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Abstract

Restoring CD8'T cell infiltration and potentiating anti-tumor immune responses in the tumor microenvironment
(TME) is critical for developing effective immunotherapies against triple-negative breast cancer(TNBC), while
the regulatory role of N°-methyladenosine (m°®A)-modified circular RNAs (circRNAs) in TNBC immune escape
remains largely unelucidated. Whole-transcriptome microarray analysis combined with bioinformatics mining
was conducted on TNBC tissues to screen circRNAs associated with immune evasion. RNA immunoprecipi-
tation (RIP), RNA pulldown, and methylated RNA immunoprecipitation (MeRIP) assays were performed to
verify the m®A modification of circFOXA1 and its interaction with gasdermin C (GSDMC). In vitro T cell-
mediated tumor cytotoxicity assays and in vivo xenograft models in C57BL/6 mice were used to investigate
the functional roles of the circFOXA1/GSDMC axis in TNBC anti-tumor immunity. Luciferase reporter and
actinomycin D assays were further applied to clarify the regulatory mechanism of GSDMC on OTUBI1 and
programmed cell death-ligand 1 (PD-L1) expression. CircFOXA1 was identified as an m°®A-modified circRNA
with high stability and upregulation in TNBC, and its expression was significantly negatively correlated with
CDS8'T cell infiltration in TNBC tissues. Functionally, circFOXA1 induced immunosuppression in a CD8'T
cell-dependent manner both in vitro and in vivo. Mechanistically, the m°A writer METTL 14 mediated the m°A
modification of circFOXA1, and the m°A reader YTHDF2 promoted circFOXA1 circularization. CircFOXA1
impaired immune cell-dependent tumor killing by upregulating GSDMC expression, which further enhanced
OTUB1 mRNA stability at the post-transcriptional level. OTUB1-mediated deubiquitination subsequently sta-
bilized PD-L1 protein, ultimately inhibiting CD8*T cell infiltration and driving TNBC immune escape. This
study identifies a novel regulatory axis of m®A-modified circFOXA1/GSDMC/OTUB1/PD-L1 in mediating
TNBC immune escape, where GSDMC enhances PD-L1 protein stability via OTUBI1-dependent deubiqui-
tination. These findings reveal a new molecular mechanism underlying TNBC immune evasion and identify
circFOXA1 as a potential therapeutic target to improve the efficacy of anti-PD-1/PD-L1 immunotherapy in
TNBC.
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Background

Triple-negative breast cancer (TNBC), a distinct subtype of breast cancer characterized by the absence of
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)
expression, remains a major clinical challenge due to the lack of actionable molecular targets for endocrine and
anti-HER?2 therapies (Wang et al. 2021). Chemotherapy is the mainstay of systemic treatment for TNBC, yet a
large proportion of patients develop chemoresistance, leading to disease recurrence, metastasis, and poor clini-
cal outcomes(Ehmsen and Ditzel 2021, Leon-Ferre and Goetz 2024). Notably, TNBC exhibits higher levels of
tumor-infiltrating lymphocytes (TILs) and PD-L1 expression compared with other breast cancer subtypes, sug-
gesting that TNBC patients may benefit from immune checkpoint inhibitor (ICI) therapy targeting the PD-1/
PD-L1 axis (Leon-Ferre et al. 2024). However, the overall response rate (ORR) of TNBC patients to anti-PD-1/
PD-L1 monotherapy remains suboptimal, as demonstrated by the IMpassion 130 trial (Schmid et al. 2020),
which is primarily attributed to tumor immune escape. The interaction between PD-L1 on tumor cells and PD-1
on activated CD8*T cells suppresses T cell activation and induces an immunosuppressive TME, which is a key
molecular mechanism of TNBC immune evasion (Bréart et al. 2025, Li et al. 2025). Elucidating the upstream
regulatory mechanisms of PD-L1 expression and stability in TNBC is therefore urgently required to develop
novel strategies for reversing ICI resistance.

Circular RNAs (circRNAs), a class of non-coding RNAs with a covalently closed-loop structure and high
stability, have emerged as key regulators of tumor progression and immune regulation (Palcau et al. 2025).
Unlike linear RNAs, circRNAs exert biological functions by acting as competing endogenous RNAs (ceRNAs)
or directly binding to RNA-binding proteins (RBPs) to regulate the expression of downstream target genes (Liu
et al. 2025). Accumulating evidence has shown that circRNAs promote tumor immune escape by modulating
PD-L1 expression and impairing CD8*T cell-mediated cytotoxicity (Can et al. 2025, Lan et al. 2025), highlight-
ing their potential as novel biomarkers and therapeutic targets for cancer immunotherapy. However, the func-
tional roles and regulatory mechanisms of circRNAs in TNBC immune escape, especially those modified by
epigenetic modifications, remain largely unexplored.

Neé-methyladenosine (m°A) modification, the most prevalent post-transcriptional modification of RNAs, is
dynamically regulated by three core groups of molecules: writers (METTL3, METTL14, WTAP), erasers (FTO,
ALKBHY), and readers (YTHDF1/2/3) (Zhang et al. 2025, Murakami et al. 2025). Recent studies have dem-
onstrated that m®A modification modulates the stability, circularization, and biological functions of circRNAs,
and dysregulated m°A-modified circRNAs contribute to tumor cell proliferation, invasion, and metastasis (Mar-
gvelani et al. 2025, Bao et al. 2023). Moreover, m®A regulators are involved in the regulation of anti-tumor immu-
nity by modulating CD8*T cell infiltration and function (Lin et al. 2024, Wang et al. 2024). Nevertheless, the role
of m°*A-modified circRNAs in regulating PD-L1-mediated TNBC immune escape has not been reported to date,
and the underlying molecular mechanisms remain unclear.

Gasdermin C (GSDMC), a member of the gasdermin protein family, is a key mediator of pyroptosis and has
been implicated in tumor progression and immune regulation (Moini et al. 2025). GSDMC can form membrane
pores to trigger pyroptosis, and aberrant GSDMC expression reduces the number and functional capacity of
infiltrating CD8'T cells in the TME, thereby promoting tumor immune escape (Moini et al. 2025). However,
the upstream regulatory factors of GSDMC in TNBC and its potential crosstalk with the PD-1/PD-L1 immune
checkpoint axis have not been elucidated. Additionally, PD-L1 protein stability is tightly regulated by ubiqui-
tination and deubiquitination, and OTUBI1, a deubiquitinase, has been shown to stabilize PD-L1 by inhibiting
its endoplasmic reticulum-associated degradation (ERAD) (He et al. 2024). However, the upstream molecular
mechanisms governing OTUBI1 expression and its interaction with GSDMC in TNBC remain unknown.

In this study, we screened TNBC tissues by whole-transcriptome microarray analysis and identified cir-
cFOXAT1 as an m°A-modified circRNA negatively correlated with CD8*T cell infiltration. We hypothesized that
m°A-modified circFOXA1 mediates TNBC immune escape by regulating the GSDMC/OTUB1/PD-L1 axis to
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inhibit CD8'T cell infiltration and function. We further validated this hypothesis through in vitro and in vivo
experiments, and clarified the key molecular mechanisms underlying the circFOXA1/GSDMC axis in PD-L1
stabilization and TNBC immune escape. Our findings reveal a novel molecular mechanism of TNBC immune
evasion and provide a potential therapeutic target for improving the efficacy of immunotherapy in TNBC patients.

Materials and methods

Human samples

Between January 2012 and December 2017, 55 pairs of primary TNBC tissues and adjacent non-tumor tissues
(>2 cm from the margin) were collected from patients who underwent curative resection at the Second Hospital
of Shanxi Medical University. All patients were pathologically diagnosed with TNBC, had not received neoadju-
vant therapy, and had no history of other malignancies or autoimmune diseases.

Two pairs of tissues were randomly selected for whole-transcriptome microarray sequencing. Peripheral blood
(5 mL) was drawn from each patient preoperatively into EDTA tubes. PBMCs were isolated by centrifugation at
3000 x g for 15 min at 4 °C. All tissue and blood samples were immediately frozen in liquid nitrogen and stored
at —80 °C until experimental use.

Cell culture and transfection

Human TNBC cell lines (MDA-MB-231,Hs578T, MDA-MB-468,BT-483) were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai) and authenticated by STR profiling. All cells were cultured in
DMEM (Gibco) supplemented with 10% FBS (Gibco), maintained in a humidified 37 °C incubator with 5% CO-,
and routinely tested for sterility.

si-circFOXA1#1, si-circFOXA1#2, and si-NC were synthesized by GenePharma. For transient transfection,
TNBC cells were transfected with 50 nM siRNA using Lipofectamine 3000 (Invitrogen) per manufacturer’s
instructions. Transfection efficiency was verified by gqRT-PCR at 48 h post-transfection; functional experiments
were performed at 48—72 h.

GSDMC-OE plasmid and pcDNA3.1 control (GenScript) were transfected via Lipofectamine 3000. Stable cell
lines were selected with 800 ug/mL G418 (Sigma-Aldrich) after 2 weeks of continuous culture.

Preparation and activation of CD8 +T cells

Peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood of TNBC patients by den-
sity gradient centrifugation using Ficoll-Paque Plus (GE Healthcare, Chicago, IL, USA) at 400 x g for 30 min at
room temperature. CD8" T cells were further purified from PBMCs using CD8 MicroBeads UltraPure (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s magnetic-activated cell sorting (MACS)
protocol. The purity of isolated CD8" T cells was confirmed to be >90% by flow cytometry before subsequent
experiments.

For in vitro activation, purified CD8* T cells were cultured in RPMI-1640 medium (Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS, 1% penicillin-streptomycin, 50 U/mL recombinant human interleu-
kin-2 (IL-2; Abcam, Cambridge, UK), and stimulated with Dynabeads™ Human T-Activator CD3/CD28 (Gibco,
Thermo Fisher Scientific) at a bead-to-cell ratio of 1:1. The cells were cultured for 5-7 days, with half the
medium replaced every 2 days, and activated CD8" T cells were collected for co-culture experiments.
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T-cell-mediated tumor cell killing experiment

TNBC cells were seeded in 12-well plates at a density of 2 x 10° cells per well and cultured for 24 h to achieve
70-80% confluency. Activated PBMCs (effector cells) were co-cultured with TNBC cells (target cells) at an
effector-to-target (E: T) ratio of 3:1 in complete DMEM medium for 48 h. After co-culture, both floating and
adherent cells were collected, washed twice with pre-cooled phosphate-buffered saline (PBS; Beyotime), and
stained with Annexin V-FITC and propidium iodide (PI) Apoptosis Detection Kit (Vazyme) for 15 min in the
dark at room temperature. Tumor cell apoptosis was immediately analyzed by flow cytometry (BD FACSCalibur,
BD Biosciences, San Jose, CA, USA), and the data were processed using FlowJo v10.8 software (FlowJo LLC,
Ashland, OR, USA). All experiments were performed in triplicate.

Experimental animals and in vivo xenograft models

SPF female C57BL/6 mice (4—5 weeks old, 18-22 g) and PD-L1-deficient C57BL/6 mice were purchased from
Beijing Vital River Laboratory Animal Technology. Mice were housed in a specific-pathogen-free facility at
Shanxi Medical University under controlled conditions (22+2 °C, 50+ 10% humidity, 12 h light/dark cycle) with
free access to food and water.

TNBC cells (5% 10¢ per mouse) were resuspended in 100 pL sterile PBS mixed with Matrigel (1:1, v/v) and
subcutaneously injected into the right flank. When tumors reached~50 mm?, mice were randomly divided into
groups (n=6) and intraperitoneally administered CD8 or PD1 monoclonal antibodies, or isotype control IgG2b,
every 3 days for 5 doses.

Tumor volume was measured every 3 days (V=0.5xlengthxwidth?). On day 15, mice were euthanized, and
mouse weight was monitored throughout the study to assess treatment-related toxicity.

RNase R treatment

Total RNA was extracted from MDA-MB-231 cells using TRIzol™ Reagent (Invitrogen, Thermo Fisher Sci-
entific) in accordance with the manufacturer’s protocol, and RNA concentration and purity were determined
by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific; A260/A280 ratio=1.8-2.1). For RNase R
digestion, 5 ug of total RNA was incubated with 5 U/ug RNase R (Epicentre, Madison, WI, USA) in 1xRNase
R reaction buffer at 37 °C for 10 min, and the reaction was terminated by heating at 85 °C for 5s. RNA samples
without RNase R digestion were used as the negative control. After digestion, RNA was reverse-transcribed into
complementary DNA (¢cDNA), and the expression levels of circFOXA1 and linear FOXA1 were detected by
gRT-PCR to evaluate the resistance of circFOXA1 to RNase R digestion.

qRT-PCR

Total RNA was extracted from TNBC cells and clinical tissues using TRIzol™ Reagent according to the manu-
facturer’s instructions. qRT-PCR was performed on a LightCycler 480 Real-Time PCR System (Roche, Basel,
Switzerland) using the SYBR® Premix Ex Taq™ II Kit (TaKaRa). The reaction system (20 uL) consisted of 10
uL of SYBR Premix ExTaq II, 0.4 uL of forward primer (10 uM), 0.4 uL of reverse primer (10 uM), 2 puL of
cDNA template, and 7.2 pL of sterile ddH20O. The relative expression levels of target genes were calculated using
the 2"AACt method, and all experiments were performed in triplicate with three technical replicates per sample.

Actinomycin D assay

MDA-MB-231 cells were seeded in 12-well plates at a density of 2.5 % 10° cells per well and cultured overnight
to achieve 70% confluency. Cells were treated with 2 pg/mL actinomycin D (Sigma-Aldrich), a transcription
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inhibitor, and an equal volume of dimethyl sulfoxide (DMSO; Sigma-Aldrich) was used as the control. Total
RNA was extracted from cells at 0 h, 6 h, 12 h, 18 h, and 24 h after treatment, and the expression level of cir-
cFOXAT1 (and OTUBI for subsequent experiments) was detected by qRT-PCR.

Immunofluorescence assay and fluorescence in situ hybridization (FISH)

For FISH to detect circFOXA1 localization, MDA-MB-231 cells were seeded on coverslips, fixed with 4% PFA,
permeabilized with 0.5% Triton X-100, and hybridized with Cy3-labeled circFOXA1 probes (Meiji Biotech; see
Supplementary Materials) at 37°C overnight. Nuclei were stained with DAPI.

For IF, fixed cells were blocked with 5% BSA, incubated with primary antibodies at 4°C overnight, followed
by Alexa Fluor 488/594-conjugated secondary antibodies (Abcam) for 1 h. Cells were counterstained with DAPI
and mounted. All experiments were performed in triplicate.

Dual-luciferase assay

The putative OTUBI1 promoter region was amplified from human genomic DNA and subcloned into pmir-
GLO vector (Promega) to construct OTUB1-promoter-pmirGLO plasmid. Cells were co-transfected with 500
ng of this plasmid (or empty pmirGLO as control) and 5 ng pRL-TK (Promega, internal reference) via Lipo-
fectamine 3000. For GSDMC overexpression, cells were co-transfected with GSDMC-OE (or empty vector) and
OTUBI1-promoter-pmirGLO.

At 48 h post-transfection, luciferase activities were measured using Dual-Luciferase® Assay System (Pro-
mega). Relative activity was calculated as firefly/Renilla luciferase ratio.

Flow cytometry

For immune cell infiltration analysis, fresh tumor tissues were minced into 1-2 mm fragments, digested with
0.25% collagenase IV and 0.1% hyaluronidase (Sigma-Aldrich) at 37 °C for 30 min, filtered through a 70 pm
strainer (BD Biosciences) to get single-cell suspensions, lysed with red blood cell lysis buffer (Beyotime) for 5
min, and washed with 2% FBS-PBS.

1 x10¢ cells/sample were incubated with Fc Block (BD Biosciences) at 4 °C for 10 min, then stained with
fluorochrome-conjugated primary antibodies (CD3-APC, CD8-FITC, etc.; BD/eBioscience) in the dark for 30
min (isotype controls for gating). After washing, cells were analyzed by BD FACSCalibur, data processed with
FlowJo v10.8. Apoptosis was detected via Annexin V-FITC/PI staining as described.

Quantitative experiment of RNA m6A

The total m°A level in cellular RNA was measured using the EpiQuik™ m°A RNA Methylation Quantification
Kit (Colorimetric; Epigentek) following the manufacturer’s instructions. Briefly, 200 ng of total RNA was coated
onto a 96-well plate at 37 °C for 1 h, followed by blocking with blocking buffer at room temperature for 30 min.
The RNA was incubated with m°A-specific capture antibody at room temperature for 1 h and then with detection
antibody for 30 min. Enhancer and developer solutions were added sequentially, and the reaction was stopped
with stop solution. The absorbance at 450 nm was detected using a Bio-Rad Model 680 microplate reader. A
standard curve was generated using serial dilutions of the m°A standard, and the m°A content (percentage of total
adenosine) was calculated accordingly. All experiments were performed in triplicate with three technical repli-
cates per sample.
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RNA-Pull down assay

Biotin-labeled circFOXA1-specific probes and negative control probes were synthesized by Meiji Biotech (probe
sequences see Supplementary Materials). MDA-MB-231 cells were cross-linked with 1% formaldehyde (ter-
minated with 0.125 M glycine), lysed in RIPA buffer (with protease/RNase inhibitors) on ice for 30 min, and
sonicated to shear chromatin into 200-500 bp fragments. After centrifugation, 50 pL supernatant was retained as
input control.

The rest was incubated with streptavidin dynabeads pre-bound with biotin probes at 30 °C overnight. Bead
complexes were washed 5 times, cross-link reversed with proteinase K, RNA extracted by TRIzol™. GSDMC
enrichment was detected by qRT-PCR, normalized to input and negative control. All experiments were triplicated.

Methylated RNA immunoprecipitation (MeRIP)

MeRIP assay was conducted to examine m°A modification of circFOXAT1 using the Magna MeRIP™ m°®A Kit
(Millipore) following the manufacturer’s instructions. Total RNA (500 pg) isolated from TNBC cells was frag-
mented into 100-200nt fragments with RNA Fragmentation Reagent (Ambion) at 70 °C for 5 min. A total of
55 ng fragmented RNA was saved as input control. The remainder was incubated with 5 pg anti-m°A antibody
(Abcam) or normal rabbit IgG (Millipore, negative control) in IP buffer at 4 °C for 2 h with gentle rotation.
Antibody-RNA complexes were captured with Dynabeads® Protein A (Invitrogen) at 4 °C for 1 h. Beads were
washed three times with low-salt buffer and once with high-salt buffer. Immunoprecipitated RNA was eluted with
m°A elution buffer at 4 °C for 30 min and purified using the RNeasy Mini Kit (Qiagen). circFOXA1 enrichment
was quantified by qRT-PCR. Relative m°A levels were calculated as the anti-m°A/IgG ratio normalized to input.
All experiments were performed in triplicate.

Bioinformatics Analysis

The circular structure of circFOXA1 was verified by Sanger sequencing. m®A modification sites on circFOXA1
were predicted using the RMBase v2.0 database. The correlation between METTL14 and CD8" T cell infiltra-
tion was analyzed using the TIMER 2.0 database. Co-expression networks of circFOXA1-related mRNAs and
GSDMC-related mRNAs were constructed using Cytoscape 3.9.1. Expression and survival analyses were per-
formed using data from The Cancer Genome Atlas (TCGA) Breast Invasive Carcinoma (BRCA) cohort. Genes
with |logz(fold change)>1 and adjusted P<0.05 were considered differentially expressed. Correlation analyses
were performed using Spearman’s correlation and visualized with corresponding correlation coefficients and P
values. All bioinformatics analyses were performed using R software (version 4.2.1) with packages including
ggplot2, survival, and glmnet.

Statistical methods

Data are presented as mean+SD from at least three independent experiments. Statistical analyses were per-
formed using IBM SPSS 25.0 and GraphPad Prism 9.0. The chi-square test was used to assess the correlation
between circFOXA1 expression and clinicopathological features in TNBC patients. Survival analysis was con-
ducted using Kaplan-Meier plots with the log-rank test for overall survival (OS) and disease-free survival (DFS).
Univariate and multivariate Cox regression models were applied to identify independent prognostic factors. ROC
curves and AUC values were used to evaluate the diagnostic performance of circFOXAL1. A two-tailed P<0.05
was considered statistically significant (*P<0.05, **P<0.01).
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Results
Identification and characteristic of a novel circRNA, circFOXA1

Based on whole-transcriptome microarray expression profiles of triple-negative breast cancer (TNBC) tissues
combined with bioinformatics analysis, our study identified four circRNAs that were negatively correlated with
CD8+T cell infiltration (Fig. 1A and B). These candidate circRNAs were further validated by qRT-PCR and
RNase R digestion assays. Compared with other candidates, hsa_circ_2796 (designated circFOXA1) was highly
expressed in all tested TNBC cell lines (Fig. 1C) and resistant to RNase R treatment (Fig. 1D). Further investiga-
tion demonstrated that circFOXA 1 exhibited greater stability than linear FOXA1 mRNA following actinomycin
D treatment (Fig. 1E). RNA fluorescence in situ hybridization (RNA FISH) confirmed that circFOXA1 was pre-
dominantly localized in the nucleus of TNBC cells (Fig. 1F).
Collectively, these results identify circFOXAT1 as a highly stable circRNA in TNBC cells.

circFOXAT1 is overexpressed in TNBC

Annotation in circBase indicated that circFOXA1 is generated by back-splicing of exons 8 and 22 of linear
FOXAI1 (Fig. 2A). To explore the clinical significance of circFOXA 1 expression in TNBC, we explored the clini-
cal significance of circFOXA 1 in the progression of triple-negative breast cancer (TNBC). First, qRT-PCR results
demonstrated that circFOXA1 expression was significantly upregulated in TNBC tissues compared with adjacent
non-tumor tissues (Fig. 2B). Second, receiver operating characteristic (ROC) curve analysis was performed to
evaluate the sensitivity and specificity of circFOXAT1, which revealed that circFOXA1 could serve as a novel
diagnostic biomarker for TNBC (Fig. 2C). Finally, Kaplan-Meier curve analysis and Cox regression analysis
were employed to assess the prognostic significance of circFOXA1. Survival analysis showed that patients with
high circFOXA1 expression had significantly shorter overall survival (Fig. 2D). Additionally, univariate and
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Table 1 abc Clinicopathological factors N N (%) P value
circFOXAlow circFOXA lhigh
Total 55 21 (382 34 (61.8
Aage 0.218
<50 20 8 (40.0) 12 (60.0)
>50 35 13 (37.1D 22 (62.9)
Tumor size(cm) 0.095
<2 18 8 (44.4) 10 (55.6)
>2; <5 20 9 (45.0) 11 (55.00
>5 17 4 (23.5) 13 (76.5)
Grade 0.035%*
G1-G2 39 18 (46.2) 21 (53.8)
G3 16 3 (18.7) 13 (81.3)
Stage 0.066
1 22 13 (59.1) 9 (40.9
1T 28 6 (21.4) 22 (78.6)
1 5 2 (40.0) 3 (60.0)
Lymphovascular invasion 0.126
No 43 17 (39.5) 26 (60.5)
Yes 12 4 (33.3) 8 (66.7)
Ki67 0.019*
<20% 13 8 (61.5) 5 (38.5)
>20% 42 13 (31.0) 29 (69.0)
A B c T
Convergent — > «— 5 107 i
Divergent <— — a bl B
7 8 o200 22 23 g na [
FOXA1 5 o5l ok
% 0.4- E i
= 10 =
% 0.2 i AUC=0.812
g I P <0.001
¥ 00 0
K i
0; 1 | 1 I |
i ¢ i 10055560 * i
D E
Univariate Cox Regression Multivariate Cox Regression
HR 95%Cl HR 95%CI
§ circFOXA1 ® 1.86 1.21-2.22 CircFOXA1 gt 1.52 1.19-1.89
5 Tumor size & —| 0.82 0.69-1.23
E o Tumor grade -o— 1.56 1.28-2.05 Tumor grade o 1.72 1.43-2.18
N i (ffl‘;z)) TL:: . v i:z ::zz-::z ™M e 165125193
£=0.0178 | i T 1 I | T 1
0.0 - T T T T 0 1 2 3 0 1 2 3
0 2 4 6 8 10 12 14 HR HR

Time (years)

Fig. 2 Clinical significance and prognostic value of circFOXA1 in TNBC.(A) Sanger sequencing confirmed the circular
structure of circFOXAT1. (B) The expression of circFOXA1 in tissues was detected by qRT-PCR. (C) The ROC curve was
used to evaluate the sensitivity and specificity of circFOXAT1 detection. (D) Kaplan-Meier curve was used to evaluate the
relationship between circFOXAT1 levels and patient OS. (E) Cox regression analysis showed that circFOXA1 was an inde-
pendent prognostic biomarker in TNBC
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multivariate Cox regression analyses suggested that high circFOXA1 expression is an independent prognostic
indicator for TNBC (Fig. 2E).

Subsequently, we analyzed the correlation between circFOXA1 expression levels and clinicopathological
characteristics of 55 TNBC patients. As shown in Table 1, according to the median expression level of cir-
cFOXAL, the patients were divided into two groups: the circFOXA1 group (n=21, 38.2%) and the circFOXA1
group (n=34, 61.8%). The results showed that circFOXA1 expression was significantly associated with tumor
grade and Ki67 proliferation index (both P<0.05). These findings suggest that high circFOXA1 expression is
closely related to more aggressive tumor phenotypes in TNBC patients, implying that circFOXA1 may serve as
a potential indicator of tumor progression.

circFOXA1 attenuates CD8 + T cell-mediated antitumor immunity

To verify whether circFOXA1 participates in the immune regulation of triple-negative breast cancer (TNBC),
we performed a T cell-mediated cytotoxicity assay. TNBC cells were first co-cultured with peripheral blood
mononuclear cells (PBMCs). After silencing circFOXA1 expression, flow cytometry demonstrated that PBMC-
mediated cytotoxicity (tumor cell apoptosis) was significantly enhanced (Fig. 3A).

To further investigate whether circFOXA1 mediates the immunosuppressive effects exerted by tumor cells on
peripheral blood mononuclear cells (PBMCs), immunological functional assays were performed. As illustrated
in Fig. 3B and C, knockdown of circFOXAT1 significantly relieved tumor cell-induced immunosuppression, as
evidenced by elevated expression of perforin and granzyme B (GzmB), as well as increased secretion of IFN-y
and TNF-a in co-cultured PBMCs. In contrast, ectopic overexpression of circFOXAT1 suppressed the expres-
sion and secretion of these anti-tumor immune effectors. Furthermore, PBMCs co-cultured with circFOXA1-
silenced tumor cells displayed enhanced Ki-67 positivity and reduced TUNEL-positive apoptotic rates, whereas
circFOXA1 overexpression markedly restrained PBMC proliferation and promoted apoptosis (Fig. 3D and E). To
determine whether circFOXA 1-induced immunosuppression is dependent on CD8+T cells, circFOXA1-overex-
pressing TNBC cells were inoculated into immunocompetent C57BL/6 mice. Administration of CD8 neutralizing
antibody (CD8 mAb) significantly promoted tumor growth (Fig. 3F). Flow cytometry analysis showed that, com-
pared with the IgG2b control group, circFOXA1 overexpression reduced tumor-infiltrating CD8+T cells (Fig.
3G), as well as the proportions of IFN-y+ (Fig. 3H), TNF-o+ (Fig. 31), GzmB+ (Fig. 3J), and perforin+ (Fig. 3K)
CDS8+T cells. These data demonstrate that the immunosuppressive function of circFOXA1 relies on the inhibi-
tion of CD8+T cell activity and infiltration.

Elevated circFOXA1 expression in TNBC is due to m6A RNA methylation

moOA methylation is known to be involved in tumor immune escape. To investigate whether circFOXAT is regu-
lated by m6A modification, we first predicted potential m6A modification sites in circFOXA1 using RMBase 2.0.
Bioinformatics prediction results confirmed the presence of m6A modification sites in circFOXA1 (Fig. 4A). Fur-
thermore, methylated RNA immunoprecipitation (MeRIP) assays showed that TNBC cells with high circFOXA1
expression exhibited higher enrichment of m6A modification compared to those with low circFOXA1 expression
(Fig. 4B). Aberrant expression of m6A writers has been reported to contribute to malignant tumor progression. To
explore whether m6A modification regulates the expression and function of circFOXA1, we separately silenced
the m6A writer genes METTL3, METTL14, and WTAP. The results showed that only METTL14 knockdown sig-
nificantly decreased circFOXAT1 expression (Fig. 4C). Consistent with this, MeRIP-qPCR assays demonstrated
reduced m6A modification enrichment in TNBC cells after METTL14 silencing (Fig. 4D). RIP assays further
validated the direct interaction between circFOXA1 and METTL14 (Fig. 4E). Notably, treatment with MAO-
circFOXA1 abolished the regulatory effect of METTL14 on circFOXAT1 expression (Fig. 4F). TIMER 2.0 bioin-
formatics analysis revealed that METTL 14 negatively regulated CD8+T cell infiltration (Fig. 4G). In addition,
literature reports and our experimental results showed that silencing YTHDF2 (an m6A reader) in TNBC cells
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Fig. 3 Silencing circFOXA1 enhances anti-tumor immunity in TNBC. Silencing the expression of circFOXA1 in TNBC
cells, (A) Flow cytometry (FACS) analysis of the ability of PBMCs to promote tumor cell apoptosis. (B) ELISA was used
to analyze the secretion levels of immune effector factors IFN-y and TNF-a. (C) Western-blot was used to detect the expres-
sions of Perforin and GzmB. (D) Ki67-positive cell count was used to detect the proliferation ability of PBMCs. (E) The
apoptotic ability of PBMCs was verified by the TUNEL method. (F) Schematic diagram of the grouping and treatment plan
of the mouse model, with tumor volume measured every 3 days. Flow cytometry was used to detect the infiltration quanti-
ties of (G) CD8+T cells, (H) IFN-y+CD8+T cells, (I) TNF-a+CD8+T cells, (J) GzmB+ CD8+T cells and (K) perforin+
CD8+T cells. ¥**¥*P<0.01, *P<0.05

significantly reduced circFOXA 1 expression, while the expression of linear FOXA1 mRNA remained unchanged
(Fig. 4H). RIP assays validated that circFOXA1 serves as a bona fide binding partner of YTHDF2 (Fig. 41). Fur-
thermore, m6A inhibition mediated by MAO-circFOXA1 nearly completely abrogated the positive regulatory
effect of YTHDF2 on circFOXA1 expression (Fig. 4J).

Collectively, these results indicate that the m6A writer METTL14 can regulate the m6A modification of cir-
cFOXAI, and the m6A reader YTHDF2 can promote circFOXA1 circularization.

circFOXA1 suppresses antitumor immunity in TNBC by elevating GSDMC expression

A total of 44 mRNAs co-expressed with circlGF2BP3 were identified from the GSE186102 and GSE95700 data-
sets (Fig. 5A). Among these co-expressed mRNAs, GSDMC, CXCR2, and TP53 were further selected as can-
didate target mRNAs of circFOXA1. Bioinformatics analysis revealed a negative correlation between GSDMC
expression and CD8+T cell infiltration (Fig. 5B). Survival analysis based on The Cancer Genome Atlas (TCGA)
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Fig. 4 m6A modification regulates circFOXA1 expression and immune infiltration in TNBC. (A) The m6A modification
site of circFOXA1 waspredicted by RMBase2.0. (B) MeRIP analysis of m6A modification enrichment of circFOXA1 in
TNBC cells. (C) After knockdown of METTL14/3 and WTAP, gRT-PCR was used to detect the expression of circFOXAT1;
(D) MeRIP analysis showed that the m6A modification of circFOXA1 was enriched after knockdown of METTL14. (E)
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2.0 was used to analyze the correlation between METTL14 and CD8+T cell infiltration. (H) The expression of circFOXA1
and linear FOXA1 RNA was detected by qRT-PCR after YTHDF2 knockdown. (I) YTHDF2 assay to detect circFOXA1 in
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Fig. 5 circFOXA1 regulates GSDMC expression and anti-tumor immunity in TNBC. (A) Cytoscape analysis of the co-
expression network of circFOXA1 and its related mRNAs. (B) Bioinformatics analysis of the relationship between GSDMC
and CD8+T cell infiltration. (C) TCGA database analysis of the relationship between GSDMC expression and patient
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database demonstrated that higher GSDMC expression was significantly associated with poorer disease-free sur-
vival (DFS) in patients (Fig. 5C). Importantly, we observed that GSDMC was highly expressed in TNBC tissue
samples compared with their adjacent non-tumor tissues (Fig. 5SD).

Quantitative real-time polymerase chain reaction (qQRT-PCR) results indicated that silencing circFOXA1
expression remarkably reduced GSDMC mRNA levels (Fig. SE). Although circFOXA1 expression was cor-
related with CXCR2 and TP53 expression, no significant changes in the relative expression of CXCR2 and
TP53 were detected after circFOXAT1 silencing (Fig. 5E). To further explore whether the immunosuppressive
effect of circFOXA1 is mediated by GSDMC, we constructed GSDMC-overexpressing (GSDMC-OE) and cir-
cFOXAT1-silenced (sh-circFOXAT) cell lines, which were then co-cultured with peripheral blood mononuclear
cells (PBMCs).

Functional validation using an in vitro T cell-mediated cytotoxicity assay demonstrated that silencing GSDMC
significantly sensitized TNBC cells to PBMC-dependent cytolysis and elevated the expression of cytotoxicity-
related effector molecules in co-cultured PBMCs. Conversely, enforced overexpression of GSDMC elicited
opposing effects (Fig. SF-H). Notably, GSDMC overexpression strongly augmented the immunosuppressive
properties of TNBC cells, whereas GSDMC knockdown effectively reversed the immunosuppressive phenotype
induced by circFOXAT1 (Fig. 51-J).

Collectively, these results suggest that circFOXA1 may impair immune cell-mediated tumor cell killing by
promoting GSDMC expression and inhibiting CD8+T cell infiltration, thereby facilitating immune escape in
TNBC.

GSDMC mediates PD-L1 deubiquitination through OTUB1 to stabilize PD-L1 expression

To identify potential regulators of PD-L1 in TNBC, we first constructed a protein-protein interaction (PPI) network
centered on GSDMC using the STRING database, which revealed interactions between GSDMC and multiple
immune-related molecules, including PD-L1 and OTUB1 (Fig. 6A). We next investigated whether circFOXA1
modulates GSDMC transcription. Luciferase reporter assays demonstrated that knockdown of circFOXA1 signif-
icantly decreased, while overexpression of circFOXA1 increased, the luciferase activity of the GSDMC promoter
in both MDA-MB-231 and Hs578T TNBC cell lines (Fig. 6B, P<0.01). Correlation analysis of TNBC patient
transcriptomic data further confirmed a positive correlation between GSDMC expression and PD-L1 or OTUB1
expression (Fig. 6C). Functional studies revealed that GSDMC regulates PD-L1 expression through OTUBI. In
MDA-MB-231 cells, overexpression of GSDMC (GSDMC-OE) increased PD-L1 protein levels, and this effect
was abolished by simultaneous knockdown of OTUBI (Fig. 6D). Conversely, knockdown of OTUB1 decreased,
while overexpression of OTUBI increased, the protein levels of both OTUBI1 and PD-L1 in Hs578T and MDA-
MB-231 cells (Fig. 6E). To explore the mechanism by which GSDMC regulates OTUB1, we performed lucif-
erase reporter assays and found that GSDMC overexpression had no significant effect on OTUB1 promoter
activity (Fig. 6F). Instead, mRNA stability analysis using actinomycin D showed that GSDMC overexpression
significantly prolonged the half-life of OTUB1 mRNA in MDA-MB-231 cells (Fig. 6G, P<0.01). To test whether
GSDMC also regulates OTUBI expression in this manner, we first analyzed GSDMC-bound RNA by RIP. The
results showed that GSDMC could interact with OTUB1 mRNA (Fig. 6H). Clinical relevance of the GSDMC-
OTUBI axis was evaluated using Kaplan-Meier survival analysis, which revealed that high OTUBI1 expression
was significantly associated with poor overall survival in TNBC patients (Fig. 61, P=0.0426). In vivo tumor
growth assays demonstrated that knockout of PD-L1 (sgCD274) suppressed tumor growth, and overexpression
of GSDMC partially reversed this effect (Fig. 6J, P<0.05). Furthermore, combined treatment with anti-PD-1
monoclonal antibody (mAb) and GSDMC knockdown (shGSDMC) resulted in a more pronounced inhibition of
tumor growth compared to either treatment alone (Fig. 6K, P<0.01). IHC staining showed that GSDMC expres-
sion was positively correlated with PD-L1 expression (Fig. 6L, P<0.01).
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Collectively, these findings establish that circFOXA1 transcriptionally activates GSDMC, which in turn upreg-
ulates OTUBI1 expression to stabilize PD-L1, thereby promoting immune evasion in TNBC. Targeting this axis
may represent a promising therapeutic strategy to enhance the efficacy of anti-PD-1 immunotherapy in TNBC.

Discussion

A large number of studies have demonstrated that circular RNAs (circRNAs) regulate tumor cell proliferation,
invasion, and migration (Shi et al. 2024), yet their immunological functions remain largely underexplored. Using
whole-transcriptome microarray profiling of triple-negative breast cancer (TNBC) tissues combined with bioin-
formatics analysis, our study identified circFOXA1 as a candidate circRNA negatively correlated with CD8+T
cell infiltration. Notably, recent work has established circRNA-based signatures for predicting immunotherapeu-
tic response, underscoring the clinical relevance of circRNAs in personalized cancer immunotherapy (Wei et al.
2025). Accordingly, the role of circFOXA1 in TNBC immune escape merits in-depth investigation.

In the present study, circFOXA1 was significantly upregulated in TNBC tissues and exhibited favorable
sensitivity and specificity as a novel diagnostic biomarker, consistent with a previous report (Xu et al. 2024).
Functionally, knockdown of circFOXA1 enhanced the immune-mediated killing of tumor cells by peripheral
blood mononuclear cells (PBMCs). In C57BL/6 mouse models, administration of CD8 monoclonal antibody
(CD8mADb) markedly promoted tumor growth. These findings indicate that circFOXA1 may attenuate CD8+T
cell infiltration, thereby impairing anti-tumor immune surveillance and facilitating TNBC immune escape. Thus,
circFOXAI1 represents a potential therapeutic target for improving the efficacy of TNBC immunotherapy, whose
detailed mechanism will be further explored in this study.

N6-methyladenosine (m6A) modification contributes to tumor immune escape through diverse regulatory
mechanisms (Chen et al. 2025, Xiao et al. 2024). To determine whether circFOXA1 is modulated by m6A, we
performed bioinformatics analysis, which predicted m6A modification sites within circFOXA1. Consistently,
moOA enrichment was more prominent in TNBC cells with high circFOXA1 expression, a regulatory axis rarely
reported in the current literature.

Recent studies have shown that selective enrichment of the m6A regulators METTL14 and YTHDF2 modu-
lates the balance between cytotoxic and dysfunctional CD8+T cells (Zhang et al. 2023). To clarify whether m6A
modification controls circFOXAT1 expression and function, we knocked down major m6A “writers” (METTLS3,
METTL14, and WTAP) individually. Only METTL14 knockdown reduced circFOXAT1 expression. TIMER2.0
analysis further revealed a negative correlation between METTL14 and CD8+T cell infiltration. Moreover,
YTHDEF2 knockdown in TNBC cells significantly decreased circFOXA1 expression without altering linear
FOXAT1 mRNA levels. These results suggest that METTL14 mediates m6A modification of circFOXA1, while
YTHDEF2 promotes its circularization. The precise molecular cascade through which m6A modification governs
TNBC immune escape requires further validation.

Compared with linear host gene exons, circRNAs are highly enriched in RNA-binding protein (RBP) binding
sites, and circRNA—RBP interactions play critical roles in tumorigenesis and progression (Liang et al. 2025).
Using bioinformatics screening, we identified GSDMC as one of the mRNAs co-expressed with circFOXAI.
GSDMC was negatively correlated with CD8+T cell infiltration, and its high expression was associated with
inferior disease-free survival (DFS) in TNBC patients. Notably, GSDMC exhibited the most significant dif-
ferential expression in TNBC tissues. Previous studies reported that circRNA knockdown upregulates pyrop-
tosis-related proteins and induces tumor cell pyroptosis (Zhang et al. 2025, Du et al. 2025). To test whether the
immunosuppressive function of circFOXAT1 is mediated by GSDMC, we established cell lines co-expressing
sh-circFOXA1 and GSDMC-overexpression vectors. In vitro T cell-mediated cytotoxicity assays demonstrated
that GSDMC overexpression reversed the enhanced anti-tumor immune response induced by circFOXA1 silenc-
ing. These data imply that circFOXA 1 modulates CD8 + T cell infiltration via GSDMC, thereby promoting TNBC
immune escape. Given recent reports that m6A-modified circRNAs regulate macrophage-mediated tumor cell
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pyroptosis (Guo et al. 2020), the detailed mechanism underlying circFOXA1/GSDMC-driven immune escape in
an m6A-dependent manner warrants further investigation.

Emerging evidence indicates crosstalk between the pyroptosis pathway and immune checkpoints, particularly
PD-1/PD-L1 (Tan et al. 2026). Combinatorial strategies targeting pyroptosis regulators and PD-1 monoclonal
antibodies have also been proposed for cancer treatment (Zhou et al. 2024). To examine whether circFOXA1/
GSDMC-mediated immune escape involves PD-L1 regulation, we evaluated PD-L1 expression in TNBC cells.
GSDMC overexpression robustly increased PD-L1 protein levels without affecting PD-L1 mRNA abundance,
indicating post-transcriptional regulation.

We next explored the mechanism by which GSDMC stabilizes PD-L1 via deubiquitination. Although CSNS,
USP22, and OTUBI1 have been reported to deubiquitinate PD-L1 (Hu et al. 2021, Zhu et al. 2021), our data
revealed that only OTUB1 knockdown abrogated GSDMC-mediated PD-L1 upregulation. OTUBI, a deubiqui-
tinase, maintains low ubiquitination of newly synthesized PD-L1 and prevents its endoplasmic reticulum-associ-
ated degradation (ERAD), leading to sustained PD-L1 overexpression in tumors (Zhang et al. 2025). Additionally,
OTUBI modulates CD8+T cell and NK cell reprogramming and activation, representing a promising target
for cancer immunotherapy (Liao et al. 2022). TCGA database analysis showed a positive correlation between
GSDMC and OTUB1 mRNA expression in TNBC. Survival analysis further linked high OTUBI1 expression to
poor DFS. Mechanistically, GSDMC enhanced OTUB1 mRNA stability and upregulated OTUB1 expression at
the post-transcriptional level. Collectively, these findings support that GSDMC promotes PD-L1 deubiquitina-
tion and stabilization through OTUBI1. The circFOXA1/GSDMC/OTUBI1/PD-L1 axis thus contributes to TNBC
immune evasion (Fig. 7).

Several limitations in the present study should be acknowledged. First, although we proposed that GSDMC pro-
motes PD-L1 stability through upregulating OTUBI, in vivo ubiquitination assays (IP-Ub) were not performed to
directly validate the deubiquitination event. Further biochemical studies are required to confirm whether GSDMC
facilitates OTUB1-mediated PD-L1 deubiquitination and protein stabilization. Second, the regulatory role of
m°A modification on circFOXA1 was preliminarily explored, yet m°A site mutation and corresponding rescue
experiments were not conducted due to technical challenges in vector construction and circRNA structural com-
plexity. Future studies with site-directed mutagenesis and functional rescue assays will help clarify the precise
m°A-dependent mechanism underlying circFOXA1 regulation.
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Conclusion

Collectively, our findings demonstrate that the circFOXA 1/GSDMC axis-mediated immune escape in TNBC may
be regulated via PD-L1. Mechanistically, GSDMC enhances PD-L1 protein stability through OTUB1-dependent
deubiquitination. By delineating the regulatory network underlying immune escape in TNBC and identifying
novel therapeutic targets, our study aims to restore T-cell infiltration and anti-tumor immunity within the tumor
microenvironment, thereby providing a theoretical foundation for the development of precise immunotherapeutic
strategies for TNBC patients.
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