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ABSTRACT

Increasing studies have reported that intervertebral disc degeneration (IVDD) is the main contributor and in-
dependent risk factor for low back pain (LBP), it would be, therefore, enlightening that investigating the exact
pathogenesis of IVDD and developing target-specific molecular drugs in the future. Ferroptosis is a new form of
programmed cell death characterized by glutathione (GSH) depletion, and inactivation of the regulatory core of
the antioxidant system (glutathione system) GPX4. The close relationship of oxidative stress and ferroptosis has
been studied in various of diseases, but the crosstalk between of oxidative stress and ferroptosis has not been
explored in IVDD. At the beginning of the current study, we proved that Sirt3 decreases and ferroptosis occurs
after IVDD. Next, we found that knockout of Sirt3 (Sirt3~/~) promoted IVDD and poor pain-related behavioral
scores via increasing oxidative stress-induced ferroptosis. The (immunoprecipitation coupled with mass spec-
trometry) IP/MS and co-IP demonstrated that USP11 was identified to stabilize Sirt3 via directly binding to Sirt3
and deubiquitinating Sirt3. Overexpression of USP11 significantly ameliorate oxidative stress-induced ferrop-
tosis, thus relieving IVDD by increasing Sirt3. Moreover, knockout of USP11 in vivo (USP117/7) resulted in
exacerbated IVDD and poor pain-related behavioral scores, which could be reversed by overexpression of Sirt3 in
intervertebral disc. In conclusion, the current study emphasized the importance of the interaction of USP11 and
Sirt3 in the pathological process of IVDD via regulating oxidative stress-induced ferroptosis, and USP11-mediated
oxidative stress-induced ferroptosis is identified as a promising target for treating IVDD.

1. Introduction

significant socio-economic burdens worldwide [6]. The normal inter-
vertebral disc is composed of three main parts: the highly-hydrated

Low back pain (LBP) refers to pain or discomfort existing between
the lumbar and sacral regions of back [1]. There is a considerable
amount of LBP in the general population, 84% of the general population
is likely to suffer from LBP during their lifespans [2], and according to
estimates, incidence of relapse for LBP could be higher to 80% [3].
Intervertebral disc degeneration (IVDD), a common musculoskeletal
degenerative disorder, is identified as the majorx cause of LBP [4],
which is responsible for more than 40% of all LBP cases [5], causing

gelatinous nucleus pulposus (NP) tissue in the core, annulus fibrosus
(AF) tissue circumferentially surrounding the NP tissue, and endplates
(EP) tissue covering NP tissue [7,8]. With multi-pathological factors,
including aging, unhealthy lifestyle, biomechanical overload and so on,
the NP tissue becomes more fibrous instead of gelatinous, accompanied
by decreased type II collagen and aggrecan, eventually leading to the
onset and progress of IVDD [9-12]. Although there are numerous
research projects focusing on the mechanisms of IVDD, its exact
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pathogenesis still remains to be elucidated [13-15].

Programmed cell death (PCD) refers to an intracellular death pro-
gram, which plays a vital role in maintaining biological homeostasis [16,
17], and abnormal PCD has been proved to be involved in the onset and
progress of various diseases [18-20]. Ferroptosis, different from auto-
phagy, necrosis or apoptosis in morphology and pathological process, is
a new form of PCD [21,22]. Ferroptosis essentially is oxidative injury
caused by intracellular iron- or ester oxygenase-induced catalyzation of
unsaturated fatty acids on cell membranes and lipid peroxidation,
characterized by glutathione (GSH) depletion, and inactivation of the
regulatory core of the antioxidant system (glutathione system) GPX4
[23,24]. Glutathione peroxidase 4 (GPX4) and ferritin heavy chain
(FTH) exert anti-ferroptosis effect via catalyzing the lipid hydroperox-
ides and transporting intracellular iron ions, respectively [25,26].
Moreover, long-chain acyl-CoA synthetase 4 (ASL4) and
prostaglandin-endoperoxide synthase 2 (PTGS2) have been proved to be
involved in the activation and progression of ferroptosis, and the ex-
pressions of ACSL4 and PTGS2 are related positively with ferroptosis
[27,28]. Oxidative stress is closely related to ferroptosis because of
similar pathological process, and the crosstalk between of oxidative
stress and ferroptosis has been studied in some diseases, including
ischemic stroke and Alzheimer’s disease [29,30]. However, the rele-
vance of the crosstalk between oxidative stress and ferroptosis in IVDD
has not been explored. Sirt3, a key regulator of mitochondrial reactive
oxygen species (ROS), is an NAD*-dependent mitochondrial deacetylase
that promotes efficient oxidative metabolism. Sirt3 has been proved to
inhibit ferroptosis in gallbladder cancer through promoting the expres-
sion of GPX4 [31,32]. However, the effect of Sirt3 on ferroptosis in IVDD
has not been studied. Previous studies have showed that Sirt3 could
ameliorate IVDD by suppressing senescence, inflammation and oxida-
tive stress [33-35], which implies that stabilizing and increasing the
expression of Sirt3 may be a potential therapeutic method for treating
IVDD.

Protein translational modifications (PTMs) are modifications after
translation intended to increase the functional diversity of the proteome
through the covalent addition of a functional group or protein, the
proteolytic modification of a regulatory subunit, or the degradation of
the entire protein which include phosphorylation, glycosylation, ubig-
uitination, methylation, membrane transport and so on [36]. Deubi-
quitinase (DUB) mainly hydrolyzes ester, peptide or isopeptide bonds at
the carboxy-terminal of ubiquitin to specifically hydrolyze ubiquitin
molecules from ubiquitin linked proteins or precursor proteins, thus
preventing the protein from being degraded. Whether there is a kind of
DUB can stabilize Sirt3 and prevent disc degeneration has not been
investigated. Ubiquitin specific protease 11 (USP11) plays a crucial role
in various biological processes, including regulating cell proliferation,
cancer growth and metastasis, cancer chemoresistance, and intracere-
bral hemorrhage [37-40]. However, the functional effect of USP11 on
Sirt3 in IVDD has not been studied. In the current study, we identified
USP11 as the DUB that directly deubiquitinates and stabilizes Sirt3.
Notably, USP11 depletion promotes oxidative stress-induced ferroptosis
by destabilizing Sirt3, leading to more severe IVDD and poor
pain-related behavioral scores.

2. Methods and materials
2.1. The acquisition of human NP tissue

The current study was approved by the ethics committee of Shanghai
Changzheng Hospital, Naval Medical University, and the written
informed consent signed by all patients was obtained. According to the
Pfirrmann grades on preoperative MRI, the NP tissues were categorized
as three groups: non or slight-degeneration group (Grade I or II), me-
dium degeneration group (Grade III), and severe degeneration group
(Grade IV or V). All experiments in the current study involving
human NP samples were conform to the Helsinki declaration
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(World Medical Association, 2014).
2.2. Primary human NP cells (HNP) cells and HEK 293 T cell line culture

The HNP cells were isolated in vitro from Pfirrmann Grade II pa-
tients. Briefly, the NP tissues obtained intraoperatively were transported
to ultra-clean laboratory with 0.9% sodium chloride solution. After
being washed 3 times with sterilized PBS (G0002, Servicebio, China),
the NP tissues were digested with 0.25% Trypsin-EDTA (G4001, Serv-
icebio, China) for half an hour, and with equal amount of collagenase
type II (0.2%, Invitrogen, USA) and complete DMED/F-12 medium
(contained 10% fetal bovine serum and 1% penicillin-streptomycin) for
another 1 h under a shaker (37 °C, 75 rpm). After being centrifuged with
1250 rpm for 5 min, HNP were resuspended with complete DMED/F-12
medium (contained 10% fetal bovine serum and 1% penicillin-
streptomycin). Subsequently, the HNP cells were counted and replan-
ted at T25 culture flask in an aseptic atmosphere of 5% CO5 at 37 °C. The
HEK 293 T cells were purchased from QuiCell Biotechnology Co., LTD
(Shanghai, China). Further experiments were available when the
confluence reached to 80%. To simulate the role of oxidative stress and
cell dysfunction during IVDD, cells were exposed to tert-butyl hydro-
peroxide (TBHP) at the concentration of 100 uM for 3 h, at which time
TBHP media were replaced with fresh media.

2.3. Quantitative reverse transcription polymerase chain reaction analysis
(qRT-PCR)

The qPCR was performed as demonstrated previously [41]. Briefly,
total RNAs were extracted using Rapture Universal RNA Plus Kit
(R4013-02, Magen, China) under the instructions of manufacturer. Total
purified RNAs were reverse-transcribed to cDNAs, which were subse-
quently quantified using ChamQ Universal SYBR qPCR Master Mix
(Q711-03, Vazyme, China) in StepOnePlus PCR System (Applied Bio-
systems, USA). The GAPDH level was used for normalization. The
expression of relative gene was quantified using the 272 method and
standardized as the fold of target genes to GAPDH.

2.4. Immunohistochemical (IHC) assay

Briefly, the human NP tissues embedded in paraffin were cut in 15
pm sections. Then, the sections were deparaffinized with environment-
friendly de-paraffin liquid (G1128, Servicebio, China) and dehydrated
using gradient alcohol. The membrane-breaking solution (G1204,
Servicebio, China) was used under the protocols. The sections were
subsequently incubated with 3% BSA for 25 min to block the endoge-
nous peroxidase, then with primary antibody against Sirt3 (#AF5135,
Affinity, China, 1:200), GPX4 (#DF6701, Affinity, China, 1:200), FTH
(#DF6278, Affinity, China, 1:50), ADAMTS5 (#DF13268, Affinity,
China, 1:150), and MMP3 (#AF0217, Affinity, China, 1:100), at 4 °C
overnight. On the second day, the sections were incubated with HRP-
conjugated Goat Anti-Rabbit IgG H&L (511,203, ZENBIO, China,
1:300) for 1 h, finally the counterstaining was performed with hema-
toxylin solution for 5 min. The images of stained sections were obtained
using the light microscopy (BX43, Olympus, Japan).

2.5. Western blotting (WB) analysis

The process of WB has been demonstrated in our previous study [41].
Briefly, the total proteins of different group were extracted using whole
cell lysis assay kit (KGP250/KGP2100, KeyGEN BioTech, China) under
the instructions of manufacturer. BCA Protein Assay Kit was used to
quantify the protein concentration and the protein solutions of the same
concentration were prepared with Omni-Easy™ Protein Sample Loading
Buffer (LT101S, Epizyme Biomedical Technology Co., Ltd, China). Equal
amounts of total protein (80 pg) per well were separated by 10%
SDS-PAGE electrophoresis. The electrophoresis was conducted at 250 V
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for 30 min, then the proteins were transferred to 0.45 pm pore size PDVF
membrane (IPVH00010, Millipore, USA). After being incubated with
protein-free quick block solution (G2052, Servicebio, China), the pro-
teins were incubated with primary antibodies against Sirt3(AF5135,
Affinity, China, 1:1500), USP11 (R22861, ZENBIO, China, 1:800),
ACSL4 (DF12141, Affinity, China, 1:1500), FTH (DF6278, Affinity,
China, 1:1500), GPX4 (DF6701, Affinity, China, 1:1500), PTGS2
(66351-1-Ig, ProteinTech, China, 1:5000), ACAN (DF7561, Affinity,
China, 1:1500), ADAMTS5 (DF13268, Affinity, China, 1:1500), Col2
(AF0135, Affinity, China, 1:1500), MMP3 (AF0217, Affinity, China,
1:1500), Flag (R24091, ZENBIO, China, 1:6000), Myc (343,250, ZEN-
BIO, China, 1:800), and HA (390,001, ZENBIO, China, 1:8000), at 4 °C
overnight. After washing with TBST for 3 times, the proteins were
incubated with HRP-conjugated Goat Anti-Rabbit IgG H&L (511,203,
ZENBIO, China, 1:3000) or Goat Anti-Mouse IgG (1:3000) for 2 h under
room temperature. After washed with TBST, the immunoreactive bands
were visualized and detected using Omni-ECL™ Femto Light Chem-
iluminescence Kit under the manufacture’s instruction (SQ201L, Epi-
zyme Biomedical Technology Co., Ltd, China), and then exposed to
X-ray film and developed in Automatic chemiluminescence/-
fluorescence image analysis system (5200, Tanon, China).

2.6. Immunofluorescence analysis

The HNP cells with different treatment were immunofluorescent
stained for Sirt3, ACAN, and MMP3 as previously described [15].
Briefly, the samples were fixed with 4% PFA for 25 min and were
penetrated for another 10 min with Triton X-100 (0.1% vol/vol),
blocked subsequently with 5% BSA at room temperature for 60 min.
Then the samples were incubated with relative primary antibodies at
4 °C overnight. The HNP cells were washed with cold PBS for three
times, followed by incubated with a 1:500 dilution of a secondary
antibody (550,076, Zen Bio, China) at room temperature for 60 min. The
nuclei visualization was performed using 2-(4-amidinophe-
nyl)-1H-indole-6-carboxamidine (DAPI). Finally, the HNP cells were
sealed with the anti-fluorescence quencher (G1401, Servicebio, China)
and observed under fluorescence microscope (DS-Ri2, Nikon, Japan).

2.7. Superoxide assay

Superoxide was detected using Superoxide Assay Kit (S0060, Beyo-
time, China) under the instructions of manufacturer. Briefly, the work-
ing solution for each detection was prepared according the proportion as
follows: 200 pl superoxide detection buffer +10 pl WST-1 solution +2 pl
Catalase. Added 200 pl of superoxide test solution to each well and
incubated at 37 °C for 3 min. A microplate reader was used to measure
the absorbance at the wave length of 450 nm.

2.8. Mitochondrial superoxide assay

MitoSOX™ red (M36008, Invitrogen, USA) was used as indicator to
measure mitochondrial superoxide production. The slides of cells were
dyed with 5 pM MitoSOX at incubator for 8 min away from light. Then
the cells were washed gently for 3 times with warm PBS. Finally, the
cells were sealed with the anti-fluorescence quencher (G1401, Service-
bio, China) and observed under fluorescence microscope (Olympus,
Japan).

2.9. Engyme-linked immunosorbent (ELISA) assay

NP tissues harvested from humans or mice were cut into fine frag-
ments and weighed, 100 mg tissue samples were harvested, added into 1
ml of the Radio Immunoprecipitation Assay lysis buffer (RIPA, PC102,
Epizyme Biomedical Technology Co., Ltd, China) that contained 10 pl of
protease inhibitor (GRF101, Epizyme Biomedical Technology Co., Ltd,
Chin). Then the tissues were placed into high-speed tissue grinder (KZ-II,
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Servicebio, China) for 5 min for sufficient grinding, then subjected to
centrifugation (2000 rpm for 20 min) to obtain the supernatant. ELISA
kits were used for the measurement of ferric ion (G01670, Westang,
China), malonaldehyde (MDA, F01963, Westang, China) arend GSH
(G02170, Westang, China) under the instructions of manufacturer.

2.10. Lipid peroxidation assay

The level of lipid peroxidation, an indicator of ferroptosis, was
measured using a sensor BODIPY™ 581/591 C11 (D3861; Invitrogen™)
according to the instructions of manufacturer. Briefly, HNP cells were
incubated with BODIPY™ 581/591 C11 (2 pM) for 1 h, then washed
twice with sterilized cold PBS. Subsequently, the imaging slides were
fixed with 4% paraformaldehyde and sealed with the anti-fluorescence
quencher (G1401, Servicebio, China). The change of lipid peroxida-
tion was standardized and showed by the ratio of green fluorescence to
red fluorescence.

2.11. Co- immunoprecipitation (Co-IP)

The Co-IP was performed using Classic Magnetic Protein A/G IP/Co-
IP Kit under the manufacturer’s instruction (YJ201, Epizyme Biomedical
Technology Co., Ltd, China). Briefly, the cells were firstly washed with
cold PBS, then incubated with appropriate amount of immunoprecipi-
tation lysis buffer (500 pl) containing protease inhibitor (GRF101, Epi-
zyme Biomedical Technology Co., Ltd, China) for 10 min on ice. The
centrifugation (12,000 rpm for 20 min) was performed to obtain the
supernatant, a small amount of which was collected for western blotting
analysis (input group). To obtain antigen-antibody-magnetic bead
complex, corresponding primary antibody (10 pl) and pretreated protein
A/G magnetic beads (YJ003, Epizyme Biomedical Technology Co., Ltd,
China) were added to the remaining supernatant (total protein content
was 1000 pg) and incubated on a turn over-mixer (15920D, Thermo
Fisher Scientific, USA) at room temperature for 2 h. The antigen-
antibody-magnetic bead complex was settled to the bottom of the tube
under the action of the magnetic frame (XY008, Epizyme Biomedical
Technology Co., Ltd, China), and was washed subsequently with lysis
buffer for 4 times. The antibody-antibody-magnetic bead complex was
mixed with 60 pLl x SDS-PAGE loading buffer (LT101, Epizyme
Biomedical Technology Co., Ltd, China) and heated at 100 °C for 10 min.
After the magnetic beads were adsorbed on the bottom of the centrifuge
tube, the supernatant was collected for further SDS-PAGE detection.

2.12. Immunoprecipitation coupled with mass spectrometry assay (IP
coupled with MS/MS)

The antigen-antibody-magnetic bead complex was obtained as
described above. Then the mass spectrometry (Thermo Fisher Scientific,
USA) was conducted to evaluated the isolated immunoprecipitates.
Briefly, about 320 pl of SDT (4%SDS, 100 mM Tris-HCl, pH7.6) buffer
was used for sample lysis and protein extraction. The samples were
incubated with trypsin (the wt/wt ratio of trypsin: protein was 1:50) at
37 °C overnight to obtain peptides samples. The peptides were then
desalted on C18 Cartridges (Empore™ SPE Cartridges C18 (standard
density), bed I.D. 7 mm, volume 3 ml, Sigma), concentrated by vacuum
centrifugation and reconstituted in 40 pl of 0.1% (v/v) formic acid. The
peptide content was estimated by UV light spectral density at 280 nm
using an extinctions coefficient of 1.1 of 0.1% (g/1) solution. Then 1 pg
of peptide sample was prepared for further LC-MS/MS analysis. LC-MS/
MS analysis was performed on a Q Exactive mass spectrometer (Thermo
Fisher Scientific, USA) that was coupled to Easy nLC (Thermo Fisher
Scientific, USA) for 120 min. Automatic gain control (AGC) target was
set to 3e6, and maximum inject time to 10 ms. Dynamic exclusion
duration was 40.0 s. Survey scans were acquired at a resolution of
70,000 at m/z 200, and isolation width was 2 m/z. Normalized collision
energy was 30 eV and the underfill ratio was defined as 0.1%. The
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instrument was run with peptide recognition mode enabled. The MS raw
data for each sample were combined and searched using the MaxQuant
1.5.3.17 software for identification and quantitation analysis. Cluster
3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm)
were used to performing hierarchical clustering analysis.

2.13. Construction of gene knockout mice

The gene knockout mice were constructed using CRISPR/Cas9.
Sirt3~/~ mice were maintained and bred as described previously [42].
Briefly, Sirt3 is located on chromosome 7 of mice. CRISPR/Cas9 tech-
nology was used to obtain Sirt3 gene knockout mice (C57BL/6 N) by
applying high-throughput electro-transfer to fertilized eggs. USP11~/~
mice were generated from Cyagen Biosciences Inc. In brief, the USP11
gene (NCBI Reference Sequence: NM_145628.4) was located on chro-
mosome X of mouse, from which 21 exons were identified, with the start
codon (ATG) in exon 1 and the stop codon (TAA) in exon 21. Exon 2~
exon 9 was selected as target site. Cas9 coupled with gRNA
(gRNA-A1-TTTAGTTGTGCAGGATGGCGGGG,
gRNA-A2-GGCTACCCATTAAAGCTACATGG) were co-injected in fertil-
ized eggs for generating USP11-KO mice. The pups were genotyped by
PCR, followed by sequencing analysis.

2.14. Construction of a mouse model of IVDD

The mouse model of IVDD was established through constructing
lumbar spine instability (LSI). The current study was approved by the
Ethics Committee of Naval Medical University. All procedures involving
animal experiments were in accordance with the guidelines of The An-
imal Research: Reporting of in vivo Experiments (ARRIVE). Briefly, 8-10
weeks old male mice were placed in prone position and anesthetized
with isoflurane inhalation. The 1.5 cm-long longitudinal incision was
made in 2 mm from the posterior midline. The superior and inferior
articular processes, supraspinous ligament and interspinous ligament of
the L4-L5 lumbar vertebrae were removed to construct LSI, which
would induce IVDD. After the operation, the mice were placed in a warm
environment.

2.15. Behavioral testing

Four kinds of pain-related behavioral test were performed. Vocali-
zation thresholds that indicate pressure hyperalgesia were conducted
using a force gauge (Bioseb, USA), the mice restrained by sensor tip were
pressed at skin over L4/5 with increasing force at 50 g/s until the mice
made a vocalization. Three indexes of spontaneous activity of mice
(including distance walked, total active time, and maximum speed) were
evaluated by using wheel activity device (Bioseb, USA) that could be
spun by mice in both directions, were recorded in the current study.

2.16. Hematoxylin and Eosin (H&E), and safranin O & Fast Green
(S&F) staining

Briefly, the mice NP tissues embedded in paraffin were cut in 15 pm
sections. Subsequently, the sections were deparaffinized with
environment-friendly de-paraffin liquid (G1128, Servicebio, China) and
dehydrated using gradient alcohol. The sections were stained with He-
matoxylin and Eosin, or with Safranin O and Fast Green under the in-
structions of protocol. The images of stained sections were obtained
using the light microscopy (Olympus, Japan).

2.17. Small interfering RNA (siRNA) transfection

USP11-siRNA and Sirt3-siRNA were purchased from GenePharma
Biotechnology Co., LTD (Shanghai, China). The sequences were listed as
follows: siRNA-USP11-1 (sense sequence: 5'-GAUGGUUAAUGUUAU-
GUUAUG-3, antisense sequence: 5'-UAACAUAACAUUAACCAUCUU-
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3'), siRNA-USP11-2 (sense sequence: 5- GGAUAUAUGU-
GUUUAUAAAGC-3/, antisense sequence: 5- UUUAUAAACA-
CAUAUAUCCUG-3), siRNA-Sirt3 (sense sequence: 5-

GGAUGUAGCUGAGCUGAUUCG-3/, antisense sequence: 5- AAU-
CAGCUCAGCUACAUCCUG-3"). Then the siRNAs were transfected into
human NP cells by using Lipo8000™ reagent (C0533, Beyotime, China)
while si-Ctrl was used as a negative control.

2.18. Transmission electron microscopy for NP cells

When the cell confluence reached 80%, the complete medium was
discarded and the cells were washed with cold PBS for four times. The
cells were then digested with 0.25% trypsin (G4001, Servicebio, China)
for 5 min, followed by centrifugation with 1200 rpm for 10 min. The cell
pellet was fixed with 2.5% glutaraldehyde (G1102, Servicebio, China),
then dehydrated with gradient ethanol for 20 min and two times of
acetone for 15 min. Epoxy resin penetration and embedding as followed:
acetone: epoxy resin = 1:1 for 2-4 h at 37 °C; acetone: epoxy resin = 1:2
overnight at 37 °C. Pour the pure epoxy resin into the embedding models
and insert the tissues into the pure epoxy resin, and then keep in 37 °C
oven overnight to establish embedding model. Polymerization was then
performed as followed: The embedding models with epoxy resin and
samples were moved into 65 °C oven to polymerize for more than 48 h.
And then the epoxy resin blocks were taken out from the embedding
models for standby application at room temperature. Subsequently, ul-
trathin section (75 nm thin) was performed on the ultra microtome,
followed by staining with 2% uranium acetate saturated alcohol solution
for 8 min away from light and 2.6% lead citrate solution for 8 min with
carbon dioxide avoidance. The sections were observed under an electron
microscope (HT7800, HITACHI, Japan).

2.19. Plasmids transfection

Human Flag-USP11, Flag-USP11-C318S, HA-ubiquitin (Ub) and HA-
Ub mutants were purchased from Addgene (MA, USA). The protein in-
formation of USP11 (UniProt ID: P51784) and Sirt3 (UniProt ID:
Q9NTG7) was acquired from UniProt website (https://www.uniprot.
org/). Then the coding sequence (CDS) of USP11 (GenBank ID:
BC140849.1) and Sirt3 (GenBank ID: AF083108.2) was obtained from
National Center for Biotechnology Information (https://www.ncbi.nlm.
nih.gov/). The full-length sequence or different domain sequences of
USP11 and Sirt3 were synthesized and subcloned into Flag-, or Myc-
tagged pEX-3 (pGCMV/MCS/Neo) vectors by GenePharma Biotech-
nology Co., LTD (Shanghai, China). Human NP cells or Human embry-
onic kidney T cells (HEK 293 T cells, purchased from QuickCell, China)
were transfected with above plasmid using Lipo8000™ reagent (C0533,
Beyotime, China). Briefly, the day before transfection, the cells were
seeded in 6-well plates (about 5 x 10* cells per well). The culture me-
dium was changed when the cells reached 80% confluence. Added the
mixture with the amount of 130 pl (125 pl of Opti-MEM + 2.5 pg of DNA
+ 4 pl of Lipo8000™ reagent) into each well, and incubated for 24 h.

2.20. Adeno-associated virus (AAV) infection

To increase the in vivo expression of USP11, pNeu5Aca-2-3GaINAcf-
4GlcNAc -USP11 (AAV-USP11) was used (WZ Bio Inc, China), and
pNeubAca-2-3GaINAcf-4GlcNAc-Ctrl (AAV-Ctrl) was selected as control
vector (WZ Bio Inc, China). The viral vectors (5 x 100 viral genome, 0.5
pl) were injected slowly into intervertebral disc using micro-injection
syringe immediately after the construction of LSI model.

2.21. Magnetic resonance imaging for mice
MRI experiments for in vivo mice imaging of spine were performed

on a 7.0 T MRI system designed for small animals (Bruker BioSpec 16
US/Pharmascan, Germany). Among the sequences included in this
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Fig. 1. (A) Magnetic resonance imaging of patients with different levels of IVDD according to Pfirrmann grades. (B) The results of IHC for human NP tissue sections
demonstrated that the expression of Sirt3 was decreased with the progression of degeneration. (C, D) The expression change of Sirt3 in IVDD was further confirmed
by western blotting assay, which was accordance with the result of IHC. (E). The IF for mouse intervertebral disc tissue sections proved the down-regulated Sirt3 after
IVDD. (F) The expression of Sirt3 was lower in HNP cells treated with TBHP. (G, H) The administration of TBHP for HNP cells made the Sirt3 expression dropped
significantly compared with control group. (I) IHC results demonstrated the lower expression of GPX4 and FTH after IVDD. (J-M) The results of qPCR proved that the
expression of ACSL4 and PTGS2 was enhanced while GPX4 and FTH was decreased after IVDD. (N, O) The result of WB further confirmed the above results. (P) ELISA
proved that the ferric ion increased with the progression of IVDD. * for p < 0:05, ** for p < 0:01, ***for p < 0:001, **** for p < 0:0001.

protocol are a T1-weighted sequence, a proton density-weighted
sequence, a FLAIR sequence, and a T2-weighted gradient echo
sequence with echo time/repetition time 27/3000 ms. Analysis and
assessment for T2-weighted images in the sagittal and axial planes were
undertaken using RadiAnt DICOM Viewer (V4.6.9, Medxant, Poznan,
Poland). The measurement of intervertebral disc with hypointense
signal was manually traced by a blinded investigator.

2.22. Statistical analysis

All experiments in the current study were performed independently
for at least three times. Statistical analysis was performed using the
Statistical Package for the Social Sciences (SPSS) version 26.0 (IBM
Armonls, NY, USA). Continuous variables were recorded as mean values
+ standard deviation (SD), and categorical variables were expressed by
proportions (%). The unpaired 2-tailed Student t-test or Mann-Whitney
U test were performed to compare the mean values or data distribution
of continuous variables. And categorical variables were compared with
the %2 (chi-square) test or Fisher exact test, as appropriate. A P value of
<0.05 was considered statistically significant.

3. Results
3.1. The expression of Sirt3 decreases and ferroptosis occurs after IVDD

To investigate the change of Sirt3 expression, NP tissues were har-
vested from patients with different levels of IVDD that based on the
Pfirrmann grades (Fig. 1A). The result of IHC for human NP tissues
demonstrated that Sirt3 expression was decreased with the progression
of IVDD (Fig. 1B). The change of Sirt3 in IVDD was further proved by
WB, as shown in Fig. 1C and D, the WB and standardized results were in
accordance with above IHC results. Furthermore, the change of Sirt3
expression was tested on IVDD mouse model. The IF for mouse inter-
vertebral disc tissue sections proved the down-regulated Sirt3 after
IVDD (Fig. 1E), which was quantified in Fig. STA. The mRNA expression
of Sirt3 decreased significantly after exposure to TBHP in HNP cells
(Fig. S1C). Fig. 1F also showed that the administration of TBHP for HNP
cells made the Sirt3 expression dropped significantly compared with
control group, the quantification of which was showed in Fig. S1B.
Moreover, the WB showed the similar trends (Fig. 1G and H). Next,
whether ferroptosis was involved in the process of IVDD was investi-
gated. IHC results demonstrated the lower expression of GPX4 and FTH
after IVDD (Fig. 1I). The results of qPCR proved that the expression of
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Fig. 2. (A) HE staining showed the morphology of mice discs, more severe rupture between the annulus fibrosus and nucleus pulposus was observed in Sirt3~/~
group. (B) SF staining proved that KO of Sirt3 was associated with more severe IVDD with internuclear fibrosis. (C) Histological grades were calculated based on HE
staining and SF staining results. (D) IHC results revealed that higher expression of ADAMTS5 and MMP3 in Sirt3—/— group after 6 months from the construction of
IVDD model was confirmed. (E) The co-immunofluorescence of ACAN and MMP3 for HNP cells indicated that KO of Sirt3 promoted higher expression of ACAN and
lower expression of MMP3. (F) Enhanced expression of ADAMTS5 and MMP3 and down-regulated expression of ACAN and Col2 was observed in WB results. (G)
Reduced signal intensity was observed in Sirt3™/~ group, which proved that KO of Sirt3 leaded to more severe IVDD. (H-K) The qPCR results accorded with the
results above. (L-O) Pain-related behavioral scores, including pressure tolerance, distance walked, total active time and maximum speed, were significantly
compromised in Sirt3—/— group with increasing IVDD duration. * for p < 0:05, ** for p < 0:01, ***for p < 0:001, **** for p < 0:0001, ns for no significance.

ACSL4 and PTGS2 was enhanced while GPX4 and FTH was decreased
after IVDD (Fig. 1J-M). The WB further confirmed the above results
(Fig. 1N, O). Total ferric ion was increased with statistical significance
after IVDD, proved by ELISA (Fig. 1P).

3.2. KO of Sirt3 promotes IVDD and poor pain-related behavioral scores

We further explored the effect of KO of Sirt3 on LSI-induced IVDD via
the examination of changes in morphology. The results of HE and SF,
along with the degenerative scores, proved that KO of Sirt3 promotes
IVDD compared with WT group (Fig. 2A-C). Extracellular matrix (ECM)
degeneration, one of the characteristics of IVDD, was subsequently
tested. As shown in Fig. 2D, higher expression of ADAMTS5 and MMP3
in Sirt3~/~ group after 6 months from the construction of IVDD model
was confirmed. The co-immunofluorescence of ACAN and MMP3 for
HNP cells indicated that KO of Sirt3 promoted higher expression of
ACAN and lower expression of MMP3 (Fig. 2E), the quantification graph
of which was showed in Fig. S1D. The results of WB demonstrated that

KO of Sirt3 was associated with enhanced expression of ADAMTS5 and
MMP3 and down-regulated expression of ACAN and Col2 (Fig. 2F).
Moreover, the MRI imaging of mouse lumbar spine showed that KO of
Sirt3 resulted in more severe of IVDD (Fig. 2G). The qPCR results
accorded with the results above (Fig. 2H-K). Pain-related behavioral
scores, including pressure tolerance, distance walked, total active time
and maximum speed, were significantly compromised in Sirt3™~ group
with increasing IVDD duration (Fig. 2L-0). Collectively, the results
above revealed that KO of Sirt3 promotes IVDD and poor pain-related
behavioral scores.

3.3. KO of Sirt3 increases the oxidative stress-induced ferroptosis

Previous studies have proved that TBHP was a potent activator of
oxidative stress injury [43]. The effect of KO of Sirt3 on oxidative stress
was investigated in vitro based on different treatment of NP cells
(Fig. 3B). As expected, the anti-oxidative stress genes, including HO-1,
NQO1, SOD2 and SLC7Al11, were down-regulated after the
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Fig. 3. (A) Detailed information of the experimental group in the part of the experiment involving oxidative stress. (B, C) KO of Sirt3 could significantly decrease the
expression of anti-oxidative stress genes (HO-1, NQO1, SOD2 and SCC7A11). (D) The superoxide was increased with increasing time of TBHP treatment, and higher
superoxide was observed in Sirt3-KO group at each time point. (E-H) The above result was further confirmed by qPCR. (I) Mitochondrial superoxide was up-regulated
after the treatment of TBHP, which was exacerbated by KO of Sirt3. (J) Detailed information of the experimental group in investigating the effect of KO of Sirt3 on
oxidative stress-induced ferroptosis. (K, L) The WB result revealed that the expression of anti-ferroptosis genes (GPX4 and FTH) were decreased while pro-ferroptosis
genes (PTGS2 and ACSL4) was increased in NP cells after treated with TBHP, the deletion of Sirt3 exacerbated ferroptosis induced by oxidative stress, which could be
reversed by specific oxidative stress inhibitor NAC. (M) As shown in the result of ELISA, the content of MDA and ferric ion was increased significantly in Sirt3™~/~,
while GSH was dropped. (N, O) Non-peroxidative state shows red fluorescence, while peroxidative state shows green fluorescence in BODIPY assay. The result
suggested that the level of lipid peroxidation was the most up-regulated in Sirt3 KO group after exposed to TBHP. (P) Mitochondrial morphology changed the most in
Sirt3 KO accompanied with administration of TBHP, which was reversed partly by NAC. (Q-T) The result of gPCR was in accordance with the above results. * for p <
0:05, ** for p < 0:01, ***for p < 0:001, **** for p < 0:0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

administration of TBHP with concentration of 100 pM, which would be
exacerbated by KO of Sirt3 (Fig. 3B). The results of quantified WB were
presented in Fig. 3C. The superoxide was increased with increasing time
of TBHP treatment, and higher superoxide was observed in Sirt3-KO
group at each time point (Fig. 3D). The results above were further
proved by qPCR analysis (Fig. 3E-H). Mitochondrial superoxide pro-
duction was further investigated using MitoSOX. As shown in Fig. 3I,
superoxide was up-regulated after the treatment of TBHP, which was
exacerbated by Sirt3 KO, and fluorescence intensity was subsequently
quantified (Fig. S1E). The effect of KO of Sirt3 on oxidative
stress-induced ferroptosis was tested subsequently (Fig. 3J). The WB
result revealed that the expression of GPX4 and FTH was decreased
while PTGS2 and ACSL4 was increased after treated with TBHP, the
deletion of Sirt3 exacerbated ferroptosis induced by oxidative stress,
which could be reversed by specific oxidative stress inhibitor N-Ace-
tyl-L-cysteine ethyl ester with concentration of 10 mM (Fig. 3K L). The

ELISA result proved that the ferroptosis was improved in
NAC-pretreated group compared with TBHP group, which revealed that
the ferroptosis was induced by oxidative stress (Fig. 3M). The result of
BODIPY assay suggested that the level of lipid peroxidation was the most
up-regulated in Sirt3 KO group after exposed to TBHP (Fig. 3N, O). The
TEM results proved that mitochondrial morphology changed the most in
Sirt3 KO accompanied with administration of TBHP, which was reversed
partly by NAC (Fig. 3P). The qPCR results showed the same trend
(Fig. 3Q- T). Conclusively, KO of Sirt3 increased the oxidative
stress-induced ferroptosis in vitro.

3.4. USP11 interacts with Sirt3

To investigate the mechanism through which the Sirt3 was regulated
in the process of oxidative stress-induced ferroptosis, the IP/MS was
used to study which proteins bind Sirt3. The result of IP/MS
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Fig. 4. (A) The result of IP/MS demonstrated that USP11 was identified to be a putative protein binding to Sirt3. To further confirm the result of IP/MS, Co-IP
analysis was conducted subsequently. (B) USP11 precipitated Sirt3 in NP cells, confirming the interaction of USP11 and Sirt3. (C) Reverse Co-IP revealed that
USP11 was precipitated by Sirt3 in HP cells. The Co-IP analysis using epitope-tagged proteins was further performed. (D, E) the Co-IP test with exogenous Flag-tagged
USP11, or Myc-tagged Sirt3 in HEK 293 T cells could precipitate endogenous Sirt3 or USP11, respectively. (F, G) Exogenous Flag-tagged USP11 and Myc-tagged Sirt3
could co-precipitate each other efficiently in HEK 293 T cells. (H) The data above proved the interactions of USP11 and Sirt3, which could be enhanced after IVDD. (I)
The schematic diagram showed that USP11 and Sirt3 contains several domains. (J, K) Full length or truncated segments of Flag-USP11 and Myc-Sirt3 containing
different domains were transfected in HEK 293 T cells to investigate the binding region. (L) The Co-IP revealed that the fragment containing DUSP domain of USP11
was able to bind Sirt3. (M) Reverse Co-IP proved that USP11 interacted with M2 domain of Sirt3.

demonstrated that USP11 was identified to be a putative protein binding
to Sirt3 (Fig. 4A). The interaction of USP11 and Sirt3 was further
confirmed using Co-IP analysis. As presented, USP11, instead of control
IgG, precipitated Sirt3 in HNP cells (Fig. 4B). Moreover, reverse Co-IP
revealed that USP11 was precipitated significantly by Sirt3 in HNP
cells (Fig. 4C). The Co-IP test with exogenous Flag-tagged USP11, or
Myc-tagged Sirt3 in HEK 293 T cells was performed to precipitate
endogenous Sirt3 or USP11, respectively (Fig. 4D and E). Further, the
HEK 283 T cells were transfected with Flag-tagged USP11 and Myc-
tagged Sirt3 for co-immunoprecipitation, and as expected, two exoge-
nous tagged proteins were co-precipitated efficiently in HEK 293 T cells
(Fig. 4F and G). The data above proved the interactions of USP11 and
Sirt3, which could be enhanced after IVDD (Fig. 4H). To investigate the
binding region, full length or truncated segments of Flag-USP11 and
Myc-Sirt3 containing different domains were used (Fig. 4I-K). We
proved that fragment containing DUSP domain of USP11 was able to
bind Sirt3 (Fig. 4L). Reverse Co-IP demonstrated that USP11 interacted
with M2 domain of Sirt3 (Fig. 4M). Collectively, the results above
proved that USP11 interacts with Sirt3, and the interaction depended on
the M2 domain of USP11 and M2 domain of Sirt3.

3.5. USP11 inhibits Sirt3 ubiquitination and degradation

The expression of Sirt3 declined spontaneously with time, which
could be reversed by proteasome specific inhibitor MG132 (Fig. 5A).
Next, the effect of knockdown of USP11 using siRNA on the expression
of Sirt3 in HNP cells was studied. The expression of Sirt3 dropped
significantly at protein level in siRNA-USP11 group compared with
siRNA-Ctrl group (Fig, 5 B). On the contrary, overexpression of USP11
stabilized the expression of Sirt3 (Fig. 5C). The results above were
confirmed again in HEK 293 T cells (Fig. 5D). Next, wild-type USP11 or
USP1%3188 mutant (C318S) were transfected into cells. Previous studies

have proved that C318S mutant could catalytically inactive USP11
[44-46]. In accordance with previous studies, we found that over-
expression of normal USP11 could upregulate the Sirt3 expression, while
overexpression of USP11 with C318S mutant did not (Fig. 5E and F).
Subsequently, we sought to determine that USP11 may deubiquitinate
Sirt3, thus stabilize the expression of Sirt3. The ubiquitination of Sirt3
was increased effectively by knockdown of USP11, while Sirt3 decreased
at protein level (Fig. 5G). To confirm the deubiquitinate effect of USP11
on Sirt3, HEK 293 T cells were transfected with plasmid of Flag-USP11,
Myec-Sirt3 and HA-Ub. The results demonstrated that the deubiquitinate
effect of USP11 on Sirt3 was proved (Fig. 5H). However, the
de-ubiquitination of Sirt3 was abolished in IVD in USP11~/~ mice
compared with wild mice (Fig. 5I), but higher de-ubiquitination of Sirt3
and higher expression of Sirt3 was observed after IVDD in mice injected
with AAV-USP11 (Fig. 5J). Next, to investigated the effect of USP11 on
polyubiquitin modification of Sirt3, we mutated lysine residues at
different sites of Ub to arginine (K27R, K48R or K63R) according to
previous studies [47-49]. Then the HEK 293 T cells were transfected
with Flag-USP11, Myc-Sirt3, and HA-Ub (wild type) or HA-Ub with
mutations, from which we found that USP11 could cleave the
Lys48-polyubiquitin chain instead of Lys-27 or Lys63-polyubiquitin
chain (Fig. 5K). Subsequently, the K27only (a K27-only ubiquitin
expression plasmid, where all lysines in ubiquitin except K27 were
mutated to arginine), K48only (a K48-only ubiquitin expression
plasmid, where all lysines in ubiquitin except K48 were mutated to
arginine) and K63only (a K63-only ubiquitin expression plasmid, where
all lysines in ubiquitin except K63 were mutated to arginine) form of
HA-tagged ubiquitin were transfected into HEK 293 T cells [50-52], and
we found that all forms except for K48R form of HA-tagged Ub could not
be cleaved by Flag-USP11 (Fig. 5L), which revealing that Lys48-linked
poly-ubiquitination was necessary for de-ubiquitination of Sirt3 regu-
lated by USP11. Taken together, the data above confirmed that USP11
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Fig. 5. (A) The expression of Sirt3 declined spontaneously with time in the presence of protein synthesis inhibitor cycloheximide (CHX, 10 pg/ml), which could be
reversed by proteasome specific inhibitor MG132. Next, siRNA-USP11 or siRNA-Ctrl was transfected into HNP cells and the expression of Sirt3 was analyzed using
immunoblotting. (B) The expression of Sirt3 dropped significantly after knockdown of USP11. (C) On the contrary, overexpression of USP11 stabilized the expression
of Sirt3. (D) The results above were confirmed again in HEK 293 T cells. (E, F) Overexpression of normal USP11 could upregulate the Sirt3 expression, while
overexpression of USP11 with C318S mutant did not. (G) The de-ubiquitination of Sirt3 was abolished effectively by knockdown of USP11. (H) HEK 293 T cells were
co-transfected with plasmid of Flag-USP11, Myc-Sirt3 and HA-Ub. The results demonstrated that the deubiquitinate effect of USP11 on Sirt3 was proved. (I) The de-
ubiquitination of Sirt3 was abolished in IVD in USP11~/~ mice compared with wild mice. (J) Higher de-ubiquitination of Sirt3 and higher expression of Sirt3 was
observed after IVDD in mice injected with AAV-USP11. (K) USP11 could cleave the Lys48-polyubiquitin chain instead of Lys63-polyubiquitin chain. (L). Lys48-linked
poly-ubiquitination was necessary for de-ubiquitination of Sirt3 regulated by USP11.

inhibits Sirt3 degradation through deubiquitinating Sirt3.

3.6. USP11 ameliorates ferroptosis, thus relieving IVDD by increasing
Sirt3

To confirm the regulatory effect of USP11 on ferroptosis in the
process of IVDD via enhancing the expression of Sirt3, plasmid-USP11
(or plasmid-Ctrl) and siRNA-Sirt3 (or siRNA-Ctrl) were transfected
into mice NP cells (Fig. 6A). WB results indicated that ferroptosis events
were exacerbated by knockdown of Sirt3, including increased expres-
sion of ACSL4 and PTGS2, and decreased expression of GPX4 and FTH
(Fig. 6B and C), while overexpression of USP11 could ameliorate fer-
roptosis events. As demonstrated in ELISA, contents of MDA and ferric
ion in supernatant were surged significantly, but GSH dropped with
statistical significance in siRNA-Sirt3 group, which could be reversed by
co-transfected with plasmid-USP11 (Fig. 6D). The results of qPCR for
ferroptosis-related genes showed the same trend (Fig. 6E-H). Interest-
ingly, after plasmid-USP11 treatment, the morphology of mitochondria
maintained well, whereas pretreatment with siRNA-Sirt3resulted in a
significant decrease in mitochondrial cristae (Fig. 6I). In addition, as
shown in the result of BODIPY assay, the treatment with siRNA-Sirt3
resulted in enhanced expression of lipid peroxidation, which was

reversed partly by plasmid-USP11 (Fig. 6J), the quantification of BOD-
IPY assay was showed in Fig. S1F. Moreover, it was proved that siRNA-
Sirt3 resulted in enhanced expressions of ADAMTS5 and MMP3 and
down-regulated expressions of ACAN and Col2, while plasmid-USP11
could mitigate IVDD (Fig. 6K L). The results above were further
confirmed using qPCR (Fig. 6M- P). Collectively, this part data
confirmed that USP11 could ameliorate ferroptosis and mitigate IVDD
by increasing Sirt3.

3.7. Sirt3 improves in vivo IVDD and poor pain-related behavioral scores
induced by KO of USP11

The results above confirmed that USP11 could stabilize Sirt3,
thereby inhibit ferroptosis and improve pain-related behavioral scores
in vitro, the in vivo experiments were then performed using KO of USP11
mice. The AAV-Sirt3 or corresponding controls were injected into IVD in
USP11~/~ mice or WT mice to generate mice with IVD-specific Sirt3
overexpression (Fig. 7A). The histological studies, including HE and SF
staining, demonstrated that the boundary between AF and NP was dis-
rupted severely, and NP cells decreased severely without vacuoles in
USP11~/~ group, which indicated that KO of USP11 resulted in more
severe IVDD compared with WT group. However, the IVDD induced by
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Fig. 6. (A) Detailed information of the experimental group in the part of the experiment. (B, C) Ferroptosis events were exacerbated by knockdown of Sirt3, including
increased expression of ACSL4 and PTGS2, and decreased expression of GPX4 and FTH, which could be ameliorated by overexpression of USP11. (D) ELISA revealed
that contents of MDA and ferric ion in supernatant were surged significantly, but GSH dropped with statistical significance in siRNA-Sirt3 group, which could be
reversed by co-transfected with plasmid-USP11. (E-H) The results of qPCR for ferroptosis-related genes showed the same trend. (I) After plasmid-USP11 treatment,
the morphology of mitochondria maintained well, whereas pretreatment with siRNA-Sirt3resulted in a significant decrease in mitochondrial cristae. (J) The feature of
BODIPY assay is that the higher the green fluorescence intensity, the higher the lipid peroxidation level. Thus, as presented, the level of lipid peroxidation was much
higher after the treatment of siRNA-Sirt3, which was reversed partly by plasmid-USP11. (K, L) WB proved that siRNA-Sirt3 resulted in enhanced expressions of
ADAMTS5 and MMP3 and down-regulated expressions of ACAN and Col2, while plasmid-USP11 could mitigate IVDD. (M — P) The results above were further
confirmed using gPCR. * for p < 0:05, ** for p < 0:01, ***for p < 0:001, **** for p < 0:0001. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

KO of USP11 could be reversed by the overexpression of Sirt3 (Fig. 7B
and C). IHC results revealed that ADAMTS5 and MMP3 were increased
significantly after KO of USP11, while AAV-Sirt3 could improve IVDD
both in WT and USP11™~ mice (Fig. 7D). In addition, as shown in IF, KO
of USP11 resulted in increased expression of MMP3 (green fluorescence)
and decreased expression of ACAN (red fluorescence), which was
reversed partly by AAV-Sirt3 (Fig. 7E), the quantification of fluorescence
intensity further confirmed the result above (Fig. S1G). WB further
confirmed the protective effect of AAV-Sirt3 on IVDD induced by KO of
USP11 (Fig. 7F and G). The qPCR results showed the same trends
(Fig. 7H-K). In addition, KO of USP11 resulting in poor pain-related
behavioral scores was proved, which, however, could be improved by
AAV-Sirt3 (Fig. 7L-0). In summary, these data indicated that Sirt3 in-
hibits IVDD induced by deletion of USP11, thus improving pain-related
behavioral scores in vivo.

4. Discussion

In the current study, we proved that Sirt3 decrease and ferroptosis
occurs after IVDD. KO of Sirt3 promoted IVDD and poor pain-related
behavioral scores via promoting oxidative stress-induced ferroptosis.
Therefore, we assumed that stabilizing and increasing the expression of

10

Sirt3 may be a potential therapeutic method for treating IVDD. Next, we
proved that USP11 could deubiquinate Sirt3 thus stabilize Sirt3. In
addition, the loss-and-gain of function method was used to confirm that
USP11 inhibits oxidative stress-induced ferroptosis via deubiquinating
and stabilizing Sirt3, and ultimately mitigates IVDD and pain-related
behavioral scores, which was reported for the first time. Therefore, we
believe that USP11 may be an available therapeutic target for treating
IVDD.

Increasing studies have reported that IVDD is the main contributor
and independent risk factor for LBP, it would be, therefore, enlightening
that investigating the exact pathogenesis of IVDD and developing target-
specific molecular drugs in the future. Although there are amounts of
research projects focusing on the pathogenesis of IVDD, its exact
mechanism still remains to be elucidated [6,53]. Researches have
proved that IVDD is a musculoskeletal degenerative disorder involving
multifactorial pathogenesis, such as trauma, biomechanical change,
oxidative stress, inflammatory factors, and genetic susceptibility [15,54,
55]. Previous studies have reported that oxidative stress acts as an
activator of autophagy, cell senescence, apoptosis, aberrant ECM
metabolism, all of which could induce mitochondrial dysfunction that is
responsible for the excessive production of mitochondrial ROS [56-59].
Sirt3, a key regulator of mitochondrial ROS, is an NAD'-dependent
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Fig. 7. (A) Detailed information of the experimental group in the part of the experiment. (B, C) KO of USP11 resulted in more severe IVDD, indicated by disrupted
boundary between NP and AF tissue and decreased NP cells. (D) IHC results revealed that ADAMTS5 and MMP3 were increased significantly after KO of USP11, while
AAV-Sirt3 could improve IVDD both in WT and USP11~/~ mice. (E) KO of USP11 resulted in increased expression of MMP3 (green fluorescence) and decreased
expression of ACAN (red fluorescence), which was reversed partly by AAV-Sirt3. (F, G) WB further confirmed the protective effect of AAV-Sirt3 on IVDD induced by
KO of USP11. (H-K) The results above were further confirmed by qPCR. (L-O) KO of USP11 resulting in poor pain-related behavioral scores was proved, which,
however, could be improved by AAV-Sirt3. * for p < 0:05, ** for p < 0:01, ***for p < 0:001, **** for p < 0:0001. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

mitochondrial deacetylase that promotes efficient oxidative meta-
bolism. The involvement of Sirt3 in regulating the pathogenesis of
various diseases has been reported detailly, including myocardial injury
[60], osteoporosis [61], acute kidney injury [62], lymphomagenesis
[63], and etc., only, however, a few researches regarding the effect of
Sirt3 in IVDD have conducted. Actually, researches focusing on the
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effect of Sirt3 on IVDD have only emerged in recent years. In accordance
with previous study [64], the current study further confirmed that Sirt3
decreased after IVDD and deletion of Sirt3 would exacerbate oxidative
stress injury as expected.

PCD, such as apoptosis and autophagy as mentioned above, refers to
programmed and spontaneous cell death under the gene-controlled
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instructions [65]. Ferroptosis, being a newly form of PCD, has been
focused by recent studies trying to elucidate the pathogenesis of IVDD.
Lu et al. confirmed for the first time the involvement of ferroptosis in the
process of IVDD, but only ferroportin (FPN) had been investigated in the
ferroptotic event [66]. Zhang et al. further proved the involvement of
ferroptosis in IVDD using single-cell RNA-seq analysis [67]. It has been
reported that Sirt3 could inhibit ferroptosis in gallbladder cancer
through promoting the expression of GPX4 [31,32]. Moreover, Sirt3
deficiency has been proved to be resistant to ferroptosis via deactivating
SOD2/GPX4 pathway [68]. Confirmed by the current study, ferroptosis
was increased with the progression of IVDD, and Sirt3 deletion exacer-
bated ferroptosis while ferroptosis was inhibited by overexpression of
Sirt3, indicating the functional effect of Sirt3 on maintaining redox
homeostasis. The crosstalk between oxidative stress and ferroptosis have
been reported in serials of diseases, including ischemic stroke [30], tu-
mors [69], acute liver failure [70]. However, the relevance of the
crosstalk between oxidative stress and ferroptosis in IVDD has not been
explored. In the current study, NAC, a chemical agent with thiol group
that is found to be the specific oxidative stress inhibitor, was used to
confirm ferroptosis was induced by oxidative stress. TBHP (an activator
for oxidative stress) was proved to be responsible for ferroptosis, and
compared with the treatment of TBHP, pre-treated with NAC could
significantly inhibit the ferroptosis. The Sirt3 deletion was further
proved to promoting oxidative stress-induced ferroptosis, while over-
expression of Sirt3 inhibited ferroptosis induced by oxidative stress
significantly, which implies that stabilizing and increasing the expres-
sion of Sirt3 may be a potential therapeutic method for treating IVDD.
Actually, Honokiol, a small molecular weight natural compound that is
able to activate Sirt3, has been reported to confer protective effect on
IVDD [42,71]. However, there is still a long distance to achieve clinical
administration.

There are two main ways of protein degradation in the cell: lyso-
somal pathway and ubiquitin-proteasome pathway [72]. Ubiquitina-
tion, one form of PTMs, refers to the process that ubiquitin (a kind of low
molecular weight protein) molecules classify the proteins in the cell
under the action of a series of special enzymes, select the target protein
molecules from them, and make specific modifications to the target
protein [73]. Most ubiquitin-labeled proteins are further transported to
the proteasome for degradation [74]. DUB plays an important role in the
ubiquitination pathway. In the ubiquitin-protease system, DUB cleaves
the connections between the ubiquitin chains and the substrate proteins
and the ubiquitin chains, so that the ubiquitin molecules can be sepa-
rated from the protein substrates [75]. In the current study, we identi-
fied USP11 for the first time as the DUB that directly deubiquitinates and
stabilizes Sirt3. USP11 have been reported to play a vital role in regu-
lating neurodegenerative disorders [76], liver diseases [77], DNA
damage repair [78,79], and malignant tumors [69,80]. Recently, Rong
et al. have reported that USP11 plays an indispensable role in regulating
iron metabolism via deubiquitinating Beclinl that is involved in the
autophagy-dependent ferroptosis [81]. In the current study, IP/MS was
performed to investigate mechanism through which Sirt3 was regulated
in the process of oxidative stress-induced ferroptosis, and we found that
Sirt3 protein interacts with USP11 in HNP cells. Further investigations
proved the direct interaction of USP11 and Sirt3 as described above.
Gain and loss of function was used to prove USP11 could ameliorate
ferroptosis and mitigate IVDD by increasing Sirt3 in vitro. Previous
studies have showed that Sirt3 relives neuropathic pain [82,83], thus the
in vivo experiments were further performed in the current study.
Notably, we confirmed that USP11 depletion promotes oxidative
stress-induced ferroptosis by degrading Sirt3, leading to more severe
IVDD and poor pain-related behavioral scores. What accords with pre-
vious studies is that overexpression of Sirt3 could ameliorate IVDD
induced by USP11 deletion [84], which indicates that the stability of
Sirt3 is essential for regulatory effect of USP11 on oxidative
stress-induced ferroptosis in IVDD.

In conclusion, ferroptosis is associated closely with the process of
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Fig. 8. USP11 regulates oxidative stress-induced ferroptosis after IVDD by
deubiquitinating Sirt3. Ferroptosis is associated closely with the process of
IVDD. The direct interaction of USP11 and Sirt3 is a crucial molecular event
that inhibit oxidative stress-induced ferroptosis, thus improves IVDD and relives
pain reaction.

IVDD. The direct interaction of USP11 and Sirt3 is a crucial molecular
event that inhibit oxidative stress-induced ferroptosis, thus improves
IVDD and relives pain reaction. It may provide new methods of diagnosis
and treatment for promoting NP cells survival and relieving pain after
IVDD to understand the molecular mechanism of the oxidative stress-
induced ferroptosis and signaling pathways of the interaction of
USP11 and Sirt3 (Fig. 8). The current study has emphasized the
importance of USP11-mediated de-ubiquitination of Sirt3 in HNP cells.
Targeting USP11 may be a potential effective method for treating IVDD.
Further studies regarding the USP11-sepecific agonists are warranted.
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