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A B S T R A C T

Objective: To study the N6-methyladenosine (m6A) modification pattern of nucleus pulposus (NP) tissue during
intervertebral disc degeneration (IDD).
Methods: A standing mouse model was generated, and staining and imaging methods were used to evaluate the
IDD model. Methylated RNA immunoprecipitation with next-generation sequencing (MeRIP-seq) was used to
analyze m6A methylation-associated transcripts in the NP, and real-time quantitative polymerase chain reaction
(qRT-PCR) was used to detect the expression of methylation-related enzymes and conduct bio-informatics
analysis.
Results: The standing mouse model caused IDD. Continuous axial pressure changed the expression of related
methylases in degenerated NP tissue. Relative to the control group, the expression levels of KIAA1429, METTL14,
METTL3, METTL4, WTAP, DGCR8, EIF3A and YTHDC1 in the experimental group were higher, while those of
FTO, ELAVL1, HNRNPC1 and SRSF2 were lower. We identified 985 differentially expressed genes through MeRIP-
Seq, among which 363 genes were significantly up-regulated, and 622 genes were significantly down-regulated.
In addition, among the 9648 genes counted, 1319 m6A peaks with significant differences in methylation were
identified, among which 933 were significantly up-regulated, and 386 were significantly down-regulated. Genes
and pathways that were enriched in IDD have been identified.
Conclusion: The results of this study elucidated the m6A methylation pattern of NP tissue in degenerated lumbar
intervertebral disc of mice and provided new perspectives and clues for research on and the treatment of lumbar
disc degeneration.
The Translational potential of this article: As one of the important causes of low back and leg pain, intervertebral disc
degeneration brings a huge economic burden to the society, family and medical system. Therefore, understanding
the molecular and cellular mechanisms of intervertebral disc degeneration is of great significance for guiding
clinical treatment. In this study, methylated RNA immunoprecipitation with next-generation sequencing on mice
lumbar nucleus pulposus tissues found that differentially expressed genes and changes in the expression of related
methylases, confirming that RNA methylation is involved in intervertebral disc degeneration. The process pro-
vides new vision and clues for future research on intervertebral disc degeneration.
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1. Introduction

With the rapid development of the social economy and changes in
people's lifestyles, the incidence of low back pain(LBP) is increasing.
Studies have shown that the prevalence of LBP in the United States is
approximately 60%–90%, which was the secondly most common reasons
for medical treatment [1]. It can occur at all ages and has become an
important factor affecting quality of life and causing disability in modern
people, and it imposes a huge economic burden on families, society and
the medical system [2]. There are many causes of LBP, including lumbar
disc degeneration [3], lumbar facet joint degeneration [4], lumbar
laminectomy syndrome [5], tumors [6], etc. IDD is considered to be one
of the main causes of LBP. IDD often leads to annulus fibrosus (AF)
rupture, and NP herniation and stimulates or compresses nerve roots or
the cauda equina, with corresponding clinical symptoms. There are
various reasons for IDD, including smoking [7], high mechanical stress
[8,9], sex [10], and age [11], but the exact cellular and molecular
mechanisms are still unclear. The NP is one of the components of the
intervertebral disc (IVD). The normal metabolism of NP cells and the
extracellular matrix they secrete play an important role in the mainte-
nance of IVD integrity. An increasing number of studies have shown that
NP cells dysfunction plays a vital role in the pathogenesis of IDD.

In recent years, many studies have shown that epigenetic modifica-
tions such as DNA methylation and the regulation of gene expression by
miRNA and lncRNA, plays a critical role in the pathophysiological
response in many human diseases, such as IDD. DNA methylation, which
is the most widely studied type of epigenetic mark, can regulate gene
expression and the cell phenotype without changing the DNA sequence
[12]. Tajerian and colleagues [13] found that DNA methylation could
inhibit the expression of the SPARC gene in aged mice, resulting in the
reduction of corresponding protein secretion, which in turn promoted the
occurrence of IDD and chronic LBP. Ikuno et al. [14] carried out a
genome-wide DNA methylation profile analysis of human NP for the first
time and proved that the DNA methylation profile showed significant
expression differences between the early and later periods of IDD.

N6-methyladenosine (m6A) is one of the most abundant internal RNA
modifications in higher eukaryotic cells [15]. It was first discovered in
the 1970s [16] and has been shown to regulate RNA translation [17],
transportation, splicing [18], and stability [19] and to promote the
maturation of miRNA by adding a methyl group to the N atom at the 6th
position of the adenine base to produce m6A adenosine. It is mainly
located in the coding sequence (CDS) and 30 UTR of mRNA, and lncRNA
and miRNA are also modified by m6A. In mammals, there are three basic
mechanisms in m6A modification, mediated by “writers”, “erasers” and
“readers”. “Writers” are methylases (mainly METL3, METL14 and
WTAP), “erasers” are demethylases (including ALKBH5 and FTO), and
“readers” are methylation recognition enzymes. Abnormalities in the
above-mentioned enzymes cause a series of corresponding diseases,
including sperm development disorders [20,21], tumors [22], circulatory
disorders [23], etc. In recent years, an increasing number of studies have
confirmed that RNA m6A modification plays a key biological role in the
metabolism of mammalian cells and many human diseases. Weng et al.
[24] found that m6A methylation plays a major role in the self-renewal of
leukemia stem cells/initiating cells (LSCs/LICs) and the development and
maintenance of acute myeloid leukemia (AML). Li and colleagues [25]
found that the knockout of METTL3 significantly inhibited the migration,
stem cell frequency and self-renewal of colorectal cancer cells, and suc-
cessfully inhibited the occurrence and metastasis of colorectal cancer in
vitro cell models and human tumor xenograft models. In addition, it was
found that m6A methylation could inhibit virus replication and regulate
the interaction with the host immune system during AIDS infection [26].
It could induce protein translation in adult mouse dorsal root ganglia and
affect the regeneration of functional axons in the peripheral nervous
system [27], which plays an important role in the maintenance of nerve
function in rats with traumatic brain injury [28].

Many studies have found that mRNA,miRNA and lncRNA play critical
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role in IDD. Dong et al. [29] found that miR-640 could mediate IDD by
enhancing NF-κB signal activity and inhibiting Wnt signaling. Zhao et al.
[30] revealed that miRNA-143 could promote IDD by directly targeting
Bcl-2 to mediate NP cell apoptosis. Another study found that the lncRNA
HOTAIR could promote NP cell apoptosis, senescence, and extracellular
matrix catabolism by stimulating autophagy and thereby mediate the
IDD [31]. Recently, a study showed that m6A modification could mediate
the progression of osteoarthritis by regulating chondrocyte NF-κB signal
transduction and extracellular matrix synthesis [32]. Wang et al. [33]
established a rat IDD model through transient static compression of the
tail and confirmed that the m6A demethylation modification of mRNA
and lncRNA may play an important role in the process of IDD; these
authors emphasized that degeneration may be caused by the demethy-
lation of lncRNALOC102555094 through the loc102555094/-
miR-431/GSK-3β/Wnt signaling pathway. However, the
above-mentioned research mainly focused on the NP tissue of humans
or rats and failed to fully elucidate the potential function and mechanism
of RNA m6A modification in mouse degenerative NP.

Because of ethical issues, healthy IVD tissue is difficult to obtain in
clinical practice. Therefore, it is necessary to establish a reliable animal
model for simulating IDD. Previous animal models of IDD present some
disadvantages, such as invasiveness [34,35], inconsistency with me-
chanical stress-induced IDD [36], and causing IDD via the compression of
rat caudal vertebrae rather than lumbar vertebrae [37]. To explore the
pattern of m6A modification and its roles in the NP after IDD in mice, we
established a new bipedal mouse model to simulate the IDD based on the
water-escape behavior [38]. Methylated RNA immunoprecipitation with
next-generation sequencing (MeRIP-seq) was performed on NP tissue to
analyze them6Amethylation profile, explore the changes and differential
expression of m6A methylation levels in mRNA, and determine the po-
tential role and related mechanism of m6A methylation modification in
NP degeneration in mice, which aims to provide a new perspective and
clues for the treatment of lumbar disc degeneration in the future.

2. Methods and materials

2.1. Animals and models

Thirty C57BL/6 male mice (each weighing approximately 15–20 g, 7
weeks old) were purchased from Hunan Slac Jingda Laboratory Animal
Co., Ltd (Hunan, China) and randomly separated into control group and
experimental group with 15 mice, respectively. All experimental mice
were approved by the Medical Ethics Committee of the First Affiliated
Hospital of the University of South China and were fed in an animal room
with constant temperature and humidity in the Animal Experiment
Department of University of South China, where they had sufficient food,
water, and activity space and the ventilation was good. In the process of
experimental modeling, we took advantage of the water-escape behavior
of mice [39] and placed them in a 500 ml beaker containing water to
induce bipedal standing, to increase vertical stress on the mouse spine.
The level of the water added to the beaker was limited by the position of
the ankle joint of the mice, which could reduce the influence of the
physical environment, including factors such as hair condition and
temperature on the experimental mice [38]. The mice stood for 8 h every
day and rested for 1 h in the middle of this period, and their standing
behavior was observed (Fig. 1). The rest of the time, the mice were placed
in a cage and allowed to move freely and forage. The control group
received the same treatment as the experimental group except that no
water was added to the beaker. At 6 weeks and 10 weeks, 5 mice were
randomly selected from each group and sacrificed, and the lumbar
vertebrae were collected to observe the degree of lumbar disc degener-
ation. At 10 weeks, the remaining mice in each group were sacrificed,
and the NP was removed from the lumbar intervertebral disc and stored
in dry ice.



Figure 1. Bipedal standing of mice. Experimental group (Left), Control group (Right).

Figure 2. Micro-CT scan and DHI% measurement simulation image of lumbar
vertebrae in mice. A-C. The line represents the height of the anterior 25%, 50%
and 75% of the IVD; D-H. The line represents the height of the anterior and
posterior 25%, 50% and 75% of the adjacent vertebral body. DHI%:Disc
Height Index.
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2.2. Imaging assessment

Lumbar specimens of mice were fixed in 4% paraformaldehyde at 4 �C
for 48 h, and micro-CT scan was then performed. The intervertebral
height index (DHI%) was obtained by averaging the intervertebral disc
height (the average of the measured values for the anterior, middle, and
posterior IVD (25%, 50%, 75%)) and dividing the obtained value by the
mean adjacent vertebral body height to evaluate the degree of IDD
(Fig. 2).

2.3. Histology

Lumbar spine specimens were collected for histological analysis after
scanning. The specimens were placed in EDTA decalcification solution
and decalcified at room temperature for two weeks. After decalcification,
the specimens were dehydrated in an alcohol gradient and then
embedded in paraffin. Serial sectioning was performed in the coronal
plane to obtain sections with a thickness of approximately 4 μm. After the
sections were deparaffinized and hydrated, hematoxylin-eosin staining
(H&E) and safranin green staining were performed according to the
standard process to observe the degree of IDD.

2.4. RNA extraction & quality control

At 10 weeks, 5 mice from each of the experimental and control group
were sacrificed. Lumbar NP tissue were collected under a microscope,
mixed, and then ground into powder for RNA extraction. First, TRIzol
reagent was used to extract total RNA from the NP, and DNA digestion of
the extracted RNA was then performed to remove DNA interference.
Second, the NanodropTM OneC spectrophotometer was used to detect
the A260/A280 ratio to determine RNA quality, the integrity of the RNA
was confirmed by 1.5% agarose gel electrophoresis, and the qualified
RNA was retained. Finally, quantitative analysis was performed on the
qualified RNA using a Qubit3.0 fluorometer and a QubitTM RNA broad-
spectrum Analysis Kit to complete the RNA quality control procedure.

2.5. m6A immunoprecipitation

Next, the MeRIP experiment was performed. ZnCl2 (20 mM) was
added to 5 μg of RNA, followed by incubation at 94 �C for 5 min until the
128
RNA fragments were mainly distributed in the 100–200 nt range. Then,
10% of the RNA fragments were saved as the “input”, and the rest of the
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RNA fragments were immunoprecipitated (IP) with specific anti-m6A
antibodies. A stranded RNA sequencing library was constructed by using
the KC-Digital™ Stranded mRNA Library Prep Kit for Illumina® through
five PCR cycles. Then, the SMARTer Stranded Total RNA-Seq Kit version
2 was used to remove ribosomal cDNA, and ten PCR cycles were per-
formed. Next, we used the PE150 model on the NovaSeq 6000 sequencer
to enrich, quantify and finally sequence the library products corre-
sponding to the size range of 200–500 bp.

2.6. Data processing and bio-informatics analyses

Trimmomatic was used to filter the raw sequencing data to discard
reads with low quality and those contaminated by adaptor sequences. To
eliminate the repetitive bias introduced during library preparation and
sequencing, we used internal scripts to further process the clean reads.
First, the clean reads were clustered according to UMI sequences, and the
reads with the same UMI sequence are grouped into the same cluster.
Then, the reads in the same cluster were compared in pairs, and the reads
with more than 95% sequence identity were extracted into a new sub-
cluster. After all the sub-cluster were generated, multiple sequence
alignment was performed on each sub-cluster to obtain a consistent
sequence. This eliminated any errors and biases introduced by PCR
amplification or sequencing.

The obtained deduplicated consensus sequence was used for m6A site
analysis, and STAR software with the default parameters was used to map
the sequence to the mouse reference genome (https://ftp.ncbi.nih. gov/
blast/db) to obtain qualified data. For bio-informatics analysis, we used
RSeQC for read distribution analysis, exomePeak for peak calling anal-
ysis, and deep Tools for peak distribution analysis. The Fisher test was
used to identify the differential m6A peaks with a Python script, and
Homer was used to identify sequence motifs that were rich in m6A peak
regions. In addition, KOBAS software was used to perform an enrichment
analysis of genes annotated by Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analyses, and a corrected p value
of 0.05 was used as the basis for judging statistically significant
enrichment.
Figure 3. A. Micro-CT results show that the intervertebral height of the experimenta
the mice in the experimental and control groups is shown. C-D. HE staining and safr
extracellular matrix decreased, the arrangement of the annulus fibrosus was disorder
control group; NP ¼ NP; AF ¼ annulus fibrosus; EP ¼ end-plate (scale bars ¼ 20 m
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3. Results

3.1. Standing model of IDD in mice

Compared with the control group, the average height of the IVD of the
experimental group mice was significantly reduced, as observed by
computed tomography (Fig. 3A). At 6 weeks, the DHI% of the control
group was (5.2� 0.5)%, while that of the experimental group was (4.9%
� 0.4)%, the difference between the two groups was not statistically
significant (P > 0.05). At 10 weeks, the DHI% of the control group was
(5.1 � 0.5)%, that of the experimental group was (4.5 � 0.3)%, and the
difference between the two groups was statistically significant (P< 0.05)
(Fig. 3B). The results of HE staining and safranin green staining showed
that relative to the control group, with prolonged standing time, the
number of NP cells and the amount of extracellular matrix in the
experimental group gradually decreased, the fibrous ring arrangement
appeared disordered, lacerations occurred, and the height of the end-
plate gradually decreased (Fig. 3C and D).

3.2. Review of methylated RNA immunoprecipitation sequencing results

To determine the m6A methylation levels of the samples from the
experimental group and the control group, we performed an MeRIP-seq
analysis of the mRNA of lumbar NP tissue to obtain raw sequencing
data. We found that the IP samples produced an average of 26.45 Gb of
sequencing data, and the input samples generated an average of 24.99 Gb
of sequencing data (Table 1). After removing adapters, low-quality reads
and contaminating bases from the raw sequencing data, an average of
23.77 Gb and 18.37 Gb of clean sequencing data were generated from the
IP samples and input samples, respectively (Table 1). By comparing the
obtained clean data with mouse genes, it was found that an average of
93.8% of the genes were mapped to mouse genes, 4.72% of the genes in
repeated alignments were removed, and only the clean data (95.28%) for
the remaining alignments were retained for further analysis (Table 2).
l group was decreased compared with that of the control group. B. The DHI% of
anin green staining results show that the number of NP cells and the amount of
ed, and the height of the end-plate was decreased. *p < 0.05 compared with the
m); magnification: 40x.

https://ftp.ncbi.nih


Table 1
Raw and clean data obtained by sequencing in the experimental and control groups.

Sample Raw_bases(G) Raw_reads(rRNA) Raw_reads Clean_reads Clean2raw_read_ratio(%)

DZZ_IP 31.54 210255524 79740816 71449622 89.6
DZZ_input 20.79 138604264 31878474 24949854 78.27
SYZ_IP 21.36 142403552 55404536 50018662 90.28
SYZ_input 28.31 188734778 39246710 28379178 72.31

Table 2
Comparison of the rate of sequencing reads among mouse genes.

Sample Total reads Total mapped(%) Non-unique(%) Unique(%)

DZZ_IP 62382600 59065845(94.68) 2587210(4.38) 56478635(95.62)
DZZ_input 21817616 20385748(93.44) 911145(4.47) 19474603(95.53)
SYZ_IP 44196052 41706066(94.37) 1989312(4.77) 39716754(95.23)
SYZ_input 24801870 22995563(92.72) 1211116(5.27) 21784447(94.73)
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4. Review of the methylation map of m6A in experimental and
control mice

4.1. Changes in m6A methylation after IDD

To obtain comprehensive transcript information, we compared the
generated sequences to understand their distribution in different regions
of the reference genome. We found that the sequencing reads were
mainly distributed in the 50 UTR, CDS region, 30 UTR, intergenic region
and intron region, among which the CDS and intron region were the most
frequent sites of the reads (Fig. 4).

To understand the m6A peaks between the two groups, we annotated
the obtained sequencing data and found 8173 and 8796 genes in the
experimental and control group exhibited, respectively. There were 7321
identical genes in the two groups, 852 unique genes in the experimental
group, and 1475 unique genes in the control group. In addition, 17846
different peaks were detected in 8173 genes in the experimental group,
while in the control group, 19742 different peaks were detected in 8796
genes. We also found that 933 m6A peaks were significantly up-regulated
and that 386 m6A peaks were significantly down-regulated (Fig. 5A). In
addition, we found that the number of m6A peaks in the 50 UTR, CDS
region and 30 UTR of the two groups were highly similar: they were
mainly distributed in CDS region and were significantly enriched at the
end of the CDS region and the beginning of the 30 UTR (Fig. 5B). The
Figure 4. Distribution of reads in differe
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distribution statistics of the m6A peaks in each functional region of the
genes showed that the peaks with significant changes in the experimental
group were mainly distributed in CDS region (24.32%), intron (50.83%),
and 30 UTR (21.65%), while only 1.93% and 1.28% occurred in 50 UTR
and exon region, respectively. The peaks in the control group were
similar to those in the experimental group (CDS (21.87%), intron (53.
73%) and 30 UTR (20. 74%), with only 2.43% and 1.22% occurring in 50

UTR and exons, respectively) (Fig. 5C).
4.2. Biological information on m6A methylation revealed by GO and
KEGG analyses

To elucidate the function of m6A methylation in lumbar disc degen-
eration, we conducted GO and KEGG analyses to identify gene functions
and analyze the significant enrichment of pathways related to genes with
significant changes in m6A levels. The GO data-based is a comprehensive
database established by the Gene Ontology Federation that classifies and
aggregates all gene-related research results available from around the
world, with the aim of defining and describing the main biological
functions of differentialyl expressed genes. KEGG is a large-scale
knowledge base in which gene functions are systematically analyzed
and genomics information is connected with functional information.
According to the significant enrichment of related gene pathways, the
most important biochemical metabolic pathways and signal transduction
nt regions of the reference genome.



Figure 5. A. The numbers of methylated genes and m6A peaks in the experimental and control groups. B. Distribution of m6A peaks in the 50 UTR, CDS regions and 30

UTR of mRNA. C. The distribution of m6A peaks in different gene is contexts shown in pie charts.
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Figure 6. GO and KEGG analyses provided biological information associated with m6A methylation. A.Major GO terms significantly enriched in genes associated with
the hypermethylated m6A peak. B. Major GO terms significantly enriched in genes associated with the hypomethylated m6A peak. C. a. Enriched pathways related to
hypermethylated m6A-modified genes; b. Enriched pathways related to hypomethylated m6A-modified genes; c-e: Common and unique pathways of the experimental
and control groups.
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Figure 6. (continued).
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pathways involving differentially expressed genes can be determined.
Through GO analysis, it was found that m6A modifications were

involved in a variety of biological processes (BP), cellular components
(CC) and molecular functions (MF). BP categories such as cellular macro-
molecule metabolic process, macro-molecule bio-synthetic process, and
nucleic acid metabolic process, CC categories such as nucleoplasm part
and postsynaptic specialization, and MF categories such as metal ion
binding, transferase activity, and DNA binding, were significantly
enriched in genes associated with the hypermethylated m6A peak
(Fig. 6A). BP categories such as intracellular signal transduction, regu-
lation of intracellular signal transduction, and DNA metabolic process,
CC categories such as nucleoplasm, plasma membrane region, and apical
part of cell, and MF categories such as ion binding, cation binding, and
metal ion binding were associated with genes related to the hypo-
methylated m6A peak (Fig. 6B).

Through KEGG analysis, we annotated the most important biochem-
ical metabolic pathways and signal transduction pathways in which the
differentially expressed genes were involved and provided biological
information associated with the high- and low-m6A mRNA gene-related
pathways. In addition, we found common and unique gene pathways
in the experimental and control group (Fig. 6C).
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4.3. Changes in gene transcription and correlation analysis of MeRIP-seq
and mRNA-seq results after lumbar disc degeneration

To explore the changes in genomics transcripts after disc degenera-
tion, we sequenced the NP RNA of the experimental and control group to
reveal the extent of mRNA changes during lumbar disc degeneration.
Compared with the control group, we found that there were 985 genes
with significant differentially expression in the experimental group (Log2
fold change�2.0, p < 0.05), 363 of which were significantly up-
regulated, while 622 were significantly down-regulated. The figure
(Fig. 7A and B) shows the significantly up-regulated or down-regulated
genes, and the table shows the fold changes of the top 10 differentially
expressed up-regulated and down-regulated genes (Tables 3 and 4). The
heat map shows the relative gene expression levels of the experimental
and control group (Fig. 7C).

To further clarify the relationships between methylated genes and
gene expression, we conducted a joint analysis of the MeRIP-seq and
mRNA-seq results to identify overlapping genes between the two groups,
and the identified important genes were roughly divided into four cate-
gories: 3 genes the up-regulation of both mRNA expression and m6A
peaks, 3 genes showed the down-regulation of both mRNA expression
and m6A peaks, 16 genes showed up-regulated m6A peaks and down-



Figure 7. Changes in gene transcription and correlation analysis of meRIP-seq and mRNA-seq results associated with lumbar disc degeneration. A-B. The expression
levels of genes after IDD. A total of 363 genes showed significantly up-regulated, and 622 genes showed significantly down-regulated in mouse NP after IDD. C. The
heat map shows the relative expression levels of the input between the experimental group and control group. D. Four-quadrant diagram showing the relationship
between m6A methylation and mRNA expression.

Table 3
Top 10 significantly upregulated genes among the differentially expressed genes.

Geneid SYZ_input DZZ_input logFC logCPM PValue

Gm10800 4094.582058 475.9551513 3.104726528 10.55917023 3.89E-44
Gm21738 224.7223516 26.11008228 3.10383807 6.424746802 2.11E-33
Gm26870 96.61018033 14.77272737 2.70854167 7.23280584 3.04E-30
Gm10801 359.9109532 55.0059753 2.708979474 6.714950885 1.98E-28
Gm10717 13.18440142 1.784998598 2.880731094 4.875087764 6.17E-21
Gm10718 93.18994692 14.87993936 2.644093401 5.220330892 1.78E-20
Gm11168 29.52102974 4.850567014 2.602539868 5.04417977 2.89E-19
Gm10721 48.59390984 6.858948273 2.818603868 4.249801919 1.52E-16
Myh4 652.1364845 202.2528952 1.688995013 11.32781121 1.07E-15
Gm10722 49.93752025 8.810745766 2.498096843 4.292121084 2.07E-14
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regulated mRNA expression, and 8 genes showed down-regulated m6A
peaks and up-regulatedmRNA expression. The relationship betweenm6A
peaks and mRNA expression is shown in a quadrant graph (Fig. 7D).
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4.4. Changes in m6A related enzymes after IDD

To explore the changes in m6A-related enzymes in the NP after IDD,
we used qRT-PCR to detect the genes related to methylases, demethylases



Table 4
Top 10 significantly downregulated genes among the differentially expressed genes.

Geneid SYZ_input DZZ_input logFC logCPM PValue

Ppbp 6.06743667 42.54622081 2.805607243 4.731617832 6.01E-20
Ltf 47.01472015 145.4730741 1.629431072 8.37639472 4.61E-14
Ngp 211.6949508 593.449872 1.487057881 8.943160582 2.58E-12
Slc4a1 35.53190653 97.68795024 1.458945625 8.349028553 9.80E-12
Gm42743 11.10087934 37.07452194 1.738387495 5.196557724 4.45E-11
S100a8 105.3976697 292.0241702 1.469958744 7.11045771 4.80E-11
Hist2h2bb 64.90246234 200.2259319 1.624389173 5.666290083 6.56E-11
Gm20628 9.304975584 27.89101178 1.582996871 5.908573294 7.93E-11
Gypa 10.57369037 33.52088276 1.663434714 5.358248894 1.29E-10
Hist1h3b 21.19688359 73.39351223 1.790030109 4.887391348 1.32E-10
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and methylation-binding proteins, including METTL3, METL14, WTAP,
VIRMA, FTO, ALKBH5, YTHDF1, YTHDF2 and YTHDF3. As shown in the
figure, relative to the control group, the expression levels of KIAA1429,
METTL14, METTL3, METTL4, WTAP, DGCR8, EIF3A and YTHDC1 in the
experimental group were up-regulated, while those of FTO, ELAVL1,
HNRNPC1 and SRSF2 were down-regulated, and the expression levels of
ALKBH5, RBM15, RBM15B, YTHDC2, YTHDF1, YTHDF2, YTHDF3 and
EIF3B did not differ significantly between the two groups. The dynamic
changes in m6A methylation in the NP tissue after IDD may be caused by
the aforementioned enzymes with significant expression differences
(Fig. 8).

5. Discussion

Lumbar disc herniation (LDH) has become the main cause of LBP in
the human population and seriously affects quality of life [40]. As one of
the causes of LDH, IDD has been widely studied. As the most abundant
and common posttranscriptional modification in higher eukaryotic cells,
m6A plays an important role in many biological reactions in the body
[15]. Because posttranscriptional mRNA sequences can undergo con-
version between a methylated or demethylated status, methylation can
be used as a potential therapeutic target for the treatment of neoplastic
[24,25] and non-neoplastic diseases [27,28] and presents great research
and development prospects. In our study, we elucidated the m6A-related
epigenetic mechanism of NP cells in the degenerated IVD of standing
Figure 8. The relative expression of m6A-related enzym
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mice. First, we verified that standing induced by the water-escape
behavior of mice can lead to IDD. Second, we performed qRT-PCR
analysis of the NP and found changes in the expression of m6A-related
enzymes. Finally, we performed MeRIP-seq and analyzed differentially
expressed genes. A total of 985 differential expressed genes were iden-
tified, including 363 genes that were significantly up-regulated and 622
genes that were significantly down-regulated. In addition, 21779 m6A
peaks were identified in 9648 genes. There were 1319 methylated m6A
peaks showing significant differences, including 933 peaks showing
significant up-regulated and 386 peaks showing significant
down-regulated, and the related enriched genes and pathways were
identified. Based on the above findings, we speculate that the changes in
m6A modification in NP cells under continuous stress may be the reason
for IDD, which further leads to the occurrence of LDH.

LBP caused by IDD has become an important factor affecting the
quality of life of modern people, resulting in disability in millions of
people every year and imposing a huge economic burden on families,
society and the medical system [2]. The etiologies of IDD are diverse,
including smoking [7], high mechanical stress [8,9], sex [10], and age
[11], but the specific cellular and molecular mechanisms involved are
still unclear. Related bio-mechanical changes are considered to be one of
the important factors leading to IDD because they can change the cell
metabolism of the IVD [41]. Many studies have shown that an increase in
disordered mechanical stress will lead to the extensive loss of notochord
cells in the IVD, which in turn causes IDD [8,9]. In addition, because the
es in the experimental and control groups is shown.
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arrangement direction of collagen fibers in the AF was easily changed by
mechanical stress [42,43], an increase in disordered mechanical stress
will change the force of the AF, impair its cellular function and reshape its
structure, eventually leading to IDD. The physiological curvature and
structural integrity of the spine play a critical role in weight bearing and
stress dispersion in the body. The NP can resist and redistribute pressure,
while the AF mainly endures tension. In this experiment, the mice stood
up due to hydrophobia, which changed the original walking motion of
the limbs and increased stress on the spine and IVD, leading to IDD.

Previous studies have shown that the up-regulation or down-
regulation of the posttranscriptional modification methylation levels of
genes is closely related to the coordinated activities of methylases,
demethylases or methylation recognition enzymes. Studies have shown
that the hypermethylation of CpG islands in the promoter region of miR-
129–5 P can inhibit the expression of miR-129–5 P and induce autophagy
in NP cells, which leads to IDD. In contrast, hypomethylation can pro-
mote the expression of miR-129–5p to inhibit beclin-1 and then block
autophagy in the NP to delay IDD [44]. Another study used a static
compression device to establish a model of caudal IDD in rats [33].
qRT-PCR analysis of the caudal NP revealed that expression was signif-
icantly increased in the degenerated IVD, while the levels of methylases
(METTL3 andMETTL14) andmethylation recognition enzymes (YTHDF1
and YTHDF2) were not significantly different between the experimental
and control groups. In our study, we found that the expression of
METTL14 and METTL3 in the experimental group was significantly
up-regulated, while that of FTO was significantly down-regulated. There
was no significant difference in the expression of YTHDF1 and YTHDF2
between the two groups. These findings differ from the results found in
previous studies, which may be related to different tissue sources. The
role of FTO in IDD remains to be studied.

Posttranscriptional epigenetic modification plays a key role in
mammals. Studies [45] have confirmed that m6A methylation can reduce
the stability of mRNA to adapt to corresponding biological functions.
Another study [17] showed that m6A modification could bypass 50 cap
binding protein to increase translation efficiency under stress. In addi-
tion, m6A modification not only improves translation efficiency but also
inhibits translation through posttranscriptional modification [46]. To
further understand the role of m6A modification in the NP under IDD, we
performed a correlation analysis between MeRIP-seq and mRNA-seq re-
sults to determine the relationship between m6A peaks and mRNA
expression levels. We identified 30 genes whose m6A peaks and mRNA
levels both changed significantly, including 3 genes whose mRNA
expression and m6A peaks were both up-regulated, 3 genes whose mRNA
expression and m6A peaks were both down-regulated, 16 genes whose
m6A peaks were up-regulated and mRNA expression was
down-regulated, and 8 genes whose m6A peaks were down-regulated and
mRNA expression was up-regulated. Our results show that the hyper-
methylation or hypomethylation of m6A not only leads to high mRNA
expression but also induces low mRNA expression.

There are a variety of methods for m6A detection, including m6A dot
blotting, colorimetry, liquid chromatography-tandem mass spectrometry
[47], MeRIP-seq [48] and epitranscriptomics micro-array analysis [49].
The first three methods can only qualitativelymeasure the overall level of
m6A, while the last two combined with high-throughput sequencing can
be used to quantitatively analyze the level of m6A, and MeRIP-seq is one
of the most common detection methods applied in m6A research. A study
in which an epitranscriptomics micro-array was used to analyze the IVD
of rats subjected to passive smoking identified differentially expressed
genes under the tested conditions. Therefore, the authors speculated that
circadian rhythm changes in the peripheral biological clock (IVD clock)
may be related to IDD [50]. Tang et al. [51] used gene micro-array
analysis to determine the existence of tissue-specific gene expression
and age-related differential expression in the NP of rats of different ages.
Wang et al. [33] performed epitranscriptomics micro-array analysis on
rat NP to investigate the relationship betweenm6Amodification and IDD.
They found that the Wnt signaling pathway participates in IDD by
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regulating the metabolism of NP cells. However, there are no reports
illustrating the m6A modification pattern under IDD induced by standing
in mice. In our study, we observed changes in the m6A peaks of the NP in
mice through MeRIP-seq and found that 933 m6A peaks were signifi-
cantly up-regulated and that 386 m6A peaks were significantly
down-regulated. In addition, GO and KEGG pathway analyses were used
to identify the potential mechanisms and functions of differential
methylated mRNA. The GO enrichment results show that it is related to
cell biosynthesis and metabolism, such as: intracellular macromolecule
biosynthesis and metabolism. Due to the mechanical load can directly
affect the metabolism of IVD cells and disrupt the balance of matrix
metabolism, it is considered to be one of the main predisposing factors for
IDD [52]. Studies have reported that static compression increases the
glucose consumption of NP cells [53], and found that the oxygen con-
sumption of degenerated IVD cells was significantly increased [54],
indicating that the glucose metabolism of IVD cells has changed during
the process of IDD. In addition, the study has confirmed that nutritional
disorders of IVD cells was also one of the factors leading to IDD [55].
Therefore, bipedal mouse model could increase the stress of the IVD,
possibly by changing the bio-synthetic metabolism of the IVD cells to
induce degeneration. Our KEGG analysis showed that the Wnt signaling
pathway and MAPK signaling pathway were involved in IDD. Previous
studies have shown that these pathways can accelerate the IDD, which is
consistent with our results.

However, our research still has some limitations. First, we only
detected the changes in enzymes and genes related to m6A modification
in the NP of degenerative lumbar IVD in mice; we did not verify which
enzymes caused the changes, and we do not knowwhether the samem6A
modification occurs in humans. Second, after annotating the related
genes and signaling pathways involved, we did not discuss in depth what
genes and signaling pathways play an important role in IDD. Finally, we
only explored abnormal m6A modification in the NP and its potential
mechanism in IDD, and we did not study the AF or end-plate. Therefore,
our subsequent research will focus on solving the above problems.

6. Conclusion

We are the first to use MeRIP-seq to study the posttranscriptional m6A
modification of the NP in IDD in mice. The results indicate that m6A
modification plays an important role in the process of IDD. In addition,
we identified differentially expressed m6A peaks and their corresponding
gene functions and possible signaling pathways. Finally, considering
these results combined with the analysis of MeRIP-seq and mRNA-seq
results, we described the relationship between the methylation status
of m6A and transcription.
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