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receptor modulators 2 are widely used clinically to pre-
vent and treat osteoporosis [3–7]. However, these drugs 
can lead to the development of malignant cardiovascular 
events, thromboembolism, gastrointestinal symptoms, 
pain, and other side effects [8]. Therefore, new therapeu-
tic approaches for osteoporosis and the minimization of 
side effects are urgently needed.

Ferroptosis is a form of cell death regulated primar-
ily by iron metabolism. Recently, key genes and related 
biomarkers for ferroptosis have been identified in the 
mesenchymal stromal cells of patients with osteoporo-
sis, which may mediate bone remodeling by regulating 

Introduction
Osteoporosis is a systemic bone disease characterized by 
increased bone fragility, mainly manifested by decreased 
bone mass and the destruction of bone microarchitec-
ture [1]. Statistically, 40% of women and 30% of men will 
develop fractures caused by osteoporosis in the future 
[2]. Estrogens, bisphosphonates, and selective estrogen 

Journal of Orthopaedic 
Surgery and Research

*Correspondence:
Yanming Hao
yanminghaodr1314@126.com

Full list of author information is available at the end of the article

Abstract
Background Interactions between RNA-binding proteins and RNA regulate RNA transcription during osteoporosis. 
Ferroptosis, a programmed cell death caused by iron metabolism, plays a vital role in osteoporosis. However, the 
mechanisms by which RNA-binding proteins are involved in ferroptosis during osteoporosis remain unclear.

Methods We established an in vitro model of osteoporosis induced by D-galactose (D-gal) in MC3T3-E1 cells. 
Ferroptosis suppressor protein 1 (FSP1), activating transcription factor 4 (ATF4), and Y-box binding protein 1 (YBX1) 
knockdown MC3T3-E1 cells were generated, and their effects on ferroptosis were verified by measuring lipid reactive 
oxygen species levels and cellular Fe2+. Chromatin immunoprecipitation and luciferase assays were performed to 
confirm the binding of ATF4 to the FSP1 promoter. RNA pulldown and RNA immunoprecipitation experiments were 
used to determine the binding between YBX1 and ATF4 mRNA and to test the effect of YBX1 on ATF4 mRNA stability 
in a 5-methylcytosine (m5C)-dependent manner.

Results FSP1 or YBX1 knockdown led to a D-gal-induced increase in lipid reactive oxygen species levels and cellular 
Fe2+ in MC3T3-E1 cells, which was alleviated by ATF4 overexpression. ATF4 inhibits ferroptosis by binding to the FSP1 
promoter. In addition, YBX1 increased ATF4 mRNA stability through m5C RNA modification and inhibited ferroptosis in 
MC3T3-E1 cells via the ATF4/FSP1 axis.

Conclusion Our results showed that YBX1 could alleviate ferroptosis via the ATF4/FSP1 axis in an m5C-dependent 
manner in D-gal-induced osteoblasts, suggesting that YBX1 may be a new target for osteoporosis treatment.
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osteoblasts and osteoclasts [9]. Thus, the inhibition of 
ferroptosis may be a key element in alleviating osteoporo-
sis. Ferroptosis suppressor protein 1 (FSP1), also known 
as apoptosis-inducing factor mitochondria-associated 
2, is an anti-ferroptotic protein [10]. FSP1 may mediate 
bone tumor development by regulating iron metabolism, 
reactive oxygen species (ROS) generation, and lipid per-
oxidation. It also suppresses bone loss by regulating fer-
roptosis in macrophages [11]. Therefore, promoting FSP1 
expression may help improve osteoporosis by preventing 
ferroptosis.

Activating transcription factor 4 (ATF4) is a basic leu-
cine zipper transcription factor that is found in many tis-
sues [12]. ATF4 can inhibit hepatocellular carcinoma and 
combat drug-mediated cardiotoxicity by inhibiting fer-
roptosis. ATF4 promotes osteoclast differentiation and 
enhances osteoblast activity [13]. It is predicted, based on 
the JASPAR database (https://jaspar.elixir.no/), that ATF4 
binds to the FSP1 promoter [14], indicating that ATF4 
might transcriptionally activate FSP1 to mediate the inhi-
bition of ferroptosis in osteoblasts, ultimately ameliorat-
ing osteoporosis.

5-methylcytosine (m5C) is widely found in mRNAs, 
rRNAs, and tRNAs as a reversible epigenetic modifi-
cation involved in RNA processing and participates in 
various biological processes, such as protein binding and 
RNA stability regulation [15]. During ferroptosis, RNA 
m5C modification may limit liver failure and pancreatic 
cell damage by inhibiting ferroptosis. In previous studies, 
m5C modification was found to be extensively involved 

in the progression of bone disease, exerting a dual regu-
latory role in osteogenic differentiation [16]. Due to the 
bioeffects of ATF4 and m5C modification, we predicted 
the sequence of the m5C modification site on ATF4 
mRNA based on PACES (http://www.rnanut.net/paces/) 
(Figure S1A). Further Rm2target analysis (http://rm2tar-
get.canceromics.org/#/home) (Figure S1B) showed that 
Y-box binding protein 1 (YBX1) binds to all the m5C 
binding sites on ATF4 mRNA. YBX1 acts as a reader 
of m5C and has been shown to promote angiogenesis-
dependent osteogenesis and ameliorate bone loss [17].

Collectively, we propose that YBX1 may increase the 
recognition function of the m5C site on ATF4 mRNA, 
which in turn upregulates the expression of ATF4 by 
increasing the stability of ATF4 mRNA, further pro-
moting the expression of FSP1 and ultimately inhibit-
ing ferroptosis in osteoblasts to alleviate osteoporosis. 
Our project provides insights for a more comprehensive 
understanding of the pathological mechanisms of osteo-
porosis and potential therapeutic targets for subsequent 
treatment.

Materials and methods
Cell culture
Mouse osteoblast-like (MC3T3-E1) cells (CRL-2593, 
American Type Culture Collection, Manassas, Vir-
ginia, USA) were cultured in alpha-Minimum Essential 
Medium. As a model cell line, 293T cells exhibit good 
transfection efficiency and are better suited for mecha-
nism validation and protein interaction experiments [18]. 
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293T cells (CL-0005; Procell Life Science & Technol-
ogy, Wuhan, China) were cultured in Dulbecco’s Modi-
fied Eagle’s medium. Cells were incubated with 10% fetal 
bovine serum and penicillin-streptomycin in an incuba-
tor containing 5% CO2 at 37℃. The cells were then cul-
tured in 96-well plates for further treatment. For the 
establishment of an in vitro osteoporosis model, MC3T3-
E1 cells were cultured with D-galactose (D-gal) (25.5 
mM) in alpha-Minimum Essential Medium, as previously 
described [19]. All genetic recombination experiments 
were approved by Kunshan First People’s Hospital.

Cell transfection
Short hairpin RNA (shRNA) targeting FSP1 (shFSP1), 
ATF4 (shATF4), and YBX1 (shYBX1) (see Table  1 for 
details), negative control shRNA (shNC), ATF4 overex-
pression plasmid (ATF4), and negative control plasmid 
(NC) were obtained from Fenghbio (Changsha, China). 
MC3T3-E1 cells were seeded in 24-well plates at a den-
sity of 2 × 105 cells/well and transfected with 100 nM 
shRNA for 48 h to knockdown gene expression using 0.75 
µL Lipofectamine 3000 (L3000075, Invitrogen, Carlsbad, 
CA). After incubation, the cells were treated with D-gal, 
which induced impaired osteogenesis for subsequent 
analyses.

Cell viability assay
Cell Counting Kit-8 (CCK-8) assay kits (Sigma-Aldrich, 
St. Louis, MO, USA) were used to determine cell viabil-
ity with or without the ferroptosis inhibitor ferrostatin-1 
(Fer-1) (S7243, Selleck Chemicals, TX, United States) 
or deferoxamine (DFO) (D0160000, Sigma-Aldrich) in 
MC3T3-E1 cells, with dimethyl sulfoxide (DMSO) as a 
negative control. Briefly, MC3T3-E1 cells were plated in 
96-well plates at a density of 5 × 103 cells/well for 24  h. 
Fer-1 (1 mg/mL) or DFO (1 mg/mL) was then added, fol-
lowed by the addition of 10 µL of CCK-8 solution (5 mg/
mL) for 2 h at 37 °C. Optical density at 450 nm was mea-
sured using a microplate analyzer.

Western blot
The cells were lysed in RIPA buffer containing phenyl-
methylsulfonyl fluoride and protease inhibitors. After 
centrifugation at 12,000  rpm, the supernatant was col-
lected, and protein concentrations were measured using 
a BCA assay kit (Beyotime, Jiangsu, China). A total of 
10  µg of protein was loaded onto a sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis for electro-
transfer, followed by blocking with 5% milk and incuba-
tion with primary antibodies. The primary antibodies 
used were ATF4 (ab85049, Abcam, Cambridge, MA, 
UK), FSP1 (ab197896, Abcam), YBX1 (ab76149, Abcam), 
and β-actin (ab8227, Abcam). The following day, the 
membranes were incubated with secondary antibodies 
(ab288151, Abcam) and visualized using a chemilumines-
cent horse radish peroxidase (HRP) substrate (ECL).

RNA pulldown
Specific ATF4 biotinylated probes (5’- C T T T C C T C T T C 
C C T C C C G C A G G G C T T G-3’) and antisense ATF4 bioti-
nylated probes (5’- G A A A G G A G A A G G G A G G G C G T C C 
C G A A C-3’) were purchased from Roche (11685597910). 
After incubation with the biotin-labeled probe and Strep-
tavidin Magnetic Beads for 4  h at 4℃ (following the 
manufacturer’s instructions), the complexes were pulled 
down using a magnetic stand. A RNeasy Mini Kit (Qia-
gen, Hilden, Germany), coupled with magnetic beads, 
was used to purify and extract RNA. Finally, western blot 
analysis was performed to detect YBX1 protein in the 
isolated complex.

Luciferase assay
To explore the effects of ATF4 on FSP1 promoter activ-
ity, wild-type (WT) or mutated (Mut) FSP1 promoter 
sequences (please see Table 2 for the sequences and loca-
tion), constructed by Cyagen Bioscience (Suzhou, China), 
were inserted into a psiCHECK-2 vector (Promega, 
Madison, WI, USA). A total of 2 × 105 293T and MC3T3-
E1 cells were transfected with the established luciferase 
reporter plasmids together with 100 nM shNC or shATF4 
using Lipofectamine 3000 transfection reagent (Invitro-
gen). After incubation for 48 h, the luciferase activity of 
ATF4 on the FSP1 promoter was measured using a Dual-
Luciferase Reporter Assay Kit (Promega).

Table 1 The shRNA sequences
Gene Name shRNA targeting sequences
FSP1 SH1 5 ′-  G C T A G C A A T G G T G C T C T G A A A − 3 ′

SH2 5 ′-  C A G G G C A A A G T G A T T G G C A T A − 3 ′
SH3 5 ′-  C A A T G A G T A T C G G G A G T A C A T − 3 ′
SH4 5 ′-  C A T A G A C T T G A A G A A C C G G A T − 3 ′

YBX1 SH1 5 ′-  A C A G A A T A T G T A T C G C C C T T A − 3 ′
SH2 5 ′-  G A G A A C C C T A A A C C A C A A G A T − 3 ′
SH3 5 ′-  G T A T C G C C G A A A C T T C A A T T A − 3 ′
SH4 5 ′-  C A T C T C T A C C A T C A T C C G G T T − 3 ′

ATF4 SH1 5 ′-  G C G A G T G T A A G G A G C T A G A A A − 3 ′
SH2 5 ′-  G A C C C A C C T G G A G T T A G T T T G − 3 ′
SH3 5 ′-  T G C T G C T T A C A T T A C T C T A A T − 3 ′
SH4 5 ′-  C T A G G T C T C T T A G A T G A C T A T − 3 ′

Table 2 The mutant variants sequence of promoters of FSP1 
and ATF4
Name Variant Sequences
FSP1-BS1
(-1288/-1279)

wide type 5 ′-  A T G T A T C T A A G-3 ′
mutant 5 ′-  T A C T A G A T T C-3 ′

FSP1-BS2
(-1445/-1436)

wide type 5 ′-  A T G A T G G A A A-3 ′
mutant 5 ′-  T A C T A C C T T T-3 ′

ATF4
(370/384)

wide type 5 ′-  C T T C C C C T C C C G C A G-3 ′
mutant 5 ′-  G A A G G G G A G G G C G T C-3 ′
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To explore the influence of YBX1 on the m5C locus 
of ATF4 mRNA (Gene ID: 11911; NM_001287180.1), 
the fragment of ATF4 mRNA, which was acquired 
from NCBI database (https://www.ncbi.nlm.nih.gov/
home/develop/), including the wild-type (ATF4-WT) 
or mutant (ATF4-Mut) binding sites with m5C locus 
(please see Table 2 for the sequences and location), con-
structed by Cyagen Bioscience (Suzhou, China), were 
inserted into the psiCHECK-2 vector (Promega). A total 
of 2 × 105 cells/well of 293T and MC3T3-E1 cells were 
transfected with the established luciferase reporter 
plasmids together with ATF4-WT or ATF4-Mut in 
combination with 100 nM shNC or shYBX1 using Lipo-
fectamine 3000 transfection reagent (Invitrogen). After 
48  h of transfection, the luciferase activity of YBX1 on 
ATF4 mRNA was determined using a dual-luciferase 
reporter assay kit.

Measurement of lipid ROS and cellular Fe2+

C11-BODIPY 581/591 fluorescent dye (D3861, Life Tech-
nologies, Waltham, CA, USA) was used to detect lipid 
ROS. MC3T3-E1 cells were incubated with 5 µM of C11-
BODIPY, followed by incubation for an additional 20 min 
at 37 °C. MC3T3-E1 cells were then collected by trypsin-
ization, resuspended in 400 µL of PBS, filtered through a 
35 μm nylon mesh filter, and subjected to flow cytometry 
analysis with a 488  nm laser for excitation (BD Biosci-
ences GmbH).

Iron assay kits (ab83366; Abcam) were used to detect 
cellular Fe2+. Briefly, iron reducer and assay buffer were 
mixed and incubated with the cells. After incubation with 
the iron probe, the absorbance was measured using a col-
orimetric microplate reader (optical density: 593 nm).

RNA stability assay
After shYBX1 transfection for 24  h in the MC3T3-E1 
cells, the cells were treated with 5 µg/mL actinomycin D 
(HY-17559, MedChemExpress, Monmouth Junction, NJ, 
USA) or DMSO as a control. Subsequently, the remaining 
RNA was extracted for further RT-qPCR analysis.

RT-qPCR
RNA from the cells was extracted using TRIzol reagent 
(15596-026, Invitrogen) and reverse-transcribed into 
cDNA using a reagent kit (Takara Bio, Tokyo, Japan). 
RT-qPCR was then conducted using SYBR Green Mas-
ter Mix (Takara Bio, Japan) on a QuantStudio v5 system 
(Thermo Fisher, Waltham, MA, USA). The comparative 
threshold cycle (2−ΔΔCt) method was used to analyze the 
data. The primer sequences are listed in Table 3.

RNA immunoprecipitation (RIP)
The Magna RIP RNA-Binding Protein Immunopre-
cipitation Kit (17700, Sigma-Aldrich) was used for RIP 

analysis. MC3T3-E1 cells were lysed with RIP buffer to 
cross-link protein-RNA complexes. After centrifugation, 
the cell nuclei were collected and resuspended in RIP buf-
fer for mechanical shearing of the chromatin. YBX1 anti-
bodies (ab76149; Abcam, Cambridge, UK) were added to 
the supernatant with magnetic beads. After elution, the 
precipitated ATF4 mRNA was analyzed by quantitative 
real-time polymerase chain reaction (RT-qPCR) using 
the primers listed in Table 3.

Promoter prediction
The FSP1 (Gene ID: 20198; NM_001410571.1) pro-
moter, that is, the location of the FSP1 transcription 
start site at 2000  bp upstream and 100  bp downstream 
(-2000 bp/100 bp), was obtained from the UCSC Genome 
Browser (https://genome-asia.ucsc.edu/). Through the 
JASPAR database (https://jaspar.elixir.no/), the binding 
sites of ATF4 on the FSP1 promoter region were ana-
lyzed. Finally, the potential binding sites (BS1 and BS2) of 
ATF4 on the FSP1 promoter were predicted, and the BS1 
and BS2 primers are listed in Table 4.

Chromatin immunoprecipitation (ChIP)
Following the standard ChIP protocol, MC3T3-E1 cells 
were fixed with 1% formaldehyde, and the supernatant 
was collected after centrifugation for immunoprecipita-
tion with an anti-ATF4 antibody (ab85049, Abcam) or 
an IgG antibody (ab205718, Abcam). After precipitation 
of endogenous DNA-protein complexes with Sepharose 
and extraction of DNA fragments, the binding of FSP1 
promoter fragments to ATF4 was detected by agarose gel 
electrophoresis.

Statistical analysis
All data are based on three independent experiments and 
are presented as mean ± standard deviation (SD). SPSS 
20.0 was used to analyze statistical significance, which 
was determined using one-way analysis of variance, 

Table 3 RT-qPCR primers information used in the manuscript
Gene Sequences
mouse YBX1 forward 5 ′- G G A T G G C A A T G A A G A G G A C A A A- 3′

reverse 5 ′-  C G T C T G C G T C G G T A A T T G A A G T − 3 ′
mouse ATF4 forward 5 ′- A A A C C T C A T G G G T T C T C C A G-3 ′

reverse 5 ′- G G C A T G G T T T C C A G G T C A T C-3 ′
mouse β-actin forward 5 ′-  C T G C T G A C G G C C A G G T-3 ′

reverse 5 ′-  T G G A T G C C A C A G G A T T C C A T-3 ′

Table 4 The primer of FSP1 promoters used in ChIP-qPCR
Name Sequences
FSP1-BS1 forward 5 ′-  A T G G C T G G A C C T T G G T G T T C − 3′

reverse 5 ′-  G A A G C T A C C T G A A G G G C T C C − 3′
FSP1-BS2 forward 5 ′-  A C C A T G T A T G T C G T G C C T G G − 3′

reverse 5 ′-  C A T A C A T A G G C A G T A G G T A G C − 3′

https://www.ncbi.nlm.nih.gov/home/develop/
https://www.ncbi.nlm.nih.gov/home/develop/
https://genome-asia.ucsc.edu/
https://jaspar.elixir.no/
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followed by Tukey’s post hoc test. P < 0.05 was consid-
ered statistically significant (* P < 0.05, ** P < 0.01, and *** 
P < 0.001).

Results
FSP1 knockdown in MC3T3-E1 cells induced ferroptosis
Osteoporosis in vitro was established using D-gal (25.5 
mM) in MC3T3-E1 cells for 48  h [19]. First, we used 
the CCK-8 assay to evaluate the effects of the ferropto-
sis inhibitors Fer-1 and DFO on MC3T3-E1 cells. The 
results showed that cell viability in the high-glucose (HG) 
group was significantly decreased, and Fer-1 and DFO 
prevented this reduction, suggesting that D-gal induced 
ferroptosis in MC3T3-E1 cells (Fig.  1A). Western blot-
ting results showed that the level of FSP1 was reduced 

after HG induction in MC3T3-E1 cells but remained 
unchanged after Fer-1 treatment (Fig. 1B).

Subsequently, we constructed FSP1 knockdown 
MC3T3-E1 cells, and successful knockdown of FSP1 was 
validated by western blotting (Fig.  1C). Furthermore, 
silencing FSP1 exacerbated the HG-induced downregu-
lation of FSP1 expression in MC3T3-E1 cells, indicat-
ing that FSP1 knockdown was effective in an in vitro 
osteoporosis model (Fig.  1D). Ferroptosis is character-
ized by the accumulation of ROS when iron metabolism 
is abnormal [20]. Lipid ROS and cellular Fe2+ were used 
as measurement indicators. The results showed that HG 
elevated the levels of lipid ROS and cellular Fe2+, and 
this effect was further increased after FSP1 knockdown 
(Fig.  1E–F), indicating that inhibiting FSP1 promotes 
ferroptosis.

Fig. 1 The effect of FSP1 in MC3T3-E1 cells on ferroptosis MC3T3-E1 cells were used to construct an in vitro osteoporosis model by treating them with 
D-galactose (25.5 mM) or without (control). Subsequently, the cells were treated with Ferrostatin-1 (Fer-1) or deferoxamine (DFO), and (A) cell viability was 
assessed (A). (B) FSP1 protein expression levels in high-glucose (HG)-induced MC3T3-E1 cells, with or without Fer-1 treatment, were measured, and pro-
tein quantification was performed. (C) FSP1 protein expression levels and quantification after FSP1 knockdown in MC3T3-E1 cells. (D) FSP1 protein expres-
sion levels in shFSP1- or shNC-transfected HG-exposed MC3T3-E1 cells were evaluated. (E) Cellular Fe2+ concentrations in shFSP1- and shNC-transfected 
HG-induced MC3T3-E1 cells were measured. (F) Lipid ROS levels in shFSP1- and shNC-transfected HG-exposed MC3T3-E1 cells were evaluated. n = 3. Data 
are shown as mean ± SD. * P < 0.05, ** P < 0.01, and *** P < 0.001. FSP1, Ferroptosis suppressor protein 1; ROS, reactive oxygen species
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ATF4 bound to the promoter of FSP1 to inhibit ferroptosis 
in MC3T3-E1 cells
ATF4 is a key transcription factor in bone formation that 
regulates ferroptosis through different mechanisms [17]. 
In our study, HG induced a reduction in the expression 
of ATF4, and this reduction remained unchanged after 
Fer-1 treatment (Fig.  2A). In addition, using JASPAR 
database analysis, we found that ATF4 could bind to the 
FSP1 promoter, and further ChIP assays confirmed that 
ATF4 might bind to BS1 and BS2 of the FSP1 promoter 
(Fig.  2B, C). To investigate the effect of ATF4, we con-
structed ATF4 knockdown MC3T3-E1 cells and found 
that the expression levels of both ATF4 and FSP1 were 
significantly reduced (Fig.  2D). Moreover, depletion of 
ATF4 abrogated the binding of ATF4 to the FSP1 pro-
moter, confirming the effect of ATF4 binding to FSP1 
promoter in MC3T3-E1 cells (Fig.  2E). Results from 
a dual-luciferase reporter assay indicated that ATF4 
knockdown significantly decreased luciferase activity in 
293T and MC3T3-E1 cells transfected with the FSP1-WT 
luciferase reporter vector, whereas it had minimal effects 
on cells transfected with FSP1-Mut luciferase vectors 
(Fig.  2F). We overexpressed ATF4 and knocked down 
FSP1 in HG-treated MC3T3-E1 cells to determine the 
role of ATF4 in FSP1-regulated ferroptosis in osteopo-
rosis. ATF4 overexpression reversed the inhibitory effect 
of FSP1 depletion on FSP1 expression in MC3T3-E1 cells 
treated with or without HG (Fig.  2G, H). Furthermore, 
HG caused elevated levels of lipid peroxidation and cel-
lular Fe2+, and ATF4 overexpression rescued the FSP1-
depletion-induced increase in Fe2+ and lipid ROS levels 
in HG-treated MC3T3-E1 cells (Fig. 2I, J), indicating that 
ATF4 inhibits ferroptosis via FSP1.

YBX1 knockdown in MC3T3-E1 cells induced ferroptosis
Given the role of ATF4 in ferroptosis in MC3T3-E1 cells, 
we predicted that ATF4 is a target gene of YBX1 using 
the Rm2Target database. We then investigated the role of 
YBX1 in ferroptosis. The expression of YBX1 decreased 
in D-gal-treated MC3T3-E1 cells and remained 
unchanged after Fer-1 treatment (Fig. 3A). We successful 
constructed YBX1 knockdown MC3T3-E1 cells and vali-
dated shYBX1 transfection efficiency (Fig. 3B). Moreover, 
depletion of YBX1 aggravated the decrease in YBX1 lev-
els in HG-induced MC3T3-E1 cells, indicating that YBX1 
knockdown was effective in the in vitro osteoporosis 
model (Fig. 3C). Furthermore, HG elevated the levels of 
lipid ROS and cellular Fe2+, and this effect was intensified 
after YBX1 knockdown (Fig. 3D, E), indicating that YBX1 
inhibits ferroptosis.

YBX1 increased ATF4 mRNA stability in an m5C-dependent 
manner in MC3T3-E1 cells
YBX1 is an m5C “reader” enzyme that regulates mRNA 
stability by recognizing m5C modifications [21]. To deter-
mine the interaction between YBX1 and ATF4 mRNA, 
RNA pull-down assays were performed to explore tar-
gets of ATF4 mRNA, and YBX1 could be pulled down 
by ATF4 mRNA, but the antisense ATF4 mRNA (As-
ATF4) used as a negative control did not pulled YBX1 
down (Fig. 4A). Moreover, RIP assays showed increased 
enrichment of ATF4 mRNA in the complex immunopre-
cipitated by the YBX1 antibody, confirming the direct 
interaction between YBX1 and ATF4 mRNA (Fig.  4B). 
Subsequently, we constructed ATF4 mutants with muta-
tions at the m5C locus. The results showed that knock-
down of YBX1 did not affect the luciferase activity of 
ATF4-Mut but significantly reduced the luciferase activ-
ity of ATF4-WT in 293T and MC3T3-E1 cells. This indi-
cates that YBX1 binds to the m5C locus of ATF4 mRNA, 
demonstrating that YBX1 regulates ATF4 mRNA in an 
m5C-dependent manner (Fig. 4C). To confirm the regu-
latory effect of YBX1 on ferroptosis in osteoporosis, 
YBX1 was knocked down in MC3T3-E1 cells by trans-
fection with shYBX1, and the protein level of ATF4 was 
significantly reduced after shYBX1 transfection (Fig. 4D). 
Finally, the remaining ATF4 mRNA levels decreased over 
time following YBX1 knockdown after the addition of 
actinomycin D (Fig. 4E). These results demonstrate that 
YBX1 regulates ATF4 stability by binding to m5C-modi-
fied ATF4 mRNA.

YBX1 inhibited ferroptosis through the ATF4/FSP1 axis in 
MC3T3-E1 cells
To further clarify the regulatory relation among YBX1, 
ATF4, and FSP1, we performed YBX1 knockdown and/
or ATF4 overexpression in MC3T3-E1 cells and exam-
ined their protein expression levels. YBX1 knockdown 
reduced the expression of both ATF4 and FSP1, which 
was reversed by ATF4 overexpression (Fig.  5A). During 
HG treatment, the expression of YBX1, ATF4, and FSP1 
decreased, which was exacerbated by YBX1 knockdown 
and reversed by ATF4 overexpression (Fig.  5B). Con-
sistently, HG induced increased levels of lipid ROS and 
cellular Fe2+, and this effect was further enhanced after 
YBX1 knockdown, which was alleviated by ATF4 over-
expression (Fig. 5C, D). These results indicate that YBX1 
inhibits ferroptosis through the ATF4/FSP1 axis.

Discussion
More than 200  million people worldwide have osteo-
porosis. In addition to the physical and psychological 
damage to individuals, the public health burden is even 
greater. In the United States, the economic impact of 
osteoporosis on the healthcare system is projected to 
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reach $25.3  billion per year by 2025. This situation is 
exacerbated by an aging population. Therefore, studying 
the different signaling pathways involved in osteoporosis 
and their crosstalk is essential for a complete understand-
ing of its pathogenesis and for the development of new, 
nontoxic, and effective treatments. Recent studies have 
identified ferroptosis as an independent risk factor for 
osteoporosis, making it a new target for interventions. It 
has been shown that ferroptosis can cause an imbalance 
between osteoblasts and osteoclasts by regulating cellu-
lar glycolipotoxicity, leading to bone loss, bone remodel-
ing, and, ultimately, osteoporosis [22]. In this study, we 
used MC3T3-E1 cells to induce osteoporosis in vitro and 
investigated the specific mechanisms of ferroptosis in 
osteoblasts.

FSP1 is a key negative regulator of ferroptosis that plays 
a protective role in many diseases, such as attenuating 
white matter damage after brain hemorrhage, rescuing 
neuronal death, and preventing toxic damage to the liver 
and kidneys [23]. In bone diseases, FSP1 has been found 
to cause bone loss by mediating ferroptosis in macro-
phages [11]. FSP1 also serves as a marker for predicting 
ferroptosis in osteosarcoma and is a potential therapeutic 
target. Our results show that FSP1 knockdown consis-
tently promoted ferroptosis in D-gal-induced osteogenic 
precursor cells (MC3T3-E1). ATF4 is a member of the 
basic leucine zipper transcription factor family that reg-
ulates the transcription of ferroptosis-related genes and 
acts through different pathological processes, such as 
hepatorenal toxic injury, neuronal cell death, and angio-
genesis [24]. ATF4 binds to the TRB3 promoter, mediates 
oxidative stress, binds to serine pathway genes, regu-
lates amino acid metabolism, binds to the osteocalcin 
promoter, and promotes osteoblast differentiation [25]. 
We found that ATF4 binds to the FSP1 promoter, fur-
ther inhibiting ferroptosis in MC3T3-E1 cells. Overex-
pression of ATF4 reversed the promotion of ferroptosis 
caused by FSP1 knockdown, suggesting that ATF4 exerts 
its anti-osteoporotic effects partly by modulating down-
stream FSP1. In addition, ATF4 is involved in inhibit-
ing osteoporosis by regulating osteoblast and osteoclast 
homeostasis and participating in osteoblast dysfunction 
caused by endoplasmic reticulum stress [26]. ATF4 pri-
marily binds to the FSP1 promoter; therefore, its site of 
action is intracellular. Fer-1 is a lipid ROS scavenger with 
an N-cyclohexyl portion that acts as a lipophilic anchor 
within biological membranes, functioning downstream 
of FSP1. Therefore, Fer-1 treatment did not recover HG-
reduced FSP1, ATF4, and YBX1 levels. In conclusion, 
ATF4 binds to the FSP1 promoter to regulate ferroptosis 
in osteoblasts.

YBX1 plays a role in an m5C-dependent manner and 
inhibits upstream ferroptosis by regulating the ATF4/
FSP1 axis in osteoblasts. Acting as a “reader” of m5C, 
YBX1 is an RNA-binding protein that binds to RNA and 
regulates RNA stability, splicing, modification, transla-
tion, and localization, thereby increasing RNA stabil-
ity [21, 27]. There are few studies on the involvement 
of YBX1 in the process of ferroptosis in bone diseases, 
and our study found that knockdown of YBX1 resulted 
in ferroptosis in osteoblasts. In bone formation, YBX1 
can activate TGF-β signaling after binding to promoter 
regions, which promotes the proliferation and osteogenic 
differentiation of bone marrow mesenchymal stem cells 
[28]. YBX1 also maintains the correct splicing of genes 
associated with osteogenic differentiation and senes-
cence in bone marrow stromal cells, contributing to the 
dynamic balance between bone loss and bone formation 
[29]. In addition, both RNA pulldown and RIP experi-
ments suggested mutual binding between YBX1 and 
ATF4 mRNA, and the dual-luciferase assay revealed that 
YBX1 could bind to ATF4 mRNA in an m5C-dependent 
manner.

We also found that YBX1 increased the stability of 
ATF4 mRNA in osteoblasts, consistent with studies 
showing that YBX1 maintains stability by regulating 
mRNA splicing and decay. For example, YBX1 recog-
nizes m5C modifications to maintain CHD3 mRNA sta-
bility [30]. Finally, we investigated the relations among 
YBX1, ATF4, and FSP1 expression. Our findings indicate 
that YBX1 inhibits ferroptosis in MC3T3-E1 cells via the 
ATF4/FSP1 axis by recognizing the m5C modification of 
ATF4 mRNA. This is the first study to clarify the YBX1-
mediated changes during ferroptosis, providing insights 
into potential therapeutic targets for the treatment of 
osteoporosis.

Collectively, our study demonstrated the regulatory 
mechanism of ferroptosis in osteoporotic lesions: YBX1 
inhibited osteoblast ferroptosis in an m5C-dependent 
manner via the ATF4/FSP1 axis, with ATF4 acting 
by binding to the FSP1 promoter. This provides novel 
insights into the development of osteoporosis and a theo-
retical basis for new treatments. However, as this study 
involved only in vitro experiments, strong in vivo evi-
dence is still lacking, and future validation of these find-
ings in animal models is needed. In addition, the direct 
binding of ATF4 to the FSP1 promoter to drive the inhi-
bition of ferroptosis is not yet fully clear, and further 
experiments are required to verify this.
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)
Fig. 2 Effect of ATF4 binding to FSP1 promoters in MC3T3-E1 cells on ferroptosis. MC3T3-E1 cells were used to construct an in vitro osteoporosis model 
by treating them with D-galactose (25.5 mM) or without (control). The cells were then treated with Ferrostatin-1 (Fer-1). (A) ATF4 protein expression and 
quantification in MC3T3-E1 cells with and without Fer-1 treatment were assessed. (B) JASPAR prediction of ATF4 binding to the FSP1 promoter. (C) A 
ChIP assay confirmed the interaction between ATF4 and the FSP1 promoter in MC3T3-E1 cells. (D) ATF4 and FSP1 protein expression and quantification 
in shATF4- and shNC-transfected MC3T3-E1 and 293T cells were measured. (E) ChIP analysis of the interaction between ATF4 and the FSP1 promoter in 
shATF4- or shNC-transfected MC3T3-E1 cells. (F) Relative luciferase activity in ATF4-knockdown 293T and MC3T3-E1 cells transfected with either FSP1-WT 
or FSP1-Mut. (G) Quantification of ATF4 and FSP1 protein expression levels in MC3T3-E1 cells transfected with shFSP1 or ATF4 overexpression vectors, 
shFSP1 plus ATF4 overexpression vectors, or shNC plus NC. (H) ATF4 and FSP1 protein expression levels and quantification in high-glucose (HG)-treated 
MC3T3-E1 cells transfected with shFSP1 or ATF4 overexpression vectors, shFSP1 plus ATF4 overexpression vectors, or shNC plus NC. (I) Cellular Fe2+ 
concentrations in HG-treated MC3T3-E1 cells transfected with shFSP1 or ATF4 overexpressing vectors, shFSP1 plus ATF4 overexpressing vectors, or shNC 
plus NC. (J) Lipid ROS levels in HG-treated MC3T3-E1 cells transfected with shFSP1 or ATF4 overexpression vectors, shFSP1 plus ATF4 overexpression 
vectors, or shNC plus NC. TSS: Transcription Start Site. Input: positive control. WT: wild type. Mut: mutant. n = 3. Data are shown as mean ± SD. * P < 0.05, 
** P < 0.01, and *** P < 0.001. FSP1, Ferroptosis suppressor protein 1; ROS, reactive oxygen species; ATF4, activating transcription factor 4; ChIP, chromatin 
immunoprecipitation

Fig. 3 Effect of YBX1 in MC3T3-E1 cells on ferroptosis. MC3T3-E1 cells were used to construct an in vitro osteoporosis model by treating them with D-
galactose (25.5 mM) or without (control). The cells were additionally treated with Ferrostatin-1 (Fer-1). (A) YBX1 protein expression levels and quantifica-
tion in high-glucose (HG)-treated MC3T3-E1 cells with or without Fer-1 treatment were assessed. (B) YBX1 protein expression levels and quantification 
in shYBX1- or shNC-transfected MC3T3-E1 cells. (C) YBX1 protein expression and quantification in shYBX1- and shNC-transfected HG-induced MC3T3-E1 
cells. (D) Cellular Fe2+ concentrations in shYBX1- or shNC-transfected HG-induced MC3T3-E1 cells. (E) Lipid ROS levels in shYBX1- and shNC-transfected 
HG-induced MC3T3-E1 cells. n = 3. Data are shown as mean ± SD. * P < 0.05, ** P < 0.01, and *** P < 0.001. ROS, reactive oxygen species; YBX1, Y-box binding 
protein 1
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Fig. 4 Effect of YBX1 in MC3T3-E1 cells on ATF4 mRNA stability. (A) RNA pulldown indicated YBX1 protein binding to ATF4 mRNA. (B) RIP demonstrated 
YBX1 protein binding to ATF4 mRNA. (C) Relative luciferase activity in YBX1 knockdown 293T and MC3T3-E1 cells transfected with ATF4-WT or ATF4-Mut. 
(D) ATF4 protein expression levels and quantification in shYBX1- or shNC-transfected MC3T3-E1 cells. (E) RT-qPCR evaluated the degradation of ATF4 
mRNA after treatment with actinomycin D. Input: positive control. WT: wild type. Mut: mutant. As: antisense strand. n = 3. Data are shown as mean ± SD. 
* P < 0.05, ** P < 0.01, and *** P < 0.001. YBX1, Y-box binding protein 1; ATF4, activating transcription factor 4; RT-qPCR, quantitative real-time polymerase 
chain reaction; RIP, RNA immunoprecipitation
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Fig. 5 Effect of YBX1 in MC3T3-E1 cells on ferroptosis through the ATF4/FSP1 axis. (A) YBX1, ATF4, and FSP1 protein expression levels in MC3T3-E1 cells 
transfected with shYBX1 or ATF4 overexpression vectors, shYBX1 plus ATF4 overexpression vectors, or shNC plus NC. (B) YBX1, ATF4, and FSP1 protein 
expression levels and quantification in high-glucose (HG)-treated MC3T3-E1 cells transfected with shYBX1 or ATF4 overexpression vectors, shYBX1 plus 
ATF4 overexpression vectors, or shNC plus NC. (C) Cellular Fe2+ concentrations in HG-treated MC3T3-E1 cells transfected with shYBX1 or ATF4 overexpres-
sion vectors, shYBX1 plus ATF4 overexpression vectors, or shNC plus NC. (D) Lipid ROS levels in HG-treated MC3T3-E1 cells transfected with shYBX1 or 
ATF4 overexpression vectors, shYBX1 plus ATF4 overexpression vectors, or shNC plus NC. n = 3. Data are shown as mean ± SD. * P < 0.05, ** P < 0.01, and 
*** P < 0.001. YBX1, Y-box binding protein 1; ATF4, activating transcription factor 4; FSP1, Ferroptosis suppressor protein 1; ROS, reactive oxygen species
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Abbreviations
FSP1  Ferroptosis suppressor protein 1
AIMF2  Apoptosis-inducing factor mitochondria-associated 2
ATF4  Activating transcription factor
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ROS  Reactive oxygen species
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