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IncRNA TUSCY7 inhibits osteosarcoma progression
through the miR-181a/RASSF6 axis
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Abstract. Osteosarcoma (OS) is one of the most aggressive
malignancies, accompanied by an elevated incidence and a
decreased rate of healing. Recently, several long non-coding
RNAs (IncRNAs) have been reported to be involved in OS
progression. Although tumor suppressor candidate 7 (TUSC7)
was reported as anovel IncRNA, little is known about its biolog-
ical functions in OS. The present study was designed to explore
whether TUSC7 was involved in the pathological development
of OS using various methods, including hematoxylin and eosin
staining, Cell Counting Kit-8 assay, colony formation assay
and Transwell assay. The present study revealed that TUSC7
expression was downregulated in OS tissues and cell lines
compared with in normal tissues and cell lines. Functionally,
the current results revealed that overexpression of TUSC7
inhibited OS cell proliferation, migration and invasion, while
promoting apoptosis in vitro and in vivo. Next, the subcellular
distribution of TUSC7 was examined by nuclear/cytoplasmic
RNA fractionation and reverse transcription-quantitative PCR.
Mechanistic studies revealed that TUSC7 exerted its role by
sponging microRNA (miR)-181a in OS cell lines. Ras associa-
tion domain family member 6 (RASSF6) was confirmed as a
target gene of miR-181a, and the expression levels of RASSF6
were negatively regulated by miR-181a. Additionally, the
results of rescue experiments suggested that overexpression of
miR-181a neutralized the inhibitory effects of TUSC7 overex-
pression on OS cells. Overall, the present study demonstrated
that the tumor suppressor role of TUSC7 in OS progression
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was mediated through the miR-181a/R ASSF6 axis, which may
represent a new therapeutic target for OS.

Introduction

Osteosarcoma (OS) is the most common primary malignant
bone tumor that affects children, adolescents and young
adults (1,2). With the application of chemotherapeutics, a
combination of surgical resection and multi-chemotherapy
has become a standard clinical treatment strategy for almost
all patients with OS, which has significantly improved patient
survival (3). Despite extensive advances achieved in OS
therapy, the overall survival rate of patients with distant metas-
tasis remains poor (4,5). To date, the biological characteristics
of OS are well understood, but it is urgent to explore the
mechanisms of OS progression, which may contribute to the
development of effective strategies for the diagnosis, treatment
and prognosis of patients with OS.

Long non-coding RNAs (IncRNAs) belong to the
non-coding RNA family and are generally comprised of ~200
nucleotides (6,7). Abnormal expression levels of IncRNAs
contribute to tumor initiation, growth and metastasis (8-11).
Recently, several IncRNAs have been reported to be involved
in OS progression, such as ODRUL (12), LINCO01278 (13) and
IncRNA DLEUI (14). However, the functions of IncRNAs in
OS require further investigation. Tumor suppressor candi-
date 7 (TUSC?7) is a IncRNA that has been reported to be a
cancer suppressor gene in numerous types of human cancer,
such as colorectal cancer (15), pancreatic carcinoma (16) and
esophageal squamous cell carcinoma (17). Recently, TUSC7
has been also identified as a tumor suppressor in OS (18).
However, the regulatory mechanisms of TUSC7 in OS require
additional investigation.

In addition to IncRNAs, microRNAs (miRNAs/miRs) are
another group of non-coding but short-length (<25 nucleotides)
RNAs. Previous studies have demonstrated that miR-181a
serves important roles in the development and progression of
OS (19-21). In recent years, the discovery of crosstalk between
IncRNAs and miRNAs has revealed a new mechanism of
protein-coding gene modulation (22,23). Specifically, it has
been demonstrated that IncRNAs work with miRNAs by acting
as competitive endogenous RNAs (ceRNAs) or as miRNA
sponges (24,25). Accordingly, the present study hypothesized
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a regulatory mechanism for IncRNA-miRNA-mRNA and
investigated its functional roles in OS.

The present study investigated TUSC7 expression in OS
and the vital role of TUSC7 in the proliferation, migration and
invasion of OS both in vitro and in vivo.

Materials and methods

Clinical OS specimens. A total of 45 pairs of OS tissue samples
and adjacent normal tissue samples (<2 cm from tumor) were
collected between November 2018 and October 2019 from
patients diagnosed with OS at the Affiliated Hospital of Inner
Mongolia Medical University (Hohhot, China). There were
34 males and 11 females, with a median age of 19.4 years (age
range, 10-25 years). The pathological diagnoses of OS were
confirmed by two independent pathologists. Patients receiving
chemotherapy or radiotherapy treatment were excluded.
Written informed consent was provided by all patients with
OS enrolled in the study. The present study was approved
by the Ethics Committee of the Affiliated Hospital of Inner
Mongolia Medical University (approval no. Y K D2017142).
All tissue samples were immediately frozen in liquid nitrogen
and then stored at -80°C until further use.

Cell culture. Huoman OS cell lines (Saos2, U20S, MG63 and
143B) and a human osteoblast cell line (hFOB 1.19) were
purchased from the American Type Culture Collection. All cell
lines were cultured in DMEM supplemented with 10% FBS
and 1% antibiotics (penicillin, 100 IU/ml and streptomycin,
10 mg/ml; all Gibco; Thermo Fisher Scientific, Inc.) at 37°C
and 5% CO,.

Cell transfection. For transient transfection, cells were
seeded into 6- or 96-well plates (5x10° or 10* cells/well,
respectively). U20S and MG63 cells were transfected with
2 ug pcDNA3.1-TUSC7 (TUSCT7 overexpression vector), 2 ug
pcDNA3.1-NC (empty vector), 100 nM non-targeting nega-
tive control (NC)-mimic or 100 nM miR-181a mimic. The
synthesized sequences were 5'-AACAUUCAACGCUGUCGG
UGAGU-3' for the miR-181a mimic and 5'-UUCUCCGAACG
UGUCACGUTT-3' for the NC-mimc. In the present study,
pcDNA3.1-TUSC7, pcDNA3.1-NC, 2 ug small interfering
(si)-RASSF6 inhibitor (si-RASSF6), si-NC, miR-181a mimic
and NC-mimic were provided by Shanghai GenePharma
Co., Ltd. Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) was used for transfection according to the
manufacturer's protocol. The RASSF6 siRNA target sequence
was 5'-GACCCAGAUUCCUAUGUCU-3', while the si-NC
target sequence was 5'-UUCUCCGAACGUGUCACGUTT-3"
After transfection for 2 days at the room temperature, the cells
were collected for subsequent use.

Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA from tissues and cells was extracted using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following
the manufacturer's protocol. RNA (1 ug) was reverse tran-
scribed to cDNA using the Prime Script RT Master Mix kit
(Takara Bio, Inc.) according to the manufacturer's protocol.
After RT, qPCR analysis was conducted using SYBR Premix
Ex Taq™ II (Takara Bio, Inc.) on a StepOnePlus™ Real-Time
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PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The PCR protocol was set at 95°C for 10 min, followed
by 40 cycles at 95°C for 10 sec and 60°C for 1 min. The 244
method (26) was used to calculate relative mRNA expression.
The expression levels of TUSC7 and RASSF6 were normal-
ized to those of GAPDH, while miR-181a expression was
normalized to that of U6. The following gene-specific primers
were used: TUSC7 forward, 5'-CACTGCCTATGTGCACGA
CT-3' and reverse, 5'-AGAGTCCGGCAAGAAGAACA-3;
miR-181a forward, 5-ACACTCCAGCTGGGAACATTCAAC
GCTGTCG-3' and reverse, 5-GGTGTCGTGGAGTCGGCA
ATTCAGTTGAG-3'; RASSF6 forward, 5-AGGCCAGAC
AGCTCTGATGT-3' and reverse, 5'-AGGCCAGACAGCTCT
GATGT-3"; U6 forward, 5'-CTCGCTTCGGCAGCACA-3'
and reverse, 5-AACGCTTCACGAATTTGCGT-3"'; GAPDH
forward, 5“TGACTTCAACAGCGACACCCA-3' and reverse,
5'-CACCCTGTTGCTGTAGCCAAA-3'; and pB-actin forward,
5'-CTCCATCCTGGCCTCGCTGT-3' and reverse, 5'-GCT
GTCACCTTCACCGTTCC-3..

Western blot analysis. Total proteins in tissues and cells
were lysed using RIPA lysate buffer with protease inhibitor
cocktail (Roche Applied Science). The protein concentra-
tion was quantified using the BCA assay. SDS-PAGE (10%)
was conducted to isolate 20 pg/lane of protein and transfer
it to PVDF membranes (EMD Millipore). After blocking
with 5% skimmed milk solution at room temperature for
1 h, membranes were incubated overnight with primary
antibodies at 4°C and then incubated with HRP-conjugated
secondary antibody (cat. no. A8419; 1:5,000; Sigma-Aldrich;
Merck KGaA) at room temperature for 1 h. All primary anti-
bodies were purchased from Abcam, including anti-RASSF6
(cat. no. ab220111; 1:1,000), anti-Bax (cat. no. ab32503;
1:1,000), anti-Bcl2 (cat. no. ab182858; 1:2,000), anti-Caspase-3
(cat. no. ab13847; 1:500), anti-Caspase-8 (cat. no. ab32397,;
1:500) and anti-GAPDH (cat. no. ab9485, 1:2,500). Target
protein levels were normalized to GAPDH, which served as
the control. Protein expression was measured using enhanced
chemiluminescence (EMD Millipore), and the software used
for densitometry was ImageJ v1.8.0 (National Institutes of
Health).

Cell Counting Kit-8 (CCK-8) assay. CCK-8 (Beyotime Institute
of Biotechnology) assays were conducted according to the
manufacturer's protocol to assess cell proliferation. U20S and
MG63 cells (10* cells/well) were seeded into 96-well plates
and transfected with TUSC7 overexpression vector or control
vector, or miR-181a mimic or NC-mimic, as aforementioned.
Cells were incubated with 10% CCK-8 solution added to
each well in the dark for 2 h at 37°C. Proliferation rates were
determined at 24, 48 and 72 h after transfection. The optical
density (OD) of cells was measured using an ultraviolet spec-
trophotometer (ELX800; BioTek Instruments, Inc.; Agilent
Technologies, Inc.) at a wavelength of 450 nm.

Colony formation assay. After transfection, cells were incu-
bated in 6-well plates (500 cells/well) for colony formation
assays. After 2 weeks of culture at 37°C, colonies were fixed
with 10% formaldehyde at room temperature for 15 min and
stained with 0.1% crystal violet solution at room temperature
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for 10 min. A colony was defined as containing >50 cells. The
colony number in each well was counted and imaged under a
light microscope (magnification, x20; Olympus Corporation).

Transwell assay. The migratory and invasive abilities of U20S
and MGO63 cells were estimated using Transwell assays. For the
Transwell migration assay, transfected U20S and MG63 cells
(1x10°) were seeded into the upper chamber of 8-um pore size
membranes (Merck KGaA) containing serum-free medium.
For the Transwell invasion assay, U20S and MG63 cells
(2x10%) were added in serum-free medium to the upper cham-
bers pre-coated with diluted Matrigel® (1:5; BD Biosciences)
at 37°C for 5 h. A total of 500 ul medium containing 10% FBS
was added into the lower chamber. After incubation at 37°C for
48 h, cells on the upper membrane were removed using a cotton
swab, and cells that had traversed the membrane were stained
using 0.1% crystal violet at room temperature for 10 min
and counted under a light microscope (magnification, x100;
Olympus Corporation) in five randomly chosen microscopic
fields. The number of cells that entered the lower chamber
reflected the migratory or invasive ability of tumor cells.

Apoptosis assay. Flow cytometry analysis was used to evaluate
apoptosis. Briefly, U20S and MG63 cells (2x10° cells/well) were
seeded into 6-well plates, and after transfection for 48 h, cells
were treated with Annexin V-FITC (5 pl) and PI (5 pl) using an
Annexin V-FITC Apoptosis Detection kit (Invitrogen; Thermo
Fisher Scientific, Inc.). The apoptosis rate was detected using a
CytoFLEX flow cytometry (cat. no. C02945; Beckman Coulter,
Inc.) following the manufacturer's protocol and analyzed using
ModFit LT v5.0 (Verity Software House, Inc.).

Dual luciferase reporter assay. Firstly, the starBase data-
base (http://starbase.sysu.edu.cn/) was used to predict the
binding sites between miR-181a and TUSC7 or RASSF6, and
luciferase reporter assay was used to confirm this associa-
tion. For the luciferase reporter assay, sequences of TUSC7
and RASSF6 containing wild-type (WT) binding sites to
miR-181a or mutant (Mut) sites were amplified and cloned into
the luciferase reporter vector pGL3 (Promega Corporation),
called TUSC7-WT and RASSF6-WT, and TUSC7-Mut
and RASSF6-Mut, respectively. Cells were transfected
with TUSC7-WT/Mut or RASSF6-WT/Mut, as well as with
miR-181a mimic or NC-mimic using Lipofectamine 2000 as
aforementioned. After ~48 h, luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega
Corporation) following the manufacturer's protocol. Renilla
luciferase activity was used as an internal reference.

Nuclear/cytoplasmic RNA fractionation. The cyto-
plasmic/nuclear fraction isolation assay was performed using a
PARIS kit (Thermo Fisher Scientific, Inc.) following the manu-
facturer's protocol. After purification and DNase I treatment,
RNA from the isolated nuclear and cytoplasmic fractions was
reverse transcribed, and qPCR was used to evaluate the rela-
tive expression levels of TUSC7 and GAPDH in each sample,
as aforementioned.

Hematoxylin and eosin (H&E) staining. Samples were
collected from mouse subcutaneous tumors. First, samples
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were fixed in 4% paraformaldehyde solution at room tempera-
ture for 48 h, embedded in paraffin and transversely cut into
5-um-thick sections. Second, paraffin sections were deparaf-
finized using xylene I and II for 10 min and rehydrated using
a descending alcohol series (100, 90, 80 and 70% alcohol for
5 min each, followed by washing with water for 5 min). Finally,
slices were subjected to H&E staining at room temperature for
15 min and observed under a light microscope (magnification,
x100; Olympus Corporation).

Immunohistochemistry. Mouse subcutaneous tumors were
removed and fixed in 4% formaldehyde at room temperature
for 48 h, embedded in paraffin and transversely cut into
5-um-thick sections. Subsequently, sections were washed
three times with 0.1 M PBS after deparaffinization using
xylene I and II for 10 min and rehydration as aforementioned,
and blocked with blocking buffer (Dual Endogenous Enzyme
Block; Dako; Agilent Technologies, Inc.) at room tempera-
ture for 5 min. Sections were incubated with goat anti-Ki67
primary antibody (cat. no. ab15580; 1:100; Abcam) for 24 h
at 4°C, followed by incubation with an HRP-conjugated rabbit
anti-goat IgG secondary antibody (cat. no. ab6741; 1:500;
Abcam) for 30 min at room temperature. Finally, sections
were stained with 3,3-diaminobenzidine (Wuhan Servicebio
Technology Co., Ltd.) and visualized using a light microscope
(magnification, x100; Olympus Corporation).

In vivo mouse xenograft tumor assay. A total of 30 male
BALB/c nude mice (weight, 18-20 g; age, 4-6 weeks) from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd., were kept in a 12-h day/night cycle and in a tempera-
ture-controlled room (temperature, 18-22°C; humidity, 45-65%)
with free standard food and tap water. There were 6 mice in
each group. Each experiment was repeated 3 times. Animal
experiments were approved by the Animal Experimentation
Ethics Committee of the Affiliated Hospital of Inner Mongolia
Medical University and conducted following the Guide for
the Care and Use of Laboratory Animals (27). U20S cells
stably expressing TUSC7 or control vector were propagated,
and 1x10° cells/100 ul culture medium were subcutaneously
inoculated into the right side of the posterior flank in nude
mice. Animals were sacrificed 5 weeks post-inoculation by
intraperitoneal injection of pentobarbital sodium (100 mg/kg).
Tumors were surgically dissected and weighed.

Statistical analysis. All data were collected from at least three
independent experiments and are reported as the mean + SD.
Statistical significance between normal and tumor tissues were
analyzed using a paired Student's t-test, while other compari-
sons between two groups were analyzed using an unpaired
Student's t-test. One-way ANOVA followed by Tukey's
post-hoc test was used for multiple comparisons using SPSS
version 21.0 software (IBM Corp.). P<0.05 was considered to
indicate a statistically significant difference.

Results
TUSC7 expression is significantly downregulated in OS

tissues and cell lines. To investigate the role of TUSC7 in OS
progression, the expression levels of TUSC7 in OS and normal
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bone tissues were measured by RT-qPCR. Results demon-
strated that TUSC7 expression was significantly lower in OS
tissues compared with in normal bone tissues (Fig. 1A). In
addition, TUSC7 expression was significantly decreased in OS
cell lines compared with in the human osteoblast hFOB1.19
cell line (Fig. 1B), especially in U20S and MG63 cells, which
were therefore used for subsequent experiments.

TUSC7 overexpression inhibits the progression of OS. To
explore the functional roles of TUSC7 in OS cell prolif-
eration, migration, invasion and apoptosis, U20S and
MG63 cells were transfected with TUSC7-overexpressing
plasmid or control vector. RT-qPCR assays revealed that the
expression levels of TUSC7 in U20S and MG63 cells were
significantly increased in response to TUSC7 transfection
(Fig. 2A). Cell proliferation was measured using CCK-8 and
colony formation assays. The results demonstrated that cell
proliferation rate and colony formation ability in the TUSC7
group were significantly lower compared with those in the
control vector group (Fig. 2B and C). Additionally, the results
of the Transwell assay revealed that migration and inva-
sion of U20S and MG63 cells were significantly decreased
after TUSC7 overexpression (Fig. 2D). By contrast, the rate
of early and late apoptotic cells in the TUSC7 transfection
group was significantly increased (Fig. 2E). In addition, the
protein expression levels of the anti-apoptotic protein Bcl2
were significantly decreased, while those of the pro-apoptotic
proteins Bax, Caspase-3 and Caspase-8 were significantly
increased in the TUSC7 group (Fig. 2F). The current results
indicated that TUSC7 overexpression significantly inhibited
proliferation, migration and invasion, and promoted apoptosis
in U20S and MG63 cells.

TUSC7 competitively binds to miR-181a and suppresses
its expression in OS cell lines. To examine the role of
TUSC7 in OS progression, the subcellular localization of
TUSC7 in U20S and MG63 cells was analyzed. RT-qPCR
revealed that TUSC7 was primarily localized in the cyto-
plasm (Fig. 3A), indicating its role in post-transcriptional
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Figure 1. TUSC7 expression is downregulated in OS tissues and cell lines. (A) Reverse transcription-quantitative PCR showing the expression levels of
TUSC?7 in (A) OS and normal tissues, and (B) four OS cell lines and the normal osteoblast hFOB1.19 cell line. Data are shown as the mean + SD. ““P<0.001.
OS, osteosarcoma; IncRNA TUSC7, long non-coding RNA tumor suppressor candidate 7.

regulation of gene expression. Previous studies have proven
that IncRNA expression in the cytoplasm is vital for patho-
physiological processes and partially occurs by sponging
miRNAs (28,29). Since the promoting role of miR-181a
in OS progression is well known and its expression levels
have been reported to be aberrantly elevated in OS tissues
and cells (20), the present study examined whether TUSC7
inhibited OS progression by sponging miR-181a expression.
First, it was revealed that miR-181a was directly bound to
the 3'-untranslated regions (UTR) of TUSC7 using the star-
Base database (Fig. 3B). Subsequently, a luciferase reporter
vector ligated with TUSC7-WT and TUSC7-Mut sequences
was constructed. The results revealed that luciferase activi-
ties of TUSC7-WT, but not TUSC7-Mut, were significantly
decreased following transfection with miR-181a mimics
(Fig. 3C). In addition, miR-181a expression was significantly
increased in both OS tissues and cell lines (Fig. 3D and E).
As shown in Fig. 3F, the expression levels of miR-181a were
significantly downregulated by TUSC7 overexpression
compared with the control vector. In summary, the present
results indicated that TUSC7 regulated OS progression by
binding to miR-181a.

RASSF6 is a direct target of miR-181a in OS cell lines.
Having determined the potential competitive mechanism
between miR-181a and TUSC7, the present study attempted
to identify critical direct targets underlying the mechanistic
contribution of miR-181a to OS progression. The predicted
binding site of miR-181a at the 3'-UTR of RASSF6 was
determined using the starBase online database. The potential
binding sequences are shown in Fig. 4A. A dual-luciferase
reporter assay was further conducted to validate direct
binding of the 3'-UTR of RASSF6 mRNA with miR-181a.
The results revealed that miR-181a mimics significantly
suppressed luciferase activity of the WT 3'-UTR of RASSF6,
but not of the Mut 3'-UTR of RASSF6 (Fig. 4B). In addi-
tion, RT-qPCR assays demonstrated that RASSF6 expression
was significantly decreased in OS tissues and cell lines
(Fig. 4C and D). RASSF6 expression at both the protein and
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Figure 2. TUSC7 overexpression inhibits the progression of OS. (A) Reverse transcription-quantitative PCR analysis of TUSC7 expression. (B) CCK-8 and
(C) colony formation assays were performed to examine the cell proliferation rate of U20S and MG63 cells after overexpression of TUSC7. (D) Transwell
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etry assays were used to analyze the effects of TUSC7 on apoptosis. (F) Western blotting was performed to measure the protein expression levels of several
biomarkers of apoptosis, such as Bcl2, Bax, Caspase-3 and Caspase-8. Data are presented as the mean + SD. P<0.01 and ““P<0.001. CCK-8, Cell Counting
Kit-8; OS, osteosarcoma; IncRNA TUSC?7, long non-coding RNA tumor suppressor candidate 7.

mRNA levels was significantly suppressed after transfection TUSC7/miR-181a/RASSF6 regulates the progression of
with the miR-181a mimic (Fig. 4E and F). In summary, the = OS. The present study demonstrated that TUSC7 served as
current findings suggested that RASSF6 may act as a down-  an endogenous sponge for miR-181a in OS. Thus, whether
stream effector of miR-181a in OS progression. TUSCY7 inhibited OS cell proliferation, migration and invasion
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IncRNA TUSC?7, long non-coding RNA tumor suppressor candidate 7.

by inhibiting miR-181a expression was investigated. As shown
in Fig. 5A, miR-181a expression was significantly increased
in both U20S and MGG63 cells after transfection with the
miR-181a mimic compared with the NC mimic. CCK-8
and colony formation assays demonstrated that miR-181a
significantly reversed TUSC7-induced inhibition of cell
proliferation in cells co-transfected with miR-181a mimic
and TUSC7 vector (Fig. 5B and C). Additionally, Transwell
assay revealed that TUSC7 overexpression significantly
decreased cell migration and invasion, which was rescued
by the addition of miR-181a (Fig. 5D). Furthermore, flow
cytometry assays demonstrated that miR-181a overexpression
rescued TUSC7-induced apoptosis in OS cells (Fig. 5E) and
reversed TUSC7-induced decreases in Bcl2 expression and
increases in Bax, Caspase-3 and Caspase-8 expression, as
shown by western blotting (Fig. 5F). RT-qPCR and western

blot assays revealed that the expression levels of RASSF6 were
significantly increased following TUSC7 overexpression, and
this effect was significantly reversed by the addition of the
miR-181a mimic (Fig. 5G and H).

In addition, to further detect the functions of RASSF6
on the effects induced by TUSC7, a RASSF6 inhibitor was
used to treat OS cells. As shown in Fig. 51, the RASSF6
inhibitor significantly attenuated mRNA expression
levels of RASSF6 in U20S and MG63 cells compared
with the NC inhibitor. Colony formation assays revealed
that the RASSF6 inhibitor significantly reversed the
TUSC7-induced decrease in cell proliferation (Fig. 5J).
Flow cytometry demonstrated that TUSC7 overexpression
significantly increased apoptosis, while the RASSF6 inhib-
itor significantly reversed the effects of TUSC7 (Fig. 5K).
The current data illustrated that TUSC7 directly regulated
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RASSF6 expression by competitively binding to miR-181a
as a miRNA sponge.

TUSC7 overexpression inhibits tumor growth in vivo. To
further explore the roles of TUSC7 in OS tumorigenesis,
U20S cells were transfected with control or TUSC7 over-
expression vectors for in vivo analysis of tumor growth.
Cells were subcutaneously injected into BALB/c nude mice,
which were euthanized for tumor collection after 5 weeks.
Consistent with the in vitro results, overexpression of TUSC7
resulted in significantly smaller tumors (Fig. 6A). Moreover,
tumor volumes of TUSC7-overexpressing mice were signifi-
cantly smaller compared with those in the control vector
group, while there was no significant difference between
the body weights of TUSC7-overexpressing mice and the
control vector group (Fig. 6A and B). In addition, RASSF6
expression at both the protein and mRNA levels was signifi-
cantly increased in response to overexpression of TUSC7
(Fig. 6C and D). Additionally, H&E and Ki-67 staining
revealed that the TUSC7-overexpressing group exhibited a
decrease in proliferating cells (Fig. 6E). Overall, the present
results demonstrated that TUSC7 negatively influenced OS
progression.

Discussion

IncRNAsand miRNAs arereportedly dysregulated in numerous
types of cancer, including OS (12,30,31). IncRNAs act as
carcinogenic factors or tumor suppressor factors by regulating
different mRNAs by sponging them (32,33). Several IncRNAs
have been reported to be involved in OS progression (18,34,35).
For example, as oncogenes, IncRNA PGM5-AS1 promotes
epithelial-mesenchymal transition, invasion and metastasis
of OS cells by impairing miR-140-5p-mediated fibrillin-1
inhibition (34). On the other hand, IncRNAs can act as tumor
suppressors. IncRNA CEBPA-ASI expression is decreased in
OS tissues and cell lines, and overexpression of CEBPA-AS1
inhibits proliferation and migration while enhancing apop-
tosis in OS cells through the miR-10b-5p/nuclear receptor
corepressor 2/Notch signaling pathway (35). IncRNA TUSC7
has been previously demonstrated to be a tumor suppressor
in OS (18). The present study confirmed that TUSC7 was
expressed at low levels in OS tissues and cell lines, while
overexpression of TUSC7 inhibited proliferation and invasion,
and promoted apoptosis in OS cells.

Functionally, the current study revealed that overexpres-
sion of TUSC7 inhibited cell proliferation and migration,
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Figure 5. Continued.

while promoting apoptosis both in vitro and in vivo. Numerous
studies have indicated that IncRNAs function as ceRNAs by
competitively binding miRNAs, eliminating the inhibition of
miRNAs on their target gene transcripts (36,37). The present
study demonstrated that TUSC7 was primarily localized in
the cytoplasm, and a luciferase reporter assay revealed that
TUSC7 competitively bound to miR-181a. miR-181a has
previously been reported to significantly promote proliferation

and inhibit apoptosis in OS cells (19). However, to the best of
our knowledge, there are no studies on the role of IncRNAs
on miR-181a or its mechanism in OS. In the current study,
RT-qPCR assays revealed that miR-181a expression was
significantly increased in OS tissues and cell lines, and was
negatively associated with TUSC7 expression.

Multiple members of the RASSF exhibit anticancer
effects (38). RASSF6 is a novel tumor suppressor that serves
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Figure 5. TUSC7/miR-181a/RASSF6 regulates the progression of OS. (A) Relative miR-181a expression measured via RT-qPCR in miR-181a mimics-trans-
fected U20S and MG63 cells. Proliferation of U20S and MG63 cells co-transfected with TUSC7 and miR-181a mimics identified by (B) CCK-8 and (C) colony
formation assays. (D) Migration and invasion of U20S and MG63 cells co-transfected with TUSC7 and miR-181a mimics measured by Transwell assays (scale
bar, 50 ym). (E) Apoptosis of OS cells determined by flow cytometry in TUSC7- and miR-181a mimics-transfected U20S and MG63 cells. (F) Expression
levels of the apoptosis-associated proteins Bcl2, Bax, Caspase-3 and Caspase-8 detected via western blot assays in TUSC7- and miR-181a mimics-transfected
U20S and MG63 cells. (G) RT-qPCR and (H) western blot assays of the expression levels of RASSF6 in TUSC7- and miR-181a mimics-transfected U20S
and MG63 cells. (I) Relative RASSF6 expression measured by RT-qPCR in RASSF6 inhibitor-treated U20S and MG63 cells. (J) Proliferation of U20S and
MG63 cells co-transfected with TUSC7 and RASSF6 inhibitor detected by colony formation assay. (K) Apoptosis of OS cells determined by flow cytometry
in TUSC7- and RASSF6 inhibitor-transfected U20S and MG63 cells. Data are presented as the mean + SD. “P<0.05, “P<0.01 and "“P<0.001. CCK-8,
Cell Counting Kit-8; OD, optical density; RT-qPCR, reverse transcription-quantitative PCR; NC, negative control; miR, microRNA; OS, osteosarcoma;
RASSF6, Ras association domain family member 6; TUSC7, tumor suppressor candidate 7.

an important role in the pathogenesis of various types of
cancer (39,40). For instance, miR-181a-5p promotes the progres-
sion of gastric cancer via RASSF6-mediated MAPK signaling
activation (41). Moreover, miR-496 promotes migration and

epithelial-mesenchymal transition by targeting RASSF6 in
colorectal cancer (42). However, the roles of RASSF6 and
its regulatory mechanism in OS remain unclear. To explore
the association between miRNA and RASSF6, a luciferase
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reporter assay was used to identify miR-181a-specific binding
to RASSF6. Moreover, RASSF6 expression was downregu-
lated in OS tissues and cell lines, and was negatively regulated
by miR-181a. The current data suggested that RASSF6 was a
direct target gene of miR-181a.

Additionally, a critical finding of the present study was
that overexpression of miR-181a rescued the inhibitory effect
of TUSC7 on OS cell proliferation, migration and invasion.
Moreover, overexpression of miR-181a significantly decreased
the expression levels of RASSF6 induced by TUSC7 over-
expression. The current data indicated that TUSC7 directly
regulated RASSF6 expression by competitively binding to
miR-181a as a miRNA sponge.

In conclusion, the present study defined a novel role for
TUSCT7 as a tumor suppressor in OS development by sponging
miR-181a, leading to RASSF6 upregulation. Overall, TUSC7
may represent a potential therapeutic and prognostic target for

OS, although its clinical value should be further consolidated
in future studies.
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