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Introduction: While nucleus pulposus cell (NPC) degeneration is a primary driver of intervertebral disc degeneration (IVDD), the
cellular heterogeneity and molecular interactions underlying NPC degeneration remain poorly characterized. Previous studies have
shown that EGFR signaling plays a significant role in NPC differentiation and collagen matrix production. Consequently, this study
aims to identify the critical downstream regulatory molecule of EGFR in the process of NPC degeneration.

Methods: We conducted subpopulation identification and functional analysis on scRNA-seq results in the GSE165722 dataset.
Through pseudotime analysis, we identified genes with significant changes. Furthermore, we performed single-gene GSEA based on
EGFR expression levels and conducted WGCNA to identify hub genes. Then, a combination of three machine learning algorithms
(Lasso, XGBoost, and Random Forest), ROC curve, and validation in clinical specimens was employed to identify potential down-
stream regulatory molecule of EGFR associated with NPC degeneration. Finally, the regulatory effect of EGFR on potential down-
stream molecules was validated through both in vitro and in vivo experiments.

Results: NPC from six severe IVDD samples were classified into six subpopulations, among which Fib-NPC was identified by
functional and pseudotime analyses as a late-stage degenerative subpopulation linked to IVDD, with upregulated EGFR expression
observed during degeneration. Five hub genes were identified through the intersection of pseudotime analysis, single-gene GSEA, and
WGCNA. By integrating the results from three machine learning and validating through ROC curve and IHC, JAK1 was further
identified as a downstream regulatory target of EGFR. Then, we found that JAK1 expression was elevated in NPC under oxidative
stress, but remained unchanged following Gefitinib pretreatment. We further developed an IVDD model using mice with NP-specific
inactivation of EGFR, which demonstrated that EGFR inactivation attenuated the upregulation of JAK1 in the degenerated NP region.
Conclusion: This study reveals a significant degenerative process in NPC and indicates that EGFR may contribute to this
degeneration by regulating JAK1, thereby identifying a potential therapeutic target for delaying IVDD.
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Introduction

Intervertebral disc degeneration (IVDD), a common aspect of the natural aging process, often leads to lower back pain (LBP),
which is a major cause of disability worldwide and has a significant impact on public health. However, lumbar fusion surgery,
which is currently used mainly to relieve end-stage symptoms, comes with several complications, including a high risk of
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nerve injury, increased radiation exposure, and accelerated degeneration of adjacent segments.? Importantly, this procedure
fails to address the underlying pathobiology of IVDD. The IVD, a non-self-renewing and avascular structure, consists of a gel-
like nucleus pulposus (NP) encased within a fibrocartilaginous annulus fibrosus (AF) and bordered vertically by cartilaginous
endplates (CEP), with the degeneration of the NP being the primary factor driving the onset and progression of IVDD.’
Therefore, identifying and mitigating the degeneration of nucleus pulposus cell (NPC) within the IVD during the early stages
of IVDD is a crucial therapeutic strategy for addressing the condition.

NPC are generally described as a homogeneous population derived from embryonic notochord cells (NCs). However,
data from multi-level sequencing techniques and lineage-tracing animal models suggest that NP cells may actually
constitute a heterogeneous population.* Significant changes in the composition and fate of cell types within the NP during
degeneration have drawn increasing research attention to the role of NPC heterogeneity in the progression of IVDD.
Single-cell transcriptome analysis provides an unbiased quantitative expression analysis at the single-cell level, which
facilitates the identification of various cell types and the extent of immune cell infiltration, thereby enhancing our
understanding of cell heterogeneity and microenvironment interactions during IVDD.? Zhang et al used single-cell RNA
sequencing (scCRNA-seq) to analyze the transcriptional landscape of the NP and AF in healthy human IVD, identifying
specific markers and their roles in maintaining IVD homeostasis.® Gan et al classified IVD chondrocyte-like cells into
three subpopulations based on their role in extracellular matrix (ECM) homeostasis and identified a new progenitor cell
subpopulation characterized by specific genes and progenitor cell potential.” Therefore, analyzing the development of
different NPC subpopulation in IVDD using high-resolution single-cell transcriptomics helps identify potential targeted
pathways to mitigate the progression of IVDD.%’

Epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor widely distributed across various tissues and
organs in the human body.'® It recruits adaptor proteins and tyrosine kinase substrates through autophosphorylation of
receptor tyrosine residues, thereby triggering a cascade of downstream signaling events that participate in the onset and
progression of various degenerative diseases.'® Previous studies have demonstrated that molecules such as mitogen-
inducible gene 6 (MIG6) can directly interact with the EGFR family, influencing both collagen synthesis and degrada-
tion, while EGFR signaling has been linked to the inhibition of cartilage differentiation.''*'* Caroline et al discovered that
EGFR signaling involving transforming growth factor a (TGF-o) can inhibit both chondrogenesis and myogenic
differentiation in limb mesenchyme.'*"'* In addition, excessive activation of EGFR signaling can stimulate the activity
of matrix metalloproteinases (MMPs), thereby promoting catabolic processes, which may be associated with abnormal
degradation and remodeling of the ECM.''"'>!® Gefitinib, as an EGFR inhibitor, has been found to suppress the
expression of MMP9, MMP13, and MMP14 during endochondral ossification, leading to an increase in the amount of
collagen fibrils and a significant thickening of the epiphyseal growth plate.'” Additionally, Pan et al utilized an injectable
thermosensitive hydrogel to achieve the sustained release of gefitinib, thereby delaying the progression of IVDD by
promoting ECM synthesis, inhibiting ECM degradation, and activating autophagy.'®

Machine learning, with its powerful classification capabilities, has recently been extensively used to learn the
representation of high-dimensional features derived from high-throughput data. Additionally, when combined with high-
throughput sequencing analysis, machine learning has been widely used to identify new diagnostic biomarkers.
Therefore, we analyzed single-cell transcriptomic changes and integrated three machine learning algorithms—Ileast
absolute shrinkage and selection operator (Lasso), extreme gradient boosting (XGBoost), and Random Forest (RF)—to
identify key EGFR-related regulatory factors in the progression of IVDD. We then created NP-specific EGFR inactiva-
tion mice using the Cre-loxP system and established an NP needle puncture model to validate the regulation of Janus
Kinase 1 (JAK1) expression by EGFR during IVDD progression, proposing a new target for mitigating IVDD progres-
sion through the modulation of nucleus pulposus cell degeneration.

Materials and Methods

Single-Cell RNA Statistical Analysis
IVD gene expression datasets (GSE165722) were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/).

Seurat package (version: 4.0.3, https://satijalab.org/seurat/) was used for cell normalization and regression based on the
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expression table according to the UMI counts of each sample and percent of mitochondria rate to obtain the scaled data.
Principal Component Analysis (PCA) was constructed based on the scaled data with the top 2000 highly variable genes, and
the top 20 principals were used for TSNE construction. Utilizing graph-based cluster method, we acquired the unsupervised
cell cluster result based on the top 20 principal-components of PCA. Then, after integrating the data, we applied the Harmony
algorithm to correct for batch effects. Briefly, the merged data were first log-normalized, and the top 2,000 highly variable
genes were selected. The effects of mitochondrial gene proportion and library size were regressed out. Harmony was run using
sample origin as the grouping variable, and the effectiveness of batch correction was evaluated by comparing the distribution
of cells in the low-dimensional embedding space before and after correction. Gene markers for each group were identified
using the Wilcoxon rank-sum test in the FindMarkers function with Bonferroni correction for multiple testing.

Gene set variation analysis (GSVA): GSVA is a nonparametric and unsupervised method for evaluating enrichment of
transcriptome gene set. By comprehensively scoring the gene set of interest, GSVA converts gene-level changes into
pathway-level changes, and then judges the biological function of the sample. This study downloaded gene sets from the
molecular signatures database, and the GSVA algorithm was used to comprehensively score each gene set, so as to
evaluate potential biological functional changes between different NPC clusters.

Pseudotime analysis: The pseudotime analysis was performed using the Monocle2 R package (v2.14.0) to reveal cell
state transitions in NPC clusters. The data were normalized by the estimateSizeFactors and estimateDispersions functions
with the default parameters. Dimensional reduction and cell ordering were performed using the DDRTree method and the
orderCells function. Genes exhibiting significant dynamic changes along Pseudotime were identified using a likelihood
ratio test implemented in the differentialGeneTest function, with multiple testing correction via the Bonferroni method.
Lastly, the plot cell trajectory, plot _genes in pseudotime, plot pseudotime heatmap and ggplot function was run for
visualization.

RNA-Seq Analysis

RNA-seq datasets (GSE70362) were downloaded from the GEO database. Single-gene gene set enrichment analysis (GSEA)
enrichment analysis was performed based on EGFR expression levels, with pathway identification using the Kolmogorov—
Smirnov test implemented in the GSEA function and multiple testing correction via the Benjamini-Hochberg method. Then,
we utilized the weighted gene co-expression network analysis (WGCNA) software to identify gene modules in the combined
cohort that were significantly associated with severe degenerative disc (SDD). This enabled us to determine which genes were
highly correlated with SDD. To determine the optimal value for the soft threshold in the module analysis, we examined the
scale independence and average connectivity of the considered modules using various weighting parameters. Further
clustering of genes was performed, and the different branches of this clustering represent different gene modules. Within
each module, there is a high degree of gene co-expression, while between different modules, the degree of gene co-expression
is low. Modules with higher correlation indicate a set of genes that are closely related to the target disease. Consequently, we
were able to pinpoint the genes with a strong association with SDD.

Feature Selection of Machine Learning

To identify genes significantly associated with IVDD, we employed multiple machine learning algorithms as previously
described. We utilized the randomForest package for robust ensemble-based prediction, capitalizing on its inherent
resistance to overfitting. The algorithm was configured to randomly select 2 features at each split and build 1000 decision
trees, ultimately quantifying gene importance through the mean decrease in Gini. Further, we applied Lasso regression,
a classical method effective for both categorical and continuous variables with strong feature selection capabilities in
high-dimensional data. Lasso enhances predictive accuracy and model interpretability via variable selection and
regularization, thereby mitigating overfitting. We set the model family parameter to binomial for binary classification,
specified the mixing parameter alpha as 1, and applied 10-fold cross-validation for model optimization, resulting in
a final lambda value of 0.02966407. Finally, to prioritize features while addressing class imbalance, we implemented
XGBoost. This method calculates feature importance scores based on each feature’s contribution to performance gain
(derived from metric improvement after splits). Briefly, we set the learning rate to 0.3 and used repeated cross-validation
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to optimize the model, with feature importance calculated using the varlmp function. Collectively, these approaches
ensure robust identification of genes critically influencing IVDD prediction accuracy.

Human NP Tissue Collection and Processing

The Ethics Committee of Union Hospital in Tongji Medical College approved the collection of human NP tissues and the
use of publicly available human data ([2025]0423). Human NP tissues were obtained from patients undergoing spinal
surgery for conditions such as spinal fractures, adolescent idiopathic scoliosis, or lumbar disc herniation at our hospital.
Briefly, human NP tissues were grossly isolated from fresh intervertebral disc samples with careful exclusion of the AF
and surrounding tissues. The specimens were then fixed in 4% paraformaldehyde and paraffin-embedded for sectioning.

Rat Primary NPC Isolation and Treatment

All animal work performed in this report was approved by the Animal Experimentation Committee of Huazhong
University of Science and Technology (IACUC number: 4085). All animal experiments were conducted in accordance
with the national standard of Laboratory animal-Guideline for ethical review of animal welfare (GB/T 35892-2018).
Sprague-Dawley rats (weighing 200-250g) were obtained from the Experimental Animal Center of Tongji Medical
College, Huazhong University of Science and Technology (Wuhan, China). Following euthanasia via intraperitoneal
injection of a lethal dose of pentobarbital, primary NPC wfreere isolated from the caudal intervertebral discs, as
previously described.'” Briefly, NP tissues were excised, minced into small fragments, and enzymatically digested in
0.2% (w/v) type II collagenase (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 15 minutes. After digestion, the cell
suspension was centrifuged, and the resulting pellet was resuspended and seeded into culture flasks containing DMEM/
F-12 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY,
USA) and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cells were maintained in a humidified
incubator at 37°C, and the culture medium was refreshed every three days. To evaluate the effect of EGFR signaling
inhibition on NPC under oxidative stress, when the cell confluence reached 70%—80%, the cells were pretreated with
Gefitinib (10uM, MCE, New Jersey, USA) for 24 hours, followed by treatment with tert-butyl hydroperoxide (TBHP;
100uM, Sigma-Aldrich, St. Louis, MO, USA) for 6 hours.

Western Blot Analysis

Following treatment, NPC were rinsed twice with phosphate-buffered saline (PBS) and subsequently lysed in RIPA lysis
buffer (Beyotime, Shanghai, China) supplemented with protease and phosphatase inhibitors. The resulting lysates were
subjected to 7.5% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), followed by transfer onto
polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked with
NcmBlot blocking buffer (NCM Biotech, Shanghai, China) for 10 minutes at room temperature and incubated overnight
at 4 °C with primary antibodies targeting JAK1 (1:2000, A18323, Abclonal) and GAPDH (1:3000, 4970, Cell Signaling
Technology) as a loading control. After washing with TBST buffer, membranes were incubated with species-specific
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room temperature. Immunoreactive bands
were visualized using an enhanced chemiluminescence (ECL) detection system (Biosharp, Hefei, China). Quantitative
analysis was performed using ImageJ v1.52 software (NIH, Bethesda, MD, USA) by measuring the gray value of each
band normalized to GAPDH.

In vivo Animal Experiments

In accordance with the standards for animal housing, mice were group housed at 23° to 25°C with a 12-hour light/dark cycle
and allowed free access to water and standard laboratory pellets. To achieve NP-specific deletion of EGFR, we utilized
Col2-Cre mice, in which Cre recombinase expression is driven by regulatory elements of the type II collagen gene.*®
Col2-Cre mice were bred with EGFR™/"* mice to generate Col2-Cre EGFR™" mice. Then, these Col2-Cre EGFR™*
mice were bred with EGFR™/"°* mice to finally obtain Col2-Cre EGFR™ /" (Egfr CKO“°"?) mice (Figures S1 and S2).'®

All mouse lines were purchased from the Cyagen Biosciences and Hubei Biont Biological Technology Co., Ltd.
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To induce IVDD, male mice 3 months of age were subjected to NP acupuncture. Briefly, mice were anesthetized with
40 mg/kg pentobarbital. The coccygeal 6/7 and 7/8 IVDs were localized using X-ray imaging, followed by percutaneous
puncture to a depth of 1-1.5 mm using 31-gauge needles (approximately 0.25 mm in diameter), inserted parallel to the
endplates. X-ray imaging was used to confirm that the needle tip reached the center of the IVD. The mice were randomly
separated into three groups, WT, WT+NP acupuncture, and Egfir CKO““?+NP acupuncture group. The mice were
sacrificed 4 weeks after the acupuncture, and the corresponding discs were fixed with 4% paraformaldehyde for 48 h,
decalcified with 10% ethylenediaminetetraacetic acid, and embedded in paraffin.

Histology

For histology, 6-um-thick sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) and
safranin-O/fast green (SO/FG).** For immunohistochemical (IHC) staining, the 6-um-thick sections were incubated with
rabbit anti-JAK1 (1:200, A18323, Abclonal) at 4 °C overnight, followed by incubation with horseradish peroxidase-
conjugated secondary antibody at room temperature for 1 h and diaminobenzidine DAB color development, and stained
with hematoxylin. The integrated optical density (IOD) from the IHC images was quantified using ImageJ, following
established procedures as previously outlined.

Statistical Analysis

Receiver operating characteristic curve (ROC) analyses were performed on key genes using the plot.roc function in the
R package pROC. The ROC curve was drawn to evaluate the diagnostic value of identified candidate biomarkers and to
further screen key genes from candidates. The data of GSE244889 and GSE186542 were used for verification.

To ensure objectivity and reduce potential bias, the allocation of animals or samples, along with data collection and
analysis for both in vivo and ex vivo experiments, was carried out under blinded conditions. The statistical analyses of
the present study were based on R software (version 3.6.3) and GraphPad Prism (version 9.0; GraphPad Software, San
Diego, CA, USA). Differences between groups were analyzed using the one-way analysis of variance, followed by the
least significant difference test. P < 0.05 was regarded statistically significant.

Results
scRNA-Seq Atlas of NPC

The overall study flow is illustrated in Figure 1. Using the Pfirrmann grading system, we selected six samples with
a Pfirrmann grade of II or higher, which previous researchers have defined as SDD.** As shown in Figure S3, distinct
separation of different samples was observed in PCA space prior to correction (Figure S3A). After Harmony correction,
the samples were well mixed in the Harmony embedding space (Figure S3B), indicating that batch effects were
effectively removed while preserving biologically relevant variation. Then, through unsupervised graph-based clustering
of the integrated dataset, comprising 31,945 cells from the six samples, we identified 18 distinct clusters based on nearest
neighbor approximations. NPC were sorted based on sex-determining region Y-box 9 (SOX9) and aggrecan (ACAN)
expression for further heterogeneity analysis (Figure 2A and B).>* Consistent with highly expressed genes and findings
from published single-cell studies, we categorized NPC into six subpopulations: each characterized by distinct gene
expression profiles (Figure 2C and D; Table S1).%°

To clarify the functions of each NPC subpopulations, we conducted GSVA analysis on key functions during the
IVDD process (Figure 2E). The results showed that fibrous NPC (Fib-NPC) had higher enrichment scores in regulating
collagen metabolism and ECM regulation compared to other subpopulations (Figure 2E). Given the close association
between apoptosis and autophagy with NP degeneration in IVDD, we also performed enrichment scoring for these
processes. The GSVA results indicated that Fib-NPC had significantly higher scores in regulating of apoptotic and
autophagy signaling compared to all other subpopulations (Figure 2E).
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Figure | Flowchart of the research. The figure was created in BioRender. Peng, X. (2025) https://BioRender.com/zc8ocdq.

Pseudo-Time Analysis of NPC

Previous analyses of expression levels suggested a continuum among NPC subpopulations. To explore this, we conducted
a pseudotime analysis. The results showed that homeostatic NPC (Hom-NPC) and hypertrophic chondrocyte-like NPC 1
(HTC-1) predominantly occupies the early part of the trajectory, while Fib-NPC is mainly distributed in the late stage
(Figure 3A). While effector NPC (Eff-NPC) and regulatory NPC (Reg-NPC) present widespread distribution across all
stages, suggesting a potential shared fate among these subpopulations (Figure 3A). The pseudotime cell density plot
indicates that Hom-NPC and Fib-NPC are at opposite ends, with Eff-NPC closer to Fib-NPC (Figure 3B). Thus,
according to the scRNA-seq pseudotime analysis and functional analysis results, the Fib-NPC was characterized as a late-
stage subpopulation of NPC and closely related to IVDD. In addition, Eff-NPC may regulate or promote the emergence
of Fib-NPC.

Gene expression trends along the temporal trajectory reveal an overall increase in COL1A1, COL3Al, and
COLG6A1 expression (Figure 3C). Additionally, we plotted the expression of Fib-NPC subpopulation marker genes
mentioned in related studies, which showed an increasing trend for FBLNI1, IGFBP6, PRSS23, and MMP2
(Figure 3C). Previous studies have shown that EGFR signaling is linked to NP degeneration. Therefore, we examined
changes in EGFR expression within Fib-NPC, alongside the previously mentioned Fib-NPC subpopulation-related
genes. The results show that EGFR has an increasing trend in the pseudotime trajectory (Figure 3C). To further analyze
the impact of pseudotime on gene expression, we used natural spline functions to model this relationship, capturing
nonlinear expression patterns. We identified the 2,000 genes with the most significant changes and presented the

expression of certain key genes (Figure 3D; Table S2). The results demonstrated a significant increase in EGFR
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Figure 2 scRNA-seq atlas of 6 SDD NP tissues. (A) t-SNE map of NP tissues. (B) t-SNE image of the NPC marker genes: ACAN and SOX9. (C) t-SNE map of the following
6 subpopulations: Eff-NPC, HTC-1/2, Fib-NPC, Reg-NPC, and Hom-NPC. (D) Heatmap of marker genes of the 6 subpopulations. (E) GSVA analysis of biological process.
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expression, while COL1A1, COL3A1, COL6AI1, and other Fib-NPC subpopulation marker genes significantly
increased (P<0.05) (Figure 3D).

Single-Gene GSEA and WGCNA of RNA-Seq

The GSE70362 dataset comprises 22 NP tissue samples. Based on related studies, samples with Pfirrmann grades I and 11
are classified as mild degenerative disc (MDD), while those with grades above II are defined as SDD. Herein, we
conducted GSEA on EGFR to explore potential KEGG pathways involved in IVDD progression and 121 pathways are
enriched (P.adjust < 0.05; Table S3). The pathways that exhibited the most notable upregulation include Malaria,
Autoimmune thyroid disease and Hematopoietic cell lineage. Conversely, the pathways that showed the most significant
downregulation consist of Ribosome biogenesis, Spliceosome and Aminoacyl-Trna biosynthesis (Figure 4A).

We conducted WGCNA on NP samples for identifying gene module associated with SDD, which involved the
construction of co-expression networks and the identification of co-expression modules. For the remaining 22 samples,
the top 50% of genes with the highest expression variance were selected for the subsequent WGCNA. To determine the
appropriate soft threshold power for WGCNA, assessments of scale independence and mean connectivity were con-
ducted. A power value of 14 was selected based on a correlation coefficient greater than 0.9, which ensures optimal
scalability of the network (Figure 4B). The was constructed with the soft threshold power of 14 and established the
minimum number of genes required for each module in the gene network to be 30 (Figure 4C). Modules that exhibit
a strong association with clinical features are frequently discovered to possess significant and specific biological
implications. Therefore, our next research will focus on the genes contained in the lightcyan, cyan, green, and darkred
modules (Figure 4D; Table S4). In addition, cyan, lightcyan, and green modules have a positive correlation with each
other (Figure 4E). Darkred module has a negative correlation with cyan module, but a weak positive correlation with
lightcyan and green modules (Figure 4E).

Identification of Candidate Key Genes via Multi-Machine Learning Methods

To investigate key regulatory genes associated with EGFR signaling in the degeneration of NPC, we selected genes from
the 60 KEGG pathways most significantly correlated with EGFR expression, as well as the 2000 genes showing the most
notable changes in pseudotime trajectories (Table S5). To further identify significant genes, the aforementioned genes
were intersected with those in the four modules showing significant correlation in WGCNA, resulting in the identification
of five hub genes (Figure 5A).

We employed Lasso, XGBoost, and RF machine learning strategies to screen candidate key genes for further analysis
(Table S6). RF in combination with feature selection was used to determine the connection between the error rate, the
number of classification trees, and ranking genes in descending order based on their importance scores (Figure 5B). The
Lasso algorithm successfully identified three feature variables when the lambda value was minimized (Figure 5C). The
XGBoost algorithm selected three genes with importance scores greater than 50 (Figure 5D). Ultimately, intersection on
the results of three machine learning algorithms and visualized through Venn diagram. Two candidate key genes
(JAKland IDI1) were obtained for further ROC assessment (Figure 5E).

JAK| Association with Nucleus Pulposus Degeneration and Regulation by EGFR

To evaluate the diagnostic potential of JAK1 and IDI1 for predicting IVDD, we constructed ROC curves based on
individual characteristics and gene expression. The Area Under Curve (AUC) was determined for both the training and
validation datasets (GSE244889 and GSE186542). In the training dataset, the AUC for JAK1 and IDI1 exceeded 70%
(Figure 6A). But in the validation dataset, only JAK1 (AUC=83.3%) exhibited favorable efficiency (Figure 6A). We
further collected human NP tissues and found that JAK1 expression was significantly elevated in degenerated NP tissues
(Figure 6B and C). Then, the JAK1 was selected as the core gene in this study for subsequent experiments.

To preliminarily investigate whether EGFR regulates JAK1 expression in NPC, we inhibited EGFR signaling using
Gefitinib and established an oxidative stress model via TBHP treatment. Western blot demonstrated significantly elevated
JAK1 expression in TBHP-treated NPC, whereas Gefitinib pretreatment abolished this upregulation (Figure 6D and E).
We then performed H&E staining to assess morphology, fibrous tissue, and NP boundaries, while SO/FG staining was
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employed to detect proteoglycans and collagen within the IVD (Figure 6F). To validate the diagnostic role of JAK1 and
its regulation by EGFR in vivo, we developed an IVDD model using Egfir CKO“°” mice. Immunohistochemistry was
then used to compare the expression of JAK1 in NP tissues. The results showed an increase in JAK1 expression in the
IVDD model mice, while this increase was significantly reduced in Egfir CKO°" mice (Figure 6F and G).
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Discussion

IVDD is a complex process characterized by the degeneration of NPC, activation of matrix-degrading enzymes,
imbalances in catabolic and anabolic activities, and heightened inflammatory responses. The NP is a vital component
of the IVD, providing an avascular and hypoxic environment that supports chondrocyte-like cells within an ECM rich in
proteoglycans and type II collagen. This environment is crucial for regulating disc function and deformation. In this
study, we began our analysis at the single-cell transcriptional level, examining gene expression changes during NPC
degeneration. We explored the interactions among different NPC subpopulations and integrated bulk RNA sequencing
data with various machine learning methods. Through this approach, we identified key molecules that could inform
potential treatment strategies to delay NPC degeneration and mitigate IVDD.

Previous studies have confirmed that changes in NPC significantly contribute to IVDD, and scRNA-seq offers the
potential to analyze NPC subpopulation. Fib-NPC, predominantly found in degenerative NP tissues, are classified as late-
stage NPC and are positively correlated with the severity of IVDD.? Using ACAN and SOX9 markers, we identified
NPC and divided them into six distinct subpopulations. The Fib-NPC subpopulation was the most prevalent, consistent
with our sample selection results. Previous research has shown that Fib-NPC exacerbate local inflammation in IVDD by
increasing the secretion of inflammatory cytokines. This promotes macrophage infiltration and M1 polarization, ulti-
mately leading to highly disorganized lamellar fibers with rim lesions, delamination, and radial fissures.** After
categorizing NPC subpopulations based on characteristic genes, we analyzed their cellular functions using GSVA.
Given their close association with NP fibrosis, we focused on the functional status of Fib-NPC in relation to collagen
and ECM.?® Our results indicate that the Fib-NPC subpopulation has a higher functional enrichment score for the
regulation of collagen metabolic and cell matrix adhesion compared to other subpopulations.

The enrichment of Fib-NPC in apoptosis and autophagy related signaling pathways is generally higher than other
subpopulations. But interestingly, the HTC-2 subpopulation has similar enrichment scores to Fib-NPC in terms of positive
regulation of autophagy and positive regulation of macroautophagy, and even higher enrichment scores in mitochondrion
related autophagy signaling. In addition, HTC-2 is similar to Fib-NPC in terms of ECM assembly and organization functions.
These findings suggest that Fib-NPC and HTC-2 NPC share similar functional states. Previous studies have shown that during
cartilage development, chondrocytes undergo terminal differentiation and become hypertrophic, a process known to con-
tribute to osteoarthritis (OA).%° Similarly, during the progression of IVDD, NP tissue undergoes hypertrophic differentiation,
which may involve apoptosis and autophagy-related cellular dysfunction events.?” Therefore, HTC-2 NPC may represent
a cellular functional state that precedes Fib-NPC in the process of NPC degeneration.

To trace cellular differentiation and developmental states, and to identify key cell types and gene expression changes
during disease progression, we conducted a pseudotime analysis on the various NPC subpopulations. The results indicate
that Hom-NPCs are located at the beginning of the trajectory, while Fib-NPC are positioned at the end. Consistent with
the GSVA results, HTC-1 was primarily located in the early stage of the trajectory, whereas HTC-2 was positioned closer
to the Fib-NPC subpopulation. This finding further suggests that HTC-2 may represent a terminally hypertrophic
subpopulation that precedes Fib-NPC. Additionally, the results of gene expression along the pseudotime trajectory
indicate that the expression of other Fib-NPC subpopulation marker genes (FBLN1, IGFBP6, MMP2, PRSS23)
significantly increases in the later stages of the trajectory. Additionally, the collagen components COL1A1, COL3Al,
and COL6A1 show a pronounced upward trend in the trajectory. Therefore, our analysis indicates that Fib-NPC a late-
stage degenerative NPC subpopulation closely associated with IVDD. Additionally, identifying key regulatory genes
involved in NPC degeneration by screening for genes with significant expression changes along this pseudotime
trajectory might be an effective approach.”*

Interestingly, although Eff-NPC are distributed throughout the entire trajectory, their peak distribution appears to be closer
to Fib-NPC. Meanwhile, GSVA analysis also shows that Eff-NPC have high enrichment scores in both collagen and ECM
metabolism, as well as in apoptosis and autophagy signaling. Previous studies have further performed subpopulation analysis
of Eff-NPC, revealing that a subset of Eff-NPC is primarily present in normal and mildly degenerated IVD, where they are
involved in maintaining cartilage-like properties and synthesizing glycosaminoglycans.®** In contrast, another subset of Eff-
NPC predominates in severely degenerated discs, exhibiting functional shifts toward matrix mineralization and the regulation
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of senescence-related signaling pathways, which are closely associated with the pathological features of IVDD.*?
Considering that the scRNA-seq data included in this study were all derived from patients with IVDD, it is plausible that Eff-
NPC may also participate in extracellular matrix remodeling and apoptotic signaling during IVDD progression.

Single-gene GSEA enrichment analysis helps identify the role of target genes in biological pathways and assess
changes in cellular functions under different phenotypic states.”® Using data from GSE70362, we performed GSEA
enrichment analysis to identify pathways significantly associated with EGFR. Consistent with previous studies, our
results indicate that the PI3K/Akt signaling pathway is associated with the progression of IVDD, and that EGFR and
PI3K/Akt signaling are subject to cross-regulatory interactions.?*** In normal IVD, moderate activation of the PI3K/Akt/
mTOR pathway promotes protective autophagy, facilitating the clearance of damaged organelles and maintenance of
cellular homeostasis.>! However, sustained activation may inhibit autophagy and accelerate cellular senescence.’!
Moreover, PI3K/Akt signaling can suppress the expression of matrix-degrading enzymes such as MMPs and
a disintegrin and metalloproteinase with thrombospondin motifs-4/5 (ADAMTS-4/5), thereby reducing collagen and
proteoglycan degradation. Under inflammatory conditions, persistent phosphorylation of Akt can activate the IKK/NF-xB
pathway, leading to the release of pro-inflammatory cytokines and the formation of a positive feedback loop that
exacerbates IVDD progression.>'*

The JAK/STAT signaling pathway is involved in many critical biological processes, such as immune regulation,
inflammatory responses, and cell apoptosis.®>® Previous studies have shown that cytokines like TNF-a, IL-1p, and IL-6
promote autophagy, senescence, or apoptosis in IVD by triggering a series of inflammatory responses. The JAK/STAT
pathway, as a downstream pathway of IL-6, has been reported to have a positive feedback loop that frequently and
significantly promotes IL-6 autocrine secretion in various cancer cell lines and clinical samples.>* Wu et al discovered
that treatment with various concentrations of Resveratrol reduced the expression levels of IL-6 and the phosphorylation
levels of JAK1/STAT3 in NPCs, suggesting that Resveratrol interrupts the IL-6/JTAK1/STAT3 positive feedback loop.>
Additionally, activation of the JAK/STAT3 pathway can directly increase the expression levels of cyclooxygenase-2
(COX-2) and MMP13, leading to IVDD, without the mediation of classical cytokines IL-1p or TNF-a.>® Integrated
analysis and clinical sample validation revealed significantly elevated JAK1 expression during [IVDD progression. This
finding indicates that activation of the JAK/STAT signaling pathway may contribute to the pathogenesis and progression
of diverse diseases, including IVDD.*®

WGCNA has the capability to identify gene sets that exhibit highly coordinated changes and to calculate the
associations between these gene sets and phenotypes based on their internal connectivity, thereby delineating relationship
patterns across numerous different samples.”® Consequently, by identifying significantly changing genes related to the
EGFR-related KEGG pathways and the NPC degeneration process, and by incorporating susceptible modules uncovered
by WGCNA, we preliminarily screened out five hub genes. To uncover patterns and associations within high-throughput
sequencing data, we employed three machine learning techniques and ROC curve to identify key molecular features from
complex datasets, identifying JAK1 as a potential key biomarker in NP degeneration, regulated by EGFR. Previous
studies have reported that the JAK/STAT signaling pathway is activated in lumbar disc herniation and is involved in the
abnormal degradation of collagen matrix, as well as the disruption of cell adhesion between NPCs.*’° For instance,
miR-22-3p can activate the expression of JAKI, promote the phosphorylation of STAT3, and facilitate its nuclear
translocation, ultimately leading to the transcription of a series of degradative enzymes such as MMP13 and
ADAMTS5. 4% Additionally, the JAK1/STAT3 signaling pathway can regulate NLRP3-mediated pyroptosis, thereby
influencing ECM degradation and oxidative stress in IVDD.?® Therefore, Hu et al** found that Ruxolitinib, as an
effective and selective oral inhibitor of JAK1 and JAK2 protein kinases, can improve cell adhesion in degenerative NP,
reduce ECM degradation, and maintain the basic cytoskeletal morphology. Previous studies also demonstrated that EGFR
directly phosphorylates JAK1 via its kinase activity, thereby initiating the JAK1/STAT3 signaling cascade.*
Furthermore, EGFR sustains JAK1 activation through a STAT3-mediated positive feedback loop.***** Consistently, our
experiments using rat NPC revealed that EGFR signal inhibition reduces JAK1 expression. To validate this in vivo, we
employed using Egfir CKO“°”? mice to construct an IVDD model, found that increased JAK1 expression in degenerated
NP regions decreases with the inactivation of EGFR. Therefore, EGFR may influence the degeneration process of NPC
by regulating JAK1.
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Given that the EGFR-JAK1 axis may play a critical role in the progression of IVDD, this pathway could serve as
a potential therapeutic target for drug development. However, it is important to note that certain members of the JAK family,
SRC family, and MAPK pathway possess kinase domains that are highly homologous to that of JAK1.*>*® Therefore, to
reduce off-target effects caused by the non-specific inhibition of JAK family members or other kinases, JAK1 inhibitors can be
designed by leveraging JAK 1-specific binding pockets and introducing steric hindrance at key residues.*’ Furthermore, JAK 1
is involved in critical immune signaling pathways mediated by interferons (IFN-o/B/y) and IL-6, and excessive inhibition may
increase susceptibility to infections and impair NK cell-mediated antitumor activity.*****° Systemic risks related to lipid
metabolism and cardiovascular function also warrant attention, as the JAK1/STAT3 pathway regulates lipid metabolism and
coagulation, and its suppression may elevate low-density lipoprotein (LDL) levels and thrombosis risk.*® Therefore, in
addition to addressing off-target concerns, the development of targeted delivery systems that direct therapeutics specifically to
NPC and their EGFR signaling could enhance treatment precision and reduce systemic side effects.

There are several minor shortcomings in our study. Firstly, while we have used high-throughput sequencing data and
various machine learning methods to enhance the reliability of our findings, validation in human-derived NPC is still required.
Secondly, given the close association between IVDD and spatial architecture as well as biomechanics, future studies are
warranted to further explore spatial transcriptomics and subpopulation analyses during the degeneration process.

Conclusion

In summary, we found that during the process of IVDD, some NPC undergo gradual degeneration, which is linked to
cellular autophagy and apoptosis. From the perspective of cellular function and molecular characteristics, JAK1
expression increases during the degeneration of NPC and is regulated by EGFR. Therefore, our research provides
a solid foundation for considering JAK1 as a key molecule in delaying NPC degeneration and offers new directions for
further studies aimed at mitigating IVDD.
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