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Osteosarcoma is a bone tumor frequently diagnosed in children
and young adults. Despite advances in chemotherapy and surgi-
cal resection, tumors metastasize in 30% of osteosarcoma pa-
tients. In addition, side effects caused by chemotherapeutic
drugs, as well as the development of chemoresistance, highlight
the need to identify the molecular mechanisms involved in the
pathogenesis of osteosarcoma. We compared 65 osteosarcoma
samples to their adjacent normal tissues, as well as commercially
obtained osteosarcoma cell lines with normal osteoblast cell
lines, and identified a role for the microRNA (miR)-140/ubiqui-
tin-specific protease 22 (USP22)/lysine-specific demethylase 1
(LSD1)/p21 axis in the development of osteosarcoma. Osteosar-
coma tissues and cells exhibited poor miR-140 and p21 expres-
sion, whereas the expression of USP22 and LSD1 was increased.
Overexpression of miR-140 inhibited cell proliferation, migra-
tion, and invasion and promoted cell apoptosis by directly
targeting USP22, resulting in its decreased expression. Overex-
pression of USP22 reversed the effects of miR-140 overexpres-
sion in osteosarcoma cells. Overexpression of miR-140 or
USP22 knockdown led to the ubiquitination and degradation
of LSD1. miR-140 overexpression also suppressed tumorigen-
esis in vivo. This study revealed a role for miR-140 in the restric-
tion of osteosarcoma development and identified miR-140 as a
potential target for therapeutic intervention.

INTRODUCTION
Osteosarcoma is a common primary malignant bone tumor and most
often develops in the first or second decade of life.1 The disease is
extremely variable from one tumor to the next, limiting the efficacy
of any single therapy.2 As such, the 5-year survival rate is roughly
30%, underscoring the urgent need for new therapies.3 Proliferation,
apoptosis, angiogenesis, tumor microenvironment, migration, and
invasion are all factors that regulate the progression of malignant can-
cers, including osteosarcoma.4 Therefore, the identification of mech-
anisms involved in osteosarcoma cell migration and invasion could
lead to the development of novel therapeutic strategies used for the
treatment of the disease.

MicroRNAs (miRNAs) control cell function by regulating the expres-
sion of different genes in specific cells altering cellular phenotype.
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Recent studies have identified miRNAs that regulate the development
of osteosarcoma and that may serve as molecular drug targets.5,6 One
such miRNA is hsa-miR-140-5p, which may serve as a potential
biomarker for osteosarcoma therapies.7 Moreover, miR-140 inhibits
tumor growth in osteosarcoma.8 miR-140-5p is also associated with
overall survival, chemoresistance prognosis, and treatment of osteo-
sarcoma.9 The specific mechanism by which miR-140 regulates the
development of osteosarcoma remains to be elucidated, but our bio-
informatic analysis identified a relationship between miR-140 and a
target RNA encoding ubiquitin-specific protease 22 (USP22), a novel
deubiquitinating enzyme and noted oncogene.10 Furthermore, sup-
pression of USP22 inhibited the proliferation, invasion, and epithe-
lial-to-mesenchymal transition (EMT) of osteosarcoma cells.11

Lysine-specific demethylase-1 (LSD1) is a flavin adenine dinucleo-
tide-dependent enzyme, which regulates gene expression by
removing H3K4me1/2 or H3K9me1/2.12,13 LSD1 is also linked to os-
teosarcoma, which plays a role in transcriptional regulation.14 LSD1
targets the promoter of p21, resulting in its demethylation and inhib-
iting p21 expression.15 As a well-known tumor suppressor gene, p21
can inhibit the progression of osteosarcoma.16 Our results indicate
that the pathway connecting miR-140, USP22, LSD1, and p21 regu-
lates the development of osteosarcoma and represents a potential
therapeutic target for the treatment of disease.
RESULTS
miR-140 targets and suppresses USP22 expression

With the use of the bioinformatics databases starBase and miRNA
Data Integration Portal (mirDIP), we predicted 945 and 2,106 down-
stream target genes of miR-140, respectively. These genes, along with
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. miR-140 targets and suppresses USP22 expression

(A) Venn diagram (http://jvenn.toulouse.inra.fr/app/example.html) identifying 61 overlapping genes predicted to be targets of miR-140 by the starBase (http://starbase.sysu.

edu.cn/) and mirDIP (http://ophid.utoronto.ca/mirDIP/) databases and identified as sarcoma-related genes by the GeneCards database (https://www.genecards.org/). (B)

Network construction of 61 genes by the GeneMANIA database (http://genemania.org/). (C) Expression patterns of 14 genes (>0.8 points evaluated by the GeneMANIA

database) in sarcoma by the UALCAN database (http://ualcan.path.uab.edu/). (D) Expression of USP22 in sarcoma and normal tissues. (E) Putative miR-140 binding sites in

the USP22 30 UTR predicted using the starBase website. (F) Dual-luciferase reporter assay results verified the binding affinity between miR-140 and USP22 30 UTR (*p < 0.05

compared with WT-NC). (G and H) miR-140 (G) and USP22 (H) expression in HOS cells detected using qRT-PCR. (I) USP22 expression in HOS cells determined using

western blot. (J and K) USP22 expression in osteosarcoma tissues (n = 65), measured using qRT-PCR (J) andwestern blot (K). (L) USP22 expression in osteosarcoma tissues

(n = 65), measured using IHC assay (400�). (M) miR-140 expression in osteosarcoma tissues (n = 65), measured using qRT-PCR. (N) Correlation between miR-140 and

USP22 analyzed by Pearson’s correlation coefficient. OS, osteosarcoma. *p < 0.05 compared with NC mimic or adjacent normal tissues. Comparison between osteo-

sarcoma tissues and adjacent normal tissues is made using paired t test. Data between two groups are compared using unpaired t test. Cell experiment was repeated three

times (n = 3).
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2,017 genes classified as sarcoma related by the GeneCards database,
were compared, and 61 intersecting genes overlapped all three data-
sets according to Venn diagram online analysis tools (Figure 1A).
To predict the inter-relationship among 61 genes, we created a gene
interaction network using the GeneMANIA website (Figure 1B). Sub-
sequently, 14 genes with scores greater than 0.8 were adopted for the
subsequent analysis (Table 1). UALCAN analysis of the expression of
these 14 genes determined that the expression of CD276 and USP22
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Table 1. Scoring for interaction genes in the GeneMANIA database

Gene symbol Score

UBR1 0.955022

CD276 0.921964

HELLS 0.881546

FRS2 0.858491

MTHFR 0.855887

VTCN1 0.846307

IFIT2 0.839143

FADS1 0.837525

LCOR 0.829157

SOAT1 0.822372

CKAP2 0.816609

L2HGDH 0.809734

USP22 0.807324

KDM5A 0.801593
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was significantly upregulated in sarcoma (Figure 1C). Moreover,
USP22 was highly expressed in sarcoma samples compared with
normal samples (Figure 1D) and was negatively correlated with
miR-140 expression. The starBase database analysis indicated the
presence ofmiR-140 binding sites in theUSP22 transcript (Figure 1E).
A dual-luciferase reporter assay was performed to verify the targeting
relationship (Figure 1F), and the results showed a decrease in lumi-
nescent signal when cells were co-transfected with miR-140 mimic
and wild-type (WT)-USP22 (p < 0.05). Moreover, the results of quan-
titative reverse transcription polymerase chain reaction (qRT-PCR)
revealed that overexpression of miR-140 in HOS and U2OS cells
significantly inhibited the expression of USP22 (p < 0.05) (Figures
1G and 1H; Figures S1A and S1B), which was consistent with western
blot results (Figure 1I; Figure S1C).

qRT-qPCR and western blot were also conducted on osteosarcoma
tissues and adjacent normal tissues, where they showed that USP22
expression was elevated in osteosarcoma tissues (p < 0.05) (Figures
1J and 1K). An immunohistochemistry (IHC) assay also showed
that USP22 expression was higher in osteosarcoma tissues than the
adjacent normal tissues (p < 0.05) (Figure 1L). The expression of
miR-140 was decreased in osteosarcoma tissues, as detected by
qRT-PCR (Figure 1M). Pearson’s correlation coefficient confirmed
that miR-140 expression was negatively correlated with that of
USP22 (Figure 1N). Taken together, these results indicate that miR-
140 inhibits USP22 expression.
miR-140 attenuates malignant phenotypes of osteosarcoma

cells by targeting USP22

To further evaluate effects of miR-140 regulation of USP22 on osteo-
sarcoma, the expression of USP22 in the human osteoblast cell line
hFOB1.19, as well as human osteosarcoma cell lines U2OS, SaOS-2,
MG63, HOS, and SJSA1, was measured using qRT-PCR and western
438 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
blot. USP22 expression was higher in all osteosarcoma cell lines than
hFOB1.19 cells (Figures 2A and 2B). qRT-PCR showed that miR-140
expression was lower in all osteosarcoma cell lines compared to
hFOB1.19 cells (Figure 2C). Furthermore, overexpression of miR-
140 in HOS and U2OS cells distinctly inhibited USP22 expression,
which was reversed by USP22 overexpression (Figures 2D and 2E;
Figures S2A and S2B).

Next, colony-formation assays and flow cytometry results indicated
that overexpression of miR-140 inhibited proliferation and promoted
apoptosis of HOS and U2OS cells, accompanied by more cells in the
G0/G1 phase and less cells in the S and G2/M phase. Overexpressed
USP22 accelerated cell proliferation and suppressed apoptosis, along
with less cells in the G0/G1 phase and more cells in the S and G2/M
phase, reversing the effects of miR-140 on cell proliferation, apoptosis,
and cell cycle arrest (Figures 2F�2H; Figures S2C�S2E). Results of
western blot on apoptosis-related proteins revealed that overexpressed
miR-140 decreased Bcl2 expression and increased Bax, cleaved cas-
pase-3, and cleaved poly (ADP-ribose) polymerase (PARP) expression
in HOS andU2OS cells, whereas overexpression of USP22 induced the
opposite effects on expression of Bcl2, Bax, cleaved caspase-3, and
cleaved PARP and reversed the impacts of miR-140 (Figure 2E; Fig-
ure S2B). Overexpression of miR-140 also restricted HOS and U2OS
cell invasion and migration, whereas USP22 overexpression resulted
in opposing trends (Figure 2I; Figure S2F). In addition, overexpressed
miR-140 led to downregulated N-cadherin and vimentin but upregu-
lated E-cadherin, which was reversed by overexpressed USP22, sug-
gesting that this pathway regulates EMT (Figure 2E; Figure S2B). In
conclusion, miR-140 suppresses the development of osteosarcoma
in vitro by downregulating USP22.

miR-140 suppresses USP22, leading to increased LSD1

ubiquitination and degradation

We constructed a USP22-based network of gene-gene interactions us-
ing the BioGRID database (Figure 3A). Nineteen genes were found in
both the BioGRID and the GeneCards databases (as shown in Fig-
ure 3B). Likewise, the ChIPBase v2.0 database shows that USP22 is
co-expressed with LSD1 (KDM1A) in osteoma sarcomatosum
(SARC) (Figure 3C). Through Pearson’s correlation coefficient anal-
ysis, we found that the expression of USP22 and KDM1A mRNA
showed a significant positive correlation in SARC samples. Knock-
down of USP22 resulted in decreased LSD1 expression in HOS and
U2OS cells (Figure 3D; Figure S3A), and USP22 was able to pull
down LSD1 in co-immunoprecipitation (coIP) experiments using
HOS and U2OS lysates (Figure 3E; Figure S3B). Moreover, depletion
of USP22 promoted the ubiquitination of LSD1 (Figure 3F; Fig-
ure S3C). HOS and U2OS cells treated with chlorhexidine (CHX), a
protein synthesis inhibitor, showed a decrease in USP22 and a reduc-
tion in LSD1 protein levels (Figure 3G; Figure S3D). Overexpression
of miR-140 decreased the mRNA expression of USP22 and LSD1
(Figure 3H; Figure S3E), as well as the protein levels of LSD1 (Fig-
ure 3I; Figure S3F). The results above suggest that miR-140 targets
USP22, preventing it from carrying out LSD1 deubiquitination and
promoting LSD1 degradation.
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Figure 2. Overexpression of miR-140 inhibits cell migration, invasion, and proliferation of osteosarcoma cells

(A and B) USP22 expression in normal osteoblast cells and osteosarcoma cell lines detected using qRT-PCR (A) and western blot (B). (C) Expression of miR-140 in normal

osteoblast cells and osteosarcoma cell lines detected using qRT-PCR. (D) Expression of miR-140 in HOS cells examined using qRT-PCR. (E) USP22, Bcl2, Bax, cleaved

caspase-3, cleaved PARP, E-cadherin, N-cadherin, and vimentin expression in HOS cells examined using western blot. (F�H) Cell proliferation (F), apoptosis (G), and cycle

(H) analysis in HOS cells evaluated using colony-formation assay and flow cytometry, respectively. (I) Invasion and migration of HOS cells assessed using Transwell assay

(200�). (A�C) *p < 0.05 compared with hFOB1.19 cells. (D�I) *p < 0.05 compared with cells in the NC mimic and empty vector group. #p < 0.05 compared with cells in the

miR-140 mimic and empty vector group. Data among multiple groups are compared using one-way ANOVA. Cell experiment was repeated three times (n = 3).
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Overexpression of miR-140 suppresses proliferation, migration,

and invasion of osteosarcoma cells by regulating the USP22/

LSD1 axis

To confirm the role of miR-140 in inhibiting the progression of oste-
osarcoma, qRT-PCR and western blot were used to detect the expres-
sion of LSD1 in the normal osteoblast cell line hFOB1.19 and osteosar-
coma cell lines U2OS, SaOS-2, MG63, HOS, and SJSA1. The results
showed that the expression of LSD1 was significantly higher in osteo-
sarcoma cells compared to normal cells hFOB1.19 (Figures 4A and
4B). Further, we determined the expression of LSD1 in the osteosar-
coma tissues and adjacent normal tissues by qRT-PCR and western
blot analysis, which demonstrated that the mRNA and protein levels
of LSD1 were significantly upregulated in osteosarcoma tissues (Fig-
ures S4A and S4B). Moreover, overexpression of miR-140 in HOS
and U2OS cells significantly inhibited the expression of USP22 and
LSD1, whereas overexpression of LSD1 reversed the effects of miR-
140 overexpression on LSD1 expression (Figures 4C and 4D; Figures
S5A and S5B). Overexpression of miR-140 inhibited HOS and U2OS
cell proliferation in the colony-formation assay, whereas overexpres-
sion of LSD1 promoted cell proliferation and reversed the effects of
overexpression of miR-140 (Figure 4E; Figure S5C). Flow cytometry
results showed that overexpression of miR-140 inHOS andU2OS pro-
moted cell apoptosis and resulted in more cells arrested in the G0/G1
phase and fewer cells in the S phase andG2/M phase. Conversely, over-
expression of LSD1 inhibited cell apoptosis and resulted in fewer cells
arrested in the G0/G1 phase and more cells in the S phase and G2/M
phase, negating the effects of miR-140 overexpression (Figures 4F and
4G; Figures S5D and S5E). Overexpression of miR-140 also decreased
the expression of Bcl2, whereas increased the expression of Bax,
cleaved caspase-3, and cleaved PARP. Overexpression of LSD1
increased Bcl2 expression but decreased the expression of BAX,
cleaved caspase-3, and cleaved PARP, again negating the effects of
miR-140 overexpression (Figure 4D; Figure S5B). In the Transwell
assay, overexpression of miR-140 decreased HOS and U2OS cell inva-
sion and migration, whereas overexpression of LSD1 increased cell in-
vasion andmigration (Figure 4H; Figure S5F). OverexpressedmiR-140
elevated E-cadherin expression but downregulated N-cadherin and vi-
mentin expression, and this was reversed by overexpression of USP22
(Figure 4D; Figure S5B). In conclusion, miR-140 inhibits the develop-
ment of osteosarcoma by inhibiting USP22-dependent LSD1.
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 439
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miR-140 enhances p21 H3K4me2 methylation through the

USP22/LSD1 axis

To identify downstream targets of LSD1, LSD1 was knocked down
using two different targeting sequences, followed by analysis by
qRT-PCR. The results showed that both knockdown sequences
could inhibit LSD1 expression in HOS and U2OS cells (Figure 5A;
Figure S6A). Western blot results indicated that LSD1 knockdown
in HOS and U2OS cells promoted p21 expression (Figure 5B; Fig-
ure S6B). Moreover, chromatin immunoprecipitation (ChIP) re-
sults indicated that inhibiting LSD1 expression in HOS and
U2OS cells decreased LSD1 expression and led to H3K4me2
enrichment in the p21 promoter region (Figure 5C; Figure S6C).
Overexpression of miR-140 in HOS and U2OS cells decreased
LSD1 expression and also promoted H3K4me2 enrichment in
the p21 promoter region (Figure 5D; Figure S6D). The above re-
sults indicate that miR-140 promotes p21 expression by prevent-
ing LSD1 from blocking H3K4me2 methylation of the p21
promoter.

miR-140 hinders the malignant phenotypes of osteosarcoma

cells via p21

To further validate the function of miR-140 in osteosarcoma by
affecting the expression of p21, the expression of p21 in osteoblast
cell line and osteosarcoma cell lines was detected by qRT-PCR and
western blot. The results showed that p21 expression was signifi-
cantly lower in osteosarcoma cells compared with osteoblast cells
(Figure 6A). Further, we determined the expression of p21 in the os-
teosarcoma tissues and adjacent normal tissues by qRT-PCR and
western blot analysis, which demonstrated that the mRNA and pro-
tein levels of LSD1 were diminished in osteosarcoma tissues (Fig-
ures S4A and S4B). Two small interfering RNA (siRNA) sequences
designed to target p21 effectively inhibited p21 expression in HOS
and U2OS cells (Figure 6B; Figure S7A); therefore, siRNA against
p21 (si-p21) was selected for subsequent experiments. Western
blot results showed that overexpression of miR-140 in HOS and
U2OS cells promoted p21 expression, which was reversed by inhibi-
tion of p21 (Figure 6C; Figure S7B). Colony-formation assay and
flow cytometry results showed that knockdown of p21 promoted
proliferation in HOS and U2OS cells, inhibited cell apoptosis, and
arrested fewer cells in the G0/G1 phase but more cells arrested in
the S and G2/M phase, reversing the effects of miR-140 overexpres-
sion on cell proliferation, apoptosis, and cycle progression (Figures
6D�6F; Figures S6D and S6E; Figure S7C). Knockdown of p21 also
increased Bcl2 expression in HOS and U2OS cells, whereas the
expression of Bax, cleaved caspase-3, and cleaved PARP decreased,
overcoming the effects of miR-140 overexpression (Figure 6C; Fig-
ure S7B). Transwell assay results showed that knockdown of p21
increased HOS and U2OS cell invasion and migration (Figure 6G;
Figure S7F). Moreover, depletion of p21 reduced the expression of
E-cadherin but increased the expression of N-cadherin and vimen-
tin, reversing the effects of miR-140 overexpression (Figure 6C; Fig-
ure S7B). In conclusion, upregulation of miR-140 removes regulato-
ry constraints on p21 permitting p21 to suppress the progression of
osteosarcoma.
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miR-140 reduces osteosarcoma tumor formation in vivo by

suppressing USP22-mediated LSD1 stability and elevating p21

expression

In order to study the effects of miR-140 on USP22 and LSD1 stability,
as well as the expression of p21 in vivo, nude mice were injected with
lentivirus-based cells with overexpressed miR-140 and silenced p21,
followed by measuring tumorigenic capacity, tumor volume, and tu-
mor weight. In addition, the silencing efficiency of short hairpin
RNAs (shRNAs) targeting p21 (sh-p21) has been validated in Figures
S8A and S8B. The results showed that overexpression of miR-140
dampened tumorigenic capacity, tumor volume, and weight, whereas
knockdown of p21 increased tumorigenic capacity, tumor volume,
and tumor weight, effectively reversing the results obtained by miR-
140 overexpression (Figures 7A and 7B). qRT-PCR results confirmed
that mice transfected with cells expressing the miR-140 mimic had
increased miR-140 expression (Figure 7C) and that overexpression
of miR-140 downregulated USP22 and LSD1, but upregulated p21
expression. Knockdown of p21 also significantly decreased its expres-
sion (Figure 7D). TUNEL staining results showed that overexpression
of miR-140 promoted tumor cell apoptosis, whereas knockdown of
p21 inhibited tumor cell apoptosis and blocked the effects of miR-
140 overexpression on tumor cells (Figure 7E). In conclusion, miR-
140 suppresses cell tumorigenesis in vivo by regulating the USP22/
LSD1/p21 pathway.

DISCUSSION
miRNAs play an important role in regulating gene expression and
are implicated in various pathophysiological processes, such as can-
cer cell invasion and proliferation.17 Emerging evidence suggests
that miR-140 may suppress the progression of different malig-
nancies, including gastric cancer,18 osteosarcoma,19 glioma,20 and
colorectal cancer.21 In this study, we aim to identify putative targets
and a downstream molecular mechanism that explains how miR-
140 regulates osteosarcoma growth. The results suggest that miR-
140 might represent a novel therapeutic target in the treatment of
osteosarcoma.

We first identified that miR-140 was poorly expressed in osteosar-
coma tissues and cells, consistent with a previous study, where its
expression was also low in osteosarcoma.22 Furthermore, upregula-
tion of miR-140 decreased Bcl2 expression, an anti-apoptotic protein,
whereas increased the expression of pro-apoptotic proteins Bax and
cleaved caspase-3.23 Upregulation of miR-140 also increase cleaved
PARP expression, a marker for caspase-dependent apoptosis.24

Therefore, we inferred that overexpression of miR-140 induced cell
apoptosis. Moreover, Transwell assay results indicated E-cadherin
expression was elevated, whereas N-cadherin and vimentin
expression was dampened after miR-140 overexpression. E-cadherin,
N-cadherin, and vimentin are known as EMT-associated proteins.25

Inhibition of cell migration and invasion is characterized by increased
E-cadherin and reduced N-cadherin and vimentin expression;26

therefore, overexpression of miR-140 appears to suppress cell inva-
sion and migration of osteosarcoma cells. The inhibition of prolifer-
ation, migration, and invasion, along with increased apoptosis in
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Figure 3. Overexpression of miR-140 reduces LSD1 expression by inhibiting USP22 in HOS cells

(A) A network of gene-gene interactions associated with USP22 constructed using the BioGRID database (https://thebiogrid.org/). (B) Nineteen genes were identified by both

the BioGRID and GeneCards databases. (C) ChIPBase v.2.0 database (http://rna.sysu.edu.cn/chipbase/) analysis shows USP22 co-expressed with LSD1 (KDM1A) in

osteoma sarcomatosum (SARC). Through Pearson’s correlation coefficient analysis, we found that the expression of USP22 and KDM1AmRNA showed a significant positive

correlation in SARC samples. (D) USP22 and LSD1 protein expression in HOS cells detected using western blot. (E) CoIP for interaction between USP22 and LSD1 in HOS

cells. (F) Effects of USP22 knockdown on LSD1 ubiquitination in HOS cells examined using coIP. (G) Effects of USP22 knockdown on LSD1 ubiquitination in CHX-treated

HOS cells. (H) The mRNA expression of USP22 and LSD1 in HOS cells evaluated using qRT-PCR. (I) Effects of overexpressed miR-140 on LSD1 protein stability in CHX-

treated HOS cells. *p < 0.05 compared with cells treated with si-NC or NC mimic. Data between two groups were compared using unpaired t test. Data among multiple

groups were analyzed using one-way ANOVA, whereas data at different time points were compared using repeated-measures ANOVA. Cell experiment was repeated three

times (n = 3).
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osteosarcoma cells, was associated with impaired tumor growth
in vivo.27 Taken above, we proposed that overexpression of miR-
140 impaired tumor growth of osteosarcoma by suppressing osteosar-
coma cell migration, invasion, and promoting apoptosis.
Bioinformatic and correlation analysis suggested that miR-140 tar-
geted USP22 for downregulation. USP22 was previously reported to
be highly expressed in both osteosarcoma tissues and cell lines and
to facilitate cell migration and invasion while suppressing cell
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 441
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Figure 4. miR-140 suppresses HOS cell proliferation, migration, and invasion by downregulating LSD1 via USP22

(A and B) Measurement of LSD1 expression in hFOB1.19 and osteosarcoma cell lines using qRT-PCR (A) and western blot (B). (C) Expression of miR-140, USP22, and LSD1

in HOS cells detected using qRT-PCR. (D) Bcl2, BAX, cleaved caspase-3, cleaved PARP, E-cadherin, N-cadherin, and vimentin expression in HOS cells assessed using

western blot. (E) Evaluation of HOS cell proliferation using the colony-formation assay. HOS cell apoptosis (F) and cell cycle (G) assessed using flow cytometry. (H) Transwell

assay examining HOS cell invasion and migration. (A and B) *p < 0.05 compared with hFOB1.19 cells. (C�H) *p < 0.05 compared with cells in the NC-mimic and oe-NC

group. #p < 0.05 compared with cells in the miR-140-mimic and oe-NC group. Data comparison among multiple groups is analyzed by one-way ANOVA. Each experiment

was repeated three times (n = 3).
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apoptosis,11 consistent with our results. However, the relationship be-
tween miR-140 and USP22 has not been well studied. To our knowl-
edge, we are the first to confirm that miR-140 targets USP22 in
osteosarcoma.

USP22 is thought to stabilize LSD1 expression by promoting deubi-
quitination.28 Ubiquitin-like proteins are reported to participate in
the development of osteosarcoma by modulating ubiquitination.29

Increased LSD1 expression is connected to the pathology and pro-
gression of osteosarcoma.30 Coincidentally, we also found increased
LSD1 expression after USP22 was overexpressed in osteosarcoma
cells treated with the protein synthesis inhibitor, CHX.31 Under
such conditions, knockdown of USP22 reduced the protein level of
LSD1, which may restrain osteosarcoma progression.
442 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
Furthermore, the evidence collected from our study showed that miR-
140 upregulated p21 expression through the USP22/LSD1 pathway.
Furthermore, LSD1-regulated H3K4me2 demethylation of p21 reduced
its expression in gastric cancer.15Moreover, p21 is considered as a tumor
suppressor in osteosarcoma.16 The suppressed cell growth of osteosar-
coma cells was consistent with induced p21 protein expression,32 consis-
tent with our findings. Moreover, the inhibition of p21 expression re-
sulted in enhanced proliferation of osteosarcoma cells, thus promoting
cell cycle progression.33 Our study suggests that the miR-140/USP22/
LSD1/p21 axis regulates tumorigenesis in vivo. Overexpression of miR-
140 decreased xenograft tumor volume and weight by downregulating
USP22 and LSD1 and upregulating p21. Since decreased tumor volume
and weight are associated with weakened tumorigenesis,34 we believed
that miR-140 was able to curtail the osteosarcoma tumor growth.
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The results of this study suggest that miR-140 is a potential therapeu-
tic target for osteosarcoma, because it inhibits the expression of
USP22 and reduces LSD1 protein level. This leads to elevated p21
expression and inhibition of cell cycle progression, proliferation, in-
vasion, and migration in osteosarcoma cells. Although our results
provide a framework for the use of miRNA-based technologies in
the treatment of osteosarcoma, more studies are needed before this
treatment could be translated into human use. Moreover, the signif-
icance of miR-140 in osteosarcoma patients should be explored in the
clinical setting in the future.

MATERIALS AND METHODS
Ethical statement

The study protocol was ratified by the Ethics Committee of The First
Hospital of Jilin University. Informed consents were obtained from all
patients. All animal experiments were approved by the Animal Ethics
Committee of The First Hospital of Jilin University.

Collection of clinical specimens

Sixty-five pairs of osteosarcoma specimens with detailed clinical data
and adjacent normal tissues (away from osteosarcoma tissues >4 cm)
were collected from osteosarcoma patients (40males; 25 females; aged
10�42 years with a mean age of 21.29 ± 7.83 years). Patients were
subjected to surgery in The First Hospital of Jilin University from
January 2016 to December 2018, which was confirmed by patholog-
ical examination. None of the enrolled patients received chemoradio-
therapy before surgery. There were 37 cases of patients%20 years old,
28 cases of patients >20 years old, 33 cases of tumor diameter%5 cm,
and 32 cases of tumor diameter >5 cm.

Cell culture and transfection

All cell lines and culture medium used in this study were purchased
from Cobioer (Nanjing, P.R. China). Human osteoblast cells
hFOB1.19 (CBP60724) were cultured in a Dulbecco’s modified Eagle’s
medium (DMEM) containing 0.3 mg/mL geneticin (G418) and 10%
fetal bovine serum (FBS). A total of 5 osteosarcoma cell lines—
U2OS (CBP60238), SaOS-2 (CB P60742), MG63 (CBP60233), HOS
(CBP60787), and SJSA1 (CBP60236)—were cultured in differently
conditioned medium. Specifically, U2OS was cultured in McCoy’s
5A modified medium (McCoy’s 5A) containing 10% FBS, SaOS-2 in
McCoy’s 5A with 15% FBS, MG63 in minimum essential medium
(MEM) with 10% FBS, and HOS and SJSA1 in Roswell Park Memorial
Institute-1640 (RPMI-1640) medium with 10% FBS.

Osteosarcoma cells in logarithmic growth phase were transfected with
miR-140 mimic and/or plasmid containing siRNA against USP22 (si-
USP22), LSD1 overexpression vector (oe-LSD1), siRNA against LSD1
(si-LSD1), si-p21, and empty vector or relevant negative control (NC
mimic; si-NC or oe-NC). All plasmids were synthesized by Gene-
Pharma (Shanghai, P.R. China). Cells were seeded in 6-well plates
at a density of 3 � 105 cells/well. Cells at 50% confluency were trans-
fected with the aforesaid plasmids according to the Lipofectamine
2000 instructions (11668-019; Invitrogen, Carlsbad, CA, USA).
Then, 4 mg target plasmid, 100 mM siRNA, and 10 mL Lipofectamine
2000 were each diluted with 250 mL serum-free Opti-MEM
(51985042; Gibco, Gaithersburg, MD, USA), followed by mixture. Af-
ter standing at room temperature for 5 min, the liquids were mixed
evenly. After standing for 15 min, the mixture was added dropwise
to the cell culture wells, shaken, and then placed in a 37�C, 5% CO2

incubator to continue culture, followed by the replacement of the me-
dium after 6 h. After 48 h transfection, cells were collected for subse-
quent experiments.

Dual luciferase reporter gene assay

The USP22 30 untranslated region (30 UTR) fragment containing the
miR-140 binding site was inserted into the pGL3 plasmid to construct
the luciferase reporter vector. A USP22-30 UTR-mutated (MUT) frag-
ment, in which the binding site contained a MUT sequence, was also
constructed and inserted into the pGL3 plasmid. Then, recombinant
vectors pGL3-USP22-30 UTR, pGL3-USP22-30 UTR-MUT, and Re-
nilla internal reference plasmid were co-transfected into HEK293T
cells with miR-140 mimic or NCmimic, respectively, using Liposome
transfection. After transfection for 48 h, the cells were collected and
lysed. The luciferase detection kit (K801-200; BioVision Technolo-
gies, Milpitas CA, USA) and a dual luciferase reporter gene analysis
system (Promega, Madison, WI, USA) were performed with Renilla
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 443
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Figure 6. miR-140 suppresses the malignant phenotypes of HOS cells by promoting p21 expression

(A) qRT-PCR analysis of p21 expression in normal osteoblast cells and osteosarcoma cells. (B) qRT-PCR analysis of p21 expression in HOS cells. (C) Expression of USP22,

LSD1, p21, Bcl2, BAX, cleaved caspase-3, cleaved PARP, E-cadherin, N-cadherin, and vimentin in HOS cells detected by western blot. (D�F) Analysis of proliferation (D),

apoptosis (E), and cell cycle stage (F) of HOS cells using the colony-formation assay and flow cytometry. (G) Transwell assay examining HOS cell invasion and migration. (A)

*p < 0.05 compared with hFOB1.19 cells. (B) *p < 0.05 compared with cells in the si-NC group. (C�G) *p < 0.05 compared with cells in the NC-mimic and si-NC group. #p <

0.05 compared with cells in the miR-140-mimic and si-NC group. Comparison of data among multiple groups is analyzed by one-way ANOVA. Each experiment was

repeated three times (n = 3).
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luciferase as an internal reference. The activation of the target gene
was compared according to the ratio of the Firefly luciferase relative
light unit (RLU) to the Renilla luciferase RLU.

RNA isolation and quantification

Total RNA was extracted from tissues and cells using TRIzol reagent
(16096020; Thermo Fisher Scientific, NY, USA) and reverse tran-
scribed into complementary DNA (cDNA) following the instructions
of the cDNA kit (5 mg; K1622; Fermentas, ON, Canada). qRT-PCR
was performed by following the manual protocols provided by the
TaqMan Gene Expression Assays Kit (Applied Biosystems, Foster
City, CA, USA) with U6 or glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as internal controls. The primers used are listed in Ta-
444 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
ble 2, and the relative expression was measured using the 2DDCT

method.

Western blot

Total protein was extracted by the Radioimmunoprecipitation Assay
(RIPA) Kit (R0010; Beijing Solarbio Technology, Beijing, P.R. China),
and protein concentration was determined by the Bicinchoninic Acid
(BCA) Protein Assay Kit (GBCBIO Technology, Guangzhou, P.R.
China). A total of 40 mg samples were loaded and separated by 10% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis, which was
transferred onto a polyvinylidene fluoride membrane (Millipore, MA,
USA).Membranewas blocked at room temperaturewithTBST solution
containing 5%bovine serum albumin (BSA) and incubatedwith diluted
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Figure 7. miR-140 suppresses tumorigenesis in vivo by regulating the USP22/LSD1/p21 axis (n = 10)

(A) Quantification for volume of tumors 30 days after xenograft tumor assays. (B) Quantification for weight of tumors 30 days after xenograft tumor assays. (C) Expression of

miR-140 in xenograft tumors determined using qRT-PCR. (D) Expression of USP22 and LSD1 in xenograft tumors assessed using western blot. (E) Apoptosis evaluated using

TUNEL staining (400�), with TUNNEL-positive cells pointed by arrows. *p < 0.05 compared with the NC-mimic and sh-NC group. #p < 0.05 compared with the miR-140-

mimic and sh-NC group. Data among multiple groups were analyzed by one-way ANOVA, and tumor volume is analyzed by repeated-measures ANOVA.
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primary rabbit anti-USP22 (1:2,000, ab195289; Abcam, Cambridge,
UK), anti-LSD1 (1:1,000, ab17721; Abcam), anti-p21 (1:1,000,
ab218311; Abcam), anti-Bcl2 (1:1,000, ab182858; Abcam), anti-Bax
(1:1,000, ab182734; Abcam), anti-cleaved caspase-3 (1:500, ab32042;
Abcam), anti-cleaved PARP (1:2,000, ab32064; Abcam), anti-E-cad-
herin (1:1,000, ab201499; Abcam), anti-N-cadherin (1:1,000, ab18203;
Abcam), anti-vimentin (1:1,000, ab20346; Abcam), as well as GAPDH
(1:1,000, ab128915; Abcam) overnight at 4�C. Subsequently, secondary
antibody goat anti-rabbit immunoglobulin G (IgG) antibody (ab97051,
1:2,000; Abcam) or secondary antibody goat anti-mouse IgG antibody
(ab205719, 1:2,000; Abcam) was added into the membrane, and mem-
branes were incubated on a shaker at room temperature. The protein
bands were developed using enhanced chemiluminescence in an Image
Quant LAS 4000C gel imager (GE Healthcare, USA).

IHC

The paraffin sections of osteosarcoma tissues were placed in an oven at
60�C for 30 min, dewaxed, and hydrated with toluene I, xylene II, and
gradient alcohol for 5mineach, successively. The antigenswere retrieved
using 1 mMTris-ethylene diamine tetraacetic acid (pH 8.0) in a micro-
wave and then cooled to room temperature. Endogenous peroxidase
(POD) was blocked with 3% H2O2-methanol for 10 min at room tem-
perature. Primary antibody against USP22 (1:500, ab195289; Abcam)
was added into the sections, which were incubated overnight in a refrig-
erator at 4�C.On the next day, the sectionswere incubatedwithpolymer
enhancer (PV-9000; ZSGB-Bio, Beijing, P.R. China) at room tempera-
ture for 20 min. Enzyme-labeled anti-mouse/rabbit polymer (PV-
9000; ZSGB-Bio) was dripped into sections, which were incubated for
30min at room temperature and thendevelopedwithdiaminobenzidine
for 5 min. After the development was terminated by the addition of
distilled water, sections were counterstained by hematoxylin and turned
blue after differentiation. Finally, slideswere dehydrated, permeabilized,
mountedwith neutral gum, and observed under an invertedmicroscope
(CX41; Olympus, Tokyo, Japan).

CoIP

The osteosarcoma cells U2OS and HOS were transfected with si-NC
or si-USP22 for 48 h and placed on ice. The cells were lysed with IP
lysis buffer (Pierce Biotechnology, Rockford, IL, USA) for 30 min on
ice, followed by centrifugation at 14,800 rpm at 4�C for 20 min, which
was transferred into new Eppendorf tubes. Protein concentration was
measured by the BCA method. Each sample tube was incubated with
primary anti-LSD1 (1:1,000, ab129473, rabbit; Abcam) overnight at
4�C, whereas 20 mL protein A and G beads were added into the tubes
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 445
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Table 2. Primer sequences for qRT-PCR

Gene Primer sequences

miR-140
F 50-GCGGCAGTGGTTTTACCCTATG-30

R 50-CCAGTGCAGGGTCCGAGGT-30

USP22
F 50-CCATTGATCTGATGTACGGAGG-30

R 50-TCCTTGGCGATTATTTCCATGTC-30

LSD1
F 50-GCTCGGGGCTCTTATTCCTA-30

R 50-CCCAAAAACTGGTCTGCAAT-30

p21
F 50-GTCCACTGGGCCGAAGAG-30

R 50-TGCGTTCACAGGTGTTTCTG-30

U6
F 50-GCTTGCTTCAGCAGCACATA-30

R 50-AAAAACATGGAACTCTTCACG-30

GAPDH
F 50-AGAAGGCTGGGGCTCATTTG-30

R 50-AGGGGCCATCCACAGTCTTC-30

F, forward; R, reverse; USP22, ubiquitin-specific protease 22; LSD1, lysine-specific de-
methylase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; qRT-PCR, quanti-
tative reverse transcription polymerase chain reaction.
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the next morning. After incubation for 2 h, the impurities were eluted
by IP lysis buffer for 5 times and centrifuged at 2,500 rpm, 4�C for
5 min. After the removal of supernatant, 20 mL 2� loading buffer
was added to each well and denatured in a metal bath at 100�C for
5 min. IP-bound samples were immunoblotted with antibodies
against USP22 (1:2,000, ab195289; Abcam).

ChIP

A ChIP assay was performed using the EZ-Magna ChIP Kit (EMD
Millipore, MA, USA), according to the manufacturer’s protocol. Cells
were fixed with 4% paraformaldehyde and incubated with glycine for
10 min to produce DNA-protein crosslinks. Then, cells were lysed
with cell lysis buffer, as well as nuclear lysis buffer, and broken into
chromatin fragments 200�300 bp in size using ultrasonication.
Next, the lysate was immunoprecipitated with magnetic protein A
beads bound to the antibodies. With rabbit IgG (ab171870; Abcam)
as NC, antibodies against LSD1 (ab17721; Abcam) and H3K4me2
(ab8898; Abcam) were added into cells.

Analysis of protein stability

To determine the stability of USP22 and LSD1 proteins, osteosarcoma
cells transfected with si-USP22 or miR-140-mimic were treated with
RIPA lysate (P0013B; Beyotime Biotechnology, Shanghai, P.R.
China), respectively. Then, after 36 h, the cells were treated with tu-
nicamycin (654380; Sigma-Aldrich, St. Louis, MO, USA) and
20 mM cycloheximide (HY-12320; MCE) to inhibit protein synthesis,
followed by the protein extraction at 0 h, 2 h, 4 h, and 6 h and detec-
tion of USP22 and LSD1 expression by western blot. The degradation
curves of USP22 and LSD1 were plotted.

Colony-formation assay

HOS and U2OS cells were cultured in 6-well plates with 300 cells per
well, followed by continuous culture in serum-free DMEM containing
446 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
10 mM TSC01131 and TSC01682. The growth of cells was observed
during the culture. After 2 weeks, the culture was terminated when
clones were observed by naked eye in the cultured dish. Cells were
fixed by 5 mL methanol solution for 15 min, stained with Giemsa
staining solution for 30 min, washed with running water, and air
dried. Clones were counted using a transparent film with a grid.

Flow cytometry

After 48 h transfection, the cells were incubated with 0.5 mL of 0.25%
trypsin until the cells falling off from the culture plate were observed
under the microscope. The cells were gently resuspended in the previ-
ously collected medium and adjusted to a density of 1� 106 cells/mL.
Meanwhile, 0.5 mL (5 � 105) of cell suspension was transferred from
the cell culture plate into a clean centrifuge tube and stained by staining
solution. Cells were further resuspended using 0.5 mL pre-cooled 1 �
binding buffer and then incubated with 5 mL Annexin V- fluorescein
isothiocyanate (FITC) and 10 mL propidium iodide (PI) in the dark
for 15 min. Cell apoptosis was detected by flow cytometry (FACS-
Verse/FACSCalibur/AriaIISORP; Becton Dickinson [BD], USA), and
the experiment was repeated 3 times. The kits used in this experiment
were obtained from Beyotime Biotechnology (Shanghai, P.R. China).

Cell cycle distribution was measured after preparing a single cell sus-
pension for each condition using 0.25% trypsin. Cells were then fixed
with 70% ethanol overnight at 4�C. The next day, cells were resus-
pended by shaking, centrifuged, and washed twice with pre-cooled
PBS. The cells were resuspended in 100 mL of PBS, and the concentra-
tion of cells was adjusted to 1 mg/mL by the addition of RNase. Then,
30 min of water bath was conducted at 37�C, with cell final concen-
tration adjusted to 50 mg/mL by PI staining for 40 min in the dark at
4�C. The DNA content of the cell cycle was determined at greater
than 575 nm, and the cell cycle percentage was measured.

Transwell assay

Cells in logarithmic growth phase were starved for 24 h. The next day,
cells were adjusted to a final concentration of 2 � 105/mL. A total of
0.2 mL cell suspension was added into the apical Transwell chamber,
while 700 mL DMEM culture solution containing 10% FBS was added
to the basolateral chamber. Cells were cultured in an incubator at 5%
CO2 and 37�C. After 24 h, the Transwell chambers were removed,
and cells were fixed with methanol for 30 min, stained with 0.1% crys-
tal violet staining solution for 20 min, air dried, observed, and photo-
graphed under an inverted microscope with 5 fields randomly
selected to count the number of cells that crossed the membrane.

To detect cell invasion, 70 mL extracellular matrix (ECM) gel was
added into Transwell chambers, which were incubated at 37�C for
0.5 h. The subsequent procedures were similar to the methods in
the cell migration assay mentioned above. The experiment was
repeated three times.

Xenograft tumors in nude mice

BALB/c nude mice (aged 4 weeks; weighing 18�25 g; n = 40; irrespec-
tive of gender) were commercially obtained from SJA Laboratory
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Animal (Hunan, P.R. China) and housed in a specific pathogen-free
condition with 10 mice in each group. Each mouse was injected with
5 � 103 HOS cells stably transfected with miR-140 mimic, sh-p21, or
relevant NC (NCmimic or sh-NC). At day 5 after injection, tumor vol-
ume was measured every 5 days until 30 days postinjection. Mice were
sacrificed by carbon dioxide asphyxiation after xenograft tumor assay.

TUNEL staining

Tumor tissues were fixed by 4% paraformaldehyde, paraffin
embedded, and sectioned into a thickness of 5 mm. A total of 5 sec-
tions were incubated with 1% proteinase K diluent (50 mL) at 37�C
for 30 min, and endogenous POD activity was removed by the addi-
tion of 0.3% H2O2 methanol solution at 37�C. Sections were incu-
bated with TUNEL reaction solution and protected from light at
37�C for 1 h and 50 mL converter-POD at 37�C for 30 min. Color
was developed using 2%DAB at room temperature for 15 min. Under
the microscope, cells were brownish yellow nuclei counterstained by
hematoxylin, conventionally dehydrated, and mounted using neutral
gum. Sections were observed under a light microscope with 10 visual
fields randomly chosen for each section. Apoptosis-positive cells were
defined as those cells with brownish-yellow nuclei.

Statistical analysis

All statistical data were processed using SPSS 21.0 software (SPSS, Ar-
monk, NY, USA). Measurement data were presented as mean ± stan-
dard deviation (SD). Comparison of osteosarcoma tissues with adja-
cent normal tissues was performed using paired t test. Other data
between two groups were compared using unpaired t tests. Data
among multiple groups were analyzed using one-way analysis of vari-
ance (ANOVA), whereas data at different time points were compared
using repeated-measures ANOVA. The correlation between miR-140
and USP22 was analyzed by Pearson’s correlation coefficient. A p
<0.05 was considered as statistically significant.
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