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ARTICLE INFO ABSTRACT

Keywords: Background: Intervertebral disc degeneration (IDD) is the most common chronic disease. Oxidative stress and
Oxidative stress apoptosis of nucleus pulposus (NP) cells disrupt intervertebral disc (IVD) homeostasis, which is the main cause of
Apoptosis

IDD. Glioma-associated oncogene 1 (Glil) is an important transcription factor in the Hedgehog (Hh) pathway.
Depletion of Glil accelerates the occurrence and development of degenerative diseases. This study aimed to
explore the role of aging related Glil depletion in the progression of IDD.

Methods: The relationship between aging related Glil depletion and IDD was studied in the NP tissues of human
and rats of different ages, and the levels of oxidative stress and NP cell apoptosis during IDD were explored. Glil
depletion of NP cells were established by targeting inhibitor GANT61 or lentivirus-coated Glil sh-RNA (sh-Glil)
to explore the role of Glil in NP cells and underlying mechanism. Exogenous Glil depletion induced IDD of rats
was established by intraperitoneal injection of GANT61. Also, the roles of Fos in the Glil depletion induced NP
cell oxidative stress, apoptosis and IDD were investigated.

Results: Glil was down-regulated in the tissues of degenerative NP, and the level of Gli1 was negatively correlated
with the severity of aging related IDD in human and rats. Furthermore, we found enhanced oxidative stress and
apoptosis in degenerative NP tissues. Glil depletion promoted oxidative stress and apoptosis of NP cells and
resulted in the degradation of extracellular matrix (ECM) and decreased ECM synthesis. Transcriptome
sequencing showed that Glil depletion caused Fos activation in NP cells. the effect of Glil depletion on the
oxidative stress and apoptosis of NP cells were retarded by Fos inhibitor. In vivo, Fos inhibition alleviated the IDD
induced by exogenous Glil depletion.

Conclusions: This study revealed for the first time that Glil is gradually depleted in NP with IDD progression.
Exogenous Glil depletion causes oxidative stress and apoptosis of NP cells both in vivo and in vitro. Fos sup-
pression effectively retards the destructive effects of Glil depletion on IVD homoeostasis.

The translational potential of this article: This study may provide new potential targets for preventing and
reversing IDD. Maintaining Glil expression in NP and suppressing Fos activation may be an effective treatment
strategy for IDD.

Intervertebral disc degeneration
Glil
Fos

1. Introduction affects approximately 700 million people worldwide, which causes a
serious reduction in quality of life and leads to significant medical costs
Low back pain (LBP) is a leading cause of disability and labor loss and [1]. More importantly, approximately 30% of patients of LBP converts to
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H&E, hematoxylin and eosin; ROS, reactive oxygen species; MDA, malondialdehyde; GPX, glutathione peroxidase; SOD, superoxide dismutase; MRI, magnetic
resonance imaging; DEGs, differentially expressed genes; GO, gene ontogeny; KEGG, kyoto encyclopedia of genes and genomes; GSEA, gene set enrichment analysis.
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chronic LBP (CLBP), and they cannot participate in normal work due to
CLBP, resulting in a very large loss of social productivity [2,3]. The eti-
ology of CLBP is complex and includes biological, psychological and
social factors. Among these factors, intervertebral disc degeneration
(IDD) is the main cause of CLBP [4,5]. Understanding the pathological
process of IDD contributes to the identification of targets for the pre-
vention and treatment of IDD [6,7].

Nucleus pulposus (NP) is a core component of intervertebral disc
(IVD), which is rich in extracellular matrix (ECM) components such as
collagen II and aggrecan (ACAN) [8]. NP plays an important role in the
maintenance of IVD homeostasis due to its gelatinous structure and
properties of elasticity and axial stress resistance [9]. The decrease in the
number of functional NP cells leads to the disturbance of IVD homeo-
stasis, and consequently promotes IDD [10]. Oxidative stress is mainly
caused by an imbalance of the intracellular redox system. It affects the
function and survive of NP cells by inducing DNA damage and activating
oxidative stress-related signaling pathways [11,12]. On the one hand,
oxidative stress inhibits ECM synthesis of NP cells and promotes the
secretion of ECM degrading enzymes and a variety of inflammatory
factors. On the other hand, oxidative stress leads to the apoptosis of NP
cells [13,14]. As a result, the structural and functional homeostasis of
IVDs is disturbed, which causes IDD. Therefore, elucidating the mecha-
nism of oxidative stress and apoptosis of NP cells will provide a new
perspective for the repair of degenerative IVDs.

The Sonic Hedgehog (Shh) pathway is involved in IVD development,
growth, maturation and degeneration [15,16]. Glioma-associated onco-
gene 1 (Glil) is the crucial transcription factor of Shh pathway and
mediates the regulatory effects of the Shh pathway on embryonic
development, tumorigenesis and degenerative diseases [17,18]. Recent
studies have shown that Glil plays a key role in the occurrence and
development of oxidative stress related diseases, such as endometrial
hyperplasia, renal ischemia reperfusion injury and neurodegenerative
diseases [19-21]. Glil is also involved in cell proliferation, apoptosis and
differentiation [22]. During aging related IDD, Shh pathway is gradually
suppressed, and Glil is significantly depleted. Dahia et al. suggested that
Glil depletion was closely related to IDD occurrence [15]. However, the
effect of Glil depletion on IDD and the underlying mechanism still need
to be further investigated.

Herein, we aimed to investigating the effects of Glil depletion on the
oxidative stress and apoptosis in NP cells as well as IVD homeostasis.
Moreover, the molecular mechanism underlying these effects was also
elucidated. This study provided a new insight into the critical role of Glil
in the maintenance of IVD homeostasis.

2. Materials and methods
2.1. Reagents and antibodies

The following reagents were used: GANT-61 (HY-13901, MCE, USA),
T5224 (HY-12270, MCE, USA).

The following antibodies were used: rabbit anti-caspase-3 Antibody
(9662 S, Cell Signaling Technology, USA), rabbit anti-aggrecan (13880-
1-AP, Proteintech, USA), rabbit anti-MMP13 (18165-1-AP, Proteintech,
USA), rabbit anti-GPX4 (ab125066, Abcam, USA), rabbit anti-4-
Hydroxynonenal (4HNE) (ab46545, Abcam, USA), rabbit anti-Lamin
B1 (12987-1-AP, Proteintech, USA), rabbit anti-Collagen II (ab188570,
Abcam, USA), mouse anti-Glil (sc-515,781, Santa Cruz, USA), mouse
anti-Bax (sc-7480, Santa Cruz, USA), mouse anti-Fos (ab208942, Abcam,
USA), mouse anti-SOD2 (sc-137,254, Santa Cruz, USA), mouse anti-
KRT19 (sc-376,126, Santa Cruz, USA), mouse anti-CD24 (551,133, BD
Pharmingen, USA), mouse anti-CD45 (550,566, BD Pharmingen, USA),
mouse anti-CD90 (554,894, BD Pharmingen, USA), mouse anti-CD105
(sc-18838, Santa Cruz, USA) and mouse anti-GAPDH (60004-1-Ig, Pro-
teintech, USA). The use and dilution concentration of antibodies in
different experiments were shown in Table 1.
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Table 1
Primary antibodies for experiment.
Primary Antibody Catalog Dilution Source
Number Ratio

mouse anti- 60004-1-Ig WB Proteintech Group, USA
GAPDH (1:50,000)

rabbit anti-Lamin 12987-1-AP WB (1:1000) Proteintech Group, USA
B1

rabbit anti- 13880-1-AP WB (1:1000) Proteintech Group, USA
aggrecan IF (1:200)

rabbit anti- ab188570 WB (1:1000) Abcam, USA
Collagen I

rabbit anti- 18165-1-AP WB (1:1000) Proteintech Group, USA
MMP13

mouse anti-Glil sc-515,781 WB (1:500) Santa Cruz, USA

IF (1:100)

rabbit anti-GPX4 ab125066 WB (1:1000) Abcam, USA

mouse anti-SOD2 sc-137,254 WB (1:500) Santa Cruz, USA

rabbit anti-4HNE ab46545 WB (1:1000) Abcam, USA

rabbit anti- 9662 S WB (1:1000) Cell Signaling Technology,
caspase 3 USA

mouse anti-Bax sc-7480 WB (1:1000) Santa Cruz, USA

mouse anti-Fos ab208942 WB (1:1000) Abcam, USA

mouse anti-KRT19 sc-376,126 IF (1:100) Santa Cruz, USA

mouse anti-CD24 551,133 FCM (1:100) BD Pharmingen, USA

mouse anti-CD45 550,566 FCM (1:100) BD Pharmingen, USA

mouse anti-CD90 554,894 FCM (1:100) BD Pharmingen, USA

mouse anti-CD105 sc-18838 FCM (1:100) Santa Cruz, USA

2.2. Human NP specimens

All human experimental protocols, including case retrospective
analysis and NP specimen collection, were approved by the Ethics
Committee of Second Affiliated Hospital, Army Medical University
(2022-YD212-01). Human NP specimens were obtained from 30 spec-
imen donors who underwent percutaneous endoscopic lumbar dis-
cectomy or microdiscectomy due to lumbar disc herniation or lumbar
spinal stenosis and the characteristics of patients were showed in Table 2
(inclusion criteria: NP tissue removed by primary surgery for degenera-
tive lumbar disc disease; exclusion criteria: NP tissue from patients with
trauma, active infection, spinal tumors and spinal deformity). Signed
informed consent forms were obtained from the patients. The NP speci-
mens were processed according to their intended use.

2.3. In vivo studies

Male Sprague-Dawley (SD) rats (2-month-old (2M), 200 + 20 g; 10-
month-old (10M), 450 + 45 g; 20-month-old (20M), 750 + 75 g) were
obtained from Animal Center of Xingiao Hospital (Chongqing, China).
The rats were fed under specific pathogen-free conditions. The in vivo
experiments were conducted following the guidelines of the Interna-
tional Guiding Principles for Animal Research and approved by the Ethics
Committee of Animal Care and Ethics Committee of Army Medical Uni-
versity (Army Medical University, AMUWEC2020088).

12 male SD rats (2-month-old) were randomly divided into the DMSO
group (n = 6) and the GANT61 group (n = 6). In DMSO group, 0.5 ml
dimethyl Sulfoxide (DMSO (1%, diluted in saline; D8371, Solarbio,
China)) were injected once every three days for 60 days. Rats in GANT61
group were intraperitoneally injected with 0.5 ml GANT61 (20 mg/kg,
dissolved in 1% DMSO diluted in saline) once every three days for 60
days. Then, the DMSO group was randomly divided into the DMSO +
DMSO group (n = 3) and DMSO + T5224 group (n = 3). And the GANT61
group was randomly divided into the GANT61 + DMSO group (n = 3)
and GANT61 + T5224 group (n = 3). In DMSO + T5224 group and
GANT61 + T5224 group, 0.5 ml T5224 (60 mg/kg, dissolved in 1%
DMSO diluted in saline) dissolved once every three days for 60 days. In
DMSO + DMSO group and GANT61 + DMSO group, 0.5 ml DMSO (1%)
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Table 2
Patient demographics.
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Num. Gender Age Surgical segment Pfirrmann grading Diagnosis VAS score (preoperative)
1 male 15 L4/5 2 intervertebral disc herniation 0
2 male 19 L4/5 3 intervertebral disc herniation 2
3 male 20 L4/5 2 intervertebral disc herniation 4
4 male 20 L5/S1 2 intervertebral disc herniation 0
5 male 22 L4/5 2 intervertebral disc herniation, spinal stenosis 0
6 female 25 L5/81 3 intervertebral disc herniation 3
7 male 25 L5/S1 2 intervertebral disc herniation 4
8 male 28 L5/81 2 intervertebral disc herniation 0
9 male 31 L4/5 2 intervertebral disc herniation 2
10 male 33 L4/5 3 intervertebral disc herniation 4
11 male 36 L5/81 3 intervertebral disc herniation 0
12 female 37 L4/5 4 intervertebral disc herniation 0
13 male 38 L4/5 3 intervertebral disc herniation 3
14 male 42 L4/5 4 intervertebral disc herniation 2
15 male 53 L5/S1 3 spinal stenosis 2
16 female 57 L4/5 4 spondylolisthesis, spinal stenosis 3
17 male 59 L5/S1 4 intervertebral disc herniation, spinal stenosis 8
18 male 61 L5/81 4 spinal stenosis 0
19 male 65 L5/81 4 intervertebral disc herniation, spinal stenosis 0
20 female 65 L5/S1 5 intervertebral disc herniation, spinal stenosis 3
21 female 66 L4/5 4 spinal stenosis 7
22 female 66 L5/81 5 spinal stenosis 6
23 female 67 L5/81 5 spondylolisthesis, spinal stenosis 6
24 male 68 L5/S1 4 intervertebral disc herniation, spinal stenosis 6
25 female 69 L5/81 5 intervertebral disc herniation, spinal stenosis 7
26 male 76 L4/5 5 spondylolisthesis, spinal stenosis 8
27 male 78 14/5 5 spinal stenosis 3
28 female 79 L4/5 5 intervertebral disc herniation, spinal stenosis 2
29 female 81 L5/S1 5 intervertebral disc herniation, spinal stenosis, spondylolisthesis 5
30 female 83 L4/5 5 intervertebral disc herniation, spinal stenosis 6

were injected once every three days for 60 days. At the end of each
experiment (120 days), rats were euthanized for subsequent detection.
The specific animal experimental scheme design is shown in (Supple-
mentary Fig. 1).

2.4. Rat NP cell culture

All animal experimental procedures were approved by the Animal
Care and Ethics Committee of Army Medical University. The rats were
anesthetized with pentobarbital sodium (0.2%, 0.3 ml/100 g) and
euthanized by cervical dislocation. And then, coccygeal IVDs were
exposed to obtain NP tissues. Specifically, the tails of rats were routinely
disinfected, the skin and subcutaneous tissues were incised along the
posterior midline. The muscles, tendons and ligaments were bluntly
separated with hemostatic forceps to expose IVDs. NP tissues were ob-
tained through annulus fibrosus incision. 2 ml of type 2 collagenase
(0.2%) was added, and the tissues were shaken gently, digested at 37 °C
for 1-2 h, and then filtered through a 70-um filter. Rat NP cells were
collected and planted in cells culture flasks in DMEM/F-12 (01-172-
1ACS, BI, USA) containing 20% fetal bovine serum (S711-001 S, Lonsera,
Uruguay), 100 units/mL penicillin and 100 ug/mL streptomycin (C0222,
Beyotime, China) at 5% COy and 37 °C. The NP cells were identified
according to the previous studies (Supplementary Fig. 2) [23-25]. The
second passage of NP cells were used for further experiments.

2.5. Treatment of NP cells

The Primary NP cells under 70-80% confluence was incubated in
DMEM/F-12 containing the GANT61 (20uM, dissolved in DMSO) for 48 h
at 5% CO5 and 37 °C. Further, to determine the role of Fos inhibitor
T5224 in Glil depletion NP cells. NP cells pretreated with GANT61 or
Glil sh-RNA (sh-Glil) were treated with T5224 (50uM, dissolved in
DMSO) for 24 h, and cells were harvested for required experiments.
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2.6. NP cells lentivirus transfection

To down-regulate Glil expression, lentivirus-coated sh-Glil were
transfected into NP cells according to the previous protocol [26].
Lentivirus-coated empty vector was transfected into NP cells as negative
control. The lentivirus vector was GV493, and the associated cis-acting
element was hU6-MCS-CBh-gcGFP-IRES-puromycin. The sequences of
sh-Glil: Glil-RNAi (98,828-1), TTGGATGAAGGACCTTGCGTT (The
lentivirus and its vector were provided by Genechem, China). The
transfected cells were cultured in DMEM/F-12 containing 2.5 ug/mL
puromycin (ST551; Beyotime, China) for selection to obtain individual
cell colony, and the expression of GFP protein in nucleus pulposus cells
was observed by fluorescence microscopy (Olympus, Japan) to confirm
the transfection efficiency. Further, western blot and RT-qPCR were used
to verify whether sh-Glil was silenced successfully.

2.7. Western blot

Radioimmunoprecipitation assay lysis buffer (P0013, Beyotime) was
added to collected tissues or cells to extract protein. The protein con-
centration was measured using a BCA protein assay kit (P0012, Beyo-
time, China). The protein samples were separated using SDS-PAGE and
transferred to a 0.45-um PVDF membrane (Merck, Germany). Mem-
branes were blocked by QuickBlock Western blocking solution (P0252,
Beyotime, China) for 1 h and incubated with different kinds of primary
antibodies (Table 1) at 4 °C overnight with rotation (the housekeeping
proteins used in this study were GAPDH (whole protein/cytoplasmic
protein) and Lamin B1 (nuclear protein)). TBST was used to wash off the
unbound antibodies, and the membranes were incubated with the sec-
ondary antibodies of the corresponding species. secondary antibody was
added, and the membrane was incubated for 1.5 h and washed again.
Then, the membrane was covered with ECL working solution (1705062,
Bio-Rad, USA) and incubated for 1-2 min. The membrane was placed in
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the imaging system for imaging, and Image Lab software was used for
analysis of the gray value.

2.8. Reverse transcription-quantitative PCR (RT-gPCR)

Total RNA was isolated from sh-Glil and sh-NC NP cells using 1 ml
Trizol (9109, Takara Bio, Japan). RNA quality and quantity were deter-
mined using a NanoDrop ND-1000 spectrophotometer (Thermo Scienti-
fic, USA). One microgram RNA was reverse transcribed using a Prime
Script RT Reagent kit (RR047A, Takara Bio, Japan) according to the
manufacturer's protocols. Real-time quantitative PCR was performed in
triplicate on a ViiA™ 7 Real-Time PCR system (Thermo Scientific, USA)
with SYBR®Premix Ex Taq™ II (RR820A, Takara Bio, Japan). The 20 ul
reaction mixtures (10 ul SYBR, 4 ul H50, 1 ul forward primer, 1 ul reverse
primer and 4 ul cDNA) was amplified under the following conditions: 95
°C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. PCR
products were subjected to melting curve analysis. Relative mRNA
expression was calculated using the 2-AACt method. Lamin B1 was the
internal reference gene. We measured the relative expression of Fos and
Glil in NP cells. The primer sequences of the target genes are presented in
Table 3.

2.9. Histological staining of rat IVD specimens

Rat coccygeal IVDs were decalcified for 14 days after fixation in 4%
paraformaldehyde (PFA) solution. The samples were embedded in
paraffin and sectioned into 5-mm-thick slices for histological staining or
immunofluorescence (IF) as described below. To evaluate disc degener-
ation, the paraffinized slices were deparaffinized, hydrated, and sub-
jected to hematoxylin and eosin (H&E) staining, safranin O staining to
assess cellular and tissue morphology [27].

2.10. Immunofluorescence staining

Paraffin-embedded sections were placed in freshly prepared solution
containing 3% hydrogen peroxide for 30 min, and then antigen repair
was performed. The sections were deparaffinized with xylene and rehy-
drated with graded ethanol solutions, followed by antigen retrieval with
sodium citrate-EDTA antigen retrieval solution (P0086, Beyotime,
China). The sections were permeabilized, blocked, and incubated with
primary antibodies (Table 1) overnight at 4 °C. Then, the sections were
incubated with fluorescently labelled secondary antibodies (DyLight 488,
594) for 2 h in the dark at room temperature. The nuclei were counter-
stained with DAPI (C1002, Beyotime, China), and sections and cells were
visualized using a fluorescence microscope (Lsm880, Zeiss, Germany).

2.11. Reactive oxygen species (ROS) measurement

ROS levels in NP cells were analyzed using the Cellular ROS Assay
(deep red) (ab186029, Abcam, USA) and Reactive Oxygen Species Assay
Kit (S0033, Beyotime, China). 200 ul of NP cells suspension (1-1.5 x
10%) was incubated with 2 ul of Cellular ROS reaction mixture in 6-well
microplate at 37 °C for 30 min in the dark. The observations were

Table 3
Primer sequence used in the RT-qPCR experiment.

S:NO. Gene name Primer sequence

1 Glil F-5'-AGCTGTGGGCATCCTGA-3’'
R-5'-GGGGAGGGTACAAGGCA-3'

2 Fos F-5'-CGAGGGGTTCCCGTAGA-3’
R-5-ACTCCATGCGGTTGCTTT-3’

3 Lamin B1 F-5'-CCTTCTTCCCGAGTGACC-3'

R-5'-TCGCCTCTGATTCTTCCAC-3’
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measured at 648 nm (ab186029) or 488 nm (S0033) using fluorescence
microscope or flow cytometry.

2.12. Mitochondrial membrane potential measurement

Mitochondrial membrane potential in NP cells were analyzed using
the mitochondrial membrane potential assay kit with JC-1 (C2006,
Beyotime, China). When the mitochondrial membrane potential is high,
JC-1 aggregates in the matrix of the mitochondria, forming the aggre-
gates (JC-1 aggregates), which produces red fluorescence. When the
mitochondrial membrane potential is low, JC-1 cannot gather in the
matrix of mitochondria, and then JC-1 is a monomer (JC-1 monomer),
which produced green fluorescence. 200 ul of NP cells suspension (1-1.5
% 105) was incubated with 2 ul of mitochondrial membrane potential
assay kit with JC-1 in 6-well microplate at 37 °C for 30 min in the dark.
The observations were measured at 585/590 nm and 514/529 nm using
fluorescence microscope.

2.13. Malondialdehyde (MDA), glutathione peroxidase (GPX) and
superoxide dismutase (SOD) activity analysis

Total lipid peroxidation production , GPX and SOD activity were
assessed by using MDA assay kit (S0131, Beyotime, China), glutathione
peroxidase assay kit (S0058, Beyotime, China) and superoxide dismutase
assay kit (S0101, Beyotime, China) respectively. NP cells or NP tissues
were collected and lysed. The protein concentration of each sample was
determined with a BCA kit. Then, 100 ul PBS was added to a centrifuge
tube as a blank control, 100 ul standard of each concentration was used to
generate a standard curve, and 100 ul sample solution was added for
analysis. Each sample was analyzed in triplicate. Then, 100 ul corre-
sponding detection solution and 100 ul supernatant were added to a 96-
well plate, and the absorbance was determined with an ELISA plate
reader. The contents and activity of MDA, GPX and SOD were calculated.

2.14. Apoptosis analysis

NP tissue: The IVDs sections were successively washed in xylene i
15min - xylene ii 15min absolute ethanol i 5min - absolute ethanol ii
5min-85% alcohol 5min-75% alcohol 5min-distilled water. After the
sections were dry, an immunohistochemistry pen was used to draw a
circle around the tissue, and 100ul of 1 x proteinase K working solution
was added to the circle to cover the tissue, and the tissue was incubated at
37 °C for 20min. The glass slides were placed in PBS and washed on a
decolorization shaker. Equilibration Buffer with 100ul TDT was added to
each sample for 30min at 37 °C. Sections were placed in a humid box and
incubated at 37 °C for 1 h with 50ul labelled working solution in the
dark. Following washing, DAPI dye solution was incubated for 10 min.
The sections were placed in PBS by shaking on a decolorization shaker.
The slices were slightly dried and sealed with anti-fluorescence quenched
tablet, and observed under a fluorescence microscope.

NP cells: The cell apoptosis was detected by One Step TUNEL
Apoptosis Assay Kit (Beyotime, C1090, China) following the manufac-
turer's instructions. After incubated with the TUNEL regent in the dark
for 30 min at 37 °C, cells were stained with DAPI. Apoptotic cells showed
red fluorescence. Images of multiple cells from 3 independent experi-
ments were obtained with a fluorescence microscope. In addition, we
followed the previous method to detect apoptosis of NP cells by flow
cytometry using Annexin V-PE/7AAD Kit (Solarbio, CA1030, China)
[28].

2.15. Transmission electron microscopy (TEM)

The ultrastructure of NP cells was examined with TEM after sh-Glil
lentivirus transfection group and then compared with the sh-NC
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lentivirus transfection group. All cells were collected into a pellet and
fixed with Electron microscopy fixation fluid (G1102, Service bio,
China). The samples were then post-fixed for 2 h with 1% osmium te-
troxide, followed by dehydration with graded ethanol. After infiltration
and embedding with epon 812 (90,529-77-4, SPI, USA), the pellets were
sliced into ultrathin sections (Leica UC7, Leica, Germany) and examined
by transmission electron microscope (HT7700, Hitachi).

2.16. Magnetic resonance imaging (MRI)

Rats were anesthetized by inhalation of 4% sevoflurane (Obtained
from Daping Hospital noninvasive Surgery Center, Chongging, China). A
magnetic resonance imager (Bruker Pharmascan 7.0 T, Germany) was
used to scan the coccyx of the rats, and the parameters were set as fol-
lows: TR time: 3000 ms, TE time: 35 ms, incentive time: 7, scan time: 5
min 20 s, fat reduction technology: SPAIR, layer thickness: 0.8 mm, and
spin echo sequence: TSE sequence. Pfirrmann grading of rat interverte-
bral discs was calculated according to the Pfirrmann grading criteria of
T2-weighted imaging parameters [29]. The degree of IDD was deter-
mined in a double-blinded manner according to Pfirrmann classification
and intervertebral height.

2.17. mRNA-seq analysis

Total RNA was extracted using Trizol reagent (15596018, Thermo
Fisher, USA) following the manufacturer's procedure. The total RNA
quantity and purity were analysis of Bioanalyzer 2100 and RNA 6000
Nano LabChip Kit (5067-1511, Agilent, usa), high-quality RNA samples
with RIN number >7.0 were used to construct sequencing library. After
total RNA was extracted, mRNA was purified from total RNA (5ug) using
Dynabeads Oligo (dT) (Thermo Fisher, USA) with two rounds of purifi-
cation. Following purification, the mRNA was fragmented into short
fragments using divalent cations under elevated temperature (Magne-
sium RNA Fragmentation Module (cat. e6150, NEB, USA) under 94 °C
5-7min). Then the cleaved RNA fragments were reverse-transcribed to
create the cDNA by SuperScript™ II Reverse Transcriptase (cat. 1896649,
Invitrogen, USA), which were next used to synthesise U-labeled second-
stranded DNAs with E. coli DNA polymerase I (cat. m0209, NEB, USA),
RNase H (cat. m0297, NEB, USA) and dUTP Solution (cat. R0133,
Thermo Fisher, USA). An A-base was then added to the blunt ends of each
strand, preparing them for ligation to the indexed adapters. Each adapter
contained a T-base overhang for ligating the adapter to the A-tailed
fragmented DNA. Dual-index adapters were ligated to the fragments, and
size selection was performed with AMPureXP beads. After the heat-labile
UDG enzyme (cat. m0280, NEB, USA) treatment of the U-labeled second-
stranded DNAs, the ligated products were amplified with PCR by the
following conditions: initial denaturation at 95 °C for 3 min; 8 cycles of
denaturation at 98 °C for 15 s, annealing at 60 °C for 15 s, and extension
at 72 °C for 30 s; and then final extension at 72 °C for 5 min. The average
insert size for the final ¢cDNA librarys were 300 + 50 bp. At last, we
performed the 2 x 150bp paired-end sequencing (PE150) on an Illumina
Novaseq™ 6000 (LC-Bio Technology CO., Ltd., China) following the
vendor's recommended protocol. All processed and raw data were
uploaded to GEO database under the Accession No. GSE217509
(https://www.ncbi.nlm.nih.gov/).

2.18. Statistical analyses

At least three biological replicates were used for all experiments.
Normal distribution of the data was assessed using Shapiro-Wilk test.
Non-normally distributed data is logarithmically converted to normally
distributed data. Continuous data are presented as the mean + SEM.
Differences between two groups of normally distributed data were
compared by Student's t test. Differences between groups were compared
using one-way ANOVA. Statistical analysis was conducted with Graph-
Pad and SPSS software. P < 0.05 was considered statistically significant.
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3. Results
3.1. IDD with aging

Age is a major risk factor of IDD [30]. With age increasing, reticular
NP cells change to chondrocyte-like nested NP cells. Meanwhile, there
are significant changes in the structure of IVDs and the composition of NP
[31]. In this study, we investigated the relationship between the degree
of IDD and age in rats (2-month-old, 10-month-old and 20-month-old)
and patients (youth group <35 years old, 35 years old < middle age
group <65 years old, elderly group >65 years old; Table 2). MRI showed
that the Pfirrmann grading of human IVDs was positively correlated with
age. The T2 signal intensity of NP decreased with aging related IDD
(Fig. 1A and B). Visual analogue scale (VAS) was used to evaluate the LBP
of patients. It was found that the VAS score of the patients with Pfirrmann
grading V was significantly higher than the patients with Pfirrmann
grading II, and there is no significant difference between the VAS score of
the patients with Pfirrmann grading III/IV and with Pfirrmann grading II
(Fig. 1C). In addition, the Pfirrmann grading of rat IVDs was also posi-
tively correlated with aging (Fig. 1D and E). The NP area and interver-
tebral space height were negatively correlated with aging (Fig. 1F and G).
H&E and safranin O staining of rat coccygeal IVDs showed the degen-
erative changes with aging (Fig. 1H and I). The ECM metabolism of NP
tissues is crucial to IVD homeostasis [10]. The reduction of collagen II
and ACAN is associated with IDD [32]. Consistently, with age increasing,
the ECM catabolic enzyme MMP13 was increased significantly and the
expression of ACAN and collagen II was decreased significantly in NP
tissues (Fig. 1J and K).

3.2. Glil depletion, oxidative stress and apoptosis of NP cells in aging
related IDD

The expression of Glil in human and rat NP tissues with different age
was analyzed by IF staining and western blot. The results showed that the
expression of Glil, especially in the nucleus of NP cells, decreased with
aging, suggesting that Glil in NP cells was depleted with the progression
of IDD (Fig. 2A-E).

The homeostasis of the IVD changes significantly during IDD [32].
The oxidative stress and apoptosis in NP cells contribute to the disruption
of IVD homeostasis [32,33]. SOD and GPX protect biological systems
against the high chemical reactivity of reactive nitrogen species (RNS) or
ROS during redox imbalance [34]. Enzyme activity analysis showed that
the activity of GPX and SOD was decreased in aging related IDD (Fig. 3A).
Western blot showed that the expression of GPX4 and SOD2 was also
decreased with rat and human IDD progression (Fig. 3C-F). 4HNE and
MDA, lipid peroxidation metabolic products, are biomarkers of oxidative
stress [35]. It showed that 4HNE and MDA were increased with IDD
progression (Fig. 3B-F). ROS level in NP cells from 2-month-old rats and
20-month-old rats were analyzed. It was found that ROS level increased
significantly with aging (Supplementary Fig. 3A). Moreover, TUNEL
staining and flow cytometry were used to investigate the apoptosis of NP
cells during IDD. The results showed that the apoptotic rate of NP cells
increased significantly with aging (Fig. 3G, Supplementary Fig. 3B).
Western blot demonstrated that the expression of cleaved caspase3 and
Bax in NP tissues was significantly increased with aging (Fig. 3H-K).
These results indicated that the enhanced oxidative stress and increased
apoptosis of NP cells during aging related IDD.

3.3. Glil depletion induced oxidative stress and apoptosis of NP cells

To elucidate the effect of Glil depletion on the oxidative stress and
apoptosis of NP cells, lentivirus-coated sh-Glil and the Glil-targeting
inhibitor GANT61 were used to inhibit Glil expression in NP cells
(Fig. 4A). The morphology of sh-Glil-infected and sh-NC-infected NP
cells were compared by TEM. The cellular morphology and nucleus of NP
cells treated with sh-Glil were irregular, and the nucleoli were
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Fig. 1. The IDD with aging (A, B) Representative MRI imaging and Pfirrmann grading of human lumbar IVDs at different ages. Youth group (<35 years old, n = 10),
Middle age group (35-65 years old, n = 10), Elderly (>65 years old, n = 10) (C) Lumbar VAS score from patients at different Pfirrmann grading (D-G) MRI of rat
coccygeal IVDs at different ages. Measurement of Pfirrmann grading, NP tissue area and intervertebral space height (n = 3, 3 IVDs were detected in each rat, and a
total of 9 IVDs were counted) (H, I) H&E and safranine O staining of rat coccygeal IVD sections at different ages (J) Western blot and quantification of ACAN, collagen
II and MMP13 in human NP tissues at different ages (n = 3) (K) Western blot and quantification of ACAN, collagen II and MMP13 in rats NP tissue at different ages (n
= 3). The data are expressed as the mean + SEM, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = no statistical significance. Abbreviations: 2 M: 2-month-old; 10 M:
lO-month—old; 20 M: 20-month-old.
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Fig. 2. Glil depletion of NP cells in aging related IDD (A) Immunofluorescence staining of Glil and ACAN in the coccygeal IVDs of rats at different ages (B, C) Western
blot and quantification of Glil in human NP tissue at different ages (n = 3) (D, E) Western blot and quantification of Glil in rats NP tissue at different ages (n = 3). The
data are expressed as the mean + SEM, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = no statistical significance. Abbreviations: 2 M: 2-month-old; 10 M: 10-
month-old; 20 M: 20-month-old.

disassembled. The number of mitochondria decreased and their endoplasmic reticulum was abundant. The Golgi apparatus showed no
morphology was swollen. The mitochondrial matrix became shallow and hypertrophy or hyperplasia (Fig. 4B). The production of ROS in Glil
uneven, and the mitochondrial cristae became short or absent. The rough depleted NP cells was higher than that in the control (Fig. 4C-D). The
endoplasmic reticulum was dilated and degranulated. A small number of expression of GPX4 and SOD2 were significantly decreased, while the
autolysosomes were found in cells. In contrast, the cellular morphology expression of 4HNE was increased in Glil depleted NP cells (Fig. 4E and
of NP cells treated with sh-NC was oval with a uniform cytoplasm and F). Consistently, the activity of GPX and SOD was significantly reduced,
intact cell membrane. The shape of nucleus was irregular and the chro- and the level of MDA was significantly increased (Fig. 4G and H).
matins were evenly distributed without pyknosis, and the nucleoli were Mitochondrial dysfunction is also important sources of oxidative stress.
obvious. Mitochondria cristae were arranged neatly. The rough We examined the effect of Glil depletion on the mitochondrial
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Fig. 3. Oxidative stress and apoptosis of NP cells in aging related IDD (A) GPX and SOD enzyme activity in rat coccygeal NP tissues at different ages (n = 3) (B) MDA
accumulation level in rat coccygeal NP tissues at different ages (n = 3) (C, D) Western blot and quantification of GPX4, SOD2 and 4HNE in rats NP tissue at different
ages (n = 3) (E, F) Western blot and quantification of GPX4, SOD2 and 4HNE in human NP tissue at different ages (n = 3) (G) TUNEL staining of coccygeal IVDs from
rats at different ages (H, I) Western blot and quantification of c-casp3 and Bax in rats NP tissue at different ages (n = 3) (J, K) Western blot and quantification of c-
casp3 and Bax in human NP tissue at different ages (n = 3). Statistical data are expressed as the mean + SEM, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = no
statistical significance. Abbreviations: 2 M: 2-month-old; 10 M: 10-month-old; 20 M: 20-month-old.

membrane potential of NP cells. We found that GANT61 decreased JC-1 Glil depletion significantly increased the expression of cleaved caspase 3
aggregates and increased JC-1 monomer, indicating the decreased and Bax (Fig. 4K and L).

mitochondrial membrane potential of NP cells. It suggested that mito-
chondrial dysfunction in NP cells is induced by Glil depletion (Supple-
mentary Fig. 4). TUNEL staining showed that Glil depletion resulted in
an enhanced NP cell apoptosis (Fig. 41 and J). Western blot showed that

3.4. Glil depletion caused Fos activation in NP cells
The differentially expressed genes (DEGs) in NP cells treated with
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Fig. 4. Glil depletion induced oxidative stress and apoptosis of NP cells (A) Western blot and quantification of Glil in NP cells treated with different agents (n = 3) (B)
The morphology of NP cells treated with sh-Glil and sh-NC was observed by TEM (C) ROS measurement by DCFH-DA of rat NP cells treated with DMSO and GANT61
(D) ROS measurement by Deep red of rat NP cells treated with sh-NC and sh-Glil (GFP is the native luminescent protein of lentiviral vector) (E, F) Western blot and
quantification of GPX4, SOD2 and 4HNE in NP cells treated with different agents (n = 3) (G) GPX and SOD enzymes activity in NP cells treated with different agents (n
= 3) (H) MDA accumulation level in NP cells treated with different agents (n = 3) (I) TUNEL staining of rat NP cells treated with DMSO and GANT61 (J) TUNEL
staining of rat NP cells treated with sh-NC and sh-Glil (GFP is the native luminescent protein of lentiviral vector) (K, L) Western blot and quantification of c-casp3 and

Bax in NP cells treated with different agents (n = 3). The data are expressed as the mean + SEM, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = no statistical
significance. Abbreviations: nucleus: N; nucleoli: Nu; mitochondria: M; rough endoplasmic reticulum: RER; golgi apparatus: GO; autolysosomes: ASS. (For interpre-

tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

lentivirus-coated sh-Glil groups (n = 3) were analyzed by mRNA-seq. As
shown in the volcano plot, among the DEGs, 943 were significantly
downregulated and 2655 genes were significantly upregulated (Fig. 5A).
Gene ontogeny (GO) analysis showed that the apoptosis-related and
oxidation-reduction biological functions were significantly enriched by
DEGs (Fig. 5B). Based on Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, the apoptosis pathway was also found to be enriched by
DEGs (Fig. 5C). Furthermore, gene set enrichment analysis (GSEA)
showed that the sh-Glil-treated NP cells were characterized by an
enrichment of apoptosis-related genes (Fig. 5D). The genes associated
with the apoptosis pathway were showed as heatmap. It shows that 25
genes were significantly increased in the sh-Glil treatment group, among
which the Fos showing the most notable increase (Fig. 5E). This change
in NP cells was confirmed by qRT-PCR and western blot further (Fig. 5F
and G). We analyzed the GSE100936 in the GEO database of NCBI and
found that for Glil peak regions with Glil-consensus binding motifs in
humans and rats, significant enrichment was found for Fos (p < 1e7)
motifs. These results indicated that Fos may mediate the NP cell
apoptosis induced by Glil depletion.

3.5. Fos suppression retarded oxidative stress and apoptosis in Glil
depleted NP cells

To further verify the roles of Fos in the oxidative stress and apoptosis
of NP cells induced by Glil depletion, Fos specific inhibitor, T5224, was
used to suppress Fos activation in NP cells. Western blot demonstrated
that T5224 significantly impeded the up-regulation of Fos induced by
GANT®61 or sh-Glil (Fig. 6A). Fig. 6B and C showed that T5224 signifi-
cantly increased the expression of GPX4 and SOD2 and enzyme activity
of GPX and SOD in the Glil depleted NP cells. On the other hand, the up-
regulation of MDA caused by Glil depletion was inhibited by T5224
effectively (Fig. 6D). Fluorescence microscopy showed that T5224
treatment partially relieved the effect of Glil depletion on ROS accu-
mulation in NP cells (Fig. 6E and F). Besides, T5224 significantly alle-
viated NP cell apoptosis induced by Glil depletion (Fig. 6G-I).

3.6. Fos suppression ameliorated exogenous Glil depletion induced IDD

Since Fos suppression retarded the pro-apoptotic effect of Glil
depletion on NP cells, we tried to find out whether Fos suppression can
ameliorated IDD induced by Glil depletion. Intraperitoneal injection of
GANT61 exogenously leaded to the down-regulation of Glil in rat NP
tissues (Fig. 7G, Supplementary Fig. 5), and promoted IDD. Specifically,
GANT61 decreased the NP area, the intervertebral space height and the
expression of ACAN and collagen II in NP tissues. Meanwhile, the Pfirr-
mann grading and the expression of MMP13 in NP tissues were increased
by GANT61. These changes were alleviated by Fos suppression caused by
intraperitoneal injection of T5224 (Fig. 7A, B, G, Supplementary Fig. 5).
H&E and safranin O staining of IVDs were shown in Fig. 7C indicated
GANT61 treatment caused a decrease in the number of NP cells, ECM
fibrosis and the disorders of annulus fibrosus structure, which was
retarded by intraperitoneal injection of T5224. It suggested that Fos
suppression ameliorated exogenous Glil depletion induced IDD. Also,
exogenous Glil depletion inhibited the expression of GPX4 and SOD2, as
well as the activity of GPX and SOD and increased the accumulation of
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MDA and 4HNE in NP tissues. Fos suppression has significantly alleviated
the increasing of oxidative stress (Fig. 7D, E, G, Supplementary Fig. 5).
For apoptosis, exogenous Glil depletion resulted in an increased TUNEL
staining and an up-regulation of Bax and c-caspse3, which was alleviated
by Fos suppression (Fig. 7F and G, Supplementary Fig. 5). These evi-
dences suggested that Fos suppression ameliorated exogenous Glil
depletion induced oxidative stress and apoptosis of NP cells as well as
IDD.

4. Discussion

The treatment and prevention of IDD are still affected by phenotype
and fate of NP cells [36,37]. In particular, the affection of the IVD ho-
meostasis by aging remains unknown. In this study, we focused on Glil,
the most critical transcription factor associated with IVD development
and structural maintenance, and investigated the role of Glil in the
pathogenesis of IDD. The results showed that Glil was depleted accom-
panied by the enhanced oxidative stress and increased apoptosis of NP
cells in aging related IDD. Also, we found that Glil depletion indued NP
cell oxidative stress, NP cell apoptosis and IDD via Fos activation. In
conclusion, our study highlights the crucial role of Glil depletion in the
regulation of oxidative stress and apoptosis in NP cells and provide a
novel insight into the pathogenesis of IDD. Fos is a promising target for
the prevention and treatment of IDD. In addition, this study provides a
new perspective on the precise regulation of oxidative stress and
apoptosis in NP cells.

In 1995, Buckwalter carried out a pioneering systematic study on the
relationship between IDD and age in human and found that the structure,
biochemistry and biodynamics of IVDs change with aging. Consequently,
IVDs become degenerative [38]. Michal et al. indicated that IVDs have an
intrinsic circadian clock that is regulated by age and is associated with
IDD [39]. Recently, researchers have begun to use animal models to
study the pathogenesis of aging related IDD. Matthew A et al. conducted
the transcriptome analysis of mouse IVDs at different ages. Sarthak
Mohanty et al. reported the phenotypic change of mouse NP cells with
aging [31,40]. In the current study, we found that with aging, rat NP
tissues gradually shrank and lost their elasticity. Anulus fibrosus (AF)
gradually thickened and became disordered, and the boundary between
the AF and NP gradually became blurred. The MRI-T2 signal intensity,
area of the NP and height of the intervertebral space decreased. The
vacuolated and reticular-shaped NP cells were transformed into
chondrocyte-like nested NP cells. The number of NP cells gradually
decreased. The number of cracks between cells increased, and the cells
were surrounded by more ECM. These results indicate that the aging
related IDD of rats is a reliable research model.

The Shh pathway is closely related to growth and development. Choi
et al. found that during embryonic development, the Shh pathway plays a
key role in the morphogenesis of NP, IVDs and spine by regulating
notochord cell proliferation and migration [41,42]. Dahia et al. found
that during the neonatal period, the Shh pathway is still activated in the
NP of mice. Knockout of Shh gene or pharmacological inhibition of Shh
pathway result in loss of the differentiated phenotype of NP, AF and
cartilage endplate cells, disorder of NP reticular structure, AF collagen
structure and disc collapse [16,43]. A previous study also found that
inhibition of Shh pathway is closely related to sacral disc collapse and



L. Liu et al.

A

-log10(pVal)

80

60

sh-Gli1 VS sh-NC

Journal of Orthopaedic Translation 40 (2023) 116-131

KEGG Enrichment ScatterPolt

Tota

LOC103692165
4

Igfby

| genes: 32623
&
AABR07031184

i significant

- Sig Up: 2655

= Fc Up Only: 2580
pVal Only: 4338

 No Diff: 20696

* Fc Down Only: 1411

* Sig Down: 943

log2(Fc)

Pancreatic cancer

0®

Renal cell carcinoma{
poptosis
Colorectal cancer
Sphingolipid signaling pathway {
FoxO signaling pathway
Thermogenesis -
Endocrine resistance -
Cell cycle
Prostate cancer
Melanoma -
Non-alcoholic fatty liver disease (NAFLD)
TNF signaling pathway
Proteoglycans in cancer
Fluid shear stress and atherosclerosis -
Chronic myeloid leukemia-
Focal adhesion
Oxidative phosphorylation
Hepatitis B
Huntington disease 4
AGE-RAGE signaling pathway in diabetic complications -
Ubiquitin mediated proteolysis 1
Pathways in cancer

KEGG Term

Parkinson disease
TGF-beta signaling pathway -
Alzheimer disease
Small cell lung cancer
Platinum drug resistance 4
Herpes simplex virus 1 infection
Ribosome

Gene Number
e 25
@® 50
@® 5

@ 1o

p Value
1.12e-03

5.62e-04

I 8.94e-27

0.2 03

Rich Factor

GO Enrichment BarPolt pvalue| p.adjust
KEGG_APOPTOSIS 0.0086 0.0275
Biological Process n
1004 L
('3
~ 807 '
3 T TR 11T
8 TCLIRA
c = s
3 60 o so0
25
6 0.0
- 10000 20000 30000
S 40- Rank in Ordered Dataset
<
[
o E Apoptosis
204
Birc5
LOC100909441
0 Tubalc
T rrrrrrrro7r 7 T T T T T T
XN IDL0LR/IND20 82 8J882800
R LR O A
PSS ESEEFREEL W RFLESISS o €8 R
FOES I REF 89 § F I LENE e
Qev%v‘z S NI éf@@“ S&e 0°§b~51§§qv~9
SEST SPISFEIRE eS¢ R
NN N I Xl
8L I KRS IS s FFg ”
S & & ST LT ¥ &
SE L E L5858 838 &8
$E F T STy o8 $F
8 & 5§ S588 g8 = &F
s & S SOR/STS &§ &
$& L § F§I5E £ & 1.5
o X .9 &.0 @O 2
e N S PSRN o€ ¥ 1
s@@o oo o\q' ooo\ba\w@"g < S
MNP L E s e 98
TFe RN & 0
S S
¢ @ & P | -1
SIS < 1.5
& é,*; , Fos -1.
< & sh-Gli1 sh-NC
N
o 257 «w  Eash-NC V\C: > = 3.0 =3 sh-NC 5 257 =1 sh-NC
o -Gli 4 4 5 . -] i .
B 20 =sh-Gli1 PR S 25- Esh-Glit L, | £ sh-Gli1
g9 lentivirus s 3
T % 154 2 25
2 9 H &
[ . Gli1 118kDa £ s
; & 109 » j ° o 1.0
EE o5 2 2o
0.0~ 0.0-
Fos Glit "‘ &

126

(caption on next page)



L. Liu et al.

Journal of Orthopaedic Translation 40 (2023) 116-131

Fig. 5. Fos activation caused by Glil depletion in NP cells (A) Volcano plot of differentially expressed genes between sh-Glil and sh-NC NP cells (n = 3). Fold-change
(x-axis) is plotted against statistical significance (y-axis) for each gene set. Genes significantly upregulated are located within the red quadrants, and those significantly
downregulated are located within the blue quadrants based on a threshold of fold-change >2 and p < 0.05 (number of significantly altered genes is indicated in each of
the quadrants). The ten most differentially expressed genes in each quadrant are indicated by their gene symbols on the plots (arrows) (B, C) GO and KEGG enrichment
analyses of differentially expressed genes (D) GSEA showed that sh-Glil NP cells were characterized by an enrichment of apoptosis-related genes (E) Heatmap of
differentially expressed genes that were enriched in apoptosis pathways (F) qRT-PCR of Glil and Fos in sh-Glil and sh-NC NP cells (n = 3) (G) Western blot and

quantification of Glil and Fos in sh-Gli1l and sh-NC NP cells (n = 3). The data are expressed as the mean + SEM, * = p < 0.05, ** = p < 0.01,

=p < 0.001, ns = no

statistical significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

sacral fusion, demonstrating that Shh pathway plays an essential role in
disc growth and differentiation [44]. Glil, a key transcriptional factor of
the Shh pathway, has been proposed as a major effector protein. How-
ever, the role of Glil in the maintenance of IVD homeostasis is still un-
clear. Based on the NP tissue of human and rat, we found that Glil was
gradually depleted in degenerative IVDs, which was consistent with the
previous study that demonstrated the gradually decreased expression of
Glil in aging mouse NP [40]. However, the role of Glil in IVD homeo-
stasis and the underlying molecular mechanism have rarely been studied.
To assess the effect of Glil on the maintenance of IVD homeostasis, we
administered GANT61 by intraperitoneal injection to suppress the
expression of Glil in rat caudal IVDs. Histological and imaging evidences
showed that exogenous Glil depletion accelerated IDD progression.
These results indicate that Glil not only plays an important role in IVD
generation and development in the prenatal and neonatal periods, but
also plays an important role in IVD homeostasis maintenance after birth.

The significant decrease in the proportion of Glil-positive NP cells
suggested that IVD homeostasis was more vulnerable during IDD. This
phenomenon was consistent with other types of degenerative diseases,
such as neurodegenerative diseases [21,45]. Mechanistically, these NP
cells were functional in adulthood. The DNA of NP cells was exposed to
oxidative stress and the exhibited impaired antioxidant protection,
leading the NP cells more susceptible to death and reducing the number
of functional NP cells [46,47]. This theory led us to evaluate the
involvement of Glil depletion in the oxidative stress and apoptosis of NP
cells. The accumulation of intracellular ROS caused by the imbalance of
the oxygen free radical metabolism system was the main cause of
oxidative stress in NP cells [11,48]. Oxidative stress leads to NP cell
apoptosis and destroyed the structural and functional homeostasis of
IVDs by regulating apoptosis [49,50]. Based on the aging related IDD of
SD rats, we found that the oxidative stress and apoptosis of NP cell were
dramatically increased. Concordantly, we found induction of oxidative
stress promoted NP cell apoptosis. Noticeably, several studies have re-
ported that the Shh signaling pathway protects cells from oxidative stress
and regulated the occurrence, treatment and prevention of degenerative
diseases [51-53]. As the most important transcription factor of the Shh
signaling pathway, Glil played a key role in this process [54]. In a mouse
renal ischemia/reperfusion injury model and mouse colitis model,
Glil-mediated polydatin inhibited cell apoptosis by suppressing oxida-
tive, and consequently attenuated renal ischemia/reperfusion injury and
colitis [19,55]. In endometrial hyperplasia, Glil activation repressed
oxidative stress by protecting mitochondrial function and maintaining
mitochondrial membrane potential [20]. Herein, to elucidate the effects
of Glil on the oxidative stress and apoptosis, GANT61 and
lentivirus-coated sh-Glil were used to induce the Glil depletion of NP
cells at the protein level and transcription level respectively, which are
beneficial to acquiring more reasonable and rigorous results. Consistent
with the previous reports, Glil depletion significantly reduced mito-
chondrial membrane potential, and resulted in mitochondrial dysfunc-
tion and oxidative stress in NP cells. Consequently, the apoptosis of NP
cells was significantly increased. Glil depletion is an essential contrib-
utor for the oxidative stress and apoptosis of NP cells in degenerative
IVDs.

Based on the results of mRNA-seq, Fos, Fas, Casp3, Caspl2, MAPK
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family genes and other apoptotic genes were main DEGs after Glil
depletion. Fos was the most significantly altered among the DEGs. As a
subunit of the transcription factor activator protein 1 (AP-1), Fos is
involved in a variety of biological processes and plays important roles in
various tissue types [56,57]. Previous studies have reported that Fos is a
key pro-apoptotic gene, and Fos suppression effectively retarded cell
apoptosis [58,59]. Recently, AP-1/Fos suppression has been shown to
suppress cellular oxidative stress by up-regulating the expression of an-
tioxidants [60]. Ishihara, Y. et al. demonstrated that oxidative stress
increased Fos expression and led to hepatocyte apoptosis [61]. In 2019,
Shabana Amanda Ali et al. identified Glil binding sites in the conserved
Fos region by Glil chip-seq analysis of human chondrosarcoma [62].
Therefore, we investigated the roles of Fos in the oxidative stress and
apoptosis of NP cells induced by Glil depletion. The results showed that
Fos inhibitor T5224 prominently retarded the oxidative stress and
apoptosis of NP cells caused by Glil depletion, indicating that Fos me-
diates the pro-oxidative and pro-apoptotic effects of Glil depletion on NP
cells.

The effect of Glil depletion on IVD homeostasis, and the role of Fos in
exogenous Glil depletion induced IDD were analyzed in vivo. Intraper-
itoneal injection of GANT61 effectively down-regulated Glil expression
and up-regulated Fos expression in rat NP tissues. The imaging and his-
tological analysis demonstrated rat IDD indued by exogenous Glil
depletion. Consistent with the in vitro experiments, mainly characterized
by the decrease of NP water content, AF gradually thickened and became
disordered, the boundary between NP and AF gradually blurred, the
vacuolated and reticular-shaped NP cells were transformed into
chondrocyte-like nested NP cells, the number of NP cells decreased
gradually, the intercellular cleft increased, the ECM increased, and the
NP area and intervertebral space height decreased. Moreover, intraper-
itoneal injection of GANT61 also resulted in oxidative stress and NP cell
apoptosis. Furthermore, T5224 was injected intraperitoneally to suppress
Fos expression in rat NP tissues. As a result, the exogenous Glil depletion
induced IDD was significantly ameliorated. Likewise, intraperitoneal
injection of T5224 dramatically alleviated the oxidative stress and
apoptosis caused by exogenous Glil depletion. Fos is a potential thera-
peutic target of IDD.

There were several limitations in the current study. We cannot ignore
the fact that rat and human have different spinal biomechanical prop-
erties. In addition, Glil depletion by exogenous GANT61 does not
necessarily have the same effects as the induction of endogenous aging
related Glil depletion. In the future, we will construct C57 mice with
conditional Glil knockout. It would be more scientific to investigate the
effects of Glil depletion and interfering measures on IVDs based on this
model. Lastly, the intraperitoneal injection of drugs affects other organs
inevitably and exert both direct and indirect effects on IVDs, which
causes some biases.

In conclusion, our study revealed that Glil depletion in IVDs stimu-
lates oxidative stress in NP cells and causes NP cell apoptosis by acti-
vating Fos, which consequently disturbs the homeostasis of IVDs and
leads to IDD. These findings highlight a beneficial role of Glil in IVD
homeostasis maintenance and IVD regeneration. Marinating Glil
expression and suppressing Fos activation in NP cells are promising tar-
gets for the prevention and treatment of IDD.
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Fig. 6. Fos suppression suppressed the oxidative stress and apoptosis of Glil depleted NP cells (A) Western blot and quantification of Fos in NP cells treated with
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