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Activating Wnt/β-catenin signaling by autophagic degradation
of APC contributes to the osteoblast differentiation effect
of soy isoflavone on osteoporotic mesenchymal stem cells
Jing Ge1, Ye-jia Yu1, Jia-yi Li1, Meng-yu Li1, Si-mo Xia1, Ke Xue2, Shao-yi Wang1✉ and Chi Yang1✉

The functional role of autophagy in regulating differentiation of bone marrow mesenchymal stem cells (MSCs) has been studied
extensively, but the underlying mechanism remains largely unknown. The Wnt/β-catenin signaling pathway plays a pivotal role in
the initiation of osteoblast differentiation of mesenchymal progenitor cells, and the stability of core protein β-catenin is tightly
controlled by the APC/Axin/GSK-3β/Ck1α complex. Here we showed that genistein, a predominant soy isoflavone, stimulated
osteoblast differentiation of MSCs in vivo and in vitro. Female rats were subjected to bilateral ovariectomy (OVX); four weeks after
surgery the rats were orally administered genistein (50 mg·kg−1·d−1) for 8 weeks. The results showed that genistein administration
significantly suppressed the bone loss and bone-fat imbalance, and stimulated bone formation in OVX rats. In vitro, genistein
(10 nM) markedly activated autophagy and Wnt/β-catenin signaling pathway, and stimulated osteoblast differentiation in OVX-
MSCs. Furthermore, we found that genistein promoted autophagic degradation of adenomatous polyposis coli (APC), thus initiated
β-catenin-driven osteoblast differentiation. Notably, genistein activated autophagy through transcription factor EB (TFEB) rather
than mammalian target of rapamycin (mTOR). These findings unveil the mechanism of how autophagy regulates osteogenesis in
OVX-MSCs, which expands our understanding that such interplay could be employed as a useful therapeutic strategy for treating
postmenopausal osteoporosis.
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INTRODUCTION
Postmenopausal osteoporosis (PMOP) is a common skeletal
metabolic disorder which compromises bone strength and the
healing process. It is characterized by gradually reduced bone
mineral density and deterioration of the bone microarchitecture.
Autophagy, a major catabolic pathway responsible for the
elimination of damaged proteins and organelles, has been proved
to be critical in maintaining bone homeostasis [1–3]. Increasing
evidence has uncovered the relationship between autophagy and
osteoporosis, providing an exciting opportunity to target autop-
hagy for the prevention and treatment of osteoporosis [4]. Under
estrogen deprivation, the endogenous bone marrow mesenchy-
mal stem cells (MSCs) exhibit impaired autophagy activity and
reduced osteogenic differentiation capability [5]. Treatment with
autophagy inducer rapamycin promoted osteoblastic differentia-
tion of MSCs derived from ovariectomized (OVX) mice in vitro and
mitigated the OVX-induced osteoporotic phenotype in vivo [5].
However, the exact mechanism of how autophagy regulates OVX-
MSCs differentiation remains to be elucidated.
Genistein, a predominant soy isoflavone, has been reported to

possess anti-resorptive and bone-sparing effects in postmenopausal

women [6, 7] and OVX-animals [8, 9]. Various studies have reported
that genistein is able to stimulate osteogenic differentiation of MSCs
in vitro [10–13]. However, all these studies conducted experiments
by using MSCs from healthy rodents, which are distinct from OVX-
MSCs. Interestingly, genistein is found to have an autophagy
activating effect in neurons [14] and tumor cells [15], but its effect
on modulating the autophagy process in MSCs has not been
reported so far. Therefore, two major issues need to be resolved.
First, as previous studies used MSCs from healthy animals for the
in vitro experiments, the effect of genistein on OVX-MSCs is still
unknown. Second, the mechanism of genistein on differentiation of
OVX-MSCs is currently unclear.
The canonical Wnt signaling pathway plays a pivotal role in the

initiation of osteoblast differentiation of mesenchymal progenitor
cells [16]. Beta-catenin, the main effector of canonical Wnt
signaling pathway, is regulated by the β-catenin destruction
complex. In the β-catenin destruction complex, adenomatous
polyposis coli (APC) protein and Axin collaborate to co-recruit the
kinases casein kinase 1 (CK1) and glycogen synthase kinase 3β
(GSK3β) jointly with their substrate β-catenin. This enables the
sequential phosphorylation of β-catenin, and triggers proteasomal

Received: 29 October 2022 Accepted: 17 February 2023
Published online: 27 March 2023

1Department of Oral Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine; College of Stomatology, Shanghai Jiao Tong University;
National Center for Stomatology; National Clinical Research Center for Oral Diseases; Shanghai Key Laboratory of Stomatology; Shanghai Research Institute of Stomatology,
Shanghai 200001, China and 2Department of Pastic and Reconstructive Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai
200001, China
Correspondence: Shao-yi Wang (598092050@qq.com) or Chi Yang (yangchi63@hotmail.com)

www.nature.com/aps

© The Author(s), under exclusive licence to Shanghai Institute of Materia Medica, Chinese Academy of Sciences and Chinese Pharmacological Society 2023

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01066-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01066-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01066-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01066-x&domain=pdf
mailto:598092050@qq.com
mailto:yangchi63@hotmail.com
www.nature.com/aps


degradation of β-catenin eventually [17]. While the regulation of
β-catenin by APC has been extensively studied, the regulation of
APC itself has received little attention.
In the present study, we found that genistein inhibited bone

loss, downregulated P62 levels and rebalanced the dysregulated
osteoblast-adipocyte differentiation of MSCs in the femurs and
tibias of OVX rats. In vitro, genistein-induced autophagy activated
Wnt/β-catenin signaling pathway by promoting APC degradation,
resulting in osteoblastic differentiation of OVX-MSCs. In addition,
we demonstrated that autophagy activation by genistein was
delivered by transcription factor EB (TFEB) upregulation and
nuclear translocation rather than the mTOR pathway.

MATERIALS AND METHODS
Reagents, antibodies, plasmids, and RNA interference
Genistein and cycloheximide were purchased from Sigma (Sigma-
Aldrich Inc., St. Louis, MO, USA). Bafilomycin A1 (Baf-A1) and
MG132 were obtained from CST (Cell Signaling Technology,
Beverly, MA, USA). Antibodies were from various sources,
including Abcam (anti-LC3b, anti-P62, anti-APC, anti-Runx2, anti-
Bmp2, anti-Axin2, anti-Fabp4 and anti-rabbit IgG), CST (anti-P62,
anti-LC3b, anti-β-catenin, anti-active-β-catenin, anti-Dvl2, anti-
GSK-3β, anti-p-GSK-3β, anti-Atg7, anti-Ulk1, anti-mTOR, anti-p-
mTOR, anti-p-p70S6K [Thr389], anti-Histone H3, anti-β-actin, HRP-
conjugated anti-rabbit and HRP-conjugated anti-mouse), Santa
Cruz Biotechnology (anti-CK1α and anti-APC), Invitrogen (anti-
osteocalcin, anti-TFEB and anti-LepR).
Atg7 siRNAs, Ulk1 siRNAs, Ctnnb1 siRNAs, TFEB siRNAs, Control

siRNAs and mRFP-GFP tandem fluorescently tagged LC3 adeno-
viral vector were purchased from HanBio Technology (Shanghai,
China). The sequences of rat siRNA are as follows:
Atg7: 5ʹ-GCAUCAUCUUUGAAGUGAA-3ʹ;
Ulk1: 5ʹ-GCAUUGGCACCAUUGUCUA-3ʹ;
Ctnnb1: 5ʹ-CCACUAAUGUCCAGCGCUU-3ʹ;
TFEB: 5ʹ-GCGAGAGCUAACAGAUGCU-3ʹ;
Scrambled siRNA: 5ʹ-UUCUCCGAACGUGUCACGU-3ʹ;

Experimental animals
All experiments were performed with the approval of the Ethics
Committee of Shanghai Jiao Tong University School of Medicine.
This study conformed to the Guidelines for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH publication No. 85-23, revised 1985).
Sixty 3-month-old female Sprague-Dawley rats, mean weight

221 ± 23 g, were obtained from the Ninth People’s Hospital Animal
Center (Shanghai, China). Rats were maintained under controlled
conditions of room temperature (25 °C), relative humidity
(50%–80%) and illumination (12 h light, 12 h dark). All rats had
free access to a diet low in phytoestrogen content and water.
Following 2 week of adaptation, 60 rats were randomly

divided into 2 groups: (1) Sham group, rats received the
operation while ovaries were not removed (Sham, n= 30), (2)
bilateral ovariectomy (OVX, n= 30). After 4-week of endogenous
hormonal decline, the rats in both groups were randomly
divided into 2 sub-groups (n= 15/group), and either treated
with genistein (50 mg/kg body weight) (Sham+GEN and OVX+
GEN) or PBS vehicle (Sham+VEH and OVX+ VEH) by gastric
gavage once daily. Eight weeks after genistein/PBS administra-
tion, blood was collected before rats were sacrificed by cervical
dislocation under halothane anesthesia. Bilateral femurs and
tibias were dissected out and fixed in 10% neutral-buffered
formalin for further analysis.
A double fluorescent labeling method was carried out on rats

for the histomorphometric analysis according to previous
description [18]. All rats were injected (i.p.) with alizarin red s
(30 mg/kg, AL, Sigma) and calcein (20 mg/kg, CA, Sigma) at 5-week
and 1 week before necropsy, respectively.

Serum biochemistry
Serum samples were collected and stored immediately at −80 °C
for analysis. Serum was measured in duplicate by commercially
available ELISA kits for the following: bone-specific alkaline
phosphatase (b-ALP; CUSABIO, Wuhan, China) and type 1 collagen
C-terminal telopeptide (CTX-1; Elabscience Biotechnology, Wuhan,
China).

Micro-CT analysis
The distal femurs were scanned using a micro-CT scanner
(skyscan1176, Bruker, Belgium) at 90 kV/278 mA, with resolution
of 18 μm. To analyze trabecular bone, a region of 2.5 mm of the
distal metaphysis starting 0.4 mm from the proximal end of the
distal femoral growth plate was identified as region of interest
(ROI). The 3D reconstructions of ROI were analyzed using the
evaluation software of the micro-CT system. The following
parameters were measured: bone mineral density (BMD), bone
volume fraction (BV/TV), trabecular thickness (Tb. Th.) and spacing
(Tb. Sp.) were calculated after applying a constant threshold.

Bone histomorphometric study
Bone histomorphometric study was carried out as described
previously [19]. Briefly, proximal tibias were fixed, dehydrated and
embedded in methyl methacrylate resin. Longitudinal sections
were cut, ground and polished to a final thickness of 80 μm.
Region of interest was located in the trabecular bone which was
0.4 mm away from the growth plate. Mineral appositional rate
(MAR) and bone-formation rate (BFR/BS) were measured using
Osteomeasure system (Osteometrics, Inc., Atlanta, GA, USA) to
reflect the growth of new bone.

Histology, immunohistochemistry and immunofluorescence
staining
Decalcification of specimens was carried out with 10% EDTA with
constant shaking for 2 months. After decalcification, the speci-
mens were embedded in paraffin and cut into 5 μm-thick sections.
For haematoxylin and eosin (H&E) staining, three sections of the

most central part of the distal femur were selected, stained with
H&E and examined under a light microscope for the observation.
For the osteocalcin (Ocn) and fatty acid binding protein 4

(Fabp4) immunohistochemistry, sections were deparaffinized and
rehydrated. After antigen retrieval and background blocking, the
sections were then incubated with anti-Ocn antibody (1:200) or
anti-Fabp4 antibody (1:50) at 4 °C overnight. The sections were
then washed in PBS and incubated with secondary antibody, and
stained with DAB kit. Digital images of the sections were captured
by a light microscope (Olympus BX50, Olympus Corp, Japan). For
quantification of Ocn and Fabp4 staining, number of osteoblasts
per adjacent bone surface (n/mm) and area of adipocytes per
square millimeter of bone marrow area (%) were calculated with
Image-Pro Plus V6.0.0, respectively.
For P62 and leptin receptor (LepR) immunofluorescence

staining, sections were blocked with 10% goat serum (Gibco)
and then incubated with primary antibodies (anti-P62, 1:50,
Abcam; anti-LepR, 1:50, Invitrogen) at 4 °C overnight and with a
secondary antibody for 1 h at 37 °C. Slides were then stained with
DAPI and mounted with an anti-fade reagent (Invitrogen). The
images were captured by a Zeiss LSM710 confocal microscope
(Carl Zeiss).

Cell culture, genistein treatment and autophagy inhibition
treatment
Twelve-week-old female Sprague-Dawley rats were performed
bilateral ovariectomy via the dorsal approach. Twelve weeks after
surgery, OVX-MSCs were harvested from the bone marrow of the
tibias and femurs of OVX rats. Healthy-MSCs were harvested from
the bone marrow of the tibias and femurs of 6-month-old female
Sprague-Dawley rats. The protocol of isolation and culture of MSCs
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was adopted from previous study [20]. OVX-MSCs were cultured in
DMEM medium without phenol red (Gibco, Grand Island, NY, USA)
supplemented with 10% FBS (Gibco) and 100 U/mL penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 °C under the
condition of a 5% CO2 humidified atmosphere, and the medium
was replaced every 3 days. Healthy-MSCs were cultured in the
same condition except that the DMEM medium contained phenol
red (Gibco). Cells at passage 2 were used in this study. C3H10T1/2
cells (purchased from Cell Bank of the Chinese Academy of
Sciences) were cultured in α-MEM supplemented with 10% FBS
(Gibco) and 100 U/mL penicillin/streptomycin (Invitrogen, Carls-
bad, CA, USA).
To evaluate the effect of genistein on osteogenic differentiation

and autophagy, genistein was added to the media at a range of
dosages (0, 1, 10, 100, 1000 nM). Cycloheximide and MG132 were
used at 5 μg/mL and 5 μM, respectively. Bafilomycin A1 (Baf-A1)
was applied at 10 nM. To induce osteoblast differentiation,
osteogenic medium (OM) was made by complete medium
supplemented with 50 μM ascorbic acid, 10 mM sodium β-
glycerophosphate and 10 nM dexamethasone (Sigma).

Phenotypic characterization
For the phenotypic characterization, cells of P2 were stained with
FITC-conjugated antibodies for 30 min at 4 °C followed by
extensive washing with PBS. The following antibodies were used
at 5 μl per million cells: CD44 (Elabscience, E-AB-F1225C), CD90
(Elabscience, E-AB-F1226C), CD45 (Elabscience, E-AB-F1227C),
CD31 (Abcam, ab33858), IgG2a (Elabscience, E-AB-F09802C) and
IgG1 (Elabscience, E-AB-F09792C) isotype control of IgG. All
samples were resuspended in 500 μL PBS and analyzed by flow
cytometer (Beckman, CytoFLEX LX).

Knockdown of Atg7, Ulk1, Ctnnb1, and TFEB by RNA interference
siRNA
SiRNA transfection was conducted according to the manufac-
turer’s protocol. Briefly, one day before transfection, cells were
seeded in 6-well plate that they will be 50%–60% confluent at the
time of transfection. siRNA 200 pmol was diluted in 200 μL Opti-
MEM reduced serum medium (Gibco), mixed gently and 8 μL
RNAfit was added (HanBio Technology). The sample was mixed
gently and incubated for 10 min at room temperature. The siRNA-
RNAfit complexes were added to each well, mixed gently and the
cells were incubated for 48 h at 37 °C in a CO2 incubator.
Quantitative real-time PCR (qRT-PCR) and Western blotting were
used to determine the efficacy of siRNA interference.

Cell counting kit-8 (CCK-8) assay
The MSCs were seeded at 3 × 103 cells/well onto 96-well plates
and cultured overnight, and the culture medium was replaced
with various concentrations of genistein for 7 days. The cell
viability was assessed using the cell counting kit-8 (Dojindo,
Kumamoto, Japan). A total of 10 μL of CCK-8 solution was added
to each well and then incubated for 2 h at 37 °C. The optical
density (OD) at 450 nm was measured by microplate reader
(ELx800; BioTek Instruments, USA).

Alkaline phosphatase (ALP) staining/activity and Alizarin Red
staining and quantification
Cells were fixed and stained using ALP staining kit (Beyotime
Biotechnology, Shanghai, China). ALP quantitative assay was
performed according to previous study [21]. Briefly, cells were
lysed, and protein lysates were incubated with substrate
p-nitrophenyl phosphate (pNPP) (Sigma) at 37 °C for 30min. ALP
activity was measured by testing OD values at 405 nm. The total
protein content of the cells was measured by BCA protein assay kit
(Beyotime). ALP activity was expressed as the OD values per
milligram of total proteins. The relative fold change in ALP activity
was shown.

After culturing in OM for 14 days, cells were stained by alizarin
red (Sigma) at room temperature for 10 min then rinsed by PBS.
For the quantitative analysis of Alizarin Red, the stained cultures
were destained with acetylpyridinium chloride (100 mM; Sigma)
for 1 h at room temperature. The absorbance of the released stain
was measured at 562 nm with microplate reader (ELx800; BioTek
Instruments, USA).

Oil-Red-O staining and measurement
Adipogenic induction was performed by commercial kits (Cyagen,
China) according to the manufacturer’s instructions. After 2 weeks’
induction, cell monolayers were fixed in 4% formaldehyde,
washed in PBS and stained with a 0.6% (w/v) Oil-Red-O solution
(60% isopropanol, 40% water) for 15min at room temperature.

Transmission electron microscopy (TEM) analysis
OVX-MSCs were digested and washed twice with PBS and
primarily fixed in 2.5% glutaraldehyde overnight. The samples
were post-fixed in 1% osmium tetroxide for 1 h. After washing
with PBS, the samples were progressively dehydrated in a
graduated series of ethanol solutions and embedded in epoxy
resin. Finally, ultrathin sections (70 nm) were stained with 2%
uranyl acetate and lead citrate. The ultrastructure of cells was
examined with a transmission electron microscope (JEOL,
Japan).

Immunofluorescence staining
OVX-MSCs were treated with conditioned medium for indicated
time periods. After washing by PBS, the cells were fixed with 4%
paraformaldehyde for 20min at room temperature. Cells were
incubated with 5% BSA for 1 h following permeabilization with 0.5%
Triton for 15min. For protein detection and localization, the cells
were incubated with specific primary antibodies LC3b (1 μg/mL,
Abcam), P62 (1:800, CST), APC (1:50, Santa Cruz) and active β-
catenin (1:800, CST) overnight. After rinsing, cells were incubated
with fluorescent secondary antibodies for 1 h, and counterstained
with DAPI for 5min. The images were captured by a Nikon
fluorescence microscope or confocal microscope. The Pearson’s
colocalization coefficient between red and green fluorescence
intensities was determined in 6 cells from three independent
experiments using ImageJ software.

Assessment of autophagosome turnover
Cells were transfected with an mRFP-GFP tandem fluorescently
tagged LC3 adenoviral vector (HanBio Techonology, Shanghai,
China), according to the manufacturer’s instructions. After
infection, MSCs were incubated in medium containing genistein
or genistein+Baf-A1 for 36 h. In green and red-merged images,
yellow puncta (i.e., RFP+GFP+) indicates autophagosomes, while
red puncta (i.e., RFP+GFP-) indicates autolysosomes. Both yellow
and red puncta increased in cells indicating the autophagic flux
was increased. Only yellow puncta is increased without red puncta
alteration, or both yellow and red puncta are decreased in cells,
indicating autophagic flux is blocked.

Quantitative real-time PCR analysis
Total RNA was extracted from cells with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and 1 μg of total RNA was reverse transcribed
using the PrimeScript RT reagent kit (Takara Bio, Japan) according
to the manufacturer’s protocol. Quantitative Real-time PCR
analyses were performed using the SYBR Green PCR Master Mix
(TaKaRa) and detected using a Roche Light Cycler 480 (Roche
Diagnostics GmbH, Germany). Each reaction was performed in
triplicate and was repeated three times. The 2-ΔΔCT method was
used to quantify the mRNA expression of the genes: runt-related
transcription factor 2 (Runx2), bone morphogenetic protein 2
(Bmp2), type I collagen α (Col1α), bone sialoprotein (Bsp),
osteocalcin (Ocn), catenin beta 1 (Ctnnb1), adenomatous
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polyposis coli (APC), Axin2 and Cyclin D1. The primer sequences
performed in this study are listed in Supplementary Table S1.

Western blot assay
Cell extracts were collected and quantified using BCA Protein
Assay Kit (Beyotime). Protein lysate was loaded onto 10%–15%
SDS-PAGE and then transferred to PVDF membranes (Millipore,
Billerica, USA). Membranes were blocked in 5% fat-free milk for 2 h
and then incubated with primary antibodies at 4 °C overnight.
Subsequently, the membranes were incubated with secondary
antibodies for 1 h, and the blotted bands were visualized by
chemiluminescence detection system (Millipore). Quantitative
analysis of the Western blot was carried out using ImageJ
software. The primary antibodies were used as follows: anti-LC3b
(1:2000, Abcam), anti-P62 (1:2000, Abcam), anti-APC (1:1000,
Abcam), anti-Runx2 (1:1000, Abcam), anti-Bmp2 (1:1000, Abcam),
anti-Axin2 (1:1000, Abcam), anti-CK1α (1:1000, Santa Cruz
Biotechnology), anti-TFEB (1:1000, Invitrogen), antibodies from
CST (anti-LC3b, anti-β-catenin, anti-active-β-catenin, anti-Dvl2,
anti-GSK-3β, anti-p-GSK-3β, anti-Atg7, anti-Ulk1, anti-mTOR, anti-
p-mTOR, anti-p-p70S6K, anti-β-actin and anti-Histone H3) were
used at 1:1000 dilution.

Co-immunoprecipitation (Co-IP)
Cells were washed twice with ice cold PBS and lysed on ice in IP
lysis/wash buffer (Pierce) supplemented with protease inhibitor
(Pierce) for 15 min. After centrifugation (10 min, 15,000 × g, 4 °C),
supernatants were collected and normalised to the protein
content. For Co-IP studies, generally 10 μL of antibody was added
to a volume of 500 μL with 800 μg protein. Control IPs were done
with same amounts of purified rabbit IgG. After incubation
overnight at 4 °C, samples were incubated with protein A/G
magnetic beads (Pierce) for 1 h at room temperature with
constant rotation. Immunocomplexes were washed with IP lysis/
wash buffer for three times and solved by heating for 10 min at
100 °C in lane marker sample buffer (Pierce) for subsequent
immunoblot assay.

Statistical analysis
Statistical tests were performed using the GraphPad prism
(Version 9.0, GraphPad Software, San Diego, CA, USA). Values
were presented as mean ± SD. The numerical data in different
groups were tested by analysis of variance (ANOVA), and Tukey’s
multiple comparison test was used as a post hoc test. When only 2
groups were compared, an unpaired Student’s t-test was used,
unless otherwise stated. P-value < 0.05 was taken as statistical
significance.

RESULTS
Genistein inhibits bone loss and bone-fat imbalance in
ovariectomized rats
At the end of in vivo experiment, serum levels of the bone
formation marker b-ALP and bone resorption marker CTX were
significantly higher in the OVX groups than in the Sham groups
(P < 0.01). The administration of genistein significantly upregu-
lated the b-ALP level and downregulated CTX level in the OVX
groups (Fig. 1a).
Then we analyzed the effect of genistein on ovariectomy-

induced bone loss. Compared with Sham group, the micro-CT
images of the distal femur showed an apparent bone loss in the
ovariectomized rats (Fig. 1b). Eight weeks of genistein treatment
significantly reversed bone loss in the ovariectomized rats (Fig. 1b).
Compared with OVX+ VEH group, a significant increase of total
BMD, BV/TV and Tb.Th., as well as a decrease of Tb. Sp. was
observed in the OVX+ GEN group (Fig. 1c). Micro-CT analyses also
showed that genistein alone did not affect trabecular bone when
bilateral ovaries were not removed (Fig. 1b, c). Histomorphometric

analyses showed that the mineral appositional rate and the bone
formation rate were significantly higher in OVX groups compared
to Sham groups (Fig. 1d, e). Genistein treatment stimulated bone
formation in OVX rats but had no effect in Sham rats (Fig. 1d, e).
Also, histology of the femur samples displayed a partially restored
architecture of trabecular bone in ovariectomized rats treated with
genistein (Fig. 2a).
To investigate the autophagy activity of MSCs in vivo, we

examined LepR and P62 expression in the trabecular bone area of
distal femur sections. Recent work from the Morrison laboratory has
demonstrated that MSCs in adult bone marrow specifically express
the leptin receptor (LepR) [22]. P62 serves as an index of autophagic
degradation as it is incorporated into the completed autophago-
some and then degraded in autolysosomes when autophagy occurs
[23]. Double immunofluorescence labeling revealed that the LepR+

cells positive for P62 in Sham groups were significantly out-
numbered by the OVX+ VEH group (Fig. 2b). Genistein treatment
markedly reduced the P62 expression of LepR+ cells in the femurs
of OVX rats. Interestingly, we observed clusters of P62 dots in the
LepR+ cells from OVX+ GEN group, indicating the formation of
autophagic vesicles (Fig. 2b, white arrowhead).
Immunohistochemical staining demonstrated that compared to

Sham groups, the Ocn (marker of mature osteoblast) and Fabp4
(marker of adipocyte) protein signals increased in femurs of
OVX+ VEH group (Fig. 2c, d). Notably, compared to the OVX+ VEH
group, genistein administration enhanced the percentage of Ocn-
positive mature osteoblasts and suppressed the percentage of
Fabp4-positive adipocytes in the distal femur (Fig. 2c, d), indicating
a rebalance of dysregulated osteoblast-adipocyte lineage commit-
ment of OVX-MSCs. Also, genistein treatment led to a decrease in
the osteoclast number in the OVX group (Fig. 2e, f).

Effects of genistein on proliferation, lineage commitment and
autopahgy in OVX-MSCs
OVX-MSCs express high levels of typical MSC markers including
CD44 and CD90, and lack expression of CD45 and CD31 (Fig. 3a).
Exposure of OVX-MSCs to 1–1000 nM genistein for 7 days had no
effect on cell viability (Fig. 3b).
As normal bone homeostasis relies on the dynamic balance

between osteogenesis and adipogenesis in differentiating MSCs,
we assessed phenotypical changes of OVX-MSCs cultured with
genistein at different concentrations. Upregulation of mineraliza-
tion level was observed in 1, 10, and 1000 nM genistein groups
(Fig. 3c), and the 10 nM genistein treatment led to the maximal
effect on ALP activity (Fig. 3c, d). During the genistein treatment,
the mRNA and protein expression of the master osteogenic
transcription factors Runx2 and Bmp2 were significantly upregu-
lated (Fig. 3e, f). As a result, osteogenesis marker genes Bsp, Col1α
and Ocn were notably upregulated at the mRNA level (Fig. 3g). It is
noticeable that, during the period of treatment, 10 nM of genistein
led to the maximal enhancement on expression of osteogenesis
transcription factors and osteogenesis marker genes (Fig. 3e–g).
We further examine the effect of 10 nM genistein on the

adipogenic differentiation of OVX-MSCs. The result of Oil-Red-O
staining showed that the administration of 10 nM genistein for
3 days before the adipogenic induction could markedly decrease
the number and size of pre-adipocytes (Fig. 3h). We also analyzed
the mRNA expression of the adipocytic transcription factors
nuclear receptor peroxisome proliferator-activated receptor-γ
(Pparg), CCAAT/enhancer binding protein α (Cebpa), and adipo-
cyte markers including Fabp4 and lipoprotein lipase (Lpl).
Consistently, 10 nM genistein significantly inhibited the expression
of markers of adipocyte differentiation (Fig. 3i). These findings
demonstrated that an inverse regulation between increasing
osteogenic differentiation and decreasing adipogenic differentia-
tion by 10 nM genistein treatment.
Given the role of autophagy in regulating stem cell differentia-

tion [24, 25], we detected the formation of autophagic elements
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and autophagic flux in OVX-MSCs treated by 10 nM genistein.
Autophagic flux is often assessed by Western blot, which detects
LC3b-II in the absence and presence of autophagy inhibitor, and
examines the autophagy-dependent degradation of appropriate
substrates such as P62. The result of Western blot showed
increased LC3b-II level and decreased P62 expression in OVX-
MSCs treated with genistein for 48 h (Fig. 3j). Baf-A1 is an
autophagy inhibitor that can prevent autolysosome degradation.
If autophagy flux is occurring, the amount of LC3b-II will be higher
in the presence of Baf-A1. Compared to the genistein group, the
LC3b-II level was higher in the genistein+Baf-A1 group (Fig. 3j).
The result of Western blot indicated that the genistein induced the
autophagic flux in OVX-MSCs. To further confirm the effect of
genistein on autophagy, we monitored the autophagic flux using
the mRFP-GFP-LC3 reporter. The mRFP-GFP-LC3 fluorescence
assay is designed to monitor autophagic flux, based on the fact
that GFP signal is sensitive to the acidic condition of the lysosome
lumen, while the mRFP signal has no significant change under the
acidic condition. Autophagic flux is increased when both yellow
and red puncta are increased in cells, while autophagic flux is
blocked when only yellow puncta are increased without red
puncta alteration, or when both yellow and red puncta are
decreased in cells. Fluorescence microscopy showed that genis-
tein significantly increased GFP-LC3 and RFP-LC3 puncta in OVX-
MSCs, and the co-culture with Baf-A1 increased GFP/RFP co-
localization, demonstrating an increased autophagic flux in cells
by genistein treatment (Fig. 3k). Transmission electron microscopy
was performed and showed an increase in the formation of

autophagic vesicles in OVX-MSCs treated by genistein (Fig. 3l).
These results demonstrated that 10 nM genistein activated
autophagy in OVX-MSCs.
Collectively, our data indicated that 10 nM genistein promoted

osteoblastic differentiation and activated autophagy in OVX-MSCs.

Genistein promotes osteoblastic differentiation of OVX-MSCs via
enhancing autophagic activity
The aforementioned data implied that autophagymight be involved
in the osteoblastic differentiation effect of genistein on OVX-MSCs.
To test this hypothesis, we used autophagy inhibitor Baf-A1 and
Atg7/Ulk1 knockdown, to determine whether autophagy indeed
plays an important role in osteoblastic differentiation of OVX-MSCs.
Pharmacological inhibition of autophagy by Baf-A1 effectively

inhibited the genistein-stimulated ALP activity and alizarin red
staining-positive nodules, as shown in Fig. 4a, b. However, Baf-A1
is not specific autophagy inhibitor, the result should be
interpreted with caution. Long-term treatment of Baf-A1 can
cause significant disruption of the mitochondrial network in
cultured cells [26]. Genetic knockout or knockdown of autophagy
genes is indispensable to exclude the possibility that the observed
phenotype is due to the side effect of Baf-A1.
Activation/assembly of the Ulk1 complex in mammals is one of

the first steps in autophagy induction [23], and Atg7 is one of the
essential elements in phagophore elongation and LC3 lipidation.
Efficient knockdown of Atg7 and Ulk1 in cells were confirmed by
qRT-PCR (Supplementary Fig. S1a) and Western blot (Fig. 4c–f).
Western blot analysis showed that 72% of Atg7 protein and 69%

Fig. 1 Genistein treatment prevented trabecular bone loss and promoted cancellous bone formation in ovariectomized rats. a Effect of
genistein on serum bone-alkaline phosphatase (b-ALP) and collagen C-telopeptides (CTX) (n= 15/group). b Representative micro-CT images
of femoral trabecular bone. Upper panel: 3-D reconstruction; lower panel: 2-D image. c Quantitative analyses of the bone mineral density
(BMD), bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) of femoral trabecular bone
(n= 9/group). d Representative images of Alizarin Red S and calcein labeled tibial trabecular bone, which showed the structural and dynamic
changes in the tibia from OVX rats after different treatments. e Dynamic histomorphometric analysis of mineral apposition rate (MAR) and
bone formation rate (BFR/BS) in tibial trabecular bone (n= 9/group). Data were shown as means with SD, and all data points. One-way ANOVA
followed by Tukey post hoc test was used in a, c, and e.
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of Ulk1 protein was depleted in OVX-MSCs transfected with
Atg7 siRNA and Ulk1 siRNA, respectively. The decreased level of
LC3-II and increased level of P62 protein demonstrated that the
autophagic machinery was inhibited by Atg7 and Ulk1 knockdown
(Fig. 4c–f). Moreover, the autophagy activation induced by
genistein was suppressed by Atg7 and Ulk1 knockdown (Fig. 4c–f).
Consistent with the inhibited autophagy, the genistein-induced
osteoblastic differentiation of OVX-MSCs was also remarkably
suppressed by Atg7 or Ulk1 knockdown, as shown by the
decreased ALP activity and mineral content (Fig. 4g, h). The
reduced mRNA levels of Bsp, Col1α and Ocn also indicated that
the osteoblastic differentiation effect of genistein on OVX-MSCs
was inhibited by Atg7 or Ulk1 knockdown (Fig. 4i). In conclusion,
genistein may promote osteoblastic differentiation of OVX-MSCs
via autophagy activation.

Genistein-induced autophagy activates canonical Wnt/β-catenin
signaling pathway
Wnt/β-catenin signaling pathway plays a pivotal role in the
initiation of osteoblast differentiation of mesenchymal progenitor

cells [16]. Prolonged exposure to Wnt/β-catenin signaling
inhibited late-stage osteoblastic differentiation and the formation
of mineralized matrix [27]. To explore the potential molecular
mechanism, we analyzed the canonical Wnt/β-catenin signaling
pathway during 72 h course of genistein treatment. The protein
level of total β-catenin, active non-phosphorylated β-catenin were
significantly upregulated at 36 and 48 h of genistein treatment,
then reduced at 72 h (Fig. 5a). However, the mRNA expression of
Ctnnb1, the gene encoding β-catenin, was not changed (Fig. 5b).
Immunofluorescent staining showed that genistein also induced
nuclear translocation of active β-catenin (Fig. 5c). As a conse-
quence of β-catenin signaling activation, the mRNA expression of
β-catenin downstream target genes, such as Axin2 and Cyclin D1,
were also increased during 48 h of genistein treatment (Fig. 5b).
To further clarify the relationship between genistein-induced β-
catenin upregulation and osteoblastic differentiation, we inhibited
β-catenin expression by si-ctnnb1 in OVX-MSCs. As expected,
knockdown of ctnnb1 significantly inhibited the osteoblastic
differentiation effect of genistein on OVX-MSCs, as shown by the
decreased ALP and ARS staining (Fig. 5d). These results indicated

Fig. 2 Genistein treatment reversed trabecular bone loss and abnormal autophagy induced by ovariectomy. a Representative images of
H&E-stained distal femur sections. Scale bar, 200 μm. b Representative images of double immunofluorescence labeling of P62 and LepR at the
bone marrow area of distal femur. Yellow boxes indicate the area of high magnification on the up panel. White arrowheads indicate the dots
of P62. Scale bar, 20 μm. c Representative images of immunohistochemistry for Ocn and Fabp4. Scale bar, 100 μm. The results of quantitative
measurements of osteoblasts and fat tissue are presented on (d) (n= 10/group). N. Obs/BS, number of osteoblasts per bone surface. e, f TRAP
staining and quantification of Oc.S/BS (osteoclast surface per bone surface). Black arrowheads indicate osteoclasts. Scale bar, 100 μm. n= 10/
group. Data were shown as means with SD, and all data points. One-way ANOVA followed by Tukey post hoc test was used in d and f.

Genistein activates Wnt signaling by autophagic degradation of APC
J Ge et al.

1846

Acta Pharmacologica Sinica (2023) 44:1841 – 1855



Fig. 3 Effects of genistein on proliferation, lineage commitment and autophagy of OVX-MSCs. a Flow cytometric analysis of cell surface
markers on OVX-MSCs. The gray histogram represented isotype control cells and the red histogram represented the cells incubated with the
indicated antibodies (CD44, CD90, CD45 and CD31). b The effect of genistein at different concentrations (1–1000 nM) on the proliferation of
OVX-MSCs was evaluated (n= 3). c, d OVX-MSCs were treated with genistein at different concentrations (1–1000 nM) for 48 h, then cultured in
osteogenic medium for the indicated time periods. ALP staining and Alizarin Red staining, as well as ALP activity assays and quantitative
analysis of the Alizarin Red staining were performed (n= 3). Genistein significantly increased ALP activity and bone nodule formation in OVX-
MSCs. e Western Blot assay was performed to detect the Runx2 and Bmp2 expression in OVX-MSCs treated by genistein for 48 h.
Representative Western blots and densitometric quantifications are shown (n= 3). f Real-time qPCR assay was performed to examine changes
in the mRNA expression of the master osteogenic transcription factors including Runx2 and Bmp2 (n= 3). g Real-time qPCR assay was
performed to examine changes in expression of osteoblastic differentiation marker genes including Bsp, Col1α and Ocn (n= 3). h, i OVX-MSCs
were treated with or without 10 nM genistein for 3 days, then cultured in adipogenic inducing medium for the indicated time periods. The
results of Oil-Red-O staining and qRT-PCR showed that the genistein significantly inhibited adipogenesis of OVX-MSCs (n= 3). Scale bar,
100 μm. j OVX-MSCs were treated by genistein in the presence or absence of bafilomycin A1 (Baf-A1, 10 nM) for 48 h, Western blot analysis was
performed to detect the LC3-II and P62 expression. Representative Western blots and densitometric quantifications are shown (n= 3).
k Representative confocal images of OVX-MSCs transfected with lentivirus containing mRFP-GFP-LC3 construct. Cells were treated with
genistein in the presence or absence of Baf-A1 for 36 h. Red puncta (i.e., RFP+GFP-) indicated autolysosomes, and yellow puncta (i.e.,
RFP+GFP+) indicated autophagosomes. Quantitative measurements of autolysosomes and autophagosomes are shown on right (n= 6 cells/
group). Scale bar, 20 μm. l Autophagic vacuoles were observed by transmission electron microscopy in cells treated with genistein for 36 h.
Red arrows indicate typical autophagosomes, which characterized by 2 bilayers separated by a narrow electron-lucent cleft. White arrowheads
indicate autolysosomes, which can be identified as one limiting membrane structure containing electron dense cytoplasmic material and/or
organelles at various stages of degradation. Scale bar, 500 nm. Statistical analysis was performed to calculate the number of autophagosomes
and autolysosomes in cells (n= 6 cells/group). Data were shown as means with SD, and all data points. One-way ANOVA followed by Tukey
post hoc test was used in b, d, e–g, j, and k. Unpaired Student’s t-test was used in i and l.
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that genistein-induced β-catenin stabilization and accumulation
indeed contributed to the osteoblastic differentiation of OVX-
MSCs.
An important question remains to be answered is whether or

not genistein upregulate β-catenin level through autophagy
pathway. To address this question, we co-culture OVX-MSCs with
genistein in the presence of Baf-A1 for 48 h. The result showed
that Baf-A1 completely blocked genistein-induced upregulation of
active β-catenin level (Fig. 5e), as well as the upregulation of the
mRNA levels of Axin2 and Cyclin D1 (Fig. 5f). Moreover, the
upregulation of active β-catenin protein level and mRNA
expression of Axin2 and Cyclin D1 induced by genistein treatment
was also attenuated by knockdown of Atg7 or Ulk1 in OVX-MSCs
(Fig. 5g, h). Taken together, these data suggested that genistein-
induced autophagy promoted β-catenin upregulation by
unknown mechanism.

Genistein stabilizes β-catenin through autophagy-dependent APC
degradeation
The master regulator of canonical Wnt pathway is the cytoplasmic
protein β-catenin. Its stability is controlled by the destruction
complex, which is formed by core proteins APC, Axin, GSK-3β, and
CK1α. In addition, dishevelled protein 2 (Dvl2) palys an important
role in canonical Wnt signaling [28]. We then explored which
mediator of Wnt signaling might undergo down-regulation by
genistein-induced autophagy. As show in Fig. 6a, the protein level
of APC was remarkably decreased at 36 and 48 h of genistein
treatment, while the protein level of GSK-3β, p-GSK-3β, CK1α and

Dvl2 were not affected. In contrast, the Axin2 expression increased
due to the Wnt signaling activation. The mRNA expression of
Ctnnb1/β-catenin and Apc did not change during genistein
treatment in the presence or absence of Baf-A1 for 48 h
(Supplementary Fig. S1b), suggested that the observed decrease
of APC protein expression was through post-translational rather
than transcriptional regulation. In the presence of protein
synthesis inhibitor, cycloheximide, the degradation of APC protein
was accelerated (Fig. 6b), suggesting that genistein downregu-
lated APC protein by promoting APC degradation. There are two
major protein degradation systems in eukaryotic cells: the
ubiquitin-proteasome system (UPS) and autophagy [29]. We next
investigated which system dominantly mediates the degradation
of APC by genistein. We found that the genistein-induced
decrease in APC protein expression was rescued by the autophagy
inhibitor Baf-A1, but not the proteasome inhibitor MG132 (Fig. 6c).
Moreover, knockdown of Atg7 and Ulk1 reversed the down-
regulation effect of genistein on APC protein level (Fig. 6d),
provided direct evidence that genistein stimulated autophagic
degradation of APC. These data together suggested that
autophagy positively regulates Wnt signaling by autophagic
degradation of APC.
To assess whether APC is recruited to the autophagosomes,

immunofluorescence microscopy examination was performed.
Under normal growth conditions, APC and LC3 were diffused in
the cytoplasm. During genistein treatment, we observed clusters
of APC dots co-localized with endogenous LC3 puncta, and this
APC-LC3 co-localization was further increased by co-culture with

Fig. 4 Autophagy induction is required for genistein-mediated osteoblastic differentiation and Wnt/β-catenin signaling activation.
a, b OVX-MSCs were incubated with genistein without or with Baf-A1 for 48 h, then cultured in osteogenic medium for the indicated time
periods. ALP staining and Alizarin Red staining, as well as ALP activity assays and quantitative analysis of the Alizarin Red staining were
performed (n= 3). c–f The protein expressions of Atg7, Ulk1, LC3, and P62 were assessed by Western blot. Representative Western blots and
densitometric quantifications are shown (n= 3). OVX-MSCs were transfected with Atg7 or Ulk1 siRNAs, and subsequently treated with
genistein for 48 h. g, h OVX-MSCs were transfected with Atg7 or Ulk1 siRNAs, then treated with genistein for 48 h, followed by the osteogenic
medium stimulation for the indicated time periods. ALP staining at day 7 and Alizarin Red S staining at day 14 were performed. ALP staining
and Alizarin Red staining, as well as ALP activity assays and quantitative analysis of the Alizarin Red staining were performed (n= 3). i Real-
time qPCR assay was performed to examine changes in expression of osteoblastic differentiation marker genes including Bsp, Col1α and Ocn
(n= 3). Data were shown as means with SD, and all data points. One-way ANOVA followed by Tukey post hoc test was used in b, d, f, h and i.
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Baf-A1 (Fig. 6e, f). The co-localization of APC with LC3 suggests
that these two proteins may interact with each other in the
cytoplasm. Since P62/SQSTM1 is the dominant autophagic
substrate which recruits protein aggregates to autophagosomes
for degradation [30], we also performed the immunofluorescence
microscopy examination of APC and P62. Conversely, poor
colocalization of P62 and APC was observed (Fig. 6g, h). LC3 is
known to bind to cargoes targeted for selective turnover in
autophagosomes [31]. Co-immunoprecipitation revealed that APC
interacted with LC3 at the endogenous level in OVX-MSCs, and
this interaction was significantly increased under genistein
treatment (Fig. 6i). Co-culture with Baf-A1 could further increase
the APC-LC3 interaction (Fig. 6i). Collectively, the above results
demonstrated that APC interacts with LC3 and hence is specifically
degraded by autophagy.
We were interested whether other plant polyphenols could

affect APC by autophagy. Resveratrol and quercetin were both
reported to promote osteoblast differentiation in osteoporotic
MSCs [32, 33]. In vitro working solutions were set at 10 μM for
resveratrol and 1 μM for quercetin according to previous studies
[32, 34], and autophagy flux was determined by measuring the
LC3-II and P62 in the absence and presence of lysosomal inhibitor
Baf-A1. Similar to genistein, resveratrol activated autophagy,
upregulated active-β-catenin level and downregulated APC level

in OVX-MSCs (Fig. 6j, k). On the contrary, no significant changes in
the autophagy, active-β-catenin and APC level were observed by
quercetin treatment (Fig. 6j, l).

TFEB upregulation is involved in genistein-activated autophagy
Subsequently we investigated the upstream regulators that
mediate the activation of autophagy by genistein. To explore if
the inhibition of mammalian target of rapamycin (mTOR) is
involved or not, we assessed the protein level of mTOR and its
downstream target p70S6K. Surprisingly, no significant changes in
the phosphorylation of mTOR or its downstream factors were
observed (Fig. 7a). However, we found that the protein level and
nuclear translocation of TFEB were enhanced by genistein
treatment (Fig. 7b, c), and the lysosomal marker lysosome-
associated membrane protein 2 (LAMP2, one of the TFEB targeted
genes) was also increased in genistein-treated cells (Fig. 7a).
Together, these results suggested that TFEB, rather than mTOR,
may be involved in the activation of autophagy by genistein.
TFEB is a master transcriptional regulator of lysosomal biogenesis

and autophagy, and TFEB-mediated autophagy activation often
leads to increase in Beclin 1 (Becn1) and Atg5 level to facilitate the
autophagy initiation [35]. To confirm the role of TFEB in genistein-
activated autophagy, we knocked down TFEB by siRNA in OVX-
MSCs. We found that genistein showed much less effect on

Fig. 5 Genistein-induced autophagy activates canonical Wnt/β-catenin signaling pathway. a OVX-MSCs were treated with genistein and
assayed for changes in LC3-II, P62, total β-catenin and active β-catenin expression over a 72 h window. The graphs on the right show
quantifications of the protein expression level normalized to ACTB (n= 3). b qRT-PCR was performed to examine changes in expression of
Ctnnb1/β-catenin and Wnt-target gene Axin2 and Cyclin D1 during 48-h of genistein treatment (n= 3). c Genistein induced nuclear
translocation of active β-catenin after 48 h treatment (n= 3). Representative images are shown. Scale bar, 50 μm. d OVX-MSCs were
transfected with control or ctnnb1 siRNA, then treated with genistein for 48 h, followed by osteogenic medium stimulation for the indicated
time periods. ALP staining and Alizarin Red staining, as well as ALP activity assays and quantitative analysis of the Alizarin Red staining were
performed (n= 3). e, f OVX-MSCs were incubated with genistein with or without Baf-A1 for 48 h. Representative Western blots and
densitometric quantifications of active β-catenin are shown (n= 3). The mRNA levels of Wnt target gene Axin2 and Cyclin D1 were analyzed
by qRT-PCR (n= 3). g, h OVX-MSCs were transfected by Atg7 or Ulk1 siRNA, then treated with 10 nM genistein for 48 h. Representative
Western blots and densitometric quantifications of active β-catenin are shown (n= 3). qRT-PCR was performed to detect the mRNA expression
of Axin2 and Cyclin D1 (n= 3). Data were shown as means with SD, and all data points. One-way ANOVA followed by Tukey post hoc test was
used in a, b, d–h.
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autophagy activation and Atg5 and Becn1 upregulation in TFEB
depleted cells than in control cells (Fig. 7d), confirming that TFEB is
the major upstream regulator of genistein-activated autophagy.
Based on our findings, we proposed a working model to

illustrate the mechanism (Fig. 7e): during genistein treatment,
the APC aggregates are selectively fetched by LC3 into
autophagosomes, followed by degradation in autolysosomes,
thus the formation of destruction complex is inhibited by the

downregulated APC level. As a consequence, stabilized β-catenin
translocates to the nucleus, initiates the osteoblastic differentia-
tion of OVX-MSCs.

The osteogenesis promoting effect of genistein on healthy-MSCs
was independent of autophagy
Various studies have reported that genistein could stimulate
osteogenic differentiation of MSCs in vitro [10–13]. In order to
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Fig. 6 Genistein upregulates active β-catenin protein level through autophagic degradation of APC. a OVX-MSCs were treated with
genistein and assayed for changes in expression of Wnt signaling mediators over a 72 h window. The graphs on the right show quantifications
of the protein expression level normalized to ACTB (n= 3). b OVX-MSCs were incubated with cycloheximide for 1 h, then supplemented with
10 nM genistein for 48 h. Protein expression of APC was detected by Western blot, and quantitative analysis of APC/ACTB ratio was presented
(n= 3). c OVX-MSCs were treated with genistein for 48 h in the absence or presence of proteasome inhibitor MG132 and autophagy inhibitor
Baf-A1. Quantitative analysis of APC/ACTB ratio was presented (n= 3). d OVX-MSCs were transfected by Atg7 or Ulk1 siRNA, and treated with
genistein for 48 h. The protein expression of APC was detected by Western blot, and the quantitative analysis of APC/ACTB ratio was
presented (n= 3). e–h OVX-MSCs were treated with genistein in the absence or presence of Baf-A1 for 48 h. Pearson’s correlation value
represented strength of the relationship between red fluorescence signal and green fluorescence signal (n= 6). Immunofluorescent images
and Pearson’s correlation values of LC3 and APC (e, f), as well as P62 and APC (g, h) were shown. White arrowhead indicated the APC-LC3 co-
localization. Scale bar, 20 μm. i OVX-MSCs were treated with genistein for 36 h in the absence or presence of autophagy inhibitor Baf-A1. Co-IP
study was performed to test the interaction of LC3 and APC (n= 3). Purified rabbit IgG was used as negative control. Left panel shows relative
amounts of proteins in whole cell lysates used for Co-IP (Input). P62 was detected as a positive control. j–l OVX-MSCs were treated by
resveratrol (Res, 10 μM) or quercetin (Que, 1 μM) in the presence or absence of bafilomycin A1 (Baf-A1, 10 nM) for 48 h, Western blot analysis
was performed to detect the LC3-II, P62, active β-catenin and APC expression. Representative Western blots and densitometric quantifications
are shown (n= 3). Data were shown as means with SD, and all data points. One-way ANOVA followed by Tukey post hoc test was used in
a–d, f, h, k, l.

Fig. 7 TFEB upregulation is involved in genistein-activated autophagy. a Western blot assay was performed to detect the TFEB, LAMP2,
mTOR, p-mTOR and p-P70S6K expression in OVX-MSCs treated by genistein for 48 h. The graphs on the right show quantifications of the
protein expression level normalized to ACTB (n= 3). b Representative immunoblots showing TFEB levels in both cytosolic and nuclear
fractions from cells. OVX-MSCs were treated with genistein for 36 h. Quantitative analysis of TFEB/ACTB and TFEB/Histone H3 ratio were
presented (n= 3). c Representative images of immunofluorescence staining of TFEB (green) and nucleus (blue) in different groups. OVX-MSCs
were treated with genistein for 36 h. d OVX-MSCs were transfected by TFEB siRNA, and treated with genistein for 48 h. The protein expressions
of TFEB, Atg7, Becn1, LC3, and P62 were detected by Western blot, and the quantitative analysis was presented on the right (n= 3). eWorking
model of autophagic degradation of APC and activating of Wnt signaling pathway by genistein in OVX-MSCs. Data were shown as means with
SD, and all data points. One-way ANOVA followed by Tukey post hoc test was used in a and d. Student’s unpaired t-test was used in b.
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explore whether the above-mentioned effects are similar in
healthy-MSCs, we performed experiments on MSCs derived from
healthy 6-month-old female Sprague-Dawley rats. The identity of
healthy-MSCs was confirmed by flow cytometry with positive
staining for CD44 and CD90, but negative staining for CD45 and
CD31 (Supplementary Fig. S1c). We analyzed the effect of
genistein on the proliferation of healthy-MSCs, and found that
1–1000 nM genistein treated for 7 days had no effect on cell
proliferation (Fig. 8a). Treatment of genistein at concentration of
10 μM significantly inhibited cell proliferation, in accordance with
the literatures [36, 37] which reported that high concentration of
genistein has telomerase-repressing and anti-proliferative effects.
The use of 1000 nM genistein slightly but significantly up-
regulated ALP protein activity (Fig. 8b, c), but no significant
changes in alizarin red staining by the 1–1000 nM genistein
treatments were observed (Fig. 8b, c). Further, we examined the
effects of genistein on the mRNA and protein expression level of
Runx2 and Bmp2. The result of qRT-PCR and Western blot showed
that the expression of Bmp2 but not Runx2 increased by 1000 nM
genistein treatment (Fig. 8d, e). Compared to the control group,
long term administration of genistein to healthy-MSCs did not
change mRNA levels of Bsp, Col1α and Ocn (Supplementary
Fig. S1d). The results indicated that for healthy-MSCs, genistein

only transiently promoted the osteogenesis differentiation at early
stage, but failed to induce the ALP-expression pre-osteoblast to
mature osteoblast. Also, we analyzed the effect of 1000 nM
genistein on the adipocyte differentiation of healthy-MSCs.
Compared to the control group, no significant changes were
shown in the Oil-Red-O staining and the mRNA expression level of
master adipogenesis regulators (Pparg and Cebpa) and adipocyte-
specific genes (Fabp4 and Lpl) in the genistein group (Supple-
mentary Fig. S1e, f).
We next examined the effect of genistein on the autophagy

activity of healthy-MSCs. No significant changes of protein
expression of LC3-II, P62, active-β-catenin and APC were observed
by 1–1000 nM genistein treatment for 48 h (Fig. 8f). As 1000 nM
genistein could enhance ALP activity, we specifically examined the
effect of 1000 nM genistein on autophagy flux of healthy-MSCs.
Healthy-MSCs transfected with mRFP-GFP-LC3 construct showed a
lot of red puncta (autolysosome) in the cells (Fig. 8g). When the
healthy-MSCs were treated by Baf-A1, we observed markedly
increased yellow puncta and the protein level of LC3-II and P62
(Fig. 8g, h). These results demonstrated that the healthy-MSCs
maintained a high level of basal autophagic activity. However,
compared to the control group, no significant changes in the
mRFP-GFP-LC3 fluorescence microscopy and the protein

Fig. 8 Effects of genistein on proliferation, osteoblast differentiation and autophagic activity of healthy-MSCs. a The effect of genistein at
different concentrations (1–10000 nM) on the proliferation of healthy-MSCs was evaluated (n= 3). b, c Healthy-MSCs were treated with
genistein at different concentrations (1–1000 nM) for 48 h, then cultured in osteogenic medium for the indicated time periods. ALP staining
and Alizarin Red S staining, as well as ALP activity assay and quantitative analysis of Alizarin Red staining were performed (n= 3). d Real-time
qPCR assay was performed to examine changes of the mRNA level of Runx2 and Bmp2 in healthy-MSCs treated by genistein for 48 h (n= 3).
eWestern Blot assay was performed to detect the Runx2 and Bmp2 expression in healthy-MSCs treated by genistein for 48 h (n= 3). fWestern
blot assay was performed to detect the LC3-II, P62, active-β-catenin and APC expression in healthy-MSCs treated by genistein at different
concentrations for 48 h. g Healthy-MSCs that expressed mRFP-EGFP-LC3 fusion protein were treated with 1000 nM genistein in the presence
or absence of Baf-A1 for 48 h (n= 6 cells/group). Red puncta (i.e., RFP+GFP-) indicated autolysosomes, and yellow puncta (i.e., RFP+GFP+)
indicated autophagosomes. Scale bar, 20 μm. h Healthy-MSCs were treated by 1000 nM genistein in the presence or absence of Baf-A1 for
48 h. Western blot analysis was performed to detect the LC3-II and P62 expression (n= 3). Data were shown as means with SD, and all data
points. One-way ANOVA followed by Tukey post hoc test was used in c–h.
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expression of LC3-II and P62 were shown in the 1000 nM
genistein group.
We further used murine C3H10T1/2 mesenchymal stem cells to

test this hypothesis. Like healthy-MSCs, no significant increase in
ALP staining or alizarin red staining were observed in C3H10T1/2
cells by the 1–1000 nM genistein treatments (Supplementary
Fig. S1g). The immunoblotting assay also demonstrated no
significant changes in APC or active-β-catenin protein level in
C3H10T1/2 cells undergoing osteogenic differentiation or genis-
tein treatment (Supplementary Fig. S1h, i). Strikingly, the protein
expressions of LC3-II and P62 in C3H10T1/2 cells treated by
osteogenic medium indicated that the autophagy was blocked at
24 h and 48 h (Supplementary Fig. S1h, i). Administration of
genistein at 1000 and 10 nM for 24 h and 48 h were not able to
activate autophagy in C3H10T1/2 cells (Supplementary Fig. S1h, i).
Collectively, the above results demonstrated that the osteogen-

esis promoting effect of genistein on healthy-MSCs was indepen-
dent of autophagy.

DISCUSSION
In this study, we showed that autophagy activated by genistein
promoted osteoblastic differentiation of OVX-MSCs through
positively regulating Wnt signaling. Notably, we demonstrated
that APC functioned as a key cellular integration factor to mediate
autophagy-stimulated Wnt/β-catenin signaling activation.
The canonical Wnt/β-catenin signaling pathway plays an

important role in osteoblast differentiation of MSCs through its
main effector, β-catenin [16]. The relationship between autophagy
and Wnt/β-catenin signaling is somewhat controversial. Moreover,
the exact mechanisms of how autophagy regulates Wnt/β-catenin
signaling are poorly understood. Some researchers found that the
enhanced autophagy can directly degrade β-catenin in multiple
colorectal carcinoma cell lines [38, 39], others reported that
autophagy indirectly downregulated β-catenin by promoting Dvl2
degradation in human HEK293T cells, murine embryonic fibro-
blasts and non-small cell lung cancer cells [40–42]. Also, in the
myoblasts differentiation and thymic epithelial cells development,
the aberrant activated autophagy could degrade Dvl2 to inhibit
Wnt/β-catenin signaling, resulting in hypogenesis and atrophy
[43, 44]. Other studies, on the contrary, have shown positive
relationship between autophagy and Wnt/β-catenin signaling. In
preadipocytes, TP53INP2 activates Wnt/β-catenin signaling
through autophagy-dependent sequestration of GSK3β into late
endosomes [45]. In human non-small lung adenocarcinoma A549
cells, inhibiting autophagy by chloroquine attenuates Wnt/β-
catenin signaling by downregulating the protein level of p-GSK3β
[46]. Notch signaling plays an important role in osteoblast
differentiation, and its activation impairs the osteoblast differ-
entiation and inhibits the Wnt/β-catenin signaling. Recently,
Yoshimori et al. [47] demonstrated that genetic upregulation of
autophagy by deleting RUBCN (a negative regulator of autophagy)
in osteoblasts promoted osteogenic differentiation via autophagic
degradation of NOTCH intracellular domain (NICD) and down-
regulation of Notch signaling pathway. Liu et al. [48] found that
the tuberous sclerosis complex 1 (TSC1)-deficient BMSCs exhibited
inhibited autophagy and increased Notch1 protein level, which
led to the decreased β-catenin protein level and impaired
osteoblast differentiation. It can be concluded that autophagy
activated by different stimuli in different cell types may degrade
different cellular proteins and thus have opposite effects on Wnt/
β-catenin signaling.
Our data showed that genistein promoted autophagosome

clearance of APC protein in OVX-MSCs, and thus inhibited the
destruction of β-catenin. In line with the result of our study, Park
et al. [49] also found that TMEM9 activated Wnt/β-catenin
signaling by lysosomal degradation of APC, and treatment of
Baf-A1 inhibited the down-regulation of APC protein level. The co-

localization of APC and LC3 was also observed in neurons [50], and
inhibition of autophagy by FSIP1 knockdown enhanced the APC
protein level [51]. Since the upstream mediators of autophagy are
important in targeting cellular protein for degradation, we found
that genistein activated autophagy through TFEB rather than
mTOR. Similarly, Deng et al. [52] reported that negative pressure
induced osteogenic differentiation of MSCs via autophagy
activation, and the activation of autophagy was mediated by
AMPK-ULK1 axis rather than mTOR. We also found that resveratrol,
a TFEB agonist which activates TFEB through AMPK [53], was able
to activate autophagy, upregulate active-β-catenin level and
downregulate APC level in OVX-MSCs. Quercetin was reported
to promote TFEB nuclear translocation and enhance its transcrip-
tional activity via mTOR inhibition in cultured RPE cells [54].
However, we did not observe significant changes in autophagy
and active-β-catenin level in quercetin-treated OVX-MSCs. Intrigu-
ingly, although the APC and P62 protein level were decreased at
36 h and 48 h of genistein treatment, the APC level was restored
while the P62 was downergulated at 72 h. Since β-catenin
represses P62 expression at transcriptional level [38], it is likely
the reduced P62 protein expression at 72 h is due to P62 mRNA
downregulation rather than autophagic degradation.
In this study, the protein levels of total β-catenin, active-β-

catenin and LC3-II were significantly elevated during 48 h of
genistein treatment, followed by a decline at 72 h of genistein
treatment. These data demonstrated a complex, time-dependent
modulation of Wnt/β-catenin signaling and autophagy during
osteoblast differentiation of OVX-MSCs. The temporal relation-
ship between osteoblastic differentiation and autophagy in
MSCs has been uncovered: during osteoblastic differentiation
the autophagic activity is enhanced in the initial 2 days and
declined thereafter [24], and persistent autophagy activation
results in inhibited osteogenesis [55]. The Wnt/β-catenin
signaling could inhibit autophagy by downregulating the P62
level [56] or through GSK-3β/TSC2/mTORC1 pathway [57]. Thus,
it can be speculated that Wnt/β-catenin signaling participated in
a homeostatic feedback loop to limit prolonged autophagic
activation.
In order to investigate the similarities/differences in the

responses of genistein-treated healthy-MSCs and OVX-MSCs,
we performed experiments on the healthy-MSCs isolated from
6-month-old female rats. Our results are consistent with those
reported in the literature also describing that genistein could
upregulate the BMP2 expression, but failed to stimulate the
maturation and mineralization of pre-osteoblast [58]. Consistent
with other studies [5, 59], we also found that the healthy-MSCs
maintained a high level of basal autophagy. Genistein treatment
could not further enhance the autophagic activity in healthy-
MSCs, which may be accounted for the weak osteogenesis
promotion effect of genistein on healthy-MSCs.
The impaired osteoblastic differentiation in OVX-MSCs is

reported partially due to a deficiency in general autophagy [60],
a failure to degrade specific proteins and protein aggregates. Our
study indicates that early interventions aimed at restoring
autophagic flux may be beneficial to rebalance the dysregulated
osteoblast-adipocyte lineage differentiation in OVX-MSCs. Despite
remarkable progress in drug development was achieved, most of
the current therapies for treating postmenopausal osteoporosis
are anti-resorptive drugs. The insight into the molecular mechan-
isms of autophagy governing the differentiation of OVX-MSC can
facilitate developing new therapies to treat postmenopausal
osteoporosis.

CONCLUSIONS
From the results of the present study, we demonstrated that
genistein promotes osteoblast differentiation of OVX-MSCs
through autophagy-Wnt/β-catenin pathway. Notably, autophagy
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upregulates active-β-catenin protein level by promoting autopha-
gic degradation of APC. Instead of mTOR, genistein activates
autophagy mainly through TFEB in OVX-MSCs. We hope that the
molecular mechanisms of autophagy governing the differentiation
of OVX-MSC can facilitate developing new therapies to treat
postmenopausal osteoporosis.
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