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Abstract 

Background  Intervertebral disc degeneration (IVDD) is a significant cause of global disability, reducing labor pro-
ductivity, increasing the burden on public health, and affecting socio-economic well-being. Currently, there is a lack 
of recognized clinical approaches for molecular classification and precision therapy.

Methods  Chondrocyte differentiation and prognosis-related genes were extracted from single-cell RNA sequencing 
and multi-omics data in the Gene Expression Omnibus (GEO) database through chondrocyte trajectory analysis and non-
parametric tests. Subsequently, a precise IVDD risk stratification system was developed using ConsensusClusterPlus analysis. 
The clinical significance of molecular typing was demonstrated through case–control trials involving IVDD patients. Specific 
inhibitors of molecular typing were predicted using the pRRophetic package in R language and then validated in vitro.

Results  A stratified model for IVDD, considering chondrocyte differentiation and demonstrating high clinical rel-
evance, was developed using a set of 44 chondrocyte fate genes. Extensive analyses of multi-omics data confirmed 
the clinical relevance of this model, indicating that cases in the High Chondrocyte Scoring Classification (HCSC) group 
had the most favorable prognosis, whereas those in the Low Chondrocyte Scoring Classification (LCSC) group had 
the worst prognosis. Additionally, clinical case–control studies provided evidence of the utility of IVDD molecular 
typing in translational medicine. A gene expression-based molecular typing approach was used to create a matrix 
identifying potential inhibitors specific to each IVDD subtype. In vitro experiments revealed that gefitinib, a drug 
designed for LCSC, not only had protective effects on chondrocytes but also could induce the conversion of LCSC 
into the HCSC subgroup. Therefore, IVDD molecular typing played a critical role in assisting clinicians with risk stratifi-
cation and enabling personalized treatment decisions.

Conclusion  The results of the study have provided a comprehensive and clinically relevant molecular typing 
for IVDD, involving a precise stratification system that offers a new opportunity for customizing personalized treat-
ments for IVDD.
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Background
The prevalence of disc degenerative diseases (DDD) has 
increased progressively due to the aging population, 
becoming a major contributing factor to global disabil-
ity [1–4]. The degenerative process starts with interver-
tebral disc degeneration (IVDD), causing structural and 
functional impairments [5–7]. IVDD-induced lower back 
pain (LBP) has persistently affected around 80 percent of 
adults [8]. In the 2010 Global Burden of Disease study, 
LBP ranked highest in disability among the 291 diseases 
examined [9]. Furthermore, it significantly contributed 
to the reduction in global labor productivity, thereby 
increasing the burden on public health resources and 
reducing socio-economic well-being [10].

The goal of treating IVDD is to relieve symptoms and 
improve the quality of life for individuals affected by 
the condition [11]. This is accomplished through vari-
ous approaches, such as conservative measures like 
lumbar muscle exercises, as well as physical and phar-
macological interventions [12]. Additionally, disc repair 
therapies involving genes [13], cells [14], and growth 
factors [15], along with decompression surgery [16–18], 
are employed. Nevertheless, it is important to note that 
numerous intervertebral disc repair therapies remain in 
the experimental or clinical trial phase due to the cur-
rent medical knowledge and understanding of IVDD. 
Currently, IVDD has relied on conservative and surgical 
interventions in clinical practice, exhibiting a dichoto-
mous pattern [11]. However, both approaches possess 
inherent limitations. Conservative treatment is primar-
ily applicable to patients with mild degeneration, while 
the administration of opioids and non-steroidal drugs 
may lead to addiction and patient dependency [19]. 
Furthermore, the utilization of total intervertebral disc 
replacement surgery is commonly advised for patients 
presenting with single-segment lesions and the absence 
of minor joint lesions [20]. Nevertheless, it is crucial to 
acknowledge that decompression and fusion surgery, 
which entails sacrificing spinal segmental movement, 
is linked to numerous complications and substantial 
expenses. Moreover, an estimated 30% of patients may 
encounter persistent or recurring LBP subsequent to the 
surgical procedure [21–23].

As a result, the absence of a clinically viable proto-
col for personalized diagnosis and treatment of IVDD 
and the dearth of clinically acknowledged strategies for 
molecular typing and precision diagnosis and treatment 
of IVDD are evident. Consequently, there is a need 
for tools that can effectively differentiate the severity 
of the disease, precisely ascertain disease prognosis, 
and aid clinicians in risk stratification and treatment 

decision-making for patients afflicted with IVDD, in 
order to optimize the diagnostic and treatment system.

The intervertebral disc, referred to as the interver-
tebral fibrocartilage disc, is primarily comprised of a 
substantial quantity of fibrocartilage [24, 25]. In terms 
of its structure, it assumes a flat, disk-shaped form, 
encompassing end-plate cartilage and a fibrous annulus 
that encloses the nucleus pulposus tissue. The cartilage 
tissues and cells serve a dual purpose of stress disper-
sion and facilitating the transportation of nutrients 
and metabolites [26]. Furthermore, recent research has 
indicated the significance of chondrocyte metabolism 
in the advancement of IVDD [27, 28].

In this study, we acquired a dataset consisting of sin-
gle cell sequencing data of intervertebral disc fibror-
ing tissue cells and clinical information from patients 
diagnosed with IVDD, obtained from a publicly avail-
able database. A total of 25,974 chondrocytes were 
extracted from the single cell sequencing data for pseu-
dotime analysis, resulting in the identification of 1,058 
chondrocyte differentiation-related genes (CDGs). 
Additionally, genes linked to the severity of degenera-
tion and Thompson grading were extracted from IVDD 
microarray data. Furthermore, by intersecting these 
genes with the aforementioned ones, we obtained a set 
of 44 chondrocyte differentiation and prognosis related 
genes (CDPRGs). Using CDPRGs as a basis, we devel-
oped a molecular typing model for IVDD with three 
distinct classifications. This was achieved through the 
application of the ConensusClusterPlus algorithm and 
principal component analysis (PCA). Subsequently, we 
conducted a comprehensive analysis of multi-omics 
data and employed non-parametric tests to investigate 
the clinical relevance and predictive value of this clas-
sification. Furthermore, we have successfully identified 
distinct marker genes for each of the three subtypes by 
analyzing their relative expression levels of CDPRGs. 
Subsequently, we have conducted clinical case–control 
studies to investigate the potential clinical applicabil-
ity of these subtypes. Additionally, we have screened 
various drugs that exhibit differential sensitivity based 
on the expression patterns of the three subtypes, and 
further validated their efficacy through in vitro experi-
ments. In summary, our study has put forth a molec-
ular typing method for IVDD based on chondrocyte 
differentiation. The objective of this approach was to 
facilitate the categorization of risk and evaluation of 
prognosis in patients with IVDD, while also validating 
its clinical translational utility and presenting potential 
avenues for therapy.
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Materials and methods
Collection of public data: ethics statement
The Ethics Committee of Shanghai Changhai Hospi-
tal has granted approval for the protocol of this study, 
as indicated by the Ethics Approval Document No. 
CHEC2022-262. The Gene Expression Omnibus (GEO) 
database was utilized to obtain single-cell sequenc-
ing data for two annulus fibrosus (AF) samples (GEO 
accession: GSE160756) (https://​www.​ncbi.​nlm.​nih.​gov/​
geo/​query/​acc.​cgi?​acc = GSE160756) [29]. Further-
more, we obtained the pertinent data of 38 microarrays 
from patients with IVDD and their corresponding clini-
cal information from the GEO database, as depicted in 
Table  S1. (GEO accession: GSE15227 and GSE23130) 
(https://​www.​ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​cgi?​acc=​
GSE15​227) [30] and (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​
query/​acc.​cgi?​acc=​GSE23​130) [31].

Data processing and visualization
The 10 × Genomics Chromium program (https://​www.​
10xge​nomics.​com/​instr​uments/​chrom​ium-x-​series) [32] 
was utilized to preprocess single cell RNA sequencing 
(scRNA-seq) data. Initially, a fastq file was created from 
the raw scRNA-seq data through the employment of 
the cellranger mkfastq command within the Cell Ranger 
package (v3.0, http://​10xge​nomics.​com/). Subsequently, 
the fastq file underwent pruning to eliminate the tem-
plate switch oligonucleotide sequence and the polyA 
tail sequence. Following this, a comparison was made 
between the pruned fastq file and the human reference 
genome (version: Ensemble GRCh38), and the gene 
expression matrix was computed using the Cell Ranger 
counting software. The affy package was employed for 
microarray data analysis, wherein Robust Multi-array 
Average (RMA) background correction and data stand-
ardization techniques were applied [33]. Subsequently, 
probe sequences were annotated, resulting in the acqui-
sition of gene expression matrices for all samples [34]. 
Furthermore, the sva software package was utilized to 
perform necessary batch corrections [35].

In the context of downstream visualization analysis, 
an initial step of quality control (QC) was conducted to 
identify cells exhibiting transcript expression exceeding 
100,000 and mitochondrial gene localization below 10%. 
These cells were selected for further analysis, wherein the 
inclusion criteria encompassed the presence of two or 
more expressed genes per individual cell. Following the 
completion of the aforementioned QC process, the gene 
expression matrices of the all samples were integrated 
into a Seurat object using the "IntegrateData" function. 
Subsequently, the "ScaleData" function was employed 
to normalize the integrated gene expression matrix. The 
"vst" method was employed to identify the initial set of 

2,000 highly variant genes. To reduce dimensions, PCA 
was initially applied, and the first 20 significant princi-
pal components (PCs) were integrated into a Uniform 
Manifold Approximation and Projection for Dimension 
Reduction (UMAP) algorithm to obtain a representation 
of the overall cell population. Subsequently, a gene was 
classified as a differential expression gene (DEG) if it met 
the criteria of |log2 Fold Change (FC)|> 0.5 and a False 
Discovery Rate (FDR) < 0.05. Subsequently, we employed 
the "FindAllMarkers" function and the Wilcoxon rank 
sum test to scrutinize DEGs within the top 2,000 highly 
variable genes. This analysis aimed to discern the gene 
expression patterns of cell markers, facilitating the labe-
ling of distinct cell types.

Cell type annotation
In order to ascertain the cell types present in each unsu-
pervised cluster, DEGs were utilized as potential refer-
ences in all subclusters. This approach was combined 
with the incorporation of specific cell surface biomarkers 
known in CellMarker, resulting in a comprehensive anno-
tation of cell types [36]. The identified cell types in the 
known AF tissues encompassed chondrocytes (c2orf40, 
fgfbp2, serpina1), stromal cells (apoe, marcks, hes4), 
blood cells (hla-dra, ccl3, fcer1g), peripheral cells (tagln, 
rgs5, sparcl1), myelonuclear progenitor cells (dpp4, 
nox4, vit), and endothelial cells (ifi27, sparcl1, cd74). 
Furthermore, the generation of cell signature maps, 
Cleveland point maps, and heat maps was accomplished 
utilizing Seurat (Version: 3.2.2) within the R package and 
SCANPY (Version: 1.7.1) in Python 3.6 to visually repre-
sent annotated genes specific to each cell type [36, 37]. 
Moreover, chondrocytes were instantiated as a Seurat 
object in all samples. Subsequently, employing the afore-
mentioned methodology, distinct cell subtypes within 
chondrocytes were identified, and the top five DEGs of 
highly mutated genes were elucidated using Cleveland 
point and heat maps.

Cellular communication analysis
To investigate the patterns of cellular communication 
and identify the precise ligand-receptor pairs, we con-
ducted an integrated cellular communication analysis 
using the iTALK package (Version: 0.1.0) in the R pro-
gramming language [38]. Initially, the expression matrix 
of the genes under study was standardized, and the 
standardized expression matrix was inputted into the 
iTALK analysis via the "rawParse" function [39]. Subse-
quently, the corresponding relationships between ligands 
and receptors in cellular communication were obtained 
through the built-in database (https://​github.​com/​Coolg​
enome/​iTALK). Thereafter, the Wilcoxon rank-sum test 
was employed to determine the cellular communication 
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patterns with significant differences among various cell 
types. The top 200 cellular communication patterns with 
the smallest P-values were selected. Through the utili-
zation of ligand-receptor plots and the iTALK network, 
in conjunction with the edge bundle R package (https://​
github.​com/​garth​tarr/​edgeb​undleR), the visualization of 
the top 200 ligand-receptor pairs was accomplished.

Construction of chondrocyte differentiation trajectory
The analysis of chondrocyte differentiation trajectory was 
conducted using the Monocle software package (Version: 
2.18.0) [40]. The objective of this analysis was to elucidate 
the translation relationships among various subtypes of 
chondrocytes. The determination of chondrocyte differ-
entiation order relied on comparing expression profiles 
and matching pseudotime associated with individual 
chondrocyte subtypes. The "reduceDimension" func-
tion of DDRTress was employed to ascertain the pseu-
dotime of distinct chondrocyte subpopulations and to 
visually represent the ensuing outcomes via a trajectory 
map [40]. The differentiation trajectories were subse-
quently sequenced, computed, and scrutinized for DEGs, 
denoted as CDGs, according to the criterion of meeting 
the q value < 0.05 in the DDRTress algorithm.

ConsensusClusterPlus analysis
Before the implementation of the Chondrocyte Dif-
ferentiation Based IVDD Classification (CDBIVDDC), 
CDPRGs were screened through non-parametric testing 
and Venn diagrams. Subsequently, CDBIVDDCs were 
developed utilizing the identified CDPRGs. Consensus-
ClusterPlus software was employed to achieve consistent 
clustering, whereby samples exhibiting similar attributes 
were grouped together.

PCA and clinical prognostic parameters of IVDD
Chondrocyte scores were determined for each sample 
by employing the PCA algorithm to analyze the expres-
sion patterns of CDPRGs [41]. Simultaneously, the rela-
tionship between chondrocyte differentiation and IVDD 
prognosis was investigated, and the clinical signifi-
cance and potential utility of clinical transformation of 
CDBIVDDC were assessed. CDBIVDDC was utilized as a 
classification variable, while chondrocyte score served as 
a continuous variable for comparison with the degree of 
disc degeneration and Thompson grade of patients. The 
results were visually represented through box plots and 
bar plots, with statistical significance indicated by a two-
sided P-value < 0.05.

The aging process is associated with various levels of 
degeneration in the intervertebral disc, resulting in alter-
ations such as fibrous ring degeneration, swelling, dehy-
dration, stiffness, and fissure formation. These changes 

progressively contribute to spinal instability, bone-fold 
formation, intervertebral disc protrusion, spinal canal 
stenosis, ligament ossification, and subsequent irrita-
tion or compression of nerves, leading to the emergence 
of corresponding clinical symptoms [42]. A comprehen-
sive understanding of the degree of disc degeneration is 
crucial for clinicians to gain insights into the patient’s 
condition. The database provides valuable information 
regarding the symptoms and prognosis of IVDD, primar-
ily assessed through the Thompson grade [43], which 
effectively captures the morphological alterations and 
pathological advancement of the disc components. In line 
with prior research [31], we have categorized Thompson 
grades I to III as representing Less Degeneration (LD), 
while grades IV to V are classified as More Degeneration 
(MD) (Table S1).

Collection of patients with IVDD
In this study, samples of intervertebral disc were obtained 
from patients who were diagnosed with IVDD and 
underwent lumbar disc removal fusion surgery at the 
Department of Spinal Surgery of Shanghai Changhai 
Hospital between March 1, 2022, and June 1, 2023. The 
collected intervertebral disc samples were processed into 
paraffin specimens to be utilized for subsequent Immu-
nohistochemistry (IHC) analysis. The study population 
was selected based on specific inclusion criteria, which 
included individuals who were 18 years or older, had an 
educational background of junior high school level or 
higher, were diagnosed with IVDD, met the indications 
for discectomy and fusion, had comprehensive preop-
erative imaging and clinical information, exhibited a 
complete preoperative function score on the Oswestry 
Disability Index (ODI) scale, and expressed willingness to 
participate in the study. The exclusion criteria comprised 
a range of factors, such as previous spinal fractures, mal-
formations, infections, tumors, congenital developmental 
abnormalities, spinal cord injuries, spinal cavities, spinal 
cord concussion injuries, and other diseases. Further-
more, participants were excluded if they had incomplete 
data regarding preoperative imaging from the Changhai 
Hospital PACS imaging system or other clinical informa-
tion, lacked functional scales or displayed irregularities, 
or had a background of severe chronic systemic diseases.

Patient demographics, including numbers, age, sex, 
occupation, smoking history, adjacent segment degenera-
tive disease, patient lumbar MRI Pfirrmann grade [44], 
and ODI scale scores, were systematically collected and 
documented. The assessment of the Pfirrmann grade was 
conducted independently by two spine surgeons, and 
their findings were ultimately consolidated. In cases of 
disagreement, a senior associate professor specializing in 
spine surgery provided final judgment and assessment. 

https://github.com/garthtarr/edgebundleR
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The collection process adheres rigorously to the Stand-
ards for Reporting of Diagnostic Accuracy Studies 
Statement and the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) guidelines.

IHC staining and scoring
The 4 μm paraffin sections of human intervertebral disc 
tissue were subjected to dewaxing using water, citric 
acid antigen repair solution (pH 6.0), or EDTA antigen 
repair buffer (pH 9.0) for antigen repair. Subsequently, 
the sections were treated with 5% bovine serum albumin 
at room temperature for 30 min, followed by overnight 
incubation at 4°C with the first antibody and subse-
quent incubation at room temperature with the second 
antibody for 1 h the next day. Color development was 
achieved using DAB developing solution, resulting in the 
desired brown-yellow color observed under the micro-
scope. The nucleus was restained with hematoxylin. The 
primary antibodies utilized in the dyeing procedure were 
as follows: adenylate cyclase activating polypeptide 1 
(ADCYAP1) (ab181205, 1:200, abcam, USA); parathy-
roid hormone like hormone (PTHLH) (A1654, 1:100, 
abclonal, China); melanoma inhibitory activity (MIA) 
(LDQB-A2-21,331, 1:100, Leda, China); tubulin alpha 
1c (TUBA1C) (ab222849, 1:50, abcam, USA); galectin-1 
(LGALS1) (ab138513, 1:200, abcam, USA), anterior gra-
dient homologous protein-2 (anterior gradient 2, AGR2) 
(ab76473, 1:100, abcam, USA). The evaluation of staining 
for each film was conducted by two pathology experts, 
who independently assessed the staining intensity and 
the percentage of positive staining cells. The final score 
was determined by multiplying the staining intensity 
with the percentage of positive staining cells. In the event 
of any inconsistencies in the scoring, a senior pathologist 
will be consulted for reassessment.

Cell culture
Human immortalized chondrocytes were procured from 
China Kuisai Biotechnology Co., LTD., and subsequently 
cultivated in a 5% CO2 thermostatic (37  ℃) incubator 
using the complete culture medium specifically designed 
for immortalized chondrocytes (Kuisai Biotechnology 
Co., LTD., China). To establish a model of chondrocyte 
degeneration, chondrocytes were stimulated with 10 ng/
ml IL-1β (Nearshore Protein Technology Co., LTD., 
China) for a duration of 24  h [45]. The cell experiment 
groups are as follows: control (Ctrl: cells cultured under 
normal conditions), IL-1β (cells stimulated with 10ng/ml 
IL-1β for 24  h), and IL-1β + Gefitinib (Absin Bioscience 
Co., LTD., China) (cells stimulated with 10  ng/ml IL-1β 
for 24 h, and then intervened with10  μM gefitinib for 
48 h).

Cell Counting Kit‑8 (CCK‑8) assay
Human immortalized chondrocytes were seeded into 
96-well plates at a density of 5 × 104 cells/ml with 100 ul 
per well, and subsequently cultured under suitable condi-
tions as per the experimental protocol. 100 ul of medium 
containing 10% CCK-8 reagent (Dojindo, Japan) was 
introduced to each well and incubated in a constant tem-
perature incubator for a duration of 2 h at 0, 24, 48 h. The 
absorbance at 450 nm was then quantified using a multi-
functional enzyme marker.

Toluidine blue staining
Human immortalized chondrocytes were seeded at a 
density of 1 × 105 cells/ml and 1ml per well in 6-well 
plates, and subsequently cultured under suitable condi-
tions as per the experimental protocol. Upon reaching a 
cell fusion degree of 80–90%, the cells were fixed using a 
4% paraformaldehyde solution, followed by staining with 
toluidine blue solution (Solebol, China) for a duration 
of 30 min. The excess dye was then removed by washing 
with PBS buffer solution. Upon microscopic examination 
and photography, the nucleus exhibited a dark blue col-
oration, while the cytoplasm appeared blue.

RNA extraction and quantitative reverse transcription 
polymerase chain reaction (qPCR)
Total RNA was extracted through the application of Tri-
zol reagent (15,596,026, Invitrogen, USA). Subsequently, 
reverse transcription was conducted utilizing the 036A 
kit (TaKaRa, Japan) as per the provided instructions. 
qPCR was carried out by means of the StepOnePlus real-
time PCR system (Applied Biosystems, USA), in tandem 
with the RR820A kit (TaKaRa, Japan), with scrupulous 
compliance to the provided guidelines. The internal ref-
erence gene, beta-actin, was selected for normalization 
purposes. In this study, the primers were designed using 
the Primer Blast, a primer alignment tool provided by the 
National Center for Biotechnology Information (NCBI) 
(https://​www.​ncbi.​nlm.​nih.​gov/​tools/​primer-​blast/) [46]. 
The primer sequences and their corresponding targeted 
genes have been comprehensively and detailedly listed in 
Table S2.

Protein extraction and Western Blot
Total protein was extracted by RIPA lysate (P0013B, 
Biyuntian, China) supplemented with protease and phos-
phoprotease inhibitor (P002, Neosemet, China). The 
BCA protein concentration assay kit (P0011, Biyuntian, 
China) was utilized to determine the concentration of 
total protein. Subsequently, 10  μg protein samples were 
applied to the Omni-PAGETM prefabricated adhesive 
Hepes (LK202, Yatase, China) for gel electrophoresis, 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
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followed by transfer onto a PVDF membrane. The non-
specific binding sites were obstructed using a 5% skim 
milk solution, followed by an overnight incubation at 
4 °C with the primary antibody. The subsequent day, the 
sample was incubated at room temperature for 2 h with 
the secondary antibody and subsequently visualized 
using an enhanced chemiluminescence (ECL). The pri-
mary antibodies utilized in this research encompassed 
GAPDH (AT0002, 1/1000, Engibody, USA); collagen type 
II (COL2) antibody (28,459–1-AP, 1/1000, Proteintech, 
China), SRY-box transcription factor 9 (SOX9) antibody 
(67,439–1-Ig, 1/1000; Proteintech, China), matrix metal-
lopeptidase 13 (MMP13) antibody (18,165–1-AP, 1/2000, 
Proteintech, China), ADCYAP1 antibody (ab181205, 
1/2000; abcam, USA) MIA antibody (ab186731, 1/1000; 
abcam, USA), employing secondary antibodies compris-
ing horseradish peroxidase (HRP) labeled Goat anti-
mouse IgG (LF101, 1/2000; Epizyme, China) and Goat 
Anti-Rabbit IgG (LF102, 1/2000; Epizyme, China).

Statistical analysis
In this study, statistical significance was determined 
based on double-tailed P-values < 0.05 and FDR < 0.05. 
The software R Version 4.0.3 (Institute of Statistics and 
Mathematics, Vienna, Austria; www.r-​proje​ct.​org), 
Python Version 3.6 (https://​www.​python.​org/), and 
Strawberry Perl Version 5.30.0.1 (https://​www.​perl.​
org/) were employed for the statistical analysis pro-
cess. Descriptive statistics for measurement data, such 
as normal distribution and homogeneity of variance, 
were obtained using the mean ± standard deviation. To 
compare between groups, either the independent sam-
ple t-test or ANOVA was employed. In cases where the 
measurement data did not adhere to a normal distribu-
tion, it was represented by M (P25, P75), and the compar-
ison between groups was conducted using the Wilcoxon 
rank sum test or Kruskal–Wallis test. The counting data 
were expressed as frequency (percentage), and the Chi-
square test was utilized for group comparisons.

Results
Cell type annotation
After undergoing rigorous screening and QC procedures, 
a total of 27,001 cells that satisfied the QC requirements 

were obtained from the scRNA-seq composite data of 
two AF samples. The general outline of this study was 
shown in the flowcharts of Fig. 1A and Figure S1. Subse-
quently, an unsupervised UMAP clustering analysis was 
conducted, resulting in the accurate identification of six 
unsupervised clusters and six distinct cell types, namely 
blood cells, chondrocytes, endothelial cells, nucleus pul-
posus progenitor cell (NPPC), pericytes, and stromal cells 
(Fig. 1B, C). A bar plot was employed to visually depict 
the quantity and proportion of each cell type, as shown 
in Fig. 1D. The results of Fig. 1D indicated that chondro-
cytes exhibited a significantly higher abundance and pro-
portion compared to other cell types. Furthermore, the 
distribution of the aforementioned cell types was demon-
strated by utilizing cell type-specific marker genes from 
the CellMarker database (Fig. 1E). Subsequently, a com-
prehensive analysis incorporating typical marker genes 
and clustering outcomes resulted in the identification 
and extraction of a total of 25,974 chondrocytes for sub-
sequent investigations.

Comprehensive analysis of DEG, cell communication, 
and cell cycle for each subpopulation.
The top 2,000 hypervariable genes in the sample were 
subjected to DEG analysis, utilizing the six previously 
identified cell types. Cleveland dot plots and bar plots 
were employed to visually represent the expression of 
the classically labeled genes, as well as the various cell 
ratios (Figure S2A). As shown in the Figure S2A, sox9 is 
highly expressed in chondrocytes. As a dominant tran-
scription factor during chondrogenesis, sox9 plays an 
important role in the genesis, growth and maturation of 
chondrocytes [47, 48]. Notably, chondrocytes constituted 
approximately half of each sample, indicating their pre-
dominant presence in the study samples. Furthermore, 
the heatmap provided detailed elucidation of the expres-
sion levels of the top 5 labeled DEGs (Figure S2B). In 
addition, the explication of intercellular communication 
networks and ligand-receptor maps provided valuable 
insights into the intricate mechanisms underlying inter-
cellular signal transduction (Figure S2C, D). These find-
ings highlighted the robust intercellular communication 
observed among diverse cell types. Simultaneously, we 
carried out a further screening to identify the genes with 

Fig. 1  The comprehensive analysis of Single-cell RNA sequencing (scRNA-seq). A The image serves to emphasize a crucial stage in the workflow. 
B Through the utilization of UMAP dimensionality reduction analysis, a total of six distinct clusters were successfully identified from a population 
of 27,001 individual cells. C A compilation of six distinct cell types, namely Blood cell, Chondrocyte, Endothelial cell, NPPC, Pericyte, and Stromal 
cell, was acquired via the process of dimension reduction analysis. D The bar plot visually represented the quantity and proportion of individual 
cell types within all clusters. E The feature plots exhibited the distribution and expression levels linked to representative cell type markers, 
as documented in the CellMarker database

(See figure on next page.)
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chondrocytes acting as both ligands and receptors, fol-
lowed by a functional enrichment analysis. The findings 
indicated that the uPAR pathway is potentially implicated 
in the inflammatory response of chondrocytes [49]. The 
Integrin cell surface interactions play a role in mediat-
ing the interaction between chondrocytes and the extra-
cellular matrix (ECM), exerting a significant biological 
function in maintaining the homeostasis and facilitating 
the repair of chondrocytes [50]. In contrast, the ECM-
receptor interaction and ECM organization are likely to 
be associated with the progression of IVDD [51] (Figure 
S2E). Additionally, Figure S2 F, G presented the results of 
cell cycle analysis conducted on the aforementioned cells.

Characterization of chondrocyte lineage
The aforementioned analysis involved the extraction 
and construction of Seurat objects for each of the 25,974 
chondrocytes. Initially, these chondrocytes were sub-
jected to UMAP dimensionality reduction analysis, 
resulting in their clustering and subsequent annotation 
with cell subtypes. From this annotation, three major 
cell subsets were identified (Fig.  2A, B). Furthermore, 
the expression of classically labeled genes within differ-
ent chondrocyte subtypes was visualized using Cleveland 
dot plots, while the proportions of the three chondro-
cyte subtypes were depicted through bar plots (Fig. 2C). 
Among them, type II collagen gene (col2a1), a carti-
lage-specific matrix protein, is actively involved in car-
tilage anabolic processes and, thus, plays a crucial part 
in maintaining cartilage homeostasis [52–54]. Likewise, 
chondroadherin (chad), a class IV small leucine-rich pro-
teoglycan/protein, exhibits a close association with chon-
drocyte signal transduction [55, 56]. Moreover, cluster 
of differentiation 44 (cd44), a transmembrane glycopro-
tein on chondrocytes, acts as a communication bridge 
between the ECM and chondrocytes [57, 58]. In addi-
tion, marker of proliferation Ki-67 (mki67) plays a signifi-
cant role in cell proliferation [59, 60]. Our observations 
revealed elevated expression of chad in both chondro-
cyte subtype 1 and chondrocyte subtype 3, heightened 
expression of col2a1 exclusively in chondrocyte sub-
type 2, and diminished expression of mki67 and cd44 
across all subpopulations. Heatmaps were subsequently 

employed to elucidate the expression levels of the five 
most prominently labeled DEGs within the three distinct 
chondrocyte subpopulations (Fig. 2D). Subsequently, the 
identification of potential ligand-receptor pairs within 
each chondrocyte subpopulation was conducted through 
the utilization of iTALK cell communication analysis. The 
outcomes were then visually represented by intersected 
cellular communication network and ligand-receptor 
plots (Fig. 2E, F).

Analysis of chondrocyte differentiation trajectory 
and identification of differentiation‑related genes
To systematically model the fate decisions and gene 
expression dynamics of chondrocyte differentiation, 
Monocle2 was utilized to examine the differentiation tra-
jectory of chondrocytes. By comparing the pseudotime 
of each chondrocyte subtype, the sequential order of dif-
ferentiation for the 3 chondrocyte subpopulations was 
confirmed. The differentiation trajectory analysis results 
were presented in Fig. 3A–C and Figure S3A, B. Notably, 
the pseudotime-based chondrocyte differentiation trajec-
tory revealed that chondrocytes could attain various cell 
fates starting from point 1. Figure  3A visually depicted 
the presence of branch points 1, 2, and 3, which resulted 
in the division of these cells into a total of 7 distinct 
future cellular states. In Fig. 3B, the chondrocyte differ-
entiation pseudotime sequence was shown. A rise in the 
pseudotime value likely mirrors the increasing maturity 
of cell differentiation. Furthermore, Fig. 3C presented the 
distribution of chondrocyte clusters along the differentia-
tion trajectory. Based on the result of pseudotime analy-
sis, chondrocyte 3 (cluster 2) was predominantly situated 
in state 1, which aligned with the initiation point of the 
pseudotime trajectory, suggesting the potential pos-
session of stem cell-like characteristics. Chondrocyte 1 
(cluster 0) was chiefly found in states 1 through 5, corre-
sponding to a position closer to the starting point within 
the intermediate section of the pseudotime. In contrast, 
chondrocyte 2 (cluster 1) was mainly distributed across 
states 5, 6, and 7, corresponding to a location nearer to 
the terminal part of the pseudotime, implying a relatively 
more mature stage of differentiation.

(See figure on next page.)
Fig. 2  Chondrocyte cluster identification and cellular communication analysis. A Chondrocyte clusters were identified using UMAP analysis 
of unsupervised clustering. B The UMAP plot depicted the spatial distribution of chondrocytes across various samples. C The Cleveland’s dot plot 
represented the expression levels of four canonical marker genes associated with chondrocytes, while the stacked bar plot provided an indication 
of the quantity of chondrocyte clusters across various samples. D The heat map depicted the levels of gene expression for the top five marker 
genes within three distinct chondrocyte clusters. E The UMAP iTalk network analysis unveiled the presence of overlapping cellular communication 
within three distinct chondrocyte clusters. F The UMAP ligand-receptor plot elucidated the cellular communication mechanisms exhibited by three 
distinct clusters of chondrocytes, along with the identification of the genes accountable for facilitating this communication
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The identification of key genes played a crucial role in 
determining cell fate specification, exerting a significant 
influence on this process. Consequently, branch point 
1 was designated as the cut-off point, and a compara-
tive analysis of DEGs was conducted to examine the two 
primary branches representing cell fate 1 and cell fate 2. 
The resulting expression levels of genes in the seven cell 
state components were visually represented through a 
heat map (Fig.  3D), providing valuable insights into the 
direction of cellular differentiation. To provide further 
clarification, clusters 1, 3, 6, and 7 exhibited pronounced 
propensities for cell fate 1 differentiation. Conversely, 
clusters 2 and 5 displayed notable tendencies towards cell 
fate 2 differentiation. Additionally, no discernible dispar-
ity in differentiation tendencies for cell fate 1 and 2 was 
observed in cluster 4.

In order to investigate the sequential dynamics of 
gene expression in each branch, we conducted an anal-
ysis of DEGs and utilized Monocle2 trajectory analy-
sis. The resulting findings were presented in a heat 
map (Fig.  3E), which depicted the expression levels of 
the top 100 genes associated with cell fate. Moreover, 
based on the scRNA-seq analysis, it could be inferred 
that these identified differentially expressed genes 
played a crucial role in all stages of cell differentiation 
(Figure S3C–E). We noted an elevated expression of 
podoplanin (pdpn), proline-rich nuclear receptor co-
activator 2 (pnrc2), and stathmin 1 (stmn1) during the 
early stage. Pdpn expression correlates with the inflam-
matory response and contributes to the degeneration 
of chondroid structures [61, 62]. Pnrc2 likely functions 
in mRNA degradation [63]. Stmn1 is involved in chon-
drocyte differentiation; specifically, the mRNA and 
protein levels of stmn1 in relatively immature chon-
drocytes are about twice those in growth zone chon-
drocytes, with a decreasing trend as differentiation 
progresses [64]. Additionally, alpha-enolase (eno1) and 
phospholipase A2, group IIA (pla2g2a) were mark-
edly overexpressed at the late stage. Eno1 activates the 
chondrocyte inflammatory pathway and is crucial for 
inflammation, apoptosis, and matrix degradation [65], 
while pla2g2a is linked to IVDD progression [66, 67]. 
Notably, as depicted in Figure S3C–E, heparan sulfate 

proteoglycan 2 (hspg2) exhibited a consistently low 
expression throughout. Research indicates that hspg2 
safeguards chondroid structures by modifying ECM 
characteristics, thereby remodeling tissue properties 
and functions [68].

Integration of chondrocyte differentiation 
and prognosis‑related genes
To enhance the comprehension of gene expression dur-
ing various phases of chondrocyte differentiation, a total 
of 1058 genes were identified using the DDRTress algo-
rithm. These genes met the criterion of q < 0.05 and were 
associated with the differentiation trajectory of chon-
drocyte subpopulations, referred to as CDGs. Using the 
1,058 CDGs identified in the aforementioned analysis, 
along with the gene expression profiles and clinical infor-
mation available in the GEO database, a single-factor 
regression analysis was conducted. This analysis aimed to 
identify genes significantly associated with degeneration 
(P < 0.001) and Thompson grading (Thompson-signifi-
cant; P < 0.001). The intersection of these analyses, repre-
sented by the Venn diagram, yielded a total of 44 genes 
(Figure S4A and Table  S3). These genes, referred to as 
CDPRGs, were utilized in the subsequent construction of 
IVDD molecular typing. In addition, to verify the reliabil-
ity of CDPRGs, we further conducted external validation 
through scRNA-seq data from public databases. Table S4 
showed the sample information of the scRNA-seq data. 
Figure S5A, B and Figure S6 presented the feature plots 
of CDPRGs and their expression levels in healthy volun-
teer (HV) and patients with IVDD.

Furthermore, boxplots were employed to visually 
represent the outcomes of clinical correlation analysis 
conducted on the CDPRGs in relation to the severity 
of IVDD and Thompson grade (Figure S4B). In particu-
lar, we were concerned about the significant associa-
tion between the expression levels of the adcyap1 and 
pthlh genes and a reduced degree of degeneration and 
lower Thompson grades (P < 0.001). Conversely, the 
expression levels of the mia and tuba1c genes were sig-
nificantly associated with an increased degree of degen-
eration and higher Thompson grades (P < 0.001).

Fig. 3  Chondrocyte developmental pathway and fate-related genes were revealed using Monocle2. A The cell trajectory state plot depicted 
the pseudo-temporal developmental trajectory of chondrocytes, wherein seven distinct cell states were visually distinguished and all cell 
subpopulations were represented along the trajectory. B The pseudotime plots depicted the sequential differentiation of chondrocytes. C 
Various subtypes of chondrocytes exhibited distinct differentiation trajectories within the cell type plot. D The heat map clearly revealed 
the distinct expression patterns of DEGs specific to branch point 1. E The utilization of pseudotime analysis resulted in the production 
of a heat map that visually represented the alterations in gene expression pertaining to the top 100 genes associated with cellular fate 
throughout the pseudotime continuum

(See figure on next page.)
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Construction of CDBIVDDC
To investigate the co-expression association among 
CDPRGs implicated in various stages of chondrocyte 
differentiation, we established a co-expression regula-
tory network determined through non-parametric tests 
and Pearson correlation (Fig. 4A). The genes responsible 
for directing chondrocyte differentiation were visually 
represented using distinct colors, while the positive and 
negative correlations between these genes were depicted 
through curves with paired symbols. Notably, the signifi-
cant connectivity and associations among these crucial 
chondrocyte differentiation genes also elucidated the reg-
ulatory mechanisms underlying both clinical relevance 
and the fate of chondrocytes, as determined by this dis-
tinctive gene set.

According to Fig.  4A, a significant co-expression of 
all genes (P < 0.001) was observed during the process 
of chondrocyte differentiation. Among these genes, 22 
brown-labeled genes were identified as facilitators of the 
transition from chondrocytes to cellular state 2. These 
genes including col1a2, lum, smoc2, htra1, aebp1 and 
more, which may participate in synthesis and remod-
eling of ECM. Additionally, 8 Gy-labeled genes (tmsb10, 
sh3bgrl3, ifitm2, lgals1, s100a4, ssr4, ppib, ifitm1), 6 
purple-labeled genes (mia, agr2, tuba1c, pthlh, pdlim4, 
ifit2), and 3 yellow-labeled genes (col6a2, antxr1, lyve1) 
were found to be responsible for the transition to cellular 
state 7, cellular state 3, and cellular state 5, respectively. 
Furthermore, only one green-labeled gene (f13a1) and 
one yellow-green-labeled gene (hspb1) were found to be 
involved in the differentiation towards cell states 1 and 
4, respectively. Furthermore, we conducted a functional 
enrichment analysis on the above genes, and the results 
showed that these genes could participate in VEGFA/
VEGFR2 signaling, ECM organization, Interferon alpha/
beta signaling, which are closely related to the occur-
rence and development of IVDD [69, 70] (Figure S4C).

Utilizing the aforementioned CDPRGs, the Consensus-
ClusterPlus algorithm was employed to conduct a con-
sistency clustering analysis, resulting in the construction 

of a CDBIVDDC. Subsequently, model diagnosis was 
carried out. Notably, when the value of k was set to 
3, the internal heterogeneity of the model exhibited 
enhanced discrimination (Fig. 4B, C). Consequently, the 
CDBIVDDC was partitioned into three distinct subtypes, 
namely Cluster 1, Cluster 2, and Cluster 3. The expres-
sion levels of CDPRGs within these subtypes, along with 
the chondrocyte differentiation status and varying degen-
eration levels, were visually represented through a heat 
map (Fig.  4D). It was worth mentioning that CDPRGs 
exhibited a predominant expression in Cluster 2, while 
displaying relatively lower expression levels in Clusters 1 
and 3.

Moreover, we have substantiated the significance of 
the correlation between CDBIVDDC and the extent of 
degeneration and Thompson grade through a chi-square 
test (P < 0.001). Additionally, the distribution of MD 
and LD composition ratios, as well as Thompson grade, 
exhibited variations across the three clusters (Fig.  4E, 
F). Specifically, it was observed that Cluster 2 exhibited 
a higher prevalence of MD, accounting for 69% of this 
cluster. Conversely, Cluster 1 and Cluster 3 had lower 
proportions of MD, with only 6% and 11% respectively. 
Additionally, Cluster 2 contained a higher percentage 
of Grade 5 (15%), Grade 4 (54%), and Grade 3 (31%) 
patients. On the other hand, LD was found to be more 
prevalent in Cluster 1, accounting for 94% of this cluster. 
In Cluster 2 and Cluster 3, LD accounted for 31% and 
89% respectively. Furthermore, Cluster 1 contained a 
higher proportion of Grade 4 (6%), Grade 3 (50%), Grade 
2 (38%), and Grade 1 (6%) patients. Overall, it could be 
concluded that Cluster 2 had the poorest prognosis in 
patients with IVDD, while Cluster 1 exhibited the most 
favorable prognosis and Cluster 3 had a moderate clinical 
prognosis.

PCA and IVDD clinical relevance analysis
In order to gain a deeper understanding of the molecu-
lar pathological attributes of chondrocytes within three 
clusters of CDBIVDDC, PCA was conducted on each 

(See figure on next page.)
Fig. 4  Clustering consensus and clinical correlation. A An overview of the regulatory network associated with crucial genes involved 
in chondrocyte differentiation. The genes were depicted as circles, with their colors indicating the corresponding chondrocyte fates. The lines 
connecting the circles represented statistically significant correlations, denoted by a P value of less than 0.0001. Pink lines indicated positive 
correlations, while blue lines indicated negative correlations. Additionally, a nonparametric test revealed an inverse association between the size 
of the circles and the corresponding P values. B The analysis of Consensus Clustering successfully identified three distinct clusters within the IVDD 
microarray data obtained from GEO, utilizing key genes associated with chondrocyte differentiation. C The delta plots depicted alterations 
in the area under the cumulative distribution function (CDF) curve with respect to varying values of k. D An illustration of the cluster heat map 
generated through consensus clustering for the set of genes associated with chondrocyte differentiation. E The results of Pearson’s chi-squared test 
indicated a statistically significant variation in the proportions of different degrees of degeneration across the three consensus clusters (P < 0.001). 
F The findings from Pearson’s chi-squared test revealed a statistically significant discrepancy in the proportions of various Thompson grading 
categories among the three consensus clusters (P < 0.001)
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subtype. Subsequently, the chondrocyte score was com-
puted for each cluster, and the scatter plot visually rep-
resented the variation in chondrocyte score across the 
different clusters (Figure S7A). Additionally, the box plot 
demonstrated statistically significant disparities in chon-
drocyte score among the three clusters (P < 0.001) (Figure 
S7B). Simultaneously, the chondrocyte score was par-
titioned into a high score group and a low score group, 
utilizing the median as the dividing point. This division 
aimed to investigate the potential association between 
the chondrocyte score and the extent of degeneration, as 
well as the Thompson grade, among patients with IVDD.

The presented bar graph illustrated the distribution of 
degeneration degrees in the high- and low-grade chon-
drocyte score groups, revealing that the low-grade chon-
drocyte score group consisted of 58% MD and 42% LD, 
while the high-grade chondrocyte score group exclusively 
comprised LD (Figure S7C). Furthermore, the accompa-
nying block diagram displayed the varying proportions 
of MD and LD in the high and low scoring chondrocyte 
score groups (P < 0.001), thereby indicating a significant 
decline in chondrocyte score as degeneration increases 
(P < 0.001) (Figure S7D). Furthermore, the bar chart 
revealed a higher prevalence of samples with elevated 
Thompson grade in the low PCA chondrocyte score 
group (16% of grade 5; 42% of grade 4; 37% of grade 3; 
5% of grade 2), while samples with lower Thompson 
grade were more prevalent in the high PCA chondrocyte 
score group (47% of grade 3; 47% of grade 2; 5% of grade 
1) (Figure S7E). This observation suggested a progressive 
decrease in PCA chondrocyte score with an increase in 
Thompson grade. Correlations between PCA chondro-
cyte score and each Thompson grade displayed by the 
box plot (Figure S7F).

Among the three clusters of CDBIVDDC, it was 
observed that Cluster 1 exhibited the highest chondro-
cyte score, Cluster 2 had the lowest chondrocyte score, 
and Cluster 3 had a median chondrocyte score. Conse-
quently, the three clusters of CDBIVDDC were desig-
nated as follows based on their respective chondrocyte 
score values: Cluster 1 was identified as the High Chon-
drocyte Scoring Classification (HCSC), Cluster 2 as the 
Low Chondrocyte Scoring Classification (LCSC), and 
Cluster 3 as the Medium Chondrocyte Scoring Classifi-
cation (MCSC).

Meanwhile, Figure S7G demonstrated a statistically 
significant disparity in the relative expression levels of 
CDPRGs among the three clusters (P < 0.001). It was 
noteworthy that LCSC exhibited higher expression levels 
of most CDPRGs compared to the other clusters, which 
aligned with the aforementioned findings. Furthermore, 
the selection of key marker genes for each cluster was 
based on the relatively elevated expression of CDPRGs 

within the respective cluster: HCSC (Cluster 1) displayed 
relatively high expression of adcyap1 and pthlh, LCSC 
(Cluster 2) exhibited relatively high expression of mia 
and tuba1c, and MCSC (Cluster 3) demonstrated rela-
tively high expression of lgals1 and agr2.

Descriptive statistics of baseline information in follow‑up 
study of patients with IVDD
Between March 1, 2022 and June 1, 2023, a cohort of 98 
patients diagnosed with IVDD were enrolled in the study, 
all of whom underwent decompression and fusion sur-
gery for intervertebral discs. Among them, 38 patients 
were excluded from the study due to irregular comple-
tion of the ODI scale in 18 patients, a history of spinal 
fracture resulting from prior trauma in 10 patients, a 
history of spinal cord injury in 8 patients, and a com-
bined diagnosis of spinal tumor or spinal metastasis in 2 
patients. Ultimately, the study population consisted of 60 
eligible patients, as illustrated by the flow chart that was 
compiled (Figure S8A).

Table  S5 presented a comprehensive overview of the 
clinical baseline characteristics of 60 patients diagnosed 
with IVDD who satisfied the inclusion criteria for this 
study. Among these patients, 26 individuals (43.33%) 
were male, with an average age of 51.92 ± 15.16  years, 
while 34 individuals (56.67%) were female, with an aver-
age age of 56.35 ± 14.90  years. The age distribution was 
further categorized into three groups: 20 to 40, 41 to 60, 
and 61 to 90, and subsequently transformed into unor-
dered categorical variables. The distribution of Pfirrmann 
grades among the 60 patients was as follows: Grade 3 
in 11 individuals (18.33%), Grade 4 in 37 individuals 
(61.67%), and Grade 5 in 12 individuals (20%). Further-
more, the ODI scale scores of the patients were catego-
rized into two groups based on a threshold of 50 points: 
the ODI low-score group (≤ 50 points) and the ODI high-
score group (> 50 points). These groups accounted for 28 
(46.67%) and 32 (53.33%) of the patients, respectively, 
thus forming a binary variable for further analysis in the 
study. Additionally, a heat map was employed to visually 
present the baseline information of patients diagnosed 
with IVDD (Figure S8B).

IHC of clinical samples in patients with IVDD
In order to investigate the clinical translational capacity 
of molecular typing, we conducted IHC staining on the 
acquired clinical specimens. Figure  5A presented the 
IHC staining outcomes of intervertebral disc samples 
extracted from patients diagnosed with IVDD through 
surgical intervention. The staining intensity of six marker 
proteins (ADCYAP1, PTHLH, MIA, TUBA1C, LGALS1, 
and AGR2) associated with CDBIVDDC, along with 
the proportion of positively stained cells within the 
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sections, were comprehensively evaluated by pathologi-
cal experts. Based on the aforementioned scores, we cat-
egorized the samples into three distinct subgroups. The 
first subgroup, denoted as HCSC, exhibited a relatively 
high expression of PTHLH and ADCYAP1, while dis-
playing a moderate or low expression of MIA, TUBA1C, 
LGALS1, and AGR2. The second subgroup, referred to 
as LCSC, demonstrated a relatively high expression of 
MIA and TUBA1C, alongside a medium or low expres-
sion of ADCYAP1, PTHLH, LGALS1, and AGR2. Lastly, 
the third subgroup, designated as MCSC, displayed a 
relatively high expression of LGALS1 and AGR2, accom-
panied by a moderate expression of MIA, TUBA1C, 
ADCYAP1, and PTHLH. According to the IHC stain-
ing results, it was observed that among the 60 patients 
analyzed, they were categorized into distinct molecular 
subtypes. Specifically, the HCSC group comprised 14 
individuals (23.33%), the LCSC group consisted of 30 
individuals (50%), and the MCSC group included 16 indi-
viduals (26.67%) (Table S5).

Single factor analysis of clinical baseline information 
for IVDD
The clinical baseline information of patients with IVDD 
was utilized as the independent variable, while the out-
come variable was determined by whether the ODI scale 
score exceeded 50. A chi-square test was conducted 
to analyze the data. The results depicted in the Fig.  5B 
indicated that age, gender, occupation, smoking his-
tory, Pfirrmann classification, whether patients visited 
and underwent surgical treatment for Adjacent segment 
degeneration (ASD), and the molecular typing group of 
IVDD patients were all significantly associated with the 
ODI scale score. Specifically, in the high ODI group, the 
proportion of women was found to be higher than that of 
men (P < 0.05), and the proportion of patients with Pfir-
rmann Grade 5 was also higher (P < 0.05). It was worth 

mentioning that within the context of CDBIVDDC, the 
LCSC group demonstrated the highest proportion among 
individuals classified in the ODI high group (***P < 0.001), 
thereby indicating that LCSC may be considered a risk 
factor for elevated ODI scores. Furthermore, the Pear-
son chi-square test and the Welch t test were conducted 
to analyze the data. As depicted in the Fig. 5C, a notable 
disparity was observed in the composition ratio of the 
three clusters of CDBIVDDC between the high scores 
and low scores groups on the ODI scale (P < 0.001). Spe-
cifically, the proportion of LCSC in the high scores group 
was higher compared to the low scores group, whereas 
the proportion of HCSC in the high scores group was 
lower than that in the low scores group. The comparison 
of high-group scores in the ODI revealed a significantly 
higher proportion of LCSC (75%) compared to MCSC 
(16%) and HCSC (9%) (P < 0.001). Moreover, the scatter 
plot and violin plot of the graph displayed the distribu-
tion and median ODI scale scores among patients in the 
three clusters of CDBIVDDC, followed by the Welch t 
test. The results indicated that the median ODI scores 
differ significantly among patients in the three clusters of 
IVDD (P < 0.001), with LCSC patients exhibiting higher 
median ODI scores compared to those in the MCSC and 
HCSC groups P < 0.001) (Fig.  5D). Simultaneously, the 
Pfirrmann grade was employed as the dependent vari-
able, while CDBIVDDC was utilized as the independent 
variable for the chi-square test. The findings demon-
strated a significant disparity in the composition ratio of 
the three clusters of CDBIVDDC across different Pfir-
rmann grades (P < 0.001). Specifically, the proportion 
of the LCSC group was greater in Grade 5 compared to 
Grades 3 and 4, whereas the proportion of the HCSC 
group was higher in Grade 3 compared to Grades 4 and 
5. Furthermore, Grade 5 exhibited the highest propor-
tion of LCSC (P < 0.001), accounting for 92% of the cases 
(Fig. 5E).

Fig. 5  IHC staining and single factor analysis of clinical samples from IVDD patients. A IHC staining of clinical samples. The IHC results were 
evaluated by pathologists who assigned scores based on the intensity of staining and the proportion of positive cells. A sample was categorized 
as HCSC if the expression of PTHLH and ADCYAP1 was high, while the expression of MIA, TUBA1C, LGALS1, and AGR2 was medium or low. 
Conversely, a sample was classified as LCSC if the expression of MIA and TUBA1C was relatively high, and the expression of ADCYAP1, 
PTHLH, LGALS1, and AGR2 was medium or low. Lastly, a sample was considered as MCSC if the expression of LGALS1 and AGR2 was high, 
and the expression of MIA, TUBA1C, ADCYAP1, and PTHLH was moderate. B The independent variable in this study was the clinical baseline 
information of patients with IVDD, while the outcome variable was determined based on whether the ODI scale score exceeded 50. To analyze 
the data, a chi-square test was performed. C The data was analyzed using the Pearson chi-square test and the Welch t test. A significant discrepancy 
was observed in the composition ratio of the three clusters of CDBIVDDC between the groups with high scores and low scores on the ODI scale 
(P < 0.001). D The scatter plot and violin plot were utilized to visually represent the distribution and median ODI scale scores among patients 
categorized into three clusters of CDBIVDDC. Subsequently, the Welch t test was conducted to analyze the data. The findings revealed a significant 
difference in median ODI scores among patients in the three IVDD clusters (P < 0.001). Specifically, LCSC patients exhibited notably higher median 
ODI scores compared to both the MCSC and HCSC groups (P < 0.001). E The Pfirrmann grade was utilized as the dependent variable, whereas 
CDBIVDDC was employed as the independent variable for the chi-square test. The results revealed a significant discrepancy in the composition ratio 
of the three clusters of CDBIVDDC across various Pfirrmann grades (P < 0.001)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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In conclusion, our findings indicated that patients with 
IVDD classified as LCSC exhibited higher ODI scores 
and Pfirrmann grades, which were indicative of more 
severe clinical symptoms, diminished quality of life, and 
unfavorable disease prognosis and outcome. This sug-
gested that LCSC serves as a risk factor for poor prog-
nosis and outcome. Conversely, patients with IVDD 
included in HCSC displayed lower ODI scores and Pfir-
rmann ratings, indicating milder clinical symptoms and 
more favorable prognosis and outcome. Consequently, 
our study highlighted the potential clinical translational 
significance of CDBIVDDC.

Prediction and in vitro experiments of small molecule 
targeted drugs for CDBIVDDC
In order to explore potential therapeutic approaches for 
IVDD, the gene expression matrix of the three clusters 
was utilized to assess the response sensitivity of each 
cluster to different small molecule targeted drugs. This 
analysis was performed using the pRRophetic package 
in the R programming language, as depicted in the violin 
plot (Fig. 6A). The specific targeted drugs examined were 
AZD.0530-HCSC, Gefitinib-LCSC, and CGP.082996-
MCSC. One of the selected drugs for subsequent in vitro 
study was gefitinib, which specifically targeted the clini-
cal poor prognosis cluster known as LCSC.

In order to further explore the impact of gefitinib on 
degenerated chondrocytes, we divided the chondro-
cytes into three groups. Ctrl, IL-1β, and IL-1β + Gefitinib 
group. Ctrl group mean cells cultured under normal con-
ditions. Cells were stimulated with 10  ng/ml IL-1β for 
24 h in IL-1β group. In IL-1β + Gefitinib group, cells were 
stimulated with 10 ng/ml IL-1β for 24 h, and then inter-
vened with10μM gefitinib for 48 h.

The result of CCK-8 assay were presented in Fig.  6B. 
In comparison to the Ctrl group, IL-1β group exhib-
ited a notable reduction in proliferation activity, while 
IL-1β + Gefitinib group demonstrated the ability to 
enhance proliferation capacity compared with IL-1β 
group (Fig.  6C). Toluidine blue staining was employed 
to examine the chondrocyte morphology. Chondrocytes 
in the Ctrl group exhibited a short and polygonal shape, 
with distinct staining of the ECM and a well-defined 
nucleus. Conversely, in the degeneration group (IL-1β 
group), there was a notable transformation in cell mor-
phology, characterized by significant elongation and 
a spindle-shaped appearance. Additionally, the inten-
sity of ECM staining was relatively diminished, and the 
nuclear boundary appeared indistinct. Furthermore, the 
IL-1β + Gefitinib group exhibited a substantial restora-
tion in morphology compared to IL-1β group; the cells 
displayed a polygonal shape, and the intensity of ECM 
staining was notably profound (Fig. 6D), which is closely 
resembling that of the Ctrl group.

Furthermore, we examined the impact of gefitinib on 
the mRNA and protein expression of genes associated 
with chondrocyte synthesis and catabolism, as well as 
molecular typing markers (Fig. 6E, F). Compared to Ctrl 
group, the expression of COL2 and SOX9 were decreased 
and the expression of MMP13 was notably increased in 
chondrocytes of IL-1β group, indicating the the impaired 
function of chondrocytes. Following treatment with gefi-
tinib (IL-1β + Gefitinib group), the mRNA and protein 
levels of COL2 and SOX9 in chondrocytes exhibited an 
increase, while MMP13 displayed a decrease compared to 
IL-1β group. These findings suggested that gefitinib has 
the potential to enhance the synthesis capability of chon-
drocytes. In relation to the molecular subtyping of IVDD, 

(See figure on next page.)
Fig. 6  Prediction and in vitro experiments on small molecule targeted drugs for the treatment of CDBIVDDC. A The violin plot analysis revealed 
that the specific targeted drugs under investigation were AZD.0530-HCSC, Gefitinib-LCSC, and CGP.082996-MCSC. Among these drugs, 
Gefitinib was chosen for further in vitro experimentation due to its specific targeting of the LCSC cluster, which is associated with a clinically 
unfavorable prognosis. B The OD values of chondrocytes were compared between groups at each time point. C The graph exhibited a notable 
decline in proliferative activity within the degenerative model group (IL-1β group) in comparison to the control group (Ctrl). Nevertheless, 
the administration of gefitinib treatment (IL-1β + Gefitinib group) demonstrated the potential to augment proliferative capacity, as evidenced 
by a statistically significant disparity. D The findings from toluidine blue staining revealed distinct differences in chondrocyte morphology 
between the control group and the degenerative group. Chondrocytes in the control group exhibited a short and polygonal shape, with evident 
ECM staining and well-defined nuclei. Conversely, chondrocytes in the degenerative group displayed elongated and spindle-shaped morphology, 
accompanied by light ECM staining and indistinct nuclear boundaries. Notably, the administration of gefitinib resulted in a significant restoration 
of chondrocyte morphology, resembling that of the control group. The cells exhibited a polygonal morphology, while the intensity of ECM 
staining was notably profound. E The mRNA expression levels of genes associated with chondrocyte synthesis, catabolism, and IVDD molecular 
typing were assessed using qRT-PCR. (The sample size was n = 3. Statistical comparisons were made with a control group, denoted by *P < 0.05, 
**P < 0.01, and ***P < 0.001. Additionally, comparisons were made with the degeneration group, with statistical significance indicated by #, ##, ###, 
and #### for P values less than 0.05, 0.01, 0.001, and 0.0001, respectively). F A Western Blot analysis was conducted to ascertain the expression 
of genes associated with chondrocyte synthesis, catabolism, and IVDD molecular typing within each group. (The sample size was n = 3. Statistical 
comparisons were made against the control group, denoted by *P < 0.05, **P < 0.01, and ***P < 0.001. Additionally, comparisons were made 
against the degeneration group, indicated by #P < 0.05, ##P < 0.01, and ###P < 0.001)
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Fig. 6  (See legend on previous page.)
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there was a decrease in the expression of ADCYAP1, a 
marker gene associated with the most favorable prog-
nosis subtype, in the degeneration group (IL-1β group) 
compared to the Ctrl group; the expression of MIA, a 
marker gene associated with the least favorable progno-
sis subtype, was increased. However, gefitinib interven-
tion (IL-1β + Gefitinib group) could reverse the change of 
ADCYAP1 and MIA expression in IL-1β group, indicat-
ing the potential of gefitinib to facilitate the conversion of 
chondrocytes into a more favorable prognosis type.

Discussion
Establishment of IVDD molecular typing
Despite some notable advancements in basic research 
and targeted interventions for the cause of IVDD, the 
intervertebral disc is a cart there remains a dearth of 
effective means and tools to implement precise interven-
tions and impede the progression of IVDD. The advent 
of scRNA-seq and multiomics in the early twenty-first 
century has brought about transformative changes in the 
entire medical industry, encompassing basic research as 
well as disease diagnosis and treatment [71–73]. Leverag-
ing this technological breakthrough, numerous scholars 
had sequentially delved into the progress of IVDD, aim-
ing to unravel the intricate network mechanism underly-
ing complex pathophysiology [74, 75].

Extensive research has demonstrated the pivotal 
involvement of chondrocytes in the pathogenesis of 
IVDD, thus establishing them as the primary instiga-
tors of this condition [76]. In this study, we conducted 
an analysis on two AF samples using a publicly available 
database. We obtained a total of 27,001 cells after scRNA-
seq QC. Subsequently, we reduced the dataset and 
identified six distinct cell types, namely blood cells, chon-
drocytes, endothelial cells, NPPC, pericyte, and stromal 
cells. Notably, chondrocytes constituted the majority of 
the sample, accounting for 25,974 cells. We then focused 
on these chondrocytes for pseudo-timing analysis, which 
revealed seven different cell differentiation states and 
the identification of 1,058 CDGs. Furthermore, utiliz-
ing the IVDD microarray data, genes associated with 
the degenerative severity of IVDD patients were identi-
fied and extracted. These genes were then intersected 
with the aforementioned CDGs, resulting in the acquisi-
tion of 44 CDPRGs. Subsequently, the CDBIVDDC was 
constructed using ConsensusClusterPlus Consistent 
Clustering, employing the CDPRGs. Upon categorizing 
IVDD into three clusters, it was observed that CDPRGs 
exhibited a generally elevated expression level in Cluster 
2. Subsequent studies have provided additional evidence 
supporting a significant correlation between CDBIVDDC 
and the extent of degeneration and Thompson grade 
among patients with IVDD. Specifically, Cluster 2 

exhibited a more severe degree of degeneration and a 
higher Thompson grade, whereas Cluster 1 patients dis-
played LD and a lower Thompson grade. Cluster 3 tended 
to fall between these two clusters. Notably, a lower chon-
drocyte score was indicative of more pronounced degen-
eration and a higher Thompson rating, while a higher 
chondrocyte score suggested the opposite relationship.

The three clusters in CDBIVDDC were designated and 
their corresponding marker genes were suggested based 
on the high and low chondrocyte scores, as well as the 
relatively elevated expression of CDPRGs. Cluster 1, 
referred to as HCSC, exhibited the most favorable prog-
nosis and was characterized by the marker genes adcyap1 
and pthlh. Cluster 2, known as LCSC, displayed the poor-
est prognosis and was distinguished by the marker genes 
mia and tuba1c. Cluster 3, denoted as MCSC, demon-
strated a moderate prognosis and was identified by the 
marker gene lgals1 and agr2.

HCSC demonstrated the most favorable prognosis, 
with high expression of adcyap1 and pthlh. Adcyap1 is 
responsible for encoding the Pituitary Adenylate Cyclase 
Activating Polypeptide (PACAP), a neuropeptide that 
exhibited diverse functions such as neurotrophic, neuro-
modulatory, and neurotransmitter activities [77]. Addi-
tionally, ADCYAP1/PACAP served as an effective neuro 
and cell-protecting peptide, exerting anti-inflammatory, 
anti-apoptotic, and antioxidant effects [78–82]. Simul-
taneously, ADCYAP1/PACAP has been recognized as a 
proficient anti-inflammatory agent that operated through 
the regulation of anti-inflammatory and pro-inflam-
matory mediators [83–86]. Research had indicated that 
diminished levels of ADCYAP1/PACAP in the synovial 
fluid of joints may serve as an indicator of the extent of 
articular osteoarthritis (OA) subsequent to anterior cru-
ciate ligament injury [87]. Furthermore, ADCYAP1/
PACAP facilitated the regeneration of cartilage in the 
presence of articular inflammation or degeneration of 
articular cartilage [84]. Notably, age is widely recog-
nized as a contributing factor to IVDD, and mice lack-
ing ADCYAP1/PACAP demonstrated accelerated aging, 
indicating a potential protective role of ADCYAP1/
PACAP in age-related degenerative processes [88]. Addi-
tionally, an increasing body of research has demonstrated 
the efficacy of ADCYAP1/PACAP in ameliorating carti-
lage degradation through diverse mechanisms [89].

The pthlh gene is situated on the p-arm of chromosome 
12 and comprises three promoters and nine exons [90]. 
Pthlh played a crucial role in the regulation of cartilage 
formation, exerting its influence by promoting chon-
drocyte proliferation, impeding terminal differentiation, 
and delaying chondrocyte degeneration [91, 92]. Fur-
thermore, pthlh suppressed the expression of mmp13 in 
antler chondrocytes [93], whereas other investigations 
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have reported a significant elevation in the expression 
levels of type II collagen and proteoglycan due to pthlh 
[92]. In  vivo experiments have demonstrated that the 
upregulation of the pthlh gene was associated with a 
reduction in chondrocyte apoptosis and chondrogenesis 
[93], whereas the knockout of the pthlh gene resulted in 
abnormal chondrodevelopment, expedited chondrocyte 
differentiation, and accelerated chondrocyte ossification 
[94, 95]. Furthermore, pthlh has been observed to impede 
chondrocyte hypertrophy and bone formation in vivo by 
inhibiting the Mef2/Runx2 signal cascade through the 
involvement of histone deacetylase 4 and histone deacet-
ylase 5 [96, 97]. Collectively, the involvement of adcyap1 
and pthlh was crucial in preserving the chondrocyte phe-
notype and impeding degradation, thereby potentially 
serving as the most influential factors in determining the 
clinical prognosis of the HCSC subtype.

The worst prognostic LCSC cluster exhibited high 
expression levels of mia and tuba1c. Mia, alternatively 
referred to as Cartilage Derived Retinoic Acid Sensi-
tive Protein (CD-RAP), is a small-secreted protein 
with a molecular weight of 11–14 kD [98]. It belongs 
to the extracellular protein family characterized by the 
Src Homology 3 (SH3) domain-like fold [99]. In nor-
mal physiological circumstances, mia was expressed in 
both embryonic and adult cartilage [100–102]. In  addi-
tion, mia has been recognized as a marker indicative of 
the differentiation of chondrocytes and hold significant 
importance within the intricate regulatory system gov-
erning chondrocyte differentiation and stability [103–
106]. In instances of pathological conditions, mia was 
observed to be present in diverse tumor tissues, includ-
ing chondrosarcoma and melanoma [107, 108]. Notably, 
mia exhibited potential as a serum and synovial marker 
for the early stages of OA joint alterations and degenera-
tive processes, such as rheumatoid arthritis (RA) and OA 
[103, 104]. Research has demonstrated that the concen-
tration of serum mia in individuals with RA was com-
parable to that observed in the majority of melanoma 
patients. It was hypothesized that a significant portion 
of mia was actively released by chondrocytes during the 
progression of joint deterioration, while another portion 
was passively released as a result of chondrocyte necrosis 
or apoptosis. Consequently, mia may serve as a poten-
tial indicator of chondrocyte destruction [103]. Findings 
from various investigations have indicated that lower 
concentrations of mia promoted the chemokinesis of 
mesenchymal stem cells, whereas higher concentrations 
of mia impeded their chemokinesis [99]. Moreover, mia 
exhibited a significant role as an autoantigen in influenc-
ing the pathogenesis of arthritis [109].

Tuba1c, a constituent of the alpha-tubulin proteins 
comprising microtubules, is implicated in cellular mitosis 

[110, 111]. Prior investigations have indicated that upreg-
ulation of tuba1c expression exerted a substantial influ-
ence on the growth and advancement of neoplastic cells, 
playing a pivotal role in the proliferation and cell cycle of 
diverse tumors [112, 113]. Recent scholarly inquiry has 
unveiled the potential involvement of microtubule struc-
ture and function in the innate and adaptive immune 
response [114]. The expression of tuba1c was found to 
be positively correlated with the infiltration of various 
immune cells, including B cells, CD8 + T cells, CD4 + T 
cells, macrophages, dendritic cells, and neutrophils [115]. 
This high expression of tuba1c in the LCSC cluster has 
the potential to enhance the inflammatory response 
within the intervertebral disc immune microenviron-
ment and expedite IVDD, ultimately impacting the prog-
nosis of patients. Consequently, the elevated expression 
of both the LCSC cluster mia and tuba1c in CDBIVDDC 
may contribute to heightened cartilage destruction and 
inflammatory response in individuals with IVDD, leading 
to an unfavorable prognosis.

The prognosis of MCSC is deemed moderate due to 
the high expression of lgals1 and agr2. LGALS1 is a 
14  kDa beta-galactoside binding protein that exhibits 
affinity towards various ECM proteins [116, 117]. Previ-
ous research has demonstrated the significant involve-
ment of lgals1 in the regulation of cell growth, adhesion, 
migration, apoptosis, and tissue development [118]. 
Simultaneously, lgals1 exhibited immunosuppressive 
and anti-inflammatory properties in numerous chronic 
inflammatory and autoimmune disorders [119, 120]. 
Research has demonstrated that both lgals1 gene ther-
apy and recombinant intra-articular administration of 
LGALS1 could mitigate arthritis manifestation in murine 
models [121]. Furthermore, lgals1 was believed to play a 
pivotal role in cartilage regeneration [122]. However, pre-
vious research has demonstrated that the upregulation of 
lgals1 was correlated with the severity of degeneration in 
osteoarthritic cartilage and subchondral tissue. Addition-
ally, these findings highlighted lgals1 as a significant reg-
ulator of inflammatory response genes that are clinically 
relevant [123]. Another protein, AGR2, which belongs to 
the protein disulfide isomerase family, has been found 
to play a crucial role in inhibiting the inflammatory 
response mediated by the NF-κB signaling pathway [124]. 
Consequently, it could be concluded that the high expres-
sion of lgals1 and agr2 may contribute to a more favora-
ble prognosis in patients with MCSC cluster compared to 
those with LCSC cluster.

Validation of IVDD molecular typing in clinical case–
control study
In the light of the aforementioned molecular typing 
of IVDD, we conducted a clinical case–control study 
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to investigate its potential translational medicine sig-
nificance. IHC employs the principle of antigen–anti-
body binding to investigate the spatial distribution, 
qualitative characteristics, and quantitative aspects 
of antigens within tissues, accomplished through 
the observation of color development resulting from 
labeled antibody interactions [125]. This technique 
holds significant value in bridging the gap between 
molecular investigations and clinical applications, 
finding extensive utilization in both fundamental 
pathological diagnosis and clinical research endeav-
ors [126–128]. In this study, disc tissue was extracted 
from patients who met specific inclusion and exclu-
sion criteria, followed by IHC staining. The staining 
intensity and percentage of chondrocytes were subse-
quently evaluated and categorized. The staining results 
revealed a notable differentiation and discrimina-
tion among the six marker genes of the three clusters. 
Based on the relative expression levels of these marker 
genes, the samples were then classified into three 
groups (HCSC, LCSC, and MCSC groups), serving as 
one of the independent variables in the study.

Furthermore, the evaluation of clinical symptom 
severity, quality of life, and dysfunction of patients was 
conducted using ODI scale scores and Pfirrmann rat-
ing of MRI, which were chosen as outcome variables 
in this study. The findings of the study were found to 
align with our initial research hypotheses. Specifically, 
patients in the HCSC group exhibited a low ODI score, 
indicating mild clinical symptoms and a relatively 
high quality of life. Conversely, patients in the LCSC 
group demonstrated a high ODI score, indicating more 
severe clinical symptoms, a diminished quality of life, 
and noticeable dysfunction. At the imaging level, the 
study revealed variations in the extent of IVDD among 
the three subgroups. Specifically, the HCSC subgroup 
exhibited mild degeneration, while the LCSC sub-
group displayed the most severe degeneration. The 
findings of this study implied that the three clusters of 
CDBIVDDC possessed distinctive and predictive capa-
bilities, all of which could effectively reflect the sever-
ity of degeneration in patients with IVDD.

In short, our study has established that the three 
categories of CDBIVDDC have demonstrated effec-
tiveness in differentiating the severity of the disease 
and accurately forecasting its prognosis in the clinical 
practical implementation among patients with IVDD. 
As a result, these categories could serve as a valuable 
instrument for healthcare professionals in categoriz-
ing patients’ risks and expediting the decision-making 
procedures.

Prediction of drugs targeting small molecules 
and experimental study in vitro
The pRRophetic software, created by Paul Geeleher and 
colleagues at the University of Minnesota, emerged from 
their research conducted in 2014 [129, 130]. This soft-
ware package primarily served the purpose of predict-
ing phenotypic outcomes of gene expression microarray 
data. It accomplished this by utilizing sensitivity data 
from 138 drugs across over 700 cell lines available in the 
Cancer Genome Project (CGP) database, and employing 
statistical models to achieve accurate predictions [131]. 
Furthermore, empirical investigations have demonstrated 
that the pRRophetic package possessed the capability 
to not only forecast the specific drug responsiveness of 
primary tumor sample cell lines, but also to facilitate the 
construction of models for diverse cell lines and clinical 
datasets [132, 133].

Moreover, by employing the pRRophetic package, we 
made prognostic estimations regarding the distinct sus-
ceptibility levels of the three clusters of CDBIVDDC. It 
was noteworthy to mention that the compound antici-
pated by LCSC was gefitinib, an epidermal growth fac-
tor receptor (EGFR) inhibitor that has received approval 
from the Food and Drug Administration (FDA) [134]. 
Gefitinib functions by competitively binding to ATP, 
thereby impeding EGFR activity [134]. Moreover, a 
plethora of studies have extensively showcased the role of 
transforming growth factor-α (TGF-α) as a potent acti-
vator of the EGFR signaling pathway. The TGF-α/EGFR 
signaling axis has emerged as a crucial determinant in the 
modulation of cartilage synthesis and catabolic activity 
[135, 136], thereby exerting a substantial influence on the 
establishment of animal models for OA and the patho-
logical mechanisms observed in OA patients [137–139]. 
A previous proteomic investigation conducted by Apple-
ton et al. demonstrated the enrichment of proteins asso-
ciated with EGFR signaling in individuals diagnosed with 
OA [140]. In a study conducted by Sun et al. in 2018, it 
was discovered that OA patients exhibited subpopula-
tions with elevated levels of EGFR activation. Subsequent 
in vivo and in vitro experiments elucidated that this acti-
vation of EGFR was responsible for the imbalance of 
chondrocytes. Moreover, the study demonstrated that 
gefitinib effectively inhibited the stimulation of TGF-α, 
thereby inhibiting the EGFR signal axis. Additionally, the 
study proposed that localized controlled release of gefi-
tinib within the joint enhanced the progression of the 
mouse OA model by suppressing the EGFR signal axis 
[135].

Moreover, Pan et al. conducted a study which provided 
evidence of a noteworthy presence of phosphorylated 
EGFR in damaged menisci of both mice and humans, 
indicating the activation and upregulation of the EGFR 
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signaling pathway in such instances. Furthermore, inves-
tigations involving egfr knockout mice demonstrated that 
a lack of egfr facilitated the production of supplementary 
extracellular matrices in these animals. Furthermore, 
in  vitro experiments have shown that the administra-
tion of gefitinib effectively maintained fibrochondrocyte 
homeostasis and promotes meniscus regeneration in 
mouse models of meniscus injury through the inhibition 
of EGFR signaling pathways [141]. Another study con-
ducted by Pan et al. investigated the expression of EGFR 
and the inhibition of autophagy in rat models of IVDD 
and IVDD patients. The study also examined the impact 
of egfr deficiency on ECM degradation in the interver-
tebral disc and the promotion of cellular autophagy in 
egfr knockout mice. Subsequent studies have further 
elucidated the role of gefitinib in maintaining nucleus 
pulposus cell phenotypes in rats through the EGFR/
autophagy axis. Additionally, these studies have demon-
strated that the controlled release of gefitinib in rat IVDD 
models may impede the process of IVDD via the EGFR/
autophagy axis [142].

Additionally, a clinical case report has indicated that 
a 72-year-old female patient diagnosed with non-small 
cell lung cancer experienced a noteworthy amelioration 
in arthritis symptoms subsequent to the initial admin-
istration of gefitinib [143]. Moreover, a retrospective 
clinical study encompassing individuals diagnosed with 
non-small cell lung cancer and IVDD who were treated 
with gefitinib medications between 2010 and 2015, eval-
uated the extent of IVDD utilizing the Pfirrmann grad-
ing system. The findings indicate that patients treated 
with gefitinib exhibited a slower progression of IVDD. It 
was important to note that the study sample size did not 
reach statistical significance; however, these results sug-
gested that gefitinib may hold promise as a potentially 
effective treatment for IVDD [142].

In this study, we investigated the impact of gefitinib 
on the in  vitro model of chondrocyte degeneration 
induced by IL-1β, and examined the influence of gefi-
tinib on the expression of molecular typing marker 
genes associated with IVDD. The results obtained 
from the CCK-8 assay indicated a significant decrease 
in cell proliferation activity in the IL-1β group. How-
ever, the IL-1β + Gefitinib group exhibited a reversal 
of this effect and demonstrated an improvement in 
cell proliferation ability. Furthermore, the application 
of toluidine blue staining revealed that the cellular 
morphology of the IL-1β group exhibited a spindle-
shaped appearance, accompanied by a faint ECM stain-
ing and indistinct nuclear boundaries. Conversely, the 
IL-1β + Gefitinib group displayed a partial restoration 
of cellular morphology, characterized by a polygonal 

shape and intensified ECM staining. In addition, the 
results obtained from qPCR and Western Blot analyses 
revealed a significant decrease in the expression levels 
of COL2 and SOX9, accompanied by an increase in the 
expression levels of MMP13, within the IL-1β group. 
Conversely, following the intervention of gefitinib, 
there was a notable increase in the expression levels 
of COL2 and SOX9, coupled with a decrease in the 
expression levels of MMP13. These findings strongly 
indicated that gefitinib exhibited a remarkable ability 
to effectively retard the degeneration of chondrocytes 
induced by IL-1β, thereby enhancing their cellular 
functionality.

Moreover, gefitinib demonstrated a significant influ-
ence on the expression levels of molecular typing 
marker genes linked to IVDD. The analysis conducted 
using qPCR and Western Blot techniques unveiled an 
elevation in MIA expression level and a reduction in 
ADCYAP1 expression level in the IL-1β group com-
pared to the Ctrl group. However, following interven-
tion with gefitinib, the expression of MIA decreased 
while the expression of ADCYAP1 increased, with sta-
tistically significant differences observed. The results of 
this study indicated that gefitinib may have the poten-
tial to convert the LCSC cluster, which was linked to a 
poor prognosis in the molecular classification of IVDD, 
into the HCSC cluster, which was associated with a 
favorable prognosis. This study provided evidence sup-
porting the potential clinical utility of gefitinib in the 
treatment of IVDD.

Limitation
Nevertheless, it was important to acknowledge the 
limitations of this study. Primarily, the reliance on pure 
bioinformatics analysis introduces a potential bias, 
limiting the comprehensive depiction of the chon-
drocyte development trajectory and the full spectrum 
of cell differentiation states in IVDD. Consequently, 
it was crucial to undertake further systematic basic 
experiments in the future to substantiate the clini-
cal relevance of IVDD molecular typing from diverse 
viewpoints. Furthermore, the case–control study was 
carried out within the confines of a solitary hospital 
institution, resulting in a restricted sample size. Con-
sequently, it was imperative to conduct subsequent 
large-scale, multi-center clinical studies to validate and 
reinforce these findings. Finally, despite being approved 
by the FDA, gefitinib encountered challenges in achiev-
ing clinical translation. Research has revealed that the 
administration of gefitinib on a large scale could expe-
dite the advancement of OA and induce weight loss 



Page 23 of 28Chen et al. Journal of Translational Medicine          (2025) 23:227 	

[144], thereby imposing limitations on its clinical appli-
cability due to the associated side effects.

Conclusion
In conclusion, our study presented a proposed molecu-
lar classification of IVDD through the integration of 
multi-omics information with single-cell technology. This 
classification not only encompassed the diverse molecu-
lar-level cell differentiation fate but also correlated with 
the varied prognostic outcomes observed in patients with 
IVDD in clinical settings. Furthermore, this classification 
demonstrated potential for molecular diagnosis and pre-
diction of clinical prognosis. Subsequently, we validated 
the clinical applicability and transformative value of this 
proposed classification in IVDD patients through a case–
control study. Our in  vitro experimental investigation, 
based on this classification, demonstrated that gefitinib 
effectively delayed the degeneration of chondrocytes 
induced by IL-1β and exhibited the ability to convert the 
LCSC cluster to the HCSC cluster.

This study posited that CDBIVDDC possessed the abil-
ity to proficiently assess the severity of IVDD patients 
and precisely forecasted the prognosis and outcome of 
the disease. In practical application, CDBIVDDC could 
serve as a valuable instrument to aid clinicians in con-
ducting risk assessment and clinical decision-making for 
IVDD patients, while also offering novel perspectives and 
concepts for the diagnosis and treatment of IVDD.
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AF	� Annulus fibrosus
NPPC	� Nucleus pulposus progenitor cell
COL2A1	� Collagen type II alpha 1 chain
CHAD	� Chondroadherin
CD44	� Cluster of differentiation 44
ECM	� Extracellular matrix
MKI67	� Marker of proliferation Ki-67
PDPN	� Podoplanin
PNRC2	� Proline-rich nuclear receptor co-activator 2
STMN1	� Stathmin 1
ENO1	� Alpha-enolase
PLA2G2A	� Phospholipase A2, group IIA
HSPG2	� Heparan sulfate proteoglycan 2
HV	� Healthy volunteer
HCSC	� High chondrocyte scoring classification
LCSC	� Low chondrocyte scoring classification
MCSC	� Medium chondrocyte scoring classification
ASD	� Adjacent segment degeneration
OD	� Optical density
Ctrl	� Control group
PACAP	� Pituitary adenylate cyclase activating polypeptide
OA	� Osteoarthritis
CD-RAP	� Cartilage derived retinoic acid sensitive protein
SH3	� Src Homology 3
RA	� Rheumatoid arthritis
CGP	� Cancer genome project
EGFR	� Epidermal growth factor receptor
FDA	� Food and Drug Administration
TGF-α	� Transforming growth factor-α
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Additional file 1. The flow chart of the study (related to Fig. 1).

Additional file 2: Figure S2. Analyses integrated of differential expression 
genes, cellular communication, and cell cycle. A The Cleveland’s dot plot 
depicted the expression levels of four classical marker genes; the stacked 
bar plot visually represented the proportion of six distinct cell types in two 
AF samples. B The heat map effectively visualized the expression levels of 
the top five marker genes in each cell type. C The iTalk network unveiled 
the intersecting cellular communication pathways among six distinct 
cells. D The ligand-receptor plot provided a comprehensive overview of 
the specific cell-to-cell communication mechanisms within the six distinct 
cell types. Additionally, it highlighted the key genes involved in facilitating 
this cellular communication. E. Functional enrichment analysis of genes 
with chondrocytes as ligands and receptors. F G2M. Score and S. Score 
of six distinct cell types were shown in the violin plots. G The feature plot 
showed the distribution of six distinct cell types at various stages of the 
cell cycle.

Additional file 3: Figure S3. Analysis of chondrocyte cell trajectory. A The 
cell type plot exhibited the specific chondrocyte subpopulation associ-
ated with each state. B The cell trajectory state plot depicted the presence 
of seven distinct cell states within chondrocyte clusters. Additionally, the 
plot revealed the occurrence of three branch pointsthat demarcated 
the divergence of differentiated fates. C The feature plot depicted the 
distribution of seven cell state clusters, as determined through dimension 
reduction analysis. D The presented pseudotime plot depicted the expres-
sion levels of pivotal marker genes across distinct stages of differentiation. 
E The pseudotime plot depicted the expression levels of pivotal marker 
genes within three chondrocyte clusters.
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Additional file 4: Figure S4. Identification of key genes related to the fate 
of IVDD chondrocyte. A The Venn diagram depicted the presence of over-
lapping genes between the univariate regression analysis and pseudo-
temporal analysis, specifically referred to as CDPRGs. B The non-parametric 
tests revealed differential distribution of adcyap1, pthlh, mia, and tuba1c 
genes between Thompson I to III) and Thompson IV to V), as evidenced by 
the box plots. C The results of the functional enrichment analysis indicated 
that CDPRGs might take part in the VEGFA/VEGFR2 signaling pathway, 
ECM organization, and the Interferon alpha/beta signaling pathway, which 
were all intimately connected to the occurrence and advancement of 
IVDD.

Additional file 5: Figure S5. ScRNA-seq data external validation demon-
strated the feature plots of CDPRGs. A UMAP dimensionality reduction 
analysis was performed on the intervertebral disc tissues of healthy 
volunteersand patients with IVDD, and five cell types were obtained. B 
The feature plots of CDPRGs demonstrated their distribution in cells and 
samples.

Additional file 6: Figure S6. ScRNA-seq data external validation demon-
strated the expression level of CDPRGs in the intervertebral disc tissues of 
HV and IVDD.

Additional file 7: Figure S7. Correlation analysis of PCA chondrocyte score. 
A Based on the fundamental clustering of gene expression related to 
chondrocyte differentiation, the PCA scores demonstrated a tendency for 
samples within the same group to cluster together. B The Mann–Whitney 
U-test demonstrated statistically significant variations in the PCA chon-
drocyte scores among consensus clusters. C The bar plot depicted the 
percentage of samples exhibiting varying degrees of degeneration within 
the high and low PCA chondrocyte score groups. D The box plot dem-
onstrated that the PCA chondrocyte score exhibited significant variation 
across various levels of degeneration. E The bar plot illustrated the distri-
bution of samples with different Thompson grading percentages within 
the high and low PCA chondrocyte score groups. F The box plot revealed 
a statistically significant variation in PCA chondrocyte scores among 
samples with varying Thompson grading. G The expression of CDPRGs in 
different consensus clusters exhibit significant statistical differences.

Additional file 8: Figure S8. The inclusion and exclusion criteria and 
the comprehensive depiction of clinical baseline characteristics. A The 
flowchart visually depicted the procedure of study inclusion and exclu-
sion. B The heat map was employed as a visual tool to effectively present 
baseline information pertaining to eligible patients with IVDD.

Additional file 9.

Additional file 10.

Additional file 11.

Additional file 12.

Additional file 13.
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