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Abstract. The 14‑3‑3 family of proteins are phosphoserine/ 
phosphothreonine‑binding proteins. 14‑3‑3σ (SFN) is a subtype 
of the 14‑3‑3 family and is widely present in all tissues and organs 
of eukaryotes. SFN can regulate various biological activities, 
such as cell growth, cell division, cell death and cell migration, by 
binding to different client proteins. These diverse biological func‑
tions make SFN a candidate protein that may play a notable role 
in the development of various diseases. However, its mechanism 
of action remains unclear, and its role in different diseases is still 
controversial. DNA methylation is an important epigenetic modi‑
fication. DNA methylation, under the catalysis of DNA‑related 
modification enzymes, affects gene expression regulation, 
including the silencing of tumor suppressor genes, oncogene 
activation, genome stability and the tumor microenvironment. 
In the present review, how SFN DNA methylation promotes 
or blocks the carcinogenesis and tumor progression of various 
cancer types is discussed. The potential clinical value of SFN as 
a tumor suppressor or cancer‑promoting factor in different cancer 
types for precision cancer medicine is also highlighted.
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1. Introduction

Cancer has long been a paramount concern in global public 
health, with the complexity of its pathogenesis extending 
far beyond initial understanding. At present, clinical treat‑
ments for cancer include radiotherapy, chemotherapy and 
some targeted drugs. However, these treatments still cannot 
effectively relieve pain or prolong the quality of life of the 
patient  (1,2). Therefore, identifying effective therapeutic 
targets for precision medicine is of great significance.

The occurrence and development of cancer are inextri‑
cably linked to epigenetic modifications, which are influenced 
by environmental factors  (3). Epigenetics has therefore 
emerged as a research focus. DNA methylation, a key epigen‑
etic modification, refers to the addition of methyl groups to 
cytosine bases within CpG islands by DNA methyltransferases 
(DNMTs). CpG islands act as ‘clusters of switch buttons’ in 
gene promoter regions, dynamically regulating methylation 
similar to a light switch for gene expression. Methylation acts 
as an ‘off button,’ silencing tumor suppressor genes  (4,5). 
Under normal physiological conditions, DNA methylation 
accurately regulates gene activation and repression, governing 
human organ development and contributing to cancer initia‑
tion. DNA methylation also plays an important role in cancer 
development and is often closely associated with the silencing 
of tumor suppressor genes. When the CpG islands in tumor 
suppressor genes are highly methylated, the expression of these 
genes decreases, allowing tumor cells to escape regulation and 
undergo rampant proliferation and metastasis, which seriously 
threatens human life and health (6,7). Therefore, in‑depth study 
of the DNA methylation changes in various target genes in 
cancer not only helps to understand the mechanisms of cancer 
occurrence and development but is also expected to provide 
new biomarkers and therapeutic targets for early diagnosis, 
prognosis assessment and the targeted therapy of cancer (8).

The 14‑3‑3 gene family has been extensively studied 
in cancer research (9). The 14‑3‑3 protein comprises seven 
isoforms (β, ε, γ, η, σ, τ and ζ), each with distinct functions. 
This family regulates the activity, stability, subcellular 
localization and interactions of client proteins by mediating 
direct binding or promoting interactions with other signaling 
molecules. These regulatory processes govern key cellular 
pathways, including cell cycle control, apoptosis, proliferation 
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and programmed necrosis, often involving proteins such as 
p53, cell division cycle 25C (CDC25C) and Bad (9,10). 14‑3‑3σ 
(SFN) is one of the numerous proteins closely associated with 
cancer. SFN is a dimeric small molecule protein present in 
all eukaryotes, particularly in epithelial cells (11). First identi‑
fied in bovine brain tissue, SFN has since been detected in 
various human organs, including breasts, pancreas, stomach, 
colorectum, liver and kidneys (12). The diversity of SFN func‑
tions makes it a strong candidate as a therapeutic target for a 
variety of diseases. Drawing from the existing literature on 
SFN in the fields of epigenetics and cancer, the present review 
synthesizes the role of the DNA methylation of SFN in different 
malignancies, dissects its underlying mechanisms and evalu‑
ates its potential as a diagnostic or prognostic biomarker and 
therapeutic target.

2. Structure and biological function of SFN

The SFN protein is composed of 245 amino acids, with 
a molecular weight of ~28  kDa. Similar to other family 
members, SFN forms a typical ‘U’‑shaped dimer structure 
via an N‑ and C‑terminal α‑helix. Each monomer contains 
nine α‑helices, among which helices α3, α4 and α8 form a 
conserved phosphopeptide‑binding channel similar to a 
molecular locking structure, which recognize phosphorylated 
proteins through charge matching (13). Through its unique 
structure and multifunctional regulatory network, SFN modu‑
lates key biological processes, including the cell cycle, DNA 
damage repair, apoptosis and tumor suppression (14). In recent 
years, the loss of SFN expression in cancer due to epigenetic 
modifications (such as DNA methylation) has become a hot 
topic of research, providing important clues for understanding 
the tumorigenesis mechanism. The main functional regula‑
tory networks of the SFN protein include: i) Cell cycle arrest 
and DNA damage response: SFN induces G2/M arrest by 
sequestering cell cycle regulators (such as CDK2/cyclin E 
complexes) upon DNA damage, preventing their nuclear 
translocation. For instance, in p53‑dependent responses, SFN 
maintains G2 arrest by binding phosphorylated CDC25C and 
inhibiting CDK1 activation (15). ii) Apoptosis regulation and 
pro‑survival function: SFN inhibits apoptosis by binding to 
the phosphorylated forms of pro‑apoptotic proteins such 
as Bad and Bax, preventing their mitochondrial localiza‑
tion and subsequent cytochrome C release under unstressed 
conditions (16). However, under conditions of sustained DNA 
damage or oncogene activation, SFN protein degradation can 
release the inhibition of apoptotic signals and promote cell 
clearance (17). iii) Tumor suppressor function: SFN expression 
is silenced in a variety of epithelial tumors due to hyper‑
methylation of promoter CpG islands. Silencing SFN leads to 
cell cycle checkpoint defects, genomic instability and apop‑
totic resistance, thereby promoting tumor progression (18). 
Restoration of SFN expression has been shown to significantly 
reduce tumor cell proliferation and metastasis by inhibiting 
CDK activity and suppressing epithelial‑mesenchymal tran‑
sition (EMT) pathways. The silencing of SFN expression is 
closely related to tumorigenesis, with promoter methylation 
being the main regulatory mechanism (19). SFN acts as a 
molecular scaffold integrating multiple signaling pathways. 
Studies of its structure‑function relationship provide a new 

direction for the development of targeted cancer therapies, 
such as demethylation drugs or phosphatase inhibitors. In the 
future, it will be necessary to further analyze its interaction 
network in different tissue microenvironments and explore 
its clinical application potential as a biomarker or therapeutic 
target.

3. Relationship between DNA methylation and cancer

Epigenetic modifications (such as DNA methylation, histone 
modification and non‑coding RNA regulation) play a pivotal 
role in cancer development, with abnormal DNA methylation 
being one of the most common epigenetic changes in tumor 
cells. DNA methylation refers to the covalent addition of 
methyl groups to the 5' position of cytosine in CpG dinucleo‑
tides (forming 5‑methylcytosine), catalyzed by DNMTs (20). 
A number of studies have shown that DNA methylation 
alters chromatin structure, DNA conformation, stability and 
protein‑DNA interactions, thereby regulating gene expres‑
sion  (21‑23). In normal cells, DNA methylation regulates 
gene function through mechanisms such as promoter CpG 
island hypermethylation and global genome hypomethyl‑
ation. In cancer, DNA methylation patterns are significantly 
disrupted, often manifested as: i) Global hypomethylation, 
which promotes chromosome instability and proto‑oncogene 
activation; and ii) local hypermethylation, which is concen‑
trated in the promoter regions of tumor suppressor genes, 
resulting in the silencing of their expression (24,25). Different 
detection methods employ distinct thresholds for defining 
hypermethylation. For instance, in methylation‑specific PCR 
(MSP), hypermethylation is identified when the intensity of 
the methylated band exceeds 50% of the unmethylated band. 
Pyrosequencing defines hypermethylation as either a single 
CpG site methylation rate >30% or a regional average >50%. 
Exceeding these hypermethylation thresholds represents the 
molecular mechanism for the transcriptional silencing of 
SFN, which correlates with malignancy in specific cancer 
types (26). DNA methylation affects genome stability and 
signaling pathway activity by regulating gene expression 
silencing, making it an important research direction in cancer 
diagnosis and treatment. Promoter CpG island hypermeth‑
ylation acts as an epigenetic switch for tumor suppressor 
genes. DNA methylation forms dense chromatin structures 
by recruiting methyl‑binding proteins (such as methyl‑CpG 
binding protein 2) and histone deacetylases (HDACs), 
resulting in the transcriptional silencing of genes. For example, 
in breast and lung cancer, hypermethylation of the SFN 
promoter leads to defects in G2/M phase arrest and apoptosis 
resistance, significantly promoting tumor progression (27). 
O6‑methylguanine‑DNA methyltransferase is a DNA repair 
enzyme that protects genomic stability by clearing DNA 
damage induced by alkylating agents. Hypermethylation of its 
promoter region leads to gene silencing and loss of repair func‑
tion, thereby increasing mutation accumulation and promoting 
tumorigenesis  (28). In tumor cells, signal transducers and 
activators of transcription 5A, involved in cell proliferation 
and immune regulation, exhibits promoter hypermethylation 
that suppresses antitumor immune responses (such as T cell 
activation) and facilitates immune escape (29). The clinical 
value of DNA methylation is emerging in early diagnosis, 
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prognosis, therapeutic targeting, drug resistance modulation 
and immunotherapy synergy. Future challenges in cancer 
research include identifying actionable methylation targets, 
developing dynamic methylation regulation strategies, and 
constructing methylation‑driven gene networks.

4. Abnormal methylation of SFN in cancer

Breast cancer (BC). BC is one of the most common malignant 
tumors, with an increasing incidence among tumors afflicting 
women. In 2018 alone, 268,670 new cases of BC were reported 
in the United States (30). As a heterogeneous disease influ‑
enced by both genetic and environmental factors, BC remains 
a significant health burden despite recent therapeutic advances. 
Current research efforts in personalized treatment (previously 
guided by disease severity) now focus on underlying biological 
mechanisms. The search for new targets and treatment 
strategies is important for patient survival and quality of life.

In recent years, DNA methylation is a major epigenetic 
modification, and SFN (a tumor suppressor gene) is frequently 
silenced by this modification in BC (31). Studies have shown 
that SFN DNA methylation frequency exceeds 90% in BC. 
Additionally, SFN hypermethylation has been observed in 
breast hyperplasia samples, while normal tissues remain 
unmethylated (as determined by MSP assay)  (32,33). The 
downregulation of SFN has been detected in BC samples 
by serial analysis of gene expression, but no specific gene 
locus at the SFN site that could account for its downregula‑
tion was identified. After the treatment of BC cells with the 
DNMT inhibitor (DNMTI), 5‑Azacytidine, SFN expression 
was re‑detected and found to be activated, indicating that 
SFN underwent DNA methylation modification mediated by 
DNMTs. This suggests that DNA hypermethylation of SFN is 
closely related to the occurrence and development of BC (34). 
Another study grouped 77 patients with BC (no symptoms 
of disease) and 34 patients with metastatic BC (symptoms of 
disease), then DNA methylation in the serum samples from 
these two groups was detected. The DNA methylation level 
was higher in the BC group, indicating that SFN may serve 
as a predictor of BC progression (35). Therefore, SFN can be 
considered as a biomarker for screening metastatic BC, both 
in early detection and for monitoring subsequent treatment 
responses.

The specific mechanism by which SFN affects BC 
progression is as follows. A study has shown that SFN is a 
p53‑dependent negative regulator of the cell cycle, blocking the 
G2/M phase by inhibiting the formation of the CDC2‑cyclin 
B1 complex. However, under conditions of hypermethylation, 
the inactivation of SFN fails to block the cell cycle, thereby 
promoting cancer progression  (36). The hypermethylation 
of the SFN gene promoter not only facilitates BC diagnosis 
but also drives the development of new treatments. Inhibiting 
DNA methylation of SFN is expected to become a potential 
therapeutic target for BC, and drug design targeting this 
mechanism could provide a valuable reference for the further 
clinical treatment of BC.

Lung cancer (LC). LC is the leading cause of cancer‑related 
death worldwide and includes two main subtypes: Small cell 
LC and non‑small cell LC (NSCLC) (37). NSCLC accounts for 

~75% of all LC cases (38). Most patients with NSCLC present 
with advanced disease at diagnosis, as obvious symptoms 
often emerge in the mid‑to‑late stages. Current clinical treat‑
ments for LC involve a combination of surgery, radiotherapy 
and chemotherapy (39), yet these approaches fail to sufficiently 
improve the quality of life for patients with advanced disease. 
The development of early diagnostic markers and targeted 
therapeutics for LC remains a critical need. The upregulation 
of oncogenes and the silencing of tumor suppressor genes are 
the main causes of LC (40). A study has shown that the loss of 
SFN expression caused by DNA methylation is correlated with 
the carcinogenesis and prognosis of LC. SFN methylation has 
been detected in the serum of 167 patients with NSCLC, with 
methylation rates ranging from 64.6 to 100% (as determined 
by MSP assay). Thus, SFN could be used as a marker for the 
serological testing of NSCLC (41).

As for the specific mechanism of the involvement of 
SFN in LC progression, current studies mainly focus on cell 
cycle regulation and drug resistance. For instance, it has been 
shown that when SFN is hypermethylated and its expression 
is absent in LC, failure of cell cycle arrest leads to tumor 
cells escaping constraints on abnormal proliferation, thereby 
promoting LC progression  (34). The therapeutic effect of 
chemotherapy drugs is often affected by drug resistance. In a 
cisplatin‑treated NSCLC cell line (A549 cells), tripartite motif 
containing 25‑mediated cisplatin resistance is primarily due 
to the downregulation of SFN, indicating that targeting SFN 
may be a potential strategy to reverse cisplatin resistance (42). 
However, rare contradictory reports exist regarding SFN 
expression in NSCLC. For instance, one study documented 
that high SFN expression, as a result of SFN hypomethylation, 
in orthotopic lung adenocarcinoma models is a key driver of 
early‑stage malignant progression (43). The conflicting obser‑
vations regarding SFN methylation in NSCLC fundamentally 
reflect the complexity of epigenetic regulation. The methyla‑
tion status of the same gene across distinct genomic regions 
may drive tumorigenesis through divergent mechanisms, while 
sample heterogeneity, technical limitations and co‑mutation 
backgrounds further exacerbate interpretational discrepancies. 
Future research should integrate spatial methylation profiling, 
single‑cell multi‑omics and clinical prospective cohorts 
to establish dynamic SFN methylation models, potentially 
uncovering novel epigenetic targets for precision stratified 
therapy in NSCLC.

Kidney cancer (KC). Worldwide, KC occurs more frequently 
in men than in women. Although there have been advances in 
the treatment and diagnosis of KC in recent years, KC remains 
one of the deadliest malignancies of the urinary system; its 
incidence is increasing, with an estimated 400,000 new cases 
per year, according to the most recent data from the World 
Health Organization. The global mortality rate is close to 
175,000 deaths per year (44,45). Risk factors for KC include 
smoking, obesity, hypertension, poor diet and chronic kidney 
disease; acute/chronic kidney injury are often precursors of 
KC (46,47). At present, the main selected treatment for KC is 
based on the location of the tumor and the stage of the disease. 
These options can be divided into surgical and non‑surgical 
treatments  (48). While improved screening has increased 
patient survival, rising KC prevalence and stagnant cure rates 
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highlight the need for early diagnostic markers and targeted 
small‑molecule inhibitors to prevent disease progression. 
Very little is known about the role of SFN in KC, especially 
regarding the effects of the DNA methylation of SFN. A study 
has shown abnormal expression of SFN in 15 (38%) canine KC 
cases, with a positive association between SFN expression and 
a significantly reduced survival time observed (11). In human 
KC, SFN is typically silenced by hypermethylation of its 
promoter. In a study of 31 patients with KC, methylation levels 
were found to increase progressively with the malignancy of 
renal cancer, from normal to cancerous kidney tissue. Among 
the 16 samples of renal cancer tissues, 87.5% had complete 
hypermethylation of SFN (as determined by MSP assay) (49). 
Additionally, SFN can also influence cell cycle regulation, 
enabling tumor cells to escape DNA damage caused by 
cisplatin and further promote tumor cell proliferation. These 
findings indicate that SFN expression, DNA methylation and 
the treatment of KC are closely related (50). Whether SFN can 
unlock the mystery of KC development or emerge as a key 
target for developing KC treatment strategies remains to be 
further explored by researchers.

Ovarian cancer (OC). OC is the second most common cause 
of cancer‑related death in women worldwide, accounting for 
~140,000 deaths annually. This high mortality rate is largely 
due to a lack of clear early diagnostic markers and delayed 
treatment (51). Most OC cases are definitively diagnosed at 
an advanced stage, with a high recurrence rate. The standard 
treatment for OC includes surgery and combination chemo‑
therapy. In the early stages, the disease can be successfully 
treated with surgery alone. However, advanced stages require 
complex chemotherapy regimens, with drugs such as beva‑
cizumab representing newer therapeutic options (52). While 
these targeted drugs have shown progress in improving the 
prognosis of OC, it remains the deadliest gynecological cancer 
in women. OC is generally divided into four main types: 
Epithelial OC, germ cell tumors, sex cord‑stromal tumors and 
metastatic cancer (53). DNA methylation, histone modifica‑
tion and gene silencing mediated by non‑coding RNAs are 
key processes in the development of OC and represent new 
targets for cancer detection and treatment (54). In OC, SFN 
is primarily inactivated by DNA methylation. A study evalu‑
ating SFN methylation as a prognostic marker found that it 
is associated with OC but unable to predict patient outcomes 
(MSP assay) (55). Hypermethylation of SFN promotes OC 
progression.

Nasopharyngeal cancer (NPC). NPC exhibits a significant 
geographical clustering, with ~70% of the world's new cases 
concentrated in Southeast Asia and East Asia. Among these 
regions, China has the highest incidence of NPC, accounting 
for 47% of all cases  (56). The main risk factors for NPC 
include Epstein‑Barr virus infection, genetic susceptibility, 
environmental factors and diet (57). Current prevention and 
control strategies focus on the following areas: Screening 
of high‑risk groups, risk factor intervention and precision 
epidemiological studies. At present, only one study has 
shown that SFN promoter methylation occurs in primary 
NPC tumors, leading to decreased SFN expression; however, 
promoter hypermethylation has not been detected in normal 

nasopharyngeal epithelial cells (MSP‑detected methylation 
rate: 63%). This suggests that SFN expression may also serve as 
a prognostic marker for NPC (58). SFN is a downstream target 
gene of miR‑597 and miR‑675‑5p. The downregulation of SFN 
by miR‑597 and miR‑675‑5p can drive EMT and promote the 
migration and invasion of NPC (59,60). Additionally, SFN 
functions as a tumor suppressor in vitro, inhibiting NPC cell 
invasion through the SFN/EGFR/keratin‑8 signaling axis (61). 
Collectively, these findings highlight the research value of 
SFN in NPC progression.

Squamous cell carcinoma (SCC). SCC can occur in multiple 
organs, including vulvar SCC (VSCC), esophageal SCC 
(ESCC) and oral SCC (OSCC), among others. SFN exhibits 
strong immune reactivity in SCCs from different parts of the 
body (62). VSCC is commonly found in young women, and 
the main treatment method is radical surgery. However, the 
postoperative recurrence rate is relatively high (63). Targeted 
therapy has attracted attention, driving researchers to identify 
tumor‑associated factors and novel therapeutic markers. In a 
previous study, SFN CpG methylation was found in ~53% of 
cases (as determined by MSP assay) (64). In another study of 
302 cases of VSCC, it was confirmed that the expression of 
SFN protein was downregulated, contributing to the develop‑
ment of the disease (63). This indicates that in VSCC, SFN is 
downregulated as a tumor suppressor through DNA methyla‑
tion, thereby promoting the progression of the disease.

ESCC is one of the major types of esophageal cancer in 
Asia and one of the most aggressive gastrointestinal cancer 
types (65). The absence of symptoms in early ESCC leads to 
late detection of the disease and poor prognosis. SFN is down‑
regulated in the early stage of ESCC, and this downregulation 
is associated with a shortened survival period, suggesting 
that SFN may serve as a biomarker for the early detection of 
ESCC (66). Abnormal expression of SFN affects the sensitivity 
of patients with ESCC to chemotherapy drugs, which is the 
main pathway through which SFN is involved in ESCC (67).

OSCC is a common cancer type and although it accounts 
for only 1.5% of malignant tumors, its incidence rate is 
increasing, which deserves attention. Existing studies have 
shown that SFN is strongly expressed in OSCC, and the 
survival time of patients with OSCC with high SFN expres‑
sion is lower than that of patients with low SFN expression, 
which is different from the expression of SFN in other SCC 
types  (68,69). Inhibition of CpG methylation of SFN may 
inhibit the progression of SCC.

Gallbladder cancer (GBC) and cholangiocarcinoma. GBC 
is one of the few cancer types in developing countries with 
a high mortality rate. The disease presents with almost no 
obvious symptoms in its early stage, leading to most patients 
being diagnosed in the middle or late stages, with a poor 
prognosis (70). Given the epithelial continuity between the 
gallbladder and bile duct, GBC and cholangiocarcinoma 
share similar oncogenic and metastatic mechanisms. Current 
effective treatments for GBC and cholangiocarcinoma include 
complete tumor resection and adjuvant therapy. However, 
the prognosis following surgical resection remains poor and 
incidence has not declined significantly over decades (71). 
Moreover, there has been little progress in treatment  (72). 
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Therefore, it is urgent to identify therapeutic targets and 
develop targeted drug therapies. At present, there are few 
studies on the role and therapeutic significance of SFN 
dysregulation in cholangiocarcinoma. Epigenetics plays 
a key role in cancer development; however, there is still no 
clear understanding of SFN DNA methylation in cholangio‑
carcinoma and GBC (73,74). As a result, research into new 
biomarkers for these two cancer types has attracted significant 
interest from researchers. Only a small number of studies 
have focused on GBC. In a study, SFN DNA methylation was 
detected in 45 out of 50 GBC cases, and SFN expression was 
downregulated in patients with advanced GBC (as determined 
by MSP assay). These results suggest that low SFN expression, 
driven by DNA methylation, may promote the progression of 
GBC (75). Another study confirmed that SFN gene upregu‑
lation is associated with an improved prognosis, lower early 
cancer recurrence rates and reduced distant metastasis after 
resection (72). This suggests that detecting SFN DNA meth‑
ylation or SFN expression may represent a new approach in the 
treatment of GBC. Inhibiting SFN DNA methylation may be 
a potential therapeutic strategy for GBC; however, the role of 
SFN in the treatment of cholangiocarcinoma remains unclear.

Pancreatic cancer (PC). PC ranks among the highest in 
terms of cancer mortality; >90% of patients with PC die due 
to a non‑response to treatment, which is attributed to the 
lack of effective diagnostic and therapeutic strategies (76). 
Therefore, it is urgent to identify the pathogenic targets in PC. 
Whole‑genome mapping has offered hope for improving PC 
management, enabling the development of histological/sero‑
logical markers and immunotherapies. Through such efforts, 
SFN has emerged as a key player in PC diagnosis and treat‑
ment (77). By analyzing the methylation patterns of SFN, a high 
incidence of hypomethylation was observed in PC cell lines and 
primary PC tissues, suggesting that SFN hypomethylation is a 
common epigenetic event in PC. This study further showed that 
SFN protein expression is significantly increased in PC (MSP 
assay), and this elevated expression almost inversely correlated 
with patients' survival rates (76). This suggests a potential link 
to PC treatment failure. The mechanism of action of SFN in 
PC may involve resistance to treatment‑induced apoptosis 
and G2/M cell cycle blockade, thereby causing resistance to 
anticancer drugs and obstructing their therapeutic effects. For 
example, gemcitabine is an important anticancer drug used 
in the treatment of various cancer types, including PC. SFN 
methylation is regulated by DNMT1, which is involved in 
the acquisition of gemcitabine resistance (78). Elevated SFN 
expression also results in resistance to mitoxantrone and doxo‑
rubicin, resistance to drug‑induced apoptosis and resistance to 
the G2/M cell cycle blockade (79,80). Therefore, it is consid‑
ered that SFN may serve as a prognostic indicator to predict 
the survival of patients with PC, as a biomarker to detect PC in 
its early stages and as a potential target for therapeutic drugs 
to guide the clinical treatment of patients. This approach is 
expected to bring hope in improving the lifespan of patients 
with PC.

Gastric cancer (GC). GC is a leading cause of cancer‑related 
death worldwide, ranking as the fifth most common cancer 
and third deadliest globally (81). In China, GC is the second 

most prevalent cancer and second leading cause of cancer 
mortality, with a dismal prognosis (82). Despite recent progress 
in surgical and pharmacological treatments, the survival rate 
for patients with GC in China remains very low (~40%) (83). 
Therefore, it is urgent to identify reliable therapeutic targets or 
develop small‑molecule drugs to treat GC or alleviate the pain 
it causes. Genetic predisposition may play a key role in the 
development of GC (84). GC is a disease influenced by envi‑
ronmental epigenetic modifications and often presents with 
tumors that have a high frequency of abnormal CpG island 
methylation (85). A study found that abnormally elevated SFN 
expression is a biomarker of poor prognosis in GC and is asso‑
ciated with shortened survival time in patients with advanced 
GC (86). Additionally, an analysis of SFN expression in tumor 
samples from 157  patients who underwent GC resection 
showed that SFN expression was elevated in 48% of cases and 
was correlated with p53 expression (86). A study has shown 
that after SFN knockout, the proliferation and in vitro invasion 
abilities of GC cells are reduced. Additionally, serum levels of 
SFN are related to the therapeutic status of locally advanced 
cancer. These findings suggest that SFN plays an important 
role in the proliferation and metastasis of GC cells and may 
be a new target for the detection and prevention of GC (87). 
Another study has shown that SFN expression is increased in 
the gastric tissue of mice infected with Helicobacter pylori. 
Since H. pylori is a recognized factor in the development of 
GC, these results also indicate that high expression of SFN is 
closely related to GC (88). Regarding the role of SFN in GC, 
its effects vary across different stages of the disease. In some 
human cancer types, SFN is often inactivated due to methyla‑
tion of the CpG islands, thereby losing its tumor suppressor 
function. This mechanism may play an important role in undif‑
ferentiated GC. The incidence of SFN hypermethylation was 
found to be 43% in primary GC and higher in poorly differenti‑
ated adenocarcinomas, suggesting that SFN hypermethylation 
is more prevalent in undifferentiated GC than in differenti‑
ated GC (as determined by bisulfite‑bisulfite‑single‑strand 
conformation polymorphism assay (89). In differentiated GC, 
SFN interacts with p53 to stabilize and enhance its transcrip‑
tional activity (87). In another study of 60 GC samples, SFN 
expression was positive in 64% of cases, with positive staining 
observed in low, medium and highly differentiated GC cells. 
This suggests that SFN is involved in the proliferation of GC 
cells (90). Therefore, these findings indicate that SFN may be 
a promising target for the treatment of GC.

Colorectal cancer (CRC). Compared with normal colorectal 
tissues, SFN expression is significantly decreased in CRC 
tissues. Low expression of SFN is also significantly corre‑
lated with low survival rates in patients with CRC  (91). 
SFN influences CRC progression through transcriptional 
programs regulated by interacting factors (such as Snail, 
c‑JUN, Yes‑associated protein 1 and Foxo1), which promote 
tumorigenesis and growth (92,93). Additionally, LIM and SH3 
protein 1 (Lasp1) drives SFN‑mediated CRC progression via 
PI3K/AKT pathway activation. A combination of low SFN 
and high Lasp1 expression is associated with a poorer overall 
survival in patients with CRC (94). Notably, there are different 
viewpoints. The latest research indicates that SFN functions 
as an oncogene in CRC and is associated with treatment 
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resistance (9,95). This suggests that SFN may have different 
effects in different regions of CRC, with upregulation of SFN 
in the invasive areas promoting tumor progression. Epigenetic 
silencing of the SFN gene through CpG hypermethylation 
has been reported in a variety of cancer types; however, this 
mechanism is not thought to apply to CRC, where SFN hyper‑
methylation and inactivation are considered rare events (96). 
In invasive CRC zones, the SFN gene regulates cell cycle 
progression and tumor cell migration, promoting metas‑
tasis (9). The contradictory expression patterns of SFN may 
be attributed to spatial heterogeneity, immune cell exhaustion 
and dynamic epigenetic regulation. Similar discrepancies 
between gene expression and function have been documented 
in other organs and tissues. Cells in distinct anatomical 
regions not only exhibit divergent gene expression profiles 
but also display distinct epigenetic signatures and biological 
functions (29,97‑99).

Other cancer types. SFN is also potentially linked to other 
cancer types, including glioma, endometrial cancer (EC) and 
prostate cancer (PCa) (34,100,101). In a study of 186 tumor 
samples from patients with different grades of glioma, higher 
SFN expression was associated with higher survival rates. SFN 
inactivation in glioma was also due to its DNA methylation 
(as determined by MSP assay). Compared with normal tissues, 
SFN expression in glioma was downregulated, suggesting that 
targeting SFN DNA methylation may offer a new opportunity 
to improve outcomes in patients with this disease (100,102).

SFN is expressed in the normal epithelial cells of most 
organs, and its epigenetic regulation is involved in control‑
ling specific expression in normal cells and gene silencing 
in cancer cells (34). SFN is often absent in EC and PCa. A 
study has shown that CpG island methylation of SFN is 
closely related to its low expression (as determined by MSP 
assay) (55). Most EC cases are detected early due to vaginal 
bleeding and the recurrence rate is low after treatment (103). 
However, a study of 86 cases of EC and 46 cases of normal 
endometrial tissue found that SFN hypermethylation, low 
expression and inactivation in EC may be associated with 
recurrence (as determined by MSP assay) (104). The role of 
SFN in PCa has not been extensively studied. An early study 
has shown that SFN is highly expressed in normal prostate 
tissue, but its expression is significantly reduced in PCa (105). 
As a cell cycle regulator and tumor suppressor, SFN downreg‑
ulation in PCa may promote tumorigenesis by bypassing DNA 
damage checkpoints‑possibly independent of p53 (55,106). 
Detection of SFN CpG methylation could potentially be used 
for diagnostic and prognostic purposes in the future.

5. Tumor drug development targeting SFN and its 
epigenetic modifications

Over the past decade, significant progress has been made in the 
field of epigenetics research in cancer (107). Numerous studies 
have shown that epigenetic modifications play a crucial regula‑
tory role in the dysregulation of tumor cells. The reversibility 
of epigenetic modifications offers a chance to rectify their 
abnormal alterations. Thus, employing epigenome‑targeting 
agents to facilitate the normalization of aberrant meth‑
ylation in cancer cells will serve as a key strategy for treating 

cancer (20). While research in this area has advanced signifi‑
cantly in recent years, new challenges have arisen, including 
low drug specificity and toxic side effects. Hence, developing 
gene‑specific targeted approaches holds notable scientific and 
clinical value.

SFN methylation causes chromatin structure to become 
more compact by recruiting methyl‑binding proteins (such 
as methyl‑CpG binding domain protein 2) and HDACs, ulti‑
mately inhibiting gene expression and blocking the binding 
of transcription factors (such as p53)  (108,109). The DNA 
methylation of SFN has the dual potential of both being a 
therapeutic target and diagnostic marker. As a diagnostic 
and prognostic biomarker, the SFN methylation status is 
detectable in body fluids (such as plasma and urine), which 
provides the possibility for non‑invasive cancer screening. 
For example, SFN methylation in the serum of patients with 
BC is positively correlated with tumor stage (110). In CRC, 
the SFN methylation level predicts resistance to 5‑FU chemo‑
therapy (111). This 5‑FU predictive value not only contributes 
to the formulation of individualized treatment plans but also 
provides biomarkers for the efficacy monitoring of epigenetic 
targeted drugs. Additionally, SFN methylation is also an indi‑
cator of the response to demethylation therapy. SFN can work 
synergistically with other epigenetic drugs, such as HDAC 
inhibitors. For example, AR42 (OSU‑HDAC42), an HDAC 
inhibitor, shows a negative correlation with SFN expression 
and collaborates to inhibit tumor growth (112). The current 
literature reports that DNMTIs (such as 5‑Aza‑CdR) can 
reverse SFN methylation and restore its expression, thereby 
delaying tumor progression. For instance, 5‑Aza‑CdR restores 
SFN expression, induces G2/M phase arrest and promotes 
apoptosis, enhancing radiosensitivity in osteosarcoma and 
BC cells  (113,114). Additionally, 5‑Aza‑CdR‑induced SFN 
upregulation triggers senescence in melanoma cells, inhibiting 
tumor progression (115). In EC, SFN‑mediated G2/M arrest 
via 5‑Aza‑CdR exerts direct antitumor effects. Notably, immu‑
notherapy is a cornerstone of cancer treatment. Recent studies 
have shown that DNMTIs can potentiate immunotherapy [such 
as programmed death‑ligand 1 (PD‑L1) blockade] (116,117). 
We therefore propose exploring novel molecules integrating 
methylation reversal and immunomodulation to reactivate 
SFN and enhance antitumor immunity, with promising trans‑
lational potential. SFN and microenvironment therapy may 
also be related to tumor progression. For example, a hypoxic 
microenvironment contributes to tumor progression, while 
SFN inhibits metastasis and angiogenesis in CRC induced by 
tumor hypoxia through regulating hypoxia‑inducible factor‑1α 
(HIF‑1α) (118). Hypoxic regions in gliomas can induce HIF‑1α 
activation, potentially influencing SFN expression  (119). 
Therefore, SFN may also play a role in mediating responses 
to microenvironment‑targeted therapies. Although DNMTIs 
can reverse SFN methylation, preclinical and clinical studies 
have revealed notable limitations: Systemic toxicity, risk 
of proto‑oncogene activation, suboptimal targeting in solid 
tumors and off‑target effects. Most notably, robust clinical 
evidence supporting their efficacy remains limited (120,121). 
To date, to the best of our knowledge, there have been no clin‑
ical trials directly targeting SFN methylation. In the existing 
studies, abnormal methylation of SFN has been observed in 
the majority of cancer types (Table I). Therefore, developing 
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antitumor drugs targeting SFN methylation is also a promising 
strategy. In a very small number of cancer types such as CRC, 
SFN exhibits a dual role. However, the underlying reasons for 
these differences are not clear, so further research is needed 
before conducting in‑depth studies on specific targeted 
treatment strategies.

6. Conclusions and perspectives

The SFN protein is a core molecule in cell cycle regulation 
and the DNA damage response, and its functional inactiva‑
tion is closely related to cancer initiation and progression. In 
the present review, the epigenetic regulation mechanisms and 
clinical significance of this protein in various tumor types were 
systematically summarized (Fig. 1 and Table SI). Silencing 
of SFN expression is not only caused by gene mutation or 

deletion but also by abnormal hypermethylation of promoter 
CpG islands. This epigenetic silencing shows tissue‑specific 
patterns in BC, PCa and LC and is positively associated with 
tumor aggressiveness. Although the degree of DNA meth‑
ylation varies among different cancer types, SFN methylation 
leads to G2/M checkpoint failure and apoptotic resistance, 
thereby promoting genomic instability. There are also some 
specific mechanisms. These findings suggest the pivotal role 
of SFN in precision therapy.

At present, to the best of our knowledge, there are no 
clinical guidelines incorporating SFN methylation detection. 
Through a literature review, we conclude that SFN methyla‑
tion, as a prognostic marker, holds certain clinical significance. 
SFN methylation precedes abnormal protein expression, in 
contrast to prostate‑specific antigen/CA‑125 that often serve 
as late‑stage indicators. SFN methylation is prognostically 

Table I. Relationship between DNA methylation state and the expression level of 14‑3‑3σ in different cancer types.

Cancer type	 DNA methylation state	 Expression of 14‑3‑3σ	 (Refs.)

Breast cancer	 High	 Low	 (31)
Kidney cancer	 High	 Low	 (49)
Ovarian cancer	 High	 Low	 (55)
Nasopharyngeal cancer	 High	 Low	 (58)
Vulvar squamous cell carcinoma	 High	 Low	 (64)
Gallbladder cancer	 High	 Low	 (75)
Glioma	 High	 Low	 (100)
Gastric cancer (primary)	 High	 Low	 (89)
Endometrial cancer	 High	 Low	 (55)
Lung cancer	 High/Low	 Low/High	 (41,43)
Pancreatic cancer 	 Low	 High	 (76)
Oral squamous cell carcinoma	 /	 High	 (68)
Prostatic cancer	 /	 Low	 (105)
Esophageal squamous cell carcinoma	 /	 Low	 (66)
Colorectal cancer	 /	 Low	 (91)

Figure 1. Role of DNA methylation of SFN in cancer. SFN, 14‑3‑3σ; BC, breast cancer; LC, lung cancer; KC, kidney cancer; OC, ovarian cancer; NPC, 
nasopharyngeal cancer; SCC, squamous cell carcinoma; GBC, gall blader cancer; PC, pancreatic cancer; GC, gastric cancer; CRC, colorectal cancer.

https://www.spandidos-publications.com/10.3892/ol.2025.15271
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relevant across multiple cancer types (such breast and lung 
cancer), supporting the development of pan‑cancer screening 
strategies. Additionally, SFN methylation directly mediates 
resistance to cisplatin/gemcitabine, a mechanism unaddressed 
by traditional markers. Thus, we consider that SFN methylation 
profiling holds significant clinical utility as a biomarker.

The existing challenges and breakthroughs highlight the 
need for in‑depth mechanistic research. At present, to the 
best of our knowledge, the upstream driving factors of SFN 
methylation have not been fully analyzed. The synergistic 
mechanisms between methylation and other epigenetic modi‑
fications need to be clarified through multi‑omics integration 
analyses. The technical bottleneck in clinical transformation 
lies in the insufficient sensitivity of existing detection tech‑
nologies for low‑abundance methylated circulating tumor 
DNA. At present, there is a lack of specific SFN methylation 
inhibitors, and methyltransferase inhibitors also have some 
unresolved clinical challenges. Systemic off‑target effects 
of DNMTIs, such as decitabine, may result from the activa‑
tion of proto‑oncogenes. Therefore, further exploration of 
tumor‑targeted delivery strategies is needed. There is room for 
innovation in therapeutic strategies. ‘Pulsed administration’ 
based on methylation dynamics may balance demethylation effi‑
cacy and toxicity. Combining epigenetic editing with immune 
checkpoint blocking may break tumor immune tolerance. 
With the development of single‑cell epigenomics and spatial 
multi‑omics techniques, it will be possible to analyze the role 
of SFN methylation in the evolution of tumor heterogeneity. 
We therefore propose that the development of bi‑functional 
molecules with both methylation reversal and immune regula‑
tion functions, such as DNMT‑PD‑L1 dual‑target inhibitors, 
may provide a new paradigm for overcoming therapeutic 
resistance. SFN is expected to become a signature target in 
the field of cancer epigenetic therapy in these new modali‑
ties. Other epigenetic modifications also need the attention of 
researchers, such as RNA modifications and histone modifica‑
tions, which may drive cancer progression through synergistic 
or independent effects. In the future, research should focus 
on multi‑modification interactions, dynamic regulation and 
precise intervention strategies, combined with technological 
innovation and clinical validation, to provide new targets and 
paradigms for cancer treatment.
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