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Glucocorticoids regulate the expression
of Srsf1 through Hdac4/Foxc1 axis to
induce apoptosis of osteoblasts
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Further study of the mechanism of glucocorticoid (GC)-induced osteoblast (OB) apoptosis is highly
important for the prevention and treatment of GC-induced osteoporosis and osteonecrosis. Serine/
arginine-rich splicing factor 1 (Srsf7) expression was downregulated in a dose-dependent manner
during GC-induced OB apoptosis. Knockdown of Srsf1 significantly promotes GC-induced OB
apoptosis, while overexpression of Srsf1 significantly inhibits GC-induced OB apoptosis.
Mechanistically, GC induces the up-regulation of histone deacetylase 4 (Hdac4) in OB, and inhibits the
expression of transcription activator forkhead box C1 (Foxc7) by reducing the levels of histone H3
lysine 9 acetylation (H3K9ac) and H3K27ac in the promoter region of Foxc1, thereby down-regulating
Srsf1. Next, SRSF1 regulates GC-induced OB apoptosis by regulating Bcl-2 modifying factor (Bmf)
alternative splicing. From the perspective of alternative splicing, this study demonstrates that Srsf1
and its regulatory mechanism may serve as a new target for the prevention and treatment of GC-

induced osteoporosis and osteonecrosis.

Long-term and high-dose glucocorticoid (GC) treatment can destroy the
balance of bone metabolism by promoting osteoblast (OB) apoptosis, thus
leading to GC-induced osteoporosis and osteonecrosis™”. The OB, as a
functional cell involved in bone formation, is mainly responsible for the
synthesis, secretion, and mineralization of the bone matrix to maintain the
balance of bone metabolism®”. Therefore, understanding the mechanism
involved in preventing GC-induced OB apoptosis is highly important for the
prevention and treatment of GC-induced osteoporosis and osteonecrosis.
In in vitro experiments involving GC-induced OB apoptosis, RNA
sequence (RNA-Seq) analysis revealed that several members of the ser-
ine/arginine (SR)-rich protein family were downregulated. The SR pro-
tein family comprises important splicing factors involved in alternative
splicing; these proteins can directly bind to precursor mRNAs (pre-
mRNAs), function as splicing activators and are closely related to the
regulation of apoptosis®”. Thus, we hypothesized that the SR protein
family may represent a novel class of targets for preventing GC-induced
OB apoptosis. By combining the RNA-seq and real-time quantitative
polymerase chain reaction (QPCR) results, we found that among the SR
protein family members, serine and arginine-rich splicing factor 1
(SRSF1) were the most downregulated genes related to OB apoptosis

induced by GC. SRSF1I is a typical SR protein that contains one or two
RNA recognition motifs (RRMs) and an arginine/serine (RS) domain, in
which RRM affects apoptosis by binding to pre-mRNAs of apoptosis-
related genes to regulate alternative splicing”"’. Olga Anczukow et al.’
reported that SRSF1 was overexpressed in breast cancer cells and that this
overexpression promoted cell proliferation and reduced cell apoptosis by
enhancing the inclusion of the cancer susceptibility candidate 4 (CASC4)
exon 9. Martina Donadoni et al."' reported that ethanol exposure leads to
the downregulation of SRSF1 expression in neural progenitor cells,
resulting in the missplicing of myeloid cell leukemia sequence 1 (Mcl-1)
pre-mRNA. The ratio of Mcl-1L/Mcl-1S decreased in a dose-and time-
dependent manner, which promoted cell apoptosis. Additionally, studies
have shown that SRSF1 can regulate cell apoptosis by alternative splicing
of apoptosis-related genes, such as B-cell lymphoma extralarge (Bcl-X),
cysteinyl aspartate specific proteinase-2 (caspase-2), caspase-9, the inhi-
bitor of caspase-activated DNase (ICAD), the Bcl-2-interacting mediator
of cell death (Bim), and the tumor protein P53". In conclusion, we suggest
that SRSF1 may also be involved in GC-induced OB apoptosis by acting
as a regulator; however, its specific role and mechanism remain to be
elucidated.
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This study utilized RNA-seq and bioinformatics analysis to identify
SRSF1 as a key regulatory molecule in GC-induced OB apoptosis and to
reveal the upstream and downstream regulatory mechanism of SrsfI in GC-
induced OB apoptosis. New targets and mechanisms for the prevention and
treatment of GC-induced osteoporosis and osteonecrosis were also explored
using these analysis methods.

Results
GC induces OB apoptosis
The morphology of MC3T3-El cells cultured in osteogenic induction
medium was fibroblast-like. After 3 days of induction, the proliferation of
MC3T3-E1 cells reached a plateau (Fig. S1C), and the positive rate of ALP
staining showed a trend of rapid increase and then slow decrease, reaching a
peak at 15 days (Fig. S1A, B). Alizarin red S staining showed that calcified
nodules stained orangered and were scattered (Fig. S1D). These results
showed that MC3T3-El cells were precursor OBs, which became mature
OBs after osteogenic induction culture. Next, we selected mature OBs cul-
tured by osteogenic induction for 15 days as the cell model for this study.
Next, we treated OBs with 0.0, 0.1, 0.2, 0.3, or 0.4 mg/mL GC for 24 h.
Compared with those in the control group (0.0 mg/mL), 0.1 and 0.2 mg/
mL GC had no significant effect on osteogenic activity and apoptosis of OB
(Fig. 1A-D). Moreover, there were no significant changes in the expression
of cleaved cysteinyl aspartate-specific proteinase-3 (cleaved-CASP3) or
cleaved-CASP9 (Fig. 1G-I). When the concentration of GC was 0.3 mg/
mL, the osteogenic activity of OB was inhibited (Fig. 1A, B). The TUNEL-
positive (TUNEL") cell rate detected by TUNEL/DAPI staining was
15.3+1.39% (Fig. 1C, D), and the apoptosis rate detected by flow cyto-
metry was 18.4 + 1.47% (Fig. 1E, F). Furthermore, the expression of cleaved
CASP3 and cleaved CASP9 was upregulated (Fig. 1G-I). When the con-
centration of GC was 0.4 mg/mL, the osteogenic activity of OB was sig-
nificantly inhibited (Fig. 1A, B). The percentage of TUNEL" cells detected
by TUNEL/DAPI staining was 33.98 £3.61% (Fig. 1C, D), and flow
cytometry showed that the percentage of apoptotic cells was 34.75 + 1.48%
(Fig. 1E, F). The expression of cleaved CASP3 and cleaved CASP9 was
significantly upregulated (Fig. 1G-I), indicating that 0.4 mg/mL GC could
induce significant apoptosis in OBs. Next, we detected the expression of
mitochondrial apoptotic pathway-related proteins by western blot. The
results showed that the expression of B-cell leukemia/lymphoma 2 (BCL2)
was downregulated in OBs treated with 0.4 mg/mL GC, while the
expression of Bcl2-associated agonist of cell death (BAD), Bcl2-modifying
factor (BMF), Bcl2-associated X protein (BAX), cytochrome C (CYT C),
and BCL-XL was upregulated (Fig. 1J-P). These results suggest that 0.4 mg/
mL GC is an ideal concentration for establishing a model of GC-induced
OB apoptosis. Thus, we utilized 0.4 mg/mL GC to treat OBs in subsequent
experiments to study the mechanism of GC-induced OB apoptosis.

Srsf1 is involved in GC-induced OB apoptosis

The gene expression profile of GC-treated OBs was examined by RNA
sequencing (RNA-seq) after the OBs were treated with a 0.4 mg/mL con-
centration of GC (Fig. 2A). GO and KEGG enrichment pathway analyses of
DEGs (Fig. 2B, C) revealed that 67 genes were related to apoptosis (Fig. 2D),
35 genes were related to RNA splicing, and the expression of the splicing-
related SR protein family members Srsf1, Srsf2, Srsf3, and Srsf7 was down-
regulated. Among these genes, Srsfl exhibited the most significant change in
expression among the RNA splicing-related genes (Fig. 2E). Combined with
the findings of previous studies reporting the role of the SR protein family in
the regulation of apoptosis', we believe that GC-induced OB apoptosis may
be related to RNA splicing and may be closely related to Srsf1.

We utilized qPCR to validate the expression of Srsf1, Srsf2, Srsf3, Srsf7,
Bmf,and Bcl2l1 in the RN A-seq gene expression profiles. The results showed
that Srsfl, Srsf2, Srsf3, and Srsf7 were downregulated in GC-treated OBs. In
contrast, Bmf and Bcl2l1 were upregulated, which is consistent with the
RNA-seq data (Fig. 2F-K). Western blot analysis further showed that SRSF1
expression was downregulated in a dose-dependent manner with increasing
GC concentration (Fig. 2L, M). Next, GC induction was applied to construct

amouse OB apoptosis model (Figs. S2A, B and S7), and the ratio of SRSF1-
positive OB was decreased compared with the control group (Fig. S2C, D).
Pearson correlation analysis of the relative expression of SRSF1 and the OB
apoptosis rate showed that SRSF1 expression was negatively correlated with
OB apoptosis (r = —0.801, P <0.001) (Fig. 2N). Therefore, we suggest that
Srsfl is involved in regulating GC-induced OB apoptosis. However, the
specific role of Srsfl in GC-induced OB apoptosis remains unclear.

Role of Srsf1 in GC-induced OB apoptosis

We utilized an Srsfl-overexpressing lentivirus to transfect OBs to investigate
the effect of Srsf1 on GC-induced OB apoptosis. OBs were treated with GC
after successful overexpression of Srsfl, as determined by qPCR and western
blot (Fig. 3A-C). TUNEL/DAPI and Annexin V-FITC/PI staining revealed
that the percentage of TUNEL' cells in the Srsfl-overexpressing group was
lower (Fig. 3D, E), and the percentage of apoptotic cells was lower (Fig. 31, ])
than those in the control and empty vector groups. Western blot analysis
revealed a significant decrease in cleaved CASP3 and cleaved CASP9
expression (Fig. 3F-H), and the expression of anti-apoptotic protein BCL2
increased, whereas the expression of pro-apoptotic proteins BAX and BAD
decreased (Fig. S3A), indicating that overexpression of Srsfl could inhibit
GC-induced OB apoptosis. In contrast, after successful knockdown of Srsf1,
OBs were treated with GC to induce apoptosis via RNA interference (RNAi)
lentivirus (Fig. 4A-C). Compared with those in the control and empty
vector groups, the percentage of TUNEL cells in the SrsflI knockdown
group was greater (Fig. 4D, E), the apoptosis rate was greater (Fig. 41,]), and
the expression of cleaved CASP3 and cleaved CASP9 was greater
(Fig. 4F-H), and the expression of anti-apoptotic proteins BCL2 and BCL-
XL decreased, whereas the expression of pro-apoptotic proteins BAX and
BAD increased (Fig. S3A), indicating that knockdown of Srsfl promoted
GC-induced OB apoptosis.

SRSF1 regulates alternative splicing of Bmf pre-mRNA and par-
ticipates in GC-induced OB apoptosis

Studies have shown that SRSF1 can affect cell apoptosis by regulating the
alternative splicing of precursor mRNAs (pre-mRNAs) of apoptosis-related
genes'”. Therefore, we utilized the catRAPID database to predict the
apoptosis-related genes that might be regulated by SRSF1. The catRAPID
omics v2.1 (protein(s) VS transcriptome) module predicted that SRSF1
might bind to Bmf RNA. The results of the catRAPID signature analysis
revealed that the interaction score of SRSF1 with RNA was 0.82 (a score
greater than 0.50 suggests a propensity for binding), and the three RNA-
binding regions of SRSF1 were PF13893, PF00076, and PF1425 (Fig. S4A).
The presence of the catRAPID fragment further revealed the possible
fragments involved in the binding of SRSF1 to Bmf pre-mRNA. SRSF1 had
the highest interaction propensity with Bmf pre-mRNA at nucleotide sites
7807-8006 (Fig. S4B). Next, to determine the relationship between SRSF1
and Bmyf, we performed RIP experiments and found that SRSF1 could bind
to BmfRNA (Fig. S4C, D). Then, we designed specific primers at nucleotide
positions 7807-8006 of Bmf to amplify the corresponding DNA fragments,
and the in vitro transcribed RNA was labeled with biotin. RNA pull-down
assays revealed that biotinylated Bmf RNA oligomers could interact with
SRSF1 (Fig. S4E, F). These results suggest that SRSF1 can bind to Brmf pre-
mRNA at nucleotide sites 7807-8006 and may be involved in the regulation
of alternative splicing of Bmf.

To explore whether SRSF1 affects GC-induced OB apoptosis by reg-
ulating Bmf alternative splicing, we found, using qPCR, that there was no
significant difference in Bmf variant 1 (V1) expression (P > 0.05). However,
Bmf V2 expression was upregulated, and Bmf V3 expression was down-
regulated in the GC treatment group compared with the control group.
Among them, the expression of Bmf V2 was the highest in the control group,
and the expression of Bmf V2 changed most significantly after GC treatment
(Fig. 5A). The in vivo results of GC-induced OB apoptosis also showed that
the number of BME-positive OB was increased (Fig. S2E, F). Compared with
those in the GC treatment group, the expression of Bmf V1 was not sig-
nificantly different in the Srsfl-overexpressing OBs treated with GC, while
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Fig. 1 | GC induced apoptosis of OBs. A, B ALP detection for OBs (n=4). C, and BCL-XL (n = 3). Data were expressed as mean + standard deviation in
C, D TUNEL/DAPI staining detection of OBs TUNEL" cell number (1 = 3). (B, D, F, H, I, K-P), where statistical significance was calculated using Student’s  test

E, F Apoptosis detected by Annexin V-FITC/PI staining (n = 5). G-I The expression  in (K-P) and using one-way analysis of variance (ANOV A) with Tukey post hoc test
levels of cleaved-CASP3 and cleaved-CASP9 were detected by Western Blot (n=3).  in (B, D, F, H,I). "P<0.05, "P<0.01, ""P<0.001, ™P > 0.05. 0.0: 0.0 mg/mL, 0.1:
J-P Western Blot was used to detect the expression of BCL2, BAD, BMF, BAX, CYT 0.1 mg/mL, 0.2: 0.2 mg/mL, 0.3: 0.3 mg/mL, 0.4: 0.4 mg/mL.
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Fig. 2 | Screening and identification of splicing factors associated with GC-
induced OB apoptosis. A Heat map showing differentially expressed genes (n = 3).
B Gene ontology (GO) analysis (n = 3). C Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) enrichment pathway analysis (n = 3). D Heat map showing differ-
entially expressed apoptosis-related genes (n = 3). E Heat map showing differentially
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level of SRSF1 was detected by western blot (n = 4). N The correlation between
SRSF1 expression and OB apoptosis rate was analyzed by Pearson correlation
(n=4). In (F-K, M), the data are expressed as mean + SD, where statistical sig-
nificance was calculated using Student’s ¢ test in (F-K) and using one-way ANOVA
with Tukey post hoc test in (M). Control control group, GC glucocorticoid treatment
group. 'P<0.05, "P<0.01, "P<0.001, P> 0.05.
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Fig. 3 | Effect of Srsfl overexpression on OB apoptosis induced by GC. A qPCR to
verify Srsf] overexpression efficiency (n = 4), GV492: lentiviral vector, OE-SrsfI:
overexpression of Srsfl. B, C The overexpression efficiency of SRSF1 was detected by
western blot (n = 3). D, E TUNEL/DAPI staining detection of OBs TUNEL’ cell
number (n = 3). F-H Expression levels of cleaved-CASP3 and cleaved-CASP9 were

detected by western blot (n = 3). I, J Apoptosis detected by Annexin V-FITC/PI
staining (n = 4). In (A, C, D, G, H, and ), the data were expressed as mean + SD, and
statistical significance was calculated using one-way ANOVA with Tukey post hoc
test. 'P<0.05, "P<0.01, "P<0.001, P> 0.05.

the expression of Bmf V2 and Bmf V3 was downregulated (Fig. 5A).
Compared with those in the GC treatment group, the expression of Bmf V1
was not significantly different in the SrsfI knockdown OB treated with GC,
but the expression of Bmf V2 and Bmf V3 was upregulated (Fig. 5A).
Therefore, SRSF1 did not affect the expression of Brmf V1 but was negatively
correlated with the expression of Bmf V2 and Bmf V3 in GC-treated OBs.
BMF is a proapoptotic member of the BCL-2 family of proteins that contains
only the BH3 domain and is essential for heterodimerizing prosurvival

members of the BCL-2 family and proapoptotic functions**"*. Using the
National Center for Biotechnology Information (NCBI) and UniProt
databases, we found that human BMF V1 contains a BH3 domain
(TARKLQCIADQFHRL) and has been shown to promote apoptosis, while
BMF V2 and BMF V3 do not contain a BH3 domain and have no effect on
apoptosis'® (Fig. 5B). However, all three of the mouse BMF variants contain
the same BH3 domain (JARKLQCIADQFHRL) as does humans (Fig. 5C),
which led us to speculate that they may have the ability to promote
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Fig. 4 | Effects of Srsfl knockdown on GC-induced OB apoptosis. A qPCR to verify
the knockdown efficiency of Srsfl (n = 4), CV279: the control lentivirus vector, KD-
Srsfl: knockdown of Srsfl. B, C Western Blot detection of SRSF1 knockdown effi-

ciency (1 =4). D, E TUNEL/DAPI staining detection of OBs TUNEL" cell number
(n = 3). F-H Expression levels of cleaved-CASP3 and cleaved-CASP9 were detected

by western blot (n = 3). I, J Apoptosis detected by Annexin V-FITC/PI staining
(n=4).In (A, C, D, G, H, and ]), the data were expressed as mean + SD, and
statistical significance was calculated using one-way ANOVA with Tukey post hoc
test. "P<0.05, "P<0.01, P <0.001, ™P > 0.05.

apoptosis. We knocked down Bmif via an RNAI lentivirus (Fig. 5D-F)
and then induced OB apoptosis by GC. The results showed that knockdown
of Bmf reduced the apoptosis rate (Fig. 5G-J) and decreased the expression
of cleaved CASP3 and cleaved CASP9 (Fig. 5K-M), in addition, the
expression of anti-apoptotic proteins BCL2 and BCL-XL increased, while
the expression of pro-apoptotic protein BAX decreased (Fig. S3B). To fur-
ther demonstrate that SRSF1 affects GC-induced OB apoptosis by

regulating Bmf expression, we knocked down Srsfl again in Bmf-
knockdown OBs and then induced OB apoptosis with GC. Knockdown of
Bmf significantly inhibited GC-induced OB apoptosis, but further knock-
down of Srsfl had no effect on OB apoptosis (Fig. SSA-G). These results
suggest that in GC, low expression of SRSF1 promotes OB apoptosis by
splicing Bmf V2 and Bmf V3, among which BMF V2 is the major regulator
of apoptosis.
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Fig. 5| SRSF1 regulates alternative splicing of Bmf pre-mRNA and participates in
GC-induced OB apoptosis. A qPCR was utilized to detect the expression changes in
Bmf variants (n =4). B, C Structure diagram of human and mouse BMF protein
subtypes. D The knockdown efficiency of Bmfwas detected by qPCR (n = 4), sh-Bmf:
knockdown of Bmf. E, F Western Blot detection of BMF knockdown efficiency
(n=3). G, H Apoptosis detected by Annexin V-FITC/PI staining (n = 4).

I, ] TUNEL/DAPI staining detection of OBs TUNEL" cell number (n = 3). K-M
Expression levels of cleaved-CASP3 and cleaved-CASP9 were detected by western
blot (n=3).In (A, D, F, H, I, L, M), the data were expressed as mean + SD, and
statistical significance was calculated using one-way ANOVA with Tukey post hoc
test. 'P<0.05, "P<0.01, P <0.001, P> 0.05.

FOXC1 regulates Srsf1 expression by binding to the Srsf1
promoter

In response to GC, Srsfl is downregulated at the transcriptome level
(Fig. 2F); therefore, we hypothesized that the regulatory effect of GC on Srsfl
downregulation may be related to transcription factor regulation. Using the
AnimalTFDB 4.0 database, we found that the transcription factor forkhead
box C1 (FOXC1), a transcription activator that promotes gene transcription
by binding to gene promoters, can bind to the Srsfl promoter region'*".
After treatment with GC, the expression of Foxcl was downregulated in the
OB (Fig. 6A-C), and the in vivo results of GC-induced OB apoptosis showed
that the number of FOXC1-positive OB decreased (Fig. S2G, H). CHIP-
qPCR further showed that FOXC1 could bind to nucleotide sites

—1800 ~ —1601, —1600 ~ —1401, and —800 ~ —601 in the Srsfl promoter
region (Fig. 6D). Therefore, we hypothesized that GC may regulate Foxcl
expression to suppress Srsfl expression. To test this hypothesis, we over-
expressed Foxcl (Fig. 6E-G) or knocked down Foxcl (Fig. 6H-]) using
different lentiviruses and subsequently treated OBs with GC. The results
showed that cells overexpressing Foxcl were resistant to GC-induced
downregulation of Srsfl expression (Fig. 6K-M). The expression of anti-
apoptotic proteins BCL2 and BCL-XL increased, and the expression of pro-
apoptotic proteins BAX and BAD decreased (Fig. S3C). Conversely,
knockdown of Foxcl further promoted GC-induced downregulation of
Srsfl expression (Fig. 6N-P), and the expression of anti-apoptotic proteins
BCL2 and BCL-XL decreased. Expression of the pro-apoptotic proteins
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expression of Foxcl detected by qPCR (1 = 4). B, C Expression of FOXCI was
detected by western blot (n =3). D CHIP-qPCR was utilized to detect the binding
sites of FOXC1 and SrsfI promoter region. E Relative expression of Foxcl by gPCR
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was detected by western blot (n = 3). K Relative expression of SrsfI by gPCR (n = 4).

L, M Western blot was utilized to detect the expression of SRSF1 (n = 3). N Relative
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(F,G, L, J,L,M, O). 'P<0.05 "P<0.01, "P<0.001, P> 0.05.

BAX and BAD increased (Fig. S3C). These results suggest that GC regulates
GC-induced OB apoptosis by inhibiting the expression of transcription
activator FOXCI1, thereby down-regulating the expression of Srsfl.

HDACA4 inhibits the expression of Foxc1 by reducing the levels of
H3K9ac and H3K27ac in the Foxc1 promoter region

Studies have shown that the histone deacetylase4/5 (Hdac4/5) inhibitor
LMK-235 can regulate cell proliferation, differentiation and apoptosis by
affecting the expression of many genes'*’. Our study found that treatment
of OB with LMK-235 upregulated Foxcl expression levels in cells
(Fig. 7A-C). LMK-235-mediated inhibition of Hdac family members is
nonspecific and inhibits the activity of Hdacl, Hdac2, Hdac4, Hdac5, Hdacé,
Hdac8, and Hdacll. Therefore, it is unclear which specific Hdac family

member regulates Foxcl expression. After treatment of OBs with GC, the
qPCR results showed that GC promoted the upregulation of Hdac4, and the
in vivo results of GC-induced OB apoptosis showed that the number of
HDAC4-positive OB was increased (Fig. S2I, J), while the expression of
other Hdac family members was not significantly different (Fig. 7D). After
Hdac4 knockdown lentivirus was used to specifically knock down Hdac4 in
the OB (Fig. 7E-G), ChIP-qPCR revealed that the levels of histone H3 lysine
9 acetylation (H3K9ac) and H3K27ac in the Foxcl promoter region
increased (Fig. 7H). After the cells were treated with GC, the results showed
that Hdac4 knockdown reversed the GC-induced downregulation of Foxcl
expression (Fig. 7I-K), and GC-induced OB apoptosis rate decreased
(Fig. S6A, B), the expression of anti-apoptotic proteins BCL2 and BCL-XL
increased, and the expression of pro-apoptotic proteins BAX and BAD
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western blot (1 =4). L Relative expression of Hdac4 detected by qPCR (1 =5).
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Fig. 8 | Overview of the involvement of SrsfI in OB apoptosis induced by GC. GC
induces the upregulation of Hdac4 and decreases the level of H3K9ac and H3K27ac
in the Foxcl promoter region to inhibit the expression of FOXCI, thereby reducing
the expression of Srsf1. SRSF1 can bind to the 7807-8006 nucleotide sites of Bmf pre-

mRNA to regulate the alternative splicing of Bmf. Overexpression of Srsfl reduced
the expression of Bmf V2 and Bmf V3 variants, thereby inhibiting GC-induced OB
apoptosis; conversely, knockdown of Srsfl increased the expression of Bmf V2 and
V3 variants, thereby promoting GC-induced OB apoptosis.

decreased (Fig. S3D). In contrast, the Hdac4-overexpressing lentivirus
specifically increased Hdac4 expression in OBs (Fig. 7L-N) and reduced
H3K9ac and H3K27ac levels in the Foxcl promoter region (Fig. 70). After
the cells were treated with GC, the results showed that the overexpression of
Hdac4 further promoted the GC-induced downregulation of Foxcl
expression (Fig. 7P-R), increased GC-induced OB apoptosis rate (Fig. S6A,
B), decreased expression of anti-apoptotic proteins BCL2 and BCL-XL, and
increased expression of pro-apoptotic proteins BAX and BAD (Fig. S3D).
Increased FOXC1 expression has been reported to be associated with
increased H3 acetylation in the Foxcl promoter region. H3K9ac and
H3K27ac are common forms of H3 acetylation that function in the reg-
ulation of gene expression to activate transcription; conversely, decreased
levels of H3K9ac and H3K27ac inhibit gene transcription® . Therefore, the
above results suggest that GC regulates GC-induced OB apoptosis by
upregulating HDAC4 expression and reducing H3K9ac and H3K27ac levels
in the Foxcl promoter region, thereby inhibiting FoxcI expression.

Conclusions

Our work uncovers that GC negatively regulates Srsfl expression and
that knockdown of SrsfI significantly promotes GC-induced OB apop-
tosis, while overexpression of Srsfl significantly inhibits GC-induced OB
apoptosis. Mechanistically, GC induces the upregulation of Hdac4 and
decreases the levels of H3K9ac and H3K27ac in the Foxcl promoter
region to inhibit the expression of FoxcI, thereby reducing the expression
of Srsfl. SRSF1 can bind to the 7807-8006 nucleotide sites of Bmf pre-
mRNA to regulate the alternative splicing of Bmf. Overexpression of Srsf1
reduced the expression of Bmf V2 and Bmf V3 variants, thereby inhi-
biting GC-induced OB apoptosis. Conversely, knockdown of Srsfl
increased the expression of Bmf V2 and V3 variants, thereby promoting
GC-induced OB apoptosis (Fig. 8). Therefore, Srsfl and its regulatory
mechanism may lead to new targets for the prevention and treatment of
GC-induced osteoporosis and osteonecrosis.

Discussion

It has been shown that long-term and high-dose GC use can lead to steroid-
induced osteoporosis and osteonecrosis, which is due to the harmful effects
of excessive GC on OB, osteocytes and osteoclasts, disrupting the balance of
bone formation and bone resorption. GC can inhibit the proliferation and
differentiation of OB, enhance the apoptosis of OB and osteocyte, and
inhibit bone formation. On the contrary, the effect of GC on osteoclasts is
mainly manifested as promoting osteoclast proliferation, reducing osteo-
clast apoptosis, and increasing bone resorption** . In this study, we aimed
to explore the role and mechanism of GC-induced OB apoptosis in order to
explore new methods for the prevention and treatment of steroid-induced
osteoporosis and osteonecrosis. At present, the regulatory mechanism of
alternative splicing in GC-induced OB apoptosis remains unclear. In this
study, we identified the splicing factor SRSF1 as a key regulator of GC-
induced OB apoptosis. GC downregulates Srsfl expression through the

Hdac4/Foxcl axis, which further regulates the alternative splicing of the
mitochondrial apoptosis-related gene Bmf, thereby affecting GC-induced
OB apoptosis.

Alternative splicing is involved in the posttranscriptional modification
of genes, and the SR family is an important class of splicing factors that
regulate alternative splicing”**. Our RNA-seq and qPCR results showed
that the expression of Srsfl, Srsf2, Srsf3, and Srsf7 was downregulated in
response to GC treatment. Additionally, Srsf6, Srsf9, and Srsfl0 were
downregulated, with SrsfI being the most significantly downregulated. Srsf2,
Srsf3, Srsf6, and Srsf9 have been shown to be highly expressed in tumor cells
and to have antiapoptotic effects on tumor cells” . Like in most SR family
members, Srsf] is upregulated in many cancers, such as breast cancer, acute
lymphoblastic leukemia, and lung cancer. This not only increases the pro-
liferation ability, anti-autophagy ability, and antiapoptotic ability of cancer
cells but also increases the resistance of cancer cells to chemotherapy and
radiotherapy” ™. SrsfI has a deleterious effect on carcinogenesis, but these
findings indirectly indicate that SrsfI may have a strong antiapoptotic effect.
In addition to its role in tumor cells, SrsfI has been implicated in the
regulation of apoptosis in neural progenitor cells and T cells from patients
with systemic lupus erythematosus'"”’. Like the effects of SrsfI found in the
above studies, we found that during GC-induced OB apoptosis, Srsf] was
downregulated in a dose-dependent manner with increasing GC con-
centration, resulting in OB apoptosis, while overexpression of Srsfl sig-
nificantly inhibited OB apoptosis.

The regulation of apoptosis by Srsfl involves many regulatory path-
ways. For example, Martina Donadoni et al."' reported that SRSF1 affects
neural progenitor cell apoptosis by regulating the Mcl-1L/Mcl-1S ratio.
Takayuki Katsuyama et al.” reported that low expression of SRSF1 in T cells
from systemic lupus erythematosus patients promoted apoptosis by redu-
cing the expression of the antiapoptotic gene Bcl-XL. Jacqueline et al.”
reported that in non-small cell lung cancer, SRSF1 promotes the synthesis of
the proapoptotic gene caspase-9a by binding to intron six of caspase-9. We
found that SRSF1 could bind to Bmf RNA to regulate alternative splicing
during GC-induced OB apoptosis. Overexpression of Srsfl reduced the
expression of Bmf V2 and Bmf V3 variants, thereby inhibiting GC-induced
OB apoptosis, while knockdown of SrsfI increased the expression of Brmf V2
and V3 variants; however, there was no significant difference in the
expression of Bmf V1 when SrsfI was overexpressed or knocked down. We
knocked down SrsfI again in OBs with Bmfknockdown and then induced
OB apoptosis in GC. Knockdown of Bmf significantly inhibited GC-induced
OB apoptosis, but further knockdown of SrsfI had no effect on OB apop-
tosis, indicating that the regulatory effect of Srsfl on GC-induced OB
apoptosis requires the mediation of Bmf. This study showed for the first time
that Srsfl affects GC-induced OB apoptosis not only by regulating the
expression of apoptosis-related genes such as Mcl-1, Bcl-X, and caspase-9
but also by regulating alternative splicing of Bmf. However, this study has
shortcomings in that the detailed molecular mechanism by which SRSF1
regulates alternative splicing of Bmf has not been elucidated.

Communications Biology | (2025)8:566

10


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07989-x

Article

HDAC4, a member of the class ITa HDAC family with specific amino
acid sequences for lysine acetylation, regulates chromatin remodeling and
subsequent gene transcription by controlling histone acetylation status™™*".
HDAC4 turns off gene transcription by deacetylating histone lysines,
resulting in condensation of positively charged chromatin®*. It has been
reported that GC can recruit HDAC4 by activating glucocorticoid receptor
(GR), promote GR-HDAC4 protein interaction, reduce H3K9ac and
H3K27ac levels of target genes, and thus inhibit the expression of target
genes'™*. Consistent with our results, we found that Hdac4 expression was
upregulated in OB under GC treatment, and the upregulated
HDACH4 suppressed Foxcl expression by reducing H3K9ac and H3K27ac
levels in the Foxcl promoter region. Studies have shown that HDAC4 often
negatively regulates the transcription factor myocyte enhancer factor
(MEE2) to regulate gene expression, thereby affecting the development and
function of a variety of cell types” . However, our results show that under
the action of GC, HDAC4 regulates gene expression by negatively regulating
the expression of transcription factor FOXCI. At present, we have not
explored whether HDAC4 regulates MEF2 expression during GC-induced
OB apoptosis, which is a deficiency of this study. As a transcription factor in
the FOX family, FOXC1 is characterized by a conserved “forkhead” DNA-
binding domain and functions to regulate cell growth, survival, and
metabolism®". It has been shown that FOXCI regulates gene transcription
through its N-terminal and C-terminal activation domains and phos-
phorylated transcriptional repression domains'”*™*. In this study, we
demonstrated that FOXC1 regulates Srsfl expression by binding to
nucleotide sites at -1800 ~ -1601, -1600 ~ -1401, and -800 ~ —601 in the
Srsfl promoter region. In the presence of GC, upregulated Hdac4 inhibits
Srsfl expression by inhibiting Foxcl expression. In the future, we will focus
on investigating the role of Srsfl in GC-induced osteoporosis and osteo-
necrosis in vivo.

Methods

Animals

Twenty 6-month-old SPF C57BL/6] male mice were used to construct the
animal model of glucocorticoids induced apoptosis in osteoblasts (GOA).
The mice were provided by Experimental Animal Center of Guizhou
Medical University (ethics approval No0.2402798), and we have complied
with all relevant ethical regulations for animal use. Methylprednisolone
(60 mg/kg; Pfizer, USA) was injected alternately into both gluteal muscles of
mice once a day for 4 weeks. Four weeks after methylprednone adminis-
tration, the mice were killed after anesthesia, and bilateral femoral heads
were removed under aseptic operation. The osteonecrosis was evaluated by
micro-CT and hematoxylin and eosin (HE) staining, and OB apoptosis and
key molecular expression were detected by immunofluorescence staining.

Cells

The cells were digested and collected by centrifugation (1000 revolutions
per minute for 5 min) when the growth density of the third-generation
MC3T3-E1 cells (PYTHONBIO, Guangzhou, China) reached 90%. The
cell density was adjusted to 1x10* cellsymL with complete culture
medium (89% MEM alpha medium, 10% fetal bovine serum, 1% peni-
cillin/streptomycin solution), and the cells were seeded in 6-well plates at
2 x 10* cells/well and cultured in a 5% CO, incubator at 37 °C for 2 days.
The complete culture medium was discarded when the cell density
reached 80%, and osteogenic induction medium (100 mL of complete
culture medium, 78.6 uL of 5 mg/mL dexamethasone sodium phosphate
injection, 306 mg of B-glycerol phosphate, 20 uL of 0.25 g/mL vitamin C
injection) was added. The osteogenic induction medium was changed
every 2 days, and the cells were cultured in an incubator for 15 days to
induce the maturation of MC3T3-E1 cells into OBs. Twenty-four hours
after reseeding the dishes with mature OBs, the OBs were treated with
20nM LMK-235. In addition, OBs were treated with different con-
centrations of hydrocortisone (the active form of GC that binds directly
to GRs) for 12 h to induce apoptosis. Annexin V-FITC/PI staining and
TUNEL/DAPI staining were used to detect apoptosis.

Alkaline phosphatase staining

When the cell density in the six-well plate reached 90%, the cells were
washed three times with phosphate-buffered saline (PBS), 1 mL of 4%
paraformaldehyde was added to each well, the cells were fixed at room
temperature for 20 min, and the cells were subsequently washed three times
with distilled water. According to the instructions of the BCIP/NBT Alka-
line Phosphatase Color Development Kit (Beyotime, Shanghai, China),
1 mL of alkaline phosphatase (ALP) staining working solution (alkaline
phosphatase color development buffer 3 mL + 300x BCIP solution
10 puL + 150x NBT solution 20 uL) was added to every well, and the plate
was incubated at room temperature in the dark for 30 min. The cells were
then washed twice with distilled water and observed under a microscope.

Alizarin red S staining

When the cell density in the plate reached 90%, the cells were washed three
times with PBS, 1 mL of 4% paraformaldehyde was added to each well, the
cells were fixed at room temperature for 30 min and washed twice with PBS,
1 mL of alizarin red S staining solution was added to each well (Solarbio,
Beijing, China), and the cells were dyed at room temperature for 10 min,
washed twice with PBS, and observed under a microscope.

CCK-8 assay

According to Cell Counting Kit-8 (Beyotime, Shanghai, China), 2000 cells
with 100 uL and 10 pL. CCK-8 solution are added to 96-well plates. After
mixing, the 96-well plates are placed in cell incubators for incubation. The
absorbance values of different culture times were measured at 450 nm.

Annexin V-FITC/PI staining

OBs were treated with different concentrations of hydrocortisone, the active
form of GC that can directly bind to GRs to exert its effects, for 24 h to
induce apoptosis. The adherent cells were digested with trypsin without
EDTA (Biological Industries, Shenzhen, China) after the cells were washed
twice with precooled PBS. The cells were collected and centrifuged, the
culture medium was removed, and the cells were resuspended in 100 pL of
1 x binding buffer and subsequently transferred to 5 mL flow assay tubes. In
each flow assay tube, 5 uL of Annexin V-fluorescein isothiocyanate (FITC)
and 5uL of propidium iodide (PI) (Becton, Dickinson and Company,
Shanghai, China) were added, and the cells were gently vortexed and
incubated at room temperature in the dark for 20 min. Seven hundred
microliter of 1 x binding buffer was added to every flow assay tube and
detected by flow cytometry (Beckman, USA, Navios) within 1 h.

TUNEL/DAPI staining

Adherent cells were washed twice with PBS, dried, and fixed by adding 1 mL
of 4% paraformaldehyde for 30 min. The cells were washed once with PBS,
1 mL of PBS containing 0.3% Triton X-100 was added, and the cells were
subsequently incubated for 5min at room temperature. The cells were
washed twice with PBS, 100 uL of terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick-end labeling (TUNEL) detection solution
(10 pL of TdT enzyme + 90 pL of fluorescent labeling solution) was added
according to the instructions of the One Step TUNEL Apoptosis Assay Kit
(Beyotime, Shanghai, China), and the cells were incubated at 37 °C in the
dark for 60 min. The cells were washed three times with 1 mL of PBS and
incubated with 10 ug/mL 4',6-diamidino-2-phenylindole (DAPI) (Beyo-
time, Shanghai, China) for 8 min at room temperature in the dark. The
plates were washed three times with PBS, sealed with anti-fluorescence
quenching solution, and observed by a laser confocal microscope.

Real-time quantitative polymerase chain reaction

Total RNA was extracted from cells with TRIzol (Invitrogen, California,
USA), and the RNA concentration and purity were determined via a
Nanodrop 2000. The RNA samples were diluted in 100 ng/uL solution.
cDNA was synthesized according to the instructions of the M-MuLV First
Strand cDNA Synthesis Kit (Sangon Biotech, Shanghai, China), and real-
time qPCR was performed based on the instructions of 2x SG Fast qQPCR
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Master Mix (High Rox) (Sangon Biotech, Shanghai, China). The primer
sequences are shown in Table 1.

Western blot

Cells were lysed in RIPA buffer (Solarbio, Beijing, China) to extract cellular
proteins, which were quantified with a BCA protein assay kit (Solarbio,
Beijing, China). Then, SDS-PAGE gels were prepared, and the samples were
added. Electrophoresis was performed at a constant voltage of 80V, the
maintenance current was 200 mA to transfer the proteins to the PVDF
membrane, and 5% skim milk powder was used for blocking. Anti-cleaved
caspase-3 (ab32042, Abcam, UK), cleaved caspase-9 (Asp353) (9509, Cell
Signaling Technology, USA), anti-Bmf antibody (ab9655, Abcam, UK), Bax
(E4U1V) rabbit mAb (41162, Cell Signaling Technology, USA), Bcl-2 (124)
mouse mAb (15071, Cell Signaling Technology, USA), Cystatin C (D6U3E)
rabbit mAb (24840, Cell Signaling Technology, USA), recombinant anti-
Bcl-XL antibody (ab32370, Abcam, UK), recombinant anti-Bad antibody
(ab32445, Abcam, UK), SF2/ASF (D6S7V) rabbit mAb (14908, Cell

Signaling Technology, USA), and B-actin (13E5) rabbit mAb (4970, Cell
Signaling Technology, USA) were incubated as primary antibodies over-
nightat4 °C. The sections were incubated with anti-mouse IgG, HRP-linked
antibody (7076, Cell Signaling Technology, USA), and anti-rabbit IgG,
HRP-linked antibody (7074, Cell Signaling Technology, USA) secondary
antibodies for 1 h at room temperature. A gel documentation system (Clinx,
Shanghai, China) was utilized for exposure.

Lentivirus infection

The gene overexpression or knockdown lentiviruses utilized in this study
were purchased from GeneChem (Shanghai, China). The optimal number
of cells in a six-well plate was 1 x 10° per well. After 24 h of culture at 37 °C,
the confluence of the cells was 20-30%. Different volumes of negative
control virus and HitransG P/A infection boost were added to determine the
optimal multiplicity of infection (MOI) and the appropriate increase in virus
infection. The optimal MOI was defined as an efficiency of virus infection
greater than 80%, and no influence on cell status was observed via

Table 1 | Primer sequences

Gene name Forward primer Reverse primer

Srsf1 GTGGAAGCTGGCAGGACTTA AGGCAGTTTCTCCCTCGTGA
Srsf2 GCCCGAAGATCCAAGTCCAA GCTTGCCGATTCATCATTTTCT
Srsf3 AACCTTAGGTCCTGCCCAGT CAGCAGCTCTTAAACACCGC
Srsf6 CTCGGTCCCCCAAAGAGAAC ACATGGACCGAGCCTTTGAG
Srsf9 GAACGGGCCTCCTACAAGAC CCATCCCCATTCCGTCCTTC
Srsf10 AGTAGACCGACTGGAAGACCA TTGGTGTGAGATGCAGACCT
Srsf12 TTGGACTTCTACAGTCGCCG ATTTGGCCTGGTGTTTTGCG
Srsf1 promoter CTCCCAAGCCTGACGTTTCA CCCCACAGGTTCTAAGGGTG
Bmf V1 GCGGGCGTATTTTGGAAACA CAGGGTCCAGGGTGAAGAAC
Bmf V2 AGCCTGGAGTTCAGACTTCG TCTCCTGGGGACATAGAAGCA
Bmf V3 TGGCTGCTCTACAATTCCTG GGCTCCATCTCTCTTCCTAAGC
Bmf AGCCTGGAGTTCAGACTTCG TCTCCTGGGGACATAGAAGCA
Bmf probe ACAAAAGAGACTGATGAGAAAGGAC GCCAGCTGCCTGAGATCC
Foxc1 CGCTTCAAGAAGAAGGACGC GGACACGTACCGTTCTCCG
Foxc1 (—2000 ~ —1801) GCTGCGATCATCCTACCACA TCTAGCCCAGCACACCAATG
Foxc1 (—1800 ~ —1601) AGAATCTTTAGGAACAACTGCTGAC TGTGGGCTCACTTGATCCTCT
Foxc1 (—1600 ~ —1401) GAGAGAGAGTGTTGTGTTTGTGTG CACCACCACCTCTCCCTTAGT
Foxc1 (—1400 ~ —1201) CCCAGCAAGTCCTAGCGTT CACCAGGTCGTTTGCTAGAAG
Foxc1 (—1200 ~ —1001) GTTTTTCAGTCAGAGGGAGGC GAATTGCACCTACAAGGCGG
Foxc1 (—1000 ~ —801) GAACACTTCCTCCAACTCAGACTC TTGCCCCTCTGTCCTGACCA
Foxc1 (—800 ~ —601) TGTCGAGGAAACTTCTGGAGTC AGATGGTATTTCGGTGCCTCG
Foxc1 (—600 ~ —401) GCCTTGGTAACCTAAAGTCGGA ACTCTACCGTGCTGTCTCCA
Foxc1 (—400 ~ —201) GGCCTGGGAACAGTGGAC GCACCCACCCACTCACTC
Foxc1 (—200 ~ —1) GCGCGCGTGTGGTCA AACTTTTGAGCATCCGTCACC
Hdac1 GGACCGGTTAGGTTGCTTCA TTCGTAAGTCCAGCAGCGAG
Hdac2 CTATCCCGCTCTGTGCCCTA CCTCCTTGACTGTACGCCAT
Hdac3 GGTGGCTACACTGTCCGAAA GGAGTGTGAAATCTGGGGCA
Hdac4 TCCAGCAGCGGATCTTGTTC CTGTGACAAGGGGTGTCTGG
Hdac5 TGGCCTTGGATGGGCATTAG CCGACTCGTTGGGAGAGTTC
Hdac6 AAATAGGCTGAAGCGGGCAG GAAGAATCTTGGCCGGTGGA
Hdac7 AGCCCCAGTATTCCCTACAGA AAAGTGTTCCGGGGGTTCAG
Hdac8 ATGTGCTGGAAATCACGCCA CCGCTTGCATCAACACACTG
Hdac9 GTGACAGCAGTGCTTGTGTG CCTGCTCCCCACATTCCATT
Hdac10 TAGTTAGGTGAGACCGGGCA AATTTCGCACTCGGGGTCAT
Hdac11 CCCATCGTGTACTCACCACG GTTGAGATAGCGCCTCGTGT
Gapdh CCCTTAAGAGGGATGCTGCC TACGGCCAAATCCGTTCACA
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fluorescence microscopy. After the cells were inoculated in six-well plates
and cultured for 24 h, an appropriate volume of lentivirus and 40 uL of
HitransG P infection solution were added according to the optimal MOI,
resulting in a final volume of 1 mL. After 16 h of infection, the medium was
replaced with fresh complete medium, and the culture was continued. The
solution was changed every 2 days thereafter. After 72 h of infection, 10 g/
mL puromycin was added for 72 h. The cells were seeded in 25 cm’ culture
flasks by digestion and centrifugation, 5 pg/mL puromycin was added to
maintain screening for 2 weeks, and the cells were collected for gPCR and
western blot analysis to determine the gene expression levels.

RNA-sequence
Total RNA was extracted from the GC-treated group and the control group
by the TRIzol method. RNA was quantified, RNA purity was detected by a
NanoDrop 2000 spectrophotometer (A260/280 between 1.8 and 2.2), and
RNA integrity was detected by an Agilent 2100 bioanalyzer. Messenger
RNA (mRNA) with a polyA tail was enriched by oligo(dT) magnetic beads,
and ribosomal RNA was removed from total RNA to obtain mRNA. The
mRNAs were randomly disrupted with divalent cations in NEB Fragmen-
tation Buffer, and libraries were constructed utilizing the NEBNext” Ultra”
RNA Library Prep Kit for Illumina” (New England Biolabs, Beijing, China).
The library was sequenced after quality inspection. Transcriptome
sequencing and analysis were performed by GeneChem (Shanghai, China).
HISAT?2 software was used to align the clean reads after quality control with
the mouse reference genome, and the HTSeq-count tool was used to cal-
culate the gene expression level according to the alignment results.
Differential expression results between groups were obtained using
DESeq2. Differentially expressed genes (DEGs) were obtained with the
screening criteria of P <0.05 and an absolute fold change > 2. Using the
Metascape tool, with P < 0.01 as the standard, the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathways
were analyzed for the DEGs.

RNA-binding protein immunoprecipitation

Cells were lysed with RIPA cell lysis buffer (Solarbio, Beijing, China)
according to the instructions of the Imprint” RNA Immunoprecipitation
(RIP) Kit (Merck Millipore, Darmstadt, Germany). A/G magnetic beads
(MCE, Sovizzo Vicenza, Italia) were prepared, mixed with 900 pL of RIP
immunoprecipitation buffer and 100 pL of cell lysis supernatant and then
incubated overnight at 4 °C. After the A/G magnetic beads were washed six
times with 500 pL of RIP Wash Buffer, the RN A was purified and diluted toa
10 ng/uL concentration. After cDNA synthesis and amplification, the
purified RNA was subjected to agarose gel electrophoresis and photo-
graphed by an 1800 series gel imaging system. The Bmf primer sequences
are shown in Table 1.

RNA-pull down assay

RNA pull-down analysis was performed with synthetic biotinylated Bmf
RNA (Tsingke, Beijing, China) as a probe, and cell lysates were prepared
with RIPA lysis buffer according to the instructions of the Pierce™ Magnetic
RNA-protein Pull-down Kit (Thermo Fisher Scientific, Massachusetts,
USA). The cells were incubated with cell lysates for 60 min at 4 °C with
agitation after the binding of biotinylated Bmf RNA to streptavidin mag-
netic beads. The RNA-binding protein complexes were eluted, collected,
and subjected to western blot analysis. The primer sequences for the Bmf
probe are shown in Table 1.

Chromatin immunoprecipitation

The MAGnify™ Chromatin Immunoprecipitation System (492024, Thermo
Fisher Scientific, Massachusetts, USA), H3K27ac (8173, Cell Signaling
Technology, USA), H3K9ac (9649, Cell Signaling Technology, USA), and
FOXC1 (PA1-807, Thermo Fisher Scientific, USA) specific antibodies were
utilized for chromatin immunoprecipitation. Normal rabbit IgG (2729; Cell
Signaling Technology, USA) was utilized as a negative control. Purified

DNA was utilized in the qPCRs, and the primer sequences are shown in
Table 1.

micro-CT

The mice were killed after anesthesia. After disinfection, both femoral heads
were removed, the residue was washed and removed, and the mice were
fixed in 4% paraformaldehyde (Solarbio, Beijing, China) for 2 days. Bruker
micro-CT was used to scan the femoral head (scanning time 10 min,
exposure time 300 ms, resolution 20 um). NRecon software (V1.7.4.2,
Bruker) was used to reconstruct the image of the femoral head. CT Analyzer
software (1.18.8.0, Bruker) was used to analyze the ratio of bone volume to
total volume (BV/TV), bone mineral density, trabecular number (Tb.N) and
trabecular thickness (Tb.Th).

HE staining

Bilateral femoral heads of mice were removed, fixed with 4% paraf-
ormaldehyde (Solarbio, Beijing, China) for 2 days, dehydrated with gradient
ethanol (SINOPHARM, Beijing, China), and the tissues were soaked in
xylene for transparency for 1 h. Staining was performed according to the
instructions of HE staining kit (Solarbio, Beijing, China), and photographs
were taken with a biological microscope (CX-31, Olympus Corporation,
Tokyo, Japan).

Immunofluorescence staining

The femoral head was decalcified by EDTA, dehydrated by ethanol,
transparent by xylene and embedded by paraffin. The bone wax was sec-
tioned using a microtome (RM2016, Leica, Germany), and the sections were
baked at 60 °C for 3 h. The baked sections were deparaffinized and dehy-
drated. Sections were stained according to the instructions of the one-step
TUNEL apoptosis detection kit (green fluorescence) (Beytime, China). In
addition, the deparaffinized sections were subjected to high temperature and
pressure for antigen repair and blocked with 10% goat serum (Solarbio,
China) at 37°C for 30 min. Recombinant anti-SF2 antibody [EPR8240]
(ab133689, Abcam, UK), anti-Bmf antibody (ab9655, Abcam, UK), osteo-
calcin antibody(DF12303, Affinity Biosciences, China), recombinant anti-
FOXCI1 antibody [EPR20685] (ab227977, Abcam, UK) and anti-HDAC4
antibody [HDAC-144] (ab12171, Abcam, UK) for primary antibody reac-
tions (incubated overnight at 4 °C). Goat anti-rabbit IgG H&L (HRP)
(ab205718, Abcam, UK) was combined with FITC-Tyramide (green
fluorescence) and Cy5-Tyramide (red fluorescence) for secondary antibody
reactions (incubation for 2 h at 37 °C). After DAPI staining solution was
incubated at room temperature in the dark for 5 min, the slides were blocked
with anti-fluorescence quench agent, and images were acquired by laser
confocal microscope.

Statistics and reproducibility

All the data were analyzed using SPSS 22.0 statistical software,
and GraphPad Prism 9 software was used to construct the statistical plots.
The Kolmogorov-Smirnov test was used to analyze the normality of the
data to assess statistical significance, and the Levene test was used to analyze
the homogeneity of variance of the data between groups. Normally dis-
tributed and homogeneous variance data are presented as the mean +
standard deviation (SD). A two-tailed unpaired Student’s f test was
used for comparisons involving only two groups, one-way analysis of var-
iance (ANOVA) was used for comparisons involving three or more groups,
and Tukey’s post hoc test was utilized for pairwise comparisons. P < 0.05
was considered to indicate statistical significance. The experiments in this
study were reproducible, with biological replicates greater than or equal
to three.

Ethics oversight

All experiments in this study were supervised, examined and approved by
the Experimental Animal Ethics Committee of Guizhou Medical University
(Approval number: 2402798).
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All raw RNA-seq data generated in this study were deposited in NCBT’s
GEO under the accession number GSE291858. The numerical source data
for graphs are available in Supplementary Data 1. Uncropped and unedited
blots are available in Supplementary Information (Supplementary Fig. 8).
Other data are available from the corresponding authors on reasonable
request.
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