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Abstract

Thyroid cancer (TC) represents one of the most prevalent endocrine malignancies, with a rising incidence worldwide.
Epigenetic alterations, which modify gene expression without altering the underlying DNA sequence, have gar-
nered significant attention in recent years. Increasing evidence underscores the pivotal role of epigenetic modifica-
tions, including DNA methylation, RNA methylation, and histone methylation, in the pathogenesis of TC. This review
provides a comprehensive overview of these reversible and environmentally influenced epigenetic modifications,
highlighting their molecular mechanisms and functional roles in TC. Additionally, the clinical implications, challenges
associated with studying these epigenetic modifications, and potential future research directions are explored.
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Introduction

The thyroid gland, a butterfly-shaped organ located at
the base of the neck, secretes hormones crucial for regu-
lating the body’s metabolism [1]. Thyroid cancer (TC)
arises from the aberrant proliferation of thyroid cells [2].
The thyroid consists primarily of two cell types: follicu-
lar cells, which produce thyroid hormones, and C cells,
which synthesize calcitonin [3]. TC is classified into five
histological subtypes: papillary thyroid carcinoma (PTC),
follicular thyroid carcinoma (FTC), medullary thyroid
carcinoma (MTC), Hirthle cell carcinoma (HCC), and
anaplastic thyroid carcinoma (ATC) [4]. These subtypes
differ in prevalence, with a decreasing order of occur-
rence corresponding to increasing aggressiveness [5].
Advances in early diagnosis and personalized treatment
strategies, including surgery, radioactive iodine therapy,
chemotherapy, targeted therapy, and immunotherapy,
have markedly improved survival rates in TC patients
[6, 7]. However, the global rise in TC incidence has
prompted increased scrutiny [8]. A deeper understand-
ing of the molecular mechanisms underlying TC could
enhance diagnostic precision, provide superior prognos-
tic markers, offer targeted therapeutic approaches, and
unveil novel treatment avenues.

Epigenetic modifications are defined as heritable changes
in gene expression that do not involve changes to the DNA
sequence itself [9]. Recent studies have demonstrated that
these epigenetic alterations can influence the expression
of genes and proteins involved in critical processes such
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as metastasis, apoptosis, and cell cycle regulation, contrib-
uting to the initiation and progression of TC [10]. Among
these modifications, methylation plays a significant role,
affecting the expression of genes and proteins crucial to cell
cycle control, apoptosis, and metastasis, thereby driving TC
pathogenesis [11]. For example, aberrant DNA methyla-
tion of specific genes may lead to gene silencing, promoting
thyroid tumorigenesis or conferring resistance to apoptosis
[12]. Similarly, RNA methylation, particularly N6-methyl-
adenosine (m6A) modification, influences RNA molecule
fate and function, regulating the expression of genes impli-
cated in TC development, proliferation, and metastasis [13].
Furthermore, histone methylation alters chromatin struc-
ture and gene expression, while methylation of non-histone
proteins modulates key signaling pathways involved in TC
pathogenesis [14]. Given the reversible nature and external
susceptibility of these epigenetic modifications, their study
in TC opens new avenues for diagnostics, prognostics, and
therapeutics. This review aims to provide a synthesis of the
current understanding of epigenetic methylations at the
DNA, RNA, and protein levels in TC, offering insights for
future research and clinical application.

The role of DNA methylation in TC

DNA methyltransferases (DNMTs), including DNMT]1,
DNMT3A, and DNMTS3B, catalyze the transfer of a
methyl group to the 5-carbon position of the cytosine
ring within cytosine-phosphate-guanine (CpG) dinucleo-
tides [15]. CpQG sites are often clustered in regions of the
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genome known as CpG islands, which are typically located
within or near gene promoters [16]. Methylation of these
CpG islands is commonly associated with transcriptional
repression, playing a crucial role in processes such as
genomic imprinting, X-chromosome inactivation, and
the suppression of repetitive elements that might desta-
bilize the genome [17]. In normal cells, DNA methylation
is tightly regulated, ensuring appropriate gene expression
for essential cellular functions [18]. However, aberrant
DNA methylation patterns have been widely reported in
TC. Table 1 and Fig. 1 summarize the effects of promoter
methylation across different chromosomes in TC.

Promoter hypermethylation

Promoter hypermethylation is characterized by the
increased methylation of specific gene promoter regions,

Table 1 The role of DNA methylation in TC
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leading to transcriptional silencing. This process can
result in the inactivation of tumor suppressor genes
(TSGs), the disruption of DNA repair pathways, and the
epigenetic silencing of genes involved in iodine metabo-
lism, all of which contribute to TC development.

Tumor suppressor gene silencing by promoter
hypermethylation

Promoter hypermethylation-induced silencing of TSGs
is a critical epigenetic mechanism that drives the initia-
tion and progression of TC. Key TSGs implicated in TC
include ras association domain family 1 A (RASSF1A),
phosphatase and tensin homolog (PTEN), tissue inhibi-
tor of metalloproteinases 3 (TIMP3), death-associated
protein kinase (DAPK), retinoic acid receptor beta 2
(RARB2), P16, and activating transcription factor 3

Methylation Gene Model RoleinTC Reference
Hypermethylation RASSF1A  Human TC cell lines and primary thyroid tumor Regulating cell cycle and apoptosis [19]
samples from patients, including both benign
and malignant tumors.
Hypermethylation P16 74 PTC samples and 21 adjacent normal thyroid disrupting cell cycle control [20]
tissues
Hypermethylation TIMP3 Thyroid Tumor Samples: The cohort included 44 thy-  Inhibiting invasion and metastasis by inhibiting [21]
roid cancer samples and 44 benign thyroid lesions.  MMPs

Adjacent Normal Thyroid Tissue: Additionally, 15
samples of adjacent normal thyroid tissue were

examined.

Hypermethylation ATF3

Cell Lines: The study employed thyroid cancer cell

Inhibiting the proliferation and migration of TC cells ~ [22]

lines to investigate the effects of ATF3 silencing
and its subsequent impact on gene expression

and pathway regulation.

Clinical Samples: Tumor tissues from patients

with thyroid cancer were used to analyze the meth-

ylation status of the ATF3 gene. These samples

helped establish the correlation between ATF3
methylation and the progression of thyroid cancer.

OGG1
Hypermethylation ATM

Hypermethylation

Malignant thyroid tissues from patients with PTC
Thyroid Tumor Samples: The cohort included 44 thy-

Impairing the BER pathway [23]
Impairing DNA repair mechanisms [21]

roid cancer samples and 44 benign thyroid lesions.
Adjacent Normal Thyroid Tissue: Additionally, 15
samples of adjacent normal thyroid tissue were

examined.
TSHR
MAP17

Hypermethylation
Hypomethylation

Tissue samples from patients diagnosed with TC
Various subtypes of thyroid tumors, including papil-

Associated with the MAPK pathway [24]
Promoting tumor growth [25]

lary, follicular, medullary, and anaplastic thyroid

cancers

Hypomethylation CTLA-4

and 200 healthy controls.

Hypomethylation MAP17

with PTC and Xenograft models

TERT Human PTC cell lines and Tumor tissues

from patients with PTC

Hypomethylation

Peripheral blood samples from 200 patients with TC

Human PTC cell lines, Tumor tissues from patients

Enhancing evasion of immune surveillance [26]
Promoting EMT [27]

Correlating with poorer prognosis [28]

RASSF1A Ras association domain family 1 A, PTEN Phosphatase and tensin homolog, TIMP3 Tissue inhibitor of metalloproteinases 3, RARB2 Retinoic acid receptor
beta 2, ATF3 Activating transcription factor 3, MMPs Metalloproteinases, BER Base Excision Repair, OGGT 8-Oxoguanine DNA Glycosylase 1, MUTYH MutY Homolog,
MLH1 MutL Homolog 1, ATM Ataxia telangiectasia mutated, NIS Sodium/lodide Symporter, TSHR Thyroid stimulating hormone receptor, EMT Epithelial-mesenchymal
transition, PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2, WDTC Well-differentiated thyroid carcinomas
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Fig. 1 The Role of TERT promoter hypomethylation in TC. ATERT promoter methylation levels in 56 normal thyroid tissues vs. 571 TC tissues;

(B) TERT mRNA expression in TERT hypermethylated (n=33) and hypomethylated (n=530) TC samples; (C-F). Kaplan-Meier analysis reveals

the association of TERT methylation with all PTC clinical outcomes, including overall survival (C), disease-specific survival (D), disease-free interval
(E), and progression-free interval (F); (G-J). Kaplan-Meier analysis reveals the association of TERT methylation with clinical outcomes of advanced
PTC (stage Ill/IV), including overall survival (G), disease-specific survival (H), disease-free interval (I), and progression-free interval (J). Reproduced

under the terms of the CC-BY license [28]. Copyright © 2024 The Authors, published by Frontiers

(ATF3). For instance, the CpG island in the promoter
region of RASSFIA is fully methylated in nine TC cell
lines, leading to its transcriptional silencing. RASSFIA,
a critical tumor suppressor, regulates both the cell cycle
and apoptosis [19]. In a study of 38 TC cases, 71% dem-
onstrated hypermethylation of the RASSFIA CpG island,
with higher methylation levels observed in more aggres-
sive forms of TC [19]. Notably, RASSFIA methylation
was found to be inversely correlated with BRAF muta-
tions, the most common oncogenic mutation in TC,
which activates the MAPK signaling pathway to promote
tumor formation and progression [21]. Similarly, P16
encodes a protein that inhibits cyclin-dependent kinases,
thereby regulating cell cycle progression [29]. In an anal-
ysis of 74 PTC cases, Wang et al. found that 27% exhib-
ited significant promoter hypermethylation of P16 [20].
Excessive methylation of the P16 promoter leads to its
transcriptional repression, disrupting cell cycle control
and contributing to unchecked cellular proliferation [20].

DAPK is a key player in apoptosis (programmed cell
death) and tumor suppression. Hypermethylation of the
DAPK promoter leads to its silencing, which has been
correlated with lymph node metastasis in TC patients,
underscoring its critical role in TC pathogenesis [30].
The nuclear receptor RARP2 mediates the growth-
inhibitory effects of retinoic acid, a vital regulator of cell
proliferation and differentiation [31]. Hypermethylation
of the RARP2 promoter, resulting in reduced RARP2

expression, can disrupt cellular differentiation, thereby
contributing to TC progression [31]. Additionally, a posi-
tive correlation has been observed between BRAF muta-
tion and RARP2 methylation [21]. The lipid phosphatase
PTEN functions to inhibit the PI3K/AKT pathway,
thereby regulating cell growth, survival, and proliferation
[32]. Feng et al. reported elevated levels of PTEN pro-
moter methylation in PTC [33]. Silencing of PTEN due to
DNA hypermethylation results in uncontrolled activation
of the PIBK/AKT pathway, promoting cell invasion, pro-
liferation, and survival, which ultimately leads to TC [34].

TIMP3 is involved in inhibiting metalloproteinases
(MMPs) from degrading the extracellular matrix, a criti-
cal step in tumor invasion and metastasis [35]. Promoter
hypermethylation leading to the silencing of TIMP3 can
result in increased MMP activity, thereby facilitating
tumor metastasis [21]. ATF3 has the capacity to inhibit
the proliferation and migration of TC cells [22]. Excessive
DNA methylation within the ATF3 promoter impedes
the binding of transcription factors SP1 and MYC-MAX,
leading to gene silencing [22]. Maspin, a serine protease
inhibitor, is involved in cell adhesion, migration, and
apoptosis [36]. Ogasawara et al. found that undiffer-
entiated TC samples exhibited higher levels of Maspin
promoter methylation compared to normal thyroid tis-
sue and differentiated TC [37]. Epigenetic silencing of
Maspin may enhance the invasiveness and metastatic
potential of TC [36].



Yu et al. World Journal of Surgical Oncology ~ (2024) 22:281

Promoter hypermethylation-induced inactivation of DNA
repair pathways
DNA repair pathways are essential for maintaining genomic
integrity, correcting DNA damage caused by replication
errors, environmental toxins, and radiation [38]. Promoter
hypermethylation leading to the silencing of genes involved
in these pathways can result in the accumulation of DNA
mutations, genomic instability, and carcinogenesis [39].
DNA repair pathways affected by promoter hypermeth-
ylation include the Mismatch Repair (MMR) system, Base
Excision Repair (BER) pathway, Nucleotide Excision Repair
(NER) pathway, and both Homologous Recombination (HR)
and Non-Homologous End Joining (NHE]) [40]. The MMR
system, for instance, corrects replication errors, ensuring
the fidelity of base pairing [41]. MutL. Homolog 1 (MLH1),
a crucial component of the MMR system, is essential for
preserving genomic integrity [42]. Guan et al. observed ele-
vated MLH1 methylation in 8 out of 38 PTC samples [43].
The BER pathway repairs small base lesions caused by
oxidative and alkylative damage [44]. 8-Oxyguanine DNA
Glycosylase 1 (OGGL1) is an enzyme that excises 8-oxogua-
nine (8-oxoG) and its ring-opened derivative, 2,6-diamino-
4-hydroxy-5-formamidopyrimidine (FapyG), from the DNA
double helix [45]. 8-0x0G is a common marker of oxida-
tive DNA damage induced by reactive oxygen and nitrogen
species [45]. Guan et al. identified that 5% of PTC samples
exhibited significant methylation of the OGG1 promoter
[46]. This hypermethylation, leading to reduced OGG1
expression, impairs the BER pathway, thereby increasing the
risk of mutations during DNA replication [23].
Homologous recombination (HR) repairs double-strand
breaks using a homologous template, while non-homol-
ogous end joining (NHE]) connects the ends of broken
DNA without a template. Ataxia telangiectasia mutated
(ATM) is a key gene in HR and NHE], responsible for
detecting and repairing DNA double-strand breaks [47].
Hypermethylation-induced silencing of ATM impairs
DNA repair mechanisms, leading to genomic instabil-
ity and the accumulation of carcinogenic mutations [21].
Nucleotide excision repair (NER) corrects helix-distorting
DNA lesions caused by UV radiation and chemical car-
cinogens [48]. Recent studies suggest that NER plays a sig-
nificant role in the initiation and progression of TC [49].
In other tumors, such as bladder cancer, impaired NER
capacity due to high methylation allows DNA damage to
persist, leading to genomic instability and tumorigenesis
[50]. Further research is necessary to fully understand the
impact of elevated methylation on NER impairment in TC.

Promoter hypermethylation-induced epigenetic silencing

of iodine metabolism genes

The thyroid’s ability to absorb and process iodide (I")
is crucial for its normal function and the production of
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thyroid hormones [51]. In TC, promoter hypermeth-
ylation-induced deregulation of iodine metabolism
genes can alter thyroid hormone synthesis, contribut-
ing to tumorigenesis [52]. Moreover, this disruption
may compromise the efficacy of treatments such as
radioactive iodine therapy, which relies on the ability
of TC cells to absorb iodide (I"). For example, hyper-
methylation-induced silencing of the SLC5A5 gene,
which encodes the Sodium/Iodide Symporter (NIS),
has been observed in TC [53]. This alteration is associ-
ated with reduced efficacy of radioactive iodine therapy
in advanced TC patients, as NIS is essential for iodide
(I") uptake by thyroid cells [53]. The thyroid-stimulat-
ing hormone receptor (TSHR) gene is also frequently
hypermethylated in TC. Studies have shown that PTC
exhibits higher TSHR methylation rates, which may
be linked to the pathophysiology of PTC [54]. Fur-
thermore, TSHR gene methylation in PTC patients is
strongly correlated with age, lymph node metastasis,
clinical staging, and tumor size, suggesting that TSHR
may serve as a marker for determining PTC severity
[54]. Khan et al. found that among 60 TC tissues, 15
cases harbored the BRAF V600E mutation, and 73.3%
of these cases exhibited TSHR promoter methylation,
indicating a potential link between the TSHR pathway
and the MAP kinase pathway [24].

Promoter hypermethylation-induced non-coding RNA
silencing

Promoter hypermethylation also silences non-coding
RNAs (ncRNAs), including microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs), adding another
layer of complexity to the epigenetic regulation in TC.
ncRNAs play pivotal roles in regulating gene expres-
sion at both the transcriptional and post-transcriptional
levels [55]. They are involved in various cellular pro-
cesses, including cell growth, differentiation, apoptosis,
and stress responses [56]. In TC, ncRNAs have been
shown to function as oncogenes or tumor suppressors
[57, 58]. The silencing of ncRNAs through promoter
hypermethylation disrupts normal cellular regulatory
networks, contributing to thyroid carcinogenesis. For
instance, miR-199a-3p is downregulated in PTC due to
DNMT3a-mediated hypermethylation of its promoter
region [59]. DNMT3a is upregulated in PTC, and inhi-
bition of DNMT3a or demethylation treatment restores
miR-199a-3p levels [59]. Functional studies have shown
that miR-199a-3p suppresses cancer cell migration, inva-
sion, and growth, and its overexpression in PTC cells
delays tumor growth in xenografted mice [59]. Another
study identified hypermethylation at 12 CpG sites in
the promoter region of miR-204 in PTC tissues com-
pared to normal tissues [60]. This hypermethylation was
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negatively correlated with the expression levels of miR-
204 and its host gene, TRPM3. Moreover, downregula-
tion of miR-204 was associated with PTC extrathyroidal
extension, high T-stage, lymph node metastasis, the
BRAF V600E mutation, and the aggressive tall cell vari-
ant [60]. Similarly, silencing IncRNAs through promoter
hypermethylation can alter chromatin structure, affect
gene expression, and promote tumorigenesis. For exam-
ple, hypermethylation of the promoter region of IncRNA
AB074169 is associated with decreased expression in
PTC, suggesting a tumor-suppressive role for IncRNA
AB074169 [59].

Promoter hypomethylation

Promoter hypomethylation occurs primarily in the
regulatory regions of genes, resulting in the opening of
chromatin structure and subsequent promotion of gene
transcription [61]. In cancer, various environmental,
genetic, and stochastic factors contribute to promoter
hypomethylation by modulating the activity of DNA
methyltransferases (DNMTs)—enzymes responsible for
adding methyl groups to DNA—thus activating genes
and promoting malignant transformation and tumor
progression [62]. In TC, promoter hypomethylation sig-
nificantly influences the pathophysiology and progres-
sion of the disease, primarily through the activation of
oncogenes and alterations in genes involved in cell pro-
liferation, migration, and invasion. Hypomethylation of
genes such as FOXO3, ZEB2, and CDK6 has been asso-
ciated with lymph node metastasis in PTC [63]. Unlike
promoter hypermethylation, which typically involves
the addition of methyl groups, promoter hypomethyla-
tion usually entails the loss of DNA methylation, lead-
ing to increased gene expression [64]. The consequences
of promoter hypomethylation in TC include oncogene
activation, genomic instability, altered gene expression,
immune evasion, metastasis, and changes in the tumor
microenvironment (TME).

Hypomethylation of oncogene promoters can result
in their aberrant activation. For instance, the RAS fam-
ily of oncogenes (HRAS, KRAS, and NRAS) frequently
undergoes hypomethylation in TC [65]. Activated RAS
signaling promotes cell proliferation, survival, and migra-
tion, contributing to tumor growth [66]. The RASSF1A-
MST1-FoxO3 signaling pathway is regulated by the
BRAF V600E mutation in PTC, leading to RASSF1A
hypomethylation and influencing the degree of TC malig-
nancy [46]. Hypomethylation can also lead to the overex-
pression of MAP17, which may further promote tumor
growth in TC [25]. Additionally, in TC, the SYK gene is
overexpressed due to hypomethylation in its promoter
region, influencing various cellular processes and thereby
contributing to the development of TC [67]. Non-coding
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genes are also implicated in promoter hypomethylation.
For example, PTC tissue samples exhibit significantly
higher expression levels of miR-21 and miR-146b com-
pared to non-tumorous thyroid tissue, and this increase
is associated with hypomethylation of specific loci within
their genomic regions [68].

Promoter hypomethylation can also facilitate tumor
immune evasion and metastasis. The CTLA-4 gene,
an important immune checkpoint regulator, is overex-
pressed due to promoter hypomethylation [69]. This
overexpression enhances the ability of TC cells to evade
immune surveillance, allowing uncontrolled tumor
growth and metastasis [26]. Wang et al. found that trans-
membrane 4 L six family member 1 (TM4SF1) was signif-
icantly overexpressed in PTC patients with lymph node
metastasis, with these patients exhibiting lower levels of
TM4SF1 promoter methylation [70]. Furthermore, hypo-
methylation of genes involved in epithelial-mesenchymal
transition (EMT) promotes metastasis. EMT enables
typically stationary epithelial cells to acquire a mesen-
chymal cell phenotype through biochemical alterations,
facilitating metastasis [71]. Hypomethylation-induced
overexpression of MAP17 can also promote EMT, fur-
ther contributing to TC progression [27].

DNA hypomethylation, particularly in repetitive ele-
ments of the genome, contributes to genomic insta-
bility—a hallmark of cancer [72]. In thyroid cancer
(TC), this instability can lead to chromosomal rear-
rangements, mutations, and other alterations, further
driving tumor progression. Studies have shown that
global Alu hypomethylation is increasingly prevalent
in differentiated TC (DTC), poorly differentiated TC
(PDTC), and ATC with distant metastases, suggest-
ing that this epigenetic alteration may play a role in
the progression and dedifferentiation of TC [73]. The
TME may also be influenced by hypomethylation. For
instance, the genetic and epigenetic landscape, includ-
ing DNA methylation, affects the interaction between
cancer stem cells in the thyroid tumor and cells within
the TME [74]. In TC patients, hypomethylation has
been associated with recurrence and prognosis. For
example, a study by Li et al. found that methylation
of the TERT promoter is associated with increased
expression of TERT (telomerase reverse transcriptase),
a key enzyme involved in maintaining telomere length
and contributing to cellular immortality. High levels
of TERT expression, driven by promoter methylation,
were correlated with a worse prognosis in patients with
PTC, including higher rates of tumor aggressiveness,
recurrence, and reduced overall survival [28] (Fig. 1).
Additionally, Camargo et al. identified that PFKFB2
methylation levels serve as an independent risk fac-
tor for recurrence in patients with well-differentiated
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thyroid carcinomas (WDTC), with 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase 2 (PFKFB2) pro-
moter hypomethylation being linked to recurrence in
WDTC [28, 74, 75].

The role of RNA methylation in TC

RNA modifications represent a form of epigenetic reg-
ulation that influences RNA structure and function,
encompassing processes such as methylation, acetylation,
lactylation, and glycosylation, with methylation and acet-
ylation (e.g., ac4C-acetylation) being the most prevalent
types [76]. RNA methylation, including modifications like
N6-methyladenosine (m6A), 5-methylcytosine (m5C),
N7-methylguanosine (m7G), and N1-methyladenosine
(m1A), plays a critical role in splicing, translation, RNA
stability, and localization [77]. These modifications intro-
duce an additional layer of post-transcriptional regula-
tion, significantly impacting TC pathogenesis and cellular
function. Table 2 and Fig. 2 provide detailed insights into
the effects of different RNA methylation modifications
on TC.

Table 2 The role of RNA and histone methylation in TC
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m6A modification

m6A modification is dynamic and reversible, mediated by
“writers” (methyltransferases), “erasers” (demethylases),
and “readers” (binding proteins) [90, 91]. As the most
common internal RNA modification in eukaryotic cells,
mo6A is involved in nearly all stages of the RNA lifecycle,
including mRNA transcription, maturation, translation,
degradation, and stability [92]. Initial research on m6A
modification in TC has primarily focused on its prognos-
tic significance. For instance, m6A methylation regula-
tors such as IGF2BP2, YTHDF1, and YTHDEF3 have been
identified as potent independent prognostic factors in
TC [78, 79]. Using comprehensive bioinformatics tools,
Zhou et al. identified specific m6A regulators that are dif-
ferentially expressed in TC tissues compared to normal
tissues, which are associated with thyroid cancer pro-
gression and prognosis [89]. In addition, they developed
a risk prediction model based on the expression levels
of these m6A regulators, which was able to distinguish
high-risk and low-risk thyroid cancer patients [89]. They
also validated the results of the bioinformatics analysis

Modifications Gene Model Role in TC Reference
M6A IGF2BP2 and YTHDF1 Thirty pairs of thyroid cancer tissue sam-  Prognostic factors [78,79]
ples (including PTC, FTC, ATC, and MTC)
and adjacent normal thyroid tissues
M6A YTHDF3 Thirty pairs of thyroid cancer tissue sam-  Prognostic biomarker [78]
ples (including PTC, FTC, ATC, and MTC)
and adjacent normal thyroid tissues
M6A NF-kB Mouse xenograft models and tumor METTL3-related modification inhibits [80]
tissues from PTC patients tumor progression
M6A STEAP2 Mouse xenograft models METTL3-related modification promoting  [81]
proliferation and invasion of PTC cells
M6A IGF2BP2 Tissue samples from PTC patients Stabilizing DPP4 mRNA, enhancing pro-  [82]
liferation and invasion of PTC cells
M6A IGF2BP2 radioiodine refractory papillary thyroid Stabilizing RUNX2 mRNA, inhibiting NIS  [83]
cancer (RR-PTC) cell lines, specifically K1 expression, and hindering differentia-
and TPC1, and Tissue samples from RR- tion [83]
PTC patients
M6A LINCO1125 Human PTC cell lines, specifically METTL3-related modification enhancing  [84]
TPC-1 and IHH-4, and tumor tissues invasion, migration, and proliferation
from patients with PTC of TC cells
M6A LINC00894 Human PTC cell lines, including KTC-1 METTL3-related modification involved [85]
and BCPAP and tumor tissues in the malignant phenotype of PTC
from patients with TC
m5C NSUN2 Human ATC cell lines, mouse xenograft ~ Promoting proliferation, invasion, [86]
models, and tumor tissue samples and migration of ATC cells
from patients with ATC
M7G DOCK9-DT, DPP4-DT, Transcriptome expression data Prognostic model [87]
TMEM105, SMG7-AS1 from TCGA database, 567 samples were
and HMGA2-AS1 collected, including 509 THCA tissue
samples and 58 normal paracancer tis-
sue samples.
Histone methylation H3K4me3 Tumor tissues from patients with differ-  Linked with lymphatic vessel invasion [88]

ent subtypes of TC

METTL3 Methyltransferase-like 3, DPP4 Dipeptidyl peptidase-4, ATC Anaplastic thyroid carcinoma, H3k4me3 Histone H3 on lysine 4
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using histologic samples, confirming that the identified
mo6A regulatory factors are indeed associated with thy-
roid cancer pathology. Notably, YTHDEFS3 is considered a
potential prognostic biomarker for TC [78]. Furthermore,
Yu et al. confirmed that FTO, RBM15, and KIAA1429 are
independent prognostic biomarkers for TC patients, with
this risk profile predicting outcomes more accurately in
male patients [93]. Cell-based experiments have also
shown that knocking down FTO, RBM15, and KIAA1429
inhibits the proliferation and migration of TC cells [93].
Recent studies have demonstrated that the aber-
rant expression of m6A regulatory factors is closely

linked to the onset and progression of thyroid cancer
(TC), playing a critical role in tumor drug resistance
[94]. For instance, as a “writer” of m6A modification,
Methyltransferase-like 3 (METTL3) inhibits tumor
progression in a YTHDF2-dependent manner by
modifying NF-kB mRNA, thereby reducing IL-8 pro-
duction by PTC cells and limiting the recruitment of
neutrophils [80]. Another study found that METTL3-
associated STEAP2 m6A modification results in low
STEAP2 expression, which is correlated with aggres-
sive clinicopathological features and poor prognosis in
PTC patients [81]. Mechanistic investigations revealed
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that STEAP2 overexpression reduces lung metastasis
and tumorigenicity in vivo and inhibits PTC cell pro-
liferation, migration, and invasion in vitro by blocking
the Hedgehog signaling pathway and the epithelial-
mesenchymal transition (EMT) [81]. IGF2BP2, an
m6A “reader;” also plays a crucial role in TC. In PTC,
upregulated IGF2BP2 stabilizes dipeptidyl peptidase-4
(DPP4) through an m6A-dependent mechanism,
enhancing PTC cell proliferation, invasion, and migra-
tion, and ultimately promoting lymph node metas-
tasis [82]. Moreover, in radioiodine-refractory PTC
(RR-PTC), IGF2BP2 binds to m6A modification sites
in the 3’-UTR of RUNX2 mRNA, stabilizing RUNX2
and inhibiting NIS expression, thereby hindering cel-
lular differentiation [83]. Targeting IGF2BP2 has been
shown to increase 1251 uptake in RR-PTC cell lines and
enhance NIS expression [83].

Several studies have also confirmed the relation-
ship between m6A modification and ncRNAs, particu-
larly long non-coding RNAs (IncRNAs). Huang et al,
for example, investigated the role of m6A RNA meth-
ylation-related IncRNAs in PTC and developed a pre-
dictive model based on three IncRNAs: PSMG3-AS1,
BHLHE40-AS1, and AC016747.3 [95]. The findings
indicated that the risk score derived from this model
correlates with molecular clusters, PD-L1 expression,
immune cell infiltration, and immune checkpoint activ-
ity. In another study, He et al. discovered that METTL3
and its downstream target LINC01125 are downregu-
lated in PTC, and that upregulating LINC01125 inhib-
its the invasion, migration, and proliferation of TC cells
[84]. Additionally, research has shown that METTL3 and
its downstream target LINCO00894 are downregulated
in PTC tissues, with METTL3 upregulating LINC00894
through an m6A-YTHDC2-dependent pathway, thereby
inhibiting the malignant phenotype of PTC via the Hippo
signaling pathway [85]. The association between m6A
modification and microRNAs (miRNA) has also been
established [96]. For example, in TC cells, METTL3 is
overexpressed, while miR-222-3p is downregulated [97].
METTL3 enhances miR-222-3p expression by mediating
m6A modification of pri-miR-222-3p [97]. miR-222-3p
targets and inversely regulates serine/threonine stress
kinase 4 (STK4) \, and knockdown of METTL3 increases
STK4 expression by downregulating miR-222-3p, thereby
suppressing TC malignancy and metastasis [97].

m5C modification

The m5C modification is one of several post-tran-
scriptional modifications that occur in various RNA
molecules, including mRNA, tRNA, and rRNA, influ-
encing their stability, processing, and translation effi-
ciency [98]. This modification is mediated by RNA
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methyltransferases, which catalyze the formation of
mb5C by transferring a methyl group from a donor mol-
ecule, typically S-adenosylmethionine (SAM), to the car-
bon-5 position of the cytosine base in RNA [99]. Among
these RNA methyltransferases, NSUN2 (NOP2/Sun
RNA methyltransferase 2) and DNMT2 (DNA methyl-
transferase 2) are the principal enzymes responsible for
installing the m5C modification on a variety of RNAs,
including mRNA, tRNA, and rRNA.

The first study investigating m5C modification in TC
focused on its role in cell infiltration within the TME of
PTC. The study found that a low m5C score correlates
with activated immunity, indicating relatively favora-
ble prognostic outcomes [100]. Additionally, ten distinct
genes strongly correlated with the m5C score were used
to construct a diagnostic model, which demonstrated
high accuracy in diagnosing PTC [100]. Another study
revealed that the tRNA m5C methyltransferase NSUN2 is
upregulated in ATC, where it catalyzes tRNA structure-
related m5C modification. This modification stabilizes
tRNA, which is crucial for maintaining cellular homeosta-
sis and efficiently transporting amino acids, particularly
leucine [86]. The stabilized tRNA supports a pro-cancer
translation program, promoting the synthesis of onco-
genic proteins such as c-Myc, BCL2, RAB31, JUNB, and
TRAF2 [86]. The functions of m5C writers and readers are
believed to regulate gene expression at the post-transcrip-
tional level and are involved in cellular metabolism and
motility [101]. However, the mechanisms by which RNA
m5C methylation influences cell mobility and metastasis
in TC remain to be fully elucidated [101].

m7G modification

The m7G modification is found in various RNA types,
including mRNA, tRNA, rRNA, miRNA, IncRNA, and at
the 5" cap end of eukaryotic mRNA [102]. The m7G cap is
critical for RNA stability, nuclear export, splicing, and the
initiation of translation [103]. This cap structure is essen-
tial for the efficient binding of mRNA to the ribosome,
thereby promoting protein synthesis [103]. In tRNA,
m7G modifications can affect tRNA folding, stability, and
function, which in turn impacts the efficiency and fidelity
of protein translation [104]. Increasing evidence suggests
that aberrant m7G levels are closely associated with tum-
origenesis and progression by regulating the expression
of various oncogenes and tumor suppressor genes [105].
In mammals, the most well-studied regulator of m7G is
methyltransferase-like 1 (METTL1), which, together with
its cofactor WD repeat domain 4 (WDR4), installs m7G
modifications in tRNA, miRNA, and mRNA [105]. RNA
guanine-7 methyltransferase (RNMT) and its cofactor
RNMT-activating miniprotein (RAM) are involved in the
installation of m7G modifications at the 5’ caps of mRNA



Yu et al. World Journal of Surgical Oncology ~ (2024) 22:281

[105]. The role of m7G modifications in IncRNA has been
partially elucidated in TC. Zhou et al. established a prog-
nostic model for TC using five IncRNAs (DOCK9-DT,
DPP4-DT, TMEMI105, SMG7-AS1, and HMGA2-AS1)
associated with m7G, demonstrating that this model has
significant predictive capability, with patients scoring
high on this model having a poorer prognosis [87]. Simi-
lar to m5C, research on the role of m7G in TC is still in
its early stages, and further studies are needed to explore
the biological mechanisms through which m7G modifi-
cations influence TC.

The role of histone methylation in TC

Histones are fundamental proteins that organize chro-
matin by forming nucleosomes, which consist of DNA
segments, each with 147 base pairs, wrapped around an
octamer of four core histone proteins (H3, H4, H2A, and
H2B) [106]. The tails of these histones undergo extensive
covalent posttranslational modifications (PTMs) that
influence nucleosome dynamics, chromatin compaction,
and transcriptional regulation [106]. These modifications
can be induced by both internal and external stimuli
[106]. Histone methylation, along with demethylation
(catalyzed by histone demethylases [HDMs)), plays a cru-
cial role in the regulation of gene activity by altering the
accessibility of DNA to transcription factors. The func-
tional outcome of histone methylation is determined by
the specific amino acid residue and the number of methyl
groups added (mono-, di-, or trimethylation).

Histone methylation can profoundly impact gene
expression patterns in TC, thereby contributing to tumor
initiation, progression, and metastasis. Specific histone
methylation marks are associated with either gene acti-
vation or repression. For instance, lysine methyltrans-
ferases (HMTs) and demethylases (HDMs) modulate
gene transcription by modifying lysine residues on his-
tone proteins, and aberrant histone methylation has been
implicated in cancer metastasis [107]. In TC, histone
methylation modifications are often associated with gene
repression. For example, trimethylation of histone H3 on
lysine 4 (H3K4me3) is typically linked to gene activation
[88], whereas overexpression of H3K27me3 has been cor-
related with increased lymph node metastasis and lym-
phatic vessel invasion [88].

In other cancers, abnormal histone methylation can
lead to the epigenetic silencing of critical tumor sup-
pressor genes. For instance, hypermethylation of H3K27,
mediated by the polycomb repressive complex 2 (PRC2),
can silence tumor suppressor genes such as RASSF1A
and CDKN2A [108]. This repression facilitates uncon-
trolled cell growth and tumor development. Histone
methylation also plays a vital role in maintaining chroma-
tin structure and genome stability. In TC, alterations in
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histone methylation can disrupt chromatin organization,
leading to genomic instability and an increased suscepti-
bility to mutations [109]. This instability can further drive
cancer progression and resistance to therapies.

Histone methylation often interacts with other epi-
genetic modifications, such as DNA methylation and
histone acetylation, to coordinate gene expression regu-
lation. In TC, these interactions contribute to complex
epigenetic landscapes that influence cancer cell behav-
ior. For example, histone methylation can recruit DNA
methyltransferases to specific gene loci, leading to com-
bined histone and DNA methylation, resulting in robust
gene silencing. Moreover, histone methylation interacts
with other genetic and epigenetic factors. For instance,
the frequent BRAF gene mutation in TC is believed to
regulate the RASSF1A-MST1-FoxO3 signaling pathway,
which in turn influences TC malignancy through histone
methylation modifications [46].

Clinical implications and challenges of methylation
modifications

Clinical implications of DNA methylation

DNA methylation patterns have emerged as significant
diagnostic and prognostic biomarkers in TC. These pat-
terns can serve as robust indicators for the early detec-
tion of TC. Aberrant methylation of tumor suppressor
genes, such as RASSF1A, PTEN, and CDKN2A, is fre-
quently observed in thyroid malignancies. The hyper-
methylation of promoters in these genes can help
distinguish malignant thyroid tissues from benign nod-
ules, thereby aiding in early and accurate diagnosis. For
instance, the hypermethylation of TIMP3, RARB2, SER-
PINB5, RASSF1, TPO, and TSHR has been reported as
a common feature in papillary thyroid carcinoma (PTC)
and can be used to differentiate it from benign thyroid
conditions [110]. Advancements in liquid biopsy technol-
ogies have facilitated the detection of methylated DNA
in circulating tumor DNA (ctDNA) from blood samples.
This non-invasive approach allows for real-time moni-
toring of the methylation status of specific genes associ-
ated with TC. For example, the detection of methylated
SLC5A8 and SLC26A4 genes in blood samples has been
investigated as potential diagnostic markers for TC [111].
These non-invasive tools provide a less invasive and more
patient-friendly method for early cancer detection and
monitoring. Table 3 details the clinical implications of
DNA methylation in TC.

The DNA methylation status also offers valuable prog-
nostic information, aiding in the stratification of TC
patients based on their risk profiles. Certain methyla-
tion patterns are associated with more aggressive tumor
behavior and poorer outcomes. For instance, hypermeth-
ylation of the TIMP3 and SLC5A8 genes has been linked
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Table 3 The implication of different methylations in TC
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Modifications Gene Role in TC Reference

DNA Methylation TIMP3, RARB2, SERPINB5, RASSF1, TPO and TSHR  Differentiate PTC from benign thyroid conditions [110]

DNA Methylation SLC5A8 and SLC26A4 Potential diagnostic markers nin

DNA Methylation TIMP3 and SLC5A8 Linked to higher tumor aggressiveness and worse prognosis [112]

DNA Methylation 910705422, cg17707274, and cg26849382 Associated with higher risks of recurrent or persistent disease [113]
and distant metastasis in patients with DTC

DNA Methylation BRAF Hypomethylation of BRAF indicates a more favorable prognosis [114]

DNA Methylation PFKFB2 PFKFB2 hypomethylation was associated with poor prognosis [115]
in PDTC/ATC and relapsed WDTC

RNA Methylation YTHDF3 Positively associated with the infiltration level of CD4 +T cells [78]
and macrophages

RNA Methylation FTO, RBM15, and KIAA1429 Independent prognostic biomarker in patients with thyroid [116]

carcinoma

Histone Methylation H3K27me3

Associated with extrathyroidal extension, lymphovascular invasion, [88]

lymph node metastasis, and higher risk of recurrence in DTC

H3K4me3 Histone H3 on lysine 4, DTC Differentiated thyroid cancers, PDTC Poorly-differentiated thyroid carcinomas, ATC Anaplastic thyroid carcinomas, WDTC Well-

differentiated thyroid carcinomas, PTC Papillary thyroid carcinoma

to higher tumor aggressiveness and worse prognosis
in TC patients [112]. Another study demonstrated that
low DNA methylation levels at g10705422, cg17707274,
and g26849382 were significantly associated with
higher risks of recurrent or persistent disease (odds ratio
[OR]=3.860) and distant metastasis (OR=4.009) in
patients with DTC [113]. Conversely, hypomethylation of
oncogenes such as BRAF may indicate a more favorable
prognosis [114]. Moreover, Camargo et al. revealed that
PFKFB2 hypomethylation was associated with poor prog-
nosis in PDTC/ATC and relapsed well-differentiated thy-
roid carcinomas (WDTC) compared to good-prognosis
WDTC and non-malignant cases [115]. Lower PFKFB2
methylation levels were identified as an independent fac-
tor for high relapse risk in WDTC patients.

The pivotal role of DNA methylation in the onset and
progression of TC provides a foundation for personal-
ized treatment approaches. For example, tumors with
methylation-induced DNA repair defects may exhibit
specific vulnerabilities, such as increased sensitivity to
DNA-damaging agents or PARP inhibitors, providing a
rationale for targeted therapy strategies [117]. Reversing
promoter hypermethylation with demethylating agents
could restore the function of silenced DNA repair genes,
potentially reversing the malignant phenotype [118].
However, studying the role of DNA methylation in TC
presents a complex array of challenges. Methodologi-
cal challenges include limitations in the sensitivity and
specificity of DNA methylation detection methods (such
as bisulfite sequencing and methylation-specific PCR)
and the complexity of methylation patterns across differ-
ent TC subtypes and stages [119]. Biological challenges
include understanding the complex functional effects of

specific methylation changes on TC gene expression and
cellular behavior, the interaction of DNA methylation
with other epigenetic modifications, and the heteroge-
neity of TCs, which can dilute aberrant methylation pat-
terns. To address these challenges, future research must
first establish a comprehensive atlas of DNA methylation
patterns for different TC types, stages, and grades. Tech-
niques such as methylation-specific PCR (MSP), bisulfite
sequencing, and high-throughput methylation arrays
can provide detailed DNA methylation profiles in tumor
samples. Additionally, developing standardized protocols
and guidelines for collecting, analyzing, and interpreting
DNA methylation data will ensure consistent and reliable
results across clinical settings.

Clinical implications of RNA methylation

RNA methylation marks, such as m6A, m5C, and m7G,
have emerged as promising biomarkers for TC. Several
m6A RNA methylation regulators have been identi-
fied as strong independent prognostic factors in TC. For
instance, IGF2BP2, YTHDF1, and YTHDF3 have been
highlighted as robust prognostic indicators in TC [78]. A
risk score model was established to screen the predictors
further [78]. A risk score model was subsequently devel-
oped to further refine these predictors The expression of
YTHDEF3 was found to be positively associated with the
infiltration of CD4+ T cells and macrophages [78], and it
exhibited strong correlations with various immune mark-
ers in TC. Another study identified a three-gene m6A
RNA modification regulator-based risk signature (FTO,
RBM15, and KIAA1429), which serves as an independ-
ent prognostic biomarker in patients with thyroid car-
cinoma [116]. Notably, this risk signature demonstrated
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better predictive accuracy in males than in females [116].
These findings underscore the significant impact of m6A
methylation on TC progression, suggesting that m6A
regulators could serve as potential prognostic markers
and therapeutic targets. Table 3 details the clinical impli-
cations of RNA methylation in TC.

Exploring RNA methylation opens new avenues for
understanding the complex epigenetic regulation of gene
expression in cancers, including TC. However, deci-
phering the role of RNA methylation in TC presents
numerous challenges, both technical and biological.
Key challenges include the detection and quantifica-
tion of RNA methylation modifications, the heterogene-
ity of modification patterns, the dynamic and reversible
nature of RNA methylation, the complex effects on gene
function and TC phenotypes, and the interactions of
RNA methylation with other epigenetic and post-tran-
scriptional mechanisms. To address these challenges,
future research should not only map RNA methylation
landscapes across different types and stages of TC but
also investigate the functional impacts of specific RNA
methylation modifications on the post-transcriptional
regulation of TC gene expression. Targeting the enzymes
responsible for adding, removing, and recognizing meth-
ylated RNA modifications (writers, erasers, and readers,
respectively) could offer new therapeutic avenues for TC.
The development of small molecule inhibitors or modu-
lators of these proteins to manipulate RNA methylation
states could also provide novel approaches to TC treat-
ment [120].

Clinical implications of histone methylation

Specific histone methylation patterns can serve as valu-
able biomarkers for TC prognosis. For example, high
levels of H3K27me3 expression have been significantly
associated with extrathyroidal extension, lymphovascu-
lar invasion, lymph node metastasis, and a higher risk
of recurrence in DTC, suggesting its involvement in the
aggressiveness and dedifferentiation of TC [88]. EZH2,
a methyltransferase responsible for H3K27me3, is fre-
quently overexpressed in TC [121]. Inhibitors targeting
EZH2 can reduce H3K27me3 levels, thereby reactivat-
ing tumor suppressor genes and inhibiting tumor growth
[121]. Table 3 details the clinical implications of histone
methylation in TC.

The dynamic and reversible nature of histone methyl-
ation plays a critical role in regulating gene expression
in TC, influencing disease onset, progression, metas-
tasis, and response to treatment [122]. Abnormal his-
tone methylation patterns have the potential to serve as
biomarkers for early detection, prognosis assessment,
and prediction of treatment response, thereby facilitat-
ing the personalized management of TC patients [123].
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However, the complexity of the enzyme networks and
interactions involved in histone methylation presents
a significant challenge in studying their role in TC.
Future research aimed at elucidating how specific his-
tone modifications influence transcription and epige-
netic architecture will be crucial in clarifying their roles
in TC pathogenesis, particularly concerning tumor sup-
pressor genes, oncogenes, and genes involved in metas-
tasis, angiogenesis, and drug resistance. The interaction
between histone modifications and ncRNAs is another
promising area for future investigation. Moreover, tar-
geting histone modification mechanisms with small
molecule inhibitors or epigenetic therapies offers a
novel therapeutic approach. Drugs that regulate histone
acetylation and methylation have already been tested in
clinical trials for various cancers and hold significant
promise for TC, particularly for patients in advanced
stages or those who have developed resistance to stand-
ard treatments [124].
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