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Abstract

Background: Hypertrophy ligamentum flavum is a prevalent chronic spinal condition
that affects middle-aged and older adults. However, the molecular pathways behind
this disease are not well comprehended.

Objective: The objective of this work is to implement bioinformatics techniques in
order to identify crucial biological markers and immune infiltration that are linked to
hypertrophy ligamentum flavum. Further, the study aims to experimentally confirm
the molecular mechanisms that underlie the hypertrophy ligamentum flavum.
Methods: The corresponding gene expression profiles (GSE113212) were selected
from a comprehensive gene expression database. The gene dataset for hypertrophy
ligamentum flavum was acquired from GeneCards. A network of interactions
between proteins was created, and an analysis of functional enrichment was con-
ducted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) databases. An study of hub genes was performed to evaluate the infil-
tration of immune cells in patient samples compared to tissues from the control
group. Finally, samples of the ligamentum flavum were taken with the purpose of vali-
dating the expression of important genes in a clinical setting.

Results: Overall, 27 hub genes that were differently expressed were found through
molecular biology. The hub genes were found to be enriched in immune response,
chemokine-mediated signaling pathways, inflammation, ossification, and fibrosis pro-
cesses, as demonstrated by GO and KEGG studies. The main signaling pathways
involved include the TNF signaling pathway, cytokine-cytokine receptor interaction,

and TGF-B signaling pathway. An examination of immunocell infiltration showed
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1 | INTRODUCTION

Lumbar spinal stenosis is a prevalent chronic spinal condition that
affects middle-aged and elderly adults. It commonly results in pain
and discomfort in the lower back and legs, numbness in the lower
limbs, and intermittent claudication.® Lumbar disc herniation, facet
joint degeneration, and hypertrophy ligamentum flavum (HLF) are
causative factors in the development of lumbar spinal stenosis.
Among these, HLF is the most significant pathogenic factor, closely
associated with the pathogenesis of lumbar spinal stenosis.>? The
ligamentum flavum (LF) is a vital structure that links the adjacent lami-
nae, contributes to the formation of the posterior wall of the spinal
canal, restrains excessive flexion of the vertebrae, and maintains spi-
nal stability. The primary components of the LF are collagen fibers,
elastic fibers, reticular fibers, and extracellular matrix, with elastic
fibers constituting approximately 80% of its composition.®> The pri-
mary pathological changes in LF degeneration include hypertrophy,
fibrosis, and ossification.*> Previous results indicate that the height-
ened collagen fibers primarily consist of Type | and Type Il collagen.
To clarify, fibrosis is the main pathological condition in HLF.> During
extension of the spine, the LF can fold and protrude into the spinal
canal, leading to spinal stenosis and causing compression symptoms in
the spinal cord and corresponding segments.® However, its pathogen-
esis is not yet fully understood. Thus, HLF poses an intricate clinical
dilemma, and it is imperative to ascertain the fundamental molecular
underpinnings of HLF to discover prospective treatment targets to
improve its prognosis.

In a recent study on patients with lumbar spinal stenosis, the HLF
group exhibited disordered fiber arrangement compared to the con-
trol group when using immunohistochemistry tests for transforming
growth factor (TGF), indicating a close relationship between HLF and
TGF expression.” Transforming growth factor-p (TGF-p) plays a crucial
role in the hypertrophy and degeneration of the LF. The TGF-p family
has a significant impact on the development of different disorders,
including fibrosis in multiple organs and tissues. Mammals have three
subtypes of TGF-B, namely TGF-p1, TGF-p2, and TGF-$3. While these

notable disparities in B cells (naive and memory) and activated T cells (CD4 memory)
between patients with hypertrophic ligamentum flavum and the control group of
healthy individuals. The in vitro validation revealed markedly elevated levels of ossifi-
cation and fibrosis-related components in the hypertrophy ligamentum flavum group,
as compared to the normal group.

Conclusion: The TGF-p signaling pathway, TNF signaling pathway, and related hub
genes play crucial roles in the progression of ligamentum flavum hypertrophic. Our

study may guide future research on fibrosis of the ligamentum flavum.

fibrosis, hypertrophy ligamentum flavum, immune infiltration, ossification, TGF-f signaling

three subtypes have similar biological activity, earlier research has
shown that tissue fibrosis is mostly linked to the TGF-p1 subtype.”®
Current research indicates that TGF-p1 plays a crucial role in HLF
(fibrosis). However, the molecular biological mechanisms between
TGF-B1 and ligament thickening, especially regarding the relationship
with collagen expression in LF cells, are not fully understood. The
Chemokine (CXCL) family has been recognized as molecules in the
downstream pathway of TGF-p1. Scientific evidence has demon-
strated that they have a role in controlling the physiological functions
of many cells in coordination with TGF-p1. The interaction between
TGF-B and its receptors has diverse functional effects in different
types of injuries. Additionally, the activation of CXCL12 affects the
production of TGF-1 target genes, which are regulated by active
CXCL3 and CXCL4 in the cell nucleus. TGF-p1 can also trigger the
fibrosis process without the involvement of Smads by activating the
Epidermal Growth Factor receptor (EGFR) through transactivation.”

Bioinformatics analysis offers valuable insights into comprehend-
ing the molecular underpinnings of diseases, discovering new bio-
markers for diagnosis and prognosis, and studying possible targets for
therapy.® This study compares microarray data between HLF and
normal-HLF (NHLF) groups, identifies the involved biological pro-
cesses (BPs) through GO enrichment and KEGG enrichment analyses,
and assesses the immune cell infiltration in the two groups using the
CIBERSORT algorithm. Therefore, the objective of this work is to
ascertain the genes and pathways linked to the prevalence of HLF by
bioinformatics analysis. It will offer a theoretical foundation for clinical
diagnosis and targeted therapy.

2 | MATERIALS AND METHODS
2.1 | Microarray data sources and differential gene
analysis

The dataset GSE113212 was obtained from the Gene Expression
Omnibus (GEO) database.** The chip data of GSE113212 includes
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4 samples of HLF and 4 NHLF, the dataset was sequenced on
GPL17077 and converted to Gene Symbols, all sourced from human
subjects. All 4 HLF samples were derived from tissue specimens of
middle-aged men with an average age of 80 years. The 4 normal con-
trol samples are all sourced from tissue specimens of young men
with an average age of 20 years (Table 51).*2 In order identify the
genes that differ between HLF samples and NHLF in the database,
we will examine the influence of gene expression levels on HLF.1®
The threshold for differentially expressed genes was set as the abso-
lute value of log,-fold change |log,FC| > 1.5 and p value <0.05, indi-
cating the upregulation of differentially expressed genes DEGs.
Similarly, |logoFC| < 1.5 and p value < value of 0.05 indicate the
downregulation of differentially expressed genes DEGs. Employ vol-
cano plots and heatmaps to present the findings of differential gene

expression.

2.2 | HLF disease targets acquisition

In order to further investigate the targets and effects of HLF Gene-
Cards (https://www.genecards.org/), a disease database, was
searched with the keyword “hypertrophy of ligamentum flavum/liga-
mentum flavum” to obtain the target proteins for disease action.2*>
The database search results were merged and deduplicated to obtain

the disease gene set for HLF.

2.3 | Key marker analysis and hub genes screening
To precisely identify crucial biomarkers associated with the HLF pro-
cess, we compared the HLF illness gene collection with GEO differen-
tially expressed genes to obtain the overlapping gene set. This
intersecting gene set represents the crucial genes in the HLF process.
Protein-protein interactions (PPIs) are fundamental to the majority of
BPs in living cells and are essential for comprehending cellular physiol-
ogy in both normal and pathological conditions. The acquired inter-
secting gene set was analyzed using the STRING database (http://
string-db.org/) to construct a PPl network. The analysis was limited to
the species Homo sapiens and only interactions with a confidence
score greater than 0.4 were included. The PPl network was built using
Cytoscape software (version 3.9.1).¢ The key gene set was obtained
using the CytoHubba algorithm plugin of Cytoscape software. This
algorithm incorporates various measures, including edge percolated
component (EPC), maximum neighborhood component (MNC), clus-
tering coefficient, maximum neighborhood component (DMNC),
betweenness, eccentricity, stress, radiality, closeness, and bottle-
neck.)” To more precisely determine the influence of genes in the
HLF process, the essential collection of genes was refined using
the CytoHubba algorithm, leading to the discovery of crucial genes
with notable effects. The key genes were incorporated into the GEO
integration dataset to identify the levels of difference gene expression
between HLF samples and NHLF samples. The differing expression of
genes results were subsequently shown using volcano plots and box
plots.

JOR SPin € IRk

24 | Construction of characterized genes and
survival analysis

The least absolute shrinkage and selection operator (LASSO)
method—more precisely, the LASSO—is used to train the model to
identify the unique genes of HLF. The model incorporates candidates
of differentially expressed genes and applies the LASSO technique to
identify distinctive genes associated with HLF.'® Utilizing a forest
model to predict the regulatory potential of different characteristic
genes in HLF, and simultaneously reevaluating the prognostic effect
of characteristic genes on the disease with prognosis heat maps and
differential box plots.*’

2.5 | Enrichment analysis of hub genes

The hub genes set were imported into the Sangerbox 3.0 BioCloud
platform, where enrichment analysis were selected in the tool center,
with the species specified as “H. sapiens”. After entering the Gene
Symbols of the hub genes set in the common parameters, the submis-
sion is made. Finally, we practiced GO enrichment analysis and KEGG
pathway analysis on the hub genes, and present the findings using
various charts.2>?* Concurrently, signal pathway expression diagrams
related to Reactome and KEGG databases were downloaded.

2.6 | Recognition of disease-immune
infiltrating cells

The immunological microenvironment consists of immune cells, stro-
mal cells, inflammatory cells, fibroblasts, as well as various chemokines
andcytokines.?2 Examining the infiltration of immune cells is essential
for accurately forecasting the development of a disease and the effec-
tiveness of treatment. The CIBERSORT technique utilizes linear sup-
port vector regression to analyze gene expression profiles and
estimate the abundance of immune cells in samples using RNA
sequencing data.2®> We employed the CIBERSORT algorithm in San-
gerbox 3.0 software to calculate the types of immune cells present in
patients with different immune patterns in the dataset. We then visu-
alized the composition of immune cells in patients with diverse
immune patterns using stacked graphs. The statistical differences
among immune cells in different groups were visually shown using
box plots. Additionally, the interrelationships among distinct immune

cells were depicted using correlation coefficient matrix plots.

2.7 | Human LF sample collection

This work employed LF tissue after getting informed consent from the
patients and receiving approval from the Ethics Committee of Rui-
Kang Hospital affiliated to Guangxi University of Chinese Medicine
The ethics approval number assigned to this study is GJJ19041. HLF
samples were extracted from the anatomical region (L4/5) of individ-
uals diagnosed with lumbar disc degeneration (LDD). The NHLF group
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consisted of ligament samples from LDD patients with ligament thick-
ening of 4 mm or less. The HLF group included pathological yellow lig-
ament samples from LDD patients with ligament thickening greater
than 4 mm. The patients’ clinical features are displayed in Table 1 and

Figure 9. The primary data are presented in Table S2.

2.8 | Real-time PCR analysis

Tissue samples underwent complete extraction of RNA using a total
RNA extraction kit. The primers used in quantitative reverse transcrip-
tion-polymerase chain reaction (QRT-PCR) analysis of the selected genes
were synthesized by Sangon Biotech (Shanghai, China) and their details
may be found in Table 2. Subsequently, 1 pug of total RNA was trans-
formed into complementary DNA (cDNA) utilizing the Script cDNA syn-
thesis kit. The relative mRNA levels were calculated using the 244
approach, with normalization to GAPDH. The Bio-Rad CFX96 equip-
ment was utilized to perform real-time quantitative PCR (qPCR) analysis.

29 | Western blot

The HLF tissues were washed twice with cold phosphate-buffered
saline (PBS) and then equally lysed with 1 mL of ice-cold lysis buffer.
The liquid portion was gathered, and following a 20-min incubation
on ice, the process of spinning at a speed of 12 000 revolutions per
minute for 20 min at a temperature of 4°C was performed. The total
protein content was quantified using the bicinchoninic acid (BCA)
protein assay kit. Protein was extracted from each sample using SDS-
PAGE, ensuring that the same amount was taken from each. The pro-
teins were then transferred onto a polyvinylidene fluoride (PVDF)
membrane. Following the application of a 5% skimmed milk sealant at
room temperature for a duration of 2 h, the membrane was subse-

quently incubated overnight with the primary antibody at a

temperature of 4°C. Afterwards, the PVDF membrane was exposed
to the secondary antibody and left at room temperature for a duration
of 2 h. The selection of Beta-actin as the reference protein was made.
An image density analysis was conducted on the photos using ImageJ

software, specifically version 1.8.

210 | Statistical analyses

The statistical examination and charting were conducted using Graph-
pad Prism 9.0 software. The data are presented in the form of histo-
grams, which depict the means * the standard error of the mean
(SEM). These values are obtained from three or more separate experi-
ments. The t-test was employed to compare two groups assuming
that the samples followed a normal distribution. If this assumption
was not met, non-parametric tests were utilized instead. An analysis
of variance (ANOVA) was used to compare samples from different
groups. The Tukey's method test was used to compare the two
groups. A significance threshold of *p < 0.05 was employed to denote
a statistically significant distinction, whilst **p < 0.01 was employed

to denote a highly significant distinction.

3 | RESULTS
3.1 | Findings from the examination of gene
expression differences among various groupings

The bioinformatics analysis workflow of this study is shown in Fig-
ure 1. After extracting GSE113212 from the GEO dataset, it included
4 normal samples and 4 samples with HLF (Table S1). Differential
analysis of the HLF samples revealed 2626 DEGs out of 21 991
genes, with 907 genes upregulated and 1719 genes downregulated
(Tables S3-S5, Figure 2A,B).

TABLE 1 Clinical data of patients in two groups. 3.2 | Biomarkers of HLF
Variable HLF (n = 4) NHLF (n = 4) p-value
Gender(male/female)  2/2 2/2 >0.05 Searched in the GeneCards disease database, ultimately obtaining
105 relevant disease genes (Table Sé). To further clarify the pathogenic
Age(years) 61.25 + 0.957 61.00 +0.817 >0.05 - ) ]
genes of HLF, the intersection genes of GeneCards diseases and
Lumbar level L4/5 L4/5 >0.05 . L. X X
21 991 sample genes were obtained, resulting in 83 intersection genes
i + +
LF st atii) SHAVEE SHRE s (Figure 3A, Table S7). Constructed a PPI of 83 intersection genes using
. . TABLE 2 The primer sequences used
Gene Forward primer seguence Revere primer sequence o
for PCR amplifcation.
IL-6 AGTGAGGAACAAGCCAGAGC GGCATTTGTGGTTGGGTCAG
TGF-p1 CTGGCGATACCTCAGCAACC GGCGAAAGCCCTCAATTTCC
TNF-a TCCTCTCTGCCATCAAGAGC ATCCCAAAGTAGACCTGCCC
HIF-1a GGCAGCAACGACACAGAAACT CGTTTCAGCGGTGGGTAATG
CXCL12 GATGCCCATGCCGATTCTTC CACACTTGTCTGTTGTTGTTC
TIMP-2 TGGACGTTGGAGGAAAGAAGG AGGGCACGATGAAGTCACA
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
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FIGURE 2 The Limma analysis. (A).The differential volcano plot provides an overview of gene expression differences, where red dots
represent upregulated genes, green dots represent downregulated genes, and black dots indicate genes with no significant differences. (B).The
differential heatmap clearly illustrates genes with significant differences between groups, with red indicating upregulation and blue indicating

downregulation.

Cytoscape software (Figure 3B). After screening with PPl and Cytos-
cape, 27 key genes were obtained, and the differential heat map was
used to show the differences of these 27 genes in 8 samples
(Tables S8, S9 and Figure 3C). By comparing the differential expression
data with the original data, we conducted an analysis on the expression
of 27 hub genes. The heat map of differential genes displayed the
expression of genes across various groups. The boxplot illustrates the
statistical analysis of differential expression of hub genes (Figure 3E).
The 10 hub genes are IL6, TGF-B1, TNF, MMP9, CTNNB1, CXCL12,
HIF1A, COL1A1, SPP1, TIMP1, among which the statistically signifi-
cant hub genes are TGF-p1, TNF, CTNNB1, CXCL12, HIF1A, TIMP1
(All those genes *p < 0.05 n = 4) (Figure 3D).

33 |
results

Characterization genes and survival analysis

We identified feature genes associated with HLF using the LASSO
algorithm, primarily involving COL13A1, TGF-$1, BMPR1B, SPPL2A,

XIAP, FAM228A, and LINC00592 (Figure 4A,B), where positive values
indicate upregulation of genes in HLF. Multifactorial survival analysis
forest plot based on these feature genes demonstrates a significant
predictive effect of SPPLA2, FAM228A, TGF-p1, LINC00592,
BMPR1B, XIAP, and COL13A1 on HLF disease (Figure 4C), with posi-
tive values indicating upregulation of genes in the occurrence of HLF.
Additionally, the prognosis heatmap reveals the significance of
COL13A1, SPPLA2, BMPR1B, TGF-p1, XIAP, LINC00592, and
FAMZ228A in the prognosis of HLF disease, where red indicates gene
upregulation in the samples (Figure 4D). Finally, the box plots of dif-
ferential feature genes based on the original data are statistically sig-
nificant, indicating a certain guiding role of these genes in the
prediction and prognosis of HLF disease (Figure 4E).

3.4 | Enrichment analysis

We conducted enrichment analysis on 27 hub genes to explore the
pathogenesis of HLF disease. The GO analysis of enrichment showed
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FIGURE 3 (A) Venn diagram of the 83 important intersecting gene sets; (B) Network regulatory diagram of the 83 key gene sets obtained
through PPI screening; (C) Heatmap of the 27 hub gene sets obtained through PPI screening; (D) Protein interaction relationships of the top
10 genes based on hub genes; (E) Box plot showing the statistical analysis of differential expression of hub genes. (*p < 0.05, n = 4).
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algorithm; (C) Forest plot of hub gene characteristics in patients with patellar tendon hypertrophy; (D) Heatmap of gene predictions in the
diagnosis of patellar tendon hypertrophy; (E) Box plot of differential gene predictions in the diagnosis of patellar tendon hypertrophy

(*p < 0.05,n = 4).

that the hub genes were enriched in a total of 943 GO terms, which
consisted of 116 molecular function (MF) items, 95 cellular compo-
nent (CC) terms, and 732 BP terms (Table S8). The top 10 enriched
results in MF, CC, and BP are displayed in chord diagrams and bar
charts (Figure 5A,B), indicating that the GO analysis of HLF primarily
involves cytokine-mediated signaling pathway, extracellular matrix

disassembly, ossification, etc. (Table $S10). The KEGG pathway analy-
sis indicates that the HLF process is associated with the expression
of 141 signaling pathways (Table S11). Further examination reveals
that these pathways mostly include the control of the immune sys-
tem, cell proliferation, and cell death (Figure 5C). Further screening

of the top 20 pathways reveals that HLF is closely associated with
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FIGURE 5 (A) Chord diagram for GO enrichment analysis based on hub genes; (B) Bar chart for GO enrichment analysis based on hub genes;
(C) Classification of KEGG enrichment signaling pathways based on hub genes; (D) Top 20 enriched signaling pathways analysis based on hub
genes in the KEGG database.

the IL-17 signaling pathway, TGF-f signaling pathway, TNF signaling and illnesses. This tool combines KEGG and GO analyses, while also

pathway, cytokine-cytokine receptor interaction, etc. (Figure 5D, establishing connections between the analysis and diseases and
Table 3). Among them, the TGF-p signaling pathway and TNF signal- human tissue systems. This study analyzed 27 hub genes in Reac-
ing pathway may play crucial roles in HLF, and we will focus on them tome and found that HLF is primarily linked to the human immune
(Figure 6A,B). Reactome is a publicly accessible open-source rela- system and signaling transduction (Figure 7). It participates in various
tional database that stores connections between signaling and meta- pathways, including the breakdown of the extracellular matrix, the
bolic molecules and their arrangement into biological pathways and activation of Matrix Metalloproteinases, the degradation of collagen,
processes. Reactome encompasses various BPs, such as classical and the formation of collagen fibrils and other complex structures

intermediate metabolism, signaling, transcriptional control, cell death, (Table 4).
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TABLE 3 The top 10 Gene Ontology (GO) enrichment items.

ID Term Category
GO:0030198  Extracellular matrix organization BP
GO:0045893  Positive regulation of transcription, BP

DNA-templated

G0:0019221 Cytokine-mediated signaling pathway  BP
G0:0022617  Extracellular matrix disassembly BP
GO:0001503 Ossification BP
GO:0071492 Cellular response to UV-A BP
G0:1904645 Response to amyloid-beta BP
G0:0001837 Epithelial to mesenchymal transition BP
GO0:0010718 Positive regulation of epithelial to BP
mesenchymal transition
GO:0001934 Positive regulation of protein BP
phosphorylation
GO0:0005615  Extracellular space cC
GO:0005576  Extracellular region CcC
GO:0062023  Collagen-containing extracellular CcC
matrix
GO:0031012  Extracellular matrix CcC
GO:0009986  Cell surface CcC
GO:0005788  Endoplasmic reticulum lumen CcC
GO:0031093  Platelet alpha granule lumen CcC
GO:0005604 Basement membrane CcCc
GO:0005796  Golgi lumen CcC
GO:0032991  Protein-containing complex CcC
G0:0005178 Integrin binding Molecular
function
G0:0008083  Growth factor activity Molecular
function
GO:0002020 Protease binding Molecular
function
GO:0050840 Extracellular matrix binding Molecular
function
GO0:0005125 Cytokine activity Molecular
function
GO:0005518 Collagen binding Molecular
function
GO:0004175 Endopeptidase activity Molecular
function
GO:0004222 Metalloendopeptidase activity Molecular
function
GO:0030331 Estrogen receptor binding Molecular
function
GO0:0005201  Extracellular matrix structural Molecular
constituent function
3.5 | Analysis of immune infiltration results

The CIBERSORT algorithm was utilized to acquire the immune com-
position components and infiltration scores of hub genes (Figure 8A,

Table S10). The results of immune infiltration scores were then

displayed using a stacked graph (Figure 8B). The stacked graph of
immune infiltration indicates that the primary immune cells associated
with hub genes are Myeloid dendritic cells, NK cells, T cells, Fibro-
blasts, and Neutrophils. Figure 7C illustrates the relationships
between distinct immune cells, whereas Figure 7D demonstrates the
statistical significance of these immune cells among different groups.
The results reveal significant differences in memory B cells, activated

CD4 memory T cells, and naive B cells (*p < 0.05).

3.6 | Results of hub gene validation

Through bioinformatics data analysis, we identified key genes (IL6,
TGF-p1, TNF-a, CXCL12, HIF1A, TIMP-2, etc.) involved in the process
of HLF and successfully predicted their pathways (TGF-beta signaling
pathway, TNF signaling pathway, etc.). Based on the above results, we
further validated them through clinical samples. Western blot analysis
revealed high expression of aging-related marker proteins IL6, TGF-
B1, TNF-a, CXCL12, HIF1A, and TIMP-2 in the HLF group (Figure 9C).
The experimental results of gqRT-PCR also demonstrated high expres-
sion of IL6 (**p<0.01, n=3), TGF-p1 (*p <0.05, n=3), TNF-a
(**p <0.01, n=3), CXCL12 (*p <0.05, n=3), HIF1A (*p < 0.05,
n = 3), and TIMP-2 (**p < 0.01, n = 3) in the model group (Figure 9D).
These experimental results preliminarily demonstrate the expression
of proteins related to the TGF-p signaling pathway and TNF signaling
pathway in the LF tisuue, which could serve as indicative markers for

the development of HLF.

4 | DISCUSSION

HLF is a chronic progressive disease that affects the posterior and lat-
eral walls of the spinal canal. It is responsible for preserving the proper
structure of the spinal canal.2* When degenerative changes occur in
the lumbar spine, the stress on the LF increases, leading to accelerated
degeneration and even rupture of its elastic fibers. During this pro-
longed process of injury and repair, it inevitably results in fibrosis and
hyperplasia of the yellow ligament tissue.?> Lumbar spinal stenosis
commonly causes the compression of spinal nerve roots or cauda
equina, leading to sensory and motor impairment in the lower limbs. If
patients do not receive therapy in a timely and suitable manner, they
may have significant deterioration in their quality of life, and poten-
tially permanent disability.?%?” As there is currently no effective non-
surgical treatment method to reverse HLF, it is crucial to elucidate its
pathological mechanisms and identify appropriate intervention
targets.

In this study, we initially conducted an analysis of gene expression
between patients with HLF and NHLF individuals using the GEO data-
base, identifying 27 key differentially expressed genes. Subsequently,
we determined six pivotal genes associated with immune inflamma-
tion and fibrosis occurrence by integrating PPl network, LASSO analy-
sis, and survival analysis, namely IL6, TGF-f1, TNF-a, CXCL12, HIF1A,
and TIMP-2. During the process of HLF, GO analysis indicates the
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TABLE 4 The top 10 Reactome enrichment items.

ID Pathway Enrichment_score

R-HSA-1474244  Extracellular matrix 20.47249908
organization

R-HSA-1474228 Degradation of the 29.34391534
extracellular matrix

R-HSA-6785807 Interleukin-4 and 34.2345679
Interleukin-13 signaling

R-HSA-1592389 Activation of Matrix 74.69360269
Metalloproteinases

R-HSA-3000178 ECM proteoglycans 37.83820663

R-HSA-9006934  Signaling by Receptor 9.462145447
Tyrosine Kinases

R-HSA-1442490 Collagen degradation 38.51388889

R-HSA-8878166 Transcriptional regulation by  23.76614631
RUNX2

R-HSA-162582 Signal Transduction 3.1833771

R-HSA-2022090 Assembly of collagen fibrils 33.67334548

and other multimeric
structures

expression of inflammatory factors, extracellular matrix degradation,
and ossification, suggesting an association with ossification of the LF.*

TNF is a frequently produced pro-inflammatory cytokine that
stimulates inflammatory reactions. Elevated TNF expression is linked
to the calcification of the ligamentum flavum, resulting in narrowing
of the spinal canal.2®
TNF-a is believed to be mediated by p38MAPK. Preliminary research

indicates that the CXCL12 inhibitor plerixafor has the potential to

The release of IL-6 from LF cells stimulated by

Chromatin organization

Metabolism of RNA

DNA Replication

Transport of small molecules

Cell Cycle Programmed Cell De: ',

oty e [ pSNE— PP -t

=/ ryroo il

& casPs activi
Sinnined”

Cellular responses to stimuli

DNA Repair Cellularresponses to stress.

Autophagy

Late endosomal
microautophagy

B i = Chaperone
= Mediated
Autophagy

Expression and
translocation of
olfactory
receptors

Respose
of ElF2AKT

deficiency

Heme
signaling

Metabolism of proteins

sttty Posttransiatonal protin mdifcaton
. repair

Vesicle-mediated transport

Neddylation

Signal
regulatory
protein

family
Nephrin family | interactions
interactions

TBC/RABGAPS

Amyloid

Surfactant iber
metaboiism  formation

alleviate persistent mechanical pain resulting from degenerative disc
degeneration in rats. Reducing the expression of miR-221 may boost
hepatic stellate cell activation by raising the production of TIMP-2,
which in turn raises the levels of type | and lll collagen within the
cells.?? Additionally, in this study, we observed the expression of pro-
teins related to the TGF- signaling pathway in HLF tissue. The TGF-§
signaling pathway is one of the crucial pathways for intracellular signal
transduction in the human body, playing vital roles in the fibrosis pro-
cesses of various tissues and organs. Such as during the process of
liver injury, activation of hepatic cells leads to an increase in TGF-f1
synthesis, and as fibrosis progresses, an excess production of connec-
tive tissue growth factor can be found in various hepatic structures.
Furthermore, relevant studies indicate that inhibition of TGF-p1 leads
to a decrease in the activity of its downstream marker HIF-1a, result-
ing in reduced secretion of type | and type Ill collagens.>° Therefore,
we believe that regulating the TGF- signaling pathway activated by
TGF-p1 will delay the fibrosis process of the LF. In addition to activat-
ing the TGF-p signaling pathway, TGF-p1 can also activate members
and other related enzymes in the MAPK pathway. The MAPK path-
way is implicated in pathological reactions like cell proliferation, differ-
entiation, apoptosis, and hypertrophy. Additionally, it plays a vital part
in the wound healing process.3'*? The p38 MAPK pathway is consid-
ered the classic pathway of MAPK, and its specificity is most signifi-
cant in the process of TGF-f1 regulating CTGF. p38 MAPK is
generally located in the cytoplasm and nucleus, and the p38 MAPK
pathway mainly participates in nuclear functions, primarily manifested
in signal transduction during cell growth and apoptosis. It also plays
an important role in the regulation of inflammation and stress
responses in cells.*>3 Through bioinformatics data analysis, we have
identified the significant roles of the TGF-f signaling pathway and
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FIGURE 8

(A) Composition of immune cells based on hub genes; (B) Stacked graph of immune infiltration based on hub genes; (C) Heatmap

of immune infiltration cell correlation based on hub genes; (D) Statistical significance of inter-group differences in immune infiltration cells based

on hub genes.
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(Comparisons were conducted using a t-test between the two groups).

TNF signaling pathway in the development of HLF. Therefore, we
examined relevant targets that lead to HLF through the regulation of
signaling pathways. At both the protein and RNA levels, we have pre-
liminarily verified that IL6, TGF-p, TNF-a, CXCL12, HIF1A, and TIMP-
2 can promote LF ossification and fibrosis through the TGF-p signaling
pathway and TNF signaling pathway, leading to HLF.

At present, the importance of immune system responses and
inflammation in the development and advancement of many diseases
is widely acknowledged.®*"3¢ We calculated the degree of infiltration
of 22 immune cells using the CIBERSORT algorithm in the in both
HLF and NHLF. Immune-related differentially expressed genes play a
crucial role in HLF, as shown in the immune infiltration heatmap
involving key immune cells such as NK cells, T cells, Myeloid dendritic
cells, Fibroblasts, and Neutrophils. TNF-a is a cytokine that stimulates

inflammation and can lead toossification of the LF. Studies have found
that HLF may be caused by macrophage infiltration, leading to
increased collagen synthesis in fibroblasts.3” This study has identified
novel immune infiltrating cells, including B cells memory, B cells naive,
and T cells CD4 memory activated, which have not been previously
described in ligament hypertrophy. This discovery demonstrates origi-
nality in the field.

5 | CONCLUSION

In conclusion, this study revealed significant amounts of TGF-f1
expression and associated signaling pathways in HLF. Our study indi-
cates that the activation of the TNF signaling system by TNF-a results
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in the ossification of the LF. Additionally, the TGF-p1 signaling route
promotes LF fibrosis, which in turn leads to HLF. Meanwhile, HLF
may be initiated by an upregulation of collagen synthesis in fibroblasts
as a result of macrophage infiltration. These findings offer fresh per-
spectives in comprehending the pathophysiology of HLF. Because
there is no animal model of HLF available, we were unable to investi-
gate whether inhibiting key targets reduces the progression of HLF in
our work. Consequently, our next task will be creating an animal
model of HLF and confirming the significance of important targets in

the progression of HLF.
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