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Spine Center, Xin Hua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China

Long non-coding RNAs (lncRNAs) are being found to play an increasingly important role in
the development of tumors. However, their biological functions and the underlying
mechanisms remain unclear. Using information from GEO Datasets, we found that the
lncRNA LINC00588 was downregulated in osteosarcoma (OS) in bone but was
upregulated in the metastatic tumor present in the lung. We assessed the function of
LINC00588 using both overexpression and knock-out studies. We performed colony
formation assay, CCK-8 assay, flow cytometry, wound healing assay, transwell assay,
and RT-qPCR assay and used a xenograft model to investigate the influence of
LINC00588 on cell proliferation, viability, cell apoptosis and cycle, migration, invasion,
endothelial cell function, EMT (epithelial to mesenchymal transition), and tumor growth,
respectively. Overexpression of LINC00588 appeared to inhibit cell proliferation, viability,
migration, invasion, endothelial cell function, EMT, and tumor growth but not apoptosis,
while we got the opposite result when we knocked down LINC00588. Next, we predicted
that LINC00588 bound to miRNA-1972 and significantly downregulated its expression,
which we then verified through a luciferase reporter assay. Subsequently, we knocked
down miR1972 and performed CCK-8 and transwell assays to demonstrate that
downregulation of miRNA-1972 could substantially inhibit the viability and invasion of
osteosarcoma cells. The expression of TP53 was downregulated at the protein level but
not at the mRNA level after the overexpression of miRNA-1972. Taken together, our
findings indicate that LINC00588 plays a role in OS development by downregulating the
expression of miRNA-1972, which can, in turn, inhibit the expression of TP53. Hence, we
believe that the LINC00588/miRNA-1072/TP53 axis could potentially serve as a
therapeutic target or diagnostic biomarker for osteosarcoma.

Keywords: lncRNA LINC00588, miRNA-1972, TP53, osteosarcoma, ceRNA.
Abbreviations: hBMSC, human bone marrow-derived mesenchymal stem cell; ceRNA, competing endogenous RNA; lncRNA,
long non-coding RNA; OS, osteosarcoma; TP53, tumor suppressor; EMT, epithelial to mesenchymal transition; NC,
negative control.
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INTRODUCTION

Osteosarcoma (OS) is the most common primary cancer of the
bone that occurs mainly in children and adolescents (Ritter and
Bielack, 2010; Gianferante et al., 2017). It is derived from and
defined by the presence of malignant mesenchymal cells that
produce osteoid and/or immature bones (Arndt et al., 2012).
Osteosarcomas generally attack the metaphyses of long tubular
bones, and about half of them involve the distal femur or
proximal tibia, which are located around the knee joints
(Arndt and Crist, 1999). The 5-year survival rates and quality
of life in patients with lung metastasis remain poor, despite
developments and advances in treatments, including
neoadjuvant chemotherapy 2.

Long non-coding RNAs (lncRNAs) (> 200 nucleotides) are a
class of RNA transcripts that can regulate gene expression but
cannot code protein (Bu et al., 2012; Kung et al., 2013). LncRNAs
have been reported to play a role in a variety of biological
pathways (Jiapaer et al., 2018; Song et al., 2019) and disease
states (Kung et al., 2013), including tumors (Gutschner and
Diederichs, 2012). Recently, the role of lncRNAs in osteosarcoma
pathogenesis has attracted much attention and is being heavily
investigated, particularly through high-throughput sequencing.
Several of these lncRNAs are implicated in the downregulation of
target gene expression (Yang et al., 2019), while others have been
found to upregulate the expression of target genes (Li et al., 2013;
Deng et al., 2019). An increasing number of studies indicate that
lncRNAs play an important role in osteosarcoma development
by affecting the following processes: cell proliferation, cellular
invasion, migration, metastasis, stemness, fate, and EMT (Huang
et al., 2018; Zhang et al., 2018; Shen et al., 2019). Moreover,
several lncRNAs are being actively investigated as prognostic
markers for this disease (Chen et al., 2018; Zhang et al., 2018).

A mechanism of interest, which has been reported on several
times, involves lncRNAs working as competing endogenous
RNAs (ceRNA), in which the lncRNA can act as a sponge for
specific miRNAs and indirectly regulate the expression of tumor-
related genes (Zhang et al., 2018; Deng et al., 2019; Shen et al.,
2019). Tp53, a well-known and extensively studied gene in
tumors, was first reported to exhibit intron 1 rearrangement
(Masuda et al., 1987). TP53 has also been shown to affect the
progression and development of OS through the regulation of
miRNA by lncRNAs (Zhang et al., 2019; Zhang et al., 2019).

Herein, we discovered a new ceRNA axis, comprising
LINC00588/miRNA-1972/TP53, that is involved in the
development of OS, and we believe that this may deepen our
understanding of OS etiology and contribute to an improvement
in treatment choices.
MATERIALS AND METHODS

Database
We typed “osteosarcoma” and “metastases” as keywords in the
GEO Datasets public domain database. After the analysis of the
data, we found that the lncRNA LINC00588 is highly expressed
Frontiers in Pharmacology | www.frontiersin.org 2
in the osteosarcoma bone primaries but has low expression in
lung metastases.

Cell Lines and Cell Culture
U2OS, HOS, MG-63, HFF-1, Saos-2, hBMSCs, and hFOB1.19
cell lines were purchased from the Chinese Academy of Sciences
Cell Bank (Shanghai, China). They were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco) containing 10% fetal
bovine serum (FBS) and supplemented with 105 U/L penicillin
and 100 mg/L streptomycin under 5% CO2 at 37°C in a
humidified atmosphere.

Cell Transfection
U2OS and HOS cells were plated at 1*10^5 cells/well in six-well
plates containing serum-free culture medium with polybrene
(6 mg/ml). At 40–50% confluence, cells were transduced with
pLVX-LINC00588, pLVX-Vector, pLKO.1-LINC00588,
pLKO.1-Vector, mimic-miRNA-1972, mimic-NC, inhibitor-
miRNA-1972, and inhibitor NC, separately.

RNA Extraction and Quantitative Reverse
Transcription PCR Assay
TRIzol Reagent (Invitrogen, Carlsbad, USA) was used to extract total
RNA according to the manufacturer's instructions. RNA was
quantified and reverse transcribed into cDNA using the PrimeScipt
RTMaster Mix kit (Takara, Shanghai, China). RT‐PCR of the mature
miRNAs was performed using the miRcute miRNA First‐Strand
cDNA Synthesis Kit (Tiangen, Shanghai, China). According to the
user guide of the SYBR® Green Realtime PCR Master Mix (Takara,
Shanghai, China), the qRT‐PCR amplification was done on an
ABI7500 Fast system. Melting curve analysis was used to monitor
the specificity of the PCR products. The LINC00588 primers were as
follows: forward, 5′‐GTGATGGCAACCTTTCACCG‐3′; reverse, 5′‐
TCGCCTGAATTAGGCTCCTG‐3′. The GAPDH primers were as
follows: forward, 5′‐CGGAGTCAACGGATTT GGTCG‐3′; reverse,
5′ ‐TCTCGCTCCTGGAAGATGGTG AT‐3′. The U6 primers were
as follows: forward, CTCGCTTCGGCAGCACA The GAPDH
primers were as follows: reverse, AACGCTTCACGAATTTGCGT.
The E-cadherin primers were as fol lows: forward,
G G A C A G C A A C A T C A G C G A A C ; r e v e r s e ,
GTTGAGATAAGCCTAGTCTTCCAGA. The ZEB1 primers were
as follows: forward, GGAGAGGTGACTGGTTGTGG; reverse
GCCACATCAGCAATAGCAGC. The Snail primers were as
follows: forward, CTCAGCAGGGTGGTTACTGG; reverse,
TGTCACCAGGACAAATGGGG. The Fbronectin primers were as
follows: forward, AAAGGAGCCCAGGGTGTGA; reverse,
GGAAAAGTCCTGAGGTGGGG. All of these primers were
purchased from Sangon Biotech, Shanghai, China. All experiments
were performed in triplicate. Changes in expression were calculated
using the 2−DDCt method, and U6 was used as internal control for
mRNA expression.

Western Blot Assay
Total proteinwas extracted from cells using a total protein extraction
kit according to the manufacturer's instructions (KeyGen, Rockville,
MD, USA). The protein concentrations of the lysates weremeasured
with the Protein BCA Assay Kit (Bio-Rad, Hercules, CA, USA). For
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the Western blotting assay, 20 µg of protein mixed with 5 × SDS
loading buffer was loaded per lane, separated with 10% SDS-PAGE,
and transferred to a nitrocellulose membrane. The membrane was
blocked with 5% skimmed milk in TBST (TBS containing 0.05%
Tween-20) for 1 h at room temperature. The membrane was then
incubated at 4°C overnight with primary antibodies against TP53
(1:500, abcam), and GAPDH (1:1500, Santa Cruz Biotechnology,
Inc.) followed by incubation with goat anti-mouse IgG (1:1000,
Beijing Biosynthesis Biotechnology Co., Ltd.) or goat anti-rabbit
antibody IgG (1:1000, Beijing Biosynthesis Biotechnology Co., Ltd.)
for 1 h at room temperature. ECL Western blotting detection
reagents (New England Biolabs, Ipswich, MA, USA) were used to
visualize the target proteins, which were quantified with a Bio Image
Intelligent Quantifier 1-D (Version 2.2.1, Nihon-BioImage
Ltd., Japan).

CCK-8 Assay
After transfection with pLVX-vector, pLVX-LINC00588,
pLKO.1-vector, pLKO.1-LINC00588, equal numbers of HOS
and U2OS cells were seeded in 96-well plates respectively, and
at 0, 24, 148 48, and 72 h post-transfection, cell proliferation was
measured with Cell Counting Kit-8 (CCK8, R&S Bio-150
Technology, Shanghai, China) according to the manufacturer's
instructions. The OD values were measured at a wavelength of
450 nm with a microplate spectrophotometer (Multiskan MK3).

Cell Colony Formation Assay
Cell proliferation ability was also detected by colony formation
assay. Human osteosarcoma cells were seeded into six-well plates
at a density of 1000 cells/ml, 2 ml/well. The cells were transfected
with pLVX-vector, pLVX-LINC00588, pLKO-vector, and pLKO-
LINC00588. The medium was replaced with fresh medium every
3 days. After incubation for 10 days, the cells were fixed with 70%
ethanol and stained with 0.1% crystal violet for 30 min at 37°C.
Images of the colonies were captured by Quantity One (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Transwell Assay
The migration and invasion potential of osteosarcoma cells was
evaluated by transwell assay. At 48 h after transfection, cells were
seeded in the upper chamber of each transwell chamber
(Corning Costar, Corning, NY, USA) and maintained in
serum-free medium. For invasion assay, the insert was coated
with Matrigel, while, for the migration assay, the insert had no
Materigel coating; the lower chamber contained the medium
supplemented with 10% FBS. After incubation for 24 h, the cells
remaining on the upper membrane were gently removed with a
cotton swab, and then the cells on both sides of the chamber were
fixed with methanol. All the cells that stuck to the lower surface
of the membrane were dyed with crystal violet solution and then
imaged and counted.

Analysis of Cell Cycle and Apoptosis via
Flow Cytometry
For the cell cycle analysis, the transfected cells were harvested
and stained with propidium iodide using a Cell Cycle Analysis kit
(Biyuntian; Jiangsu, china), followed by assessment using flow
Frontiers in Pharmacology | www.frontiersin.org 3
cytometry. Using FlowJo software 7.6 (Tree Star, Inc., Ashland
OR, USA), the percentage of cells in different phases was
counted. An FITC Annexin V Apoptosis detection kit (Bd
Biosciences, Franklin Lakes, NJ, USA) was used to analyze
apoptosis. The transfected cells were harvested and re-
suspended in binding buffer, and Annexin V-FITC and
propidium iodide were used to stain the cells. Flow cytometry
was performed according to the manufacturer's protocol.

Xenograft Model
HOS cells and U2OS cells stably expressing pLVX-vector, pLVX-
LINC00588, pLKO.1-vector, or pLKO.1-LINC00588 were
subcutaneously injected into either side of the flank area of 8‐
week‐old female athymic nude mice (1 × 10^7 per mouse, n = 5
mice per group). All animal experiments were approved by the
ethics committee of Xinhua Hospital, Shanghai Jiao Tong
University School of Medicine. Tumor volumes were measured
(0.5 × length×width^2) in mice every 1 week by caliper. After 3
weeks, the nude mice were sacrificed, and the tumor tissues were
excised and weighed.

Wound Healing Assay
The cells were implanted uniformly into six‐well plates. When
the cell density achieved 80~85% coverage of the well bottom, the
culture solution was discarded. A loading tip (model: 1000ml)
was then applied to draw a straight line going as much as possible
through the area with the highest cell density. After cleansing
with PBS solution two times, 3–5 ml serum‐free medium was
again added. Finally, the cells were cultivated for 24 hr, after
which cell migration was observed under the microscope.

Luciferase Reporter Assay
To determine whether miRNA-1972 directly targets LINC00588
and TP53, we constructed wild plasmids (LINC00588‐wt and
TP53‐wt) and mutant plasmids (LINC00588‐mt and TP53‐mt)
expressing the site for miRNA-1972 to bind with LINC00588
and TP53 and then transfected them into U2OS and HOS cells,
respectively. miRNA-1972 mimics or miRNA NC were also
transfected by using Lipofectamine 2000 (Invitrogen, USA).
Twenty‐four hours before transfection, the cells were seeded at
1.5 × 104/well in 96‐well plates. The luciferase assay was
performed with the Dual‐Luciferase Reporter Assay System
(Promega) 48 hours after transfection.

RNA Pull-Down Assay
Bio-labeled miR-1972 (Bio-miR-1972) and bio-labeled negative
control (Bio-NC) were obtained from Sangon (Shanghai, China).
The lysate samples of U2OS and H2OS cells were incubated with
Bio-miR-1972 or Bio-NC. Then, the RNA-RNA complex was
conjugated with streptavidin magnetic beads. After elution, the
level of LINC00588 was measured by qRT-PCR.

RNA Immunoprecipitation Assay
RNA immunoprecipitation (RIP) was applied to validate the
direct binding between LINC00588 and miRNA-1972 using the
EZMagna RIP kit (Millipore) according the manufacturer's
protocol. The OS cells were transfected with LINC00588 for
March 2020 | Volume 11 | Article 255
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48 h and then incubated with anti-MS2bs antibody and IgG
(Millipore). Samples were incubated with Proteinase K, with
shaking to digest the protein. qRT-PCR was used to detect the
expression of miRNA-1972.

Statistical Analysis
All data were presented as mean ± SD. All experiments were
repeated at least three times. Comparison of two experimental
groups was performed by the unpaired Student's t-test. All
statistical analyses were conducted by the SPSS software version
17.0. P < 0.05 was considered to be statistically significant.
RESULTS

Expression of the lncRNA LINC00588
Current knowledge in the field has detailed the involvement of
lncRNAs in several cancer-related pathways, and the role of
lnCRNAs in OS is being increasingly appreciated. Based on the
data (GSE85537) from GEO Datasets, we observed that
LINC00588 was expressed at a higher level in bone than at the
metastatic site in lung (Figure 1A). Subsequently, we evaluated
the expression of LINC00588 by qRT-PCR in a variety of cell
lines and found that LINC00588 expression was lower in the
HOS and U2OS cell lines (Figure 1B). To further study the
subcellular localization of LINC00588 in HOS and U2OS, we
separated the nuclear and cytoplasmic RNA fractions and found
that the LINC00588 was mainly expressed in the cytoplasm in
both cell lines (Figure 1C).
Frontiers in Pharmacology | www.frontiersin.org 4
Biological Function of the lncRNA
LINC00588 in OS Cells
To test the biological function of the lncRNA LINC00588 in the
OS cells, we overexpressed LINC00588 by using either the
lentiviral vector pLVX-LINC00588 or the pLVX-VECTOR,
which was used as a control. The expression level of
LINC00588 in the pLVX-LINC00588 group was increased
~30-fold when compared to the pLVX-VECTOR groups in
both the HOS and U2OS cell lines (Figure 2A). The
overexpression of LINC00588 resulted in an inhibition of
viability, proliferation, migration, invasion, and arrested cell
cycle in the G2 phase of OS (Figures 2B–D, F, G).
Additionally, we knocked down LINC00588. The expression
level of LINC00588 in the pLKO.1-LINC00588 group was
about five times lower when compared to the pLKO.1-
VECTOR group in both the HOS and U2OS cell lines (Figure
3A). The knock down of LINC00588 resulted in an enhancement
of cell viability, proliferation, migration, invasion, and arrested
cell cycle in the G2 phase of OS cells (Figures 3B–D, F, G).
LINC00588 seems not to affect cell apoptosis (Figures 2E
and 3E).

LINC00588 Regulates Endothelial Cell
Function
We performed a scratch assay using cell culture supernatants from
U2OS and HOS cell culture supernatants and assessed their impact
on the HUVEC cells.We showed that cell culture supernatants from
U2OS and HOS cells that were overexpressing LINC00588
significantly reduced the migration and invasion of HUVECs cells
A B

C

FIGURE 1 | The expression of lncRNA LINC0058 (GEO ID: GSE85537). (A) A heat map representing the differential expression between the OS in bone and the
metastatic tumor in lung. (B) The lncRNA LINC00588 has lower expression in the U2OS and HOS cell lines (* P < 0.05 ; **0.01 < p < 0.05 when compared to the
hBMSC group). (C) The lncRNA LINC00588 is more highly expressed in the cytoplasm than in the nucleus in both the U2OS and HOS cell lines (**0.01 < p < 0.05).
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(Figures 4A–C), while we obtained the opposite results after we
knocked down LINC00588 (Figures 4A–C). We also performed
ELISAs, which showed that an over-expression of LINC00588 could
effectively inhibit the expression of vascular endothelial growth
factor (VEGF) in U2OS and HOS cells, while its expression
increased after we knocked down LINC00588 (Figure 4D).
Frontiers in Pharmacology | www.frontiersin.org 5
Effect of LINC00588 on EMT of OS Cells
Epithelial tomesenchymal transition (EMT), whereby epithelial cells
are transformed into mesenchymal cells, is associated with tumor
metastasis (Thiery et al., 2009; Kalluri and Weinberg, 2009). Given
the differential expression of LINC00588 between the OS in bone
and the metastatic tumor in lung, we attempted to test the effect of
A B C

D E

F G

FIGURE 2 | LINC00588 overexpression inhibits the proliferation and invasion of osteosarcoma. (A) Compared to when they were transfected with pLVX-VECTOR,
the expression of lncRNA LINC00588 was significantly upregulated in both HOS and U2OS cells after being transfected with pLVX-LINC00588 (**0.01 < p < 0.05).
(B) Cell viability was reduced following transfection with pLVX-LINC00588 in U2OS and HOS cells at different time points compared to under transfection with pLVX-
VECTOR(**0.01 < p < 0.05 when compared to the 24 h group). (C) Cell populations of the U2OS and MG63 cells at different cell−cycle stages were analyzed via
flow cytometry following transfection with pLVX-LINC00588 and pLVX-VECTOR, respectively (*P < 0.05). (D) Cell colony formation was weakened after transfection
with pLVX-LINC00588 in both HOS and U2OS cells. (E) Both HOS and U2OS cells have no alternation after being transfected with pLVX-LINC00588. (F, G) Cell
invasion and migration of HOS and U2OS after transfection with pLVX-LINC00588 were determined by transwell assay and wound healing assay, respectively (*P <
0.05, **0.01 < p < 0.05).
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LINC00588 expression on the EMT of OS cells. As seen in Figure 5,
the relative gene expression of EMT-related gene E-cadherin (A)was
upregulated in the pLVX-LINC00588 group while being
downregulated in the pLKO.1-LINC00588 group when compared
to their respective control groups. The relative gene expression of
EMT-related genes ZEB1(B), Snail(C), and Fibronectin(D) were
significantly decreased in the pLVX-LINC00588 group while being
Frontiers in Pharmacology | www.frontiersin.org 6
correspondingly increased in the pLKO.1-LINC00588 group when
compared to their respective NC groups.

Relationship Between LINC00588, miRNA-
1972, and TP53 Within Osteosarcoma Cells
To determine the interaction between LINC00588, miRNA-1972,
and TP53, we used both the miRDB and TargetScan databases to
CB

D E

F G

A

FIGURE 3 | LINC00588 suppression promotes the proliferation and invasion of osteosarcoma. (A) Compared to under transfection with pLKO.1-VECTOR, the
expression of the lncRNA LINC00588 was significantly downregulated in both HOS and U2OS cells after being transfected with pLKO.1-LINC00588 (**0.01 < p <
0.05). (B) Cell viability was enhanced following transfection with pLVX-LINC00588 in U2OS and HOS cells at different time points compared to under transfection
with pLVX-VECTOR (**0.01 < p < 0.05). (C) Cell populations of the U2OS and MG63 cell lines at different cell−cycle stages were analyzed via flow cytometry
following transfection with pLVX-LINC00588 and pLVX-VECTOR, respectively (*P < 0.05, **0.01 < P < 0.05). (D) Cell colony formation was enhanced after
transfection with pLVX-LINC00588 in both HOS and U2OS cells (**0.01 < P < 0.05). (E) Both the HOS and U2OS cells show no alteration after being transfected
with pLVX-LINC00588. (F, G) Cell invasion and migration of HOS and U2OS after being transfected with pLVX-LINC00588 were determined by Transwell assay and
wound-healing assay, respectively (*P < 0.05, **0.01 < P < 0.05, ***P < 0.01).
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examine the presence of any potential complementary sequences
between the three molecules (Figure 7A). To verify this prediction,
RNA immunoprecipitation (RIP) assay was performed to verify the
interaction between LINC00588 and miR-1972 (Figure 6A).
Furthermore, dual-luciferase report and RNA pull-down assays
were employed. The outcomes of dual-luciferase reporter analysis
showed that the luciferase activity was significantly impaired in the
WT +mimic miR-1972 group compared with theWT +mimic NC
Frontiers in Pharmacology | www.frontiersin.org 7
group, while there was no distinct change in the mut group (Figure
6B). As presented in Figure 6C, the level of LINC00588 was much
more enriched in the Bio-miR-1972 group compared to in the Bio-
NC group. These results convincingly supported that LINC00588
acts as a miR-1972 sponge in U2OS and HOS cell lines.

Next, we tried to verify the correlation between miRNA-
1972 and TP53. It is not hard to see that TP53 had lower
expression in both the HOS and U2OS cell lines (Figure 7B).
March 2020 | Volume 11 | Article 25
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B

C D

FIGURE 4 | LINC00588 regulates endothelial cell function. (A) Scratch assay to detect the effect of U2OS and HOS cell culture supernatant on the migration of
HUVEC. (B) Transwell assay to detect the effect of U2OS and HOS cell culture supernatant on the invasion of HUVEC. (C) Quantitative detection of the effect of
U2OS and HOS cell culture supernatant on invasion of HUVEC cells. (D) ELISA assay to detect the expression of VEGF in the U2OS and HOS cell culture
supernatant. (**0.01 < p < 0.05).
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We then wanted to evaluate whether either LINC00588 or
miRNA-1972 could affect the expression of TP53. We
therefore tested the expressions of TP53 at the mRNA and
protein levels through qPCR and Western blot assays,
respectively. The mRNA levels of TP53 remained unaltered
(Figure 7C), while TP53 was upregulated after knockdown of
miRNA-1972 at the protein level (Figure 7E). On the other
hand, as Figure 7F shows, LINC00588 could neutralize the
effect of miRNA-1972 to some extent. Furthermore, we
verified this finding in vivo . LINC00588 knockdown
significantly increased the tumor volume and weight in
U20S cell lines compared with control groups, while the
overexpression of LINC00588 could reduce the tumor
volume and weight of U20S cell lines compared with control
groups. (Figures 8A–C). These data revealed that LINC00588
was involved in tumorigenesis both in vitro and in vivo.

Effect of LINC00588 Sponging the miRNA-
1972 in OS Cells
Since we have demonstrated that LINC00588 could act as a
sponge for miRNA-1972, we decided to test the effect of miRNA-
1972 on OS cells. Therefore, we transfected the mimic miRNA-
1972, mimic-NC, inhibitor miRNA-1972, and inhibitor NC into
the HOS and U2OS cell lines. We performed a CCK-8 assay and
transwell assay to show that overexpression of miRNA-1972
could enhance cell viability and invasion (Figures 6D–G).
Subsequently, we performed a series of gain- and loss-of-
function experiments. As shown by Figures 6H, I, the
strengthening of invasion of OS cells caused by a
Frontiers in Pharmacology | www.frontiersin.org 8
downregulation of LINC00588 expression could be neutralized
by utilizing the inhibitor of miRNA-1972.
DISCUSSION

Osteosarcoma is a multi-factorial disease and has been a hotspot
of research for many years. Since lncRNAs were found to be
involved in the process of tumorigenesis, the role of the lncRNAs
in OS has been intensively studied. Originally, it was shown that
a few lncRNAs are abnormally expressed in osteosarcoma (Li
et al., 2013; Li et al., 2016). Subsequently, a large number of
lncRNAs have been demonstrated to play an important role in
the activities of osteosarcoma (Li et al., 2018; Huang et al., 2018;
Deng et al., 2019). Furthermore, some lncRNAs have been
demonstrated to be associated with the chemoresistance and
overall survival of patients (Zhu et al., 2015; Chen et al., 2018;
Chen et al., 2018). Therefore, we believe that further
understanding the role of lncRNAs in the pathogenesis of
osteosarcoma is of utmost importance.

The lung is the most common metastatic site in osteosarcoma,
and therefore we have reason to believe that differential expression of
lncRNAs between the OS and its metastatic tumor in lung may be
associated with tumor progression. We found on the basis of GEO
Datasets that, for osteosarcoma, the lncRNA ‘LINC00588' has low
expression in bone but high expression its pulmonary metastatic
tumor. Therefore, we believe that LINC00588 must play an
important in the development of OS. Additionally, LINC00588
was expressed at a lower level in the HOS and U2OS cell line
A B

C
D

FIGURE 5 | LINC00588 regulates the epithelial to mesenchymal transition (EMT) of OS cell lines. The relative expressions of EMT mRNA, E-cadherin (A), ZEB1 (B),
Snail (C), and Fibronectin (D) were detected by qPCR (**0.01 < p < 0.05).
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when compared to other OS and non-OS cell lines. We determined
the role of LINC00588 by studying the effects of both overexpression
and knockdownof LINC00588. LINC00588 could affect the viability,
cell cycle, migration, and invasion but not the apoptosis of OS cells.
Moreover, our data indicated that LINC00588 may regulate the
endothelial cell function and EMT in the OS cell lines. However, the
mechanisms of the above processes are still unclear.

LncRNAs can be grouped into five broad but mutually
nonexclusive categories, which are “stand-alone lncRNAs,”
Frontiers in Pharmacology | www.frontiersin.org 9
“natural antisense transcripts,”“ Pseudogenes,” “long intronic
ncRNAs,” and “Divergent transcripts, promoter-associated
transcripts, and enhancer RNAs” (Kung et al., 2013). Recently,
the action of lncRNA as a ceRNA that sponges one or more
miRNAs has been studied extensively. Cao et al. indicated that
lncRNA HOXA11-AS could work as a ceRNA by sponging miR-
125a-5p and then regulate Rab3D expression, which is the basic
component and major regulator of the vesicular transport
signaling pathway, ultimately promoting the metastasis of OS
A B

C D E

F G

H I

FIGURE 6 | Regulation of miRNA-1972 by the lncRNA LINC00588 in OS cells. (A) miRNA-1972 was verified to combine with LINC00588 through RIP assay. (*P <
0.05, **0.01 < p < 0.05). (B) The connection between the lncRNA LINC00588 and miRNA-1972 was examined by luciferase reporter assay (*P < 0.05, **0.01 < p <
0.05). (C) RNA pull-down confirmed the interaction between LINC00588 and miRNA-1972 (*P < 0.05, **0.01 < p < 0.05). (D, E) The viability of OS cells was
enhanced in the mimic miR-1972 group but inhibited in the inhibitor miR-1972 group compared to the respective NC group in both the HOS and U2OS cell lines.
(**0.01 < p < 0.05). (F–I) The invasion of OS cells was enhanced in the mimic miR-1972 group and inhibitor+pLKO.1-LINC00588 group while being inhibited in the
inhibitor miR-1972 compared to NC groups. The invasion of OS cells showed no difference between the inhibitor miR-1972+ pLKO.1-vector group and the inhibitor
miR-1972+ pLKO.1-LINC00588 group (*P < 0.05, **0.01 < p < 0.05).
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(Cao et al., 2019). Similarly, Xu et al. found that lncRNA SNHG4
could promote tumor growth by sponging miR-224-3p (Xu et al.,
2018). These results suggested that lncRNA LINC00588 may
affect OS through sponging a specific miRNA.

Next, we predicted the target miRNA of the lncRNA using the
miRDBdatabase and verified it to bemiRNA-1972 via luciferase and
Frontiers in Pharmacology | www.frontiersin.org 10
RIP assay. We also verified the ability of miRNA-1972 to affect cell
viability and invasion. Cell viability was enhanced after
overexpression of miRNA-1972, and viability was reduced after
miRNA-1972 knockdown in both the HOS and the U2OS cell lines.
Subsequently, we wanted to evaluate the influence of LINC00588/
miRNA-1972 expression at the protein level and used the
A

B C

FIGURE 8 | Overexpression of LINC00588 suppressed the growth of OS in vivo. (A) Representative images of tumors formed by nude mouse xenograft of pLKO.1-
vector, pLKO.1-LINC00588, pLVX-Vector, and pLVX-LINC00588 OS cells (each group n = 5). (B) Summary of tumor volumes of mice, which were measured every
1 week. (C) Plot of tumor weights under tumor formation by nude mouse xenograft of pLKO.1-Vector, pLKO.1-LINC00588, pLVX-Vector and pLVX-LINC00588 OS
cells (each group n = 5). (**0.01 < p < 0.05).
A B

C D E F

FIGURE 7 | The correlation between miR‐1972 and TP53. (A, D) miR‐1972 targeted TP53 in certain sites, and the luciferase activities within osteosarcoma cell lines
were compared between the WT group and the mutant group. **0.05 < p < 0.01 when compared with the WT-3'-UTR+mimic NC + WT-3'-UTR+mimic miR-1972
group. (B) TP53 has lower expression in the U2OS and HOS cell lines. (C, E, F) The expression of TP53 at the mRNA and protein levels was determined after
alteration of LINC00588 expression or miR‐1972 expression. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; NC, negative control.
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TargetScan database to predict that TP53maywork as amolecule for
miRNA-1972. We verified this by performing a luciferase assay.

TP53 has become the most studied human gene since it was first
recognized as a tumor suppressor in 1989 (Hafner et al., 2019). It was
also found to be the most frequently mutated gene in tumorigenesis
(Lawrence et al., 2014). Tp53 was first reported to hold intron 1
rearrangement by Masyda et al. (Masuda et al., 1987). A series of
studies verified the presence of the mutation in TP53 in OS (Chen
et al., 2014; Ribi et al., 2015; Sayles et al., 2019). In this study, we found
that expression of TP53 was inhibited after overexpression of
miRNA-1972, while TP53 expression was enhanced after
overexpression of the lncRNA LINC00588 at the protein level.

In summary, our data show that the lncRNA LINC00588 is
expressed in a different pattern in the cancer in bone and in the
metastatic carcinoma in lung and that it may work as a ceRNA and
finally affect the expression of TP53. Furthermore, our study
highlights the potential of the LINC00588/miRNA-1972/TP53 axis
as a therapeutic target in OS patients. However, more research needs
to be performed to identify other pathways regulated by LINC00588
and to develop a further understanding of its role in both normal
biology and disease physiology.
Frontiers in Pharmacology | www.frontiersin.org 11
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