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p-catenin signalling inhibits cartilage endplate
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Abstract. Cartilaginous endplate degeneration serves a key role
in the process of intervertebral disc (IVD) degeneration, however,
effective therapies are hindered by an incomplete understanding
of the mechanisms that underlie cartilage endplate (CEP)
homeostasis and degeneration. Wnt/f-catenin signalling
has been reported as a major factor in regulating biological
processes. Whether Wnt/B-catenin signalling engages in CEP
homeostasis has not yet been investigated. The present study
aimed to assess the function of CEP cells via the activation
of Wnt/B-catenin signalling to examine and promote the
mechanism of degeneration of CEP in vitro. Rat CEP cells were
confirmed to exhibit a chondrocytic phenotype by toluidine
blue staining. The increased number of senescence-associated
[-galactosidase (SA-B-gal)-positive cells and reduced cellular
proliferation were investigated in the presence of a (3-catenin
inhibitor, and the inhibitor improved the trend of senescence.
An increased number of apoptotic cells was detected by lithium
chloride treatment, and inhibiting Wnt/B-catenin signalling
protected the cells from apoptosis. Expression of the catabolic
enzymes, metalloproteinase-13 and a disintegrin and metal-
loproteinase with thrombospondin motifs-5, and the decreased
expression of aggrecan were also observed by Wnt/p-catenin
signalling activation, and a Wnt/B-catenin signalling inhibitor
decreased the expression of catabolic enzymes and increased
the expression of aggrecan induced by Wnt/B-catenin signal-
ling activation. Wnt/p-catenin signalling may provide potential
strategies for preventing CEP degeneration.
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Introduction

Degeneration of the intervertebral disc (IVD) is the main factor
contributing to the pathogenesis of spinal disorders and consti-
tutes an important socioeconomic burden (1,2). The cartilage
endplate (CEP) is an important site for solute exchange and the
import of nutrients for the IVD (3,4). Degeneration of the CEP
markedly decreases the biomechanical integrity and nutrition of
the disc, resulting in breakdown of the metabolic equilibrium
of the extracellular matrix (ECM), which ultimately accelerates
disc degeneration (5-8). The prevention of CEP degeneration is
a potential therapeutic strategy for maintaining IVD health and
preventing spondylopathy. However, the precise mechanisms of
development, maintenance and degeneration of CEP remain to
be fully clarified.

Wnt/B-catenin signalling serves a central role in regulating
biological processes, including initial embryonic development,
tissue organization, cell proliferation and differentiation, in
addition to pathological processes (9-11). The Wnt/B-catenin
signalling pathway is activated upon binding of the Wnt
protein to a receptor complex, including Frizzled receptors
and low-density lipoprotein receptor-related protein 5/6 on the
cell surface (12,13). In the absence of Wnt ligands, glycogen
synthase kinase-3 (GSK-33)-mediated phosphorylation and
proteasome-mediated degradation occur (14). However, when
the Wnt ligand is present, the phosphorylation activity of
GSK-3p is inhibited (15), following whichf3-catenin accumu-
lates and translocates to the nucleus, where it combines with
T-cell factor/lymphoid enhancer factor and transactivates target
gene promoters (9,16). Therefore, the quantitative changes in
[-catenin are an important factor in Wnt/pB-catenin signalling.

Numerous studies have reported that the protein levels of
[B-catenin are significantly higher in IVD degenerated speci-
mens than in normal IVD specimens (17,18), which indicates
that Wnt/B-catenin signalling is involved in the process of IVD
degeneration. Hiyama et al (17) reported that the Wnt/B-catenin
signalling pathway enhanced IVD cellular senescence and
decreased ECM synthesis. A recent study reported that acti-
vation of Wnt/B-catenin signalling promoted the apoptosis of
nucleus pulposus (NP) cells induced by inflammatory cytokines,
including interleukin-1f and tumour necrosis-a (19), which are
abnormally secreted by NP cells and are widely recognized
contributors to IVD senescence. Iwata ef al (20) demonstrated
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that Wnt/B-catenin signalling enhanced the expression of
Runt-related transcription factor 2 (Runx?2) in the IVD and led
to IVD calcification. However, the role of 3-catenin signalling in
CEP has not been fully investigated.

The present study aimed to assess the function of CEP cells
with activation of Wnt/B-catenin signalling and examine the
promoted degeneration mechanism of CEP.

Materials and methods

Cell isolation and culture. All animal experiments were
approved by the Ethics Committee on Animal Experiments of
Fudan University (Shanghai, China). Two male Sprague-Dawley
rats (age,~12 weeks; weight, 400 g) were used in the present study
and were supplied by the Shanghai Public Health Centre. The
Animals were housed with free access to food and water under
a 12-h light/dark cycle with constant temperature (20-23°C) and
humidity (55+5%). The animals were euthanized by cervical
dislocation following anaesthesia with sodium pentobarbital
(50 mg/kg; New Asia Pharmaceutical Co., Ltd.). The lumbar
spines of the animals were obtained within 1 h of death, and
the discs were carefully dissected under a microscope to obtain
only the CEP, which was minced into small pieces (<0.3 mm?®)
under aseptic conditions. To isolate the chondrocytes, the tissues
were sequentially treated with 0.25% trypsin (Sigma-Aldrich;
Merck KGaA) at 37°C for 120 min, followed by treatment with
0.02% collagenase (Sigma-Aldrich; Merck KGaA) at 37°C
for 24 h. Upon enzymatic digestion, the tissues were filtered
through a 70-ym mesh cell strainer (Beyotime Institute of
Biotechnology) and then washed with PBS. Subsequently, the
cells were released from the matrix by centrifugation at 200 x g
for 5 min at room temperature following digestion and filtra-
tion. Following this, the cells were seeded into 6-well plates at
2x10* cells/well and maintained in Dulbecco's modified Eagle's
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 10% foetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 ug/ml strep-
tomycin (Beyotime Institute of Biotechnology) under 5% CO,
in a humidified incubator at 37°C. The primary chondrocytes
were maintained in a high-density monolayer culture for 1 week
at 2x10° cells/well. Toluidine blue staining (Shanghai Haoran
Biotechnology Co., Ltd.) was used to confirm the chondrocytic
phenotype of these cells. The cells were incubated in 6-cm
plates (5x10° cells/plate) for 1 h at 37°C with the staining solu-
tion, Images of the cells were then captured under reflected light
using a digital high-fidelity microscope (VH-8000; Keyence
Corporation). The cells were then trypsinised and subcultured
in 6-well plates, which were used in the following experiments
as secondary cells.

Cell treatments. LiCl, which is a known inducer of -catenin
and an activator of Wnt signalling, was used to activate
‘Wnt/B-catenin signalling (17,21). The CEP cells were cultured in
6-cm plates (5x10° cells/plate) at 37°C. Cells treated with 20 mM
LiCl for 24 h were termed CEP-CTR (control) at 37°C. The
cells treated with LiCl and the Wnt/pB-catenin inhibitor ICG001
(25 uM; cat. no. SF6827; Beyotime Institute of Biotechnology)
for 24 h were termed CEP-INB (inhibitor) at 37°C. An addi-
tional group treated with normal conditions was considered the
normal group, and was termed NP-NOM (normal condition).
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SA-(-gal staining. SA-B-gal staining was performed
at 0, 24, 48 and 72 h using an SA-B-gal staining kit (Cell
Signalling Technology, Inc.), according to the recommendations
of the manufacturer. Briefly, the cells were washed twice with
PBS and fixed with 3% formaldehyde for 15 min at 37°C. The
cells were incubated overnight at 37°C with the staining solu-
tion. Images of the cells were then captured under reflected light
using a digital high-fidelity microscope (VH-8000; Keyence
Corporation). A total of five fields, which were distributed
throughout the well, were counted (magnification, x200), and
the mean positive rate was also counted (22).

Determination of cell proliferation. The proliferation of CEP
cells was assessed at 0, 24, 48 and 72 h with a Cell Counting
Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology).
In brief, the cells were seeded at a density of 1x10* cells/well
in a 96-well plate. The cells were incubated with 10 ul CCK-8
solution at 37°C for 2 h, and then analysed with an Epoch
Multi-Volume Spectrophotometer system (BioTek Instruments,
Inc.) at an absorbance of 490 nm. The proliferative activities
were calculated as the change in absorbance at 490 nm.

Detection of apoptosis. The CEP cells were cultured in
6-cm plates (5x10° cells/plate) with or without 20 mM LiCl
for 24 h, and apoptosis was determined by staining with
Annexin V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) according to the manufacturer's instructions
(BD Pharmingen; BD Biosciences). The cells were stained
with FITC-labelled Annexin V and PI simultaneously, and then
quantified as follows: i) Annexin V-negative/PI-negative (viable
cells); ii) Annexin V-positive/PI-negative (cells in the initial
stages of apoptosis); iii) Annexin V-positive/PI-positive (cells in
the advanced stages of apoptosis); and iv) Annexin V-negative/
PI-positive (necrotic cells). To quantify apoptosis, the cells
were washed with cold PBS and suspended in binding buffer.
The cells were stained with 5 ul Annexin V-FITC and 5 ul PI
at 4°C for 15 min, and then analysed using a FACScan flow
cytometer (BDBiosciences).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) analysis. RT-qPCR analysis was performed to
detect the messenger RNA (mRNA) expression of matrix metal-
loproteinase (MMP)-13, a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTS)-5 and aggrecan in the
different treatment groups at 24 h, and GAPDH was used as
the internal standard control. Briefly, total RNA was extracted
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) following the manufacturer's instructions. Single-strand
complementary DNA (cDNA) templates were prepared from
1 pug total RNA using the Advantage RT-for-PCR kit (Clontech
Laboratories, Inc.). Specific cDNAs were then amplified by
PCR using the following primers: Aggrecan forward (Fw),
5'-CAGAAAAACAGACTGAATGGGA-3' and reverse (Rev),
5-GCAAGTGAAGGTGTGTATGGC-3"; MMP-13 Fw, 5-TAC
GAGCATCCATCCCGAGACC-3' and Rev, 5-AACCGCAGC
ACTGAGCCTTTTC-3'; ADAMTS-5 Fw, 5-GGCTGTGGT
GTGCTGTG-3' and Rev, 5-CTGGTCTTTGGCTTTGAAC-3";
and GAPDH Fw, 5-CCCCAATGTATCCGTTGTG-3' and Rev,
5'-CTCAGTGTAGCCCAGGATGC-3'. PCR amplification from
cDNA was performed using the Takara Thermal Cycler Dice
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Figure 1. Cell phenotype. (A) A typical chondrocytic phenotype was
confirmed by toluidine blue staining (magnification, x200). Scale bar, 100 zm.
(B) Representative image of senescence-associated [3-galactosidase-positive
cartilage endplate cells (magnification, x200). Scale bar, 100 gm.

Real Time System TP800 (Takara Bio, Inc.) with a final volume
of 20 ul [10 ul 2X SYBR Green Mix (Invitrogen; Thermo
Fisher Scientific, Inc.), 1 ul primer mix, 1 ul template DNA and
8 ul diethylpyrocarbonate-treated water]. The thermocycling
conditions were as follows: Initial denaturation at 95°C for
2 min, followed by 40 cycles of denaturation at 95°C for 15 sec,
annealing at 59°C for 20 sec and elongation at 72°C for 20 sec,
and a final extension at 72°C for 10 min. The PCR products were
subjected to amplification curve analysis and were quantified
using SYBR-Green (Invitrogen; Thermo Fisher Scientific, Inc.).
The data were normalized to GAPDH and quantified using the
2-44C4 method (23).

Statistical analysis. All measurements were recorded using
the same instrument under the same experimental conditions
and were independently performed at least three times to
ensure consistency. Statistical analyses were performed using
SPSS 16.0 software (SPSS, Inc.). Data are expressed as the
mean =+ standard deviation. Significant differences were anal-
ysed with one-way analysis of variance, and the Bonferroni test
was used for multiple comparisons. P<0.05 was considered to
indicate a statistically significant difference.

Results

Cells cultured from the CEP maintain a chondrocytic pheno-
type and SA-f5-gal staining. Toluidine blue staining was used to
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Figure 2. Wnt/B-catenin signalling-mediated CEP cellular premature senes-
cence. (A) A p-catenin inhibitor was associated with the recovery of cell
proliferative ability. (B) LiCl treatment induced an increase in senescent
cells, as determined by SA-f-gal staining, whereas the 3-catenin inhibitor
decreased the number of SA-B-gal-positive cells. ‘P<0.05. CEP-NOM,
cells cultured under normal conditions; CEP-CTR, cells treated with LiCl;
CEP-INB, cells treated with LiCl and a B-catenin inhibitor; CEP, carti-
lage endplate; LiCl, lithium chloride; SA-f-gal, senescence-associated
B-galactosidase.

confirm the phenotype of cells cultured from the CEP. The results
revealed that the cells were viable and possessed characteristic
features of chondrocyte proteoglycans with light blue staining
in the cytoplasm, as evidenced by typical cell morphology and
ECM staining (Fig. 1A). Photomicrographs showing Staining
of CEP cells for SA-B-gal indicated that the chondrocytes were
large and flat with notable SA-B-gal activity (Fig. 1B).

LiCl treatment induces CEP cellular premature senescence. To
determine whether -catenin mediates cellular senescence, the
percentage of SA-p-gal-positive cells and the cellular prolifera-
tive ability were quantitatively assessed following LiCl treatment
with or without a 3-catenin inhibitor. The proliferative ability of
CEP cells gradually decreased with increasing time, and at 72 h,
the proliferative activity markedly decreased to almost half of
that of the control (0.92+0.21 vs. 1.72+0.15, P<0.05). Notably,
upon inhibiting the activation of Wnt/p-catenin signalling in the
CEP-INB group, the protective effect was investigated, and the
proliferative ability of the cells was improved compared with
that of the CEP-CTR group (1.25+0.26 vs. 0.92+0.21, P<0.05;
Fig. 2A). Furthermore, the premature senescence of CEP cells
was investigated at 72 h. As shown in Fig. 2B, the chondrocytes
become large and flat and enhanced SA-f-gal activity, the
percentage of SA-B-gal-positive cells was markedly higher in
the CEP-CTR group compared with that in the NP-NOM group
at 72 h (28.82+2.45 vs. 7.60+1.28%, P<0.05). When the activa-
tion of Wnt/B-catenin signalling was inhibited in the CEP-INB
group, the increase in the number of SA-B-gal-positive cells
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Figure 3. Evaluation of the apoptosis of CEP cells following LiCl treatment. (A) Representative graphs of flow cytometric analysis. (B) Apoptotic rate of CEP cells
was significantly higher following LiCl treatment, whereas inhibiting Wnt/pB-catenin signalling protected against cellular apoptosis. The results are presented as
the percentage of cell apoptosis. P<0.05 CEP-CTR vs. CEP-NOM and CEP-INB. CEP-NOM, cells cultured under normal conditions; CEP-CTR, cells treated
with LiCl; CEP-INB, cells treated with LiCl and a 3-catenin inhibitor; CEP, cartilage endplate; LiCl, lithium chloride; FITC, fluorescein isothiocyanate.

at 72 h was prevented; the mean positive rate was only at
19.66+2.85% in the CEP-INB group.

LiCl treatment is involved in cellular apoptosis. To determine
whether the activation of Wnt/B-catenin signalling had any
effect on the apoptosis of CEP cells, the apoptotic rate of
cells stained with Annexin V-FITC and PI was qualitatively
and quantitatively assessed following LiCl treatment with
or without a f-catenin inhibitor. As shown in Fig. 3A and B,
flow cytometric analysis revealed that the apoptotic rate
of CEP cells was significantly higher following LiCl treat-
ment compared with that of cells in the CEP-NOM group
(21.80+1.35 vs. 9.42+0.42%, P<0.05). Upon incubation with
the Wnt/B-catenin inhibitor, the apoptotic rate was signifi-
cantly reduced compared with that in the CEP-CTR group
(16.59+1.03 vs. 21.80+1.35%, P<0.05).

Wnt/f3-catenin signalling modulates ECM equilibrium. To
determine the effects of B-catenin on the equilibrium of
the critical ECM, the expression of aggrecan and catabolic
enzymes (MMP-13 and ADAMTS-5) was examined by
RT-gPCR analysis. As shown in Fig. 4A, LiCl treatment mark-
edly decreased the expression of aggrecan, and this inhibitory
effect was decreased by the addition of the -catenin inhibitor.
Furthermore, the levels of MMP-13 and ADAMTS-5 were
increased by LiCl treatment, upon being reduced by the
[B-catenin inhibitor (Fig. 4B and C).

Discussion

The ECP is a thin layer of hyaline cartilage between the verte-
bral body and the IVD, and contributes to an even distribution
of the compressive load across the vertebral body (24). In
addition, it is the gateway for nutrient transport between the
vertebral marrow and the IVD (8,5). Multiple previous studies
have demonstrated that cartilaginous endplate degeneration
serves a key role in the process of IVD degeneration (8).
The treatment and prevention of degenerative disc disease
are hindered by a limited understanding of the mechanisms
involved.

Various intracellular signalling pathways are involved
in progression of IVD degeneration (25), and Wnt/f3-catenin
signalling has been reported to be one of the most important
pathways (18,26), as it serves a key role in IVD develop-
ment and degeneration. Numerous studies have reported that
Wnt/B-catenin signalling can serve a regulatory function in
cell proliferation and differentiation, and in the modulation of
degeneration and regeneration processes (27,28). A previous
study indicated that the number of -catenin-positive cells
increases with the progression of IVD and enhances the
expression of Runx2, thus leading to IVD calcification (20).
The present study aimed to examine the mechanism under-
lying Wnt/B-catenin signalling in CEP cells in vitro.

Several studies have reported that cellular senescence is the
major cause of IVD degeneration and is positively correlated
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Figure 4. Wnt/B-catenin signalling modulates the equilibrium of the extracellular matrix. Reverse transcription-quantitative polymerase chain reaction analysis
of (A) aggrecan, (B) MMP-13 and (C) ADAMTS-5 mRNA expression in three groups of cells. “P<0.05 CEP-CTR vs. CEP-NOM and CEP-INB. CEP-NOM, cells
cultured under normal conditions; CEP-CTR, cells treated with LiCl; CEP-INB, cells treated with LiCl and a 3-catenin inhibitor; CEP, cartilage endplate; LiCl,
lithium chloride; MMP-13, metalloproteinase-13; ADAMTS-5, a disintegrin and metalloproteinase with thrombospondin motifs-5; mRNA, messenger RNA.

with the grade of degeneration (29). Higher levels of cell senes-
cence have also been observed in degenerated discs compared
with age-matched non-degenerated discs (30,31). Senescence
decreases the cellular viability capacity for self-repair (32-34)
and increases the levels of inflammatory cytokines and the
secretion of catabolic enzymes, which accelerate IVD degen-
eration. Upon activation of Wnt/B-catenin signalling by LiCl
treatment, decreased cell viability and an increased number
of SA-B-gal-positive cells were observed in the present study.
Additionally, it was demonstrated that a B-catenin inhibitor
improved the trend of senescence, which was in accordance
with the findings of Hiyama et al (17). These results suggest
that Wnt/B-catenin signalling is involved in the age- and
stress-induced cellular senescence of CEP cells.

Apoptotic cells have been identified in degenerated
endplates, and their quantity has a positive correlation with
the grade of disease degeneration (6). Shirazi-Adl et al (6)
reported that apoptosis was particularly noticeable in the CEP
of advanced-age subjects, and was more evident in a surgically
treated group than in a naturally aged group. In the present
study,a higher number of apoptotic cells was detected following
LiCl treatment, and inhibiting Wnt/B-catenin signalling
protected against cellular apoptosis. This finding was similar
to previous studies on NP and chondrocyte apoptosis (17,21).
These results suggest that Wnt/B-catenin signalling is involved
in the regulation of CEP cell numbers, which is essential for
maintaining the basic homeostasis of IVD.

Equilibrium of the ECM is regulated by anabolic and
catabolic enzymes, and a break in the balance will accel-
erate IVD degeneration. Aggrecans are the most important
components of endplate ECM, and a decrease in aggrecans
will result in the compression, or even calcification, of

the ECM, followed by accelerated disc degeneration (35).
MMP-13 and ADAMTS-5 are known to be important cata-
bolic enzymes that decrease collagen and aggrecan levels,
thus deteriorating the microenvironment of the IVD. In
the present study, LiCl treatment enhanced the expression
of MMP-13 and ADAMTS-5 and decreased the expression
of aggrecan. Notably, a Wnt/B-catenin signalling inhibitor
decreased the expression of catabolic enzymes (MMP-13
and ADAMTS-5) and increased the expression of aggrecan
induced by Wnt/p-catenin signalling activation, which
provide novel insights into the role of Wnt/B-catenin signal-
ling in mediating the regulation of ECM metabolism in the
CEP. The findings if the present study may provide potential
strategies for preventing CEP degeneration.

However, the present study had several limitations, including
the lack of a control group treated with NaCl and a group treated
only with ICG001, which would allow more precise results to
be obtained; however the reliability of the results obtained were
not affected. Another limitation is the lack of data in animal
models in vivo, and future in vivo experiments are required to
determine whether the activation of Wnt/B-catenin signalling
can accelerate degeneration of the IVD.
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