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The Critical Role of The Piezo1/𝜷-catenin/ATF4 Axis on The
Stemness of Gli1+ BMSCs During Simulated
Microgravity-Induced Bone Loss

Yuxiang Hu, Hongtao Tian, Wei Chen, Yunlu Liu, Yulin Cao, Hongxin Pei,
Chaochang Ming, Cunqing Shan, Xihui Chen, Zhipeng Dai, Shuhua Yang, Zengwu Shao,
Shenghui Lan,* Yong Liu,* and Wei Tong*

Disuse osteoporosis is characterized by decreased bone mass caused by
abnormal mechanical stimulation of bone. Piezo1 is a major
mechanosensitive ion channel in bone homeostasis. However, whether
intervening in the action of Piezo1 can rescue disuse osteoporosis remains
unresolved. In this study, a commonly-used hindlimb-unloading model is
employed to simulate microgravity. By single-cell RNA sequencing, bone
marrow-derived mesenchymal stem cells (BMSCs) are the most
downregulated cell cluster, and coincidentally, Piezo1 expression is mostly
enriched in those cells, and is substantially downregulated by unloading.
Importantly, activation of Piezo1 by systemically-introducing yoda1 mimics
the effects of mechanical stimulation and thus ameliorates bone loss under
simulated microgravity. Mechanistically, Piezo1 activation promotes the
proliferation and osteogenic differentiation of Gli1+ BMSCs by activating the
𝜷-catenin and its target gene activating transcription factor 4 (ATF4).
Inhibiting 𝜷-catenin expression substantially attenuates the effect of yoda1 on
bone loss, possibly due to inhibited proliferation and osteogenic
differentiation capability of Gli1+ BMSCs mediated by ATF4. Lastly, Piezo1
activation also slightly alleviates the osteoporosis of OVX and aged mice. In
conclusion, impaired function of Piezo1 in BMSCs leads to insufficient bone
formation especially caused by abnormal mechanical stimuli, and is thus a
potential therapeutic target for osteoporosis.
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1. Introduction

Disuse osteoporosis (DOP) is a worldwide
clinical disease characterized by decreased
bone mass and increased bone fragility as
a result of decreased skeletal mechanical
stimulation. It is often secondary to long-
term immobilization or bed rest, long-term
living in a microgravity environment, or
muscle activity disorders caused by men-
tal illness or injury.[1,2] The pathogenesis is
very complex, and no pharmacologic ther-
apy is currently available for the treatment
of DOP, which seriously endangers public
health. However, the regulatory mechanism
between mechanics and bone metabolism
is still unclear, and consequently exploring
how mechanical loading regulates bone re-
modeling is expected to lead to novel thera-
peutic strategies for DOP.

In bone tissue, it has been reported
that self-renewal and cell fate determina-
tion of bone marrow-derived mesenchy-
mal stem cells (BMSCs) and their derived
osteoblastic-lineage cells are extremely sen-
sitive to changes in the extracellular en-
vironment and related factors, including
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extracellular matrix elasticity,[3] 3D scaffolds,[4] and especially
stress, strain, cyclic stretching, fluid shear stress and other me-
chanical stimuli.[5–8] Multiple mechanical stimuli can modulate
the proliferation and differentiation of BMSCs.[9,10] For example,
fluid shear stress (FSS) increases the expression of osteogenic
genes in MSCs to promote osteogenic differentiation.[11,12] Sim-
ilarly, short-term fluid flow stimulation also promotes the ex-
pression of Cox2, OPN and Runx2 at an early stage of osteo-
genesis in MSCs, while long-term fluid flow stimulation pro-
motes the formation of collagen and matrix at a late stage of os-
teogenesis, affecting MSC differentiation.[13] However, how me-
chanical signals are transformed into biological signals by BM-
SCs, and thus lead to abnormal bone remodeling remains largely
unknown.

The discovery of Piezo channels (Piezo1 and Piezo2) has
opened a new area to understand how cells respond to the me-
chanical properties of the microenvironment.[14,15] Piezo1 pro-
tein is the first truly mechanosensitive ion channel discovered
recently, which can directly transfer various mechanical stimuli,
including static pressure, shear stress, and membrane stretch-
ing, into bioelectrical signals to regulate biological functions of
a wide variety of cells,[16–20] including those involved in bone
remodeling.[21] Constitutive knockout of Piezo1 in osteoblasts
causes a decrease in bone volume, accelerates bone resorp-
tion, and results in fragility fractures,[22] while activation of the
Piezo1 channel promotes expression of the Wnt1 protein in bone
cells to increase bone mass.[23,24] However, the role of Piezo1 in
mesenchymal stem cells and its downstream mechanism have
not yet been fully delineated under abnormal biomechanical
conditions.

In this study, we used a hindlimb-unloading mouse model to
simulate the bioeffect of microgravity in vivo. We analyzed cell
clusters in the bone marrow of both the ground and unloading
mice by single-cell RNA sequencing and found that the expres-
sion of Piezo1 was notably decreased under a simulated micro-
gravity environment. Next, administration of yoda1, a Piezo1 ag-
onist, substantially rescued the bone loss induced by simulated
microgravity, possibly due to upregulation of the 𝛽-catenin/ acti-
vating transcription factor 4 (ATF4) signaling pathway in Gli1+

BMSCs, by enhancing the proliferation and osteogenic differen-
tiation of those cells. Finally, activation of Piezo1 also slightly
alleviated the bone loss in OVX and aged mice, which was not
as obvious as that of the hindlimb-unloading model. Collec-
tively, our findings revealed a novel mechanism of osteoporo-
sis caused by simulated microgravity, regulated by Piezo1/𝛽-
catenin/ATF4 in BMSCs, which may be a potential therapeu-
tic target for osteoporosis, especially caused by weightlessness
or disuse.
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2. Results

2.1. Piezo1 Expression by Bone Marrow MSCs was Significantly
Down-Regulated by Simulated Microgravity

In this study, a commonly-used hindlimb-unloading model was
employed to simulate microgravity effects on bone in vivo.[25]

To understand the changes in the bone marrow microenviron-
ment after four weeks of hindlimb unloading, we first analyzed
mouse bone marrow cells from ground and unloading mice by
single-cell RNA sequencing (scRNA-seq). After rigorous cell fil-
tration, 13758 cells were eventually collected from bone marrow
in ground and unloading mice for subsequent analysis. By ana-
lyzing the expression of marker genes (Table S2, Supporting In-
formation), we identified four groups of immune cells: including
granulocytes, basophils, lymphocytes and monocyte-macrophage
lineage cells. Two groups of osteoblastic lineage cells were also
identified, which are bone marrow mesenchymal stem cells (BM-
SCs) and osteoblasts, followed by osteoclasts, adipogenic lineage
cells and hematopoietic lineage cells (Figure 1a). Interestingly,
the proportion of BMSCs was notably reduced in unloading mice
(4.1%) compared with ground mice (9.6%) (Figure 1b), indicating
that a decrease in the number of BMSCs is an important cause
of bone loss induced by simulated microgravity. We next ana-
lyzed the expression pattern of Piezo1 and found that Piezo1 was
highly expressed in BMSCs in ground mice, and was most signif-
icantly downregulated after four weeks of unloading (Figure 1c).
By contrast, the expression of Piezo2 showed very litter differ-
ence between ground and unloading mice (Figure S1A and B,
Supporting Information). To further verify the changes of Piezo
expression in bone marrow, femurs from ground and unloading
mice were collected for immunohistochemical (IHC) staining.
In line with scRNA-seq data, the expression of Piezo1 was much
higher in the ground mice (Figure 1d), while Piezo2 expression
showed no difference compared with unloading mice (Figure
S1C, Supporting Information). Further, mRNA and total protein
of bone marrow cells from ground and unloading mice were ex-
tracted for RT-PCR and WB analysis. RT-PCR proved that Piezo1
mRNA levels were lower in unloading mice than in ground mice
(Figure 1e), while the expression of Piezo2 was not significantly
changed (Figure S1D, Supporting Information). Meanwhile, the
protein expression of Piezo1 was also decreased in the unload-
ing mice (Figure 1f). These results suggested that the decreased
number of BMSCs and decreased expression of Piezo1 in these
cells were closely related to disuse osteoporosis caused by simu-
lated microgravity.

2.2. Activation of Piezo1 Promoted Bone Formation to Rescue
Bone Loss under Simulated Microgravity

Based on the correlation between Piezo1 and bone loss caused by
simulated microgravity, a Piezo1 channel-specific small molecule
agonist (yoda1)[26] was used in this hindlimb-unloading mouse
model. We performed micro-CT analysis to evaluate the trabecu-
lar and cortical bone morphology and parameters (BV/TV, TB.N,
TB.TH, TB.SP) of distal femurs in the ground, ground + yoda1,
unloading, and unloading + yoda1 groups of mice. As seen
from the results, mice showed significant trabecular bone loss
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Figure 1. Piezo1 expression of bone marrow-derived mesenchymal stem cells (BMSCs) was significantly down regulated by simulated microgravity. a)
UMAP plot pooled from 10 cell clusters isolated from bone marrow cells of ground and unloading mice by single-cell transcriptomics. The name of each
cell cluster is shown on the right. b) Stacked bars showing the percentage of each cell type in ground and unloading mice bone marrow cells, based on
the UMAP distribution. c) The cells were colored on the UMAP plot according to Piezo1 gene expression levels in ground and unloading mouse bone
marrow cells. d) Immunohistochemical staining of Piezo1 in femoral sections from ground and unloading mice. Scale bar = 50 μm. e) RT-PCR analysis
of Piezo1 mRNA expression in BMSCs isolated from ground and unloading mice. Mean ± SD, n = 3 in each group. **p < 0.01. f) Western blot analysis
of Piezo1 protein expression level in BMSCs isolated from ground and unloading mice. Mean ± SD, n = 3 in each group. ***p < 0.001.

and decreased cortical bone thickness after two or four weeks of
hindlimb unloading compared to the control group in which the
mice were fed on the ground. Notably, when the unloading mice
were injected with yoda1, bone loss was significantly reduced.
In addition, when ground-fed mice were injected with the same
dose of yoda1, there was an increase in bone mass (Figure 2a
and c).

Regarding bone parameters, the bone volume fraction
(BV/TV), trabecular number (TB.N) and trabecular thickness
(TB.TH) all decreased significantly, whereas trabecular separa-
tion (TB.SP) was accordingly increased in the unloading group
compared to the ground group (Figure 2b and d). Interestingly,
in the unloading + yoda1 group, the mean BV/TV, TB. N and
TB.TH increased 110%, 98% and 44%, respectively, compared to
the unloading group at four weeks, so that it was almost identical
to the control group that were fed on the ground. In addition the

TB.SP showed a 27% reduction (Figure 2d). H&E staining of the
femurs further revealed the therapeutic effect of yoda1 on simu-
lated microgravity-induced bone mass loss (Figure 2e). The bone
area / total area in the distal metaphyses of the femurs in the un-
loading group was significantly reduced compared to the ground
group. However, administration of yoda1 not only increased bone
area in the ground mice, but more importantly, bone area was sig-
nificantly increased in the unloading + yoda1 group compared
to the unloading group (Figure 2f). Interestingly, we found that
yoda1 attenuated the bone loss induced by unloading, mainly
by increasing trabecular number and thickness, suggesting that
bone formation played an important role in this process. There-
fore, to further understand the mechanism of Piezo1 on bone
remodeling, we assayed two typical serum markers of bone for-
mation and bone resorption, osteocalcin (OC) and C-terminal
telopeptide of type I collagen (CTX). The results showed that
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Figure 2. Activation of Piezo1 rescued bone loss under simulated microgravity. a) Representative 3D trabecular architecture and cortical bone images
based on micro-CT reconstruction of the distal femurs at week 2 post-hindlimb unloading. Scale bar = 500 μm. b) Comparative analysis of the bone
parameters including trabecular bone volume fraction (BV/TV), trabecular number (TB. N), trabecular thickness (TB.TH) and trabecular separation (TB.
SP) from the distal femurs in the indicated mice at week 2. Mean ± SD, n = 6 in each group. *p < 0.05, **p < 0.01, ***p < 0.001. c) Representative 3D
trabecular architecture and cortical bone images based on micro-CT reconstruction in the distal femurs at week 4 post-hindlimb unloading. Scale bar
= 500 μm. d) Comparative analysis of the bone parameters including trabecular bone volume fraction (BV/TV), trabecular number (TB.N), trabecular
thickness (TB.TH) and trabecular separation (TB.SP) from the distal femurs in the indicated mice at week 4. Mean ± SD, n = 6 in each group. *p < 0.05,
**p < 0.01, ***p < 0.001. e) Representative H&E staining images of distal femurs in the indicated mice at week 4. Magnified images of the boxed areas
are shown in the panel below. Scale bar = 500 μm (upper image); 100 μm (lower image). f) Quantitative analysis of B.Ar/T.Ar of distal femurs at week
4. Mean ± SD, n = 4 in each group. *p < 0.05, ***p < 0.001. B.Ar = bone area; T.Ar = total area; g) Serum OC levels in the indicated mice analyzed
by ELISA at week 4. Mean ± SD, n = 6 in each group. *p < 0.05, ***p < 0.001. h) Representative immunofluorescent images showing OCN (green) on
sections of distal femurs at week 4 post-hindlimb unloading. Scale bar = 50 μm. The percentage of OCN-positive cells was calculated. Mean ± SD, n =
3 in each group. *p < 0.05, ***p < 0.001. OCN = osteocalcin.
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the serum level of CTX in the unloading group was slightly in-
creased and the OC level was dramatically lower in the unloading
group, compared with the ground group. However, yoda1 exhib-
ited a significant upregulation of OC and a slight reduction in
CTX after unloading (Figure 2g; Figure S2A, Supporting Infor-
mation). Moreover, we performed immunofluorescence staining
of OCN as well as TRAP staining. TRAP staining of the bone sec-
tions showed that, compared to the unloading group, the num-
bers of osteoclasts were slightly lower in the unloading + yoda1
group (Figure S2B, Supporting Information). The osteoclast sur-
face of the bone sections (Oc.S/BS) was increased in the unload-
ing group, while the surface area of osteoclasts on the bone sur-
face was reduced by yoda1 (Figure S2C, Supporting Information).
Immunofluorescence staining of OCN suggested that in the un-
loading group, the number of OCN-positive cells in the bone mar-
row was dramatically reduced compared to the ground group, but
was greatly increased in the unloading+ yoda1 group (Figure 3h).
These results suggested that bone formation was significantly in-
hibited under simulated microgravity conditions, but this was at-
tenuated by Piezo1 activation.

2.3. Yoda1 Promoted the Proliferation and Osteogenic
Differentiation of Gli1+ BMSCs In Vivo and In Vitro

The activity and osteogenic differentiation of MSCs play an im-
portant role in bone formation. As we and others have proved that
Gli1+ stem cells contribute greatly to osteoblastic lineage cells
in the murine skeleton,[27,28] we generated Gli1-CreER/Tomato
mice for lineage tracing in vivo and confirmed their stemness
by CD44 co-staining (Figure S3A, Supporting Information). As
shown in Figure 3a, yoda1 treatment not only increased the num-
ber of Gli1 Td+ cells in ground mice, but also significantly res-
cued Gli1 Td+ cells in bone marrow caused by hindlimb unload-
ing. To further confirm the role of yoda1 in the osteogenic dif-
ferentiation of Gli1+ cells, we performed immunofluorescence
staining. The results showed that the positive expression of OCN
was notably reduced in Gli1+ cells in the unloading mice, com-
pared to the ground, while yoda1 treatment significantly rescued
this effect (Figure 3b). Next, to validate our in vivo data, BM-
SCs were extracted from 8-week-old ground and unloading mice,
and we used fluorescence-activated cell sorting (FACS) to iso-
late Gli1+ BMSCs (Figure S3B, Supporting Information). Inter-
estingly, we found that the expression of Piezo1 was notably de-
creased in Gli1+ BMSCs from unloading mice, but was signifi-
cantly elevated after yoda1 treatment (Figure 3c). We then evalu-
ated the effect of yoda1 on formation of fibroblast (CFU-F) and
osteoblast (CFU-OB) colonies by Gli1+ BMSCs in vitro. Accord-
ing to the results of crystal violet staining, hindlimb unloading
decreased the numbers of CFU-F by as compared to the ground
group, however, the numbers of CFU-F of ground group and un-
loading group were increased 8% and 11%, respectively, after
treatment with yoda1 (Figure 3d). In accordance with CFU-OB
counts, the numbers of CFU-OB stained for alkaline phosphatase
and alizarin red were also significantly decreased under simu-
lated microgravity condition compared to the ground group, but
were obviously elevated after treatment with yoda1 (Figure 3e and
f). Additionally, the gene expression levels of osteoblastic markers

(Alp, Runx2 and Osterix) of Gli1+ BMSCs were also downregu-
lated in the unloading group compared to the ground group, but
were greatly enhanced by yoda1 treatment (Figure 3g). Taken to-
gether, our results indicated that Piezo1 activation promoted the
potential colony-forming ability and osteogenic differentiation of
Gli1+ BMSCs in the bone marrow, thereby significantly alleviat-
ing the bone loss caused by simulated microgravity.

2.4. Piezo1 Acted through Ca2+ Influx to Regulate the Expression
of 𝜷-Catenin and ATF4 in Gli1+ BMSCs

To fully understand the potential mechanism of Piezo1 activation
in Gli1+ BMSCs, single-cell RNA sequencing of bone marrow in
the unloading and unloading + yoda1 groups was performed as
previously described (Figure 4a). Further analysis of BMSCs di-
vided them into four clusters, among which Gli1 was expressed at
a higher level in clusters 1 and 4 than clusters 2 and 3 (Figure 4b),
marking a clear separation between Gli1+ (clusters 1 and 4) and
Gli1− (clusters 2 and 3) clusters. Compared with the unloading
group, GO and KEGG analysis identified significantly-elevated
genes in Gli1+ BMSCs of the unloading + yoda1 groups (Figure
S4A, Supporting Information), including 𝛽-catenin and ATF4,
shown as a heatmap (Figure 4c). KEGG pathway analysis revealed
that these differentially-expressed genes (DEGs) were enriched in
the Wnt signaling pathway (Figure 4d).

The Wnt signaling pathway plays an essential role in regulat-
ing bone homeostasis.[29,30] Beta-catenin and ATF4 are impor-
tant downstream effectors of the Wnt signaling pathway, regu-
lating cell proliferation and differentiation, and promoting bone
formation.[31–34] Similarly, GO analysis also showed that these
DEGs were highly correlated with the positive regulation of os-
sification, cell proliferation and osteoblast differentiation (Figure
S4B, Supporting Information). Therefore, we further investi-
gated the expression of these key factors in Wnt signaling path-
ways after yoda1 treatment. WB showed that, compared to the
ground group, 𝛽-catenin and ATF4 were both decreased in Gli1+

BMSCs isolated from the unloading group, while yoda1 treat-
ment in vitro significantly increased the expression of 𝛽-catenin
and ATF4 (Figure 4e). Moreover, immunofluorescence staining
also revealed that treatment with yoda1 increased total 𝛽-catenin
and ATF4 expression in the bone marrow area (Figure 4f). As
Piezo1 is a calcium (Ca2+) permeable channel and Ca2+ signal-
ing regulates Yap1 and Wnt/𝛽-catenin activities,[24,35] we then de-
termined whether Piezo1 regulates the Wnt/𝛽-catenin signaling
pathway through Ca2+ influx. We employed Gadolinium (Gd3+),
a potent calcium channel blocker including Piezos,[36] to block
Ca2+ influx in Gli1+ BMSCs. Interestingly, treating Gli1+ BM-
SCs with yoda1 resulted in rapid calcium influx and increased
𝛽-catenin expression, while this promotional effect induced by
yoda1 was significantly suppressed by Gd3+ (Figure S4C and D,
Supporting Information). Consistent with this, loss of Piezo1 by
Lentivirus (Lv) infection also suppressed yoda1-evoked Ca2+ entry
into Gli1+ BMSCs as well as reducing 𝛽-catenin and ATF4 expres-
sion levels (Figure 4g–j). Taken together, our findings strongly
suggest that 𝛽-catenin and ATF4 are the key target genes that
regulate the proliferation and differentiation of Gli1+ BMSCs ac-
tivated by Piezo1 through Ca2+ influx.
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Figure 3. Yoda1 promoted the proliferation and osteogenic differentiation of Gli1+ BMSCs both in vivo and in vitro. a) Confocal images showing
tdTomato+ BMSCs (red) on sections of distal femurs at week 4 post-hindlimb unloading. Scale bar = 50 μm. Numbers of tdTomato+ BMSCs were
calculated in the indicated mice. Mean ± SD, n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001. b) Representative co-staining of OCN (green)
and Gli1 (red) on sections of distal femurs at 4 weeks post-hindlimb unloading, counterstained by DAPI (blue). Scale bar = 50 μm. Percentage of Gli1+;
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2.5. Activation of Piezo1 Alleviated the Bone Loss under
Simulated Microgravity through Wnt/ 𝜷-Catenin Signaling

In order to elucidate the involved signaling pathway in vivo, we
used IWR-1, which stabilizes the destruction complex member
Axin2, to promote the degradation of 𝛽-catenin.[37] IWR-1 was
intraperitoneally injected into unloading mice followed by yoda1.
3D reconstruction of micro-CT analysis revealed that the unload-
ing mice showed notably lower bone mass. BV/TV, TB.N and
TB.TH all decreased significantly, coupled with increased TB.SP.
Importantly, yoda1 treatment significantly alleviated the bone
loss under simulated microgravity, with a higher BV/TV, TB.N
and TB.TH. However, the rescue effects of yoda1 were completely
abolished by IWR-1. The BV/TV, TB. N and TB.TH were de-
creased 44%, 42% and 23% respectively compared to the yoda1-
treated group (Figure 5a and b). Consistent with the micro-CT re-
sults, H&E staining further confirmed the suppressing effects of
IWR-1 on yoda1. As shown in Figure 5c and d, yoda1 significantly
increased the bone area in the distal metaphysis of the femurs
as expected, but was notably suppressed by IWR-1. In addition,
immunofluorescence staining also showed that administration
of yoda1 could not increase the positive expression of OCN in
Gli1+ cells in the bone marrow of IWR-1-treated mice (Figure 5e
and f). These data suggested that the Wnt/𝛽-catenin signaling
pathway inhibitor, IWR-1, significantly blocked the bone volume-
enhancing effects of Piezo1 activation.

2.6. Piezo1 Promoted the Proliferation and Osteogenic
Differentiation of Gli1+ BMSCs Mediated by ATF4

To verify the downstream effector of Wnt/𝛽-catenin signaling,
we performed western blot analysis and found that IWR-1 com-
pletely eliminated the expression of ATF4 induced by yoda1
(Figure 6a), indicating that yoda1 promoted the expression of
ATF4 through Wnt/𝛽-catenin signaling. To further determine the
role of ATF4 in regulating the proliferation and osteogenic dif-
ferentiation of Gli1+ BMSCs, we isolated Gli1+ BMSCs as be-
fore and knocked down the expression of ATF4 in these cells.
Results showed that the expression of ATF4 was significantly de-
creased by ATF4 siRNA compared to NC siRNA, but we found
that the expression of Piezo1 was not affected when ATF4 was
inhibited (Figure 6b and c). Next, we explored the effects of
IWR-1 and ATF4 on fibroblast (CFU-F) and osteoblast (CFU-
OB) colony formation by Gli1+ BMSCs. The results showed that
IWR-1 and ATF4 siRNA both significantly inhibited the effect of
yoda1 in promoting the formation of fibroblastic colonies and
ALP+ or ARS+ osteoblastic colonies by Gli1+ BMSCs (Figure 6d–
f). Furthermore, yoda1-induced expression of osteoblastic mark-
ers (Alp, Osterix and Runx2) was significantly inhibited by IWR-
1 or ATF4 siRNA (Fig. 6g). These results suggested that yoda1

promoted the clonogenicity and osteogenic differentiation of
Gli1+ BMSCs by increasing ATF4 expression through the Wnt/𝛽-
catenin signaling pathway. Taken together, these results suggest
that yoda1 activated the Piezo1/𝛽-catenin/ATF4 axis of Gli1+

BMSCs to promote osteogenesis under simulated microgravity,
thereby alleviating bone loss caused by simulated microgravity.

2.7. Activation of Piezo1 Protected against Bone Loss in OVX and
Aging Mice

In the process of exploring the effect of yoda1 on bone loss in un-
loading mice, we also found that yoda1 slightly improved bone
mass in ground mice, indicating that activation of Piezo1 without
a mechanical stimulus could also affect bone remodeling. There-
fore, we next explored the effect of yoda1 on post-menopausal and
aging-related osteoporosis. OVX mice were generated to simu-
late post-menopausal osteoporosis, then intraperitoneally admin-
istered yoda1 or saline for four weeks. Figure S5A,B (Supporting
Information) showed that compared to the sham group, uterine
volume and weight were significantly lower in the OVX mice,
which confirmed that the OVX model was successfully gener-
ated. Micro-CT and H&E analysis revealed that the OVX group
exhibited a marked bone mass decrease in the metaphysis of the
distal femur compared with the sham group, but that intraperi-
toneal injection of yoda1 to OVX mice slightly rescued the bone
loss (Figure 7a, c and d). Bone structural parameters in the meta-
physis of the distal femur based on micro-CT showed that the
values of BV/TV, TB.N and TB.TH were significantly decreased
in OVX mice with an increase in TB. SP compared to the sham
group. However, when OVX mice were treated with yoda1, the
mean BV/TV, TB.N and TB.TH were increased by 27%, 18% and
13% respectively, with an 11% reduction of TB.SP (Figure 7b).
Similarly, 3D images (Figure 7E) and H&E staining (Figure 7g
and h) showed that administration of yoda1 slightly increased
the bone mass in aged mice. Yoda1-treated aged mice exhibited
a 12% increase in BV/TV, a 15% increase in TB.N and an 8%
reduction in TB.SP (Figure 7f). Interestingly, we found that the
expression of Piezo1 was decreased in BMSCs from both OVX
and aging mice, but was elevated after yoda1 treatment (Figure
S5C, Supporting Information). These results indicated that acti-
vation of Piezo1 had a small protective effect against OVX and
aging-induced bone loss.

3. Discussion

Mechanical stimulation is widely recognized as an important fac-
tor in embryonic bone formation, postnatal bone development,
and adult bone maintenance and repair.[38] The main cause
of DOP is lack of appropriate mechanical stimulation of bone,

OCN+ over Gli1+ was calculated. Mean ± SD, n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001. c) Western blot analysis of Piezo1 protein
expression levels in the indicated Gli1+ BMSCs. Mean ± SD, n = 3 in each group. *p < 0.05, ***p < 0.001. d) Gli1+ BMSCs were isolated from bone
marrow cells of ground and unloading mice and treated with or without yoda1 (2 μM) for 7 days. Clonogenicity of each group was measured by CFU-F
assay. Mean ± SD, n = 3 in each group. *p < 0.05, ***p < 0.001. e, f) Gli1+ BMSCs were isolated from bone marrow cells of ground and unloading mice
and cultured in osteogenic medium for 14 days with or without yoda1 (2 μM). On day 14, CFU-OB was evaluated by alkaline phosphatase (top panel)
and alizarin red staining (bottom panel). Mean ± SD, n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001. g) RT-PCR analysis of osteogenic marker
gene expression levels in the indicated Gli1+ BMSCs. Mean ± SD, n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001. OCN = osteocalcin.
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Figure 4. Expression of both 𝛽-catenin and its downstream target gene ATF4 was increased in Gli1+ BMSCs after Piezo1 activation. a) Colored UMAP
plot created using pooled data from 10 cell clusters from bone marrow-derived cells isolated from unloading and unloading + yoda1 mice by single-cell
transcriptomics. The name of each cell cluster is shown on the right. b) Among the four subclusters of BMSCs, the expression level of Gli1 was higher
in subclusters 1 and 4 compared to subclusters 2 and 3. c) Heatmap generated from scRNA-seq depicting the differentially-expressed genes (DEGs) in
Gli1+BMSCs between unloading and unloading + yoda1 groups. d) KEGG pathway analysis of DEGs. e) Western blot analysis of 𝛽-catenin and ATF4
protein expression levels in the indicated Gli1+ BMSCs. Mean ± SD, n = 3 in each group. **p < 0.01, ***p < 0.001. f) Representative 𝛽-catenin (green)
and ATF4 (red) co-immunostaining images of distal femurs at week 4 post-hindlimb unloading. Scale bar = 50 μm. g) Western blot analysis of Piezo1
protein level in Gli1+ BMSCs after transfection with NC or Lv-shPiezo1 for 36 h. Mean ± SD, n = 3 in each group. ****p < 0.0001. h) RT-PCR analysis
of Piezo1 mRNA in Gli1+ BMSCs after transfection with NC or Lv-shPiezo1 for 36 h. Mean ± SD, n = 3 in each group. ***p < 0.001. i) Representative
images showing calcium influx of Gli1+ BMSCs stimulated by yoda1 (10 μM) changed over time (left). Cells were transfected with Lv-NC or Lv-shPiezo1
for 36 h. The changes in fluorescent intensity of Gli1+ BMSCs were quantified (right). Mean ± SD, n = 3 in each group. ***p < 0.001. j) Western blot
analysis of 𝛽-catenin and ATF4 protein expression levels when Piezo1 was knocked down. Mean ± SD, n = 3 in each group. **p < 0.01, ***p < 0.001.
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Figure 5. Activation of Piezo1 alleviated bone loss under simulated microgravity by acting through Wnt/𝛽-catenin signaling pathway. a) Representative
3D trabecular architecture and cortical bone images based on micro-CT reconstruction of the distal femurs at week 4 in the indicated mice. Scale bar =
500 μm. b) Comparative analysis of the bone parameters BV/TV, TB.N, TB.TH and TB.SP from the distal femurs in the indicated mice at week 4. Mean
± SD, n = 6 in each group. *p < 0.05, **p < 0.01, ***p < 0.001, ns = no significant difference. c) Representative H&E staining images of distal femurs
in the indicated mice in week 4. Magnified images of the boxed areas are shown in the panel below. Scale bar = 500 μm (upper image); 100 μm (lower
image). d) Quantitative analysis of B.Ar/T.Ar of distal femurs in the indicated mice at weeks 4. Mean ± SD, n = 4 in each group. **p < 0.01, ***p <

0.001, ns = no significant difference. e) Representative immunofluorescent images of distal femurs at week 4 post-hindlimb unloading in the indicated
mice, immunostained with OCN (green) and Gli1 (red) antibodies and counterstained with DAPI (blue). Scale bar = 50 μm. f) Percentage of Gli1+;
OCN+ over Gli1+ was calculated. Mean ± SD, n = 3 in each group. **p < 0.01, ***p < 0.001, ns = no significant difference. B.Ar = bone area; T.Ar =
total area. OCN = osteocalcin.
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Figure 6. The critical role of Piezo1/𝛽-catenin in the function of Gli1+ BMSCs is mainly mediated by ATF4 under simulated microgravity. a) Western blot
analysis of 𝛽-catenin and ATF4 proteins in the indicated Gli1+ BMSCs. Mean ± SD, n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. b) RT-PCR analysis of ATF4 mRNA in Gli1+ BMSCs after transfection with NC siRNA or ATF4 siRNA for 48 h. Mean ± SD, n = 3 in each group.
**p < 0.01. c) Western blot analysis of Piezo1 and ATF4 protein levels in Gli1+ BMSCs after transfection with NC siRNA or ATF4 siRNA for 48 h. Mean
± SD, n = 3 in each group. ns = no significant difference, ***p < 0.001. d) Gli1+ BMSCs were isolated from bone marrow-derived cells in ground and
unloading mice, treated with IWR-1 (10 μM) or transfected with ATF4 siRNA, and then treated with or without yoda1 (2 μM) for 7 days. Clonogenicity
of each group was measured by CFU-F assay. Mean ± SD, n = 3 in each group. *p < 0.05, ***p < 0.001. e, f) Gli1+ BMSCs were isolated from bone
marrow-derived cells in ground and unloading mice, treated with IWR-1 (10 μM) or transfected with ATF4 siRNA, and cultured in osteogenic medium
for 14 days with or without yoda1 (2 μM). On day 14, CFU-OB formation was measured by alkaline phosphatase (e) and alizarin red staining (f). Mean
± SD, n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001. g) RT-PCR analysis of osteogenic marker gene expression levels in the indicated Gli1+

BMSCs. Mean ± SD, n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Activation of Piezo1 slightly but significantly rescued bone loss in OVX and aged mouse models. a, e) Representative 3D trabecular architecture
and cortical bone images based on micro-CT reconstruction of the distal femurs at week 4 after the OVX (a) and aged (e) groups of mice indicated after
the administration of yoda1. Scale bar = 500 μm. b, f) Comparative analysis of the bone parameters BV/TV, TB.N, TB.TH and TB.SP in the distal femurs
from the OVX (n = 6 in each group) (b) and aged (n = 6 in each group) (f) groups of mice indicated at week 4. *p < 0.05, **p < 0.01, ***p < 0.001, ns
= no significant difference. c, g) Representative H&E staining images of distal femurs from the OVX (n = 4 in each group) (c) and aged (g) (n = 4 in
each group) groups of mice indicated at week 4. Boxed areas are shown magnified in the panel below. Scale bar = 500 μm (upper image); 100 μm (lower
image). d, h) Quantitative analysis of B.Ar/T.Ar ratios in distal femurs from the OVX (d) and aged (h) groups of mice indicated at week 4. Mean ± SD,
n = 4 in each group. *p < 0.05, **p < 0.01. B.Ar = bone area; T.Ar = total area.

which leads to an imbalance of bone remodeling homeostasis.[10]

Recently, piezoelectric ion channels (Piezo1 and Piezo2) have
been identified as mechanosensitive ion channels,[39] and play
crucial roles in a variety of physiological processes. Piezo1 is
mainly expressed in non-sensory tissues and non-neuronal
cells,[40] and is able to sense various mechanical stresses, includ-
ing gravity, shear stress, and membrane stretch. Piezo2 is mainly
expressed in sensory tissues, such as dorsal root ganglion (DRG)

sensory neurons and Merkel cells,[41] and regulates mechanical
nociception.[42] Previous studies have found that Piezo1 acts
as an important regulator of bone remodeling, regulating both
osteoblast lineage cells and osteoclasts in osteoporosis.[24,43]

However, the specific target cells of Piezo1 remain unclear in
DOP. Therefore, in our work, we first conducted an in-depth
study of mouse bone marrow cell subsets by scRNA-seq, and
found that Piezo1 was highly expressed in BMSCs in ground
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mice, but in the unloading mice, the numbers of BMSCs and
the expression of Piezo1 in these cells were both significantly
decreased, indicating a strong association between Piezo1 and
DOP, and BMSCs were the main responders of Piezo1 channel.
Next, activation of Piezo1 mimicked the effects of mechanical
stimulation to ameliorate bone loss under simulated micrograv-
ity. Further mechanistic studies proved that Piezo1 activation
promoted the proliferation and osteogenic differentiation of
Gli1+ BMSCs by activating 𝛽-catenin/ATF4 signaling pathway
under simulated microgravity conditions. Taken together, our
findings precisely elucidate the cellular and molecular mecha-
nisms by which Piezo1 regulates bone loss in weightlessness
and thus provides a new therapeutic strategy for pathological
osteoporosis, especially caused by weightlessness or disuse.

Recent studies have shown that Piezo1 plays an important
role in MSC differentiation fate determination under various me-
chanical stimuli.[19,43] Hydrostatic pressure (HP) stimulation in-
duces the expression of Piezo1 and bone morphogenetic protein
2 (Bmp2) in UE7T13 cells (human mesenchymal stem cells), and
regulates the fate of mesenchymal stem cells by promoting os-
teoblast differentiation and inhibiting adipocyte differentiation
via Piezo1–Bmp2 pathway.[44] In addition to HP stimulation, the
expression of Piezo1 and osteoblastic marker genes are also in-
creased in BMSCs when subjected to fluid shear stress (FSS), ex-
hibiting stronger Ca2+ influx and enhanced osteogenic differen-
tiation. However, these processes are blocked by Cre adenovirus-
mediated deletion of Piezo1 in MSCs.[24] Under FSS stimula-
tion, the activation of Piezo1 further induces the phosphoryla-
tion of protein kinase B (PKB/AKT) and GSK-3𝛽, which in turn
leads to the nuclear import of 𝛽-catenin, thereby regulating the
expression of Runx2.[45] In our study, we found that Piezo1 ex-
pression significantly decreased in BMSCs in a simulated micro-
gravity environment, thereby showing a lower osteogenic abil-
ity. Further activation of Piezo1 up-regulated the expression of
osteogenic transcription factor ATF4 through the Wnt/𝛽-catenin
signaling pathway, thus promoting the osteogenic differentia-
tion of BMSCs. In addition to the osteoblast lineage discussed
above, we also found a subtle increase in the activity of osteo-
clasts under simulated microgravity. Similar to hindlimb unload-
ing, Xiong et al. also found that knockdown of Piezo1 in os-
teoblasts and osteocytes not only resulted in decreased bone for-
mation but also increased RANKL expression and increased bone
resorption.[46] However, how Piezo1 regulates osteoclasts or the
cross-talk between osteoblasts and osteoclasts still needs to be
resolved in future studies. In summary, our data demonstrate
that Piezo1 plays an important role in the regulation and mainte-
nance of mechano-mediated bone homeostasis. Piezo1 mediates
the mechanotransduction of BMSCs, thereby affecting bone for-
mation and bone resorption. However, a tissue-specific knockout
animal model, such as Piezo1 and ATF4 specific deletion in BM-
SCs using Gli1 Cre-ER mice is needed to accurately validate the
function of Piezo1 in BMSCs in unloading mice.

The Wnt pathway is an important mechanotransduction path-
way in osteocytes.[47] As a major effector of the canonical
Wnt pathway, 𝛽-catenin has been shown to be critical in os-
teocyte mechanotransduction. Mice with osteocytes deficient
in 𝛽-catenin exhibited severe osteopenia, bone fragility, and a
markedly impaired response to mechanical loading.[48,49] In ad-
dition, ATF4 is also mechanistically regulated for terminal os-

teoblast differentiation and bone formation.[50,51] However, the
interaction between 𝛽-catenin and ATF4 and the mechanisms in-
volved in the regulation of bone mass under microgravity have
not been investigated. Studies have suggested that ATF4 over-
expression increases the expression of 𝛽-catenin and forms a 𝛽-
catenin–ATF4 protein complex in osteoblasts.[34] Our work here
demonstrated that 𝛽-catenin and ATF4 were both decreased un-
der simulated microgravity, while yoda1 treatment increased the
expression of 𝛽-catenin and ATF4 both in vitro and in vivo. In ad-
dition, IWR-1, which inhibits the Wnt/𝛽-catenin signaling path-
way, blocked the elevation of ATF4, indicating that ATF4 is mainly
regulated by Wnt/𝛽-catenin, in line with previous studies.[52,53]

Importantly, either blocking the Wnt/𝛽-catenin signaling path-
way or knockdown of ATF4 largely attenuated the osteogenic
effect of yoda1 on Gli1+ BMSCs in vitro. Inhibition of Wnt/𝛽-
catenin in vivo also blocked the positive regulation of bone mass
by Piezo1 activation under simulated microgravity. Together,
these data suggested that 𝛽-catenin/ATF4 signaling may be a ma-
jor regulatory mechanism of Piezo1 channel activation by yoda1
on mechano-mediated bone homeostasis.

Osteoporosis has many causes and the mechanism is com-
plex. Hormones, aging, and weightlessness are all related to os-
teoporosis, so it is necessary to precisely target the pathogenesis
for intervention, which is also an important reason for the large
variation in the efficacy of osteoporosis treatment. In the present
study, we found that activation of Piezo1 also slightly promoted
osteoblast differentiation (Figure S6A,B, Supporting Informa-
tion) and inhibited the differentiation and maturation of osteo-
clasts (Figure S6C,F, Supporting Information) in OVX and aged
mice, thereby alleviating bone loss by 14% and 6% respectively.
However, activation of Piezo1 caused 41% reduction in bone loss
in disuse osteoporosis, suggesting that activation of Piezo1 is
more effective in the treatment of disuse osteoporosis than in
hormone or aging related osteoporosis. Indeed, astronauts lose
more bone mass in a month than postmenopausal women on
Earth in a year, with greater declines in bone strength,[54] indicat-
ing that the molecular mechanisms underlying bone mass loss
due to mechanical force deficiency may be different from those
responsible for hormone or aging related osteoporosis. However,
how activation of Piezo1 regulates bone formation and resorption
in OVX and aged mice needs to be further investigated. Never-
theless, our study demonstrates that activation of Piezo1 channel
could be considered as a novel target for the treatment of osteo-
porosis, especially caused by weightlessness or disuse.

4. Experimental Section
Hindlimb unloading mouse model: Eight-week-old male C57BL/6J

mice were purchased from Beijing SPF Biotechnology Co., Ltd. Rosa-td
Tomato mice were purchased from Jiangsu GemPharmatech Co., Ltd.,
(Nanjing, China) and Gli1-CreER Rosa-td Tomato (Gli1/Tomato) mice
were generated by breeding Rosa-td Tomato mice with Gli1-CreER mice
obtained from Jackson Laboratory (Bar Harbor, ME, USA). To simulate
microgravity in vivo, a hindlimb unloading mouse model was created. In
brief, the mice were kept in standard cages, suspended at a 30-degree
angle. Of course, this movement ensured the animals free access to
food and water. The appearance, eating habits, and tails of the mice
were checked every 2 days. In order to induce CreER activity in mice,
tamoxifen (75 mg kg−1 d−1) was injected subcutaneously every day
for 5 days starting before hindlimb unloading. Mice in the treatment
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group were injected intraperitoneally with 5 mmol kg−1 yoda1 (SML1558;
Sigma, 40 mM dissolved in DMSO then diluted with 5% ethanol) daily
for five consecutive days per week until the time of sacrifice. The mice
in the Wnt inhibitor group were intraperitoneally injected with 100 μL of
200 μM IWR-1 (Selleck Chemicals, Houston, TX, USA; S7086) diluted in
phosphate-buffered saline (PBS), four times a week, while the control
group received an equal volume of vehicle. After suspension for four
weeks, bilateral femurs were collected for subsequent experiments.

OVX-induced osteoporosis and aging male mouse models: Eight-week-
old female C57BL/6J mice were purchased from Beijing SPF Biotechnol-
ogy Co., Ltd. and randomly divided into four groups: sham + Veh, sham
+ yoda1, OVX + Veh, OVX + yoda1. A sham operation or bilateral ovariec-
tomy (OVX) was carried out to establish the OVX mouse model. At two
weeks of after the operation, the mice in the sham + yoda1 and OVX +
yoda1 groups were intraperitoneally injected with 5 mmol kg−1 yoda1 on
five consecutive days per week. Meanwhile, mice in sham + Veh and OVX
+ Veh groups were administered an equal volume of saline solution. Mice
in each group were weighed twice a week. After four weeks of treatment,
the mice were sacrificed, and samples were collected for subsequent ex-
periments.

For the aging mice, twelve-month-old male C57BL/6J mice were kept
under standard animal feeding conditions (12 h light, 12 h dark cycle, with
free access to food and water) until 20 months of age. Six were randomly
selected as the control group, and six were used as the yoda1 treatment
group.

All animal research related to this study was approved by the Animal
Care and Use Committee of Union Hospital, Huazhong University of Sci-
ence and Technology (Ethical approval number: 3246).

Micro-CT analysis: Mouse femur specimens were collected, fixed with
4% paraformaldehyde for 48 h, and then scanned using a SkyScan 1176
high-resolution microscopic CT imaging system (micro-CT) at 9 μm reso-
lution, with a 1 mm aluminum filter, 90 kV voltage, and 273 μA current. The
original data obtained were used for volume reconstruction and 3D im-
age generation by NRecon reconstruction software and CT-VOX 3D recon-
struction analysis software provided by SkyScan. Bone parameters such
as bone volume/tissue volume (BV/TV), bone trabecular number (TB.N),
bone trabecular thickness (TB.TH) and trabecular separation (TB.SP) were
measured.

Histology and immunohistochemistry: After performing micro-CT scan-
ning, the mouse femurs were fixed with 4% paraformaldehyde for 24 h,
then decalcified at room temperature with 10% EDTA for 30 days. The
specimens were then dehydrated through a series of graded concentra-
tions of ethanol (70% to 100%) and embedded in paraffin. After em-
bedding, the specimens were sectioned at a thickness of 6 μm and in
the sagittal direction. Hematoxylin and eosin (H&E), tartrate-resistant
acid phosphatase (TRAP) and immunohistochemical (IHC) staining
were performed. The primary antibodies used for immunohistochemistry
were: anti-Piezo1 (1:100, 15939-1-AP, Proteintech, Rosemont, IL, USA),
anti-Piezo2 (1:100, 26205-1-AP, Proteintech), anti-TRAP (1:100, BD Bio-
sciences, Franklin Lakes, NJ, USA, 555 025), anti-OCN (1:100, Santa Cruz
Biotechnology, Santa Cruz, CA, SC-390877). This experiment was con-
ducted by Hubei Baos Biotechnology Co., Ltd., which provided all the
reagents except the primary antibodies.

ScRNA-seq and analysis: Bone marrow cells were isolated by flush-
ing the long bones with alpha- modified minimum essential medium (𝛼-
MEM, Gibco, Carlsbad, CA, USA) on ice and dissociating the marrow into
a single-cell suspension as previously mentioned.[55] Briefly, each single-
cell suspension was converted to a barcoded scRNA-seq library through
a sequence of steps including droplet encapsulation, emulsion breakage,
mRNA captured bead collection, reverse transcription, cDNA amplifica-
tion and purification. Indexed sequencing libraries were constructed ac-
cording to the manufacturer’s protocol. The sequencing libraries were
quantified using a Qubit ssDNA Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The sequencing libraries were sequenced using the
DNBSEQTM platform. The R package Seurat (Version 3.0.2) was used
for data analysis.[56] Briefly, the principal components in the data was
first calculated, then screened out the most significant principal compo-

nents based on the degree of enrichment and p value, combined with
UMP or tSNE algorithm (https://www.nature.com/articles/nbt.4314) for
nonlinear dimensionality reduction analysis, clustering cells into several
types. Differentially-expressed genes (DEGs) were considered statistically
significant at a threshold of adjusted p-value set at 0.05. Gene ontology
(GO) analysis, and Kyoto Encyclopedia of genes and Genomes (KEGG)
enrichment analysis for DEGs were both performed in the Gene Ontology
database (http://www.geneontology.org/), as previously described.[57]

Enzyme-Linked Immunosorbent Assay (ELISA): To measure serum OC
and CTX levels in mice, blood samples were harvested using an anticoagu-
lant collection vessel. The blood was centrifuged at 3,000 rpm for 10 min,
and the supernatant was collected and stored at −20°C until measure-
ment. The serum levels of OC and CTX were measured using a commer-
cially available ELISA kit according to the manufacturer’s protocol (both
from Immunodiagnostic Systems, Ltd.).

Cell isolation, treatment and transfection: After four weeks of hindlimb
unloading, bone marrow mesenchymal stem cells (BMSCs) were isolated
from ground and unloading mice by flushing the femurs with 𝛼-MEM and
treated the marrow cell suspension with erythrocyte lysate on ice for 10
min. Then cells were centrifuged, plated into T25 flasks and cultured with
𝛼-MEM (Gibco) containing 10% fetal bovine serum (FBS) (Gibco), peni-
cillin (100 U mL−1), streptomycin (100 g mL−1). All experiments were per-
formed using passage 1 (P1) BMSCs.

Yoda1 was resuspended in 40 mM DMSO and diluted in culture
medium to a final concentration of 2 μM. IWR-1 was added to cells at the
indicated concentrations (10 μM), followed by yoda1.

BMSCs were seeded into 6-well plates at a density of 1 × 104 cells
well−1 and then transfected with 100 nM ATF4 siRNA by GP-transfect-
mate for 48 h. The siRNA-NC served as negative control. Lentivirus (Lv)-
shPiezo1 (GenePharma Co. Ltd., Shanghai, China) at a multiplicity of in-
fection (MOI) of 50 was incubated with the cells for 12 h. The Lv-NC
served as negative control. After 36 h of infection, cells were subjected to
puromycin (2.5 μg mL−1) selection for 7 days. The efficacy of gene knock-
down was confirmed by RT-PCR and western blotting before subsequent
experiments.

Flow cytometry: Bone-marrow-derived cells were isolated as described
above. Bone marrow cells were then centrifuged and resuspended in PBS
and filtered through a 50-μm cell strainer. Cells were stained with the
fluorescent-labeled primary antibodies, rabbit anti-Gli1 polyclonal anti-
body (abs121671, Absin, 1:100), goat anti-rabbit FITC (abs20023, Absin,
1:100), or PE rat anti-mouse CD44 IM7 (553 134, BD, 1:100) for 30 min at
4°C. Samples were washed with PBS and cells were sorted using a BD Bio-
sciences flow cytometer. Data were analyzed using FlowJo 10.6 software.

Analysis of calcium concentration: Cells were washed twice with Hanks’
balanced salt solution (HBSS), then incubated with 1 μM fluo-4 AM (Be-
yotime Institute of Bbiotechnology, Jiangsu, China) for 1 h at 37°C. After
washing twice with HBSS, cells were incubated with 1 μM fluo-4 AM for
another 20 min at 37°C. Then, the mean fluorescence intensity (MFI) be-
fore and after yoda1 stimulation (10 μM) was measured by flow cytometry
(BD Biosciences) and analyzed using FlowJo 10.6 software.

CFU-F and CFU-OB assay: In the CFU-F assay, sorted Gli1+BMSCs
were cultured in a 12-well dish at 0.5×106 cells well−1 in 𝛼-MEM con-
taining 15% FBS for 7 days. On day 7, the adherent cells were fixed with
paraformaldehyde and stained with crystal violet.

For the CFU-OB assay, 106 sorted cells well−1 were cultured in a 12-well
plate in 𝛼-MEM containing 15% FBS for 7 days. Then osteogenic differen-
tiation medium was added and exchanged every 2–3 days. On day 14, cells
were fixed with paraformaldehyde and stained for alkaline phosphatase or
alizarin red.

Culture and differentiation of bone marrow macrophages (BMM) in vitro:
Tibias and femurs were isolated from C57BL/6J mice aged 4–6 weeks. To
obtain bone marrow macrophages (BMMs), the bone marrow was flushed
from the bones and total bone marrow cells were cultured in 𝛼-MEM
(Gibco) containing 10% FBS (Gibco), penicillin (100 U mL−1), strepto-
mycin (100 g mL−1) and 30 ng mL−1 M-CSF (Peprotech, Rocky Hill, NJ,
USA) for 24 h. Then, to induce osteoclast differentiation, BMMs were re-
suspended in 𝛼-MEM containing 10% FBS, seeded into a 24-well plate at
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a density of 105 well−1, and cultured with 30 ng mL−1 M-CSF and 50 ng
mL−1 RANKL (Peprotech) for 7 days, together treated with 0, 0.3, 1 or 3
μM yoda1. The medium was changed every 2 days.

Tartrate-resistant acid phosphatase staining: Cells cultured in the 24-
well plates were washed twice with PBS, then fixed with paraformaldehyde
for 20 min. A tartrate-resistant acid phosphatase (TRAP) staining kit was
used for analysis, as directed by the manufacturer (Beyotime Institute of
Bbiotechnology, Jiangsu, China).

FITC Phalloidin: BMMs were seeded at a density of 1.6×105 cells
well−1 onto the glass coverslips placed into wells of a 24-well plate and
treated with 0, 0.3, 1 or 3 μM yoda1. After 24 h treatment, the cells at-
tached to the glass coverslips were washed twice with PBS, and fixed with
4% paraformaldehyde for 10 min. Then cells were permeabilized for 5 min
with 0.5% Triton X-100 and washed again. Afterwards, cells were incubated
with 200 μL FITC-labeled cyclopeptide working solution for 30 min at room
temperature, protected from light. After washing, the nuclei were stained
with 200 μL DAPI solution (concentration 1:100 nM) for approximately
30 s. Coverslips were mounted on slides with anti-fluorescence quench-
ing sealed tablets and observed under a confocal microscope (Nikon A1;
Nikon, Tokyo, Japan).

Immunofluorescence: Frozen sections were rewarmed to room tem-
perature, and washed twice with PBS. Next, the sections were permeabi-
lized with 3‰Triton X-100 at room temperature for 15 min, then blocked
in 5% bovine serum for 30 min. Sections were incubated with primary an-
tibodies against Gli1 (1:100, Abclonal, Woburn, MA, USA; A14675), OCN
(1:100, Boster, Wuhan, China; PB1008), 𝛽-catenin (1:100, BD Biosciences;
610 154), or ATF4 (1:500, Proteintech, 60035-1-Ig) overnight at 4°C. The
next day, after washing twice with PBS, sections were labeled with sec-
ondary antibody for 1 h in the dark, then stained with DAPI for 10 min and
imaged under a confocal microscope (Nikon A1).

For cells cultured on slides, after fixation with 4% paraformaldehyde for
20 min at room temperature, cells were stained with a primary antibody
against Gli1 (1:100, Abclonal, A14675) or CD44 (1:200, Proteintech, 15675-
1-AP) overnight at 4°C. Next day the cells were incubated with secondary
antibody for 1 h and then counterstained with DAPI for 10 min in the dark.
Images were obtained under a confocal microscope (Nikon A1).

Real-time polymerase chain reaction (RT-PCR): Total RNA was pre-
pared from cells using TRIzol reagent (TaKaRa Bio, Tokyo, Japan) accord-
ing to the manufacturer’s protocol, and cDNA was synthesized by reverse
transcription using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). A PCR machine was used for RT-PCR
detection. All primer sequences were designed using Primer 5.0 software.
Expression levels were normalized to GAPDH which was used as the in-
ternal reference. The 2−ΔΔCT method was used to analyze the relative
expression levels of each target gene. The primer sequences used in this
study were provided in Table S1 (Supporting information).

Western blot analysis: Total protein was extracted from cells using
RIPA buffer (Thermo Fisher Scientific) supplemented with 1% protease
inhibitor on ice. Protein concentration was determined by the BCA as-
say (Sigma-Aldrich, St Louis, MO, USA). Next, proteins were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a 0.45 μm polyvinylidene difluoride membrane. The
membranes were blocked with 5% skimmed milk. After washing with TBS
containing 0.01% Tween 20 (TBST) three times, membranes were then in-
cubated with the following primary antibodies: anti-Piezo1 (1:1000, Pro-
teintech, 15939-1-AP), 𝛽-catenin (1:1000, BD Biosciences, 610 154) or
ATF4 (1:1000, Proteintech, 60035-1-Ig) overnight at 4°C. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH, 1:2000, Abcam, Cambridge, MA,
USA; ab8245) was used as the internal reference. Next day, secondary an-
tibodies against the species of primary antibodies were added and incu-
bated for 1 h at room temperature. Signals on the membrane were de-
tected by electrochemiluminescence (ECL, Pierce, Rockford, IL, USA).

Statistical analysis: All statistical analyses and mapping were per-
formed using GraphPad Prism 8 software (GraphPad Software Inc., La
Jolla, CA, USA). The summary graphical data were presented as mean val-
ues ± standard deviation (SD) of at least three independent experiments.
Two groups were compared via the two-tailed Student’s t test. For compar-
ison among three or more groups, data were analyzed by one-way analysis

of variance (ANOVA) with the Bonferroni post hoc test. Values of p < 0.05
were considered statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
Y.H., H.T., W.C. and Y.L. contributed equally to this work. This work
was supported by funds from the National Natural Science Foundation
of China (No. 81672235 to H.T., No. 82072509 to W.T., No. 82002300
to Z.D.) and Hubei Provincial Natural Science Foundation of China
(No.2023AFB1014 to Y.L.).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
Piezo1, simulated microgravity, disuse osteoporosis, Gli1+ BMSCs,
Wnt/𝛽-catenin/ATF4

Received: May 24, 2023
Revised: August 23, 2023

Published online: September 27, 2023

[1] L. Qin, W. Liu, H. Cao, G. Xiao, Bone Res. 2020, 8, 23.
[2] G. Karsenty, P. Mera, Bone 2018, 115, 43.
[3] H. Lv, L. Li, M. Sun, Y. Zhang, L. Chen, Y. Rong, Y. Li, Stem Cell Res.

Ther. 2015, 6, 103.
[4] L. C. Mozdzen, S. D. Thorpe, H. R. Screen, B. A. Harley, Adv. Health-

care Mater. 2016, 5, 1731.
[5] C. E. Ghezzi, B. Marelli, I. Donelli, A. Alessandrino, G. Freddi, S. N.

Nazhat, Biomaterials 2014, 35, 6236.
[6] J. R. Henstock, M. Rotherham, H. Rashidi, K. M. Shakesheff, A. J. El

Haj, Stem Cells Transl. Med. 2014, 3, 1363.
[7] K. H. Vining, D. J. Mooney, Nat. Rev. Mol. Cell Biol. 2017, 18, 728.
[8] M. R. Kreke, W. R. Huckle, A. S. Goldstein, Bone 2005, 36, 1047.
[9] E. Ozcivici, Y. K. Luu, B. Adler, Y. X. Qin, J. Rubin, S. Judex, C. T. Rubin,

Nat. Rev. Rheumatol. 2010, 6, 50.
[10] L. Wang, X. You, L. Zhang, C. Zhang, W. Zou, Bone Res. 2022, 10, 16.
[11] G. Yourek, S. M. McCormick, J. J. Mao, G. C. Reilly, Regener. Med.

2010, 5, 713.
[12] S. Sonam, S. R. Sathe, E. K. Yim, M. P. Sheetz, C. T. Lim, Sci. Rep.

2016, 6, 20415.
[13] E. Stavenschi, M. N. Labour, D. A. Hoey, J. Biomech. 2017, 55, 99.
[14] G. A. Shamsan, D. J. Odde, Curr. Opin. Chem. Biol. 2019, 53, 125.
[15] J. M. Kefauver, A. B. Ward, A. Patapoutian, Nature 2020, 587, 567.
[16] K. Poole, R. Herget, L. Lapatsina, H. D. Ngo, G. R. Lewin, Nat. Com-

mun. 2014, 5, 3520.

Adv. Sci. 2023, 10, 2303375 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303375 (14 of 15)



www.advancedsciencenews.com www.advancedscience.com

[17] J. Li, B. Hou, S. Tumova, K. Muraki, A. Bruns, M. J. Ludlow, A. Sedo,
A. J. Hyman, L. McKeown, R. S. Young, N. Y. Yuldasheva, Y. Majeed,
L. A. Wilson, B. Rode, M. A. Bailey, H. R. Kim, Z. Fu, D. A. Carter, J.
Bilton, H. Imrie, P. Ajuh, T. N. Dear, R. M. Cubbon, M. T. Kearney, R.
K. Prasad, P. C. Evans, J. F. Ainscough, D. J. Beech, Nature 2014, 515,
279.

[18] L. Qin, T. He, S. Chen, D. Yang, W. Yi, H. Cao, G. Xiao, Bone Res. 2021,
9, 44.

[19] A. Sugimoto, A. Miyazaki, K. Kawarabayashi, M. Shono, Y. Akazawa,
T. Hasegawa, K. Ueda-Yamaguchi, T. Kitamura, K. Yoshizaki, S.
Fukumoto, T. Iwamoto, Sci. Rep. 2017, 7, 17696.

[20] R. Syeda, M. N. Florendo, C. D. Cox, J. M. Kefauver, J. S. Santos, B.
Martinac, A. Patapoutian, Cell Rep. 2016, 17, 1739.

[21] W. Sun, S. Chi, Y. Li, S. Ling, Y. Tan, Y. Xu, F. Jiang, J. Li, C. Liu, G.
Zhong, D. Cao, X. Jin, D. Zhao, X. Gao, Z. Liu, B. Xiao, Y. Li, Elife
2019, 8.

[22] G. Hendrickx, V. Fischer, A. Liedert, S. von Kroge, M. Haffner-Luntzer,
L. Brylka, E. Pawlus, M. Schweizer, T. Yorgan, A. Baranowsky, T.
Rolvien, M. Neven, U. Schumacher, D. J. Beech, M. Amling, A.
Ignatius, T. Schinke, J. Bone Miner. Res. 2021, 36, 369.

[23] X. Li, L. Han, I. Nookaew, E. Mannen, M. J. Silva, M. Almeida, J. Xiong,
Elife 2019, 8.

[24] T. Zhou, B. Gao, Y. Fan, Y. Liu, S. Feng, Q. Cong, X. Zhang, Y. Zhou,
P. S. Yadav, J. Lin, N. Wu, L. Zhao, D. Huang, S. Zhou, P. Su, Y. Yang,
Elife 2020, 9.

[25] E. R. Morey-Holton, R. K. Globus, Bone 1998, 22.
[26] R. Syeda, J. Xu, A. E. Dubin, B. Coste, J. Mathur, T. Huynh, J. Matzen,

J. Lao, D. C. Tully, I. H. Engels, H. M. Petrassi, A. M. Schumacher, M.
Montal, M. Bandell, A. Patapoutian, Elife 2015, 4.

[27] Y. Shi, G. He, W. C. Lee, J. A. McKenzie, M. J. Silva, F. Long, Nat.
Commun. 2017, 8, 2043.

[28] W. Tong, R. J. Tower, C. Chen, L. Wang, L. Zhong, Y. Wei, H. Sun, G.
Cao, H. Jia, M. Pacifici, E. Koyama, M. Enomoto-Iwamoto, L. Qin,
Stem Cells 2019, 37, 677.

[29] R. Nusse, H. Clevers, Cell 2017, 169, 985.
[30] R. Baron, M. Kneissel, Nat. Med. 2013, 19, 179.
[31] Y. Chen, H. C. Whetstone, A. C. Lin, P. Nadesan, Q. Wei, R. Poon, B.

A. Alman, PLoS Med. 2007, 4, e249.
[32] N. Martinez-Gil, N. Ugartondo, D. Grinberg, S. Balcells, Genes (Basel)

2022, 13.
[33] J. Liu, Q. Xiao, J. Xiao, C. Niu, Y. Li, X. Zhang, Z. Zhou, G. Shu, G. Yin,

Signal Transduct. Target Ther. 2022, 7, 3.
[34] S. Yu, K. Zhu, Y. Lai, Z. Zhao, J. Fan, H. J. Im, D. Chen, G. Xiao, Int. J.

Biol. Sci. 2013, 9, 256.
[35] Y. Liu, H. Tian, Y. Hu, Y. Cao, H. Song, S. Lan, Z. Dai, W. Chen, Y.

Zhang, Z. Shao, Y. Liu, W. Tong, Int. J. Biol. Sci. 2022, 18, 3961.

[36] B. Coste, J. Mathur, M. Schmidt, T. J. Earley, S. Ranade, M. J. Petrus,
A. E. Dubin, A. Patapoutian, Science 2010, 330, 55.

[37] Y. Y. Yang, Y. M. Zhou, J. Z. Xu, L. H. Sun, B. Tao, W. Q. Wang,
J. Q. Wang, H. Y. Zhao, J. M. Liu, J. Bone Miner. Res. 2021, 36,
1605.

[38] R. Rolfe, K. Roddy, P. Murphy, Curr. Osteoporos. Rep. 2013, 11, 107.
[39] B. Coste, B. Xiao, J. S. Santos, R. Syeda, J. Grandl, K. S. Spencer, S. E.

Kim, M. Schmidt, J. Mathur, A. E. Dubin, M. Montal, A. Patapoutian,
Nature 2012, 483, 176.

[40] S. Ma, A. E. Dubin, Y. Zhang, S. A. R. Mousavi, Y. Wang, A.
M. Coombs, M. Loud, I. Andolfo, A. Patapoutian, Cell 2021, 184,
969.

[41] J. Wu, A. H. Lewis, J. Grandl, Trends Biochem. Sci. 2017, 42, 57.
[42] J. Feng, J. Luo, P. Yang, J. Du, B. S. Kim, H. Hu, Science 2018, 360,

530.
[43] L. Wang, X. You, S. Lotinun, L. Zhang, N. Wu, W. Zou, Nat. Commun.

2020, 11, 282.
[44] D. Halloran, H. W. Durbano, A. Nohe, J. Dev. Biol. 2020, 8, 19.
[45] J. Song, L. Liu, L. Lv, S. Hu, A. Tariq, W. Wang, X. Dang, Cell Biol. Int.

2020, 44, 1491.
[46] J. Xiong, M. Onal, R. L. Jilka, R. S. Weinstein, S. C. Manolagas, C. A.

O’Brien, Nat. Med. 2011, 17, 1235.
[47] J. A. Robinson, M. Chatterjee-Kishore, P. J. Yaworsky, D. M. Cullen, W.

Zhao, C. Li, Y. Kharode, L. Sauter, P. Babij, E. L. Brown, A. A. Hill, M.
P. Akhter, M. L. Johnson, R. R. Recker, B. S. Komm, F. J. Bex, J. Biol.
Chem. 2006, 281, 31720.

[48] L. F. Bonewald, M. L. Johnson, Bone 2008, 42, 606.
[49] K. S. Kang, J. M. Hong, A. G. Robling, Bone 2016, 88, 138.
[50] X. Yang, S. Jacquot, P. Bialek, S. Jacquot, H. C. Masuoka, T. Schinke,

L. Li, S. Brancorsini, P. Sassone-Corsi, T. M. Townes, A. Hanauer, G.
Karsenty, Cell 2004, 117, 387.

[51] A. J. Makowski, S. Uppuganti, S. A. Wadeer, J. M. Whitehead, B. J.
Rowland, M. Granke, A. Mahadevan-Jansen, X. Yang, J. S. Nyman,
Bone 2014, 62, 24509412.

[52] H. K. Choi, G. J. Kim, H. S. Yoo, D. H. Song, K. H. Chung, K. J. Lee, Y.
T. Koo, J. H. An, Nutrients 2019, 11.

[53] J. Xu, P. Hu, X. Zhang, J. Chen, J. Wang, J. Zhang, Z. Chen, M. K. Yu,
Y. W. Chung, Y. Wang, X. Zhang, Y. Zhang, N. Zheng, H. Yao, J. Yue,
H. C. Chan, L. Qin, Y. C. Ruan, Bioact. Mater. 2022, 8, 95.

[54] A. D. LeBlanc, E. R. Spector, H. J. Evans, J. D. Sibonga, J Musculoskelet
Neuronal Interact 2004, 7, 33.

[55] C. S. McGinnis, L. M. Murrow, Z. J. Gartner, Cell Syst. 2019, 8, 329.
[56] Y. Cao, X. Wang, G. Peng, Front Genet 2020, 11, 490.
[57] M. Kanehisa, M. Araki, S. Goto, M. Hattori, M. Hirakawa, M. Itoh,

T. Katayama, S. Kawashima, S. Okuda, T. Tokimatsu, Y. Yamanishi,
Nucleic Acids Res. 2008, 36, D480.

Adv. Sci. 2023, 10, 2303375 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303375 (15 of 15)


