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FOXG1 promotes osteogenesis of bone
marrow-derived mesenchymal stem cells
by activating autophagy through

regulating USP14
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The osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) is key for
bone formation, and its imbalance leads to osteoporosis. Forkhead Box Protein G1 (FOXG1) is
associated with osteogenesis, however, the effect of FOXG1 on osteogenesis of BMSCs and
ovariectomy (OVX)-induced bone loss is unknown. In our study, FOXG1 expression in BMSCs
increases after osteogenic induction. FOXG1 overexpression significantly increases osteoblast
marker expression ALP activity, and calcium deposition, while the opposite results are observed in
FOXG1 knockdown BMSCs, suggesting that FOXG1 promotes osteogenic differentiation.
Additionally, autophagy promotes the differentiation process in BMSCs. We find that FOXG1 induces
autophagy, and osteogenic differentiation is blocked via inhibiting FOXG1-caused autophagy,
indicating that FOXG1 accelerates osteogenic differentiation via inducing autophagy. Eight-week-old
female C57BL/6J mice are used in OVX models, FOXG1 overexpression decreases bone loss by
increasing bone formation. Moreover, FOXG1 overexpression suppresses osteoclast differentiation.
Mechanically, FOXG1 transcriptionally represses ubiquitin-specific protease14 (USP14) via binding to
the USP14 promoter. USP14 overexpression prevents the promoting effect of FOXG1 on osteogenic
differentiation in BMSCs. Therefore, our findings suggest that FOXG1 promotes BMSC osteogenic
differentiation and inhibits osteoclast differentiation, eventually blocking OVX-induced bone loss,
which may provide a promising approach for osteoporosis treatment.

Osteoporosis is a common bone metabolic disease in the elderly population
and postmenopausal women. Its main characteristics are impaired bone
architecture and low mineral density, which increases the risk of fractures'.
Bone marrow-derived mesenchymal stem cells (BMSCs) are the precursor
cells to osteoblast and adipocyte’. In patients with osteoporosis, the osteogenic
differentiation ability of BMSCs is weakened’. Thus, restoring the osteogenic
differentiation ability of BMSCs is an important means to treat osteoporosis
and has vital significance in improving the prognosis of osteoporosis patients.

Forkhead Box Protein G1 (FOXG1), one of the members of the Forkhead
family, often acts as a transcriptional repressor’. FOXG1 plays a crucial role in
multiple physiological and pathological processes, such as presbycusis’, neu-
rodevelopmental disorders’, and cancers’. However, the effect of FOXGI1 on
osteoporosis has not been clarified yet. It has been reported that FOXGI is
involved in the osteoblast differentiation process®, and it is highly expressed in

BMSCs of elderly patients with osteoporosis via bioinformatics analysis’,
suggesting that FOXG1 may regulate the procession of BMSCs in osteoporosis.
Moreover, autophagy significantly promotes the differentiation of BMSCs and
improves bone loss in osteoporosis"’. Inhibition of FOXG1 reduces the activity
of autophagy, resulting in the accumulation of reactive oxygen species
(ROS)*"". Thus, we speculated that FOXGI may affect osteoporosis progres-
sion by regulating the autophagy of BMSCs.

Ubiquitin-specific proteasel4 (USP14) as a deubiquitinating enzyme
(DUB), negatively regulates the activity of proteasomes through trimming
the ubiquitin chain on the proteasome-bound substrates'>". Recent findings
show that USP14 influences other cellular processes, including autophagy'*.
USP14 regulates autophagy via inhibiting K63 ubiquitin of Beclin 1*.
Besides, USP14 suppression induces endoplasmic reticulum stress-
mediated autophagy by activating c-Jun N-terminal kinase 1 (JNK1)*.
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Notably, research has shown that USP14 inhibition protects osteoblastic
cells against dexamethasone (DEX)-induced apoptosis”, indicating that
USP14 may be a potential target for osteoporosis treatment. In this study, we
predicted FOXGI1 had binding sites on the USP14 promoter through
bioinformatic analysis. Therefore, we guessed that the FOXG1/USP14 axis is
involved in osteoporosis progression.

In this study, we examined the expression level of FOXG1 in bone and
BMSCs from ovariectomized (OVX) mice, and its function in mice-derived
BMSC:s. Finally, we confirmed the regulatory mechanism of FOXGI.

Results

FOXG1 promotes osteogenic differentiation of mice-derived BMSCs
To evaluate the function of FOXG1 in osteogenesis by BMSCs, BMSCs were
isolated and identified by flow cytometry (Supplementary Fig. 1). BMSCs
were cultured with osteogenic medium (OM) for 0, 3,7, and 14 days, and the
results exhibited that FOXG1 expression was increased along the time of
differentiation (Fig. 1A). Then, FOXG1 was overexpressed or knocked
down in BMSCs by infecting with FOXG1 overexpression lentivirus or
shFOXG1 lentivirus, respectively. The results of RT-qPCR and western blot
confirmed the successful establishment of FOXG1 overexpression (Fig. 1B)
and knockdown BMSC:s (Fig. 1C). The osteogenic differentiation of BMSCs
was assessed by ALP activity assay. ALP activity was increased in BMSCs
cultured in OM, compared to those cultured in normal medium (NM). It
was noted that FOXG1 overexpression further increased ALP activity in
BMSC:s cultured in OM, while FOXG1 knockdown decreased ALP activity
in BMSCs cultured in OM (Fig. 1D). Besides, the expression of osteoblast
markers CollAl, OCN, OPN, and Runx2 was upregulated during osteo-
genesis. FOXG1 overexpression induced even higher expression of these
markers compared to the OM group, whereas the opposite results were
observed when FOXGI was knocked down (Fig. 1E). Meanwhile, Alizarin
red staining also confirmed that FOXG1 overexpression enhanced calcium
deposition but FOXG1 knockdown reduced calcium deposition during
osteogenic differentiation (Fig. 1F-G). There results indicated that FOXG1
promoted osteogenic differentiation in BMSCs.

FOXG1 promotes autophagy in BMSCs

Autophagy promotes the differentiation process in BMSCs and also affects
the survival of osteoblasts. We found that FOXG1 overexpression promotes
osteoblast viability, whereas its knockdown inhibited osteoblast viability
(Supplementary Fig. 2A). Additionally, TEM results showed that increased
autophagosomes were observed upon OM treatment. Autophagosomes
were identified based on double-membrane structures containing internal
contents. We found that more autophagosomes were generated in FOXG1
overexpression BMSCs, while FOXG1 knockdown reduced the ability of
autophagosome form (Fig. 2A). Osteogenic differentiation induced the
augmentation of autophagy, which was confirmed by the upregulated
mRNA expression of Beclinl and LC3. Their expression was further
upregulated when FOXG1 was overexpressed. In contrast, FOXG1
knockdown downregulated their expression (Fig. 2B). Similarly, the results
of western blot exhibited that FOXG1 overexpression upregulated the
expression of Beclinl and LC3-II/LC3-I ratio, as well as the attenuated p62
expression, but the opposite results were obtained by knocking down
(Fig. 2C). Furthermore, we implemented IF stain to investigate the influence
of FOXGI on puncta formation of LC3 in BMSCs, the results revealed that
LC3 puncta significantly increased upon FOXG1 overexpression while
FOXG1 knockdown decreased puncta formation (Fig. 2D). These findings
implied that FOXG1 promoted autophagy in BMSCs.

FOXG1 induces osteogenic differentiation by regulating autop-
hagy in BMSCs

To confirm whether FOXG1 influences osteogenic differentiation by
autophagy, we added the autophagy inhibitor 3-MA or the autophagy
activator Rapamycin (Rapa) to FOXG1 overexpression or knockdown
BMSCs, respectively. The results showed that the increased ALP activity
induced by FOXG1 overexpression was inhibited by 3-MA, whereas ALP

activity blocked by FOXG1 knockdown was promoted by Rapa (Fig. 3A).
Besides, FOXG1 overexpression promoted the expression of CollAl,
OCN, OPN, and Runx2, but this effect was suppressed in cultures treated
with 3-MA. FOXG1 knockdown led to the downregulated expression of
these markers, while these expression changes were reversed by Rapa
(Fig. 3B). Alizarin red staining displayed that FOXG1 overexpression
induced more calcium deposition than the OM control, however, a
supplement of 3-MA, significantly repressed calcium deposition.
Moreover, reduced calcium deposition in FOXG1 knockdown BMSCs
and the presence of Rapa increased calcium deposition (Fig. 3C). We
used another autophagy inhibitor chloroquine (CQ) to further verify the
involvement of functional autophagy in FOXG1-mediated regulation of
osteogenesis. We found that increased ALP activity induced by FOXG1
overexpression was inhibited by CQ (Supplementary Fig. 2B). Alizarin
red staining revealed that FOXG1 overexpression induced more calcium
deposition, but this trend was suppressed after CQ treatment (Supple-
mentary Fig. 2C). These results indicated that FOXG1 induced osteo-
genic differentiation by regulating autophagy.

USP14 inhibits osteogenic differentiation of mice-

derived BMSCs

USP14 suppresses autophagy and its inhibition exerts a protective effect on
osteoblast damage'”'*. Thus, we speculated that USP14 may be involved in the
osteogenic differentiation of BMSCs. BMSCs were cultured OM for 0, 3, 7, and
14 days, and the results of western blot exhibited that USP14 expression was
decreased along the time of differentiation (Fig. 4A). ALP and Alizarin red
staining confirmed that USP14 overexpression decreased ALP activity and
mineralization after osteogenic induction (Fig. 4B, C). On the contrary, USP14
knockdown in BMSCs showed contrary results (Fig. 4D, E). These findings
suggested that USP14 inhibited osteogenic differentiation.

FOXG?1 inhibits the transcription of USP14

Through bioinformatics analysis, we predicted that FOXGI may regulate
the transcription of USP14. To investigate the relationship between FOXG1
and USP14, the expression of USP14 was detected in FOXGI over-
expression or knockdown BMSCs. The results revealed that FOXG1 over-
expression downregulated USP14 expression (Fig. 5A), while FOXG1
knockdown upregulated USP14 expression (Fig. 5B). We predicted the
possible binding sites of FOXG1 on the USP14 promoter (Fig. 5C), and
verified by dual-luciferase reported assays. We tried to identify the binding
sites of FOXG1 by truncating regions within the USP14 promoter. The
results revealed that the promoter activity was significantly changed by all
three FOXG1 binding sites (Fig. 5D). The subsequent ChIP-qPCR assays
further confirmed the direct interaction between FOXG1 and the USP14
promoter (Fig. 5E). These results suggested that FOXGI inhibited the
transcription of USP14.

FOXG1 promotes autophagy and osteogenic differentiation by
regulating USP14 in BMSCs

To demonstrate whether FOXGI affects BMSCs by regulating USP14,
USP14 overexpression BMSCs were constructed and the western blot was
performed to confirm successful overexpression of USP14 (Fig. 6A). Next,
BMSCs were co-infected with USP14 overexpression lentivirus and FOXG1
overexpression lentivirus. We found that FOXG1 overexpression enhanced
ALP activity, but ALP activity was blocked by USP14 overexpression
(Fig. 6B). The expression of Col1A1, OCN, OPN, and Runx2 was upregu-
lated by FOXGI overexpression, nevertheless, it was also suppressed with
USP14 overexpression (Fig. 6C). In addition, calcium deposition was
enhanced upon FOXGI overexpression, consistently, USP14 over-
expression decreased calcium deposition (Fig. 6D). As for autophagy,
FOXG1 overexpression elicited significant augmentation of Beclinl
expression and LC3-II/LC3-I ratio, and weakened p62 expression, although
this effect was reversed by USP14 overexpression (Fig. 6E). Our data elu-
cidated that FOXG1 promotes autophagy and osteogenic differentiation by
inhitiing USP14.
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Fig. 1 | FOXG1 promotes osteogenic differentiation of mice-derived BMSCs.

A BMSCs were incubated in osteogenic medium (OM) for 0, 3, 7, or 14 days, then,
the mRNA and protein expression levels of FOXG1 were detected by RT-qPCR and
western blot. B, C BMSCs were infected with FOXG1 overexpression lentivirus
(FOXG1) or shFOXGI lentivirus (FOXG1), 48 h after infection, and the mRNA and
protein expression levels of FOXG1 were detected by RT-qPCR and western blot.

0.0-

D After lentivirus infection, BMSCs were cultured in normal medium (NM) or OM,
then, ALP activity was detected using an ALP activity detection kit. E The mRNA
expression levels of Col1A1, OCN, OPN, and Runx2 were detected by RT-qPCR.
F, G The calcium deposition was determined by Alizarin red staining. Scale bar,
200 pm. Data represented mean + SD (1 = 3 biological replicates). *P < 0.05;

**P < 0.01; ¥*¥*P < 0.001.

FOXG1 expression is upregulated in OVX mice-derived BMSCs

Through bioinformatics analysis, we found that FOXG1 was upregulated in
BMSCs of osteoporosis patients (Supplementary Fig. 3A). Therefore, to
investigate the role of FOXG1 in osteoporosis, the OVX mouse model was
established (Supplementary Fig. 3B). Micro-CT demonstrated that exten-
sive bone loss was observed in OVX mice (Supplementary Fig. 3C).
Quantitative analysis of bone parameters also verified decreased bone

mineral density (BMD), bone volume/total volume (BV/TV), trabecular
thickness (Tb. Th) and trabecular bone number, and increased trabecular
space (Tb. Sp) (Supplementary Fig. 3D) in OVX mice relative to sham mice.
Additionally, increased bone loss was confirmed in OVX mice compared
with the sham group by H&E staining (Supplementary Fig. 3E). Further-
more, BMSCs were isolated from the femurs of mice in the Sham or OVX
group, and flow cytometry was used to characterize BMSCs. Results showed
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Fig. 2 | FOXG1 promotes autophagy in BMSCs. A The autophagosomes were
observed by transmission electron microscopy (TEM). The red arrow indicates a
double membrane autophagosome. Scale bar, 1 pm. B The mRNA expression levels
of Beclinl and LC3 were detected by RT-qPCR. C The protein expression levels of
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Beclinl, p62, and LC3I/II were detected by western blot. D The LC3 puncta was
detected by immunofluorescence staining (IF). Scale bar, 10 um. Data represented
mean + SD (n = 3 biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001.

that > 90% of cells were CD29" and CD90", whereas CD34" and CD45*
were very low (<4%) (Supplementary Fig. 4). We also assessed the mRNA
and protein levels of FOXG1 and found that OVX mice-derived BMSCs
showed a significant increase in FOXG1 expression compared to sham mice
(Fig. 7A, B). These findings suggested that FOXG1 was highly expressed in
OVX mice-derived BMSCs.

FOXG1 promotes osteogenic differentiation in OVX-induced
osteoporosis mice

To investigate the effect of FOXGL in vivo, FOXGI overexpression mice
were established (Fig. 7C), and the results of the western blot revealed the
successful infection of FOXGI1 in the femoral bone (Supplementary
Fig. 5A). Micro-CT demonstrated that FOXG1 overexpression prevented
the extensive bone loss caused by the OVX procedure in mice femurs
(Fig. 7D), shown by the increased BMD, BV/TV, Tb. Th, and Tb. N, and
reduced Tb.Sp (Fig. 7E). H&E staining revealed that FOXG1 over-
expression decreased the extent of bone loss induced by OVX (Fig. 7F).
Then, immunohistochemical staining of FOXG1 and OB marker Osteo-
calcin was performed. The results showed that FOXGI expression was
upregulated, and Osteocalcin expression was downregulated in OVX mice,
we did not observe obvious co-localization. Whereas in OVX 4+ AAV-
FOXG], the co-localization of FOXG1 and Osteocalcin increased (Sup-
plementary Fig. 5B). We speculate that FOXGI upregulation may be a
protective response in the occurrence of osteoporosis, but its endogenous
upregulation is not sufficient to prevent decreased bone formation under

pathophysiological conditions. After upregulating FOXG1 expression
using an AAV, bone formation was promoted. We also assessed the
expression of CollAl, OCN, OPN, and Runx2. Their expressions were
suppressed after the OVX procedure, but FOXG1 overexpression in OVX
mice dramatically reversed this effect (Fig. 7G). BMSCs were also harvested
from the femur tissues of mice and the surface markers of BMSCs were
determined by flow cytometry (Supplementary Fig. 5C). The mRNA and
protein expression of FOXG1 was upregulated after the OVX procedure,
which was further enhanced when FOXG1 was overexpressed (Fig. 8A, B).
Additionally, the expression of USP14 level increased in OVX mice but
decreased in OVX mice with FOXGI1 overexpression (Fig. 8C). OVX
procedure led to decreased ALP activity than that in BMSCs derived from
sham mice, whereas FOXGI1 overexpression enhanced ALP activity
(Fig. 8D). Beclin1 expression and LC3-II/LC3-I ratio were decreased, and
P62 expression was increased in BMSCs derived from OVX mice, although
this effect was reversed by FOXG1 overexpression (Fig. 8E). Furthermore,
Alizarin red staining confirmed that calcium deposition in OVX mice-
derived BMSCs was reduced, nevertheless, it was enhanced with FOXG1
overexpression (Fig. 8F).

FOXG1 inhibits osteoclastic differentiation

Then, we investigated the effect of FOXG1 on osteoclast differentiation. We
detected the expression of FOXGI and osteoclast marker CTSK by
immunofluorescence. The results showed that fewer FOXG1 colocalized
with CTSK in the femoral bone tissues of OVX mice. After FOXG1
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Fig. 3 | FOXG1 induces osteogenic differentiation by regulating autophagy

in BMSCs. After lentivirus infection, 100 nM of Rapamycin (autophagy activator) or
5mM 3-MA (autophagy inhibitor) was added to BMSCs, then, BMSCs were cul-
tured in OM. A ALP activity was detected using an ALP activity detection kit. B The

mRNA expression levels of Coll1A1, OCN, OPN, and Runx2 were detected by RT-
qPCR. C The calcium deposition was determined by Alizarin red staining. Scale bar,
200 um. Data represented mean + SD (n = 3 biological replicates). *P < 0.05;
**P<0.01; ¥**P < 0.001.

overexpression, more co-localization of FOXGI and CTSK revealed that
AAV-mediated FOXG1 infected osteoclast. (Supplementary Fig. 6). Fur-
ther, osteoclast activity was measured by osteoclast-specific TRAP staining.
The results showed that the number of osteoclasts increased in femur tissue
from OVX mice, whereas this trend was alleviated after FOXG1 over-
expression (Fig. 9A). The expression levels of osteoclast-related markers
were also detected. We found that expression levels of Acp5, Ctsk, and
Nfatcl were upregulated in the femur from OVX mice, but their expression
was reduced by FOXG1 overexpression (Fig. 9B). In vitro, RANKL was used
to induce osteoclast differentiation of RAW 264.7 cells. TRAP-positive cells
with more than three nuclei were considered osteoclasts. TRAP staining
exhibited that FOXG1 overexpression in cells blocked osteoclast differ-
entiation (Fig. 9C). The expression levels of Acp5, Ctsk, and Nfatcl were
suppressed by FOXGI overexpression during osteoclast formation
(Fig. 9D). These findings suggested that FOXG1 inhibited osteoclast dif-
ferentiation. Moreover, we further investigated the mechanism of how
FOXG1 suppresses osteoclast differentiation. We found that autophagy
increased in RANKL induced-osteoclasts, which was further increased after
FOXGI overexpression (Fig. 9E). Inflammatory responses promote osteo-
clast differentiation. Results also showed that the expression of IL-6 and
TNF-a increased in RANKL-induced osteoclasts, while FOXG1 over-
expression inhibited this trend (Fig. 9F), suggesting that FOXG1 may play a
role in inhibiting osteoclast differentiation more by inhibiting
inflammation.

Discussion

The osteogenic differentiation of BMSCs is crucial for bone formation, and
its imbalance results in osteoporosis'’. We identified a key role of FOXG1 in
the control of osteogenesis via BMSCs (Fig. 10). FOXGI is a nuclear-
cytosolic transcription factor and participates in a large number of cell
functions, such as cell replication, differentiation, and apoptosis”’. FOXGI is

highly expressed in skeletal tissues and mouse mesenchymal cells, and
silencing FOXG] inhibits the expression of osteogenic markers’'. Kimira et
al. reported that prolyl-hydroxyproline promotes osteogenic differentiation
via regulating FOXGI expression®. Crosstalk between osteogenesis and
autophagy is accepted as a novel mechanism of osteoporosis”’. FOXG1 has
been reported to take part in the activation of autophagy, its knockdown
reduces the autophagy activity and causes the accumulation of ROS’.
FOXGI also promotes autophagy to enhance the radiosensitivity of glioma
cells’. The above supports our assumption that FOXG1 plays an important
role in osteogenesis.

To investigate the role of FOXGI in osteogenesis, in our study, we
overexpressed or silenced FOXG1 in BMSCs from mice. We found that
FOXGI expression was gradually increased during osteoblast differentia-
tion. Both ALP activity and calcium deposition are biomarkers of osteogenic
differentiation”’. FOXG1 promoted ALP activity and calcium deposition.
Moreover, the expression levels of osteogenic markers (CollAl, OCN,
OPN, and Runx2) were significantly upregulated by FOXGI over-
expression. These findings suggested that FOXG1 promoted osteogenic
differentiation. Furthermore, we established the OVX mouse model and
overexpressed FOXG1 in OVX mice. Our in vivo experiments demon-
strated that FOXGI upregulation was observed in OVX mice, and the bone
loss induced by OVX was efficaciously rescued after FOXG1 over-
expression. Osteoporosis is caused by the collapse of the balance between
bone formation and bone resorption. OVX may stimulate a physiological
stress response in mice, which leads to the upregulation of FOXGI
expression to try to restore the balance between bone formation and bone
resorption. However, this protective effect is not enough to hinder the
pathological process. Thus, there is a situation in which FOXGI upregula-
tion but the inhibition of osteoblast differentiation is not prevented. Then we
isolated BMSCs from these groups. FOXG1 overexpression in OVX mice-
derived BMSCs increased the ALP activity and calcium deposition. These
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Fig. 4 | USP14 inhibits osteogenic differentiation of mice-derived BMSCs.

A BMSCs were incubated in osteogenic medium for 0, 3, 7, or 14 days, then, the
protein expression level of USP14 was detected by western blot. BMSCs were
infected with USP14 overexpression lentivirus (USP14), 48 h after infection, B ALP
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was determined by Alizarin red staining. Scale bar, 200 um. BMSCs were infected
with shUSP14 lentivirus (shUSP14), 48 h after infection, D ALP activity was detected
using an ALP activity detection kit. E The calcium deposition was determined by
Alizarin red staining. Scale bar, 200 um. Data represented mean + SD (n = 3 biolo-
gical replicates). *P < 0.05; **P < 0.01; ***P < 0.001.

findings confirmed that FOXG1 promoted osteoblast differentiation in
BMSCs and played a protective role in osteoporosis.

Autophagy is a critical self-degradative process that maintains cellular
homeostasis via decomposing and eliminating damaged proteins and
organelles™?. Tt is recognized that autophagy and osteogenesis are closely
related. The increase of autophagy has been confirmed to enhance the
osteogenic differentiation ability of BMSCs™*. In our study, FOXGl
enhanced autophagy in BMSCs, which was proved by increased the for-
mation of autophagosomes, Beclin 1 expression, and the LC3-II/LC3-I ratio.
Our data was consistent with previous research about the effect of FOXG1
on autophagy”’. Moreover, autophagy activator Rapa rescues the autophagy
in BMSCs and attenuates the osteoporotic phenotype in OVX mice, whereas
autophagy inhibitors 3-MA and CQ show the opposite effect’*”’. Here, our
findings revealed that 3-MA and CQ reversed the osteogenic differentiation
induced by FOXGI overexpression, but Rapa promoted this effect on
FOXG1 knockdown BMSCs, suggesting that FOXG1 induces the osteogenic
differentiation via regulating autophagy. Moreover, autophagy is involved in
the mediating effect of estrogen on the osteogenic potential of osteoblasts.
Estrogen regulates the autophagy of osteoblasts and positively regulates the
survival and function of osteoblasts”. However, without estrogen, osteo-
blasts succumb to stress-induced apoptosis, ultimately leading to osteo-
porosis. It has been reported that silencing FOXG1 reduces estrogen
concentration in primary granulosa cells and leads to decreased expression
of genes essential for estrogen synthesis, suggesting that FOXGI promotes
estrogen synthesis”. Therefore, FOXG1 overexpression may promote
autophagy by promoting estrogen synthesis, thereby saving osteoblasts and
improving osteoporosis.

Furthermore, FOXG1, as a transcriptional repressor, is involved in many
diseases by regulating downstream genes, such as Wnt5a, p21, and ATB2**™**,
In our study, we predicted that there were FOXG1 binding sites on the USP14
promoter. USP14 inhibition protects murine osteoblastic cells against DEX-
induced apoptosis”’. Moreover, USP14 inactivation influences proliferation
by SQSTM1/p62-mediated selective autophagy”. Also, USP14 controls

autophagy via negatively regulating K63 ubiquitination of Beclin 1"°. The
inhibition of USP14 promotes autophagy, which alleviates DNA damage
repair'®. Here, we found that USP14 expression was reduced when BMSCs
were induced to osteogenic differentiation, and FOXGI negatively regulated
the expression of USP14. The dual-luciferase reported and ChIP-qPCR assays
demonstrated that FOXG1 transcriptionally inhibited USP14 via binding to
the USP14 promoter. Further, USP14 overexpression blocked the autophagy
and osteogenic differentiation effects of FOXG1 on BMSCs. Therefore, our
results indicated that FOXG1-mediated BMSC improvement in osteoporosis
was related to the inhibition of USP14. As a transcriptional factor, other
downstream targets of FOXG1 may be involved in osteogenic differentiation,
which will be further conducted in our future studies.

We also investigated the effect of FOXG1 on osteoclast differentiation.
The results confirmed that FOXG1 inhibited osteoclast differentiation in mice.
Previous studies reported that autophagy promotes osteoclast differentiation
and bone resorption™. In our results, although FOXG1 promoted autophagy, it
inhibited osteoclastic differentiation. In addition to autophagy, inflammatory
responses also promote osteoclast differentiation”. FOXG1 has been
reported to inhibit inflammatory factors”, we examined the effect of FOXG1
on inflammation and our results confirmed that FOXG1 suppressed inflam-
mation. Therefore, we speculate that FOXG1 may play a role in inhibiting
osteoclast differentiation more by inhibiting inflammation.

In conclusion, our study confirms that FOXG1 induces BMSC osteo-
genic differentiation and suppresses osteoclast differentiation, which exerts a
protective role in osteoporosis. These findings suggest that targeting FOXG1
may be a promising therapeutic approach for osteogenesis treatment.

Methods

Bioinformatic analysis

One set of gene expression data (accession number: GSE35958) con-
taining BMSCs in the normal group and the osteoporosis group were
downloaded from the Gene Expression Omnibus (GEO, https://www.
ncbi.nlm.nih.gov/geo/) database, then, the expression profiling of FOXG1
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Fig. 5 | FOXGI inhibits the transcription of USP14. A, B BMSCs were infected

with FOXG1 overexpression lentivirus (FOXG1) or shFOXG1 lentivirus (FOXG1),
48 h after infection, mRNA and protein expression levels of USP14 were detected by
RT-qPCR and western blot. C The putative binding sites of FOXG1 on the USP14
promoter. D Luciferase reporter plasmids containing the different USP14 promoter

fragments were transfected into 293 T cells with FOXG1 overexpression plasmids
(FOXG1),48 h after transfection, the relative luciferase activity was detected by dual-
luciferase reported assay. E Validation of the FOXG1 binding sites by ChIP-qPCR.
ChIP-qPCR data were normalized by the percent input method. Data represented
mean + SD (n = 3 biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001.

was analyzed by GEO2R. FOXGI binding sites on the USP14 promoter
were predicted using the JASPAR database (http://jaspar.genereg.net/).

Adeno-associated virus (AAV) preparation

For FOXGI overexpression in vivo, the cDNA of FOXGI1 (Accession
number: NM_001160112) was inserted into the Agel/EcoRI site of pAAV-
CMV-UB6 vector to establish FOXG1 overexpression AAV (AAV-FOXG1).
AAV-FOXGI1 was further co-transfection into AAV-293 cells (iCell, China)
with pHelper vector (Takara, Japan) and pAAV-RC9 vector (Fenghbio,
China) for production of viral particles. 72 h after transfection, cells were
harvested, lysed by freezing-thawing cycles, and filtered through a
0.45 um filter.

Experimental design

Eight-week-old female C57BL/6] mice (body weight 20 +2g, specific-
pathogen-free grade) were purchased from Jiangsu Huachuang Sino
Pharmaceutical Technology Co., Ltd. The animal experiments were
approved by the ethics committee of Shengjing Hospital of China Medical
University (2021PS161K) and conformed to the ARRIVE guidelines. We
have complied with all relevant ethical regulations for animal use. The
housing environment conditions are as follows: a room with 21 £2°C
temperatures, 55+ 10% humidity, and a 12:12 light/dark cycle. During

experiments, the general healthy status of mice and water consumption were
observed and their body weight was recorded every day. Mice were
humanely euthanized via CO, inhalation if mice quickly lost 15-20% of
their body weight. The experiments were not blinded. The sample size of the
experimental groups was defined based on previous experience with the
models and Source Forge’s free online sample size calculator. Mice were
randomly assigned to each group using Microsoft Excel. To minimize
potential confounders, the mouse surgery order was randomized within
each cage.

Establishment of osteoporosis mice
Experiment 1: Twelve mice were randomly divided into Sham and OVX
groups (1 = 6/group). Mice in the OVX group underwent bilateral ovar-
iectomy (OVX), and mice in the Sham group underwent surgery that exposed
the ovaries without the excision of ovaries. No mice died in this experiment.
Experiment 2: Fifty-six mice were randomly divided into Sham and
OVX groups. There were 12 mice in Sham group and 44 mice in OVX
group. OVX model was established as above. Seven mice in OVX group died
after surgery and 1 was used for preliminary experiments. One week after
surgery, the remained OVX mice were randomly divided into OVX,
OVX 4 AAV-vector, and OVX + AAV-FOXGI groups (n = 12/group).
Mice in the OVX 4+ AAV-FOXG1 and OVX + AAV-vector groups were
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injected with AAV-FOXG1 and empty AAV (AAV-vector) by femoral
intramedullary cavity injection, respectively. Six mice in each group were
used for micro-CT scanning and pathological examination, and others were
used for western blot analysis. Eight weeks after surgery, mice were eutha-
nized via CO, inhalation, and femur tissues were collected.

Isolation and identification of BMSCs

Experiment 1: Five C57BL/6] mice were randomly selected as Sham and 13
mice were used for OVX modeling. Two mice died after surgery. The
remaining 11 OVX mice were randomly divided into OVX (n=>5),
OVX + AAV-vector (n=3), and OVX+ AAV-FOXG1 (n=3). Eight
weeks after surgery, femur tissues were collected from these mice for BMSC
isolation.

Experiment 2: Thirteen C57BL/6] mice without OVX or AAV infec-
tion were subjected to BMSC isolation.

Bone marrow cells were flushed with a syringe from the femur and tibia
of mice, and then were cultured in MEM medium (containing 15% fetal
bovine serum) at 37 °C with 5% CO,. Non-adherent cells were removed via
changing the culture medium. For osteogenic differentiation, BMSCs were
cultured in osteogenic medium (OM, containing 107> M B-glycerol phos-
phate, 50 mg/ml ascorbic acid, and 15% FBS) for 0, 3, 7, or 14 days. When
each time point was reached, BMSCs were collected for further experiments.

For flow cytometric analysis on cell surface markers, BMSCs were
incubated with CD29 (11-0291-80, Thermo), CD34 (11-0341-81, Thermo),
CD45 (FITC-65087, Proteintech), and CD90 (FITC-65088, Proteintech)
primary antibodies for 30 min, then, BMSCs were analyzed via flow cyto-
metry (NovoCyte, Agilent, USA). Gating images of flow cytometry are
shown in Supplementary Fig. 8.

Osteoclast culture

The RAW264.7 cell line was purchased from iCell (China) and incubated
with DMEM medium supplemented with 10% fetal bovine serum at 37 °C.
Then, the RAW264.7 cells were cultured with RANKL (50 ng/ml) to induce
osteoclast differentiation.

Lentiviral preparation and infection

For overexpression, the coding sequence (CDS) of FOXG1 or USP14 was
inserted into pLVX-IRES-puro lentiviral vectors (Fenghbio, China) to
produce FOXG1 overexpression lentiviral (FOXG1) or USP14 over-
expression lentiviral (USP14). Empty lentiviral vectors (Vector) were
regarded as a negative control. For knockdown, shFOXG1 was inserted into
pLVX-shRNAL lentiviral vectors (Fenghbio, China) to construct FOXG1
knockdown lentiviral (shFOXG1), and nontargeting shRNA lentiviral
vectors (shNC) were used as a negative control. The shRNA targeting
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thickness (Tb. Th), trabecular bone number (Tb. N), and trabecular space (Tb. Sp).
F Representative images of H&E staining of decalcified bone sections. Scale bar,
500 pm or 100 um. TB, trabecular bone. G The protein expression levels of Col1Al,
OCN, OPN, and Runx2 were detected by western blot. Data represented mean + SD
(n = 3 biological replicates in cell experiments, 7 = 6 biological replicates in animal
experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

FOXGI1 was 5-AGTCCTCGTTCAGCATCAACA-3'. The infected cells
were selected with G418 to establish stable cell lines.

Histology
The femurs from mice were embedded in paraffin, deparaffinized, and then
stained with haematoxylin for 5 min. After treatment with 1% hydrochloric

acid alcohol and distilled water, the samples were stained with eosin for
3 min. For Tartrate-resistant acid phosphatase (TRAP) staining, TRAP
solution (Solarbio, China) was added to the sections and incubated at 37 °C
for 30 min. Then, hematoxylin was used to counterstain the samples for
3 min and returned blue for 5 min. Finally, the samples were sealed with
neutral gum and were imaged by a BX53 microscope (OLYMPUS, Japan).
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western blot. F The calcium deposition was determined by Alizarin red staining.
Scale bar, 200 um. Data represented mean + SD (n = 3 biological replicates).

*P < 0.05; ¥*P < 0.01; ***P <0.001.

Transmission electron microscopy (TEM) analysis

BMSCs were harvested and incubated with electron microscopy-grade
fixative buffer (Servicebio, China). After washing three times, cells were per-
embedded in 1% agar. Then the samples were post-fixed with 1% osmic acid
for 2 h and sequentially dehydrated in alcohol (30%, 50%, 70%, 80%, 100%,
and 100%) for 20 min, and finally, with 100% acetone twice. Samples were
cut into slices after infiltration embedding and polymerization. Subse-
quently, slices were stained with 2% uranyl acetate saturated alcohol solu-
tion for 8 min. After washing three times, slices were stained with 2.6% lead
citrate for 8 min. The images were observed by TEM (H-7650, Hita-
chi, Japan).

Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from BMSCs by TRIpure (BioTeke, China). cDNA
was synthesized using BeyoRT II M-MLV Reverse Transcriptase (Beyotime,
China). RT-qPCR for the indicated genes was carried out using ExicyclerTM
96 fluorescence quantifier (Bioneer, Korea). The sequences of the primers were
5-TACCGACTTGTTCCCTAT-3' and 5-TTTCCACCTCTTCTTTGA-3'
for Beclinl, 5-GCGACAAGAAGAACGGCAAGT-3 and 5-ACAGGT
TGTGGCGGATGG-3' for FOXGI1, 5-GTGCCTGAACTCAAAGA-3’ and
5-CAGAATAATAGGTGGGATA-3' for USP14, 5-GCAGCACTCCATAT
CTCTACT-3' and 5-TTCCGTCAGCGTCAACAC-3' for Runx2, 5'-CGCC

ATCAAGGTCTACTGC-3' and 5-GAATCCATCGGTCATGCTCT-3' for
COIl1AlL 5-GAGGGCAATAAGGTAGTGAA-3' and 5-CATAGATGCGT
TTGTAGGC-3' for OCN, 5-CACTCCAATCGTCCCTAC-3' and 5'-AG
ACTCACCGCTCTTCAT-3' for OPN, and 5-AACCAAGCCTTCTT
CCTCC-3" and 5-TGCTGTCCCGAATGTCTCC-3' for LC3. The gene
expression is normalized to the housekeeping gene GAPDH and reflects the
relative percentage of expression towards the housekeeping genes.

Western blot

Protein samples were separated by sodium dodecyl sulfate (SDS)-poly-
acrylamide gels and then transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, USA). After blocking, the membranes were incu-
bated with anti-p62 (AF5384, Affinity, 1:1000 dilution), anti-LC3 (AF5402,
Affinity, 1:500 dilution), anti-USP14 (DF9982, Affinity, 1:1000 dilution),
anti-Beclin 1 (AF5128, Affinity, 1:1000 dilution), anti-FOXG1 (DF13235,
Affinity, 1:1000 dilution), anti-Runx2 (AF5186, Affinity, 1:1000 dilution),
anti-Col1Al (AF7001, Affinity, 1:500 dilution), anti-OCN (DF12303,
Affinity, 1:500 dilution), anti-OPN (A1361, Abclonal, 1:1000 dilution) or
anti-GAPDH (60004-1-Ig, Proteintech, 1:10000 dilution) overnight at 4 °C.
Then, the membranes were incubated with goat anti-rabbit IgG-HRP
(SE134, Solarbio, 1:3000 dilution) or goat anti-mouse IgG-HRP (SE131,
Solarbio, 1:3000 dilution). After ECL color rendering, the optical density of
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Fig. 9 | FOXGI inhibits osteoclastic differentiation. A Representative images of
TRAP staining of femoral tissue sections. Scale bar, 500 um and 100 um. The black
arrow indicates TRAP+ cells. B The mRNA expression of Acp5, Ctsk, and Nfatc1 in
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mRNA expression of Acp5, Ctsk, and Nfatc1 was detected. E The proteins of Beclin1,
LC3V/I1, and p62 were detected. F The mRNA expression of IL-6 and TNF-a was
detected. Data represented mean + SD (1 = 3 biological replicates in cell experi-
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**P < 0.01; ¥*¥*P < 0.001.

the target band was detected using Gel-Pro-Analyzer software. All original
immunoblot images are shown in Supplementary Fig. 7.

Alkaline phosphatase (ALP) analysis

BMSCs were seeded in osteogenic medium for 7 days and were performed to
ultrasonic fragmentation. After centrifugation, the resulting supernatant
was utilized to measure protein content. The ALP activity was detected by an
Alkaline Phosphatase Assay Kit (Jiancheng, China) according to the man-
ufacturer’s instructions.

Alizarin red staining

After 14 days of osteogenic induction, Alizarin Red staining was conducted
to detect calcium deposition. BMSCs were fixed with 60% isopropanol for
15 min and then washed three times, followed by staining with 1% Alizarin
red for 10 min. The images were observed with a BX53 microscope
(OLYMPUS, Japan).

Immunofluorescence (IF)

Cells were grown on glass coverslides and fixed with 4% paraformaldehyde
for 15 min. After washing with PBS three times, cells were incubated with
0.1% tritonX-100 for 30 min, followed by incubation with anti-LC3 (sc-
376404, Santa, 1:50 dilution), FOXG1 (AP9793C, Abcepta, 1:100 dilution),
CTSK (Sc-48353, Santa, 1:50 dilution) overnight at 4 °C. Then, cells were
incubated with Cy3-labeled goat anti-mouse IgG (A-21424, Invitrogen,
1:200 dilution), Cy3-labeled goat anti-rabbit IgG (ab6939, Abcam, 1:200
dilution) or FITC-labeled goat anti-mouse IgG (ab6785, Abcam, 1:200
dilution) for 60 min. DAPI solution was then used to counterstain the
nucleus. Finally, cells were imaged by a BX53 microscope (OLYM-
PUS, Japan).

Dual-luciferase reported assay
HEK 293T cells were seeded to 12-well plates and co-transfected with
FOXG1 overexpression plasmids and luciferase reporter plasmids
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Fig. 10 | Schematic diagram depicting the effect of FOXG1 on osteoporosis.
FOXG1 inhibits USP14 transcription via promoter binding to promote autophagy in
BMSCs, thereby alleviating osteoporosis progression.

containing the different USP14 promoter fragments. 48 h post-transfection,
cells were lysed with lysis buffer and the luciferase activity was detected by
Dual Luciferase Assay Kit (KeyGEN, China).

Chromatin immunoprecipitation (ChiP)-qPCR

ChIP assays were performed via a ChIP Assay Kit (Beyotime, China).
Briefly, cells were collected and crosslinked for 10 min with 1% for-
maldehyde. After washing with PBS, cells resuspended with SDS Lysis
Buffer and then were sonicated to generate DNA fragments. Next, the
samples were diluted with ChIP Dilution Buffer overnight at 4 °C. 20 pl of
samples without primary antibodies were used as input controls. The
remaining samples were incubated with anti-FOXGI or rabbit IgG with
Protein A 4+ G Agarose/Salmon Sperm DNA. Immunoprecipitated com-
plexes and input controls were eluted with Elution buffer and DNA was
purified for RT-qPCR detection of target genes.

Statistics and reproducibility

Three biological replicates were performed in cell experiments, and six
biological replicates were performed in animal experiments. For data
measurements, individual mice were used as experiment units. All the
results were analyzed with GraphPad Prism Version 9.0 and were displayed
as mean * standard (SD). All data presented a normal distribution
according to the Shapiro-Wilk test. Comparisons were assessed via Stu-
dent’s t-test or one-way ANOVA analysis. Error bars indicate SD. P < 0.05
(95% confidence interval) was considered as statistical significance.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The source data behind the graphs can be found in Supplementary Data and
unprocessed Western blots in Supplementary Fig. 7. All other data of this
study are available on request to the corresponding author.
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