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Abstract

The in-situ osmolarity is an important physicochemical factor that regulates cell fate of nucleus pulposus
cells (NPCs). Our previous studies demonstrated that reduced N-cadherin (NCDH) expression in
nucleus pulposus cells is associated with cellular damage under hyper-osmolarity microenvironment. This
study was aimed at exploring the impacts of NCDH on senescence and apoptosis of NPCs, as well as the
potential molecular mechanism. By comparing NPCs from patients with lumbar fractures and lumbar disc
herniation, we identified a correlation between decreased NCDH expression and increased endoplasmic
reticulum stress (ERS), resulting in undesirable cell fate (senescence and apoptosis). After blocking
Reactive oxygen species (ROS) or ERS, it was indicated that hyper-osmolarity microenvironment induced
ERS was ROS-dependent. Further results demonstrated the correlation in rat NPCs. Upregulation of
NCDH expression reduced ROS-dependent ERS, thus limiting undesirable cell fates in vitro. This was
further confirmed through the rat tail acupuncture injection model. NCDH overexpression successfully
mitigated ERS, preserved extracellular matrix production and alleviating intervertebral disc degeneration
in vivo. Together, NCDH can alleviate senescence and apoptosis of NPCs by suppressing ROS-dependent
ERS via the ATF4-CHOP signaling axis in the hyper-osmolarity microenvironment, thus highlighting the
therapeutic potential of NCDH in combating degenerative disc diseases.
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Introduction

As the population ages, low back pain has been a
commonly seen condition that affects the daily
activities of middle-aged and senior individuals,
resulting in significant economic burdens on society
[1]. Intervertebral disc degeneration (IDD) is a critical
element precipitating the onset of low back pain [2].
Up to now, relevant mechanism of IDD is not clear.
Researches have shown that this complex degene-
rative mechanism resulted from microenvironmental
changes of intervertebral disc tissue is mediated by
various etiologies, such as natural aging, smoking,
mechanical stress, spine infection, spine trauma and

heredity [3].

Osmotic pressure is one of the main
microenvironmental factors during IDD [4]. In vivo,
various forms of compressive stress can squeeze the
liquid out of the nucleus pulposus (NP) tissue and
resultantly increase the in-situ osmotic pressure in
intervertebral disc [5]. Recent studies have shown that
the hyper-osmolarity microenvironment significantly
activates intracellular reactive oxygen species (ROS)
in nucleus pulposus cells (NPCs) [6, 7]. According to
the free radical theory, ROS closely relates with the
attenuation of tissue and organ function, including
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the occurrence and progression of IDD [8-10]. Early
studies suggested that ROS are effective proapoptotic
factors [10], which promotes apoptosis through the
classical mitochondrial apoptosis pathway [11]. In
addition, ROS are the basic stimulators of senescence
and really promote senescence in human NPCs [9, 12].

Recent researches have considered that
endoplasmic reticulum stress (ERS) is an important
downstream event of ROS and regard it as a symbol
of cellular damage in some pathological conditions
[13, 14]. The endoplasmic reticulum is the largest
organelle. Disruption of endoplasmic reticulum
homeostasis can induce a high ERS level, which is
involved in multiple aging-associated diseases [15].
Previous studies have shown that high ERS levels
promote apoptosis in chondrocytes and that ROS
induce sustained ERS in airway smooth muscle cells
[16, 17]. In the NPCs, advanced glycation end
products (AGEs), the acidic microenvironment and
inflammatory factors, can significantly activate ERS
and promote senescence and apoptosis of NPCs
[18-20]. In vivo studies have revealed that ERS is
present in mechanical imbalance-induced IDD rats
and is related to intervertebral disc cell apoptosis and
some other degenerative changes [21]. ATF4-CHOP
axis is one of important pathway to mediate the
unfold protein response and ultimately induces ERS
[22]. Moreover, several studies have also showed that
ATF4-CHOP axis-mediated ERS makes a significant
role in regulating apoptosis and senescence in other
cell types [23, 24]. However, whether ROS-dependent
ERS via the ATF4-CHOP axis is related to apoptosis
and senescence of NPCs under a hyper-osmolarity
microenvironment is unclear at present.

N-cadherin (NCDH), a subtype of the cadherin
family, is first identified in synaptic formation in the
nervous system. Recently, NCDH has been
considered a typical surface marker that maintains the
phenotype of NPCs when faced with certain
pathological factors, and its expression in NPCs is
significantly reduced during IDD [25, 26]. The
downregulation of NCDH is related to apoptosis and
senescence in multiple cell types or tissues. For
example, the downregulation of NCDH expression
can promote apoptosis in cancer cells (i.e. non-small
cell lung cancer, tongue squamous carcinoma cells)
and non-tumor cells (i.e. vascular smooth muscle cells
in atherosclerotic tissues) [27-29]. Furthermore,
NCDH is a key protein that reduces senescence and
apoptosis in NPCs [25]. Finally, N-CDH is able to
decrease ROS generation and then alleviate
senescence of NPCs under a high glucose condition
[30]. Based on the above exposition, we deduce that
NCDH may be an upstream regulator of
ROS-dependent ERS and the secondary pathological

events in NPCs.

At present, the direct relationship between
NCDH expression and cell fates (apoptosis and
senescence) of NPCs under a hyper-osmolarity
microenvironment is unclear. Based on previous
reports and our own experiments, we hypothesize
that NCDH may alleviate apoptosis and senescence of
NPCs by inhibiting ROS-dependent ERS in a
hyper-osmolarity =~ microenvironment. Thus, we
designed this study to reveal whether and how
NCDH alleviates hyper-osmolarity microenviron-
ment-mediated apoptosis and senescence by
inhibiting ROS-dependent ERS in rat NPCs.

Materials and Methods

Human NP tissues collection

We collected NP tissue samples from 29 patients
(Table S1), including 4 patients with lumbar vertebral
fracture (LVF, 4 males, Pfirrmann I-II) and 25 patients
with intervertebral disc degeneration (IDD, 11 males
and 14 females, Pfirrmann IV-V), following Pfirrmann
classification criteria determined through preope-
rative MRI (magnetic resonance imaging) scans at in
the Department of Spine Surgery of Third Affiliated
Hospital of Chongqing Medical University.

Inclusion criteria of LVF group: (1) No history of
lower back pain prior to admission; (2) Diagnosed
with lumbar vertebral fracture based on admission
examination; (3) Ruled out other lumbar spine
disorders; (4) Strong willingness for surgical
treatment and consent to participate in this study.
Inclusion criteria of IDD group: (1) The medical
history and imaging examinations meet the diagnostic
criteria for lumbar disc herniation; (2) Symptoms have
not improved after at least 3 months of conservative
treatment; (3) Strong willingness for surgical
treatment and consent to participate in this study.
Exclusion criteria of LVF group and IDD group: (1)
Infection in the vertebral body or adjacent area; (2)
Confirmed diagnosis of any tumor; (3) Coexisting
with other underlying diseases that make the patient
not suitable for surgery; (4) Refusal to participate in
this study.

NPCs isolation

Sprague-Dawley (SD) rats (female, 2505 g, 5-8
weeks old) were received from the Experimental
Animal Center of Chongqing Medical University.
Rats were humanely sacrificed with excess CO2, and
lumbar discs were extracted. The human or rat NP
tissues were obtained by corneal scissors and treated
with 0.2% type II collagenase (Sigma, USA) for 1-2 h
after a 10-minute digestion with 0.25% trypsin
(Beyotime, Wuhan, China) at 37 °C. NPCs were
subsequently isolated via centrifugation and cultured
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under standard conditions (37 °C, 5% CO2).

Rat NPCs culture and treatment

The NPCs were cultured in conventional
medium (control group, 330 mOsm/kg) or
hyperosmotic medium (experimental group, 550
mOsm/kg). The conventional medium is prepared by
adding 10% fetal bovine serum (Gibco, Grand Island,
New York, USA) and 1% penicillin/streptomycin
(Beyotime, Wuhan, China) to DMEM/F-12 medium
(Hyclone, Logan, Utah, USA). The hyperosmotic
medium was obtained by addition of NaCl based on
the conventional medium. Endoplasmic reticulum
stress inhibition: rat NPCs were treated with sodium
phenylbutyrate (4-PBA, 2.5 nmol/L, MedChem-
Express, Monmouth Junction, New Jersey, USA) in
DMEM/F-12 medium for 30 min, then change to
hyperosmotic medium for 24 h. ROS inhibition: rat
NPCs were treated with N-acetylcysteine (NAC, 1
pmol/L, MedChemExpress, Monmouth Junction,
New Jersey, USA) in hyperosmotic medium for 24 h.

Lentivirus vector transfections

The lentivirus vector regulating NCDH
(LV-NCDH and RNAi-NCDH) were purchased from
GeneChem (Guangzhou, China). NPCs were seeded
in 24-well plates (2x10* cells per well) and transfected
with LV-NCDH for 24-36 h, followed by puromycin
selection to establish stable cell lines. The transfection
efficacy was verified by western blot in this study.

SiRNA transfections

SiRNA (GeneBiogist, Guangzhou, China, genelD
24525) was dissolved in RNase-free water (40 nM) and
stored at 4°C. Lipofectamine 2000 (Beyotime, Wuhan,
China) was diluted in F12 medium (diluted at 1:50)
and stored at room temperature. The siRNA was
mixted with the transfection reagent in the medium.
This mixture was added to NPCs. 24 h later, the
successfully transfected cells were identified. The
siRNA sequences are as follows to target KRAS (P21):
KRAS(r)-si-1: GAAUCACUUUGUGGAUGAA tt,
KRAS(1)-si-2: CCAUUAUAGAGAACAAAUU tt,
KRAS(1)-si-3: GAGAAAUUCGAAAACAUAA tt.

Senescence-Associated B-Galactosidase
(SA-B-Gal) Staining

SA-B-Gal staining is a commonly applied
method to detect the cellular senescence. After
treatment, NPCs were fixed by 0.2%
paraformaldehyde for 15 min at ambient temperature.
After being rinsed with phosphate buffer saline (PBS),
NPCs were stained with X-gal solution (Beyotime,
Wubhan, China) for 24 h at 37 °C. Senescent NPCs were
observed with the use of an optical microscope
(Olympus, Japan).

Measurement of intracellular ROS content

The intracellular ROS level was measured by
dihydroethidium (DHE) probe staining (X-Y
Biotechnology, Shanghai, China). After treatment,
NPCs were seeded in 24-well plates and incubated
with culture medium supplemented with 10 mg/ml
DHE for 30 min after treatment. Then, observation of
NPCs was conducted wunder a fluorescence
microscopy (Olympus, Japan). ROS content was
indirectly reflected by the intensity of red
fluorescence.

Flow cytometry

To assess apoptosis level, NPCs was stained by
the Annexin V-APC/DAPI apoptosis detection kit
(Procell, Wuhan, China) after washing NPCs twice
with PBS. To assess cell cycle, NPCs were fixed by
ice-cold 70% ethanol at 4 °C for 24 h and then stained
by NUCLEAR-ID Cell Cycle Kit (Enzo Life Sciences,
Farmingdale, New York, USA). Subsequent testing
and analysis of apoptosis and cell cycle samples were
conducted according to the instructions.

Western blot

Protein extraction from NP tissue or NPCs
(human and rat) was performed using the MinuteTM
total protein extraction kit (Invent Biotech,
Minneapolis, Minnesota, USA). Equivalent-mass
samples were separated on 10% or 12% SDS-PAGE
and transferred to PVDF. PVDF membranes were
blocked, then incubated with primary antibodies
overnight at 4 °C followed by secondary antibody
(Beyotime, Wuhan, China) incubation at room
temperature for 90 min. Finally, chemiluminescence
Kit (Bio-Rad, Hercules, California, USA) was used to
visualize protein bands. Antibodies information:
Cleaved-Caspase-3 (1:1000, #9661), CHOP (1:1000,
#2895), ATF4 (1:1000, #11815), XBP1s (1:1000, #40435)
and P-CDK1 (Thr161, 1:1000, #9114) were purchased
from CST (Danvers, Massachusetts, USA). NCDH
(1:5000, ab76011), P21 (1:1000, ab109199), P53 (1:1000,
ab26), Cleaved-PARP1(1:5000, ab32064), BIP (1:1000,
ab21685), ATF6 (1:1000, ab37149), P16 (1:10000,
ab51243) and CDK1 (1:10000, ab32094) were
purchased from Abcam (Cambridge, United
Kingdom). B-actin (1:5000, 51067-2-AP), HRP-Goat
Anti-Rabbit IgG (1:10000, SA00001-2) and HRP-Goat
Anti-Mouse IgG (1:10000, PR30012) were purchased
from Proteintech (Wuhan, China).

Cell Counting Kit-8 (CCK-8) analysis
The Enhanced Cell Counting Kit-8 was
purchased from Beyotime (Wuhan, China). The rat

NPCs were cultured in the 96-well plate under
standard culture conditions (37°C, 5% CO?2) for 24 h.
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Subsequently, the NPCs were treated according to the
research design. Upon reaching the intervention time
point, the culture medium was removed, and CCK-8
working solution (CCK-8 diluted 1:10 with serum-free
culture medium) was directly added to the 96-well
plate. The plate was then incubated in the dark under
standard conditions for 1 h. Absorbance was
measured at a wavelength of 450 nm wusing a
microplate reader (Tecan, Manedorf, Switzerland),
and cell viability was assessed based on the
experimental objectives.

Transmission electron microscopy (TEM)

NPC pellets, harvested by centrifugation, were
fixed with 2.5% glutaraldehyde for 24 h at 4 °C.
Subsequently, they were dehydrated in ethanol,
embedded in Epon 812, and sectioned into ultrathin
slices. These slices were stained with lead citrate and
observed using an electron microscope (Hitachi,

Japan).
Rat tail puncture injection model

The SD rats (female, 2505 g, 8 weeks old) were
purchased from the Experimental Animal Center of
Chongqging Medical University and they were
randomly assigned to three distinct groups
(n=5/group): sham group (Control group), LV-NC
group (puncture with LV-NC group) and LV-NCDH
group (puncture with LV-NCDH group). The Sham
group underwent a sham operation, as controls. The
LV-NC group and LV-NCDH group underwent
puncture modeling [31] and received an injection of
PBS suspension containing LV-NC or LV-NCDH
during the puncture. The Ilentivirus were
administered into the rat tail NP tissue according to
the procedure employed in a prior investigation [32,
33]. No postoperative complications were observed.
Four weeks after surgery, MRI examination was
performed for radiological evaluation of the
intervertebral disc and the target intervertebral disc
was taken out for further study. The animal results
were reported following the ARRIVE guidelines.

TUNEL staining

Tissue samples were paraformaldehyde-fixed
and parrffin-embedded, and then tissue slices (5 pm
thick) were prepared. To perform TUNEL staining
assay, tissue slices were sequentially dewaxed and
dehydrated by xylene and gradient ethanol. After
treating tissue slices with protein K working solution
(20 pg/ml) for 30 min at 37 °C and 2% hydrogen
peroxide for 5 min at room temperature, TUNEL
staining assay was performed by following the
manufacture’s instruction. DAPI solution was
adopted to stain cellular nuclei. Finally, NP tissue
observation was conducted under a fluorescence

microscope (Olympus, Japan).

HE staining and immunofluorescence staining
for tissue sample

Disc tissues were fixed in 4% paraformaldehyde
paraffin-embedded, and sliced into 5 pm-thick
sections. After xylene dewaxing, standard HE staining
was performed. For immunofluorescence, the samples
underwent xylene I and II dewaxing, rehydration in
gradient alcohol, and rewatered with gradient
alcohol. After antigen repair by citric acid, tissue slices
were sequentially blocked with blocking serum
(Beijing ZhongShan, China) at 37 °C for 30 min,
incubated with the primary antibody (anti-BIP,
diluted at 1:100) at 4 ° C overnight. Subsequently, the
fluorescent secondary antibody was introduced and
subjected to incubation within the wet box under
ambient conditions for 90 min, and DAPI was
supplemented and incubated in the dark for 2 min.
Finally, HE staining and immunofluorescence
staining were found under a light microscope or a
fluorescence microscope.

Statistical analysis

SPSS software (version 20.0. SPSS Inc, USA) was
used for the statistical analyses. The assessment of
dissimilarities among groups were executed through
one-way analysis of variance (ANOVA). P-value <
0.05 was defined significance. All statistical results
were repeated for three times.

Results

NP tissue from IDD patients exhibited a lower
expression of NCDH and an enhanced
occurrence rate of apoptosis and senescence

The previous studies highlighted a significant
decrease in NCDH expression in degenerative disc
samples and its influence on extracellular matrix
macromolecules (EMC, such as Aggrecan and
Col2al), yet the underlying mechanism remained
unclear [34, 35]. Here, we collected clinical disc
samples and examined the relationship between the
decline in NCDH expression and pathological
processes that affect extracellular matrix production,
such as apoptosis, senescence and endoplasmic
reticulum stress. Structural changes and tissue
degeneration were showed in the IDD group using
MRI and HE staining (Fig. 1A-B). Western blot,
immunofluorescence and TUNEL staining (Fig. 1D-E)
showed that the decrease of NCDH expression
coincided with the increased ERS level (i.e. increases
protein expression of BIP and CHOP, enhanced
immunofluorescence staining intensity of BIP),
senescence (i.e. elevated protein expression of P53 and
P16) and apoptosis (i.e. elevated protein expression of
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Cleaved-PARP1 and Cleaved-Caspase-3, and
enhanced TUNEL-positive staining) in the human
NPCs. These results confirmed that senescence and

apoptosis occurred simultaneously with the loss of
NCDH in degenerated NPCs. Notably, ERS and ROS

= k&

LVF

[-actin SE— - 3LT)
NCDH | s o | 125kDa

P53 S s | 53kDa

1.54

P21 | s 21kDa
s || 6kDa

Cleaved-PARPT | s we s | 27kDa

Pl6 s

Cleaved-Caspase-3

Ralatived Expression of Protein

Bcel-2 | @ s | 26kDa

BIP W | 78kDa

Chop S 27kDa
VI 1DD

D

Merge

0.15 ———
z I
w
&
S 0.0
]
=
2
o
3 0.05
e
.,
S
<
0.00 7 v
&
Jd &

TUNEL

could activate each other during protein folding
imbalance [36], suggesting ROS involvement in
multiple cell fates (apoptosis and senescence) during
NPCs degeneration.

LVF

0.5

Average Optical Density
e o o @
- ~N « =

g
o

L

&
3 ®

Figure 1. NP tissue from IDD patients exhibited a lower expression of NCDH and an enhanced occurrence rate of apoptosis and senescence. (A):
Representative lumbar MRI photographs from LVF (Grade |, red arrows) and IDD (Grade IV, red arrows) patients were classified according to the Pfirrmann grading system. (B):
HE staining of NP tissue from LVF and IDD patients. Scale bars: 50 pm. (C): Western blot analysis of protein expression of NCDH, P53, P21, P16, Cleaved-PARPI,
Cleaved-caspase 3, Bcl-2, BIP and CHOP in NP tissue samples from LVF and IDD patients. (D): Immunofluorescence staining analysis of BIP expression in the NPCs from LVF and
IDD patients. Scale bars: 50 pm. (E): TUNEL staining analysis of cell apoptosis of NP tissue from LVF and IDD patients. Scale bars: 50 pm. Note: The data represents mean + SD
(n=3); ***p<0.001, ****p<0.0001 vs. LVF group. LVF: lumbar vertebral fracture, IDD: intervertebral disc degeneration, NP: nucleus pulposus, NPCs: nucleus pulposus cells.
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Hyper-osmolarity induces undesirable cell
fates (senescence and apoptosis) and reduces
NCDH expression in rat NPCs

According to current reports, we adjusted the
osmotic pressure of the medium to 550 mOsm/kg
(Fig. S1) with NaCl (analytical purity) to effectively
simulate the hyper-osmolarity microenvironment [6].
Western blot analysis suggested that the expression of
NCDH was notably reduced in the hyper-osmolarity
group, whereas the senescence proteins (P53 and P16)
and the apoptotic proteins (Cleaved-PARP1 and
Cleaved-Caspase-3) were obviously increased, and
the anti-apoptotic protein Bcl-2 was decreased (Fig.
2A). In relative to the control group (330 mOsm/kg,
the normal osmotic pressure of conventional
medium), flow cytometry results showed a
significantly =~ higher apoptosis rate in the
hyper-osmolarity group, as well as an elevated
senescence rate indicated by the SA-B-Gal staining
(Fig. 2B-C). These results indicated that the
hyper-osmolarity decreased NCDH expression, and
promoted senescence and apoptosis of NPCs.

We also explored the profile of ROS generation
and ERS in NPCs in the hyper-osmolarity microen-
vironment due to the increased expression of the ERS
marker (BIP) in degenerative disc samples and the
potential correlation between ERS and ROS. Through
comparison with the control group, western blot
analysis demonstrated that the ERS marker (BIP and
CHOP) expression was significantly elevated in the
hyper-osmolarity group (Fig. 2A). For endoplasmic
reticulum morphology, TEM results indicated that the
NPCS in the hyper-osmolarity group manifested a
distended and inflated endoplasmic reticulum (red
arrow) in relative to the control group (Fig. 2D).
Additionally, the DHE probe staining assay
demonstrated that ROS generation in the hyper-
osmolarity group was increased in relative to the
control group (Fig. 2E). Similarly, ROS and ERS
formed a vicious cycle that activates apoptosis and
senescence in other types of cells [13, 37]. These
findings indicated that ROS and ERS might be
involved in senescence and apoptosis of NPCs in the
hyper-osmolarity microenvironment.

Hyper-osmolarity induces cellular undesirable
cell fates (senescence and apoptosis) in NPCs
through ROS-dependent ERS

To understand the relationship between ERS and
ROS in hyper-osmolarity microenvironment, we
applied NAC to inhibit ROS, 4-PBA to block ERS and
observe how other cellular functional changes.
Western bolt (Fig. 3A) showed that ERS, apoptosis
and senescence of NPCs in the hyper-osmolarity were
significantly attenuated after addition of NAC or

4-PBA, which was indicated by the down-regulation
of ERS markers (BIP and CHOP), senescence markers
(P53 and P16) and pro-apoptotic markers (Cleaved-
Caspase-3 and Cleaved-PARP1), and up-regulation of
anti-apoptotic marker (Bcl-2). However, DHE probe
staining showed that there was no remarkable change
in the ROS generation before and after 4-PBA
supplementation, whereas ROS generation was
significantly decreased after NAC supplementation in
the hyper-osmolarity environment (Fig.3B), indicating
that ERS-induced NPCs senescence and apoptosis in
the hyper-osmolarity environment may be ROS-
dependent. Furthermore, the expression of NCDH
was not affected by either 4-PBA or NAC (Fig. 3A),
suggesting that NCDH may be an upstream regulator
of ROS-dependent ERS in NPCs in the
hyper-osmolarity environment.

NCDH overexpression alleviates cellular
undesirable cell fates (senescence and
apoptosis) in rat NPCs under hyper-osmolarity
microenvironment

NCDH, which is a phenotypic maintenance
marker of NPCs [26], inhibits apoptosis and
senescence in a variety of tissues and cells [27-29]. To
explore the role of NCDH in the hyper-osmolarity
environment, we used lentivirus (LV-NCDH) to
estimate whether NCDH overexpression (NCDH
expression is too low in the hyper-osmolarity
microenvironment to further knock down, Fig S2)
could protect NPCs against the hyper-osmolarity
microenvironment-induced undesirable cell fates
(apoptosis and senescence, Figure 4A). In this study,
CCK-8 analysis, flow cytometry and SA-B-Gal
staining showed that LV-NCDH could significantly
enhance the cell viability (Fig. S3B) and reduce
apoptosis, G2/M phase arrest and senescence under a
hyper-osmolarity condition (Fig. 4B-D). These results
revealed that the enhancing NCDH expression
reversed apoptosis and senescence of NPCs in a
hyper-osmolarity microenvironment.

A novel study reported that P21 was a common
target for glioblastoma cells to activate apoptosis and
senescence through cell cycle regulation and P21-Bad
axis [38]. Our western blot results demonstrated that
after transfection with LV-NCDH, the high expression
of P21 and Cleaved-PARP1 induced by the
hyper-osmolarity microenvironment was inhibited,
and at the same time, the expression of Bad was
decreased (Fig. 4A). Similarly, phosphorylation level
of the classical cell cycle regulator CDK1 (Thr-161)
increased while P21 expression decreased (Fig. 4A).
Thus, we hypothesize that P21 may be the potential
target for NCDH to alleviate the fates of undesirable
cell (senescence and apoptosis) in NPCs mediated by
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hyper-osmolarity microenvironment.
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expressions of NCDH, P53, P21, P16, Cleaved-PARPI, Cleaved-Caspase-3, Bcl-2, BIP and CHOP. (B): DHE staining analysis of ROS content. Scale bars: 50 um. Note: The data
represents mean * SD (n=3); NS>0.05, ****p<0.0001 vs. hyper-osmolarity group. NPCs: nucleus pulposus cells, ROS: reactive oxygen species, DHE: dihydroethidium.
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Figure 4. NCDH overexpression alleviates cellular undesirable cell fates (cell senescence and apoptosis) of NPCs in the hyper-osmolarity
microenvironment. (A): Western bolt analysis of protein expression of NCDH, P53, P21, P16, Cleaved-PARPI, Cleaved-Caspase 3 and p-CDKI1 (Thr-161) in NPCs after
NCDH overexpression in the hyper-osmolarity culture. (B): SA-B-Gal staining analysis of cell senescence rate in NPCs. Scale bars: 50 pm. (C-D): Flow cytometry analysis of cell
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P21 is the critical trigger to regulate apoptosis
and senescence in NPCs under
hyper-osmolarity microenvironment

To further investigate the relationship between
P21 and undesirable cell fate of NPCs, we analyzed
the changes of apoptosis and senescence and the
expression of relevant markers after transfection of
SiRNA-P21 under a hyper-osmolarity microenviron-
ment. The results showed that down-regulating of P21
expression reduced the high expression of Bad and
apoptotic protein (Cleaved-Caspase-3, Cleaved-
PARP1) mediated wunder the hyper-osmolarity
microenvironment in NPCs (Fig. 5A). Meanwhile, the
flow cytometry showed that apoptotic cell rates
decreased significantly (Fig. 5C). It has been reported
that the P21-Bad axis plays an important role in
inducing apoptosis [39, 40]. Furthermore, SIRNA-P21
transfection promoted CDK1 phosphorylation
(Thr-161) level (Fig. 5A) and cell viability (Fig. S3C)
while reducing cell cycle arrest (Fig. 5B) and
senescence (Fig. 5D). In eukaryotic cells, inhibition of
CDK1 phosphorylation (Thr-161) by P21 is considered
to be a key process in inducing G2/M phase arrest [38,
41] and a series of studies have shown that cell cycle
arrest induces senescence of NPCs [42, 43], suggesting
that P21-regulated cell cycle arrest may participate in
NPCs degeneration. These results suggested that
NCDH overexpression could attenuate undesirable
cell fates (apoptosis and senescence) of NPCs in
hyper-osmolarity microenvironment, and P21 may be
a key target in this process.

ATF4-CHOP axis is a key signaling transduct-
ion pathway behind the protective effects of
NCDH overexpression in rat NPCs under the
hyper-osmolarity microenvironment

It was found in this study that apoptosis and
senescence of NPCs were downstream events of ROS,
ERS and P21 (Fig. 3A and Fig. 4A), and that ERS of
NPCs was ROS-dependent (Fig. 3A-B) in the
hyper-osmolarity microenvironment. To explore the
effects of NCDH overexpression on ROS-dependent
ERS, we used TEM and DHE probe to measure ROS
and ERS of NPCs treated with LV-NCDH or LV-NC
in a hyper-osmolarity microenvironment. According
to the results, ERS and ROS levels were remarkably
decreased in the LV-NCDH group (Fig. 6B-C).

Moreover, P21-regulated cell cycle arrest and
cellular apoptosis was affected by ERS-related signal
transduction [38]. Hence, we further investigated the
role of ATF4-CHOP axis (a key signaling transduction
pathway involved in ERS) in the protective effects of
NCDH overexpression in NPCs in the hyper-
osmolarity microenvironment. The results of our

study revealed that in relative to the LV-NC group,
the expression of ERS markers (ATF4, ATF6, XPBls,
BIP and CHOP) decreased significantly in the
LV-NCDH group (Fig. 6A). In light of that all these
ERS markers were considered synergistic regulators
of the ATF4-CHOP axis [44], we proposed that
ATF4-CHOP axis was a key signaling transduction
pathway behind the protective effects of NCDH over-
expression in the hyper-osmolarity microenvironment
(Fig 6D).

NCDH overexpression alleviates ERS and
inhibits NP degeneration of rat tail disc in vivo

To verify the protective effects of NCDH against
ERS and NP degeneration in vivo, a rat tail puncture
model was devised. The MRI scans indicated that the
T2-weighted signal intensity of the LV-NCDH group
(puncture with LV-NCDH group) exhibited a
conspicuous elevation in comparison to the LV-NC
group (puncture with LV-NC group) (Fig. 7A). After
LV-NCDH treatment, damage to tissues and the
extracellular matrix was less than that in animals
treated with LV-NC (Fig. 7B). The western blot
analysis substantiated the efficacy of LV-NCDH
overexpression in vivo (Fig. 7C). Furthermore, the
LV-NCDH group showed a lower expression level of
BIP but a higher expression level of Aggrecan and
Col2al than LV-NC group (Fig. 7C). In addition,
immunofluorescence analysis showed that LV-NCDH
treatment alleviated the increase in the expression of
ERS marker (BIP) during IDD (Fig. 7D). Together,
these results suggested that NCDH could alleviate
ERS and NP degeneration in vivo.

Discussion

Mechanical stress is an important factor that
aggravates IDD [4, 45]. However, the indirect effects
and related mechanisms of mechanical stress need to
be further investigated to develop specific therapeutic
treatments. The preliminary theory is that mechanical
stress promotes IDD by squeezing liquid from the
intervertebral disc to increase osmotic pressure of the
in-situ NP region [5]. Therefore, investigations on the
effects and the potential mechanisms of the
hyper-osmolarity on NPCs are necessary to fully
clarify the pathogenesis of IDD.

According to previous reports, the hyper-osmo-
larity microenvironment induces apoptosis and
senescence through activating ROS in NPCs [6, 7].
ROS are oxygen byproducts that have crucial roles in
cell signaling and homeostasis, but excessive amounts
can result in harm [46]. Previously, it was believed
that oxidative stress did not participate in IDD. In
contrast, a series of recent studies have verified that
intervertebral disc cells are capable of oxygen
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metabolism in vivo and generate ROS in the
microenvironment [47, 48]. Other evidence shows that
ROS content is significantly increased in the
degenerative  intervertebral disc tissue  [48].
Importantly, ROS also induce ERS to synergistically
damage cells [49, 50]. Thus, ROS and ERS may be the
key pathological processes during IDD. In the clinical
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disc samples, our results showed that ERS, apoptosis
and senescence of NPCs were significantly
aggravated, whereas the expression of cellular marker
NCDH was obviously decreased. Therefore, we
hypothesized that NCDH might affect disc cell
activity through the ROS-ERS synergism in the
hyper-osmolarity microenvironment.
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senescence rate in NPCs. Scale bars: 50 pm. (C-D): Flow cytometry analysis of cell apoptosis and cell cycle in NPCs. Note: The data represents mean = SD (n=3); *p<0.05,
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ROS-ERS synergism can promote senescence or
apoptosis with mitochondrial damage in human
NPCs [8, 9]. To investigate how the hyper-osmolarity
microenvironment affects NPCs activity, we
configured a hyper-osmolarity cell culture medium
(550 mOsm/kg) to simulate the in-situ NP hyper-
osmolarity microenvironment in vivo [6]. In this
study, senescence and apoptosis levels of NPCs were
increased with the activation of ROS-ERS synergism,
which was demonstrated by western blot, DHE
fluorescent probes, transmission electron microscopy
and SA-B-Gal staining in the hyper-osmolarity group.
These findings suggested that the hyperosmolar
microenvironment induced ROS-ERS synergism,
apoptosis and senescence in rat NPCs. There was a
complex interaction between oxidative stress and
ERS. For example, Cayratidine increased ROS content
though activating ERS which further forms a vicious
cycle of ROS production in thymic cancer [13]. Our
results showed that ERS, apoptosis and senescence
were attenuated after the inhibition of ROS with
NAC. In contrast, apoptosis and senescence were
decreased after the inhibition of ERS with 4-PBA, but
the ROS level remained unchanged in the
hyper-osmolarity microenvironment. Those above
results revealed that the hyper-osmolarity microen-

vironment induced apoptosis and senescence of NPCs
through ROS-dependent ERS. In our study, neither
NAC nor 4-PBA could alleviate the downregulation of
NCDH in the hyper-osmolarity microenvironment.
Therefore, NCDH may be an upstream regulator of

ROS-dependent ERS regarding apoptosis and
senescence of NPCs in the hyper-osmolarity
microenvironment.

Recent studies have indicated that NCDH is a
typical cellular marker that maintains the cellular
phenotype of NPCs and that its expression in NPCs is
significantly decreased during IDD [51, 52]. Our
previous study showed that enhancing NCDH
expression could effectively alleviate apoptosis and
senescence of NPCs under overloaded compression
[53]. In the present study, we discovered that NCDH
overexpression reversed apoptosis and senescence of
NPCs by inhibiting ROS-dependent ERS in the
hyper-osmolarity microenvironment, which was
indicated by the decrease in ROS generation and
expression of ERS-associated proteins (i.e. BIP, ATF4,
ATF6, XBP1s and CHOP). ERS cause the accumu-
lation of misfolded proteins when protein folding
demand exceeds capacity in the endoplasmic
reticulum [54].
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When ERS occurred, IRE1 dissociated from
glucose-regulated protein 78 (GRP78/BIP) to cleave
X-box binding protein 1 (XBP1) mRNA and form
active X-box binding protein 1 splice (XBP1s), which
was further translated into the XBP1 protein [55].
XBP1 induced the expression of rapamycin target
protein (mTOR) and CCAAT/enhancer binding
protein to promote the degradation of misfolded
endoplasmic reticulum proteins and maintain
intracellular protein homeostasis [56]. Previously,
these signaling pathways were considered to operate
independently, but recent opinion asserts that the
unfolded protein response (UPR) cooperates to
complete ERS via the ATF4-CHOP axis [24, 44].

In this study, we presented a further discovery
that the ATF4-CHOP axis was regulated by NCDH,
which was indicated by decreased expression level of
ATF4, ATF6, CHOP after NCDH overexpression.
Recent studies have shown that the ATF4-CHOP axis
induces senescence through G2/M phase arrest and
apoptosis by activating the key target P21 in
glioblastoma cells [38]. Our results demonstrated that
the relative expression of P21 were notably reduced
while p-CDK1 (Thr-161) was significantly increased
after NCDH overexpression which reversed the cell
cycle arrest and cell viability suppression under
hyper-osmolarity microenvironment. The CDK1
phosphorylation (Thr-161) was a key process for
CDK1/Cyclin B complex formation [57], and
inhibited G2/M phase arrest [38, 39]. The drastic cell
cycle change had irreversible consequences for the
phenotypic maintenance of NPCs, which ultimately
led to senescence [42, 58]. Similarly, the cell viability
suppression is also considered to be highly associated
with the senescence of NPCs degeneration [59]. In
addition, our study indicated that the expression of
Bad and Cleaved-PARP1 was lowered after
LV-NCDH-mediated inhibition of P21. Furthermore,
the P21-Bad signaling axis activated mitochondrial
apoptosis by producing Cleaved-PARP1 and
Cleaved-Caspase-3 [39, 60]. Combined with the flow
cytometry and western blot results, we found that the
hyper-osmolarity microenvironment activated the
P21-Bad axis to induce apoptosis of NPCs. Together,
P21 was a key target for ATF-4-CHOP signal axis to
regulate the wundesirable fates (apoptosis and
senescence) of NPCs. These results suggested that
NCDH inhibited ROS-dependent ERS-mediated
apoptosis and senescence via suppressing the
ATF4-CHOP axis in the hyper-osmolarity
microenvironment. Similarly, the rat tail puncture
injection model also showed that NCDH transfection
reduced expression of the ERS-triggered protein BIP
and inhibited the destruction of the extracellular
matrix to mitigate IDD in vivo.

Conclusions

To conclude, we investigated the impacts of
NCDH on hyper-osmolarity microenvironment-
induced senescence and apoptosis of NPCS, as well as
the potential mechanism behind this process. Our
results demonstrate that NCDH alleviates senescence
and apoptosis of NPCs through inhibiting
ROS-dependent ERS via the ATF4-CHOP axis in the
hyper-osmolarity ~microenvironment. This study
further clarifies pathogenesis of IDD and provides
important mechanistic insights for biological
treatment of IDD in the future clinical practice.

Abbreviations

NPCs: nucleus pulposus cells; NCDH:
N-cadherin; ERS: endoplasmic reticulum stress; ROS:
Reactive oxygen species; IDD: intervertebral disc
degeneration; NP: nucleus pulposus; AGEs: advanced
glycation end products; LVF: lumbar vertebral
fracture; SD: Sprague-Dawley; LV: lentivirus vector;
RNAi: RNA interference; siRNA: small interfering
RNA; SA-B-Gal: senescence-associated [-Galactosi-
dase; PBS: phosphate buffer saline; DHE:
dihydroethidium; SDS: sodium dodecyl sulfate;
PVDEF: polyvinylidene difluoride; TEM: transmission
electron microscopy; NC: negative control; NAC:
N-acetylcysteine; 4-PBA: sodium phenylbutyrate;
MRI: magnetic resonance imaging; EMC: extracellular
matrix macromolecules; G2/M: Gap 2/Mitosis.

Supplementary Material

Supplementary figures and tables.
https:/ /www.medsci.org/v21p0341s1.pdf

Acknowledgments

This study was funded by Basic Research and
Frontier Exploration Project of Yuzhong District,
Chongqing, China (No. 20200121). The National
Natural Science Foundation of China (N0.81974346).
Natural Science Foundation of Chongqing, China
(No. cstc2020jcyj-msxmX0148). The Science and
Technology Research Program of Chongging
Municipal Education Commission (No. KJQN20210
0426). Basic Research Incubation Project of the Third
Affiliated Hospital of Chongqing Medical University,
Chongqing, China (No. KY20077).

Author contributions

Qiang Zhou: Supervision, Resources, Funding
acquisition, Project administration. Pei Li:
Conceptualization, Writing-review & editing, Project
administration, Funding acquisition. Luetao Zou:
Visualization, Investigation, Methodology, Formal
analysis, Writing-original, Data curation. Yiyang

https://www.medsci.org



Int. J. Med. Sci. 2024, Vol. 21

355

Wang: Methodology, Validation. Yanzhu Hu: Formal
analysis, Investigation. Liehua Liu: Resources. Lei
Luo: Resources. Zhao Chen: Resources. Yunyun
Zhuo: Investigation.

Qiang Zhou and Pei Li contributed to the design
of the work. Pei Li and Luetao Zou contributed to the
drafting and revising of the manuscript. Luetao Zou,
Yiyang Wang and Yanzhu Hu contributed to the
analysis and interpretation of data. Luetao Zou,
Liehua Liu, Lei Luo, Zhao Chen and Yunyun Zhuo
contributed to the implementation of the experiments.
Qiang Zhou, Pei Li, Luetao Zou, Yiyang Wang,
Yanzhu Hu, Liehua Liu, Lei Luo, Zhao Chen and
Yunyun Zhuo made the final approval of the version
to be published and agreed to be accountable for all
aspects of the work in ensuring.

Ethics committee approval and patient
consent

All human-derived tissues collected and animal
research in this study were approved by the Ethics
Committee of the Third Affiliated Hospital of
Chongging Medical University (Ethical Approval No.
2023-028). All participant completed a declaration of
consent before the operation. The nucleus pulposus
tissue was sampled according to the Declaration of
Helsinki.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Pulickal T, Boos J, Konieczny M, Sawicki LM, Muller-Lutz A, Bittersohl B, et
al. MRI identifies biochemical alterations of intervertebral discs in patients
with low back pain and radiculopathy. Eur Radiol. 2019; 29: 6443-6.

2. Xin], Wang Y, Zheng Z, Wang S, Na S, Zhang S. Treatment of Intervertebral
Disc Degeneration. Orthopaedic surgery. 2022; 14: 1271-80.

3. Vo NV, Hartman RA, Patil PR, Risbud MV, Kletsas D, Iatridis JC, et al.
Molecular mechanisms of biological aging in intervertebral discs. J Orthop
Res. 2016; 34: 1289-306.

4. Urban JP. The role of the physicochemical environment in determining disc
cell behaviour. Biochem Soc Trans. 2002; 30: 858-64.

5. Broberg KB. Slow deformation of intervertebral discs. ] Biomech. 1993; 26:
501-12.

6. Xu J, Li H, Yang K, Guo S, Wang J, Feng C, et al. Hyper-osmolarity
environment-induced oxidative stress injury promotes nucleus pulposus cell
senescence in vitro. Biosci Rep. 2019; 39.

7. Jiao S, LiJ, Liu B, Yang M, Xiu J, Qu D. Nucleus pulposus cell apoptosis is
attenuated by CDMP-2 through regulating oxidative damage under the
hyperosmotic environment. Biosci Rep. 2018; 38.

8. Suzuki S, Fujita N, Hosogane N, Watanabe K, Ishii K, Toyama Y, et al.
Excessive reactive oxygen species are therapeutic targets for intervertebral
disc degeneration. Arthritis Res Ther. 2015; 17: 316.

9. Dimozi A, Mavrogonatou E, Sklirou A, Kletsas D. Oxidative stress inhibits the
proliferation, induces premature senescence and promotes a catabolic
phenotype in human nucleus pulposus intervertebral disc cells. Eur Cell
Mater. 2015; 30: 89-102; discussion 3.

10. Chen JW, Ni BB, Li B, Yang YH, Jiang SD, Jiang LS. The responses of
autophagy and apoptosis to oxidative stress in nucleus pulposus cells:
implications for disc degeneration. Cell Physiol Biochem. 2014; 34: 1175-89.

11. Yang L, Rong Z, Zeng M, Cao Y, Gong X, Lin L, et al. Pyrroloquinoline
quinone protects nucleus pulposus cells from hydrogen peroxide-induced
apoptosis by inhibiting the mitochondria-mediated pathway. Eur Spine J.
2015; 24: 1702-10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Krupkova O, Handa J, Hlavna M, Klasen ], Ospelt C, Ferguson SJ, et al. The
Natural Polyphenol Epigallocatechin Gallate Protects Intervertebral Disc Cells
from Oxidative Stress. Oxid Med Cell Longev. 2016; 2016: 7031397.

Arai K, Lee SR, van Leyen K, Kurose H, Lo EH. Involvement of ERK MAP
kinase in endoplasmic reticulum stress in SH-SY5Y human neuroblastoma
cells. Journal of neurochemistry. 2004; 89: 232-9.

Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, et al.
Coupling of stress in the ER to activation of JNK protein kinases by
transmembrane protein kinase IRE1. Science (New York, NY). 2000; 287: 664-6.
Ghemrawi R, Battaglia-Hsu SF, Arnold C. Endoplasmic Reticulum Stress in
Metabolic Disorders. Cells. 2018; 7.

Liu Y, Zhu H, Yan X, Gu H, Gu Z, Liu F. Endoplasmic reticulum stress
participates in the progress of senescence and apoptosis of osteoarthritis
chondrocytes. Biochem Biophys Res Commun. 2017; 491: 368-73.

Delmotte P, Sieck GC. Endoplasmic Reticulum Stress and Mitochondrial
Function in Airway Smooth Muscle. Frontiers in cell and developmental
biology. 2019; 7: 374.

Chen L, Liu L, Xie ZY, Wang F, Sinkemani A, Zhang C, et al. Endoplasmic
Reticulum Stress Facilitates the Survival and Proliferation of Nucleus
Pulposus Cells in TNF-alpha Stimulus by Activating Unfolded Protein
Response. DNA Cell Biol. 2018; 37: 347-58.

Luo R, Song Y, Liao Z, Yin H, Zhan S, Wang K, et al. Impaired calcium
homeostasis via advanced glycation end products promotes apoptosis
through endoplasmic reticulum stress in human nucleus pulposus cells and
exacerbates intervertebral disc degeneration in rats. The FEBS journal. 2019;
286: 4356-73.

Xie ZY, Chen L, Zhang C, Liu L, Wang F, Cai F, et al. Acid-Sensing Ion
Channel 1a Regulates Fate of Rat Nucleus Pulposus Cells in Acid Stimulus
Through Endoplasmic Reticulum Stress. BioResearch open access. 2018; 7: 2-9.
Zhao CQ, Zhang YH, Jiang SD, Jiang LS, Dai LY. Both endoplasmic reticulum
and mitochondria are involved in disc cell apoptosis and intervertebral disc
degeneration in rats. Age (Dordr). 2010; 32: 161-77.

Hetz C, Zhang K, Kaufman R]. Mechanisms, regulation and functions of the
unfolded protein response. Nature reviews Molecular cell biology. 2020; 21:
421-38.

Wijaya LS, Trairatphisan P, Gabor A, Niemeijer M, Keet ], Alcala Morera A, et
al. Integration of temporal single cell cellular stress response activity with
logic-ODE modeling reveals activation of ATF4-CHOP axis as a critical
predictor of drug-induced liver injury. Biochem Pharmacol. 2021; 190: 114591.
Yang L, Su L, Cao C, Xu L, Zhong D, Xu L, et al. The chalcone
2'-hydroxy-4',5'-dimethoxychalcone activates death receptor 5 pathway and
leads to apoptosis in human nonsmall cell lung cancer cells. [UBMB life. 2013;
65: 533-43.

Gan Y, Li P, Wang L, Mo X, Song L, Xu Y, et al. An interpenetrating
network-strengthened and toughened hydrogel that supports cell-based
nucleus pulposus regeneration. Biomaterials. 2017; 136: 12-28.

Li P, Liang Z, Hou G, Song L, Zhang R, Gan Y, et al. N-Cadherin-Mediated
Activation of PI3K/Akt-GSK-3p Signaling Attenuates Nucleus Pulposus Cell
Apoptosis Under High-Magnitude Compression. Cell Physiol Biochem. 2017;
44:229-39.

Li S, Jiao J, Lu Z, Zhang M. An essential role for N-cadherin and beta-catenin
for progression in tongue squamous cell carcinoma and their effect on
invasion and metastasis of Tca8113 tongue cancer cells. Oncology reports.
2009; 21: 1223-33.

Hui L, Zhang S, Dong X, Tian D, Cui Z, Qiu X. Prognostic significance of twist
and N-cadherin expression in NSCLC. PLoS One. 2013; 8: e62171.

Musumeci G, Coleman R, Imbesi R, Magro G, Parenti R, Szychlinska MA, et al.
ADAM-10 could mediate cleavage of N-cadherin promoting apoptosis in
human atherosclerotic lesions leading to vulnerable plaque: a morphological
and immunohistochemical study. Acta Histochem. 2014; 116: 1148-58.

Hou G, Zhao H, Teng H, Li P, Xu W, Zhang J, et al. N-Cadherin Attenuates
High Glucose-Induced Nucleus Pulposus Cell Senescence Through Regulation
of the ROS/NF-kB Pathway. Cell Physiol Biochem. 2018; 47: 257-65.
Boxberger JI, Auerbach JD, Sen S, Elliott DM. An in vivo model of reduced
nucleus pulposus glycosaminoglycan content in the rat lumbar intervertebral
disc. Spine. 2008; 33: 146-54.

Chen J, Xie JJ, Jin MY, Gu YT, Wu CC, Guo W], et al. Sirt6 overexpression
suppresses senescence and apoptosis of nucleus pulposus cells by inducing
autophagy in a model of intervertebral disc degeneration. Cell Death Dis.
2018; 9: 56.

Mao HJ, Chen QX, Han B, Li FC, Feng ], Shi ZL, et al. The effect of injection
volume on disc degeneration in a rat tail model. Spine. 2011; 36: E1062-9.

Li P, Zhang R, Wang L, Gan Y, Xu Y, Song L, et al. Long-term load duration
induces N-cadherin down-regulation and loss of cell phenotype of nucleus
pulposus cells in a disc bioreactor culture. Biosci Rep. 2017; 37.

XuY, Yao H, Li P, Xu W, Zhang J, Lv L, et al. Dynamic Compression Promotes
the Matrix Synthesis of Nucleus Pulposus Cells Through Up-Regulating
N-CDH Expression in a Perfusion Bioreactor Culture. Cell Physiol Biochem.
2018; 46: 482-91.

Zeeshan HM, Lee GH, Kim HR, Chae H]J. Endoplasmic Reticulum Stress and
Associated ROS. International journal of molecular sciences. 2016; 17: 327.
Yamamuro A, Yoshioka Y, Ogita K, Maeda S. Involvement of endoplasmic
reticulum stress on the cell death induced by 6-hydroxydopamine in human
neuroblastoma SH-SY5Y cells. Neurochemical research. 2006; 31: 657-64.

https://www.medsci.org



Int. J. Med. Sci. 2024, Vol. 21

356

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tang Q, Ren L, Liu J, Li W, Zheng X, Wang ], et al. Withaferin A triggers G2/M
arrest and intrinsic apoptosis in glioblastoma cells via ATF4-ATF3-CHOP axis.
Cell Prolif. 2020; 53: €12706.

Gao YP, Li L, Yan ], Hou XX, Jia YX, Chang ZW, et al. Down-Regulation of
CIDEA Promoted Tumor Growth and Contributed to Cisplatin Resistance by
Regulating the JNK-p21/Bad Signaling Pathways in Esophageal Squamous
Cell Carcinoma. Frontiers in oncology. 2020; 10: 627845.

Zhang P, Huang CR, Wang W, Zhang XK, Chen JJ, Wang JJ, et al. Harmine
Hydrochloride Triggers G2 Phase Arrest and Apoptosis in MGC-803 Cells and
SMMC-7721 Cells by Upregulating p21, Activating Caspase-8/Bid, and
Downregulating ERK/Bad Pathway. Phytother Res. 2016; 30: 31-40.

Smits VA, Klompmaker R, Vallenius T, Rijksen G, Makela TP, Medema RH.
p21 inhibits Thr161 phosphorylation of Cdc2 to enforce the G2 DNA damage
checkpoint. The Journal of biological chemistry. 2000; 275: 30638-43.

Liang W, Ye D, Dai L, Shen Y, Xu J. Overexpression of hTERT extends
replicative capacity of human nucleus pulposus cells, and protects against
serum starvation-induced apoptosis and cell cycle arrest. ] Cell Biochem. 2012;
113: 2112-21.

Wang J, Xia D, Lin Y, Xu W, Wu Y, Chen ], et al. Oxidative stress-induced
circKIF18A downregulation impairs MCM7-mediated anti-senescence in
intervertebral disc degeneration. Experimental & molecular medicine. 2022;
54:285-97.

Wijaya LS, Trairatphisan P, Gabor A, Niemeijer M, Keet J, Alcala Morera A, et
al. Integration of temporal single cell cellular stress response activity with
logic-ODE modeling reveals activation of ATF4-CHOP axis as a critical
predictor of drug-induced liver injury. Biochem Pharmacol. 2021; 190: 114591.
Spillekom S, Smolders LA, Grinwis GC, Arkesteijn IT, Ito K, Meij BP, et al.
Increased osmolarity and cell clustering preserve canine notochordal cell
phenotype in culture. Tissue Eng Part C Methods. 2014; 20: 652-62.

Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiological reviews. 2014; 94: 909-50.
Lee DC, Adams CS, Albert TJ, Shapiro IM, Evans SM, Koch CJ. In situ oxygen
utilization in the rat intervertebral disc. ] Anat. 2007; 210: 294-303.

Hou G, Lu H, Chen M, Yao H, Zhao H. Oxidative stress participates in
age-related changes in rat lumbar intervertebral discs. Arch Gerontol Geriatr.
2014; 59: 665-9.

Berridge MJ. The endoplasmic reticulum: a multifunctional signaling
organelle. Cell Calcium. 2002; 32: 235-49.

Koong AC, Chauhan V, Romero-Ramirez L. Targeting XBP-1 as a novel
anti-cancer strategy. Cancer Biol Ther. 2006; 5: 756-9.

Hwang PY, Jing L, Michael KW, Richardson WJ, Chen ], Setton LA.
N-Cadherin-Mediated Signaling Regulates Cell Phenotype for Nucleus
Pulposus Cells of the Intervertebral Disc. Cell Mol Bioeng. 2015; 8: 51-62.

Lv F, Leung VY, Huang S, Huang Y, Sun Y, Cheung KM. In search of nucleus
pulposus-specific molecular markers. Rheumatology (Oxford). 2014; 53:
600-10.

Li P, Liang Z, Hou G, Song L, Zhang R, Gan Y, et al. N-Cadherin-Mediated
Activation of PI3K/Akt-GSK-3beta Signaling Attenuates Nucleus Pulposus
Cell Apoptosis Under High-Magnitude Compression. Cellular physiology and
biochemistry : international journal of experimental cellular physiology,
biochemistry, and pharmacology. 2017; 44: 229-39.

Wang G, Yang ZQ, Zhang K. Endoplasmic reticulum stress response in cancer:
molecular mechanism and therapeutic potential. Am J Transl Res. 2010; 2:
65-74.

Harding HP, Zeng H, Zhang Y, Jungries R, Chung P, Plesken H, et al. Diabetes
mellitus and exocrine pancreatic dysfunction in perk-/- mice reveals a role for
translational control in secretory cell survival. Molecular cell. 2001; 7: 1153-63.
Rutkowski DT, Kaufman R]J. That which does not kill me makes me stronger:
adapting to chronic ER stress. Trends in biochemical sciences. 2007; 32: 469-76.
Dunphy WG. The decision to enter mitosis. Trends in cell biology. 1994; 4:
202-7.

Che H, Li J, Li Y, Ma C, Liu H, Qin J, et al. p16 deficiency attenuates
intervertebral disc degeneration by adjusting oxidative stress and nucleus
pulposus cell cycle. Elife. 2020; 9.

Tsujimoto R, Yurube T, Takeoka Y, Kanda Y, Miyazaki K, Ohnishi H, et al.
Involvement of autophagy in the maintenance of rat intervertebral disc
homeostasis: an in-vitro and in-vivo RNA interference study of Atg5.
Osteoarthritis and cartilage. 2022; 30: 481-93.

Kamdar O, Le W, Zhang J, Ghio AJ, Rosen GD, Upadhyay D. Air pollution
induces enhanced mitochondrial oxidative stress in cystic fibrosis airway
epithelium. FEBS letters. 2008; 582: 3601-6.

https://www.medsci.org



