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Abstract. As an essential component of the extracellular 
matrix (ECM) in cartilage, the α2 chain of type IX collagen 
(Col9a2), has been implicated in human intervertebral disc 
degeneration (IVDD). However, the precise role of the Col9a2 
gene in the pathogenesis of IVDD has remained elusive. In the 
present study, the spines of Col9a2‑deficient (Col9a2‑/‑) mice 
were systematically analyzed and compared with wild‑type 
control mice using micro‑CT (µCT), histomorphology, 
immunofluorescence, immunohistochemistry and reverse 
transcription‑quantitative PCR (RT‑qPCR). µCT analysis 
revealed that endplate (EP) osteochondral remodeling in the 
Col9a2‑/‑ group was accompanied by a significant increase in 
EP porosity. Likewise, histopathological staining at 12 weeks 
revealed that the Col9a2‑/‑ mice exhibited a marked early‑stage 
IVDD phenotype, including EP sclerosis, calcification and 
annulus fibrosus rupture. The immunofluorescence results 
indicated that Col9a2 was extensively expressed in the 
IVDs, whereas it was barely detectable in Col9a2‑/‑ mice. 
Immunohistochemical and RT‑qPCR analyses demonstrated 
that the expression levels of Col2a1 and Aggrecan in the IVDs 
of Col9a2‑/‑ mice were significantly decreased. In addition, the 
levels of Mmp13, ADAM metallopeptidase with thrombos‑
pondin type 1 motif 5, Col10a1 and Runx family transcription 
factor 2 were significantly elevated. These results suggested 

that deletion of the Col9a2 gene led to osteochondral 
remodeling of cartilage EP and suppressed ECM synthesis, 
accelerating matrix degradation and chondrocyte hypertrophy 
in the IVD tissue.

Introduction

Intervertebral disc degeneration (IVDD) is one of the most 
common musculoskeletal disorders observed in clinical prac‑
tice. Substantial evidence has demonstrated that lower back 
pain and spinal cord compression nerve pain are prevalent 
clinical and public health concerns caused by IVDD (1,2). The 
etiology of IVDD is multifactorial, including aging, genetic 
predisposition, high mechanical stress, metabolic disorders, 
insufficient nutrition and neurogenic inflammation (3,4). At 
present, the therapeutic strategies mainly focus on pain relief 
through injections, physical therapy and activity modification 
or surgical interventions, such as disc decompression, spinal 
fusion and IVD replacement (5,6). However, to date, there is no 
effective method available to repair IVDD (7). Consequently, 
it is necessary to explore the pivotal pathogenesis of IVDD and 
identify available treatment methods.

Although various factors are relevant to the occurrence 
of IVDD, nutritional dysregulation is regarded to be the ulti‑
mate common pathway of IVDD, since the IVD is the largest 
non‑vascular organ in the human body (8,9). The material 
exchange between the IVD and the vertebral body mainly 
relies on the cranial and caudal endplates (EPs) (10,11), which 
contain bone marrow contact channels (12). Studies have 
demonstrated that the nutrition acquisition of IVD is dependent 
on EP permeability and that there is a significant association 
between the permeability of the EP and the porosity of the 
bone marrow contact channel (13,14). The calcification of the 
cartilaginous EP leads to the obstruction of the bone marrow 
contact channel, which may induce and accelerate the occur‑
rence of IVDD; thus, the alteration of EPs is a critical feature 
of the physiopathology of IVDD (15).

Type IX collagen (Col9) is a heterogeneous collagen 
composed of three different α chains (α1, α2 and α3), which is 
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predominantly expressed in cartilage (16,17). It is also a major 
component of IVDs, vertebral EPs and developing vertebral 
bodies (18,19). As a fiber‑associated collagen with interrupted 
triple helices, Col9 is assembled with type II collagen (Col2) to 
form heterogeneous fibers. It is crosslinked with Col2 located 
on the surface of fibrils and its non‑collagenous NC4 domain 
projecting out (20). Numerous interactions with other cartilage 
matrix proteins have been allocated to this domain, indicating 
that Col9 functions as an adaptor between the collagenous 
network and other extracellular matrix (ECM) superstruc‑
tures (21). The Col9 polymorphism has been reported to be 
a risk factor for the occurrence of IVDD, particularly with 
advancing age. As one of the branches of Col9, previous 
studies have suggested that the α2 chain of Col9 (Col9a2) is 
closely associated with degenerative lumbar spinal stenosis 
and spondylolisthesis (22,23).

However, it remains to be determined whether the deletion 
of Col9α2 causes IVDD primarily by affecting EPs. Based 
on these observations, it was hypothesized that the absence 
of Col9α2 may lead to IVDD through the modic change in 
EPs and other tissues in IVDs. Therefore, the present study 
examined the effects of Col9a2 knockout on EP structure, 
ECM deposition, matrix degradation and chondrocyte hyper‑
trophy‑related gene and protein expression alterations in IVD 
tissues.

Materials and methods

Animals. Mice with a deficiency in the Col9a2 gene (Col9a2‑/‑) 
were provided by the Nanjing Biomedical Research Institute 
of Nanjing University. The DNA from tail biopsies of mice 
was genotyped using PCR. All mice were housed at a constant 
room temperature of 20±2˚C and humidity of 50‑60% with 
a 12‑h light/dark cycle and free access to water and standard 
food. A total of 36 male mice at 4 (12‑15 g body weight), 
8 (20‑23 g body weight) and 12 (26‑29 g body weight) weeks 
of age were used for further analysis. At each time‑point, the 
Col9a2‑/‑ group was compared with the wild‑type (WT) control 
group (n=6 per group). All mice were humanely euthanized via 
intraperitoneal injection of pentobarbital sodium (150 mg/kg). 
Animal death was confirmed by observation of cessation of 
heartbeat and respiration. The present study was approved by 
the Ethics Committee of Zhejiang Chinese Medical University 
(Hangzhou, China; approval no. 20190401‑10) according to 
the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

Micro‑CT (µCT). The lower thoracic and whole lumbar verte‑
brae of mice were fixed in 4% neutral formaldehyde solution 
at 4˚C for 48 h, transferred to 70% anhydrous ethanol and then 
scanned and examined using a high‑resolution µCT scanner 
(Skyscan 1176; Bruker) with the following settings: Isotropic 
voxel size resolution, 9 µm; energy, 45 kV; current, 500 µA; 
and integration time, 780 msec. The lower thoracic ribs were 
included for the identification of L4‑L5 IVD localization. 
Image reconstruction and analysis was performed using 
NRecon v1.6 (Bruker) and CTAn v1.9 (Bruker), respectively, 
followed by analysis of the L4‑L5 IVD parameters using 
three‑dimensional model visualization software (CTVolx, 
v3.0; Bruker). The IVD volume was defined by the region of 

interest (ROI) to cover the entire invisible space between the 
L4‑L5 vertebrae and the cartilage EP volume was defined 
as covering the visible bone plate close to the vertebrae. A 
total of 50 consecutive ROI images were used to display the 
three‑dimensional reconstruction of the EP and IVD space. 
The average of the volume and the height of the IVD were 
calculated.

Histochemistry and histomorphometry. The specimens were 
fixed in neutral formaldehyde solution at a volume fraction 
of 4% (0.1 mol/l, pH 7.4) for 3 days and then decalcified in 
10% EDTA (buffered with pure water, pH 7.4) for 2 weeks. 
The samples were embedded in paraffin, cut into 3 µm‑thick 
sections and stained with Alcian blue hematoxylin/orange 
G (ABH/OG) and safranin O and fast green. A total of six 
different mice from each group at each time‑point were 
selected for the assessment of EP, annulus fibrosus (AF) and 
nucleus pulposus (NP) using a light microscope (Carl Zeiss 
AG). The EP score was obtained as previously described and 
used to evaluate the degeneration of the EP, including struc‑
tural disorganization, clefts and bony sclerosis (24,25).

Immunohistochemistry (IHC) and immunofluorescence 
(IF). IHC was performed using a standard protocol. In brief, 
3‑µm‑thick paraffin‑embedded sections were incubated at 

Table I. Primer sequences for quantitative PCR.

Gene/primer 
direction Sequence

β‑actin 
  Forward 5'‑GGAGATTACTGCCCTGGCTCCTA‑3'
  Reverse 5'‑GACTCATCTACTCCTGCTTGCTG‑3'
Col2a1 
  Forward 5'‑TGGTCCTCTGGGCATCTCAGGC‑3'
  Reverse 5'‑GGTGAACCTGCTGTTGCCCTCA‑3'
Mmp13 
  Forward 5'‑TTTGAGAACACGGGGAAGA‑3'
  Reverse 5'‑ACTTTGTTGCCAATTCCAGG‑3'
Aggrecan 
  Forward 5'‑CGCCACTTTCATGACCGAGA‑3'
  Reverse 5'‑TCATTCAGACCGATCCACTGGTAG‑3'
Adamts5 
  Forward 5'‑CCAAATGCACTTCAGCCACGATCA‑3'
  Reverse 5'‑AATGTCAAGTTGCACTGCTGGGTG‑3'
Col10a1 
  Forward 5'‑ACCCCAAGGACCTAAAGGAA‑3'
  Reverse 5'‑CCCCAGGATACCCTGTTTTT‑3'
Runx2 
  Forward 5'‑GAGGGCACAAGTTCTATCTGGA‑3'
  Reverse 5'‑GGTGGTCCGCGATGATCTC‑3' 

Col9α2, α2 chain of type IX collagen; Adamts5, ADAM metallo‑
peptidase with thrombospondin type 1 motif 5; Runx2, Runx family 
transcription factor 2.
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60˚C for 4 h prior to deparaffinizing and dehydrating. The 
sections were then incubated in citrate buffer (0.01 M, pH 6.0; 
Beijing Solarbio Science & Technology Co., Ltd.) at 60˚C for 
4 h, or in pepsinum (OriGene Technologies, Inc.) at 37˚C for 
30 min for antigen retrieval. The samples were then treated 
with endogenous peroxidase blocker (cat. no. PV‑6001; 
OriGene Technologies, Inc.) for 10 min and incubated 
with 0.3% Triton X‑100 for 15 min at room temperature. 
The sections were then incubated with primary antibodies 
against Col9a2 (diluted 1:100; cat. no. sc398130; Santa Cruz 
Biotechnology, Inc.), Col2a1 (diluted 1:1,000 for IHC and 1:50 
for IF; cat. no. ab34712; Abcam), Aggrecan (diluted 1:200 for 
IHC and 1:50 for IF; cat. no. NB100‑74350; Novus Biologicals, 
LLC), Mmp13 (diluted 1:200; cat. no. ab39012; Abcam), 
ADAM metallopeptidase with thrombospondin type 1 motif 5 
(Adamts5; diluted 1:200; cat. no. ab182795; Abcam), Col10a1 
(diluted 1:200; cat. no. ab58632; Abcam) and Runx family 
transcription factor 2 (Runx2; diluted 1:300; cat. no. ab76956; 
Abcam) overnight at 4˚C. For IHC staining, the sections were 
incubated with a secondary goat anti‑mouse/rabbit antibody 
(diluted 1:1,000; cat. no. 31234; Invitrogen; Thermo Fisher 
Scientific, Inc.) for 20 min at room temperature. Positive 
staining of sections was visualized using diaminobenzidine 
solution (Invitrogen; Thermo Fisher Scientific, Inc.), while 

hematoxylin was used for counterstaining. For the IF assay, the 
slides were incubated with fluorophore‑conjugated secondary 
antibodies at room temperature for 30 min in the dark. The 
sections were counterstained with DAPI and observed under 
a fluorescence microscope (Carl Zeiss AG). A total of five 
images from each section were analyzed using Image‑Pro 
Plus 6.0 (Media Cybernetics, Inc.). The area of Col2a1 or 
Col10a1‑positive staining was calculated, while the Aggrecan‑, 
Mmp13‑, Adamts5‑ or Runx2‑positive cells were obtained by 
counting the number of positively stained cells.

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
L4‑L5 segments of the spinal cords were removed from 
12‑week‑old mice and the soft tissues were excised. Total 
RNA was extracted using the Qiagen RNeasy Mini kit (Qiagen 
GmbH) and then reverse transcribed into cDNA using the 
RevertAid First Strand cDNA Synthesis kit (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to manufacturers' 
protocols. As per the manufacturer's instructions, qPCR was 
performed for target genes using SYBR Premix Ex Taq™ II 
(Takara Biotechnology Co., Ltd.) with a QuantStudio™ 7 Flex 
Real‑Time PCR System (Thermo Fisher Scientific, Inc.). The 
thermocycling conditions were: Pre‑denaturation at 94˚C for 
5 min; followed by 40 cycles of denaturation at 94˚C for 30 sec, 

Figure 1. Measurement of microstructural parameters of EPs and changes in the volume and height of L4‑L5 IVD by µCT. (A) The three‑dimensional images 
of EPs in the two groups of mice. Yellow arrows indicate the ossified area and the IVD space is indicated by the red color. (B) Mid‑sagittal L4‑L5 µCT 
images of WT and Col9a2‑/‑ mice. Calcified cavities are indicated by a red arrow. (C and D) Quantification of (C) L4‑L5 IVD volume and (D) height. Mice 
were analyzed at 12 weeks (n=6 per group). Values are expressed as the mean ± standard deviation. WT, wild‑type; EPs, endplates; IVD, intervertebral disc; 
Col9α2, α2 chain of type IX collagen.
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annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec. 
The primer sequences are presented in Table I and the relative 
mRNA expression was measured using the 2‑ΔΔCq method (26).

Statistical analysis. Statistical analysis was performed using 
SPSS software (version 25.0; IBM Corp). Values are expressed 
as the mean ± the standard error of the mean and analyzed 
using a one‑way ANOVA followed by Bonferroni's post‑hoc 
test as appropriate. P<0.05 was considered to indicate a statis‑
tically significant difference.

Results

Changes in EP and increases in porosity lead to early‑stage 
IVDD in Col9a2‑/‑ mice. µCT scanning was implemented to 
qualitatively estimate the lumbar spine of the Col9a2‑/‑ and 
WT mice at 12 weeks of age. The cavities within the EPs were 
significantly increased in the CT three‑dimensional images of 
the L4‑L5 IVD (Fig. 1A), as well as in the median sagittal 
images of the CT scan (Fig. 1B). Although no statistically 
significant differences were observed, the IVD volume and 
height of Col9a2‑/‑ mice were reduced compared with those of 
WT mice (Fig. 1C and D), as determined through the analysis 

of the three‑dimensional reconstruction images of the L4‑L5 
IVD. Thus, the CT data suggested that although there were no 
significant differences in the L4‑L5 IVD volume and height 
between the Col9a2‑/‑ and WT mice, the ossification of the EPs 
was slightly increased and this is a phenotype of early‑stage 
IVDD (27).

Osteochondral remodeling of the EP induces IVDD in 
Col9a2‑/‑ mice. Histochemistry and histomorphometry were 
performed to further observe the phenotypes of IVDD 
induced by Col9a2 gene knockout. ABH/OG staining revealed 
that there were no obvious histological differences between 
the two groups at 4 and 8 weeks, except that the 8‑week‑old 
Col9a2‑/‑ mice exhibited a slight calcification of the EPs. The 
EPs of the Col9a2‑/‑ mice began to undergo significant degen‑
eration at 12 weeks of age compared with the WT mice, as 
indicated by the apparent calcification and ossification forma‑
tion of the EPs (Fig. 2A). Furthermore, oteoglycan loss was 
also present in the NP of Col9a2‑/‑ mice, as evidenced by less 
ABH/OG and safranin O and fast green staining compared 
with the WT mice (Figs. 3 and 4). Furthermore, a large number 
of clefts was observed in the AF of the Col9a2‑/‑ mice with 
collagen dislocation and cytopenia, and even AF rupture 

Figure 2. Accelerated osteochondral remodeling in EPs of Col9a2‑/‑ mice. (A) Representative ABH/OG staining images of L4‑L5 IVD in 4‑, 8‑ and 12‑week‑old 
mice (scale bars, 1,000 µm). (B) EP score in Col9a2‑/‑ or WT mice as an indication of EP degeneration. Yellow arrows indicate the ossific endplate, the red 
asterisk indicates the decrease of notochord cells and proteoglycans in the NP and the red arrow indicates the formation of cracks in the AF. Values are 
expressed as the mean ± standard deviation (n=6 per group). #P<0.05. WT, wild‑type; W, weeks; EP, endplate; NP, nucleus pulposus; AF, annulus fibrosus; 
ABH/OG, Alcian blue‑hematoxylin/orange G; IVD, intervertebral disc; Col9α2, α2 chain of type IX collagen.
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(Figs. 3 and 4B). The EP score, a histological evaluation of EP 
degeneration, was used to assess pathological changes, such as the 
degree of osteosclerosis, structural disorders and neovasculariza‑
tion. Of note, it was indicated that the EP score was significantly 

increased in the Col9a2‑/‑ mice compared with the WT mice at 
12 weeks, confirming EP degeneration (Fig. 2B). The results of the 
histochemical and histomorphometric analysis indicated that the 
12‑week‑old Col9a2‑/‑ mice exhibited certain other manifestations 

Figure 3. Representative higher‑magnification ABH/OG staining images of L4‑L5 IVD of 12‑week‑old mice compared to Fig. 2. Higher‑magnification images 
of the EP, NP and AF (scale bars, 100 µm). Ossific nodules (yellow arrow) in the EP along with thickening of bony EP (red asterisk) were observed in the 
Col9a2‑/‑ mice. Furthermore, a reduction of notochord cells and proteoglycan in the NP (red arrow) as indicated by a paucity of ABH/OG staining and crack 
formation within the AF (black arrow) were observed in the Col9a2‑/‑ mice (n=6 per group). WT, wild‑type; EP, endplate; NP, nucleus pulposus; AF, annulus 
fibrosus; ABH/OG, Alcian blue‑hematoxylin/orange G; IVD, intervertebral disc; Col9α2, α2 chain of type IX collagen.
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Figure 4. Safranin O and fast green staining images of L4‑L5 IVD of 12‑week‑old mice. (A) Representative Safranin O and fast green staining images of L4‑L5 
IVD of 12‑week‑old WT and Col9a2‑/‑ mice (scale bars, 1,000 µm). (B) Higher‑magnification images of the EP, NP and AF (scale bars, 100 µm). Blue arrows 
indicated ossific EP, yellow arrows indicate the formation of cracks in the AF and green arrows indicate the decrease of notochord cells and proteoglycans 
in the NP (n=6 per group). WT, wild‑type; EP, endplate; NP, nucleus pulposus; AF, annulus fibrosus; IVD, intervertebral disc; Col9α2, α2 chain of type IX 
collagen; W, weeks.
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of IVDD, such as AF rupture and proteoglycan reduction, in addi‑
tion to distinct EP degeneration, relative to WT mice.

Reduced expression of ECM deposition‑associated proteins 
and increased matrix degradation‑ and chondrocyte 
hypertrophy‑related protein levels in Col9a2‑/‑ mice. Further 
experiments were performed to determine whether the 
protein levels of IVD‑related proteins in Col9a2‑/‑ mice were 
also altered. IF was used to locate the expression of Col9a2 
and verify the efficiency of gene knockout (Fig. 5A). Col9a2 
was extensively expressed in the IVDs of WT mice, while its 
expression was low in the Col9a2‑/‑ mice (Fig. 5B‑D). IHC and 
IF analysis were then performed to assess the expression levels 
of Col2a1, Aggrecan, Mmp13, Adamts5, Col10a1 and Runx2 
in the IVDs. The expression levels of Col2a1 and Aggrecan, 

which indicate ECM deposition, were markedly decreased in 
the IVDs of Col9a2‑/‑ mice as compared with those in WT mice 
(Figs. 6 and 7). Furthermore, chondrocyte matrix damage, as 
assessed by staining for Mmp13 and Adamts5 in the EPs and AF 
of Col9a2‑/‑ mice, increased significantly compared with that in 
the WT mice (Fig. 8). Furthermore, chondrocyte hypertrophy, 
as evaluated by the number of Col10a1‑ and Runx2‑positive 
cells, was uniformly distributed in the EPs and AF of WT 
mice, whereas in the EPs and outer layer of AF of Col9a2‑/‑ 
mice, positively stained cells were observed at sites where the 
chondrocytes merged together; however, positive cells were not 
present in the larger EP cavities and the expression levels of 
Col10a1 and Runx2 were markedly increased in the IVDs of 
Col9a2‑/‑ mice compared with those in WT mice (Fig. 9). These 
results suggested that the absence of the Col9a2 gene decreased 

Figure 5. Col9a2 immunofluorescence staining of IVDs of 2‑week‑old mice. (A) Col9a2 immunofluorescence staining of EP, NP and AF. Nuclei were stained 
blue with DAPI and Col9a2 expression was detected as green (magnification, x200). (B‑D) Quantification of Co9a2 in the (B) EP, (C) NP and (D) AF, further 
validating the efficiency of the gene knockout (n=6 per group). #P<0.05 vs. WT. L, left; M, middle; R, right; WT, wild‑type; IVD, intervertebral disc; EP, 
endplate; NP, nucleus pulposus; AF, annulus fibrosus; Col9α2, α2 chain of type IX collagen.
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the expression levels of ECM deposition‑associated proteins 
and increased that of matrix degradation‑ and chondrocyte 
hypertrophy‑related proteins in IVD cartilage tissues, which 
exacerbated the occurrence and development of IVDD.

Diminished expression of genes associated with ECM 
deposition and enhanced expression of genes related to matrix 
degradation and chondrocyte hypertrophy in Col9a2‑/‑ mice. 
RT‑qPCR was performed to further determine the mRNA 
expression levels of ECM deposition‑, matrix degradation‑ 
and chondrocyte hypertrophy‑related genes in the IVD tissue 
of Col9a2‑/‑ mice. As expected, the data demonstrated that 
the mRNA expression trends of Col2a1, Aggrecan, Mmp13, 
Adamts5, Col10a1 and Runx2 were similar to the results of 
protein expression described above: Knockout of the Col9a2 
gene diminished the mRNA expression levels of Col2a1 and 
Aggrecan (Fig. 10A and B), while the mRNA expression levels 
of Mmp13, Adamts5, Col10a1 and Runx2 were increased 
(Fig. 10C‑F). These results suggested that deletion of the 
Col9a2 gene suppressed ECM synthesis and accelerated matrix 
degradation and chondrocyte hypertrophy in the IVD tissue.

Discussion

Col9 is a component of the ECM of cartilage, which contrib‑
utes to the integrity of the cartilage structure. Col9α2 is one 

of the branched chains of Col9 and its deletion has been 
indicated to be related to the early occurrence of IVDD. 
However, its specific mechanisms of action have remained 
to be further elucidated. The EP is a selective permeability 
barrier in IVDs and has attracted increasing attention in recent 
years. Nutritional access to the IVD is dependent on the EP. 
In addition, severe IVDD is more common in patients with 
EP modic changes, indicating that EP modic changes are 
related to the initiation and development of IVDD (28). In the 
present study, the histopathological staining results revealed 
that there was no significant difference between the two 
groups of mice at 4 or 8 weeks; however, the Col9a2‑/‑ mice at 
12 weeks exhibited the manifestations of early‑stage IVDD, 
which was characterized by EP calcification cavities, reduced 
proteoglycan content and AF rupture, amongst other signs. EP 
degradation is considered to begin with abnormal calcifica‑
tion (15). Calcium crystalline salts are deposited into the pores 
of the EP, resulting in a decrease in EP permeability. During 
the aging process, the calcified EP undergoes ossification and 
sclerosis, which is eventually replaced by bone (29,30). This 
process is considered to reduce the transport of nutrients from 
the vertebral marrow to the IVD. Thus, EP remodeling caused 
by Col9a2 gene knockout may lead to increased permeability, 
which may be the most important factor contributing to IVDD.

Furthermore, changes in the ECM composition of EP 
chondrocytes have an important role in the occurrence 

Figure 6. Immunohistochemical detection of Col2a1 and Aggrecan. (A and B) Representative images (scale bars, 100 µm). Positive immunostaining was 
noted as brown staining. Black arrows indicate loss of (A) Col2a1 and (B) Aggrecan in Col9a2‑/‑ mice compared with the WT mice, with the most pronounced 
reduction of Col2a1 in the ossification zone of the cartilage EP and the outer layer of AF and a significant decrease of Aggrecan in the NP. Quantification of 
(C) Col2a1 and (D) Aggrecan in the EP, NP and AF. Values are expressed as the mean ± standard deviation (n=6 per group). #P<0.05 vs. WT. WT, wild‑type; 
EP, endplate; NP, nucleus pulposus; AF, annulus fibrosus; Col9α2, α2 chain of type IX collagen.
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and development of IVDD. Studies have demonstrated that 
EPs are critical to the nutritional supply of IVD due to the 
limited blood supply (31,32). EP cartilage is a thin layer of 
hyaline cartilage located between the vertebrae and IVD, 
mainly composed of chondrocytes and ECM. EP chondro‑
cytes are responsible for the maintenance and circulation of 
cartilage‑specific ECM molecules. The major components 
of ECM within the IVDs are Col2a1 and Aggrecan, which 
endow EP cartilage with weight‑bearing properties and 
nutrient exchange abilities (33,34). Therefore, their contents 
are essential for the proper function of the IVDs, particularly 

in the cartilaginous EP. The excessive destruction of ECM, 
and in particular, the loss of Col2a1 and Aggrecan, may be risk 
factors for IVDD (35). Furthermore, Mmps and Adamts are 
the main enzymes that degrade Col2a1 and Aggrecan, while 
Mmp13 and Adamts5 are the hallmarks of cartilage degen‑
eration (36). There is substantial and increasing evidence to 
indicate that Mmp13 and Adamts5 expression is upregulated 
in IVD tissues and cells, and are closely associated with the 
process of ECM rupture and disc degeneration (37). In the 
present study, the results of the IHC and RT‑qPCR analysis 
revealed a distinct decrease in Col2a1 and Aggrecan protein 

Figure 7. Immunofluorescence detection of extracellular matrix‑related protein of L4‑L5 IVD of 12‑week‑old mice. (A and B) Representative images of 
immunofluorescence of (A) Col2a1 and (B) Aggrecan (scale bars, 100 µm). Nuclei were stained blue with DAPI, while Col2a1 and Aggrecan expression was 
detected as green. (C and D) Quantification of (C) Col2a1 and (D) Aggrecan in the EP, NP and AF. Values are expressed as the mean ± standard deviation 
(n=6 per group). #P<0.05 vs. WT. WT, wild‑type; EP, endplate; NP, nucleus pulposus; AF, annulus fibrosus; Col9α2, α2 chain of type IX collagen.



XU et al:  Col9a2 GENE DELETION ACCELERATES DISC DEGENERATION 10

Figure 8. Immunohistochemical detection of Mmp13 and Adamts5. (A and B) Representative immunohistochemistry images. Positive immunostaining was 
noted as brown staining (scale bars, 100 µm). Black arrows indicate increased expression of (A) Mmp13 and (B) Adamts5 in Col9a2‑/‑ mice compared with the 
WT mice, with the most pronounced increase in Mmp13 expression in the calcified basal region of the EP and the entire AF, and the expression of Adamts5 
was markedly increased in both the EP and AF. Quantification of (C) Mmp13 and (D) Adamts5 in the EP and AF. Values are expressed as the mean ± standard 
deviation (n=6 per group). #P<0.05 vs. WT. WT, wild‑type; EP, endplate; AF, annulus fibrosus; Col9α2, α2 chain of type IX collagen; Adamts5, ADAM metal‑
lopeptidase with thrombospondin type 1 motif 5.

Figure 9. Immunohistochemical analysis of Col10a1 and Runx2. (A and B) Representative immunohistochemistry images. Positive immunostaining was 
observed as brown staining (scale bars, 100 µm). Black arrows indicate increased expression of (A) Col10a1 and (B) Runx2 in Col9a2‑/‑ mice compared with 
WT mice, with the most distinct enhancement of Col10a1 in the outer layer of AF, while Runx2 expression was markedly increased in both the EP and AF. 
(C and D) Quantification of (C) Col10a1 and (D) Runx2 in the EP and AF. Values are expressed as the mean ± standard deviation (n=6 per group). #P<0.05 vs. 
WT. WT, wild‑type; EP, endplate; AF, annulus fibrosus; Col9α2, α2 chain of type IX collagen; Runx2, Runx family transcription factor 2.
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and mRNA levels, while the levels of Mmp13 and Adamts5 
were markedly increased in Col9a2‑/‑ mice compared with WT 
mice. This suggests that Col9a2 gene knockout causes exces‑
sive ECM destruction and insufficient ECM synthesis, which 
further exacerbates EP calcification and ultimately accelerates 
the progression of IVDD.

The PI3K/Akt signaling pathway has been reported to be a 
key regulator of terminal chondrocyte differentiation in embry‑
onic and adult chondrogenesis (38,39), and increased PI3K and 
Akt phosphorylation may enhance the levels of Mmp13 and 
Adamts5, but decrease the levels of Col2a1 and Aggrecan, ulti‑
mately exacerbating the process of IVDD (40). Furthermore, 
as a marker of chondrocyte hypertrophy, the precise function 
of Col10a1 remains to be determined; however, it is gener‑
ally accepted that there is an association between Col10a1 
synthesis and endochondral osteogenesis (41). Furthermore, 
Runx2, as a marker of chondrocyte terminal differentia‑
tion, may alter the phenotypic state of chondrocytes (42). In 
addition, it has been indicated that the expression of Col10a1 
and Runx2 in EP chondrocytes is associated with degen‑
erative disc disease (43,44). It has been demonstrated that the 
ECM‑receptor interaction signaling pathway is dysregulated 

in the early stages of IVDD (40). As components of the ECM, 
Col9a2, Col2a1 and Aggrecan have important roles in the 
ECM‑receptor interaction signaling pathway. IVDD caused by 
Col9a2 gene knockout may be related to the imbalance of the 
ECM‑receptor interaction signaling pathway.

In conclusion, the present study provided insight into 
the deteriorating effects of Col9a2 gene knockout on IVDD, 
clearly demonstrating that Col9a2 gene knockout induces and 
accelerates the progression of IVDD. The underlying mecha‑
nisms may be related to the dysregulation of the PI3K/Akt 
and ECM‑receptor interaction signaling pathways due to the 
deletion of the Col9a2 gene, resulting in decreased protein 
and mRNA expression levels of Col2a1 and Aggrecan, and 
increased expression levels of Mmp13, Adamts5, Col10a1 
and Runx2. This leads to enhanced EP calcification, which 
subsequently disrupts the structural integrity and function 
of the EP, and ultimately exacerbates the process of IVDD. 
These changes may be a plausible explanation for IVDD 
associated with the absence of the Col9a2 gene. However, the 
research is still at a preliminary stage, and thus, the results 
require to be further confirmed by clinical trials or other 
animal experiments. The exact molecular mechanisms of 

Figure 10. mRNA expression levels of Col2a1, Aggrecan, Mmp13, Adamts5, Col10a1 and Runx2. Quantitative results of mRNA expression analysis of 
(A) Col2a1, (B) Aggrecan, (C) Mmp13, (D) Adamts5, (E) Col10a1 and (F) Runx2. Values are expressed as the mean ± standard deviation (n=6 per group). 
#P<0.05 vs. WT. WT, wild‑type; Col9α2, α2 chain of type IX collagen; Runx2, Runx family transcription factor 2; Adamts5, ADAM metallopeptidase with 
thrombospondin type 1 motif 5.
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IVDD and Col9a2 gene deletion warrant further investiga‑
tion.
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