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Abstract: Osteosarcoma (0S) represents a highly aggressive bone malignancy characterized by limited therapeutic
options, particularly in patients presenting with metastasis or recurrence. While the transcription factor Orthodenticle
homeobox 1 (OTX1) has been implicated in various cancers, its functional role and underlying mechanism in OS re-
main largely unknown. In this study, the expression level of OTX1 was examined in OS tissues and cell lines. Aberrant
upregulation of OTX1 was observed in OS, and this expression pattern was significantly correlated with unfavorable
prognosis in patients. Functional assays revealed that OTX1 overexpression enhanced the proliferation, migration,
and invasion abilities of OS cells. Mechanistic studies revealed that OTX1 acts as a transcriptional regulator, activat-
ing Prostaglandin-endoperoxide synthase 2 (PTGS2) expression. The upregulation of PTGS2 subsequently mediated
anti-apoptotic and pro-invasive phenotypes. Moreover, intervention with the PTGS2 inhibitor celecoxib counteracted
the tumor-promoting functions of OTX1 and demonstrated tumor-suppressive effects in in vivo OS models. Herein,
results demonstrate that OTX1 drives OS malignant progression by transcriptionally activating PTGS2, which in turn
modulates apoptosis- and invasion-related molecules. Targeting the OTX1/PTGS2 axis may represent a promising

therapeutic strategy for OS, particularly in high-risk patients with aberrant OTX1 expression.
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Introduction

0OS is the most common primary malignant
bone tumor, predominantly affecting children
and adolescents. Currently, the standard treat-
ment combining neoadjuvant chemotherapy
with surgical resection has increased the
5-year survival rate to 60%-70% for patients
with localized disease [1]. However, over the
past four decades, this survival rate has pla-
teaued without substantial improvement.
Approximately 30%-35% of initially localized
patients eventually experience recurrence, and
the long-term survival rate persists below 30%
following the onset of metastasis or recurrence
[2]. Numerous clinical trials exploring intensi-
fied chemotherapy or novel agents have failed
to fundamentally alter this dilemma [3-6].
Therefore, identifying key molecules that drive

OS malignancy has emerged as an important
research direction to break through the current
therapeutic bottleneck and improve patient
prognosis.

Transcription factors play a central regulatory
role in tumor biology, where they modulate
downstream gene networks to influence multi-
ple malignant phenotypes such as cell prolifera-
tion, differentiation, apoptosis, invasion, and
metastasis. In 0S, aberrant expression of vari-
ous transcription factors has been demonstrat-
ed to be closely associated with tumor progres-
sion. For example, as a key regulator of osteo-
genic differentiation, Runt-related transcription
factor 2 (RUNX2) promotes OS cell proliferation
and metastasis when overexpressed [7], while
AP-1 family members such as c-Fos and c-Jun
participate in OS tumorigenesis by activating
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multiple oncogenic genes [8, 9]. Moreover, cer-
tain Homeobox family transcription factors,
including members of the HOXD family, have
been found to be dysregulated in OS and linked
to altered patient prognosis [10]. These find-
ings suggest that dysregulation of the tran-
scriptional regulatory network constitutes an
important component in OS pathogenesis.

OTX4, an important member of the Homeobox
family, holds considerable significance in
embryonic development, particularly in the for-
mation of the brain and sensory organs [11].
Notably, OTX1 is aberrantly reactivated in vari-
ous adult malignancies and functions as an
oncogene. Studies have shown that in gliomas,
elevated OTX1 expression correlates with
advanced tumor grade and reduced patient
survival [12]. Furthermore, OTX1 enhances
tumor invasiveness through the promotion of
epithelial-mesenchymal transition. In hepato-
cellular carcinoma and gastric cancer, OTX1
has also been demonstrated to drive tumor cell
proliferation and metastasis by regulating relat-
ed signaling pathways [13, 14]. These findings
establish OTX1 as a pro-oncogenic transcrip-
tion factor across multiple cancer types.
However, the expression profile, biological func-
tions, and specific molecular mechanisms of
OTX1 in OS remain poorly elucidated.

Building upon this background, the present
study aimed to investigate the oncogenic role
of OTX1 in OS and delve into its underlying
mechanisms. Experimental results demon-
strate that OTX1 binds to the PTGS2 promoter
to activate its transcription. Concurrently, ele-
vated PTGS2 expression is associated with
enhanced tumor invasiveness and the suppres-
sion of apoptotic processes. Overall, this novel
discovery provides mechanistic insights into
OS malignant progression and lays the ground-
work for prognostic assessment and targeted
therapeutic strategies in OS.

Materiais and methods
Clinical samples

A total of 56 paired tumor tissues and matched
adjacent normal tissues were collected from
OS patients at Shanghai Changzheng Hospital
(Shanghai, China). All tissues were pathologi-
cally confirmed as OS. Following surgical resec-
tion, samples were immediately snap-frozen in
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liquid nitrogen and stored at -80°C or were
paraffin-embedded. Clinical and pathological
data were extracted from electronic medical
records. All patients provided written informed
consent prior to participation. The study was
approved by the Medical Ethics Committee of
Shanghai Changzheng Hospital (No. 2019-
SY116, June 16" 2019) and conducted in
accordance with the Declaration of Helsinki.

Western blot

Total protein was extracted using RIPA lysis
buffer. Proteins were separated by SDS-PAGE
and transferred onto PVDF membranes. The
membranes were blocked with 5% BSA at
room temperature for 1 h, followed by incuba-
tion with primary antibodies at 4°C overnight.
After three washes with TBST (10 min each) at
room temperature, the membranes were incu-
bated with secondary antibody at 37°C for 2
h. Protein bands were visualized by applying
chemiluminescence substrate (Thermo Fisher)
and detected using an ECL imaging system. All
experiments were performed in triplicate. The
primary antibodies used in this study were as
follows: antibodies against OTX1 (Proteintech,
Cat# 26595-1-AP, 1:600), B-Tubulin (Santa
Cruz Biotechnology, Cat# sc-5274, 1:1000),
IgG (Proteintech, Cat# 80015-1-RR, 1:5000),
Lamin B (RayBiotech Cat# 130-10954-500,
1:1000), PTGS2 (Abnova, Cat# HO0005743-
BO1P, 1:1000), Bcl-2 (RayBiotech, Cat# 102-
12182, 1:1000), Bax (Abcam, Cat# 182733,
1:2000), caspase-3 (Selleck, Cat# F1080,
1:5000), cleaved caspase-3 (Selleck, Cat#
FO135, 1:1000), MMP2 (RayBiotech, Cat#
144-62019-20, 1:500), MMP9 (Antibodies
Incorporated, Cat# 75-100, 1:1000), TIM-
P2 (Proteintech, Cat# 83938-3-RR, 1:5000),
and GAPDH (Proteintech, Cat# 60004-1-Ig,
1:50000). Secondary antibodies were ac-
quired from Proteintech (Cat# SA00001-17,
1:6000 and Cat# RGAMO0O01, 1:20000) (horse-
radish peroxide-conjugated).

Immunofluorescence (IF)

The tissue slices were treated with EDTA buffer
for antigen repair and subsequently blocked
with 3% BSA. Anti-OTX1 and anti-PTGS2 pri-
mary antibodies were applied dropwise to the
sections, and they were then incubated at
4°C overnight, followed by treatment with the
matching secondary antibody and incubation
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for 1 h at normal temperature. Immunofluo-
rescence was detected by a three-colour fluo-
rescence kit (Shanghai Recordbio Biological
Technology, Shanghai, China). Then, DAPI was
used to stain the nucleus. The images were
observed and collected under an inverted
micro-scope. The nucleus is dyed blue by DAPI,
OTX1 is coloured red, and PTGS2 is coloured
green.

Quantitative real-time PCR (qRT-PCR)

RNA extraction from the tissue samples was
performed by homogenization. Briefly, tissue
samples were cut into fragments and trans-
ferred into 2 ml tubes, followed by the addition
of TRIzol (1 ml) to each tube. The samples were
then subjected to homogenization, and the
supernatant was collected. The following steps
were performed according to the instructions
for TRIzol (Invitrogen Corporation, 15596-018).
For reverse transcription, we utilized the Evo
M-MLV RT Premix for qPCR kit. The reaction
mixture (20 ul) contained 1 ug of total RNA,
4 ul of 5% Evo M-MLV RT Premix, and RNase-
free water up to 20 ul. The reaction was carri-
ed out at 37°C for 15 min, followed by 85°C
for 5 sec to inactivate the enzyme. Subsequent
gPCR was performed using the SYBR Green
Premix Pro Taqg HS gPCR kit. Each 20 pl reac-
tion contained 10 ul of 2x SYBR Green Premix
Pro Taq HS, 0.4 ul each of forward and reverse
primers (10 yM), 2 ul of cDNA template (diluted
1:5), and 7.2 ul of RNase-free water. The qPCR
program was as follows: initial denaturation at
95°C for 30 s; followed by 40 cycles of 95°C
for 15 s (denaturation), 58°C for 20 s (anneal-
ing), and 72°C for 30 s (extension); fluores-
cence signal was acquired during the exten-
sion step. After amplification, a melting curve
analysis was performed from 60°C to 95°C
with a temperature increment of 0.5°C every 5
s to verify product specificity. B-Tubulin was
used as an internal control. All gPCRs were
conducted on a 7900HT Fast Real-Time PCR

System. Supplementary Table 1 lists the prim-
ers used.

Cell culture

All cell lines cultured in this study were obtain-
ed from American Type Culture Collection
(ATCC) and were cultured following the instruc-
tions from ATCC. hFOB 1.19 and MG63, 14 3B,
HOS, and Saos-2 cells were cultured in DMEM
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with 10% foetal bovine serum (FBS) and 1%
penicillin-streptomycin supplements at 37°C
and 5% CO, in a humidified atmosphere.
Plasmids and siRNAs were purchased from
Shanghai GeneChem (Shanghai, China). A den-
sity of 2 x 10° cells/well was used for culturing
OS cells. All cell lines were authenticated by
short tandem repeat analysis and confirmed to
be Mycoplasma-free.

Lentivirus packaging and infection

For lentivirus-related experiments, we trans-
fected HEK293T cells with the appropriate
lentiviral expression vector (pLVX-IRES-Puro-
OTX1 or pLKO.1-sh-OTX1-1/2) and packaging
plasmids (psPAX2 and pMD2.G) using Lipo-
fectamine 3000 transfection reagent. Each
virus-containing supernatant was collected 48
h upon transfection and infected with the tar-
get cells (143B and HOS) at 70% confluence.
Besides, 1 ug/mL puromycin was employed for
drug-based selection for one week.

Cell counting kit-8 assay (CCK-8)

Cell proliferation was assessed using the
CCK-8 (APExBIO, USA). Transfected HOS and
143B cells were seeded in 96-well plates
(1,000 cells/well) and incubated for O, 24, 48,
72 hours. CCK-8 reagent was added to each
well, and absorbance was measured at 450
nm.

5-Ethynyl-2’-deoxyuridine assay (EdU)

EdU incorporation was detected using the EdU
Cell Proliferation Kit (Beyotime, China). Cells
were incubated with EdU (50 uM) for 2 hours,
fixed with 4% paraformaldehyde, permeabiliz-
ed with 1% Triton X-100, and stained with
Azide594 and Hoechst 33342. Fluorescence
signals were visualized by confocal micros-

copy.

Wound healing assay

Cells were seeded in 6-well plates and cultured
until they reached approximately 90% conflu-
ence. A uniform, straight scratch was then cre-
ated across the cell monolayer using a sterile
200 pL pipette tip. The detached cells and
debris were removed by gently washing twice
with pre-warmed phosphate-buffered saline
(PBS). Subsequently, the cells were incubated
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in low-serum medium (containing 0.5% fetal
bovine serum) to minimize proliferation effects
while allowing migration. To track the same
field over time, reference marks were made on
the bottom of each well. Images of the wound
area were captured at 0, 12, and 24 hours
using microscope. The migration rate was
quantified by measuring the reduction in wound
width using ImageJ software.

Transwell assay

In a 24-well plate, the cell invasion assay was
carried out. Cell migration was assessed using
Transwell chambers (8-um pore). 5 x 10 cells
in 200 pyL serum-free medium were seeded
into the upper chamber, while the lower cham-
ber contained 600 uL complete medium with
10% FBS as a chemoattractant. After 24 h of
incubation, non-migrated cells on the upper
membrane surface were removed with a cott-
on swab. Cells on the lower surface were fixed
with 4% paraformaldehyde, washed with PBS,
stained with 0.1% crystal violet, and rinsed
again. After air-drying, migrated cells were
quantified by counting five random fields per
membrane under an inverted microscope.

Luciferase reporter assay

The putative promoter region of the target
gene was cloned into the pGL3-Basic vector to
generate the firefly luciferase reporter plasmid.
Cells (HEK293T) were co-transfected with this
reporter plasmid, an OTX1-overexpression or
control plasmid, and a Renilla luciferase plas-
mid (pRL-TK) as an internal control for normal-
ization. After 24-48 h of incubation, cells were
lysed, and firefly and Renilla luciferase activi-
ties were measured sequentially using a dual-
luciferase reporter assay system on a micro-
plate luminometer. The relative promoter activ-
ity was expressed as the ratio of firefly to
Renilla luciferase luminescence. Each experi-
ment was performed in triplicate and repeated
at least three times independently.

Flow cytometry

Cells were seeded in 6-well plates at a density
of 2 x 105 cells per well and treated with stau-
rosporine (1 uM) for 24 h. After treatment, cells
were harvested, washed with cold PBS, and
resuspended in 1x binding buffer. The cells
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were then stained with Annexin V-FITC and PI
for 15 min at room temperature in the dark.
Subsequently, 400 pL of binding buffer was
added, and the samples were analyzed on a
BD Accuri C6 flow cytometer. A minimum of
10,000 events were recorded per sample, and
apoptotic cells were quantified as the percent-
age of Annexin V-positive cells using FlowJo
software (version 10.8.1).

Chromatin immunoprecipitation followed by
polymerase chain reaction (ChIP-PCR)

Cells were crosslinked with 1% formaldehyde,
and chromatin was sheared to 200-1000 bp
by sonication. After pre-clearing, soluble chro-
matin was incubated overnight at 4°C with
specific antibody or control IgG, followed by
capture with Protein A/G beads. Beads were
washed sequentially with low-salt, high-salt,
LiCl, and TE buffers. Bound complexes were
eluted, crosslinks were reversed, and DNA
was purified. Target genomic regions were
amplified by PCR, and enrichment was calcu-
lated relative to Input and control samples. The
related Primers sequences are listed in

Supplementary Table 1.

Enzyme-linked immunosorbent assay (ELISA)

Briefly, after collecting the conditioned media
from each group (OTX1-overexpress, OTX1-
knockdown and vector), cell debris was
removed by centrifugation at 3000 rpm for 10
minutes at 4°C. A commercial PGE2 ELISA kit
(Solarbio, SEKH-0414) was employed accord-
ing to the manufacturer’s instructions. 100 pL
of standard dilutions or samples were added
to the 96-well plate pre-coated with anti-PGE2
antibody and incubated for 2 hours at room
temperature. After washing, a biotinylated
detection antibody was added for 1 hour, fol-
lowed by incubation with horseradish peroxi-
dase-conjugated streptavidin for 30 minutes.
The signal was developed using tetramethyl-
benzidine (TMB) substrate for 15-30 minutes
in the dark, and the reaction was stopped with
2 M H,SO,. The absorbance was read at 450
nm with a reference wavelength of 570 nm.
PGE2 concentrations were calculated from a
standard curve generated using serial dilutions
of the provided standard, and the values were
normalized to total cell number or total protein
content.
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RNA sequencing (RNA-seq)

RNA was isolated using TRIzol reagent, and
library construction was performed following
standard protocols. Sequencing was carried
out on the BGISEQ-500 platform (BGI, China).
For gene expression analysis, reads were nor-
malized to FPKM (Fragments Per Kilobase of
transcript per Million mapped reads). Genes
with a fold change > 2 and a false discovery
rate (FDR) < 0.001 were defined as significantly
differentially expressed. Gene Ontology (GO)
enrichment analysis was conducted using the
corresponding R package with these significant
genes as input.

In vivo study

Eight-week-old female Balb/c nude mice
were purchased from the Animal Center of
Shanghai Institute of Cell Biology (Shanghai,
China). Animals in each group received an
orthotopic injection into the tibial plateau with
143B cells (5 x 10° cells suspended in 100 pL
PBS) of distinct genetic backgrounds: empty
vector (Vector), OTX1-knockdown (OTX1-Sh),
and OTX1-overexpress (OTX1-OE). Tumor grow-
th was monitored every three days starting
from day 7 post-injection using a vernier cali-
per. Tumor volume was calculated according
to the formula: Volume = 0.52 x length x width.
Mice in the treatment group were admini-
stered celecoxib (25 mg/kg/day) via oral
gavage for two weeks. At the experimental
endpoint, all mice were euthanized by CO,
inhalation. Tumors were excised, weighed, and
photographed for further analysis. All animal
procedures were performed in accordance with
institutional animal welfare guidelines and
approved by the Institutional Animal Care and
Use Committee (IACUC) of lJiangsu Aniphe
Biolaboratory Inc (Approval No. 2023SY106;
Date: October 11, 2023).

Statistics

Statistical analyses were performed using
GraphPad Prism 7.0. All values are reported
as the mean * standard deviation (SD).
Differences between groups were analyzed by
one-way or two-way ANOVA, the Kaplan-Meier
method and log-rank test were used to com-
pare survival curves and determine statistical
significance, respectively. For CCK-8 assay and
in vivo tumor volume measurement, a two-way
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repeated measures ANOVA was performed,
with group as the between-subject factor and
time as the within-subject factor. When a sig-
nificant group x time interaction was detected,
simple effects analysis was conducted using
Bonferroni-corrected post-hoc tests to com-
pare groups at each time point. Greenhouse-
Geisser correction was applied when the sphe-
ricity assumption was violated. A P value < 0.05
was regarded as statistically significant.

Results

OTX1 upregulation correlates with poor prog-
nosis in OS

To determine the expression profile of OTX1 in
0S, OTX1 mRNA and protein levels in 24 pairs
of OS were initially detected, and adjacent nor-
mal tissues were matched by gRT-PCR and
Western blot. Results revealed that OTX1
expression was remarkably upregulated in OS
tissues compared with adjacent normal tis-
sues (Figure 1A, 1B). Subsequently, in situ
immunohistochemical (IHC) staining was per-
formed to assess OTX1 protein expression in
56 0OS samples, and the staining intensity
was recorded for each sample. Based on the
immunohistochemical score of OTX1, these
56 0S samples were further divided into the
high-expression group (++ and +++) and the
low-expression group (negative and +) (Figure
1C). Clinicopathological correlation analysis
demonstrated that elevated OTX1 expression
was significantly associated with lower overall
survival and progression-free survival rates
(Figure 1D, 1E). Collectively, these results indi-
cate that OTX1 is aberrantly upregulated in OS
and exhibits an inverse correlation with patient
prognosis.

OTX1 overexpression promotes OS cell prolif-
eration, migration, and invasion

Herein, OTX1 expression was detected in
human osteoblast cells (hFOB 1.19) and 0S
cell lines (including MG63, 143B, HOS, and
Saos-2). Results revealed significantly in-
creased OTX1 levels in OS cell lines (MG63,
143B, HOS, and Saos-2) compared with hFOB
1.19 (Figure 2A). To determine the function of
OTX1 in OS, OTX1 in HOS and 143B cells was
stably overexpressed or knocked down via
lentiviral infection, as confirmed by Western
blotting (Figure 2B, 2C). Subsequently, the
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Figure 1. OTX1 upregulation correlates with poor prognosis in 0S. A, B. OTX1 mRNA and protein levels in OS and
adjacent tissues by qRT-PCR and Western blot. C. Five-micrometer (5-um) sections analyzed by IHC using anti-OTX1
antibodies. Quantitative analyses (Negative and + = low expression, ++ and +++ = high expression) were performed
for each sample. D. Kaplan-Meier curve showing the correlation between OTX1 expression levels and recurrence-
free survival rate in OS patients. E. Kaplan-Meier curve showing the correlation between OTX1 expression levels
and overall survival in OS patients. Statistical analysis was performed using one-way ANOVA. Scale bars, 40 ym or

200 um.

effect of OTX1 on OS proliferative activity was
evaluated using CCK-8 and EdU assays. Re-
sults indicated that OTX1 overexpression
enhanced the proliferative activity of OS cells,
whereas OTX1 knockdown suppressed the
proliferation (Figure 2D-F). Additionally, the
impact of OTX1 on OS cell migration and inva-
sion was assessed by wound healing and
Transwell assays, confirming that OTX1 knock-
down inhibited the migration and invasion abili-
ties of OS, while OTX1 overexpression notably
promoted these capabilities (Figure 2G, 2H).
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OTX1 activates PTGS2 transcription in OS cells

To clarify the molecular mechanism underlying
OTX1-mediated promotion of OS development,
this study transfected 143B cells with either
the pcDNA3.1-OTX1 overexpression vector or
an empty control vector and performed tran-
scriptome sequencing analysis. Differential
expression analysis identified 629 significantly
up- or down-regulated genes (Figure 3A, 3B).
GO enrichment analysis indicated that these
differential genes were primarily involved in bio-
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Figure 2. OTX1 overexpression promotes OS cell proliferation, migration, and invasion. (A) OTX1 protein levels in OS
cell lines (MG63, 143B, Saos-2, and HOS) and hFOB 1.19 by Western blot. (B, C) Protein expression of OTX1 gain
and loss in 143B and HOS cells validated by western blot. (D, E) CCK8 assays performed to evaluate the proliferation
activity of the indicated OS cells with OTX1 overexpression or knockdown. (F) EdU assay performed to assess the
effects of OTX1 on the proliferative activity of indicated OS cells. (G) Wound healing assays performed to evaluate
the effect of OTX1 on the migration of the indicated OS cells. (H) Transwell assays performed to evaluate the effects
of OTX1 on the migration of the indicated OS cells. Statistical analysis were performed using two-way repeated mea-
sures ANOVA with Bonferroni’s post-hoc test (D, E) and two-way ANOVA (H). Error bars show means + SD. *P < 0.05,
**P < 0.01; ***P < 0.001, ****P < 0.0001. Scale bars, 50 ym, 100 ym and 200 ym.

logical processes such as “collagen-containing regulated by more than 4-fold, whereas two
extracellular matrix”, “response to virus”, and genes, PTGS2 and Alkaline phosphatase, pla-
“defence response to virus” (Figure 3C). Furth- cental (ALPP), were up-regulated by more than
er screening revealed that no gene was down- 4-fold (Figure 3D). This suggested that both
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Figure 3. OTX1 activates PTGS2 transcription in OS cells. A, B. RNA sequencing performed in wild-type cells and OTX1 overexpression cells. Difference analysis of the
transcriptome sequencing data was performed using the R Statistical Software. C. GO enrichment performed on the differential genes. D. Differentially upregulated
genes upon OTX1 overexpression. E, F. Prediction of the OTX1 binding motif within the PTGS2 and ALPP promoter through the JASPAR dataset. G-J. Validation of the
OTX1-PTGS2 regulatory relationship by ChIP-PCR. K. Dual-luciferase reporter assay of PTGS2 and ALPP. L. Dual-luciferase assay used to analyze the effect of OTX1
on the PTGS2 promoter with different mutational sites. Statistical analysis was performed using two-way ANOVA. Error bars show means + SD. NS, not significant;
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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might be transcriptionally regulated by OTX1.
To validate this hypothesis, the characteristic
binding motif of OTX1 was further retrieved
from the JASPAR database, and predictive
analysis was performed on the promoter
regions (up to 2000 bp upstream of the tran-
scription start site) of PTGS2 and ALPP. Two
potential OTX1-binding sites were identified in
each promoter (Figure 3E, 3F). Subsequently,
ChIP-PCR was conducted in HEK293T cells
overexpressing OTX1. Results demonstrated
that OTX1 specifically bound to site 2 within
the PTGS2 promoter region (Figure 3G-J).
Moreover, dual-luciferase reporter assays
showed that OTX1 could regulate PTGS2
expression, yet exerted no effect on ALPP
expression (Figure 3K). To further define the
binding site of OTX1 within the PTGS2 promot-
er, a luciferase reporter vector driven by the
PTGS2 promoter was constructed, and corre-
sponding mutant vectors were generated.
Results showed that OTX1-mediated activation
of the reporter gene was significantly reduced
only when binding site 2 was mutated (Figure
3L), confirming this site as the key region for
direct binding and transcriptional activation by
OTX1. Collectively, these results establish that
OTX1 enhances the transcriptional activity of
PTGS2 through direct binding to a specific site
in its promoter.

PTGS2 overexpression inhibits apoptosis while
promoting migration and invasion in OS cells

PTGS2 (also known as Cyclooxygenase-2, COX-
2) matters considerably in tumor development.
By catalyzing the conversion of arachidonic
acid to prostaglandins - particularly PGE2-it
forms a critical inflammatory-oncogenic signal-
ing hub that broadly regulates the expression
and activity of apoptosis-related proteins and
matrix metalloproteinases (MMPs), thereby
promoting tumor cell survival, invasion and
metastasis [15, 16]. Building on prior findings
confirming OTX1-mediated transcriptional acti-
vation of PTGS2, further investigation was
hereby conducted to clarify whether PTGS2
mediates OTX1-driven malignant phenotypes
in OS. For this purpose, OTX1 was either over-
expressed or knocked down in 143B and HOS
cells, followed by Western blot analysis of the
expression levels of PTGS2, apoptosis-associ-
ated proteins (including Bcl-2, Bax, and cleav-
ed caspase-3), MMPs (including MMP2 and
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MMP9), and the endogenous MMP2 inhibitor
Tissue inhibitor of metalloproteinases 2
(TIMP2). Results showed that the Bcl-2/Bax
ratio was increased in the PTGS2 overexpres-
sion group, with cleaved caspase-3 being bare-
ly detectable, indicating an anti-apoptotic
state. Regarding invasion and migration related
proteins, MMP2 and MMP9 levels were mark-
edly upregulated in the PTGS2-overexpression
group, while TIMP2 expression was reduced,
suggesting enhanced extracellular matrix-
degrading capacity and increased migratory
and invasive potential (Figure 4A, 4B).

PGE2 is a key catalytic product of PTGS2.
Subsequently, we measured the levels of
PGE2 by ELISA in OS cells subjected to OTX1
overexpression or knockdown. The results
showed that OTX1 overexpression significantly
increased PGE2 levels, whereas OTX1 knock-
down decreased PGE2 levels (Figure 4C). This
pattern fully mirrored the regulatory effect of
OTX1 on PTGS2 protein expression, indicating
that OTX1 may affect PGE2 generation through
modulation of PTGS2 expression. At the func-
tional level, TUNEL apoptosis assays confirmed
that PTGS2 overexpression effectively sup-
pressed OS cell apoptosis, whereas PTGS2
knockdown significantly promoted apoptosis
(Figure 4D, 4E). Together, these results in-
dicate that PTGS2-mediated inhibition of apop-
tosis and enhancement of migration and inva-
sion may represent a critical downstream
mechanism through which OTX1 drives 0OS
progression.

Inhibiting PTGS2 activity abrogates the onco-
genic effects of OTX1

To determine whether PTGS2 mediates the
OTX1-driven malignant phenotype in OS, a
selective PTGS2 inhibitor (celecoxib) was here-
by utilized to pharmacologically suppress
PTGS2 activity [17]. Western blot analysis
revealed that celecoxib treatment effectively
reversed the molecular alterations induced by
OTX1 overexpression. Specifically, it abolished
the anti-apoptotic effects of OTX1, including
the elevated Bcl-2/Bax ratio and the suppres-
sion of cleaved caspase-3. Simultaneously,
the OTX1-mediated upregulation of MMP2
and MMP9, as well as the downregulation of
TIMP2, was also reversed (Figure 5A, 5B). This
indicates that inhibiting PTGS2 activity is suffi-
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Figure 4. PTGS2 overexpression inhibits apoptosis and promotes migration and invasion in OS cells. A, B. Expression
of Bcl-2, Bax, cleaved caspase-3, MMP2, MMP9, and TIMP2 on 143B and HOS cells with OTX1 overexpression or
knockdown. C. ELISA assay to detect the effect of OTX1 overexpression and knockdown on PGE2 levels. D, E. TUNEL
staining to detect the effect of OTX1 overexpression and knockdown on the apoptosis of OS cells. Statistical analysis
were performed using two-way ANOVA. Error bars show means + SD. *P < 0.05, **P < 0.01. Scale bars, 100 ym.
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cient to counteract OTX1’s regulation of apop- functional level, CCK-8 assays confirmed that
tosis- and invasion-related pathways. At the celecoxib significantly attenuated the pro-pro-
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Figure 5. Inhibiting PTGS2 activity abrogates the oncogenic effects of OTX1. (A, B) Western blots performed to detect the expression levels of Bcl-2, Bax, cleaved
caspase-3, MMP2, MMP9, and TIMP2 in indicated OS cells. (C) CCK-8 assays performed to evaluate the effects of celecoxib on the proliferation of the indicated OS
cells. (D) Transwell assays performed to evaluate the effects of celecoxib on the migration of the indicated OS cells. (E) Flow cytometry assays performed to evaluate
the effects of celecoxib on the apoptosis of the indicated OS cells. Statistical analysis were performed using two-way repeated measures ANOVA with Bonferroni’'s
post-hoc test (C) and multifactor ANOVA (D, E). Error bars show means + SD. **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars, 50 ym.
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liferative effect of OTX1 on OS cells (Figure 5C).
Transwell assays further demonstrated that
celecoxib treatment reversed the enhanced
cell migration and invasion capabilities caus-
ed by OTX1 overexpression (Figure 5D).
Additionally, the direct regulatory role of OTX1
on cell apoptosis was validated using Annexin
V-FITC/PI flow cytometry. OTX1 knockdown
promoted apoptosis, while OTX1 overexpres-
sion inhibited it (Figure 5E). This result aligns
with the aforementioned PTGS2-mediated
anti-apoptotic phenotype. In summary, selec-
tive inhibition of PTGS2 activity comprehen-
sively reverses the pro-proliferative, anti-
apoptotic, and pro-invasive/migratory effects
induced by OTX1 overexpression, further posi-
tioning PTGS2 as a critical downstream effec-
tor molecule through which OTX1 drives the
malignant progression of 0S.

To further validate whether PTGS2 is a key
effector molecule of OTX1, we performed res-
cue experiments by overexpressing PTGS2 in
OTX1-knockdown OS cells (Supplementary
Figure 1A, 1B). The results showed that OTX1
knockdown suppressed cell proliferation and
migration, and promoted apoptosis, whereas
concomitant overexpression of PTGS2 reversed
these effects (Supplementary Figure 1C-G).
PTGS2 overexpression alone was sufficient to
rescue the phenotypic changes induced by
OTX1 knockdown, indicating that PTGS2 serves
as a critical downstream mediator of OTX1 in
regulating the malignant progression of OS.

OTX1 knockdown or PTGS2 inhibitor suppress-
es OS growth in vivo

To validate the tumor-promoting role of OTX1 in
vivo and evaluate the therapeutic potential of
targeting PTGS2, an orthotopic OS xenograft
model was further established. Specifically,
stable OTX1-knockdown, OTX1-overexpress,
and control 143B cells were orthotopically
injected into the tibial plateau of BALB/c nude
mice. Upon tumor establishment (day 7 post-
injection), mice were treated with celecoxib (25
mg/kg/day, oral gavage) for two weeks. Re-
sults showed that compared with the control
group, both the OTX1-knockdown group and
the celecoxib-treated group exhibited signifi-
cantly slower tumor growth, along with mark-
edly reduced final tumor volume and weight.
Notably, celecoxib treatment effectively re-
versed the tumor-proliferation advantage con-
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ferred by OTX1 overexpression (Figure 6A-C).
To further verify the molecular effects in vivo,
Western blot analysis was performed on tumor
tissues. Results revealed that PTGS2 protein
levels were correspondingly downregulated in
OTX1-knockdown tumors (Figure 6D). This is
consistent with the conclusion that OTX1 tran-
scriptionally regulates PTGS2. Finally, to ex-
plore the clinical relevance of this mechanism,
multiplex immunofluorescence staining was
also conducted for OTX1 and PTGS2 on OS
samples. Results uncovered that in tumor tis-
sues, cells positive for OTX1 expression also
exhibited high PTGS2 expression, demonstrat-
ing a significant co-localization relationship
between the two (Figure 6E). This suggests
that the OTX1/PTGS2 regulatory axis is also
operative in human OS. In summary, the pres-
ent in vivo experiments indicate that both
genetic knockdown of OTX1 and pharmacologi-
cal inhibition of its downstream target PTGS2
effectively suppress 0OS growth. Combined with
the co-expression pattern observed in clinical
samples, these findings robustly confirm the
critical driving role of the OTX1/PTGS2 signal-
ing axis in OS progression.

Discussion

OS represents a highly aggressive and readily
metastatic malignant bone tumor, with the pri-
mary challenge in clinical management lying in
the effective control of recurrent or metastatic
cases. While the current standard of neoadju-
vant chemotherapy combined with surgery has
improved survival rates among patients with
localized disease, the prognosis remains poor
for a substantial proportion of patients who
develop metastasis or recurrence. Therefore,
gaining deeper insights into the drivers of 0OS
progression, particularly identifying key mole-
cules affecting metastatic potential and apop-
tosis resistance is crucial for developing novel
therapeutic strategies and improving patient
outcomes. This study provides the first system-
atic evidence that OTX1 transcriptionally acti-
vates PTGS2 (COX-2) to coordinately disrupt
apoptosis and extracellular matrix homeosta-
sis, thereby driving the multifaceted malignant
progression of OS encompassing proliferation,
survival, migration, and invasion (Figure 7).
This discovery not only provides a novel molec-
ular perspective for understanding the clinical
heterogeneity of OS but also forges a crucial
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theoretical foundation for developing therapeu-
tic strategies targeting this signaling axis.

This study first establishes the oncogenic rele-
vance of OTX1 at the clinical level. OTX1 is sig-
nificantly overexpressed in OS tissues and
closely associated with poor patient overall
survival and progression-free survival. This clin-
ical observation is strongly corroborated by
functional experiments. OTX1 markedly pro-
motes the proliferation, migration, and inva-
sion of OS cells in vitro, while accelerating
tumor growth in vivo. Most importantly, the
core finding of this study identifies PTGS2 as
the key downstream effector mediating OTX1-
driven malignancy. Through transcriptomic
screening, ChIP-PCR, and reporter gene as-
says, OTX1 is verified to bind to a specific site
on the PTGS2 promoter and activate its tran-
scription. PTGS2, as the rate-limiting enzyme
for prostaglandin E2 (PGE2) synthesis, serves
as a critical node linking inflammation and
cancer [18]. Subsequent experiments by the
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present research group fur-
ther demonstrate that the
downstream effects of the
OTX1-PTGS2 axis operate in
a “two-pronged” manner. On

inhibiting Bax function, and
reducing cleaved caspase-3
levels. On the other hand, it
significantly enhances cellular
migratory and invasive poten-
tial by upregulating MMP2/
MMP9 and downregulating
their inhibitor TIMP2. This
mechanism - simultaneously

one hand, it confers robust
anti-apoptotic capability to
cells by upregulating Bcl-2,

MMP2 enhancing both “survival fit-
MMP9 ness” and “mobility” - offers

a direct molecular explana-

TIMPz* tion for the heightened ten-
dency toward recurrence and
metastasis observed in pa-

o ® : . .
tients with high OTX1 expres-

sion. Such cells exhibit not
only increased resistance to
elimination by conventional
therapies but also greater
capacity for distant dissemin-
ation.

PTGS2 (COX-2) has been extensively document-
ed to be aberrantly overexpressed in various
solid tumors, including gastric cancer, pancre-
atic cancer, prostate cancer, and melanoma. It
promotes tumor progression by regulating mul-
tiple signaling pathways involved in cell prolif-
eration, angiogenesis, apoptosis resistance,
invasion, metastasis, and immune suppres-
sion. For example, in gastric cancer, Harmine
can induce apoptosis and inhibit tumor prolif-
eration, migration, and invasion by downregu-
lating COX-2 expression, upregulating the pro-
apoptotic protein Bax, and simultaneously sup-
pressing the anti-apoptotic protein BCL-2 and
the invasion-related protein MMP2 [19]. In
colorectal cancer, RUNX1 upregulates PTGS2,
thereby promoting MMP9 overexpression; this
drives cancer cell growth, migration, and inva-
sion [20]. Furthermore, the COX-2 inhibitor
celecoxib has been shown to downregulate the
MMP2/TIMP2 ratio and MMP-9 expression in
colorectal cancer, exerting anti-angiogenic and
pro-apoptotic effects, demonstrating targeting
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COX-2 as a promising therapeutic strategy for
cancer [21]. In OS, studies have reported that
the oncogene PAFAH1B3 can maintain high
PTGS2 expression, facilitating cell cycle transi-
tion from G, to S phase and thereby accelerat-
ing cell proliferation [22]. Nonetheless, the
upstream transcriptional regulatory mecha-
nisms of PTGS2 in OS remain incompletely
understood. This study reveals that OTX1 posi-
tively regulates PTGS2 expression in OS cells
and mice xenograft models. Results indicate
that OTX1 may serve as a novel transcriptional
regulator of PTGS2 in OS, providing a fresh
mechanistic perspective on the aberrant
expression of PTGS2 in this malignancy.

This series of discoveries carries clear transla-
tional potential. First, OTX1 and PTGS2 may
function as complementary prognostic bio-
markers. IHC detection of OTX1/PTGS2 in
tumor tissues from newly diagnosed patients
can facilitate to identify a “high-risk subgroup”
with intrinsically high metastatic potential and
apoptosis resistance. Even following standard
therapy, such patients may require closer fol-
low-up monitoring or consideration of more
intensive adjuvant strategies. Second, the cur-
rent study provides prospective experimental
evidence for the drug repurposing of COX-2
inhibitors. Celecoxib, a non-steroidal anti-
inflammatory drug already widely used in the
clinic, features a relatively well-established
safety profile. The present findings suggest
that for OS with high OTX1/PTGS2 expression,
celecoxib could serve as a potential adjuvant
or maintenance treatment option, aiming to
delay recurrence and reduce metastasis by
inhibiting PTGS2 activity. While long-term use
requires weighing cardiovascular risks, time-
limited dosing or localized delivery strategies
in the oncology setting may circumvent this
concern. Finally, while OTX1 - by virtue of its
role as a transcription factor - is challenging to
target directly, interventions aimed at its
upstream regulators or downstream PGE2
receptors emerge as promising directions for
future drug development.

However, this study still has certain limita-
tions. The clinical sample size warrants further
validation in larger cohorts to confirm the prog-
nostic value of OTX1/PTGS2. Despite the
encouraging efficacy of celecoxib in animal
models, its effectiveness in OS patients, opti-
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mal dosing schedule, and potential synergies
with existing chemotherapy regimens should
still be further evaluated through rigorous clini-
cal trials. Moreover, the upstream mechanisms
leading to aberrant OTX1 activation in OS, such
as epigenetic regulation or upstream signaling
pathways, remain unelucidated and represent
an important direction for future research.

Conclusion

In summary, this study reveals the pivotal onco-
genic role and molecular mechanism of tran-
scription factor OTX1 in OS. OTX1 directly binds
to and transcriptionally activates the PTGS2
gene. It thus modulates downstream apoptotic
(Bcl-2/Bax/caspase-3) and invasive (MMP2/
MMP9O/TIMP2) protein networks, synergistical-
ly promoting OS cell proliferation, anti-apopto-
sis, migration, and invasion. The activation of
this OTX1/PTGS2 signaling axis has been cor-
roborated across cellular models, in vivo ani-
mal experiments, and clinical samples. Fur-
thermore, pharmacological inhibition of PTGS2
activity effectively reverses the tumor-promot-
ing effects of OTX1. Collectively, these findings
provide a novel theoretical framework inform-
ing the malignant progression of OS, particu-
larly in high-risk subgroups prone to recurrence
and metastasis, and open innovative transla-
tional avenues for improving the clinical prog-
nosis of OS patients.
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Supplementary Table 1. Primer for PCR or single-stranded DNA for anneal

Name Sequence

OTX1-F AAACAACCCCCATACGGCAT
OTX1-R ACTCCGGCAGGTTGATCTTG
PTGS2-S1-F CTCACCCTCACATGCTCCTC
PTGS2-S1-R TGAGTTGTGACCATGGATCAA
PTGS2-S2-F AGTGAACTTTAAAACTCGAA
PTGS2-S2-R TGGTCCTAAGCAGTTACCCTG
ALPP-S1-F AGTAGAGATGGGGATTATCC
ALPP-S1-R GAGTGGCAAGGGCTGTTGCC
ALPP-S2-F AGGCTGAGGCAGGAGGATCAC
ALPP-S2-R GAGGCAGGGTCTCATTTGTC
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Supplementary Figure 1. Overexpression of PTGS2 in OTX1-knockdown cells and assessment of related phenotypes. (A, B) Western blot analysis of PTGS2 transfec-
tion efficiency in OTX1-knockdown cells. (C, D) Western blots were performed to detect the expression levels of Bcl-2, Bax, caspase-3, cleaved caspase-3, MMP2,
MMP9, and TIMP2 in the indicated OS cells. (E) Cell proliferation activity of the indicated groups was measured by CCK-8 assay. (F) The effect of PTGS2 overexpres-
sion on the migration ability of OTX1-knockdown cells was evaluated by Transwell assay. (G) The effect of PTGS2 on apoptosis of OTX1-knockdown cells was as-
sessed using flow cytometry. Statistical analysis were performed using two-way repeated measures ANOVA with Bonferroni’s post-hoc test (E) and multifactor ANOVA
(F, G). Error bars show means + SD. **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars, 50 um.



