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ABSTRACT ARTICLE HISTORY
Osteosarcoma (OS) is the most common primary malignant bone tumor. Prospero homeobox 1 Received 26 September
(PROX1) is a key transcription factor involved in some cancers, but the role of PROX1 in OS is 2021

unclear. This study aimed to explore the clinical and biology significance of PROX1 in OS. Fifty-  Revised 22 December 2021
four OS tissues and matched nontumor tissues were collected to explore the relationship between ~ Accepted 24 December 2021
PROXT expression and clinical characteristics and prognosis. qRT-PCR and immunohistochemistry
were used to investigate the expression patterns of PROX1 in OS tissues and cells. CCK-8, wound
healing, and transwell assays were used to detect the effects of PROX1 on the proliferation,
migration, and invasion of OS cells. Transcriptome sequencing, bioinformatics analysis and gRT-
PCR were used to explore the regulatory network of PROX1. PROX1 was significantly higher in OS
tissues and cells compared to normal tissues and cell lines. In OS patients, high expression of
PROX1 was associated with Enneking stage (P < 0.001) and M classification (P < 0.001). High
PROX1 expression predicted a poorer overall survival (P = 0.0047). Compared with untreated cells,
OS cells overexpressing PROX1 showed higher proliferation, migration, and invasion abilities, while
knockdown of PROX1 suppressed these abilities. The results of Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis revealed that the down regulated genes were mainly
enriched in TNF signaling pathway, MAPK signaling pathway, and neuroactive ligand-receptor
interaction. High PROXT expression was significantly associated with poor overall survival in OS
patients. PROX1 may be a promising prognostic marker and therapeutic target for OS patients.
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Introduction : .
systemic chemotherapy and surgical treatment for

Osteosarcoma (OS) belongs to a malignant
mesenchymal tumor in which tumor cells can
directly differentiate into bone-like tissue or
immature bone tissue. It is the most common
primary intraosseous malignant tumor in children
and adolescents [1,2]. Primary osteosarcomas are
subtyped as surface and intramedullary/central OS
[3]. Osteosarcomas were subdivided into two cate-
gories including conventional OS (osteoblastic,
chondroblastic, and fibroblastic types) and other
rare variants (small cell, epithelioid, and telangiec-
tatic types) based on the current WHO classifica-
tion system. OS grows rapidly and shows high
metastatic potential [4]. The clinical prognosis of
metastatic patients is not optimistic, and the 5-year
survival rate is only 20% to 40% [5]. Finally, most
patients die of pulmonary metastasis progression
[6,7]. Although the development of comprehensive

OS is very promising in the past 40 years, the
therapy of OS still faces serious problems [8].
Many studies have tried to assess the risk of metas-
tasis or recurrence in patients with OS, but mole-
cular markers for early diagnosis and accurate
prognosis of OS patients have not been developed
yet [9]. Therefore, clarified biomarkers and mole-
cular mechanisms of the occurrence and develop-
ment of OS are crucial to OS therapy.

Prospero homeobox 1 (PROXI1), which is evo-
lutionarily conserved, is a key transcription factor
during embryonic organ development [10].
PROX1 is related to the differentiation, prolifera-
tion, and migration of stem cells during embryo-
nic development [11]. Dysfunction and abnormal
expression of PROXI are recently reported to
promote the malignant progression of different
cancer types by regulating tumor cell infiltration,
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migration, proliferation, differentiation, and
apoptosis [12]. PROX1 promotes the expansion
of colorectal cancer (CRC) stem cell population
to fuel tumor growth and ischemia resistance [13].
Recent studies showed that PROX1 could inhibit
the proliferation of hepatocellular carcinoma
(HCC) cells and reduced PROX1 expression was
associated with poor prognosis of HCC patients
[14]. However, the role of PROXI in OS is
unclear.

In this study, we aimed to explore the clinical
and biological significance of PROX1 in OS. We
analyzed the expression levels of PROX1 in OS,
the relationship between PROX1 expression and
clinical characteristics of OS patients, explored the
relevance of PROX1 to the proliferation, migra-
tion, and invasion of OS cells, and investigated the
biological significance of PROX1 in OS by tran-
scriptome sequencing of knockdown PROX1 OS
cells, bioinformatics analysis and qRT-PCR experi-
ments. We hypothesized that PROX1 was highly
expressed in OS patients, correlated with poor
clinical features of patients, promoted osteogenesis
and progression, and was a potential marker and
therapeutic target for patients with OS patients.

Materials and methods
Tissue specimens

This study was based on a series of OS patients
who underwent surgery in 2000-2016 at the
Department of Surgery, the First Affiliated
Hospital at Sun Yat-sen University. Formalin-
tixed and paraffin-embedded (FFPE) tissue sam-
ples were obtained from the archives of the
Department of Pathology. The OS tissues and adja-
cent non-cancerous tissues were retrieved from 54
conventional intramedullary ~ osteosarcoma
patients. These OS patients underwent tumor
resection and conventional postoperative che-
motherapy (methotrexate 12 g/m2, cisplatin
120 mg/m2, doxorubicin 75 mg/m2, and ifosfa-
mide 9 g/m2) at the Musculoskeletal Oncology
Center of Sun Yat-sen University (Guangzhou,
China). The pathological diagnosis of these OS
patients was determined according to the criteria
of the World Health Organization (WHO) by two
pathologists.

Immunohistochemistry (IHC)

The experimental steps were performed according
to reference [15]. The sections were deparaftinized
in xylene and rehydrated using a series of graded
alcohols, heated in citric buffer (pH 6.0) for
15 min in a microwave oven for antigen retrieval,
and blocked with 3% hydrogen peroxide. The sec-
tions were incubated overnight with rabbit anti-
human PROX-1 antibody (1/500, Abcam) in
a humidified container at 4°C, after 1 hour of pre-
incubation in 10% normal goat serum to prevent
nonspecific staining. After overnight incubation at
4°C, the slides were incubated with general immu-
nohistochemical secondary antibodies (Dako,
Carpinteria, CA, USA) for 30 minutes at 37°C in
a water bath and then visualized with DAB. The
staining intensity was scored from grade 0 to 3 (0,
negative; 1, pale yellow nuclear staining; 2, moderate
yellow staining; 3, brown staining). The percentage
of the stained area was scored as 3 (75%-100%), 2
(25%-75%), 1(10%-25%), 0(0-10%). The final score
(range 0-6) for PROX1 expression was calculated
according to the sum of the intensity score and area
scores. Cancer tissues possessing final scores of 0-3
and 4-6 were classified as exhibiting low and high
expression, respectively. All specimens were inde-
pendently evaluated by a pathologist.

Cell lines and culture conditions

The experimental steps were performed according to
reference [16]. The human OS cell lines (143B,
U20S, HOS, SAOS2) and human osteoblast cell
line (hFOB1.19) were provided by the Cell Bank of
Pathology Lab, The First Affiliated Hospital of Sun
Yat-sen University. These cells were plated in
Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, Grand Island, NY, USA), with 10% FBS
(Gibco, Grand Island, New York, USA), 100 pg/pL
streptomycin, and 100 pg/L penicillin in a humidi-
fied incubator at 37°C with 5% CQO,. Then, cells were
digested with EDTA that contains 0.25% trypsin
(I ~ 5 min in incubator) and passaged every 2 days.

siRNA knockdown

The 143B and U20S cells prepared for transfection
would be inoculated to a 6-well plate at a density



of 1 x 10° cells per well at a confluence of 30-50%
one day in advance. Culture the cells in a FBS-free
medium for starvation treatment about 2-3 hours
before transfection. Then, cells were transfected
with  siRNA  specific for PROXI, and
a nontargeting siRNA (siCTRL) (Guangzhou
RiboBio Co., Ltd.) with the Lipofectamine®
RNAIMAX Transfection Reagent (Invitrogen,
Carlsbad, CA) for at least 20 mins. The transfected
cells were cultured in a humidified incubator at
37°C with 5% CO, for 6 h, and then changed to
a medium containing FBS. Culture for 24-72 h
before other experiments. Cells were analyzed for
siRNA uptake using an inverted fluorescence
microscope (IX71; Olympus Corporation, Tokyo,
Japan). The primer sequences (purchased from
Guangzhou RiboBio Co., Ltd.) used for each target
gene were as follows:

PROXI1(sense5-CGA GAA GCC CAA ACC
AAA TG-3’, antisense5-TGG TGG CTG CTT
TGC TGT T-3’);

GAPDH (sense 5-GAC TCA TGA CCA CAG
TCC ATG C-3’, antisense 5-AGA GGC AGG
GAT GAT GTT CTG-3’) (internal control).

Quantitative real-time PCR (qRT-PCR) analysis

The experimental steps were performed according
to reference [17]. For gene transcription level ana-
lysis, Total RNA was extracted with TRIzol
(Invitrogen, Carlsbad, CA), and the cDNA tem-
plate was reverse transcribed using the Roche
Transcriptor First Strand c¢cDNA Synthesis Kit
(Roche Diagnostics, Mannheim, Germany). qRT-
PCR was performed with a FastStart Universal
SYBR Green Master (ROX) (Roche Diagnostics,
Mannheim, Germany) on a StepOne fast real-

Table 1. Primer sequences.
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time PCR system (Applied Biosystems). GAPDH
was used as the internal control to normalize the
target gene expression level. All data represent
three biologically independent samples. The pri-
mer sequences are detailed in Table 1. The relative
expression of the target genes was determined
using the 274" method.

Cell proliferation

The experimental steps were performed according
to reference [18]. For the cell growth experiment,
3,000 cells/well were seeded in triplicate in a 96-
well plate with a complete culture medium. Cells
were transfected with siRNA specific for PROX1
and controlled the next day. At 24, 36, 48, and
60 h post-transfection, Cell Counting Kit 8 (CCKS,
Keygent, Suzhou, China) in PBS at 5 mg/ml was
added into each well and cultured for 4 h at 37°C,
and the results were analyzed by an Automatic
Microplate Reader (BioTek, Vermont, USA) at
450 nm, before the 10 min, 150 pL DMSO treat-
ment which used to terminate the reaction.

Wound-healing assay

After transfection for 48 h, cells (1 x 10° cells/well)
were grown in a culture medium with 10% FBS
until reaching 100% confluence. A wound, which
was caused by 100 uL pipette tips, was introduced
across the diameter of each plate. Cell migration
was observed by microscopy at 0 and 48 h later.

Transwell assay

Pre-cooled 24-well plate, transwell plate (Costar,
Corning, NY, USA), and pipette at 4°C 2 h in

Gene Forward Reverse

PROX1 CGAGAAGCCCAAACCAAATG TGGTGGCTGCTTTGCTGTT
GAPDH GTGGACCTGACCTGCCGTCT GGAGGAGTGGGTGTCGCTGT
MMP28 TACCAACAGTTATGCGGCCTG CAAAGCGTTTCTTACGCCTCA
HNF1A CAGGTGATGAGCTACCAACC AGGGTTCTTCTGCCTCTCAT
HNF1B ACCAAGCCGGTCTTCCATACT GGTGTGTCATAGTCGTCGCC
WNT2 TCCAGATGTGATGCGTGC GAGTAGGACCCTGCCAAAA
CPz GCTTTGAGATCACGGTAGAGC TCCACGAAATTCAGGAGTGACT
FZD9 CCACATCCGCAAGATCATGA CATGTTGAGGCGTTCGTAGA
JAK3 CCTGATCGTGGTCCAGAGAG GCAGGGATCTTGTGAAATGTCAT
MMP8 GGAACGCACTAACTTGACCTA TGAGCATCTCCTCCAATACCT

B-catenin

GCAGTTCGCCTTCACTATGG

ATGTGCACGAACAAGCAACT
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advance of the experiment. The Matrigel
(Trevigen, Gaithersburg, MD, USA) that is stored
at —80°C should be taken out and placed at 4°C
overnight to dissolve. Diluted dissolved Matrigel
(10 mg/mL) with pre-cold and serum-free RMPI
1640 medium at 1:6. 100 pL Matrigel at working
concentration was added into the upper chamber
of the transwell plate and incubated at 37°C for
5 h. Removed the uncoagulated Matrigel gel, and
added 100 pL serum-free culture medium to each
well for hydration for 2 h. 50,000 cells at 24 h
post-transfection were seeded in the upper cham-
ber of the transwell plate per well and cultured
for 24 h. The lower chamber of the transwell
plate was plated with a complete growth med-
ium. Fixed with methanol for 15 min, the cells in
the upper chamber were stained with crystal vio-
let dye. The number of invaded cells was photo-
graphed and counted under an inverted phase-
contrast microscope.

Western blot analysis

The experimental steps were performed accord-
ing to reference [19]. Proteins were extracted
from whole cell lysates prepared on ice plates
using RIPA lysis buffer (Beyotime, Shanghai,
China). The cell debris was removed by centri-
fugation. The supernatant was heated to 95°C
for 5 min in a loading buffer containing 5% [-
mercaptoethanol. Then, the protein samples
were subjected to SDS-PAGE, and the fractio-
nated proteins were transferred to PVDF mem-
branes (Millipore, Bedford, MA, USA). Protein
blots were blocked with 5-10% milk at R.T. for
1 h. After TBST washing, protein blots were
then incubated with a specific primary antibody
O/N at 4°C. After being washed with TBST, the
protein blots were incubated with a specific
secondary antibody for 1 h at R.T. Proteins
were visualized using enhanced chemilumines-
cence (ECL) and analyzed with
a  chemiluminescence  imaging  analyzer
(ImageQuant LAS 4000, GE Healthcare, USA).
The primary antibodies were as follows: anti-
PROX-1 antibody (1:1000, Abcam, CA, USA),
anti-GAPDH (1: 3,000, Millipore Corp, #2118s,
MA, USA).

RNA-seq library preparation and transcriptome
sequencing

More than 1 pg total RNA of 143B cells that
interfered with siRNA specific for PROX1 was
selected for polyA+ RNA wusing Agencourt
RNAClean XP Beads (Beckman #A63987). And
paired-end next-generation sequencing libraries
were prepared using Illumina-supplied universal
adaptor oligos and PCR primers (NEB #E7530L).
Samples were subjected to transcriptome sequen-
cing (IIlumina NovaSeq PE150). Sequencing
libraries were generated using NEBNext® Ultra™
RNA Library Prep Kit for Illumina® (#E7530L,
NEB, USA) following the manufacturer’s recom-
mendations and index codes were added to attri-
bute sequences to each sample. The library
fragments were purified with QiaQuick PCR kit
and eluted with EB buffer, then terminal repair.
A-tailings and adapters added were implemented.
The target products were retrieved and PCR was
performed, then the library was completed. RNA
concentration of the library was measured using
Qubit® RNA Assay Kit in Qubit® 3.0 to preliminary
quantify and then dilute to 1ng/pL. Insert size was
assessed using the Agilent Bioanalyzer 2100 system
(Agilent Technologies, CA, USA), and the quali-
fied insert size was accurate quantification using
StepOnePlus™ Real-Time PCR System (Library
valid concentration >10 nM). The clustering of
the index-coded samples was performed on
a cBot cluster generation system using NovaSeq
6000 (Illumina) according to the manufacturer’s
instructions. After cluster generation, the libraries
were sequenced on an Illumina platform and 150
bp paired-end reads were generated. The sequen-
cing samples included four groups, namely,
untreated,  sh-control, = shPROXI-1,  and
shPROX1-2 groups.

Functional enrichment analysis

DEGSeq was used for differential gene expression
analysis to compare the gene expression of the
knockdown group (shPROXI1) and control group
(sh-control) [20]. The genes with [|log2
FoldChange|>0.5 and q < 0.05 were selected as
DEGs. Then, DAVID database (V6.8, https://
david.ncifcrf.gov/) was used to perform the Gene
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Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment ana-
lysis [21]. GO analysis contained three parts,
namely, BP (biological process), CC (cellular com-
ponent), and MF (molecular function) analysis.

PPI network and module analysis

STRING database (V11.5, http://string-db.org/)
was used to construct the PPI network of the
DEGs based on a confidence score >0.4 [22].
Then, the Cytoscape software (V 3.8.0) was con-
ducted to analyze and visualize the networks [23].
Besides, the Cytoscape plug-in Molecular Complex
Detection (MCODE) was performed to capture the
key modules of PPI network based on the para-
meters degree cutoff = 2, node score cutoff = 0.2,
and K-core = 2 [24].

Statistical analysis

Data are presented as mean * standard deviation
(SD) of 3 independent experiments and all data
were processed using GraphPad Prism 8.0.1 (San
Diego, CA, USA). x> test is used to analyze the
difference in clinical characteristics of patients
with OS. The Kaplan-Meier analysis was used to
evaluate the survival curve of patients, and log-
rank test was used to compare the difference
between curves. Other experimental data were
analyzed using t-test or ANOVA by SPSS 20.0.
P < 0.05 indicates statistical significance.

Results

In this study, we aimed to explore the clinical
significance of PROX1 expression and its role in
OS. We found that PROX1 was significantly
higher in OS tissues and cells compared to normal
tissues and cell lines. In OS patients, high expres-
sion of PROX1 was associated with Enneking stage
(P < 0.001) and M classification (P < 0.001). High
PROX1 expression predicted a poorer overall sur-
vival (P = 0.0047). Compared with untreated cells,
OS cells overexpressing PROXI showed higher
proliferation, migration, and invasion abilities,
while knockdown of PROX1 suppressed these abil-
ities. The results of enrichment analysis revealed
that the down regulated genes were mainly
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enriched in “TNF signaling pathway’, ‘MAPK sig-
naling pathway’, and ‘Neuroactive ligand-receptor
interaction’.

Expression of PROX1 and characteristics of OS
patients

We performed immunohistochemistry (IHC)
using 54 samples from follow-up patients diag-
nosed with conventional intramedullary OS,
meanwhile, 10 samples from osteoblastoma
patients were used as a negative control. The clin-
ical information of the 54 OS patients, including
gender, age, histological type, tumor size,
M classification, histological classification, and
Enneking stage, is summarized in Table 2.
PROX1 expression was found to be significantly
associated with age (P= 0.042), Enneking staging
(P< 0.001), and M classification (P< 0.001).
PROX1 was detected significantly positive expres-
sion among 35.2% (19 in 54 cases) OS cases
(Figure 1(a), Table 2); moderately expression in
the nucleus of tumor cells among 44.4% (24 in
54 cases) OS cases (Figure 1(b)); weakly or nega-
tive expression in the nucleus of tumor cells
among 20% (11 in 54 cases) OS cases (Figure 1
(c)). The expression of PROX1 was detected nega-
tive in the normal bone tissue adjacent to the
tumor (Figure 1(d)) and the control osteoblastoma
group (Figure 1(e)). Our data suggested that
PROX1 was highly expressed in OS tissues.

High PROX1 expression was associated with the
poor prognosis of OS patients

We compared the difference in PROXI expression
between patients with and without pulmonary
metastasis. Compared with those who have no
pulmonary metastasis, PROXI increased in the
tissues from patients with pulmonary metastasis
(Figure 2(a)). Kaplan-Meier survival analysis
revealed that PROXI overexpression was corre-
lated with shorter overall survival compared to
patients with negative or low PROXI expression
(P= 0.0047) (Figure 2(b)). These results showed
that PROX1 expression level in OS was negatively
correlated with the overall survival of OS patients.
High expression of PROXI may be a reason for the
poor prognosis of OS patients.
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Table 2. Relationship between PROX1 expression and clinical characteristics of OS patients.

Low expression

Characteristic Overall of PROX1 High expression of PROX1 Chi-square test P-value

n 54 35 19

Gender 0.570
Male 34 23 (42.6) 11 (20.4)
Female 20 12 (22.2) 8 (14.8)

Age (years) 0.042
<21 43 25 (46.3) 18 (33.3)
>21 1 10 (18.5) 1(1.9)

Enneking stage <0.001
A 4 4(7.4) 0(0)
1IB 28 24 (44.4) 4 (7.4)
A 2 0 (0) 2 (10.5)
B 20 7 (13.0) 13 (24.7)

M classification <0.001
Mo 32 28 (51.9) 4(7.4)
M1 22 7 (13.0) 15 (27.8)

Histology 0.194
Conventional osteosarcoma 45 20 (37.0) 25 (46.3)
Others 9 2 (3.7) 7 (13.0)

Death 0.851
No 35 23 (42.6) 12 (22.2)
Yes 19 12 (22.2) 7 (13.0)

Tumor Size 0.724
<5am 10 6 (11.1) 4 (7.4)
>5cm 44 29 (53.7) 15 (24.8)

Conventional osteosarcoma: osteoblastic, chondroblastic and fibroblastic types;

Others: small cell, epithelioid, and telangiectatic types.

Figure 1. PROXT expression was upregulated in OS tissues. (a) OS tissue with PROXT high expression. (b) OS tissue with PROX1
moderately expression. (c) OS tissue with PROXT weakly or negative expression. (d-e) The expression of PROX1 in normal bone tissue

adjacent to the tumor and control OS group. OS, osteosarcoma.

PROXT1 promotes the proliferation, migration,
and invasion of human OS cells

We detected the relative expression level of PROX1
among OS cell lines by qRT-PCR and Western
blot. Compared with hFOBI.19, the mRNA
expression levels of PROXI in 143B, U2, SAOS2,
and HOS2 were significantly increased (Figure 3(a)).

Consistent with this, the protein level of PROX1 was
also increased in OS cell lines (Figure 3(b)).
Moreover, the expression of PROX1 was varied
among different OS cell lines, in which 143B showed
the highest expression level.

The previous data showed that PROXI is nega-
tively correlated with the poor prognosis of OS
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Figure 2. High PROXT expression predicted poor prognosis in OS patients. (a) The correlationship between PROX7 expression and
metastasis in OS patients. (b) The overall survival of OS patients with high and low expression of PROX1. OS, osteosarcoma.
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Figure 3. Effects of PROXT knockdown on cell proliferation in OS cells. (a-b) gRT-PCR and Western blot analysis showed PROX7
expression in human osteoblast cell line (hFOB1.19) and four glioma cell lines (143B, U20S, HOS and SAQS2). (c) The relative siPROX1
expression in 143B cell. (d) Proliferation in 143B cell was detected by CCK8 assay. OS, osteosarcoma. (*p < 0.05, **p < 0.01,

**¥p < 0.001).

patients, which prompted us that PROXI might
play a significant role in OS progression. Thus,
we studied the relationship between PROXI
expression and the proliferation, migration, and

invasion of OS cells in vitro. Firstly, we detected the
efficiency of siRNA knockdown. The si-PROX1-2
showed a good knockdown efficiency in 143B
(Figure 3(c)). MTT assay showed that PROXI



2266 (&) D.LIUET AL

knockdown group had significantly decreased prolif-
eration in 143B cells (Figure 3(d)). However, in U2
cells, the PROX1I knockdown group showed no differ-
ence in proliferation with the control group
(Figure S1).

Wound healing test showed that PROX1 knock-
down in 143B cell lines resulted in a larger wound
area, while PROXI overexpression resulted in
a smaller wound area (Figure 4(a)). The results of
Transwell assay demonstrated that knockdown of
PROX1 inhibited the migration of 143B cells,
whereas the overexpression of PROX1 promoted
the invasion of 143B cells (Figure 4(b,c)). These
results indicated that the high expression of
PROXI in OS cells can promote tumor invasion
and migration, which could lead to the develop-
ment and metastasis of OS tumors.

The signal pathways related to PROX1

To further study the function of PROXI in OS, we
conducted transcriptome sequencing on 143B cells
with  PROXI  knockdown. We  performed
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a hierarchical aggregation analysis of differentially
expressed genes in different samples (Figure 5).
Compared with the control shRNA group, the
shPROX1-1 group had 1066 up regulated and 1128
down regulated genes (Table S1). The shPROX1-2
group had 1395 up regulated and 1414 down regulated
genes (Table S2). There were 1039 DEGs genes shared
by the two groups, including 468 up regulated and 571
down regulated genes (Table S3, Figure S2). The
results of GO analysis revealed that the DEGs were
mainly enriched in ‘PERK-mediated unfolded protein
response’, ‘plasma membrane’, and ‘amino acid trans-
membrane transporter activity’ (Figure 6(a)). The
results of KEGG analysis revealed that the pathways
enriched by down regulated genes mainly included
“INF signaling pathway’, ‘MAPK signaling pathway’,
and ‘Neuroactive ligand-receptor  interaction’
(Figure 6(b)).

PPI network construction and module analysis

The PPI network contained 681 nodes and 3712
edges (Figure 7(a)). Subsequently, the top three

Figure 4. Effects of PROX7 knockdown and overexpression on the migration and invasion of OS cells. (a) Wound healing assay was
used to detect the cell migration ability after PROXT knockdown or overexpression of 48 h in 143B cell. (b-c) Transwell assay showed
the invasion of 143B cells after transfection with PROX1 siRNA or overexpression plasmid. OS, osteosarcoma.
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Figure 5. The hierarchical aggregation analysis of DEGs in different samples. DEGs, differentially expressed genes.

modules in PPI network were selected for the next
analysis. MCODE in Cytoscape was used to per-
form module analysis. The module 1 included 15
nodes (HSPA2, ATF3, HSPAS8, CHACI, XBPI,
DDIT3, GRPEL2, HSPAI2A, TRIB3, HSPAIB,
CEBPG, HSPA5, ATF4, DNAJBI, HSPA1A) and
120 edges (Figure 7(b)). Module 2 included 12
nodes and 56 edges (Figure 7(c)). Module 3
included 12 nodes and 54 edges (Figure 7(d)).
Then, we performed enrichment analysis on the
genes in module 1. The genes in module 1 were
mainly enriched in ‘protein processing in endo-
plasmic reticulum’, ‘estrogen signaling pathway’,
and ‘MAPK signaling pathway’ (Figure S3).

Discussion

Recently, many studies reported that the abnormal
expression of PROXI is involved in the progres-
sion of many cancer types such as colon cancer,
hepatocellular carcinoma, neuroendocrine tumor,
pancreatic cancer, Kaposi’s sarcoma, breast cancer,
and glioma [25-27]. However, few studies
reported the function of PROXI in OS. The pre-
sent study explored the molecular mechanisms
and clinical significance of PROXI in the progres-
sion of OS.

PROXI is related to the occurrence of cancer
and acts as an oncogene or tumor suppressor gene
in a tissue-dependent manner [12]. OS occurs
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Figure 6. The results of GO and KEGG enrichment analysis of DEGs. (a) The results of GO analysis of DEGs. GO, gene ontology; BP,
biological process; CC, cellular component; MF, molecular function. (b) KEGG enrichment analysis results of DEGs. KEGG, Kyoto
Encyclopedia of Genes and Genomes. DEGs, differentially expressed genes.

mainly in children and adolescents aged 10-20
[28]. PROXI plays an important role in the inva-
sion and metastasis of human cancers [29,30]. In
this study, PROX1 was highly expressed in OS
tissues and cells. PROX1 expression was signifi-
cantly associated with age, Enneking staging, and
M classification in OS. PROX1 was mainly
expressed in the low-age OS group (<21 years).
High PROXI expression was associated with the
high Enneking stage. Compared with those who
have no pulmonary metastasis, PROXI increased
in the tissues from patients with pulmonary metas-
tasis. Kaplan-Meier survival analysis showed that
high expression of PROX1 suggested poor overall

survival. The findings suggest that high expression
of PROXI1 is related to the poor prognosis of OS
patients.

After knocking out PROXI, we performed tran-
scriptome sequencing on OS cells. Then, functional
enrichment analysis was performed to analyze the
signal pathways related to PROXI. The results of
KEGG analysis revealed that the DEGs mainly
enriched in TNF signaling pathway, MAPK signal-
ing pathway, and neuroactive ligand-receptor inter-
action. TNF signaling pathway is controlled by
competing ubiquitin conjugation and deubiquitina-
tion, which governs both proteasomal degradation
and signaling complex formation [31]. TNF
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Figure 7. PPI network and important modules of DEGs. (a) The PPI network of DEGs. The red circles represent upregulated DEGs and
blue circles represent downregulated DEGs. (b) The module 1 from the PPI network. (c) The module 2 from the PPl network. (d) The
module 3 from the PPI network. PPI, protein-protein interaction; DEGs, differentially expressed genes.

signaling pathway involves cell apoptosis, cell survi-
val, transcription regulation, and others [32].
Abnormal activation of the MAPK signaling path-
way has been confirmed to be related to the growth
and proliferation of tumor cells, including in OS
[33]. Neuroactive substances play a broad role in
almost all physiology and organ development [34].
Neuroactive ligand-receptor interactions might
serve a role in OS, partially by regulating the expres-
sion of GABA [35]. PPI network and key modules
were constructed to investigate the genes related to
PROX1I. The most important module contained 15
genes, and MAPK signaling pathway was one of the
pathways enriched by these genes. Enhanced expres-
sion of KIF4A in osteosarcoma predicts a poor prog-
nosis and facilitates tumor growth by activation of
the MAPK pathway [36]. This result emphasized
that the MAPK signaling pathway may be
a therapeutic target for OS. However, the specific
molecular mechanism by which PROX1 mediates
the occurrence of OS through the MAPK pathway
needs further investigation.

There are some limitations of this study. First,
the sample size of OS patients in this study was
small. Secondly, the specific molecular mechan-
ism of PROXI1-mediated osteosarcoma develop-
ment has not been elucidated. Therefore, there
is a need to enroll a larger clinical sample and
to demonstrate the clinical and biological signifi-
cance of PROXI1 through further experimental
studies.

Conclusions

In summary, our findings revealed that PROXI
was up regulated in OS and correlated with poor
prognosis. PROX1 promotes proliferation, migra-
tion, and invasion of osteosarcoma cells. PROX1 is
involved in signaling pathways including TNF sig-
naling pathway, MAPK signaling pathway, and
neuroactive ligand-receptor interaction. PROXI
may be a promising prognostic marker and ther-
apeutic target for OS patients.
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