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Abstract: Methylation modification is a hot research topic in epigenetics. It plays an important role in cell signal transduction and tissue-
specific differentiation by regulating gene expression. Methylation modification also plays a significant role in intervertebral disc
degeneration and repair. This article reviews the role and characteristics of methylation modification in the pathogenesis of intervertebral

disc degeneration and provides an outlook for future development.
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The intervertebral disc is located between vertebrae,
consisting of the outer annulus fibrosus (AF), the inner
nucleus pulposus (NP), and the adjacent cartilaginous
endplate (CEP) on both sides [1]. Long-term overload,
injury, aging, smoking and other factors can cause
intervertebral disc degeneration (IVDD), manifesting as
the loss of disc cells and degradation of the extracellular
matrix (ECM) [2]. IVDD is closely related to the
occurrence of discogenic low back pain and neurological
symptoms, so it is very important to elucidate the
regulatory mechanism of 1\VDD.

Methylation is one of the important research contents
of epigenetics, mainly including three modification
methods: DNA methylation, histone methylation, and
RNA methylation. By regulating gene expression and the
activity of functional molecules, it plays an important role
in cell signaling and tissue-specific differentiation. This
article summarizes the role and characteristics of
methylation modification in the pathogenesis of VDD,
aiming to provide new ideas for the prevention and
treatment of IVDD.

1. DNA methylation regulates intervertebral disc
degeneration

DNA methylation refers to the process of covalently
binding a methyl group to a specific base on the DNA
sequence under the action of DNA methyltransferase
(DNMT) [3]. DNA methylation has various forms such as
5-methylcytosine (5-mC), N6-methyladenine (N6-mA),
and 7-methylguanine (7-mG). In humans and mammals, it
mainly exists in the form of 5-mC in CpG islands, which
is the most widespread form of DNA methylation
modification [4]. DNMT mainly consists of DNMT1,
DNMT3a, DNMT3b, and DNMT3L. While DNA
demethylase, namely TET dioxygenases (TET), mainly
includes TET1, TET2, and TET3. These two types of
enzymes jointly regulate DNA methylation and
demethylation [5]. DNA methylation regulates gene
expression levels without changing the DNA sequence and
plays an important role in processes such as embryonic
development, cell proliferation and differentiation, and

maintaining genome stability [6].

Multiple studies have found a close relationship
between DNA methylation levels and VDD, and have
further explored the possible mechanisms of DNA
methylation regulating IVDD. Research suggests that
when DNA methylation is located in gene promoters and
enhancer regions, it usually reduces gene expression levels
[7]. kuno et al. [8] used whole-genome association
analysis of human NP, and found that 220 differentially
methylated sites were associated with NP degeneration.
Kawaguchi et al. [9] studied the growth arrest DNA
damage (GADD)45G gene and cell cycle-associated
protein 1 (CAPRIN1) gene, which regulate cell cycle and
genome stability, and found that GADD45G and CAPRIN1
are representative genes with high methylation levels in the
core promoter regions of degenerated NP tissues. Kawarai
et al. [10] examined the genome-wide DNA methylation
levels of both coding and non-coding sequences in mice
and found that long-term running reduced the global DNA
methylation level of the intervertebral disc genome,
improving sensory symptoms related to low back pain.

For a long time, inflammatory cytokines have been a
research focus in the molecular biology of IVDD. A large
number of studies have shown that DNA methylation
promotes the expression of inflammatory cytokines related
to IVDD. Hou et al. [11] constructed a mouse model of
lumbar intervertebral disc degeneration and injected
adenoviruses carrying short-hairpin  RNA (shRNA)
targeting DNMT1 into the discs. The experimental results
showed that the decrease in methylation levels caused by
shDNMT1 significantly reduced the expression of pro-
inflammatory cytokines such as tumor necrosis factor
(TNF)-a, interleukin (IL)-1p, and IL-6, and significantly
increased the levels of anti-inflammatory cytokines IL-4
and IL-10 at the same time. This also reduced cell
apoptosis and alleviated pain symptoms. Silencing
DNMT1 can inhibit the expression of IL-6 and TNF-a, and
reduce the expression of NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3), apoptotic speck-like
protein containing a CARD (ASC), and caspase-1, thereby
relieving intervertebral disc degeneration [12]. Cheng et al.
[13] found that DNMT3a activated the NF-kB pathway,
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promoted cell apoptosis and ECM degradation by
methylating the peroxisome proliferator-activated receptor
v (PPARY) promoter. The DNMT3a-mediated PPARy/NF-
kB axis may be a new target for the treatment of [VDD.
The transient receptor potential vanilloid subfamily 1
(TRPV1) channel is a ligand-gated non-selective cation
channel widely distributed in various tissues and organs
[14]. During IVDD, TRPV1 is widely activated, causing
inflammatory pain [15]. Hong et al. [16] found that along
with the high expression of DNMT3b, the DNA
methylation level of TRPV1 in the NP and AF regions
increased after IVDD occurred, and the increase was more
pronounced in the AF region than in the NP region. It is
worth noting that individual studies have also pointed out
the protective role of DNA methylation in the IVDD. Luo
et al. [17] found that overexpression of DNMT3b could
promote NP cell proliferation, upregulate the expression of
type II collagen and aggrecan, downregulate the
expression of matrix metalloproteinases (MMP)-3 and
MMP-9, and inhibit inflammatory reactions. The
mechanism is that DNMT3b inhibits the expression of
cyclooxygenase-2 (COX-2) by targeting the transient
receptor potential ankyrin 1 (TRPA1) promoter. COX-2 can
promote NP cell apoptosis by inhibiting the expression of
Yes-associated protein  (YAP). Therefore, DNMT3b
reduces NP cell apoptosis and ECM degradation through
the TRPA1/COX-2/YAP axis, thereby alleviating IVDD in
rats.

In human intervertebral discs, abnormal methylation
in the DNA promoter region can lead to abnormal
expression of miRNAs. Liu et al. [18] found that low
methylation of the DNA promoter induced up-regulation
of miR-132 expression, leading to down-regulation of
growth differentiation factor 5 (GDF-5) expression,
promoting NP cell degeneration and ECM degradation
through the MAPK/ERK signaling pathway. Kang et al.
[19] found that low methylation of the DNA promoter
leads to up-regulation of miR-494 expression, resulting in
down-regulation of SOX-9 expression, promoting NP cell
apoptosis and ECM degradation. A study conducted by
Zhao et al. [20] showed that DNA methylation inhibits the
expression of miR-129-5p, promoting the synthesis of
Beclin-1 and inducing NP cell autophagy. DNA
demethylation increases the expression level of miR-143,
inhibits the expression of B cell lymphoma-2 protein (Bcl-
2), and thereby induces NP cell apoptosis [21]. Chen et al.
[22] found that the expression level of miR-217 was
reduced in degenerate NP cells due to high methylation
levels in their promoter region, and overexpression of
miR-217 could inhibit IVDD by regulating the
FBXO21/ERK pathway.

Hyperhomocysteinemia (HHcy) is a disease caused
by a lack of folate and vitamins B6 and B12, leading to
elevated serum homocysteine concentrations and resulting
in a range of symptoms such as pale skin and fatigue [23].
Zhang et al. [24] conducted a clinical epidemiological
study showing that HHcy is an independent risk factor for
human IVDD. HHcy can promote the expression of
DMNT1, DMNT3a, and DMNT3b, and target glutathione
peroxidase 4 (GPX4), leading to DNA hypermethylation

and inhibition of GPX4 expression, thereby promoting NP
cell degeneration through oxidative stress and ferroptosis.
This discovery establishes a new link between HHcy and
IVDD.

2. Histone methylation regulates intervertebral
disc degeneration

In eukaryotic cells, the genetic information stored in
DNA is usually in the form of chromatin structures.
Nucleosomes are the core structural elements of chromatin,
consisting of four core histones H2A, H2B, H3, and H4,
with two molecules of each to form a spherical protein
octamer [25]. Various post-translational modifications,
such as methylation, acetylation, phosphorylation, and
ubiquitination, can be found in histone tails. Among them,
histone methylation plays an important role in gene
expression, controlling chromatin accessibility, cell cycle
regulation, and other activities [26]. Histone methylation
mostly occurs on the N-terminal lysine residues extending
outward from H3 and H4, and is strictly regulated by lysine
methyltransferases (KMTs) and lysine demethylases
(KDMs).  There are three methylation states:
monomethylation (mel), dimethylation (me2), and
trimethylation (me3). The methylation of histone lysine
determines transcriptional activation or repression based
on its position and methylation state. The methylation of
H3K4, H3K36, and H3K79 can promote transcription,
while the methylation of H3K9, H3K27, and H4K20
inhibit transcription [27].

Recent studies have shown a link between histone
methylation and 1VDD and discogenic pain. Stover et al.
[28] clarified that the IL-6/A-kinase anchoring protein 150
(AKAP150) pathway is a potential mechanism for the
sensitization of dorsal root ganglion (DRG) neurons in rat
IVDD, and targeted H3K9 me3 modification of AKAP150,
inhibiting its expression, reducing DRG neuron activity,
and relieving inflammatory-driven discogenic pain. Stover
et al. [29] further found that VDD could produce IL-6,
which increased the activity of nociceptive neurons
through TRPAL, acid-sensing ion channel 3 (ASIC3), and
mechanically gated Piezo2 ion channels, leading to
discogenic pain. Targeting histone H3K9 methylation at
the promoters of TRPA1, ASIC3, and Piezo2 genes can
inhibit endogenous gene expression and alleviate
discogenic pain. Jiang et al. [30] found that the histone
methyltransferase enhancer of zeste homolog 2 (EZH2) is
highly expressed in degenerate CEP tissue. EZH2 inhibits
SOX-9 expression through H3K27me3 maodification,
which  promotes intervertebral disc degeneration.
Inhibition of EZH2 can upregulate SOX-9 expression,
making it a potential therapeutic target for IVDD. Xu et al.
[31] found that the histone methyltransferase KMT2D was
upregulated in human degenerate NP tissue. KMT2D-
mediated H3K4mel and H3K4me2 modifications promote
the expression of MMP-3, MMP-9, and MMP-13, leading
to ECM degradation and NP degeneration. Silencing
KMT2D or using the histone H3K4 methylation inhibitor
OICR can reverse this process. In summary, there has been
an initial exploration of histone methylation regulating
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IVVDD, but the specific mechanisms of histone methylation
at different positions and methylation states regulating
IVDD remain to be further studied.

3. RNA methylation regulates intervertebral disc
degeneration

RNA methylation includes N6-methyladenosine
(m6A), NI1-methyladenosine (m1A), 5-methylcytidine
(m5C), etc. Among them, m6A is the most studied form of
RNA methylation modification, which participates in the
regulation of RNA cycling stages such as transcription,
maturation, translation, and degradation [32]. m6A
modification is dynamically reversible and is co-regulated
by methyltransferase "Writers", demethylase "Erasers",
and methylation reader proteins "Readers". The currently
known that m6A methyltransferases mainly include
methyltransferase-like protein (METTL) 3, METTL14,
METTL16, Wilms tumor 1-associated protein (WTAP),
virus-like ~ m6A  methyltransferase-related  protein
(VIRMA), Zinc finger CCCH domain-containing protein
13 (ZC3H13), and RNA-binding motif protein 15
(RBM15). m6A demethylases include fat mass and
obesity-associated protein (FTO), AIKkB homolog 5
(ALKBHS5), and ALKBH3. The m6A methylation reading
protein is mainly the YTH domain protein family,
including YTHDF1, YTHDF2, and YTHDF3 [32]. A large
number of studies have shown that m6A modification
plays an important regulatory role in cell senescence and
senescence-related diseases [33], and is closely related to
bone-related diseases such as osteoporosis and
osteosarcoma [34].

In recent years, the role of m6A modification in the
process of 1VDD has become a research hotspot. Xiao et
al. [35] found that the expression level of METTL3 and the
level of m6A modification were significantly elevated in
human degenerated CEP tissue. Tension stimulation
destroys the stability of SOX-9 mRNA and downregulates
the expression of SOX-9 through METTL3-mediated m6A
modification, thereby inhibiting the synthesis of ECM in
the cartilaginous endplate. Xiao et al. [36] also found that
METTL3 promotes the expression of miR-126-5p through
m6A modification, thereby inhibiting the expression of the
target gene phosphoinositide-3-kinase regulatory subunit 2
(PIK3R2) and inhibiting the protective effect of the
PI3K/AKT pathway on chondrocytes, leading to metabolic
disorders and endplate degeneration. Zhu et al. [37] used
the water escape behavior of mice to construct an IVDD
model and detected m6A modification in the NP tissue of
mice after IVDD through methylated RNA
immunoprecipitation (MeRIP) technology. The results
showed that the expression of METTL3 and METTL14
was significantly upregulated in degenerated NP cells,
while the expression of FTO was significantly
downregulated. Their further research [38] found that
METTL14 upregulates the expression of miR-34a-5p
through m6A modification, increases the recognition and
binding level of miR-34a-5p with DGCRS, thereby
reducing the expression level of silent information
regulator 1 (SIRT1) mRNA and promoting NP cell

senescence. Chen et al. [39] found that oxidative stress
increased the degradation of methionine
adenosyltransferase 2A (MAT2A) precursor mRNA by
upregulating METTL16-mediated m6A modification, and
downregulating the expression of MAT2A will cause a
decrease in S-adenosylmethionine (SAM) and apoptosis of
NP cells. Wang et al. [40] constructed a static compression
model of mouse tails and compared the m6A modification
levels of NP tissue before and after degeneration. The
results showed that most differentially expressed mRNAs
and long non-coding RNAs (IncRNAs) exhibited
significant demethylation after degeneration. The m6A
regulatory factor zinc finger protein 217 (ZFP217)
promotes the demethylation of these differentially
expressed RNASs by activating the transcription of FTO.
Circular RNA (circRNA), as an important component of
non-coding RNA, has been shown to participate in the
progression of various diseases including 1VDD [41]. The
role of circRNA methylation in IVDD deserves further
exploration. Chen et al. [42] detected the m6A
modification level of differentially expressed circRNA in
the NP tissue of IVDD patients and found that
circGPATCH2L was upregulated with the decrease of m6A
level. circGPATCH2L, as a decoy for tripartite motif-
containing protein 28 (TRIM28), causes DNA damage
accumulation and apoptosis by inhibiting the
phosphorylation of TRIM28 and the degradation of P53,
leading to NP degeneration. After m6A modification, the
cir-cGPATCH2L can be recognized, cut and degraded by
the ribonuclease endonuclease complex YTHDF2-RPL10-
RNaseP/MRP to maintain the physiological state of NP
cells. This study expounds the role of circRNA
methylation in maintaining the physiological state of NP
cells, and provides a new target for the treatment of 1\VDD.

4. Methylation jointly regulates intervertebral
disc degeneration

Recent studies have found that there was a close
relationship among the three methylation modifications,
which could jointly regulate gene expression through
specific interactions [43-45]. In the research process of the
mechanism of intervertebral disc degeneration, some
studies have reported the role of methylation co-regulation.
Tu et al. [46] found that smoking increased the release of
mast cell-restricted tetramer-forming tryptases (MC-TTs)
in the intervertebral disc, removed the inhibitory
H3K9me3 modification on the METTL14 promoter,
caused increased METTL14 activity, upregulated the m6A
modification level of the DIX domain containing 1
(DIXDC1) mRNA, increased the mRNA stability of
DIXDC1 and promoted its interaction with Disrupted in
Schizophrenia-1 (DISC1), activating the canonical Wnt
signaling pathway to accelerate the senescence of NP cells.
Li et al. [47] found that decreased expression of KDMba
can increase the H3K4me3 level in the WTAP promoter
region and promote the expression of WTAP in senescent
NP cells. WTAP promotes the m6A modification of non-
coding RNA activated by DNA damage (NORAD), and
induces the degradation of NORAD through the
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recognition of YTHDF2, leading to more PUMILIO (PUM)
1/2 binding to E2F transcription factor 3 (E2F3) mRNA,
promoting the degradation of E2F3 and accelerating the
senescence of NP cells. Li et al. [48] found that after the
decrease of H3K9me3 modification mediated by KDM4a
upregulation, the expression of ALKBH5 increases,
leading to the demethylation of DNMT3b mRNA. After
demethylation, the expression of DNMT3b increases,
inhibiting its expression through methylation modification
of the E4F1 promoter, promoting the occurrence of IVDD.

5. Conclusion and prospect

Various studies have shown that methylation
modification plays an important role in the degeneration
and repair of intervertebral discs. Methylation
modification has broad therapeutic prospects in various
diseases. For example, DNMT inhibitors azacitidine and
decitabine were approved for the treatment of hematologic
malignancies, such as myelodysplastic syndromes, at the
beginning of this century. And EZH2 inhibitor--
tazemetostat has been demonstrated to have strong
antitumor effects in clinical trials [49]. Currently, the use
of methylation in the treatment of intervertebral disc
degeneration and its corresponding complications is still in
the exploratory stage. Studies have confirmed the
feasibility of treating intervertebral disc degeneration and
discogenic pain using clustered regularly interspaced short
palindromic repeats (CRISPR) epigenome editing
technology [50]. It is a feasible research direction to
combine epigenetic drugs with biological therapies based
on growth factors, stem cell-mediated cell therapies, gene
therapies, and tissue engineering to form different
combined treatment strategies. In addition, age-related
diseases are often polygenic diseases, and different genes
involve methylation changes in different directions. The
current gene knockout and overexpression models can
cause global changes in the methylome and cannot achieve
methylation at specific sites or genes. Precise methylation
editing technology is the future direction and challenge.
Finally, the main research objects of intervertebral disc
degeneration are currently mice and rabbits, and the
effectiveness, specificity, and safety of methylation editing
therapy in humans need to be further verified. Future
research is needed to clarify the above issues, further
reveal the relevant mechanisms of methylation
modification, and provide new ideas for the diagnosis and
treatment of intervertebral disc degeneration.
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FEE - HIAL B D R 3BHA% 2 O WFFE A, i

R FE X AR S i SR AT

o AR R AR TR AR 5 5% S R SURS S VR o AL 55 07 T R #4682
Mo 7EtfER R IR E SRR h, PRI E R EA O, AR

TP IR A i A ] 25 3E A A BIL R R B A
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HE ) B4 T HEAA Z 18], B 52 £F 4E 3 (annulus fibrosus,
AF)  N#BBER% (nucleus pulposus, NP) 2125 L A W 41 3 (Y
B H ( cartilaginous endplate, CEP)4{ag"" . & B8 fF
B o AR R TR 2T 5 R HE ) 23R 7F (intervertebral
disc degeneration, TVDD ) , 32 ¥ Sy #k [v) 455 4 M 2 5% F1 40 Jfd 41
3 7 (extracellular matrix, ECM) R&fig'> . IVDD 5k ] £ P 1k
LSRR R 2R 14 E B 5 DD AR OC , PR 0k 42 17 ) 9] TVDD (1 7
RS EE,

FRAERMBEF N EERHRRANEZ —, FEME
DNA H 54k U7 A SE 40 A0 RNA B 384k = Fh &4 7 28, i
AR R A TR IR 43 T TR Mk, X Al i A5 5% S R

HEFr A BA AR 7RI, A SCREE T H Al I
AAEMAE TVDD &9 L A 00 1 B B A5, B A8 S TR Fia
J7 TVDD S5 L

1 DNA REFEHEEZRET

DNA H AL 48 DNA ¥ T F R 2L 7E DNA B 4%
#0iff ( DNA methyltransferase, DNMT) fFO/EH T, ehrgs & —4
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FESE P93 F2 . DNA B4R A S-H JE s g (5-mC) |
N6-FH LRSS (N6-mA ) [ 7-H 3 5 1504 (7-mG ) 2 FPIE K,
N TR shHh EE L 5-mC B X FEET CpG 5, 2
FIRTBFSE i 22 19 85 )32 19— Bl DNA H 34k 45 45 70 o8
DNMT %4035 DNMT1 ,DNMT3a . DNMT3b , DNMT3L, 7] DNA
F P ELAL B ( DNA demethylase) , Bl TET X148 B ( TET dioxy-
genases, TET) , = E 4 §F TET1, TET2, TET3, ¥ & 3 6] 8 5
DNA IS4k 52 4L DNA HUEAEAE R DNA JF51
MIRTER T, W B 3RA KO IR IG & & A ML 56 5 44k
YRR R 2 R S R e P AR

ZI5E K DNA LMK VDD #4048 3¢, IR
ASRDTT DNA HIEAL 84 TVDD [ REMLEI . BFIERM, 24
DNA LA A0 T3 K3 31 R 8 7 [X e i, 3 5 25 PR I 0k
Rk 7 Tkuno 25 A NP 43 R4 AT,
% B 220 A~ 25 5 HIREALAT 545 NP B . Kawaguchi 45
AR5 A1 200 ) 90 D 5 DR 2 e P ) A A5 i 0 DNA 453405
35 ( growth arrest and DNA damage-inducible gamma,
GADDA5G) $£ B, LA Je 40 Hf )5 33 AH 5C 25 11 1 (cell cycle-

QR code for English version
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associated protein 1, CAPRIN1) 3£ [, % 1 GADD45G 1 CA-
PRINT J&iR 78 NP H AU RRME R0 3 3l 7 X AL
IR, Kawarai 28R 1 /1N BUELHE 4 B 152 510 A1 4 2
JPA A LR 41 DNA B EAV RSP, & A 0 B 20 B AIG T M i)
LRI 2 42 Ry DNA G AR 7K, ok 1 BB O AR OG 1 J8 e
AEAR

I LIR 58 9 7~ /& TVDD 431~ ¥ 22 AL 1) AT 58 34
Mo REFFFILEFRP], DNA FEALAEHE T TVDD 4H2¢ & 4E
DA ek o Flou 251 A ] 485 3 25 /I BURERY , J 007 3
ST DNMT1 (1% & 32 RNA ( short-hairpin RNA, shRNA) 1§
HRAHIC 9% 5 (adeno-associated virus, AAV) , SZEG2E R FEHT
shDNMTT 5| 3 fr) FF e A 7K S g A1t 2 0 20 17 i 2% 400 g 1A 7
JHEEIRSE IR - (TNF-o) \FI 3R (IL)-1B F1 IL-6 33K , [F)
B Th T LR 4 MR T IL-4 A IL-10 9 7KF, sl /b T 4 i
PTG T PARAER . DURR DNMT1 m] U] T0-6 1 TNF-
o 19K, IFFEAR NOD M52 (A # I A 25 i AR DG 3 A 3
(NLRP3) i TAHCHE AR 4 11 (ASC) FIf b 202 45 11 -1
(caspase-1) {3k , ZEARHEN] B 25" Cheng %' A BF 5T
FW] , DNMT3a 38 1 X 1 460 f 100 il 445 44 5 900 500 076 32 44K y ( perox-
isome proliferator-activated receptor vy, PPARy) J5 hF it 4T H
BB, DONTEHE NF-«B 38 B% , (2 3 40 AR T-F0 ECM AR
DNMT3a 4745 1%) PPAR~/NF-«B 4 n] 88 4597 IVDD Ay 87 0
Mo BERTERAZ ANV & FE 2 P Y 1 (transient receptor potential
vanilloid subfamily 1, TRPV1) & i f& —Fh lc 4 | T4a JE e B 1k
PRI T3, e R U T ) 2 50 A o AE VDD S
i TRV B 32 805 , 51 R MR . Hong 4510 % 8
fEBEZE DNMT3b (¥ 15 2635, IVDD k& 4 J5 NP 1 AF [X i
TRPVI ) DNA AL KOE g, H AF KB LG NP X BT 5
TR, (AR AR, A SCHEREEE T DNA HIL7E
VDD S PP 51T Luo 457 % B, DNMT3b iof ik ]
{RHE NP UM A, TR T8 R AR AR 2 SR Y Rk, ]
B R 3L 4 78 2 (M i ( matrix metalloproteinase, MMP ) -3 #f1
MMP-9 (235 , I HI R AE SN . FEALTH S DNMT3D i i 42
] 5 B 57 4K |, 3 A1 ( transient receptor potential ankyrin 1,
TRPA1) JE 3l T, ] 25 48 L -2 ( cyclooxygenase-2, COX-2)
MR8, J5 A Tl ) Yes AH G 1 ( Yes-associated
protein, YAP) {5 {2 NP 4Ifdyd -, FUk, DNMT3b i@ if
TRPA1/COX-2/YAP #liygi/b> NP 40 8 7= K& ECM & f# , T
SRR BLTVDD,

TENZEMENR] A, DNA J5 2 X3 9 S8 F 240 AT 3 3
miRNA [ 5% ik, Liu 2% f9#F58 % B DNA J 3 K
FAbiA2 miR-132 Fih B, g AE K AHE R F 5 (growth dif-
ferentiation factor 5, GDF-5) #3i5 i, 813 MAPK/ERK {55
3 AR E NP IR 25 1 ECM A . Kang 45" % 8 DNA J
B FAR P IEAL 33 miR-494 F23k 1, 51 Y B @ik ) e
FE X B S K 9(S0X-9) ik T iR, gk A NP 2t i i T~ A0
ECM Fgfi . —3H Zhao %™ JEAT MW FE W], DNA I 2L
M T miR-129-5p (3K, R EFR 1(Beclin-1) 5 1L,

75 NP 401 AWk, 17 DNA 2 HEER i miR-143 kKT
g, A B 4 CLRE-2 B (B cell lymphoma 2, Bel-2) %
i, RIS NP AU T . Chen 45 % B5R % NP 41
e miR-217 (IR RRAR R T HR 37 Dl g B Al ok
S s, i ik miR-217 #] 3@ 53 545 FBXO,,/ERK 3@ B4
#l IVDD,,

= [A AU 2 e 220152 I GE ( hyperhomocysteinemia, HHey ) J&—
Fofr b R AN ZE A2 2% B6 (B2 Y2 51 A4 L[] 21 o 2 iR e
BETHR AN , 1T FBUL RS 11 2 15— RIBEIR ™ o Zhang
ARG PRI AT A IF ST R W1, HHey & A6 TVDD 90 37 16
P22, HHey Al {5 DMNT1 . DMNT3a 1 DMNT3b (3535, Jf:
e H K AL P 4 ( glutathione peroxidase 4, GPX4),
8 GPX4 (1) DNA 2 H LA I 41 ) HC 3k, DA 3 5 4 A i
HOMBRIE T NP iR 7S, X — & B HHey 5 IVDD 2
]S, TR R o

2 AEAREMREHEERZRE

TERERZ AN AEAAAE DNA rp 3845 (5 538 5 LAY 5
SMTERAEAE . B/ IMA R AT L Z5H TT 1, B 4 Fh
048 H H2A (H2B (H3 Fil H4 25 P4 Tl — BRI E
OGRS AR R AT ABEAT TR AL | Z AL L B R L
ZHRERFEZ PGB, b 4 B SR (histone
methylation ) 7 5E[FIFRIA 45 il e 4 0 TS24t i Jo] 3 7 4 5
LRSS PRI B . 41 A 3k R AR AE H3
Ha e a8 R 5k ik 1) S0 A 1 i) N 3, 52 080 2 R TP 6 e 7% il
(lysine methyltransferases, KMTs) F1%ii 22 g 2= F F: AL il ( lysine
demethylases, KDMs) [ 4% 4% , A7 B W 64 (mel ) | — 1
A (me2) FL=FJeAl (me3 ) = Fh I BLAOIRZS . 2148 i ER
PP RE AR 4 LAz 75 R P S AR PR 285 ke R T s DB s o), el
S, H3K4 H3K36 F1 H3K79 H JLAk ] {i¢ g %% 5%, 1 H3K9 |
H3K27 il HAK20 I SEAL I il 57

IEAERAH TR R R I I 11 WP BAL 5 VDD B[] 2
PR A7 AERR 5 o Stover 45 W T 1L-6/A YRR 2 2R
H 150( A-kinase anchoring protein 150, AKAP150) jif J% 2 K i,
IVDD )35 #2575 ( dorsal root ganglion, DRG) #1 Z 5o5fL 1Y
VLB B X AKAPLSO 375 H3K9 me3 6 5, 001 T
AKAP150 [)3R3K , B T DRG #hZ2JTili M, I 1T R AE SR 5l
ARV ) SR P o Stover 5 ik — A58 & B VDD 7
A 1L-6, 3@ 1 TRPAT | FREBUE S T i 3 (acid-sensing ion chan-
nel 3, ASIC3) FIHLBI 4% Piezo2 £ i@ I8 5 S 1 453 ME 4
JUIEMESG 0, 77 A HE ) 2 U8 PR . 8 1n) TRPATL, ASIC3 FI
Piezo2 [ 5 3 T4 25 11 H3KO FI LA, vl LA sk piy 4k 3 pel
F3k , VRARHE M) SR . Jiang 2500 R INAE TR 9 T
fiff zeste 345k F-[A] 224 2 (enhancer of zeste homolog 2, EZH2)
TEIRAE CEP 4 2 vh i ik, EZH2 Jf i H3K27me3 &1, 4
il SOX-9 [y e ik, & kAl (i) MR AF, 0 EZH2 7T LA |9
SOX-9 i1k , S IVDD [V AE3hy T HEAT . Xu 61" B
HH %R KMT2D 78 A SR 42 NP &k ik B,
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KMT2D 4~ 5 ) H3K4mel Fl H3K4me2 & i fiE 3 MMP-3 .,
MMP-9 F1 MMP-13 33k, #1512 ECM 43-ff il NP iR 4%,
PUER KMT2D sl fifi 412 1 H3K4 F ARl 57 OICR mf LA
X —i R, B2, HE N EARE VDD B TR R
R BN R A RO AS i 21 8 1 2R R 4% TVDD 1y
BELRHLEIA RE it — 2 5E

3 RNA REUYREEHEEERE

RNA H B Ab 40 45 No-H 3L it 15518 ( N6-methyladenosine,
m6A) NI-RH R 1 HEAL (m1A) | g g H LAk (mSC) 5598
2, Horh mOA JE HEMFTE 2 1 RNA AL BB, 2 5
T B B PSS RNA FE SR Be R EE Y . m6A
MR B T Y, h R AL e RS T Writers” | 25 H AL T
“Erasers” Fll FF 3£ 1L 171 132 26 11 “ Readers” I [A J8 4% . H fi & %0
1) moA H B LS il £ B A0 4% TP B AL FE B B AE 2R 1 (methyl-
transferase like, METTL)3 METTL14 METTL16 ,Wilms JifJ85 1
S H (Wilms tumor 1 associated protein, WTAP) | 2845 7
m6A HE AL 56 B il A5G H 11 (VIRMA ) | CCCH #¥ 45 #1113
(ZC3H13) RNA £5& 37 HE M 15(RBM15) , m6A % 4L
it £, 975 N U HEAR AL JFEAH DG EE 11 (fat mass and obesity associat-
ed, FTO) ,AlkB [&]J54 5( AkB homolog 5, ALKBH5) £ ALK-
BH3, m6A H LK B8 11 22k YTH S50 k2 (1 505, £
$% YTHDF1 YTHDF2 1 YTHDF3!™ | K EHFFTE , moA &
VA7 A0 B8 R e AT S v e P T R Y R
B A B PR A ML AR O

PEAER, IVDD i FErfr mOA EA VR I T A58 # i
Xiao 4 fE JGRAERY CEP 4141rh & 3, METTL3 235 /K V-Fi
m6A MK 5 T o 5K 1 EGE i METTL3 45 m6A
B, IR SOX-9 mRNA £ 3 T 1 SOX-9 ik, i
BCR 2 ECM 94 L. Xiao 47 8 % B METTL3 3 i m6A
MR miR-126-5p (Y335 , JE 17490 1) 08 5 PR gl o JUL -3 93
fif 1% 15 3. % 2 ( phosphoinositide-3-kinase regulatory subunit 2,
PIK3R2) )33k, 0 PI3K/AKT 3 # Xof #5125 A 48 A 1 £
PR, SEAC A AAGEAS . Zha 2557 F /N UG K
PhiAT 4 4 TVDD BEAL, 5@ i 1 Ak RNA i JE 0 3
(MeRIP) EARKM VDD J5/NER NP ZHZL moA &4, 45
FW],1B7E NP 2 i METTL3 Fl METTL14 (55 8.3 F
1M FTO 1 35 % T 5 #F— 20 W 58 & 3 METTL14 5 o
mOA &4 1 T miR-34a-5p B3Rk, #2H T miR-34a-5p 5
DGCRS {38 51 F1 45 5 7K ~F, 2 1 e AR 0 3R 45 208 55 I 7
(silent information regulator 1, SIRT1) mRNA A% IA/KF {2
NP g% . Chen 25 (5 20, 01k 7 o it 194
METTLI6 45 /9 m6A & i , 384 fin HH A 22 IR it 1 e 7% il 2A
( methionine adenosyltransferase 2A, MAT2A) Fij{& mRNA ) [%
fift, TRV MAT2A 3%, I 251 62 S-IR 1 HH A 2R ( S-ade-
nosylmethionine , SAM) [¥J3 /> F1 NP 40 JHT-. Wang 24
T T BRUBFS R T X LR AR HT S NP 412109 moA &
MK SRR IR AR J5 R R /) 22 5 338 1Y mRNA A B

JEZi S RNA (IncRNA ) 3L B Gt (1 25 H 3 Ak, m6A 45
FEEFE HE 11 217 (Zine finger protein 217, ZFP217) i i 7%
FTO fyf% 5%, it X 26 22 5 655 1) RNA Y5 H 34k, FRIR
RNA (cireRNA) /£ 3E 4 fis RNA ) 5 32 41 5306 43, 0 B IF 52
Z 5% IVDD e i Z Fh ik i HE B . cireRNA F 384K 78
IVDD A — %K . Chen 42/ 4630 T VDD i
H NP 2 41 rh 22 B £ 35 circRNA 1) m6A & i 7k 5, & 3
circGPATCH2LBEZ m6A 7K -y BT 3 . circGPATCH2L
M =45 #1885 15 28 (tripartite motif containing 28, TRIM28)
(75, 8 3 A ) TRIM28 R AL AN P53 (YR fF , 51 DNA
WA R AN M 8 T, AT S 2 NP IR AE . m6A &4 5 1Y
circGPATCH2L 1] L), % #% 4% #% & 79 V1 i & & ¥ YTHDF2-
RPL10-RNaseP/MRP 5113 47) % gt , LA 4 £F NP 40 i 19 4=
PR . IZWTFE AR T circRNA B AL 7E 4k NP 41 g A= 3
RS FRMEHIBLE, A IVDD G773 AL E A5

4 REAHFEFEEEZIRE

R IETE R B, = P BB T Z M A F B DR R, ]
DA i S SRR L A0 1T, L IR P B R 0 e i
(] 2R A ML BT AR b, © A 020 SCRRARGE T F e 3t
TR T o Tu 25107 2 B0 R AR 6 A ) 25 A S K 4 i R 4 2
PO 2R A& 25 i & 1 Bl ( mast cell-restricted tetramer-forming
tryptases, MC-TTs) fBEHL, 204 T METTLI4 3 25T 1 6040 3
£ H3K9me3 &4, 5142 T METTL14 3§ 3400, 1M T DIX 4%
¥yt & & 14 1(DIX domain containing 1, DIXDC1) mRNA [
m6A 7K, BN T DIXDC1 () mRNA £ Pk 34 F L 5
Disrupted in Schizophrenia-1 ( DISC1) # 48 H.1E FH , B4 15 24
Wt {5 538 B i NP 4 56 0 Li 47 78 5 0 NP 4
i % 3, KDMSa 3% 3K 80 /0 7T 42 % WTAP f5 3 7 X 31
H3K4me3 /KF-If- 4Lk WTAP [ ik, WTAP fi¢ f DNA $i 4
7% B9 AE 9% #% RNA ( non-coding RNA activated by DNA
damage, NORAD) ¥ m6A &/, 338 i:f YTHDF2 {98 5175 5
NORAD [1[#fi , S 80E £2 19 PUMILIO(PUM) 1/2 5 E2F #55%
[A-F 3 ( E2F transcription factor 3, E2F3) mRNA %5 &, 1€ ik
E2F3 [ FEfi, ik NP 4 56 % . Li % %3 KDM4a |
JEA T 11 H3K9me3 &4 2> 5 , ALKBHS ) 22 3k B T, F: 24
DNMT3b i) mRNA B2l 2B AL 5 DNMT3b [#)3£ 51
i X B4 J5 37 AT B AR i AT R Rk, £
i IVDD k4

5 BRESRE

£ TR ST 2 W A e M ) SR A 56 5 rh R HE T
TR, WAL MTE 45 2 v A T R AT 5, T
DNMT $0 51 700 BT L 1 0 G A 5, 6 A 200 0 et o P T
AT BERG A S8 L5 4 F 25 LV 2R B s , A S EZH2 i1
FARE R, 75 B I IR 56 P RIE S EAT B A B e g
PERIY™ o ELRTH BEAAE 36 7 HE ] 25038 A8 AR 17 3 2 9 1 ik
R FHRE W BE, O A FFTIESE T 3 T R0 2 A il 5 4 1] S
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& (clustered regularly interspaced short palindromic repeats,
CRISPR ) LA K 2H 48 £ AT 7 ME 1] 518 28 b ME TR PE e
FATATHE " KR MBAE 254 5 4 K IR F ol IR T ik
TARAE A T A AT 1 RN TR (U RS SR AN [l Y
BRAEIRTT SRS, 2 AT IIRTFE 1] o HeAh, AR DG B ol
ZIEIN BN , A1 K9 B AN TR D 1) ) PR SRR O . R RY
B PR B R Fe R 2x g i SR 2 2 19 42 R MR A T
ANRESE BURFE (S BRR E BE A 10 R o R P R T 2
ARIBARRKER 7 I FPRE . B, HATHE ) 2518 28 3 2
WFFEXT /N BRI A, N TP LAl S BB 97 1A 00
RSP VA Rt — P B0IE . AR 28 i SR AR BF
FEW]_FR )R, HE— 254575 F SR I 1 ) AE DG A FHBIL R,
HE ) R AR 297 R BB IS

MM o
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