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Abstract

DNA methylation is a key mechanism in epigenetic regulation and plays a pivotal role in
tumor initiation, progression, and therapeutic resistance. We begin by elucidating how
the dysregulation of key DNA methylation enzymes in tumors drives concurrent global
hypomethylation and cytosine-phosphate-guanine (CpG) island hypermethylation. This
aberrant epigenetic landscape promotes tumorigenesis through silencing tumor suppressor
genes and triggering abnormal activation of oncogenic signaling pathways. Notably, DNA
methylation is intimately linked to cellular pyroptosis. In particular, the hypermethylation-
mediated silencing of pyroptosis effector genes represents a critical epigenetic mecha-
nism underlying acquired drug resistance. Targeting DNA methylation with epigenetic
drugs offers a novel strategy to resensitize tumors to chemotherapy, radiotherapy, and
immunotherapy. Moreover, advances in nanomedicine have yielded smart platforms for
the precise administration of epigenetic modulators and combination therapies. These
platforms enable a coordinated “epigenetic priming-pyroptosis execution” strategy, which
holds promises for reversing therapeutic resistance and remodeling the tumor immune
microenvironment. By integrating DNA methylation regulation, pyroptosis mechanisms,
and nano-targeted strategies, this review aims to provide a theoretical framework and
novel perspectives for developing innovative, epigenetically driven anti-tumor therapies.

Keywords: epigenetics; DNA methylation; pyroptosis; tumor drug resistance; nanomedicine;
combination therapy

1. Introduction

Cancer initiation and progression result from not only accumulated genetic muta-
tions, but also profound dysregulation of epigenetic regulatory networks [1,2]. Among
epigenetic modifications, DNA methylation is the earliest discovered and most exten-
sively studied type [3-5]. In cancer cells, DNA methylation patterns undergo characteristic
remodeling, featuring widespread global hypomethylation alongside focal CpG island
hypermethylation [6]. Global hypomethylation promotes genomic instability and aberrant
proto-oncogene activation, whereas CpG island hypermethylation silences tumor suppres-
sor genes, endowing cancer cells with malignant traits such as unlimited proliferation,
apoptosis resistance, and immune evasion [7].

Pyroptosis is an inflammatory form of programmed cell death [8,9]. Its execution relies
on the cleavage of Gasdermin family proteins (e.g., Gasdermin E, GSDME) by activated
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caspases, leading to the formation of membrane pores [10]. Pivotal studies have revealed that
the GSDME gene is silenced in various tumors due to promoter hypermethylation, rendering
cancer cells resistant to chemotherapy-induced pyroptosis. This uncovers a novel mecha-
nism by which DNA methylation directly regulates cell death fate and mediates therapeutic
resistance [11].

Given the reversible nature of DNA methylation, epigenetic drugs targeting its regulatory
pathways, such as the DNMT inhibitor decitabine (DAC), have become important strategies
in cancer therapy [12,13]. However, traditional epigenetic drugs face challenges including
rapid in vivo metabolism, poor tumor targeting, and limited efficacy as monotherapies. The
emergence of nanomedicine offers opportunities to address these obstacles [14,15]. Through
the construction of intelligent nano-delivery systems, the co-delivery of epigenetic drugs with
chemotherapeutic agents, photosensitizers, or immunomodulators can be achieved. This
enables spatiotemporally controlled release within the tumor, realizing a synergistic effect of
“epigenetic priming” and “pyroptosis induction-execution”, thereby efficiently killing cancer
cells and provoking anti-tumor immune responses [16]. Therefore, a deep understanding of
the regulatory networks of DNA methylation in tumorigenesis and pyroptosis, coupled with
the development of combination therapeutic strategies leveraging advanced nanotechnology,
is of great significance for overcoming the limitations of current therapies and advancing the
development of precision oncology. This review will start with the fundamental regulatory
mechanisms of DNA methylation, focus on its aberrant patterns in cancer and its interplay
with pyroptosis, and summarize recent research progress in nanomedicine-based anti-tumor
therapies targeting both DNA methylation and pyroptosis induction.

2. Epigenetic Regulation in Cancer

Epigenetics explores heritable changes in gene expression that occur without altering
the DNA sequence itself. Since the concept was first introduced by Conrad Waddington in
1942, this field has undergone significant evolution from theoretical hypothesis to the eluci-
dation of molecular mechanisms [17]. The main areas of epigenetic research include DNA
methylation, histone modifications, non-coding RNA regulation, and chromatin remodel-
ing [18]. A fundamental characteristic of epigenetics is the diverse covalent modifications
of histones and nucleic acids, which collectively control chromatin structure and gene
expression [19]. These epigenetic modifications are reversible and involve the interplay of
three key enzyme systems—"“writers”, “erasers”, and “readers”. Epigenetic modifications
orchestrate gene expression and transcription, critically shaping processes from embryonic
development and stem cell differentiation to aging and tumorigenesis, while also offering
promising novel therapeutic targets for cancer intervention [20,21]. The cumulative effects
of various epigenetic mechanisms ultimately lead to several core cellular dysfunctions,
including oncogene activation and tumor suppressor gene inactivation, unlimited prolif-
erative capacity, resistance to cell death, microenvironment remodeling, and metabolic
reprogramming. These modifications directly contribute to the hallmarks of cancer, driving
tumor initiation, progression, metastasis, and development of therapeutic resistance [22-24].
Recent studies have established that the phenotypic and functional dysregulation of cells
within the tumor microenvironment (TME)—including cancer cells, immune cells, and
stromal cells—is pervasively influenced by upstream reversible epigenetic regulation [25].
This insight broadens the therapeutic potential of epigenetic modulators beyond direct
effects on cancer cells to include reprogramming of immune and stromal compartments.

2.1. DNA Methylation

Of all epigenetic modifications, DNA methylation was the first to be identified and has
been studied most thoroughly [26,27]. Since its initial discovery in bacteria in 1925, DNA

https:/ /doi.org/10.3390/jnt7020014


https://doi.org/10.3390/jnt7020014

J. Nanotheranostics 2026, 7, 14

3 of 40

methylation has been extensively investigated across a broad spectrum of organisms, shed-
ding light on its fundamental involvement in gene regulation, development, reproduction,
disease pathogenesis, and aging [28]. In 1948, Hotchkiss’s identification of 5-methylcytosine
(5mC) in calf thymus DNA marked the beginning of DNA methylation research. Subse-
quently, in 1975, Holliday and Pugh proposed the hypothesis that DNA methylation might
be involved in gene expression regulation. Further, the development of high-throughput
sequencing in the 21st century has enabled genome-wide DNA methylation mapping,
profoundly advancing research in tumor epigenetics [29].

2.2. Mechanisms of DNA Methylation

DNA methylation refers to the covalent addition of a methyl group to the 5-carbon
position of cytosine residues within CpG dinucleotides to form 5-methylcytosine (5mC)
under the catalysis by DNA methyltransferases (DNMTs) [30]. The DNMTs that act on
cytosine include DNMT1, DNMT3A, and DNMTB3B. Specifically, DNMT1 is primarily
responsible for maintaining methylation patterns, ensuring that methyl groups are trans-
ferred to the newly synthesized strand during DNA replication; DNMT3A and DNMT3B,
on the other hand, are responsible for establishing new methylation patterns. The general
reaction pathway involves: (i) nucleophilic attack by a conserved cysteine residue in the
DNMT motif IV on the C6 position of the cytosine ring; (ii) transfer of a methyl group from
S-adenosylmethionine (SAM) to the C5 position of cytosine; and (iii) proton elimination
at C5, with the cysteine leaving, resulting in the formation of 5-methylcytosine (Figure 1).
Furthermore, DNA methylation occurs not only in gene promoter regions but is also
widespread in regions such as gene enhancers and silenced gene areas. The methylation
status directly influences gene expression states, thereby determining biological behaviors
including cell differentiation, proliferation, and death [31-33].
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Figure 1. Overview of DNA methylation process in cancer. DNA methylation is dynamically
regulated by “writer” (DNMTs), “eraser” (TETs), and “reader” (MBD-containing proteins) enzymes.
DNMTs methylate cytosine to form 5mC, while TETs sequentially oxidize 5mC to 5hmC, 5fC, and
5caC, initiating active demethylation. DNMT inhibitors (5-azacytidine, 5-aza-2’-deoxycytidine) and
oncometabolite D-2HG (produced by mutant IDH1/2) modulate this cycle via inhibiting DNMTs
and TETs, respectively.
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2.3. Mechanisms of DNA Demethylation

The process of DNA demethylation is mediated by the TET proteins family, which
includes TET1, TET2, and TET3. This oxidative reaction does not occur in a single step but
rather proceeds through progressive oxidation: TET enzymes first oxidize stable 5mC to
5-hydroxymethylcytosine (5hmC), which is further oxidized to 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) [34]. Concurrently, TET enzyme genes themselves are commonly
mutated in cancer. Therefore, TET-mediated oxidation represents a central nexus between
cellular metabolism and epigenetic regulation, ultimately, TET dysregulation constitutes a
key driver of epigenetic reprogramming in tumorigenesis [35,36].

2.4. Key Enzymes in DNA Methylation

The epigenetic modification is regulated by specific enzymes, namely “writers”,
“erasers”, and “readers”, which collectively construct complex regulatory networks [37].

Writers: DNMTs are the key enzymes responsible for DNA methylation, catalyzing
the addition of methyl groups to cytosine residues in DNA to form 5mC. DNMT1 functions
as the primary maintained methyltransferase, recognizing hemi-methyl CpG sites and
catalyzing the addition of methyl group to the nascent daughter strand during DNA replica-
tion. DNMT3A and DNMT3B mediate de novo methylation, establishing new methylation
patterns in previously unmethylated region [38]. In cancer cells, overexpression of DNMTs
frequently leads to the silencing of critical tumor suppressor genes, thereby promoting
tumorigenesis [39].

Readers: MBD family proteins serve as “readers” that specifically bind to methylated
DNA, primarily recognizing methylated CpG sites [40]. By altering chromatin structure and
recruiting chromatin remodeling complexes, they dynamically modulate chromatin accessi-
bility between accessible and condensed states to precisely regulate gene transcription and
expression. In addition, members of the MBD family (such as MBD1, MBD2, and MeCP2)
affect cellular phenotypes through regulating chromatin structure and function [41-43].

Erasers: The TET family (TET1/2/3) is crucial for DNA demethylation, which progres-
sively oxidize 5mC to 5ShmC, 5fC, and 5-carboxylcytosine (5caC). These intermediates are
subsequently replaced by unmethylated cytosine through the thymine DNA glycosylase
(TDG)-mediated base excision repair pathway, thereby restoring gene expression [44]. By
mediating DNA demethylation process, TETs serve as crucial regulators of gene activa-
tion, especially in the reactivation of tumor suppressor genes, underscoring the dynamic
reversibility of epigenetic methylation modifications [45-47].

This intricate network of “writers-erasers-readers” ensures precise regulation of gene
expression and plays a critical role in cellular differentiation, development, and tumorigen-
esis [48,49].

3. Mechanisms of DNA Methylation in Tumorigenesis
3.1. Aberrant Expression of DNMT Family in Tumors

DNA methyltransferases play a dual role in tumorigenesis (Table 1). DNMT1 is highly
expressed in various tumors, including colorectal cancer, liver cancer, lung cancer, and
breast cancer [50-56]. Studies have shown that DNMT1 overexpression is closely associated
with tumor grade, stage, and prognosis. In colorectal cancer, DNMT1 expression pro-
gressively increase with tumor advancement, and patients with high DNMT1 expression
exhibit significantly lower 5-year survival rates compared to those with low expression.
Mechanistic studies reveal that DNMT1 maintains the hypermethylation status of tumor
suppressor gene promoters, continuously inhibiting their expression and promoting tumor
cell proliferation and invasion [57]. The aberrant expression patterns of DNMT3A and
DNMTS3B vary across different tumor types. In acute myeloid leukemia (AML), the muta-
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tion frequency of the DNMT3A gene reaches 20-30%, with the R882 mutation being most
common, resulting in decreased enzyme activity and abnormal methylation patterns [58].
AML patients with DNMT3A mutations typically have poorer prognosis and higher recur-
rence rates. Conversely, in solid tumors such as hepatocellular carcinoma, DNMT3A and
DNMTS3B are often overexpressed, mediating aberrant de novo methylation and leading to
silencing of multiple tumor suppressor genes [59].

The DNMTs expression is subject to multifaceted regulation across epigenetic, tran-
scriptional, and post-translational levels. At the epigenetic level, it should be noted that,
contrary to the silencing observed by many tumor suppressors, DNMT1 is typically overex-
pressed in cancers; accordingly, its promoter is generally maintained in an unmethylated
or hypomethylated state. For example, aberrant promoter hypermethylation of DNMT3A
and DNMT3B have been reported in certain cancers, contributing to their transcriptional
silencing. By contrast, DNMT1 expressions are more commonly modulated by transcrip-
tion factors, microRNAs, and post-translational modifications, rather than by promoter
methylation. Additionally, long non-coding RNAs can recruit chromatin modifiers to
DNMT genomic regions, providing further epigenetic control [60]. At the transcriptional
level, a complex network of transcription factors constitutes a sophisticated regulatory sys-
tem [61,62]. It has demonstrated that bortezomib induces DNA hypomethylation and gene
transcriptional silencing in acute myeloid leukemia by disrupting Sp1/NF-kB-dependent
DNA methyltransferase activity. Transcription factors such as Sp1, E2F, and NF-«B are
known to regulate DNMT gene expression. Specifically, E2F modulates DNMT1 and
DNMT3A expression during the cell cycle, and inactivation of the RB tumor suppressor
gene leads to dysregulated E2F-mediated transcription [57]. Critically, the tumor suppres-
sor p53 can directly inhibit the transcription of multiple DNMTs; its frequent mutation or
inactivation in tumors effectively releases this “brake” on DNMTs, contributing to global
hypermethylation. Furthermore, other factors including c-Myc and FOXO3a are also ex-
tensively involved in this regulatory network [63,64]. At the post-transcriptional level,
microRNAs play a significant negative regulatory role. Among these, the miR-29 family
specifically binds to the 3'UTR of DNMT3A and DNMT3B mRNA, inhibiting their transla-
tion or promoting their degradation [65]. However, in various tumors such as lung cancer,
the expression of miR-29 is often significantly downregulated, leading to aberrant accumu-
lation of DNMT3A /3B proteins, which in turn triggers abnormal methylation silencing of
tumor suppressor genes [66—69]. Similarly, miR-148a and miR-152 exert regulatory effects on
DNMT1. At the post-translational modification level, modifications such as ubiquitination
and phosphorylation dynamically regulate the stability, activity, and localization of DNMT
proteins. For instance, the ubiquitin-proteasome pathway controls the degradation rate of
DNMT proteins, while phosphorylation couples DNMT activity with cellular growth sig-
naling pathways [70]. Aberrations in these modifications can similarly affect the functional
status of DNMTs within cells (Figure 2).

In summary, transcriptional activation, microRNA inhibition, and post-translational
modifications collectively constitute a sophisticated regulatory network governing DNMT
expression. In tumors, these regulatory mechanisms are often disrupted, resulting in
aberrant DNMT expression [71,72].

3.2. TET Family Dysfunction and Cancer

As key executors of active DNA demethylation, TET family proteins maintain epige-
netic homeostasis; consequently, their dysfunction represents a core epigenetic mechanism
driving the initiation and progression of various tumors [73]. Across different cancer types,
TET proteins are inactivated through distinct mechanisms—including gene mutation, ex-
pression silence, or activity inhibition—collectively resulting in decreased genome-wide
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5hmC levels, accumulation of aberrant hypermethylation, subsequent silencing of tumor
suppressor genes, and reprogramming of cellular fate [74,75].
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Figure 2. Schematic overview of epigenetic modifier dysregulation which drives the acquisition of
cancer hallmarks. The dysregulation of epigenetic modification systems including DNA methyltrans-
ferase abnormalities and TET demethylase inactivation leads to genome-wide reprogramming of
methylation patterns. A core consequence is focal hypermethylation at CpG islands, which results
in the transcriptional silencing of tumor suppressor genes such as p53, BRCA1, and VHL. These
molecular alterations aberrantly activate key signaling pathways including Wnt, Ras/MAPK, and
PI3K/AKT, ultimately conferring cancer cells with acquired functional hallmarks such as uncontrolled
proliferation, drug resistance, invasion and metastasis, and evasion of apoptosis.

In hematologic malignancies, loss-of-function mutations in TET2 are particularly
prominent. In myeloid neoplasms such as myelodysplastic syndromes, chronic myelomono-
cytic leukemia, and acute myeloid leukemia, the mutation frequency of the TET2 gene can
reach 10-30% [76-78]. These mutations directly impair TET2 catalytic activity, leading to
significantly reduced 5ShmC levels in hematopoietic stem cells and aberrant genome-wide
DNA hypermethylation patterns, ultimately disrupting normal hematopoietic differentia-
tion programs and promoting leukemic transformation [79]. Notably, this specific molecular
defect holds important clinical translational value: patients carrying TET2 mutations often
exhibit better therapeutic responses to demethylating agents (e.g., azacitidine), positioning
TET2 mutation status as a potential biomarker for guiding treatment selection [80].

Compared to mutation-driven inactivation in hematologic tumors, downregulation
of TET1 expression represents a more common mode of inactivation in solid tumors. Sig-
nificant reductions in TETI mRNA and protein levels are frequently observed in various
epithelial-derived tumor tissues, including breast, colorectal, and gastric cancers [81-84].
The underlying mechanism often involves hypermethylation of CpG islands within the
TET1 promoter region itself, creating a vicious positive feedback loop where hypermethy-
lation leads to low TET1 expression, and low TET1 expression further exacerbates global
hypermethylation”. Functionally, restoration of TET1 expression can reactivate critical tu-
mor suppressor genes such as TIMP2 and TIMP3, effectively inhibiting tumor cell invasion
and metastatic capacity [85-87].

Furthermore, TET protein function is highly dependent on the tumor cell metabolic
microenvironment [88]. As dioxygenases, TET enzymes strictly require o-ketoglutarate as
an essential cofactor for their catalytic activity. In tumors such as gliomas carrying IDH mu-
tations, the oncometabolite 2-hydroxyglutarate accumulates aberrantly and competitively
inhibits x-ketoglutarate-dependent dioxygenase activity, thereby broadly suppressing TET
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protein function. It results in a characteristic CpG island hyper-methylator phenotype,
profoundly altering cellular gene expression profiles and differentiation states [89].

Recent studies have revealed distinct therapeutic vulnerabilities arising from TET
dysfunction that are not shared by tumors with aberrant DNMT activity. For instance,
TET2-mutant leukemia cells display downregulation of BRCAI and LIG4, resulting in
reduced homologous recombination and non-homologous end-joining repair activity;
consequently, they become dependent on PARP1-mediated alternative non-homologous
end-joining and are exquisitely sensitive to PARP inhibitors, whereas DNMT3A-mutant
cells are resistant [90]. This differential sensitivity suggests that TET2 mutation status
may serve as a predictive biomarker for PARP inhibitor therapy—a vulnerability that is
mechanistically distinct from DNMT inhibition. Conversely, in TET2-deficient settings
where DNA hypermethylation accumulates, tumor cells may paradoxically become de-
pendent on DNMTs to maintain their aberrant methylation landscape, rendering them
hypersensitive to DNMT inhibitors [91]. Moreover, emerging evidence shows that DNMT1
gene deletion can drive TET2 upregulation, which in turn confers resistance to DNMT
inhibitors via reactivation of tumor suppressors such as p16 [92]. Taken together, these
findings underscore that TET dysfunction and DNMT dysregulation necessitate funda-
mentally different therapeutic strategies: TET2-deficient tumors may benefit from PARP
inhibitors, whereas TET2-upregulated or DNMT1-deleted tumors may require alternative
approaches beyond conventional DNMT inhibition. In summary, TET protein dysfunction
represents a common feature spanning both hematologic and solid malignancies. Although
the modes of inactivation vary by tumor type, they ultimately converge on the common
endpoints of DNA hypermethylation and gene silencing. Deeply intertwined with the
tumor metabolic microenvironment, this dysfunction constitutes a core component of the
epigenetic regulatory network in cancer [93,94].

3.3. Global Hypomethylation and Genomic Instability

In cancer cells, the overall DNA methylation across the genome decreases substan-
tially, often by 20% to 60%. Global hypomethylation primarily occurs in intergenic regions,
introns, and repetitive sequences, rather than in CpG island regions [95-98]. Hypomethyla-
tion of repetitive sequences, particularly long interspersed nuclear elements (LINEs) and
short interspersed nuclear elements (SINEs), is especially pronounced and can lead to
reactivation of these transposable elements, thereby increasing genomic instability [99,100].
Hypomethylation of LINE-1 elements is particularly critical, as it is closely associated
with chromosomal rearrangements, gene amplifications, and deletions [101]. In colorectal
cancer, LINE-1 methylation levels correlate with microsatellite instability (MSI) status, with
hypomethylated tumors frequently exhibiting the chromosomal instability (CIN) pheno-
type [102-105]. Hypomethylation of satellite DNA can lead to relaxation of pericentromeric
heterochromatin, increasing the risk of chromosomal segregation errors and aneuploidy
formation [106]. It has been studied that hypomethylation of SAT2 repetitive sequences is
associated with instability in the chromosome 1q12 region, and amplification of this region
is observed in various tumors [107].

Beyond inducing structural genomic variations, global hypomethylation can directly
relieve epigenetic silence of specific proto-oncogenes, leading to their aberrant activation.
Oncogenes such as R-RAS family genes which are normally silenced by DNA methyla-
tion in healthy tissues are reactivated with promoter hypomethylation and then promote
tumorigenesis [108,109]. For example, in gastric cancer, hypomethylation of the HRAS
proto-oncogene promoter results in overexpression, activating downstream MAPK signal-
ing pathways and promoting tumor cell proliferation [110].
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In summary, global hypomethylation promotes tumor initiation and progression
through dual mechanisms: altering genomic structural stability via effects on repetitive
sequences and dysregulating transcriptional programs through aberrant activation of
proto-oncogenes. These processes drive synergistically cancer development.

3.4. CpG Island Hypermethylation and Gene Silencing

A key epigenetic abnormality coexisting with global hypomethylation in tumors is
the hypermethylation of promoter region CpG islands. Under normal conditions, approx-
imately 60% of human gene promoters containing CpG islands remain unmethylated to
ensure normal gene expression [111]. In cancer, specific CpG islands undergo aberrant
hypermethylation, leading to transcriptional silencing of associated genes—a phenomenon
termed the “CpG island methylator phenotype” (CIMP) [112].

The incidence and characteristics of CIMP vary across different tumor types. CIMP-
positive tumors account for approximately 15-20% colorectal cancer. These tumors pre-
dominantly occur in the proximal colon and are frequently associated with BRAF V600E
mutations and microsatellite instability. CIMP-positive colorectal cancers exhibit hyperme-
thylation of a characteristic set of genes, including CDKN2A, MLH1, and MGMT [112-114].
In glioblastoma, the G-CIMP subtype is closely associated with IDH mutations, and patients
with this subtype generally have a relatively favorable prognosis [115]. CIMP subtypes
have also been identified in breast cancer, characterized by coordinated hypermethylation
of multiple genes including the estrogen receptor gene ESR1 [116].

The target genes regulated by CpG island hypermethylation are involved in multiple
functional pathways and biological categories. Methylation silencing of tumor suppres-
sor genes such as VHL, BRCA1, and PTEN directly promote tumorigenesis. Methylation
of DNA repair genes including MGMT, MLH1, and BRCA1 leads to increased genomic
instability [117]. Methylation of cell cycle regulatory genes such as CDKN2A (p16) and
CDKN2B results in loss of proliferation control. Methylation of apoptosis-related genes
including DAPK and TMS1 confers survival advantages to tumor cells [118]. Methylation
of invasion and metastasis-associated genes such as CDH1 (E-cadherin) and TIMP3 pro-
mote tumor invasion and metastatic potential [119]. In summary, promoter-specific CpG
island hypermethylation constitutes a key regulatory mechanism in tumor development
and progression.

3.5. Methylation Silencing of Key Tumor Suppressor Genes

Promoter methylation of CDKN2A is one of the most common epigenetic alterations in
human tumors, with high incidence across a broad spectrum of cancer types [120,121]. The
CDKN2A gene encodes two tumor suppressor proteins p16INK4a and p14AREFE. Despite
sharing partial DNA sequences, these two isoforms arise from different reading frames
and promoters, resulting in two structurally and functionally distinct proteins from the
same gene sequence [122-124]. Tumor-specific methylation of p14ARF and p16INK4a
genes is detected in 33% and 32% in primary colon cancer, respectively [125]. Highly
expressed p16INK4a inhibits CDK4/6 and prevents RB protein phosphorylation; Activated
RB persistently binds and suppresses E2F, consequently blocking the cell cycle at the G1
phase [126]. p14ARF acts through the p53 pathway as a key regulator of cellular stress
response and apoptosis. Inactivation of the CDKN2A gene or loss of p14ARF leads to
excessive MDM2 activity and low p53 expression, rendering cells unable to initiate repair
or apoptotic programs upon DNA damage or oncogene activation [127].

In non-small cell lung cancer, CDKN2A methylation frequency is approximately
30—40% and correlates with smoking history and tumor stage. Methylation-positive pa-
tients often exhibit higher proliferation indices and poorer prognosis [128]. In the head and
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neck squamous cell carcinoma, CDKN2A methylation is an adverse prognostic factor, and
microRNAs targeting the CDKN2A gene serve as potential prognostic markers [129]. In
pancreatic cancer, CDKN2A inactivation is observed in nearly all cases, and individuals
carrying pathogenic germline CDKN2A variants have up to a 12.3 fold increased risk of
developing pancreatic cancer [130].

Temporal studies of CDKN2A methylation reveal its occurrence in early tumorigenesis.
In Barrett’s esophagus, CDKN2A methylation frequency progressively increases with
disease advancement, from 5% in normal mucosa to 35% in low-grade dysplasia and 85% in
high-grade dysplasia, suggesting its driving role in tumor progression [131]. Similar trends
are observed in colorectal adenomas, where CDKN2A methylation progressively increases
throughout the adenoma-carcinoma sequence [104]. These findings indicate that CDKN2A
methylation may serve as a biomarker for early tumor diagnosis and risk assessment.

As the most important tumor suppressor, p53 function is regulated by complex epige-
netic mechanisms. TP53 dysfunction is prevalent in most human malignancies, primarily
driven by gene mutations and downregulation of wild type p53 expression. Additionally,
P53 activity is negatively regulated by MDM2/MDM4-mediated mechanisms. Given that
P53 is nearly universally inactivated in tumors, targeting the p53 pathway has become an
important direction for developing novel anti-tumor drugs [132-134].

Methylation and p53 mutually regulate each other at the DNA and protein levels,
constituting a bidirectional regulatory circuit. DNA methylation of p53 pathway-associated
genes abolishes its tumor suppressor activity, while protein methylation finely tunes p53
stability and transcriptional capacity.

At the DNA methylation level, this mechanism typically does not directly methylate
the TP53 gene itself, as its promoter is usually maintained in an unmethylated state.
Instead, it methylates the promoters of p53 target genes (p21, PUMA, DAPK1) and upstream
regulators such as p14, rendering p53 unable to execute its subsequent functions. Studies
have shown that epigenetic silencing of p53 downstream target genes in colorectal cancer
can impair wild-type p53 function [135]. Research has found that FOXD3 can directly bind
to the p53 promoter and enhance its expression; knockdown of p53 attenuates FOXD3-
induced apoptosis. Furthermore, promoter hypermethylation of p53 upstream activators
(such as PKNOX2) can indirectly inhibit p53 function [136]. Notably, mutant p53 (such
as R273H) can alter global DNA methylation patterns in cancer cells and reshape histone
methylation profiles by recruiting methyltransferases (including MLL1 and MLL2), thereby
driving malignant tumor progression [137].

At the protein level, p53 undergoes methylation modifications at lysine and arginine
residues, precisely regulating its function. For example, methylation at the K372 site of
the p53 protein mediated by the methyltransferase Set7/9 promotes its acetylation, conse-
quently strengthening protein stability and transcriptional activity [138,139]. The dynamic
balance of methylation states p53 functional fate: monomethylating versus demethylation
at the same lysine residue can produce opposing effects, either inhibiting or activating p53,
respectively. Studies have confirmed that dysregulation of the post-translational modifica-
tion network is closely associated with the development and progression of various solid
tumors and hematological malignancies [140].

The von Hippel-Lindau (VHL) gene is a critical tumor suppressor in clear cell renal
cell carcinoma (ccRCC), and its functional loss is frequently observed in sporadic ccRCC.
The VHL protein serves as the substrate recognition subunit of an E3 ubiquitin ligase
complex to mediate ubiquitination and degradation of hypoxia-inducible factor (HIF) o
subunits under normoxic conditions [141]. VHL inactivation leads to aberrant stabilization
and accumulation of HIF, persistently activating hypoxia response programs including
angiogenesis, glycolysis, and cell proliferation [142].
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In addition to gene mutations and deletions, promoter hypermethylation of VHL
represents another important mechanism of its inactivation, occurring in approximately
5-19% of sporadic clear cell renal cell carcinomas [143-146]. VHL methylation is typically
mutually exclusive with gene mutations, suggesting functional equivalence between these
two mechanisms. Tumors with VHL methylation exhibit molecular characteristics like
those with mutations, including upregulation of HIF target genes and enhanced angiogene-
sis [147,148].

The mechanism of VHL methylation involves multiple epigenetic regulators. Studies
have shown that EZH2, a histone methyltransferase, can recruit DNMT5 to the VHL pro-
moter, mediating DNA methylation [149]. MicroRNAs such as the miR-92 and miR-200 fam-
ilies may also indirectly regulate VHL expression [150]. In terms of renal cancer treatment,
VHL methylation status correlates with response to targeted therapies. Some studies sug-
gest that patients with VHL methylation may exhibit better responses to VEGF/VEGFR
inhibitors compared to those with mutations, although this observation requires validation
through additional clinical data [151].

BRCA1 is a critical DNA damage repair gene that maintains genomic stability through
the homologous recombination repair pathway. Germline mutation carriers of BRCA1 have
a significantly increased risk of developing breast and ovarian cancers [118]. In sporadic
breast cancer, promoter hypermethylation of BRCA1 represents the primary mechanism of
its inactivation, with a frequency of approximately 10-15%, and up to 30% in triple-negative
breast cancer (TNBC) [152-155].

Breast cancers with BRCA1 methylation exhibit distinct clinicopathological features.
These tumors typically present as triple-negative (ER™ /PR~ /HER27), high-grade, with
high proliferation indices, and morphologically resemble basal-like breast cancer. Molec-
ular subtyping studies have revealed that BRCAI-methylated tumors share similar gene
expression profiles with BRCAI-mutated tumors, with both classified as the basal-like
subtype, suggesting comparable biological characteristics [156-158].

BRCA1 methylation significantly impacts treatment response. BRCA1 deficiency
leads to impaired homologous recombination repair, rendering tumor cells sensitive to
DNA cross-linking agents and PARP inhibitors. Clinical studies have demonstrated that
TNBC patients with BRCAI methylation exhibit higher response rates to platinum-based
chemotherapy regimens [159-161]. Multiple clinical trials have evaluated the efficacy of
PARP inhibitors in BRCAI-methylated breast cancer, and the results indicate that tumors
exhibiting BRCA1 promoter hypermethylation respond to PARP inhibitor treatment. No-
tably, BRCA1 methylation is reversible, and demethylation may occur during treatment,
potentially leading to acquired resistance [154,162].

3.6. DNA Methylation-Driven Dysregulation of Key Signaling Pathways

The Wnt/ 3-catenin signaling pathway plays a critical role in cell proliferation, differ-
entiation, and stemness maintenance, and its aberrant activation serves as a driving event
in various tumors. DNA methylation regulates Wnt pathway activity through multiple tar-
gets. Methylation silencing of Wnt antagonist genes represents an important mechanism of
Wnt pathway activation. The SFRP (secreted frizzled-related protein) family genes encode
secreted Wnt receptor antagonists that inhibit pathway activation by competitively binding
Wnt ligands [162-164]. In colorectal cancer, promoter hypermethylation frequencies of
SFRP1, SFRP2, SFRP4, and SFRP5 range from 40% to 90% in breast cancer, SFRP1 methyla-
tion frequency is approximately 60% and correlates with tumor grade and prognosis [165].
Functional studies demonstrate that restoration of SFRP expression inhibits tumor cell
proliferation, invasion, and stemness [162-164,166].
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WIF1 (Wnt inhibitory factor 1) is another important Wnt antagonist, and its methyla-
tion has been reported in various tumors. In non-small cell lung cancer (NSCLC), mutations
in 3-catenin and APC genes are uncommon; however, the Wnt signaling pathway plays a
significant role in NSCLC cell lines, and inhibition of Wnt signaling reduces cell prolifera-
tion [167]. The DKK (Dickkopf) family genes, particularly DKK3, are inactivated through
methylation in multiple tumors, relieving inhibition of the Wnt pathway. In hepatocellular
carcinoma (HCC), DKK-3 and WIF-1 function as Wnt antagonists and tumor suppressors;
however, promoter hypermethylation and reduced mRNA expression of these genes aber-
rantly activate the Wnt signaling pathway and induce HCC development and progression.
Aberrant methylation and reduced expression of DKK-3 and WIF-1 promoters represent
important mechanisms in HCC [168,169].

The APC (Adenomatous Polyposis Coli) gene is a critical negative regulator of the Wnt
pathway, with its encoded protein promoting (3-catenin phosphorylation and degradation
through the formation of a destruction complex. Promoter hypermethylation of APC has
been reported in various cancers. Research data indicate that in sporadic breast cancer,
APC promoter methylation rates range from approximately 30% to 50% and positively
correlate with lymph node metastasis [170]. In hepatocellular carcinoma, patients in the
APC methylation-positive group exhibit significantly higher mRNA and protein expres-
sion levels of 3-catenin, c-Myc, and Cyclin D1, compared to the methylation-negative
group. APC epigenetic silencing induces (3-catenin accumulation in the cytoplasm and its
nuclear translocation. The intracellular 3-catenin interacts with TCF/LEF to initiate the
transcription of target genes including c-Myc and Cyclin D1, which facilitates unlimited
proliferation of tumor cells [171,172]. Therefore, APC promoter methylation serves as a
potential prognostic biomarker and therapeutic target in cancers such as breast cancer
and hepatocellular carcinoma, where restoring APC expression or inhibiting downstream
Wnt/ 3-catenin signaling may effectively and persistently counteract uncontrolled prolif-
eration of malignant cells, thus inhibiting cancer progression, thereby prolonging overall
patient survival and significantly enhancing therapeutic efficacy.

The Ras/MAPK pathway is a core signaling axis regulating cell growth, differentiation,
and survival. RASSF1A (Ras association domain family 1 isoform A) serves as a critical
negative regulator in this pathway cascade, restraining cell growth through inter-action
with Ras effector proteins [173]. Beyond Ras signaling, RASSF1A also participates in the
Hippo tumor suppressor pathway by binding to MST1 and LATS1, thereby modulating
organ size and cell proliferation. RASSF1A silencing mediated by promoter hypermethyla-
tion is a common epigenetic signature across lungs, breast, liv-er and other human cancers,
and has been recognized as an early diagnostic biomarker for multiple solid tumors [174].
This methylation event occurs frequently in early-stage lesions, facilitating non-invasive
early detection.

Clinically, RASSF1A promoter methylation correlates with poor prognosis in several
cancers, including non-small cell lung cancer and hepatocellular carcinoma, where it asso-
ciates with reduced survival and increased metastasis. Restoration of RASSF1A expression
via demethylating agents re-sensitizes tumor cells to chemotherapeutics such as paclitaxel
and docetaxel, suggesting methylation status as a predictive biomarker for epigenetic
therapy response. Given its high frequency and tumor-specific occurrence, detection of
RASSF1A methylation in circulating tumor DNA or other liquid biopsies holds promise for
real-time monitoring of tumor dynamics and therapeutic efficacy, supporting its clinical
utility as a non-invasive epigenetic marker.

In small cell lung cancer (SCLC), the methylation rate of RASSF1A reaches up to 56%.
Methylation silencing of RASSF1A disrupts its inhibitory effect on Ras activity, resulting in
sustained activation of the MAPK pathway [175]. RASSF1 interacts with two components
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of the Hippo pathway, MST1/2 and LATS1/2, regulating tumor development and organ
size [177]. Additionally, it modulates p53-mediated signaling, serving as a DNA damage
sensor and assisting in activating cell cycle checkpoints in response to genotoxic stress.
Restoration of RASSF1A expression not only inhibits tumor growth but also increases
tumor cell sensitivity to microtubule inhibitors such as paclitaxel, providing a rationale for
its role as an epigenetic therapeutic target [177,178].

Table 1. Mechanisms of DNA Methylation in tumorigenesis.
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PTEN (Gene of phosphate and tension homology deleted on chromosome ten) is a crit-
ical negative regulator of the PI3K/Akt/mTOR signaling pathway. By dephosphorylating
PIP3 to PIP2 through its lipid phosphatase activity, PTEN inhibits Akt activation and sub-
sequent downstream signaling [179,180]. Although PTEN inactivation is often attributed
to gene mutations or deletions, promoter methylation of PTEN represents an important
mechanism of its silencing in various cancers. For instance, in sporadic endometrial cancer,
PTEN promoter methylation is present in 38.5% of endometrioid endometrial carcinomas,
with studies of 36 samples confirming its occurrence in cancer tissues [176].

PTEN epigenetic silencing results in sustained phosphorylation and activation of Akt,
which subsequently drives downstream mTORC1 signaling, promoting protein synthesis,
cell growth and proliferation, while inhibiting apoptosis and autophagy processes. Clinical
studies indicate that PTEN methylation status correlates with resistance to PI3K inhibitors,
with PTEN methylation silencing associated with tumor resistance to PI3K/Akt/mTOR
pathway inhibitors. Notably, demethylation treatment using DNA methyltransferase in-
hibitors can restore PTEN expression and partially reverse tumor cell resistance to targeted
drugs, providing experimental evidence for combining epigenetic therapy with targeted
therapy [181].

4. DNA Methylation and Pyroptosis

Pyroptosis is a caspase-dependent Gasdermin family protein-mediated inflammatory
programmed cell death. Unlike apoptosis, pyroptosis is characterized by cell membrane
perforation, osmotic swelling, release of intracellular contents, and a robust inflamma-
tory response, serving as an important immune defense mechanism against pathogen
infection [182]. However, its dysregulation is also closely associated with autoimmune
diseases, neurodegenerative disorders, and cancer progression [183]. Emerging evidence
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indicates that epigenetic regulation, particularly DNA methylation, is deeply involved in
the initiation and progression of pyroptosis through precise control of the transcriptional
activity of key pyroptosis-related genes [9,184]. In recent years, numerous studies have
demonstrated that DNA methylation, along with related RNA modifications (such as m6A
and m5C), constitutes one of the core mechanisms regulating the expression of critical
components in the pyroptosis pathway, including inflammasome sensors, adaptor proteins,
and executioner proteins. A comprehensive understanding of the interactive network
between DNA methylation and pyroptosis not only helps elucidate novel mechanisms of
disease pathogenesis but also provides new insights for developing therapeutic strategies
targeting the epigenetic-pyroptosis axis [185,186].

4.1. Overview of the Molecular Mechanisms of Pyroptosis

Pyroptosis is primarily activated through canonical and non-canonical pathways, ulti-
mately converging on the cleavage and activation of Gasdermin proteins. The initiation of
pyroptosis depends on upstream signals activating inflammatory caspases. As illustrated
in Figure 1, various stimuli, including pathogen-associated molecular patterns (PAMPs)
such as flagellin and dsDNA, or danger signals such as ATP and extracellular RNA, are
recognized by intracellular pattern recognition receptors, subsequently assembling into
inflammasome complexes [187-189]. The canonical pathway is triggered by inflammasome
activation. Five major inflammasomes are involved in the pyroptosis pathway: NLRP3,
AIM2, NLRP1, PYRIN, and NLRC4. Inflammasomes are multi-protein complexes that
recognize intracellular PAMPs or damage-associated molecular patterns (DAMPs). Taking
the most extensively studied NLRP3 inflammasome as an example, its activation recruits
and activates caspase-1 [190]. Activated caspase-1 performs dual functions: it cleaves
pro-IL-1$3 and pro-IL-18, facilitating their maturation and release, while simultaneously
cleaving Gasdermin D (GSDMD) to liberate its N-terminal domain (GSDMD-NT). The
non-canonical pathway is typically activated by intracellular lipopolysaccharide (LPS)
directly activating caspase-4/5 in humans or caspase-11 in mice. These caspases can also
cleave GSDMD to induce pyroptosis [191-193]. Additionally, under certain cell types or
stimuli, the apoptotic executioner caspase-3 can cleave Gasdermin E (GSDME). When GS-
DME is highly expressed, caspase-3 activation shifts the cell death mode from apoptosis to
pyroptosis, a switch of significant importance in the anti-tumor effects of chemotherapeutic
agents. The released GSDMD-NT fragment translocates to the cell membrane, binds to
membrane phospholipids, and oligomerizes to form non-selective transmembrane pores
with diameters of 10-20 nm. These pores compromise membrane integrity, leading to ion
flux, cellular osmotic swelling, and eventual plasma membrane rupture. Notably, recent
studies have delineated pyroptosis into two phases: an early subcellular permeabilization
phase (which is reversible) and a late cell lysis phase [194,195]. The latter phase depends on
Ninjurin-1 (NINJ1)-mediated plasma membrane rupture, resulting in substantial release of
pro-inflammatory cytokines such as IL-1f3 and IL-18, along with DAMPs, thereby potently
amplifying local and systemic inflammatory responses. Regardless of the pathway, Gas-
dermin pore formation represents the irreversible execution step of pyroptosis and serves
as the central hub connecting cell death with inflammatory responses [196]. It is critical
to distinguish between two major Gasdermin-mediated pyroptotic pathways relevant to
cancer therapy. The canonical inflammasome pathway (caspase-1/GSDMD) is triggered
by pathogen-associated or damage-associated molecular patterns, leading to inflamma-
some assembly, caspase-1 activation, and subsequent GSDMD cleavage. In contrast, the
chemotherapy-induced pathway (caspase-3/GSDME) is activated by chemotherapeutic
agents such as cisplatin or doxorubicin, which engage the apoptotic executioner caspase-
3 [197]. In cells where GSDME is expressed, activated caspase-3 cleaves GSDME, converting
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the default apoptotic response into pyroptosis (Figure 3). This distinction is therapeuti-
cally crucial: while GSDMD-mediated pyroptosis is more relevant to immune cell biology
and inflammatory microenvironments, GSDME-mediated pyroptosis is the primary tar-
get for drug-based strategies aimed at sensitizing tumors to chemotherapy by epigenetic
derepressing of GSDME [198].
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Figure 3. Mechanisms of cellular pyroptosis. Various factors stimulate inflammasome assembly, lead-
ing to activation of the caspase family. Caspases cleave GSDMD and GSDME, triggering pyroptotic
cell death and the release of the proinflammatory cytokines IL-18 and IL-13. GSDMD is primar-
ily involved in inflammasome-mediated pyroptosis (canonical pathway), while GSDME mediates
chemotherapy-induced pyroptosis via the caspase-3 axis.

Numerous studies have demonstrated that pyroptosis can either promote or inhibit the
development and metastasis of various cancers including gastric cancer, BRCA-associated
breast cancer, breast cancer, and lung cancer. Cucurbitacin B directly binds to TLR4, acti-
vating the NLRP3 inflammasome and pyroptosis, thereby exerting anti-tumor effects in
non-small cell lung cancer [199]. Cisplatin activates the MEG3/NLRP3/caspase-1/GSDMD
pathway to induce pyroptosis in TNBC, consequently inhibiting tumor growth and metas-
tasis. The tumor suppressor DRD2 promotes macrophage M1 polarization, inhibits the
NF-kB signaling pathway, and triggers apoptosis in breast cancer cells, providing novel
predictive and therapeutic targets for breast cancer [200,201]. Under hypoxic conditions,
formation of the NPD-L1/pStat3 complex increases GSDMC expression in the cancer cells,
converting apoptosis to pyroptosis, thereby promoting tumor progression and suppressing
anti-tumor immune responses. Epigenetic modifications can also regulate tumor growth
and metastasis by modulating pyroptosis-related pathways. Therefore, in-depth analysis
of the correlation between DNA methylation and pyroptosis unveils novel insights for
developing therapeutic strategies targeting the epigenetic-pyroptosis axis [202].

4.2. Multifaceted Regulation of Pyroptosis by DNA Methylation

The regulation of pyroptosis by DNA methylation can be understood from three di-
mensions: (1) direct silencing of the pyroptosis executioner gene GSDME through promoter
hypermethylation induces pyroptosis resistance and chemotherapy tolerance in tumor cells;
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(2) regulation of the expression and stability of inflammasome components such as NLRP3
through methyltransferases (e.g., METTL3) or RNA methylation (e.g., NSUN7-mediated
mb5C) influences inflammasome assembly and activation; and (3) through “molecular
mimicry”, viruses simulate or disrupt host DNA methylation regulatory networks, thus
evading or triggering host cell pyroptosis immune responses (Figure 4). This section
aims to elucidate the multidimensional regulatory role of DNA methylation in pyroptosis,
providing a theoretical basis for epigenetic therapies in related diseases [203-205].
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Figure 4. Multifaceted regulation of pyroptosis by DNA methylation.

4.2.1. GSDME Promoter Hypermethylation

As a key epigenetic modification that silences the expression of the pyroptosis execu-
tioner protein GSDME, promoter hypermethylation of the GSDME gene has emerged as
an important mechanism underlying acquired drug resistance in tumors. Multiple studies
have revealed its core role across various cancer types.

In breast cancer, it has been definitively demonstrated that methylation of the GS-
DME enhancer region is directly associated with significant downregulation of GSDME
expression in the drug-resistant breast cancer cell line MCFE-7/Taxol, a mechanism confer-
ring resistance to paclitaxel in tumor cells. Mechanistic validation showed that treatment
with the DNA methyltransferase inhibitor decitabine induced GSDME demethylation,
restoring its expression, subsequently triggering pyroptosis, and significantly enhancing
the chemosensitivity of resistant cells to paclitaxel [205]. From a tumor microenviron-
ment (TME) perspective, studies have shown that estrogen inhibits GSDME-mediated
pyroptosis by inducing GSDME promoter methylation and upregulating DNMT1 expres-
sion, highlighting the role of this epigenetic modification in the development of drug
resistance [206,207].

In prostate cancer, it has been systematically elucidated that GSDME promoter hyper-
methylation results in its transcriptional silencing, thereby diminishing tumor cell sensi-
tivity to the PARP inhibitor olaparib. Combined treatment with olaparib and decitabine
synergistically induced GSDME expression and cleavage activation, activating the caspase-
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3-dependent pyroptosis pathway, which significantly enhanced anti-tumor efficacy and
induced tumor regression. These results substantiate the potential of combination therapy
as a viable strategy to overcome drug resistance [208,209].

As a pan-cancer epigenetic marker, GSDME promoter methylation holds significant
promise for early tumor detection, molecular subtyping, prognostic assessment, and predic-
tion of treatment response [192,208]. The evidence above indicates that hypermethylation
of CpG islands in the GSDME promoter region leads to transcriptional silencing of the
pyroptosis executioner protein GSDME, rendering tumor cells unable to effectively activate
the caspase-3-dependent pyroptosis pathway. This allows them to evade immunogenic cell
death induced by chemotherapeutic agents, ultimately driving the development of acquired
resistance. Targeting GSDME methylation status holds promise as an important therapeutic
strategy to reverse tumor drug resistance and enhance chemotherapy sensitivity.

4.2.2. Methylation Modifications of Inflammasome Components

NLRP3 inflammasome activation is a two-step process governed by tight regulation.
The first, or priming, step involves the transcriptional upregulation of key components such
as NLRP3 itself. The second, or activation, step is triggered by specific signaling events that
result in inflammasome assembly [210]. This activation subsequently induces pyroptosis,
a lytic form of programmed cell death essential for eliminating pathogenic niches and
maintaining homeostasis. Therefore, the activation of the inflammasome represents a
pivotal upstream event in the initiation of pyroptosis, and its core components are subject
to precise epigenetic control, including both DNA and RNA methylation.

DNA methylation directly regulates inflammation-related genes. It has been reported
that dopamine receptor D2 (DRD2) functions as a tumor suppressor in breast cancer and its
downregulation is associated with promoter hypermethylation. Treatment with demethy-
lating agents can restore DRD2 expression, which subsequently limits NF-«B signaling path-
way activity, influences macrophage polarization, and ultimately triggers NLRP3/GSDME-
dependent pyroptosis in tumor cells [201,211]. These findings demonstrate that the DNA
methylation status of target genes can indirectly yet profoundly modulate inflammasome
activation and pyroptosis by regulating the upstream signaling molecules.

DNA methyltransferases catalyze DNA methylation. Notably, their involvement in the
regulation of inflammasomes and pyroptosis has emerged as a focal point of recent research.
Pyroptosis is a programmed cell death modality induced by inflammasome activation, with
its canonical pathway involving caspase-1 activation and subsequent cleavage of GSDMD,
ultimately leading to cell membrane perforation and the release of pro-inflammatory cy-
tokines. Emerging evidence indicates that DNMTs participate in inflammasome-mediated
pyroptosis regulation across various disease models by modulating the methylation levels
of distinct target genes. In mechanistic studies of disease pathogenesis, Haldar et al. first
demonstrated that DNMT1 and DNMT3B mediated promoter methylation silence the Ogg1
gene. This event triggers NLRP3 inflammasome activation and ultimately promotes the
progression of chemotherapy-induced hemorrhagic cystitis [212]. Huang et al. demon-
strated that hypomethylation of the NLRC4, NLRP12, and IL-1B genes in leukocytes from
patients with Kawasaki disease leads to their upregulation and subsequent inflammatory
responses [213]. Zhong et al. reported that DNMT1 regulates NLRP3 inflammasome acti-
vation in atherosclerosis through hypermethylation of the miR-145 promoter [214]. Sun
et al. discovered that downregulation of DNMT1 and DNMT3A expression in osteoarthritis
results in CtBP hypomethylation and overexpression, consequently activating the NLRP3
inflammasome [215]. In summary, DNMTs play a pivotal regulatory role in inflammatory
responses and disease progression by targeting DNA methylation of inflammasome-related
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genes, thereby offering novel potential therapeutic targets for the prevention and treatment
of inflammatory diseases.

Beyond DNA methylation, RNA modifications such as m6A also critically regulate
pyroptosis. Multiple studies have revealed the direct regulatory role of METTL3-mediated
m6A modification on the NLRP3 inflammasome. A review by Guan et al. systematically
summarized that METTL3, a core m6A “writer” enzyme, catalyzes m6A modification of
NLRP3 mRNA, enhancing its mRNA stability and/or translation efficiency. This upreg-
ulation facilitates NLRP3 inflammasome assembly, caspase-1 activation, and pyroptosis
progression [216,217]. Research by Xie et al. further elucidated the underlying mecha-
nism: in an acute soft tissue injury model, METTL3 coordinated with the m6A reader
protein YTHDF1 to regulate endothelial cell pyroptosis by enhancing NLRP3 expression.
Knockdown of METTLS3 significantly reduced both global m6A levels and m6A enrich-
ment on NLRP3 mRNA, suppressing pyroptosis [218]. Although these studies focused on
spinal cord ischemia-reperfusion injury and soft tissue injury respectively, they suggest
that the “"METTL3-m6A-NLRP3” regulatory axis has broad applicability across diverse
disease models.

RNA methylation (m5C) directly stabilizes NLRP3 mRNA, thereby regulating pyrop-
tosis. In research on polycystic ovary syndrome (PCOS), Xu et al. discovered that the RNA
methyltransferase NSUN7 was upregulated in patient granulosa cells and LPS-treated
KGN cells. Through methylated RNA immunoprecipitation (MeRIP) and actinomycin D
treatment experiments, they confirmed that NSUN?7 directly catalyzes m5C modification
at specific sites on NLRP3 mRNA, significantly enhancing its mRNA stability, thereby up-
regulating NLRP3 protein levels and promoting caspase-1/GSDMD-mediated pyroptosis.
Knockdown of NSUN? inhibited pyroptosis by reducing NLRP3 expression and amelio-
rated the PCOS model phenotype, establishing a clear “NSUN7-m5C-NLRP3” regulatory
axis [219].

In summary, methylation modifications across DNA and RNA levels construct an
epigenetic network that orchestrates multilayered, finely tuned regulation of inflammasome
activity, thereby maintaining a balanced equilibrium between physiological inflammatory
responses and pathological hyperactivation [220-222].

4.2.3. Viral Mimicry

Viruses have evolved “molecular mimicry” strategies over long-term evolution, sim-
ulating the structure or function of host proteins to hijack cellular processes—including
epigenetic regulation—to facilitate their replication or evade immunity. DNA methylation
mechanisms represent one of the crucial targets manipulated by viruses [223].

Viruses silence GSDME through DNA methylation. A 2025 study published in Mi-
croorganisms provided the first evidence that Epstein-Barr virus (EBV) can directly induce
hypermethylation of the host GSDME gene promoter, leading to silencing of the pyroptosis
executioner protein. Through transcriptomic analysis of TCGA data, the researchers found
that GSDME expression was selectively inhibited in EBV-positive gastric cancer, while
other members were upregulated [224]. Further validation in multiple cell lines confirmed
that EBV infection significantly reduces GSDME expression through promoter hyperme-
thylation, and this epigenetic silencing could be reversed by the DNA methyltransferase
inhibitor 5-azacytidine. Functional experiments demonstrated that although EBV-positive
cells retain the ability of caspase-3 to activate GSDME, baseline silencing of GSDME im-
pedes pyroptosis induction and reduces chemotherapy sensitivity. Restoration of GSDME
expression reversed this phenotype, suggesting that demethylation therapy may serve as a
sensitization strategy for EBV-associated gastric cancer.
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Viral-encoded proteins directly target key nodes of the pyroptosis signaling pathway.
Research published in Advanced Science by Wang et al. systematically elucidated how
coronaviruses (e.g., SARS-CoV-2) finely regulate ZBP1-mediated PANoptosis—a composite
form of cell death simultaneously encompassing pyroptosis, apoptosis, and necroptosis—
through their encoded NSP5, ORF6, and NSP13 proteins. Specifically, NSP5 and ORF6
directly block the initiation of apoptosis and pyroptosis by binding to caspase-8 and in-
hibiting caspase-8 activity, while NSP13 inhibits programmed necrosis through competitive
binding to RIPK3. This multi-target inhibition strategy enables viruses to effectively curtail
host defense mechanisms that limit viral spread through pyroptosis and other pathways.
The study also found that coronavirus inhibition of PANoptosis significantly promoted
influenza A virus replication and enhanced inflammatory cytokine expression during co-
infection, providing mechanistic explanation for the high mortality rates observed clinically
during coinfections [225].

Therefore, in the context of viral infection, viral interference and host methylation reg-
ulatory mechanisms collectively establish a dynamic interplay network: host cells attempt
to initiate defensive pyroptosis through epigenetic reprogramming, precisely regulating
methylation modifications of pyroptosis-related genes; meanwhile, viruses achieve im-
mune evasion by inducing GSDME promoter hypermethylation for epigenetic silencing
or by directly inhibiting pyroptosis execution molecules through encoded proteins [226].
Future research priorities lie in elucidating how viral proteins specifically target the re-
cruitment and activity regulation of host DNA methylation enzymes (e.g., DNMTs, TETs)
at pyroptosis gene loci, thereby elucidating the molecular mechanisms by which viruses
manipulate host epigenetic defenses.

This section systematically reviews the multi-layered regulatory correlation between
DNA methylation and pyroptosis. Pyroptosis plays a critical role in maintaining organ-
ismal homeostasis and defending against pathogen invasion through its specific activa-
tion [227,228]. DNA methylation profoundly influences the initiation and execution of
pyroptosis across three dimensions: At the execution level, hypermethylation of promoter
regions in key pyroptosis effector molecules such as GSDME can directly induce their
transcriptional silencing, rendering tumor cells resistant to chemotherapy-induced pyrop-
tosis and constituting an important epigenetic basis for tumor drug resistance [229]. At
the activation level, DNA or RNA methylation modifications of core components such
as the NLRP3 inflammasome and their upstream signaling networks precisely regulate
the cascade amplification threshold of inflammatory signals, thereby influencing the initi-
ation and progression of inflammation-related diseases [230,231]. At the host—pathogen
interaction level, viruses have evolved various strategies including molecular mimicry
to manipulate pyroptosis fate in reverse—by disrupting host methylation homeostasis or
directly targeting pyroptosis pathway nodes—thereby achieving immune evasion [232,233].
These three levels of regulatory mechanisms are interconnected, collectively revealing the
central position of DNA methylation within the pyroptosis regulatory network. Based on
these insights, therapeutic strategies targeting DNA methylation demonstrate significant
potential. For example, demethylating agents such as 5-azacytidine can restore GSDME ex-
pression to sensitize chemotherapy; development of specific METTL3 or NSUNY inhibitors
may attenuate excessive inflammatory responses; and designing blockers against viral epi-
genetic mimicry proteins could restore normal host pyroptosis immune defenses [234,235].
However, current research still faces challenges: How do DNA methylation and other
epigenetic modifications such as histone modifications and chromatin remodeling coor-
dinately regulate pyroptosis? The detailed molecular map of viral manipulation of host
methylation remains to be elucidated. In the future, integrating multi-omics technologies,
epigenetic editing tools (such as dCas9-DNMT3A /TET1), and advanced disease models
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will enable more precise dissection of the dynamic changes and functions of DNA methyla-
tion in pyroptosis, advancing epigenetic therapies targeting this pathway from bench to
bedside. It should be noted that while numerous studies report correlations between DNA
methylation at specific loci (e.g., GSDME, NLRP3) and pyroptosis-related phenotypes,
functional causality has been firmly established only in a subset of these cases, primarily
through DNMT inhibitor treatment, genetic knockdown/rescue, or CRISPR/dCas9-based
epigenetic editing. Future studies are encouraged to move beyond associational analyses
to definitive mechanistic validation.

5. Advances in Nanomedicine for Targeting DNA Methylation and
Inducing Pyroptosis

In recent years, epigenetic drugs including DNA methyltransferase inhibitor (DN-
MTi) have achieved remarkable efficacy in certain hematologic and solid tumors. Various
epigenetic agents have been demonstrated to increase tumor sensitivity to conventional
treatments such as chemotherapy, radiotherapy, photodynamic therapy, and immunother-
apy (Table 2). GSDME is a key protein in chemotherapy-induced pyroptosis but is not
expressed or is expressed at low levels in most tumor cells due to promoter region hyper-
methylation, resulting in GSDME silencing across various cancer types [236,237]. Therefore,
epigenetic drugs that inhibit GSDME gene methylation can upregulate GSDME expression
in tumor cells, thereby triggering pyroptosis.

Table 2. Nanomedicine strategies targeting DNA methylation and pyroptosis in antitumor therapy.

Payload 1
Therapy Type Nanoplatforms (Epigenetic Payload 2 Trigger Target Cancer Type Ref.
Modulator)
Epigenetic therapy/ Lipo-DDP Decitabine Cisplatin —_— Tumor Breast cancer [238]
chemotherapy
DAC + I?I%Z(@FPSD Decitabine DOX —_— Tumor Breast cancer [239]
Epigenetic ther-
. NpI(TBE) + o Laser
apy/photodynamic Np2(DAC) + L Decitabine TBE irradiation Tumor Breast cancer [240]
therapy
R@IP RG108 P _ Laser Tumor Melanoma [241]
irradiation
DAC + o Laser )
HPPH-ss-NPs@MNs Decitabine HPPH-ss-NPs irradiation Tumor Breast cancer [242]
Ep}genetlc ther- (Nig-DAC) @HMA Decitabine Nig —_— Tumor Bladder cancer [243]
apy/immunotherapy
DAC + CP@Gel Decitabine CP@Gel —_— Tumor TNBC [244]
DAC + CyBI7-IL 1
CIL/pSFV-p53Ps Decitabine pSFV-p53Ps —_— Tumor Breast cancer [245]
ACNPs + oHSV 5-AZA oHSV E— Tumor Breast cancer [246]
Epigenetic ther- PWE NPs EGCG Wé+ | Xray Tumor  Breastcancer  [247]
apy/radiotherapy irradiation
DAC@O-HONs Decitabine HfO, NPs | Xeray Tumor TNBC [248]
irradiation

5.1. Epigenetic Drugs Sensitize Chemotherapy

Chemotherapy, as a cornerstone of cancer treatment, relies on cytotoxic drugs that
are essential for curbing tumor progression. However, systemic toxicity due to lack of
targeting and development of tumor drug resistance remains major clinical challenges.
Advanced drug delivery strategies, particularly those leveraging nanotechnology, offer
effective pathways to enhance chemotherapeutic efficacy while reducing side effects by
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improving tumor-targeted accumulation and intelligent controlled release of drugs. At
the mechanistic level, various chemotherapeutic agents such as doxorubicin (DOX) can
induce caspase-3-mediated apoptosis. Recent studies have further revealed that acti-
vated caspase-3 can cleave GSDME protein, thereby converting classical apoptosis into
inflammatory programmed cell death pyroptosis. Therefore, it provides a novel theo-
retical framework for reshaping the cytotoxic effects of chemotherapy through GSDME
modulation. In tumor cells, hypermethylation of the GSDME gene leads to deficiency
in the key GSDME protein required for caspase-3-induced pyroptosis, resulting in drug
resistance [195,249,250].

To overcome GSDME silencing-mediated chemotherapy resistance, Fan et al. de-
veloped a liposome-based combination therapy strategy (Lipo-DDP) designed for spa-
tiotemporally coordinated delivery of the DNA methyltransferase inhibitor DAC and the
chemotherapeutic agent cisplatin. The core of this strategy lies in the sequential action:
DAC encapsulated in liposomes first acts on tumor cells, inducing demethylation of the
GSDME promoter and restoring its expression, thereby “priming” the cells for pyropto-
sis; subsequently, co-delivered cisplatin activates caspase-3, which cleaves the “primed”
GSDME protein, efficiently triggering pyroptosis. In vitro experiments confirmed that
this combination therapy significantly elevated levels of pyroptosis characteristic proteins,
release of the pro-inflammatory cytokine IL-1§3, and extracellular release of HMGB1—a key
indicator of immunogenic cell death (ICD). By temporally regulating epigenetic “priming”
and drug “execution”, this work harnesses pyroptosis to enhance the immunostimulatory
effects of chemotherapy, offering new solutions for tumor immunotherapy [238].

Addressing the challenge of limited pyroptosis due to GSDME downregulation in
breast cancer treatment, researchers developed a novel folate (FA)-modified, glutathione
(GSH)/reactive oxygen species (ROS) dual-responsive nanocarrier (FPSD NP) for targeted
co-delivery of the chemotherapeutic agent DOX and the DNMTs inhibitor DAC. This strat-
egy aims to induce pyroptosis through a synergistic “epigenetic priming-chemotherapy
execution” mechanism. Specifically, DAC upregulates GSDME expression in 4T1 breast
cancer cells through demethylation, creating conditions for pyroptosis; subsequently, DOX
delivered via FPSD NP activates caspase-3, which cleaves GSDME to trigger typical pyrop-
totic cell death. In vivo and in vitro experimental results demonstrated that the combination
therapy (DAC + DOX@FPSD NPs) effectively inhibited tumor growth through inducing
pyroptosis, characterized by cell swelling and membrane pore formation, reduced expres-
sion of the proliferation marker Ki67, and increased cell death. Furthermore, the therapy
elicited significant anti-tumor immune responses, manifested as increased infiltration of
CD3*/CD4*/CD8T cells in the tumor microenvironment, the release of pro-inflammatory
factors, and the exposure of ICD-associated molecules (Figure 5). In summary, this intelli-
gent nano-delivery system provides a promising strategy for targeted pyroptosis-based
breast cancer therapy [239].

5.2. Epigenetic Drugs Sensitize Photodynamic Therapy

Photodynamic therapy (PDT) represents a promising tumor treatment strategy,
wherein photosensitizers generate reactive oxygen species (ROS) at the tumor site un-
der specific wavelength light irradiation. Compared with traditional modalities such as
surgery, radiotherapy, and chemotherapy, PDT offers advantages including minimally
invasive intervention, spatiotemporal controllability, and repeatable treatment. Its anti-
tumor mechanisms encompass not only direct tumor cell death induced by ROS but, more
importantly, the ability to trigger immunogenic cell death by releasing tumor-associated
antigens and damage-associated molecular patterns (DAMPs) to initiate anti-tumor im-
mune responses. However, the clinical efficacy of PDT is limited by factors such as tissue
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Decitabine

light penetration depth, accumulation efficiency of photosensitizers in the tumor sites, and
immunosuppressive TME. Given that pyroptosis is a programmed cell death modality
mediated by GSDME proteins accompanied by substantial pro-inflammatory cytokine
release, its combination with PDT demonstrates potential for enhanced therapeutic effects.
Theoretically, PDT-induced ICD can “preheat” the immune system, while subsequently
triggered pyroptosis further amplifies inflammatory signals and reverses the tumor im-
munosuppressive microenvironment (TIM), thereby generating synergistic anti-tumor
immunity and providing new insights for improving PDT efficacy [251,252].
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Figure 5. (A) Epigenetics-based tumor cellular pyroptosis for enhancing the immunological effect
of chemotherapeutic nanocarriers. (a) Illustrative diagram of tumor cellular pyroptosis triggered
by DAC/chemotherapeutics. (b) Schematic illustration of demethylation for tumor cells by DAC.
Therapeutic process of the immune activation triggered by DAC/chemotherapeutics through pyrop-
tosis pathway. (c) The release of LDH after different treatments. (d) The release of ATP after different
treatments. (e) Western blotting analysis of pyroptosis-related proteins expression (GSDME-FL,
GSDME-N, Pro-CASP3, and Cleaved CASP3) in 4T-1 cells after different treatments. (f) Represen-
tative photographs of 4T-1 cells after different treatments. The white arrows pointed to pyroptosis
cells. (g) Super-resolution confocal laser scanning microscopic images of 4T-1-EGFP cells after dif-
ferent treatments. Reprinted with permission from Ref. [238]. 2019, American Chemical Society.
(B) Schematic illustration of the preparation of FA-modified and GSH/ROS-responsive FPSD NPs and
the potential mechanism of DAC + DOX@FPSD NPs. In 4T1 tumor cells, the pretreatment with DAC
improved the expression of GSDME, and caspase-3 activated by the DOX molecules released from
DOX@FPSD NPs could cleave the GSDME protein to GSDME-N, further inducing the pyroptosis and
antitumor immunity. Reprinted with permission from Ref. [239]. 2024, American Chemical Society.

A study proposed an intelligent nanotheranostic system that integrates photodynamic
therapy, epigenetic therapy, near-infrared fluorescence bioimaging, and TME modulation
through simultaneous activation of pyroptosis and the cGAS-STING pathway for cancer
treatment. This approach involves developing oxidation-sensitive nanoparticles (INP1)
loaded with the photosensitizer TBE, alongside with decitabine loaded nanomicelles (NP2).
NP2 restores STING and GSDME expression, while NP1-mediated PDT, upon 808 nm
laser irradiation, exhibits exceptionally high photo-to-singlet oxygen (1O,) conversion
efficiency, promoting the release of DNA fragments from damaged mitochondria, thereby
enhancing the cGAS-STING pathway and facilitating caspase-3 activation. Activated
caspase-3 subsequently cleaves upregulated GSDME into pore-forming GSDME-NT. Pro-
inflammatory cytokines released concomitantly from pyroptosis and cGAS-STING pathway
activation induce dendritic cell (DC) and natural killer (NK) cell maturation, eliciting
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cytotoxic T cell-mediated anti-tumor immunity and establishing long-term anti-tumor
immune memory, thereby mounting robust and multifaceted anti-tumor immune responses.
Collectively, this work presents an integrated strategy combining epigenetic therapy with
photodynamic therapy. By simultaneously activating pyroptosis and the cGAS-STING
pathway, this innovative approach holds promise for overcoming the limitations of existing
treatments and offers valuable avenues for future clinical applications [240].

To enhance anti-tumor photodynamic therapy, Zheng et al. designed a nanosystem
based on an iridium-based photosensitizer (R@IrP) that, upon light irradiation, induces
pyroptosis through the caspase-3/GSDME pathway and combines with anti-PD-1 im-
munotherapy to remodel the tumor microenvironment, thereby enhancing therapeutic
efficacy. Under specific green light irradiation (520 nm), IrP efficiently converts intracel-
lular oxygen to singlet oxygen. RG108, a small-molecule DNMT], functions primarily to
upregulate GSDME protein expression. Results demonstrated distinct cellular morpho-
logical differences between apoptosis (shrinkage) and pyroptosis (swelling, bubble-like
structures). Schematic illustrations of the caspase-3/GSDME pathway elucidated the tran-
sition from apoptosis to pyroptosis. Western blot analysis showed enhanced caspase-3
and GSDME expression in R@IrP treated cells under light irradiation. Furthermore, in B16
tumor-bearing mice, R@IrP combined with light irradiation and anti-PD-1 demonstrated
superior control of tumor growth compared to anti-PD-1 alone. These findings indicate that
pyroptosis-based photodynamic therapy effectively remodels the tumor microenvironment
and activates the immune system for tumor eradication [241].

Photodynamic therapy in breast cancer still encounters significant obstacles, including
insufficient immunogenicity and limited pyroptosis induction efficiency. To address these
issues, researchers developed dissolvable microneedles (MNs) for the local co-delivery
of decitabine and GSH-responsive photosensitizer nanoparticles (HPPH-ss-NPs), aimed
at enhancing immunogenic pyroptosis in breast cancer cells. This microneedle platform
achieves dissolution-dependent release of DAC and GSH-triggered activation of HPPH-
ss-NPs, enabling spatiotemporal control that reduces systemic exposure while increasing
drug concentration in tumor. Mechanistically, DAC restores expression of the pyroptosis
execution factor GSDME, while HPPH-ss-NPs deplete intracellular GSH and generate
ROS upon 660 nm laser irradiation, activating caspase-3. This synergistic effect triggers
pyroptosis, releasing immunostimulatory DAMPs, thereby increasing the numbers of
mature dendritic cells and tumor-infiltrating CD8*T cells. In an orthotopic model, (DAC+
HPPH-ss-NPs) @MNs suppressed primary tumor growth, while combination with anti-
PD-1 antibody synergistically inhibited tumor recurrence and lung metastasis, establishing
durable systemic immunity (Figure 6). In summary, this microneedle platform constructs
a localized photodynamic-epigenetic interplay strategy, reshaping immunologically inert
tumors into a pyroptosis-driven immunogenic microenvironment [242].

5.3. Epigenetic Enhancement of Immunotherapy

The success of tumor immunotherapy is highly dependent on the immune-permissive
state of the tumor TME. However, the TME frequently exhibits an immunosuppressive
phenotype, forming so-called “cold tumors”, characterized by impaired tumor antigen pre-
sentation and recognition, establishment of an immunosuppressive microenvironment, and
functional exhaustion of effector T cells. Recent studies have revealed that the phenotypic
and functional dysregulation of cells within the TME, including tumor cells, immune cells,
and stromal cells, broadly influenced by reversible epigenetic regulation at the upstream
level. The core mechanistic role of epigenetic therapy lies in its direct mediation of the
dynamic switch between “cold” (immunosuppressive) and “hot” (immune-permissive)
tumor phenotypes. Given the reversibility of epigenetic modifications, epigenetic drugs
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such as DNMTs are considered ideal tools for remodeling the TME. These agents not only
directly induce antigen expression on tumor cells but also systematically reshape immune
cell function. Consequently, combining epigenetic modulators with immune checkpoint
inhibitors and other therapies constitutes a highly promising synergistic anti-tumor strategy.
Pyroptosis plays a central role in immune surveillance, response initiation, and effector
phases through its unique lytic death mechanism and capacity to provoke robust inflam-
matory responses. Integrating the synergistic effects of multiple mechanisms—epigenetic
modulation, pyroptosis induction, and immune checkpoint blockade—into a systematic
combination therapy strategy can not only enhance anti-tumor immune responses but
also establish a critical scientific foundation for overcoming intrinsic drug resistance and
adaptive immune evasion in tumors [253,254].
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Figure 6. (a) Scheme illustration of the preparation of NP1 and NP2, and the activation of the innate
immune system via simultaneous induction of pyroptosis and cGAS-STING signaling pathway for
enhanced T cell-mediated antitumor immunity with the synergistic effects of NP1 and NP2. Reprinted
with permission from Ref. [240]. 2023, Wiley-VCH GmbH. (b) Schematic diagram of light-induced
GSDME-mediated pyroptosis with nanoagonist attenuating immune-cold tumors via inflammatory
microenvironment remodeling. In this combined therapy strategy, photocatalytic-induced IrP acti-
vated caspase-3, and meanwhile, RG108 up-regulated GSDME expression. Pyroptotic cancer cells
appeared and then released a substantial proportion of inflammatory factors, which recruited more T
cells and activated T cell-mediated anti-tumor immunity. Furthermore, combined with anti-PD-1 that
could activate T cells, this therapy could remodel the TME and alleviate the resistance of cold tumors
to anti-PD-1 and enhance the immunotherapy effect. Reprinted with permission from Ref. [241]. 2022,
Wiley-VCH GmbH. (c) The graphical abstract illustrates a dissolvable microneedle platform designed
in this study for the co-delivery DAC and redox-responsive HPPH nanoparticles, enabling spatiotem-
porally controlled epigenetic-photodynamic combination therapy. Laser-triggered pyroptosis and
immunogenic cell death reprogram the immunosuppressive tumor microenvironment and synergize
with PD-1 blockade to effectively suppress primary and metastatic tumors while preventing tumor
recurrence. Reprinted with permission from Ref. [242]. 2025, Elsevier.

Tumor immunotherapy is often constrained by the immunosuppressive microenviron-
ment, and GSDMD is expressed at low levels in most tumor cells, while small-molecule
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inhibitors of DNA methylation suffer from non-specificity or single-function deficiencies.
To address these challenges, researchers constructed a dual-drug nano-delivery system
(Nig-DAC) @HMA based on hexavalent histidine-metal coordination self-assembly (HMA),
designed to remodel the immune microenvironment through synergistic induction of
pyroptosis. This system co-delivers the DNA methyltransferase inhibitor DAC and the
NLRP3 inflammasome activator nigericin (Nig). The mechanism involves two steps: DAC
first upregulates the low-expressed pyroptosis execution protein GSDMD in bladder cancer
tumor cells through demethylation; subsequently, Nig activates the NLRP3 inflammasome
and caspase-1, cleaving the upregulated GSDMD and thereby efficiently triggering py-
roptosis in cancer cells. The pyroptotic death releases substantial inflammatory factors,
effectively reversing the local immunosuppressive state, eliciting robust systemic anti-
tumor immune responses in vivo, and significantly inhibiting tumor growth. This study
provides a novel strategy for temporally regulating epigenetic and inflammatory pathways
through nanotechnology to enhance pyroptosis and anti-tumor immunity [243,255].

Regulating the immunosuppressive microenvironment and eliminating residual mi-
croscopic lesions is critical for inhibiting postoperative recurrence of triple-negative breast
cancer [256]. Although immunotherapy holds potential, its anti-recurrence efficacy remains
suboptimal due to multiple immunosuppression and insufficient apoptotic immunogenic-
ity. To address this, researchers designed an injectable hydrogel encapsulating autocatalytic
copper peroxide (CP@Gel) as a therapeutic platform, combined with the clinical-grade
DNA methyltransferase inhibitor decitabine, aiming to overcome apoptosis resistance,
enhance immunogenicity, and remodel the TIM through pyroptosis induction, thereby
activating potent anti-tumor immune responses. DAC upregulates GSDME protein expres-
sion by inhibiting GSDMD; subsequently injected CP@Gel continuously releases copper
peroxide, which autocatalytically generates ROS in the tumor microenvironment, thereby
activating caspase-3. The synergistic action of these components strongly induces pyropto-
sis, promotes damage-associated molecular pattern release, enhances antigen presentation,
and recruits cytotoxic T cells. In vivo experiments demonstrated that combination of DAC
and CP@Gel reduced local tumor recurrence rates by 67%, showcasing the successful
integration of sustained drug release, autocatalysis, and epigenetic modification [244].
These findings indicate that pyroptosis combined with injectable hydrogel-assisted strate-
gies holds significant potential for preventing postoperative recurrence in triple-negative
breast cancer.

Although gene therapy holds promise for treating genetic disorders, its application
in cancer treatment faces numerous challenges due to the complex genetic heterogeneity
of tumors and the immunosuppressive microenvironment. A research team developed a
multimodal strategy therapeutic strategy that integrates alphavirus vector-based gene ther-
apy, epigenetic regulation, and immune checkpoint blockade. Specifically, they designed a
novel delivery system based on membrane fusion mechanisms—liposomes mimicking the
penetrating properties of filamentous actin—capable of efficiently encapsulating and deliv-
ering Semliki Forest virus (pSFV)-based DNA vectors carrying the p53 tumor suppressor
gene and the anti-PD-L1 single-chain antibody (scFv) gene. This system achieves cytosolic
delivery of genetic contents directly through membrane fusion, thereby circumventing
the vector degradation and low delivery efficiency associated with traditional endocytic
pathways. To potentiate the immune activation effects of this combination therapy, they con-
currently administered the DNA methyltransferase inhibitor decitabine. DAC upregulates
GSDME expression in tumor cells through epigenetic demethylation, thereby converting
p53-mediated apoptotic signals into GSDME-dependent pyroptosis. This switch in death
modality not only effectively kills apoptosis-resistant tumor cells but also, through the
characteristic release of inflammatory contents during pyroptosis, significantly promotes
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T cell infiltration and activation within the TIM, thereby enhancing anti-PD-L1 therapy
and systemic anti-tumor immune responses (Figure 7). This multi-mechanism synergistic
combination strategy offers a novel translationally promising approach for overcoming
drug resistance and enhancing the efficacy of immune checkpoint therapy [245].
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Figure 7. (a) Schematic illustration of DAC + CP@Gel for inhibiting the postoperative recurrence
of TNBC. DAC + CP@Gel inhibits the postoperative recurrence of TNBC by inducing pyroptosis
and anti-tumor immune response. Reprinted with permission from Ref. [244]. 2024, Wiley-VCH
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GmbH. (b) Schematic illustration of the dual-responsive epigenetic inhibitor nanoprodrug ACNPs
combined with oHSV trigger cooperative immunological reactions against tumors by inducing
GSDME-mediated pyroptosis. Reprinted with permission from Ref. [245]. 2024, American Chemi-
cal Society.

Although cancer immunotherapy has become an important treatment strategy for
various malignancies, the TIM still severely constrains its clinical efficacy. To address
this, a research team developed a dual-responsive DNMTi nanoprodrug (ACNPs) and
combined it with oncolytic herpes simplex virus (o0HSV) to synergistically regulate the TIM
and enhance immune responses. The epigenetic drug 5-azacytidine (5-Aza) upregulates
GSDME expression at the transcriptional level, while oHSV further enhances its protein
stability by inhibiting the ubiquitin-proteasome degradation pathway of GSDME. The
combination significantly potentiates GSDME-mediated tumor cell pyroptosis. In vivo
models, the combination of ACNPs and oHSV not only effectively inhibited tumor growth
but also significantly remodeled the TIM, manifested as increased immune cell infiltration
and reduced inhibitory signals. Further investigation revealed that this combination
strategy significantly enhances the anti-tumor efficacy of subsequent immune checkpoint
blockade (ICB) therapy. Through the synergistic action of epigenetic drugs and oncolytic
viruses, immunogenic pyroptosis was successfully induced and TME immunosuppression
was reversed, providing a translationally promising combination strategy for overcoming
resistance to current immunotherapies [246].

5.4. Epigenetic Priming for Radiotherapy-Induced Pyroptosis

Radiotherapy employs high-energy ionizing radiation to damage the genetic mate-
rial of tumor cells, suppress their proliferative capacity, and induce cell death, so that
it offers irreplaceable advantages in clinical oncology. However, its therapeutic effect is
confined to the local irradiation field, with limited efficacy against established distant
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metastases. Although radiotherapy can elicit local immune responses, it often induces
immune tolerance in most cases, primarily manifested as a significant increase in im-
munosuppressive cell populations—such as tumor-associated M2-type macrophages and
regulatory T cells—within the irradiated microenvironment, accompanied by upregulation
of anti-inflammatory cytokine signaling, thereby suppressing systemic anti-tumor immune
responses [257-260].

To reverse the immunosuppressive state induced by radiotherapy and enhance ther-
apeutic effects on distant metastases, a research team designed a multifunctional metal-
phenolic network nanosystem (PWE) based on radiosensitizers, capable of inducing pyrop-
tosis in 4T1 breast cancer cells during radiotherapy through epigenetic regulation strategies.
This system is self-assembled from a polyphenolic DNMTi epigallocatechin gallate (EGCG),
high atomic number radiation-sensitizing W®* ions, and polyphenol-modified block copoly-
mers. EGCG reverses the epigenetic silencing of the GSDME gene by inhibiting DNMT
activity, thereby restoring GSDME protein expression in tumor cells. Subsequently, the
PWE nanoplatform synergizes with radiotherapy to activate caspase-3, which cleaves the
expressed GSDME protein to generate its N-terminal domain fragment. This fragment
oligomerizes to form pores in the cell membrane, ultimately driving immunogenic pyrop-
tosis in tumor cells (Figure 8). Experimental results demonstrated that this nanosystem not
only enhanced dendritic cell maturation and increased CD8" T cell infiltration, promoting
secretion of pro-inflammatory cytokines such as TNF-«, IFN-vy, IL-6, and IL-12, but also
inhibited immunosuppressive components including M2-type macrophages and Treg cells,
ultimately achieving effective regression of primary tumors, distant metastases, and even
systemic dissemination [247].
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Figure 8. PWE-relevant preparation and therapeutic mechanism. EGCG, W6 and PEG-b-Pho
were chosen to prepare PWE NPs via the metal-poly-phenol coordination. The mechanism of ra-
diotherapeutic cell pyroptosis for tumor immunotherapy. EGCG upregulated GSDME expression.
W©* radiosensitized caspase-3 generation cleft GSDME, releasing GSDME N-terminal to form Gas-
dermin pores. Radiotherapeutic pyroptosis activated anti-tumor immunity efficiently. Reprinted
with permission from Ref. [247]. 2023, Wiley-VCH GmbH.
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Inducing pyroptosis in tumor cells can elicit potent anti-tumor immune responses,
offering a promising strategy for treating TNBC and preventing recurrence and metastasis.
A research team developed an ultrasmall hafnium oxide nanoparticle composite system
loaded with the DNMT inhibitor decitabine DAC. This nanosystem utilizes ultrasmall
HfO, nanoparticles to achieve deep penetration and prolonged retention in tumor tissues,
enabling targeted delivery of DAC to tumor sites. Upon X-ray irradiation, HfO, nanoparti-
cles function as radiosensitizers to enhance local energy deposition and ROS generation
and further activate the caspase-3 signaling pathway. Concurrently, DAC reverses the
epigenetic silencing of the GSDME gene in TNBC cells by inhibiting DNA methyltrans-
ferase activity. Through the combined action of caspase-3 and functional GSDME, the cell
death modality shifts from apoptosis to pyroptosis. This study not only overcomes the
limitations of traditional pyroptosis inducers, including significant side effects and low
efficiency, but also provides a synergistic strategy based on epigenetic remodeling and
nano-radiosensitization for treating malignancies with low GSDME expression, further
expanding the application prospects of pyroptosis-based therapy and radiotherapy in solid
tumor treatment [248].

6. Conclusions

In summary, DNA methylation as a core mechanism of epigenetic regulation plays an
indispensable role in all aspects of cancer initiation, progression, and therapeutic response.
From global methylation pattern remodeling to the silencing of specific tumor suppressor
genes such as CDKN2A, VHL, and BRCA1, and further to the aberrant activation of key
signaling pathways, DNA methylation abnormalities profoundly shape the malignant
phenotype of tumors. Of particular significance is the crosstalk between DNA methylation
and pyroptosis, which provides a novel perspective for understanding mechanisms of
drug resistance. Epigenetic silencing of pyroptosis execution proteins such as GSDME
enables tumor cells to evade immunogenic cell death induced by chemotherapy and
radiotherapy, constituting an important basis for acquired resistance. Therefore, targeting
DNA methylation to restore tumor cell sensitivity to pyroptosis has emerged as a highly
promising therapeutic strategy.

In recent years, the rapid development of nanomedicine has brought revolutionary
breakthroughs to combination therapies that precisely intervene in DNA methylation and
induce pyroptosis. Through the construction of diverse intelligent delivery platforms—
including liposomes, polymeric nanoparticles, hydrogels, and metal-phenolic networks,
researchers have successfully achieved spatiotemporally coordinated delivery of DNMT
inhibitors (DAC, RG108, etc.) with chemotherapeutic agents (cisplatin, doxorubicin), pho-
tosensitizers, radiosensitizers, or immunomodulators. This “epigenetic priming-pyroptosis
execution” combination strategy not only efficiently induces pyroptosis in tumor cells
in vitro and in vivo but also effectively reverses the immunosuppressive microenviron-
ment, activates systemic anti-tumor immune responses, and significantly enhances the
efficacy of immune checkpoint blockade and other therapies [246,261,262]. These achieve-
ments conclusively demonstrate the tremendous potential of deeply integrating epigenetic
regulation with nanotechnology for overcoming drug resistance and achieving long-term
immune surveillance [263,264].

7. Future Perspectives

Despite the promising prospects, this field still faces numerous challenges. First, the
synergistic mechanisms between DNA methylation and other epigenetic modifications—
such as histone modifications and chromatin remodeling—in pyroptosis regulation require
further elucidation. Second, the poor stability and short plasma half-life of DNA methyl-
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transferase inhibitors, together with their ill-defined pharmacokinetics, hamper precise
in vivo delivery; even with nanocarriers, systematic evaluations of drug release kinetics,
metabolite toxicity, and long-term biodistribution remain lacking. Third, while GSDME-
mediated pyroptosis efficiently kills tumor cells, it may trigger uncontrolled inflammatory
cytokine storms (e.g., massive release of IL-13 and IL-18). This can lead to systemic in-
flammation, capillary leak syndrome, or cytokine release syndrome, representing a major
safety concern for clinical translation. Fourth, precisely controlling the sequential release
ratio of different drugs from nanocarriers to match the optimal window for “priming” and
“execution” is a critical hurdle, as current platforms lack real-time feedback regulation.
Given the substantial heterogeneity in GSDME methylation status and caspase-3 activity
across patients and tumor regions, fixed spatiotemporal release profiles are inadequate for
personalized therapy. Additionally, how pathogens such as viruses manipulate the host
methylation system through “molecular mimicry” to evade pyroptosis introduces new
complexities for anti-tumor therapy [265].

To address these translational barriers, future research should prioritize biomarker-
guided dose scheduling and patient stratification based on tumor GSDME methylation
status. Specifically, quantitative methylation-specific PCR (QMSP) or droplet digital PCR
(ddPCR) could be employed to stratify patients into “high” versus “low” GSDME methyla-
tion groups, thereby identifying those most likely to benefit from DNMT inhibitor-based
“epigenetic priming” before pyroptosis-inducing therapy. Furthermore, the optimal dosing
window for decitabine (e.g., low-dose, short-course regimens to avoid off-target hypomethy-
lation toxicity) should be systematically evaluated in relation to the kinetics of GSDME
demethylation and re-expression. Real-time monitoring of GSDME expression using liquid
biopsy-based circulating tumor DNA (ctDNA) methylation assays could enable adaptive
dose adjustment, minimize the risk of uncontrolled inflammatory cytokine release while
maximize therapeutic efficacy [266].

In parallel, integrating single-cell multi-omics technologies, organoid models, and
more precise epigenetic editing tools such as CRISPR/dCas9-TET1/DNMT3A holds
promise for in-depth dissection of the dynamic networks through which DNA methylation
regulates pyroptosis in specific microenvironments. Concurrently, the development of intel-
ligent nanomedicines with feedback-responsive capabilities—such as closed-loop delivery
platforms that sense tumor microenvironmental cues (e.g., caspase-3 activity or GSDME
expression) and programmable nanodevices integrating real-time biomarker monitoring—
will be essential to achieve individualized “priming-execution” coordination. Furthermore,
patient-derived organoids and micro physiological systems should be employed to system-
atically evaluate safety windows and pharmacokinetic-pharmacodynamic relationships
before clinical translation. Collectively, these biomarker-driven, personalized strategies,
together with advanced epigenetic and nanotechnological platforms, represent a concrete
pathway toward safe and effective clinical application of the “epigenetic-pyroptosis” com-
bination therapeutic strategy, bringing new hope to cancer patients, particularly those with
refractory resistance to existing therapies.
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