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Regenerative potential of human nucleus pulposus
resident stem/progenitor cells declines with ageing
and intervertebral disc degeneration
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Abstract. Numerous studies have demonstrated the presence
of resident nucleus pulposus stem/progenitor cells (NPSCs)
in the tissue of the intervertebral disc (IVD). However, the
cellular identity of NPSCs during IVD degeneration and
ageing are poorly defined at present, despite significant prog-
ress in the understanding of NPSC biology. In the present
study, NPSCs were isolated from human degenerated IVD and
were characterized by flow cytometry, gene expression assays
and proliferation and multipotency analysis. The results of the
present study demonstrated that NPSCs isolated from human
degenerated IVD may be divided into two groups according
to the expression of mesenchymal stem cell (MSC) surface
markers: The high expression of MSC surface markers group
(H-NPSCs) was highly positive for CD29, CD44,CD73, CD90
and CDI05 at rates >95%, and the low expression of MSC
markers surface markers group (L-NPSCs), with the expres-
sion of CD29 and CD105 exhibiting individual variability,
however, all at rates <95%. The donors for H-NPSCs were
aged <20 years, while the majority of donors for L-NPSCs
were aged >25 years, with one exception aged <20 years.
The results highlighted that the low expression of MSC
surface markers in NPSCs from aged and degenerated NP
tissues were associated with a low rate of proliferation and
reduced differentiation potential, as well as downregulation
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of the NP progenitor marker Tie2 and higher expression of NP
cell-specific markers. These findings demonstrated that the
regenerative potential of human NPSCs declines with ageing
and degeneration of the IVD.

Introduction

Degenerative intervertebral disc (IVD) disease and associated
chronic lower back pain constitute a major health concern
and have a significant socioeconomic burden (1,2). The IVD
consists of a gel-like nucleus pulposus (NP) surrounded
by the annulus fibrosus (AF) and thin hyaline cartilaginous
end plates, and provides a connection between the vertebral
bodies. During IVD degeneration, the disc undergoes a shift
in balance from anabolism to catabolism, including decreased
production of aggrecan and type II collagen, increased produc-
tion of matrix metalloproteinases and inflammatory factors,
and increased cytokine production (3-5). These changes are
mediated by disturbances in the function of cells residing in
the disc (6,7). It is well established that the NP contains NP
resident stem/progenitor cells (NPSCs), which serve a major
role in maintaining cellular homeostasis and regeneration
following aging and injury (8). NPSCs have been found to
maintain multipotent and self-renewal potential when cultured
in vitro (9,10), and the resilience of the IVD cell population
may be ensured if the relevant stem cell populations give
rise to differentiated progeny over a person's lifetime (11,12).
Although the cellular identity of NPSCs that reside in the degen-
erated IVD remains poorly defined, numerous studies have
reported that stem/progenitor cells expressing mesenchymal
stem cell (MSC) markers have been isolated successfully from
the degenerated IVD (13-15). However, the data on NPSCs
regarding phenotype signature and biological capacity during
IVD degeneration remain controversial (16,17).

Since the discovery and characterization of multipotent
MSCs in the bone marrow, identification of the NPSCs has
also principally depended on the MSC markers primarily
developed for bone marrow-derived MSCs (BMMSCs),
despite their tissue specificity.
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The present study was undertaken to explore the hypothesis
that the regenerative potential of NPSCs isolated from patients
with degenerative IVD diseases declines with ageing and
IVD degeneration. The expression of MSC surface markers
in NPSCs from human degenerated discs was investigated
in order to determine their proliferation capacity and multi-
lineage differentiation potential, with the hope of elucidating
the mechanism underlying IVD degeneration and developing
novel treatment strategies.

Materials and methods

Sample collection. A total of 10 NP tissue samples were
obtained from patients who underwent microendoscopic
discectomy for degenerative spine diseases. NP tissues were
stored in PBS solution under sterile conditions. The patient and
sample details are summarized in Table I. All the procedures
performed for the present study were approved by the medical
ethics committee of Jinan University (Guangzhou, China).
Specific informed consent was obtained in all cases.

Isolation of MSC-like cells from NP tissues. To distinguish
gelatinous NP tissues from AF regions, the collection of
gelatinous NP tissue from surgically removed human NP
tissues was performed using a stereoscopic microscope. An
explant culture method was employed to isolate NPSCs from
NP tissue as previously described (18). In brief, NP tissues
were cut into 1 mm?® pieces and incubated at 37°C in a 5%
CO, incubator without culture medium for 2 h to allow tissue
attachment. Complete culture medium containing Dulbecco's
Modified Eagle's Medium (DMEM)/F12 supplemented with
20% fetal bovine serum (FBS), 1% L-glutamine and 1%
penicillin-streptomycin (all from Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) was added to the tissue
culture dishes and incubated for an additional 17 days. The
primary cells that had migrated out of the NP tissues and
attached to dishes were passaged by a 2-min treatment with
0.25% trypsin and 0.02% EDTA at 37°C. The medium was
replaced every 2 days. Cells were further passaged when they
reached 80-90% confluence. All cells used in the experiments
were at passages 2-4.

Flow cytometry assay

Analysis of cell surface marker expression. A flow cytometry
assay was used to identify the expression of specific surface
markers in NPSCs. A total of ~1x10° cells were re-suspended
in PBS (containing 5% FBS and 1% BSA) to produce a
single-cell suspension, then incubated with fluorescein
isothiocyanate-conjugated antibodies against human CD29
(1:100 dilution, cat. no. ab150002, mouse monoclonal,
Abcam, Cambridge, MA, USA), CD44 (1:100 dilution,
cat. no. ab46793, mouse monoclonal, Abcam), CD73 (1:100
dilution, cat. no. abl106697, mouse monoclonal, Abcam),
CD90 (1:50 dilution, cat. no. ab134360, mouse monoclonal,
Abcam), CD105 (1:20 dilution, cat. no. ab53321, mouse
monoclonal, Abcam), CD11b (1:20 dilution, cat. no. ab28101,
mouse monoclonal, Abcam), CD14 (1:20 dilution,
cat. no. ab91146, mouse monoclonal, Abcam), CD24 (1:20
dilution, cat. no. ab30350, mouse monoclonal, Abcam), CD34
(1:100 dilution, cat. no. ab187284, mouse monoclonal,
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Abcam), CD45 (1:100 dilution, cat. no. ab157309, mouse
monoclonal, Abcam) and HLA-DR (1:50 dilution,
cat. no. ab59476, mouse monoclonal, Abcam) and appro-
priate isotype control-mouse IgG2A-FITC (1:100; Miltenyi
Biotech, Bergisch Gladbach, Germany) or IgG1-PE (1:100;
Molecular Probes, Life Technologies, Inc.; Thermo Fisher
Scientific, Waltham, MA, USA).

The samples were incubated in the dark at 4°C for 30 min.
Finally, labelled cells were washed three times with PBS and
surface marker expression was detected using flow cytometry
(BD Biosciences, Franklin Lakes, NJ, USA).

Cell cycle analysis. Cells were harvested as previously
described (18), and washed twice with PBS containing 2%
FBS. The cells were then fixed in pre-chilled absolute ethanol
at 4°C for >1 h. An equal amount of PBS was added twice
for washing. A total of 100 xl RNaseA was added at 37°C for
30 min, followed by the addition of propidium iodide (PI)
(Invitrogen; Thermo Fisher Scientific, Inc.) at 4°C in the dark
for 30 min. Cell cycle was analyzed by flow cytometry (BD
Biosciences), using BD FACSuite™ software.

Apoptosis analysis. Apoptosis and cell death were assessed by
flow cytometry using Annexin V-FITC (Invitrogen; Thermo
Fisher Scientific, Inc.) and PI. Cultured cells were detached,
suspended in PBS and stained with Annexin V-FITC and PI
according to the manufacturer's protocol. Apoptotic cells were
identified as an Annexin V-positive/PI-negative population.
Analysis was performed using the CellQuest software Pro
(BD Biosciences).

Cell proliferation and viability analysis

Growth curves and population doubling time. Cells at passage
3 were seeded at a density of 3x10* cells/well in a 24-well
culture plate. The cells were harvested by trypsinization from
each well as previously described (18), and a duplicate using
a hemocytometer to count the cells, every day for a total of
13 days. The growth curve was plotted with the cell culture
time as the horizontal axis and the cell number as the vertical
axis. The cell population doubling time was calculated as:
DT=t (log 2)/(log N-log N,) and the results were analyzed
by GraphPad Prism 5 software (GraphPad Software, Inc., La
Jolla, CA, USA).

Cell viability. Cell viability was measured with a Cell
Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan) according to the manufacturer's protocol.
Briefly, cells were seeded at a density of 3x10* cells/well in a
24-well cell culture plate. Proliferation rates were evaluated
atday 1,3,5,7,9, 11 and 13. The absorbance at 450 nm was
measured with a microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). A colorimetric assay was used to
create cell viability curves using the mean results from three
independent experiments.

Detection of the expression of marker genes with reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR).
The gene expression of NP cell phenotypic markers, NP
progenitor cell-specific gene and pluripotent stem cell markers
was analyzed via RT-qPCR. mRNA was isolated from NPSCs
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Table I. Characteristics of the patients enrolled in the study.
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Pfirrmann

Case no. Age (years) Sex Symptoms Diagnosis Disc level grade

1 18 M BP-RP Lumbar disc herniation L4/5 II

2 16 F BP-RP Lumbar disc herniation L5/S1 1I

3 34 F BP Lumbar disc herniation L5/6 v

4 25 M BP Lumbar disc herniation L4/5 111

5 28 F BP Lumbar disc herniation L5/S1 111

6 42 M BP-RP Lumbar disc herniation L5/S1 1A%

7 19 F BP-RP Lumbar disc herniation L4/5 I

8 49 F BP Lumbar disc herniation L4/5 v

9 41 M BP Lumbar disc herniation L5/S1 I
10 38 F BP Lumbar disc herniation L5/S1 111

M, male; F, female; BP, back pain; RP, radicular pain.

Table II. Primers used for this study.

Gene name Forward primer (5' to 3') Reverse primer (5' to 3')

SOX9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG
ACAN TCGAGGACAGCGAGGCC TCGAGGGTGTAGCGTGTAGAGA
COL2A1 GGCAATAGCAGGTTCACGTACA CGATAACAGTCTTGCCCCACTT
Tie2 AATCACTATGAGGCTTGGCAACAT GCGTCTCACAGGTCCAGGAT
NANOG GATTTGTGGGCCTGAAGAAA CAGATCCATGGAGGAAGGAA
OCT4 GAGAAGGAGAAGCTGGAGCA AATAGAACCCCCAGGGTGAG
GAPDH CAGCGACACCCACTCCTC TGAGGTCCACCACCCTGT

using the TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.)
extraction method. cDNA synthesis was performed using
reverse transcriptase SuperScript III according to the manu-
facturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.).
All polymerase chain reactions were conducted using ABI
Prism 7500 (Applied Biosystems; Thermo Fisher Scientific,
Inc.) and gene expression levels were quantified using SYBR
Green (Invitrogen; Thermo Fisher Scientific, Inc.). The data
were normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) values. Relative gene expression levels were
calculated by the comparative Cq method. The primers used
(synthesized by Invitrogen; Thermo Fisher Scientific, Inc.) are
listed in Table II.

Multilineage differentiation potential. Osteogenic and
adipocytic differentiation of subconfluent cells was
induced by induction media for 21 days, as previously
described (18). For chondrogenesis, a total of 3.5x10° cells
were centrifuged at 200 x g at room temperature for 5 min
to form a three-dimensional aggregate in a 15-ml conical
tube, then incubated with chondrogenic media containing
DMEM/F12 supplemented with 10% ITS, 10-7 M dexameth-
asone, 1 uM ascorbate-2-phosphate, 1% sodium pyruvate and
10 ng/ml transforming growth factor-p1 (TGF-p1) (Cyagen,

Guangzhou, China) for 21 days. The induced medium was
replaced every 2-3 days.

For Alizarin Red S (ARS) staining, cells were fixed in 4%
paraformaldehyde (PFA) at room temperature for 10 min and
stained at room temperature for 5-10 min with 40 mM ARS
solution (Solarbio, Inc., Beijing, China). Oil red O solution
(Solarbio, Inc.) was used to stain intracellular lipid vacuoles
at room temperature for 5-10 min after fixation with PFA. To
identify chondrogenic differentiation, the cell pellets were
stained with Alcian blue (Solarbio, Inc.) at room temperature
for 5-10 min, fixed in PFA, as described previously, then
frozen in OCT freezing medium (Sakura Finetek USA, Inc.,
Torrance, CA, USA) and sectioned into 5-um slices.

Further quantitative analysis was performed using
ImageJ software (National Institutes of Health, Bethesda,
MA, USA).

Statistical analysis. The data are presented as mean =+ stan-
dard deviation. One-way analysis of variance (ANOVA) was
conducted to analyze the differences among different cell
types. P<0.05 was considered to indicate a statistically signifi-
cant difference. If ANOVA indicated a significant difference
between the groups, the difference was evaluated using the
least significant difference test.
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Figure 1. Flow cytometric analysis of the expression of surface markers. (A) H-NPSCs and L-NPSCs were positive for the MSC surface markers CD29, CD44,
CD73, CD90 and CD105. (B) H-NPSCs and L-NPSCs were negative (<1%) for the hematopoietic stem cell surface markers CD11b, CD14, CD34, CD45 and
HLA-DR. (C) Comparative analysis of positivity for MSC surface markers between L-NPSCs and H-NPSCs. (D) Comparative analysis of positivity for hema-
topoietic stem cell surface markers between L-NPSCs and H-NPSCs. The data are expressed as means + standard deviation, "P<0.05 vs. H-NPSCs. NP, nucleus
pulposus; MSC, mesenchymal stem cell; H-NPSC, high expression of MSC surface markers group; L-NPSC, low expression of MSC surface markers group.

Results

Flow cytometry assay

Expression of cell surface markers. The flow cytometry results
demonstrated that NPSCs from 2 young donors were highly
positive for the expression markers CD29, CD44, CD73,CD90
and CDI05 at rates of >95% (Fig. 1A and C), and negative
for CD11b, CD14, CD34, CD45 and HLA-DR (<1%, Fig. 1B
and D), which fulfilled the ISCT requirements for MSC defini-
tion and were classified as the high expression of MSC surface
markers group (H-NPSCs). In NPSCs from the remaining
8 donors that were aged >25 years, with one exception aged
<20 years, the expression of CD29 and CDI105 exhibited
interindividual variability; however, all rates were <95%. The
expression rates of CD73, CD44 and CD90 were >95% and the
expression of CD11b, CD14, CD34, CD45 and HLA-DR were
negative (<1%), thus classified as the low expression of MSC

surface markers group (L-NPSCs). Although H-NPSCs and
L-NPSCs expressed the NP cell surface marker CD24 at low
rates, the rate in L-NPSCs was significantly higher compared
with that in H-NPSCs (P<0.05, Fig. 2). As the MSC positive
antigens were expressed at diverse levels for NPSCs isolated
from different degenerated disc samples, it was necessary to
explore further the possible variability in NPSC biological
characteristics with regards to the cell cycle, apoptosis, prolif-
erative capacity, differentiation potential and NP-specific gene
expression.

Cell cycle and apoptosis analysis. A significant difference was
detected between H-NPSCs and L-NPSCs in the G/G, phases
of the cell cycle (P<0.05). The percentage of H-NPSCs in the
G2/M and S phases (G,/M+S) was ~1.7-fold higher compared
with that of the L-NPSC group (P<0.05, Fig. 3). This result
demonstrated a reduced proliferative activity of L-NPSCs
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Figure 5. Morphology of H-NPSCs and L-NPSCs cultured ex vivo. Scale bar, 100 ym. The arrows in the figure indicate the pieces of NP tissue. P, passage; NP,
nucleus pulposus; MSC, mesenchymal stem cell; H-NPSC, high expression of MSC surface markers group; L-NPSC, low expression of MSC surface markers

group.
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markers group; NP, nucleus pulposus; MSC, mesenchymal stem cell.

compared with H-NPSCs. Similarly, the flow cytometry results
demonstrated that the rates of cell apoptosis and necrosis were
higher in L-NPSCs when compared with those in H-NPSCs
(Fig. 4).

Morphology. Cell morphology was assessed using
phase-contrast microscopy. At the primary passage (PO-P1),
the majority of cells among H-NPSCs and L-NPSCs exhib-
ited a typical spindle shape, with a more heterogeneous
cell morphology observed in the L-NPSCs culture (Fig. 5).
Morphological changes of cells were displayed during
passaging; H-NPSCs maintained a homogeneous population
with typical MSC-shaped morphology; however, L-NPSCs
exhibited a heterogeneous morphology, with the appearance
of a varied proportion of polygonal or digital-shaped cells

(Fig. 5). Additionally, the L-NPSC culture required a longer
time to achieve confluence compared with H-NPSCs.

RT-gPCR analysis. The results in Fig. 6 demonstrated that the
expression levels of SOX9, COL2AI and ACAN in L-NPSCs
were 6-, 86- and 22-fold higher, respectively, compared with
those in H-NPSCs (P<0.05). The opposite trend was observed
for the NP progenitor cell-specific marker Tie2, which demon-
strated a significantly higher expression levels in H-NPSCs
compared with that in L-NPSCs (Fig. 6, P<0.05). These indices
consistently demonstrated that part of cells in the L-NPSCs
group may have differentiated into NP cells.

Notably, the expression of OCT4 and NANOG, as transcrip-
tion factors mediating self-renewal and an undifferentiated
state (17), were typically higher in L-NPSCs compared with
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H-NPSCs. These findings suggested that the expression of
pluripotency markers and NP-specific markers were associ-
ated with the MSC immunophenotypic pattern in NP-derived
stem/progenitor cells.

Cell proliferation and viability analysis. In order to compare
the proliferative capacity between H-NPSCs and L-NPSCs, a
growth curve was plotted and the doubling time was calculated
(Fig. 7). According to the growth curve, H-NPSCs accelerated
rapidly during days 3-7, and slowed down thereafter. L-NPSCs
continued to grow for 3-4 days, and reached a cell growth
plateau at days 6-8 (Fig. 7A). The doubling time was calculated
based on the results illustrated in Fig. 7A, which demonstrated
that L-NPSCs had a much longer doubling time compared
with H-NPSCs (Fig. 7B).

The viability of H-NPSCs and L-NPSCs was assessed
with the CCK-8 method (Fig. 7C). The optical density (OD)
values of H-NPSCs were significantly higher compared with
L-NPSCs, which were consistent with the results of population
doubling time and growth curves. According to the abovemen-
tioned results, the growth ability of H-NPSCs was markedly
higher compared with that of L-NPSCs, indicating that cells
with higher intensity of MSC surface marker expression
exhibited a more prominent proliferative capacity.

Multilineage differentiation potential. Assays evaluating
differentiation into osteogenic, adipogenic and chondrogenic
lineages were performed with specific staining. After 3 weeks

of osteogenic induction, H-NPSCs exhibited an extensive
mineralized matrix, as demonstrated by strong Alizarin red
staining. Conversely, L-NPSCs exhibited few calcium deposits
when stained by Alizarin red (Fig. 8A). Further quantitative
analysis revealed that the percentage of the positively stained
area was significantly lower in L-NPSCs compared with that in
H-NPSCs. The examined NPSCs displayed intracellular lipid
vacuoles after 21 days of adipogenic induction, which were
visualized with Oil red O staining. However, the H-NPSCs
appeared to form an increased number of fat drops compared
with the L-NPSCs (Fig. 8B). Quantification was performed by
determining the percentage of the area that contained Oil Red
O-stained lipid vacuoles, and the percentage in L-NPSCs was
significantly lower compared with that in H-NPSCs. Similarly,
the amount of Alcian blue staining used to determine chondro-
genic differentiation was higher in H-NPSCs compared with
that in L-NPSCs (Fig. 8C).

Discussion

The identification of stem/progenitor cells within human IVDs
indicated the presence of a natural repair mechanism within
the disc, which may be activated for regeneration (19).

The characterization of the NPSCs was principally based
on the surface markers primarily developed for BMMSCs,
although there is a recent report on the existence of an NP
progenitor-specific marker (20). A number of studies have
reported that the markers that are positive in BMMSCs,
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Figure 8. Multipotent differentiation capacity of L-NPSCs and H-NPSCs. (A) Osteogenic differentiation capacity of L-NPSCs and H-NPSCs. (B) Adipogenic
differentiation capacity of L-NPSCs and H-NPSCs. (C) Chondrogenic differentiation capacity of L-NPSCs and H-NPSCs. (a) L-NPSCs, (b) H-NPSCs and
(¢) comparative analyses. The data are expressed as means + standard deviation. ‘P<0.05 vs. H-NPSCs. H-NPSC, high expression of MSC surface markers
group; L-NPSC, low expression of MSC surface markers group; NP, nucleus pulposus; MSC, mesenchymal stem cell.

including CD29, CD44, CD73, CD90 and CD105, are also
positive in NPSCs from degenerated IVDs; and CD34 and
CD45, which are negative in BMMSC s, are also negative in
NPSCs (13-17). However, in the present study, the expression
of CD29 and CD105 were significantly downregulated, while
CD44, CD73 and CD90 were expressed at rates >95% in
H-NPSCs compared with that in L-NPSCs, which expressed
the examined markers at rates <95% and failed to fulfill the
ISCT requirement for MSC definition.

CDI105 is a receptor for transforming growth factor-f§
(TGF-P) and is associated with cell adhesion and migra-
tion (21). The decreased expression of CD105 may signify
declined capacities of homing and migration (21). CD29 is an
anchorage protein involved in cell adhesion and migration,
and its expression indicates cell populations with a higher
migratory capacity (22). Although the low intensity of CD105
expression was reported by Blanco et al (13), this result was
different from previous reports, which demonstrated that
MSC-like cells from degenerated NP tissues displayed a MSC
marker profile that was highly positive for CD73,CD90,CD105,
CD44, CD56 and CD146, and negative for CD45 (23,24).
This may be attributed to a different quality of the NP tissues
obtained from surgical specimens. In the present study, the
specimens used were not any NP tissues, but specifically the
herniated NP tissues removed during endoscopic discectomy.
Hegewald er al (25) reported that cells harvested from herni-
ated NP tissue and grown in a 3D culture system possess
limited regenerative potential compared with cells from a
degenerated but contained NP compartment. Accordingly, we

hypothesized that the NP tissues L-NPSCs were isolated from
may have undergone more extensive degeneration compared
with H-NPSCs residing in NP tissues, and the activities of the
resident NPSCs would be altered accordingly.

The immunophenotypic data were supported by the
morphologic results: L-NPSCs exhibited a heterogeneous
morphology with the appearance of a varied proportion of
polygonal or digital-shaped cells, even at the 3rd passage;
however, H-NPSCs consistently exhibited a typical MSC
morphology.

The expression of NP-specific progenitor marker and NP
cell marker Tie2, also referred to as CD202b, is a cellular
membrane receptor tyrosine kinase of the Tie family (23).
Tie2 has been identified as a marker of NP precursor cells that
were found to exhibit multipotency and self-renewal capacity
in animal and human NP (23,26). The results of the present
study demonstrated that L-NPSCs and H-NPSCs expressed a
low level of Tie2; however, L-NPSCs displayed a significantly
lower level compared with H-NPSCs, suggesting that the
number of progenitor cells among L-NPSCs was decreased.
This was also supported by the immunophenotypic results,
which demonstrated an upregulation of the mature NP cell
marker CD24 in L-NPSCs.

Native adult NP cells are conventionally described as
‘chondrocyte-like’ and characterized through their rounded
morphology and expression of classic chondrogenic markers,
including SOX9, type II collagen (COL2AI) and aggrecan
(ACAN) (27). SOX9 is the major regulator of the chondro-
cytic phenotype and serves as a potent promoter of COL2A]
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gene expression, which is almost exclusively produced in the
chondrocyte. The proteoglycan aggrecan is also a character-
istic gene product of chondrocytes (28). These markers are
characteristic of and relevant to healthy NP cells (29).

Gene expression analysis for the classic chondrogenic
marker genes ACAN, COL2A1 and SOX9 was performed,
in addition to OCT4 and NANOG, as indicators of increased
pluripotency and stemness. As expected, significantly higher
ACAN, COL2AI and SOX9 gene expression levels were
identified in L-NPSCs in comparison with H-NPSCs. These
results verified that the frequency of differentiated NP cells
was increased in the cell population of L-NPSCs. Of note,
the levels of OCT4 and NANOG, markers of multipotency,
were found to be increased in L-NPSCs, which is in agree-
ment with the study of Brisby et al (17). Taken together, these
results suggest that the higher expression level of OCT4 and
NANOG observed in L-NPSCs is due to an ongoing attempt to
counter degenerative processes in the degenerated IVD, since
L-NPSCs exhibited lower pluripotency.

Notably, the results of the present study demonstrated that
H-NPSCs have a higher proliferative capacity and enhanced
differentiation potential compared with L-NPSCs. The
reduced proliferation capacity of L-NPSCs was in agreement
with the results of cell cycle analysis indicating increased
G,/G, and decreased G,/M phase arrest and S phase entry.
Furthermore, cell apoptosis analysis also confirmed this result
by revealing that the percentage of necrotic and apoptotic
cells among L-NPSCs was higher compared with H-NPSCs.
The lower proliferation rate of L-NPSCs may be explained
by the loss of positive MSC marker cells and the increase of
CD24-positive cells. It is well-established that the prolifera-
tion capability of NP cells is weaker compared with that of
MSC-like stem/progenitor cells (20). Additionally, a previous
study also reported that the presence of CD24 was associated
with inferior proliferation and with low colony-forming capa-
bility in NP tissues (30).

Multilineage potential was significantly higher in H-NPSCs
compared with that in L-NPSCs with regard to adipogenic,
chondrogenic and osteogenic differentiation potential. It was
noted that, although the expression of the classic chondrogenic
markers SOX-9, COL2A1 and ACAN was markedly upregu-
lated in L-NPSCs, L-NPSCs exhibited declined differentiation
potential to chondrocytes, suggesting the L-NPSCs group
contained a higher number of differentiated chondrocytes that
bear little differentiation potential.

The results of the present study predominantly demon-
strated that H-NPSCs with a higher intensity of MSC surface
marker expression, and with an improved proliferative
capacity and differentiation potential, were obtained from
patients aged <20 years, while the majority of L-NPSC donors
were aged >25 years, with one exception. Sakai et al (20)
reported that the frequency of progenitor cells in NP tissues
markedly decreased with age and degeneration of the IVD.
Furthermore, Yasen et al (31) demonstrated that the number
of endogenous progenitor cells and their proliferation capacity
in rabbit IVD decreased with age. Additionally, vertebral
mesenchymal stromal cells were demonstrated to decrease
with age, which may be responsible for the age-associated
osteoporosis (32). It has been hypothesized that the decline in
the regenerative potential of NPSCs with age in IVD plays a
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key role in disc aging and degeneration (20). These findings
offered novel insights into the biology of NPSCs during IVD
degeneration. The limitations of the present study were that
H-NPSCs were harvested from a relatively small sample size,
and that H-NPSCs are infrequently obtained from degenerated
NP tissues. However, the differences between L-NPSCs and
H-NPSCs require further investigation and identification, and
more studies on human NPSCs are required in order to provide
an increased number of data sets.

In conclusion, the present study demonstrated that NPSCs
with a higher expression intensity of MSC surface markers
exhibited a higher proliferative capacity and differentiation
potential, which may provide a novel strategy for evaluating
the regenerative potential of NPSCs. Additionally, the present
study may provide novel insights into the cellular mechanisms
of IVD degeneration considering that NP resident stem cells
serve a key role in maintaining the homeostasis of NP tissue.
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