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Abstract 

Background: Intervertebral disc degeneration (IDD) is a natural progression of age-related processes. Associated 
with IDD, degenerative disc disease (DDD) is a pathologic condition implicated as a major cause of chronic lower 
back pain, which can have a severe impact on the quality of life of patients. As degeneration progression is associ-
ated with elevated levels of inflammatory cytokines, enhanced aggrecan and collagen degradation, and changes in 
the disc cell phenotype. The purpose of this study was to investigate the biological and cytological characteristics of 
rabbit nucleus pulposus mesenchymal stem cells (NPMSCs)—a key factor in IDD—and to determine the effect of the 
growth and differentiation factor-5 (GDF5) on the differentiation of rabbit NPMSCs transduced with a lentivirus vector.

Methods: An in vitro culture model of rabbit NPMSCs was established and NPMSCs were identified by flow cytom-
etry (FCM) and quantitative real-time PCR (qRT-PCR). Subsequently, NPMSCs were randomly divided into three groups: 
a transfection group (the lentiviral vector carrying GDF5 gene used to transfect NPMSCs); a control virus group (the 
NPMSCs transfected with an ordinary lentiviral vector); and a normal group (the NPMSCs alone). FCM, qRT-PCR, and 
western blot (WB) were used to detect the changes in NPMSCs.

Results: The GDF5-transfected NPMSCs displayed an elongated shape, with decreased cell density, and significantly 
increased GDF5 positivity rate in the transfected group compared to the other two groups (P < 0.01). The mRNA levels 
of Krt8, Krt18, and Krt19 in the transfected group were significantly higher in comparison with the other two groups 
(P < 0.01), and the WB results were consistent with that of qRT-PCR.

Conclusions: GDF5 could induce the differentiation of NPMSCs. The lentiviral vector carrying the GDF5 gene could 
be integrated into the chromosome genome of NPMSCs and promoted differentiation of NPMSCs into nucleus pul-
posus cells. Our findings advance the development of feasible and effective therapies for IDD.
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Background
Degenerative disc disease (DDD) is a pathological condi-
tion recognized as a major contributor to chronic lower 
back pain (LBP) with a severe impact on the quality of 
life of patients. It is associated with intervertebral disc 
degeneration (IDD) which is a natural progression of 
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age-related processes. The intervertebral disc (IVD) is 
an important component of the spinal column enabling 
blending, flexion, and torsion of the spine. It is composed 
of a proteoglycan-rich nucleus pulposus (NP), which is 
constrained by the surrounding annulus fibrosus and the 
cartilaginous endplates. Apoptosis of the nucleus pulpo-
sus cells (NPCs) and a decrease in cell viability are widely 
recognized as key factors for disc degeneration, leading 
to a decrease in extracellular matrix syntheses such as 
collagen type II and glycoprotein [1, 2]. As a promising 
treatment approach for DDD, therapies are aimed at the 
prevention or reversal of IDD.

Nevertheless, current conservative and invasive inter-
ventions for IDD aimed at improving LBP are mainly 
focused on alleviating the symptoms rather than restor-
ing the disc structure and biomechanical function of 
IDD. Alternatively, the number of NPCs could be sup-
plemented via artificial intervention to potentially inhibit 
or reverse IDD. For instance, targeting nucleus pulposus 
mesenchymal stem cells (NPMSCs), a type of stem cell in 
the NP with strong proliferation and differentiation capa-
bilities, could be a promising therapy for IDD [3, 4].

Current studies have shown that GDF5 can repair 
degenerative intervertebral discs and promote pro-
teoglycan and collagen type II protein levels [5, 6]. Fur-
thermore, the GDF5 gene has been transfected into 
human-induced pluripotent stem cells to promote disc 
regeneration in rats [7]. Despite limited research, bio-
logical intervention could be a promising treatment for 
DDD that could impact future management of LBP. This 
study investigated the effect of GDF5 transfection on the 
differentiation of rabbit NPMSCs. It is expected that the 
results of this study will lay the experimental foundation 
for the development of a new functional vector material 
combined with GDF5 transfection to prevent and treat 
IDD with NPMSCs.

Materials and methods
Healthy adult rabbits were purchased from the Experi-
mental Animal Feeding and Management Center of 
Bengbu Medical College, China.

Main materials and instruments
Cells: rabbit NPMSCs were isolated and cultured in our 
laboratory.

Instruments: ultra-clean working table (HVAC Puri-
fication Equipment, Bengbu, China), cell culture box 
(Thermo Fisher Scientific, Waltham, MA, USA), micro-
centrifuge (Allsheng Instruments, Hangzhou, China), 
PCR instrument (Lattice Scientific Instrument, Hang-
zhou, China), and flow cytometer (Becton Dickinson, 
Franklin Lakes, NJ, USA).

Reagents: DMEM (C11995500CP; Gibco, Billings, MT, 
USA), RPMI 1640 (C11875500BT; Gibco) fetal bovine 
serum (#04-002-1a; BioIND, Beit-Haemek, Israel), anti-
biotic–antimycotic (#15240-112; Life Technologies, 
Carlsbad, CA, USA); PBS, pH 7.4 (#10010-023; Gibco); 
Trypsin–EDTA (0.05%) (#25300-054; Life Technologies), 
bovine serum albumin (#15561012; Life Technologies), 
Lipofectamine® 2000 transfection reagent (#11668-019; 
Life Technologies), Opti-mem® I reduced serum medium 
(#31985-062; Life Technologies); western blot (WB) and 
IP cell lysis solution, predye protein marker (Fermentas, 
Vilnius, Lithuania); and polyvinylidene membrane (Mil-
lipore, Burlington, MA, USA).

Antibodies: CD90 antibody (ab225; Abcam, Cam-
bridge, UK), CD105 antibody (ab221675; Abcam), CD34 
antibody (bs-0646R; Bioss, Woburn, MA, USA), CD45 
antibody (bs-0522R; Bioss), FITC-labeled sheep anti-
mouse IgG (bs-0296g-fitc; Bioss), FITC-labeled sheep 
anti-rabbit IgG (bs-0295g-fitc; Bioss), GDF5 antibody 
(ab93855; Abcam), and anti-actin antibody (SAB4200248; 
Sigma-Aldrich, Burlington, MA, USA).

Kits: Ultrapure RNA extraction kit (CW0581S; Kang-
wei Century Biotechnology, Beijing, China), SuperRT 
cDNA synthesis kit (CW0741S; Kangwei Century Bio-
technology), UltraSYBR Mixture (High ROX, CW2602M; 
Kangwei Century Biotechnology), and BCA protein 
quantitative kit (Beyotime Biotechnology, Shanghai, 
China).

Cell isolation culture and identification
Acquisition of NPMSCs: briefly, the rabbit NP tissues 
were harvested, digested by collagenase, centrifuged, 
resuspended, and the NPCs were obtained. Then the 
suspension of NPCs was centrifuged. Subsequently, 
the supernatant fluid was removed, and the complete 
medium of mesenchymal stem cells was added. Finally, 
the suspension was filtered to obtain NPMSCs. When the 
cell fusion rate reached 80–90%, they were digested by 
trypsin and re-inoculated for the subculture of the NPM-
SCs. The morphological and biological characteristics of 
the cells were observed under an inverted microscope.

The surface immunophenotype of the NPMSCs in rab-
bits was identified by flow cytometry (FCM). The third 
generation of NPMSCs cells was digested with trypsin 
and then centrifuged. Subsequently, the precipitated cells 
were collected, washed with PBS, and diluted to the cell 
suspension. Anti-rabbit CD90, CD105, CD34, and CD45 
antibodies were added, respectively. The suspension was 
incubated at 25  °C, washed with PBS, incubated with 
FITC-labeled sheep anti-mouse/sheep anti-rabbit IgG 
secondary antibody (in the absence of light), and washed 
with PBS. After the mixing procedure, the mixture was 
detected by FCM.
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Quantitative real-time PCR (qRT-PCR): samples were 
collected to extract the RNA, and the mRNA level of 
the target gene was detected by qRT-PCR. RNA was 
extracted from the NPMSCs, and then the cDNA was 
synthesized. Subsequently, qRT-PCR was performed, 
using the GAPDH gene as an internal reference, and the 
experiment was performed in triplicate for each of the 
genes per sample. After adding each component to the 
PCR tube, we carefully sealed the plate membrane, mixed 
it evenly, and centrifuged the solution to generate a pel-
let at the bottom of the tube. PCR amplification condi-
tions were based on the instructions of the qRT-PCR kit. 
According to the instructions of the instrument, the PCR 
experiment was performed three times. The data were 
collected and analyzed.

Cell transfection and observation
NPMSCs were divided into three groups: a transfection 
group (lentiviral vector carrying the GDF5 gene used 
to transfect NPMSCs); a control virus group (NPMSCs 
transfected with an ordinary lentiviral vector); and a nor-
mal group (the NPMSCs alone).

Transfection methods: the lentivirus plasmids were 
diluted to 25 L of Opti-MEM® I reduced serum medium, 
and 0.5 L of Lipofectamine 2000 was diluted to 25 L of 
Opti-MEM® I reduced serum medium. The solutions 
were gently mixed, followed by a period of keeping them 
static, before adding the mixtures to the three groups for 
culturing.

The gene transfection rate was identified by FCM. All 
cell groups were digested with trypsin and centrifuged. 
The precipitated cells were collected followed by wash-
ing with PBS and diluting the cell suspension. Anti-rab-
bit GDF5 was added and incubated for 30 min. The cells 
were incubated with FITC-labeled sheep anti-rabbit IgG 
secondary antibody and washed with PBS. Following 
mixing, the positivity rate of GDF5 in each group was 
determined by FCM.

Cell counting: Kit-8 (CCK8; Invitrogen, Waltham, MA, 
USA) was used to measure cell proliferation on days 1, 4, 
and 7, respectively. The absorbance of the solutions was 
measured at 450 nm using a microplate reader (BioTek, 
Winooski, VT, USA).

qRT-PCR was used to detect the mRNA levels of kera-
tin 8, 18, 19 (Krt8, Krt18, and Krt19) in all groups. Cell 
samples were collected, followed by RNA extraction, and 
finally, cDNA synthesis was performed. The procedures 
were identical to those described previously.

The protein levels of KRT8, KRT18, and KRT19 in 
all groups were detected by WB. The steps include the 
extraction of the total protein of cells, quantification of 
protein, protein electrophoresis, film transferring, sealing 
and incubation, PVDF membrane chemiluminescence, 

followed by developing and fixing. Finally, the image 
analysis and statistics were performed: the developing 
strip was analyzed, and the optical density was scanned 
by Image J v1.8.0. The relative expression was calculated 
as the ratio between the optical density of the target band 
and the corresponding value of the β-actin.

Statistical methods
All the experiments were performed in triplicate for 
each of the genes per sample. The mean values obtained 
were compared by analysis of variance (ANOVA). Data 
were presented as mean ± standard deviation. One-way 
ANOVA was used for comparisons between the groups, 
and independent sample t-tests were used for pairwise 
comparisons. Differences were statistically significant at 
P < 0.05.

Results
Culture and identification of NPMSCs
Most of the NPMSCs screened by the complete culture 
medium of the mesenchymal stem cells (MSCs) were 
single cells after digestion (Fig.  1A); some of the cells 
adhered to the wall of culture flask after primary culture 
for 4 × 6 days, and the morphology of the cells were spin-
dle-shaped or polygonal (Fig. 1B). The cell colony forma-
tion was observed after 12  days and the cell fusion rate 
reached 90% after 3–4 weeks. After the passage, the cell 
proliferation increased significantly with the following 
passages taking only ~ 1 week, and the number of spindle 
cells began to increase. After passaging to the third gen-
eration, most of the cells were fusiform (Fig. 1C).

The mesenchymal stem cell markers CD34 and CD45 
were negatively expressed in FCM (Fig.  2B), whereas 
CD90 and CD105 were positively expressed (Fig.  2C). 
The expression rate of the surface immunophenotype CD 
molecules of NPMSCs is shown in Fig. 2D.

qRT-PCR results: the NPMSCs expressed the stem cell 
genes SOX2 and Nanog (Fig. 1D).

Detection of GDF5 gene‑transfected NPMSCs
NPMSCs displayed spindle-shaped morphology before 
transfection (Fig.  4A). After transfection, the shape of 
the NPMSCs elongated and the cells density decreased 
(Fig. 4B). Next, we studied the effects of transfection on 
cell proliferation. The results of the CCK8 method are 
shown in Fig.  4. The number of cells per group contin-
ued to increase during the experiment. On the 4th and 
7th days of culture, cells in the transfected group showed 
better viability, and the cell proliferation rate was signifi-
cantly higher than that in the untransfected group. Thus, 
these results show that the proliferation of cells in the 
transfected group was improved (Fig. 4C).
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FCM showed that the GDF5-positive expression rate 
(%) of the transfected group was significantly higher 
than that of either the normal group or the control virus 
group (P < 0.01) (Fig. 3D). The positive rates (%) of GDF5 
expression of the three groups are shown in Fig. 3A–C.

The qRT-PCR analysis in the three groups showed that 
mRNA expression levels of KRT8, KRT18, and KRT19 in 
the transfected group were significantly higher than that 
in the other two groups (P < 0.01) (Fig. 4D).

The WB analysis of the three groups showed that the 
protein levels of KRT8, KRT18, and KRT19 in the trans-
fected group significantly increased compared to the 
other two groups (P < 0.01) (Fig. 4E–F).

Discussion
Lumbar degenerative disease, caused by lumbar disc 
degeneration, severely affects the quality of life of patients 
and has become a serious social problem. Unfortunately, 
current treatment approaches including invasive and 
conservative interventions cannot fundamentally reverse 
disc degeneration [8, 9]. However, as research into the 
molecular mechanisms and genetic engineering of disc 

degeneration increase, IDD may be inhibited or reversed 
at the gene level.

MSCs are pluripotent stem cells originating from the 
mesoderm, which can differentiate into bone, cartilage, 
fat, muscle, ligament, tendon, and other tissues [10, 11]. 
In 2006, the International Association for Cell Therapy 
[12] proposed an acknowledged standard for the defi-
nition of MSCs as follows: (A) for in  vitro culture, cells 
grow adherently to the wall of culture flask; (B) some spe-
cific antigens (markers) are expressed on the cell surface; 
and (C) the cells possess the ability to differentiate into 
adipocytes, osteoblasts, and chondrocytes. Many stud-
ies have shown that there is a specific type of cell in the 
intervertebral disc tissue with the ability to differentiate 
into osteoblasts, chondroblasts, and lipid cells. Addition-
ally, this cell also characteristically expresses the surface 
protein molecules of MSCs and can complete the three-
line induced differentiation. These types of cells have 
been identified as NPMSCs [13–16].

NPMSCs are the precursor of NPCs, which exist 
in healthy and degenerative IVD tissues, and has the 
potential to proliferate and differentiate into NPCs [17]. 

Fig. 1 Primary, passaged, and transfected NPMSCs. A Completely digested NPMSCs (magnification, × 200); B primary NPMSCs 
(magnification, × 200); C third generation (magnification, × 200); D qRT-PCR results: NPMSCs could express the stem cell genes SOX2 and Nanog
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Furthermore, these cells show great potential for applica-
tion in regenerative and repairing sciences [3, 4]. Li et al. 
successfully isolated human NPMSCs by fluorescence-
activated cell sorting and showed that the cells specifi-
cally expressed tyrosine kinase receptor 2 and ganglioside 
2. The cells had significant proliferation and differen-
tiation potential and could differentiate into osteoblasts, 
adipocytes, and chondrocytes [18]. Erwin et  al. demon-
strated that NPMSCs possessed a powerful capability to 
differentiate and proliferate in animal studies, and played 
an important role in IVD repair, nerve repair, and other 
renewable medical applications [19].

Lin et  al. cultured NPMSCs of rats in  vitro to induce 
differentiation and found that NPMSCs could express the 
stem cell genes SOX2, Oct4, and Nanog [20]. Zhang et al. 
compared rat NPMSCs and bone marrow MSCs in vitro 
and observed that both of them could differentiate into 
bone, cartilage, and fat, while also expressing the stem 
cell genes SOX2, Oct4, and Nanog [21]. In this study, 
FCM was used to detect the surface immunophenotype 
CD molecules of NPMSCs. We found that the immu-
nophenotypes CD90 and CD105 were positive, while 

CD34 and CD45 were negative. Furthermore, qRT-PCR 
showed positive expression of the stem cell genes SOX2 
and Nanog, in line with previous publications.

Researchers have found that human notochord cells 
(NCs), later identified as NPMSCs, gradually disappear 
with age-related disc degeneration [22]. Rodrigues-pinto 
et al. found that KRT8, KRT18, and KRT19 were specific 
markers of human NCs, and were expressed at all stages 
of NCs [23]. Minogue et al. detected the mRNA levels of 
KRT8, KRT18, and KRT19 in bovine NPCs and NCs by 
RT-PCR, and found that both of them expressed KRT8, 
KRT18, and KRT19, though slightly higher in NCs com-
pared to NPCs [24]. Meanwhile, other researchers have 
found that NPCs express KRT8, KRT18, KRT19, and 
other gene phenotypes; however, their expression levels 
were higher in NPCs than that of articular chondrocytes 
and ring fibroblasts [25, 26].

GDF5, also known as BMP14, is a member of the 
bone morphogenetic protein (BMP) family. BMP was 
originally thought to be a component of the mineralized 
bone matrix, which can induce the formation of new 
bone tissue when fractures or ectopic ossification occur 

Fig. 2 Identification of NPMSCs by FCM. A Cell fragments removed by FSC/SSC scatter plot, and NPMSCs indicated in the circle. B The negative 
immunophenotypes CD34 and CD45 of NPMSCs. C The positive immunophenotypes CD90 and CD105 of NPMSCs. D The expression rate of the 
surface immunophenotype CD molecules of NPMSCs
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[27, 28]. Current studies have shown that GDF5 can 
repair degenerative intervertebral discs and promote 
proteoglycan and collagen type II protein levels [5, 6]. 
GDF5 has also been transfected into human-induced 
pluripotent stem cells to promote disc regeneration 
in rats [7]. Animal studies have found that the central 
region of the intervertebral disc of GDF5 knockout 
mice showed low signal with MRI T2-weighted imag-
ing and the normal lamellar structure of the fibrous 
ring disappeared. This resulted in atrophy and disorder 
of the NP tissues, while the content of proteoglycan 
decreased significantly. The expression of proteoglycan 
and collagen type II mRNA also decreased, indicating 
that the deletion of the GDF5 gene was closely related 
to IDD. Meanwhile, GDF5 also promoted the differen-
tiation of stem cells [29]. In the current study, mRNA 
and protein levels of KRT8, KRT18, and KRT19 in the 
transfected group were significantly increased com-
pared with the other two groups, suggesting that the 
GDF5 gene could promote the differentiation of NPM-
SCs (see Additional file 1).

Regarding the mechanism of GDF5 acting on NPMSCs, 
Liu et al. found that GDF5 could inhibit the transcription 
and expression of the RNA fragment microRNA-34a, 
reduce the generation of IL-1β, as well as increase the 
expression of proteoglycan and collagen type II. These 
findings indicated that GDF5 could delay or stop the 
degeneration of the disc [30].

There are some limitations to this study. First, the 
expression of the extracellular matrix in NPCs is a com-
plex process. In this study, only KRT8, KRT19, and 
KRT19 were detected as representative markers of NPCs. 
In addition, the current experiment on rabbits cannot 
fully simulate human disc repair. Future studies should 
include human cells to further examine cell differentia-
tion and biosynthesis.

Conclusion
In this study, an in vitro culture model of NPMSCs was 
established, and techniques such as gene transfection, 
FCM, qRT-PCR, and WB were used to demonstrate the 

Fig. 3 FCM cell transfection rate. A GDF5 positive rate (%) in the normal group; B GDF5 positive rate (%) in the transfection group; C GDF5 positive 
rate (%) of the control group; D The GDF5 positive rate (%) of the transfection group was significantly higher than that of either the normal or 
control groups (P < 0.01)
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existence of NPMSCs in rabbit NP tissue. GDF5 was 
demonstrated to promote the differentiation of rabbit 
NPMSCs into NPCs in vitro; however, the exact mecha-
nism could not be identified. Thus, further studies to 
address this limitation are required in future. Although 
a significant gap exists between the research findings 
and clinical practice, our current data help uncover the 
pathogenesis of IDD to advance the development of 
feasible and effective therapies for IDD.
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