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ABSTRACT

KEYWORDS

Objective: Breast cancer is the most common malignancy in women and is characterized by a high recurrence rate that severely
impacts patient survival. Regulatory T cells (Tregs) in the tumor microenvironment (TME) promote immune evasion and metastasis,
increasing recurrence risk. This study determined how the epigenetic regulators, DNMT3A and METTL7A, modulate Treg
infiltration via the DDR1/STAT3/CXCL5 axis and influence breast cancer recurrence and prognosis.

Methods: RNA sequencing (RNA-seq) was used to identify differentially expressed genes (DEGs), followed by Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment. Machine learning algorithms, including least absolute
shrinkage and selection operator (LASSO), supported vector machine-recursive feature elimination (SVM-RFE) and ElasticNet
identified DDRI as a key gene. Validation included RT-qPCR, western blot, MSP, MeRIP-qPCR, and Co-IP to assess epigenetic
regulation. Functional assays (CCK-8, Transwell, and Treg differentiation/chemotaxis) and xenograft models evaluated the role of
DDRI in tumor progression and recurrence.

Results: DNMT3A upregulated DDRI via DNA methylation, while METTL7A enhanced DDRI mRNA stability via m6A
modification. Co-regulation activated the DDRI/STAT3/CXCL5 axis, which boosted cancer cell proliferation, migration, and
invasion. CXCL5 secretion increased Treg infiltration and accelerated tumor growth in vivo. DDRI silencing reversed these effects,
confirming that DDRI has a pivotal role in breast cancer recurrence.

Conclusion: DNMT3A and METTL7A were shown to cooperatively regulate DDRI via DNA/m6A methylation, which drives Treg-
mediated immune suppression and recurrence. This study provided novel insights and therapeutic targets for breast cancer prognosis
and treatment.

Tumor microenvironment; DNMT3A; METTL7A; DDR1/STAT3/CXCL5 axis; Discoidin domain receptor 1

Introduction

advanced-stage patients remains suboptimal®. The tumor
microenvironment (TME) has a pivotal role in breast cancer
progression with the immunosuppressive nature represent-

Breast cancer, the most prevalent malignancy among women
worldwide, poses a significant threat to patient survival due
to high recurrence and metastasis rates!. Despite advances
in diagnosis and treatment, the 5-year survival rate for
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ing a major barrier to therapeutic success>*. Regulatory T
cells (Tregs), as key components of this immunosuppressive
TME, use multiple mechanisms to inhibit anti-tumor immune
responses®”. Current Treg-targeted strategies, including Treg
depletion and immunosuppressive function blockade, are
often limited by insufficient specificity and considerable tox-
icity®®. Therefore, elucidating the precise regulatory mecha-
nisms underlying Treg infiltration in breast cancer represents
an essential research direction in tumor immunology by deep-
ening our understanding of immune evasion and identifying
novel targets for precision immunotherapy.

Epigenetic regulation serves as a crucial link between geno-
type and phenotype with fundamental roles in tumorigenesis
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and immune microenvironment remodeling!%-!2. Epigenetic
mechanisms shape the immunosuppressive landscape by mod-
ulating chemokine secretion and immune checkpoint expres-
sion'*!4, DNA methylation and RNA N®-methyladenosine
(m®A) modification represent two predominant regulatory
layers among various epigenetic modifications that can inter-
act to form cooperative networks!>7. Although previous stud-
ies have suggested that discoidin domain receptor 1 (DDR1)
may be involved in tumor-stroma interactions and is regulated
by epigenetic mechanisms, the role of DDRI in the immune
microenvironment, especially with respect to the infiltration
of Tregs, has not been established.

DDRI is an atypical tyrosine kinase receptor within the
TME signaling network that functions as a collagen-binding
receptor and has a critical role in signal transduction between
the extracellular matrix and tumor cells!®!°. Recent studies
have shown that DDRI not only participates in the adhesion,
migration, and invasion of breast cancer cells but may also
mediate immune-related signals to regulate recruitment of
immune cells?. Specifically, DDRI activates the downstream
signal transducer and activator of transcription 3 (STAT3) sig-
naling pathway, which subsequently upregulates C-X-C motif
chemokine ligand 5 (CXCL5) expression. CXCL5 has a key
role in neutrophil and Treg migration?!. While previous stud-
ies have primarily focused on the role of CXCL5 in inflamma-
tion and tumor metastasis, the specific mechanism underlying
immunosuppressive cell infiltration, such as Tregs, remains
elusive??. Notably, our previous research demonstrated that
DDRI is highly expressed in breast cancer tissues and the
level of expression is positively correlated with Treg infiltra-
tion, suggesting a potential role as a “bridge molecule” linking
epigenetic modifications to immune regulation. In addition,
CXCL5 has been reported to induce the formation of neutro-
phil extracellular traps (NETs), further contributing to remod-
eling of the immune microenvironment and enhancement
of immunosuppression®*%. Therefore, investigating whether
the DDR1/STAT3/CXCL5 axis has a central role in epigenet-
ically regulated Treg recruitment and tumor immune evasion
may provide theoretical support for the identification of novel
immunotherapeutic targets.

Advances in high-throughput transcriptome sequencing
(RNA-seq) technologies have established multi-omics inte-
gration as a powerful approach for elucidating complex bio-
logical processes (BPs)?>2¢, Conventional single-omics studies
often fail to comprehensively characterize gene regulatory
networks, whereas the integration of genomic, transcriptomic,
epigenomic, and proteomic data provides a more systematic
understanding?”?%. Machine learning algorithms, such as least
absolute shrinkage and selection operator (LASSO) regression
and support vector machines (SVMs), have demonstrated
remarkable potential in identifying key feature genes from
massive datasets and has been shown to be particularly valuable
for tumor biomarker discovery and molecular subtyping?>¥.
Critical regulatory nodes were systematically identified in the
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current study by integrating multi-omics data with machine
learning approaches. A DNMT3A-METTL7A-DDRI regula-
tory network was constructed through the combined analy-
sis of methylome, transcriptome, and m°®A epi transcriptome
data, along with machine learning methods, including LASSO.
This integrated multi-omics strategy offers novel insights into
epigenetic-immune regulation.

The current study revealed how DNMT3A and METTL7A
cooperatively regulate DDRI via epigenetic coordination, acti-
vating the STAT3/CXCL5 axis to promote Treg infiltration.
DNMT3A-mediated DNA methylation was shown to regu-
late DDRI transcription, whereas METTL7A-catalyzed m6A
modification stabilized DDRI mRNA, revealing a previously
unrecognized “DNA-RNA dual modification” paradigm.
The DDRI/STAT3/CXCL5 axis was identified as a key regu-
lator of Treg recruitment. Mechanistic insight into the cross-
talk between epigenetic regulation and the tumor immune
microenvironment (TIME) was provided in the current study
by integrating multi-omics analyses with machine learn-
ing. Clinically, the DNMT3A/METTL7A/DDRI signature
has potential as a prognostic biomarker and the DNMT3A/
METTL7A/DDRI regulatory network may offer novel ther-
apeutic targets for refractory breast cancer, including triple-
negative breast cancer (TNBC).

Materials and methods

High-throughput transcriptome sequencing

Sequencing libraries were generated and sequenced by
CapitalBio Technology (Beijing, China) using 5 g of total
RNA per sample. Briefly, ribosomal RNA (rRNA) was
removed from the total RNA using the Ribo-Zero Magnetic
Kit (MRZG12324; Epicentre, Madison, W1, USA). Sequencing
libraries were constructed with the NEBNext Ultra RNA
Library Prep Kit for Illumina (E7760S; New England Biolabs,
Ipswich, MA, USA). RNA was fragmented into ~300 bp frag-
ments in the NEBNext First Strand Synthesis Reaction Buffer
(5x). First-strand cDNA was synthesized using reverse tran-
scriptase with random primers, followed by second-strand
cDNA synthesis in the presence of dUTP Mix (10x) in the
Second Strand Synthesis Reaction Buffer. The ¢cDNA frag-
ments were subjected to end repair, poly(A) tail addition,
and Illumina adapter ligation. The USER Enzyme (M5508;
NEB) was used to digest the second cDNA strand to construct
strand-specific libraries after adapter ligation. Library DNA
was amplified, purified, and enriched by PCR. The libraries
were qualified using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) and quantified with the
KAPA Library Quantification Kit (kk3605; Merck, Darmstadt,
Germany). RNA-seq experiments were performed in three
biological replicates per group on the Illumina NovaSeq plat-
form (Illumina, San Diego, CA, USA) using paired-end 150
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bp sequencing and generating an average of 50 million reads
per sample’!,

Transcriptome sequencing data analysis

Quality control of raw paired-end sequencing reads was per-
formed using FastQC (v0.11.8). Raw data was processed with
Cutadapt (v1.18) to remove Illumina sequencing adapters
and poly(A) tail sequences. Reads containing > 5% ambigu-
ous bases (N) were filtered out using a Perl script. The FASTX
Toolkit (v0.0.13) was used to retain reads with > 70% of
bases that had a Phred quality score > 20. Paired-end reads
were error-corrected with BBMap and high-quality reads
were aligned to the human reference genome using HISAT2
(v0.7.12).

Differential expression analysis of mRNA read counts
was performed using limma (|log2FC| > 3; adj. P < 0.05).
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were per-
formed with ClusterProfiler and the results were visualized as
bubble plots. Feature selection was carried out using glmnet
(LASSO, ridge, ElasticNet) and caret (SVM-RFE). Overlapping
genes were identified using VennDiagram.

5-methylcytosine (5mC) and m°®A gene
expression analysis

A literature-curated list of 20 5mC- and 26 m6A-related genes
was analyzed. Expression profiles were extracted from tran-
scriptome data and visualized as heatmaps generated with
pheatmap (v1.0.12), comparing normal mammary epithelial
and breast cancer cells. Pearson correlation analysis (stats
package) was used to identify 5mC and m6A genes most
strongly associated with DDRI expression.

m®A modification site prediction

Potential m°A modification sites on DDRI1 mRNA were pre-
dicted using the SRAMP web server. The DDRI nucleotide
sequence was retrieved from NCBI in FASTA format and sub-
mitted to the online tool for analysis.

Cell transduction and experimental groups

Lentiviral particles were produced in HEK293T cells using
Lipofectamine 2000 (#11668030; Thermo Fisher, Waltham,
MA, USA). pHAGE-puro (#118692; Addgene, Watertown,
MA, USA) was co-transfected with pSPAX2 (#12260; Addgene,
Watertown, MA, USA) and pMD2.G (#12259; Addgene,
Watertown, MA, USA) for overexpression. pSuper-retro-puro
was packaged with gag/pol (#14887; Addgene, Watertown,
MA, USA) and VSVG (#8454; Addgene, Watertown, MA,
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USA) for knockdown. Viral supernatants were collected at
48 and 72 h, filtered (0.45 pum), concentrated, pooled, and
titrated. Lentiviral transduction of MCF-7 cells was carried
out using packaging services provided by Sangon Biotech
(Shanghai, China).

MCEF-7 cells in logarithmic growth were seeded at 1 x 10°
cells/well in 6-well plates. Cells at ~75% confluence were
transduced with lentivirus (MOI = 10; ~5 x 10° TU/mL) and
5 pg/mL of polybrene (TR-1003; Merck) for 4 h, followed
by medium dilution and replacement after 24 h. Cells were
cultured with a stepwise increase in puromycin (2-10 pg/
mL, E607054; Sangon Biotech) until no further cell death
occurred. Knockdown efficiency was verified by western blot
and RT-qPCR (shRNA sequences listed in Table S1).

The experimental groups were as follows: control group
(MCF-7 cells transduced with empty vector lentivirus);
0e-DNMT3A group (MCF-7 cells overexpressing DNMT3A);
oe-METTL7A group (MCEF-7 cells overexpressing METTL7A);
0e-DNMT3A + oe-METTL7A group (MCEF-7 cells co-over-
expressing DNMT3A and METTL7A); and oe-DNMT3A
+ 0e-METTL7A + sh-DDRI group (MCEF-7 cells co-overex-
pressing DNMT3A and METTL7A with DDR1 knockdown).
Each group was tested in triplicate2.

Site-specific m®A methylated RNA
immunoprecipitation (MeRIP)-qPCR assay

The DDRI mRNA m°A modification levels were evaluated
using the MeRIP m°A kit (17-10499-2; Merck). Co-precipitated
samples and input controls were digested with proteinase K and
RNA extraction. DDRI mRNA enrichment levels were quan-
tified by RT-qPCR with experiments performed in triplicate.
The levels of expression were normalized to input controls. The
DDRI (human) primer sequences were as follows: forward,
5'-GATCTCGACTCCGCTTCAAGGA-3'; and reverse, 5'-
CAAAGGGTGTCCCTTACGCACA-3'.

Clonal bisulfite sequencing

DNA methylation analysis at cg13329862 (DDR1) was per-
formed using clonal bisulfite sequencing (CBS). Genomic
DNA was extracted with the DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany) and quantified using a NanoDrop
2000 spectrophotometer (Thermo Fisher). Bisulfite conver-
sion of 500 ng of genomic DNA was performed with the EZ
DNA Methylation Kit (Zymo Research, Irvine, CA, USA).
Converted DNA was resuspended in 40 pL of TE buffer and
stored at —20°C.

PCR amplification was carried out in a 20-puL reaction con-
taining 2 pL of bisulfite-treated DNA, 2 pL of each forward
(5'-TGATTTTGGGGTTGTTTGTTAGTA-3') and reverse
(5'-AATACTTTTTCCCCACTCAACACTA-3') primer (2
UM each), 1x PCR buffer, 10 mM dNTPs (TR1122; Thermo
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Fisher), 1 mM MgCl2 (AM9530G; Thermo Fisher), and 1 U
ZymoTaq™ DNA polymerase (E2002; Zymo Research). The
cycling conditions were as follows: 95°C for 10 min; 35 cycles
at 95°C for 30 s, 59°C for 40 s, and 72°C for 1 min; and a final
extension at 72°C for 10 min. PCR products were resolved on
a 1.5% agarose gel stained with purified GelRed (K310001;
Thermo Fisher), and cloned into pCR*4-TOPO® (K4575-02;
Thermo Fisher, Waltham, MA, US).

The cloning products were transformed into E. coli TOP10
competent cells (Thermo Fisher) and plated on LB/ampicillin
(50 pg/mL; Beyotime, China) agar plates. Positive clones were
PCR-verified (T3/T7 primers) and sequenced (Genewiz) after
an overnight incubation at 37°C. Bisulfite sequencing DNA
methylation analysis (BISMA) was used to analyze methyla-
tion, excluding redundant clones and sequences with < 95%
conversion efficiency. The methylation frequency at target
CpGs was calculated statistically.

Co-immunoprecipitation assay

Protein-protein interactions (PPIs) between DDR1 and STAT3
were analyzed using the Pierce Co-immunoprecipitation
(Co-IP) Kit (26149; Thermo Fisher). Cell lysates were incu-
bated with DDRI1 antibody (ab288675; Abcam, UK)/STAT3
(ab68153; Abcam) or IgG control antibody (ab172730;
Abcam), followed by the addition of Protein A/G magnetic
beads (ab286842; Abcam) to capture the antigen-antibody
complexes. The presence of STAT3 in immunoprecipitates was
detected after elution by western blot analysis.

Cell Counting Kit-8 cell viability assay

Cell viability was assessed using the cell counting kit-8 (CCK-
8) assay. Cells from each experimental group were seeded in
96-well plates (CLS3922; Corning, USA) at a density of 5 x 10°
cells/well (n = 5 replicates per group). After 24, 48, and 72 h of
culture, 10 puL of CCK-8 reagent (CK04; Dojindo, Japan) was
added to each well and incubated at 37°C for 2 h. Absorbance
at 450 nm (OD450) was monitored utilizing a microplate
reader (168-1130; Bio-Rad, USA) to evaluate cell viability. The
experiment was performed in triplicate.

EdU cell proliferation assay

Cells (1 x 10°/well) in 24-well plates (Corning) were incubated
with 50 uM EdU (RiboBio, Guangzhou, China) for 2 h at 37°C,
fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis,
MO, USA), and stained using Apollo and DAPI (Thermo
Fisher). Images were captured using a Leica microscope
(Germany) from five randomly selected fields per sample and
the number of EAU" cells was quantified. All experiments
were performed in triplicate.
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Colony formation assay

Cells (500/well) were seeded in 6-well plates (TMO140644;
Corning) and cultured for 14 d at 37°C with medium replaced
every 3 d. The colonies were fixed with 4% paraformalde-
hyde (158127; Sigma-Aldrich), stained with 0.1% crystal
violet (C3886; Sigma-Aldrich), and counted after washing.
Experiments were performed in triplicate.

Wound healing assay

Cells were pretreated with 10 pg/mL of mitomycin C (M5353;
Sigma-Aldrich) for 2 h. Subsequently, 5 x 10° cells per well
were seeded in 6-well plates (3516; Corning) and cultured
until > 90% confluence. Uniform wounds were created in the
monolayer using a sterile 10-uL pipette tip, followed by 2 gen-
tle washes to remove detached cells. Serum-free medium was
added and the wound areas were photographed at 0 and 36
h using an inverted microscope (Olympus, Japan) at identi-
cal positions. Wound widths were measured using Image] 6.0
software (Media Cybernetics, USA), and cell migration ability
was calculated as follows: wound closure (%) = [(width at 0 h
— width at 36 h)/width at 0 h] x 100%.

Transwell invasion and migration assays

Cell invasion was assessed using Transwell chambers (8-pm
pores; Corning) pre-coated with Matrigel (BD Biosciences),
diluted 1:8, and incubated at 37°C for 30 min. After a 12-h
serum starvation, 1 x 10° cells/mL in serum-free medium
were seeded in upper chambers, while lower chambers con-
tained 600 puL of medium with 10% FBS as a chemoattractant.
Following a 24-h incubation, non-invaded cells were removed
and the invaded cells were fixed with methanol, stained with
1% crystal violet (Beyotime), then quantified by counting five
random fields per membrane. Migration assays were per-
formed using uncoated Transwell chambers (8-pum pore size,
3422; Corning) following the same procedure.

Treg differentiation assay

Human CD4* T cells (JY-J1251; Shanghai Jinyuan
Biotechnology, Shanghai, China) were cultured in RPMI-
1640 (11875093; Gibco) supplemented with 10% FBS, 1%
penicillin-streptomycin, 10 mM HEPES (15630080; Gibco),
2 mM L-glutamine (G8540; Sigma-Aldrich), 1 mM sodium
pyruvate (11360070; Gibco), MEM non-essential amino
acids (11140050; Gibco), and 55 uM P-mercaptoethanol
(31350010; Gibco). The cells (1 x 10%/mL) were stimulated
with anti-CD3 (1 pg/mL, 317326; BioLegend) and anti-CD28
(1 pg/mL, 302934; BioLegend) and co-cultured with breast
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cancer cells (1:1 ratio) from different treatment groups for
72 h. Flow cytometry (BD LSRFortessa, USA) analyzed
CD4+CD25+Foxp3+ Tregs via fixation and staining with anti-
CD4-FITC (11-0049-42; Invitrogen), anti-CD25-PE (12-0259-
42; Invitrogen), and anti-Foxp3-Alexa Fluor 647 (560045; BD
Biosciences), per manufacturers’ protocols, followed by data
analysis using FlowJo (v10.7.1) was accessed as a commercial
software®2,

Chemotaxis assay

Treg migration was evaluated using Transwell chambers (8
pm-pore; Corning) with 600 pL of 10% FBS medium (1:1
mixed with conditioned medium) in the lower chamber and
5% 10° CD4" T cells (serum-free) in the upper chamber. Non-
migrated cells were removed after 12 h, while migrated cells
were fixed in 4% PFA for 30 min, stained with 0.1% crystal
violet for 20 min, dried, and counted in five random fields.

Animal model establishment and grouping

Female nude mice (BALB/c, 4-6 weeks old; Charles River,
China) were maintained under specific pathogen-free (SPF)
conditions at 22 + 2°C with 50 + 10% humidity and 12 h light/
dark cycles. The mice had access to standard chow and sterile
water ad libitum. Breast cancer xenografts were established by
subcutaneously injecting 1 x 10 MCF-7 cells in 100 uL of PBS
with different genetic modifications into the right flank under
sterile conditions. All animal procedures were approved by the
Ethics Committee of the General Hospital of Ningxia Medical
University (Approval No.: KYLL-2025-1285) and performed
in compliance with ethical guidelines to minimize suffering.

The experimental groups (n = 6 per group) were as follows:
control (empty vector-transduced MCEF-7 cells); oe-DNMT3A
(DNMT?3A-overexpressing cells); oe-METTL7A (METTL7A-
overexpressing cells); oe-DNMT3A + oe-METTL7A (dual-
overexpressing cells); and oe-DNMT3A + oe-METTL7A
+ sh-DDRI (dual-overexpressing with DDRI knockdown).
Tumor growth was measured every 3 d using calipers
(Mitutoyo, Japan) and the volume (V) was calculated as 0.5
x length (L) x width (W)2 At day 21 post-inoculation, the
tumors were surgically excised, weighed (Mettler Toledo,
Switzerland), and recurrence rates and times were monitored
for 15 d post-excision®.

Flow cytometric analysis of tumor-infiltrating
Tregs

Single-cell suspensions were prepared from tumor tissues using
a Tumor Dissociation Kit (#130-096-730; Miltenyi Biotec).
Cells were stained with anti-CD4-FITC (1:200, #100405;
BioLegend), anti-CD25-PE (1:100, #113703; BioLegend), and
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anti-Foxp3-Alexa Fluor 647 (1:100, #126407; BioLegend) for
30 min after RBC lysis (#R7757; Sigma-Aldrich). Intracellular
fixation/permeabilization was performed using eBioscience
buffers™ (#88-8824-00 and #00-5523-00; Thermo Fisher). Flow
cytometry and Flow]Jo analysis quantified CD4+CD25+Foxp3+
Tregs among tumor-infiltrating lymphocytes.

Statistical analysis

Data are presented as the mean + SD from > 3 independent
experiments. Two-group comparisons were performed using
an independent samples t-test, multiple-group comparisons
were performed using one-way analysis of variance (ANOVA),
and data from different time points were analyzed using
two-way ANOVA. Analyses were performed in GraphPad
GraphPad Prism 9.5.0 (GraphPad Software, San Diego, CA,
USA) and R 4.2.1 (R Foundation for Statistical Computing,
Vienna, Austria) with *P* < 0.05 considered significant.

Results

Bioinformatics reveals that discoidin domain
receptor 1 is epigenetically regulated to
promote regulatory T cell infiltration in breast
cancer

RNA-seq analysis of MCF-10A (normal mammary epithe-
lial) and MCEF-7 (breast cancer) cells (Figure 1A) identi-
fied 1454 DEGs (|log2FC| > 3; adj. P < 0.05), including 586
upregulated and 868 downregulated genes (Figure 1B). GO
analysis revealed enrichment in epidermal development
(biological process [BP]), collagen-containing extracellu-
lar matrix (cellular component [CC]), and receptor-ligand
activity (molecular function [MF]; Figure 1C). KEGG anal-
ysis indicated enrichment in the PI3K-Akt and JAK-STAT
signaling pathways (Figure 1D). We next focused on the
JAK/STAT?3 pathway because recent evidence suggested that
DDRI not only promotes breast cancer cell adhesion, migra-
tion, and invasion but also mediates immune-related signa-
ling that regulates immune cell recruitment®. Specifically,
DDRI activates downstream STAT3 signaling, inducing
CXCL5 expression, a chemokine essential for neutrophil
and Treg migration®!.

Four machine learning algorithms were used to screen
the DEGs to identify key genes involved in the onset and
progression of breast cancer, which resulted in the identifi-
cation of 649 genes using the ElasticNet algorithm (Figure
1E), 13 genes using the LASSO algorithm (Figure 1F), 9
genes using the Ridge algorithm (Figure 1G), and 5 genes
using the SVM-RFE algorithm (Figure 1H). The intersec-
tion of these results yielded a single common gene, DDRI,
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highlighting its critical role in breast cancer progression.
Thus, DDRI was selected as the core candidate gene (Figure
1I), which was significantly upregulated in breast cancer

tissues (Figure 1J). These findings suggested that DDRI has
a crucial role in regulating the development and progression
of breast cancer.
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Methylation of DNA and RNA, especially 5mC and m°A,
has a pivotal role in various BPs. Large-scale analyses of 11,080
samples from 33 human cancer types demonstrated that most
regulators of 5mC and m°A modifications exhibit similar
expression patterns and extensive regulatory interactions*3>,
indicating cooperative involvement in cancer development

and potential reciprocal regulation.
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Twenty well-recognized 5mC- and 25 mC®A-related genes
were identified through a literature review to further explore
the epigenetic genes influencing DDRI expression. Expression
data for these genes were extracted from the RNA-seq data-
set and visualized as heatmaps (Figure 2A, B). Co-expression
analysis showed that DDRI exhibited the strongest positive
correlation with the 5mC regulator, DNMT3A (Figure 2C),
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and the m®A regulator, METTL7A (Figure 2D). Furthermore,
multiple potential m°A modification sites on DDRI mRNA
were predicted using the SRAMP database (Figure 2E, F).

The pivotal role of DDRI in breast cancer was established
through these analyses, revealing likely regulation by the epi-
genetic modifiers, DNMT3A and METTL7A.

DNA methyltransferase 3A and
methyltransferase-like 7A collaborate to
regulate discoidin domain receptor 1 and
activate breast cancer signaling pathways

Overexpressing DNMT3A or METTL7A cell lines were
constructed in MCF-7 cells via lentiviral transduction to

determine how DNMT3A and METTL7A regulate DDRI
expression through epigenetic modifications (Figure S1A).

RT-qPCR and western blot analyses of transduction effi-
ciency revealed significant upregulation of DNMT3A in
the oe-DNMT3A group and METTL7A in the oe-MET-
TL7A group with both DNMT3A and METTL7A showing
higher expression in the combined oe-DNMT3A+oe-MET-
TL7A group compared to the single overexpression group
(Figure S1B, C).

Site-specific MeRIP-qPCR revealed significantly increased
m°A modification of DDRI mRNA in the oe-METTL7A
and oe-DNMT3A+oe-METTL7A groups relative to con-
trols, whereas no change was observed in the oe-DNMT3A
group (Figure S1D). CBS analysis of DNA methylation in
the promoter region of DDRI revealed significant increases
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in methylation levels in both the oe-DNMT3A and oe-DN-
MT3A+oe-METTL7A groups with no significant change in
the oe-METTL7A group (Figure S1E). These results indicated
that DNMT3A primarily regulates DNA methylation, while
METTL7A influences m°A modification, contributing to the
epigenetic regulation of DDRI.

RNA-seq analysis revealed significant enrichment of DEGs
in the JAK-STAT pathway. The effect of DDRI on STAT3/
CXCLS5 signaling was examined given reports that DDRI
activates STAT3 and promotes CXCL5-mediated neutrophil
infiltration and T-cell activation®®38, RT-qPCR and western
blot showed upregulated DDR1, STAT3, and CXCL5 mRNA/
protein levels in the oe-DNMT3A and oe-METTL7A groups
compared to controls with the highest levels in the combined
overexpression group (Figure S1F, G). Co-IP confirmed a
DDRI1-STATS3 interaction (Figure S1H).

These findings demonstrated that DNMT3A and MET-
TL7A collaborate to regulate DDRI expression and activate
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the DDR1/STAT3/CXCL5 axis, potentially influencing the
breast cancer microenvironment.

Silencing discoidin domain receptor 1
reverses activation of the breast cancer
signaling axis by DNA methyltransferase
3A and methyltransferase-like 7A

Rescue experiments with DDRI silencing confirmed that
DNMT3A and METTL7A epigenetically regulate DDRI
expression. First, the silencing efficiency of shRNA target-
ing DDRI was evaluated. RT-qPCR and western blot results
demonstrated that sh-DDRI significantly reduced DDRI
RNA and protein expression compared to sh-NC and this
sequence was selected for subsequent assays (Figure S2A, B).
DDRI expression was significantly elevated in the oe-DN-
MT3A+0e-METTL7A group, whereas co-transfection with
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Figure 2 Co-expression analysis of DDRT with genes related to 5mC and m®A modifications. (A) Heatmap of 20 5mC-related genes in the
RNA-seq dataset; (B) Heatmap of 25 m°A-related genes in the RNA-seq dataset; (C) Co-expression correlation between DDR7 and 5mC-re-
lated genes; (D) Co-expression correlation between DDRT and mPA-related genes; (E) Predicted potential mfA modification sites on DDR1
mRNA using the SRAMP database; (F) Distribution of predicted m®A sites on DDRT mRNA based on SRAMP analysis.

sh-DDRI restored mRNA and protein levels to near-con-
trol values (Figure S3A, B). These findings demonstrated
that DDR1 knockdown reverses the effects of DNMT3A and
METTL7A, supporting the epigenetic co-regulation of DDRI.

Further analyses of STAT3 and CXCL5 mRNA and pro-
tein levels by RT-qPCR and western blot showed significant
upregulation in the oe-DNMT3A+oe-METTL7A group com-
pared to the control group, while significant downregulation
was observed in the oe-DNMT3A+oe-METTL7A+sh-DDR1
group with no significant difference from the control
group (Figure S3C, D). In the absence of DNMT3A or
METTL7A overexpression DDRI knockdown alone signifi-
cantly decreased STAT3 and CXCL5 expression at both the
mRNA and protein levels compared to the sh-NC group
(Figure S2C, D). These results demonstrated that DDRI
silencing effectively blocked activation of the DDRI/STAT3/
CXCL5 axis by DNMT3A and METTL7A, further supporting
the central role of DDRI in activating this signaling pathway.

Collectively, the findings demonstrated that DNMT3A and
METTL7A epigenetically upregulate DDRI, thereby activating

the DDRI/STAT3/CXCL5 axis, which may facilitate breast can-
cer progression and modulate the TME.

DNA methyltransferase 3A and
methyltransferase-like 7A collaborate to
enhance breast cancer cell proliferation and
invasion capabilities

Overexpression models were established via lentiviral trans-
duction to investigate the roles of DNMT3A and METTL7A
in breast cancer progression. CCK-8 assays revealed that
0e-DNMT3A and oe-METTL7A significantly enhanced cell
viability with a further increase in the oe-DNMT3A+oe-
METTL7A group (Figure 3A). EdU staining confirmed
higher proliferation rates in the overexpression groups, espe-
cially in the combined group (Figure 3B). Similarly, clone for-
mation assays showed an increase in the number of colonies
in the oe-DNMT3A and oe-METTL7A groups, which was
further elevated in the dual-overexpression group (Figure
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3C). Western blot analysis revealed upregulated prolifera-
tion markers (Ki67 and PCNA) in all overexpression groups
with the highest expression occurring in the combined group
(Figure 3D).

Scratch and Transwell assays demonstrated that both
0e-DNMT3A and oe-METTL7A enhanced cell migration and
invasion compared to controls with further increases in the
combined oe-DNMT3A+oe-METTL7A group (Figure 3E,

F). Western blot showed corresponding E-cadherin down-
regulation and MMP-9 upregulation in the oe-DNMT3A and
0e-METTL7A groups with more pronounced changes in the
dual-overexpression group (Figure 3G).

These findings indicated that DNMT3A and METTL7A
markedly promote breast cancer cell proliferation, migration,
and invasion with synergistic effects when co-expressed, likely
through coordinated regulation of key signaling pathways.
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Silencing discoidin domain receptor 1
significantly suppresses the proliferative and
invasive effects of DNA methyltransferase 3A
and methyltransferase-like 7A in breast cancer
cells

A rescue experiment was performed by silencing DDRI to
assess the pivotal role of DDRI in mediating the proliferative
and migratory effects of DNMT3A and METTL7A.

CCK-8 assays showed higher cell viability in the oe-
DNMT3A+o0e-METTL7A group versus controls, which was
reversed by DDRI knockdown (oe-DNMT3A+oe-MET-
TL7A+sh-DDRI; Figure 4A). EAU staining revealed a higher
proportion of EAU" cells in the oe-DNMT3A+oe-METTL7A
group that was reduced upon DDRI silencing (Figure 4B).
Colony formation assays showed similar trends with an ele-
vated number of colonies in the dual-overexpression group
and a significant reduction after DDRI knockdown (Figure
4C). Western blot analysis confirmed upregulation of Ki67
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Figure 5 Continued

and PCNA in the oe-DNMT3A+o0e-METTL7A group, which
was markedly decreased by DDR1 silencing (Figure 4D).

The scratch assay demonstrated a significantly greater
migration distance in the oe-DNMT3A+o0e-METTL7A group
compared to controls, which was markedly reduced by DDRI
knockdown (Figure 4E). Transwell migration and invasion
assays further showed that the number of cells was sub-
stantially higher in the dual-overexpression group, whereas
DDRI silencing suppressed both migration and invasion
(Figure 4F). Western blot analysis of migration and invasion

markers revealed that E-cadherin was significantly downreg-
ulated and MMP-9 significantly upregulated in the oe-DN-
MT3A+o0e-METTL7A group. However, silencing DDRI
reversed these effects, leading to upregulation of E-cadherin
and downregulation of MMP-9 (Figure 4G).

These findings highlight the essential role of DDR1 in medi-
ating the cooperative effects of DNMT3A and METTL7A on
breast cancer cell proliferation, migration, and invasion with
DDRI silencing effectively abolishing the synergistic activity
and underscoring the potential as a therapeutic target.



124

C Foxp3 DAPI

Control

oe-DNMT3A

oe-METTL7A

25 um

oe-DNMT3A +
oe-METTL7A

Control oe-DNMT3A

£, W T e R T e
O o o e o]

¢ "3‘:-# v

Kol ™ ) 2%

\‘ "-'1‘ :}1‘

Bai et al. Epigenetic regulation of DDR1-driven recurrence

Merge

Control
oe-DNMT3A
oe-METTL7A

oe-DNMT3A +
oe-METTL7A

0000

Relative fluorescence
intensity
N
]

1 pt=t
0
*kk

1

500 - *kk
0e-DNMT3A + oe- |
METTL7A - s -

400
v I *HK I

Number of
migration cells

300 1
200 ’_‘
100 """|

0

Figure 5 The DDR1/STAT3/CXCL5 axis promotes Treg differentiation and migration induced by breast cancer cells. (A) Schematic of the

experimental design; (B) Flow cytometry analysis of Treg proportions (CD4*CD25*Foxp3™); (C) Immunofluorescence staining of the Treg

marker, Foxp3; (D) Transwell assay assessing the migration capacity of Tregs. All experiments were performed in triplicate. Data are expressed
as the mean + SD. Multiple-group comparisons were performed using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

The discoidin domain receptor 1 / signal
transducer and activator of transcription

3 / C-X-C motif chemokine ligand 5 axis
promotes regulatory T cell differentiation and
migration induced by breast cancer cells

DDR1 and CXCL5 have been shown to induce NET forma-
tion, thereby promoting Treg immune infiltration and driving
tumor growth and metastasis®2. Breast cancer cell lines over-
expressing DNMT3A and METTL7A were established via

lentiviral transduction to investigate the role of the DDR1/
STAT3/CXCL5 axis in regulating Treg differentiation and
migration. These cells were then co-cultured with human CD4*
T cells, as illustrated in the experimental workflow (Figure 5A).

Flow cytometry analysis of Treg cell proportions
(CD4*CD25*Foxp3™) revealed that both the oe-DNMT3A and
0e-METTL7A groups exhibited significantly increased Treg
ratios compared to the control group with the highest propor-
tion in the oe-DNMT3A+oe-METTL7A group (Figure 5B).
Immunofluorescence staining showed a marked upregula-
tion of the Treg marker, Foxp3, in both single overexpression
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Figure 6 Silencing DDR1 suppresses the ability of breast cancer cells to induce Treg differentiation and migration. (A) Flow cytometry anal-
ysis of Treg proportions (CD4*CD25*Foxp3*); (B) Immunofluorescence staining of the Treg marker, Foxp3; (C) Transwell assay assessing Treg
migration. All experiments were performed in triplicate. Data are expressed as the mean + SD. Multiple-group comparisons were performed
using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

groups with even higher expression in the combined overex- To assess the ability of breast cancer cells to induce Treg
pression group (Figure 5C). These results suggested that the migration, a Transwell assay was performed using conditioned
DDR1/STAT3/CXCL5 axis may synergistically promote Treg media from the different groups. Both oe-DNMT3A and

differentiation in the context of breast cancer. 0e-METTL7A groups exhibited significantly enhanced Treg
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Figure 7 Schematic illustration of the molecular mechanism by which DNMT3A and METTL7A co-regulate the DDR1/STAT3/CXCL5 axis, pro-
moting Treg infiltration and contributing to breast cancer recurrence. This study elucidated a synergistic epigenetic regulatory network where
DNMT3A (DNA methylation) and METTL7A (m6A modification) co-upregulate DDR1, activating the DDR1/STAT3/CXCL5 axis to promote
Treg infiltration, immunosuppression, and tumor recurrence. DNMT3A-mediated promoter methylation enhances DDR1 transcription, while
METTL7A stabilizes DDRT mRNA via m6A modification, forming a "DNA-RNA dual modification” mechanism. Activated DDRT recruits STAT3
to upregulate CXCLS5, directing regulatory T cell (Treg) recruitment via CXCR2 signaling, which suppresses anti-tumor immunity and fosters
an immunosilent niche for cancer progression. Combined DNMT3A/METTL7A overexpression synergistically potentiates tumor proliferation,
migration, and recurrence in vivo, while DDRT silencing disrupts this axis, reversing immunosuppression and tumor growth. The DNMT3A-
METTL7A-DDR1 signature holds promise as a biomarker for recurrence prediction and therapeutic targeting, offering a novel framework for
precision immunotherapy in breast cancer. CXCL5, C-X-C motif chemokine ligand 5; DDR1, discoidin domain receptor 1; METTL7A, methyl-
transferase-like 7A; m6A, N6-methyladenosine; STAT3, signal transducer and activator of transcription 3; Treg, regulatory T cell.

migration relative to the control with further enhancement Silencing discoidin domain receptor 1

observed in the oe-DNMT3A+oe-METTL7A group (Figure significantly suppresses the ability of breast
5D). These results indicate that the DDRI1/STAT3/CXCLS5 axis .
cancer cells to induce regulatory T cell

promotes Treg migration by stimulating CXCL5 secretion.

Collectively, the DDR1/STAT3/CXCL5 signaling axis mark- differentiation and migration
edly promotes Treg differentiation and migration with these
effects amplified by the cooperative activity of DNMT3A and Rescue experiments with DDRI knockdown demonstrated
METTL7A. These findings provided critical evidence for the essential role in DNMT3A/METTL7A-driven Treg induc-
understanding the regulatory mechanisms of the breast cancer tion. Flow cytometry analysis revealed a marked increase in

immune microenvironment. CD4*CD25"Foxp3* Tregs in the oe-DNMT3A+0e-METTL7A
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group, which was significantly reduced following DDRI
silencing (oe-DNMT3A+oe-METTL7A+sh-DDRI; Figure
6A). Immunofluorescence staining confirmed elevated Foxp3
expression in the combined overexpression group with sub-
stantial attenuation upon DDRI knockdown (Figure 6B),
indicating DDRI is essential for Treg differentiation in this
axis.

A Transwell chemotaxis assay was performed using condi-
tioned media to assess the effect of DDRI on Treg migration.
The results demonstrated that Treg migratory capacity was
enhanced in the oe-DNMT3A+oe-METTL7A group relative
to controls, whereas DDR1 knockdown substantially reduced
this effect (Figure 6C). These results suggested that CXCL5,
acting through activation of the DDR1/STAT?3 axis, markedly
enhances Treg chemotaxis, an effect that can be effectively
reversed by DDRI silencing.

In conclusion, DDRI facilitated Treg differentiation and
migration in the breast cancer microenvironment. DDRI
silencing effectively inhibited the immunoregulatory effects of
DNMT3A and METTL7A, providing important mechanistic
insights into the epigenetic regulation of tumor immune eva-
sion in breast cancer.

DNA methyltransferase 3A and
methyltransferase-like 7A synergistically
promote breast cancer growth, recurrence, and
immune microenvironment modulation

The in vivo roles of DNMT3A and METTL7A in breast cancer
recurrence and modulation of the immune microenvironment
were examined using a nude mouse xenograft model, followed
by molecular and histologic analyses, as outlined in the exper-
imental workflow (Figure S4A).

Tumor volumes increased significantly in the oe-DNMT3A
and oe-METTL7A groups relative to controls with the great-
est increase observed in the oe-DNMT3A+oe-METTL7A
group (Figure S4B). The excised tumors in these groups
exhibited higher weights after 28 d, especially in the com-
bined overexpression group (Figure S4C, D). Additionally,
the oe-DNMT3A+oe-METTL7A group displayed accelerated
recurrence and higher recurrence rates (Figure S4E), indicat-
ing that DNMT3A and METTL7A synergistically promote
breast cancer growth and recurrence.

Immunohistochemistry (IHC) analyses revealed signif-
icantly increased expression of DDR1, STAT3, and CXCL5
in tumor tissues from the oe-DNMT3A and oe-METTL7A
groups compared to controls with further upregulation in the
combined overexpression group (Figure S4F). Flow cytom-
etry demonstrated a significantly higher proportion of Tregs
in tumor tissues from the oe-DNMT3A and oe-METTL7A
groups with the highest proportion in the combined group
(Figure S4G). Immunofluorescence staining for Cit-H3 and
DNA further showed that NET formation was markedly
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enhanced in the oe-DNMT3A and oe-METTL7A groups and
significantly elevated in the combined group (Figure S4H).

Collectively, these findings indicated that DNMT3A and
METTL7A promote breast cancer growth, recurrence, and
immune microenvironment remodeling through activation
of the DDR1/STAT3/CXCL5 axis, thereby enhancing Treg
infiltration and NETs formation. This study provided new
evidence supporting the molecular mechanisms underlying
breast cancer progression.

Silencing DDRI1 attenuates DNMT3A- and
METTL7A-mediated breast cancer recurrence
and immune microenvironment modulation

A rescue experiment involving DDRI silencing was per-
formed to verify the critical role of DDRI in DNMT3A- and
METTL7A-mediated breast cancer recurrence and immune
microenvironment regulation. Tumor growth, recurrence, and
related molecular markers were subsequently analyzed, as out-
lined in the experimental design (Figure S5A).

Tumor volume and weight were significantly increased in
the oe-DNMT3A+oe-METTL7A group compared to con-
trols, whereas DDR1 knockdown (sh-DDRI) reversed these
effects (Figure S5B-D). Recurrence rates were elevated and
recurrence times shortened in the oe-DNMT3A+oe-MET-
TL7A group, but both parameters were suppressed by DDRI
silencing (Figure S5E). These results indicated that DDRI is
critical for DNMT3A/METTL7A-mediated tumor growth and
recurrence.

IHC staining showed elevated DDR1, STAT3, and CXCL5
expression in the oe-DNMT3A+oe-METTL7A group rela-
tive to controls, which was reduced following DDR1 knock-
down (Figure S5F). Flow cytometry revealed increased
Treg infiltration in the oe-DNMT3A+oe-METTL7A
group, an effect reversed by DDRI silencing (Figure S5G).
Immunofluorescence demonstrated enhanced NET forma-
tion (Cit-H3/DNA co-localization) in the oe-DNMT3A+oe-
METTL7A group, while DDR1 silencing suppressed NETs
(Figure S5H).

Taken together, these results demonstrated that DDRI
silencing significantly impairs the ability of DNMT3A and
METTL7A to promote breast cancer recurrence and modu-
late the immune microenvironment, supporting DDRI as a
promising therapeutic target in breast cancer.

Discussion

This study identified a novel “dual epigenetic modification”
mechanism in which DNMT3A and METTL7A cooperate
to regulate DDRI expression. Mechanistic evidence indi-
cated that METTL3 ablation reduces m6A modification of
DNMT3A mRNA, thereby impairing YTHDFI-mediated



128

translation of DNMT3A%. Long-term ectoine treatment in
HaCaT cells modulates Dnmt1, Dnmt3a, and Mettl14 mRNA
levels, induces mild DNA demethylation, alters the expres-
sion of epigenetic regulators, and reduces cell proliferation®’.
Furthermore, METTL3-METTL14 has been reported to
recruit DNMT1 to chromatin for gene-body methylation®!.
While DNMT3A promotes DDRI transcription via promoter
methylation, METTL7A stabilizes DDRI mRNA through
m6A modification*>*. Unlike classical m6A writers (e.g.,
METTL3), METTL7A exhibits distinct substrate specificity.
Co-IP data further confirmed the physical interaction between
DDR1 and STATS3, suggesting a potential regulatory complex.
The findings deepen understanding of epigenetic crosstalk
and reveal a multilayered co-regulatory network that extends
beyond single-modification paradigms.

DDRI inhibitors (e.g., 7rh) block breast cancer metasta-
sis by targeting collagen signaling, whereas STAT3 inhibi-
tors (e.g., Stattic) modulate cancer stem cell phenotypes*44.
CXCL5, which acts via CXCR2, recruits MDSCs and the
CXCL5 inhibitor, reparixin, has entered clinical trials*+4, In
the present study activation of the DDR1/STAT3/CXCL5 axis
promoted Treg infiltration. Single-cell RNA-seq and flow
cytometry analyses demonstrated that CXCL5 preferentially
recruits Tregs over other immunosuppressive cells. TCGA
data further linked elevated DDRI expression to poor breast
cancer prognosis with weaker associations observed in other
cancers, indicating tissue-specific effects*>%”. Unlike CCL22/
CCR4-mediated Treg recruitment, CXCL5 was elevated in
recurrent than primary tumors, indicating a predominant role
during recurrence. These findings reveal spatiotemporal het-
erogeneity in immune evasion.

Previous studies have shown that DNA methyltransferase
inhibitors (e.g., 5-Aza) reverse immunosuppression in breast
cancer, while m6A regulators, like the METTL3 inhibitor,
STM2457, enhance anti-tumor immunity*®>°. DDRI inhibi-
tors (e.g., 7rh) also exhibit anti-metastatic effects®->2. The pres-
ent study identified the DNMT3A-METTL7A-DDRI axis as a
driver of Treg enrichment in recurrent breast cancer. DDRI
knockdown significantly reduced the proportion of Tregs in
vivo. Treg infiltration may dominate immunosuppression in
recurrence compared to PD-L1/PD-1-mediated exhaustion,
suggesting that tumors adapt via epigenetic mechanisms
under therapy. Future studies should explore how different
treatments modulate this axis to optimize combinations.

Machine learning algorithms, including LASSO and SVM-
RFE, have proven effective in biomarker discovery for breast
cancer, such as predicting trastuzumab response in HER2-
positive patients®>*%. Multi-omics tools, such as MOFA+,
have further enabled molecular subtyping and target identi-
fication®>*®. In the present study LASSO, Ridge, SVM-RFE,
and ElasticNet were applied, leading to the identification of
DDRI as a key regulator. Although these approaches sur-
pass traditional differential expression analysis in reducing
false-positives and capturing gene-gene interactions, the
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mechanistic relationship between DDRI and Treg infiltration
remains unresolved, underscoring the inherent “black box”
limitation. Future investigations should integrate multi-omics
datasets to improve both predictive accuracy and mechanistic
interpretation.

Epigenetic therapies, like the DNMT inhibitor, decitabine,
have been shown to modulate the TIME, thereby enhanc-
ing the efficacy of breast cancer treatment®”. Preclinical
studies indicate that DDRI inhibitors, including 7rh, effec-
tively suppress TNBC metastasis®®°!. Clinically, DNMT3A/
METTL7A-DDRI axis activation correlates with poor prog-
nosis, suggesting utility as a liquid biopsy biomarker®2
Therapeutically, DDRI inhibition reduces Treg infiltration,
while CXCL5-neutralizing antibodies may synergize with
PD-1 blockade?**2. However, current DNMT3A inhibi-
tors lack METTL7A targeting®® and CXCL5 blockade risks
autoimmune effects, requiring careful dose optimization®*.
Future clinical trials should stratify patients based on DDRI
methylation status to guide personalized targeted therapy.

This study highlighted the critical role of the DDR1/STAT3/
CXCLS5 axis in breast cancer, but validation across molecular
subtypes remains necessary. In vivo experiments were con-
ducted in immunodeficient nude mice, which lack mature
T-cell populations and do not fully recapitulate the human
immune microenvironment. This limitation may hinder a
comprehensive assessment of Treg biology. Tregs dynamically
interact with effector T cells through multiple mechanisms in
an intact immune system, including CTLA-4-mediated den-
dritic cell regulation and IL-2 consumption®>®, Consequently,
the relationship between Treg infiltration and therapeutic
response should be interpreted with caution. Future studies
should incorporate immunocompetent models and clini-
cal samples for validation. The findings also indicated that
CXCL5 promotes Tregs via CXCR2, although downstream
signaling events within Tregs remain incompletely defined.
CXCR2 may regulate Treg migration and immunosuppressive
activity through PI3K-Akt and MAPK/ERK pathways, war-
ranting further investigation using gene knockout or phar-
macologic inhibition®”8, Moreover, DDR1/CXCL5-induced
NET formation has been reported to enhance Treg infiltration
and drive tumor progression®2. Other immune cells within
the TME, including neutrophils via NETs and MDSCs, may
cooperate with Tregs to reinforce immunosuppression, yet the
interactions with CXCL5 require further study. Future work
should not only verify these mechanisms in clinical specimens
and immunocompetent models but also assess the stability of
DDRI-targeted strategies and explore DDRI interactions with
additional immune cell subsets to clarify a broader regulatory
role in tumor immunity.

Although this study systematically revealed that DNMT3A
and METTL7A cooperate to regulate the DDRI/STAT3/
CXCL5 axis through epigenetic modifications to promote Treg
infiltration and breast cancer recurrence, we acknowledge that
the experimental validation was primarily based on MCF-7
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cells (Luminal A subtype). Broader validation in other molec-
ular subtypes, such as TNBC or HER2-positive breast cancer,
was not provided, representing a study limitation. However,
previous reports have documented DDRI overexpression
across multiple breast cancer subtypes, where DDRI contrib-
utes to extracellular matrix remodeling, immune evasion, and
enhanced migratory capacity. For example, studies have shown
that DDRI significantly promotes adhesion and invasion of
TNBC cells by enhancing collagen-receptor signaling®. These
findings support the theoretical applicability of the proposed
“DNMT3A/METTL7A-DDR1-STAT3-CXCL5”
net-work across different subtypes. Corollary studies will
incorporate TNBC (MDA-MB-231) and HER2* (SK-BR-3)
cell models to systematically evaluate the expression and

signaling

functional consistency of this epigenetic-immune regulatory
pathway, thereby improving generalizability and translational
potential.

The findings also suggest that epigenetic modifications may
exert dynamic regulatory effects on tumor immune evasion,
which could vary with disease stage and therapeutic interven-
tions. Future research should investigate how distinct treat-
ment regimens modulate the DNMT3A/METTL7A-DDRI
axis and explore integration into combination therapy strate-
gies. Specifically, patient stratification based on DDRI methyl-
ation status may enhance the precision and responsiveness of
immunotherapy.

Conclusions

This study elucidated a novel molecular mechanism by
which DNMT3A and METTL7A cooperate to regulate DDRI
expression through epigenetic modifications, triggering acti-
vation of the DDRI/STAT3/CXCL5 signaling axis and pro-
moting breast cancer cell proliferation, migration, invasion,
and Treg infiltration. This epigenetic co-regulatory axis has a
pivotal role in breast cancer recurrence and immune evasion,
enriching our understanding of the regulatory mechanisms
within the TIME (Figure 7).

The current study established DDRI as a central regulator
of breast cancer progression and immune regulation by inte-
grating multi-omics analyses with functional experimental
validation, highlighting the clinical potential as a therapeutic
target and prognostic biomarker. DDRI-targeted therapeutic
strategies may improve treatment efficacy and provide a theo-
retical foundation for precision immunotherapy, especially in
patients at high risk of recurrence.

This study elucidated a synergistic epigenetic regulatory
network where DNMT3A (DNA methylation) and METTL7A
(m6A modification) co-upregulate DDRI, activating the
DDRI1/STAT3/CXCL5 axis to promote Treg infiltration, immu-
nosuppression, and tumor recurrence. DNMT3A-mediated
promoter methylation enhances DDRI transcription, while
METTL7A stabilizes DDRI mRNA via m6A modification,
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forming a “DNA-RNA dual modification” mechanism.
Activated DDRI recruits STAT3 to upregulate CXCL5, direct-
ing Treg recruitment via CXCR2 signaling, which suppresses
anti-tumor immunity and fosters an immunosilent niche for
cancer progression. Combined DNMT3A/METTL7A overex-
pression synergistically potentiates tumor proliferation, migra-
tion, and recurrence in vivo, while DDRI silencing disrupts
this axis, reversing immunosuppression and tumor growth.
The DNMT3A-METTL7A-DDR1 signature holds promise as
a biomarker for recurrence prediction and therapeutic target-
ing, offering a novel framework for precision immunotherapy
in breast cancer.
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