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apoptosis of chondrocyte in osteoarthritis
via suppression of Piezo1
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Abstract

Background: Apoptosis of chondrocyte is involved in osteoarthritis (OA) pathogenesis, and mechanical stress plays
a key role in this process by activation of Piezo1. However, the negative regulation of signal conduction mediated by
mechanical stress is still unclear. Here, we elucidate that the critical role of G protein coupled estrogen receptor (GPER)
in the regulation of mechanical stress-mediated signal transduction and chondrocyte apoptosis.

Methods: The gene expression profile was detected by gene chip upon silencing Piezo1. The expression of GPER in
cartilage tissue taken from the clinical patients was detected by RT-PCR and Western blot as well as immunohisto-
chemistry, and the correlation between GPER expression and OA was also investigated. The chondrocytes exposed

to mechanical stress were treated with estrogen, G-1, G15, GPER-siRNA and YAP (Yes-associated protein)-siRNA. The
cell viability of chondrocytes was measured. The expression of polymerized actin and Piezo1 as well as the subcellular
localization of YAP was observed under laser confocal microscope. Western blot confirmed the changes of YAP/ Rho
GTPase activating protein 29 (ARHGAP29) /RhoA/LIMK /Cofilin pathway. The knee specimens of osteoarthritis model
were stained with safranin and green. OARSI score was used to evaluate the joint lesions. The expressions of GPER and
YAP were detected by immunochemistry.

Results: Expression profiles of Piezo1- silenced chondrocytes showed that GPER expression was significantly upregu-
lated. Moreover, GPER was negatively correlated with cartilage degeneration during OA pathogenesis. In addition, we
uncovered that GPER directly targeted YAP and broadly restrained mechanical stress-triggered actin polymerization.
Mechanism studies revealed that GPER inhibited mechanical stress-mediated RhoA/LIMK/cofilin pathway, as well as
the actin polymerization, by promoting expression of YAP and ARHGAP29, and the YAP nuclear localization, eventually
causing the inhibition of Piezo1. YAP was obviously decreased in degenerated cartilage. Silencing YAP caused signifi-
cantly increased actin polymerization and activation of Piezo1, and an increase of chondrocyte apoptosis. In addition,
intra-articular injection of G-1 to OA rat effectively attenuated cartilage degeneration.

Conclusion: We propose a novel regulatory mechanism underlying mechanical stress-mediated apoptosis of chon-
drocyte and elucidate the potential application value of GPER as therapy targets for OA.
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Introduction

Osteoarthritis (OA) is a chronic and degenerative dis-
ease of the joint, which is characterized by degen-
eration of cartilage, subchondral bone changes, and
formation of osteophytes (Glyn-Jones et al. 2015). As
chondrocytes are the only cells in articular cartilage,
the decline of chondrocyte survival rate would result
in the destruction of the articular cartilage (Geyer and
Schonfeld 2018). In addition to genetic and environ-
mental factors, mechanical stress has a crucial effect on
the development of osteoarthritis by regulating chon-
drocyte apoptosis (Felson et al. 2000). Previous stud-
ies reported that mechanical stress upregulated the
expression of Piezol, a novel mechanical sensitive ion
channel, in chondrocytes, which in turn increased the
apoptosis of chondrocyte, and eventually led to carti-
lage degeneration (Li et al. 2017). Therefore, molecules
possessing activation of Piezol induced by mechanical
stress are urgently needed.

It was found that apoptosis of chondrocytes induced
by mechanical stress was downregulated by cytocha-
lasin D (cytoD), implying that cytoskeleton protein,
especially the actin, may have vital roles in mechani-
cal signal transduction during OA. In addition, chon-
drocytes from OA cartilage show actin polymerization,
which renders OA cartilage, particularly susceptible to
mechanical stress (Millward-Sadler et al. 2000). Mean-
while, OA cartilage activates signal pathway for con-
tributing to actin polymerization compared to normal
cartilage (Lambrecht et al. 2008). Thus, targeting actin
dynamics signaling may be an effective approach to
treat OA.

Signal transduction pathways of mechanical stress
have been extensively studied (Zhu et al. 2016; Jor-
gensen et al. 2017; Lee et al. 2017a). Collectively, upon
mechanical stress, membranes undergo structural
changes facilitates recruitment of cytosolic factors
(Halder et al. 2012). In response to mechanical stress,
the subcellular localization of Yes-associated protein
(YAP), a transcription coactivator, is transferred from
nucleus to cytoplasm (Panciera et al. 2017; Chang et al.
2018). Cytoplasmic YAP downregulates the expression
of Rho GTPase activating protein 29 (ARHGAP29)
which known as the regulator of the RhoA/LIMK/
cofilin pathway (Meng et al. 2018). Cofilin is an actin
depolymerizing factor, which is blocked in function
by activating this pathway (Qiao et al. 2017). Polymer-
ized actin regulated by cofilin enhance the activation
of Piezol, which ultimately increase the apoptosis of

chondrocyte (Li et al. 2017). However, the modulation
of mechanical stress-mediated signaling pathways, par-
ticularly the regulation of upstream molecules, has not
yet been elucidated.

Estrogen receptors include the conventional estro-
gen receptors (ERs) in the cytoplasm or nucleus,
and the novel G protein coupled estrogen receptors
(GPERs), which exert their regulatory functions by
fast non genomic pathway and slow genomic pathway
(Barton et al. 2018). Estrogen receptor regulate cell
proliferation, apoptosis and metabolism, implying the
essential role of estrogen receptor in maintaining intra-
cellular homeostasis (Pakdel 2018). Previous studies
illuminated the apoptosis of chondrocyte induced by
mechanical stress significantly decreased upon estro-
gen treatment (Imgenberg et al. 2013). However, at
present, mechanical stress associated-estrogen recep-
tor type probably implicated in OA development still
remains unclear.

Through this study, we investigated mechanical stress
associated-estrogen receptor in chondrocytes and
tried to discern estrogen receptor type closely related
in mechanical stress-mediated signaling and explored
their underlying effects on apoptosis of chondrocyte
during OA process. Our research found that GPER was
response to regulate mechanical stress transduction
in chondrocyte. GPER suppresses mechanical stress-
mediated RhoA/LIMK/cofilin activation, actin polym-
erization, and the activation of Piezol by promoting
expression of YAP and ARHGAP29, as well as the YAP
nuclear localization, consequently attenuates apoptosis
of chondrocyte.

Materials and methods

Collection of articular cartilage

This study was approved by the medical ethics com-
mittee of the Affiliated Hospital of Qingdao University
(QYFYKYLL-2017-06-12-05), and all patients written
informed consent. Degenerative articular cartilage tis-
sues from 15 females, aged 55-70 years (60.36 + 10.44)
years, were collected from patients undergoing total
knee arthroplasty due to osteoarthritis. Control tissues
were also collected from 10 females, aged 20—31 years
(25.28 £5.37) years, who underwent surgery for frac-
ture of tibial plateau. Specimens are separated into two
parts. One part of the specimens was fixed in 4% para-
formaldehyde for histological examination and analysis,
the other part was immersed in PBS for isolation.
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Isolation and culture of OA chondrocytes

OA cartilage was washed three times with 100 p/ml peni-
cillin and 0.1 mg/ml streptomycin, and cut into 1 mm?
pieces. 0.25% trypsin (Hclone, Logan, USA) was added
to the tissue pieces and digested at 37 °C for 30 min, and
0.2% type II collagenase (Roche diagnosis, Tokyo, Japan)
at 37 °C for 4 h. After filtration with 70 um nylon mem-
brane, the suspension was centrifuged at 1200 rpm for
8 min. Cells were cultured in Dulbecco’s modified eagle’s
medium/Ham’s F12 (DMEM/F-12; GIBCO, Waltham,
USA) containing 15% FBS, (life technologies, Carlsbad,
Canada), 100 p/ml penicillin and 0.1 mg/ml streptomycin
at 37 °C in a 5% CO, incubator. The second-generation
chondrocytes were taken for the follow-up experiment.

RNA-mediated interference

siRNA for human Piezol, GPER and YAP gene was
obtained from Jima Gene Company (Shanghai, China).
Chondrocytes were seeded in a six-well plate, and when
chondrocytes reached 80% confluency, targeting siRNA
or scrambled sequence wrapped by lentivirus with titer
of 50 nM were added. Polybren (Sigma-Aldrich, St. Louis,
USA) was used to facilitate the transfection process.

Application of cyclic stress

Chondrocytes were digested with trypsin and cultured
in 6-well collagen-coated BioFlex plates at a density of
2 x 10°. DMEM/F-12 containing 15% fetal bovine serum
was added into each well. The serum-free DMEM/F-12
was used to replace the original culture medium when
the cells grew to 80-90% confluence. After 24 h of cul-
ture, BioFlex plates were placed into the multi-channel
stress loading system FX-4000T (Flexercell International,
McKeesport, USA). The frequency was set to 6 cycles per
minute with 20% surface elongation, and the cells were
harvested after 24 h. Cells cultured under the same con-
ditions without exposure to mechanical stress were used
as the control group.

Chip analysis

The total RNA was extracted by RNAiso Kit (Takara,
Osaka, Japan). The total RNA samples were analyzed by
Agilent 2100 for quality inspection. The amplified RNA
(aRNA) was prepared by GeneChip 3'IVT Express Kit.
After purification and fragmentation, aRNA was hybrid-
ized with the chip probe. Upon hybridization, the chip
was washed and dyed, and then the image and original
data were obtained by scanning. The screening crite-
ria of the significant difference genes (SDGs) were: |fold
change|>2 and false discovery rate (FDR) < 0.05. Analysis
of SDGs was carried out using the IPA Pathway Analysis,
with samples being grouped by transfection condition,
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three replicates per group. Disease and function analysis
were performed to categorize the considerably enriched
functional classification in which SDGs operated.

Detection of chondrocyte apoptosis

Annexin V-FITC/propidium iodide double staining was
used to assess apoptosis and necrosis. According to the
manufacturer’s instructions of the Annexin V-FITC
Apoptosis Detection Kit (R&D Systems, New Brighton,
USA), samples were prepared for flow cytometric analy-
sis. Viable cells were identified as Annexin-V—/PI—, early
apoptotic cells as Annexin-V + /PI—, late apoptotic cells
as Annexin-V + /PI+, and necrotic cells as Annexin-V—/
PI+.

Real-time polymerase chain reaction (RT-PCR)

The total RNA of chondrocytes is extracted as above
mentioned. As per the manufacturer’s instructions
which were provided with Prime Script RT reagent Kit
(TaKaRa, Osaka, Japan), 1 ug RNA was reverse-tran-
scribed into complementary DNA. The mRNA expres-
sion of GPER were detected by quantitative fluorescence
Kit (TaKaRa, Osaka, Japan) on Roche Light Cycler 480
(R&D Systems, USA). The parameters of thermal cycle
conditions included a 30 s pre-culture at 95 °C followed
by 40 cycles at 95 °C for 5 s and 60 °C for 20 s. GAPDH
as a housekeeping gene normalizes CT values. The rela-
tive gene expression was calculated by 2~ A4 method.
Information about the sequence of the primers is pro-
vided in Table 1.

Western blot

Radio-immunoprecipitation assay buffer was added to
chondrocyte for 30 min to extract total protein. The
concentration of total protein was determined by BCA
method, and separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis and transferred to
the polyvinylidene difluoride membrane under constant
current condition, and blocked with 5% skimmed milk
at room temperature for 1.5 h. Rabbit anti-human BAX
(Abcam, Cambridge, UK), Bcl-2 (Abcam, Cambridge,
UK), GPER (Abcam, Cambridge, UK), YAP, ARHGAP29
(Abcam, Cambridge, UK), RhoA (Abcam, Cambridge,
UK), active RhoA (Abcam, Cambridge, UK), LIMK,

Table 1 Primer sequences

Target mRNA Sequence (5'-3)

GPER Forward primer: 5/- TTAGGCCTGATACGTAGCTA -3/
Reverse primer: 5- AGGCATTTCGCGATTAAGTT -3/

GAPDH Forward primer:5/- TGTGTCCGTCGTGGATCTGA -3/

Reverse primer: 5/- TTGCTGTTGAAGTCGCAGGA -3/
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Fig. 1 GPER s upregulated in chondrocytes exposed to mechanical stress after Piezo1 silencing. a Heatmap of differential gene expression values
upon Piezo1 silencing in chondrocytes exposed to mechanical stress. b Disease and function analysis of differential gene expression values upon
Piezo1 silencing in chondrocytes exposed to mechanical stress. ¢ RT-gPCR analysis of GPER genes in Piezo1-silenced chondrocytes compared with
non-silenced chondrocytes (n = 3). d Protein expression of GPER in Piezo1-silenced chondrocytes compared with non-silenced chondrocytes
(n=3). All data are presented in mean £ SD *P < 0.05, compared with non-silenced chondrocytes

P-LIMK, cofilin, P-cofilin and GAPDH primary antibod-
ies (dilution concentration 1:2000, Cell Signaling Tech-
nology, Boston, USA) were incubated overnight at 4 °C.
Then goat anti-rabbit horseradish peroxidase-conjugated
antibody (dilution concentration 1:2000, Cell Signaling
Technology, Boston, USA) incubated at room tempera-
ture for 1 h. Target proteins were detected by enhanced

chemiluminescence reagent. GAPDH was used as inter-
nal control.

Immunofluorescence staining

OA chondrocytes were fixed with 4% paraformaldehyde
for 30 min, then permeate with 0.03%Triton X-100 for
10 min. After washing with PBS, bovine serum albumin
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Fig. 2 GPER expression is decreased in human osteoarthritis cartilage. a RT-qPCR analysis of GPER genes in degenerative cartilage compared with
control cartilage (n=10). b Protein expression of GPER in degenerative cartilage compared with control cartilage (n = 3). ¢ Immunohistochemical
staining of degenerative cartilage and control cartilage without (control) and with anti-GPER antibody (n= 10). All data are presented in mean 4 SD
*P <0.05, compared with control cartilage. **P <0.01, compared with control cartilage

was used to block for 30 min, and YAP (Abcam, Cam- incubated at room temperature for 1 h with Alexa labeled
bridge, UK), Piezol (Novus, Colorado, USA) and Phal-  secondary antibody (Invitrogen, Carlsbad, USA). DAPI
loidin (dilution concentration 1:500, Abcam, Cambridge, (Invitrogen, Carlsbad, USA) was used to dye for 10 min,
UK) were used for overnight at 4 °C. Then, they were and the image was taken by confocal microscope.
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OA model preparation

Eight-week-old SD rats (female, 200 g) were randomly
divided into three groups: Sham + Negative control (NC),
OA +NC and OA + G-1 group, 6 rats in each group. Sur-
gical OA model was induced by resecting anterior cruci-
ate ligament (ACL) and medial collateral ligament (MCL)
on the right knee joint. Sham operation received the
same incision without cutting off ACL and MCL. Rats in
OA +G-1 group were intra-articular injected with G-1
(40 ug/kg/day, for 7 weeks) 1 week after the surgery. Rats
in Sham+NC and OA +NC group were administrated
with equal saline injections.

Histological examination

Articular cartilage was fixed with 4% paraformalde-
hyde for 2 days, decalcified with 15% EDTA at pH 7.4
for about 8 weeks, dehydrated in graded ethanol solu-
tion, embedded in paraffin, and sectioned into 5 pm sec-
tions. Safranin O/fast green staining was performed on
the knee joint specimens of rats. Cartilage was evaluated
by two experienced pathologists in a blinded manner,
and assessed by using an Osteoarthritis Research Soci-
ety International (OARSI) scoring system as previous
described (Kang 2020). The images were obtained using a
light microscope (Olympus, Tokyo, Japan).

Immunohistochemical staining

The decalcified sections were boiled in sodium citrate
(pH 6.0) for 10 min to retrieve antigen, and incubated
with 3% hydrogen peroxide for 10 min to block endog-
enous peroxidase activity. The non-specific binding was
reduced by incubating the sections with 3% goat serum
for 30 min at room temperature. Sections were incubated
overnight at 4 °C, and the main antibodies were GPER
(1:300, Abcam, Cambridge, UK), and YAP (1:300, Abcam,
Cambridge, UK). The slides were visualized by a light
microscope.

Statistical analysis
SPSS 23.0 (IBM, Chicago, USA) was used for statisti-
cal analysis. All quantitative variables were expressed as
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mean =+ standard deviation (SD). Student’s t test or one
way analysis of variance (ANOVA) were used to compare
differences between groups. P<0.05 indicates that the
difference has statistical significance.

Results

GPER is upregulated in chondrocytes exposed

to mechanical stress after Piezo1 silencing

In order to explore the molecular and regulatory net-
works that interact with Piezol, we explored the effect
of Piezol-siRNA on the expression profile of chondro-
cytes exposed to mechanical stress. Silencing Piezol
resulted in estrogen-associated transcriptional signature
when significant gene expression differences are grouped
and visualized as a Heatmap (Fig. 1a). Further studies
showed that the novel estrogen receptor GPER was sig-
nificantly up-regulated after Piezol silencing, while the
conventional ERa and ERP had no significant change.
Disease and function analysis indicated that the differen-
tial genes were mainly involved in cell death and survival,
suggesting that Piezol play a crucial role in chondrocyte
survival (Fig. 1b). The mRNA expression measurement
established that GPER were increased with transfection
of Piezol-siRNA (Fig. 1c). The Western blot results were
consistent with the mRNA expression (Fig. 1d).

GPER expression is decreased in human osteoarthritic
cartilage

In order to explore the effect of GPER on OA, we first
detected the mRNA expression of GPER in the control
joint tissues of 10 patients with tibial plateau fracture and
10 patients with knee osteoarthritis. Quantitative mRNA
expression showed a significant reduction in GPER in
osteoarthritis articular cartilage compared with the
control group (Fig. 2a). In order to further confirm the
relationship between GPER and osteoarthritis cartilage
degeneration, we measured the protein level by Western
blot (Fig. 2b), and got consistent results. GPER expression
was also investigated in human cartilage. Immunohisto-
chemical staining and corresponding quantification of
GPER showed that GPER is significantly downregulated

(see figure on next page.)

group

Fig. 3 Activation of GPER reduces the apoptosis of chondrocytes induced by mechanical stress. a Cell viabilities for chondrocytes treated with
mechanical stress, 8 UM estrogen, and 8 uM G15 (n = 3). b Protein expression of Bax and Bcl-2 for chondrocytes treated with mechanical stress,

8 uM estrogen, and 8 pM G15 (n=3). ¢ Cell viabilities for chondrocytes with GPER or scrambled siRNA after treatment with mechanical stress, and
estrogen (n=3). d Protein expression of Bax and Bcl-2 for chondrocytes with GPER or scrambled siRNA after treatment with mechanical stress,
and estrogen (n = 3). e Cell viabilities for chondrocytes treated with mechanical stress, 10 uM G-1, and 8 uM G15. f Protein expression of Bax and
Bcl-2 for chondrocytes treated with mechanical stress, 10 uM G-1, and 8 uM G15. g Cell viabilities for chondrocytes with GPER or scrambled siRNA
after treatment with mechanical stress, and G-1 (n=3). h Protein expression of Bax and Bcl-2 for chondrocytes with GPER or scrambled siRNA after
treatment with mechanical stress, and G-1 (n = 3). All data are presented in mean 4 SD (n=3). *P <0.05, compared with DMSO group. **P <0.01,
compared with DMSO group. *P < 0.05, compared with mechanical stress +DMSO group. #P <0.01, compared with mechanical stress +DMSO
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in degenerative cartilage compared with control cartilage
(Fig. 2¢).

Activation of GPER reduces the apoptosis of chondrocytes
induced by mechanical stress

The doses of G-1 and estrogen were 10 pM and 8 pM
respectively. The dose—effect curves are shown in Addi-
tional file 1. Cell viability, and expression of apoptosis
related proteins (Bcl-2 and Bax) were used to evaluate
apoptosis of chondrocyte. Chondrocytes exposed to 24 h
mechanical stress presented an increase in apoptosis,
characterized by a significant decline in cell viability,
increased expression of BAX and decreased expression of
Bcl-2. When the chondrocytes exposed to 24 h mechani-
cal stress were treated with 8 uM estrogen, a decrease
in apoptosis (increase in cell viability, decreased expres-
sion of BAX and increased expression of Bcl-2) was
found. However, estrogen alone did not play a signifi-
cant role in viability and expression of BAX and Bcl-2
(Fig. 3a, b). G15, the inhibitor of GPER, attenuated the
effect of estrogen on the inhibition of chondrocyte apop-
tosis induced by mechanical stress. These results sug-
gest that GPER instead of ER mediates the antiapoptotic
effect of estrogen. To further prove the effect of GPER
on resisting apoptosis induced by mechanical stress,
GPER was knocked down using siRNA. Compared with
the scrambled siRNA, GPER-siRNA effectively blocked
the anti-apoptosis effect of estrogen, which was con-
sistent with the results of the application of inhibitors
(Fig. 3¢, d). Moreover, we explored the potential role of
G-1 in mechanical stress-induced chondrocyte apopto-
sis. Treatment with G-1 alone did not cause a significant
increase in apoptosis (Fig. 3e, f). The G-1-mechanical
stress group had an increased viability, decreased expres-
sion of BAX and increased expression of Bcl-2 compared
with mechanical stress group (Fig. 3e, f). To confirm if
G-1 treats chondrocyte through GPER activation, GPER
was inhibited using siRNA knockdown. G-1 treatment
of chondrocyte transfected with scrambled siRNA had
negligible change, whereas the GPER-siRNA treated cells
showed a significant increase in apoptosis (Fig. 3g, h).

GPER inhibits mechanical stress-mediated actin
polymerization and Piezo1 activation

In order to uncover the role of GPER in mechanical
stress-induced actin polymerization and Piezol activa-
tion, we treated chondrocytes with G-1 or mechanical
stress. Compared with the control group, mechanical
stress upregulated the fluorescence intensity of Piezol
in chondrocytes. However, G-1 treatment could sig-
nificantly attenuate the increased fluorescence inten-
sity in this process. (Fig. 4a). Activation of Piezol is
closely related to actin polymerization. To clarify the
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role of actin, chondrocyte was treated with actin inhibi-
tor, CytoD. Compared with the mechanical stress group,
the expression of Piezol in chondrocytes treated with
CytoD decreased (Fig. 4a), the cell viability and expres-
sion of Bcl-2 increased as well as the expression of BAX
decreased (Fig. 4b, c). G-1-mechanical stress treated
chondrocyte had significantly decreased actin-fluo-
rescence intensity compared with mechanical stress
treated cells (Fig. 4a), suggesting that GPER inhibits
mechanical stress-mediated activation of Piezol via actin
depolymerization.

GPER regulates actin polymerization

via YAP-ARHGAP29-RhoA-LIMK-Cofilin Signaling

YAP, a transcription molecule involved in mechani-
cal signaling, was also detected. G-1-mechanical stress
treated chondrocyte had significantly increased YAP
expression (Fig. 5a) and apparently nuclear localiza-
tion (Fig. 5b) compared with mechanical stress treated
cells. To confirm if YAP involved in apoptosis induced
by mechanical stress, YAP was inhibited using siRNA
knockdown. Compared with the scrambled siRNA, YAP-
siRNA effectively blocked the anti-apoptosis effect of G-1
(Fig. 5¢, d). These results suggested that YAP played a
role in apoptosis regulated by G-1 and mechanical stress.
In addition, we explored whether YAP has a potential
regulatory effect on polymerization of actin and associ-
ated signaling pathway. The results of immunofluores-
cence showed that YAP silencing effectively attenuated
the depolymerization of actin and inactivation of Piezo-
1casused by GPER activation induced by G-1 (Fig. 5e).
As an important modulator of actin dynamics, ARH-
GAP29 reduces the activity of RhoA by promoting the
transformation from GTP-bound (active) RhoA to its
GDP-bound (inactive) form, and then inhibit the LIMK/
cofilin pathway intimately implicated in actin dynamics.
Our data showed that compared with the control group,
the expression of ARHGAP29 protein in the mechani-
cal stress group was significantly reduced, and the RhoA
activity, LIMK activity and cofilin phosphorylation level
were elevated, which could be rescued by G-1 treatment
(Fig. 5f). Taken together, activation of GPER suppresses
actin polymerization via YAP-ARHGAP29-RhoA-LIMK-
Cofilin Signaling.

G-1 activated GPER inhibits articular cartilage
degeneration in vivo

The articular cartilages were estimated by Safranine and
Fast Green double staining (Fig. 6a). The data of OARSI
scores presented that the worse articular cartilage degen-
eration in OA+ NC group than the Sham-+ NC group,
whereas the G-ltreatment attenuated this pathologi-
cal process. Moreover, we used immunohistochemical
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staining of GPER and YAP. As shown in Fig. 6b, the Discussion

G-1treatment could enhance the YAP expression in artic-  In this study, we found that (1) estrogen pathway is
ular cartilage of rats. These data implied that intra-artic-  involved in the mechanical signal transduction of chon-
ular injection G-1 has a potential protective effect in vivo.  drocytes mediated by Piezol, and the activation of
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GPERSs rather than ERs acts a crucial role in the mechani-
cal stress-induced chondrocyte apoptosis; (2) Expression
of GPER significantly reduces in osteoarthritis cartilage
and rat osteoarthritis models; (3) G-1 activated GPER
to play the role of cartilage protection under mechanical
stress (4) GPER activation greatly promoted the subcel-
lular localization of transcriptional costimulatory mol-
ecule YAP from cytoplasm to nucleus (5) the nuclear
localization of YAP upregulated the expression of ARH-
GAP29, downregulated the phosphorylation of RhoA,
LIMK and cofilin, led to the depolymerization of actin
(6) the depolymerization of actin blocked the stimulation
of mechanical stress on Piezol, eventually increased the
viability of chondrocytes. To our best known, this is the
first study to describe the comprehensive role of GPER in
the chondrocyte apoptosis induced by mechanical stress
via regulation of actin/Piezol axis by influencing YAP/
ARHGAP29/RhoA/ LIMK/cofilin pathways.
Epidemiological data showed that the prevalence of OA
in women after 50 years old was significantly higher than
that in men and premenopausal women, and the serum
estradiol level in postmenopausal OA patients was mark-
edly lower than that in normal postmenopausal women,
and the severity of knee osteoarthritis increased with
the decrease of estradiol level (Zhou et al. 2018; Hussain
et al. 2018; Jung et al. 2018; Gao et al. 2010). Estrogen
or its modulators can effectively relieve the pain of OA
patients, and slightly reduce the prevalence and the inci-
dence of joint replacement (Xiao et al. 2016; Tsai and Liu
1992). The physiological concentration of estrogen can
regulate the viability of chondrocytes and promote their
proliferation and differentiation (Ge et al. 2019; Chagin
et al. 2006). On the contrary, estrogen deficiency can acti-
vate the apoptosis mechanism of chondrocytes, which
can make chondrocytes apoptosis, prevent the prolifera-
tion of chondrocytes, and cause the occurrence and pro-
gress of osteoarthritis (Talwar et al. 2006). It is reported
that estrogen can effectively reduce the decrease of chon-
drocyte viability caused by mechanical stress (Imgenberg
et al. 2013; Ge et al. 2019), which is consistent with the
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results of this study. These data demonstrated the impor-
tant protective role of estrogen in articular cartilage.

Estrogen receptors can be divided into two types: con-
ventional ER in cytoplasm and nucleus and GPER in cell
membrane (Pakdel 2018). Previous researches focused
on the effect of ER on cartilage, which affects the pro-
cess of OA by regulating cartilage matrix metabolism
and chondrocyte proliferation (Son et al. 2017). However,
the role of GPER in chondrocytes is not clear. The results
of microarray analysis showed that GPER expression in
chondrocytes was significantly up-regulated and ER did
not change significantly after Piezol was silenced, which
was also verified in transcription and post transcrip-
tion levels. The antiapoptotic effect of estrogen can be
blocked by G15 or silencing GPER. In addition, G-1, can
simulate the effect of estrogen to weaken the decrease
of chondrocyte viability caused by mechanical stress.
GPER was negatively correlated with the degeneration of
cartilage in human and experimental OA, implying that
GPER instead of ERs is possibly engaged in OA progres-
sion. Actually, activation of GPER significantly impacted
on apoptosis of chondrocyte during OA pathogenesis, as
evidenced by that G-1 was able to restrain activation of
Piezol and cartilage degeneration due to surgery-induced
OA. Furthermore, we revealed the potential molecular
mechanism of GPER for OA cartilage protection in vitro
and in vivo. In general, GPER strictly controls OA pro-
gression via critically regulating the actin dynamics, pre-
requisites for Piezol activation, regulated by mechanical
stress. Therefore, we elucidate GPER as a crucial mecha-
noregulator of cartilage and its activation accelerates the
progression of OA.

It's common knowledge that the transcription of
ARHGAP29 are promoted by YAP, and consequently
inhibit the RhoA/LIMK/cofilin pathways, eventually
resulting in actin depolymerization (Qiao et al. 2017).
However, the role of YAP in articular cartilage is con-
troversial. It is reported that YAP expression is up-reg-
ulated in human and mouse osteoarthritis cartilage and
chondrocytes, and silencing of YAP can inhibit IL-1

(see figue on next page.)

Fig. 5 GPER regulates actin polymerization via YAP-ARHGAP29-RhoA-LIMK-Cofilin Signaling. a Protein expression of YAP in chondrocyte treated
with G-1 or mechanical stress (n=3), *P < 0.05, compared with control group. **P < 0.01, compared with control group. *P < 0.05, compared
with mechanical stress group. #pP <0.01, compared with mechanical stress group. b Immunofluorescence staining YAP (n=3). (c) Cell viabilities
for chondrocytes with YAP or scrambled siRNA after treatment with mechanical stress, and G-1 (n =3), *P < 0.05, compared with DMSO group.
**P <001, compared with DMSO group. *P <0.05, compared with mechanical stress +DMSO group. #P <0.01, compared with mechanical

stress +DMSO group. d Protein expression of Bax and Bcl-2 for chondrocytes with YAP or scrambled siRNA after treatment with mechanical stress,
and G-1 (n=3), *P <0.05, compared with DMSO group. **P <0.01, compared with DMSO group. *P <0.05, compared with mechanical stress +DMSO
group. #P <0.01, compared with mechanical stress + DMSO group. e Immunofluorescence staining F-actin and Piezo1 (n=3). f Protein expression
of ARHGAP29-RhoA-LIMK-Cofilin Signaling in chondrocyte treated with G-1 or mechanical stress (n =3) *P <0.05, compared with control group.

**P < 0,01, compared with control group. *P < 0.05, compared with mechanical stress group. #P < 0.01, compared with mechanical stress group. All
data are presented in mean=£SD
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Fig.5 continued

d

siSS

YAP-soRNA

siSS + + + o+ 4 YAP-siRNA
Mechanical stress - - -+ + Mechanical stress
DMSO -+ - + - DMSO
G-1 T BT G-1
21kDa . ~emes BAX 21kDa
e oo o wem wee  GAPDH
26kDa | ssss== =— Bcl-2 26kDa

== ==e—e== GAPDH

BAX

Relative Abundance
Relative Abundance

Bcl-2 Bcl-2

Relative Abundance
Relative Abundance

Piezo1

Mechanical stress

Mechanical stress
+G-1

Mechanical stress

Mechanical stress
+G-1

Mechanical stress - - + +
G1 - + -+

g . ARHGAP29 10

o - o w— o RhOA

e = active-RhoA

4
@

o p g W= LMK
= = | T pLIMK
S S G- w8 GAPDH

Relative Abundance

Mechanical stress - - + + 0.0
G- -

e e 11}

. —— .. P-CoOfilin

S - S e GAPDH

2.0

- - - + +
- -+ - +
o = waem BAX
— e GAPDH

- )
o ==e—wme= GAPDH

=3 Control

G-1

E3 Mechanical stress

o mechanical stress+G-1




Sun et al. Mol Med (2021) 27:96 Page 17 of 19
a Sham+NC
100X =33 Sham+NC
=3 OA+NC
3 OA+G-1
200X
b
200X =3 Sham+NC
=3 OA+NC
= OA+G-1
400X
200X
=3 Sham+NC
=3 OA+NC
= OA+G-1
400X
Fig. 6 G-1 activated GPER inhibits articular cartilage degeneration in vivo. a Safranine and Fast Green double staining in each group and associated
OARSI scores (n=6). b Immunofluorescence staining GPER, and YAP (n=©6). All data are presented in mean 4 SD *P < 0.05, compared with
Sham +NC. **P < 0.01, compared with Sham +NC. *P < 0.05, compared with OA+ NC. *P <0.01, compared with OA +NC

induced chondrocyte apoptosis (Gong et al. 2019). Yap
knockout exerted maintaining the expression of type
II collagen and inhibiting cartilage degeneration in the
OA model (Ying et al. 2018). In addition, intra-artic-
ular injection of YAP-siRNA or verteporfin, a selec-
tive inhibitor of YAP, significantly reduced abnormal
subchondral bone formation, and preserved cartilage
homeostasis in mice OA model (Delve et al. 2020). On
the contrary, some scholars think that overexpression
of YAP is helpful to preserve the integrity of articular
cartilage, and the absence of YAP leads to the destruc-
tion of cartilage. YAP suppresses NF-kB pathway by
inhibiting IKKa/f activation to reduce intra-articular

inflammation. Intra articular injection of YAP mark-
edly decreased the occurrence of OA in mice (Deng
et al. 2018). This study elucidated that the expression
of YAP was elevated and subcellular localization was
transferred from cytoplasm to nucleus after GPER acti-
vation, causing downregulation of mechanical stress-
mediated signaling and polymerization of actin. In
addition, we observed the decrease of YAP expression
in rat OA model. After YAP silencing, G-1 treatment
of chondrocytes still could not improve the decrease
of chondrocyte viability induced by Piezol mediated
mechanical stress.
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Mechanical stress is an important factor of apoptosis of
chondrocyte during OA (Zhao 2020). Therefore, suppres-
sion of mechanical stress signaling is crucial to alleviate
apoptosis of chondrocyte for the prevention of cartilage
degeneration (Lee et al. 2017b). Our previous study found
that Piezol mediates the apoptosis of chondrocytes induced
by mechanical stress (Li et al. 2017). Our study shows that
GPER interacts with Piezol to participate in mechanical
stress-mediated signal transduction and the pathogenesis of
OA. In addition, previous studies have reported that GPER
can also interact with other membrane proteins (Zhang et al.
2018). Microglia GPER acts as a neuroprotective role by
inhibiting microglial inflammation mediated by TLR4. Sev-
eral potential pathways may be involved in GPER-induced
down-regulation of TLR4 in microglia. First, GPER may
indirectly regulate TLR4 transcriptional activity through
activation of a second messenger signaling cascade, such as
adenylate cyclase-cAMP signaling (Alexander et al. 2017),
PI3-kinase/Akt (PI3K/AKT)-dependent signaling and Src
protein kinase-epidermal growth factor receptor pathway
(Alexander et al. 2017; Prossnitz and Barton 2011; Filardo
and Thomas 2012). In addition, GPER upregulates BDNF
by regulating PI3K/Akt and MAPK/ERK signaling path-
ways. Second, GPER may inhibit TLR4 expression through
the "bridge molecule”, namely the RAB protein (Wang et al.
2007). Rab proteins are involved in TLR4-mediated inflam-
mation. RAB8A and RAB10 reduce TLR4 expression in the
membrane and its downstream pro-inflammatory cytokines
(Wang et al. 2010; Luo et al. 2014), and RAB7B reduces
TLR4 expression in macrophages (Wang et al. 2007). Com-
bined with literature reports, we speculate that GPER inter-
acts with piezol through YAP/ARHGAP29/RhoA/ LIMK/
cofilin pathway, and may also interact with other signaling
pathways (PI3K/Akt, etc.) and molecules (RAB protein) to
regulate mechanical signal transduction in chondrocytes,
which needs further experiments to prove.

Conclusions

All in all, we propose a novel regulating and controlling
mechanism by uncovering that GPER is an critical modu-
lator of mechanical stress-mediated activation of Piezol
and trigger of apoptosis of chondrocyte mechanically via
the YAP/ARHGAP29/RhoA/ LIMK/cofilin pathway dur-
ing OA progression, and elucidate the underlying appli-
cation value of GPER as cure targets for OA.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/510020-021-00360-w.

[ Additional file 1. Supplementary material. }

Page 18 of 19

Acknowledgements
Not applicable.

Authors’ contributions

YS: investigation, data curation, writing—original draft. PL: investigation, data
curation. PG: investigation, data curation. HG: investigation, data curation,
formal analysis. YL: data curation, formal analysis. CL: investigation. ZL: data
curation. HZ: conceptualization, supervision, validation, writing—review and
editing. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(NO. 81672197). Grant numbers: ¥520,000. Recipients'initials: Haining Zhang*.

The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the medical ethics committee of the Affiliated
Hospital of Qingdao University (QYFYKYLL-2017-06-12-05), and all patients
written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Joint Surgery, The Affiliated Hospital of Qingdao University,
Qingdao 266000, China. 2Departmen‘[ of Pharmacy, The Affiliated Hospital

of Qingdao University, Qingdao 266000, China. *Department of Joint Orthope-
dics, Weifang Hospital of Traditional Chinese Medicine, Weifang 261000, China.

Received: 17 March 2021 Accepted: 18 August 2021
Published online: 28 August 2021

References

Alexander A, Irving AJ, Harvey J. Emerging roles for the novel estrogen-sensing
receptor GPER1 in the CNS. Neuropharmacology. 2017;113:652-60.

Barton M, et al. Twenty years of the G protein-coupled estrogen receptor
GPER: historical and personal perspectives. J Steroid Biochem Mol Biol.
2018;176:4-15.

Chagin AS, Chrysis D, Takigawa M, Ritzen EM, Savendahl L. Locally produced
estrogen promotes fetal rat metatarsal bone growth; an effect mediated
through increased chondrocyte proliferation and decreased apoptosis. J
Endocrinol. 2006;188:193-203.

Chang L, et al. The SWI/SNF complex is a mechanoregulated inhibitor of YAP
and TAZ. Nature. 2018;563:265-9.

Delve E, et al. YAP/TAZ regulates the expression of proteoglycan 4 and tenas-
cin Cin superficial-zone chondrocytes. Eur Cell Mater. 2020;39:48-64.
Deng Y, et al. Reciprocal inhibition of YAP/TAZ and NF-kappaB regulates osteo-

arthritic cartilage degradation. Nat Commun. 2018;9:4564.

Felson DT, et al. Osteoarthritis: new insights. Part 1: the disease and its risk fac-
tors. Ann Intern Med. 2000;133:635-46.

Filardo EJ, Thomas P. Minireview: G protein-coupled estrogen receptor-1,
GPER-1: its mechanism of action and role in female reproductive cancer,
renal and vascular physiology. Endocrinology. 2012;153:2953-62.

Gao W, et al. Serum concentrations of selected endogenous estrogen and
estrogen metabolites in pre- and post-menopausal Chinese women with
osteoarthritis. J Endocrinol Invest. 2010;33:644-9.


https://doi.org/10.1186/s10020-021-00360-w
https://doi.org/10.1186/s10020-021-00360-w

Sun et al. Mol Med (2021) 27:96

GeY, et al. Estrogen prevents articular cartilage destruction in a mouse model
of AMPK deficiency via ERK-mTOR pathway. Ann Trans| Med. 2019;7:336.

Geyer M, Schonfeld C. Novel insights into the pathogenesis of osteoarthritis.
Curr Rheumatol Rev. 2018;14:98-107.

Glyn-Jones S, et al. Osteoarthritis. Lancet. 2015;386:376-87.

Gong, et al. Inhibition of YAP with siRNA prevents cartilage degrada-
tion and ameliorates osteoarthritis development. J Mol Med (berl).
2019,97:103-14.

Halder G, Dupont S, Piccolo S. Transduction of mechanical and cytoskeletal
cues by YAP and TAZ. Nat Rev Mol Cell Biol. 2012;13:591-600.

Hussain SM, Cicuttini FM, Alyousef B, Wang Y. Female hormonal factors and
osteoarthritis of the knee, hip and hand: a narrative review. Climacteric.
2018;21:132-9.

Imgenberg J, Rolauffs B, Grodzinsky AJ, Schunke M, Kurz B. Estrogen reduces
mechanical injury-related cell death and proteoglycan degradation in
mature articular cartilage independent of the presence of the superficial
zone tissue. Osteoarthritis Cartilage. 2013;21:1738-45.

Jorgensen AEM, Kjaer M, Heinemeier KM. The effect of aging and mechani-
cal loading on the metabolism of articular cartilage. J Rheumatol.
2017;44:410-7.

Jung JH, et al. Knee osteoarthritis and menopausal hormone therapy in post-
menopausal women: a nationwide cross-sectional study. Menopause.
2018;26:598-602.

Kang X, et al. Neuropeptide Y acts directly on cartilage homeostasis and
exacerbates progression of osteoarthritis through NPY2R. J Bone Miner
Res. 2020

Lambrecht S, Verbruggen G, Verdonk PC, Elewaut D, Deforce D. Differential
proteome analysis of normal and osteoarthritic chondrocytes reveals
distortion of vimentin network in osteoarthritis. Osteoarthritis Cartilage.
2008;16:163-73.

Lee HP, Gu L, Mooney DJ, Levenston ME, Chaudhuri O. Mechanical confine-
ment regulates cartilage matrix formation by chondrocytes. Nat Mater.
2017a;16:1243-51.

Lee W, Guilak F, Liedtke W. Role of Piezo channels in joint health and injury.
Curr Top Membr. 2017;79:263-73.

Li XF, Zhang Z, Chen ZK, Cui ZW, Zhang HN. Piezo1 protein induces the apop-
tosis of human osteoarthritis-derived chondrocytes by activating cas-

pase-12, the signaling marker of ER stress. Int J Mol Med. 2017;40:845-53.

Luo L, et al. Rab8a interacts directly with PI3Ky to modulate TLR4-driven PI3K
and mTOR signalling. Nat Commun. 2014;5:4407.

Meng Z, et al. RAP2 mediates mechanoresponses of the Hippo pathway.
Nature. 2018;560:655-60.

Millward-Sadler SJ, et al. Altered electrophysiological responses to mechani-
cal stimulation and abnormal signalling through alphaSbeta1 integrin
in chondrocytes from osteoarthritic cartilage. Osteoarthritis Cartilage.
2000;8:272-8.

Page 19 of 19

Pakdel F. Molecular pathways of estrogen receptor action. Int J Mol Sci. 2018;
19.

Panciera T, Azzolin L, Cordenonsi M, Piccolo S. Mechanobiology of YAP and TAZ
in physiology and disease. Nat Rev Mol Cell Biol. 2017;18:758-70.

Parker MG, Arbuckle N, Dauvois S, Danielian P, White R. Structure and function
of the estrogen receptor. Ann N'Y Acad Sci. 1993;684:119-26.

Prossnitz ER, Barton M. The G-protein-coupled estrogen receptor GPER in
health and disease. Nat Rev Endocrinol. 2011;7:715-26.

QiaoY, et al. YAP regulates actin dynamics through ARHGAP29 and promotes
metastasis. Cell Rep. 2017;19:1495-502.

Son YO, et al. Estrogen-related receptor gamma causes osteoarthritis by
upregulating extracellular matrix-degrading enzymes. Nat Commun.
2017;8:2133.

Talwar RM, Wong BS, Svoboda K, Harper RP. Effects of estrogen on chondro-
cyte proliferation and collagen synthesis in skeletally mature articular
cartilage. J Oral Maxillofac Surg. 2006;64:600-9.

Tsai CL, Liu TK. Osteoarthritis in women: its relationship to estrogen and cur-
rent trends. Life Sci. 1992;50:1737-44.

WangY, et al. Lysosome-associated small Rab GTPase Rab7b negatively regu-
lates TLR4 signaling in macrophages by promoting lysosomal degrada-
tion of TLR4. Blood. 2007;110:962-71.

Wang D, et al. Ras-related protein Rab10 facilitates TLR4 signaling by promot-
ing replenishment of TLR4 onto the plasma membrane. Proc Natl Acad
Sci USA. 2010;107:13806—-11.

Xiao YP, et al. Are estrogen-related drugs new alternatives for the management
of osteoarthritis? Arthritis Res Ther. 2016;18:151.

Ying J, et al. Transforming growth factor-betal promotes articular cartilage
repair through canonical Smad and Hippo pathways in bone mesenchy-
mal stem cells. Life Sci. 2018;192:84-90.

Zhang Z, et al. The novel estrogenic receptor GPR30 alleviates ischemic injury
by inhibiting TLR4-mediated microglial inflammation. J Neuroinflamma-
tion. 2018;15:206.

Zhao Z, et al. Mechanotransduction pathways in the regulation of cartilage
chondrocyte homoeostasis. J Cell Mol Med. 2020.

Zhou M, et al. Combined effects of reproductive and hormone factors and
obesity on the prevalence of knee osteoarthritis and knee pain among
middle-aged or older Chinese women: a cross-sectional study. BMC
Public Health. 2018;18:1192.

Zhu M, Zhou S, Huang Z, Wen J, Li H. Ca2+-dependent endoplasmic reticulum
stress regulates mechanical stress-mediated cartilage thinning. J Dent
Res. 2016;95:389-96.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	G protein coupled estrogen receptor attenuates mechanical stress-mediated apoptosis of chondrocyte in osteoarthritis via suppression of Piezo1
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Collection of articular cartilage
	Isolation and culture of OA chondrocytes
	RNA-mediated interference
	Application of cyclic stress
	Chip analysis
	Detection of chondrocyte apoptosis
	Real-time polymerase chain reaction (RT-PCR)
	Western blot
	Immunofluorescence staining
	OA model preparation
	Histological examination
	Immunohistochemical staining
	Statistical analysis

	Results
	GPER is upregulated in chondrocytes exposed to mechanical stress after Piezo1 silencing
	GPER expression is decreased in human osteoarthritic cartilage
	Activation of GPER reduces the apoptosis of chondrocytes induced by mechanical stress
	GPER inhibits mechanical stress-mediated actin polymerization and Piezo1 activation
	GPER regulates actin polymerization via YAP-ARHGAP29-RhoA-LIMK-Cofilin Signaling
	G-1 activated GPER inhibits articular cartilage degeneration in vivo

	Discussion
	Conclusions
	Acknowledgements
	References


