BONE BIOLOGY

X @BonelJointRes a

Cyclooxygenase-2 negatively regulates
osteogenic differentiation in murine bone
marrow mesenchymal stem cells via the
FOXO3a/p27%P! pathway

From Kaohsiung Medicial
University, Kaohsiung, Taiwan

Cite this article:
Bone Joint Res 2025;14(5):
407-419.

DOI: 10.1302/2046-3758.
145.BJR-2024-0262.R2

Correspondence should be
sent to Mei-Ling Ho
homelin@kmu.edu.tw

Bone & Joint
Research

S-C. Chuang,?Y-S. Chou,'? Y-S. Lin,'? J-K. Chang,"*** C-H. Chen,"*3*678 M-L, Ho'*?

'Orthopaedic Research Center, Kaohsiung Medical University, Kaohsiung, Taiwan
Regenerative Medicine and Cell Therapy Research Center, Kaohsiung Medical University,
Kaohsiung, Taiwan

3Department of Orthopaedics, Kaohsiung Medical University Hospital, Kaohsiung Medical
University, Kaohsiung, Taiwan

“Department of Orthopedics, Kaohsiung Medical University Gangshan Hospital, Kaohsiung,
Taiwan

*Institute of Medical Science and Technology, National Sun Yat-sen University, Kaohsiung, Taiwan
School of Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan
’PhD Program in Biomedical Engineering, College of Medicine, Kaohsiung Medical University,
Kaohsiung, Taiwan

8Graduate Institute of Materials Engineering, College of Engineering, National Pingtung
University of Science and Technology, Pingtung, Taiwan

°Department of Physiology, Kaohsiung Medical University, Kaohsiung, Taiwan

Aims

Cyclooxygenase-2 (COX-2) is an enzyme that synthesizes prostaglandins from arachidonic acid.
Previous reports have indicated that COX-2 is constitutively expressed in osteogenic cells instead
of being expressed only after pathogenic induction, and that it facilitates osteoblast prolifera-
tion via PTEN/Akt/p27%P' signalling. However, the role of COX-2 in osteogenic differentiation of
murine bone marrow mesenchymal stromal cells (BMSCs) remains controversial. In this study, we
investigated the function of COX-2 in the osteogenic differentiation of BMSCs.

Methods
COX-2 inhibitor, COX-2 overexpression vector, and p27“*" small interfering RNA (siRNA) were
used to evaluate the role of COX-2 in osteogenic differentiation and related signalling pathways
in BMSCs.

Results

We found that the messenger RNA (mRNA) and protein levels of COX-2 decreased gradually
during osteogenic differentiation. Inhibition of COX-2 activity promoted FOXO3a and p27<'
expression and simultaneously enhanced osteogenesis, as indicated by increased osteogenic
gene expression and mineralization in BMSCs. Furthermore, when p27' was silenced, the
suppressive effects of COX-2 on osteogenesis were reversed. It demonstrated that the negative
regulatory effect of COX-2 on osteogenesis was mediated by p27°'. In addition, our results
showed that overexpression of COX-2 reduced the mRNA and protein levels of FOXO3a and
p27"', and thus attenuated osteogenic gene expression. These results indicate that COX-2
negatively regulates osteogenic differentiation by reducing the expression of osteogenic genes
via the FOXO3a/p274*' signalling pathway.

Conclusion

Together with the findings from previous and current studies, these results indicate that COX-2
has a different role in proliferation versus differentiation during osteogenesis via FOXO3a/p27<'
signalling in osteoblasts or BMSCs.
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Article focus

* To investigate the function of cyclooxygenase-2 (COX-2) in
the osteogenic differentiation of murine bone marrow
mesenchymal stromal cells (BMSCs).

Key messages

* COX-2 acts as a negative regulator of osteogenesis in
BMSCs by activating the FOXO3a/p274*' pathway, and
p27"! is an important regulator of osteogenic gene
expression.

Strengths and limitations

* We suggest that constitutive COX-2-mediated FOXO3a/
p27*" signalling may play an important role in promoting
osteogenic cell proliferation and decreasing osteogenic
differentiation. Together with the findings from previous
studies and this study, these results indicate that COX-2 acts
as a switch in regulating BMSCs from the proliferation stage
to the differentiation stage.

e Although cyclooxygenase-2 negatively regulates osteo-
genic differentiation in murine BMSCs via the FOXO3a/
p27°"  pathway, how FOX03a/p274*" promotes the
expression of osteogenic genes is still unclear. It is worth
further investigating the regulation between FOXO3a/
p27“°! and osteogenic genes.

Introduction

Cyclooxygenases (COXs), including COX-1, COX-2, and COX-3,
are enzymes that synthesize prostaglandins from arachidonic
acid. COX-2 is recognized as an inducible enzyme when cells
or tissues are stimulated by inflammation, growth factors,
sudden injury, or tumorigenesis. It has been recognized that
the anti-inflammatory effect of nonsteroidal anti-inflamma-
tory drugs (NSAIDs) on relieving inflammation and pain is
mainly due to their suppression of COX-2 generation, which
is dramatically increased during inflammation.'? Although
non-selective NSAIDs can relieve pain and inflammation in
patients with bone disorders or osteoarthritis, some stud-
ies have shown that NSAIDs reduce bone repair and nor-
mal remodelling.>® In our previous studies, indometacin and
ketorolac were found to inhibit bone repair in the early
stage.”” In primary cultured rat osteoblasts, NSAIDs inhibited
osteoblast viability and proliferation, but stimulated intracel-
lular alkaline phosphatase (ALP) activity and type | collagen
formation at an earlier stage of differentiation.® Therefore,
although inhibition of COX-2 activity by NSAIDs can effec-
tively reduce inflammation and pain during bone injury, this
treatment can also disrupt various processes of osteogenic
cells, such as viability, proliferation, and differentiation, during
bone repair.

Although COX-2 is considered an inducible enzyme,
several studies have indicated that COX-2 is constitutively
expressed in several organs, such as nerves, kidneys, and
gonads, and has physiological functions.'”” In our previ-
ous study, COX-2 was found to be constitutively expressed
in osteoblasts adjacent to the trabeculae, periosteum, and
endosteum in mouse femora.'”* We also demonstrated that
constitutive COX-2 expression promoted mouse and human
osteogenic cell proliferation. However, the effect of con-
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stitutive COX-2 expression on osteogenic differentiation of
osteogenic cells remains unclear.

Bone marrow mesenchymal stromal cells (BMSCs) can
differentiate into osteogenic, chondrogenic, and adipogenic
cells. Osteogenic differentiation in particular is critical for bone
tissue regeneration and repair.”” Bioengineering approaches
for bone healing often use autologous bone marrow aspirate
concentrate (BMAC) or BMSCs with biocompatible scaffolds.
While BMAC is promising, its efficacy varies due to differ-
ences in BMSC concentration, robustness, and immune cell
composition. Understanding interactions between macro-
phages, lymphocytes, and BMSCs could reveal new strategies
to enhance bone repair.” Therefore, in this study, investigating
COX-2-induced inflammation and the role of COX-2 in BMSCs
is crucial. Although our previous study showed that constitu-
tively expressed COX-2 in osteoblasts facilitates proliferation
via PTEN/Akt/p27%"" signalling,'* the role of these molecules in
the osteogenic differentiation of BMSCs remains unclear.

p27°! is a cyclin-dependent kinase inhibitor (CDKI)
that classically binds and inhibits multiple cyclin-dependent
kinases and arrests cell cycle progression. Our previous study
demonstrated that constitutively expressed COX-2 promoted
human osteoblastic proliferation via the activation of p-PTEN
and p-Akt, and further inhibited FOXO3a and p27“°' expres-
sion.'” In contrast, proliferation was suppressed by anti-inflam-
matory drugs via the PI3K/Akt/FOXO3a/p274"" pathway.'” Our
findings indicated that FOXO3a and p274"' play important
roles in the regulation of proliferation. However, it is not clear
whether COX-2 regulates osteogenic differentiation. Therefore,
we focused on whether osteogenic differentiation is regu-
lated by COX-2 in this study. A previous study indicated
that p27"P' is a critical regulator of osteogenesis in BMSCs
and bone formation.'® Another report showed that increased
p274P! expression promotes bortezomib-induced osteogenic
differentiation of mouse BMSCs via cell cycle exit with a
significant reduction in cell proliferation.’” Accordingly, p27**’
may be an important factor that regulates both the prolifer-
ation and differentiation of osteoblasts and BMSCs. In this
study, we investigated whether COX-2 regulates osteogenic
differentiation through p27“°'-related signalling in murine
BMSCs, and further investigated whether these effects occur
through the FOXO3a/p27“?! signalling pathway.

Methods
Cell culture
Murine BMSCs (D1 cells, CRL-12424; American Type Culture
Collection (ATCC), USA) were used in this study. The cells were
cultured in basal medium (low-glucose Dulbecco’s Modified
Eagle Medium; Gibco and Thermo Fisher Scientific, USA)
supplemented with 10% fetal bovine serum (FBS), 50 pg/ml
L-ascorbic acid (Sigma-Aldrich, USA), 100 mg/ml nonessential
amino acid solution (Thermo Fisher Scientific), and 50 U/ml
penicillin/streptomycin solution (Thermo Fisher Scientific). The
cultured cells were incubated in a humidified atmosphere
of 5% CO, at 37°C.""%* For all experiments, the cells were
cultivated under these conditions for four subcultures, and the
medium was changed every two days. The doubling time of
D1 cells was 20 to 24 hours under the experimental conditions.
For osteoinduction, the D1 cells cultured in basal
medium were changed to osteoinduction medium (OIM;
basal medium supplemented with 10 mM B-glycerophosphate
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Real-time polymerase chain reaction sequences.

Product size, Efficiencies,

Gene name Gene bank number  Primer sequences (5’-3) bp Tm, °C GC content, %* %

Forward: AGC TGC AAG AGA CAC CCTTTG 178 59.5 524 100.33
BMP-2 BC100344.1 Reverse: AGC ATG CCT TAG GGATTT TGG A 62.8 455

Forward: CCC AGC CACCTT TAC CTA CA 150 59.0 55.0 98.15
Runx-2 NM_001146038.3 Reverse: TAT GGA GTG CTG CTG GTC TG 59.4 55.0

Forward: AAC CCA GAC ACA AGC ATT CC 121 58.3 50.0 97.15
ALP NM_007431.3 Reverse: GTC AGT CAG GTT GTT CCG ATT CAA 61.2 45.0

Forward: GAG GGC AAT AAG GTA GTG AACA 110 56.8 55.0 100.29
oC BC160309.1 Reverse: AAG CCA TAC TGG TCT GAT AGC TCG 61.1 57.1

Forward: AGA AGG AAA TGG CTG CAG AA 174 57.5 45.0 103.76
COX-2 NM_011198.5 Reverse: GCT CGG CTT CCA GTATTG AG 57.5 55.0

Forward: CAG AAT CAT AAG CCC CTG GA 170 57.5 50.0 98.96
p274P! NM_009875.4 Reverse: GGT CCT CAG AGT TTG CCT GA 573 55.0

Forward: GGT CCT CAG AGT TTG CCT GA 88 573 55.0 93.73
B-actin NM_007393.8 Reverse: ACC AGA GGC ATA CAG GGA CA 574 55.0

*Percentage of nitrogenous bases in a DNA or RNA molecule that are either guanine (G) or cytosine (C).
ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein 2; COX-2, cyclooxygenase-2; OC, osteocalcin; Runx-2, Runt-related transcription factor 2;

Tm, melting temperature.

disodium salt hydrate and 100 nM dexamethasone in basal
medium (both Sigma-Aldrich)) to induce osteogenic differen-
tiation.”>**

COX-2 inhibitor treatment

The COX-2 inhibitor NS398 (10 mM) was dissolved in DMSO
as a stock solution. The concentrations of NS398 used to treat
D1 cells ranged from 10 to 50 pM. The final concentration
of DMSO in each treatment group was < 0.1% to reduce the
effect on the cells. For the osteogenic differentiation experi-
ments, when D1 cells reached subconfluence, the cells were
treated with NS398 in OIM for one to seven days to investigate
gene expression, protein levels, and mineralization. The cells
were harvested to determine osteogenic gene expression and
protein levels on days 1, 3, 5, or 7. Mineralization (calcium
deposition) was evaluated by using Alizarin Red S staining.

p27" siRNA transfection of cells treated with the COX-2
inhibitor NS398

D1 cells were incubated in antibiotic-free culture medium
for 24 hours before small interfering RNA (siRNA) transfec-
tion. p274*" siRNA (Santa Cruz Biotechnology, USA) or the
RNA interference (RNAi) universal negative control (Invitrogen,
USA) was transfected into D1 cells by using Lipofectamine
RNAIMAX reagent (Invitrogen) in serum-free Opti-MEM (Life
Technologies, USA). After transfection, the cells were treated
with NS398 in OIM for one to five days, and messenger
RNA (mRNA) expression of osteogenic genes and osteogenic
differentiation was assessed.
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COX-2 overexpression in D1 cells

COX-2 overexpression vectors were constructed by GENEWIZ
(USA). In brief, murine COX-2 complementary DNA (cDNA)
(17 to 1,951 bp) was amplified by polymerase chain reac-
tion (PCR) and subcloned and inserted into the pUC57-Amp
vector. After the COX-2-pUC57-Amp vector was amplified
in Escherichia coli, the COX-2 fragment was cut, and the
1.9 kb Hindlll/Xbal COX-2 fragment was inserted into the
pcDNA3.1(+) vector and subcloned into E. coli JM108. Then,
the COX-2 pcDNA3.1(+) vector was purified and stored at -20°C
for further experiments. For the overexpression experiment,
D1 cells were incubated in antibiotic-free culture medium for
24 hours before COX-2 pcDNA3.1(+) vector transfection. The
pcDNA3.1(+) vector was used as a negative control. The COX-2
pcDNA3.1(+) vector or pcDNA3.1(+) vector was transfected
into D1 cells by using Lipofectamine 2000 reagent (Invitrogen)
in serum-free Opti-MEM (Life Technologies). After transfection
for 18 hours, the culture medium was replaced with OIM for
one to three days to examine the osteogenic gene expression
and protein levels.

Reverse-transcription polymerase chain reaction and
real-time PCR

Total RNA from D1 cells was extracted using TRIzol Reagent
(Cat. 15596026; Invitrogen) according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 1 pg of
total RNA using a cDNA synthesis kit (Applied Biosystems,
Thermo Fisher Scientific, USA) under the following conditions:
ten minutes at 25°C, 120 minutes at 37°C, and five minutes
at 72°C. The specific PCR products were detected by quanti-
tative real-time PCR performed in a CFX Connect Real-Time
PCR System (Bio-Rad Laboratories, USA) by measuring the
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Gene expression and protein levels of cyclooxygenase-2 (COX-2) during osteogenesis. a) COX-2 gene expression decreased from 100% on day 0
(subconfluence) to approximately 40% on day 2 (confluence) and decreased gradually until day 5. b) The protein level of COX-2 also decreased from
day 0 to day 3 and was maintained until day 7 (**p < 0.01; n = 4; one-way analysis of variance and Scheffe’s method). mRNA, messenger RNA.

fluorescence of SYBR Green, a double-stranded DNA-bind-
ing dye (Bio-Rad Laboratories). Reactions were performed
in a 25 pl mixture containing cDNA, primers specific for
each gene, and the iQSYBR Green Supermix. The mRNA
levels of bone morphogenetic protein 2 (BMP-2), Runt-rela-
ted transcription factor 2 (Runx-2), ALP, osteocalcin (OC),
COX-2, p279¥!, and B-actin were quantified using the specific
quantitative polymerase chain reaction (qPCR) primer pairs
that were used in our previous study (Table 1).” The primer
efficiencies for each gene were evaluated, and the calibration
curves for each quantified target are presented in Supplemen-
tary Figure a. The primer efficiencies ranged from 93.73%
to 103.76%, indicating their suitability for gPCR analysis. The
following cycling conditions were used: incubation at 94°C
for one minute, followed by 35 cycles of denaturation at
94°C for 30 seconds and annealing and extension at 61°C for
30 seconds. The relative mRNA expression level was calculated
from the quantification cycle (Cq) value of each PCR product in
CFX Connect Real-Time PCR System software, and normalized
to that of B-actin for each sample by using the comparative
Cq method. The five reference genes (B-actin, 18 S rRNA,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Tbp,
and Rplp0) were evaluated using RefFinder (Xie, China)* to
identify the most stable reference gene. Based on the results,
B-actin was selected as the reference gene (Supplementary
Figure b). The mean gene expression in control group was
assigned a value of 1, and the gene expression level of each
experimental group was calculated relative to the control.
All PCR amplifications were performed in triplicate, and the
experiments were repeated at least three times.

410

Protein extraction and western blotting

For analysis of the protein expression of cell cycle regulators,
protein was extracted from D1 cells at specific times. The cell
protein was extracted using PhosphoSafe extraction reagent
(Merck, Germany). The protein concentration was determined
using a protein assay dye reagent (Bio-Rad Laboratories).
Furthermore, 50 mg of total protein was separated by 10%
sodium dodecyl sulphate polyacrylamide (SDS) gel electro-
phoresis at 90 volts for two hours, and transferred to a
polyvinylidene fluoride (PVDF) membrane at 90 voltage for
1.5 hours. COX-2 (1;1,000), p27<*" (1;1,000), FOXO3a (1;1,000),
and f-actin (1;5,000; all Cell Signalling Technology, USA) were
used as primary antibodies. These antibodies were detected
using horseradish peroxidase-conjugated anti-mouse (1:5,000;
Invitrogen, #62-6520) and anti-rabbit antibodies (1;5000;
Jackson ImmunoResearch, USA, #111-035-003). The secondary
antibodies were detected through enhanced chemilumines-
cence (RPN2235; GE HealthCare) and an AutoChemi image and
analysis system (Vilber, Fusion FX, France).

Alizarin Red S staining

Mineralization of extracellular matrix (ECM) after osteogenic
induction was determined by Alizarin Red S staining. The
cells were fixed with 10% formalin-saline at room tempera-
ture for ten minutes. After one wash with double-distilled
water (ddH,0), 200 ul of Alizarin Red S (Santa Cruz Biotech-
nology) solution (1% in ddH,0, pH 4.2) was added to each
well of a 24-well plate. The staining solution was removed ten
minutes later, and each well was washed with H,O. The fixed
and stained plates were then air-dried at room temperature.
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Cyclooxygenase-2 (COX-2) inhibitor NS398 promotes osteogenic gene expression and mineralization. a) The gene expression levels of Runx-2,
osteocalcin (OC), and alkaline phosphatase (ALP) increased in osteoinduction medium (OIM) from day 1 to day 3 and then decreased on day 5 (**p
< 0.01 compared to the day 0 control group). After 10 uM and 20 uM NS398 treatment, the gene expression levels of Runx-2, OC, and ALP were
significantly greater on days 1 to 3 than those in the control group on the same day (#p < 0.05, ##p < 0.01 compared to the control group on the same
day). b) Mineralization was increased by 5 to 25 pM NS398 on days 4, 6, and 7 (*p < 0.05, **p < 0.01 compared to the day 0 control group; #p < 0.05,
##p < 0.01 compared to the control group on the same days). All p-values calculated using two-way analysis of variance and Scheffe’s method.

The amount of mineralization was determined by dissolving
the cell-bound Alizarin Red S in 10% acetic acid and then
quantified spectrophotometrically at 415 nm.

Statistical analysis

For each study group, the data are shown as the mean
and standard error. Each experiment was performed at least
three times. Before performing analysis of variance (ANOVA),
we evaluated the normality of the data using the Shapiro-
Wilk test in SPSS v.20 (IBM, USA). The results confirmed
that all samples across treatments were normally distrib-
uted. Significant differences between groups were identified
using one-way or two-way ANOVA, and multiple comparisons
were performed using Scheffe’'s method. The thresholds for
significance and high significance were p < 0.05 and p < 0.01,
respectively.

Results

Gene expression and protein level of COX-2 during
osteogenesis in D1 cells

D1 cells were seeded in basal medium, and the medium was
changed to OIM to induce osteogenic differentiation when the
D1 cells reached 80% confluence. The cells were harvested
to evaluate gene expression and protein levels. COX-2 gene
expression decreased from 100% on day 0 (subconfluence) to
approximately 20% on day 2 (confluence), and was maintained
until day 5 (Figure Ta, Supplementary Figure c). Similarly, the
protein level of COX-2 decreased from day O to day 3 and
was maintained until day 7 (Figure 1b). These results showed
that the gene expression and protein level of COX-2 decreased
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gradually in a time-dependent manner during osteogenic
differentiation.

COX-2 inhibitor NS398 promotes osteogenic gene
expression and mineralization

Before investigating osteogenic differentiation, we assessed
the cell viability of the COX-2 inhibitor NS398 using an MTS
assay. NS398 concentrations between 0 and 50 pM showed no
significant effect on D1 cell viability (Supplementary Figure d),
although a slight decrease was observed at 50 uM. Therefore,
we selected a concentration range of 0 to 20 uM for further
experiments. We evaluated the expression of the osteogenic
genes Runx-2, ALP, and OC in D1 cells treated with the COX-2
inhibitor NS398 in OIM by real-time qPCR during osteogene-
sis. NS398 increased osteogenic gene expression. The gene
expression levels of Runx-2, OC, and ALP were increased in
OIM from day 1 to day 3 and then decreased on day 5 (p =
0.012 compared to the day 0 control group, two-way ANOVA
and Scheffe’s method). Following treatment with 10 pM and
20 uM NS398, Runx-2 gene expression levels in OIM increased
significantly compared to controls on same days. With 10 uM
NS398 treatment, Runx-2 expression increased from day 2
to day 3 (1.43- and 1.24-fold vs controls, respectively; p =
0.016, two-way ANOVA and Scheffe’s method). With 20 pM
NS398 treatment, Runx-2 expression increased from day 1 to
day 3 (1.96- to 2.30-fold vs controls, respectively; p = 0.015,
two-way ANOVA and Scheffe’s method) (Figure 2a). Similarly,
ALP gene expression levels in OIM increased from day 2 to
day 3, with a 1.73- and 1.52-fold increase for 10 uM NS398 (p
= 0.021) and a 3.90- and 1.56-fold increase for 20 pM NS398
(p = 0.017, compared to controls on the same days, both
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Cyclooxygenase-2 (COX-2) inhibitor promoted p27XP' and FOXO3a messenger RNA (mRNA) and protein expression. a) p27kP! gene expression was
increased during osteogenic differentiation from day 1 to day 7 (**p < 0.01 compared to the day 1 control group). After treatment with 20 pM NS398,
the gene expression of p274?" increased from day 1 to day 7 (##p < 0.01 compared to the control group on the same day). b) The protein levels of
FOXO3a and p27%P! increased from day 1 to day 3, and then decreased from day 5 to day 7 during osteogenesis (**p < 0.01 compared to the day 0
control group). Compared with those in the control group, the FOXO3a and p27<*' protein levels in the NS398 treatment group were also increased
on day 1 or day 3 (##p < 0.01, compared with the control group on the same day). All p-values calculated using two-way analysis of variance and

Scheffe’s method.

two-way ANOVA and Scheffe’s method). OC gene expression
levels also increased on day 3 with both 10 pM and 20 uM
NS398 treatments, reaching 1.55- and 1.89-fold compared to
controls, respectively (p = 0.014, compared to controls on the
same days, two-way ANOVA and Scheffe’s method) (Figure 2a).
The gene expression of BMP-2 was not significantly different
between treatments (Supplementary Figure e).

Alizarin Red S staining demonstrated that NS398
significantly increased mineralization from day 4 to day 7
(p = 0.006, two-way ANOVA and Scheffe’s method). In the
control group, mineralization progressively increased from day
4 to day 7 (p = 0.023 at day 6 and p = 0.001 at day 7
compared to the control group at day 4, two-way ANOVA
and Scheffe’s method). At day 4, both 20 and 25 pM NS398
significantly enhanced mineralization (p = 0.001 compared
to the control group at day 4, two-way ANOVA and Schef-
fe's method). Additionally, NS398 concentrations from 10 to
25 pM significantly increased mineralization at days 6 and
7 (p = 0.004 to p = 0.001 compared to the control group
on the same days, two-way ANOVA and Scheffe’s method),
with no significant differences observed among the different
NS398 concentrations. This showed that high concentrations
of NS398 lead to earlier mineralization in D1 cells, resulting
plateau of mineralization in day 7, with no further differences
among treatments of NS398. These data demonstrated that
inhibition of COX-2 promoted osteogenic differentiation.
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COX-2 negatively regulates the gene expression and protein
levels of p27'*' and FOXO3a

p274P! gene expression was increased during osteogenic
differentiation at day 7 (p = 0.001 compared with the day 1
control group, two-way ANOVA and Scheffe’'s method). After
treatment with 20 uM NS398, the gene expression of p27<F’
increased from day 1 to day 7 (p = 0.001, compared with that
in the control group on the same day, two-way ANOVA and
Scheffe’s method) (Figure 3). During osteogenic differentia-
tion, the FOXO3a protein levels in the NS398 treatment group
were greater than those in the control group at days 1 and 3
(p = 0.001 and p = 0.009, compared with the control group
on the same day, two-way ANOVA and Scheffe’'s method),
and p27%*! protein levels in the NS398 treatment group were
greater than those in the control group on day 1 but not on
day 3 (p = 0.001, compared with the control group on the
same day, two-way ANOVA and Scheffe’s method) (Figure 3b),
and the protein levels decreased at day 5 and day 7. Thus,
the FOXO3a and p27<*' proteins were dynamically expressed
during osteogenesis. The COX-2 inhibitor at 20 uM increased
FOXO03a protein levels on days 1 and 3. It also elevated p27<!
gene expression from day 1 to day 7, and increased p27“F'
protein levels on day 1.

COX-2 negatively regulates osteogenic differentiation

To investigate whether COX-2 negatively regulates osteogenic
differentiation via p274', we used p27“?' siRNA to examine
gene expression and mineralization. The gene expression of
p274°" was significantly reduced after D1 cells were transfec-
ted with 10 or 20 nM p27“*" siRNA from day 1 to day 5 (p
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p274P! silencing reduces cyclooxygenase-2 (COX-2) inhibition-promoted osteogenesis. a) The gene expression of p27«P! was significantly reduced
after D1 cells were transfected with 10 or 20 nM p27“P' small interfering RNA (siRNA) from day 1 to day 5 (**p < 0.01, compared to the mock
control group day 1; ##p < 0.01, compared to the mock control group day 5). b) The gene expression levels of Runx-2, osteocalcin (OC), and alkaline
phosphatase (ALP) were increased after 20 uM NS398 treatment, but the expression levels of these genes were decreased after combined p274P!
siRNA and NS398 treatment (**p < 0.01, NS398 group compared to the mock siRNA group; ##p < 0.01, the mock control with NS398 group compared
with the siRNA p274°" with NS398 group). ¢) Quantification of the increase in mineralization after treatment with 10 and 20 NS398 and mock siRNA
(**p < 0.01, compared to the 0 uM NS control group). However, after treatment with p27<*' siRNA, NS398-induced mineralization was attenuated (##p
< 0.01, compared to the mock siRNA group at the same concentration in the NS398 group). All p-values calculated using two-way analysis of variance

and Scheffe’s method. mRNA, messenger RNA.

= 0.001, compared to the mock control group days 1 and
5, two-way ANOVA and Scheffe’s method; Figure 4). Osteo-
genic gene expression was also attenuated by p27<°' siRNA
treatment on day 3. The gene expression levels of Runx-2,
OC, and ALP increased after NS398 treatment (p = 0.001,
compared to the mock siRNA group, two-way ANOVA and
Scheffe’s method; Figure 4b), but decreased after combined
p274"" siRNA and NS398 treatment (p = 0.001, compared
to the mock siRNA with NS398 group, two-way ANOVA and
Scheffe’s method; Figure 4b). BMP-2 didn't show a significant
difference (Supplementary Figure e). After silencing p274' or
addition of the mock control, D1 cells were treated with 10
and 20 pM NS398 to examine mineralization. The amount of
mineralization increased after treatment with NS398 (10 to
20 uM) and mock siRNA (p = 0.001, compared to the 0 uM NS
control group, two-way ANOVA and Scheffe’s method; Figure
4c). The data are similar to those from the cells treated with
NS398 alone. This finding indicated that the mock siRNA did
not affect mineralization. However, after treatment with p27<®’
siRNA, the NS398-induced increase in mineralization was
attenuated (p = 0.001, compared to the mock siRNA group,
two-way ANOVA and Scheffe’s method; Figure 4c). These data
showed that the COX-2 inhibitor-induced osteogenesis was
reversed by p27<®',

Overexpression of COX-2 reduces osteogenic differentiation
D1 cells were successfully transfected with COX-2 overexpres-
sion vectors. COX-2 gene expression continued to increase
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over time from day 1 to day 3 (p = 0.001, two-way ANOVA
and Scheffe’s method; Figure 5). COX-2 gene expression was
significantly increased by 200-fold at three days. We further
explored whether COX-2 gene overexpression reduced the
expression of osteogenic genes. The results showed that the
gene expression levels of Runx-2, BMP-2, OC, and ALP were
significantly decreased after overexpression of the COX-2 gene
on days 2 and 3 (50% to 90% reduction, p = 0.001, compared
with those in the vehicle control group, two-way ANOVA
and Scheffe’s method; Figures 5b to 5e). Therefore, COX-2
overexpression reduced osteogenic gene expression.

Protein levels of FOXO3a and p27"" are reduced after COX-2
overexpression

In both the control vehicle group and the COX-2 overex-
pression group, the protein levels of COX-2 decreased in a
time-dependent manner (p = 0.001 compared with the day
0 vehicle control group; p = 0.001 compared with the day
0 COX-2 overexpression group, two-way ANOVA and Schef-
fe's method) (Figures 6a and 6b, Supplementary Figure g).
However, the protein level of COX-2 was significantly increased
after transfection with the COX-2 overexpression vector in
day 0 to day 1 (p = 0.001 compared with the control group
at the same day, two-way ANOVA and Scheffe’s method;
Figures 6a and 6b). We investigated whether FOXO3a and
p274°" are affected by COX-2 overexpression. According to the
western blotting results (Figure 6a), the FOXO3a protein levels
gradually increased over time in the control group (p = 0.001

413



(A) B
S
$ 300 COX2 m 5 20 1 BMP-2 .
] “ £ = 70 1Runx-2 r
€ 250 | wemcowo I £ = Conirol s £ m—Control #
: 200 =3 Overexpresssion COX-2 S == Overexpresssion COX-2 r § 60 | == Overexpresssion COX-2 s
> 15
£ 150 * g % 50
2 100 » e g w
2 w0 ¢ = g 0 Z 40
H 5 iy 230
K} ® 2
2 g - € 20
g g s I g 5 .
© < < 10 " o
F4 =z
S “ “ " 2 ,l ms WO ﬂ ) &
E 0 ——— - o3 Day0 Day1 Day2 Day3 Day0 Day1 Day2 Day3
Day 0 Day 1 Day 2 ay Time Time
Time
(D) (E)
$3
88 =3 T
. ] § 3000 | OoC I £ 40 Alp "
Compared with day0 control £ 2500 | wmm Conrol ] —Control
. S ==3 Overexpresssion COX-2 P=4 == Overexpresssion COX-2
# Compared with control per day = 2000 > 30
< 1500 -]
£ 1000 2
g g 20 -
g g 10 =
;3_ g L. " -
g 2 0 - ' =
Day 0 Day 1 Day Day 3 3 Day 0 Day 1 Day 2 Day 3
Time Time

Fig.5

Overexpression of cyclooxygenase-2 (COX-2) reduced osteogenic gene expression. a) In the control group, COX-2 gene expression was reduced from
day 1 to day 3 during osteogenic differentiation (##p < 0.01 compared with the day 0 vehicle control group). COX-2 gene expression was significantly
increased by 200-fold three days after COX-2 overexpression (**p < 0.01, compared with the day 0 COX-2 overexpression group). b) to e) The gene
expression levels of Runx-2, bone morphogenetic protein 2 (BMP-2), osteocalcin (OC), and alkaline phosphatase (ALP) were significantly increased
during osteogenic differentiation, but the expression of these genes decreased after overexpression of the COX-2 gene on days 2 and 3 ($$p < 0.01,
compared with the vehicle control group). All p-values calculated using two-way analysis of variance and Scheffe’s method.
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Cyclooxygenase-2 (COX-2) overexpression reduced FOXO3a and p27XP! protein levels. a) The western blotting showed the protein levels of COX-2,
FOXO03a, p27“?!, and Runx-2. The protein levels of actin were included as the internal control. b) The protein levels of COX-2 decreased in a
time-dependent manner in the vehicle control group and in the COX-2 overexpression group (##p < 0.01 compared with the day 0 vehicle control
group; **p < 0.01 compared with the day 0 COX-2 overexpression group). COX-2 protein levels were significantly increased after transfection with the
COX-2 overexpression vector in day 0 and day 1 ($$p < 0.01 compared with the control group on the same day). c) Western blotting revealed that the
FOXO3a protein level increased with time in the vehicle control group, but decreased with time after COX-2 was overexpressed that compared with
the control group on the same day (##p < 0.01 compared with the day 0 vehicle control group; $$p < 0.01 compared with the vehicle control group
on the same day). d) The protein level of p274*" increased in the control group in a time-dependent manner, but decreased with time after COX-2
overexpression (##p < 0.01 compared with the day 0 vehicle control group; $$p < 0.01 compared with the vehicle control group on the same day).
e) Runx-2 protein levels were also reduced after COX-2 was overexpressed compared with the control group on the same day (##p < 0.01 compared
with the day 0 vehicle control group; $$p < 0.01 compared with the vehicle control group on the same day). All p-values calculated using two-way
analysis of variance and Scheffe’s method.
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Runt-related transcription factor 2.

compared with control group in day 0, two-way ANOVA and
Scheffe’'s method) (Figure 6c). The level of FOXO3a protein did
not significantly change after COX-2 overexpression, but was
reduced compared to the control group in the same day (p
= 0.001 compared with the control group at the same day,
two-way ANOVA and Scheffe’s method; Figure 6¢c). Moreover,
p27“P! protein levels similarly increased in the control group in
a time-dependent manner (p = 0.001 compared with control
group at day 0, two-way ANOVA and Scheffe’s method). The
p27YP! protein also increased after COX-2 overexpression at
day 2 and day 3 (p = 0.001 compared with the day 0 COX-2
overexpression group, two-way ANOVA and Scheffe’s method),
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but was reduced compared with the control group in the same
day (p = 0.001 compared with the control group at the same
day, two-way ANOVA and Scheffe’s method; Figure 6d). These
data showed that COX-2 overexpression reduced FOXO3a and
p27°" protein levels. Moreover, the Runx-2 protein levels in
COX-2 overexpression group were reduced compared with
control group (p = 0.001 compared with the control group
in the same day, two-way ANOVA and Scheffe’s method; Figure
6e).
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Discussion

Our previous study demonstrated that constitutively
expressed COX-2 promoted human osteoblastic prolifera-
tion via PTEN/Akt/p27%"" signalling.” In this study, we
found that the mRNA and protein levels of COX-2 grad-
ually decreased during osteogenic progression in BMSCs
(D1 cells). We further demonstrated that overexpression of
COX-2 decreased osteogenic differentiation, while treatment
with COX-2 inhibitors upregulated osteogenic genes such
as Runx-2, ALP, and OC, and promoted mineralization in
D1 cells. More importantly, this study demonstrated that
COX-2 negatively regulates osteogenic differentiation via
the FOX03a/p27“P' signalling pathway (Figure 7). Therefore,
we inferred that COX-2 is an important regulator of osteo-
genic cells because it promotes proliferation and decreases
osteogenic differentiation. Together with the findings from
previous and current studies, these findings imply that COX-2
plays a crucial role in regulating stromal cells from differen-
tiating down an osteogenic lineage via the FOXO3a/p27+!
signalling pathway.

Mesenchymal stem cells (MSCs) are adult stem cells
that can differentiate into specialized mesodermal cells such
as adipocytes, chondrocytes, and osteogenic cells.”” Although
the differentiation of MSCs is tightly controlled by specific
transcription factors and their related signalling pathways,
there are many important connections between cell fate
decisions and the cell cycle machinery in MSCs.”** Cell
differentiation is usually associated with cell cycle exit, and
mitotic arrest in the GO/G1 phase plays an essential role
in cell cycle exit and initiation of differentiation."””* Among
the complicated regulatory pathways, the FOXO3a/p27“®'
pathway is important for regulating cell proliferation. p27<®'
is not only a CDKI that arrests cell cycle progression and
inhibits cell proliferation,®® but is also involved in cell dif-
ferentiation and apoptosis.’’ In addition, FOXO3a is a key
transcription factor that promotes p27Y"' gene expression
and downstream signalling and eventually inhibits prolifera-
tion.'**? Previously, we found that COX-2 is a positive reg-
ulator of human osteoblast proliferation through PI3K/Akt/
FOXO03a/p27 *' signalling.'” By contrast, in this study, we found
that COX-2 also regulates FOXO3a/p27“°' signalling during
osteogenic differentiation in BMSCs, although COX-2 is a
negative regulator. This role of COX-2 was demonstrated by
gene overexpression or COX-2 inhibition. COX-2 downregula-
ted the mRNA and protein expression of FOXO3a and p274*',
as well as the expression of osteogenic genes. This effect
of COX-2 was largely abolished when p27“P' was silenced,
indicating that the suppressive effect of COX-2 occurs through
FOX03a/p27<"" signalling. More importantly, we found that
COX-2 expression decreased gradually with the time of
osteogenic differentiation in BMSCs. It is possible that certain
mechanisms during osteogenesis may decrease the transcrip-
tion and/or translation of COX-2, or increase COX-2 protein
degradation. This may be the reason that during overexpres-
sion of COX-2, mRNA levels were significantly increased from
day 0 to day 3, but protein levels only increased from day 0 to
day 1 and declined on days 2 and 3. This finding indicated that
changes in COX-2 expression control the process of osteogen-
esis. Together with previous findings on the role of COX-2
in osteoblast proliferation,'* these results suggest that COX-2
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is a regulator to switch the proliferation to differentiation in
osteogenic cells through FOXO3a/p27%?" signalling.

Our study showed that osteogenic gene expression
increased from day 1 to day 3, then decreased by day 5 in D1
cell cultures, which was different from that in human BMSCs.
The D1 cell line we used to study the osteogenic differentia-
tion is a unique group of murine BMSCs, which have the ability
to undergo rapid mineralization in osteogenic induction
medium, as reported in previous studies.”***** Accordingly,
the expressions of osteogenic genes are also dynamically
changed during osteogenesis. In this study, we observed an
increase in osteogenic gene expression on day 3, followed by
a decrease by day 5 during mineralization. The decrease may
be due to differentiation being terminated, and is accompa-
nied by decreased osteogenic gene expression and minerali-
zation. Our study also showed that FOX03a/p27%*' signalling
is important for COX-2-regulated osteogenic differentiation.
Moreover, FOXO3a overexpression increases p27<*' promoter
activity and protein levels in osteogenic cells,"*** and the
SIRT1-FOXO3a complex increases Runx-2 promoter activity
and further upregulates Runx-2 gene expression in human
embryonic stem cell-derived mesenchymal progenitors.”
Additionally, the SIRT1-FOXO3a complex promotes osteogen-
esis and reduces osteogenic cell senescence in MSCs.** Our
study suggested that blocking COX-2 increases osteogenic
differentiation by increasing FOXO3a gene expression, leading
to increased p27“P' promoter activity. Accordingly, we suggest
that when activated by COX-2 inhibition, FOXO3a not only
induces cell cycle arrest through p274F', but also promotes
osteogenesis by upregulating the Runx-2 gene.

Our study showed that inhibition of COX-2 promoted
osteogenic differentiation by increasing p27<*' expression in
murine BMSCs. However, a previous study showed that the
body size of p27” mice is greater than that of wild-type
mice.'® Deletion of p274¢" promoted not only cell proliferation,
but also osteogenic differentiation in osteogenic cells derived
from the bone marrow of p27” mice.'®*’-*' These findings are
consistent with our results regarding the impact of p27*?' on
cell proliferation; however, there are significant differences in
the effects of p27"P' on osteogenic differentiation. Based on
our study design, murine BMSCs were induced to undergo
osteogenic differentiation when transitioning from subconflu-
ence to confluence. This phenomenon allowed us to clearly
differentiate between the proliferation and differentiation
stages. Therefore, we concluded that the increase in mouse
body size and ossification in p27” mice may be attributed
to cell proliferation rather than the inherent ossification
ability of the cells. A study demonstrated a similar phenom-
enon, wherein elevated p27P' expression promoted bor-
tezomib-induced osteogenic differentiation of mouse BMSCs
by inhibiting cell proliferation.”” This finding suggested that
p274*" is a key factor in COX-2-regulated cellular fate, directing
the transition from proliferation towards osteogenic differen-
tiation.

COX-2 has been found to play an essential role in
both endochondral and intramembranous bone formation
during skeletal repair in COX-2" mice.*’ COX-2 inhibitors also
suppress bone repair in the early stages.” In addition to its
role in osteogenic cells, COX-2 plays a key regulatory role at
the critical point of chondrocyte differentiation; for exam-
ple, COX-2 facilitates chondrocyte terminal differentiation in
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epiphyseal growth plates during bone growth.*>** By contrast,
in articular chondrocytes, COX-2 plays an important role in
maintaining chondrocyte function by upregulating PTHrP, and
may also be involved in switching from normal to degener-
ative phenotypes.” The diverse roles of COX-2 in skeletal
system cells may depend on different mediators and different
cell biological statuses. Although COX-2 negatively regulates
osteogenic differentiation in D1 cells via the FOXO3a/p27<*'
pathway, the mechanism by which FOXO3a/p274"" promotes
osteogenic gene expression remains unclear. Some studies
suggest that microRNAs (miRNAs) or long noncoding RNAs
(IncRNAs) may influence osteogenic differentiation,”** and
they may regulate osteogenesis through the PTEN/PI3K/AKT
pathway.”® Therefore, further investigation is needed to
determine whether specific miRNAs or IncRNAs are involved
in COX-2-mediated regulation of osteogenesis.

In conclusion, our results demonstrated that COX-2
acts as a negative regulator of osteogenesis in BMSCs by
activating the FOXO3a/p274"" pathway, and that p27"*' is an
important regulator of osteogenic gene expression. Together
with our previous findings regarding cell proliferation,®®'*!7 %
and osteogenic differentiation in this study, we suggest that
constitutive COX-2-mediated FOXO3a/p27<"' signalling may
play an important role in promoting osteogenic cell prolifera-
tion and decreasing osteogenic differentiation. These results
indicate that COX-2 acts as a switch in regulating osteogenic
cells from the proliferation stage to the differentiation stage
(Figure 7). This finding may provide insight into the role of
COX-2 in the proliferation and osteogenic differentiation of
osteogenic cells.

Supplementary material

Supplementary material includes primer efficiency data for each
gene, analysis of the most stable reference gene, cell viability
following NS398 treatment, bone morphogenetic protein 2 (BMP-2)
gene expression levels, and the original images of the western blot
results.
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