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Abstract. — OBJECTIVE: Aberrant apoptosis
of nucleus pulposus cells (NPCs) is one of the
most remarkable pathological changes in inter-
vertebral disc degeneration (IDD) development.
Albeit the advances in the application of stem
cell-based therapy in IDD treatment, the molec-
ular mechanisms underlying the anti-apoptotic
actions of mesenchymal stem cell (MSC) remain
poorly elucidated.

PATIENTS AND METHODS: The expres-
sion patterns of apoptosis-related proteins and
Wnt/B-catenin-related genes in NP samples iso-
lated from patients with mild or severe IDD were
compared by performing immunoblot assay and
quantitative real-time polymerase chain reac-
tion (qRT-PCR), respectively. NPCs were in vi-
tro treated with compression to induce apop-
tosis and then co-cultured with Wharton’s Jel-
ly-derived MSCs without direct interaction. Af-
ter that, flow cytometry was carried out to de-
tect the apoptosis rate of NPCs and the activity
of Wnt/B-catenin pathway was determined. DKK-
1 was used to inhibit Wnt signaling, in prior to
evaluation of the effects of WJ-MSCs on apop-
tosis within the co-cultured NPCs.

RESULTS: Compared to the mild IDD group,
there was a significant increase in the expres-
sion of Caspase-3 and Bax in the NP tissues
from severe IDD patients, whereas Bcl-2 dis-
played an opposite result. In addition, the ex-
pression of Wnt 3a, Wnt 5a, Wnt 10a, GSK-38,
cyclinD1 and B-catenin was notably augment-
ed in parallel with IDD progression. After com-
pression treatment, the proportion of apoptot-
ic NPCs was increased, which was then dramat-
ically reversed by WJ-MSCs co-culture. Like-
wise, WJ-MSCs suppressed compression-in-
duced Wnt-related gene expression and block-
ing Wnt/B-catenin pathway using DKK-1 en-
hanced the anti-apoptotic impacts of WJ-MSCs.
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In the presence of DKK-1, there was no signifi-
cant difference between NPCs co-cultured with
WJ-MSCs and those cells cultured alone.

CONCLUSIONS: WJ-MSCs attenuate the com-
pression-induced apoptosis in NPCs and inhibit
the activation of Wnt/B-catenin signaling. Block-
ing Wnt/B-catenin pathway further facilitates the
actions of WJ-MSCs in anti-apoptosis, indicat-
ing that Wnt/B-catenin signaling plays a crucial
role in this process and may function as a poten-
tial therapeutic target for IDD treatment.
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Introduction

Lower-back pain (LBP) has caused a severe
socio-economic problem and becomes a leading
source for disability among people below 45 ye-
ars of age in developed countries!2. Intervertebral
disc degeneration (IDD) has been identified as a
common clinical condition that is linked to the
onset of LBP, although its pathogenesis is com-
plicated and caused by multiple risk factors®. Nu-
merous therapeutic strategies ranging from pain
palliation to invasive operations have been deve-
loped to mitigate the progression or deterioration
of IDD due to current advances in our understan-
ding of its pathobiology”. Unfortunately, these tre-
atment options are not able to effectively restore
the normal physiological functions of interverte-
bral disc because of the non-renewable characte-
ristic of nucleus pulposus (NP), one of the main
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components of intervertebral disc. Besides, spine
surgical interventions, including discectomy, spi-
nal arthroplasty and electrothermal therapy, are
susceptible to infection and many other compli-
cations.

Nucleus pulposus cells (NPCs) are involved
in the production of extracellular matrix (ECM)
components and a decrease in the number of
NPCs due to apoptosis can result in the reduced
ECM synthesis’. Consequently, it has been re-
cognized that excessive apoptosis of NPCs con-
tributes predominantly to IDD pathogenesis®’.
Several studies®® have proved that mesenchymal
stem cells (MSCs) differentiate into NP-like cel-
Is with elevated expression of NP-related marker
genes when co-cultured with NPCs. Vadala et al’
also demonstrated that the MSCs could restore
the molecular environments of matrix, in addition
to its capacities of immunomodulation and multi-
lineage differentiation.

Wnt/B-catenin (hereafter termed as Wnt) si-
gnaling is a conserved pathway that regulates
cell apoptosis and plays a vital part in osteoblast
maturity during the early stage of osteogenesis'.
Activation of Wnt/B-catenin has been reported
to inhibit NPCs proliferation and trigger cell se-
nescence thereby promoting IDD aggravation''.
However, whether MSCs can exert effects on the
apoptosis of NPCs through Wnt signaling has not
been described yet.

Wharton’s Jelly-derived MSCs (WJ-MSCs) are
isolated in abundance from umbilical cord, a me-
dical waste obtained during delivery, and conse-
quently they have been deemed as more easily ac-
cessible sources of MSCs and recently identified as
a substitute of bone marrow (BM)-derived MSCs
in clinical application. Compared with BM-MSC
population, WJ-MSCs displayed a more favorable
proliferative potential but exhibited inferior diffe-
rentiation capacity toward osteocytes, hemocytes,
and adipocytes'>". In the present study we eva-
luated the effects of WJ-MSCs on cell apoptosis
within NPCs after exposure to compression tre-
atment, and the pathophysiological mechanism
that may be involved was also investigated. Our
results will facilitate our understanding into the
actions of MSCs in IDD treatment.

Patients and Methods
The degenerative and normal nucleus pulposus

samples were collected from patients with IDD
and healthy peers undergoing surgery due to spi-
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ne injury, respectively, from January 2016 to May
2018. The degree of IDD was assessed according
to the modified Pfirrmann grading system!* by
performing pre-operative magnetic resonance
imaging (MRI) scans. Patients with IDD were
divided into Grade II and III group (deemed as
mild IDD), as well as Grade IV and V group (re-
garded as severe IDD), and persons with spinal
tumor, infection, or malformation were excluded
from our study. Written informed consents were
obtained from patients and counterparts and the
experimental protocol was approved by the Ethic
Committee of Honghui Hospital, Xi’an Jiaotong
University.

NPCs Isolation and Culture

NP tissues were dissected into pieces of 1.0
mm? and digested with 0.25% protease at 37°C
for 1 h, followed by 0.2 mg/mL of collagena-
se type II for 4 h, prior to filtration through a
sterilized mesh with 70 um pore size and cen-
trifugation at 2500 rpm for 5 min. Cells were
resuspended and maintained in Dulbecco’s
Modified Eagle’s Medium/F12 (DMEM/F12)
medium (Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA) and 1% peni-
cillin-streptomycin (Sigma-Aldrich, St. Louis,
MO, USA) at 37°C in 5% CO,. The medium was
replaced every 2-3 days and the primary cultu-
re was sub-cultured when cells grew to ~80%
confluence.

WJ-MSCs Isolation and Culture

The fresh umbilical cord was obtained from
in a full-term neonate, followed by being washed
with pre-cold phosphate-buffered saline (PBS)
to remove the blood clot. Afterwards, the Whar-
ton’s jelly was isolated from umbilical cord and
cut into 1 mm?® of small fragments, which were
incubated with 0.2 mg/mL type II collagena-
se (0.2 mg/mL, Sigma-Aldrich, St. Louis, MO,
USA) at 37°C for 18 h and then digested using
2.5% trypsin for 30 min. Finally, the cells were
first fixed with 2 mL FBS for 2 h and then main-
tained in 8§ ml of L-DMEM medium (Hyclone,
South Logan, UT, USA) containing 1% peni-
cillin—streptomycin, 50 pg/mL L-ascorbic acid
and 2 mM glutamine at 37°C in a humidified at-
mosphere of 5% CO,. The culture medium was
replaced every 2 days. The cells were passaged
when the confluence reached 80%-90%. WI-
MSCs from passage 3 were used for determina-
tion of cell surface antigens.
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Western Blotting

Primary polyclonal antibodies against human
Caspase-3, Bax and Bcl-2 were purchased from
Abcam (Cambridge, MA, USA). Proteins were
extracted from NP tissues or cell lysates with ra-
dioimmunoprecipitation assay (RIPA) lysis buf-
fer supplemented with protease inhibitors and
phosphorylase inhibitor (Beyotime, Shanghai,
China). The protein concentration was measured
using the bicinchoninic acid (BCA) assay (Pier-
ce, Appleton, WI, USA) following the manu-
facturer’s instructions. The total proteins were
resolved by 10% sodium dodecyl sulphate-polya-
crylamide gel electrophoresis (SDS-PAGE) befo-
re being transferred to polyvinylidene difluoride
(PVDF) membrane (Roche, Basel, Switzerland),
which were blocked with 5% silk milk for at le-
ast 1 h and incubated overnight at 4°C with spe-
cific primary antibodies (1:1000 diluted). After
rinsing with Tris Buffered Saline and Tween-20
(TBST), the membrane was then incubated for 1
h at room temperature with horseradish peroxida-
se (HRP)-conjugated goat anti-rabbit IgG (1:3000
diluted). Finally, the labeled proteins were visua-
lized with enhanced chemiluminescence (ECL)
substrates (Millipore, Billerica, MA, USA) before
quantitative analysis using AlphaView software
(ProteinSimple, San Jose, CA, USA).

Quantitative Real Time-Polymerase Chain
Reaction (qRT-PCR) Assay

Total RNA was extracted from NP tissues or cel-
Is with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.
Primers of Wnt 3a, Wnt 5a, Wnt 10a, GSK-3p,
cyclinDl1 and -catenin were synthesized by San-
gon Biotech Co., Ltd. (Shanghai, China) and listed
in Table I. QRT-PCR was carried out using SYBR
Green kit in a Light Cycler 480 machine (Roche,
Basel, Switzerland). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as the internal
reference of mRNAs. The relative mRNA levels
were calculated using 224 method.

Table I. Primer sequences used in qRT-PCR analysis.

Co-Culture of WJ-MSCs and NPCs

For co-culture without direct cell-cell contact,
NPCs (1x10° cells/well) were seeded on the bot-
tom of transwell 6-well plates, and WJ-MSC cells
were placed onto the apical compartment of a 6-
well polyester track-etched cell culture insert with
a membrane pore size of 0.4-um (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Sequential-
ly, cells were grown in DMEM/F12 medium at 37
°C in a humidified atmosphere of 5% CO,. NPCs
were cultured on common plates as a control and
subjected to further analysis.

Cell Counting Kit-8 (CCK-8) Assay

NPC proliferation was assessed using the
CCK-8 (Dojindo Laboratories, Gaithersburg,
MD, USA) according to the manufacturer’s pro-
tocols. In brief, fibroblasts (5x10° cells/well) were
plated into 96-well plates and were incubated at
37°C for 24 h before the assay. 20 pL of CCK-8
solution (5 mg/ mL) was added to each well and
the cells were incubated at 37°C for another 1 h.
The absorbance of samples was measured at 450
nm using a microplate reader (Bio-Rad, Hercules,
CA, USA).

Cell Apoptosis Analysis

Cells were harvested by centrifugation at 1000
rpm for 5 min, re-suspended in 100 pL binding
buffer and subjected to apoptosis rate analysis
using Annexin V-FITC/PI Apoptosis Detection
Kit (BD Biosciences, San Diego, CA, USA). In
brief, 5puL Annexin V-FITC and 100 uL PI were
added to cell cultures, followed by incubation in
the dark for 15min at room temperature and de-
termination through flow cytometry (BD LSR II,
BD Biosciences, San Diego, CA, USA).

Statistical Analysis

Data are presented as means + SD (standard
deviation). All experiments included at least 3
replicates per group. Groups were compared

Gene Forward (5-3’) Reverse (5-3’)
GSK-3p8 ATCAAGGCACATCCTTGGAC ACGGCTACACAGTGCGATT
Wnt3a TGTTGGGCCACAGTATTCCT ATGAGCGTGTCACTGCAAAG
WntSa FCCACATGCAGTACATCGGAG CACTCTCGTAGGAGCCCTTG
Wntl0a AATGCCAACACCAATTCAGG CAACTCGGTTGTTGTGAAGC
B-catenin CATGGGTGGAACACAGCA CCCAGTGCACCCTTCAAC
cyclinDI GCGTACCCTGACACCAATCTC CTCCTCTTCGCACTTCTGCTC
GAPDH GATGATTGGCATGGCTTT CACCTTCCGTTCCAGTTT
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using the two-tailed Student’s #-test for parame-
tric data. Statistical analyses were carried out
using the Statistical Product and Service Solu-
tions (SPSS) 19.0 software (SPSS, Inc., Chicago,
IL, USA). A value of p<0.05 was considered sta-
tistically significant.

Results

NPC Cellular Apoptosis and
Wnt/3-Catenin Activation Are
Linked to IDD Severity

The identification of MSCs was illustrated in
Figure 1 and MSCs differentiate into NP-like
cells, with elevated expression of NP-related
marker genes, when co-cultured with NPCs.
To determine the pathobiological changes in
patients with different severity levels of 1DD,
NPC apoptosis and Wnt/B-catenin pathway
activation were evaluated. NP tissues isolated
from patients with mild or severe IDD were
directly subjected to immunoblot assay measu-
ring the apoptosis-related proteins. As shown
in Figure 2A, there was a significant increase in

the expression of Caspase-3 and Bax in the NP
tissues from severe IDD patients as compared
with the mild IDD, whereas Bcl-2 displayed an
opposite result.

Next, the expression patterns of Wnt/B-cat-
enin-related genes were assessed in NP samples
from patients in different groups. QRT- PCR re-
sults indicated that there was a notable augment
in the mRNA levels of Wnt 3a, Wnt 5a, Wnt 10a,
GSK-3p, cyclinD1 and B-catenin within from se-
vere IDD patients in comparison with the mild
IDD group (Figure 2B), suggestive of Wnt/B-cat-
enin signaling activation in parallel with IDD pro-
gression.

WJ-MSCs Suppress Compression-Induced
Apoptosis and Wnt/3-Catenin Activation
In NPCs

To reveal the molecular mechanisms underlying
the protective effects of MSCs on NPC apoptosis,
cells were exposed to compressive stress in vitro
to mimic the pathological force stimulus that in-
duces excessive cell apoptosis and contribute to
IDD onset?. As expected, upon compression sti-
mulus the viability of NPCs was repressed in a ti-
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Figure 1. Identification of human
WIJ-MSCs. A, Representative image of
cD105 WJ-MSC spindle-like morphology and
adherence to plastic (scale bar: 50 um,
magnification: 400x) B, Cell surface
markers (CD73, CD90, CD105, CD34,
CD45 and HLA-DR) of MSC were
tested by flow cytometric analysis.
C, Relative expression levels of gene
markers of NP cells were detected in
co-cultured WJ-MSCs by qRT-PCR.
*p<0.05 compared to gene expression
in MSCs cultured alone.
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Figure 2. NPC cellular apoptosis and Wnt/B-catenin activation are linked to IDD severity. A, Representative Western blot
results of apoptosis-related protein expression in NP samples from patients with severe or mild IDD. B, Expression pattern of
Wnt -related genes was assessed by using qRT-PCR. Relative gene expression level was normalized by GAPDH. * indicates

p<0.05; ** indicates p<0.01.

me-dependent manner and substantially retarded
after 36 h- treatment (Figure 3A). The time point
36 h was therefore used in the following apoptotic
examination and the proportion of apoptotic cells
was significantly increased when NPCs were tre-
ated with compression (Figure 3B). Furthermore,
the expression levels of above-mentioned genes
involved in Wnt/B-catenin activation were evi-

dently aggrandized after compression treatment
for 36 h (Figure 3C).

As displayed in Figure 3A, for NPCs co-cul-
tured with WJ-MSCs under compression circum-
stance, the number of viable cells was remarkable
elevated, especially at the time point 36h. Flow
cytometry data also manifested that co-cultu-
ring with WJ-MSCs evidently mitigated the NPC
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Figure 3. WJ-MSCs suppress compression- induced cell apoptosis and activation of Wnt/B-catenin in NPCs. A, CCK-8
was performed to determine the viability capacities of NPCs at different time intervals. The circle represents control group,
triangle indicates MSC co-culture group and square means NPCs treated with compression stimulus. B, Fold change of Wnt-
related genes in NPCs was evaluated using qRT-PCR assay after different treatments. C, Apoptosis rate was determined by
Annexin V-FITC/PI staining. * indicates p<0.05; ** indicates p<0.01.
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apoptosis compared to those cells subjected to
compression stimulus alone (Figure 3B). Also, the
expression of Wnt-related genes was suppressed
in NPCs that co-cultured with WJ-MSCs (Figure
3C). These suggested that WJ-MSCs might exert
the protective role by virtue of the activation of
Whnt/B-catenin pathway.

Blocking Wnt Signaling Abrogated
the Protective Actions of WJ-MSCs in
Anti-Apoptosis

To verify this observation, Wnt/pB-catenin si-
gnaling inhibitor DKK-1 was utilized and, as
expected, we found that this led to an evident
decrease in the expression of Wnt-related ge-
nes (Figure 4A). Although compression-induced
apoptosis was decreased due to co-culturing with
WI-MSCs, the NPCs cultured alone exhibited a
lower apoptosis rate in the presence of DKK-1 (Fi-
gure 4B). Intriguingly, once cells were pre-treated
with DKK-1, there was no significant difference
between NPCs cultured alone and the co-cul-
tured cells with WJ-MSCs, indicating the role
of blocking Wnt/B-catenin in protecting NPCs
against apoptosis, regardless of the analogous
function of WJ-MSCs. All these data suggest that
Whnt/B-catenin signaling plays a predominant role

in this process, and WJ-MSCs potentially sup-
press the compression-induced apoptosis within
NPCs in a Wnt/B-catenin-dependent manner.

Discussion

Intervertebral disc is predominantly composed
of annulus fibrosus and nucleus pulposus (NP),
where cells are able to synthesize cartilage-spe-
cific extracellular matrix (ECM) components.
Increasing evidence'®!” manifested that excessive
loss of NP cells caused by apoptosis has resulted
in the interruption of ECM homeostasis, thus exa-
cerbating the IDD progression.

Currently, MSCs have been extensively and
successively applied in the treatment of IDD.
MCSs are probably implicated in the degenerati-
ve disc repair in the following aspects: (I) com-
plement damaged cells through regeneration of
disc-specific cells that have the ability to produce
ECM components; (II) control the inflammatory
response and (I1I) promote tissue regeneration by
virtue of paracrine signaling factors'®. This study
attempted to provide novel insight into the mo-
lecular mechanisms underlying how MSCs play
their role in the therapies of IDD disease.
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Figure 4. Inhibition of the Wnt/B-catenin signaling enhances the protective effects of WJ-MSCs. A, Relative expression of
Wnat-related genes in NPCs was evaluated using qRT-PCR assay after DKK-1 treatment. B, Apoptosis rate was determined by
Annexin V-FITC/PI staining after different treatments. ns represents not significant; * indicates p<0.05; ** indicates p<0.01.
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The canonical Wnt/B-catenin signaling pa-
thway is implicated in an array of cellular pa-
thological processes including cell proliferation,
apoptosis and differentiation'®. In particular, the
involvement of Wnt/B-catenin signaling in the
pathogenesis of IDD has been currently revealed.
However, different researches arrive at contradi-
ctory results considering the role of Wnt signa-
ling in mediating this degenerative disease. By
performing gene expression profiling, Smolders
et al” found that Caveolin-1 gene was significant
down-regulated in the process of cellular tran-
sformation from NP notochordal cells into chon-
drocyte-like cells. The authors also claimed that
Caveolin-1 knockout led to excessive cell apop-
tosis within the NP tissue. These suggested that
the down-regulated Wnt signaling was involved
in the early stage of IDD development. Sun et
al?® indicated that Wnt/B-catenin was suppressed
by miR-532 and suppression of Wnt/B-catenin
signaling remarkably boosted miR-532-induced
NPC cell apoptosis. Inversely, Wnt/B-catenin was
down-regulated by aquaporin 3, a water channel
protein that restrains NPC apoptosis, as well as
ECM breakdown, and the protective function of
aquaporin 3 was reversed due to activation of Wn-
t/B-catenin signaling®'. Hiyama et al**** reported
that Wnt signaling activation could not only retar-
ded NPCs proliferation and promoted cell sene-
scence, but TNF-a expression was also up-regu-
lated and the initiation of inflammatory response
further enhanced Wnt signaling activation.

Beyond these contradictory results showing
the important role of Wnt signaling pathway in
IDD development, the present study indicated
that Wnt/B-catenin in NPCs was enhanced upon
compression stimulation, but a marked decline in
the expression of Wnt-related genes was found
when co-cultured with WJ-MSCs. This implies
that WJ-MSCs may exert the protective effects
on NPC cell apoptosis through inhibition of Wn-
t/B-catenin pathway. Given that MSCs and NPCs
were co-cultured without cell-cell interaction, it
was suggested that MSCs modulate cell apoptosis
via paracrine signaling transduction. Afterwards,
Wnt signaling inhibitor DKK-1 was utilized and
it resulted in an evident decrease in the compres-
sion-induced Wnt-related genes. Intriguingly,
once cells were pre-treated with DKK-1, levels
of all these genes expressed in NPCs co-cultured
with WJ-MSCs were analogous to those NPCs
cultured alone.

Considering the apoptosis percentage, NPCs
exposed to DKK-1 displayed values lower than

those observed in absence of it, which indicated
that inactivation of Wnt/B-catenin pathway pro-
tected NPCs against detrimental cell apoptosis.
Co-culture with WJ-MSCs might have impact on
other signaling pathways that interplay with Wn-
t/B-catenin during this process, as Han et al repor-
ted®. Anyway, there was barely detectable diffe-
rence in apoptosis rate between NPCs co-cultured
with WJ-MSCs and those cells cultured alone,
once Wnt/B-catenin signaling was blocked. That
is, Wnt/B-catenin signaling plays a predominant
role in this process, and WJ-MSCs potentially
suppress the compression-mediated apoptosis wi-
thin NPCs in a Wnt/B-catenin-dependent manner.

Conclusions

Taken together, our data manifest that after
co-culture with WJ-MSCs, compression-induced
cell apoptosis within NPCs was significantly di-
minished, and the activity of Wnt/B-catenin pa-
thway was also decreased, indicating WJ-MSCs
potentially protect NPC cells from apoptosis by
retarding Wnt/B-catenin activation. Blocking
Wnt/B-catenin signaling markedly enhanced the
performance of WJ-MSCs in anti-apoptosis. All
these suggest that WJ-MSCs mitigate cell apop-
tosis within intervertebral disc and thus alleviate
the degenerative process by predominantly inhi-
biting Wnt/B-catenin signaling pathway, which
may serve as a potential therapeutic target for
IDD treatment.
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