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SDF-1/CXCR4 axis induces apoptosis of human degenerative
nucleus pulposus cells via the NF-kB pathway
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Abstract. Intervertebral disc degeneration (IVDD) is a major
cause of lower back pain, and increased cell apoptosis is a key
characteristic of IVDD. The present study aimed to investigate
the effects and mechanism of the stromal cell-derived factor-1
(SDF-1)/C-X-C motif chemokine receptor 4 (CXCR4) axis on
apoptosis in human degenerative nucleus pulposus cells (NPCs).
The expression levels of SDF-1 and CXCR4 in human interverte-
bral discs (IVD) were determined using immunohistochemistry
and western blot analysis. Apoptosis of primary cultured NPCs
was quantified by Annexin V/propidium iodide staining
following stimulation with SDF-1 and knockdown of CXCR4
using small interfering RNA (siRNA). The association with the
nuclear factor-kB (NF-«B) signaling pathway was investigated
using CXCR4-siRNA and NF-«B inhibitor, pyrrolidine dithio-
carbamate (PDTC), treatment. The results demonstrated that
SDF-1 and its receptor, CXCR4, were upregulated in degenerative
IVD samples compared with normal samples. Stimulation with
SDF-1 increased the level of apoptosis in cultured NPCs, and
conversely, the apoptosis level was suppressed post-transfection
with CXCR4 siRNA compared with SDF-1 stimulation alone.
Furthermore, SDF-1 treatment increased the level of phosphory-
lated NF-«xB subunit P65, which was downregulated following
CXCR4 siRNA and PDTC treatment. In addition, CXCR4
siRNA and PDTC inhibited the nuclear translocation of P65,
which was induced by SDF-1. Taken together, SDF-1-mediated
apoptosis was suppressed by NF-kB inhibition using PDTC.
In conclusion, the SDF-1/CXCR4 axis promoted cell apoptosis
in human degenerative NPCs via the NF-«B pathway, thus
suggesting that SDF-1/CXCR signaling may be a therapeutic
target for the treatment of degenerative IVD diseases.
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Introduction

Lower back pain (LBP) is the sixth most common risk factor for
disability worldwide (1), and contributes $20-100 billion annu-
ally in total economic burden (2), which has become a severe
socio-economic problem. Effective therapeutic management for
LBP remains complex, since the underlying causes are unclear;
however, intervertebral disc (IVD) degeneration (IVDD) is
the most common diagnosis and target for intervention (3).
Among various genetic and/or environmental factors that may
contribute to the development of IVDD, cell apoptosis appears
to be a major cause (4). A previous investigation confirmed that
the number of apoptotic cells in degenerative IVD tissues was
significantly increased compared with in normal tissues (5).
However, the signal transduction pathways involved in the
apoptosis of degenerative IVD cells are not fully understood.

Chemokines are a family of small, soluble chemoattractive
cytokines that regulate the recruitment of surrounding responsive
cells.In addition, they have previously been reported to affect cell
proliferation, apoptosis, differentiation and other physiological
activities (6). Stromal cell-derived factor-1 (SDF-1) is one of the
most extensively investigated chemokines, which was originally
isolated from bone marrow stromal cells and activates various
cells by binding to the G-protein-coupled receptor, C-X-C
motif chemokine receptor 4 (CXCR4). It has previously been
reported that the SDF-1/CXCR4 axis is involved in degrada-
tion of the cartilage matrix (7). Furthermore, nuclear factor-«B
(NF-kB) is a member of a family of transcription factors that is
involved in mediating cellular responses to damage, stress and
inflammation, and increasing evidence has demonstrated that
the NF-«B signaling pathway is associated with cell apoptosis
in nucleus pulposus cells (NPCs) (8,9). However, to the best of
our knowledge, the effect of the SDF-1/CXCR4 signaling axis
on apoptosis of degenerative NPCs, and whether this effect is
mediated through the NF-xB pathway, has not been previously
investigated. On the basis of these observations, the present
study aimed to examine the potential regulatory effect of
SDF-1/CXCR4 on apoptosis of human NPCs.

Materials and methods

Primary NPC isolation and culture. Degenerative NP tissues
were obtained from seven patients with lumbar disc herniation
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following surgical discectomy. The control group consisted of
three patients with lumbar vertebral fracture without previ-
ously documented medical history of LBP (Table I). Written
informed consent was obtained from all tissue donors and
the study protocol was approved by the Ethics Committee
of Chongqing Medical University (Chongqing, China). The
degree of IVDD was assessed according to Pfirrmann clas-
sification by pre-operative magnetic resonance imaging
scans (10). Samples from the normal group exhibited Pfir-
rmann grades I and II, whereas the IVDD group exhibited
Pfirrmann grades III-V.

NP tissues from six donors (three per group) were used for
immunohistochemistry (IHC) and western blot analysis. NPCs
from the degenerative group were isolated by enzymatic diges-
tion and expanded in a monolayer culture model containing
Dulbecco's modified Eagle's medium/F 12 (Hyclone; GE
Healthcare Life Sciences, Logan, UT, USA) with 10% (v/v) fetal
calf serum (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), 100 xU/ml penicillin and 100 gg/ml streptomycin,
as described previously (11). Cells were incubated at 37°C in
an atmosphere containing 5% CO,. Cells at passage I1I-V were
used throughout the in vitro experiments.

IHC staining. NP tissues were fixed in 4% paraformaldehyde
for 24 h, embedded in paraffin and cut serially at 5 ym for IHC
staining. The IHC staining procedure was performed using
a streptavidin-peroxidase immunohistochemical kit (Wuhan
Boster Biological Technology, Ltd., Wuhan, China) according
to the manufacturer's protocol. Briefly, the tissue sections were
incubated with 0.125% trypsin for 30 min at 37°C for antigen
retrieval and then incubated with primary rabbit monoclonal
antibodies against SDF-1 (1:100; Abcam, Cambridge, UK) and
CXCR4 (1:100; Abcam; cat. no. ab124824) overnight at 4°C to
stain target protein expression, and immunoglobulin G (Wuhan
Boster Biological Technology, Ltd) was used as a negative
control. Finally, sections were incubated in 3-3'-diaminoben-
zidine (Wuhan Boster Biological Technology, Ltd) to visualize
immunoreactivity. Positively stained cells in three different
areas were counted under a light microscope (Nikon TS100;
Nikon Corporation, Tokyo, Japan).

Cell treatments. Cultured cells were transfected with
double-stranded small interfering RNA (siRNA) targeting
CXCR4 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA;
cat. no. sc-35422) according to the manufacturer's protocol
using PepMute siRNA Transfection Reagent (SignaGen
Laboratories, Rockville, MD, USA). The cultured cells were
transfected with 50 nM siRNA for 72 h, followed by treatment
with or without 10 ng/ml of SDF-1 (Sigma-Aldrich, St. Louis,
MO, USA) for 24 h at 37°C. In addition, cells were treated with
the NF-kB inhibitor, pyrrolidine dithiocarbamate (PDTC;
20 uM; Sigma-Aldrich), as described in a previous study (12),
for 24 h to investigate whether SDF-1 regulates the apoptosis
of degenerative NPCs via the NF-xB pathway.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was extracted from the collected
tissues and cells, following homogenization with TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.), using RNAiso
PLUS kit (Takara Biotechnology Co., Ltd., Dalian, China). RT
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Table I. Demographic data of surgical disc samples.

Pfirrmann

Sample Gender Age Level Pathology grade

1 F 58 L4/5  Herniation 111

2 F 46 L5/S1  Herniation v

3 M 65 L4/5  Herniation A"

4 F 39 L3/4  Herniation 111

5 F 31 L5/S1  Herniation 111

6 M 45 L2/3  Herniation v

7 F 44 L4/5  Herniation \"

8 M 21 L1 Fracture 1

9 M 39 L1 Fracture |
10 F 45 L2 Fracture 1I

F, female; M, male.

was performed using 1 pg total RNA and random hexamers
(Promega Corporation, Madison, WI, USA) to obtain
first-strand cDNA. qPCR was performed in a 20 pl mixture
containing 10 yl SYBR Green Realtime PCR Master Mix
(Takara Biotechnology Co., Ltd.), 1.5-3 ul cDNA and 0.4 ul
of each primer (10 yM). cDNA samples were amplified by
gPCR on an ABI Prism 7500 (Applied Biosystems; Thermo
Fisher Scientific, Inc.) under the following conditions: 95°C for
30 sec; 40 cycles of 95°C for 5 sec, 58°C for 5 sec and 72°C for
30 sec. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal reference gene and relative expres-
sion levels were calculated by the 2244 method (13). Primer
sequences used were as follows: SDF-1, forward 5'-CGTGCT
GGTCCTCGTGCTGAC-3', reverse 5'-GCTTTCTCCAGG
TACTCCTG-3"; CXCR4, forward 5'-GTCCACGCCACC
AACAG-3, reverse 5-CTGTTGGTGGCGTGGAC-3"; and
GAPDH, forward 5-GCACCGTCAAGGCTGAGAAC-3' and
reverse 5"TGGTGAAGACGCCAGTGGA-3.

Western blot analysis. Tissues were homogenized and cells were
lysed on ice with radioimmunoprecipitation assay lysis buffer
in the presence of phenylmethane sulfonyl fluoride (Beyotime
Institute of Biotechnology, Haimen, China). Protein concentra-
tion was determined using Enhanced BCA Protein assay kit
(Beyotime Institute of Biotechnology). Proteins (50 ug) were
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Protein samples were transferred to polyvi-
nylidene difluoride membranes, which were blocked with 5%
nonfat dry milk in Tris-buffered saline (TBS) for 1 h at room
temperature. The membranes were then probed with antibodies
against SDF-1 (1:1,000, CXCR4 (1:1,000), rabbit monoclonal
phosphorylated P65 (p-P65; 1:1,000; Cell Signaling Technology,
Inc., Danvers, MA, USA; cat. no. 3033), rabbit monoclonal P65
(1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA;
cat. no. 8242) and mouse monoclonal B-actin (1:8,000; Beyo-
time Institute of Biotechnology; cat. no. AFO003) overnight
at 4°C. The membrane was washed with TBS and incubated
with horseradish peroxidase-conjugated secondary antibody
at 37°C for 1 h. Following washing with TBS, the membrane
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was visualized with Enhanced Chemiluminescence Plus
reagent (Beyotime Institute of Biotechnology) and protein levels
were determined using the ChemiDoc XRS+ Imaging system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Fluorescence immunocytochemistry. Fluorescence immu-
nocytochemistry was used to detect nuclear translocation of
P65. Briefly, cells seeded in 24-well plates were fixed with
4% paraformaldehyde, washed three times for 10 min with
phosphate-buffered saline, blocked with normal goat serum
for 15 min at room temperature and incubated with P65
antibody (1:100) at 4°C overnight. Subsequently, the samples
were washed and incubated with a goat anti-mouse fluorescein
isothiocyanate-labeled fluorescent secondary antibody (1:500;
Beyotime Institute of Biotechnology; cat. no. A0568) at room
temperature for 2 h. Nuclear counterstaining was performed
with 4',6-diamidino-2-phenylindole (Beyotime Institute of
Biotechnology). The cells were imaged at 550 nm using a fluo-
rescence microscope.

Annexin Vipropidium iodide (PI) apoptosis detection. Apop-
tosis was detected using an Annexin V/propidium iodide (PI)
double-staining kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing,
China) according to the manufacturer's protocol. Briefly,
1x10* cells were collected and suspended in binding buffer,
then mixed with 5 1 Annexin V and PI. The cells were gently
vortexed and incubated at room temperature in the dark for
15 min. Subsequently, 1X termination buffer was added and flow
cytometric analysis on a BD FACScan system (BD Biosciences,
Franklin Lakes, NJ, USA) was performed. The apoptotic rate
was calculated using FlowJo 8.5.2 software (BD Biosciences)
as the sum of the percentage of early (Annexin V*/PI') and late
apoptotic cells (Annexin V*/PT*).

Statistical analysis. All the data are expressed as the
mean + standard deviation and were analyzed using Prism 5
software (GraphPad Software, Inc., La Jolla, CA, USA). Each
experiment was repeated three times. The differences between
groups were analyzed by Student's t-test for two groups one-way
analysis of variance followed by Tukey's t-test for comparison
of multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Basal SDF-1 and CXCR4 expression levels. IHC staining
demonstrated that SDF-1 and CXCR4 were expressed in all
donor tissues. SDF-1 was predominantly detected in the extra-
cellular matrix (ECM) and CXCR4 was expressed in the NPCs.
The results demonstrated that the SDF-1 integrated optical
density values and the percentage of CXCR4-positive cells in
the degenerative group was significantly increased compared
with the normal group (P=0.012 and P<0.001, respectively;
Fig. 1A). Simultaneously, western blotting and PCR analysis
confirmed that the expression levels of SDF-1 and CXCR4 were
increased in the degenerative group compared with the normal
group (P=0.018 and P<0.001, respectively; Fig. 1B). These
results suggest that the SDF-1/CXCR4 axis is upregulated in
degenerative samples, and therefore may be associated with the
IVDD process.

785

SDF-1/CXCR4 axis regulates NPC apoptosis. To determine
the effects of the SDF-1/CXCR4 axis on the apoptosis of
degenerative NPCs, cells were treated with 10 ng/ml SDF-1 for
24 h. qPCR and western blot analysis demonstrated that SDF-1
treatment resulted in an increase in CXCR4 expression at the
protein and mRNA levels (P=0.034 and P=0.022, respec-
tively), compared with untreated cells (Fig. 2A). In addition,
the results of Annexin V/PI double-staining demonstrated that
the number of apoptotic NPCs was significantly increased
by SDF-1 treatment compared with untreated cells (P<0.001;
Fig. 2B). To further confirm that SDF-1 induces cell apoptosis
through its receptor, CXCR4 siRNA was transfected into cells
to downregulate the expression of CXCR4 (P<0.001 compared
with the control group; Fig. 2A). The results demonstrated
that the apoptosis-inducing effects of SDF-1 were reduced
following knockdown of endogenous CXCR4 by siRNA
compared with SDF-1 treatment only (P<0.001; Fig. 2B).
These results suggest that the SDF-1/CXCR4 axis participates
in the positive regulation of apoptosis in degenerative NPCs.

Apoptosis-inducing effects of SDF-1/CXCR4 are mediated
via the NF-kB pathway. The NF-kB signaling pathway has
previously been demonstrated to regulate cell survival and
apoptosis (14). To investigate the association between NF-kB
and SDF-1/CXCR4 signaling, the present study examined the
effect of SDF-1 treatment on the phosphorylation of NF-kB
subunit P65. The levels of p-P65 were markedly increased in
NPCs stimulated with SDF-1 compared with the control cells
(P=0.008; Fig. 3A). Furthermore, treating NPCs with NF-xB
inhibitor, PDTC, or CXCR4 siRNA markedly reduced the
level of p-P65 (Fig. 3A). Furthermore, the cells were subjected
to immunofluorescence to analyze the nuclear translocation of
P65. As demonstrated in Fig. 3B, PDTC and CXCR4-siRNA
treatment inhibited the nuclear translocation of P65 compared
with SDF-1 treatment. To determine the effect of P65 activa-
tion on SDF-1-induced cell apoptosis, NPCs were treated with
20 uM PDTC for 24 h, followed by incubation with 10 ng/ml
SDF-1 for an additional 24 h. Annexin V/PI apoptosis detection
analysis demonstrated that, compared with SDF-1 treatment,
inhibition of P65 activation by PDTC significantly reduced the
SDF-1-induced increase in NPC apoptosis (P=0.029; Fig. 3C).
These results indicate that the apoptosis-inducing effects of
the SDF-1/CXCR4 axis are mediated via NF-kB signaling.

Discussion

The present study demonstrated that the expression levels of
SDF-1 and CXCR4 are significantly increased in degenerative
IVD tissues compared with normal NP tissues. Therefore,
it was hypothesized that the SDF-1/CXCR4 signaling axis
may be involved in IVDD. To verify this hypothesis, cultured
degenerative NPCs were treated with SDF-1 following
knockdown of CXCR4 using siRNA. To the best of our
knowledge, the present study is the first to report that the
SDF-1/CXCR4 axis accelerates apoptosis in degenerative
NPCs. Furthermore, the number of apoptotic NPCs was
significantly decreased following inhibition of NF-kB acti-
vation using PDTC, which suggests the apoptosis-inducing
effect of the SDF-1/CXCR4 axis in degenerative NPCs is
mediated via NF-«B signaling.
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Figure 1. Analysis of SDF-1 and CXCR4 expression in NP tissues from normal and degenerative groups. (A) SDF-1 and CXCR4 were determined by immuno-
histochemical staining, and SDF-1 was predominantly observed in the extracellular matrix, whereas CXCR4 was expresssed in NP cells. Magnification, x200.
(B) SDF-1 and CXCR4 expression levels in untreated NP tissues were determined by western blot analysis and reverse transcription-quantitative polymerase chain
reaction. Data are presented as the mean + standard deviation from three independent experiments. "P<0.05 vs. the normal control group. NP, nucleus pulposus;
SDF-1, stromal cell-derived factor-1; CXCR4, C-X-C motif chemokine receptor 4; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 10D, integrated optical

density.

It is well established that NPCs are involved in resistance
against mechanical loading, with the synthesis of ECM
important to maintain spinal stability. Therefore, loss of
NPCs has been demonstrated to be correlated with the patho-
logical process of IVDD (15). Ahsan et al (16) analyzed the
molecular and morphological features of 32 herniated disc
specimens and four control disc samples, demonstrating that
there was increased caspase-3 activity and apoptotic-positive
stained DNA fragments in the degenerative disc samples.
Furthermore, electron microscopy findings suggested that
there was enhanced programmed cell death in the degenera-
tive discs (16). In addition, a previous study indicated that the
percentage of apoptotic cells in degenerative NP specimens
was significantly increased compared with normal controls, as
demonstrated by terminal deoxynucleotidyl transferase dUTP
nick end labeling staining (5). However, the factors that induce
NPC apoptosis during the IVDD process have not been fully
elucidated.

IVDD is characterized by an increase in the expres-
sion levels of proinflammatory cytokines, including tumor
necrosis factor-a and interleukin (IL)-13, which induce ECM

degradation, chemokine production and changes in cell pheno-
type (17). The release of chemokines promotes the infiltration
and activation of immune cells, which amplifies the inflamma-
tory cascade. SDF-1 is highly expressed in inflamed tissues,
where it attracts activated CXCR4* T cells, thus enhancing
local inflammatory responses (18). The SDF-1/CXCR4 axis
has previously been associated with the pathogenesis of
chronic inflammatory diseases, including osteoarthritis (19)
and rheumatoid arthritis (20). The current study focused on
the differential expression of SDF-1 and CXCR4 in normal
and degenerative IVD tissues. The results demonstrated that
the expression levels of SDF-1 and CXCR4 were increased
in degenerative IVD tissues. The SDF-1/CXCR4 axis has
previously been reported to have various targets, via which
it stimulates chondrocyte proliferation, differentiation and
apoptosis (21,22). Therefore, it was hypothesized that the
SDF-1/CXCR4 axis is also involved in the IVDD process. In
support of this, the present study demonstrated that the number
of apoptotic NPCs was significantly increased following
SDF-1 stimulation, and this apoptosis-inducing effect was
inhibited by siRNA-mediated silencing of CXCR4 expression.
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Figure 2. SDF-1/CXCR4 axis induces apoptosis of degenerative NP cells. (A) NP cells were treated with SDF-1 and siRNA targeting CXCR4, the protein
and mRNA expression levels of CXCR4 were assessed by western blotting and reverse transcription-quantitative polymerase chain reaction. "P<0.05
vs. the control group. (B) Cell apoptotic percentage were measured by Annexin V/PI double-staining. "P<0.05 vs. the SDF-1 group. Data are presented
as the mean =+ standard deviation from three independent experiments. NP, nucleus pulposus; SDF-1, stromal cell-derived factor-1; CXCR4, C-X-C motif
chemokine receptor 4; siRNA, small interfering RNA; PI, propidium iodide; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase.

These results clearly indicated that there is a positive correla-
tion between SDF-1/CXCR4 expression and cell apoptosis in
IVDD.

NF-«B is a rapidly inducible transcription factor, which
regulates the expression of numerous genes to mediate various
cellular processes, including cell apoptosis, survival and the

immune response (23). It has previously been demonstrated
that the NF-xB signaling pathway is involved in IL-13-induced
chondrocyte apoptosis (24). Regarding the inflammatory
mechanisms of NF-kB, a previous study reported that the
NF-«B pathway is associated with the release of proinflam-
matory factors (25). Furthermore, SDF-1 is reported to be an
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important chemokine during the immune response; however,
the molecular interaction between the SDF-1/CXCR4 axis and
NF-«B in degenerative NPCs remains unclear. The current
study demonstrated that treatment with the NF-kB inhibitor,
PDTC, inhibited SDF-1-induced NPC apoptosis in vitro, and
suppressed P65 phosphorylation and nucleus translocation,
indicating that NF-kB-dependent signaling is involved in
regulation of cell apoptosis by SDF-1 in degenerative NPCs.

A limitation of the current study is that in vitro cultured
monolayers of NPCs were used. A previous study demon-
strated that NPCs easily lose their phenotype when cultured
in vitro as a monolayer (26). The use of a 3D alginate culture
of NPCs was considered for the present study; however, the
preliminary testing demonstrated a low siRNA transfection
efficiency when using an alginate scaffold for 3D culture.
Therefore, the experiments were performed using monolayer
culture to improve the transfection efficiency. Furthermore,
to elucidate the association between the SDF-1/CXCR4 axis
and NPC apoptosis, further research is required using in vivo
animal models, and the activation state of upstream and down-
stream molecules of the NF-«kB signaling pathway should be
examined.

In conclusion, the current study demonstrated that the
expression levels of SDF-1 and CXCR4 were increased in
degenerative NP tissues. Knockdown of CXCR4, an SDF-1
receptor, reduced the number of apoptotic degenerative
NPCs. Notably, activation of NF-kB subunit P65 was associ-
ated with the apoptosis-inducing effect of SDF-1. Therefore,
the SDF-1/CXCR4 axis is considered to induce apoptosis of
human degenerative NPCs via the NF-«kB signaling pathway.
The results of the present study suggest that the SDF-1/CXCR4
axis may be a therapeutic target for the treatment of degenera-
tive disc disease.
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