecha-
nism of the RUSC1-AS1/miR-101-3p/Notch1 axis in OS remains
elusive.

Here, we found the existence of a regulatory relationship
between RUSC1-AS1 and miR-101-3p, miR-101-3p and Notch1
through bioinformatics. By detecting the expressions of RUSC1-
AS1 and miR-101-3p, Notch1 in OS tissues and cells, we found that
RUSC1-AS1, as a competitive endogenous RNA (ceRNA) of miR-
101-3p, promotes the malignant behaviors of OS cells. In brief, this
paper revealed a new molecular mechanism in OS growth and pro-
vided a new theoretical reference for its treatment.
2. Materials and methods

2.1. Collection and treatment of clinical specimens

The cancerous tissue and adjacent healthy tissues of 36 patients
with primary OS who underwent OS resection in the Second Hospi-
tal of Jilin University from June 2015 to June 2016 were selected.
The patients did not receive adjuvant therapy, such as chemother-
apy and radiotherapy before the operation. The control group sam-
ples were from para cancer tissues of the same patient (at least
3 cm from the surgical margin). No cancer cells were found in
the postoperative pathological examination. Later, all specimens
were removed and immediately stored in liquid nitrogen at
�196 �C until RNA was extracted. We followed all patients for
18 months to 30 months. Our experiments were approved by the
Medical Ethics Committee of The Second Hospital of Jilin Univer-
sity with the informed consent of all participating patients.
2.2. Cell culture

Human osteoblasts hFOB1.19 and OS cell lines (MNNG/HOS,
MG-63, S1353, U2OS, Saos-2, UMR-106) were purchased from
ATCC (Rockville, USA). In RPMI-1640 complete medium containing
10% fetal bovine serum (FBS, Thermo Fisher Scientific, Shanghai,
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China) and 1% streptomycin (Thermo Fisher Scientific, Shanghai,
China), these cells were cultured. Meanwhile, they were placed
in an incubator at 37 �C with 5% CO2 saturated humidity with
the medium changed once every 2–3 days. When these cells
approached fusion, they underwent 0.25% trypsinization (Thermo
Fisher Scientific, Shanghai, China) and passage. It was found that
RUSC1-AS1 expression was the lowest in the MG-63 cell line and
the highest in the Saos-2 cell line. Therefore, MG-63 and Saos-2
became research objects in subsequent studies.

2.3. Cell transfection

Saos-2 cells and MG-63 cells were seeded in 24-well plates.
SiRNA (si-RUSC1-AS1) or of RUSC1-AS1 overexpression plasmids,
Notch1 overexpression plasmids, or their negative controls
(100 nM, GenePharma, China) were respectively transfected into
Saos-2 cells and MG-63 cells to establish the RUSC1-AS1 knock-
down or overexpression model. miR-101-3p mimics and the corre-
sponding negative control (NC) (Guangzhou Ribobio) were used to
induce miR-101-3p overexpression model. Lipofectamine 2000
reagent (Sangon Biotech) was applied for transfection. 24-hour
after transfection, the culture was exchanged with new fresh med-
ium and the cells were continuously incubated for 24 h. Then qRT-
PCR was performed to detect RUSC1-AS1, Notch1 and miR-101-3p
to ensure the transfection efficiency.

2.4. qRT-PCR

The expressions of RUSC1-AS1, miR-101-3p, and Notch1 in
MNNG/HOS, MG-63, S1353, U2OS, Saos-2, and UMR-106 cells were
evaluated by real-time quantitative polymerase chain reaction
(qRT-PCR). Following the manufacturer’s guidelines, the total
RNA was extracted from the cultured cells with TRIzol reagent
(Invitrogen, Carlsbad, CA). Then, lncRNA and mRNA were reverse-
transcribed into the first strand of complementary DNA (cDNA)
by using the reverse transcription kit Thermo (purchased from
Thermo Fisher Scientific). Further, the microRNA first-strand cDNA
synthesis package (Sangon Biotech, Shanghai, China) was
employed to the reverse transcription process for miRNA analysis.
We used the SYBR-green PCR Master Mix Kit (Applied Biossystems,
Foster City, CA) and the TaqMan miRNA analysis Kit (Applied
Biossystems) to respectively amplify RUSC1-AS1, Notch1, and
miR-101-3p. All amplifications were performed on the 7900HT
rapid real-time system (Applied Biosystems). We took GAPDH as
endogenous control and used 2�DDCt method to analyze the rela-
tive expressions of RUSC1-AS1 and Notch1, while U6 was for
miR-101-3p. The primer sequences are: RUSC1-AS1, forward, 50-
CAGGGTCCCACTATGTTGCT-30 reverse, 50- CCATTTTATAGGCGGG
GAGT-30; miR-101-3p, forward, 50- GCCGCCACCATGGTGAGC
AAGG-30 reverse, 50- AATTGAAAAAAGTGATTTAATTT-30; U6, for-
ward, 50- CTCGCTTCGGCAGCACATA-30 reverse, 50- CTCGCTTCGG
CAGCACATA-30; Notch1, forward, 50- CAACATCCAGGACAACATGG-
30 reverse, 50- GGACTTGCCCAGGTCATCTA-30; GAPDH, forward, 50-
CGCTGAGTACGTCGTGGAGTC-30, reverse, 50-GCTGATGATCTT
GAGGCTGTTGTC-30.

2.5. CCK8 method

MG-63 and Saos-2 cells in the logarithmic growth phase went
through 0.25% trypsinization and were made into a single-cell sus-
pension. After calculation, the cells were vaccinated in 96-well
plates (about 2000 cells per hole) and incubated for 24 h, 48 h,
72 h (37 �C, 5% CO2). Then, the incubation was continued for 2 h
with the addition of 10 ll CCK8 reagent (Beyotime, Shanghai,
China) in each well. Finally, the absorbance value of each hole
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was detected with the enzyme standard device under 450 nm
wavelength.

2.6. BrdU method

MG-63 and Saos-2 cells were seeded in 24-well plates. After
24 h, they were added with 10 lmol/L BrdU (Beyotime, Shanghai,
China) during the logarithmic proliferation phase for 2 h. After
denaturing the cells, BrdU primary antibody (ab8152, 1: 100,
Abcam, Shanghai, China) was added and incubated for 2 h at room
temperature. Next, with the addition of fluorescent secondary anti-
body, the cells underwent another 2-hour incubation at room tem-
perature. Finally, we labeled the nucleus with 10 lmol/L
Hoechst33342 (Beyotime, Shanghai, China) and took photographs
using a fluorescent inverted microscope and performed statistical
analysis.

2.7. Wounding healing assay

The MG-63 and Saos-2 cells in the logarithmic growth phase
were spread in a 6-well culture plate at 1 � 106/ml. When the cells
reached 80% to 90% confluence, a scratch was drawn with a sterile
tip perpendicular to the cells as much as possible. Then, the cells
went through three times PBS wash to remove floating cells, added
with DMEM medium containing 2.5% fetal bovine serum, placed
24-hour in an incubator (37 �C, 5% CO2), secured with 4%
paraformaldehyde and measured the scratch width under a micro-
scope after 24-hour incubation. The scratch width represented its
migration ability.

2.8. Transwell assay

After 24-hour transfection, the cells underwent trypsinization
passage, collected, resuspended in serum-free RPMI1460 complete
medium with a cell density of 1 � 105/ml. Then, we inoculated
them in Transwell upper chamber (8 lm pore size membrane)
with 500 ll RPMI-1460 complete medium containing 10% PBS in
the lower chamber and cultured them for 6 h. We used a cotton
swab to wipe off the unmigrated cells on the membrane and
secured the cells migrated and adhered to the lower chamber with
4% paraformaldehyde for crystal violet staining. At high magnifica-
tion, 5 representative microscopic fields on the membrane were
randomly selected to count the number of membrane-
penetrating cells, and the mean values of 3 replicates were taken
to represent tumor cell invasive ability.

2.9. Western blot

After cell treatment, we discarded the culture medium, added
protein lysate (Roche) and isolated total protein. Then, 50 lg total
protein was added to 12% polyacrylamide gel for 2-hour elec-
trophoresis at 100 V. Later, they were transferred electrically to
polyvinylidene fluoride (PVDF) membranes. Afterwards, the mem-
branes were sealed with 5% defatted milk powder (1 h, at room
temperature), washed with TBST (3 times, 10 min each) and incu-
bated with primary antibodies including anti-Notch1 (Abcam,
ab52627, diluted concentration 1:1000, MA, USA), anti-E-
cadherin (Abcam, ab40772, diluted concentration 1:1000, MA,
USA), anti-Vimentin (Abcam, ab8978, diluted concentration
1:1000, MA,USA), anti-N-cadherin (Abcam, ab76011, concentration
1:1000, MA, USA), anti-Snail (Abcam, ab180714, concentration
1:1000, MA, USA), Ras (Abcam, ab52939, concentration 1:1000,
MA, USA), anti-ERK1/2 (Abcam, ab184699, concentration 1:1000,
MA, USA), anti-ERK1 (phospho T202) + ERK2 (phospho T185)
(Abcam, ab201015, concentration 1:1000, MA, USA) overnight at
4 �C. Afterwards, the membranes were rinsed with TBST and incu-
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bate with horseradish peroxidase (HRP) labeled anti-rabbit sec-
ondary antibody (Abcam, ab150117, dilution of 1:2000, MA, USA)
(1 h, room temperature). Next, we rinsed the membranes three
times with TBST for 10 min each time. Eventually, western blot
special reagent (Invitrogen) was used for color imaging and Image
J was employed to analyze the gray value of each protein.

2.10. Dual luciferase reporter gene assay

All luciferase reporter vectors (RUSC1-AS1-WT, RUSC1-AS1-
MUT, Notch1-WT, Notch1-MUT) were constructed by Promega
(Madison, WI, USA). RUSC1-AS1-WT and Notch1-WT contained
the binding sites with miR-101-3p, while RUSC1-AS1-MUT and
Notch1-MUT was mutant for the binding sites with miR-101-3p.
MG-63 cells (4.5 � 104) were inoculated in a 48-well plate and cul-
tured till 70% confluent. Then, the vectors including RUSC1-AS1-
WT, RUSC1-AS1-MUT, Notch1-WT and Notch1-MUT were co-
transfected with miR-101-3p mimics or negative control with lipo-
fectamine 2000 into MG-63 cells. After 48 h transfection, the luci-
ferase activity was evaluated following to the manufacturer’s
guidelines. We made all experiments in triplicate and repeated
them three times.

2.11. RIP assay

MG-63 and Saos-2 cells were transfected with miR-101-3p
mimics and miR-NC, respectively. RIP analysis was performed on
these transfected cells by using the Magna RIPTM RNA binding pro-
tein immunoprecipitation kit (Millipore, Bedford, MA, USA) 48 h
after transfection. Afterwards, the cells went through incubation
with anti-Ago2 antibody (Millipore) or negative control IgG (Milli-
pore), and the relative enrichment of RUSC1-AS1 and Notch1 was
examined via qRT-PCR.

2.12. Tumor formation in nude mice

We took OS cells MG-63 and Saos-2 in logarithmic growth
phase and adjusted cell concentration to 2 � 106 ml-1. The nude
mouse was injected with 0.1 ml cell suspension (containing
2 � 106 cells) into the subcutaneous axilla of the left forelimb
and observed for tumor growth (n = 4 in each group). The tumor
volume was measured at 7 d, 14 d, 21 d, 28 d, 35 d and 42 d after
subcutaneous injection, respectively. The nude mice were sacri-
ficed after 42 days. For evaluating the metastasis of OS cells, OS
cells MG-63 and Saos-2 transfected with RUSC1-AS1 overexpres-
sion plasmids or Si-RUSC1-AS1 or their negative controls were
injected into the tail vein of nude mice. 6 weeks later, the lung of
each nude mice was isolated and subjected to histopathological
examination for evaluating the number of pulmonary metastases.
The tumor tissues in each group were completely stripped and
the tumor weight was accurately measured. All nude mice were
sacrificed before they got euthanasia via intraperitoneal injection
with pentobarbital sodium (150 mg/kg). We examined the ascites
presence and the lungs carefully and observed the tumor lung
metastases status.

2.13. Immunohistochemical (IHC) staining

The expression of Notch1 and Vimentin in the tumor issues was
detected by Immunohistochemical (IHC) staining. Briefly, the tis-
sues of the xenograft tumors in each experimental group were col-
lected and fixed by in 4% paraformaldehyde for 2 days, embedded
in paraffin. After antigen retrieval was performed, and 1% bovine
serum albumin (BSA) was used to block with the sections for
20 min, then incubated with primary rabbit anti-Notch1 polyclonal
antibody (Abcam, ab52627, 1:200, MA, USA) or anti-Vimentin



Table 1
The relationship between RUSC1-AS1 expression level and clinical characteristics in
OS (OS) patients.

Characteristics Patients Expression of lncRNA
RUSC1-AS1

P-value

Low RUSC1-
AS1 level

High RUSC1-
AS1 level

Total 36 18 18
Age(years) 0.735
＜18 21 11 10
�18 15 7 8
Gender 0.171
Male 22 13 9
Female 14 5 9
Pathological 0.126
G1 4 3 1
G2 14 9 5
G3-G4 18 6 12
Enneking stage 0.044*
Ⅰ-ⅡA 16 11 5
IIB- III 20 7 13
Tumor size 0.015*
＜8cm 23 15 8
�8cm 13 3 10
Distant metastasis 0.035*
Yes 7 2 5
No 29 16 13

Note: * represents p < 0.05.
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(Abcam, ab8978, diluted concentration 1:200, MA,USA) at 4 �C
overnight. Next, the sections were incubated with HSP-labeled
Goat Anti-Rabbit IgG H&L (ab205718, Abcam, 1:500, MA, USA) at
room temperature for 30 min. Later, the slides were counterstained
with hematoxylin. The images were taken with the Nikon digital
camera system in combination with Olympus microscopy.

2.14. Flow cytometry

The OS cells MG-63 and Saos-2 were collected using 0.25% tryp-
sin (1 � ). Then they were rinsed with ice-cold phosphate-buffered
saline (PBS) for three times. The Annexin V-Fluorescein Isothio-
cyanate (FITC) Apoptosis Detection Kit (Biolegend, San Diego, CA,
USA) was utilized to test the apoptotic rate of the cells. Briefly,
100 ml of binding buffer was used to resuspend the cells, and 5 ml
of Annexin V-FITC and 5 ml of the propidium iodide solution were
then added into the cell suspension. After a 20-min incubation at
37 �C in darkness, the proportion (%) of apoptotic cells was
assessed on a flow cytometer (FACScanTM; BD Biosciences, Franklin
Lakes, NJ, USA).

2.15. Statistical analysis

SPSS17.0 statistical software (SPSS Inc., Chicago, IL, USA) and
the mean ± standard deviation (x ± s) was taken for data analysis.
Correlation test was analyzed by Pearson linear regression analy-
sis. One-way analysis of variance was carried out for the multi-
group comparison, and an independent-sample t-test was taken
for comparison between the two groups. P < 0.05 was considered
as statistically meaningful.
3. Results

3.1. RUSC1-AS1 and Notch1 levels were increased in OS tissues and
cells

We conducted qRT-PCR to verify RUSC1-AS1 and Notch1 levels
in OS tissues. The results illustrated that RUSC1-AS1 and Notch1
expressions in OS tissues were remarkably up-regulated compared
with the adjacent normal tissues (P < 0.05, Fig. 1 A, B). The clinical
correlation analysis manifested that the higher level of RUSC1-AS1
was related with higher Enneking stages, larger tumor size and
positive distant metastasis of OS patients (P < 0.05, Table 1). Addi-
Fig. 1. RUSC1-AS1 and Notch1 were up-regulated in OS tissues and cells. A and B: qR
adjacent tissues, respectively. *** P < 0.001 (vs. Normal group). C. Western blot was used
tissues (N). D: Pearson analysis illustrated the relationship between RUSC1-AS1 and No
normal osteoblasts and OS cell lines were examined via qRT-PCR, respectively. ** P < 0.
expression in normal osteoblasts and OS cell lines.

4

tionally, western blot results also confirmed that Notch1 was
upregulated in OS tissues compared with adjacent normal tissues
(P < 0.05, Fig. 1C). Pearson analysis showed that RUSC1-AS1 and
Notch1 were positively correlated in OS tissues (P < 0.05,
Fig. 1D). Besides, we also examined RUSC1-AS1 and Notch1 expres-
sions in different OS cell lines via qRT-PCR or western blot. The
results demonstrated that both of RUSC1-AS1 and Notch1 mRNA
and protein expressions were enhanced in OS cell lines (MNNG/
HOS, MG-63, S1353, U2OS, Saos-2, UMR-106) compared with
human osteoblasts hFOB1.19 (P < 0.05, Fig. 1E–G). Therefore, these
results only indicated both RUCS1-AS1 and Notch1 are upregulated
in OS and may have a role in osteosarcomagenesis.

3.2. RUSC1-AS1 promoted the malignant behaviors of OS cells

For the analysis of RUSC1-AS1 effect on OS cell line (MG-63 and
Saos-2) proliferation, migration, and invasion, over-expressed and
T-PCR was taken to evaluate RUSC1-AS1 and Notch1 expressions in OS tissue and
to detect Notch1 expression in four pairs of OS tissues (T) and the adjacent normal
tch1 in OS. R2 = 0.304, P < 0.0001. E and F: RUSC1-AS1 and Notch1 expressions in
01, *** P < 0.001 (vs.hFOB 1.19 group). G. Western blot was used to detect Notch1
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downregulated RUSC1-AS1 cell models were established in MG-63
and Saos-2 cell lines (Fig. 2A). Next, we evaluated the malignant
behaviors of OS cells. BrdU assay and CCK8 assay illustrated that,
OS cell proliferation was enhanced with RUSC1-AS1 overexpres-
sion but repressed when RUSC1-AS1 was knocked down
(P < 0.05 vs. Vector group or Si-NC group, Fig. 2B–D). The apoptosis
rate of the OS cells was examined by flow cytometry, which
showed that RUSC1-AS1 upregulation attenuated cell apoptosis,
while RUSC1-AS1 knock-out promoted cell apoptosis (P < 0.05 vs.
Vector group or Si-NC group, Fig. 2E). Further, wounding healing
assay and Transwell assay were performed to test cell migration
Fig. 2. RUSC1-AS1 promoted OS cell proliferation, migration and invasion and inhibited a
OS cell line MG-63 and Saos-2, respectively. RUSC1-AS1 overexpression plasmids were tra
PCR was performed to detect RUSC1-AS1. B-D: CCK8 assay (B, C) and BrdU assay (D)
examined by flow cytometry. F and G. Wounding healing test (E) and Transwell assay (F) f
N-cadherin, Snail and Vimentin were examined via Western blot. * P < 0.03, ** P < 0.01, **
N = 3.

5

and invasion, respectively. It as found that compared with the Vec-
tor group or Si-NC group, the increased RUSC1-AS1 markedly
enhanced the OS cell migration and invasion, while RUSC1-AS1
knockdown considerably decreased OS cell migration and invasion
ability. (P < 0.05, Fig. 2F and G). EMT-related proteins were mea-
sured via western blot. The results indicated that after RUSC1-
AS1 upregulation, the level of epithelial marker E-cadherin was
decreased and the level of interstitial markers N-cadherin, Vimen-
tin and Snail were increased. After RUSC1-AS1 was down-
regulated, the epithelial marker E-cadherin was enhanced and
the level of interstitial markers N-cadherin, Vimentin and Snail
poptosis. A: Establishment of RUSC1-AS1 overexpression and knockdown models in
nsfected into MG-63 cells, and Si-RUSC1-AS1 was transfected into Saos-2 cells. qRT-
were performed to detect cell proliferation. E. The apoptosis rate of the cells was
or migration and invasion determination. H: The EMTmarkers including E-cadherin,
* P < 0.001 (vs. Con group). & P < 0.05, && P < 0.01, &&& P < 0.001 (vs. Si-NC group).
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were restrained (Fig. 2H). These statistics suggested that RUSC1-
AS1 promotes the malignant phenotypes of OS cells and exerts a
carcinogenic effect.

3.3. RUSC1-AS1 accelerated OS cells growth and EMT in vivo

For identifying the role of RUSC1-AS1 in OC cell growth, we per-
formed xenografted tumor model in nude mice using MG-63 with
RUSC1-AS1 overexpression and Saos-2 with RUSC1-AS1 knock-
down. The volume of tumor nodes was calculated. At the 6th week
after tumor cell transplantation, the mice were sacrificed and the
formed tumor were isolated. We found that compared with the
Vector group, forced RUSC1-AS1 upregulation enhanced tumor vol-
ume and size. However, the downregulation of RUSC1-AS1 signifi-
cantly reduced tumor volume and size (p < 0.01, compared with Si-
NC group, Fig. 3A–D). We also measured tumor weight and found
that RUSC1-AS1 overexpression enhanced tumor weight. On the
contrary, Si-RUSC1-AS1 in Saos-2 cells attenuated the tumor
weight of nodes (Fig. 3E). Western blot was then used to detect
the EMT markers in the formed tumor nodes. As shown in
Fig. 3E, MG-63 cells with amplified RUSC1-AS1 had lower level of
Fig. 3. RUSC1-AS1 promoted tumor cell growth in vivo. MG-63 cells transfected RUSC1-
subjected to xenograft experiments. A and C: Tumor images in the fifth week. B and D: Tu
five weeks of incubation. ** P < 0.01 (vs. Vector group or Si-NC group). F: The EMT mark
examined via Western blot. G-H:IHC was used for detecting Vimentin in the formed tum
controls were injected into the tail vein of nude mice. 6 weeks later, the lung of each nu
number of pulmonary metastases. ** P < 0.01, *** P < 0.001 (vs. Vector group), && P < 0
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E-cadherin, but higher levels of N-cadherin, Vimentin and Snail.
However, downregulation of RUSC1-AS1 increased E-cadherin
and decreased N-cadherin, Vimentin and Snail expression
(Fig. 3F). The result of ICH also confirmed that RUSC1-AS1 upregu-
lation promoted Vimentin expression in the tumor tissues, and
RUSC1-AS1 knockdown repressed Vimentin expression (p < 0.01
vs. Vector or Si-NC group, Fig. 3G–H). Additionally, we performed
lung metastasis experiment in the nude mice. Our data suggested
that overexpression of RUSC1-AS1 in MG-63 cells enhanced the
pulmonary metastases and RUSC1-AS1 knockdown had the oppo-
site effects (p < 0.05 compared with Vector or Si-NC group,
Fig. 3I). These results further demonstrated that RUSC1-AS1 pro-
motes OS cell proliferation, EMT and pulmonary metastases in vivo.

3.4. RUSC1-AS1 promoted Notch1 expression and activated Ras-ERK
pathway

For exploring the downstream mechanism of RUSC1-AS1, qRT-
PCR and WB was performed to determine Notch1 and Ras-ERK
levels. As the data showed, RUSC1-AS1 overexpression promoted
Notch1 mRNA level in MG-63 cells. However, the knockdown of
AS1 overexpressing plasmids and Saos-2 cells transfected with Si-RUSC1-AS1 were
mor volume during five weeks of incubation was calculated. E:Tumor weight during
ers including E-cadherin, N-cadherin, Snail and Vimentin in the tumor tissues were
or tissues. I. RUSC1-AS1 overexpression plasmids or Si-RUSC1-AS1 or their negative
de mice was isolated and subjected to HE-staining examination for evaluating the
.01, &&& P < 0.001 (vs. Si-NC group). N = 4.
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RUSC1-AS1 attenuated Notch1 mRNA level in Saos-2 cells (Fig. 4A).
In addition, the western blot results suggested that overexpressing
RUSC1-AS1 enhanced the Notch1, Ras and phosphorylated ERK1/2
in MG-63 cells. However, suppressing RUSC1-AS1 mitigated
Notch1, Ras and phosphorylated ERK1/2 levels in Saos-2 cells
(Fig. 4B). What’s more, qRT-PCR, IHC and Western Blot were con-
ducted to evaluate Notch1, Ras or ERK1/2 in the tumor tissues. It
was found that the RUSC1-AS1 group had higher expression of
Notch1, Ras and phosphorylated ERK1/2(compared with Vector
group), and Si-RUSC1-AS1 had lower level of Notch1, Ras and phos-
phorylated ERK1/2 (compared with Si-NC group, Fig. 4C, D). Hence,
RUSC1-AS1 might promote the malignant behaviors of OS cells via
increasing the expression of Notch1 and activating Ras-ERK
pathway.

3.5. MiR-101-3p shared the targets with RUSC1-AS1 and Notch1

To probe the interaction between RUSC1-AS1 and Notch1, we
searched the miRNA targets of RUSC1-AS1 through online data-
base Starbase (http://starbase.sysu.edu.cn/index.php), meanwhile,
the upstream targets of Notch1 were also searched in online
databases, including miRmap (http://mirnamap.mbc.nctu.edu.tw/
Fig. 4. RUSC1-AS1 promoted Notch1 expression. MG-63 cells transfected RUSC1-AS1 ov
mRNA relative expression in MG-63 cells and Saos-2 cells were detected by via qRT-PCR.
(vs. Vector group), &&& P < 0.001 (vs. Si-NC group). N = 3. C: qRT-PCR was applied to meas
to detect Notch1 expression in the tumor tissues. E: Western blot was employed to analyz
&&& P < 0.001 (vs. Si-NC group). N = 4.
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), microT (http://mirtarbase.mbc.nctu.edu.tw/index.html), miR-
anda (http://www.microrna.org/microrna/home.do) and Tar-
getscan (http://www.targetscan.org/vert_72/). It was found that
miR-101-3p shared the targets with RUSC1-AS1 and Notch1
(Fig. 5 A and B). Next, we carried out qRT-PCR to evaluate miR-
101-3p levels in OS tissues. The results represented that miR-
101-3p expression in OS carcinoma was significantly down-
regulated (P < 0.05, Fig. 5C). To clarify the targeting relationship
between miR-101-3p and RUSC1-AS1, miR-101-3p and Notch1,
we conducted the dual luciferase activity experiment and RIP
assay. The results showed that miR-101-3p considerably inhib-
ited luciferase activity of OS cells transfected with RUSC1-AS1-
WT and Notch1-WT, while had no obvious effect on RUSC1-
AS1-MUT and Notch1-MUT-transfected cells (P > 0.05, Fig. 5D
and F). RIP experimental statistics illustrated that after the trans-
fection with miR-101-3p mimics, the precipitated amounts of
RUSC1-AS1 and Notch1 in the Ago2 antibody group were higher
than those in the IgG group, suggesting that RUSC1-AS1 and
Notch1 were bound to Ago2 protein by miR-101-3p (P < 0.05,
Fig. 5E and G). The above results confirmed that RUSC1-AS1 tar-
geted miR-101-3p, and Notch1 was a functional target of miR-
101-3p.
erexpressing plasmids and Saos-2 cells transfected with Si-RUSC1-AS1. A: Notch1
B: Western blot was employed to analyze Notch1-Ras-ERK1/2 proteins. *** P < 0.001,
ure Notch1 mRNA relative expression in tumorigenic tissues. D: IHC was carried out
e Notch1-Ras-ERK1/2 proteins in the tumor tissues. *** P < 0.001, (vs. Vector group),

http://starbase.sysu.edu.cn/index.php
http://mirnamap.mbc.nctu.edu.tw/
http://mirtarbase.mbc.nctu.edu.tw/index.html
http://www.microrna.org/microrna/home.do
http://www.targetscan.org/vert_72/


Fig. 5. MiR-101-3p was the target of RUSC1-AS1 and Notch1. A. The miRNA targets of RUSC1-AS1 through online database Starbase, the upstream miRNA targets of Notch1
were also searched in online databases, including miRmap, microT, miRanda and Targetscan, Venn diagram was used to analyze the common miRNA targets of RUSC1-AS1
and Notch1. B. The base binding relationships between RUSC1-AS1 and miR-101-3p, miR-101-3p and Notch1. C: qRT-PCR was applied to examine miR-101-3p expression in
adjacent tissues and OS tissues. *** P < 0.001. D-E: Dual luciferase reporter gene assay and RIP assay were used to confirm the binding relationship between RUSC1-AS1 and
miR-101-3p. F-G: Dual luciferase reporter gene assay and RIP assay were used to confirm the binding relationship between Notch1 and miR-101-3p. ** P < 0.01, *** P < 0.001
(vs.miR-NC), NS P > 0.05 (vs. miR-NC). N = 3.
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3.6. miR-101-3p downregulated Notch1 and inactivated Ras-ERK
pathway

To study the effect of RUSC1-AS1-miR-101-3p in regulating OS
progression, MG-63 cells were transfected with miR-101-3p mim-
ics and/or RUSC1-AS1 overexpressing plasmids. The level of miR-
101-3p was detected by qRT-PCR, which resulted out that miR-
101-3p level was markedly increased by miR-101-3p mimics
transfection, while miR-101-3 was obviously attenuated by over-
expressing RUSC1-AS1 (p < 0.05 compared with miR-101-3p group,
Fig. 6 A), indicating that RUSC1-AS1 repressed miR-101-3p in MG-
63 cells. However, miR-101-3p had no obvious effect on RUSC1-
AS1 expression (Fig. 6B). Next, the level of Notch1 and Ras-ERK
pathway were detected by qRT-PCR and western blot respectively.
As a result, Notch1 and Ras-ERK pathway were both inhibited fol-
lowing miR-101-3p upregulation, however, forced RUSC1-AS1
expression blocked miR-101-3p mediated inhibitory effect on
Notch1 and Ras-ERK pathway (Fig. 6C and D). Furthermore, we
transfected MG-63 cells with Notch1 overexpression plasmids
and/or miR-101-3p mimics. The results of qRT-PCR and western
blot showed that Notch1 overexpression enhanced Ras and
ERK1/2 phosphorylation. However, compared with the Notch1
8

group, miR-101-3p mimics transfection resulted in lower level of
Notch1 and Ras-ERK pathway (p < 0.05 vs. Notch1 group,
Fig. 6E). Taken together, those data suggested that RUSC1-AS1 pro-
moted Notch1-mediated Ras-ERK pathway activation via inhibit-
ing miR-101-3p.

3.7. RUSC1-AS1 blocked miR-101-3p mediated effects in OS cells

To study the effect of RUSC1-AS1/miR-101-3p axis in regulating
OS progression, we detected the malignant behaviors of MG-63
cells transfected with miR-101-3p mimics and/or RUSC1-AS1 over-
expressing plasmids. The results suggested that compared with the
NC group, miR-101-3p upregulation inhibited tumor cell prolifera-
tion, promoted apoptosis, attenuated the tumor cell migration and
invasion (Fig. 7 A-E). However, over-expressing RUSC1-AS1 in miR-
101-3p mimics transfected cells enhanced cell proliferation, miti-
gated apoptosis, aggravated cell migration and invasion in compar-
ison with miR-101-3p group (Fig. 7A–E). Besides, western blot
experiments statistics revealed that E-cadherin level in the miR-
101-3p group was increased, and N-cadherin, Vimentin and Snail
protein levels were decreased (Fig. 7F). Similarly, RUSC1-AS1 over-
expression mostly reversed miR-101-3p-mediated effects in



Fig. 6. RUSC1-AS1 targeted miR-101-3p to regulate Notch1 expression. A-C.MG-63 cells were transfected with miR-101-3p mimics and/or RUSC1-AS1 overexpressing
plasmids. The levels of miR-101-3p (A), RUSC1-AS1 (B) and Notch1 (C) were detected by qRT-PCR. D. The level of Notch1 and Ras-ERK pathway were detected by western blot.
E. MG-63 cells were transfected with Notch1 overexpression plasmids and/or miR-101-3p mimics. The levels of Notch1 and Ras-ERK pathway were detected by western blot.
NS P > 0.05, ** P < 0.01, *** P < 0.001. && P < 0.01, &&& P < 0.001 (vs. Notch1 group). N = 3.
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modulating EMT (Fig. 7F). These results further confirmed that
miR-101-3p restrained OS cell proliferation, migration and inva-
sion, and those effects were weakened by RUSC1-AS1 (Fig. 8).

4. Discussion

In this research, we unveiled that RUSC1-AS1 expression was
raised and associated with worse clinical outcomes in OS patients.
Over-expressed RUSC1-AS1 enhanced cell proliferation, migration
and invasion in vitro and in vivo and accelerated tumor growth
in vivo. Additionally, this study manifested that RUSC1-AS1 upreg-
ulation enhanced Notch1/Ras-ERK pathway expression by inhibit-
ing miR-101-3p.

Long non-coding RNA (lncRNA) makes great contribution to OS
tumor growth and metastasis regulation [22]. For instance,
Linc00460 was raised in OS tissues and cells, and its high expres-
sion was positively correlated with OS patients’ distant metastasis
and poor overall survival rate of OS patients, and its down-
regulation inhibited OS cell proliferation and metastasis in vitro
[23]. LncRNA FBXL19-AS1 was increased in OS tissues and cell
lines, and it was proved promoting OS cell proliferation, migration
and invasion in experiments in vitro [24]. RUSC1-AS1, a novel long
9

non-coding RNA, has been proved to monitor tumor development
by regulating cancer cell proliferation, migration, apoptosis, and
invasion pathways. For example, RUSC1-AS1 was upregulated
and associated with overall survival (OS) of laryngeal squamous
cell carcinoma (LSCC) [25]. In another study, RUSC1-AS1 inhibition
restrained cervical cancer cell proliferation, migration, and inva-
sion and impeded tumor growth in vivo [15]. Here, we observed
that RUSC1-AS1 was also overexpressed in OS tissues and cells
and promoted the malignant behaviors of OS cells. Clinically,
RUSC1-AS1 overexpression was associated with poorer pathologi-
cal indexes of OS patients. Therefore, those data proved that
RUSC1-AS1 exerts a carcinogenic effect in OS.

Researches have unveiled that long non-coding RNA (lncRNA)
can be used as competitive endogenous RNA (ceRNA) to bind to
the same miRNA as the mRNA competitor. This interaction
between lncRNA, miRNA and mRNA is called ceRNA crosstalk
[26]. For instance, Jin et al. found that lncRNA SND1-IT1 acceler-
ated OS proliferation and migration by sponging miRNA-665 and
regulating POU2F1, thus stimulating OS development [27]. Similar
mechanism was also found in RUSC1-AS1 [15]. Based on these
studies, we hypothesized that RUSC1-AS1 might act as ceRNA in
the OS, so we looked for potential interactions with miRNAs via



Fig. 7. miR-101-3p overexpression inhibited tumor proliferation and metastasis and RUSC1-AS1 reversed miR-101-3p-mediated effects. MG-63 cells were transfected with
miR-101-3p mimics and/or RUSC1-AS1 overexpressing plasmids. A-B: CCK8 assay (A) and BrdU assay (B) were performed to detect cell proliferation. C. The apoptosis rate of
the cells was examined by flow cytometry. D and E. Wounding healing test (D) and Transwell assay (E) for migration and invasion determination. F: The EMT markers
including E-cadherin, N-cadherin, Snail and Vimentin were examined via Western blot. * P < 0.03, ** P < 0.01, *** P < 0.001 (vs. NC group). & P < 0.05, && P < 0.01, &&& P < 0.001
(vs. miR-101-3p group). N = 3.
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Fig. 8. The diagrammatic sketch of RUSC1-AS1-miR-101-3p-Notch1-Ras-ERK1/2 axis in OS progression.
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bioinformatics analysis. It was found that miR-101-3p was a ceRNA
of RUSC1-AS1. Functionally, miR-101-3p inhibited OS progression,
while RUSC1-AS1 upregulation blocked miR-101-3p-mediated
effects. Hence, RUSC1-AS1 influences OS growth by sponging
miR-101-3p (Fig. 8).

Notch family members have been proved to exert crucial roles
in skeletal physiology and disease [28]. Recently, increasing evi-
dence suggest that Notch signaling pathways are upregulated in
OS and function a great role. For instance, Notch1, one member
of Notch genes, was upregulated in OS tumor, and high tumor
expression of intercellular domain (NICD1) and the Notch target
gene Hes1 correlated with poor chemotherapy response [29].
Besides, Notch1 induces multidrug resistance of hypoxic OS cells
through regulating MRP1 gene expression [30]. Several chemical
drugs, such as Diallyl trisulfide [31] and Curcumin [32] inhibit OS
proliferation, invasion and angiogenesis and promote apoptosis
dependently via repressing Notch1 pathway. Interestingly, recent
studies also verified that the lncRNA-miRNA axis modulates tumor
development by Notch1 pathway. For example, lncRNA CRNDE
activates Notch1 signaling in OS, thus promoting the proliferation,
invasion, migration and epithelial-mesenchymal transition of OS
cell [33]. Interestingly, RUSC1-AS1, which was upregulated in
HCC tissues and cells, and predicted unfavorable prognosis of
HCC patients, upregulates NOTCH3 and to trigger the NOTCH sig-
naling pathway [34]. Presently, we found that Notch1 was also
upregulated in OS and had a positive relationship with RUSC1-
AS1. Gain- and loss- of functional assays authenticated that
RUSC1-AS1 aggravated OS development via activating Notch1
pathway.

Mitogen-Activated Protein Kinases (MAPKs) are evolutionarily
conserved components in mammals. The Ras-ERK pathway has
been recognized as one of the crucial pathways [35]. In tumor pro-
gression, the activation of Ras-ERK axis is associated with
enhanced migration, epithelial to mesenchymal transition (EMT)
and increased matrix metalloproteinase 2/9 activity of cancer cells
[36]. In a mouse OS model, downregulation of the Ras/MEK/ERK
and Ras/PI3K/Akt pathways markedly reduces the angiogenic fac-
tors expression of bFGF, HGF, and TGF-b [37]. Mittal S et al. Showed
that in breast cancer, Notch pathway may co channel with Ras/
MAPK pathway in the pathogenesis of breast cancer [38]. Basing
the above researches, we also explored the role of Ras/ERK signal-
11
ing pathway in OS. On the other hand, we have a clear understand-
ing of the expression and role of Notch1 in OS, but the specific
mechanism is still unclear. In our study, we found that RAS-
ERK1/2 was also upregulated following the upregulation of
RUSC1-AS1. While inhibiting Notch1 whether by knocking down
RUSC1-AS1 or upregulating miR-101-3p significantly inactivated
RAS-ERK1/2 pathway. Therefore, RUSC1-AS1 promotes OS develop-
ment via the miR-101-3p-Notch1-Ras-ERK signaling pathway.

To sum up, we determined that over-expressed RUSC1-AS1 is a
carcinogenic lncRNA that plays a vital role in the OS process. The
present study initially manifested the effect of the RUSC1-AS1 /
miR-101-3p/Notch1-RAS-ERK1/2 pathway in OS, and revealed that
silencing RUSC1-AS1 inhibits OS progression by up-regulating
miR-101-3p, which could provide a new therapeutic target for OS.
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