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Abstract. Intervertebral disc degeneration (IVDD) is increas-
ingly recognized as a systemic collapse of the epigenetic
regulatory network, driven by cellular senescence and envi-
ronmental stressors. The present review provides an overview
of the epigenetic regulatory mechanisms governing IVDD,
focusing on the dynamic interplay between DNA methylation,
histone modifications, N6-methyladenosine RNA methylation
and the non-coding RNA regulatory triad (microRNAs, long
non-coding RNAs and circular RNAs). The present study
evaluates advanced research methodologies (ranging from
site-specific methylation typing and transposase accessible
chromatin sequencing to single-cell multi-omics and artificial
intelligence-driven predictive modeling) that resolve the spatial
and cellular heterogeneities of the degenerating disc niche.
Furthermore, the translational constraints of current animal
models were critically assessed, advocating for a strategic shift
from acute needle-puncture insults to physiologically relevant
aging and genetically engineered progeroid models to better
recapitulate human ‘epigenetic drift’. Finally, the therapeutic
potential of targeted epigenetic editing via CRISPR/dCas9

systems and the development of stimuli-responsive nanocar-
riers for precision delivery are highlighted. By bridging
methodological innovation with robust model selection, the
present review offers a roadmap for transitioning molecular
insights into clinical regenerative therapies for spinal health.
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1. Introduction

Humans are predisposed to low back pain (LBP) as an
evolutionary trade-off for a mechanically stressed spine that
has adapted from quadrupedal to bipedal locomotion. LBP
is a prevalent health problem. Statistical reports indicate that
the global incidence rate of LBP ranges between 13.1 and
28.5% (1). Intervertebral disc degeneration (IVDD), a complex
and progressive process, is the leading cause of chronic
LBP and imposes a substantial global health and economic
burden (2). The intervertebral disc (IVD) is the largest avas-
cular structure in the human body, serving as the spine's
primary mechanical and biological unit. Its highly specialized
architecture, comprising a proteoglycan-rich nucleus pulposus
(NP), a collagen-dense annulus fibrosus (AF) and superior
and inferior cartilage endplates (CEP), enables efficient load
distribution while preserving spinal flexibility, stability and
mobility (3-6).

Once regarded largely as a consequence of mechanical
wear and tear, IVDD is now recognized as a complex,
age-associated degenerative process shaped by the interplay
between biomechanical forces, systemic metabolic stressors
and tightly regulated local biological signals (7). At the
cellular level, progressive loss and dysfunction of NP cells
(NPCs), including chondrocyte-like, notochordal and progen-
itor populations, occur through senescence and apoptosis,
fundamentally undermining disc homeostasis (8). Increasing
evidence suggests that metabolic dysregulation exerts a
stronger influence on IVDD progression than biomechanical
alterations alone (9). Mendelian randomization analyses have
identified type 2 diabetes, hypertriglyceridemia, elevated
fasting glucose and increased HbAlc as notable causal risk
factors for IVDD, whereas the contribution of obesity-related
traits remains less certain (10).

Pathologically, IVDD unfolds through a cascade initi-
ated by disruption of the balance between anabolic and
catabolic activities within the disc (2,7,8,11). Hallmark
features include extracellular matrix (ECM) degradation,
chronic inflammation, oxidative stress, cellular senescence
and dysregulated cell death modalities, such as apoptosis,
pyroptosis and ferroptosis, accompanied by aberrant
neoinnervation and neovascularization. Anabolic synthesis
of type I/II collagens, glycosaminoglycans (GAGs) and
proteoglycans such as aggrecan (ACAN) and versican
progressively declines, while catabolic mediators, notably
matrix metalloproteinases (MMPs) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS)
family members, are upregulated, accelerating ECM
breakdown and loss of disc hydration and structural integ-
rity (11,12). These molecular and structural derangements
culminate in disc bulging, reduced NP cellularity and
water content, disc height loss and impaired biomechanical
competence. In combination with disc protrusion and local
inflammatory responses, such changes may compress
adjacent nerve roots and manifest clinically as lumbar
disc herniation (13). Compounding these challenges, the
avascularity and hostile microenvironment of mature
IVDs, characterized by hypoxia, acidosis and restricted
nutrient diffusion, severely limit intrinsic regenerative
capacity (5,14-17).

Aging and accelerated cellular senescence are central
drivers of IVDD and are tightly linked to epigenetic dysregu-
lation. Epigenetic alterations fuel metabolic imbalance,
persistent inflammation, oxidative damage, genomic insta-
bility and progressive ECM degradation. Key regulatory layers
include DNA methylation, histone modifications, diverse
classes of non-coding RNAs (ncRNAs) and RNA-specific
modifications such as N6-methyladenosine (m®A) methylation.
Specifically, DNA methylation participates in the degenerative
process by altering the methylation status of cytosine bases
and regulating the expression of genes associated with ECM
metabolism, inflammatory responses and ion channel func-
tion. Mechanistically, this epigenetic modification involves
the addition of methyl groups to cytosine residues, typi-
cally silencing gene expression when occurring at promoter
regions (18). Histone modifications (such as methylation and
acetylation) modulate cellular senescence and inflammatory
responses by remodeling chromatin structure and influencing
the accessibility of downstream pro-degenerative or protec-
tive genes (19). Meanwhile, microRNAs (miRNAs), long
non-coding RNAs (IncRNAs) and circular RNAs (circRNAs)
function as powerful epigenetic regulators by shaping chro-
matin landscapes, recruiting chromatin-modifying complexes,
and controlling mRNA stability and translation (20). Beyond
these classical mechanisms, RNA-specific modifications
such as m°A methylation represent a rapidly emerging layer
of epigenetic control that influences RNA stability, splicing
and translation, and has been implicated in regulating cellular
senescence and matrix metabolism in degenerative conditions
such as IVDD (21). Through extensive crosstalk with signaling
pathways, these mechanisms orchestrate nearly every stage of
IVDD pathogenesis.

In the context of aging, epigenetic changes mainly exhibit
two patterns: One is a stochastic and cumulative ‘epigenetic
drift’ and the other is a highly programmed ‘epigenetic
clock’. Epigenetic drift refers to the random and disordered
alterations in the epigenome (especially DNA methylation
patterns) that occur with advancing age, reflecting the gradual
failure of epigenetic maintenance systems, increased genomic
instability and exacerbated interindividual heterogeneity (22).
By contrast, the epigenetic clock is an algorithmic model
constructed by integrating age-dependent DNA methylation
profiles at specific CpG sites, which can accurately estimate
an individual's biological age (23). Notably, epigenetic drift
forms the basis of epigenetic clock signals, yet the two display
markedly distinct response patterns to lifespan interventions,
developmental processes and cellular dedifferentiation (24).
Therefore, deciphering how physiological epigenetic drift
transitions into pathological degeneration, how epigenetic
signatures evolve across disease stages and populations, and
whether targeted epigenetic reprogramming can halt or reverse
IVDD represents a critical frontier with notable therapeutic
promise (2,13,18,25).

Crucially, the translation of epigenetic discoveries into
clinical relevance depends on the choice of appropriate
experimental models. Although murine needle-puncture
models are widely used, their capacity to mimic the slow,
cumulative epigenetic drift characteristic of human disc aging
is increasingly questioned due to evolutionary, anatomical
and biomechanical disparities. In the present review, current
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epigenetic research methodologies applied to IVDD are evalu-
ated, highlighting their strengths and limitations in resolving
complex regulatory networks. Commonly used animal models
are further critically evaluated, focusing on their translational
relevance for epigenetic studies, to provide a framework for
more precise and clinically meaningful disc degeneration
research.

2. Epigenetic research methods in IVDD

DNA methylation. DNA methylation status reflects a dynamic
equilibrium between DNA methyltransferases (DNMTs)
and demethylating ten-eleven translocation (TET) enzymes.
DNMTs add methyl groups to the fifth carbon of cytosine
residues, forming 5-methylcytosine (5-mC) within CpG
dinucleotides. The DNMT family orchestrates this landscape:
DNMT]1 functions as the maintenance methyltransferase
during replication, whereas DNMT3A and DNMT3B are
responsible for de novo methylation. Conversely, these methyl-
ation footprints can be removed by TETs, which oxidize 5-mC
to 5-hydroxymethylcytosine (5-hmC) and further to formyl
and carboxyl-cytosine derivatives (18,26,27). The central role
of these enzymes in disease progression and their therapeutic
potential has been highlighted.

Mechanistic drivers in IVDD pathogenesis. DNA methylation
acts as a pivotal switch in distinct pathological cascades, such
as senescence and ferroptosis (DNMT3B axis), and inflamma-
tion and matrix catabolism (DNMT3A axis).

Upregulation of DNMT3B can be a dual driver of NPC
senescence and ferroptosis. In one pathway, excessive
DNMT3B activity, triggered by loss of m°A modification due
to elevated activity of AlkB homolog 5, RNA demethylase
(ALKBHS), an m°A demethylase, induces hypermethylation
of the transcription factor E4F1, promoting NPC senescence
and IVDD. Silencing ALKBHS or DNMT3B in IVDD rats
confers protection against degeneration in vivo (28). In
parallel, inside the tert-butyl hydroperoxide-induced degenera-
tive human NPCs, DNMT?3B is upregulated and exacerbates
ferroptosis and oxidative stress by downregulating the ferrop-
tosis suppressor SLC40A1. Therapeutic intervention with the
pan-DNMT inhibitor 5-azacytidine (5-Aza) restores SLC40A1
and alleviates ferroptosis in rat models (29).

DNMT?3A abundance and activity increase with disease
severity, promoting hypermethylation and suppression of
the peroxisome proliferator-activated receptor y (PPARY)
promoter. This triggers a chain reaction leading to NF-xB
activation, exacerbating apoptosis and matrix imbalance.
Suppression of DNMT activity effectively preserves NPC
viability and matrix homeostasis. Specifically, silencing
DNMT3A reduces IL-1B-induced apoptosis and ECM degra-
dation, while 5-Aza treatment counters endoplasmic reticulum
stress by inhibiting DNMT1/3A, thereby demethylating the
PPARYy promoter to restore its expression in vitro. Intradiscal
delivery of short hairpin RNA-DNMT?3A in rat [IVDD models
restored ECM anabolism and reduced NPC apoptosis (30,31).

The epigenetic landscape may also differ between
symptomatic and asymptomatic IVDD. A study using DNA
methylation arrays comparing painful vs. non-painful IVDD
discovered differential promoter CpG methylation in equally
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degenerated discs. Genes related to matrix catabolism, such
as MMP2 and MMP28, were less methylated and upregulated
in the painful discs, whereas genes associated with matrix
anabolism, including CHSY1 and chondroadherin, show an
opposite pattern (32). In addition, the global DNA methylation
status in rat AF following puncture-induced IVDD has been
assessed by measuring epigenetic markers, including 5-mC,
5-hmC, DNMTs and TETs. Elevated global hypermethylation
and increased DNMT1 expression are notably associated with
abnormal expression of the pain-related ion channel transient
receptor potential cation channel subfamily V member 1,
suggesting a key role for these epigenetic changes in ectopic
nerve innervation of the IVD and pain development (33).
However, few studies have directly or systematically stratified
epigenetic signatures in IVDD by etiology, sex or other demo-
graphic characteristics (34).

Evolution of detection techniques. A plethora of
high-throughput detection techniques have been applied
to DNA methylation analysis in IVDD, ranging from
single-locus (site-specific DNA methylation typing) to global
methylome profiling, as well as cutting-edge epigenome
editing tools such as CRISPR-dCas9-Tetl-mediated DNA
methylation editing. Locus-specific approaches focus on
individual CpG sites or regions and employ techniques such
as methylation-specific PCR (MSP) and bisulfite sequencing
PCR (BSP), sometimes combined with restriction analysis
or matrix-assisted laser desorption ionization time-of-flight
mass spectrometry for quantitative assessment. Using MSP
and BSP, hypermethylation of the secreted protein acidic and
rich in cysteine (SPARC) promoter was observed in NP tissues
from middle-aged (6 months) mice, increasing further in older
(15 months) mice, whereas young (3 months) mice showed
minimal methylation. This age-related SPARC silencing was
associated with anatomical signs of intervertebral disc degen-
eration (e.g., disc height loss in mice and imaging evidence
of degeneration in humans) and behavioral signs of chronic
low back pain (e.g., movement-evoked axial discomfort and
cold hypersensitivity in mice, and self-reported chronic pain
in humans) in both species (35).

By comparison, global DNA methylome profiling provides
genome-wide quantitative information on DNA methylation
patterns. These approaches include whole-genome bisul-
fite sequencing (WGBS), methylation-sensitive restriction
enzyme-based sequencing and methylated DNA immunopre-
cipitation sequencing (36). Human NP studies using WGBS
have identified 220 differentially methylated loci in NF-«xB,
MAPK and Wnt signaling pathways between early and
advanced stages, with late-stage samples showing predomi-
nant hypermethylation (216 loci). This hypermethylation is
associated with silencing of regulatory genes and dysregula-
tion of cell adhesion, contributing to the progression of disc
degeneration (37).

Histone modification

Histone acetylation. Post-translational modifications (PTMs)
of histones, including methylation, acetylation, phosphoryla-
tion, ubiquitination and ADP-ribosylation, modulate chromatin,
thereby controlling genome accessibility architecture. Central
to this regulation is the dynamic equilibrium of histone
acetylation. The dysregulation of histone acetylation at the
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N-terminal tail and core domains is catalyzed by histone acet-
yltransferases (HATSs) and histone deacetylases (HDACs:) (38).
HATSs neutralize the positive charge of lysine residues, relaxing
chromatin to promote transcription, whereas HDACs restore
this charge, tightening histone-DNA interaction and inducing
chromatin condensation and transcriptional repression (39). In
IVDD, the dysregulation of the HAT/HDAC balance reflects
broader epigenetic regulatory network (ERN) instability, with
specific HDACs serving opposing roles.

Elevated expression of HDAC7 and HDAC4, which act
as detrimental regulators, is associated with disease progres-
sion (40-42). Conversely, broad inhibition using HDAC
inhibitors (such as SAHA) can shift cytokine-stimulated
chondrocytes from a catabolic (MMP-2/3/9, ADAMTS-5) to
an anabolic (COL2A1, aggrecan) phenotype (43). However, not
all deacetylases are deleterious; HDAC9 and SIRT6 appear
protective in both aging and injury models: HDAC9 preserves
nucleus pulposus cell viability and suppresses apoptosis by
deacetylating RUNX3 and promoting its ubiquitin-protea-
somal degradation, while SIRT6 maintains disc health by
reducing DNA damage, enhancing autophagy, and inhibiting
cellular senescence and the SASP (44,45). Modulating this
landscape offers tangible therapeutic avenues, exemplified by
the plasmid-mediated delivery of pluripotency factors (Oct4,
Kriippel-like factor 4 and Sox2), which reduces repressive
H4K20me3 levels to alleviate low back pain and degeneration
in rat models (46).

Canonical histone methylation and inflammation. While
acetylation acts as a rapid switch, histone methylation provides
stable, long-term regulation of gene expression. Previous
high-impact evidence highlights the enhancer of zeste homolog
2 (EZH2)-H3K?27me3 axis as a critical gatekeeper of inflam-
mation in IVDD. EZH2 is the methyltransferase responsible
for placing the repressive H3K27me3 mark. In degenerative
NPCs, EZH2 expression is markedly downregulated. This
loss leads to the erasure of H3K27me3 at the promoters of key
pro-inflammatory and pro-pyroptotic genes, such as Dickkopf
Wht signaling pathway inhibitor 1 (DKK1) and MAPK1. The
consequent de-repression of these genes activates the NLRP3
inflammasome and drives pyroptosis (inflammatory cell
death). Mechanistically, restoring EZH?2 function or inhibiting
its downstream targets (such as DKKI1) has been demon-
strated to re-establish the repressive chromatin state, thereby
attenuating the inflammatory cascade and preserving the disc
matrix (47,48).

Histone lactylation. Lactate-derived histone lysine
lactylation (Kla) has emerged as a novel mechanism linking
cellular metabolism directly to gene transcription. Catalyzed
by lactyltransferases (such as p300) and removed by delacty-
lases, this modification involves attaching lactyl groups from
glycolysis-derived lactate to histone lysines (49).

In IVDD, a metabolic shift toward hyperglycolysis leads to
intracellular lactate accumulation. Single-cell RNA sequencing
(scRNA-seq) confirms that this excess lactate drives H3K18la
(lactylation of H3 lysine 18) specifically at the promoter of
acyl-CoA synthetase long-chain family member 4 (ACSL4).
The transcriptional activation of ACSL4 primes NPCs for
lipid peroxidation and ferroptosis. Consequently, targeting
this axis, either by silencing lactate dehydrogenase A [LDHA,;
via AAV9-small interfering (si)RNA-Ldha] or inhibiting

glycolysis with 2-deoxy-D-glucose, suppresses H3K 18la levels
and ameliorates degeneration. Clinical relevance is further
supported by integrated bulk and single-cell analyses showing
that histone lactylation levels, and lactylation-related genes
such as chromobox 3, are strongly associated with IVDD
severity in human tissues (50,51).

High-resolution profiling. Deciphering these complex modifi-
cations requires a transition from bulk assays to high-resolution
genomic mapping. By combining chromatin immunoprecipi-
tation-sequencing (ChIP-seq) with RNA-seq, researchers have
mapped genomic interactions, identifying nuclear receptor
4A3 as a direct downstream target of the regulator early growth
response factor 1, whose binding promotes NPC apoptosis and
ECM breakdown (52). To understand chromatin accessibility,
transposase accessible chromatin sequencing has been inte-
grated with transcriptional profiling, revealing that activating
protein-1 transcription factors, particularly c-Fos, increase
chromatin accessibility to upregulate cell migration-inducing
and hyaluronan-binding protein, a hyaluronidase that disrupts
matrix homeostasis. Emerging techniques such as Cleavage
Under Targets and Tagmentation (CUT&Tag) now offer
higher signal-to-noise ratios than traditional ChIP, revealing
that H3K18la is specifically enriched at the promoters of
pro-inflammatory genes such as thrombospondin 1 in degen-
erative NPCs. Furthermore, advanced multi-omics integration
has uncovered non-canonical mechanisms, such as the methyl-
transferase EZH2 monomethylating the RNA-binding protein
DDXI. Validated by RNA-seq and RNA immunoprecipitation
(RIP)-seq, this modification triggers exon skipping in matrin 3
(MATR3), generating a short isoform (MATR3-S) that disrupts
nuclear architecture and activates Wnt signaling (53-56).

m®A methylation. RNA methylation constitutes the most
abundant internal RNA modification. Particularly, m°A
methylation has drawn great attention for its role in
fine-tuning gene expression in IVDD. This reversible modi-
fication involves adding a methyl group to the nitrogen-6
position of adenosine in RNA, regulating RNA stability,
splicing, decay and translation. Imbalances in m°A writers
[methyltransferase 3, N6-adenosine-methyltransferase
complex catalytic subunit (METTL3), methyltransferase 14,
N6-adenosine-methyltransferase non-catalytic subunit and
WTl-associating protein], erasers [a-ketoglutarate-dependent
dioxygenase FTO (FTO) and ALKBHS5] and reader proteins
have been implicated in disease progression.

Advances in profiling the m°A epitranscriptome are
flourishing, driven by a wide spectrum of high-throughput
techniques. The current toolkit encompasses three major
categories based on detection principles: Antibody-based
methods use anti-m®A antibodies to immunoprecipitate
methylated RNA fragments followed by sequencing. Owing to
their relative maturity and ease of use, such approaches are the
preferred choice for early exploratory research and large-scale
sample screening. m°A-seq/m°A RNA immunoprecipitation
sequencing (MeRIP-seq) represents the foundational approach,
enriching m°A-containing RNA fragments through immuno-
precipitation and identifying methylated regions at 100-200
nucleotide resolution; this method has been widely employed
for mapping m°®A distribution transcriptome-wide in diverse
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biological systems. m°®A-seq2 improves upon this with opti-
mized fragmentation and library preparation protocols. m°A
individual-nucleotide resolution crosslinking and immunopre-
cipitation sequencing employs UV crosslinking to covalently
link antibodies to m°A sites, enabling single-nucleotide
resolution mapping through characteristic mutation signatures
at crosslink sites. m®A-level and isoform-characterization
sequencing combines immunoprecipitation with full-length
transcript sequencing to quantify m°A levels on individual
transcript isoforms (57-59).

While antibody-based methods are widely adopted for tran-
scriptome-wide profiling, they require substantial RNA input
(typically 300 pg for standard protocols, although optimized
versions can work with as little as 500 ng) and may exhibit
cross-reactivity with other modifications such as N6,2'-O-di
methyladenosine (57,60). Refined protocols using alternative
antibodies (such as the highly specific, commercially available
monoclonal anti-m6A antibody produced by Cell Signaling
Technology, Inc.) have markedly reduced input requirements
and costs while maintaining comparable sensitivity (61).

Chemical-based approaches achieve antibody-free detec-
tion through selective chemical reactions that distinguish
methylated from unmethylated adenosines. By directly
labeling or differentiating modified bases via chemical reac-
tions, these approaches enable more accurate quantification
and absolute detection. m°A-selective electrophilic affinity
labeling sequencing (m°A-SEAL-seq, a chemical strategy that
covalently captures oxidized m°A electrophilic intermediates
using specific probes) uses FTO-assisted chemical labeling to
tag m®A sites, enabling enrichment, imaging and sequencing
applications with good sensitivity and specificity (62).
mCA-selective allyl chemical labeling-seq employs chemical
derivatization to enable base-resolution mapping with quanti-
fication capabilities. m°A-label-seq utilizes metabolic labeling
combined with chemical reactions.

mCA-glyoxal and nitrite-mediated deamination of unmeth-
ylated adenosines-seq represents a breakthrough method that
deaminates unmethylated adenosines to inosines while leaving
mCA residues intact, enabling absolute quantification of m°A
stoichiometry at single-base resolution, conceptually analo-
gous to bisulfite sequencing for DNA methylation (63,64). This
unbiased approach reveals clustered m°A modifications with
differential distribution and stoichiometry, and characterizes
mC®A dynamics under stress conditions (64). Updated versions
(GLORI 2.0 and 3.0) have dramatically reduced RNA input
requirements to as low as 500-1,000 cells while accelerating
reaction times and minimizing RNA degradation, greatly
expanding applicability for low-input samples (65). Chemical
methods offer unbiased, quantitative m®A detection without
antibody-related artifacts.

Enzyme-based methods exploit enzymatic activities
that discriminate between m®A and unmodified adenosine.
By utilizing the specific cleavage or editing activities of
enzymes, these approaches offer an antibody-independent
alternative, which is particularly suitable for studies requiring
high sensitivity or aiming to avoid antibody-related biases.
m°A-m°A-sensitive RNA-endoribonuclease-facilitated
(MATZER)-seq uses the bacterial endoribonuclease MazF,
whichcleavesunmethylated ACA motifsbutnotm®A-containing
ACA sequences, generating characteristic cleavage patterns
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that reveal m°A positions at single-nucleotide resolution.
This method permits systematic quantitative profiling of m°A
at 16-25% of expressed sites and enables de novo discovery
of mP®A sites, calibration of antibody-based approaches and
quantitative tracking of m®A dynamics during differentiation.
mPA-sensitive RNA-endoribonuclease-facilitated sequencing
with refinement improves upon MAZTER-seq with enhanced
computational analysis (66).

mC®A-deamination adjacent to RNA modification targets
(DART)-seq employs a fusion protein combining the cytidine
deaminase apolipoprotein B mRNA editing enzyme catalytic
subunit 1 with the mSA-binding YTH domain, which induces
C-to-U deamination at sites adjacent to m°A that are then
detected by standard RNA-seq (60,67,68). DART-seq requires
minimal RNA input (as little as 10-50 ng of total RNA) and
can track m%A accumulation in cells over time; long-read
DART-seq provides insights into m°A distribution along
individual transcripts. However, DART-seq depends on the
presence of cytidines near m°A sites and may have variable
efficiency across different sequence contexts (68,69).

Each methodological category offers distinct advantages:
Antibody-based methods provide established workflows for
transcriptome-wide profiling with extensive bioinformatics
support; chemical-based approaches enable absolute quantifi-
cation without antibody bias; and enzyme-based methods offer
low-input, antibody-free alternatives with unique detection
mechanisms. The choice of method depends on research goals,
available sample quantity, desired resolution (region-level
vs. single-nucleotide) and whether absolute or relative quan-
tification is needed. For IVDD research involving limited
clinical specimens, low-input methods such as GLORI 3.0 or
DART-seq may be particularly advantageous.

3. Mapping the degenerative epitranscriptome: Inflammation
and autophagy

Global and focal m°A epitranscriptomic changes in IVDD have
been mapped both in human and rodent tissues. MeRIP-seq
analysis [validated by reverse transcription-quantitative
PCR (RT-qPCR)] identified distinct signatures: Annexin A2
transcripts show increased m®A levels in degenerative discs,
whereas SLC3A2 and pre-B-cell leukemia transcription factor
3 show decreased methylation. These differentially methyl-
ated transcripts were enriched in pathways highly relevant to
disc pathology, such as NF-«B signaling and ECM-associated
processes, suggesting that m®A modifications are central to
influencing inflammation and maintaining matrix homeostasis
to IVDD progression (70). Dynamic m°®A profiling of aging rat
NP tissue using MeRIP-seq combined with RNA-seq further
revealed a progressive, age-dependent increase in global m°A
levels. This accumulation is associated with gene expression
shifts in pathways linked to inflammation, cellular stress
responses and ECM metabolism (71).

Beyond these foundational findings, recent evidence
highlights the pivotal role of m°A in regulating autophagy
and pyroptosis, two critical fate determinants in IVDD. New
studies indicate that METTL3-mediated m°A modification
stabilizes autophagy related 7 mRNA, a core autophagy gene.
In degenerative NPCs, elevated METTL3 promotes senes-
cence by disrupting the autophagic flux (72,73). Conversely,
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the eraser FTO has been shown to demethylate NLRP3
mRNA. Downregulation of FTO during degeneration leads
to m®A-dependent stability of NLRP3, thereby activating the
inflammasome and driving pyroptosis in NPCs (74). These
findings suggest that the m°A machinery acts as a ‘molecular
switch’ between cell survival (autophagy) and inflammatory
death (pyroptosis).

Diagnostic stratification via regulator variability. Beyond
pathogenesis, mSA regulator expression may serve as a
sensitive indicator of inter-individual epigenetic variability.
A comprehensive analysis using Gene Expression Omnibus
datasets, assisted by machine learning and LASSO regres-
sion, screened for differentially expressed m°A regulators and
analyzed associated immune infiltration characteristics in
IVDD. The study generated a predictive model based on five
key regulators (RBM15, YTHDCI1, YTHDF3, HNRNPA2BI1
and ALKBHS). Validated in rat models, this signature strati-
fies patients into eight distinct clusters, each associated with
unique immune infiltration characteristics. These clusters
may underlie subpopulation-specific IVDD trajectories and
immune responses, offering a roadmap for personalized
epigenetic diagnostics (75).

ncRNAs
Regulatory triad: miRNAs, IncRNAs and circRNAs.
ncRNAs orchestrate gene expression at transcriptional
or post-transcriptional levels without encoding proteins.
In IVDD, three major classes interact synergistically to
modulate ECM metabolism, apoptosis, senescence, inflam-
mation and autophagy (20,76-78). miRNAs, which are 18-22
nucleotides in length, act as endogenous silencers by binding
to the 3' untranslated regions of target mRNAs, leading to
mRNA degradation or translational inhibition. Their effects
frequently converge on the NF-xB signaling hub, thereby
driving matrix degradation and cell death. These miRNAs
are themselves regulated by longer transcripts, including
IncRNAs and circRNAs. IncRNAs, typically exceeding
200 nucleotides, modulate gene expression via complex
secondary structures that influence chromatin remodeling
and mRNA stability. Meanwhile, circRNAs are character-
ized by a covalent closed-loop structure that renders them
resistant to exonuclease degradation, and also serve as protein
decoys or scaffolds, influencing diverse cellular processes. A
dominant regulatory mechanism in disc homeostasis is the
competing endogenous RNA (ceRNA) hypothesis, wherein
IncRNAs and circRNAs contain miRNA response elements
that sponge specific miRNAs, thereby lifting the repression
of downstream target genes. I[IVDD-associated ncRNAs can
be protective or detrimental; what matters most is the pertur-
bation of the regulatory network (20,76-78).
High-resolution research methodologies. Research
on ncRNAs employs an integrated workflow combining
high-throughput discovery with mechanistic validation. The
process typically begins with omics-based profiling, using
RNA-seq, microarray hybridization or single-cell transcrip-
tomics to map dysregulated profiles (79-81). For instance,
microarray analysis has identified the IncRNA RP11-296A18.3
and its neighboring gene Fas associated factor 1 as pro-apop-
totic drivers in degeneration (82). Once candidates are

identified, their spatial expression is defined using RT-qPCR,
FISH or in situ hybridization. To confirm the physical
interaction between ncRNAs, researchers utilize luciferase
reporter assays to verify binding sites and RIP to identify
protein partners. Specifically, Argonaute 2 (AGO2)-RIP
is crucial for validating the sponging mechanism; since
AGO?2 is the core component of the RNA-induced silencing
complex, enriching for AGO2-bound transcripts confirms
the regulatory roles of key molecules such as circVMAZ21,
circFOXO03, circEYA3 and circATXNI1 (83-86). Finally,
functional roles are assessed via gain- and loss-of-function
strategies (using mimics, inhibitors or CRISPR) paired with
phenotypic readouts such as TUNEL staining for apoptosis,
EdU incorporation for proliferation and Alcian blue staining
for matrix synthesis (87-90).

Beyond cytoplasmic sponging, advanced techniques are
uncovering novel ncRNA functions in the nucleus and extra-
cellular space. Emerging methods such as CUT&Tag and
CUT & Release Using Nuclease bridge RNA-protein binding
with genomic localization, revealing that some ncRNAs
recruit transcriptional regulators directly to chromatin (91).
For example, the nuclear circFUNDCI was found to recruit
CDKO to the FUNDCI1 promoter, boosting transcription and
promoting mitophagy to protect against oxidative stress (92).
Furthermore, previous evidence highlights that exosomes
serve as critical vehicles for intercellular rejuvenation.
Urine-derived stem cell exosomes have been shown to deliver
the matrilin-3 protein to NPCs, where it activates the TGF-§
signaling pathway to promote matrix synthesis and suppress
senescence (93). These findings establish exosomal ncRNA
tracking and delivery as a promising non-viral strategy for
disc repair.

Notably, the plasticity and complexity of ncRNA networks
are best illustrated by the conflicting roles of the IncRNA
HOTAIR, which suggests a biphasic function driven by disease
stage or stress type. Although some studies report that HOTAIR
is downregulated in patients, where its restoration exerts a
protective effect by suppressing MMP-13 via the sponging
of miR-642a-5p (94) or preventing apoptosis by sequestering
miR-34a (95,96), more evidence suggests that HOTAIR upreg-
ulation is associated with IVDD severity by activating the
Wnt/B-catenin pathway and AMPK/mTOR/ULKI1 pathway to
drive the NPC degenerative changes. Moreover, targeted inhi-
bition via siHOTAIR effectively improved ECM composition
and attenuated IVDD symptoms in rat models (97,98). This
discrepancy likely stems from variations in sample source, as
‘control’ samples often differ (such as idiopathic scoliosis vs.
trauma) and ‘disease’ samples represent different pathological
stages (acute inflammation vs. chronic oxidative stress). It
remains an intriguing research avenue to discern how regula-
tors such as HOTAIR may transition from an anti-apoptotic
factor under inflammatory cues to a pro-degenerative factor
under chronic stress conditions.

Advances in mitochondrial epigenetics (mitoepigenetics)
in IVDD. Mitoepigenetics represents an emerging regula-
tory layer distinct from nuclear epigenetics, with critical
implications for IVDD. Epigenetic mechanisms regulate
mitochondrial quality control (MQC) through interconnected
pathways involving DNA methylation, histone modifications
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and m°A RNA methylation, directly influencing mitochon-
drial biogenesis, mitophagy, dynamics and oxidative stress
responses in NPCs (14,99,100).

Distinguishing mitochondrial from nuclear epigenetics.
Mitoepigenetics differs fundamentally from nuclear epigenetics
in DNA packaging, modification patterns and functional
consequences. Nuclear DNA is packaged with histone proteins
into nucleosomes, allowing extensive histone modifications
(acetylation, methylation and phosphorylation) that regulate
gene expression (99,101). By contrast, mitochondrial DNA
(mtDNA) exists in nucleoids, DNA-protein complexes lacking
histones that instead contain mitochondrial transcription factor
A and other nucleoid-associated proteins (99,102). Epigenetic
regulation in mitochondria therefore relies on PTMs of these
nucleoid proteins rather than histone modifications (103).

Although DNA methylation occurs in both genomes,
critical differences exist. Nuclear DNA methylation primarily
occurs at CpG dinucleotides and typically represses gene
transcription when present at promoters (104). mtDNA meth-
ylation involves multiple patterns including 5-mC, 5-hmC,
and N6-methyladenine (105). Notably, experimental evidence
suggests that GpC methylation, not CpG methylation, may be
the primary functional regulator of mitochondrial gene expres-
sion, and mtDNA methylation at promoters appears to activate
rather than repress transcription; diametrically opposed to
nuclear DNA methylation effects (105,106).

Mitoepigenetic modifications utilize mitochondrial
isoforms of nuclear enzymes. DNMTs (mtDNMT1 and
DNMT3B) localize to mitochondria and methylate mtDNA,
while TET-like hydroxymethylase activity has been detected
in mitochondria for demethylation (106). A unique aspect
of mitochondrial epigenetics is its bidirectional relationship
with nuclear epigenetics: Mitochondria produce metabolites
(acetyl-CoA, a-ketoglutarate and S-adenosylmethionine) that
serve as substrates for nuclear epigenetic enzymes, while
nuclear-encoded factors regulate mitochondrial epigenetic
machinery through anterograde signaling (101,104,107).

mtDNA D-loop hypermethylation in IVDD. Recent studies
indicate that hypermethylation of the mtDNA displacement
loop (D-loop), the control region for mitochondrial replica-
tion and transcription, is markedly elevated in degenerative
human NP tissues. This D-loop hypermethylation, mediated
by DNMT1 translocation to mitochondria, represses mito-
chondrial gene expression (such as ND1 and COX1), driving
metabolic reprogramming and oxidative stress (108-110).
In other disease models, D-loop methylation levels are
inversely associated with mtDNA copy number, suggesting
compensatory mechanisms in response to mitochondrial
dysfunction (109,111).

Single-cell approaches to mitochondrial dysfunction.
scRNA-seq has proven particularly valuable for dissecting
cellular heterogeneity and identifying mitochondrial
dysfunction signatures in degenerative disc tissues (112,113).
Recent scRNA-seq-guided studies revealed critical roles for
mtDNA/SPARC-STING signaling pathways in fibrotic pheno-
type polarization of NP cells during IVDD progression. These
findings have informed novel therapeutic strategies, including
engineered mitochondrial transplantation that improves MQC
in NP cells under pathological conditions (114-116).
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Nuclear epigenetic regulation of MQOC. DNA methylation
and mitochondrial oxidative damage. DNMT3B-mediated
DNA hypermethylation represents a key epigenetic driver
of mitochondrial dysfunction in IVDD. DNMT?3B is highly
expressed in degenerated NP tissue and promotes hypermeth-
ylation of genes enriched in oxidative stress and ferroptosis
pathways. Specifically, DNMT3B-mediated hypermethylation
silences the ferroptosis suppressor gene SLC40A1 (ferro-
portin), leading to iron accumulation, lipid peroxidation and
mitochondrial oxidative damage. Treatment with the DNA
methylation inhibitor 5-azacytidine (5-Aza) alleviates IVDD
in rat models by restoring SLC40A1 expression and reducing
ferroptosis-associated mitochondrial dysfunction (29,100).

Histone modifications and metabolic homeostasis.
H3K4me3 catalyzed by SET domain containing protein
1A (SETD1A) serves a protective role in maintaining
mitochondrial metabolic function. H3K4me3 levels are
markedly decreased in degenerated NP tissues (117).
SETDI1A regulates glycolytic metabolism, the primary
energy pathway in the avascular intervertebral disc., through
the H3K4me3-HELZ2/PPARa-hypoxia inducible factor la
(HIF1a) axis. Loss of SETDI1A reduces H3K4me3 enrich-
ment at the HELZ?2 promoter, suppressing the HELZ2/PPARa
complex and downregulating HIF1a, which impairs glycolytic
capacity and induces cellular senescence (117). Since mito-
chondria participate in metabolic regulation beyond glycolysis
in disc cells, this histone modification pathway indirectly
affects mitochondrial quality by altering cellular metabolic
homeostasis.

mP®A methylation and mitophagy regulation. m°A methyla-
tion represents a critical epitranscriptomic mechanism linking
metabolic intermediates to MQC. METTL3-mediated m°A
modification regulates a-ketoglutarate (a-KG)-dependent
mitophagy through the MALAT1/miR-23c/isocitrate dehy-
drogenase 1 (IDHI) axis. a-KG, a tricarboxylic acid cycle
intermediate which is markedly decreased in degenerated NP
tissues, serves dual functions: As a metabolic substrate and as
a cofactor for TET DNA demethylases and Jumonji-C histone
demethylases. Mechanistically, METTL3-mediated m°A
modification destabilizes the IncRNA MALAT]I, releasing
miR-23c to suppress IDH1, the enzyme responsible for a-KG
production. Reduced a-KG levels impair mitophagy, leading
to accumulation of dysfunctional mitochondria, increased
reactive oxygen species (ROS) production and enhanced
apoptosis. Supplementation with a-KG restores NP cell
proliferation, reduces apoptosis and reestablishes ECM
homeostasis (100,118).

mSA modifications also regulate autophagy-related
genes under stress conditions, providing additional control
over mitochondrial quality (21). Multiple m°A regulators
including RBM15, YTHDCI1, YTHDF3, HNRNPA2BI
and ALKBHS show differential expression in IVDD, with
METTL3/YTHDCI co-regulation mediating mSA hyper-
methylation of RNF41 mRNA to impair autophagy and ECM
integrity (119,120).

Bidirectional metabolic-epigenetic crosstalk. A bidirec-
tional relationship exists between mitochondrial metabolism
and epigenetic regulation in IVDD. Mitochondria-derived
metabolites serve as essential cofactors for epigenetic enzymes:
NAD* for sirtuin deacetylases, a-KG for TET demethylases
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and Jumonji-C demethylases, and S-adenosylmethionine
for methyltransferases (100,107). Conversely, epigenetic
modifications regulate expression of genes encoding MQC
machinery, including those governing mitochondrial dynamics
(fusion/fission), mitophagy pathways (PINK1-PRKN) and
mitochondrial biogenesis (PPARGCI1A/PGC-1a) (121,122).

Protein-level integration with epigenetic control. The
NOD-like receptor X1 (NLRX1)-SLC39A7 complex exem-
plifies how protein-level regulation integrates with epigenetic
control to maintain mitochondrial quality. This complex
orchestrates mitochondrial dynamics and mitophagy by
modulating mitochondrial zinc trafficking, coupling mito-
chondrial fission factors (dynamin-1-like protein), fusion
regulators (OPA1 mitochondrial dynamin like GTPase) and
mitophagy activity. Loss of NLRX1 triggers compensatory
activation of the PINK1-PRKN pathway, leading to excessive
mitophagy and accelerated NP cell senescence (123,124).
NLRXI1 is the only known mitochondria-localized NLR
family member and functions as a negative regulator of
inflammation while modulating mitochondrial metabolism
and autophagy (124,125).

Targeted epigenetic editing. To establish a definitive causal
link between epigenetic modulation and IVDD, and to
facilitate the transition from observation to therapy, the
field is increasingly adopting targeted epigenetic editing.
Unlike traditional gene therapy that alters the genomic
sequence, platforms such as CRISPR/dCas9, transcription
activator-like effector nucleases or zinc-finger proteins fused
to chromatin-modifying enzymes (such as DNMT3A, TET]I,
KRAB and p300) allow for the precise, reversible regula-
tion of gene expression. These approaches are currently in
various stages of in vivo investigation across a spectrum of
metabolic, ophthalmic, neurobiological and musculoskeletal
disorders (126,127). The translational feasibility of this tech-
nology in complex tissue environments has been demonstrated
in non-spinal models; for instance, mice receiving lipid
nanoparticle-derived mRNA encoding engineered zinc-finger
repressors for PCSK9 achieved stable transcriptional repres-
sion through repressive chromatin remodeling, offering a
potential treatment for hypercholesterolemia (128). Similarly,
AAV-mediated delivery of dSaCas9 fused to transcriptional
repression domains derived from KRAB and MeCP2 success-
fully induced localized chromatin repression of ApoE in the
mouse brain, mitigating the most prominent genetic risk factor
for Alzheimer's disease (129).

In the specific context of IVDD and discogenic pain,
research has progressed from germline-edited models [such
as zygote microinjection with dCas9-DNMT3A (130) or
scaffold-based recruitment systems (131)] to somatic, thera-
peutically relevant interventions. A primary focus has been
the modulation of the ‘gut-disc-nerve’ or inflammatory axes.
Utilizing in vitro and ex vivo models, researchers have employed
lentiviral dCas9-KRAB constructs to target the promoters of
inflammatory receptors IL6st, TNFR1 and IL1R1 in rat dorsal
root ganglion neurons. This multiplex epigenome editing
effectively silenced cytokine signaling cascades, thereby
desensitizing nociceptive neurons to the inflammatory milieu
of the degenerative disc (132,133). Building on this, the same
group demonstrated the in vivo therapeutic efficacy of CRISPR

epigenome editing of TNFR1 in a needle puncture-induced rat
model, demonstrated that targeted repression of inflammation
can alleviate behavioral signs of pain (134).

However, halting inflammation addresses only one side of
the degenerative coin; restoring the matrix requires reactivating
silenced anabolic genes. Complementing repressive strategies,
recent ‘CRISPR activation’ (CRISPRa) approaches, utilizing
dCas9 fused to transcriptional activators such as VPR or p300,
are now being explored to rejuvenate the disc matrix. Emerging
evidence suggests that targeting the promoters of core anabolic
genes, such as ACAN and COL2ALl, can reverse the age-related
epigenetic silencing of these loci. By depositing active histone
marks (such as H3K27ac) at these promoters, CRISPRa systems
can restore physiological gene expression levels and promote
functional matrix repair in degenerative NPCs, offering a
dual-pronged strategy when combined with inflammatory
repression (Table I) (28-30,33,35,37,50,52,54-56,70,71,79-86,
92,133-135).

4. Animal models used in IVDD epigenetics research

Common models and translational challenges. Animal
models remain indispensable for IVDD epigenetics research
because chromatin remodeling is dynamically regulated by
systemic cues (such as vascularization, immune surveillance
and neural interaction) that are notably absent in static in vitro
or organ-culture systems (136). The experimental repertoire
is extensive, utilizing both small animals (murine, rabbit or
canine) for mechanistic screening and large animals (ovine,
porcine or non-human primates) for pre-clinical valida-
tion (137). Recently, weight-bearing species such as camelids
and kangaroos have been introduced to improve approxima-
tion of human spinal loading. These models are generally
classified into three distinct categories: Spontaneous, induced
and genetically engineered. Spontaneous models, such as
the sand rat (Psammomys obesus) or chondrodystrophoid
(ChD) dogs, naturally replicate age-related degeneration, with
porcine models offering anatomical dimensions that closely
mirror human disc aging (138,139). Conversely, induced
models utilize surgical needle puncture, enzymatic injection
or controlled mechanical vibration to trigger rapid, reproduc-
ible degeneration, making them ideal for isolating specific
mechanobiological pathways. Bridging these approaches,
genetically engineered models introduce targeted mutations
to probe specific signaling or metabolic mediators; notably,
the lamin A/C G609G/G609G knock-in mouse, which models
Hutchinson-Gilford progeria, develops spontaneous IVDD
that closely mimics the accelerated epigenetic aging seen in
humans (140).

Despite this diversity, species-specific variations impose
notable constraints on translational relevance. The primary
limitation is biomechanical; the quadrupedal posture of most
models fails to replicate the axial loading forces of the human
spine. While primates and surgically bipedal rodents offer
partial solutions, their use is limited by ethical concerns and
high costs (135,141,142). To address this, a novel non-surgical
bipedal rat model has been developed by encouraging
upright posture via specially designed cages; this approach
induces progressive degeneration over months, improving the
mimicking of chronic mechanical stress compared with acute
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Table I. Continued.

(Refs.)

Key applications& insights in IVDD

Specific techniques/tools

Methodological approach

Epigenetic category

(133)

Simultaneous repression of IL6st, TNFR1 and ILIR1 in DRG

neurons completely abolished IVDD-induced mechanical

sensitivity.

Lentiviral dCas9-KRAB

Multiplex repression

Targeted epigenetic

editing
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(134)

Successful therapeutic epigenome editing of TNFR1 in rat [IVDD
models significantly reduced inflammation and pain behavior.

AAV-CRISPR-dCas9

In vivo epigenome editing

MSP, methylation-specific PCR; BSP, Bisulfite Sequencing PCR; AF, annulus fibrosus; ER, endoplasmic reticulum; NP, nucleus pulposus; NPCs, nucleus pulposus cells; COBRA, combined bisulfite

restriction analysis; MALDI-TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; ChIP, chromatin immunoprecipitation; ChIP-seq, chromatin immunoprecipitation
sequencing; WGBS, whole genome bisulfite sequencing; MeRIP-seq, methylated RNA immunoprecipitation sequencing; MeRIP-qPCR, methylated RNA immunoprecipitation quantitative PCR; RIP,

RNA immunoprecipitation; LC-MS/MS, liquid chromatography with tandem mass spectrometry; ATAC-seq, assay for transposase-accessible chromatin with high-throughput sequencing; CUT&Tag,

Cleavage Under Targets and Tagmentation; scRNA-seq, single-cell RNA sequencing; CRISPR, clustered regularly interspaced short palindromic repeats; dCas9, Dead Cas9 (Catalytically inactive Cas9);

AAV, adeno-associated virus; [IVDD, intervertebral disc degeneration; circRNA, circular RNA, miR/miRNA, microRNA, IncRNA, long non-coding RNA; ECM, extracellular matrix.

injury models, although it still incompletely replicates human
kinematics (143). Furthermore, the persistence of notochordal
cells into adulthood in rodents contrasts with their disappear-
ance in humans, obscuring the study of the ‘chondrocyte-like’
cells that populate the adult human NP.

From an epigenetic perspective, the ‘time gap’ presents
a formidable barrier. The short lifespan of rodents prevents
the modeling of gradual, accumulative ‘epigenetic drift’, the
loss of stable methylation patterns over decades, that char-
acterizes human disease. Moreover, previous comparative
epigenomics data from the Encyclopedia of DNA Elements
(ENCODE) project highlights that while DNA sequences may
be conserved, the functional activity of regulatory elements
(enhancers/promoters) often diverges significantly between
mice and humans, meaning an epigenetic therapy valid in mice
may lack a functional target in humans (144). Consequently,
the field is increasingly integrating human pluripotent stem
cell-derived organoids alongside animal models. These
‘disc-on-a-chip’ systems provide a human genetic background
to validate epigenetic mechanisms found in animals, offering
a bridge to overcome species-specific regulatory divergence
while adhering to the 3R principles of animal research (145).

Needle-puncture models used in IVDD epigenetics

Model utility and biological relevance. For epigenetic studies,
murine needle puncture remains the overwhelmingly dominant
method to induce controlled AF or NP disruption. The protocol
allows for precise modulation through variables such as the
insertion site (lumbar vs. coccygeal disc), needle gauge (21G to
32G), needle manipulation (retained or rotated) and intradiscal
reagent injections (135,146). Despite the biomechanical differ-
ences inherent to quadrupeds, the murine caudal disc serves
as a surprisingly robust surrogate for the human lumbar spine;
it mirrors the human phenotype in disc height, anteroposterior
width, torsional resistance, axial compressive loading and
biochemical composition, particularly in glycosaminoglycan
content. Consequently, the model rapidly recapitulates a
spectrum of pathological features strikingly similar to human
IVDD, including radial/concentric annular tears, endplate
trabecular bone deposition, profound NP matrix degradation,
cell apoptosis and inflammatory responses. These extensive
biological parallels, combined with low cost, short life cycles
and amenability to genetic manipulation, establish the murine
tail disc as a clinically relevant proxy for studying structural
degeneration (147).

Epigenetic limitations: Acute injury and evolutionary
divergence. However, the application of this model to
epigenetics requires rigorous scrutiny due to two fundamental
disconnects. First, the temporal nature of the epigenetic modi-
fications differs; because the alterations detected in puncture
models are triggered by acute mechanical injury, they generate
an ‘acute inflammatory epigenetic spike’ that may obscure or
completely miss the gradual, wear-and-tear-related epigenetic
drift that cumulatively drives IVDD onset in humans (148).
Second, epigenetic findings from murine models must be
interpreted with caution due to evolutionary divergence in
regulatory elements (REs). Data from the latest phase of the
ENCODE project reveals a notable discordance between
sequence conservation and functional activity. While a
substantial proportion of epigenome REs appear orthologous
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at the sequence level (~56% of human REs and 72% of mouse
REs), only a minority retain conserved regulatory activity. This
functional drop-off is particularly severe when translating from
humans to mice: Only 18% of human REs display analogous
activity in mice, whereas 46% of mouse REs have functional
counterparts in humans (149,150). This disparity, attributed
to species-specific regulatory evolution, context-dependent
enhancer usage and heterogeneity in bulk-tissue profiling,
implies that an epigenetic target validated in a murine puncture
model has a high probability of lacking a functional equivalent
in the human genome.

Non-puncture models used in IVDD epigenetics
Genetic engineering: Dissecting molecular homeostasis. In
contrast to acute injury models, only a few non-puncture [IVDD
animal models have been used in IVDD epigenetic research,
including natural aging, gene editing (alone or combined with
aging) and models based on advanced glycation end products
(AGEs) or more systemic conditions. These models capture
distinct facets of epigenetic modifications. For example,
age-related SPARC downregulation due to hypermethylation
is linked to disc degeneration, as aged and SPARC-null mice
exhibit highly similar pain phenotypes (35). HDAC9 knockout
mice at different ages exhibit accelerated [IVDD due to impaired
NPC vitality and increased apoptosis. HDAC9 enhances acet-
ylation and ubiquitin-proteasomal degradation of RUNX3, and
its overexpression restores NPC viability in vivo (44). miR-141
knockout prevents both spontaneous IVDD in aged mice
and IVDD progression in a puncture-induced mouse model,
acting through the SIRT1/NF-xB pathway. Local injection of
nanoparticle-coupled miR-141 inhibitors demonstrated thera-
peutic benefit (87). The epigenetic regulator SIRT6, a nuclear
NAD*-dependent HDAC, maintains disc homeostasis by
supporting anabolic and proliferative responses via IGF-1 and
MYC. Disc-specific Sirt6-knockout causes global H3K9 hyper-
acetylation, increased H3K27 and H3K36 methylation, altered
chromatin accessibility and dysregulation of DNA-repair
pathways. Together these changes result in accumulated DNA
damage (YH2AX foci), reduced autophagy, increased cellular
senescence with a heightened senescence-associated secretory
phenotype burden in NP and AF cells, and accelerated struc-
tural disc degeneration in an age-dependent manner (45). Disc
cell-specific Foxo3 knockout induces IVDD with pronounced
type II collagen and ECM loss, revealing a protective mecha-
nism whereby FOXO3 activates the IncRNA HOTTIP, which
sequesters miR-615-3p to preserve COL2A1 expression (151).
Chemical and metabolic induction: The ‘slow-burn’ of
aging. Using a rat IVDD model induced by AGEs, researchers
show that lentiviral overexpression of IncRNA FAMS83H-AS1
competitively binds miR-22-3p via a ceRNA mechanism,
reducing the inflammatory mediators IL-13 and TNF-a (152).
Unlike mechanical injury models, AGE administration-based
models reproduce a gradual accumulation of crosslinked
matrix proteins, oxidative stress, inflammation and activation
of the receptor for AGE, the ‘slow-burn’ aging chemistry that
contributes to IVDD. A similar AGE-based rat model has also
been used to evaluate the therapeutic effects of palladium
nanoparticles in IVDD, which facilitates autophagic degrada-
tion of AGEs (153). However, exogenous AGE delivery may
not fully reflect the temporal or tissue-specific distribution
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of AGE accumulation seen in natural aging, and it under-
represents other contributors such as mechanical loading and
vascular or immune responses.

Systemic regulators: Exercise and circadian rhythms.
Animal studies have also explored how systemic conditions
may have a strong impact on epigenetic changes and disease
development. Although lumbar IVDs from SPARC-null and
age-matched wild-type mice show comparable global DNA
methylation, as assessed via 5-mC ELISA, long-term exer-
cise lowers global methylation in both groups and attenuates
LBP-related symptoms manifested in a sex-specific manner.
In males, exercise reduces Dnmt3a, Mecp2 and Tetl mRNA
expression, while in females it reduces Dnmt3b and Mecp2
but increases Mbd2a/b, with Mecp2a reduction shared across
sexes, especially in SPARC-null mice. Because the exercise
intervention began at 8 months (middle-aged) and ended at
14 months, this comparison reflects the function of SPARC
in age-associated methylation (154). In a streptozotocin
(STZ)-induced diabetic rat model, hyperglycemia markedly
suppresses SIRT1 expression and activity in NPCs. As a
class IIT HDAC, SIRT1 deacetylates multiple substrates,
including the tumor suppressor protein p53. Its reduction
increases p53 acetylation, enhancing its transcriptional
activity that favors apoptosis and cellular senescence.
Pharmacological or gene-based reactivation of SIRTI
reverses these effects and protects NPCs from diabetes-
associated IVDD (155).

Expanding on systemic regulation, recent work has
established circadian rhythm disruption models (such as
environmental light-cycle shifting or Bmall knockout) as a
novel non-puncture paradigm. These models reveal that the
core circadian clock protein BMALI directly binds to the
promoters of anabolic genes (such as aggrecan and Col2al)
to maintain their rhythmic expression, a mechanism critical
for cartilaginous tissue integrity. Furthermore, in the specific
context of the intervertebral disc, disrupting this rhythm leads
to degeneration through an autophagy-dependent axis; the loss
of BMALI impairs the rhythmic expression of nuclear recep-
tors that govern autophagic flux, thereby compromising NPC
survival (156). Collectively, these models underscore that the
IVDD epigenome is not a static entity but a dynamic record of
genetic, metabolic and lifestyle inputs (156,157).

Common pitfalls and misinterpretations in IVDD epigenetics
research. Progress in IVDD epigenetics research into clinical
trials is limited by several obstacles, including over-reliance
on single epigenetic marks, neglect of disc zonal heteroge-
neity, conflation of correlation with causation, and mismatches
between models and methods.

A persistent limitation in IVDD epigenetic studies is the
tendency to focus on isolated epigenetic features, such as
DNA methylation or individual histone marks, rather than the
coordinated behavior of the ERN. Age-associated epigenetic
alterations accumulate in a non-random manner, preferentially
affecting genes involved in development and transcriptional
regulation, indicating that degeneration reflects network-level
erosion rather than discrete molecular events. Studies that fail
to account for this functional redundancy risk oversimplifying
disc aging as a sum of independent alterations rather than a
systemic disruption of regulatory control.
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The IVD exhibits pronounced spatial heterogeneity, with
distinct epigenetic and transcriptional programs across the
NP, AF and CEP. Failure to resolve these zonal differences,
particularly in bulk epigenomic assays, can obscure focal
chromatin architectures that drive localized degeneration.
Advanced spatial and single-cell epigenomic approaches
are therefore critical for accurately interpreting disc-specific
regulatory states and avoiding the conflation of global aging
signatures with region-specific pathology.

Early machine learning studies successfully identified
senescence-associated hub genes, such as TATA-box binding
protein associated factor 13 (158), and predictive mRNA triads
(BTG anti-proliferation factor 2, MDM4 regulator of p53,
acyl-CoA oxidase 1) using approaches including weighted
gene co-expression network analysis, random forest and
support vector machine-recursive feature elimination (159).
While these correlation-based frameworks are valuable
for hypothesis generation, they cannot establish causality.
Without functional perturbation or longitudinal validation,
there remains a risk of misinterpreting downstream epigenetic
consequences as primary drivers of degeneration.

A critical and often overlooked pitfall lies in mismatching
experimental models with the biological timescale of human
IVDD. Selecting an appropriate animal model requires consid-
eration of its age-related characteristics relative to human IVDD,
as different species have distinct life spans and aging rates
that shift the timing of degeneration (160). Across mammals,
shorter-lived species have a higher rate of epigenetic drift
than longer-lived species, and this rate scales with maximum
lifespan. Age-associated epigenetic drift accumulates faster in
genome regions with low CpG density, which are more common
in shorter-lived species, whereas longer-lived species tend to
possess CpG-dense regulatory elements in shared genes and
appear to maintain more robust protective mechanisms, such as
sirtuin efficiency and DNA repair capacity. This discrepancy is
detectable even within murine rodents. When measured per unit
chronological time, epigenetic disorder occurs more rapidly in
rats than in mice (22). Such mismatches undermine translational
relevance when acute injury models are used to infer mecha-
nisms of chronic degeneration.

5. Future directions

Methodological innovations needed. The avascular nature of
disc tissue and limited cell yields necessitate low-input and
single-cell epigenomic technologies. Integrating single-cell
multi-omics, spatial transcriptomics and long-read epigenomics
will enable high-resolution mapping of chromatin states while
preserving zonal and cellular context. Human IVDD is defined
by slow, progressive epigenetic drift rather than abrupt molec-
ular change. Longitudinal sampling strategies, particularly in
aging animal models, are essential to distinguish stochastic
drift from pathological transitions and to identify early
epigenetic states that predispose discs to failure. Establishing
standardized, disc-specific epigenetic reference maps across
age, degeneration stage and disc region will provide a founda-
tional framework for interpreting disease-associated changes.
Such atlases are critical for cross-study comparability and
for anchoring artificial intelligence (AI)-driven analyses in
biologically meaningful ground truth.

Challenges in therapeutic delivery remain stubborn. The
NP tissue presents formidable barriers, creating a dilemma
between achieving tissue penetration and maintaining thera-
peutic retention. The avascular nature and dense ECM make it
exceptionally challenging for systemically administered drugs
to reach target cells, necessitating local intradiscal injection
as the clinically relevant delivery approach (161). However,
direct injection suffers from rapid diffusion outside the injec-
tion site, resulting in short-lived benefits while potentially
causing systemic toxicity (162). The high negative fixed charge
density of the NP, driven by aggrecan glycosaminoglycans,
can be exploited to enhance intra-NP residence time through
positively charged delivery vehicles that utilize long-range
electrostatic interactions (163).

Additionally, degenerative disc tissues develop fibrotic
barriers that further impede drug penetration, further compli-
cating therapeutic delivery (164). Advanced nanocarrier
systems have emerged as promising solutions to overcome
these dual challenges. Injectable hydrogel gene delivery
systems incorporating functionalized nanoparticles enable
sustained, on-demand release of therapeutic agents directly into
the NP, often utilizing MMP-responsive mechanisms (165).
Tannic acid-based nanoparticles provide both antioxidant
and anti-inflammatory effects while serving as effective
gene delivery vectors (166). Multiple engineering strategies
can enhance nanocarrier performance. Stimuli-responsive
nanoparticles offer precise targeting and controlled thera-
peutic release, improving drug localization and enabling
sustained delivery (167). Inflammation-responsive drug release
systems can exploit the pathological microenvironment, with
nanoscaffolds demonstrating disc-mimetic stiffness, excellent
biodegradability and robust scavenging of ROS and cell-free
nucleic acids (168). Phenylboronic acid-functionalized
microspheres create microenvironment-responsive systems
enabling sustained gene release while modulating inflam-
mation and alleviating apoptosis (169). Charge-reversal and
self-propelling nanocarriers represent cutting-edge approaches
to the penetration-retention paradox. Avidin-grafted dextran
nanostructures utilize electrostatic interactions to achieve
month-long intra-discal retention, with binding strong
enough to prevent rapid clearance yet reversible enough to
allow movement throughout the tissue (163). Self-enriching
nanocarriers catalyze hydrogen peroxide to generate asym-
metric bubble propulsion, enabling selective penetration into
degenerated tissues without accumulation in healthy tissues,
overcoming fibrotic barriers that impede conventional passive
diffusion (164). Surface modification further enhances func-
tionality. NP-targeting nanocarriers facilitate miRNA-based
therapeutics by enhancing transportation to target cells,
which enables effective in vivo inhibition of pathological
miRNAs (166). Multifunctional nanocarriers can simultane-
ously deliver multiple therapeutic agents, such as combining
gene therapy with mitochondrial-targeted peptides, to address
both ECM metabolism and mitochondrial dysfunction (170).

Despite these challenges, nanocarrier-based delivery
systems have demonstrated the capacity to enhance targeted
delivery, improve local drug concentration and sustain drug
retention. This provides disease-modifying therapeutic strate-
gies that address fundamental pathophysiological mechanisms
of IVDD (Fig. 1) (162,171,172).
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Figure 1. Epigenetic toolkit in IVDD: Mechanisms, techniques, models and translational applications. (A) Core epigenetic mechanisms in IVDD. (B) Core
epigenetic study techniques (C) Animal models in IVDD epigenetics. (D) Therapeutic epigenetic reprogramming and interventions. 5-mc, 5-methylcyto-
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Model innovation. Non-human primates such as
Macaca mulatta live to about 27 years and age at about three
times faster than humans. This degeneration, similar to that of
middle-aged and elderly humans (40-60 years old), appears at
8-12 years in monkeys (173). ChD dogs exhibit clinical IVDD
between 3 and 7 years of age (174), whereas gerbils develop
early degeneration at 4 months, progressing extensively by
9 months, which helps model the continuum from youth to
old age in humans (175). Future research must prioritize such
longer-lived models to capture the slow, cumulative epigenetic
drift that characterizes human pathology, while permitting
controlled mechanical perturbation. Humanized and geneti-
cally engineered progeroid models represent a promising
direction for aligning epigenetic timescales with human
pathology. These systems allow interrogation of pre-existing
epigenetic vulnerabilities that are invisible in acute injury
paradigms yet decisive for clinical translation.

From descriptive epigenetics to causal biology. Recent
deep learning models published between 2024 and 2025
have pushed analysis far beyond correlation-based methods,
enabling the end-to-end prediction of complex regulatory
interactions directly from DNA sequence. Key advances
include DeepEPI (176) and EPI-Trans (177), which combine
convolutional neural networks to capture local motifs with
transformers to model long-range 3D chromatin dependen-
cies. Building on this, DeepMethyGene integrates multi-scale
methylation features (CpG islands, shores and shelves) to

predict gene expression with high interpretability (178). These
models enable hypothesis-driven perturbation experiments
that test causality rather than correlation. Advanced archi-
tectures incorporating transformers and Kolmogorov-Arnold
Networks (such as KansformerEPI) facilitate interpretable
modeling of long-range chromatin dependencies. By learning
the non-linear regulatory grammar of the disc, these tools
support experimental validation of cooperative network
behaviors underlying senescence. More sophisticated archi-
tectures add biological flexibility; EPI-DynFusion introduces
dynamic fusion gates to adaptively weigh sequence repre-
sentations based on cell context (179), while KansformerEPI
replaces traditional perceptrons with Kolmogorov-Arnold
Networks, combining functional expressiveness with interpret-
ability (180). Together, these tools are reshaping the paradigm
from studying isolated epigenetic marks towards learning the
non-linear, context-dependent regulatory grammar governing
disc senescence.

6. Conclusions

IVDD represents a systemic collapse of the ERN, rather than
isolated molecular failures. Future research must integrate
single-cell multi-omics, spatial transcriptomics and Al to
decode the cumulative erosion of cooperative network behav-
iors and the complex regulatory mechanisms of disc senescence,
prioritizing physiologically relevant aging models to identify
epigenetic states predisposing to degeneration. Successful
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clinical translation depends on coupling these insights with
advanced delivery strategies that navigate the disc's avascular
environment, shifting the paradigm from symptom preserva-
tion toward active epigenetic reprogramming and rejuvenation
of the aging spine.
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