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Abstract 

Osteosarcoma is a highly mortal bone tumor, with a high metastatic potential, promoted in part by the 
enzyme procollagen-lysine 2-oxoglutarate 5-dioxygenase 2 (PLOD2). Increasing level of PLOD2 in 
osteosarcoma tissue correlates with lymphatic and distant metastasis. The adipokine apelin (APLN) is 
also found in different cancers and APLN upregulation promotes angiogenesis and metastasis, but its 
effects on osteosarcoma metastasis are uncertain. We explored APLN functioning in metastatic 
osteosarcoma. An analysis of records from the Gene Expression Omnibus (GEO) database showed 
higher levels of APLN expression in osteosarcoma tissue than in normal tissue. Similarly, levels of APLN 
and PLOD2 mRNA synthesis were upregulated in osteosarcoma tissue. Levels of APLN and PLOD2 
protein correlated positively with osteosarcoma clinical stages. APLN increased PLOD2 expression in 
human osteosarcoma cell lines and cell migration via the mammalian Sterile 20-like kinase 1 (MST1), 
monopolar spindle-one-binder protein (MOB)1, and YAP cascades, and through hsa_circ_0000004 
functioning as a sponge of miR-1303. We also found that knockdown of APLN antagonized lung 
metastasis in mice with osteosarcoma. APLN may be a therapeutic target in osteosarcoma metastasis. 
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Introduction 
Osteosarcoma is a mortal primary skeleton 

tumor derived from primitive bone-forming mesen-
chymal cells. Its high potential for metastasis is 
associated with poor survival rates [1]. Osteosarcoma 
tends to metastasize to the lung, then to other organs 
in the body. The development of metastasis involves 

different steps of cancer cell dissemination from 
primary cancer, migration within the blood vascula-
ture, and the build of clinically detectable pulmonary 
metastases [2]. Around 15-20% of osteosarcoma 
patients display pulmonary metastases at diagnosis 
and approximately 40% of patients develop meta-
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stases at a later stage of the disease [3]. The 5-year 
survival rate is 20% for patients who develop 
metastases [4]. Even with optimal induction therapy, 
30-40% of osteosarcoma cases with 80% of relapse and 
experience disease recurrence in the lungs. Novel 
therapies for metastatic osteosarcoma are required. 

The transformation of the extracellular matrix 
(ECM) has a critical role in the proliferation and 
metastasis of osteosarcoma [5]. Numerous ECM ele-
ments including fibronectin, proteoglycans, collagen, 
and laminins participate in osteosarcoma metastasis 
via intertwining and distinct mechanisms [6]. 
Collagen, the main component of ECM, provides the 
scaffold for ECM assembly. In numerous cancer types, 
collagen is said to be the “highway” for cell motility 
[7]. In human cancers, stabilized collagen accumu-
lation is increased by diverse covalent collagen 
cross-linking [8]. Collagen crosslinking and 
deposition rely on lysyl hydroxylation catalyzed by 
procollagen-lysine 2-oxoglutarate 5-dioxygenase 
(PLOD). In the PLOD family, PLOD2 is crucial for 
stabilizing collagen crosslinking formation through 
lysyl hydroxylase residues [9]. PLOD2 modulates 
ECM by interacting with collagen fibers in the tumor 
matrix [10]. The increased expression of PLOD2 is 
critical for the motility of tumors [11]. PLOD2 is 
overexpressed in various cancers such as oral 
carcinoma [12], glioblastoma [13], bladder cancer [14], 
bone metastasis [15], and sarcoma [16], and is 
correlated with a poor prognosis. In non-small cell 
lung cancer, PLOD2 enhances metastasis by 
increasing cancer cell migration and inducing the 
reorganization of collagen [17]. However, the 
functions and regulatory mechanisms of PLOD2 have 
not been elucidated in osteosarcoma metastasis. 

Apelin (APLN), an adipokine, secreted by 
adipose tissue [18]. In humans, APLN is a peptide 
containing a 77-amino acid preproapelin precursor 
encoded by the APLN gene [19]. APLN is involved in 
different biological activities when it exists in various 
molecular forms. Apelin and APJ receptor systems are 
related to various physiological processes, such as 
angiogenesis [20], regulation of blood pressure [21], 
and energy metabolism [22]. APLN contributes to 
pathological processes, including obesity, heart 
attacks, diabetes, and cancer [23]. The function of 
APLN in tumor development and metastasis can be 
elucidated by the regulation of mediators controlled 
in tumor initiation and metastasis. APLN is a potent 
angiogenic factor in the development of blood vessels, 
endothelial cell proliferation, and migration in vivo 
studies [24, 25]. APLN can induce tumor growth and 
proliferation of different cancers, including non-small 
cell lung cancer [26], ovarian cancer [27], and 
cholangiocarcinoma [28]. APLN also stimulates cell 

migration in oral squamous cell carcinoma [29], 
human lung adenocarcinoma [30], and gastric cancer 
[31]. These findings indicate that APLN plays a critical 
role in cancer metastasis. However, the effect of 
APLN in osteosarcoma metastasis is uncertain. This 
study therefore investigated whether APLN affects 
osteosarcoma migration and examined the 
involvement of signaling pathways. 

Materials and methods 
Materials and methods relating to migration 

assay, western blot assay, reverse transcription- 
quantitative PCR (RT-qPCR) assay, immunohisto-
chemistry (IHC) staining, cell transfection and RNA 
pull-down assay are all obtainable within supple-
mentary information. 

Cell culture 
Human osteosarcoma cell lines 143B and MG-63 

were supplied by the Bioresource Collection and 
Research Center (BCRC) (Hsinchu, Taiwan). Both cell 
lines were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) medium complemented with 10% 
fetal bovine serum (FBS) and antibiotics, then 
sustained in an incubator at 37 °C in a moist 
atmosphere with 5% CO2. 

Analysis of mRNA expression profiles from the 
Gene Expression Omnibus (GEO) and The 
Cancer Genome Atlas (TCGA) database 

Screening of GEO datasets indicated two 
microarrays associated with osteosarcoma (GSE16088 
and GSE12865). The GSE16088 dataset contained 
numerous gene expression profiles from 14 human 
osteosarcoma tumor tissues and 6 normal bone 
tissues. The GSE12865 dataset contained gene 
expression profiles of 12 osteosarcoma tumor samples 
and 2 normal human osteoblast samples [32, 33]. The 
Transcriptome profiles of osteosarcoma in the TCGA 
database were downloaded using UCSC Xena 
(http://xena.ucsc.edu). The 88 osteosarcoma samples 
that had undergone RNA-Seq analysis were used to 
examine the gene expression profiles of APLN and 
PLOD2. 

Luciferase activity assay 
Luciferase plasmids containing the wild-type 

(WT) and mutant (MUT) sequences of the PLOD2 
three prime untranslated region (3’-UTR) and 
hsa_circ_0000004 binding sites for miR-1303 were 
purchased by MDBio Inc. (Taipei, Taiwan). These 
recombinant plasmids were transfected with 
Lipofectamine 2000 and the 143B cell line for 24 h, 
then treated with APLN for 24 h. Luciferase activity 
was examined by the method described in our 
previous reports [34, 35]. 
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Chromatin immunoprecipitation-qPCR assay 
(ChIP-qPCR) 

Osteosarcoma 143B cells were transfected with 
MST1 siRNA and MOB1 siRNA using Lipofectamine 
2000 for 24 h, then treated with APLN for 24 h. This 
assay was performed as previously described [36, 37]. 
DNA immunoprecipitated by YAP antibody was 
purified. The DNA pellet was subjected to qPCR to 
determine PLOD2 expression. The forward primer 
5’AGCAAACAGTCCAGACGTGG 3’ and the reverse 
primer 5’AGACAGGGATTCCAGGGGTG 3’ were 
specifically designed to amplify across the PLOD2 
promoter region (-499 to +100) containing the TEAD 
binding site. The input was used to perform qPCR 
from chromatin pellets prior to immunoprecipitation. 

Immunoprecipitation assay (IP assay) 
The 143B cells were stimulated with APLN (3 

ng/mL) for the indicated time interval. The cells were 
lysed in RIPA lysis buffer. A total of 50 µL of the cell 
lysates were used for the Western blot input assay, 
and the remaining lysates were incubated with 5 µL of 
14-3-3 antibody at 4 °C for 2 h, then 10 µL of protein G 
agarose beads (Millipore, MA, USA) was added and 
mixed at 4 °C for 24 h. The immunoprecipitated 
complex was collected and washed twice with lysis 
buffer, then 5X Sample buffer was added and 
subjected to immunoblotting with YAP, and 14-3-3 
antibodies. 

In vivo metastasis model 
Balb/c nude mice were divided into two groups: 

the 143B/Luc (n=5) or 143B/shAPLN-Luc (n=5) 
group. The mice were provided with standard 
corncob litter in each cage; food and water were 
provided ad libitum. Before the injection of 
osteosarcoma cells, mice were exposed to 100% 
oxygen containing 3% isoflurane in a closed chamber 
for 3–5 min. After losing the righting reflex, the mice 
were transferred to a heating pad maintained at 36.5 
°C to minimize pain and distress during the injection. 
The mice were injected in the lateral tail vein with a 
unit suspension containing 106 cells (143B/Luc or 
143B/shAPLN-Luc) in 200 μL PBS. All mice were 
housed under a 12/12 h light/dark cycle and survival 
was checked daily. The development of lung 
metastasis was monitored by bioluminescence 
imaging (Xenogen IVIS imaging system). A 9 weeks 
post-injection, the mice were sacrificed by CO2 
inhalation. The lungs were removed and 
photographed, then fixed in 10% formalin, embedded 
in paraffin, and processed for IHC staining with 
APLN and PLOD2 antibodies. All animal experiments 
were conducted in accordance with a protocol 

approved by the Institutional Animal Care and Use 
Committee of China Medical University. 

Statistical analysis 
All values are expressed as the mean ± standard 

deviation (SD). Differences between experimental 
groups and controls were assessed by the Student’s 
t-test. One-way analysis of variance (ANOVA) was 
performed for statistical analyses of multiple groups. 
Statistical differences were considered significant if 
the p-value was <0.05. 

Results 
Clinicopathological characteristics of APLN in 
human osteosarcoma tissue 

APLN level is closely associated with the 
progression of many cancers and poor clinical 
outcomes [26]. The levels of APLN expression were 
significantly associated with osteosarcoma clinical 
stages (Figure 1A-B). In addition, levels of APLN 
expression in osteosarcoma tissue were higher than in 
normal bone tissue (Figure 1C). Similarly, the analysis 
of osteosarcoma tissue samples from the GEO dataset 
(GSE12685) showed that levels of APLN mRNA 
expression were higher in osteosarcoma tissue than in 
primary osteoblasts (Figure 1D). These results 
revealed that APLN is upregulated in osteosarcoma 
and positively associated with osteosarcoma clinical 
stages. 

Levels of APLN and PLOD2 expression are 
positively correlated in human osteosarcoma 
tissue 

PLOD2 is a major enzyme in the modification of 
fibrotic collagen and its dysregulation enhances 
cancer progression metastasis [11]. Upregulation of 
PLOD2 expression is associated with lymph node and 
pulmonary metastasis, as well as poor outcomes in 
osteosarcoma [38]. IHC staining with PLOD2 
antibody in osteosarcoma tissue revealed significant 
associations with clinical disease stages (Figure 2A-B). 
In addition, osteosarcoma tissue revealed upregulated 
levels of PLOD2 mRNA expression compared to those 
in normal bone tissue (Figure 2C). Similarly, the GEO 
dataset (GSE16008) analysis indicated significantly 
higher PLOD2 mRNA expression in osteosarcoma 
tissue compared with levels in normal bone tissue 
(Figure 2D). A positive correlation was found 
between APLN and PLOD2 expression in osteo-
sarcoma tissue (Figure 2E). These findings 
demonstrated that the expression of both APLN and 
PLOD2 correlate positively with osteosarcoma clinical 
stages. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

415 

 
Figure 1. Clinicopathological characteristics of APLN in human osteosarcoma tissue. (A-B) Normal bone and osteosarcoma specimens were subjected to IHC 
staining with APLN antibody (scale bar 100 µm), then quantified. (C) APLN mRNA expression in normal bone and osteosarcoma tissue were examined by qPCR. (D) APLN 
mRNA expression in primary osteoblast and osteosarcoma tissue was analyzed in samples from the GEO GSE12865dataset. 

 
Figure 2. A positive correlation between APLN and PLOD2 expression in human osteosarcoma tissue. (A-B) Normal bone and osteosarcoma specimens were 
subjected to IHC staining with PLOD2 antibody (scale bar 100 µm), then quantified. (C) PLOD2 mRNA expression in normal bone and osteosarcoma tissue were examined by 
qPCR. (D) APLN mRNA expression in normal and osteosarcoma tissue was analyzed in samples from the GEO GSE16008 dataset. (E) Analysis of correlations between APLN 
and PLOD2 expression in osteosarcoma tissue. 

 

APLN promotes osteosarcoma cell migration 
and increases PLOD2 expression in 
osteosarcoma tissue 

APLN facilitates the migration of oral squamous 
cell carcinoma cells and gastric cancer cells [39]. In this 
study, analyses of metastatic and nonmetastatic 
osteosarcoma tissue samples from the TCGA database 
revealed higher levels of APLN and PLOD2 expres-

sion in the metastatic tissue samples than in the 
nonmetastatic tissue samples (Suppl. Fig. S1). We 
therefore first examined whether APLN induces 
osteosarcoma cell migration. APLN dose-dependently 
promoted migratory activity of osteosarcoma cells 
(Figure 3A). PLOD2 mediates tumor metastasis in 
various cancers and its dysregulation enhances cancer 
progression and metastasis [11, 40]. We next 
investigated whether APLN affects PLOD2 
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expression in osteosarcoma cells. Stimulation of 
osteosarcoma cells (143B and MG-63) with APLN 
significantly increased PLOD2 mRNA and protein 
expression (Figure 3B-C). Pretreatment of cells with a 
PLOD2 inhibitor (minoxidil) or transfecting the cells 
with PLOD2 siRNA diminished APLN-promoted 
increases in migration (Figure 3D-E). These results 
indicate that APLN promotes cell migration by 
increasing PLOD2 expression in osteosarcoma. 

MST1/MOB1 signaling is involved in APLN- 
induced increases of PLOD2-mediated 
migration of osteosarcoma cells 

Recent studies have reported that several 
signaling pathways (including the PI3K/Akt/mTOR, 
NF-κB, JAK/STAT, Hippo and hypoxia pathways) 
have an important role in cancer metastasis, including 
osteosarcoma [41-44]. We examined whether these 
five signaling pathways mediate APLN-induced 
increases in PLOD2 expression and promote 
osteosarcoma cell migration. We found that verte-

porfin (an inhibitor of YAP and a transcriptional 
co-activator of the Hippo signaling pathway) 
significantly inhibited APLN-induced increases in 
PLOD2 mRNA expression (Suppl. Fig. S2). We 
therefore suggest that the Hippo signaling pathway is 
involved in APLN-induced stimulation of 
osteosarcoma cell migration. The canonical 
mammalian Hippo pathway consists of MST1 and 
MOB1, and their dysfunction enhances cancer 
metastasis [45, 46]. We examined whether APLN- 
induced promotion of osteosarcoma cell migration is 
mediated by MST1 and MOB1. Pretreating the cells 
with a MST1 inhibitor (XMU MP1) or transfecting 
them with MST1 and MOB1 siRNAs significantly 
inhibited the effects of APLN upon cell migratory 
activity, as well as levels of PLOD2 mRNA and 
protein expression (Figure 4A-G). These results 
indicate that the MST1/MOB1 pathway regulates 
APLN-enhanced promotion of osteosarcoma cell 
migration and increases PLOD2 synthesis. 

 

 
Figure 3. Apelin promotes osteosarcoma cell migration by increasing PLOD2 expression. (A-C) Osteosarcoma cells were treated with different concentrations of 
APLN (0, 0.3, 1, or 3 ng/mL) for 24 h. The Transwell assay, qPCR and Western blot examined in vitro migratory activity, and mRNA and protein expression of PLOD2, 
respectively. (D) Cells were pretreated with a PLOD2 inhibitor (minoxidil, 0.5 mM) or transfected with PLOD2 siRNA, then stimulated with APLN (3 ng/mL) for 24 h. The 
Transwell assay quantified in vitro migration. (E) Osteosarcoma cells were transfected with PLOD2 siRNA for 24 h and levels of PLOD2 mRNA were assessed by qPCR. *p < 0.05 
compared with controls; # p < 0.05 compared with the APLN-treated group. 
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Figure 4. The MST1/MOB1 pathway is involved in APLN-induced osteosarcoma cell migration and increases PLOD2 expression. (A-E) Osteosarcoma cells 
were incubated with a MST1 inhibitor (XMU MP1, 3 µM) for 30 min, or transfected with MST1 or MOB1 siRNAs for 24 h, then treated with APLN (3 ng/ml) for 24 h. The 
Transwell, qPCR and Western blot assays examined in vitro migratory activity and levels of PLOD2 expression. (F-G) 143B and MG-63 cell lines were transfected with MST1 or 
MOB1 siRNAs for 24 h, then MST1 and MOB1 expression was examined by Western blot. (H) The schema illustrates the involvement of MST1 and MOB1 in APLN-induced 
PLOD2 expression and the migration of osteosarcoma cells. * p < 0.05 compared with controls; # p < 0.05 compared with the APLN-treated group. 

 

YAP regulates APLN-induced increases in 
PLOD2 expression and osteosarcoma cell 
migration 

YAP is a major downstream effector of the 
Hippo pathway and its activation regulates target 
genes regulated to tissue growth and metastasis [47]. 
We therefore examined whether YAP is involved in 
the roles of APLN upon cell migration and PLOD2 
expression. Pretreating 143B and MG-63 cell lines 
with YAP inhibitors (verteporfin, and (R)-PFI 2 
hydrochloride) or transfecting the cells with a YAP 
siRNA reduced the effects of APLN upon cell 
migration, as well as the levels of PLOD2 mRNA and 
protein expression (Figure 5A-E). APLN-induced 
reductions in YAP phosphorylation. (Figure 5F). By 
binding to YAP, 14-3-3 sequestered YAP in the 
cytoplasm, inhibiting the binding of YAP with 
transcriptional enhanced associate domain (TEAD) 
transcription factors [48]. The result revealed 
decreases in the interaction between YAP and 14-3-3 
when stimulated with APLN (3 ng/mL) for indicated 

times (Figure 5G). The transfection of 143B cells with 
MST1 and MOB1 siRNAs reduced APLN-enhanced 
binding of YAP to the PLOD2 promoter region 
(Figure 5H). These results indicate that YAP regulates 
APLN-induced increases in PLOD2 expression and 
migratory ability of osteosarcoma cells. 

APLN promotes PLOD2 expression and cell 
migration by downregulating miR-1303 

MiRNAs are capable of modulating protein- 
coding genes by binding to the 3’-UTR of mRNA and 
play vital roles in oncogenesis and metastasis of 
human cancers [49, 50]. The dysregulation of miRNAs 
affects angiogenesis induction, and invasion and 
metastasis activation [51]. We first searched six online 
databases to identify miRNAs that may modulate 
PLOD2 expression. Based on overlapping records 
from the miRWalk, miRanda, miRDB, miRMap, 
RNAhybrid, and TargetScan databases, we found that 
5 miRNAs (miR-330-3p, miR-513a-3p, miR-944, 
miR-1303, and miR-1305) bind to the 3’-UTR of 
PLOD2 (Figure 6A). Treatment of 143B cells with 
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APLN (3 ng/mL) manifestly decreased the expression 
of miR-1303 (Figure 6B). Treatment of 143B and 
MG-63 cell lines with APLN (0, 0.3, 1, or 3 ng/mL) 
inhibited miR-1303 levels in a concentration- 
dependent manner (Figure 6C). MiR-1303 mimic 
abolished APLN-induced promotion of cell migration 
and PLOD2 expression (Figure 6D-E). Analyses of the 
PLOD2 3’-UTR luciferase plasmids found that APLN 
enhanced luciferase activity of the wild-type PLOD2 
3′-UTR; APLN had no such effect upon the mutant 
PLOD2 3’-UTR (Figure 6F-G). MiR-1303 expression 
was manifestly downregulated in human 
osteosarcoma tissue compared with normal bone 
tissue (Figure 6H). These data demonstrate that APLN 
enhances PLOD2 expression and osteosarcoma cell 
migration by downregulating miR-1303 expression. 

APLN enhances PLOD2 expression and cell 
migration by regulating circ_0000004 sponging 
of miR-1303 

CircRNAs (circular RNAs) play important 
functions in cancer progression and are recognized to 
act as sponges for miRNAs, leading to the inhibition 

of miRNA function [52, 53]. Analysis of the Circular 
RNA Interactome predicted that 6 circRNAs 
(circ_0078767, circ_0094088, circ_0000004, 
circ_0000003, circ_0000051, and circ_0000090) bind to 
miR-1303 (Figure 7A). When we screened the 
expression of these circRNAs during APLN treatment 
(3 ng/mL) in osteosarcoma cells, hsa_circ_0000004 
exhibited the highest expression (Figure 7B). To 
investigate the function of hsa_circ_0000004 in 
osteosarcoma cells, we designed 3 siRNAs of 
hsa_circ_0000004. Transfection of cells with these 
siRNAs significantly decreased hsa_circ_0000004 
expression; hsa_circ_0000004 siRNA 1 had the 
greatest inhibitory effect (Figure 7C). Transfection of 
143B cells with hsa_circ_0000004 siRNA 1 reduced 
APLN-induced promotion of cell migration, PLOD2 
mRNA and protein expression (Figure 7D-F). To 
examine the interaction between hsa_circ_0000004 
and miR-1303, we constructed luciferase reporter 
plasmids harboring wild-type-hsa_circ_0000004 
(WT-hsa_circ_0000004) and mutant-hsa_circ_0000004 
(MUT-hsa_circ_0000004) (Figure 7G). Luciferase 
activity of WT-hsa_circ_0000004 was inhibited by 

 

 
Figure 5. The YAP pathway is related to APLN-induced osteosarcoma cell migration and increases PLOD2 expression. (A-D) Osteosarcoma cell lines were 
treated with YAP inhibitors (verteporfin 0.5 µM or (R)-PFI 2 hydrochloride 10 µM) for 30 min or transfected with a YAP siRNA for 24 h, then stimulated with APLN (3 ng/mL) 
for 24 h. The Transwell assay, qPCR and Western blot determined in vitro migration, PLOD2 mRNA and protein expression, respectively. (E) 143B and MG-63 cell lines were 
transfected with a YAP siRNA for 24 h, then YAP expression was examined by Western blot. (F) 143B cells were treated with APLN (3 ng/mL) for the indicated times, and 
phosphorylation of YAP was examined by Western blot. (G) The immunoprecipitation assay determined the interaction between YAP and 14-3-3 in the 143B cell line treated 
with APLN (3 ng/mL) for the indicated times. (H) ChIP and qPCR were performed to verify the regulatory interaction of YAP and the PLOD2 promoter. (I) The schema 
illustrates how APLN-induced YAP nuclear localization promoted PLOD2 expression and increased osteosarcoma cell migration. Data are represented as means ± SD. * p < 0.05 
compared with controls; # p < 0.05 compared with the APLN-treated group. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

419 

miR-1303, whereas MUT-hsa_circ_0000004 luciferase 
activity was not affected (Figure 7H). Results from the 
RNA pull-down assay indicated that a significant 
increase in hsa_circ_0000004 was pulled down by 
biotin-labeled miR-1303 when treated with APLN (3 
ng/mL), confirming that hsa_circ_0000004 directly 
binds to miR-1303 (Figure 7I). Further analyses 
indicated the upregulation of hsa_circ_0000004 
expression in human osteosarcoma tissue compared 
with normal tissue (Figure 7J). These results reveal 
that APLN promotes osteosarcoma cell migration and 
increases PLOD2 expression by upregulating 
hsa_circ_0000004 sponging of miR-1303. 

APLN knockdown inhibits osteosarcoma 
metastasis in a mouse model 

To confirm the effects of APLN upon 
osteosarcoma cell migration and PLOD2 expression in 
vivo, 143B/Luc cells stably expressing APLN short 
hairpin RNA (shRNA) were established. Western blot 
results showed that APLN and PLOD2 protein 
expression was significantly inhibited in 143B/ 
shAPLN-Luc cells stably expressing APLN shRNA 
compared with 143B/Luc control cells (Figure 8A-B) 
and cell migration was dramatically reduced (Figure 
8C). To understand the in vivo effects of APLN 
knockdown in lung metastasis, 143B/Luc cells or 

 

 
Figure 6. APLN increases PLOD2 expression, which promotes osteosarcoma cell migration by downregulating miR-1303 expression. (A) An analysis of 6 
miRNA prediction databases pedicted 5 miRNAs that bind with PLOD2 (B) The 143B cell line was treated with APLN (3 ng/mL) and miRNAs were screened using a qPCR assay. 
(C) 143B and MG-63 cell lines were treated with different concentration of APLN (1, 0.3, 1, 3 ng/mL) for 24 h and miR-1303 expression was examined by qPCR. (D-E) Cells 
were transfected with miR-1303 mimic or control mimic for 24 hours, the treated with APLN (3 ng/mL) for 24 h. Transwell assay and Western blot examined the in vitro 
migration and PLOD2 protein expression. (F) The wild-type and mutant-PLOD2 3’-UTRs contained the miR-1303 binding site. (G) 143B cells were transfected with the 
WT-PLOD2 3’-UTR plasmid or MUT-PLOD2 3’-UTR plasmid for 24 h, then stimulated with APLN (3 ng/mL) for 24 h, and relative luciferase activity was measured. (H) Levels 
of miR-1303 expression in normal bone tissue and human osteosarcoma tissue were examined by qPCR. * p < 0.05 compared with controls; # p < 0.05 compared with the 
APLN-treated group. 
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143B/shAPLN-Luc cells were injected into the lateral 
tail vein of each mouse, and tumor metastasis was 
monitored by bioluminescence imaging. APLN 
knockdown significantly inhibited the development 
of lung metastasis (Figure 8D-E). The mice were 
sacrificed at 9 weeks after the injections. Ex vivo 
imaging of the lungs showed that mice injected with 
143B/Luc cells were significantly more likely to have 

lung metastasis than mice injected with 143B/ 
shAPLN-Luc cells (Figure 8F-G). IHC staining 
indicated that the levels of APLN and PLOD2 protein 
expression were manifestly increased in the 
143B/Luc-injected mice group compared with the 
143B/shAPLN-Luc-injected mice (Figure 8H-J). These 
results confirm that inhibition of APLN diminishes 
osteosarcoma metastasis to the lung. 

 

 
Figure 7. APLN enhances osteosarcoma cell migration and increases PLOD2 expression by upregulating circ_0000004 sponging of miR-1303. (A) 
circRNAs predicted by the Circular RNA Interactome to act as sponges of miR-1303. (B) The 143B cells were treated with APLN (3 ng/mL) and circRNAs were screened by 
qPCR. (C) 143B cells were transfected with 3 siRNAs of hsa_circ_0000004 for 24 h and hsa_circ_0000004 expression was examined by qPCR. (D-F) Osteosarcoma cells were 
transfected with circ_0000004 siRNA 1 for 24 h, then treated with APLN (3 ng/mL) for 24 h. The Transwell assay and Western blot examined in vitro cell migration, and PLOD2 
mRNA and protein expression. (G) Schematic presents the hsa_circ_0000004 sequence containing the miR-1303 binding site. (H) 143B cell lines were transfected with 
WT-hsa_circ_0000004 plasmid or MUT-hsa_circ_0000004 plasmid, then transfected with control mimic or miR-1303 mimic for 24 h and relative luciferase activity was 
measured. (I) hsa_circ_0000004 was pulled down with biotin-labeled miR-1303 by the RNA pull-down assay. (J) Levels of miR-1303 expression in normal bone tissue and human 
osteosarcoma tissue were examined by qPCR. * p < 0.05 compared with controls. 
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Figure 8. Knockdown of APLN suppresses lung metastasis. 143B/Luc cells stably expressing control-shRNA or APLN-shRNA were established. (A-B) APLN and 
PLOD2 protein expression was determined by Western blot. (C) Migration of 143B/Luc and 143B/shAPLN-Luc cells was examined by the Transwell assay. (D) 143B/Luc or 
143B/shAPLN-Luc cells were injected into the lateral tail veins of Balb/c nude mice, and lung metastasis was monitored by bioluminescence imaging. (E) Quantification of in vitro 
bioluminescence imaging. (F-G) At 9 weeks after injection, the mice were sacrificed and the lung tissues were excised, photographed, and quantified for 143B/Luc and 
143B/shAPLN-Luc expression. (H) IHC staining of APLN and PLOD2 expression in lung tumors. L, lung tissue; T, tumor. (I-J) Quantification of APLN and PLOD2 expression 
in IHC images. * p < 0.05 compared with 143B/Luc-control cells. 

 

Discussion 
Osteosarcoma is a highly malignant tumor that 

exhibits high proclivity for a local invasion of bone 
and metastasis of the lung [54]. Metastasis is the chief 
cause of death in osteosarcoma [55] and it is therefore 
necessary to clearly understand the molecular 
mechanisms underlying metastatic osteosarcoma for 
the development of effective therapeutic interven-
tions. Our results found that APLN increases the 
expression of PLOD2 in osteosarcoma tissue, and 
thereby promotes osteosarcoma cell migration and 
induces osteosarcoma metastasis. Our investigations 
also revealed that the levels of APLN and PLOD2 
expression are positively associated with tumor 
staging in patients with osteosarcoma. APLN induced 
the upregulation of PLOD2 expression via the Hippo 
signaling pathway and by upregulating the 
hsa_circ_0000004/miR-1303 axis. APLN appears to be 
an appropriate therapeutic target for osteosarcoma. 

APLN, an adipokine secreted from adipose 

tissue, plays critical roles in many human cancers [56]. 
Levels of APLN mRNA expression are higher in 
non-small cell lung cancer tissue than those in normal 
lung tissue and upregulation of APLN protein 
expression is related to poor overall survival of 
patients [26]. APLN has previously been shown to 
stimulate tumor metastasis. APLN promotes the 
migration of gastric cancer cells [31], while in lung 
adenocarcinoma, apelin-13 (a 13-amino acid 
oligopeptide that serves as the ligand for the APLN 
receptor) enhances cancer cell migration via 
phosphorylation of the PAK1-cofilin signaling 
pathway [30]. Apelin-13 induces breast cancer cell 
proliferation and invasion through the ERK1/2/AIB1 
signaling pathway [57]. In addition, apelin-13 can 
induce lymph node metastasis in mice transplanted 
with APLN-overexpressing melanoma cells [58] and 
high levels of APLN expression in bladder tumor 
tissue are associated with a higher tumor stage and a 
higher probability of distant metastasis, as well as 
vascular invasion [59]. In this study, we found that 
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APLN enhances human osteosarcoma cell migration 
and the development of lung metastasis was inhibited 
in mice injected with APLN knockdown cells. 

Metastasis is a key cause of cancer-associated 
deaths and includes a complex multistep process. The 
ECM has a crucial role at many stages during tumor 
progression, especially in metastatic tumors [17]. The 
deposition of modified collagen in the ECM is a 
critical factor in the motility of tumor cells in many 
cancers [60]. PLOD2, a collagen-modifying enzyme, is 
highly expressed in many cancer types such as bone 
[15], glioblastoma [13], and hepatocellular carcinoma 
[61]. By affecting collagen cross-links surrounding 
tumors, PLOD2 is associated with cancer progression 
[62]. PLOD2 can enhance the development of a 
fibrous microenvironment and thus promote cell 
survival and pulmonary metastasis in breast cancer 
[63]. Previous report has demonstrated that 
upregulation of PLOD2 expression is associated with 
lymph node metastasis, lung metastasis, as well as 
poor outcomes in osteosarcoma [38]. Our study is the 
first to explain the association between PLOD2 
expression and tumor stages in osteosarcoma tissue. 
An inhibitor of PLOD2 (minoxidil) can suppress 
sarcoma metastasis [64]. Similarly, our study shows 
that minoxidil suppresses APLN-induced promotion 
of PLOD2 expression, leading to the inhibition of 
osteosarcoma cell migration. Our evidence 
demonstrates that APLN enhances PLOD2-dependent 
metastatic osteosarcoma. Thus, PLOD2 is a promising 
molecular target for the treatment of osteosarcoma 
metastases. 

Investigations involving circRNAs have revealed 
their crucial roles in numerous biological processes, 
such as the initiation, progression, and metastasis of 
cancer [65]. Notably, circRNAs can act as miRNA 
sponges and thereby affect downstream target gene 
and protein expression in many different cancers [52]. 
For instance, circNASP inhibits the availability of 
miR-1253 and thus promotes the expression of FOXF1 
in osteosarcoma cells, stimulating their proliferative 
and invasive activities [66]. Moreover, circRNA 
cSMARCA5 reduces hepatocellular carcinoma 
metastasis by sponging miR-17-3p and miR-181b-5p, 
and increasing TIMP3 [67]. Our study concentrated on 
the role of circ_0000004 upon the migration of 
osteosarcoma cells. We observed significant 
reductions in miR-1303 expression after APLN 
treatment. Moreover, we also demonstrated that 
circ_0000004 competitively binds to miR-1303, 
preventing the binding of miR-1303 to PLOD2 and 
thus increasing PLOD2 expression. The results 
indicate that circ_0000004 acts as a sponge of 
miR-1303 and thus facilitates APLN-induced 
osteosarcoma cell migration and increases PLOD2 

expression. 
Hippo signaling controls organ size, cell 

regeneration, and contributes to tumorigenesis [68]. 
The dysfunction of MST1 and MOB1 in the canonical 
mammalian Hippo pathway promotes cancer 
metastasis [45, 46]. In this study, we found that 
knockdown of MST1 and MOB1 inhibited PLOD2 
expression. As a major downstream effector of the 
Hippo pathway, the activation of YAP regulates 
target genes that mediate osteosarcoma tissue growth 
and metastasis [69, 70]. We found that inhibition of 
YAP expression significantly reduced levels of 
PLOD2 expression and osteosarcoma cell migration, 
while transfecting osteosarcoma cells with MST1 and 
MOB1 siRNAs significantly reduced APLN-induced 
promotion of YAP binding to the PLOD2 promoter 
region. The MST1/MOB1/YAP pathway is therefore 
involved in APLN-induced increases in PLOD2 
mRNA expression and cell migration. Dysregulation 
of the Hippo pathway is associated with many human 
diseases, including cancer [71]. Various intracellular 
signals, including inflammation, oxidative damage 
and growth factors, regulate the functions of YAP and 
TAZ [72, 73]. Dephosphorylated YAP translocates to 
the nucleus and thereby activates genes involved in 
cell proliferation [74]. Knockdown of the regulator of 
G-protein signaling 12 (RGS12) gene expression in 
osteosarcoma cells prevented YAP phosphorylation 
and inhibited lung metastasis [70]. In our study, we 
found that stimulating cells with APLN prevented 
YAP phosphorylation, YAP-14-3-3 binding and 
osteosarcoma cell migration. Transfecting the cells 
with siRNAs silenced the expression of MST1 and 
MOB1, which significantly inhibited YAP 
translocation into the nucleus. The underlying 
mechanism of this process has yet to be clarified. 

Several studies have indicated a link between the 
Hippo pathway and circRNAs, where circRNAs 
perform as competing endogenous RNAs (ceRNAs) to 
regulate miRNA functions [75]. For example, YAP, 
TEAD1, and the mutant p53 complex increases 
circPVT1 expression, inhibiting the expression of 
miR-497-5p and thereby enhance head and neck 
squamous cell carcinoma proliferation [76]. A 
limitation of our research is that we have not 
determined any link between the Hippo signaling 
pathway and hsa_circ_000004/miR-1303 axis in 
osteosarcoma. Further research into this aspect is 
necessary. 

Finally, some limitations should be noted in this 
study. Firstly, the study results could have been 
strengthened statistically by using more osteosarcoma 
cell lines. Ideally, we would have used the Biomax 
OS208a tissue microarray containing 22 cases of 
human osteosarcoma and 9 adjacent normal tissue 
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samples, but this array is out of stock. We could 
therefore only use the OS804D array, which contains 
two stage IVB osteosarcoma tissue samples (showing 
significantly high levels of APLN expression). Our 
search for more such samples identified the OR803 
array, which also contains two stage IVB osteo-
sarcoma tissue samples, but the clinicopathologic data 
(age, sex and pathology diagnoses) appear to match 
those of the OS804D samples. Thus, our study was 
unable to analyze more than two stage IVB 
osteosarcoma tissue samples. Moreover, the two cell 
lines used in this study behave differently in humans, 
with one (143B) being more likely to cause metastases. 
Secondly, although our data strongly suggest that 
APLN promotes PLOD2-mediated cell migration in 
OSCC in vitro, we cannot exclude the possibility that 
APLN also promotes the activities of other factors that 
influence metastasis, such as vascular endothelial 
growth factor, integrin and epithelial-mesenchymal 
transition (EMT)-associated proteins. Thirdly, the 
injection of osteosarcoma cells into the tail vein for 
initiating metastases in the lung tissue may ignore the 
complexity of the metastasis process that depends 

upon the primary tumor, the tumor microenviron-
ment and secondary organs. 

In conclusion, our study demonstrates that 
APLN promotes PLOD2 expression and the migration 
of human osteosarcoma cells via the MST1, MOB1 and 
YAP signaling cascades and hsa_circ_0000004/ 
miR-1303 axis (Figure 9). APLN appears to be a 
promising target in metastatic osteosarcoma. 
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Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

424 

Ethics Approval and Consent to Participate 
The study was conducted according to the 

guidelines of the Declaration of Helsinki, and 
approved by the Institutional Review Board of China 
Medical University Hospital (protocol code CMUH 
104-REC3-110). 

All animal procedures were approved and 
performed according to guidance issued by the 
Institutional Animal Care and Use Committee of 
China Medical University (Approval no. 
CMUIACUC-2019-079). 

Author Contributions 
Conceptualization, HCT; Methology, CYL; 

Formal analysis, intvestigation, and writing -original 
draft, NTNT; Resources, CHT, YCF and SCL; Dat 
curation, CYL, NTNT, YCF and CHT; Validation, 
SCL, YLH, CYL, and HCT; Supervision, YLH, and 
CHT; Visualization, CYL, and NTNT; Funding 
acquisition, HET, and CHT. All authors have read and 
approved the final manuscript. 

Data Availability Statement 
The data that were generated and analyzed in 

this study will be made available by the 
corresponding authors upon reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Tsai HC, Cheng SP, Han CK, Huang YL, Wang SW, Lee JJ, et al. Resistin 

enhances angiogenesis in osteosarcoma via the MAPK signaling pathway. 
Aging. 2019; 11: 9767-77. 

2. Fan TM, Roberts RD, Lizardo MM. Understanding and Modeling Metastasis 
Biology to Improve Therapeutic Strategies for Combating Osteosarcoma 
Progression. Frontiers in oncology. 2020; 10: 13. 

3. Taran SJ, Taran R, Malipatil NB. Pediatric Osteosarcoma: An Updated Review. 
Indian journal of medical and paediatric oncology : official journal of Indian 
Society of Medical & Paediatric Oncology. 2017; 38: 33-43. 

4. Lindsey BA, Markel JE, Kleinerman ES. Osteosarcoma Overview. 
Rheumatology and therapy. 2017; 4: 25-43. 

5. Ehnman M, Larsson O. Microenvironmental Targets in Sarcoma. Frontiers in 
oncology. 2015; 5: 248. 

6. Cui J, Dean D, Hornicek FJ, Chen Z, Duan Z. The role of extracelluar matrix in 
osteosarcoma progression and metastasis. Journal of experimental & clinical 
cancer research : CR. 2020; 39: 178. 

7. Provenzano PP, Eliceiri KW, Campbell JM, Inman DR, White JG, Keely PJ. 
Collagen reorganization at the tumor-stromal interface facilitates local 
invasion. BMC medicine. 2006; 4: 38. 

8. Chen Y, Terajima M, Yang Y, Sun L, Ahn YH, Pankova D, et al. Lysyl 
hydroxylase 2 induces a collagen cross-link switch in tumor stroma. The 
Journal of clinical investigation. 2015; 125: 1147-62. 

9. Gilkes DM, Bajpai S, Chaturvedi P, Wirtz D, Semenza GL. Hypoxia-inducible 
factor 1 (HIF-1) promotes extracellular matrix remodeling under hypoxic 
conditions by inducing P4HA1, P4HA2, and PLOD2 expression in fibroblasts. 
The Journal of biological chemistry. 2013; 288: 10819-29. 

10. Ueki Y, Saito K, Iioka H, Sakamoto I, Kanda Y, Sakaguchi M, et al. PLOD2 Is 
Essential to Functional Activation of Integrin β1 for Invasion/Metastasis in 
Head and Neck Squamous Cell Carcinomas. iScience. 2020; 23: 100850. 

11. Qi Y, Xu R. Roles of PLODs in Collagen Synthesis and Cancer Progression. 
Frontiers in cell and developmental biology. 2018; 6: 66. 

12. Reis PP, Waldron L, Goswami RS, Xu W, Xuan Y, Perez-Ordonez B, et al. 
mRNA transcript quantification in archival samples using multiplexed, 
color-coded probes. BMC biotechnology. 2011; 11: 46. 

13. Dong S, Nutt CL, Betensky RA, Stemmer-Rachamimov AO, Denko NC, Ligon 
KL, et al. Histology-based expression profiling yields novel prognostic 

markers in human glioblastoma. Journal of neuropathology and experimental 
neurology. 2005; 64: 948-55. 

14. Miyamoto K, Seki N, Matsushita R, Yonemori M, Yoshino H, Nakagawa M, et 
al. Tumour-suppressive miRNA-26a-5p and miR-26b-5p inhibit cell 
aggressiveness by regulating PLOD2 in bladder cancer. British journal of 
cancer. 2016; 115: 354-63. 

15. Blanco MA, LeRoy G, Khan Z, Alečković M, Zee BM, Garcia BA, et al. Global 
secretome analysis identifies novel mediators of bone metastasis. Cell 
research. 2012; 22: 1339-55. 

16. Eisinger-Mathason TS, Zhang M, Qiu Q, Skuli N, Nakazawa MS, Karakasheva 
T, et al. Hypoxia-dependent modification of collagen networks promotes 
sarcoma metastasis. Cancer discovery. 2013; 3: 1190-205. 

17. Du H, Chen Y, Hou X, Huang Y, Wei X, Yu X, et al. PLOD2 regulated by 
transcription factor FOXA1 promotes metastasis in NSCLC. Cell death & 
disease. 2017; 8: e3143. 

18. Wysocka MB, Pietraszek-Gremplewicz K, Nowak D. The Role of Apelin in 
Cardiovascular Diseases, Obesity and Cancer. Frontiers in physiology. 2018; 9: 
557. 

19. Lee DK, Cheng R, Nguyen T, Fan T, Kariyawasam AP, Liu Y, et al. 
Characterization of apelin, the ligand for the APJ receptor. Journal of 
neurochemistry. 2000; 74: 34-41. 

20. Zhang L, Takara K, Yamakawa D, Kidoya H, Takakura N. Apelin as a marker 
for monitoring the tumor vessel normalization window during antiangiogenic 
therapy. Cancer science. 2016; 107: 36-44. 

21. Tatemoto K, Takayama K, Zou MX, Kumaki I, Zhang W, Kumano K, et al. The 
novel peptide apelin lowers blood pressure via a nitric oxide-dependent 
mechanism. Regulatory peptides. 2001; 99: 87-92. 

22. Bertrand C, Valet P, Castan-Laurell I. Apelin and energy metabolism. 
Frontiers in physiology. 2015; 6: 115. 

23. Yang Y, Lv SY, Ye W, Zhang L. Apelin/APJ system and cancer. Clin Chim 
Acta. 2016; 457: 112-6. 

24. Cox CM, D'Agostino SL, Miller MK, Heimark RL, Krieg PA. Apelin, the ligand 
for the endothelial G-protein-coupled receptor, APJ, is a potent angiogenic 
factor required for normal vascular development of the frog embryo. 
Developmental biology. 2006; 296: 177-89. 

25. Kasai A, Shintani N, Oda M, Kakuda M, Hashimoto H, Matsuda T, et al. 
Apelin is a novel angiogenic factor in retinal endothelial cells. Biochemical and 
biophysical research communications. 2004; 325: 395-400. 

26. Berta J, Kenessey I, Dobos J, Tovari J, Klepetko W, Jan Ankersmit H, et al. 
Apelin expression in human non-small cell lung cancer: role in angiogenesis 
and prognosis. Journal of thoracic oncology : official publication of the 
International Association for the Study of Lung Cancer. 2010; 5: 1120-9. 

27. Hoffmann M, Fiedor E, Ptak A. Bisphenol A and its derivatives 
tetrabromobisphenol A and tetrachlorobisphenol A induce apelin expression 
and secretion in ovarian cancer cells through a peroxisome 
proliferator-activated receptor gamma-dependent mechanism. Toxicology 
letters. 2017; 269: 15-22. 

28. Hall C, Ehrlich L, Venter J, O'Brien A, White T, Zhou T, et al. Inhibition of the 
apelin/apelin receptor axis decreases cholangiocarcinoma growth. Cancer 
letters. 2017; 386: 179-88. 

29. Heo K, Kim YH, Sung HJ, Li HY, Yoo CW, Kim JY, et al. Hypoxia-induced 
up-regulation of apelin is associated with a poor prognosis in oral squamous 
cell carcinoma patients. Oral oncology. 2012; 48: 500-6. 

30. Lv D, Li L, Lu Q, Li Y, Xie F, Li H, et al. PAK1-cofilin phosphorylation 
mediates human lung adenocarcinoma cells migration induced by apelin-13. 
Clinical and experimental pharmacology & physiology. 2016; 43: 569-79. 

31. Feng M, Yao G, Yu H, Qing Y, Wang K. Tumor apelin, not serum apelin, is 
associated with the clinical features and prognosis of gastric cancer. BMC 
cancer. 2016; 16: 794. 

32. Lee H-P, Wu Y-C, Chen B-C, Liu S-C, Li T-M, Huang W-C, et al. 
Soya-cerebroside reduces interleukin production in human rheumatoid 
arthritis synovial fibroblasts by inhibiting the ERK, NF-κB and AP-1 signalling 
pathways. Food and Agricultural Immunology. 2020; 31: 740-50. 

33. Lee KT, Su CH, Liu SC, Chen BC, Chang JW, Tsai CH, et al. Cordycerebroside 
A inhibits ICAM-1-dependent M1 monocyte adhesion to osteoarthritis 
synovial fibroblasts. Journal of food biochemistry. 2022: e14108. 

34. Lee HP, Wang SW, Wu YC, Tsai CH, Tsai FJ, Chung JG, et al. 
Glucocerebroside reduces endothelial progenitor cell-induced angiogenesis. 
Food Agr Immunol. 2019; 30: 1033-45. 

35. Lee H-P, Liu S-C, Wang Y-H, Chen B-C, Chen H-T, Li T-M, et al. 
Cordycerebroside A suppresses VCAM-dependent monocyte adhesion in 
osteoarthritis synovial fibroblasts by inhibiting MEK/ERK/AP-1 signaling. J 
Funct Foods. 2021; 86: 104712. 

36. Chiu YC, Yang RS, Hsieh KH, Fong YC, Way TD, Lee TS, et al. Stromal 
cell-derived factor-1 induces matrix metalloprotease-13 expression in human 
chondrocytes. Molecular pharmacology. 2007; 72: 695-703. 

37. Liu SC, Tsai CH, Wu TY, Tsai CH, Tsai FJ, Chung JG, et al. Soya-cerebroside 
reduces IL-1 beta-induced MMP-1 production in chondrocytes and inhibits 
cartilage degradation: implications for the treatment of osteoarthritis. Food 
Agr Immunol. 2019; 30: 620-32. 

38. Cao F, Kang XH, Cui YH, Wang Y, Zhao KL, Wang YN, et al. [Upregulation of 
PLOD2 promotes invasion and metastasis of osteosarcoma cells]. Zhonghua 
zhong liu za zhi [Chinese journal of oncology]. 2019; 41: 435-40. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

425 

39. Liu L, Yi X, Lu C, Wang Y, Xiao Q, Zhang L, et al. Study Progression of 
Apelin/APJ Signaling and Apela in Different Types of Cancer. Frontiers in 
oncology. 2021; 11: 658253. 

40. Abate ME, Longhi A, Galletti S, Ferrari S, Bacci G. Non-metastatic 
osteosarcoma of the extremities in children aged 5 years or younger. Pediatric 
blood & cancer. 2010; 55: 652-4. 

41. Espinosa-Sánchez A, Suárez-Martínez E, Sánchez-Díaz L, Carnero A. 
Therapeutic Targeting of Signaling Pathways Related to Cancer Stemness. 
Frontiers in oncology. 2020; 10: 1533. 

42. Cao J, Zhang M, Wang B, Zhang L, Fang M, Zhou F. Chemoresistance and 
Metastasis in Breast Cancer Molecular Mechanisms and Novel Clinical 
Strategies. Frontiers in oncology. 2021; 11: 658552. 

43. Yang C, Tian Y, Zhao F, Chen Z, Su P, Li Y, et al. Bone Microenvironment and 
Osteosarcoma Metastasis. International journal of molecular sciences. 2020; 21. 

44. Otoukesh B, Abbasi M, Gorgani HO, Farahini H, Moghtadaei M, Boddouhi B, 
et al. MicroRNAs signatures, bioinformatics analysis of miRNAs, miRNA 
mimics and antagonists, and miRNA therapeutics in osteosarcoma. Cancer 
cell international. 2020; 20: 254. 

45. Janse van Rensburg HJ, Yang X. The roles of the Hippo pathway in cancer 
metastasis. Cellular signalling. 2016; 28: 1761-72. 

46. Ni L, Zheng Y, Hara M, Pan D, Luo X. Structural basis for Mob1-dependent 
activation of the core Mst-Lats kinase cascade in Hippo signaling. Genes & 
development. 2015; 29: 1416-31. 

47. Zygulska AL, Krzemieniecki K, Pierzchalski P. Hippo pathway - brief 
overview of its relevance in cancer. Journal of physiology and pharmacology : 
an official journal of the Polish Physiological Society. 2017; 68: 311-35. 

48. Freeman AK, Morrison DK. 14-3-3 Proteins: diverse functions in cell 
proliferation and cancer progression. Seminars in cell & developmental 
biology. 2011; 22: 681-7. 

49. Paladini L, Fabris L, Bottai G, Raschioni C, Calin GA, Santarpia L. Targeting 
microRNAs as key modulators of tumor immune response. Journal of 
experimental & clinical cancer research : CR. 2016; 35: 103. 

50. Sambandan S, Akbalik G. Activity-dependent spatially localized miRNA 
maturation in neuronal dendrites. 2017; 355: 634-7. 

51. Peng Y, Croce CM. The role of MicroRNAs in human cancer. Signal 
transduction and targeted therapy. 2016; 1: 15004. 

52. Lin J, Zhang Y, Zeng X, Xue C, Lin X. CircRNA CircRIMS Acts as a MicroRNA 
Sponge to Promote Gastric Cancer Metastasis. ACS omega. 2020; 5: 23237-46. 

53. Panda AC. Circular RNAs Act as miRNA Sponges. Advances in experimental 
medicine and biology. 2018; 1087: 67-79. 

54. Yang SF, Lee WJ, Tan P, Tang CH, Hsiao M, Hsieh FK, et al. Upregulation of 
miR-328 and inhibition of CREB-DNA-binding activity are critical for 
resveratrol-mediated suppression of matrix metalloproteinase-2 and 
subsequent metastatic ability in human osteosarcomas. Oncotarget. 2015; 6: 
2736-53. 

55. Osborne TS, Khanna C. A review of the association between osteosarcoma 
metastasis and protein translation. Journal of comparative pathology. 2012; 
146: 132-42. 

56. Wan Y, Zeng ZC, Xi M, Wan S, Hua W, Liu YL, et al. Dysregulated 
microRNA-224/apelin axis associated with aggressive progression and poor 
prognosis in patients with prostate cancer. Human pathology. 2015; 46: 
295-303. 

57. Peng X, Li F, Wang P, Jia S, Sun L, Huo H. Apelin-13 induces MCF-7 cell 
proliferation and invasion via phosphorylation of ERK1/2. International 
journal of molecular medicine. 2015; 36: 733-8. 

58. Berta J, Hoda MA, Laszlo V, Rozsas A, Garay T, Torok S, et al. Apelin 
promotes lymphangiogenesis and lymph node metastasis. Oncotarget. 2014; 5: 
4426-37. 

59. Yang L, Li YL, Li XQ, Zhang Z. High Apelin Level Indicates a Poor Prognostic 
Factor in Muscle-Invasive Bladder Cancer. 2019; 2019: 4586405. 

60. Cheriyamundath S, Kumar A, Gavert N, Brabletz T, Ben-Ze'ev A. The 
Collagen-Modifying Enzyme PLOD2 Is Induced and Required during 
L1-Mediated Colon Cancer Progression. 2021; 22. 

61. Noda T, Yamamoto H, Takemasa I, Yamada D, Uemura M, Wada H, et al. 
PLOD2 induced under hypoxia is a novel prognostic factor for hepatocellular 
carcinoma after curative resection. Liver international: official journal of the 
International Association for the Study of the Liver. 2012; 32: 110-8. 

62. Gjaltema RAF, de Rond S, Rots MG, Bank RA. Procollagen Lysyl Hydroxylase 
2 Expression Is Regulated by an Alternative Downstream Transforming 
Growth Factor β-1 Activation Mechanism. The Journal of biological chemistry. 
2015; 290: 28465-76. 

63. Johansson AC, Ansell A, Jerhammar F, Lindh MB, Grénman R, 
Munck-Wikland E, et al. Cancer-associated fibroblasts induce matrix 
metalloproteinase-mediated cetuximab resistance in head and neck squamous 
cell carcinoma cells. Molecular cancer research: MCR. 2012; 10: 1158-68. 

64. Zuurmond AM, van der Slot-Verhoeven AJ, van Dura EA, De Groot J, Bank 
RA. Minoxidil exerts different inhibitory effects on gene expression of lysyl 
hydroxylase 1, 2, and 3: implications for collagen cross-linking and treatment 
of fibrosis. Matrix biology: journal of the International Society for Matrix 
Biology. 2005; 24: 261-70. 

65. Ji X, Shan L, Shen P, He M. Circular RNA circ_001621 promotes osteosarcoma 
cells proliferation and migration by sponging miR-578 and regulating VEGF 
expression. Cell death & disease. 2020; 11: 18. 

66. Huang L, Chen M, Pan J, Yu W. Circular RNA circNASP modulates the 
malignant behaviors in osteosarcoma via miR-1253/FOXF1 pathway. 
Biochemical and biophysical research communications. 2018; 500: 511-7. 

67. Yu J, Xu QG, Wang ZG, Yang Y, Zhang L, Ma JZ, et al. Circular RNA 
cSMARCA5 inhibits growth and metastasis in hepatocellular carcinoma. 
Journal of hepatology. 2018; 68: 1214-27. 

68. Astamal RV, Maghoul A, Taefehshokr S, Bagheri T, Mikaeili E, Derakhshani 
A, et al. Regulatory role of microRNAs in cancer through Hippo signaling 
pathway. Pathology, research and practice. 2020; 216: 153241. 

69. Morice S, Mullard M, Brion R, Dupuy M, Renault S, Tesfaye R, et al. The 
YAP/TEAD Axis as a New Therapeutic Target in Osteosarcoma: Effect of 
Verteporfin and CA3 on Primary Tumor Growth. Cancers. 2020; 12. 

70. Li Y, Liu M, Yang S, Fuller AM, Karin Eisinger-Mathason TS, Yang S. RGS12 is 
a novel tumor suppressor in osteosarcoma that inhibits YAP-TEAD1-Ezrin 
signaling. Oncogene. 2021; 40: 2553-66. 

71. Zinatizadeh MR, Miri SR, Zarandi PK, Chalbatani GM, Rapôso C, Mirzaei HR, 
et al. The Hippo Tumor Suppressor Pathway (YAP/TAZ/TEAD/MST/LATS) 
and EGFR-RAS-RAF-MEK in cancer metastasis. Genes & diseases. 2021; 8: 
48-60. 

72. Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ: hippo signaling 
and beyond. Physiological reviews. 2014; 94: 1287-312. 

73. Huang Y, Jedličková H, Cai Y, Rehman A, Gammon L, Ahmad US, et al. 
Oxidative Stress-Mediated YAP Dysregulation Contributes to the 
Pathogenesis of Pemphigus Vulgaris. Frontiers in immunology. 2021; 12: 
649502. 

74. Mao W, Mai J, Peng H, Wan J, Sun T. YAP in pancreatic cancer: oncogenic role 
and therapeutic strategy. Theranostics. 2021; 11: 1753-62. 

75. Shimoda M, Moroishi T. The Emerging Link between the Hippo Pathway and 
Non-coding RNA. Biological & pharmaceutical bulletin. 2020; 43: 1-10. 

76. Verduci L, Ferraiuolo M, Sacconi A, Ganci F, Vitale J, Colombo T, et al. The 
oncogenic role of circPVT1 in head and neck squamous cell carcinoma is 
mediated through the mutant p53/YAP/TEAD transcription-competent 
complex. Genome biology. 2017; 18: 237. 


