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of Blood Transfusion, The First Hospital of Jilin University, Changchun, China

Background: Aging is accompanied by profound changes in immune regulation
and epigenetic landscapes, yet the molecular drivers underlying these alterations
are not fully understood.

Methods: Transcriptional profiles of peripheral blood samples from young and
elderly individuals, together with aging-associated methylation probe data, were
used to identify aging biomarkers. Transcriptomics and chromatin
immunoprecipitation sequencing (ChlP-Seq) were conducted to explore potential
regulatory mechanisms. Functional validation was performed via knockdown in
immune and microglial cell lines, assessing inflammatory responses and reactive
oxygen species (ROS) levels. Finally, an independent cohort was recruited to validate
expression and promoter methylation, with ChIP-seq and the assay for
transposase-accessible chromatin with sequencing (ATAC-seq) analyses
supporting epigenetic repression as the underlying mechanism.

Results: LEF1 expression was significantly downregulated in elderly individuals,
accompanied by increased promoter methylation, indicating age-related
epigenetic repression. Integrated multi-omics analysis linked LEF1 to immune
inflammation and neurodegenerative pathways. LEF1 knockdown enhanced
inflammatory responses and ROS production in vitro. ChIP-seq and ATAC-seq
data supported epigenetic repression as a mechanism for age-related
LEF1 silencing.

Conclusions: Age-related epigenetic repression of LEF1 contributes to immune-
inflammatory activation and may underlie neurodegenerative processes.
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Introduction

Aging is a complex, progressive, and irreversible biological
process characterized by a gradual decline in physiological
functions over time (1-3). In recent years, with advances in
society and healthcare, the aging population has been rapidly
increasing. Age is the major risk factor for numerous prevalent
human diseases, including cancer, diabetes, cardiovascular
disorders, and neurodegenerative diseases (4-6). Consequently,
the prevention and treatment of age-related diseases have become
a central focus of biomedical research. Most conventional clinical
biomarkers do not comprehensively reflect the biological
mechanisms of aging, though recent advances—such as DNA
methylation clocks—have improved our ability to quantify
biological aging more accurately (7). Identifying and validating
molecular targets for interventions aimed at extending human
lifespan remains a significant challenge.

The mechanisms underlying aging are diverse and encompass
twelve recognized hallmarks, including epigenetic alterations, loss
of proteostasis, and chronic inflammation (2, 4). Senescent cells
develop a senescence-associated secretory phenotype, characterized
by the secretion of interleukins, cytokines, chemokines, growth
factors, and extracellular matrix proteases, which collectively
contribute to aging-related biological functions in both health and
disease (8-11). Aging is also commonly accompanied by a state of
chronic low-grade inflammation, which is considered a key
contributor to neuroinflammation and the development of
multiple age-associated diseases (12-14).

Studies suggest that epigenetic alterations are a primary driver
of aging in mammals, and restoration of epigenomic integrity may
reverse signs of aging (15, 16). Age-associated epigenetic changes
encompass a range of modifications, including altered DNA
methylation patterns, aberrant post-translational modifications of
histones, dysregulated chromatin remodeling, and dysfunctional
non-coding RNAs (2, 17, 18). Among these, DNA methylation has
received particular attention over the past decade in aging and age-
related disease research, as site-specific methylation changes during
aging have been shown to predict future health outcomes and
lifespan (19-21). “Epigenetic clocks,” which measure changes in
hundreds of specific CpG sites, can accurately estimate
chronological age across multiple species, including humans, and
currently represent the most robust biomarkers for predicting
human mortality (7, 22, 23). In gene promoters, hypomethylated
CpG sites are generally associated with actively and constitutively
expressed genes, whereas hypermethylated CpG sites are typically
linked to gene silencing or low expression levels (24).

In recent years, the rapid advancement of high-throughput
sequencing technologies has enabled the widespread application

Abbreviations: LEF1, lymphoid enhancer-binding factor 1; ChIP-Seq, chromatin
immunoprecipitation sequencing; ATAC-seq, the assay for transposase-
accessible chromatin with sequencing; PPI, protein-protein interaction; ROS,
reactive oxygen species; DEGs, differentially expressed genes; PBMC, peripheral
blood mononuclear cell; PCR, polymerase chain reaction; ELISA, enzyme-linked

immunosorbent assay; MSP, methylation-specific PCR.
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of multi-omics data at the molecular level, including transcriptomic,
epigenomic, and chromatin accessibility data for systematic analysis
of gene expression and epigenetic regulation. These approaches
have significantly enhanced our understanding of complex
biological processes and disease mechanisms.

In this study, we identified aging-associated blood biomarkers by
analyzing transcriptomic data from peripheral blood samples of young
and elder healthy volunteers, integrated with DNA methylation
information. Among these, we focused on LEFI, which harbors
aging-associated methylation probes in its promoter region. Our
findings suggest that LEF1 may regulate pathways related to immune
inflammation and neurodegenerative diseases. Knockdown of LEF1 in
immune cells and microglial cells led to a marked increase in
inflammatory responses. In addition, LEF1 deficiency resulted in
elevated levels of ROS, indicating enhanced oxidative stress.
Importantly, we confirmed that during aging, increased methylation
in the LEF1 promoter region contributes to its transcriptional
repression through epigenetic silencing. Taken together, LEF1
emerges as a key factor in the aging process and may serve as a
potential therapeutic target for aging-related diseases.

Materials and methods
Transcriptome data acquisition

The transcriptomic data GSE58137, GSE65219, GSE129917, and
GSE62420 were obtained from the publicly available Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/)
maintained by the National Center for Biotechnology Information
(NCBI). GSE58137 and GSE65219 include healthy volunteers from
different age groups, including both young and elderly individuals,
with transcriptomic sequencing performed on their peripheral
venous blood samples (25). A summary of demographic
characteristics for all included samples is provided in
Supplementary Table S1. GSE129917 contains expression data
from Jurkat cells transfected with LEF1 siRNA to investigate the
function of LEF1 (26). GSE62420 provides microglia-specific
transcriptomic profiles from mouse brain tissues (27).

Differential expression analysis

Differential analysis of the datasets was performed using the
“limma” package (28), with a significance threshold of P-value < 0.05
and |log,Foldchange| > 1 to identify differentially expressed genes
(DEGs) associated with aging or LEF1. The overlapping DEGs
associated with aging across different datasets were identified, and a
Venn diagram was generated using the “VennDiagram” package (29).

Immune cell infiltration analysis

To investigate the immune characteristics across different age
groups, we used CIBERSORT (30) to analyze the proportions of 22
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immune cell subtypes in the largest sample dataset, GSE65219. The
infiltration patterns of various immune cell types across samples
were visualized using a histogram and a heatmap, generated with
the “ggplot2” and “pheatmap” packages.

Correlation analysis and gene enrichment
analyses

We analyzed the relationships between LEF1 and other genes
using the R package “Hmisc” to calculate correlation coefficients and
P-values, applying a significance threshold of r > 0.8, P-value < 0.05.
Visualizations were generated via the “ggplot2” package.

Enrichr (https://maayanlab.cloud/Enrichr/) (31) was used for
functional and pathway enrichment analyses. The data were
visualized using “ggplot2”.

Protein—protein interaction network
analysis and hub gene identification

PPI network analysis was performed using the online database
STRING (version 12.0) (https://string-db.org/) (32). To ensure
network reliability, an interaction composite score > 0.4 was set
as the minimum threshold for interactions. The PPI network was
visualized using Cytoscape software (version 3.9.0) (33). The
CytoHubba plugin was employed to calculate the degree and
MCC values for each intersection, identifying hub genes. The top
10 ranked genes were selected for further analysis.

Aging-related methylation probes and
epigenetic data acquisition

All methylation probes associated with aging traits and located
near CpG islands (including CpG islands and their surrounding
regions: N_Shore, S_Shore, N_Shelf, and S_Shelf) were downloaded
from the Epigenome-Wide Association Study (EWAS) database
(https://ngdc.cncb.ac.cn/ewas/atlas) (34). Epigenetic data, including
ChIP-seq and ATAC-seq data, were obtained from the ENCODE
database (https://www.encodeproject.org/) (35) and visualized
using IGV (version 2.11.2) (36).

TABLE 1 ShRNA oligonucleotide sequences targeting LEF1.

10.3389/fimmu.2025.1656442

Vector construction

To construct the shRNA expression vector, the plasmid pKLV-
U6gRNA (BbsI)-PGKpuro2ABFP (50946, Addgene) was linearized
using BbsI (R3059L, NEB, Ipswich, USA) and BamHI (R0136S,
NEB), followed by gel purification. Two sets of shLEF1
oligonucleotides were synthesized by Tsingke Biotechnology
(Shanghai, China). The sense and antisense strands of shLEF1
were annealed to form complementary double-stranded DNA
fragments, which were then ligated into the linearized 50946
plasmid. The ligated plasmid was subsequently transformed into
Escherichia coli Stbl3 receptor cells. Colonies containing the
shLEF1 plasmid were cultured in LB medium supplemented with
100 pg/mL ampicillin. All recombinant plasmids were verified by
sequencing at Tsingke. The shRNA oligonucleotide sequences used
are listed in Table 1.

Cell culture

All cell lines were obtained from our laboratory. Jurkat cells
were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. HEK-293T and
HMC3 cells were cultured with 10% fetal bovine serum, 90%
Dulbecco’s modified Eagle’s medium, and 1% penicillin/
streptomycin. All cells were maintained at 37°C in a 5%
CO, atmosphere.

Lentivirus production and cell transduction

Lentivirus carrying the target plasmid was produced by co-
transfecting HEK293T cells with the packaging plasmid psPAX2
(12260, Addgene) and the envelope plasmid pMD2.G (12259,
Addgene) using Lipofectamine 2000 (Invitrogen). Fresh media were
exchanged 6 h after transfection. After 72 hours, the viral supernatant
was collected, centrifuged at 1,000g for 10 minutes at 4°C to remove
debris, aliquoted, and stored at -80°C.

For stable expression, Jurkat and HMC3 cells were transduced
with the lentivirus. After 24 hours, the medium was replaced with
fresh culture medium. Transduced cells were then selected with
1 ug/mL puromycin for 72 hours.

Name Sequence (5°-3’)

shRNA1-LEF1-FOR

shRNA1-LEF1-REV

CACCGCGTTGCTGAGTGTACTCTAAACTCGAG TTTAGAGTACACTCAGCAACGTTTTTTTG

GATCCAAAAAAACGTTGCTGAGTGTACTCTAAACTCGAG TTTAGAGTACACTCAGCAACGC

shRNA2-LEF1-FOR

shRNA2-LEF1-REV
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CACCGATCCCGAGAACATCAAATAAACTCGAG TTTATTTGATGTTCTCGGGATTTTTTTTG

GATCCAAAAAAAATCCCGAGAACATCAAATAAACTCGAG TTTATTTGATGTTCTCGGGATC
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Human samples and PBMC isolation

Healthy individuals were recruited after obtaining informed
consent for this study. The inclusion criteria were as follows (1):
age-matched participants; (2) availability of blood samples for
PBMC isolation; and (3) no history of diabetes or other
malignant diseases. The study was approved by the Institutional
Review Board and Ethics Committee of Huashan Hospital, Fudan
University. Participant demographic information is provided in
Supplementary Table S1.

PBMCs were freshly isolated from human peripheral blood
using Ficoll-Paque (GE Healthcare). After density gradient
centrifugation, the PBMC layer was carefully collected and
washed twice with PBS. The cell pellet was then resuspended for
further experiments.

RNA extraction and real-time PCR

Total RNA was extracted from human PBMC using Trizol
reagent (Thermo Fisher Scientific). Once the RNA was obtained, it
was reverse transcribed into cDNA using the cDNA Synthesis Kit
(RRO36A, TaKaRa) according to the manufacturer’s instructions.
Subsequently, amplification and quantification were performed
using RT-qPCR on the QuantStudio’™ 7 Pro Real-Time PCR
System (Applied Biosystems) with Taq Pro Universal SYBR qPCR
Master Mix (Vazyme). The relative expression levels were

calculated using the 27447

method. Housekeeping gene GAPDH
expression was used as an internal reference. The primers used are

listed in Table 2.

Enzyme-linked immunosorbent assay

The culture supernatants from LEFI-knockdown Jurkat and
HMCS3 cells were collected, and ELISA was performed according to
the instructions of the kit. The absorbance value at 450 nm was
detected by microplate reader to calculate the expression levels of
TNF-o and IL-6. Cytokine concentrations were calculated based on

TABLE 2 Real-time qPCR primers used in this study.

10.3389/fimmu.2025.1656442

a standard curve. ELISA kits were obtained from Jianglai
Biotechnology (Shanghai, China).

ROS detection analysis

The intracellular ROS generation was evaluated using the EVOS
M5000 imaging system (Invitrogen). According to the
manufacturer’s instructions, intracellular ROS levels were analyzed
using Reactive Oxygen Species Assay Kit (S0033, Beyotime). The cells
were treated and rinsed with PBS, then incubated at 37 °C for 20 min
in 5% CO, with DCFH-DA (10 pmol/L, 1 mL) in PBS. Finally, after
three washes with PBS, fluorescence images of cells under different
treatments were captured using a fluorescence microscope.

Methylation-specific PCR

Genomic DNA was extracted from PBMCs in blood samples
using the DNA Isolation Kit (DP304, TIANGEN). The genomic
DNA was then treated with a DNA bisulfite conversion kit (DP215,
TIANGEN) to convert unmethylated cytosines into uracils.
MethPrimer (https://www.methprimer.com/) (37) was used to
predict CpG islands in the LEF1 promoter region and design
primer sequences. This study used two primers, one specific for
methylated DNA and the other for unmethylated DNA. The primer
sequences are listed in Table 3. The expected PCR products for
methylated and unmethylated DNA were 143 bp and 147 bp,
respectively. MSP was performed using a methylation-specific
PCR kit (EM101, TTANGEN). The PCR products were analyzed
by 2% agarose gel electrophoresis.

Statistical analysis

All experiments were repeated at least three times. Statistical
analyses were performed using R (version 4.4.1) and GraphPad
Prism 10. Data are presented as mean + SEM. Detailed statistical
analyses for each experiment can be found in the corresponding

Gene Forward (5'-3’) Reverse (5°-3’)

LEF1 CTACCCATCCTCACTGTCAGTC GGATGTTCCTGTTTGACCTGAGG
SOCS1 TTCGCCCTTAGCGTGAAGATGG TAGTGCTCCAGCAGCTCGAAGA
SOCS3 CATCTCTGTCGGAAGACCGTCA GCATCGTACTGGTCCAGGAACT
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

TABLE 3 Methylation-specific PCR primers targeting LEF1.

Primer type Forward (5'-3)
M-143bp CGAGTTAGGTTGAGAAATTCGA
U-147bp GGTGAGTTAGGTTGAGAAATTTGA

Frontiers in Immunology

Reverse (5'-3’)
‘ CTCCGCAATAAAAAACACTACG

‘ AACTCCACAATAAAAAACACTACAAA
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CD4+ T cells, and resting CD4+ memory T cells decreased. These
findings suggest that the immune system may be in a state of

chronic inflammation or immunosenescence (Figures 1C, D)
In recent years, aging-related research has made unprecedented
on, .

progress, with epigenetics, particularly DNA methylation, playing a
mechanistic role in the aging process as one of the nine hallmarks of
aging (7). Therefore, we downloaded all aging-associated
methylation probes located near CpG islands (including CpG

islands and their surrounding regions: N_Shore, S_Shore,
N_Shelf, and S_Shelf) from the EWAS database (Supplementary

Table S2) (34). Upon annotation, we found that only the promoter

figure legends. Unless otherwise specified, statistical comparisons
were conducted using an unpaired two-tailed Student’s t-test, as
indicated in the figure legends. A P-value < 0.05 was considered

statistically significant.

Result

Identification of aging-related blood
biomarkers and characteristics of immune
region of LEFI-related transcripts contained aging-associated

methylation probes. Moreover, previous studies have suggested
that LEF1 regulates cellular senescence and aging, and its
expression consistently declines with age. Therefore, among the
four identified aging-related blood biomarkers, we focused on LEF1

aging

To identify aging-related blood biomarkers, we included
peripheral blood data from three cohorts of healthy volunteers
(GSE58137_GPL6947/GPL10558 and GSE65219). After grouping
the samples by age, we performed differential expression analysis

for each dataset and identified four common aging-related blood
biomarkers: CCR7, FCGBP, 1G], and LEF1 (Figure 1A). These

LEF1 regulates immune signaling and
neurodegenerative disease-associated

pathways

To further understand the role of LEF1 in the aging process, we
first performed a correlation analysis of LEF1 expression in the
GSE65219 dataset. We identified co-expressed genes with a

for further investigation.

biomarkers exhibited significant differential expression between
elderly and young individuals. Furthermore, in the dataset with
the largest sample size (GSE65219), we examined the expression
levels of these four biomarkers and found that their expression
markedly declined with increasing age (Figure 1B). Additionally, we
performed immune infiltration analysis to examine the dynamic
changes in peripheral blood cell subpopulation proportions across
different age groups. We observed that during aging, the
proportions of monocytes, activated CD4+ memory T cells, and

resting NK cells increased, whereas the proportions of B cells, naive ~ Table S3. Notably, another aging-related blood biomarker, CCR7
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Identification of aging-related blood biomarkers and immune cell population dynamics. (A) The intersection of differentially expressed genes from
the three datasets identified four aging-related blood biomarkers: CCR7, FCGBP, IGJ, and LEF1. (B) The expression levels of the four aging-related
) ) ; ) )

correlation coefficient greater than 0.8, as listed in Supplementary

age

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1656442
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

was positively correlated with LEF1 expression (R = 0.875, P < 0.05).
Furthermore, gene enrichment analysis revealed that LEF1 co-
expressed genes were primarily associated with the interleukin-2
signaling pathway, which plays a critical role in regulating T-cell
proliferation, differentiation, survival, and function within the
immune system (Figure 2A).

Subsequently, we utilized RNA sequencing data from GEO
(GSE129917), which includes Jurkat cells subjected to siRNA
targeting LEF1, to further explore the gene network regulated by
LEF1 and its potential involvement in aging-related pathways.
Through differential gene enrichment analysis (| logFC | > 1, P <
0.05), our results suggest that LEF1 may influence immune response
pathways, including systemic lupus erythematosus, the interleukin-
2 signaling pathway, and type II interferon signaling, by regulating
associated genes. Additionally, LEF1 may also affect the BDNF
signaling pathway and the amyloid pathway, with the BDNF
signaling pathway playing a crucial role in neuronal growth,
survival, and function, suggesting that LEF1 may be involved in
cognitive regulation and neurodegenerative processes (Figure 2B).
Furthermore, we conducted a PPI analysis of differentially
expressed genes using the STRING database and visualized the
results in Cytoscape (Figure 2C). Using the MCC algorithm in the
cytoHubba plugin, we identified the top 10 hub genes, which
included histone genes (H4C6, H2ACI13, H2ACI18) as well as
immune and signaling-related genes (CD24, PTPRC, RELB)
(Figure 2D). These findings suggest that LEF1 may not only
influence gene expression and chromatin regulation but also
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participate in immune signaling modulation, tumor-related
pathways, and the NF-xB pathway, thereby affecting cellular
states and functions. The detailed information on the 10 hub
DEGs is presented in Supplementary Table S4.

As a nuclear transcription factor, LEF1 specifically binds to cis-
regulatory DNA elements (e.g., promoters or enhancers) to regulate
target gene expression. Using ChIP-seq data from the ENCODE
database, we identified potential LEFI target genes. Enrichment
analysis revealed that LEF1 is associated with genes linked to
neurodegenerative diseases, suggesting its regulatory role in
neurodegenerative pathways (Figure 2E). LEF1-associated target
genes related to neurodegenerative diseases, such as EGR1, RHOB,
and ID2, exhibit binding peaks (Supplementary Figures S1A-C).
Following siRNA-mediated LEF1 knockdown, their expression
levels were reduced (Supplementary Figure S1D). Downregulation
of these genes affects key processes, including synaptic plasticity,
neuroinflammation, axon regeneration, and neuronal survival,
which are implicated in neurodegenerative diseases and brain
injury repair (38-40).

LEF1 deficiency disrupts immune
homeostasis and enhances inflammatory
responses

Using the DICE and ImmuNexUT databases, we found that
LEF1 exhibits the highest expression levels in T cells

Role of ABL in ROBO-SLIT Signaling

Pathways in Alzheimer's Disease Models
Neurodegenerative Diseases

Dafactive Intrinsic Pathway for Apoptosis

Pvalue

I 0.004
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LEF1 regulatory network in immune response and neurodegenerative pathways. (A) Enrichment analysis of LEF1 co-expressed genes suggests that
LEF1 is associated with the interleukin-2 (IL-2) signaling pathway. (B) Enrichment analysis of differentially expressed genes after LEF1 knockdown.
(C) Protein-protein interaction analysis of differentially expressed genes regulated by LEF1. (D) Top 10 hub genes regulated by LEF1. (E) ChIP-seq
analysis revealed LEF1-binding target genes, and enrichment analysis suggested the association with neurodegenerative diseases
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(Supplementary Figures S2A, B). Therefore, we further investigated
the function of LEF1 by establishing an LEF1-knockdown human T
cell line (Jurkat cells). RT-qPCR experiments confirmed LEFI
knockdown at the RNA level and demonstrated that reduced
LEF1 expression affected the mRNA levels of SOCS1 and SOCS3,
which are negative regulators of immune responses (Supplementary
Figure S2C, Figures 3A, B). As suppressors of cytokine signaling,
SOCS1 and SOCS3 modulate immune responses by inhibiting
cytokine signaling pathways (41). To further validate the pro-
inflammatory effects of LEF1 downregulation, we performed
ELISA assays. The results showed a significant increase in IL-6
and TNF-o levels in the supernatants of LEF1-knockdown cells
(Figures 3C, D).

LEF1 deficiency in microglia promotes
neuroinflammation and oxidative damage

In addition to its specific expression in immune cells, particularly
T cells, we found that LEF1 is also specifically expressed in microglia

Relative mRNA Expression

IL-6
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20+ kKoK
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£
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FIGURE 3

Pro-inflammatory effects induced by LEF1 knockdown. (A, B) RT-gPCR confirmed the downregulation of SOCS1 and SOCS3 following LEF1
knockdown. (C, D) ELISA confirmed increased levels of IL-6 and TNF-c in the cell supernatant following LEF1 knockdown, indicating elevated
inflammation. Data are presented as the mean + SEM of three independent samples, and the P values were analyzed using a two-tailed unpaired t

test. **P<0.01, ***P<0.001, ****P<0.0001.
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(Supplementary Figure S3A). Further analysis revealed that LEF1
expression progressively declined with age in both human brain
tissues (based on the BrainSpan Atlas, which profiles gene
expression across human brain development) and mouse brain
microglia (GSE62420) (Supplementary Figures S3B, C), suggesting a
potential role of LEF1 in age-related central nervous system regulation
(27, 42). Given our previous analysis indicating a strong association
between LEF1 and neurodegenerative diseases, as well as its loss
promoting inflammatory responses, we hypothesized that LEF1 might
mediate neurodegenerative disease progression by regulating
neuroinflammation. Therefore, we further investigated the function
of LEF1 in human microglial HMC3 cells. Consistent with our
findings in Jurkat cells, LEF1 knockdown in microglial cells resulted
in a reduction in SOCSI and SOCS3 expression, accompanied by a
significant increase in IL-6 and TNF-o levels in the culture
supernatant (Figures 4A-D, Supplementary Figure S3D).
Additionally, we evaluated whether LEF1 knockdown affects ROS
levels in HMC3 cells. ROS was detected using fluorescence staining,
where green fluorescence intensity positively correlates with ROS
levels. The results showed that LEF1 knockdown significantly
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results indicated an increase in ROS levels. Data are presented as the mean + SEM of three independent samples, and the P values were analyzed

using a two-tailed unpaired t test. **P<0.01, ***P<0.001, ****P<0.0001.

increased ROS levels in microglial cells (Figures 4E, Supplementary
Figure S3E). Notably, oxidative damage is a key mechanism
underlying the pathogenesis of neurodegenerative diseases (43, 44).

DNA methylation-mediated epigenetic
suppression of LEF1 during aging

Previously, we identified methylation probes in the LEF1 promoter
region that are associated with aging characteristics (Supplementary
Table S2). We hypothesized that the decreased expression of LEFI
during aging might be related to changes in DNA methylation patterns.
To test this hypothesis, we recruited 4 elderly individuals over the age of
65 and 4 young individuals between the ages of 18-25, collected their
peripheral blood, and isolated PBMCs. RT-qPCR results showed a
significant decrease in LEF1 expression in the elderly group
(Supplementary Figure S4). To further investigate the DNA
methylation status of the LEF1 promoter region during aging, we
performed methylation-specific PCR (MSP). First, using the
MethPrimer software, we identified a CpG island in the LEF1
promoter region (Figure 5A). The MSP results revealed a significant
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increase in the methylation level of CpG sites in the promoter region
of LEF1 in healthy elderly individuals compared to young individuals
(P < 0.01) (Figures 5B, C).

Additionally, methylation probes in regions near LEF1 have been
reported to show increased methylation levels during aging (Table 4).
ChIP-seq data from the ENCODE database further confirmed the
binding signals of DNA methyltransferases DNMT1 and DNMT3B in
the LEF1 promoter region, and this region includes the CpG_225 site
(Figure 5D), suggesting that LEF1 expression may be regulated by
DNA methylation. Beyond DNA methylation, we also analyzed
ATAC-seq data from males of different ages. The results revealed
that chromatin accessibility in the LEF1 promoter region decreased
with age (Figure 5E). These findings collectively suggest that LEF1
expression during aging may be regulated by DNA methylation-
mediated epigenetic modifications.

Discussion

With the growing aging population, increasing attention has
been directed toward understanding the mechanisms and molecular
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FIGURE 5

DNA methylation and chromatin accessibility changes in the LEF1 promoter region during aging. (A) MethPrimer software predicted the presence of
CpG islands in the LEF1 promoter region. (B) To distinguish the methylation level of the LEF1 gene, we extracted DNA from different age groups and
performed methylation-specific PCR analysis, where M represents the methylated PCR product (143 bp) and U represents the unmethylated PCR
product (147 bp). (C) Quantitative analysis of LEF1 gene promoter methylation levels in different age groups. (D) Binding characteristics of different
factors in the LEF1 promoter region. H3K4me3 and H3K27ac marks indicate promoter characteristics of this region, which also contains the
CpG_225 site, while DNMT1 and DNMT3B binding peaks are detected in this region. (E) There are differences in the ATAC peak values of the LEF1
promoter region between males aged 26 and 54. As age increases, the peak values gradually decrease, indicating a corresponding reduction in
chromatin accessibility. Data are presented as the mean + SEM of three independent samples, and the P values were analyzed using a two-tailed

unpaired t test. **P<0.01.

changes associated with aging. Although addressing the root causes
of aging to extend human lifespan remains a significant challenge,
studies have suggested that epigenetic regulation is a primary
driving force of aging, offering the possibility of reversing age-
related decline (15, 45, 46). In this study, we analyzed datasets from
the GEO database to identify genes with altered expression during
the aging process. Among these, LEF1 was found to harbor aging-
associated methylation probes in its promoter region and exhibited
significantly reduced expression in elderly individuals.
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Subsequently, we employed a range of bioinformatics approaches
—including correlation analysis, differential expression analysis,
PPI network analysis, and ChIP-seq, to comprehensively
investigate the aberrant pathways potentially regulated by LEF1
during aging.

LEF1 belongs to the T cell factor (TCF)/LEF family of
transcription factors and functions as a nuclear effector in the
Wnt/B-catenin signaling pathway (47, 48). Numerous studies
have reported that aberrant expression of LEFI is associated with
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TABLE 4 Methylation probes associated with aging traits located in the vicinity of the LEF1 gene region.

Correlations Location

Related genes (transcript: location)

CpG
islands

Related
traits

LEF1 (ENST00000265165:
LEF1 (ENST00000510135:
LEF1 (ENST00000509428:
LEF1 (ENST00000506680:
LEF1 (ENST00000504950:
LEF1 (ENST00000510717:
LEF1 (ENST00000505293

Hyper: 100%;Hypo: 0%;
NR: 0%

chr4:

07905908
8 109034624

LEF1 (ENST00000265165
LEF1 (ENST00000510135:
LEF1 (ENST00000509428:
LEF1 (ENST00000506680:
LEF1 (ENST00000504950:
LEF1 (ENST00000510717:
LEF1 (ENST00000505293:

chr4:
109034555

Hyper: 100%;Hypo: 0%;

16642281
8 NR: 0%

chr4:
109090828

Hyper: 100%;Hypo: 0%;
NR: 0%

LEF1 (ENST00000265165:
cg06408078

LEF1 (ENST00000265165:
LEF1 (ENST00000438313:
LEF1 (ENST00000506680:
LEF1 (ENST00000504950:
LEF1 (ENST00000512172:

chr4:
109087980

Hyper: 100%;Hypo: 0%;

19692648
6 NR: 0%

tumorigenesis, as well as cancer cell proliferation, migration, and
invasion, and its overexpression has been linked to poor prognosis
(49-53). Previous research has identified LEF1 as one of the few
immune-related genes consistently downregulated with age across
multiple species and tissues, suggesting a conserved and essential
biological role in age-related immune regulation and various
signaling pathways (54). In multiple immune cell types from both
humans and mice, LEF1 has been found to act as a commonly age-
associated transcriptional regulator, with isoform-specific changes
in expression potentially representing a key mechanism driving
cellular senescence (55). LEF1 dysregulation appears to be an
intrinsic feature of the aging process, contributing to cellular
dysfunction and increased susceptibility to age-related diseases.
During aging, the immune system undergoes a poorly defined
process of immunosenescence, characterized by progressive immune
dysfunction, chronic inflammation, and features of autoimmunity
(13, 56, 57). Increased levels of inflammatory mediators are strongly
associated with the development of most age-related chronic
conditions, including neurodegenerative diseases and cancer (58,
59). Cognitive decline is a hallmark of human aging, and
neuroinflammation appears to be a major contributor to age-
related cognitive impairment (14, 60). Chronic low-grade
inflammation in the periphery may promote neuroinflammatory
processes in the aging brain by modulating glial cell activation and
the expression of inflammatory cytokines, ultimately leading to
neuronal dysfunction and the accumulation of brain tissue damage
—even in cognitively intact elderly individuals (14, 61, 62). In our
study, we observed a significant decrease in LEF1 expression in the
peripheral blood of elderly individuals. Correlation and functional
analyses indicated that LEF1 is closely associated with immune
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inflammation and neurodegenerative diseases. As a nuclear
transcription factor, LEF1 was found, through ChIP-seq analysis, to
bind target genes that are predominantly enriched in pathways
related to neurodegeneration. Knockdown of LEF1 in both T-cell
lines and microglial cells resulted in a marked increase in IL-6 and
TNF-o levels. As central regulators of neuroinflammation, microglial
cells exhibit robust IL-6 responses, with basal expression levels
significantly higher than those observed in Jurkat T cells. Despite
this baseline difference, both cell types showed a consistent trend of
increased IL-6 expression upon LEF1 knockdown, suggesting that
LEF1 exerts a relatively conserved anti-inflammatory role across
distinct immune cell types.

In addition, we found that knockdown of LEF1 in microglial
cells led to a significant increase in ROS levels. Microglia, often
referred to as the “brain-resident macrophages,” are complex and
dynamic mediators of neuroinflammation and key regulators of
immune responses in neurodegenerative diseases (63, 64).
Microglial activation and oxidative stress are hallmarks of
neurodegeneration and are known to drive disease progression
(43). Studies have suggested that oxidative stress is a defining
feature of Alzheimer’s disease, characterized by lipid peroxidation,
protein oxidation, and mitochondrial DNA damage (65-67).
Microglia-derived ROS may further exacerbate oxidative stress
associated with neurodegenerative pathology. However, whether
LEF1 regulates ROS production through direct transcriptional
control of oxidative enzymes or indirectly (like via modulation of
inflammatory signaling pathways) remains to be clarified, and
further mechanistic studies are warranted.

During aging, epigenetic mechanisms, particularly changes in
DNA methylation patterns, alter the expression of aging-associated

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1656442
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

genes and represent one of the key drivers of cellular functional
decline and the development of age-related diseases (7, 23). After
identifying aging-associated methylation probes within the
promoter region of the aging-related biomarker LEFI, we
recruited healthy volunteers across different age groups to validate
changes in its expression. The results showed a significant reduction
in LEF1 expression in elderly individuals. Using methylation-
specific PCR, we confirmed that the methylation level of the LEF1
promoter region was elevated in older adults. ChIP-seq analysis
further supported this finding by revealing CpG islands and DNA
methyltransferase binding peaks within the LEF1 promoter region.
Moreover, ATAC-seq data demonstrated age-dependent differences
in chromatin accessibility at the LEF1 promoter, with a decline in
chromatin openness observed in older individuals. Although the
sample size was limited, these results suggest that chromatin
accessibility at the LEF1 promoter may undergo dynamic changes
during aging and provide a valuable reference for future studies,
though the underlying mechanisms warrant further investigation.
In addition, the downregulation of LEF1 expression may also be
influenced by other mechanisms, such as age-associated changes in
upstream transcription factors (e.g., ERG), microRNA-mediated

10.3389/fimmu.2025.1656442

post-transcriptional repression, or alterations in RNA stability (e.g.,
involvement of natural antisense transcripts or alternative splicing)
(68-72). These mechanisms were not explored in the present study
and warrant further investigation in future research.

Despite these findings, our study has certain limitations that
warrant consideration. First, although we validated some key
findings using in vitro cellular models, further in vivo functional
experiments are necessary to fully elucidate the role of LEF1 in
aging and neuroinflammation. Second, while our integrative multi-
omics analysis provides preliminary insights into the epigenetic
regulatory mechanisms and potential downstream targets of LEF1,
its direct regulatory interactions require further confirmation, such
as by chromatin immunoprecipitation followed by qPCR (ChIP-
qPCR). Moreover, although our findings suggest a potential
involvement of LEFI in the regulation of neurodegenerative
processes, the precise signaling axis and underlying molecular
mechanisms remain to be clarified.

In summary, this study reveals that LEF1 is subject to epigenetic
regulation during aging, and its downregulation may contribute to
enhanced inflammatory responses and oxidative stress (Figure 6).
Our findings provide new insights and potential directions for
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FIGURE 6

Proposed mechanistic model of inflammation driven by epigenetic repression of LEF1 during aging. During aging, DNA methylation in the promoter
region of LEF1 leads to its transcriptional repression. The downregulation of LEF1 impairs its anti-inflammatory regulatory functions, resulting in
elevated production of pro-inflammatory cytokines IL-6, TNF-a, and ROS levels. This epigenetically driven reduction in LEF1 expression may
contribute to chronic low-grade inflammation, a hallmark of aging and age-related diseases. The figure was visualized by FigDraw.
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exploring the molecular mechanisms and therapeutic targets of age-
related diseases.
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