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Aims

Circular RNAs (circRNAs) are a novel type of non-coding RNA that plays major roles in
the development of diverse diseases including osteonecrosis of the femoral head (ONFH).
Here, we explored the impact of hsa_circ_0066523 derived from forkhead box P1 (FOXP1)
(also called circFOXP1) on bone mesenchymal stem cells (BMSCs), which is important for
ONFH development.

Methods

RNA or protein expression in BMSCs was analyzed by quantitative real-time polymerase
chain reaction (qRT-PCR) or western blot, respectively. Cell Counting Kit 8 (CCK8) and
5-ethynyl-2’-deoxyuridine (EdU) were used to analyze cell proliferation. Alkaline phos-
phatase (ALP) activity, ALP staining, and Alizarin Red S staining were employed to eval-
uate the osteoblastic differentiation. Chromatin immunoprecipitation (ChlIP), luciferase
reporter, RNA pull down, and RNA immunoprecipitation (RIP) assays were combined for
exploring molecular associations.

Results

Circ_0066523 was upregulated in osteogenic induction process of BMSCs. Silencing
circ_0066523 restrained the proliferation and osteogenic differentiation of BMSCs. Mech-
anistically, circ_0066523 activated phosphatidylinositol-4,5-bisphosphate 3-kinase /
AKT serine/threonine kinase 1 (PI3K/AKT) pathway via recruiting lysine demethylase 5B
(KDM5B) to epigenetically repress the transcription of phosphatase and tensin homolog
(PTEN). Functionally, AKT signalling pathway agonist or PTEN knockdown counteracted
the effects of silenced circ_0066523 on BMSC proliferation and differentiation.

Conclusion

Circ_0066523 promotes the proliferation and differentiation of BMSCs by epigenetical-
ly repressing PTEN and therefore activating AKT pathway. This finding might open new
avenues for the identification of therapeutic targets for osteoblast differentiation related
diseases such as ONFH.
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The relationship between circ_0066523
and bone mesenchymal stem cell
(BMSC) osteogenic differentiation and
proliferation was explored.

The underlying mechanism of
circ_0066523 in BMSCs was evaluated.

Circ_0066523 is overexpressed in the
induction process of BMSC osteogenic
differentiation.

Circ_0066523 contributes to the prolifera-
tion and osteogenic differentiation of BMSCs
via phosphatase and tensin homolog /
phosphatidylinositol-4,5-bisphosphate
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3-kinase / AKT serine/threonine kinase 1 (PTEN/PI3K/
AKT) pathway.

Circ_0066523 recruits lysine demethylase 5B
(KDM5B) to epigenetically repress the transcription
of PTEN.

Strengths and limitations
We discovered the high expression of circ_0066523 in
the induction process of BMSC osteogenic differentia-
tion for the first time.
We verified that circ_0066523 promotes the prolif-
eration and osteogenic differentiation of BMSCs by
PTEN/PI3K/AKT pathway for the first time.
We proved for the first time that circ_0066523 recruits
KDMS5B to epigenetically repress the transcription of
PTEN.
This study focused on the changes of cell function,
which is fundamental in research of the disease, but
lacked more in-depth exploration, especially clinical
evidence; for example, the pathway that was discov-
ered in vitro has yet to be tested in human disease. In
the future, we will continue to study further in this
direction.

Introduction

Osteonecrosis of the femoral head (ONFH) is a bone-
destructive disease that mainly occurs in the weight-
bearing area of the femoral head. It usually affects people
aged from 30 to 50 years. It has been reported that the
altered osteogenic differentiation of bone mesenchymal
stem cells (BMSCs) is an essential factor in the develop-
ment of non-traumatic ONFH." Furthermore, previous
research unveiled that many factors can affect the osteo-
genic differentiation of BMSCs, such as parathyroid
hormone 1-34,2 Staphylococcal enterotoxin C2,* and so
on. However, the biomarkers or therapeutic targets for
ONFH are still lacking.

Recently, non-coding RNAs (ncRNAs), a type of RNA
transcript without abilities to encode proteins, have
been found to be implicated in various human diseases
including osteonecrosis.* In addition, reports have also
indicated the involvement of ncRNAs in regulating the
proliferation and osteoblast differentiation of mesen-
chymal stem cells (MSCs).* Characterized by a covalently
closed continuous conformation, circular RNAs (circRNAs)
are a newly discovered subtype of ncRNA family.5” They
have been increasingly reported to induce regulatory
effects on a wide array of cellular activities, such as cell
proliferation,® invasion,® and differentiation.’® MicroRNA
(miRNA) sponge, transcription mediation, and interac-
tion with RNA-binding proteins (RBPs) are the primary
regulatory mechanisms of circRNAs. The critical role of
circRNAs in bone diseases has been unveiled already. For
example, circular RNA runt-related transcription factor
2 (circ_RUNX2) was experimentally proved to regulate

osteoporosis via sponging miR-203 to elevate RUNX2
expression in human BMSCs." However, the potential
functions of majority circRNAs are still poorly investigated.
Previously, a circRNA from FOXP1 (hsa_circ_0001320)
was suggested to control the identity and differentiation
of MSCs."? Further, it was validated to facilitate osteogenic
differentiation in osteoporosis through targeting miR-
33a-5p/FOXP1 signalling.”™ Hsa_circ_0066523, a novel
circRNA, also originated from FOXP1 (hence also known
as circFOXP1), has never been studied in any diseases. In
this work, the expression of circ_0066523 was explored
in the osteogenic induction process of BMSCs by
preliminary experiments. Also, the precise influences of
circ_0066523 on BMSCs and its underlying mechanism
need to be investigated further.

Phosphatidylinositol-4,5-bisphosphate ~ 3-kinase  /
AKT serine/threonine kinase 1 (PI3K/AKT) signalling is
identified as a crucial intracellular pathway in multiple
diseases.’ Of note, this pathway has already been uncov-
ered to play a critical role in various biological activities
of osteoblast, including osteoblast differentiation, matu-
ration, and bone growth.”>" The importance of this
pathway has also been indicated in bone diseases. For
example, blocking PI3K/AKT signalling pathway could
inhibit chondrocyte differentiation and longitudinal bone
growth progression.'™ In osteoporosis, numerous studies
also support the implication of PI3K/AKT signalling in the
proliferation and osteogenic differentiation of BMSCs. %2
Nevertheless, whether circ_0066523 could affect PI3K/
AKT pathway in BMSCs remains unknown.

In our study, we detected the expression of
circ_0066523 in BMSCs after osteogenic induction. The
role of circ_0066523 knockdown on BMSC proliferation
and differentiation was analyzed via in vitro experiments.
Mechanism exploration was performed to reveal the
regulation between circ_0066523 and AKT pathway via
circ_0066523 transcriptional repression on phosphatase
and tensin homolog (PTEN) through recruiting lysine
demethylase 5B (KDM5B). Our findings may provide new
ideas for the treatment of BMSC-related bone diseases
such as ONFH.

Methods

BMSC culture and osteogenic differentiation induc-
tion. Human bone mesenchymal stem cells (BMSCs;
passage 2) were available from Cell Bank of the Chinese
Academy of Sciences (China). BMSCs were grown in a-
Minimum Essential Medium (MEM) (Invitrogen, Thermo
Fisher Scientific, USA) containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37°C in 5% car-
bon dioxide (CO,). For osteogenic differentiation induc-
tion, cells planted in a 12-well plate (5 x 10° cells/well)
were treated for 14 days with 10 mM of B-glycerophos-
phate, 200 uM of ascorbic acid, and 100 nM of dexameth-
asone (all from MilliporeSigma, USA). The medium was
changed every three days, and cells were tested at zero,
seven, and 14 days.
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Fig. 1

Circ_0066523 is overexpressed in the osteoblast differentiation induction process of bone mesenchymal stem cells (BMSCs). a) The expression of

circ_0066523 was evaluated by quantitative real-time polymerase chain reaction

(gRT-PCR) in BMSCs treated with osteogenic differentiation medium for

zero, seven, and 14 days. b) qRT-PCR assay measured the level of circFOXP1 (circ_0066523) and FOXP1 messenger RNA (mRNA) amplified by the primers

of random hexamer or oligo (dT). c) qRT-PCR evaluated the levels of circ_006652

3 and FOXPT mRNA after RNase R or ActD treatment. d) Agarose gel

electrophoresis analyzed the complementary DNA (cDNA) or genomic DNA (gDNA) products amplified by divergent or convergent primers. Lane 1 was
added with the marker, Lane 2 was polymerase chain reaction (PCR) product amplified by convergent primers in cDNA, Lane 3 was PCR product amplified by
divergent primers in cDNA, Lane 4 was PCR product amplified by convergent primers in gDNA, and Lane 5 was PCR product amplified by divergent primers
in gDNA. **p < 0.01. cFOXP1, circFOXP1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; mFOXP1, FOXPT messenger RNA.

Total RNA isolation and quantitative real-time polymer-
ase chain reaction. Total RNAs were isolated from BMSCs
using TRIzol (Invitrogen) following the manual’s instruc-
tions. Complementary DNA (cDNA) was synthesized
under the guidance of the supplier (TaKaRa, Japan).
SYBR Premix Ex Taq (TaKaRa) was applied for quantifi-
cation analysis, with U6 small nucleus RNA (snRNA) or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
used as the normalized control. Relative expression level
was calculated based on the 2-24¢t method.

Alizarin Red $§ staining. BMSCs were fixed with 70%
ethanol and then stained with 2% Alizarin Red S
(MilliporeSigma). After washing in phosphate-buffered
saline (PBS), the images of stained cells were visualized
under a light microscope (Leica Microsystems, Germany).
For quantification of mineralization, cells were incubated
for one hour with 1 ml of cetylpyridinium chloride buffer
to extract Alizarin Red S. Afterwards, the level of Alizarin
Red S in total protein was determined by monitoring the
absorbance at 562 nm via a microplate reader (Thermo

Fisher Scientific). Alizarin Red S accumulation was ex-
pressed as umol/ug protein.

Alkaline phosphatase activity detection and stain-
ing. After removing culture medium, cells were rinsed in
pre-warmed PBS. For alkaline phosphatase (ALP) activity
detection, ALP activity colorimetric assay kit was availa-
ble from BioVision (USA). The rinsed cells were lysed in
1% Triton X-100, scraped into distilled water, and finally
assayed by microplate reader at 405 nm. For ALP stain-
ing, BMSCs were fixed by 4% paraformaldehyde (Sangon
Biotech, China) and then stained in line with the direction
(Gefan Biotechnology, China). Images were acquired us-
ing a light microscope (Leica Microsystems).

RNase R and actinomycin D treatment. A total of 2 mg of
total RNA was prepared for incubation at 37°C with 3 U/mg
of RNase R (Epicentre Technologies, USA) for 20 minutes or
with 2 pg/ml of actinomycin D (ActD; MilliporeSigma) for
12 hours. After that, the levels of circ_0066523 or FOXP1
messenger RNA (mRNA) were examined by quantitative
real-time polymerase chain reaction (QRT-PCR).

BONE & JOINT RESEARCH



HSA_CIRC_0066523 PROMOTES THE PROLIFERATION AND OSTEOGENIC DIFFERENTIATION OF BMSCS BY REPRESSING PTEN

529

a -o-sh-NC
_m sh-circ_0066523#1
—a sh-circ_0066523#2
1.5
)
el
Ll
Z1.01 -
8 <
2 i ©
045 w
005 0}
X
w
s
0.0-1—

T T T
24 48 72
Incubation time (h)

0

Alizarin red S staining
o . n‘ns -

¥ RS

sh-circ-0066523#1

€

E

ALP staining E‘
°

£

2

[}

£

c

£

Con sh-NC sh-circ-0066523#1 o
-

<

60— BMSC
S
©
©
o
()]
=
_'(;,; *% *%k
[o]
o
)
kel
i)
G o\
°"‘W$666rib 667’3%
. W QQQ)
S\ “Q/
\(\,0 %\(\‘g\
o 400- 1.59
Ee]
kS >
=1 =
E e %007 2 1.0-
30 c 1.
Q= ©
S 2 200 5
fo% -
23 <
o3 2 0.5+ -
£ E 100+ = K
= 3
5= ::
< 0- 0.0-
o A0 xOam QO
¢ 6‘\»\ xS % o o 9‘(‘» 661'5
O '
o o
on the 14th day of osteogenic o
differentiation induction N
C Il sh-NC
250 1.5+ 3 sh-circ_0066523#1
200 2
>
2 1.0+
150 <
z
o
100 )
2 0.5
o *k
50 &’ *x
0- 0.0-
RUNX2 OCN OPN

& *c;\‘o’/b%"\
G 5\\ QQQ;OE;L

on the 14th day of osteogenic

differentiation induction

Fig. 2

Circ_0066523 knockdown hampers the proliferation and osteogenic differentiation of bone mesenchymal stem cells (BMSCs). a) Cell Counting Kit 8 (CCK8)
and 5-ethynyl-2’-deoxyuridine (EdU) assays were performed for exploring BMSC proliferation after silencing of circ_0066523 (magnification 100x). b) After
14 days, osteogenic differentiation induction, Alizarin Red S staining, alkaline phosphatase (ALP) activity detection, and ALP staining were conducted in
indicated BMSCs (magpnification 200x). c) The levels of runt-related transcription factor 2 (RUNX2), osteopontin (OPN), and osteocalcin (OCN) were detected
by quantitative real-time polymerase chain reaction (qQRT-PCR) in BMSCs under different conditions. **p < 0.01. Con, control; DAPI, 4',6-diamidino-2-

phenylindole; sh-NC, negative control short hairpin RNA.

Plasmid transfection. The synthesized short hairpin RNAs
(shRNAs) and negative control short hairpin RNAs (NC-
shRNAs) for circ_0066523, KDM5B, or PTEN were acquired
from GenePharma (China). For gene overexpression,
KDM5B sequence was cloned into plasmid comple-
mentary DNA 3.1 (pcDNA3.1) vector (Invitrogen), while
circ_0066523 sequence was subcloned into pcDNA3.1
(+) CircRNA Mini Vector (GenePharma). Lipofectamine
2000 (Invitrogen) was used for the transfection of the
above plasmids into BMSCs for 48 hours.

Cell Counting Kit 8 assay. A total of 2 x 10* BMSCs were
seeded into each well of a 96-well plate for overnight cul-
ture. Then, the plate was processed with Cell Counting
Kit 8 (CCKS8) solution (10 pl; Dojindo, Japan) for indicated
times (zero, 24, 48, and 72 hours) at 37°C. After that, the
plate was assayed by microplate reader to determine the
absorbance at 450 nm.

5-ethynyl-2’-deoxyuridine incorporation assay. The
proliferation of 5 x 10* BMSCs was estimated by
5-ethynyl-2’-deoxyuridine (EdU) incorporation assay
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Fig. 3

The phosphatidylinositol-4,5-bisphosphate 3-kinase / AKT serine/threonine kinase 1 (PI3K/AKT) pathway mediates the regulation of circ_0066523 on

bone mesenchymal stem cells (BMSCs). a) Quantitative real-time polymerase chain reaction (QRT-PCR) and western blot analyzed the expression level of
genes related to Hedgehog, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), and PI3K/AKT pathways in BMSCs after the silencing of
circ_0066523. b) Cell Counting Kit 8 (CCK8) and 5-ethynyl-2’-deoxyuridine (EdU) assays were performed to study the proliferation of transfected BMSCs
(magnification 100x). c) Alizarin Red S staining, alkaline phosphatase (ALP) activity detection, and ALP staining examined changes in the differentiation of
BMSCs under diverse conditions (magnification 200x). d) qRT-PCR analyzed the expression of runt-related transcription factor 2 (RUNX2), osteopontin (OPN),
and osteocalcin (OCN) in indicated BMSCs. **p < 0.01. DAPI, 4’,6-diamidino-2-phenylindole; Gli-1, GLI family zinc finger 1; IGF-I, insulin-like growth factor 1;
MMP, matrix metalloproteinase; mRNA, messenger RNA; PTEN, phosphatase and tensin homolog; sh-NC, negative control short hairpin RNA; VEGF, vascular

endothelial growth factor.
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Circ_0066523 recruits lysine demethylase 5B (KDM5B) to epigenetically repress the transcription of phosphatase and tensin homolog (PTEN).

a) The distribution of circ_0066523 in bone mesenchymal stem cells (BMSCs) was detected by the subcellular fractionation assay. b) Chromatin
immunoprecipitation (ChIP) assay testified the binding affinity between KDM5B and PTEN promoter; quantitative real-time polymerase chain reaction (qRT-
PCR) tested the overexpression efficiency of plasmid complementary DNA 3.1 (pcDNA3.1)/KDM5B; luciferase reporter assay measured the luciferase activity
of PTEN promoter in HEK-293T cells after KDM5B overexpression. c) qRT-PCR detected KDM5B messenger RNA (mRNA) expression, and western blot tested
the protein levels of KDM5B and PTEN in BMSCs after sh-KDM5B transfection. d) RNA pull down and RIP assays determined the binding between KDM5B
and circ_0066523 in BMSCs. e) ChlP assay explored the effects of circ_0066523 silencing on the occupancy of PTEN promoter by KDM5B and H3K4me3.

f) Luciferase reporter assay was carried out in HEK-293T cells when circ_0066523 was silenced or overexpressed. **p < 0.01. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; IgG, immunoglobulin G.
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Fig. 5

Phosphatase and tensin homolog (PTEN) knockdown counteracts the effects of circ_0066523 interference on the behaviours of bone mesenchymal stem cells
(BMSCs). a) The proliferation of indicated BMSCs was evaluated by Cell Counting Kit 8 (CCK8) and 5-ethynyl-2’-deoxyuridine (EdU) assays (magnification
100x). b) Alizarin Red S staining, alkaline phosphatase (ALP) activity assay, and ALP staining analyzed the osteoblastic phenotypes of transfected BMSCs
(magnification 200x). c) The levels of runt-related transcription factor 2 (RUNX2), osteocalcin (OCN), and osteopontin (OPN) in indicated BMSCs were
detected by quantitative real-time polymerase chain reaction (QRT-PCR). **p < 0.01. DAPI, 4',6-diamidino-2-phenylindole; sh-NC, negative control short

hairpin RNA.

reagent (RiboBio, China) in a 96-well plate. Simply put,
cells were grown in the plate until 80% confluence and
then treated with EdU reagent for four hours. After fixing
and permeabilizing, cells were washed in PBS, dyed with
4',6-diamidino-2-phenylindole (DAPI) solution, and then
observed under a fluorescence microscope (Olympus,
Japan).

Western blot. The extraction of total protein from BMSCs
was achieved by using RIPA lysis buffer (Solarbio, China),
and then protein concentration was determined via

a bicinchoninic acid (BCA) kit (Pierce Biotechnology,
Thermo Fisher Scientific). Subsequently, proteins were
separated by 12% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) and then shifted
to poly(vinylidene fluoride) (PVDF) membranes, and
then the membranes were blocked in 5% non-fat milk.
Primary antibodies against GAPDH (loading control) and
GLI family zinc finger 1 (Gli-1), p-p65, p65, p-AKT, AKT,
PTEN, and KDM5B were diluted at 1:2,000 for incubation
with membranes. After washing in TBS+Tween (TBST),

BONE & JOINT RESEARCH



HSA_CIRC_0066523 PROMOTES THE PROLIFERATION AND OSTEOGENIC DIFFERENTIATION OF BMSCS BY REPRESSING PTEN 533

membranes were probed by the horseradish peroxidase
(HRP)-labelled secondary antibodies (1:10,000 dilution),
followed by the detection of protein signals via ECL detec-
tion system (Pierce, USA).

Subcellular fractionation. Subcellular fractionation assay
was accomplished by PARIS Kit (Invitrogen). A total of 1
x 106 BMSCs were lysed in cell fractionation buffer before
centrifugation to separate cytoplasmic and nuclear frac-
tions. The isolated RNAs were assayed using qRT-PCR.
Chromatin immunoprecipitation. The formaldehyde cross-
linked chromatin from BMSCs was sonicated into DNA frag-
ments of 200-bp to 1,000-bp. The magnetic beads were
bound with anti-KDM5B or anti-H3K4me3 antibody for im-
munoprecipitation. Normal mouse immunoglobulin G (IgG)
antibody was used in the control group. The precipitated
DNA was analyzed using qRT-PCR.

Luciferase reporter assay. After polymerase chain re-
action (PCR) amplification, PTEN promoter was sub-
cloned into the upstream of firefly gene in pGL3-basic
luciferase vector (Promega, USA). For luciferase reporter
assay, above recombinant pGL3 vector was cotransfect-
ed into HEK-293T cells with pcDNA3.1/KDM5B (or NC-
pcDNA3.1), sh-circ_0066523 (or sh-NC), or pcDNA3.1/
circ_0066523 (or NC-pcDNA3.1). After 48 hours, the
luciferase activity was analyzed via Luciferase Reporter
Assay System (Promega).

RNA pull down assay. Pierce Magnetic RNA-Protein Pull-
Down Kit was acquired from Thermo Fisher Scientific for
RNA pull down assay as instructed. The protein extracts
were mixed with biotin-tagged circ_0066523 probes or
negative control (NC) probe. Magnetic beads were add-
ed for collecting the pull-downs, followed by western
blot detection of the interacting proteins.

RNA immunoprecipitation. Magna RIP RNA-Binding
Protein Immunoprecipitation Kit was obtained from
MilliporeSigma for RNA immunoprecipitation (RIP) as-
say. Magnetic beads were preincubated with anti-KkDM5B
or anti-lgG antibody for immunoprecipitation with cell
lysates in RIP buffer. The purified RNA was finally subject-
ed to gRT-PCR analysis.

Statistical analysis. Each experiment contained three
independent bio-repeats to reduce experimental error.
Results were given as means and standard deviations
(SDs) and analyzed using GraphPad PRISM 6 (GraphPad,
USA). Independent-samples t-test or one-way analysis of
variance (ANOVA) was conducted for data analysis, with
statistical significance defined as p < 0.05.

Results

Circ_0066523 is overexpressed in BMSCs under osteoblast
differentiation induction. To understand the probable
role of circ_0066523 in the osteoblast differentiation of
BMSCs, we first studied the change of its expression dur-
ing osteoblast differentiation induction. It was validated
that three osteogenic marker genes (RUNX2, osteopontin
(OPN), and osteocalcin (OCN)) were all gradually upreg-
ulated during the induction process of BMSC osteogenic

differentiation (Supplementary Figure aa). Meanwhile,
we discovered the increased mineralization, enhanced
ALP activity, and increased ALP-positive blue-violet com-
plexes during the induction process, certifying that the
osteogenic differentiation of BMSCs was successfully in-
duced (Supplementary Figures ab and ac). Interestingly,
the results of qRT-PCR showed that circ_0066523 ex-
pression steadily increased with the induction dura-
tion (Figure 1a), indicating the potential positive role
of circ_0066523 in BMSC osteogenic differentiation.
Then, gRT-PCR assay showed that only FOXPT mRNA,
rather than circ_0066523 (circFOXP1), could be reverse
transcribed by the primers for oligo (dT) (Figure 1b).
Besides, we found that compared with FOXP1T mRNA,
circ_0066523 exhibited a better resistance to RNase R and
ActD treatment (Figure 1c). Furthermore, circ_0066523
was only amplified by divergent primers and detectable
in cDNA but not genomic DNA (gDNA) (Figure 1d). These
results prove the circular structure of circ_0066523. In
summary, circ_0066523 is upregulated during the osteo-
genic differentiation process of BMSCs.

Circ_0066523 knockdown hampers the proliferation
and osteogenic differentiation of BMSCs. To explore
the biological influence of circ_0066523 on BMSCs,
we silenced circ_0066523 in BMSCs by transfect-
ing with sh-circ_0066523#1/2 for loss-of-function as-
says (Supplementary Figure ad). As a result, silencing
circ_0066523 greatly hampered the proliferation of
BMSCs (Figure 2a). We then probed into the effect of
circ_0066523 deficiency on the osteoblastic phenotype
of BMSCs, which underwent 14 days of induction. As ex-
pected, Alizarin Red S-stained mineralized nodules were
lessened, and the ALP activity and ALP staining were
attenuated after circ_0066523 depletion (Figure 2b).
Moreover, we found that the levels of RUNX2, OPN,
and OCN were all decreased after the depletion of
circ_0066523 (Figure 2c). These results showed that
knockdown of circ_0066523 inhibited the proliferation
and differentiation of BMSCs.

PI3K/AKT pathway mediates the influence of circ_0066523
on BMSCs. Thereafter, we aimed to explore how
circ_0066523 affects the function of BMSCs. We meas-
ured the expression changes in factors related to several
important signalling pathways that have been reported
to impact osteoblast activities, such as Hedgehog, nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
KB), and PI3K/AKT pathways. Intriguingly, we observed
that loss of circ_0066523 elevated the levels of PTEN and
decreased the level of p-AKT, indicating the activation of
PI3K/AKT pathway, while the levels of other factors were
almost unaffected (Figure 3a). These data indicated that
circ_0066523 restrained PTEN to activate the PI3K/AKT
pathway. To study the impact of the PI3K/AKT pathway on
circ_0066523-mediated effects on BMSCs, rescue assays
were conducted using insulin-like growth factor 1 (IGF-I),
the agonist of this pathway. We found that the dampened
proliferation and differentiation of BMSCs due to the loss
of circ_0066523 were revived by the overexpression of
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IGF-I (Figures 3b to 3d). Together, these data elucidated
that circ_0066523 suppresses PTEN to activate PI3K/AKT
signalling pathway to propel the proliferation and differ-
entiation of BMSCs.

Circ_0066523 recruits KDM5B to epigenetically repress
PTEN transcription. To detect how circ_0066523 induces
the repression on PTEN expression, we firstly performed
subcellular fractionation assay to determine its distribu-
tion in BMSCs. Results indicated that circ_0066523 was
located in the cytoplasm and nucleus of BMSCs, but was
more abundant in the nucleus (Figure 4a). CircRNAs have
been reported to affect gene expression by interacting
directly with transcription factors.?"?> On this basis, we
hypothesized that circ_0066523 might epigenetical-
ly repress PTEN through transcription factors. Through
the UCSC database (University of California, Santa Cruz,
USA),?* we found KDM5B as a potential transcription fac-
tor of PTEN (Supplementary Figure ba). Further, we ver-
ified the binding affinity between KDM5B and PTEN pro-
moter via chromatin immunoprecipitation (ChIP) assays,
demonstrated the overexpression efficiency of pcDNA3.1/
KDMS5B through qRT-PCR, and proved that upregulating
KDM5B reduced the luciferase activity of PTEN promoter
(Figure 4b). Moreover, after knockdown efficiency of sh-
KDM5B being certified, silencing KDM5B enhanced the
protein level of PTEN in BMSCs (Figure 4c). These findings
certified the suppression of KDM5B on PTEN transcription
in BMSCs. Afterwards, we explored whether circ_0066523
affected PTEN via KDM5B in BMSCs. Interestingly, the
RPISeq website* suggested that the probability of inter-
action between KDM5B and circ_0066523 was greater
than 0.5 (Supplementary Figure bb). Furthermore, the
data from RNA pull down and RIP assays verified the in-
teraction between KDMS5B and circ_0066523 in BMSCs
(Figure 4d). Of note, circ_0066523 silencing noticeably
diminished the binding of KDM5B to PTEN promoter, re-
sulting in increased H3K4me3 occupancy on PTEN pro-
moter (Figure 4e). Importantly, after the overexpression
efficiency of pcDNA3.1/circ_0066523 was certified, loss of
circ_0066523 remarkably enhanced the luciferase activity
of PTEN promoter, while upregulation of circ_0066523
led to the opposite effect (Figure 4f and Supplementary
Figure bc). Jointly, we concluded that circ_0066523 re-
cruits KDM5B to transcriptionally repress PTEN expres-
sion in BMSCs.

PTEN knockdown counteracts the effects
circ_0066523 on the proliferation and osteoblastic phe-
notype of BMSCs. We next studied whether circ_0066523
exerted effects on BMSCs via repressing PTEN. Hence, we
performed subsequent rescue assays. It was demonstrat-
ed that the transfection of sh-PTEN could effectively inhibit
the expression of PTEN in BMSCs (Supplementary Figure
bd). Importantly, the proliferation of BMSCs inhibited by
circ_0066523 deficiency was restored by PTEN knockdown
(Figure 5a). We found that Alizarin Red S-stained mineralized
nodules, ALP activity, and ALP staining were decreased by
circ_0066523 interference, while being increased in response
to PTEN knockdown (Figure 5b). Similarly, the expression

of silenced

declination of RUNX2, OCN, and OPN induced by depleted
circ_0066523 was also reversed by PTEN downregulation
(Figure 5¢). Overall, these results showed that PTEN mediates
the contribution of circ_0066523 to BMSC proliferation and
osteogenic differentiation.

Discussion

In recent years, a growing number of circRNAs have
been identified as potential modulators of disease
development.?*28 In our study, circ_0066523 was found
to be overexpressed in the osteoblast differentiation
induction process of BMSCs. Of note, circ_0066523
knockdown hindered the proliferation and osteogenic
differentiation of BMSCs. From the perspective of mech-
anism, we found that PI3K/AKT signalling pathway was
responsible for the biological role of circ_0066523 in
BMSCs.

PTEN is a well-established homeostatic regulator
that can negatively regulate PI3K/AKT/mechanistic
target of rapamycin (mTOR) signalling pathway via its
lipid phosphatase activity against phosphatidylinositol
(3,4,5)-trisphosphate. Besides, PTEN is essential for cell
growth in physiological or pathological situations.? It has
been reported that PTEN could be epigenetically silenced
by some transcription repressor proteins, leading to the
activation of PI3K/AKT pathway and the development
of diseases. For instance, enhancer of zeste 2 polycomb
repressive complex 2 subunit (EZH2) was found to curb
PTEN transcription via promoting H3K27me3.3° From our
experimental findings, both the mRNA and protein levels
of PTEN were upregulated after silencing of circ_0066523.
Further, we identified KDM5B as a transcriptional inhib-
itor for PTEN. Previously, the negative regulation of
KDM5B on PTEN was well-documented in hepatocellular
carcinoma cells.>!

KDMS5B, which belongs to the KDM5 / Jumonji/ARID
domain-containing protein 1 (JARID1) family, is a specific
demethylase for histone H3K4.3? It affects the expression
of target genes via altering the H3K4me3 status in the
promoter region. Previously, KDM5B has been found
to be an important H3K4-methylome regulator in stem
cells as well.®® In current work, we demonstrated that
circ_0066523 recruited KDM5B to inactivate PTEN tran-
scription via decreasing the occupancy of H3K4me3
on PTEN promoter, further leading to the stimulation
of the PI3K/AKT pathway. This circ_0066523/KDM5B/
PTEN/PI3K/AKT axis emerged as a molecular mechanism
responsible for the impacts of circ_0066523 on BMSCs.
Consistent with our mechanistic deduction, knock-
down of PTEN effectively counteracted the effects of
circ_0066523 silencing on BMSC proliferation and osteo-
genic differentiation.

In short, our study put forward the circ_0066523/
KDMS5B/PTEN/PI3K/AKT axis for the very first time in the
research on the behaviours of BMSCs. This finding may
provide the solid theoretical foundation for identifying
novel targets of BMSC-related diseases, such as ONFH.
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However, lack of in-depth explorations to provide in vivo
data or even clinical evidences are the main limitations of
the present work.

Supplementary material

Figures showing the induction of bone mesenchy-
mal stem cell osteogenic differentiation and the
interaction between circ-0066523 and lysine

demethylase 5B.
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