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Abstract

The accumulation of reactive oxygen species (ROS) significantly contributes to intervertebral disc degeneration (IDD),
but the mechanisms behind this phenomenon remain unclear. This study revealed elevated ROS levels in the interverte-
bral discs (IVDs) of aged mice compared to those of younger mice. The local application of hydrogen peroxide (H,0O,)
near lumbar discs also induced ROS accumulation and IDD. Isobaric tags for relative and absolute quantitation (iTRAQ)
analysis of discs from aged and H,O,-injected mice showed increased levels of YTH N6-methyladenosine RNA binding
protein F2 (YTHDF2) and matrix metallopeptidase 1/3/7/9 (MMP1/3/7/9), along with decreased levels of forkhead box
03 (FOXO03) and TIMPI (tissue inhibitor of metalloproteinases 1). Our experiments indicated that in nucleus pulpo-
sus (NP) cells and young mouse IVDs that were not exposed to ROS, FOXO3 recruited histone acetyltransferase CBP
(CREB binding protein) and mediator complex subunit 1 (Medl) to activate TIMP1I expression, which inhibited MMP
activity and prevented disc degeneration. However, ROS exposure activated YTHDF2 and promoted the degradation of
m°A-modified FOXO3 mRNA, impairing FOXO3’s ability to activate TIMPI. This degradation exacerbated MMP activ-
ity and contributed to the degradation of the IVD extracellular matrix. Notably, administration of the YTHDF2 inhibitor
DC-Y13-27 in older and H,O,-treated mice significantly enhanced FOXO3 and TIMP1 expression, reduced MMP activity,
and mitigated IVD degeneration. Together, this study uncovers a novel ROS-regulated pathway in IDD, centered on the
YTHDF2/FOXO3/TIMP1/MMPs axis, suggesting that targeting YTHDF2 may represent a promising therapeutic strategy
for combating the progression of IDD.
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Introduction

Intervertebral disc degeneration (IDD) is a prevalent mus-
culoskeletal disorder that primarily presents as lower back
pain and significantly contributes to disability and socio-
economic impact globally [1, 2]. Current clinical manage-
ment approaches for IDD typically focus on pain relief in
> Ping Zhou its early stages and surgical interventions in the advanced

ping.zhou2010@outlook.com stages [1, 2]. Nonetheless, these strategies fail to address
the underlying progression of the disease and are associated
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fibrosus (AF), and cartilaginous endplate (CEP) [3, 4].
These cells maintain the extracellular matrix (ECM), which
mainly comprises collagen fibrils and proteoglycans [3,
4]. The progression of IDD is characterized by enhanced
inflammation and an induction in degradative enzymes
that lead to ECM breakdown and structural disc dam-
age, including height reduction, fissuring of the AF, and
loss of NP [5, 6]. Matrix metalloproteinases (MMPs) and
a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTSs) are two major classes of enzymes that
promote ECM degradation [7, 8]. MMPs and ADAMTSs
degrade collagen and aggrecan, which are essential for disc
structure and function. Their activities are typically regu-
lated by tissue inhibitors of metalloproteinases (TIMPs) [7,
8]. In the pathogenesis of IDD, inflammatory cytokines like
tumor necrosis factor alpha (TNF-a) and interleukin-1 beta
(IL-1B) elevate MMP and ADAMTS expression but sup-
press TIMP production, creating an imbalance that favors
ECM breakdown [7-9]. This disruption in ECM homeosta-
sis accelerates the structural deterioration of the disc, under-
scoring the need for therapeutic strategies that restore this
balance to potentially halt or reverse degeneration [7-9].

Emerging research highlights the significant role of reac-
tive oxygen species (ROS) in the development of IDD. ROS,
which mainly includes hydrogen peroxide (H,0,), hydroxyl
radicals (*OH), and superoxide anion radicals (O2—¢), are
highly reactive molecules that induce oxidative stress, pro-
moting inflammation, apoptosis, and cellular senescence in
the disc [10-12]. Elevated ROS levels also downregulate
essential ECM components, such as collagen type II and
aggrecan, while upregulating catabolic agents like TNF-a,
MMPs, and aggrecanases, thereby accelerating the IDD
process [10—12]. Although it is established that the accu-
mulation of ROS influences various biological processes
associated with IDD, the underlying molecular mechanisms
remain unclear.

N6-methyladenosine (m®A) represents the most preva-
lent internal modification of messenger RNA (mRNA) in
higher eukaryotes and plays a crucial role in RNA metab-
olism by influencing mRNA stability, splicing, and trans-
lation [13-15]. The m®A modification is a dynamically
reversible process regulated by three primary classes of pro-
teins: “writers”, “erasers”, and “readers”. “Writers”, such
as methyltransferase 3 (METTL3), METTL14, and Wilms
tumor 1-associating protein (WTAP), are a group of adenos-
ine methyltransferases that add m®A marks RNA, thereby
enhancing its stability and localization [13—15]. In con-
trast, “erasers” like fat mass and obesity-associated protein
(FTO) and AIkB family member 5 (ALKBHSY), are RNA
demethylases that remove m®A marks, influencing different
biological processes [13—15]. “Readers” such as YT521-
B homology domain proteins (YTHDC1-2, YTHDF1-3)
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and insulin-like growth factor 2 mRNA-binding proteins
(IGF2BP1, 2, and 3), are m®A-binding proteins that recog-
nize m®A sites and regulate mRNA stability, translation, and
splicing [13—15]. This intricate network of enzymes plays
a pivotal role in gene expression regulation and is impli-
cated in various diseases, highlighting its significance in
cellular regulation and disease pathology [13—15]. Recent
studies have linked m®A modification to the pathogenesis of
IDD. For instance, increased expression of ALKBHS5 dur-
ing IVD degeneration and NP cell (NPC) senescence has
been observed, contributing to NPC senescence by demeth-
ylating DNMT3B transcripts, thereby enhancing DNMT3B
expression through less YTHDF2 recognition [16]. Differ-
ential expression of m®A regulators such as RNA binding
motif protein 15 (RBM15), YTHDC1, YTHDEF3, heteroge-
neous nuclear ribonucleoproteins A2/B1 (HNRNPA2B1),
and ALKBHS5 has been noted in IDD models. Notably,
YTHDC1 may affect the immune microenvironment of
IDD through pathways involving Abelson tyrosine-protein
kinase 1 (ABL1) and TXK tyrosine kinase (TXK) [17].
Despite these advances, the expression patterns and specific
functions of these m®A regulators and their target genes in
IDD remain to be fully elucidated.

While the role of ROS accumulation in the onset of IDD
is crucial, the underlying mechanisms remain unclear. To
investigate how ROS accumulation induces IDD, this study
compared the whole-genome protein expression differences
in the IVDs of young and aged mice, as well as in mice
injected with PBS versus H,0,. Our findings revealed sig-
nificant upregulation of YTHDF2 and MMP1/3/7/9, along
with notable downregulation of the transcription factor
FOXO3 (forkhead box O3) and TIMP1 in aged and H,O,-
administrated mice. At both the cellular level and animal
models, we demonstrated that ROS accumulation activated
YTHDF2, leading to the degradation of FOXO3 mRNA.
This degradation impaired FOXO3’s ability to transcrip-
tionally activate TIMPI, resulting in increased expression
of MMP1/3/7/9 and promoting the degradation of the IVD
ECM, thereby causing IDD. This key discovery elucidates
the molecular mechanism by which ROS accumulation
modulates FOXO3 mRNA m°A modification and regu-
lates the expression of downstream genes, providing novel
insights into how ROS accumulation contributes to IDD.

Materials and methods
Animal experiments
C57BL/6 mice were obtained from the Beijing Vital

River Laboratory Animal Technology Company (Beijing,
China). Upon arrival, the mice were allowed a three-week
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acclimatization period in the laboratory environment before
commencing any experimental interventions. They were
housed under controlled conditions with a 12-hour light/
dark cycle, a temperature of 22 °C, and 50-60% relative
humidity. The mice had unrestricted access to standard
rodent chow and water. To assess IDD in aged mice, a
cohort (n=28) was raised under the aforementioned stan-
dard conditions until they reached 52 weeks of age. These
mice underwent magnetic resonance imaging (MRI)
using a United-Imaging system (Shanghai, China; Model
UMR770). For the experimental induction of IDD using
H,0,, 8-week-old mice (22-25 g, n=16) were randomly
divided into two groups. Following anesthesia with 2%
isoflurane (Sigma-Aldrich; Shanghai, China; #792632) at
a flow rate of 0.6 L/min, one group (n=38) received injec-
tions of 50 puL phosphate-buffered saline (PBS) (Thermo
Fisher; Shanghai, China; #10010023), while the other
group (n=38) received 50 pL 2.5% H,0, (Sigma-Aldrich;
#H1009). These injections were administered subcutane-
ously near the lumbar discs every five days for 12 weeks.
Post-experiment, MRI was conducted to evaluate the pro-
gression of IDD. To investigate the effect of the YTHDF2
inhibitor (DC-Y13-27) (MedChemExpress; Monmouth
Junction, NJ, USA; #HY-154919) on IDD prevention, mice
were randomly assigned to four groups. The treatments
were administered as follows: the first group received 50 uL
PBS, the second group received 50 pL PBS plus 5 mg/kg
DC-Y13-27, the third group received 50 uL. H,O,, and the
fourth group received 50 pL H,0, plus 5 mg/kg DC-Y 13-
27. These injections were administered subcutaneously near
the lumbar discs every five days for 12 weeks. Following
the treatment period, MRI assessments were conducted.
Subsequently, IVDs from four groups were harvested for
further analyses, including protein and RNA isolation, as
well as histological evaluations.

Cell culture and transfection

Mouse AF (#CSC-C5389S) and NP (#CSC-C5390S) cells
were acquired from Creative Bioarray (Shirley, NY, USA).
These cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Thermo Fisher; #11965092) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher;
#16000044) and 1% penicillin/streptomycin (Thermo
Fisher; #15140122). Cultures were maintained in a humidi-
fied incubator (Thermo Fisher; #51033557) at 37 °C with 5%
CO,. Upon reaching 80% confluence, cells were passaged
using 0.25% trypsin-EDTA (Thermo Fisher; #25200072).
For transfection experiments, cells were seeded at a den-
sity of 1x10° cells per well in 6-well plates and allowed
to adhere overnight. Transfection was then performed using
Lipofectamine 3000 reagent (Thermo Fisher; #L.3000150),

following the manufacturer’s protocol. The short hairpin
RNAs (shRNAs) and plasmids utilized for transfection are
listed in Tables S1 and S2. Transfection efficiency was eval-
uated 48 h post-transfection via real-time quantitative PCR
(RT-qPCR) and Western blot analyses, enabling the assess-
ment of gene silencing and protein expression levels.

Determination of ROS levels

To accurately measure ROS levels in the [VDs of C57BL/6
mice, the discs were carefully dissected and immediately
immersed in ice-cold PBS to remove any residual blood or
debris. The discs were then homogenized in a ice-cold buf-
fer consisting of 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol,
0.1% SDS, and 5 mM sodium pyruvate, supplemented with
a 1 X protease inhibitor cocktail (Thermo Fisher; #78429).
The homogenate was then centrifuged at 13,000 g for 15
minutes, and the clear supernatant was collected for further
analysis. ROS levels were detected using the peroxide-
sensitive fluorescent probe 2°,7’-dichlorofluorescein diace-
tate (DCFH-DA) (Sigma-Aldrich; #D6883), following the
manufacturer’s instructions. Fluorescence measurements
were conducted on the Varioskan LUX microplate reader
(Thermo Fisher; #VL0000DO0) using an excitation wave-
length of 485 nm and an emission wavelength of 530 nm.
Quantification of ROS was accomplished by comparing the
fluorescence intensities against a standard curve generated
from known concentrations of H,O,. For intracellular ROS
measurement, cells seeded in 6-well plates were washed
twice with PBS and lysed in the same ice-cold lysis buffer
used for the disc tissues. After centrifugation at 13,000 g for
15 min, the supernatant was incubated with DCFH-DA fol-
lowing the manufacturer’s instructions. Fluorescence was
then recorded and quantified.

Total RNA isolation and RT-qPCR analysis

Mouse IVD tissues were homogenized and cultured cells
were lysed in TRIzol Reagent (Thermo Fisher; #15596026).
Following phase separation using chloroform (Sigma-
Aldrich; #650498), RNA was precipitated with isopropanol
(Sigma-Aldrich; #RTC000079), washed with 75% ethanol
(Sigma-Aldrich; #E7023), and resuspended in RNase-free
water. RNA integrity and concentration were assessed via
agarose gel electrophoresis and NanoDrop spectrophotom-
eter (Thermo Fisher; #ND-8000-GL). For RT-qPCR, 1 pg
of total RNA was reverse transcribed into cDNA using the
SuperScript III First-Strand Synthesis SuperMix (Thermo
Fisher; #18080400), and qPCR was conducted using SYBR
Green PCR Master Mix (Thermo Fisher; #4309155) with
gene-specific primers (Table S3). The thermal cycling
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program consisted of an initial denaturation at 95 °C for
5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. Relative gene expression was calculated using the
comparative cycle threshold (CT) (222“T) method, normal-
ized against beta-Actin.

Total protein isolation and Western blot analysis

To analyze protein expression in mouse IVD tissues and
cultured cells, tissues were immediately frozen and homog-
enized in ice-cold radio-immunoprecipitation assay (RIPA)
buffer supplemented with a 1 X protease inhibitor cocktail
(Thermo Fisher; #78429). Cultured cells were washed twice
with PBS before being directly lysed in the same RIPA buf-
fer. The resulting lysates were incubated on ice for 30 min
to ensure thorough lysis and then centrifuged at 14,000 g
to remove insoluble material, allowing the collection of
soluble proteins. Protein concentrations in the supernatants
were determined using a NanoDrop spectrophotometer.
Following quantification, proteins were denatured and sep-
arated by 10% SDS-PAGE gel electrophoresis. The sepa-
rated proteins were then transferred onto polyvinylidene
difluoride (PVDF) membranes (Thermo Fisher; #L.C2000).
For immunoblotting, membranes were blocked using 5%
fat-free milk (Thermo Fisher; #50-488-785) to prevent
non-specific binding and then incubated sequentially with
specific primary and secondary antibodies (Table S4). After
each antibody incubation, the membranes were thoroughly
washed five times with PBST (PBS+0.1% Tween-20) to
remove unbound antibodies. Protein detection was carried
out using an enhanced chemiluminescence (ECL) system
(Thermo Fisher; #A38554), and the signals were captured
with the ChemiDoc MP Imaging System (Bio-Rad, Shang-
hai, China). Quantification of protein signal intensities was
performed using Image J software (National Institutes of
Health, USA; version 1.54f), with values normalized against
loading controls.

Isobaric tags for relative and absolute quantitation
(iTRAQ) analysis

Mouse IVD tissues were harvested under sterile conditions
and immediately immersed in liquid nitrogen to maintain
protein integrity. These tissues were then homogenized
in a lysis buffer containing 8 M urea (Sigma-Aldrich;
#U5128), 2% 3-(3-cholamidopropyl) dimethylammonio-
I-propanesulfonate (CHAPS) (Thermo Fisher; #28299),
30 mM HEPES (Thermo Fisher; #15630130), and 1 X con-
centration of protease inhibitor cocktail (Thermo Fisher;
#78429). The homogenates were centrifuged at 14,000 g for
15 min, and the protein concentration in the supernatants
was determined using a NanoDrop spectrophotometer. For
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protein processing, samples were reduced by treating them
with 5 mM dithiothreitol (DTT) (Thermo Fisher; #R0861)
at 56 °C for one hour, followed by alkylation with 15 mM
iodoacetamide (Thermo Fisher; #A39271) in the dark at
room temperature for 20 min. The protein solution was
then diluted with 100 mM triethylammonium bicarbon-
ate (TEAB) (Thermo Fisher; #90114) to reduce the urea
concentration below 2 M. Overnight digestion was per-
formed at 37 °C using trypsin (Thermo Fisher; #90057) at
a trypsin-to-protein ratio of 1:50. After digestion, peptides
were desalted using a Strata X C18 solid phase extraction
(SPE) column (Phenomenex, CA, USA) and vacuum-dried.
The peptides were reconstituted in 0.5 M TEAB and pro-
cessed labelling with the iTRAQ Reagents Multiplex Kit
(Sigma-Aldrich; #4352135). After a 2-hour incubation at
room temperature, the peptides were pooled, desalted, and
dried by vacuum centrifugation. Peptide fractionation was
performed by reconstituting the dried mixture in a strong
cation-exchange (SCX) loading buffer (0.1 M NH4Cl and 10
mM K-HPOs, pH 7.0) and applying it to SCX chromatog-
raphy (Phenomenex; #8B-SCX-100), where peptides were
eluted using a salt gradient and collected in fractions. Each
fraction was analyzed by liquid chromatography with tan-
dem mass spectrometry (LC-MS/MS) on a high-resolution
mass spectrometer (Thermo Fisher; #IQLAAEGAAPFAD-
BMBHQ) in data-dependent acquisition mode. The MS/MS
spectral data were processed using Mascot. Differentially
expressed proteins (DEPs) were further subjected to Gene
Ontology (GO) analysis using the Database for Annota-
tion, Visualization and Integrated Discovery (DAVID) and
the Protein ANalysis THrough Evolutionary Relationships
(PANTHER) databases to determine GO terms in Biological
Processes, Cellular Components, and Molecular Functions
compared to a control dataset.

RNA stability assay

RNA stability was determined following a previous method
[18]. Briefly, cells were treated with 2 pg/mL actinomycin
D (Sigma-Aldrich; #A1410) to inhibit new RNA synthesis.
Cells were collected at 0, 3, and 6 h post-treatment for RNA
isolation. Total RNA was extracted, reverse transcribed into
cDNA, and analyzed via RT-qPCR using specific primers
(Table S3).

RNA immunoprecipitation (RIP)

The RIP assay was conducted using the Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Sigma-Aldrich;
#17-700) following the manufacturer’s protocol. Briefly,
cells were lysed in ice-cold RIPA buffer supplemented
with 1 X protease inhibitor cocktail. After lysis, the cell
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extracts were centrifuged at 14,000 g for 15 min to sepa-
rate the supernatant. The cleared lysate was then incubated
with magnetic bead protein A/G (Thermo Fisher, #88802),
which had been pre-conjugated with either 5 pg of control
IgG antibody (Thermo Fisher, #02-6102) or anti-YTHDF2
antibody (Thermo Fisher, #MAS5-47011). This mixture
was rotated overnight at 4 °C to allow thorough antibody-
antigen binding. The following day, RNA bound to the
immunocomplexes was isolated using the QIAwave RNA
Mini Kit (QIAGEN, Shanghai, China; #74534). The puri-
fied RNA was then subjected to RT-qPCR to quantify the
relative expression levels of the FOXO3 gene with primers
listed in Table S3.

Hematoxylin and Eosin (H&E) staining of IVDs

The H&E assay was performed to assess the histological
structure of IVD tissues following a previously described
method [19]. Briefly, IVDs were fixed with in 10% neu-
tral buffered formalin (Sigma-Aldrich; #HT501128) for
48 h to preserve cellular integrity and structure. After fixa-
tion, the tissues were dehydrated through a graded etha-
nol series (70%, 80%, 95%, and 100%) (for pure ethanol,
Sigma-Aldrich; #E7023), cleared in xylene (Sigma-Aldrich;
#534056), and embedded in paraffin wax (Sigma-Aldrich;
#76242) to ensure optimal tissue preservation for sec-
tioning. Tissue sections were into 5 pm-thick slices using
a microtome, deparaffinized in xylene, and rehydrated
through a descending series of ethanol concentrations. The
rehydrated sections were stained with the H&E staining kit
(Abcam, Shanghai, China; #ab245880) according to the
manufacturer’s protocol. The sections were then examined
under a light microscope (Olympus Corporation; Tokyo,
Japan; #BX53F) to observe the detailed cellular architec-
ture and any pathological alterations within the IVD tissues.
Histological images were independently evaluated by two
observers using an established scoring system [20]. For the
AF, the scoring criteria were as follows: 0 indicates normal;
1 signifies mildly serpentine without bulging beyond the
endplate edge; 2 denotes moderately serpentine with slight
bulging beyond the endplate edge; 3 describes severely ser-
pentine with obvious bulging beyond the endplate edge; 4
characterizes severely serpentine and ruptured; 5 is clas-
sified as indistinct. For the NP, the scores are defined as:
0 for normal; 1 for condensed; 2 indicating the presence
of chondrocyte-like cells with residual NP matrix; 3 for a
widespread presence of chondrocyte-like cells; 4 describes
mild replacement by fibrous cartilaginous tissue; 5 denotes
moderate to severe replacement by fibrous cartilaginous
tissue.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was conducted following an established
protocol [21]. Briefly, cells were fixed with 1% formal-
dehyde (Sigma-Aldrich; #47608) at room temperature for
15 min to cross-link proteins and DNA. The cross-linking
reaction was stopped by the addition of 5 M glycine to a
final concentration of 0.125 M. Cells were then rinsed
with cold PBS buffer and lysed using ChIP-specific lysis
buffer (Santa Cruz Biotechnology, Shanghai, China; #sc-
45000) supplemented with a 1 X protease inhibitor cocktail.
Chromatin in the lysates was sonicated to generate frag-
ments ranging from 200 to 500 base pairs in length, and the
efficiency of this shearing was confirmed via agarose gel
electrophoresis. The chromatin fragments were incubated
overnight at 4 °C with agarose beads conjugated to antibod-
ies specific to YTHDF2, FOXO03, Med1, CBP, or control
IgG (Table S4). To minimize nonspecific binding, the bead-
bound complexes were washed five times with ChIP wash
buffer (Santa Cruz Biotechnology; #sc-45002). The protein-
DNA complexes were subsequently eluted using elution
buffer (Santa Cruz Biotechnology; #sc-45003) and treated
with Proteinase K (Thermo Fisher; #£E00491) to reverse the
cross-links and digest proteins, thereby releasing the DNA.
The DNA was purified using a DNA purification kit (ZYMO
research, Beijing, China; #D5205) and finally, the purified
DNA samples were analyzed by RT-qPCR with the primers
listed in Table S5.

Immunoprecipitation (IP) and co-
immunoprecipitation (co-IP) assays

For the IP assay, cells and IVDs were harvested and lysed
in IP lysis buffer (Thermo Fisher; #87787) supplemented
with protease and phosphatase inhibitors (Thermo Fisher;
#A32959). The lysates were incubated on ice for 30 min and
then centrifuged at 14,000 X g for 10 min at 4 °C to remove
insoluble material. The clarified supernatant was incubated
overnight at 4 °C with gentle agitation using anti-FOXO3
conjugated to protein A agarose beads (Thermo Fisher;
#20334). The beads were washed four times with IP lysis
buffer to remove non-specifically bound proteins. Proteins
bound to the beads were eluted by boiling in SDS sample
buffer (Bio-Rad, Shanghai, China; #1610747) for 5 min.
The eluted proteins were separated by SDS-PAGE and visu-
alized using the Pierce Silver Stain Kit (Thermo Fisher; #
PI124612). Protein bands were excised, digested with tryp-
sin, and analyzed by LC-MS/MS. Data analysis was per-
formed using the Mascot software. For the co-IP assay, cells
expressing various combinations of Flag-tagged and Myc-
tagged vectors were lysed using IP lysis buffer. Immunopre-
cipitation was performed using anti-Flag-agarose (Thermo
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Fisher; #A36801) and anti-Myc-agarose (Sigma-Aldrich;
#A7470) beads. The precipitated proteins were separated
by 10% SDS-PAGE and analyzed by Western blotting with
anti-Flag and anti-Myc antibodies to confirm the presence
of and interaction between the tagged proteins.

Statistical analysis

All experiments were conducted independently and repeated
three times. Data are presented as the mean =+ standard
deviation (SD). Statistical analyses were carried out using
IBM SPSS (International Business Machines, Statistical
Package for the Social Sciences) Statistics 21 (IBM SPSS
Inc., USA). Group differences were evaluated via Analysis
of Variance (ANOVA), followed by post hoc tests for mul-
tiple comparison analyses. In figures, significance levels are
denoted as follows: P <0.05 by one asterisk (*), P<0.01 by
two asterisks (**), and P <0.001 by three asterisks (¥**).

Results

ROS accumulation accelerated the degeneration of
lumbar IVDs in mice

ROS have been linked to IVD degeneration [10-12]. To
validate this association, we initially assessed the degenera-
tive changes in the IVDs of mice at 8 weeks and 52 weeks
of age. H&E staining showed no signs of degeneration in
the IVDs of 8-week-old mice, whereas significant degen-
eration was observed in the IVDs of 52-week-old mice
(Fig. 1A). Quantitative scoring of the H&E-stained sections
revealed that the NP and AF tissues in 52-week-old mice
had scores ranging from 3 to 5, indicating severe degenera-
tion. In contrast, both NP and AF tissues in the 8-week-old
mice received scores of 0 (Fig. 1B and C). MRI imaging of
lumbar IVDs further supported these findings, showing no
degeneration in 8-week-old mice, but severe degeneration
in the 52-week-old group (Fig. 1D). Measurement of disc
height indicated that the IVD disc height in 52-week-old
mice was significantly lower than that in 8-week-old mice
(Fig. 1E). Additionally, ROS levels in the lumbar IVDs of
52-week-old mice were approximately eight times higher
than in the 8-week group (Fig. 1F).

To demonstrate that elevated levels of ROS can directly
promote IDD, we administered subcutaneous injections
of 50 pL of 2.5% H,0, or PBS (control) near the lumbar
discs of mice every five days for 12 weeks (Fig. 1G). At the
end of the experiment, H&E staining revealed no degen-
eration in the discs of PBS-injected mice, whereas severe
degeneration was observed in the discs of H,O,-injected
mice (Fig. 1H). The H&E-stained sections were scored, and
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both NP and AF tissues in the H,0,-injected mice received
scores of 3 to 5, indicating severe degeneration. In contrast,
the NP and AF tissues in the PBS-injected mice scored 0
(Fig. 1I and J). MRI imaging of the lumbar IVDs further
confirmed these findings, showing no signs of degeneration
in the PBS group but significant degeneration in the H,0,
group (Fig. 1K). IVD disc height in H,O, group mice was
dramatically decreased than that in the PBS group (Fig. 1L).
ROS levels in the lumbar IVDs of the H.O. group were
approximately 12 times higher than in the control group
(Fig. IM). These results suggest that the accumulation of
ROS can indeed accelerate the degeneration of IVDs.

Identification of DEPs in IVDs from aged and H202-
administrated mice

To investigate the molecular mechanisms by which ROS
accumulation leads to IDD, we conducted iTRAQ protein
profiling on two sets of IVDs: young vs. aged, and PBS-
vs. H,0,-injected discs (n=3 in each group) (Fig. 2A).
The analysis revealed significant proteomic changes in the
52-week-o0ld IVDs, identifying 1391 DEPs with fold changes
of >1.5 and P<0.05 (Fig. 2B). Of these, 702 proteins were
upregulated, while 689 were downregulated (Fig. 2B).
Similarly, in the H,O,-injected mouse IVDs, 1216 proteins
displayed significant alterations in expression, with 662
upregulated and 554 downregulated under the same criteria
(Fig. 2C). Comparative analysis between the 52-week-old
group and the H,O, group revealed consistent upregulation
of YTHDF2 and four matrix metalloproteinases (MMP1,
MMP3, MMP7, and MMP9), alongside significant down-
regulation of the transcription factor FOXO3 and TIMP1
in both groups (Fig. 2D and Table S6). These consistent
changes suggest that these proteins may play key roles in
the pathogenesis of IDD induced by ROS accumulation.

Furthermore, we performed Gene Ontology (GO) and
Clusters of Orthologous Groups (COG) analyses on the
DEPs. In the 52-week group, the upregulated proteins were
primarily involved in biological processes such as cel-
lular response to ROS, ECM organization, MMP activity,
negative regulation of cell proliferation, and transcription
activation (Fig. S1). In the H,O,-treated group, the upreg-
ulated proteins predominantly participated in biological
processes including cellular response to ROS, ECM orga-
nization, MMP activity, and oxidative phosphorylation (Fig.
S2). Additionally, analyses of the cellular components and
molecular functions of these DEPs were performed, with
results presented in Fig. S1 and S2.

To validate the iTRAQ analysis results, we assessed the
protein expression levels of YTHDF2, MMP1, MMP3,
MMP7, MMP9, FOXO03, and TIMP1 in the lumbar IVDs
of four groups of mice. The results were consistent with
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Fig. 1 ROS accumulation resulted in IDD in mice. (A) Representative
H&E stained sections of L1/L2 IVDs from mice aged 8 weeks and
52 weeks. Scale bars=100 um. (B) Quantitative scoring of the NP in
degenerative IVDs shown in (A). (C) Quantitative scoring of the AF
in degenerative IVDs illustrated in (A). (D) Representative MRI scans
of lumbar IVDs ranging from L1 to L3 in mice aged 8 weeks and
52 weeks. (E) Measurement of disc height in L1/L2 IVDs comparing
8-week-old and 52-week-old mice. (F) Levels of ROS in lumbar IVDs
of mice at 8 weeks and 52 weeks of age. (G) Schematic representation
of H,0, injection procedure near lumbar discs in mice. (H) Repre-

the iTRAQ findings. Specifically, the protein levels of
YTHDF2, MMP1, MMP3, MMP7, and MMP9 was signifi-
cantly elevated in both 52-week-old mice and H,O,-injected
mice, while the expression of FOXO3 and TIMP1 was sig-
nificantly reduced in these groups (Fig. 2E).
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sentative H&E staining images of lumbar IVDs (L1/L2) from mice
administered with PBS and H,0,. Scale bars=100 pm. (I) Quanti-
fied NP scores of [IVDs demonstrating degeneration in mice treated as
described in (H). (J) Quantified AF scores of IVDs showing degen-
erative changes in mice treated as indicated in (H). (K) Representa-
tive MRI scans of lumbar IVDs (from L1 to L3) in mice treated with
PBS and H,0,. (L) Disc height measurements in L1/L2 IVDs from
PBS and H,0,-treated mice. (M) ROS levels in lumbar IVDs of mice
treated with PBS and H,0,. ***P <0.001

In vitro H202 treatment caused similar changes in
protein levels of YTHDF2, FOX03, TIMP1, and MMPs
in NP and AF cells as observed in H202-injected
mice

To verify that the observed changes in the expression of
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Fig. 2 Identification of DEPs in degenerative IVDs from aged and
H,0,-injected mice. (A) Schematic of the experimental workflow for
iTRAQ-based proteomic analysis conducted on degenerative 1VDs
from aged and H,0,-injected mice. (B and C) Volcano plots illustrat-
ing the log2 fold changes and statistical significance (—1og10 p-value)
of protein alterations. Red dots represent significantly upregulated
proteins; green dots denote significantly downregulated proteins. (B)
Comparison between 8-week-old and 52-week-old mice. (C) Com-
parison between PBS-treated and H,O,-injected mice. (D) Identifica-

YTHDF2, FOX03, TIMP1, MMP1, MMP3, MMP7, and
MMP?9 in aged and H,O,-injected mouse IVDs were induced
by ROS, we treated mouse NP and AF cells with increasing
concentrations of H,0, (0, 50, 100, and 150 uM). Following
H,0, treatment, a rapid increase in intracellular ROS lev-
els was observed in both NP and AF cells (Fig. 3A and B).
Immunoblotting results revealed a dose-dependent increase

@ Springer

tion of proteins showing the most significant upregulation and down-
regulation in IVDs of 52-week-old mice and H,O,-injected mice. (E)
Validation of protein expression levels for YTHDF2, FOXO3, TIMPI,
MMP1, MMP3, MMP7, and MMP9 in IVDs from 8-week-old mice,
52-week-old mice, PBS-injected mice (20 weeks old), and H,O,-
injected mice (20 weeks old). For each group, equal weights (0.05 g)
of three independent IVDs were combined to generate homogenates,
which were then analyzed via immunoblotting to assess protein levels

in the protein levels of YTHDF2, MMP1, MMP3, MMP7,
and MMP9 with increasing concentrations of H,O, (Fig. 3C
and D). Conversely, the expression levels of FOXO3 and
TIMP1 decreased progressively with increasing H.O: con-
centrations (Fig. 3C and D). These findings suggest that the
expression of YTHDF2, FOXO3, TIMP1, MMP1, MMP3,
MMP7, and MMP?9 is directly influenced by ROS levels.
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Fig. 3 H,0, dose-dependently changed the expression levels of
YTHDF2/FOXO3/TIMP1/MMPs in NP and AF cells. (A and B)
Changes in intracellular ROS levels in NP and AF cells after treatment
with varying concentrations of H,O, (0, 50, 100, and 150 uM) for 6 h.

ROS levels were quantified using DCFH-DA staining. (A) NP cells.
(B) AF cells. (C and D) Protein levels of YTHDF2, FOXO3, TIMP1,
MMP1, MMP3, MMP7, and MMP9 in NP (C) and AF (D) cells fol-
lowing H,0, treatment. *P <0.05, **P <0.01
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YTHDF2 was an upstream regulator of FOX03,
TIMP1, and MMP1/3/7/9

Among YTHDF2, FOXO3, TIMP1, MMPI, MMP3,
MMP7, and MMP9, YTHDE? is an m®A reader that selec-
tively recognizes and binds to the m®A-modified RR(m°A)
CH consensus sequence, whereas FOXO3 functions as
a transcription factor. Thus, both YTHDF2 and FOXO3
have the potential to regulate the expression of TIMP1
and MMP1, MMP3, MMP7, and MMP9. To investigate
whether YTHDF2 and FOXO3 are involved in regulating
the expression of TIMP1 and MMP1/3/7/9, we generated
knockdown (KD) and overexpression (OE) cell lines for
YTHDEF2 and FOXO3 in NP cells (Fig. S3). Using these
cell lines, we measured the mRNA and protein levels of
YTHDF2, FOXO03, TIMP1, MMP1, MMP3, MMP7, and
MMP9. Our results indicated that altering FOXO3 levels did
not affect the expression of YTHDF?2 but did lead to changes
in the expression of T/MPI and MMP1/3/7/9 mRNA lev-
els (Fig. 4A). Specifically, knockdown of FOXO3 resulted
in decreased TIMP1 expression and increased expression
of MMP1/3/7/9 (Fig. 4A). Conversely, overexpression of
FOXO3 upregulated TIMP1 expression and reduced the lev-
els of MMP1/3/7/9 (Fig. 4A). Unlike FOXO3, modulation of
YTHDF? levels affected the expression of FOXO3, TIMPI,
and MMP1/3/7/9 (Fig. 4B). Knockdown of YTHDF2 upreg-
ulated FOXO3 and TIMPI expression, but downregulated
MMP1/3/7/9 (Fig. 4B). Overexpression of YTHDF2 had
the opposite effect, decreasing FOXO3 and TIMPI levels
while increasing MMP1/3/7/9 expression (Fig. 4B). Immu-
noblot results confirmed that protein expression patterns of
YTHDF2, FOX03, TIMP1, MMP1, MMP3, MMP7, and
MMP9 were consistent with their corresponding mRNA
changes in both FOXO3XPOF and YTHDF2XP'OE cell lines
(Fig. 4C and D). These findings suggest that FOXO3 func-
tions as an upstream regulator of TIMP1 and MMP1/3/7/9,
while YTHDEF2 acts upstream of FOXO3.

Additionally, we utilized ChIP assays to investigate
whether YTHDF2 and FOXO3 could bind to the promot-
ers of TIMP1 and MMP1/3/7/9. Our findings indicated that
FOXO3 can bind to the T/MP promoter but not to the pro-
moters of MMP1/3/7/9 (Fig. 4E and S4A-S4D). The binding
of FOXO3 to the TIMP1 promoter was significantly reduced
in FOXO3XP cells and notably increased in FOXO3°F cells
(Fig. 4E). YTHDF2, however, did not show binding to the
promoters of either 7IMPI1 or MMP1/3/7/9 (Fig. 4F and
S4E-S4H). These results suggest that FOXO3 may regu-
late TIMP1 expression by directly binding to its promoter,
and that TIMP1 subsequently influences the expression of
MMP1/3/7/9. YTHDEF2 appears to influence the expression
of TIMP1 and MMP1/3/7/9 indirectly thorough a FOXO3-
dependent mechanism.
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YTHDF2 was required for FOX0O3 mRNA
destabilization

Some m°A readers, such as YTHDF1, YTHDF2, and
YTHDEF3, are involved in m®A-mediated mRNA destabi-
lization [13-15]. Given our observations of consistently
inverse expression patterns between YTHDF2 and FOXO3
in aged IVDs, H,0,-injected IVDs, and H,O,-treated AF/
NP cells, we hypothesized that YTHDF2 might function
by negatively regulating the stability of FOXO3 mRNA.
To test this hypothesis, we performed RIP assays on IVDs
from 52-week-old mice (n=38), H,O,-injected IVDs (n=8),
and H,0,-treated (0 and 150 pM) AF/NP cells to assess
the binding of IgG (negative control), YTHDF1, YTHDEF2,
YTHDF3, YTHDC1, YTHDC2, IGF2BP1, IGF2BP2, and
IGFBP3 to FOXO3 mRNA. The results revealed that only
YTHDEF2 was able to bind to FOXO3 mRNA in both mouse
IVD and AF/NP cells, whereas other m°A readers did not
bind to FOXO3 mRNA (Fig. 5A-5D). Notably, the bind-
ing capacity of YTHDF2 to FOXO3 mRNA was signifi-
cantly enhanced in degenerated IVDs and in H,O,-treated
cells compared to controls (Fig. 5A-5D). Additionally, nine
GGACU motifs were identified within the 3’-UTR (untrans-
lated region) of FOXO3 mRNA, which were potential bind-
ing sites for YTHDF2 (Fig. 5E). Further investigations into
the effects of YTHDF2 knockdown and overexpression in
AF and NP cellular backgrounds revealed that YTHDF2
deficiency significantly increased FOXO3 mRNA stability,
while its overexpression dramatically reduced it (Fig. S5F
and I). These findings suggest that YTHDF2 plays a nega-
tive regulatory role in controlling the stability of FOXO3
mRNA.

FOXO3 recruited histone lysine acetyltransferase
CREBBP (CBP) and mediator complex subunit 1
(Med1) to regulate TIMP1 expression in the absence
of ROS stimulation

In our investigation detailed in Fig. 4, we demonstrated that
FOXO3 bound to the promoter region of T/MPI. Analysis
of the TIMP1 promoter (2000 bp upstream of the ATG start
site) identified a specific FOXO3 binding site, GTAAAC
A, located at positions — 1967 to -1973 (Fig. 6A). In NP
cells overexpressing FOX03 (FOXO03%E-1), Flag-tagged
FOXO03 was purified through IP assay, followed by LC-MS/
MS analysis, which identified 112 proteins interacting with
FOXO3 (Table S7). Notably, two transcriptional regula-
tors—CBP and Med1—were found among these interactors
(Table S7). Further IP assays in NP/AF cells overexpress-
ing FOXO03 (FOXO03°E-1) confirmed that FOXO3 could
pull down both CBP and Medl (Fig. 6B and C). To dis-
sect the assembly of the FOXO3, CBP, and Medl complex,
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and FOXO3°E cells. Protein samples from cells in (A) were

qPCR. (C) Protein expression of YTHDF2,

FOXO03KP

trol®E-1/2, and YTHDF29E-1/2 cell lines (NP background) was ana-
lyzed to detect the expression levels of the same genes as in (A) by

RT-

and FOX03°F

Quantitative PCR was performed on RNA from control

and MMPs in FOXO3XP
knockdown (Control®P-1 and Control®P-2), FOXO3 knockdown
(FOXO03KP-1 and FOX03XP-2), control overexpression (Control°F-1

s

Fig. 4 Impact of FOXO3 and YTHDF2 Knockdown and overexpres-
TIMPI

sion on the expression of TIMP1 and MMPs. (A) mRNA expression

levels of YTHDF?2,

cells.

analyzed by Western blot to detect levels of the indicated proteins. (D)
Protein expression of FOXO3, TIMT1, and MMPs in YTHDF2KP and
YTHDFCE cells. Protein samples from cells in (B) were subjected to
Western blot analysis to detect levels of the indicated proteins. (E) The
binding of FOXO3 on the promoter of 7/MPI by ChIP assay using

and Control°E-2), and FOXO3 overexpression (FOXO3%E-1 and
FOXO03°E-2) cell lines (NP background) to assess levels of FOXO3,

YTHDF?2, TIMP1, MMP1, MMP3, MMP7, and MMP9. (B) mRNA
expression levels of FOXO3, TIMPI, and MMPs in YTHDF2XP and

YTHDF29F cells. RNA from Control®P-1/2, YTHDF2XP-1/2), Con-

cells in (A). (F) The binding of YTHDF2 on the promoter of 7/MP1 by

ChIP assay using cells in (B). ¥**P <0.01, ***P <0.001
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Fig. 5 YTHDEF2 was required for the stability of FOXO3 mRNA. (A)
RIP assay of FOXO3 mRNA in L1/L2 IVDs from mice aged 8 weeks
and 52 weeks, using antibodies against IgG, YTHDF1, YTHDF2,
YTHDF3, YTHDC1, YTHDC2, IGFBP1, IGFBP2, and IGFBP3. (B)
RIP assay of FOXO3 mRNA in L1/L2 IVDs from mice injected with
PBS or H,0,, employing the same antibodies as in (A). (C) RIP assay
of FOXO3 mRNA in NP cells treated with or without H,0,, using
the same antibodies as in (A). (D) RIP assay of FOXO3 mRNA in
AF cells treated with or without H,0,, utilizing antibodies as listed
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Actinomycin D Actinomycin D

in (A). (E) Schematic representation of the m°A binding sites within
the FOXO3 mRNA structure. (F-I) FOXO3 mRNA stability assess-
ment. (F) FOXO3 mRNA decay in Y THDF2XP cells (NP background),
measured after treatment with actinomycin D (2 pg/mL) at specified
time points (0, 3, and 6 h), detected by RT-qPCR. (G) FOXO3 mRNA
stability in YTHDF2KP cells (AF background) under similar condi-
tions as in (F). (H) FOX0O3 mRNA decay in YTHDF2°F cells (NP
background). (I)FOXO3 mRNA stability in YTHDF2°E cells (AF
background). *P <0.05, **P<0.01, ***P<0.001
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Fig. 6 FOXO3 recruited CBP and Medl to assemble a complex in
vivo and in vitro. (A) Identification of the FOXO3 binding site on the
TIMP1 promoter. (B and C) FOXO3 interacted with CBP and Med1
in NP and AF cells overexpressing pCDNA3.1-Flag-FOXO3, assessed
through immunoprecipitation assays using IgG-conjugated agarose
A and anti-Flag resin. (B) In NP cells. (C) In AF cells. (D) Co-IP
demonstrating direct interaction between FOXO3 and CBP, but not
Medl. (E) Co-IP demonstrating direct interaction between CBP and

FOXO03, as well as CBP and Med1. (F) Schematic diagram illustrat-
ing the assembly of the Med1-CBP-FOXO3 complex. (G) mRNA lev-
els of TIMP1 in Control*P, CBPXP, Med1XP, Control®F, CBP®F, and
Med1°F cells (NP background). (H) Protein levels of TIMPI in the
same cells as described in (G). (I) ChIP assays confirming the bind-
ing of the Med1-CBP-FOXO3 complex to the T7/MP! promoter, using
antibodies against Med1, CBP, and FOXO3 in the same cells described
in (G). **P<0.01, ***P<0.001
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we transfected NP cells with Flag- and Myc-tagged con-
structs in pairwise combinations. Co-IP experiments dem-
onstrated a direct interaction between FOXO3 and CBP but
not between FOXO3 and Med1 (Fig. 6D). Conversely, CBP
interacted directly with both FOXO3 and Med1 (Fig. 6E),
indicating that CBP served as a pivotal bridge linking
FOXO3 and Med1 (Fig. 6F).

To further validate the function of this complex, both
knockdown and overexpression cell lines of CBP and Med1
in NP background were generated (Fig. S5). Results indi-
cated that depletion of either CBP or Medl suppressed
TIMP1 expression, while their overexpression led to an
upregulation of TIMPI (Fig. 6G and H). ChIP assays
showed enrichment of CBP and Med!1 on the TIMP] pro-
moter region. Disruption of any component of the FOXO3-
CBP-Med1 complex decreased the enrichment of the others
on the TIMPI promoter, whereas overexpression of any
complex member increased their collective enrichment
(Fig. 6]).

Additionally, we examined the effects of oxidative stress
by treating NP cells with H,0,. The results showed that
H,0, treatment notably reduced FOXO3 expression but did
not significantly affect the expression levels of CBP or Med1
(Fig. S6A). However, the treatment significantly decreased
the enrichment of the FOXO3-CBP-Medl complex on the
TIMP1 promoter (Fig. S6B). These findings elucidate the
pivotal role of the FOXO3-CBP-Medl complex in regulat-
ing TIMP] expression in the absence of ROS stimulation
and illustrate how ROS stimulation diminishes this com-
plex’s binding to the 7/MP1 promoter, leading to decreased
TIMP] expression.

Altered expression of the FOX03-CBP-Med1
complex changed MMP1, MMP3, MMP7, and MMP9
levels

TIMP1 is an inhibitor of MMPs, and we observed an inverse
expression trend between TIMP1 and MMP1/3/7/9 in degen-
erated IVDs and H,O,-treated cells. Given that the FOXO3-
CBP-Medl complex can regulate T/MPI] expression, we
subsequently explored the effects of knocking down and
overexpressing components of this complex on the expres-
sion of MMP1/3/7/9. Our findings indicated that knocking
down any members of the FOXO3-CBP-Med1 complex led
to upregulation of MMP1/3/7/9, while overexpressing these
complex members suppressed MMP1/3/7/9 expression (Fig.
S7A-S7D). Similar to FOXO3, neither CBP nor Med1 could
bind directly to the promoter regions of MMP1/3/7/9 (Fig.
S8A-S8D), suggesting that their regulatory effect on these
MMPs was indirect.
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Administration of YTHDF2 inhibitor in H202-
treated cells upregulated TIMP1 expression but
downregulated MMP1/3/7/9 expression

Since YTHDF2 was an upstream regulator of FOXO03, we
hypothesized that inhibiting YTHDF2 might counteract the
effects of ROS accumulation on TIMP1 and MMPs. To test
this, we co-treated NP cells with the YTHDF2 inhibitor
DC-Y13-27 (0, 20, and 40 uM) and H,0O, (0 and 150 uM).
Following treatment, intracellular ROS levels were mea-
sured and found to be consistent with those observed with
H,O, treatment alone, indicating that DC-Y13-27 did not
alter ROS levels in cells (Fig. 7A). Compared to treatment
with H,O, alone, the combined treatment with DC-Y13-27
and H,0, consistently reduced YTHDF2 expression and
resulted in increased expression of FOXO3 and TIMPI,
along with decreased expression of MMP1, MMP3, MMP7,
and MMP9 (Fig. 7B). RIP results demonstrated that treat-
ment with DC-Y13-27 decreased the binding affinity of
YTHDEF2 to FOXO3 mRNA (Fig. 7C). Furthermore, the
binding of the FOXO3-CBP-Med1 complex to the T/IMP]
promoter was enhanced following treatment with DC-Y 13-
27 (Fig. 7D). These findings suggest that inhibition of
YTHDF?2 can reverse the ROS-mediated regulation of the
FOXO3/TIMP1/MMP signaling axis.

Administration of DC-Y13-27 in aged and H202-
injected mice attenuated the progression of IDD

The effective suppression of MMPs by DC-Y 13-27 in vitro
under H,0, treatment led us to evaluate its potential to
inhibit the progression of IDD in mice. We initially random-
ized 8-week-old mice into two groups: one receiving weekly
injections of PBS and the other receiving DC-Y 13-27 injec-
tions (Fig. 8A). ROS levels in the IVDs of both the PBS and
DC-Y13-27 groups (52-week-old mice) were significantly
higher than in untreated 8-week-old mice (Fig. 8B). How-
ever, there was no notable difference in ROS levels between
the PBS and DC-Y13-27 groups at the 52-week point
(Fig. 8B). Mice injected with PBS exhibited severe degen-
eration at 52 weeks, whereas those treated with DC-Y 13-
27 showed only mild degeneration (Fig. 8C). Quantitative
analysis of H&E staining, MRI scans, and disc height mea-
surement confirmed that DC-Y'13-27 significantly delayed
IDD progression in mice (Fig. 8D and G).

To further evaluate the effects of DC-Y13-27 under oxi-
dative stress, we randomized another set of 8-week-old mice
into three groups: PBS, H,0,, and a combination of H,0,
and DC-Y13-27, with injections administered weekly for 12
weeks (Fig. 8H). Results indicated that ROS levels in the
IVDs of mice treated with DC-Y13-27 or H,0,+DC-Y 13-
27 were significantly higher than those in the PBS group,
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Fig. 7 DC-Y13-27 diminished the effect of H,0O, on the expression
of FOXO3/TIMP1/MMPs in vitro. (A) Changes in intracellular ROS
levels in NP cells following treatment with H,O, (0 and 150 pM) and
DC-Y13-27 (0, 20, and 40 uM) for 6 h. ROS levels were quantified
using DCFH-DA staining. (B) Protein expression levels of YTHDF2,
FOXO03, Medl, CBP, TIMP1, MMP1, MMP3, MMP7, and MMP9 in
NP cells after treatment with H,O, and DC-Y13-27. (C) RIP assay to

yet there was no notable difference between the DC-Y13-27
and H,0,+DC-Y13-27 groups (Fig. 8I). At 20 weeks, the
PBS group showed no signs of IDD, the H,O, group exhib-
ited severe degeneration, while the H,0,+DC-Y13-27
group displayed only mild degeneration (Fig. 8J). Quantita-
tive analysis of H&E staining, MRI scans, and disc height
measurement also supported these findings (Fig. 8K and
N). Analysis of YTHDF2, FOXO03, TIMP1, Medl, CBP,
and MMPs expression in these mouse groups revealed that
DC-Y13-27 treatment significantly reduced the expression
of YTHDF2 and MMP1/3/7/9, increased the expression
of FOXO03 and TIMPI, and did not affect the expression
of Medl and CBP (Fig. S9). These results demonstrate
that DC-Y13-27 effectively suppresses the expression of
YTHDF2, thereby modulating downstream signaling path-
ways to mitigate IDD progression.

detect FOXO3 mRNA association with YTHDF2 in NP cells treated
with H,0, and DC-Y13-27 (DC), using IgG and anti-YTHDF?2 anti-
bodies. (D) Assessment of the binding dynamics of the Med1-CBP-
FOXO3 complex on the TIMP1 promoter in NP cells after treatment
with H,0, and DC-Y13-27 (DC). ns represents no significant differ-
ence. ¥*P<0.05, **P<0.01, ***P<0.001

Discussion

ROS plays a crucial role in the pathogenesis of IDD by
inducing oxidative stress that damages cells and ECM, pro-
moting inflammation, apoptosis, matrix degradation, and
cellular senescence [10—12]. However, managing ROS in
the process of IDD presents challenges due to the complex-
ity of ROS sources and pathways, the dual effects of ROS
as both damaging agents and cellular signaling molecules,
difficulties in targeted therapeutic delivery to degenerating
discs, and the lack of early detection methods [10—12]. Effec-
tive management of ROS in IDD requires a detailed under-
standing of their biological effects, innovative approaches
to modulate oxidative stress, the development of targeted
therapies, and improved diagnostic tools for early inter-
vention [10—12]. In this study, we discovered that FOXO3
could form a transcriptional complex with CBP and Med1
in NP and AF cells to regulate the expression of TIMPI.
TIMPI1 protein, in turn, inhibited MMP1, MMP3, MMP7,
and MMP9, thereby maintaining ECM homeostasis in NP
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Fig.8 Administration of DC-Y13-27 delayed IDD progression in aged
and H,0,-injected mice. (A) Schematic representation of DC-Y13-
27 administration in aged mice. (B) ROS levels in lumbar IVDs from
young mice (8 weeks old), 52-week-old mice treated with PBS or
DC-Y13-27 (DC). (C) Representative H&E stained sections of L1/L.2
IVDs from young mice (8 weeks old) and 52-week-old mice treated
with PBS or DC-Y13-27. Scale bars =100 pm. (D) Quantitative scor-
ing of the NP in degenerative IVDs shown in (C). (E) Quantitative
scoring of the AF in degenerative IVDs illustrated in (C). (F) Repre-
sentative MRI images of lumbar IVDs (L1 to L3) from young mice (8
weeks old) and 52-week-old mice treated with PBS or DC-Y13-27.
(G) Measurement of disc height in L1/L2 IVDs. (H) Schematic rep-
resentation of DC-Y13-27 and H,0, injection procedure near lumbar
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discs in mice. (I) ROS levels in lumbar IVDs of mice treated with PBS,
H,0,, and H,0,+DC-Y13-27 (DC). (J) Representative H&E staining
images of lumbar IVDs (L1/L2) from mice administered with PBS,
H,0,, and H,0, 4+ DC-Y13-27 (DC). Scale bars =100 pm. (K) Quanti-
fied NP scores of [IVDs demonstrating degeneration in mice treated as
described in (J). (L) Quantified AF scores of IVDs showing degenera-
tive changes in mice treated as indicated in (J). (M) Representative
MRI scans of lumbar IVDs (from L1 to L3) in mice treated with PBS,
H,0,, and H,0,+DC-Y13-27 (DC). (N) Disc height measurements in
L1/L2 IVDs from mice treated with PBS, H,0,, and H,0, + DC-Y 13-
27 (DC). ns represents no significant difference. *P < 0.05, **P <0.01,
***P<0.001
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and AF tissues (Fig. 9A). In aged mice and H,0O,-injected
mice, the accumulation of ROS led to YTHDF2 induction.
Through both in vitro and in vivo experiments, we dem-
onstrated that YTHDF2 destabilized FOXO3 mRNA. This
destabilization prevented FOXO3 from forming a functional
complex with CBP and Med]1, thereby inhibiting 7/MP1
expression. The downregulation of TIMP1 failed to sup-
press MMP1, MMP3, MMP7, and MMP9, resulting in their
significant upregulation and consequent ECM degradation,
ultimately promoting the development of IDD (Fig. 9B).
Our findings reveal a ROS-mediated signaling pathway cen-
tered on the YTHDF2/FOXO3/TIMP1/MMPs axis, offering
new insights into how ROS induces IDD. This pathway also
provides promising therapeutic targets for future treatments
aimed at combating IDD.

Oxidative stress occurs when there is an imbalance
between the production of ROS and the body’s abil-
ity to counteract or detoxify their harmful effects through

neutralization by antioxidants [22, 23]. Elevated ROS level
is a significant factor contributing to IDD [10-12]. During
this biological process, RNA modifications—particularly
m°A RNA methylation, the most common RNA modifica-
tion in eukaryotic cells—serve as crucial post-transcriptional
regulators influencing gene expression and RNA metabo-
lism [13—15]. Importantly, m®A modifications can modu-
late cellular ROS levels, and oxidative stress, in turn, can
regulate m°A RNA methylation dynamics [24, 25]. Utiliz-
ing high-performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS), researchers have precisely
quantified m®A modifications in purified yeast mRNA sam-
ples, revealing fluctuations in m®A levels in response to oxi-
dative stress [26]. In human skin cells, such as HaCaT cells,
ROS accumulation has been shown to upregulate methyl-
transferases including METTL3, METTL14, and WTAP
[27]. Additionally, exposure to cadmium sulfate (CdSO4),
a potent ROS inducer, in pancreatic B-cells significantly
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Fig. 9 Schematic model of ROS-mediated pathway in the degenera-
tion of IVDs. (A) Regulatory mechanism of the Med1-CBP-FOXO3
complex in healthy I[VDs. FOXO3a recruits CBP and Med!1 to form
a transcriptional complex on the T/MP1 promoter, leading to T/IMP]
activation. Increased TIMP1 levels inhibit the activity of matrix metal-
loproteinases (MMP1, MMP3, MMP7, and MMP9), thereby protect-
ing the IVDs from degradation. (B) ROS accumulation-mediated path-

way in IDD progression. Elevated ROS levels upregulate YTHDF2
expression, which destabilizes FOXO3 mRNA. The reduced stability
of FOXO3 mRNA disrupts the formation of the functional FOXO3-
CBP-Medl complex, resulting in decreased T/MP! expression. A
lower TIMP1 level fails to regulate MMP activity, leading to the over-
expression of MMP1, MMP3, MMP7, and MMP9, thereby accelerat-
ing ECM degradation and promoting IDD
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reduced m°A modifications, along with decreased mRNA
levels of FTO and METTL3, in a dose-dependent manner
[28]. Despite these advances, the specific roles and regu-
latory mechanisms of m®A modifying enzymes—writ-
ers, erasers, and readers—within the biological processes
involved in IVD development and the pathogenesis of IDD
remain underexplored. The intricate regulatory mechanisms
involving ROS and m°®A in these processes demand further
investigation to better understand their implications in IDD.
This study contributes to a more comprehensive under-
standing of how oxidative stress influences IDD pathogene-
sis through m®A-mediated RNA modifications. It highlights
the complex interplay between oxidative stress and m°A
modifications, providing key insights that are essential for
developing targeted therapeutic strategies to slow or prevent
IDD progression.

MMPs are a family of enzymes critically involved in the
degradation of ECM and they play pivotal roles in the patho-
genesis of IDD [8, 9]. Research in recent years has highlighted
the complex expression patterns and regulatory mechanisms
of MMPs in IDD, emphasizing their role in degrading essen-
tial disc matrix components such as collagen and proteogly-
cans [8, 9]. In particular, MMPs like MMP1, MMP3, MMP9,
and MMP13 are significantly upregulated during the progres-
sion of IDD [8, 9]. This upregulation is often attributed to the
increased levels of inflammatory cytokines such as IL-1f and
TNF-o within the discs [29-32]. These cytokines stimulate
disc cells to produce MMPs, which leads to ECM degrada-
tion and structure failure [29-31]. The molecular mechanisms
underlying MMP activation in IDD involve several signaling
pathways, including the MAPK, NF-kB, and Wnt/B-catenin
pathways, which are activated by mechanical stress and cel-
lular senescence [32-35]. Recently, Tseng et al. demonstrated
that the accumulation of advanced glycation end products
(AGEs) promotes the assembly of phosphorylated PPRC1
(pPPRC1) with two histone acetyltransferases, p300/CBP, and
the transcription factor activator protein 1 (AP1) [36]. This
assembly enhances the expression of 12 MMP genes (MMP
1a/1b/3/7/9/10/12/13/16/19/23/28), contributing to the occur-
rence of IDD [36]. Counteracting the activity of MMPs, TIMPs
play crucial roles in maintaining ECM integrity by inhibit-
ing MMP activity [7, 37]. Disruption of this balance, such as
decreased TIMP expression, can exacerbate ECM degradation
in IDD [7, 37]. TIMPs, including TIMP1, TIMP2, TIMP3, and
TIMP4, exhibit varying expression patterns during IDD pro-
gression, with a decrease in TIMP levels leading to enhanced
ECM breakdown [7, 37]. However, the expression patterns
of MMPs and TIMPs and their regulatory mechanisms in the
process of ROS-induced IDD remain unknown. In this study,
we investigated DEPs in IVDs from aged and H,O,-injected
mice. We found significant downregulation of TIMP1 and
upregulation of MMP1, MMP3, MMP7, and MMP9, but not
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of other TIMPs and MMPs. We demonstrated that the Med1-
CBP-FOXO3 complex was responsible for the regulation of
TIMPI expression and indirectly regulated the expression of
MMP1, MMP3, MMP7, and MMP9. To our knowledge, our
study is the first to elucidate the mechanism by which ROS
stimulation regulates the expression of TIMP1 and MMPs,
offering new insights into the molecular basis of ROS-induced
disc degeneration.

Current pharmacological treatments in IDD primarily focus
on symptom relief rather than addressing the underlying causes
[38]. One interesting finding in this study is the potential of
targeting YTHDF2 for IDD therapy. Our study discovered
that the YTHDEF2 inhibitor DC-Y'13-27 significantly slowed
IDD progression, offering a promising new treatment option.
However, given YTHDF2’s extensive range of target genes, its
inhibition may lead to widespread gene expression alterations
and unintended side effects, such as disruptions in cell prolif-
eration, differentiation, and apoptosis across various tissues.
Therefore, while DC-Y'13-27 holds potential, its safety profile
must be thoroughly evaluated to ensure that its therapeutic ben-
efits outweigh any risks. In translating these findings into clini-
cal practice, several potential challenges must be considered.
First, the delivery of YTHDEF?2 inhibitors, such as DC-Y13-27,
to IVDs presents significant obstacles. The IVD is a largely
avascular structure, making targeted delivery of therapeutics
difficult and reducing their effectiveness. Developing novel
delivery methods, such as nanoparticles or localized injections,
will be critical for ensuring the therapeutic agent reaches the
degenerated disc in sufficient quantities. Second, the specific-
ity of targeting the YTHDF2/FOXO3/TIMPI/MMP axis in
humans raises concerns. Y THDF2 regulates a broad spectrum
of mRNAs, and systemic inhibition may lead to off-target
effects, affecting gene expression in other tissues, which could
result in unintended consequences, such as impairments in cell
proliferation or tissue regeneration. Therefore, optimizing the
specificity of these inhibitors and evaluating their long-term
safety profiles will be essential steps before moving toward
clinical application.

In summary, our findings reveal a ROS-mediated signaling
pathway in the pathogenesis of IDD involving the YTHDF2/
FOXO3/TIMP1/MMPs axis. Disrupting this signaling path-
way with the YTHDF2 inhibitor DC-Y13-27 has the poten-
tial to slow the progression of IDD, offering new insights and
potential therapeutic targets for IDD treatment.
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