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Abstract: Objective: N6-methyladenosine (m6A) has been implicated in the progression of several diseases, and
the role of epigenetic regulation in immunity is emerging, particularly for RNA m6A modification. However, it is
unclear how m6A-related genes affect the immune microenvironment of ligamentum flavum hyperplasia (LFH).
Therefore, we aimed to investigate the effect of m6A modification on the LFH immune microenvironment. Methods:
The GSE113212 dataset was downloaded from the Gene Expression Omnibus (GEO) database. We systematical-
ly analyzed m6A regulators in eight patient samples and the corresponding clinical information of the samples.
Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Set Enrichment Analysis (GSEA)
and protein-protein interactions (PPIs) were used to explore the correlation of m6A clusters with the immune mi-
croenvironment in LFH. A least absolute shrinkage and selection operator (Lasso) regression was then used to
further explore the m6A prognostic signature in LFH. The relative abundance of immune cell types was quantified
using a single-sample Gene Set Enrichment Analysis (ssGSEA) algorithm. We explored the relationship between hub
genes and small molecule drug sensitivity by clustering hub gene-based samples. In addition, Real-Time quantita-
tive PCR (RT-qPCR) as well as western blotting (WB) were used to validate the gene expression of the differentially
expressed genes. Results: A total of 1259 differentially expressed genes were identified, of which 471 were upregu-
lated and 788 were downregulated. A total of three genes showed significant differences (METTL16, PCIF1, and
FTO). According to the enrichment analysis, immune factors may play a key role in LFH. ssGSEA was used to cluster
the immune infiltration score, construct the hub gene diagnosis model, and screen a total of 6 LFH immune-related
prediction model genes. The predictive diagnostic model of LFH was further constructed, revealing that METTL16,
PCIF1, FTO and ALKBH5 had superior diagnostic efficiency. RT-gPCR results showed that 6 genes (METTL16, PCIF1,
POSTN, TNNC1, MMP1 and ACTA1; P < 0.05) exhibited expression consistent with the results of the bioinformat-
ics analysis of the mRNA microarray. Up-regulated METTL16, PCIF1, and ALKBH5 levels in LFH were validated by
western blotting. Conclusion: Diversity and complexity of LFH’s immune microenvironment are influenced by M6A
modification, and our study provides strong evidence for predicting the diagnosis and prognosis of LFH.
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Introduction ligamentum flavum (LF) account for a large pro-
portion [1-3]. Clinically, hypertrophy of the liga-
The occurrence of spinal stenosis is associated mentum flavum (LFH) and ossification of the

with multiple factors, of which lesions in the ligamentum flavum (OLF) are the main patho-
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logical types. Hypertrophy of the ligamentum
flavum is an early lesion is characterized by
increased thickness, a decreased elastin colla-
gen ratio, cartilage metaplasia, and advanced
fibroblast ossification that aggravates local cal-
cification, potentially leading to spinal stenosis
and severe myelopathy [4-6].

Apart from decompressive surgery, no effective
prevention and treatment options are availab-
le. Inflammation, macrophage infiltration, and
fibrosis are key factors in this pathological pro-
cess. A number of mechanical and biochemical
factors have been identified as contributing to
the development of LFH, as well as multiple
molecules involved in the pathology [7-10].
Although aging, mechanical stress, inflamma-
tory factors, transforming growth factor-f1
(TGF-B1), cyclooxygenase-2, tissue inhibitor of
matrix metalloproteinases, and MMPs are th-
ought to be involved in the hypertrophy of LF,
the pathogenesis of LFH remains unclear
[11-13].

A variety of human diseases are closely as-
sociated with aberrant m6A methylation modifi-
cation according to recent studies. N6-methy-
ladenosine (M6A) regulators have generated
dramatic differences in the modification, gene
expression, alternative splicing, and protein
translation of noncoding RNAs, including long
noncoding RNAs, microRNAs, and circular
RNAs. These include RNA splicing, transloca-
tion, stability, and protein translation. METTL3,
METTL14, ZC3H13, WTAP, RBM15B, and RB-
M15 are the core members of MBA, which is a
multicomponent methyltransferase complex.
Its regulators comprise three types of factors:
writers (mainly METTL3-14, WTAP, HAKAI, WTAP
and KIAA1429), readers (YTHDC1, YTHDC2,
IGF2BP2, IGF2BP3, YTHDF1/2/3, HNRNPA2-
B1, HNRNPC, and RBMX), and erasers (ALKB-
H5 and FTO). M6A mutations and abnormal
expression lead to aberrant processes, includ-
ing misregulation of cell death and prolifera-
tion, developmental defects, and impaired self-
renewal [14-16]. M6A regulation can explain
some of the underlying mechanisms of immune
regulation. The microenvironment includes his-
tiocytes, stromal cells, and recruited cells at
distant sites, such as infiltrating immune cells
(myeloid and lymphoid cells), bone marrow-
derived cells (BMDCs) [17], and secreted fac-
tors, such as cytokines and chemokines, and
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their interaction plays a crucial role in disease
progression. For example, upon DNA viral in-
fection, HNRNPA2B1 recognizes viral DNA and
promotes mBA modification, triggering the in-
nate immune response. In addition, m6A also
plays an important role in adaptive immunity
[18]. There is a paucity of literature investigat-
ing the relationship between RNA methylation
modifications and LFH. In-depth study of the
immune alterations between healthy samples
and LFH samples as well as the changes in
mMO6A regulators between these alterations will
deepen the understanding of LFH pathogene-
sis from a completely new perspective. For-
tunately, public databases provide transcrip-
tome data related to LFH, whereas the use of
RNAmics and RNAseq is becoming cheaper
and more widespread, helping us to perform an
integrated analysis of m6A RNA methylation.

The gene expression Omnibus database (GEO)
was retrieved for data in this study, and expres-
sion levels of m6A-related genes were com-
pared between LFH samples and normal liga-
mentum flavum tissues to examine the role of
these genes in the immune microenvironment
and LFH progression. We also clustered LFH
samples according to nine m6A regulators and
identified three different m6A modification pat-
terns, LFH infiltrating immune cell abundance
and immune responses. Gene sets were signifi-
cantly associated with m6A regulators, sug-
gesting that m6A regulators are closely related
to immune regulators. The above results indi-
cate that the m6A modification pattern has a
significant impact on the immune microenvir-
onment of LFH patients. These results provide
new insights into the utilization of bioinformat-
ics tools for the diagnosis and treatment of
LFH.

Material and methods
Data preprocessing

The LFH disease chip data with data num-
ber GSE113212 https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE113212 and clini-
cal data of human samples were obtained
from the GEO database and the GPL17077
sequencing platform [19]. The GSE113212
dataset contained a total of 8 patients, includ-
ing 4 normal samples and 4 patients with LFH.
The R package SVA [20] was used to correct for
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batch effects present between different datas-
ets and to perform log2 normalization, and the
expression distribution before and after nor-
malization as well as after batch correction was
visualized using box plots.

Expression values were normalized using the
“normalize between arrays” function of the
“limma” package in R software to obtain a simi-
lar distribution of expression values across the
two groups [21]. Differential analysis of group-
ings was performed using the R package limma
based on the grouping information in the data.
Genes with logFC > 1 and p-value < 0.05 were
considered upregulated genes, and genes with
logFC < -1 and P value < 0.05 were considered
downregulated genes.

Functional and pathway enrichment analysis
of differentially expressed genes in nonhyper-
trophic specimens and LFH samples

Gene Ontology (GO) functional annotation anal-
ysis is a common method for conducting large-
scale functional enrichment studies of genes
and includes biological process (BP), molecular
function (MF), and cellular components (CC).
The Kyoto Encyclopedia of Genes and Genomes
(KEGG) is a widely used database that stores
information about genomes, biological path-
ways, diseases, and drugs. ClusterProfiler was
used to analyze GO functional annotations and
KEGG pathway enrichment analyses of differ-
entially expressed genes associated with liga-
mentum flavum hypertrophy [22], and a P value
< 0.05 was considered statistically significant
in this study.

Assessment of immune heterogeneity across
different m6A modification patterns

This study employed Gene Set Enrichment
Analysis (GSEA) to analyze the distribution ten-
dency of genes that are part of a predefined
gene set ranked according to the extent of their
correlation with the phenotype, and thus to
evaluate the contribution of these genes to the
phenotype [23]. We subjected the datasets to
GSEA by taking the “c2. kegg. V7.4. Symbols”
gene set in the MsigDB database using the
“clusterprofiler” R package, and a false discov-
ery rate (FDR) < 0.25 and |[NES| > 1 was con-
sidered statistically significant [24]. This meth-
od of enrichment analysis assesses the varia-
tion in pathway activity of a simple population
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unsupervised using gene set variation analysis
(GSVA). Through the transformation of gene
expression quantity matrix across samples into
a pathway activation score matrix, the GSVA
quantifies the gene enrichment results, making
subsequent statistical analyses more conve-
nient by evaluating whether metabolic path-
ways are enriched across different samples. In
order to identify gene sets with significant dif-
ferences between samples, a differential analy-
sis of the GSVA results can be performed using
the limma package. We obtained “msigdb.
V7.0.symbols.gmt” and the gene set of pheno-
typic features from the MSigDB database to
perform GSVA analysis on the dataset using
the “GSVA” R package [25]. The R package
“limma” was used to perform comparisons
between the normal and LFH groups, and an
adj P value < 0.01 was considered statistically
significant.

Protein-protein interaction (PPl) network analy-
sis and protein drug interaction analysis

In a protein-protein interaction network, indi-
vidual proteins interact with one another to par-
ticipate in a variety of biological processes,
including signal transmission, gene expression
regulation, cellular metabolism, and energy
metabolism. For a comprehensive understand-
ing of how proteins function, how biological sig-
nals work, the metabolism of energy substanc-
es in special physiological states, and the func-
tional links between proteins, a systematic
analysis of the interactions of protein in biologi-
cal systems is necessary.

Among the 2031 species in the STRING data-
base, a database of known and predicted pro-
tein-protein interactions, there are 9.6 million
proteins and 138 million interactions between
them [26]. It contains results obtained through
experimental data, results derived from text
mining PubMed abstracts and synthesis of
other database data, as well as results predict-
ed using bioinformatics techniques. We con-
structed a PPI network using the STRING data-
base for the differentially expressed genes that
were immunologically associated with ligamen-
tum flavum hypertrophy, and this network was
visualized using Cytoscape software. To identi-
fy the key modules and genes of the PPl net-
work, cluster analysis using Molecular Complex
Detection (MCODE) of Cytoscape was conduct-
ed. Genes that were immunologically associat-
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ed with hypertrophy of the ligamentum flavum
in modules with scores > 10 were considered
to be the most differentially expressed genes.

We further targeted the hub genes for protein
drug interaction analysis. Protein and drug tar-
get information was collected from the Drug-
Bank database (version 5.0) [15] only for the
portion of human data. The DrugBank data-
base has also been significantly improved in
terms of its content, interface, and perfor-
mance, which has greatly improved its ease
of use, utility, and potential applications in
many areas, such as pharmaceutical science,
pharmacology research, and pharmaceutical
education.

Correlation analysis between m6A regulators
and immune characteristics

Various cytokines and chemokines are present
in the inflammatory microenvironment, includ-
ing immune cells, fibroblasts, and stromal tis-
sue. It is a load integrated system. Immune cell
infiltration plays an influential role in disease
research, treatment, and prognosis prediction.
The R package ssGSEA was used to further
evaluate the similarities and differences be-
tween the two groups in terms of immune cell
infiltration levels. The background gene set for
the ssGSEA was prepared by obtaining the
marker genes of 28 immune cells from the lit-
erature [27].

To maximize the accuracy of the findings, the
infiltration level of immune cells was assessed
using an alternative method, the R package
CIBERSORT [28], which calculates the content
of 22 immune cells per sample based on the
LM22 background gene set provided by CIB-
ERSORT and thus reflects the infiltration level.
The results were presented as heatmaps and
stacked bar graphs, which were drawn using
the R package ggplot2. Similarly, a scatter plot
of correlations was plotted and fitted to the cor-
relation curve for gene immune cell pairs for
which the correlation was significant.

Diagnostic model constructed based on the
m6A gene

Considering the importance of m6A modifica-
tion, normal and patient samples may have dif-
ferent m6A modification statuses. Therefore, a
diagnostic model based on m6A-related genes
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is feasible. Here, we first screened all m6A
genes using the Lasso regression method,
which was implemented using the R package
“glImnet” and selected the optimal lambda
value. Regression was only performed on genes
with coefficients not equal to O, and the genes
used to construct the model and their corre-
sponding coefficients were visualized as forest
plots using the R package “forestplot”.

Subsequently, to reveal the common influence
of the m6A gene with other clinical features,
such as age and sex, on the diagnostic effi-
cacy of the model, the most significantly weight-
ed genes as well as age and sex information
from the previous Lasso model were construct-
ed using the R package “rms” and visualized
using a nomogram. To validate the predictive
efficacy of the diagnostic model, single-gene
Receiver operating characteristic (ROC) curves
were drawn, and the area under the curve was
calculated using the R package “pROC”. To
illustrate the validity of the nomogram, in-house
datasets and DCA curves were used for valida-
tion. DCA curves were plotted using the R pack-
age “ggDCA".

Unsupervised clustering of samples and corre-
lation analysis of the m6A hub gene

Because heterogeneity is prevalent among
samples, unsupervised clustering of samples
based on hub genes resolves this heterogene-
ity and is used to reclassify the samples.
Concordant clustering of all samples was per-
formed using the R package “Consensus-
ClusterPlus” to select the optimal number of
clusters based on scatter plots and concor-
dance matrices, ultimately clustering samples
into 2 classes. The expression profiles of the
10 hub genes in the two sets of samples are
presented using a heatmap.

To resolve the correlation between these hub
genes themselves, a correlation heatmap was
drawn using the R package “corrplot”. In addi-
tion, to further investigate the correlation of
these genes with ER stress and mitophagy pro-
cesses, the related genes were retrieved from
the GeneCards database with the keywords
“endoplasmic reticulum stress” and “mitopha-
gy”, respectively, and subsequently, the corre-
lation between hub genes and these genes
was calculated and visualized in the form of a
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bubble plot. A scatter plot of correlations was
drawn for the most significantly correlated hub
gene pairs and fitted to the correlation curve.

Drug sensitivity analysis

Clinical drug resistance has always been one of
the most important problems to solve in the
field of clinical treatment. To reveal the relation-
ship between these hub genes and the sensi-
tivity to small molecule drugs, drug sensitivity
data (IC50 values) from three databases, CCLE
[29], CellMiner [30] and GDSC [31], were down-
loaded from the RNAactDrug database [32].
Subsequently, the correlation between the hub
gene and small molecule drug IC50 values was
calculated separately, and database by data-
base display was performed using bubble plots.

Isolation, culture and identification of ligamen-
tum cells

Ligament cells were isolated and cultured from
patients with disc herniation and spinal steno-
sis according to previously described methods
[33]. A total of 35 LFH and 28 nonligamentous
hypertrophy patients were obtained from the
seventh Affiliated Hospital of Sun Yat-sen Uni-
versity. The study was approved by the Ethics
Committee of the seventh Affiliated Hospital
of Sun Yat-sen University, and written consent
was obtained from all patients. Briefly, fresh LF
tissues were washed with PBS, cut and digest-
ed with collagenase type | after tissue shearing
and mincing, and the digested tissue sections
were then placed into Petri dishes as previous-
ly described [34]. The plates were incubated in
an incubator (5% CO,, 37°C). A small amount
of DMEM containing serum was added and
allowed to soak through the tissue pieces, but
the tissue samples did not float. The flask was
gently inverted, placed into an incubator at
37°C with 5% CO, and saturated humidity and
allowed to stand. The medium was removed
after 2 hours, and the flask was placed in posi-
tion. An appropriate amount of DMEM contain-
ing penicillin, streptomycin and 10% fetal bo-
vine serum was added to culture during pas-
saging, and the fibroblast morphology of cul-
tured cells was observed and identified by
vimentin immunostaining and DAPI staining.

Cell monolayers were grown on cell climbing
slides inserted into 12-well plates, and immu-
nofluorescence staining was observed when
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cells grew to approximately 70-80%. After
washing with PBS, the cells were fixed in 4%
paraformaldehyde in PBS for 20 min, washed
with PBS, and mounted with PBS containing
0.5% Triton X-100 for 30 min at room tempera-
ture. Blocking was performed with 5% bovine
serum albumin (BSA) in PBS for 1 h followed by
staining with anti-vimentin monoclonal anti-
body (1 pg/ml; ab8978, Abcam Technologies)
at 4°C overnight. A donkey anti-mouse 1gG
(H+L) highly cross-adsorbed secondary anti-
body was used after three washes (5 minutes
each) in PBS (dilution 1:1000; A32744, Thermo
Fisher Technologies). DAPI was used to stain
the nuclei following sterile PBS washing, and
the nuclei were mounted on coverslips with
mounting solution overnight at room tempera-
ture. Images were acquired and analyzed using
an LSM-880 laser confocal microscope system
(Carl Zeiss CMP, Inc.).

Real-time quantitative polymerase chain reac-
tion (RT-qPCR)

RT-gPCR was performed for all cell groups.
According to the instructions of the Universal
Column RNA Extraction Kit (RO027, Beyotime),
total RNA was extracted and fractionated in 20
ul of total volume and subjected to reverse
transcription to obtain cDNA, which was diluted
to 100 pl. A total of 2 pyl cDNA was used as a
template for RT-gPCR (using an RT-qPCR Kit,
RRO36B, Takara) amplification. The reaction
conditions were as follows: 50°C for 2 min,
90°C for 2 min, 95°C for 15 s and 60°C for 1
min for 40 cycles. ACTA1l (5-CATTCACGAG-
ACCACCTACAACAG-3" and 5-GCCGATCCACA-
CCGAGTATTTG-3’), MMP1 (5-TTGGGCTGAAAG-
TGACTGGGAAAC-3’ and 5-GCTCTTGGCAAAT-
CTGGCGTGTA-3’), MYL1 (5-GTTGAGGGTCTGC-
GTGTCTTTGA-3" and 5-GGGCTTCCACTTCTTC-
CTCTTTCAT-3’), MYOT (5’-TCGCAGCAACACAACT-
CAGAACAT-3’ and 5-GCAGTCCACTCACTTTGA-
AGTCCAT-3’), POSTN (5-TCATTGATGGAGTGCC-
TGTGGAA-3' and 5-GTGACCTTGGTGACCTCTT-
CTTGTA-3’), TNNC1 (5-CTGTCTGACCTCTTCCG-
CATGTT-3' and 5-TCGTTGTTCTTGTCTCCGTC-
CTTC-3’), METTL16 (5-TGTCACAGTACCATCA-
CCACCAAGT-3" and 5-ACGCCAGCACCACGA-
ATGTTATG-3’), PCIF1 (5-TCAAGGTCAGCCGC-
AACTACT-3’ and 5-CACGCCGAACATCATCTGG-
TAC-3’), FTO (5-CGGTATCTCGCATCCTCATTGG-
TAA-3" and 5-CACAGCATCCTCATTAGCCTTCT-
CT-3’), RUNX2 (5-CACCACTCACTACCACACCTA-
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CCT-3' and 5-CTTCCATCAGCGTCAACACCAT-
CA-3’), SP7 (5-GCAAGAGGTTCACTCGTTCGGA-
TG-3’ and 5-TCAGGTGGTCGCTTCGGGTAAA-3’),
OCN (5-AGGGCAGCGAGGTAGTGA-3’ and 5™-CC-
TGAAAGCCGATGTGGT-3’), OPN (5-CCGAGGTG-
ATAGTGTGGTTTATGGA-3' and 5-CCGAGGTG-
ATAGTGTGGTTTATGGA-3’) upstream and down-
stream primers were used at a final concen-
tration of 500 nm each. GAPDH (5-ACTTTG-
GTATCGTGGAAGGACTCA-3' and 5-CCAGTAGA-
GGCAGGGATGATGTT-3’) served as an internal
reference for each group. The 2-AA CQ method
was used to calculate expression levels [35].

Total protein extraction and western blotting

After extraction with Ripa buffer (Thermo Fi-
sher Scientific, USA), protein concentration was
determined with a BCA Kit (Boster, China). A
polyacrylamide gel containing SDS was electro-
phoresed and transferred to a polyvinylidene
fluoride (PVDF) membrane. PVDF membranes
were blocked with 5% skim milk (Solarbio,
China) for 1 h before being incubated with pri-
mary antibodies overnight at 4°C, followed by
secondary antibodies (conjugated with horse-
radish peroxidase) for 1 h at room temperature.
A chemiluminescence kit (EpiZyme, China) was
used to visualize the protein signals.

Statistical analysis

All data processing and analysis were per-
formed using R software (version 4.0.2). For the
comparison of continuous variables between
two groups, the statistical significance of nor-
mally distributed variables was estimated by
independent Student’s t test, and differenc-
es between non-normally distributed variables
were analyzed using the Mann-Whitney U test
(i.e., Wilcoxon rank sum test). The chi square
test or Fisher’'s exact test was used to com-
pare and analyze the statistical significance
between two groups of categorical variables.
The Kruskal-Wallis test was used for compari-
sons of more than two groups, and the Wilcoxon
test was used for comparisons between two
groups. ROC curves were drawn using the pROC
package of R, and the area under the curve
(AUC) was calculated to evaluate the accuracy
of the risk score to estimate prognosis. All sta-
tistical P values were two-sided, and P < 0.05
was considered statistically significant. Two-
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tailed P < 0.05 was considered statistically
significant.

Results

Data processing and differentially expressed
gene analysis

Our workflow is shown in Figure 1. To study the
effect of gene expression differences between
LFH and normal tissues in the ligamentum
flavum, we used the limma package on the
GSE113212 gene expression matrix to analyze
differential gene expression (Supplementary
Figure 1). First, the gene expression matrix of
the dataset was subjected to background cor-
rection and data normalization, and the gene
expression before and after data normalization
is displayed in a box diagram (Supplementary
Figure 1A and 1B). P value < 0.05 and |log2FC|
> 1 (i.e., 2-fold significant difference) served as
the threshold, and 1259 differential genes
were identified in the comparison between
hypertrophic ligamentum flavum and normal
tissues, including 471 upregulated genes and
788 downregulated genes. Divergently expre-
ssed genes (DEGs) upregulated and downregu-
lated shown by the volcano map can be easily
distinguished (Supplementary Figure 1C). The

heatmap (Supplementary Figure 1D) was drawn
by using differentially expressed genes and

data grouping. Differentially expressed genes
effectively distinguish hypertrophic tissue and
normal tissue of the ligamentum flavum.

The landscape of m6A regulators between nor-
mal and LFH samples

Next, all m6A genes were visualized for expres-
sion dissimilarity in normal and disease sam-
ples by plotting heatmaps and grouped box
plots (Figure 2A, 2B). Of the three m6A genes,
reader was less discriminative than writer and
eraser, and a total of three genes showed sig-
nificant differences (P < 0.05) between the
two samples (METTL16, PCIF1, and FTO). In
addition, we also assessed the localization of
these genes in chromosomes and plotted a
panoramic view of the localization of genes on
chromosomes in combination with multiple ring
presentations (Figure 2C). The results showed
that some genes were near the chromosome;
thus, these genes were closely linked at the
genomic level.
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Figure 1. The flow-process diagram for screening datasets. m6A: N6-methyladenosine; LFH: Ligamentum Flavum
Hyperplasia; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; GSEA: Gene Set Enrichment
Analysis; PPI: Protein-Protein Interactions; Lasso: Least absolute shrinkage and selection operator; GSVA: Gene Set
Variation Analysis; PCA: Principal Component Analysis; ROC: Receiver Operating Characteristic; DEGs: Differentially
Expressed Genes; ssGSEA: single-sample Gene Set Enrichment Analysis; RT-qPCR: Real-Time quantitative PCR; WB:

Western Blotting.

GO term and KEGG pathway enrichment analy-
sis

We compared the DEGs between the hypertro-
phic ligamentum flavum sample and the nor-
mal sample group. The cluster profiler package
was used for GO and KEGG pathway enrich-
ment analyses. P < 0.05 (adjusted) and a Q
value < 0.05 were considered to indicate sig-
nificantly differentially expressed genes. The
enrichment results are shown in bar charts
(Figure 3A, 3B). Supplementary Table 1 shows
the GO enrichment entries of significance for
the top 20. GO enrichment analysis showed
that the differentially expressed genes were
enriched in bone development, bone recon-
struction and regulation, bone and biomineral
tissue development, ossification, cartilage de-
velopment and cell differentiation, muscle sys-
tem and muscle contraction, myosin complex
and myofibril, immune receptor activity, oxido-
reductase activity, leukocyte migration and
transforming growth factor B. Supplementary
Table 2 shows the results of KEGG enrichment
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analysis, showing that differential genes are
enriched in protein digestion and absorption,
tyrosine metabolism, cytokine-cytokine recep-
tor interaction, rheumatoid arthritis, osteoclast
differentiation, proteoglycans in cancer, com-
plement and coagulation cascade, PI3K-Akt,
PPAR signaling pathway and other pathways

(Supplementary Figure 5A-E).

GSEA and GSVA suggest that immune-related
factors play an important role

To determine the effect of gene expression
level on ligamentum flavum hypertrophy, we
analyzed the gene function, biological pathway,
and molecular characteristics of gene expres-
sion in the two groups of data. We used a heat-
map to show the results. Regarding gene func-
tion in GSE113212 data, the differentially ex-
pressed genes are mainly involved in enzyme
activator activity, cell migration, regulation of
immune cell activation, angiogenesis, skeletal
system development, etc. The main pathways
affected were the PPAR signaling pathway,
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AMPK signaling pathway, cGMP PKG signaling
pathway, Th17 cell differentiation, Relaxin sig-
naling pathway, cell adhesion molecules and
axon guidance-related pathways (Figure 4A-D).
The molecular characteristics of GSEA enrich-
ment were characterized by the enrichment of
immunomodulatory interactions between lym-
ph and nonlymphocytes, protein metabolic reg-
ulation, and antigen processing and presenta-
tion (Supplementary Figure 6A-C), which is con-
sistent with the previous enrichment results.
See Supplementary Tables 3, 4 for the detailed
results.

We also performed GSVA enrichment analysis
between groups. The background set was dis-
played in the form of a bar graph and heat-
map (Figure 5A, 5B) and a grouping box graph
(Figure 5C) using the msigdb.v7.0.symbols.gmt
pathway set and immune-related characteristic
gene set, respectively. The results showed that
hypertrophy in the senile ligamentum flavum
mainly affected biological-related pathways,
such as DNA repair, myogenesis, glycolysis,
inflammatory response, and hormone respon-
se. As a result, ligamentum flavum hypertrophy
enriches some immune-related signaling path-
ways, implying an important role for immune
factors.

SSGSEA and evaluation of immune cell infiltra-
tion

Enrichment analysis results revealed signifi-
cant differences in the immune process bet-
ween the two groups of samples. Therefore, to
further analyze the immune infiltration level
between the two groups of samples, we per-
formed ssGSEA on the GSE113212 dataset to
evaluate the degree of immune cell infiltration.
The scores of 28 immune cells of all samples
were calculated and clustered using the ssG-
SEA method, and the samples were hierarchi-
cally clustered by the hclust function. The sam-
ple was divided into three groups of high, medi-
um, and low immune scores and displayed in a
tree view (Figure 6A). The ssGSEA immune
infiltration score of each sample in 28 immune
cells (Figure 6B) and the expression of 28
immune cells in the high, medium and low
immune score groups (Figure 6C) are display-
ed in a heatmap. The box chart shows the dif-
ference in the immune score of the high, medi-

8809

um and low immune score groups in the
immune.gmt immune-related gene set (Figure
6D).

To assess the reproducibility of the data within
the normal group and LFH group, we perform-
ed principal component analysis (PCA), and we
plotted a PCA cluster based on the between-
group differences in LFH and the degree of dif-
ferential immune cell infiltration assessed by
ssGSEA. The results showed that the data
were reproducible in GSE113212 (Figure 7A).
The analysis between the hypertrophic liga-
mentum flavum and the normal ligamentum
(Figure 7B) and the high and low immunoscore
groupings (Figure 7C) were analyzed according
to the immune infiltration score results obtain-
ed from ssGSEA.

Construction of molecular interaction networks
and immune-related diagnostic models for LFH

According to the immune infiltration score clus-
ter grouping derived from the above ssGSEA,
three group clusters with high and low immune
scores were analyzed using the limma packa-
ge for pairwise comparison of DEGs between
groups, and a total of 473 DEGs were obtained.
Using the STRING database and Cytoscape,
we constructed a PPl network (Figure 8A).
Subsequently, we visualized the HubGenes of
the CytoHubba plug-in MCC algorithm top 30
(Figure 8B) together with the most connected
set of HubGenes obtained from MCODE plug-in
analysis (Figure 8C). To identify the intersec-
tion of significant nodes of CytoHubba and
MCODE screening to obtain 16 HubGenes, an
LFH immune-related diagnostic model was con-
structed based on the HubGenes (Supplemen-
tary Figure 2A). Regression screening was first
performed using the Lasso method, and the
optimal lambda value was determined with a
total of 6 genes remaining after screening
(Supplementary Figure 2B, 2C). We plotted the
differential expression of six LFH immune-relat-
ed prediction model genes ACTA1, MMP1, MY-
L1, MYOT, POSTN, and TNNC1 in LFH (Figure 9).

We constructed mRNA-miRNA-TF  molecular
networks for 16 HubGenes (Figure 10A). The
DrugBank database was also used to cons-
truct a protein drug interaction network (Figure
10B). Among the 16 HubGenes, only the pro-
teins expressed by the differentially expressed

Am J Transl Res 2022;14(12):8800-8827
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genes are shown centrally, and these genes are
drug targets. These drugs may have some
effects on the occurrence and development of
LFH. These 3 genes have the potential to dif-
ferentiate between the hypertrophic group of
the ligamentum flavum and normal ligamentum

8812

teres. We also performed Friends analysis on
16 Hub differential genes immunologically re-
lated to ligament hypertrophy. TCAP showed
the strongest correlation with other genes and
might be involved in a variety of functions
(Figure 10C).
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Four m6A gene-based diagnostic models

Given that m6A-regulated gene expression is of
great biological significance, we further ana-
lyzed whether the occurrence of LFH is affected
by m6A gene-related mechanisms. We further
constructed a predictive diagnostic model of
LFH disease for the 37 m6A genes. Similarly,
MO6A genes were first filtered using the method
of Lasso regression to remove genes with no
coefficient contribution to the diagnostic model
and determine the optimal lambda value with a
total of 4 genes remaining after screening
(Figure 11A, 11B). Subsequently, a forest plot
was used to visualize 4 diagnostic models com-
posed of mBA genes (Figure 11C). The results
showed that the genes with the largest abso-
lute impact coefficients in this model were
mettl16 with an impact coefficient of 18.22.

Subsequently, to verify the accuracy of the
model, we first selected the above 4 genes with
the factors of age and sex to construct a multi-
variate logistic model, which was visualized
using a nomogram (Supplementary Figure 3A).
The results showed that 4 genes affected the
prediction model to a much greater extent than
age and sex, which highlighted the precision
of the model. Then, the predictive efficacy of
the model was further validated using recall

8813

curves, ROC curves of single genes and DAC
curves (Supplementary Figure 3B-D). The re-
sults showed that the model achieved superior
predictive efficacy and robustness in all three
validation modalities (Supplementary Figure
3E-H). Presents single-gene ROC curves for the
4 genes to exemplify the superior diagnostic
efficacy.

To further analyze the m6A writer and eraser
gene expression links, we calculated pairwise
correlations and plotted a scatter plot of corre-
lations and fitted correlation curves. We identi-
fied a total of three gene pairs with a correla-
tion of R > 0.7 that met the statistical signifi-
cance threshold: METTL3-ZC3H13, ZC3H13-
CBLL1, and METTL3-CBLL1 (Supplementary
Figure 4). Of these, 2 pairs were negatively cor-
related, and 1 pair was positively correlated.

Correlation analysis of hub m6A genes of LFH

Hub m6A genes tend to be from the same fam-
ily and were more closely and significantly relat-
ed. We therefore calculated the top 10 most
connected genes among 37 m6A genes by
CytoHubba as hub m6A genes (Figure 12A,
12B) and analyzed their pairwise correlation
(Figure 12D). Due to the prevalent heterogene-
ity among samples, we performed unsuper-
vised clustering of samples according to the

Am J Transl Res 2022;14(12):8800-8827



Ligamentum flavum hypertrophy on m6A and immune microenvironment

A
Q ° 0
MYOTg PPP1IR1AQ SLCO1B3
S@MFBCLﬁcsAQ LGALS12
Rga_z oaliH2 "Q
dH pinT1 .. SVMARCAS FAP
& ABLRSP SPIBTT puing B
L@/ PLODT i :
GECIA 9 'O i RNF150
SLC10Ag" ) TACTG2 " -
X£OL10AT L W‘ P
o i
MBCAT! gr1a’ LOL2Af Ry £ - <ML
TMEMSQL p.qHAQ:_, COL9A3 OP G;.’ e
FM%1 NB it GP P
CHRY3 BGN. G ﬁHi
- BpCYTLH O
RAP1GAP O
IR ;sz1 - 00 &5 ‘ WNT2RpmT
AZGPY' . & KONas CKENA 7 STMN2 ‘o ADHID o]
E¥ces cors S Mg T CALCA GHOSL 8 SERPINADZBL2
BMRR1B CKl: g o i QHRSA T DRK1
CRLF1 - TPSREEMATA b TEERCRE ASBZ POSTN 6]
@ CCL23 : 2R . 7 LRRC10 O  AspHD1
QuBB3 , AR e L _ o
AD|PQ Mng M ) "31"_ 0 Ry Pcha?RsTG%GCISH
e TPSAB1 6‘3‘3‘;3'-,3:
GABRD O 5. g . o e e FBLNF
msri_CCloszsasne — THFARS™ HAPLR0OC ©. oot ©
%OP @ TREV ot - SOXZ
FABPZ PLIN1, o MMPI® QOLAL o7 LPARS
O BIC KLB o Q© ¢ smece©o

PPP1RIB © PLINSo ACANTRE%%ng
SGCGg CMYA5© PDE10A TgF o) chgcw
IGSF20 KBTB%K! (o) CALB2
GLYATL1 konN£LC16A3

> < '.b 1'/
AR

[ A AY

Figure 8. Construction of DEGs molecular interaction network and HubGene screening between ligamentum flavum hypertrophy and normal sample groups. A. Pro-
tein protein interaction network of the ligamentum flavum hypertrophy related differentially expressed genes; B. The top 30 significant nodes in the protein interac-
tion network were screened by CytoHubba software; C. Identification of key modules in the protein interaction network 1 by MCODE. DEGs: Differentially Expressed

Genes; MCODE: Molecular Complex Detection.

8814

Am J Transl Res 2022;14(12):8800-8827



Ligamentum flavum hypertrophy on m6A and immune microenvironment

A o p=0.029 ——e——
r 1
o
g
1]
o
=3
o
E o :
< ——
- |
I —_—————
T T
Normal LFH
Type
Cc
2+ p=0.029
T
o -
§ © -
R
1]
2 =
3
- N
—
3 o
o
I PR —
¥
T T
Normal LFH
Type
E « - p=0.029
c .
2 H
@ -
2 o A
3
o
Z «
= 1
17}
o]
o o~
N -
o
I

T T
Normal LFH

Type

MMP1 expression

MYOT expression

n

TNNC1 expression

p=0.029

< 4
a
o 4
o~
1

T T

Normal LFH
Type

= p=0.029

r 1

—_—
0 1
o
—_—

o |
I

T T

Normal LFH
Type

© p=0.029

I 1
© 4
<
o~ 4

T eeeetem——
1

—_——-

T T
Normal LFH

Type

Figure 9. Prediction model for differential gene expression. Differential expression of 6 LFH immune-related predic-
tion model genes ACTA1 (A), MMP1 (B), MYL1 (C), MYOT (D), POSTN (E), TNNC1 (F) in LFH. LFH: Ligamentum Flavum

Hyperplasia.

expression of m6A genes, clustering the sam-
ples into 2 categories. The expression profiles
of the 10 hub genes in the two sets of samples
were displayed using a heatmap (Figure 12C).
YTHDC1 showed significant positive correla-
tions with METTL14 and YTHDC2, with correla-
tion coefficients of 0.810 and 0.714, respec-
tively (Figure 12E, 12F).

8815

Hub m6A gene and drug sensitivity analysis of
LFH

To reveal the relationship between these 10
hub m6A genes and small molecule drug sensi-
tivity, data from three drug sensitivity databas-
es were integrated, and a bubble plot of the
correlation relationship between gene expres-
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analysis, box plots demonstrating the functional similarity scores between the differentially expressed genes immune related to ligamentum flavum hypertrophy.

PPI: Protein-Protein Interactions.
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Figure 11. A. Lasso regression curves. This figure demonstrates the convergent screening process of lasso regres-
sion on 29 gene features, with the x-axis as the log lambda value, the y-axis as the regression coefficient, and dif-
ferently colored lines representing different features. B. Lambda value selection curves. This plot was used to select
the optimal lambda value for the lasso regression model, typically taking the lowest point, which is the optimal
lambda value at the dotted left side of the plot. C. Forest plot of diagnostic model. The first column is represented
by the 4 genes comprising the model, the second by the number of samples, the third by the mean expression value
of these genes, and the fourth column and corresponding graph are the coefficients of influence of these genes in
the model.
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significant nodes in protein interaction networks were screened by CytoHubba software; C. m6A gene associated
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samples unsupervised clustering Heatmap of differences in hub m6A genes between groups; D. Heatmap of corre-
lations among hub m6A genes; E, F. Scatter plots of correlation of gene YTHDC1 with gene METTL14, gene YTHDC2.
Each point in the figure represents one sample, the straight line is the correlation fitting curve, and the shaded por-

tion is the confidence interval. m6A: N6-methyladenosine.
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Figure 13. Drug sensitivity analysis. A. Drug sensitivity analysis bubble plot of the CCLE database. B. Drug sensitiv-
ity analysis bubble plot of the CellMiner database. C. Drug sensitivity analysis bubble plot of the GDSC database.

sion values and IC50 values of small molecule
drugs was separately drawn (Figure 13). A high-
er IC50 value represents a higher level of drug
resistance. Thus, a positive correlation indi-
cates that elevated expression of this gene will
be able to enhance drug resistance, whereas a
negative correlation represents a lower level of
drug resistance as the gene expression value
increases. According to the CellMiner data-
base, the HNRNPC gene is positively correlated
with the vast majority of small molecule drugs,
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indicating that its high expression increases
the drug resistance of a significant number of
these drugs.

Validation of the differential expression of
m6A-related genes in LFH patients - a prospec-
tive analysis in a new population

To validate the reliability of the GSE113212
dataset, we acquired fibroblasts from the li-
gamentum flavum in clinical samples (Figure
14A), which were used at the P3 generation for
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Figure 14. The RNA expression of related genes was identified and measured in LFH and non-LFH samples. A, B.
Ligament cells were obtained by enzymatic digestion using LFH and non-LFH samples, P3 generation cells were
used for experiments, and vimentin antibody pairs were used to identify fibroblasts. C. RT-qPCR was used to detect
the RNA expression of POSTN, TNNC1, FTO, METTL16, MYL1, MMP4, PCIF1, ACTA1, RUNX2, SP7, OCN and OPN
in cell samples. P-values were calculated using a two-sided unpaired Student’s t-test. **P < 0.01; ***P < 0.001;
**%*%P < 0.0001. D. Reduced FTO expression and up-regulated METTL16, PCIF1, and ALKBHS5 levels in LFH were
validated by Western blotting. LFH: Ligamentum Flavum Hyperplasia.
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the trial and confirmed by vimentin immunoflu-
orescence staining (Figure 14B). The expres-
sion levels of nine differentially expressed
mo6A-related genes were further determined by
RT-gPCR. Similar to the results of mMRNA micro-
arrays in LFH samples, expression levels of
TNNC1, METTL16, MYL1, PCIF1, ACTA1, RUNX2
and OCN were significantly higher in LFH sam-
ples than in normal samples. Furthermore,
there was a significant decrease in the expres-
sion levels of POSTN and MMP1. FTO, MYOT,
SP7, and OPN expression levels were not sig-
nificantly different between the two groups
(Figure 14C). Four diagnostic model genes of
mO6A were further determined by western blot-
ting, among which the expression of METTL16,
PCIF1, ALKBH5 was increased and the expres-
sion of FTO was decreased in LFH (Figure 14D).

Discussion

LFH is a chronic progressive disease, and surgi-
cal treatment for patients with severe symp-
toms is the mainstream treatment. Inflamma-
tion appears to be one of the most important
events in fibrosis, and chronic inflammation
plays a role in progressive LF fibrosis as well.
Current evidence confirms the indispensable
role of m6A modification in innate and adap-
tive immune responses, suggesting that the
immune microenvironment of LFH needs to be
further explored [36, 37]. Several studies have
addressed the role of m6A in immunity, particu-
larly in infiltrating cells of the tumor microenvi-
ronment [38]. The potential regulatory mecha-
nisms of m6A-related regulators in LFH timing
and immune response need to be further inves-
tigated. Therefore, the search for novel sero-
logic or histologic prognostic markers has
potential value for diagnosis, prognosis, and
treatment. A comparison of LFH and normal
ligament tissues revealed differences in m6A-
related gene expression. Also, the immune mi-
croenvironment and m6A-related gene expres-
sion levels were examined in LFH. This finding
implied that the disruption of the RNA methyla-
tion system may play a critical role in the pro-
gression of LFH.

Increasing evidence suggests that m6A modifi-
cation plays an indispensable role in innate and
adaptive immune responses. Our GO analysis
results showed that immune-related pathways
were mainly enriched in LFH samples and were
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related to osteogenesis and chondrogenesis,
migration of immune cells and activity of immu-
ne receptors. Through mRNA verification, we
showed that the osteogenic indexes (RUNX2
and OCN) of fibroblasts in LFH patients were
higher than those in normal ligamentum flavum
group, suggesting that ligament cells in LFH
patients have the potential of further osteogen-
esis. KEGG enrichment analysis indicated that
the PI3K-Akt and PPAR signaling pathways
were primarily enriched in immune-related pa-
thways. In addition, we conducted GSEA and
GSVA and found that the identified genes are
characterized by enrichment of immunoregula-
tory interactions between lymphoid and non-
lymphoid cells, protein metabolism regulation,
and antigen processing and presentation and
affect related pathways, such as the PPAR sig-
naling pathway, AMPK signaling pathway, and
GMP-PKG signaling pathway. In the PI3K/Akt
pathway, after specific ligands bind to the cell
membrane, signals are transmitted through the
Akt, JNK and RAS cascades, thus affecting cell
proliferation. After PI3K activation, Akt can acti-
vate some cyclins and quiescent cells to accel-
erate the cell cycle and promote the prolifera-
tion of ligamentum flavum cells. PPAR « plays a
role in the clearance of circulating or cellular
lipids by regulating the expression of genes
involved in lipid metabolism in liver and skele-
tal muscle, PPAR /0 is involved in lipid oxida-
tion and cell proliferation, and the PPAR path-
way regulates the expression of genes involv-
ed in lipid metabolism, adipogenesis, mainte-
nance of metabolic homeostasis and inflam-
mation. Several published articles confirm that
the immune environment of the ligamentum
flavum can influence LFH progression. An in
vitro study determined differential immune
scores and immune cell infiltration between
OLF and controls and identified and validated
10 OLF-related and immune-related differen-
tially expressed genes (OIDEGs) with different
biological function annotations. The IncRNA
gene immune cell regulatory network further
revealed that 10 OIDEG-related differentially
expressed IncRNAs (OIDELs), 41 OIDELs and 7
infiltrating immune cells (OlICs) were highly cor-
related [39].

To better illustrate these issues, we systemati-
cally studied the modification patterns of m6A
in the LFH immune microenvironment. The
main mechanism of m6A action involves the
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recruitment of m6A binding protein (m6A read-
er) to target RNA. Subsequently, the methyl-
transferase complex m6A writer within the nu-
clear spot installs the m6A modification onto
the targeted RNA via the methyl group of the
S-adenosyl-methionine (SAM) transferase. The
expression of most m6A regulators changed
between hypertrophic and normal ligamentum
flavum, suggesting that m6A regulators play a
role in LFH development. The classifier estab-
lished by the m6A regulator can effectively dis-
tinguish healthy and LFH samples, reaffirming
the important role of the m6A regulator in dis-
ease. Among the 1259 differentially expressed
genes, the difference in the readers in the two
groups was less than that of Writers and
Erasers, and METTL16, PCIF1 and FTO were
more important in the prognosis of LFH. In addi-
tion, we further constructed a predictive diag-
nostic model for LFH disease targeting 37 M6A
genes (Figure 7), and Lasso regression was
used to determine the optimal lambda value.
The results of the screening revealed that four
genes (METTL16, PCIF1, FTO and ALKBHb)
could be crucial to the diagnosis of LFH. We
also confirmed expression differences bet-
ween the normal and LFH samples by western
blotting. ALKBH5, an important demethylase in
OLF development, was found to have increased
expression in OLF tissues, which led to the acti-
vation of p-Akt, and BMP2 was regulated by
ALKBH5 to promote osteogenesis in ligament
flavum cells [40]. According to Zhang et al.,
crosstalk between DNMT1 and FTO has been
implicated in OLF pathogenesis. FTO has previ-
ously been identified as a gene associated
with obesity and inflammation, and FTO expres-
sion was significantly downregulated in OLF
samples, which was positively correlated with
SOCS3 expression. In the course of OLF pro-
gression, FTO degradation may increase SO-
CS3 stability and decrease SOCS3 expression
in a specific m6A dependent manner [41].
Based on the RT-gqPCR results, the expression
levels of METTL16, POSTN, TNNC1, MMP1 and
PCIF1 were consistent with the results of the
bioinformatics analysis. Among these genes,
METTL16 has the largest absolute influence
coefficient. METTL16 binds the UACAGAGA se-
quence on the 3-UTR of MAT2A, a program
encoded by SAM synthetase that forms a meth-
ylation pattern based on SAM levels. In con-
trast, the METTL3-METTL14-WTAP complex
acts at different levels compared to other indi-
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vidual m6A regulators, such as FTO, METTL3
and METTL14. Together, the ALKBH5 expres-
sion level influences the prognosis of patients
with immune microenvironment of diseases.
The METTL16/METTL1 interaction may have
important biological implications, including tu-
mor vessel epithelialization, migration, distant
metastasis, postoperative fever, and systemic
inflammatory response in colorectal cancer
(CRC) [42, 43]. Through its N-terminal WW
domain, PCIF1 interacts with the phosphorylat-
ed CTD of RNA Pol Il. Studies of PCIF1-mutated
human cells support RNA stabilization of m6A.
The conversion of Cap-am mRNA into cap
mMm6Am in human cells mRNA is important for
the only necessary and sufficient methyltrans-
ferase. Research on its role in disease and
immune function remains in its infancy. PCIF1
expression is correlated with ACC, KIRC, KIRP,
MESO, THCA OS and DFS, suggesting that
PCIF1 has potential application value as a
prognostic biomarker in the abovementioned
tumors. Jin et al. confirmed that PCIF1 expres-
sion is correlated with tumor prognosis and
immune invasion, suggesting that PCIF1 may
represent a potential target for tumor therapy.
Our bioinformatics analysis suggested that PC-
IF1 might be a potential target for the infiltra-
tion of the immune microenvironment of liga-
mentum flavum hypertrophy [44, 45].

Following that, we calculated the scores for 28
types of immune cells in all samples, conduct-
ed clustering, and verified repeatability. The
results suggested that the proteins of three
genes (ACTA1, MMP1, and TNNC1) can be used
as therapeutic targets. Matrix metalloprotein-
ases (MMPs) are a family of metallozinc ion-
dependent proteolytic enzymes that are impor-
tant for the degradation of extracellular matrix
(ECM), tissue remodeling, and the regulation of
multiple soluble factors within cells. Under nor-
mal physiological conditions, MMPs together
with tissue inhibitors of metalloproteinases
(TIMPs) regulate ECM turnover and maintain
cell stability, and MMP dysregulation can accel-
erate matrix barrier degradation. Poormasjedi
Mibod et al. increased the expression of matrix
metalloproteinases (MMP1 and MMP3) and
inhibited the production of type | collagen and
fibronectin by fibroblasts [46]. MMP1 is also
involved in the concerted action of proinflam-
matory cytokines such as IL-6, IL-1, and TNF-c.
Synergistically, the production of MMP group

Am J Transl Res 2022;14(12):8800-8827



Ligamentum flavum hypertrophy on m6A and immune microenvironment

enzymes was inhibited and normal cells were
stimulated to produce large amounts of prosta-
glandin E, while the degree of immune infiltra-
tion was controlled [47].

The regulation of the immune environment by
POSTN is bidirectional, with some reporting
that POSTN promotes the production of inflam-
matory factors, and it has also been reported
that mice deficient in Periostin have higher lev-
els of inflammation, which is possible due to
the fact that the low POSTN causes the cells to
produce IL-6, IL.-8, MMP-1, MMP-3, and MMP-
13, all of which may contribute to the develop-
ment of the disease. POSTN induces cell
attachment and spreading and plays a role in
cell adhesion, enhancing BMP1 binding in the
fibronectin matrix of connective tissue and sub-
sequent proteolytic activation of the lysyl oxi-
dase LOX. Reports have suggested a significant
increase in POSTN and a-SMA mRNA levels in
the presence of TGF-f in fibroblasts compared
with cells from uninvolved skin, and TNF «
MRNA levels are significantly lower [48, 49].

Skeletal actin is encoded by ACTAL. A nonregu-
latory myosin light chain encoded by MYL1 is
required for the formation of myofibers. Tro-
ponin encoded by TNNC1 is a central regulatory
protein of striated muscle contraction. It is
involved in the regulation of muscle contrac-
tion, skeletal muscle contraction and ventricu-
lar myocardial tissue morphogenesis. TNNC1
mutations are associated with familial dilated
cardiomyopathy, hypertrophic cardiomyopathy
and severe infantile cardiomyopathy [50]. They
may be further expressed at high levels in the
inflammatory microenvironment to promote lig-
amentum flavum cell hyperplasia.

Writers and erasers are important for maintain-
ing proper m6A levels and gene expression in
human tissues and cells. Our results suggest
a positive relationship between METTL3 and
CBLL1 and a negative relationship between
METTL3 and ZC3H13 as well as ZC3H13 and
CBLL1. ZC3H13 is a relevant component of
the WMM complex, a complex that mediates
m6A methylation of RNA and acts as a key re-
gulator of m6A methylation by promoting m6A
methylation of mMRNA at 3'-UTRs (by similarity).
CBLL1 is a relevant component of the WMM
complex, a complex that mediates m6A meth-
ylation of RNA. This modification plays a role in
the efficiency of mRNA splicing and RNA pro-
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cessing. METTL3 heterodimerizes with METT-
L14 to form an N6 methyltransferase complex
that methylates the adenosine residue at posi-
tion N6 of certain RNAs and regulates various
processes, such as the circadian clock, embry-
onic and hematopoietic stem cell differentia-
tion, cortical neurogenesis, response to DNA
damage, T cell differentiation, and primary mi-
RNA processing [51, 52].

Our results indicate that m6A modification pro-
vides a new direction for the pathogenesis of
immune-related LFH, and m6A modification is
involved in the regulation of the LFH immune
microenvironment. Epigenetics-related resear-
ch in the field of LFH is limited. We are the first
to explore ligament hypertrophy mechanisms
that involve m6A and the immune microenvi-
ronment. Combining this information with the
latest research on the m6A mechanism and
immune microenvironment theory, the patho-
genic mechanism of LFH is revealed, emphasiz-
ing that epigenetic or RNA modifications are
crucial. However, the study has some limita-
tions. First, many of the results were theoreti-
cally valid and had some reproducibility in
this study based on bioinformatics analysis.
Although we validated them at the mRNA level
by RT-gPCR and WB, the sample size was
small. In addition, how these immune related
prediction model genes (METTL16, PCIF1 and
FTO) regulate immune infiltration is unclear,
and we will further use our target gene predic-
tion website in future studies (http://rm2target.
canceromics.org). Predictions were made and
further validated. The role of HNRNPC in target-
ing small molecule drugs to inhibit the progress
of LFH is also worthy of further exploration.
However, all our findings confirm that m6A mod-
ification has a powerful impact on LFH immune
properties and give us new insights into this
disease’s pathogenesis.

Conclusion

In summary, this study identified that LFH is
caused by coexpression modules of key genes,
hub genes, and pathways related to immune
responses, inflammation, and cytokines. Sys-
tematically evaluating the expression of m6A
RNA regulators in LFH and revealing the regula-
tory mechanisms affecting m6A methylation
modification in the LFH immune microenviron-
ment will assist in understanding the intrinsic
mechanisms of the LFH immune regulatory net-
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works and in identifying more effective trea-
tments.
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Supplementary Figure 1. (A) Data set normalization and pre-calibration of the GSE113212 dataset mMRNA expres-
sion profile matrix box plots; (B) Calibrated GSE113212 dataset mRNA expression profile matrix box plots; Volcano
plot (C) and Heatmap (D) of expression differences between the ligamentum flavum hypertrophic samples and
normal sample groups in the GSE113212 dataset.
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Supplementary Table 1. Lists the GO enrichment analysis results of DEGs, and the pathways with
p.adjust < 0.05 & qvalue < 0.05 were considered significantly enriched, demonstrating the top 10
significantly enriched GO entries

ONTOLOGY ID Description p.adjust qvalue Count
BP G0:0030198 extracellular matrix organization 4.37E-23  3.50E-23 76
BP G0:0043062 extracellular structure organization 4.37E-23  3.50E-23 76
BP G0:0001503 Ossification 2.62E-12 2.10E-12 62
BP G0:0030199 collagen fibril organization 4.61E-12 3.70E-12 22
BP G0:0051216 cartilage development 1.98E-08 1.58E-08 37
BP G0:0061448 connective tissue development 2.66E-07 2.13E-07 41
BP G0:0002062 chondrocyte differentiation 2.66E-07 2.13E-07 26
BP G0:0031214 biomineral tissue development 3.35E-07 2.68E-07 30
BP G0:0110148 Biomineralization 3.35E-07 2.68E-07 30
BP G0:0006936 muscle contraction 4.51E-07  3.61E-07 48
CC G0:0062023 collagen-containing extracellular matrix 1.40E-31 1.13E-31 90
CC G0:0005581 collagen trimer 1.24E-17 1.01E-17 32
CcC G0:0005788 endoplasmic reticulum lumen 3.66E-17 2.96E-17 59
cC G0:0098644 complex of collagen trimers 9.47E-10  7.67E-10 12
CcC G0:0043202 lysosomal lumen 2.49E-09 2.01E-09 24
cC G0:0005583 fibrillar collagen trimer 6.32E-09 5.11E-09 9
cc G0:0098643 banded collagen fibril 6.32E-09 5.11E-09 9
cc G0:0005775 vacuolar lumen 1.68E-06 1.36E-06 28
CC G0:0009897 external side of plasma membrane 2.24E-05 1.81E-05 44
cc G0:0005604 basement membrane 4.20E-05 3.40E-05 18
MF G0:0005201 extracellular matrix structural constituent 1.23E-21 1.08E-21 49
MF G0:0030020 extracellular matrix structural constituent 1.14E-11  1.00E-11 19
conferring tensile strength
MF G0:0019838 growth factor binding 1.01E-07 8.87E-08 28
MF G0:0048018 receptor ligand activity 4.21E-05 3.70E-05 53
MF G0:0030546 signaling receptor activator activity 4.68E-05 4.11E-05 53
MF G0:0005125 cytokine activity 5.70E-05 5.01E-05 31
MF G0:0005539 glycosaminoglycan binding 0.000119 0.000104 31
MF G0:0005518 collagen binding 0.000139 0.000123 15
MF G0:0019955 cytokine binding 0.000246 0.000216 21
MF G0:0030246 carbohydrate binding 0.000402 0.000354 33
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Supplementary Table 2. List of KEGG enrichment analysis results of DEGs. The pathway with p.adjust
< 0.05 & gvalue < 0.05 is considered to be significantly enriched, showing all KEGG enrichment

entries

ID Description p.adjust q value
hsa05340 Primary immunodeficiency 0.000161 0.000158
hsa04662 B cell receptor signaling pathway 0.000203 0.000198
hsa04640 Hematopoietic cell lineage 0.000652 0.000637
hsa04390 Hippo signaling pathway 0.221697 0.216511
hsa04330 Notch signaling pathway 0.221697 0.216511
hsa05222 Small cell lung cancer 0.221697 0.216511
hsa05225 Hepatocellular carcinoma 0.221697 0.216511
hsa04350 TGF-beta signaling pathway 0.221697 0.216511
hsa04068 FoxO signaling pathway 0.221697 0.216511
hsa05217 Basal cell carcinoma 0.223346 0.218121
hsa04218 Cellular senescence 0.396332 0.387061
hsa00532 Glycosaminoglycan biosynthesis - chondroitin sulfate/dermatan sulfate 0.474559 0.463458
hsa04110 Cell cycle 0.474559 0.463458
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Supplementary Figure 2. (A) Intersection of significant nodes from CytoHubba and MCODE screening to obtain 16
hub genes; (B, C) Construction of an LFH immune related diagnostic model based on the hub genes. Regression
screening was first performed using the lasso method, and the optimal lambda value lasso regression curve was
determined. Results demonstrate the convergent screening process of lasso regression for 16 gene features, with
the x-axis as the log lambda value and the y-axis as the regression coefficient (B); Lambda value selection curves
were used to select the optimal lambda value for the lasso regression model, typically by picking the lowest point,
which is the optimal lambda value at the dotted left-hand side of the plot (C).
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Supplementary Figure 3. Validation of m6A genetic diagnostic model. A. Nomogram with predictors on the left and
bars on the right; B. Recall curve. Emax is the maximum offset of the model from the ideal, and Eavg is the minimum
offset of the model from the ideal. S: P, when S: P > 0.05 stated passed the calibration test. C (ROC) is the area
under the ROC curve; C. Overall ROC curve for the 4 genes. The x-axis is specificity, Y-axis is sensitivity, and AUC is
area under the curve; D. DAC curves. The x-axis is the risk threshold, the y-axis is the net benefit rate, the blue dot-
ted line represents the O net benefit rate, all (green dotted line) represents all samples received intervention, and
model (red solid line) represents the model curve; E-H. Single gene ROC curves for the 4 genes, respectively, which
exemplifies the superior diagnostic efficacy.
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the histogram. A. METTL3-ZC3H13 correlation; B. ZC3H13-CBLL1 correlation; C.
METTL3-CBLL1 correlation.
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Supplementary Figure 5. KEGG enrichment analysis of DEGs between the hypertrophy and normal sample groups
of ligamentum flavum is shown in (A-E) Enriched KEGG signaling pathways, with red representing upregulated en-
riched genes in the pathway and green representing upregulated enriched genes in the pathway. Hepatocellular
carcinoma (A); Hippo signaling pathway (B); B cell receptor signaling pathway (C); Hematopoietic cell lineage (D);
Primary immunodeficiency (E). KEGG: Kyoto Encyclopedia of Genes and Genomes.
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Supplementary Figure 6. A-C. Molecular characteristic network diagram, upset diagram and GSEA enrichment diagram of GSEA enrichment analysis.
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Supplementary Table 3. List of GSEA enrichment analysis results, including enrichment entries with
INSE| > 2

enrichment

ID Description Score NES p.adjust qvalues
BP G0:0001501 -0.4789 -2.22241  0.016287  0.01074
BP G0:0001503 -0.45125 -2.0326  0.016287  0.01074
BP G0:0030198 -0.55712 -2.50369 0.016287 0.01074
BP G0:0043062 -0.55682 -2.50044 0.016287 0.01074
BP G0:0060348 -0.51035 -2.15915 0.016287  0.01074
BP G0:0051216 -0.51849 -2.17626 0.016287  0.01074
BP G0:0042476 -0.50455 -2.00715 0.016287 0.01074
BP G0:0030203 -0.51888 -2.10604 0.016287  0.01074
BP G0:0006024 -0.5858 -2.26355 0.016287 0.01074
BP G0:1903510 -0.54478 -2.10792 0.016287 0.01074
cC G0:0062023 -0.50516 -2.29404 0.016287 0.01074
cC G0:0005788 -0.5308 -2.33201 0.016287 0.01074
cc G0:0022626 0.529688 2.075623 0.016287 0.01074
cc G0:0030018 0.693471 2.76785 0.016287 0.01074
cc G0:0043292 0.708866 3.055294 0.016287 0.01074
cc G0:0031674 0.698084 2.809029 0.016287 0.01074
cc G0:0030016 0.713433 3.042546 0.016287 0.01074
cc G0:0030017 0.732185 3.083101 0.016287 0.01074
cc G0:0015629 0.449201 2.078963 0.016547 0.010912
MF G0:0005201 -0.60528 -2.45564 0.016287 0.01074
MF G0:0051015 0.484924 2.023892 0.016287 0.01074
MF G0:0003779 0.46185 2122282 0.016287 0.01074
hsa04260 Cardiac muscle contraction 0.626079 2.293335 0.025588 0.019285
hsa05152  Tuberculosis -0.48782 -2.00297 0.025588 0.019285
hsa00532 Glycosaminoglycan biosynthesis - chondroitin sulfate/dermatan sulfate -0.73594 -2.03594 0.025588 0.019285
hsa04512 ECM-receptor interaction -0.55976 -2.06289 0.025588 0.019285
hsa04974  Protein digestion and absorption -0.5594 -2.10935 0.025588 0.019285
hsa04612 Antigen processing and presentation -0.5955 -2.11821 0.025588 0.019285
hsa04380 Osteoclast differentiation -0.54132 -2.12787 0.025588 0.019285
hsa04145 Phagosome -0.54918 -2.19667 0.025588 0.019285
hsa05323 Rheumatoid arthritis -0.5983 -2.20494 0.025588 0.019285
hsa04142 Lysosome -0.57908 -2.27629 0.025588 0.019285
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Supplementary Table 4. List of GSEA enrichment analysis msigdb results, including enrichment entries with |[NSE| > 2

D E”gf:';r:‘ee”t NES  padjust qvalues
NABA_CORE_MATRISOME 056563 -2.44345 1.47E-08 1.30E-08
PID_AVB3_INTEGRIN_PATHWAY 068924 252614 1.47E-08 1.30E-08
PID_SYNDECAN_1_PATHWAY 0.79154  -2.6566 1.47E-08 1.30E-08
REACTOME_COLLAGEN_BIOSYNTHESIS_AND_MODIFYING_ENZYMES 072031 2531 147E-08 1.30E-08
REACTOME_COLLAGEN_DEGRADATION 0.70252  -2.46849 1.47E-08 1.30E-08
REACTOME_COLLAGEN_FORMATION .0.71807  -2.68654 1.47E-08 1.30E-08
REACTOME_ECM_PROTEOGLYCANS 067694 -2.47529 147E-08 1.30E-08
REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION 05657 248143 1.47E-08 1.30E-08
REACTOME_INTEGRIN_CELL_SURFACE_INTERACTIONS 063859  2.3977 147E-08 1.30E-08
REACTOME_MUSCLE_CONTRACTION 0.576806 2.451098 1.47E-08 1.30E-08
REACTOME_REGULATION_OF_INSULIN_LIKE_GROWTH_FACTOR_IGF_TRANSPORT_AND_UPTAKE_BY_INSU-  -0.59442  -2.33643 1.47E-08 1.30E-08
LIN_LIKE_GROWTH_FACTOR_BINDING_PROTEINS_IGFBPS

REACTOME_STRIATED_MUSCLE_CONTRACTION 0.85692  2.694424 1.47E-08 1.30E-08
REACTOME_DEGRADATION_OF_THE_EXTRACELLULAR_MATRIX 056582 -2.25344 147E-08 1.30E-08
KEGG_LYSOSOME 058713 -2.28933 3.65E-08 3.21E-08
REACTOME_ASSEMBLY_OF COLLAGEN_FIBRILS_AND_OTHER_MULTIMERIC_STRUCTURES 0.70366  -2.46913 3.65E-08 3.21E-08
KEGG_ECM_RECEPTOR_INTERACTION 0.62689 -2.34558 8.89E-08 7.82E-08
NABA_ECM_GLYCOPROTEINS 050184  2.078 4.16E-07 3.66E-07
REACTOME_GLYCOSAMINOGLYCAN_METABOLISM 056262 -2.21475 4.87E-07 4.29E-07
PID_INTEGRIN1_PATHWAY 0.6508  -2.33521 1.77E-06 1.55E-06
NABA_COLLAGENS 069721  -2.288 2.00E-06 1.76E-06
REACTOME_COLLAGEN_CHAIN_TRIMERIZATION 069721  -2.288 2.00E06 1.76E-06
REACTOME_DISEASES_OF_GLYCOSYLATION 051546 -2.06022 2.94E-06 2.59E-06
REACTOME_SYNDECAN_INTERACTIONS 0.78562 -2.35609 5.11E-06 4.49E-06
REACTOME_DISEASES_ASSOCIATED_WITH_GLYCOSAMINOGLYCAN_METABOLISM 0.70329  -2.29023 8.29E-06 7.29E-06
REACTOME_NON_INTEGRIN_MEMBRANE_ECM_INTERACTIONS 064617  -22674 1.11E-05 9.81E-06
REACTOME_IMMUNOREGULATORY_INTERACTIONS_BETWEEN_A_LYMPHOID_AND_A_NON_LYMPHOID_CELL  -0.53023  -2.08725 1.28E-05 1.13E-05
KEGG_CARDIAC_MUSCLE_CONTRACTION 0.622575 2.25698 1.30E-05 1.14E-05
REACTOME_MET_ACTIVATES_PTK2_SIGNALING 0.7408  -2.29102 2.46E-05 2.16E-05
KEGG_LEISHMANIA_INFECTION 059712  -217884 4.62E-05 4.07E-05
REACTOME_CHONDROITIN_SULFATE_DERMATAN_SULFATE_METABOLISM 0.63566 -2.15663 9.28E-05 8.16E-05
REACTOME_MET_PROMOTES_CELL_MOTILITY 0.65602  -2.4363 0.000292 0.000257
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PID_INTEGRIN3_PATHWAY
KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION
REACTOME_GLYCOSPHINGOLIPID_METABOLISM
REACTOME_SIGNALING_BY_PDGF
KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_CHONDROITIN_SULFATE
KEGG_RIBOSOME
REACTOME_TRAFFICKING_AND_PROCESSING_OF_ENDOSOMAL_TLR
REACTOME_FATTY_ACIDS
REACTOME_NONSENSE_MEDIATED_DECAY_NMD_INDEPENDENT_OF_THE_EXON_JUNCTION_COMPLEX_EJC
NABA_PROTEOGLYCANS

PID_SYNDECAN_4_PATHWAY

PID_INTEGRIN_A9B1_PATHWAY
REACTOME_TRIGLYCERIDE_METABOLISM
KEGG_HYPERTROPHIC_CARDIOMYOPATHY_HCM
REACTOME_SCAVENGING_BY_CLASS_A_RECEPTORS
REACTOME_KERATAN_SULFATE_KERATIN_METABOLISM
BIOCARTA_MHC_PATHWAY

-0.64324
-0.54396
-0.61626
-0.5768
-0.74055
0.541545
-0.86493
0.827626
0.52893
-0.65011
-0.66744
-0.7043
0.664653
0.545223
-0.7539
-0.6435
-0.7808

-2.09772 0.000489
-2.00202 0.000602
-2.02237 0.000748
-2.02358 0.000799
-2.12034 0.00087
2.010157 0.001028
-2.07798 0.001028
2.098822 0.001342
2.00445 0.001342
-2.06641 0.00135
-2.07504 0.001533
-2.06271 0.001623
2.106625 0.00168
2.000558 0.00168
-2.09775 0.00213
-2.01092 0.003712
-2.0102  0.009085

0.00043
0.00053
0.000658
0.000703
0.000766
0.000904
0.000904
0.001181
0.001181
0.001188
0.001348
0.001428
0.001478
0.001478
0.001874
0.003266
0.007993
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