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Long Noncoding RNA PCGEM1 Facilitates Tumor
Growth and Metastasis of Osteosarcoma by
Sponging miR-433-3p and Targeting OMA1

Jun Li, MM1, Yuanjin Zhang, BSMed1, Farui Sun, MM1, Guofu Zhang, BSMed1, Xi-an Pan, MM1, Qian Zhou, MM2

Department of 1Orthopedics and 2Geriatrics, Huangshi Central Hospital, Huangshi, China

Objective: Osteosarcoma (OS) is regarded as one of the most common malignant bone tumors, mainly occurring in
children and adolescents with high mortality. The dysregulation of lncRNAs is reported to regulate tumor development
and be closely related to patient prognosis. Nevertheless, the role of long noncoding RNAs (lncRNAs) prostate-specific
transcript 1 (PCGEM1) in OS remains uncharacterized. The current study aimed to explore the role of PCGEM1 in OS.

Methods: Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was performed to examine the
expression of PCGEM1 in OS cell lines. CCK-8, colony formation, Transwell, and western blotting analyses were
applied to measure OS cell viability, proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT)
after PCGEM1 downregulation. Nuclear-cytoplasmic fractionation, RNA pulldown, RNA immunoprecipitation (RIP), lucif-
erase reporter assays were performed to verify the relationship among PCGEM1, miR-433-3p. and OMA1 in OS. The
xenograft tumor models were established to evaluate the effect of PCGEM1 on tumor growth of OS.

Results: In this study, we discovered that PCGEM1 knockdown inhibited cell proliferation, migration, invasion and
EMT in OS (P < 0.05). Additionally, PCGEM1 directly bound to miR-433-3p (P < 0.01). OMA1 was confirmed to be a tar-
get gene of miR-433-3p (P < 0.05), positively regulated by PCGEM1 but negatively regulated by miR-433-3p. Rescue
assays further verified that overexpression of OMA1 reversed the PCGEM1 knockdown-mediated inhibitory effect on
the malignant phenotype in OS cells (P < 0.05). Moreover, knockdown of PCGEM1 inhibited tumor growth and metas-
tasis in vivo (P < 0.05).

Conclusions: Overall, PCGEM1 mediated tumor growth and metastasis of OS by sponging miR-433-3p and regulating
OMA1, which might provide an innovative strategy for OS diagnosis or treatment.
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Introduction

Osteosarcoma (OS) is regarded as one of the most com-
mon malignant bone tumors, originating from mesen-

chymal cell lines and mainly occurring in children and
adolescents.1 The clinical symptoms of OS are pain, lumps,
and claudication.2,3 To date, OS is still a tumor with a high
mortality rate in children and adolescents, but early diagno-
sis and timely treatment have greatly improved the survival
rate of patients.4,5 Therefore, it is of great urgency to reveal
the molecular mechanisms involved in OS tumorigenesis and

metastasis, identify novel biomarkers for early diagnosis, and
develop effective therapies for OS treatment.

Long noncoding RNAs (lncRNAs) are longer than
200 nt that do not possess protein-coding functions due to
the absence of an open reading frame of significant length.6

Accumulated evidence has revealed that the dysregulation of
lncRNAs is closely related to patient prognosis because of
their regulatory roles in various pathophysiological pro-
cesses.7 Moreover, lncRNAs are involved in tumor physiol-
ogy and pathology by regulating gene expression,8 important
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to proliferation9 and metastasis.10 The lncRNA prostate can-
cer gene expression marker 1 (Prostate-specific transcript
1, PCGEM1) gene is located at chromosome 2q32.3, without
protein-coding capacity.11 In recent years, many studies have
demonstrated key roles of of PCGEM1 in the initiation and
development of cancers, such as renal carcinoma and endo-
metrial cancer.12,13 Through diverse functional mechanisms,
PCGEM1 has a large effect on downstream genes and then
regulates cancer cell proliferation, invasion and apopto-
sis.14,15 PCGEM1 can influence other diseases, such as
asthma and osteoarthritis.16,17 More importantly, preclinical
experiments and in vitro studies have shown the tremendous
clinical potential of PCGEM1.18,19 This literature demon-
strates that PCGEM1 may be a potential target in cancer
treatment, which inspired us to investigate the specific role
and mechanism of PCGEM1 in OS.

MicroRNAs (miRNAs) can regulate the levels of target
genes at the posttranscriptional level by binding with the 30
untranslated regions (3’UTRs) of target genes.20,21 MiR-10b-
3p was reported to promote tumor growth and metastasis of
esophageal squamous cell carcinoma by targeting TSGA10.22

MiR-708 has been proven to act as a novel regulator of
Hoxa9 in acute myeloid leukemia.23 Recently, it was reported
that miR-433-3p suppresses cell proliferation and invasion in
esophageal squamous cell carcinoma by targeting GRB2.24

Moreover, miR-433-3p promotes osteoblast differentiation
by reducing DKK1 expression via the WNT/β-catenin path-
way.25 However, the knowledge about the function of miR-
433-3p in OS still remains to be explored.

In this study, we hypothesized that: (i) PCGEM1 is dif-
ferentially expressed in OS; (ii) PCGEM1 participates in OS
cell proliferation, migration, invasion, and tumor growth in
OS; and (iii) PCGEM1 functions as a “sponge” for miR-
433-3p to affect the expression of downstream target. There-
fore, this study aimed to: (i) investigate whether PCGEM1
plays an oncogenic role in OS progression; (ii) uncover the
molecular mechanisms how PCGEM1 affects OS progres-
sion; and (iii) provide promising therapeutic molecular bio-
markers for OS treatment.

Materials and Methods

Cell Lines
The OS cell lines (MG-63, U2OS, Saos2 and 143B) and
human normal osteoblast cell line hFOB1.19 were purchased
from the Chinese Academy of Science Cell Bank (Shanghai,
China). All cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Bristol, RI, USA) containing 10%
fetal bovine serum (FBS, Gibco, Bristol, RI, USA) in a
humidified atmosphere with 5% CO2 at 37�C.

Cell Transfection
MiR-433-3p mimics were used to overexpress miR-433-3p
with NC mimics as a negative control. Short hairpin RNA
(shRNA) targeting PCGEM1 (sh-PCGEM1#1/2) was used to
knock down PCGEM1 with sh-NC as a negative control.

Full-length OMA1 was inserted into pcDNA3.1 to over-
express OMA1 with empty pcDNA3.1 as a control. After-
wards, Lipofectamine 3000 (Invitrogen, Austin, TX, USA)
was applied to conduct cell transfection at 37�C with 40 nM
MiR-433-3p mimics or NC mimics. The transfection effi-
ciency was examined by RT-qPCR after 48 h.

Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-qPCR)
Total RNA was isolated from OS tissues, cells and xenograft
tumors by TRIzol reagent (Invitrogen) and reverse tran-
scribed into complementary DNA (cDNA) by M-MLV
Reverse Transcriptase (Invitrogen). RT-qPCR was conducted
using SYBR Premix Ex Taq II kit (Takara, Dalian, China) on
an ABI Prism 7500 Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA) according to the manufac-
turer’s instructions. GAPDH served as an internal control
for PCGEM1 and mRNAs. For miRNA analysis, RT-qPCR
was performed using the TaqMan miRNA Reverse Tran-
scription Kit (4,366,596; Thermo Fisher Scientific, Waltham,
MA, USA). U6 served as an internal control for miRNAs.
The relative expression of target genes was calculated by the
2�ΔΔCt method. Primer sequences used for RT-qPCR are
listed in Table 1.

Cell Proliferation Assays
Cell proliferation was assessed using a Cell Counting Kit-8
kit (CCK-8; Dojindo Chemical Laboratory, Kumamoto,
Japan) assay and colony formation assay. For the CCK-8
assay, cells (3 � 103/well) were seeded into 96-well plates

TABLE 1 Primer sequences used for RT-qPCR

Target Primer sequences (50–30)

PCGEM1 F: CGATCATGATGGGCTCCTCG
R: GTGCAGGGTCCGAGGT

MiR-433-3p F: TCGGCAATCATGATGGGCTCCTC
R: CTCAACTGGTGTCGTGGAGTC

miR-148a-3p F: AGCAGTTCAGTGCACTACAG
R: GCAGGGTCCGAGGTATTC

miR-129-5p F: ACACTCCAGCTGGGCTTTTTGCGGTCTGG
R: CTCAACTGGTGTCGTGGAGTCGG
CAATTCAGTTGAGGCAAGCCC

MiR-152-3p F: TCGGCAGGTCAGTGCATGACAGAA
R: CTCAACTGGTGTCGTGGA

MiR-526b-5p: F: TTTACATCCTAGCCTGTGATC
R: CAGCAATGGATTTTAAGCCAAG

MiR-506-3p F: ACACTCATAAGGCACCCTTC
R: TCTACTCAGAAGGGGAGTAC

MiR-182-5p F: TTAGGAACCCTCCTCTCTC
R: ACTTTCGTTCTTGAGGAATG

PCCB F: CTACGCATTTGCTGAGGCA
R: GACATCATAGGCACCTCCA

OMA1 F: TTTCTGCCATTCAGCATCC
R: CTTTCCGAGCATTCCGAAC

U6 F: GCTTCGGCAGCACATATACTAAAAT
R: CGCTTCAGAATTTGCGTGTCAT

GAPDH F: CTGGGCTACACTGAGCACC
R: AAGTGG TCGTTGAGGGCAATG
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with 100 μL DMEM containing 10% FBS. Approximately
10 μL CCK-8 solution was added to the plate at 0, 24,
48, and 72 h, followed by another 2 h of incubation. The
absorbance was measured using a microplate reader
(Scientific MultiskanMK3, Thermo Scientific, Waltham, MA,
USA) at 450 nm. For the colony formation assay, the trans-
fected cells (1000 cells/well) were seeded into 6-well plates.
Cells were then cultured for 14 days at 37�C. Next, the cells
were fixed in methanol, stained with 0.1% crystal violet for
30 minutes and imaged. The colonies were counted using an
inverted microscope (Olympus, Tokyo, Japan).

Transwell Assay
Transwell chambers (8 mm, BD Biosciences, Swindon, UK)
coated with or without Matrigel (40111ES08, Shanghai
Yisheng Biotechnology, China) were used to assess cell inva-
sion or migration. In short, cells (5 � 104) suspended in
serum-free DMEM were added to the upper chambers
coated with Matrigel. Then, 600 μL DMEM with 10% FBS
was added to the bottom chamber in the 24-well plates.
Then, both the upper and bottom chambers were incubated
for 48 h at 37�C with 5% CO2. The cells on the surface of
the upper chamber were gently removed with a cotton swab.
The invaded cells were collected, fixed with 10% formalde-
hyde, and stained with 0.2% crystal violet. The cells from five
visual fields were counted under an inverted microscope
(Tokyo, Japan). For cell migration detection, similar proce-
dures were performed as above except that Matrigel was
not used.

Western Blot Analysis
Total proteins were extracted from MG-63 and U2OS cells
by using Protein Lysis Buffer (Beyotime, Shanghai, China)
and quantified by BCA Protein Assay Kit (Beyotime,
Shanghai, China). Then, cell lysates were isolated by 10%
sodium dodecyl sulfate, polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a polyvinylidene fluoride
(PVDF) membrane (Millipore, Billerica, MA, USA). After-
wards, the membrane was blocked with defatted milk and
incubated with primary antibodies overnight at 4�C and then
incubated with the secondary antibody (ab205719; 1:5000,
Abcam) at room temperature for 2 h after washing with
phosphate-buffered saline (PBS). Finally, the blots were visu-
alized by enhanced chemiluminescence Plus and analyzed by
ImageJ software. Primary antibodies against E-cadherin
(ab1416), N-cadherin (ab18203), vimentin (ab8978), OMA1
(ab154949) and GAPDH (ab9485) were purchased from
Abcam (Cambridge, USA).

Nuclear-Cytoplasmic Fractionation
The subcellular localization of PCGEM1 in the cytoplasm or
nucleus of MG-63 and U2OS cells was determined using a
PARIS Kit (Life Technologies, Beverly, MA, USA). Briefly,
MG-63 and U2OS cell pellets were resuspended in cold cell
fractionation buffer and incubated on ice for 5 min. After
centrifugation, the supernatant was harvested. GAPDH and

U6 were utilized as controls in the cytoplasm and nucleus,
respectively. The extracted RNAs were measured by
RT-qPCR.

Bioinformatics Analysis and Luciferase Reporter Assay
The online tool starBase v2.0 (http://starbase.sysu.edu. cn/)
was used to predict the target miRNAs of PCGEM1 and the
target genes of miR-433-3p. The binding site between
PCGEM1 and miR-433-3p was predicted from starBase (sea-
rch category: low stringency of CLIP Data and two cancer
types of Pan-cancer). The binding site between miR-433-3p
and OMA1 was predicted from starBase (search category:
10 cancer types in Pan-cancer; Predicted Program: miRanda,
PicTar and TargetScan).

The wild-type or mutant sequence of PCGEM1 or
OMA1 3’UTR containing the putative binding site of miR-
433-3p was subcloned into the pmirGLO vector (Promega
Corporation, Madison, WI, USA) to generate the
PCGEM1-Wt/Mut or OMA1 3’UTR-Wt/Mut reporter. All
plasmids were synthesized by GenePharma (Shanghai,
China) and transfected into OS cells using Lipofectamine
3000 (Invitrogen, Waltham, MA, USA) following the manu-
facturer’s instructions.

RNA Pulldown Assay
PCGEM1 probe with biotin and control PCGEM1 probe
without biotin were purchased from GenePharma (Shanghai,
China) and incubated with the lysates of MG-63 and U2OS
cells for 1 h, followed by pulldown by M-280 streptavidin
magnetic beads (Invitrogen, Waltham, MA, USA) at 4�C
overnight. The RNA attached to the beads was washed and
extracted. The enrichment of miRNAs was detected by
RT-qPCR.

RNA Immunoprecipitation (RIP) Assay
A Magna RNA immunoprecipitation (RIP) kit (Millipore,
Billerica, MA, USA) was used in the RIP assay. MG-63
and U2OS cells were collected and lysed in RIPA lysis
buffer. Then, magnetic beads containing Ago2 (Invitrogen,
Waltham, MA, USA) or IgG antibody were added to the
cell lysates. Input was the positive control, and anti-IgG
was the negative control. Finally, RNA in immunoprecipi-
tates was extracted using TRIzol and quantified by
RT-qPCR.

Tumor Formation Assay in Nude Mice
All animal experiments were conducted in accordance with
the guidelines for the Institutional Animal Care and Use of
Laboratory Animals (8th Edition, 2011, National Research
Council). A total of 20 athymic nude BALB/c mice (5 weeks
old, 18–20 g) were purchased from Vital River Co., Ltd.
(Beijing, China). For xenograft tumors, 5 � 106 U2OS cells
stably transfected with sh-PCGEM1, or sh-NC vector were
inoculated subcutaneously in the right flanks of BALB/c
nude mice (n = 5 in each group). The mice were killed on
day 21, and then tumors were resected, imaged, and weighed.

1062
ORTHOPAEDIC SURGERY

VOLUME 15 • NUMBER 4 • APRIL, 2023
THE ROLE OF LNCRNA PCGEM1 IN OSTEOSARCOMA PROGRESSION

http://starbase.sysu.edu


Tumor volumes were examined every 7 days and calculated
by using the equation V (mm3) = length � width2/2. For the
metastasis model, cells with different treatments were
injected into the tail veins of BALB/c nude mice (n = 5 in
each group).

Histological Examination
OS tumor specimens were fixed in 4% paraformaldehyde
overnight and then embedded in paraffin. The tumor sec-
tions were incubated with the Ki-67 antibody (Calbiochem,
Darmstadt, Germany) and OMA1 antibody with 1:50 dilu-
tion for 4 h. Visualization was achieved by using the 3, 30-
diaminobenzidine substrates (Dako, Glostrup, Denmark)
followed by counterstaining with hematoxylin. The represen-
tative images were captured and the positive cells were quan-
tified with Image J.

Statistical Analysis
Statistical analysis was conducted with SPSS 17.0 statistics
software (IBM Corp., Armonk, NY, USA). Each experiment
was performed at least three times, and data are shown as
the mean � standard deviation (SD). The differences
between two groups or more than two groups were calcu-
lated by Student’s t test or one-way ANOVA test. The value
of P < 0.05 was statistically significant.

Results

Inhibition of PCGEM1 Suppresses Cell Proliferation,
Migration, Invasion and EMT in OS
To understand the function and regulatory mechanism of
PCGEM1 in OS, we examined the expression level of
PCGEM1 in OS cells. RT-qPCR analysis showed that
PCGEM1 expression was relatively higher in OS cell lines
(MG-63, U2OS, Saos2 and 143B) than in the normal osteo-
blast cell line hFOB1.19 (*P < 0.05) (Fig. 1A). Since the
expression of PCGEM1 had no significant change among
these four cell lines, MG-63 and U2OS cells were randomly
selected for subsequent functional experiments to explore the
effects of PCGEM1 on OS cell function. As revealed in
Fig. 1B, PCGEM1 expression was effectively knocked down
in MG-63 and U2OS cells after transfection with sh-
PCGEM1#1 or sh-PCGEM1#2 (*P < 0.05) (Fig. 1B). Based
on the data from CCK-8 and colony formation assays, cell
viability and colony formation ability in MG-63 and U2OS
cells both decreased after PCGEM1 knockdown (*P < 0.05)
(Fig. 1C,D), indicating that PCGEM1 knockdown inhibited
OS cell proliferation. In addition, Transwell assays demon-
strated that transfection of sh-PCGEM1#1 or #2 suppressed
the migratory and invasive capacity of MG-63 and U2OS
cells (*P < 0.05) (Fig. 1E,F). The EMT process plays a key
role in cell migration and invasion. Herein, the levels of
EMT markers, including E-cadherin and N-cadherin, were
measured by western blot analysis. We discovered that inhi-
bition of PCGEM1 upregulated the expression of E-cadherin
but downregulated the expression of N-cadherin in MG-63

and U2OS cells (Fig. 1G). In conclusion, PCGEM1 might
functionally facilitate the malignant phenotype of OS cells
in vitro.

PCGEM1 Acts as a Molecular Sponge for miR-433-3p
We then investigated the molecular mechanism of PCGEM1
in OS. As presented in Fig. 2A, the majority of PCGEM1
was distributed in the cytoplasm of MG-63 and U2OS cells.
It has been widely reported that lncRNAs in the cytoplasm
can function as ceRNAs to release mRNA by acting as
miRNA sponges in cancers.26 Thus, we hypothesized that
PCGEM1 may act as a ceRNA in OS. With the assistance of
starBase (http://starbase.sysu.edu.cn), seven miRNAs with a
binding site on PCGEM1 were predicted (screening condi-
tions: low stringency of CLIP Data and two cancer types of
Pan-cancer) (Fig. 2B). To select the miRNA interacting with
PCGEM1 in OS, an RNA pulldown assay was conducted,
and we found that only miR-433-3p was enriched in the
PCGEM1 probe with biotin among these candidate miRNAs
(**P < 0.01) (Fig. 2C). RT-qPCR revealed that the miR-
433-3p level was lower in OS cells than in hFOB1.19 cells
(*P < 0.05) (Fig. 2D). Additionally, miR-433-3p expression
was significantly increased in PCGEM1 knockdown cells
(*P < 0.05) (Fig. 2E). Subsequently, we overexpressed miR-
433-3p by transfecting miR-433-3p mimics into MG-63 and
U2OS cells (*P < 0.05) (Fig, 2F). A luciferase reporter assay
demonstrated that miR-433-3p mimics suppressed the lucif-
erase activity of vectors carrying the wild-type but not
mutant PCGEM1 sequence (*P < 0.05) (Fig, 2G). Overall,
PCGEM1 exerts a function as a miR-433-3p sponge in OS
cells.

MiR-433-3p Directly Targets OMA1
Next, we aimed to identify the target gene of miR-433-3p.
StarBase was used to predict the candidate genes. Through
filtration (conditions: 10 cancer types in Pan-cancer;
Predicted Program: miRanda, PicTar and TargetScan), PCCB
and OMA1 were identified (Fig. 3A). As shown in Fig. 3B,
OMA1 expression was upregulated in OS cells, while PCCB
displayed no detectable change among these cells (*P < 0.05)
(Fig. 3B). Additionally, RT-qPCR and western blot analyses
indicated that miR-433-3p expression was negatively corre-
lated with OMA1 expression, while PCGEM1 expression was
positively associated with OMA1 expression in OS cells
(*P < 0.05) (Fig. 3C,D). A luciferase reporter assay showed
that the luciferase activity of the OMA1 3’UTR-Wt reporter
was decreased by miR-433-3p overexpression (*P < 0.05)
(Fig. 3E). RIP assays demonstrated that PCGEM1, miR-
433-3p and OMA1 were all enriched in the Ago2 group
compared to the IgG group, implying that these RNAs
coexisted in the RNA-induced silencing complex (*P < 0.05)
(Fig. 3F). All these data revealed that OMA1 was a direct tar-
get of miR-433-3p.
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Fig. 1 Inhibition of PCGEM1 suppresses cell proliferation, migration, invasion and EMT in OS. (A) RT-qPCR analysis was used to determine the

expression of PCGEM1 in OS cells (MG-63, U2OS, Saos2 and 143B) and hFOB1.19 cells. (B) The expression of PCGEM1 in MG-63 and U2OS cells

transfected with sh-PCGEM1#1/2 was detected by RT-qPCR analysis. (C) The viability of MG-63 and U2OS cells after inhibition of PCGEM1 was

evaluated by CCK-8 assay. (D) The proliferation of MG-63 and U2OS cells after knockdown of PCGEM1 was assessed by colony formation assays.

(E) The migration and (F) invasion of MG-63 and U2OS cells after suppression of PCGEM1 were examined by Transwell assays. (G) Western blot

analysis was performed to measure the protein levels of E-cadherin and N-cadherin in MG-63 and U2OS cells transfected with sh-

PCGEM1#1/2. *P < 0.05
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Fig. 2 PCGEM1 acts as a molecular sponge for miR-433-3p. (A) A nuclear-cytoplasmic fractionation assay was used to determine the subcellular

localization of PCGEM1 in MG-63 and U2OS cells. (B) The starBase database predicted miRNAs binding to PCGEM1. (C) RNA pulldown assay showed

the enrichment of miRNAs from the PCGEM1 probe. (D) RT-qPCR analysis was performed to determine the expression of miR-433-3p in OS cells (MG-

63, U2OS, Saos2 and 143B) and hFOB1.19 cells. (E) The expression of miR-433-3p in MG-63 and U2OS cells transfected with sh-PCGEM1#1 was

measured using RT-qPCR. (F) The expression of miR-433-3p in MG-63 and U2OS cells transfected with miR-433-3p mimics was determined by RT-

qPCR. (G) The binding sequences were predicted by starBase, and a luciferase reporter assay was used to validate the interaction between PCGEM1

and miR-433-3p. * P < 0.05, ** P < 0.01
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Fig. 3 MiR-433-3p directly targets OMA1. (A) The Venn diagram shows the potential target genes of miR-433-3p predicted by miRanda, PicTar and

TargetScan. (B) The mRNA expression of PCCB and OMA1 in OS cells (MG-63, U2OS, Saos2 and 143B) and hFOB1.19 cells was analyzed by RT-

qPCR. (C-D) RT-qPCR and western blot analyses were performed to examine the mRNA and protein levels of OMA1 in MG-63 and U2OS cells

transfected with miR-433-3p mimics or sh-PCGEM1#1. (E) The binding site between miR-433-3p and the OMA1 3’UTR was predicted by starBase,

and a luciferase reporter assay was conducted to verify the binding of miR-433-3p to the OMA1 3’UTR. (F) RIP assay was performed to examine the

coexistence of PCGEM1, miR-433-3p and OMA1 in RISC. * P < 0.05
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Fig. 4 Upregulation of OMA1 reverses the PCGEM1 knockdown-induced suppressive effect on the malignant phenotype in OS cells. (A) The

overexpression efficiency of pcDNA3.1/OMA1 in MG-63 and U2OS cells was evaluated by RT-qPCR and western blot analyses. (B-C) Cell viability and

proliferation were detected by CCK-8 and colony formation assays in MG-63 and U2OS cells after transfecting sh-NC, sh-PCGEM1#1 or sh-

PCGEM1#1 + OMA1. (D-E) Cell migration and invasion were tested by Transwell assays in MG-63 and U2OS cells after transfecting sh-NC, sh-

PCGEM1#1 or sh-PCGEM1#1 + OMA1. (F) Western blot analysis was used to determine the E-cadherin and N-cadherin levels in MG-63 and U2OS

cells after transfecting sh-NC, sh-PCGEM1#1 or sh-PCGEM1#1 + OMA1. * P < 0.05 vs. the sh-NC group. # P < 0.05 vs. the sh-PCGEM1 group
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Upregulation of OMA1 Reverses the PCGEM1
Knockdown-Induced Suppression Effect on the
Malignant Phenotype of OS Cells
To validate the PCGEM1/miR-433-3p/OMA1 regulatory axis
in OS, rescue assays were carried out. RT-qPCR and western
blot analyses showed that the reduction in OMA1 mRNA
and protein levels caused by PCGEM1 silencing was reversed
by OMA1 overexpression (*P < 0.05; #P < 0.05) (Fig. 4A).
Then, CCK-8 and colony formation assays revealed that the
suppressive effect of PCGEM1 knockdown on cell viability
and proliferation was attenuated after cotransfection of sh-
PCGEM1#1 and pcDNA3.1/OMA1 into U2OS cells (*P
< 0.05; # P < 0.05) (Fig, 4B,C). Transwell assays showed that
OMA1 overexpression counteracted the inhibitory effect of
PCGEM1 silencing on cell migration and invasion abilities
(*P < 0.05; # P < 0.05) (Fig. 4D,E). Furthermore, the increase
in E-cadherin and the decrease in N-cadherin mediated by
knockdown of PCGEM1 were restored after overexpression
of OMA1 (Fig. 4F). To conclude, PCGEM1 promoted the
malignant phenotype of OS cells by upregulating OMA1.

Knockdown of PCGEM1 Inhibits OS Tumor Growth and
Metastasis in Vivo
We established a xenograft tumor model by injecting U2OS
cells stably expressing sh-PCGEM1#1 or sh-NC to explore
the role of PCGEM1 in vivo. As shown in Fig, 5A,B, tumors
from the sh-PCGEM1#1 group had smaller size and weight
than those from the control group (*P < 0.05). As recorded
weekly, mice in the sh-PCGEM1#1 group had tumors with a
smaller volume than those in the sh-NC group (*P < 0.05)
(Fig. 5C). In addition, RT-qPCR was used to detect the
expression of OMA1 and miR-433-3p in surgically removed
tumor tissues. The results showed that knockdown of
PCGEM1 downregulated OMA1 and upregulated miR-
433-3p expression (*P < 0.05) (Fig. 5D). To investigate the
effect of PCGEM1 on tumor metastasis in vivo, cells with dif-
ferent treatments were separately injected into the tail veins
of nude mice. The results revealed that lung metastasis in the
sh-PCGEM1#1 group was alleviated (*P < 0.05) (Fig. 5E). In
summary, downregulation of PCGEM1 inhibited OS tumor
growth and metastasis in vivo.

A B

D E

C

Fig. 5 Knockdown of PCGEM1 inhibits OS tumor growth and metastasis in vivo. (A) Representative images showing tumor xenografts in nude mice.

(B) Tumor volume in nude mice (n = 5). (C) Tumor weight in nude mice (n = 5). (D) The expression of OMA1 and miR-433-3p in surgically removed

tumor tissues. (E) Representative images and quantification of lung metastasis. * P < 0.05
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Knockdown of PCGEM1 Downregulates Ki67 and
OMA1 Expression in OS Tumor
As histological examination results showed (Fig. 6A,B),
xenograft tumor comprised highly dense cancer cells with a
pleomorphic spindle-shape characteristic of OS. Ki67 has
been considered as a significant cellular marker of prolifera-
tion, and a decreased expression was observed in tumor
specimens derived from sh-PCGEM1-treated group by
immunohistochemical staining (Fig. 6A). And we also found
that the OMA1 expression was suppressed in treated groups
as well (Fig. 6B).

Discussion

Main Findings of this Study
OS is the most frequent primary bone sarcomas, and the
highest incidence is in children and adolescents, while a
second smaller peak of incidence lies in elderly individuals
over 60 years.27 We aimed at unveiling the potential of
PCGEM1 as a biomarker for OS treatment. During our
investigations, we showed the high expression of PCGEM1
in OS cells through RT-qPCR data. Then, the results of
loss-of-function assays proved that knockdown of PCGEM1
in OS cells resulted in the repression of cell proliferation,
migration, invasion, and EMT progression. Moreover,
knockdown of PCGEM1 inhibited tumor growth and
metastasis in vivo. Mechanistically, PCGEM1 functioned as
a sponge for miR-433-3p to upregulate PCGEM1 expres-
sion. Additionally, overexpression of OMA1 reversed the
PCGEM1 knockdown-mediated inhibitory effect on the
malignant phenotype in OS cells. Accordingly, we con-
cluded that PCGEM1 promotes OS progression through the
miR-433-3p/PCGEM1 axis.

PCGEM1 in Cancer
A multitude of studies have suggested that lncRNAs are
implicated in the regulation of a broad spectrum of cellular
processes, such as proliferation, migration, and invasion.28–30

PCGEM1 was utilized to be our research object. PCGEM1
has been widely reported to be an oncogenic gene in various
cancers. PCGEM1 promotes renal carcinoma progression by
targeting miR-433-3p to regulate FGF2 expression.12

PCGEM1 contributes to malignant behaviors of glioma by
regulating miR-539-5p/CDK6 axis.31 PCGsEM1 contributes
to the proliferation, migration, and invasion of non-small cell
lung cancer cells via acting as a sponge for miR-152-3p.32 In
the current study, PCGEM1 showed a high expression in OS
cells, suggesting that PCGEM1 may act as an oncogene in
OS. Consistent with previous studies, functional assay rev-
ealed that the knockdown of PCGEM1 significantly
suppressed cell proliferation, migration, invasion and EMT
in OS. Finally, to explore the function of PCGEM1 in vivo,
we constructed a xenograft tumor model in nude mice. We
found that the inhibition of PCGEM1 suppressed tumor
growth and metastasis of OS by decreasing tumor size, vol-
ume, weight, and lung metastasis in vivo. These results sug-
gest that PCGEM1 may exert a key function as an
oncogene in OS.

The ceRNA Regulatory Network in which PCGEM1 is
Involved in OS
Mechanistically, lncRNAs act as ceRNAs by competitively
binding with miRNAs to sequester these miRNAs, thereby
modulating the levels of their downstream target genes.33–35

In addition, such lncRNA/miRNA/mRNA ceRNA regulatory
networks have been identified in several biological processes,
including EMT, lung metastasis and chemo/radioresistance
in OS.36,37 MiRNAs are single-stranded RNAs without non-
coding capacity and contain 22–24 nucleotides in length.
Importantly, miRNAs could block the translation or degrada-
tion of target mRNAs to post-transcriptionally regulate gene
expression.38 Studies have revealed some miRNAs that partici-
pate in regulating OS progression and function as promising
targets.39,40 Although PCGEM1 has been widely reported to
act as a ceRNA in cancer, the molecular mechanism of
PCGEM1 in OS is still unknown. In the current study, we
determined PCGEM1 subcellular distribution and found that
PCGEM1was predominantly expressed in the cytoplasm of
OS cells. This suggested the possibility that PCGEM1 could
function as ceRNA via sponging miRNAs. Meanwhile, miR-
433-3p was found to be a miRNA bearing the complementary
base paring with PCGEM1. Previous research showed that
miR-433-3p played a key role in OS progression.41,42 Here,
miR-485-5p expressed at a low level in OS cells and negatively
associated with PCGEM1. Therefore, PCGEM1 acted as the
molecular sponge of miR-433-3p in OS.

With the assistance of starBase, miR-433-3p was
predicted and identified. Additionally, miR-433-3p was con-
firmed to bind to PCGEM1 with downregulated expression in
OS. Hereafter, we further explored the target genes of miR-

A

B

Fig. 6 Knockdown of PCGEM1 downregulates Ki67 and OMA1

expression in OS tumor. Positive expression of (A) Ki67 and (B) OMA1

in tumors of nude mice was detected by immunohistochemistry
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433-3p, and OMA1 was selected, which has been proven to be
a biomarker for several tumor treatments.43,44 For example,
OMA1 knockout suppresses colorectal cancer development and
xenograft mice models of colorectal cancer.45 Overexpression of
OMA1 is potentially a biomarker and predicts an unfavorable
prognosis in gastric cancer.46 Here, we validated the interaction
between miR-433-3p and OMA1 and revealed that the OMA1
level was positively regulated by PCGEM1 but negatively regu-
lated by miR-433-3p. Rescue assays further verified that over-
expression of OMA1 reversed the PCGEM1 knockdown-
mediated inhibitory effect on the malignant phenotype includ-
ing proliferation, migration, invasion and EMT in OS cells.

Limitations and Strengths of the Study
However, some limitations in this study are worth mention-
ing. First, it would be better to recruit clinical samples in
subsequent experiments to enhance persuasion of our find-
ings. Second, we would also conduct further research on
some potential signaling pathways related to OS in a future
study. However, our results may provide inspiration for fur-
ther understanding of the mechanism of OS. We show that
PCGEM1 might serve as a new target and biomarker for the
treatment of OS.

Conclusion
In summary, we identified a novel OS-associated lncRNA
PCGEM1. Through functional experiments, we illustrated

that PCGEM1 was upregulated in OS; PCGEM1 upregulated
OMA1 to promote OS cell proliferation, migration, and
invasion by acting as a ceRNA that sponged miR-433-3p. In
the future work, we will explore the mechanism of PCGEM1
upregulation in OS and the correlation between PCGEM1
and other miRNAs or proteins, which will further deepen
our understanding of the pathogenesis of OS and make
PCGEM1 a potential novel diagnostic and therapeutic target
for OS.
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